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ABSTRACT
Treatment of patients after organ transplantation with the im-
munosuppressive drug cyclosporin A (CsA) is often accompa-
nied by impaired glucose tolerance, thus promoting the devel-
opment of diabetes mellitus. In the present article we show that
2 to 5 �M CsA diminishes glucose-induced insulin secretion of
isolated mouse pancreatic islets in vitro by inhibiting glucose-
stimulated oscillations of the cytoplasmic free-Ca2� concen-
tration [Ca2�]c. This effect is not due to an inhibition of cal-
cineurin, which mediates the immunosuppressive effect of CsA,
because other calcineurin inhibitors, deltamethrin and tacroli-
mus, did not affect the oscillations in [Ca2�]c of the B-cells. The
CsA-induced decrease in [Ca2�]c to basal values was not
caused by a direct inhibition of L-type Ca2� channels. CsA is
known to be a potent inhibitor of the mitochondrial permeability

transition pore (PTP), which we recently suggested to be in-
volved in the regulation of oscillations. Consequently, CsA also
inhibited the oscillations of the cell membrane potential, and it
is shown that these effects could not be ascribed to cellular
ATP depletion. However, the mitochondrial membrane poten-
tial �� was affected by CsA by inhibiting the oscillations in ��.
Interestingly, the observed reduction in [Ca2�]c could be coun-
teracted by the K�

ATP channel blocker tolbutamide, indicating
that the stimulus-secretion coupling was interrupted before the
closure of K�

ATP channels. It is concluded that CsA alters B-cell
function by inhibiting the mitochondrial PTP. This terminates
the oscillatory activity that is indispensable for adequate insulin
secretion. Thus, CsA acts on different targets to induce the
immunosuppressive and the diabetogenic effect.

Cyclosporin A (CsA) is a potent immunosuppressive drug
widely used after organ transplantation of heart, kidney,
liver, pancreas, and lung. Furthermore, efforts have been
made to delay the autoimmune process leading to insulin-
dependent diabetes mellitus by early CsA therapy (Canadi-
an-European Randomized Control Trial Group, 1988; De Fil-
ippo et al., 1996). In contrast, there are many reports
pointing to significant adverse effects of CsA on B-cell func-
tion. Thus, one general problem in immunosuppressive ther-
apy with CsA is the elevated incidence of post-transplanta-
tion impaired glucose tolerance (Krentz et al., 1993) or overt
diabetes mellitus (Yamamoto et al., 1991). Although no dis-
tinct relation between development of post-transplantation
diabetes mellitus and CsA dosage can be described, it is
obvious that the loss of glycemic control is more pronounced
when CsA plasma levels are comparatively high (e.g., at the
beginning of immunosuppressive therapy) and is, at least in
part, reversible after dose reduction (Gunnarsson et al.,
1984; Yamamoto et al., 1991) or withdrawal of CsA (Gun-
narsson et al., 1984; Hahn et al., 1986). In this context, it is

important to know that the lipophilic drug accumulates not
only in the fat but also to a large extent in other tissues such
as pancreas, liver, and kidney (Akagi et al., 1991). Thus, in
the maintenance of therapeutical blood levels of about 100 to
400 ng/ml (Oellerich et al., 1995) the pancreatic CsA content
can easily exceed 10-fold values (Akagi et al., 1991), thereby
reaching micromolar concentrations. Moreover, it has been
reported that several weeks after withdrawal, there are still
measurable amounts of the drug in rat pancreatic tissue
(Hahn et al., 1986).

It has been shown that glucose-induced insulin secretion is
reduced in rat pancreatic B-cells and HIT cells after long-
term incubation with CsA (Robertson, 1986; Draznin et al.,
1988). This effect is ascribed partly to impaired insulin bio-
synthesis measured on the level of insulin DNA or mRNA
synthesis as it has been shown for rat and mouse islets
(Andersson et al., 1984; Hahn et al., 1986; Herold et al.,
1993). Additionally, ultrastructural changes of the B-cells
such as degranulation or vacuolization (Lucke et al., 1991)
have been observed. However, the cellular mechanisms lead-
ing to deterioration in glucose metabolism (Gunnarsson et
al., 1984) and to reduced insulin secretion after treatment of
the B-cells with CsA (Robertson, 1986) remain to be clarified.

