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Abstract

Treatment-induced hypoglycemia results  from impaired  glucagon
counterregulation in a setting of intensive glucose-lowering therapies and remains the
major clinical barrier to achieving optimal glycemic control in type 1 diabetes (T1D) and
advanced type 2 diabetes (T2D). This dissertation establishes a role for paracrine
somatostatin (SST) signaling in the pathogenesis of glucagon counterregulatory failure in
diabetes based on data collected from rodent models in vivo and human donor islets in
vitro. First, building on existing evidence from pre-clinical models of T1D,'3 this work
demonstrates that pharmacologic SSTR2 antagonism can restore physiologic glucagon
counterregulation and resist hypoglycemia onset when administered before insulin
overdose in rat models of recurrent hypoglycemia (Chapter 4) and pre-diabetes (Chapter
5). Second, when administered as a rescue agent after the onset of severe hypoglycemia
in recurrently hypoglycemic rats, SSTR2 antagonism was shown to provide more gradual
but sustained glycemic recovery compared to the relatively transient effect of high-dose
exogenous glucagon (Chapter 6). Third, functional analysis of isolated human islets in
vitro showed that deficient glucagon secretion from pancreatic a-cells under low glucose
conditions corresponded with a marked hypersecretion of SST, as in T1D.*° Excess
paracrine inhibition by SST may underscore the a-cell defect in T2D islets as evidenced
by the restorative effect of SSTR2a antagonism on counterregulatory glucagon secretion
(Chapter 7.1). These, and other findings from this thesis, suggest that inhibitory SST tone
is typically alleviated under low glucose concentration in non-diabetic islets, providing a
permissive paracrine signal for counterregulatory glucagon release that is compromised

in T2D. Collectively, this work proposes that targeting SST secretion or action may



represent a novel therapeutic strategy for improving glycemic control and reducing the

risk of acute and recurrent hypoglycemia in advanced T2D.
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Chapter 1: Introduction

Over the past several decades, diabetes has become recognized as a multi-
hormonal disorder involving insulin, glucagon, and somatostatin (SST).6 In type 1
diabetes (T1D), insulin secretion is rapidly lost to autoimmune-selective [-cell
destruction’ whereas in type 2 diabetes (T2D), the delayed onset and gradual progression
of insulin deficiency reflect exhausted B-cell efforts to compensate for insulin resistance.?
In T1D and late-stage (insulin deficient) T2D, the relationship between glucagon secretion
and blood glucose levels is inverted, such that plasma glucagon level increases after a
mixed-meal but not during hypoglycemia.® Early evidence from rodent models of diabetes
suggests that the SST response to glucose may also become inverted with progressive
insulin deficiency in T2D, resulting in blunted release at high glucose'®-'2 and excess
release at low glucose*. Without restoring glucagon counterregulation to hypoglycemia in
T1D and advanced T2D, strategies for improving glycemic control, including the use of
rapid-acting insulin analogues'®'# and continuous glucose monitoring®'6 fail to eliminate
the incidence of clinically significant hypoglycemia.'”” As a result, treatment-induced
hypoglycemia remains the major barrier to achieving optimal glycemic control in
intensively-treated diabetes.'”

Since glucagon is the body’s chief counterregulatory defense against
hypoglycemia, and since glucose counterregulation is eventually lost in diabetes,'® the
study of SST biology led to the discovery that pharmacological antagonism of SST
receptor 2 (SSTR2) — the SST receptor that mediates glucagon secretion from the
pancreatic a-cell — could augment the plasma glucagon response to clamped
hypoglycemia in T1D rats.' In turn, a new class of therapeutic emerged with the potential
to prevent insulin-induced hypoglycemia in adults with T1D."% Despite advancing SSTR2

1



antagonists (SSTR2a) to clinical trials,’®?° direct in vitro evidence for an effect of
advanced T2D on SST release by pancreatic &-cells or its paracrine interactions with a-
and B-cells, is lacking. Further, hypoglycemia is associated with the intensive use of
insulin and/or sulfonylureas in advanced T2D,?" but few studies have examined the
therapeutic potential of an SSTR2a in preventing and/or correcting insulin-induced
hypoglycemia in this setting.??

Managing the complications of intensive glucose-lowering therapies in individuals
with diabetes is often prioritized over management of the disease (i.e., hyperglycemia)
itself. Since there are no pharmacological strategies available to prevent hypoglycemia,
clinical treatment guidelines recommend a relaxation in insulin dosing to allow for the
recovery of sympathoadrenal counterregulatory mechanisms upon self-report of a
hypoglycemic event.?> However, these neuroendocrine mechanisms cannot entirely
compensate for deficient glucagon counterregulation in diabetes,’ and therefore,
strategies directed at restoring glucagon secretion may be more effective at preventing
hypoglycemia recurrence. In recent years, pancreatic d-cells have become recognized as
an intra-islet signaling hub, integrating metabolic inputs to fine-tune insulin and glucagon
secretion and maintain whole body glucose homeostasis.?* This PhD thesis uses
pharmacologic SSTR2 antagonism as an investigative and therapeutic tool to delineate
a role for SST signalling in the pathophysiology of defective glucagon counterregulation
during acute and recurrent hypoglycemia in T2D, and to propose a pharmacologic

strategy for its reversal.



Chapter 2: Literature Review
2.1 Epidemiology of Treatment-Induced Hypoglycemia in T2D

Treatment-induced hypoglycemia is a pervasive clinical complication of intensive
treatment with insulin analogues (T1D and T2D) and/or secretagogues (T2D).2! Annual
rates of hypoglycemia are three to four times higher in adults living with T1D versus T2D;
2526 however, owing to disease prevalence (~20-fold that of T1D globally), T2D now
accounts for the majority of diabetes-related hypoglycemic events requiring
hospitalization?”-28, Despite clinically significant improvements in glycemic control with the
use of newer basal and bolus insulin analogues'®' and glucose-sensing technologies
1516 rates of severe hypoglycemia (resulting in emergency room visit or hospitalization)
have increased 2°3°, The use of insulin analogues across all age-groups in T2D, along
with growing disease prevalence, likely account for these trends.3' Further, the declining
rate of all-cause mortality in diabetes, which was twice that of the general population
between 1990 and 2010, has increased patient longevity, and thus, extended disease
duration.?832 Longer duration diabetes is a major risk factor for hypoglycemia®? that is
further compounded by advancing age3®*. Accordingly, hospital admission rates for
hypoglycemia have surpassed admission rates for hyperglycemia/diabetic ketoacidosis
in older adults living with diabetes in the United States.?®30 Three large randomized
controlled trials found that frequent inadvertent hypoglycemia, secondary to intensive
(HbA1C <7%) versus standard (HbA1C <9%) glycemic control in patients with
longstanding T2D largely negated the cardiovascular benefits of intensive glycemic
management.3>-3" The recurrence of severe hypoglycemia in T2D is associated with

increased risk of macrovascular and microvascular disease,*® arrhythmias,3® early



dementia,®® and major adverse cardiovascular events*’. In both T1D and T2D, one or
more severe hypoglycemic events over five years raises mortality rates ~3.5-fold*'. To
offset this risk, clinical practice guidelines recommend a temporary relaxation of glycemic
targets upon self-report of one or more severe hypoglycemic events,?® which typically
precludes the maintenance of normal HbA1C levels in adults with diabetes*?. As a result,
glycemic control in diabetes is largely limited by the trade-off between short-term

hypoglycemia avoidance and long-term vascular protection.*?

2.2 Mechanisms of Glucose Counterregulation

Glucose counterregulation during hypoglycemia is mediated by a hierarchy of
seemingly redundant neuro-hormonal responses in healthy individuals. First, a drop in
blood glucose levels within the euglycemic range suspends insulin secretion from
pancreatic B-cells at a glucose threshold of ~4.4-4.7 mM.* The ratio of insulin to
glucagon in the hepatic portal vein (pancreatic effluent) dictates glucose output by the
liver. Therefore, lower portal vein insulin levels favour higher hepatic glucose output and
lower glucose uptake.*® A drop in blood glucose levels below the euglycemic range (<3.9
mM, classified as level 1 hypoglycemia)?? triggers the release of chief counterregulatory
hormone, glucagon, from islet a-cells at a glucose threshold ~ 3.6—-3.9 mM#**. Along with
epinephrine, glucagon stimulates hepatic glycogenolysis and gluconeogenesis to prevent
and correct hypoglycemia.*® Autonomic and neuroglycopenic symptoms typically begin to
appear during level 2 hypoglycemia (<3.0 mM)?® accompanied by the onset of cognitive
impairment at blood glucose levels <2.8 mM*. Level 3 hypoglycemia, which is not defined
by a glycemic threshold, denotes severe cognitive and/or physical impairment requiring

external assistance for glycemic recovery.??



2.3 Glucose Sensing in the Central Nervous System (CNS)

Glucose-sensing neurons in the CNS regulate blood glucose levels by modulating
parasympathetic and sympathetic outflow to the pancreatic islets.*® Glucose-sensing
neurons are widely distributed in the brain but highly represented in the hypothalamic
nuclei and brainstem — regions involved in regulating energy homeostasis and food
intake.*” The ventromedial hypothalamus (VMH) is one of the most studied glucose-
sensing regions, largely due to its role in regulating neuroendocrine responses to both
hypoglycemia and hyperglycemia.*®-%° Accordingly, the expression of immediate early
gene, c-fos, is induced in the VMH by both peripheral glucose administration and insulin-
induced hypoglycemia.'-52 Two broad categories of glucose-sensing neurons have been
described in the brain: glucose-excited (GE) and glucose-inhibited (Gl), which increase
their firing rates in response to increasing and decreasing concentrations of extracellular
glucose, respectively.5® Electrophysiological analyses have confirmed the presence of
both GE and GI neurons in the VMH, which express critical components of the glucose-
sensing pathway found in B-cells, such as glucose transporter 2 (GLUT2), glucokinase,

and ATP-sensitive potassium (Katrp) channels.%354

2.3.1 Mechanisms of Central Glucose Sensing

Like pancreatic p-cells, GE neurons in the VMH typically express glucokinase, the
rate-limiting glycolytic enzyme that couples glucose metabolism to insulin secretion.%
Since glucokinase has a low affinity for glucose and there is no end-product inhibition,%°
its activity is proportional to glucose concentration.*® As extracellular glucose
concentration and neural glucose metabolism increase, so does the intracellular ratio of

ATP to ADP, leading to Kartp channel closure, plasma membrane depolarization, and



increased neuronal firing rate.%® Metabolism-independent mechanisms of glucose-
sensing have also been reported. One example is the sodium-glucose cotransporter
(SGLT), which couples the inward transport of glucose and sodium ions.%” As extracellular
glucose levels rise and glucose enters the neuron, the corresponding influx of sodium
ions depolarizes the cell.>” Gl neurons in the VMH also express glucokinase, but unlike
GE neurons, their depolarization depends on the inhibition of chloride conductance
through the cystic fibrosis transmembrane regulator (CFTR).%® These neurons are
activated during hypoglycemia by an interaction between AMP-activated protein kinase
(AMPK) and the gaseous messenger nitric oxide (NO), which leads to chloride channel
closure, membrane depolarization, and increased action potential frequency.5-%
Specifically, AMPK triggers NO production from neuronal NO synthase (nNOS) and the
resulting activation of NO receptor, soluble guanylyl cyclase enables the AMPK-mediated
inhibition of chloride conductance.®' Therefore, hypothalamic AMPK acts as a metabolic
fuel sensor regulated by NO in Gl neurons of the VIMH.59:60.62

2.3.2 Role of Central Glucose Sensing in Glucose Counterregulation to

Hypoglycemia
Activated by a decrease in extracellular glucose, VMH Gl neurons project

indirectly, via networks of hypothalamic nuclei, onto sympathetic pathways that innervate
the adrenal medulla (stimulating the release of epinephrine) and pancreas (stimulating
the release of glucagon and inhibiting the release of insulin).*®¢ Sympathetic motor
neurons secrete norepinephrine locally at the islet level and also increase circulating
levels of epinephrine, which both stimulate glucagon secretion from a-cells via B2

adrenergic receptors.®® Accordingly, glucagon, epinephrine, and norepinephrine



responses are reduced by 50-60% during mild hypoglycemia and by 75-80% during

severe hypoglycemia in VMH-lesioned rats.%*

2.4 Hepatic Glucagon Signaling

Glucagon is the primary driver of hepatic glucose production (HGP) in vivo during
fasting, exercise, and hypoglycemia.®® A physiological rise in glucagon rapidly increases
hepatic HGP by activating glycogenolysis and gluconeogenesis and inhibiting glycolysis
and glycogenesis.®® Glucagon’s biological actions are mediated by the glucagon receptor
(GcGR), a transmembrane G protein-coupled receptor (GPCR) predominantly expressed
in the liver, but also detected in the kidney, adipose tissue, lymphoblasts, spleen,
pancreas, brain, adrenal gland, and gastrointestinal tract.®® Protein kinase A (PKA) is the
major intracellular mediator of glucagon's counterregulatory actions in hepatocytes.®” An
acute shift in metabolism favouring net HGP is dependent on the phosphorylation and
allosteric regulation of rate-limiting metabolic enzymes in a time course of seconds to
minutes.®8%° However, some conditions, like prolonged fasting or chronic
hyperglucagonemia (as in diabetes), engage transcriptional programs that upregulate
enzyme expression to supplement HGP.68:69
2.4.1 Acute Signaling Pathways

Binding of glucagon to its receptor in hepatocytes leads to the activation of adenylyl
cyclase, increased cAMP production, and the activation of PKA.”® PKA then
phosphorylates glycogen phosphorylase (GP, indirectly via glycogen phosphorylase
kinase) and glycogen synthase (GS) to stimulate glycogenolysis and inhibit glucogenesis,
respectively.?570 In parallel, PKA phosphorylates glucokinase regulatory protein (GKRP),

either directly or via adenosine monophosphate-activated protein kinase (AMPK), which



disables the activity of glycolytic enzyme, glucokinase, and confines it to the nucleus.”"
As a result, the glycogenolytic and gluconeogenic intermediate, G-6-P, is converted to
glucose by glucose-6-phosphatase (G-6-Pase) for hepatic output without futile cycling
back to G-6-P by glucokinase.®” G-6-Pase activity is increased by PKA-dependent
signaling, which also inhibits glycolysis and activates gluconeogenesis by reducing the
intra-cellular concentration of fructose-1,6-bisphosphate [F(2,6)P2] — an allosteric
inhibitor of the gluconeogenic enzyme, fructose-1,6-bisphosphatase (FBPase-1) and
allosteric activator of the glycolytic enzyme, phosphofructokinase-1 (PFK-1).72-"4 Finally,
pyruvate kinase, the enzyme that converts phosphoenolpyruvate (PEP) to pyruvate as
the final step in glycolysis, is directly phosphorylated and inhibited by PKA, thereby further

biasing metabolism toward gluconeogenesis.”3"4

2.4.2 Chronic Signalling Pathways

The dependence of gluconeogenesis on transcriptional activity explains why it is
maximally engaged after ~12 hours of fasting, which also coincides with the depletion of
glucagon stores.”®> A well-characterized target of hepatic glucagon signaling is the
transcription factor, cAMP-responsive element binding protein (CREB).”® Direct
phosphorylation by PKA enables CREB to act as a scaffold for co-regulators of
gluconeogenic gene transcription, such as CREB-regulated transcription coactivator 2
(CRTC2).”” Glucagon-dependent activation of PKA, in turn, induces translocation of
CRTC2 to the nucleus, where it co-activates CREB to upregulate the transcription of key
gluconeogenic enzymes, phosphoenolpyruvate carboxykinase (PEPCK) and G-6-Pase.”®
PEPCK catalyzes the first committed step in gluconeogenesis by converting oxaloacetate

to PEP, and as described in the previous section, G-6-Pase hydrolyzes G-6-P to glucose



as the final step in both gluconeogenesis and glycogenolysis.”® Glucagon also
downregulates glycolysis in favour of gluconeogenesis by inhibiting the transcription of
glycolytic enzyme, pyruvate kinase, and promoting the degradation of pyruvate kinase

mRNA."3

2.4.3 Gluconeogenic Fuel Sources

Gluconeogenesis is the process of converting non-carbohydrate substrates, such
as amino acids and glycerol, into glucose.®” During a prolonged fast, glucagon shifts
hepatic metabolism in favour of protein catabolism via mammalian target of rapamycin
(MTOR) and its related complexes, mTORC1/2.8%8" Namely, PKA-activated AMPK acts
as a negative regulator of mMTORCH1, leading to the inhibition of protein synthesis and the
stimulation of protein degradation by autophagy.8%82 In turn, protein catabolism releases
endogenous amino acids for use as gluconeogenic precursors.”? All amino acids,
excluding leucine and lysine, are considered gluconeogenic.”® By activating PKA and
CREB, glucagon can upregulate the hepatic expression of amino acid transporters,
leading to higher uptake of gluconeogenic amino acids into hepatocytes.83 The amine
group is then removed via enzymatic oxidative deamination or transamination, generating
either a-ketoacids that enter the tricarboxylic acid (TCA) cycle directly or glycolytic
intermediates that are first converted to pyruvate and subsequently to acetyl coenzyme A
(acetyl-CoA).”° TCA cycle products malate, oxaloacetate, and pyruvate can then feed into
the gluconeogenic pathway.’0-84

In the fasted state, glucagon can also shift hepatic energy metabolism from
lipogenesis to gluconeogenesis by activating lipolysis and B-oxidation, and inhibiting

lipogenesis.?® B-oxidation breaks down fatty acid chains to acetyl-CoA, which condenses



with oxaloacetate to form citrate as the first step in the citric acid (TCA) cycle.”® As
mentioned, TCA cycle products, pyruvate, malate, and oxaloacetate can then be diverted
to gluconeogenesis.”® Further, glycerol liberated by the downstream activation of
hormone sensitive lipase or adipose triglyceride lipase, can be converted by hepatic
enzymes to the gluconeogenic intermediate, dihydroxyacetone phosphate (DHAP).%
Glucagon signaling also targets the rate-limiting enzyme in fatty acid synthesis, acetyl-
CoA carboxylase-1 and 2 (ACC1 and ACC2) via phosphorylation inhibition mediated by
PKA and its substrate, AMPK.8 ACC1/2 both generate malonyl-CoA, a key substrate for
fatty acid synthesis and allosteric inhibitor of carnitine palmitoyl transferase 1 (CPT1), the
rate-limiting enzyme in fatty acid oxidation.®” Localized to the outer mitochondrial
membrane, CPT1 facilitates the transport of long-chain fatty acids into the mitochondria.®”
Therefore, beyond inhibiting lipogenesis, lower levels of malonyl-CoA also relieve the

inhibition of CPT1, in turn, increasing fatty acid uptake and B-oxidation.®”

2.4.4 Hepatic Insulin Signaling

Insulin  counteracts HGP by stimulating glycogenesis and suppressing
glycogenolysis.® Insulin binds to hepatic insulin receptors, leading to the activation of
insulin receptor substrate 2 to engage and activate phosphatidylinositol 3-kinase (P13K).&°
PI3K catalyzes the conversion of phosphatidylinositol (4,5)-bisphosphate [PI(4,5)P2] into
phosphatidylinositol (3—-5)-trisphosphate [PI(3,4,5)P3] in the hepatocyte plasma
membrane.?® The generation of PI(3,4,5)Ps leads to the activation of phosphoinositide-
dependent kinase-1 (PDK1) and translocation of protein kinase B (Akt) to the plasma
membrane, where PDK1-mediated phosphorylation activates Akt.8 In turn, Akt inhibits

glycogen synthase kinase-3 (GSK3), preventing the inhibitory phosphorylation of GS and
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maintaining its active state.®® Akt can also phosphorylate phosphodiesterase-3B
(PDE3B), which dampens PKA signaling by degrading intracellular cAMP.8 Finally, insulin
promotes the activation of phosphoprotein phosphatase-1 (PP1), which
dephosphorylates GP (inhibitory) and GS (stimulatory), in turn, promoting glycogenesis

and inhibiting glycogenolysis, respectively.8?

2.5 Somatostatin (SST) Biology

SST-14 is an inhibitory peptide hormone secreted by pancreatic &-cells, which
constitute ~5—-10% of the total islet-cell mass®® (Figure 2-1). Circulating levels of SST are
unaffected by pancreatectomy in animals®'%?2 and humans®, suggesting a negligible
contribution by the pancreas. The predominant isoform of SST in circulation, SST-28,
originates from enteroendocrine cells of the gastrointestinal (Gl) tract where it regulates
digestive functions (i.e., reduces gastric and intestinal motility) by inhibiting the release of
various Gl hormones.®* Islet-derived SST is most concentrated in the portal vein
(pancreatic effluent), though detection is hampered by the hormone’s short half-life (<1
min)® and a lack of commercially available assays that can select for either biological
isoform. Consequently, islet secretion of somatostatin cannot be reliably measured in vivo
and must instead be measured in situ from the perfused pancreas or in vitro from isolated

islets or dispersed &-cells.

2.5.1 Paracrine Mechanisms Regulating Pancreatic SST Secretion

In isolated rodent islets, SST secretion is stimulated by glucose concentrations as
low as 3 mM and increases dose-dependently towards a peak at ~20 mM glucose,®® with
half maximal stimulation at ~5—-6 mM glucose in rodents (Figure 2-2A) and ~10 mM

glucose in humans.® SST release is stimulated by B-cell factors, including y-Aminobutyric
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acid (GABA)" and urocortin 3 (UCN3)'0 that are co-secreted with insulin in response to
glucose. UCN3 accounts for the maijority of SST secretion during hyperglycemia and
represents a form of autoregulation by the B-cell that feeds back (on a brief delay) via
SST to inhibit insulin secretion by paracrine effect.®® However, secreted B-cell factors
appear less important for the regulation of &-cell activity under hypoglycemic conditions.®®
Speculation that SST secretion is mediated by glucose alone below the threshold for
stimulated insulin secretion®® (~7 mM; Figure 2-2A) has been challenged by the discovery
of electrical coupling between B- and &-cells®”%°, Islet cells are electrically excitable cells
that secrete hormones in response to membrane depolarization.®” Mathematical
modeling of islet-cell signaling suggests that hyperpolarizing (inhibitory) membrane
currents spread from B-cells to &-cells via gap junction connections under low glucose
conditions (3.9 mM), in turn, suppressing d-cell activity and SST release.®”*° In other
words, O&-cells are electrically silenced by neighboring B-cells at low glucose
concentrations, independent of diffusible paracrine factors.®”-%° The resulting reduction in
inhibitory SST signaling “releases the brake” on glucagon secretion during
hypoglycemia.®”%° This permissive paracrine signal is thought to be dysfunctional in

diabetes (see section 2.6, below).
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2.5.2 Regulation of Insulin and Glucagon Secretion by Pancreatic SST
2.5.2.1 SST Receptors

Islet-derived SST inhibits glucagon and insulin secretion by activating SST
receptors (SSTRs) in a-cells and B-cells, respectively. Both cell types have been co-
localized with four (SSTR1-3 and SSTRS) of five (SSTR1-5) known SSTR subtypes in
humans, but, selective agonism has revealed that SSTR2 is the functionally dominant
receptor in human a- and B-cells, with lesser contributions by SSTR1 and SSTR5 to the
regulation of both hormones.'?%1%" |In rodents, insulin and glucagon secretion are inhibited

by SSTR5 and SSTR2, respectively.0?

2.5.2.2 Intracellular SST Signaling

Glucose metabolism drives ATP production by both a- and B-cells, leading to the
closure of ATP-sensitive potassium (Katp) channels. In [B-cells, the resulting
depolarization by intracellular potassium accumulation triggers action potential firing and
a rise in intracellular calcium that stimulates insulin exocytosis.'® In a-cells, moderate
Kate channel activity at low glucose concentrations establishes a resting membrane
potential that drives conductance through voltage-gated calcium (T- and L-type) and
sodium channels. The resulting depolarization triggers action potential firing that opens
voltage-gated calcium channels, and in turn, the accumulation of intracellular calcium
stimulates glucagon exocytosis.%*

SSTR signaling suppresses glucagon and insulin secretion from a- and B-cells,
respectively, through four main effector pathways: (1) inactivation of inhibitory Gei-coupled
proteins, which decreases adenylate cyclase activity and cytoplasmic levels of

cAMP, 105,106 (2) gctivation of sodium-potassium pumps (B-cells only)'®” and G protein-
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gated inwardly rectifying potassium channels, which hyperpolarizes the plasma
membrane and inhibits action potential firing’®1% (3) inactivation of voltage-gated
calcium channels, which reduces depolarization-induced calcium influx,'%%19° and (4)
direct inactivation of hormone exocytosis, downstream of calcium signaling, in a CAMP-

independent manner'%,

2.5.2.3 Regulation of Counterregulatory Glucagon Secretion

The regulation of glucagon secretion from pancreatic a-cells relies on a complex
interplay of humoral (circulating nutrients, hormones, and neurotransmitters), neural
(sympathetic, parasympathetic, and sympathoadrenal), autocrine, and paracrine inputs.%
However, physiologic glucagon secretion is retained in isolated intact islets,’? suggesting
a dominant role for intra-islet factors™'. As illustrated in Figure 2-2A, glucagon secretion
from healthy rodent islets is inhibited by glucose in a concentration-dependent manner
with maximal effect at 4-5 mM.%>112 The onset of glucose-stimulated insulin secretion at
~7 mM glucose (Figure 2-2A) does not support a role for insulin, or co-secreted 3-cell
factors, in delivering glucose-dependent feedback to the a-cell during hypoglycemia.®
Alternatively, SST is stimulated by glucose in a concentration-dependent manner beyond
a glycemic threshold of ~3 mM in rodent islets, which coincides with the concentration-
dependent inhibition of glucagon secretion towards a nadir between 4 and 5 mM
glucose.’?® Direct evidence for a tonic inhibitory effect of SST on islet a-cells was
established in rodent islets by demonstrating that both basal and stimulated glucagon
secretion are increased by immunoneutralization of SST"3"4 and pharmacological

antagonism of SSTR2%.115,
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Figure 2-1. The interrelationship among a-, B-, and d-cells of the endocrine pancreas. The
pancreatic islets of Langerhans are composed of three glucose-regulating cell types, a- B-
and O-cells, that secrete glucagon, insulin, and somatostatin (SST), respectively. SST
secretion is stimulated by (A) glucagon and (B) B-cells, likely via electrical coupling with &-
cells rather than secreted insulin. (C) SST feeds back to inhibit glucagon and insulin
release via SSTR2 in human islets. (D) Glucagon secretion is inhibited by insulin and other
B-cell secretory products. SSTR2: somatostatin receptor 2; PP: pancreatic polypeptide.

