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Abstract

Objective:

Our objective was to investigate how postprandial processing of intact proinsulin is influenced by different
pharmacological strategies in type 2 diabetes mellitus (T2DM).

Materials/Methods:

This exploratory, nonrandomized, cross-sectional study recruited T2DM patients and healthy subjects.
Upon recruitment, eligible T2DM patients had been treated for =6 months with insulin glargine (GLA) plus
metformin (MET), sulfonylureas (SU) plus MET, or dipeptidyl-peptidase-4 inhibitors (DPP-4-I) plus MET.
Blood samples were drawn from study participants after an 8 h fast and at regular intervals for up to 5 h after
consumption of a standardized meal. Study endpoints included postprandial intact proinsulin and insulin
levels and the insulin/proinsulin ratio.

Results:

As expected, postprandial secretion of proinsulin was greater in all T2DM treatment groups than in healthy
subjects (p < .01 for all comparisons). Postprandial release of proinsulin was significantly greater in T2DM
patients treated with SU plus MET than in those treated with GLA plus MET (p = .003). Treatment with
DPP-4-1 plus MET was associated with reduced proinsulin secretion versus SU plus MET and an increased
insulin/proinsulin ratio versus the other T2DM groups.

Conclusions:

Treatment of T2DM with GLA plus MET or DPP-4-1 plus MET was associated with a more physiological
postprandial secretion pattern of the f cell compared with those treated with SU plus MET.
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Introduction

Ilpe 2 diabetes mellitus (T2DM) is a progressive disease

characterized by a progressive loss of B-cell function
and a steady increase in the intact proinsulin/insulin
ratio. Since the early 2000s, the predictive value of intact
proinsulin levels alone and the potential pathogenic effects
of this prohormone have been extensively investigated.
For example, preclinical and clinical studies of T2DM
have established that proinsulin is both a marker of
decreasing fB-cell function and a predictor of increased
B-cell loss.!”® In addition, a close association between
elevated proinsulin levels and the development of
cardiovascular disease could be demonstrated in subjects
with and without diabetes.* 1

Discovery of the potential pathogenic role of proinsulin
has triggered interest in the effects of different pharma-
cological interventions in T2DM on this prohormone.
For example, treatment with sulfonylureas (SU) increases
secretion of intact proinsulin in patients with T2DM.!
We have shown that treatment with basal insulin in
combination with metformin (MET) effectively reduced
intact proinsulin levels and that insulin glargine (GLA)
plus MET was superior to neutral protamine Hagedorn
insulin plus MET in controlling the postprandial release
of intact proinsulin.’> Other data suggest that glucagon-
like peptide-1 (GLP-1)-based therapies, including GLP-1
receptor agonists and dipeptidyl-peptidase-4 inhibitors
(DPP-4-I), may increase conversion of intact proinsulin
to insulin and C-peptide, thereby reducing the levels of
circulating intact proinsulin® To provide further insight
on how postprandial release of intact proinsulin is
influenced by the therapeutic strategy, we compared the
effects of GLA plus MET combination therapy with
that of SU plus MET and DPP-4-I plus MET on the
postprandial release of intact proinsulin and other
related variables.

Methods

Study Objectives

The primary objective of the study was to compare the
effects of treatment with GLA plus MET versus those
of SU plus MET therapy on plasma proinsulin levels
in patients with T2DM for 5 h after consumption of
a standardized meal. Secondary objectives included
comparison of (1) postprandial plasma proinsulin levels
in T2DM patients treated with DPP-4-I plus MET versus
those in patients receiving GLA plus MET or SU plus MET;

(2) postprandial plasma proinsulin levels in each of the
three T2DM groups (GLA plus MET, SU plus MET, and
DPP-4-1 plus MET) versus those in healthy subjects; and
(3) postprandial plasma insulin, insulin/proinsulin ratios,
and blood glucose levels among the T2DM groups and
between each T2DM group and the healthy subject group.

Study Participants

Patients with T2DM and healthy subjects were recruited.
Eligible participants were male or female, were aged
40 to 75 years, and had a body mass index of 20 to
35 kg/m? Inclusion criteria for patients with T2DM were
T2DM duration of 3 to 15 years, glycated hemoglobin
(HbAlc) <7.5%, treated with GLA plus MET or SU plus
MET during the past 6 to 12 months or with DPP-4-1
plus MET during the past 6 months, and treated with
a stable antidiabetic dosage during the past 3 months.
Inclusion criteria for healthy subjects only were fasting
blood glucose < 100 mg/dl (5.6 mmol/liter) and an oral
glucose tolerance test (OGTT) that revealed no impaired
glucose tolerance or T2DM.

