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Abstract In recent years, novel discoveries have reshaped
our understanding of the biology of brain glucagon in the
regulation of peripheral homeostasis. Here we compare and
contrast brain glucagon action in feeding vs glucose regula-
tion and depict the physiological relevance of brain glucagon
by reviewing their actions in two key regions of the central
nervous system: the mediobasal hypothalamus and the dorsal
vagal complex. These novel findings pave the way to future
therapeutic strategies aimed at enhancing brain glucagon
action for the treatment of diabetes and obesity. This review
summarises a presentation given at the ‘Novel data on gluca-
gon’ symposium at the 2015 annual meeting of the EASD. It is
accompanied by two other reviews on topics from this sym-
posium (by Young Lee and colleagues, DOI: 10.1007/s00125-
016-3965-9), and by Russell Miller and Morris Birnbaum,
DOI: 10.1007/s00125-016-3955-y) and an overview by the
Session Chair, Isabel Valverde (DOI: 10.1007/s00125-016-
3946-7).
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Abbreviations

ACC Acetyl CoA carboxylase

AgRP Agouti-related peptide

ARC Arcuate nucleus

CaMKKp  Ca**-calmodulin-dependent
protein kinase kinase (3

DVC Dorsal vagal complex

GLP-1 Glucagon-like peptide 1

GR Glucagon receptor

i.c.v. Intracerebroventricular
MBH Mediobasal hypothalamus
PKA Protein kinase A
Sp-cAMPS  Sp-cyclic adenosine-3’, 5'-

monophosphorothioate
Introduction

In recent decades, the notion of a central nervous system-
mediated pathway for the physiology of glucagon has been
garnering scientific attention. Multiple regions in the brain have
demonstrated significant binding to radiolabelled glucagon via
glucagon receptors as well as transduced activation of adenylate
cyclase [1]. Indeed, glucagon is capable of permeating the
blood-brain barrier [2], while significant glucagon immunore-
activity has also been detected mostly in the hypothalamus and
brainstem regions, two sites known to modulate peripheral me-
tabolism [3]. Furthermore, the classical components of the glu-
cagon receptor signalling cascade, including cAMP and protein
kinase A (PKA) are also detected in brain neurons [4], thus
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suggesting the possibility that glucagon could trigger its signal-
ling cascade in the brain to regulate peripheral homeostasis.

In fact, multiple studies have documented the ability of in-
tracerebroventricular (i.c.v.) glucagon administration to modu-
late peripheral glucose levels in different species of animals
[5-7]. Most intriguing, however, is the earliest study in dogs
where a high dose i.c.v. injection of 10 ng of glucagon tran-
siently produced hypoglycaemia followed by hyperglycaemia
[8]. The hypoglycaemic effect was abolished in vagotomised
dogs, suggesting the involvement of a brain—liver axis in the
glucose-lowering effect of central glucagon, whereas pancrea-
tectomy prevented the hyperglycaemic effect, attributing a pan-
creatic role to the rise of glucose from i.c.v. glucagon injections
[8, 9]. Given the non-specific administration of i.c.v. glucagon
and the use of relatively high glucagon dose in these experi-
ments, more recent studies have administered much lower
doses of glucagon specifically into the mediobasal hypothala-
mus (MBH) and evaluated whether MBH glucagon action ac-
counts for the glucose-lowering effect or hyperglycaemic effect
of i.c.v. injections in the early dog studies.

Indeed, direct infusion of glucagon into the MBH actu-
ally reduced hepatic glucose production under conditions
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of a pancreatic basal insulin euglycaemic clamp [10].
This effect of MBH glucagon required the activation of
MBH glucagon receptors (GRs), PKA signalling, Katp
channels (Fig. 1) and intact vagal nerves, since their
ablation negated the metabolic effects of MBH glucagon
infusion [10, 11]. On the other hand, blocking lipid
sensing-dependent pathways in MBH at the level of 5’
AMP-activated protein kinase (AMPK) or protein kinase
C-6 did not reverse the effect of MBH glucagon, sug-
gesting that MBH glucagon regulates peripheral glucose
metabolism via a lipid sensing-independent mechanism
(Fig. 1).