2.6 Glucose Counterregulatory Failure in Diabetes

Hypoglycemia is the most common complication resulting from the intensive use
of exogenous insulin therapy (i.e., insulin analogues) and/or endogenous insulin
secretagogues (i.e., sulfonylureas and glinides; T2D only) for the treatment of T1D and
late-stage (insulin-deficient) T2D.2' This complication stems from imperfect (non-
physiologic) insulin replacement in a setting of defective glucose counterregulation.?!
Since insulin analogues and secretagogues do not act in a glucose-sensitive fashion, they
cannot respond to dynamic changes in insulin requirement. As a result, imperfect dosing
can lead to a state of relative hyperinsulinemia (i.e., excess systemic insulin levels relative

to blood glucose concentration), in which glucose counterregulatory mechanisms become
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critical to protecting against hypoglycemia.’'® However, a-cells fail to meet this demand,
and become increasingly “blind” (unresponsive) to recurrent hypoglycemia with longer
disease duration.”8117.118 Accordingly, hypoglycemia in the range of ~2.5-3.5 mM
typically fails to trigger a clinically significant increase in plasma glucagon levels (systemic
values fail to increase above ~60 pg/mL when the expected increase is >100 pg/mL)
within months of T1D diagnosis,” thereby shifting the counterregulatory burden to
sympathoadrenal (i.e., epinephrine) and other autonomic mechanisms'8. However, these
neuroendocrine pathways are easily overwhelmed by the glucose-lowering action of
insulin analogues and/or secretagogues, leading to inadvertent hypoglycemia, and
eventually, the clinical syndrome of hypoglycemia-associated autonomic failure (HAAF)."®
In short, each episode of insulin-induced hypoglycemia lowers glycemic thresholds for
sympathoadrenal activation during subsequent hypoglycemia in healthy and diabetic
rodents?42° and humans?®, delaying the onset of counterregulatory and neuroglycopenic
symptom responses. Hypoglycemia unawareness, which is further compounded by other
factors that blunt sympathoadrenal activation, such as sleep and advancing age,
profoundly impacts quality of life by minimizing the window for restorative glycemic
intervention (i.e. carbohydrate consumption).'® As a result, each episode of hypoglycemia
increases the risk of recurrence in a self-perpetuating cycle.>* Unlike epinephrine,
defective glucagon counterregulation, which develops in parallel with HAAF, is not
corrected by scrupulous avoidance of hypoglycemia in humans with T1D even though
glucagon-secreting a-cells remain responsive to other secretory stimuli, such as certain

amino acids.19.120
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The natural history of a-cell “blindness” to hypoglycemia is less clear in T2D but is
thought to mirror the progression of endogenous insulin deficiency, which is much slower
in T2D than T1D.#2121 Of the few in vivo studies examining glucagon counterregulation in
hypoinsulinemic T2D, all were conducted in human subjects. However, T2D is a
heterogeneous condition, and participants tended to differ with respect to age, disease
duration, treatment modality, metabolic control, insulin sensitivity, and basal insulin levels,
if such details were reported at all. Despite this limitation, basal hypoinsulinemia (relative
to control subjects) has emerged as a clinical surrogate of defective glucose
counterregulation in T2D."2'-124 The rapid cessation of intra-islet insulin secretion below
a glycemic threshold of 4.6 mM is considered a permissive signal for glucagon release, '?°
which is reportedly reduced and delayed in late-stage T2D.?2'23 The gradual depletion
of functional B-cells in T2D and a corresponding impairment in the glucose-sensing
capacity of neighboring a-cells may help to explain why treatment-induced hypoglycemia

and HAAF become limiting to glycemic control with longer disease duration.42121

2.6.1 Regulation of Counterregulatory Glucagon Secretion by SST in Diabetes
26.11 T1D

The paracrine basis of defective glucagon counterregulation in T1D and advanced
(insulin-deficient) T2D has eluded islet physiologists for over 40 years. That said,
increased islet content (ex vivo)'%126.127 and secretion (in situ and in vitro)'?128.129 of SST
under low glucose conditions have long implicated SST in the pathogenesis of defective
glucagon counterregulation in diabetes. More recently, Vergari et al. measured glucose-
dependent SST secretion in a mouse model of T1D lacking the Krebs cycle enzyme

fumarate hydratase in pancreatic B cells (Fh1BK0O).4130 As illustrated in figure 2-3B, SST
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secretion at 1 mM glucose was 6-fold higher in Fh1BKO islets relative to control islets,
which corresponded with a >75% reduction in glucagon secretion.* Consistent with the
observation of elevated SST secretion, application of a SST receptor 2 antagonist
(SSTR2a, CYN154806) at 1 mM glucose increased glucagon release by 143%+11% in
Fh1BKO islets but only by 13%+14% in control mouse islets.* Since then, Hill et al. has
repeated these experiments in a non-obese diabetic (NOD) mouse model of T1D.°
Female NOD mice began to develop T1D at >11 weeks of age, associated with an abrupt
increase in plasma glucose concentration to >30 mM.®> However, up until 18 weeks of
age, 30-50% of these NOD mice remained normoglycemic and were considered non-
diabetic (ND).> Experiments conducted at 1 mM glucose in isolated islets and perfused
pancreas preparations showed that glucagon secretion decreased sequentially between
young ND NOD mice (<7 weeks old), adult ND NOD mice (>12 weeks old), and adult T1D
NOD mice (>12 weeks old), which correlated with a sequential increase in SST secretion.®
Application of the SSTR2a, CYN154806, to isolated islets or the perfused pancreas of
adult T1D NOD mice restored glucagon secretion to at least the level observed in age-
matched ND NOD controls.® In isolated islets from human donors with T1D, lowering the
glucose concentration from 6 to 1 mM only stimulated glucagon secretion in the presence
of CYN154806, corresponding with markedly elevated SST secretion at 1 mM glucose in

T1D versus ND islets.®
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2.6.1.2 Pre-diabetes

Unlike reports of impaired counterregulatory glucagon secretion in T1D and
advanced T2D, glucagon output in the islets of normoglycemic, high-fat-fed (HFF) mice
was found to be 2-fold higher than control islets at 1 mM glucose."' The observed
hypersecretion of glucagon at low glucose was attributed to a 30% reduction in SST
secretion and acquired a-cell resistance to SST signaling that could not be explained by
changes in a-cell expression of SSTR2."*" While not tested at lower glucose
concentrations, application of the SSTR2a, CYN154806, at 6 mM glucose had little to no
effect on glucagon secretion in HFF islets, unlike the marked stimulatory effect observed

in control islets. 3!

2.6.1.3 T2D

Hypersecretion of glucagon within and above the euglycemic range (4.0-7.0 mM),
a metabolic hallmark of diabetes, has been linked to reduced inhibitory signalling by islet-
derived SST.#110.131 Recent studies report deficient SST secretion and/or a-cell resistance
to exogenous SST at 6-20 mmol/L glucose in intact islets from pre-diabetic'3' and T1D
mice* and T2D humans*''%. Early evidence points to the opposite effect under low
glucose conditions in islets from T1D mice and T2D humans, whereby a pathological
elevation in SST signalling may underscore the characteristic deficiency in
counterregulatory glucagon release.* In intact isolated islets from humans with T2D,
glucagon secretion at 1 mM glucose was 65% lower than from non-diabetic donors,
though a reciprocal trend towards elevated SST secretion failed to reach statistical
significance as it did in T1D mouse islets.* Application of a SSTR2 antagonist

(CYN154806) increased glucagon output at 1 mM glucose in two of three islet
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preparations with natively impaired glucagon secretion compared to non-diabetic
controls.* These preliminary findings suggest that the suppression of SST secretion from
islet &-cells may act as a permissive signal for counterregulatory glucagon release, and
this signal may be compromised in T1D and advanced T2D.

As mentioned above, islet &-cells are electrically silenced by neighboring p-cells
via gap junction connections at low glucose, which restrains SST at basal levels (i.e.,
~<3.0 mM glucose) in healthy rodent islets.®”-%° Release of this hyperpolarizing brake in
conditions of significant B-cell loss or dysfunction, as in T1D and late-stage T2D, is
thought to increase the electrical excitability of the d-cell, and in turn, raise SST secretion
above normal levels.®”-°%.132 In support of this theory, d-cell dispersion appears to induce
d-cell hyperactivity and increase SST secretion at low glucose concentrations.'3® While
this thesis literature review focuses on SST-dependent mechanisms of glucagon
counterregulatory failure in insulin-deficient diabetes, other causative mechanisms, such
as changes in the anatomical and paracrine relationships between a- and -cells, may

also play a role.34

A Non-Diabetes B Diabetes

s c =

2 o

© ©

Q O —‘ EE I I IS N e O e e .

& a |~

() 0) 5

5 & - .

£ £ S

£ L I — . e -
1 1 1 1 1 1 1 1

0 2 4 6 8 0 2 4 6 8

Glucose (mmol/L) Glucose (mmol/L)

20



Figure 2-2. Glucose-dependent secretion of insulin, glucagon and somatostatin (SST) in
(A) non-diabetic and diabetic (B) islets. In non-diabetic rodent islets, glucagon secretion
is maximally stimulated at low glucose and declines to a nadir at an islet glucose
concentration of ~4-5 mmol/L. SST secretion is low during hypoglycemia and increases
as glucose rises above 3 mmol/L. In contrast, in diabetes, counterregulatory glucagon
secretion is supressed during hypoglycemia and SST is elevated. The loss of B-cell mass
in T1D and late-stage T2D rodent islets results in low insulin secretion, but also increased
SST secretion, at least during hypoglycemia, and elevations in glucagon secretion in
euglycemia and hyperglycemia. As represented by the dashed green lines, the glucose-
dependent secretion of SST in diabetes in not completely understood and different animal
models provide conflicting views. More specifically, it is unclear whether SST secretion
remains relatively stable (i.e., unresponsive) with increasing glucose concentration, or
whether it drops below non-diabetic levels during hyperglycemia in diabetes. Green
shaded region indicates the glycemic range over which the majority of counterregulatory
glucagon secretion occurs in non-diabetic islets. Inspired by Huising et al. (2018);
Noguchi and Huising (2019)

2.6.2 Islet Remodeling in Diabetes

Islet remodeling in diabetes distorts the normal paracrine relationships that
mediate blood glucose regulation.’® A reciprocal increase in the proportion of islet a-cells
accompanies progressive B-cell dysfunction (de-differentiation, degranulation) in T2D, as
observed in T1D.'38 Fractional &-cell number and area, and SST content per islet are
reportedly reduced or unchanged in T2D animals and humans with mild to moderate
hyperglycemia and normo- or hyper-insulinemia (i.e., pre-diabetes and early-stage
T2D).%0.137.138  Alternatively, hypertrophy and hyperplasia of islet &-cells have been
documented in T1D rodent islets,’® which may increase the contact density with
neighbouring a-cells '3°. However, it remains unclear whether the d-to-a-cell ratio is
altered in T1D.16.139.140 Regardless, remodeling of islet architecture may increase a-cell
exposure to paracrine SST signaling in T1D, providing an anatomical basis for the
impaired glucagon response to hypoglycemia. Few studies have examined &-cell fate in

more advanced (i.e., hypoinsulinemic) forms of T2D. It is important to remember,
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however, that islet hormone secretion is glucose-dependent, and therefore, hormone

content is not predictive of secretory behaviour under all glycemic conditions.

2.6.3 Hepatic Glucose Metabolism in Diabetes

Several studies have shown that in conditions of hyperglucagonemic,
hyperglycemic diabetes, hepatic glucose production (HGP) is increased in the post-
absorptive (fasted) and post-prandial (fed) states, owing to a hyperactivation of
gluconeogenesis and reduced or absent glycogenolytic flux.'*! This alteration in hepatic
glucose metabolism may be owing to several factors: (1) increased availability of
gluconeogenic substrates, leading to chronic gluconeogenesis in people with T2D'4? but
not in healthy controls'#344, This may be explained by a diabetes-related failure of
autoregulatory mechanisms to drive gluconeogenesis based on energy demand rather
than availability;'44 (2) hyperglucagonemia, leading to chronic activation of HGP and
resulting glycogen depletion;®” and (3) impaired hepatic insulin signaling (resulting from
insulin deficiency and/or resistance), leading to reduced glycogen synthesis and
inadequate suppression of hepatic glucose output.®” Accordingly, upregulated
gluconeogenic signalling accounts for postabsorptive and postprandial hyperglycemia in
diabetes.’' In agreement, exercise and insulin-induced hypoglycemia each failed to
stimulate glycogenolysis in people with intensively treated T1D; however, these
conditions failed to stimulate HGP altogether, which may be explained by blunted
counterregulatory hormone responses, marked reductions in basal and fasting hepatic
glycogen content, even after overnight insulinization, and/or increased dependence on
gluconeogenesis.'#%-147 Alternatively, moderately controlled T1D was associated with

increased rates of both HGP and gluconeogenic flux relative to non-diabetic controls
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during rest and exercise.'#® These data suggest that exogenous hyperinsulinemia and/or
glycemic normalization, secondary to intensive insulin treatment, may reverse diabetes-
related elevations in HGP during periods of low and high demand, ultimately supressing

the response below normal levels.'4®

2.6.4 Effects of Recurrent Hypoglycemia on Central Glucose Sensing

Some of the glucose counterregulatory dysfunction in diabetes may be related to
adaptations in central (i.e., brain) glucose sensing and regulation of glucose
counterregulatory hormones.*® For example, recurrent hypoglycemia impairs the glucose
sensitivity of glucose-inhibited (Gl) and glucose-excited (GE) neurons in the ventromedial
hypothalamus (VMH).™8 While the mechanism(s) are not fully resolved, alterations in
energy uptake and metabolism, oxidative stress, neurotransmission, and fuel sources

have been proposed.'#°

2.6.4.1 Increased Glucose Uptake and Metabolism

Recurrent hypoglycemia has been shown to upregulate the mRNA and protein
expression of glucose transporter, GLUT1 in endothelial cells of the blood-brain barrier,
leading to increased cerebral glucose uptake.’™® Furthermore, the rate of glucose
phosphorylation (i.e., the first committed step in glycolysis) is markedly increased by
antecedent hypoglycemia in the hypothalamus, but not in other brain regions, such as the
brainstem or frontal cortex.'®" Together, these complementary adaptations may reflect a
compensatory mechanism for preserving cerebral glucose metabolism in response to
recent glucose deprivation, which masks hypoglycemic detection by glucose-sensing
neurons.*® However, it remains unclear whether these adaptations, observed in rodent

models, are conserved in humans.46
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2.6.4.2 Oxidative Stress

Acute hypoglycemia increases levels of hypothalamic reactive oxygen species
(ROS), resulting in the S-nitrosylation of various proteins, including the nitric oxide (NO)
receptor, soluble guanylyl cyclase, which reduces its activation.'? Impaired NO signaling
prevents Gl neurons from sensing a glucose deficit, so this hypothesis is consistent with
the observation that neuronal nitric oxide synthase (nNOS) activity decreases with
recurrent hypoglycemia.?? In non-diabetic rats, pre-treatment with N-acetyl cysteine
(NAC), which enhances the redox capacity of the glutathione antioxidant system,
prevented both hypoglycemia-induced ROS production in the VMH and counterregulatory
impairment during subsequent hypoglycemia.®? However, other studies suggest that the
overexpression of both glutathione and thioredoxin antioxidant systems in the VMH may
be necessary to preserve the redox state, and therefore, the glucose-sensitivity of Gl

neurons. 193

2.6.4.3 Altered Hypothalamic Signaling

Animal studies have shown that the suppression of hypothalamic y-aminobutyric
acid (GABA) signaling is critical to the initiation of counterregulatory hormone
responses.’54155 Antecedent hypoglycemia increases GABAergic tone within the VMH of
rats during subsequent hypoglycemia, which suppresses glucagon and sympathoadrenal
counterregulation.'®%1% This effect was reproduced in humans via pharmacologic

activation of GABA receptors. '’

2.6.4.4 Use of Alternate Fuels
Glycogen is the major energy reserve in the brain. Though it is localized almost

exclusively to astrocytes, glycogen can be metabolized to lactate via glycolysis and
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exported to neurons for use as an energy source during hypoglycemia.’®® It has been
proposed that supercompensation of brain glycogen content following an episode of
hypoglycemia may provide the brain with additional fuel stores during subsequent
hypoglycemia in rodents'® and humans'®. Lactate infusions have been shown to
suppress counterregulation during systemic hypoglycemia in rodents'®".162 and lactate
transport and metabolism by the brain are thought to be upregulated in both recurrently
hypoglycemic rodents'63164 and humans'®. Though the mechanism is unclear, lactate
may supress AMP-activated protein kinase (AMPK; required for Gl neuronal activation)?6°
and increase inhibitory GABAergic tone in the VMH'8", which is typically withdrawn during
hypoglycemia to permit counterregulatory activation'®. However, other studies suggest
that lactate may be insufficient to support metabolism during hypoglycemia.63.16 One
group that did not detect an increase in brain glycogen deposition did report faster

glycemic recovery after recurrent hypoglycemic exposure compared to before.'®”
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2.7 Treatment with SSTR2a for Hypoglycemia Prevention in T1D

Figure 2-3 depicts a- and &-cell responses to hypoglycemia in the non-diabetic and

insulin-deficient diabetic states. In the non-diabetic state, SST secretion and the resultant

activation of SSTR2 are low during hypoglycemia, allowing for the release of glucagon to

prevent and correct hypoglycemia. In conditions of T1D and late-stage T2D, the excess

release of SST secretion during hypoglycemia may supress the counterregulatory

glucagon response, which is reversible with SSTR2a.

Hypoglycemia

Non-Diabetic

8

{SST T Glucagon

T1D/Advanced T2D

TSST? 4 Glucagon

T1D/Advanced T2D + SSTR2a

T Glucagon

“‘f“i'f7' SSTR2

® Somatostatin
(SST)

@ SSTR2a

Figure 2-3. SSTR2 antagonism reverses glucagon
counterregulatory failure in T1D and advanced
T2D. In non-diabetic conditions, SST secretion
decreases and glucagon secretion increases
during hypoglycemia (3.9 mmol/L) to restore
euglycemia. In T1D, counterregulatory glucagon
secretion is impaired, possibly due to an increase
in inhibitory SST signaling. By blocking SST
signaling to the a-cell, pharmacologic SSTR2a
improve the glucagon response to insulin-induced
hypoglycemia in rodents and humans with T1D
and potentially advanced (insulin-deficient) T2D.
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2.7.1 Effects of SSTR2a in Rodent Models of T1D

As an adjunct to intensive glucose lowering treatment with insulin analogues
and/or secretagogues (i.e., sulfonylureas and glinides), agents that block SSTR2
signaling in pancreatic a-cells may help alleviate the risk of treatment-induced
hypoglycemia in T1D and late-stage T2D. The therapeutic effect of a selective SSTR2a,
PRL-2903, on glucagon counterregulation was first demonstrated in streptozotocin (STZ),
biobreeding, and non-obese diabetic (NOD) models of T1D during acute' and recurrent?
hypoglycemia. Normalization of plasma glucagon levels with PRL-2903 fully alleviated
the dependence on glucose infusion for the maintenance of clamped hypoglycemia in
biobreeding rats® and reduced glucose dependence in STZ rats when hypoglycemia was
induced with low- (5 U/kg) but not high- (10 U/kg) dose insulin'. No drug effect was
observed under basal conditions in the STZ model of T1D." In the same model, PRL-
2903 prevented a 20-fold reduction in the plasma glucagon response to subsequent
hypoglycemia after five antecedent episodes of hypoglycemia in three days.? SSTR2
blockade also raised the glucose nadir from level 2 (2.7 mM) to level 1 (3.7 mM)
hypoglycemia and reduced the duration of subsequent hypoglycemia (3.9 mM) by ~50
min compared to vehicle treatment.? In adult T1D NOD mice, the SSTR2a, CYN154806,
largely restored the 300% increase in plasma glucagon level observed in control mice
during hypoglycemia.® Incomplete restoration of the response in these mice was
attributed to markedly attenuated hepatic glycogen stores relative to contols.®

Aerobic forms of activity (e.g., walking, cycling, endurance exercise) often result in
immediate and/or delayed episodes of hypoglycemia in people with T1D. This risk may

stem from lower baseline hepatic glycogen stores (particularly if glycemic control is
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suboptimal),’®® impaired or absent glucagon release during exercise,® and/or increased
muscle glucose disposal without a corresponding reduction in circulating insulin levels
(i.e., relative hyperinsulinemia)'®®. These metabolic disturbances collectively result in a
blunting of hepatic glucose production during exercise. To help restore glucagon
counterregulation and limit hypoglycemia during exercise, Leclair et al. evaluated the
efficacy of a SSTR2a in STZ-T1D rodents during combined bolus insulin/exercise
challenges.'”° STZ-T1D rodents were pre-treated with the SSTR2a, PRL-2903 (10 mg/kg,
IP), or placebo, 90 minutes before performing a bout of treadmill exercise in a
hyperinsulinemic state.’”® This hyperinsulinemic exercise protocol was repeated on two
consecutive days, and again one week later with treatment crossover.’”® On all three
occasions, plasma glucagon level increased 3-6-fold from baseline with PRL-2903
whereas no response was detected in the placebo group. PRL-2903 was without effect
under basal glucose conditions.'”® These findings suggest that SSTR2 antagonism may
help to improve glucagon counterregulation in animals during recurrent exercise-induced
hypoglycemia.'”®

Since then, Farhat and others have demonstrated the superior efficacy of more
potent SSTR2a peptide, ZT-01 (Zucara Therapeutics), compared to PRL-2903, in a
setting of insulin-induced hypoglycemia.'”" ZT-01 raised the peak plasma glucagon
response ~4-fold over PRL-2903 when compared head-to-head during clamped
hypoglycemia in STZ-T1D rats.'”! ZT-01 was also more effective than PRL-2903 at raising
the blood glucose nadir in free-living STZ-T1D rats after bolus insulin challenge, thereby
reducing the incidence and duration of hypoglycemia (levels 1 and 2).'"" Additionally, the

pharmacokinetic properties of ZT-01 were more favorable compared to PRL-2903 when
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delivered by intraperitoneal (IP) or subcutaneous (SC) routes in STZ-T1D rats.'”' Namely,
cumulative drug exposure (based on AUC of plasma drug concentration) was eleven
times higher for ZT-01 than PRL-2903 over a 24-h period."”" After establishing the
superior therapeutic and pharmacokinetic properties of ZT-01 as compared to PRL-2903,
the authors identified the minimum effective dose level of ZT-01 (0.3 mg/kg) that could
increase glucagon secretion during clamped hypoglycemia (~2.5 mM) in poorly
controlled, insulin-treated STZ-T1D rats.'”" Based on these and other safety and efficacy
trials, ZT-01 advanced to phase 1 clinical trials, which assessed drug safety and
pharmacodynamics in adults with and without T1D 72 In the phase 1b trial, the peak
plasma glucagon response to ZT-01 (3 or 20 mg) was evaluated in subjects with T1D
during clamped level 1 (3.5£0.3 mM) and level 2 (2.6+ 0.2 mM) hypoglycemia (manuscript
not yet peer-reviewed).'”? During level 1 hypoglycemia, ZT-01 raised peak plasma
glucagon levels by up to 15 pg/mL from baseline, without an observable response in the
placebo group.’”? During level 2 hypoglycemia, a maximal increase from baseline of 8
pg/mL in the placebo group was >3-fold larger with ZT-01 treatment.'”? A phase 2 study
is currently recruiting participants with T1D to evaluate the efficacy of ZT-01 in reducing

nocturnal hypoglycemia.'”3

2.8 Therapeutic Applications of other SSTR Antagonists (SSTR2a) for Diabetes

Management

Beyond hypoglycemia prevention, SSTRa’s may be capable of improving whole-
body glucose metabolism through an incretin-dependent mechanism. Glucagon-like
peptide-1 (GLP-1) is an incretin hormone secreted by enteroendocrine L-cells of the small

intestine in response to nutrient stimulation. GLP-1 reduces postprandial glucose
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excursions by stimulating insulin release from pancreatic 3-cells, inhibiting gastric motility,
and promoting satiety.’* Incretin release'”>176 and/or function'””:'7® are impaired in
people with obesity and T2D, and GLP-1-targeted therapies offer effective management
of body weight and blood glucose levels, with underlying improvements to B-cell function
and peripheral insulin sensitivity.’”®180 |t is well established that gut-derived SST inhibits
GLP-1 secretion by paracrine effect, mediated primarily by SSTR5 in intestinal L-cells. 8
Several SSTRS antagonists (SSTR5a) have been developed in the past decade with the
ability to improve glucose tolerance by increasing circulating levels of active GLP-1 and
insulin in healthy mice,'82183 Zucker diabetic fatty (ZDF) rats,'84185 diet-induced obese
(DIO) mice,'®-185 and KK-Ay/Ta Jcl (KK-Ay) mice, a model of obese T2D with severe
insulin resistance®. Further, oral administration of an SSTR5a for two weeks has been
shown to significantly improve insulin sensitivity in KK-Ay mice, independent of weight
loss and changes in food intake.'8 While the mechanism is unclear, SST may inhibit
hepatic insulin signaling by blocking the insulin-induced phosphorylation of Akt, an effect
that may be reversible with SSTR5a in mice.'® Since hepatic insulin resistance can
impair glucagon signaling and gluconeogenesis, restoring hepatic insulin sensitivity may
have indirect benefits for glucose counterregulation.’® The risk of hypoglycemia
associated with SSTR5 antagonism was determined to be low in four-hour fasted lean
C57BL/6N mice, since a supra-efficacious dose (30 mg/kg) of SSTR5a did not reduce
basal glucose levels for five hours after administration.’®? In summary, SSTR2a and/or
SSTR5a may lower blood glucose levels by mechanisms that are partially (via SSTR2a)
or entirely (via SSTR5a) dependent on the stimulation of intestinally-derived GLP-1.183

Since SSTR2a also stimulates insulin secretion by a direct effect on human B-cells,
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engaging these complementary pathways through combined SSTR2 and SSTR5
antagonism may have additive effects on insulin release and whole-body glucose

metabolism.

2.9 GIP and the a-Cell

Glucose-dependent insulinotropic polypeptide (GIP) is an intestinally derived
incretin hormone that is secreted in the post-prandial state.'”* The GIP receptor (GIPR)
is expressed in many cell types involved in the regulation of metabolism, including a-, B-
, and d-cells of the pancreatic islets.'4. Like its sister hormone, GLP-1, GIP stimulates
post-prandial insulin secretion by activating its receptor in B-cells; however, GLP-1, has
received considerably more attention over the past thirty years owing to its clinical
success in treating obesity and T2D.'8” One distinction between the two hormones is that
GLP-1 inhibits glucagon secretion in the post-prandial state, which helps improve glucose
tolerance.'® Less is known about GIPR activity in a-cells or the control of glucagon
secretion.'8

Functionally, the activation of GIPRs in rodent a-cells has been shown to increase
calcium influx and depolarization-evoked glucagon exocytosis by a PKA-dependent
mechanism.'®° Accordingly, GIP likely potentiates glucagon secretion from activated a-
cells in a setting of low-glucose stimulation by engaging cAMP/PKA signaling pathways.
190 While the available evidence points to a direct effect of GIP on islet a-cells,
experiments involving a-cell GIPR knockouts are lacking.'®® Studies conducted in live
humans and the perfused rat pancreas suggest that GIP infusion stimulates glucagon
secretion in a dose- and glucose-dependent manner, with maximal effect during

hypoglycemia.'®'192 That said, the stimulation of glucagon secretion by GIP, infused
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during an acute episode of hypoglycemia, was relatively modest (+~3 pM) in non-diabetic

adults compared to the effect of hypoglycemia alone (+~30 pM).°1

2.1.0 The Artificial Pancreas

The artificial pancreas, also called a closed loop or automated insulin delivery
(AID) system is composed of a glucose sensor, insulin infusion pump, and insulin dosing
algorithm. '3 A real-time continuous glucose monitor inserted into the subcutaneous (SC)
space measures glucose concentrations in the interstitial fluid every ~5 minutes and
sends this data to a control algorithm device (i.e. an application hosted by a smartphone
or the pump itself) that calculates the correct dose of insulin and automatically adjusts the
infusion rate based on current and predicted glucose levels.'%

Current AID systems are capable of temporarily suspending insulin delivery to
reduce the severity and duration of existing or impending hypoglycemia compared with
standard pump therapy.’® However, this strategy does not prevent hypoglycemia
altogether, since even the most rapid-acting insulins used in algorithmically advanced AID
systems will remain active in circulation for three to five hours once delivery is withheld.%°
Therefore, this approach has limited efficacy in settings of rapidly declining glucose, such
as after a meal-related insulin bolus or during continuous aerobic exercise.'® Glucagon
has a pharmacokinetic advantage over insulin suspension for preventing hypoglycemia
since its subcutaneous absorption and onset/duration of action are faster than the most
rapid-acting insulins.%6

Two different approaches have been described for dosing glucagon in a dual-
hormone artificial pancreas.'®” The first prioritizes hypoglycemia prevention by delivering

a minimum daily dose of glucagon without increasing insulin administration.'®” The
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second targets a lower mean glucose concentration by intensifying insulin treatment and
ultimately balancing the increased risk of hypoglycemia with a higher daily dose of
glucagon than the previous method.'®”

Eight studies to date have directly compared single- and dual-hormone artificial
pancreas systems.'® In each of these studies, the dual-hormone system used a
glucagon-dosing algorithm aimed at reducing hypoglycemia rather than permitting more
aggressive insulin treatment.’® The dual-hormone artificial pancreas was shown to
reduce the frequency and duration of hypoglycemia during daytime hours and exercise
compared to the single hormone system in short-term studies but results for the late post-
prandial period and nocturnal hypoglycemia are inconsistent.’® It is also unclear whether
the addition of glucagon to AID systems can further reduce HbA1C levels and the risk of
severe hypoglycemia as compared to more conventional insulin-only systems.'® The
timing of glucagon delivery in relation to insulin is important to consider since the efficacy
of glucagon in preventing hypoglycemia is dictated by circulating insulin levels.?% Clinical
studies show that micro-boluses of glucagon can correct hypoglycemia in a dose-
dependent manner when insulin levels (and thus, the insulin-to-glucagon ratio in the
hepatic portal vein) are low, but fail to influence hepatic glucose output when insulin levels
are high, irrespective of glucose concentration.?%%20" Therefore, it is unlikely that the
addition of glucagon to the closed-loop artificial pancreas will reproduce physiologic
glucose control or completely eliminate the risk of hypoglycemia.®®

Emergency glucagon, delivered at a dose of 1 mg in injectable and intranasal
formats, is the standard of care for treating acute episodes of severe hypoglycemia, which

require the assistance of another person for recovery.??? The total daily dose of glucagon
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tested in dual-hormone systems has ranged from 0.145 to 0.82 mg/day, for a maximum
of eight days, however, the long-term safety and efficacy of chronic, low-dose delivery
must still be assessed. %

