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Glucagon 100 years. Important, but still enigmatic 

Jens Juul Holst 
NovoNordisk Foundation Center for Basic Metabolic Research and Department of Biomedical Sciences, Faculty of Health Sciences, University of Copenhagen, Denmark  

A B S T R A C T   

Glucagon was discovered in 1923 as a contaminant of early insulin preparations, and its hormonal status was not established until its structure was established in the 
1950 s and when the first radioimmunoassay was developed by Roger Unger, providing information about its secretion. Its role in hepatic glucose production was 
soon established and it was proposed as an essential factor in diabetic hyperglycemia. However, even today a number of issues remain unsolved. For instance, the 
assays for glucagon are not straightforward, although the development of sandwich ELISAs allowed reasonably accurate measurements also in rodents. The tools for 
evaluation of glucagon physiology include pancreatectomy, but studies in both humans and experimental animals pointed towards extrapancreatic sources of 
glucagon. It was demonstrated that glucagon receptor knockout animals do not develop diabetes upon destruction of their beta cells with streptozotocin. However, in 
patients with type 1 diabetes, glucagon antagonists do not normalize glucose levels; but antagonists do lower glucose levels in patients with in type 2 diabetes. Recent 
studies in animals and humans have confirmed the essential role of glucagon in glucose metabolism, but have suggested that it may be at least equally important for 
amino acid and lipid metabolism. In spite of the 100 years, glucagon research is very much alive.   

1. The early days and the development of the 
radioimmunoassays for glucagon 

In the early 1920 s, when the first insulin preparations had been 
made, it was observed by several groups that injection of the extracts in 
experimental animals was frequently followed by a rapid but short- 
lasting rise in blood glucose concentrations which preceeded the ex-
pected lowering caused by the insulin. In 1923, in a series of attempts to 
purify insulin further, Kimball and Murlin managed to separate from 
insulin a hyperglycemic substance which they named glucagon (from 
GLUCose-AGONist) [1]. For long, however, the hormonal status of 
glucagon was not accepted; it was considered a toxic contaminant, and it 
didn’t help that a similar substance could [2] also be extracted from the 
gastric mucosa [3]. The turning point was in the 1950 s when Bromer, 
Sinn, Staub & Behrens from Eli Lilly were able to finally crystallize and 
sequence the hyperglycemic factor, which turned out to be a peptide of 
29 amino acids [4]. The purification meant that physiological experi-
ments could now be conducted with a pure peptide, and eventually 
Wünsch and colleagues managed to synthesize the peptide. It soon 
became apparent that glucagon acts on the liver to produce glucose, and 
the availability of glucagon helped Earl Sutherland (Nobel prize 1971) 
to identify the biological activity of cyclic AMP ([5], and glucagon’s 
interaction with its receptor was fundamental to Martin Rodbell’s dis-
covery of the G-proteins in 1970 (Nobel Prize 1994). Although Piero Foa 
contributed with elegant cross-circulation studies in dogs [6], detailed 
physiological studies would necessitate a method for quantification of 
glucagon in biological fluids, and in 1959 Roger Unger managed to 

establish a radioimmunoassay for glucagon [7], using a technology that 
had just been developed for insulin by Solomon Berson and Rosalyn 
Yalow (Nobel prizes in 1977). With the new technique, it was possible to 
couple the plasma concentrations of glucagon with its potential actions 
in the various tissues and to study the regulation of its secretion. Indeed, 
in Unger’s laboratory, the fundamental observations regarding the 
physiology of glucagon were made, including the effects of glucose and 
amino acids on glucagon secretion, and they also mapped glucagon 
secretion in response to meal ingestion and identified the hyper-
glucagonemia of type 2 diabetes [8]. Mladen Vranic in Toronto 
contributed with studies of glucagon’s effects using tracer methods[9], 
Alan Cherrington at Vanderbilt (who is still active) performed elegant 
studies of hepatic glucose balance in multi-catheterized conscious dogs 
[10], and Ellis Samols and Vincent Marks demonstrated stimulation of 
insulin secretion by glucagon [11]. In 1983, the Belgian diabetologist, 
Pierre Lefebvre, collected the entire literature on glucagon in two vol-
umes of the Handbook of Experimental Pharmacology (vol 66/I & II), 
which still provide an extremely helpful background source for present 
day investigators of glucagon physiology and pathophysiology. In a re-
view of the book in the journal Nature, it was remarked that “it is un-
believable that so much can be written about so little”. 

