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Summary

Glucagon stimulates hepatic glucose production by activating specific glucagon receptors in the liver, which in turn 

increase hepatic glycogenolysis as well as gluconeogenesis and ureagenesis from amino acids. Conversely, glucagon 

secretion is regulated by concentrations of glucose and amino acids. Disruption of glucagon signaling in rodents results in 

grossly elevated circulating glucagon levels but no hypoglycemia. Here, we describe a patient carrying a homozygous G to 

A substitution in the invariant AG dinucleotide found in a 3′ mRNA splice junction of the glucagon receptor gene. Loss of 

the splice site acceptor consensus sequence results in the deletion of 70 nucleotides encoded by exon 9, which introduces 

a frame shift and an early termination signal in the receptor mRNA sequence. The mutated receptor neither bound 
125I-labeled glucagon nor induced cAMP production upon stimulation with up to 1 µM glucagon. Despite the mutation, 

the only obvious pathophysiological trait was hyperglucagonemia, hyperaminoacidemia and massive hyperplasia of the 

pancreatic α-cells assessed by histology. Our case supports the notion of a hepato–pancreatic feedback system, which upon 

disruption leads to hyperglucagonemia and α-cell hyperplasia, as well as elevated plasma amino acid levels. Together with 

the glucagon-induced hypoaminoacidemia in glucagonoma patients, our case supports recent suggestions that amino 

acids may provide the feedback link between the liver and the pancreatic α-cells.
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Learning points:

•	 Loss of function of the glucagon receptor may not necessarily lead to the dysregulation of glucose homeostasis.

•	 Loss of function of the glucagon receptor causes hyperaminoacidemia, hyperglucagonemia and α-cell hyperplasia 

and sometimes other pancreatic abnormalities.

•	 A hepato–pancreatic feedback regulation of the α-cells, possibly involving amino acids, may exist in humans.
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Background

We present a patient who, despite having many-fold 
(~100) elevated glucagon levels, showed no apparent 
manifestations of a gluco-regulatory defect, nor any 
symptoms of a glucagonoma syndrome. The patient’s 
glucagon was fully processed and biologically active, 
as verified by HPLC analysis and an in vitro glucagon 
bio-assay respectively, but sequence analysis of the 
glucagon receptor gene revealed a splice site mutation, 
resulting in a non-functional receptor. Normally, 
glucagon secretion is thought to account for about 2/3 
of hepatic glucose production in humans (1), but this 
patient, who was essentially a homozygous glucagon 
receptor gene knockout, nevertheless maintained 
normal glucose homeostasis.

Case presentation

A 51-year-old male (170 cm, 70 kg) presented with 
chronic epigastric pains that radiated through the 
back. A  computerized tomography (CT) scan showed 
an enlargement of the head of the pancreas, with a 
heterogeneous mass of 4 cm in diameter. A proximal 
pancreatoduodenectomy was performed with a presumed 
diagnosis of pancreatic cancer. However, no tumor was 
found in the resected portion of the pancreatic head 
(4.5 × 6 cm), but fibrosis was observed (Fig.  1A and B). 
Pancreatic histology revealed the presence of many enlarged 
islets and diffuse hyperplasia of α-cells (Fig. 1C, D and E).

Figure 1
Photomicrographs of tissue sections from a biopsy of the patient’s 
pancreas. (A and B) Tissue sections stained with eosin, revealing the 
presence of diffuse fibrosis. (C and D) Immunostaining for insulin (green) 
and glucagon (red). Glucagon staining cells in islets, exocrine tissue and 
ductal epithelium. The boxed areas have been enlarged in panels E and F 
as indicated. (E) Further magnification of endocrine and exocrine 
pancreatic tissue, showing extra-islet glucagon staining cells (red). 
(F) Further magnification of ductal epithelium lined with cells staining for 
glucagon. Pt, pancreatic tissue; is, islet; ex, exocrine tissue; fib, fibrotic 
tissue; dt, duct; de, ductal epithelium. The bars represent 6 mm in A, 
100 µm in B, C and D, 200 µm in E and 80 µm in F.

Table 1 Biochemical characteristics obtained by Arginine test, Glucose infusion test, Oral Glucose Tolerance Test and fasting 

levels of hormones.

