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Chronic Hyperglycemia Is Associated with Impaired Glucose
Influence on Insulin Secretion
A Study in Normal Rats Using Chronic In Vivo Glucose Infusions

J. L. Leahy, H. E. Cooper, D. A. Deal, and G. C. Weir
Research Division, Joslin Diabetes Center, NewEngland Deaconess Hospital, and Brigham and Women's Hospital, Boston,
Massachusetts 02215

Abstract

Wehave proposed that chronic hyperglycemia alters the ability
of glucose to modulate insulin secretion, and have now examined
the effects of different levels of hyperglycemia on B cell function
in normal rats using chronic glucose infusions. Rats weighing
220-300 g were infused with 0.45% NaCl or 20, 30, 35, or 50%
glucose at 2 ml/h for 48 h, which raised the plasma glucose by
18 mg/dl in the 30% rats, 37 mg/dl in the 35% rats, and 224
mg/dl in the 50% group. Insulin secretion was then examined
using the in vitro isolated perfused pancreas. Glucose-induced
insulin secretion remained intact in the normoglycemic 20% glu-
cose rats and it was potentiated in the mildly hyperglycemic 30%
glucose rats. However, with even greater hyperglycemia in the
35% glucose group the insulin response to a high glucose per-

fusate was severely blunted, and it was totally lost in the most
hyperglycemic 50% glucose rats. In a second protocol that ex-

amined glucose potentiation of arginine-stimulated insulin re-

lease, a similar impairment in the ability of glucose to modulate
the insulin response to arginine was found with increasing levels
of chronic hyperglycemia. On the other hand, the ability of a

high glucose concentration to inhibit arginine-stimulated glucagon
release was preserved in all glucose-infused rats, but the glucagon
levels attained in response to the arginine at 2.8 mMglucose
were much less in the 50% glucose rats than in all the other
groups. These data clearly show that after 48 h of marked hy-
perglycemia, glucose influence upon insulin secretion in the rat
is severely impaired. This model provides a relatively easy and
reproducible method to study the effects of long-term hypergly-
cemia on B cell function.

Introduction

Glucose is well known to regulate insulin secretion by directly
stimulating insulin release (1) as well as by modulating the re-

sponse to many nonglucose secretagogues (2). However, this re-

lationship is disrupted in two rat models with reduced B cell
mass-those that received streptozocin as neonates and those
with a partial pancreatectomy-in ways that are reminiscent of
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human non-insulin-dependent diabetes mellitus. Specifically,
glucose-stimulated insulin secretion is lost in both of these models
while the response to nonglucose agents is preserved (3-5).
Moreover, glucose modulation of arginine-stimulated insulin
release is also impaired (6). These findings provide strong evi-
dence for a link between a reduction in B cell mass and subse-
quent abnormalities in the function of the remaining cells, but
the cause of these abnormalities is unknown. One possiblity is
that chronic hyperglycemia occurs after the B cell reduction and
that this has a direct deleterious effect on the function of the
remaining cells.

The present study was designed to compare the effects of
different levels of hyperglycemia over a period of 48 h on B cell
function in normal rats using an adaptation of the glucose in-
fusion method of Cole and Logothetopoulos (7). Our results
show that chronic B cell stimulation, which is associated with
hyperinsulinemia but not hyperglycemia, is not associated with
changes in B cell responsiveness. On the other hand, the infusion
of larger amounts of glucose that produce greater degrees of
hyperglycemia are associated with progressive loss of the B cell
sensitivity to glucose. These findings suggest that chronic hy-
perglycemia is the cause of the B cell functional defects described
in these models.

