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Glucagon is historically described as the counterregula-
tory hormone to insulin, induced by fasting/hypoglycemia
to raise blood glucose through action mediated in the
liver. However, it is becoming clear that the biology of
glucagon is much more complex and extends beyond
hepatic actions to exert control on glucose metabolism.
We discuss the inconsistencies with the canonical view
that glucagon is primarily a hyperglycemic agent driven
by fasting/hypoglycemia and highlight the recent advan-
ces that have reshaped the metabolic role of glucagon.
These concepts are placed within the context of both
normal physiology and the pathophysiology of disease
and then extended to discuss emerging strategies that
incorporate glucagon agonism in the pharmacology of
treating diabetes.

THE CURRENT VIEW OF GLUCAGON BIOLOGY IN
THE PATHOPHYSIOLOGY OF DIABETES

Glucagon: The Opposing Force to Insulin

Glucagon, the predominant product of a-cells within islets,
was originally identified in 1923 during efforts to purify
insulin, where it was identified as a contaminant hyper-
glycemic factor (1). Further research determined that the
hyperglycemic action of glucagon was mediated by in-
creased hepatic glycogenolysis and gluconeogenesis,
thereby increasing endogenous glucose production (2).
This aspect of glucagon biology has been leveraged for
pharmacological treatment of insulin-induced hypoglyce-
mia in patients with diabetes (3). This historical progres-
sion has positioned insulin and glucagon as opposing
hormones with respect to glycemic control (4), with
imbalances in the insulin-to-glucagon ratio predicted
to disrupt euglycemia. Diabetic hyperglycemia is often de-
scribed to arise from both impaired insulin action and

inappropriately elevated levels of glucagon (5-7). The
perceived hyperglycemic effects of glucagon were rein-
forced by studies demonstrating that reduction of gluca-
gon receptor (GCGR) activity blunts hyperglycemia in
rodent models of insulinopenic diabetes (8,9). These obser-
vations have fostered the development of GCGR antago-
nists (GRAs) for the treatment of hyperglycemia (10).
Consequently, the evolution of glucagon biology has fos-
tered the general perspective that glucagon is a hypoglycemia/
fasting-induced hormone that has the primary action of
increasing glycemia. This perception has limited the in-
terest in or investigation into the potential benefits of
glucagon agonism for the treatment of type 2 diabetes
(T2D). Here, we highlight a selection of findings that we
believe contribute to a repositioning of glucagon away
from its classical dogma of being a hypoglycemia-responsive
opposing hormone to insulin. We also discuss how these
somewhat paradoxical, underappreciated aspects of glu-
cagon biology can be leveraged for the pharmacological
treatment of T2D.

Does Glucagon Only Exist to Prevent Hypoglycemia?

