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In health, most insulin is secreted in pulses. Type 2 diabetes
mellitus (TTDM) is characterized by impaired pulsatile insu-
lin secretion with a defect in insulin pulse mass. It has been
suggested that this defect is partly due to chronic overstimu-
lation of �-cells imposed by insulin resistance and hypergly-
cemia, which results in depletion of pancreatic insulin stores.
It has been reported that in TTDM overnight inhibition of
insulin secretion (induction of �-cell rest) leads to quantita-
tive normalization of pulsatile insulin secretion upon subse-
quent stimulation. Recently, decreased orderliness of insulin
secretion has been recognized as another attribute of im-
paired insulin secretion in TTDM. In the current studies we
sought to address at the level of the isolated islet whether
chronic elevated glucose concentrations induce both defects
involved in impaired insulin secretion in TTDM: deficiency
and decreased orderliness of insulin secretion. We use the
concept of �-cell rest, induced by a novel �-cell selective KATP-
channel opener (KCO), NN414 (6-chloro-3-(1-methylcyclopro-
pyl)amino-4H-thieno[3,2-e]-1,2,4-thiadiazine 1,1-dioxide), to
test whether preservation of insulin stores leads to normal-
ization of both processes in response to glucose stimulation.
Human islets were isolated from three cadaveric organ donors
and studied in perifusion experiments and static incubation.
Acute activation of KATP-channels suppressed insulin secre-
tion from perifused human islets by �90% (P < 0.0001). This
KCO also inhibited glucagon secretion in a dose-dependent
manner (P � 0.01). Static incubation at 11 and 16 vs. 4 mM

glucose for 96 h decreased islet insulin stores by approxi-
mately 80% and 85% (P < 0.0001, respectively). In subsequent
perifusion experiments, total insulin secretion (�30%; P <
0.01) from these islets and insulin pulse mass (�40%; P < 0.05)
were both decreased (11 vs. 4 mM). The inhibition of insulin
secretion during static incubation with KCO reduced the loss
of islet insulin stores in a dose-dependent manner (P < 0.0001)
and resulted in increased total insulin secretion (2.6-fold; P <
0.01) and insulin pulse mass (2.5-fold; P < 0.05) during subse-
quent perifusion. The orderliness of insulin secretion was sig-
nificantly reduced after chronic incubation of human islets at
11 mM glucose (P � 0.04), but induction of �-cell rest at 11 mM
failed to normalize the regularity of insulin secretion during
subsequent perifusion. We conclude that physiological in-
creased glucose concentrations (11 mM), which are frequently
observed in diabetes, lead to a loss of islet insulin stores and
defective pulsatile insulin secretion as well as reduced order-
liness of insulin secretion. Induction of �-cell rest by selective
activation of �-cell KATP-channels preserves insulin stores
and pulsatile insulin secretion without restoring the orderli-
ness of insulin secretion. Therefore, the concept of �-cell rest
may provide a strategy to protect �-cells from chronic over-
stimulation and to improve islet function. Impaired glucose-
regulated insulin secretion in TTDM may, however, partially
involve mechanisms that are distinct from insulin stores and
insulin secretion rates. (J Clin Endocrinol Metab 89: 795–805,
2004)

TYPE 2 DIABETES (TTDM) is characterized by impaired
insulin secretion due to islet dysfunction. There is in-

creasing evidence from animal models and in vitro experi-
ments with human islets that islet dysfunction in diabetes
may be due at least partly to reduced insulin stores (1–7). A
partial loss of �-cell insulin stores occurs when insulin se-
cretion rates exceed the capacity for insulin synthesis. This
might occur as a consequence of chronic hyperglycemia (8,
9) and/or a deficit of �-cell mass (1) leading to chronically
increased demands for insulin secretion per �-cell. An in-

creased proinsulin/insulin ratio, present in animals (10) and
humans after partial pancreatectomy (11) or with a �-cell
deficit as in TTDM (12), supports the idea of an imbalance
between secretory demand and supply leading to the secre-
tion of immature insulin granules. Islets chronically exposed
to high glucose have a comparable increased proinsulin/
insulin secretion ratio (6) that is prevented by concurrent
exposure of islets to high glucose and diazoxide, which in-
hibits insulin secretion (7).

Insulin is almost exclusively secreted in discrete secretory
bursts, which occur at approximately 5-min intervals (pul-
satile insulin secretion) (13–16). The regulation of insulin
secretion is achieved by modulation of the mass of these
secretory bursts. Thus insulin secretion following meal in-
gestion is accomplished by a prompt approximately 600%
amplification of insulin burst mass (17). Glucose-stimulated
insulin secretory burst mass is deficient in patients with
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TTDM (18), who are characterized by an approximately 60%
deficit in �-cell mass (19). Pigs with a comparable deficit in
�-cell mass similarly exhibit impaired glucose-stimulated
insulin secretory burst mass, leading to defective insulin
secretion (4). These data imply that �-cell insulin stores,
which are required for immediate secretion to generate an
insulin secretory burst or first phase insulin secretion, be-
come deficient under conditions of an approximately 50% or
greater loss of �-cell mass and/or with chronic hyperglycemia.
The concept of deficient insulin stores as a contributing factor
to �-cell dysfunction in TTDM was appreciated 25 yr ago when
the KATP-channel opener diazoxide was used to inhibit insulin
secretion (and induce �-cell rest) in patients with TTDM, lead-
ing to restoration of subsequent first phase insulin secretion
(20). Similarly, induction of overnight �-cell rest with soma-
tostatin restored first phase and pulsatile insulin secretion as
well as the proinsulin/insulin ratio in TTDM (18).

