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Glucose homeostasis is primarily maintained by pancreatic hormones, insulin and
glucagon, with an emerging role for a third islet hormone, somatostatin, in
regulating insulin and glucagon responses. Under healthy conditions,
somatostatin secreted from pancreatic islet δ-cells inhibits both insulin and
glucagon release through somatostatin receptor- induced cAMP-mediated
downregulation and paracrine inhibition of β- and α-cells, respectively. Since
glucagon is the body’s most important anti-hypoglycemic hormone, and because
glucagon counterregulation to hypoglycemia is lost in diabetes, the study of
somatostatin biology has led to new investigational medications now in
development that may help to restore glucagon counterregulation in type
1 diabetes. This review highlights the normal regulatory role of pancreatic
somatostatin signaling in healthy islet function and how the inhibition of
somatostatin receptor signaling in pancreatic α-cells may restore normal
glucagon counterregulation in diabetes mellitus.
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1 Introduction

The endocrine structure of the pancreas, called the islets of Langerhans, was first
described over 150 years ago. The islets contain several hormone-secreting cell types that
work as an integrated cellular network to regulate metabolism and maintain glucose
homeostasis. Among these cells is the β-cell, which secretes insulin to lower blood
glucose levels, the α-cell, which secretes glucagon to raise blood glucose levels, and the
δ-cell, which secretes somatostatin (SST) to regulate insulin and glucagon secretion (Rahier
et al., 1983). Over the past several decades, diabetes has become recognized as a complex,
multi-hormonal disorder involving the three islet-cell types described above (Rorsman and
Huising, 2018). In type 1 diabetes (T1D), insulin secretion is rapidly lost due to autoimmune-
selective β-cell destruction (Siafarikas et al., 2012), whereas in type 2 diabetes (T2D), the
delayed onset and gradual progression of insulin deficiency reflect exhausted β-cell efforts to
compensate for insulin resistance (Weir et al., 2001). In T1D and late-stage (insulin deficient)
T2D, the relationship between glucagon secretion and blood glucose levels is inverted, such
that plasma glucagon levels rise after a mixed-meal and fall during hypoglycemia (Gaisano
et al., 2012). Early evidence from diabetic rodent models suggests that the SST response to
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glucose may also be inverted in diabetes, with deficient SST release at
high glucose (Hermansen, 1981; Abdel-Halim et al., 1993; van der
Meulen et al., 2015) and excess release at low glucose (Vergari et al.,
2020). Without restoring glucagon counterregulation to
hypoglycemia in T1D and advanced T2D, strategies for
improving glycemic control, including the use of newer insulin
analogues (Lane et al., 2017; Wysham et al., 2017) and continuous
glucose monitoring (Heinemann et al., 2018; Lin et al., 2019), fail to
eliminate the risk of clinically significant hypoglycemia (Rickels,
2019). Accordingly, treatment-induced hypoglycemia remains the
major barrier to optimal glycemic control in intensively-treated
diabetes (Rickels, 2019). The use of novel somatostatin receptor
2 antagonists (SSTR2a) may resolve some of the dysfunction in
glucagon counterregulation in diabetes, which could help to reduce
the burden of treatment-induced hypoglycemia. This review
compiles recent evidence for the role of SST receptor 2 (SSTR2)
signaling in the pathophysiology of glucagon counterregulatory
failure in diabetes. This review also summarizes the non-clinical
and clinical data available to date on SSTR2 antagonism as a
therapeutic approach to restoring glucagon counterregulation
in diabetes.

2 Epidemiology of treatment-induced
hypoglycemia in diabetes

Treatment-induced hypoglycemia is a pervasive clinical
complication of intensive treatment with insulin analogues (T1D
and T2D) and/or secretagogues (T2D) (Cryer, 2002). Annual rates
of hypoglycemia are three to four times higher in adults with T1D
than T2D (McCoy et al., 2012; Aronson et al., 2018), but owing to
disease prevalence (~20-fold that of T1D globally), T2D now
accounts for the majority of severe diabetes-related hypoglycemic
events (i.e., those resulting in hospitalization) (Heller et al., 2007;
Ratner, 2018). Despite clinically significant improvements in
glycemic control with the use of newer basal and bolus insulin
analogues (Lane et al., 2017; Wysham et al., 2017) and glucose-
sensing technologies (Heinemann et al., 2018; Lin et al., 2019), rates
of severe hypoglycemia (resulting in emergency room visit or
hospitalization) have increased (Lipska et al., 2014; Zhong et al.,
2017). The use of insulin analogues across all age-groups in T2D,
along with growing disease prevalence, likely account for these
trends (Lipska et al., 2017). 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 (Gregg, 2017; Ratner, 2018).
Longer duration diabetes is a major risk factor for hypoglycemia
(Weinstock et al., 2013) that is further compounded by advancing
age (Berlin et al., 2005). Accordingly, hospital admission rates for
hypoglycemia have surpassed admission rates for hyperglycemia/
diabetic ketoacidosis in older adults living with diabetes in the US
(Lipska et al., 2014; Zhong et al., 2017). 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 (Patel et al., 2005; ADVANCE
Collaborative Group et al., 2008; Duckworth et al., 2009). The

recurrence of severe hypoglycemia in T2D is associated with
increased risk of adverse vascular outcomes (Patel et al., 2005),
arrhythmias (Chow et al., 2014), and early dementia (Whitmer et al.,
2009). In both T1D and T2D, one or more severe hypoglycemic
events over 5 years raises mortality rates ~3.5-fold (Beck et al., 2019).
To offset this risk, clinical practice guidelines recommend a
temporary relaxation in glycemic targets upon self-report of one
or more severe hypoglycemic events (ADAPP, 2022), which
typically precludes the maintenance of normal HbA1C levels in
adults living with diabetes (Zammitt and Frier, 2005). As a result,
glycemic control in diabetes is largely limited by the trade-off
between long-term vascular protection and short-term
hypoglycemia avoidance (Peacey et al., 2000).

