Acute and Steady-State Insulin Responses

to Glucose in Nonobese Diabetic Subjects

Rocer L. LERNER and DANIEL PORTE, JR.

From the University of Washington School of Medicine and Veterans
Administration Hospital, Seattle, Washington 98108

ABsTRACT Previous observations in normal subjects
have suggested that when 5-g glucose pulses (P) were
given in the following sequence: before (P1) and 45
min after beginning a 300 mg/min glucose infusion

(P2) ; during the 20th hr (P3) and 1 hr after the infu-
sion was stopped (P4) ; the insulin responses were con-
sistent with a simple two-pool model. One pool is a
readily available small storage pool which is refilled by
a second, larger, more slowly responding pool that con-
trols basal and steady-state insulin output. The identi-
cal protocol was employed to evaluate the insulin re-
sponses in 13 nonobese diabetic subjects.

. Diabetics had basal insulin levels indistinguishable
from normals (diabetics: 10.7%4; normals: 10.7%5,
mean =*+sp, uU/ml), but had significantly elevated basal
glucose levels (diabetics: 161+27; normals: 88+7, mg/
100 ml, P < 0.05). The mean early insulin response
(3-5 min A IRI) after a 5 g glucose pulse (P1) was
significantly diminished in diabetics (diabetics 6.4%9;
normals: 32.5%14, uU/ml, P < 0.01) consistent with a
defective storage pool output. The glucose disappearance
rate, Ke, decreased in parallel with the early insulin re-
sponse and the slope of the regression line between
these two variables was virtually identical with that
calculated from 16 normal subjects. Similar to normal
subjects, during the short glucose infusion, the acute
insulin response to P2 was diminished in diabetics (P <
0.02). In normal subjects after 20 hr of infusion, the
rapid insulin responses to P3 are restored to the pre-
infusion P1 values, and 1 hr after the infusion was
stopped, the responses to P4 are increased twofold
(P < 0.001). Diabetics, however, demonstrated decreased
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early responses to P3 (P <0.001) and no increased
response to P4.

In contrast to the diminished acute insulin responses
to glucose pulses, diabetics have steady-state insulin
levels after 20 hr of glucose infusion similar to those of
normal subjects (diabetics: 25.7%13; normals: 32.5%14,
#U/ml). Thus both basal and steady-state insulin levels
of diabetics were comparable with those of normal sub-
jects, which suggest that although the rapid insulin re-
sponse from the storage pool output is defective in dia-
betics, the more slowly responding pool is intact.

INTRODUCTION

In recent years it has become apparent that insulin se-
cretion is not a simple linear function of the glucose-
concentration. Based on in vivo and in vitro studies,
models have been designed to explain this complex re-
lationship (1, 2). We have made observations in nor-
mal subjects using a combination of rapid intravenous
glucose injections (pulses) and infusions which can be
explained by a simple two-pool model (3). One func-
tional pool responds relatively slowly to long-term
changes in glucose metabolism and hence is considered
to be related to insulin synthesis. This pool controls
insulin secretion in both the basal (fasting) and steady
state (i.e.,, during prolonged glucose infusions), and
also refills a second, smaller, functional storage pool of
insulin which responds rapidly to an abrupt increase in
plasma glucose level. The same experimental design
has been employed to evaluate the interrelations between
glucose and insulin in subjects with diabetes mellitus.

METHODS

13 white diabetic males, ranging from 19 to 71 yr of age,
all weighing within 15% of ideal body weight according
to the Metropolitan Life Insurance tables, were hospitalized
on the Clinical Research Center of University Hospital.
Eight subjects had fasting hyperglycemia (defined as greater
than 115 mg/100 ml plasma glucose after an overnight
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TABLE 1
Plasma Glucose Concentration

1st pulse 2nd pulse 3rd pulse 4th pulse
Glucose Glucose* 60 min
35 infusion 3-5 infusion 3-5 post- 3-5

Patient Age Basal* minA Ka 45 min min A Ko 20hr min A Ka infusion min A Ke

mg/ mg/ Jo/min  mg/  meg/ o/ min me/ mg/ %o/ min mg/ me/ %o/ min
100 ml 100 ml 100 mi 100 mi 100 ml 100 ml 100 ml 100 ml