Impaired insulin secretion in TTDM is due not only to
deficient hormone release, but also to disturbed regularity or
reduced orderliness of the insulin release process (21–24).
The orderliness of hormone secretion is an integrative mea-
sure of the factors that contribute in neuroendocrine cells to
the sensing of stimuli, to positive or negative feedback, and
to the discharge of hormone to elicit a secretory response.
Thus, assessment of the orderliness of hormone secretion, for
example by approximate entropy (ApEn), provides a more
complete analysis of insulin secretion than each independent
measure. Application of this method has been found to dis-
criminate pathological from physiological patterns of neu-
roendocrine secretion (25). Recently, we reported that acute
glucose elevations act as a coordinating trigger to enhance
the orderliness of insulin secretion from isolated nondiabetic
human islets (16).

In the present studies we sought to address at the level of
the isolated islet whether chronic elevated glucose concen-
trations induce both defects involved in impaired insulin
secretion in TTDM: deficiency and decreased orderliness of
insulin secretion. We use the concept of �-cell rest, induced
by a novel �-cell-selective KATP-channel opener (KCO),
NN414, to test whether preservation of insulin stores leads
to normalization of both processes. We hypothesize 1) that a
�-cell selective KCO inhibits glucose-mediated insulin se-
cretion from human islets (�-cell rest); 2) that human islets
cultured at glucose concentrations typical of TTDM (11 mm)
have diminished insulin stores and defective insulin secre-
tion due to a decrease in insulin pulse mass; 3) that the
induction of �-cell rest with KCO in human islets cultured
under these conditions leads to a relative retention of insulin
stores and subsequent insulin secretion and insulin pulse
mass with glucose stimulation; 4) that chronic exposure of
human islets to 11 mm glucose disrupts the orderly secretion
of insulin consequent upon an increment in glucose concen-
tration; and 5) that this disrupted orderliness of insulin se-
cretion can be restored by prior �-cell rest.

Materials and Methods
Islet culture

Human pancreatic islets were isolated from the whole pancreas re-
trieved from three heart-beating organ donors by the Diabetes Institute
for Immunology and Transplantation, University of Minnesota (Min-

neapolis, MN; Bernhard J. Hering), and by the Northwest Tissue Center
(Seattle, WA; R. Paul Robertson). The donors did not have a history of
diabetes. After isolation, islets were maintained in RPMI culture me-
dium (5 mm glucose) supplemented with 10% fetal bovine serum at 37
C in humidified air containing 5% CO2. Experiments were performed
after islets had been maintained for 1–7 wk in culture. We have seen no
loss of islet function from human islets with prolonged (6- to 7-wk)
culture.

KCO compound

�-Cell rest was induced with the �-cell selective KCO, NN414 (6-chloro-
3-(1-methylcyclopropyl)amino-4H-thieno[3,2-e]-1,2,4-thiadiazine 1,1-
dioxide) (26). This compound is a diazoxide analog and selectively opens
KATP-channels with the subunits Kir6.2 and SUR1 (KATP-channels on
�-cells), without activating KATP-channels with the subunits Kir6.2/
SUR2A (cardiac muscle) or Kir6.2/SUR2B (smooth muscle) (27). The
KCO compound was dissolved in dimethylsulfoxide to prepare a stock
solution of 100 mm. The stock solution was further diluted with RPMI
culture medium or Krebs-Ringer-bicarbonate (KRB) buffer for prepa-
ration of final concentrations of 0, 0.3, 3, and 30 �m. Final dimethyl-
sulfoxide concentrations were always �0.04%.

Design

Selective activation of �-cell KATP-channels inhibits glucose-mediated insulin
secretion from human islets. Groups of 6–10 human islets were placed in
a perifusion apparatus and perifused at 37 C with oxygenated and
prewarmed KRB buffer at 11 mm glucose (n � 12 runs). After an equil-
ibration period of 40 min, the effluent was collected at 1-min intervals
for 160 min. From 40–100 min the KCO compound was infused at a
concentration of 3 �m to activate KATP-channels. Samples were kept
frozen at �80 C.

Impact of chronic elevated glucose concentrations and �-cell rest on human islet
insulin stores and islet function. In static incubation, human pancreatic
islets from each donor (60–70 islets/dish) were cultured at 4, 11, and 16
mm glucose without or with KCO (0.3, 3, or 30 �m) for 96 h. This
concentration range of KCO was selected to encompass the concentra-
tion range currently under investigation in clinical studies (�1–3 �m).
At 0 and 96 h, samples of culture medium were obtained to determine
insulin secretion during static incubation. Samples were kept frozen at
�80 C. At the end of the 96-h culture period, the islets were sonicated
for the determination of islet insulin content.

After completion of the 96-h static incubation period, aliquots of
human islets incubated at 11 mm (0 and 3 �m KCO; n � 9 runs each) and
4 mm (0 �m KCO; n � 12 runs) were placed in the perifusion apparatus
and perifused at 37 C with oxygenated and prewarmed Krebs-Ringer-
bicarbonate buffer at 16 mm glucose. Human islets from each donor were
used for 3 or 4 perifusion runs, respectively. After an equilibration
period of 40 min the effluent was collected in 1-min intervals for 55 min.
Samples were kept frozen at �80 C.

