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A B S T R A C T To determine if both phases of glucagon
secretion are excessive in diabetes, arginine was admin-
istered intravenously as pulses and as infusions to nor-
mal subjects, insulin-dependent diabetics, and noninsu-
lin-requiring diabetics. The acute phase of glucagon
secretion, in response to arginine pulses at four different
doses (submaximal to maximal a-cell stimulating), was
indistinguishable in terms of timing, peak levels attained,
and total increments comparing controls and diabetics.
During the first half of the arginine infusion (500 mg/
kg over 30 min) the glucagon rise in controls and dia-
betics was similar (P> 0.1), whereas during the last
half of the infusion excessive glucagon levels were seen
in the diabetics. No difference in the glucagon responses
to arginine administered as either a pulse or an infu-
sion was observed between the two types of diabetics.
The acute phase responses of insulin to intravenous,
maximal stimulating doses of glucose (20 g) and argi-
nine (2.5 g) were measured in five insulin-independent
diabetics. Although the acute insulin response to argi-
nine was normal, there was marked attentuation of the
early j-cell response upon stimulation by glucose. From
these results we conclude that although in diabetes ex-
cessive glucagon levels are observed with chronic argi-
nine stimulation, the acute phase of glucagon secretion
in response to arginine is normal. In addition, the ,-cell
in noninsulin-requiring diabetics, although acutely hy-
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poresponsive to glucose, remains normally responsive
to another stimulus, arginine.

INTRODUCTION

Multiple studies have demonstrated the biphasic nature
of insulin and glucagon secretion during continuous ex-
posure to a variety of stimuli (1-6). Some adult-onset
diabetic patients appear to have a selective inability to
secrete insulin immediately upon stimulation with glu-
cose, even though the acute phase insulin response to
isoproterenol (7), tolbutamide (8), glucagon (9), and
secretin (10) is preserved. This defect in glucose-stimu-
lated insulin release may be specific for the first phase
of secretion, since with prolonged glucose infusion, in-
sulin stimulation has been reported to be normal in
adult-onset diabetics (11, 12). Other investigators have
disagreed that this defect is specific for first phase se-
cretion and have observed that both phases of insulin re-
lease in response to glucose are diminished in diabetics
(6). The hypothesis that this deficient early insulin
secretory response to glucose may play an important
role in the carbohydrate intolerance of adult-onset dia-
betes is supported by additional experimental observa-
tions. We and others have shown a high correlation
between the acute phase of insulin secretion and glucose
disposal rate during an intravenous glucose tolerance test
in nondiabetic young people (13, 14). In diabetic patients
and dogs when insulin was administered by a computer-
ized insulin delivery system (artificial pancreas), the pat-
tern of injections required simulation of the acute phase
of insulin secretion to completely normalize carbohy-
drate tolerance (15, 16).

During an arginine infusion in nondiabetic man, por-
tal vein glucagon shows a biphasic secretory pattern
(3), but separation of the two phases is not observed in
the peripheral plasma. We have previously employed
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arginine administered intravenously as a pulse rather
than as an infusion to quantitate the acute phase of glu-
cagon and insulin secretion in peripheral blood of nor-
mal man (17). In this paper we have used the same
technique in juvenile and adult-onset diabetic patients to
evaluate their acute phase insulin and glucagon secretion.
Also, the glucagon levels during arginine infusions have
been evaluated with attempts made to separate the early
and late responses.

METHODS

Subjects
The 33 subjects who served as controls were healthy,

male volunteers 18-35 yr old, with fasting plasma glucose
concentrations less than 100 mg/dl and no family history of
diabetes mellitus. 30 of the control subjects were within 10%
ideal body weight. Ideal body weight was calculated from
the range of weights for medium frame adults (18). Six
insulin-dependent diabetics, four females and two males,
aged 22-67 yr (mean age, 38 yr), who had each required
insulin treatment for over 4 yr to prevent metabolic de-
compensation, with weights ranging from 100 to 148%
ideal body weight (mean = 123%) were also studied. 8 of
the 10 diabetics not requiring insulin treatment had fasting
plasma glucose levels greater than 125 mg/dl, while the
other 2 had 2-h oral glucose tolerance tests with plasma
glucose concentrations of 220 and 200 mg/dl. None were
receiving oral hypoglycemic medications. The body weights
of these 10 diabetics ranged from 100 to 157% ideal body
weight (mean = 114%). This group included seven males
and three females, aged 22-67 yr (mean age, 49 yr). Sub-
jects were informed of the nature, purpose, and potential
risks before their voluntary participation.

