Diabetologia (2004) 47:885-891
DOI 10.1007/s00125-004-1386-7

Diabetologia

Openers of ATP-dependent K+-channels protect against
a signal-transduction-linked and not freely reversible defect
of insulin secretion in a rat islet transplantation model

of Type 2 diabetes

A. Bjorklund'-> - J. Bondo Hansen? - S. Falkmer3 - V. Grill!- 4

I'Endocrine and Diabetes Unit, Department of Molecular Medicine, Karolinska Hospital, Karolinska Institute, Stockholm, Sweden
2Novo Nordisk Research and Development (JBH), Novo Nordisk Park, Mélgv, Denmark
3 Morphology Unit, Department of Laboratory Medicine, St. Olav’s University Hospital, Norwegian University of Science

and Technology, Trondheim, Norway

4Endocrine Unit, Department of Abdominal Diseases, St. Olav’s University Hospital, Norwegian University of Science

and Technology, Trondheim, Norway

5Endocrine Lab L6B: 01, Karolinska Hospital, Stockholm, Sweden

Abstract

Aims/hypothesis. We tested whether chronic overstimu-
lation by levels of hyperglycaemia commonly found in
Type 2 diabetes can irreversibly desensitise beta cells
and, if so, whether desensitisation relates to the reduc-
tion of insulin content and/or the number of beta cells.
Methods. We transplanted islets from Wistar-Furth rats
under the kidney capsule to neonatally streptozo-
tocinised recipients. Recipients received daily vehicle,
diazoxide (100 mg/kg) or the selective activator of beta
cell type K*-ATP channels 6-chloro-3-(1-methylcy-
clopropyl) amino-4H-thienol [3,2-e]-1,2,4-thiadiazine
1,1-dioxide (NN414) (3 mg/kg) intragastrically for at
least 9 weeks. Endpoint measurements were made
exactly 7 days after cessation of treatment.

Results. Blood glucose did not differ between groups
(mean of total: 13.2+1.4 mmol/l). C-peptide levels were
significantly depressed in drug- versus vehicle-treated
rats 3 to 4 hours after the last gastric tubing event, but
not at endpoint. Insulin responses to 27 mmol/l glucose

from perifused grafts were not significant after vehicle
(median increment 18x10-3 pU-islet-!-min~!) but were
significant per se and versus vehicle in the diazoxide
and NN414 groups (median 107 and 83x10-3 respec-
tively). Rising second-phase secretion was seen only in
the drug-treated groups. Stimulation by 25 mmol/l KCl,
together with 0.5 mmol/l 3-isobutyl-1-methylxanthine
and 3.3 mmol/l glucose, was enhanced in the drug-treat-
ed groups (p<0.05 versus vehicle). Graft insulin content
did not differ between groups, nor did percentage of
beta cells (between 67 and 68% of endocrine cells).
Conclusions/interpretation. Chronic overstimulation by
moderate hyperglycaemia damages signalling events
including those required for glucose-induced insulin
secretion. This signal transduction defect occurs in the
absence of any effect on islet macro-morphometry or
insulin stores.
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Introduction

Prolonged hyperglycaemia is known to negatively
affect beta cell function. Leahy et al. demonstrated in
normal rats that 48 hours of hyperglycaemia desensi-
tised the pancreas to subsequent in vitro stimulation
with glucose, i.e. the insulin response to glucose was
abolished [1]. Sako and Grill then showed that the de-
sensitisation by hyperglycaemia could be completely
prevented if rats were co-infused with diazoxide [2].
Diazoxide inhibits glucose-induced insulin secretion
through activation of ATP-sensitive potassium (K*-
ATP) channels in the cell membrane of beta cells [3].
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Diazoxide also protected against desensitisation in iso-
lated islets from rat [4] and human [5, 6] pancreases.
Therefore, it was concluded that overstimulation by
elevated glucose was responsible for the desensitisa-
tion observed.

