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Abstract

The increasing prevalence of type 2 diabetes (T2D) and obesity poses substantial concerns
and economic challenges to the healthcare system. T2D is characterized by disruption of glucose
homeostasis. Insulin is the primary driver of glucose homeostasis and released by pancreatic p-cells
in response to nutritional and endocrine signals. Glucose stimulated insulin secretion is augmented
by the actions of incretin hormones including Glucagon-Like peptide 1 (GLP-1), which activates the
GLP-1 receptor (GLP-1R) in islets producing the “incretin effect’. Because of their insulinotropic
properties, incretin drugs, such as GLP-1 receptor agonists are used as therapeutic agents to
maintain glucose homeostasis in T2D. However, concerns regarding the long-term effects of these
drugs and development of tolerance to GLP-1R agonist persist. In this study, we investigate the role
of G protein-coupled receptor-associated sorting protein 1 (GASP1), a critical regulator involved in
post-endocytic trafficking of GLP-1R, on development of tolerance to GLP-1R agonists. By combining
CRISPR-Cas9 technique, Homogenous Time Resolved Fluorescence (HTRF) biochemical assay,
transgenic mice and in vivo and ex vivo animal studies, we found the following:

e GASP1 is expressed in both human embryonic kidney (HEK 293) and rat insulinoma derived
insulin producing INS-1 cells.

e Following acute treatment with the GLP-1R agonist Exendin-4 (Ex-4), both HEK 293 and INS-1
cells demonstrate a dose-dependent increase in intracellular cyclic adenosine monophosphate
(CAMP) levels.

e Prolonged Ex-4 pretreatment of HEK 293 and INS-1 cells with Ex-4 results in loss of
responsiveness of the receptor (i.e “Tolerance”).

e CRISPR-Cas9-mediated removal of GASP1 in both HEK 293 and INS-1 cells did not impact
acute GLP-1R signaling. However, GASP1 knockout prevented the development of tolerance
in response to prolonged Ex-4 pretreatment, indicating that GASP1 plays a role in regulating

the post-endocytic trafficking of GLP-1R.
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Similarly, in INS-1 cells, deletion of GASP1 has no effect on incretin-mediated insulin secretion
in response to Ex-4. However, upon prolonged Ex-4 pretreatment wild-type (WT) INS-1 cells
show reduced incretin response, whereas GASP1 knockout (KO) INS-1 cells retained the
incretin effect.

Furthermore, in a longitudinal mouse islet insulin secretion assay, both GASP1 wild-type and
beta-cell specific GASP1 deleted (B-GASP1-KO) islets show robust incretin effect and increase
in insulin secretion when stimulated with Ex-4 acute treatment.

Interestingly, after an Ex-4 pretreatment, GASP1-WT islets show reduced insulin secretion
indicating development of tolerance while B-GASP1-KO islets maintained their incretin effect.
Importantly, both GASP1-WT and B-GASP1-KO islets displayed a substantial incretin effect
after a 24-hour recovery period, suggesting that the observed tolerance effect is not due to any
inherent unhealthiness of the islets.

In WT mice which are chronically treated with Ex-4 for six weeks show development of
tolerance to glucose-stimulated insulin secretion effect of Ex-4.

Furthermore, in WT mice treated chronically with Ex-4, there is not only the development of
tolerance to exogenous Ex-4 treatment but also to their endogenous incretins.

In mice with selective disruption of GASP1 in pancreatic beta cells (B-GASP1-KO mice), the
acute treatment of oral glucose and Ex-4 are indistinguishable from WT mice.

However, chronic Ex-4 treatment of B-GASP1-KO mice with Ex-4 does not develop tolerance

to either exogenous Ex-4 or endogenous incretins.

This study highlights the pivotal role of GASPL1 in regulating the post-endocytic trafficking of GLP-1R

in pancreatic B-cells and its impact on receptor function during prolonged drug administration. These

findings also emphasize the critical role of GASP1-mediated GLP-1R trafficking in the development of

tolerance to incretin drugs and offers potential novel strategies for improving therapeutic efficacy.

Therefore, gaining a deeper understanding of the molecular mechanisms governing GASP1-mediated
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GLP-1R trafficking could help in the development of improved therapies utilizing GLP-1R agonists to

effectively combat T2D and obesity.
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Chapter 1: Introduction

Diabetes is a chronic disease that affects glucose metabolism®. The increase in the incidence
of diabetes has become a major worldwide problem that is almost certain to worsen in the coming
years 23, In U.S., more than 133 million individuals are living with either diabetes (37.3 million) or
prediabetes (96 million) out of which 90-95% people have type-2 diabetes (T2D).*> T2D is
characterized by the disruption of glucose homeostasis and impacts millions of people worldwide and
is closely associated with lifestyle factors such as unhealthy diets, sedentary behavior, and obesity.%’
Insulin is the primary driver of glucose homeostasis and released by pancreatic p-cells in response to
nutritional and endocrine signals. Unlike type 1 diabetes, which is an auto-immune disorder resulting
from the immune-mediated destruction of pancreatic beta cells leading to insulin deficiency, T2D
primarily involves insulin resistance and impaired insulin secretion. This complex interplay of factors
contributes to elevated blood glucose levels, leading to a host of complications affecting various
organ systems.2° T2D not only places an immense economic burden on the healthcare systems but
also significantly impacts an individual's quality of life. Its long-term complications, including
cardiovascular diseases, kidney dysfunction, neuropathy, and vision impairment, highlight the urgent
need for effective management and prevention strategies for T2D patients.%1! Over the years, many
advancements in medical research and therapeutic approaches have been made to improve the
management of T2D. Lifestyle modifications, oral medications including sulfonylureas, glinides,
thiazolidinediones and most importantly insulin therapy are among the primary treatment options.'213
However, these conventional antidiabetic therapies also have a range of adverse effects including
hypoglycemia, gastrointestinal adverse events, weight gain, and increased risk of bone fracture.
Hence there is a need for developing novel therapies and improved antidiabetic medications that
ideally improve these adverse effects and risk factors. Recent advances in our understanding of the
metabolic role of incretin system have led to the development of Incretin-based medications and

GLP-1 receptor agonists, as promising new avenues for management of T2D.'>-18 The incretin drugs
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such as Exenatide® (exendin-4), Victoza® (liraglutide), and Ozempic® (semaglutide), target the incretin
system, a crucial hormonal pathway involved in regulating insulin secretion and glucose
metabolism.'®?4 The incretin hormones, such as Glucagon-Like Peptide 1 (GLP-1) and Glucose-
Dependent Insulinotropic Polypeptide (GIP), play a vital role in enhancing glucose stimulated insulin
release in response to food intake, thereby maintaining glucose homeostasis. The introduction of
incretin drugs has revolutionized diabetes management by offering several advantages, such as
lower risk of hypoglycemia, potential weight loss, and improved cardiovascular outcomes.?5-2”

Despite the progress made in advancement of incretin drugs for the treatment of T2D, there
are still several aspects that remain unknown. The long-term effects and safety profiles of these
medications represent a gap in our knowledge and requires further investigation. Another important
concern associated with the long-term use of incretin drugs is the development of tolerance. A
tolerance to incretin drugs refers to a reduction in their effectiveness over time, leading to a
diminished therapeutic response. Over a long-term period of treatment, individuals may experience a
reduction in the efficacy of the incretin drugs to insulin release and the magnitude of their glycemic
response. As a result, the glucose-lowering effects may become less pronounced, thus requiring
higher doses of the drug or the addition of other antidiabetic medications to maintain adequate
glycemic control.?®3! Addressing the development of tolerance to the drugs is crucial to maintaining
the effectiveness of incretin drugs in the management of T2D. The development of tolerance to
incretin drugs is a matter of concern, our understanding of the molecular mechanism(s) underlying
the development of tolerance to incretin drugs remains limited, leaving a significant gap of knowledge.
This dissertation seeks to contribute to our fundamental understanding of the development of
tolerance to incretin drugs (GLP-1R agonist - Exendin-4, Ex-4) by investigating the effect of GLP-1R
agonists on the post-endocytic trafficking/sorting of the receptor, which plays a critical role in
regulating the effectiveness of GLP-1R agonist. By focusing on this specific molecular mechanism,
we aim to shed light on how this mechanism influences the efficacy of incretin drugs and their impacts
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on their therapeutic effects. We will begin with a comprehensive analysis of GLP-1R subcellular
CcAMP signaling, investigating into the impacts of prolonged Ex-4 treatment on GLP-1R signaling
within HEK 293 and rat INS-1 cells. We then focus on determining the significance of post-endocytic
trafficking in the development of tolerance. In this pursuit, we closely examined the role of a G
protein-coupled receptor-associated protein 1 (GASP1), a pivotal regulator influencing the post-
endocytic sorting of numerous GPCRs, including GLP-1R. GASPL1 is a protein that modulates the
lysosomal degradation and functional down-regulation of variety of GPCRs. We assessed the
influence of GASP1 on cAMP signaling and insulin secretion in both HEK 293 and INS-1 cells.
Moving forward, we extended these investigations to mice and utilized mouse pancreatic islets to
assess GASP1 role in tolerance development after chronic Ex-4 exposure. Ultimately, we outlined
future directions for the research aimed at enhancing the efficacy of incretin drugs for the
management of T2D.
Type 2 Diabetes Mellitus: Insulin Resistance, Pathophysiology, and clinical implications

In healthy individuals, the insulin secretion from pancreatic B-cells is responsive to the body’s
metabolic demands. Ingestion of a meal causes an increase in blood glucose levels, which triggers a
rapid increase in insulin levels. This transition from fasting to post-prandial state initiates the
suppression of glucose production from the liver and prepares body tissues for efficient glucose
utilization.3? Patients diagnosed with T2D show irregularities of both basal and meal triggered insulin
release. While their fasting plasma insulin levels are generally elevated, they seems relatively low
when compared to their fasting glucose levels.3® Moreover, the release of insulin post an oral glucose
load is delayed and reduced, which contributes to prolonged and elevated rise in plasma glucose
levels, a characteristic feature of T2D.3* These irregularities in insulin response within individuals
affected by T2D are attributed to the well-being of B-cells, which resulted in limited insulin secretion
and diminished B-cell population.®® The decrease in B-cell population is hypothesized to be due to
increase in B-cell apoptosis, which is triggered by factors such as glucotoxicity and escalated levels of
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proinflammatory cytokines.3¢:37 This decline in B-cell function advances over time, which progressively
worsens glucose control and homeostasis. T2D patients also show insulin resistance phenotype,
where the cells of muscles, liver, and fat show impaired response to insulin. As a result, these cells
cannot easily take up glucose from the blood, leading to an increase in plasma glucose level.2839 In a
healthy individual, because of this irregular insulin response, the pancreas makes more insulin to
overcome the tissue resistance and help glucose enter the cells. However, this adaption eventually
causes exhaustion of B-cell and individuals suffering from insulin resistance eventually progress to
diabetes over time.*%41 In T2D patients, maintaining the high levels of insulin secretion from B-cell
becomes challenging, leading to an expedited deterioration of {-cell function. This causes a
disruption in the regulation of pancreatic islet biology where pancreatic a-cells increase glucagon
secretion and glucose production during meals. This further contributes to fasting hyperglycemia,
glucose intolerance and onset of T2D.#?

The development and advancement of T2D carry significant clinical implications. Anti-diabetic
medications that induce insulin release like sulfonylureas or enhance insulin sensitivity like
thiazolidinediones will be most effective to yield optimal results during the initial phase of the T2D,
when some B-cells remain viable.**#* Alternatively, anti-diabetic medications that inhibit hepatic
glucose production like metformin can be beneficial in the early phase of the disease, but its
effectiveness diminished over time due to declining B-cell function that cause a decrease in insulin
level, hence there is a struggle to manage hepatic glucose production.*® These findings highlight the
limited ability of traditional oral medications, which do not prevent loss of B-cell mass and function to
sustain glycemic objectives for long term care. Hence, patients who are using these oral medications
may ultimately need exogenous insulin supplementations for maintaining their glycemic objectives.
Therapies that preserve B-cell health could delay progression of disease, but such therapies are not
yet available. It was suggested that thiazolidinediones can fully prevent loss of B-cell function and halt
the progression of T2D, but data from a diabetes outcome progression trial (ADOPT) did not support
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this hypothesis.*®4” Therefore, there is a need for novel therapeutics for the better treatment and
management of T2D.
The Incretin System

It is well known that glucose triggers a much greater insulin response when ingested orally
rather than when administered intravenously (Figure 1.1A). This phenomenon is known as “Incretin
effect” and attributed to the incretin system.*® The incretin system is a crucial physiological regulator
of blood glucose levels after a meal. It primarily operates through the actions of specific
gastrointestinal hormones called incretins, which are released in response to the ingestion of
nutrients, especially carbohydrates and fats. The main function of incretins is to enhance insulin
secretion from pancreatic beta cells in a glucose-dependent manner, meaning they stimulate insulin
release only when blood glucose levels are elevated.*® The incretin system accounts for 70% of total
insulin secretion in healthy individuals in response to oral glucose.® The best known incretins are
Glucagon-Like Peptide 1 (GLP-1) and Glucose-Dependent Insulinotropic Polypeptide (GIP). Both
GLP-1 and GIP have similar effects on insulin secretion, although GLP-1 is generally considered to
have more potent and sustained effects. Once released, incretins travel through the bloodstream to
the pancreas, where they bind to specific receptors on the surface of beta cells that result in
increased insulin secretion and inhibition of glucagon release from alpha cells, thus lowering blood.*°

GIP, also known as gastric inhibitory peptide, is a 42 amino acid hormone (Figure 1.2A)
secreted by the K cells in the upper small intestine in response to glucose and fat intake.>! It
significantly enhances the release of insulin from B-cell and is deactivated through enzymatic
cleavage by dipeptidyl peptidase-4 (DPP-4).52 It has a short half-life of 5-7 minutes, but despite its
short half-life it exerts a prominent effect in healthy individuals.>® Additionally, GIP also regulates fat
metabolism and have shown to enhance the viability of pancreatic 3-cell lines in vitro (Figure 1.3).
Studies have shown that various tissues, including the central nervous system, adipose tissue, and
bone respond to GIP, however, the clinical significance of those effects remain unclear.52545
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Notably, GIP does not induce delays in gastric emptying in humans but stimulates glucagon release
under certain conditions.%®>” GIP mediates its effect through a G protein-coupled GIP receptor (GIPR)
located on islet B-cells. Because of its insulinotropic effect, GIPR is a promising target for drug
development for management of T2D.5859.6061 Unfortunately, in T2D patients, the insulinotropic
sensitivity of GIP is greatly reduced, may be due to reduced GIPR expression or reduced B-cell
sensitivity to GIP (Figure 1.1B).6?

GLP-1, in humans, is secreted by enteroendocrine L cells in distal jejunum, ileum and colon in
response to food intake (Figure 1.2B).%® GLP-1 is released in two biologically active forms with equal
potency: Amidated form, GLP-1 (7-36) amide and glycine-extended GLP-1 (7-37).54¢5 Within minutes
of meal ingestion, the plasma concentration of GLP-1 increases. This suggests that endocrine and
neural cues trigger the secretion of GLP-1 prior to direct nutrient-mediated stimulation of L cells. Like
GIP, DPP-4 quickly breaks down GLP-1 peptide, with half-life < 2 minutes, limiting its duration of
action, and reducing the overall efficacy.®” GLP-1 mediates its action through GLP-1 receptor (GLP-
1R), which is expressed in pancreatic islet cells, the stomach, heart, and hypothalamus. Activation of
GLP-1R initiates different intracellular signaling pathways, including those increasing insulin
secretion, B-cell proliferation and regeneration, and inhibiting B-cells apoptosis.t8:6%70.71 Additionally,
GLP-1 plays an important role in modulating glucose metabolism. GLP-1 infusion to healthy
individuals stimulates insulin secretion in a glucose-dependent manner. For T2D patients, GLP-1 has
been shown to increase fasting and meal-stimulated insulin levels, therefore preventing after meal
hyperglycemia and without causing hypolglycemia.”®’* GLP-1 promotes glucose-stimulated insulin
gene transcription and synthesis.”® Additionally, studies have shown that GLP-1 hormone is
associated with restoring glucose-resistance [(-cells, protecting B-cells health and apoptosis, and
promoting differentiation of islet progenitor cells in vitro.”® Moreover, GLP-1 also delays gastric
emptying in a dose-dependent manner thus slowing the entry of nutrients into the circulation.””-"® Both
GLP-1 and GIP promote satiety and weight loss and reduce energy intake.”®8 GLP-1 also inhibits the

6



release of glucagon from pancreatic a-cells in a glucose-dependent fashion, therefore it is unlikely to
produce hypoglycemia. Preclinical studies have shown that GLP-1 reduces glucose production,
increase glycogen synthesis in liver, increases glucose metabolism in muscle, and regulates fat
metabolism in adipocytes.®182 Different studies have also reported the potentially beneficial effect of
GLP-1 on the cardiovascular system, nervous system, and renal system (Figure 1.3).838485 Unlike
GIP, GLP-1 preserve their insulinotropic activity in T2D patients. Therefore, therapeutic attention has
been focused on the GLP-1 and GLP-1R.8¢

The incretin system, particularly, GLP-1/GLP-1R has gained significant attention in the
treatment of T2D. Researchers have developed medications that either mimic the action of incretins
or inhibit their breakdown, leading to prolonged incretin effects. These medications include GLP-1
receptor agonists like exenatide (exendin-4), liraglutide, semaglutide, and dipeptidyl peptidase-4
(DPP-4) inhibitors like Januvia® (Sitagliptin) and Tradjenta® (Linagliptin). These two classes od
medications have demonstrated favorable effects on glycemic control in people with T2D.79.8487.88
G protein coupled receptors canonical pathway

GPCRs are membrane proteins comprised of seven transmembrane domains. In eukaryotic
cells, GPCRs are the largest and most diverse group of receptors, with more than 800 GPCR genes
identified in the human genome. They play a vital role in a wide range of physiological responses to
environment signals, neurotransmitters, and hormones.?%% The importance of GPCRs and their
signaling as therapeutical targets is underscored by the fact that 475 drugs, representing ~34% of
FDA approved drugs, act on 108 unique GPCR targets.®293

A classical GPCR consisting of seven transmembrane a-helices (helices 1-7) with three
extracellular (E2-E4) and intracellular (C1-C3) loops, the ligand binding N-terminus (E1) on the
outside of the cell and the cytoplasmic C-terminus (C4) on the inside of the cell (Figure 1.4). The
loops between a helices 5 and 6, and 3 and 4 are important for interaction with the heterotrimeric G
proteins. Ligand binding causes movement of the helices 5 and 6 of the GPCRs, changing the
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conformation of the cytosolic loop in between leading to G protein binding. G protein contains three
subunits a, B, and y. Depending on their a-subunits, G proteins are classified into four categories. The
G-stimulatory proteins (Gas) and G-inhibitory proteins (Gai) regulate membrane bound effector
enzyme adenylyl cyclases, while the Gaq and Gaiz/is protein activate phospholipase C enzymes and
small GTPase family, respectively. Their active/turned “on” state is GTP-bound and inactive/turned
“off” state is GDP-bound.8-93

For GPCRs that bind to Gas proteins, when no ligand is bound to the receptor, the a subunit of
G protein (Gas) is bound to GDP and complexed with G and Gy subunits. Ligand binding changes
the conformation of the receptor, allowing it to bind to Gas and displace GDP with GTP.%4% This
process results in the dissociation of Gas-GTP from the GBy portion of the trimer, which then binds to
and activates adenylyl cyclase. Adenylyl cyclase converts adenosine triphosphate (ATP) to cAMP,
leading to an increase in intracellular cAMP levels. The increase in intracellular cAMP levels activates
cAMP-dependent serine/threonine protein kinase A (PKA), which modulates the activity of many other
enzymes through phosphorylation. Due to the G protein's intrinsic GTPase activity, GTP-bound Gas
hydrolyzes GTP to GDP within seconds. This results in the reassociation of Gas with GB and Gy
subunits, leading to the inactivation of adenylyl cyclase. PKA activation, in turn triggers various
downstream effects that can lead to different physiological responses (Figure 1.5).%

After the activation of G protein via a GPCR, the activated GPCR is involved in another major
pathway, including B-arrestin mediated internalization of the receptor.®” Upon ligand binding, the
GPCR undergoes conformational changes that facilitate phosphorylation of serine and threonine
residues within the third intracellular loop and carboxyl-terminal tail domain of the receptor by G
protein-coupled receptor kinase (GRK). GRK plays a central role in regulating the desensitization of
GPCR-G protein signaling, GPCR endocytosis to endosomes, and GPCR signaling via G protein-
independent mechanisms.?® GRK-mediated phosphorylation of the GPCR alone is not sufficient to
mediate receptor desensitization, therefore, the GRK-mediated phosphorylation of the GPCR
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promotes the recruitment and high-affinity binding of B-arrestin to the receptor. B-arrestins are a class
of proteins important for regulating GPCR signaling. B-arrestin binding has three distinct functions.
First, its “arrestst” the G protein signal and desensitizes the receptor to GLP-1 signaling by
uncoupling the receptor from heterotrimeric G protein. Second, as the receptor binds to B-arrestin, it
interacts with adapter protein-2 (AP2), dynamin and clathrin to induce clustering of the receptor into
clathrin-coated pits and subsequent clathrin-mediated internalization.®®100.101.102 Thjs places the
receptor into the endosomes where it is thought to be either recycled and sent back to the plasma
membrane or targeted for degradation via lysosomal pathway (Figure 1.6). This post-endocytic
sorting of the receptor is an important regulatory mechanism for the regulation of many GPCRs
signaling pathways.'% B-arrestin also interacts with other proteins, including E3 ubiquitin ligases like
mdm2, which help in regulating clathrin-mediated endocytosis.'% Third, B-arrestin also acts as a
scaffolding protein to facilitate the recruitment of other signaling molecules to the activated receptor
that can trigger alternative signaling pathway distinct from classical G protein-mediated signaling.
These G protein-independent pathways are referred to as arrestin-mediated signaling or biased
signaling. In addition to functioning as an adapter protein, B-arrestin serves as a scaffold for variety of
signaling complexes. Studies have shown that B-arrestin interacts with a wide variety of kinases
particularly Src family kinases and can couple the GPCR to MAPK ERK1/2 pathways.105-107
Post-endocytic trafficking and sorting of GPCRs

Following endocytosis, the individual receptors can be sorted between recycling or degradative
pathways.19810° This post-endocytic fate of the GPCR plays a crucial role in regulation of GPCR
signaling. It is generally believed that GPCRs that do not internalize as a complex with B-arrestin are
dephosphorylated, resensitized and recycled back to the plasma membrane. Receptors that bind
strongly with B-arrestin and internalize as a complex are either inefficiently recycled back or not
recycled at all and undergo degradation instead.!!® Therefore, for recycling receptors, endocytosis
serves as a mechanism for receptor resensitization in which internalized receptors are recycled back
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to the plasma membrane in fully active form.'11:112 For receptors that are degraded, rapid endocytosis
may cause receptor downregulation as after endocytosis the receptor is targeted to lysosomal
degradation. This sorting of the receptor post-endocytosis is referred to as receptor trafficking (Figure
1.7). 110

Receptor phosphorylation is necessary for receptor endocytosis, but it has also been
suggested that receptor phosphorylation influences the post-endocytic fate of the receptor by
regulating its interactions with sorting proteins including PDZ domain-containing proteins, Receptor
Activity-Modifying Proteins (RAMPs), EBP50, sorting nexin 1 or inducing posttranslational
modification like ubiquitination which involved the covalent attachment of ubiquitin to lysine residues
of the cytoplasmic c-tail and promotes lysosomal targeting.'*3>116 Recycling of the GPCR receptor
post-endocytosis was traditionally thought to occur by default since the membrane is continuously
recycled by itself and disruption of lysosomal signaling increase GPCR recycling.*'"1*® However,
studies have shown that specific recycling sequences are present in the cytoplasmic tails that aid in
recycling of the receptor. For example, 2-adrenergic receptor contains a DSLL sequence that has
been shown to be important for its recycling to the plasma membrane via interaction with PDZ-
domain containing proteins.'1%120 The sorting of receptor to lysosomal degradation pathway is
facilitated by its interaction with one or more sorting proteins.'° For ubiquitinated proteins, the highly
conserved endosomal sorting complex required for transport machinery (ESCRT) directs the receptor
for degradation.'?*-*22 However, for some GPCRs like 3-opioid receptors (DOR) ubiquitination is not
required for post-endocytic degradation.*?* This data suggests that ESCRT machinery is also able to
recognize non-ubiquitinated receptors and transport them for lysosomal degradation. One possible
mechanism by which ESCRT can recognize non-ubiquitinated receptors is with sorting proteins that
serves as a linker between non-ubiquitinated GPCRs and ESCRT machinery. Sorting nexin-1 (SNX-
1) is one such sorting protein that downregulates protease-activated receptor -1 GPCR binds to Hrs
(a part of ESCRT) in vitro.1?>126 Another cytoplasmic protein Dysbindin, is implicated in post-
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endocytic sorting of DOR and dopamine D2 receptor to lysosomal degradation and interacts with both
Hrs proteins and the GPCR-associated sorting protein 1 (GASP1).127.128
Role of G protein-coupled receptor- Associated Sorting Protein 1 (GASP1) in post-endocytic
sorting of GPCRs

GPCR-Associated sorting proteins (GASPs) are GPCR-interacting proteins that regulate
receptor signaling and trafficking. The GASP family is comprised of 10 proteins (GASP1 — GASP10)
with significant sequence similarity particularly in the C-terminus domain.'?%132 Qut of 10 family
members, GASP1 is shown to interact with 30 different GPCRs including delta opioid receptor,
dopamine D2 and D4 receptor, mGluR1a receptors among others.'33-13> GASP1 was discovered in a
yeast two-hybrid screen by Whistler et al. GASPL1 is a large protein with ~180 KDa molecular weight
and comprised of 1,394 amino acids.'%? It is expressed in a few tissues including brain, pancreas, and
hepatocytes.33 Since its discovery, GASP1 has been reported to target different GPCRs to lysosomal
degradation pathway including canabinoid 1 receptor (CB1R), dopamine D2 (D2R), calcitonin
receptor (CALCR), delta opioid receptor among others.'?%135> GASP1 also shows selective binding for
certain GPCRs. For example, the DOR binds to GASP1 are targeted to lysosomal degradation but p-
opioid receptor (MOR) do not interact with GASP1 and recycled to plasma membrane. Similarly, D2R
after endocytosis undergoes GASP1-mediated lysosomal degradation but dopamine D1 receptor
(D1R) does not interact with GASP1 and undergo recycling after endocytosis.132134137 These results
show that the post-endocytic trafficking and sorting of the receptor is a highly controlled process that
is fundamentally important for the regulation of GPCRs signaling. These data also suggest that
GASP1 functions to regulate post-endocytic sorting of GPCRs. No other GASP family member is
involved in GPCR sorting but promotes cell survival and differentiation. Inhibition of dopamine D2
receptor and GASP1 interaction through neutralizing antibodies have been shown to reduce the
desensitization of agonist activated D2 receptors.'** These data imply that disrupting GPCR-GASP1
interaction could potentially enhance GPCR signaling when exposed to continuous agonist
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stimulation, may be due to prevention of receptor degradation. Additionally, it has been demonstrated
that GASPL1 is directly involved in modulating GPCR signaling in virally encoded US28 GPCR.
Overexpression of GASP1 in HEK293 cells significantly increases the PI3-kinase signaling while
shRNA silencing of GASP1 reduces IP3 formation. Furthermore, the cAMP-responsive element-
binding protein was also either enhanced or prevented by overexpression or silencing of GASP1.13!
These results implicate that GASP1 not only plays a crucial role in modulating the post-endocytic
sorting of the receptor, but also influences its signaling activity, thus pointing toward a more important
role of GASP1 in regulation of signal transduction by GPCRs.
Glucagon-Like Peptide 1 Receptor (GLP-1R): Functions and Signaling

GLP-1 hormone targets the GLP-1 receptor (GLP-1R) expressed in pancreatic beta cells, the
gastrointestinal tract, and the central nervous system.83848 GLP-1R plays a crucial role in
maintaining glucose homeostasis and insulin regulation. In addition to its role in insulin secretion,
GLP-1R has other important functions in the body including®>-?
1). Appetite Regulation: Activation of GLP-1R in the brain promotes satiety and reduces the feeling of
hunger thus regulating appetite and food intake.
2). Gastric Emptying: GLP-1R activation in the gut slows down processing of the food in the stomach
which helps to control the rate of nutrient absorption contributing to more stable blood glucose levels.
3). Cardiovascular effects: GLP-1R activation also promotes vasodilation, reduces blood pressure
and the risk of cardiovascular events.
4). Neuroprotection: Studies have shown that GLP-1R activation has been implicated in enhancing
synaptic plasticity and neuron survival thus offering benefits for neurodegenerative conditions like
Alzheimer’s disease.
5). Memory and Learning: Studies have shown that GLP-1R signaling in hippocampus and ventral

tegmental area (VTA) modulates learning and memory. In preclinical animal models, these drugs
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have been shown to protect long-term potentiation (LTP) and to produce improved performance in
several diverse cognitive tasks.

6). Renal Effects: GLP-1R activation has been shown to reduce markers of renal injury in
experimental kidney disease models to protect kidney function. This suggests a potential role in the
treatment of diabetic nephropathy and other renal disorders.

These varied roles of GLP-1R highlight the broad impact of the incretin system on the human body.
The focus of this work is on GLP-1 receptor signaling and its post-endocytic trafficking and how it
affects the GLP-1R function in maintaining glucose homeostasis.

