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Glucagon has often been at the centre of controver- 
sies. Discovered shortly after insulin [1], it has been 
neglected for many years by the vast majority of phy- 
siologists and clinicians with a few remarkable excep- 
tions [2-6]. Its radioimmunoassay, described by 
Unger and his co-workers [7] shortly after the one 
reported by Yalow and Berson [8] for insulin, has 
been the major landmark in glucagon history. It has 
permitted the establishment of the basic principles of 
the physiology of the hormone [9]. In the following 
years, controversies abounded. Among them, let us 
recall that there has been a time when published val- 
ues for plasma glucagon levels in man ranged from 
100 to 8000 pg/ml. Factors involved included cross- 
reaction of some of the antisera used for the assay 
with material(s) originating from the gut (entero- 
glucagon or gut glucagon-like immunoreactivity) and 
incubation damage to the tracer leading to artefactu- 
ally high readings of the unlabelled hormone. The 
paper by Sokal and Ezdinli in 1967 [10] reporting 
that, using a rat liver bioassay, plasma glucagon levels 
of a fasting normal man should be about 100 pg/ml 
helped much in clarifying an obscure situation. 
Another major controversy was raised by the obser- 
vation by Samols et al. [11] that glucagon was a 
potent stimulator of insulin secretion, a finding in 
contrast with the views of that time on the physiologi- 
cal role of glucagon. This led to the interesting situa- 
tion of having two chapters in the same monograph 
depicting virtually irreconcilable views on the phy- 
siology of the hormone [12, 13]. 

In 1979, the controversy on the role of glucagon 
in diabetes, raised by a paper published in 1975 by 
Unger and Orci [14], has stimulated numerous 
studies and fed (or even overfed) the columns of 

1 Maitre de Recherches of the F. N. R. S. of Belgium 

world-wide weekly medical periodicals with letters- 
to-the-Editor where facts, hypotheses and sometimes 
passionate interpretations were offered to the 
readers. 

Having been involved for many years in glucagon 
research but having been dealing only partially with 
the role of glucagon in diabetes mellitus, we have 
attempted to give a cool look at this critically impor- 
tant question. A first difficulty lies in the fact that 
even definitions of glucagon and of diabetes are not 
easy to provide. 

What is Glucagon? What is Diabetes? 

The answer to the first question depends upon the 
responder. For the chemist, glucagon is a 29 amino- 
acid polypeptide with a molecular weight of 3485; its 
amino-acid sequence is known and subject to species 
variations. Recent X-ray analyses by the group of 
Blundell [15] have shown that the structure of gluca- 
gon in the crystals is largely helical with molecules 
associated in a complex arrangement of trimers, and 
have also provided evidence in favor of the existence 
of such helical trimers in the a-granules of the islets 
of Langerhans and the formation of a helical con- 
former at the level of the glucagon receptor. In con- 
trast with these precise chemical or physicochemical 
data, glucagon for the physiologist (or the clinician, 
some are b o t h . . . )  is still a poorly characterized con- 
cept. It is accepted that glucagon is a circulating poly- 
peptide hormone originating mainly but not exclu- 
sively from the A-cells of the islets of Langerhans; it 
is detected in plasma and tissues by radioimmunoas- 
say: thus the term "immunoreactive glucagon" or 
IRG should be used. When a plasma or tissue extract 
is run on an appropriate chromatography column and 
then assayed using a so-called "specific" antiserum 
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(such as the widely used antiserum 30K available 
from Dr. R.H. Unger, Dallas), 3 to 4 fractions of 
different molecular weight are found; beside IRG 3~~176 
which is probably related to what the chemist calls 
glucagon, a fraction of about 2000 daltons probably 
represents a degradation product, a fraction of about 
9000 daltons might be a glucagon precursor and a 
fraction of about 200,000 daltons probably repre- 
sents what Weir et al. [16] have called the "interfer- 
ence factor" or what Valverde et al. [17] have called 
"big plasma glucagon" or BPG. The physiological 
significance of this last compound is completely 
unknown. Glucagon originates essentially from the A 
cells of the islets of Langerhans of the pancreas. It 
has recently been shown that identical cells are pre- 
sent in the gastrointestinal tract, and indeed, a mate- 
rial which, according to all criteria, is identical to 
pancreatic glucagon has been extracted from the 
digestive tract of some animal species [18-20]. This 
"glucagon" is particularly abundant in the dog gastric 
fundus [19, 20] and, in the pig, is present not only in 
the gastric cardia but also in the duodenum, small 
intestine and colon [21, 22]. The existence of such 
extrapancreatic "true glucagon" in man is still a mat- 
ter of controversy (see below). Finally, a glucagon 
related peptide has also been found in the salivary 
glands of some species, mainly rodents [23]. 