Reevaluation of historical data, along with a number of
recent advances in our understanding of glucagon biol-
ogy, has questioned whether the primary role of glucagon
is to guard against hypoglycemia. First, it is important to
consider the relationship between glycemia and glucagon
levels. Although glucagon levels initially rise following the
onset of a fast, concurrent with decreasing glycemia, with
prolonged fasting (>3 days) circulating glucagon levels fall
progressively to postprandial values despite persistent low
blood glucose (11). Moreover, the administration of glu-
cagon in hypoglycemic humans that have been fasting
for >3 days does not produce any meaningful changes
in glycemia (12), likely because of depleted glycogen stores.
Hence, low plasma glucose does not always associate with
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elevated glucagon levels, raising the possibility that hypo-
glycemia is not the primary driver of a-cell secretory
function. Furthermore, blocking glucagon action with ge-
netic interruption (13,14) or pharmacological antagonism
in mice (15), nonhuman primates (16), or humans (17,18)
lowers glucose but does not necessary alter the suscepti-
bility to hypoglycemia. On the other hand, a much tighter
relationship is seen between glucagon levels and a subset of
amino acids (19). Clinical studies often utilize amino acids,
primarily arginine, as a a-cell secretagogue, which induces
significant increases in circulating glucagon regardless of
ambient glycemia. Alanine infusion also induces a robust
increase in glucagon secretion (20), while branch-chain
amino acids do not have a direct effect on glucagon
secretion (21). Reducing glucagon action in hepatocytes
drives hyperaminoacidemia, which is the precipitating
factor for a-cell hyperplasia and hyperglucagonemia
(14,16,22,23). We have found in isolated mouse and
human islets that the amino acids glutamine, arginine,
and alanine are potent inducers of glucagon secretion
concentrations (21). Furthermore, physiological concen-
trations (0.5-1.0 mmol/L) of these amino acids can in-
crease glucagon secretion up to 10-fold, while changes in
glucose within physiological ranges only modify glucagon
secretion twofold (Fig. 1). This observation that a-cells are
more responsive to amino acids compared with changes in
glucose concentrations questions the primacy of glycemia
for glucagon secretion. In fact, it is unclear whether glucose
serves as a direct signal for a-cells. It is difficult to
dissociate any potential direct effects of glucose on
a-cells from those mediated indirectly through either
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B- or d-cells. Interestingly, isolated a-cells paradoxically in-
crease glucagon secretion in response to glucose (24),
which would indicate that the inhibitory actions of glucose
on a-cells are indirect. Glucose increases (3-cell activity and
the secretion of products (insulin, zinc, y-aminobutyric
acid) that dampen a-cell function through direct paracrine
inhibition mediated by B- to a-cell signaling. Similarly,
d-cell secretory activity also inhibits glucagon through
somatostatin. Thus, the ability for glucose to modulate
glucagon secretion is likely to be primarily driven by in-
direct paracrine interactions originated from B- and
8-cells. This model also suggests that the role of ambient
glucose is to dictate the tone of a-cells, rather than serving
as a direct, dose-related stimulus for glucagon secretion. In
support of this, stimulation of glucagon secretion by amino
acids is greater at low glucose, where inhibitory tone is low,
compared with high glucose, where inhibitory tone is high
(Fig. 2). Whether glycemic levels dictate the a-cell tone and
response to other key regulators of a-cell function (25)
such as fatty acids or CNS input is unknown.

A second factor that challenges the dogma that gluca-
gon is primarily driven by hypoglycemia is the consistent
observations that plasma glucagon levels increase post-
prandially, coinciding with an increase in glycemia. Post-
prandial rises in glucagon seen in T2D (26) have been
described as pathogenic and a cause of hyperglycemia (27).
Yet similar rises in postprandial glucagon are seen in
individuals without diabetes (28,29). The amino acid com-
ponent of a mixed meal is likely a major contributor to
postprandial increases in glucagon secretion; however,
both healthy individuals and individuals with T2D often
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Figure 1—Effects of glucose versus amino acids on glucagon secretion in isolated perifused islets. Glucagon secretion was measured in
perifused islets, calculated as the incremental area under the curve, and expressed as fold change relative to the values collected at high
glucose (10 mmol/L). Low glucose conditions were at 2.7 mmol/L glucose, while the glucagon responses to both glutamine and arginine were

collected under high-glucose conditions (10 mmol/L).



534  Glucagon Action in Diabetes

Diabetes Volume 69, April 2020

Low Glucose

60000+ *

40000+

20000+

Glucagon Secretion (AUC)

Glutamine - + -+

5-cell |
/‘ "/ \ Amino
/ Acids
9

1t glucagon

- High Glucose

/ \ 7 4 Acids

1t glucagon

Figure 2—Impact of glucose concentration on amino acid-stimulated glucagon secretion. Glucagon secretion was measured in perifused
human islets from donors with T2D and calculated as the incremental area under the curve. The schematic illustrates the hypothesis that
high-glucose conditions result in more inhibitory tone on the a-cell through paracrine interactions that originate from either 3- or 3-cells, with
the net effect of decreased a-cell tone and decrease glucagon secretion in response to the same amino acid stimulus.

display a modest increase immediately following oral
glucose alone (30-32). The effect of oral glucose to stim-
ulate glucagon is more pronounced in people with T2D,
generally of short duration, and typically followed by
a decrease in glucagon levels after 30 min. Furthermore,
the mechanisms by which oral glucose stimulates o-cells
are unknown but potentially involve enteroendocrine
hormones such as GIP (33), a peptide that tends to
have higher circulating concentrations among persons
with T2D. The importance of postprandial rises in gluca-
gon for metabolic homeostasis has not been extensively
tested.

«a-Cell Hyperplasia: Metabolic Adaptation Versus
Pathogenic?