Glucagon-like peptide 1 receptor belongs to class B GPCR family characterized by seven
transmembrane a-helices connected by three intracellular and three extracellular loops and mediates
the effect of the incretin hormone GLP-1.1% Various studies have reported the expression of the GLP-
1R mRNA transcripts in different tissues including pancreas, lung, kidney, stomach, brain, and retina.
52 Human GLP-1R is 463 amino acid long protein consisting of a signal peptide sequence at its N-
terminal which is cleaved after its delivery to cell membrane. The extracellular N-terminal domain is
crucial for ligand binding while the intracellular C-terminal end interacts with and activates G protein
for signal transduction.138

Canonical GLP-1R signaling (Figure 1.8) occurs through heterotrimeric Gs proteins (as
described above) resulting in activation of adenylyl cyclase leading to increase cyclic adenosine
monophosphate (CAMP) level.*3® This rapid increase in cAMP causes the activation of protein kinase
A and exchange protein activated by cAMP-2 (Epac-2). In pancreatic beta cells, activation of PKA has
the following effects: 1) Activation of CAMP response-binding element (CREB) that promotes the
expression of pancreatic and duodenal homobox gene-1 (PDX-1) transcription factor and insulin
receptor substrate 2 which are essential for insulin synthesis, beta cell growth and survival. 2)
Activation of cyclin D1 and MAPK that is crucial for G1/S transition during cell cycle thus enhancing
beta cell neogenesis. 3) Phosphorylation of sulfonyl urea receptor 1 and K-ATP channels leading to
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beta cell membrane depolarization. 4) Activation of activating transcription factor 4 (ATP4) that
prevents the development of ER stress in beta cells in cAMP-dependent manner.14%-142 These
findings suggest that sustained GLP-1R signaling in T2D patients may result in preservation of
functional beta cells. Activation of Epac-2 closes K-ATP channel thus promoting membrane
depolarization, Ca?* influx and release of Ca?* from intracellular stores, causing insulin exocytosis.'#3
145 Additionally, GLP-1R can couple to Gaq G protein thus leading to stimulation of phospholipase C
(PLC) enzyme that cleaves a phosphatidylinositol 4,5-biphosphate (PIP2) into two secondary
messengers: inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 activates protein kinase C
(PKC) that phosphorylates different downstream effector proteins. IP3 also binds to its receptor on
endoplasmic reticulum and release Ca?* ions into the cytosol. Increase in intracellular Ca?*
concentration triggers insulin release from beta cells via fusion of insulin-containing vesicles with cell
membrane.146-148

After activation, the activated GLP-1R receptor undergoes rapid endocytosis which is either
clathrin-mediated (CME) or clathrin-independent (CIE), dynamin-dependent endocytosis
pathway.1#%150 |n pancreatic beta cells, the GLP-1R follows the canonical GPCR internalization
mechanism via clathrin-coated pits involving GRK-dependent phosphorylation of the cytoplasmic
domain of GLP-1R, B-arrestin recruitment and interaction of the receptor with adaptor protein 2 (AP2)
leading to movement of GPCR-B-arrestin complex into vesicular pits, thus causing endocytosis of the
receptor.151-154 pPost-endocytosis, the first organelle receiving receptor are sorting endosomes, also
known as early endosomes, characterized by the expression of Rab5.1%5156 At this stage, the GLP-1R
may be directed to recycling pathway to the membrane via (1) a short cycle (Rab5" - Rab4*
endosomes) to (2) long cycle (Rab7* late endosome - Rabll® recycling endosome) or toward
degradation pathway via transition from early endosome to Rab7* late endosome and subsequently
to the lysosomes (Figure 1.6 and 1.7).1%" This post-endocytic trafficking/sorting of the receptor plays a
crucial role in GLP-1R signaling; however, the molecular events governing this process are not well-
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understood. After ligand dependent internalization, only 10-30% of internalized GLP-1R returns to the
surface.’®® In beta-cells, sorting nexins 27 (SNX27) has been shown to play a crucial role in sorting
GLP-1R from early endosome to recycling endosome.'® Previous data have also shown that
ubiquitination of the receptor to target the receptor toward ESCRT-dependent lysosomal fusion does
not apply toward the GLP-1 receptor.’®® Another sorting nexin 1 (SNX1) was shown to restrict
receptor recycling thus targeting GLP-1R toward lysosomal degradation.'>® These preliminary data do
not provide clear mechanisms that govern the fate of endocytosed receptor, nor do they tell us the
protein factors involved in this process, thus representing a gap in the knowledge. In this study, we
focus to examine the role of a GASPL1 protein in post-endocytic degradation of GLP-1R in pancreatic
B-cells and how this post-endocytic trafficking affects receptor function and GLP-1R agonist signaling.
Glucagon-Like Peptide 1 Receptor (GLP-1R) agonists and DPP-4 inhibitors in treatment of T2D

In individuals with T2D, there is often a decrease in GLP-1 secretion from the gut. Moreover,
studies have shown that T2D individuals have impaired GLP-1R signaling. Additionally, in T2D the
insulinotropic effect of GIP is attenuated. In contrast, the insulinotropic effect of GLP-1R is preserved
even in T2D patients.161.162 Dye to their ability to enhance insulin secretion from beta-cells upon
activation even in T2D patients, the therapeutic approach to incretin-based therapy is focused on
GLP-1 and GLP-1R agonists. Researchers and pharmaceuticals company have developed a class of
drugs called incretin drugs which harness the body’s natural incretin system to enhance insulin
secretion and regulate blood glucose levels.13164 These drugs are categorized into two categories:
A). Incretin mimetics, GLP-1 agonists (GLP-1R agonists, GLP-1RAs)°

Incretin mimetics or GLP-1R agonists are a class of medications that mimic the action of the
incretin hormone GLP-1. They are synthetic analogs of GLP-1 peptide. Like GLP-1, they activate the
GLP-1R on pancreatic beta-cells which leads to increased insulin secretion and decrease glucagon

release. This helps to lower blood glucose after a meal and maintain glucose homeostasis. 1> Some
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common GLP-1R agonists include exenatide and liraglutide. Incretin drugs are usually administrated
as subcutaneous injections and have several distinct advantages:
1.Glucose-dependent action: GLP-1R agonists enhance insulin secretion in a glucose-dependent
manner, meaning they promote insulin release only when blood glucose is elevated. This reduces the
risk of hypoglycemia or low blood sugar compared to insulin therapy.63-165
2. Weight loss: GLP-1R agonists are associated with weight loss in individuals making them a useful
option for an individual who is obese and has T2. As being overweight or obese greatly increases
your risk of developing T2D, GLP-1R agonist will be useful to treat both conditions simultaneously.5%
165
3. Cardiovascular benefits: GLP-1R agonists have also been shown to reduce the risk of heart
attacks and strokes in T2D individuals.63-165
4. Renal benefits: GLP-1R agonists have demonstrated potential renal benefits like preserving kidney
function and reducing the risk of diabetic kidney disease.63-165

Exenatide was derived from exendin-4 and is resistance to DPP-4 degradation with a half-life
of 2.4 hours following administration.®® Exenatide is a peptide whose first 30 amino acids have
sequence identity with naive human GLP-1 while the nine amino acid extension has no homology in
human.1%” FDA approved exenatide for the treatment of T2D in 2005. Exenatide when given as a
monotherapy twice daily has been shown to reduce the HbA1C in drug naive patients.'%® As an add-
on therapy to existing therapy like metformin and sulfonylurea in T2D patients, exenatide reduces
HbA1C by 0.5 — 1 %.1%° Exenatide has an excellent safety profile with lower rates of hypoglycemia
and significant improvement in weight loss. Studies have shown that when exenatide is given in a
formulation to extended release (Exenatide QW), the once weekly administered Exenatide QW
lowered HbALC to greater degree than twice daily administered exenatide. The Exenatide QW shows

a similar weight loss profile and fewer patients experience the Gl side effects (DURATION-5 trial). 17°
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Liraglutide is an analog of human GLP-1 with 97% sequence homology. It has a fatty acid side
chain that promotes albumin binding and is resistant to DPP-4 degradation with half-life of 11-13
hours. In contrast to exenatide, liraglutide does not undergo renal clearance.'’* FDA approve
liraglutide for the treatment of T2D in 2010. As a monotherapy, liraglutide shows significantly greater
reduction on HbA1C compared to glimepiride in a dose-dependent manner (LEAD-3 trail).!’? As an
add-on therapy, with existing oral therapy, liraglutide further decrease HbA1C in T2D patients (LEAD-
1, LEAD-2, Lead-4, LEAD-5 trials).1’3176 Studies have also shown that liraglutide administration
improve the B-cell functions in these trials.'”” Compared to exenatide (LEAD-6 trial), liraglutide
decrease HbA1C to a greater extent than exenatide, it has greater effect on fasting glucose but show
less postprandial glucose control compared to exenatide. Both treatments are well tolerated, and
weight loss is comparable.'’®

The common adverse effects for GLP-1 agonist are Gl symptoms including nausea, vomiting,
and diarrhea. These symptoms generally improve with time. The risk of hypoglycemia is low with
these GLP-1 agonists as they stimulate insulin release in glucose-dependent manner.1%® One early
cause of concern with the use of GLP-1R agonist is the higher risk of pancreatitis. However,
subsequent studies have shown no increased risk of pancreatitis in patients treated with exenatide.'”®
B). Dipeptidyl peptidase-4 inhibitors (DPP4i)180

Dipeptidyl peptidase-4 (DPP-4) inhibitors inhibit the action of enzyme DPP-4 which is
responsible for cleaving GLP-1 and GIP hormone. By inhibiting DPP-4, these drugs increase the
endogenous levels of incretin hormones GLP-1 and GIP, which in turn enhances insulin secretion.8°
Some common examples of DPP-4 inhibitor drugs include sitagliptin, alogliptin, linagliptin, saxagliptin.
These medications are available in tablet form making them more convenient for patients. They have
been recently approved by the FDA for treatment of T2D. These agents completely inhibit DPP-4
activity for 24 hours, thus raising GIP and GLP-1 concentration.'81:182 Whether DPP4i is given as a
monotherapy or as an add-on therapy, they show reduction in HbA1C levels of 0.5 — 0.8%. Their
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modest glycemic reduction compared to GLP-1R agonist is because GLP-1 agonist produces
supraphysiological concentration of GLP-1, while in comparison, DPP4i achieved lower GLP-1
concentration.'®3-185 DPP4i is weight neutral and does not cause weight loss. Administration of
sitagliptin and vildagliptin has been associated with improved B-cell functions. DPP4i are well
tolerated with low incidence of hypoglycemia and Gl upset.®-188 |nhibition of DPP4 not only
increases the circulatory levels of GLP-1 and GIP but other peptides also like neuropeptide Y, peptide
YY that could have hypertensive effect.8°
C). Dual incretin agonists — Twincretins

A relatively recent advancement in diabetes treatment and research are dual incretin agonists
that simultaneously activated both incretin receptors: GLP-1R and GIPR. By targeting both the
incretin receptors involved in glucose regulation, these medications aim to amplify the glucose-
lowering effects and potentially provide additional benefits for T2D patients. The combined action of
GLP-1R and GIPR activation is to synergistically enhance insulin secretion and reduce blood glucose
level in glucose-dependent manner.1®© Recently, the FDA has approved the first dual GLP-1R/GIPR
co-agonist Tirzepatide (Mounjaro®) for treatment of individuals with T2D and obesity. Tirzepatide is an
acylated peptide that activates both GLP-1R and GIPR.% Clinical trials have shown that tirzepatide
produced significantly greater reduction in the HbA1C levels and body weight as compared to GLP-
1Ras single agents (SURPASS 1-5 trails). The adverse effects of tirzepatide is like those of exenatide
and liraglutide and include Gl symptoms like nausea, vomiting and diarrhea. Tirzepatide also
improves insulin sensitivity and insulin secretion to a greater extent than semaglutide.1%>-1% However,
the mechanisms of action by which tirzepatide promotes its clinical effects are still under
investigation. Irrespectively, the clinical advantage of dual incretin agonist over GLP-1Ras has
sparked renewed interest in development of novel therapeutic that activates both the incretin
receptors. In fact, several such molecules have been reported and shown to produce improved
glycemic control in mice.*3
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Biased signaling and the role of receptor trafficking in biased signaling

The activation of GLP-1R has a pleiotropic effect on multiple signaling proteins within the cell.
This led to the advancement of a fascinating concept in cellular signaling known as Biased agonism
or signal biased. Biased signaling refers to the ability of a ligand to selectively favor and show
preference to a particular signaling pathway, thus activating one pathway more strongly than the
others, resulting in distinct cellular outcomes (Figure 1.9).1%” Moreover, various agonists can also
induce distinct receptor endocytosis and trafficking profiles leading to differential downstream
signaling pathways.'®®?%0 The concept of biased agonism has implications for therapeutics
intervention and has opened new avenues for understanding receptor pharmacology and drug
development. Studies have shown that preferential activation of one pathway over the other could
increase the benefit -to-adverse ration in the therapeutic management of diseases like T2D and
obesity. For example, exendin-4 is more biased toward cAMP signaling while oxyntomodulin a natural
GLP-1R/GCGR co-agonist is more biased toward ERK1/2 signaling.'®® Compared to GLP-1 peptide,
Exendin-4 is more biased at B-arrestin recruitment. Studies assessing the GLP-1RAs and their
activation of downstream signaling pathways like cAMP or ERK1/2 show that exendin-4 and
liraglutide show reduce efficacy of cAMP response in comparison to endogenous ligand GLP-1.20t
Recent studies have also shown a difference in receptor internalization and insulinotropic effect of the
GLP-1R agonist depending on chronic vs acute administration. Chronic administration of exendin-4
derivative GLP-1-Val8 displayed reduce B-arrestin recruitment, weekend receptor endocytosis and
improved glucose tolerance in diabetic mice.?°> These data suggest that improved insulinotropic
effects of these compounds is due to lower desensitization and decrease in receptor internalization
leading to differences in intracellular trafficking over prolonged period.

The Gas signaling of GLP-1R is attributed to the insulin release effect of GLP-1R while the [3-
arrestin recruitment and signaling is thought to be responsible for downregulation, desensitization,
and reduction in GLP-1RAs efficacy.?°32%4 Therefore, compounds that reduce B-arrestin engagement
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at GLP-1R show improved anti-diabetic effects. Many compounds are designed to be G-biased for
GLP-1R including exendin-F1 that show enhanced insulin release via avoiding GLP-1R
desensitization by not recruiting B-arrestin.?%® For GLP-1R agonists those having a fatty acid moiety at
the C terminus ends like liraglutide and semaglutide, these fatty acid chains may have the potential to
promote bias signaling. Studies have shown that adding a fatty-diacid to C-terminus of exendin-4
(exendin-4-C16) reduces binding affinity and B-arrestin recruitment to the receptor along with altering
the postendocytic trafficking of the receptor.?%

While the exact molecular mechanism underlying biased agonism is not yet known, it is widely
believed that biased ligands exhibit a preference for stabilizing distinct GPCR conformations, thus
enabling selective engagement with specific signaling pathway.?°” For example, [Sarl, lle4, lle8]-
Angll ligand selectively activates [(-arrestin recruitment and ERK1/2 phosphorylation at the
angiotensin 2 type 1 receptor, but is unable to activate G protein signaling, thus showing biased to -
arrestin pathway.?%® Therefore, we can utilize a combination of structural, homology and mutational
studies to determine unique structural rearrangements and changes in bias-linked networks. These
findings can be used to deduce signaling pathways specific to each ligand. Thus, identifying bias-
related structural and confirmational changes for a ligand may help to effectively predict
pharmacological similarities or differences among GLP-1R agonists. This provides a significant
understanding of the molecular mechanism of GLP-1R signaling as prompted by GLP-1R agonist
small molecules.

Glucagon-Like Peptide 1 Receptor (GLP-1R) agonists and tolerance development

Currently there are six FDA approved GLP-1R agonists for the treatment of T2D. All the GLP-
1R agonists either as monotherapy or in combination therapy show remarkable reduction in HbAC1,
glucose lowering, glycemic control and weight loss.?%° However, the question to what extent tolerance
develops with GLP-1R agonist remains. Moreover, which of the many pharmacological effects of the
GLP-1R is affected due to development of tolerance is not well studied. Studies have shown that after
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continuous prolonged exposure of GLP-1R agonists, there is a diminished effect/tachyphylaxis on the
gastric motility. Additionally, in mouse models, studies have shown that some degree of tolerance
may developed toward the glucose lowering effect of GLP-1R agonist after prolonged use.?8:30.170. 210
Sedman et al. have shown that tolerance developed toward the glucose-lowering effect GLP-1R
agonist in mice. They have shown that for chronically administered exenatide and liraglutide, the
glucose-lowering effect is weaker compared to acute administration indicating development of
tolerance.?® However, the exact mechanism for the development of tolerance to GLP-1R agonist
needed further investigation and a more focused study to prove whether insulin release and change
in insulin sensitivity is the leading mechanism.

In this study, by utilizing a combination of genetically modified cell lines, Homogenous Time
Resolved Fluorescence (HTRF) biochemical assay, transgenic mice and in vivo and ex vivo animal
studies, we investigated a novel mechanism for the development of tolerance toward GLP-1R
agonist. Here we have shown that post-endocytic trafficking of the GLP-1R within pancreatic 3-cells
have significant implication in therapeutic response of GLP-1R agonist over prolonged period.
Additionally, we have examined the functional implication of GASP1 — a GPCR Associated Sorting
Protein, which plays a key role in GLP-1R degradation after receptor internalization in pancreatic (-
cells. Finally, we have investigated how post-endocytic trafficking of the GLP-1R in B-cells contributes
to the development of tolerance in vivo. This work provides an insight into one of the molecular
mechanisms by which tolerance is developed toward prolonged use of GLP-1R agonists. Further, this
work shows that GASP1-mediated GLP-1R degradation in pancreatic B-cells is responsible for the
loss of GLP-1R agonist efficacy over time. These findings underscore the crucial role of GASP1-
mediated GLP-1R trafficking in the development of tolerance to incretin drugs and could suggest
novel ways to improve therapeutic utility. Additionally, these findings implicate post-endocytic

trafficking of the GLP-1R as a mechanism that limits the efficacy of incretin therapeutics during
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chronic use. These studies also suggest that an incretin memetic drug that promotes G protein

signaling but not arrestin engagement, could provide prolonged therapeutic utility.
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Chapter 2: In vitro investigation of the role of GPCR-associated sorting protein 1 (GASP1) on
GLP-1R signaling.
Introduction

GLP-1 receptor agonists are safe for long-term use and are prescribed to T2D patients as
either once-weekly (Exenatide, Dulaglutide) or once-daily (Liraglutide) prescriptions. They exert their
molecular effects by activation of GLP-1 receptor (GLP-1R) on the plasma membrane of pancreatic 3-
cells.121517.52 GLP-1R is a G-protein coupled receptor, whose activation promotes an increase in
cytoplasmic cAMP levels, which in turn activates PKA and exchange protein directly activated by
cAMP2. However, there is evidence that GLP-1R couples with Gaq and other G proteins also initiate
different downstream signaling pathways. PKA and EPAC-2 trigger the closure of Kare and
Kv channels, which depolarizes the cell membrane, opens voltage-dependent calcium channels
(VDCC), and causes Ca?"influx (Figure 1.8). Beyond the traditional functions of cAMP, the
cAMP/CREB pathway also exhibits the capacity to induce the expression of insulin receptor substrate
2 (IRS2).139%-148 This induction, in conjunction with its role in promoting B-cell survival, highlights the
protective effects of GLP-1 analogs on B-cells.

Insulin secretion occurs in two phases. The early phase lasts for the first 10-15 minutes after
feeding. During the early phase, the already synthesized and stored insulin granules are released
from the B-cells. The more sustained late phase requires synthesis and processing of new insulin, via
signaling through different GPCRs such as incretins, muscarinic, adrenergic, and nutrient receptors.
The Gag pathway directly orchestrates the glucose-triggered release of insulin granules while the
GLP-1R-Gas-cAMP-EPAC-2 pathway is implicated in the early phase of insulin release potentiation
by regulating insulin granule maturation, trafficking, and exocytosis. 211

After agonist stimulation, the GLP-1R is desensitized and removed from the plasma
membrane. Previous studies over past decades have improved our understanding of the molecular
mechanisms underlying GPCR internalization from the cell surface. Two proteins that play a crucial
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role in this process are the GPCR kinases (GRKs) and the B-arrestins (Figure 1.6). GRKs are
serine/threonine kinase that phosphorylates the GPCRs c-terminal tail and cause receptor
desensitization. For GLP-1R, G-protein coupled receptor kinase 2 (GRK2) phosphorylates the 33
amino acid long C-tail of GLP-1R at specific serine/threonine residues. This leads to recruitment of (3-
arrestins, thus promoting internalization of GLP-1R and triggering B-arrestin dependent signaling.
Two types of B-arrestin, B-arrestin-1 and B-arrestin-2, mediate the GLP-1R downstream signaling in
B-cells, and elicit the receptor internalization process. B-arrestin-1 facilitates the phosphorylation of
CREB and ERK1/2, subsequently leading to the phosphorylation of Bad, a regulator associated with
Bcl-xL/Bcl-2, thereby preventing cellular apoptosis. Meanwhile, B-arrestin-2 plays a crucial role in
insulin regulation, as demonstrated by the disruption of insulin secretion in mouse models upon [3-
arrestin-2 knockout. Additionally, the post-translational ubiquitination of both receptor and B-arrestin
play definitive and discrete roles in regulating the life cycle of GPCRs.149-154

After being internalized from the cell surface, GPCRs can follow various sorting routes. They
may undergo dephosphorylation, resensitization, and be recycled back to the plasma membrane.
Another possibility is that GPCRs may be targeted for degradation via the endosomal/lysosomal
pathway (Figure 1.7). GLP-1R is a fast-internalized and recycling receptor. After activation, GLP-1R-
ligand complexes enter the endosome. A portion of that is eventually transported to lysosomes for
degradation, while the other portion returns to the cell membrane.®5-160 Different agonists may show
different effects on GLP-1R internalization and recycling. For example, GLP-1 is apt to receptor
recycling, while exendin-4 may favor slower recycling and lysosome targeting. Further research has
brought to light a set of auxiliary proteins that interact with GLP-1R, GRK and [-arrestin
complexes.?’?> Recent research is now focused on elucidating the intricacies of these proteins
interaction that are inherent to the process of GLP-1R endocytosis and trafficking.

The post-endocytic trafficking of the receptor plays a pivotal role in modulating receptor
function, particularly during prolonged drug/agonist use. If the receptor is recycled after endocytosis,
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the cell surface expression of the receptor remains constant even after chronic drug administration,
hence leaving receptor signaling unaffected. In contrast, if receptor degrades after endocytosis,
prolonged agonist exposure may lead to reduction in receptor cell surface expression, thus causing a
decline in signaling activity. The protein factors responsible for determining whether internalized GLP-
1R is recycled or degraded remain unknown, thus presenting a significant gap in our knowledge of
GLP-1R trafficking. We hypothesize that GPCR-associated sorting protein 1 (GASP1) plays a crucial
role in dictating the post-endocytic fate of GLP-1R. We postulate, during prolonged exendin-4 (a GLP-
1R agonist) treatment, GASP1-mediated post-endocytic degradation of GLP-1R is responsible for
decrease agonist response by the receptor. This effect may be attributed to a reduction in the
receptors cell surface expression.

We have developed snhap-tagged GLP-1R stably expressing HEK293 cell. Additionally, using
CRISPR-Cas9 technique, we have generated Snap-GLP-1R HEK293 cells and INS-1 cells with and
without GASP1 protein. We examined the role of GASP1 on GLP-1R signaling and function
particularly in scenario of prolonged drug use. In this chapter, using Ex-4 dose-response curves for
intracellular cAMP increase and insulin release, we will determine if GASP1 is crucial for GLP-1R
signaling during chronic drug administration. Our data shows that GASP1 knockdown in snap-GLP1R
HEK?293 cells and INS-1 cells does not alter the acute GLP-1R signaling suggesting that knocking
down GASP1 does not affect receptor affinity or efficacy for Ex-4. However, for chronic Ex-4
exposure, GASP1 wild-type cells (both snap-GLP-1R HEK293 and INS-1 cells) show a decrease in
Ex-4 response while GASP1 knockdown cells show a similar response to acute treatment. This
diminished agonist response exhibited by the receptor after prolonged drug exposure is defined as
tolerance development. These data provide evidence supporting our hypothesis that GASP1 is critical
in deciding the post-endocytic fate of GLP-1R and may be contributing to development of tolerance to

exendin-4 after prolonged use.
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Results
Deletion of GASP1 protein in HEK293 or INS-1 cells does not affect acute GLP-1R signaling.

We first aimed to examine the role of GASP-1 protein on GLP-1 receptor acute signaling. To
assess this, we used stably expressing snap-GLP-1R HEK293 cells and INS-1 cells to investigate the
impact of GASP1 deletion on GLP-1R signaling. We applied CRISPR-Cas9 technique to successfully
delete GASP1 protein from snap-GLP1R HEK293 (HEK-GLP1R GASP1-WT) and INS1 (INS1
GASP1-WT) cells to generate HEK-GLP-1R GASP1 knockout (HEK-GLP1R GASP1-KO) and INS1
GASP1 knockout (INS1 GASP1-KO) cells. To verify the deletion of GASP1 protein, we assess the
expression of GASP1 protein in cell lysate from both GASP1 wild-type and knockout HEK-GLP1R
and INS1 cells using western blot analysis (Figure 2.1). For both HEK-GLP1R (Figure 2.1A) and INS1
cells (Figure 2.1B), in the GASP1-WT cell lysate, a distinct protein band of 180 KDa corresponding to
GASP1 molecular weight was observed, however, in the GASP1-KO cell lysate, the GASP1 protein
band was absent. This indicates the efficient knockout of the GASP1 gene in the INS-1 cells. GAPDH
expression was also detected as a control to ensure equal protein loading on to the gel.

We further assess the role of GASP1 protein on GLP-1R function and its acute signaling. To
examine this, we performed Ex-4 dose-response experiments in HEK-GLP1R (Figure 2.2B and C)
and INS1 (Figure 2.3A and B), both with GASP1-WT and GASP1-KO cells and measured the GLP-
1R dependent increase in intracellular cAMP levels within these cells. The dose-response curves in
the figures are representative of three different experiments performed on different days in triplicates.
The Emax and ECsp data is represented as mean + S.E.M. As expected, in both HEK-GLP1R and INS1
GASP1-WT cells, Ex-4 stimulation led to an increase in intracellular cAMP levels in dose-dependent
manner. The Ex-4 dose-response curves show a characteristic sigmoidal shape where the highest
Ex-4 concentrations provide maximum response. The Emax value (the maximum effect attributed to a
drug) and ECso (the potency of the drug) are calculated from the Ex-4 dose-response curves (Table 1
and 2). For HEK-GLP1R and INS-1 GASP1-WT cells, the cAMP stimulation at a highest Ex-4 dose
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(100nM) was normalized to 100% Emax value and all other treatment groups were normalized to it.
The ECso for HEK-GLP1R and INS-1 GASP1-WT are ECso = 2.09 nM % 1.06 and ECso = 0.59 * 0.28
respectively. For both HEK-GLP1R GASP1-KO and INS1 GASP1-KO cells, interestingly Ex-4
treatment also exhibits a similar dose-dependent increase in intracellular cAMP levels as compared to
the HEK-GLP1R GASP1-WT and INS1-GASP1-WT cells respectively. For HEK-GLP1R GASP1-KO
cells, the Emax = 107.13% + 6.88 and ECso = 0.77 nM * 0.04, and for INS1 GASP1-KO cells, the Emax
=95.14 % + 3.26 and ECs0= 0.55 nM £ 0.34.

The ECso value for HEK-GLP1R GASP1-WT and GASP1-KO cells (2.07 nM = 1.06 and 0.77
nM + 0.04 respectively) shows no significant difference, indicating that deletion of GASP1 does not
affect the potency of Ex-4 drug towards GLP-1R. Similarly, for INS1 cells, knocking out of GASP1 has
no impact on the potency of Ex-4 for GLP-1R (ECso values for INS1 GASP1-WT vs GASP1-KO cells
= 0.59 nM = 0.28 vs 0.55 nM £ 0.26). Furthermore, on comparing the Emax value for HEK-GLP1R
GASP1-WT vs KO cells (100% vs 107.13% = 6.88), there is no significant difference between the
two, indicates that GASP1 deletion does not attenuate the maximal cAMP response to acute Ex-4
stimulation. Similarly, for INS1 cells, knocking out GASP1 does not affect the efficacy of the acute Ex-
4 stimulation (Emax values for INS1 GASP1-WT vs GASP1-KO cells = 100% vs 95.14% + 3.26). These
data indicate that deletion of GASP1 does not affect the acute GLP-1R signaling in both HEK-293
and INS-1 cells.

Pretreatment of HEK293 or INS1 cells with Ex-4 reduces GLP-1R-dependent cAMP signaling in
GASP1-WT but not in GASP1-KO cells.

We next investigated the role of GASP1 protein on GLP-1R function and signaling after
prolonged exposure to GLP-1R agonist Ex-4. To assess this, we again used the GASP1-WT and KO
cell lines created above. Both GASP1-WT and GASP1-KO cells were pretreated with 100 nM Ex-4 for
3 hours, washed and then Ex-4 dose response experiments were performed to determine to measure
the GLP-1R dependent increase in intracellular cAMP levels within these cells (Figure 2.2A). The
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dose-response curves in the figures (Figure 2.2B and C, Figure 2.3A and B) are representative of
three different experiments performed on different days in triplicates. The Emax and ECso data is
represented as mean + S.E.M. As expected, in both HEK-GLP1R GASP1-WT and INS1 GASP1-WT
cells, Ex-4 stimulation led to an increase in intracellular cAMP levels in dose-dependent manner.

The Emax value and ECsp are calculated from the Ex-4 dose-response curves (Table 1 and 2).
For HEK-GLP1R and INS-1 GASP1-WT cells, the cAMP stimulation at a highest Ex-4 dose (100nM)
was normalized to 100% Emax value and all other treatment groups were normalized to it. We found
that following Ex-4 pretreatment both HEK-GLP-1R-WT and INS-1-GASP1-WT cells show reduced
response to Ex-4. The Emax value for HEK-GLP-1R GASP1-WT cells with or without Ex-4
pretreatment are 100% vs. 33.61% * 4.18, ***p<0.001. The Emax value for INS-1-WT cells with or
without Ex-4 pretreatment are 100% vs. 44.30% + 11.53, **p<0.01. This reduction in the response to
the drug over time is referred to as development of tolerance to the drug. Thus, both HEK-GLP-1R
GASP1-WT and INS-1 GASP1-WT developed tolerance to Ex-4 after prolonged exposure to the drug
compared to vehicle pretreated cells.

Interestingly, GASP1-KO cells after Ex-4 pretreatment did not show development of tolerance
compared to GASP1-KO vehicle pretreated cells. The Emax value for HEK-GLP-1R GASP1-KO cells
with or without Ex-4 pretreatment is 107% + 6.88 vs. 111.70% % 12.8. The Emax value for INS-1
GASP1-KO cells with or without Ex-4 pretreatment are 95.14% + 3.26 vs. 92.17% + 4.32. These data
suggest that GASP1 plays a crucial role in GLP-1R development of tolerance to Ex-4 response in
HEK293 and INS-1 cells.

Moreover, for INS-1 GASP1-WT and GASP1-KO cells, there was no change in the potency of the
drug with or without Ex-4 pretreatment as shown by the ECso values. The ECso value for INS-1
GASP1-WT cells with vehicle or Ex-4 pretreatment are 0.59 nM £ 0.28 vs. 0.78 nM + 0.42. The ECso
value for INS-1 GASP1-KO cells with vehicle or Ex-4 pretreatment are 0.55 nM + 0.26 vs. 0.76 nM *
0.34. However, for HEK-GLP1R GASP1-WT and GASP1-KO cells, there is a change in the potency
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of the drug. with or without Ex-4 pretreatment as shown by the ECso values. The ECso value for HEK-
GLP1R GASP1-WT cells with vehicle or Ex-4 pretreatment are 2.09 nM + 1.06 vs. 34.06 nM + 4.19,
**p<0.01. The ECso value for HEK-GLP-1R GASP1-KO cells with vehicle or Ex-4 pretreatment are
0.77 nM %= 0.04 vs. 4.7 nM £ 2.19. This change in the ECso value may be due to a change in the
receptor number present on the cell membrane.

GLP-1R mediated insulin release is decreased in GASP1-WT cells upon Ex-4 treatment but not
in GASP1-KO INS1 cells.

We next explore the functional significance of GASP1 protein on GLP-1R signaling and its
function. To assess this, we measure the Ex-4 dependent insulin release from INS-1 cells (Figure
2.3C and D). We performed Ex-4 dose-response experiments in INS-1 GASP1-WT and INS-1
GASP1-KO cells with or without pretreatment with Ex-4 and measured the insulin release. The dose-
response curves in the figures are representative of three different experiments performed on
different days in triplicates. The Emax and ECso data is represented as mean = S.E.M. For vehicles
treated INS-1 GASP1-WT cells, Ex-4 stimulation led to an increase in insulin release in a dose-
dependent manner. The Ex-4 dose-response curves show a characteristic sigmoidal shape where the
highest Ex-4 concentrations provide maximum insulin release. The Emax value and ECso are
calculated from the Ex-4 dose-response curves (Table 3). For INS-1 GASP1-WT cells, the insulin
release at the highest Ex-4 dose (100nM) was normalized to 100% Emax value and all other treatment
groups were normalized to it. The ECso value for INS-1 GASP1-WT is 0.044 + 0.01. The INS-1
GASP1-KO cell pretreated with vehicle also show a similar dose-dependent increase in insulin levels
as compared to INS1-GASP1-WT cells (Emax: 99.98 £+ 4.76 and ECso: 0.034 £+ 0.02). This suggests
that knocking out GASP1 in INS-1 cells does not attenuate the E-4 maximal response to acute Ex-4
treatment nor does it affect the potency of the EX-4 toward GLP-1R in INS-1. INS-1 GASP1-WT cell
pretreated with Ex-4 (100nM) for 3-hrs show reduced Ex-4 dependent insulin secretion response
compared to vehicle pretreated INS-1 GASP1-WT cells (Emax value INS-1 GASP1-WT vehicle vs. Ex-
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4 pretreatment: 100% vs. 56.65% =+ 13.14, *p<0.01). This diminished response to Ex-4 is
development of tolerance to the drug. Therefore, INS-1 GASP1-WT cells developed tolerance to Ex-4
after chronic exposure to the drug compared to vehicle pretreated cells. The ECso vaues for INS-1
GASP1-WT vehicle and Ex-4 pretreated cells: 0.044 nM = 0.01 and 0.050 = 0.02 respectively.
However, INS-1 GASP1-KO cells pretreated with Ex-4 do not show reduced insulin secretion
response compared to INS-1 GASP1-KO cells (Emax value INS-1 GASP1-KO vehicle vs. Ex-4
pretreatment: 99.97% + 4.76 vs. 92.49% + 3.34). Thus, INS-1 GASP1-KO cells do not develop
tolerance to the Ex-4 even after chronic treatment indicating that GASP1 plays a crucial role in GLP-
1R signaling and development of tolerance to Ex-4.