Multiple groups have also confirmed a similar paradigm of
i.c.v. glucagon action in feeding behaviour regulation. In stud-
ies in rats, chicks and sheep, i.c.v. administration of glucagon
reduced food intake [12—14]. Although far less is known
about the mechanisms underlying these anorectic effects of
brain glucagon, an interesting recent study revealed novel
mechanisms by which hypothalamic glucagon action impacts
feeding [15]. This invited review will focus on comparing and
contrasting brain glucagon action in feeding vs glucose con-
trol (Fig. 1).
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Fig. 1 Glucagon action in the MBH and the DVC regulates glucose and
energy homeostasis. Schematic representation illustrating that glucagon
action in the MBH triggers differential signalling pathways to exert ef-
fects on feeding (AMPK-dependent) and glucose (AMPK-independent)
control. While it remains unknown whether glucagon action in the DVC
regulates feeding, glucagon initiates a GR-PKA-ERK1/2-Krp
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signalling cascade to lower hepatic glucose production. The brain also
mediates the effect of elevated circulating glucagon induced either by i.v.
glucagon or high-protein meals to maintain glucose homeostasis in ro-
dents in vivo. CPT-1, carnitine palmitoyltransferase I; ERK1/2, extracel-
lular signal-regulated kinase 1/2; LCFA, long-chain fatty acid



Diabetologia (2016) 59:1367-1371

1369

Hypothalamic glucagon action in feeding vs glucose
control

Experiments conducted by Quifiones and colleagues demon-
strated that central glucagon injection in rats led to significant-
ly reduced feeding behaviour through the action of glucagon
in the hypothalamus [15]. Similar to its effect on glucose
homeostasis [10], hypothalamic glucagon requires GRs and
activation of downstream PKA in the hypothalamic arcuate
nucleus (ARC) to carry out its anorectic effects (Fig. 1), since
i.c.v. co-infusion of the GR antagonist des-His'-[Glu’] gluca-
gon amide or the PKA inhibitor H-89 negated the ability of
central glucagon to decrease feeding. Of note, these were the
same chemical inhibitors employed to confirm the role of GR
and PKA in mediating MBH glucagon action on glucose con-
trol [10], further suggesting that any associated molecular
players in the GR—PKA branch are likely to be a part of a
common pathway for both feeding and glucose regulation
by brain glucagon. Moreover, Quifiones et al [15] also report-
ed changes in agouti-related peptide (AgRP) expression asso-
ciated with the anorectic action of central glucagon, again,
consistent with the observation that MBH GRs co-localised
with AgRP neurons [10]. These findings point to the idea that,
unlike in brain insulin action, where AgRP neurons are nec-
essary for glucose, but not energy, homeostasis [16], in brain
glucagon action, AgRP neurons mediate both glucose and
feeding regulation (Fig. 1).

However, it appears that not the entire signalling path-
way converges for the glycaemic and satiety effects of
hypothalamic glucagon action. Contrary to how MBH glu-
cagon signals to exert glucose control independent of
MBH AMPK [11], the suppressive effect central glucagon
exerts on feeding involved inhibition of AMPK and acti-
vation of downstream target acetyl-CoA carboxylase
(ACC) [15]. Specifically, molecular activation of AMPK
in the ARC via injection of a constitutively active AMPK
virus blunted the anorectic effects of central glucagon in-
jections [15], whereas activation of MBH AMPK via the
same viral approach had no effect on the glucose
production-lowering effect of MBH glucagon [11].
Consistent with this, there were decreased AMPK and in-
creased ACC in the ARC associated with the satiety effect
of central glucagon injections [15], whereas no differences
in pACC/total ACC levels in the MBH were associated
with the glucose-lowering effect of MBH glucagon infu-
sions [11]. While these findings illustrate the distinct
mechanisms by which brain glucagon acts, it cannot be
overlooked that perhaps the differences in glucagon dose
and administration—a single bolus i.c.v. glucagon injec-
tion at a dose of 480 ng for feeding [15] vs 2 h of constant
MBH glucagon infusion with a much lower dose of 3.6 pg
for glucose control [11]—could explain some of the differ-
ences in the regulation of molecular targets for feeding and

glucose regulation by brain glucagon. Alternatively, these
findings could be due to differences in the times at which
the glucagon-treated tissues were obtained for molecular
analysis: changes in AMPK and ACC, which mediate the
anorectic action of hypothalamic glucagon, were measured
1 h after the i.c.v. glucagon single bolus injection vs after
2 h of constant infusion of MBH glucagon.