To the question "What is diabetes?" asked by a 
Professor to one of his students, the latter answered 
"Sir, I did know, but I have forgotten!" The Profes- 
sor then replied "It is a great shame since now 
nobody knows the answer". At the time of this 
Editorial and for operational purposes, we will con- 
sider diabetes as a frequent metabolic disorder exist- 
ing in man and in many animal species, and charac- 
terized by hyperglycaemia, associated, in the more 
severe cases, by accelerated lipolysis and excessive 
ketogenesis. 

What Properties of Glucagon Make it a Candidate 
for Being Involved in the Pathogenesis 
of the Metabolic Disturbances of Diabetes MeHitus? 

Studies on isolated tissues and organs have shown 
that glucagon has the property of increasing mobili- 
zation of glucose, free fatty acids (FFA) and ketone 
bodies, metabolites which are found in excessive con- 
centrations in the blood of diabetic patients. 

Glucagon has no direct effect on peripheral glu- 
cose utilization [24]. It mobilizes glucose from the 
liver by three mechanisms: inhibition of glycogen 
synthesis, stimulation of glycogenolysis and enhance- 
ment of gluconeogenesis (see review in [25]). These 
effects on liver glucose output are effectively 

antagonized by insulin (review in [26]); and the effect 
is observed with concentrations of glucagon well 
within the physiological range (review in [26]). The 
lipolytic properties of glucagon are easy to demon- 
strate on isolated adipose tissue or fat cells from sev- 
eral animal species, mainly rodents; on human adi- 
pose tissue, particular experimental conditions are 
needed to observe glucagon-induced lipolysis; in all 
systems, insulin acts as a potent antagonist of gluca- 
gon-induced lipolysis (see reviews in [27, 28]). The 
enhancement of hepatic ketogenesis by glucagon is 
now a well accepted phenomenon; it is facilitated by 
a high amount of FFA, the substrate for ketogenesis, 
reaching the liver. As suggested by Mc Garry and his 
co-workers [29], fatty acid oxidation and ketogenesis 
are inhibited by malonyl CoA. In the presence of 
high concentrations of glucagon (and low concentra- 
tions of insulin), fatty acid synthesis in depressed, 
malonyl CoA levels are reduced, and, as a conse- 
quence, the carnitine acyltransferase system is acti- 
vated, and fatty acid oxidation and ketogenesis are 
accelerated. Thus in isolated systems, glucagon 
induces metabolic changes similar to those observed 
in diabetes. 

Experiments based on infusions of glucagon in 
normal animals or man do not help much in our 
understanding of the diabetogenic properties of 
glucagon: such infusions simultaneously release insu- 
lin, which, as we have seen, effectively antagonizes 
the effects of glucagon on liver glucose output, adi- 
pose tissue lipolysis and liver ketogenesis. 

Critical experiments have been performed by 
infusing glucagon in animals or humans whose insulin 
secretion was inhibited by a simultaneous infusion of 
somatostatin or in insulin-deprived diabetic humans 
or animals. 

Let us take, among many others, some examples: 
1. In normal conscious dogs, infusion of somato- 

statin inhibited both insulin and glucagon secretion; 
an intraportal replacement infusion of glucagon 
stimulated both hepatic gluconeogenesis and hepatic 
glycogenolysis, the latter effect, however, being tran- 
sient [30]. 

2. In somatostatin-infused, juvenile-onset, insu- 
lin-deficient diabetic subjects, intravenous infusion 
of small amounts of glucagon (1 ng/kg/min) resulted 
in circulating hormone levels of approximately 
200pg/ml; this caused a significant rise in plasma 
glucose, glycerol, FFA and 3-hydroxy-butyrate, all 
changes which were reversed by the simultaneous 
infusion of insulin [31]. 