Limitation of the study and alternative interpretation

It is important to note limitations and alternative interpretations of the data presented herein. We have
shown that GASP1 mediates the post-endocytic trafficking of GLP-1R in INS-1 cells and this GASP1-
mediated post-endocytic degradation of the receptor is responsible for development of tolerance to
prolonged treatment of GLP-1R agonist exendin-4. However, several limitations exist. While the data
obtained from GASP1 knock out of INS-1 cells assert that GASP1 is necessary for development of
tolerance, this study does not explain how GASP1 interacts with the GLP-1R and how this interaction
affects receptors within the cytoplasm. Based on the proposed role of GASP1 in literature for other
GPCR,'33135 we hypothesized that GLP-1R interaction with GASP1 causes GASP1-mediated GLP-
1R degradation via lysosomal degradative pathway. However, further investigation needs to be done
to determine if GASP1 targets GLP-1R to lysosomal degradation or not and if some other mechanism
involving GASP1 is in play here for the development of tolerance to exendin-4. Previous studies have
shown that the number of receptors present on the cell membrane do affect the potency and the ECso
value of the drug.'>® Since GASP1 cause degradation of the GPCR receptor through lysosomal
pathway, prolonged exposure of the drug may cause change in the cell-surface expression of the
receptor which may impact the result.
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Additionally, it is important to note that GASP1-mediate degradation is specific to certain
GPCRs and not all GPCRs are affected in the same way.32134137 Therefore, it may be possible that
GASPL1 is not directly involved in receptor degradation but serve as a linker protein to facilitate GLP-
1R degradation. Indeed, GASPL1 is known to interact with dysbindin, a member of ESCRT protein
complexes that are well characterized for their role in post-endocytic receptor degradation.?'® Hence,
we should be cautious in saying if GASP1 directly mediates GLP-1R degradation or does it serve only
as a linker between GLP-1R and ESCRT machinery. Further research needs to be done to assess
the compete role of GASP1 in GLP-1R degradation. Conversely, it is also not known if GASP1
interacts with the receptor at the plasma membrane or only transiently complexed with the receptor
and may not be present at all in the endosomes. While it could be the case that transient interaction
of GASP1 with GLP-1R is sufficient to drive receptor to lysosomal degradation, it remains unclear if
GASPL1 is present with the receptor in the endosome and how this interaction helps in prompting the
receptor to lysosomal degradation.

This study focuses on GLP-1R in HEK293 and INS-1 cells that are B-cells derived from rat
insulinoma. We have generated the GASP1-KO cells using CRISPR-Cas9 technique. Interpretation of
data derived from CRISPR-Cas9 gene knockout experiments comes with several limitations. The
major limitation is the off-target effect of CRISPR-Cas9 modification that may introduce unintended
genomic modification in regions like target regions. These off-target effects can confound the
observed phenotype. Another challenge is that cells might activate compensatory mechanisms in
response to gene knockdown to maintain cellular homeostasis. In GASP1-KO cells, knocking down
GASP1 may affect internalization of the GLP-1R that leads to accumulation of lots of
dead/desensitize receptors on the plasma membrane. To maintain cellular homeostasis, there might
be an increase in the transcription of GLP-1R mRNA and translation of the GLP-1R protein. This

could influence the observed phenotype and make it difficult to isolate the direct effect of the
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knocked-down gene. Experimentally, this hypothesis could be easily tested using gPCR technique to
determine the mRNA expression level in GASP1-WT and GASP1-KO cells.

Methods

Cell Culture

Human Embryonic Kidney cells

Human embryonic kidney 293 (HEK293) cells were originally obtained from American Type
Culture Collection (ATCC, Manassas, VA) and maintained in Dulbecco’s modified Eagle’s medium
(Corning, MA) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis MO). HEK293
cells were cultured under standard aseptic tissue culture conditions and maintained at 37°C in 5%
CO:2 humidifier incubator. HEK293 cells were transfected with SNAP-GLP-1R plasmid (CisBio) using
polyethylenimine (PEI) according to manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO). The
transfected cells were serially diluted and selected for G418 resistance marker. Individual cell
colonies were picked up, expanded and screened for the expression of SNAP-GLP-1R on the surface
via immunofluorescence staining.

Rat Insulinoma cells (INS-1 cells)

Rat insulinoma derived insulin producing INS-1 cells were purchased from AddexBio
(C0018007). Cells were cultured using AddexBio optimized RPMI -1640 media (C0004-02) containing
11mM glucose and L-glutamine, supplemented with 10% fetal bovine serum (Corning, 35-010-CV)
and 0.05 mM 2-mercaptoethanol (Sigma-Aldrich, M6250). INS-1 cells sub-cultured using 0.25%
trypsin/EDTA (Corning, 25-053-CIl) when 70-80% confluency was reached. INS-1 cells were cultured
under standard aseptic tissue culture conditions and maintained at 37°C in 5% CO2 humidifier
incubator.

Human Embryonic Kidney 293T cells (HEK293T)

HEK?293T cells were purchased from ATCC and cultured in DMEM media (Gibco, 11965-092)

containing L-glutamine and 4.5 g/L D-glucose, supplemented with 10% FBS. HEK293T cells were
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cultured under standard aseptic tissue culture conditions and maintained at 37°C in 5% CO:2
humidifier incubator.
CRISPR/Cas9 mediated gene editing

Single guide RNAs (sgRNA) targeting rat GPRASP1 (GASP1) gene were originally purchased
from Applied Biological Materials (ABM, 22601116). The sgRNAs target three distinct sites of GASP1
gene and were cloned into a lentiviral vector system (pLenti-U6). Lentiviruses expressing Cas9 and
sgRNAs were produced by co-transfecting HEK293T cells with sgRNAs and packaging plasmids
(ABM, LV003) as per manufacturer’s protocol. Supernatant containing lentivirus were harvested after
48hrs of transfection. The viral supernatant was filtered using 0.45-micron filter (Nalgene, 190-2545)
to remove any HEK293T cells and concentrated by centrifuging at 25,000 RPM for 100 min. at 37°C.
The viral concentrate was resuspended in complete RPMI — 1640 media and used for transduction of
INS-1 cells. Hexadimethrine bromide (Polybrene, sc134220) is also added to the cells at 2 pg/mL
concentration to enhance lentiviral infection efficiency. After 48hrs post-transduction, the cells were
selected with puromycin (Invitrogen, A11138) at 2 ug/mL concentration for 7-10 days. After selection,
the cells were allowed to grow until visible colonies were formed. Colonies derived from single cells
were picked, expanded, and examined for GASP1 expression.
Validation of CRISPR/Cas9 editing proficiency

CRISPR/Cas9 editing efficiency was evaluated using immunoblot analysis (Figure 2.1).
Proteins lysates were extracted from the single cell derived colonies by lysing the cells in RIPA lysis
buffer (Thermofisher Scientific, 89900) containing one EDTA-free protease inhibitor mini tablet
(Roche, 11836170001). Protein was quantified using a Pierce BSA assay (ThermoFisher, 23225) and
read on a Flexstation-3 (Molecular Devices). Equal amounts of protein (60 pg) were resolved on an
10% acrylamide SDS-SDS-PAGE gel and transferred to PVDF membrane (Bio-Rad, 1620177) as per
standard procedure. The membrane was probed for GASP1 expression with rabbit polyclonal anti-
GASP antibody (1/1000 dilution, design, developed and produce by Whistler)?*. GAPDH was used
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as a loading control (Invitrogen, MA5-15798). Immune complexes were detected using IRDye®
conjugated secondary antibodies-goat anti-rabbit 800CW (Odyssey, 926-32211) and goat anti-mouse
680LT (Odyssey, 926-68020) respectively. The images were developed using the Odyssey CLx Li-
Cor system.
Intracellular cAMP homogenous time-resolved fluorescence (HTFR) Assay

HEK-GLP-1R and INS-1 cells were seeded in a 384-well white, low volume, flat bottom plate
(Fisher scientific, 781981) at 7 x 10° cells/well and incubated overnight in AddexBio optimized RPMI-
1640 media. After overnight incubation, cells were washed twice with PBS and pretreated either with
vehicle (media) or 100 nM exendin-4 (Tocris, 1933) for 3 hrs. Following pretreatment, cells were
stimulated with either vehicle (PBS) or increasing concentration of exendin-4 diluted in stimulation
buffer (PBS) containing 100 puM of IBMX (Sigma-Aldrich, 15879) for 30 minutes at 37°C. After
stimulation, cells were lysed and intracellular cAMP was measured using HTRF immunoassay
(CisBio - cAMP Gs dynamic kit, 62AM4PEB) according to manufacturer’s instructions and measured
using Flexstation-3 (Molecular Devices) (Figure 2.2A). The concentration of CAMP (nM) in samples
were extrapolated from cAMP standard curve. The results were expressed as cCAMP dose-response
curves fitted using non-linear regression — three parameter curves in GraphPad Prism 9.
Insulin secretion assay in INS-1 cells

INS-1 cells were seeded in a 384-well white, low volume, flat bottom plate (Fisher scientific,
781981) at 7 x 102 cells/well and incubated overnight in AddexBio optimized RPMI-1640 media. After
incubation, cells were washed twice with KRB buffer (130 mM NaCl, 5 mM KCI, 1.2 mM CaClz, 1.2
mM MgClz, 1.2 Mm KH2POg4, 25 mM NaHCOs, 20 Mm Hepes pH7.4) and glucose starved with RPMI
media containing 10% FBS and 1 % penicillin/streptomycin for 3 hrs. During starvation, cells were
either pretreated with vehicle (media) or 100 nM exendin-4 (Tocris, 1933) for 3 hrs. After glucose
starvation and pretreatment, cells were washed with KRB buffer and recovered in RPMI media
containing 5.5 mM glucose for 15 min. Following recovery, cells were stimulated with 11 mM glucose
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* increasing concentration of exendin-4 in Kreb’s-Ringer Bicarbonate buffer (KRB buffer) containing
0.1% w/v BSA for 30 min. After treatment, supernatant containing secreted insulin was collected and
transferred into a new 384-well plate. The insulin concentration was determined using insulin HTRF
assay kit (CisBio, 62IN1PEG) according to manufacturer’s instructions and measured using
Flexstation-3 (Molecular Devices). The amount of insulin (ng/mL) secreted in samples were
extrapolated from insulin standard curve. The results were expressed as insulin dose-response
curves fitted using non-linear regression — three parameter curves in GraphPad Prism 9.
Figures

Diagrams were created with BioRender.com.
Data Analysis

Data were analyzed using GraphPad Prism9 software (GraphPad Inc., San Diego, CA) and
expressed as mean = S.E.M. as indicated in figure legends. Differences between the two groups were
assessed by appropriate two-tailed unpaired Student’s t-test. Differences among three or more
groups were assessed by one-way ANOVA with Tukey’s post hoc test. P <0.05 was considered
statistically significant. For the E max and EC 50 determination, vehicle pretreated WT-cells treated
with 100nM Ex-4 was set at a reference value of 100%. All other samples were normalized to this
treatment. The normalized data is then used to determine the Emax and EC50 value using GraphPad

prism version 9.
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Chapter 3: Ex vivo investigation of the role of GPCR-associated sorting protein 1 (GASP1) on
GLP-1R signaling.
Introduction

Pancreatic islet is a mini endocrine organ responsible for glucose metabolism, regulation, and
control in the body. They are composed of a variety of endocrine and support cells, including the
insulin-secreting B-cells, glucagon (GCG)-secreting a-cells, somatostatin (SST)-secreting d-cells,
ghrelin-secreting epsilon (€) cells and pancreatic polypeptide (PP) cells. In human islets, these cells
are in heterogenous mixture in varying proportions. In contrast, in rodent islets, B-cells are
predominantly present at the core surrounded by a- and &- cells in the mantle.?*5-?17 Each of these
cell types is responsive to many endocrine, paracrine, nutritional, and neural inputs, that shape the
final insulin output of the islet (Figure 3.1). Full insulin secretion in vivo requires glucose, but the effect
of glucose is potentiated by the combined actions of other nutrients, endocrine and paracrine factors.
Disruption of this highly regulated paracrine network or dysfunction of any cell type contributes to
impaired glucose regulations and development of diseases like T2D.?1821°

In response to high blood glucose levels, B-cells uptake glucose and metabolize it to generate
ATP. This increases the ATP/ADP ratio with the cells causing the closure of ATP-sensitive-K*
channels leading to membrane depolarization. This stimulates the voltage-dependent calcium
channels (VDCC) leading to firing of an action potential and rise in intracellular calcium, thus causing
insulin exocytosis.*? Additionally, GLP-1 release from gut post-prandially, also activates the GLP-1R
on the B-cells to further potentiate insulin synthesis and release. GLP-1 exerts its action only under
the condition in which glucose-mediated Ca?* influx trigger insulin secretion, thus preventing incretin
to promote insulin secretion in hypoglycemic state (Figure 3.2).72

During hyperglycemia, glucagon releases moderately from a-cells such that it does not raise
glucagon blood circulation level but still can potentiate GSIS from B-cells without increasing hepatic
glucose production.??? Additionally, a-cells also release GLP-1, corticotropin-releasing hormone, and
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acetylcholine which stimulate (3-cells via their cognitive receptor to potentiate insulin secretion. 3-cells
express both glucagon receptor (GCGR) and GLP-1R and glucagon can activate either of them to
stimulate insulin release. Both GCGR and GLP-1R are GPCR that activate Gas-mediated
downstream signaling cascade leading to potentiation of insulin release. An important point to note
is that this potentiation only occurs under hyperglycemic conditions where B-cell membrane
depolarization led to influx of Ca?* that trigger insulin release. This ensures that during
hyperglycemia, glucagon should not trigger glucose production from liver, instead it only stimulate (-
cells to enhance insulin secretion to decrease glucose levels.??! Studies by different groups have
shown that either deleting GCGR or GLP-1R from 3-cells or using antagonist to block GCGR/GLP-1R
activation led to significant reduction in insulin release in response to nutrient stimulations, thus
suggesting the paracrine stimulation of B-cells by a-cells.???2%2 Insulin secreted from B-cells also acts
on nearby alpha cells and activate the insulin receptor (IR) on them to stimulate PI3K-Akt pathway
and GABA leading to Cl-ion influx and inhibition of action potential firing (Figure 3.2). This decreases
glucagon secretion to suppress hepatic glucose production and maintain an anabolic state after
feeding. A study with glucagon-cre driven insulin receptor knockout (IRKO) mice show that during fed
state, a-cell IRKO mice developed hyperglucagonemia, while in fasting state the glucagon response
in attenuated showing that insulin have a role in regulation of glucagon secretion.??4?26 During
hypoglycemia, glucagon released enhances as a part of the counterregulatory response and it will not
stimulate insulin secretion. In addition, glucagon stimulates hepatic glucose production to fend off
hypoglycemia via gluconeogenic and glycogenolytic effects on liver.

In response to glucose, &-cells release somatostatin like insulin secretion from B-cells.
Somatostatin is a robust inhibitor of both insulin and glucagon secretion.??’ It has been shown that the
response of B-cells and &-cells to glucose is pulsatile and near-synchronous suggesting that the
coordination between B-cells and d-cells is mediated by gap-junctions.??® However, glucose
stimulated Ca2+ response is asynchronous between 3-cells and &-cells suggesting a less immediate
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paracrine crosstalk between the two cell types.?”® One such mechanism is the co-production of
urocortin-3 hormone by [B-cells along with insulin release. UCN3 activates type 2 CRH receptor
(CRHR2) on pancreatic 0-cells. CRHR2 are also class B GPCR that stimulates release of
somatostatin from d-cells.?3® Somatostatin release within the islet activates a somatostatin receptor
subtype 2 (SSTR2) on B-cells that inhibit release of insulin from B-cells. SSTR2 is a GPCR. Upon
ligand-dependent activation, SSTR2 activates Gi-protein which inhibits adenylyl cyclase activity
leading to inhibition of Ca?" release. This cause membrane hyperpolarization and reduction in
exocytosis. The negative feedback mechanism provided by somatostatin is critical to restrain insulin
release to counterbalance nutrient stimulation. This negative feedback inhibition ensures that insulin
release is attenuated in a timely manner once normal glycemia is achieved thus preventing
hypoglycemia (Figure 3.2).23! In addition to inhibition of insulin release, somatostatin also inhibits
glucagon release. During low glucose condition, glucagon is released from a-cells to increase
hepatic glucose production. Somatostatin exhibits paracrine inhibitory effect on a-cells under
hypoglycemic conditions. Somatostatin receptor antagonists have been shown to increase glucagon
release in low glucose condition thus showing paracrine crosstalk between a-cells and 6-cells. During
hyperglycemic conditions, glucagon is released in modest quantity and stimulates GSIS from B-cells.
Somatostatin dampens this glucagon-dependent GSIS response by suppressing glucagon release
from a-cells. 232-235

Taken together, it is well established that there is rich paracrine crosstalk between major cell
types within pancreatic islets that modulate glucose homeostasis. Under hyperglycemic condition, 3-
cell responds to increase glucose uptake by release of insulin and urocortin-3 hormones. This
glucose stimulated insulin secretion helps in decreasing blood glucose levels by uptake of glucose
from other cells. Alpha cells modestly produce glucagon which do not increase hepatic glucose
production but stimulate (3-cells for GSIS. The urocortin-3 released by the B-cells stimulates &-cells to
secrete somatostatin that provides a negative feedback inhibition to insulin and glucagon secretion by
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B- and a-cells respectively. This paracrine crosstalk has potential pathophysiological relevance for
T2D patients. The hyperglycemic condition during T2D could cause excess release of glucagon which
in turn contributes to hyperglycemia. Recent studies have demonstrated that in T2D the paracrine
inhibition of a-cells by somatostatin is compromised suggesting a malfunction of this complex
interplay of paracrine signals.?36

Most of the hormones released in pancreatic islet exert their paracrine effect via G protein
coupled receptors (GLP-1R, GCGR, SSTR etc).?®” Despite such in-depth knowledge of the various
crosstalk’s between islet cell-type as well as how the signaling of these GPCRs affect GSIS, very little
is known about the post-endocytic trafficking of these receptors within the cells. GPCRs signaling and
its functions are regulated by its pos-endocytic trafficking. In the previous chapter, we have
elaborated a novel mechanism by which GASP1-mediated post-endocytic degradation of GLP-1R in
INS-1 cells affect receptor signaling and efficiency. In this chapter, we extend this hypothesis to
pancreatic islets. We aim to investigate whether GASP1 mediates post-endocytic degradation of
GLP-1R in intact islets. We further wanted to explore how this GASP1l-mediated post-endocytic
trafficking of GLP-1R in intact isles affects GSIS in response to acute vs. chronic Ex-4 drug
administration. To assess this, we generated beta-cell specific GASP1 knockout mice (B-GASP1-KO)
to determine the role of GASP1 in GSIS from intact islets. Our data shows that GASP1 knockdown
from pancreatic B-cells does not change either glucose-dependent insulin secretion or incretin-
mediated GSIS after acute treatment in intact islets. However, after chronic Ex-4 treatment, GASP1-
WT islets show tolerance development to Ex-4 while B-GASP1-KO islets do not so such tolerance
suggesting that GASP1 play a significant role in post-endocytic trafficking of GLP-1R in pancreatic

islets B-cells.
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Results
Deletion of GASP1 protein in pancreatic beta (B) cells alters the relative mRNA expression of
GLP-1 receptor and Insulin (Ins) gene in islets.

Next, we investigate the role of GASP1 protein in GLP-1R signaling ex vivo within mouse
islets. To evaluate this, we generate two mouse lines: Flox-GASP1 mouse and beta-cell-specific
GASP1 knockout mice (B-GASP1-KO) using the Cre-LoxP system.?®® To generate Flox-GASP1
mouse, a targeting vector was constructed using the GASP1 locus on mouse X chromosome in which
G418 antibiotic resistant sequence was flanked by lox P sites (Lox P site 1 and 2) and was inserted in
the intron upstream of GASP1 ORF. Additionally, a third lox P site (Lox p site 3) was inserted
downstream of the GASP1 ORF. The targeting vector electroporated into the ES cells of C57/BL6
mice and clones were selected by G418 resistance. Homologous recombination into the GASP1
locus was detected by southern blotting and individual clones were incubated with Cre recombinase
(Figure 3.3). Clones where only lox P sites 1 and 2 were recombined were identified by PCR
screening and were used to create flox-GASP1 mice. To generate a B-GASP1-KO mouse we use the
following two mouse lines: Flox-GASP1 (fl-GASP1) mouse and UCN3-Cre mouse.?*° We crossed the
homozygous female fl-GASP1 mouse to heterozygous male mouse with Cre-recombinase driven by
the beta-cell specific urocortin-3 gene promoter (UCN3-Cre), producing mice with islet B-cells specific
knock out of the GASP1 (B-GASP1-KO). The offspring were genotyped and mice carrying both the
UCNS3-Cre and flox-GASP1 gene were used in the experiments (Figure 3.4). Mouse carrying either
UCNS3-Cre or floxed GASP-1 gene were used as WT controls. The successful deletion of GASP1
gene was confirmed through gPCR analysis of isolated islets from GASP1-WT and B-GASP1-KO
mice. The gPCR analysis revealed a significant reduction in GASP1 mRNA expression in B-GASP1-
KO islets (**p<0.01) compared to GASP1-WT islets. Moreover, the gPCR shows a significant
increase in insulin gene MRNA expression in B-GASP1-KO islets compared to GASP1-WT islets,
indicating increase in insulin synthesis in B-GASP1-KO islets. Interestingly, the deletion of GASP1
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also led to a significant reduction in GLP-1R gene expression in B-GASP1-KO islets (*p<0.05)
compared to GASP1-WT islets, possibly because GLP-1R synthesis needs are reduced due to
prevention of post-endocytic GLP-1R degradation (Figure 3.5).

B-GASP1-KO islets but not GSAP1-WT islets retain their GLP-1R mediated insulin secretion
after chronic exposure to Ex-4.

Following GASP1 knockout confirmation, we performed a longitudinal islet insulin secretion assay
using isolated islets from GASP1-WT and B-GASP1-KO mice. The islets were subjected to different
conditions: acute treatment, a 3-hour pretreatment with Ex-4, and a 24-hour recovery period (Figure
3.6A). Both GASP1-WT and B-GASP1-KO islets displayed a robust increase in insulin secretion when
stimulated with a high glucose concentration of 11mM compared to basal glucose level of 5.5 mM
(Figure 3.6B and C, white vs black bars, white vs magenta bars, respectively, left panel).
Furthermore, stimulation of both GASP1-WT and B-GASP1-KO islets with high glucose and 100nM
Ex-4 (acute) show significant enhancement of insulin release compared to high glucose alone (Figure
3.6B and C, black vs teal bars, magenta vs orange bar, left panel). This enhanced insulin release
following Ex-4 stimulation is commonly known as the "Incretin effect.” After a 3-hr Ex-4 pretreatment,
GASP1-WT islets displayed a reduced insulin secretion response indicating the development of
tolerance to prolonged Ex-4 exposure (Figure 3.6B, middle panel, black vs teal bar). In contrast, 3-
GASP1-KO islets maintained their incretin effect even after 3-hrs of Ex-4 pretreatment as shown by a
significant enhancement of insulin release upon Ex-4 treatment (Figure 3.6C, middle panel, magenta
bar vs orange bar). Importantly, both GASP1-WT and B-GASP1-KO islets displayed a substantial
incretin effect after a 24-hour recovery period, suggesting that the observed tolerance effect is not
due to any inherent unhealthiness of the islets (Figure 3.6B and C right panel). These findings
indicate that GASP1 plays a crucial role in regulating GLP-1R signaling and the development of

tolerance to Ex-4 stimulation in mouse islets.
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Limitation of the study and alternative interpretation

In pancreatic islets, a complex web of paracrine interactions exists between the endocrine
cells, thus regulating the activities of B- and a-cells in both hypoglycemia and hyperglycemia
conditions. This interplay is so intertwined with nutrient stimulating insulin and glucagon release, it
becomes challenging to separate nutrient-driven responses in B-cells from the concurrent activation
of paracrine pathways. The main take home message and one limitation of this data is to
acknowledge the fact that GSIS is a net result of not only glucose stimulation of 3-cells but also an
amalgamation of paracrine actions involving stimulation by a-cells and inhibition by &-cells. Therefore,
it is hard to isolate the contribution of a- and d-cells from B-cells using this data set. Furthermore,
detailed investigations are needed to be done to truly determine the effect of GASP1 knock out in
pancreatic B-cells only and how this knockout affects the response of B-cells toward GSIS.?4°

Moreover, although using Cre-Lox knockout mice is a powerful tool to study gene function,
there are limitations associated with this technique. The effectiveness of the Cre-lox system depends
on complete deletion of the gene (as opposed to some exons) or deletion of the gene in all cells. In
our data, we use gPCR to analyze GASP1 mRNA deletion from whole islet rather than isolated beta-
cell. Within the islet, the UCN3 promoter is robustly activated in pancreatic B-cells,?** therefore it is
unlikely but incomplete gene deletion can lead to residual gene activity or truncated proteins which
make it difficult to ascertain the true impact of the gene knockout. This limitation can be overcome if
we isolate the B-cells from WT and KO islets and compare the relative expression of GASP1 between
them. Additionally, the Ucn3-Cre is a BAC transgenic, which essentially acts as a large, randomly
inserted piece of DNA that consists of a 200kb piece of the chromosome that contains the Ucn3
promoter, with Cre inserted instead of the Ucn3 coding region. The BAC transgene is integrated
somewhere randomly at an unknown site. This can lead to an off-target effect which may cause
deletion of genes that are not intended to be knocked out. This can complicate interpretation of the
data thus obtained.
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In our study, gPCR analysis data also show that deletion of GASP1 in islets decreases the
GLP-1R mRNA expression. This makes sense because if the cells are recycling the receptors and
are not able to degrade them, they do not need to synthesize more receptors as they can recycle and
re-use the same receptors. However, an alternative interpretation of the data is since GASP1 KO
alters the transcription of GLP-1 receptor within pancreatic B-cells, this decrease in GLP-1R
expression may lead to compensatory mechanisms by other related genes like GLUT and insulin
synthesis gene thus masking the true phenotype of the GASP1 KO in B-cells. Indeed, in our gPCR
analysis we see an increase in mMRNA expression of insulin gene. This could be due to enhanced and
sustained GLP-1R signaling as by knocking out GASP1, we abolish GASP1-mediated degradation of
the GLP-1R or could be a homeostatic adaptation of the cell due to alteration in the GLP-1R
transcription.

Ex vivo islets studies involve isolating pancreatic islets from animals and studying their
function and behavior outside of their natural environment. While these studies offer valuable insights
into islet biology, one should acknowledge the limitations of the procedure. The process of isolating
the islets from pancreas can be stressful and potentially lead to cell damage, changes in gene
expression and altered physiology which do not represent their native state accurately. Isolated islets
are cultured for experimental procedures that can lead to short-term culture effects including
dedifferentiation, loss of cell-cell contact and change in gene expression all of which can impact islet
biology and function. Moreover, ex vivo studies capture a snapshot in time and do not represent the
full dynamic changes that occur in response to chronic conditions. Finally, the in vivo environment of
the pancreases is more complex than the ex vivo settings. Factors like neural inputs, blood flow and
hormonal fluctuations can impact the GSIS in ways that might not be fully replicated in isolated islets.
Therefore, to mitigate these limitations, we combine ex vivo studies with in vivo experiments.
Therefore, in our next chapter, we investigate the role of GASP1 on GLP-1R signaling in vivo using
mouse model.
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Methods
Mice

Mice were bred in-house in UC Davis AAALAC certified vivarium and handled according to
National Institute of Health guidelines for the care and use of laboratory animals. All the protocols
were approved by the Institutional Animal Care and Use Committee (IACUC) at University of
California, Davis. Adequate measures were taken to minimize animal suffering and discomfort. Mice
were housed in cages (typically 3-5 per cage) in temperature and humidity controlled rooms with
12:12 hrs light:dark sleep cycle and provided with food and water ad libidum all the time. Only male
mice were used for the study. Animals were grouped without blinding but were randomized during
experiments. Groups were spread across multiple cages to minimize cage effects.
Generation of Flox-GASP1 (f-GASP1) conditional knockout mice

Gpraspl locus on the mouse X chromosome. A targeting vector was designed with a
neomycin (G418)-resistance gene flanked by loxP sites inserted into intron 4 upstream of the
GPRASP1 gene and a third loxP site inserted downstream of the GASP1 open reading frame (Supp
Fig. 1B). The linearized targeting vector was electroporated into ~107 C57BL/6 ES cells and clones
were selected with 200 pug/ml G418. ES cells with homologous recombination of the targeting vector
(Supp. Fig. 1C) were determined by southern blot. These were treated with Cre recombinase and
clones where loxP sites 1 and 2 were recombined were identified by PCR (Figure 3.3).2%8 Clones
were implanted into C57/BI6 mothers and germline transmission of the fl-GASP1 conditional KO gene
was confirmed by breeding. Genotyping is performed with a set of 3 primers:

WT forward primer: 5 — GAGTGACTACTGTGAGACTTGG - 3

GASP1-KO forward primer: 5 — GTGAACTGAGCCGTTGTAAATAAGATGC - 3

Common reverse primer: 5 — CATCTCTTCGATTTATAGTTCTCCCACC - 3
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Generation of B-cell specific GASP1 knockout mice

To generate pancreatic 3-cell specific GASP1 knock out mice (B-GASP1-KO) we bred floxed
GASP1 mice (supp fig. 1) to UCN3-Cre driver mice. GASP1 is an X-linked gene. Female
homozygous floxed GASP1 mice (GASP1"M) were crossed with male heterozygous UCN3-Cre driver
mouse (UCN3C®*), Male littermates from this cross were genotyped for the floxed GASP1 allele and
the UCNS3-cre transgene using tail DNA. Mice with and without UCN3-Cre transgene were used in all
experiments (Figure 3.4).2%° The following primers were used for genotyping of these mice (5 — 3
sequence):
GASP1:

WT forward primer: 5 — GAGTGACTACTGTGAGACTTGG — 3’

GASP1-KO forward primer: 5 — GTGAACTGAGCCGTTGTAAATAAGATGC - 3

Common reverse primer: 5 — CATCTCTTCGATTTATAGTTCTCCCACC - 3
UCNS:

Forward: 5 — CGAAGTCCCTCTCACACCTGGTT -3

Reverse: 5 — CGGCAAACGGACAGAAGCATT - 3
Pancreatic Islet isolation

Mouse pancreatic islets were obtained from 10-12 weeks old C57BL/6 WT or B-GASP1-KO
mice. Islets were isolated by euthanizing the mice and clamping the duodenum with a bulldog clamp
where the pancreatic duct terminated in the ampulla of Vater. Using a 30G needle, 2ml per mouse of
with HBSS (no Ca?* or Mg?*, Gibco, 14170-112) containing 0.8 mg/mL collagenase P (Roche,
11249002001) were infused in the pancreatic duct. The pancreata were dissected out in a 15 ml tube
and digested at 37°C for 13 min in a water bath. The tubes were shaken >=10x to complete the
digestion. The digested pancreas is then washed 2-3 times with cold HBSS + 5% NCS + 1 mM
CaClz. The islets were subsequently isolated using a Histopaque gradient (Sigma, 10771). The
isolated islets were further purified by picking twice into fresh HBSS + 5% NCS (Gibco, 16010-167) +
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1mM CaClz (Sigma-Aldrich, C5080) and then a third time into a fresh petri dish with 15 ml of RPMI +
pen/strep + 10 % FBS + 5.5 mM glucose. After a few hours the islets were picked again into a fresh
of RPMI + pen/strep + 10 % FBS + 5.5 mM glucose to reduce lamping. Isolated islets were allowed to
be recovered overnight in RPMI-1640 supplemented with 10% FBS and 1% penicillin/streptomycin
(Gibco, 15140-122) before using them for experiments.
MRNA extraction and cDNA synthesis

Total RNA were extracted from isolated WT or B-GASP1-KO islets using
phenol:chloroform:isopropanol extraction method. Briefly, islets were collected into an RNase-free
microcentrifuge tube containing 500 pL Trizol reagent (Invitrogen,15596018) followed by addition of
100 pL of chloroform (Fisher Scientific, C298-500). The tubes were shaken for 20 sec and centrifuged
at 12,0009 for 15 min at 4°C. The clear top aqueous phase containing RNA was collected into a new
RNase-free tube. RNA was precipitated by adding 250 pL of isopropanol (Fisher Scientific,
BP2618500) and centrifuging the tube at 12,0009 for 10 min at 4°C. The RNA pellet was then washed
with ethanol, air dried and re-suspended in RNase free water. The cDNA was synthesized from
extracted RNA by reverse transcription using high-capacity RNA-to-cDNA™ kit (Applied
Biosystems,4368813) according to manufacturer’s instructions.
Quantitative real-time PCR

cDNA synthesized using RNA extracted from WT or B-GASP1-KO islets were used to
determine GASP1, GLP-1R and Ins gene expression in WT or 3-GASP1-KO islets using quantitative
real-time PCR (qPCR). The cDNA was amplified using PowerUp™ SYBR™ green super mix (Applied
Biosystems, A25742) through 30-40 cycles of gPCR. For gPCR reaction we used 0.5 puM forward and
reverse primer. The following primers were used for the gPCR reactions.
For GASP1,

Forward primer: 5 — TGGTTCTGGGCAGATGATGAAGAGA - 3

Reverse primer: 5 — TTGTTGCTTTTGTAGATGCCGACC - 3
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For GLP-1R,

Forward primer: 5 — CCCTGGGCCAGTAGTGTG - 3

Reverse primer: 5 — GCAGGCTGGAGTTGTCCTTA -3
For Ins,

Forward primer: 5 — GCAGCCTTTGTGAACCAACA -3’

Reverse primer: 5’ - CGTTCCCCGCACACTAGGTA -3
For HPRT — Housekeeping gene

Forward primer: 5 — TCCTCCTCAGACCGCTTTT -3

Reverse primer: 5 — GCAGGCTGGAGTTGTCCTTA -3’
Quantification was performed using the 2*(AACt) method. Data were normalized to endogenous
housekeeping gene control (hypoxanthine phosphoribosyltransferase 1, HPRT gene) and expressed
as relative gene expressions compare to WT control islets.
Mouse islets glucose stimulated insulin secretion (GSIS) assay

Following overnight recovery, mouse islets were picked twice in KRB buffer (130 mM NacCl, 5
mM KCI, 1.2 mM CaClz, 1.2 mM MgClz, 1.2 Mm KH2POa4, 25 mM NaHCO3s, 20 Mm Hepes pH7.4)
supplemented with 0.1% BSA and 5.5 mM glucose. The islets were placed in a 48-well plate and
glucose starved for 1 hr at 37°C in KRB + 0.1% BSA + 5.5 mM glucose. The islets were then
stimulated for 1 hr at 37°C with KRB buffer supplemented with low glucose (5.5 mM), high glucose
(11 mM) and high glucose + 100 nM Ex-4 (Tocris, 1933). After 1hr, supernatants were collected for
insulin detection (Acute, Figure 3.6A). The islets were then treated with 100 nM Ex-4 diluted in
complete RPMI-1640 media for 3 hrs at 37°C. Following Ex-4 treatment, the islets were washed
before stimulation with KRB buffer supplemented with low glucose, high glucose and high glucose +
Ex-4 for 1 hr. After an hour the supernatants were collected for insulin detection (Tolerance, Figure
3.6A). After testing for Ex-4 tolerance, the islets were placed in RPMI — 1640 complete media and
allowed to recover overnight to test for islets dysfunction. After overnight recovery, the islets were
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again glucose starved for an hour followed by stimulation with KRB buffer supplemented with low
glucose, high glucose with or without Ex-4 for 1 hr. The supernatants were collected after incubation
for insulin detection (Recovery, Figure 3.6A).
Insulin measurement from GSIS islet study and mouse plasma

The plasma insulin secreted from islets were measured using Lumit Insulin Immunoassay kit
(Promega, CS3037A05) as per the manufacturer’s instructions and measured using Flexstation-3.
The concentration of insulin in each sample was extrapolated from an insulin standard curve. The
results were expressed as insulin concentration using GraphPad Prism 9.
Figures

All the figures were created with Biorender.com.
Statistics

Data are presented as means + SEM and the number of experiments is indicated in every
case. GraphPad prism version 9 was used to perform all statistical analysis. The student’s t-test or
two-way analysis of variance (ANOVA) with Tukey’s multiple comparison test was performed in

GraphPad prism to detect statistical differences. P < 0.05 was considered statistically significant.
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Chapter 4: In vivo investigation of the role of GPCR-associated sorting protein 1 (GASP1) on
GLP-1R signaling.
Introduction

Glucose is a simple carbohydrate used to store energy in mammalian cells. Its molecular
formula is CeéH1206. It is @ monosaccharide (a sugar monomer) that can form glycosidic bonds with
other sugar molecules. Glucose has a hexose structure in the form of a pyranose ring with an
aldehyde group and several hydroxyl groups.?*? It is a small molecule that is rich in chemical energy
due to which it is well suited to store and move potential energy between the cells. The chemical rich
nature of glucose is due to the stability of carbon atoms and their ability to bond with many other
elements. The ring structure of glucose is optimal for energy storage in humans due to the large
number of C-H bonds.?** The glucose is converted into energy within the cell by the process of
cellular respiration, where cell break down glucose into energy in form of ATP, NADH and pyruvate.
Since glucose is central for energy needs of the body, glucose concentration is highly regulated and
is known as glucose homeostasis.?** Maintaining glucose homeostasis within the body is critical for
overall homeostasis and dysregulation of glucose homeostasis can lead to development of diseases
like T2D.

