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Prolonged hyperglycaemia during infusion of glucose and somatostatin
impairs pancreatic A- and B-cell responses to decrements in plasma glucose
in normal man: evidence for induction of altered sensitivity to glucose
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Summary. To determine the effects of prolonged hypergly-
caemia on pancreatic islet A- and B-cell function, plasma glu-
cose was clamped for 12 h at approximately 11 and 5 mmol/1
in control experiments by infusing glucose and somatostatin
along with replacement amounts of insulin, glucagon, and
growth hormone in seven normal volunteers. Following resti-
tution of euglycaemia for 1 h after prolonged hyperglycaemia,
termination of the somatostatin-replacement hormone infu-
sions resulted in a sustained decrease in plasma glucose to
3 mmol/1 (p <0.01). Despite this, plasma glucagon did not in-
crease above values observed in control experiments in which
plasma glucose did not decrease; moreover, there was a per-
sistent increase in insulin secretion nearly threefold above that

observed in control experiments (p <0.01). Plasma growth
hormone, cortisol and adrenaline responses were appropriate.
This failure of a decrement in plasma glucose to suppress in-
sulin secretion and to stimulate glucagon secretion was not
observed when comparable hypoglycaemia was induced by
exogenous insulin after a prolonged euglycaemic clamp. Our
results indicate that hyperglycaemia can induce altered sensi-
tivity of pancreatic A and B cells to glucose and suggest that
abnormal A- and B-cell responses to glucose in diabetes melli-
tus may not represent a wholly intrinsic defect.
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In human diabetes mellitus both the stimulation of in-
sulin secretion glucagon secretion by hyperglycaemia
are impaired [1, 2]. However secretion of these hor-
mones stimulated by agents other than glucose is fre-
quently normal or increased [3-8]. Furthermore, al-
though glucagon secretion is not suppressed appropri-
ately by hyperglycaemia [3, 9, 10], it can be suppressed
by increases in plasma non-esterified fatty acids [9]. This
insensitivity of diabetic pancreatic A and B cells to glu-
cose has been attributed to a glucoreceptor defect [2, 4,
9, 10-12]. However, whether such a defect represents an
intrinsic abnormality or merely the consequence of pro-
longed insulin deficiency or hyperglycaemia is unclear.
Since prolonged hyperglycaemia down-regulates insu-
lin receptors and leads to insensitivity to insulin [13], the
present studies were undertaken to test the hypothesis
that prolonged hyperglycaemia might induce A- and B-
cell insensitivity to glucose.

Subjects and materials

Subjects

Informed written consent was obtained from ten normal volunteers
(four men, six women aged 27 £ 1 years) who were non-obese (body
mass index 24 + 2 kg/m?) and who had no family history of diabetes.
A total of 20 studies were conducted at the Mayo Clinic General Clin-
ical Research Unit at 1-3 week intervals.

Study design

On each occasion, somatostatin (250 Lig/h, courtesy of Drs. N.Ling
and R.Guillemin, Salk Institute, La Jolla, California) was infused
overnight for a total of 12 h beginning at approximately 08.00h to-
gether with replacement infusions of insulin (0.2mU-kg™!-min,

Table 1. Plasma glucose, insulin, glucagon, growth hormone, cortisol,
and adrenaline concentrations during 12-h hyperglycaemic and eu-
glycaemic clamps

Plasma 12h 12h 12h
concentration Euglycaemic = Hyperglycaemic Euglycaemic
clamp clamp clamp
(study 1) (study 2) (study 3)
(n=T) (n=T7) (n=6)
Glucose
(mmol/1) 53 = 04 114 = 0.7 48 + 041
Insulin
(mU/1) 18 =+ 3 20 =3 17 + 1
Growth hormone
(pmol/1) 140 +10 135 =+15 120 =+10
Glucagon
(pmol/1) 23 £33 24 + 3 22 + 3
Cortisol
(nmol/1) 330 +80 320 80 220 30
Adrenaline
(pmol/1) 77 16 61 = 6 99 12
C-peptide
(pmol/1) 004+ 0006 0.19+ 0.02¢ 006+ 0.01