3 Glucagon counterregulatory failure
in diabetes

Glucose counterregulation during hypoglycemia is mediated by a
hierarchy of redundant neuro-hormonal responses in healthy
individuals. First, a drop in blood glucose levels within the
euglycemic range causes insulin secretion to switch-off at a glucose
threshold of ~4.4–4.7 mmol/L (Mitrakou et al., 1991). The ratio of
insulin to glucagon in the hepatic portal vein (pancreatic effluent)
dictates glucose mobilization from the liver. Therefore, lower portal
insulin levels favor higher glucose output, as well as lower glucose
uptake by insulin-sensitive tissues (excluding the brain) (Cryer et al.,
1984). A drop in blood glucose levels below the euglycemic range
(≤3.9 mmol/L, classified as level 1 hypoglycemia) (International
Hypoglycaemia Study Group, 2017) activates the release of chief
counterregulatory hormone, glucagon, from islet α-cells at a glucose
threshold of 3.6–3.9 mmol/L (Mitrakou et al., 1991) Along with
epinephrine, glucagon stimulates hepatic glycogenolysis and
gluconeogenesis to prevent and correct hypoglycemia (Cryer et al.,
1984). Autonomic and neuroglycopenic symptoms typically begin to
appear during level 2 hypoglycemia (<3.0 mmol/L) (International
Hypoglycaemia Study Group, 2017) followed by the onset of
cognitive impairment (<2.8 mmol/L) (Mitrakou et al., 1991). Level 3
hypoglycemia denotes severe cognitive impairment requiring external
assistance for glycemic recovery (International Hypoglycaemia Study
Group, 2017).

The incidence of biochemical hypoglycemia (defined here as a
whole blood glucose concentration ≤3.9 mmol/L) in people without
diabetes is low, but can occur in the post-prandial (fed) state as a result
of endogenous hyperinsulinism (e.g., insulinomas), alcohol
consumption, and certain medications (e.g., lithium, angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers, and
non-selective β-blockers) or in the post-absorptive (fasted) state as a
result of prolonged exercise, bariatric surgery, severe sepsis,
malnutrition (e.g., anorexia nervosa), and renal, hepatic, or cardiac
failure (Cryer et al., 2009). In a setting of T1D and late-stage (insulin-
deficient) T2D, hypoglycemia is the most common complication of
intensive glucose-lowering therapy using insulin analogues and/or
secretagogues (i.e., sulfonylureas and glinides; T2D only) (Cryer,
2002). Hypoglycemia risk stems from imperfect (non-physiologic)
insulin replacement in a setting of defective glucose
counterregulation (Cryer, 2002). Since insulin analogues and
secretagogues do not act in a glucose-sensitive fashion, they cannot
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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 critical to protecting against hypoglycemia (Rahier et al.,
1983). However, α-cells fail to meet this demand, becoming
increasingly “blind” (unresponsive) to hypoglycemia with longer
duration diabetes and progressive insulin deficiency (Madsbad et al.,
1982; Cryer, 2005; Siafarikas et al., 2012; Zenz et al., 2018).
Hypoglycemia in the range of ~2.5–3.5 mmol/L typically fails to
trigger a clinically meaningful increase in plasma glucagon levels
(systemic values fail to rise above ~60 pg/mL when the expected
increase is >100 pg/mL) within months of T1D diagnosis (Siafarikas
et al., 2012), thereby shifting the counterregulatory burden to
sympathoadrenal (epinephrine) and other autonomic mechanisms
(Cryer, 2005). However, these neuroendocrine pathways are easily
overwhelmed by the use of insulin analogues and/or secretagogues,
leading to inadvertent hypoglycemia and the clinical syndrome of
hypoglycemia-associated autonomic failure (HAAF) (Cryer, 2005).
In short, recent antecedent hypoglycemia lowers glycemic thresholds
for sympathoadrenal activation during subsequent hypoglycemia,
resulting in diminished counterregulatory and neurogenic symptom
responses (Cryer, 2005). The natural history of α-cell “blindness” is less
clear in T2D but is thought to mirror the progression of endogenous
insulin deficiency, which is much slower in T2D than T1D (Segel et al.,
2002; Zammitt and Frier, 2005). The gradual depletion of functional β-
cells in T2D and resulting impairment to the glucose-sensing capacity of
neighboring α-cells, may help to explain why treatment-induced
hypoglycemia and HAAF become limiting to glycemic control with
longer disease duration (Segel et al., 2002; Zammitt and Frier, 2005).

