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OBJECTIVE — Type 2 diabetes is a heterogeneous disease in which both 3-cell dysfunction
and insulin resistance are pathogenetic factors. Disproportionate hyperproinsulinemia (elevated
proinsulin/insulin) is another abnormality in type 2 diabetes whose mechanism is unknown.
Increased demand due to obesity and/or insulin resistance may result in secretion of immature
B-cell granules with a higher content of intact proinsulin.

RESEARCH DESIGN AND METHODS — We investigated the impact of obesity on
B-cell secretion in normal subjects and in type 2 diabetic patients by measuring intact proin-
sulin, total proinsulin immunoreactivity (PIM), intact insulin, and C-peptide (by radioim-
munoassay) by specific enzyme-linked immunosorbent assays in the fasting state and
during a 120-min glucagon (1 mgi.v) stimulation test. Lean (BMI1 23.5 + 0.3 kg/m?) (LD) and
obese (30.1 £ 0.4 kg/m?) (OD) type 2 diabetic patients matched for fasting glucose (10.2 £ 0.6
vs. 10.3 £ 0.4 mmol/l) were compared with age- and BMI-matched lean (22.4 + 0.6 kg/m2) (LC)
and obese (30.8 £ 0.9 kg/m?2) (OC) normal control subjects.

RESULTS — Diabetic patients (LD vs. LC and OD vs. OC) had elevated fasting levels of intact
proinsulin: 6.6 + 1.0 vs. 1.6 + 0.3 pmol/l and 7.7 + 2.0 vs. 1.2 + 0.2 pmol/I; PIM: 19.9 + 2.5 vs.
5.4+ 1.0 pmol/land 29.6 £ 6.1 vs. 6.1 £ 0.9 pmol/l; and total PIM/intact insulin: 39 + 4 vs. 15
+ 2% and 35 £ 5vs. 13 £ 2%, all P < 0.01. After glucagon stimulation, PIM levels were dis-
proportionately elevated (PIM/intact insulin based on area under the curve analysis) in diabetic
patients (LD vs. LC and OD vs. OC): 32.6 £ 6.7 vs. 9.2 £ 1.1% and 22.7 £ 5.2 vs. 9.1 £ 1.1%,
both P < 0.05. Intact insulin and C-peptide net responses were significantly reduced in type
2 diabetic patients, most pronounced in the lean group. The ratio of intact proinsulin to PIM
was higher in diabetic patients after stimulation in both LD versus LC: 32 + 3 vs. 23 + 2%, and
OD versus OC: 28 + 4 vs. 16 + 2%, both P < 0.01. In obese normal subjects, intact proin-
sulin/PIM was lower both in the fasting state and after glucagon stimulation: OC versus LC:
22 £ 3 vs. 33 £ 3% (fasting) and 16 + 2 vs. 23 + 2% (stimulated), both P < 0.05.

CONCLUSIONS — Increased secretory demand from obesity-associated insulin resistance can-
not explain elevated intact proinsulin and disproportionate hyperproinsulinemia in type 2 diabetes.
This abnormality may be an integrated part of pancreatic g-cell dysfunction in this disease.

Diabetes Care 22:609-614, 1999

From the Steno Diabetes Center (M.E.R., B.D., S.G.H., H.\, C.B.), Gentofte, Denmark; and the Centre
Hospitalier Universitaire (PH., FS.-G.), Liége, Belgium.

Address correspondence and reprint requests to Michael E. Rgder, MD, Rigshospitalet, Department of
Endocrinology P University of Copenhagen, Blegdamsvej 9, DK-2100 Copenhagen &, Denmark. E-mail:
mir@dadlInet.dk.

Received for publication 3 September 1998 and accepted in revised form 10 December 1998.

C.B. holds stock in and has served as a consultant to Novo Nordisk.

Abbreviations: AUC, area under the curve; CV, coefficient of variation; ELISA, enzyme-linked
immunosorbent assay; HPLC, high-performance liquid chromatography; LC, lean control subjects; LD, lean
type 2 diabetic patients; OC, obese control subjects; OD, obese type 2 diabetic control patients; PIM, total
proinsulin immunoreactivity.