Results expressed as mean - SEM.
2 p<0.05study1and 2
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Fig.1. Plasma glucose, insulin, and C-peptide
concentrations and insulin secretion rates in seven
normal volunteers following cessation of somatostatin
and replacement hormone infusions after 12-h
euglycaemic (O—O) and hyperglycaemic (@—@®)
clamps (mean + SEM). The | indicates the time at which
the somatostatin and replacement hormone infusions

J were stopped
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crystalline porcine, Eli Lilly, Indianapolis, Indiana), glucagon
(0.5ng-kg™'-min~!, Eli Lilly), and growth hormone (10ng-kg™”-
min~', National Pituitary Agency, Baltimore, Maryland) to maintain
arterialized-venous plasma concentrations of these hormones at basal
values. During this period, a closed-loop glucose infusion device (Bi-
ostator, Life Science Instruments, Elkhart, Indiana) was used to
clamp plasma glucose [14], on one occasion at euglycaemic levels
(4.8-5.3 mmol/1) (study 1) and on another occasion at hyperglycaemic
levels (11.1 mmol/1) (study 2). During the final hour of the 12-h period
of study 2, plasma glucose was clamped at euglycaemic levels to en-
sure that baseline plasma glucose concentrations would be compara-
ble in both experiments. The order of the studies was random. At the
end of the 12-h period, somatostatin, hormone replacement and Bio-
stator glucose infusions were stopped, and blood samples were ob-
tained at 5-15 min intervals over 2 h for determination of plasma glu-
cose, insulin, C-peptide, glucagon, growth hormone, cortisol and
adrenaline.

Because of the development of hyperglycaemia after the pro-
longed hyperglycaemia clamp, an additional experiment (study 3) was
carried out to assess the appropriateness of islet A- and B-cell re-
sponses during hypoglycaemia preceded by euglycaemia: identical
hypoglycaemia was induced in six subjects (three of whom participat-
ed in both studies 1 and 2 and three additional volunteers, two men
and one women — aged 23 + 2 years, body mass index 24+2 kg/m?)
after their plasma glucose had been clamped at euglycaemic levels for
12 h as described above. Following cessation of the somatostatin, hor-
mone replacement and Biostator glucose infusions, a continuous 2-h
infusion of insulin (0.5 mU-kg™'-min~!) was started with a Harvard
pump (Harvard Apparatus, Millis, Massachusetts) to approximate the
circulating insulin concentration observed in study 2. Plasma glucose
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was clamped at hypoglycaemic levels similar to the mean values ob-
served in study 2 by means of a glucose infusion through a separate
Harvard pump [14].

Laboratory methods

Plasma glucose (Yellow Springs Instruments Glucose Analyzer, Yel-
low Springs, Ohio), C-peptide [15], insulin [16], glucagon [17], growth
hormone [18], cortisol [19], and adrenaline [20] concentrations were
determined on arterialized-venous blood specimens [21] obtained at
5_15-min intervals before and after cessation of the somatostatin hor-
mone replacement infusions. Insulin secretion rates were calculated
using the model of Eaton et al. [22] based on changes in circulating C-
peptide concentrations. During the 12-h hyperglycaemic and eugly-
caemic clamp periods, plasma insulin, glucagon, adrenaline, cortisol,
and growth hormone were determined at 3-h intervals.

Statistical analysis

All data are given as mean=+ SEM. Analysis of variance, two-tailed
paired and, when appropriate, non-paired Student’s t-test were used
for statistical analysis.

