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Abstract

We have examined the effect of chronic (4 wk) hyperglycemia
on insulin secretion in vivo in an awake, unstressed rat model.
Three groups of animals were examined: control, partial (90%)
pancreatectomy, and partial pancreatectomy plus phlorizin, in
order to normalize plasma glucose levels. Insulin secretion in
response to arginine (2 mM), hyperglycemia (+100 mg/dl),
and arginine plus hyperglycemia was evaluated. In diabetic
compared with control animals three specific alterations were
observed: (a) a deficient insulin response, in both first and
second phases, to hyperglycemia; (b) an augmented insulin re-
sponse to the potentiating effect of arginine under basal glyce-
mic conditions; and (c) an inability of hyperglycemia to aug-
ment the potentiating effect of arginine above that observed
under basal glycemic conditions. Normalization of the plasma
glucose profile by phlorizin treatment in diabetic rats com-
pletely corrected all three beta cell abnormalities. These re-
sults indicate that chronic hyperglycemia can lead to a defect in
in vivo insulin secretion which is reversible when normoglyce-
mia is restored.

Introduction

Glucose is the primary regulator of insulin secretion in vivo. It
exerts this role by stimulating directly the beta cell and by
modulating the effect of other secretagogues (1, 2). In contrast
to acute intermittant elevations in the plasma glucose concen-
tration, which provide a powerful insulin secretory stimulus to
the beta cell, Weir et al. have advanced the hypothesis that
chronic sustained hyperglycemia, in the presence of a reduced
beta cell mass, may lead to the development of a defect in
insulin secretion (3). Over the years, much evidence has accu-
mulated to indicate that the beta cells of diabetic man (4, 5)
and animals (6-9) have acquired a specific defect in their abil-
ity to respond to glucose. In contrast, the pancreas' response to
nonglucose secretagogues such as arginine (9), leucine (7), sul-
fonylurea drugs (10), and isoproterenol (10, 11) is well main-
tained. Similarly, the ability ofglucose to modulate the insulin
response to these nonglucose secretagogues is consistently im-
paired (7, 9). However, the precise factors that are responsible
for the beta cells' "blindness" to glucose have yet to be defined.
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In the present study we have examined, for the first time in
vivo, whether chronic hyperglycemia can lead to the develop-
ment of a defect in insulin secretion in otherwise healthy beta
cells, and whether restoration of normoglycemia can correct
the impairment in insulin secretion. To bring about a reduc-
tion in beta cell mass and produce a state of chronic hypergly-
cemia, a 90% surgical pancreatectomy was performed (12).
The remaining 10% of the pancreas is left intact, and insulin
secretion, expressed per remaining pancreatic mass, should be
normal unless some acquired defect in beta cell function de-
velops. To examine whether any acquired beta cell abnormal-
ity was specifically the result of chronic exposure to hypergly-
cemia, diabetic rats received a continuous infusion of phlori-
zin for 4 wk. This agent induces renal glucosuria and leads to
normal fasting and near normal postmeal plasma glucose
levels (13). The ability of the pancreas to secrete insulin was
evaluated using the hyperglycemic clamp technique (14) so

that the early and late phases of insulin secretion could be
examined separately and compared with the response to argi-
nine.

Methods

Animal preparation. Three groups of male Sprague-Dawley rats
(Charles River Breeding Laboratories, Wilmington, MA), weighing
between 80 and 100 g (3-4 wk old) were studied. Group I: sham-oper-
ated controls (n = 7); group II: partially pancreatectomized rats (n
= 10); and group III: partially pancreatectomized rats treated with
phlorizin (n = 6). All rats (3-4 wk old) were anesthesized with pheno-
barbital (50 mg/kg body wt), and in groups II and III 90% of the
pancreas was removed according to the technique of Foglia (12), as
modified by Bonner-Weir et al. (3). Group I animals underwent a
sham pancreatectomy in which the pancreas was disengaged from the
mesentery and gently rubbed between the fingers. Postoperatively, rats
were housed in an environmentally controlled room with a 12-h light/
dark cycle and allowed free access to standard rat chow (Ralston-Pur-
ina Co., St. Louis, MO) and water. Within 48 h all animals had recov-
ered from surgery and were eating normally. In group III rats phlorizin
(0.4 g/kg body wt per d made up in a 20% solution ofpropylene glycol)
treatment was initiated 14 d postsurgery, at a time when hyperglyce-
mia first became evident in the partially pancreatectomized rats and
was continued for 4 wk. Phlorizin was administered as a continuous
subcutaneous infusion through a small implantable minipump (Alzet
osmotic minipump; Alza Corp., Palo Alto, CA) to ensure day-long
inhibition of renal tubular glucose reabsorption. After surgery, rats
were weighed twice weekly and tail vein blood collected at the same
time for the determination of fed plasma glucose and insulin concen-
trations.