A table elsewhere in this issue shows conventional and Systéme International (SI) units and conversion
factors for many substances.

=\ 2 diabetes is a heterogeneous dis-
ease in which both dysfunction of the
pancreatic B-cells and decreased peri-
pheral sensitivity to insulin are crucial to
pathogenesis (1). Type 2 diabetic patients
have impaired 3-cell responses to both glu-
cose and nonglucose secretagogues (2). The
acute insulin response to intravenous glu-
cose is nearly absent in type 2 diabetes
already at mild hyperglycemia (67 mmol/I),
whereas the acute insulin response to
nonglucose secretagogues is impaired, but
still measurable, at higher levels of hyper-
glycemia (2—4). Decreased insulin sensitivity
in type 2 diabetes is probably linked to
genetic components promoting insulin resis-
tance and to a component of insulin resis-
tance linked to obesity (2,5). Obesity is
present in 50-80% of the individuals in var-
ious type 2 diabetes populations (5-7).

An elevated proinsulin-to-insulin ratio
in the circulation is a well-known abnor-
mality in type 2 diabetes (2,8-10). The exact
mechanism for this increase is unknown. It
has been hypothesized that an elevated
proinsulin-to-insulin ratio is due to in-
creased secretory demand on the B-cells
because of insulin resistance and continuous
hyperglycemia resulting in release of imma-
ture granules with a higher relative content
of proinsulin and its conversion intermedi-
ates. This is not supported, however, by
studies of experimental insulin resistance
induced by nicotinic acid in baboons (11) or
humans (12), or by observations in normal
obese subjects (13), in which unchanged
proinsulin-to-insulin ratios were found. \We
have recently shown that an elevated proin-
sulin-to-insulin ratio in type 2 diabetes is
highly correlated with the degree of
decreased insulin secretory capacity (14).
However, it is not known how B3-cell dys-
function in type 2 diabetes relates to con-
version of intact proinsulin to insulin or
whether a combination of obesity-associ-
ated insulin resistance has a differential effect
on this conversion process. One reason has
been lack of specific methods for measure-
ment of the individual insulin precursors in
the circulation (15-17).

In this study, we addressed whether
absolute and relative levels of intact and
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Table 1—Basic clinical characteristics of type 2 diabetic patients and control subjects

Control subjects

Type 2 diabetic patients

Lean Obese Lean Obese
n 10 9 11 10
Age (years) 51+3 51+2 57+2 55+2
Fasting B-glucose (mmol/l) 44+0.1 48+0.1 10.2 + 0.6* 103+ 1.1*
1-h B-glucose (mmol/l) 7303 7305 — —
2-h B-glucose (mmol/l) 5403 5505 — —
HbA, (%) 54+0.1 54+0.1 8.9+ 0.4* 8.6 £ 0.5*
Duration of diabetes (years) — — 51+14 55+1.2

BMI (kg/m?2)

22.4 + 0.6 (19.3-25.2)

30.8 £ 0.9 (27.3-37.3)t

23.5 + 0.3 (22.5-25.9)

30.1+0.4 (27.4-32.3)t

Data are means + SEM or ranges. *P < 0.01 for lean type 2 diabetic patients vs. lean control subjects or obese type 2 diabetic patients vs. obese control subjects;
TP < 0.01 for obese vs. lean subjects (type 2 diabetic patients as well as control subjects).

total proinsulin levels are affected by obe-
sity with or without concomitant B-cell
dysfunction by using specific enzyme-
linked immunosorbent assays (ELISAs) for
intact proinsulin, total proinsulinimmunore-
activity (PIM), intact insulin, and C-pep-
tide. Lean and obese patients with type 2
diabetes and BMI-matched normal subjects
were studied in the fasting state and under
stimulated conditions.