Apart from its immunosuppressive action CsA is also
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known as a potent inhibitor of the mitochondrial permeabil-
ity transition pore (PTP) (Halestrap and Davidson, 1990).
Recently, it has been demonstrated that this voltage- and
Ca2�-activated ion channel localized at contact sites of the
mitochondrial inner and outer membranes (Zoratti and
Szabò, 1995; Duchen, 1999), responded to an increase in
[Ca2�]c with calcium-induced calcium release of the mito-
chondria (Ichas et al., 1997) and that it is involved in the
regulation of Ca2� homeostasis in intact cells (Fall and Ben-
nett, 1999) or permeabilized cells (Evtodienko et al., 1994;
Ichas and Mazat, 1998; Wood and Gillespie, 1998) in its
low-conductance state. We recently proposed an important
role for the PTP in a feedback mechanism that triggers the
oscillatory activity of the B-cells (Krippeit-Drews et al.,
2000), a prerequisite for normal cell function.

The aim of the present study was to investigate whether
the diabetogenic side effects of CsA are caused by interac-
tions with pancreatic B-cell function and whether they could
be ascribed rather to an interference of the drug with the PTP
than to its action on calcineurin, which is responsible for the
desired immunosuppressive effect.

Materials and Methods
Preparation. The experiments were performed with islet cells of

fed female NMRI mice (25–30 g) killed by cervical dislocation. Islets
were isolated by collagenase digestion and dispersed in Ca2�-free
medium into single cells or small clusters. The cells were cultured up
to 4 days in RPMI 1640 medium supplemented with 10% fetal calf
serum, 100 U/ml penicillin, and 100 �g/ml streptomycin. To deter-
mine mitochondrial ATP production mitochondria of islets from
adult ob/ob mice were isolated as described previously (Lembert and
Idahl, 1998).

Patch-Clamp Recordings. Patch pipettes were pulled from bo-
rosilicate glass capillaries (Clark Electromedical, Pangbourne, UK).
Pipette resistance ranged between 3 and 5 M� when filled with
pipette solution. Patch-clamp experiments were performed in the
standard whole-cell configuration or in the perforated-patch mode by
using an EPC 9 patch-clamp amplifier and software Pulse (HEKA,
Lambrecht, Germany). Experiments were performed at 32°C. Mem-
brane currents or potentials were recorded in the voltage-clamp (VC)
or current-clamp (CC) mode, respectively. K�

ATP currents were mea-
sured in the perforated-patch mode during 300-ms pulses to �80 and
�60 mV at 15-s intervals from a holding potential of �70 mV.
Perforation usually occurred within 10 min after seal formation
(Rs � 30 M�). Currents through L-type Ca2� channels were elicited
by 50-ms pulses from �70 to 0 mV in the perforated-patch mode and
in the standard whole-cell configuration.

Measurement of [Ca2�]c. Cells were cultured on glass coverslips
and incubated with fura-2/AM (5 �M) for 30 min at 37°C before the
experiments. Fluorescence was measured on an Axiovert 100 micro-
scope with software and equipment from TILL Photonics (Planegg,
Germany). The excitation wavelength of 340 and 380 nm was ad-
justed by means of a diffractive grating and directed through the
objective (PlanNeofluar 40�; Zeiss, Jena, Germany) by a glass fiber
light guide and a dichroic mirror. The emitted fluorescence was
filtered (LP 515 nm) and measured by a charge-coupled device cam-
era. The ratio of the emitted light intensity at 340/380 excitation
wavelength was used to calculate the corresponding concentration of
[Ca2�]c according to an in vitro calibration with fura-2 salt.

