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ABSTRACT

Type 2 diabetes is characterized by insulin resistance and beta-cell dysfunction[1].
Macrophages are a major source of inflammatory cytokine IL-1B, which is a major
regulator of inflammation in the pancreatic beta-cells [2, 3]. IL-1Ra antagonizes the
activity of IL-1PB[4]. Beta-cells are the primary source for islet IL-1Ra expression, and IL-
1Ra expression in islets diminishes following T2D onset [5]. Ghrelin is nutrient sensor
and metabolic regulator. Ghrelin’s known receptor is growth hormone secretagogue
receptor (GHS-R), reported to govern glucose homeostasis and inflammation under both
physiological and pathological conditions[6, 7]. However, little is known of the role of
macrophage GHS-R in glycemic regulation of T2D conditions, and its effect on the IL-
1Ra:IL-1p ratio is totally unknown. In this study we utilized Western diet + multiple low
dose streptozotocin to generate an experimental T2D model to evaluate the effects of
myeloid-specific inhibition of GHS-R (LysM-Cre;Ghsr™. We determined that the
WD/STZ model emulated the natural pathogenesis of T2D, the severity of which was
attenuated in LysM-Cre;Ghsr”" mice. We detected attenuated hyperglycemia, increased
circulating insulin, reduced glucagon, improved hepatic glucose production, and improved
glucose tolerance in vivo; as well as enhanced insulin secretion ex vivo. Furthermore, gene
expression of whole islets exhibited increased insulin signaling genes and an increased
ratio of IL-1Ra:IL-1pB, suggesting increased IL-1Ra activity. In conclusion, myeloid-

specific inhibition of GHS-R mitigated the severity of T2D via improvements of



regulation of glucoregulatory hormones, hepatic glucose metabolism, and islet insulin

signaling, at least in part due to increased IL-1Ra activity.
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CHAPTER |
INTRODUCTION AND LITERATURE REVIEW

Type 2 diabetes (T2D) is a significant problem due to its exponential prevalence
and economic impact. An estimated 30.3 million people of all ages had diabetes in 2015
and cost the U.S. $245 billion in 2012 [8]. Like other metabolic diseases, T2D is
characterized by chronic, low-grade inflammation [1]. IL-1p is the chief cytokine known
to mediate beta-cell disruption and promotes hepatic insulin resistance [2, 9, 10]. Thus,
therapies targeting interruption of the IL-1B/IL-1R1 signaling pathway or IL-1f secretion
are promising. Macrophages are the primary immune cell involved in T2D and promote
their inflammatory effect via IL-1p secretion and other pro-inflammatory cytokines [2, 3].
The high-fat diet/streptozotocin (HFD/STZ) model of T2D induction closely emulates the
natural pathogenesis, inflammatory, and metabolic characteristics of T2D [11-20]. GHS-
R governs glucose homeostasis and inflammation under physiological and pathological
conditions [7, 21, 22]. However, little is known of the role of GHS-R in regulating
macrophage-mediated disruption under T2D conditions.

Relevance of inflammation in T2D pathogenesis

T2D is a complex, multifactorial ailment characterized by hyperglycemia-induced
via low-grade, chronic inflammation, peripheral insulin resistance (IR), and pancreatic
beta-cell dysfunction [1, 23]. Inflammation was first linked with obesity and T2D in the
1950s when increased fibrinogen and acute-phase reactants were shown to be elevated
[24, 25]. Since then, epidemiological, molecular, and clinical studies have supported the

notion that obesity exhibits low-grade chronic inflammation, amplified by pro-
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inflammatory cytokine production originating from activated monocytes and
macrophages [26-28]. Studies like Hotamisligil et al observed a link between obesity and
inflammation, reporting that TNF-a expressed from adipose tissue was linked with insulin
resistance [29]. Immuno-neutralization of TNF-o was confirmed to ameliorate insulin
resistance in rodents and humans.

The exact mechanism of inflammation initiation in the progression of obesity is
still incompletely understood. One possible etiology is the expansion of adipose tissue and
the resulting increases of adipocyte hypertrophy, hyperplasia, and hypoxia [28, 29]. Larger
adipocytes out-compete for oxygen leading to hypoxia in other regions triggering cell-
autonomous inflammatory responses and secretion of pro-inflammatory chemokines and
cytokines. These cytokines/chemokines act in a paracrine/autocrine manner to further
progress inflammation and insulin resistance in their locality. Furthermore, inflammation
signals macrophages/monocytes to infiltrate, thus further instigating inflammation and
insulin resistance. Similarly, under obesogenic conditions, increased hepatic deposition of
lipids, exposure to FFAS, and systemic inflammatory cytokines can instantiate hepatocyte-
autonomous inflammation [4, 28]. Increased adiposity can further activate hepatic resident
macrophages, Kupffer cells, to contribute to the inflammatory milieu and induce hepatic
insulin resistance, which is considered non-alcoholic fatty liver disease (NAFLD) [29].
Concomitantly, pancreatic beta-cells respond to excessive nutrition via hyperinsulinemia
compensation [2, 3]. Hyperglycemia and FFA exposure sometimes referred to as
glucolipotoxicity, can promote ER stress, inflammation, and other modes of compensation

[30]. This inflammatory response contributes to further pro-inflammatory cytokine
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production from the beta-cell that can act in an autocrine manner to increase pro-
inflammatory cytokine secretion and insulin resistance. In particular, hyperglycemia
induces the expression of IL-1f from beta-cells which is severely increased under T2D
and contributes to beta-cell death, diminished insulin secretory capacity, further cytokine
production, and macrophage infiltration [1-3, 23, 31].

Despite the pro-inflammatory milieu being tightly connected with insulin
resistance and T2D pathogenesis, there is still no consensus on this cause-and-effect
relationship. However, due to the nature of the positive feedback loop that exists between
inflammatory mediators and insulin resistant target tissues, there exists opportunities to
break the cycle. For example, utilization of anti-inflammatory interventions improved
insulin sensitivity in those with chronic inflammation [32, 33]. Similarly, attenuation of
insulin resistance with insulin sensitizers improves inflammation in T2D and obesity [34-
36]. Thus, interventions targeting major mediators of one or the other show promise in
reducing the feedback loop.

This state of excess nutrition and dysregulation of inflammatory homeostasis
contributes to peripheral insulin resistance, beta-cell dysfunction, and ultimately, a loss of
glucose homeostasis [28, 37, 38]. Interleukin-1p (IL-1B) is one such pro-inflammatory
cytokine, produced by macrophages, beta-cells, and Kupffer cells, that contributes to this
dysregulation and is associated with the pathogenesis of T2D [34, 39-41]. IL-1 signaling
is an important aspect of understanding inflammatory propagation and its downstream

effects on tissues related to the pathogenesis of T2D



Interleukin-1 function and signaling in liver/beta-cells

The IL-1 family of cytokines consists of 11 proteins encoded by 11 genes and have
been established as major mediators of the innate immune system [42]. The three most
prominent are IL-1p, IL-10, and interleukin-1 receptor antagonist (IL-1Ra). All of these,
except for IL-1Ra, require posttranslational processing to become biologically active [4].
IL-1P requires cleavage by caspase-1 within the inflammasome multi-protein complex,
while IL-1a is only released following destruction of the cellular membrane. Together
they play an important role in inflammation and signal key inflammatory pathways
involved in disrupting insulin signaling.

Macrophages are integral to the innate immune system and are the primary source
for IL-1B/IL-1a. production [42]. Their prominence as major mediators of auto-
inflammatory diseases is partly due to their ability to induce expression of their own genes,
effectively existing in a positive feedback look with their target tissues. Additionally,
activation of their signaling pathway promotes the expression of other pro-inflammatory
cytokines such as TNF-a, IL-6, IL-8, MCP-1, COX2, IkBa, and MKP-1. Interleukin-1
receptor-1 (IL-1R1), ubiquitously expressed, is the primary receptor for both of these
cytokines that promotes expression of target genes via downstream activation of nuclear
factor kB (NF-kB) and c-Jun N-terminal protein kinase (JNK). However, the IL-1R1
signaling pathway and its downstream targets are effectively inhibited by IL-1Ra/IL-1R1
interaction. This pathway is present in many important tissues that undergo dysfunction
in the pathogenesis of T2D, including adipose, brain, macrophages, skeletal muscle, liver,

and pancreatic beta-cells[43, 44].



Two mechanisms through which hepatic insulin resistance can occur are
endoplasmic reticulum (ER) stress and inflammation [45]. Briefly, as the necessity for
protein folding and secretion surpasses the ER’s capacity to fold and promote protein
maturation, there is a build-up of unfolded proteins. This triggers the unfolded protein
response (UPR), a collection of transmembrane proteins that aid in the clearing or
processing of the unfolded proteins. However, if this is insufficient to attenuate the ER
stress, then the UPR mechanisms potentiate apoptotic pathways. This includes activation
of JNK pathways, a target of IL-1R1 signaling, which is known to suppress insulin
signaling via serine phosphorylation of IRS-1. Additionally, inflammatory cytokines can
signal through cytokine receptors, including IL-1R1, to potentiate activation of NF-xB and
downstream expression of other pro-inflammatory cytokines. Furthermore, the IL-1R1
pathway activates JNK, similar to ER stress, to inhibit insulin signaling via serine
phosphorylation of IRS-1. Subsequently, attenuation of insulin receptor substrate-1 (IRS-
1) inhibits the activity of Protein kinase B (AKT), which indirectly promotes Forkhead
box protein Ol (FOXO1) activity and downstream gluconeogenic enzymes,
Phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) [4,
29, 45, 46]. In short, IL-1R1 and ER stress pathways disrupt insulin signaling in the liver
to increase gluconeogenic activity, while leading to increased production of pro-
inflammatory cytokines.