A key question in this revisionary model of a-cell function is
as follows: why would metabolism evolve to increase a-cell
function in response to metabolic stress and hyperglycemia
if the primary actions of glucagon were to enhance endog-
enous glucose production? The argument has been made
that this is a precipitating event that drives metabolic
dysfunction (27) rather than an adaptation to help correct
it. However, this argument does not align with the recent
demonstrations that a-cells are essential for determining
B-cell (21,34,35) and glycemic tone (36). Interruption of
proglucagon input to (-cells drastically dampens the mag-
nitude of nutrient-stimulated insulin secretion. The insuli-
notropic properties of glucagon are essential for [-cell
function, which establishes a direct and critical relationship
between - and B-cells that is manifested in both mouse

(21,34,35) and human (21,36) islets. These new studies
raise the possibility that the hyperglucagonemia present
in T2D is a compensatory mechanism to enhance B-cell
function, but this has yet to be formally tested. However,
this hypothesis provides an alternative perspective to posi-
tion a-cell hyperplasia and increased glucagon secretion
observed in T2D as a mechanism to correct, rather than
induce, dysregulated homeostasis. This is similar to the well-
accepted observation that insulin resistance drives hyper-
insulinemia. The a-cell model whereby a-cell function in
subjects with diabetes is a compensatory response to met-
abolic stress that stimulates B-cell function to maintain
homeostasis is plausible based on available data. Mice chron-
ically fed a high-fat diet demonstrate increased a-cell mass
(37), supporting the hypothesis that a-cell hypertrophy
compensates for metabolic stress; whether this occurs in
humans is difficult to test. People with T2D consistently
demonstrate an elevated a-cell-to—-cell mass ratio (38), but
this may result from decreased 3-cell mass rather than an
increase in a-cell mass (39). However, it is interesting to note
that metabolic stress increases glucagon concentrations,
while there is little evidence to support that undernutrition
or chronic fasting impacts a-cell function. Finally, in addition
to increased o-cell mass and glucagon secretion, metabolic
stress also alters a-cell function to produce GLP-1 by in-
creasing the expression of the prohormone convertase (PC)1
isoform (40-42). This enables the processing of proglucagon
peptide to generate GLP-1, which is a much more potent
insulin secretagogue compared with glucagon (21) (Fig. 3).
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How can the perspective that increased a-cell activity is
a compensatory response to metabolic stress be reconciled
with the data demonstrating that pharmacological or
genetic reductions in glucagon action consistently lower
glycemia? GRAs lower glycemia in humans with T2D (43)
and in preclinical models of hyperglycemia (15). This effect
of blocking glucagon activity would argue against the
essential contribution of the a-cell toward postprandial
glucose metabolism. However, while blocking glucagon
activity in hepatocytes reduces endogenous glucose pro-
duction, it is unclear whether this is the primary mecha-
nism to facilitate glucose lowering in response to GRAs. A
universal outcome of inhibiting glucagon action, either
globally or specifically in hepatocytes, is a-cell hyperplasia
and pharmacological levels of circulating glucagon and
GLP-1 (14,22,44,45). Both glucagon and GLP-1 elevate
B-cell tone and insulin secretion primarily through the
GLP-1 receptor (GLP-1R) (21) (Fig. 3 [discussed in detail
below]). Thus, GRAs would be expected to enhance B-cell
tone and insulin secretion by substantially increasing
activity at the GLP-1R (Fig. 3). Whether this is a mecha-
nism that can account for the glucose-lowering response
to GRA therapy has not been formally tested. How-
ever, a number of studies have demonstrated that the
glucose lowering in response to a GRA or following
genetic deletion of the GCGR is severely diminished in
the absence of GLP-1R signaling (44,46-48). Moreover,
pharmacological or genetic elimination of glucagon ac-
tion requires some level of endogenous B-cell function in
order to lower glycemia (49). Thus, there is evidence that
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B-cell GLP-1R activity and insulin secretion meaning-
fully contribute to the metabolic effects following in-
activation of the GCGR, suggesting that the mechanism
of glucagon lowering in response to GRAs poten-
tially expands beyond reductions in hepatic glucose
production.