5 wk postpancreatectomy and sham operation (i.e., I wk before
performing the hyperglycemic clamp study) rats were anesthesized
with phenobarbital (50 mg/kg body wt) and indwelling catheters were
inserted so that the animals could be studied in the awake, unstressed
state. Two internal jugular catheters were inserted and extended to the
level ofthe right atrium and a left carotid catheter was advanced to the
aortic arch. The three catheters were filled with heparnn/polyvinylpyr-
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rolidone solution, sealed, and tunneled subcutaneously around the
side ofthe neck to the back ofthe head. The catheters were externalized
through a skin incision and anchored to the skull with a dental cement
cap (Durelon; Premier Co., Norristown, PA), which was reinforced by
four jeweler's case screws (0.07 mm).

Experimental protocol. All studies were conducted in the morning
after a 10-12-h overnight fast. Throughout the study, the rats were

allowed to move freely within the confines of a large cage and the
connecting tubing was suspended overhead by means of a pulley sys-
tem. The venous catheter was used for blood withdrawal and the arte-
rial catheter for infusion ofall test substances. To prevent intravascular
volume depletion and anemia, fresh whole blood obtained by heart
puncture from littermates of the test animal was administered at a

constant rate designed to quantitatively replace the total blood loss
during the study.

Arginine/hyperglycemic clamp study (Fig. 1). Blood was obtained
for the determination of plasma glucose and insulin concentration at
-30 and 0 min. At time zero a prime-continuous infusion ofarginine
solution (300 mg/ml) was administered from time 0-30 min to acutely
raise and maintain the plasma atginine concentration at - 2 mM. The
prime was administered at the rate of 280 Amol/min from 0 to 2 min
and the continuous infusion was administered at 36 Mmol/min from 2
to 30 min. Blood for the determination of plasma glucose and insulin
concentrations was obtained at time 2, 4, 6, 8, 10, 20, and 30 min after
starting the arginine infusion. Between time 30 and 80 min a constant
saline infusion (15 Ml/min) was administered to maintain the arterial
catheter patent. Blood samples were withdrawn at time 60 and 80 min
for determination ofplasma glucose and insulin levels. At time 80 min
a priming infusion ofd25% glucose was administered to acutely raise the
plasma glucose concentration by - 100 mg/dl above baseline. The
plasma glucose concentration was subsequently held constant at this
hyperglycemic plateau until time 170 min by the adjustment of a
variable glucose infusion based upon a negative feedback principle
(14). Plasma samples for determination of glucose and insulin were
obtained at 2-min intervals between time 80 and 90 min and at 10-min
intervals thereafter until 140 min. From 140 to 170 min a prime-con-
tinuous infusion of arginine was again administered as previously de-
scribed. Plasma arginine concentration was determined at time -30, 0,
10, 30, 80, 150, and 170 min.

Pancreatic weight and insulin content. 4 d after the arginine/hy-
perglycemic clamp study all rats, after a 12-h overnight fast, were

anesthesized and the pancreas was quickly dissected, separated from
gut and major lymph nodes, rinsed in saline, blotted, and weighed. The
pancreatic tissue was then frozen in liquid nitrogen and stored at

-30'C for subsequent insulin analysis. The tissue was homogenized in
ice-cold acid-ethanol (0.15 M HCI-75% ethanol) and incubated for 48
h at 4VC. After incubation the suspension was centrifuged for 10 min at

10,000 rpm in a Sorval refrigerated centrifuge. The supernatant was
decanted and a 1:1,000 dilution was prepared in phosphate-buffered
saline solution containing 0.25% bovine serum albumin. Insulin con-
centration was measured in quadruplicate using a rat insulin standard

(Eli Lilly & Co., Indianapolis, IN). All insulin determinations were
performed in the same assay to eliminate any interassay variations.