Results
Baseline plasma glucose and hormone concentrations

Plasma glucose concentrations were maintained at
5.3 +0.4 mmol/1 during the 12-h euglycaemic clamp pe-
riod (study 1), at 11.4 +0.7 mmol/1 over the same inter-
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Fig.2. Plasma glucagon, adrenaline, growth hormone,
and cortisol concentrations in seven normal volunteers
following cessation of somatostatin and replacement
hormone infusions after 12-h euglycaemic (O—CO) and
hyperglycaemic (8—@) clamps (mean + SEM). The |
indicates the time at which the somatostatin and

1 replacement hormone infusions were stopped
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val during the hyperglycaemic clamp (study 2), and at
4.8 +0.1 mmol/1 during the 12-h euglycaemic clamp in
study 3; plasma insulin, glucagon, adrenaline, growth
hormone, and cortisol concentrations during this period
in each experiment were not significantly different from
one another (Table 1). However in study 2, plasma C-
peptide (0.19+0.02 pmol/l) was significantly greater
than values observed in studies1 and 3 (0.04 +0.003
and 0.06+0.01 pmol/], respectively, p<0.05). After
euglycaemia was re-established following the hypergly-
caemic clamp (study 2), plasma glucose, insulin, gluca-
gon, cortisol, growth hormone, and adrenaline concen-
trations were not significantly different from those
during the same period in studies 1 and 3, but plasma C-
peptide levels (0.08 +£0.01 mmol/1) were significantly
greater than those in studies 1 and 3 (0.030 +0.001 and
0.040 +0.003 mmol/1, respectively, p <0.05).

Effects of prolonged hyperglycemia on islet A-
and B-cell function

In the control experiments, when the somatostatin-hor-
mone replacement infusions were stopped following
12-h euglycaemia, plasma glucose decreased transiently
(only at 15min) by about 0.4 mmol/1; plasma insulin
concentrations did not change significantly; the sup-
pressed plasma C-peptide (0.030+0.001 nmol/I) and

insulin secretory rates (19 +1 uU-kg'-min™') increased
to levels (0.24+0.02nmol/1 and 170%32pU-kg!-
min~!, respectively) observed in normal subjects in the
post-absorptive state [23] (Fig.1). Plasma glucagon de-
creased transiently and returned to baseline values by
30min. In contrast, previously suppressed plasma
growth hormone increased tenfold by 30 min and grad-
ually returned to baseline values; there was no signifi-
cant change in plasma adrenaline and cortisol (Fig.2).

After prolonged hyperglycaemia, plasma glucose
decreased to 3.3+0.1mmol/l and remained nearly
2 mmol/1 below values observed in control experiments
for 2h (p <0.01; Fig.1). Plasma insulin and C-peptide
concentrations increased to 40 mU/l and 0.6 nmol/1, re-
spectively, and were both still more than twofold greater
than respective values observed in the control experi-
ments at 2h (p <0.01). Insulin secretion rates increased
more than 20-fold to greater than 800 uU-kg! - min™!
within 10min and remained almost 2.5-fold greater
(p <0.01) than those observed in control experiments
despite the persistent hypoglycemia (419 +80 versus
170£32uU-kg'-min"!, p<0.01). Plasma cortisol,
adrenaline and growth hormone increased to values sig-
nificantly greater than those observed in control experi-
ments (Fig.2). In contrast, at no time were plasma glu-
cagon concentrations significantly different from those
observed in control experiments despite the persistent
hypoglycaemia.
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Fig.3. Plasma glucose, insulin, and C-peptide
concentrations and insulin secretion rates in normal
volunteers during hypoglycaemia following cessation of
somatostatin and replacement hormone infusions after
12-h euglycaemic (O—O, n =6) and hyperglycaemic
(®—@, n=7) clamps after the plasma glucose was
clamped at comparable hypoglycaemic levels as was
observed after the hyperglycaemic clamp (mean + SEM).
The | indicates the time at which the somatostatin and
1 replacement hormone infusions were stopped
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Islet A- and B-cell responses during hypoglycaemia after
prolonged hyperglycaemia and prolonged euglycaemia

To assess further the appropriateness of islet A- and B-
cell responses during hypoglycaemia after prolonged
antecedent hyperglycaemia, plasma glucose (after 12-h
euglycaemia) was clamped at hypoglycaemic levels
comparable to those observed after prolonged hyper-
glycaemia by infusion of insulin and a varable amount
of glucose. Plasma insulin during the insulin infusion
increased to values comparable to those occurring
spontaneously after prolonged hyperglycaemia
(37 mU/1; Fig.3).

