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Glucagon and insulin are the main regulators of blood
glucose. While the actions of insulin are extensively
mapped, less is known about glucagon. Besides gluca-
gon’s role in glucose homeostasis, there are additional
links between the pancreatic a-cells and the hepato-
cytes, often collectively referred to as the liver–a-cell
axis, that may be of importance for health and disease.
Thus, glucagon receptor antagonism (pharmacological
or genetic), which disrupts the liver–a-cell axis, results
not only in lower fasting glucose but also in reduced
amino acid turnover and dyslipidemia. Here, we review
the actions of glucagon on glucose homeostasis, amino
acid catabolism, and lipid metabolism in the context of
the liver–a-cell axis. The concept of glucagon resistance
is also discussed, and we argue that the various ele-
ments of the liver–a-cell axis may be differentially af-
fected in metabolic diseases such as diabetes, obesity,
and nonalcoholic fatty liver disease (NAFLD). This con-
ceptual rethinking of glucagon biology may explain why
patients with type 2 diabetes have hyperglucagonemia
and howNAFLDdisrupts the liver–a-cell axis, compromis-
ing the normal glucagon-mediated enhancement of sub-
strate-induced amino acid turnover and possibly fatty
acid b-oxidation. In contrast to amino acid catabolism,
glucagon-induced glucose production may not be af-
fected by NAFLD, explaining the diabetogenic effect of
NAFLD-associated hyperglucagonemia. Consideration of
the liver–a-cell axis is essential to understanding the com-
plex pathophysiology underlying diabetes and othermeta-
bolic diseases.

100 YEARS OF GLUCAGON RESEARCH: IS IT ALL
ABOUT GLUCOSE?

Glucagon was discovered in the early 1920s by Kimball and
Murlin (1) and is thought to be one of the main regulators
of glucose homeostasis together with its hormonal counter-
part, insulin. Glucagon increases glucose levels, whereas in-
sulin decreases glucose levels. It is probably the ratio of
these two hormones that best determines hepatic glucose
production, although the relative role of the two hormones
in diabetic hyperglycemia is still debated (2). Importantly,
the interplay between insulin and glucagon signaling de-
pends on the nutritional state (i.e., postprandial vs. fasting
conditions). Many patients with type 2 diabetes present
with increased plasma levels of glucagon (hyperglucagone-
mia) and relative insulin deficiency, and restoring glucagon
and insulin signaling may therefore be fundamental in dia-
betes therapy. However, focusing exclusively on the glu-
coregulatory effects of glucagon may be misleading, as
glucagon receptor (GCGR) agonism and antagonism result
in a range of metabolic disruptions, including changes in
plasma levels of amino acids and lipids and hepatic fat
content (3). Thus, focusing only on the glucoregulatory
effects of glucagon offers an incomplete picture of its
physiology and pathophysiology (4).

GCGR agonists and antagonists are currently being de-
veloped for treatment of obesity, nonalcoholic fatty liver
disease (NAFLD), hypoglycemia, and hyperglycemia. How-
ever, it is not always appreciated that pharmacological lev-
els of glucagon (i.e., treatment with a glucagon agonist)

1Department of Clinical Biochemistry, Diagnostic Center, Copenhagen University
Hospital—Rigshospitalet, Copenhagen, Denmark
2Novo Nordisk Foundation Center for Protein Research, Faculty of Health and
Medical Sciences, University of Copenhagen, Copenhagen, Denmark
3Department of Biomedical Sciences, Faculty of Health and Medical Sciences,
University of Copenhagen, Copenhagen, Denmark
4Center for Clinical Metabolic Research, Gentofte Hospital, University of
Copenhagen, Hellerup, Denmark
5Novo Nordisk Foundation Center for Basic Metabolic Research, Faculty of
Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark
6Department of Clinical Medicine, Faculty of Health and Medical Sciences,
University of Copenhagen, Copenhagen, Denmark

7Steno Diabetes Center Copenhagen, Herlev, Denmark
8Department of Clinical Biochemistry, Copenhagen University Hospital—
Bispebjerg and Frederiksberg Hospital, Bispebjerg, Denmark

Corresponding author: Nicolai J. Wewer Albrechtsen, nicolai.albrechtsen@sund.ku.dk

Received 25 February 2022 and accepted 19 May 2022

M.M.R. and K.D.G. contributed equally to the preparation of the manuscript.

