
Abstract

Aims/hypothesis. The aim of the study was to evaluate
the relationship between insulin sensitivity, beta cell
function and glucose tolerance, and its dependence on
variants in the newly identified Type 2 diabetes sus-
ceptibility gene, calpain-10 (CAPN10).
Methods. We studied 203 men of the same age but
with varying degrees of glucose tolerance. These men
participated in (i) an oral glucose tolerance test, (ii) a
euglycaemic clamp combined with indirect calorime-
try and infusion of [3-3H]-glucose and (iii) a stepwise
assessment of acute insulin response to arginine (AIR)
at three different glucose concentrations (fasting, 14
and 28 mmol/l).
Results. There was a linear increase in NEFA levels
(p<0.0005) and WHR (p<0.0005) and decrease in 
glucose uptake due to a reduction in glucose storage
over the entire range of glucose tolerance (r=−0.404;
p<0.005). No increase in endogenous glucose produc-
tion (EGP) was seen until patients had manifest diabe-
tes. However, when EGP was expressed relative 
to fasting insulin concentrations, there was a linear 
deterioration of basal hepatic insulin sensitivity (r=
−0.514; p<0.005). The AIR followed a bell-shaped

curve with an initial rise and subsequent decrease.
However, AIR adjusted for insulin sensitivity (dispo-
sition index) showed a linear decrease with increasing
glucose concentrations (r=−0.563; p<0.001) starting
already in subjects with normal glucose tolerance.
There was an inverse correlation between increase in
WHR and NEFA and peripheral as well as hepatic in-
sulin sensitivity. Subjects with the genotype combina-
tion of CAPN10 consisting of SNP44 TT and SNP43
GG genotypes had significantly lower insulin-stimu-
lated glucose uptake than carriers of the other geno-
type combinations (5.3±0.4 vs 7.2±0.4 mg·ffm kg−1

min−1·mU·l−1; p<0.005).
Conclusions/interpretation. We conclude that the pre-
diabetic state is characterised by a similar linear dete-
rioration of peripheral and hepatic insulin sensitivity
as beta cell function and that variants in the CAPN10
gene modify this relationship. These findings are com-
patible with a common defect in muscle, liver and
beta cells in the pathogenesis of Type 2 diabetes.
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Introduction

Type 2 diabetes is characterised by a combination of
at least three defects including beta cell dysfunction,
skeletal muscle insulin resistance and increased en-
dogenous glucose production (EGP) [1, 2]. The pre-
cise mechanisms by which these three factors interact
to produce impaired glucose tolerance and diabetes
are uncertain. Neither is it known whether one defect
is the consequence of the other(s) or whether they
have a common causative mechanism. If all three de-
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fects were manifested at the same time, this could sup-
port the common mechanism hypothesis. At present,
there is little support for this. The only prospective
study including sequential estimates of beta cell func-
tion, insulin sensitivity and EGP in a small number of
Pima Indians showed that impaired insulin sensitivity
occurred very early in the pre-diabetic state, whereas
failure of the pancreatic beta cells to compensate for
insulin resistance occurred later, but preceded mani-
festation of diabetes [3]. These data are compatible
with cross-sectional data from larger studies in Pima
Indians and white people of European extraction [4,
5]. The role of an increased rate of EGP in the pre-dia-
betic state is controversial. In most studies, including
the one on Pima Indians, enhanced EGP has been a
relatively late event [3, 6, 7, 8, 9]. However, as EGP is
extremely sensitive to insulin [10], normal rates of
EGP in the face of fasting hyperinsulinaemia could be
a sign of hepatic insensitivity to insulin.

One explanation for these inconsistencies is the
lack of large studies applying concomitant compre-
hensive measures of all three defects. Whereas the 
euglycaemic-hyperinsulinaemic clamp is the gold
standard for the assessment of whole-body insulin
sensitivity, there is less agreement about the gold
standard for estimation of beta cell function. Impor-
tantly, most studies have not considered that the insu-
lin response to different stimuli is influenced by 
the degree of insulin resistance [11]. Ideally these
questions should be addressed in a prospective study,
but this may not be feasible in a large number of sub-
jects. As the best compromise, we measured beta cell
function (acute insulin response to arginine at three
different glucose concentrations), whole-body glu-
cose metabolism (hyperinsulinaemic-euglycaemic
clamp combined with indirect calorimetry) and EGP
(infusion of [3-3H]glucose) in 203 non-obese (BMI
26 kg/m2) Swedish white men. These men, from 
the Malmö Prospective Study, were of a similar age
(66 years) but had varying degrees of glucose toler-
ance.

The Malmö study was started in 1974 as an inter-
vention project to prevent Type 2 diabetes in men born
between 1926 and 1935 [12, 13]. At inclusion all men
had normal glucose tolerance but during follow-up
some of them developed impaired glucose tolerance
or Type 2 diabetes [13].

There is considerable evidence that genetic factors
increase the risk for Type 2 diabetes. Recently, the cal-
pain-10 gene (CAPN10) on chromosome 2 was identi-
fied by positional cloning as a potential candidate
gene for Type 2 diabetes [14, 15]. We therefore also
studied whether variants in this gene would modify 
insulin sensitivity and beta cell function.