Methods

Chronic intravenous infusion method. Male Sprague-Dawley rats weighing
220-300 g (Charles River Breeding Laboratories, Inc., Wilmington, MA)
were used in all studies. An indwelling jugular venous catheter was placed
by exposing and cannulating the external jugular vein with a 3-cm length
of 0.012 X 0.025 in. sialastic tubing (Dow Corning Corp., Midland, MI)
connected to a 10-cm length of 0.023 X 0.038 in. polyethylene tubing
(Clay Adams, Parsippany, NJ); it was then tunneled underneath the skin
to the back and exteriorized between the shoulders. It was flushed with
a saline solution containing 30 U heparin sulphate/ml. The next day, a
solution containing 20, 30, 35, or 50% glucose (wt/vol) or the diluent
0.45% NaCi was begun and infused into the catheter at 2 ml/h for a total
of 48 h using a Sage syringe pump (Orion Research Inc., Cambridge,
MA) and an infusion device. This device consisted of a swivel above the
cage and a hollow metal cable that ran from it and was attached to the
animal by way of a metal neck ring and a Velcro vest (Emdie Instruments,
Goochland, VA) such that the rats were unrestrained and had free access
to food and water. Blood for plasma glucose measurements was obtained
by tail snipping at 0, 24, and 48 h and assayed using a Beckman Glucose
Analyzer II (Beckman Co., Brea, CA). Blood for the plasma insulin con-
centration was obtained at similar time points by interrupting the flow
to the jugular catheter for 2 min and then withdrawing 0.5 ml of blood
and placing it in a heparin-coated 6 X 50-mm glass tube after carefully
discarding 0.2 ml that was removed before the sample. A similar volume
of saline was then replaced in the rat to minimize volume changes, and
the infusion was restarted. The plasma was separated by centrifugation
and stored at -20'C before assay. At the end of the infusion, the animals
and the tubing were carefully checked to make sure that no leakage had
occurred. A group of noninfused controls, which were normal rats taken
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from the general population immediately before study, was also studied
along with the infused rats.

Pancreatic insulin and glucagon content. After the infusion, rats were
decapitated and the pancreata removed, cleared of lymph nodes, blotted,
weighed, and homogenized in cold acid ethanol using an Ultra-Turrax
SDThomogenizer (Tekmar Co., Cincinnati, OH). The volume was ad-
justed to 8 ml and was then stored at -20'C pending assay.

In vitro isolated perfused pancreas. The technique of the in vitro
isolated perfused pancreas has been described previously (8). The perfusate
was a modified Krebs-Ringer bicarbonate buffer containing 4%dextran
T70 (Sigma Chemical Co., St. Louis, MO), 2 mMCa, and 0.2% bovine
serum albumin fraction V (Sigma Chemical Co.). After bubbling with
95% 02 and 5% CO2 for 20 min, glucose was added to the desired con-

centration and the pH was adjusted to 7.4; it was then placed in a reservoir
maintained by water bath at 380C. Alternate glucose concentrations and
the 10 mMarginine (Eastman Co., Rochester, NY) were added to a
second reservoir or driven by a syringe pump by means of a sidearm
syringe, which added only 0.2 ml to the baseline flow rate of 3 ml/min.
Immediately before delivery to the animal, the perfusate was passed
through an artificial lung (9) to insure adequate oxygenation. After the
surgery the animal was placed under a heat lamp and the temperature
constantly monitored and maintained at 370C. The body cavity was
covered by a gauze pad kept moist with warmed saline to prevent the
preparation from drying out. After a 20-min equilibration period, samples
were collected at predetermined time points for 30 s into chilled tubes
containing 4 mgEDTAand maintained on ice before storage at -20'C.
The data from all samples collected are shown in the figures and were

used in the tables. The protocols for each study are shown at the top of
the corresponding figure.

Radioimmunoassay. The insulin concentration in the samples ob-
tained with the perfused pancreas was measured using charcoal separation
(10) and rat insulin standards (Eli Lilly, Indianapolis, IN). The plasma-
insulin concentration was instead measured using double antibody sep-
aration (1 1). Glucagon was measured using 04A antibody (purchased
from Dr. Roger Unger, Southwestern Medical School, Dallas, TX) and
charcoal separation (8).

Data presentation and statistical methods. The insulin concentrations
of the individual samples from the perfused pancreas studies are depicted
on the figures as single points with brackets that represent the mean
concentrations and standard error of the mean (mean±SEM) of the values
from each group. The values in the tables represent the mean concen-
trations for that perfusate condition and were determined by calculating
the mean result for each animal and then calculating the mean±SEM
for that group. Statistical significance was determined using the unpaired
and paired two-tailed Student's t test (12).