After discontinuation of the somatostatin-hormone
replacement infusions, the suppressed plasma C-pep-
tide concentrations increased less than in the control
experiments in which hypoglycaemia did not occur
(0.09+£0.02 versus 0.24+0.02nmol/1, p<0.05) and
were only about 15% of the values found after pro-
longed hyperglycaemia. Insulin secretion initially in-
creased to rates (29280 mU- kg!'-min') comparable
to those observed in the control experiments but then
decreased to rates <25% of those observed in the con-
trol experiments (3610 versus 170+32uU-kg™
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min~, p <0.01) and were <10% of those observed after
prolonged hyperglycaemia.

Plasma glucagon concentrations initially decreased
transiently to a similar extent as in both other experi-
ments (Fig.4). However, they increased subsequently
more than twofold above baseline to peak levels nearly
twice as great as those observed during the comparable
hypoglycaemia which developed after prolonged hy-
perglycaemia (50+7 versus 31x4pmol/l, p<0.01).
Plasma adrenaline, growth hormone, and cortisol con-
centrations were not significantly different from those
observed during comparable hypoglycaemia after pro-
longed hyperglycaemia.

Discussion

In the present studies, endogenous secretion of insulin,
glucagon and growth hormone were suppressed by an
infusion of somatostatin accompanied by replacement
infusions of these hormones during 12h of hypergly-
caemia and 12h of euglycaemia. Following euglycae-
mia, cessation of these infusions did not appreciably al-
ter plasma glucose, insulin, glucagon, adrenaline and



G. Dimitriadis et al.: A- and B-cell sensitivity in man

INSULIN 0.5mU-kg' min’
PLUS VARIABLE GLUCOSE

\% (AFTER EUGLYCEMIA ONLY)

51 |
PLASMA
GLUCAGON
(pmol/1) 34 -
17 L
1.64
PLASMA
ADRENALINE 0.821-
(nmol/I)
oL
1.8’—
PLASMA 12l
GROWTH HORMONE ~
(nmol/1)
0.6
oL
0.481
PLASMA CORTISOL 0.32
(pmol/1)
0.16%-

67

Fig.4. Plasma glucagon, adrenaline, growth hormone,
and cortisol concentrations in normal volunteers during
hypoglycaemia following cessation of somatostatin and
replacement hormone infusions after 12-h euglycaemic
(O—0, n=06) and hyperglycaemic (@—@®, n=7)
clamp after the plasma glucose was clamped at
comparable hypoglycaemic levels as was observed after
the hyperglycaemic clamp (mean £ SEM). The |
indicates the time at which the somatostatin and

} replacement hormone infusions were stopped

-30 0 30 60 90
TIME (min)

cortisol concentrations. Previously suppressed plasma
C-peptide levels and rates of insulin secretion increased
to normal values, and there was a transient rebound in-
crease in plasma growth hormone. In contrast, when
these infusions were stopped following 12 h of hyper-
glycaemia, plasma glucose concentrations decreased to
nearly 3 mmol/l, and there were sustained increases in
plasma insulin, plasma C-peptide and rates of insulin
secretion which were inappropriate for the concomitant
hypoglycaemia; moreover there was a lack of an appro-
priate increase in plasma glucagon.