PROMISCUITY OR VERSATILITY: GLUCAGON
SIGNALING THROUGH THE GLP-1R

One Hormone, Two Receptors

The GCGR shares significant homology with the GLP-1R,
particularly in the sequences that encode for the trans-
membrane and extracellular domains (50). The ligands for
these receptors (glucagon and GLP-1) are also highly
conserved in sequence. These similarities enable glucagon
to engage with the GLP-1R, albeit at ~10-fold decreased
potency compared with GLP-1. GLP-1 also binds to the
GCGR but with considerably less affinity than glucagon at
GLP-1R, requiring concentrations that are unlikely to be
achieved even with pharmacology (21,51,52). These struc-
tural similarities also serve as the basis for cross-reactive
agonism of oxyntomodulin at the GCGR and the GLP-1R,
albeit with substantially reduced affinity compared with
the cognate ligands. Recent structural information regard-
ing the binding mode of these a-helical peptides to their
cognate class B GPCRs confirms the bipartite activation
mechanism. This involves tethering the peptide C-terminal
end to the N-terminal extracellular domain of the recep-
tor and the subsequent orientation of the peptide N-
terminal domain within the orthosteric activation site
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Figure 3—Proglucagon processing and the impact on B-cell function. A: Proglucagon is posttranslationally modified by PC enzymes to
produce glucagon and GLP-1 (1). a-Cells express high levels of PC2 to produce glucagon, a primary product of proglucagon (2). GLP-1
production by PC1/3 in a-cells is low in healthy states but can be induced by metabolic stress to increase the secretion of islet GLP-1 (3).
Glucagon production and PC2 expression in enteroendocrine L-cells are low or absent in healthy states. Interventions such as bariatric
surgery or pancreatectomy may induce PC2 expression and subsequent glucagon production in the gut (4). GLP-1 is the primary product of
proglucagon in the gut under most conditions. B: a-Cells can use both glucagon and GLP-1 to stimulate insulin secretion in -cells. In healthy
islets, glucagon is the major product that mediates a- to B-cell communication but can do so through both the glucagon receptor (GCGR) and
GLP-1R. Metabolic stress and T2D increase proglucagon production and the expression of PC1/3 in a-cells. Under these conditions, both
glucagon and GLP-1 mediate a- to B-cell communication predominantly through the GLP-1R. Treatment with a GCGR antagonist
substantially increases both glucagon and GLP-1. It is anticipated that a- to B-cell communication is enhanced through GLP-1R activity
as long as the antagonist remains engaged with the GCGR.
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formed by the transmembrane helices of the receptor
(53,54). These structural findings are congruent with
the structure-activity relationship recently demonstrated
in medicinal peptide chemistry studies (55). However,
these structural studies stop short in addressing the differ-
ences in promiscuity observed for glucagon and GLP-1 to
their related receptors. Although there is more sequence
divergence in the C-terminal portion of the peptides
between GLP-1 and glucagon, the amphipathic o-helix is
conserved between the two hormones. The hydrophobic
face of this helix interacts with the extracellular domain of
the receptor, which notably also has a high degree of
sequence homology between the two receptors. As the
engagement of the peptide a-helix with the hydrophobic
pocket of the extracellular domain is the primary step in
the two-step activation process, the evolutionary con-
servation of these structural motifs provides ancillary
support to the structural studies in explaining the pro-
miscuous activity of the proglucagon peptides. Although
this can explain the structural basis for cross-reactivity
to paralogous receptors, these studies do not delineate
why there is increased potency of glucagon at GLP-1R
relative to GLP-1 at GCGR. The differential orientation
of the peptide N-terminus within the activation site is
the likely explanation. The orthosteric activation pocket
of GLP-1R appears more accommodating of the inverted
electrostatic charge at the third amino acid position of
the peptides (Glu3 in GLP-1 to GIn3 in glucagon), which
is the pivotal N-terminal residue that governs the
divergent potency of cross-receptor activation. Interest-
ingly, zebrafish glucagon has Glu3 and the zebrafish GLP-1R
has near equal affinity to zebrafish-derived GLP-1 and
glucagon, as well as to both human-derived peptides (56).
Thus, better understanding of the evolution and function
of the zebrafish glucagon-GLP-1 receptor signaling system
seems like a fruitful way to approach the structural basis
for differential cross-reactive binding of glucagon and
GLP-1.

Glucagon Activity at the GLP-1R: Physiology or
Pharmacology?