Results

Plasma glucose and insulin concentrations. The plasma glucose
and insulin concentrations of the different groups measured after
24 and 48 h of infusion are listed in Table I. The plasma glucose
of the 0.45% NaCl-infused rats did not vary at any point tested
averaging 146±5 mg/dl at 48 h, which is slightly greater than
the 134±3 mg/dl (n = 30) measured in the noninfused control
rats immediately before study with the perfused pancreas. Also,
values in the 20% glucose-infused group were not significantly
different than those of the infused controls at either time point.
On the other hand, at 48 h the plasma glucose was raised 18
mg/dl in the 30% glucose rats and 37 mg/dl in the 35% glucose
rats. The 50% glucose caused marked hyperglycemia throughout
the infusion. It should be noted that marked hyperinsulinemia
was present in all the glucose-infused groups, and that the levels
in the 20%glucose rats were not significantly different from those
in the most hyperglycemic 50% glucose group at either time
point. Therefore, the effects of chronic hyperinsulinemia with
normoglycemia in the 20% group can be compared with those

from chronic hyperinsulinemia with various levels of hypergly-
cemia in the other groups.

Pancreatic insulin and glucagon content. The average insulin
and glucagon content per pancreas in each group after 48 h of
infusion are listed in Table II. The insulin content of the 20%
and 30%glucose rats was greater than that of the infused controls,
although only the 20%group reached statistical significance. On
the other hand, while the result of the 35% glucose rats was
identical to that of the saline-infused rats, the value in the 50%
glucose rats was significantly decreased. Similar results were ob-
tained when the data was expressed as insulin concentration
(insulin content/milligram pancreas, data not shown). The glu-
cagon contents of all the groups were similar, except that of the
20% glucose rats that was slightly increased.

Effects of acute changes in glucose concentration on in vitro
insulin release. The protocol and results are shown in Figs. 1
and 2. The perfusate used for the equilibration period and for
the baseline sampling contained 16.7 mMglucose, which was
then decreased to 2.8 mMfor 10 min and then returned to 16.7
mMfor 15 min.

The pattern of response in a normal animal to this protocol
can be determined by examining the results of the noninfused
control group in Fig. 1. As expected, they showed a rapid
suppression of insulin release to a very low level after the glucose
reduction and a marked biphasic response when the high glucose
perfusate was returned. The pattern of response in the infused
controls was qualitatively very similar, but it is evident that glu-
cose-stimulated insulin secretion is partially suppressed in this
group, even though the mean concentrations were not statistically
different from those of the noninfused group (Table III). The
results of the glucose-infused rats are shown in Fig. 2. Insulin
release in the 20%glucose rats was similar to that of the infused
controls at all time points. On the other hand, the baseline se-
cretory rate and the fall in insulin concentration after the glucose
reduction in the 30% glucose group was similar to that of the
saline-infused rats, but the second phase insulin release caused
by the 16.7 mMglucose was markedly increased. The baseline
insulin concentration of the 35% glucose group was less than
that of the infused controls. After the glucose reduction, a small
transient increase in insulin release was found, but then the con-
centration fell to a level similar to that of the saline-infused rats.
The insulin response to the high glucose perfusate was again
significantly less than that of the infused controls at all points
tested. The baseline secretion rate of the 50% glucose rats was
similar to that of the saline-infused rats, but after the glucose
reduction a marked paradoxical stimulation of insulin release
was found. It should be noted that no increase in insulin release
occurred when the high glucose perfusate was returned.

Effect of glucose on in vitro arginine-stimulated insulin re-
lease. The protocol and results are shown in Figs. 3 and 4. The
baseline perfusate contained 2.8 mMglucose and then 10 mM
arginine was added. After reequilibration at 2.8 mMglucose,
the glucose was increased to 16.7 mMand arginine was added
again.

As expected, the noninfused control rats (Fig. 3) had a much
larger response to the arginine at the high glucose background
with the mean insulin concentration being more than 17 times
greater than that attained at the low glucose level (Table IV),
which clearly demonstrates the normal effect that glucose had
in modulating arginine-stimulated insulin release. The pattern
of response in the infused controls was similar, as was that in
the 20% glucose rats (Fig. 4) at all time points tested. In the 30%
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Table L Plasma Glucose and Insulin Concentrations after 24 and 48 h of Infusion

Plasma glucose Plasma insulin

Time (hours) 0 24 48 0 24 48

mg/dl mg/dl mg/dl U/m, pU/mi U/m,
Animals (n)