3.1 Pancreatic SST and its regulation

SST-14 is an inhibitory peptide hormone secreted by pancreatic
δ-cells, which constitute ~5–10% of the total islet-cell mass

(Figure 1) (Folli et al., 2018). Circulating levels of SST are
unaffected by pancreatectomy in animals (Marre et al., 1983;
Taborsky and Ensinck, 1984) and humans (Gutniak et al., 1987),
suggesting a negligible contribution by the pancreas to plasma SST.
The predominant isoform in circulation, SST-28, originates from
enteroendocrine cells of the gastrointestinal (GI) tract where it
regulates digestive functions (i.e., reduces gastric and intestinal
motility) by inhibiting the release of several GI hormones
(Francis et al., 1990). Both SST isoforms bind to a family of five
SSTR subtypes (SSTR1-5) distributed throughout the brain and
neuroendocrine tissues (Raulf et al., 1994). Islet-derived SST is most
concentrated in the portal vein (pancreatic effluent), though
detection is hampered by the hormone’s short half-life in
circulation (<1 min) (Rorsman and Huising, 2018) and a lack of
commercially available assays that can select for either biological
isoform. Consequently, islet secretion of somatostatin cannot be
reliably measured from plasma sampling in vivo and must instead be
measured from the in situ perfused pancreas or from in vitro
preparations of isolated islets or dispersed δ-cells.

δ-cells are active throughout the physiologic glucose range,
reflecting the important “gatekeeping” role of SST within the
islets (Rorsman and Huising, 2018). In isolated islets, stimulated
SST secretion is initiated at glucose concentrations as low as
3 mmol/L and increases dose-dependently toward 20 mmol/L
glucose, with half maximal stimulation at ~5–6 mmol/L glucose
in rodent islets (Vieira et al., 2007) (Figure 2A) and ~10 mmol/L
glucose in human islets (Walker et al., 2011). Between 1 and
20 mmol/L glucose, SST secretion increased >10-fold in mouse
islets (Vieira et al., 2007; Vergari et al., 2020) and ~3–3.5-fold in
human islets (Ramracheya et al., 2010; Walker et al., 2011; Vergari
et al., 2020) between 1 and 20 mmol/L glucose, indicating a larger
magnitude response in mice. SST release is stimulated by β-cell
factors, γ-Aminobutyric acid (GABA) (Braun et al., 2010) and
urocortin 3 (UCN3) (van der Meulen et al., 2015), that are co-
secreted with insulin in response to glucose. UCN3 accounts for the
majority of SST secretion during hyperglycemia and represents a

FIGURE 1
The interrelationship among α-, β-, and δ-cells of the endocrine pancreas. The pancreatic islets of Langerhans are composed of three glucose-
regulating cell types, α- β- and δ-cells, that secrete glucagon, insulin, and somatostatin (SST), respectively. SST secretion is stimulated by (A) glucagon and
(B) β-cells, likely via electrical coupling with δ-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 β-cell secretory products. SSTR2: somatostatin receptor 2; PP: pancreatic
polypeptide.
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form of autoregulation by the β-cell that feeds back (on a brief delay)
via SST to inhibit insulin secretion by paracrine effect (Svendsen and
Holst, 2021). However, secreted β-cell signals appear less important
for the regulation of δ-cell activity under hypoglycemic conditions
(Svendsen and Holst, 2021). Speculation that SST secretion is
mediated by glucose alone below the threshold for stimulated
insulin secretion (~7 mmol/L; Figure 2A) (Svendsen and Holst,
2021) has been challenged by the discovery of electrical coupling
between β- and δ-cells (Briant et al., 2018; Miranda et al., 2022). Islet
cells are electrically excitable cells that secrete hormones in response
to membrane depolarization (Briant et al., 2018). Mathematical
modeling of δ-cells suggests that hyperpolarizing (inhibitory)
membrane currents spread from β-cells to δ-cells via gap
junction connections under low glucose conditions (≤3.9 mmol/
L), in turn, suppressing δ-cell activity and SST release (Briant et al.,
2018; Miranda et al., 2022). In other words, δ-cells are normally
electrically silenced by neighboring β-cells at low glucose,
independent of diffusible paracrine factors (Briant et al., 2018;
Miranda et al., 2022). The removal of inhibitory SST signals from
the paracrine environment at low glucose may favor the activation of
neighboring α-cells and consequent glucagon release (Briant et al.,
2018; Miranda et al., 2022).

3.2 Paracrine regulation of insulin and
glucagon secretion by SST

Islet-derived SST inhibits insulin and glucagon secretion by
activating SST receptors in β- and α-cells, respectively. Both cell
types have been co-localized with four (SSTR1-3 and SSTR5) of five
(SSTR1-5) known SSTR subtypes in humans, with preferential
expression of SSTR1 and SSTR5 by β-cells and SSTR2 by α-cells
(Kumar et al., 1999). Yet, SSTR expression does not necessarily
reflect the subtype-specific regulation of individual pancreatic

hormones (Singh et al., 2007; Kailey et al., 2012). Selective
agonism of all five receptors has revealed SSTR2 as the
functionally dominant SSTR in human α- and β-cells, with lesser
contributions by SSTR1 and SSTR5 to the regulation of both
hormones (Singh et al., 2007; Kailey et al., 2012). In rodents,
insulin and glucagon are inhibited by SSTR2 and SSTR5,
respectively (Strowski et al., 2000). Therefore, insulin and
glucagon secretion are regulated by a common SSTR (SSTR2) in
humans (Kailey et al., 2012) and by distinct SSTR subtypes
(SSTR5 for insulin and SSTR2 for glucagon) in rodents (Strowski
et al., 2000).