© 2022 by the American Diabetes Association. Readers may use this article
as long as the work is properly cited, the use is educational and not for
profit, and the work is not altered. More information is available at https://
www.diabetesjournals.org/journals/pages/license.

See accompanying articles, pp. 1834 and 1842.

D
IA

B
E
T
E
S
S
Y
M
P
O
S
IU

M

1852 Diabetes Volume 71, September 2022

D
ow

nloaded from
 http://diabetesjournals.org/diabetes/article-pdf/71/9/1852/705002/dbi220004.pdf by guest on 23 Septem

ber 2023

mailto:nicolai.albrechtsen@sund.ku.dk
https://www.diabetesjournals.org/journals/pages/license
https://www.diabetesjournals.org/journals/pages/license
http://crossmark.crossref.org/dialog/?doi=10.2337/dbi22-0004&domain=pdf&date_stamp=2022-08-06


will not only activate its cognate receptor system (GCGR)
but will also activate the glucagon-like peptide 1 (GLP-1)
receptor (GLP-1R) system (although with lower potency)
with combined effects on body weight and insulin secre-
tion, whereby the diabetogenic effects of glucagon, medi-
ated by hepatic glucose production, to some extent may
be mitigated (1). It is understandable that GCGR antago-
nists are being investigated as potential glucose-lowering
drugs, but data from phase 1 and 2 trials have been dis-
couraging due to unfavorable side effects (5). As discussed
in detail later, these side effects, which probably are inevi-
table consequences of blocking the physiological actions
of glucagon, include both dyslipidemia and accumulation
of triglycerides in hepatocytes (i.e., NAFLD) and hypera-
minoacidemia. Conversely, the main findings in patients
with extreme glucagon excess (glucagon-producing tumors)
and glucagon deficiency (inactivating GCGR mutations) are
hypoaminoacidemia (6) and hyperaminoacidemia (7), re-
spectively, but not necessarily diabetes. A practical result of
this is that plasma levels of amino acids are now used as a
readout for GCGR activity in clinical trials of dual (gluca-
gon/GLP-1) or triple (glucagon/GLP-1/glucose-dependent
insulinotropic polypeptide [GIP]) receptor agonists (8).
However, it must be noted that reduced plasma levels of
amino acids during treatment with GCGR agonists may
also reflect other mechanisms, such as weight loss, dietary
changes, etc. Dual GLP-1/GCGR agonist treatment re-
duces plasma levels of amino acids independently of insu-
lin and glucose levels and importantly also of GLP-1R
activity (9). Dual GLP-1/GCGR agonism, but not isolated
GLP-1R agonism (dulaglutide), additionally increases he-
patic expression of amino acid transporters and carba-
moyl phosphate synthase 1 (CPS-1) (9), a key enzyme in
ureagenesis. These results indicate that the actions of glu-
cagon on amino acid metabolism may outweigh its effect
on glucose homeostasis under fed and fasted conditions.

We (3) and others (10–12) have, in recent years, de-
scribed and defined the liver–a-cell axis as a physiological
feedback loop in which several amino acids stimulate the
secretion of glucagon (glucagonotropic amino acids, some
of which may also stimulate a-cell growth and prolifera-
tion, as shown in animal models), which, in turn, enhances
transport into the hepatocytes and metabolism of amino
acids via ureagenesis and gluconeogenesis. In this review,
we describe how the liver–a-cell axis comprises more than
a single feedback system merely controlling hepatic glucose
turnover (Fig. 1); the axis also regulates amino acid and
lipid homeostasis. Below, we will examine this more closely
in the context of health as well as metabolic disease.

DISCOVERY AND DEFINITION OF THE
LIVER–a-CELL AXIS

The cross talk between the liver and the pancreas is an es-
tablished physiological concept. The inverse relationship
between b-cell secretion and hepatic glucose production is