A W. 50 88.5 38.5 —-1.30 118 413 1.00 122 42.9 —2.00 85 38.6 —0.71
E.R. 27 91.5 34.8 —1.50 150 37.3 0.32 205 48.1 —0.57 106 32.6 —2.30
R. V. W 37 95 34.6 —1.20 148 35 —0.04 106 43.3 —1.40 81 43.3 —0.94
C. W. 41 96.3 27 —0.99 148 38.7 —0.12 136 42 0.71 80 35 —2.10
J. OB. 47 1040 27 —1.28 150 37 —-0.711 157 35.3 1.04 95 24.3 —2.30
G. M. 71 116 33.5 —-0.74 190 303 —0.94 278 26.5 —0.25 196 32.6 —1.10
D. D. 23 124 35 —1.36 192 48 0.51 321 31 —0.35 172% 44 —1.54
H. B. 41 142 26.2 —0.81 243 31 —0.02 308 23.2 —0.30 1561 31 —1.70
H. H. 20 156 33 —0.62 232 44.7 —0.48 325 17 —0.41 202% 23.3 —0.87
C. H. 25 173 34 —0.92 225 523 0.18 351 47 —0.19 204t 38 -1.29
H. C. 18 185 26.5 —0.28 189 34.3 0 244 36.5 —0.44 152% 39.6 —2.30
D. S. 21 312 26.7 —0.69 356 41 —0.15 433 25 —0.28 3161 54 —0.55
G. McC. 39 408 29.5 —0.62 450 38 2.1 531 15 —0.83 348t 19 —0.90
Mean 161 31.3 —0.95 215 39.1 +0.27 271 33.3 —040 169 35 —143

SD 127 4 0.4 94 6 0.7 127 11 0.8 86 9 0.6

Previously reported normal subjects (3)

Mean 88 29.2 —1.75 133 358 +0.03 1155 34 —1.82 76.6 349 —2.15

SD 7 7 0.3 17 7 0.6 15 11 1 8 7 0.8

* Mean of four samples.
1 120 min postinfusion.

fast), five subjects had abnormal oral glucose tolerance
tests (4).* No subject had ever received insulin. Those
receiving any oral hypoglycemic medication before study
discontinued it for at least 7 days before the test. All were
encouraged to eat a weight-maintaining diet with at least
40% of calories as carbohydrate.

The experimental protocol outlined below is with minor
exceptions identical with that previously reported for nor-
mal subjects (3) and the data from these eight normal
subjects are compared with those from the diabetic sub-
jects in this report. After a 12 hr overnight fast, four
basal (fasting) blood samples were obtained for measure-
ments of glucose and insulin during a 60 min control
period on the 1st day of the study. A 5 g glucose pulse
(P1)? was administered as previously described (3) and
60 min later, a 300 mg/min glucose infusion was started.
After 45 min of the infusion, a second 5 g glucose pulse
(P2) was given. The infusion was continued overnight
and the subjects ate lunch and dinner. At approximately
8 a.m. of the 2nd day, four blood samples for steady-state
glucose and insulin levels were obtained during a period
of 60 min. A third 5 g glucose pulse (P3) was given and

! Detailed information of height, weight, per cent ideal
body weight, in all subjects and the results of the oral
glucose tolerance tests in the five normoglycemic subjects is
available from National Auxillary Publications Service.

? Abbreviations used in this paper: IRI, serum immuno-
reactive insulin; Ka, glucose disappearance rate; P1, P2,
P3, P4, 5-g glucose pulses; A, incremental change.

Insulin Responses to Glucose in Nonobese Diabetics

60 min later the glucose infusion was discontinued. If
glycosuria was present during the control period of the
2nd day, the interval between the cessation of the infusion
and the fourth 5 g glucose pulse (P4) was 120 min; if
it was absent only 60 min were allowed to elapse. Data
obtained from 16 nonobese normal subjects given 5-g glu-
cose pulses (5) were used to compare the early insulin
response and the glucose disappearance rate (vide infra).