Analyticalprocedures. Plasma glucose was measured by the glucose
oxidase method (glucose analyzer, Beckman Instruments Inc., Palo
Alto, CA) and plasma insulin by radioimmunoassay using rat insulin
(lot 615-163-12-3; Eli Lilly & Co.) as standard (15). Plasma arginine
concentration was determined by an automated ion exchange chro-
matographic technique (D-500; Dionex Corp., Sunnyvale, CA) with an
L6 column and lithium citrate buffer.

Calculations. The plasma insulin responses presented in Tables
III-V represent the mean increment in plasma insulin concentration
above baseline during the 0-30 (arginine infusion)-, 80-140 (glucose
infusion)-, 140-170 (arginine plus glucose infusion)-min time inter-
vals. The basal insulin concentration for the arginine infusion was
calculated as the mean of the -30- and 0-min plasma insulin concen-
trations. The baseline plasma insulin concentration for the glucose
infusion was calculated as the mean ofthe 70- and 80-min time points.
The baseline plasma insulin concentration for the combined glucose/
arginihe infusion period was calculated as the mean of the 130- and
140-min time points. All values are presented as the meAn±SEM.
Significant differences between groups were determined using the
one-way analysis of variance in conjunction with the Student-New-
man-Kuel test.

Results

Body weight, plasma glucose, and insulin concentrations. All
animals were studied 6 wk after pancreatectomy or sham pan-
createctomy. At this time no significant differences in body
weight were observed between any of the three groups (Table
I). The fasting (mean of four values during the 2 wk before
study) and fed plasma glucose concentrations are shown in
Table I. In group II rats (90% pancreatectomy) the fasting
plasma glucose concentration was slightly increased (both P
<0.01) compared with both groups I (sham-operated controls)
and III (phlorizin-treated diabetic rats). The fasting plasma
glucose in phlorizin-treated diabetic animals was slightly but
not significantly elevated compared with controls. The fed
plasma glucose concentration in diabetic rats was approxi-
mately twice that observed in controls (P < 0.001). Before the
initiation ofphlorizin treatment at 2 wk after pancreatectomy,
the fed plasma glucose (296±19 mg/dl) was similar to that
observed in the diabetic group (284±13 mg/dl). After 4 wk of
phlorizin therapy (group III), the fed plasma glucose concen-
tration was reduced to levels similar to those in controls.

The fasting plasma insulin concentration was similar in all
three groups. The fed plasma insulin concentration was simi-
larly reduced in groups II and III compared with controls (P
<0.001).

Table I. Fasting and Fed Plasrha Glucose and Insulin Concentrations in Control and Diabetic Rats*

Fasting plasma Fasting plasma
Group Number Weight glueose Fed plasma glucose insulin Fed plasma insulin

g mg/dl mg/dl ng/ml ng/ml

I Sham operated 7 276±7 103±2 143±2 2.44±0.16 5.79±0.24
II Diabetic 10 264±9 119±3* 284±13§ 2.37±0.20 3.04±0.151

III Phlorizin-treated diabetic 6 258±11 111±3 142±6 2.50±0.15 2.95±0.20i
(296±19)"

* All values represent the mean±SEM. $ P < 0.01 vs. sham-operated control rats. 1P < 0.001 vs. sham-operated and phlorizin-treated dia-
betic rats. "lFed plasma glucose concentration in the same six rats before the institution of phlorizin treatment (i.e., at week two).
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Pancreatic insulin content (Table II). Pancreatic weight
and insulin content in groups II and III were similarly and
markedly decreased to - 15% of the sham-operated control
group (P < 0.001). The decrease in pancreatic insulin content
closely paralleled the reduction in pancreatic mass in all rats.

Plasma glucose and insulin concentrations during argi-
nine/glucose infusion (Figs. I and 2; Table III). After an over-
night fast (2200-0900 h) plasma arginine concentrations were
152±4 ,M in group I, 194±12 MAM in group II, and 187±15

MM in group III. Arginine infusion (0-30 min) resulted in
steady state plasma arginine levels that were similar in all three
groups: 2,187±199 M&M in group I, 2,319±99 MuM in group II,
and 2,357±107 AM in group III. The plasma glucose concen-
tration increased slightly (by 10-20 mg/dl) and similarly in the
three groups during arginine infusion (Fig. 1). The mean in-
cremental plasma insulin response to arginine was reduced by
54% in the diabetic group and by 84% in the diabetic rats
treated with phlorizin (P < 0.00 1) (Table III).