Study protocol
All tests began between 8 and 9 a.m. after an overnight fast

without specific antecedent dietary preparations. Insulin-de-
pendent diabetics omitted their morning insulin dose before
the studies and had received their last dose the preceding
morning. Blood was withdrawn and glucose and arginine
injected by scalp)-vein needles in the subject's antecubital
veins. Patency of these lines was maintained by the slow
infusion of normal saline.

Argibine puilsc. Arginine hydrochloride solution (5 or
10%) in doses of 0.6, 1.25, 2.5, and 5.0 g was administered
intravenously over 30 s, with blood withdrawn every 2 min
(in some cases also at 3 and 5 min) after the arginine in-
jection for the first 10 min and then at 15, 20, and 30 min.
Up to four doses of arginine in succession were administered
to some subjects on a single morning. Each dose was sepa-
rated by at least 30 min, and if different doses were injected
the smaller dose preceded the larger. We have previously
demonstrated that both maximal and submaximal stimulat-
ing doses of arginine given every 30 min elicit successive
immunoreactive glucagon (IRG) 1 and immunoreactive in-
sulin (IRI) responses that are the same in terms of timing,
magnitude, and absolute peak values (17).

Argiine inifusion. Arginine hydrochloride solution (5 or
10%) in a dose of 500 mg/kg was administered intravenously
over 30 min by a Holter pump (Extracorporeal Medical

'Abbreviationis utsed in this paper: IRG, immunoreactive
glucagon; IRI, immunoreactive insulin.

Specialties Inc., King of Prussia, Pa.). Blood samples were
obtained at 2, 3, 4, 5, 6, 8, and 10 min after starting the in-
fusion, every 5 min thereafter until 50 min, and then at 10-15-
min intervals to 90 min.

Gluicose pulse. 20 g of 50% dextrose was injected intra-
venously over 30 s with the timing of blood sampling the
same as described for the arginine pulse.

Each study was preceded by a 1-h control period during
which four base-line specimens were obtained. All blood
specimens after drawing were transferred to heparinized
tubes, immediately placed on ice, separated by centrifugation
within 30 min of collection, and then frozen at - 20'C until
assayed. Benzamidine was used to prevent glucagon degra-
dation.

Determinations

IRI was measured by double-antibody radioimmunoassay
(19). In our IRG assay we extracted each specimen with
acetone, used benzamidine at a final concentration of 0.01 M,
employedl antiserum 30K, and separate(l bound from free
antibody by cellulose adsorption. Details of this assay have
been published (20).

Analysis of data
The acute glucagon and insulin response to arginine and

the acute insulin response to glucose are expressed as the
respective IRG and IRI areas above basal for the 10 min
after administration of the stimulus. Basal is the mean level
of the four samples drawn over 1 h preceding the arginine
or glucose injection; or for consecutive arginine pulses, as
the mean of the 20- and 30-min values from the preceding
pulse plus the zero time value for the pulse under consider-
ation. The slope of the line of best fit for the IRG response
from basal to 5 min and from 5 to 30 min during the ar-
ginine infusion was calculated. Conventional statistical analy-
ses (21), IRG and IRI areas, and straight line formulas
were calculated on a Wang model 600 computer (Wang
Laboratories, Inc., Tewksbury, Mass.).

RESULTS
The acute phase IRG and IRI responses of the diabetic
patients and the control volunteers to a maximal stimu-
lating dose of arginine (5 g) are shown in Fig. 1. The
IRI data pertains only to the insulin-independent dia-
betic subjects, whereas the IRG responses from both
insulin-dependent and insulin-independent patients have
been combined since no differences between these two
types of diabetes were observed. In our control subjects
there was an abrupt rise in IRG and IRI, with peak lev-
els being attained at 2-4 min after arginine injection,
followed by a rapid decline. In the diabetics the IRG
and IRI responses to the arginine pulse were virtually
identical to those observed in the controls showing no

difference in terms of timing of response, peak levels
attained, or total acute phase response (area 0-10 min).

