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Glucagon was initially regarded as a hyperglycemic substance; however, research has revealed its broader role in

metabolism, encompassing effects on glucose, amino acids (AAs), and lipid metabolism. Notably, the interplay of

glucagon with nutrient intake, particularly of AAs, and non-nutrient components is central to its secretion. Fasting

and postprandial hyperglucagonemia have long been linked to the development and progression of type 2 diabetes

(T2DM). However, studies have brought to light the positive impact of glucagon agonists on lipid metabolism and

energy homeostasis. 

glucagon  glucose  lipid  amino acid  hyperglucagonemia

1. Introduction

Glucagon, a 29-amino acid peptide, was discovered in 1921  and was described as a hyperglycemia substance

due to contaminants in pancreatic extracts  in 1923. In 1948, it was established that glucagon is released from

pancreatic α-cells and later, to a lesser extent, from brainstem neurons . It is widely recognized that fasting and

postprandial hyperglucagonemia play a crucial role in both the development and progression of type 2 diabetes

(T2DM). However, researchers recently reshaped the role of glucagon in metabolism, confirming that the biology of

glucagon is more comprehensive and extends beyond hepatic hyperglycemic actions to exert effects on glucose,

amino acids (AAs), and lipid metabolism.

The hyperglycemic effect in T2DM is undisputedly present, as demonstrated by glucagon receptor antagonists in

humans that, however, induced hepatic side effects . The positive effects of glucagon agonists on lipid

metabolism, energy homeostasis, and the reduction of liver fat have been emphasized with the development of

glucagon/GLP-1 co-agonists as well as GLP-1/GIP/glucagon triple agonists, which are currently in clinical

development/trials .

Nutrients, especially amino acids (AAs), and non-nutrient components stimulate glucagon secretion directly

through sensory transporters and receptors or indirectly through their effects on cellular metabolism. Indeed,

increasing protein intake, and thereby glucagon release, has shown positive effects in studies with orally treated

T2DM patients .

2. Glucagon Actions and Regulation
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In the decades following its discovery, glucagon was viewed primarily as the counter-regulatory hormone of insulin,

governing glucose homeostasis . Nowadays, glucagon is considered as a pleiotropic hormone whose

metabolic actions include insulin secretion , the regulation of lipid and AA metabolism, increasing energy

expenditure, the modulation of food intake and satiety, and the facilitation of weight loss in both animals and

humans . Furthermore, glucagon’s influence extends to the regulation of bile acid metabolism,

encompassing processes such as bile acid synthesis, uptake, and efflux .

The secretion of glucagon by α-cells is primarily associated with occurrences of hypoglycemia, acting as a

safeguard against low blood sugar levels. Additionally, it is also stimulated by elevated circulating levels of AAs and

fatty acids, as well as in response to adrenergic stimulation and circulating incretins . Notably, established

evidence indicates that β-cell-derived secretory products, including insulin, zinc and gamma-aminobutyric acid

(GABA), inhibit glucagon secretion . Meanwhile, it is potently suppressed by somatostatin, GLP-1, amylin, leptin,

fatty acids, and ketone bodies and stimulated by GIP and vagal stimulation. Meier et al. demonstrated that GLP-2

also stimulates glucagon secretion in healthy subjects  (Figure 1). And some medications such as furosemide or

acetylsalicylic acid may influence prostaglandin (PG) synthesis, mainly PGE, which in turn controls glucagon

release. In this regard, details of glucagon receptor function are helpful to understand its link to the metabolic

effects of glucagon.

Figure 1. Glucagon receptors on multiple organs and the stimulation/inhibition of glucagon release. (This graph

was generated with www.biorender.de).

How Are GCGRs Regulated?
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Glucagon receptors (GCGRs) belong to the class B of seven-transmembrane (7TM) protein receptors known to

activate adenylyl cyclase through Gαs-coupled proteins, which is accompanied by an increase in cellular cyclic

AMP levels and activation of protein kinase A (PKA) . Recently, GCGRs were also shown to activate the IP3

pathway via Gq and the activation of the inositol triphosphate receptor 1 (INSP3R1) in liver cells . GCGRs are

highly expressed in the liver as well as in multiple extrahepatic tissues (Figure 1), which play an essential role in

glucose, AA, lipid, and energy metabolism .

Downstream signaling pathways of GCGRs involve the activation of Gs and Gq, leading to the formation of

intracellular cAMP and inositol 1,4,5-trisphosphate (IP3), with the subsequent release of intracellular Ca .