RESEARCH DESIGN AND
METHODS

Subjects

The study comprised 19 healthy subjects
and 21 islet cell antibody—negative patients
with type 2 diabetes who had a plasma
C-peptide >600 pmol/l after intravenous
glucagon stimulation (18). The patients
consisted of a group of lean subjects (n =
11) and a group of obese subjects (n = 10)
(Table 1) and the two groups of patients
were matched according to fasting glycemia
so that B-cell function could be compared
(19). The normal subjects did not receive
any medication, had no family history of
diabetes, and were normotensive (blood
pressure below 140/90 mmHg). They were
BMI-matched to the group of lean type 2
diabetic patients (n = 10) and to the group
of obese type 2 diabetic patients (n = 9).
The clinical characteristics of the various
groups are shown in Table 1. None of the
subjects had any clinical or biochemical
evidence of cardiac, hepatic, kidney, or thy-
roid function abnormalities. All partici-
pants were Caucasian.

Procedures

All subjects were studied in the morning
after a 10-h overnight fast. An intravenous
line was established in the antecubital vein,

and the subject rested in the supine posi-
tion for at least 15 min before sampling.
Blood samples were taken for measure-
ment of intact proinsulin, PIM, insulin, and
C-peptide and of basal clinical biochemical
parameters. Samples for blood glucose
measurements were taken from the ear-
lobe. A 120-min glucagon test was then
performed at the prevailing blood glucose,
giving 1.0 mg of glucagon at time O intra-
venously over 30 s, followed by blood sam-
pling after 6, 10, 20, 30, 60, 90, and 120
min for PIM, insulin, C-peptide, and intact
proinsulin (only 0 and 6 min). All of the
control subjects underwent a standard
(75-g) oral glucose tolerance test on an
additional day, ensuring that all had normal
glucose tolerance (Table 1) according to
World Health Organization criteria (20).
The study was approved by the regional
Ethical Committee, and informed oral and
written consent was obtained from all par-
ticipating subjects.

Analytical methods

Blood glucose was measured by a hexoki-
nase method; basic clinical biochemical
parameters, including creatinine, liver
transaminases, alkaline phosphatase, thy-
rotropin, electrolytes, hemoglobin, total
cholesterol, and triglycerides, were ana-
lyzed by routine laboratory methods. Islet
cell antibodies were determined as previ-
ously described (21). HbA,, was analyzed
by high-performance liquid chromatogra-
phy (HPLC) (Diamat7; Biorad, Hercules,
CA); the reference range was 4.4-6.3%.
PIM was analyzed by ELISA (22), using the
monoclonal antibodies PEP-001 (anti—C-
peptide) and HUI-001 (anti-insulin). The
detection limit was 0.25 pmol/l; the interas-
say coefficient of variation (CV) was 8.7%;
and molar cross-reactivities of proinsulin

conversion intermediates were 65-99%
that of intact proinsulin. Intact proinsulin
was measured by ELISA with the same
methodological set-up as in Kjems et al.
(22) except for a change in monoclonal
antibodies. S2 (anti—AC-junction) was used
as a coating antibody, and S53 (anti-BC-
junction) as a biotin-labeled detection anti-
body. By using these two antibodies in a
sandwich, an assay with 100% specificity
against intact proinsulin was developed
(23). All proinsulin conversion intermedi-
ates, insulin, and C-peptide cross-reacted
<0.1% in this assay. For C-peptide, there
was no interference below 50,000 pmol/I
(23). The detection limit was 0.2 pmol/l of
intact proinsulin, and interassay CV was
8.9%. Insulin was also measured by ELISA
(24), without the cross-reactivity of intact
proinsulin or split(32-33)- or des(31,32)-
proinsulin. The detection limit in this assay
was 5.0 pmol/l, and the assay had an
interassay CV of 8.6%. C-peptide was
determined by radioimmunoassay (25),
using antibody M1230 (26). The detection
limit was 60 pmol/l, and the interassay CV
was 8.0%. Cross-reactivity with intact
proinsulin was 13% and was 15% with
des(31,32)-proinsulin (27).