Arginine test
Time (min) −15 0 15 30 60
Insulin (U/L) 8 9 11 8 9
C-peptide (nM) 0.3 0.3 0.4 0.4 0.3
Glucagon (pg/mL) >3200 >3200 >3200 >3200 >3200
Plasma glucose (mM)  4.7 4.5 3.8 4.2

Glucagon infusion test
Time (min) 0 5 10 15  
Insulin (U/L) 6 7 5 5  
C-peptide (nM) 0.2 0.1 0.1 0.1  
Plasma glucose (mM) 4.1 4.3 4.3 4.0  

Oral glucose tolerance test
Time (min) 0 30 90 30 120
Insulin (U/L) 8 35 43 18 12
C-peptide (nM) 0.4 1.7 2.8 1.4 0.8
Glucagon (pg/mL) >3200 >3200 >3200 >3200 >3200
Plasma glucose (mM) 4.8 7.5 7.4 5.8 4.4

Fasting levels of other hormones
Epinephrine (pg/mL) 22     
Norepinephrine (pg/mL) 80     
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Investigation

Six months after surgery, a physical examination indicated 
no abnormalities (including a CT scan) despite the 
presence of extremely high plasma glucagon levels. Total 
pancreatectomy was considered, but not performed because 
the patient showed no signs of a glucagonoma syndrome 
(2). Further investigations were performed: plasma glucose 
and glycated hemoglobin (HbA1c) levels were normal 
(4.6 mM and 4.6%/27 mmol/mol respectively), but plasma 
amino acid levels were increased, particularly those of 
alanine (978 µmol/L – normal range, 250–400 µmol/L). 
Fasting insulin, C-peptide and catecholamine levels 
were within the normal range (Table  1), but glucagon 
levels were highly elevated (>3200 pg/mL, normal range 
10–100 pg/mL). Blood glucose levels were unchanged 
in response to a 15-min glucagon infusion, and the 
patient responded normally to a 75 g oral glucose 
tolerance test (Table 1). Analysis of the patient’s plasma 
by high performance liquid chromatography (HPLC) 
and specific radioimmunoassays directed toward distinct 
immunogenic regions of the glucagon molecule (Fig. 2A, 
B and C) revealed a single component co-eluting with 
glucagon calibrators, indicating no defect in proglucagon 
processing (3). cAMP production by a baby hamster 

kidney (BHK) cell line expressing the cloned human 
glucagon receptor was 17-fold higher after stimulation 
with patient plasma than with plasma from healthy 
subjects (Fig. 2D). Comparing RNA extracted from a liver 
biopsy from the patient and a normal human liver biopsy 
revealed a defect in the glucagon receptor gene, with a 
difference of approximately 70 base pairs within exons 
7–10 (Fig. 3A). Subsequently, a sequence analysis (of PCR-
amplified genomic DNA) identified a substitution of the 
guanidine (G) residue by adenine (A) in the invariant AG 
dinucleotide of the acceptor splice site of intron 8 (Fig. 3B, 
C and D), resulting in the skipping of exon 9, which codes 
for part of the second extracellular loop and part of the 
fifth transmembrane domain. This deletion leads to a shift 
in the reading frame, resulting in missense translation of 
the sequence encoded by exons 10–13, and introduction 
of a stop codon after amino acid 327.

Examination of liver membrane preparations from 
the patient showed that this mutation resulted in loss 
of receptor signaling, with no binding of 125I-glucagon 
(Fig.  4A) or cAMP production in response to glucagon 
concentrations as high as 1 µM (Fig.  4B). In contrast, 
normal human liver membrane preparations specifically 
bound 125I-labeled glucagon and displayed glucagon-
stimulated cAMP production at concentrations as low 
as 1 pM, with 3-fold increases being observed at 1 µM. 
Finally, COS-7 cells were transiently transfected with 
cDNA of either the cloned human glucagon receptor or 
the mutated receptor. In short, the receptor binding and 
stimulation of cAMP production were comparable to 
those observed in control liver membranes or those from 
the patient respectively (Fig. 4C and D).

Treatment

The only prescribed medication was pancreatic enzymes.

Outcome and follow-up

The patient was followed up for about 4 years after surgery, 
but then the contact was lost.

