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Abstract

12 identical twin pairs discordant for non-insulin-depen-
dent diabetes mellitus (NIDDM) were studied for insulin
sensitivity (euglycemic insulin clamp, 40 mU/m? per min),
hepatic glucose production (HGP, [3-*H]glucose infusion),
and insulin secretion (oral glucose tolerance test and hyper-
glycemic [12 mM] clamp, including glucagon administra-
tion). Five of the nondiabetic twins had normal and seven
had impaired glucose tolerance. 13 matched, healthy sub-
jects without a family history of diabetes were included as
control subjects. The NIDDM twins were more obese com-
pared with their non-diabetic co-twins. The nondiabetic
twins were insulin resistant and had a delayed insulin and
C-peptide response during oral glucose tolerance tests com-
pared with controls. Furthermore, the nondiabetic twins
had a decreased first-phase insulin response and a decreased
maximal insulin secretion capacity during hyperglycemic
clamping and intravenous glucagon administration. Nondia-
betic twins and controls had similar rates of HGP. Com-
pared with both nondiabetic twins and controls, the NIDDM
twins had an elevated basal rate of HGP, a further decreased
insulin sensitivity, and a further impaired insulin secretion
pattern as determined by all tests. In conclusion, defects of
both in vivo insulin secretion and insulin action are present
in non- and possibly prediabetic twins who possess the nec-
essary NIDDM susceptibility genes. However, all defects of
both insulin secretion and glucose metabolism are expressed
quantitatively more severely in their identical co-twins with
overt NIDDM. (J. Clin. Invest. 1995. 95:690-698.) Key
words: non-insulin-dependent diabetes mellitus ¢ insulin
secretion ¢ insulin resistance + hepatic glucose production «
identical twins

Introduction

Development of non-insulin-dependent diabetes mellitus
(NIDDM)' is the consequence of a complicated interplay be-
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tween impaired insulin secretion, peripheral insulin resistance,
and a disproportionately elevated rate of hepatic glucose pro-
duction (HGP) on one hand (1-3) and the influence of inher-
ited versus environmental factors on those parameters on the
other (4-19). The genetic component of the disease is sup-
ported from epidemiologic and metabolic studies in genetically
predisposed individuals (4—18), and the environmental compo-
nent is especially evidenced by the strong association between
the occurrence of NIDDM and the propagation of the modern
western life style (19).

However, there is still no consensus concerning the essential
question as to which of, and to what extent, the three major
abnormalities of glucose metabolism in NIDDM are primary
and perhaps genetically determined and which are secondary to
the other abnormalities of glucose and lipid metabolism that
follow development of frank NIDDM (20). The aim of this
study was to investigate insulin secretion, insulin action, and
HGP in a group of identical twin pairs discordant for NIDDM.
It was postulated that nondiabetic identical twins with a docu-
mented NIDDM co-twin are more likely to expose an (the)
underlying primary and perhaps genetically determined de-
fect(s) of glucose metabolism responsible for NIDDM than
are first-degree relatives. Furthermore, the concept of studying
identical twins discordant for NIDDM would allow not only
identification of defects in glucose metabolism in nondiabetic
subjects with a presumably 100% genetic determination for
NIDDM, but would also allow identification and quantification
of the extent to which secondary (nongenetic) factors associated
with overt NIDDM influence insulin secretion and glucose me-
tabolism in NIDDM.

Methods

Subjects. The identical twins were identified primarily through the Dan-
ish Twin Register (21). Questionnaires were sent during the year of
1990 to the twin pairs born between 1918 and 1940 who were recorded
in the files as being identical (monozygotic) based on the similarity
method (21). Included were twins born in Denmark during the period
from 1918 to 1930 and twins born in the Funen county during the period
from 1931 to 1940 for which both partners were recorded as being alive.
Questionnaires were sent to a total of 1,252 twin subjects (= 626 twin
pairs). The twins were asked specifically whether they suffered from
diabetes and, if they did, their age at diagnosis. All twins were also
asked about the presence of hypertension or other relevant diseases. The
classification of NIDDM was based primarily on the diagnosis of diabe-
tes after the age of 40 yr. A total of 1,064 individuals (twins) answered
the questionnaires. Among these individuals, 932 belonged to twin pairs
in which both of the twins answered the questionnaires (= 466 twin
pairs). Six twin pairs (n = 12 individuals) reported that both twins
suffered from diabetes diagnosed after the age of 40 yr (concordant
twin pairs), and 20 twin pairs (n = 40 individuals) reported that diabetes
was diagnosed in only one of the twins after the age of 40 yr (discordant
twin pairs). Thus, according to the answers of the questionnaires, the
study initially revealed a pairwise concordance rate of only 23% for



diabetes diagnosed after the age of 40 yr in this large population of
identical twins. Two twin pairs reported diabetes in one of the twins
diagnosed before the age of 40 yr, and two twin pairs reported diabetes
diagnosed in both twins before the age of 40 yr. Of the remaining 132
‘‘single’’-twin answers, two individuals reported diabetes diagnosed
after the age of 40 yr.

A further contact was made to the twins belonging to pairs who
reported discordance for diabetes diagnosed after the age of 40 yr, in
order to find out whether these twin pairs were truly identical (monozy-
gotic) and discordant for NIDDM. One of those diabetic twins reported
that diabetes had developed shortly after an abdominal operation involv-
ing the pancreas, and one reported normal weight and absolute insulin
dependence since diabetes was diagnosed at the age of 45 yr. Since the
diagnosis of ‘‘classic NIDDM’’ could be questioned in both of these
individuals, these two discordant twin pairs were excluded from the
study. Two other discordant twin pairs did not accept to participate in
any studies of glucose metabolism involving blood samples, and two
pairs were not asked to participate because of information about serious
illness in one or both twins.

