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ABSTRACT To examine whether abnormal pan-
creatic alpha-cell function found in human diabetes
mellitus may represent a selective insensitivity to glu-
cose, plasma glucagon responses to hyperglycemia and
elevation of plasma free fatty acid levels (both known
suppressors of glucagon secretion) were compared in
juvenile-onset, insulin-requiring diabetic subjects, and
in normal nondiabetic subjects. In the latter, both ele-
vation of plasma free fatty acid levels induced by heparin
administration and hyperglycemia produced by intra-
venous infusion of glucose resulted in a comparable
30-40% suppression of circulating glucagon levels (P <
0.01). In the diabetic subjects, glucagon suppression by
hyperglycemia (< 20%) was less than that occurring
in normal subjects (P < 0.01), even when accompanied
by infusion of supraphysiologic amounts of insulin.
However, suppression of glucagon levels by elevation
of plasma free fatty acids in the diabetic group was
similar to that found in normal subjects and of com-
parable magnitude to that due to hyperglycemia in the
normal subjects. These results thus demonstrate a se-
lective impairment of the diabetic alpha-cell response to
glucose and provide further evidence for the presence of
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an abnormal alpha-cell glucoreceptor in human diabetes
mellitus.

INTRODUCTION
Two hypotheses have been proposed to explain pancre-
atic alpha-cell dysfunction in idiopathic human diabetes
mellitus. One suggests that insulin lack per se is re-
sponsible (1, 2). This is supported by observations that
hyperglucagonemia can develop secondarily to beta-cell
destruction both in animals made diabetic experimentally
with alloxan (3) and in humans with diabetes resulting
from pancreatitis (4, 5). Moreover, acute insulin depri-
vation in diabetic humans (6, 7) and alloxan-diabetic
dogs (8) results in hyperglucagonemia that can be re-
versed by insulin administration (8, 9). The other hy-
pothesis proposes that idiopathic diabetes mellitus is a
bihormonal disease (10, 11) in which abnormal glu-
cagon secretion may result from a primary pancreatic
alpha-cell insensitivity to glucose (10, 11) similar to
that proposed to explain deficient diabetic pancreatic
beta-cell function (12, 13). This proposal is supported
by observations that the diabetic alpha cell responds in-
appropriately to both hyper- (14) and hypoglycemia
(11) and that diabetic hyperglucagonemia is often
found despite normal or elevated insulin levels (15).

Although glucose is probably the major substrate
regulating glucagon secretion, free fatty acids (FFA)1

1Abbresiation used in this paper: FFA, free fatty acids.
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also influence pancreatic alpha-cell function. Elevation
of plasma FFA levels suppresses glucagon secretion in
several species (16-19), including man (20-22). Hyper-
glucagonemia and elevated plasma FFA levels coexist in
diabetic ketoacidosis (23, 24), but it is unclear whether,
under less stressful conditions and with only mild in-
sulin deficiency, the suppressive effect of FFA on glu-
cagon secretion is impaired in diabetes mellitus as is
suppression by glucose. Since this question is important
in determining whether the diabetic alpha cell is selec-
tively insensitive to glucose, the present studies were
undertaken to compare the suppressive effects of hyper-
glycemia and heparin-induced elevation of plasma FFA
levels on glucagon secretion in normal nondiabetic
subjects and in insulin-dependent diabetic subjects.

METHODS
Informed consent was obtained from six normal subjects
(five men and one woman), 21-28 yr of age, who were
not obese (94-100%o ideal body weight2) and who had no
family history of diabetes, and also from ten subjects with
juvenile-onset diabetes mellitus (eight men and two women),
aged 21-35 yr. None of the diabetic subjects were obese
(91-102% ideal body weight'), ketotic, or acutely ill at
the time of study. The duration of their diabetes ranged
from 7 to 28 yr, and their daily insulin requirements aver-
aged 45-70 U.