Islet perifusion

The details of the islet perifusion system have been described pre-
viously (28). Briefly, human islets were suspended in Bio-Gel P-2 beads
(Bio-Rad, Hercules, CA) and placed in perifusion chambers in aliquots
of four to eight islets. The perifusion system (ACUSYST-S, Cellex Bio-
sciences, Inc., Minneapolis, MN) consisted of a multichannel peristaltic
pump that delivered perifusate through maximally six parallel tubing
sets via a heat exchanger and six perfusion chambers at a constant rate
of 0.3 ml/min. The perifusion buffers (Krebs-Ringer-bicarbonate buffer:
115 mmol/liter NaCl, 4.7 mmol/liter KCl, 2.5 mmol/liter CaCl2, 1.2
mmol/liter MgCl2, and 5 mmol/liter NaOH, pH 7.4) were supple-
mented with 0.2% human serum albumin, preheated to 37 C, and ox-
ygenized with 95% O2 and 5% CO2. The perifusate was delivered to the
perifusion chambers containing the human islets, and the effluent was
collected in 1-min intervals for determination of insulin concentrations.

Laboratory determinations

Glucose concentrations in the perifusion buffers and in the culture
medium were measured with the glucose oxidase method (Glucose
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Analyzer 2, Beckman Instruments, Brea, CA). Insulin was measured in
duplicate with a two-site immunospecific ELISA as previously described
(29). There is no cross-reactivity with proinsulin and split 32,33 and 31,32
proinsulins. The lower detection limit is about 4 pmol/liter, and the
assay range is 4–2000 pmol/liter. The intraassay coefficient of variation
ranged from 1.7–3.2%. The interassay coefficient of variation ranged
from 3.5–4.5%. Glucagon was measured in duplicate with a specific RIA
(Glucagon DA, ICN Pharmaceuticals, Inc., Orangeburg, NY).

Calculations and statistical analysis

Insulin secretion during islet perifusion (protocols 1 and 2) is ex-
pressed in mass units per islet per minute. Insulin and glucagon secre-
tion during the 96-h static incubation period (protocol 2) are expressed
in mass units per islet per 96 h. The insulin concentration-time series
were analyzed by deconvolution to quantify insulin secretion dynamics
and approximate entropy (ApEn) to assess the orderliness of pulsatile
insulin secretion. Deconvolution analysis is a multiparameter technique
to detect and quantify insulin secretory bursts as described previously
(30, 31). Deconvolution analysis has been specifically validated for this
perifusion system (28). Briefly, deconvolution analysis computes the
insulin secretion rate from the insulin concentration-time profile, while
identifying the position, duration, mass, and amplitude of insulin se-
cretory bursts within this secretion profile. These calculations are pos-
sible because of the known half-life for the hormone in this perifusion
system (0.63 min).

ApEn is a model-independent and scale-invariant statistic designed
to quantify the regularity or orderliness of (hormone) time series (32).
Technically, ApEn measures the logarithmic likelihood that runs of
patterns that are close (within r) for m contiguous observations remain
close (within the tolerance width r) on subsequent incremental com-
parisons. This regularity metric is validated for parameter choices of r �
0.2 � sd in the individual time series and m � 1, as used here (23, 33,
34). Insulin concentration data from islet perifusion experiments were
analyzed by calculating normalized ApEn as the number of sds was
removed from mean random ApEn (defined by shuffling the cognate
series 300 times). Lower values of the sd indicate a higher degree of
irregularity (process randomness). A precise mathematical definition is
given by Pincus (32).

ANOVA and unpaired t test were used to test insulin concentration,
insulin secretion, parameters of insulin pulsatility as determined by de-
convolution analysis, and orderliness of insulin secretion as assessed by
ApEn for statistical significance. Linear regression analysis was used to
analyze the relationship between the islet insulin content and total insulin
secretion vs. ApEn sd derived from human islet perifusion after static
incubation. P � 0.05 was considered to denote significant differences.

Results
Does the novel �-cell selective KATP-channel opener (NN414,
KCO) inhibit glucose-mediated insulin secretion from
human islets?

To address this question human islets were perifused at 11
mm glucose for 160 min (0–160 min), and KCO was added
to the perifusate from 40–100 min. Before exposure to the
KCO compound (0–40 min) insulin secretion from perifused
human islets was pulsatile, with a mean pulse interval of
4.0 � 0.2 min/pulse (Fig. 1). KCO at a concentration of 3 �m
rapidly inhibited insulin secretion, so that in 8 of 12 exper-
iments the insulin levels in the effluent temporarily dropped
below the detection limit of the assay (�4 pmol/liter). On
average, 3 �m KCO suppressed insulin secretion from iso-
lated human islets perifused at 11 mm glucose by 89.6 � 2.3%
(P � 0.0001; Figs. 1 and 2). In the four experiments in which
the perifusate insulin concentrations were still detectable
during KCO, we were able to document that insulin secretion
was still characterized by secretory bursts (Fig. 3). These data
imply that the generation of pulsatile insulin secretion may

not be dependent on oscillations of the membrane potential,
because activation of KATP-channels, which induces hyper-
polarization of �-cells, does not disrupt the pulsatile nature
of insulin secretion. After discontinuation of exogenous
�-cell KATP-channel activation, there was a prompt recovery
of insulin secretion through the mechanism of restoration of
insulin pulse mass to the pre-KCO baseline plateau (Fig. 1).
The regularity of insulin secretion as determined by ApEn
before and directly after acute inhibition with KCO was not
changed (P � NS), implying that the KCO had no action on
orderliness that outlasted its presence in the perfusate.