By the end of the 30-80-min period of saline infusion,
plasma glucose and insulin concentrations returned to basal,
pre-arginine infusion levels (Figs. 1 and 2). During the 1 h
hyperglycemic clamp study (80-140 min) the increment in
plasma glucose concentration was 96±2, 99±4, and 99±4
mg/dl in groups I, II, and III, respectively. In all studies the
coefficient of variation in plasma glucose concentration was
< 5%. The glucose infusion rate (140-180-min period) neces-
sary to maintain the plasma glucose concentration constant at
the desired hyperglycemic plateau was 24.3+1.2, 4.3+0.3, and
7.3±0.4 mg/kg. min in groups I, II, and III, respectively. The
mean plasma insulin response in the diabetic group was re-
duced by 95% compared with controls (0.30 vs. 5.75 ng/ml, P
< 0.001). In phlorizin-treated diabetic rats the mean plasma
insulin response (0.91 ng/ml) was increased threefold (P
< 0.01) compared with the diabetic group, but was still much
reduced compared with controls when viewed in absolute
terms (Table III).

When an arginine infusion (140-170 min) was superim-
posed on hyperglycemia, the mean incremental plasma insulin
response (20.61 ng/ml) was significantly greater than the addi-
tive effects of hyperglycemia (5.75 ng/ml) alone or arginine
(3.80 ng/ml) alone. During combined arginine/glucose infu-
sion, the mean plasma incremental response in both group II
and group III rats was reduced by 90% compared with con-

trols (P < 0.001).
Since diabetic animals had 90% oftheir pancreas removed,

it is not surprising that the plasma insulin response, when
viewed in absolute terms, was deficient. Therefore, the incre-
mental plasma insulin responses were also calculated per gram
of pancreatic tissue and per pancreatic insulin content (Table
IV). Since pancreatic weight and insulin content were highly

Table II. Pancreatic Weight and Insulin Content
in Control and Diabetic Rats

Group Number Pancreatic weight Insulin content

g ug/pancreas

I Sham operated 7 1.32±0.031 51.7±12.4
II Diabetic 10 0.194±0.012 8.5±3.2

III Phiorizin-treated diabetic 6 0.188±0.020 7.1±2.8
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Figure 1. Plasma glucose concentration (milligrams per milliliter)
during arginine infusion (t = 0-30 min), during the hyperglycemic
clamp (t = 80-140 min), and during combined arginine plus glucose
infusion (t = 140-170 min) in group I (sham operated, open trian-
gles), in group II (diabetic, solid circles), and in group III (phlorizin-
treated diabetic, open squares).

correlated (r = 0.95, P < 0.00 1), both methods of data expres-
sion yielded qualitatively and quantitatively similar results.
The incremental plasma insulin response to arginine in dia-
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Figure 2. Plasma insulin concentration (nanograms per milliliter)
during arginine infusion (t = 0-30 min), during the hyperglycemic
clamp (t = 80-140 min), and during combined arginine plus glucose
infusion (t = 140-170 min) in group I (sham operated, open trian-

gles, top), group II (diabetic, solid circles, bottom), group III (phlori-
zin-treated diabetic, open squares, bottom).
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Table III. Plasma Glucose Concentrations and Mean Incremental Plasma Insulin Responses after Arginine,
Glucose, and Combined Arginine/Glucose Infusion in Control and Diabetic Rats

Mean plasma glucose concentration (mg/dl) Mean increment plasma insulin concentration (ng/ml)

Arginine Arginine
Arginine Hyperglycemia + hyperglycemia Arginine Hyperglycemia + hyperglycemia

Group (0-30 min) (80-140 min) (140-170 min) (0-30 min) (80-140 min) (140-170 min)

I Sham operated 115±3 211±2 213±4 3.80±0.41 5.75±0.75 20.61±3.26
II Diabetic 122±5 221±4 225±5 1.73±0.35* 0.30±0.05* 2.46±0.62*

III Phlorizin-treated diabetic 126±3 225±5 223±5 0.52±0.15* 0.91±0.09*t 2.21±0.53*

* P < 0.001 vs. group I. t P < 0.01 vs. group II.

betic rats was increased threefold compared with controls (P
< 0.001), and phlorizin treatment normalized this hyperinsu-
linemic response (Table IV). In contrast to arginine, the incre-
mental insulin response to hyperglycemia was reduced by
- 65% in the diabetic group (1.5 vs. 4.4 ng/ml per g pancreas),
and this defect in insulin secretion was totally corrected by
phlorizin treatment (4.8 ng/ml per g pancreas). When arginine
infusion was superimposed upon hyperglycemia (140-170-
min time period), the incremental plasma insulin response was
slightly, although not significantly, reduced in both diabetic
(12.7 ng/ml per g pancreas) and phlorizin-treated diabetic
(11.7) groups compared with controls (15.6).