These and other reports have led to the distinction
of different effects of hyperglycaemia on the beta
cell [7]. The term “glucotoxicity” stands for negative
effects exerted directly by glucose and/or its metabo-
lites. Overstimulation (or “beta cell exhaustion™) stands
for an indirect effect of long-term elevated glucose.
(However, other conditions could also lead to overstim-
ulation).

Following a 48-hour period of hyperglycaemia, in-
sulin secretion swiftly (within 24 h) normalised when
blood glucose was normalised [1]. The 48-hour time
frame of hyperglycaemia is different from the chronic
hyperglycaemia present in diabetes. Therefore these
previous studies do not exclude the possibility of irre-
versible effects from overstimulation in diabetes and it
seems clinically important to decide whether desensi-
tisation after a prolonged period of hyperglycaemia is
reversible or not. To answer this question, transplanta-
tion studies, although technically difficult and labour-
intensive, are needed. To test “proof of principle”, we
transplanted islets to rats that had been made severely
diabetic by streptozotocin at adulthood (blood glucose
>22 mmol/l) [8]. Eight weeks of diazoxide treatment
followed by 1 week of no treatment improved insulin
secretion in response to arginine but not to glucose,
and in parallel increased insulin content and prepro-
insulin of the grafts. These experiments strongly indi-
cated that diazoxide can protect against irreversible
damage to beta cells.

However, extreme hyperglycaemia may induce
other metabolic abnormalities and is not usually seen
in subjects with Type 2 diabetes. Therefore, it was
necessary to test effects of overstimulation at levels of
hyperglycaemia closer to the clinical situation than
those used in the previous study. We therefore trans-
planted islets to neonatally streptozotocin-diabetic
rats, which typically develop only moderate hypergly-
caemia [9]. To ascertain the validity of data obtained
with diazoxide, we compared them with those of
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a more potent and selective activator of the ATP-
sensitive potassium channels of the beta cells, namely
the new compound 6-chloro-3-(1-methylcyclopropyl)
amino-4H-thienol [3,2-e]-1,2,4-thiadiazine 1,1-dioxide
(NN414 ) [10]. Such testing was also important for
therapeutic considerations, since side effects of dia-
zoxide limit its use in clinical trials [11, 12].

In a three-arm study the transplant-bearing rats
received vehicle, diazoxide or NN414 for at least
9 weeks. We stopped all treatment 7 days before as-
sembling ex vivo biochemical and histo-pathological
data on graft function and survival.

Materials and methods

Animals. Female and male Wistar-Furth rats were obtained
from Scanbur (Sollentuna, Sweden). Female rats served as
donors and male syngeneic rats as recipients in the transplanta-
tion experiments. Male rats were made diabetic by an intrave-
nous injection with 90 mg/kg streptozotocin (Sigma, St. Louis,
Mo., USA) at day 1 after birth. Moderate diabetes was induced
and confirmed at day 3 by blood glucose levels above
10.0 mmol/l. The mean blood glucose level at transplantation
was 17.8+1.1 mmol/l and was essentially the same in all three
groups (Table 1). Also body weight of the diabetic rats at
transplantation was similar between groups (Table 1).

Isolation and transplantation of islets. Islets of Langerhans
were isolated by collagenase treatment [13] from 12 to 15-
week-old female syngeneic rats. Islets were cultured overnight
in RPMI 1640 (SVA, Uppsala, Sweden). Then, two islet grafts
with 150-220 and 20-50 islets respectively were transplanted
under the left kidney capsule as previously described [8]. To
minimise inter-individual variations between donors, islets iso-
lated from two to three donor rats were mixed and then divided
into three equal portions, one-third being transplanted to a rat
belonging to the vehicle-treated, one-third to the diazoxide-
treated and one-third to the NN414-treated group. The number
of islets transplanted to each rat was purposely kept low
enough not to reverse diabetes in the recipient rats.