Subjects and methods 

Subjects. All subjects underwent four different procedures: 
(i) an oral glucose tolerance test; (ii) a bicycle ergometer test
for the estimation of maximal aerobic capacity (VO2max); (iii) a
euglycaemic clamp combined with indirect calorimetry and in-
fusion of [3-3H]-glucose to quantify glucose metabolism and
EGP; and (iv) measurement of acute insulin responses to argi-
nine (AIR) at three different glucose concentrations. All partic-
ipants had a thorough medical evaluation, including documen-
tation of their medical history, a physical examination and rou-
tine laboratory tests. Subjects were classified into different
stages of glucose tolerance based upon fasting and 2-hour glu-
cose values during an OGTT. Glucose tolerance was stratified
into sixtiles of fasting plasma glucose (3.8–5.3, 5.4–5.6,
5.7–6.1, 6.2–6.9, 7.0–9.7, 9.8–20.8 mmol/l) or sixtiles of 
2-hour glucose values during the OGTT (3.4–6.6, 6.7–7.4,
7.5–8.7, 8.8–11.0, 11.1–16.7, 16.8–22.4 mmol/l) (see Appen-
dix). At inclusion in the study, subjects were classified accord-
ing to the earlier WHO criteria [16], whereby 72, 63 and 68
subjects respectively had normal glucose tolerance, IGT and
diabetes. Using the new ADA/WHO criteria for classification
of glucose tolerance [17], 69 had normal glucose tolerance
(fasting plasma glucose <6.1 mmol/l and 2-hour glucose
<7.8 mmol/l), 52 had impaired glucose tolerance, i.e. fast-
ing hyperglycaemia or IGT (fasting plasma glucose 6.1–
6.9 mmol/l and/or 2-hour glucose value 7.8–11.1 mmol/l),
whereas 82 subjects had manifest Type 2 diabetes (fast-
ing plasma glucose >7.0 mmol/l and/or 2-hour glucose
>11.1 mmol/l). Of the subjects with diabetes, 15 were diag-
nosed during the OGTT, 35 were being treated by diet alone,
15 with glibenclamide (glyburide), 11 with glibenclamide and
metformin, and six with insulin and/or glibenclamide / metfor-
min. The study protocol was approved by the Lund University
ethics committee and all subjects gave informed consent.

Anthropometric measurements. Height, weight, waist to hip 
ratio and fat free mass were measured on the day of the eugly-
caemic clamp. As an estimate of abdominal obesity we also
used another index, waist/height2, referred to as the waist in-
dex. The fat free mass was measured by a bioelectrical imped-
ance method using a two-terminal portable impedance analyser
(BIA 101, RJL, Akern, Copenhagen, Denmark) [18].

Oral glucose tolerance test. A 2-hour glucose tolerance test 
using 75 g of glucose was performed after overnight fasting.
Venous samples for measurement of glucose and insulin con-
centrations were collected at 0, 40 and 120 min after the glu-
cose load.

Maximal aerobic capacity. Maximal oxygen uptake was mea-
sured using an incremental work-conducted upright exercise
test on a bicycle ergometer (Monark, Varberg, Sweden) com-
bined with continuous analysis of expiratory gases. Exercise
was started at a workload varying from 30 to 100 W, depend-
ing on the previous history of endurance training or exercise
habits, and then increased by 20 to 50 W every 3 min, until a
perceived exhaustion or a respiratory quotient of 1.0 was
reached. We defined VO2max as the value measured during the
last 30 seconds of the exercise test and it is expressed per lean
body mass.

Peripheral and hepatic insulin sensitivity. Insulin sensitivity
was determined with the standard euglycaemic-hyperin-
sulinaemic clamp [19] combined with infusion of [3-3H]-
glucose and indirect calorimetry. The subjects came to the clin-



ical research centre after an overnight fast. A constant
(0.003 MBq·m−2·min−1) intravenous infusion of [3-3H]-glucose
(Amersham International, Little Chalfont, UK) was started and
continued throughout the study. At the start of this infusion a
priming dose of [3-3H]-glucose (0.31 MBq/m2) was injected.
In a subset of patients (n=8), [3-3H]glucose was added to the
glucose infusate (hot glucose technique) to maintain plasma-
specific activity at the basal level during the clamp. Labelling
of the glucose infusion was based upon previous estimates of
the expected glucose infusion and EGP rate during the clamp
[20]. Blood samples were collected at timed intervals in fluo-
ride-treated tubes for the determination of plasma-glucose- and
plasma-[3-3H]glucose-specific activity. After a 150-min tracer
equilibration period, a primed–constant infusion of insulin
(Actrapid Human,100 U/ml: Novo Nordisk, Gentofte, Den-
mark) at a constant infusion rate of 45 mU/m2 was started and
continued for 120 minutes. A variable infusion of 20% glucose
was started to maintain plasma glucose concentration un-
changed at 5.5 mmol/l for 120 minutes. Plasma glucose was
measured at 5-minute intervals. The mean CV for glucose 
values during the clamp was 6.3%. Subjects taking insulin con-
tinued to do so until the night prior to the study.

Indirect calorimetry. This was performed in order to estimate
the substrate oxidation rates 45 min before the start of the
clamp and during the last 45 min of the clamp. It was done 
using a computerised open-circuit system for measuring 
the gas exchange across a canopy (Deltatrac; Datex Instru-
ments, Helsinki, Finland). From the measurement of gas ex-
change, energy expenditure and the respiratory exchange rate
were calculated. Rates of lipid and glucose oxidation were 
derived from indirect calorimetry after correction for protein
oxidation, which was estimated from the urinary excretion of
urea.