We have previously shown that the dose-response
curve for the acute phase of IRG and IRI by this tech-
nique ranges from 0.1-0.3 to 2.5-5.0 g of arginine (17).
Fig. 2 depicts the IRG and IRI areas 0-10 min in the
diabetic and control subjects at four different doses on

this dose-response curve. Irrespective of arginine dose
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FIGURE 1 IRG and IRI responses, mean±SEM, to 5.0 g
arginine given at zero time in 12 control subjects ( )
and diabetic patients (- --). IRI levels are from insulin-
independent diabetics (n =5) and IRG values are from
both insulin-independent and insulin-requiring diabetics (n
= 10).

the glucagon response in the diabetics could not be
distinguished from that in the nondiabetics. In addition,
comparison of IRG area (0-10 min) for each dose in
insulin-dependent vs. insulin-independent diabetics or

each type of diabetic separately vs. control volunteers
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TABLE I

Comparison of the IRG Area, 0-10 Min, in the Two Types
of Diabetics and Normal Controls

Arginine dose

0.6 g 1.25 g 2.5 g 5.0g

pg/ml/JO min*

Noninsulin-
treated diabetics 491 :t226 7234332 888±454 1,2334640

Insulin-dependent
diabetics 304±226 372±196 4514280 846±613

Nondiabetic
controls 451±160 474±246 596±194 990±398

* Mean±SD.

showed no differences (Table I). The mean acute phase
IRI release at the four doses of arginine in the insulin-
independent diabetics was not different from the mean
response in the nondiabetic volunteers.

Because our control and diabetic subjects were not
age, weight, and sex matched, we performed regression
analyses of IRG area 0-10 min vs. age and vs. per-
centage of ideal body weight in the diabetics at the two
doses of arginine that we had administered to the largest
number of subjects, 0.6 and 2.5 g. No significant cor-
relations were observed (r < 0.2, P > 0.05). In addition,
comparison of the IRG area 0-10 min at these two doses
in males vs. females revealed no differences (P > 0.05).

11 of the diabetic patients, 6 insulin dependent and 5
insulin independent, also received arginine infusions
(Fig. 3). Despite frequent sampling, the biphasic nature
of the IRG response could not be appreciated from the
peripheral levels in the controls or the diabetics. When
compared with the controls the IRG response of the
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FIGuRE 2 IRG and IRI, mean+SEM, dose response to
intravenous arginine in controls (plain) and diabetics (stip-
pled). Numbers below graph refer to dose of arginine in
grams and numbers within bar graphs represent the number
of subjects receiving each dose.
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FIGURE 3 IRG responses, mean+SEM,
infusions in 7 control subjects ( )
patients (---).
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FIGURE 4 IRI responses, mean+SEM, to intravenous injec-
tions of arginine and glucose over 20-30 s in five dliabetics
not requiring insulin treatment (--- ) aind in nornmal volun-
teers ( ). it = 7 for glucose and it = 6 for arginine stim-
ulation in control subjects.

diabetics was normal for the first 10 min of the infu-
sion, but after 15 min an exaggerated response was de-
tected. The total IRG rise during the arginine infusion
in the diabetics, expressed as IRG area 0-90 min, was
markedly elevated compared to the response in the non-
diabetics, (13,096+1,832 vs. 6,302+905 pg/ml per 90
min, respectively [P < 0.005]). In contrast, there was
no difference in the early secretory response, (IRG area
0-10 min), between diabetic and control volunteers,
(832+148 vs. 515±89 pg/ml per 10 min, respectively).
The IRG areas (0-10 and 0-90 min) of the two types
of diabetics were not different. Since there appeared to
be a change in the rate of increment in the IRG re-
sponse curve during the arginine infusion at 5 min in
the control subjects, and since the acute glucagon re-
sponse to an arginine ptulse peaks at 4-5 min (17). we
analyzed the slope of the IRG response from 0 to 5 min
and from 5 to 30 min during the arginine infusion. The
0-5-min slopes were the same in the diabetic and non-
diabetic subjects. but the 5-30-min slopes were markedly
disparate (P = 0.005).

