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OBJECTIVE—Insulin secretion is often diminished in hyperglycemic patients with type 2
diabetes. We examined whether chronic basal insulin treatment with insulin glargine improves
glucose-induced insulin secretion.

RESEARCH DESIGN AND METHODS—Fourteen patients with type 2 diabetes on
metformin monotherapy received an add-on therapy with insulin glargine over 8 weeks. In-
travenous glucose tolerance tests (IVGTTs) were performed before and after the intervention,
with and without previous adjustment of fasting glucose levels using a 3-h intravenous insulin
infusion.

RESULTS—Fasting glycemia was lowered from 179.6 6 7.5 to 117.6 6 6.5 mg/dL (P ,
0.001), and HbA1c levels declined from 8.46 0.5 to 7.16 0.2% (P = 0.0046). The final insulin
dose was 59.36 10.2 IU. Acute normalization of fasting glycemia by intravenous insulin reduced
C-peptide levels during the IVGTT (P, 0.0001). In contrast, insulin and C-peptide responses to
intravenous glucose administration were significantly greater after the glargine treatment period
(P, 0.0001, respectively). Both first- and second-phase insulin secretion increased significantly
after the glargine treatment period (P , 0.05, respectively). These improvements in insulin
secretion were observed during both the experiments with and without acute adjustment of
fasting glycemia.

CONCLUSIONS—Chronic supplementation of long-acting basal insulin improves glucose-
induced insulin secretion in hyperglycemic patients with type 2 diabetes, whereas acute exog-
enous insulin administration reduces the b-cell response to glucose administration. These data
provide a rationale for basal insulin treatment regiments to improve postprandial endogenous
insulin secretion in hyperglycemic patients with type 2 diabetes.
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Insulin secretion in response to glucose
stimulation is often markedly dimin-
ished in patients with type 2 diabetes

(1,2). This has been largely attributed to
a deficit in b-cell mass ranging from;40
to 65% compared with nondiabetic in-
dividuals (3). However, the functional
impairment in insulin secretion often ex-
ceeds the extent of the b-cell deficit (1),
suggesting additional impairments in
b-cell function. A number of functional ab-
normalities, including abnormal proinsulin

processing or disturbances in the entero-
insular axis have been suggested to con-
tribute to the dysfunctional regulation of
insulin release in patients with type 2 di-
abetes (4). In addition to these factors, there
is good evidence for a reduction of glucose-
induced insulin secretion with chronic
hyperglycemia (5). Thus, when glucose-
induced insulin secretion was determined
in a large number of individuals presenting
with different ranges of fasting glycemia,
the early response was largely diminished

at glucose levels.115 mg/dL (6). Further-
more, inducing chronic hyperglycemia in
nondiabetic individuals by means of exog-
enous glucose infusion has led to a deple-
tion of insulin secretion after ;3 days (7),
and insulin secretion from isolated human
islets was found to bemarkedly diminished
after chronic exposure to high glucose con-
centrations (8). On that basis, induction of
b-cell rest by temporary inhibition of in-
sulin exocytosis has been suggested as a
therapeutic concept to restore glucose-
induced insulin secretion (9). In line with
such reasoning, temporary inhibition of in-
sulin exocytosis using potassium-channel
openers has normalized the subsequent
glucose-induced insulin secretion in dia-
betic animals as well as in humans (10),
and exogenous insulin supplementation
has led to improvements in endogenous
insulin secretion in patients with type 2 di-
abetes (11). Furthermore, a continuous
subcutaneous insulin infusion regimen in
overtly hyperglycemic patients with type 2
diabetes has led to marked improvements
in glucose-induced insulin secretion,
whereas the insulin response to glucagon
stimulation was unchanged by the inter-
vention (12). It is noteworthy that a large
study using a transient period of contin-
uous subcutaneous insulin infusion or
multiple daily insulin injections in newly
diagnosed patients with type 2 diabetes
has demonstrated persistent improvements
in the acute insulin response to glucose
even 1 year after the short-term interven-
tion (13). However, because in most pre-
vious studies insulin secretion before and
after the respective interventions was de-
termined at different glucose levels, it is dif-
ficult to distinguish whether the observed
improvements in insulin secretion were
primarily the result of the chronic reduc-
tion in hyperglycemia or of the acute dif-
ferences in glycemia at the time of the
experiments. In addition, the effects of
long-acting insulin analogs on endogenous
insulin secretion have not yet been specifi-
cally examined.