Under T2D, the IL-1R1 pathway operates in the pancreatic beta-cell to disrupt the
insulin signaling pathway resulting in the reduction of insulin content, GSIS, and beta-cell

mass [47]. Activation of IL-1R1 inhibits the insulin signaling pathway via activation of
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NF-xB and JNK. NF-kB promotes the expression of other pro-inflammatory cytokines,
including IL-1B, and induces beta-cell death [43]. JNK activity attenuates the activity of
IRS-1 and its downstream effector AKT, in addition to promoting beta-cell death [43].
AKT is necessary for beta-cell proliferation, survival, GSIS, and inhibits JNK [43, 48].
Additionally, AKT inhibits FOXO1 [46], which promotes FFA-induced beta-cell
apoptosis. Activation of AKT promotes expression of pancreatic and duodenal homeobox
1 (PDX1), a key beta-cell gene involved in insulin transcription, GSIS, and glucose uptake
[49, 50]. PDX1 potentiates the expression of the insulin gene and glucose transporter 2
(GLUT2), key glucose transporter and sensor [50]. PDX1 deficient beta-cells are
susceptible to dedifferentiation into alpha cells, commonly seen in T2D [51]. IL-1P
signaling is key in propagating the initiation and maintenance of inflammation and insulin
signaling impairment in beta-cells and peripheral tissues [38]. In summary, chronic IL-
1R1 signaling via activation of NF-xB and JNK pathways disrupts the beta-cell insulin
signaling pathway to attenuate cell growth and induce apoptosis, attenuate glucose
uptake/sensing, and ultimately dysfunction GSIS.

In regards to the liver and beta-cells, activation of the IL-1R1 pathway can result
in the reduction of insulin signaling, improper functionality, and cell death. Taken
together, disruption of inflammatory homeostasis interrupts liver and beta-cell function to
the extent that glucose and gluco-regulatory hormone homeostasis can no longer be

maintained.



Glucose homeostasis, gluco-regulatory hormones, and IL-1f homeostasis

Glucose homeostasis requires a precise, integrated system involving
communication from multiple organs. This involves secretion of gluco-regulatory
hormones from the pancreas and the concomitant response by the liver to increase or
decrease hepatic glucose production (HGP), as well as insulin/glucose uptake in peripheral
tissues. As we’ve mentioned, macrophages and cytokines are involved in this homeostasis.

Insulin resistance, obesity, and T2D all promote polarization of anti-inflammatory
macrophages, designated as M2 macrophages, into pro-inflammatory M1 macrophages;
coincidentally, weight loss and improved insulin sensitivity preserve this [52].
Macrophages enhance beta-cell proliferation via secretion of anti-inflammatory cytokines
like TGF-B and Wnt [52]. Interestingly, ex vivo studies report that IL-1p potentiates insulin
secretion and beta-cell proliferation at low concentrations [44]. In response to feeding,
macrophages acutely secrete IL-1p to promote insulin secretion to attenuate postprandial
glucose [53]. The secretion of IL-1p is dependent on the normalization of glycemia and
its insulin stimulatory effects are dependent on the expression of beta-cell IL-1R1,
furthermore, this interaction accompanies the compensatory response that beta-cells
undergo following increased insulin demand. This suggests that IL-1B and other pro-
inflammatory cytokines may serve certain physiological roles when cytokine homeostasis
is maintained, possibly dependent on macrophage polarization.

However, chronic hyperglycemia potentiates the chronic secretion of IL-1B and
the reduction of its antagonist (IL-1Ra), from beta-cells and macrophages, to disrupt GSIS

and dysregulate HGP via IR [44, 54, 55]. While macrophages are the primary IL-1p



source, beta-cells are known to secrete it as well and express its receptor (IL-1R1). IL-
1R1 is more highly expressed in the beta-cells than in any other tissue [56] and is thus
highly sensitive to IL-1p. The initial secretion of IL-1 from beta-cells and tissue-resident
macrophages signal further macrophage infiltration and secretion of IL-1p, potentiating a
vicious cycle of islet inflammation [23]. Similar to the pathogenesis of inflammation that
occurs in adipose tissue of obese individuals [29].

Similar to adipose tissue inflammation [37], blockade of pro-inflammatory
production or the IL-1p feedback loop shows promise in attenuating inflammatory disease.
Strategies include targeting IL-1f production from macrophages, it’s target tissues or
inhibition of its’ signaling pathway via IL-1Ra. Beta-cells are the primary source for islet
IL-1Ra expression and diminish following T2D onset[5]. Pre-clinical and clinical trials
have reported that IL-1Ra improved glucose homeostasis, insulin secretion, and reduced
systemic inflammation [57]. This effect lasted well beyond end of treatment and may be
attributed to the interruption of an IL-1p feed-back loop between macrophages and beta-
cells [58]. A similar feedback loop exists in the liver as Kupffer cells, tissue-resident
macrophages, secrete IL-1p to contribute to hepatic IR[59]. Inhibition of the IL-1B
signaling pathway or exposure to IL-1R1 antagonist has been reported to attenuate many
of the symptoms of T2D such as impaired GSIS, glucose intolerance, insulin resistance,
and cardiovascular complications [3, 60, 61]. This suggests that a “re-balancing” of the
IL-1B: IL-1Ra ratio may ameliorate the symptoms of chronic IL-1p

These strategies, while promising, do not target macrophage production of IL-18,

only its binding site. Thus, strategies seeking to rebalance IL-1f homeostasis, by
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attenuating macrophage production, may effectively alleviate the disruption of glucose
metabolism and glucoregulatory hormones.
Ghrelin/GHS-R system

Ghrelin and growth hormone secretagogue receptor (GHS-R) is widely known to
influence energy and glucose homeostasis [62-64]. Ghrelin promotes obesity, stimulates
appetite, induces insulin resistance, and inhibits insulin secretion [64]. Ghrelin referred to
as the ‘hunger hormone,’ is abundantly produced in the gastric mucosa glands at the base
of the stomach [64]. GHS-R is the only known receptor to mediate its effects [65].
Although GHS-R is primarily expressed in the brain, it is also expressed to a lesser degree
in the peripheral tissues [66]. Furthermore, GHS-R has been reported to exhibit high
constitutive activity suggesting an intrinsic influence of certain functions independent of
ghrelin signaling[67].

Global GHS-R ablation exhibits lower fasted insulin/glucose [68] and a lean,
insulin sensitive, glucose-tolerant phenotype in aged mice [69]. GHS-R” mice bred with
ob/ob, leptin-deficient mice, worsened hyperglycemia, reduced insulin secretion, and did
not attenuate insulin resistance in a leptin-deficient environment [63]. However, ghrelin”-
: ob/ob mice increased insulin secretion and improved glucose levels. Furthermore, GHS-
R mice exposed to either HFD or high fructose corn syrup (HFCS) feeding exhibited
improvements in glucose tolerance, glucose levels, insulin sensitivity, and attenuated
inflammation in key tissues related to T2D [7, 22]. The highest levels of GHS-R
expression are restricted to the pituitary and brain [7]. We report peritoneal macrophages

express GHS-R at 60% of hypothalamic expression. In response to HFCS feeding, GHS-
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R” mice exhibited attenuated expression of IL-1 in peritoneal macrophages (PM) and in
white adipose tissue (WAT), which was correlated with improved insulin sensitivity in
conjunction with attenuated liver steatosis. The process of aging occurs in parallel with
the increased susceptibility to obesity, insulin resistance, chronic inflammation, and T2D
[70, 71]. Aged GHS-R” mice display improvement in glucose tolerance, insulin
sensitivity, and an attenuation of inflammatory cytokines in multiple tissues [69]. WAT,
PM, and brown adipose tissue (BAT) exhibited reductions in IL-1p expression, in addition
to 264.7 cells cultured with GHS-R antagonist and LPS. Additionally, IL-1p expression is
reduced in bone marrow-derived macrophages (BMDM) treated with LPS and GHS-R
antagonist (JMV) compared to LPS controls.

We have generated a myeloid-specific GHS-R knockout mouse model (LysM-Cre;
Ghsr™), and studied its role in macrophage polarization and find that glucose/insulin levels
and glucose/insulin tolerance in unchallenged mice are subtle. Indeed, it seems that GHS-
R ablation exhibits an anti-inflammatory phenotype under conditions that produce
dysregulation of glucose and inflammatory homeostasis. In summary, GHS-R not only
influences energy and glucose homeostasis but may do so via regulation of inflammatory
pathways, characterized by improvements in homeostatic functions often impaired under
T2D. Thus, an investigation into the role of myeloid-specific GHS-R may elicit new
interventions in the regulation of glucose and IL-1pB homeostasis to treat T2D.