While it is clear that glucagon can engage the GLP-1R, it is
important to understand whether this has any biological
relevance. In vitro activity assays provide some estimation
of the concentrations of peptides needed to produce
activity at either receptor. For instance, activity assays
using the human GCGR produced approximate half-maximal
effective concentration (ECsg) values of 2,500 nmol/L
and 0.3 nmol/L for GLP-1 and glucagon, respectively (57).
This indicates that even elevated concentrations of
GLP-1 brought about by either GLP-1 pharmacotherapy
(~4-12 nmol/L) (58) or bariatric surgery (100 pmol/L)
(59) are likely insufficient to engage the GCGR in vivo.
Conversely, activity assays at the GLP-1R produced
approximate ECsq values of 0.03 nmol/L and 3 nmol/L
for GLP-1 and glucagon, respectively (57). While the
value for GLP-1 aligns with plasma concentrations
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reported by multiple groups (~5-30 pmol/L), the value for
glucagon activity at the GLP-1R is substantially higher than
normal plasma concentrations (5-30 pmol/L). However,
circulating concentrations of glucagon achieved by phar-
macotherapy or bariatric surgery may be sufficient
to permit activity at the GLP-1R. Chronic rodent phar-
macology experiments in loss-of-function models are
required to determine the contribution of GLP-1R cross-
reactivity to the therapeutic benefits of glucagon-based
pharmacotherapies.

It is also likely that plasma levels of glucagon do not
reflect the interstitial concentrations in islets, where o-cell
production of glucagon occurs. We, and others, have re-
cently reported that o-cell production of glucagon is
essential to maintain B-cell function (21,34,35). Impor-
tantly, we demonstrated that the GLP-1R is the primary
mediator of glucagon-stimulated insulin secretion and the
essential component of a- to B-cell communication (21).
One model used to demonstrate this relationship was
Geg ™/~ islets, which lack the production of all proglucagon-
derived peptides (13). Gcg /™ islets produced im-
paired insulin secretion in response to glucose and
amino acids, demonstrating the essential contribution of
proglucagon peptides for B-cell function in response to
nutrients. However, Geg ™/~ islets produced insulin secre-
tion similar to that of control islets when stimulated with
glucagon, GLP-1, or GIP (21), showing normal B-cell
function following restoration of GPCR ligands. This
emphasizes that the impaired glucose-stimulated insulin
secretion (GSIS) seen in Gcgf/ " islets is due to impaired
a-cell input, rather than defective B-cell per se, and that
this defect is ameliorated upon restoration of glucagon. We
used this model to titrate glucagon in perifusion experi-
ments as a means of estimating interstitial glucagon con-
centrations, reasoning that glucagon concentrations that
restored GSIS to wild-type (WT) levels would reflect in-
terstitial concentrations of glucagon. The results of these
experiments gave estimates of insulinotropic interstitial
glucagon concentrations to be ~0.3-1 nmol/L (Fig. 4)—up
to 30-fold higher than circulating concentrations.
However, Geg”~ islets also appeared to have increased
sensitivity to glucagon, making this an imperfect estima-
tion, and likely an underestimation. Nonetheless, this
value suggests that interstitial glucagon concentrations
are likely sufficient to engage the GLP-1R in -cells,
concurrent with our functional data demonstrating that
a-cell control of B-cell function is mediated by the GLP-1R
(21). Furthermore, given the potential that glucagon is
a physiological agonist of the GLP-1R, one must consider
the effects of glucagon in other GLP-1R-expressing tissues
such as the gut and CNS, particularly in the context of
glucagon pharmacology. Specifically, it seems essential to
consider glucagon activity at the GLP-1R when evaluating
coagonists that incorporate glucagon and achieve pharma-
cological levels for sustained periods of time, or in the
context of GRAs, which induce pharmacological levels of
circulating native glucagon.
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Figure 4—Estimation of islet interstitial glucagon levels. Gcg™’ islets have impaired GSIS that has been attributed to lack of proglucagon
input from paracrine interactions with a-cells (16). Titration of glucagon to rescue insulin secretion to WT levels provides an estimation of the
interstitial glucagon levels in WT islets. Glucagon concentration at —300 pmol/L rescued insulin secretion, although Geg ™/~ islets were more
sensitive to glucagon, making this an imprecise and likely underestimation of interstitial glucagon concentrations. G, glucose.

