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Islet Dysfunction in Insulin Resistance
Involves Impaired Insulin Secretion
and Increased Glucagon Secretion In
Postmenopausal Women With Impaired

Glucose Tolerance

HiLLEVI LARSSON, MD, PHD
Bo AHREN, MD, PHD

OBJECTIVE — To characterize in detail the association between insulin sensitivity and islet
function in relation to glucose tolerance in nondiabetic subjects.

RESEARCH DESIGN AND METHODS — The study included 108 postmenopausal
women, aged 57-59 years, with normal glucose tolerance (NGT) or impaired glucose tolerance
(IGT) and measured glucose tolerance (World Health Organization, 75 g glucose), insulin sen-
sitivity (euglycemic-hyperinsulinemic clamp), and islet function (the 2-5 min insulin
responses [AIR] and glucagon [AGR] responses to 5 g intravenous arginine at fasting, 14 and
>25 mmol/l glucose levels). The product of insulin sensitivity and secretion was calculated
(disposition index [DI]) and used to study the relationship between the two parameters.

RESULTS — Insulin sensitivity and insulin secretion were highly inversely correlated in a
hyperbolic manner (r > 0.64, P < 0.001) in women with NGT (n = 71). Women with IGT
(n = 37) had reduced insulin sensitivity compared with women with NGT (P = 0.011). The
AIRs were not appropriately increased in relation to the reduced insulin sensitivity in the IGT
women, demonstrated as reduced DI in IGT compared with NGT (P < 0.001). Further, women
with IGT had an increased AGR (P < 0.001) and a reduced glucose inhibition of glucagon
secretion (slope,, P = 0.014) compared with women with NGT. In a multivariate regression
model including all of the 108 women, 2-h glucose was independently determined by the DI,
the AGR, and the slope,, (r = 0.63, P < 0.001).

CONCLUSIONS — We have shown that both the individual ability to adapt insulin secretion
to the ambient insulin sensitivity and the level of glucagon secretion are important parameters
for maintenance of NGT. Therefore, islet dysfunction in IGT involves low insulin and high
glucagon secretion, which present potential targets for correcting impaired glycemia.
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is appropriate in an individual, the secretory

strated that, in normal healthy sub-
jects, insulin secretion is inversely
regulated by the degree of insulin sensitivity
(1-4). To establish whether insulin secretion

Cross-sectional studies have demon-

capacity needs to be judged in relation to the
degree of insulin sensitivity in the same indi-
vidual. It is thought that diabetes results
from an imbalance in the relationship
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between these processes, because a poor
islet compensation to insulin resistance has
been documented in subjects with gesta-
tional diabetes (5,6). Individuals with
insulin resistance, reduced insulin secretion,
or impaired glucose tolerance (IGT) are
known to have an increased risk of diabetes
development (7-11). It has been docu-
mented that insulin-resistant subjects with
IGT exhibit a reduced insulin secretion com-
pared with normal subjects (12-14). To
study in more detail the relationship
between insulin sensitivity and islet function
in these high-risk subjects, we have exam-
ined insulin sensitivity and insulin secretion
in each individual in a large group of post-
menopausal nondiabetic women. The
women had normal glucose tolerance
(NGT) or IGT and were randomly selected
from a population with a high prevalence of
glucose intolerance (15). Insulin sensitivity
was measured with the euglycemic-hyper-
insulinemic clamp (16) and islet function
was studied using the glucose-dependent
arginine stimulation test (17,18). This
method enables the determination of several
different aspects of insulin secretion, such as
the baseline and maximal secretory capacity
and the glucose potentiation of insulin secre-
tion. The method also enables the determi-
nation of several aspects of glucagon
secretion, such as baseline secretory capacity
and the suppression of glucagon secretion
by glucose. Therefore, in our study, we were
able to evaluate not only B-cell but also o-
cell function in relation to insulin resistance.
This is important because, in contrast to
insulin secretion, the role of glucagon secre-
tion for the development of type 2 diabetes
is not well characterized. In fully developed
type 2 diabetes, increased glucagon levels are
seen in the fasting state together with a
reduced glucose suppression of glucagon
secretion (17,19,20). However, it has not
been established whether these changes are
primary or, as suggested by some previous
studies (21,22), secondary to the disease
process.