The remaining 14 discordant twin pairs, plus two other putative
identical twin pairs discordant for NIDDM traced through the outpatient
clinic at Odense University Hospital (n = 32 individuals), underwent
a standardized 75-g oral glucose tolerance test (OGTT), and genetic
markers were determined to confirm that the twin pairs were identical
(monozygotic). The genetic markers included the following blood, se-
rum, and enzyme types: ABO, MNS, RH, LEAB, HP, GC, PGM-1,
ACP-1, GPT, ASD, and GLO. Twins were classified as monozygotic
when all types were concordant (22).

1 of the 16 twin pairs was excluded because of the finding of non-
identity (dizygosity) according to the above genetic markers, and 2 twin
pairs were excluded because of the finding of frank NIDDM (2-h plasma
glucose concentration during OGTT > 11 mM) in both twins. Further-
more, in one of the twin pairs, diabetes was not confirmed in the twin
who initially reported diabetes. Of the remaining 12 discordant and
identical twin pairs, S of the nondiabetic twins had a normal OGTT (2-h
plasma glucose concentration < 7.8 mM) (NGTT) and 7 had a impaired
OGTT (2-h plasma glucose concentration between 7.8 and 10.5 mM)
(IGTT). All of the 12 twin pairs accepted to participate in the studies
of glucose metabolism as outlined in the following section. However,
one of the twins with an impaired OGTT withdrew his acceptance to
participate in the hyperglycemic clamp study after participation in the
euglycemic clamp study. Among the 12 identical twin pairs discordant
for NIDDM, 6 pairs reported a positive family history of diabetes in
first- and/or second-degree relatives other than the affected NIDDM
twins.

13 healthy, age- and sex-matched subjects with a normal OGTT and
without a family history of diabetes or hypertension were included as
a control group. The control group was selected primarily to match the
nondiabetic twins (NGTT and IGTTs) according to their average
weight. The control subjects were recruited from the same Caucasian
background population as the twins and were included consecutively in
the study provided they fulfilled the inclusion criteria. One of the con-
trols was a twin, whereas the other 12 controls were not twins. (See
Table I for clinical characteristics of identical twin pairs and controls.)
Four of the diabetics were treated with diet alone, seven with oral
hypoglycemic agents (five with sulfonylureas, one with metformin, and
one with a combination of sulfonylureas and metformin), and one with
insulin. This patient had been treated with insulin for only 6 mo prior
to the participation in the metabolic studies, and had a duration of
diabetes of 9 yr (a body mass index [BMI] of 30.3 kg/m?), and was
62-yr-old at the time when diabetes was diagnosed. Four of the diabetic
patients were treated for hypertension; one with thiazide diuretics, one
with loop diuretics, one with combined loop diuretics and potassium-
sparing diuretics, and one with combined thiazide diuretics and a S-
adrenergic blocking agent. One of the NGTTs and one of the IGTTs
were treated for hypertension with B-adrenergic blocking agents. Fur-
thermore, one of the IGTTs was treated with nitroglycerin because of
ischemic heart disease (angina pectoris, but no previous myocardial

infarctions ). None of the control subjects received any medication. All
medications (including insulin) were withdrawn in the treated twins at
least 72 h prior to studies. Plasma glucose concentrations and resting
blood pressures were measured in patients after the withdrawal of treat-
ment (see Table I). Besides diabetes, hypertension, and angina pectoris
in one subject, none of the subjects had any clinical evidence of endo-
crine, cardiac, hepatic, or renal disease. Subjects were not undertaking
arduous exercise on a regular basis, and all subjects were instructed to
avoid excessive physical exercise at least 2 d before clamp studies.
Studies in the controls, NIDDM, and nondiabetic twins were run in
parallel. All studies of glucose metabolism were performed after a 10-
h overnight fast, and subjects were requested to have a diet intake of
> 150 g of carbohydrate per day for 3 d prior to the tests. Informed
consent was obtained from all subjects. The protocol was approved
by the regional ethical committee, and the procedures were performed
according to the principles of the Helsinki Declaration.

Oral glucose tolerance tests. Plasma glucose and insulin concentra-
tions were measured at the following time points during the standardized
75-g OGTTs: —20, —-10, 0, 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, 120,
150, and 180 min. Plasma C-peptide concentrations were measured at
—20 min (fasting) and at 30 min. The 30 min plasma insulin and C-
peptide concentrations were used as estimates of the initial insulin secre-
tion during OGTTs (23).

Baseline and clamp insulin-stimulated glucose turnover determina-
tions. All studies were started in the morning after a 10-h overnight
fast. A polyethylene catheter was inserted into an antecubital vein for
infusion of test substances. Another polyethylene catheter was inserted
into a contralateral wrist vein for blood sampling. This hand was placed
and maintained in a heated Plexiglas box to obtain arterialized venous
blood (24). Plasma glucose was normalized in the diabetic patients
before each study by an intravenous insulin infusion given over a period
of 52+8 min (mean*SE). The mean*SE of the insulin dose given
during this period was 9.4+2.1 IU or 0.17+0.03 IU/min. The insulin
infusion was stopped when the plasma glucose concentration had de-
clined to a mean of 6.4+0.3 mM, and an additional period of 30 min
elapsed while the plasma glucose concentration continued to decline to
4.9+0.3 mM, which was similar to the fasting plasma glucose concentra-
tion in the control subjects of 5.4+0.1 mM. This time point marked the
initiation of each experiment (time —120 min), when the tracer bolus
was given. None of the diabetic patients experienced episodes of either
clinical or chemical hypoglycemia during these initial adjustments of
the plasma glucose concentrations. This study design was chosen in the
NIDDM patients in order to overcome the known compensatory effect
of hyperglycemia on the various defects of glucose metabolism in
NIDDM (25) and thereby to study glucose metabolism in the NIDDM
twins at low plasma glucose and basal insulin concentrations similar to
those in the fasting control subjects and nondiabetic twins. Baseline
measurements of glucose metabolism were performed during the prede-
fined baseline ‘‘steady-state’’ period from —30 to O min (i.e., ~ 135
min after insulin infusion ceased), when tracer equilibrium was antici-
pated (i.e., constant specific activities) (see Fig. 3). Except for the prior
insulin infusion, the controls were studied in the fasting euglycemic
state, using a similar protocol with a primed continuous glucose tracer
infusion from —120 min and a steady-state period from —30 to 0 min
for baseline determinations.