Interestingly, one study has reported that a 10 min i.v.
infusion of glucagon inhibits food intake in humans [17], sug-
gesting that the effects of glucagon action in the hypothalamus
of rodents to lower food intake, as discussed above, may have
mediated the anorectic effect of i.v. glucagon infusion in
humans. With respect to glucose control, a continuous i.v.
glucagon infusion rapidly increases blood glucose levels and
glucose production in rats, dogs and humans [10, 18-20].
However, this effect of glucagon on glucose regulation is tran-
sient in nature, with both glucose levels and glucose produc-
tion declining to baseline within 40 min, despite the continu-
ing hyperglucagonaemia achieved by i.v. glucagon infusion.
Importantly, direct blockade of hypothalamic glucagon signal-
ling abolishes the transient effect of i.v. glucagon infusion on
glucose production in rats, indicating that hypothalamic glu-
cagon action is physiologically responsible for countering the
direct hepatic stimulatory effect on glucose production by glu-
cagon [10] (Fig. 1). Although the physiological relevance of
hypothalamic glucagon signalling in mediating the effect of
circulating glucagon to regulate food intake and glucose
homeostasis warrants further investigation, mounting evi-
dence also suggests that hypothalamic glucagon signalling is
pathologically relevant, at least in rodents.

High-fat feeding induces hypothalamic glucagon resistance
in both glucose and feeding controls [10, 15]. The ability of
MBH glucagon infusion to lower glucose production was
abolished in rats fed a high-fat diet for 3 days [10].
Similarly, high-fat feeding for 3 weeks also blocked the
hypophagic effect induced by glucagon signalling [15].
While chemical activation of PKA using Sp-cyclic adeno-
sine-3’, 5’-monophosphorothioate (Sp-cAMPS) in the MBH
was effective in restoring the glucose production-lowering
action of MBH glucagon in the 3 day high-fat fed model
[10], Sp-cAMPS failed to restore glucagon sensitivity in the
ARC to inhibit feeding in the rats fed a high-fat diet for
3 weeks. On the other hand, it was restored by molecular
inhibition of hypothalamic Ca*"-calmodulin-dependent pro-
tein kinase kinase 3 (CaMKKf3) via adenoviruses encoding
dominant negative CaMKKSf{ [15]. Collectively, these find-
ings suggest that, in the context of feeding control, hypotha-
lamic glucagon resistance is manifested by the inability of
PKA to inhibit CaMKK 3, whereas in glucose control, the site
of the defect lies upstream of PKA activation (Fig. 1).
Alternatively, the difference in the site of the defect with
respect to brain glucagon action could also be due to differ-
ences in the duration of high-fat feeding [10, 15].
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Dorsal vagal complex glucagon action in glucose
control

Following these novel findings of effects on peripheral glu-
cose levels and energy balance mediated by glucagon action
within the hypothalamus, it became important to question
whether glucagon can also act in other sites of the brain to
influence peripheral homeostasis. The dorsal vagal complex
(DVCQ), located in the brainstem, is another key brain site
known to regulate several autonomic functions, including pe-
ripheral glucose and energy homeostasis, via neural and hor-
monal signals [21]. Indeed, studies have confirmed that insu-
lin [22, 23], glucagon-like peptide 1 (GLP-1) [24, 25] and
leptin [26] signalling in the DVC regulate glycaemia and/or
feeding behaviour. In light of the fact that glucagon receptors
are also abundantly expressed in the brainstem [1, 27], and
peripherally administered glucagon alters neuronal activity in
the brainstem [28], it was plausible that, analogous to the
MBH, glucagon could initiate a signalling cascade in the
DVC to regulate peripheral metabolism.