Notably, glucagon is known to exert biological effects on multiple organ systems,
including cardiovascular, renal, Gl, and CNS.2%3 For example, glucagon may reduce food
intake by slowing GI motility and activating satiety centres in the CNS, and may increase
energy expenditure by inducing thermogenesis of brown adipose tissue.??® Acute side-
effects of the standard rescue dose of glucagon (1 mg) commonly include nausea,
vomiting, and headaches, and while available data suggest that these symptoms are rare
at doses below 1 mg, longer-term studies are required.?®®> Other concerns related to
chronic glucagon delivery, including hepatic glycogen depletion, glucagon resistance,
and/or tachyphylaxis, must also be addressed.'% Finally, current glucagon formulations
are not liquid stable, so glucagon cartridges must be replaced every 8-24 hours with
freshly reconstituted glucagon.'® While pump-compatible formulations are currently in
development,?% they have yet to undergo safety and efficacy testing.’” In summary, the
increased cost and complexity of a dual- versus single-hormone system must be weighed
against its clinical benefit, which is focused on minimizing hypoglycemia during sleep,

exercise, and the post-prandial period.'®®
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Chapter 3: Research Objectives

The first objective of this dissertation was to investigate the therapeutic potential
of pharmacologic somatostatin receptor 2 antagonism in restoring glucagon
counterregulation and resisting the onset of insulin-induced hypoglycemia in rat models
of recurrent hypoglycemia (Chapter 4) and pre-diabetes (Chapter 5). The second
objective was to investigate the therapeutic potential of a somatostatin receptor 2
antagonist (SSTR2a) as an alternative to exogenous glucagon in rapidly reversing insulin-
induced hypoglycemia without causing peripheral hyperglucagonemia (Chapter 6). We
further investigated whether co-treatment with incretin hormone, glucose-dependent
insulinotropic polypeptide (GIP) could augment glycemic rescue with SSTR2a (Chapter
6). Next, we extended our findings from rats to humans by characterizing glucagon and
insulin responses to SSTR2 antagonism in isolated islets from T2D donors and from non-
diabetic donors exposed to T2D culture conditions (Chapter 7.1). We also characterized
the glucose dependence of somatostatin (SST) secretion in these islet preparations to
elucidate the disease process that is reversible with SSTR2a, since islet-derived SST
cannot be measured in vivo (Chapter 7.1). Finally, we examined the effects of advanced
T2D, with and without basal insulin replacement, on islet hormone composition in rats
and humans as a potential mechanism driving the inhibition of counterregulatory glucagon

secretion by islet-derived SST (Chapter 7.2).
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41 Abstract

Recent antecedent hypoglycemia is a known source of defective glucose counter-
regulation in diabetes; the mechanisms perpetuating the cycle of progressive a-cell failure
and recurrent hypoglycemia remain unknown. Somatostatin has been shown to suppress
the glucagon response to acute hypoglycemia in rodent models of type 1 diabetes. We
hypothesized that somatostatin receptor 2 antagonism (SSTR2a) would restore glucagon
counterregulation and delay the onset of insulin-induced hypoglycemia in recurrently
hypoglycemic, non-diabetic male rats. Healthy, male, Sprague-Dawley rats (n = 39)
received bolus injections of insulin (10 U/kg, 8 U/kg, 5 U/kg) on 3 consecutive days to
induce hypoglycemia. On day 4, animals were then treated with SSTR2a (10 mg/kg; n =
17) or vehicle (n = 12) 1 hour prior to the induction of hypoglycemia using insulin (5 U/kQ).
Plasma glucagon level during hypoglycemia was ~30% lower on day 3 (150 £ 75 pg/mL;
P <.01), and 68% lower on day 4 in the vehicle group (70 £ 52 pg/mL; P <.001) compared
with day 1 (219 £ 99 pg/mL). On day 4, SSTR2a prolonged euglycemia by 25 + 5 minutes
(P < .05) and restored the plasma glucagon response to hypoglycemia. Hepatic glycogen
content of SSTR2a-treated rats was 35% lower than vehicle controls after hypoglycemia
induction on day 4 (vehicle: 20 £ 7.0 vs SSTR2a: 13 + 4.4 ymol/g; P < .01). SSTR2a
treatment reverses the cumulative glucagon deficit resulting from 3 days of antecedent
hypoglycemia in healthy rats. This reversal is associated with decreased hepatic glycogen
content and delayed time to hypoglycemic onset. We conclude that recurrent
hypoglycemia produces glucagon counterregulatory deficiency in healthy male rats,

which can be improved by SSTR2a.
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4.2 Introduction

Recurrent hypoglycemia is a pervasive clinical complication of insulin therapy in
type 1 diabetes (T1D), owing to imperfect (nonphysiological) insulin replacement in a
setting of defective glucose counterregulation.'® The a-cell, which secretes the chief
counter-regulatory hormone, glucagon, becomes unresponsive to hyperinsulinemic
hypoglycemia with progressive B-cell failure and endogenous insulin deficiency.'® Within
about 5 years of T1D diagnosis, the counterregulatory burden has shifted to
sympathoadrenal and other autonomic mechanisms.'® However, these pathways are
easily overwhelmed by intensive insulin therapy, commonly leading to recurrent
hypoglycemia and the clinical syndrome of hypoglycemia-associated autonomic failure
(HAAF)."® In short, recent antecedent hypoglycemia lowers glycemic thresholds for
sympathoadrenal activation to subsequent hypoglycemia, resulting in diminished
counterregulatory and neuroglycopenic symptom responses.'®

It is important to note that the literature models HAAF as the mechanism
perpetuating recurrent hypoglycemia.?%® This model assumes a state in which the a-cell
is already completely unresponsive to hypoglycemia; however, at least a partial glucagon
response is typically present in cases of newly diagnosed T1D (<5 years) and late stage
type 2 diabetes even before HAAF develops.'?32% |n these and healthy animal models,
it is well established that glucagon counterregulation is attenuated by acute, insulin-
induced hypoglycemia 297:2%8 and diminishes further with repeat hypoglycemia exposure.
209,210 Unlike epinephrine, glucagon secretion in diabetic rats is not corrected by short-
term (3-4 weeks) hypoglycemia avoidance.?'2'2 Moreover, the glucagon response to

hypoglycemia is preserved where neural inputs have been severed in vivo (cervical spinal
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cord transection, partial or complete pharmacological adrenergic blockade, pancreas
transplant)?'3-2'% and in vitro (perfused rodent pancreas and perifused rodent and human
islets).2'6-217 Conversely, a sustained rise in intra-islet insulin levels during hypoglycemia
induced with insulin secretagogue, tolbutamide, silences the glucagon response to
hypoglycemia despite intact autonomic signalling.2'® Collectively, these data suggest the
involvement of non-neural mechanisms, potentially operating in parallel to HAAF, that
underpin defective glucagon counterregulation to recurrent hypoglycemia.

Somatostatin-14 is an endocrine hormone secreted by §-cells of the endocrine
pancreas.® As the gatekeeper of the pancreatic islets, somatostatin exerts tonic inhibitory
control over neighbouring a- and B-cells by activating somatostatin receptor type 2
(SSTR2) and types 3/5 (SSTR3/5), localized to a- and B-cells, respectively.?'® Reported
elevations of pancreatic and plasma somatostatin in diabetic humans,??° dogs,??' and
rodents??2-2?4 have long implicated &-cell dysfunction in the failed a-cell response to
insulin-induced hypoglycemia in T1D.6 More recently, Rorsman's group demonstrated
that a therapeutic dose of insulin inhibited hypoglycemic glucagon secretion by an
indirect, paracrine mechanism mediated by somatostatin - a feature that was reversible
with somatostatin type 2 receptor antagonism (SSTR2a).??°

Pharmacological SSTR2a recently advanced to phase 1 clinical trials as a
therapeutic tool for hypoglycemia prevention in T1D.?%% In pre-clinical trials, SSTR2a was
shown to restore glucagon counterregulation in response to acute’? and recurrent?
episodes of clamped hypoglycemia in rodent models of streptozotocin- and biobreeding-

T1D, and in healthy, human pancreas slices.®
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In this study, we used a non-diabetic rat model of hypoglycemia-induced
counterregulatory failure to determine whether somatostatin signalling mediates the
suppressive effect of recent, antecedent hypoglycemia on subsequent glucagon
counterregulation. To this end, we evaluated the restorative potential of pharmacological
SSTR2 antagonism on hormonal (glucagon and C-peptide) and glycemic responses to
hypoglycemia after three prior episodes in non-diabetic rodents. The absence of pre-
existing a-cell dysfunction in our model enabled us to selectively target and reverse the
glucagon secretory defect secondary to recurrent hyperinsulinemic-hypoglycemia per se.
We hypothesized that SSTR2 blockade would rescue the glucagon secretory response
and its catabolic effects on hepatic glycogen stores to resist subsequent hypoglycemia in

recurrently hypoglycemic, non-diabetic, male Sprague-Dawley rats.

4.3 Materials and Methods
This study was conducted in accordance with the recommendations of the
Canadian Council for Animal Care guidelines and has been approved by the York

University Animal Care Committee (Protocol # 2017-7).

Rodent Treatment and Experimental Design Forty-five (n=45) healthy, non-
diabetic, male Sprague-Dawley (SD) rats (Charles River Laboratories, ~250g body mass
post weaned, age ~ 9-10 weeks old) were habituated in the York University Vivaria for
one-week before handling. Rats were housed in a light controlled (12-hour light/dark
cycle) room with a humidity of 50-60% and temperature of 22-23°C. Rats had ad-libitum
access to standard rodent chow (Purina Labdiet 5012, St. Louis, Missouri) and water.
Following the 7-day habituation period, body weight, blood glucose, and food intake were

monitored daily. Fig. 4-1A provides an outline of the study design, with an itemized
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breakdown of animal sub-groupings, animal exclusions, and analytes measured for each

condition.

Baseline Controls (Day 1) Following habituation, a subset of rats (n=6) was
randomly selected for baseline analysis and excluded from all hypoglycemia protocols. A
blood sample was collected via saphenous vein bleed for baseline (basal/fed)
measurement of plasma glucagon and C-peptide concentrations. These rats (and all
others in this study at their respective endpoints) were then anaesthetized using

isoflurane gas for portal blood and tissue collection (see below).

Hypoglycemia Conditioning (Days 1-3) Hypoglycemia has been clinically
defined by the American Diabetes Association Workgroup on Hypoglycemia as a whole
blood glucose concentration of <3.9 mmol/l.??’ In this study, we undertook a three day
hypoglycemia conditioning protocol to induce defective glucagon counterregulation in
healthy rats. The experimental procedure for hypoglycemic conditioning is outlined in Fig.
4-1B. Thirty-nine rats underwent recurrent insulin-induced hypoglycemia, comprised of
one, 120-min hypoglycemic event per day, on three consecutive days (food was removed
~60-min prior to each event). A stepwise reduction in the insulin dose was used to induce
a similar level of hypoglycemia on each day (day 1: 10 U/kg, day 2: 8 U/kg, day 3: 5 U/Kkg,
IP Humulin-R, Lilly, Canada). This insulin dose reduction over days 1-3 was designed in
anticipation of diminished counterregulatory function over the 3-day conditioning period.
228 Blood glucose was measured in duplicate via tail prick using a hand-held glucometer
(ATRAK, Abbott) before insulin administration (t=0 min) and every 10-min thereafter until
each animal had remained between 1.7-2.5 mmol/l for 120 consecutive minutes. This is
an established protocol for reproducing overt and progressive glucagon failure in healthy
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rodents. 161.229.230 Apimals that failed to reach the glycemic target by 60-min of their initial
insulin injection received a second dose of insulin. If blood glucose levels dropped below
range at any time, 0.1-1.0 ml of 35% D-glucose was administered, as necessary, to
restore target hypoglycemia. If physically capable, animals drank the dextrose solution
from a syringe; otherwise, it was delivered via oral gavage. Any animal that reached
severe hypoglycemia (i.e., seizure and/or loss of consciousness) was immediately
withdrawn from the study and excluded from all datasets (see Fig. 4-1A for one such
exclusion).

Saphenous vein blood samples were collected for subsequent glucagon and C-
peptide analysis prior to insulin injection (t=0 min) and at the first blood glucose
measurement <3.5 mmol/l (in duplicate samples). This glycemic target was chosen to
ensure that the glucagon response was captured beyond its glycemic activation threshold
of ~3.6-3.9 mmol/l,>®! especially since this threshold can shift to lower blood glucose

concentrations with recurrent hypoglycemia.?32

Hypoglycemia-Conditioned Controls Following three days of recurrent
hypoglycemia, seven (n=7) rats were randomly selected for terminal basal analysis ~24
hours after their third hypoglycemic event (i.e., on the morning of day 4). These rats were
anaesthetized for tissue and portal blood collection in the euglycemic state for comparison
against baseline controls naive to hypoglycemia. One animal suffered a seizure after
hypoglycemia conditioning on day 3 and was euthanized without advancing to day 4 (Fig.

4-1A). Their data were excluded from all analyses.
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Subsequent Hypoglycemia (day 4) The experimental protocol for day 4 is
provided in Fig. 4-1C. To assess the effects of recurrent hypoglycemia on glucagon
counterregulation, with and without SSTR2a, a subset of rats (n=31) were subjected to
the same insulin induction protocol as day 3, but without any oral glucose provided. More
rats were allocated to the drug-treated group (n=17) than the vehicle group (n=14), based
on our previous findings that the glucagon response to SSTR2a is more variable than to
vehicle in both healthy and diabetic rodents.® Two rats in the vehicle group developed
baseline hypoglycemia prior to insulin bolus on day 4 and were excluded from all data
analyses (Fig. 4-1A; see below for possible limitation of aTOS as drug vehicle).

Duplicate blood glucose measurements were obtained via tail prick using a hand-
held glucometer at t=-60 min (baseline), t=-30 min, t=0 min (before insulin administration)
and every 10-min thereafter until a glycemic endpoint of <3.5 mmol/l. At this time, a
terminal blood sample was collected via saphenous venipuncture for subsequent
hormone analysis and rats were anaesthetized for portal blood and tissue extraction.
Experiments were conducted in batches and technicians were blinded to the treatment

condition.
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Figure 4-1. Study flow diagram and experimental protocols. (A) Flow diagram. Shaded
boxes denote terminal conditions. (B) Hypoglycemia conditioning protocol (days 1-3).
Thirty-nine (n=39) healthy rats received a daily bolus injection of Humulin-R insulin to
induce similar hypoglycemia on 3 consecutive days using oral D-glucose as necessary.
Blood glucose was measured before insulin administration (t=0 min) and every 10-min
thereafter for the duration of the protocol. A venous blood sample was collected at t=0
min and again during hypoglycemia (i.e., first blood glucose measurement <3.5 mmol/l)
for subsequent glucagon and insulin analysis. (C) Subsequent hypoglycemia (day 4) with
or without SSTR2a treatment. Hypoglycemia-conditioned rats were administered
SSTR2a (PRL-2903, 10mg/kg; n=17; IP) or vehicle (n=12) 1 h (t=-60 min) before a bolus
injection of insulin (Humulin-R insulin, 5 U/kg, IP) at t=0 min. A terminal blood sample was
collected at blood glucose <3.5 mmol/l and animals were anaesthetised for tissue and
portal vein blood extraction prior to euthanisation.
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SSTR2a and Vehicle The SSTR2a used (PRL-2903) has a half-maximal inhibitory
concentration of 2.5 nmol/L and binds to SSTR2 with a Ki of 26 nmol/l. 23 This peptide is
selective for SSTR2 over SSTR3 and SSTR5 by 10- and 20-fold, respectively, and has
negligible binding affinity for SSTR1 and SSTR4. 233 Rats received an intraperitoneal
injection of SSTR2a (10mg/kg PRL-2903, IP; formulated by CPC Scientific, Sunnyvale,
CA, USA; supplied by CDRD, BC, Canada) with vehicle (0.5% a-tocopheryl succinate
(aTOS) in pH 7 phosphate buffered saline, IP) or vehicle alone (controls) one-hour (t=-60
min) prior to a single intraperitoneal injection of 5 U/kg Humulin-R insulin. The vitamin E
pro-drug, aTOS, was chosen over acetic acid, the more commonly used vehicle for PRL-
2903 delivery ' based on observations that aTOS offers: 1) improved drug solubility; 2)
less pain on administration, which could elicit a confounding stress response, and 3)
increased stability and predictability of drug absorption. Unlike its active tocopherol

(vitamin E), aTOS does not have a redox potential and does not act as an antioxidant. 2

Plasma Analysis Blood samples from saphenous vein bleed (or portal vein at
endpoint on day 4) were collected in potassium-EDTA coated, microvette capillary tubes
(Sarstedt, Cat # 16.444.100, Canada) and centrifuged at 12000 rpm for 5 min. Plasma
was removed and stored in polyethylene tubes at -80°C for subsequent quantification of
glucagon (Mercodia Cat# 10-1271-01, RRID:AB_2737304) and C-peptide (Crystal Chem

Cat# 90055, RRID:AB_2893130) levels using ELISA.

Tissue Analysis Skeletal muscle (tibialis anterior and extensor digitorum longus)
and liver glycogen content were quantified using a method modified from Carr and Neff.
235 Briefly, frozen tissue was digested in 0.5 ml of 1M KOH at 70°C for 1 hr, and the pH of
the digest was titrated to 4.8 prior to the addition of acetate buffer and 0.5 mg/ml
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amyloglucosidase. Glycogen was subsequently hydrolysed at 40°C for 2 h. Glucose was
detected enzymatically, and the absorbance was read at 340 nm in a spectrophotometer

(Ultraspec 2100 pro; Biochrom Ltd., Cambridge, UK).

Statistical Analysis All data are expressed as means = SD. Statistical tests were
conducted against a significance criterion of P<0.05 using Prism software (GraphPad
Software, San Diego, CA). Because treatment was administered on day 4 only, we
elected to use a one-way, independent samples ANOVA (factor: study group; levels: day
1, day 3, vehicle, SSTR2a) rather than a two-way, mixed-effects ANOVA (factors: day x
treatment) to analyze the following outcomes: basal or hypoglycemic plasma hormone
levels, time to hypoglycemia onset, and tissue glycogen content. Multiple comparisons
were performed using Tukey's HSD post-hoc test. Day 4 glycemic responses were
analyzed using a 2-way mixed-design ANOVA (factors: treatment x time), followed by a
Sidak post-hoc test. A two-tailed, unpaired t-test was used to compare portal vein
hormone levels between day 4 treatment groups. Survival curve analysis was performed

using a log-rank (Mantel-Cox) test.

44 Results

Body Weight and Blood Glucose Body weight increased steadily over the
experimental period, from 321167 g at baseline on day 1 to 334166 g on day 4 (P<0.001)
but did not vary significantly between day 4 treatment groups (vehicle: 354159 g;
SSTR2a: 340164 g). Blood glucose concentrations from the hypoglycemia conditioning
phase of the protocol (days 1-3; n=36) are presented in Fig. 4-2A, while Fig. 4-2B shows
the glycemic responses to subsequent insulin challenge (day 4) with or without SSTR2a.

Basal blood glucose levels at t=-60 min were not significantly different across
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experimental days or conditions (Fig. 4-2A, 2B). Glucose levels during hypoglycemia
conditioning on days 1-3 were similar, with all animals remaining in target range for 120
min. As described in the methods, plasma and tissue samples were collected at the first
blood glucose reading <3.5 mmol/l. As a result, hypoglycemic outcome variables
corresponded to a mean blood glucose concentration of 3.2+0.4 mmol/l on day 1, 3.1£0.4
mmol/l on day 3, 3.0+0.4 mmol/l in vehicle (day 4), and 3.1+ 0.4 mmol/l in SSTR2a (day
4) (not significantly different).

In Fig. 4-2B, each animal's terminal blood glucose concentration as measured on
day 4 (at <3.5 mmol/l) was carried forward to all subsequent timepoints following their
removal from the challenge. This data extrapolation procedure was done to illustrate
glycemic trends over time, despite diminishing sample sizes, which would otherwise
misrepresent group means. There was a significant treatment by time effect on glycemic
responses to subsequent insulin challenge (day 4; P<0.001) plotted in Fig. 4-2B, with
elevations in the SSTR2a group at 10- and 20-min post-insulin administration (P<0.05

and P=0.06, respectively).

Time to Hypoglycemia Onset Time from insulin administration to the onset of
clinical hypoglycemia (blood glucose <3.9 mmol/l) did not differ significantly during the
hypoglycemic conditioning days, averaging 50+39 min (days 1-3 combined) (Fig. 4-2C).
On day 4, the drug-treated group reached hypoglycemia by an average of 58+40 min as
compared to 3334 min in the vehicle group (P<0.05). A comparison of survival curves in
Fig. 4-2D revealed a significant overall reduction in the proportion of hypoglycemic

animals in the treatment vs vehicle group (P<0.05). Three of twelve rats (25%) in the
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vehicle group were euglycemic at 30 mins as compared with nine of seventeen rats (53%)

in the treatment group.
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Figure 4-2. Blood glucose responses to hypoglycemic challenge on hypoglycemia
conditioning days (A). On day 4 (B), hypoglycemia-conditioned rats were given SSTR2a
(10 mg/kg; n=17) or vehicle (n=12) at t=-60 min, followed by a 5 U/kg IP bolus injection
of insulin 1 h later (t=Omin, indicated by vertical dotted line). Terminal blood glucose
values from each animal have been extended out to the x-axis limit. Horizontal dotted line
indicates the threshold for clinical hypoglycemia (3.9 mmol/l). Treatment by time
interaction: P<0.001; P=0.06 at t=10, 20 min. (C) Time from insulin administration to
hypoglycemia onset on days 1-3 (hypoglycemia conditioning) and day 4 (subsequent
hypoglycemia) with or without SSTR2a pre-treatment. *P<0.05 vehicle vs SSTR2a. (D)
Survival curve comparing the percentage of animals in each group that remained
euglycemic (>3.9 mmol/l) post-insulin exposure on day 4. *P<0.05. All data are means +
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SD. Data in the tables below (A) and (B) indicate the number of animals remaining at
each major interval time point.

Glucagon Mean plasma glucagon concentrations on experimental days 1, 3, and
4 are shown in Fig. 4-3A. Basal glucagon levels did not change significantly throughout
the experimental period. The stimulated glucagon response to blood glucose <3.5 mmol/I
diminished by 32% across 3 days of conditioning (day 1: 219+99 pg/ml vs day 3: 150£75
pa/ml; P<0.01) and by an additional 53% on day 4 in the vehicle group (day 4 vehicle:
70£52 pg/ml; P<0.001 vs day 1; P<0.05 vs day 3). Plasma glucagon was ~2.4-fold higher
in SSTR2a-treated animals (171£122 pg/ml) than vehicle controls (P<0.05) and
comparable to levels observed on days 1 and 3. Portal vein glucagon levels did not vary

significantly between groups on day 4 (Fig. 4-3B).

C-peptide Basal concentrations of plasma C-peptide were comparable across all
4 days (Fig. 4-3C). Hypoglycemic levels (measured at blood glucose <3.5 mmol/l) of C-
peptide were also comparable between days 1 and 3 but increased significantly on day 4
(vehicle: 0.59+0.23 nmol/l; SSTR2a: 0.36+0.20 nmol/l) relative to day 1 (0.15+£0.09 nmol/l;
P<0.001 vs vehicle or SSTR2a) and day 3 (0.14+0.11 nmol/l; P<0.001 vs vehicle or
SSTR2a) (Fig. 4-3B). This marked elevation in the vehicle group was partially, yet
significantly offset by SSTR2a pre-treatment, and was mirrored by a comparable, 1.6-fold
reduction in portal vein C-peptide levels of SSTR2a-treated animals (vehicle: 0.32+0.11

nmol/l vs SSTR2a: 0.19+£0.13 nmol/l; P<0.01) (Fig. 4-3D).

Portal vein glucagon-to-insulin ratio The calculated ratio of glucagon to C-
peptide in the portal vein during hypoglycemia on day 4 was ~2.6-fold higher in the

SSTR2a (2014+1698) vs vehicle group (7762406; P<0.05) (Fig. 4-3E).
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Figure 4-3. Basal and hypoglycemic plasma hormone levels. Baseline (squares) and
endpoint (circles) plasma concentrations of (A) systemic glucagon; (B) portal vein
glucagon (day 4 only); (C) systemic C-peptide; (D) portal vein C-peptide (day 4 only); and
(E) the ratio of portal glucagon to portal C-peptide. Note: hypoglycemic measurements
were obtained at the first blood glucose reading <3.5 mmol/l. *P<0.05, **P<0.01,
***P<0.001 vs vehicle; T1P<0.01 vs day 3; 1 1 $P<0.001 vs day 1 and day 3. All data are
means + SD.
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Hepatic and skeletal muscle glycogen content The hepatic glycogen content of
euglycemic, baseline controls was not significantly different after 3 days of recurrent
hypoglycemia (i.e., measured 24-hours after the 3rd hypoglycemic exposure) (Table 4-1).
On day 4, hepatic glycogen stores were significantly lower in hypoglycemic animals as
compared to their euglycemic counterparts (i.e., hypoglycemia-conditioned controls:
P<0.05 vs vehicle; P<0.001 vs SSTR2a). Notably, glycogen levels were reduced by 35%
in the SSTR2a vs vehicle group after hypoglycemia (P<0.01). No difference was detected
in the glycogen content of the tibialis anterior or extensor digitorum longus muscle across

days or treatment conditions (Table 4-1).

Table 4-1. Tissue glycogen content of control animals in the basal (euglycemic) state and of
hypoglycemic animals at target blood glucose 3.5 mmol/L.

Day 1 Day 4
Bczf]?rlg;se Hypoglyci(r)nnlflrgzlgndltloned Subsequent hypoglycemia
Vehicle SSTR2a
Hepatic Glycogen (umol) 27 +0.4 26+1.9 20+ 7.0* 13 £ 4.4t
TA Glycogen (umol) 12+1.9 12+2.5 13+3.2 11 +1.9
EDL Glycogen (umol) 11+15 11120 11+34 11+17

Data are means + SD.

Abbreviations: TA, tibialis anterior; EDL, extensor digitorum longus.

*P < .05, ***P < .001 vs. baseline controls or hypoglycemia-conditioned controls; 1P < .01 vs.
vehicle.

4.5 Discussion

The goal of this study was to examine whether somatostatin signalling plays a role
in the pathophysiology of hypoglycemia-induced counterregulatory failure. As
hypothesized, SSTR2a restored glucagon secretion to subsequent hypoglycemia, which

in turn, increased hepatic glycogen utilization and delayed time to hypoglycemia onset.
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Antecedent hypoglycemia is known to blunt the glucagon response to
hypoglycemia in healthy?97-209.236 gnd diabetic subjects.?®” Here, our non-diabetic rat
model showed a 32% attenuation in counterregulatory glucagon secretion after three
days of hypoglycemia conditioning. This response echoed the ~40-60% impairment
reported by Chan et al. across a similar three-day protocol.'*® By reducing the insulin
dose on each successive day of conditioning, we achieved a consistent rate of glycemic
decline despite failing counterregulation. Without this compensatory dosing measure,
vehicle-treated rats showed a further 53% impairment to subsequent hypoglycemia on
day 4.

We demonstrated that delivery of the SSTR2a (10 mg/kg PRL-2903) one-hour
before hypoglycemia induction normalized plasma glucagon levels and delayed the onset
of clinical hypoglycemia (blood glucose <3.9 mmol/l) by 25 minutes. The absence of pre-
existing a-cell dysfunction in our non-diabetic rodent model allowed us to selectively
target and reverse glucagon counterregulatory failure induced by recurrent
hyperinsulinemic-hypoglycemia per se. The lack of an observable drug effect in acutely
hypoglycemic healthy rodents further supports the conclusion that somatostatin signalling
in the pancreatic islets may increase with repeated hypoglycemia exposure.! Abnormal
elevations in plasma and/or pancreatic somatostatin have traditionally been considered
a diabetes-specific phenomenon.’® The rescue of glucagon counterregulation by
SSTR2a in various diabetic rodent models during acute’? and recurrent? hypoglycemia
suggests that somatostatin signalling may attenuate glucagon counterregulation.2¢ We
propose that in addition to diabetes, antecedent hypoglycemia per se may elevate

somatostatin signalling to further suppress glucagon counterregulation.
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Proinsulin connecting peptide (C-peptide) is a by-product of insulin biosynthesis,
secreted with insulin in an equimolar ratio. It therefore serves as a reliable metric for
measuring [B-cell secretory activity in the presence of exogenous insulin. We
unexpectedly observed significantly higher levels of systemic C-peptide during
hypoglycemia on day 4, as compared to days 1 and 3, which was more pronounced in
the vehicle-only group. This suggests that the vehicle, aTOS, may have acted as an
insulin secretagogue prior to and/or during hypoglycemia. However, because the vehicle
was given to both groups, any potential paracrine or glycemic interference would not
modify relative treatment outcomes. Insulin secretagogues are known to suppress
hypoglycemic glucagon secretion under healthy conditions,?'® and we propose that the
SSTR2a used here may have inadvertently opposed this insult by reducing
pharmacologically-stimulated insulin secretion. Any non-specific binding of the antagonist
to SSTR3 and/or SSTRS on the (B-cell would be expected to raise C-peptide levels by
blocking somatostatin's inhibitory input.?®® We instead propose that by occupying
somatostatin binding sites on the a-cell, the antagonist may have promoted the
somatostatin-mediated activation of its receptors on the B-cell, thereby inhibiting (and
partially normalizing) hypoglycemic insulin release. Confirmed elevations in pancreatic
and plasma somatostatin during PRL-2903 exposure, based on in vitro studies of the
perfused isolated rat pancreas?3® and hypoglycemia-clamp experiments in healthy rats,?
may lend further support to this theory.