an example and represents an essential regulatory mecha-
nism of blood glucose levels. In type 2 diabetes, the liver–
pancreas circuit is disrupted, in part due to reduced hepatic
insulin sensitivity and clearance, eventually resulting in hy-
perglycemia and hyperinsulinemia. A similar interplay ex-
ists between the pancreatic a-cells and hepatic glucose
production. The normal feedback in the axis is disrupted in
patients with type 2 diabetes, resulting in hyperinsulinemia
and, as alluded to above, hyperglucagonemia, which may
compensate for the glucagon insensitivity. With increased
insulin and glucagon levels, normal rates of glucose entry
into the cells and substrate-induced ureagenesis may be
maintained but at the cost of concomitant hyperglycemia.
The importance of the cross talk between the liver and the
b-cells has been recognized for many years; however, the
a-cell part was discovered more recently. The key observa-
tion was the extreme a-cell hyperplasia upon GCGR antag-
onism by deletions of or destructive mutations in the
GCGR gene. From experiments with deletion of the hepatic
expression of GCGR, it was concluded that a-cell hyperpla-
sia was probably due to a circulating factor (13). A trophic
protein was suspected, but in 2015, Solloway et al. (10)
showed that amino acids might be responsible and pro-
posed the existence of “a nutrient-sensing circuit between
liver and pancreas in which glucagon-dependent control of
hepatic amino acid metabolism regulates a-cell mass.”
Their study did not address whether and how acute regula-
tion of glucagon secretion may also be controlled by the
liver–a-cell axis. Soon after, we (3) proposed that both pro-
liferation and a-cell secretion were regulated acutely in a
similar manner. Further studies showed how upregulation
of amino acid transporters (e.g., Slc38a5) was essential for
the proliferative effects of glutamine in murine islets
(11,12). In humans, the a-cell population is thought to be
more or less constant throughout the life span, but ex-
treme a-cell hyperplasia has been reported in patients with
inactivating GCGR mutations (7). It was later demonstrated
that other amino acid transporters (particularly Slc38a4)
may be more important for the trophic effects in humans
than Slc38a5, which was essential in mice but not expressed
in human islets. This highlights that the molecular media-
tors driving the liver–a-cell axis may be species dependent,
at least when it comes to the factors linking the liver and
the a-cells. A key question has been whether glucagon con-
trols the metabolism of all amino acids or only a selected
group, perhaps the glucagonotropic ones. In glucagonoma
patients, plasma levels of all amino acids are low (often ex-
tremely low), and conversely plasma levels of amino acids
are high in pancreatectomized subjects; in particular, plasma
levels of arginine, alanine, and serine are consistently in-
creased (14). Regarding secretion, although studied for years,
it is not clear which amino acids stimulate secretion of
glucagon, as differences between species, experimental con-
ditions, and administered doses of amino acids vary widely
in the published studies. In studies involving perfused
mouse pancreata, glutamine did not stimulate secretion of
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glucagon, whereas amino acids like alanine and arginine did
(15); other studies involving higher doses showed stimula-
tion, so the differences may be dose related (16). It is well
known that both alanine and arginine stimulate glucagon se-
cretion in humans. Intraduodenal infusion of glutamine also
resulted in increased glucagon secretion in humans (17), but
whether this is a direct effect on the pancreatic a-cells or an
indirect effect by, e.g., increased secretion of GIP or trans-
amination to glucagonotropic amino acids is, to our knowl-
edge, unknown.

a-CELLS AS AMINO ACID SENSORS AND
GLUCAGON AS AN ESSENTIAL HEPATIC
REGULATOR OF AMINO ACID CATABOLISM

In perfused mouse pancreas, alanine, arginine, glycine, ly-
sine, and proline stimulated glucagon secretion (15,18).
The branch-chained amino acids (isoleucine, leucine, and
valine) do not seem to acutely induce glucagon secretion
(15). The mechanisms by which amino acids stimulate the
a-cell are generally unknown (Fig. 2). Alanine increases
the intracellular calcium concentration by unknown path-
ways (16), and arginine, a positively charged amino acid,
may depolarize the a-cell upon uptake, as described for
glucose-stimulated insulin secretion. Electrogenic amino

acid transport (provided by some of the amino acid trans-
porters expressed by the a-cell [11]) or metabolism of the
amino acids in the a-cells may also depolarize the a-cell
and activate pathways resulting in glucagon secretion. Ad-
ditionally, a-cells express ionotropic glutamate receptors,
which stimulate glucagon secretion upon glutamate acti-
vation (19). G protein–coupled receptors (GPRs), including
the aromatic amino acid sensor GPR142 (20) and the
L-amino acid–activated calcium-sensing receptor (CaSR),
may also mediate amino acid-induced glucagon (and insulin)
secretion.