Do human islets cultured over 96 h at elevated glucose
concentrations have deficient insulin secretion, and if so is
this associated with a concurrent decline in islet stores?

Human islets were cultured for 96 h at glucose concen-
trations of 4, 11, and 16 mm. After this treatment islets were

FIG. 1. Insulin secretion profiles of two representative human islet
perifusion experiments with acute activation of KATP-channels. Islets
were studied at 11 mM glucose. During the interval from 40–100 min,
KCO was infused at a concentration of 3 �M. Inspection of the figure
shows an approximately 20-min delay between the onset of KCO
perifusion and the accomplishment of steady-state inhibition of in-
sulin secretion. There is a 10-min delay between the delivery of peri-
fusate into this system and its entry into the perifusion chambers
containing the islets. Half of the 20 min in delayed onset can therefore
be accounted for by the perifusion apparatus, indicating that it takes
approximately 10 min for the actions of the KCO to accomplish steady-
state inhibition of insulin secretion at the level of the islet. Interest-
ingly, the offset of KCO action at the islet also takes approximately
10 min.
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perifused at 16 mm glucose, and the dynamics of insulin
secretion were quantified. During the 96-h static incubation
of islets at glucose concentrations of 11 or 16 mm, there were

23- and 21-fold increases in the insulin secretion rate, re-
spectively, compared with that in islets cultured at 4 mm
glucose (P � 0.0001; Fig. 4). This sustained glucose-induced
augmentation of insulin secretion was associated with 77 �
8% and 84 � 7% depletions of islet insulin stores, respec-
tively (P � 0.001), by the end of the 96-h static incubation (Fig.
4). When these islets were subsequently perifused, they se-
creted insulin in a pulsatile fashion (Fig. 5) with a stable pulse
interval of 4.0 � 0.2 min/pulse. There was an approximately
30% deficit in insulin secretion in the islets previously cul-
tured at a glucose concentration of 11 vs. 4 mm (P � 0.01; Fig.
6). The mechanism subserving this glucose-stimulated de-
cline in insulin secretion was an approximately 40% decrease
in insulin pulse mass (P � 0.05) with no change in insulin
pulse frequency (P � 0.95).

These data confirm that islets cultured for 96 h at glucose
concentrations typically present in diabetes have impaired
glucose-mediated insulin secretion through the mechanism
of attenuated insulin secretory burst mass. This deficit is
associated with a decline in islet insulin stores.

Does the novel KCO compound prevent loss of insulin stores
and deficient glucose-mediated insulin secretion in islets
exposed to high glucose concentrations?

To establish the optimal concentration of KCO for inhibi-
tion of glucose-mediated insulin secretion, islets were

FIG. 2. Mean insulin secretion from human islets in perifusion ex-
periments (n � 12 runs) with acute activation of KATP-channels. �,
Experimental period 0–40 min; f, experimental period 60–110 min
(in Fig. 1). Data are the mean � SEM. *, P � 0.05 vs. 11 mM.

FIG. 3. Raw insulin secretion profile (top panel) and insulin secretion
derived by deconvolution analysis (bottom panel) during islet perifu-
sion at 11 mM glucose and acute activation of �-cell KATP-channels
with 3 �M KCO, corresponding to experimental period from 60–110
min (Fig. 1). In eight of 12 runs insulin secretion during this period
was suppressed below the detection limit of the assay. Depicted is one
of the experiments with detectable insulin secretion, which occurred
in a pulsatile fashion.

FIG. 4. Insulin secretion (top panel) and islet insulin content (bottom
panel) of human islets (60–70 islets/dish; n � 3 donors) in static
incubation for 96 h at 4, 11, and 16 mM glucose. Data are the mean �
SEM. Statistics were determined by ANOVA.
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cultured at glucose concentrations of 4, 11, and 16 mm as
described above, but also with or without KCO at concen-
trations of 0, 0.3, 3, and 30 �m. KCO dose-dependently de-
creased insulin secretion during static incubation at all three
glucose concentrations (Fig. 7; P � 0.0001). At the highest
KCO concentration (30 �m), there was a tendency toward a
paradoxical loss of the inhibitory effect on insulin secretion
(P � 0.08; 3 vs. 30 �m; n � 9 from all three glucose concen-
trations). This concentration far exceeds those that are being
examined at present in clinical studies (1–3 �m). The inhi-
bition of insulin secretion reduced the loss of islet insulin
stores in a dose-dependent manner (Fig. 7; P � 0.0001). The
50% effective concentration of KCO to inhibit insulin secre-
tion and prevent depletion of human islet insulin stores
during static incubation was in the range of 0.2–0.7 �m.
Therefore, we used a concentration of 3 �m KCO for sub-
sequent studies to establish the impact of induction of �-cell
rest by KCO in islets cultured at high glucose on subsequent
glucose-mediated insulin secretion during perifusion. Dur-
ing static incubation of human islets, KCO also inhibited
glucagon secretion in a dose-dependent manner (Fig. 8).