Mouse models of Type 2 Diabetes
As the incidence and prevalence of T2D continue to rise, the use of cost-effective

and accurate models of diabetes are of great use to researchers. Mouse models of diabetes
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are ideal as they provide a manageable system and insight into biological processes. Most
commonly used are genetic models of diabetes like leptin or leptin-receptor deficient
models, ob/ob and db/db, respectively. However, issues with sterility and cost can prevent
researchers from conducting rapid experiments with genetic, T2D models. The use of
drugs such as streptozotocin (STZ) has often been employed in producing a diabetic state
in mice, via the production of reactive oxygen species [72]. The use of HFD is another
way to induce, naturally occurring T2D via insulin resistance, beta-cell compensation, and
eventual beta-cell dysfunction (insulin deficiency), and finally hyperglycemia[73].
Finally, a combination of HFD and STZ is reported to closely replicates the pathogenesis
of T2D, as well as the metabolic profile [14].
Streptozotocin-induced models of diabetes

High doses of STZ (>65mg/kg) are highly toxic and selective to beta-cells and
induce acute beta-cell death, leading to hyperglycemia [11, 74]. Briefly, STZ enters the
beta-cell via GLUT2 to induce DNA alkylation followed by activation of poly (ADP-
ribosylation) leading to the reduction of nicotinamide and ATP content [72]. The reduction
of these two can impede insulin synthesis and secretion. Additionally, STZ promotes nitric
oxide activity to reduce mitochondrial ATP and aconitase, a key enzyme in the Krebs
cycle. The inhibition of mitochondrial respiration induces the production of reactive
oxygen species like xanthine oxidase, hydrogen peroxide, and others. This damages DNA
leading to activation of poly (ADP-ribosylation) and ultimately beta-cell death. The extent

of this effect is determined by a multitude of factors, predominantly dose size.
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Multiple, low doses of STZ (25-55mg/kg) result in a gradual loss of insulin
secretion and beta-cell mass, that works in concert with activated immune cells, notably
macrophages, and are suggested to be similar with type 1 diabetes (T1D) pathogenesis, as
it occurs in the absence of insulin resistance [13, 18, 19, 74, 75]. This differs from the use
of STZ in high doses, which primarily induces its effects via acute toxicity. However, T1D
pathogenesis relies on the adaptive immune system rather than the innate immune system
that produces T2D. Thus when studying the role of the immune system under T1D, genetic
models of spontaneous T1D are preferred to inducible T1D [76]. Overall, chemical models
alone are unable to emulate the interplay of genetic and environmental stressors that
produce T2D and genetic models can be cost and time prohibitive.

Diet-induced models of diabetes

HFD diet models would be most useful at inducing the natural progression of
obesity/insulin resistance and eventual beta-cell dysfunction. The use of western diet
models are reported to induce metabolic syndrome to a greater degree than even very high-
fat diets (VHFD) containing 60% fat, thus may have a stronger impact on T2D
induction[77]. This is due to increased saturated fat, high sucrose, and increased
cholesterol content. Obesity and/or chronic nutrition can induce hyperinsulinemia
compensation via increased beta-cell hypertrophy, proliferation, neogenesis, and
apoptosis inhibition [30]. Prolonged compensation is followed by a myriad of stressors
that eventually lead to beta-cell dysfunction, such as glucolipotoxicity, endoplasmic
reticulum stress, amyloidal stress, inflammatory stress, and oxidative stress. External to

the beta-cell, massive expansion of WAT leads to the production of inflammatory
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adipocytokines and non-esterified fatty acids (NEFAS) that elicit paracrine and systemic
inflammation via production of IL-18, TNF-a, and IL-6 [55, 78]. These cytokines, via
activation of NF-xB and JNK pathways, elicit the production of more cytokines and
stimulate macrophage infiltration/cytokine production [79]. Activation of these pathways
can result in beta-cell death. Furthermore, islet amyloid polypeptide aggregates can form
due to chronic insulin secretion and have been reported to induce beta-cell toxicity,
however, the occurrence of these plaque aggregates are not consistent with the onset of
T2D [30]. Due to hyperinsulinemia compensation, ER stress can induce UPR which is
known to activate JNK and C/EBP-homologous protein (CHOP); inflammatory cytokines
can influence ER-stress via the production of nitric oxide (NO) resulting in beta-cell death
[80]. Finally, the dysfunction of mitochondrial respiration exhibits oxidative stress
induced by lipid peroxidation, protein oxidation, and DNA damage[30]. A combination
of excess free radicals (8072, H202, other ROS) and low anti-oxidant capacity in beta-cells
results in dysfunctional GSIS and beta-cell death. Thus, obesity-induced insulin resistance
damages beta-cells in a multitude of ways via increased low-grade chronic inflammation
mediated by cytokine-induced NF-kB/JINK activity, ER-stress induced activation of the
UPR/INK activity, and dysfunction of mitochondrial respiration resulting in chronically
elevated ROS production. While insulin resistance is the primary driver for beta-cell mass
adaptation in obesity, almost 2/3 of obese individuals never achieve T2D status [81],
similarly, animal models relying solely on HFD feeding can take months to develop T2D

or may not at all [82].
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Combination HFD and multiple low-dose STZ models of diabetes

Methods involving diet to induce obesity or insulin resistance and beta-cell
dysfunction in a relatively short period of time are of great use. Reed et al. first proposed
a combination of HFD feeding (40% fat) for 2 weeks to induce insulin resistance,
confirmed by similar glucose clearance rates but increased insulin response in HFD-group,
and a single dose STZ injection to promote beta-cell dysfunction and subsequent
hyperglycemia within a week [17]. This was then adapted using multiple, low dose STZ
regimen to better emulate the inflammation-mediated beta-cell dysfunction [83]. Since
then many researchers have modified the duration of HFD and the concentration of STZ
dose. More recently, Nath et al. set out to further improve upon this by measuring lipid
profiles, elevated oxidative stress, altered tissue histopathology, and alter glucose
metabolism. A very high-fat diet (VHFD) (58%) was used in this study for 3 weeks before
5 doses of 40 mg/kg of STZ, VHFD was discontinued after the last injection. Partial
destruction of beta-cells characterized by severely diminished islet mass, using histology,
was observed. Increased oxidative stress in liver, kidney, and heart was observed, similar
to T2D, as well as reduced anti-oxidant enzyme, catalase. Higher total cholesterol, LDL,
VLDL, triglycerides, and lower HDL were recorded in VHFD/STZ treated mice, similar
to T2D lipid profiles. Additionally, the HFD/STZ model is reported to simulate late-stage
T2D. Early stage T2D can be characterized as exhibiting hyperglycemia in conjunction
with relatively high insulin level, however, late-stage T2D exhibit similar or lower levels
of insulin compared to healthy individuals[14, 73]. However, exactly how both HFD and

low-dose STZ mediate their beta-cell-specific effects is still poorly understood. However,
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increased expression of TNF-a, IL-6, and IL-1p have all been reported to be increased
within HFD/STZ treated rodents, similar to what is seen in T2D [74]. Whether that effect
is mediated via inflammatory or primarily oxidative-stress related is even less understood.
It should be noted that due to the inherent complexity and heterogeneity of T2D; animal
models of T2D will never be fully representative of human T2D pathogenesis, yet
strategies seeking to adhere as closely to the natural progression of T2D are necessary. In
any case, many have lauded this model as a cost effective, advantageous model that closely
reflects the metabolic profile of late-stage T2D, as well as elicits an immune response [14,
18, 74, 83].
Focus of study

In this study, we hypothesize that GHS-R in myeloid cells impairs insulin secretion
and increases glucose production under T2D, possible due to the lack of IL-1Ra in islets
(Fig. 1). To confirm this we first determined whether the Western diet + multiple low-
dose STZ models emulated the pathogenesis of T2D and that LysM-Cre;Ghsrfrescues it.
To do this we evaluated changes in body weight/composition, and circulating glucose,
insulin, glucagon, and calculated HOMA-IR; followed by evaluating whether LysM-
Cre;Ghsr™™ attenuated the severity of those parameters. We then determined whether
myeloid-specific GHS-R increased glucose production, reduced insulin secretion,
downregulated insulin signaling, and exacerbated inflammation under T2D. This was done
by assessing metabolic regulation via GTT, PTT, and ex vivo GSIS. Finally, we performed
gene profile analysis to assess expression levels of IL-1 related genes and insulin signaling

pathways in whole islet tissue and measured inflammatory cytokines using a multiplex kit.
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Figure 1. Hypothesis of myeloid-specific GHS-R mediated glucose dysregulation.
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CHAPTER II
METHODS AND RESEARCH DESIGN
Mouse cohort

All mice handling and experiments are within IACUC guidelines (2016-0292).
Experimental mice were generated by utilizing harem breeding requiring two females per
male. Pure LysM-Cre males were bred with two Ghsr"f females in single cages with access
to ad libitum water and 9% fat diet. Age-matched, male LysM-Cre;Ghsr 7" and no
cre;Ghsr” mice were chosen for the experiment and placed in cages of 4-5 with ad libitum
access to water and regular diet from 4 weeks to 5-6 months. At 5-6 months of age, 11
LysM-Cre;Ghsr "fand 12 Ghsr" male mice began high-fat diet feeding. We utilized HFD
that has been shown to emulate metabolic syndrome better than others [77]. This
formulation can be considered a “Western diet” due to high saturated fat content, high
sucrose, .2% cholesterol content, and high total fat content (42%) (Fig. 2). The classic
Western diet is composed of high saturated fats and high sugar content and has been
implicated in many chronic metabolic diseases. Western diet feeding and mice were
terminated at 9-10 months old. Five to six-month old mice can be considered ‘mature
adults’ and thus may serve as a reflective group to middle-aged men developing type 2
diabetes. Five to six-month mice were switched to Western diet feeding for 3 weeks before
STZ injections and were kept on a western diet for the entirety of the experiment. Body
weight and glucose were recorded weekly to bi-weekly, body composition and plasma

were measured intermittently (8-9am).
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Fig. 2 Western Diet
% by weight % kcal from
Protein 17.3 15.2
Carbohydrate 48.5 42.7
Fat 21.2 42
Cholesterol 0.20% -
Ingredient g/kg
Casein 195
DL-Methionine 3
Sucrose 341.46
Corn Starch 150
Anhydrous Milkfat 210
Cholesterol 1.5
Cellulose 50
Mineral Mix, AIN -76 (170915) 35
Calcium Carbonate 4
Vitamin Mix, Teklad (40060) 10
Ethoxyquin 0.04