650

DiaBeTES CARE, VOLUME 23, NUMBER 5, May 2000



The aim of our study was to characterize,
in detail, the inverse relationship between
islet function and insulin sensitivity in a large
group of white postmenopausal women with
NGT or IGT. The study focused on the
hypothesis that IGT results from an inade-
quate increase of insulin secretion or inap-
propriately high glucagon secretion in
relation to the ambient insulin sensitivity.

RESEARCH DESIGN AND
METHODS

Study design

Examinations were performed in 1993—
1994 and included a clinical examina-
tion, anthropometric measurements, an
oral glucose tolerance test (OGTT), a
euglycemic-hyperinsulinemic clamp (16)
for determination of insulin sensitivity, and
a glucose-dependent arginine stimulation
test (17,18) to measure islet function. The
Ethics Committee of Lund University
approved the study and informed written
consent was obtained from all participants
before entry in the study. The studies of glu-
cose tolerance, insulin sensitivity, and
insulin secretion were all performed in the
morning after an overnight fast, with at
least 1 week between visits.

Subijects

A total of 108 women were randomly
selected from a larger cohort of 841 post-
menopausal women born in 1935, living in
the city of Malmd, Sweden, who had pre-
viously participated in a health screening
(1990-1991) that included an OGTT (15).
The selection procedure was based on the
2-h blood glucose (BG) value after a stan-
dard World Health Organization (WHO)
75-g OGTT. Women with 2-h BG <11.1
mmol/l were stratified into 6 different
ranges of 2-h BG so that all degrees of glu-
cose tolerance, from NGT (2-h BG =5.5,
5.6-6.2, 6.3-6.9, and 7.0-7.7 mmol/l) to
IGT (2-h BG 7.8-9.0 and 9.1-11.0
mmol/l), were represented by 16-21 sub-
jects in each range. No cases of diabetes
were included and none of the women
included in the study was taking any med-
ication known to affect carbohydrate
metabolism.

Anthropometric measurements

All measurements were performed with the
subjects in light clothing and without
shoes. Body weight was measured to the
nearest 0.1 kg in the morning before break-
fast. Height was measured to the nearest

centimeter. Both body weight and height
were measured on 2 separate occasions.
The BMI was calculated as the weight (kg)
divided by height squared (m?) for each
separate measurement, and the mean BMI
was calculated. Waist and hip circumfer-
ences were measured with the subjects
standing. The waist circumference was
measured at the level of the umbilicus, hip
circumference at the level of the greater
trochanter, and the waist-to-hip ratio was
calculated as a measure of central adiposity.
Body fat content was determined using a
bioelectrical impedance analyzer (BIA-109;
JRL Systems, Detroit, MI).

Glucose tolerance

Oral glucose tolerance was determined
with a standard WHO 75-g glucose load
(23), with capillary blood glucose samples
taken before and 2 h after the glucose load.
The subjects spent the 2 h in a semirecum-
bent position. According to WHO criteria,
NGT was defined as a 2-h capillary blood
glucose value <7.8 mmol/l and IGT was
defined as a 2-h capillary blood glucose
value of 7.8—11.1 mmol/l (23).

Insulin sensitivity

Insulin sensitivity was determined with the
euglycemic-hyperinsulinemic clamp, per-
formed according to DeFronzo et al. (16).
Intravenous catheters were inserted into
antecubital veins in both arms. One arm
was used for infusion of glucose and
insulin. The contralateral arm was used for
intermittent sampling, and the catheter was
kept patent with slow infusion of 0.9%
saline. Baseline samples of glucose and
insulin were taken. A primed constant infu-
sion of insulin (Actrapid 100 U/ml; Novo
Nordisk, Bagsvaerd, Denmark), with a con-
stant infusion rate of 0.28 nmol - m~2 body
surface - min~t, was started. After 4 min, a
variable rate 20% glucose infusion was
added, and its infusion rate was adjusted
manually throughout the clamp procedure
to maintain the blood glucose level at 5.0
mmol/l. Blood glucose was determined
bedside every 5 minutes. Samples for
analysis of the achieved insulin concentra-
tion were taken at 60 and 120 min.