The protocol employed for obtaining timed blood samples
and the methods for measuring plasma glucose and serum
immunoreactive insulin (IRI) have been previously de-
scribed (3, 6). The early insulin response (3-5 min A IRI
w#U/ml), the total incremental insulin output (xU-min/ml),
and glucose disappearance rate (Ke) were calculated by
the same methods as previously reported for normal sub-
jects (3).

RESULTS

Basal plasma glucose and serum insulin levels. Com-
pared with the mean value of eight previously reported
normal subjects, the mean basal plasma glucose level of all
diabetics (Table I) was significantly greater (P < 0.05).
In contrast to the wide range of basal glucose values
(Table I), the mean basal insulin level in diabetic sub-
jects was indistinguishable from normal subjects (Ta-
ble II). There was no correlation in the basal state
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TagBrLe II
Serum Immunoreactive Insulin (IRI) Concentration

1st pulse 2nd pulse 3rd pulse 4th pulse
Glucose Glucose* 60 min
3-5 60 min  infusion 3-5 30 min  infusion 3-5 60 min post- 3-5 €0 min
Patient Basal* min A area 45min = min A area 20 hr min A area infusion  min A area
wU/ml wU/ml pU-min/ml pU/ml  pU/ml  pU-min/ml pU/ml  pU/ml  pU-min/ml pU/ml  pU/ml pU-min/mi
A.W. 9.3 10.4 114 14 4.3 54 15.5 6.8 342 11 29 188
E.R. 1.5 8.8 85.5 19 —-0.7 0 27.5 0.8 1.5 25 7.3 51.5
R. V. W. 19.8 27.5 192 26 8 202 28.3 20.7 510 23 48 416
C. W. 19.5 12.5 351 44 11 368 48.8 —-2.1 1130 30 39.7 295
J. OB. 6.3 21.3 280 8 6.2 343 18 9.1 290 8 18.2 299
G. M. 11.8 0.9 145 15 -0.3 85 46.3 -23 367 46 8.3 73.4
D. D. 7.3 1.7 138 12 -2.7 29 22.7 —4.5 9.8 19% 0.8 257
H. B. 111 1.5 8.5 9 1.0 76.7 20.3 -1.3 73.1 13 0.3 76
M. H. 8.8 —-0.3 22.9 11 —0.7 33.5 29.5 —8.8 7.5 29% -3.3 201
C. H. 8.8 -0.5 45.9 11 —1.0 28.5 11.5 —-3.2 139 161 -5 0
H. C. 12.3 —0.8 15.6 12 —-0.7 91 42 -17.3 67.5 471 —-5.5 39.1
D.S. 9.3 —-0.3 21.3 11 —4.3 0 11.5 —1.8 12.5 13t . —-13 15
G. McC. 73 0.4 10.4 7 —-0.3 15 12.3 —-23 5.6 15 =27 45
Mean 10.7 6.4 110 15.3 14 102 25.7 0.3 227 22.7 9 150
SD 4 9 109 10 4 124 13 8 320 13 19 134
Previously reported normal subjects (3)
Mean 10.7 32.3 270 25.5 15.1 203 32.5 38.2 636 17.6 56.3 446
SD 5 14 169 13 17 143 27 22 239 4 35 212

* Mean of four samples.
1 120 min postinfusion.

between plasma glucose and insulin levels in either the
normal or diabetic group or both groups taken together.

Insulin responses to the first 5 g glucose pulse (P1).

After rapid injection of the first 5 g glucose bolus,
(P1), the peak plasma glucose levels occurred between
3-5 min (Fig. 1). For each diabetic subject and for the
entire diabetic group, the incremental change (A) in
plasma glucose measured as the mean of the 3 through
5-min glucose values above basal, was relatively con-

N=13 DIABETICS

stant after all four glucose pulses (Table I). The indi-
vidual differences in the 3-5 min incremental (A) plasma
glucose level appeared to reflect the differences in height
and weight among the subjects. No significant differences
in the 3-5 min A glucose level were found between dia-
betic group and previously reported normal subjects
(Table I).