A T2DM patient was excluded if any of the following
criteria were met: treatment in the past 6 to 12 months
with any other insulin other than GLA or any oral
antidiabetic drug (OAD) other than MET (for patients
in the GLA plus MET group), treatment in the past 3
months with any insulin or any OAD other than SU
or MET (SU plus MET group), treatment in the past
3 months with any insulin or any OAD other than
DPP-4-1 or MET (DPP-4-I plus MET group), or major
microvascular or macrovascular complications as
judged by the investigator. The study was performed in
compliance with Good Clinical Practice and all applicable
national laws and regulations. All patients provided
written informed consent, and the study was approved
by the appropriate independent ethics committee
(Ethik-Kommission der Landesidrztekammer Rheinland-
Pfalz, Mainz, Germany) and regulatory authority
(The Bundesinstitut fiir Arzneimittel und Medizinprodukte,
Bonn, Germany).

Study Design

This was a single-center, open-label, four-arm, exploratory
study comprising a screening visit (visit 1) and, 1 to
14 days later, a test meal visit (visit 2). On the day of
visit 2, participants entered the clinic after an 8 h fast.
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An intravenous catheter was inserted into a superficial
vein of the forearm, and the first blood sample was
drawn. After 30 min, another sample was drawn and
a standardized test meal (27 g protein, 15 g fat, and
48 g carbohydrates; 434 kcal) was consumed. After the
test meal, blood samples were drawn every 30 min
for the measurement of blood glucose, insulin, and
intact proinsulin.

Assignment to the three T2DM groups and the healthy
subject group was predetermined according to the study
eligibility criteria. Patients with T2DM took their usual
antidiabetic medications throughout the study, including
on the day of visit 2. All participants continued to use
other concomitant medications, provided that these
medications were not covered by the exclusion criteria.

Blood Sample Analyses and Study End Points

Enzyme-linked immunosorbent assays were used to
measure plasma proinsulin. Plasma insulin and blood
glucose levels were determined using a chemiluminescence
immunoassay and an electrochemical biosensor, respectively.
The trapezoidal method was used to calculate the area
under the plasma concentration time curve from 0 to
300 min (AUC_3p9 min) for plasma proinsulin and insulin
and for blood glucose. In addition, the insulin/proinsulin
ratio was calculated.

Statistics

Data are reported for the per protocol set, defined as all
study participants who completed the study without major
protocol violations. All end points were evaluated using
primarily descriptive statistics. Inferential statistics,
including a two-sided Student’s f-test, were employed for
more detailed analysis of between-group differences.
A p value of <0.05 in the two-sided t-test indicated
statistical significance.

Results

Participant Disposition and Demographics

A total of 104 potential participants were screened for
possible inclusion in the study. Of these, 24 failed screening
while 80 were considered eligible and returned for visit 2.
Overall, 65 participants were included in the per protocol
set (GLA plus MET, n = 14; all other groups, n = 17).

Baseline demographics of the per protocol set are shown
in Table 1. In general, baseline demographics were well
balanced among the four groups. However, while there
were almost equal numbers of male and female healthy
subjects, there was a preponderance of males in the
T2DM groups. In addition, patients in the DPP-4-I1 group
were slightly younger and had lower HbAlc levels than
those in the other T2DM groups.

