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ABSTRACT Suppression of pancreatic glucagon se-
cretion by hyperglycemia is a characteristic of normal
alpha cell function. However, in diabetic subjects, plasma
glucagon is normal or high despite hyperglycemia. It
seemed possible that the presence of glucose or its me-
tabolites within the alpha cell might be essential for
suppression of glucagon secretion, and that in diabetes
an intracellular deficiency of glucose secondary to insulin
lack might be responsible for the nonsuppressibility.
The present study was designed to determine the effect
upon glucagon secretion of blockade of glucose metabo-
lism and of experimental insulin deficiency.

Blockade of glucose metabolism was induced in dogs
by administration of 2-deoxyglucose or mannoheptulose.
A striking rise in glucagon was observed despite ac-
companying hyperglycemia and hyperinsulinemia, which,
in the case of mannoheptulose, was induced by infusing
crystalline insulin.

To determine if insulin lack also causes paradoxical
hyperglucagonemia, dogs were made severely diabetic
by alloxan. Fasting glucagon levels ranged from 3 to 22
times normal despite severe hyperglycemia, and were
quickly restored to normal by infusing insulin. Dia-
betes induced in rats by anti-insulin serum was also
associated with significant elevation in plasma glucagon.
However, diazoxide-induced insulin lack did not in-
crease glucagon in dogs.

It is concluded that normal suppression of glucagon
secretion by hyperglycemia does not occur when glucose
metabolism is blocked or when severe insulin deficiency
is produced. It is suggested that normal glucose metabo-
lism within the alpha cell may be an insulin-requiring
process without which hyperglycemic suppression of
glucagon release cannot occur.
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INTRODUCTION
Recent studies from this laboratory suggest that in pa-

‘tients with diabetes mellitus the plasma level of pan-

creatic glucagon is always high, at least in a relative
sense (1, 2). In fasting diabetics, for example, the plasma
glucagon concentration is as high as in nondiabetics,
despite a level of hyperglycemia, which, if simulated in
nondiabetics by means of glucose infusion would sup-
press glucagon to minimal levels (1). After meals, the
glucagon levels of diabetics are also high in relation
to the prevailing glucose concentration; a carbohydrate
meal fails to induce the prompt decline in plasma glu-
cagon which characterizes the normal response (2). A
protein meal induces in diabetics a rise in glucagon
as rapid and as brisk as in normoglycemic nondiabetics,
despite hyperglycemia, which in nondiabetics would
completely abort protein-induced glucagon rise (2).
Finally, patients with severe ketoacidosis and marked
hyperglycemia frequently exhibit a striking elevation
of plasma glucagon (3, 1).

The foregoing findings indicate that in diabetic pa-
tients glucagon release is not suppressed by hypergly-
cemia, which in normal subjects is the most powerful
physiologic inhibitor of alpha cell activity (4). The
present studies were, therefore, designed in an attempt
to gain insight into the mechanism by which this major
restraining influence upon glucagon release is rendered
ineffective in diabetes.

Because earlier studies had demonstrated that glucagon
release was uniformly enhanced by glucose lack, irre-
spective of cause (4-6), it seemed possible that the hy-
perglucagonemia of diabetes mellitus might ‘be the con-
sequence of a lack of glucose or its metabolites within
the alpha cell, as a consequence of the insulin deficiency.
Accordingly, studies were undertaken to assess the ef-
fect upon alpha cell function, first, of intracellular block-
ade of glucose metabolism and, second, of experimental
insulin deficiency.
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TaBLE I

Glucagon Response to 2-Deoxyglucose in Dogs

2-Deoxyglucose injection
—10 0 I 2.5 5 7.5 10

Time, min —30 —20 15 20 30 40 60 9 120

Dog 1  Glucose, (mg/100 mi) 106 125 124 127 — 146 — 170 183 198 207 224 244 225 197

Insulin, (wU/ml) 24 58 95 49 — 144 — 139 124 86 63 82 126 138 143

Glucagon, (pg/ml) 860 700 860 .860 — 760 — 1700 1560 1360 1500 1300 860 760 560

Dog 2  Glucose, (mg/100ml) 99 104 103 103 127 136 141 150 176 197 222 231 225 236 246