Therefore, the current study was de-
signed to examine 1) whether basal insulin
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treatment of hyperglycemic patients with
type 2 diabetes improves first- and second-
phase insulin secretion in response to
glucose, and if so, 2) whether this was
attributable to the chronic improvements
in glycemia or the acute differences in fast-
ing glucose levels during the experiments.

RESEARCH DESIGN AND
METHODS

Study protocol
The study protocol was approved by the
ethics committee of the medical faculty of
Ruhr University Bochumbefore the experi-
ments (registration no. 3231-FF) as well as
the German federal regulatory authorities
(Bundesinstitut für Arzneimittel undMedi-
zinprodukte [BfArm]). Written informed
consent was obtained from all participants.

Patients
Patientswith type 2diabetes (WorldHealth
Organization criteria) who presented with
fasting glucose levels .126 mg/dL on
metformin monotherapy were included.
A total of 19 patients with type 2 diabetes
were initially screened. Among those, 14
(12 male and 2 female) were eligible for
the study. Their mean age was 55.7 6 9.8
years, the weight was 105.3 6 16.1 kg,
and the BMI was 34.4 6 5.4 kg/m2. The
meandiabetes durationwas 4.663.0 years.
Detailed characteristics are presented in
Table 1.

Study design
At a screening visit, blood was drawn from
all participants in the fasting state for
measurements of standard hematological
and clinical chemistry parameters, and a
general clinical examination was per-
formed. Subjects with anemia (hemoglobin

,12 g/dL), elevation in liver enzymes
(alanine aminotransferase, aspartate ami-
notransferase, alkaline phosphatase, and
g-glutamyl transferase) to higher activities
than double the respective normal value,
or elevated creatinine concentrations
(.1.5mg/dL) were excluded. Body height
and weight were determined and waist
and hip circumference were measured to
calculate BMI and the waist-to-hip ratio,
respectively. Blood pressure was deter-
mined according to the Riva-Rocci
method. If subjects met the inclusion cri-
teria, they were studied on two occasions:
1) an intravenous glucose tolerance test
(IVGTT) after acute glucose normalization
and 2) an IVGTT without acute glucose
normalization.

Subsequently, all patients were as-
signed to a basal insulin regimen with
the subcutaneous administration of in-
sulin glargine at bedtime over 8 weeks.
The respective insulin dose was estimated
according to standard treatment recom-
mendations and up-titrated according to
a forced titration schedule (14), seeking
a target fasting glucose level of ,100
mg/dL. All patients were instructed by a
specialized team of physicians and nurse
instructors and encouraged to self-monitor
their fasting blood glucose levels every
morning. Patients were contacted at 2-
day intervals via phone by the study
physician to discuss the latest glucose
measurements. If necessary, the respective
daily insulin dose was up-titrated every 2
days to meet the desired fasting glucose
levels. After the 8-week treatment period,
the IVGTTs with and without acute glu-
cose normalization were repeated.

The two experiments before and after
the treatment period were carried out in

randomized order on 2 subsequent days.
Insulin glargine was withheld for 48 h
preceding the tests, and metformin was
paused on the morning of the experi-
ments. By thesemeans, the fasting glucose
levels on the experimental days were typ-
ically higher than during the preceding
treatment period.

Experimental procedures
All tests were performed in the morning
after an overnight fast with subjects in a
supine position throughout the experi-
ments. Two forearm veins were punctured
with a teflon cannula (Moskito 123, 18
gauge; Vygon, Aachen, Germany) and were
kept open using 0.9% NaCl (for blood
sampling and for glucose and insulin ad-
ministration, respectively). Both ear lobes
were made hyperemic using Finalgon
(Nonivamid, 4 mg/g; Nicoboxil, 25 mg/g).

