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Summary. Hepatic glucose turnover, peripheral insulin sensi-
tivity and insulin receptor binding were measured in four sub-
jects with insulinoma before and 3 months after surgical resec-
tion of the insulinoma. Basal hepatic glucose production,
quantitated employing a primed constant infusion of tritiated
glucose, was low pre-operatively (5.2+1.7 umol-kg~'-
min-"') but returned to normal post-operatively (14.9+2.8;
normal subjects 13.9 + 0.8 pmol - kg ~! - min~"). Paired eugly-
caemic dose-response curves were developed for each subject.
Insulin sensitivity, expressed as a right shift of the dose-re-
sponse curve (EDs), was low pre- and post-operatively. How-

ever, insulin responsiveness (Vy,,) remained normal (pre-op-
eratively 13.9+2.2, post-operatively 13.8+0.8, normal sub-
jects 16.7+0.8ml-kg~'-min~"). There was no consistent
pattern in monocyte or erythrocyte receptor binding before
or after surgery. These data suggest that the chronic
hyperinsulinaemia causes suppression of hepatic glucose pro-
duction, and a state of insulin insensitivity which appears to
be due to a post-receptor defect.

Key words: Insulinoma, hyperinsulinaemia, insulin sensitivity,
nsulin responsiveness.

Hyperinsulinaemia has been noted to be associated
with insulin resistance and down regulation of insulin
receptors. However, subjects with these abnormalities
tend to be obese [1, 2], diabetic [3, 4] or cirrhotic [5], and
it is unclear which is the initial pathological event. The
study of subjects with insulinoma presents the opportu-
nity to investigate directly the effects of longstanding
primary hyperinsulinaemia on insulin sensitivity and re-
ceptor binding. To date only a few studies have ad-
dressed this question. Thus, it has been reported that
basal hepatic glucose production is suppressed in sub-
jects with insulinoma and is the major cause of fasting
hypoglycaemia, whilst peripheral glucose disposal has
been found to be normal [6]. Other workers report that
glucose clearance is higher in fasting subjects with hy-
perinsulinaemia [7, 8]. The effect on glucose turnover of

correcting the hyperinsulinaemia by surgical removal of
the insulinoma has not been examined.

The object of the present study was to investigate the
effects of chronic hyperinsulinaemia on hepatic glucose
production, glucose disposal and insulin receptor bind-
ing. To this end, insulin dose response curves using the
euglycaemic clamp technique were performed, before
and after surgical resection, on four subjects with insu-
linoma.

Subjects and methods

Subjects

Studies were performed on four subjects with an insulinoma. These
studies were repeated 3 months after successful surgical removal of

Table 1. Clinical and basal biochemical data of fasted insulinoma and control subjects

Subject Sex Age Weight (kg) Height (m)  Glucose (mmol/1) IRI (mU/1) IRG (pg/ml)
Pre-op.  Post-op. Pre-op.  Post-op. Pre-op.  Post-op. Pre-op.  Post-op.

1 F 51 58 65 1.48 27 49 24 10 24 41

2 M 76 70 54 1.47 3.2 53 77 9 11 25

3 M 24 85 58 1.54 3.8 6.2 12 7 58 -

4 M 27 75 70 1.47 24 5.5 25 15 72 181

Mean = SEM 45+11 725 62+3 149+0.02 39+07 55+02 35+14 10x1 41+13 82+35

Controls 6M  38%3 68+4 1.53+0.2 48+0.2 71x£1.0 61+16
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the insulinoma, and in one subject a further 18 months after surgery.
All had presented with classical symptoms of fasting hypoglycaemia
of 4 to 24 months’ duration, and were found to have low fasting blood
glucose and clevated plasma insulin levels. Clinical and basal bio-
chemical details are shown in Table 1. Oral glucose tolerance tests
were not performed in the insulinoma subjects pre-operatively. At sur-
gery each subject was found to have a pancreatic tumour which was
completely removed. Histology and immunocytochemistry confirmed
the tumours to be insulin-secreting islet cell adenomas. The postoper-
ative course was uneventful in all but one subject (subject 2) who de-
veloped congestive cardiac failure which necessitated treatment. All
subjects were in good health at the time of the second study, and di-
goxin and furosemide medication was withdrawn 48 h before the
study in subject 2. Three subjects lost weight following surgery; two
returned to what they considered to be normal weight, and one had
persistent, although mild, anorexia. The control subjects were normal,
healthy, ambulant volunteers on no medication. One insulinoma sub-
ject was older (76 years) than any of the control subjects (mean age
38 years). Wrnitten informed consent was obtained from all subjects,
and the protocol was approved by the Ethics and Research Commit-
tee of St. Vincent’s Hospital, Melbourne.