3. Glucagon (1 mg, subcutaneously) induced in 
diabetic patients a marked rise in blood glucose 
accompanied by a biphasic response of both 
acetoacetate and 3-hydroxybutyrate [32]. 
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4. In juvenile-onset, insulin-deprived diabetic 
subjects, demonstrated to have no residual B-cell 
function, graded intravenous glucagon infusions 
resulted in a dose-related increase in blood glucose 
[33]. 

Thus various lines of evidence indicate that exo- 
genous glucagon administration in insulin-deficient 
subjects aggravates the metabolic abnormalities of 
diabetes. 

Are Plasma Glucagon Levels Elevated in Diabetes? 

Plasma glucagon levels are usually markedly elevated 
in ketoacidosis [34, 35], hyperosmolar non-ketotic 
coma [36] and poorly controlled diabetes mellitus 
(review in [37]). In mild or moderate diabetes, 
plasma glucagon levels may be normal or moderately 
elevated (review in [37]); these values, however, are 
usually higher than the ones found in normal subjects 
made similarly hyperglycaemic ("relative hyper- 
glucagonaemia"). Other abnormalities include: 
reduced inhibition of plasma glucagon levels by oral 
or intravenous glucose and even, sometimes, a para- 
doxical plasma glucagon rise after oral glucose; and 
exaggerated circulating glucagon levels in response to 
intravenous arginine infusion or to a large protein 
meal. All pertinent references can be found in two 
recent reviews [37, 38]. There is thus a general agree- 
ment that plasma glucagon levels are high (or rela- 
tively high) in diabetes mellitus, the highest values 
being recorded in the extreme situation represented 
by diabetic ketoacidosis. 

Does Endogenous Glucagon 
(in Absolute or Relative Excess) 
Play a Role in the Metabolic Abnormalities 
of Insulinopenic Diabetes? 

We have just seen: [1] that glucagon possesses in 
vitro and in vivo properties which qualify it as a 
potential diabetogenic hormone, and [2] that it is 
usually present in absolute or relative excess in 
diabetic patients. Nevertheless, the possible role of 
glucagon in mediating some of the metabolic abnor- 
malities of diabetes remains controversial. 

The first logical approach to this fundamental 
question was to see if diabetes, with all its metabolic 
features, can develop in the absence of glucagon. 
Until 1973, the dogma was that the A-cell of the 
islets of Langerhans was the only source of glucagon. 
At that time, three groups almost simultaneously 
reported [39-41] that glucagon was present in the 
plasma of insulin-deprived depancreatized dogs. 

Soon after, it was demonstrated that the fundus of 
the dog stomach contains [18-20] and releases [18, 
42-44] a material identical by all criteria to pancre- 
atic glucagon; the dog stomach also possesses A-cells 
undistinguishable from the pancreatic A-cells [18]. 
Thus the pancreatectomized dog does not constitute 
a model of glucagon deficiency. Furthermore, when 
the hyperglucagonaemia of the pancreatectomized 
dog is inhibited by somatostatin, a dramatic fall in 
blood glucose is observed which parallels the fall in 
circulating extrapancreatic glucagon [45], thus 
demonstrating that extrapancreatic glucagon contri- 
buted to the hyperglycaemia of the depancreatized 
dog (which, since the experiment of yon Mehring and 
Minkowski in 1889 was thought to be due solely to 
insulin deficiency). 

The existence of an extrapancreatic source of 
glucagon in man  remains disputed. Plasma glucagon 
measurements in pancreatectomized human subjects 
have yielded conflicting results: zero values were 
reported by Barnes~et al. [46], while other groups 
reported significant IRG levels in these patients 
(review in [47]), and even, a glucagon response to an 
arginine infusion [48]. In any case, a crucial experi- 
ment was reported in which the importance of gluca- 
gon in the development of diabetic hyperglycaemia 
and ketoacidosis was evaluated by withholding insu- 
lin from six patients with juvenile-type diabetes and 
four totally pancreatectomized subjects [49]. In 
juvenile-type diabetics, insulin withholding was 
associated with an abrupt rise in plasma glucagon and 
a sharp increase in blood glucose and plasma 3-hy- 
droxybutyrate; in contrast, in pancreatectomized 
subjects, no significant rise in glucagon 1 was 
observed, while a smaller but significant rise in blood 
glucose and plasma 3-hydroxybutyrate was obtained. 
This experiment demonstrates: [1] that glucagon is 
not "essential" for the development of hypergly- 
caemia and ketoacidosis, but also [2] that, in the pre- 
sence of glucagon, both hyperglycaemia and 
ketoacidosis are enhanced and accelerated. 