2. Glucagon assays 

However, the gastrointestinal source of “glucagon” noted by 
Sutherland and deDuve [3] still presented a problem, since its nature 
and relationship to the pancreatic glucagon was unknown. Around 1975 
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the Unger lab managed to harvest a particularly suitable antiserum from 
the famous rabbit “30 K”, which improved the sensitivity of the glucagon 
radioimmunoassay and importantly did not cross-react with the 
gastrointestinal glucagon (which apparently was not “real” glucagon 
after all) [12]. This antiserum was used in numerous investigations and 
was also put at the disposal for other laboratories for a certain 
compensation. The revenue from these sales kept the Unger lab alive 
financially for many years. 

Today, we know why the 30 K antiserum was so particularly useful. 
The cloning of the glucagon gene and the deduced structure of the 
glucagon precursor, proglucagon, clearly exposes the specificity prob-
lems involved in the analysis of glucagon by immunological methods. In 
the pancreas, glucagon is produced by cleavage of proglucagon, a pep-
tide of 160 amino acids, in which glucagon occupies positions no 33–61, 
catalyzed by the processing enzyme, PC 2 [14] (see Fig. 1). However, the 
proglucagon gene is also expressed in endocrine cells of the gut and, in 
some species, also in the stomach (and in a few cells of the brain stem). 
In the gut, proglucagon is cleaved mainly by the enzyme PC1/3, and 
here the products are glicentin and the glucagon like peptides 1 & 2. 
Glicentin, occupying positions 1–69 in proglucagon, may be cleaved 
further to oxyntomodulin, corresponding to peptides no. 33–69. Thus, 
both glicentin and oxyntomodulin contain the entire glucagon sequence, 
and this explains that antisera raised against glucagon, which most often 
are directed against a mid region of the molecule, will also “see” the two 
gut peptides. Such antisera will be designated as cross-reacting or un-
specific antisera, and this is important, because the secretion and actions 
of these gut-derived peptides are almost the opposite of those of 
glucagon. The use of such antisera will therefore give rise to major errors 
in the measurement [15]. Inspection of the processing scheme will 
reveal that antibodies directed against the N-terminus of the glucagon 
molecule invariably cross-react with oxyntomodulin (because of their 
identical N-terminal sequences), and antibodies against the C-terminus 
will also react with proglucagon 1–61, which may be formed in and 
secreted from the pancreas. Normally, the quantity of PG 1–61 is small, 
but for unknown reasons, this moiety accumulates in renal insufficiency, 
which must be taken into consideration when looking for glucagon in 
patients with renal problems [16]. Nevertheless, avoiding such patients, 
the best solution for a glucagon radioimmunoassay would be the use of 
C-terminal antibodies for the measurements, thereby completely 
avoiding the gut products, and 30 K was precisely a C-terminal anti-
serum, which therefore could be considered “specific”. An antiserum 
from the authors’s laboratory, code no. 4305 (also raised in the 70 s), 
also used in numerous studies, has similar characteristics [17]. If mea-
surements are made with both a cross-reacting antiserum and a specific 
antiserum, one can obtain the concentrations of “gut glucagon” or 