The modulating effect of glucose on arginine-induced in-
sulin secretion was calculated as the difference between the
incremental insulin response to the second arginine stimulus
minus that induced by the first arginine stimulus. The ability
of hyperglycemia to augment arginine-stimulated insulin se-
cretion was clearly impaired in diabetic compared with control
rats (3.01±1.06 vs. 12.46±1.69 ng/ml per g pancreas, P
< 0.001). Phlorizin treatment increased the modulating effect
of hyperglycemia on arginine-induced insulin secretion to a

value (9.09±1.55 ng/ml per g pancreas) that was not signifi-
cantly different from controls.

First and second phases ofinsulin secretion (Table V). The
first phase of insulin secretion (calculated as the mean incre-
mental plasma insulin concentration during the initial 10 min,
i.e., 80-90-min time period of the hyperglycemic clamp) was
reduced by 99% in diabetic rats, while the second phase of
insulin secretion (calculated as the mean incremental plasma
insulin concentration during the 90-140-min time period of
the hyperglycemic clamp) was diminished similarly by 94%

(Table V, top). Phlorizin treatment resulted in significant im-
provements in both the first and second phases of insulin se-
cretion. The effect ofphlorizin to augment the first and second
phases of insulin secretion is more dramatically demonstrated
when the incremental plasma insulin response is expressed per
gram of pancreatic weight (Table V, bottom). As can be seen,
both the first (4.36 vs. 3.67 ng/ml per g pancreas) and second
(4.89 vs. 4.50 ng/ml per g pancreas) phase insulin responses
were completely normalized in the phlorizin-treated diabetic
rats.

Discussion

At substrate concentrations within the physiologic range, glu-
cose is the primary regulator of insulin secretion (16). It not
only stimulates insulin release directly, but also modulates the
action of other secretagogues on the beta cell ( 17). In normal
man chronic hyperglycemia has been shown to augment in
vivo insulin secretion (18, 19). In contrast, in rats with a re-
duced beta cell mass evidence has accumulated that chronic
hyperglycemia may lead to a defect in beta cell function by
decreasing glucose-stimulated insulin secretion and impairing
the modulating effect of nonglucose secretagogues on insulin
secretion (6-9, 20). Note, however, that all ofthe human stud-
ies involved healthy, nondiabetic subjects and the period of
hyperglycemia was of short duration (days), whereas the ani-
mal studies involved prolonged periods of hyperglycemia
(weeks) and were carried out in diabetic rats. Furthermore, all
of these previous studies have two major shortcomings: First,
islet cell function was examined in vitro and, to our knowl-

Table IV. Mean Plasma Insulin Response Expressed per Gram Pancreatic Weight or per Unit
Pancreatic Insulin Content in Control and Diabetic Rats

Mean plasma insulin concentration per pancreatic weight Mean plasma insulin concentration per pancreatic insulin
(ng/ml/g pancreas) content (ng/ml/ng pancreatic insulin)

Arginine Arginine
Groups Arginine Hyperglycemia + hyperglycemia Arginine Hyperglycemia + hyperglycemia

I Sham operated 2.9±0.2 4.4±0.5 15.6±2.4 73±7 111±14 399±63
II Diabetic 8.9±1.7* 1.5±0.3* 12.7±3.2 204±40* 35±6* 289±73

III Phlorizin-treated diabetic 2.8±0.7 4.8±0.5 11.7±2.8 73±20 128±13 311±75

* P < 0.01 vs. sham-operated control and phlorizin-treated diabetic rats.
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Table V. First and Second Phase Plasma Insulin
Responses during the Hyperglycemic Clamp Study
Performed in Control and Diabetic Rats

Plasma insulin response (ng/ml/min)

First phase Second phase
Group (80-90 min) (90-140 min)