The uptake and metabolism of glucose drives ATP production
by both α- and β-cells, leading to the closure of ATP-sensitive
potassium (KATP) channels. In β-cells, the resulting depolarization
by intracellular potassium accumulation triggers action potential
firing and a rise in intracellular calcium that stimulates insulin
exocytosis (Rorsman and Ashcroft, 2018). In α-cells, moderate KATP

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. In turn, the accumulation of intracellular
calcium stimulates glucagon exocytosis (Briant et al., 2016).

SSTR signaling suppresses hormone secretion from α- and β-
cells through four main effector pathways: 1) inactivation of
inhibitory Gαi-coupled proteins, which decreases adenylate
cyclase activity and cytoplasmic levels of cAMP (Braun, 2014;
Elliott et al., 2015), 2) activation of sodium-potassium pumps (β-
cells only) (Dickerson et al., 2022) and G protein-gated inwardly
rectifying potassium channels, which hyperpolarizes the plasma
membrane and inhibits action potential firing (Kailey et al., 2012;
Hartig and Cox, 2020), 3) inactivation of voltage-gated calcium
channels, which reduces depolarization-induced calcium influx
(Hsu et al., 1991; Kailey et al., 2012), and 4) direct inactivation

FIGURE 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 β-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).
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of hormone exocytosis, downstream of calcium signaling, in a
cAMP-independent manner (Kailey et al., 2012).

3.3 Physiologic regulation of
counterregulatory glucagon secretion

The regulation of glucagon secretion from pancreatic α-cells
relies on a complex interplay of humoral (circulating nutrients,
hormones, and neurotransmitters), neural (sympathetic,
parasympathetic, and sympathoadrenal), autocrine, and paracrine
inputs (Walker et al., 2011). However, the preservation of
physiologic glucagon secretion from intact islets in vitro (Omar-
Hmeadi et al., 2020) suggests a dominant contribution by intra-islet
factors (Gilon, 2020). As illustrated in Figure 2A, glucagon secretion
from healthy islets is inhibited by glucose in a concentration-
dependent manner with maximal effect at 4–5 mmol/L
(MacDonald et al., 2007; Vieira et al., 2007). The onset of
glucose-stimulated insulin secretion at ~7 mmol/L (Figure 2A)
discounts a role for insulin or co-secreted β-cell factors in the
regulation of glucagon secretion below 7 mmol/L glucose (Walker
et al., 2011). Alternatively, the marked stimulation of
counterregulatory glucagon secretion following SST knockout
(Hauge-Evans et al., 2009) or immunoneutralization (de Heer
et al., 2008), or pharmacological inhibition of SSTR2 (Xu et al.,
2020; Svendsen and Holst, 2021), suggests tonic inhibition of the α-
cell by SST. In agreement, SSTR2 antagonism stimulated glucagon
secretion ~1.8-fold at 3.5 mmol/L glucose versus ~4.5-fold at
12 mmol/L glucose in the perfused healthy mouse pancreas
(Svendsen and Holst, 2021). These findings suggest that SST is
important for inhibiting glucagon secretion at higher glucose
concentrations (>6 mmol/L) and that its removal under low
glucose conditions (<3 mmol/L) releases an inhibitory “brake” on
counterregulatory glucagon secretion.

3.4 Pathologic regulation of glucagon
counterregulation in diabetes

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) (Orci et al., 1976; Baetens et al., 1978; Abdel-Halim et al.,
1993) and secretion (in situ and in vitro) (Hermansen et al., 1979;
Weir et al., 1981; Abdel-Halim et al., 1993) of SST under low glucose
conditions have long implicated SST in the pathogenesis of defective
glucagon counterregulation in animal models of diabetes. More
recently, Vergari et al. measured glucose-dependent SST secretion in
the islets of hyperglycemic mice lacking the Krebs cycle enzyme
fumarate hydratase in pancreatic β cells (Fh1βKO), a model of
progressive insulin deficiency reminiscent of T2D (Adam et al.,
2017; Vergari et al., 2020). As illustrated in Figure 2B, SST secretion
was increased 6-fold in Fh1βKO islets relative to control mouse islets
at 1 mmol/L glucose, which correlated with a >75% reduction in
glucagon secretion (Vergari et al., 2020). Consistent with the
observation of elevated SST secretion at 1 mmol/L glucose,
application of a SST receptor 2 antagonist (SSTR2a, CYN154806)
in Fh1βKO islets stimulated glucagon release by 143% ± 11%

compared to 13% ± 14% in control mouse islets (Vergari
et al., 2020).