While liver and kidney synthesize some glucose, humans require glucose ingestion to fulfill
most of the demand of the molecule needed for survival. All carbohydrates we ingested break down
into simple sugar like glucose in the gut from where it is rapidly absorbed in small intestine and
circulated though the blood stream. Normally, plasma glucose levels are maintained within a relatively
narrow range of 4.0 — 9.0 mM.?*®> However, post prandial (after meal ingestion), the plasma glucose
level increases rapidly. Hyperglycemia is not good and should be avoided because of its potential
macro and microvascular complications including retinopathy, neuropathy, nephropathy, and
increased risk of cardiovascular diseases.?*® Conversely, our body should also not have low blood
glucose (hypoglycemia) because it can cause injury to the brain. Glucose is the main energy source
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to the brain. The brain cannot produce or store glucose, therefore depends on plasma glucose for its
survival. If plasma glucose levels decrease as little as 1.2 — 3.8 mM, this will affect brain glucose
uptake and may cause brain injuries.?*’

One way of maintaining plasma glucose homeostasis to avoid either hyper or hypoglycemia is
through endocrine hormones secreted in response to low/high glucose concentration (Figure 4.1).
After fasting for 12-16 hours, plasma glucose concentration reaches a steady state where the rates of
release of glucose into the blood stream are approximately equal to rates of glucose removal. 248
However, if fasting is prolonged, by 20-24 hours plasma glucose levels gradually decrease to 10-15
%. This causes a hunger response and signals to hypothalamus via hunger hormones ghrelin.
Ghrelin is a gut hormone that regulates energy homeostasis by sending information to hypothalamus
about the nutritional needs of the body. It primarily signals hypothalamus in response when food
intake needs to be increased, thus increasing hunger and appetite.?*° Once the nutritional need of the
body is fulfilled, another hormone leptin is released by adipocytes and signal hypothalamus via
neuropeptide Y to promote satiety and maintain energy homeostasis.?®® Because of their role in
maintaining energy homeostasis and maintaining satiety and hunger balance, leptin and ghrelin and
their receptor are therapeutic targets for drug development in managing diseases like obesity and
T2D.

Post prandial, the assimilation of the nutrients is completed within 5 hours. Various factors
affect the plasma glucose concentration after meal including time, degree of physical activity, meal
composition, rate of gastric emptying, digestion, and absorption within the gut and most importantly
the inhibition of glucagon hormone and release of insulin hormone by the pancreas.?®* Through the
release of insulin and glucagon, pancreas regulates blood glucose levels. After meals, when blood
glucose level is high, pancreatic B-cells release insulin in glucose-dependent manner. Insulin
decreases blood glucose by increasing uptake of glucose by skeletal muscles, adipose tissue,
splanchnic organs, blood cells and other cells in the body via glucose transporters GLUTs where

50



glucose is oxidized and used as a fuel for energy.?°2?5¢ Additionally, it also promotes triglyceride
synthesis by stimulating glucose and fatty acid uptake by adipocytes.?®® Insulin also increases
glycogenesis where glucose is stored as glycogen in liver and muscles. Glycogen is a highly
branched molecule, insoluble in nature and does not interfere with other cellular reactions. Because
of these characteristics, glycogen is the primary form in which glucose is stored within the body.2%6:257
When blood glucose levels are low (< 4 mM/L), glucagon release from pancreas promotes hepatic
glycogenolysis and gluconeogenesis, which results in increase blood glucose.?%®

Glucose homeostasis is a critical function that involves complex nervous and endocrine
system interaction. This is accomplished through the release of pancreatic and gut hormones to
target cerebral, hepatic, renal, and adipose tissue. All these players complex interaction is essential
for the final blood plasma glucose concentration and impairment of these hormones results in
metabolic diseases like T2D. In this chapter, we will investigate the role of GASP1 on GLP-1R
signaling in pancreatic B-cells and how it affects the glucose homeostasis in the mouse model. We
will be using the B-GASP1-KO mice generated above for a 9 weeklong longitudinal study. In this
study, the mice were given chronic Ex-4 treatment for 7 weeks and examined for their oral glucose
clearance following oral glucose gavage and plasma insulin levels to determine if knocking out
GASP1 in pancreatic 3-cells influence glucose clearance and insulin release in whole animal.

Results
Wild-type mice develop tolerance toward incretin drugs.

We next investigate the role of GASPL1 protein in the development of tolerance to chronic Ex-4
treatment in both WT and B-GASP1-KO mice in vivo (Figure 4.2 — 4.6). We used the GASP1-WT and
B-GASP1-KO mice generated above. We implemented a 9-week long longitudinal paradigm (Figure
4.2A) and assayed both glucose clearance post-oral gavage (Oral glucose tolerance test, OGTT,
Figure 4.3 and 4.6) and glucose-stimulated insulin secretion (GSIS, Figure 4.2 and 4.5) at multiple
timepoints in WT mice treated with chronic saline or Ex-4. The timeline for the longitudinal paradigm
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and different time points at which glucose monitored and blood was collected is shown in figure 4.2A.
The mice were housed in their home cages in groups of 3-5 animals per cage and allowed to have
access to water and food ad libitum. The mice were entered into the paradigm when they were 8
weeks old.

At week 1 (Baseline), we performed glucose-stimulated insulin secretion (GSIS) and OGTT
following glucose gavage (2g/kg) in WT mice. We observed significant increases in plasma insulin
concentration in response to oral glucose gavage, indicating WT mice showing robust GSIS (Figure
4.2B, solid vs hatched bars, **p<0.01). Blood glucose levels were also measured at different time-
points (as shown in figure 4.4) after oral glucose administration (2g/kg body weight). The glucose was
also cleared within 120 minutes as shown in figure 4.3B. Following week 1(baseline), the mice were
categorized into two groups based on their treatment: WT Saline (black, n=4) and WT Ex-4 (teal,
n=4).

In week 2 (Acute), we assessed the acute effect of Ex-4 treatment (200 pg/kg) on insulin
secretion. The WT- saline mice received a saline injection 15 minutes prior to oral glucose gavage
while the WT Ex-4 group mice were given an Ex-4 (200 ug/kg) subcutaneous injection 15 minutes
prior to oral glucose gavage. After glucose gavage, both WT saline and WT Ex-4 treated mice show
robust GSIS (Figure 4.2C, solid vs hatched bars, ***p<0.001). However, mice treated with Ex-4 show
enhanced insulin secretion compared to WT saline treated mice (Figure 4.2C, glucose + saline vs.
glucose + Ex-4, black vs teal solid bars, #p<0.01). This increase in insulin secretion after Ex-4
treatment indicates the presence of the incretin effects. Additionally, blood glucose levels were also
measured after oral glucose challenge in WT mice following saline and Ex-4 treatment. Ex-4 treated
mice show significantly faster clearance of glucose compared to saline treated mice (Figure 4.3C,
glucose + saline vs. glucose + Ex-4, black vs. solid teal bar, ****p<0.0001).

Following week 2 (acute), mice were injected twice daily either with saline or Ex-4 for an
additional week. In week 3 (Chronic Ex-4 Week 1), we evaluated the impact of one week of
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continuous saline or Ex-4 treatment on GSIS in WT mice. After glucose gavage, both WT saline and
WT Ex-4 treated mice show robust GSIS (Figure 4.2D, solid vs hatched bars, ***p<0.001). Moreover,
we found that Ex-4 treated mice continue to exhibit sustained incretin effect compared to the saline-
treated group after one week of chronic Ex-4 treatment. (Figure 4.2D, glucose + saline vs. glucose +
Ex-4, black vs teal solid bars, #p<0.01). We also measure glucose clearance in WT saline and Ex-4
treated mice. Ex-4 treated mice show significantly faster clearance of glucose compared to saline
treated mice (Figure 4.3D, glucose + saline vs. glucose + Ex-4, black vs teal solid bars,
****n<0.0001).

After week 3 (chronic Ex-4 Week 1), mice were injected twice daily either with saline or Ex-4
for an additional six weeks. On week 8 (Chronic Ex-4 week 6), we examined the effect of six weeks of
chronic Ex-4 or saline treatment on GSIS in mice. After glucose gavage, both WT saline and WT Ex-4
treated mice show robust GSIS (Figure 4.2E, solid vs hatched bars, ****p<0.0001 and **p<0.01
respectively). Following six weeks of chronic Ex-4 treatment, WT mice displayed reduced insulin
response to Ex-4 treatment, leading to comparable insulin production as that of the saline-treated
mice (Figure 4.2E, glucose + saline vs. glucose + Ex-4, black vs. teal solid bars, ns), indicating the
development of tolerance to Ex-4. For OGTT, Ex-4 treated mice continue to show significantly faster
clearance of glucose compared to saline treated mice (*p<0.05), however, WT Ex-4 treated mice
exhibit significantly lower AUC values at week 2 vs week 8 (Figure 4.3G, #p<0.05, Panel G) showing
moderate development of tolerance to Ex-4.

Lastly, to determine the response of endogenous incretins after seven weeks of chronic Ex-4
treatment, we evaluated the long-term impact of chronic Ex-4 or saline treatment on GSIS in mice at
week 9 (Glucose only). On the test day, plasma insulin concentration was measured after oral
glucose administration without either saline or Ex-4 treatment injections. WT mice treated with Ex-4
exhibited similar GSIS as the saline-treated mice (Figure 4.2F, black vs. teal solid bars, ns), indicating
a loss of response to endogenous incretins and to oral glucose alone.
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We also determine the percentage increase in insulin secretion from basal insulin release upon
Ex-4 treatment for all the mice (Figure 4.2G). Interestingly, the percentage increase in insulin
secretion from basal levels in response to glucose at week 9 (glucose only, after seven weeks of Ex-4
treatment) was lower compared to week 1 (baseline). Additionally, the GSIS for Ex-4 treated WT
mice was lower compared to saline-treated mice at week 9 (Figure 4.2G), indicating a loss of
response to endogenous incretins. This data shows that mice chronically treated with Ex-4 show both
a reduction in their response to exogenous incretin (Figure 4.2G, week 3 vs. week 8) and to oral
glucose alone which includes the endogenous incretin effect (Fig. 4.2G, week 1 vs. week 9).
B-GASP1-KO do not develop tolerance to exendin-4

To determine whether GASPL1 is critical for the development of tolerance to EX-4, we repeated
the same longitudinal paradigm as above (Figure 4.5A) in B-GASP1-KO mice. We measured glucose
stimulated insulin secretion (GSIS) and OGTT in B-GASP1-KO mice (n=9) at different time-points in
the paradigm. The mice were housed and treated in the same way at the WT mice above. The mice
were entered into the paradigm at 8-weeks old.

At week 1 (baseline) following oral glucose gavage administration (2g/kg body weight), B-
GASP1-KO mice show robust GSIS in response to glucose gavage (Figure 4.5B hatched vs solid bar,
***n<0.001). Blood glucose levels were also measured at different time-points (as shown in figure 4.4)
after oral glucose administration. The glucose was also cleared within 120 minutes as shown in figure
4.6B. Following week 1(baseline), the mice were categorized into two groups based on their
treatment: B-GASP1-KO Saline (black, n=4) and B-GASP1-KO Ex-4 (teal, n=5).

In week 2 (Acute), we assessed the acute effect of Ex-4 treatment (200 pg/kg) on insulin
secretion. The B-GASP1-KO - saline mice received a saline injection 15 minutes prior to oral glucose
gavage while the B-GASP1-KO Ex-4 group mice were given an Ex-4 (200 pg/kg) injection 15 minutes
prior to oral glucose gavage. Both B-GASP1-KO saline and Ex-4 treated mice show robust GSIS
(Figure 4.5C, solid vs hatched bars, ****p<0.0001). However, B-GASP1-KO mice treated with Ex-4
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show significantly increased insulin secretion (Incretin effect) compared to saline treated mice (Figure
4.5C, glucose + saline vs. glucose + Ex-4, purple vs orange solid bar, ##p<0.001). The glucose
clearance in B-GASP1-KO mice treated with Ex-4 is significantly faster compared to saline treated
mice (Figure 4.6C, glucose + saline vs. glucose + Ex-4, magenta vs. orange bar, *p<0.05).

On week 3 (Chronic Ex-4 week 1), after one week of chronic Ex-4 treatment, we observed both
B-GASP1-KO saline and B-GASP1-KO Ex-4 treated mice maintain their glucose-dependent Ex-4
mediated incretin effect compared to saline treated mice (Figure 4.5D, glucose + saline vs. glucose +
Ex-4, purple vs. orange solid bar, ##p<0.001), this showing robust GSIS. B-GASP1-KO Ex-4 treated
mice clear glucose significantly faster as compared to 3-GASP1-KO saline treated mice in an oral
glucose challenge (OGTT) (Figure 4.6D, glucose + saline vs. glucose + Ex-4, magenta vs. orange
bar, *p<0.05).

On week 8 (Chronic Ex-4 week 6), after six weeks of chronic Ex-4 treatment, we observed that
B-GASP1-KO mice treated with Ex-4 maintain their incretin effect compared to saline treated mice
(Figure 4.5E, glucose + saline vs. glucose + Ex-4, purple vs. orange solid bar, #p<0.05). Hence,
unlike WT mice (Figure 4.2E, saline + glucose vs saline vs. Ex-4, black vs. teal solid bars, ns), B-
GASP1-KO mice did not developed tolerance to chronic Ex-4 treatment. For OGTT, Ex-4 treated
mice continue to show significantly faster clearance of glucose compared to saline treated mice
(*p<0.05). Additionally, Ex-4 treated B-GASP1-KO mice also do not show significantly lower AUC
values at week 2 vs week 8 (Figure 4.5G, ns, Panel G) showing B-GASP1-KO mice did not developed
tolerance to Ex-4.

On week 9 (Glucose only), we determine the response of endogenous incretins after seven
weeks of chronic Ex-4 treatment in -GASP1-KO mice, to check if, like WT mice, they also show loss
of response to glucose only which include the endogenous incretin response also. We observed that

B-GASP1-KO mice treated with Ex-4 do not develop tolerance to endogenous incretins (Figure 4.5F).
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We also determine the percentage increase in insulin secretion from basal insulin release upon
Ex-4 treatment for all the mice (Figure 4.5G). Ex-4 treated B-GASP1-KO mice exhibited a higher
percent increase in insulin from basal levels after glucose gavage at week 9 compared to week 1
(Figure 4.5G). Furthermore, GSIS in Ex-4 treated B-GASP1-KO mice was significantly higher than
that of saline-treated mice (Figure 4.5G and 4.5I), indicating increased sensitivity to GSIS at week 9.
Overall, our results demonstrate that chronic Ex-4 treatment developed tolerance to Ex-4 dependent
GSIS in WT mice but not in B-GASP1-KO mice.

These data summarized in figure 4.5G, 4.5H and 4.5I, show that 3-GASP1-KO mice treated
with Ex-4 do not develop tolerance to either exogenous Ex-4 (Figure 4.5G, week 3 vs. week 8) or
endogenous incretin (Figure 4.5G, week 1 vs. week 9). By comparing the responses of WT and -
GASP1-KO mice, we found that the acute response of WT and B-GASP1-KO mice to both oral
glucose (Fig. 4.51, week 1) and Ex-4 (Fig. 4.5H, | week 2) are indistinguishable, while chronic
treatment with Ex-4 produces substantial tolerance to Ex-4-stimulated insulin secretion in WT but not
B-GASP1-KO mice (Fig. 4.5H, week 2 vs. 8). In addition, B-GASP1-KO treated chronically with Ex-4
show significantly greater GSIS compared to WT mice even in the absence of exogenous incretin
drug (Fig. 4.51, week 9).

Limitation of study and alternative interpretation

OGTT is the most common method to assess how the body handles a standard oral glucose
challenge. However, response to glucose can vary between individuals due to different factors like
genetics, health, diet, physical activity, stress, and even circadian rhythms. While planning, designing,
and executing the experiments, every effort was made to reduce the discrepancies that may arise
due to these factors, but one should be mindful that however care is taken there can still be inter-
individual and intra-individual variability that may affect the outcomes of the experiments. The
outcome of an OGTT is influenced by the food (carbohydrate) content of the meal preceding the test.
In our experiments, before doing an OGTT test the mice were fasted for 12-16 hours, however, in
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their home cage they have access to food and water ad libidum. Thus, we did not control for the
amount of food intake in mice before the OGTT experiment as we wanted to mimic what usually
happens in humans. Additionally, mice were housed in groups of 3-5 mice per cages, so it may be
possible due to social hierarchical nature of mice living in same cages; some of them can eat more as
compared to the others. We have gavage the glucose bolus and injected Ex-4 based on the body
weight of the mice on the test day to take into consideration their potential varying food intake habits,
but it may be possible that different food intake can introduce variability in the result and affect the
reproducibility of the results. Moreover, it is difficult to monitor and control the physical activity of the
mice without introducing a lot of stress to the animal. Hence, it is difficult to interpret how physical
activity of the mice affects the data obtained in our experiments.

The mice used in these experiments are inbred isogenic mice that have nearly identical
genetic makeup. Even among genetically identical mice, it has been known that variations in
response to a particular drug can occur. These variations may arise due to number of factors
including but not limited to epigenetic differences that can influence gene expression without altering
the DNA sequence, the gut microbiome variation that may affect how medication is processed,
physiological variations of organ size blood flow and cellular responses and metabolic difference in
terms of drug metabolism and general metabolism. All these factors may affect the response of the
mice toward twice daily exendin-4 injections and therefore may introduce variability in the results.
These variations in drug response even among genetically identical mice emphasize the complexity
of biological systems. Hence, while conducting in vivo experiments, we have used multiple individuals
and trials along with appropriate controls (as described in the result section) to account for inherent
variability in the mouse data and obtained more robust reproducible results.

For the OGTT data obtained in our experiments, we have calculated the total area under the
curve from the baseline. The first limitation of such analysis is the choice of baseline value from which
AUC is calculated. In our data, we found a huge amount of baseline variability exists between mice as
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well as between same mice on different test days. This makes it difficult to select a single baseline
value using which we can calculate AUC. We can calculate incremental area under the curve so that
we take into consideration the baseline variability. We have noticed small changes in the baseline
value might lead to difference AUC values affecting the interpretation of the data. We have chosen to
used baseline of 0 in our analysis, however, it is important to acknowledge that relying solely on total
area under the curve from zero may not fully encapsulate the intricacies of glucose response but can
mask important temporal variations during the entire duration of the test. This type of data is needed
to be analyzed in multiple ways to capture the full complexity of the glucose response and dynamics.
Additionally, calculating AUC assumes that the relationship between time and glucose levels is linear,
which is not always the case in our data especially during dynamic changes.

From the plasma insulin measurement data, we found that in WT mice after 6 weeks of chronic
Ex-4 treatment, the GSIS is lower than the saline treated mice. This tolerance phenotype could be
due to either their loss of response to glucose or loss of response to incretin or both. In our
longitudinal paradigm, after 7 weeks of chronic Ex -4 treatments, we performed an OGTT without Ex-
4 injection prior to glucose gavage to examine if there is loss of response to glucose or incretins or
both. We found that after 7 weeks of chronic Ex-4, the insulin produce is still lower than saline treated
mice indicating that chronic Ex-4 affects glucose sensitivity as well as endogenous and exogenous
incretin sensitivity to pancreatic B-cells. Alternatively, it is entirely possible that due to chronic
exposure to Ex-4 for such a long period, there is islets dysfunctionality leading to loss of glucose as
well as incretin sensitivity. In either case, B-GASP1-KO mice do not show any such tolerance
development or loss of sensitivity to either glucose or incretins.
Methods
Mice

Mice were bred in-house in UC Davis AAALAC certified vivarium and handled according to
National Institute of Health guidelines for the care and use of laboratory animals. All the protocols
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were approved by the Institutional Animal Care and Use Committee (IACUC) at University of
California, Davis. Adequate measures were taken to minimize animal suffering and discomfort. Mice
were housed in cages (typically 3-5 per cage) in temperature and humidity controlled rooms with
12:12 hrs light:dark sleep cycle and provided with food and water ad libidum all the time. Only male
mice were used for the study. Animals were grouped without blinding but were randomized during
experiments. Groups were spread across multiple cages to minimize cage effects.

Oral glucose tolerance test (OGTT)

OGTT was performed on age-matched WT and B-GASP1-KO mice. A total of 8 WT and 9 (-
GASP1-KO mice were randomly assigned into two experimental groups - control (saline) and
treatment (Ex-4): WT saline (n=4), WT Ex-4 (n=4), B-GASP1-KO saline (n=4) and B-GASP1-KO Ex-4
(n=5). The mice were bred in-house and handled gently to minimize stress. Mice were entered into
the longitudinal study paradigm (Figure 4.2A) at 8 weeks old. At week 1, the baseline glucose
tolerance and plasma insulin were measured. Mice were fasted overnight (~14-16 hrs) and then
administered a 2g/kg oral bolus of glucose. Blood glucose was measured using standard glucometer
(TrueFocus, Walgreen) at 0,5-,15-,30-,60-,90- and 120-min. post glucose gavage. The mice were
returned to their home cages for a week where they had access to water and food ad-libidum. At
week 2, after overnight fasting, mice were injected either with saline or 200 pg/Kg Ex-4
(MedChemExpress,HY-13443) 15 min. prior to oral glucose tolerance test. After 15 min, mice
received oral glucose gavage at O time-point. Blood glucose levels were measured at 5-,15-,30-,6-
,90- and 120-min after glucose administration (Figure 4.4A). The mice were returned to their home
cages and injected twice daily with either saline or Ex-4 (200 ug/Kg) for up to additional seven weeks.
Oral glucose tolerance test was performed at week 3 and 8 (one and six weeks after chronic Ex-4
treatment respectively) similarly as in week 2 (Figure 4.4B). On week 9 (seven weeks after chronic

Ex-4 treatment), the mice were fasted overnight and administered a 2g/Kg oral bolus of glucose
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without prior saline or Ex-4 injection. Oral glucose tolerance was measured over a period of 120 min.
(Figure 4.4A).
Blood collection for plasma insulin measurements

Blood was also collected from the tail vein of each mouse during the OGTT paradigm. For
week 1 (baseline), ~100ul of blood was collected at O and 15 min after glucose administration in a
microvette capillary tube (Thermofisher, 16.444.100). To extract plasma, the blood in the microvette
tubes was centrifuged at 1500xg for 10 min at 4°C. The plasma samples were stored at -80°C until
needed for further analysis. For week 2 (Acute), week 3 (Chronic Ex-4 week 1) and week 8 (Chronic
Ex-4 week 6), the blood samples were collected before saline or Ex-4 injection (-15 minute) and 15
minutes after glucose gavage. For week 9 (Chronic Ex-4 week 9), the blood was collected for plasma
preparation at 0- and 15-min. post oral gavage.
Insulin measurement from GSIS islet study and mouse plasma

The plasma insulin secreted from islets were measured using Lumit Insulin Immunoassay kit
(Promega, CS3037A05) as per the manufacturer’'s instructions and measured using Flexstation-3.
The concentration of insulin in each sample was extrapolated from an insulin standard curve. The
results were expressed as insulin concentration using GraphPad Prism 9.
Figures

All the figures were created with Biorender.com.
Statistics

Data are presented as means + SEM and the number of experiments is indicated in every
case. GraphPad prism version 9 was used to perform all statistical analysis. The student’s t-test or
two-way analysis of variance (ANOVA) with Tukey’s multiple comparison test was performed in

GraphPad prism to detect statistical differences. P < 0.05 was considered statistically significant.
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Chapter 5: Discussion

GLP-1R agonists have revolutionized the treatment of type 2 diabetes mellitus (T2DM),
offering improved glycemic control and other beneficial effects including weight loss. These billion-
dollar drugs also have a remarkable efficacy in reducing cardiovascular risk in T2D patients. 3259260
However, prolonged use of GLP-1R agonists can lead to reduced therapeutic response due to the
development of tolerance to these important medications.?%:170:210.262 Seyeral factors contribute to the
development of tolerance including disruption in GLP-1 receptor trafficking and post-endocytic sorting
resulting in decreased receptor surface expression and reduced drug responsiveness.?%? Therefore,
understanding the molecular mechanisms involved in the development of tolerance is crucial for
optimizing the long-term effectiveness of incretin drugs.

The present study shows that tolerance to the incretin drug Ex-4 is dependent on GASP1,
which is a crucial mediator in the post-endocytic sorting of GLP-1 receptor to lysosomes. We found
that GASP1-dependent GLP-1R post-endocytic trafficking directly influences the responsiveness of
receptor signaling and development of tolerance to GLP-1R agonists. GASP1 disruption in either
stably expressing GLP-1R HEK293 cells or INS-1 cells did not affect the Ex-4 dependent acute GLP-
1R signaling or insulin secretion in vitro. However, we found that prolonged exposure to Ex-4 resulted
in loss of incretin response in both WT HEK-GLP-1R or INS-1 cells, while GASP1 knockout HEK-
GLP-1R or INS-1 cells maintained robust GLP-1R signaling or incretin-mediated insulin responses
even after chronic Ex-4 treatment, thus preventing the development of tolerance toward incretin drug
Ex-4. Similarly, in ex vivo islets experiments, we have shown that acute Ex-4 treatment does not
affect incretin-mediated glucose stimulated insulin secretion in islets from WT mice or mice with beta-
cell specific deletion of GASP1 (B-GASP1-KO). However, prolonged exposure to Ex-4 showed
diminished insulin secretion in WT islets, while B-GASP1-KO islets again maintained robust incretin-
mediated insulin secretion. Furthermore, prolonged treatment with Ex-4 resulted in the development
of tolerance to the glucose-stimulated insulin secretion effect of Ex-4 in WT mice. In contrast, mice
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with a selective disruption of GASP1 in pancreatic beta-cells maintained the incretin effect even after
chronic treatment period and did not developed tolerance to Ex-4 drug. These findings underscore
the crucial role of GASP1-mediated GLP-1 receptor trafficking in the development of tolerance to
incretin drugs and can have significant implications for developing novel therapeutic approaches and
improving therapeutic utility in the field.

Based on the findings of this study, we can potentially target GASP1 and its interaction with
GLP-1R to develop therapeutic interventions for humans with an aim to prevent the development of
tolerance to the GLP-1 receptor effects and enhancing the effectiveness of GLP-1R agonist drugs.
While GASP1 inhibition could potentially prevent development of tolerance to GLP-1R agonists,
caution should be exercised in pursuing this approach. GASP1 plays an important role in post-
endocytic trafficking of several other GPCRs including dopamine receptor (D2R) in brain. Developing
drugs which inhibit GASP1 could have a negative impact on these other receptors, thus disrupting
their signaling. This highlights the complexity of targeting GASP1 as a therapeutic strategy due to its
involvement in multiple receptor systems. Additionally, developing a selective inhibitor that targets the
interaction between GASP1-GLP-1R might be difficult. Given these challenges, an alternative
approach to capitalize on this study finding for therapeutic purposes is instead of directly targeting
GASPL1 or its interaction with GLP-1R, we can prevent the post-endocytic degradation of the GLP-1
receptor. GLP-1R agonists - GLP-1, Ex-4 and liraglutide, all stimulate both G protein activation from
the GLP-1R and recruitment of arrestins, leading to GLP-1R endocytosis. However, for many GPCR
targets, various ligands show distinct potencies and efficacies in activating the G protein versus the
arrestin signaling pathways. A ligand-specific signaling bias for the G protein versus the arrestin
effector has been demonstrated for many classes of GPCR including the GLP-1R.*%3

For example, tirzepatide (Mounjaro®), a dual GLP-1R and glucose-dependent insulinotropic
polypeptide (GIP) receptor agonist, has been shown to have improved therapeutic utility. Tirzepatide
addresses multiple aspects of diabetes management. It activates both GLP-1 and GIP receptor, thus
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combines the actions of the two important hormones involved in glucose homeostasis- GLP-1 and
GIP hormone. Therefore, the therapeutic advantage of tirzepatide could be attributed to its dual
agonism at both GLP-1 and GIP receptor.192:263264.265 Additionally, tirzepatide is also distinguished
from other GLP-1R agonists by displaying a bias toward G protein signaling from the GLP-1R, as it
doesn’t promote arrestin recruitment and receptor endocytosis.?%6267 This selective G-biased
signaling of tirzepatide at GLP-1R has potential implications for its therapeutic effects and safety
profile. By favorably activating G protein signaling, tirzepatide promotes insulin release, and therefore,
improved glycemic control, while avoiding any unwanted effects due to arrestin recruitment.
Moreover, due to its ability to minimize arrestin recruitment, tirzepatide may be allowing the GLP-1R
to evade GASP1-mediated post-endocytic degradation and thereby better sustain the efficacy of
treatment. Since tirzepatide is not only biased for G protein at the GLP-1R but also strongly activates
GIP receptors, it is not possible to determine whether bias or dual agonism is key to its improved
therapeutic effects. Tirzepatide precise mechanism of action and the extent of its’s ability to G-protein
bias is currently under investigation but its development underscores complexity of signaling
pathways involved in maintaining glucose homeostasis and highlights the potentials of drugs that
offers targeted effects. Therefore, tirzepitide provides proof-of-concept that G-biased ligands at the
GLP-1R are an achievable goal. In fact, several such molecules have been reported and shown to
produce improved glycemic control in mice.153

In recent years, GLP-1R agonists have gained attention as potential therapeutics for weight
loss. Due to their ability to effectively regulate appetite, delay gastric emptying and impact central
appetite control, GLP-1R agonist drugs have been approved recently for weight management in
individuals who do not have T2D. Two GLP-1R agonists have been approved by FDA to treat obesity
including semagluide and liraglutide.?%8-270 Additionally, research on the efficacy of the GLP-1R/GIPR
dual agonists and GLP-1R/GIPR/GCGR triple agonists pave the way for therapeutic interventions for
the treatment of obesity, suggesting that multi-target drugs may be more advantageous than single
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target drugs. However, the long-term safety of using the GLP-1R agonists for weight loss in non-
diabetic subjects is still under evaluation, as the use of these medications in the sole context of
weight loss is relatively recent. In this study, we observed that prolonged administration of Ex-4 to
healthy non-diabetic WT mice resulted in a significant decrease in their responsiveness to glucose-
stimulated insulin secretion during an oral glucose challenge when they were not on drug (Figure
4.2). These data indicate an altered response to their endogenous incretin hormones as well as a
change in the glucose sensitivity of WT mice chronically treated with Ex-4. This effect was not
observed in the GASP1 knock-out mice (Figure 4.5). Therefore, caution should be exercised when
considering the use of GLP-1R agonists as weight loss medications for healthy individuals, as
prolonged treatment with these agonists has the potential to modify the body's insulin secretion profile
and disrupt glucose homeostasis.