I Sham operated 4.84±0.53 5.94±0.86
II Diabetics 0.05±0.1 1* 0.36±0.06*t

III Phlorizin-treated diabetics 0.82±0.08* 0.92±0.11*

Plasma insulin response
(ng/mI/min/g pancreas)

First phase Second phase
Group (80-90 min) (90-140 min)

I Sham operated 3.67±0.37 4.50±0.65
II Diabetics 0.25±0.57* 1.86±0.31*
III Phlorizin-treated diabetics 4.36±0.37 4.89±0.58

* Different from group I, P < 0.001.
Different from group III, P < 0.001.

edge, the impairment ofbeta cell function after chronic hyper-
glycemia has not been characterized in vivo. This is of consid-
erable importance since the neuronal input to the pancreas
and the influence of circulating hormones are lost when the
islets are removed from the body. Moreover the preceding
anesthesia, with an increase in circulating catecholamine
levels, may alter beta cell function. Second, and more impor-
tantly, before the concept that chronic hyperglycemia is delete-
rious to beta cell function can be accepted, it must be shown
that restoration ofnormoglycemia can return insulin secretion
to normal. In the one rat study in which insulin treatment was
used to normalize plasma glucose levels, no improvement in
glucose-induced insulin secretion was observed (9). Interest-
ingly, short-term insulin therapy in man has been shown to
result in a partial improvement in insulin secretion in type II
diabetic individuals (21, 22). However, it is not clear whether
this improvement is related to the decline in plasma glucose
concentration or to some other metabolic effect brought about
by insulinization.

In the present study we have examined the effect ofchronic
hyperglycemia on insulin secretion in an awake, unstressed rat
model. Partial (90%) pancreatectomy was used to reduce beta
cell mass and cause a chronic sustained, modest elevation in
the plasma glucose concentration. With this procedure the
residual 10% of the pancreas lying between the common bile
duct and the duodenum is not touched, so that the remaining
beta cells should be functionally intact. This avoids the con-
cern of beta cell toxicity when streptozotocin is used to reduce
beta cell mass. To evaluate beta cell function, we used the
hyperglycemic clamp technique (14) since this allows the in-
vestigator to examine both the first and second phases of insu-
lin secretion. The loss of first phase insulin secretion has been
postulated to represent a specific and early defect in the patho-
genesis of both type I (23, 24) and type II (24-26) diabetes
mellitus. Furthermore, its reversal with treatment ofthe hyper-
glycemia has never been reported in animal models of dia-
betes; in man, only occasional reports have demonstrated a

partial correction after normalization of the plasma glucose
concentration (27, 28).

6 wk after partial pancreatectomy the fasting plasma glu-
cose concentration had risen to - 120 mg/dl, and moderately
severe postmeal hyperglycemia (250-300 mg/dl) was present.
These fed glucose values are similar to those reported by Or-
land et al. (29) and slightly greater than those reported by
Bonner-Wier et al. (3). These small differences in the severity
of diabetes is most likely accounted for by a number of factors
including strain differences, variations in the age at which the
surgical pancreatectomy was performed, and interanimal vari-
ation (30). Fasting plasma insulin levels were similar in dia-
betic and control rats but the post-meal plasma insulin re-
sponse (Table I) was markedly impaired. When diabetic ani-
mals were treated with phlorizin, an inhibitor of renal glucose
transport, both the fasting and post-meal plasma glucose con-
centrations were returned to normal without any change in
either the basal or fed plasma insulin levels. Since phlorizin
treatment did not affect pancreatic weight or pancreatic insu-
lin content, any improvement in beta cell function can not be
attributed to an increased beta cell mass or insulin content.
Pancreatic weight and insulin content was similar in diabetic
and phlorizin-treated diabetic rats and was - 15% of that ob-
served in the control animals. These data are in good agree-
ment with those ofOrland et al. (29), who showed that at 3 and
14 wk after pancreatectomy the remnant pancreatic weight
and insulin content ranged from 12 to 15% of normal.