After secretion, glucagon binds to its hepatic receptors
and increases amino acid uptake through increased expres-
sion of both system A and N amino acid transporters (21),
as illustrated by downregulation of amino acid transporters
in livers of GCGR knockout (KO) mice (22) and in mice
treated with a GCGR antibody (11). Of interest in the con-
text of obesity-induced glucagon resistance, decreased ex-
pression of amino acid transporters was also observed in
livers of subjects with obesity (23), in individuals with sim-
ple steatosis, and in patients with nonalcoholic steatohepa-
titis (NASH) (24). In addition, glucagon increases hepatic
amino acid metabolism by increasing the capacity and rate
of the urea cycle (25). The urea cycle takes place in peripor-
tal hepatocytes and serves to scavenge toxic ammonia

Figure 1—The liver–a-cell axis. The liver–a-cell axis constitutes a feedback loop in which circulating amino acids stimulate glucagon se-
cretion from pancreatic a-cells and glucagon in turn controls hepatic amino acid uptake and metabolism, including increased amino acid
transport and ureagenesis. The liver–a-cell axis also constitutes a feedback loop in which high levels of circulating glucose inhibit a-cell
secretion of glucagon, resulting in decreased hepatic glucose metabolism and subsequent glucose production. In contrast, lower levels of
circulating glucose result in increased a-cell secretion of glucagon and increased glucagon-mediated hepatic glucose metabolism, includ-
ing increased glycogenolysis and gluconeogenesis, and glucose production. A final component of the liver–a-cell axis may be the regula-
tion of hepatic lipid metabolism by increasing b-oxidation and decreasing lipogenesis; however, it is currently not established exactly
how, and if, lipids regulate a-cell secretion.
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from all sources, including amino acid catabolism, by form-
ing urea, a nontoxic molecule that is excreted in the urine
(the latter process may also be stimulated by glucagon).
Glucagon increases the transcription of several enzymes
required for ureagenesis (26), and conversely, certain urea
cycle enzymes are downregulated in GCGR KO (22) and
GCGR antibody-treated mice (11), in subjects with obesity
(23), and in individuals with simple steatosis and NASH
(24). CPS-1 is found among these downregulated urea cycle
enzymes (11,23,24), and in line with this, glucagon admin-
istration increases hepatic CPS-1 expression (26). CPS-1 is
the first enzyme in the urea cycle and is activated by N-ace-
tylglutamate (NAG), which is produced by NAG synthase
(NAGS), the transcription of which is decreased in GCGR
KOmice (22). Glucagon stimulates ureagenesis within 20min
(22), possibly by increasing NAG levels via increased hepatic
glutaminase (GLS2) activity (27). Increased GLS2 activity may
induce NAG formation and ureagenesis by increasing the

concentration of its products, glutamate and ammonia, which
are substrates for NAGS and CPS-1, respectively. Further sup-
porting glucagon-induced GLS2 activation, hepatic Gls2
expression was downregulated in GCGR KO mice (22) and in
GCGR antibody-treated mice (12) as well as in individuals
with simple steatosis andNASH (24).

The decreased Gls2 expression would be expected to re-
sult in increased plasma levels of glutamine, but this is not
observed in patients with NASH. A possible explanation is
the overexpression of Gls1 in NASH (28). In accordance
with this, glutaminolytic activity was found to be increased
in NASH (29) due to upregulation of Gls1 in fibrogenic stel-
late cells, suggesting that there is a switch from relatively
low glutamine catabolism in the healthy liver to higher glu-
tamine consumption in NAFLD/NASH (30).

Ureagenesis is a highly substrate-driven process, and the
glucagon-stimulated uptake of amino acids probably plays
an important role. Glucagon appears to have a predominant
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SLC38A4) andmetabolism. Glucagon receptor signaling activates glutaminase, yielding glutamate, a NAGS substrate, whereby NAG levels in-
crease, activating CPS-1 and ureagenesis. Glutaminase activity also yields ammonia, a CPS-1 substrate, and thus activates CPS-1. GCGR
activity also increases the expression and activity of urea cycle enzymes.
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role in the (acute) control of circulating amino acids com-
pared with that of insulin. This implies that a pull-and-push
regulation by glucagon and insulin, as is known to exist for
hepatic glucose production, may not be evident for amino
acid metabolism, where glucagon may be the master
regulator.