Within pancreatic islets, paracrine signaling between different islets cells including a-, - and 6-
cells, is crucial for the coordinated regulation of insulin secretion, maintenance of glucose
homeostasis and overall physiological responses.*? Preliminary data from our lab have shown that
GASP1 is not only expressed in pancreatic 3-cells but selectively distributed within different islet cells.
Among the three islet cell types, 6-cells exhibit the highest expression of GASP1, surpassing a and [3-
cells. The selective distribution of GASP1 suggests its involvement in regulating cell-to-cell
communication, influencing the fine-tuning of GLP-1R function and hormone secretion within islets.
Pancreatic isles have other GPCR proteins including glucagon receptor on B-cells, somatostatin
receptors on a- and B-cells and urocortin-3 and GLP-1 receptor on &-cells.*?23¢ GASP1 could interact
with these GPCRs after they have been activated and can affect the sorting and trafficking of these
GPCRs within endosomes, potentially influencing their signaling outcomes. Although the exact role of
GASP1 in a-, B- and d-cells, is still being investigated and how GASP1 affect islet paracrine signaling
is not completely understood, it is possible that GASP1-mediated modulations of the receptors on
islets cells could impact the release of hormones from different islets cell types. Alteration of GASP1-
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mediated GPCRs signaling in different islets cell types could influence the intricate balance of
hormone secretion within the islet, thus disrupting and maintenance of glucose homeostasis.
Therefore, understanding the role of GASP1 in modulating paracrine signaling may shed light on the
complex regulation of glucose metabolism and aid in the development of targeted therapies for
T2DM.

Moreover, it is worth noting that GASPL1 is an X-linked gene in both mice and humans.3® This
genetic characteristic may have implications for the expression and regulation of GASP1, potentially
contributing to differences in GASP1 levels between males and females.?’ It is well known that men
are considered to have higher risk of developing T2D compares to females. The risk of diabetes can
be influenced by a combination of genetic, lifestyle, and environmental factors. This disparity in
GASP1 expression between genders may contribute to gender-specific differences in GLP-1R
signaling and its associated metabolic effects, including glucose control and insulin secretion. Being
an X-linked gene, variations or mutations in GASP1 may have differential impacts on disease
susceptibility between males and females, potentially leading to variations in the progression of
diabetes or development of tolerance to GLP-1R agonists. Understanding the potential interplay
between GASP1 genetic variants and gender-related factors may provide insights into the
mechanism underlying gender disparities in diabetes prevalence and outcomes. It is important to note
that while the X-linked nature of GASP1 presents intriguing possibilities, further research is needed to
fully understand its implications in diabetes leading to personalized treatment approaches and
optimize therapeutic outcomes.

In conclusion, my thesis work highlights the crucial role of GASP1 in regulating GLP-1 receptor
trafficking and the development of tolerance against GLP-1R agonists. By disrupting GASP1 in INS-1
cells or mouse pancreatic islets, the study demonstrated preserved incretin effects and prevention of
tolerance against chronic treatment of Ex-4. Furthermore, tirzepatide, a novel dual GLP-1 and GIP
receptor agonist with G-biased signaling, offers a promising approach to sustaining the efficacy of
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treatment by avoiding GASP1l-mediated post-endocytic degradation. Understanding the role of
GASP1 in paracrine signaling within pancreatic islets and its tissue-specific distribution can provide
further insights into the complex regulation of insulin secretion and glucose metabolism. Additionally,
the X-linked nature of GASP1 and potential gender-specific differences in its expression may
contribute to disparities in GLP-1R signaling, diabetes prevalence, and treatment outcomes.
Moreover, while GLP-1R agonists show potential as weight loss medications, their long-term safety
profile and potential effects on insulin secretion and glucose homeostasis should be carefully
considered. Overall, continued investigation into the molecular mechanisms underlying the
mechanism by which GASPL1 influences GLP-1R functions provides a foundation for developing novel
therapeutics strategies and optimizing the long-term effectiveness of GLP-1R agonists in the
treatment of T2DM. Further research in these areas is essential to unlock the full potential of GASP1

as a target for enhancing GLP-1R agonist therapy.
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Chapter 6: Future perspectives on GLP-1R/GASPL1 interaction — What’s Next?

Glucose homeostasis is critical for human health, and its disruption can cause diabetes-
associated complications.?’? In 2017, diabetes affected approximately 30 million people in the US,
which poses a substantial economic burden on society.?’® Glucose homeostasis is maintained by the
combined action of insulin and glucagon hormone secreted by pancreatic beta and alpha cells.?”* The
amount of insulin secreted after eating is also regulated by incretin gut hormones (incretin effect).
There are two known incretin hormones: Glucagon-like peptide-1 (GLP-1) and Glucose-dependent
insulinotropic polypeptide (GIP). GLP-1 and GIP stimulate insulin release from beta cells by their
action on their cognate G protein-coupled receptors (GPCRs) GLP-1R and GIP-R.?”®> Due to their
insulinotropic effect, incretin receptor agonists are used as therapeutic agents to maintain glucose
homeostasis in T2D.2’® The therapeutic benefits of these medications, including improved glucose
control and weight loss, require continued usage and wane with time. This loss of effect to incretin
drugs over time is known as “development of tolerance” to the drug. Despite all the beneficial
advantages of incretin therapies, very little is known about the specific mechanisms which cause
development of tolerance to incretin drugs over a long period of usage.

The work presented in this thesis project aimed to provide a small mechanistic contribution to
how tolerance developed to incretin drugs after prolonged use. To that end this work highlights a
novel mechanism in which GPCR-associated sorting protein 1 (GASP1) regulates the post-endocytic
sorting of the GLP-1 receptor and causes lysosomal degradation of the receptor after endocytosis.
The post-endocytic fate of a GPCR has profound implications for signal transduction, especially under
conditions, such as exogenous drug use, where there are high concentrations of ligand and therefore
a large degree of receptor endocytosis. For receptors that are recycled, endocytosis serves to rapidly
re-sensitize signal transduction while for receptors that are degraded, endocytosis will promote
prolonged loss of signaling, thus reducing their effectiveness.'%2 Here we demonstrate that
tolerance to incretin drug was prevented at the cellular, tissue and whole animal level in mice with a
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selective disruption of the GASPL1 protein in beta cells of the pancreatic islet. These studies implicate
post-endocytic sorting of the GLP-1R in the loss of effectiveness of incretin therapeutics with
prolonged use. These findings also suggest a novel strategy to prevent tolerance by biasing incretin
drugs for G protein and away from arrestin engagement. Over the course of this thesis project as we
gathered more data supporting the proposed mechanism, interesting questions began to emerge
regarding other roles of GASP1 and how it affects the post-endocytic sorting of GLP-1R in other
tissues. GASP1 is not ubiquitously expressed in all body tissue but specifically expressed in a few
including pancreatic islets, brain, and kidney cells. Additionally, within the pancreatic islet, GASP1 is
differentially expressed. Preliminary data in our lab have shown that GASP1 is more abundantly
expressed in pancreatic d-cells compared to - or a-cells. Moreover, both GLP-1 receptor and
GASP1 have common genetic variations that are known to alter insulin secretion in humans. These
naturally occurring receptor variations do not affect the affinity or the efficacy of GLP-1 at their
cognate receptor, but still alters the insulin secretion. Taken together, these data points toward a
more diverse role of GASP1-mediated post-endocytic trafficking of GLP-1 receptor. This chapter will
discuss what comes next for this line of research and GLP-1R signaling in health and disease.
Genetic variation in GLP-1 receptor

The incretin-based therapies have good tolerability, excellent safety and a low rate of
hypoglycemia and weight gain.?’” A critical aspect of incretin therapies that remains unknown is their
different sensitivity across individuals. Recent studies have identified GLP-1R and GIP-R gene on
Chromosome 6 and 19 as T2D risk alleles.?”® Genetic variations within these loci are known to affect
the insulinotropic effect of incretins on beta cells. Studies have shown that two genetic variants in the
GLP-1R - R131Q and G168S show altered GLP-1 induced insulin responses in healthy individuals.
R131Q increases while G168S decreases insulin responsiveness to infused GLP-1.2° R131Q
genetic variation is present at the extracellular N-terminal ligand binding region, while G168S is
located on the intracellular loop. With regards to GIP-R locus, genetic variant E354Q is reported to be
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associated with a decrease in fasting serum C peptide concentration.?2° The molecular mechanism
that underlies the phenotypes associated with these altered genotypes is not well understood.
Therefore, significant gaps in the knowledge remain regarding the impact of genetic variations in
incretin receptors on their ability to stimulate beta cells. Preliminary data in the Whistler lab has
confirmed that these genetic variations in GLP-1R/GIP-R do not affect ligand affinity or efficacy. This
poses a pharmacological mystery that cannot be explained by “classical” pharmacology. Based on
the work done in this thesis project, we can attempt to provide a mechanistic explanation for this
pharmacological mystery. As mentioned before, following the activation of G protein, GPCRs are
trafficked away from the plasma membrane to endosomes. From there, individual GPCRs are then
either recycled or degraded in lysosomes. Hence receptor trafficking regulates GPCR signaling and
function.''® We hypothesized that genetic variations in incretin receptors affect the endocytic/post-
endocytic trafficking of the receptor, which leads to the differential incretin response in pancreatic
beta cells. To examine this, we can use different cellular and molecular biology techniques to define
the role of genetic variations in incretin receptor on GSIS and characterize the key players involved in
the post-endocytic sorting of incretin receptors. The new knowledge obtained from the study will
further enhance our understanding of incretin dependent insulin release in beta cells and could be
important for predicting the effect of genetic variations in treatment response toward incretin-based
therapies.

Preliminary data generated in our lab in HEK293 cells stably expressing GLP-1R variations
show that the G168S variant promotes receptor degradation while the R131Q variant promotes
receptor recycling thus supporting our hypothesis. The variants do not affect receptor-ligand binding
or receptor ability to activate cAMP signaling. However, the variants do alter trafficking of the
receptors in HEK293 cells. Moreover, initial cCAMP signaling data generated using HEK 293 cells
stably expressing R131Q and G168S GLP-1R variant show that R131Q and G168S variant do not
show altered cAMP accumulation with acute agonist treatment. However, after prolonged GLP-1R
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agonist treatment, R131Q showed enhanced cAMP response compared to G168S variants. These
results suggest that R131Q and G168S genetic variants do not change the affinity or the efficacy of
the ligand to the receptor but change the post-endocytic trafficking of the receptor where R131Q
promotes recycling and G168S promoted degradation of GLP-1 receptor leading to altered cAMP
response. As described in this thesis, the factors that play an important role in post-endocytic sorting
of GLP-1R in pancreatic B-cells is GASP1, it will be highly interesting to examine whether these
genetic variations also alter GLP-1 receptor binding with GASP1 that leads to altering the post-
endocytic trafficking of the receptor. The information thus obtained can have substantial impact on
determining the long-term effect on the therapeutic outcome of GLP-1R agonists in an individual. It
also proposed a mechanistic explanation of the pharmacological mystery as to why some but not
other T2D patients respond well to incretin therapies.
Genetic variation in GASP1 protein

After ligand-dependent activation and G protein signaling initiation, most GPCRs undergo a
cascade of events that culminates into receptor endocytosis. Once endocytosed, the receptors are
then “sorted” to either a recycling or a degradative pathway. For receptors that are recycled,
endocytosis serves as a mechanism for restoring signaling sensitivity by returning receptors to the
cell surface, enabling them to bind and respond to ligands once again. For receptors that are targeted
for degradation, endocytosis is the first step toward irreversible receptor degradation within the
lysosome.119-112 Years of research have been done to examine the sorting process of the
endocytosed receptor, segregating it between recycling and non-recycling membrane-bound
compartments. To briefly summarize this, protein complexes known as ESCRT (endosomal sorting
complexes required for transport), guides sections of membrane through a sequence of maturation
steps, which culminate in the delivery of both the membrane cargo and cytosolic component to the
lysosomes.'?1-123 GASP1 is a GPCR sorting protein that is shown to be necessary for the sorting of
the receptor to the lysosome.'?%132 Furthermore, GASP1 is known to decrease insulin secretion in
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murine insulinoma cells.*®® In this study we have shown that GASP1 contributes to the post-endocytic
sorting of GLP-1 receptor in INS-1 cells and pancreatic B-cells. Data from our lab and others have
shown that GASP1 plays a role in marking receptors for degradation by interacting with an ESCRT
protein complex component dysbindin. Dysbindin facilitates endosomal maturation into a multi-
vesicular body, which subsequently fuses with the lysosomes. This fusion process ensures delivery of
membrane-bound cargo for lysosomal degradation.?!® Like other ESCRT components, dysbindin is
also highly conserved across species, while GASP1 is unique to mammals. This distinctiveness of
GASP1 might be attributed to the need for further regulating the trafficking of GPCRs.

There are three common genetic variants of the GASP1 gene: A315G, 1779V and P1093S and
preliminary data from our lab have shown that at least one variant of GASP1 (P1093S) shows altered
affinity for dysbindin. Hence genetic predisposition at the incretin receptor as well as at GASP1 could
be influencing receptor trafficking and therefore signaling. Therefore, we can assess whether genetic
variation of GASP1 alters its affinity for either GLP-1R and/or to dysbindin, which links GASP1 to the
ESCRT machinery. The information thus obtained proposes solutions to several pharmacological and
cell biological mysteries. Additionally, examining whether common allelic variants in the human
population of the GASP1 sorting protein alter receptor traffic help us to determine the therapeutic
benefits of some of the most important T2D therapies available today.

GLP-1R-GASP1 interaction in pancreatic a-cells

The GLP-1R, predominantly found on pancreatic B-cells, is also present in a-cells, which is
responsible for producing the hormone glucagon that elevates blood glucose levels. GLP-1 receptors
have been identified on a subpopulation of alpha cells.?®! However, other investigations and several
transcriptomic profiling of a-cells have indicated the absence of GLP-1R on pancreatic a-cells.?82-284
Therefore, it is continuously debated whether a-cells within the islets expressed GLP-1R and further
research is needed to confirm the expression of GLP-1R on pancreatic a-cells. Additionally, studies
have shown that GLP-1 acts on multiple receptors: the canonical GLP-1R and the glucagon receptor
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(GCGR - a GPCR). GLP-1 is also shown to inhibit glucagon secretion from pancreatic islet a-cells.
Researchers have found that GLP-1R and GCGR can bound to multiple proglucagon-related peptides
like GLP-1 (7-36), GLP-1(9-36) and glucagon. GLP-1 binds to GCGR with a lower affinity compared
to GLP-1R.?®> Furthermore, alpha cell-specific deletion of GLP-1R results in impaired glucose
response.?8® These data suggest that a-cells-specific GLP-1R signaling play a significant role in
maintaining glucose homeostasis and coordinating the dynamics of glucagon release. This aspect of
GLP-1R pharmacology may have significant implications. Activation of GLP-1 receptor on a-cells
initiates a cascade of that results in PKA-dependent inhibition of P/Q-type voltage-gated Ca?*
channels. This reduces intracellular calcium flux, thus inhibiting glucagon granule release from the a-
cells. The signaling cascade initiated by GLP-1 binding to GLP-1R on a-cells may also have a
paracrine effect on neighboring islet cells. This crosstalk between the a- and - cells is important for
maintaining proper cellular communication which is essential for glucose regulation and insulin
secretion.

Furthermore, the proglucagon gene GCG is expressed in intestinal L cells, pancreatic alpha
cells, and neurons in nucleus tractus. Differential processing of the GCG gene yield glucagon in
pancreatic alpha cells and GLP-1 and GLP-2 in intestinal L cells. However, GLP-1 expression was in
HPLC analysis of human alpha cell extracts. Subsequent research has shown that GLP-1 is co-
localized within the glucagon secretory granules of alpha cells in isolated islets or in mouse models
after experiencing cellular stress.?®’” This stress-induced GLP-1 production may be a potential
mechanism to prevent further islet cell damage. Several studies have also confirmed that in isolated
intact human islets, alpha cells are capable of secreting GLP-1. Taken together these findings
suggest a potential autocrine signaling role of GLP-1 within a-cells.

GASP1 is also expressed in pancreatic a-cells and potentially affects the post-endocytic fate
of GLP-1R upon activation by either glucagon or GLP-1. The interaction between GLP-1R and
GASP1 and whether it directs GLP-1R toward lysosomal degradation pathway in a-cells remains
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subject of further investigation. Examining the impact of GASP1-mediated post-endocytic trafficking of
GLP-1R in a-cells on glucose regulation and insulin secretion warranted more research to better
understand the role of GASP1 in pancreatic a-cells. Additionally, GASP1 may also cause degradation
of GCGR on B-cells, potentially altering glucagon dynamics thus influencing glucose homeostasis.
Moreover, assessing the impact of genetic variations in GLP-1R, GASP1 and GCGR on receptor
post-endocytic trafficking of the receptor and how it affects the insulin secretion and glucose
regulation, is a promising avenue for further research.
GLP-1R-GASP1 interaction in pancreatic & cells

GLP-1R has been characterized in pancreatic &-cells where when activated it potentiates
somatostatin (SST) release.?®® Somatostatin acts as negative feedback for insulin and glucagon
release from [3- and a- cells respectively via its interaction with the somatostatin receptors (SSTR - a
family of GPCRs). SSTRs are a G-inhibitory protein coupled receptors. Binding of somatostatin to an
SSTR activates the Gi protein which result in inhibition of adenylyl cyclase activity and the opening of
G-protein coupled K-ion channels leading to negatively polarized non-excitable state of B- and a-
cells, thus suppressing hormone release. Hence, GLP-1 potentiates insulin and somatostatin release
from B- and &-cells respectively, somatostatin inhibits insulin release, thus depending on the tone of
somatostatin GLP-1 can indirectly inhibit insulin secretion rather than stimulating its release. Similarly,
somatostatin may inhibit the release of GLP-1 from a- cells. 231-23°

As mentioned previously, we found that GASP1 is expressed in pancreatic a-, B-, and d-cells.
Preliminary immunohistochemistry data generated in our lab have shown that out of three cell types,
GASP1 is highly expressed in d-cells compared to a- and B-cells. This suggests a potential role of
GASPL1 in determining the post-endocytic fate of GLP-1R and other GPCR in &-cells. Activation of the
GLP-1R on &-cells can modulate release of somatostatin which binds to the SSTR receptor on a- and
B-cells to prevent release of glucagon and insulin respectively. Additionally, GLP-1R signaling on &-
cells can potentially influence paracrine interaction within the pancreatic islets. This paracrine
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communication between different islet cell types is essential for proper glucose homeostasis and
GLP-1-mediated modulation of somatostatin release may play a role in maintaining this balance.
Chronic activation of GLP-1R may cause GASP1-mediated receptor degradation both in B- and &-
cells, which may result in a decrease in receptor number on the cell surface. The reduction in cell-
surface expression of GLP-1R on d-cells may impact GLP-1R signaling that can potentially disrupt
the interplay between &-cells and other islet cell types including a- and B-cells which is crucial for
maintaining glucose homeostasis. Therefore, understanding GLP-1R signaling and its interaction with
GASP1 within pancreatic d-cells could provide insight into the comprehensive network of interaction
within pancreatic islets. Further research is needed to fully elucidate the mechanism and implication
of GASP1-mediated GLP-1R post-endocytic trafficking and its effect of GLP-1R signaling in d-cells.
GLP-1R signaling in dopamine dynamics, memory and learning

Cognitive flexibility is a critical executive function, deficits in which are found in multiple
neurological and psychological disorders including OCD, bipolar and mood disorders,?®® Parkinson’s
disease,?® Alzheimer’s, and substance use disorder?®! and declines precipitously with age even in
humans with no neurological disease. One of the key challenges in treatment of these diverse
neurological disorders is that the existing pharmacological agents, including antidepressants and anti-
psychotics are not effective at treating the cognitive deficits and have serious side effects including
exacerbation of cognitive deficit, insomnia, nausea, fatigue and risk of addiction.?°??°4 Hence there is
a need to develop better and safer treatments to replace or supplement existing drugs if we want to
stabilize the cognitive impairments associated with disease or age.

Several recent studies have described the neuroprotective effects of the neuroendocrine
incretin hormone — Glucagon-Like Peptide 1 (GLP-1) on brain structure and function.?°2% GLP-1 and
its cognate GLP-1 receptor are present in key regions of the brain implicated in memory and decision
making, including both the hippocampus and ventral tegmental area (VTA),?°” whose dopamine (DA)
neurons are thought to play a critical role in regulating entry of information into long-term memory via
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hippocampal-VTA loop.?®® Furthermore, there is significant evidence that incretin signaling in these
brain regions modulates learning and memory. For example, over-expression of GLP1R in
hippocampus enhances spatial learning in a maze task,?®® while mice with a disruption of GLP1R
show impaired special learning and memory and LTP impairments in hippocampus.3® Incretin analog
agonist drugs to the GLP1R are in widespread use for glycemic control in T2D patients and have an
outstanding safety profile. Importantly, these agonist drugs, including liraglutide (Victoza®) and
extendin-4 (Byetta®), also readily cross the blood brain barrier, and their use has recently been
shown to reduce the risk of Alzheimer disease in T2DM patients.*%! In preclinical animal models,
these drugs have been shown to protect long-term potentiation (LTP)3%? and to produce improved
performance in several diverse cognitive tasks. We were intrigued by the observation that activation
of the GLP1R with incretin drug in the VTA modifies not only food intake but also reward seeking
behavior,3%® and hypothesized, that GLP1Rs in the VTA could modulate dopamine dynamics to gate
memory and learning. Indeed, | have recently found, in preliminary studies using the dLight DA
sensor3® and fiber photometry, that systemic administration of the incretin drug liraglutide alters
dopamine dynamics in the medial nucleus accumbens (NAc) in mice. | have further shown that
liraglutide can block changes in dopamine release in the NAc produced by the rewarding drug
morphine. Cumulatively, our data and that previously reported have led us to hypothesize that incretin
drugs could be used to improve cognitive deficits.

Moreover, common genetic variants in the GLP-1R R131Q (rs3765467) and G168S
(rs6923761) produce alterations in both amino acid sequence and incretin response to glucose
intake3%® but show no change in affinity or efficacy for the ligand GLP1. As described earlier, we have
uncovered a mechanism that can explain this pharmacological mystery. We found that the post-
endocytic targeting of the GLP-1R variants differs from that of the wild type (WT) GLP-1R.
Specifically, the R131Q variant receptor is endocytosed and recycled and therefore remains highly
expressed even following prolonged drug treatment, while the G168S variant receptor is endocytosed
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and degraded more rapidly than the WT receptor. We therefore could predict that genotype at the
GLP-1R could affect the ability of incretin drugs to control not only glucose homeostasis but also
learning and memory. We can assess the effects of the incretin drug like liraglutide on dopamine
dynamics and cognitive flexibility in WT, R131Q and G168S knock-in mice. Our hypothesis is that
activation of the GLP1R will improve cognitive flexibility, and that it will do so with better efficacy in
mice and humans with the R131Q mutation. Our goal is the validate incretins as therapeutic
treatments or adjuvants for cognitive deficits associated with disease and/or aging.
GLP-1R signaling and cardiovascular effects

GLP-1R has been shown to exert cardioprotective effect in cardiomyocytes through activation
of antiapoptotic mechanism.3% Preclinical studies in mice show liraglutide to improve cardiac function
after myocardial infraction. Studies have shown that in mouse cardiomyocytes, liraglutide modulates
the expression of cardioprotective genes including Nrf2 and PPAR.3%” These data suggest that GLP-1
may have a possible beneficial myocardial effect and potential therapeutic use in patients with
cardiovascular diseases. However, GLP-1R agonists like exendin-4 and liraglutide fail to improve
cardiac function in patients with heart failure. One possible explanation for the beneficial action of
GLP-1 regarding cardiovascular effect is that the molecular mechanism is different from the classical
GLP-1R signaling and requires further new research perspectives. In heart, a dual mechanism of
GLP-1 action is proposed. The classical GLP-1R signaling is thought to be responsible for inotropic
effects, glucose uptake, improvement of coronary flow and partly mediating the cardia effect, whereas
a GLP-1R-independent mechanism is thought to be responsible for the cardioprotective
function.2%830° GASP1 is also known to be expressed in cardiovascular system and it will be
interesting area of research to examine how GASP1-mediated GLP-1R trafficking post-endocytosis
affect the GLP-1 cardioprotective effects. A thorough understanding of the molecular mechanism and
post-endocytic trafficking of GLP-1R in cardiomyocytes will enable us to develop better GLP-1R
agonists that have improved therapeutic effect on cardiac functions.
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As highlighted in this chapter, post-endocytic trafficking of GLP-1 receptor in the pancreatic 3-
cells remains understudied but also has great potential for understanding fundamental of B-cells
function and pancreatic insulin release as well as the pathogenesis of T2D and obesity. The data
presented in this thesis offers a small contribution to our mechanistic understanding of GLP-1R
signaling in pancreatic 3-cells. In this study, we have introduced a novel perspective that shed light on
the development of tolerance to GLP-1R agonist with prolonged use. Having this knowledge will
enable future endeavors to design and develop innovative GLP-1R agonists that could circumvent
receptor endocytosis, thus effectively bypassing GASP1-mediated receptor degradation and
subsequently preventing the development of tolerance. Future studies in our lab and others are
anticipated to expand on these insights, thereby providing a greater understanding of the role of
GASP1-mediated receptor endocytosis in the realms of therapeutic advancements and overall health
management.

GASP1-mediated post-endocytic trafficking of bradykinin receptor and COVID-19

The COVID-19 pandemic is the preeminent health care challenge of our times. Approximately
30 million people in the US have been infected with the virus, out of which more than a million have
died. Even with our current understanding of the pathophysiology of the disease we are unable to
predict with any defined metric how severe a disease will be in any one individual. Advanced age and
several preexisting conditions like T2D and obesity increased the risk of severe COVID-19.
Additionally, male gender and African and Hispanic descent exhibit association with serious illness
even among healthy individuals, suggesting a potential role of genetic factors contributing to the
severity of COVID-19. Recent findings have pointed towards a significant involvement of “bradykinin
storm” in patients with severe COVID-19.310311 The bradykinin storm involved hyperactivity of
bradykinin system, an important mediator of inflammation and is characterized by increases in levels
of proinflammatory bradykinin and des-Arg10-kallindin, along with unexpected increase in expression
level of the bradykinin-1 receptor (BK1R) which normally is expressed at very low levels. BK1R
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upregulation has also been observed in chronic inflammatory conditions such as diabetes, suggesting
that altered BK1R levels could underlie risk for severe COVID-19.312

SARS-CoV-2 virus gains entry to the cells using the angiotensin converting enzyme 2 (ACE2)
receptor, which converts angiotensin Il to angiotensin (1-7) and promotes vasodilation. ACE2 also
regulates the activity of angiotensin converting enzyme ACE, whose primary function is to convert
angiotensin | into angiotensin Il. Additionally, ACE/ACE2 enzymes are also critical for controlling the
level of bradykinin and its active metabolite des-Arg10-kallidin.3'® Thus, a balance of ACE/ACE2 is
critical for proper control of blood pressure through the angiotensin system and inflammation through
the bradykinin system. COVID-19 infection wreaks havoc on this balance. Interestingly, this
imbalance in ACE/ACE2 is also a “pre-existing” condition in patients with diabetes, myocardial injuries
and with age. Bradykinins and its active metabolite activate des-Argl0-kallidin activate two distinct
GPCR: bradykinin-1 receptor (BKR1) and bradykinin-2 receptor (BKR2). The BK2R is widely
expressed in multiple tissues throughout the body while the BK1R is expressed at very low levels if at
all under normal conditions.3** However, in case of an infection, myocardial ischemia, or pre-existing
conditions like diabetes, the BK1R expression is rapidly upregulated all of which are risk factors for
severe COVID-19.

Activation of BK2R with endogenous ligand bradykinin leads to activation of coupled Gq
protein to mediate its cellular effect followed by recruitment of B-arrestins which arrest G protein
signal and cause receptor endocytosis. Following endocytosis, the BK2R receptor recycled back to
the plasma membrane. In contrast, in the absence of endogenous ligand, Gg-coupled BK1R is mainly
found in endosomes since they constitutively endocytosed and targeted for GASP1- mediated
lysosomal degradation in absence of ligand, therefore expressed on the cell membrane at very low
levels. However, upon binding with des-Arg10-kallidin, the BK1R stabilizes on the plasma membrane,
delaying its endocytosis and therefore preventing receptor degradation.®®> Hence, any biological
process that increases the amount of des-Arg10-kallidin like pre-existing conditions or decreases the
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breakdown of des-Argl0-kallidin, which is mediated by ACE2, would increase the BK1R expression
on cell surface. Thus GASP1- mediated receptor trafficking is an attractive candidate for the
mechanism responsible for upregulation of BK1R in different physiological conditions. Additionally,
the naturally occurring genetic variation in GASP1 may affect the post-endocytic trafficking of BK1R in
an individual which affects the severity of COVID-19 symptoms. Further research needs to be done to
characterize the role of GASP1 and its genetic variations in COVID-19 severity and multi-organ
inflammation. As shown in this research thesis, GASP1-mediated GLP-1R trafficking have profound
implications on the therapeutics efficacy of GLP-1R agonists exendin-4, it may be possible that
further understanding of the GASP1-mediated degradation of BK1R will aid in the developments of
novel therapeutics like BK1R blockers or drug that promotes BK1R endocytosis and degradation for

the treatment of COVID-19.

79



References

1.Guariguata L, Whiting DR, Hambleton I, Beagley J, Linnenkamp U, Shaw JE. Global estimates
of diabetes prevalence for 2013 and projections for 2035. Diabetes Res Clin Pract.
2014;103(2):137-149. https://doi.org/10.1016/j.diabres.2013.11.002.

2.Khan MAB, Hashim MJ, King JK, Govender RD, Mustafa H, Al Kaabi J. Epidemiology of type 2
diabetes — global burden of disease and forecasted trends. JEGH 2019;10(1):107.
https://doi.org/10.2991/jegh.k.191028.001.

3.0zougwu, O. The pathogenesis and pathophysiology of type 1 and type 2 diabetes mellitus. J
Physiol Pathophysiol. 2013;4(4);46-57. https://doi.org/10.5897/JPAP2013.0001.