WHAT IS THE RATIONALE FOR CHRONIC USE OF
GLUCAGON ANALOGS TO TREAT T2D?

Glucagon Pharmacotherapies: Antagonize Versus
Agonize?

There is a long history of using the glucose-elevating
effects of glucagon to treat hypoglycemia in patients
with diabetes. Medicinal chemistry strategies to enhance
the solubility and rapid onset of action, as well as alterna-
tive formulation strategies to support nasal administra-
tion (3), have improved the effectiveness of glucagon as an
acute therapeutic rescue for patients with low blood glucose,
usually as a result of overtreatment with glucose-
lowering agents. Pharmacological agents that enhance
endogenous glucagon secretion, such as GPR119 ago-
nists (60) and isoform-selective somatostatin receptor
antagonists (61), are other seemingly viable research
strategies to harness GCGR agonism to treat hypoglyce-
mia, the limiting side effect of diabetes treatment. There
is a consensus that a-cell dysfunction in type 1 diabetes
(T1D) manifests as impaired glucagon secretion in re-
sponse to insulin-induced hypoglycemia (62). Conse-
quently, utilization of exogenous glucagon to correct
this impairment is generally efficacious in combating
hypoglycemia in T1D. Emergency use of glucagon to treat
hypoglycemia in T2D is less clear. It is important to
consider the mechanism driving the hypoglycemia in
T2D in order to predict the effect of glucagon. Among
the antihyperglycemic medications available to treat T2D,
exogenous insulin and sulfonylureas have the strongest
association with hypoglycemia. The interaction between
sulfonylureas and glucagon has the potential to be coun-
terintuitive. Sulfonylureas stimulate insulin secretion
through direct actions on Kuarp channels in B-cells to
induce depolarization, which renders the B-cell sensitive
to GPCR input even at low glucose. Consequently, while
incretin activity in B-cells is commonly described as

glucose dependent, activation of (-cell activity through
direct manipulation of the Kstp channel independent from
elevated glucose eliminates the glucose dependency of
incretins action in B-cells (63). Application of glucagon
in this scenario can induce robust insulin secretion (64),
since the cAMP generated by GCGR and/or GLP-1R can
potentiate the B-cell activity induced by Karp closure,
despite the ambient hypoglycemia. As such, it is not always
appropriate to utilize glucagon as a counterregulatory
hormone to combat hypoglycemia in T2D (65-67).
GCGR agonism continues to be developed and opti-
mized for alleviating life-threatening hypoglycemia in
T1D. However, with the rapid rise in the prevalence of
T2D over the last few decades, a significant amount of
effort has been placed in antagonizing glucagon to lower
glycemia. GRAs are conceptually well accepted, despite
adverse effects to promote liver fat accumulation (68).
It has only been recently that strategies that enhance
glucagon action for the treatment of T2D have been
pursued. Given the dogmatic view that the primary role
of glucagon is to raise blood glucose, enhancing glucagon
action as a means of lowering glucose was initially met with
resistance. However, coagonists incorporating GCGR ac-
tivity are being developed as antidiabetes and antiobesity
medications with promising results for glycemic control
and weight loss (69), providing compelling evidence to
support an increase in glucagon activity as a therapeutic
strategy. Coagonists incorporating glucagon action were
originally conceived of as being able to take advantage of
glucagon’s ability to increase energy expenditure while
buffering the glycemic effects with GLP-1R activity, and
inspired by the promiscuity of oxyntomodulin at these two
receptors. The tissue location(s) of glucagon action and
mechanism(s) of action that potentially enable positive
metabolic benefits are incompletely understood, as are the
dose-limiting side effects of chronic glucagon action. This
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has limited the development of these agonists, as the
biological and pharmacological properties of glucagon
have not been fully appreciated.