As a result of glucagon-stimulated hepatic amino acid up-
take and metabolism (ureagenesis), plasma amino acid levels
decrease under conditions of glucagon excess and increase
during glucagon deficiency. Alanine, arginine, glycine, lysine,
and proline seem to be particularly affected by glucagon sig-
naling (31), which is also the case in individuals who are
overweight or have obesity and are subjected to a glucagon
infusion (32). These amino acids may thus be the main sig-
naling links in the liver–a-cell axis, as these amino acids
stimulate glucagon secretion and their metabolism is af-
fected by GCGR signaling.

a-Cells are amino acid sensors and relay important amino
acid signals to b-cells via proglucagon-derived peptides. This
a-cell–to–b-cell communication is required for intact insulin
responses to protein stimulation and for maintenance of eu-
glycemia (33), and it becomes especially important in the
context of mixed-meal ingestion, upon which both plasma
glucose and amino acid levels rise, stimulating both insulin
and glucagon secretion. Upon mixed-meal ingestion, amino
acids stimulate secretion of glucagon as well as insulin. The
cosecretion of insulin with glucagon prevents inappropriate
increases in plasma glucose (33). At the same time, toxic
hyperammonemia resulting from increased amino acid ca-
tabolism is prevented by the amino acid–induced glucagon
secretion (postprandial hyperglucagonemia), which enhan-
ces ureagenesis. The combined islet response therefore acts
to regulate postprandial glycemia as well as plasma amino
acid levels.

It would thus make sense that glucose does not inhibit
amino acid–stimulated glucagon secretion or glucagon-
mediated ureagenesis, as observed after protein-rich meals.
Thus, alanine-stimulated ureagenesis is maintained by glu-
cagon despite high glucose levels (34), and in perfused
mouse pancreas, basal glucagon secretion was strongly sup-
pressed by 12 mmol/L compared with 3.5 mmol/L glucose,
but arginine still stimulated glucagon secretion at 12
mmol/L despite the high glucose and the concomitant,
maximally stimulated insulin secretion (35). In perifused
islets, amino acids still stimulated glucagon secretion at
10 mmol/L glucose (18,33).

A THIRD COMPONENT OF THE LIVER–a-CELL
AXIS: LIPIDS?

Glucagon stimulates b-oxidation of fatty acids (FAs) and
inhibits triglyceride synthesis, reducing hepatic triglyceride
content (1) (Fig. 3). The mechanism may involve protein
kinase A and AMP-activated kinase–mediated inhibition of
acetyl-CoA carboxylase, resulting in decreased malonyl-CoA
levels and increased mitochondrial entry of FAs and b-
oxidation. This may indirectly inhibit triglyceride synthesis

by decreasing the availability of FAs for triglyceride synthe-
sis and subsequent secretion (36). Altered transcription of
genes related to lipid metabolism may also mediate gluca-
gon-regulated lipid metabolism (1). These effects become
evident in experiments involving impaired and increased
glucagon action, which increases (37) and decreases (38)
plasma and liver levels of cholesterol and triglycerides, re-
spectively. GLP-1/GCGR coagonist treatment likewise de-
creases plasma triglyceride and hepatic fat levels more than
GLP-1 analog (liraglutide) treatment alone (39). Besides the
effects of glucagon on hepatic lipid metabolism, glucagon
may also stimulate white adipose lipolysis. This has been
clearly shown in rats; however, the literature regarding di-
rect actions of glucagon on white adipose tissue in humans
and mice is conflicting, with the majority of studies unable
to show a lipolytic effect of glucagon (and mature human
adipocytes do not seem to express a functional GCGR), and
clear evidence that physiological concentrations of glucagon
directly stimulate white adipose lipolysis in humans and
mice has not been presented (40).

While glucagon clearly influences lipid metabolism, the
regulation of glucagon secretion by lipids is far from under-
stood. The topic is complex because lipids and FAs are found
in many different forms, which can have various effects. So
far, studies have primarily focused on the effects of FAs and
less on the effects of triglycerides and cholesterols.