Statistics and calculations

Students t test was used for evaluation of
differences between groups (two-tailed).
Al results are listed as means = SEM unless
otherwise stated. The data were also evalu-
ated using a nonparametric test (Mann-
Whitney rank-sum test). This evaluation
did not change the conclusion. A result was
considered significant when the P value
was <0.05. A relative amount of fasting
PIM of insulin-like immunoreactivity was
calculated as PIM/(PIM + insulin) for com-
parison with previous studies. As meas-
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Table 2—Fasting levels of B-cell peptides and ratio of intact proinsulin to PIM in diabetic patients and control subjects

Control subjects

Type 2 diabetic patients

Lean Obese Lean Obese

Intact proinsulin (pmol/l) 1.6+£0.3 1.2+02 6.6 + 1.0* 7.7+2.0%
PIM (pmol/l) 54+1.0 6.1+0.9 19.9+2.5*% 29.6+6.1*
Insulin (pmol/l) 30.1+3.6 42.9 + 451 32549 63.9+20.4
C-peptide (pmol/l) 517 + 38 593 + 27 598 + 32 893 + 112%
PIM/(PIM + insulin) (%) 152+19 128+16 39.0 £ 3.8* 35.1+4.7*
PIM/C-peptide (%) 1.0+0.1 1.0+0.1 3.4 +£0.5*% 3.3+0.5*
Intact proinsulin/PIM (%)

Fasting 33.0+3.1 21.8+2.71 34.2+29 26629

6-min after intravenous glucagon 225+15 15.8 £ 1.5% 323+2.7* 279+ 3.6*

Data are means + SEM. *P < 0.01, TP < 0.05 for obese vs. lean control subjects, P < 0.05 for lean type 2 diabetic patients vs. lean control subjects, or obese

type 2 diabetic patients vs. obese control subjects. .

ures of B-cell function for the various pep-
tides, acute incremental values and total
increments above baseline (area under the
curve [AUC]) were calculated according to
the trapezoidal rule. The 6-min increment
was calculated as the 6-min value minus
the basal value.

RESULTS

Fasting values
Intact proinsulin was increased four- to six-
fold in type 2 diabetes (Table 2). The ratio of
intact proinsulin to PIM (intact proin-
sulin/PIM) was comparable between the
groups; in comparing the two groups of nor-
mal subjects, however, we found this ratio to
be significantly decreased in obese subjects.
PIM was significantly elevated in lean
type 2 diabetic patients (LD) compared
with lean control subjects (LC) and in
obese type 2 diabetic patients (OD) com-
pared with obese control subjects (OC). No
significant differences were seen between

the diabetic groups or the control groups.
For insulin, we found no significant differ-
ence between LD and LC or OD and OC.
OC did have elevated levels compared
with LC, an indicator of insulin resistance.
C-peptide showed the same pattern as
intact insulin; however, levels in OD were
significantly higher than those in OC. PIM
was disproportionately elevated [PIM/(PIM
+ insulin) and PIM/C-peptide] in diabetic
patients, being raised 2.5- to 4-fold com-
pared with BMI-matched control subjects.
There was no significant difference among
the control or the type 2 diabetic groups.

Glucagon-stimulated values

In contrast to the fasting state, we found the
ratio of intact proinsulin to PIM to be
significantly increased in samples obtained
6 min after glucagon stimulation (peak
response) from the type 2 diabetic patients
(P < 0.01) (Table 2). OC had, after stimu-
lation, as in the fasting state, a significantly
decreased ratio of intact proinsulin to PIM,

P < 0.05. We observed a two- and sixfold
higher increase of intact proinsulin (6-min
incremental response) in lean and obese
diabetic patients versus control subjects
(P < 0.05and < 0.01), respectively (Table 3).