Table 1.
Baseline Demographic Characteristics of Patients with Type 2 Diabetes Mellitus and Healthy Subjects”
Patients with T2DM
Healthy subjects
GLA + MET SU + MET DPP-4-1 + MET (n=17)
(n=14) (n =17) (n =17)
Male n (%) 11 (78.6) 11 (64.7) 10 (58.8) 9 (52.9)
Age (years) 65.5 (6.5) 64.9 (6.5) 62.6 (8.4) 64.9 (6.3)
Weight (kg) 88.5 (10.6) 90.6 (14.9) 86.4 (12.7) 80.7 (16.0)
Height (cm) 170.9 (7.1) 168.8 (10.8) 169.1 (7.2) 172.5 (10.4)
Body mass index (kg/m?) 30.3 (2.7) 31.6 (2.7) 30.1 (3.2 26.9 (3.7)
HbA1c (%) 71 (0.3 7.0 (0.5) 6.6 (0.4) 5.6 (0.3)
Duration of diabetes (years) 8.9 (3.3) 7.9 (4.2 6.9 (3.9) NA
Fasting glucose (mmol/liter) 7.3 (1.6)° 7.5 (1.0)° 76 (1.7)° 5.5 (0.5)
Fasting insulin (pmol/liter) 14.9 (7.8) 275 (21.9)° 15.3 (7.3)° 9.2 (3.9)
Fasting proinsulin (pmol/liter) 7.0 (3.4 14.2 (8.3)»¢¢ 5.6 (3.2)° 4.5 (1.9)
@ Values are mean (standard deviation) unless otherwise stated. NA, not applicable.
b p < .05 versus healthy subjects.
¢ p < .05 versus GLA plus MET.
9 p < .05 versus DPP-4-| plus MET.
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Fasting glucose and proinsulin levels at baseline were
greater in all participants with T2DM than in healthy
subjects, while fasting insulin levels were greater in the
SU plus MET and DPP-4-I plus MET groups (Table 1).
Fasting proinsulin levels in the SU plus MET group were
significantly greater than in all other groups.

Effects on Postprandial Plasma Proinsulin

Fasting intact proinsulin levels were significantly higher
in patients treated with SU plus MET compared with all
other groups (Figure 1). Postprandial secretion of proinsulin
was significantly greater in patients with T2DM who
were treated with SU plus MET than in patients
receiving GLA plus MET or in those patients receiving
DPP-4-1 plus MET (Table 2 and Figure 1). Postprandial
secretion of proinsulin was significantly greater in all
T2DM groups compared with healthy subjects (p < .01
for all comparisons).

Effects on Postprandial Plasma Insulin,
Insulin/Proinsulin Ratio, and Blood Glucose

Postprandial insulin levels were higher in the three T2DM
groups than in healthy subjects (Table 2). These increases
were statistically significant in the SU plus MET and
DPP-4-1 plus MET groups (p = .001 and .011, respectively,
versus healthy subjects) but not in the GLA plus MET
group. This lack of statistical significance was likely due,
at least in part, to the large variability in insulin AUC,_
300 min Values observed in the latter group. Comparisons
among T2DM groups showed that postprandial insulin
levels were higher in the SU plus MET group than
the other T2DM groups (Table 2), although only the
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Figure 1. Mean (+standard deviation) preprandial and postprandial
plasma levels of intact proinsulin before and after a standardized
meal in T2DM patients and healthy subjects.

difference between the SU plus MET and DPP-4-I plus
MET groups was statistically significant (p = .034).

Postprandial insulin/proinsulin ratios were significantly
higher in healthy subjects (19.6 + 7.3) compared with the
GLA plus MET (133 + 64; p = .017) and SU plus MET
(131 + 5.3; p = .006) groups but not versus the DPP-4-I
group (170 + 4.7). This ratio was numerically higher in the
DPP-4-1 plus MET group than in the other T2DM groups,
but only the difference with the SU plus MET group was
statistically significant (p = .032).

Postprandial blood glucose levels were higher in the
three T2DM groups than in the healthy subjects (p < .001
for all comparisons; Table 2). No significant differences

0 D QO O O (d DI100G O Q d C
pe Diab d
Patients with T2DM
Healthy subjects
GLA + MET SU + MET DPP-4-1 + MET (n = 17)
(n=14) (n =17) (n=17)

Proinsulin 4462 8256 4589 2758
AUC_300 min (Pmol/liter) (3522—6363)b (56621 0270)“”9 (3112—5645)” (2152-3354)
Insulin 7605 14870 10200 6755
AUC_300 min (Pmol/liter) (5292-10990) (11250—18863)b'd (7700-1 3410)’ (5120-9923)
Blood glucose 49330 48405 47640 33400
AUC(_300 min (Mmol/liter) (47195-56300)9 (44183-52168)9 (40350-52400)9 (31315-35355)

4 Values are median (interquartile range).

b p < .01 versus healthy subjects.

¢ p = .003 versus GLA plus MET.

9 p = .01 versus DPP-4-| plus MET.
€ p = .034 versus DPP-4-| plus MET.
f p = .011 versus healthy subjects.

9 p < .001 versus healthy subjects.
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in postprandial blood glucose levels were observed among
the three T2DM groups (Table 2).