After the —120- to 0-min equilibration period for baseline measure-
ments (i.e., at 0 min), insulin (Actrapid, Novo-Nordisk, Bagsvaerd,
Denmark) was infused for +180 min at a constant rate of 40 mU/m?
per min in both NIDDM patients and control subjects. Plasma glucose
concentration was maintained constant at euglycemia using a variable
glucose infusion (180 g/liter) (26). Plasma glucose concentration was
monitored in arterialized blood every 5-10 min, using an automated
glucose oxidase method (Glucose Analyzer 2; Beckman Instruments,
Fullerton, CA). Measurements of insulin-stimulated glucose turnover
rates were performed from +150 to +180 min during clamps (i.e.,
predefined insulin-stimulated steady-state periods). Plasma concentra-
tions of glucose and insulin were measured every 10 min during both
baseline and insulin-stimulated steady-state periods.
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The glucose clamp studies were combined with a primed (22 uCi),
continuous (0.22 pCi/min) infusion of [3-*H]glucose (New England
Nuclear, Boston, MA). The radiochemical purity of the tracer was
100%, as determined by HPLC. To ensure achievement of isotope equi-
librium, the continuous infusion of [3-*H]glucose was initiated at the
time point of —120 min and continued throughout the +180- min period
of insulin infusion. Furthermore, to obtain constant specific activity
during insulin infusion, tritiated glucose was added to the infused cold
glucose (100 xCi per 500 ml of 18% glucose) (27). Blood samples
were drawn in fluoride-treated tubes every 10 min during both steady-
state periods for the determination of plasma glucose and plasma [3-
*H]glucose radioactivity. During the rest of the study period, plasma
glucose and plasma [3-*H]glucose radioactivity were measured every
30 min.

Glucose turnover rates (HGP and total peripheral glucose disposal)
were calculated at 10-min intervals during the predefined steady-state
periods using Steele’s non—steady-state equations (28). Thus, although
steady state was clearly obtained for all measurements of tritiated glu-
cose specific activities in all subjects (see Fig. 3), the NIDDM patients
were studied during a non—steady-state baseline situation with a sponta-
neously increasing plasma glucose concentrations (Fig. 3). In the calcu-
lations of glucose turnover rates, the distribution volume of glucose was
taken as 200 ml per kg of body weight and the pool fraction as 0.65
(29). Residual HGP during clamp studies was calculated by subtracting
the rate of exogenously infused glucose from the rate of appearance of
[3-H] glucose.

Glucose turnover rates were expressed as milligrams per kilogram
of fat-free mass (FFM) per min and are presented throughout the paper
as the mean values calculated over the two 30-min steady-state periods.
Total body fat content (and thus FFM) was measured with the bi-
oimpedance method (30).

Hyperglycemic clamp studies. On a separate day, all study subjects
underwent a 150-min hyperglycemic clamp experiment for the determi-
nation of pancreatic 3 cell secretory capacity (26). All subjects were
studied after a 10-h overnight fast. However, to overcome the influence
of fasting hyperglycemia on insulin secretion (31) and to obtain ‘‘base-
line’’ plasma glucose levels similar to those in the controls and nondia-
betic twins, fasting hyperglycemia was normalized in the NIDDM pa-
tients by a prior intravenous insulin infusion that was withdrawn at least
30 min before the initiation of experiments. A total insulin dose of
10.3+2.0 IU was given over a period of 5914 min (= 0.23+0.04 TU/
min). Plasma glucose concentrations were similar in NIDDM twins
compared with both nondiabetic twins (5.2+0.3 vs 6.0+0.19 mM
[NGTT], 5.6+0.2 mM [IGTT]) and controls (5.2+0.3 vs 5.2+0.1 mM,
NS) at the initiation of the experiments (time —2 min). Slightly higher
fasting plasma glucose concentrations (at time —2 min) were observed
in the combined group of nondiabetic twins compared with controls
(6.0+0.19 mM [NGTT], 5.6+0.2 mM [IGTT] vs 5.2+0.1 mM, P
< 0.01). The plasma glucose concentration was raised acutely (—2 to
0 min) in all subjects by means of an intravenous bolus glucose infusion
of 0.27 g of glucose per kg of total body weight; and the plasma glucose
concentration was maintained elevated at a constant level of ~ 12 mM
by means of subsequent variable and frequently adjusted intravenous
infusion of glucose (180 g/liter) (26). At the 120-min time point, 1
mg of glucagon was injected intravenously in order to enhance pancre-
atic insulin secretion further (‘‘maximal insulin secretion capacity’’).
Blood samples were drawn prior to the glucose infusion (time —2 min)
and at the time points 1, 3, 5, 7, 9, 12, 15, 30, 45, 60, 75, 90, 105, 110,
115, 120, 122, 124, 126, 128, 130, 135, 140, and 150 min for the
determination of plasma glucose and insulin concentrations.

The first-phase insulin secretory response was defined as the incre-
mental area under the plasma insulin curve during the first 11 min after
the initiation of the 2-min bolus glucose infusion (i.e., 9 min after the
termination of the bolus glucose infusion) (see Fig. 5). The second-
phase insulin secretory response was defined as the incremental area
under the plasma insulin curve from 9 to 120 min after the bolus glucose
infusion (see Fig. 5), and the maximal capacity insulin secretion repre-
sents the incremental area under the plasma insulin curve 30 min after
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the intravenous glucagon injection from 120 to 150 min (see Fig. 5).
The areas under curves were all calculated using the trapezoidal method.

