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THE UNIHORMONAL ABNORMALITY CONCEPT OF THE PATHOGENESIS OF 
DIABETES 

The tradit ional unihormonal concept of the pathogenesis of 
diabetes holds that all of the metabolic aberrations of severe 
diabetes a r e the direct consequence of insulin deficiency . 
This view is derived from the experiments of von Mering and 
Minkowski (59 ), demonstrating that pancreatectomy produces 
severe diabetes, and those of Banting and Best (4 ) showing 
that the severe d i abetes responds to injections of insulin 
containing pancreatic extracts . This concept would be 
unassailable ~-- unless 1) t he insulin deficient state Here 
invariably associated with a second abnormality capable of 
producing some or a ll of the metabolic derangements of severe 
diabetes, and 2) this second abnormality Here reversible with 
insulin administration. 

THE MULTIHORMONAL ABNORMALITY CONCEPT 

It is n ow clear that insulin deficiency is, with extremely 
rare except ions, 1) i nvar iably associatea-with a second hor 
monal abnormality, relative 1' or absolute h yperglucagonemia 
( 54), and 2 ) that the postpancreatectomy hyperglucagonemia 
is readily correctable with insulin treatment. Since g luca
gon is a powerful glycogenolytic, gluconeogenic, lipolytic 
and ketogen ic hormone, and its actions are opposed by insulin 
and i ntens ified by insulin defic i ency , a deleterious contri
bution by the ho rmo ne to the metabolic syndrome of diabetes 
would, on a priori grounds, be expected. The potential thera
peutic benefit of reducing diabetic hyperglucagonemia makes 
this i ssue one of practical as well as of pathophysiologic 
importance . 

It is also clear that the functions of other i slet cells, the 
somatostatin-secreting D- cell s and the pancr eatic polypeptide 
(PP ) secreting F- or D1-cells, are abnormal in diabetes . Thus, 
diabetes must be v iewed as a multihormonal derangement . Wh ile 
the actions of PP remain to be elucidated, pancreatic somato 
statin may, like insulin and glucagon, be an important regu
l ator of nut r i e nt flux -- a regulator of the rate at which 
ingested nutrients enter the circulation . It would not be 
surprising if contr ibutions to the metabolic syndrome of 
diabetes attributable to the se hormonal aberrations were o n e 
day t o be recognized. 

I 

THE CHARACTER AND PATHO GENES I S OF THE MULTIHORMONAL ABNORMALI-
TIE S OF DIABETES MELLITUS 

A. Abnormal A-cell Function 

1. Loss o f glucose sensin~ function: In all forms of 
d1abetes thus far stud1ed, with the possible excep
tion of the somatostatinoma syndro me (15, 23), 
measurable levels of immunoreact i ve glucagon (IRG) 

* relative to the ambient plasma glucose concentration 
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have been high relative both to glucose and insulin 
levels. In functional terms in diabetics neither 
steady- state hyperglycemia nor sudden increases in 
hyperglycemia elicit t h e normal reduction in gluca -
gon secretion that characterizes the nondiabetic 
state -- in fact , hyperglycemia may cause a para
doxical rise in plasma IRG concentrations in diabetic 
subjects. [Yet a rise in free fatty acids will reduce 
plasma I RG levels in diabetics much as in nondiabeti cs , 
suggest ing select ive impairment of glucose sensing by 
the A-~ells of diabetes (18). Also in diabetics, hypo 
glycemia appears incapable of eliciting a rise in IRG 
levels as it does in nondiabetics (17). 

2. Hyperresponsiveness to stimulation : I n addition to 
the loss of glucose sensing by the diabetic A-cell , 
there appears to b e a hyperresponsiveness to stimula 
tion by intravenous amino acids and by protein meals. 
Whereas in nondiabe t ics the protein-induced rise in 
g lucagon i s complete l y abol ished by hyperglycemia , i n 
diabet i cs hyperglycemia fails to modify the protein
induced rise in glucagon ( 34) . The ingestion of pro 
tein by diabet i cs could, therefore , cause a glucagon 
mediated ri se in glucose l evels . 

3. Response of abnormalities to insulin: In the juven ile
type dlabetic glucose plus insulin can abol i sh protein 
stimulated increases in glucagon secretion , but it 
fails to restore the normal relationship between 
changes in glucose concentration and change s in gluca
gon secretion -- i . e . in such patients one must vary 
the insulin concentration so as to simulate normal 
patterns of insulin secretion in relatio n to glycemic 
change in order to produce normal patterns of glucagon 
secretion. 