Briefly, the pathogenesis of T2D requires initial peripheral insulin resistance,

Type 2 Diabetes induction
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Figure 2. Composition of western diet. 42% of calories from fat, high in saturated fats,
high in sucrose (34% by weight), and necessitates .2% total cholesterol. Formulation from
Harlan Teklad (Madison, W1), TD.88.137.

followed by compensatory hyperinsulinemia, eventual beta-cell dysfunction, and an
inability to regulate glycemia [1, 16, 23, 30, 41, 51, 58, 61, 84, 85]. Our induction method

is based on similar protocols and has been repeatedly reported to best emulate a T2D state



in mice and rats [18-21]. Both groups of 5-6-month-old LysM-Cre; Ghsr™" and Ghsr™" mice
were placed on a western diet, reported to induced metabolic syndrome, for 3 weeks to
induce insulin resistance and hyperinsulinemia. Before western diet feeding, both groups
had glucose measured, blood collected, and body weight/composition recorded; 1 and 3
weeks later this was repeated (Fig. 3). On day 22 (the day after week 3 data collection)
mice began STZ (Sigma-Aldrich, St. Louis, MO) injections to induce beta-cell
dysfunction. As mentioned earlier, the utilization of multiple low dose STZ (30-50mg/kg)
injections are reported to be associated with macrophage or immune cell-mediated
inflammation and injury of the beta-cell [22-24]. For this study we decided to use a
35mg/kg dose, based on previous experience, to administer. However, we later realized
that this may have been insufficient and so we performed another set of STZ injections to
further instigate a phenotype. In preparation, mice were fasted for 4 hours from 7 am to
11 am to allow for glucose to clear from blood but avoid increased endogenous glucose
production from prolonged fasting. This is due to STZ and glucose competition for binding
sites on beta-cell GLUT2 receptors [25]. STZ was weighed based on the most recent total
body weight of the cohort, stored in Eppendorf tubes, and placed in -20C until
needed. The solvent, Na-Citrate, was dissolved in 50ml of ddH20 at .1M and brought to
a pH of 4.5 the day of injection, according to previous publications [11, 14, 16, 86]. Prior
to injections, each reagent was placed on ice (in separate tubes) while the body weight of
mice was calculated. STZ is photosensitive and degrades at a very rapid rate (15-20
minutes) once mixed with Na-Citrate buffer, so injections were carried out quickly. To

avoid the chance of STZ degradation, several vials of STZ were prepared for 7-8 mice at
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a time, as opposed to preparing one large mixture for all mice. Mice were anesthetized,
according to IACUC guidelines, using isoflurane until breathing slowed and were
unresponsive to footpad pinches. 35mg/kg dose was drawn up in 30g 1ml insulin syringe
and injected intraperitoneally in the anesthetized mouse. Finally, mice were supplemented
with 10% sucrose in drinking water to alleviate any symptoms of hypoglycemia
characteristic of STZ exposure. These injections continued for 5 consecutive days total.
Diabetic glucose levels were confirmed by consistent reading >250 mg/dl [26]. Mice were

on western diet for the entirety of injections and up until termination.

Fig. 3 1+ set 2nd st
STZ injection STZ injection
.
Week of
treatment J*0 *3 *p *3 *g *5 *6 *7 *B *9 *30 *3] *312 *33 *14 *15 *1622 U
WD feeding 'y ¢ ) ¢ [ ) [ O ¢ | Tissue
for entire i i collection

experiment

*Bodyweight and fed glucose collected between 8-9am

# plasma collection GTT

(18/kg)
N=11,12
Fasted

PTT measurement
(28/kg)
N=11,12

Figure 3. Timeline of T2D induction. Metabolic experiments, body weight and

glucose measurement, and plasma collection. Western Diet feeding lasted for entire
experiment.
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RNA extraction, cDNA synthesis, and qPCR

Total RNA from islets was isolated using Arcturus PicoPure RNA lIsolation Kit
(Applied Biosystems, Vilnius, Lithuania), following the manufacturer’s instructions.
Total RNA from liver tissue was isolated using Aurum Total RNA Mini Kit (Bio-Rad,
Hercules, CA), following the manufacturer’s instructions. The cDNA was synthesized
from 250-500ng RNA using the iScript Reverse Transcription Supermix for RT-qPCR
(Bio-Rad, Hercules, CA). Real-time RT-PCR was performed on Bio-Rad Real-Time PCR
Cycler (Bio-Rad Lab., Hercules, CA) using SYBR Green PCR Master Mix according to
the protocol provided by the manufacturer. Relative gene expression levels were
normalized by 18S rRNA. The primers were as follows GHS-R-1a: forward primer 5'-
GGACCAGAACCACAAACAGACA-3, reverse primer 5'-
CAGCAGAGGATGAAAGCAACA-3'87], which can distinguish the functional receptor

GHS-R1la from truncated receptor GHS-R1b. IL-1B: forward primer 5’-

TGTTCTTTGAAGTTGACGGACCC-3°, reverse primer 5’-
TCATCTCGGAGCCTGTAGTGC-3; IL-1R1: forward primer 5’-
GCACGCCCAGGAGAATATGA-3’, reverse primer 5’-
AGAGGACACTTGCGAATATCAA-3’; IL-1RA: forward primer 5-
TTGTGCCAAGTCTGGAGATG-3’, reverse primer 5’-
TTCTCAGAGCGGATGAAGGT-3". Glut2: forward primer
5’-ATCATTGGCACATCCTACT-3’, reverse primer 5-
TCAGTTCCTCTTAGTCTCTTC-3’; IRS-1: forward primer 5-
GCCTGGAGTATTATGAGAACGAGAA-3’, reverse primer 5’-
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GGGGATCGAGCGTTTGG-3; IRS-2: forward primer 5’-

ACTTCCCAGGGTCCCACTGCTG-3, reverse primer 5’-
GGCTTTGGAGGTGCCACGATAG-3’; IGF-1: forward primer 5’-
GGACCGAGGGGCTTTTACTT-3, reverse primer 5’-
CCGGAAGCAACACTCATCCA-3’; PDX-1: forward primer 5’-
AGAGGGGGAACGACTCTAGG-3’, reverse primer 5’-
ACTTGAGCGTTCCAATACGG-3’; Aktl: forward primer 5’-
GACCCACGACCGCCTCTG-3, reverse primer 5’-

GACACAATCTCCGCACCATAGAAG -3'.
Pyruvate tolerance test (PTT)

Pyruvate tolerance test was performed on 11 LysM-cre;Ghsr 7T and 12 Ghsr" mice
to record the differential response in hepatic glucose production. Similar to GTT, mice
were fasted overnight for 16 hours (5 pm - 9 am), transferred to the procedure room, and
placed in individual cages with ad libitum access to water. Na-Pyruvate dissolved in saline
and filtered (.22um), was made fresh the day of. 2g/kg doses were based on total body
weight of mouse and were pre-measured before the start of the experiment. Tails were
snipped using a small pair of scissors, glucose was measured using a OneTouch
glucometer, and 50 pl of blood collected in 100 ul EDTA-coated tubes and placed on
ice. 2g/kg Na-Pyruvate dose was then injected intraperitoneally (i.p.) using 1ml 30g
insulin syringe. Timer started following the initial injection. Glucose was measured at 0,
15, 30, 60, and 120 minutes. Mice were then fed and placed in clean cages. Blood samples

were then spun down and placed in -80C.
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Glucose tolerance test (GTT)

Glucose tolerance test was performed on 11 LysM-cre;Ghsr fand 12 Ghsr™" mice
to record the differential response in glucose tolerance, as well as the insulin response.
Mice were fasted overnight for 16 hours (5pm-9am) and transferred to the procedure room
and placed in individual cages with ad libitum access to water. The glucose bolus was
prepared the day of and dissolved in ddH20 and filtered (.22 pm) under a hood. 1g/kg
doses based on total body weight of mouse were measured before start of experiment.
After mice adjusted to transfer, tails were snipped using a small pair of scissors, glucose
measured using a OneTouch glucometer, and 25 pl of blood was collected in 100ul EDTA-
coated tubes and placed on ice. 1g/kg glucose dose was injected intraperitoneally (i.p.)
using Iml 30g insulin syringe. Timer started following initial injection. Glucose was
measured at 0, 15, 30, 60, and 120 minutes and 25 pl of blood were at 0, 15, 30, and 60.
Mice were then fed and placed in clean cages. Blood samples were then spun down and
placed in -80C before using an ELISA kit (Mercodia, Uppsala, Sweden) to measure
insulin.

Homeostatic model assessment of insulin resistance (HOMA-IR)

HOMA-IR was calculated based on fasting insulin and glucose levels from two
different time points (weeks 11 and 12) and pooled together. The following HOMA-IR
formula was used to calculate insulin resistance: HOMA-IR= fasting glucose (mmol/L)*
fasting insulin (LU/L)/22.5 [80, 85]. Values above 2.9 were considered severely insulin

resistant.
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Tissue collection

The termination was in accordance with IACUC guidelines and all members
involved were on the protocol (2016-0292). Tissue was collected from the cohort after 4-
5 months from initial Western diet feeding. Two to three mice were sacrificed at a time to
allow for ease of islet isolation and subsequent GSIS experiments the following day.
Glucose and body weight were measured on the morning of (8:30am). Exposure to 2ml
of isoflurane in a beaker was used to anesthetize mice and allowed for breathing to be
slowed before confirming anesthetization with footpad pinches. Retro-orbital bleeding
was utilized to collect .5 ml of blood for serum. Finally, mice were terminated using
cervical dislocation. Pancreas was excised from mouse for islet isolation and body given
to lab members for collection of other tissues. The liver, brain, WAT, BAT, and
gastrocnemius were fixed in 10% formalin and transferred to 70% EtOH and stored in 4C
the next day.