Experimental protocols. The Stockholm Ethics Committee for
Animal Experiments approved the experimental protocols. Fol-
lowing transplantation, the recipient rats were administered ve-
hicle, diazoxide (100 mg/kg) or NN414 (3 mg/kg) once daily
between 08.00 and 10.00 hours. Diazoxide and NN414 were
dissolved in 2% NaOH. The vehicle component consisted of

Table 1. Mean blood glucose and C-peptide levels, as well as body weights of rats at transplantation, end of treatment and end of

study
Treatment Blood glucose (mmol/l) C-peptide (pmol/l) Body weight (g)
Transplantation  End of Death End of Death Transplantation End of Death
treatment treatment treatment
Diazoxide 16.5+1.6 10.1£2.82  10.7+£2.2a 41679 813+221 286+14 30119 297+20
Vehicle 18.5+2.2 13.0+£2.70  15.8+2.9 9494248 672+104 292+14 315+15 312+15
NN414 18.4+1.8 14.1£2.82  15.8+2.1 33690 552+120 291+10 299+11 294+11

Data are given as means + SE for eight experiments. 2 p<0.05 vs blood glucose at transplantation; » p<0.05 vs C-peptide levels in

vehicle-treated rats
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glycerol 5 vol %, gelatine 0.5%, 40 vol % and carboxy-methyl-
cellulose 2%, 55 vol %. The treatment lasted for 77+2 (range:
63-87) days with no significant differences between the
groups. The treatment period was followed by exactly 7 days
of no treatment in every animal. The animals had free access to
water and the standard laboratory chow for rats (Scanbur,
Stockholm, Sweden) during the experimental period.

Non-fasting blood glucose levels were measured once e
very week between 09.00 and 11.00 hours, just before medica-
tion throughout the experimental period. Levels of plasma
C-peptide were measured at the end of the treatment period
(3—4 hours after the last gastric tubing event) and at the end of
the study.

Perifusion of kidney grafts. The perifusion technique was
adapted from that used in mouse transplantation experiments
[14]. Graft-bearing kidneys were isolated and the grafts care-
fully excised. Grafts were then perifused as previously de-
scribed [4] with Krebs-Ringer bicarbonate buffer supplement-
ed with 0.2% of bovine serum albumin (Sigma), and with
3.3 mmol/l glucose. The flow rate was kept at 0.2 ml/min by a
peristaltic pump. After a 30-min equilibration period, each
graft was stimulated for 30 min with 27 mmol/l glucose. This
stimulation was followed by an equivalent period of perifusion
with 3.3 mmol/l glucose. Finally, grafts were stimulated with
a combination of 25 mmol/l KCl and 0.5 mmol/l 3-isobuthyl-
1-methylxanthine (IBMX) on a background of 3.3 mmol/l of
glucose. Effluents were collected every 1 to 2 min and stored
at —20 °C until insulin assay. Following perifusions, the larger
grafts were processed for structural analysis and the smaller
grafts primarily for insulin contents as outlined below.

Assays. Levels of blood glucose were assayed by the glucose
oxidase method (Accutrend Sensor Glucose, Boehringer
Mannheim, Mannheim, Germany). Plasma levels of C-peptide
were assayed by radioimmunoassay (Linco Research, St.
Charles, Mo., USA). The insulin content of the smaller grafts
(containing 20-50 islets) was extracted as previously reported
[15]. Immunoreactive insulin in effluents and extracts was
measured by radioimmunoassay [16].

Histopathological and morphometrical analysis. The islet
transplants, which had been identified by naked-eye inspection
and excised together with a brim of the adjacent renal cortex,
were conventionally fixed by immersion in 10% neutral forma-
lin, dehydrated and embedded in paraffin. For orientation pur-
poses, sections about 4 pum thick were cut and stained with
haematoxylin and eosin. After ascertaining that a graft had
been hit by the microtome, a whole series of five to ten addi-
tional, consecutive, 4-um thick sections were cut and used for
immunohistochemical (IHC) analyses of the presence of the
four major islet hormones in the parenchymal cells of the
grafts. At the end of such a series, an additional section was
cut, haematoxylin- and eosin-stained, and compared with the
first section. By checking whether or not the area of the graft
in the cut sections increased or decreased in size, we gained an
indication as to whether or not the cut sections were from the
central parts of the graft. If not, additional consecutive sections
were cut and used for the IHC analyses. By these means, an
estimate was made of the size and shape of the graft.
Conventional peroxidase-anti-peroxidase IHC investiga-
tions were made using Dako equipment (Dako, Glostrup,
Denmark). Thus, the sections were immunostained on the
Tech-Mate-500-Plus Autostainer, using the Chem-Mate Detec-
tion Kit. The primary antibodies were all polyclonal. For the
detection of insulin cells, Dako guinea-pig anti-porcine insulin
AS564 antiserum was used at a dilution of 1:1200. The somato-