Determination of ��. Cells were loaded with rhodamine 123
(Rh 123, 10 �g/ml) for 10 min at 37°C. Fluorescence was excited at
480 nm. A depolarization of �� was indicated by an increase in Rh
123 fluorescence (Duchen et al., 1993).

Quantification of Mitochondrial ATP Production. Mitochon-
dria corresponding to the content of the cells of approximately one

islet (obtained from a preparation of two ob/ob mice) were incubated
in 1 ml of incubation medium (see below) at 37°C for 10 min. Oxi-
dative ATP production was detected in incubations containing either
pyruvate/malate (1/1 mM) or �-ketoisocaproate (KIC)/glutamate
(0.1/10 mM) and ADP (50 �M), Ca2� (200 nM), and the specific
adenylate kinase inhibitor diadenosinepentaphosphate (DAPP, 1
�M). ATP production was stopped by addition of antimycin A (final
concentration 0.5 �M). To normalize the ATP synthesis to the
amount of intact mitochondria, ATP produced by mitochondrial ad-
enylate kinase activity was measured in parallel incubations in the
sole presence of ADP (50 �M). This reaction was stopped with DAPP
(1 �M). ATP concentrations were determined in luciferin/luciferase
assays as described previously (Lembert and Idahl, 1998). The nor-
malized ATP production is defined as the ATP accumulation induced
by oxidative phosphorylation divided by ATP accumulation induced
by adenylate kinase.

Insulin Secretion. Batches of five islets were incubated with the
indicated substrates at 37°C for 60 min. Insulin was determined by
radioimmunoassay with rat insulin (Crystal Chem Inc., Chicago, IL)
as the standard.

Solutions. K�
ATP currents in the perforated-patch configuration

were registered with a pipette solution containing 10 mM NaCl, 10
mM KCl, 70 mM K2SO4, 4 mM MgCl2, 2 mM CaCl2, 10 mM EGTA,
20 mM HEPES, 100 to 250 �M nystatin, pH 7.15. Bath solution was
composed of 140 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 2.5 mM CaCl2,
0.5 mM glucose, 10 mM HEPES, pH 7.4. For measurement of Ca2�

currents in the perforated-patch mode the pipette solution contained
70 mM Cs2SO4, 10 mM NaCl, 10 mM KCl, 7 mM MgCl2, 10 mM
HEPES, 250 �g/ml amphotericin B, pH 7.15. Bath solution was
composed of 115 mM NaCl, 1.2 mM MgCl2, 10 mM CaCl2, 20 mM
tetraethylammonium-Cl, 10 mM HEPES, 0.1 mM tolbutamide, 15
mM glucose, pH 7.4. For determination of Ca2� currents in the
standard whole-cell configuration CaCl2 was replaced by 10 mM
BaCl2 in the bath solution and the pipette solution contained 50 mM
CsCl2, 70 mM N-methyl-D-glucamine, 58 mM HCl, 4 mM MgCl2, 3
mM Na2ATP, 10 mM EGTA, 2 mM CaCl2, 10 mM HEPES, pH 7.15.
To measure [Ca2�]c and �� the same bath solution as described for
K�

ATP currents was used. The incubation medium for determination
of insulin secretion was composed of 122 mM NaCl, 4.8 mM KCl, 2.5
mM CaCl2, 1.1 mM MgCl2, 10 mM HEPES, 0.5% bovine serum
albumin, pH 7.4. The incubation medium for ATP determination
consisted of 20 mM HEPES, 3 mM KH2PO4, 4 mM carnitine, 1 mM
EGTA, 20 mM NaCl, 80 mM KCl, 0.3 mM Mg2�, 0.5 mg/ml albumin,
pH 7.10.

Chemicals. Fura-2/AM, fura-salt, and Rh 123 were obtained from
Molecular Probes (Eugene, OR), and CsA, tolbutamide, KIC, pyru-
vate, malate, and glutamate from Sigma Chemical (Deisenhofen,
Germany). Luciferase, ATP, and DAPP were purchased from Boehr-
inger (Mannheim, Germany), D-Luciferin was from Biothema
(Dalarö, Sweden), and tacrolimus was from Fujisawa (München,
Germany). D600 was a kind gift from Knoll (Ludwigshafen, Germa-
ny). All other chemicals were purchased from Merck (Darmstadt,
Germany) in the purest form available.