In contrast to the effectiveness of insulin in l owering 
glucagon levels in juvenile-type diabetics, in maturity 
onset type diabet ics insulin fails to reduce glucagon 
s ecretion -- even when administered in supraphysiologic 
doses . This clear difference in t he ability o f insulin 
to influence A- cel l function in the two forms o f dia
betes suggests a difference in their pathogenes is; this 
is further s upported by the marked difference in t h e 
patho logy of the islets (vide infra) in these t wo forms 
of the disease. 

B. Abno rmal D-cell Secretion 

Extractable somatos t at in-like immunoreactivity (SLI) and 
somatostatin-containing D-cells a r e increased in the i slet s 
of rodents (38) with experimentally induc ed destruction of 
B-cells and in juvenile -type diabetics there is a 2 .5 f old 
increase in the D-cell population per islet (36). More 
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recently, fasting plasma somatostatin-like immunoreac
tivity has been reported to be increased in alloxan dia
betic dogs (Figure 1) and in juvenile - type d i abetics ( 45 ). 
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FIGURE 1: Fasting l evels of somatostat in-like immuno 
reactivity (SLI) (closed bars ) and glucose (hatched 
bars) in normal dogs and alloxan diabetic dogs receiving 
their usua l mainte nance dose of insulin and dogs deprived 
of insulin for 48 h ours . Statistically significant dif
ferences i n SLI were observed between all groups . These 
differences are qualitatively s imilar to d i ffe rences in 
fasting glucagon in the groups . 

In the dogs the meal-induced rise in plasma SLI . was 
marke dly delayed and the intrave nou s infusion of glu
cose, which in nondiabetic dogs r educes the meal-induced 
rise in somatostatin, fails to do so in diabet i cs. The 
metabolic implications of these abnormalities remain to 
be established , but they could signify a breakdown in 
the normal coordination between D-cell and B-cell func
tion whi ch may be necessary for coordination between the 
entry rate of ingested nutrients into the c irculatio n 
and t heir efflux from the extracellular spa ce into tissues. 
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C. Pathology of the Islets in Diabetes 

l . MorEhology o f the normal islets: As depicted sche 
matlcally ln Figure 2, che cells of the normal islets 
of Langerhans are arranged in a specific topographical 
pattern. In man and in the rat, the islet consists of 
an outer rim or " cortex " of glucagon - secreting A- cells, 
constituting approx imately 25% of the endocrine popula 
tion of the islet, and surrounding a scattering of 
somatostatin-conta ining D- cells , const i tuting 10% of 
the endocrine population, and an inner medulla of B
cells ~aking up 60 - 70% of the islet cells. Not 
depicted in this d i agram is the fact that the afferent 
blood vessels and sympathetic nerves, the sources of 
external signals to these monitors of fuel needs for 
all the tissues of the body, enter in the heterocellu 
lar region, i.e. the peripheral areas of the islet 
where the three cell types meet . Also not shown is 
the fact that the islet is a functional syncytium, all 
cells apparently linked to one another by means of gap 
junctions . A final point depicted in the lower area of 
Figure 2: each of the islet hormones is knmm to influ 
ence the secretion of at least one of it s neighboring 
cells, as is depicted schematically . The possib i lity 
that a within-islet or " paracrine " i nfluence by at 
l east five secretory functions must be considered . 

NORMAL ISLET HYPO INSULINEMIC 
DIABETES 

HYPERINSULINEMIC 
DIABETES 

FIGURE 2: Schemat ization of t he anatomy o f normal , 
insul in-deficient diabetic, and insulin - abundant dia
be tic islets of Langerhans and of the hypothetical 
" within islet" interactions of individual secretory 
products upon secret i on by neighboring cells . 
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2. Diabetes with in s ulin deficienc y : The islet in dia
betes characterized by paucity or absenc e of B-cells 
is depicted in the center panel of Figure 2 . The 
islet is shrunken by the lack of B-cells and its topo
graphical relation ships are disrupted . A-cells now 
make up 75% and D-cells 25% of the islet cell popula
tion. The effect of this disruption upon the vascu 
lature and neural interrelationship is not known, but 
may be profound, n or is the effect of this disruption 
on the intercellula r syncytial s y stem k nown. If a 
paracrine interrelationship be twe en the hormone s does 
normal~y exist, it is cle ar that the effec ts of insulin 
are missing; if they are i mportant in down - regulating 
locally the functi on of A- and / or D- cell s , the absence 
of insulin in the islet cou l d e xplain th e hypergluca
gonemia and hyp e rsomatostatinemia of this form of 
diabetes. 