An intravenous glucose bolus (0.3
mg/kg body weight of a 50% glucose
solution) was administered at t = 0 min,
and venous blood samples were drawn at
t =25, 0, 2, 4, 6, 8, 10, 12, 15, 20, 30, 45,
60, 90, and 120 min. In addition, capil-
lary blood samples (;20 ml) were col-
lected for the immediate measurement
of glucose (Glucocapil; Hitado Diagnos-
tics, Delecke, Germany).
Acute glucose normalization protocol.
To examine the effects of acute versus
chronic normalization of fasting glycemia,
and to examine glucose-induced insulin
secretion at comparable baseline glucose
levels, an intravenous insulin infusion
regimen was applied on 1 experimental
day before and after the treatment period.
The insulin infusion was varied as needed
to reach a fasting plasma glucose concen-
tration of 90–100 mg/dL within 3 h and
to maintain this glucose concentration
for the duration of the insulin infusion.
After 180 min, the infusion of insulin
was stopped 30 min before giving the in-
travenous glucose bolus. Subsequently,
the glucose bolus was administered over
30 s.

Blood specimens
Venous blood was drawn into chilled tubes
containing EDTA, aprotinin (Trasylol;
20,000 KIU/mL, 200 mL per 10 mL
blood; Bayer AG, Leverkusen, Germany),
and specific dipeptidyl peptidase IV in-
hibitor (valine-pyrrolidide, final concen-
tration of 0.01 mmol/L; a gift from R.D.
Carr, Novo Nordisk, Bagsvaerd, Denmark)
and kept on ice. After centrifugation at
4°C, plasma for hormone analyses was
kept frozen at 228°C.

Table 1—Characteristics and laboratory values of patients with type 2 diabetes before
and after 8 weeks of basal insulin treatment

Parameter (unit) Before treatment After treatment P value

Body weight (kg) 105.3 6 16.1 106.4 6 16.2 0.13
Insulin units/day (IU) — 59.3 6 38.0 —

Fasting glucose (mg/dL) 179.6 6 28.0 117.6 6 24.2 ,0.001
HbA1c (%) 8.4 6 1.7 7.1 6 0.8 0.0046
AST (units/L) 43.6 6 45.7 32.1 6 20.2 0.21
ALT (units/L) 40.3 6 28.8 32.1 6 24.7 0.001
GGT (units/L) 57.1 6 43.6 44.7 6 9.4 0.013
Creatinine (mg/dL) 0.94 6 0.22 0.90 6 0.19 0.26
Total cholesterol (mg/dL) 206.6 6 58.5 187.8 6 49.3 0.01
HDL cholesterol (mg/dL) 42.0 6 19.5 43.3 6 14.9 0.98
LDL cholesterol (mg/dL) 119.5 6 47.2 121.1 6 47.1 0.99
Triglycerides (mg/dL) 338.4 6 240.2 224.5 6 147.8 0.004
Data are means 6 SD. Statistics: paired Student t test. GGT, g-glutamyl transferase; ALT, alanine amino-
transferase; AST, aspartate aminotransferase.
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Laboratory determinations
Insulin was measured using an electro-
chemiluminescence immunoassay from
a Modular Analytics E 170 module on a
Modular analyzer (Roche Diagnostics, In-
dianapolis, IN). Cross-reactivity with hu-
man proinsulin was 0.05%. This assay has
been shown not to cross-react with insu-
lin glargine at concentrations from 30 to
1000 mU/L (also no cross-reactivity with
insulin lispro and insulin aspart).

C-peptide was measured using an
electrochemiluminescence immunoassay
from a Modular Analytics E 170 module
on a Modular analyzer. Cross-reactivity
with human proinsulin was 32.5%.

Calculations and statistical analyses
Insulin secretion rates were calculated from
C-peptide concentrations as previously
described (15) using the software ISEC
version 3.4a, supplied by R. Hovorka
(City University, London, U.K.).