statin cells were identified by means of their rabbit anti-human
somatostatin AO566 antiserum, using a working dilution of
1:12 000. For assessing glucagon cells, rabbit anti-glucagon
A565 antiserum was applied at a working dilution of 1:500.
Lastly, for the detection of the pancreatic polypeptide (PP)
cells, rabbit anti-human PP AO619 antiserum was used at a
working dilution of 1:50 000. The negative controls were those
recommended by Dako.

In the cut sections, only cells displaying an intact nucleus
and a distinct immunoreactivity of granular type in the cyto-
plasm were counted. Each counting was repeated at least twice
in order to check its accuracy. There were no major difficulties
in distinguishing the islet parenchymal cells from blood vessel
endothelium, connective tissue fibroblasts/fibrocytes or the
epithelial cells of the adjacent renal tubuli. When the total
number of immunoreactive islet parenchymal cells had been
obtained, we checked whether that number was of the same
magnitude as that obtained when the total number of islet pa-
renchymal cells in the grafts had been assessed in the haema-
toxylin- and eosin-stained sections, both in the first and last
ones of the series of consecutive sections. By this means, we
gained an indication as to whether or not any degranulated or
otherwise non-immunoreactive parenchymal cells were present
in the islet grafts.

The haematoxylin- and eosin-stained sections, as well as
the immunostained ones, were assessed blindly, i.e. without in-
formation about which experimental group they originated
from. Before the statistical calculations started, the numerical
values of the morphometric data were graphically checked for
the presence of a Gaussian (“normal”) distribution.

Statistical analysis, Data in tables and figures are expressed as
means = SE. For multiple comparisons, one-way repeated
measures ANOVA was performed. For comparisons between
two means, Student’s ¢ test (two-tailed) for paired observations
was performed. A p value of less than 0.05 was considered sig-
nificant.

Results
In vivo measurements

Body weights and blood glucose. Body weight of the
rats did not change significantly in any group during
the experimental period (Table 1, Fig. 1a). During the
first week, blood glucose was non-significantly and
temporarily higher in the diazoxide- and NN414-treat-
ed group than in vehicle-treated animals (p=0.059).
The degree of hyperglycaemia diminished in all
groups during the treatment period and at death
(Table 1). The mean blood glucose of the animals in
the study was thus much lower than before treatment
(17.8+1.1 vs 13.2+1.4 mmol/l). Most of the reduction
of blood glucose occurred early during treatment
(Fig. 1b). At the end of treatment there were no signif-
icant differences in levels of blood glucose between
the groups.

Plasma C-peptide. Plasma C-peptide was measured
3 to 4 hours after the last gastric tubing event. Levels
were then significantly lower in diazoxide- and
NN414-treated rats than in vehicle-treated rats (Ta-
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Fig. 1. Percentage change in body weight (a) and blood glu-
cose (b) of rats during the first 9 weeks of treatment (total:
63-87 days). (O) vehicle-, (@) diazoxide- and ([J) NN414-
treated animals. n=8 in all groups. Error bars were omitted for
clarity

ble 1). Plasma C-peptide was measured again at the
time of death, i.e. on the seventh day after treatment
ended. At that time point levels were similar in all
three groups.