Clinical studies in humans are conflicting about the
stimulatory effect of FAs on circulating glucagon levels. No
changes in glucagon levels were found following intrave-
nous or oral administration of an intralipid emulsion in
young males (41). On the other hand, 90-min intraduode-
nal infusions of primarily long-chain FAs (LCFAs) in men
resulted in an increased glucagon response, although the
increase was small compared with responses to protein in-
fusion (42). Similarly, a 2-h intraduodenal fat emulsion in-
fusion markedly increased plasma levels of glucagon in
patients with type 2 diabetes (43). One study of healthy
males showed that postprandial lipemia following a fat-
enriched meal was associated with increased circulating
glucagon regardless of FA levels (44). Other studies have
shown that ingestion of medium-chain FAs and LCFAs
acutely increased plasma levels of glucagon with no increase
following ingestion of short-chain FAs (45).

More recent in vitro studies of isolated rodent and hu-
man islets showed increased glucagon secretion in response
to short-term or long-term incubation with palmitate or ole-
ate under both euglycemic (5.5 mmol/L) and hyperglycemic
(15 mmol/L) conditions (1). The levels of LCFAs used for
stimulation ranged from 20 mmol/L to 0.5 mmol/L, well
within the physiological range of circulating FA levels.

Several G protein–coupled receptors with FA ligands have
been identified, including free FA receptor 1 (FFAR1/GPR40)
and FFAR4 (GPR120). FFAR1, which responds to medium
and LCFAs, is expressed in pancreatic b-cells and may be in-
volved in regulation of insulin secretion but is also expressed
in a- and d-cells (40). FFAR4 responds to LCFAs and is
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expressed in several tissues, including pancreatic islets. A re-
cent study showed that the stimulatory effect of LCFAs on
glucagon secretion was reduced in isolated islets from FFAR4
and FFAR1 KO mice, suggesting that both receptors contrib-
ute to FA-stimulated glucagon secretion. Overexpression of
either FFAR4 or FFAR1 resulted in increased calcium mobili-
zation in human islets following LCFA stimulation, suggest-
ing calcium is required for palmitate-stimulated glucagon
secretion (46).

FFAR1 signaling induced by medium and LCFAs is thought
to involve the Gaq11 protein, which activates phospholipase
C with subsequent diacylglycerol and inositol-trisphosphate
formation. In b-cells, activation of FFAR1 leads to intracellu-
lar Ca21 release from the endoplasmic reticulum and activa-
tion of voltage-dependent L-type Ca21 channels, resulting in
insulin secretion (47,48). For a-cells, LCFAs may also stimu-
late glucagon secretion by increasing intracellular Ca21 con-
centration (49) and possibly through FFAR1 activation and

phospholipase C signaling (50). A stimulated secretion of in-
sulin and glucagon by activation of Gq signaling was recently
shown in human islet cells (51).

The FAs may also be substrates for ATP generation, as
etomoxir, inhibiting entry of LCFA-derived acetyl-CoA into
the mitochondrial matrix and thereby b-oxidation, reduced
palmitate-induced glucagon secretion, supporting that
LCFAs may act via stimulation of receptor signaling as well
as metabolism (52).

For FFAR4, the primary effect of LCFAs on glucagon se-
cretion may be mediated via d-cell signaling, as activation of
FFAR4 with endogenous or synthetic FFAR4 agonists re-
sulted in decreased somatostatin secretion in isolated mouse
islets (53); this effect was lost in islets from both FFAR4 KO
mice and d-cell–specific FFAR4 KO mice.

A study by Croze et al. (53) showed that activation of
FFAR4 signaling increased cAMP and calcium levels in both
a- and b-cells in intact mouse islets in the presence of
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5.5 mmol/L glucose, whereas an FFAR4 agonist reduced
forskolin-induced cAMP levels and calcium levels in d-cells
in the presence of 16.8 mmol/L glucose, suggesting opposite
effects of FFAR4 signaling in a- and b-cells versus d-cells.
FFAR4 activation in d-cells will likely cause a suppression of
cAMP generation and reduction of somatostatin release,
thus alleviating the inhibitory effects of somatostatin on
cAMP generation in a-cells.

Collectively, a potential model for the effects of LCFAs on
glucagon secretion could include FFAR1 and FFAR4 signal-
ing on a-cells by increasing levels of intracellular calcium,
b-oxidation, and increased cAMP generation and indirectly
via d-cells by decreasing somatostatin release (Fig. 3).

The proposed model is largely based on in vitro experi-
ments and is not directly translatable to in vivo settings;
however, it points to a potential mechanism for LCFAs to
increase glucagon secretion in health and disease. During
fasting, circulating levels of FAs increase and may thus stim-
ulate glucagon secretion to maintain fasting glucose levels.
In metabolic disease, during which plasma FA levels are of-
ten increased, the increased flux of FAs could stimulate glu-
cagon secretion, resulting in an inappropriate increase in
hepatic glucose production. However, additional studies in
humans are needed to further evaluate the role of LCFAs on
glucagon release.