PIM levels during the test were signifi-
cantly elevated in the diabetic subjects and
most pronounced in the obese diabetic
patients (P < 0.05) (Fig. 1). The groups of
normal subjects were comparable. How-
ever, the net PIM responses during the
test, measured as AUC, were not increased
in either lean or obese diabetic patients
compared with control subjects (Table 3).
In contrast, the AUC for intact insulin and
C-peptide were significantly reduced for
both groups of diabetic patients; the reduc-
tion was most pronounced, however, in
the lean group (P < 0.01). It is apparent
from Figs. 1 and 2 that baseline levels are
reached for both PIM and insulin (and
C-peptide, although it is not shown) dur-
ing the 120-min glucagon test. However,
apparently basal levels were reached faster

Table 3—Levels of B-cell peptides after intravenous glucagon stimulation in diabetic patients and control subjects

Control subjects

Type 2 diabetic patients

Lean Obese Lean Obese
AUC (pmol - 1-1- min—1)
PIM 392 £51 461 + 74 425 + 56 480 * 82
Insulin 4,348 + 483 5,164 + 526 1,577 + 267* 3,218 £ 1,008
C-peptide 32,840 + 1,870 39,140 + 4,070 16,850 + 2,180* 24,950 £ 5,1807
PIM/insulin(%) 9.2+x11 9.1+1.1 326+6.7* 22.7+£5.2%
PIM/C-peptide(%) 1.2+0.1 1.2+0.1 2.7+0.3* 22+041
6-min increment (pmol/l)
Intact proinsulin 1.8+05 1.0+0.2 4.0+0.9% 6.1+1.38

Data are means + SEM. AUC data are from 0-120 min after intravenous glucagon stimulation. 6-min increment responses are from after intravenous glucagon stim-
ulation: 6-min value minus fasting value. *P < 0.01, TP < 0.05 for obese type 2 diabetic patients vs. obese control subjects, P < 0.05 for lean type 2 diabetic

patients vs. lean control subjects, 8P < 0.01.
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Figure 1—Time course of PIM during the 120-min glucagon test (1.0 mgi.v.). @, LC; O, OC; A, LD;

Vv, OD.

in the diabetic patients; i.e., the duration of
the responses seem to be three to four
times shorter.

The ratio of PIM to insulin or C-pep-
tide during the test (calculated as AUC
ratios) was significantly elevated in both
lean and obese diabetic patients; it was
most pronounced, however, for the lean
group, with ratios elevated 2.3- to 3.5-fold
versus lean control subjects, whereas the
OD had elevations of 1.8- to 2.5-fold ver-
sus the OC (Table 3). The difference in
PIM/insulin or PIM/C-peptide between dia-
betic patients and control subjects during
the test was within the same magnitude as
that observed in the fasting state.

CONCLUSIONS — In this study, we
observed by specific immunoassays that
intact proinsulin levels were higher and the
ratio of intact proinsulin to PIM was dis-
proportionately elevated after glucagon stim-
ulation in type 2 diabetic patients. These
results are consistent with the elevated ratio
of proinsulin-to-insulin (or C-peptide) in
type 2 diabetes observed in many previous
studies (8-10,14,28,29), being caused by
elevated levels of intact proinsulin as well as
proinsulin conversion intermediates.

This abnormality does not seem to be
caused or affected by obesity. No difference
was observed in the levels of intact proin-
sulin or PIM between lean and obese sub-
jects with normal glucose tolerances, either
under fasting (steady-state) conditions or in
response to a nonglucose B-cell secreta-
gogue. Surprisingly, we observed an appar-
ent decrease in the ratio of intact proinsulin
to PIM in obese subjects in both situations.
In patients with B-cell dysfunction (type 2

diabetes) intact proinsulin levels were com-
parable, with and without concomitant
obesity, both in absolute and in relative
terms. Our two groups of type 2 diabetic
patients were carefully matched for degree
of hyperglycemia. We may therefore con-
clude that adding an additional secretory
demand on the B-cells in obesity-associated
(modest) insulin resistance does not cause
a further increase in intact proinsulin. A
disproportionate increase in intact proin-
sulin levels after acute stimulation with
glucagon suggests that intact proinsulin
may be released in increased amounts in
type 2 diabetes. Responses from the pro-
longed glucagon test show, by use of meas-
ures for intact insulin and C-peptide, that
B-cell function is clearly deficient in type 2

