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THE UNIHORMONAL ABNORMALITY CONCEPT OF THE PATHOGENESIS OF
DIABETES

The traditional unihormonal concept of the pathogenesis of
diabetes holds that all of the metabolic aberrations of severe
diabetes are 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 diabetes responds to injections of insulin-
containing pancreatic extracts. This concept would be
unassailable “-- unless 1) the insulin deficient state were
invariably associated with a second abnormality capable of
producing some or all of the metabolic derangements of severe
diabetes, and 2) this second abnormality were reversible with
insulin administration.

THE MULTIHORMONAL ABNORMALITY CONCEPT

It is now clear that insulin deficiency is, with extremely
rare exceptions, 1) invariably associated with a second hor-
monal abnormality, relative® or absolute hyperglucagonemia
(54), and 2) that the postpancreatectomy hyperglucagonemia

is readily correctable with insulin treatment. Since gluca-
gon is a powerful glycogenolytic, gluconeogenic, lipolytic
and ketogenic hormone, and its actions are opposed by insulin
and intensified by insulin deficiency, a deleterious contri-
bution by the hormone to the metabolic syndrome of diabetes
would, on a priori grounds, be expected. The potential thera-
peutic benefit of reducing diabetic hyperglucagonemia makes
this issue one of practical as well as of pathophysiologic
importance.

It is also clear that the functions of other islet cells, the
somatostatin-secreting D-cells and the pancreatic polypeptide
(PP) secreting F- or Dj-cells, are abnormal in diabetes. Thus,
diabetes must be viewed as a multihormonal derangement. While
the actions of PP remain to be elucidated, pancreatic somato-
statin may, like insulin and glucagon, be an important regu-
lator of nutrient flux -- a regulator of the rate at which
ingested nutrients enter the circulation. It would not be
surprising if contributions to the metabolic syndrome of
diabetes attributable to these hormonal aberrations were one
day to be recognized.

THE CHARACTER AND PATHOGENESIS OF THE MULTIHORMONAL ABNORMALI-
TIES OF DIABETES MELLITUS

A. Abnormal A-cell Function

1. Loss of glucose sensing function: In all forms of
diabetes thus far studied, with the possible excep-
tion of the somatostatinoma syndrome (15, 23),
measurable levels of immunoreactive glucagon (IRG)

* pelative 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 the 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 IRG levels in diabetics much as in nondiabetics,
suggesting selective impairment of glucose sensing by
the A-cells 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: In addition to
the loss of glucose sensing by the diabetic A-cell,
there appears to be a hyperresponsiveness to stimula-
tion by intravenous amino acids and by protein meals.
Whereas in nondiabetics the protein-induced rise in
glucagon is completely abolished by hyperglycemia, in
diabetics hyperglycemia fails to modify the protein-
induced rise in glucagon (34). The ingestion of pro-
tein by diabetics could, therefore, cause a glucagon-
mediated rise in glucose levels.

3. Response of abnormalities to insulin: In the juvenile-
type diabetic glucose plus insulin can abolish protein-
stimulated increases in glucagon secretion, but it
fails to restore the normal relationship between
changes in glucose concentration and changes 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 relation to glycemic
change in order to produce normal patterns of glucagon
secretion.

In contrast to the effectiveness of insulin in lowering
glucagon levels in juvenile-type diabetics, in maturity
onset type diabetics insulin fails to reduce glucagon
secretion -- even when administered in supraphysiologic
doses. This clear difference in the ability of insulin
to influence A-cell function in the two forms of dia-
betes suggests a difference in their pathogenesis; this
is further supported by the marked difference in the
pathology of the islets (vide infra) in these two forms
of the disease.