3. Diabetes without insulin defici enci: In the right 
panel of Figure 1 is depicted the islet of the ob/ob 
mouse in which obesity, hyperglycemia and hyperinsulin
emia suggest a resemblanc e to many human patie nts with 
maturity onset diabetes. In the ob/ob mouse, the beta 
cell mass is increased while a relative diminution in 
the within-islet A-cell and D-c e ll population is 
observed. A- and D-cel l s are separated from one 
another and the population of somatostatin - containing 
c ells is as low as 2% . Islets are poor in extractable 
somatostatin-like immunoreactivity and one can con
sider , at least in the mouse, that the syndrome may 
represent a form of soma tostat i n deficiency. In fac t , 
it has been hypothesized that the entire chain of 
events leading to the obese hyperglycemic, hyperinsulin
emic form of diabetes could be the consequence of a 
primary defect in somatostatin secretion (57). Perha ps t he 
hyperglucagonemia that characterizes this . state and 
which is unresponsive to insulin, even in supraphysio
logic doses, can be ascribed to somatostat in deficiency. 

THE METABOLIC CONSEQUENCES OF THE A-CELL ABNORMALITY IN DIABETES: 
THE CASE FOR A ROLE OF GLUCAGON 

A. Hyperglycemia 

According to the bihormonal abnormality hypothesis, insulin 
deficiency (or ineffectiveness) is a sine qua non of all 
the metabolic derangements of diabetes, but the major direct 
effect of insulin deficiency upon glucose metabolism is 
impaired glucose utilization by insulin - s e nsitive tissues, 
principal1y liver, muscle and fat (Table I). This wo uld be 
manifested by exogenous hyperglycemia, i.e. impaired glu
cose tolerance or postprandial hyperglycemia, but by only 
very slight endogenous hyperglycemia (<170 mg%). While 
insulin lack also directly increases hepatic glucose produc
tion (2 5) , this increase is modest and is probably insuffi-



----. 

-6-

TABLE I: Contribution of hormonal abnormalities to the 
metabolic derangements of severe diabetes . 

Derangement Insu l in Glucagon 
Defic iency Excess 

1) Underutilization of glucose ++++ 0 
2) Overproduction of glucose + ++++ 
3) Increased release of amino ++++ 0 

acids 

4) Increase d gluconeogenes;is ++++ ++++ 
5) Increased lipolysis ++++ ++ (?) 

6) Increased ketogenesis +(?) ++++ 

cient to cause the rapid severe endogenous hyperglycemia 
(>200 mg/100 ml) that characterizes acute insulin d epriva
tion (7, 11, 43). 

B. Hyperketonemi a 

With respect to ketogenesis, McGarry and Foster and their 
coworkers (29- 31) have shown that the major direct conse
quence of insulin deficiency is increased lipolys is with 
elevation of free fatty acids, the substrate for ketogene 
sis; however, in the absence of glucagon the ketogenic 
capacity of the liver is not sufficient to generate the 
massive ketone production r equired to produce ketoacidosis 
(19, 29-31). They have charac te r ized g lucagon 's role in 
the excessive glucose and ketone product ion of severe dia
bet es (29) and their concepts have been substantiated by 
the in vivo studies of Gerich e t al. (19, 20) (Figure 3), 
Lilj enqulst et al. (24), and Cherr i ngton and his colleagues 
(9). Insulin deficiency without hyperglucagonemia has 
been induced in nondiabetics by means of somatostatin infu
sion and is unassociated with either severe hyperglycemia 
(the glucose levels rise only to between 135 and 170 mg/ 
100 ml) or severe hyperke ton emia (48). Simi lar studies 
conducted in maturity onset diabetics reveal that during 
suppression of both insulin and glucagon with somatostatin, 
plasma glucose rises by only 10 mg/100 ml and a-hydroxy
butyrate by only 0.2 mM (52). By contrast, insulin defi
ciency with hyperglucagonemia is characterized by severe 
endogenous hyperglycemia that may exceed 300 mg/ 1 00 ml 
within a few hours and by a more rapidly rising plasma 
level of ketones (Figure 2 ) (19, 20) . 
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DIABETES WITHOUT PANCREATIC GLUCAGON 