Glucagon-stimulated glycogenolysis and gluconeogenesis by the liver are the
predominant counterregulatory pathways that defend against hypoglycemic stressors.?3°

T1D reduces liver glycogen stores,?*? even in those under good glycemic control.?*' The
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reduction in liver glycogen is associated with impaired rates of glycogenolysis during
hypoglycemia in humans with T1D?*' and in dog models of altered hepatic glycogen
content.?*? Interestingly, we did not observe any change in basal hepatic glycogen stores
following three days of hypoglycemic conditioning in these non-diabetic rodents.
Diminished glycogenolytic capacity in recurrently hypoglycemic rats is supported by
Shum et al.,, who reported impairments in both absolute and incremental glucose
production during the first forty-five minutes of insulin-induced hypoglycemia, despite an
intact neuroendocrine response.?*3 Previous studies proposed that SSTR2a promotes
homeostatic recovery from hypoglycemia by augmenting the rate of hepatic
glycogenolysis,? though none had directly tested this hypothesis. We observed a 45%
depletion of hepatic glycogen in rats treated with SSTR2a, indicating its ability to protect
against hypoglycemia following a period of untreated, recurrent hypoglycemia. While
hepatocytes have been shown to express SSTR1 and SSTR3,%* the SSTR2 antagonist
used in this study (PRL-2903) is incompatible with the former and binds to the latter with
10-fold lower affinity than SSTR2.233 This supports the conclusion that somatostatin
modulates hepatic glycogen stores by an indirect mechanism - likely, via suppression of
glucagon counterregulation.?

Insulin antagonizes glucagon’s catabolic effects on liver glycogen, so the ratio of
glucagon to insulin in the portal vein (which serves as a direct conduit from the pancreas
to the liver) is considered the primary mediator of hepatic glycogen breakdown during
mild hypoglycemia and exercise.?*® Accordingly, the elevated portal vein ratio observed
in SSTR2a-treated vs vehicle-control animals may account for the significant reduction in

hepatic glycogen observed in this group. However, to conclude whether glycogenolytic
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capacity was truly attenuated by antecedent hypoglycemia in this model, future studies
must establish the glycogen response to acute hypoglycemia for comparison against
each day of subsequent exposure.

We found that the circulating, but not portal concentration of plasma glucagon was
significantly higher in drug- vs- vehicle-treated animals at terminal hypoglycemia on day
4. This finding may invite speculation of a SSTR2a-mediated reduction in hepatic
glucagon clearance; however, no such effects have been described. Instead, studies in
isolated rat islets and pancreas slices have consistently demonstrated the potent and
direct a-cell glucagonotropic effects of selective SSTR2 antagonists.>24¢ We suspect that
our sampling timepoint, which took place 60 minutes after insulin administration in the
SSTR2a group (vs 30 minutes in the vehicle group), may have captured a time-dependent
decline in glucagon secretion, shown to occur between ~30-40 minutes of hypoglycemic
induction with or without SSTR2a."2247

This study has several limitations to acknowledge. First, we elected to use aTOS
as the vehicle for SSTR2a delivery. Long-term supplementation of vitamin E in its active
form, a-tocopherol, has been shown to compensate for insulin resistance by increasing
glucose-stimulated insulin release and peripheral insulin sensitivity in hyperglycemic, type
2 diabetic rats.?#824° Evidence of a single-dose effect, especially in healthy subjects, is
less convincing.?48250.251 |t js also worth clarifying that aTOS is a prodrug, which shows
slow and continuous hydrolysis (activation) by a tissue esterase in pharmacokinetic
studies of IV-infused rats.?52 A peak in serum tocopherol levels 7-8 hrs post-delivery and
minimal non-hepatic tissue exposure overall?>? further reduces the likelihood of vehicle

interference. Yet, we cannot discount the possibility that aTOS promoted insulin secretion
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and/or peripheral insulin sensitivity in both treatment groups, owing to the premature
glycemic decline following SSTR2a/vehicle administration (Fig. 4-2B). The use of a-
tocopheryl succinate should thus be avoided in future anti-hypoglycemic drug
formulations. As a second limitation, plasma glucagon and C-peptide levels were
measured at a single hypoglycemic timepoint, which did not allow us to profile these
responses over time. Finally, the majority of glucagon's counterregulatory response lies
beyond the glycemic threshold for clinical hypoglycemia onset (3.9 mmol/l),?*! reflected
in our glycemic sampling target of 3.5 mmol/l, which questions a role for glucagon in
resisting hypoglycemia onset (versus its progression) under normal conditions. Thus, it
remains to be determined how the elevation in plasma glucagon levels as measured at
3.5 mmol/l relates to a delay in hypoglycemia onset at 3.9 mmol/l. Notably, SSTR2a
infusion prevents glucose-mediated glucagon suppression between 3.5-5 mmol/l in the
isolated rat pancreas, suggesting that SSTR2a may promote earlier glucagon recruitment
and glycemic recovery.?3® Future studies are required to elucidate how SSTR2a may
modify the glycemic threshold for glucagon counterregulation in this and other models of
health and disease.

In summary, we demonstrated that the SSTR2a, PRL-2903, restored glucagon
counterregulation and significantly delayed the onset of subsequent hypoglycemia in
recurrently hypoglycemic, non-diabetic rats. Hypoglycemia resistance with SSTR2a
treatment is associated with accelerated hepatic glycogenolysis. Our findings suggest a
role for somatostatin in the glucagon counterregulatory defect that develops in parallel

with HAAF. Further investigation into these findings stands to advance our understanding
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of intra-islet paracrine dynamics in health and disease, as well as the therapeutic

applications of SSTR2a in diabetic patients with advanced counterregulatory failure.
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5.1 Abstract

Aims: Somatostatin receptor 2 antagonists (SSTR2a) block somatostatin's
inhibitory input to pancreatic a-cells and enhance glucagon counterregulation during
hypoglycemia in type 1 diabetes. Here, we examine if glucagon counterregulatory defects
exist in a rat model of pre-diabetes (pre-T2D) and assess if a selective SSTR2a (ZT-01)

enhances the glucagon response to insulin-induced hypoglycemia. Materials/Methods:

Hyperglycemia was induced in 8-9-week-old, male, Sprague-Dawley rats via seven-
weeks of high-fat feeding followed by a single, low-dose injection of streptozotocin (30
mg/kg; IP). After two-weeks of basal insulin therapy (0-4 U/d insulin glargine; SC) to
facilitate partial glycemic recovery and a pre-T2D phenotype, n=17 pre-T2D and n=10
normal chow-fed control rats underwent the first of two hypoglycemic treatment-crossover
experiments, separated by a one-week washout period. On each experimental day,
SSTR2a (3 mg/kg ZT-01; SC) or vehicle was administered 1 h prior to insulin-induced
hypoglycemia (insulin aspart, 6 U/kg; SC). Results: Glucagon counterregulation was
marginally reduced with the induction of pre-T2D. Treatment with SSTR2a raised peak
plasma glucagon levels and glucagon area under the curve (AUC) before and after insulin
overdose in both control and pre-T2D rats. Blood glucose concentration was elevated by
30 min after SSTR2a treatment in pre-T2D rats and hypoglycemia onset (3.9 mmol/L)
was delayed by 15+12 min compared to vehicle (P<0.001), despite similar glucose nadirs
between treatment groups (1.4£0.3 mmol/L). SSTR2a treatment had no effect on blood
glucose levels in the control group or on the hypoglycemia-induced decline in plasma C-

peptide levels in either group. Conclusions: SSTR2a treatment increases glucagon
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responsiveness and delays the onset of insulin-induced hypoglycemia in this rat model of

pre-T2D where only a modest deficiency in glucagon counterregulation exists.
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5.2 Introduction

Glucagon, secreted by pancreatic a-cells prevents and/or attenuates the
development of hypoglycemia by mobilising glucose from the liver.2%3 In type 1 diabetes
(T1D), the counterregulatory glucagon response is typically absent within a few years of
diagnosis, predisposing affected individuals to insulin-induced hypoglycemia.?' While the
natural history of this acquired a-cell defect is not well characterised in type 2 diabetes
(T2D), owing, at least in part, to heterogeneity in disease phenotype and progression, it
is well established that hypoglycemia, secondary to the intensive use of insulin analogues
and/or secretagogues, becomes limiting to glycemic control in the late or advanced
stages of disease.?'.27:35:36:43.254 Each episode of hypoglycemia impairs the glucagon and
sympathoadrenal (epinephrine) responses to subsequent hypoglycemia, often
perpetuating a cycle of recurrence.?’

After more than 40 years of research into the mechanisms of glucagon
counterregulatory failure in diabetes, evidence points to the involvement of lesser known
islet hormone, somatostatin (SST).62%° SST is secreted by &-cells of the pancreatic islets,
which comprise 5-10% of the total islet cell mass.?%® As the putative islet gatekeeper, SST
inhibits glucagon and insulin secretion via SST receptor 2 (SSTR2) and receptor 5
(SSTR5), localised to rodent a- and pB-cells, respectively.’225 Pharmacological
antagonism of SSTR2 augments the plasma glucagon response to both acute’3'"" and
recurrent? hypoglycemia in rodent models of streptozotocin (STZ) and biobreeding T1D.
This restorative effect was replicated in non-diabetic rodents with overt glucagon
counterregulatory failure following recurrent episodes of insulin-induced hypoglycemia.?%8

Currently in clinical trials,' the highly selective SSTR2 antagonist (SSTR2a), ZT-01
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(Zucara Therapeutics), is emerging as a promising therapeutic for the prevention of
insulin-induced hypoglycemia in people with T1D.

Owing to relative disease prevalence, T2D, rather than T1D, now accounts for the
majority of severe diabetes-related hypoglycemic events (i.e., requiring hospitalisation).2°
Hypersecretion of SST, observed in T2D mouse and human islets at low glucose, offers
a potential mechanism of impaired glucagon output (65-75%) that is reversible with
SSTR2a.* Since &-cells are electrically silenced by B-cells via gap junction coupling at
low glucose, mathematical modelling of &-cells predicts increasing hyperactivity and SST
release under conditions of progressive B-cell death.®® Yet, the setting in which this defect
first arises remain unclear. Conflicting in vivo observations suggest that glucagon
counterregulation is increased,’' decreased,?®® or unchanged?6® in chronically high-fat
fed (HFF) mice. However, the commonly used rodent model of HFF-induced pre-diabetes
(pre-T2D) shows sufficient B-cell compensation to maintain normoglycemia,'3'26° and
therefore, the effect of mild hyperglycemia on glucagon counterregulation in a setting of
insulin resistance is unclear. Mild hyperglycemia in pre-T2D is predictive of T2D risk, and
B-cell exposure to mild hyperglycemia in the transition to diabetes impairs glucose-
stimulated insulin secretion,?8".262 which is most readily reversible in this early state.?263
This led us to question whether stimulated (i.e., counterregulatory) glucagon secretion is
similarly impacted by mild hyperglycemia during the progression to diabetes and, if so,
whether SSTR2 antagonism may provide a method of early correction.

We induced mild hyperglycemia in HFF rats with a single, low-dose injection of
STZ followed by a period of glycemic recovery, yielding a stable pre-T2D phenotype. We

took this approach since low-dose STZ (i.e., 30-40 mg/kg) induces acute hyperglycemia
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and normo- or hypoinsulinemia reminiscent of late-stage T2D in HFF rats, whereas doses
below this range fail to elicit significant hyperglycemia in normal and HFF male, Sprague-
Dawley rats.?®* The goal of this study was to characterise the counterregulatory
responses of islet hormones to insulin-induced hypoglycemia (i.e., decreased insulin
secretion coupled with increased glucagon secretion) in this novel pre-T2D model, with
and without SSTR2a pre-treatment. We hypothesized that this model would exhibit a mild
defect in counterregulatory glucagon secretion that is reversible with a highly selective
SSTR2a, ZT-01, to reduce hypoglycemia exposure without modifying endogenous insulin

levels or basal glycemia.

5.3 Materials and Methods
This study was conducted in accordance with the recommendations of the
Canadian Council for Animal Care guidelines and has been approved by the York

University Animal Care Committee (Protocol # 2017-7).

Animals and T2D Induction

The experimental protocol is outlined in Supplementary Figure 5-1. Thirty (n=30)
male Sprague Dawley rats (initial weight 200-250 g) were purchased from Envigo RMS
Inc. (Indianapolis, IN, USA) at an age of 8-9 weeks. Rats were individually housed in the
York University vivarium in a 12-hour light-dark cycle with ad libitum access to food and
water. Following a one-week habituation period, twenty (n=20) rats were randomly
selected to begin a high fat diet (5.21 kcal/lg of food), containing 60% fat, 20%
carbohydrate, and 20% protein (Research Diets, Inc., Cat# D12492, New Brunswick NJ,
USA) for a period of ~7 weeks to induce obesity and insulin resistance (Fig. S5-1). The

remaining ten rats served as healthy normal chow-fed (NC) controls (LabDiet, Cat# 5012,
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St. Louis, MO, USA; 13% fat, 58% carbohydrates, 29% protein; 3.5 kcal/g). After seven
weeks of high-fat feeding (HFF), rats (n=20) received a single, low-dose injection of
streptozotocin (STZ) (30 mg/kg, IP; Sigma). This HFF/STZ model results in acute
hyperglycemia followed by a glucose recovery period from B-cell expansion that results
in mild hyperglycemia or pre-T2D.255

Following STZ, regular drinking water was replaced with sugar water (10% w/v
sucrose solution) for two days as a precautionary measure to prevent hypoglycemic
episodes within the first 48 h. Hyperglycemia was confirmed in all STZ-treated rats based
on a post-absorptive whole blood glucose measurement 211.1 mmol/L two days after STZ
administration. Rats that met this criterion (n=20) remained on high-fat chow for the
remainder of the study period. From this point onward, body weight, blood glucose
(Contour Next glucose meter and test strips, Ascensia Diabetes Care, Mississauga,
Canada), and food consumption were measured daily. Initiated five days after STZ
treatment, basal insulin (Lantus SoloSTAR insulin glargine, Sanofi-Aventis, Bridgewater,
NJ, USA) was administered each evening (~18:00h), as needed, for two weeks, to help
promote glycemic recovery to the status of pre-T2D.2%3266 Therapeutic insulin was dosed
based on evening (i.e., pre-feeding) blood glucose measurements according to the

following sliding scale: <12 mmol/L: 0 U; 12-15 mmol/L: 1 U; >15 mmol/L: 4 U.

Hypoglycemia Challenges

After two weeks of basal insulin therapy, animals were randomly assigned to the
SSTR2a or vehicle group for the first of two hypoglycemic challenges, conducted one
week apart in a treatment crossover design (Fig. S5-1). Baseline glucose and hormone

measurements were taken from all animals at 09:00h on hypoglycemia challenge days
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following a controlled overnight feed to standardise food intake and preserve liver
glycogen stores.? SSTR2a (3 mg/kg ZT-01; formulated by AdMare Biolnnovations,
Vancouver, BC, Canada.; supplied by Zucara Therapeutics Inc., Toronto, ON, Canada)
with vehicle (2.1% v/v glycerol in 10 mM acetate buffer pH 4.2), or vehicle alone, were
then administered by subcutaneous (SC) injection one hour (t=-60 min) before a SC bolus
injection of insulin aspart (6 U/kg NovoRapid insulin, Novo Nordisk, Bagsveerd, Denmark)
at t=0 min (Fig. S5-1). This dose of ZT-01 was selected since it reflects the upper limit of
the dosing range tested previously in T1D rodents under hypoglycemic clamp
conditions.'”! Blood glucose was measured in duplicate via tail prick using the hand-held
glucometer (described above) at t=-60, -30, and 0 min, and every 10 min thereafter until
t=60 and t=120 min in healthy and pre-T2D rats, respectively (Fig. S5-1). Saphenous vein
blood samples were collected at t=-60, 0, 40, and 60 min from healthy and pre-T2D rats,
and at t=80 and 120 min, from pre-T2D rats only for subsequent hormone analysis (Fig.
S5-1). Most healthy rats (regardless of treatment group) reached the humane endpoint of
the study (i.e., signs of distress, extreme lethargy, and/or blood glucose <1.5 mmol/) by
80 min post-insulin injection, so data collected beyond t=60 min were excluded from
analysis due to low N remaining. Following the second crossover challenge, all animals
were anaesthetised for portal vein blood collection and then euthanised via
exsanguination. Data were pooled from both hypoglycemia challenges for analysis (Fig.

S5-1).
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Supplementary Figure 5-1. Experimental protocol. After 7 weeks of high-fat diet (HFD)-
feeding, n = 17 rats received a low-dose, intraperitoneal (IP) injection of B-cell toxin,
streptozotocin (STZ; 30 mg/kg). With continued HFD-feeding (for the duration of the
protocol), rats underwent ~2.5 weeks (18 days) of glycemic recovery, including 2 weeks
(14 days) of basal insulin maintenance, to yield a model of pre-diabetes (pre-T2D). Pre-
T2D (n = 17) and normal chow-fed, non-diabetic control (healthy; n = 10) rats then
underwent two hypoglycemia challenges conducted in a SSTR2a/vehicle crossover
design and separated by a one-week washout period. SSTR2a (3 mg/kg ZT-01) or vehicle
was administered subcutaneously (SC) 1 hour (t= -60 min) prior to a bolus injection of
NovoRapid insulin (6 U/kg, SC) at t= 0 min. Whole blood glucose concentration was
measured via tail prick at t= -60, -30, and 0 min, and every 10 minutes thereafter for 120
minutes, unless an animal reached the glycemic threshold for premature removal (1.5
mmol/L). Saphenous vein blood samples were collected at t= -60, 0, 40, 60 80, and 120
minutes for the subsequent quantification of glucagon and C-peptide concentrations in
circulating plasma. Upon completion of the second hypoglycemia challenge, rats were
anaesthetized for portal vein blood collection prior to euthanization.
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Plasma Analysis

Blood samples were collected from saphenous or portal vein bleed (terminal time
point only) in a potassium-EDTA coated, microvette capillary tubes (Sarstedt, Cat #
16.444.100, Canada) and centrifuged at 12000 rpm for 5 min. Plasma was removed and
stored in polyethylene tubes at -80°C for the subsequent quantification of glucagon
(Mercodia Cat# 10-1271-01, RRID:AB_2737304) and C-peptide (Crystal Chem Cat#

90055, RRID:AB_2893130) levels using ELISA.

Statistical Analysis

Data are expressed as means + SD, unless otherwise stated. Statistical tests were
conducted against a significance criterion of P<0.05 using Prism 8 software (GraphPad,
San Diego, CA, USA). Daily body weight and blood glucose levels measured throughout
the study period (within-subjects factor: time x between-subjects factor: diabetes status);
baseline (i.e., pre-hypoglycemia challenge) body weight, blood glucose, and plasma
hormone levels; peak and nadir plasma hormone and nadir blood glucose levels; plasma
hormone AUC; percent change in C-peptide levels from baseline; and portal vein
glucagon levels (within-subjects factor: treatment x between-subjects factor: diabetes
status) were analyzed by two-way mixed-model ANOVAs followed by Sidak post-hoc
tests. Blood glucose and plasma hormone concentrations measured during hypoglycemia
challenges were analyzed by two-way repeated measures ANOVAs (factors: treatment x
time), followed by Sidak post-hoc testing. Paired t-tests were used to compare time to
hypoglycemia onset and blood glucose AUC between treatment groups. Probability of
euglycemia was evaluated using a log-rank (Mantel-Cox) test. The linear relationship

between whole blood glucose and plasma glucagon concentration was modelled using
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simple linear regression and regression line slopes were analyzed by two-way mixed-
model ANOVA (within-subjects factor: treatment x between-subjects factor: diabetes

status) and Sidak post-hoc tests.

5.4 Results
Baseline Rat Model Characteristics

Body weight and whole blood glucose levels measured from the time of STZ
administration until study completion, as well as body weight, whole blood glucose and
plasma hormone levels measured prior to drug/vehicle dosing on the day of experimental
hypoglycemia challenges are shown in Figure 5-1. Rats in the STZ/HFF group were
severely hyperglycemic after STZ treatment, reaching a peak on study day 3 (22.51+6.8
mmol/L vs. 5.1£0.4 mmol/L in healthy rats), and gradually reverting towards pre-T2D over
the glycemic recovery period (Fig. 5-1A). Mean daily basal insulin requirement diminished
throughout the study period, from 3.31£1.6 U/day on day one of insulin maintenance (study
day 6) to 0.2+1.0 U/day ~three weeks later (study day 27) (data not shown). At the time
of hypoglycemia challenges, only one of seventeen HFF/STZ rats required basal insulin
therapy (data not shown). Body weight remained stable in the normal-chow-fed healthy
controls throughout the four-week study period, whereas HFF rats exhibited rapid weight
loss after STZ treatment, reaching a nadir by day three and recovering one-week later
(Fig. 5-1B). Body weight plateaued with continued high-fat feeding for the remainder of
the study (Fig. 5-1B).

Mean baseline measurements in pre-T2D rats did not differ significantly between
experimental days (i.e., hypoglycemia challenges) one and two, separated by a one-week

washout period [i.e., body weight (415126 g vs. 417128 g), whole blood glucose (7.4+1.1
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mmol/L vs. 7.3£0.6 mmol/), plasma glucagon (23£15 pg/mL vs. 24+19 pg/mL) and plasma
C-peptide (10381230 pmol/L vs. 11111281 pmol/L) levels], so data from both experiments
were pooled for analysis. Collectively, three animals met the diagnostic criteria for overt
T2D by a random glucose measurement in humans (211.1 mmol/L)?°? on challenge day
one (24.4 mmol/L) and day two (13.0 and 11.9 mmol/L, respectively), so their data were
excluded from all analyses, reducing the sample size of the pre-T2D group to n=17.

At the time of hypoglycemia challenges (i.e., two and three weeks after STZ
treatment), a mild hyperglycemic phenotype was observed in our pre-T2D rat model, as
measured in the post-absorptive state after a controlled overnight feed and without basal
insulin therapy (pre-T2D: 7.4+1.2 mmol/L vs. healthy: 5.3£0.5 mmol/L; P<0.001) (Fig. 5-
1C). In combination with mild baseline hyperglycemia, plasma C-peptide levels were also
increased relative to healthy controls (pre-T2D: 10611249 pmol/L vs. healthy: 836+211
pmol/L; P<0.01) (Fig. 5-1D), while plasma glucagon concentration was unchanged (pre-
T2D: 24+16 pg/mL vs. healthy: 3319 pg/mL) (Fig. 5-1E). Finally, body weight was
modestly yet significantly higher (P<0.05) in pre-T2D (41626 g) vs. healthy control

(393£39 g) rats (Fig. 5-1F).
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Figure 5-1. Pre-diabetes (pre-T2D) model characteristics. (A) Whole blood glucose
concentration and (B) body weight measured from the time of STZ administration (day 1)
to the second hypoglycemia challenge (study completion; day 28). The initiation of daily
(blood glucose-dependent) insulin therapy is indicated on day 6. Pooled baseline
measurements of (C) whole blood glucose concentration, (D) plasma C-peptide
concentration, (E) plasma glucagon concentration, and (F) body weight on hypoglycemia
challenge days 1 and 2. *P<0.05, **P<0.01, ***P<0.001. All data are means * SD. Hypo
Ch., hypoglycemia challenge; STZ, streptozotocin.

Hypoglycemia Challenges

Blood Glucose In the healthy rats, blood glucose levels were not significantly
different between vehicle and SSTR2a groups at baseline or any subsequent sampling
time point (Fig. 5-2A). Blood glucose levels remained unchanged from basal values for 1
h after SSTR2a or vehicle treatment (i.e., t=0 min) and fell uniformly in both groups after

insulin bolus to reach similar hypoglycemic nadirs by t=60 min (healthy-vehicle:1.6+£0.3

71



mmol/L vs. healthy-SSTR2a: 1.4£0.3 mmol/) (Fig. 5-2A). Time to hypoglycemia onset
(healthy-vehicle: 27+8 min vs. healthy-SSTR2a: 24+7 min) (Fig. 5-2B) and probability of
euglycemia (4.0 mmol/L) over time (Fig. 5-2C) were unaffected by SSTR2a treatment in
healthy rats.

In the pre-T2D rats, blood glucose levels were identical between treatment groups
at baseline (vehicle: 7.3£0.9 mmol/L vs. SSTR2a: 7.3£0.9 mmol/L) (Fig. 5-2D). However,
glycemia rose by 1.5 mmol/L from baseline (7.3£0.9 mmol/L to 8.842.1 mmol/L; N.S.) in
the vehicle group and by 4.3 mmol/L (7.3+0.9 mmol/L to 11.6+3.3 mmol/L; P<0.001) in
the SSTR2a group by 30 min (t=-30 min) after treatment (Fig. 5-2D). Blood glucose levels
were significantly higher in the SSTR2a vs. vehicle group from 30 min post-
SSTR2alvehicle administration (t=-30min) until 30 min post-insulin administration (t=30
min) (P<0.001 for t=-30, 0, 10, and 20 min; P<0.05 for t=30 min) (Fig. 5-2D). Blood
glucose nadir during hypoglycemia was unaffected by treatment (pre-T2D-vehicle:
1.4£0.3 mmol/L vs. T2D-SSTR2a: 1.3+0.4 mmol/L) (Fig. 5-2D). Blood glucose AUC after
t=0 min was 1.3-fold higher (P<0.001) in the pre-T2D-SSTR2a group (4981203
mmol*min/L) vs. the pre-T2D-vehicle group (375+133 mmol*min/L) (Fig. 5-2D").

The onset of hypoglycemia, defined by the ADA Workgroup on Hypoglycemia as
blood glucose <3.9 mmol/L in humans with either T1D or T2D,??” was delayed by 15+12
min (P<0.001) in the T2D-SSTR2a (44+13 min) compared to the pre-T2D-vehicle (2817
min) group (Fig. 5-2E). A comparison of survival curves in Figure 5-2F revealed a lower
proportion of hypoglycemic pre-T2D animals treated with SSTR2a as compared to vehicle
(P<0.001) throughout the challenge period. Notably, 18% (n=3/17) of vehicle-treated vs.

65% (n=1/17) of SSTR2a-treated rats remained euglycemic (4.0 mmol/L) 30 min after
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insulin administration, and 100% of rats in each group reached hypoglycemia by 40- and

70 min, respectively (Fig. 5-2F).
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Figure 5-2. Whole blood glucose responses to insulin-induced hypoglycemia in (A)
healthy and (B) pre-T2D rats with or without SSTR2a. Grey shaded region indicates the
period of basal monitoring before hypoglycemia induction at t=0 minutes. Time from
insulin administration to the onset of clinical hypoglycemia (<3.9 mmol/L) in (C) healthy
and (D) pre-T2D rats. (D’) Blood glucose AUC from t=0 to t=120 minutes in pre-T2D rats.
Survival curve comparing the proportion of (E) healthy and (F) pre-T2D rats (P<0.001
SSTR2a vs. vehicle) remaining euglycemic (4.0 mmol/L) after hypoglycemia induction.
*P<0.05, **P<0.01, ***P<0.001 between treatment groups. All data are means + SD.
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Figure 5-3 illustrates the effects of SSTR2a treatment on depth of hypoglycemia
(Fig. 5-3A) and hyperglycemia (Fig. 5-3B) in pre-T2D rats. Blood glucose AUC <3.9
mmol/L was 25% lower (P<0.01) with SSTR2a (128144 mmol*min/L) vs. vehicle (17143
mmol*min/L) treatment (Fig. 5-3A). Blood glucose AUC =11.1 mmol/L was not significantly
higher in the SSTR2a group (vehicle: 4 £+10 mmol*min/L vs SSTR2a: 77+160 mmol*min/L
(Fig. 5-3B); however, 30% (n=3/10) vs. 63% (n=9/17) of pre-T2D rats reached a blood
glucose concentration of =11.1 mmol/L after treatment with vehicle vs SSTR2a,
respectively (chi square P=0.25). Hyperglycemia was defined by a lower limit of 11.1
mmol/L for this outcome, since it reflects the clinical threshold for T2D diagnosis from a

random blood glucose measurement.20?
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Figure 5-3. Whole blood glucose area under the curve (AUC) of pre-diabetes (pre-T2D)
rats (A) 3.9 mmol/L and (B) =11.1 mmol/L with or without a somatostatin receptor 2
antagonist (SSTR2a). **P< 0.01. All data are means * SD.