Aliquots of islets that had been incubated for 96 h at 11 mm
glucose with or without 3 �m KCO were subsequently stud-
ied in perifusion experiments at a stimulatory glucose con-
centration of 16 mm with no KCO present. During perifusion,
insulin secretion from these islets exhibited a pulsatile pat-
tern (Fig. 9). In islets cultured previously at 11 mm glucose
with KCO, the mean insulin secretion rate was 2.6-fold in-
creased vs. that in islets cultured at 11 mm glucose without
KCO (P � 0.01; Fig. 10). Interestingly, insulin secretion from
islets previously cultured at 11 mm glucose with KCO was
not only preserved compared with insulin secretion from
islets previously cultured at 4 mm, but actually exceeded it
by about 80–90% (P � 0.05; Fig. 10). Deconvolution analysis
revealed that the restoration of insulin secretion during peri-
fusion by prior culture of islets with KCO and high glucose

(vs. high glucose alone) was accomplished through the mech-
anism of amplification of the insulin secretory burst mass
(2.5-fold; P � 0.05), whereas the interval of pulsatile insulin
secretion remained stable (P � 0.72; Fig. 10).

These studies support the hypothesis that impaired insulin
secretion in islets cultured at glucose concentrations typically
present in diabetes can be overcome by concurrent inhibition
of insulin secretion (during exposure of the islets to high
glucose) by a novel KATP-channel opener. This observation
coupled with the parallel changes in islet insulin stores (and
insulin pulse mass) support the idea that the deficit in glu-
cose-mediated insulin secretion in islets induced by chronic

FIG. 5. Effect of elevated glucose on raw insulin secretion (top panels)
and insulin secretion rates derived by deconvolution analysis (bottom
panels) in two representative human islet perifusion experiments
(6–10 islets each) at a stimulatory glucose concentration of 16 mM.
The islets were previously incubated for 96 h at 4 mM (left panels) and
11 mM (right panels). Note the difference in y-scales to accommodate
the range of insulin secretion observed.

FIG. 6. Mean insulin secretion (top panel), pulse mass (middle panel),
and pulse interval (bottom panel) during perifusion of human islets
at a stimulatory glucose concentration of 16 mM (n � 9 runs each
group, with n � 3 runs per donor). The islets were previously incu-
bated for 96 h at 4 mM (�) or 11 mM glucose (f). Data are the mean �
SEM. *, P � 0.05 vs. 4 mM.
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high glucose is mediated through a partial loss of insulin
stores, which, in turn, leads to a loss of insulin pulse mass
during subsequent glucose stimulation.

Does chronic overstimulation of human islets with glucose
(11 mM) disturb the orderliness of stimulated
insulin secretion?

The orderliness of insulin secretion was assessed with the
regularity statistic ApEn. First, we confirmed that human

islets previously cultured at normal fasting glucose concen-
trations (4 mm) and then exposed to an acute increment in the
glucose concentration to 16 mm had enhanced orderliness of
insulin secretion (Fig. 11). The reference ranges for orderli-
ness of insulin secretion reported in Fig. 11 are derived from
previously published data (16). The orderliness of insulin
secretion during stimulation with 16 mm glucose was cor-
related to the islet insulin content in islets previously cul-
tured with 4 or 5 mm glucose (Table 1). In contrast, in human
islets previously cultured with 11 mm glucose, the increased
orderliness of insulin secretion in response to acute exposure
to a glucose concentration of 16 mm was significantly com-
promised (Fig. 11). In these islets, which had an approxi-
mately 80% decrease in islet insulin content (Fig. 4), the
orderliness of insulin secretion was not related to the islet
insulin content (Table 1). If this defect was primarily due to
the loss of islet insulin stores, induction of �-cell rest and
preservation of islet insulin content by KCO during culture
of islets at 11 mm glucose (Fig. 7) should allow glucose to
increase the orderliness of insulin secretion. Interestingly, the
induction of �-cell rest in islets cultured at 11 mm glucose did

FIG. 7. Effect of KCO concentration on insulin secretion (left panels)
and islet insulin content (right panels) of human islets (60–70 islets/
dish; n � three donors) in static incubation for 96 h at 4 (top panels),
11 (middle panels), and 16 (bottom panels) mM glucose. Data are the
mean � SEM. Statistics were determined by ANOVA.

FIG. 8. Relationship between KCO concentration in the culture me-
dium and glucagon secretion from human islets (60–70 islets/dish;
n � 3 donors) in static incubation for 96 h at 4 mM glucose. The solid
line is derived from nonlinear regression analysis. Data are the
mean � SEM. Statistics were determined by ANOVA.

FIG. 9. Raw insulin secretion (top panel) and insulin secretion rates
derived by deconvolution analysis (bottom panel) in a representative
human islet perifusion experiment (6–10 islets) at a stimulatory
glucose concentration of 16 mM. The islets were previously incubated
for 96 h at 11 mM glucose with 3 �M KCO. Note the difference in
y-scales compared with Fig. 5 to accommodate the range of insulin
secretion observed.
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not lead to normalization of the orderliness of insulin secre-
tion with subsequent glucose stimulation even though this
allowed restoration of pulsatile insulin secretion (Fig. 9).
Instead, after �-cell rest induced by activation of KATP-chan-
nels, the effect of glucose to coordinate insulin secretion to a
more orderly pattern was completely absent (Fig. 11) despite
preservation of islet insulin stores (Fig. 7) leading to an en-
hanced pulse mass of pulsatile insulin secretion. Also, the
relationship between islet insulin content and ApEn was not
restored (Table 1). The failure of glucose to coordinate insulin

secretion from islets with depleted insulin stores was not due
to impaired insulin secretion, because in all experimental
groups there was no correlation between insulin secretion
and ApEn (Table 1).