Islet function

Insulin and glucagon secretion were deter-
mined with intravenous arginine stimulation
at 3 glucose levels (fasting and 14 and >25
mmol/l), as previously described (17,18).
Intravenous catheters were inserted into
antecubital veins in both arms. One arm was
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used for the infusion of glucose and the
other arm for intermittent sampling. The
sampling catheter was kept patent by a slow
infusion of 0.9% saline when not in use.
Baseline samples were taken at —5 and —2
min. A maximally stimulating dose of argi-
nine hydrochloride (5 g) was then injected
intravenously over 45 s. Samples were taken
at 2, 3, 4, and 5 min. A variable-rate 20%
glucose infusion was initiated to raise and
maintain blood glucose at 13-15 mmol/l.
Blood glucose was determined every 5 min
bedside and the glucose infusion adjusted to
reach the desired blood glucose level of
13-15 mmol/l in 2025 min. New baseline
samples were taken, then arginine (5 g) was
again injected and 2, 3, 4, and 5 min sam-
ples taken. A 2.5-h resting period was
allowed to avoid the well-known priming
effect of hyperglycemia (24,25). After the
pause, baseline samples were again
obtained. Then a high-speed (900 mi/h)
20% glucose infusion during 25-30 min
was used to raise blood glucose to >25
mmol/l, as determined bedside. At this
blood glucose level, new baseline samples
were taken and arginine (5 g) injected, fol-
lowed by final 2, 3, 4, and 5-min samples. At
the baseline examination, the achieved
plasma glucose levels, after the 2 glucose
infusions, were 15.7 £ 2.1 and 31.2 + 3.7
mmol/l.

Analyses

Blood glucose concentration was deter-
mined bedside by the glucose dehydroge-
nase technique with a Hemocue (Hemocue
AB, Angelholm, Sweden) during the eugly-
cemic-hyperinsulinemic clamp, and with
an Accutrend (Boehringer Mannheim Scan-
dinavia AB, Bromma, Sweden) during the
arginine test. Blood samples for analysis of
insulin, glucagon, and glucose, from the
arginine and clamp studies, and glucose
from the OGTT, were immediately cen-
trifuged at 5°C and serum or plasma frozen
at —20°C. Serum insulin and plasma
glucagon concentrations were analyzed
with double-antibody radioimmunoassay
(RIA) technique. For the insulin assay,
guinea pig anti-human insulin antibodies,
human insulin standard and mono-1%1-Tyr-
human insulin (Linco, St. Charles, MO)
were used. The assay is specific for insulin,
with no cross-reactivity (<<0.2%) with intact
proinsulin or des-31, 32-proinsulin. The
intra- and interassay coefficients of variation
(CVs) of the insulin assay are <3%. Sam-
ples for analysis of glucagon were obtained
in prechilled test tubes containing 0.084 ml
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EDTA (0.34 mol/l) and aprotinin (250
kallikrein inhibiting U/ml blood, Bayer AG,
Leverkusen, Germany). Analysis of
glucagon concentration was performed
with double-antibody RIA using guinea pig
anti-human glucagon antibodies specific
for pancreatic glucagon, ®I-glucagon as
tracer, and glucagon standard (Linco).
Plasma glucose concentrations were ana-
lyzed using the glucose oxidase method.
Concentrations of insulin, glucagon, and
glucose from the arginine and clamp stud-
ies were taken as means of the duplicate
samples.

Calculations and statistics

Data are presented as means + SD, unless
otherwise noted. For the calculation of
insulin sensitivity, a steady-state condition
was assumed during the 2nd h of the
clamp. Calculations were performed
according to DeFronzo et al. (16). Thus,
insulin sensitivity (nmol glucose - kg body
weight™* - minute~Ypmol insulin - 179
was taken as the glucose infusion rate dur-
ing the 2nd h of the clamp divided by the
measured mean insulin concentration dur-
ing the 2nd h of the clamp.

For determination of islet function, sev-
eral parameters were calculated from results
obtained in the glucose-dependent arginine
stimulation test. The acute insulin responses
to arginine (AIRs) were calculated as the
mean of the 2 to 5-min samples minus the
mean prestimulus hormone concentration.
The slope between AIR at fasting blood glu-
cose and blood glucose 14 mmol/l (slope,
= AAIR/Aglucose) was calculated as a mea-
sure of glucose potentiation of 3-cell secre-
tion (17,18,26). It is known that
arginine-stimulated insulin secretion is max-
imal when the glucose level exceeds 25
mmol/l (27). Therefore, the AIR, at the high-
est glucose level (AR, ,5), was taken as a
measure of the maximal insulin secretory
capacity of the B-cells. The plasma glucose
level at which half of the maximal insulin
secretion is achieved (PG), a measure of B-
cell sensitivity to glucose, was calculated
from AIR,;_,. and slope,,. The acute
glucagon responses (AGR) and the slope,, .
(glucose inhibition of glucagon secretion)
were calculated in the same manner.