Plasma Hormones Plasma glucagon and C-peptide concentrations measured
during iatrogenic hypoglycemia challenge are shown in Figure 5-4 Plasma glucagon
levels did not differ significantly between the two treatment groups of healthy (i.e., control)
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rats at baseline (vehicle: 30213 pg/mL vs. SSTR2a: 3524 pg/mL) (Fig 5-4A). In healthy
rats, glucagon levels rose 4.6-fold from baseline 1 h after SSTR2a treatment (t=0 min:
158176 pg/mL vs. t=-60 min: 35+24 pg/mL; P<0.05) (Fig. 5-4A). This increase was not
significant relative to vehicle-control levels (t=0 min: 27+15 pg/mL), which remained stable
from baseline (t=-60 min: 29 £12 pg/mL) (Fig. 5-4A). In response to hypoglycemia
induction by insulin aspart bolus, plasma glucagon levels were significantly elevated for
60 min in the healthy-SSTR2a versus healthy-vehicle group (time x treatment: £<0.01)
(Fig. 5-4A). In the pre-T2D rats, plasma glucagon levels did not differ significantly between
treatment groups at baseline (vehicle: 25+20 pg/mL vs. SSTR2a: 24+12 pg/mL) (Fig. 5-
4B). Plasma glucagon levels were ~12-fold higher (P<0.001) within 1 h of SSTR2a
(vehicle: 1215 pg/mL vs. SSTR2a: 14162 pg/mL) and remained significantly elevated for
60 min post-insulin administration (P<0.05 for t=40 and 60 min) (Fig. 5-4B).

A comparison of plasma glucagon responses across all four groups within 60 min
of insulin administration is shown in Figure 5-4C. The plasma glucagon response to
hypoglycemia (as measured by glucagon AUC) was 1.4-fold lower in pre-T2D (394+198
pg*min/mL) vs. healthy (640291 pg*min/mL) rats, independent of treatment (main effect
of diabetes status: P<0.01), and ~2-fold higher with STSR2a (595237 pg*min/mL) vs.
vehicle (302+137 pg*min/m) treatment, independent of diabetes status (main effect of
treatment: P<0.001) (Fig. 5-4C). Peak plasma glucagon concentration was ~1.5-fold
higher with SSTR2a (477+124 pg/mL) vs. vehicle (321+134 pg/mL) treatment,
independent of diabetes status (main effect of treatment: P<0.001) but was not

significantly different between healthy and pre-T2D groups (data not shown).
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Baseline circulating C-peptide levels were higher in pre-T2D (1061+249 pmol/L)
as compared to healthy (8361212 pmol/L) rats (main effect of diabetes status: P<0.01)
(Fig. 5-4D). SSTR2a had no significant effect on circulating C-peptide levels under basal
or hypoglycemic conditions in healthy (Fig. 5-4D) or pre-T2D (Fig. 5-4E) rodents.
However, peak C-peptide levels and plasma C-peptide AUC between t=-60 and 0 min
were both ~1.3-fold higher in pre-T2D (peak: 13801309 pmol/L; AUC: 72935114441
pmol*min/L) vs. healthy (peak: 10481209 pmol/L; AUC: 5415119814 pmol*min/L) rats,
independent of treatment (main effect of diabetes status: P<0.001 for both), and 1.1-1.2-
fold higher with SSTR2a (peak: 13831272 pmol/L; AUC: 68600+11983 pmol*min/L) vs.
vehicle (peak: 1131+315 pmol/L; AUC: 61617+18285 pmol*min/L), independent of
diabetes status (main effect of treatment: P<0.01 and P<0.05 for peak and AUC,
respectively) (data not shown). Bolus insulin administration at t=0 min triggered a decline
in plasma C-peptide levels over 40 min in all groups, yielding a comparable reduction
from baseline across all four groups (healthy-vehicle: 87+6%; healthy-SSTR2a: 85+8%;
pre-T2D-vehicle: 79+9%; pre-T2D-SSTR2a: 81+8%) (Fig. 5-4D,E).

Portal vein glucagon concentration, measured at the terminal time point in
hypoglycemia, did not differ significantly across the four conditions (healthy-
vehicle:142+211 pg/mL; healthy-SSTR2a: 116+162 pg/mL; pre-T2D-vehicle: 89185
pag/mL; pre-T2D SSTR2a: 62163 pg/mL) (data not shown), while C-peptide was

undetectable in the portal vein across conditions at terminal hypoglycemia.

76



+ Healthy Vehicle (n=10)
-#- Healthy SSTR2a (n=10)
-O- Pre-T2D Vehicle (n=17)
-®- Pre-T2D SSTR2a (n=17)

(A) (B) (©)

750 750 15007 \ain effect of Pre-T2D: P<0.01
~ - ~ 5 Main effect of SSTR2a: P<0.001
E 600 | E 600 =F
2 2 \ o 1000+ :

& L = <E
§ 450+ - § 450 . §2 I o
§ § -l b §§ 0
= - - % - %
o 30 o 300 ° 0o 5004 i |* Fgbed
| [} [

£ o " e i §e FE] | = 2 |
8 1501 ! @ 150 o mO = " s
- R ‘ a ooy

2] P B

07 T T T 1 0-7 28 T Healthy Pre-T2D
60 0 40 60 80 120 -60 0 40 60 80 120
Time (min) Time (min)
(D) (E)
2000+ 2000

= g
3 5

1 1
£ 500 E 500 //t
3 n 2 ._//

g 1000+ i\ S 10007
Q [~ 0 \\ =3
(6] TR [®)
[ X @
E 500~ £ 500
© 8 bo
o E'“ o ‘u\:x!
0 T T % T 1 Y p o
60 0 40 60 80 120 -60 0 40 60 80 120
Time (min) Time (min)

Figure 5-4. Plasma glucagon responses to insulin-induced hypoglycemia in (A) healthy,
and (B) pre-T2D rats, with or without SSTR2a. (C) Plasma glucagon AUC from t=0
minutes to t=60 minutes in all conditions. Plasma C-peptide concentration in (D) healthy
and (E) pre-T2D rats. Grey shaded region indicates period between SSTR2a/vehicle
dosing and bolus insulin administration. *P<0.05, **P<0.01, ***P<0.001 between
treatment groups. All data are means + SD.

The effects of pre-T2D and SSTR2a treatment on the relationship between whole
blood glucose and plasma glucagon levels after insulin overdose are illustrated in Figure
5-5. For each group, average blood glucose level and glucagon level at baseline and
each sampling timepoint after insulin bolus (t=-60, 40, 60, or 80 min) were linearly
correlated (R?>0.94 for each condition) (Fig. 5-5A). Regression line slopes, representing

the increase in plasma glucagon concentration (pg/mL) per 1 mmol/L drop in blood
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glucose concentration, were significant (slope > 0) for all conditions (Fig. 5-5A). A
comparison of slopes for each rat in each group (Fig. 5-5A") showed increased glucagon
responsiveness to insulin-induced hypoglycemia with SSTR2a vs. vehicle (glucagon
increase of 88143 vs. 52+35 pg/mL per 1 mmol/L drop in glucose) treatment, independent
of diabetes status (main effect of treatment: P<0.001), and attenuated glucagon
responsiveness in pre-T2D vs. healthy (glucagon increase of 5630 vs. 97+50 pg/mL per
mmol/L decline in glucose) rats, independent of treatment (main effect of diabetes status:
-{+- Healthy Vehicle (n=10)
-#- Healthy SSTR2a (n=10)
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Figure 5-5. Relationship between plasma glucagon and whole blood glucose levels in
healthy and pre-T2D rats after insulin overdose with or without SSTR2a. (A) Regression
line fit to grouped timepoint data (t= -60, 40, 60, and 80 minutes) for each condition. (A")
Comparison of regression line slopes across conditions. All data are means + SEM.

5.5 Discussion

In this study, we developed a novel rat model of pre-T2D, that exhibited mild
hyperglycemia and moderate insulin resistance, to better understand the combined
effects of these pre-T2D hallmarks on glucagon counterregulation to hypoglycemia, with
and without SSTR2 antagonism. We report a mild attenuation in the magnitude of the
glucagon response, as well as glucagon responsiveness (i.e., a-cell sensitivity) to
hypoglycemia development following insulin bolus challenge in our novel pre-T2D model.
Pre-treatment with SSTR2a increased the plasma glucagon response during
hypoglycemia by all measures (peak concentration, AUC, responsiveness) in both
healthy and pre-T2D rats. This glucagon response was associated with a ~30 minute
elevation in blood glucose levels over vehicle controls and a 15 minute delay in the onset
of hypoglycemia that were not observed in healthy rats. Consistent with evidence from
somatostatin knockout islets,?®> SSTR2a treatment in the present study did not affect the
C-peptide "switch-off" response to insulin-induced hypoglycemia in healthy or pre-T2D
animals. This finding confirms antagonist selectivity for SSTR2 (expressed by a-cells)
over SSTR5 (expressed by rodent B-cells).?®” Collectively, these data suggest that
SSTR2a treatment may have therapeutic applications for hypoglycemia prevention in
more advanced stages of insulin-deficient T2D.

Recent findings suggest that the suppression of SST secretion from islet d-cells

may act as a permissive signal for counterregulatory glucagon release, which is
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compromised in T2D.# In one study;, islets from hyperglycemic Fh1BKO T2D mice showed
a 6-fold increase in SST secretion at 1 mmol/L glucose relative to healthy control islets,
which correlated with a >75% reduction in glucagon secretion.* Consistent with elevated
SST tone in T2D islets, application of a SSTR2a at 1 mmol/L glucose raised glucagon
secretion by 143+11% in Fh1BKO islets compared with 13+14% in control islets.*
Alternatively, reports of a decrease in SST secretion*''° and acquired a-cell resistance to
SSTMO at higher glucose concentrations may help to explain the hyperglucagonemia in
T2D. These findings were replicated in the perfused pancreas and isolated islets of HFF
mice across a wider glucose range (1, 6, and 15 mmol/L glucose).'3' Accordingly, SSTR2
antagonism had little to no effect on glucagon secretion in HFF islets, or in T2D islets at
high glucose, unlike the marked stimulatory effect observed in control islets.* 3! However,
it is important to note that these in situ and in vitro responses were observed under
conditions of low glucose alone — that is, without the inhibitory effect of exogenous insulin
on counterregulatory glucagon secretion.?¢® When measured in HFF mice following bolus
insulin challenge in vivo, the counterregulatory glucagon response was only increased
relative to controls when insulin was dosed according to lean and not total body mass. '3’
In the present study, the stimulatory effect of SSTR2 antagonism on plasma glucagon
levels was similar between pre-T2D and healthy rats during basal glycemia and insulin-
induced hypoglycemia, suggesting that SST signalling may be relatively normal in this
model compared to more advanced stages of T2D.# This outcome further highlights the
potential for SSTR2a to induce transient hyperglucagonemia in the absence of

hypoglycemia at the present dose in T2D.
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Islet B-cells undergo morphological (i.e., B-cell expansion) and functional
adaptations to maintain normoglycemia in a setting of insulin resistance.?%® Over time,
increased insulin demand leads to gradual B-cell de-differentiation, and the loss of
adequate compensation precipitates the onset of pre-T2D, characterised by impaired
glucose tolerance and impaired fasting glucose.?%%27° Hyperinsulinemia, which persists
from pre-T2D through early-stage T2D, is eventually normalised (relative to controls) with
advancing B-cell failure, resulting in the onset of late-stage T2D.?”! Despite phenotypic
heterogeneity within and between clinical T2D study samples (i.e., mean disease and
treatment duration, treatment intensity and modality, etc.), basal hypoinsulinemia relative
to non-diabetic control subjects (i.e., late-stage T2D) has emerged as a clinical surrogate
of defective glucose counterregulation in T2D.121.123.124 Here, we report a mild defect in
counterregulatory glucagon secretion during insulin-induced hypoglycemia in pre-T2D
rats, despite basal hyperinsulinemia. These observations suggest that this progressive a-
cell defect may begin to develop in a state of relative insulin deficiency (relative to ambient
blood glucose concentration), before the onset of overt or absolute insulin deficiency
(relative to healthy controls), as previously speculated.

A robust SSTR2a-induced increase in plasma glucagon levels, observed before
and after hypoglycemic induction in healthy and pre-T2D rats, only amounted to a
detectable increase in blood glucose levels in the pre-T2D group. We propose that the
basal hyperglycemic insult posed by SSTR2 antagonism in the healthy group was offset
by endogenous insulin action (based on increases in peak plasma C-peptide levels and
plasma C-peptide AUC before bolus insulin challenge) to preserve euglycemia. This

increase in endogenous insulin levels, observed after SSTR2a treatment but before
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insulin bolus in both healthy and pre-T2D rats, may reflect paracrine stimulation by
increased levels of intra-islet glucagon.?’? After insulin bolus, SSTR2a afforded no
protection against hypoglycemia in healthy rats, perhaps because the glucagon response
was outmatched by the dose of exogenous insulin used. This outcome in healthy rats was
similar to that of a previous study, in which SSTR2a treatment in STZ-T1D rats reduced
the dependence on glucose infusion for the maintenance of clamped hypoglycemia in the
presence of low- but not high-dose insulin, despite a complete normalisation of glucagon
levels at both doses.! We suspect that in a setting of peripheral insulin resistance and
relative insulin deficiency, the hyperglycemic effect of SSTR2a could not be offset by the
actions of endogenous or exogenous insulin, delaying hypoglycemia onset in our pre-
T2D model.

This study contained several limitations to acknowledge. First, this study tested a
single low dose of ZT-01, so future studies are necessary to determine the minimum
effective dose of this particular SSTR2a that does not aggravate basal hyperglycemia in
this or other models of pre-T2D and T2D. Second, portal vein hormones were measured
only at hypoglycemic challenge completion; however, a measurable effect of SSTR2a on
portal hormone levels may have dissipated by this time. Thus, regular portal vein sampling
from pre-implanted catheters may offer more descriptive insights into islet hormone
responses in vivo (including response rates and glycemic thresholds). Finally, non-
normalised blood glucose levels in our pre-T2D rats at baseline, compounded by insulin
resistance in this model, extended the time to terminal hypoglycemia by 60 minutes
relative to healthy rats. This limited our comparison of total hormone responses to

hypoglycemia (i.e., AUC analyses) between healthy and pre-T2D rats.
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In summary, the glucagon counterregulatory response to insulin-induced
hypoglycemia was mildly impaired in this novel rat model of pre-T2D that exhibits insulin
resistance and mild hyperglycemia. Nonetheless, SSTR2a treatment augmented plasma
glucagon levels after bolus insulin overdose and delayed the onset of hypoglycemia in
pre-diabetic rodents without affecting the plasma C-peptide response in this rodent
model. However, promising, these treatment outcomes were not low-glucose-dependent,
suggesting that somatostatin may be important for regulating glucagon secretion under
basal (post-prandial) and hypoglycemic conditions in vivo. Consequently, SSTR2a may
aggravate basal hyperglycemia at the current dose in a setting of relative insulin
deficiency and peripheral insulin resistance. Collectively, these discoveries stand to
advance our understanding of the paracrine mechanisms governing a-cell behaviour in
health and disease, which may be vital to improving therapeutic options for individuals

living with early- and late-stageT2D.
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6.1 Abstract

Background: Exogenous glucagon is effective at treating severe hypoglycemia

but causes supraphysiologic hyperglucagonemia and transient glycemic recovery, which
is often complicated by gastrointestinal side effects. Somatostatin receptor 2 antagonists
(SSTR2a) augment endogenous glucagon release and reduce the frequency and
duration of hypoglycemia when administered before insulin overdose but have not been
evaluated as a rescue therapy. We compared the effects of the selective SSTR2a, ZT-01,
with or without gastric inhibitory polypeptide (GIP), against exogenous glucagon on
glucagon counterregulation and glycemic recovery from recurrent insulin-induced

hypoglycemia. Materials/Methods: Male Sprague—Dawley rats (n=39) underwent three

days of insulin-induced hypoglycemia to impair counterregulatory glucagon secretion. On
day 4, rats received a bolus insulin overdose followed by a rescue injection of vehicle,
exogenous glucagon (0.15 mg, SC), ZT-01 (3 or 10 mg/kg, SC), or ZT-01 (10 mg/kg, SC)
+ GIP (10 nmol/kg, IP) once blood glucose levels reached level 2 (L2) hypoglycemia (<3.0
mM glucose) and were monitored for 2 hours before portal vein plasma and tissue
collection. Results: Vehicle-treated rats remained in L2 hypoglycemia for 2 hours
whereas EG restored euglycemia in all rats for at least 30 min. Mean blood glucose level
in the 10 mg/kg ZT-01 condition stabilized in level 1 hypoglycemia for hour 1 and in
euglycemia for hour 2. Glycemic recovery was improved by GIP co-treatment in the first
15 min but impaired thereafter. Total peripheral glucagon exposure was ~70-fold higher
with exogenous glucagon but only ~2—4-fold higher with ZT-01 compared to vehicle. In
the high-dose conditions, portal vein glucagon concentration and the activities of hepatic
enzymes, glycogen phosphorylase and phosphoenolpyruvate carboxykinase (PEPCK)

were elevated, whereas hepatic glycogen content was reduced compared to vehicle-
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and/or glucagon-treated controls. Conclusions: SSTR2 antagonism restored

physiological glucagon counterregulation and provided gradual, sustained recovery from
severe hypoglycemia without inducing peripheral hyperglucagonemia. Unlike exogenous
glucagon, maximal glycemic recovery occurred in the second hour after administration of
high-dose ZT-01, highlighting its potential as a novel strategy for treating severe

hypoglycemia.
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6.2 Introduction

In people with type 1 diabetes (T1D) and advanced type 2 diabetes (T2D), the use
of insulin therapy to achieve strict glycemic control is undermined by the associated risk
of severe hypoglycemia.?® Defined as cognitive and/or physical dysfunction requiring
external assistance for recovery, severe hypoglycemia commonly involves a loss of
consciousness, seizures, and/or inability to swallow.?® This complication is treated outside
of healthcare settings with emergency glucagon, available in an injectable (intramuscular
or subcutaneous) and intranasal formulation.?3273

Since the hepatic portal vein acts as a direct conduit for hormone transit from the
pancreas to the liver, plasma glucagon levels are 1.5x higher in hepatic portal versus
peripheral venous circulation.?’* Whether delivered by intramuscular, subcutaneous, or
intranasal routes, the dose of exogenous glucagon must provide adequate portal vein
exposure despite systemic distribution and enzymatic degradation in circulating
plasma.?”3 Accordingly, peripheral venous glucagon levels are 5.5x higher after treatment
with the efficacious rescue dose (1 mg for injectable, 3 mg for intranasal) than during
maximal metabolic demand, such as fasted exercise.?”®

Peripheral hyperglucagonemia, resulting from the standard rescue dose of
exogenous glucagon, relaxes smooth muscle throughout the gastrointestinal (Gl) tract,
slowing motility and causing full visceral distention.?’® Consequently, nausea (22-42%)
and vomiting (9-17%) are the most common side-effects of treatment independent of
delivery route.?’” Another factor limiting the clinical utility of exogenous glucagon is its
short duration of action ranging from 12-27 minutes,?’® which may allow for a recurrence
of hypoglycemia depending on the type, dose, and timing of insulin administration.

Therefore, the goal of treatment is to (at least) temporarily restore blood glucose to a level
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that enables treatment with fast-acting oral carbohydrate while minimizing dose-
dependent side-effects.?’® However, if Gl distress deters the oral intake of carbohydrate,
recovery may be transient, especially without replenishing hepatic glycogen stores.?3

The risk of hypoglycemia in individuals with T1D and advanced T2D stems from
therapeutic hyperinsulinemia (owing to imperfect insulin dosing) and inadequate release
of glucagon - the body’s chief counterregulatory hormone.?’® Once pre-disposed to
hypoglycemia by these factors, each exposure further attenuates the glucagon and
epinephrine responses to future episodes, inviting a vicious cycle of recurrent
hypoglycemia,238.280,281

Somatostatin-14, secreted by pancreatic 6-cells, acts as a paracrine hormone that
inhibits glucagon secretion from pancreatic a-cells via somatostatin receptor 2 (SSTR2)
in rodents and humans.®2% Treatment with somatostatin receptor 2 antagonists
(SSTR2a) has been shown to reduce the depth, duration, and/or frequency of insulin-
induced hypoglycemia by augmenting counterregulatory glucagon secretion in rat models
of T1D'3, T2D,%82283 T1D/exercise,’”? and recurrent hypoglycemia.?>® Having recently
advanced to phase 2 clinical trials, the highly selective SSTR2a, ZT-01 (Zucara
Therapeutics, Toronto, ON, Canada), will be evaluated as a therapeutic strategy for
reducing the frequency of nocturnal hypoglycemia in adults with T1D.?° To date, this novel
class of therapeutic has only been investigated as a preventative measure against
hypoglycemia (i.e., when administered one hour before insulin overdose);??> however, its

ability to reverse existing hypoglycemia remains unexplored.
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Like GLP-1, GIP is an incretin hormone secreted by the small intestine in the post-
prandial state.?®* However, unlike GLP-1, pharmacologic dosing of GIP has been shown
to stimulate, rather than inhibit, glucagon secretion during hypoglycemia in animals and
humans, both with and without diabetes.!13.188.191.285.286 Bacguse these studies were
performed under hyperinsulinemic-hypoglycemic clamp conditions,'91.285.28 it is unclear
whether exogenous GIP can promote glycemic recovery from hypoglycemia. Like GLP-
1, GIP is an attractive treatment candidate for diabetes since it regulates islet hormone
release in a glucose-dependent fashion, and therefore, does not carry a risk of iatrogenic
hyperglycemia or hypoglycemia.91.285.287

The purpose of this study was to determine whether SSTR2 antagonism, with or
without co-administration of GIP, can effectively treat severe hypoglycemia without

causing peripheral hyperglucagonemia.

6.3 Materials and Methods

This study was conducted in accordance with the recommendations of the
Canadian Council for Animal Care guidelines and has been approved by the York

University Animal Care Committee (Protocol # 2017-7).

Animals

Thirty-nine (n=39) male Sprague-Dawley rats were obtained at age of 8-10 weeks
and body weight of ~250 g. Due to availability from suppliers, thirty-three (n=33) rats were
supplied by Charles River Laboratories (Montreal, QC, Canada) and five (n=5) by Inotiv
(West Lafayette, IN, USA). Rats were housed in the York University vivarium in a light-
controlled (12-hour light/dark cycle) room at 22-23°C and 50-60% relative humidity with

ad libitum access to standard rodent chow (Purina Labdiet, 5012, St. Louis, MO, USA)
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and water. Following a 7-day habituation period, all rats underwent 3 consecutive days of

hypoglycemia conditioning.

Hypoglycemia Conditioning (Days 1-3)

Food was limited to 20 g per rat overnight and removed at 9 am the morning of
conditioning. Hypoglycemia was induced using a descending daily dose of Humulin-R
insulin (Eli Lilly, Canada): 10, 8, and 5 U/kg on days 1, 2 and 3, respectively, to achieve a
similar level of hypoglycemia throughout the conditioning period as counterregulatory
function declined®"2%8, After hypoglycemia induction, blood glucose levels were
maintained within a target range of 1.7-2.5 mM for ~120 min using 50% dextrose solution
(via oral gavage and/or intraperitoneal injection) as necessary. Animals that failed to reach
the glycemic target range within 60 minutes of their initial insulin dose received a second
full or partial dose.?%8 After 120 min in the target hypoglycemic range, blood glucose levels
were recovered with a 1-2 mL oral gavage of 50% dextrose solution.

Whole blood glucose levels were measured in duplicate from the saphenous vein
using a hand-held glucometer (ATRAK, Abbott) every 1-5 min until a concentration of <3.0
mM was reached, and every 10 min thereafter. Blood samples were collected by
saphenous venipuncture at baseline (t=0 min; before insulin administration), at blood
glucose concentrations of <3.6 mM and <3.0 mM, and 15 and 30 min after reaching <3.0

mM, for subsequent hormone analysis.

Pharmacological Rescue from Recurrent Hypoglycemia (Day 4)
Following a controlled overnight feed of 20 g, chow was removed at 9 am and
hypoglycemia was induced using 2 U’kg Humulin-R insulin. Rats were randomly assigned

to one of the following treatment groups: vehicle (veh; 2.1% glycerol in 10 mM acetate
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buffer, pH 4.5, formulated by AdMare Biolnnovations, Vancouver, BC, Canada; supplied
by Zucara Therapeutics; n=8), exogenous glucagon (EG; 0.15 mg Glucagon for Injection,
rDNA Origin, DIN 02243297, Eli Lilly; n=7), low dose SSTR2a (3ZT; 3 mg/kg SSTR2a in
vehicle, adMare Biolnnovations; n=8) high dose SSTR2a (10ZT; 10 mg/kg ZT-01 in
vehicle, adMare Biolnnovations; n=8) and 10 mg/kg ZT-O1+rat gastric inhibitory
polypeptide (10ZT+GIP; 10 nmol/kg GIP, Phoenix Pharmaceuticals, 027-14, Burlingame,
CA, USA; n=8). All treatments were injected subcutaneously, excluding GIP, which was
administered immediately after 10ZT by intraperitoneal injection. The dose of exogenous
glucagon (0.15 mg) was selected based on evidence that 0.1 mg could restore
euglycemia from a baseline glucose concentration of ~3.3 mM in hypoglycemia naive rats
without causing reactive hyperglycemia.?88 Since 1) we administered rescue treatment at
a lower baseline glucose level (<3.0 mM), 2) our rat model had diminished
counterregulatory function, and 3) a positive dose response had been modeled beyond
0.1 mg?®, we opted for a dose of 0.15 mg.

Whole blood glucose was measured from the saphenous vein of either leg using
a handheld glucometer every 1-5 min until a blood glucose of <3.0 mM was reached, and
then every 10 min thereafter for 120 min. At the first blood glucose measurement <3.0
mM, thirty-nine (n=39) rats were treated according to their group assignments.
Saphenous blood was collected using the same method and at the same time points
evaluated during hypoglycemia conditioning on days 1-3, with four additional samples
collected for hormone analysis at 30, 60, 90, and 120 min after the administration of
rescue treatment. If blood glucose reached <1.5 mM (i.e., the humane endpoint), a blood

sample was obtained, and the observation period was terminated to avoid severe
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symptoms of hypoglycemia. At challenge completion (i.e., 120 min after rescue dosing or
upon early termination), rats were anesthetized with isoflurane gas for portal vein blood
collection and then euthanized via exsanguination prior to tissue collection. Liver samples
were washed in PBS, flash-frozen in liquid nitrogen, and stored at -80°C for future

analysis.

Glucagon and C-peptide Analysis

Blood samples were collected from saphenous or portal vein bleed (terminal time
point only) in potassium-EDTA coated, microvette capillary tubes (16.444.100, Sarstedt,
Canada) and centrifuged at 12000 RPM at 4°C for 5 minutes. Plasma was removed and
stored in polyethylene tubes at -80°C for the subsequent quantification of glucagon
(Mercodia,10-1271-01, RRID: AB 2737304) and C-peptide (Crystal Chem, 90055, RRID:

AB 2893130) levels using ELISA.

Liver Glycogen and Enzyme Activity Analysis

Liver Glycogen content (Abcam, ab65620) and the enzyme activities of glycogen
phosphorylase (GP; Abcam, ab273271) and phosphoenolpyruvate carboxykinase
(PEPCK; Abcam, ab239714) were measured using colorimetric assay kits according to
kit instructions. For measurement of GP activity, supernatant collected from homogenized
tissue was diluted 10x with PBS before assaying. Glycogen concentration and enzyme
activities were normalized to total protein content, as determined using a BCA protein

assay kit (Thermo Fisher, 23227).

Statistical Analysis
Data are expressed as means * standard deviation. Statistical tests were

conducted against a significance criterion of P<0.05 using Prism software (GraphPad
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Software, San Diego, CA). Effects between groups were evaluated by ANOVA with time-
based analyses using repeated measures ANOVA. Significant differences were further
evaluated with Tukey post-hoc tests as appropriate. Glycemic trends between t=0-15 min,
t=15-60 min, and t=60-120 min analyzed by simple linear regression. 10% of C-peptide
concentration values in five rats could not be obtained at all scheduled time points and
were interpolated as the mean of neighboring time point values. Plasma glucagon

concentration, Cmax, and AUC analyses were conducted on log-transformed data.