THE LIVER–a-CELL AXIS IN DISEASE

Ever since the first observations made with Roger Unger’s
“Rabbit 30K” radioimmunoassay, increased plasma levels
of glucagon (hyperglucagonemia) have been reported in in-
dividuals with obesity, type 2 diabetes, and different liver
diseases (3). It is important to distinguish between fasting
and postprandial (often mimicked by an oral glucose toler-
ance test [OGTT]) conditions. Postprandial hyperglucago-
nemia reported in the literature during OGTTs may not
only reflect altered a-cell sensing (disruption of the liver–
a-cell axis in glucose homeostasis) but also, perhaps equally
importantly, cross-reactivity in the immunoassays with glu-
cagon-like peptides secreted from the gut during an OGTT
(i.e., glicentin and oxyntomodulin), whereas postprandial
hyperglucagonemia after mixed meals may better reflect
mainly pancreatic secretion of glucagon (54). GCGR antag-
onist studies in patients with type 2 diabetes consistently
show an effect on fasting blood glucose, but postprandial
hyperglycemia was not reduced with, e.g., the antagonist
LY2409021 (55). This may have been due to unspecific ef-
fects of the antagonist on the incretin system (GIP and
GLP-1). In monkeys, a monoclonal GCGR antibody reduced
glucose excursions after OGTT (56), but it is possible that
glucagon’s effect on glucose homeostasis is primarily exerted
on fasting/baseline glycemia or, of course, in the case of in-
sulin-driven hypoglycemia. In GCGR antagonist studies, im-
pairments in lipid metabolism have also been found. These
include increased low-density lipoprotein cholesterol and al-
tered triglyceride metabolism. GCGR agonism appears to

have opposite effects on the parameters reported above,
with the exception of glucose (8).

As mentioned previously, hyperglucagonemia is charac-
teristically observed in type 2 diabetes, but studies have
suggested that hyperglucagonemia is found mainly in in-
dividuals who also have fatty liver disease, a condition oc-
curring in up to 80% of patients with type 2 diabetes.
Hyperglucagonemia was reported in patients with end-
stage fatty liver disease (cirrhosis) in 1973 by Marco et al.
(57), but it took almost 40 years before it was realized
that this was likely due to the disruption of the liver–a-
cell axis. Several studies have independently reported an
association between liver disease and increased glucagon
and amino acid levels. Importantly, even small increases
in liver fat lead to elevations of both glucagon and amino
acids (58). As discussed, not all amino acids are believed
to be part of the liver–a-cell axis, or at least not all con-
trol a-cell function (15). We proposed a glucagon–alanine
index (the product of fasting levels of glucagon and ala-
nine in plasma) as a biomarker for the liver–a-cell axis
(59), and this has been validated in several cohorts. An in-
crease in the glucagon–alanine index associates with in-
creases in liver transaminase levels (59), and this is also
observed upon glucagon receptor antagonist treatment and
in patients with NAFLD or NASH (22). Together, these
findings support the glucagon–alanine index as a patho-
physiological marker for disruption of the liver–a-cell
axis. A simple procedure for evaluating glucagon resistance
is, however, lacking. One group used a pancreatic clamp (so-
matostatin) to evaluate the acute effects of glucagon on glu-
cose and amino acid levels (23). One challenge with such an
approach is that the actions of endogenous glucagon are not
evaluated. Another possibility is the development of a gluca-
gon sensitivity index similar to the Matsuda index, as re-
cently suggested by our group (S. Kjelden and N.J. Wewer
Albrechtsen, unpublished observations).