Abnormal D-cell Secretion

Extractable somatostatin-like immunoreactivity (SLI) and
somatostatin-containing D-cells are increased in the islets
of rodents (38) with experimentally induced destruction of
B-cells and in juvenile-type diabetics there is a 2.5 fold
increase in the D-cell population per islet (36). More



recently, fasting plasma somatostatin-like immunoreac-
tivity has been reported to be increased in alloxan dia-
betic dogs (Figure 1) and in juvenile-type diabetics (u45).
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reactivity (SLI) (closed bars) and glucose (hatched

bars) in normal dogs and alloxan diabetic dogs receiving
their usual maintenance dose of insulin and dogs deprived
of insulin for 48 hours. Statistically significant dif-
ferences in SLI were observed between all groups. These
differences are qualitatively similar to differences in
fasting glucagon in the groups.

In the dogs the meal-induced rise in plasma SLI was
markedly delayed and the intravenous infusion of glu-

cose, which in nondiabetic dogs reduces the meal-induced
rise in somatostatin, fails to do so in diabetics. 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 which may be necessary for coordination between the
entry rate of ingested nutrients into the circulation

and their efflux from the extracellular space into tissues.



C. Pathology of the Islets in Diabetes

1.

Morphology of the normal islets: As depicted sche-
matically in Figure 2, the 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 approximately 25% of the endocrine popula-
tion of the islet, and surrounding a scattering of
somatostatin-containing D-cells, constituting 10% of
the endocrine population, and an inner medulla of B-
cells making up 60-70% of the islet cells. Not
depicted in this diagram 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 synecytium, 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 known to influ-
ence the secretion of at least one of its neighboring
cells, as is depicted schematically. The possibility
that a within-islet or "paracrine" influence by at
least five secretory functions must be considered.

NORMAL ISLET HYPOINSULINEMIC HYPERINSULINEMIC
DIABETES DIABETES

A CELLS Glucagon
D CELLS «&® Somatostatin
8 CELLS (3 Insulin

4 GLUCAGON

'] INSULIN

FIGURE 2: Schematization of the anatomy of normal,
insulin-deficient diabetic, and insulin-abundant dia-
betic islets of Langerhans and of the hypothetical
"within islet" interactions of individual secretory
products upon secretion by neighboring cells.




2. Diabetes with insulin deficiency: The islet in dia-
betes characterized by paucity or absence 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 relationships 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, nor is the effect of this disruption
on the intercellular syncytial system known. If a
paracrine interrelationship between the hormones does
normall®y exist, it is clear that the effects of insulin
are missing; if they are important in down-regulating
locally the function of A- and/or D-cells, the absence
of insulin in the islet could explain the hypergluca-
gonemia and hypersomatostatinemia of this form of
diabetes.

3. Diabetes without insulin deficiency: 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 resemblance to many human patients 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-cell population is
observed. A- and D-cells are separated from one
another and the population of somatostatin-containing
cells 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 somatostatin deficiency. In fact,
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). Perhaps the
hyperglucagonemia that characterizes this state and
which is unresponsive to insulin, even in supraphysio-
logic doses, can be ascribed to somatostatin 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-sensitive tissues,
principally liver, muscle and fat (Table I). This would 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 (25), this increase is modest and is probably insuffi-



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

Derangenent D;¥f2gjgéy G%igzggn
1) Underutilization of glucose +4++ 0

2) Overproduction of glucose + ++4+
3) Increased release of amino ++++ 0

acids

4) IncreasSed gluconeogenesis ++++ ++++
5) Increased lipolysis ++++ ++(?)
6) Increased ketogenesis +(2) ++++