0.45% NaCl (16) 145±4 140±5 146±5 (6) 31±10 17±3 8±3
20% Glucose (15) 148±5 152±6 (5) 192±44* 127±27*
30% Glucose (13) 226±16* 164±4t (5) 166±14* 129±10*
35% Glucose (13) 325±19* 183±13t (5) 200±52t 193±28*
50% Glucose (17) 466±27* 370±25* (6) 263±26* 195±29*

Plasma glucose and insulin concentrations are expressed as mean±SEM. Statistical significance was determined using the unpaired two-tailed Stu-
dent's t test and was calculated by comparing the results from the 0.45% NaCl-infused rats with the corresponding results from the other groups.
*2P<0.001; t2P<0.05.

glucose rats the baseline secretion rate and the response to the
first arginine challenge were equivalent to those of the infused
controls. However, the 16.7 mMglucose caused much greater
insulin release, averaging 14.1±2.64 ng/ml vs. only 2.51±0.50
ng/ml in the saline-infused rats (2 P< 0.001). A marked response
was then seen to the second arginine challenge. In the 35% glu-
cose rats, the arginine, when given at 2.8 mMglucose, caused a
large insulin release such that the mean insulin concentration
increased only twofold when the arginine was given at 16.7 mM
glucose, even though the insulin levels attained were not different
than those of the infused controls. The baseline secretory rate
of the 50%glucose rats was greater than that of the saline-infused
controls. A very marked insulin response was found to the ar-
ginine at 2.8 mMglucose, which was greater than that to the
second arginine challenge. It should be noted that the mean
insulin level attained in this group in response to the arginine
at 2.8 mMglucose was significantly greater than that obtained
in the infused controls when it was given at 16.7 mMglucose
(50.4±6.52 vs. 20.8±6.93 ng/ml, 2 P < 0.05).

Effect of glucose on in vitro arginine-stimulated glucagon
release. The mean glucagon concentrations caused by the ar-
ginine at 2.8 and 16.7 mMglucose taken from the perfusions
shown in Figs. 3 and 4 are listed in Table IV. It is evident that

Table II. Pancreatic Insulin and Glucagon
Concentrations after 48 h of Infusion

Insulin content Glucagon content

pg/pancreas pg/pancreas
Animals (n)

0.45% NaCI (7) 81.5±9.70 4.06±0.21
20% Glucose (7) 113±10.0* 5.06±0.26*
30% Glucose (8) 112±13.6 5.25±0.50
35% Glucose (7) 77.2±9.66 4.29±0.47
50% Glucose (7) 29.7±3.20* 4.56±0.42

Hormone content is expressed as mean±SEM. Statistical significance
was determined using the unpaired two-tailed Student's t test and was

calculated by comparing the results from the 0.45% NaCl-infused rats
with the corresponding results from the other groups.
*2 P < 0.05;

2 P < 0.001.

the 16.7 mMglucose has a marked inhibitory influence on ar-
ginine-stimulated glucagon release in all groups. It should be
noted that the mean glucagon concentrations of all the groups
are similar at both glucose levels, except that of the 50%glucose
rats, which was significantly decreased at the low glucose con-
centration.

Effect of previous hyperglycemia on in vitro arginine-stim-
ulated insulin release. The protocol and results are shown in
Fig. 5. The baseline perfusate contained 7.8 mMglucose and
then 10 mMarginine was added. After reequilibration at 7.8
mMglucose, the glucose was increased to 32.8 mMfor 30 min,
and then returned to 7.8 mMfor 20 min. A second arginine
challenge was then given.

The noninfused control rats showed a marked biphasic in-
sulin response to the initial arginine challenge, and then, after
reequilibration at 7.8 mMglucose, the glucose increase caused
a marked biphasic release. However, it should be noted that
after the return to 7.8 mMglucose the insulin concentration
only fell to 9.24±2.90 ng/ml, which is much greater than the
mean baseline level attained before the initial arginine challenge
(2.38±0.33 ng/ml). The second arginine challenge caused a sim-
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Figure 1. Effects of an acute reduction and then increase in the perfus-
ate glucose concentration on insulin secretion in rats infused with
0.45% NaCl for 48 h and assessed using the in vitro isolated perfused
pancreas. Noninfused controls were normal rats taken from the gen-
eral population immediately before study.