Discussion

We describe a patient carrying a G-to-A substitution at 
position −1 in the acceptor splice site of intron 8 in the 
glucagon receptor gene, which resulted in the loss of 
exon 9 and a complete loss of function of the glucagon 
receptor. In agreement with these observed structural 
disarrangements, studies with the patient’s liver cell 

Figure 2
Post-translational processing of proglucagon. HPLC profiles of the 
patient’s plasma; asterisks indicate the glucagon calibration point.  
(A, B and C) Immunoreactive glucagon in the HPLC fractions was 
measured by radioimmunoassays using a ‘side-viewing’ antibody,  
which recognizes all peptides containing the glucagon sequence as 
well as antibodies directed against the mature, fully processed 
terminals of glucagon (C-terminal and N-terminal). (D) Accumulation 
of cAMP in baby hamster kidney (BHK) cells expressing cloned human 
glucagon receptors. Cells were stimulated with normal human plasma, 
patient plasma or charcoal-extracted normal human plasma 
supplemented with 1 nM glucagon. Shown are means and standard 
deviations of quadruple determinations.
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membranes and with cells transfected with the mutated 
receptor confirmed that this mutation results in a receptor 
that is unable to bind glucagon or signal in response to 
glucagon in terms of cAMP accumulation. It is of special 
interest that the primary observable clinical consequence 
of this lack of functional glucagon receptor expression 
was the dramatic α-cell hyperplasia (presenting as an 
abdominal swelling). Our HPLC studies indicate that 
the α-cell hyperplasia resulted in hypersecretion of not 
only the normal pancreatic products of proglucagon, as 
evidenced by the high concentrations of both glucagon 
and GLP-1 (1–36 amide), but also a large increase in the 
concentrations of fully processed bioactive GLP-1 7–36 
amide (320 pmol/L) and GLP-2 (113 pmol/L) (data not 
shown), which are normally produced in the L-cells 
located in the gut. The mechanism behind this increased 
intestinal expression of proglucagon products remains to 

be determined, but would suggest expression of intestinal-
type prohormone convertases in the hyperplastic tissue. 
Cases of glucagon receptor mutations have previously 
been reported (4, 5) (also termed the Mahvash disease), 
but without the characterization of secreted glucagon-like 
peptides and plasma amino acids. Our case is unique in 
that dysplastic islets or neuroendocrine tumors, found in 
other cases, are not seen in our patient; rather, fibrosis 
was found.

The α-cell hyperplasia of our patient was associated 
with the loss of glucagon signaling. A similar hyperplasia 
is observed in mice with genetic deletion of the glucagon 
receptor gene (6), and recent clinical studies with potent 
glucagon receptor antagonists also show pronounced 
dose-dependent hyperglucagonemia (7). The signal 
leading to α-cell hyperplasia has remained enigmatic, 
but mouse genetic studies suggested that the hyperplasia 

Figure 3
Glucagon receptor gene transcripts in patient and normal liver. (A) Multiplex PCR analysis of cDNA from the patient and from normal human liver using 
a primer set, which leads to amplification of a 343 bp fragment including sequences encoded within exons 7–10. (B) Sequence analysis of cloned 
glucagon receptor cDNA from the patient and from normal human liver verifying the deletion of exon 9. Sequence analysis of the intron 8/exon 9 splice 
junction. (C) Autoradiogram comparing the sequence of the non-coding strand across the splice junction of exon 9 in cloned glucagon receptor genomic 
DNA from the patient with the corresponding sequence obtained from cloned wild-type human glucagon receptor genomic DNA. (D) Schematic 
diagram of the human glucagon receptor gene structure showing the position of the invariant AG dinucleotide in intron 8 and the G → A substitution.
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is due to a liver-derived factor (8). A possible feedback 
regulation of α-cells by amino acids was recently 
reported by Solloway  et  al. who also demonstrated that 
hyperaminoacidemia causes α-cell hyperplasia (9). 
Interestingly, our patient also had hyperaminoacidemia, 
particularly pronounced for glucogenic amino acids. 
Thus, a feedback circuit between the liver and the α-cells 
with glucagon and amino acids as signals seems to exist: 
glucagon profoundly influences amino acid turnover 
in the liver resulting in severe hypoaminoacidemia in 
glucagonoma patients (3), whereas a lack of glucagon 
signaling causes rising amino acid levels, which 
increase glucagon secretion and eventually lead to α-cell 
hyperplasia.

In conclusion, we identified a patient with non-
functional glucagon receptors due to a point mutation in 
the glucagon receptor gene resulting in an mRNA splicing 
defect. Massive hyperplasia of glucagon-producing 
pancreatic α-cells as well as hyperglucagonemia developed 

as a result of the absence of functional glucagon 
receptors. This finding suggests that very potent growth/
differentiation signals (potentially amino acids) can be 
activated in response to the lack of glucagon signaling 
and suggest that glucagon secretion constitutes one of 
the links in a feedback circuitry between the liver and the 
pancreas.
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