In vitro measurement

Insulin release during perifusions. The mean incre-
mental insulin response to 27 mmol/l glucose was
small and non-significant in grafts to vehicle-treated
diabetic rats (0.04+0.02 pU-islet-I-min-!, mean = SE)
(Figs. 2, 3). The median increment during stimulation
by glucose was only 18x10-3 pU-islet-!-min~!. There
was no tendency for insulin secretion to increase
during the stimulation period (Fig. 2). In contrast, the
insulin response to glucose was significant in grafts to
the diazoxide-treated rats (0.1320.04 pU-islet-!-min~1,
mean + SE). The median increment during stimulation
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25 KCl
0.5 IBMX 336G
3.3 mmoll G

Incremental release (uU-islet”-min™")
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Fig. 2. Incremental (=basal secretion at 3.3 mmol/l glucose
subtracted) insulin responses to 27 mmol/l glucose as well as
to 25 mmol/l KCl, 0.5 mmol/l IBMX and 3.3 mmol/l glucose.
Results are from perifusion of transplants containing 150-220
islets. (O) vehicle-, (@) diazoxide- and (CJ) NN414-treated,
n=8 in all groups. The triangle shows data from stimulation
with 27 mmol/l glucose of transplants from non-diabetic rats
obtained in a separate series of experiments, n=4. Some error
bars were omitted for clarity. G, glucose; IBMX, 3-isobutyl-
1-methylxanthine
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Fig. 3. Incremental insulin release in response to 27 mmol/l
glucose (22—-80 min) in perifusions of transplants (see Fig. 2)
and to 25 mmol/l KCI, 0.5 mmol/l IBMX and 3.3 mmol/I
glucose (81-112 min). Values are calculated as area under
the curve and expressed as per islet per min. Bars refer to
graft secretion from vehicle- (white), diazoxide- (black) and
NN414-treated (grey) animals

by glucose was 107x10-3 uU-islet-!-min~!. There was
a successive rise in secretion over time. Also grafts
to NN414-treated rats responded well to glucose
(0.15+£0.06 uU-islet-I-min~!, mean + SE). The median
increment during stimulation by glucose was 83X
10-3 uU-islet-!'min~! from grafts to NN414-treated
rats. The kinetics of secretion were similar to those of
diazoxide.

To broadly assess the extent to which diazoxide
and NN414 treatment restored glucose-induced insu-
lin secretion to normal, we included (Fig. 2) data from
perifused grafts to non-diabetic recipients. These data
were obtained during the same time period as the
present three-arm study, but in a separate series of ex-
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Table 2. Data from the IHC/morphometrical analyses of the grafts

Experimental group Endocrine cells/section (n)

Beta cells (%)

Glucagon cells (%) Somatostatin cells (%)

Diazoxide 219+13
Vehicle 203+11
NN414 18310

67+2
672
68+1

2442 9+1
26+3 8+1
23+2 8+1

Data are means + SE from eight transplants in each treatment group. In all rats, the number of PP cells and/or non-IR islet paren-

chymal cells was negligible. IHC, immunohistochemical

25 KCI
0.5 IBMX 336G
3.3 mmoll G

336G 271G 336G

Estimated fractional release (% per min)

140
Time (min)

Fig. 4. Estimated incremental insulin fractional release (i.e.

insulin release from large grafts divided by insulin content

from small grafts). Conditions as in Fig. 2. G, glucose; IBMX,

3-isobutyl-1-methylxanthine

periments. The kinetics of insulin release of grafts
from untreated non-diabetic rats was quite similar to
that of grafts from the drug-treated groups of the pres-
ent study.

Combined stimulation with KCI and the phosphodi-
esterase inhibitor IBMX on a background of 3.3 mmol/l
glucose elicited sizable insulin release from grafts both
to the drug- and to the vehicle-treated groups of diabet-
ic recipients (Figs. 2, 3). However, this response was
more marked in grafts from diazoxide- or NN414-
treated rats (0.55+0.16 pU-islet-!-min~!, mean + SE and
0.56+0.16 pU-islet-I-min~!, mean + SE respectively)
than in grafts from the vehicle-treated ones (0.27+
0.11 pU-islet-I-min~!, mean + SE) (Fig. 3).