Assays. Glucose in plasma was determined using an automated glu-
cose oxidase method. Plasma insulin concentrations were measured us-
ing a double-antibody radioimmunological method (Pharmacia Diag-
nostics AB, Uppsala, Sweden). Cross-reactivity with proinsulin in the
assay was 40%. Plasma C-peptide concentrations were measured using
a two-site, two-step, time-resolved immunofluorometric assay (32). Tri-
tiated glucose activity was measured as described by Hother-Nielsen and
Beck-Nielsen (33). HbA,. (glycosylated hemoglobin) was measured by
HPLC (normal range 5.4-7.4%). Plasma triglyceride, total cholesterol,
HDL cholesterol, LDL cholesterol, and VLDL cholesterol concentra-
tions were determined using commercial kits from Boehinger (Mann-
heim Germany).

Statistical analysis. Nonparametric statistical methods (Wilcoxon
test for paired data, Mann-Whitney test for unpaired data, and Spear-
mans rho [R] for correlation analysis) were employed in the primary
analysis of data. Furthermore, all comparisons of insulin secretion and
glucose turnover rates between groups of controls, nondiabetic, and
NIDDM twins were tested and corrected for multiple comparisons and
for age and BMI as covariates using parametric ANOVA (Statgraphics
statistical package, Manugistics Inc., Rockville, MD). P = 0.05 was
considered significant. Data are presented as the mean+SEM. The group
of nondiabetic twins includes both normal (NGTT) and impaired
(IGTT) glucose tolerant twins according to the World Health Organiza-
tion criterias. In all comparisons made throughout the paper, measure-
ments in the total group of nondiabetic twins (N = 11-12) are tested
statistically against measurements made in the groups of NIDDM twins
(to estimate the contribution of environmental factors on a given param-
eter) and controls without any family history of diabetes (to identify
potential primary or genetic components). However, whenever data are
given for the group of nondiabetic twins, the mean values are given
separately for both groups (i.e., NGTTs and IGTTs). Furthermore,
whenever differences are found between measurements in the group of
nondiabetic twins and control subjects, the groups of NGTTs (n = 5)
and IGTTs (n = 6-7) are tested separately toward the group of controls
(n = 13).

Results

Clinical and basic biochemical characteristics of subjects. The
average duration of diabetes in the group of NIDDM twins was
93 yr, with a range from 1 to 32 yr. The NIDDM twins were
significantly more obese (BMI) than their nondiabetic co-twins
and the control subjects (Table I). The absolute weight was also
higher in the NIDDM twins compared with their nondiabetic
co-twins (P < 0.05) and the controls (NS; P < 0.07). The
waist/hip ratio was higher in both the NIDDM twins and their
nondiabetic cotwins compared with the controls without a fam-
ily history of diabetes. The waist/hip ratio was similar in identi-
cal twins with and without NIDDM. However, the group of
IGTTs had a significantly elevated waist/hip ratio compared
with both NGTTs and controls. The total body fat content or
FFM did not differ significantly among the groups. Plasma
lipoprotein concentrations were similar in the groups, except
for a significantly lower plasma HDL cholesterol concentration
in the NIDDM twins compared with the controls. The combined
group of nondiabetic twins had a significantly elevated fasting
plasma glucose concentration compared with the group of con-
trols (Table I). However, when the two groups of nondiabetic
twins (NGTTs and IGTTs) were considered separately, only
the NGTT group had a significantly elevated fasting plasma
glucose concentration compared with the controls. In addition,
the group of NGTTs had a significantly elevated plasma glucose
concentration 2 h after the OGTT compared with the controls.



Table 1. Clinical Characteristics of Study Subjects

Twins with Twins with imparied Twins with normal
NIDDM glucose tolerance (IGTT) glucose tolerance (NGTT) Control subjects

n (Females/Males) 12 (5/7) 7314 5 (2/3) 13 (6/7)
Age (yr) 64+3 67+4 59+5 60+2
Weight (kg) 84+4* 74+6 77+5 76x3
Height (cm) 167+4 164=5 169+6 170+3
BMI (kg/m?) 30.1+1.3%* 27.6+2.0 27.2*1.5 26.5+0.8
Body fat (kg) 27+2 25+3 24+3 24+3
Fat free mass (kg) 56+3 49+4 53+6 52+3
Waist/hip ratio 1.00+0.02¢ 1.04+0.03¢! 0.93+0.02 0.90+0.03*
Triglycerides (mM) 1.83+0.31 1.16+0.14 1.34+0.30 1.26+0.22
Cholesterol (mM) 5.5+03 53+04 5.6+x04 5.9+03
HDL cholesterol (mM) 1.05+0.10* 1.14+0.14 1.05+0.06 1.33+0.09
LDL cholestreol (mM) 4.04+0.25 3.94+0.42 4.36+0.27 3.95+0.29
Fasting plasma glucose (mM) 11.4+1.1% 5.8+0.2 6.2+0.1* 5.4+0.2%
2-h OGTT plasma glucose (mM) 19.5+1.7% 9.1+0.5%** 6.8+0.3% 5.7+0.3
HbA,. (%) 8.9+0.5% 6.9+0.2} 6.7+0.3 6.2+0.2*
Fasting plasma insulin (#U/ml) 12.7+1.6%* 7.5+0.9 7.1+0.9 6.9+0.9
Fasting plasma C-peptide (nmol/liter) 0.82+0.06 0.55+0.04 0.59+0.08 0.59+0.06

Data are expressed as mean+SE. * P < 0.05 vs nondiabetic twin. * P < 0.05 vs controls. * P < 0.001 vs controls. " P < 0.02 vs NGTTs. 1P
< 0.001 vs nondiabetic twins. ** P < 0.01 vs NGTTs. * P < 0.01 vs controls.