Insulin, (wWU/ml) 27 30 26 82 240 134 220 158 150 158 185 75 70 70 100

Glucagon, (pg/ml) 160 130 150 150 350 770 700 1060 870 990 810 560 350 320 200

Dog 3 Glucose, (mg/100 ml) 117 115 112 112 131 141 139 155 152 153 162 162 161 169 162

Insulin, (uU/ml) 74 — 40 84 300 146 400 174 110 78 102 74 61 48 48

Glucagon, (pg/ml) 40 20 0 0 110 220 300 280 110 30 120 150 70 80 80

Dog 4 Glucose, (mg/100 mi) 107 103 110 109 128 142 155 160 177 190 185 182 168 172 170

Insulin, (uU/ml) 4 34 176 172 172 300 152 112 110 102 108 58 48 82 90

Glucagon, (pg/ml) 160 240 380 220 500 420 960 880 510 600 390 370 240 220 120

Mean  Glucose, (mg/100 ml) 107 112 112 113 129 142 145 159 172 185 195 200 199 201 194

=+SEM 3 4 4 4 1 2 4 4 6 9 11 14 18 15 16

Insulin, (xU/ml) 32 41 84 97 237 181 257 146 123 106 115 72 76 85 95

+SEM 13 7 29 23 30 34 60 12 8 16 22 4 15 17 17

Glucagon, (pg/ml) 305 273 347 307 320 543 653 980 763 745 705 595 380 345 240

+SEM 162 129 163 164 93 117 157 253 267 246 260 216 147 127 95
METHODS Plasma was separated immediately and stored at —15 to

Studies in dogs. A T-catheter was implanted by the
method of Ohneda, Aguilar-Parada, Eisentraut, and Unger
(7) in the superior pancreaticoduodenal vein of anesthetized,
adult mongrel dogs weighing between 11 and 25 kg. Cath-
eters were perfused continuously until the time of an ex-
periment with a slow infusion of normal saline containing
heparin. Experiments were carried out on the 3rd or 4th
postoperative day. After each experiment, the dog was
sacrificed and the patency of the T-cannula and the vein
was determined. Dogs in which the pancreaticoduodenal
vein was not patent were excluded from the study.

Alloxan diabetes was induced in some of the dogs 2
days after the surgery. After a 48 hr fast, these animals
were intravenously given 75 mg of -alloxan per kg of body
weight as a 5% solution, followed by a high carbohydrate
meal.

Studies in rats. Anti-insulin diabetes was induced in fed
rats by the technique of Wright (8). Under pentobarbitol
sodium anesthesia (Nembutal, Abbott Laboratories), a
polyethylene catheter was inserted into the right jugular vein.
1-ml blood samples were obtained 15 min before and 30, 60,
90, and 120 min after the injection of either guinea pig anti-
insulin serum?® with a neutralizing capacity of 2.5 U insulin
per ml, or nonimmune guinea pig serum.

Analytical methods. Blood specimens were obtained in
syringes rinsed with a 10% solution of ethylenediamine-
tetraacetate (EDTA) and collected in tubes containing 0.1
ml of Trasylol® 500 Kallikrein Inactivator Units) per ml
blood.

* Anti~insulin serum was kindly supplied by Dr. Peter
Wright.

? Trasylol was purchased from FBA Pharmaceuticals, Inc.,
New York.

—20°C for up to 12 wk. Glucose concentration was mea-
sured by the ferricyanide method of Hoffman (9) using
a Technicon AutoAnalyzer. Insulin was measured by the
Herbert modification (10) of the radioimmunoassay of
Yalow and Berson (11). Glucagon was assayed by the
previously described radioimmunoassay (12) as most re-
cently modified (1). The anti-glucagon serum employed
was 30K, which is highly specific for pancreatic glucagon
and cross-reacts only very weakly with glucagon-like im-
munoreactivity of gastrointestinal origin.