Presentation of Results. Measurements are illustrated by re-
cordings that are representative of the indicated number of experi-
ments performed with different cells. Cells of at least three different
preparations have been used for each series of experiments. Means �
S.E.M. are given in the text for the indicated number of experiments
(n). When two samples were compared the statistical significance of
differences between means was assessed by Student’s t test for
paired values. Multiple comparisons were made by analysis of vari-
ance followed by Student-Newman-Keuls test. P � 0.05 was consid-
ered significantly different.

Results
Influence of CsA on Insulin Secretion. CsA was tested

for its effects on glucose-stimulated insulin release on freshly
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prepared primary mouse B-cells in vitro over a 60-min incu-
bation period. Figure 1 illustrates that insulin secretion was
significantly diminished by 1 �M CsA. Maximal inhibition
was observed with 2 �M CsA, and there was no further
decrease at concentrations up to 10 �M CsA. On average, 2
�M CsA reduced glucose-stimulated insulin secretion from
51.0 � 7.0 (n 	 12) to 21.3 � 2.0 pg/islet/min (P � 0.001, n 	
11). To reveal the underlying mechanisms we first tested the
effects of CsA on glucose-induced oscillations of [Ca2�]c.

Influence of CsA on [Ca2�]c in Glucose-Stimulated
B-Cells. The increase in the extracellular glucose concentra-
tion from 0.5 to 15 mM induced the well known triphasic
response in [Ca2�]c (Grapengiesser et al., 1988; Krippeit-
Drews et al., 2000; Fig. 2): After an initial drop in [Ca2�]c due
to sarcoplasmic/endoplasmic reticulum ATPase activation,
opening of L-type Ca2� channels led to a drastic rise in
[Ca2�]c for a longer first period and eventually the charac-
teristic glucose-induced oscillations in [Ca2�]c occurred. Fig-
ure 2 shows that 1 �M CsA had no effect on glucose-induced
oscillations in [Ca2�]c, but 2 to 5 �M CsA terminated the
oscillatory activity and [Ca2�]c was diminished to basal val-
ues (79 � 2 nM with 2–5 �M CsA compared with 73 � 8 nM
with 0.5 mM glucose; N.S., n 	 10).

The observation that CsA seems to be more effective in
inhibiting insulin secretion than in suppressing oscillations
in [Ca2�]c may be due to the different preparations used. For
hormone release measurements freshly prepared whole islets
(five per batch) have been used and thus the result is an
average answer from thousands of cells where paracrine and
neural influences may alter the response to a drug. In con-
trast, the [Ca2�]c measurements have been performed with
small clusters of cells kept in cell culture for several days.

Inhibition of Calcineurin by CsA. CsA is known to
evoke its immunosuppressive property by inhibition of cal-
cineurin (Mijares et al., 1997), which is also present in pan-
creatic B-cells (Renström et al., 1996). To rule out that this
mechanism accounts for the observed effects, the influence of
deltamethrin, another potent inhibitor of calcineurin, that is
maximally effective in the nanomolar concentration range
(Enan and Matsumura, 1992; Renström et al., 1996) on

[Ca2�]c was examined. Figure 3A demonstrates that glucose-
induced oscillations in [Ca2�]c were not stopped after addi-
tion of 0.1 and 1 �M deltamethrin (n 	 12) and even persisted
in the presence of 10 �M deltamethrin in 9 of these 12
experiments. Moreover, we have tested the effect of tacroli-
mus, another efficacious immunosuppressive agent, on
[Ca2�]c. Like CsA, tacrolimus acts via inhibition of cal-
cineurin (Cardenas et al., 1995). Figure 3B illustrates that 5
�M tacrolimus did not alter glucose-induced oscillations in
[Ca2�]c (n 	 5).