6.4 Results
Hypoglycemia Conditioning (Days 1-4)

Body weight, whole blood glucose, and plasma glucagon measurements obtained
on days 1-3, and before rescue treatment on day 4, are provided in table 6-1. Body weight
was consistent across study days whereas basal blood glucose concentration (i.e., prior
to hypoglycemia induction) was 1.4-1.5 mM higher on day 1 vs. days 3 and 4 (P<0.012
for days 3 and 4 vs. day 1). Time from insulin dosing to the onset of level 2 hypoglycemia
(blood glucose <3.0 mM) was <18 min shorter on days 2-4 vs. day 1 (P<0.006) and
became less variable throughout the study period. (Table 6-1). Basal and peak plasma
glucagon levels, measured before hypoglycemia induction and at a blood glucose
concentration of <3.6 mM, respectively, were ~30% lower on day 2 vs. day 1 (both

P<0.025), but did not change on subsequent days (Table 6-1).
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Table 6-1. Hypoglycemia Conditioning Characteristics.

Day 1 Day 2 Day 3 Day 4
Body Weight(g) 325+33 32134 320+34 32134
Whole Blood Glucose
Baseline (mM) 7.0+0.9 7.2+0.8 7.4+0.8* 7.5+0.7%*
Time to BG <3.0 mM (min) 41+34 23+12* 18+8** 20+9**
Plasma Glucagon
Baseline (pg/mL) 18+9 12+9* 14+6 15+8
Peak at BG 3.6 mM (pg/ml) 121+58 85+30* 9446 97+51

*P<0.05, **P<0.01vs. day 1, T11P<0.001 vs. day 2. BG: blood glucose. Data are means = SD.

Pharmacological Rescue from Recurrent Hypoglycemia (Day 4)

Whole blood glucose

Basal blood glucose concentration (i.e., before insulin administration; P=0.470),
time from insulin administration to the hypoglycemic dosing target of <3.0 mM (P=0.059),
and blood glucose concentration at the hypoglycemia dosing target (P=0.620) were
comparable between treatment groups (Table 6-2).

Whole blood glucose responses to rescue treatment are shown in figure 6-1A.
Compared to vehicle, mean blood glucose concentration was higher at t=15 min in all
other treatment groups, as well as at t=30 min in the 10ZT+GIP group, t=30-120 min in
the EG group, and t=100-120 min in the 10ZT group (all P<0.05; Fig. 6-1A).

The glycemic trends described below were analyzed using simple linear regression
(Fig. 6-1A). In the control group, mean blood glucose level did not change significantly
from 2.7+0.3 mM over two hours (P 20.071; Fig. 6-1A). Three vehicle-treated rats were
euthanized upon reaching severe hypoglycemia (1.5 mM) at t=80, 90, and 100 min post-
rescue, respectively. In the EG group, glucose concentration increased from 2.8+0.2 mM

to 5.6£0.5 mM within 15 min of dosing (P<0.001) and then decreased between t=15-60
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min (P=0.002), without further change between t=70-120 min (P=0.496; Fig. 6-1A). In the
10ZT group, glucose blood concentration increased from 2.9+0.1 mM to 3.6+0.6 mM
within 15 min (P=0.005) and stabilized until 60 min (P=0.782) before resuming an upward
trajectory to a terminal concentration of 5.5£2.2 mM at t=120 min (P=0.037) (Fig. 6-1A).
In the 3ZT and 10ZT+GIP groups, blood glucose concentration increased from 2.9+0.1
mM to 3.9+0.5 mM within 15 min of treatment (P<0.001) before decreasing to 2.4+0.6
mM and 2.8+0.5 mM, respectively, by t=60 min (both P<0.002) (Fig. 6-1A). Subsequent
recovery between t=60-120 min resulted in a terminal glucose concentration of 3.2+1.8
mM with 3ZT (P=0.041) and 4.0+2.1 mM with 10ZT+GIP (P=0.002) (Fig. 6-1A). Two rats
in the 3ZT group and one rat in the 10ZT+GIP group were terminated upon reaching

severe hypoglycemia of 1.5 mM glucose (3ZT: 50 min and 100 min, 10ZT+GIP: 80 min).

Glucose peak and nadir, and euglycemia recovery rates post rescue treatment

Table 6-2 summarizes various metrics of glycemic recovery after hypoglycemia
treatment on day 4. Peak glucose concentration was higher in all groups compared to
vehicle (all P<0.025) and in the 10ZT vs. 3ZT group (P=0.042). All rats treated with EG
reached peak glycemia in the first hour after dosing, compared to 75% with 3ZT, 25% with
10ZT, and 38% with 10ZT+GIP (data not shown). These differences did not reach
statistical significance due to high within group variability (P=0.079; Table 6-2). Nadir
blood glucose concentration was higher in the EG (P=0.002) and 10ZT (P=0.005) groups
compared to vehicle but time to reach nadir blood glucose concentration did not differ
between groups (P=0.159; Table 6-2).

GIP co-treatment resulted in a higher incidence of euglycemia at t=15 min

compared to 10ZT alone, but this effect subsided by t=30 min and euglycemia became
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less common in the 10ZT+GIP vs. 10ZT group from t=60-120 min (Table 6-2). Between
t=30 and t=120 min, the incidence of euglycemia increased in the 10ZT group and
decreased in the EG and 3ZT groups (Table 6-2).

Figure 6-1B compares net blood glucose AUC across treatment conditions for up
to 120 min after dosing, calculated as the sum of the area above and below baseline for
each group. Vehicle was the only treatment associated with a net negative glucose AUC
(Fig. 6-1B). Net glucose exposure was higher in the EG (P=0.003) and 10ZT (P=0.002)
groups but not the 3ZT (P=0.672) or 10ZT+GIP (P=0.215) groups compared to vehicle
(Fig. 6-1B).

All rescue treatments reduced time spent in L2 hypoglycemia by at least ~50 min
compared to vehicle (veh: 117+6 min; EG: 60£23 min, P<0.001; 3ZT: 66£51 min, P=0.049;
10ZT: 44141 min, P=0.002; 10ZT+GIP: 46£37 min, P=0.003) (data not shown). However,
only treatment with EG and 10ZT reduced total exposure to hypoglycemia (L1 or L2) as
compared to vehicle (veh: 1200 min, EG: 60£23 min, P=0.002; 3ZT. 96+36 min,
P=0.441; 10ZT: 79438 min, P=0.041; 10ZT+GIP: 89+24 min, 75+20%, P=0.202; data not

shown).
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Table 6.2. Blood Glucose Response Profile to Hypoglycemia Rescue Treatment.

Vehicle EG 32T 10ZT 10ZT+GIP
Baseline (mM) 7.4+09 7.7+06 7.3+0.8 7.6+0.7 7.5:0.4
Time to BG <3.0 mM (min) 225 307 19+6 188 2213
Peak (mM) 2.6+0.3 5.9+0.5***11t 4.4+1 2% 6.5+2 5***111§8§ 4.8+1 3"ttt
Time to Peak (min) 34+31 32+18 4945 86+46 6750
Nadir (mM) 1.7+0.3 2.9:0.611 2.2=0.7 2.7+0.611 2304
Time to Nadir (min) 83+37 91+16 68+24 57+34 68+26
% in Euglycemia
t=15 min 0 100 38 13 50
t=30 min 0 100 38 13 13
t=100min 0 38 13 63 25
t=120min 0 13 13 75 50

**P<0.1, ***P<0.001 vs. baseline; 1P<0.05, 11P<0.01, +11P<0.001 vs. vehicle; §88P<0.001 vs. 3ZT. EG: exogenous glucagon; 3ZT: 3
mg/kg ZT-01; 10ZT: 10 mg/kg ZT-01; 10ZT+GIP: 10 mg/kg ZT-01 + glucose-dependent insulinotropic polypeptide. Euglycemia is
defined as blood glucose 24 .0 mM. Data are means + SD.
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Figure 6-1. Whole blood glucose concentration (A) and AUC (B) for 120 min following
administration of treatment at the onset of level 2 hypoglycemia (2.9 mM, t=0 min).
Horizontal dashed lines indicate glycemic thresholds for level 1 (2.9 mM) and level 2 (3.9
mM) hypoglycemia. *P<0.05, **P<0.01, ***P<0.001 vs. vehicle. EG: exogenous glucagon,
3ZT: 3 mg/kg ZT-01, 10ZT: 10 mg/kg ZT-01, 10ZT+GIP: 10 mg/kg ZT-01 + glucose-
dependent insulinotropic polypeptide. Data are means + SD.

Plasma Hormones

Plasma glucagon and C-peptide responses to hypoglycemia rescue treatment are
shown in figure 6-2. Peripheral plasma glucagon concentration was comparable between
treatment groups at baseline (i.e., before hypoglycemia induction; P=0.208) and at the
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hypoglycemia dosing target of <3.0 mM; P=0.366) (Fig. 6-2A). Mean plasma glucagon
level increased significantly from baseline in all groups besides the vehicle group, in which
we 55% reduction occurred between t=60 and t=120 min (P=0.041). Compared to vehicle,
plasma glucagon level was elevated for 30 min after treatment with 10ZT, 60 min with
3ZT or 10ZT+GIP, and 120 min with EG (Fig. 6-2A). Peak plasma glucagon level (Fig. 6-
2A) and plasma glucagon AUC (Fig. 6-2B) for 120 min after rescue dosing, can be
arranged by group in order of increasing response size: vehicle < 10ZT < 3ZT or
10ZT+GIP < EG. Compared to vehicle, peak plasma glucagon and AUC responses were
collectively 1.6-2-fold higher with 10ZT (P=0.043), 3-4.5 fold higher with 3ZT or 10ZT+GIP
(P<0.001), and 70-180 fold higher with EG (P<0.001) (Fig. 6-2B). Time to reach peak
glucagon concentration was at least 26 min shorter with EG (P=0.049) and 3ZT (P=0.021)
compared to vehicle (Table 6-2).

Figure 6-2C compares plasma glucagon levels in peripheral and portal vein
circulation at terminal sampling. Mean peripheral vein concentration was similar across
treatments (P=0.107), whereas mean portal vein concentration was ~14-fold higher in the
10ZT group and 5.6-fold higher in the 10ZT+GIP group compared to the vehicle group
and when compared within-groups to peripheral glucagon levels (10ZT: P<0.008 vs. both;
10ZT+GIP: P<0.007 vs. both) .

Peripheral plasma C-peptide concentration did not differ between groups at
baseline (before hypoglycemia induction; P=0.064), or before rescue dosing at the onset
of L2 hypoglycemia (blood glucose <3.0 mM; P=0.201) (Fig. 6-2D). In response to rescue
treatment, peripheral C-peptide concentration fell to 25-50% of pre-dosing levels within

15 min (P<0.001 for 0 vs. 15 min in all groups) and was nearly undetectable (<7% of
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baseline) after 60 min (all P<0.001 for 0 vs. 60 min) in all groups. Plasma C-peptide
concentration (Fig. 6-2D) and AUC (Fig. 6-2E), representing total peripheral C-peptide

exposure for up to 120 min after rescue dosing, were unaffected by treatment (P=0.170).
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Figure 6-2. Plasma (A-C) glucagon and (D-F) C-peptide responses to rescue treatment
administered at the onset of level 2 hypoglycemia (<3.0 mM, t=0 min). (A) Peripheral
plasma glucagon concentration. (B) AUC of peripheral plasma glucagon concentration
between t=0 and t=120 min. (C) Comparison of peripheral and hepatic portal vein
glucagon concentrations at t=120 min. (D) Peripheral plasma C-peptide concentration.
(E) AUC of peripheral plasma C-peptide concentration between t=0 and t=120 min. (F)
Comparison of peripheral and hepatic portal vein C-peptide concentrations at t=120 min.
(F’) Linear regression modelling the relationship between hepatic portal and peripheral C-
peptide concentration (top) and hepatic portal C-peptide and whole blood glucose
concentration (bottom) in the 10ZT and 10ZT+GIP groups at t=120 min. Vertical dotted
lines in (A) and (D) indicate the time of treatment. *P<0.05, **P<0.01, ***P<0.001 vs.
vehicle. 11P<0.01 1t11P<0.001 vs. 10ZT. §§P<0.01 vs. within-group peripheral. #P<0.05
vs. vehicle, EG, and 3ZT. EG: exogenous glucagon; 3ZT: 3 mg/kg ZT-01; 10ZT: 10 mg/kg
ZT-01; 10ZT+GIP: 10 mg/kg ZT-01 + glucose-dependent insulinotropic polypeptide. Data
are means = SD.
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Liver glycogen content and glycogenolytic/qgluconeogenic enzyme activity

Liver glycogen content, and the activities of GP and PEPCK, measured 120-min
after rescue treatment, are shown in figure 6-3. Liver glycogen content was lower in all
treatment groups compared to vehicle (EG: -43%, 3ZT or 10ZT: ~-63%, 10ZT+GIP: -82%;
P<0.001) and in the 10ZT+GIP group compared to the EG group (-68%; P=0.027; Fig. 6-
3A). In agreement, GP activity was higher in all groups compared to vehicle (EG: +116%;
3ZT/10ZT/10ZT+GIP: ~+200%; P<0.001) and in the 10ZT and 10ZT+GIP groups
compared to EG (~+40%; P<0.012; Fig. 6-3B). PEPCK activity was higher in the
10ZT+GIP group compared to all other treatments (by 26-50%; P<0.012), except for 10ZT

(P=0.131), which showed higher enzyme activity compared to vehicle (~30% P=0.014;

Fig. 6-3C).
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Figure 6-3. Hepatic (A) glycogen content and activity of (B) glycogen phosphorylase and
(C) PEPCK enzymes measured 120-min after hypoglycemia treatment was administered
at a glycemic target of <3.0 mM. ***P<0.001 vs. all other groups; tP<0.05, +1P<0.01,
t11P<0.001 vs. 10ZT+GIP; §P<0.05 vs. 10ZT. EG: exogenous glucagon; 3ZT: 3 mg/kg
ZT-01; 10ZT: 10 mg/kg ZT-01; 10ZT+GIP: 10 mg/kg ZT-01 + glucose-dependent
insulinotropic polypeptide; PEPCK: phosphoenolpyruvate carboxykinase. Data are
means + SD.
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6.5 Discussion

This is the first study to examine whether an acute dose of the highly selective
SSTR2 antagonist, ZT-01, either alone or in combination with GIP, could serve as a
rescue treatment for level two (L2) hypoglycemia (<3.0 mM glucose) in rats with
established counterregulatory failure. At both a low (3 mg/kg; 3ZT) and high (10 mg/kg;
10ZT) dose level, ZT-01 restored a physiological rise in plasma glucagon concentration
that was absent in vehicle-treated controls. This counterregulatory response reduced the
mean depth of insulin-induced hypoglycemia from level 2 (L2; severe) to level 1 (L1; alert
range) within 15 minutes of treatment with either dose; however, only 10ZT alone (i.e.,
without GIP) resisted a recurrence of L2 in the first hour. In the second hour, 10ZT
restored euglycemia in a majority of rats owing to sustained or biphasic secretion of
pancreatic glucagon into the hepatic portal vein. For the first time, our findings
demonstrate a contribution of both gluconeogenesis and glycogenolysis to the
maintenance of hepatic glucose output by SSTR2a. In support of our previous findings,
these results suggest that somatostatin signaling may impair the glucagon
counterregulatory response to recurrent hypoglycemia.?>® Beyond its established use for
hypoglycemia prevention,’™ ZT-01 may have therapeutic potential as a hypoglycemia
rescue agent by restoring physiological glucagon secretion into the hepatic portal vein
during insulin-induced hypoglycemia.

In previous studies, SSTR2as have been shown to reduce the depth, duration,
and/or frequency of hypoglycemia when dosed one hour before insulin overdose by
augmenting glucagon counterregulation in animal models of T1D, T1D/exercise, pre-T2D,
T2D, and recurrent hypoglycemia.~3.22.170,171,258,282,283 Ag the first study to compare the 3

mg/kg and 10 mg/kg doses of ZT-01, our data suggest an inverse dose effect on peak

101



and total glucagon exposure over two hours. In support, Farhat et al. reported a bell-
shaped dose-response in the 0.0001-3 mg/kg dose range with a peak at 0.3 mg/kg."”" All
ZT-01 treatment conditions in the present study reduced exposure to L2 hypoglycemia
over two hours; however, only 10ZT eliminated the incidence of severe hypoglycemia
(i.e., blood glucose <1.5 mM) and attenuated hypoglycemic (L1 and L2) exposure
altogether.®3 10ZT ultimately outperformed EG in the second hour after dosing, despite a
persistence of peripheral hyperglucagonemia in EG-treated animals. Accordingly, a
maximal plasma concentration of 10ZT was previously achieved two hours after
subcutaneous injection in rat,"”' which, in the present study, coincides with maximal
glycemic recovery and active (possibly even increasing) glucagon release into the portal
vein. The duration of glycemic recovery provided by exogenous glucagon is limited by its
short half-life (8-18 minutes) in circulation;?°® however, duration of action is an important
metric of treatment success in the case of hypoglycemia given the risk of recurrence,
especially in a setting of defective glucagon counterregulation.??

GIP is an intestinally-derived incretin hormone that potentiates insulin secretion in
the post-prandial state.?8* Yet, pharmacological dosing of exogenous GIP under
euglycemic- and hypoglycemic-clamp conditions has been shown to stimulate glucagon
secretion in a dose-dependent manner without altering insulin release.’®'.192 Here, GIP
augmented peak and total glucagon exposure in ZT-01-treated rats by 75%, and while
co-treatment was more effective at restoring euglycemia (i.e., in 50% versus 13% of rats)
within fifteen minutes of dosing than 10ZT alone, GIP became deleterious to ZT-01-
mediated recovery during the second hour after treatment. Hepatocytes do not express

GIP receptors and GIP is unlikely to act directly on the liver;'”* however, the additive effect
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of GIP on hepatic glucagon exposure (versus 10ZT alone) may have increased
hepatocyte sensitivity to insulin-mediated glucose disposal in a setting of peripheral
insulin overdose.?®'2%2 Alternatively, GIP can directly sensitize adipocytes to insulin
signaling by potentiating insulin-stimulated GLUT4 translocation and glucose uptake in a
dose- and time-dependent manner.2®? In cultured adipocytes, this synergy between GIP
and insulin was activated after fifteen minutes of combined hormone exposure and
doubled in potency between thirty and sixty minutes.?%® In agreement, a one-hour infusion
of GIP during clamped hypoglycemia in adults with T1D improved glucose kinetics (i.e.,
increased the rate of endogenous glucose production and decreased the rate of
exogenous glucose infusion) fifteen minutes after hypoglycemia induction but not
thereafter.285 As a result, dual treatment with ZT-01 and GIP may provide more immediate
but temporary recovery from severe hypoglycemia than ZT-01 alone.

Plasma C-peptide concentration was supressed by exogenous insulin overdose at
a similar rate across treatment groups, reaching nearly undetectable levels within one
hour of treatment. That said, we observed a subsequent elevation in both peripheral and
portal vein C-peptide levels two hours after treatment compared to vehicle-treated
controls. Because this response coincided with the recovery of euglycemia in affected
animals, the increase in plasma C-peptide may have resulted from glycemic normalization
rather than a direct stimulatory action of ZT-01 on the pancreatic 3-cell. Since plasma
glucagon concentration was elevated in hepatic portal versus peripheral venous
circulation two hours after injection of high-dose ZT-01, with and without GIP, it is also
possible that the diminishing inhibitory effect of therapeutic insulin on islet a-cells invited

a second phase of glucagon release, which in turn, stimulated C-peptide secretion via
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intra-islet paracrine effect.?®® It is important to note that our rat model of glucagon
counterregulatory failure displays intact C-peptide secretion, unlike the majority of people
with T1D, who represent the target demographic for hypoglycemia rescue treatments. It
will be important to repeat these experiments in an animal model of T1D to better
understand how residual B-cell function influences SSTR2a-mediated recovery from
iatrogenic hypoglycemia.

Hepatic glycogenolysis accounts for the majority of glucagon-mediated glucose
output during hypoglycemia; however, gluconeogenesis is recruited in settings of severe
and/or prolonged exposure.?% We previously showed that when administered one hour
before bolus insulin challenge, the SSTR2a, PRL-2903, delayed hypoglycemia onset by
increasing hepatic glycogen utilization in recurrently hypoglycemic rats.2% In agreement,
the high-dose of ZT-01 tested here reduced hepatic glycogen stores and increased the
activity of rate-limiting glycogenolytic enzyme, glycogen phosphorylase, compared to
vehicle- and EG-treated controls, which were hypoglycemic at the time of measurement.
Notably, a gluconeogenic contribution to the maintenance of hepatic glucose output was
observed with high-dose ZT-01, with and without GIP, but not with any other treatment.
Therefore, prolonged glycemic recovery in the high-dose group was associated with
increased portal vein glucagon levels and downstream stimulation of hepatic glucose
production via glycogenolytic and gluconeogenic pathways.

This study has several limitations to address. First, we did not have a GIP-only
condition to control for the stress associated with IP injection. Instead, all animals were
given 15 minutes to recover from treatment before any measurements were obtained.

However, the effect of GIP alone in this setting remains unclear. Second, due to supplier
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issues, six rats, allocated to the vehicle and 3ZT groups, were ordered from a different
vendor than the other 33. These six rats were ~50 g smaller, on average, with a lower
blood volume that could not satisfy our pre-established sampling protocol. As a result, no
C-peptide data was collected from this subset of rats at the 15-minute timepoint after
dosing, necessitating the exclusion of this timepoint from the C-peptide dataset (Fig. 6-
2D). Third, portal vein plasma and liver tissue were only sampled ~2-hours after test
agents were administered, and therefore, these endpoints (i.e., portal vein hormone
levels, hepatic enzyme activity) did not coincide with peak drug action. Fourth, the dose
of exogenous glucagon used as a positive control caused a >100-fold rise in systemic
glucagon levels, (consistent with a previous report in rat)®, which is double the rise
typically seen in humans treated with the standard dose of emergency glucagon.?’®
Therefore, the dose selected may overestimate the efficacy of our positive control,
especially without the ability to assess dose-dependent side effects, like nausea and
vomiting, in rat.?96

For the first time, we showed that the SSTR2a, ZT-01 (10 mg/kg), provides gradual
and sustained recovery from level 2 hypoglycemia by restoring physiological glucagon
counterregulation in recurrently hypoglycemic rats. By reversing the therapeutic time
course of EG, high-dose ZT-01 may target a period of glycemic instability that arises once
the effect of exogenous glucagon has diminished. Future studies may wish to explore the
combination of high-dose ZT-01 with a sub-therapeutic or “mini-dose” of glucagon to
temper the dose-dependent side-effects of the exogenous hormone while harnessing the
sustained action and enhanced tolerability of ZT-01 to prevent hypoglycemia recurrence

in the late recovery period. SSTR2 antagonism has emerged as a promising therapeutic
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strategy for preventing the onset of hypoglycemia in people with T1D. Here, we extend
this body of evidence to support a potential role for ZT-01 in the treatment and reversal

of existing hypoglycemia without inducing peripheral hyperglucagonemia over two hours.
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711 Abstract

Background: Glucagon counterregulation is impaired in type 2 diabetes (T2D),

contributing to increased risk of hypoglycemia. We have previously proposed that in
somatostatin (SST), secreted by islet d-cells, inhibits glucagon release from neighbouring
a-cells via somatostatin receptor 2 (SSTR2) in diabetic rodents. Here we investigated
whether SST secretion is elevated under low glucose conditions in human T2D and
GLTX-treated islets and whether pharmacologic SSTR2 antagonism can restore the

counterregulatory glucagon response. Materials/Methods: Human islets were obtained

from one T2D donor and five non-diabetic (ND) donors. ND islets were also cultured in
glucolipotoxic (GLTX) conditions for four days to model T2D. Static incubation
experiments measured insulin, glucagon, and SST secretion at varying glucose
concentrations (1-16.7 mM), with or without the selective SSTR2 antagonist, PRL-2915.
Results: In T2D and GLTX islets incubated at 1- or 2.8-mM glucose, glucagon secretion
was 3-5-fold lower, whereas SST secretion was 1.5-3-fold higher compared to ND islets.
Application of the SSTR2a at 1 mM glucose restored a 3.5-fold increase in glucagon
secretion from basal glucose conditions (4 mM) in GLTX islets (vs. +1.6-fold in ND islets)
and potentiated insulin release at 16.7 mM glucose in ND (+2.2-fold) but not GLTX islets.

Conclusions: We demonstrate, for the first time, that SST is hypersecreted under low

glucose conditions in isolated islets from humans with long-standing T2D. In turn,
elevated SST tone appears to inhibit glucagon secretion from pancreatic a-cells in
persons with long-standing T2D by paracrine effect, which is reversible with SSTR2

antagonism.
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7.1.2 Introduction

Somatostatin-14 (SST) is a paracrine hormone secreted by ©&-cells of the
pancreatic islets that provides inhibitory feedback signaling to both glucagon-secreting a-
cells and insulin-secreting B-cells. In individuals with type 1 diabetes (T1D) or advanced
type 2 diabetes (T2D), glucagon secretion is inappropriately elevated under basal and
hyperglycemic conditions but paradoxically suppressed under hypoglycemic conditions.®
Basal and postprandial hyperglucagonemia (6-20 mM glucose) have been linked to
deficient SST secretion and/or signaling via acquired a-cell resistance in islets isolated
from mouse models of pre-diabetes'' and T1D# and human donors with T2D*"0,
Emerging evidence also suggests that SST may be hypersecreted under hypoglycemic
conditions in humans and mice with T1D.4% Accordingly, pharmacological antagonism of
SST receptor 2 (SSTR2), the functionally dominant somatostatin receptor in pancreatic
a-cells, rescues defective glucagon counterregulation in vitro*%2%” and in vivo'-3170.283,
Despite a limited number of experiments performed in human islets from donors with T2D
(i.e., three donor preparations)* versus T1D#, the data collectively suggest that SST
secretion decreases under low glucose conditions in non-diabetic islets to “release the
brake” on counterregulatory glucagon secretion, and that this permissive paracrine signal
may be compromised in insulin-deficient diabetes.??

Based on observations in non-diabetic islets from human donors, SST secretion is
simulated by glucose beyond a threshold of ~3 mM and increases linearly to a peak at
~20 mM glucose, suggesting tonic inhibition of islet a-cells throughout the physiologic
glucose range. However, pharmacological antagonism of SSTR2 in human islets from

non-diabetic donors has been shown to increase glucagon secretion under
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hyperglycemic'06.110.298 byt not euglycemic or hypoglycemic?:106.298-300 conditions. These
findings suggest that SST may contribute to the inhibition of glucagon secretion by
glucose, but only after counterregulatory (i.e., stimulated) glucagon secretion has been
maximally supressed (i.e., ~at 4-5 mM glucose). Conversely, immunoneutralization of
SST"® and pharmacological antagonism of SSTR2 in non-diabetic rodent
islets®5:98.113,115,183.301 hgye been shown to stimulate glucagon secretion across the
physiologic glucose range. Further, the effects of pharmacological SSTR2 antagonism on
insulin secretion in human islets with or without T2D have not been thoroughly
investigated. Accordingly, the glucose-dependent regulation of insulin and glucagon
secretion by SST in humans with and without T2D remains unclear.

Prolonged exposure (i.e., 4 days) of isolated islets to glucolipotoxic (GLTX)
culture conditions induces a dysfunctional B-cell phenotype, characteristic of T2D.3%2 This
in vitro model of T2D has important experimental utility due to the scarcity and phenotypic
heterogeneity of T2D donor islets. However, no studies, to our knowledge, have
investigated the effects of glucolipotoxicity on glucagon and SST secretion from isolated
human islets.

The purpose of this study was to characterize the glucose and SSTR-dependent
regulation of insulin, glucagon, and SST secretion in islets from human donors with and
without T2D. We also sought to determine whether the GLTX model of T2D recapitulates
the altered secretory phenotypes and paracrine signaling relationship between a- and &-

cells in T2D islets.
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7.1.3 Materials and Methods
Human Islets

Human islets, isolated from one T2D donor and five non-diabetic (ND) donors,
were purchased from Prodo Laboratories Inc. Islets were cultured for at least 48 hours in
CMRL media (Thermo Fisher, 11530037) containing 5.6 mM glucose, 1% L-glutamine
(GIBCO, 35050-038), 1% penicillin/streptomycin, and 10% FBS at 37°C and 5% CO2. To
model islet conditions in T2D, ND islets were cultured in glucolipotoxic (GLTX) media for
four days prior to experimentation. GLTX media had a glucose concentration of 16.7 mM,
and was supplemented with 100 uM palmitate (Sigma, P9767) and 200 uM sodium oleate

(Sigma, 03880).