First-phase insulin response was as-
sessed from the mean insulin secretion
rates during thefirst 10min after the glucose
bolus subtracted by the basal secretion rates,
and second-phase insulin secretion was
determined as the mean insulin secretion
rates from 10 to 120 min after glucose ad-
ministration subtracted by basal levels.

Patient characteristics are presented
as mean 6 SD; results are reported as
mean 6 SEM. All statistical calculations
were carried out using repeated-measures
ANOVA using Statistica version 5.0 (Stat-
soft Europe, Hamburg, Germany). Values
at single time points were compared by
one-way ANOVA followed by Duncan`s
post hoc test. A two-sided P value ,0.05
was taken to indicate significant differences.

RESULTS—Fasting glucose concentra-
tions were 179.6 6 7.5 mg/dL before the
insulin treatment and 117.66 6.5 mg/dL
after the 8-week basal insulin treatment
period (P , 0.001), thus resulting in a
mean treatment difference of 62.1 6 6.9
mg/dL. HbA1c levels declined from 8.46
0.5 to 7.16 0.2% (P = 0.0046). Themean
insulin dose at the end of the insulin treat-
ment period was 59.3 6 10.2 IU. Body
weight did not change significantly dur-
ing the 8-week study period (105.36 4.3
vs. 106.4 6 4.3 kg, respectively; P =
0.13). No minor or major hypoglycemic
events occurred during the trial.

Acute normalization of fasting glu-
cose concentrations by intravenous insulin
infusion led to a significant reduction in
C-peptide concentrations during the
IVGTT compared with the experiments

without prior glucose adjustment (P ,
0.0001; Fig. 1).

During the experiments without prior
adjustment of glucose concentrations,
plasma glucose levels before the glargine
treatment were higher at baseline and af-
ter intravenous glucose administration
compared with the post-treatment values
(P, 0.001). There were no differences in
fasting insulin or C-peptide concentrations
between the experiments before and after
glargine treatment (Fig. 1). Intravenous

glucose administration led to an increase
in insulin and C-peptide concentrations
(P, 0.05). After 8 weeks of glargine treat-
ment, insulin and C-peptide concentra-
tions were significantly higher between 6
and 120 min and between 8 and 120 min
after glucose administration, respectively
(P , 0.0001). In addition, insulin secre-
tion rates were significantly higher after the
glargine treatment period (P = 0.0035).

During the experiments with prior
adjustment of glycemia, fasting glucose

Figure 1—Plasma concentrations of glucose (A and B), insulin (C andD), and C-peptide (E and F)
as well as insulin secretion rates (G and H) in 14 patients with type 2 diabetes before (filled
symbols) and after (open symbols) 8 weeks of insulin glargine treatment. Intravenous glucose was
administered at 0min. The experiments were performedwithout (A,C, E, andG) and with (B,D, F,
and H) prior adjustment of fasting glycemia using a 3-h intravenous insulin infusion. Data are
presented as means 6 SEM. Statistics were carried out using paired repeated-measures ANOVA
and denote (A) differences between the experiments, (B) differences over the time course, and (AB)
differences due to the interaction of experiment and time. Asterisks indicate significant differences
at individual time points (P , 0.05).
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concentrations were similar after the
acute insulin infusion (Fig. 1). The total
amount of intravenous insulin required to
reach normoglycemia was 17.9 6 3.6 IU
before and 10.6 6 1.7 IU after the inter-
vention (P = 0.0041). Intravenous glucose
administration led to an immediate rise
in glycemia, with slightly higher glucose
levels between t = 60 and 120 min in the
experiments before glargine treatment
(P , 0.05). Insulin and C-peptide levels
were not significantly different before in-
travenous glucose administration, but
the postchallenge concentrations were
higher in the experiments after glargine
treatment (P, 0.0001, respectively). Cal-
culation of the insulin secretion rates
identified a biphasic insulin release pat-
tern both before and after the glargine
treatment (Fig. 1). However, the insulin se-
cretion rates were significantly higher after
the treatment period during the early and
late phase of insulin secretion (P, 0.001).