Islet isolation and culture

Following cervical dislocation, islets were collected using the collagenase method
utilized by [27] and cultured overnight in low glucose RPMI media. Briefly, 3ml of .5-
1mg/ml Collagenase P/BSA dissolved in ice-cold Hank’s Balanced Salt Solution (HBSS)
was injected via the pancreatic duct while the common bile duct near the liver was
clamped. Once inflated, the pancreas was removed and placed in a 50 ml tube with 3 ml
of Collagenase P solution. Tubes containing digest were then placed in 37 °C water bath
at 100-120 shaking/min for 10-12 minutes. Subsequently, ice-cold 10% FBS solution +

.2% BSA was added to digest tubes to stop collagenase P activity. The pancreatic digest
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was then centrifuged using a Ficoll gradient Histopaque-1077 per manufacturer’s
instruction. Islets were then collected from the gradient, washed with more HBSS,
handpicked using a 10 or 200 pl pipette under a dissection microscope at 12-16X
magnification. Handpicking islets involved suspending islets in RPMI media and picking
islets out of residual debris to be placed in fresh media. Subsequently, they were then
incubated overnight, or placed in -80C, in RPMI-1640 medium containing 10% fetal
bovine serum, 100 U/ml penicillin, 100 pg/ml streptomycin, 10 mM Hepes, 2 mM L-
glutamine, 1 mM Sodium-pyruvate, 0.05 mM 2-mercaptoethanol and 5.5 mM glucose.
The next day, the medium was replaced with Hanks’ Balanced Salt Solution (HBSS) pH
7.2, consisting of 114 mM NaCl, 4.7 mM KCI, 1.2 mM KH?PO* 1.16 mM MgSO*, 20
mM HEPES, 2.5 mM CaCl?, 25.5 mM NaHCO? 0.2% bovine serum albumin and 3.3 mM
glucose for 2 hr. Following the 3.3 mM glucose incubation, islets were then incubated in
either 3.3 mM or 22.2 mM glucose for another 2 hrs. HBSS buffer was then collected for
insulin measurement using Mouse Insulin ELISA kit (Mercodia, Uppsala, Sweden) and
normalized to islet protein content.
Glucose-stimulated insulin secretion (GSIS) assay

Once islets were collected from mice they were immediately placed in RPMI-1640
media supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 pg/mL
streptomycin, INS-1 cell supplement (10 mM Hepes, 2 mM L-glutamine, 1 mM Sodium-
pyruvate, and 0.05 mM 2-mercaptoethanol), and 5.5Mm glucose. Then placed ina 37 C
incubator overnight. The following day islets were removed from RPMI-1640 media using

a 10 pl pipette and placed in HEPES Balanced Salt solution (HBSS) (114mM NaCl,
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4.7mM KCI, 1.2mM KH2PO4, 1.16mM MgSO4, 20mM HEPES, 2.5mM CaCl2, 25.5
mM NaHCO3 and 0.2% bovine serum albumin, pH 7.2) supplemented with 3.3mM
glucose for 2 hours. Fifteen minutes before the end of the 2 hours, two 12 well plates were
prepared with 40 ul of HBSS w/3.3 mM glucose in each well. Once the 2-hour incubation
in the low glucose-HBSS buffer was over, islets were divided into either a low (3.3 mM)
or a high (22.2 mM) HBSS-glucose solution for another 2 hours. Briefly, 10 similarly
sized islets/well were used for each condition. Low and high glucose conditions were
assigned 4 and 6-8 replicates, respectively. For the purpose of our experiments, we were
primarily interested in the GSIS response to high glucose solution, so this condition was
prioritized. Once this was done each 12 well plate was placed in the 37C incubator for 2
hours; every 30 minutes they were shaken for 5 minutes on a plate shaker. After 2 hours,
200 pl of buffer solution was collected in PCR tubes and spun down for 3 minutes, 150 pl
of supernatant was collected for insulin measurement and placed in -80C. The islets from
each well were then collected using a 10 pl pipette, placed in Eppendorf tubes, stored in -
80C, and later used to measure protein concentration for normalization to insulin secreted.
Islet protein, insulin/glucagon measurement, and relative secretion

Plasma insulin and glucagon were measured using the Mercodia Mouse Insulin or
Glucagon ELISA kit (Mercodia, Uppsala, Sweden) and analyzed using cubic spline or 4
parameter fit analysis, respectively. Islet protein content was measured using linear
regression analysis, represented as mg/ml using the Pierce™ BCA Protein Assay Kit
(Thermo-Scientific, Illinois, United States). Insulin content from HBSS buffer was

measured using cubic spline analysis, represented as ng/ml using Mercodia Ultra-
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Sensitive Mouse Insulin Elisa kit (Mercodia, Uppsala, Sweden). Relative insulin secretion
was calculated by dividing ng/ml of insulin by mg/ml of protein.
Cytokine multiplex
Serum samples from the time of tissue collection were used for analysis of
cytokines (25 pl). Cytokines were measured using Milliplex MAP Mouse
Cytokine/Chemokine (CAT# MECY2MAG-73KPX) according to manufacturers’

instructions.
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CHAPTER Il
RESULTS
Body weight and body composition

Mice were 5-6 months old at the start of Western diet feeding (15%Pro, 42%CHO,
42%Fat). LysM-Cre;Ghsr”" mice were on average larger than Ghsr”" mice and remained
so for the entirety of the experiment (Fig. 4A). However, when BW change ratio
(BW(grams) of week X/ BW(grams) of week 0) was graphed we see no significant
differences in BW ratio change (Fig. 4B). For both groups, we observe a rise in body
weight followed by an expected drop due to STZ administration and then the maintenance
of body weight. This is often reported in studies utilizing either low dose or high dose STZ
treatment[14]. Weight loss is often observed in both insulin and non-insulin dependent
diabetes and is primarily due to insulin deficiency. Additionally, comparing week 14 and
week 0 both mice exhibited significantly increased fat mass even after STZ treatment. We
see no differences in the fat ratio (Fig. 4C) or lean ratio change between the genotypes
either. Our results suggest that Western diet feeding induced equal significant
increases of fat deposition for both groups, STZ administration induced weight loss
due to insulin deficiency, and that fat mass was still significantly increased compared

to week 0. In summary, both genotypes responded similarly to WD/STZ treatment.
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Fig. 4A
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Figure 4. Body weight and ratio change. A) LysM-Cre;Ghsr”® mice are larger throughout
whole study. B) No difference in BW ratio gain between genotypes. C) No difference in fat
ratio gain. * = p<.05, ** = p<.01, *** = p<.001 (between genotypes); N=11,12
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Fed and fasted glucose

To assess the efficacy of WD/STZ treatment to induce hyperglycemia we
measured glucose on a week to bi-weekly basis. Glucose was similar between both groups
for the first 3 weeks of Western diet feeding (Fig. 5A). One week following
STZ(5x35mg/kg) injections, glucose levels for both groups significantly increased, both
groups reached glucose levels characteristic of T2D (>250mg/dl)[88, 89]. However,
LysM-Cre;Ghsr”™ mice exhibited significantly lower glucose levels compared to Ghsr"f
(p<.05). The following two weeks (weeks 6-7) glucose levels did not appear to be
significantly different. At this point we began another series of injections using the same
dose of STZ, starting on week 7 and 8. On week 9 we measured glucose levels three times
in a row and consistently observed significantly lower glucose levels in our LysM-
Cre;Ghsr™™ mice. Later that week PTT (week 10) was performed followed by GTT (week
11) the next week. One week after GTT, we measured fasted glucose (week 12) and
observed significantly lower glucose in LysM-Cre;Ghsr”" mice. We observed fasted
glucose (week 12) and fed glucose (week 13) were both significantly lower for LysM-
Cre;Ghsr™™ compared Ghsr™ (Fig. 5B). On week 14 we observed significantly lower
glucose in LysM-Cre;Ghsr”" mice, as well as glucose measured at the time of sac (weeks
16-22). Our results suggest that in response to WD/STZ treatment LysM-Cre;Ghsrf

mice exhibited attenuated hyperglycemia and lower fasting glucose levels.
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Figure 5. Fed and fasted glucose. A) In response to WD and STZ treatment, LysM-Cre;
Ghsrf display attenuated fed glucose. B) LysM-Cre; Ghsrf exhibit significant reduction in
both fed (wk. 13) and fasted (wk. 12) glucose compared to Ghsr™" at late-stage of
experiment. * = p<.05, ** = p<.01, *** = p<.001 (between genotypes); N=11,12
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Fed and fasted insulin
To assess why LysM-Cre;Ghsr™ mice displayed improved glucose levels we
measured plasma concentration of insulin at key time points. At week 0 insulin was similar
between both groups (Fig. 6A). At week 3, both groups exhibited significantly higher
insulin levels compared to their respective week 0 concentrations. Additionally, we