910 J. L. Leahy, H. E. Cooper, D. A. Deal, and G. C. Weir



[16.7 2.8mM I 16.7mM GLUCOSE

4-

0-
E

0-
1

mo

30

C
;z aC

V)

*-* Glucose Infused 50% 48ho1us 151
a-- Glucose Infused 35% 48hoeusl5)

40-

E 30-
CJ1

20-
-j

Z 10-

0-

2.8mM GLUCOSE16.7mM

_-u 0.45% NaCI Infused 48hours (5)
0-O Non-infused Conlrols (5)

1120

lb 20 30 40I
TIME (min)

0 10 20 30
TIME (min)

Figure 2. Effects of an acute reduction and then increase in the perfus-
ate glucose concentration on insulin secretion in rats infused with 20,
30, 35, or 50% glucose for 48 h and assessed using the in vitro isolated
perfused pancreas.

ilar insulin response to that of the first. The saline-infused con-
trols showed a blunted second phase release to the initial arginine
challenge as well as partially suppressed glucose-induced insulin
secretion compared with the noninfused controls. After the re-
turn to 7.8 mMglucose, the insulin release of this group also
failed to suppress fully as it fell to only 4.23±0.53 ng/ml com-
pared with the baseline value of 1.08±0.20 ng/ml. The response
to the second arginine challenge was also very similar to that of

Table III. Effects of Acute Changes in Glucose Concentration
on In Vitro Insulin Secretion after 48 h of Infusion

Mean insulin concentration

16.7 mM 2.8 mM 16.7 mM
glucose glucose glucose

ng/ml ng/mI ng/ml
Animals (n)

Noninfused (6) 14.7±2.74 1.62±0.41 15.4±3.40
0.45% NaCQ(5) 8.33±1.19 1.28±0.59 8.28±0.47
20% Glucose (5) 7.80±1.71 2.62±0.84 10.6±1.77
30% Glucose (5) 12.2±1.66 1.33±0.52 17.8±2.70*
35% Glucose (5) 4.08±0.92* 1.33±0.66 3.51±0.60t
50% Glucose (5) 12.2±2.92 11.8±2.87* 8.63±1.80

Insulin concentrations are expressed as mean±SEMand were calcu-
lated using each sample obtained during that perfusate condition. Sta-
tistical significance was determined using the unpaired two-tailed Stu-
dent's t test and was calculated by comparing the results from the
0.45% NaCl-infused rats with the corresponding results from the other
groups.
*2 P < 0.05;

2 P < 0.001.

Figure 3. Effects of glucose and 10 mMarginine on insulin secretion
in rats infused with 0.45% NaCl for 48 h and assessed using the in vi-
tro isolated perfused pancreas. Noninfused controls were normal rats
taken from the general population immediately before study.

the first. This protocol was only tested in the 20% and 50%
glucose-infused rats. The response in the 20%o glucose group to
the first arginine challenge and to the 32.8 mMglucose was very
similar to that of the infused controls. However, the mean insulin
output to the second challenge was surprisingly less than that
to the first (15.2±3.50 vs. 28.0±4.94 ng/ml, 2 P < 0.02). The
baseline secretory rate of the 50o glucose group was much greater
than that of the other groups. The initial arginine challenge
caused a marked biphasic insulin response that averaged
53.6±7.62 ng/ml vs. only 24.4±4.85 in the saline-infused rats
(2 P < 0.05). After the arginine, the insulin concentration fell
to a level much less than the baseline value, but then slowly rose
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Figure 4. Effects of glucose and 10 mMarginine on insulin secretion
in rats infused with 20, 30, 35, or 50% glucose for 48 h and assessed
using the in vitro isolated perfused pancreas.
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Table IV. Effects of Glucose on In Vitro Arginine-stimulated Insulin and Glucagon Secretion after 48 h of Infusion

Mean insulin concentration Mean glucagon concentration

2.8 mMglucose 16.7 mMglucose 2.8 mMglucose 16.7 mMglucose
+ 10 mMarginine + 10 mMarginine + 10mMarginine + 10 mMarginine

ng/ml ng/ml ng/ml ng/ml
Animals (n)