Discussion

In TTDM, chronic hyperglycemia and overstimulation of
�-cells appear to contribute to �-cell dysfunction. Here we
confirm that prolonged incubation of pancreatic islets from
nondiabetic humans for 96 h at glucose concentrations typ-
ically present in diabetes (11 mm) causes depletion of islet
insulin stores and impaired insulin secretion by the reduc-
tion of insulin pulse mass, recapitulating the disturbances of
insulin secretion present in TTDM. We also document that
high glucose leads to decreased orderliness of glucose-stim-
ulated insulin secretion. Concurrent culture of islets at a
glucose concentration of 11 mm and induction of �-cell rest
with a novel �-cell-selective KATP-channel opener prevented
the glucose-induced loss of islet insulin stores and quanti-
tatively preserved subsequent insulin secretion. However,
the concurrent �-cell rest during exposure of islets to a glu-
cose concentration of 11 mm for 96 h did not restore subse-
quent orderliness of glucose-stimulated insulin secretion,
implying that measured decreased orderliness of insulin se-
cretion reveals disturbances in glucose-regulated insulin se-
cretion distinct from insulin stores and insulin secretion rate.

The concept of �-cell rest to restore impaired insulin se-
cretion has emerged from both in vivo and in vitro studies. For
example, the insulin response to iv glucagon and tolbut-
amide was improved in patients with TTDM after intermit-
tent inhibition of insulin secretion with the KATP-channel
opener diazoxide (20). These data were interpreted to sup-
port the hypothesis that impaired insulin secretion in hu-
mans with TTDM might be due to reduced pancreatic insulin
stores induced by chronic overstimulation of the �-cells, and
that intermittent inhibition of insulin secretion might avoid
depletion of insulin stores and improve subsequent �-cell
function. Since then, this concept has been supported in
cultured human islets (6, 7) and in rats with chronic stimu-
lation of �-cells caused by continuous glucose infusion or
partial pancreatectomy (8, 35) and has been extended to
prevent the development of diabetes in Zucker diabetic fatty
rats (36) and type 1 diabetes in BB rats (37). Somatostatin
induced overnight �-cell rest in humans with TTDM and
restored subsequent pulsatile insulin secretion (18). Also, in
humans with type 1 diabetes, 3 months of treatment with
diazoxide resulted in higher residual insulin secretion 1 yr
after discontinuation of diazoxide administration (38). With
the present studies we extend the existing data by using a
novel �-cell-selective KATP-channel opener (27) to induce
�-cell rest in human pancreatic islets incubated at glucose
concentrations typically present in TTDM (11 mm). In the
clinical setting, the �-cell-selective action of this compound
should provide advantages over diazoxide, which is limited
by its nonselective actions on smooth muscle potassium
channels and resulting side-effects (hypotension and hirsut-
ism). The present studies show that this novel KCO com-
pound is active in human �-cells. The 50% effective concen-
tration (0.2–0.7 �m) for inhibition of insulin secretion during

FIG. 10. Mean insulin secretion (top panel), pulse mass (middle
panel), and pulse interval (bottom panel) during perifusion of human
islets at a stimulatory glucose concentration of 16 mM (n � 9 runs each
group, with n � 3 runs/donor). The islets were previously incubated
for 96 h at 11 mM glucose (�) or 11 mM glucose with 3 �M KCO (f).
The shaded area indicates the mean � SEM data from experiments
with islets previously incubated at 4 mM glucose. Data are the mean �
SEM. *, P � 0.05 vs. 4 mM; #, P � 0.05 vs. 11 mM.
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static incubation was similar to that determined in rodent
islets (26), implying that this KCO might be equally effective
in humans as in rats (39). Clinical studies of the novel KCO
have been undertaken at plasma levels in the range of ap-
proximately 3 �m. Consistent with the present studies in
islets, this blood level of the novel KCO leads to an approx-
imately 80–90% reduction in plasma insulin concentrations.
We provide evidence that KCO concentrations 1 order of
magnitude higher (30 �m) might lead to a paradoxical loss
of inhibition of insulin secretion.

Another novel aspect of the present study is the report that
KCO dose-dependently inhibits glucagon secretion from hu-
man islets. These results suggest that KCO also interacts
directly with glucagon-secreting �-cells in human islets, con-
sistent with previous reports showing an inhibitory effect of
diazoxide on the electrical activity of clonal � TC cells (40)
and isolated rat pancreatic �-cells (41). Given the paracrine
inhibitory effect of insulin on glucagon secretion, KCO-
induced inhibition of insulin release could have augmented
glucagon secretion from human islets, which in vivo would
have contributed to inadequate suppression of hepatic
glucose release. Therefore, the present studies provide evi-
dence that increased glucagon release from the pancreas
secondary to inhibition of insulin secretion is not a major
limitation in development of the �-cell rest concept for clin-
ical application.