In a masterly series of experiments, Gerich and 
his co-workers (50) have reported findings which 
support a major role of glucagon in the metabolic 
abnormalities of diabetes. Insulin-dependent ketosis- 
prone diabetics were made normoglycaemic by an 

1 Plasma glucagon values reported in this paper are well below 
those usually reported in the literature. This is due to a glucagon 
immunoassay procedure in which each patient's plasma, strip- 
ped of glucagon by affinity chromatography, has been added to 
the tubes containing the glucagon standards. Unger has advo- 
cated [38] that some biologically active compounds, detected 
with conventional immunoassay could have escaped detection 
in the present procedure 
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intravenous infusion of insulin. Terminating insulin 
infusion prompted a rapid rise in blood glucose, 
plasma FFA and 3-hydroxybutyrate which was par- 
alleled by a rise in plasma glucagon. In contrast, if the 
glucagon rise was prevented by a somatostatin-infu- 
sion, the rise in blood glucose, plasma FFA and 3- 
hydroxybutyrate was markedly reduced (but not 
completely prevented). 

Similar results were reported by Alberti et al. [51] 
and Christensen et al. [52]. In this last study, 
somatostatin was infused for 24 h in juvenile dia- 
betics; after the end of the infusion, plasma glucose 
rose abruptly, and so did plasma glucagon and 
plasma growth hormone, although less constantly. In 
this situation, 10 h after the last evening snack, the 
change in plasma glucose cannot be due to changes in 
intestinal absorption and is likely to be due to the 
changes in the hormones measured. 

Recently, Raskin and Unger [53] reported, in 
four patients with juvenile-type diabetes treated with 
continuous insulin infusion, that a 48 hour-somato- 
statin-induced lowering of plasma glucagon was 
associated with an almost normalization of blood glu- 
cose and a marked reduction in glycosuria and 
ketonuria; restoring plasma glucagon levels by 
peripheral glucagon infusion (for a period of 48 h; 
the somatostatin administration being maintained) 
resulted in restoration of the high blood glucose 
levels and reappearance of marked glycosuria. The 
conclusion that "hyperglucagonemia has an impor- 
tant role in diabetes" and that "its correction reduces 
diabetic abnormalities to or toward normal" was 
challenged by Sherwin and Felig [54] who advocated 
that the observations with somatostatin can largely 
be explained on the basis of interference with nu- 
trient absorption and sensitization by somatostatin to 
the hyperglycemic effects of physiologic increments 
in glucagon. The objection was also raised that simul- 
taneous suppression of growth hormone and perhaps 
that of other pituitary hormones by somatostatin may 
play a role in the final result [55]. 

Another objection against a major role of gluca- 
gon in the metabolic abnormalities of diabetes results 
from the findings of Clarke et al. [56] who demon- 
strated that elevating plasma glucagon concentra- 
tions to a range similar to those seen in poorly con- 
trolled diabetic subjects did not cause deterioration 
in blood glucose control or increased insulin require- 
ments in diabetics being controlled with an artificial 
endocrine pancreas. Increased amounts of insulin 
were required only during maintenance of exceed- 
ingly high plasma glucagon concentrations. These 
observations should be analyzed in considering the 
role of insulin itself on glucagon secretion and effects 
(see below). 

The likely role of glucagon in the control of liver 
ketogenesis has been supported by Boden et al. [7] 
who reported that, in a glucagonoma bearing patient, 
when plasma glucagon was 1800pg/ml, splanchnic 
ketone body production was four times greater than 
normal, but returned to normal values after removal 
of the tumor. 

Thus, even if some interpretations are conflicting, 
most of the available data support the view that, in 
many circumstances, endogenous glucagon contri- 
butes to the hyperglycaemia and ketosis of diabetes 
even, if, in some rare instances, like total pancreatec- 
tomy, these metabolic abnormalities can develop 
despite undetectable levels of circulating glucagon. 