Static Islet Incubation Experiments

Batches of 15 size-matched islets (in triplicates or quadruplicates) were
preincubated in KRBH (VWR, AMPQ99730.1000) containing 2% 0.1 g/mL HSA stock
solution (Sigma, A9511), 1% L-glutamine (Gibco, 35050-038), 2.8% NaHCOs (Gibco,
25080), and 2.8, 4 or 16.7 mM glucose (as indicated) for 1 h at 37°C. This was followed
by a 1-h test incubation in KRBH containing 1 or 16.7 mM glucose, with or without 1 yM
of the SSTR2 antagonist, PRL-2915 (MedChemExpress, HY-P4452). The hormone
content of the supernatant was determined using ELISA (Mercodia, 10-1132-01, 10-1271-
01; Phoenix Pharmaceuticals Inc., EK-060-03) and DNA content in cell lysates was
determined using an assay kit (Invitrogen, P7589). In a separate set of experiments,
GLTX islets were pre-incubated in KRBH with 4 mM glucose for one hour, followed by a
one-hour test incubation in 1, 2.8, 4, 7, 10, or 16.7 mM glucose as indicated. In pilot

experiments, the glucose transitions selected for this study were shown to maximally
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stimulate or inhibit the secretion of targeted hormones in nondiabetic islets while
minimizing secretory fatigue and prioritizing physiological relevance. For example, 2.8
mM glucose was selected as physiologically relevant stimulus of glucagon secretion and
an inhibitory basal glucose condition,®® which maximized the subsequent stimulation of
insulin and SST secretion by glucose. Alternatively, a glycemic transition from 4 to 1 mM
was chosen to represent the development of hypoglycemia in diabetes, which typically
occurs in the post-absorptive state secondary to strict glycemic control (i.e., the
maintenance of blood glucose concentration in the euglycemic range). Further, a basal
condition of 4 mM glucose is unlikely to exhaust SST secretion and may aid in the
detection of pathologically elevated secretion during subsequent hypoglycemia in T2D
and/or GLTX islets. Following exposure to 4 mM glucose, a deeper hypoglycemic stimulus
of 1 mM glucose was required to induce a detectable glucagon response in nondiabetic

islets.

Statistical Analysis

Data are expressed as means of batches of 15 donor islets (not donor replicates),
connected by dashed lines between incubation conditions. Statistical tests were
conducted against a significance criterion of P<0.05 using Prism 10 software (GraphPad,
San Diego, CA, USA). Hormone secretion was analyzed by two-way mixed-effects
ANOVA (factors: culture condition i.e., with or without GLTX x static incubation condition,

i.e., glucose concentration with or without SSTR2) followed by Tukey post-hoc testing.

112



7.1.4 Results
Glucagon

The first set of experiments, shown in figures 7-1A, 1B, were performed in isolated
islets from one non-diabetic (ND) donor and one donor with T2D. Lowering the glucose
concentration from 4 to 1 mM increased glucagon secretion 4.8-fold in the control islets
but only 2.8-fold in the T2D islets (Fig 7-1A). The stimulated glucagon response was
larger when glucose concentration was lowered from 16.7 to 1 mM (vs. 4 to 1 mM) in
islets from control (+9.5-fold) but not T2D (+3.2-fold; Fig. 7-1A) donors. Similarly, the
inhibition of glucagon secretion resulting from a rise in glucose concentration from 2.8 to
16.7 mM, was blunted in T2D versus control islets, owing to markedly lower (8.5-fold)
secretion at 2.8 mM glucose in the T2D islets and comparable secretion between groups
at 16.7 mM glucose (Fig. 7-1B).

In GLTX-treated islets, lowering the glucose concentration from 4 to 1 mM failed to
stimulate a glucagon response (P=0.537) as it did in ND islets (1.6-fold, P=0.040; Fig. 7-
1C). Application of a SSTR2 antagonist at 1 mM glucose stimulated glucagon secretion
compared to 1 mM glucose alone in both groups (CTL: 11.5-fold, GLTX: ~8-fold; P<0.001
for both), restoring a robust counterregulatory response in the GLTX group relative to
basal secretion at 4 mM glucose (3.5-fold; P<0.001; Fig. 7-1C).

Next, we found that raising the glucose concentration from 2.8 to 16.7 mM failed
to inhibit glucagon secretion in GLTX islets (P=0.078) as it did in ND islets (P=0.008; Fig.
7-1D). Application of a SSTR2 antagonist at 16.7 mM glucose stimulated glucagon
secretion in both groups compared to 16.7 mM glucose alone (CTL: 18.4-fold, GLTX: 8.3-

fold; P<0.001 for both; Fig. 7-1D).
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Figure 7-1. Glucagon secretion from T2D islets (A,B) and GLTX islets with or
without SSTR2a (C,D) in response to a decrease (A,C) or increase (B,D) in glucose
exposure. Experiments in: (A,B) triplicate from 2 donors (1 ND, 1 T2D), (C) quadruplicate
from 1-3 ND donors, or (D) quadruplicate from 2 ND donors. *P<0.05, ***P<0.001 vs.
baseline glucose condition (same group); 1P<0.05, 11P<0.01, +11P<0.001 vs. ND under
the same glucose condition; §§§P<0.001 vs. the same group and glucose condition
without SSTR2a. ND: non-diabetic, GLTX: glucolipotoxic, SSTR2a: somatostatin receptor
2 antagonist. Data are means.
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Somatostatin

In the T2D donor experiments, lowering the glucose concentration from 4 to 1 mM
modestly reduced SST secretion in the ND islets and modestly increased secretion in the
T2D islets. Next, lowering the glucose concentration from 16.7 to 1 mM markedly inhibited
SST secretion in the ND (18.6-fold) but not the T2D (1.5-fold) donor islets. (Fig. 7-2A).
Basal SST secretion at 2.8 mM glucose was 3-fold higher, whereas stimulated secretion
at 16.7 mM glucose was 20-fold lower in the T2D vs. the ND donor islets (Fig. 7-2B).

In the first set of GLTX experiments, glucose-stimulated SST secretion was first
detected at 7 mM glucose and was not further stimulated at 16.7 mM glucose, amounting
to a maximal 5-fold increase from basal secretion at 4 mM glucose (Fig. S7-1A). In donor-
matched GLTX islets, SST secretion was higher than ND islets at 2.8 mM glucose and
unresponsive to further increments in glucose concentration (Fig. S7-1A). In agreement,
lowering the glucose concentration from 4 to 1 mM inhibited SST secretion non-
significantly in both ND and GLTX islets (P=0.287 for both; Fig. 7-2C). SST secretion was
~2-fold higher in GLTX vs. control islets at 2.8 mM glucose (P=0.005), and raising the
glucose concentration to 16.7 mM failed to stimulate SST secretion in GLTX islets

(P=0.136) as it did in ND islets (P<0.001; Fig. 7-2D).
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Supplementary Figure 7-1. Glucose-dependent secretion of (A) SST and (B) insulin
from ND and GLTX islets. Data normalized to secretion during 1 h pre-treatment in 4
mM glucose. Experiments in triplicate from 1 ND donor per hormone. SST: somatostatin,
4G: 4 mM glucose, ND: non-diabetic, GLTX: glucolipotoxic. Data are means * SD.
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Figure 7-2. SST secretion from (A,B) T2D and (C,D) GLTX islets in response to a
(A,C) decrease or (B,D) increase in glucose exposure. Experiments in: (A,B) triplicate
from 2 donors (1 ND, 1 T2D), (C) triplicate from 3 ND donors, or (D) quadruplicate from 2
ND donors. **P<0.01, ***P<0.001 vs. ND at 2.8 mM glucose. SST: somatostatin, ND: non-
diabetic, GLTX: glucolipotoxic. Data are means.
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Insulin

In the T2D donor experiments, raising the glucose concentration from 2.8 to 16.7
mM increased insulin secretion ~20-fold in ND islets and ~4-fold in T2D islets (Fig. 7-3A).
In the GLTX experiments, glucose-stimulated insulin secretion was first detected at 7 mM
glucose in ND and GLTX islets; however, the response was 4.6-fold lower in the GLTX
islets and did not respond to further increments in glucose concentration (Fig. 7-S1B). In
agreement, raising the glucose concentration from 2.8 to 16.7 triggered a markedly
blunted (i.e., 9-fold) insulin response in GLTX versus ND islets (P<0.006; Fig. 7-2B).
Application of a SSTR2 antagonist at 16.7 mM glucose increased glucose-stimulated

insulin secretion 2.2-fold compared to 16.7 mM glucose alone (P<0.001) in ND islets but

was without effect in GLTX islets (P=0.389; Fig. 7-3B).
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Figure 7-3. Insulin secretion from T2D islets (A) and GLTX islets with or without
SSTR2a (B) in response to an increase in glucose exposure. Experiments in: (A)
triplicate from 2 donors (1 ND, 1 T2D) or (B) triplicate from 2-3 ND donors. ***P<0.001 vs.
2.8 mM glucose (same group); T11P<0.001 vs. ND under the same incubation conditions;
§§§P<0.001 vs. ND at 16.7 mM glucose without SSTR2a. ND: non-diabetic, GLTX:

glucolipotoxic, SSTR2a: somatostatin receptor 2 antagonist. Data are means.
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7.1.5 Discussion

For the first time, we demonstrated that somatostatin (SST) secretion is
pathologically elevated under low glucose conditions in islets from human donors with
T2D.* We extended these findings to a GLTX model of T2D and linked excess paracrine
inhibition by SST to defective glucagon counterregulation by the restorative effect of a
selective SSTR2 antagonist (SSTR2a). We also showed, for the first time, that SSTR2
antagonism potentiates glucose-stimulated insulin secretion in non-diabetic human islets,
consistent with reports that SSTR2 is the functionally dominant SST receptor in both
human a- and B-cells.’®1°" Finally, we propose that chronic (glucolipotoxic) GLTX
exposure may recapitulate the aberrant secretory phenotypes of a- and d-cells in T2D
donor islets and may serve an important role in modelling these distorted paracrine
relationships in vitro.

In agreement with previous reports, we found that SSTR2 antagonism increased
glucagon secretion in non-diabetic human islets under high glucose (i.e., non-stimulated)
conditions, suggesting that SST contributes to the inhibition of glucagon secretion by
glucose.06.110.298 Consistent with studies in rodent®:113.115,183.301 byt not human96:106.298-
300 jslets, we also found that SSTR2 antagonism potentiated counterregulatory (i.e.,
stimulated) glucagon release at 1 mM glucose, suggesting tonic inhibition of islet a-cells
by SST. Since glucose-stimulated SST secretion was first detected above a glycemic
threshold of ~3 mM, our data may suggest that basal concentrations of the hormone exert
functional inhibition over glucagon release. As expected, the glucagonotropic effect of
SSTR2 antagonism was greater in ND islets at 16.7 vs. 1 mM glucose, consistent with

the glucose-stimulated secretion of SST. Alternatively, the glucagonotropic effect of
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SSTR2 antagonism was comparable at high and low glucose concentrations in GLTX
islets, reflecting the absence of glucose-stimulated SST secretion in this setting.

Next, we report that the SSTR2a, PRL-2915, markedly augmented
counterregulatory glucagon secretion at 1 mM glucose in islets from non-diabetic human
donors. This finding conflicts with existing evidence demonstrating that the SSTR2a,
CYN154806, more commonly used in research, does not affect glucagon release under
low glucose conditions.?96.106.298-300 Thjs discrepancy may be owing, at least in part, to
the binding affinities of the two antagonist compounds. PRL-2915 is ~70x more selective
for SSTR2 than SSTRS5, whereas CYN154806 binds both receptors with similar
affinity.233303 Since SSTR5 plays a secondary role to SSTR2 in mediating the inhibition of
insulin secretion by SST in human islets,’”" we suspect that CYN154806 may have
stimulated insulin output at 1 mM glucose, which, in turn, suppressed glucagon release.
It will be necessary to confirm our findings in a larger sample of human islets using
multiple dose levels of PRL-2915.

As previously observed in T1D mouse islets,® the inhibition of SST secretion at low
glucose and stimulation at high glucose were markedly blunted in T2D and GLTX-treated
islets compared to controls. Accordingly, the observed hypersecretion of SST under low
glucose conditions in these islet preparations seemed to reflect failed inhibition rather
than stimulated secretion per se. Therefore, T2D and in vitro GLTX exposure may render
the pancreatic d-cell resistant to both stimulatory and inhibitory fluctuations in glucose
concentration.

In support of preliminary findings from a small sample of T2D donor islets,* we

show that SSTR2 antagonism can restore counterregulatory glucagon secretion at 1 mM
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glucose in GLTX-treated human islets, which was undetectable without treatment.
Additionally, as the first study to investigate whether SSTR2 antagonism impacts glucose-
stimulated insulin secretion (GSIS) in human islets, we report a potentiating effect in non-
diabetic but not in GLTX preparations. While the reason is unclear, this finding may
undermine the potential dual function of SSTR2a as an insulin secretagogue in settings
of residual B-cell mass. We suspect that insulin secretion from GLTX islets, which was
markedly diminished compared to controls, may have been maximally stimulated by 16.7
mM glucose alone. This finding may also reflect a loss of autoregulation by the 3-cell, as
previously reported in T2D donor islets.”® In response to increasing glucose
concentration, Urocortin 3 (UCN3) is co-secreted with insulin from islet (-cells, which in
turn, triggers the release of SST from neighbouring d-cells.’® SST then feeds back on a
delay to inhibit insulin secretion via SSTR2.'° Since UCN3 is reportedly depleted in -
cells from T2D donor islets, SST’s contribution to the autoregulation of GSIS may be lost
in T2D.™°

In summary, our data suggest that SST may regulate counterregulatory glucagon
secretion from islet a-cells under non-diabetic conditions and that this inhibitory paracrine
tone may be increased in T2D and GLTX-exposed islets from human donors. As a result,
SST may account for the characteristic deficiency in counterregulatory glucagon secretion
in these conditions, which was reversible with SSTR2 antagonism. Lastly, we provide
preliminary evidence supporting the physiological relevance of glucolipotoxic culture

conditions for modelling the effects of T2D on glucagon and SST secretion in vitro.
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7.2.1 Abstract

Background: Pancreatic islet remodeling in diabetes disrupts the paracrine
relationships that govern blood glucose regulation. The relative expression of
somatostatin (SST) is known to increase in type 1 diabetes (T1D) islets, but it remains
unclear how SST expression changes in rodents and humans with advanced (i.e., insulin-

deficient) stages of type 2 diabetes (T2D). Materials/Methods: Insulin resistance and

insulin deficiency were induced in male Sprague—Dawley rats via high-fat feeding (HFF)
and low-dose streptozotocin (STZ), respectively, with or without two weeks of basal insulin
therapy. Pancreas tissue was harvested for immunohistochemical staining of insulin,
glucagon, and SST, and hormone expression was quantified as a percent of islet area.
Findings were validated in human pancreas sections from donors with T1D and T2D.
Results: In untreated T2D rats, insulin-positive area per islet was ~60% lower compared
to non-diabetic rats, whereas glucagon and SST expression had approximately doubled.
Basal insulin therapy attenuated the decrease in insulin (-26%) and increase in SST
(+~60%) expression, without affecting glucagon expression. In human islets from T2D
donors, insulin expression per islet was 32% lower and SST expression was 70% higher

compared to non-diabetic controls. Conclusions: The relative expression of SST per islet

was markedly higher in HFF/STZ-T2D rats and human donors with T2D compared to non-
diabetic controls, which could be partially normalized by basal insulin therapy in T2D rats.
Accordingly, islet remodeling in insulin-deficient T2D may increase the available pool of

secretable SST, as observed in T1D.
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7.2.2 Introduction

Pancreatic islet remodeling in type 1 (T1D) and type 2 diabetes (T2D) distorts the
paracrine relationships that coordinate blood glucose regulation.'3® Accordingly, islet a-
cells, which secrete glucagon to mitigate the onset and progression of hypoglycemia,
become increasingly “blind” (i.e., less responsive) to hypoglycemia with the progression
of insulin deficiency.® Based on numerous reports of elevated somatostatin expression in
the islets of T1D humans'16.126, dogs3®4, and rodents3%5-307 and a higher contact density
between a- and d-cells, 38139 islet remodelling in diabetes likely increases a-cell exposure
to inhibitory SST signaling3°.

Due to the influence of treatment and disease stage on islet architecture, the fate
of the &-cell is less clear in T2D compared to T1D. In hyperinsulinemic forms of T2D,
characterized by increased or unchanged B-cell mass, 6-cell and SST expression per islet
are reportedly reduced or unchanged.'?7:308309 \We hypothesize that the reverse may be
true in settings of insulinopenic T2D, whereby SST expression increases reciprocally with
decreasing B-cell mass, as observed in T1D.>'?6 For the first time, we characterized islet
hormone composition in an established rodent model of insulin-deficient and insulin-
resistant T2D and validated these findings in human islets from donors with T2D. Finally,
we investigated the effects of early glycemic intervention, using basal insulin therapy, on

islet SST expression in rodents with advanced T2D.

7.2.3. Materials and Methods
Rats and T2D induction
Thirteen (n=13) male, Sprague-Dawley rats were purchased from Charles River

Laboratories at an age of 8-10 weeks (post weaned, initial weight 200-250 g). Rats were
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individually housed in the York University vivarium in a 12-hour light-dark cycle with ad
libitum access to food and water. Eight rats were randomly selected for T2D induction via
three weeks of high fat feeding (HFF; 5.21 kcal/g: 60% fat, 20% carbohydrate and 20%
protein; Research Diets, D12492) before a single injection of low-dose streptozotocin
(STZ; 35 mg/kg, IP) to model mid-to-late stage T2D.3'° Following STZ treatment, regular
drinking water was replaced with 10% sucrose solution for 48 hours as a precautionary
measure to prevent hypoglycemic episodes in this timeframe Hyperglycemia was
confirmed in all STZ-treated rats based on a post-absorptive whole blood glucose
measurement 211.1 mM 48 hours after STZ administration. Five rats served as non-
diabetic (ND) normal-chow-fed (3.5 kcal/g: 13% fat, 58% carbohydrate, 29% protein;
LabDiet, 5012) controls.

A subset of four HFF/STZ-T2D rats were randomly selected to receive basal insulin
treatment (T-T2D), while the remaining four rats were left untreated (UT-T2D). Insulin
glargine (Lantus SoloSTAR, Sanofi-Aventis) was administered once daily in the evening
(~6:00 pm) for 14 days based on post-absorptive (pre-feeding) blood glucose
measurements according to the following sliding scale: <12 mmol/L: 0 U; 12 to 15 mM: 1
U; >15mM: 4 U. On day 15, food was removed at 9 am, and body weight, blood glucose,
and plasma hormone levels were measured in the evening after a ~9 hour fast to provide
a sufficient washout period for insulin administered the day prior®''. Animals were then
euthanized via exsanguination and pancreases were extracted, rinsed in PBS, fixed in
10% buffered formalin solution for 24 hours, and finally before transferred to 70% ethanol

for storage.
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Human Tissue

Pancreas slices were obtained from seven non-diabetic (n=6-7; ND), five (n=5)
T1D, and six (n=6) T2D donors with consent from ADI IsletCore. T2D subjects were
selected based on the following criteria: dependence on insulin and/or treatment non-
compliance, disease duration >10 years, and/or HBA1C >8%. T2D donors were age, BMI,

and sex matched (where possible) to ND controls.

Immunohistochemical Staining

Serial sections of paraffin embedded tissue were mounted onto glass slides by
Princess Margaret hospital and returned to York University for analysis. Samples were
pre-incubated in 3% hydrogen peroxide for 15 min to block endogenous peroxidases, and
heat-mediated antigen retrieval was performed using a pressure cooker microwaved at
high power for 7-12 min. Samples were then incubated with a primary anti-insulin (Abcam,
ab108546; 1:500), anti-SST (Abcam, ab63820; 1:200), or anti-glucagon (Abcam,
ab108426, 1:7500) antibody for two hours at room temperature and hormones were
detected using the avidin-biotin complex (ABC) method according to kit instructions
(Vector Laboratories, PK-401). DAB peroxidase (Vector Laboratories, SK-4105) was
applied for 1.5-2 min before counterstaining with hematoxylin (Sigma-Aldrich, HHS16) for
15-30 seconds.

A similar protocol was used to stain and analyze human tissue with a few notable
exceptions. First, antigen retrieval was performed in a hot water bath at 95°C for 5 min.
Serial sections were incubated with a primary anti-insulin antibody (1:500) overnight at
4°C and with a primary anti-glucagon or anti-SST antibody for one hour at room

temperature.
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Hormone Quantification

Hormone expression was quantified by a blinded technician using Aperio Image
Analysis software (Leica Biosystems) for rat islets and ImageJ software (open source) for
human islets. The following number of islets were analyzed in rats: 102-127 ND, 52-55
UT-T2D, and 102-108 T-T2D and humans: 100-148 ND, 100-158 T1D, and 120-158 T2D.

Studies commonly report the effects of diabetes and glycemic normalization on
pancreatic hormone content; 304309312 however, intercellular communication is localized
to each islet, discounting total pancreas values as biologically relevant measures of cell-
to-cell interactions. Further, we chose not to conflate cell area with hormone area, due to
evidence that these variables are differentially affected by diabetes induction and

glycemic intervention.'4°

Statistical Analysis

Statistical tests were conducted against a significance criterion of P<0.05 using
GraphPad Prism Software. In vivo measurements taken immediately prior to sacrifice,
islet area, and percent hormone expression were analyzed by ordinary one-way ANVOA
and Tukey post-hoc testing (factor: condition). Average daily glucose concentration during
the glycemic maintenance period (within-subject factor: day, between-subject factor:
condition) and SST expression by islet size (within-subject factor: islet size, between-islet
factor: condition) were analyzed by two-way mixed model ANOVA and Tukey post-hoc
testing. The linear relationships between expression levels of each hormone were
modelled using simple linear regression and analyzed using the Pearson correlation

coefficient.
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7.2.4 Results

HFF/STZ-T2D Model Characteristics

Daily body weight, morning and evening blood glucose levels, and basal insulin
dosing for the T-T2D group throughout the 14-day glycemic maintenance period are
shown in S7-2A-D, respectively. At the time of sacrifice, both groups of T2D rats were
severely hyperglycemic on average (P<0.008 vs. ND for both), however, one T-T2D rat
(B5) had near-normal (6.8 mM) blood glucose levels and no longer required insulin
treatment after day 8 (Fig. S7-2D), leading to high glycemic variability in the T-T2D group
(Table 7-1). Plasma C-peptide level was ~45% lower in UT-T2D vs. ND rats (P<0.024)
but comparable between T-T2D and ND rats (P=0.959; Table 7-1). Despite a trend
towards hyperglucagonemia in the UT-T2D group, plasma glucagon levels were highly
variable in all three conditions and no significant effect of T2D or insulin treatment was

detected (P=0.445; Table 7-1).
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Supplementary Figure 7-2. Maintenance data from HFF/STZ-T2D rats during 2 weeks
with or without basal insulin replacement. (A) Body weight (B) morning blood glucose (C)
evening blood glucose (D) dose of Lantus insulin per rat, and (E) average dose of Lantus
insulin for pooled T-T2D rats. ND: non-diabetic, UT-T2D: untreated T2D, T-T2D: treated
T2D, HFF: high-fat feeding, STZ: streptozotocin.

Table 7-1. STZ/HFF-T2D Model Characteristics.

Non- Untreated Insulin-Treated
diabetic T2D T2D
Body weight (g) 369+20 336124 359+24
Whole blood glucose (mM) 5.6+0.3 24 .8+£3.3*** 17.247.4*
Peripheral plasma C-peptide (pmol/L) 1107x121 624164* 1064+397
Hepatic portal C-peptide (pmol/L) 8311338 247+102* 4491202
Peripheral plasma glucagon (pg/mL) 6070 131187 78190

Measurements were obtained immediately prior to sacrifice and pancreas removal.
*P<0.05, **P<0.01, ***P<0.001 vs. ND. STZ: streptozotocin, HFF: high-fat fed. Data are
means + SD.
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Human Donor Characteristics

Donor ID, age, sex, BMI, HbA1C%, disease duration, and treatment modality (where

available) are provided in Table 7-2. All ADI-registered donors with insulin-treated T2D

(n=4) were included in the study. Of the two remaining donors selected for the T2D cohort,

one satisfied the inclusion criteria for advanced disease duration (>10 years) whereas the

other qualified based on treatment non-compliance. All T2D donors and four of five T1D

donors had HbA1C levels in the diabetic range (26.5%). Males and females were equally

represented in the T2D group and T2D donors were age-, BMI-, and sex-matched (where

possible) to ND donors.

Table 7-2. Human Donor Characteristics.

Donor BMI HbA1C | Years Since
Condition DonorID | Age | Sex (kg/m?) (%) Diagnosis Treatment

R026 68 F 28.5 53
R145 25 F 241 23

N R186 68 M 28.1 9.6

dia;’;‘tic R195 54 M 35.0 55

R273 57 M 33.9 5.8
R490 39 M 28.2 9.3
R492 68 M 21.2 5.2
R095 44 M 237 14.6 24
R132 39 F 24.6 59 31

T1D R339 30 M 257 9.2 16
R429 23 F 239 1.8 4
R437 38 F 386 10.0 20
R0OS7 a3 F 35.5 10.3 20 Metformin
R064 36 M 281 10.9 1.5 Insulin

T2D R083 71 F 27.5 6.6 20 Metformin, insulin
R236 51 M 35.3 8.6 N/A Non-compliant
R241 65 M 218 99 25 Humalog Mix 25
R276 54 F 244 7.2 10 Insulin (1.5 years)
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Islet Area and Hormone Expression in ND, UT-T2D, and T-T2D Rats

Average islet area was similar among the three groups (P=0.664; Fig. 7-4A). Within
each group, the frequency distribution of islet size was positively skewed, with a majority
of islets concentrated in the smallest size categories (Fig. S7-3A-C). Notably, the islet size
distribution for the UT-T2D group (n=55; Fig. S7-3B) contained approximately half the
number of observations (reflecting half the number of islets detected and analyzed)
compared to the ND (n=102; Fig. S7-3A) and T-T2D groups (n=108; Fig. S7-3C). Insulin-
positive staining, expressed as a percentage of total islet area, was 63% lower in UT-T2D
islets (27+16% vs. 73£16%; P<0.001) but only 26% lower in T-T2D islets (54£23% vs.
73£16%; P<0.001 vs. ND and UT-T2D) compared to ND islets (Fig. 7-4B). Percent
glucagon-positive staining was 70-110% higher in UT-TD (29+17%; P<0.001) and T-T2D
islets (24 +16%) compared to ND islets (14+9%) (Fig 7-4C). Similarly, percent SST-
expression was 2-fold higher in UT-T2D islets (14+ 7% vs. 7£5%; P<0.001) but only 1.6-
fold higher in T-T2D islets (11£8% in T-T2D; P<0.001 vs. ND and P=0.020 vs. UT-T2D;
Fig. 7-4D) compared to ND controls. Percent SST expression was inversely related to
islet size, such that smaller islets contained a higher proportion of SST than large islets
in ND, T-T2D, and pooled T2D (Fig. 7-4E’), but not UT-T2D rats (Fig. 7-4E). When
compared across treatment groups, relative SST expression was higher in small- and
medium-sized islets from UT-T2D (sm: P=0.006, med: P=0.003) and T-T2D (sm: P<0.001,
med: P=0.004) compared to ND rats, whereas in large islets, SST expression was only
higher than control levels in the absence of treatment (P=0.007 vs. ND and T-T2D; Fig.

7-4E). Correlation analysis of relative hormone expression revealed a positive association
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between glucagon and SST (P=0.022; Fig S7-4A), and a negative association between

both hormones and insulin (P<0.006 for both; Fig. S7-4B,C).
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Supplementary Figure 7-3. Frequency distribution of islet size in (A) non-diabetic, (B)
untreated-T2D, and (C) treated-T2D rats (left) and (D) non-diabetic, (E) T1D, and (F) T2D
human donors (right). T2D: type 2 diabetes.
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Figure 7-4. Islet hormone composition in HFF/STZ-T2D rats, with and without basal
insulin replacement. Islet (A) area and proportions of (B) insulin (C) glucagon and (D)
SST staining expressed as a percentage of total islet area. *P<0.05, ***P<0.001,
****P<0.0001. (E) Percent SST expression stratified by islet size in separate and (E’)
pooled T2D conditions. **P<0.01, ***P<0.001 vs. ND; 11P<0.01 vs. UT-T2D. Whiskers

indicate 10" and 90" percentiles, “+” indicates the mean.
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Supplementary Figure 7-4. Correlation analysis of relative hormone area in HFF/STZ-
T2D rat islets. (A) glucagon vs. SST (B) glucagon vs. insulin, and (C) SST vs. insulin.
SST: Somatostatin.