All studies were begun between 7 and 8 a.m. with sub-
jects in the postabsorptive state. Insulin was withheld from
the diabetic subjects for at least 24 h before testing. Using
19-gauge butterfly needles, an infusion of saline solution
(0.45%) was begun in an antecubital vein of each arm-
one for blood sampling, the other for administration of
drugs. Subsequently, at least one-half hour was allowed
for stabilization before collecting base-line blood specimens.
Two protocols were used in random order. On one day,
plasma FFA levels were elevated by i.v. administration of
3,000 U heparin (Riker Laboratories Inc., Northridge,
Calif.; 1,000 U/ml) as a 3-ml bolus at 0, 15, and 30 min;
blood samples for glucose, FFA, and glucagon determina-
tions were collected at 15-min intervals over 90 min. On
another day, sustained hyperglycemia was induced by i.v.
administration of glucose (150 mg/kg as an initial bolus
using 50%o glucose, followed by an infusion of 0.3-0.5 g/
kg per h of 20%o glucose) for 2 h in the normal subjects,
and glucose (0.4-0.6 g/kg per h as a 20%o solution) plus
insulin (0.6 U/kg per h; Eli Lilly and Co., Indianapolis,
Ind.; U 100 regular Monocomponent) was infused for 6 h
in the diabetic subjects. Blood samples for glucose and
glucagon determinations were collected at 30- to 60-min
intervals over the respective experimental periods.

Plasma glucose, FFA, and glucagon levels were deter-
mined by methods previously described (20). Two-tailed
Student's t tests were used for statistical evaluation of data.
Nonpaired tests were used for comparison of results from
normal subjects with those of the diabetics; otherwise,
paired tests were used.

RESULTS
Effect of elevation of plasma FFA levels on plasma

glucagon in normal and juvenile-onset diabetic subjects

2 Based on Metropolitan Life Insurance Company tables.
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FIGURE 1 Effect of heparin-induced hyperlipidacidemia on
plasma glucagon levels in normal and juvenile-onset dia-
betic subjects. Probability values refer to differences from
their base line among individuals.

(Fig. 1). Administration of heparin resulted in com-
parable elevation of plasma FFA levels in normal and
diabetic subjects. Plasma FFA rose from a mean
(+SE) basal level of 540±56 AM to a peak value of
813±83 uM at 15 min in the normal subjects (P <
0.01) and from 600±63 to 951±46 FM at 15 min in the
diabetic subjects (P <0.01). Thereafter, despite re-
peated heparin administration, FFA levels gradually
returned toward base-line values in both groups. Basal
plasma glucose levels averaged 84±2 mg/100 ml in the
normal subjects and 297±30 mg/100 ml in the diabetic
subjects. No significant changes in these values or in
insulin levels (measurable only in the normal subjects
because of the presence of insulin antibodies in the dia-
betics) were observed.

After heparin administration, plasma glucagon levels
declined similarly in both groups, falling progressively
in the normal subjects from a mean basal level of 94±
10 pg/ml to a nadir of 66±+11 pg/ml at 60 min (P <
0.01). Thereafter, levels rose toward baseline, reaching
77±11 pg/ml at 90 min. In the diabetic subjects, plasma
glucagon fell slightly more rapidly from a mean basal
level of 99±9 to 69±+14 pg/ml at 15 min (P < 0.05) and
to a nadir of 60±12 pg/ml at 60 min (P < 0.01).
Thereafter, levels rose toward baseline, reaching 70+
10 pg/ml at 90 min. These results indicate that, in dia-
betes mellitus, glucagon suppression after heparin-in-
duced elevation of plasma FFA levels is similar to that
found in nondiabetic individuals.

Effect of hyperglycemia and insulin on plasma glu-
cagon levels in normal and juvenile-onset diabetic sub-
jects (Fig. 2). Despite fasting hyperglycemia (plasma
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FIGuRE 2 Effect of hyperglycemia on plasma glucagon
levels in normal and juvenile-onset diabetic subjects. Nor-
mal subjects were infused with glucose alone; the diabetic
subjects received glucose plus insulin.

glucose levels averaging 202±f17 mg/100 ml), plasma
glucagon levels in the diabetic subjects (114±10 pg/ml)
were similar to those found in the normal subjects (96±
11 pg/ml). A previous study (14) had indicated that
this relative hyperglucagonemia is not normalized by
infusion of pharmacologic amounts of insulin for as
long as 3 h. However, it is unclear whether appropriate
alpha-cell responses to glucose might have occurred if
insulin had been infused for a longer period of time.
Therefore, to study this question and to compare the
acute effects of hyperglycemia in the presence of insulin
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FIGUR.E 3 Comparison of pancreatic alpha-cell suppression
by hyperlipidacidemia and hyperglycemia in normal and
juvenile-onset diabetic subjects. Results are derived from
data in Figs. 1 and 2.

in diabetic and normal subjects, glucose and sufficient
insulin to generate circulating insulin levels in excess of
1,000 i,U/ml (14) were infused into the diabetics over
6 h, and sufficient glucose to produce comparable hyper-
glycemia was infused into the normal subjects over 2 h.