Discussion

In this study, treatment with GLA plus MET was associated
with positive effects on two important measures of
pB-cell function in comparison with SU plus MET. Firstly,
patients treated with GLA plus MET experienced a
statistically significant reduction in postprandial intact
proinsulin secretion. In addition, a trend toward a decrease
in postprandial insulin levels was observed in the GLA
plus MET group. These results show that GLA plus MET,
compared with SU plus MET, reduces the postprandial
work load for the B cell associated with an improvement
in the capacity to convert intact proinsulin into insulin
and C-peptide. The study also showed that DPP-4-1 plus
MET decreased the postprandial secretion of proinsulin
and insulin compared with SU plus MET therapy.
Furthermore, the insulin/proinsulin ratio was higher with
DPP-4-1 plus MET compared with SU plus MET or GLA
plus MET, indicating an improved conversion rate during
treatment with DPP-4-L

Measurement of intact proinsulin from the f cell is used as
an indicator of B-cell dysfunction and has been reported
to be related to a polymorphism in three different risk
alleles (HHEX, CDKN2A/B, and IGF2BP2) that may be
predictive for the risk of p-cell failure and development
of T2DM in individual subjects.* The insulin/proinsulin
ratio was introduced as a marker for the capability of
the B cell to convert intact proinsulin into insulin and
C-peptide.® In addition, elevated plasma levels of intact
proinsulin were shown to be predictive for cardiovascular
risk estimation in subjects with and without diabetes.
Indeed, elevated levels of this prohormone have been
linked to increased cardiovascular risk*™° and the severity
of angiographically characterized coronary heart disease.!®
The atherogenic potential of proinsulin was highlighted
some years ago in two clinical trials investigating the
therapeutic potential of human proinsulin in T2DM,
where an eight-fold increase in cardiovascular disease
events was observed during treatment with human
proinsulin versus human regular insulin.!”!8

Subsequent investigations have indicated that measuring
intact proinsulin release from the f cell after stimulation
by OGIT or food intake might further increase the
sensitivity and predictive value of this biomarker.!-!

The mechanisms via which proinsulin contributes to
atherogenesis have not been fully elucidated; however,

it is known that levels of plasminogen activator inhibitor-1
(PAI-1) are elevated in vitro after administration of pro-
insulin.?? Studies have also indicated that the atherogenic
effects of proinsulin may be linked to increased plasma
PAI-1 concentrations and the subsequent inhibition of
fibrinolysis and augmentation of thrombogenic potency.?>->
Initiation of insulin treatment, meanwhile, leads to a
decline in plasma levels of intact proinsulin and PAI-1,
suggesting that insulin therapy not only protects residual
B-cell function, but may also provide sophisticated effects
on vascular biology and the development of vascular
complications in patients with T2DM.?6-28

Treatment with SU was associated with a marked post-
prandial increase in intact proinsulin levels in our study,
while treatment with GLA or DPP-4-1 was associated
with much lower elevations and was more reflective
of the physiological situation in nondiabetic subjects.
Importantly, this f-cell relieving effect was achieved
despite comparable postprandial blood glucose control
among the three T2DM groups. It should be noted that
patients in the DPP-4-1 group were younger and had
lower HbAlc levels than patients in the other T2DM
groups. Since this was a cross-sectional, nonrandomized
study, such differences might reflect a tendency to use
DPP-4-1 therapy in patients at an earlier stage of f-cell
failure. Furthermore, GLP-1 has been shown to stimulate
the conversion of intact proinsulin into insulin and
C-peptide.” Such effects might have contributed to the
improved insulin/proinsulin ratio observed in the DPP-4-I
plus MET group compared with the other treatment groups.

No significant differences in postprandial blood glucose
levels between the three T2DM groups were discernable.
This finding is of interest against the background of the
lower insulin levels observed in the GLA plus MET and
DPP-4-1 plus MET groups versus the SU plus MET group.

In summary, this cross-sectional, exploratory study indicates
the restoration of a more physiological secretion pattern
of the B cell in patients treated with GLA plus MET or
DPP-4-1 plus MET compared with those receiving SU
plus MET therapy. It might be assumed that the reduced
postprandial release of intact proinsulin reflects a
reduced postprandial fB-cell stress and a less atherogenic
postprandial state in patients with T2DM. The results
of this cross-sectional study should be interpreted in
an exploratory sense. A prospective, randomized study
would need to be performed to further address the
effects of the different treatment modalities on B-cell
function and vascular risk in patients with T2DM.
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