The diabetes produced by total pancreat e ctomy is characterized 
by severe endogenous hyperglycemia and ketoacido sis in the 
total absence of pancreatic glucagon, but circulating n o npan
creatic glucagon is present both in totally depancreatized 
dogs (27, 28, 60) and in humans (32, 33, 37) and the glucagon 
levels rise during insulin deprivation and d ecline when insulin 
is provided (11). In the dog the circulating nonpancre atic 
glucagon originates in the fundus o f the stoma c h. A-cells 
indistinguishable by elec tron micro s copy fr om pancreatic A
cells h a v e been identifie d in the gastric fundus of dogs (3) 
and a polypeptide has been extracte d which is physicoche mi
cally, immunochemically and biologically indistinguishable 
from pancreatic glucagon (44, 50). Direct measurements of 
glucagon in the venous effluent of the gastric fundus indicate 
that it is the principal source of extrapancreatic glucago n 
secretion in depancreatized dogs (6). The severe endor,enous 
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hyperglycemia that follows acute insulin withdrawa l in such 
dogs can be dramatically obtunded if extrapancreatic gluca 
gon secretion is concomitantly suppressed by somatostatin 
infusion, in which case only mi l d endogenous hyperglycemia 
(<170 mg/100 ml) occurs (43) 
(Figure 4). Replacement infu
sions of glucagon during 
somatostatin administrat ion 
result in severe endogenous 
hyperglycemia (43). 

Qualitatively similar results 
have been observed in depan
creatized humans. Barnes and 
coworkers reported that in 
totally depancreatized patients 
without hyperglucagonemia 
acute insulin withdrawal 
induces less severe endoge
nous hyperglycemia and hyper
ketonemia than in juvenile
type diabetics with marked 
hyperglucagonemia (5). 
(see page ll) 
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FIGURE 4: A dog in which 
somatostatin infusion prevented 
a rise in plasma g l ucagon after 
total pancreatectomy. 

DIABETES WITHOUT PANCREATIC OR EXTRAPANCREATIC HYPERGLUCAGONEMIA 

Diabetes without any hyperglucagonemia appears to differ markedly 
from diabetes with pancreatic and/or extrapancreatic hypergluca
gonemia. Two forms of combined insulin and g lucagon deficiency 
have now been reported: the somatostatinoma syndrome and the 
Houssay syndrome. 

A. Somatostatinoma 

Two patients with a functioning somatostatinoma have been 
reported (23, 15). In both patients plasma insulin and 
glucagon levels were low and in both, although glucose 
tolerance was impaired (exogenous hyperglucagonemia ), severe 
endogenous hyperglycemia in excess of 170 mg % and hyperke
tonemia were both absent. 

B. Houssay Syndrome 

In 1930 Houssay and Biassotti (21) reported that resection 
of the pancreas in previously hypophysectomized dogs resulted 
in a mild form of diabetes that contrasted sharply with the 
virulent diabetes that followe d total pancreatectomy in dogs 
with an intact hypophysis. The Houssay dogs required little 
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or no insulin and yet their blood glucose levels were 
frequently normal or low. Houssa y concluded that the 
anterior hypophysis was essential for severe diabetes 
and ascribed the milder diabetes of Houssay dogs to 
deficiencies of growth hormone and cortisol . 

Because both growth hormone (51) and glucocorticoids 
(26, 62) increase glucagon secretion, the possibility 
t hat a glucagon deficiency stat e might be present in 
hypophysectomized dogs and that this might constitute 
an amelior~ting factor in the Houssay syndrome was 
recently tested . It was found that after total pancrea
tectomy in sham hypophysectomized dogs both glucagon 
secretion and glucose levels rose to extremely high 
values, whereas after pancreatectomy in hypophys ect o 
mized dogs receiving hydrocortisone and thyroid replace
ment both glucose levels and gastric glucagon secretion 
were far lower (Figure SA), because of ·a marked reduc
tion in gastric glucagon secretion (Figure 58) (35) . 

FIGURE SA: Fast
ing glucose and 
glucagon level s 
in sham hypophy
sectomized , depan
creatiz ed dogs and 
in Houssay dogs . 
Note the frequency 
of fasting glucose 
levels below 300 
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FlGUR£ 58: Gastric 
vein and inferior 
ve na caval glucagon 
levels before and 
during arginine infu
sion in sham hypophy
sectomized, depan
creatized dogs and in 
Houssay animals. The 
marked hypoglucagon
emia is clear-.ly 
attributable in large 
measure to the remark
able reduction in 
gastric glucagon 
secretion. 
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Even without insulin treatment glucose levels below 100 
mg% were observed in the Houssay dogs. Replacement infu
sion of glucagon, even in subphysiological doses, increased 
the hyperglycemia to the range of pancreatectomized dogs 
with an intact hypophysis (Figure 6). While the direct 
influence of the other hormonal deficiencies of the Houssay 
dog upon the metabolic state may also be important, this 
study provides compelling evidence that hyperglucagonemia 
is required for the full expression of the syndrome of 
severe diabetes. 