Because it has previously been shown
that the relationship between insulin sensi-
tivity and insulin secretion is hyperbolic in
nature (2), we fitted a hyperbolic regression
to the data. Further, to quantify the rela-
tionship between insulin sensitivity and
insulin secretion, we also calculated the

Table 1—Characteristics of women with NGT or IGT
NGT IGT p*

n 71 37 —
Body weight (kg) 68.0+9.6 68.8+9.9 0.68
BMI (kg/m?) 25.1+34 25.8+3.8 0.27
Body fat content (%) 31.7+4.2 329146 0.17
Waist-to-hip ratio 0.78 £0.05 0.79+0.06 0.095
Blood pressure (mmHg)

Systolic 127+ 14 136+ 13 0.003

Diastolic 82+8 83+9 0.29
Blood glucose (mmol/l)

Fasting 46+05 48+05 0.026

2-h 6.2+0.9 8.6+0.8 <0.001
Cholesterol (mmol/l)

Total 6.18 +1.00 6.51+1.13 0.11

LDL 4.16 £0.91 4.38+0.99 0.25

HDL 157 £0.42 1.49+0.38 0.33
LDL-to-HDL ratio 2.82+0.94 3.14+1.20 0.13
Triglycerides (mmol/l) 1.08+0.52 1.46+0.85 0.004
Insulin sensitivity (nmol glucose - kg=* - min~Y/

pmol insulin I71) 77.0+30.5 61.7+27.0 0.011

Data are n or means £ SD. *NGT vs. IGT.

product of insulin sensitivity times the AIRs
or the slope,. This product was termed
the disposition index (DI). The DI mea-
sures the ability of the individual to adapt
its insulin secretion to the prevailing degree
of insulin sensitivity.

Statistical analyses were performed
with the SPSS for Windows system (SPSS,
Chicago). Differences between groups were
tested with Student’s t test for unrelated
samples. Two-sided tests were used and a
P value <0.05 was considered statistically
significant. Pearson’s product moment cor-
relation coefficients were obtained to esti-
mate linear correlation among variables.
Linear multiple regression was used to
assess the independent effect of several
variables on 2-h glucose. The stepwise for-
ward method was used. The models are
described in detail in resuLTs. Hyperbolic
regressions were calculated with the
Sigmaplot 4.0 for Windows (SPSS).

RESULTS

Study group characteristics

Of the 108 women, 71 had NGT and 37
had IGT, according to the glucose tolerance
test. Characteristics of the 2 study groups
are shown in Table 1. The women with
IGT and NGT were similar in body weight,
BMI, waist-to-hip ratio and body fat con-
tent. In contrast, the women with IGT had
slightly increased systolic blood pressure

compared with the women with NGT. Fast-
ing and 2-h blood glucose levels were
increased in the IGT versus the NGT group.
The IGT women also manifested higher
fasting triglyceride levels than the NGT
women. However, the levels of total choles-
terol, LDL and HDL cholesterol, as well as
the LDL/HDL cholesterol ratio, did not dif-
fer between the 2 groups. Finally, the IGT
group was insulin-resistant compared with
the NGT group, because the glucose uptake
during the clamp was significantly reduced
in the IGT women by ~20%.

Islet function

Table 2 shows that the women with IGT
had increased fasting insulin levels, while
insulin levels after raising the glucose to
PG14 and PG>25 did not differ between
the groups. The calculated AIRS to argi-
nine were numerically similar in the 2
groups, whereas the glucose potentiation
of insulin secretion, the slope,;, was
reduced in the IGT group compared with
the NGT group. The fasting glucagon
level did not differ between the groups,
and neither did the glucagon levels after
raising plasma glucose to 14 or >25
mmol/l. The AGR to arginine at fasting
glucose was also similar in the women
with IGT and NGT, whereas the AGRs to
arginine at PG14 and PG>25 were
significantly increased in the women with
IGT. Finally, the IGT group had a slightly
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Table 2—Results of the glucose-dependent arginine stimulation test in women with NGT and IGT

NGT IGT p*

n 71 37 —
Glucose (mmol/l)

At FPG 49+0.1 52+0.1 0.047

At PG14 154+0.3 16.1+0.5 0.39

At PG>25 31.3+05 31.0+£09 0.74
Insulin (pmol/l)