Plasma glucose levels declined slightly in the dia-
betic subjects during the initial 3 h to 166±33 mg/100
ml but remained stable thereafter. Comparable hypergly-
cemia was produced in the normal subjects: plasma glu-
cose levels averaged between 161 and 172 mg/100 ml
and serum insulin levels (data not shown) averaged be-
tween 35 and 48 ,U/ml during the 2-h glucose infusion.
In both groups, plasma glucagon levels declined signifi-
cantly (P < 0.01) within 1 h, but greater decrements to
significantly lower absolute levels (P <0.01) occurred
in the normal subjects: In the diabetics, plasma glu-
cagon declined from a mean base-line value of 114±10
to 95±+10 pg/ml at 1 h (P < 0.01) and remained ap-
proximately at this level during the rest of the glucose/
insulin infusion, averaging 90±8 pg/ml at 6 h; in the
normal subjects, plasma glucagon fell abruptly from a
mean base-line value of 96±11 to 70±11 pg/ml at 30
min (P <0.01) and to a nadir of 55±9 pg/ml at 2 h
(P < 0.01). The glucagon levels of the normal sub-

jects (55 - 60 pg/ml) became significantly lower (P <
0.01) than those of the diabetic subjects (90 - 95 pg/
ml) at all sampling times after infusing glucose for 1 h.
Thus, acute administration of pharmacologic amounts of
insulin for 6 h definitely lowered glucagon levels in the
diabetic subjects, but it did not normalize their alpha-
cell response to hyperglycemia.

Comparison of glucagon suppression by elevation of
plasma FFA levels and by hyperglycemia in normal and
juvenile-onset diabetic subjects (Fig. 3). 8 of the 10
diabetic subjects studied participated in both experi-
ments. Their paired glucagon responses during the ini-
tial hour of each suppressive maneuver are compared in
Fig. 3 with those of the six normal subjects who partici-
pated in both experiments. Plasma glucagon levels were
suppressed to a similar degree by hyperglycemia and by
elevation of plasma FFA levels in the normal subjects,
whereas in the diabetic subjects elevation of plasma
FFA levels resulted in significantly greater suppression
(P < 0.01 at 30 and 60 min) than did hyperglycemia.
Thus, under the present experimental conditions, the
diabetic pancreatic alpha cell was selectively insensitive
to glucose, even in the presence of supraphysiologic cir-
culating levels of insulin.

DISCUSSION
In normal man, elevation of either plasma glucose or
plasma FFA levels suppresses glucagon secretion (10, 14,
20-22). In individuals with diabetes mellitus, however,
the ability of glucose to suppress glucagon secretion is
impaired (10, 14, 25). It has been suggested that this
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phenomenon may represent an intrinsic alpha-cell glu-
coreceptor abnormality independent of insulin deficiency
(10, 11, 26). The present studies were undertaken to
test this hypothesis. Firstly, the effect of acute elevation
of plasma FFA on circulating glucagon levels was com-
pared in diabetic and normal subjects to determine
whether diabetic alpha-cell hyporesponsiveness was lim-
ited to glucose as a suppressant; secondly, the effect of
pharmacologic amounts of exogenous insulin on glucose-
induced suppression of glucagon secretion was studied to
determine whether insulin replenishment could normalize
diabetic alpha-cell responses to glucose.

Acute elevation of plasma FFA after heparin adminis-
tration resulted in comparable suppression of circulating
glucagon levels in diabetic and normal subjects. This
finding thus precludes a generalized insensitivity of the
diabetic alpha cell to suppression by metabolic substrates
and provides additional evidence that the diabetic alpha
cell may be selectively insensitive to modulation by glu-
cose. Of interest is the observation that, in the normal
subjects, no change in plasma glucose levels occurred
during suppression of glucagon secretion by elevation
of plasma FFA. One would have expected glucose levels
to decline during suppression of glucagon secretion in
the face of continued insulin secretion because plasma
glucose levels fall in normal individuals during the
simultaneous inhibition of insulin and glucagon secre-
tion by somatostatin (27). This apparent discrepancy
can be explained, however, by studies (16, 28) demon-
strating that, during elevation of circulating FFA,
diminution in hepatic glucose production is counter-
balanced by an equivalent diminution in peripheral glu-
cose utilization so that no net change in circulating glu-
cose levels is observed.