The combined group of nondiabetic twins had an elevated gly-
cosylated hemoglobin level compared with the controls, which
remained significantly elevated for the IGTT group when con-
sidered alone (n = 7), but not for the NGTT group (n = 5)
compared with controls. Fasting plasma insulin and C-peptide
concentrations were similar in nondiabetic twins and controls,
but were elevated in the NIDDM twins. Blood pressures were
similar in all groups: (mmHg; NIDDM twins, 149+7/80+4;
IGTTs, 144+11/82+5; NGTTs, 149+14/81+6; controls,
131+6/81+6; NS).

Oral glucose tolerance tests. The nondiabetic twins and
controls had similar total insulin areas under the curves during
the OGTTs (Fig. 1). However, the incremental insulin area un-
der the curve during the OGTTs was significantly decreased in
the NIDDM twins compared with both the nondiabetic twins
(P < 0.0005) and the controls (P < 0.00005) (Fig. 1). The
plasma insulin concentration at the time point 30 min during

Figure 1. Plasma glucose
and insulin concentrations
during OGTTs in identical
twin pairs discordant for
NIDDM and in 13 matched
normal control subjects
without a family history of
diabetes. Open circles,
NGTTs with an identical
NIDDM co-twin (N = 5);
closed circles, IGTTs with
an identical NIDDM co-
twin (N = 7); open tri-
angles, identical twins with
NIDDM (N = 12), open
diamonds, controls (N

= 13). Data are
mean=*SE.
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OGTTs was significantly lower in the nondiabetic twins com-
pared with controls (28+7 [NGTT], 32+5 [IGTT] vs 49+8
[controls] pU/ml, P < 0.02). The 30-min plasma insulin con-
centrations were identical in NGTTs and IGTTs. When the
groups of NGTTs and IGTTs were considered separately, the
decreased 30-min plasma insulin concentration in the NGTTs
reached statistical significance (P < 0.05) compared with con-
trol subjects, whereas this was not the case for the lower 30-
min plasma insulin concentration in the IGTTs (Fig. 2). The
30-min plasma C-peptide concentrations correlated tightly with
the 30-min plasma insulin concentrations (N = 37, R = 0.89,
P < 0.00001) and confirmed a delayed secretory response in
the nondiabetic twins compared with controls (1.30+0.25
[NGTT], 1.31+0.12 [IGTT] vs 1.91%+0.16 nmol/liter, P
< 0.005). In addition, the 30-min plasma C-peptide concentra-
tions were significantly lower compared with controls in both
NGTTs (N = 5, P < 0.05) and IGTTs (N = 7, P <0.02)
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100 Figure 2. Individual plasma
o insulin concentrations at the
807 30-min time points during the
g s g0 OGTTs in twins and matched
El — ° o controls. NGTT, normal glu-
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o | 25 4 identical NIDDM co-twin;
20 % o o® ﬁs@ IGTT, impaired glucose-tol-
A‘* erant twins with an identical

0- NIDDM cotwin; NIDDM;
Controls NGTT  IGTT NIDDM  jdentical twins with NIDDM.
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Figure 3. Plasma glucose,
glucose specific activities,
and insulin concentrations in
twins and matched controls
during studies. Open circles,
NGTTs with an identical
NIDDM co-twin (n = 5);
closed circles, IGTTs with
an identical NIDDM co-
twin; open triangles, identi-
cal twins with NIDDM (n

T ¥ : T , = 12); open diamonds, con-
120 -60 M?n 60 120 180  yr]s (n = 13). Data are
Basal Insulin mean*SE.

when the two groups of nondiabetic twins were tested sepa-
rately. Finally, the 30-min plasma C-peptide concentrations con-
firmed a delayed secretory response in the NIDDM twins com-
pared with controls (1.02+0.06 vs 1.91+0.16 nmol/liter, P <
0.00005), but not compared with their nondiabetic co-twins.
(1.02 = 0.06 vs. 1.30 = 0.25 [NGTT], 1.31 = 0.12 [IGTT],
NS.)

Baseline and insulin clamp glucose turnover rates. During
the 30-min baseline steady-state period, plasma insulin concen-
trations were similar in all study groups (Fig. 3). However,
because of an increasing plasma glucose concentration in the
NIDDM twins after the withdrawal of the prior insulin infusion,
the average baseline steady-state plasma glucose concentration
was higher in this group compared with both nondiabetic twins
(7.0£0.2 vs 5.6*+0.2 [NGTT], 5402 [IGTT] mM, P
< 0.0001) and controls (7.0+0.2 vs 5.4+0.1 mM, P < 0.0001)
(Fig. 3).

Plasma glucose and insulin concentrations were similar dur-
ing the 30-min insulin-stimulated steady-state periods in all four
study groups (Fig. 3). Furthermore, the coefficients of variation
of both plasma glucose and insulin concentrations were identical
during insulin-stimulated steady-state periods in the different
study groups and all were = 5% for plasma glucose and = 8%
for plasma insulin concentrations.

Baseline HGP rates were similar in the groups of nondia-
betic twins and controls (2.71+0.28 [NGTT], 2.62+0.12
[IGTT] vs 2.49+0.13 mg/kg FFM per min, NS). However,
baseline HGP was elevated in the NIDDM twins (3.22+0.13
mg/kg FFM per min) compared with both nondiabetic twins (P
< 0.002) and controls (P < 0.0001). No statistically significant
differences were detected between the rates of HGP in any
of the study groups during insulin-stimulated steady-state
periods (0.52=0.15 [NIDDM twins] vs 0.11+0.49 [NGTT],
0.03+0.17 [IGTT] vs 0.17+0.22 [controls] mg/kg FFM per
min, NS).