Fig. 4 compares the acute phase of insulin secretion in
five insulin-independent diabetics who received maximal
stimulating doses of arginine (2.5 g) and glucose (20.0
g) to the responses in normal controls. Four of the
diabetics had fasting plasma glucose levels greater than
200 mg/dl; the fasting plasma glucose in the fifth dia-
betic was 112 mg/dl with a 2-h oral glucose tolerance
test value of 220 mg/dl. Although the IRI response to
arginine was normal in these diabetics, they displayed
a marked attenuation of their IRI response to glucose
(P = 0.005).

DISCUSSION
In man portal venous measurements have demonstrated
that the a-cell secretory response to an arginine infusion

is biphasic (3). In our study and in the one reported by
Blackard et al. (3), peripheral samples were obtained
every 1-2 min. Therefore, the inability to detect two
phases of glucagon release in peripheral blood cannot be
attributed to inadequate frequency of sampling, but may
be due to other factors such as dilution in the circu-
lating blood volume and(or) hepatic extraction. Plasma
IRG, as measured by radioimmunoassay using antiserum
30K, is composed of at least four different fractions on
gel filtration with a variable percentage (25-75%)
eluting as glucagon with a mol wt of 3.500 daltons (22).
Only the species of IRG with mol wt of 3.500 and 9,000
daltons vary when a-cell secretion is stimulated or sup-
pressed (22). In two separate studies the ratios of por-
tal to peripheral venotis concentration of basal IRG were
reported to be 1.3±0.1 aind 1.7±0.5, respectively (23, 3).
however no fractionation of total glucagon immunoreac-
tivity (30K) was undertaken. It is possible that hepatic
extraction of the IRG species of 3,500 mol wt is con-
siderably greater aind therebv accounts for the lack of a
biphasic secretory pattern in peripheral plasma. Using
the arginine pulse technique established previously in
normals to investigate early phase IRG responses (17),
this study demonstrates no difference between diabetics
and normals at four doses of arginine ranging from sub-
maximiial to maximiial stimulatorv doses. Furthermore, no
difference was fotund betwveen insuilin-requiring and non-
instllini-treated diabetics. In 11 of these diabetic sub-
jects who received an arginine infusion. hyperglucago-
nemia was observed only duiring the last half of the infu-
sion. which appears to be consistent with the IRG pat-
tern in diabetic man and animals reported by others
(24. 25).

We consi(ler the area 0-10 min during an arginine
infuision to reflect primarily the acute component of
a-cell secretion, wlhiclh is analogous temporallv to the
early insulin response to gluicose (4). Thorell et al. have
reportedl that the area 0-10 min is the best method of
estilmiatinig the early insulin response to glucose from
peripheral IRI determinations (26). Since the acute
phase IRG anid IRI responses to an arginine pulse were
virtually idelntical in terms of timing. it is reasonable
to assulmne that the area 0-10 min represents mainly the
early phlase of glticagoni secr-etion. Also we have shown
IRI area 0-10 mmin to be strongly correlated (r= 0.99)
with \3'-5' IRI (13). another common method of ex-

pressing acute phase release. Since the maximal IRG
level after anl arginiine pulse occurs at 4-5 min we have
considered the rate of rise of IRG during the first
5 min of the arginine infusion to reflect primarily first
phase secretion, whereas the later rise, 5-30 min prob-
ably reflects an integration of residual first phase plus
second phase. This division of the IRG response is based
on a two phase model. In the diabetics both the area