Insulin, Glucagon and Diabetes 

Space does not permit us to review here the numer- 
ous factors controlling glucagon release; the 
interested reader can consult one of the recent 
reviews on the subject [58, 59]. Nevertheless, for our 
understanding of the role of glucagon in diabetes, 
one of the control mechanisms should be considered 
in some detail, namely the role exerted by insulin on 
glucose-mediated glucagon suppression. 

Numerous observations support the concept that 
the A-cell belongs to the family of insulin sensitive 
cells (like muscle, the adipocyte or mammary gland) 
and that insulin is necessary for permitting glucose 
entry in the A-cell and subsequent inhibition of 
glucagon release. The normal pancreatic A-cell, in 
close contact inside the islets with B-cells, is in all 
probability usually exposed to high concentrations of 
insulin; therefore, its sensitivity to additional exogen- 
ous insulin may be difficult to demonstrate. In that 
respect, the A-cell of the canine gastric fundus repre- 
sents an interesting model of an A-cell isolated in an 
organ devoid of B-cells; we have recently demon- 
strated that insulin concentrations as low as 
5-10~tU/ml exert some inhibition of glucagon 
release from the canine gastric A-cell [60]. If one 
thus accepts the idea that insulin, when present, may 
permit glucose to inhibit glucagon secretion, many of 
the data reported on glucagon levels in diabetes can 
be interpreted with some rationale. Among these 
are: 

1. The hypersuppressibility of plasma glucagon 
after oral glucose reported by Hatfield et al. [61] in 
the obese hyperinsulinaemic patients contrasting 
with the lack of suppressibility of the lean insulin- 
deficient diabetic subjects. 

2. The excessively high circulating levels of 
plasma glucagon despite extreme hyperglycaemia in 
diabetic ketoacidosis [34, 35]. 
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3. The prompt decrease in plasma IRG, as soon 
as insulin is given to these patients [34, 35]. 

4. The hypersuppressibility of plasma glucagon to 
oral [62] or intravenous [63] glucose in late preg- 
nancy where hyperinsulinism is usually found. 

Moving from the sites of production of insulin 
and glucagon to their sites of action, we must recall 
the antagonizing properties of insulin and giucagon 
on most of their target cells. If one thinks of the 
effects on the liver (glycogen synthesis, glycogenoly- 
sis, gluconeogenesis and ketogenesis), one should 
consider the relative concentrations of insulin and 
glucagon in the portal vein where, indeed, infusions 
and sampling in man are rarely possible for practical 
as well as ethical reasons. According to the "Bihor- 
monal Abnormality" hypothesis of Unger and Orci 
[14], insulin deficiency would play the major role in 
decreasing peripheral glucose utilization and pro- 
moting adipose tissue lipolysis while glucagon excess 
(or relative excess) would be involved more in 
increased hepatic glucose production and liver 
ketogenesis. This view is challenged by Felig and his 
co-workers at Yale University [64-67] who advocate 
that the effect of glucagon on the liver is "transient" 
and wanes within 2-3h.  Unger has recently 
developed at length his arguments in favor of the 
patho-physiological relevance of a transiently 
increased liver glucose output in face of a decreased 
or impaired glucose utilization due to impaired insu- 
lin secretion or effectiveness [38]. 

Are the Abnormalities in Glucagon Secretion 
Cause or Consequences of Diabetes? 

We have just seen that insulin lack may explain some 
"non-suppressibility" or "excessive responsiveness" 
of the A cell. Therefore, the question naturally fol- 
lows as to whether the abnormalities of glucagon se- 
cretion in diabetes may be a simple consequence of 
relative or absolute insulin deficiency. In insulin- 
dependent diabetics, insulin therapy usually nor- 
malizes the exaggerated glucagon response to amino 
acids [68, 69], reduces basal glucagon levels [68] but 
fails to fully correct the glucagon suppressive effect of 
glucose or does it only at supraphysiological concen- 
trations [70, 71]. The problem is that insulin is 
injected or infused peripherally so that the insular A- 
cells "see" insulin levels which are probably far 
below those observed within the islets after glucose- 
induced insulin secretion. Weir et al. [72] have 
emphasized the importance of these high intra-islet 
concentrations of insulin in glucose-induced glucagon 
suppression. Thus, in these patients, glucagon excess 
may result from insulin lack. 