Similar to normal subjects, those diabetic subjects
whose insulin output increased after P1 also had a peak
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FiGure 1 Mean glucose and insulin levels in all diabetic subjects.
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insulin response between 3 and 5 min. The magnitude
of the response at this time was quite variable, ranging
from small negative deflections (Table II), to a response
in one subject (R. V. W.) which was comparable with
that observed in normal subjects (3). The mean early
insulin response of the diabetics was, however, severely
decreased (P < 0.01) compared with normal subjects
(Table II). Diabetics subjects without fasting hyper-
glycemia had rapid insulin responses which overlapped
the responses of their nondiabetic- counterparts; how-
ever, those with fasting hyperglycemia had virtually
absent early responses (Fig. 2). The mean total incre-
mental insulin output to glucose P1 was significantly
less than that observed in normal subjects (P < 0.02).

The mean K, (Table I) was significantly less in the
diabetic group than that of normals (P < 0.001). Dia-
betic subjects exhibited a linear correlation between
the acute insulin response and K¢ (r=+0.60, P <
0.05, Fig. 3). A similar correlation has been observed
in 16 other normal subjects (5) given the identical glu-
cose pulse (r=+40.66, P <0.01); the equations for
the regression lines of both groups are almost identical:
13 diabetics: y =0.02 x + 0.78; 16 normals: y = 0.02
2+ 0.79. No significant correlation was observed be-
tween the total insulin responses and Ke in either 16
normal subjects or 13 diabetic subjects comprising the
present study.

Insulin responses during a short glucose infusion and
to glucose pulse, P2. In normal subjects, a 45 min, 300
mg/min glucose infusion was asociated with a 23-fold in-
crease in insulin levels (P < 0.01, Table II). This out-
put appeared to result from release from a small storage
pool of insulin, since the acute insulin response to the
same glucose pulse (P2) at this time was significantly
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FiGure 3 Relation between the acute insulin response and
glucose disappearance rate (Kg) in all diabetic subjects.
Note that the K¢ values are positive in sign.

decreased (P < 0.001) by 589 (3). Diabetic subjects
exhibited only a 1%-fold increase above basal insulin
levels during the short glucose infusion (P < 0.05, Table
II). While serum insulin levels in diabetics were com-
parable with normal subjects at the start of the infusion,
the increase after 45 min of a glucose infusion was less
than in normal subjects, but only of borderline statisti-
cal significance (P < 0.1). Similar to normal subjects,
diabetics had both decreased rapid insulin responses
(Table II, P < 0.02) and slower glucose disappearance
rates (Table I, P <0.001) compared with the same
parameters after P1. The acute insulin responses to
glucose P2 were less than in normal subjects (Table II,
P <0.02).

Effect of a prolonged glucose infusion on steady-state
insulin levels and insulin responses to glucose pulses
(P3 and P4). Steady-state insulin levels after 20 hr of
a 300-mg/min glucose infusion were increased (P <
0.001) in all diabetic subjects compared with basal in-
sulin levels (Fig. 4). Although the mean steady-state
insulin response was slightly lower than that of normal
subjects (Table IT), this difference was not statistically
significant (P = 0.4). The mean incremental (A) in-
crease in steady-state insulin levels above basal values
was also slightly but not significantly lower than that of
normal subjects (A increase: diabetics: 15+11; normals:
22+10, pU/ml, mean =*+sp, P <0.2). Furthermore, sub-
jects with the worst carbohydrate tolerance (or highest
basal glucose levels) had just as large incremental or
absolute insulin increase after 20 hr glucose infusion as
those with the mildest impairment (Tables I and II).
However, the mean steady-state glucose level was sig-
nificantly higher in diabetics (Table I, P < 0.01), as was
the incremental (A) increase in steady-state glucose
levels above basal values (A increase: diabetics: 110+
61; normals: 27.6+15 mg/100 ml, P <0.001).

Responses to Glucose in Nonobese Diabetics 1627
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Ficure 4 Basal and steady-state insulin levels in all dia-
betic subjects. Note that each insulin value is the mean
of four samples.

In normal subjects during the prolonged infusion, the
acute insulin response to P3 was restored compared with
the response to the preinfusion pulse (P1) and was in-
creased (P <0.001), compared with the response to
P2. In contrast, the early insulin responses to P3 in all
diabetics remained significantly diminished (P < 0.001)
compared with either the preinfusion pulse (P1) or to
the response of normal subjects to the third glucose pulse
(P <0.001), and in fact P3 responses were not signifi-
cantly different than to P2 (Table II).

