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Coupling of p-Cell Desensitization by
Hyperglycemia to Excessive Stimulation
and Circulating Insulin in
Glucose-Infused Rats
YASUHIRO SAKO AND VALDEMAR E. GRILL

I

nsensitivity of p-cells to glucose is found in animal diabetes of various origin (for review, see ref. 1). Several
observations suggest hyperglycemia as a major cause
of insensitivity. Thus, chronic hyperglycemia induced by
48-h glucose infusions in nondiabetic rats leads to p-cell
insensitivity (2). Furthermore, prolonged glucose stimulation
in vitro results in p-cell insensitivity, at least under certain
conditions (3). Also, glucopenia in vitro, i.e., perfusion with
a glucose-free medium, partially restores the insulin re-
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sponse to glucose in the perfused pancreas of neonatally
streptozocin-induced diabetic rats (4).
However, previous studies have not dissociated the effects of chronic hyperglycemia per se (glucotoxicity) from
those of continuous stimulation of secretion. We attempted
to analyze these factors separately. This was done by studying in vivo and in vitro responses to 48 h of hyperglycemia
during which insulin secretion was inhibited by diazoxide or
potentiated by tolbutamide. Results from these protocols
showed that p-cell insensitivity was correlated to in vivo insulin levels. Therefore, we also tested the influence of exogenous insulin in vivo on p-cell responsiveness to glucose.

RESEARCH DESIGN AND METHODS
Male Sprague-Dawley rats were obtained from ALAB (Stockholm). At the time of experiments, they weighed between
240 and 300 g. They had free access to water and a standard
pelleted diet (EWOS-ALAB Brood Stock Feed for Rats and
Mice).
The preparation for infusion has been described previously (5). A catheter was inserted under anesthesia into the
vena cava by way of an external jugular vein. For doubleinfusion protocols, another catheter was inserted in the other
jugular vein. After the catheter operation, a recovery period
followed of 3-5 days. The infusion tubes ran inside a metal
spiral that was fixed to a ball bearing. This procedure allowed
complete freedom of movement to the rat. All rats were infused for 48 h starting -1000. Throughout the infusion, rats
had free access to water and food.
The pancreas was isolated free from adjacent organs (6)
and perfused with a Krebs-Henseleit bicarbonate buffer (7)
containing 20 g/L bovine albumin (Sigma, St. Louis, MO)
and, when not otherwise indicated, 3.9 mM glucose. Twenty
minutes of perfusion with this medium was allowed (not recorded in tables or figures) before the start of the actual
protocol. At the end of perfusion, the pancreas was quickly
frozen and stored at -20°C. Insulin content was later extracted by acid-ethanol (8).
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Nondiabetic rats were infused with glucose for 48
h to maintain moderate or marked hyperglycemia
(mean blood glucose 13.2 ± 0.7 or 22.8 ± 0.3 mM,
respectively). The two levels of hyperglycemia
increased plasma insulin levels severalfold but
decreased the insulin response to 27 mM glucose
by 19 and 95%, respectively, versus saline infusion.
Diazoxide (5 mg • k g 1 • rr 1 ), when continuously
infused during the hyperglycemia protocols,
completely inhibited the glucose-induced rise in
plasma insulin levels. Diazoxide transformed p-cell
insensitivity to stimulation: glucose-induced insulin
release was thus increased 318% after moderate
hyperglycemia and 707% after marked hyperglycemia.
These stimulatory effects of diazoxide were reversed
by exogenous insulin infusion (8 or 2 U/24 h) in a
dose-dependent manner. It is concluded that excessive
p-cell stimulation rather than glucotoxicity underlies
hyperglycemia-induced p-cell insensitivity. Effects of
hyperinsulinemia can form part of the mechanisms
whereby excessive stimulation affects p-cell secretion.
Diabetes 39:1580-83, 1990
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TABLE 1
Levels of blood glucose and plasma insulin during 48-h infusions
Plasma insulin (pM)