At FPG 57+22 72+25 0.001

At PG14 257 £ 163 206 + 108 0.087

At PG>25 430 + 316 457 + 288 0.67
AIR_,; (pmol/l) 340 + 199 355+171 0.71
AlR,,, (pmol/l) 1,074 + 638 925 + 353 0.12
AlR,;_ . (Pmol/l) 1,208 + 694 1,269 + 546 0.64
Slope,; (pmol/mmol) 72.2+515 53.3+£25.8 0.038
PGy, (mmol/l) 85+33 99+3.0 0.044
Glucagon (ng/l)

At FPG 69 + 22 72+19 0.43

At PG14 52+ 18 55+ 16 0.32

At PG>25 44 +17 45+ 15 0.64
AGR_; (ng/l) 110+ 52 110 + 46 0.96
AGR;;, (ng/l) 53+22 72+29 <0.001
AGRy.. 5 (ng/l) 39z+21 48+ 21 0.048
Slope, 5 (ng/mmol) —5.45+3.39 —3.77+321 0.014

Data are n or means + SD. *NGT vs. IGT.

higher PG, value, indicating a reduction
in B-cell sensitivity to glucose.

Insulin secretion versus insulin
sensitivity in NGT
In the subjects with NGT, the AIRs to argi-

3000 -

2000 -

1000 -

AIR,,, (pmol/L)

nine, at the 3 glucose levels, and the slope,,
were all negatively and nonlinearly related
to the clamp insulin sensitivity. The rela-
tionships were, as previously described
using the intravenous glucose tolerance test
(IVGTT) (1,2), hyperbolic in nature (i.e.,
insulin sensitivity times insulin secretion =

100
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constant). Figure 1A shows the hyperbolic
regression of insulin sensitivity versus
AR, (Fig. 1A, r = —0.75, P < 0.001).
Similar relationships were seen for insulin
sensitivity versus AIR_,,(r = 0.81, P <
0.001), vs. AIR,;_ . (r=—0.78,P < 0.001)
and versus slope,, (r= —0.64, P < 0.001).
Thus, high insulin sensitivity was coupled
with low insulin secretory responses and a
low glucose potentiation of insulin secre-
tion. In contrast, low insulin sensitivity, sig-
nifying a high insulin demand, was
coupled with high insulin secretory
responses and a high slope, .. The different
aspects of insulin secretion that are mea-
sured by the arginine stimulation test were
all related to insulin sensitivity in a similar
manner. To examine whether the relation-
ship between insulin secretion and insulin
sensitivity was dependent on BMI, the
women with NGT were stratified accord-
ing to tertiles of BMI (range: lowest tertile
19.0-23.2, middle tertile 23.3-26.4, high-
est tertile 26.4-33.8 kg/m?). However, it
was found that the relationship between
insulin sensitivity and insulin secretion
was similar in all 3 tertiles (data not shown
in Fig. 1). Thus, the inverse association of
insulin sensitivity and insulin secretion
was not altered by the degree of obesity in
subjects with NGT.

Insulin secretion versus insulin
sensitivity in IGT

Figure 1A shows that, in women with IGT,
the relationship between insulin sensitivity

150 -
—~ 120 -
=
o)
£ 90 1
3
4
m 60 T
]
< 30 1
T T 1 0 T
150 200 250 0

Insulin Sensitivity

100 150 200 250
Insulin Sensitivity

Figure 1—Insulin sensitivity versus islet function. Scatterplots of insulin sensitivity (measured by euglycemic-hyperinsulinemic clamp) versus the acute insulin
(AIR, Fig. 1A) and glucagon (AGR, Fig. 1B) responses to 5 g intravenous arginine (2-5 min postload increase) at 14 mmol/l glucose (PG14) measured in
the 108 women. Groups of NGT (n = 71, O) and IGT (n = 37, @) are shown separately. Regression lines shown are the hyperbolic fit to the data for the

NGT group.
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Table 3—DIs in women with NGT or IGT

NGT IGT p*
n 71 37 —
Dlcp (mol - kg™t - min~1) 226+8.9 19.7+9.7 0.13
Dlpgy, (MmOl - kg™t - min~?) 7521420 53.1+236 0.001
D|PG>25 (umol - kgt - min~1) 81.8+37.9 71.7+£314 0.17
Dlg,p, (Ml - kg™t - min~?) 5.15+385 3.07+153 <0.001

Data are n or means + SD. *NGT vs. IGT.

and the AIR,,, was altered. Thus, the
results of these women fell largely below
the regression line calculated for the
women with NGT for insulin sensitivity
versus the AR, , (x* test for proportion of
IGT or NGT women above vs. below the
regression line P = 0.009). A similar rela-
tionship was seen for insulin sensitivity
versus slope,, (x* test P = 0.001). For
AlRg,; and AlR; o, the proportional dis-
tribution of NGT or IGT subjects around
the respective regression lines did not differ
between the 2 groups.