A period of 120 min was allowed between cessation
of the glucose infusion and administration of the fourth
glucose pulse (P4) in all subjects with glycosuria ex-
cept G. M. (Table I) on the 2nd day of the study. The
remaining six subjects received the fourth glucose pulse
(P4) as normal subjects did, 60 min after cessation of
the infusion. Although mean plasma glucose levels were
not elevated either at 60 or 120 min after stopping the
infusion compared with basal values on the 1lst day
(Table I), mean insulin levels at 60 and 120 min were
elevated compared with basal insulin values at the start
of the study (Table II, P <0.01). Compared with the
output to P3, the rapid insulin response to the final
glucose pulse (P4) was significantly increased (P <
0.05), but total insulin output was not significantly
changed (Table II). The K¢ during P4 was not signifi-
cantly increased compared with P1 (Table I). The acute
insulin response to the final glucose pulse was slightly
but not significantly increased (Table II) compared with
P1 but was still significantly lower than normal subjects
who uniformly had an increased insulin response to
pulse 4 (P < 0.001).

DISCUSSION

The present study indicates as have others, that normal
weight diabetic subjects have a variably decreased early
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insulin response and diminished glucose disappearance
rate to intravenous glucose (7, 8). However, con-
siderable overlap exists between the normal and the
diabetic subjects in this study and it is not possible
to segregate completely all individuals as either diabetic
or normal on the basis of their insulin responses or glu-
cose disappearance rates. Thus in the present study,
there is a continuous spectrum of insulin responses and
glucose disappearance rates after the injection of a
small dose of glucose. These data are similar to those
of Moorehouse, Steinberg, and Tessler, who using small
glucose loads, observed significantly lowered mean Ke
values in diabetics but overlapping values with normal
subjects (9). Since the regression equation defining the
relationship between the acute insulin response and car-
bohydrate tolerance (Ka) is essentially the same for
normal and diabetic subjects, these nonobese diabetic
subjects do not appear to have an altered sensitivity to
endogenous insulin.

The variably decreased acute insulin responses found
in these diabetic subjects are probably not due to the
small glucose dose used, since larger glucose doses con-
ventionally given (i.e., 20 g and greater), which are a
maximally effective stimulus for acute insulin secretion
in normal subjects (5), have also been shown to result
in defective rapid output (7, 8). Therefore, it seems
likely that the diabetic cannot secrete adequate amounts
of insulin to an intravenous challenge to all glucose loads.
The continuous administration of glucose for 20 hr ap-
pears to exaggerate this defect and to magnify the differ-
ences between normal and diabetic subjects. Thus when
5 g of glucose were given after 20 hr of glucose infu-
sion (P3), all diabetic subjects showed either negative
or markedly diminished acute insulin responses com-
pared with the response to the first glucose pulse. Al-
though most of the normal subjects exhibited the same
or an increased acute insulin response to glucose pulse
3, the response of some of the normal subjects also
decreased (3), indicating an overlap between normals
and diabetics in this parameter as well. In terms of the
previously described two-pool model (3), these data
are consistent with the concept that diabetic subjects
are not able to maintain or refill the small functional
storage pool of insulin available for immediate release as
effectively as their normal counterparts.

It must be emphasized, however, that the present
studies were all performed in normal weight diabetic
subjects who are a distinct minority within the noninsulin
requiring diabetic population. In our experience, at least
90% of noninsulin requiring diabetics are more than
15% above ideal body weight. The frequent concurrence
of obesity and carbohydrate intolerance has been com-
mented on previously (10-12). The selection of nonobese
subjects for this study was made to avoid the influence



of obesity on insulin secretion which often causes com-
plexity in the interpretation of insulin levels (13).
Nevertheless, it seems likely that the same relative de-
fect in the small storage pool also exists in obese dia-
betic subjects (14).