Calculations. Basal EGP was calculated by dividing the 
[3-3H]glucose infusion rate by the steady-state plateau of glu-
cose-specific activity in plasma during the last 30 min of the
basal tracer infusion period. During administration of insulin
and glucose a non-steady-state condition in plasma [3-3H]glu-
cose exists. At high rates of glucose uptake the classical model
of Steele is known to produce negative estimates of EGP. By
adding [3-3H]glucose to the variable exogenous glucose infu-
sion, the plasma [3-3H]glucose-specific activity was main-
tained constant in a subset of subjects with normal glucose tol-
erance (n=8), while others had cold glucose infusions. In eight
subjects with normal glucose tolerance who underwent the hot
glucose protocol for estimation of EGP, basal EGP was not dif-
ferent from that seen using the cold glucose method (2.7±0.05
vs 2.8±0.1 mg·ffm kg−1·min−1, p=NS). Only two of the eight
subjects had negative estimates of EGP during the clamp. Thus
EGP during the clamp was significantly higher when the hot
glucose method was used than when the cold glucose method
was used. However, the values were close to zero, supporting
the view that EGP during the clamp is completely suppressed
(0.01±0.2 vs −0.8±0.19 mg·ffm kg−1·min−1, p=0.01). The infu-
sion rate of exogenous glucose was integrated over 20-min in-
tervals and subtracted from the total rate of glucose appearance
to obtain the rate of residual EGP during the clamp. The nega-
tive EGP values seen in the insulin-stimulated state were
adapted as zero in calculations. Total body glucose metabolism
was calculated by adding the mean rate of EGP (if a positive
number) during the last 60 min of the insulin clamp to the glu-
cose infusion rate during the same period (M-value). Insulin
sensitivity was also calculated as the ratio of glucose uptake
and mean steady-state insulin concentrations during the last
60 min of the clamp (M/Iclamp). Non-oxidative glucose metabo-

lism, mainly storage of glucose as glycogen, was calculated as
the difference between glucose metabolism and glucose oxida-
tion, as determined by indirect calorimetry. Net rates of glu-
cose and lipid oxidation were calculated from indirect calori-
metric measurements in the basal state and during the last
60 min of the insulin clamp. Protein oxidation was calculated
from overnight urinary urea nitrogen excretion, collected
overnight and during the insulin clamp.

Blood samples for measurements of serum insulin and 
[3-3H]glucose-specific activity were drawn every 30 min,
while samples for the measurement of NEFA were collected at
−10, 0, 110 and 120 min during the clamp. Samples for NEFA
were collected in pre-chilled tubes to prevent in vitro lipolysis
[21].

Beta cell function. Insulin secretion was measured with i.v. 
arginine stimulation at three different plasma glucose levels
(fasting, 14 and 28 mmol/l) [22, 23]. Baseline samples were
collected at −5 and −2 min. A maximally stimulating dose of
arginine hydrochloride (5 g) was then injected i.v. over 45 sec-
onds. Samples for insulin were collected at 2, 3, 4 and 5 min.
A variable infusion of 20% glucose was then started, to raise
and maintain plasma glucose at 13 to 15 mmol/l for 20 to
25 min. New baseline samples were collected and then argi-
nine (5 g) was again injected and samples were collected at 2,
3, 4 and 5 min. After this second step a 2.5-hour resting period
followed, to avoid the priming effect of hyperglycaemia on the
last step [24]. After the resting period, baseline samples were
again collected and another glucose infusion was started 
to raise the plasma glucose concentration to levels over
25 mmol/l. At this plasma glucose level, new baseline samples
were taken and arginine (5 g) was injected, followed by the
collection of final samples at 2, 3, 4 and 5 min. The AIR were
calculated as the mean of the +2 to +5 min samples minus the
mean pre-stimulus sample (mean of −5 and −2 min). The slope
between the AIR at fasting glucose and at plasma glucose of
14 mmol/l (slope AIR=∆AIR/∆glucose) was calculated as a
measure of glucose potentiation of beta cell secretion. The AIR
at the highest glucose level (AIRmax >25 mmol/l) was taken as
a measure of the maximal insulin secretory capacity of the beta
cells.

To quantify the relation between insulin sensitivity and in-
sulin secretion, we also calculated the product of insulin sensi-
tivity and the AIR , which is also called the disposition index
[11, 25]. This product was termed the disposition index (or
compensation index) and measures the ability of the individual
to adapt his or her insulin secretion to the prevailing insulin
sensitivity.

Genotyping of CAPN10 SNP-43 (G/A) and SNP-44 (T/C). The
two CAPN10 SNPs were genotyped using the Multiplex SNaP-
shot kit (Applied Biosystems, Foster City, Calif., USA) for sin-
gle base pair extension on ABI3100 (Applied Biosystems). A
476-bp fragment containing both CAPN10 SNPs was amplified
with primers 5′-GCTGGCTGGTGACATCAGTGC-3′ and 5′-
TCAGGTTCCATCTTTCTGCCAG-3′. Template PCR was
carried out using the AccuPrime Taq DNA Polymerase system
(Invitrogen, Lidingö, Sweden) in a volume of 12.5 µl contain-
ing 1× PCR Buffer II (provided in the kit), 4.5 mmol/l MgCl2,
2.5 pmol of each primer and 25 ng genomic DNA. The cycling
conditions were 94 °C for 2 min, 35 cycles of 94 °C for 30 s,
64 °C for 30 s and 68 °C for 60 s. Before single base pair ex-
tension, PCR samples were treated with Shrimp Alkaline Phos-
phatase (SAP) (Amersham Biosciences, Uppsala, Sweden) and
Exonuclease I (MBI Fermentas, Vilnius, Lithuania). Single
base pair extension PCR reactions were performed according
to the manufacturer’s instructions with detection primers: 5′-

784 D. Tripathy et al.:



Parallel insulin resistance and beta cell decompensation in Type 2 diabetes 785

GGCTTAGCCTCACCTTCAAA-3′ for CAPN10 SNP-43 and
5′-GACTGCAGGGCGCTCACGCTTGCTG-3′ for CAPN10
SNP-44. Before analysis on the ABI3100, the samples were
once again treated with Shrimp Alkaline Phosphatase. Geno-
types were analysed using the GeneMapper 2.0 software (Ap-
plied Biosystems).