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

Hyperketonemia

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 lipolysis 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 required to produce ketoacidosis
(19, 29-31). They have characterized glucagon's role in
the excessive glucose and ketone production of severe dia-
betes (29) and their concepts have been substantiated by
the in vivo studies of Gerich et al. (19, 20) (Figure 3),
Liljenquist et al. (24), and Cherrington 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 hyperketonemia (48). Similar 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 B-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/100 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 pancreatectomy is characterized
by severe endogenous hyperglycemia and ketoacidosis in the
total absence of pancreatic glucagon, but circulating nonpan-
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 decline when insulin
is provided (11). 1In the dog the circulating nonpancreatic
glucagon originates in the fundus of the stomach. A-cells
indistinguishable by electron microscopy from pancreatic A-
cells have been identified in the gastric fundus of dogs (3)
and a polypeptide has been extracted which is physicochemi-
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 glucagon
secretion in depancreatized dogs (6). The severe endogenous



hyperglycemia that follows acute insulin withdrawal in such
dogs can be dramatically obtunded if extrapancreatic gluca-
gon secretion is concomitantly suppressed by somatostatin
infusion, in which case only mild endogenous hyperglycemia
(<170 mg/100 ml) occurs (43)
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FIGURE 4: A dog in which
somatostatin infusion prevented
a rise in plasma glucagon 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 glucagon 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 followed total pancreatectomy in dogs
with an intact hypophysis. The Houssay dogs required little



or no insulin and yet their blood glucose levels were
frequently normal or low. Houssay 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
that a glucagon deficiency state might be present in
hypophysectomized dogs and that this might constitute
an ameliorating 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 hypophysecto-
mized dogs receiving hydrocortisone and thyroid replace-
ment both glucose levels and gastric glucagon secretion
were far lower (Figure 5A), because of a marked reduc-
tion in gastric glucagon secretion (Figure 5B) (35).
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FIGURE 5B: Gastric
vein and inferior
vena 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 cleardy
attributable in large
measure to the remark-
able reduction in
gastric glucagon
secretion.

GLUCOSE (mg/IOOmI)'

GLUCAGON (pg/ml)

‘SHAM-HypoX, DEPAN' DOGS

<N

HOUSSAY DOGS

Ir=ai (N=4)
e
0.5g/Kg 0.5g/Kq
LV.C. r IVC.
S 30833 255 W0 40
3004 GLUCOSE 300 GLUCOSE
200y 200f [ IIIT 1
100} 10 100 INSULIN 10
o Pap. o ) - [ .
5000~
40004
3000+
20001
Z
10001 vy, 1000
// /‘/44 2 GASTRICYV.
P we | o L LV.C
-15 0 5 10 15 150 5 10 15
MINUTES

+ =p<005; :=p<001 vs.I.V.C.

A =SIGNIFICANT vs. O MIN. (p<0.05)

Even without insulin treatment glucose levels below 100

mg% were observed in the Houssay dogs.
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the hyperglycemia to the range of pancr
with an intact hypophysis (Figure 6).
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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.
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ARGUMENTS AGAINST GLUCAGON'S ROLE IN DIABETES

A.

Does glucagon mediate certain of the metabolic conse-
guences of insulin deficiency? (a pathophysiologic issue)

Argument #1: Discontinuation of insulin therapy in juve-
nile-type diabetics may give rise to endogenous hypergly-
cemia and an increase in plasma ketones without a concomi-
tant rise in glucagon levels (1).

NOTE: These workers failed to consider that a reduction

of insulin 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 index
of net bihormonal metabolic effects. Indeed, Cherrington
and coworkers (9) have found that insulin deficiency induced



in the presence of constant basal glucagon levels causes
glucose production to double within 30 minutes, whereas
insulin deficiency in the absence of glucagon causes an
initial drop in hepatic glucose production, and a small
late increase (Figure 7). Therefore, the failure of
glucagon levels to increase as diabetes worsens cannot
be taken as evidence of nonparticipation by glucagon in
the metabolic deterioration resulting from insulin