“enteroglucagon” by subtraction of the results of the specific from the 
unspecific assay. One problem with the radioimmunoassays is that they 
are often sensitive to non-specific factors, like pH, protein concentra-
tions and interference with plasma constituents. This was for instance 
true for the 30 K assay which typically shows a basal unspecific inter-
ference by about 50–60 pg/mL (15–20 pmol/L) [18]. This would also 
affect the sensitivity of the assays. A solution was to somehow pretreat 
plasma samples before assay, for instance using ethanol extraction [17]. 
Another problem with the radioimmunoassays is that they usually 
require large sample volumes for sufficient sensitivity, which is a key 
issue in assays for glucagon, the fasting concentrations of which are in 
the low picomolar range. This, in fact, precludes their use for mea-
surements in small rodents especially mice. Again, looking at the pro-
cessing scheme, it is evident that a combination of a C-terminal and an 
N-terminal antibody would be the solution for creating a highly specific 
sandwich ELISA, and indeed such assays have now been developed (it 
was difficult to find two antibodies that would work together, probably 
because of the small size of the peptide). This allowed, for the first time, 
reliable measurements of glucagon concentrations in mice [13] and 
revealed the extremely rapid dynamics of secretion in this species. With 
a new 10 µL ELISA, it was possible to measure glucagon levels in serially 
drawn samples during iv administration of 1) glucose to study sup-
pression and 2) arginine to study stimulation of secretion (see Fig. 2). 
Remarkably, glucagon secretion was suppressed almost immediately 
after glucose (within the first minute!), and secretion was up after 1 min 
and maximal at 2 min after arginine, but reached basal levels again 
already at 6 min [13]. Concentrations were generally similar to those 
observed in people, with fasting levels around 10 pmol/L, suppression to 
1–2 pmol/L by glucose, and peak values around 60 pmol/L after argi-
nine. This new insight tells us that results obtained previously in rodents 
with earlier assays may not be accurate. In human samples, the results 
with traditional C-terminal radioimmunassays generally concur with 
those measured with the new ELISAs, but the latter allow accurate 
measurements also in patients with renal dysfunction [17]. Detailed 
discussions of the problems arising from the differential processing of 
the N-terminal part of proglucagon have been provided by Holst in 1983 
[19] and more recently by Conlon in 2021, who also covers the contri-
butions by Keith Buchanan [20]. Accurate measurement of glucagon can 
be achieved using mass spectrometry, but measurements in plasma en-
tails sample pretreatment with inherent losses impairing sensitivity 
[21–23], and current technologies do not seem suitable for routine 
measurements. The stability of glucagon in plasma has been considered 
a problem, but recent studies suggest that neither addition of DPP-4 
inhibitors nor enzyme inhibitors like aprotinin are required [23,24]. 
Most recently, neprilysin has been demonstrated to be responsible for 

Fig. 1. Processing of proglucagon and binding sites for various antibodies. From [13].  
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significant degradation of glucagon in the circulation [25]. 

3. Glucagon physiology 

So what have we learned about glucagon physiology? One way of 
approaching this could be to look at diurnal plasma concentrations of 
glucagon. A diurnal profile was once recorded in the Holst lab (Fig. 3). 
Rather disappointingly, there was no significant variation at all 
throughout the day[26]. Does this mean that glucagon is normally a 
redundant hormone playing a very limited role in normal metabolism? 

However, the Unger lab soon realized that glucagon responses to 
meal intake would depend on the meal composition, with carbohydrate- 
rich meals typically inhibiting glucagon secretion, while a stimulation 
might be observed with increasing protein content of the meal [8]. The 
role of lipids remains undefined. Unfortunately, the concept has been 
spreading (also to textbooks) that meal ingestion normally is accompa-
nied by inhibition of glucagon secretion. Today, it is well established 
that many mixed meals with average protein contents will stimulate 
glucagon secretion. Coming back to the fasting concentration, several 
experimental approaches have revealed that this glucagon concentra-
tion, around 10 pmol/L (which corresponds to a 2–3 fold higher con-
centration in the portal vein because of the dilution of the splanchnic 
into the systemic circulation), is essential for hepatic glucose production 
in the fasting and interdigestive phases [27]. This was clearly 