Representative images of rat islets stained for insulin, glucagon, and SST are
shown in Figure 7-5. Insulin staining was ubiquitous in ND islets (Fig. 7-5A) and
fragmented in UT-T2D (Fig 7-5B) and T-T2D (Fig. 7-5C) islets. Glucagon staining, wich
was localized to the outer mantle of ND islets (Fig. 7-5D), increased in area but retained
its peripheral distribution in T-T2D (Fig. 7-5E) and UT-T2D islets (Fig 7-5F). SST-positive
staining was relatively sparse but similarly localized to the outer mantle region of ND islets
(Fig. 7-5G) and migrated inward to occupy the core of T2D islets (Fig. 7-5H,1). &-cells
appeared elongated and contained filopodia-like-extensions, as previously described

(Fig. 7-5H,1).313
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Figure 7-5. Representative images of ND (left), UT-T2D (middle), and T-T2D (right) rat
islets stained for insulin (A-C), glucagon (D-F), and SST (G-l). Arrows indicate &-cell
filopodia. ND: non-diabetic, SST: somatostatin, UT-T2D: untreated T2D, T-T2D: treated
T2D.
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Islet Area and Hormone Expression in Human Donors with ND, T1D, or T2D

Average islet area was ~30% lower in T1D (P=0.044) and T2D (P=0.093) vs. ND
donor islets but the difference was only significant in the T1D group (Fig 7-6A). The
frequency distribution of islet size was less positively skewed in the T1D donor cohort
compared to the ND (Fig. S7-3D) and T2D (Fig. S7-3F) cohorts, since the majority of
islets were concentrated in the smallest size categories rather than the tail of the
distribution, despite the presence of fewer but more extreme outliers in the T1D cohort
(Fig. S7-3E). Insulin expression accounted for 71+15% of islet area in the ND group,
48115% in the T2D group (P<0.001 vs. ND), and was undetectable in the T1D group (Fig.
7-6B). SST expression accounted for 6+4% of islet area in ND islets, compared to
14+14% inT1D islets (P<0.001) and 10+6% in T2D islets (P<0.001 vs. ND and T1D) (Fig.
7-6C). Percent SST expression was inversely proportional to islet size within each
condition, such that smaller islets contained higher relative expression of SST (Fig 7-6D).
Between conditions, percent SST expression was higher in both small- and medium-sized
islets from T1D vs. ND (sm: P=0.001, med: P<0.001) and T2D donors (sm: P=0.005, med:
P=0.005), whereas in large islets, expression was lower in T1D vs. ND (P=0.020) and

T2D (P=0.017) donors (Fig. 7-6D).
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Figure 7-6. Islet hormone composition in human donors with T1D and T2D. Islet (A) area
and proportions of (B) insulin (C) glucagon and (D) SST staining, expressed as a
percentage of total islet area. *P>0.05; ***P<0.001, ****P<0.0001. (E) Percent SST
expression stratified by islet size. *P<0.05, **P<0.01, ***P<0.001 vs. large islets; 1P<0.05,
T1P<0.01 vs. medium islets; §P<0.05, §§P<0.01 vs. ND and T2D islets. Whiskers
represent 10t and 90" percentiles, “+” denotes the mean.

Representative images of human islets stained for insulin, glucagon, and SST are
shown in Figure 7-7. Of note, some T2D islets retained a normal appearance, while others
had irregular/ill defined borders and were fragmented into lobules by fibrous tissue and
amorphous amyloid deposits (Fig. 7-7C,F). Interior sections of necrotic cells were
observed in both T2D (Fig. 7-7C) and T1D (Fig. 7-7E) islets. Insulin staining was
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ubiquitous in ND donor islets (Fig. 7-7A), undetectable in T1D donor islets (Fig. 7-7B),
and fragmented in T2D donor islets (Fig.7-7C). Glucagon staining was localized to the
outer mantle of ND islets (Fig. 7-7D) but was ubiquitously expressed among regions of
hormone-positive cells in T1D (Fig. 7-7E) and T2D (Fig. 7-7F) donor islets. Unlike rodent

islets, SST staining was scattered throughout ND donor islets (Fig. 7-7G) but tended to

form internal clusters in T1D (Fig. 7-7H) and T2D (Fig. 7-71) donor islets.

Y X -4
Py ._}-'[4 e

1D (middle), and T2D (right) human
islets immunostained for insulin (A-C), glucagon (D-F), and SST (G-l). Arrow indicates
mass of necrotic cells. ND: non-diabetic, SST: somatostatin.
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7.2.5 Discussion

For the first time, we demonstrate an increase in the relative expression of
somatostatin (SST)-positive staining per islet in humans and rats with advanced (i.e.,
insulin-deficient) T2D, as we (in the present study) and others have observed in islets
from humans and animals with T1D"%6. Our findings suggest that despite their etiological
differences, T2D may reflect an intermediate islet phenotype in the progression of insulin
deficiency from non-diabetes to overt T1D, characterized by milder deviations in hormone
composition from the ND state. We also showed that early glycemic intervention using
basal insulin therapy in a rat model of insulin-deficient and insulin-resistant T2D could
markedly preserve islet insulin expression while partially offsetting the relative expansion
of SST-positive area.

The hallmark features of advanced T2D - insulin resistance and relative or
absolute insulin deficiency — are modelled in rodents via high fat feeding (HFF) and low-
dose streptozotocin (STZ), respectively. However, the effects of these interventions on
islet architecture have only been examined independently.?%® Here, we show that percent
insulin expression per islet was reduced by ~65% (from 73% to 27%) in HFF/STZ-T2D
versus ND rats and this depletion of insulin could be attenuated (to 54%) by basal insulin
therapy, consistent with previous observations in other murine models of T2D3'4.
Alternatively, islet proportions of glucagon and SST increased by ~100% following T2D
induction, and like insulin, physiologic SST expression could be partially preserved with
basal insulin therapy (i.e., 7% in ND vs 11% with treatment and 14% without). As a result
of early glycemic intervention in HFF/STZ-T2D rats, islet hormone composition was

consistent with that observed in T2D islets from human donors selected for advanced
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disease stage (i.e., 54% insulin, 24% glucagon, and 11% SST in rats vs. 48% insulin, and
10% SST in humans). Therefore, a once-daily injection of basal insulin dosed according
to evening (post-absorptive) blood glucose concentration, may reproduce a modest level
of glycemic control that is representative of our human donor cohort. Owing to the cost
and relative scarcity of diabetic donor islets, those derived from HFF/STZ-T2D rats may
serve as a useful tool for studying islet pathology in diabetes ex vivo.

Evidence from mouse models of autoimmune T1D suggests that SST expression
may increase with advancing insulin deficiency.>3'% Here, we extended these findings to
HFF/STZ-T2D rats by modeling the progression of insulin deficiency using early glycemic
intervention to partially preserve islet insulin content after STZ treatment in a subset of
insulin-resistant rats. Despite this discovery, a proportional increase in glucagon
expression per islet conserved the ratio of SST to glucagon across disease stages. In
previous studies, this hormone ratio was elevated in islets from animals'40:304316 byt not
humans''® with T1D. Even so, islet remodeling may still increase a-cell exposure to SST
signaling as an anatomical basis for the inhibition of counterregulatory glucagon secretion
in rats with insulin-deficient and resistant T2D.

In summary, the relative expression of SST was markedly higher in islets from
HFF/STZ-T2D rats and human donors with T2D compared to controls and could be
partially normalized by basal insulin therapy in T2D rats. Accordingly, islet remodeling in
insulin-deficient T2D may increase the available pool of secretable SST, as observed in
T1D. Future studies should explore the effect of more intensive glycemic management
on islet hormone composition in both T1D and T2D. It will also be important to determine

how islet remodeling in advanced T2D influences SST and glucagon secretion during
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episodes of hyperglycemia and hypoglycemia stemming from imperfect glucose

management.
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Chapter 8: Integrative Summary and Future Directions

Compared to insulin and glucagon, the role of somatostatin (SST) in blood glucose
regulation is relatively understudied. Before its contribution to normal islet function could
be fully elucidated, evidence linking SST to the breakdown of islet crosstalk in diabetes
began to emerge.3'” The discovery that pharmacologic SSTR2 antagonism could restore
the plasma glucagon response to insulin-induced hypoglycemia in T1D rodents
suggested that &-cell signaling may contribute to the pathogenesis of glucagon
counterregulatory failure in diabetes.' In the thesis experiments presented in chapters
4-6, we extended these findings to rat models of pre-diabetes (Chapter 5) and recurrent
insulin-induced hypoglycemia (Chapters 4 and 6).

Chapter 4 was the first study to evaluate the effects of an SSTR2 antagonist
(SSTR2a) on glucagon counterregulation and glycemic recovery from hypoglycemia
outside of a clamped environment. We showed that intraperitoneal injection of the
SSTR2a, PRL-2903, could delay the onset of a fourth recurrent episode of insulin-induced
hypoglycemia by twenty-five minutes.?>® The absence of pre-existing (i.e., diabetes-
related) a-cell dysfunction in these rats allowed us to selectively target and reverse the
cumulative attenuation (30%) in plasma glucagon levels during hypoglycemia resulting
from three prior episodes of hyperinsulinemic hypoglycemia per se.?*® Notably, pre-
treatment with the SSTR2a offset a further ~40% reduction in the plasma glucagon
response during a fourth episode of hypoglycemia compared to the third.?>® While these
results may imply that inhibitory SST signaling increases during recurrent hypoglycemia,
no studies, to our knowledge have proven this effect. Since islet-derived SST cannot be

measured in circulating plasma, future studies may wish to model the effects of recurrent
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low-glucose exposure on SST secretion and signaling in isolated islets. If SST does in
fact mediate the inhibition of counterregulatory glucagon secretion by recurrent
hypoglycemia, it can next be determined whether this d-cell dysfunction originates at the
islet level or whether it is mediated by neural mechanisms.

Proof of concept studies, establishing a restorative effect of pharmacologic
SSTR2a on glucagon counterregulation during insulin-induced hypoglycemia, were
previously conducted in pre-clinical (i.e., rodent) models of T1D.™310 Unlike these
models, the rat models of defective glucagon counterregulation studied in chapters 4-6
retained significant insulin-secretory function, characteristic of humans and other
mammals with T2D. This disease phenotype introduced the potential for off-target effects
of pharmacologic SSTR2 antagonism on islet B-cells, which, like a-cells, express SSTR2
and are primary targets of intra-islet SST signaling.'%? That said, SSTR5, rather than
SSTR2, is the functionally dominant SST receptor in rodent B-cells'®, and since the
antagonists used were >20x more selective for SSTR2 than SSTR52%, it was unlikely that
they would disinhibit insulin secretion by binding non-specifically to SSTRS. In chapter 4,
plasma C-peptide level was unexpectedly lower during a fourth episode of recurrent
hypoglycemia in rats treated with the SSTR2a, PRL-2903, versus vehicle.?*® Since
SSTR2 antagonism has been shown to increase intra-islet and plasma levels of SST in
rodents,>'5 this effect may have increased the interaction between SST and SSTR5 in
islet B-cells, inhibiting insulin release. That said, plasma C-peptide levels were higher in
the vehicle group on day four of recurrent hypoglycemia compared to previous days,
;leading to speculation that the SSTR2a was suppressing inadvertent stimulation of

endogenous insulin secretion caused by a-tocopheryl succinate (aTOS), a component of
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the vehicle formulation. Evidence from rodent SST knockout islets lends support to this
theory, suggesting that insulin secretion is not inhibited by SST below insulin’s stimulatory
threshold of ~7 mM glucose.?®® In chapter 5, pre-treatment of non-diabetic and pre-
diabetic rats with the SSTR2a, ZT-01, did not significantly alter basal C-peptide levels
(i.e., before hypoglycemia induction) or modify the suppression of plasma C-peptide by
exogenous insulin overdose. However, when administered as a rescue therapy during
severe hypoglycemia in chapter 6, ZT-01 (high dose, 10 mg/kg) increased portal vein C-
peptide concentration relative to control levels two hours after dosing in rats exhibiting
robust glycemic recovery (i.e., blood glucose >6.0 mM). The observed stimulation of
endogenous insulin secretion was likely owing to a corresponding elevation in portal vein
glucagon concentration, as occurs in the fed state.?®* Therefore, SSTR2a may engage
(rather than override) physiologic feedback mechanisms that prevent post-prandial (and
in this case, SSR2a-induced) hyperglycemia by limiting further glycemic recovery once
euglycemia has been restored.

Unlike in rats, SSTR2 is the functionally dominant SST receptor in both human a-
and B-cells.’® Consistent with the dual regulation of insulin and glucagon secretion by
SSTR2 in human islets,’ chapter 7.1 demonstrated, for the first time, that SSTR2
antagonism may augment glucose-stimulated insulin secretion in non-diabetic but not
GLTX-treated islets from human donors. These findings confirm that SST inhibits glucose-
stimulated insulin secretion under physiologic conditions in human islets; however, it
remains unclear whether SSTR2 antagonism stands to improve glucose tolerance in
rodents or humans with T2D. Collectively, the data in this dissertation, obtained from

rodent models of glucagon counterregulatory failure in vivo (Chapters 4-6) and isolated
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human islets in vitro (Chapter 7.1), support continued interest into the development of
pharmacologic SSTR2a for hypoglycemia prevention in T2D. These findings also
highlight interspecies differences in intra-islet signalling pathways that may limit the
translation of therapeutic targets from rodents to humans.

A comparison of findings in chapters 4-6 reveals that endogenous glucagon may
have a longer duration of action on the liver than the exogenous hormone, and this action
may be extended by the administration of SSTR2a during hypoglycemia versus
euglycemia. These characteristics, as well as the avoidance of peripheral
hyperglucagonemia, may highlight the utility of SSTR2a for use in a bi-hormonal artificial
pancreas system. However, there is a limit to the pharmacological stimulation of
endogenous glucagon release, which falls within physiological bounds, and may not be
adequate to provide rapid and robust recovery from severe insulin-induced hypoglycemia,
especially in settings of high metabolic demand, like exercise. Future studies may wish
to investigate whether combined treatment with other SST receptor agonists/antagonists
in human islets may help to maximize drug potency. For example, SSTR1 plays a
secondary role to SSTR2 in mediating the inhibition of glucagon secretion by SST in
humans,’%0.1%" and therefore, co-treatment with an SSTR1 antagonist may alleviate more
of SST’s inhibitory tone, especially if it is elevated in diabetes.

It should also be noted that aside from inhibiting the counterregulatory actions of
glucagon (i.e., hepatic glucose production),3'® therapeutic insulin also inhibits the section
of endogenous glucagon in diabetic animals.?®® Therefore, an SSTR2 antagonist may be
competing against the inhibitory effect of therapeutic insulin to liberate glucagon from the

a-cell, whereas levels of exogenous glucagon in circulation are not dictated by insulin
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dosing. Exogenous insulin can also directly stimulate SST secretion in rodent islets,?°’
but it remains unclear what portion of insulin’s inhibitory effect on glucagon secretion
during hyperinsulinemic hypoglycemia is mediated by SST and reversible with an
SSTR2a. When it comes to a dual-hormone artificial pancreas system, the timing of
glucagon delivery in relation to insulin is important to consider since the efficacy of
glucagon in preventing hypoglycemia depends on circulating insulin levels.'%
Accordingly, micro-boluses of glucagon delivered by a pump system have been shown to
correct hypoglycemia in a dose-dependent manner when insulin levels are low, but fail to
influence hepatic glucose output when insulin levels are high, irrespective of glucose
concentration.?9%201 Therefore, pharmacologic stimulation of endogenous glucagon
release may be subject to the same shortcomings as exogenous glucagon, as observed
in chapter 5. Specifically, pre-treatment of non-diabetic and prediabetic rats with an
SSTR2a one hour before hypoglycemia induction increased glucagon secretion in both
groups as compared to their respective vehicle-treated controls but only augmented
glycemic recovery (i.e., increased blood glucose levels and delayed the onset of
hypoglycemia) in the prediabetic rats. We reasoned that in non-diabetic rats, hepatic
glucagon signaling was supressed by antagonistic inputs from therapeutic insulin at the
dose used. Alternatively, the presence of insulin resistance in the T2D group may have
reduced the potency of insulin signaling in this model, allowing for pharmacologically
stimulated glucagon to influence blood glucose levels. Future studies are required to
evaluate the benefits and limitations of exogenous glucagon versus a SSTR2a in a dual-
hormone pump system, particularly in settings that confer the highest risk of

hypoglycemia, such the post-prandial period, sleep, and exercise.'®®
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The study presented in chapter 4 of this dissertation was the first in the literature
to establish a mechanism of hepatic glucose production driving glycemic recovery by
pharmacologic SSTR2 antagonism. Whether SSTR2a was dosed before or during
hypoglycemia, hepatic glycogen content was lower than control levels after a fourth
recurrent episode of insulin-induced hypoglycemia, suggestive of increased glycogen
utilization. We further probed the enzymatic contribution to hepatic glucose production in
chapter 6, demonstrating elevated activity of glycogenolytic enzyme, glycogen
phosphorylase and glycogenotic enzyme, phosphoenolpyruvate carboxykinase (PEPCK)
in SSTR2a- versus vehicle-treated rats. Since gluconeogenesis is typically recruited in
settings of prolonged hypoglycemia, consistent with glycogen depletion, we suspect that
gluconeogenesis may at least partially underscore the delay in maximal glycemic
recovery observed at the high dose of SSTR2a (10 mg/kg) when administered as a
hypoglycemia rescue agent (Chapter 6). That said, gluconeogenesis is largely regulated
by transcriptional programs, and therefore, gluconeogenic enzyme expression may be a
more descriptive measure of gluconeogenic activity for future studies to explore.

The goal of the second study in this thesis (Chapter 5) was to evaluate the
therapeutic potential of SSTR2a in a T2D model of insulin resistance and relative insulin
deficiency, induced by high-fat feeding and low-dose streptozotocin, respectively?64:319
However, COVID-19-related delays allowed time for the model to recover from
streptozotocin-induced insulin deficiency and severe hyperglycemia to a state of basal
hyperinsulinemia. Even though this rat model did not exhibit advanced counterregulatory
failure as intended, it did exhibit mild hyperglycemia — a metabolic hallmark of pre-

diabetes that is not recapitulated by the traditional use of high-fat feeding alone to model
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the condition in rodents.?6031° Since the time course for the development of glucagon
counterregulatory failure in T2D remained unclear,'?® we used this model to investigate
the combined effects of mild hyperglycemia and moderate hyperinsulinemia, secondary
to insulin resistance, on glucagon counterregulatory function in pre-diabetes. To that end,
we detected a mild deficiency in the plasma glucagon response to insulin-induced
hypoglycemia in rats with pre-T2D, which was reversible with SSTR2a. Previous studies
have demonstrated this glucagon secretory defect in settings of absolute insulin
deficiency (i.e., T1D and advanced T2D), characterized by basal hypoinsulinemia relative
to healthy controls;'?' however, our results suggest that a-cell impairment, potentially
mediated by SST signalling, may begin to develop in a state of relative insulin deficiency
(i.e., relative to blood glucose level) and basal hyperinsulinemia, once the compensatory
capacity of the B-cell has been reached and (-cell function begins to decline. This is
consistent with decades of research, demonstrating a dependence of physiologic
glucagon secretion on intact B-cell signalling®2° and more recent evidence suggesting that
SST may act as a paracrine messenger, delivering glucose-mediated feedback from -
to a-cells.>#2%97.321 Supported by our analysis of islet remodelling in chapter 7.2, these
data also suggest that preservation of (3-cell mass with early glycemic intervention may
be capable of offsetting diabetes-induced impairments in glucagon counterregulation, as
long as hypoglycemia can be avoided.'"®

In chapter 5, we developed a novel rat model of pre-T2D exhibiting moderate
hyperinsulinemia and mild hyperglycemia. This phenotype was established after a period
of glycemic recovery from STZ treatment facilitated by exogenous insulin therapy.

However, this method of pre-T2D induction reflects the reverse sequence of disease
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progression in humans. With the alleviation of metabolic stress (typically through weight
loss), human B-cells can recover from a dedifferentiated or quiescent state in the early
stages of decompensation; however, recovery from degranulation and -cell death, as
observed in our STZ-treated animals, may be less representative of the natural disease
history.32? |t also remains unclear whether our model of pre-T2D is phenotypically stable
with continued high fat feeding after the period of experimentation in the present study
(i.e., 4 weeks post STZ injection). Additionally, future studies are necessary to confirm
whether compensatory hyperinsulinemia in this model relies on the expansion of B-cell
mass relative to healthy controls, as is observed in humans.?%° Therefore, our model must
be thoroughly characterized to determine its clinical relevance. As a potential alternative,
the addition of nicotinamide to the HFF/STZ-T2D induction protocol may improve the
physiological relevance of the pre-T2D model by protecting pancreatic p-cells from the
cytotoxicity of STZ while preserving key T2D features, such as 3-cell fatigue and impaired
insulin secretion323

The established model of HFF/STZ-T2D used in chapter 7.2 also presents
limitations that must be considered when translating findings to humans. First, there are
no standardized glycemic thresholds used to confirm the induction of diabetes in animal
models. That said, fasting glucose levels >8.3 mM and non-fasting glucose levels >11
mM are deemed confirmatory of diabetes in STZ-treated animals.3?* Other tests, such as
oral glucose tolerance and insulin tolerance tests are useful for detecting insulin
resistance and impaired glucose disposal.3?* Second, B-cells are resistant to diet-induced
apoptosis and do not form cytotoxic amyloid plaques, necessitating the use of STZ to

induce B-cell destruction.?®* However, the rapid onset of chemically-induced B-cell death
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is contrasted by the gradual progression of T2D and its multifactorial basis in humans
(i.e., owing to a complex interplay of genetic, metabolic, and age-related factors). This
limitation may be addressed with the use of multiple low-dose injections, which has been
shown to elicit more gradual B-cell death.32%3%6 Third, the sequential loss of first and
second phase insulin secretion in humans with T2D is not reproduced in this model.3?”
Fourth, the age of the rats used to model diabetes in this thesis (8-10 weeks upon initiation
of high-fat feeding; classified as “young”) may not accurately reflect the older age of T2D
onset in humans.3?® Accordingly, older rats (>1 year), like adults >30 years, lack the
capacity for B-cell regeneration and may be better suited for this diabetic model 328 Fourth,
acute and transient weight loss resulting from STZ treatment is characteristic of overt T1D
onset but not T2D.3?° Fifth, obesity is a central driver of peripheral insulin resistance in
humans, but not in rodents, as HFF-induced insulin resistance precedes the onset of
significant weight gain by 2-3 months.33° As a result, obesity was absent from our rodent
models owing to time and financial constraints.32° A high fat and high sucrose diet is not
only more reflective of the Western diet but is likely to confer more rapid and severe
weight gain than HFF alone.??” That said, a standardized definition of obesity in rodent
models of T2D is lacking.324

Chronic exposure of isolated islets to glucolipotoxic (GLTX) culture conditions is a
common approach to modeling B-cell dysfunction in T2D;3%2 however, to our knowledge,
the secretory phenotypes of islet a- and d-cells had not been characterized in this model.
In chapter 7.2, we demonstrated in a limited sample of healthy and diabetic human islets,
that glucagon secretion was reduced under low glucose conditions and unresponsive to

elevations in glucose concentration, consistent with the dysregulation observed in islet
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preparations from one T2D donor. These findings are also supported by previous
observations in islets from humans and mice with T1D® and a subset of human islets from
donors with T2D3%, Alternatively, we observed that the inhibition of SST secretion at low
glucose and stimulation at high glucose were both blunted in T2D and GLTX-treated islets
compared to controls. Since mounting evidence suggests that SST is hypersecreted from
T1D and advanced T2D islets under low glucose conditions, we?? and others?* have
speculated (owing to a lack of data) as to whether this outcome reflects failed inhibition
(i.e., secretion fails to decrease with decreasing glucose level) or stimulation per se (i.e.,
secretion increases with decreasing glucose level, mimicking physiologic glucagon
secretion) (Fig. 2-2). Preliminary findings from chapter 7.2 of this dissertation may help to
resolve some of this uncertainty by demonstrating that T2D and in vitro GLTX exposure
reduced o-cell sensitivity to both stimulatory and inhibitory fluctuations in glucose
concentration. Drawing on findings from chapter 7.2, which indicate that islet SST
expression may increase with the progression of insulin deficiency in diabetic rats and
humans, future work may wish to assess whether SST secretion during hypoglycemia
also increases along this time course to account for the progressive impairment in
glucagon counterregulation.®

In chapter 7.1, we discovered a potential role for SST, via SSTR2, in regulating
counterregulatory glucagon secretion in non-diabetic human islets. Previous studies
performed in healthy human islets, all using a common SSTR2a (CYN154806), observed
no effect of treatment on glucagon secretion below 6 mM glucose, 96.106.298-300 ynjike the
marked stimulation observed in T2D islets*3%'. Since SST secretion increases linearly

with increasing glucose concentration above 3 mM,%® SST’s inhibitory tone was

151



considered negligible below this glycemic threshold. However, chapter 7.1 of this
dissertation showed that SSTR2 antagonism markedly increased counterregulatory
glucagon secretion in non-diabetic human islets incubated at low glucose, suggesting that
SST exerts tonic inhibition over the a-cell throughout the physiologic glucose range, as
observed in rodent islets.”® Accordingly, SSTR2a may relieve both pathological and
physiological inhibition of glucagon secretion by SST but whether the magnitude of
recovery is proportional to SST tone is a topic of future study.

In chapter 7.2, we demonstrated that remodelling of islet architecture in humans
and rats with insulin-deficient T2D increases the proportion of SST-positive area per islet.
This may reflect a compensatory adaption to preserve paracrine signaling as glucose-
stimulated SST secretion becomes blunted, while consequently, increasing inhibitory SST
tone. It will be important to determine whether other factors, such as glucose-dependent
changes in SSTR2 expression, also sensitize the a-cell to SST in diabetic states. In
support, a-cell resistance to SST signaling was observed at higher glucose
concentrations in T2D islets from human donors, owing to dynamic changes in receptor
expression, which was proposed to underscore post-prandial hyperglucagonemia in
T2D."° Since we did not quantify the number or distribution of each cell type per islet, we
cannot determine whether hypertrophy and/or hyperplasia of a- and &-cells contributed to
respective increases in glucagon- and SST-positive staining. It also unclear how relative
insulin deficiency in T2D may impact the contact density between a- and &-cells, which
was recently reported to double in T1D islets from human donors.'3® Without further
insights into cellular distribution, we can simply conclude that islet remodeling in

advanced T2D increased the relative pool of secretable SST, which may be necessary to
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sustain the higher rate of secretion observed under low-glucose conditions in chapter 7.1.
Histological analysis of diabetic islets is complicated by the presence of islet atrophy,
immune cell infiltration, and amyloid deposits, which produce vast, diffuse, and/ or
segmented islets with ill-defined borders. Establishing a standard protocol for defining
islet borders (and other qualitative parameters) obscured by diabetes-related pathology
may help resolve some of the uncertainty surrounding the fate of islet &-cells in the
progression of T2D.

When administered either in vivo (pre-T2D rats; Chapter 5) or in vitro (non-diabetic
and GLTX-treated human islets; Chapter 7.1), SSTR2a-dependent increases in glucagon
secretion were no glucose dependent. Specifically, we found that SSTR2a increased
plasma glucagon and whole blood glucose concentrations during euglycemia in pre-T2D
rats. Additionally, isolated human islets secreted more glucagon at both 1 and 16.7 mM
glucose, independent of GLTX treatment, when incubated with SSTR2a versus without.
These data suggest that SSTR2a may promote hyperglycemia unless there is a
corresponding rise in plasma insulin levels. Accordingly, the administration of ZT-01 after
the onset of severe insulin-induced hypoglycemia in recurrently hypoglycemic rodents
(Chapter 6), produced a corresponding increase in plasma C-peptide level that managed
to offset the development of hyperglycemia once euglycemia had been restored. This
result may also reflect a sensitizing effect of glucagon on hepatic insulin signaling, which
may develop with prolonged glucagon exposure.?®'292 Glycemic outcomes of SSTR2a
treatment remain unclear in humans; however, co-stimulation of C-peptide secretion,
owing to its secretory regulation by SSTR2 in human but not rodent B-cells,'°192 may

similarly act to limit glucagon’s hyperglycemic actions. Further, the secretion and
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inhibitory paracrine actions of SST are reportedly diminished within and above the
euglycemic range in T2D, which could reduce its inhibition of the a-cell and any resulting
hyperglycemic effect of SSTR2a treatment.'?

In summary, this dissertation established a common therapeutic target for treating
diabetes- and hypoglycemia-associated defects in the counterregulatory glucagon
response to insulin-induced hypoglycemia. As an adjunct to intensive glucose-lowering
therapies, pharmacological SSTR2 antagonism may be a promising tool for managing
acute and recurrent hypoglycemia in T2D without compromising metabolic control.
Accordingly, we propose a paracrine mechanism of glucagon counterregulatory failure in
T2D driven by elevations in SST expression and low-glucose-dependent secretion.
Collectively, these data extend the body of pre-clinical evidence supporting the
development of pharmacological SSTR2a and identify potential off-label indications for its
use. Additionally, this work establishes a novel rodent model of chemically-induced pre-
diabetes that recapitulates mild hyperglycemia in the early stages of [-cell
decompensation. Lastly, we provide preliminary evidence supporting the physiological
relevance of glucolipotoxic culture conditions for modelling the effects of T2D on glucagon
and SST secretion in vitro. These contributions stand to advance both our understanding

and the treatment of glucagon counterregulatory failure in T1D and advanced T2D.
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