568 J. Palmer, J. Benson, R. Walter, and J. Ensinck



0-10 min and IRG slope 0-5 min during the arginine
infusion were indistinguishable from the values in the
nondiabetic controls, whereas the 5-30-min slope and the
total IRG response, area 0-90 min, were clearly increased
in the diabetics. Although we did not measure glucose
concentrations during the arginine infusions, others have
documented a small rise in nondiabetics which is exag-
gerated in juvenile-type diabetics (25). Since hypergly-
cemia does not suppress glucagon secretion in diabetics
(25, 27), during the second half of the arginine infu-
sion diabetic a-cells would not be influenced by the ris-
ing glucose levels whereas there would be a suppressive
effect in the nondiabetics. In other words, the hyperglu-
cagonemia we observed in the diabetics late in the argi-
nine infusion may not so much be due to excessive stim-
ulation of late phase secretion but more to lack of a-cell
inhibition by the rising glucose levels.

A marked attenuation of glucose-stimulated acute
phase insulin secretion in adult onset diabetics with pres-
ervation of this secretory phase to other stimuli has been
observed by others (7-10). Fajans et al. reported that in
diabetics, during separate arginine and glucose infu-
sions, there appeared to be less attenuation of the early
IRI response to arginine than to glucose, although clear
separation of first and second phases was not possible
(4). The use of the arginine pulse technique to stimu-
late early phase insulin release verifies that in insulin-
independent diabetics, whose j3-cell response to glucose
is markedly diminished, the ability to acutely release
insulin in response to arginine is maintained. It may be
that this diminished early insulin secretion upon stimula-
tion with glucose accounts for the delay in rise of in-
sulin levels after oral glucose that has been observed in
adult-onset diabetics (28), and contributes to their car-
bohydrate intolerance. One could argue that the diabetics
should be compared to nondiabetics at a similar plasma
glucose level. Normal volunteers made hyperglycemic
have marked potentiation of their acute IRI response to
an arginine pulse ( 17), but their basal insulin level at the
time of arginine stimulation is elevated from prior stimu-
lation by the raised plasma glucose concentration. The
administration of the arginine pulse after an overnight
fast allows both groups, diabetic and nondiabetic, to be
studied in the basal state. Since only the diabetics' 8-cells
are insensitive to glucose. comparison of the two groups
of subj ects at comparable degrees of hyperglycemia
would result in double stimulation of the nondiabetics'
fl-cells (glucose plus arginine) and single stimulation in
the diabetic (arginine).

It has been proposed that in diabetes both the a- and
#-cells are insensitive to regulation of their secretion by
glucose (29). Although the IRG suppression by hyper-
glycemia and stimulation by hypoglycemia observed in
nondiabetics is abnormal in diabetics (25. 30, 31), these
observations pertain to the total glucagon response and

separate analysis of phases of glucagon secretion has
not been attempted. Possibly the early IRG response to
glucopenia would be attenuated in the insulin-indepen-
dent diabetics. Unfortunately, inadequately abrupt hypo-
glycemia cannot be accomplished with insulin adminis-
tration to quantitate early IRG release in vivo.

Experiments to quantify acute phase insulin and glu-
cagon secretion have usually employed very nonphysio-
logic techniques, and therefore the relationship of this
data to insulin and glucagon secretion under the normal
circumstances of feeding and fasting can be questioned.
In fact, Lund et al. did not observe a biphasic insulin
response to oral glucose in man even with frequent sam-
pling from the portal vein (32). We postulate that
a- and f-cells are continually modifying their secretory
rates to the needs of the organism and that the presence
of an intact acute phase secretory mechanism is the ex-
perimental representation of this ability to rapidly re-
adjust secretory rates. Studies with the artificial pan-
creas have shown that changes in the rate of insulin de-
livery must occur very rapidly in order to correct the
carbohydrate intolerance of diabetic dogs and patients
(15, 16). In addition, we know that the ,8-cells in at
least some adult-onset diabetics have lost the ability to
respond rapidly to glucose (7, 8), whereas the absolute
insulin levels reached during prolonged glucose stimula-
tion are normal (12). Although our studies have shown
that the a-cell in diabetic patients responds acutely in a
normal fashion to arginine, the possibility remains that
to other stimuli, such as changes in glucose concentra-
tion, this early response may be abnormal and that this
deranged timing of a-cell secretion may also contribute
to the carbohydrate intolerance of diabetes.
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