Metabolic Benefits of Pharmacological Glucagon
Agonism

It is becoming increasingly clear that glucagon can engage
a number of physiological processes that support com-
pounds that increase GCGR activity as a viable therapeutic
approach for T2D. As discussed above, glucagon stimulates
insulin secretion in (-cells through activity at both the
GCGR and GLP-1R, with the balance leaning toward GLP-
1R activity in mice and the balance potentially more even
in humans (21). Interestingly, coinfusion of both glucagon
and GLP-1 provides a synergistic effect on insulin secretion
in humans (70). Whether this reflects synergistic activity
at the level of a single 3-cell, which could be governed by
broadening intracellular signaling cascades (71), or
a greater enhancement of B-cell activity through recruit-
ment and activation of more B-cells is unknown. However,
the ability of glucagon to potently stimulate insulin secre-
tion through actions that compliment incretin peptide
activity provides support for enhancing glucagon action
as a diabetes therapy. A similar synergistic effect of
glucagon and GLP-1 is seen for reductions in food intake
in humans (70). While it is clear that various regions of the
brain express the GLP-1R and engage anorectic signaling
pathways (72), it is less clear whether any regions of the
brain express GCGR. Central administration of glucagon to
rodents inhibits food intake (73) and suppresses hepatic
glucose production (74). Studies that demonstrate gluca-
gon action in the hindbrain suggest that glucagon can bind
receptors in the brain but do not rule out the possibility
that these receptors are the GLP-1R. The anorectic effects
of oxyntomodulin (a GCGR/GLP-1R agonist) remain intact
in Gcgrf/ " mice but are not present in Glplrik mice (75),
supporting the notion that GLP-1R mediates the ability for
glucagon to reduce food intake. However, studies with
long-acting glucagon monoagonists are required to clarify
the permissive role of GLP-1R on the anorectic effects of
glucagon therapy. Understanding how synergy can be
achieved between two ligands on a single receptor would
help unravel the mechanism by which glucagon inhibits
food intake. Still, the ability of GLP-1/glucagon coagonists
to stimulate insulin secretion and inhibit food intake has
largely been attributed to the GLP-1 activity of these
agents. Reconsideration of the role of glucagon in these
events is necessary, especially given the exciting prelimi-
nary findings suggesting that synergistic actions can be
seen between the two peptides.

Glucagon also stimulates an increase in energy expen-
diture in rodents and humans, providing rationale for the
use of glucagon for weight loss. Where and how glucagon
induces energy expenditure is unclear, particularly
whether increased energy expenditure is due to direct
cellular actions or indirect endocrine actions. Intracere-
broventricular infusion increases energy expenditure (76),
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suggesting brain-mediated actions. Increased thermogen-
esis in brown adipose tissue has been proposed to occur
through both direct actions via a GCGR in brown adipo-
cytes and through indirect actions mediated by hepatocyte
GCGR activity, farnesoid X receptor (77), and the induc-
tion of FGF21 (78). A direct action of glucagon on brown
adipocytes was recently ruled out in rodents (79), which
supports evidence that glucagon can increase energy ex-
penditure independent of brown adipose activity in
humans (80). The GCGR is also expressed in white adipo-
cytes; however, their role in mediating the thermogenic
effects of glucagon action is unknown, but lipolytic effects
are likely involved. Glucagon action promotes futile mac-
ronutrient substrate cycling in target tissues (81), which in
theory can drive nonthermogenic energy expenditure.
Thus, understanding the mechanism driving these obser-
vations is essential to fully leverage this biology as a weight
loss strategy. Finally, glucagon has well-documented
actions for lipid metabolism (25,82), providing additional
benefit for targeting hepatic steatosis. Interestingly, the
ability for glucagon to promote lipid catabolism over
storage may intersect with the actions of glucagon to drive
ketogenesis (83).

In rodents, acute glucagon action induces immediate yet
transient hyperglycemia, which is followed by improved
insulin-mediated glucose disposal (45). Acute glucagon
action enhances whole-body insulin sensitivity indepen-
dent from its insulin secretory effect, as well as indepen-
dent from prior hyperglycemia and hepatic glycogenolysis
in these experimental settings. Further, the improved
insulin sensitivity was independent of GLP-1R and
FGF21, but action through other receptors or other en-
docrine signals cannot be dismissed. Although paradoxical
at first glance, it seems rational that since glucagon levels
are elevated in a fasted state, which is a state of heightened
insulin sensitivity, that glucagon is well positioned accord-
ing to its physiological regulation to contribute to discrete
aspects of insulin action as opposed to being an all-
encompassing counterregulatory hormone to insulin.
Thus, glucagon action improves glucose tolerance by am-
plifying insulin action in addition to the intraislet para-
crine effects to enhance insulin sensitivity.

How Much Glucagon Is Too Much?