In order to validate the technique of perifusion of
islet grafts, we compared responses from the large
grafts containing at transplantation 150-220 islets
with responses from the small grafts (20-50 islets) to
the same animal. As expected, the release from the
larger number of islets was less variable than that
from the smaller grafts (results not shown); it was
therefore natural to present data from the larger grafts.
There was, however, a positive correlation between
the response of the small and large transplant in an in-
dividual animal, both with regard to stimulation with
glucose (r=0.5; p=0.03) and with regard to combined
stimulation with KCI and IBMX (=0.6; p=0.01).

Insulin content. The insulin content of the grafts did
not differ significantly between treatment groups. The
insulin content was 401+£163 uU/islet in grafts from
vehicle-treated, 490+179 upU/islet from diazoxide-
treated and 318+108 pU/islet from NN414-treated
rats.

In all groups, there was a negative correlation at
death between insulin content of grafts and blood glu-
cose (r=—0.64, p=0.006 for the three groups com-
bined). In contrast, a positive correlation between in-
sulin content and glucose-induced insulin release dur-
ing perifusion was found only for vehicle-treated rats
(r=0.72, p=0.046). For the diazoxide and NN414
groups the non-significant r values were —0.51 and
0.08 respectively.

Estimated fractional release. We used insulin content
data from individual experiments to express insulin
release in terms of fractional release. Strictly speak-
ing, this was an estimation since insulin content was
measured in the smaller graft to the kidney of each re-
cipient, whereas insulin secretion was routinely mea-
sured in the larger graft. Furthermore, insulin content
data were lacking in three of the 24 experiments due
to technical reasons. The estimated incremental frac-
tional insulin release showed a profile very similar to
that of incremental insulin release (compare Figs. 2
and 4). The mean incremental fractional insulin
response to 27 mmol/l glucose was 0.01+0.003,
0.07£0.03 and 0.06+0.02% per min for vehicle-,
diazoxide- and NN414-treated animals respectively
(p<0.03 for vehicle vs diazoxide and NN414 pooled
together). Stimulation with KCI and IBMX on a back-
ground of 3.3 mmol/l glucose resulted in a fractional
secretion of 0.08+0.02, 0.31+0.2 and 0.27+0.09% per
min for vehicle, diazoxide and NN414, p=0.2.

Histopathological, IHC and morphometrical observa-
tions. Apart from the presence of small islet haemor-
rhages [17] in a few islet grafts belonging to all three
experimental groups, no light-microscopical structural
lesions were found in the various kinds of islet paren-
chymal cells. The incidence of non-immunoreactive
islet parenchymal cells was close to 0% (Table 2).
Thus, degranulated islet cells or immature agranular
ones [17] did not occur in the islet grafts. The total
number of islet parenchymal cells in the kidney grafts
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varied rather widely. There was a positive correlation
between the amount of transplanted islets and the
amount of endocrine cells counted per section
(r=0.397, p=0.0329, when all three treatment groups
were included).

The percentage of beta cells was not clearly re-
duced in comparison with that from pancreatic islets
of normal rats [17]. Similar findings were obtained
with regard to glucagon and somatostatin immunore-
active cells [17]. Practically no PP cells were found in
the islet grafts. This observation indicates that the ori-
gin of the islet transplants was from the corpus and/or
cauda regions of the donor pancreatic glands and not
from the dorsal lobes of the caput region [17]. Most
importantly, the occurrence of insulin immunoreactive
cells and other cell types in the transplants was quite
similar between groups (Table 2).

Discussion

Three main findings, to our knowledge all novel,
emerge from this transplantation study. First, long-
term treatment with diazoxide during moderate hyper-
glycaemia produces lasting beneficial effects on insu-
lin secretion. Second, these effects are not explained
by effects on insulin content or the number of beta
cells in the transplants. Third, the selective activator
of beta cell ATP-sensitive potassium channels,
NN414, reproduces the beneficial effects of diazoxide.