350 i
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diabetes. However, PIM responses were not
altered in the type 2 diabetic groups. The
apparent reduction in duration of PIM,
insulin, and C-peptide responses could be
due either to a decreased stimulatory effect
of glucagon in terms of duration in type 2
diabetic patients or to a maintained re-
sponse in the control subjects to raise glu-
cose levels (~1-2 mmol/l in our study)
because of the glucagon effect. The glucose
effect would not be expected in the diabetic
patients (2,3).

To our knowledge, no previous study
has demonstrated a disproportionate
increase in intact proinsulin in type 2 dia-
betes and a decrease in obesity. There may
be two reasons for this: assay methodology
and match for adiposity and glycemia.
Other current immunoassays for proin-
sulin immunoreactivity are measuring a
sum of intact proinsulin and the conver-
sion intermediates with varying efficiency
(22,30-33) or are more or less specific
assays for intact proinsulin (15,34-36), but
all with some degree of cross-reactivity
from des(64,65)- or des(31,32)-proinsulin.
By using such methods, Temple et al. (28)
found raised intact proinsulin in both lean
and obese type 2 diabetic patients, but also
increases in obese normal subjects. They
found somewhat higher levels for intact
proinsulin compared with those found in
our study. In another study, comparable
levels of intact proinsulin were found in
type 2 diabetic patients with mild hyper-
glycemia (36), but with a significant over-
lap between diabetic patients and normal
subjects. In our study, only a minor overlap
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Figure 2—Time course of intact insulin levels during the 120-min glucagon test (1.0 mgi.v.). @, LC;

O, 0C; A, LD; ¥,0D.
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was found for fasting intact proinsulin lev-
els between control subjects and diabetic
patients; thus only three values in the dia-
betic patients were in the normal range:
1.7, 2.0, and 3.5 pmol/l.

Recent HPLC methods have been
successful in discriminating between
intact proinsulin and its four conversion
intermediates (16,17). We found previ-
ously by HPLC the composition of proin-
sulin immunoreactivity to be ~60:40%
des(31,32)-proinsulin:intact proinsulin (10)
for both type 2 diabetic patients and normal
subjects, a somewhat higher proportion of
intact proinsulin than that found in this
study. This was in accordance with another
HPLC study (37). Why the effect of adipos-
ity should be to lower intact proinsulin lev-
els is uncertain. It may be speculated that
the extra demand, due to decreased insulin
sensitivity, may stimulate the activity of
the conversion enzymes in face of normal
B-cells. An increased clearance is not likely,
since there was no tendency toward in-
creased clearance of PIM in obese subjects
during glucagon testing (Fig. 1).

Our observations have some previous
experimental and clinical support. Kahn et
al. (11) found a modest decrease in proin-
sulin-to-insulin ratio when inducing insulin
resistance by nicotinic acid in streptozo-
tocin-treated baboons. Neither we (38) nor
others (39) found any effect on the proin-
sulin—to—C-peptide ratio when acutely chal-
lenging normal subjects with hyperglycemia
(8 and 3 h). Long-term hyperglycemia,
causing glucose toxicity in the B-cells, may
have differential effects. In type 2 diabetic
patients, there seem to be an effect on the
proinsulin-to-insulin ratio and on intact
proinsulin when B-cell demand from
hyperglycemia is relieved by introducing
dietary treatment (40) and metformin treat-
ment (41), but no effect was observed when
sulphonylurea treatment (glibenclamide or
gliclazide) was introduced (42,43).

Our results suggests that intact proin-
sulin is disproportionately elevated in
type 2 diabetes. This increase and a dis-
proportionate elevation in total proinsulin
are not explained by secondary effects
caused by obesity. The pancreatic B-cell
response to glucagon seems to be both
quantitatively and qualitatively abnormal
in type 2 diabetes.
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