In intact isolated islets from humans with T2D, glucagon
secretion at 1 mmol/L glucose was lower (65% on average) than
in non-diabetic human islets, though, a reciprocal trend towards
elevated SST secretion failed to reach statistical significance as it did
in Fh1βKO mouse islets (Vergari et al., 2020). The SSTR2a
CYN154806, stimulated glucagon secretion at 1 mmol/L glucose
but only in islets (2 of 3) with lower glucagon secretion relative to
controls (Vergari et al., 2020). While these preliminary findings
must be confirmed in larger samples of T2D islets, they support the
conclusions that 1) suppression of SST secretion from islet δ-cells
acts as a permissive signal for counterregulatory glucagon release,
and 2) this permissive signal may be compromised in T1D and
advanced T2D (Vergari et al., 2020). As mentioned above, islet δ-
cells are electrically silenced by neighboring β-cells via gap junction
connections at low glucose (Briant et al., 2018; Miranda et al., 2022).
Release of this hyperpolarizing ‘brake’ in conditions of β-cell death,
like diabetes, is expected to increase the electrical excitability of the
δ-cell and resulting SST output above normal (Briant et al., 2018;
Miranda et al., 2022; Singh et al., 2022). In support of this theory, δ-
cell dispersion (i.e., removal of β-cell coupling) may stimulate δ-cell
hyperactivity at low glucose concentrations (Berts et al., 1996).
While this 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 α- and β-cells, may also play a
role (Weir and Bonner-Weir, 2023).

4 Treatment with SSTR2a for
hypoglycemia prevention in diabetes

Figure 3 depicts α- and δ-cell responses to hypoglycemia in the
non-diabetic and insulin-deficient diabetic states. As discussed in
section 3, SST inhibits glucagon secretion via SSTR2 expressed by
islet α-cells. In the non-diabetic state, SST secretion and resultant
SSTR2 activation are low during hypoglycemia, allowing for
counterregulatory glucagon release. In conditions of T1D and
late-stage T2D, a pathological elevation in SST secretion during
hypoglycemia may underscore the acquired defect in
counterregulatory glucagon release. By antagonizing this
upregulated signaling pathway in diabetes, SSTR2a’s release an
inhibitory brake on endogenous glucagon secretion during
insulin-induced hypoglycemia.

4.1 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 α-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) and biobreeding models of
T1D during acute (Yue et al., 2012; Karimian et al., 2013) and
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recurrent (Yue et al., 2013) 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 (Karimian et al., 2013) and reduced exogenous
glucose dependence in STZ rats when hypoglycemia was induced
with low- (5 U/kg) but not high- (10 U/kg) dose insulin (Yue et al.,
2012). Further, no drug effect was observed under basal conditions
(Yue et al., 2012). In recurrently hypoglycemic STZ-T1D rats,
PRL-2903 prevented a 20-fold reduction in the plasma glucagon

response to recurrent hypoglycemia after 5 antecedent episodes in
3 days (Yue et al., 2013). SSTR2 blockade also raised the glucose
nadir from level 3 (2.7 mmol/L) to level 1 (3.7 mmol/L)
hypoglycemia and reduced time spent in hypoglycemia
(≤3.9 mmol/L) by ~50 min compared to vehicle treatment (Yue
et al., 2013).

While this review is focused mainly on treatment-induced
hypoglycemia, the contribution of physical activity to
hypoglycemia risk in T1D cannot be overlooked. Aerobic forms

FIGURE 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 α-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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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 suboptimal (Bischof et al., 2002)],
impaired or absent glucagon release during exercise (McCarthy
et al., 2022), and increased muscle glucose disposal without a
physiologic reduction in circulating insulin levels (i.e., relative
hyperinsulinemia) (Mallad et al., 2015). 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. examined the efficacy of SSTR2 antagonism in STZ-T1D
rodents during combined bolus insulin/exercise challenges
(Leclair et al., 2016). For this, STZ-T1D rodents performed
30 min of treadmill exercise in a hyperinsulinemic state with or
without PRL-2903 (10 mg/kg, IP) given 90 min before exercise
(Leclair et al., 2016). Plasma glucagon levels in the SSTR2a group
rose more than 2-fold from baseline by the end of exercise, without a
detectable glucagon response in the saline group (Leclair et al.,
2016). When the hyperinsulinemic exercise challenge was repeated
on a subsequent day, PRL-2903 raised glucagon levels 3.5-fold in
animals previously treated with the antagonist (Leclair et al., 2016).
During a third exercise challenge, animals previously treated with
saline showed improved glucagon counterregulation when given
PRL-2903 for the first time (Leclair et al., 2016). Notably, PRL-2903
only augmented plasma glucagon levels during exercise- and
insulin-induced hypoglycemia, suggesting a glucose-dependent
drug effect (Leclair et al., 2016). These findings reveal that
SSTR2 antagonism may help to improve glucagon
counterregulation in animals exposed to 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 (Farhat et al., 2022). 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 of
hypoglycemia and time spent in the hypoglycemic range (levels
1 and 2) (Farhat et al., 2022). Additionally, the pharmacokinetic
properties of ZT-01 were more favorable than PRL-2903 when
delivered by intraperitoneal (IP) or subcutaneous (SC) route in
STZ-T1D rats (Farhat et al., 2022). Namely, cumulative drug
exposure (based on AUC of plasma drug concentration) was
11 times higher for ZT-01 than PRL-2903 over a 24-h period
(Farhat et al., 2022). 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 mmol/L) in poorly controlled, insulin-treated
STZ-T1D rats (Farhat et al., 2022). Based on these and other safety
and efficacy trials, ZT-01 has recently advanced to clinical trials in
adults with (Abitbol et al., 2023) and without T1D (NCT05007977,
2023). Drug safety and pharmacodynamics were assessed in phase
1 trials (Abitbol et al., 2023; NCT05007977, 2023) and a phase
2 study is currently recruiting participants with T1D to assess the