demonstrated in experiments with complete immunoneutralization of 
glucagon in conscious rabbits [28], where glucagon could be demon-
strated to be responsible for a major part of the glucose production, and 
glucagon receptor antagonists (see below) in humans also revealed a 
significant contribution by glucagon to the maintenance of normal 
fasting glucose levels [29]. These findings led to the general belief that 
lack of glucagon would lead to hypoglycemia. However, direct studies 
do not confirm this. For instance, glucagon receptor antagonists given to 
people only lower plasma glucose by 1–2 mmol/L [29]; rats fasted for 10 
and 48 h did not develop hypoglycemia after glucagon immunoneu-
tralization [30], and mice with deletion of the GCGR also have only 
slightly lower diurnal plasma glucose levels, and do not develop hypo-
glycemia [31]. The explanation probably is that hepatic gluconeogen-
esis, whereby glucose levels are maintained during extended fasting 
depends on the substrate (amino acids and glycerol) provision, which is 
regulated by the glucocorticoids and the HPA axis [32]. Conversely, it 
can be asked whether hypersecretion of glucagon as observed in in-
dividuals with glucagon producing tumors will cause diabetes? This also 
turns out not to be the case. Generally, patients with 
glucagon-producing tumors (glucagonomas) do not have diabetes unless 
the tumor has destroyed enough pancreatic tissues to caue 
insulin-deficiency [33]. Nevertheless, it is a fact, originally observed in 
the Unger lab [34] and confirmed with the newer assays, that type 2 
diabetes is associated with hyperglucagonemia [35]. In 1975, this led 

Fig. 2. Glucagon dynamics in anaestetized 
mice (isoflurane) given either mannitol, glucose 
or arginine i.v. A shows the glucose excursions; 
B, the plasma glucagon concentrations; C, rep-
resetns the glucagon curve from B with 
expanded ordinate scale. The mice in panel D 
were anaesthetized with ketamine/xylazine 
(note the difference to B and C). E shows a gel 
filtration profile of glucagon in pooled plasma 
samples from 20 mice. Red line is ELISA, black 
line a C-terminal radioimmunoassay. Broken 
lines are elution profiles for albumin and 22Na 
(calibrators). F, shows insulin concentrations 
from the same experiments. From [13].   
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Roger Unger and the morphologist Lelio Orci to formulate the bihor-
monal hypothesis for diabetes, that there can be no hyperglycemia 
without glucagon [36]. In Steve Bloom’s laboratory, they asked the 
appropriate question: what about people with pancreatectomy? Do they 
not develop diabetes? [37]. 

4. Extrapancreatic glucagon 

Two important questions emerged from this discussion: 1) Is it true 
that the hyperglycemia of for instance type 1 diabetes depends on 
glucagon (rather than on lack of insulin)? and 2) Could the hypergly-
cemia in patients with total pancreatectomy be due to glucagon pro-
duced outside the pancreas, as discussed above. The Bloom lab argued 
that glucagon levels were undetectable in pancreatectomized in-
dividuals [38], same argument as provided by the Unger lab previously 
in defense of one of their previous antibodies [8]. However, it turned out 
that the Bloom lab had removed any nasty plasma interference in their 
assay by including, in the assay buffer, plasma presumably devoid of 
glucagon because it was derived from pancreatectomized individuals. 
This was the start of a continued endeavor to find out if humans have 
extrapancreatic glucagon. The typical C-terminal radioimmunoassays 
clearly identify something glucagon-like in plasma from the pancrea-
tectomized individuals [39], but what about the new sandwich ELISAs 
with optimal specificity? A clear increase in circulating glucagon was 
measured in 2015 using the 25 μL Mercodia glucagon assay for human 
use, and this was supported by analysis with mass spectrometry [40]. 
However, in a study in humans after gastrectomy involving a surgical 
reconstruction similar to that used after pancreatectomy (and gastric 
bypass), reassessment of glucagon measurements using 
liquid-chromatography mass-spectrometry showed a decrease rather 
than an increase, and cross-reaction with glicentin and oxyntomodulin 
was suspected [41]. So was it possible that the sandwich ELISA did 
indeed crossreact with the glucagon-containing molecular species 
secreted in large amounts from the gut in these patients, similar to what 
was observed in patients undergoing gastric bypass operations with a 
similar surgical reconstruction? Recall that the specificity of the sand-
wich ELISA depends on whether the two antibodies employed are truly 
“terminal wrapping” (as we call it) and only bind if they recognize the 