Assays. Blood glucose concentrations were measured in dupli-
cate on a glucose analyser (Beckman glucose analyzer II,
Beckman instruments, Fullerton, Calif., USA). Plasma insulin
concentrations were measured with a double antibody ELISA
(DAKO, Cambridgeshire, UK) using an interassay CV of 7%
and an intra-assay CV of 7.5%. NEFA were measured using an
enzymatic colorimetric ACS-ACOD-MEHA method (Wako
Chemicals, Neuss, Germany) with an intra-assay CV of 10.8%
and an interassay CV of 5.7%. [3-3H]Glucose-specific activity
was measured in duplicate from the supernatant of 0.5 mol/l
perchloric acid extract of samples after evaporation of radiola-
belled water. Serum and urinary urea were measured through
oxidation of NADH to NAD by spectrophotometry at 340 nm
(Synchron LX System Chemistry Information, Synchhron LX
20, Beckman Coulter, Palo Alto, Calif., USA).

Statistical analysis. Data are expressed as means ± SD or
means ± SEM as indicated. Plasma insulin and glucose values
were log transformed to improve skewness and kurtosis. Differ-
ences between the groups were tested by Student’s t test and by
ANOVA after adjustment for BMI. Analysis for linear trend
was carried out by ANOVA. Multiple regression analysis was
carried out with fasting and 2-hour glucose as dependent vari-
ables and measures of insulin secretion and insulin action, and
with age and BMI as independent variables. The significance of
relationships between variables was tested using Pearson’s or
Spearman’s correlation coefficients where applicable. A p value
of less than 0.05 was considered statistically significant. Data
were analysed using Number Cruncher Statistical System
(NCSS, version 6.0, Statistical solutions, Cork, Ireland).

Results

Anthropometric and metabolic characteristics. Table 1
shows the clinical characteristics of the subjects in 

relation to sixtiles of fasting plasma glucose. Data in
relation to sixtiles of 2-hour glucose are provided in
the Appendix. The BMI (r=0.213; p=0.002), WHR
(r=0.256; p=0.0003) and waist index (r=0.219;
p=0.002) increased progressively from the lowest to
the highest sixtile of fasting plasma glucose (Fig. 1).
However, no difference was seen in the fat free mass
between subjects in different glucose sixtiles. The
fasting NEFA concentrations increased progressively
with worsening of glucose tolerance (r=0.344;
p<0.0005). The NEFA concentrations were less sup-
pressed by insulin in the highest than in the lowest
sixtile (p<0.05).

There was a progressive increase in fasting insulin
concentrations with increasing fasting plasma glucose
sixtiles (r=0.426; p<0.0005), whereas the 2-hour insu-

Table 1. Clinical characteristics of the 203 men from the different sixtiles of fasting plasma glucose

Sixtiles 1 to 6 (left to right)

Fasting plasma glucose (mmol/l) 5.1 [4.7–5.2] 5.5 [5.4–5.6] 5.9 [5.9–6.1] 6.4 [6.3–6.7] 7.7 [7.4–8.9] 12.5 [10.9–16.2]
median [interquartile range]

Number 34 34 34 34 34 33
Age (years) 66.3±0.3 65.6 ±0.2 66.1±0.3 65.9±0.4 65.2±0.4 66.1±0.3
BMI (kg/m2) 24.9±0.5 27.5±0.6a 26.7±0.5 26.6±0.7 27.9±0.5a 27.5±0.7a

WHRb 0.94±0.01 0.98±0.01 0.96±0.02 0.97±0.02 0.98±0.01a 0.99±9.01a

Waist index (waist/height2) 29.8±0.7 32.3±0.6 31.5±0.5 31.7±0.7 33.1±0.7a 32.8±0.7a

VO2max ml·ffm kg−1·min−1 37.8±1.2 34.2±1.4 39.2±1.2 35.1±1.4 34.3±1.5 30.3±1.4a

2-h plasma glucose (mmol/l) 6.8±0.3 7.6±0.3 7.8±0.3 10.1±0.5 12.6±0.7 19.4±0.5
HbA1c (%) 4.8±0.08 4.8±0.09 4.9±0.08 5.4±0.2a 6.1±0.2a 8.2±0.3a

Fasting insulin (mU/l)b 7.5±0.8 10.15±1.0 11.1±1.0.9 17.4±2.9 16.4±1.9 14.5±1.3
2-h insulin (mU/l) 58.5±9.6 75.1±8.9 66.4±6.6 91.8±9.4 74.3±10.8 25.6±2.2
Cholesterol (mmol/l) 5.5±0.1 5.6±0.1 5.6±0.2 5.5±0.2 5.9±0.1 5.7±0.2
HDL cholesterol (mmol/l) 1.27±0.05 1.2±0.05 1.2±0.056 1.15±0.05 1.15±0.04 1.07±0.06
Triglyceridesb (mmol/l) 1.29±0.1 1.45±0.2 1.32±0.08 1.66±0.2 1.98±0.2 2.57±0.3a