Noninfused (5) 0.83±0.29 14.3±2.04 2.09±0.55 0.33±0.11
0.45% NaCl (5) 0.26±0.15 20.8±6.93 1.78±0.46 0.19±0.08
20% Glucose (6) 0.43±0.15 15.8±1.83 1.84±0.31 0.13±0.03
30% Glucose (5) 1.32±0.51 38.1±4.24 2.27±0.70 0.53±0.22
35% Glucose (7) 17.9±7.54 43.2±7.69 1.32±0.27 0.27±0.06
50% Glucose (7) 50.4±6.52* 32.2±6.62 0.60±0.09t 0.23±0.08

Insulin and glucagon concentrations are expressed as mean±SEMand were calculated using each sample obtained during that perfusate condition.
Statistical significance was determined using the unpaired two-tailed Student's t test and was calculated by comparing the results from the 0.45%
NaCl-infused rats with the corresponding results from the other groups. * 2 P < 0.00 1; t 2 P < 0.05.

during the 32.8 mMglucose to reach a value that was indistin-
guishable from the baseline. After the return to 7.8 mMglucose,
the insulin concentration showed a nonsignificant rise from
12.6±2.27 ng/ml to peak at 16.5±4.73 ng/ml. The response to
the second arginine challenge was again smaller than that of the
first.

Reversibility of the lost modulating effect of glucose on in
vitro insulin secretion in 50%glucose-infused rats. To determine
if the modulating influence of glucose on insulin secretion was
restorable in the 50% glucose rats, a group was infused for 48 h
with 50% glucose and then removed from the infusion devices.
They were studied 72 h later with the perfused pancreas using
the protocol from Fig. 2. The results are shown in Fig. 6 and it
is evident that the pattern of response was identical to that of
noninfused controls such that the paradoxical stimulation after
the glucose reduction and the failure to respond to the high
glucose perfusate were no longer present.

Discussion

The normal B cell rapidly responds to changes in the glucose
concentration so that a decrease causes prompt suppression of
insulin release while an increase causes a marked stimulation
of secretion. Glucose also plays a critical role in modulating the
B cell responses to many nonglucose secretagogues. Taken to-
gether, these findings suggest that insulin secretion is predomi-
nately controlled by the prevailing glucose concentration. How-
ever, we have recently described two rat models with a reduced
B cell mass in which this relationship is disrupted. In the first,
the neonatal streptozocin model (NSZ),' rats receive streptozocin
at 2 d of age that causes a chronic hyperglycemia averaging 200
mg/dl once the rats reach 6 wk (13). In the second, the partial
pancreatectomy model (Px), rats undergo a 90% surgical pan-
createctomy at 4 wk of age and they then develop a milder hy-
perglycemia averaging 160-180 mg/dl within one week (5). In
both of these models, in vivo and in vitro studies have dem-
onstrated that glucose-induced insulin release is lost, while release
to nonglucose agents is preserved (3-5). Moreover, the glucose-

1. Abbreviations used in this paper: NSZ, neonatal streptozocin model;
Px, 90% pancreatectomy model.

modulating effect on arginine-stimulated insulin release is also
impaired in both, although to a greater degree in the more hy-
perglycemic NSZrats (6). These findings provide strong evidence
for an association between a reduction in B cell mass and sub-
sequent defects in the function of the remaining cells, but the
cause of these abnormalities has not been elucidated. Wehave
previously proposed that chronic exposure of the remaining B
cells to elevated glucose concentrations might be the explanation
(3, 14).

The findings of the present study provide further support
for this hypothesis, for the ability of glucose to stimulate insulin
secretion was increased in the very mildly hyperglycemic 30%
glucose rats, but then progressively decreased as the level of
chronic hyperglycemia rose. Moreover, the unusual paradoxical
release of insulin to the acute glucose reduction and the marked
insulin response to arginine at 2.8 mMglucose that are present
in the 50% glucose rats are similar to patterns of insulin release
that have previously been described in the NSZmodel (6, 15),
which suggests that the pathophysiologic events that are occurring

I 78mm GLUCOSE32 8mM 78.1mM

6 20 40 60 80
TIME (min)

Figure 5. Effects of a 30-min exposure to 32.8 mMglucose on a subse-
quent response to 10 mMarginine in rats infused with 20 or 50% glu-
cose or 0.45% NaCl for 48 h and assessed using the in vitro isolated
perfused pancreas. Noninfused controls were normal rats taken from
the general population immediately before study.
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Figure 6. Effects of an acute reduction and then increase in the perfus-
ate glucose concentration on insulin secretion in rats 72 h after an in-
fusion with 50% glucose for 48 h and assessed using the in vitro iso-
lated perfused pancreas. Noninfused controls were normal rats taken
from the general population immediately before study.

in both groups are identical. The marked hyperinsulinemia of
these rats may seem at odds with the findings in the NSZmodel
in which hyperglycemia is accompanied by hypoinsulinemia
(13), but Brodsky and Heuck (16) have shown that with longer
periods of glucose-infusion the plasma-insulin response falls to
levels that are indistinguishable from those of controls.