While it remains to be investigated whether glucagon acts
in the DVC to regulate food intake (Fig. 1), a recent study has
revealed that glucagon action in the DVC can impact glucose
homeostasis, and has postulated a novel physiological role of
DVC glucagon action in postprandial conditions [29]. During
pancreatic basal insulin euglycaemic clamp conditions, gluca-
gon infusion into the DVC reduced hepatic glucose produc-
tion in healthy rodents [29]. Using complementary chemical
and molecular loss-of-function approaches, blocking activa-
tion of the GR, PKA, extracellular signal-regulated kinase
(ERK) 1/2 or K sp channels in the DVC reversed the glucose
production-lowering effect of DVC glucagon infusion, there-
by implicating each of these as the downstream signalling
mediators in the DVC glucagon signalling pathway (Fig. 1).
The physiological relevance of DVC glucagon action in reg-
ulating glucose homeostasis was investigated in the context of
the postprandial period following high-protein meals [29].

High-protein feeding acutely lowers the postprandial glucose
response, despite significant stimulation of circulating glucagon
levels [30-33]. This apparent discrepancy, given that peripheral
glucagon classically increases glycaemia, could be explained by
an additional mechanism counter the effect of hepatic glucagon
action during high-protein feeding so as to maintain glucose
homeostasis. The fact that the DVC is accessible to peripheral
nutrients and hormones [34, 35] suggested that following high-
protein consumption, elevated glucagon could reach the DVC
to activate its GR-mediated signalling pathway to lower hepatic
glucose production and thereby lower plasma glucose levels.

In fact, during fasting—refeeding experiments, high-protein
feeding acutely decreased plasma glucose levels compared with
a low-protein diet; but when DVC GR signalling was blocked, it
negated the ability of high- vs low-protein feeding to suppress
the rise in plasma glucose [29]. Thus, indeed, it is the action of
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the elevated circulating glucagon in the DVC that lowers plasma
glucose during high-protein feeding (Fig. 1). Perhaps then, could
the action of circulating glucagon in the DVC also be responsible
for the satiety effect of high-protein meals previously observed
in humans and rodents [36, 37] (Fig. 1)?

Conclusion and future perspective

In summary, the brain is increasingly being recognised as an
important glucagon-sensitive organ. In contrast to the hor-
mone’s systemic effect on glucose response, glucagon action
in the MBH and DVC actually reduces hepatic glucose produc-
tion. These central sites are also sensitive to circulating gluca-
gon during conditions such as i.v. glucagon infusion and high-
protein feeding, which serves to antagonise the hepatic actions
of the hormone to maintain glucose response (Fig. 1).
Furthermore, the role of hypothalamic glucagon is also impli-
cated in reducing food intake, via common as well as distinct
signalling mechanisms that mediate glucose control (Fig. 1).
These novel findings indicate that maintaining glucagon
action sufficient to activate the central glucagon system may
be therapeutically advantageous. In fact, multiple studies have
already reported that activation of glucagon receptors in con-
junction with other G protein-coupled receptors is metaboli-
cally advantageous in diabetes and obesity. For example, a
triagonist aimed at simultaneous activation of glucagon,
GLP-1 and glucose-dependent insulinotropic (GIP) receptors
improved metabolic and glycaemic profiles in obese and dia-
betic rodents [38]. In addition, work on dual activation of
glucagon and GLP-1 receptors normalised glucose tolerance
and reduced food intake in mice with diet-induced obesity [39,
40]. While these pre-clinical studies have attributed the bene-
ficial effects of glucagon primarily to increased energy expen-
diture and decreased food intake and its hyperglycaemic ef-
fects to be countered by the actions of GLP-1 and/or GIP, the
brain penetrance of these polyagonists and whether activation
of central glucagon signalling plays a role in counteracting the
diabetogenic effects of peripheral glucagon in these
polyagonist therapeutic strategies remain to be investigated.
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