Data are means ± SEM. a p<0.05 vs lowest sixtile, b p<0.05 for trend. VO2max, maximal aerobic capacity

Fig. 1. Fasting NEFA concentrations (closed circles) and WHR
(open circles) in relation to sixtiles of fasting plasma glucose
in 203 men. Sixtiles are shown as median [inter-quartile
range]: 1st sixtile: 5.1 [4.7–5.2] mmol/l, 2nd sixtile: 5.5
[5.4–5.6] mmol/l, 3rd sixtile: 5.9 [5.9–6.1] mmol/l, 4th sixtile:
6.4 [6.3–6.7] mmol/l, 5th sixtile : 7.7 [7.4–8.9] mmol/l, 6th
sixtile: 12.5 [10.9–16.2] mmol/l
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lin concentration followed a bell-shaped curve, with
the highest values seen in the fourth sixtile (fasting
plasma glucose ~6.5 mmol/l).

VO2 max declined progressively with worsening glu-
cose tolerance (r=−0.228; p<0.0005), with significant-
ly lower values in subjects in the highest sixtile than
in subjects in the lowest sixtile (p<0.005). The fasting
plasma glucose (r=−0.228; p<0.0005) and 2-hour glu-
cose (r=−0.314; p<0.0005) values correlated with
VO2max.

Glucose metabolism. The rate of insulin-stimulated
glucose metabolism decreased linearly with increasing
fasting plasma glucose (r=−0.443; p<0.005) and 
2-hour glucose concentrations (r=−0.505; p<0.005).
Subjects from the highest sixtile had ~50% lower 

glucose uptake values than subjects from the lowest
sixtile (3.2±0.5 vs 7.5±0.4, p<0.005) (Fig. 2). The 
reduction in glucose uptake was almost completely
accounted for by a decrease in non-oxidative glucose
metabolism, which decreased in parallel with glucose
uptake (r=0.381; p<0.0005). The decrease in non-
oxidative glucose metabolism showed an inverse cor-
relation with both fasting plasma glucose (r=−0.423;
p<0.0005) and 2-hour glucose (r=−0.465; p<0.0005).
In the insulin-stimulated state, subjects in the highest
sixtile of fasting plasma glucose had lower glucose
oxidation rates (p<0.005) than subjects in the lowest
sixtile, while there was no difference in glucose oxi-
dation rates in the basal state.

Although the basal rate of EGP correlated with
fasting plasma glucose (r=0.338; p<0.005), it was ac-
tually only increased in the highest glucose sixtile
(Fig. 3). However, when the prevailing fasting insulin
concentration was taken into account (basal hepatic
insulin sensitivity; basal EGP/fasting plasma insulin),
there was a progressive decline in basal hepatic insu-
lin sensitivity with increasing fasting plasma glucose
(r=−0.415; p<0.0005). In this case basal hepatic insu-
lin sensitivity correlated with whole-body glucose up-
take (r=0.746; p<0.0005). Suppression of EGP during
the clamp was complete in all but the last sixtile of
glucose.

The rate of lipid oxidation in the basal state and
during the clamp was higher in subjects from the
highest glucose sixtile than in subjects from the lowest
sixtile (p<0.05). Rates of protein oxidation were simi-
lar in both the basal and the insulin-stimulated state.
In the basal state, the respiratory quotient was not 
different between the sixtiles. However, during the
clamp, subjects in the highest sixtile of fasting plasma
glucose had a lower respiratory quotient than subjects
in the other groups (0.88±0.002 vs 0.82±0.02,
p<0.005).

Fig. 2. Contribution of oxidative (black bars) and non-oxida-
tive glucose metabolism (grey bars) to total-body insulin-
stimulated glucose metabolism in relation to sixtiles of fasting
plasma glucose

Fig. 3. Rates of endogeneous glucose production rates (EGP) (a) in the basal state (dark bars) and during the hyperinsulinaemic
clamp (light bars). b. Basal hepatic insulin sensitivity (EGP/fasting serum insulin) in relation to sixtiles of fasting plasma glucose
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Fig. 4. Acute (2–5 min) insulin response to 5 g arginine 
i.v. (2–5-min post-load increase) at basal (AIRbasal) (a), at
14 mmol/l (AIR14) (b) and 28 mmol/l (AIR28) (c) of plasma
glucose in relation to sixtiles of fasting plasma glucose.
d. Glucose potentiation of arginine-induced insulin secretion
(SlopeAIR) in relation to sixtiles of fasting plasma glucose.
e. Acute insulin response to arginine at 14 mmol/l of glucose
adjusted for insulin sensitivity (disposition index), in relation
to sixtiles of fasting plasma glucose

Beta cell function. The pattern of AIR at different glu-
cose sixtiles was similar at basal, 14 and 28 mmol/l
glucose concentrations (Fig. 4). The maximum insulin
secretion as estimated from the AIR for 28 mmol/l
was significantly lower in the highest sixtile than in
the lowest (Fig. 4, p<0.005). The glucose potentiation
of insulin secretion, measured as a ratio of incremen-
tal glucose and the insulin from basal to 14 mmol/l of
glucose (i.e. the slope AIR), was similar in the first
three sixtiles, after which it started to decline, being
almost undetectable at the highest glucose concentra-
tion (Fig. 4d). A cut-off point for decline in AIR ap-
peared to be at a fasting plasma glucose level of about
6.5 mmol/l and a 2-hour glucose level of about
10 mmol/l. (Fig. 5a, b). Beta cell function related to
the degree of insulin sensitivity, i.e. the disposition in-
dex (AIR at 14 mmol/l glucose × M-value), showed a
progressive decline with increasing fasting plasma
glucose concentrations (r=−0.563; p<0.005) (Fig. 4e).
Interestingly, this decline was seen in subjects with
glucose concentrations within the normal range.