observed a trend for LysM-Cre;Ghsrf

mice to have higher insulin levels. The unchanged
glucose levels at week 0 and 3 is indicative of a hyperinsulinemic compensation for insulin
resistance induced by WD feeding. Obesity, insulin resistance, and hyperinsulinemia are
key characteristics of prediabetes and are so represented in this stage of our model[14].
On week 5, following STZ administration, insulin levels drop significantly for both groups
compared to their respective week 0 concentration. This drop was expected and simulates
the beta-cell dysfunction emblematic of T2D. Additionally, LysM-Cre;Ghsr” mice
trended to have higher insulin (p =.1) compared to Ghsr”" mice at week 5. On week 12,
fasted insulin was significantly higher in LysM-Cre;Ghsr”" mice compared to Ghsr”" mice
in conjunction with significantly lower glucose levels (Fig. 6B). Finally, LysM-Cre;Ghsr*
mice exhibited significantly higher insulin compared to Ghsr”" mice on week 13. Our
results suggest that in response to WD both groups compensate for insulin resistance
via increased insulin production, STZ disrupted beta-cell compensation and resulted
in hyperglycemia, and LysM-Cre;Ghsrf mice maintained higher insulin secretion

under fed and fasted states, which was correlated with significantly lower glucose

levels
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Figure 6. Fed and fasted insulin. A) In response to WD, LysM-Cre; Ghsr™ display trend
for higher circulating insulin compared to Ghsr™". Following STZ, LysM-Cre; Ghsrf
exhibits an initial trend for increased insulin, which then becomes significant as experiment
progresses. B) LysM-Cre; Ghsr™" exhibit significant increase in both fed (wk. 13) and
fasted (wk. 12) insulin compared to Ghsr™" at late-stage of experiment. * = p<.05, ** =
p<.01, *** = p<.001 (between genotypes); N=11,12
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Fed and fasted glucagon

Insulin downregulates glucagon expression and secretion from islet-resident alpha
cells [90]. However, in the context of T2D, the insulin signaling pathway is disrupted as
well as appropriate secretion of glucagon; this is characterized by hyperglucagonemia,
increased HGP, and contributes to hyperglycemia. Similar to insulin we measured
glucagon at several key time points (weeks 0, 3, 5, 12, and 13). At week 0, similar to
insulin, we see no significant differences between plasma glucagon levels (Fig. 7A).
Similar to insulin at week 3, we observe a significant rise in glucagon levels for both
cohorts. This may be due to developing insulin resistance within the alpha cells, resulting
in increased glucagon secretion. Additionally, proglucagon gene expression is reported to
increase following HFD feeding [74]. On week 5, following STZ administration, we
observed a drop in circulating glucagon, with no significant differences between
genotypes. Glucagon secretion is reported to fall rapidly following STZ administration but
increases over time [15]. Interestingly, on week 12 we measured fasted glucagon levels
and found that they were lower than fed concentrations (Fig. 7B). We observed no
differences between the genotypes. However, on week 13 we found that LysM-Cre;Ghsr"f
mice had significantly lower fed glucagon levels. Week 13 was also marked by
significantly lower glucose and higher insulin concentrations. Our results suggest that
WD/STZ treatment may have had a latent effect on circulating glucagon, which only
exhibited itself after changes in insulin and glucose. Overall, LysM-Cre;Ghsrf mice
had lower circulating fed glucagon levels compared to Ghsrf in the later stages of

the experiment.
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Figure 7. Fed and fasted glucagon. A) Week 0-5, LysM-Cre;Ghsr”" and Ghsrf exhibit no
differences, rise in response to WD, and fall following STZ. Week 13, LysM-Cre;Ghsr"
have significantly lower glucagon compared to Ghsr. B) LysM-Cre; Ghsr exhibit
significant decrease in fed (wk. 13) but not fasted (wk. 12) glucagon compared to Ghsr” at
late-stage of experiment. * = p<.05, ** = p<.01, *** = p<.001 (between genotypes); N=11,12
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PTT

To assess hepatic glucose production in our diabetic mice we performed a pyruvate
tolerance test on week 10. Pyruvate is used as a substrate in the gluconeogenic pathway
and serves as a readout for the glucose producing activity of the liver. Under T2D,
treatment often targets the suppression of HGP as it significantly contributes to
hyperglycemia [91]. Fasting glucose levels were measured before administration of
pyruvate dose. LysM-Cre;Ghsr”™ mice exhibited significantly lower glucose levels
compared to Ghsr™ at the zero time point (Fig. 8A). Glucose levels continued to be
significantly lower throughout the entirety of the experiment (0-120 minutes).
Additionally, when data was analyzed using the total area under the curve we find LysM-
Cre; Ghsr™" mice were exposed to a significantly lower amount of glucose (p < .01) (Fig.
8B). However, when we look at the percentage increase of glucose produced we observe
either a trend or significantly higher rates of glucose produced in LysM-Cre;Ghsr”" mice
(Fig. 8C). Our results suggest that LysM-Cre;Ghsr”" mice exhibit increased rates of

glucose production but significantly lower total glucose exposure and production.
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Fig. 8A Pyruvate tolerance test
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Figure 8. Pyruvate tolerance test. A) LysM-Cre;Ghsr f/f exhibited reduced glucose
production, B) diminished total glucose exposure, and C) higher rate of glucose production
at 15 minutes * = p<.05, ** = p<.01, *** = p<.001 (between genotypes); N=11,12 Performed
on week 10
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GTT
T2D is characterized by glucose intolerance and insulin secretion insufficiency. To
assess the glucose handling ability of our diabetic mice we performed a glucose tolerance
test on wk 11. Glucose was measured in 16 hr fasted mice after acclimatization to room
transfer. Similar to PTT, we observed significantly lower glucose levels at the zero-time

" mice. LysM-Cre;Ghsr mice continued to exhibit significantly

point in LysM-Cre;Ghsr
lower glucose levels for the remaining time points (Fig. 9A). We collected plasma at 0,
15, 30, and 60 minutes to measure the insulin response. Insulin concentrations were
identical at the zero-time point (Fig. 9B). At 30 and 60 minutes, Ghsr” insulin
concentrations did not rise/respond to glucose administration. LysM-Cre; Ghsr”" mice
exhibited trends for increased insulin concentrations but this was not significantly higher
compared to Ghsr”" mice. Interestingly, at 60 minutes Ghsr”" insulin trended to be lower
than at 0 minutes (p=.21). Comparing both LysM-Cre;Ghsr”" and Ghsr”" mice at 60
minutes, we observed that LysM-Cre;Ghsr”" mice had significantly higher levels of
insulin, while Ghsr mice trended to be lower than its own zero-time point. Additionally,
when the data was analyzed using total area under the curve we find that LysM-Cre;Ghsr"f
mice were exposed to significantly lower glucose (Fig. 9C). At 15 minutes we find that
LysM-Cre;Ghsr”" mice exhibited a significant 90% increase in glucose levels compared
to the 60% increase in Ghsr”" mice (Fig. 9D). However, this significant difference did not
continue for the rest of the experiment. Our results suggest that LysM-Cre;Ghsrf mice
have lower fasting glucose levels, improved glucose tolerance, and improve insulin

response to rising glucose levels.
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Figure 9. Glucose tolerance test. A) LysM-Cre;Ghsr”f mice exhibited improved
glucose tolerance, B) increased insulin response, C) diminished total glucose
exposure and D) increase rate of glucose at 15 minutes. Performed on week 11
* = p<.05, ** = p<.01, *** = p<.001 (between genotypes); N=11,12
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HOMA-IR

To determine whether differences in glucose tolerance and hepatic glucose
production were due to variations of insulin sensitivity, we calculated HOMA-IR. Data
points were pooled from fasted glucose/plasma from week 12 and GTT (week 11). The
physiological basis of HOMA-IR is to determine an estimate of beta-cell function and
insulin sensitivity from fasting insulin and glucose [92]. The balance between insulin
secretion and HGP is reflected by the relationship between glucose and insulin during
fasted or basal conditions. The following HOMA-IR formula was used to calculate insulin
resistance: HOMA-IR= fasting glucose (mmol/L)* fasting insulin (uU/L)/22.5 [84, 93].
Values above 2.9 were considered severely insulin resistant [94]. Both mice exhibited
HOMA-IR index scores that were insulin resistant and there were no significant
differences between the two genotypes (Fig. 10). These results suggest that both cohorts

of mice were profoundly insulin resistant as a result of WD feeding.
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Fig. 10 HOMA IR Index Score
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Figure 10. HOMA-IR. Both genotypes exhibited scores indicative of insulin resistance.
HOMA-IR= fasting glucose (mmol/L)* fasting insulin (uU/L)/22.5; N= 11,12

Ex vivo GSIS

To assess the impact of T2D induction on the insulin secretory capacity of islets,
we exposed islets to either low or high concentration of glucose in HBSS buffer. More
specifically, we were interested in the impact that myeloid-specific GHS-R inhibition had
on pancreatic islet function. When Ghsrf islets were exposed to either 3.3mM or 22.2mM
glucose concentrations we observed no difference between low or high concentrations
(Fig. 11). Interestingly, elevated basal insulin secretion is a hallmark of beta-cell
dysfunction in T2D [30, 95]. However, when LysM-Cre;Ghsr™" islets were exposed to
either 3.3mM or 22.2mM glucose concentrations we observed significantly higher insulin

secretion at 22.2mM compared to 3.3mM. Interestingly, when we compared islets of both
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genotypes at low glucose condition we observe significantly lower insulin secreted in
LysM-Cre;Ghsr™ islets. We see no difference in insulin secretion at high glucose
concentration when comparing both genotypes. Our results suggest that islets from LysM-
Cre;Ghsr"mice exhibit an improved ability to regulate both basal and stimulatory insulin

secretion compared to Ghsr”" mice.