CsA Did Not Affect Whole-Cell Ca2� Currents. To rule
out whether CsA exerts its effects on [Ca2�]c by an inhibition
of L-type Ca2� channels, an effect of CsA that has been
described for cardiac myocytes (Mijares et al., 1997), we
tested CsA for an effect on these channels in pancreatic
B-cells. Experiments were performed in the standard whole-
cell configuration where the cell interior was dialyzed with
the pipette solution and in the perforated-patch mode where
cell metabolism remains intact. Figure 4 shows that 5 �M
CsA did not influence the current through L-type Ca2� chan-
nels, which was 131 � 13 pA under control conditions, 132 �
12 pA in the presence of 5 �M CsA (N.S.), and 125 � 11 pA
after washout (n 	 5) in the standard whole-cell configura-
tion. When cell metabolism was intact, 5 �M CsA was also
ineffective. In this series of experiments the Ca2� current
was 108 � 9 pA under control conditions and 99 � 9 pA with
CsA (N.S., n 	 5; data not shown).

Effects of CsA on Membrane Potential and K�
ATP

Current in Glucose-Stimulated B-Cells. Figure 5 shows
in an experiment in the perforated-patch configuration with
intact cell metabolism, the recording of the K�

ATP current
(Fig. 5A) under VC conditions and the corresponding mem-
brane potential (Fig. 5B) in the CC mode. The stimulation of
B-cells by an increase in glucose concentration from 0.5 to 15
mM resulted in a reduction in K�

ATP current from 4 � 1 pA
(VC 1) to virtually zero (VC 2) (n 	 4). Accordingly, the cell
membrane depolarized from the resting membrane potential
of �71 � 3 mV to a plateau potential of �52 � 6 mV (P �
0.001) and displayed the characteristic spike activity that
accompanies glucose-induced insulin secretion. Addition of 2
�M CsA terminated the electrical activity (Fig. 5B), but with-
out any obvious increase in K�

ATP current, which remains

Fig. 1. Inhibition of glucose-stimulated insulin secretion by CsA. Batches
of five islets were incubated for 60 min with 3 mM (3 G) or 16.7 mM
glucose (16.7 G). CsA was added to the incubation medium (16.7 G) at the
indicated concentrations. Values are means � S.E.M. for 8 to 12 experi-
ments from four separate preparations. The values with an � are statis-
tically different from those observed with 16.7 mM glucose.

Fig. 2. Inhibitory effect of CsA on oscillations in [Ca2�]c. Cells were
stimulated with 15 mM glucose and CsA (2–5 �M) was added after the
appearance of the characteristic oscillatory pattern in [Ca2�]c. The re-
cording is representative of 10 similar experiments.
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virtually zero (Fig. 5A, VC 3) or hyperpolarization to the
resting membrane potential (Fig. 5B). The effect of CsA was
reversible and spike activity was restored after washout. On
average, the cell membrane was hyperpolarized to �63 � 3
mV from the plateau potential (P � 0.001, n 	 4) in the
presence of 2 to 5 �M CsA. In contrast, the inhibition of ATP
synthesis by the cytochrome a3 inhibitor NaN3 (5 mM) or the
uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydra-
zone (1 �M) drastically increased K�

ATP current and hyper-
polarized the cell membrane to the resting membrane poten-
tial (around �75 mV) (Düfer et al., 1999).

ATP Production in Isolated Mitochondria of Pancre-
atic B-Cells in Presence of CsA. To confirm that the ef-
fects of CsA were not owing to an ATP depletion of the
B-cells, ATP synthesis was examined in isolated mitochon-
dria (Fig. 6). Oxidative phosphorylation was induced either

by 1 mM pyruvate/1 mM malate (open circles) or 0.1 mM
KIC/10 mM glutamate (closed circles) in the presence of 50
�M ADP and 200 nM Ca2�. Figure 6 illustrates that mito-
chondrial ATP synthesis was not decreased in a concentra-
tion range from 0.1 to 5 �M CsA. On average, malate/pyru-
vate-induced ATP production was 2.54 � 0.17 under control
conditions and 2.46 � 0.27 with 5 �M CsA (N.S., n 	 4). With
KIC/glutamate as substrates ATP synthesis was 1.68 � 0.11
under control conditions and 2.13 � 0.29 in the presence of 5
�M CsA (N.S., n 	 6). With 10 �M CsA a slight decrease in
ATP production was observed for the malate/pyruvate-in-
duced ATP production (P � 0.05).