Activation of either Gs-induced protein kinase A (PKA) or Gq’s effect on Ca /calmodulin-dependent protein kinase

can lead to the phosphorylation of the cAMP-response-element-binding protein (CREB). The metabolic effects of

glucagon depend on its concentration, spatial features (mitochondrial vs. cytosolic effects), and substrate

dependency. Hence, optimal plasma concentrations of substrates, specifically amino acids (AAs) and free fatty

acids, play a pivotal role in both ureagenesis and gluconeogenesis processes. Prior investigations have elucidated

that INSP3R1 is the isoform primarily responsible for mitochondrial calcium signaling in hepatocytes, and knocking

down INSP3R1 reduced glucose production in isolated hepatocytes . 

3. Glucagon and Glucose Metabolism

Glucose inhibits glucagon release upon oral or i.v. administration, while hypoglycemia increases the secretion of

glucagon to elevate hepatic glucose output by stimulating glycogenolysis and gluconeogenesis, and it additionally

inhibits glycogenesis and glycolysis and induces ketone production through multiple mechanisms, thereby

protecting against hypoglycemia . Glucagon acts in concert with cortisol, growth hormone, and adrenergic

hormones, which also increase hepatic glucose output in hypoglycemia. Remarkably, the blockade of GCGRs does

not impair the counter-regulation against hypoglycemia .

Although the level of glucagon rises rapidly in the early stage of fasting, circulating glucagon concentrations drop to

postprandial levels upon prolonged fasting (see below), with persistently decreasing glycemia due to glycogen

depletion . Glucagon physiologically regulates the early phases of fasting in non-diabetic animals and humans,

which is relevant in real life since prolonged fasting is an unusual state in industrialized societies.

The inhibition of glucagon by increases in blood glucose is important to control blood glucose and is therefore finely

tuned with insulin release. However, with the development of impaired glucose tolerance and T2DM, glucagon

continues to induce glucose production during hyperglycemia in fasted and preprandial conditions . Both

fasting and postprandial hyperglucagonemia have been proposed to trigger metabolic disturbances in obese and/or

prediabetic subjects . 

3.1. What Are the Explanations for This Difference (Oral vs. i.v. Glucose)?
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A meticulous comparison of oral or i.v. glucose administration in healthy individuals revealed a more pronounced

suppression of glucagon by i.v. compared with oral glucose . Given that i.v. glucose lacks the capacity to elicit

incretin responses, this cannot be explained by suppression of glucagon by GLP-1. However, as GIP was

stimulated by oral but not i.v. glucose, one might postulate that GIP stimulated glucagon and thereby attenuated

the effect of glucose, possibly due to the glucagonotropic action of GLP-2 . In people with T2DM, an i.v. glucose

dose dependently suppressed glucagon even at elevated basal plasma glucose levels, while oral glucose caused

an initial stimulation of glucagon that was not explained by the levels of incretin hormones . Complementary

evidence has arisen from studies conducted on isolated α-cells and pancreatic islets. Notably, glucose

unexpectedly stimulates glucagon release in isolated α-cells via mechanisms which involve K  channels and

Ca -mediated depolarization , highlighting potential indirect and paracrine mechanisms governing glucagon

release inhibition in vivo. In addition, glucose inhibits glucagon release in intact mouse and human islets,

apparently by paracrine mechanisms involving somatostatin release that have lost their function in islets from

diabetic patients . This would suggest that the deficient stimulation of somatostatin release by glucose or

insulin from delta-cells in islets accounts for the hyperglucagonemia in diabetic conditions. Meanwhile, alternative

somatostatin-independent mechanisms have also been proposed .

3.2. How Does Hypoglycemia Stimulate Glucagon Secretion?

Normally, hypoglycemia triggers a counter-regulatory response in the α-cells which does not happen in many

T1DM and some T2DM patients. The comprehensive mechanisms by which glucose regulates glucagon secretion

remain unclear. It has been claimed that CNS and hepatoportal sensors (i.e., hypoglycemia-activated

gastrointestinal neurons in the brainstem and in several hypothalamic nuclei) contribute to the control of glucagon

. Recent studies also questioned whether the primary role of glucagon is solely to elevate glucose

concentrations . During the onset of fasting, there is an initial surge in glucagon levels along with a decrease in

blood glucose. In prolonged fasts exceeding three days, a gradual reduction in circulating glucagon levels

emerges. Surprisingly, these levels eventually normalize to what is typically seen after a meal, even in the

presence of consistently low blood glucose .