The temporal relationships observed in normal sub-
jects between the glucose challenge and the subsequent
acute insulin response were identical with those seen in
the diabetic subjects who were able to respond to glu-
cose rapidly. Although the increments were usually
smaller, the maximum insulin output occurred between
3 and 5 min after a rapid glucose injection. These obser-
vations suggest that the delay in insulin output which
often appears during oral glucose tolerance test (7, 15)
might be due to a defect in the output from the acutely
releasable pool with more normal responses from other
functional pools creating the impression of a delayed
insulin secretory pattern. Those subjects who demon-
strated no positive insulin increments after glucose pulse
1 were the same subjects who exhibited negative de-
flections during P3 and P4. Since the time at which the
negative deflections occurred was identical with that
for the insulin increment in normal subjects, it seems
likely that these fluctuations represent an attempt of the
islet to respond from a similar functional unit in dia-
betics to the glucose challenge. Thus, the lack of re-
sponse in diabetics to P1 appears to represent a truly
deficient early response.

The precise meaning of the negative insulin responses
is not yet clear. The data of Seltzer, Allen, Herron, and
Brennan (7) indicate a mean decreased insulin level 5
min after intravenous glucose in a group of nonobese
diabetics with fasting hyperglycemia. Although none of
the subjects in the present study showed this fall after
the first 5 g pulse, we have also seen transient declines
in insulin levels in several hyperglycemic nonobese dia-
betic subjects without the infusion of glucose after a 20
g glucose pulse,® a dose similar to that employed by Selt-
zer et al. (7). Thus the phenomenon does not appear to
require a continuous glucose infusion for its demonstra-
tion. A possible reason why negative insulin responses
have not been more commonly observed may be in part
that blood samples for measurements of insulin are not
usually obtained after a rapid injection of glucose during
the earliest phases of insulin secretion, at which time
this phenomenon is observed. The negative insulin re-
sponses after glucose could be due to rapid expansion of
plasma volume secondary to the administration of 10 ml
of hypertonic (50%) glucose solution. This could ac-
count for small (less than 1 xU/ml) negative acute in-
sulin responses seen in some of the diabetics. However,
as illustrated by patient G. McC., whose acute response

? Unpublished observations.
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was — 2.7 «U/ml to glucose pulse 4 (Table II), a nega-
tive response of this magnitude would require rapid ex-
pansion of the plasma volume of 575 ml, far in excess
of the predicted 100 ml increase in volume produced by
the hypertonic glucose solution. An alternative explana-
tion for the negative insulin responses seen in such pa-
tients might be that when the storage pool responds to an
abrupt increase in the plasma glucose concentration, out-
put from the more slowly responding or basal pool is
simultaneously inhibited. Therefore only when the stor-
age pool is nearly devoid of insulin would the transient
fall due to inhibition of basal output be observed.

In contrast to the diminished acute insulin responses
to the small glucose pulse, basal and steady-state insulin
levels in diabetics were comparable with those in normal
subjects. Although the mean steady-state insulin level
was lower in diabetic subjects during the continuous glu-
cose infusion, this was not significant and was not at all
related to the magnitude of the hyperglycemia. For ex-
ample, subject H.C., one of the most hyperglycemic sub-
jects at the start of the study, had one of the largest
increases in steady-state insulin levels after 20 hr of
glucose infusion. Furthermore, no differences were ob-
served in both basal and steady-state insulin levels be-
tween those diabetic subjects with normal fasting plasma
glucose levels and those with fasting hyperglycemia.
These steady-state insulin levels, however, are maintained
in the presence of continuous hyperglycemia which is
significantly greater in diabetic than in normal subjects
after the identical continuous glucose infusion, although
again, some overlap is present in the mildest diabetic
subjects. The greater degree of hyperglycemia with com-
parable steady-state insulin levels in diabetics might
possibly be related to increased amounts of circulating
proinsulin. Although proinsulin has not been measured
during the steady-state condition of this study, proinsu-
lin levels in the basal state and shortly after oral glucose
in nonobese diabetic subjects have been reported to be
similar to values in normal subjects (16, 17). Another
possible explanation for the present observations is that
the diabetics may have increased hepatic removal of
insulin. Blackard and Nelson reported that in normal and
diabetic subjects basal insulin levels were comparable
in the portal and peripheral vein (18, 19). After an
intravenous glucose load, portal and peripheral insulin
levels were linearly correlated in both groups, which sug-
gested that a constant fraction was removed by the
liver. Furthermore, the correlation between portal and
peripheral insulin levels was not significantly different
in the normal and diabetic groups and the peripheral
levels in those studies encompassed the steady-state in-
sulin levels in the present study (18, 19). Thus it ap-
pears unlikely that increased hepatic insulin removal
could explain the discrepancy between the steady-state
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glucose and insulin levels in the normal and diabetic
subjects.