deprivation.
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FIGURE 7: Comparison of the effects of insulin deficiency
with and without glucagon deficiency upon hepatic glucose
production and arterial glucose concentrations. Left panel:
This is a control study designed to determine if somato-
statin has effects upon these parameters when suppression
of endogenous insulin and glucagon is cancelled by replace-
ment infusions of both hormones into the portal vein.
Clearly, it does not. Center panel: When somatostatin is
infused with intraportal glucagon but no insulin, producing
insulin deficiency without modification of glucagon levels,
there appears a substantial and prompt increase in hepatic
glucose production which begins to wane within one hour and
returns to basal levels within three hours. However, the
arterial hyperglycemia is not transient because clearance
of the endogenous glucose from the extracellular space is
delayed in the hypoinsulinemic animal. This experiment
emphasizes two important points: 1) Although the glucagon-
mediated increase in hepatic glucose production is transient,
its hyperglycemic consequences persist well beyond the
period of glucose overproduction. 2) The effects of gluca-
gon may be enhanced without the rise in glucagon concentra-
tion simply by lowering the insulin concentration. Right
anel: This demonstrates the effect of combined glucagon
and insulin deficiency. When glucagon is absent there is
no increase in hepatic glucose production nor does marked
endogenous hyperglycemia appear. The rise in glucose
concentration rarely exceeds 170 mg$% and is at least in
part the consequence of a late fall in peripheral glucose

utilization (not shown here).
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Argument #2: When one gives somatostatin to nondiabetics
or maturity-onset diabetics for several hours, hypergly-

cemia -and hyperketonemia occur despite continued suppres-
sion of glucagon (48, 52).

HOTE: These authors use the term "hyperglycemia" for a
rise in glucose of 10 mg% (Figure 8) to a level of 120 mgt
and "hyperketonemia" for a 0.2 mM rise in ketones. These
are trivial changes and are in sharp contrast to the severe
endngenous hyperglycemia and hyperketonemia that occur in
the presence of glucagon. We interpret their studies as
providing support for rather than against the role of
glucagon in diabetes by demonstrating the absence of

severe hyperglycemia and severe hyperketonemia in the
glucagon-deficient insulin-deficient state.
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Argument #3: Endogenous hyperglycemia and hyperketonemia
develop following insulin withdrawal in totally depancrea-

tized patients with unmeasurable plasma 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
immunoreactive glucagon in the plasma of depancreatized
patients may 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 glucagon-like immunoreactive moieties may well have
exerted glucagon-like biologic effects that were exagger-
ated by insulin withdrawal.

Does glucagon have deleterious metabolic effects in the
presence of insulin? (a practical issue)

Argument #1: Administration of glucagon to insulin-treated
juvenile-type diabetics fails to cause worsening of either
the hyperglycemia or ketonemia (Figure 9) (47).
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FIGURE 9: The study of Sherwin et al. (47) in two juve-
nile-type diabetics said to demonstrate that constant
infusion of glucagon is without effect on either hyper-
glycemia or ketonemia.
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This means that in diabetics glucagon is bioclogically
impotent in the presence of insulin, that abnormal A-cell
function in diabetic patients is not deleterious, and that
efforts to find a pharmacologic glucagon-suppressing drug
as a means of improving control of hyperglycemia 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 levels presumed to be present in poorly con-
trolled diabetics, 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 60%
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
glycemia were observed. U4) Glycosuria, ketonuria and
other sensitive 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 continuous
insulin infusion the infusion of glucagon at the same rate
of glucagon used by Sherwin et al., profound worsening of
hyperglycemia, glycosuria (Figure 10) 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 insulin 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 administration

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 infu-
sion. The insulin infusion rate was decreased from 1 a.m. to

7 a.m. each morning to avoid hypoglycemia.
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FIGURE 11A: The effect of a
rige in glucagon induced by the
ingestion of a tuna fish meal
in adult-type diabetics during
the constant overnight infusion
of insgulin. Note that despite
the administration of insulin
in quantities sufficient to
normalize the fasting glucose
level, the rise in endogenous
glucagon stimulated by the
protein meal is accompanied
by a 50 mg% increase in glu-
cose concentration. This is
believed ®o0 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 and the nondiabetic
glucagon (IRG) levels.
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FIGURE 11B: The identi-
cal study carried out in
juvenile-type diabetics.
Although the rise in
glucagon is no different
from nondiabetics when
these patients are main-
tained with an overnight
insulin infusion, glucose
levels rise approximately
50 mg% during the 2 hours
after the ingestion of
the tuna fish, attributed
to a rise in glucagon
when the insulin level is
fixed.
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Argument #2: Glucagon's action is transient (7, 10, 14,
49; so the hyperglucagonemia of diabetics must be devoid

of any persistent metabolically deleterious influence.