efficacy of ZT-01 in reducing nocturnal hypoglycemia
(NCT05762107, 2023). In the phase 1b trial (manuscript not yet
peer-reviewed), 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 mmol/L) and level 2 (2.6 ± 0.2 mmol/L) hypoglycemia
(Abitbol et al., 2023). During level 1 hypoglycemia, ZT-01 raised
peak plasma glucagon levels by up to 15 pg/mL from baseline,
whereas no response was observed with placebo (Abitbol et al.,
2023). During level 2 hypoglycemia, the placebo response was
8 pg/mL, and the increase from baseline to peak glucagon level was
>3-fold higher with ZT-01 than with placebo (Abitbol et al., 2023).

4.2 Effects of SSTR2a in a non-diabetic
rodent model of recurrent hypoglycemia

Each episode of insulin-induced hypoglycemia blunts the
counterregulatory glucagon response to subsequent hypoglycemia
in healthy and diabetic rodents (Hoffman et al., 2021; Yue et al.,
2013) and humans (Heller and Cryer, 1991; Davis et al., 2009).
Unlike epinephrine, defective glucagon counterregulation, which
develops in parallel with HAAF, is not corrected by short-term
hypoglycemia avoidance in humans with T1D (Liu et al., 1996; Flatt
et al., 2023). To determine whether this glucagon secretory defect is
mediated (at least in part) by SST signaling, and whether it responds
to SSTR2a treatment, we tested PRL-2903 in healthy male rats
subjected to three antecedent episodes of insulin-induced
hypoglycemia (Hoffman et al., 2021). The absence of diabetes in
this rodent model allowed us to isolate and reverse the glucagon
secretory defect resulting from antecedent hypoglycemia per se
(independent of diabetes-related defects) (Hoffman et al., 2021).
In this ‘hypoglycemia conditioned’ model, the SSTR2a, PRL-2903,
reversed the cumulative deficit (68%) in counterregulatory glucagon
levels resulting from three antecedent episodes of hypoglycemia
(Hoffman et al., 2021). Recovery of the glucagon response was
associated with a 25 min delay in the onset of subsequent (day 4)
hypoglycemia and accelerated hepatic glycogenolysis, as assessed by
liver glycogen content (Hoffman et al., 2021). By restoring glucagon
counterregulation in a setting of recurrent hypoglycemia, SSTR2a
may have promising therapeutic implications for managing
hypoglycemia risk in people with HAAF (Hoffman et al., 2021).
Not only would treatment provide temporary avoidance of
hypoglycemia without compromising metabolic control, it may
help to prevent the recurrence of HAAF once intensive insulin
therapy is resumed.

4.3 Effects of SSTR2a in rodent models of
pre-diabetes

The SSTR2a, CYN154806, was examined in the perfused
pancreas and isolated islets of normoglycemic high-fat-fed (HFF)
mice (Kellard et al., 2020). Unlike reports of impaired glucagon
secretion at low glucose in T1D and T2D islets, glucagon output
from HFF islets was 2-fold higher than control islets at 1 mmol/L
glucose (Kellard et al., 2020). The observed hypersecretion of
glucagon at low glucose was attributed to a 30% reduction in
SST secretion and acquired α-cell resistance to SST signaling that
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could not be explained by changes in α-cell expression of SSTR2
(Kellard et al., 2020). Accordingly, SSTR2 antagonism at 6 mmol/L
glucose had little to no effect on glucagon secretion in HFF islets,
unlike the marked stimulatory effect observed in control islets.
SSTR2 antagonism was not tested at lower glucose
concentrations in this model and remains a goal of future studies
(Kellard et al., 2020).

The effects of a SSTR2a, ZT-01, have also been investigated in
a rat model of HFF/STZ-induced pre-diabetes (Hoffman et al.,
2023). The combined presentation of basal hyperinsulinemia and
mild hyperglycemia in this model suggests inadequate β-cell
compensation for insulin resistance (i.e., relative insulin
deficiency), and therefore, recapitulates a more advanced pre-
diabetic phenotype than high-fat feeding alone (Hoffman et al.,
2023). Plasma analysis revealed a mild attenuation in the
magnitude (glucagon AUC) and responsiveness (increase in
plasma glucagon concentration per 1 mmol/L drop in blood
glucose concentration) of glucagon to bolus insulin challenge
in this pre-diabetic model (Hoffman et al., 2023). Pretreatment
with the selective SSTR2a, ZT-01, augmented the plasma
glucagon response during hypoglycemia by all measures (peak
concentration, AUC, and responsiveness) in both healthy and
pre-diabetic rats (Hoffman et al., 2023). Blood glucose was
elevated above control levels within 30 min of ZT-01
treatment in pre-diabetic rats, and remained elevated for
30 min after hypoglycemia induction (Hoffman et al., 2023).
Further, ZT-01 delayed hypoglycemia onset by 15 min
compared to vehicle treatment in pre-diabetic but not healthy
rats (Hoffman et al., 2023). Consistent with evidence from SST
knockout islets (Hauge-Evans et al., 2009), the C-peptide
“switch-off” response to insulin-induced hypoglycemia was
unaffected by ZT-01 treatment in healthy and in pre-diabetic
rats (Hoffman et al., 2023). This finding confirmed antagonist
selectivity for SSTR2 (expressed by islet α-cells) over SSTR5
(expressed by rodent β-cells) (Strowski et al., 2000; Hoffman
et al., 2023). However, the glucagon-stimulating effect of ZT-01
was not dependent on low-glucose conditions in healthy or pre-
diabetic rats, which may aggravate basal hyperglucagonemia and/
or hyperglycemia at the dose evaluated in pre-diabetes (Hoffman
et al., 2023) (which is three to ten times higher than the minimum
effective dose in T1D rats) (Farhat et al., 2022). The data further
suggest that α-cells may begin to develop “glucose blindness”
early on in the course of β-cell failure (Hoffman et al., 2023).
Accordingly, early intervention with SSTR2a may offer a means
of preventing, rather than simply reversing, a functional α-cell
deficit in T2D.