Study protocol

All subjects were studied after an 8-h fast and a 30-min period of re-
cumbency. Solutions were infused using a Minipuls pump (Gilson,
Villiers-Le-Belle, France) through a 20-cm Intracath placed in an
antecubital vein. Blood samples were collected from an indwelling
butterfly needle placed in the contralateral dorsal hand vein. To avoid
problems due to adsorption to tubing, insulin was added to normal
saline (0.9%) and pre-run for 1 h before use. Blood for hormone esti-
mation was collected in 10% Aprotinin (Trasylol, Bayer Pharmaceuti-
cal Company, Botany, Australia) promptly centrifuged at 1500 g for
5 min and the plasma stored at — 20 °C until the time of assay.

Basal glucose turnover was measured in three of the subjects, us-
ing a primed constant infusion of *H-3 glucose, with the glucose pool
appropriately primed with an intravenous bolus dose of *H-3 glucose
[9-11]. In two of the subjects 20% dextrose was infused basally to pre-
vent hypoglycaemia (subject1: 0.96ml-kg='-h~'; subject 2:
0.51ml - kg~'-h~"). Sixty minutes were allowed to achieve steady
state. Glucose levels remained steady over the last hour, and samples
for insulin and glucose were taken at 10-min intervals over the last
30 min [12].

Insulin dose response curves were constructed as reported previ-
ously [12]. Insulin was infused at a rate ranging from 40 to 600 mU -
kg~'- h~" for each insulin plateau. In view of previous studies [9], he-
patic glucose production was assumed to be suppressed to insignifi-
cant values during the insulin infusion periods. Euglycaemia was
maintained throughout, employing the modification [12] of the eugly-
caemic clamp as described by De Fronzo et al. [13]. In three subjects,
three-point dose rosponse curves were performed in a single day. One
subject (subject4) had a five-point dose response curve constructed
over 2 days.

Calculations

The rate of appearance of glucose (Ra) at steady state was calculated
from the formula Ra=F/SA, where F=rate of infusion of tritiated
glucose and SA =specific activity of the plasma tritiated glucose at
steady state [14]. Steady state was defined as <10% variation in the
counts, specific activity and plasma glucose levels at the time of pla-
teau. For all studies the mean coefficient of variation for plateau glu-
cose levels and plateau counts were 5.5 +0.2% and 5.7 £ 0.8%, respec-
tively. In those studies in which the criteria for steady state were not
met, the non-steady state equation of Steele, with a pool fraction of
0.65, was used to calculate Ra [14]. During the insulin infusion periods
where it was assumed hepatic glucose production was suppressed to
insignificant values, Ra=the rate of infusion of glucose. When the
plasma glucose is stable, Ra=Rd (rate of disappearance of glucose),
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Fig.1. Hepatic glucose production and glucose utilization in pre-op-
erative, post-operative and control subjects. p <0.01 postoperative
versus control subjects

and the rate of utilization of glucose (Rut)=Rd when there is no uri-
nary glucose loss. Metabolic clearance rate of glucose (MCRg) is cal-
culated as Rd/G where G is the stable plasma glucose concentration.
As previously discussed, the dose-response curves were constructed
by plotting the glucose disposal rate, measured as MCRg, against the
steady state plasma insulin (IRT) levels [12, 15]. The curvilinear insulin
dose-response curves were linearized, employing the transformation
[IR1}/MCRg versus [IRI][12, 16]. The advantages of the method used
here to develop the dose-response curves have been previously dis-
cussed [12]. Briefly, the method ensures that steady state conditions
apply at the time of sampling, the estimation of MCRg is independent
of small differences in plasma glucose levels between individual sub-
jects, and extremely high rates of insulin infusion are not required.
The use of MCRg has been shown to be appropriate provided that in-
sulin levels are >25mU/1; the studies were carried out at compa-
rable, if not identical, euglycaemia [12].

Analytical procedures

Blood glucose was measured with a Centrifichem C400 analyser
(Union Carbide Corporation, New York), using a hexokinase meth-
od. Plasma IRI was estimated by radioimmunoassay using dextran-
charcoal separation of bound and free fractions [17]. Assay sensitivity
for IRI was 1mU/l with an interassay coefficient of variation at
22 mU/1 of 8.4%. Blood for glucagon (IRG) estimation was collected
into chilled, heparinised tubes containing 5,000 KIU aprotinin (Trasy-
lol, Bayer Pharmaceuticals, Botany, Australia). Plasma IRG was esti-
mated by radioimmunoassay employing the pancreatic glucagon spe-
cific (C terminal reacting) antiserum RCS5 (kindly donated by Dr.
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Fig.2. Dose response curves constructed
by plotting glucose disposal (measured as
the metabolic clearance rate of glucose) at
euglycaemia against plasma insulin levels
in the four subjects with insulinoma. The
pre-operative curve (— + —), postopera-

tive curve (— — @ — —), 18 month post-

operative curve (- -- O - - -) are shown in

relation to the normal range (shaded area;
mean + SEM). Calculated V,,, is indicat-
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Table 2. Basal glucose turnover and calculated dose response curve
and insulin receptor data on insulinoma and control subjects