In the experiments without acute glu-
cose adjustment,first-phase insulin secretion
was 0.42 6 0.21 pmol z kg21 z min21

before and 1.14 6 0.20 pmol z kg21 z
min21 after glargine treatment (P =
0.0071; Fig. 2), and second-phase insulin
secretion was 1.246 0.27 vs. 1.786 0.34
pmol z kg21 z min21 (P = 0.043). The re-
spective changes in the experiments with
acute glucose adjustment were 1.66 6
0.36 vs. 2.89 6 0.52 pmol z kg21 z
min21 for the changes in first-phase secre-
tion (P , 0.001) and 2.39 6 0.39 vs.
2.84 6 0.38 pmol z kg21 z min21 for the
changes in second-phase secretion (P =
0.030; Fig. 2). There was no significant
association between the amount of intra-
venous insulin required to achieve normo-
glycemia on the day of the experiments
and either first- or second-phase insulin
secretion after intravenous glucose admin-
istration (r2 = 0.14, P = 0.052, and r2 =
0.11, P = 0.085, respectively; details not
shown).

CONCLUSIONS—The current study
was designed to examine the effects
of chronic versus acute insulin treat-
ment on endogenous b-cell function in

hyperglycemic patients with type 2 dia-
betes. We report that chronic administra-
tion of basal insulin over 8 weeks results in
improvements in first- and second-phase
insulin secretion, even under conditions
of identical fasting glucose levels. In con-
trast, acute normalization of fasting glyce-
mia by a 3-h intravenous insulin infusion
reduced C-peptide levels during an IVGTT.

The effects of exogenous insulin treat-
ment on endogenous insulin secretion
have previously been examined under
various conditions (11,16). However, in
most of these studies, continuous intrave-
nous or subcutanoues insulin administra-
tion regiments have been applied, and the
treatment duration was typically rather
short. Furthermore, in the current study,
glucose-induced insulin secretion has for
the first time been examined with and
without prior adjustment of fasting glyce-
mia. By these means, it was possible to
examine the effects of chronic insulin re-
placement on b-cell function indepen-
dent of differences in baseline glucose
levels. It is arguable that an oral glucose

Figure 2—First-phase insulin secretion (A and B; insulin secretion rates at t = 0–10 min minus basal levels) and second-phase insulin secretion
(C and D; insulin secretion rates from t = 10 to 120 min minus basal levels) in response to intravenous glucose administration in 14 patients with
type 2 diabetes before and after 8 weeks of insulin glargine treatment. The experiments were performed without (A and C) and with (B and D)
prior adjustment of fasting glycemia using a 3-h intravenous insulin infusion. Data are presented as means6 SEM. Statistics were carried out using
paired t tests.
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challenge would have represented a more
physiological challenge than intravenous
glucose administration. However, insulin
secretion after oral glucose ingestion is
also largely affected by changes in gastric
emptying, intestinal glucose absorption,
and incretin hormone secretion. There-
fore, in the current study, intravenous
glucose administration was chosen.

It is noteworthy that acute normali-
zation of first- and second-phase insulin
secretion has previously been reported
after an overnight infusion of the incretin
mimetic exenatide in patients with type 2
diabetes (17). The current study now
demonstrates that improvements in insu-
lin secretion can also be elicited with a
basal insulin treatment regimen, even in
the absence of a direct insulin secretagog.

The present findings are consistent
with the concept that chronic hypergly-
cemia leads to a functional reduction of
insulin secretion via depletion of insu-
lin secretory granules. Indeed, a number
of studies have demonstrated a gradual
reduction of insulin secretion with in-
creasing fasting glucose levels (5,6), and
mechanistic studies have suggested a re-
plenishment of the insulin granule stores,
leading to an improvement of glucose-
induced insulin secretion after reduction
of hyperglycemia (9). Consistent with
this, exposure of isolated human islets to
chronic hyperglycemia has led to a reduc-
tion in the mean islet insulin content
and a loss of first-phase insulin secretion,
and these defects could be restored by
temporarily inhibiting insulin exocytosis
using a potassium channel opener (8).
In a similar fashion, overnight inhibition
of insulin secretion using somatostatin
has caused marked improvements in sub-
sequent insulin secretory responses to
glucose stimulation in patients with type
2 diabetes (18). The present as well as
some previous studies extend this con-
cept by demonstrating that a functional
b-cell rest cannot only be induced by di-
rect inhibition of insulin exocytosis but
also by reducing the secretory demand
on the b cells through chronic insulin
supplementation. Another important
mechanism that might have contributed
to the improvements in insulin secretion
in this study is a reduction of gluco- and
potentially lipotoxicity. Along these
lines, a number of studies have provided
compelling evidence that chronically ele-
vated concentrations of glucose or free
fatty acids can impair b-cell function
through the generation of reactive oxy-
gen species (19). In turn, exogenous