4.4 Effects of SSTR2a in a rodent model
of T2D

Only one published abstract to date has profiled the potential in
vivo effects of single-dose-therapy with a SSTR2a on glucose
counterregulation in T2D (manuscript in peer-review). The rat
model of HFF/low-dose (35 mg/kg) STZ used in this study was
severely hyperglycemic (~20 mmol/L), with a 50% reduction in basal
C-peptide levels and deficient glucagon counterregulation relative to
HFF controls (D’Souza et al., 2023a). When given 60 min before

bolus insulin overdose, the SSTR2a, ZT-01 (3 mg/kg, SC), raised
peak plasma glucagon levels ~2-fold compared to vehicle treatment
(D’Souza et al., 2023a). Further, pre-treatment with ZT-01 reduced
the incidence of hypoglycemia by 40% and delayed the onset of
hypoglycemia in affected animals by ~80 min compared to vehicle
(D’Souza et al., 2023a). Notably, ZT-01 did not appear to exacerbate
hyperglycemia, at least when administered at meal time in the form
of an oral glucose tolerance test (OGTT; 2 g/kg D-glucose), thereby
suggesting a glucose-dependent drug effect in this model (D’Souza
et al., 2023b). These preliminary non-clinical data suggest that
SSTR2a may have therapeutic implications for hypoglycemia
prevention in late stage (insulin-deficient) T2D (D’Souza et
al., 2023a).

5 Sustained treatment with SSTR2a for
hypoglycemia prevention in diabetes

The effects of sustained SSTR2 antagonism on overall glycemia
and hypoglycemia prevention in diabetes are unclear. Sustained
delivery of peptide antagonists may be facilitated by longer half-
lives, improved drug formulations, infusion pump technology, and/
or microneedle (MN) patches (GhavamiNejad et al., 2022; Aleali
et al., 2023). In one study, Wu et al. developed a MN patch using
methacrylated hyaluronic acid (MeHA) for transdermal delivery of
PRL-2903 in STZ-T1D rats (GhavamiNejad et al., 2022). When
applied 30 min before bolus insulin overdose (2–3 U/kg), the PRL-
2903-loaded MN patch augmented plasma glucagon levels and
resisted the onset of hypoglycemia for up to 75 min in STZ-T1D
rats compared to sham-patch controls (GhavamiNejad et al., 2022).
Further, the results of a molecular dynamics simulation suggested
that MEHA may stabilize the structure of native PRL-2903 by
protecting it from thermal and UV damage that reduces its
biological activity (GhavamiNejad et al., 2022). These findings
suggest that MN patch technology may be a convenient and
effective system for sustained delivery of SSTR2a peptides
(GhavamiNejad et al., 2022); however, assessment of patch
compatibility with PRL-2903 analogue, ZT-01, will help
determine its candidacy for clinical use.

In another recently published abstract, low-dose ZT-01 was
delivered by subcutaneously-implanted mini-osmotic pumps in
HFF/low-dose STZ (35 mg/kg) -T2D rats (manuscript in
preparation) (Aleali et al., 2023). Notably, 4 days of sustained
ZT-01 infusion significantly raised the blood glucose nadir
during insulin-induced hypoglycemia without affecting oral
glucose tolerance or basal glucagon levels (Aleali et al., 2023).
This pilot study suggests that sustained delivery of SSTR2a by
infusion pump therapy may be another viable approach for
longer-term drug dosing.

Figure 4 summarizes the fold-change in peak glucagon
response to SSTR2a versus placebo during insulin-induced
hypoglycemia in non-clinical studies to date. Rodent models
of T1D showed a ~2.5-fold improvement in peak glucagon
response, on average, with SSTR2a versus placebo, whereas
animal models with more intact counterregulation (i.e., non-
diabetic and pre-diabetic) were less responsive to treatment. We
chose to represent the glucagon response by peak values rather
than the change from baseline to peak values, since baseline
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values were not available in all studies and peak values alone
proved less sensitive to differences in methods of glucagon
detection, which have become more selective over time. The
observed variability in responses to drug treatment may reflect
methodological differences relating to animal model,
formulation and/or dose of SSTR2a, dose of insulin used to
induce hypoglycemia, and route of administered test
substances. Of particular note, PRL-2903 augmented peak
glucagon levels when administered intravenously or
intraperitoneally but not subcutaneously. Moreover, these data
represent relative differences in systemic glucagon concentration
with SSTR2a versus placebo and not absolute changes in glucagon
concentration, which way be misleading since hepatic glucose
production is largely determined by the ratio of insulin to
glucagon in the portal vein (Sindelar et al., 1998).