:::2 



FIGURE 6: Effect of 
replacement infusion 
of glucagon for ll 
hours upon plasma 
glucagon and glucose 
levels in the Houssay 
animal . Even though 
plasma glucagon levels 
were not quite into 
the range of portal 
gluca~on levels of 
t otal ly depancrea
tiz ed dogs with 
intact hypophysis 
( stippled areas), a 
prompt increase in 
hyperglycemia into 
the range of th e 
sham Houssay dogs 
was observed . Not 
shown here i s an 
accompanying mas-
s ive increase in 
glyc?~~~----
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ARGUMENTS AGAINST GLU CAGON ' S ROLE IN DIABETES 

A. Does lucagon mediate certain of the metabolic conse
lnsulln deflC lency? a pathophyslologlc lssue ) 

Argument #1: Dis continuation of ins ulin therapy in juve 
nile-type diabetics may give rise to endogenous hypergly
cemia and an i ncrease in plasma ketones wi thout a con comi
tant rise in g l ucagon levels ( 1). 

NOTE: These workers failed to consider that a reduction 
of ins ulin levels greatly enhances the biologic activity 
of a fixed level of glucagon, a fact which forms the basis 
for the use of the insulin:glucagon ratio (53 ) as an ind ex 
of net biho rmona l metabolic effects . Indeed , Cherrington 
and coworkers (9) have f ound that insulin defic i ency induced 
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in the presence of constant basal glucagon levels causes 
glucose production to double Wl thin 3 0 minutes, v1hereas 
insulin deficiency in the absence o f glucagon causes an 
initial drop in hepatic g lucose product i o n, and a small 
late increase (Figure 7). The re fore , the failure of 
glucagon le ve ls t o increase as diabetes worsens cannot 
be taken as evidence o f nonparticipation by glucagon in 
the metabolic deterioration resulting from insulin 
deprivation . 
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FIGURE 7 : Comparison o f the effects of insulin deficiency 
with and without glucagon deficiency upon hepatic glucose 
produc tion and arterial glucose concentrations . Left panel: 
This is a control study designed t o determine if somato
statin has effects upon these parameters when suppres sion 
of endogenous insulin and glucagon is can c elled by r eplace 
ment infusions of both hormones into the portal vein . 
Clearly, it does not. Center panel: Whe n somatostatin is 
infused with intraportal glucago n but no insulin, producing 
insulin deficiency without modi f ication of glucagon level s , 
there appears a substantial and prompt increas e in he patic 
glucose production which begins to wane within one ho ur and 
returns to basal levels within three hours . However, the 
arterial hyperglycemia is not transient because cleara nce 
of the endogenous glucose from the extracellular space i s 
delayed in the hypo insulinemic animal. This experiment 
emphasizes two important points : l) Although the glucagon 
mediat e d increase in hepatic glucose productio n i s transient, 
its hyperglycemic consequences per s is t we ll beyond the 
period of glucose overproduction. 2 ) The effects of gluca 
gon may be enhanced without the rise in glucagon c o nce ntra 
tion simply by l owering the insulin concentration . Right 
panel: This demonstrates the effect o f combined glucagon 
and lnsulin deficiency. When glucagon is absent there i s 
no increase in hepatic glucose production nor does marked 
endogenous hyperglycemia appear . The rise in glucose 
concentration rarely exceed s -l -70 mg% and is at least in 
part the consequence of a late fall in p eripheral glucose 
utilization (not shown h ere). 
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Argument #2: When one gives somatostatin to nondiabetics 
or maturity-onset diabetics for several hours, hypergly 
~emia ,and hyperketonemia occur despite continued suppres 
sion of glucagon (48, 52). 

!WTE: These authors use the term "hyperglycemia " for a 
ris~ in glucos~ of 10 mg% (Figure 8) to a level of 1 2 0 mR~ 
~nd "hyper-ketonemia" for a 0. 2 mM rise in ketones. Thes~' 
;_,r~ tri·v'ial changes and are in sharp contra?t t o the sev~'l ' c' 
~n1~g~nous hyperglycemia and hyperketonemia that occur in 
the ~reG~nce of glucagon . We interpret their studies as 
pr·o•tiding suppc.rt for rather than against the role o f 
glucagon in diabetes by demonstrating the absence of 
severe hyperglycemia and severe hyperketonemia in the 
glu~agon-deficient insulin- deficient state. 
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(52) demonstrates in 
maturity onset dia
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insulin is associ 
ated with an initial 
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Argument #3: Endogenous hyperglycemia and hyperketonemia 
develop following insulin withdrawal in totally depancrea
tized patients with unmeasurable plasmd glucagon levels ( 5). 
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NOTE: It is doubtful that patients with total pancreatec 
tomy really have zero levels of circulating immunoreactive 
glucagon (IRG) and related polypeptides . All four other 
groups ( 8 , 32, 33 , 37) that have studied such patients have 
detected circulating IRG in totally depancreatized diabetics 
using conventional radioimmunoassays for glucagon . Barnes ' 
assay procedure differs uniquely from all other groups in 
the field in that he adds the " glucagon stripped" plasma of 
each patient to his standard tubes . Failure to demonstrate 
immunoreact i ve glucagon in the plasma of depancreatized 
patients ~ay reflect the presence in the standard tubes of 
circulating glucagon-like polypeptides not removed by the 
"stripping" procedure, many of which have biologic activity . 
Although glucagon-like biologic activity is probably reduced 
in depancreatized patients, the residual unmeasured amounts 
of g1ucagon-like immunoreactive moieties may well have 
exerted glucagon-like biologic effects that were exagger
ated by insulin withdrawal. 