Similarly, to combine the effects of
insulin sensitivity and insulin secretion for
an individuals glucose tolerance and to
enable quantification of this relation, we
calculated the product of insulin sensitivity
times the AIRs or the slope,, ;. These prod-
ucts were termed DIs and they measure the
ability of the individual to adapt their
insulin secretion to the prevailing degree of
insulin sensitivity. Table 3 shows that, in the
IGT group, both the DI, , and the DIy,
were significantly reduced compared with
the NGT group. Therefore, this study
shows that IGT is associated with an altered
relationship between insulin secretion and
insulin sensitivity both for the acute insulin
response at mid-range glycemia and the
glucose potentiation of insulin secretion.

Glucagon secretion versus insulin
sensitivity

The AGRs were inversely related to insulin
sensitivity. When including all subjects with
NGT in the regression calculation, the regres-
sion displayed a nonlinear relationship
(hyperbolic regression coefficients in the
NGT subjects —0.63 to —0.68, P < 0.001;
regression between AGR,, , and insulin sen-
sitivity is shown in Fig. 1B; r = —0.68, P <
0.001). However, when excluding the outlier
with an insulin sensitivity of 212.1 nmol
glucose kg~* - min~Ypmol insulin - 171, a
linear regression displayed higher coeffi-
cients (r = —0.49to —0.56, P < 0.001) than
hyperbolic regression coefficients (r = —0.36

to —0.42, P < 0.001). This suggests that the
relationship between insulin sensitivity and
glucagon secretion is inversely linear in most
subjects. The relationship was, however,
dependent on the insulin secretory capacity.
Thus, in a partial correlation analysis cor-
recting for the degree of AIR, the correlations
between the AGRs and insulin sensitivity
were no longer significant. In contrast, in a
partial correlation analysis controlling for
AGR, the correlations between insulin sensi-
tivity and the AIRs were still highly signifi-
cant (data not shown). This suggests that
insulin insensitivity increases 3-cell secretion
in a manner that also induces an increased
a-cell secretion.

Determinants of glucose tolerance

Using univariate correlation analysis, we
found that several of the parameters of
insulin sensitivity and islet function were
related to glucose tolerance in the popula-
tion. The 2-h glucose was negatively cor-
related to the insulin sensitivity as
measured by the euglycemic-hyperinsu-
linemic clamp (r = —0.31, P = 0.001).
The 2-h glucose was not significantly
related to the AIRs, but was negatively

associated with the slope,, (r = —0.21,
P = 0.032). Interestingly, the disposition
indices were all negatively related to 2-h
glucose (DIFPG —0.25, P = 001
Dlygyq r=—0.34, P <0. 001 Dlogons: T
—0.22, P 0.021; Dl —0.36, P <
0.001). Furthermore, the 2—h glucose was
positively correlated to the AGR,, (r =
0.29, P = 0.002) and the slope,., (r =
0.31, P =0.001). The PG, was positively
associated with the 2-h glucose level (r =
0.24,P=0.012).

In a stepwise forward multiple regres-
sion model (Table 4), we entered the sensi-
tivity and secretion variables that were
significantly (P < 0.05) related to 2-h glu-
cose in the univariate analysis. For the dis-
position indices, only the Dl . was
included in the demonstrated model,
because the Dls are strongly interrelated.
However, the same result was evident also
with the DlIs calculated for the other B-cell
parameters. We found that independent
determinants of 2-h glucose were DI, .,
AGRy61, and slope,, Yielding a regression
coefficient of 0.63. Thereby, ~40% of the
variance in glucose tolerance was explained.

In a second model (Table 4), we also
entered anthropometric variables that were
related to 2-h glucose in univariate analy-
ses. Thus, we entered body fat content (r =
0.27, P = 0.005), hip circumference (r =
0.23, P = 0.023), systolic blood pressure
(r = 0.24, P = 0.015), triglycerides (r =
0.32, P =0.001), and waist circumference
(r=0.23, P =0.020). We found that, in this
model, systolic blood pressure was also
included as an independent predictor of
glucose tolerance, increasing the regression
coefficient to 0.66.