Blood glucose (mM)
Oh

Infusions

6h

30 h

24 h

Oh

Mean/48 h

24 h

48 h
294
1257
3375
151

+
±
±
±

29
194
165
29

13.7 ± 1.4
22.4 ± 0.6
9.0 ± 0.4

0.2
1.1
0.5
0.4

16.4 ± 0.9
25.2 ± 0.3
8.8 ± 0.8

5.8 ± 0.3

11.3 ± 0.4

18.9 ± 2.6

16.6 ± 1.6

9.3 ± 0.9

13.7 ± 1.0

294 ± 29

230 ± 36

208 ± 36

6.5 ± 0.3

15.9 ± 0.8

25.3 ± 0.8

29.0 ± 1.3

20.5 ± 2.6

21.6 ± 0.9

381 ± 43

223 ± 57

302 ± 65

6.9 ± 0.5

11.7 ± 1.6

14.7 ± 2.0

14.7 ± 1.8

7.3 ± 1.1

12.0 ± 1.0

388 ± 36

20,118 ± 2427

14,267 ± 5636

7.0 ± 0.3

14.2 ± 2.2

14.7 ± 0.8

15.1 ± 1.1

7.2 ± 0.7

12.8 ± 0.9

409 ± 14

1228 ± 165

1300 ± 172

6.4 ± 0.3

18.8 ± 0.9

16.5 ± 1.5

17.3 ± 1.4

9.2 ± 1.0

15.1 ± 0.4

381 ± 72

2355 ± 359

1580 ± 366

±
±
±
±

0.1
0.4
0.3
0.2

±
±
±
±

48 h

5.9
15.1
24.7
8.5

5.7
6.8
6.5
6.2

6.1
8.7
24.6
7.2

±
±
±
±

0.3
0.5
1.3
0.5

5.9
13.2
22.8
8.3

±
±
±
±

0.1
0.7
0.3
0.3

302
330
323
273

±
±
±
±

29
50
36
50

345
2369
2879
129

±
±
±
±

22
115
151
14

Values are means ± SE. Number of experiments is given in Table 2. Data on significance testing are given in RESULTS.

A solution of diazoxide (Hyperstat, Schering, Bloomfield,
NJ) was added to either 0.9% saline or 45% glucose. The
pH of these infusates was adjusted to 9.5. Tolbutamide (a
gift of Farbwerke Hoechst, Frankfurt, FRG) was dissolved in
saline. The pH of tolbutamide-containing infusates was adjusted to 9.5. Insulin (Actrapid human, Novo-Nordisk, Bagsvaerd, Denmark) was added to 0.9% saline or 45% glucose
solution. The secretagogues tested were from Sigma.
Plasma samples were assayed undiluted and at 3- to 20-

fold dilution. Bound and unbound insulin was separated by
charcoal (9). The insulin antibodies used were raised in our
laboratory against pork insulin.
Results are expressed as means ± SE. Incremental responses to 27 mM glucose in vitro were calculated as the
mean secretion rate above the secretion rate recorded immediately before a switch from the low to the high glucose
concentration. Tests of significance were carried out with
two-tailed Student's t test for paired or unpaired differences.
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FIG. 1. Effects of diazoxide ( • ) and tolbutamide (A) infusion on
subsequent glucose-induced insulin secretion. Drugs were infused
during saline infusion (A), marked hyperglycemia (S), and moderate
hyperglycemia (C). Values are means ± SE. Number of experiments is
indicated in Table 2. O, Absence of drugs.
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Saline
Moderate hyperglycemia
Marked hyperglycemia
Diazoxide
Diazoxide + moderate
hyperglycemia
Diazoxide + marked
hyperglycemia
Diazoxide + moderate
hyperglycemia +
8 U/24 h insulin
Diazoxide + moderate
hyperglycemia +
2 U/24 h insulin
Tolbutamide + moderate
hyperglycemia

li-CELL INSENSITIVITY

TABLE 2
Effects of 48-h infusions on insulin secretion from perfused pancreas and pancreatic insulin content
Incremental insulin
response (pmol/min)