4.National diabetes statistics report, 2022. Centers for Disease Control and Prevention. Updated
January 18, 2022. Accessed August 4, 2022. www.cdc.gov/diabetes/data/statistics-
report/index.html

5.Prevalence of prediabetes among adults. National diabetes statistics report, 2022. Centers for
Disease Control and Prevention. Updated September 30, 2022. Accessed November 1,
2022. www.cdc.gov/diabetes/data/statistics-report/prevalence-of-prediabetes.html

6.Chatterjee S, Khunti K, Davies MJ. Type 2 diabetes. Lancet. 2017;389:2239-2251.
doi:10.1016/S0140-6736(17)30058-2.

7.NCD Risk Factor Collaboration Worldwide trends in diabetes since 1980: a pooled analysis of
751 population-based studies with 4.4 million participants. Lancet. 2016;387:1513-1530.
doi:10.1016/S0140-6736(16)00618-8.

8.Shoback DG, Gardner D, eds. Greenspan's Basic & Clinical Endocrinology (9th ed.). New York:
McGraw-Hill Medical; 2011.

9.Kumar V, Abbas A, Aster J. Robbins & Cotran Pathologic Basis of Disease (10th ed.).
Pennsylvania: Elsevier; 2021. pp. 1065-1132.

10.Thompson A, Kanamarlapudi V. Type 2 diabetes mellitus and glucagon like peptide-1 receptor
signalling. Clin Exp Pharmacol. 2013;1:3.

11.Brownlee M. Biochemistry and molecular cell biology of diabetic complications. Nature.
2001;414(6865):813—-820. d0i:10.1038/414813a.

12.Mazzola N. Review of current and emerging therapies in type 2 diabetes mellitus. Am J Manag
Care. 2012;18:17-26.

13.0lokoba AB, Obateru OA, Olokoba LB. Type 2 diabetes mellitus: a review of current
trends. Oman Med J. 2012;27(4):269-273. doi:10.5001/0mj.2012.68.

14.Chaudhury A, Duvoor C, Reddy Dendi VS, Kraleti S, Chada A, Ravilla R, Marco A, Shekhawat
NS, Montales MT, Kuriakose K, Sasapu A, Beebe A, Patil N, Musham CK, Lohani GP, Mirza
W. Clinical review of antidiabetic drugs: implications for type 2 diabetes mellitus management.
Front Endocrinol (Lausanne). 2017;8:6. doi:10.3389/fendo.2017.00006.

15.Van Gaal LF, Gutkin SW, Nauck MA. Exploiting the antidiabetic properties of incretins to treat
type 2 diabetes mellitus: glucagon-like peptide 1 receptor agonists or insulin for patients with
inadequate glycemic control? Eur J Endocrinol. 2008;158(6):773—-784.
https://doi.org/10.1530/EJE-07-0804.

16.Campbell RK, White JR Jr. More choices than ever before: emerging therapies for type 2
diabetes. Diabetes Educ. 2008;34(3):518-534. https://doi.org/10.1177/0145721708317870.

17.Ng SY, Wilding JP. Liraglutide in the treatment of obesity. Expert Opin Biol Ther.
2014;14(8):1215-1224. https://doi.org/10.1517/14712598.2014.925870.

18.Manning S, Pucci A, Finer N. Pharmacotherapy for obesity: novel agents and paradigms. Ther
Adv Chronic Dis. 2014;5(3):135-148. https://doi.org/10.1177/2040622314522848.

19.Ryan GJ, Moniri NH, Smiley DD. Clinical effects of once-weekly exenatide for the treatment of
type 2 diabetes mellitus. Am J Health Syst Pharm. 2013;70(13):1123-1131.
https://doi.org/10.2146/ajhp120168.

80


https://doi.org/10.1016/j.diabres.2013.11.002
https://doi.org/10.2991/jegh.k.191028.001
https://doi.org/10.5897/JPAP2013.0001
https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://www.cdc.gov/diabetes/data/statistics-report/prevalence-of-prediabetes.html
https://en.wikipedia.org/wiki/Elsevier
https://doi.org/10.1530/EJE-07-0804
https://doi.org/10.1177/0145721708317870
https://doi.org/10.1517/14712598.2014.925870
https://doi.org/10.1177/2040622314522848
https://doi.org/10.2146/ajhp120168

20.DeFronzo RA, Ratner RE, Han J, Kim DD, Fineman MS, Baron AD. Effects of exenatide
(exendin-4) on glycemic control and weight over 30 weeks in metformin-treated patients with
type 2 diabetes. Diabetes Care. 2005;28(5):1092-1100.
https://doi.org/10.2337/diacare.28.5.1092.

21.Pratley R, Nauck M, Bailey T, Montanya E, Cuddihy R, Filetti S, Garber A, Thomsen AB,
Hartvig H, Davies M; 1860-LIRA-DPP-4 Study Group. One year of liraglutide treatment offers
sustained and more effective glycaemic control and weight reduction compared with sitagliptin,
both in combination with metformin, in patients with type 2 diabetes: a randomised, parallel-
group, open-label trial. Int J Clin Pract. 2011;65(4):397-407. https://doi.org/10.1111/.1742-
1241.2011.02656.x.

22.Garber A, Henry RR, Ratner R, Hale P, Chang CT, Bode B; LEAD-3 (Mono) Study Group.
Liraglutide, a once-daily human glucagon-like peptide 1 analogue, provides sustained
improvements in glycaemic control and weight for 2 years as monotherapy compared with
glimepiride in patients with type 2 diabetes. Diabetes Obes Metab. 2011;13(4):348-356.
https://doi.org/10.1111/j.1463-1326.2010.01356.x.

23.Sorli C, Harashima SI, Tsoukas GM, Unger J, Karsbgl JD, Hansen T, Bain SC. Efficacy and
safety of once-weekly semaglutide monotherapy versus placebo in patients with type 2
diabetes (SUSTAIN 1): a double-blind, randomised, placebo-controlled, parallel-group,
multinational, multicentre phase 3a trial. Lancet Diabetes Endocrinol. 2017;5(4):251-260.
https://doi.org/10.1016/S2213-8587(17)30013-X.

24 Meier JJ. Efficacy of semaglutide in a subcutaneous and an oral formulation. Front Endocrinol.
2021;12:645617 .https://doi.org/10.3389/fendo.2021.645617.

25.Lazzaroni E, Ben Nasr M, Loretelli C, Pastore |, Plebani L, Lunati ME, Vallone L, Bolla AM,
Rossi A, Montefusco L, Ippolito E, Berra C, D’Addio F, Zuccotti GV, Fiorina P. Anti-diabetic
drugs and weight loss in patients with type 2 diabetes. Pharmacol Res. 2021;171:105782.
https://doi.org/10.1016/].phrs.2021.105782.

26.Davies MJ, Bergenstal R, Bode B, Kushner RF, Lewin A, Skjgth TV, Andreasen AH, Jensen
CB, DeFronzo RA; NN8022-1922 Study Group. Efficacy of liraglutide for weight loss among
patients with type 2 diabetes: the SCALE diabetes randomized clinical trial. JAMA.
2015;314(7):687—699. doi:10.1001/jama.2015.9676.

27.Ahrén B, Atkin SL, Charpentier G, Warren ML, Wilding JPH, Birch S, Holst AG, Leiter LA.
Semaglutide induces weight loss in subjects with type 2 diabetes regardless of baseline BMI or
gastrointestinal adverse events in the SUSTAIN 1 to 5 trials. Diabetes Obes Metab.
2018;20(9):2210-2219. https://doi.org/10.1111/dom.13353.

28.Scheen AJ. Exenatide once weekly in type 2 diabetes. Lancet. 2008;372(9645):1197-1198.
doi:10.1016/S0140-6736(08)61207-6.

29.Drucker DJ, Buse JB, Taylor K, Kendall DM, Trautmann M, Zhuang D, Porter L; DURATION-1
Study Group. Exenatide once weekly versus twice daily for the treatment of type 2 diabetes: a
randomised, open-label, non-inferiority study. Lancet. 2008;372(9645):1240-1250.
https://doi.org/10.1016/S0140-6736(08)61206-4.

30.Polonsky WH, Arora R, Faurby M, Fernandes J, Liebl A. Higher rates of persistence and
adherence in patients with type 2 diabetes initiating once-weekly vs daily injectable glucagon-
like peptide-1 receptor agonists in US Clinical Practice (STAY Study). Diabetes Ther.
2022;13(1):175-187. https://doi.org/10.1007/s13300-021-01189-6.

31.Sedman T, Krass M, Runkorg K, Vasar E, Volke V. Tolerance develops toward GLP-1 receptor
agonists' glucose-lowering effect in mice. Eur J Pharmacol. 2020;885:173443.
doi:10.1016/j.ejphar.2020.173443.

32.Nakrani MN, Wineland RH, Anjum F. Physiology, glucose metabolism. In: StatPearls [Internet].
Treasure Island (FL): StatPearls Publishing; 2023. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK560599/.

81



https://doi.org/10.2337/diacare.28.5.1092
https://doi.org/10.1111/j.1742-1241.2011.02656.x
https://doi.org/10.1111/j.1742-1241.2011.02656.x
https://doi.org/10.1111/j.1463-1326.2010.01356.x
https://doi.org/10.1016/S2213-8587(17)30013-X
https://doi.org/10.3389/fendo.2021.645617
https://doi.org/10.1016/j.phrs.2021.105782
https://doi.org/10.1111/dom.13353
https://doi.org/10.1016/S0140-6736(08)61206-4
https://doi.org/10.1007/s13300-021-01189-6
https://www.ncbi.nlm.nih.gov/books/NBK560599/

33.Schmitz O, Juhl CB, Hollingdal M, Veldhuis JD, Pgrksen N, Pincus SM. Irregular circulating
insulin concentrations in type 2 diabetes mellitus: an inverse relationship between circulating
free fatty acid and the disorderliness of an insulin time series in diabetic and healthy
individuals. Metabolism. 2001;50(1):41-46. doi:10.1053/meta.2001.19524.

34.DeFronzo RA. Pathogenesis of type 2 diabetes mellitus. Med Clin North Am. 2004;88(4):787—
835, ix. doi:10.1016/j.mcna.2004.04.013.

35.Ashcroft FM, Rorsman P. Diabetes mellitus and the B cell: the last ten years. Cell.
2012;148(6):1160-1171. doi:10.1016/j.cell.2012.02.010.

36.Bensellam M, Laybutt DR, Jonas JC. The molecular mechanisms of pancreatic B-cell
glucotoxicity: recent findings and future research directions. Mol Cell Endocrinol. 2012;364(1—
2):1-27. d0i:10.1016/j.mce.2012.08.003.

37.Cnop M, Welsh N, Jonas JC, Jbrns A, Lenzen S, Eizirik DL. Mechanisms of pancreatic beta-
cell death in type 1 and type 2 diabetes: many differences, few similarities. Diabetes. 2005;54
Suppl 2:597-S107. doi:10.2337/diabetes.54.suppl_2.s97.

38.Stumvoll M, Goldstein BJ, van Haeften TW. Type 2 diabetes: principles of pathogenesis and
therapy. Lancet. 2005;365(9467):1333-1346. doi:10.1016/S0140-6736(05)61032-X.

39.Weyer C, Bogardus C, Mott DM, Pratley RE. The natural history of insulin secretory
dysfunction and insulin resistance in the pathogenesis of type 2 diabetes mellitus. J Clin
Invest. 1999;104(6):787—-794. doi:10.1172/JCI7231.

40.Abdul-Ghani M, DeFronzo RA. Insulin resistance and hyperinsulinemia: the egg and the
chicken. J Clin Endocrinol Metab. 2021;106(4):e1897-e1899. doi:10.1210/clinem/dgaa364.

41.Nolan CJ, Prentki M. Insulin resistance and insulin hypersecretion in the metabolic syndrome
and type 2 diabetes: time for a conceptual framework shift. Diab Vasc Dis Res.
2019;16(2):118-127. doi:10.1177/1479164119827611.

42.Hartig SM, Cox AR. Paracrine signaling in islet function and survival. J Mol Med (Berl).
2020;98(4):451-467. doi:10.1007/s00109-020-01887-x.

43.Ashcroft FM. Mechanisms of the glycaemic effects of sulfonylureas. Horm Metab Res.
1996;28(9):456—-463. doi:10.1055/s-2007-979837.

44.Davidson MA, Mattison DR, Azoulay L, Krewski D. Thiazolidinedione drugs in the treatment of
type 2 diabetes mellitus: past, present and future. Crit Rev Toxicol. 2018;48(1):52—-108.
doi:10.1080/10408444.2017.1351420.

45.Rena G, Hardie DG, Pearson ER. The mechanisms of action of metformin. Diabetologia.
2017;60(9):1577-1585. doi:10.1007/s00125-017-4342-z.

46.Defronzo RA. Banting Lecture. From the triumvirate to the ominous octet: a new paradigm for
the treatment of type 2 diabetes mellitus. Diabetes. 2009;58(4):773—-795. do0i:10.2337/db09-
9028.

47 .Viberti G, Kahn SE, Greene DA, Herman WH, Zinman B, Holman RR, Haffner SM, Levy D,
Lachin JM, Berry RA, Heise MA, Jones NP, Freed MI. A diabetes outcome progression trial
(ADOPT): an international multicenter study of the comparative efficacy of rosiglitazone,
glyburide, and metformin in recently diagnosed type 2 diabetes. Diabetes Care.
2002;25(10):1737-1743. doi:10.2337/diacare.25.10.1737.

48.Nauck MA, Homberger E, Siegel EG, Allen RC, Eaton RP, Ebert R, Creutzfeldt W. Incretin
effects of increasing glucose loads in man calculated from venous insulin and C-peptide
responses. J Clin Endocrinol Metab. 1986;63(2):492—-498. doi:10.1210/jcem-63-2-492.

49.Creutzfeldt W. The incretin concept today. Diabetologia. 1979;16(2):75-85.
doi:10.1007/BF01225454.

50.Edholm T, Degerblad M, Gryback P, Hilsted L, Holst JJ, Jacobsson H, Efendic S, Schmidt PT,
Hellstrém PM. Differential incretin effects of GIP and GLP-1 on gastric emptying, appetite, and
insulin-glucose homeostasis. Neurogastroenterol Motil. 2010;22(11):1191-1200, e315.
doi:10.1111/j.1365-2982.2010.01554.x.

82



51.Dupre J, Ross SA, Watson D, Brown JC. Stimulation of insulin secretion by gastric inhibitory
polypeptide in man. J Clin Endocrinol Metab. 1973;37(5):826—828. doi:10.1210/jcem-37-5-826.

52.Baggio LL, Drucker DJ. Biology of incretins: GLP-1 and GIP. Gastroenterology.
2007;132(6):2131-2157. doi:10.1053/j.gastro.2007.03.054.

53.Kuhre RE, Wewer Albrechtsen NJ, Hartmann B, Deacon CF, Holst JJ. Measurement of the
incretin hormones: glucagon-like peptide-1 and glucose-dependent insulinotropic peptide. J
Diabetes Complications. 2015;29(3):445-450. doi:10.1016/}.jdiacomp.2014.12.006.

54.Wang Y, Montrose-Rafizadeh C, Adams L, Raygada M, Nadiv O, Egan JM. GIP regulates
glucose transporters, hexokinases, and glucose-induced insulin secretion in RIN 1046-38 cells.
Mol Cell Endocrinol. 1996;116(1):81-87. doi:10.1016/0303-7207(95)03701-2.

55.Nyberg J, Anderson MF, Meister B, Alborn AM, Strom AK, Brederlau A, lllerskog AC, Nilsson
O, Kieffer TJ, Hietala MA, Ricksten A, Eriksson PS. Glucose-dependent insulinotropic
polypeptide is expressed in adult hippocampus and induces progenitor cell proliferation. J
Neurosci. 2005;25(7):1816-1825. doi:10.1523/JNEUROSCI.4920-04.2005.

56.Chia CW, Carlson OD, Kim W, Shin YK, Charles CP, Kim HS, Melvin DL, Egan JM.
Exogenous glucose-dependent insulinotropic  polypeptide worsens post prandial
hyperglycemia in type 2 diabetes. Diabetes. 2009;58(6):1342—-1349. doi:10.2337/db08-0958.

57.Meier JJ, Goetze O, Anstipp J, Hagemann D, Holst JJ, Schmidt WE, Gallwitz B, Nauck MA.
Gastric inhibitory polypeptide does not inhibit gastric emptying in humans. Am J Physiol
Endocrinol Metab. 2004;286(4):E621-E625. doi:10.1152/ajpendo.00499.2003.

58.Gremlich S, Porret A, Hani EH, Cherif D, Vionnet N, Froguel P, Thorens B. Cloning, functional
expression, and chromosomal localization of the human pancreatic islet glucose-dependent
insulinotropic polypeptide receptor. Diabetes. 1995;44(10):1202-1208.
doi:10.2337/diab.44.10.1202.

59.Volz A, Goke R, Lankat-Buttgereit B, Fehmann HC, Bode HP, Gb6ke B. Molecular cloning,
functional expression, and signal transduction of the GIP-receptor cloned from a human
insulinoma. FEBS Lett. 1995;373(1):23-29. d0i:10.1016/0014-5793(95)01006-z.

60.Wheeler MB, Gelling RW, Mcintosh CH, Georgiou J, Brown JC, Pederson RA. Functional
expression of the rat pancreatic islet glucose-dependent insulinotropic polypeptide receptor:
ligand binding and intracellular signaling properties. Endocrinology. 1995;136(10):4629-4639.
doi:10.1210/endo0.136.10.7664683.

61.Yamada Y, Hayami T, Nakamura K, Kaisaki PJ, Someya Y, Wang CZ, Seino S, Seino Y.
Human gastric inhibitory polypeptide receptor: cloning of the gene (GIPR) and cDNA.
Genomics. 1995;29(3):773—-776. doi:10.1006/geno.1995.9937.

62.Nauck MA, Meier JJ. Incretin hormones: their role in health and disease. Diabetes Obes
Metab. 2018;20 Suppl 1:5-21. doi:10.1111/dom.13129.

63.0rskov C, Wettergren A, Holst JJ. Secretion of the incretin hormones glucagon-like peptide-1
and gastric inhibitory polypeptide correlates with insulin secretion in normal man throughout
the day. Scand J Gastroenterol. 1996;31(7):665—-670. doi:10.3109/00365529609009147.

64.Dhanvantari S, Seidah NG, Brubaker PL. Role of prohormone convertases in the tissue-
specific processing of proglucagon. Mol Endocrinol. 1996;10(4):342—-355.
doi:10.1210/mend.10.4.8721980.

65.0rskov C, Wettergren A, Holst JJ. Biological effects and metabolic rates of glucagonlike
peptide-1 7-36 amide and glucagonlike peptide-1 7-37 in healthy subjects are
indistinguishable. Diabetes. 1993;42(5):658-661. doi:10.2337/diab.42.5.658.

66.Rocca AS, Brubaker PL. Role of the vagus nerve in mediating proximal nutrient-induced
glucagon-like peptide-1 secretion. Endocrinology. 1999;140(4):1687-1694.
doi:10.1210/end0.140.4.6643.

67.Deacon CF, Nauck MA, Toft-Nielsen M, Pridal L, Willms B, Holst JJ. Both subcutaneously and
intravenously administered glucagon-like peptide | are rapidly degraded from the NH2-

83



terminus in type Il diabetic patients and in healthy subjects. Diabetes. 1995;44(9):1126-1131.
doi:10.2337/diab.44.9.1126.

68.Wei Y, Mojsov S. Tissue-specific expression of the human receptor for glucagon-like peptide-I:
brain, heart and pancreatic forms have the same deduced amino acid sequences. FEBS Lett.
1995;358(3):219-224. doi:10.1016/0014-5793(94)01430-9.

69.Wei Y, Mojsov S. Distribution of GLP-1 and PACAP receptors in human tissues. Acta Physiol
Scand. 1996;157(3):355-357. doi:10.1046/].1365-201X.1996.42256000.

70.Alvarez E, Martinez MD, Roncero I, Chowen JA, Garcia-Cuartero B, Gispert JD, Sanz C,
Vazquez P, Maldonado A, de Caceres J, Desco M, Pozo MA, Blazquez E. The expression of
GLP-1 receptor mRNA and protein allows the effect of GLP-1 on glucose metabolism in the
human hypothalamus and brainstem. J Neurochem. 2005;92(4):798-806. d0i:10.1111/j.1471-
4159.2004.02914.

71.Pyke C, Heller RS, Kirk RK, @rskov C, Reedtz-Runge S, Kaastrup P, Hvelplund A, Bardram L,
Calatayud D, Knudsen LB. GLP-1 receptor localization in monkey and human tissue: novel
distribution revealed with extensively validated monoclonal antibody. Endocrinology.
2014;155(4):1280-1290. d0i:10.1210/en.2013-1934.

72.Meloni AR, DeYoung MB, Lowe C, Parkes DG. GLP-1 receptor activated insulin secretion from
pancreatic [-cells: mechanism and glucose dependence. Diabetes Obes Metab.
2013;15(1):15-27. doi:10.1111/j.1463-1326.2012.01663.X.

73.Kreymann B, Williams G, Ghatei MA, Bloom SR. Glucagon-like peptide-1 7-36: a physiological
incretin in man. Lancet. 1987;2(8571):1300-1304. doi:10.1016/s0140-6736(87)91194-9.

74.Nauck MA, Heimesaat MM, Behle K, Holst JJ, Nauck MS, Ritzel R, Hufner M, Schmiegel WH.
Effects of glucagon-like peptide 1 on counterregulatory hormone responses, cognitive
functions, and insulin secretion during hyperinsulinemic, stepped hypoglycemic clamp
experiments in healthy volunteers. J Clin Endocrinol Metab. 2002;87(3):1239-1246.
doi:10.1210/jcem.87.3.8355.

75.Fehmann HC, Goke R, Goke B. Cell and molecular biology of the incretin hormones glucagon-
like peptide-l and glucose-dependent insulin releasing polypeptide. Endocr Rev.
1995;16(3):390—-410. doi:10.1210/edrv-16-3-390.

76.Holz GG 4th, Kuhtreiber WM, Habener JF. Pancreatic beta-cells are rendered glucose-
competent by the insulinotropic hormone glucagon-like peptide-1(7-37). Nature.
1993;361(6410):362—-365. doi:10.1038/361362a0.

77.Nauck MA. Is glucagon-like peptide 1 an incretin hormone? Diabetologia. 1999;42(3):373-379.
doi:10.1007/s001250051165.

78.Schirra J, GOoke B. The physiological role of GLP-1 in human: incretin, ileal brake or more?
Regul Pept. 2005;128(2):109-115. doi:10.1016/j.regpep.2004.06.018.

79.Nauck M. Incretin therapies: highlighting common features and differences in the modes of
action of glucagon-like peptide-1 receptor agonists and dipeptidyl peptidase-4 inhibitors.
Diabetes Obes Metab. 2016;18(3):203-216. doi:10.1111/dom.12591.

80.Finan B, Yang B, Ottaway N, Smiley DL, Ma T, Clemmensen C, Chabenne J, Zhang L,
Habegger KM, Fischer K, Campbell JE, Sandoval D, Seeley RJ, Bleicher K, Uhles S, Riboulet
W, Funk J, Hertel C, Belli S, Sebokova E, Conde-Knape K, Konkar A, Drucker DJ, Gelfanov V,
Pfluger PT, Mduller TD, Perez-Tilve D, DiMarchi RD, Tschép MH. A rationally designed
monomeric peptide triagonist corrects obesity and diabetes in rodents. Nat Med.
2015;21(1):27-36. doi:10.1038/nm.3761.

81.Nauck MA, Heimesaat MM, Orskov C, Holst JJ, Ebert R, Creutzfeldt W. Preserved incretin
activity of glucagon-like peptide 1 [7-36 amide] but not of synthetic human gastric inhibitory
polypeptide in patients with type-2 diabetes mellitus. J Clin Invest. 1993;91(1):301-307.
doi:10.1172/JC1116186.

84



82.Villanueva-Pefacarrillo ML, Marquez L, Gonzalez N, Diaz-Miguel M, Valverde |. Effect of GLP-
1 on lipid metabolism in human adipocytes. Horm Metab Res. 2001;33(2):73-77.
doi:10.1055/s-2001-12428.

83.Bose AK, Mocanu MM, Carr RD, Brand CL, Yellon DM. Glucagon-like peptide 1 can directly
protect the heart against ischemia/reperfusion injury. Diabetes. 2005;54(1):146-151.
doi:10.2337/diabetes.54.1.146.

84.Ma X, Liu Z, llyas I, Little PJ, Kamato D, Sahebka A, Chen Z, Luo S, Zheng X, Weng J, Xu S.
GLP-1 receptor agonists (GLP-1RAs): cardiovascular actions and therapeutic potential. Int J
Biol Sci. 2021;17(8):2050-2068. doi:10.7150/ijbs.59965.

85.Tang-Christensen M, Larsen PJ, Goke R, Fink-Jensen A, Jessop DS, Mgller M, Sheikh SP.
Central administration of GLP-1-(7-36) amide inhibits food and water intake in rats. Am J
Physiol. 1996;271(4 Pt 2):R848-R856. doi:10.1152/ajpregu.1996.271.4.R848.

86.Nauck MA, Bartels E, Orskov C, Ebert R, Creutzfeldt W. Additive insulinotropic effects of
exogenous synthetic human gastric inhibitory polypeptide and glucagon-like peptide-1-(7-36)
amide infused at near-physiological insulinotropic hormone and glucose concentrations. J Clin
Endocrinol Metab. 1993;76(4):912-917. doi:10.1210/jcem.76.4.8473405.

87.Drucker DJ, Nauck MA. The incretin system: glucagon-like peptide-1 receptor agonists and
dipeptidyl peptidase-4 inhibitors in type 2 diabetes. Lancet. 2006;368(9548):1696—1705.
doi:10.1016/S0140-6736(06)69705-5.

88.Caruso |, Cignarelli A, Giorgino F. Heterogeneity and Similarities in GLP-1 receptor agonist
cardiovascular outcomes trials. Trends Endocrinol Metab. 2019;30(9):578-589.
doi:10.1016/j.tem.2019.07.004.

89.0'Connor C, Adams J. Essentials of Cell Biology, C. O'Connor, Editor. Cambridge, MA: Nature
Publishing Group Education; 2010.

90.Kroeze WK, Sheffler DJ, Roth BL. G-protein-coupled receptors at a glance. J Cell Sci.
2003;116(Pt 24):4867-4869. doi:10.1242/jcs.00902.

91.Rosenbaum DM, Rasmussen SG, Kobilka BK. The structure and function of G-protein-coupled
receptors. Nature. 2009;459(7245):356—363. doi:10.1038/nature08144.

92.Hauser AS, Chavali S, Masuho I, Jahn LJ, Martemyanov KA, Gloriam DE, Babu MM.
Pharmacogenomics of GPCR drug targets. Cell. 2018;172(1-2):41-54.
doi:10.1016/j.cell.2017.11.033.

93.Fang Y, Kenakin T, Liu C. Editorial: orphan GPCRs as emerging drug targets. Front
Pharmacol. 2015;6:295. doi:10.3389/fphar.2015.00295.

94 .Rasmussen SG, Choi HJ, Rosenbaum DM, Kobilka TS, Thian FS, Edwards PC, Burghammer
M, Ratnala VR, Sanishvili R, Fischetti RF, Schertler GF, Weis WI, Kobilka BK. Crystal structure
of the human beta2 adrenergic G-protein-coupled receptor. Nature. 2007;450(7168):383—-387.
doi:10.1038/nature06325.

95.Sprang S. GEFs: master regulators of G-protein activation. Trends Biochem Sci.
2001;26(4):266—267. doi:10.1016/s0968-0004(01)01818-7.

96.Yan X, Gao S, Tang M, Xi J, Gao L, Zhu M, Luo H, Hu X, Zheng Y, Hescheler J, Liang H.
Adenylyl cyclase/cAMP-PKA-mediated phosphorylation of basal L-type Ca(2+) channels in
mouse  embryonic  ventricular myocytes. Cell  Calcium.  2011;50(5):433-443.
doi:10.1016/j.ceca.2011.07.004.

97.Krasel C, Bunemann M, Lorenz K, Lohse MJ. Beta-arrestin binding to the beta2-adrenergic
receptor requires both receptor phosphorylation and receptor activation. J Biol Chem.
2005;280(10):9528-9535. d0i:10.1074/jbc.M413078200.

98.Kern RC, Kang DS, Benovic JL. Arrestin2/clathrin interaction is regulated by key N- and C-
terminal regions in arrestin2. Biochemistry. 2009;48(30):7190-7200. doi:10.1021/bi900369c.

85



99.Laporte SA, Oakley RH, Holt JA, Barak LS, Caron MG. The interaction of beta-arrestin with the
AP-2 adaptor is required for the clustering of beta 2-adrenergic receptor into clathrin-coated
pits. J Biol Chem. 2000;275(30):23120-23126. doi:10.1074/jbc.M002581200.

100.Irannejad R, Tomshine JC, Tomshine JR, Chevalier M, Mahoney JP, Steyaert J, Rasmussen
SG, Sunahara RK, ElI-Samad H, Huang B, von Zastrow M. Conformational biosensors reveal
GPCR signalling from endosomes. Nature. 2013;495(7442):534-538.
doi:10.1038/nature12000.

101.Godbole A, Lyga S, Lohse MJ, Calebiro D. Internalized TSH receptors en route to the TGN
induce local Gs-protein signaling and gene transcription. Nat Commun. 2017;8(1):443.
doi:10.1038/s41467-017-00357-2.

102.Li Y, Li H, Liu X, Bao G, Tao Y, Wu Z, Xia P, Wu C, Li B, Ma L. Regulation of amygdalar PKA
by beta-arrestin-2/phosphodiesterase-4 complex is critical for fear conditioning. Proc Natl Acad
Sci USA. 2009;106(51):21918-21923. doi:10.1073/pnas.0906941106.

103.Bowman SL, Puthenveedu MA. Postendocytic sorting of adrenergic and opioid receptors: new
mechanisms and functions. Prog Mol Biol Transl Sci. 2015;132:189-206.
doi:10.1016/bs.pmbts.2015.03.005.

104.Shenoy SK. Arrestin interaction with E3 ubiquitin ligases and deubiquitinases: functional and
therapeutic implications. Handb Exp Pharmacol. 2014;219:187-203. doi:10.1007/978-3-642-
41199-1 10.

105.Hilger D, Masureel M, Kobilka BK. Structure and dynamics of GPCR signaling complexes.
Nat Struct Mol Biol. 2018;25(1):4-12. doi:10.1038/s41594-017-0011-7.

106.Maharana J, Banerjee R, Yadav MK, Sarma P, Shukla AK. Emerging structural insights into
GPCR-B-arrestin interaction and functional outcomes. Curr Opin Struct Biol. 2022;75:102406.
doi:10.1016/j.sbi.2022.102406.

107.Jean-Charles PY, Kaur S, Shenoy SK. G protein-coupled receptor signaling through (-
arrestin-dependent  mechanisms. J Cardiovasc Pharmacol. 2017;70(3):142-158.
doi:10.1097/FJC.0000000000000482.

108.Tsao P, Cao T, von Zastrow M. Role of endocytosis in mediating downregulation of G-protein-
coupled receptors. Trends Pharmacol Sci. 2001;22(2):91-96. do0i:10.1016/s0165-
6147(00)01620-5.

109.Whistler JL, Enquist J, Marley A, Fong J, Gladher F, Tsuruda P, Murray SR, Von Zastrow M.
Modulation of postendocytic sorting of G protein-coupled receptors. Science.
2002;297(5581):615-620. doi:10.1126/science.1073308.

110.Hanyaloglu AC, von Zastrow M. Regulation of GPCRs by endocytic membrane trafficking and
its potential implications. Annu Rev  Pharmacol Toxicol. 2008;48:537-568.
doi:10.1146/annurev.pharmtox.48.113006.094830.

111.Gage RM, Kim KA, Cao TT, von Zastrow M. A transplantable sorting signal that is sufficient to
mediate rapid recycling of G protein-coupled receptors. J Biol Chem. 2001;276(48):44712—
44720. doi:10.1074/jbc.M107417200.

112.Maxfield FR, McGraw TE. Endocytic recycling. Nat Rev Mol Cell Biol. 2004;5(2):121-132.
doi:10.1038/nrm1315.

113.Premont RT, Gainetdinov RR. Physiological roles of G protein-coupled receptor kinases and
arrestins. Annu Rev Physiol. 2007;69:511-534.
doi:10.1146/annurev.physiol.69.022405.154731.

114.Cao TT, Deacon HW, Reczek D, Bretscher A, von Zastrow M. A kinase-regulated PDZ-
domain interaction controls endocytic sorting of the beta2-adrenergic receptor. Nature.
1999;401(6750):286—290. doi:10.1038/45816.

115.Ferguson SS, Zhang J, Barak LS, Caron MG. Molecular mechanisms of G protein-coupled
receptor desensitization and resensitization. Life Sci. 1998;62(17-18):1561-1565.
doi:10.1016/s0024-3205(98)00107-6.