RESULTS

Effect of intracellular blockade of glucose me-
tabolism on glucagon secretion

2-Deoxyglucose. 2-Deoxyglucose, a nonmetabolizable
analogue of glucose, is phosphorylated competitively
with glucose (13) and appears to block glucose metabo-
lism below the level of glucose-6-phosphate by inhibiting
the enzyme phosphohexoisomerase (13). To determine
the effect of a blockade of glucose metabolism upon
glucagon secretion four dogs were given an intravenous
injection of 300 mg of 2-deoxyglucose per kg of body
weight, and the concentrations of plasma glucagon, in-
sulin, and glucose were determined. The results are
shown in Table I and Fig. 1.

Plasma glucose rose promptly in all dogs to a peak
averaging 200 mg/100 ml (semM =*=14) at 40 min. Insulin
also rose in all animals, reaching a peak at 7.5 min which
averaged 257 #U/ml (sem =60). Glucagon rose in all
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Ficure 1 Reésponse of glucagon, glucose, and insulin to the
injection of 2-deoxyglucose in a conscious dog (dog 2 of
Table I).

dogs within 10 min of the injection to a peak averaging
980 pg/ml (seM *+253), returning to preinjection levels
60-100 min later (Table I).

These results are compatible with the thesis that in- -

tracellular glucose lack, brought about by interference
with glucose metabolism, causes increased secretion of
glucagon, despite the presence of high levels of extracel-
lular glucose and insulin, although the unexpected hyper-
insulinemia weakens this conclusion.

Mannoheptulose. Mannoheptulose is believed to in-
hibit insulin secretion (14, 15) by blocking glucose phos-
phorylation within the beta cell (16), an effect which it
presumably exerts on other cells as well. In order to de-
termine if a block of glucose metabolism within the alpha
cell at another level would also influence the release of
glucagon, 1.2 g of the septose per kilo of body weight
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F1cure 2 Response of glucagon, insulin, and glucose to the
infusion of mannoheptulose in a conscious dog (dog 3) of
Table II).

was infused for an hour in three dogs (Fig. 2 and Table
IT). As indicated in Table II, insulin fell promptly to
near zero values in all three dogs and glucose rose
promptly and progressively to a peak of 401 mg/100 ml
at the end of the infusion. The mean glucagon level
increased from a preinfusion value of 273 pg/ml to
a peak of 1153 pg/ml (sEmM =*345) 15 min after termi-
nation of the infusion and then declined. To deter-
mine if insulin lack, rather than a block of glucose
metabolism within the alpha cell, was responsible for the
increase in glucagon secretion, plasma insulin was re-
stored to 100 »U/ml or above by infusing insulin with
the mannoheptulose (Table III). Glucagon rose at 60
min to 680 pg/ml despite insulin levels of 100 xU/ml or
more. This would suggest that a blockade of glucose
metabolism within the alpha cell, rather than the lack of
insulin, was the cause of the stimulation of glucagon
release.

Effect of insulin lack and insulin repletion on
glucagon secretion

Alloxan diabetes. To determine the effect of insulin
deficiency upon glucagon secretion, moderate to severe
alloxan diabetes with fasting plasma glucose levels in
excess of 350 mg/100 ml was produced in four dogs.
Despite the hyperglycemia the plasma glucagon was
strikingly increased in all, ranging from 1,900 to 14,000
pg/ml, or from about 3 to 22 times normal. Plasma in-
sulin was markedly reduced relative to the hyperglyce-
mia in all but one of the four animals, the one with the
lowest glucagon value. The results are recorded in Table
Iv.

To determine if insulin repletion would correct the
extreme hyperglucagonemia of alloxan diabetes, insulin
was infused at a rate of from 0.15 to 1.5 U/kg per min
in four dogs for 150 min. Within minutes after the
start of the infusion, plasma glucagon fell precipitously
towards normal despite a declining plasma glucose con-
centration, which in a nondiabetic dog would tend to
increase glucagon secretion (4). These findings, which
are recorded in Fig. 3 and Table IV, provide clear evi-
dence that glucagon secretion is greatly increased in
insulin deficiency induced by alloxan, despite marked
hyperglycemia, and is rapidly suppressed by relatively
modest quantities of insulin. It would appear from this
that the normal responsiveness of the alpha cells to hy-
perglycemia requires the presence of insulin.