In maturity-onset type diabetics, abnormalities in 
glucagon secretion exist, despite the persistence of 
insulin: hyperresponse to arginine or protein inges- 
tion and decreased suppressibility by glucose (review 
in [37]). The intimate mechanisms leading to these 
abnormalities are completely unknown. Among the 
hypotheses, beside an intrinsic perturbation of the 
glucagon releasing mechanisms, are a defect in 
intrainsular somatostatin [73] or a reduced sensitivity 
of the A-cells to insulin. This latter possibility, well 
accepted for various other cell types in these patients, 
has never been investigated. 

Should Glucagon Suppression be a Goal 
in Therapeutic Research? 

The data reviewed above leave little doubt that 
excessive plasma glucagon levels contribute to the 
metabolic abnormalities of diabetes. 

In insulin dependent diabetic patients, insulin 
administration remains the corner-stone of manage- 
ment. The reasons for considering that glucagon sup- 
pression might be a useful adjunct to insulin therapy 
are as follows: 

1. excessive plasma glucagon levels are usually 
found in patients receiving conventional insulin 
therapy: 

2. glucagon abnormalities are not fully corrected 
even in patients treated by the "artificial pancreas" 
[74]; 

3. glucagon suppression by somatostatin 
improves diabetes control; control is worsened by 
glucagon replacement during somatostatin infusion 
[53]. 

Somatostatin itself is probably not the best candi- 
date for chronic glucagon suppression: it affects the 
secretion of many other hormones, it reduces intesti- 
nal motility and may have some deleterious effects on 
platelet function. 

Future pharmacological research should consider 
somatostatin analogues with selective glucagon-sup- 
pressing possibilities or agents suppressing glucagon 
by other mechanisms [75]. 

In that respect, the recent demonstration that 
prostaglandins stimulate glucagon release [76] and 
that prostaglandin-synthesis inhibitors reduce 
arginine- or noradrenaline-induced glucagon release 
[77] has opened new paths for future research. One 
should, however, consider that glucagon suppression 
may have undesirable consequences: it is now 
accepted that glucagon is "the first line of defense" 
against hypoglycaemia [78]; its suppression in 
patients receiving insulin may be dangerous. Thus, 
the ideal "pharmacologic profile" of a glucagon sup- 
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pressor would be a compound inhibiting the hyper- 
responsiveness of the A cell to various stimuli but 
preserving the acute response to hypoglycaemia 2. 

In maturity-onset type diabetics, somatostatin 
aggravates hyperglycaemia by its simultaneous 
inhibitory effect on insulin secretion [79]; it can 
therefore not be considered as a useful therapeutic 
adjunct. The effect of sulfonylureas and biguanides 
on A-cell function has led to conflicting results. Our 
group has observed that glipizide had no effect on 
plasma glucagon levels and that it preserved the 
glucagon response to hypoglycaemia, a fact consid- 
ered as an advantage [80]. Here, the ideal phar- 
macologic suppressor would be a compound which 
[1] does not inhibit insulin secretion (contrary to 
somatostatin); [2] reduces the hyperresponsiveness 
to stimuli like aminoacids; but [3] preserves the 
response to hypoglycaemia (a useful safeguard if 
hypoglycaemic agents acting by other mechanisms, 
like the sulfonyhtreas, are simultaneously given). 

Conclusions 

The metabolic properties of glucagon, demonstrated 
both in vitro and in vivo, qualify it as a potential 
diabetogenic hormone. Plasma glucagon levels are 
usually elevated in diabetes, the highest levels being 
found in the absence of insulin. Numerous lines of 
evidence indicate that excess glucagon levels contri- 
bute to the metabolic abnormalities of diabetes. 
Nevertheless, diabetes can occur in the absence of 
glucagon (pancreatectomy in man). The absence of 
high intra-islet levels of insulin may explain the per- 
sistence of abnormally high plasma concentrations of 
glucagon in the diabetic receiving conventional insu- 
lin therapy. In maturity-onset type diabetes, the inti- 
mate mechanisms leading to abnormal circulating 
glucagon levels are completely unknown. A search 
for selective glucagon inhibitors represents an attrac- 
tive new way in diabetes management. 
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