Fig. 11 Ex vivo GSIS
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Figure 11. LysM-Cre;Ghsr™ islets exhibit improved GSIS regulation. LysM-Cre;Ghsr"f
secreted significantly lower insulin at basal conditions compared to Ghsr™. Under
stimulatory conditions LysM-Cre;Ghsr” secretes significantly more insulin compared to
basal conditions. No difference in insulin secreted between basal and stimulatory
conditions for Ghsr™, * = p<.05, ** = p<.01, *** = p<.001 (between genotypes); # = p<.05,
## = p<.01, ### = p<.001 (between conditions); N=5,6 (mice)
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Islet gene expression

Inflammatory signaling has been reported to impact GSIS and insulin signaling to
induce beta-cell dysfunction and T2D [1, 23, 29, 96]. To investigate changes in insulin
signaling and GSIS-related genes we measured IGF-1, IRS1, IRS2, AKT1, PDX1, and
GLUT2 from whole islet tissue (Fig. 12A). We observed a significant increase in all genes
from LysM-Cre;Ghsrf/f whole islet tissue. IGF-1 is reported to promote beta-cell
proliferation, inhibit cell death, and maintain insulin secretion in spite of beta-cell
death[97, 98]. IRS-2 is necessary for beta-cell compensation of insulin resistance and its
deficiency leads to overt diabetes[99], while IRS-1 deficiency impairs beta-cell GSIS
response to glucose[100]. Reduction in AKT1 signaling is reported to induce insulin
resistance in beta-cells and functionality, as it further regulates expression of PDX1 and
GLUT2 [96]. PDX1 expression increases in response to hyperglycemic conditions and is
correlated to increased beta-cell replication and survival; its expression decreases under
T2D[49]. Similarly, GLUT2 deficiency is observed in diabetic rodent models and is
characterized as attenuated GSIS via impaired glucose sensing [101]. Overall, LysM-
Cre;Ghsr™" exhibited increased expression of key insulin signaling genes related to GSIS
and glucose sensing.

Additionally, we investigated changes in IL-1R1, IL-1Ra, and IL-1p. (Fig. 12B).
We observed a significant increase in IL-1R1 and IL-1Ra expression in LysM-Cre;Ghsr"
islet tissue. IL-1R1 is reported to be 10 fold higher in isolated islet than in pancreas and
within islets is higher in beta-cells than alpha cells[56]. The significant increase of IL-1R1

we observed may be an indirect measure of beta-cell population. Additionally, we
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observed a trend for increased IL-1p expression. However, the increase in IL-1p was
paralleled by the significant increase of IL-1Ra, which has been associated with inhibition
of IL-1B activity and improvement of T2D symptoms [3, 42, 57, 58, 60]. Furthermore,

we’ve postulated that LysM-Cre;Ghsr"f

mice may promote a re-balancing of the IL-1Ra:
IL-1-B ratio to levels similar to the compensatory period prior to the onset of T2D. The
increased IL-1Ra we see may be counteracting IL-1p induced signaling of IL-1R1 and
downstream activation of other inflammatory mechanisms. Overall, we report a

significant increase in the expression of key insulin signaling genes related to proper

beta-cell functionality and improvements in the expression of IL-1Ra: IL-1p.
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Figure 12. Islet gene expression. Significant increased expression of all insulin
signaling genes, IL-1R1, and IL-1Ra in LysM-Cre;Ghsrf islet tissue. Other insulin
signaling genes exhibit increased trend in LysM-Cre; Ghsrff islet tissue. * = p<.05,
** = p<.01, *** = p<.001 (between genotypes); N=5,6 (mice)
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Cytokine multiplex

To investigate systemic inflammation differences between genotypes we ran
samples from the time of tissue collection on a multiplex kit. We observed reduced trends
for IL-1p, IL-6, and TNF-a in LysM-Cre;Ghsr" (Fig. 13). HFD-mediated inflammation
has been associated with the increased systemic circulation of IL-1p, IL-6, and TNF-
a[102]. While none reach statistical significance, we believe that this is biologically
significant. The concomitant reduction of IL-1p, IL-6, TNF-a suggests an improvement of
the systematic inflammatory milieu. TNF-a has been associated with worsening insulin
resistance and contributes to the pathogenesis of T2D [103], IL-6 is reported to inhibit
GSIS and impair insulin sensitivity in the liver[104], and pancreatic beta-cells are highly
sensitivity to IL-1p as they very highly express the IL-1R1 receptor[56]. In summary,
LysM-Cre;Ghsrff exhibited a trend for reduction in circulating inflammatory

proteins
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Fig. 13 Cytokine Multiplex
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Figure 13. Cytokine multiplex. LysM-Cre;Ghsr f/f serum samples exhibited trend
for decreased inflammatory cytokines : IL-1f, IL-6, TNF-a. A collaborative effort
with Da Mi Kim

47



CHAPTER IV
DISCUSSION

In this study, the effect of myeloid-specific GHS-R was observed under simulated
type 2 diabetic conditions utilizing the WD + multiple low dose streptozotocin method.
We took note of changes in glucose homeostasis, glucoregulatory hormones, metabolic
tests, as well as changes in gene expression and serum cytokines to characterize
differences between LysM-Cre;Ghsr"and Ghsr™". The result of this was the finding that
inhibition of myeloid-specific GHS-R attenuates the severity of T2D symptoms possibly
via improvements in systemic inflammation and islet-related IL-1Ra: IL-1 homeostasis.

The utilization of the WD/STZ model was successful in emulating the natural
pathogenesis and metabolic profile of T2D. This was confirmed by WD-induced insulin
resistance followed by compensatory hyperinsulinemia (Fig. 6A) in conjunction with the
maintenance of euglycemia (Fig. 5A). Subsequently, STZ administration induced insulin
deficiency, similar to the starting point, (Fig. 6A) in parallel with hyperglycemia (Fig.
5A). Similar to other studies using this method, our model emulated late-stage T2D, due
to hyperglycemia and insulin levels similar to pre-HFD feeding[14, 73]. Glucagon levels
were significantly higher at week 13 for Ghsr”f suggesting increased activity of alpha cells
to secrete glucagon, commonly seen in T2D (Fig. 7A) [105]. Hyperglycemia was
confirmed as readings of fed glucose >250 mg/dI[29]. Both LysM-Cre;Ghsr”" and Ghsr"
responded similarly to WD/STZ but LysM-Cre;Ghsr”" exhibited attenuated symptoms

compared to Ghsr”" mice.
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Previous studies utilizing the HFD + multiple low dose STZ have reported similar
characteristics in their findings. Nath et al. developed a similar regimen where both male
and female, 6-8 week old Swiss albino mice were fed HFD (58%) for 3 weeks followed
by 5 consecutive doses of 40mg/kg streptozotocin [11]. HFD feeding ended after the last
STZ injection, mice were then placed on the regular chow diet and allowed 1 week for
hyperglycemia to stabilize. They concluded that the HFD + low dose STZ emulated the
metabolic characteristics of T2D via analysis of histological change in key tissues, glucose
metabolism, lipid profiles, and anti-oxidant activity. Srinivasan et al performed a similar
study using different doses of STZ (25-55mg/kg), normal chow-fed, and HFD-fed (58%)
Sprague-Dawley rats (age not mentioned)[106]. HFD feeding induced obesity, mild
hyperglycemia, hypertriglyceridemia, hypercholesterolemia and compensatory
hyperinsulinemia, a condition similar to prediabetes. After 2 weeks of either HFD or
regular chow, groups of rats were injected with varying doses of STZ. STZ doses of 45-
55mg/kg induced significant hyperglycemia, insulin deficiency, significant weight loss,
and death in some cases for both normal and HFD fed mice. The 35 mg/kg dose induced
hyperglycemia only in HFD-group and reduced insulin to levels similar to the regular-
chow group; emulating the pathophysiology of non-insulin dependent diabetes.

Our model differed from these studies in several ways including use of 5-6-month-
old mice, C57BL/6 mice, use of prolonged WD feeding, a lower dose of STZ,
measurement of fed glucose instead of fasted, and longer duration of the experiment.
Furthermore, our model measured circulating insulin/glucagon at key time points allowing

greater insight of the changes in glucoregulatory hormones. The choice of older male mice
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allowed us to better understand the similar effect that would be seen in mature adults as
opposed to T2D pathogenesis in young adults. Additionally, most studies using this model
tend to include rodents < 6 months old[14]; our study utilized 5-6-month-old mice and
followed their metabolic profile until they were 9-10 months old. Also the choice to
continue WD also better emulates the reality of human diabetics continuing consumption
of an unhealthy diet following the diagnosis of T2D. Additionally, compared to other HFD
and VHFD, the use of our Western diet is reported to better induce metabolic syndrome,
a major risk factor for the development of T2D [77]. The need for a 2" set of STZ doses
to fully characterize our phenotype also suggests some resistance that C57BL/6 mice have
compared to the Sprague-Dawley rats. While there were certainly differences in various
parameters, ours and others still followed a regimen of HFD-induced insulin
resistance/hyperinsulinemia for several weeks followed by multiple low doses of STZ to
instill insulin deficiency and subsequent hyperglycemia.