The results obtained with arginine are also consistent with
the view that chronic hyperglycemia can alter insulin secretion.
Wehave previously suggested that chronic hyperglycemia may
cause a "potentiated" state in the B cell such that exposure to
arginine even at trivial glucose levels causes a marked response
(14). Indeed, a very large amount of insulin was released by the
most hyperglycemic rats when arginine was given on a back-
ground glucose concentration of 2.8 mM. Moreover, this finding
is likely not unique for arginine since a similar hyperresponse
has also been demonstrated in the NSZmodel for leucine (I17),
isoproterenol (3), and 3-isobutyl-I-methylxanthine (6) as well
as for arginine (6, 17). However, the potentiation of this response
by the high glucose perfusate in each group can only be estimated
from the results in this study, for the magnitude of the insulin
levels attained to the second arginine challenge as well as to the
16.7 glucose alone was likely suppressed by the initial arginine
exposure (18).

Therefore, we suggest that chronic hyperglycemia is the factor
that leads to the altered B cell responses in the glucose-infused
rats as well as the models with reduced B cell mass. Indeed, the
results in Fig. 5 clearly demonstrate that normal rats exposed
to 32.8 mMglucose for only 30 min do not fully suppress insulin
release when the glucose is then returned to 7.8 mM. Yet alter-
natives other than chronic hyperglycemia must be considered.
It is well known that insulin inhibits endogenous insulin release
(I19, 20) and one might wonder if the marked hyperinsulinemia
of the most hyperglycemic rats exerts a suppressive influence.
However, marked hyperinsulinemia is present in all the glucose-
infused rats, including the 20% glucose rats in which in vitro
insulin responsiveness remains intact. Moreover, similar patterns
of in vitro insulin release have been described in the NSZmodel

that is hypoinsulinemic (13). It also seems unlikely that excess
catecholamine release from hyperglycemia or volume depletion
is playing any part in the B cell changes, for a global suppression
of insulin release would be expected. Instead, the plasma-insulin
concentrations in all the glucose-infused rats are comparable,
and the in vitro insulin responses of the 50% glucose rats to 7.8
mMglucose and to arginine are significantly greater than those
of the saline-infused group. Moreover, alpha receptor stimulation
increases glucagon release ( 15, 21), and the response to arginine
in the 50% glucose rats is instead less than that of the other
groups.

We therefore propose that chronic hyperglycemia is asso-
ciated with changes in B cell responsiveness, and, once estab-
lished, a vicious cycle begins, for insulin responses eventually
become impaired, perhaps leading to worsening of the hyper-
glycemia. Several studies in human non-insulin-dependent di-
abetes mellitus have shown an improvement in insulin secretion
after various periods of close diabetic control (22-24), which
suggests that a similar sequence of events may also occur in man.

An interesting aspect to the results in this study is the par-
adoxical insulin release that occurs in the 50% rats after a decrease
from 16.7 to 2.8 mMglucose, but not when the glucose was
reduced from 32.8 to 7.8 mM. Previous studies in the NSZ rats
have shown that this response is not due to the osmolarity change
( 15). One possible mechanism could be a factor that is released
during the sudden reduction of perfusate glucose and that causes
the insulin response. Indeed, a recent study (25) has confirmed
an earlier observation (26) that catecholamines are locally re-
leased by acute hypoglycemia in the perfused rat pancreas prep-
aration, so perhaps another factor may also be released. Another
possiblity stems from recent observations on the effects of glucose
on B cell intracellular calcium. Hellman et al. (27) have suggested
that glucose stimulates calcium influx into the cell thereby raising
the intracellular calcium level, but it also promotes calcium up-
take by the organelles and stimulates calcium effilux from the
cell, which tends to decrease cytoplasmic calcium. Glucose-in-
duced insulin release is thought to be caused by an increase in
the free cytoplasmic calcium concentration so that the calcium
influx into the cell would normally predominate. However, they
have observed glucose-induced inhibition of insulin release in
alloxan diabetic rats (27), a phenomena that has also been ob-
served in some human diabetics (28), and they have postulated
that in these pathological situations calcium uptake into organ-
elles predominates over intracellular influx such that cytoplasmic
calcium falls (27). It follows that an acute lowering of glucose
might then mobilize these calcium stores and cause an insulin
response. Further studies are needed to explore these possibilities.