The combined group of nondiabetic twins had a lower pe-
ripheral insulin sensitivity (glucose disposal during hyperinsuli-
nemic clamps) compared with the controls (9.2+1.7 [NGTT],
8.1+0.6 [IGTT] vs 11.4+0.9 mg/kg FFM per min, P < 0.05)
(Fig. 4). Glucose disposal rates during insulin clamp studies
were not statistically significantly different between the NGTTs
and IGTTs, but when the NGTTs and IGTTs were tested sepa-
rately, only the IGTTs had a decreased average insulin-stimu-
lated glucose disposal rate compared with the controls (P
< 0.05) (Fig. 4). Glucose disposal rates during insulin infusion

694 Vaag et al.

.05
p<0.05 p<0.02
204 — ' Figure 4. Individual glucose dis-
18] ° posal rates during the intrave-
164 nous insulin infusions (clamp,
I ° 40 mU/m” per min, 180 min) in
£ I o the 12 twin pairs discordant for
2 2 A NIDDM and the 13 matched
w14 e % control subjects. NGTT, normal
% 84 ° ° T R glucose-tolerant twins with an
64 o IS L é identical NIDDM co-twin;
4 IGTT, impaired glucose-tolerant
2 2 twins with an identical NIDDM
o co-twin; NIDDM, identical
Controls NGTT IGTT NIDDM  twins with NIDDM.

were significantly lower in the NIDDM twins (5.2+0.7 mg/kg
FFM per min) compared with both controls and their nondia-
betic co-twins (Fig. 4).

Hyperglycemic clamp studies. Plasma glucose concentra-
tions were similar in all four study groups during the experi-
ments (Fig. 5). However, plasma insulin concentrations were
clearly higher in the controls without a family history of diabetes
during the entire 150-min study period compared with both
nondiabetic and NIDDM twins (Fig. 5). Thus, the combined
group of nondiabetic twins had a significantly lower first-phase
insulin secretion compared with the controls (122+45 [NGTT],
151£22 [IGTT] vs 300+41 pU/ml X min, P < 0.005). Fur-
thermore, when the two groups of nondiabetic twins were tested
separately, both the decreased response in the NGTTs (N = 5,
P < 0.05) and IGTTs (N = 6, P < 0.02) reached statistical
significance compared with controls (Fig. 6). The first-phase
insulin secretion in the NIDDM twins (—67+16 pU/ml X min)
was significantly decreased compared with both controls and
their identical nondiabetic co-twins (Fig. 6).

No difference in second-phase insulin response was detected

Figure 5. Plasma glucose
and insulin concentra-
tions during the 150-min
hyperglycemic clamp
studies in the twin pairs
discordant for NIDDM
and matched controls.
The plasma glucose con-
centration was raised
acutely from euglycemia
by means of an intrave-
nous bolus glucose infu-
sion (0.27 g of glucose
per kg of body weight),

- o o
0 0'72:3 41) 62) slo 10'0 1210 120 140 and maintained constant
Min Min (clamped) at a concen-
First phase Second phase Max. capacity

tration of 12 mM for 150
min, using a variable intravenous glucose infusion. Patients with
NIDDM received a prior intravenous insulin infusion (withdrawn 30
min before studies), in order to obtain baseline plasma glucose concen-
trations comparable to those of control subjects prior to and during
studies. Open circles, NGTTs with an identical NIDDM co-twin (n =
5); closed circles, IGTTs with an identical NIDDM co-twin (n = 6);
open triangles, identical twins with NIDDM (n = 12); open diamonds,
controls (n = 13). Data are mean=*SE.
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between the combined group of nondiabetic twins (742+192
[NGTT], 864+382 [IGTT] pU/ml X min) and controls
(773%£274 pU/ml X min). However, the second-phase insulin
response was significantly decreased in the NIDDM twins
(—927+286 pU/ml X min) compared with both their nondia-
betic cotwins (P < 0.0005) and controls (P < 0.0005).

The group of nondiabetic twins had a decreased maximal
insulin secretory response compared with the controls
(3.39+0.60 [NGTT], 3.72+0.42 [IGTT] vs 5.69+0.59 mU/
ml X min, P < 0.05). This difference did not reach statistical
significance for any of the groups of nondiabetic twins when
they were tested separately. The maximal insulin secretory re-
sponse was significantly decreased in the NIDDM twins
(0.44+0.08 mU/ml X min) compared with both their nondia-
betic co-twins and controls (Fig. 7).

Relationship between insulin secretion and insulin action.
A significant inverse relationship was found between insulin-
stimulated glucose disposal rates and first-phase insulin secre-
tion in both nondiabetic twins (NGTTs and IGTTs combined,
R = —-0.92, P < 0.0001) and controls (R = —0.70, P < 0.01)
(Fig. 8). Furthermore, an inverse relationship between insulin
clamp glucose disposal rates and maximal insulin secretion was
also found in both the group of nondiabetic twins (R = —0.67,
P < 0.02) and controls (R = —0.54, P < 0.05) (Fig. 8).
However, in the group of NIDDM twins no relationship was
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Figure 7. Individual values of
insulin secretion (incremental
areas under curves) in twins
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30-min periods of combined
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identical twins with NIDDM.
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Figure 8. (a) Relationship between glucose disposal rates during clamps
and first-phase insulin secretion: controls (open diamonds), R = —0.70,
P < 0.01; NGTT (open circles) and IGTT (closed circles), R = —0.92,
P < 0.0001; NIDDM (open triangles), R = 0.07, NS). (b) Relationship
between glucose disposal rates during clamps and maximal insulin secre-
tion capacity: controls (open diamonds), R = —0.54, P < 0.05; NGTT
(open circles) and IGTT (closed circles), R = —0.67, P < 0.02;
NIDDM (open triangles), R = 0.50, NS).

found between insulin-stimulated glucose disposal rates and
first-phase insulin secretion (R = 0.07, NS) or maximal insulin
secretion (R = 0.50, NS) (Fig. 8).