To our knowledge, the use of prolonged Western diet in combination with low
dose STZ in our study is the first of its kind. We believe that the use of WD and low dose
STZ exhibits the metabolic profile of late-stage diabetes and that myeloid-specific
inhibition of GHS-R attenuated the severity of T2D. While the use of this model has yet
to be proven to induce the same inflammatory/oxidative milieu seen within islet tissue
during naturally occurring T2D, it has been shown to simulate the metabolic profile of
T2D [11, 74]. However, several have reported that low dose administration of STZ induces
a gradual loss of beta-cell function mediated by immune cells, including macrophages and

cytokines[13, 18, 19, 74, 75]. HFD feeding has been shown to induce insulin resistance
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and chronic low-grade inflammation. The use of western diet formulas has been reported
to more effectively instill metabolic syndrome within mice compared to even VHFD[77].
Metabolic syndrome is a prime risk factor for the occurrence of T2D[107, 108], thus our
utilization of WD to prime our mice before STZ treatment may be an improvement on the
standard HFD/VHFD regimen. Our combination of western diet (known to instill
metabolic syndrome and low grade inflammation) and low dose streptozotocin (known to
reduce beta-cell function via immune-related mechanisms) may best exemplify a type 2
diabetic state in a relatively short time frame. Furthermore, long-lasting hyperglycemia
amid western diet feeding, multiple weeks/months following WD/STZ treatment may
better reflect the T2D state than at its initial induction 1-2 weeks post-treatment. In short,
multiple weeks or months following WD/STZ treatment may better reflect the T2D state
than 1-2 weeks following T2D induction, which we were able to observe in our study. The
use of the HFD/STZ treatment provides researchers with a quick and dirty platform to
establish a proof-of-concept study. In our case, we observed that under simulated T2D
conditions, myeloid-specific inhibition of GHS-R attenuated the severity of T2D
symptoms.

Based on the attenuated hyperglycemia, glucagon, and improved circulating
insulin in LysM-Cre;Ghsr”" mice we further investigated changes in metabolic regulation
of glucose production and tolerance. Glucose and pyruvate tolerance tests further
supported our findings, revealing significantly lower total glucose exposure in both tests
(Fig. 8B, 9C) and improved insulin response during GTT (Fig. 9B). Comparing the insulin

response between LysM-Cre;Ghsr”" and Ghsr”™ mice suggests that Ghsr”™ have a
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diminished first phase insulin response, often described as “earliest detectable defect of B-
cell function” [109]. Under T2D, treatment often targets suppression of HGP as it
significantly contributes to hyperglycemia [91]. Uncontrolled hyperglycemia in
conjunction with insulin resistance and insulin deficiency is a leading cause of diabetes-
related complications in multiples tissues, thus strategies reducing total glucose exposure
are imperative[110]. Taken together with the reduction in total glucose exposure and
improved first phase insulin response observed from both these tests suggest that
inhibition of myeloid-specific GHS-R may serve as a therapeutic target.

T2D is associated with the increased production of IL-1 which signals via IL-1R1
to activate downstream target NF-kB and JNK [111]. HFD/STZ treatment has been
reported to increase expression and protein levels of TNF-a, IL-6, and IL-1p [74]. NF-xB
and JNK attenuate the activity of IRS-1 and subsequently activation of AKT. The
interruption of these key insulin signaling genes prevents proper GSIS functioning and
survival of pancreatic beta-cells [48, 50]. To determine whether WD/STZ treatment
diminished beta-cell function we performed ex vivo GSIS and analyzed the gene profile
of whole islet tissue. We found that LysM-Cre;Ghsr" mice exhibit an improved ability to
regulate both basal and stimulatory insulin secretion compared to Ghsr mice, suggesting
improved glucose sensing (Fig. 11). Upon analysis of whole islet tissue from each group,
we observed significant increases of insulin signaling genes from LysM-Cre;Ghsr™". This
included significant increases of IGF-1, IRS-1, IRS-2, and AKT-1 (Fig. 12A); a deficiency
in any of these is reported to impede beta-cell function and survival [98-100]. The

significantly increased expression of GLUT2 and PDX1 from LysM-Cre;Ghsr”" mice
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supports the notion of improved glucose sensing in our ex vivo GSIS data. PDX1 and
GLUT2 deficiency is observed in diabetic rodent models and is characterized as attenuated
GSIS via impaired glucose sensing[101]. The improved expression of insulin signaling
and GSIS-related genes may be in part due to improvements in IL-1 expression.

Pre-clinical and clinical trials have reported that IL-1Ra improved glucose
homeostasis, insulin secretion, and reduced systemic inflammation [57]. This effect lasted
well beyond end of treatment and may be attributed to the interruption of an IL-1p feed-
back loop between macrophages and beta-cells [58]. Some have postulated that
interruption of IL-1p activity may allow for a rebalancing of the IL-1Ra: IL-1pB
homeostasis and aide in attenuating severity of diabetes and inflammatory disorders[60].
Similarly, other studies have reported that low-dose streptozotocin induced hyperglycemia
was prevented by the continuous administration of IL-1Ra, suggesting a key role for IL-
1Ra in attenuating the severity of STZ-induced diabetes [112]. We found significantly
increased expression for both IL-1Ra and IL-1R1, but only a trend for increased IL-1p
(Fig. 12B).

Furthermore, IL-1Ra is reported to predominantly originate from beta-cells [5].
The parallel significant increase in IL-1R1, IL-1Ra, and PDX1 suggest not only improved
beta-cell function but also an indirect measure of the number of beta-cells in islet tissue.
PDX1 is a beta-cell-specific gene and has a key role in maintaining beta-cell identity and
preventing de-differentiation into alpha cells[51], IL-1Ra is predominantly expressed in
the beta-cells[5], and IL-1R1 is most highly expressed in beta-cells[56]; taken together

this suggests that myeloid-specific inhibition of GHS-R improved beta-cell functionality
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and possibly number of beta-cells in whole islet tissue. IL-1p signaling is reported to
activated NF-xB and JNK activity[42], which are known to inhibit insulin signaling and
induced beta-cell death. While we did not measure NF-xB or JNK protein we did find
evidence that their activity was blunted via the improvements of key insulin signaling
genes in whole islet tissue. Further investigation into these proteins is warranted. IL-13
also did not reach statistically significant levels of expression and the phenotype that
chronic IL-1p induces was also not observed in LysM-Cre;Ghsr™. In summary, myeloid-
specific inhibition of GHS-R may have re-established the IL-1Ra: IL-1p ratio, which was
correlated with increased insulin signaling genes, suggesting increased IL-1Ra activity
based on improvements seen in phenotype.

HFD-mediated inflammation has been associated with increased systemic
circulation of IL-1B, IL-6, and TNF-0[102]. Multiplex analysis of serum cytokines
revealed a trend for a reduction in several key inflammatory cytokines in LysM-
Cre;Ghsr". While none reach statistical significance, we believe that this is biologically
significant. The concomitant reduction of IL-1p, IL-6, TNF-a suggest an improvement of
the systematic inflammatory milieu. TNF-a has been associated with worsening insulin
resistance and contributes to the pathogenesis of T2D[103], IL-6 is reported to inhibit
GSIS and impair insulin sensitivity in liver[104], and pancreatic beta-cells are highly
sensitivity to IL-1p as they very highly express the IL-1R1 receptor[56]. We have
previously reported that global GHS-R knockout in response to HFCS feeding exhibited

attenuated adipose tissue concentration of TNF-a, IL-6, and IL-1B[7]. In summary, LysM-
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Cre;Ghsr™ exhibited a trend for reduction in circulating inflammatory proteins.
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CHAPTER V
CONCLUSIONS AND FUTURE DIRECTIONS
In conclusion, this study investigated the impact myeloid-specific inhibition of
GHS-R had in response to T2D induction using the WD + multiple low dose method. The
WD/STZ method simulated the natural progression of T2D, the severity of which was

attenuated in LysM-Cre;Ghsr™

. This reduction is severity was confirmed by attenuated
hyperglycemia (Fig. 5A), increased insulin (Fig. 6A), lower glucagon (Fig. 7A), improved
hepatic glucose production (Fig. 8A), improved glucose tolerance (Fig. 9A), and enhanced
insulin secretion in vivo (Fig. 9B) and ex vivo (Fig. 11). Furthermore, gene expression of
whole islet tissue exhibited increased insulin signaling genes (Fig. 12A) and improvement
of IL-1Ra: IL-1B (Fig. 12B), suggesting increased IL-1Ra activity. Myeloid-specific
inhibition of GHS-R mitigated the severity of T2D via attenuation of hyperglycemia,
increased GSIS, and improvements of whole islet insulin signaling, possibly due to
increased IL-1Ra activity.

Further investigations into determining the inflammatory/oxidative profile
following WD/STZ treatment and the mechanisms through with GHS-R inhibition
improves the outcomes are warranted. Histological analysis will allow visualization of
damage or degree of de-differentiation done within pancreatic islets, as well as liver. An
investigation into differences of expression/protein in key transcription factors related to
dedifferentiation (PDX1, MafA, Ngn-3) of beta into alpha cells will also be pursued, to

determine whether beta-cell death or de-differentiation occur in this model. Utilization of

proper controls (regular diet/STZ, HFD only, each genotype on different treatment) will
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provide further insight into the effects elicited by myeloid-specific GHS-R. Dissociation
of islet tissue into different cell types in combination with flow cytometry and
fluorescence-activated cell sorting (FACS) will allow us to specifically target beta-cells
and islet macrophages for downstream analysis using single-cell RNA-seq. Furthermore,
direct mechanisms of macrophage influence on islet/beta-cells will be performed using in
vitro and ex vivo methods, to determine differences between genotypes and effects on
insulin secretion. Finally, improvements in islet isolation from diabetic mice will be
refined. Additionally, breeding LysM-Cre;Ghsr" with db/db mice will allow us to observe

the effects of myeloid-GHS-R in a more established model of T2D.
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Figure 14. Summary of findings.
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