Insulinoma Hepatic EDs? Vinax
subjects glucose (mU/l)  (ml-kg™!
production -min~%)
(wmol- kg1
-min~")
1 Pre-operative 7.4 51 14.0
Post-operative 9.4 97 151
2 Pre-operative 1.1 370 10.8
Post-operative ~ 18.5 345 119
3 Pre-operative - 70 107
Post-operative - 58 15.2
4 Pre-operative 7.2 147 19.9
Post-operative  16.7 70 131
18 months post- - 200 18.3
operative
Mean +SEM Pre-operative 52+£17°  159%+73% 139422
Post-operative ~ 14.9+2.8 143+£59° 13.8+0.8
Control 13.9+038 51£6 16.7+0.8
subjects

Results expressed as mean+ SEM. ? EDs: Insulin level at which half
maximal effect occurs. b p <0.05 compared with control subjects

S.R.Bloom, Hammersmith Hospital, London, UK) using dextran
charcoal separation [18]. Assay sensitivity for IRG was 14 pg/ml with
interassay coefficient of variation being 24% at 95 pg/ml. C-peptide
was measured using the Novo kit (Novo Research Institute, Copen-
hagen, Denmark) with antiserum M1230. All samples were extracted
with 25% polyethylene glycol before measurement of C-peptide activ-
ity [19]. Binding of '»I-insulin to human erythrocytes was measured

ed at the insulin level 10,000 mU/1

using the method of Gambhir et al. [20]. Leucocytes for the monocyte
receptor assay were isolated by the Ficoll-Hypaque technique, as de-
scribed by Boyum [21]. Binding was measured using a radioimmu-
noassay in which separation of monocyte-bound radioactivity from
buffer-radioactivity was achieved through dibutyl phthalate, and the
cell pellet counted for cell associated radioactivity. Cell binding was
standardized to 5 x 10° monocytes.

Statistical analysis

Linear regression analysis of the dose-response curve data [12] and
paired and non-paired t-tests were performed by standard statistical
techniques. Results are presented as mean + SEM.

Results

Fasting blood glucose levels in the insulinoma subjects
pre-operatively were lower than the treated insulinoma
subjects and the normal controls (3.0+0.3, 5.5+ 0.3 and
3.8+ 0.2mmol/1 respectively; p<0.001; Table1). As
expected, fasting IRI levels in the untreated insulinoma
subjects were elevated (34.5mU/1; p <0.05 versus nor-
mal subjects), but had fallen to 10 mU/1 post-operative-
ly, to be within the normal range. Hepatic glucose pro-
duction in the insulinoma subjects before surgery was
low (5.2+1.7umol-kg=!-min~!; p<0.001), consis-
tent with the elevated basal insulin level (Table1;
Fig.1). Following surgery, and the return of fasting IRI
levels to normal, basal hepatic glucose production rose
to 14.9+28 umol - kg' - min~!, which was similar to
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that found in normal subjects (13.9+£0.8 umol -kg=!-
min~"). Basal glucose utilization is difficult to interpret
because of differences in fasting IRI levels in the insu-
linoma subjects. However, there was no significant dif-
ference between the hyperinsulinaemic insulinoma sub-
jects and control subjects with normal insulin levels
(12.6 +£3.1 umol - kg~! - min~! pre-operatively, 149+
2.3 post-operatively, 13.9 0.8 normal subjects; Fig.1).
Basal IRG levels are shown in Table 1. Values tended to
be lower pre-operatively but did not differ significantly
from post-operative levels, which, with one exception,
fell within the normal range.