Does luca on have deleterious metabolic effects in the 
presence of 1nsul1n? a pract1cal 1ssue) 

Argument #1: Administrat i on o f glucagon to insulin-treated 
juvenile - type d iabetics fails to cause worsening of either 
the h yperglycemia or ketonemia (Figure 9) (47). 

UJ 
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INSULIN 54 UNITS <t NPH 750 Q: 

750 z e !? c 
E ' "' E ' ~500 ::J ' 500 g: ... "' z ... 

z - ' z 0 z "' 0 c ~250 so " " 250< u < u ::J 3u ::J ..J ::J ..J " ..J " 0 " 0 

300:: 
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:::f 0 
E 2 

200-;;. 
E 

w w :g I 00 100~ 
u u ::J ::J ..J ..J (.!) 

0 " 

2 3 4 5 6 -------·------ - -- - · -- - - --- -- ---- --
FIGURE 9: The study o f Sherwin et al. (47) in two juve
nile-type diabetics said to demonstrate t hat constant 
infusion of glucagon is without effect on either hyper
glycemia or ketonemia . 
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Thi s means that in diabetics glucagon is biologically 
impotent in the presence of insu l in, that abnormal A- cell 
functi on in diabetic patients is not deleterious, and that 
efforts to find a pharmacologic glucagon - suppressing drug 
as a means of improving control of hyperglyc emia are point 
less. 

NOTE: This study of Sherwin et al. (47) has itself been 
challenged on several grounds: 1) In selecting an infu
sion rate of glucagon that would simulate the portal vein 
glucagon l~vels presumed to be present in poorly con
trolled diabet i cs, they reckoned that hepatic extraction 
of glucagon was low (13 ); recent studies by Jaspan et al. 
(22) reveal the hepatic extraction of glucagon to be much 
higher than had been estimated by Felig et al . (13) so 
that ·the dose of glucagon they employed was probably low. 
2) They premixed the infused glucagon with each patient's 
own blood, a maneuver which has been shown to cause a 50% 
loss of biologic activity in four hours and 100% loss in 
eight hours (55). 3) The absorption of depot insulin was 
clearly erratic since hypoglycemia and wide swings in 
glycemi a were observed . 4) Glycosuria, ketonuria and 
other sensit i ve indices of glucagon action were not 
measured. 

The studies of Sherwin et al. have now been repeated (40) 
without these flaws . In diabetics receiving a continuo us 
insulin in fusion the infusion of glucagon at the same rate 
of glucagon used by Sherwin et al ., profound worsening of 
h yperglycemi a, g l ycosuria (Figure 1 0) and ketonuria, and 
urea nitrogen excretion (Table II) ( 40 ) were observed . A 
rise in endogenous glucagon , induced by feeding a carbo 
hydrate-free protein meal consisting of tuna fish during 
a constant infusion of insul in sufficient to maintain 
fasting normoglycemia , also causes the plasma glucose to 
rise by 50 mg/100 ml within 2 hours (2) (Figure 11) . 
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EFFECT OF A GLUCAGON INFUSION IN A JUVENILE · TYPE DIABETIC 
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FIGURE 10: The effect of the intravenous admini s tration 
of glucagon in doses of 3 ng/kg/min and 6 ng/kg/min on plasma 
glucose and IRG concentration and 24-hour glucose excretion 
in a juvenile diabetic patient during intravenous insulin i nfu
sion. The insulin infusion rate was decreased f r om l a.m. to 
7 a.m. each morning to avoid hypoglycemia. 
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FIGURE llA: The effect of a 
riee in glucagon induced by the 
1Ng•qtlon 0f a tuna f ish meal 
ln a~ult-ty~q diabetics during 
the constant overnight infusion 
of insulin . No te that despite 
the administration of insulin 
in quantities sufficient t o 
normalize the fasting glucose 
level, the rise in endogenous 
glucagon stimulated by the 
protein me a l is accompanied 
by a 50 mg% increase in glu
cose concentration. This is 
believed ~o be the consequence 
of an increase in glucagon at 
a time when insulin levels do 
not rise. Note too the 
statistically significant 
differences between the 
diabetic a nd the nondiabetic 
glucagon (I RG ) levels. 
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FI GURE ll B: The identi
cal study carried out in 
juvenile-type diabetics. 
Although the rise in 
glucagon is no different 
f rom nondiabetics when 
these patients are main
tained with an overnight 
insulin infusion, glucose 
levels rise approx imately 
50 mg% during the 2 hours 
after the ingestio n of 
the tuna fish, attributed 
to a rise in glucagon 
when the insulin level is 
fixed. 
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Aryument #2 : Glucagon's action is trans ient ( 7 , 10 , 14, 
49 so the hyperglucagonemia of diabetics must be devoid 
of any persistent metabolically deleterious influence . 