The present data suggest that the more slowly re-
sponding pool may be defective in diabetics, since their
basal and steady-state insulin levels were comparable
with those of normal subjects but at significantly greater
levels of hyperglycemia. Normal subjects probably would
have had proportionally higher basal steady-state insulin
levels at the respective plasma glucose levels found in
diabetics. The greater level of hyperglycemia may have
provided the additional stimulus for the insulin response
from the slowly responding pool such that after 20 hr
of glucose infusion their insulin levels were comparable
with those of the normal subjects. Thus, diabetics were
able to compensate for a defective slowly responding pool
because of an increased plasma glucose concentration.

The assumption underlying the defective slowly re-
sponding pool hypothesis is that basal and steady-state
insulin levels are linearly related to simultaneously mea-
sured plasma glucose levels. But when these two vari-
ables have been examined in the basal and steady state
no such relationship was noted and several studies have
shown a complete lack of correlation (12, 14, 20). Fur-
thermore, recent evidence suggests that insulin levels may
be more related to other parameters of glucose metabo-
lism. For example, Christensen and Orskov reported that
human forearm glucose uptake and not simultaneously
measured plasma glucose levels was highly correlated with
the level of endogenously secreted insulin (21). Forbath
and Hetenyi demonstrated that in the basal state glucose
turnover was the same in normal and diabetic subjects
even though the diabetic subjects had fasting hyperglyce-
mia (22) and on the basis of the present study might be
expected to have similar basal insulin levels. Thus, sub-
jects with different plasma glucose levels and comparable
basal insulin levels may still have the same rates of
glucose turnover. If both normal and diabetic subjects
had hepatic glucose output comparably suppressed by
the prolonged glucose infusion, then glucose turnover
after 20 hr of such an infusion would be expected to be
the same since both groups were being infused at the
same rate. In this regard, it is of interest to note that
Felig and Wahren (23) observed inhibition of splanchnic
glucose output during glucose infusion at insulin levels
very similar to those observed during the steady state
in the present study. Thus, if the basal and steady-state
insulin output from the more slowly responding pool
is related to some parameter of glucose metabolism other
than plasma glucose level, then insulin levels in diabetics
under these conditions would indicate a normally func-
tioning system.

The increased degree of hyperglycemia of the diabetic
subjects may be related to the fact that they, like their
nondiabetic counterparts, had both lunch and supper
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between glucose pulses 2 and 3. However, the diabetics
were unable to respond adequately to these stimuli and
thus the hyperglycemia in the following morning may
be simply a reflection of the severity of their glucose
intolerance. It is possible that even after 20 hr of glu-
cose infusion, these diabetics may not have been in a
true steady state of hyperglycemia. Thus we would
suggest that it is not necessary to conclude that insulin
output is normal after 20 hr of glucose infusion in these
diabetic subjects simply as a result of the compensating
effects of simultaneous hyperglycemia. In order to an-
swer this question it is necessary to know the relation-
ship between the output from the more slowly responding
pool and the rate of continuous glucose administration
in both normal and diabetic subjects in whom meal eat-
ing is prohibited. It is of interest that hyperglycemic
diabetic subjects who are fasted for 3 days have been
found to lower glucose levels more than normal sub-
jects, thus eventually resulting in glucose values in-
distinguishable from normal subjects who are fasted
for the same duration (24).

Nevertheless, even if output from the slowly respond-
ing pool is defective and has been completely compen-
sated for by increased hyperglycemia, it is quite clear
that the response to continuous glucose administration is
qualitatively different from the response of the small
storage pool to a rapid glucose challenge. The latter
cannot be compensated for no matter how or in what
combination glucose is given whereas even those diabetic
subjects with no response to either a glucose pulse or
short infusion, were able to respond normally with an
increased steady-state output during prolonged glucose
infusion. Clearly further investigation is necessary to
define the output and the controlling factors from this
more slowly responding insulin pool.
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