To examine the modulating effect of glucose on nonglu-
cose secretagogues, we quantitated arginine-mediated insulin
secretion at two plasma glucose concentrations (120 and 220
mg/dl) in control, diabetic, and phlorizin-treated diabetic rats.
Since 90% of the pancreas was removed in both diabetic
groups, it is obvious that the absolute amount of insulin se-
creted must be reduced. Therefore, the plasma insulin re-
sponse was expressed, not only in absolute terms, but also per
residual pancreatic weight and insulin content. During argi-
nine infusion the basal plasma glucose concentration was simi-
lar in diabetics compared with control rats. The absence of an
excessive glucose response to arginine often observed in other
diabetic states can probably be related to the preserved ratio of
beta/alpha cells in the pancreatectomized rat model (3). Simi-
lar steady state plasma arginine levels were achieved in control,
diabetic, and phlorizin-treated diabetic rats. Diabetic animals,
whose beta cells had been exposed to day-long hyperglycemia,
demonstrated a marked hyperresponsiveness (threefold
greater) to arginine when studied at their fasting plasma glu-
cose concentration (- 120 mg/dl). These results are qualita-
tively quite similar to those of Leahy et al. (9), who used per-
fused pancreata from partially pancreatectomized and strep-
tozotocin diabetic rats. Thus, both the in vitro studies, as well
as our in vivo studies, demonstrate that chronic hyperglycemia
has a potentiating effect on amino acid-mediated insulin se-
cretion.

In marked contrast to the potentiating effect on arginine-
mediated insulin release, chronic hyperglycemia severely im-
paired by 60-70% (Table IV) the pancreatic response to an
acute glucose infusion. This reduction affected both the early
(0-10 min) and late (10-60 min) plasma insulin responses,
which were decreased by 93 and 60%, respectively. This severe
reduction in glucose-induced insulin secretion in vivo is con-
sistent with a number of in vitro studies carried out with islet
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tissue obtained from diabetic rats (6-9). Most recently, it has
been shown that a 48-h glucose infusion, designed to raise the
plasma glucose concentration to 183±13 mg/dl in normal rats,
leads to a defect in the beta cells' ability to respond to an acute

hyperglycemic challenge in vitro (31). However, in the same

study when glucose was infused for a similar period of time to

raise the plasma glucose concentration to 164±4 or 370±25
mg/dl, no impairment in the insulin secretory response to

acute hyperglycemia was observed. To ensure that the inability
of our diabetic rats to respond during the hyperglycemic clamp
was not due to beta cell exhaustion, animals were rechallenged
with arginine while maintaining hyperglycemia at 220 mg/dl.
As can be seen in Table IV and Fig. 2 (bottom), the insulin
response to this second arginine stimulus was slightly, al-

though not significantly less than observed in controls, if ex-

pressed per pancreatic weight or insulin content. Thus, the
deficient response to hyperglycemia can not be attributed to

beta cell insulin depletion. Note that the incremental plasma
insulin response to the second arginine stimulus in diabetic
rats was of similar magnitude to the initial arginine challenge,
indicating that the potentiating effect of glucose was already
near maximal at a glucose concentration (120 mg/dl) similar
to the fasting glucose level observed in the diabetic rats in vivo.
This situation is quite different from that observed in the con-

trol animals where the second arginine stimulus (at a plasma
glucose concentration of 220 mg/dl) produced a fivefold
greater insulin response (Table IV) than observed during the
first arginine stimulus. Thus, the diabetic beta cell appears to

be characterized by three specific alterations: (a) a deficient
insulin response, both first and second phases, to hyperglyce-
mia; (b) a hypersensitivity to the potentiating effect of arginine
under basal glycemic conditions; and (c) an inability of hyper-
glycemia to augment the potentiating effect of arginine above
that observed under basal glycemic conditions. Our interpre-
tation of the arginine infusion studies is that the prolonged
hyperglycemia observed in diabetic rats induces a state of
chronic potentiation which is already maximal under the fast-
ing hyperglycemic conditions observed in vivo.

To examine the role of hyperglycemia per se on the above
three defects in insulin secretion, a separate group of diabetic
animals was started on phlorizin treatment 2 wk postpancre-
atectomy, i.e., at the time when hyperglycemia is first noted to

develop. Phlorizin, by inhibiting glucose reabsorption by the
renal tubular cells, induced a state of persistent renal gluco-
suria and completely normalized both the fasting and post-
meal plasma glucose levels without any alteration in the
plasma insulin response. As can be seen in Table IV and Fig. 2

(top), normalization of the plasma glucose profile corrected all
of the defects in insulin secretion observed in diabetic rats.