Infusions

9.50
7.65
0.49
19.62
30.25
67.13

Saline
Moderate hyperglycemia
Marked hyperglycemia
Diazoxide
Diazoxide + moderate hyperglycemia
Diazoxide + marked hyperglycemia
Diazoxide + moderate hyperglycemia +
8 U/24 h insulin
Diazoxide + moderate hyperglycemia +
2 U/24 h insulin
Tolbutamide + moderate hyperglycemia

±
±
±
±
±
±

Pancreatic insulin
(nmol/pancreas)

1.13
0.76
1.59*
2.19*
4.46*
1.19*

24.05
9.46
5.23
27.85

28.93
26.55

3.37
1.58*
0.49*

1.22
2.51
3.43

3.23 ± 1.29t

16.59 ± 1.72t

9.63 ± 2.26f
2.43 ± 0.65t

18.40
10.03

2.48f
1.23*

RESULTS
In vivo effects of saline, glucose, and diazoxide. Rats

infused with saline for 48 h had levels of blood glucose and
plasma insulin that were similar throughout the infusion (Table 1). Rats infused with 2 ml 45% glucose displayed moderately elevated glucose and markedly elevated insulin levels (Table 1). Increases in glucose and insulin levels partly
subsided toward the end of the infusion.
In another protocol, we attempted to uphold more pronounced and continuous hyperglycemia. To this end, 45%
glucose was infused at a rate between 2.3 and 4 ml/h
(mean ± SE 2.69 ± 0.7 ml/h). The rate of infusion was higher
during the 2nd than the 1st day (2.87 ± 0.11 vs. 2.51 ± 0.05
ml/h, P < 0.05). Under these conditions, blood glucose was
markedly and stably elevated as were insulin levels (Table
1). Both of these parameters were significantly more elevated
(P < 0.05 or less) than during the 2-ml/h protocol.
The effects of 5 mg • kg- 1 • hr 1 diazoxide were tested
during infusion with saline or glucose. When coperfused with
saline, diazoxide moderately but significantly elevated blood
glucose (Table 1, P < 0.001 vs. control). When diazoxide
was infused with glucose, we adjusted the rate of glucose
infusion to approach the levels reached during the glucose
infusion alone. The glucose levels reached were comparable
whether the goal was moderate hyperglycemia or marked
hyperglycemia (Table 1). With regard to insulin levels, diazoxide did not significantly diminish basal but completely
inhibited glucose-induced increases in plasma insulin (Table
1). Coinfusion with tolbutamide (200 mg • kg- 1 • 24 rr 1 ) and
glucose resulted in glucose and insulin levels that were not
significantly different from those obtained with the 2-ml/h
infusion of glucose alone (Table 1).
Effects on insulin secretion in vitro. In response to 27 mM
glucose, the moderate-hyperglycemia protocol tended to
cause inhibition, whereas the marked-hyperglycemia protocol caused profound inhibition (Fig. 1; Table 2). These
inhibitory effects of hyperglycemia were completely reversed
by diazoxide. Instead, increasing degrees of hyperglycemia
dramatically enhanced glucose-induced insulin secretion
(Fig. 1; Table 2). On the other hand, tolbutamide inhibited
glucose-induced insulin secretion.
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Effects of exogenous insulin. The dramatic effects of diazoxide prompted us to investigate a role for circulating insulin
on p-cell secretion. A continuous infusion of insulin was
added to the glucose plus diazoxide protocol. Increasing
the rate of glucose infusion prevented the blood-glucoselowering effect of exogenous insulin; the levels of blood glucose obtained during the insulin plus glucose plus diazoxide
protocol were in fact similar to those achieved by glucose
plus diazoxide (Table 1). Insulin infused at 8 U/24 h raised
insulin to pharmacological levels in plasma (but possibly
within the range of intraislet concentrations). Infusion of 2
U insulin/24 h raised plasma insulin levels three- to fourfold
above basal, i.e., to levels similar to or below those achieved
when glucose was infused alone (Table 1). Exogenous insulin profoundly inhibited both first- and second-phase insulin secretion (Fig. 2). Inhibition after 8 U/24 h was 89%
and after 2 U/24 h was 68% (Table 2).
Pancreatic insulin content. Glucose infusions with ensuing
hyperglycemia diminished pancreatic insulin content (content calculated to include insulin released during perfusions;
Table 2). Diminishment was proportional to the degree of in
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FIG. 2. Effects of insulin infusion on subsequent glucose-induced
insulin secretion. Values are means ± SE. Number of experiments is
indicated in Table 2.