The initial increase in insulin secretion could be
partly explained as a consequence of prolonged stimu-
lation of insulin synthesis release by the antecedent hy-
perglycaemia [23, 24], which may have resulted in accu-
mulation of insulin within B cells during infusion of
somatostatin, an inhibitor of insulin secretion. Support
for this is the observation of an initial transient increase
in plasma growth hormone which, in contrast to that of
insulin, was not sustained. However since hypoglyce-
mia normally suppresses insulin secretion [25-27], once
the plasma glucose concentration decreased to
3 mmol/1 in the present studies, insulin secretion should
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have decreased to subnormal values, as was the case
when comparable hypoglycaemia was induced after

- 12-h euglycaemia. The fact that increased insulin secre-

tion peristed for at least 2 h in the presence of hypogly-
caemia after antecedent hyperglycaemia, but not after
antecedent euglycaemia, therefore suggests that the hy-
perglycaemia had altered impaired pancreatic B-cell
sensitivity to glucose; i.e. the B cell had become resis-
tant to the suppressive effect of decreased plasma glu-
cose concentration.

Our data are consistent with a similar conclusion re-
garding pancreatic A-cell sensitivity to glucose. After
prolonged hyperglycaemia, plasma glucagon concen-
trations did not increase above values observed in the
control experiments despite a decrement in plasma glu-
cose which has been shown otherwise to stimulate se-
cretion of glucagon in normal man [28-30]. In contrast
appropriate increases in the circulating levels of other
counter-regulatory hormones were observed. It is likely,
therefore, that the increases in plasma adrenaline were
predominantly responsible for preventing plasma glu-
cose from decreasing even further in the presence of in-
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creased insulin secretion and lack of an increase in glu-
cagon secretion [31].

It might be argued that the augmented insulin secre-
tion observed after 12 h hyperglycaemia may have pre-
vented an appropriate plasma glucagon response to hy-
poglycaemia. This seems unlikely, because although
plasma glucagon responses were absent during the
spontaneous hypoglycaemia observed following 12 h of
hyperglacaemia, plasma glucagon increased when hy-
poglycaemia was induced by an exogenous insulin infu-
sion which resulted in comparable systemic circulating
insulin levels. Moreover it has recently been shown that
islet B-cell activity is probably not involved in negative
modulation of islet A-cell responses to hypoglacaemia
in man [32]. In the latter study plasma insulin concentra-
tions greater than 130 mU/1 induced by infusion of ex-
ogenous insulin did not prevent a two- to threefold in-
crease in plasma glucagon in normal subjects during
hypoglycaemia comparable to that observed in our
study. The fact that plasma glucagon did not increase in
the present study thus provides evidence that the pro-
longed antecedent hyperglycaemia had altered A-cell
function.

The failure of a decrement in plasma glucose to
suppress insulin secretion and to stimulate glucagon se-
cretion following a period of sustained hyperglycaemia
in the present study suggests that prolonged hypergly-
caemia can impair both pancreatic A- and B-cell recog-
nition of glucose and is compatible with the concept
that prolonged hyperglycaemia may “down-regulate”
the putative membrane or intracellular glucoreceptor
mechanism of islet A and B cells. If this interpretation is
correct, our results indicate that the abnormal islet A-
and B-cell responses to glucose in diabetes mellitus
may, at least in part, be a result of chronic hypergly-
caemia and may not completely represent an intrinsic
defect. Furthermore our results suggest a unifying ex-
planation for the improvement an islet A- and B-cell
function observed in patients with diabetes mellitus fol-
lowing restoration of near normoglycaemia by diverse
modes of treatment [diet [33, 34], sulphonylureas [33], or
insulin [35-38]]; namely, the reversal of a hypergly-
caemia-induced A- and B-cell insensitivity to glucose.

An alternative interpretation of our data is that the
antecedent hyperglycaemia had sensitized islet A and B
cells to glucose and that this was responsible for the ex-
cessive insulin secretion and impaired glucagon release
during subsequent hypoglycaemia. We prefer the for-
mer interpretation since it provides a possible explana-
tion for amelioration of A- and B-cell function after im-
proved glycaemic control though, acknowledge that
further studies are needed to decide between these in-
terpretations.
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