Correlation between NEFA, WHR and insulin sensitiv-
ity and insulin secretion. The NEFA concentrations in
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the fasting state (r=−0.441; p<0.0005) and during the
euglycaemic clamp (r=−0.691; p<0.0005) correlated
inversely with whole-body glucose uptake. Similarly,
a strong inverse correlation was observed between
fasting triglyceride concentrations and the rate of
whole-body glucose uptake (r=−0.463; p<0.0005).
There was a weak inverse correlation between fasting
NEFA concentrations and hepatic insulin sensitivity
(r=−0.196; p<0.05). Both WHR and waist index cor-
related inversely (r=−0.431 and r=−0.521; p<0.005
for both) with whole-body and (r=−0.469 and r=
−0.543; p<0.005 for both) with hepatic insulin sensi-
tivity.

A stepwise multiple regression analysis using insu-
lin sensitivity as a dependent variable and NEFA and
AMI as independent variables showed that when
NEFA alone was added to the model, it contributed
32% (increase in multiple r2) of the variation in 

peripheral insulin sensitivity, and together with waist
index it explained 40% of the variation. To evaluate
the contribution of beta cell, liver and muscle to 
the variations in fasting and 2-hour glucose values,
we performed a multiple regression analysis using
basal hepatic glucose production, insulin sensitivity
and arginine-stimulated insulin secretion at 14 mmol
(AIR14) as independent variables (Table 2). Totals 
of 45% variation in fasting plasma glucose and 44%
in 2-hour glucose levels were explainable by periph-
eral and hepatic insulin sensitivity and beta cell func-
tion.

Metabolic characteristics of subjects in relation to 
the CAPN10 genotypes and genotype combinations.
For CAPN10 SNP43, subjects carrying genotype GG
(n=90) were compared with carriers of the genotypes
GA or AA (n=92), as the G allele has been associated

Fig. 5. Relationship between insulin secretion (AIR to arginine
at 14 mmol/l of glucose [AIR14]) and (a) fasting plasma glucose
and (b) 2-hour glucose. c. Insulin sensitivity versus insulin se-
cretion. Scatterplot of whole-body insulin sensitivity (M-value)
versus AIR to arginine at 14 mmol of glucose (AIR14)

Table 2. Stepwise multiple regression analysis in all subjects,
using fasting or 2-h glucose as the dependent variables

Partial Final model 
correlation increase* in 
coefficient multiple r2

Fasting plasma glucose
AIR14 mmol −0.151b 0.018
Basal EGP (mg·ffm kg−1·min−1) 0.626a 0.393
M/I (mg·ffm kg−1·min−1·mIU−1) −0.206a 0.042
Multiple r2 0.453

2-h plasma glucose
AIR14 mmol −0.253a 0.052
Basal EGP (mg·ffm kg−1·min−1) 0.499a 0.249
M/I (mg·ffm kg−1·min−1·mIU−1) −0.378a 0.143
Multiple r2 0.444

* Variables included in the multiple regression analysis and
their respective contribution to the value of multiple r2. 
a p<0.001, b p<0.05. AIR, acute insulin responses to arginine;
EGP, endogenous glucose production; M/I, mean steady-state
insulin concentrations
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with increased risk of Type 2 diabetes [15, 26]. In 
addition, we compared SNP44 TT genotype carriers
(n=124) to TC or CC genotype carriers (n=53), and 
finally, we evaluated the concomitant influence of
both SNPs by comparing the genotype combinations
SNP44 TT and SNP43 GG (n=53) with those of sub-
jects with other genotype combinations (n=114), as
that genotype combination was associated earlier with
Type 2 diabetes [26].

No significant differences were observed between
carriers of the different CAPN10 SNP-43 or SNP-44
genotypes or SNP 44/43 genotype combinations re-
garding age, BMI, WHR, glucose or NEFA concentra-
tions. There was no difference in the prevalence of
different genotype combinations when these were
compared with different stages of glucose tolerance,
e.g. normal glucose tolerance, IFG/IGT and diabetes
mellitus. Insulin secretion measured as AIR14 (101±8
vs 80±7 mIU/l, p=0.04) and maximal insulin secretion
(AIR28) (174±16 vs 121±11 mIU/l, p=0.008) were
higher in subjects with the GG genotype than in sub-
jects with the GA/AA genotypes. This difference dis-
appeared after adjusting for the degree of insulin resis-
tance using the disposition index. No difference was
observed between the genotypes with respect to
whole-body (6.4±0.4 vs 6.8±0.4 mg·ffm kg−1·min−1,
p=NS) or hepatic insulin sensitivity or the disposition
index.

Subjects carrying both risk genotypes, i.e. those
who had both SNP44 TT and SNP43 GG genotypes,
had a significantly reduced rate of insulin-stimulated
glucose metabolism (5.5±0.4 vs 7.1±0.4, p<0.005)
compared with subjects with other genotype combina-
tions (Fig. 7). No significant differences were ob-
served in beta cell function or EGP between carriers
of the different genotype combinations. Neither were
there any significant differences between the two
groups with regard to fasting glucose, fat free mass,
NEFA and the WHR.