One of the primary objectives of the current studies was to
establish whether prior exposure of human islets to glucose
concentrations present in TTDM caused a disturbance of the
orderliness of glucose-mediated insulin secretion. We are
able to confirm that postulate. These data support the idea
that disturbed orderliness of insulin secretion in TTDM may
be secondary to hyperglycemia, rather than due to a primary
defect in the islet itself. As these studies were performed at
the level of the isolated islet, they emphasize the concept that
an islet is a functional unit capable of an independent se-
cretory response. In vivo pulsatile insulin secretion directs
remote target tissues, and feedback and feedforward activ-
ities add to the adaptive complexity within this regulatory
system. The appeal of a statistic such as ApEn to measure
patterns of hormone release is the inclusive vs. reductionist
nature of this approach. In the current studies we have es-
tablished that the coordinating action of glucose on insulin
secretion (16) is disturbed not only in islets cultured for 96 h
with 11 mm glucose, but also in those cultured at the same
glucose concentration with KCO, conditions that led to the
restoration of pulsatile and total insulin secretion. These data
support the evolving concept that the orderliness of insulin
secretion is driven partially by underlying pulsatile patterns,
but also by subordinate (glucose sensitive) dynamics, which
are operative at the level of the islet and are largely inde-
pendent of the quantity of secretion. In the current circum-
stances, we might consider the possibility that prior chronic
exposure of islets to an elevated glucose concentration (11
mm) leads to stimulation of several of the processes involved
in the regulation of insulin secretion at the level of the islet,
which are now no longer synchronized by the subsequent
increment in glucose concentration (16 mm) during perifu-
sion. An example may be a relative loss of synchrony be-
tween the metabolic activity of mitochondria present in each
�-cell, which might be manifest in less orderly insulin
secretion.

The present studies provide insight into the relationship
between glucose-regulated �-cell insulin secretion and syn-
thesis in human islets chronically exposed to glucose con-
centrations typical of TTDM vs. nondiabetics. During static
incubation for 96 h with 11 mm glucose, insulin secretion was
augmented by 13.8 � 4.4 pmol/islet/96 h (23-fold) compared
with insulin secretion during culture with 4 mm glucose. In
consideration of the residual insulin content after static in-
cubation at 11 mm (1.3 � 0.7 pmol/islet) and the mean insulin
content of islets cultured with 4 mm glucose (4.9 � 1.2 pmol/
islet), this reveals that human islets incubated with 11 mm
glucose synthesized and secreted approximately 2 times

FIG. 11. ApEn defined by the number of SDs removed from mean
random ApEn (see Materials and Methods) of insulin concentration-
time series from perifusion experiments at 16 mM glucose after prior
static incubation of human islets for 96 h at 4 mM (n � 12 runs), 11
mM (n � 9 runs), and 11 mM glucose with 3 �M KCO (n � 9 runs). The
shaded areas indicate the reference ranges for ApEn of insulin se-
cretion at stimulatory glucose concentrations of 4 mM (bottom; n � 51
runs) and 16 mM (top; n � 14 runs) when human islets were previously
kept at 5 mM glucose (16). Higher ApEn SDs from random denote
greater secretory regularity or reduced relative randomness of the
release process. Data are the mean � SEM. *, P � 0.05 vs. 16 mM; #,
P � 0.05 vs. 4 mM.

TABLE 1. Linear regression analysis of the relationship between the islet insulin content (fmol/islet) and total insulin secretion vs. ApEn
derived from human islet perifusion at five different experimental conditions

After 5 mM

at 4 mM

After 5 mM

at 16 mM

After 4 mM

at 16 mM

After 11 mM

at 16 mM

After 11 mM � KCO
at 16 mM

Islet insulin content vs. ApEn r � 0.30 r � 0.56 r � 0.63 r � 0.32 r � 0.02
P � 0.03 P � 0.04 P � 0.03 P � 0.40 P � 0.96

Insulin secretion vs. ApEn r � 0.03 r � 0.29 r � 0.27 r � 0.53 r � 0.34
P � 0.83 P � 0.32 P � 0.40 P � 0.15 P � 0.37

Stimulation of insulin secretion was performed with 4 or 16 mM glucose after chronic incubation at 5, 4, 11 or 11 mM with 3 �M KCO, as
indicated in the top row. The results of the first two experimental conditions after chronic incubation at 5 mM glucose derive from data that
have been previously published (16).
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their insulin content in 96 h, and that this insulin secretion
exceeded insulin synthesis, causing an approximately 80%
loss of islet insulin content. However, concurrent activation
of KATP-channels and partial inhibition of insulin secretion
during exposure to 11 mm glucose largely overcame the
imbalance between insulin synthesis and secretion, restrict-
ing loss of insulin stores to about 15%. Despite this approx-
imately 15% reduction of insulin stores, islets incubated un-
der these conditions (11 mm glucose with �-cell rest) had an
approximately 80% increased rate of total and pulsatile in-
sulin secretion with subsequent glucose stimulation. This
may be due to a priming effect of prior elevated glucose on
insulin biosynthesis and the secretory machinery (42), which
during inhibition of insulin secretion may have enhanced the
magnitude of the readily releasable insulin pool. Alterna-
tively opening of ATP-sensitive potassium channels may
have enhanced glucokinase activity by inhibiting relocation
of glucokinase from the cytoplasm to insulin vesicle mem-
branes, a phenomenon recently recognized in �TC3 cells (43).
The combination of enhanced glucokinase activity with a

relative preservation of insulin stores, perhaps also released
competent stores, may have together contributed to the en-
hanced glucose-mediated insulin secretion from islets pre-
viously cultured with 11 mm glucose and KCO vs. islets
cultured with 4 or 11 mm glucose without KCO. What are the
clinical implications of the present concept to primarily re-
store pulsatile insulin secretion by prior �-cell rest?