Diazoxide “diabetes.” Diazoxide is believed to sup-
press directly the release of insulin (17), but is not
known to block glucose metabolism. To investigate the
effect of diazoxide-induced hypoinsulinemia upon glu-
cagon secretion, two dogs received 50 mg and two dogs
100 mg of diazoxide per kg of body weight as a con-
stant infusion for 120 min. Plasma insulin declined
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Ficure 3 Extreme elevation of plasma glucagon and its
response to insulin infusion in a dog with severe alloxan
diabetes (dog 1 of Table IV).

promptly in all four dogs, the mean insulin concentra-
tion averaging less than 5 #U/ml. This was associated
with progressive hyperglycemia which averaged more
than 300 mg/100 ml at the end of the infusion. Yet, de-
spite the effective suppression of insulin release by the
diazoxide, a rise in glucagon concentration was not
observed.

-Anti—insulin diabetes, To determine the effect of
neutralization of circulating insulin upon glucagon se-
cretion a group of five rats was given 1 ml of guinea pig
anti-insulin serum by intravenous injection. A control
group of nine rats was given 1 ml of nonimmune guinea
pig antiserum by the same route. The results are shown
in Fig. 4.

The antiserum-treated group developed hyperglycemia,
averaging 666 mg/100 ml (sem =*31), which was sig-
nificantly greater than the glucose response of the control
group (P < 0.001). In this group, plasma glucagon rose
from a base line average of 112 pg/ml (sem *20) to a
peak of 256 pg/ml (sEm *18) at 120 min. Glucagon was
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600+
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80-

L)
120

Ficure 4 The effect of anti-insulin serum on plasma glu-
cagon in rats.

significantly higher than the level of 104 pg/ml (sEm
#+21) in the control group at this time (P < 0.001).

In a group of six other rats the administration of anti—
insulin serum induced only a very mild diabetic state
with a mean glucose concentration of 131 mg/100 ml
(seM *4); in these rats the maximum mean glucagon
level did not differ significantly from the controls.

DISCUSSION

The foregoing results indicate that certain forms of
severe experimental insulin deficiency are associated
with striking elevations in plasma glucagon despite the
coexistence of marked hyperglycemia. This was most
dramatically exhibited in severe chronic insulin deficiency
induced in dogs by alloxan. The fact that the hyperglu-
cagonemia in such animals was corrected in part with
remarkable rapidity by the infusion of insulin, and at
plasma insulin concentrations of only 32-85 wU/ml,
suggests that the “glucose-blindness” of the alpha cell
in this form of diabetes, at least, is the consequence of
hypoinsulinemia and implies insulin dependence of the
alpha cell. The increased levels of glucagon observed
during 2-deoxyglucose administration can be interpreted

TasrLE III

Glucagon Response to Mannoheptulose during Insulin Infusion in a Dog

Infusion of insulin (0.2 U/kg per hr) and mannoheptulose

Time, min -30 -10 0 10 20 30 45 60 75 90 120 150 180 210
Glucose, (mg/100 ml) 98 104 105 197 262 268 298 295 218 232 204 197 192 185
Insulin, (gU/mi) 15 20 14 112 126 148 170 140 24 16 10 8 12 18
Glucagon, (pg/mi) 120 120 150 | 218 140 100 500 680 80 300 240 280 280 120
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as evidence that glucose metabolism within the alpha
cell is required to suppress glucagon release; if so, one
can ascribe the effects of hypoinsulinemia upon glucagon
release to insufficient glucose metabolism within the
alpha cell, as suggested by Edwards and Taylor (18).