In the present study, infusion of pharmacologic
amounts of insulin for 6 h improved, but did not nor-
malize, diabetic alpha-cell suppressibility by hypergly-
cemia. Two previous studies (14, 25) have examined
the effects of exogenous insulin on suppression of plasma
glucagon by glucose in human diabetics. Both found
that, when suppression in the diabetics was compared
with that in normal subjects made hyperglycemic by
infusion of glucose alone (14) or glucose plus com-
parable amounts of insulin (25), suppression in the
diabetics was still impaired.

In the study of Raskin et al. (25), suppression of
glucagon levels by insulin in diabetics was similar to
that occurring in normal subjects when very high doses
of insulin (producing circulating insulin levels of 500-
600 AU/ml) were infused into the diabetics. The rea-
son is not clear for the discrepancy between these re-
sults and those of the present study in which normaliza-
tion of glucose-induced glucagon suppression in dia-
betics was not achieved despite infusion of larger doses
(0.6 vs. 0.4 U/kg per h) of insulin for a longer period

(6 vs. 2 h), but differences in design (normal subjects
received only glucose in the present study) and the fact
that normal and diabetic subjects were not comparably
hyperglycemic in the Raskin study (diabetics were more
hyperglycemic) might be important. Nevertheless, while
both studies indicate that the diabetic alpha cell is re-
sponsive to insulin, both also suggest that insulin lack
may not be solely responsible for diabetic hyperglu-
cagonemia.

The fact that acute elevation of plasma FFA levels
was able, in the present studies, to suppress plasma glu-
cagon normally in the same diabetic individuals in whom
hyperglycemia was a relatively ineffective suppressive
agent indicates a selective insensitivity to glucose for
the diabetic pancreatic alpha cell. The mechanism re-
sponsible for this phenomenon is unclear. It has been
postulated that glucose regulates pancreatic alpha- and
beta-cell function primarily by means of membrane
glucoreceptors (29-31). Several lines of evidence indi-
cate that these postulated glucoreceptors function ab-
normally in diabetes mellitus (12, 13, 32, 33). Previous
observations of selective pancreatic beta-cell insensi-
tivity to glucose (13, 32) are analogous to the findings
of the present study with respect to diabetic alpha-cell
responses to glucose. The diabetic alpha cell does not
respond appropriately to either hyper- (14) or hypogly-
cemia (11) but does respond normally to changes in
plasma FFA levels, indicating a defect apparently spe-
cific for glucose. Thus, abnormal glucagon and insulin
secretion in diabetes mellitus might both be due to glu-
coreceptor dysfunction.

Whether these abnormalities could be the result of a
single process (e.g., virus-induced membrane alteration),
or whether one is primary and one secondary, is un-
clear. Abnormal glucagon secretion in human diabetes
may represent an alpha-cell glucoreceptor malfunction
different from the beta-cell glucoreceptor malfunction
causing diminished insulin secretion. For example, sup-
pression of glucagon secretion by FFA may not require
insulin, whereas appropriate glucagon responses to glu-
cose might demand conditioning of the alpha-cell glu-
coreceptor by insulin. Lack of insulin due to a primary
beta-cell glucoreceptor defect could thus induce a sec-
ondary alpha-cell glucoreceptor abnormality.

Although the present results and those of Raskin et al.
(25) indicate that insulin may play an important role in
modulating glucagon secretion in diabetes, it should be
pointed out that demonstration of an inhibitory effect
on glucagon secretion of pharmacologic but not physio-
logic amounts of insulin would tend to militate against
insulin lack being primarily responsible for abnormal
alpha-cell function in human diabetes. Indeed, the re-
cent findings of Pagliara et al. (34) that glucose could
appropriately suppress glucagon release from perfused
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pancreases of alloxan- and streptozotocin-diabetic rats
in the absence of insulin support this view. Their re-
sults indicate that hyperglucagonemia secondary to in-
sulin lack induced by experimental beta-cell destruction
is associated with normal alpha-cell glucoreceptors.
Since insulin can diminish glucagon secretion in both
this form of experimental diabetes (3, 8) and in spon-
taneous human diabetes (9, 14, 24, 25), this action of
insulin may be independent of an effect on glucorecep-
tors. Thus, demonstration of an inhibitory effect of
pharmacologic amounts of insulin on glucagon secretion
need not exclude an intrinsic alpha-cell glucoreceptor
defect. It should be emphasized that this action may be
an important mechanism by which therapeutic adminis-
tration of insulin improves diabetic control.
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