NOTE: The waning of g lucagon ' s acute augmenting effect 
on glucose production ( glycogenolysis) is not necessarily 
reflected by a parallel waning of the hyperglycemia it has 
caused. When insulin levels a r e fi xed , an inappropriate 
increas e in glucose production , however transient , adds 
glucose to the extracellular spac e and , in the absence of 
a rise in insulin, this glucose cannot be c l eared at a 
normally rapid rate . Thus , the glucose i s " trapped " in 
the extra Ge l lular spa ce ( 9 ) (Figure 7) to be cleared at 
a fixed subnormal rate by tissues and through excretion 
-- just as is t he case after a glucose meal ( also trans i
ent). In other words, whethe r the circulating glucose 
i s derived from the liver or from the diet its removal 
is retarded by the defect in insulin secretion , and the 
wor sening of the hyperglycemia pers i sts even after 
increase in g lucose influx (from the liver or the diet ) 
has ceas ed. Increased glyco suria obv iously helps clear 
the glucose and a certain inverse relationship between 
the two may be expected. However, only the g lycogenolyt i c 
effect of glucagon i s transient; its gluconeogenic and 
ketogenic effects are not transient (9). 

It seems reasonabl e to conclude from the foregoing evi 
dence c ited t hat glucagon plays an important , if not 
essential, r o le in th e pathogenesis of the severe 
endogenous hyperglyc emia and hyperket onemia of in sulin 
deficiency, and that an increase in plasma glucagon in 
diabetics with a relative ly fixed insulin level causes 
endogenous hyperglycemia of varying severity . Inasmuc h 
as insulin cannot resto re normal glycemic control of 
A-cell function, i.e. t he glucose - sensing func tion of 
the A-cells, efforts to correct diabetic hyperg l ucagon 
emia by other pharmacologic means become of therapeutic 
interest. 

THERAPEUTIC IMPLICATIONS OF GLUCAGON SU PPRESS I ON IN DIAB ETES 

Present methods for controlling both juvenile - type and adult
onset diabetes leave mu c h to be desired . Few, if any , dia
betics are maintained free of hyperglyc emia t hro u ghout the 
day and most exhibit hyperglyc emia f or 8 - 16 hours per day 
while on careful management with diet and multiple daily 
injection s of insulin (41) . Whi le dayt ime hyperglycemia is 
mostly of dietary origin (exogenous), inappropriate glucagon 
mediated increases in hepatic glucose production, with 
"trapping" of glucose in the extracellular space, may well 
contribute to both postprandial and postabsorptive hypergly
cemia (Figures 6 and 10). Suppression of excess g l ucagon 
secretion in diabetics would seem, therefore, to be a jus ti
fi a ble goal in the the r apy of dia betic hyperglycemia . 
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In juvenile-type d i abetics insulin reduces the hyperglucagon 
emia , but the quantities of insulin required to do so are high 
and increas e the risk of h ypoglycemia (2). In adu lt-type dia 
betics, by contrast, even supraphysiological doses of insulin 
fail to reduce elevated levels of glucagon (2). Therefore , 
insulin therapy alone is generally ineffective in or unsuit 
able for suppressing glucagon secretion in human diabetes. 
The ideal glucagon-suppressing agent would be one without 
glucoregulatory influences of its own and without insul in 
suppressing ac~ivity or influence upon other organ systems . 