In the case of the more acute forms of insulin defi-
ciency achieved without injury to the beta cells them-
selves, the effect on glucagon secretion was variable.
The administration of diazoxide, which produces hypo-
insulinemia by suppressing insulin release (17), failed
to change plasma glucagon. Perhaps the hypoinsulinemia
was of insufficient duration to deplete the alpha cells of
products of glucose metabolism, or perhaps the ac-
cumulation of insulin within the beta cells as a conse-
quence of diminished insulin release was sufficient to
provide insulin through direct contact with juxtaposed
alpha cells, or possibly the drug itself interferes with
glucagon release in this situation. In the case of the
high glucagon levels induced by the administration of
mannoheptulose, which, like diazoxide, inhibits insulin
release, a direct blockade by the septose of glucose
phosphorylation (16) within the alpha cell is probably
responsible for the rise; the results cannot be ascribed
to hypoinsulinemia per se, since the concomitant infu-
sion of insulin did not prevent the rise.

On the other hand, hypoinsulinemia, induced by anti—

insulin serum, was associated with a significant in- .

crease in glucagon at the end of 2 hr. Conceivably, the
rise in glucagon induced by this form of hypoinsulinemia
may reflect a relative depletion of insulin within the
islets of Langerhans induced by the antiserum, in con-
trast to a pharmacologic over-abundance of tissue in-
sulin produced by diazoxide (19).

In any case, the results in the severely alloxan dia-
betic dogs indicate that when insulin is deficient both in
the plasma and within the islets of Langerhans, alpha
cell secretion is not suppressed even by extreme hyper-
glycemia, possibly because glucose penetration into
alpha cells is prevented. The stimulatory effect of 2-de-
oxyglucose infusion on glucagon secretion suggests that
a metabolite of glucose is necessary to suppress the re-
lease of glucagon, and it is reasonable, therefore, to as-
cribe the effect of insulin lack to a deficiency of such
metabolites within the alpha cell.

It is of parenthetical teleogic interest that an excess
of glucose inhibits the secretion of glucagon, a hormone
designed to support vital glucose needs in time of defi-
cit of exogenous glucose, and that a deficit of glucose,
whether produced by starvation (4), hypoglycemia (5,
6), or diabetes (1, 2), stimulates its secretion. It would
seem that in the basal state the alpha cell is “set” to se-
crete, just as the beta cell is “set” not to secrete, and that
an influx of exogenous glucose will, in a sense, provide
energy necessary to “turn off” secretion by the alpha cell

1998

and “turn on” beta cell secretion, a teleogically satisfying
arrangement for the two cells designed, respectively, to
mobilize stored fuels and to store ingested fuels.

These findings are in harmony with, but do not prove,
the previously proposed hypothesis (1, 2) that the rela-
tive hyperglucagonemia which characterizes the diabetic
state in man is a consequence of insulin lack. Yet simple
insulin lack fails to explain certain of the observations
in human diabetes. It fails to explain adequately the
marked hyperglucagonemia observed in certain adult-
type diabetics, in whom plasma insulin is, in an absolute
sense, in the normal or low normal range (1, 2). Nor
does it account satisfactorily for the high insulin re-
quirements of patients with diabetic ketoacidosis and
the hours of therapy required to reduce their marked
hyperglucagonemia (3, 1), which contrasts so strikingly
with the immediate effect of insulin in severe alloxan dia-
betes. One is tempted to suggest that if insulin lack is,
in fact, the cause of diabetic hyperglucagonemia in man,
then some hindrance to insulin-alpha cell interaction
must also be postulated.

ACKNOWLEDGMENTS

The authors wish to express their thanks to Mrs. Margaret
Bickham, Mrs. Shirley Harvey, and Mr. Daniel Sandlin
for their technical assistance.

This work was supported by National Institutes of Health
Grant AM 02700-12; Hoechst Pharmaceutical Company,
Somerville, N. J.; The Upjohn Company, Kalamazoo, Mich.;
USV Pharmaceutical Corporation, New York; Pfizer Lab-
oratories, New York; Bristol Myers Company, New York;
and the Dallas Diabetes Association, Dallas, Tex.

REFERENCES

1. Unger, R. H., E. Aguilar-Parada, W. A. Miiller, and
A. M. Eisentraut. 1970. Studies of pancreatic alpha cell
function in normal and diabetic subjects. J. Clin. Invest.
49: 837.