It is also noteworthy that the direct modulating effect of
glucose on insulin secretion is totally restored in the 50% glucose
rats 72 h after the infusion. Similar attempts to study the re-
versibility of B cell defects in diabetic animal models using es-
tablished therapeutic modalities have been hard to interpret,
perhaps because of the difficulty in chronically establishing per-
fect glucose control (14, 29, 30). While it remains to be proven
that these results have relevance to situations with longer periods
of hyperglycemia, they at least suggest that B cell changes as-
sociated with short-term hyperglycemia are totally reversible.

The findings in this study also suggest that chronic hyper-
glycemia has an inhibitory effect on arginine-stimulated glucagon
release, for the response to arginine at 2.8 mMglucose is much
less in the 50% infused rats than in the other groups. Wehave
previously shown in the NSZmodel in which the A cell mass is
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comparable to that of the controls (13) that the glucagon response
to arginine at 2.8 mMglucose is only about one-half of that
found in the controls ( 14), which lends further credence to this
concept.

The pancreatic insulin content of the 50% rats was markedly
reduced, which is comparable to a similar result obtained in the
Logothetopoulos model after 24 h of infusion (31). Insulin con-
tent is dependent on insulin biosynthesis on the one hand and
on insulin release and intracellular degradation on the other. It
has been well established with both in vitro and in vivo tech-
niques that insulin synthesis is increased in markedly hypergly-
cemic glucose-infused rats after 24 and 72 h of infusion (32, 33)
and the results from this study show that insulin release is also
markedly increased throughout the infusion period. Wedon't
know how much intracellular degradation is occurring. It is then
of interest that the pancreatic insulin contents of the various
groups differ so much in spite of plasma insulin levels that are
not very dissimilar. It may be that the insulin concentrations do
not reflect the secretion rate because insulin clearance is somehow
altered under these different conditions. These results suggest
that with the infusion of 20% or 30% glucose the rate of biosyn-
thesis exceeds that of secretion, whereas with more hyperglycemia
the reverse occurs. Yet it must be remembered that these infu-
sions are only given for 48 h and that the effects of more pro-
longed hyperglycemia may differ (34). One finding that is clear,
however, is that the quantitative insulin response to the arginine
at 2.8 mMglucose in the 50% group is larger than that of the
control groups at 16.7 mMglucose, even with the marked de-
crease in insulin content, and that the insulin levels attained in
the 20% rats are similar to those of the controls, even though
the insulin content is increased. These results suggest that the
quantitative insulin response under most circumstances is not
determined by insulin content.

In summary, these results suggest that 48 h of very mild
hyperglycemia tended to potentiate glucose-induced insulin se-
cretion and did not alter the modulating effect of glucose on
arginine-stimulated insulin release. On the other hand, with
greater degrees of hyperglycemia the direct influence of glucose
to acutely alter insulin secretion decreased such that it was most
impaired in the more hyperglycemic 50% group. Moreover, a
progressive alteration of the glucose influence on arginine-stim-
ulated insulin release was also found with increasing levels of
hyperglycemia. These findings are very similar to patterns of
insulin secretion that have been described in the Px and NSZ
rat models, and they strongly suggest to us that chronic hyper-
glycemia is the factor that causes many of the defects noted in
the B cell function of these groups. It remains to be seen whether
a similar sequence of events occurs in man, but it is very inter-
esting that a recent study has demonstrated that insulin secretion
in normal subjects fails to appropriately suppress during hypo-
glycemia after just 12 h of hyperglycemia (35).

The glucose infusion method therefore provides a way to
study the effects of chronic hyperglycemia on normal B cells,
obviating the need for streptozocin or animal strains with genetic
abnormalities of glucose homeostasis. Also, it allows the effects
of different levels of glycemia for different time periods to be
assessed, making this model an important tool for further study.
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