free and unmodified terminal sequences of the glucagon molecule. This 
requirement is not always fulfilled. The company realized that it had a 
problem when using the assay in patients with greatly accelerated in-
testinal nutrient entry and very high GLP-1/ glicentin and oxy-
ntomodulin levels, and introduced a new assay protocol with improved 
performance [42]. Indeed, the new assay identified suppression of 
glucagon levels after the operations as expected [43]. Otherwise the new 
protocol seemed to give results similar to those obtained with the “old “ 
assay, although sometimes slightly smaller responses to e.g. protein-rich 
meals may be observed [44], i.e. there is a small risk that actual levels 
may be underestimated. Mass spectrometry has proven to be of rela-
tively little help in these studies because of the preanalytical sample 
preparation steps involved (with inherent and probably variable losses) 
and the borderline sensitivity of the methods. So what is the truth? Most 
likely there is some glucagon produced outside the pancreas (certainly 
this is the case in other species including cats, dogs [45–47], and maybe 
rats and mice); the evidence for a human production is also so detailed 
and comprehensive that it is more likely than not that there is a pro-
duction outside the pancreas. Whether it matters or not and can explain 
the hyperglycemia of pancreatectomy in humans is another question. 
Indeed, administration of glucagon antagonists to the pancreatecto-
mized patients had no effect on fasting glucose levels suggesting that its 
importance is limited (see article by Filip Knop). 

5. Is glucagon essential for diabetic hyperglycemia? 

Back to question no 2: Is it true that the hyperglycemia of for instance 
type 1 diabetes depends on glucagon? In now classical experiments 
performed by several groups using pancreatic clamping with somato-
statin (which inhibits everything, including the hormone production of 
the pancreatic islets) it could be shown that suppression of glucagon 
secretion (with somatostatin) would importantly delay hyperglycemia 
and ketonemia when insulin was discontinued [48]. A dramatic support 
for the bihormonal hypothesis came up in 2012 when Young Lee in 
Unger’s laboratory demonstrated that beta cell destruction with strep-
tozotocin, which invariably causes severe hyperglycemia in control 
animals, did not result in hyperglycemia at all in glucagon receptor 
knock out mice [49]. Several other groups reproduced their findings, but 

Fig. 3. Diurnal variation in plasma glucagon concentrations as measured with a C-terminal radioimmunoassay. a represents a group of healthy, lean individuals. b 
represents a group of morbidly obese subjects, and the shaded area represents the results from a. Total ranges are shown (corresponding to 95% confidence limits), i. 
e. no significant differences between obese and non-obese controls. c represents blood glucose levels from the experiments in b. Arrows represent meals. From [26]. 
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doubt was also raised as to the completeness of insulin removal with 
streptozotocin, and further experiments performed in Geneva showed 
that streptozotocin + insulin antagonism would still produce type 1 
hyperglycemia in the GCGR knock out animals [50]. This supported the 
view that complete lack of insulin would still cause hyperglycemia even 
in the absence of glucagon, in agreement with the generally accepted 
importance of insulin for glucose regulation. On the other hand, one also 
had to conclude that glucagon is essential for the hyperglycemia of type 
1 models with incomplete but still massive loss of insulin secretion [51]. 
Indeed, in experiments in mice treated with a combination of insulin and 
glucagon antagonists, the hyperglycemia, which normally results from 
insulin antagonist (S961) administration, disappeared completely with a 
glucagon antagonist [52]. 

But what about people? Indeed, attempts have been made to inves-
tigate glucagon antagonism in type one diabetes. Recent studies with an 
monoclonal antibody towards the glucagon receptor did in fact show 
significant effect on daily glucose levels [53], but they were very small, 
only around 0.5 mmol/L, translating to a lowering of hemoglobin A1c 
by about 0.6% after 12 weeks of treatment. Therefore, so far, we must 
conclude that there are important differences between mice and 
humans, and many more studies are needed to understand the nature of 
these differences. 