At first glance, it is surprising that blood glucose
was affected only during the first week of treatment
since an insulin inhibitory effect of diazoxide and
NN414 (demonstrated here by lowered C-peptide
levels) would be expected to raise blood glucose.
However, diazoxide has insulin-sensitising effects in
rodents [18, 19, 20] and in humans [12, 21]. There is
also evidence that NN414 has insulin-sensitising ef-
fects [22]. At any rate, the comparable level of hyper-
glycaemia during the different treatments greatly
facilitates the interpretation of our results.

Our findings indicate that diazoxide and NN414
preserved several aspects of normal beta cell respon-
siveness to glucose in the islet transplants. In particu-
lar, the time kinetics was very similar to that obtained
in transplants to non-diabetic rats. However, we
cannot exclude quantitative differences in the glucose
response from grafts to drug-treated diabetic versus
non-diabetic rats.

Also the response to non-nutrient secretagogues
was enhanced by the long-term presence of diazoxide
or NN414. This could indicate that non-glucose-
dependent events of signal transduction are also
permanently influenced by overstimulation. Alterna-
tively, the influence of the simultaneous low glucose
concentration (3.3 mmol/l) was enhanced.

Other investigators have proposed that the benefi-
cial effects of diazoxide on insulin secretion are whol-
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ly secondary to the preservation of insulin stores [23].
As discussed elsewhere [7], there is evidence that this
does not apply to all experimental conditions mani-
festing desensitisation by overstimulation. The present
findings offer a particularly striking case in point.

The discrepancy between effects on insulin secretion
and insulin stores is potentially important from a clini-
cal perspective, as it resembles the situation in Type 2
diabetes, where profound desensitisation of insulin
secretion to glucose occurs despite only a moderate
reduction in insulin stores and beta cell volumes [24].

The lack of association between the beneficial
effects on insulin secretion and the number of beta
cells and insulin content differs from our findings in a
previous transplantation study [8]. There, diazoxide
treatment enhanced arginine-induced insulin secretion
in parallel with an increase in islet insulin content and
preproinsulin mRNA in the transplants. It is possible
that the severe hyperglycaemia of the previous study
gave rise to more intense overstimulation than the
more moderate hyperglycaemia in the present study.
Indeed, the level of chronic hyperglycaemia correlates
with negative effects on insulin biosynthesis in an
animal model of Type 2 diabetes [25], although the
effects of overstimulation were not, as here, evaluated
separately from the glucotoxic effects of hypergly-
caemia.

A third important finding of our study was the sim-
ilarity of beneficial effects exerted by the two differ-
ent activators of K+-ATP channels. With the more
beta-cell-selective compound NN414 we obtained es-
sentially the same results as with the non-selective
compound diazoxide. It is noteworthy that the same
results were obtained with vastly different doses:
3 mg/kg NN414 and 100 mg/kg of diazoxide. This
difference in dosage is in line with the much greater
potency of NN414 to acutely inhibit glucose-induced
insulin secretion [10].

Which mechanisms are behind the beneficial ef-
fects of the activators of K+-ATP channels? Any non-
specific effect on glucose levels and/or food intake
seems to be excluded by glucose levels and body
weight patterns evolving in parallel to those of
vehicle-treated rats. In vitro studies [6, 26] have
demonstrated that overstimulation induces a rise in
cytoplasmic Ca2* [6], which could be damaging.
However, such a Ca2+ abnormality would, according
to current knowledge, give rise to apoptosis and a
diminished number of beta cells, a situation not
encountered here. Overstimulation with accelerated
protein synthesis could give rise to endoplasmatic re-
ticulum stress [27]. However, such an effect would
lead to accelerated beta cell death, again not conform-
ing with our data. On the other hand, our data are con-
sistent with damage to mitochondria, since beta cells
with damaged mitochondrial function retain normal
insulin content [28]. Further studies are needed to test
this notion.
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In summary, this in vivo and ex vivo study has dem-
onstrated that 9 weeks of treatment with two different
openers of K+-ATP channels followed by 7 days of no
treatment preserves glucose and non-nutrient regula-
tion of insulin secretion from transplants to diabetic
rats with moderate hyperglycaemia. Beneficial effects
on insulin secretion are not associated with cellular
insulin and the number of beta cells in the transplants.
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