Extended statistical data analysis. Parametric ANOVA of
data did not identify the parameters age or BMI as statistically
significantly independent covariates for any of the individual
insulin secretory parameters or glucose turnover rates. In addi-
tion, all significant comparisons (findings) made and presented
in this study between any of those parameters using nonparamet-
ric statistical methods remained statistically significant when
corrected for multiple comparisons and for age and BMI as
covariates. Finally, multiple regression analyses of data did not
identify a relationship between duration of discordance of the
individual twin pairs and the degree of £ cell dysfunction or in
vivo insulin action in the group of nondiabetic twins.

Discussion

The impact of a genetic component for the development of
NIDDM is supported by the finding that even the five twins with
normal oral glucose tolerance according to the World Health
Organization criteria had an elevated fasting plasma glucose
concentration and a higher 2-h plasma glucose concentration
during the OGTTs compared with the control subjects without
any family history of diabetes. Thus, although the apparent
concordance rate for diabetes diagnosed after the age of 40
yr according to the initial answers of the questionnaires was
surprisingly low (i.e., 23%), the study failed to identify com-
pletely similar glucose tolerance to that of the control group in
the non-diabetic twins with an identical NIDDM co-twin. To
this end, it is interesting to note that except for the arbitrarily
defined limit for ‘‘impaired glucose tolerance’’ (i.e., 7.8 mM
plasma glucose concentration 2 h after a 75-g oral glucose
load), the group of ‘‘normal glucose tolerant’’ twins both quan-
titatively and qualitatively displayed abnormalities of glucose
metabolism very similar to those of IGTTs. Thus, the combined
group of nondiabetic twins (NGTTs and IGTTs) were more
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insulin resistant and showed several abnormalities of pancreatic
insulin secretion compared with the control individuals without
a family history of diabetes.

In contrast to several other recent studies of first-degree
relatives to NIDDM patients (7, 9, 11, 13-16), the present
study clearly demonstrated the presence of a defective insulin
secretion pattern in the nondiabetic (and possibly prediabetic)
identical co-twins of NIDDM patients. The insulin secretion
defect was expressed phenotypically as a delayed insulin re-
sponse during OGTTs (Figs. 1 and 2), an impaired first-phase
insulin release during intravenous glucose administration (Fig.
6), and an impaired insulin release during combined hypergly-
cemic clamping and intravenous glucagon administration (max-
imal insulin secretion capacity; Fig. 7). Furthermore, the study
also clearly demonstrated that the secretion of insulin was lower
than expected for their degree of insulin resistance (Fig. 8 a
and b). Thus, one implication of the present study may be
that it adds the possibility for genetically determined defective
pancreatic insulin secretion to the list of candidate genes poten-
tially involved in the pathophysiologic events leading to
NIDDM. However, formal pedigree linkage studies are required
to provide definitive proof for a genetic defect of pancreatic
insulin secretion in NIDDM.

The explanation for the difference in insulin secretion data
in the nondiabetic twins in this study compared with several
other recent studies of genetically predisposed individuals
showing either a normal (10, 11) or high (7, 9, 12-16) insulin
secretory response deserves further attention. First, a few early
studies of first-degree relatives to diabetic patients actually did
demonstrate an impairment of insulin release in response to
intravenous glucose compared with controls (34—-36). Unfortu-
nately, a major limitation of those studies was that the diabetic
population was poorly described and may have included rela-
tives with both insulin- and non-insulin-dependent patients.
Second, a previous study of five nondiabetic identical twins to
NIDDM patients demonstrated a markedly decreased insulin
area under the curve during an oral glucose tolerance test (6).
This study did not include other measurements of insulin secre-
tion or any measurements of insulin action and HGP in the
nondiabetic twins, and no measurements were performed in the
NIDDM twins (6). However, this previous finding of a de-
creased total insulin area under the curve during OGTTs in the
nondiabetic twins was not reproduced in this study. Neverthe-
less, we found a delayed plasma insulin response during the
OGTTs and decreased first-phase and maximal insulin secretory
responses during hyperglycemic clamping. Thus, our data sup-
port the previous conclusion of an impaired insulin secretion in
the identical nondiabetic twins of NIDDM patients. Finally, our
demonstration of a § cell dysfunction in the nondiabetic twins
supports and extends the finding by O’Rahilly et al. (37) of an
impaired pulsatile insulin secretion in mildly impaired glucose-
tolerant first-degree relatives of NIDDM patients with a normal
first-phase insulin response.

One explanation for the clear finding of impaired insulin
secretion in the nondiabetic discordant twins in contrast to other
recent studies of first-degree relatives could be that the
‘“NIDDM genotype’’ is stronger and more purely expressed in
identical co-twins of NIDDM patients compared with first-de-
gree relatives, who may only have an average of 50% genes in
common with their NIDDM relatives. However, this is not likely
to be the full explanation. Thus, we and others previously found
increased fasting and post-glucose (oral and/or intravenous ad-
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ministered) plasma insulin levels in first-degree relatives with
several first- and/or second-degree NIDDM relatives (14) or
two NIDDM parents (9, 15, 16). Another and perhaps more
important explanation may be the age of the genetically predis-
posed nondiabetic individuals, which was clearly higher in the
present study (e.g., average age of 64 yr) compared with other
studies. Thus, it is possible that advanced age is an important
factor in unmasking the phenotype of a genetically determined
impaired insulin secretion pattern. Finally, the possibility exists
that the highly selected nondiabetic discordant twins in the pres-
ent study represent a separate subgroup of the NIDDM popula-
tion with a distinct genetic defect not necessarily similar to a
putative genetic defect in other NIDDM subpopulations (i.e.,
heterogeneous origin of NIDDM). In this regard, it should be
mentioned that islet cell antibodies were not measured in the
twins in the present study to exclude the possibility of an immu-
nological component of 3 cell destruction in the twins. How-
ever, although the possibility of a distinct genetic defect and/
or of an immunological component of £ cell destruction in the
NIDDM twins cannot be totally excluded, it is worth noting
that the NIDDM probands in the present study appeared pheno-
typically similar to and inseparable from the common NIDDM
phenotype, including obesity, onset of diabetes after the age of
40 yr, fasting hyperinsulinemia, and acceptable diabetes control
for a year long period on treatment with diet and/or oral hypo-
glycemic agents.