Although somatostatin has widespread gastrointestinal actio ns 
and als o suppresses insulin and growth hormone release, it may 
be the prototype of more suitable glucagon- suppressing agents. 
Gerich and coworkers (16) and Raskin (39) (Figure 12) have 
observed remarkab l e improvement in the control of hypergly 
cemia in some juvenile diabetics when somatostatin was adminis
tered as adjunct to insulin therapy . In severe alloxan dia 
betic dogs Schusdziarra et al. (46) have demonstrated improved 
control of hyperglycemia a n d triglyceridemia (Figure 13) when 
somatostatin analogs were admi nistered subcutaneously as a 
supplement to suboptimal insulin therapy (12). 
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FI GURE 12: Effects of 3-day somatostatin infusion on 
diurnal serum glucose levels in an insulin-dependent 
diabetic subject . Courtesy of J . E. Gerich, M.D . 



FIGURE 13: The effect 
of a D-amino acid sub
stituted analog of 
s omatostat in on 
around the clock levels 
of triglycerides, glu
cose and glucagon in 
chronic alloxan dia
betic dogs receiving 
a subopti~l dose of 
insulin. Despite the 
inadequacy of the 
insulin dose, a signi
ficant lowering of 
plasma glucose and 
triglyceride levels 

·is observed. (It is 
not clear how much of 
this is attributable 
t o reduced rate of 
triglyceride absorp
tion and how much is 
due to a lowering of 
endogenous triglycer
ide level s, inasmuch 
as both effects have 
clearly been demon
strated for somato
statin and its analogs. 
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ARGUMENTS AGAINST THE POTENTIAL VALUE OF GLU CAGON SUPPRESSION 

Argument #1: The blood glucose lowering effects of somato 
statln are due to inhibition of glucose absorption rath er 
than to glucagon suppression (61). 

NOTE: Retarded digestive function is certainly a major 
factor in the improvement in glycosuria noted with somato
statin. However, glucagon suppression nevertheless can 
lower glucose levels when glucose absorption cannot be a 
factor; in insulin-deprived diabetic dogs, both in the 
fasting state and during IV alanine infusion, glucose 
declines at a rate of about 1 mg%/minute during somato
statin-induced glucagon suppression and rises when gluca 
gon is replaced by infusion (42). And human diabetics 
placed on a virtually carbohydrate-free diet remain hyper
glycemic despite constant IV insulin, but become norma
glycemic when glucagon is suppt'esned by som.1tn:-~ld tin ; whPn 
glucagon infusion is added to the insulin and somatoutali.n 
infusions they again become hyperglycemic ( 41 ) (Figure 14) . 
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FIGURE 14: A study designed to determine how much of 
the improvement in hyperglycemia observed during somato
statin administration is due to reduced carbohydrate 
absorption as opposed to reduced levels of glucagon . 
The patients are placed on a virtually carbohydrate-free 
diet (less than 30 g/day) so that dietary contribution 
to hyperglycemia may be regarded as trivial. Despite 
this diet, constant infusion of insulin fails to normal
ize hyperglycemia and abnormally high g lucagon levels 
are present (left panel). The addition of somatostatin 
(SRIF) to the insul i n infusion lowers plasma glucagon 
(IRG) and brings glucose levels into the normal range 
(right panel). If glucagon is infused with the SRIF 
both hyperglucagonemia and hyperglycemia are present 
(center panel). 
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Argument #2: Somatostatin makes maturity-onset diabetics 
worse and should not be used (52). 

NOTE: This is, of course, true because it suppresses their 
insulin and therefore impairs further their carbohydrate 
intolerance. But, nobody has ever suggested that glucagon 
suppression is desirable if it concomitantly aggravates 
insulin deficiency. However, selective glucagon suppres 
tion in such patients could be effective; preliminary 
studies iQ maturity-onset diabetics given replacement 
infusions of insu lin during somatostatin-induced suppression 
of glucagon have become remarkably normoglycemic around the 
clock (Raskin and Unger, unpublished). It is, therefore, 
possible that an agent that could produce selective reduc 
tion of glucagon secretion without lowering insulin levels 
could be of value in the management of hyperglycemia. 

SUMMARY 

In summary, this review has considered the evidence for and 
against the positions: 1) That presence of glucagon is essen
tial in the pathogenesis of the ful l syndrome that results 
fro m complete insulin deficiency . 2) That in the well
insulinized diabetic in whom insulin levels are relatively 
fixed, a rise in glucagon concentration contributes to 
endogenou s hyperglycemia. 3) That conventional methods of 
treatment of diabetes do not fully correct either the abnor
mal glucagon levels or the hyperglycemia, but when insulin 
therapy is supplemented with somatostatin, both are corrected, 
facts providing a rationale for efforts to fi nd a means of 
suppressing glucagon secretion in the manage ment of human 
diabetes . As o f now, there seems to be basis for modifica
tion of any of the f oregoing positions. 
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