6. Glucagon antagonists 

Perhaps the most powerful tool in endocrine physiology is the use of 
hormone receptor antagonists, which allows the investigator to acutely 
eliminate the effects of the hormone, thereby revealing its (now missing) 
effects. The history of the antagonist of the glucagon receptor is long, 
and attempts to produce god antagonists have been going on since the 
1970 s [54]. However, all of the peptide-based antagonists turned out to 
be - at best - partial agonists and were therefore of little use [55]. 
However, with the growing understanding of glucagon’s role in the 
hyperglycemia of diabetes, it became of increasing interest for the 
pharmaceutical industry to develop effective small molecule antago-
nists. One of the best was probably MK0893 from MSD, which went 
through a careful clinical investigational program [56]. This antagonist 
was demonstrated to effectively block glycemic responses to glucagon, 
to lower insulin levels (which is interesting because it supports a direct 
role of glucagon in the regulation of insulin secretion) and, in patients 
with T2DM, to lower fasting levels of glucose and decrease HbA1c levels 
by 1.5% in 12 weeks. However, the clinical studies also revealed that 
there was a delayed response to insulin-induced hypoglycemia; a 
severely increased secretion of glucagon, increased levels of LDL 
cholesterol; increases levels of hepatic transaminases, and increases in 
body weight [57]. For these reasons the development of MK0893 was 
discontinued. Several other companies also engaged in development 
programs, thinking that some of these side effects could be drug specific 
off-target effects. LY 2409021 was developed by Eli Lilly and was 
demonstrated to lower fasting glucose levels in healthy individuals by 
around 1 mmol/L (similar to the immunoneutralization and receptor 
knockout experiments mentioned above) and by up to 1.7 mmol/L in 
patients with T2DM [29]. However, this antagonist was later demon-
strated to cause elevations of plasma glucagon up to 300 pmol/L, which 
is otherwise only observed in patients with glucagon producing tumors, 
but corresponds to what is observed in patients with inactivating mu-
tations of the glucagon receptor and in receptor knock out mice and 
probably is due to massive alpha cell hyperplasia. In addition, treatment 
for 6 months was associated with an increase in hepatic fat fraction by 
almost 4% as well as increases in hepatic transaminases [58]. Therefore, 
this compound was also terminated. Physiologically, it was of interest 
that postprandial glucose responses were not affected by this antagonists 
at all [29], and in healthy subjects an increase was sometimes observed 
[59]. Would this mean that glucagon had no influence on meal-induced 
glucose excursions? By closer scrutiny it was observed that at the high 
concentrations observed in plasma in humans after dosing, the 

antagonist actually interfered significantly with both the GLP-1 and the 
GIP receptors (undoubtedly because of their similarity to the GCGR). 
Thus, while antagonizing the glucagon receptor, the compound would 
also to some extent block the GIP and GLP-1 receptors thereby pre-
venting the incretin actions of the hormones. Presumably the inhibition 
of the glucagon effect was outweighed by the inhibition of the incretin 
effects of GIP and GLP-1. The somewhat disappointing effect of a 
glucagon receptor antagonizing monoclonal antibody in type 1 diabetes 
[53] was mentioned above. 

7. Concluding remarks 

One important lesson was learnt with the glucagon receptor antag-
onists: glucagon clearly plays a hitherto underappreciated role in lipid 
metabolism. As mentioned above, the antagonists also cause serious 
glucagon hypersecretion and alpha cell hyperplasia, presumably due to 
interference with amino acid metabolism. Thus the physiological ex-
periments from the last several years have taught us that glucagon is an 
extremely important metabolic regulator, involved in three major feed- 
back cycles connecting the alpha cells and the liver and regulating not 
only glucose but also amino acid and lipid metabolism. Thus, we have 
learned to appreciate its importance as a hormone, but in many ways it 
remains as enigmati c[60] as ever. 

Data Availability 

No data was used for the research described in the article. 
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