Individual euglycaemic dose-response curves show-
ing IRI plotted against MCRg are shown in Figure 2. In
all insulinoma subjects pre-operatively the curves were
right-shifted at the lower insulin levels, lying either just
within or below the normal range. Post-operatively the
curve moved to the left in subjects 3 and 4, remained
just outside the normal range in subject 1, and stayed
markedly to the right in subject 2. In one subject (sub-
ject 4) the right shift in the dose response curve was not-
ed again in the study 18 months post-operatively. Thus,
insulin sensitivity, expressed as the insulin level at
which half maximal biological effect occurs (EDsg) was
decreased in the insulinoma subjects pre-operatively
(15973 mU/1; p <0.05) and did not change (143 +
59 mU/1), although the EDsowas normal in two subjects
and the dose response curve had shifted to the left in
three subjects post-operatively. This compares with an
EDs, of 51+6mU/1 in control subjects. There was a
strong positive correlation between fasting insulin levels
in the insulinoma subjects and the EDs, (r=0.99; p <
0.01). Insulin responsiveness in the untreated diabetic
subjects was not statistically different to that found in
normal subjects (13.9+2.2 versus 16.7+0.8ml - kg~' -
min~1) and did not change following surgery (13.8 +
0.8ml-kg~'- min~1; Fig.2, Table 2).

There were no consistent changes in monocyte or
erythrocyte binding characteristics in the subjects with
insulinoma before surgery and no pattern of change fol-
lowing surgery.

Discussion

The aetiology of hypoglycaemia in subjects with insu-
linoma is thought to be largely due to suppression of he-
patic glucose production [6, 8], rather than to increased
glucose utilization, although the clearance rate of glu-
cose has been noted to be elevated [6]. Our studies also
demonstrated a marked suppression of hepatic glucose
production in the fasting state. In two subjects a small
quantity of glucose was infused basally but this was on-
ly sufficient to maintain euglycaemia and so it seems
that suppression of endogenous glucose output is pre-
dominantly a direct response to prevailing hyperinsu-
linaemia. This suppression is completely reversed by
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surgical resection of the insulinoma and the return of
insulin levels to normal.

Glucose utilization and metabolic clearance rate of
glucose were not increased in our fasting insulinoma
subjects. Construction of dose-response curves reveals
that glucose clearance is actually diminished at lower
insulin levels as demonstrated by the right shift of the
dose response curves, and the higher EDs, estimation.
The strong positive correlation between the fasting insu-
lin level and EDs supports the concept that the degree
of the hyperinsulinaemia relates to the magnitude of the
insulin resistance [5]. Either receptor down regulation,
or a defect in a rate limiting step of intracellular glucose
metabolism could be the cause of this resistance. Mea-
surement of insulin receptor binding and numbers re-
veals no consistent pattern, although other studies have
reported a tendency for binding to be lower [22]. This
implies that a post receptor defect in insulin action is
likely to exist in these subjects although this conclusion
is only true if the measurement of insulin binding to
monocytes and erythrocytes reflects in vivo insulin
binding to insulin sensitive tissues, such as muscle or fat
[23]. As glucagon levels were normal in subjects with in-
sulinoma both pre- and post-operatively, this hormone
cannot be implicated as a cause of insulin insensitivity
[24].

Insulin responsiveness in subjects with hyperinsu-
linaemia is normal, so it is apparent that insulin is capa-
ble of exerting its full biological effect on peripheral tis-
sues, although this effect occurs at higher insulin levels
than in normal subjects. Other workers [5, 25] in investi-
gating the aetiology of insulin resistance in cirrhosis and
hypercortisolaemia also found right shifted dose re-
sponse curves in the presence of normal insulin recep-
tor binding. Thus, the present study further supports the
view of Proietto et al. [5], that post-receptor abnormali-
ties can be rate-limiting at sub-maximal insulin concen-
trations, while not impeding the full biological effect at
maximal concentrations. Interestingly, Kobayashi et al.
and Trimble et al. [26-28] have demonstrated that cells
of hyperinsulinaemic rats exhibit increased activity of
intracellular glucose metabolism and the glucose trans-
port system, reflected by an increase of Viax. Our hyper-
insulinaemic subjects failed to demonstrate such an in-
crease in Vpay.

Following removal of the insulinoma and the return
of fasting insulin levels to the normal range, insulin re-
sponsiveness is unchanged. Peripheral insulin sensitivi-
ty was normal in two subjects and markedly impaired in
one subject. It was thought that 3 months may not have
been long enough to completely reverse any abnormali-
ty and therefore one subject was studied again
18 months post-operatively. Insulin insensitivity was
again noted in this subject and underscores the sugges-
tion that impaired insulin sensitivity might be a pro-
longed result of hyperinsulinaemia.

We therefore conclude that basal hepatic glucose
production is decreased appropriately in response to
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the prevailing hyperinsulinaemia, and this appears to be
the predominant cause of fasting hypoglycaemia of in-
sulinoma subjects. However, the hyperinsulinaemia ap-
pears also to be associated with a state of insulin insen-
sitivity. This insensitivity may be due to a post receptor
defect, although the aetiology and site of this defet are
not clear at the present time.
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