Table 4—Stepwise forward multiple regression model to determine which islet function, insulin
sensitivity, and anthropometric parameters were predictors of the 2-h glucose in the 108 women

included in the study

Model  Step Variable entered* B SE (B) R R? P
A 1 Dlgiope (umol - kg™t -min~%)  —0.153 0.034 0.373 0.139 <0.001
2 AGR,,, (ng/l) 0.0263 0.004 0.516 0.267 <0.001
3 Slope g, (Ng/mmol) 0.164 0.035 0.630 0.396 <0.001
Constant 6.995 0.304 <0.001
B 1 Dlgiope (umol - kg™* - min~%)  —0.147 0.034 0.374 0.140 <0.001
2 AGR,,, (ng/l) 0.0243 0.005 0.514 0.265 <0.001
3 Slope,,., (ng/mmol) 0.174 0.035 0.632 0.400 <0.001
4 Systolic blood pressure (mmHg)  0.020 0.008 0.661 0.437 0.013
Constant 4547 1.021 <0.001
Model A: AGR , insulin sensitivity, PG, slope, , and slope, ;.. Model B: AGR Dl ., insulin sensi-

PG14’ SIO

PG14’ "~ "Slo

tivity, PG, slope, ., slope,, body fat content, hip circumference, systolic blood pressure, triglycerides, and waist

circumference. *Variables included.
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CONCLUSIONS — Our study demon-
strates that, in a population of post-
menopausal women exhibiting a high
prevalence (28%) of IGT (15), insulin sen-
sitivity and secretory capacity are inversely
related, both in women with NGT and IGT.
This inverse association was initially sug-
gested by Bergman et al. (1) after using the
minimal model technique to determine
insulin sensitivity and insulin secretion
after an IVGTT. Further, the mathematical
relationship between the 2 variables has
been shown to be of a hyperbolic nature,
i.e., displaying a function in which insulin
sensitivity times insulin secretion is con-
stant (2). Also, in our population, a hyper-
bolic regression fitted the data for normal
subjects. In contrast to previous studies,
our study group was randomly selected
from the general population. This indicates
that the findings regarding the relationship
between insulin sensitivity and insulin
secretion can be generalized for the back-
ground population. Furthermore, the rela-
tionship between insulin sensitivity and
secretion is similar for several different
aspects of islet function, which we were
able to quantify. We found that insulin sen-
sitivity was inversely related to the AIRs at
different glucose levels and also to the glu-
cose potentiation of insulin secretion. Thus,
the more insulin resistant a subject is, the
higher their maximal insulin secretion and
the steeper their slope of glucose potentia-
tion of insulin secretion. Therefore, to ade-
quately judge an individual’s insulin
secretion, it has to be related to the insulin
sensitivity in the same individual. Our
study suggested that this relationship is
independent of the degree of obesity,
because we found that the upregulation of
insulin secretion seen in insulin resistance
was not different in subgroups of the sub-
jects depending on BMI. However, this
needs to be studied in more detail with
larger groups of subjects, because this study
had not statistical power enough to per-
form separate analysis of the relationship
between insulin secretion and insulin sen-
sitivity in different subgroups of BMI. Fur-
thermore, when we divided the study
population into subgroups depending on
BMI, the glucose tolerance was not
matched in these subgroups.

The hyperbolic relationship between
insulin sensitivity and insulin secretion indi-
cates that the product of these parameters is
constant. This product is, therefore, of
importance for the characterization of the
relationship between these parameters. We

have used DI for this relationship. This
index was initially derived from results
obtained during an IVGTT (1). Our DI,
however, used insulin secretory data after
arginine stimulation and the glucose poten-
tiation of insulin secretion. An advantage of
Dl as calculated in this study is that insulin
secretion and insulin sensitivity were mea-
sured with independent methods. Our
results show that the Dls, i.e., DI for all 8-
cell parameters obtained in this study, were
correlated with 2-h glucose in univariate
analysis and were found to be independent
determinants of 2-h glucose in a multivari-
ate regression. Other factors, such as insulin
sensitivity and body adiposity, were con-
trolled for. Our results, therefore, suggest
that it is not the actual level of insulin sen-
sitivity or insulin secretion that determines
glucose tolerance, but rather the ability of
the individual to adapt insulin secretion to
the ambient insulin sensitivity. It could be
emphasized that adiposity, whether
included as BMI or waist circumference,
although significantly correlated to 2-h glu-
cose level in univariate analyses, did not
remain significant when DI was also
included in the model.