DIABETES, VOL. 39, DECEMBER 1990

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/39/12/1580/357400/39-12-1580.pdf by guest on 24 May 2022

Values are means ± SE. n, Number of experiments. Incremental insulin was measured in response to 27 mM glucose.
*P < 0.02 or less vs. saline.
~fP < 0.05 or less for effect of insulin.
tP < 0.005 for effect of tolbutamide.
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vivo hyperglycemia. When glucose infusions were combined
with diazoxide, insulin content was similar to that after saline
infusion and was not measurably affected by the degree of
hyperglycemia. The insulin content after insulin (2 or 8 U/24
h plus diazoxide plus glucose protocols) was significantly
lower (57 and 63%, P < 0.05) than after diazoxide plus
glucose.
DISCUSSION
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Our results show that diazoxide in vivo transforms the p-cell
insensitivity due to chronic hyperglycemia into marked enhancement of glucose-induced insulin secretion. Note that
the effects of diazoxide increased with increasing levels of
hyperglycemia, whereas the opposite was true for different
levels of hyperglycemia alone.
Diazoxide inhibits insulin secretion through interaction with
K+ channels in the cell membrane of p-cells, leading to hyperpolarization (10). To our knowledge, this drug has not
been reported to affect glucose metabolism. Our observations thus strongly disfavor the notion of glucotoxicity behind
(3-cell insensitivity if the latter concept is defined as a negative effect of glucose per se or glucose metabolites on (5cells.
By which mechanisms does diazoxide reverse p-cell insensitivity? The effect does not seem secondary to the accumulation of insulin in p-cells. Pancreatic insulin content
was thus similar after infusion of diazoxide during moderate
or marked hyperglycemia, yet the enhancement of glucoseinduced insulin secretion was much greater after marked
hyperglycemia. It seems possible that the drug protects from
exhaustion modalities regulating cell membrane potential
and K+ and Ca2+ fluxes over the membrane. This notion is
consonant with our finding that tolbutamide, which exerts an
effect opposite to diazoxide on K+ channels (10), aggravates
(5-cell insensitivity to glucose.
Our results with exogenous insulin indicate that some of
the effects of diazoxide are secondary to prevention of glucose-induced hyperinsulinemia. We demonstrated that raising plasma insulin to levels comparable to or lower than those
achieved during hyperglycemia alone produced marked inhibition of glucose-induced insulin secretion. In contrast to
a previous study (11), the interpretation of our results is not
complicated by hypoglycemia occuring concomitant with
hyperinsulinemia. Instead, moderate hyperglycemia was upheld to a degree similar to that during experiments with diazoxide alone.
The inhibitory effects of exogenous insulin are likely to be
direct, because exogenous insulin in vitro inhibits glucoseinduced insulin secretion at concentrations comparable to
those achieved by our insulin infusions (12,13). The precise
mechanisms whereby the insulin molecule inhibits glucoseinduced secretion are not known. Previous evidence indi-

cated that exposure to elevated concentrations of insulin in
vitro inhibits some or several components of glucose utilization in p-cells (12) and that this effect is initiated by binding
of insulin to specific insulin receptors (14). Our results show
that pancreatic insulin content is diminished after insulin
treatment. This observation indicates that circulating insulin
decreases biosynthesis and/or increases degradation of insulin within p-cells.
Our results pertain to situations of hyperglycemia in nondiabetic rats. Further studies are needed to assess the importance of excessive stimulation and circulating insulin for
p-cell insensitivity in non-insulin-dependent diabetes.