Most noteworthy, the plasma insulin response to hyperglyce-
mia by the residual beta cells from diabetic rats was completely
normalized. This improvement in insulin secretion involved
both the first and second phases of insulin release, which re-

turned to values similar to those observed in control rats

(Table V). One previous investigation has attempted to exam-
ine whether glycemic control in diabetic (streptozotocin in-
duced) rats could reverse the defect in glucose-stimulated in-
sulin secretion (22); in this study insulin therapy failed to im-
prove beta cell function. However, there were several noteable
differences between this study (22) and our own. First, the

period of insulin therapy was quite short, only 24 h, and this
may have been of insufficient time to observe any improve-
ment in insulin secretion. Second, the insulin treatment re-
sulted in modest hypoglycemia, which of itself could impair
insulin secretion. And lastly, exogenous insulin administration
with resultant hyperinsulinemia has been shown to have a

feedback inhibition of pancreatic insulin secretion (32). In the
studies of Leahy et al. (31), where chronic (48 h) glucose infu-
sion was associated with an acquired insulin secretory defect in
response to an acute hyperglycemic stimulus, cessation of the
glucose infusion for 72 h was associated with a return of insu-
lin secretion to normal.

Long-term correction ofhyperglycemia in diabetic rats also
corrected the hyperresponsiveness to arginine. Thus, when the
plasma arginine concentration was increased to 2 mM and
plasma glucose was maintained at basal levels, the mean
plasma insulin response decreased from 8.9 to 2.8 ng/ml per g
pancreas (Table IV), a value that was not significantly different
from the control rats. Similarly, the potentiating effect of hy-
perglycemia (220 mg/dl) on arginine-mediated insulin secre-
tion increased markedly to a value that was slightly, although
not significantly, greater than in control animals.

Our observations may have particular relevance for under-
standing the pathogenesis of type II or non-insulin-dependent
diabetes mellitus. The little data that are available in man

suggest that pancreatic mass is reduced to approximately
60-70% of normal (33, 34) in non-insulin-dependent diabetes
mellitus. Such a decrease, of itself, would not be sufficient to
account for the marked insulinopenia observed in many type
II diabetic patients, especially in those with fasting plasma
glucose levels above 200-220 mg/dl. It seems likely, therefore,
that some factor(s) must be responsible for impairing insulin
secretion in such individuals. On the basis of our results it is
interesting to hypothesize that one such factor could be glucose
itself. Thus, chronic hyperglycemia could be postulated to
cause a "desensitization" of the beta cells' ability to respond to
a glucose stimulus. Such a desensitization may be common to

all cells in the body. Using the same partially pancreatecto-
mized rat model, we recently have shown that chronic hyper-
glycemia leads to peripheral tissue insensitivity to the action of
insulin (13). Other investigators have shown that hyperglyce-
mia can down-regulate the glucose transport system in non-

insulin dependent tissues, such as the cerebral cortex (35, 36).
One could speculate that chronic sustained hyperglycemia
causes a generalized down-regulation of glucose transport and
metabolism in all cells of the body. This could account for
such diverse observations as severe insulin resistance in pe-
ripheral (13, 37) and hepatic (38) tissues, impaired insulin
secretion in response to glucose (but a normal response to

nonglucose stimuli) (6-9, 39), and the development of symp-
toms of neuroglycopenia at "normal" plasma glucose levels in
poorly controlled diabetic individuals (40). Our results also
might help to explain the uniform improvement in insulin
secretion observed after a number of diverse maneuvers, all of
which have in common the ability to lower the plasma glucose
concentration. Thus, acute (41) and chronic (42) caloric re-

striction, intensified insulin therapy (43), and sulfonylurea
drugs (44, 45) all result in a significant lowering of the plasma
glucose concentration and a concomitant increase in insulin
secretion which may be sustained even after the therapy is
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discontinued. The therapeutic efficacy of these maneuvers

may, in part, be related to their plasma glucose lowering effect,

which secondarily leads to an improvement in insulin secre-

tion.
In summary, our results demonstrate two important rela-

tionships between the plasma glucose concentration and insu-

lin secretion: first, chronic (4 wk) sustained hyperglycemia
markedly impairs the ability of the beta cell to respond to an

acute glucose stimulus; second, chronic hyperglycemia in-

duces a state of beta cell "potentiation" to nonglucose secreta-

gogues such as arginine. These alterations in insulin secretion

can be reversed completely with correction of the hyper-

glycemia.
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