The reason why counter-regulation fails in diabetic patients is not fully understood. Interestingly, inhibiting

mitochondrial ATP production or pharmacologically activating K  channels with diazoxide mimics the

dysregulation of glucagon secretion . These observations collectively suggest that the glucagon secretion defect

in diabetic patients may stem from disrupted mitochondrial metabolism, though the exact mechanisms remain

unclear.

It has been proposed that glucagon increases with the onset of obesity and fatty liver as a consequence of hepatic

glucagon resistance  and with insulin resistance due to the inappropriate regulation of glucagon by fasting and a

static glucagon/insulin ratio .

4. Glucagon and Amino Acid Metabolism
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In addition to its established glucose-regulatory effects, glucagon powerfully regulates hepatic AA turnover by

increasing the activities of necessary transporters and enzymes in the urea cycle through cAMP–PKA–CREB

signaling . In fact, there is evidence to suggest that the impact of glucagon signaling may vary between

fasting and postprandial conditions . Glucagon activates the transcription of AA transporters located on the

hepatocyte membrane, thus allowing increased AA uptake and substrate availability for ureagenesis . In turn,

AAs enhance glucagon secretion from α-cells . This generates a glucagon and AA feedback loop, referred to as

the “liver–α-cell axis”, which might be as important for metabolism as the glucagon–glucose loop .

Genetic interventions, GCGR-antibody or pharmacological inhibition of glucagon signaling leads to α-cell

hypersecretion and hyperplasia as well as a decrease in the hepatic AA transporters and gene expression involved

in AA metabolism, resulting in dramatically increased plasma concentrations of some but not all AAs .

Notably, decreased AA levels are linked to reduced target of rapamycin (mTOR) signaling in α-cells and

suppressed α-cell proliferation . Hormonally, protein-rich meals prompt glucagon secretion contingent on AA

plasma level kinetics . If excess AAs, i.e., more than can be utilized for protein synthesis, are taken up with

meals or liberated by proteolysis upon fasting, they are used as energy substrates . Since muscle and other

organs lack the capacity to manage amino groups, leading to deamination of the AAs and the carbon moiety being

taken for the Krebs cycle, and alanine is primarily used to shuttle the amino groups to the liver. Alanine therefore

predominates within the 15 glucogenic AAs  and is preferentially taken up by the liver in the presence of

elevated glucagon for glucose production (known as the glucose–alanine cycle or Cahill cycle) . This cycle

is dysregulated in dysglycemia in humans with obesity and T2DM, as exemplified by heightened splanchnic (that

is, viscera and liver) alanine uptake. One recent study demonstrated that alanine transport and aminotransferase

(ALT) isoform expression (ALT and ALT2) were remarkably higher in obese, prediabetes, and overtly diabetic

mouse models and in individuals with metabolic diseases.

Glucagon’s influence extends beyond ureagenesis, encompassing renal nitrogen excretion . Glucagon affects

fluid and solute transport in the distal tubule and collecting duct by increasing hepatic cAMP secretion, which, in

turn, influences the proximal tubule reabsorption of urea. This interaction increases the fractional excretion of urea,

sodium, potassium, and phosphates. After oral protein loading, there was a significant correlation between GFR

and the urinary urea nitrogen excretion rate . Intriguingly, branched chain amino acids (BCAA) do not induce an

increase in renal hemodynamics . A postprandial increase in plasma glucagon could potentially counteract AA-

and insulin-stimulated mTORC1 activation, leading to the suppression of protein synthesis in the liver. After

ingesting a protein-rich diet, the liver shows increased rates of translation initiation and protein synthesis compared

with fasted animals. A hypothesis posits that glucagon resistance, a molecular phenomenon impacting glucagon’s

physiological effects on glucose, amino acid (AA), and lipid metabolism, might contribute to the development of

T2DM and metabolic diseases . 

Most circulating AAs have been shown to potently stimulate both glucagon and insulin secretion in animals and

humans, albeit with varying effects among distinct AAs . This augmented glucagon release is believed to

prevent hypoglycemia after protein intake, as AAs also stimulate insulin secretion. As early as the 1970s, Unger

had found that alanine infusion induced increased glucagon secretion with minimal impact on insulin in dogs.

Lysine contributed to a lesser extent to α-cell secretion while BCAAs had no effects on glucagon secretion,
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whereas they elicited a significant insulin response . Nevertheless, other studies have reported that

BCAAs stimulate the secretion of both insulin and glucagon, particularly with oral administration, resulting in

greater and more prolonged secretion of both hormones . Later in 1974, arginine was proven to enhance both

insulin and glucagon secretion, which support separate glucose and arginine receptors on both α- and β-cells in

rodents, or directly promotes plasma membrane depolarization and Ca  influx in the α-cell . 