Multiple regression analysis using fasting plasma
glucose (p=0.008) and NEFA concentrations (p<0.0005)
as covariates, showed that CAPN10 SNP-44 was a pre-
dictor of insulin sensitivity (p=0.01). Also, when glu-
cose (p=0.001) and NEFA concentrations (p<0.0005)
were used as covariates, the high-risk genotype combi-
nation of CAPN10 SNP 44 TT and SNP 43 GG was 
a strong predictor of total-body insulin sensitivity
(p=0.009).

Discussion

The key finding of the present study was a similar 
linear decrease in peripheral and hepatic insulin sensi-
tivity and insulin secretion adjusted for insulin resis-
tance (disposition index) with increasing glucose con-
centrations. These findings were inversely related to
increasing measures of abdominal obesity (WHR and

waist index) and NEFA concentrations and influenced
by variants in the CAPN10 gene. Although the find-
ings do not prove a causal relationship, they point to
the possibility of a common defect in target tissues
like muscle, liver and islets.

Peripheral insulin sensitivity. With increasing glucose
concentrations, there was a progressive decline in in-
sulin-stimulated glucose uptake. Subjects in the high-
est sixtile with manifest Type 2 diabetes had a 40%
lower rate of insulin-stimulated glucose metabolism
than subjects with normal glucose tolerance in the
first sixtile. This is consistent with a recent prospec-
tive study on Pima Indians, which demonstrated a
31% decline in insulin sensitivity with progression
from normal glucose tolerance to diabetes [3]. In sup-
port of earlier findings [27], we observed an inverse
correlation between measures of abdominal obesity
as WHR (r=−0.431, p<0.0005) or waist index (r=
−0.521, p<0.0005) and glucose metabolism. In addi-
tion, there was an inverse correlation between NEFA
and triglyceride concentrations and insulin-stimulated
glucose uptake (p<0.0005). The question arises as to
whether these findings represent only coincidental
changes or are causally related. Obesity, particularly
abdominal obesity as reflected by increased WHR, is
associated with elevated NEFA concentrations [28,
29, 30]. NEFA in plasma is mainly derived from in-
travascular lipolysis of triglyceride-rich lipoproteins
by lipoprotein lipase and from lipolysis of adipose
tissue triglyceride by hormone-sensitive lipase. After
a meal, uptake with subsequent re-esterification in
adipose tissue is an important way to buffer excessive
fat. It has been suggested that impaired trapping of
NEFA by adipose tissue and redistribution to non-
adipose tissues like muscle, liver and beta cells is a
feature of insulin resistance [31]. Increased intramy-
ocellular lipid concentrations, particularly the long-
chain acyl-CoA are strongly correlated with impaired
insulin-stimulated glucose metabolism [32, 33, 34].
The impairment in glucose uptake is unlikely to be a
consequence of the original Randle’s cycle, as the
rate of glucose oxidation with increasing glucose con-
centrations was virtually unchanged [28]. Alterna-
tively, it has been suggested that long-chain acyl-CoA
esters can activate protein kinase C-θ which, in turn,
can inactivate the insulin signalling cascade through
serine/threonine phosphorylation of the insulin recep-
tor and IRS-1 [35, 36]. This would then lead to de-
creased activation of phosphatidylinositol 3-kinase
and reduced insulin-stimulated glucose transport. In
keeping with earlier studies, the decrease in glucose
metabolism was almost entirely accounted for by the
decrease in non-oxidative metabolism [3]. This does
not mean a priori that the defect is restricted to glyco-
gen synthesis; any impairment in glucose transport
would also be reflected by impaired glycogen synthe-
sis [37].
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Endogenous glucose production. The absolute rate of
EGP was increased in the highest glucose sixtile only.
This was also associated with impaired suppression of
EGP during the clamp. However, when EGP was ex-
pressed as hepatic insulin sensitivity by adjusting for
the increase in fasting insulin concentrations, there
was a linear decrease which paralleled the decrease in
insulin-stimulated glucose uptake. This is important as
EGP is extremely sensitive to small increases in insu-
lin concentrations with a median effective dose of be-
tween 15 and 20 mU/l [27]. As the fasting insulin con-
centrations rose from about 7 to 15 mU/l from the
lowest to the highest sixtiles, one would expect com-
plete suppression of basal EGP, if the liver and kidney
were normally sensitive to the effects of insulin [38].

The decrease in hepatic insulin sensitivity corre-
lated with the WHR (r=−0.434; p<0.0005) and NEFA
concentrations (r=−0.185; p<0.05). Also, the EGP
during the clamp correlated with NEFA concentra-
tions during the clamp (r=0.349; p<0.0005). Hyper-
insulinaemia in the face of elevated NEFA influx to
the liver should lead to increased production of VLDL
triglycerides. These particles would not only provide a
source of NEFA for peripheral tissues, but could also
be deposited in the liver. It has been consistently
shown that fat accumulation in the liver is associated
with insulin resistance [38, 39]. It has been suggested
that increasing amounts of cytosolic long-chain acyl-
CoA in the liver could induce insulin resistance by
similar mechanisms to those seen in the muscle, i.e.
by influencing the amount of protein kinsase C-θ [40].

It is also possible that elevated circulating NEFA
levels contributed to the elevated insulin levels, as
high NEFA levels reduce hepatic insulin extraction

[41, 42]. Indeed, the fasting NEFA concentrations cor-
related with the fasting insulin levels (r=0.263;
p<0.0005). A recent study by Bavenholm et al. on a
smaller group of middle-aged Swedish men reported
that suppression of EGP was the single most impor-
tant determinant of glucose intolerance, explaining
55% of variance in the 2-hour glucose values [43].
Our data are not inconsistent with these findings, al-
though our study was not really designed to assess
suppression of EGP during the clamp, as we employed
a rather high insulin infusion rate (1 mU·kg−1·min−1)
compared to that used in the study by Bavenholm 
et al. (0.25 mU·kg−1·min−1).