2. Miiller, W. A, G. R. Faloona, E. Aguilar-Parada, and
R. H. Unger. 1970. Abnormal alpha cell function in dia-
betes: response to carbohydrate and protein ingestion.
N. Engl.J. Med. 283: 109.

3. Assan, R., G. Hautecouverture, S. Guillemant, F. Dau-
chy, P. Protin, and M. Derot. 1969. Evolution de para-
metres hormonaux (glucagon, cortisol, hormone sonato-
trope) et énergétiques (glucose, acides gras, glycérol
libre) dans dix acido-cétosis diabetiques graves traitées.
Pathol. Biol. 17: 1095.

4. Ohneda, A., E. Aguilar-Parada, A. M. Eisentraut, and
R. H. Unger. 1969. Control of pancreatic glucagon secre-
tion by glucose. Diabetes. 18: 1.

5. Unger, R. H, A. M. Eisentraut, M. S. McCall, and
L. L. Madison. 1962. Measurements of endogenous glu-
cagon in plasma and the influence of blood glucose con-
centration upon its secretion. J. Clin. Invest. 41: 682.

6. Buchanan, K. D, J. E. Vance, K. Dinstl, and R. H. Wil-
liams. 1969. Effect of blood glucose on glucagon secretion
in anesthetized dogs. Diabetes. 18: 11.

W. A. Miiller, G. R. Faloona, and R. H. Unger



10.

11.

12.

13.

. Ohneda, A., E. Aguilar-Parada, A. M. Eisentraut, and

R. H. Unger. 1968. Characterization of response of circu-
lating glucagon to intraduodenal and intravenous ad-
ministration of amino acids. J. Clin. Invest. 47: 2305.

. Wright, P. H. 1961. The production of experimental dia-

betes by means of insulin antibodies. Amer. J. Med. 31:
892.

. Hoffman, W. S. 1937. Rapid photoelectric method for

the determination of glucose in blood and urine. J. Biol.
Chem. 120: 51.

Herbert, V., K.-S. Lau, C. W. Gottlieb, and S. J. Blei-
cher. 1965. Coated charcoal immunoassay of insulin.
J. Clin. Endocrinol. Metab. 25: 1375.

Yalow, R. S., and S. A. Berson. 1960. Immunoassay of
endogenous plasma insulin in man. J. Clin. Invest. 39:
1157.

Unger, R. H., H. Ketterer, J. Dupré, and A. M. Eisen-
traut. 1967. The effects of secretin, pancreozymin and
gastrin on insulin and glucagon secretion in anesthe-
tized dogs. J. Clin. Invest. 46: 630.

Wick, A. N,, D. R. Drury, H. I. Nakada, and J. B.
Wolfe. 1957. Localization of the primary metabolic block
produced by 2-deoxyglucose. J. Biol. Chem. 224: 963.

14,

15.
16.

17.

18.

19.

Glucagon Secretion and Insulin Deficiency

Froesch, E. R, A. Jacob, G. R. Zahnd, and E. Simon.
1966. Immunoreactive insulin, suppressible and non-
suppressible insulin-like activities in rats after adminis-
tration of glucose and induction of hyperglycemia by
mannoheptulose. Diabetologia. 2: 265.,

Nelson, J. K,, D. Rabinowitz, and T. J. Merimee. 1967.
Effect of epinephrine on insulin release in man induced
by secretin. Nature (London). 215: 883.

Coore, H. G., and P. J. Randle. 1964. Inhibition of glu-
cose phosphorylation by mannoheptulose. Biochem. J. 91:
56.

Seltzer, H. S, and E. W. Allen. 1969. Hyperglycemia
and inhibition of insulin secretion during administration
of diazoxide and trichlormethiazide in man. Diabetes. 18:
19.

Edwards, J. C,, and K. W. Taylor. 1970. Fatty acids and
the release of glucagon from isolated guinea pig islets
of Langerhans and incubated in wvitro. Biochim. Bio-
phys. Acta. 215: 310.

Frerichs, H., C. Creutzfeldt, and W. Creutzfeldt. 1968.
Inhibitors of insulin secretion. Acta Diab. Latina. 5
(Suppl. 1) : 105.

1999