There is a hyperbolic relationship between �-cell mass
and/or insulin content and blood glucose concentrations (4,
5). This relationship is shown diagrammatically in Fig. 12A.
The inflection of the hyperbolic curve occurs with an ap-
proximately 50% reduction of �-cell mass in humans and
large animal models (4, 5, 19). The data from the current
studies support the idea that this inflection may indicate the
point at which any further decrease in �-cell mass results in
chronic demands for insulin secretion per �-cell that exceed
the capacity for insulin synthesis, leading to diminished in-
sulin stores and secretion. The available data support the
concept that this decompensation of �-cell function might
preferentially lead to depletion of the functional readily re-

FIG. 12. Model of the hyperbolic rela-
tionship between �-cell mass and/or in-
sulin content and blood glucose concen-
tration. The shaded area represents the
threshold for critical reduction of �-cell
mass or insulin content, below which
blood glucose concentration is increas-
ing. A, Location of a person on the curve
with predisposition for the development
of TTDM (F). B, Manifestation of
TTDM. Any further decrease in �-cell
mass leads to reduced pancreatic insu-
lin content, impaired insulin secretion,
and development of hyperglycemia.
Treatment with insulin sensitizers
shifts the curve to the left (C), whereas
basal insulin replacement or intermit-
tent �-cell rest induces a shift along the
curve (D).
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leasable pool of insulin (44), resulting in deficient first phase
insulin secretion and reduced pulse mass of pulsatile insulin
secretion. Both of these abnormalities in insulin secretion are
characteristic of TTDM and large animal models with de-
creased �-cell mass (4, 5, 18, 45, 46). If, as the available data
suggest, the loss of pulsatile insulin secretion contributes to
decreased insulin sensitivity (47–51), the consequence would
be a rightward shift of the curve describing the relationship
between blood glucose and �-cell mass (Fig. 12B) compound-
ing the relative insulin deficiency, and hyperglycemia. Any
strategy that enhanced insulin sensitivity, such as use of
pharmacological insulin sensitizers, would be expected to
oppose this effect to some degree (Fig. 12C). The current
studies introduce another strategy. The use of basal insulin
therapy and concurrent inhibition of basal insulin secretion
by KATP-channel activation would allow insulin stores to be
replenished (Fig. 12D). As activation of the KATP-channel,
demonstrated by the current islet studies, leads to only par-
tial inhibition of insulin secretion that is overcome by an
increased glucose concentration, the combined use of basal
insulin replacement and a KCO might be expected to lead to
restoration of pulsatile insulin secretion, particularly in re-
lation to meal requirements. This approach would be ex-
pected to lead to a shift along the curve to the right (Fig. 12D)
and result in the reduction of blood glucose concentrations.
Recently, we reported that in human islets the magnitude of
the insulin secretory response to a glucose stimulus is a
function of the islet insulin content (7, 16). Any increase in the
islet insulin stores should therefore result in increased insulin
pulse mass and secretion. Consistently, pancreatic insulin
content and �-cell responsiveness are increased in rats after
48 h of diazoxide-induced �-cell rest at hyperglycemia (8).
Based on data obtained in rodents, it has been suggested that
the dynamic movements along the hyperbolic curve (Fig. 12)
might be partially governed by differential feedback mech-
anisms of hyperglycemia on �-cell mass (52). Mild hyper-
glycemia induces expansion of �-cell mass, whereas more
severe hyperglycemia induces �-cell loss. It is not known to
what extent these changes are applicable to humans.

The mechanism of glucotoxicity in isolated human islets or
in TTDM might be mediated not only by reduced islet insulin
stores, but also by functional changes and reduced �-cell
survival (53). Functional changes include reduced insulin
gene expression and chronic oxidative stress. Prolonged ex-
posure of isolated human islets to elevated glucose concen-
trations increases �-cell apoptosis (54) consistent with the
reported 65% deficit in �-cell mass and increased �-cell ap-
optosis in TTDM (19). These factors might have contributed
to impaired islet function in the present experiments after
static incubation of isolated human islets at elevated glucose
concentrations. However, recently it has been suggested that
activation of KATP-channels might protect �-cells in human
islets from glucose-induced apoptosis (55), and therefore, the
positive impact of �-cell rest on human islet function might
also be related to increased �-cell survival.

In summary, the novel �-cell-selective KCO, NN414,
acutely suppresses insulin secretion from human islets stim-
ulated by elevated glucose. Chronic �-cell stimulation with
physiologically increased glucose concentrations (11 mm),
which are frequently observed in diabetes, leads to defective

insulin secretion (reduced pulse mass and decreased order-
liness) that can partly be explained by depletion of islet
insulin stores. Induction of �-cell rest prevents the glucose-
induced loss of islet insulin stores and preserves insulin
pulse mass without restoring the orderliness of insulin se-
cretion. Therefore, the concept of �-cell rest may provide a
strategy to protect �-cells from chronic overstimulation and
to improve islet function. Also, we provide evidence that
impaired glucose-regulated insulin secretion in TTDM par-
tially involves mechanisms distinct from insulin stores and
insulin secretion rates.
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