6 Beyond hypoglycemia prevention:
Therapeutic applications of SSTRa in
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. GLP-1 reduces postprandial glucose excursions
by stimulating insulin release from pancreatic β-cells, inhibiting
gastric motility, and promoting satiety (Baggio and Drucker,
2007). People with obesity and/or T2D have impaired incretin
release (Toft-Nielsen et al., 2001; Vilsbøll et al., 2001) and/or
function (Nauck et al., 1986; Muscelli et al., 2008), and GLP-1-
targeted therapies offer effective management of body weight and

blood glucose levels, with underlying improvements to β-cell
function and peripheral insulin sensitivity (Zander et al., 2002;
Hinnen, 2017). It is well established that gut-derived SST inhibits
GLP-1 secretion by paracrine effect, mediated primarily by
SSTR5 on intestinal L-cells (Jepsen et al., 2019). Several
SSTR5 antagonists (SSTR5a) have been developed in the past
decade, and their therapeutic effects on glucose intolerance have
been demonstrated in healthy mice (Liu et al., 2018; Jepsen et al.,
2021), Zucker diabetic fatty (ZDF) rats (Sprecher et al., 2010;
Farb et al., 2017), diet-induced obese (DIO) mice (Sprecher et al.,
2010; Farb et al., 2017; Jepsen et al., 2021), and KK-Ay/Ta Jcl
(KK-Ay) mice a model of obese T2D with severe insulin
resistance (Tamura et al., 2023). Coadministration of a
SSTR5a and a dipeptidyl peptidase IV inhibitor (DPP-4i)
exerted synergistic effects on glucose tolerance, as well as
circulating levels of insulin and active GLP-1 during an OGTT
in healthy (Liu et al., 2018), ZDF (Farb et al., 2017), and DIO
(Farb et al., 2017) rodents. The risk of hypoglycemia associated
with SSTR5 antagonism was determined to be low in 4 h fasted
lean C57BL/6Nmice, since a supra-efficacious dose (30 mg/kg) of
SSTR5a did not reduce basal glucose levels for 5 h after
administration (Liu et al., 2018).

In vivo findings from male and female mice without diabetes
suggest that treatment with SSTR2a and/or SSTR5a may lower
blood glucose levels during an OGTT by mechanisms that are
partially (via SSTR2a) or entirely (via SSTR5a) dependent on the
stimulation of intestinally-derived GLP-1 (Jepsen et al., 2021).
Since SSTR2a also stimulates insulin secretion by a direct
effect on islet β-cells, engaging these complementary pathways
through combined SSTR2 and SSTR5 antagonism may have
additive effects on insulin release and whole-body glucose
metabolism.

FIGURE 4
Fold change in the peak plasma glucagon response to insulin-induced hypoglycemia in rodents pre-treated with SSTR2a versus placebo. Fold
change in glucagon represents peak glucagon concentration during level 2 hypoglycemia (<3.0 mmol/L) with SSTR2a divided by peak glucagon
concentration with placebo. Rodent models of T1D showed a ~2.5-fold improvement in peak glucagon response, on average, with SSTR2a versus
placebo, whereas animal models with more intact counterregulation (i.e., non-diabetic and pre-T2D) were less responsive to treatment (see text).
Clamp: hypoglycemia clamp; Challenge: bolus insulin challenge. STZ: streptozotocin; T1D: type 1 diabetes; BB: biobreeding; MN:microneedle; ND: non-
diabetic; Pre-T2D: pre-type 2 diabetic; HFF: high-fat-fed; IP: intraperitoneal; IV: intravenous; SC: subcutaneous.
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Two-week oral administration of an SSTR5a has been shown
to significantly increase insulin sensitivity in KK-Ay mice,
independent of weight loss or changes to food intake. While
the mechanism is unclear, SST may inhibit hepatic insulin
signaling by blocking insulin-induced AKT phosphorylation,
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 (Tamura
et al., 2023).

7 Summary and future directions

Diabetes is characterized as a bi-hormonal disorder, owing
to the defective secretion of both glucoregulatory hormones,
insulin and glucagon. This dysregulation can result in frequent
exposure to hypoglycemia once treatment with insulin and/or
insulin secretagogues is initiated. Hypoglycemia often becomes
the major barrier to optimal glycemic management for
individuals living with T1D or the more advanced stages of
T2D. While the pathophysiology of defective glucagon
counterregulation during treatment-induced hypoglycemia in
T1D and advanced T2D remains unclear, mounting evidence
suggests that the hypersecretion of inhibitory paracrine
hormone, SST, may suppress counterregulatory glucagon
secretion via SSTR2 expressed by α-cells. Selective
antagonism of SSTR2 has been shown in various non-clinical
models of T1D and in early phase clinical trials to at least
partially restore glucagon counterregulation, with the goal of
reducing hypoglycemia exposure in insulin-requiring diabetes.
Future studies will help clarify the therapeutic potential of this
new drug class in eliminating the burden of treatment-induced
hypoglycemia and improving overall metabolic control
in diabetes.
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