86



116.Marchese A, Benovic JL. Agonist-promoted ubiquitination of the G protein-coupled receptor
CXCR4 mediates lysosomal sorting. J Biol Chem. 2001;276(49):45509-45512.
doi:10.1074/jbc.C100527200.

117.Bilodeau PS, Urbanowski JL, Winistorfer SC, Piper RC. The Vps27p Hselp complex binds
ubiquitin and mediates endosomal protein sorting. Nat Cell Biol. 2002;4(7):534-539.
doi:10.1038/nch815.

118.Babst M, Odorizzi G, Estepa EJ, Emr SD. Mammalian tumor susceptibility gene 101
(TSG101) and the yeast homologue, Vps23p, both function in late endosomal trafficking.
Traffic. 2000;1(3):248-258. doi:10.1034/j.1600-0854.2000.010307

119.Gage RM, Kim KA, Cao TT, von Zastrow M. A transplantable sorting signal that is sufficient to
mediate rapid recycling of G protein-coupled receptors. J Biol Chem. 2001;276(48):44712—
44720. doi:10.1074/jbc.M107417200.

120.Hall RA, Premont RT, Chow CW, Blitzer JT, Pitcher JA, Claing A, Stoffel RH, Barak LS,
Shenolikar S, Weinman EJ, Grinstein S, Lefkowitz RJ. The beta2-adrenergic receptor interacts
with the Na+/H+-exchanger regulatory factor to control Nat/H+ exchange. Nature.
1998;392(6676):626—630. doi:10.1038/33458.

121.Saksena S, Sun J, Chu T, Emr SD. ESCRTing proteins in the endocytic pathway. Trends
Biochem Sci. 2007;32(12):561-573. doi:10.1016/}.tibs.2007.09.010.

122.Hurley JH, Emr SD. The ESCRT complexes: structure and mechanism of a membrane-
trafficking  network.  Annu Rev  Biophys  Biomol  Struct. 2006;35:277-298.
doi:10.1146/annurev.biophys.35.040405.102126.

123.Slagsvold T, Pattni K, Malergd L, Stenmark H. Endosomal and non-endosomal functions of
ESCRT proteins. Trends Cell Biol. 2006;16(6):317-326. doi:10.1016/j.tcb.2006.04.004.

124.Tanowitz M, Von Zastrow M. Ubiquitination-independent trafficking of G protein-coupled
receptors to lysosomes. J Biol Chem. 2002;277(52):50219-50222.
doi:10.1074/jbc.C200536200.

125.Chin LS, Raynor MC, Wei X, Chen HQ, Li L. Hrs interacts with sorting nexin 1 and regulates
degradation of epidermal growth factor receptor. J Biol Chem. 2001;276(10):7069—7078.
doi:10.1074/jbc.M004129200.

126.Wang Y, Zhou Y, Szabo K, Haft CR, Trejo J. Down-regulation of protease-activated receptor-
1 is regulated by sorting nexin 1. Mol Biol Cell. 2002;13(6):1965-1976. doi:10.1091/mbc.e01-
11-0131.

127.Hislop JN, von Zastrow M. Role of ubiquitination in endocytic trafficking of G-protein-coupled
receptors. Traffic. 2011;12(2):137-148. doi:10.1111/j.1600-0854.2010.01121.

128.Heydorn A, Sgndergaard BP, Ersbgll B, Holst B, Nielsen FC, Haft CR, Whistler J, Schwartz
TW. A library of 7TM receptor C-terminal tails. Interactions with the proposed post-endocytic
sorting proteins ERM-binding phosphoprotein 50 (EBP50), N-ethylmaleimide-sensitive factor
(NSF), sorting nexin 1 (SNX1), and G protein-coupled receptor-associated sorting protein
(GASP). J Biol Chem. 2004;279:54291-54303. do0i:10.1074/jbc.M406169200.

129.Thompson D, Pusch M, Whistler JL. Changes in G protein-coupled receptor sorting protein
affinity regulate postendocytic targeting of G protein-coupled receptors. J Biol Chem.
2007;282:29178-29185. d0i:10.1074/jbc.M704014200.

130.Boeuf J, Trigo JM, Moreau PH, Lecourtier L, Vogel E, Cassel JC, Mathis C, Klosen P,
Maldonado R, Simonin F. Attenuated behavioural responses to acute and chronic cocaine in
GASP-1-deficient mice. Eur J Neurosci. 2009;30(5):860-868. do0i:10.1111/;.1460-
9568.2009.06865.

131.Tschische P, Moser E, Thompson D, Vischer HF, Parzmair GP, Pommer V, Platzer W,
Schwarzbraun T, Schaider H, Smit MJ, Martini L, Whistler JL, Waldhoer M. The G-protein
coupled receptor associated sorting protein GASP-1 regulates the signalling and trafficking of

87



the viral chemokine receptor US28. Traffic. 2010;11(5):660-674. doi:10.1111/;.1600-
0854.2010.1045.

132.Whistler JL, Enquist J, Marley A, Fong J, Gladher F, Tsuruda P, Murray SR, Von Zastrow M.
Modulation of postendocytic sorting of G protein-coupled receptors. Science.
2002;297(5581):615-620. doi:10.1126/science.1073308.

133.Thompson D, Matrtini L, Whistler JL. Altered ratio of D1 and D2 dopamine receptors in mouse
striatum is associated with behavioral sensitization to cocaine. PLoS One. 2010;5(6):e11038.
doi:10.1371/journal.pone.0011038.

134.Bartlett SE, Enquist J, Hopf FW, Lee JH, Gladher F, Kharazia V, Waldhoer M, Mailliard WS,
Armstrong R, Bonci A, Whistler JL. Dopamine responsiveness is regulated by targeted sorting
of D2 receptors. Proc Natl Acad Sci USA. 2005;102(32):11521-11526.
doi:10.1073/pnas.0502418102.

135.Simonin F, Karcher P, Boeuf JJ, Matifas A, Kieffer BL. Identification of a novel family of G
protein-coupled receptor associated sorting proteins. J Neurochem. 2004;89(3):766—775.
doi:10.1111/j.1471-4159.2004.02411.

136.Suyama M, Nagase T, Ohara O. HUGE: a database for human large proteins identified by
Kazusa cDNA sequencing project. Nucleic Acids Res. 1999;27(1):338-339.
doi:10.1093/nar/27.1.338.

137.Enquist J, Skréder C, Whistler JL, Leeb-Lundberg LM. Kinins promote B2 receptor
endocytosis and delay constitutive B1 receptor endocytosis. Mol Pharmacol. 2007;71(2):494—
507. doi:10.1124/mol.106.030858.

138.Mayo KE, Miller LJ, Bataille D, Dalle S, Goéke B, Thorens B, Drucker DJ. International Union
of Pharmacology. XXXV. The glucagon receptor family. Pharmacol Rev. 2003;55(1):167-194.
doi:10.1124/pr.55.1.6.

139.Zhao P, Liang YL, Belousoff MJ, Deganutti G, Fletcher MM, Willard FS, Bell MG, Christe ME,
Sloop KW, Inoue A, Truong TT, Clydesdale L, Furness SGB, Christopoulos A, Wang MW,
Miller LJ, Reynolds CA, Danev R, Sexton PM, Wootten D. Activation of the GLP-1 receptor by
a non-peptidic agonist. Nature. 2020;577(7790):432—-436. doi:10.1038/s41586-019-1902-z.

140.Fletcher MM, Halls ML, Christopoulos A, Sexton PM, Wootten D. The complexity of signalling
mediated by the glucagon-like peptide-1 receptor. Biochem Soc Trans. 2016;44(2):582—-588.
doi:10.1042/BST20150244.

141.Takeda Y, Amano A, Noma A, Nakamura Y, Fujimoto S, Inagaki N. Systems analysis of GLP-
1 receptor signaling in pancreatic B-cells. Am J Physiol Cell Physiol. 2011;301(4):C792-803.
doi:10.1152/ajpcell.00057.2011.

142.Rorsman P, Ashcroft FM. Pancreatic B-cell electrical activity and insulin secretion: of mice
and men. Physiol Rev. 2018;98(1):117-214. doi:10.1152/physrev.00008.2017.

143.Holz GG 4th, Leech CA, Habener JF. Activation of a cAMP-regulated Ca(2+)-signaling
pathway in pancreatic beta-cells by the insulinotropic hormone glucagon-like peptide-1. J Biol
Chem. 1995;270(30):17749-17757.

144.Kang G, Chepurny OG, Holz GG. cAMP-regulated guanine nucleotide exchange factor I
(Epac2) mediates Ca2+-induced Ca2+ release in INS-1 pancreatic beta-cells. J Physiol.
2001;536(Pt 2):375-385. d0i:10.1111/j.1469-7793.2001.0375c.xd.

145.Gromada J, Bokvist K, Ding WG, Holst JJ, Nielsen JH, Rorsman P. Glucagon-like peptide 1
(7-36) amide stimulates exocytosis in human pancreatic beta-cells by both proximal and distal
regulatory  steps in  stimulus-secretion  coupling.  Diabetes.  1998;47(1):57-65.
doi:10.2337/diab.47.1.57.

146.Buteau J, Roduit R, Susini S, Prentki M. Glucagon-like peptide-1 promotes DNA synthesis,
activates phosphatidylinositol 3-kinase and increases transcription factor pancreatic and
duodenal homeobox gene 1 (PDX-1) DNA binding activity in beta (INS-1)-cells. Diabetologia.
1999;42(7):856—-864. doi:10.1007/s001250051238.

88



147.Buteau J, Foisy S, Rhodes CJ, Carpenter L, Biden TJ, Prentki M. Protein kinase Czeta
activation mediates glucagon-like peptide-1-induced pancreatic beta-cell proliferation.
Diabetes. 2001;50(10):2237-2243. doi:10.2337/diabetes.50.10.2237.

148.Hui H, Nourparvar A, Zhao X, Perfetti R. Glucagon-like peptide-1 inhibits apoptosis of insulin-
secreting cells via a cyclic 5'-adenosine monophosphate-dependent protein kinase A- and a
phosphatidylinositol 3-kinase-dependent pathway. Endocrinology. 2003;144(4):1444-1455.
doi:10.1210/en.2002-220897.

149.Ferguson SS. Evolving concepts in G protein-coupled receptor endocytosis: the role in
receptor desensitization and signaling. Pharmacol Rev. 2001;53(1):1-24.

150.Buenaventura T, Bitsi S, Laughlin WE, Burgoyne T, Lyu Z, Oqua Al, Norman H, McGlone ER,
Klymchenko AS, Corréa IR Jr, Walker A, Inoue A, Hanyaloglu A, Grimes J, Koszegi Z,
Calebiro D, Rutter GA, Bloom SR, Jones B, Tomas A. Agonist-induced membrane
nanodomain clustering drives GLP-1 receptor responses in pancreatic beta cells. PLoS Biol.
2019;17(8):€3000097. doi:10.1371/journal.pbio.3000097.

151.Scott MG, Benmerah A, Muntaner O, Marullo S. Recruitment of activated G protein-coupled
receptors to pre-existing clathrin-coated pits in living cells. J Biol Chem. 2002;277(5):3552—
3559. do0i:10.1074/jbc.M106586200.

152.Laporte SA, Oakley RH, Zhang J, Holt JA, Ferguson SS, Caron MG, Barak LS. The beta2-
adrenergic receptor/betaarrestin complex recruits the clathrin adaptor AP-2 during
endocytosis. Proc Natl Acad Sci USA. 1999;96(7):3712—-3717. doi:10.1073/pnas.96.7.3712.

153.Jones B, Buenaventura T, Kanda N, Chabosseau P, Owen BM, Scott R, Goldin R,
Angkathunyakul N, Corréa IR Jr, Bosco D, Johnson PR, Piemonti L, Marchetti P, Shapiro AMJ,
Cochran BJ, Hanyaloglu AC, Inoue A, Tan T, Rutter GA, Tomas A, Bloom SR. Targeting GLP-
1 receptor trafficking to improve agonist efficacy. Nat Commun. 2018;9(1):1602.
doi:10.1038/s41467-018-03941-2.

154.Kaksonen M, Roux A. Mechanisms of clathrin-mediated endocytosis. Nat Rev Mol Cell Biol.
2018;19(5):313-326. d0i:10.1038/nrm.2017.132.

155.Woodman PG. Biogenesis of the sorting endosome: the role of Rab5. Traffic. 2000;1(9):695—
701. doi:10.1034/j.1600-0854.2000.010902.

156.Girada SB, Kuna RS, Bele S, Zhu Z, Chakravarthi NR, DiMarchi RD, Mitra P. Gas regulates
Glucagon-Like Peptide 1 Receptor-mediated cyclic AMP generation at Rab5 endosomal
compartment. Mol Metab. 2017;6(10):1173-1185. doi:10.1016/j.molmet.2017.08.002.

157.Zerial M, McBride H. Rab proteins as membrane organizers. Nat Rev Mol Cell Biol.
2001;2(2):107-117. doi:10.1038/35052055.

158.Fang Z, Chen S, Manchanda Y, Bitsi S, Pickford P, David A, Shchepinova MM, Corréa IR Jr,
Hodson DJ, Broichhagen J, Tate EW, Reimann F, Salem V, Rutter GA, Tan T, Bloom SR,
Tomas A, Jones B. Ligand-specific factors influencing GLP-1 receptor post-endocytic
trafficking and degradation in pancreatic beta cells. Int J Mol Sci. 2020;21(21):8404.
doi:10.3390/ijjms21218404.

159.Buenaventura T, Kanda N, Douzenis PC, Jones B, Bloom SR, Chabosseau P, Corréa IR Jr,
Bosco D, Piemonti L, Marchetti P, Johnson PR, Shapiro AMJ, Rutter GA, Tomas A. A targeted
RNAI screen identifies endocytic trafficking factors that control GLP-1 receptor signaling in
pancreatic 3-cells. Diabetes. 2018;67(3):385-399. d0i:10.2337/db17-0639.

160.Dores MR, Paing MM, Lin H, Montagne WA, Marchese A, Trejo J. AP-3 regulates PAR1
ubiquitin-independent MVB/lysosomal sorting via an ALIX-mediated pathway. Mol Biol Cell.
2012;23(18):3612—-3623. doi:10.1091/mbc.E12-03-0251.

161.Nauck MA, Vardarli I, Deacon CF, Holst JJ, Meier JJ. Secretion of glucagon-like peptide-1
(GLP-1) in type 2 diabetes: what is up, what is down? Diabetologia. 2011;54(1):10-18.
doi:10.1007/s00125-010-1896-4.

89



162.Calanna S, Christensen M, Holst JJ, Laferrére B, Gluud LL, Vilsbgll T, Knop FK. Secretion of
glucagon-like peptide-1 in patients with type 2 diabetes mellitus: systematic review and meta-
analyses of clinical studies. Diabetologia. 2013;56(5):965-972. doi:10.1007/s00125-013-2841-
0.

163.Holst JJ. The physiology of glucagon-like peptide 1. Physiol Rev. 2007;87(4):1409-1439.
doi:10.1152/physrev.00034.2006.

164.Meier JJ. GLP-1 receptor agonists for individualized treatment of type 2 diabetes mellitus. Nat
Rev Endocrinol. 2012;8(12):728-742. doi:10.1038/nrendo.2012.140.

165.Drucker DJ. Mechanisms of action and therapeutic application of glucagon-like peptide-1. Cell
Metab. 2018;27(4):740-756. doi:10.1016/j.cmet.2018.03.001.

166.Kolterman OG, Kim DD, Shen L, Ruggles JA, Nielsen LL, Fineman MS, Baron AD.
Pharmacokinetics, pharmacodynamics, and safety of exenatide in patients with type 2 diabetes
mellitus. Am J Health Syst Pharm. 2005;62(2):173-181. doi:10.1093/ajhp/62.2.173.

167.Eng J, Kleinman WA, Singh L, Singh G, Raufman JP. Isolation and characterization of
exendin-4, an exendin-3 analogue, from Heloderma suspectum venom. Further evidence for
an exendin receptor on dispersed acini from guinea pig pancreas. J Biol Chem.
1992;267(11):7402—-7405.

168.Cvetkovi¢ RS, Plosker GL. Exenatide: a review of its use in patients with type 2 diabetes
mellitus (as an adjunct to metformin and/or a sulfonylurea). Drugs. 2007;67(6):935-954.
doi:10.2165/00003495-200767060-00008.

169.Fineman MS, Bicsak TA, Shen LZ, Taylor K, Gaines E, Varns A, Kim D, Baron AD. Effect on
glycemic control of exenatide (synthetic exendin-4) additive to existing metformin and/or
sulfonylurea treatment in patients with type 2 diabetes. Diabetes Care. 2003;26(8):2370-2377.
doi:10.2337/diacare.26.8.2370.

170.Blevins T, Pullman J, Malloy J, Yan P, Taylor K, Schulteis C, Trautmann M, Porter L.
DURATION-5: exenatide once weekly resulted in greater improvements in glycemic control
compared with exenatide twice daily in patients with type 2 diabetes. J Clin Endocrinol Metab.
2011;96(5):1301-1310. do0i:10.1210/jc.2010-2081.

171.Agersg H, Vicini P. Pharmacodynamics of NN2211, a novel long acting GLP-1 derivative. Eur
J Pharm Sci. 2003;19(2-3):141-150. doi:10.1016/s0928-0987(03)00073-3.

172.Garber A, Henry R, Ratner R, Garcia-Hernandez PA, Rodriguez-Pattzi H, Olvera-Alvarez |,
Hale PM, Zdravkovic M, Bode B; LEAD-3 (Mono) Study Group. Liraglutide versus glimepiride
monotherapy for type 2 diabetes (LEAD-3 Mono): a randomised, 52-week, phase lll, double-
blind, parallel-treatment trial. Lancet. 2009;373(9662):473-481. do0i:10.1016/S0140-
6736(08)61246-5.

173.Marre M, Shaw J, Brandle M, Bebakar WM, Kamaruddin NA, Strand J, Zdravkovic M, Le Thi
TD, Colagiuri S; LEAD-1 SU study group. Liraglutide, a once-daily human GLP-1 analogue,
added to a sulphonylurea over 26 weeks produces greater improvements in glycaemic and
weight control compared with adding rosiglitazone or placebo in subjects with type 2 diabetes
(LEAD-1 SU). Diabet Med. 2009;26(3):268—-278. d0i:10.1111/j.1464-5491.2009.02666.

174.Nauck M, Frid A, Hermansen K, Shah NS, Tankova T, Mitha IH, Zdravkovic M, During M,
Matthews DR; LEAD-2 Study Group. Efficacy and safety comparison of liraglutide, glimepiride,
and placebo, all in combination with metformin, in type 2 diabetes: the LEAD (liraglutide effect
and action in diabetes)-2 study. Diabetes Care. 2009;32(1):84-90. do0i:10.2337/dc08-1355.

175.inman B, Gerich J, Buse JB, Lewin A, Schwartz S, Raskin P, Hale PM, Zdravkovic M, Blonde
L; LEAD-4 Study Investigators. Efficacy and safety of the human glucagon-like peptide-1
analog liraglutide in combination with metformin and thiazolidinedione in patients with type 2
diabetes (LEAD-4 Met+TZD). Diabetes Care. 2009;32(7):1224—-1230. doi:10.2337/dc08-2124.

176.Russell-Jones D, Vaag A, Schmitz O, Sethi BK, Lalic N, Antic S, Zdravkovic M, Ravn GM,
Simo R; Liraglutide Effect and Action in Diabetes 5 (LEAD-5) met+SU Study Group. Liraglutide

90



vs insulin glargine and placebo in combination with metformin and sulfonylurea therapy in type
2 diabetes mellitus (LEAD-5 met+SU): a randomised controlled trial. Diabetologia.
2009;52(10):2046—2055. doi:10.1007/s00125-009-1472-y.

177.Tamura K, Minami K, Kudo M, lemoto K, Takahashi H, Seino S. Liraglutide improves
pancreatic beta cell mass and function in alloxan-induced diabetic mice. PLoS One.
2015;10(5):e0126003. doi:10.1371/journal.pone.0126003.

178.Buse JB, Rosenstock J, Sesti G, Schmidt WE, Montanya E, Brett JH, Zychma M, Blonde L,
LEAD-6 Study Group. Liraglutide once a day versus exenatide twice a day for type 2 diabetes:
a 26-week randomised, parallel-group, multinational, open-label trial (LEAD-6). Lancet.
2009;374(9683):39-47. doi:10.1016/S0140-6736(09)60659-0.

179.Denker PS, Dimarco PE. Exenatide (exendin-4)-induced pancreatitis: a case report. Diabetes
Care. 2006;29(2):471. doi:10.2337/diacare.29.02.06.dc05-2043.

180.Demuth HU, Mcintosh CH, Pederson RA. Type 2 diabetes--therapy with dipeptidyl peptidase
IV inhibitors. Biochim Biophys Acta. 2005;1751(1):33—44. doi:10.1016/j.bbapap.2005.05.010.

181.Deacon CF. Physiology and pharmacology of DPP-4 in glucose homeostasis and the
treatment of type 2 diabetes. Front Endocrinol (Lausanne). 2019;10:80.
doi:10.3389/fend0.2019.00080.

182.Gallwitz B. Novel therapeutic approaches in diabetes. Endocr Dev. 2016;31:43-56.
doi:10.1159/000439372.

183.Craddy P, Palin HJ, Johnson KI. Comparative effectiveness of dipeptidylpeptidase-4 inhibitors
in type 2 diabetes: a systematic review and mixed treatment comparison. Diabetes Ther.
2014;5(1):1-41. doi:10.1007/s13300-014-0061-3.

184.Scheen AJ, Charpentier G, Ostgren CJ, Hellgvist A, Gause-Nilsson I. Efficacy and safety of
saxagliptin in combination with metformin compared with sitagliptin in combination with
metformin in adult patients with type 2 diabetes mellitus. Diabetes Metab Res Rev.
2010;26(7):540-549. doi:10.1002/dmrr.1114.

185.Amori RE, Lau J, Pittas AG. Efficacy and safety of incretin therapy in type 2 diabetes:
systematic review and meta-analysis. JAMA. 2007;298(2):194-206.
doi:10.1001/jama.298.2.194.

186.Madsbad S. Exenatide and liraglutide: different approaches to develop GLP-1 receptor
agonists (incretin mimetics)—preclinical and clinical results. Best Pract Res Clin Endocrinol
Metab. 2009;23(4):463—-477. doi:10.1016/j.beem.2009.03.008.

187.Gerich J. DPP-4 inhibitors: what may be the clinical differentiators? Diabetes Res Clin Pract.
2010;90(2):131-140. doi:10.1016/j.diabres.2010.07.006.

188.Stonehouse A, Walsh B, Cuddihy R. Exenatide once-weekly clinical development: safety and
efficacy across a range of background therapies. Diabetes Technol Ther. 2011;13(10):1063—
1069. doi:10.1089/dia.2011.0076.

189.Hubers SA, Wilson JR, Yu C, Nian H, Grouzmann E, Eugster P, Shibao CA, Billings FT 4th,
Jafarian Kerman S, Brown NJ. DPP (Dipeptidyl Peptidase)-4 inhibition potentiates the
vasoconstrictor response to NPY (Neuropeptide Y) in humans during renin-angiotensin-
aldosterone system inhibition. Hypertension. 2018;72(3):712-719.
doi:10.1161/HYPERTENSIONAHA.118.11498.

190.Frias JP, Nauck MA, Van J, Kutner ME, Cui X, Benson C, Urva S, Gimeno RE, Milicevic Z,
Robins D, Haupt A. Efficacy and safety of LY3298176, a novel dual GIP and GLP-1 receptor
agonist, in patients with type 2 diabetes: a randomised, placebo-controlled and active
comparator-controlled phase 2 trial. Lancet. 2018;392(10160):2180-2193. doi:10.1016/S0140-
6736(18)32260-8.

191.Coskun T, Sloop KW, Loghin C, Alsina-Fernandez J, Urva S, Bokvist KB, Cui X, Briere DA,
Cabrera O, Roell WC, Kuchibhotla U, Moyers JS, Benson CT, Gimeno RE, D'Alessio DA,
Haupt A. LY3298176, a novel dual GIP and GLP-1 receptor agonist for the treatment of type 2

91



diabetes mellitus: from discovery to clinical proof of concept. Mol Metab. 2018;18:3-14.
doi:10.1016/j.molmet.2018.09.009.

192.Rosenstock J, Wysham C, Frias JP, Kaneko S, Lee CJ, Fernandez Lando L, Mao H, Cui X,
Karanikas CA, Thieu VT. Efficacy and safety of a novel dual GIP and GLP-1 receptor agonist
tirzepatide in patients with type 2 diabetes (SURPASS-1): a double-blind, randomised, phase 3
trial. Lancet. 2021;398(10295):143-155. doi:10.1016/S0140-6736(21)01324-6.

193.Frias JP, Davies MJ, Rosenstock J, Pérez Manghi FC, Fernandez Landé L, Bergman BK, Liu
B, Cui X, Brown K; SURPASS-2 Investigators. Tirzepatide versus semaglutide once weekly in
patients with type 2 diabetes. N Engl J Med. 2021;385(6):503-515.
doi:10.1056/NEJM0a2107519.

194.Ludvik B, Giorgino F, Jodar E, Frias JP, Fernandez Land6 L, Brown K, Bray R, Rodriguez A.
Once-weekly tirzepatide versus once-daily insulin degludec as add-on to metformin with or
without SGLT2 inhibitors in patients with type 2 diabetes (SURPASS-3): a randomised, open-
label, parallel-group, phase 3 trial. Lancet. 2021;398(10300):583-598. do0i:10.1016/S0140-
6736(21)01443-4.

195.Del Prato S, Kahn SE, Pavo |, Weerakkody GJ, Yang Z, Doupis J, Aizenberg D, Wynne AG,
Riesmeyer JS, Heine RJ, Wiese RJ; SURPASS-4 Investigators. Tirzepatide versus insulin
glargine in type 2 diabetes and increased cardiovascular risk (SURPASS-4): a randomised,
open-label, parallel-group, multicentre, phase 3 trial. Lancet. 2021;398(10313):1811-1824.
doi:10.1016/S0140-6736(21)02188-7.

196.Dahl D, Onishi Y, Norwood P, Huh R, Bray R, Patel H, Rodriguez A. Effect of subcutaneous
tirzepatide vs placebo added to titrated insulin glargine on glycemic control in patients with
type 2 diabetes: the SURPASS-5 Randomized Clinical Trial. JAMA. 2022;327(6):534-545.
doi:10.1001/jama.2022.0078.

197.Rowlands J, Heng J, Newsholme P, Carlessi R. Pleiotropic effects of GLP-1 and analogs on
cell signaling, metabolism, and function. Front Endocrinol (Lausanne). 2018;9:672.
doi:10.3389/fendo.2018.00672.

198.Jorgensen R, Kubale V, Vrecl M, Schwartz TW, Elling CE. Oxyntomodulin differentially affects
glucagon-like peptide-1 receptor beta-arrestin recruitment and signaling through Galpha(s). J
Pharmacol Exp Ther. 2007;322(1):148-154. doi:10.1124/jpet.107.120006.

199.Fremaux J, Venin C, Mauran L, Zimmer R, Koensgen F, Rognan D, Bitsi S, Lucey MA, Jones
B, Tomas A, Guichard G, Goudreau SR. Ureidopeptide GLP-1 analogues with prolonged
activity in vivo via signal bias and altered receptor trafficking. Chem Sci. 2019;10(42):9872—
9879. doi:10.1039/c9sc02079a.

200.Pickford P, Lucey M, Fang Z, Bitsi S, de la Serna JB, Broichhagen J, Hodson DJ, Minnion J,
Rutter GA, Bloom SR, Tomas A, Jones B. Signalling, trafficking and glucoregulatory properties
of glucagon-like peptide-1 receptor agonists exendin-4 and lixisenatide. Br J Pharmacol.
2020;177(17):3905-3923. d0i:10.1111/bph.15134.

201.Jones B, Bloom SR, Buenaventura T, Tomas A, Rutter GA. Control of insulin secretion by
GLP-1. Peptides. 2018;100:75-84. doi:10.1016/.peptides.2017.12.013.

202.an der Velden WJC, Smit FX, Christiansen CB, Mgller TC, Hjorteg GM, Larsen O, Schiellerup
SP, Brauner-Osborne H, Holst JJ, Hartmann B, Frimurer TM, Rosenkilde MM. GLP-1 Val8: a
biased GLP-1R agonist with altered binding kinetics and impaired release of pancreatic
hormones in rats. ACS Pharmacol Transl Sci. 2021;4(1):296-313.
doi:10.1021/acsptsci.0c00193.

203.Jones B, McGlone ER, Fang Z, Pickford P, Corréa IR Jr, Oishi A, Jockers R, Inoue A, Kumar
S, Gorlitz F, Dunsby C, French PMW, Rutter GA, Tan T, Tomas A, Bloom SR. Genetic and
biased agonist-mediated reductions in B-arrestin recruitment prolong cAMP signaling at
glucagon family receptors. J Biol Chem. 2021;296:100133. doi:10.1074/jbc.RA120.016334.

92



204.Sonoda N, Imamura T, Yoshizaki T, Babendure JL, Lu JC, Olefsky JM. Beta-Arrestin-1
mediates glucagon-like peptide-1 signaling to insulin secretion in cultured pancreatic beta
cells. Proc Natl Acad Sci USA. 2008;105(18):6614—-6619. doi:10.1073/pnas.0710402105.

205.Marzook A, Chen S, Pickford P, Lucey M, Wang Y, Corréa IR Jr, Broichhagen J, Hodson DJ,
Salem V, Rutter GA, Tan TM, Bloom SR, Tomas A, Jones B. Evaluation of efficacy- versus
affinity-driven agonism with biased GLP-1R ligands P5 and exendin-F1. Biochem Pharmacol.
2021;190:114656. d0i:10.1016/j.bcp.2021.114656.

206.Lucey M, Ashik T, Marzook A, Wang Y, Goulding J, Oishi A, Broichhagen J, Hodson DJ,
Minnion J, Elani Y, Jockers R, Briddon SJ, Bloom SR, Tomas A, Jones B. Acylation of the
incretin peptide exendin-4 directly impacts glucagon-like peptide-1 Receptor signaling and
trafficking. Mol Pharmacol. 2021;100(4):319-334. doi:10.1124/molpharm.121.000270.

207.Reiter E, Ahn S, Shukla AK, Lefkowitz RJ. Molecular mechanism of B-arrestin-biased
agonism at seven-transmembrane receptors. Annu Rev Pharmacol Toxicol. 2012;52:179-197.
doi:10.1146/annurev.pharmtox.010909.105800.

208.Rajagopal K, Whalen EJ, Violin JD, Stiber JA, Rosenberg PB, Premont RT, Coffman TM,
Rockman HA, Lefkowitz RJ. Beta-arrestin2-mediated inotropic effects of the angiotensin Il type
1A receptor in isolated cardiac myocytes. Proc Natl Acad Sci USA. 2006;103(44):16284—
16289. doi:10.1073/pnas.0607583103.

209.Latif W, Lambrinos KJ, Rodriguez R. Compare and contrast the glucagon-like peptide-1
receptor agonists (GLP1RAs). 2023. In: StatPearls [Internet]. Treasure Island (FL): StatPearls
Publishing; 2023.

210.Sedman T, Krass M, Rinkorg K, Vasar E, Volke V. Tolerance develops toward GLP-1
receptor agonists’ glucose-lowering effect in mice. Eur J Pharmacol. 2020;885:173443.
https://doi.org/10.1016/j.ejphar.2020.173443.

211.Fu Z, Gilbert ER, Liu D. Regulation of insulin synthesis and secretion and pancreatic Beta-cell
dysfunction in diabetes. Curr Diabetes Rev. 2013;9(1):25-53.

212.Wan W, Qin Q, Xie L, Zhang H, Wu F, Stevens RC, Liu Y. GLP-1R signaling and functional
molecules in incretin therapy. Molecules. 2023;28(2):751. doi:10.3390/molecules28020751.

213.Marley A, von Zastrow M. Dysbindin promotes the post-endocytic sorting of G protein-coupled
receptors to lysosomes. PL0S One. 2010;5(2):€9325. doi:10.1371/journal.pone.0009325.

214 .Bartlett SE, Enquist J, Hopf FW, Lee JH, Gladher F, Kharazia V, Waldhoer M, Mailliard WS,
Armstrong R, Bonci A, Whistler JL. Dopamine responsiveness is regulated by targeted sorting
of D2 receptors. Proc Natl Acad Sci USA. 2005;102(32):11521-11526.
https://doi.org/10.1073/pnas.0502418102.