We showed that insulin-resistant
women with IGT have a reduced insulin
secretion compared with women with NGT
(13,14). We now extend these findings to
IGT women over a broad spectrum of
insulin sensitivity and demonstrate that
insulin secretion is indeed inadequate for
the degree of insulin resistance in IGT. This
is seen first as a different relationship
between insulin sensitivity and secretion on
the scatter plots, with a distribution mainly
below the regression line seen in normal
women. Second, the disposition indices
are clearly reduced in IGT for both the
AIR,,, and the slope, ., which indicates a
deficient islet adaptation to insulin resis-
tance in these women. Our results confirm
previous studies pointing to reduced
insulin secretion in subjects with IGT
(12-14,28-31). However, in our present
study, we compared insulin secretion in
relation to insulin resistance at matched
glucose levels in all individual subjects with
NGT and IGT, which is required for a valid
conclusion, and demonstrates that there is
a reduced insulin secretion in women with
IGT. The acute insulin responses at 14
mmol/l glucose and the glucose potentia-
tion of insulin secretion were reduced in
relation to the degree of insulin resistance
in the IGT subjects, whereas the maximal
insulin secretory capacity seemed to be less
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affected in this prediabetic stage. Hence, a
main pathophysiological event in IGT and
diabetes is inadequate insulin secretion in
relation to the ambient insulin sensitivity.
A novel finding in this study is that the
AGRs were inversely related to insulin sen-
sitivity. The relationship between the AGRs
and insulin sensitivity was nonlinear when
all subjects with NGT were included in the
analysis. However, by excluding a single
outlier with insulin sensitivity exceeding
200 nmol glucose - kg™ min~Ypmol insu-
lin - 172, a linear regression presented a bet-
ter fit than a hyperbolic relation. Therefore,
it seems that an inverse linear regression
more closely explains the inverse relation-
ship between glucagon secretion and
insulin sensitivity in most subjects. The cor-
relations between AGRs and insulin sensi-
tivity were, however, dependent on insulin
secretory capacity. This suggests that the
influence of the degree of insulin resistance
to upregulate B-cell function also upregu-
lates a-cell function. Nevertheless, the mul-
tivariate model showed that glucagon
secretion and the glucose inhibition of
glucagon secretion are independent deter-
minants of glucose tolerance. Therefore,
this suggests that insulin resistance acts as
a risk factor for diabetes in several aspects,
both by increasing the demand for insulin
and thereby causing glucose intolerance in
subjects with low insulin secretory capac-
ity, and by increasing the glucagon secre-
tion. Furthermore, our results show that
glucagon secretion is also an important
parameter to consider in relation to glucose
intolerance in prediabetic subjects and may
be a novel risk factor for diabetes develop-
ment. The mechanism for the impaired
suppression of glucagon secretion by glu-
cose in IGT, in view of the suggested
inhibitory influence of local insulin on
glucagon secretion, might be caused by the
impaired insulin secretion (32). This would
imply that the primary islet defect in IGT is
the B-cell dysfunction and local insulinope-
nia exaggerates glucagon secretion, making
the a-cell less sensitive to suppression by
glucose. Follow-up studies on these women
will be able to identify whether changes in
insulin secretion will be followed by recip-
rocal changes in glucagon secretion, which
would support that the increased glucagon
secretion in IGT is due to B-cell dysfunc-
tion. Another interesting aspect is whether
the impaired suppression of glucagon secre-
tion by glucose in IGT contributes to the
hyperglycemia by increasing hepatic glu-
cose output. If found to be correct, this
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would support the development of agents
to inhibit glucagon action and secretion for
early treatment of diabetes (33), which
deserves further study.

In conclusion, we have demonstrated
that in healthy postmenopausal women
with NGT, insulin sensitivity and insulin
secretion are hyperbolically related. In
women with IGT, the relationship between
insulin sensitivity and secretion is altered,
with an insufficient adaptation of insulin
secretion to the degree of insulin resistance.
This is seen as a reduced product of insulin
sensitivity and secretion, i.e., a low DI. Fur-
thermore, women with IGT have increased
levels of glucagon secretion. In a multiple
regression model, the DI as well as
glucagon secretion are independent deter-
minants of glucose tolerance. Thus, both
the individual’s ability to adapt insulin
secretion to the ambient insulin sensitivity
and the level of glucagon secretion are
important parameters for maintenance of
NGT. Therefore, low insulin and high
glucagon secretion present potential tar-
gets for correcting impaired glycemia.
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