NOTE: The waning of glucagon'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 are fixed, an inappropriate
increase in glucose production, however transient, adds
glucose to the extracellular space and, in the absence of
a rise in insulin, this glucose cannot be cleared at a
normally rapid rate. Thus, the glucose is "trapped" in
the extracellular space (9) (Figure 7) to be cleared at

a fixed subnormal rate by tissues and through excretion
-- just as is the case after a glucose meal (also transi-
ent). In other words, whether the circulating glucose

is derived from the liver or from the diet its removal

is retarded by the defect in insulin secretion, and the
worsening of the hyperglycemia persists even after
increase in glucose influx (from the liver or the diet)
has ceased. Increased glycosuria obviously helps clear
the glucose and a certain inverse relationship between
the two may be expected. However, only the glycogenolytic
effect of glucagon is transient; its gluconeogenic and
ketogenic effects are not transient (9).

It seems reasonable to conclude from the foregoing evi-
dence cited that glucagon plays an important, if not
essential, role in the pathogenesis of the severe
endogenous hyperglycemia and hyperketonemia of insulin
deficiency, and that an increase in plasma glucagon in
diabetics with a relatively fixed insulin level causes
endogenous hyperglycemia of varying severity. Inasmuch
as insulin cannot restore normal glycemic control of
A-cell function, i.e. the glucose-sensing function of
the A-cells, efforts to correct diabetic hyperglucagon-
emia by other pharmacologic means become of therapeutic
interest.

THERAPEUTIC IMPLICATIONS OF GLUCAGON SUPPRESSION IN DIABETES

Present methods for controlling both juvenile-type and adult-
onset diabetes leave much to be desired. Few, if any, dia-
betics are maintained free of hyperglycemia throughout the
day and most exhibit hyperglycemia for 8-16 hours per day
while on careful management with diet and multiple daily
injections of insulin (41). While daytime 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 glucagon
secretion in diabetics would seem, therefore, to be a justi-
fiable goal in the therapy of diabetic hyperglycemia.




~270-

In juvenile-type diabetics insulin reduces the hyperglucagon-
emia, but the quantities of insulin required to do so are high
and increase the risk of hypoglycemia (2). In adult-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 insulin-
suppressing activity or influence upon other organ systems.

Although somatostatin has widespread gastrointestinal actions
and also 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 remarkable 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 and triglyceridemia (Figure 13) when
somatostatin analogs were administered subcutaneocusly as a
supplement to suboptimal insulin therapy (12).
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FIGURE 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.
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ARGUMENTS AGAINST THE POTENTIAL VALUE OF GLUCAGON SUPPRESSION

Argument #1: The blood glucose lowering effects of somato-
statin are due to inhibition of glucose absorption rather
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 normo-
glycemic when glucagon is suppressed by somatostating when
glucagon infugsion is added to the insulin and somatostatin
infusions they again become hyperglycemic (41) (Figure 1Uu4).
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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 glucagon levels
are present (left panel). The addition of somatostatin
(SRIF) to the insulin 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 in maturity-onset diabetics given replacement
infusions of insulin 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 full syndrome that results
from complete insulin deficiency. 2) That in the well-
insulinized diabetic in whom insulin levels are relatively
fixed, a rise in glucagon concentration contributes to
endogenous 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 find a means of
suppressing glucagon secretion in the management of human
diabetes. As of now, there seems to be basis for modifica-
tion of any of the foregoing positions.
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