Perhaps the most important design aspect for GLP-1 and
glucagon coagonists has been the optimum amount of
glucagon activity relative to GLP-1. This has mostly hinged
on balancing the additional body weight-lowering efficacy
driven by glucagon, which appears to have a steep dose
response based on preclinical studies, versus the potential
hyperglycemic liability of glucagon. Based on this seem-
ingly narrow therapeutic window despite the ability of
concurrent GLP-1 activity to partially mitigate the hyper-
glycemic effects of glucagon action, it appears that phar-
maceutical companies have been particularly cautious in
the amount of relative GCGR activity engineered into the
clinical assets. Notably, the three GLP-1/glucagon
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coagonists that have advanced to later-stage clinical test-
ing and on which clinical reports have been published all
favored GLP-1R potency over GCGR potency. The general
consensus on the potency ratio of those compounds
(LY2944876, MEDI0382, and SAR425899) is that they
are imbalanced in respective potencies where the potency
at GLP-1R is universally greater than potency at GCGR
(84,85). However, it is important to note that the deter-
minants of potency ratio can vary depending on the assay
type and calculation algorithms. Nonetheless, the clinical
results from all of these coagonists showed body weight
loss and lowering of glycosylated hemoglobin in patients
with T2D. However, none of the studies had as an active
comparator an appropriately matched GLP-1R monoagon-
ist, and the effect sizes did not necessarily suggest superi-
ority to what can be achieved by GLP-1 analogs (85,86). In
order to achieve optimal outcome efficacy for both glucose
control and weight loss, these compounds may require
further adjustment of the GLP-1R-to-GCGR ratio. The
molecular design of optimum coagonists could actually
incorporate more aggressive GCGR agonism relative to
GLP-1R in order to achieve additional body weight-lowering
efficacy without compromising glycemic efficacy. Although
the ancillary actions of glucagon discussed above suggest
that glucagon has less deleterious effects on glycemia than
initially contrived, the hyperglycemic liability is still a prac-
tical concern. Thus, to be more aggressive with the relative
GCGR activity in these multifunctional agonists, and thus
permit greater therapeutic efficacy, additional activities in-
dependent from GLP-1R action may be required to further
buffer from the hyperglycemic propensity. We have shown
that activity at the glucose-dependent insulinotropic poly-
peptide receptor (GIPR) can be recruited to provide a second
mechanism that mitigates the hyperglycemic effects of fully
potent GCGR agonism. This triple combination, particularly
the high GCGR potency that is in balance with potencies at
GLP-1R and GIPR, as well as the additional GIPR-mediated
effects on systemic metabolism, results in unprecedented
body weight loss not before reported in preclinical pharma-
cology studies, which rival the efficacy of bariatric surgeries
(57). As hyperglycemia has been the predominant adverse
effect of concern, secondary liabilities of chronic GCGR
agonism have been understudied and will require special
attention in additional clinical trials.

SUMMARY AND FUTURE DIRECTIONS

The discovery of glucagon was largely framed by the
context that glucagon was a contaminant interfering
with the purification of insulin from pancreatic tissue.
The observation that this contaminant induced hyper-
glycemia promptly led to the idea that glucagon was the
“anti-insulin,” a hormone that prevented hypoglycemia
by buffering the actions of insulin. The evolution of this
concept was extended to place glucagon in the center of the
pathogenesis of diabetes, and it is been proposed that
dysregulated a-cell function and hyperglucagonemia are
essential contributors to hyperglycemia. Here, we propose
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a broader physiologic context for glucagon that may extend
to the treatment of diabetes. This model incorporates new
consideration of the secretion of glucagon, its insulino-
tropic actions, and activation of the GLP-1R and effec-
tiveness in combination with GLP-1 as a therapy for T2D
(69). This model extends the physiologic role of glucagon
beyond the fasting and hypoglycemic states to a set of
actions in prandial metabolism that may be useful for
correcting hyperglycemia. While there are certainly many
details to resolve, and an element of divergent or opposing
metabolic effects of glucagon that are context specific,
a thorough understanding of the physiological and phar-
macological actions of glucagon has considerable potential
in the development of therapeutic interventions. To ac-
complish this, the role of glucagon must expand beyond
the current vantage of an “anti-insulin” hormone invoked
by fasting and hypoglycemia.
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