5. Glucagon and Lipid Metabolism

Glucagon is also recognized for its potent hypolipidemic effects. In humans, intravenous glucagon administration

reduces the amount of plasma cholesterol, total esterified fatty acids, and apolipoproteins and the hepatic

synthesis of triglycerides by stimulating β-oxidation and lipolysis in the liver . It has been shown that glucagon

can modulate the expression and activity of peroxisome proliferator-activated receptors (PPARs), affecting various

aspects of lipid metabolism . Glucagon’s stimulation leads to the activation of PPARα, a subtype that plays a

central role in fatty acid oxidation and lipid catabolism. This interaction enhances the breakdown of fatty acids and

promotes their utilization as an energy source. Meanwhile, glucagon’s influence on PPARγ affects adipocyte

differentiation and insulin sensitivity. This is crucial in the context of lipid metabolism as PPARγ controls genes

related to adipogenesis and lipid storage. The interplay between glucagon and PPARs highlights the complex

regulatory network that orchestrates lipid utilization and storage in response to varying metabolic demands.

Furthermore, glucagon also reduces hepatic lipid accumulation and decreases hepatic lipid secretion through the

inhibition of lipogenesis in the liver . Glucagon inhibits the activity of acetyl-CoA carboxylase, a key enzyme that

initiates fatty acid synthesis by converting acetyl-CoA to malonyl-CoA. This inhibition reduces the availability of

malonyl-CoA, subsequently lowering fatty acid synthesis .

It is established that increased GCGR signaling has been linked to improved lipid metabolism. In 1979, studies

explored glucagon’s role in the direct short-term regulation of hepatic free fatty acid (FFA) metabolism, which

showed that physiological concentrations of glucagon increased ketogenesis and reduced triglyceride synthesis

from palmitate in hepatocytes of rats fed at FFA concentrations of 1.0 mM or lower . The intricate modulation of

FFA metabolism by glucagon transpires through a dual mechanism involving both intrahepatic and extrahepatic

pathways

As GCGRs are expressed on β-cells and may stimulate insulin through both GLP-1R and GCGR, one may

speculate that intra-islet regulation of insulin by glucagon might contribute to its effect on lipid metabolism. As

discussed above, GCGR antagonists (e.g., LY2409021, Volagidemab) have been considered as glucose-lowering

therapy in T2DM patients, but these resulted in lipid disorders, whereas glucagon/GLP-1 receptors co-agonism

improved dyslipidemia and reduced hepatic steatosis, which have brought up discussions regarding to the

relationship between glucagon signaling and lipid metabolism .

It remains unclear how glucagon promotes hepatic mitochondrial fat oxidation and to what extent glucagon

influences lipolysis in adipose tissue, especially in humans. A previous study confirmed that INSP3R1 is essential

due to the reduced glucose production seen when INSP3R1 expression was knocked down in isolated hepatocytes
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. A recent groundbreaking discovery from Perry and co-workers  is quite impressive, who reported that

glucagon stimulates intrahepatic lipolysis through INSP3R1/CAMKII-dependent activation with increased hepatic

acetyl-CoA.

In turn, the capability of FFAs to regulate glucagon secretion remains debatable, although they are insulin

secretagogues under some circumstances and increased FFAs levels might be correlated with T2DM .

Early research in 1974 had shown that the elevation of plasma FFAs suppressed glucagon levels in people, which

is supported by the following clinical studies . Experiments carried out on isolated rodent islets, an α-cell

line, and human islets have shown that FFAs (oleate or palmitate) stimulate glucagon secretion. This occurs

through signaling via fatty acid G-protein-coupled receptors, the β-oxidation of fatty acids, and the activation of L-

type Ca  channels. 

 Additionally, it involves relieving the inhibitory paracrine action of somatostatin secreted from δ-cells .

Wang et al. reported that long-chain FFA (linoleic acid) acutely stimulated glucagon secretion by activation of G-

protein-coupled receptor 40 (GPR40) and phospholipase C to increase Ca  release and the associated Ca

influx through Ca  channels in primary cultured rat pancreatic islets  (Figure 2).

Figure 2. The underlying mechanisms of glucagon stimulation to glucose, amino acids, and fatty acids (↑increase).

(This graph is generated with www.biorender.de).
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