In mechanistic studies of how metabolic diseases affect
the liver–a-cell axis, we and others have found that the
glucagon-induced amino acid catabolism is impaired in
isolated hepatocytes as well as in mice and patients with
NAFLD compared with non-NAFLD conditions, whereas the
effect on glucose production is not (23,60). The effect is
probably due to impairment of amino acid transportation
into the hepatocytes and metabolism of nitrogen atoms
from the amino acids (ureagenesis) in the mitochondria (e.g.,
via reduced CPS-1 and ornithine aminotransferase capacity).
Deficient transcriptional and nontranscriptional activity of
glucagon signaling can be termed glucagon resistance (61).
A key question is whether glucagon resistance develops as
an epiphenomenon to insulin resistance or if these are sep-
arate pathways. In humans undergoing bariatric surgery,
we found that markers of glucagon resistance coexisted
with insulin resistance before surgery, but whereas insulin
resistance disappeared after the operation, glucagon resis-
tance did not in those with a remaining hepatic fibrosis
score of one to two 12 months after surgery (although
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hepatic steatosis resolved) (62). Decades of research have
shown increased glucagon levels in obesity, but very few
human studies have stratified hyperglucagonemia based on
NAFLD activity score (NAS) and fibrosis scores used for
classifying NAFLD and alcoholic liver disease. The NAS in-
cludes markers of inflammation, but earlier studies mainly
focused on hepatic steatosis, which may be inappropriate. An
important confounder is obesity itself, and therefore study-
ing individuals with obesity with and without NAFLD is es-
sential to isolate impairments of the liver–a-cell axis in
disease. Interestingly, based on the current studies, the liver–
a-cell axis may be extremely sensitive to minor alterations in
hepatic fat content, to other components in the NAS, and to
fibrosis (62). What is surprising is the lack of further deteri-
oration in markers of the liver–a-cell axis in individuals
with increasing severity of NAFLD. This suggests that the
liver–a-cell axis is a sensitive feedback system that is af-
fected by minor changes in the liver (Fig. 4).

As for insulin resistance, in which insulin production is
increased concomitantly with decreasing insulin sensitiv-
ity, whereby normal plasma glucose levels are maintained,
the liver–a-cell axis may constitute a vital regulatory re-
sponse to increasing glucagon resistance. Thus, decreased
amino acid uptake and catabolism results in increased

circulating amino acid levels, which in turn is balanced by
increased a-cell secretion of glucagon. However, as a re-
sult of enhanced glucagon secretion, the hepatic glucose
production is also increased. Biased GCGR signaling (such
as tipping the balance from Gs to Gq downstream path-
ways [61]) in disease may be crucial for directing glucagon
therapeutics toward improvements in amino acid and
lipid metabolism without a diabetogenic effect.

From a pathophysiological and evolutionary perspective,
it can be argued that such a feedback system should be
rapidly adaptive in the context of fasting and postprandial
conditions to ensure that toxic amounts of nitrogen do not
accumulate, glucose levels are balanced, and lipids are ca-
tabolized as fuel or stored appropriately.

Prolonged fasting represents a special condition with
hyperglucagonemia. An accelerated ureagenesis would not
be expedient in this situation, but since the entire glucose
production is maintained by gluconeogenesis, there is also
an increasing need for removal of urea from amino acid–
derived glucose production. The increased glucagon secretion
in this situation may be supported by decreasing plasma
glucose and insulin levels (which will immediately result in
increased glucagon secretion) and perhaps increasing con-
centrations of free FAs, as discussed above.

Figure 4—The liver–a-cell axis in disease. Under conditions of type 2 diabetes and fatty liver disease, the liver–a-cell feedback loop is af-
fected. Impaired hepatic glucagon signaling (glucagon resistance) decreases amino acid uptake and metabolism, resulting in hyperami-
noacidemia and increased stimulation of glucagon secretion from pancreatic a-cells. Likewise, reduced glucagon signaling decreases
hepatic b-oxidation, increases lipogenesis, and elevates circulating free FA concentrations, which may contribute to increased a-cell se-
cretion of glucagon. Lastly, the hepatic glucose production is not affected by the reduced glucagon signaling. This results in increased he-
patic glucose metabolism and hyperglycemia by the increased circulating levels of glucagon secreted from pancreatic a-cells in response
to increased levels of amino acids and possibly FAs.
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CONCLUDING REMARKS

For a long time, glucagon has been considered an enigmatic
hormone, and although it has been known to exist and to
influence glucose metabolism for almost 100 years, there
are still numerous unsolved puzzles regarding its physio-
logical actions, particularly its role in diabetes development.
The liver–a-cell axis offers an explanation for the effects
and complications observed in GCGR agonist and antago-
nist studies and, importantly, probably explains the devel-
opment of hyperglucagonemia in metabolic diseases such
as diabetes, obesity, and NAFLD.
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