administration of antioxidant drugs and
overexpression of antioxidant enzymes
in b cells have led to significant improve-
ments in b-cell function (20,21). There-
fore, it appears likely that the insulin
treatment intervention in this has also re-
duced the detrimental effect of gluco- and
lipotoxicity on b-cell function.

The improvements in endogenous
insulin secretion after 8 weeks of glargine
therapy provide a rationale for the use
of basal insulin treatment regiments in
patientswith type 2diabetes. Thus,whereas
exogenously administered insulin acts
primarily at the peripheral tissue level,
the improvements in endogenous insulin
release increase postprandial insulin se-
cretion. Furthermore, because endoge-
nous insulin is secreted directly from the
islets into the portal venous circulation,
the improvements in b-cell function are
likely to result in additional improvements
ina-cell function and hepatic glucose pro-
duction (22). In line with such reasoning,
Linn et al. (23) have recently demon-
strated reductions in glucagon secretion
as well as hepatic glucose release after a
single dose administration of two different
basal insulins at bedtime. These findings
may explain why basal insulin treatment
regimens often lower not only fasting but
also postprandial glycemia.

The current study may also be inter-
preted in support of the postulate that the
impairments in glucose-induced insulin
secretion in patients with type 2 diabetes
result from a combination of defects in
b-cell mass and function. In fact, it is
very unlikely that b-cell mass changes
significantly over an 8-week study period,
suggesting that the abnormalities in glucose-
induced insulin release are at least partly
attributable to the detrimental effects of
chronic hyperglycemia on b-cell function.

Even though a forced insulin titration
regimen was used in this study, the ma-
jority of patients failed to achieve the de-
sired fasting glucose concentration range
of ,100 mg/dL. This might be partly ex-
plained by the large day-by-day fluctua-
tions in fasting glycemia, partly caused by
the lack of accuracy of finger-stick glucose
measurements, which have prevented
further up-titration of the insulin dose
in a large number of patients. Thus, all
14 patients had reached fasting glucose
levels of 100 mg/dL or less at least once
during the insulin treatment period, but
only one patient presented with glucose
levels within the target range at the final
day of the insulin treatment period. Fur-
thermore, the presently examined group

of patients with type 2 diabetes was rather
obese and presumably insulin-resistant.
As a consequence, a mean insulin dose of
59 IU per day was necessary to reduce
fasting glycemia from 180 to 118 mg/dL.
However, the failure to completely nor-
malize fasting hyperglycemia in patients
with type 2 diabetes appears to be consis-
tent with both clinical practice and previ-
ous clinical studies (14) and provides a
rationale for adding complimentary treat-
ment options, such as short-acting insulin
(24) or incretin-based therapies (25), if
normoglycemia cannot be achieved with
basal insulin alone. The improvement in
b-cell function through the normalization
of fasting hyperglycemia might particularly
favor the combination of basal insulin with
glucagon-like peptide-1–based drugs,
which act by glucose dependently activat-
ing endogenous insulin release.

In conclusion, chronic supplementa-
tion of long-acting basal insulin improves
glucose-induced endogenous insulin se-
cretion in hyperglycemic patients with
type 2 diabetes, whereas acute exogenous
insulin administration lowers the b-cell
response to glucose administration. These
data provide a rationale for basal insulin
treatment regiments in hyperglycemic
patients with type 2 diabetes.
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