The cross-reactivity with proinsulin in the applied insulin
assay of 40% may obscure a more severe, true insulin secretory
defect in some of the twins in the present study. However, the
proinsulin cross-reactivity in this study was significantly lower
than the proinsulin cross-reactivity of 80% obtained with the
insulin assay used in our previous study of younger relatives
of NIDDM patients (14). Thus, the difference in degree of
hyperinsulinemia between different ‘“NIDDM relative popula-
tions’’ may also be explained to some extent by different proin-
sulin cross-reactivities with different insulin assays.

As outlined above, hyperinsulinemia and/or peripheral insu-
lin resistance is a common finding in first-degree relatives of
NIDDM patients. In addition, longitudinal studies in American
Pima Indians (38, 39), in rhesus monkeys (40), and recently
in offspring of two diabetic parents (15, 17) have demonstrated
that insulin resistance precedes the development of frank
NIDDM. These consistent findings in several independent popu-
lation studies have led to the widespread view that genetically
determined peripheral insulin resistance may be the primary
underlying abnormality of glucose metabolism responsible for
the development of NIDDM. Peripheral insulin resistance was
also demonstrated in the combined group of nondiabetic identi-
cal twins in the present study (Fig. 4), a result that to some
extent supports the idea of a genetic component of insulin resis-
tance in NIDDM. On the other hand, the in vivo insulin-stimu-
lated glucose disposal rates in the group of nondiabetic twins
markedly overlapped the glucose disposal rates in the control
subjects without a family history of diabetes, indicating that
peripheral insulin resistance alone may not explain the genetic
component of NIDDM. Furthermore, the finding of lower than
expected insulin secretion for a given degree of in vivo insulin
action in the nondiabetic twins compared with the controls (Fig.
8 a and b) is not directly compatible with any ‘‘exhaustion’’
of the pancreatic insulin secretion due to the peripheral insulin
resistance. However, it is important to realize that the finding
of defects in both insulin secretion and insulin action in the



nondiabetic twins does not allow us to determine which of those
two defects comes first in the possibly life-long evolutionary
process leading to NIDDM in genetically predisposed individ-
uals.

An elevated basal rate of HGP in normoglycemic first-de-
gree relatives of NIDDM patients was previously demonstrated
in one study (18), but not confirmed by others (11, 14, 16) in
similar study groups of first-degree relatives. The present study
demonstrated a normal basal HGP and a normal insulin suppres-
sion of HGP in the group of nondiabetic twins. Therefore, the
present study does not provide evidence for a primary or genetic
defect per se at the site of hepatic glucose processing. In con-
trast, the present study clearly indicates that the abnormal he-
patic glucose processing in NIDDM during low plasma insulin
concentrations is a secondary phenomenon.

Accordingly, a very clear finding in the present study was
that all of the defects, including impaired insulin secretion,
peripheral insulin resistance, and the disproportionately elevated
baseline HGP rate, in frank NIDDM have quantitatively very
important secondary (nongenetic) components. It is important
to note that the inverse relationship between insulin secretion
and peripheral insulin action is conserved in the nondiabetic
twins—albeit at a lower level than in controls—while this
relationship is lost in the twins with frank NIDDM. Thus, the
study strongly supports the notion that frank diabetes develops
when the prevailing insulin resistance cannot be compensated
for by an increased pancreatic secretion of insulin (1).

As mentioned previously, the present study supports the
notion of a genetic component in the etiology (and pathophysi-
ology) of NIDDM. On the other hand, it is also worth noting
that the relatively older group of nondiabetic twins—adespite
their documented ‘‘NIDDM genotype’’—have escaped, or
postponed, development of frank NIDDM for an average period
of at least 9 yr (i.e., the duration of diabetes in their genetically
identical co-twins). It may be speculated that this could be due
to the fact that members of this group, in contrast to their
NIDDM co-twins, have remained nonobese and thereby perhaps
have escaped a further impairment of glucose metabolism or
insulin secretion due to obesity. If this is the case, the present
study strongly indicates a need for primary intervention studies
in individuals genetically predisposed to NIDDM (relatives)
in order to avoid obesity in those subjects. Interestingly, the
secondary component of obesity in the NIDDM twins was ap-
parently not related to increased abdominal obesity (waist/hip
ratio), which was similar between the groups of NIDDM pa-
tients and their nondiabetic co-twins (Table I). In contrast, the
nondiabetic twins had a significantly higher abdominal obesity
index (waist/hip ratio) compared with the controls without any
family history of diabetes. This indicates that increased abdomi-
nal obesity to some extent may work in concert with the genetic
component of the disease and may in fact be related to both
the peripheral insulin resistance and the pancreatic g cell dys-
function in the nondiabetic twins (41).

In conclusion, this study supports a role for a genetic compo-
nent in the etiology and pathophysiology of NIDDM. An inde-
pendent and perhaps inherited decreased insulin secretion—
together with decreased insulin sensitivity—may contribute to
the development of NIDDM. However, all of the elements in
the triumvirate of decreased insulin secretion, peripheral insulin
resistance, and elevated HGP in the syndrome of NIDDM also
have important secondary (nongenetic) components. Finally,
the study indicates a role for obesity in the development of

frank NIDDM in genetically predisposed individuals and may
indicate a need for primary intervention studies in such groups.
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