215.Brissova M, Fowler MJ, Nicholson WE, Chu A, Hirshberg B, Harlan DM, Powers AC.
Assessment of human pancreatic islet architecture and composition by laser scanning confocal
microscopy. J Histochem Cytochem. 2005;53(9):1087-1097. doi:10.1369/jhc.5C6684.2005.

216.Wang X, Misawa R, Zielinski MC, Cowen P, Jo J, Periwal V, Ricordi C, Khan A, Szust J, Shen
J, Millis JM, Witkowski P, Hara M. Regional differences in islet distribution in the human
pancreas--preferential beta-cell loss in the head region in patients with type 2 diabetes. PLoS
One. 2013;8(6):e67454. doi:10.1371/journal.pone.0067454.

217.Dybala MP, Hara M. Heterogeneity of the human pancreatic islet. Diabetes. 2019;68(6):1230—
1239. doi:10.2337/db19-0072.

218.Banarer S, McGregor VP, Cryer PE. Intraislet hyperinsulinemia prevents the glucagon
response to hypoglycemia despite an intact autonomic response. Diabetes. 2002;51(4):958—
965. doi:10.2337/diabetes.51.4.958.

219.Meier JJ, Kjems LL, Veldhuis JD, Lefebvre P, Butler PC. Postprandial suppression of
glucagon secretion depends on intact pulsatile insulin secretion: further evidence for the

93


https://doi.org/10.1016/j.ejphar.2020.173443
https://doi.org/10.1073/pnas.0502418102

intraislet insulin hypothesis. Diabetes. 2006;55(4):1051-1056.
doi:10.2337/diabetes.55.04.06.db05-1449.

220.Gromada J, Franklin I, Wollheim CB. Alpha-cells of the endocrine pancreas: 35 years of
research but the enigma remains. Endocr Rev. 2007;28(1):84-116. doi:10.1210/er.2006-0007.

221.Mdller TD, Finan B, Bloom SR, D'Alessio D, Drucker DJ, Flatt PR, Fritsche A, Gribble F, Grill
HJ, Habener JF, Holst JJ, Langhans W, Meier JJ, Nauck MA, Perez-Tilve D, Pocai A, Reimann
F, Sandoval DA, Schwartz TW, Seeley RJ, Stemmer K, Tang-Christensen M, Woods SC,
DiMarchi RD, Tschop MH. Glucagon-like peptide 1 (GLP-1). Mol Metab. 2019;30:72-130.
doi:10.1016/j.molmet.2019.09.010.

222.Capozzi ME, Svendsen B, Encisco SE, Lewandowski SL, Martin MD, Lin H, Jaffe JL, Coch
RW, Haldeman JM, MacDonald PE, Merrins MJ, D'Alessio DA, Campbell JE. B cell tone is
defined by proglucagon peptides through cAMP signaling. JCI Insight. 2019;4(5):e126742.
doi:10.1172/jci.insight.126742.

223.Svendsen B, Larsen O, Gabe MBN, Christiansen CB, Rosenkilde MM, Drucker DJ, Holst JJ.
Insulin secretion depends on intra-islet glucagon signaling. Cell Rep. 2018;25(5):1127—
1134.e2. doi:10.1016/j.celrep.2018.10.018.

224 Kawamori D, Kurpad AJ, Hu J, Liew CW, Shih JL, Ford EL, Herrera PL, Polonsky KS,
McGuinness OP, Kulkarni RN. Insulin signaling in alpha cells modulates glucagon secretion in
vivo. Cell Metab. 2009;9(4):350—-361. doi:10.1016/j.cmet.2009.02.007.

225.Franklin I, Gromada J, Gjinovci A, Theander S, Wollheim CB. Beta-cell secretory products
activate alpha-cell ATP-dependent potassium channels to inhibit glucagon release. Diabetes.
2005;54(6):1808-1815. doi:10.2337/diabetes.54.6.1808.

226.Elliott AD, Ustione A, Piston DW. Somatostatin and insulin mediate glucose-inhibited
glucagon secretion in the pancreatic a-cell by lowering cAMP. Am J Physiol Endocrinol Metab.
2015;308(2):E130-E143. d0i:10.1152/ajpendo0.00344.2014.

227.Rorsman P, Huising MO. The somatostatin-secreting pancreatic d-cell in health and disease.
Nat Rev Endocrinol. 2018;14(7):404-414. doi:10.1038/s41574-018-0020-6.

228.Salehi A, Qader SS, Grapengiesser E, Hellman B. Pulses of somatostatin release are slightly
delayed compared with insulin and antisynchronous to glucagon. Regul Pept. 2007;144(1-
3):43-49. doi:10.1016/j.regpep.2007.06.003.

229.Nadal A, Quesada |, Soria B. Homologous and heterologous asynchronicity between
identified a-, B- and &-cells within intact islets of Langerhans in the mouse. J Physiol.
1999;517(Pt 1):85-93. https://doi.org/10.1111/j.1469-7793.1999.0085z.

230.van der Meulen T, Donaldson CJ, Caceres E, Hunter AE, Cowing-Zitron C, Pound LD, Adams
MW, Zembrzycki A, Grove KL, Huising MO. Urocortin3 mediates somatostatin-dependent
negative feedback control of insulin secretion. Nat Med. 2015;21(7):769-776.
doi:10.1038/nm.3872.

231.Huising MO, van der Meulen T, Huang JL, Pourhosseinzadeh MS, Noguchi GM. The
difference ©-cells make in glucose control. Physiology (Bethesda). 2018;33(6):403—-411.
doi:10.1152/physiol.00029.2018.

232.Lai BK, Chae H, Gémez-Ruiz A, Cheng P, Gallo P, Antoine N, Beauloye C, Jonas JC,
Seghers V, Seino S, Gilon P. Somatostatin is only partly required for the glucagonostatic effect
of glucose but is necessary for the glucagonostatic effect of Katp channel blockers. Diabetes.
2018;67(11):2239-2253. d0i:10.2337/db17-0880.

233.Xu SFS, Andersen DB, lzarzugaza JMG, Kuhre RE, Holst JJ. In the rat pancreas,
somatostatin tonically inhibits glucagon secretion and is required for glucose-induced inhibition
of glucagon secretion. Acta Physiol. 2020;229(3):e13464. https://doi.org/10.1111/apha.13464

234.Yue JT, Riddell MC, Burdett E, Coy DH, Efendic S, Vranic M. Amelioration of hypoglycemia
via somatostatin receptor type 2 antagonism in recurrently hypoglycemic diabetic rats.
Diabetes. 2013;62(7):2215-2222. d0i:10.2337/db12-1523.

94



https://doi.org/10.1111/j.1469-7793.1999.0085z.x
https://doi.org/10.1111/apha.13464

235.Karimian N, Qin T, Liang T, Osundiji M, Huang Y, Teich T, Riddell MC, Cattral MS, Coy DH,
Vranic M, Gaisano HY. Somatostatin receptor type 2 antagonism improves glucagon
counterregulation in  biobreeding diabetic rats. Diabetes. 2013;62(8):2968-2977.
doi:10.2337/db13-0164.

236.0mar-Hmeadi M, Lund PE, Gandasi NR, Tengholm A, Barg S. Paracrine control of a-cell
glucagon exocytosis is compromised in human type-2 diabetes. Nat Commun.
2020;11(1):1896. doi:10.1038/s41467-020-15717-8.

237.Noguchi GM, Huising MO. Integrating the inputs that shape pancreatic islet hormone release.
Nat Metab. 2019;1(12):1189-1201. d0i:10.1038/s42255-019-0148-2.

238.Van Der Meulen T, Mawla AM, DiGruccio MR, Adams MW, Nies V, Ddlleman S, Liu S,

Ackermann AM, Caceres E, Hunter AE, Kaestner KH, Donaldson CJ, Huising MO. Virgin beta
cells persist throughout life at a neogenic niche within pancreatic islets. Cell Metabolism.
2017;25(4):911-926.€6. https://doi.org/10.1016/].cmet.2017.03.017.

239.Muntean BS, Zucca S, MacMullen CM, Dao MT, Johnston C, lwamoto H, Blakely RD, Davis
RL, Martemyanov KA. Interrogating the spatiotemporal landscape of neuromodulatory GPCR
signaling by real-time imaging of CAMP in intact neurons and circuits. Cell Reports.
2018;22(1):255-268. https://doi.org/10.1016/j.celrep.2017.12.022.

240.Deepa Maheshvare M, Raha S, Konig M, Pal D. A pathway model of glucose-stimulated
insulin secretion in the pancreatic B-cell. Front Endocrinol (Lausanne). 2023;14:1185656.
doi:10.3389/fend0.2023.1185656.

241.Tremmel DM, Mikat AE, Gupta S, Mitchell SA, Curran AM, Menadue JA, Odorico JS, Sackett
SD. Validating expression of beta cell maturation-associated genes in human pancreas
development. Front Cell Dev Biol. 2023;11:1103719. doi:10.3389/fcell.2023.1103719.

242.Domb AJ, Kost J, Wiseman D. Handbook of Biodegradable Polymers. CRC Press; 1998.
p. 275.

243.Schenck FW. Ullmann's Encyclopedia of Industrial Chemistry; 2006.
doi:10.1002/14356007.a12_457.pub2.

244 Mulukutla BC, Yongky A, Le T, Mashek DG, Hu WS. Regulation of glucose metabolism - a
perspective  from cell  bioprocessing. Trends Biotechnol. 2016;34(8):638—651.
doi:10.1016/j.tibtech.2016.04.012.

245.Hopp AK, Griter P, Hottiger MO. Regulation of glucose metabolism by NAD* and ADP-
ribosylation. Cells. 2019;8(8):890. doi:10.3390/cells8080890.

246.Deshpande AD, Harris-Hayes M, Schootman M. Epidemiology of diabetes and diabetes-
related complications. Phys Ther. 2008;88(11):1254-1264. doi:10.2522/pt].20080020.

247 Kalra S, Mukherjee JJ, Venkataraman S, Bantwal G, Shaikh S, Saboo B, Das AK,
Ramachandran A. Hypoglycemia: the neglected complication. Indian J Endocrinol Metab.
2013;17(5):819-834. doi:10.4103/2230-8210.117219.

248.Alsahli M, Shrayyef MZ, Gerich JE. Normal glucose homeostasis. In: Poretsky L (eds.)
Principles of Diabetes Mellitus. Cham: Springer; 2017. https://doi.org/10.1007/978-3-319-
20797-1 2-2.

249.Pradhan G, Samson SL, Sun Y. Ghrelin: much more than a hunger hormone. Curr Opin Clin
Nutr Metab Care. 2013;16(6):619-624. d0i:10.1097/MC0.0b013e328365b9be.

250.Yeung AY, Tadi P. Physiology, obesity neurohormonal appetite and satiety control. 2023 Jan
3. In: StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 2023.

251.Dimitriadis GD, Maratou E, Kountouri A, Board M, Lambadiari V. Regulation of postabsorptive
and postprandial glucose metabolism by insulin-dependent and insulin-independent
mechanisms: an integrative approach. Nutrients. 2021;13(1):159. doi:10.3390/nu13010159.

252.Komatsu M, Takei M, Ishii H, Sato Y. Glucose-stimulated insulin secretion: a newer
perspective. J Diabetes Investig. 2013;4(6):511-516. doi:10.1111/jdi.12094.

95



https://doi.org/10.1016/j.cmet.2017.03.017
https://doi.org/10.1016/j.celrep.2017.12.022
https://books.google.com/books?id=iLjhl6AvfIsC&pg=PA275
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1002%2F14356007.a12_457.pub2
https://doi.org/10.1007/978-3-319-20797-1_2-2
https://doi.org/10.1007/978-3-319-20797-1_2-2

253.Khan AH, Pessin JE. Insulin regulation of glucose uptake: a complex interplay of intracellular
signalling pathways. Diabetologia. 2002;45(11):1475-1483. doi:10.1007/s00125-002-0974-7.

254.Zisman A, Peroni OD, Abel ED, Michael MD, Mauvais-Jarvis F, Lowell BB, Wojtaszewski JF,
Hirshman MF, Virkamaki A, Goodyear LJ, Kahn CR, Kahn BB. Targeted disruption of the
glucose transporter 4 selectively in muscle causes insulin resistance and glucose intolerance.
Nat Med. 2000;6(8):924-928. doi:10.1038/78693.

255.Walton PE, Etherton TD. Stimulation of lipogenesis by insulin in swine adipose tissue:
antagonism by porcine growth hormone. J Anim Sci. 1986;62(6):1584-1595.
doi:10.2527/jas1986.6261584x

256.Miller TB Jr, Larner J. Mechanism of control of hepatic glycogenesis by insulin. J Biol Chem.
1973;248(10):3483-3488.

257.Stalmans W, De Wulf H, Hue L, Hers HG. The sequential inactivation of glycogen
phosphorylase and activation of glycogen synthetase in liver after the administration of glucose
to mice and rats. The mechanism of the hepatic threshold to glucose. Eur J Biochem.
1974;41(1):127-134. doi:10.1111/j.1432-1033.1974.tb03252.x.

258.Freychet L, Rizkalla SW, Desplanque N, Basdevant A, Zirinis P, Tchobroutsky G, Slama G.
Effect of intranasal glucagon on blood glucose levels in healthy subjects and hypoglycaemic
patients with insulin-dependent diabetes. Lancet. 1988;1(8599):1364—1366.
doi:10.1016/s0140-6736(88)92181-2.

259.Manning S, Pucci A, Finer N. Pharmacotherapy for obesity: novel agents and paradigms.
Therap Adv Chronic Disease. 2014;5(3):135-148. https://doi.org/10.1177/2040622314522848.

260.Nauck MA, Quast DR, Wefers J, Pfeiffer AFH. The evolving story of incretins (GIP and GLP-
1) in metabolic and cardiovascular disease: A pathophysiological update. Diabetes Obes
Metab. 2021;23(Suppl 3):5-29. doi:10.1111/dom.14496.

261.Polonsky WH, Arora R, Faurby M, Fernandes J, Liebl A. Higher Rates of Persistence and
Adherence in Patients with Type 2 Diabetes Initiating Once-Weekly vs Daily Injectable
Glucagon-Like Peptide-1 Receptor Agonists in US Clinical Practice (STAY Study). Diabetes
Ther. 2022;13(1):175-187. doi:10.1007/s13300-021-01189-6.

262.Henriksen L, Grandal MV, Knudsen SL, van Deurs B, Grgvdal LM. Internalization
mechanisms of the epidermal growth factor receptor after activation with different ligands.
PL0S One. 2013;8(3):e58148. doi:10.1371/journal.pone.0058148.

263.Permana H, Yanto TA, Hariyanto Tl. Efficacy and safety of tirzepatide as novel treatment for
type 2 diabetes: A systematic review and meta-analysis of randomized clinical trials. Diabetes
Metab Syndr. 2022;16(11):102640. doi:10.1016/j.dsx.2022.102640.

264.De Block C, Bailey C, Wysham C, Hemmingway A, Allen SE, Peleshok J. Tirzepatide for the
treatment of adults with type 2 diabetes: An endocrine perspective. Diabetes Obes Metab.
2023;25(1):3-17. doi:10.1111/dom.14831.

265.Campbell JE, Muller TD, Finan B, DiMarchi RD, Tschop MH, D'Alessio DA. GIPR/GLP-1R
dual agonist therapies for diabetes and weight loss-chemistry, physiology, and clinical
applications. Cell Metab. 2023:51550-4131(23)00269-3. doi:10.1016/j.cmet.2023.07.010.

266.Willard FS, Douros JD, Gabe MB, Showalter AD, Wainscott DB, Suter TM, Capozzi ME, van
der Velden WJ, Stutsman C, Cardona GR, Urva S, Emmerson PJ, Holst JJ, D'Alessio DA,
Coghlan MP, Rosenkilde MM, Campbell JE, Sloop KW. Tirzepatide is an imbalanced and
biased dual GIP and GLP-1 receptor agonist. JCI Insight. 2020;5(17):e140532.
doi:10.1172/jci.insight.140532.

267.Sun B, Willard FS, Feng D, Alsina-Fernandez J, Chen Q, Vieth M, Ho JD, Showalter AD,

Stutsman C, Ding L, Suter TM, Dunbar JD, Carpenter JW, Mohammed FA, Aihara E, Brown
RA, Bueno AB, Emmerson PJ, Moyers JS, Kobilka TS, Coghlan MP, Kobilka BK, Sloop KW.

96


https://doi.org/10.1177/2040622314522848

Structural determinants of dual incretin receptor agonism by tirzepatide. Proc Natl Acad Sci
USA. 2022;119(13):€2116506119. doi:10.1073/pnas.2116506119.

268.Jensterle M, Rizzo M, Haluzik M, Janez A. Efficacy of GLP-1 ra approved for weight
management in patients with or without diabetes: a narrative review. Adv Ther.
2022;39(6):2452—-2467. doi:10.1007/s12325-022-02153-x.

269.Halawi H, Khemani D, Eckert D, O'Neill J, Kadouh H, Grothe K, Clark MM, Burton DD, Vella
A, Acosta A, Zinsmeister AR, Camilleri M. Effects of liraglutide on weight, satiation, and gastric
functions in obesity: a randomised, placebo-controlled pilot trial. Lancet Gastroenterol Hepatol.
2017;2(12):890-899. do0i:10.1016/S2468-1253(17)30285-6.

270.Wilding JPH, Batterham RL, Calanna S, Davies M, Van Gaal LF, Lingvay |, McGowan BM,
Rosenstock J, Tran MTD, Wadden TA, Wharton S, Yokote K, Zeuthen N, Kushner RF; STEP 1
Study Group. Once-weekly semaglutide in adults with overweight or obesity. N Engl J Med.
2021;384(11):989-1002. doi:10.1056/NEJM0a2032183.

271.Ciarambino T, Crispino P, Leto G, Mastrolorenzo E, Para O, Giordano M. Influence of gender
in diabetes mellitus and its complication. Int J Mol Sci. 2022;23(16):8850.
doi:10.3390/ijms23168850.

272.Holst JJ, Deacon CF, Vilsbgll T, Krarup T, Madsbad S. Glucagon-like peptide-1, glucose
homeostasis and diabetes. Trends Mol Med.;14(4):161-168.
doi:10.1016/j.molmed.2008.01.003.

273.American Diabetes Association. Economic costs of diabetes in the U.S. in 2017. Diabetes
Care. 2018;41(5):917-928. do0i:10.2337/dci18-0007.

274 Wolfe RR, Nadel ER, Shaw JH, Stephenson LA, Wolfe MH. Role of changes in insulin and
glucagon in glucose homeostasis in exercise. J Clin Invest. 1986;77(3):900-907.
doi:10.1172/3C1112388.

275.Edholm T, Degerblad M, Gryback P, Hilsted L, Holst JJ, Jacobsson H, Efendic S, Schmidt PT,
Hellstrém PM. Differential incretin effects of GIP and GLP-1 on gastric emptying, appetite, and
insulin-glucose homeostasis. Neurogastroenterol Motil. 2010;22(11):1191-200, e315.
doi:10.1111/j.1365-2982.2010.01554.

276.Nauck MA. Incretin-based therapies for type 2 diabetes mellitus: properties, functions, and
clinical implications. Am J Med. 2011;124(1 Suppl):S3-S18.
doi:10.1016/j.amjmed.2010.11.002.

277.Lovshin JA, Drucker DJ. Incretin-based therapies for type 2 diabetes mellitus. Nat Rev
Endocrinol. 2009;5(5):262—-269. doi:10.1038/nrendo.2009.48.

278.Sladek R, Rocheleau G, Rung J, Dina C, Shen L, Serre D, Boutin P, Vincent D, Belisle A,
Hadjadj S, Balkau B, Heude B, Charpentier G, Hudson TJ, Montpetit A, Pshezhetsky AV,
Prentki M, Posner BI, Balding DJ, Meyre D, Polychronakos C, Froguel P. A genome-wide
association study identifies novel risk loci for type 2 diabetes. Nature. 2007;445(7130):881—
885. doi:10.1038/nature05616.

279.Sathananthan A, Man CD, Micheletto F, Zinsmeister AR, Camilleri M, Giesler PD, Laugen JM,
Toffolo G, Rizza RA, Cobelli C, Vella A. Common genetic variation in GLP1R and insulin
secretion in response to exogenous GLP-1 in nondiabetic subjects: a pilot study. Diabetes
Care. 2010;33(9):2074-2076. doi:10.2337/dc10-0200.

280.Saxena R, Hivert MF, Langenberg C, Tanaka T, Pankow JS, Vollenweider P, et al. Genetic
variation in GIPR influences the glucose and insulin responses to an oral glucose challenge.
Nat Genet. 2010;42(2):142-148. doi:10.1038/ng.521.

281.Nakashima K, Kaneto H, Shimoda M, Kimura T, Kaku K. Pancreatic alpha cells in diabetic
rats express active GLP-1 receptor: endosomal co-localization of GLP-1/GLP-1R complex

97



functioning through intra-islet paracrine mechanism. Sci Rep. 2018;8(1):3725.
doi:10.1038/s41598-018-21751-w.

282.DiGruccio MR, Mawla AM, Donaldson CJ, Noguchi GM, Vaughan J, Cowing-Zitron C,
van der Meulen T, Huising MO. Comprehensive alpha, beta and delta cell
transcriptomes reveal that ghrelin selectively activates delta cells and promotes
somatostatin release from pancreatic islets. Mol Metab. 2016 May 3;5(7):449-458. doi:
10.1016/j.molmet.2016.04.007.

283.Adriaenssens AE, Svendsen B, Lam BY, Yeo GS, Holst JJ, Reimann F, Gribble FM.
Transcriptomic profiling of pancreatic alpha, beta and delta cell populations identifies
delta cells as a principal target for ghrelin in mouse islets. Diabetologia. 2016
Oct;59(10):2156-65. doi: 10.1007/s00125-016-4033-1. Epub 2016 Jul 7.

284.McLean BA, Wong CK, Campbell JE, Hodson DJ, Trapp S, Drucker DJ. Revisiting the
Complexity of GLP-1 Action from Sites of Synthesis to Receptor Activation. Endocr Rev.
2021 Mar 15;42(2):101-132. doi: 10.1210/endrev/bnaa032.

285.Ramracheya R, Chapman C, Chibalina M, Dou H, Miranda C, Gonzalez A, Moritoh Y, Shigeto
M, Zhang Q, Braun M, Clark A, Johnson PR, Rorsman P, Briant LIJB. GLP-1 suppresses
glucagon secretion in human pancreatic alpha-cells by inhibition of P/Q-type Ca?* channels.
Physiol Rep. 2018;6(17):e13852. doi:10.14814/phy2.13852.

286.Zhang Y, Parajuli KR, Fava GE, Gupta R, Xu W, Nguyen LU, Zakaria AF, Fonseca VA,
Wang H, Mauvais-Jarvis F, Sloop KW, Wu H. GLP-1 Receptor in Pancreatic a-Cells
Regulates Glucagon Secretion in a Glucose-Dependent Bidirectional Manner. Diabetes.
2019 Jan;68(1):34-44. doi: 10.2337/db18-0317. Epub 2018 Nov 2. Erratum in: Diabetes.
2020 Feb;69(2):267-268.

287.Campbell SA, Johnson J, Light PE. Evidence for the existence and potential roles of intra-islet
glucagon-like peptide-1. Islets. 2021;13(1-2):32-50. doi:10.1080/19382014.2021.1889941.

288.Tornehave D, Kristensen P, Rgmer J, Knudsen LB, Heller RS. Expression of the GLP-1
receptor in mouse, rat, and human pancreas. J Histochem Cytochem. 2008;56(9):841-851.
doi:10.1369/jhc.2008.951319.

289.Femenia T, Gomez-Galan M, Lindskog M, Magara S. Dysfunctional hippocampal activity
affects emotion and cognition in mood disorders. Brain Res. 2012;1476:58-70.
doi:10.1016/j.brainres.2012.03.053.

290.Gleichgerrcht E, Ibafiez A, Roca M, Torralva T, Manes F. Decision-making cognition in
neurodegenerative diseases. Nat Rev Neurol. 2010;6(11):611-623.
doi:10.1038/nrneurol.2010.148.

291.Vik PW, Cellucci T, Jarchow A, Hedt J. Cognitive impairment in substance abuse. Psychiatr
Clin North Am. 2004;27(1):97-109, ix. d0i:10.1016/S0193-953X(03)00110-2.

292 Hill SK, Bishop JR, Palumbo D, Sweeney JA. Effect of second-generation antipsychotics on
cognition: current issues and future challenges. Expert Rev Neurother. 2010;10(1):43-57.
doi:10.1586/ern.09.143.

293.Masand PS, Gupta S. Long-term side effects of newer-generation antidepressants: SSRIS,
venlafaxine, nefazodone, bupropion, and mirtazapine. Ann Clin Psychiatry. 2002;14(3):175—
182. doi:10.1023/a:1021141404535.

294.Richelson E. Pharmacology of antidepressants. Mayo Clin Proc. 2001;76(5):511-527.
doi:10.4065/76.5.511.

295.0ka JI, Goto N, Kameyama T. Glucagon-like peptide-1 modulates neuronal activity in the rat's
hippocampus. Neuroreport. 1999;10(8):1643-1646. doi:10.1097/00001756-199906030-00004.

98



296.Gengler S, McClean PL, McCurtin R, Gault VA, Hdélscher C. Val(8)GLP-1 rescues synaptic
plasticity and reduces dense core plaques in APP/PS1 mice. Neurobiol Aging.
2012;33(2):265-276. doi:10.1016/j.neurobiolaging.2010.02.014.

297.Merchenthaler I, Lane M, Shughrue P. Distribution of pre-pro-glucagon and glucagon-like
peptide-1 receptor messenger RNAs in the rat central nervous system. J Comp Neurol.
1999;403(2):261-280. do0i:10.1002/(sici)1096-9861(19990111)403:2<261::aid-cne8>3.0.co0;2-
5.

298.Lisman JE, Grace AA. The hippocampal-VTA loop: controlling the entry of information into
long-term memory. Neuron. 2005;46(5):703—-713. doi:10.1016/j.neuron.2005.05.002.

299.During MJ, Cao L, Zuzga DS, Francis JS, Fitzsimons HL, Jiao X, Bland RJ, Klugmann M,
Banks WA, Drucker DJ, Haile CN. Glucagon-like peptide-1 receptor is involved in learning and
neuroprotection. Nat Med. 2003;9(9):1173-1179. do0i:10.1038/nm919.

300.Abbas T, Faivre E, Hdolscher C. Impairment of synaptic plasticity and memory formation in
GLP-1 receptor KO mice: interaction between type 2 diabetes and Alzheimer's disease. Behav
Brain Res. 2009;205(1):265—-271. doi:10.1016/j.bbr.2009.06.035.

301.Akimoto H, Negishi A, Oshima S, Wakiyama H, Okita M, Horii N, Inoue N, Ohshima S,
Kobayashi D. Antidiabetic drugs for the risk of alzheimer disease in patients with type 2 DM
using FAERS. Am J Alzheimers Dis Other Demen. 2020;35:1533317519899546.
doi:10.1177/1533317519899546.

302.Gault VA, Holscher C. GLP-1 agonists facilitate hippocampal LTP and reverse the impairment
of LTP induced by beta-amyloid. Eur J Pharmacol. 2008;587(1-3):112-117.
doi:10.1016/j.ejphar.2008.03.025.

303.Richard JE, Anderberg RH, Goéteson A, Gribble FM, Reimann F, Skibicka KP. Activation of
the GLP-1 receptors in the nucleus of the solitary tract reduces food reward behavior and
targets the mesolimbic system. PLoS One. 2015;10(3):e0119034.
doi:10.1371/journal.pone.0119034.

304.Patriarchi T, Cho JR, Merten K, Howe MW, Marley A, Xiong WH, Folk RW, Broussard GJ,
Liang R, Jang MJ, Zhong H, Dombeck D, von Zastrow M, Nimmerjahn A, Gradinaru V,
Williams JT, Tian L. Ultrafast neuronal imaging of dopamine dynamics with designed
genetically encoded sensors. Science. 2018;360(6396):eaat4422.
doi:10.1126/science.aat4422.

305.Han E, Park HS, Kwon O, Choe EY, Wang HJ, Lee YH, Lee SH, Kim CH, Kim LK, Kwak SH,
Park KS, Kim CS, Kang ES. A genetic variant in GLP1R is associated with response to DPP-4
inhibitors  in  patients with type 2 diabetes. Medicine. 2016;95(44):e5155.
doi:10.1097/MD.0000000000005155.

306.Zhang H, Xiong Z, Wang J, Zhang S, Lei L, Yang L, Zhang Z. Glucagon-like peptide-1
protects cardiomyocytes from advanced oxidation protein product-induced apoptosis via the
PI3K/Akt/Bad signaling pathway. Mol Med Rep. 2016;13(2):1593-1601.
doi:10.3892/mmr.2015.4724.

307.Zhang L, Li C, Zhu Q, Li N, Zhou H. Liraglutide, a glucagon-like peptide-1 analog, inhibits high
glucose-induced oxidative stress and apoptosis in neonatal rat cardiomyocytes. Exp Ther Med.
2019;17(5):3734-3740. doi:10.3892/etm.2019.7388.

308.Reed J, Kanamarlapudi V, Bain S. Mechanism of cardiovascular disease benefit of glucagon-
like  peptide 1 agonists. Cardiovasc Endocrinol  Metab.  2018;7(1):18-23.
doi:10.1097/XCE.0000000000000147.

309.0kerson T, Chilton RJ. The cardiovascular effects of GLP-1 receptor agonists. Cardiovasc
Ther. 2012;30(3):e146—e155. doi:10.1111/].1755-5922.2010.00256.x.

310.Garvin MR, Alvarez C, Miller JI, Prates ET, Walker AM, Amos BK, Mast AE, Justice A,
Aronow B, Jacobson D. A mechanistic model and therapeutic interventions for COVID-19
involving a RAS-mediated bradykinin storm. Elife. 2020;9:€59177. doi:10.7554/eLife.59177.

99



311.Roche JA, Roche R. A hypothesized role for dysregulated Bradykinin signaling in COVID-19
respiratory complications. FASEB J. 2020;34(6):7265-7269. doi:10.1096/f].202000967.

312.McCarthy CG, Wilczynski S, Wenceslau CF, Webb RC. A new storm on the horizon in
COVID-19: Bradykinin-induced vascular complications. Vascul Pharmacol. 2021;137:106826.
doi:10.1016/j.vph.2020.106826.

313.Beyerstedt S, Casaro EB, Rangel EB. COVID-19: angiotensin-converting enzyme 2 (ACE2)
expression and tissue susceptibility to SARS-CoV-2 infection. Eur J Clin Microbiol Infect Dis.
2021;40(5):905-919. doi:10.1007/s10096-020-04138-6.

314.Gu L, Wang J, Zhang DD, Meng X, Zhang Y, Zhang J, Zhang H, Guo X, Lin DH, Wang WH,
Gu RM. Inhibition of AT2R and Bradykinin type Il receptor (BK2R) compromises high K*
intake-induced renal K* excretion. Hypertension 2020;75(2):439-448.
doi:10.1161/HYPERTENSIONAHA.119.13852.

315.Enquist J, Skroder C, Whistler JL, Leeb-Lundberg LM. Kinins promote B2 receptor
endocytosis and delay constitutive B1 receptor endocytosis. Mol Pharmacol. 2007;71(2):494—
507. doi:10.1124/mol.106.030858.

316.Jonik S, Marchel M, Grabowski M, Opolski G, Mazurek T. Gastrointestinal Incretins-Glucose-
Dependent Insulinotropic Polypeptide (GIP) and Glucagon-like Peptide-1 (GLP-1) beyond
pleiotropic physiological effects are involved in pathophysiology of atherosclerosis and
coronary artery disease-state of the art. Biology (Basel). 2022;11(2):288.
doi:10.3390/biology11020288.

317.lrannejad R, von Zastrow M. GPCR signaling along the endocytic pathway. Curr Opin Cell
Biol. 2014;27:109-116. doi:10.1016/j.ceb.2013.10.003.

318.Allgood SC, Neunuebel MR. The recycling endosome and bacterial pathogens. Cell Microbiol.
2018;20(7):e12857. doi:10.1111/cmi.12857.

319.Smith JS, Lefkowitz RJ, Rajagopal S. Biased signalling: from simple switches to allosteric
microprocessors. Nat Rev Drug Discov. 2018;17(4):243-260. doi:10.1038/nrd.2017.229.

320.Huising MO. Paracrine regulation of insulin secretion. Diabetologia. 2020;63(10):2057-2063.
doi:10.1007/s00125-020-05213-5.

321.Rdder PV, Wu B, Liu Y, Han W. Pancreatic regulation of glucose homeostasis. Exp Mol Med.
2016;48(3):€219. doi:10.1038/emm.2016.6.