Beta cell function. We assessed beta cell function as
the AIR at basal, 14 and 28mmol/l glucose concentra-
tions. The AIR followed a bell-shaped curve with an
initial increase and progressive decline at glucose con-
centrations compatible with IGT and mild diabetes.
Also, the slope of the AIR, i.e. beta cell sensitivity to
glucose, followed a similar curve. In addition to glu-
cose, the degree of insulin resistance is a strong deter-
minant of insulin response [11, 25, 44]. Normally beta
cells would up-regulate their insulin secretion in the
face of insulin resistance. The relationship between in-
sulin secretion and insulin sensitivity can be defined
as a hyperbolic function and the product of insulin
sensitivity and insulin secretion would equal a con-
stant, the disposition index [25]. As shown above,
there was a 40% decline in insulin sensitivity when
moving from the lowest to the highest sixtile of glu-
cose. If we express the insulin response to arginine as
a disposition index, we obtain a linear decrease in beta
cell function, which is similar to that seen for both pe-
ripheral and hepatic insulin sensitivity (Fig. 6). Impor-
tantly, this decline starts at slightly elevated glucose
concentrations that are still within the normal range.
Similarly to the situation in the muscle and the liver, it
has been suggested that chronically elevated NEFA
can impair glucose-stimulated insulin secretion. In
fact there was an inverse relationship between the in-

Fig. 6. Total-body insulin sensitivity (closed circles), beta cell
function (open circles; expressed as the disposition index) and
hepatic insulin sensitivity (closed triangles) in relation to six-
tiles of fasting plasma glucose. Endogenous glucose producton
(EGP) was corrected for fasting insulin concentrations
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crease in serum NEFA concentrations and the decline
in the disposition index (r=−0.326, p<0.0005). Most
of the data on the putative role of the effect of fat in-
filtration in the islets on beta cell function have been
obtained in experimental animals with a propensity to
accumulate triglycerides in their islets, e.g. the ZDF
rat [45]. Treatment with thiazolidinediones reduces
the amount of fat and enhances insulin secretion in
these animals [46]. Nevertheless, there is evidence
that human islets increase their fat content with ageing
and increasing body weight [47]. It is thus tempting to
speculate that mechanisms similar to those used in
muscle and liver to handle fat overload are operative
in the islets. The enzymatic machinery for lipolysis
exists in the islets, including hormone-sensitive lipase
[48] and phosphodiesterase 3B [49].

The limitations of this study owing to its cross-
sectional design also need to be considered. The hy-
pothesis could, however, be tested in a prospective
study, in which the increase in NEFA is prevented and
peripheral and hepatic insulin sensitivity as well as
beta cell function are monitored.

Role of variants in calpain-10 gene. The calpain-10
(CAPN10) gene has emerged as one of the prime can-
didate genes for Type 2 diabetes during recent years
[14, 26, 50, 51]. We therefore tested the hypothesis
that known variants in two of the most common SNPs
(43 and 44) are associated with differences in insulin
sensitivity or beta cell function. The G allele of SNP
43 was associated with a greater insulin response, pos-
sibly a compensatory response to decreased insulin
sensitivity. Indeed, there was no difference between
the groups, when insulin secretion was adjusted for in-
sulin sensitivity. The TT genotype of SNP 44 was 
associated with impaired insulin-stimulated glucose
uptake. Carriers of the risk-genotype combination

SNP44 TT and SNP43 GG showed the greatest reduc-
tion in insulin-stimulated glucose uptake (Fig. 7). The
association between SNPs in the CAPN10 gene and
insulin-stimulated glucose uptake are consistent with
earlier data from our own group [26] and in Pima In-
dians [15], as well as in experimental animals [52],
suggesting that variants in CAPN10 gene do in fact in-
fluence insulin sensitivity. The difference in insulin
sensitivity was most obvious in subjects with normal
glucose tolerance, whereas the difference disappeared
in patients with Type 2 diabetes. This is not surpris-
ing, as secondary changes in insulin sensitivity proba-
bly dominate over genetic influences in patients with
manifest diabetes. Although the mechanisms by which
CAPN10 increases susceptibility to Type 2 diabetes
are unknown, it is tempting to speculate that they
would include changes in gene expression in both the
muscle and the beta cells. In support of this, these
variants in CAPN10 have been shown to cause a mod-
est reduction in gene expression [15]. Our results dif-
fer from those of two recent studies, one from Scandi-
navia and the other from Japan. Both these studies
were unable to demonstrate any association between
risk haplotype combinations of SNP-43, -19, -63 and
insulin resistance [53, 54]. However, neither of them
compared the genotype combinations of SNP-43 and 
-44.

Taken together our cross-sectional data show that
defects in muscle, liver and islets occur in parallel and
correlate with an increase in abdominal obesity and
circulating NEFA concentrations. They thus support
the hypothesis that peripheral and hepatic insulin re-
sistance as well as beta cell dysfunction in Type 2 dia-
betes could be caused by similar defects. They further
demonstrate that these defects are influenced by varia-
tions in the calpain-10 gene.
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Fig. 7. Insulin-stimulated glucose metabolism in carriers of the
genotype combination SNP44 TT and SNP43 GG (unbroken
line) and other genotype combinations (broken lines)
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Appendix

Clinical characteristics of the 203 men from the different sixtiles of 2-hour glucose
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