Fig. 5. Effect of CsA on B-cell membrane potential and K�
ATP current.

Experiments were performed in the perforated-patch configuration with
intact cell metabolism. A, K�

ATP currents measured in the voltage-clamp
mode (VC 1, 2, and 3) during 300-ms pulses to �80 and �60 mV (lower
and upper dashed lines in VC 1) from a holding potential of �70 mV
(continuous line in VC 1). B, corresponding changes in cell membrane
potential in the CC mode. With the nonstimulatory glucose concentration
of 0.5 mM a small current through K�

ATP channels was measured (A, VC
1). In the presence of 15 mM glucose the membrane potential was depo-
larized, spike activity occurred (B, CC), and the K�

ATP current decreased
to virtually zero (A, VC 2). Addition of 2 �M CsA reversibly inhibited
electrical activity (B, CC) without an increase in K�

ATP current (A, VC 3).
The experiment is representative of four with similar results.

Fig. 6. ATP production in isolated B-cell mitochondria. Isolated mito-
chondria were incubated for 10 min with 1 mM pyruvate/1 mM malate
(open circles) or 0.1 mM KIC/10 mM glutamate (closed circles) in the
presence of 50 �M ADP and 200 nM Ca2� with or without various
concentrations of CsA. ATP synthesis was not decreased by CsA in
concentrations up to 5 �M. Values are means � S.E.M. of four (pyruvate/
malate) and six (KIC/glutamate) experiments, respectively.

Fig. 3. Lack of effect of the calcineurin inhibitors deltamethrin and
tacrolimus on glucose-induced oscillations in [Ca2�]c. Clusters of B-cells
were stimulated with 15 mM glucose and test solutions were added as
indicated by the horizontal bars. A, addition of 0.1 and 1 �M deltamethrin
did not diminish oscillations in [Ca2�]c. In 9 of 12 cells even 10 �M
deltamethrin was ineffective. B, addition of 5 �M tacrolimus did not
influence the glucose-induced oscillations in [Ca2�]c. The recording is
representative of five similar experiments.

Fig. 4. Lack of effect of CsA on currents through L-type Ca2� channels.
Currents were elicited every 15 s by 50-ms voltage steps from �70 to 0
mV with Ba2� as the charge carrier. CsA (5 �M) did not decrease the
currents through L-type channels in the standard whole-cell configura-
tion, where the cell interior is dialyzed. The insets show the depicted
currents at an extended time scale. The recording is representative of five
with similar results.
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Influence of CsA on �� in Glucose-Stimulated B-
Cells. Although no direct effect on ATP synthesis was ob-
served, CsA was tested for an effect on mitochondrial func-
tion by measuring the mitochondrial membrane potential ��
(Fig. 7). The experiment is the same as shown in Fig. 2.
[Ca2�]c and �� were recorded simultaneously in a cluster of
B-cells preincubated with fura-2/AM and Rh 123. To ensure
that the effects are not influenced by interactions between
the two fluorescent dyes, series of control experiments were
performed where the cells were loaded with one dye only. As
for [Ca2�]c the increase in the extracellular glucose concen-
tration from 0.5 to 15 mM induced a triphasic response in ��
(Krippeit-Drews et al., 2000): the glucose-induced activation
of mitochondrial respiratory chains hyperpolarized ��
(Duchen et al., 1993) as indicated by a decrease in Rh 123
fluorescence. The following elevation in [Ca2�]c, in turn, led
to a partial depolarization of �� and thereafter oscillations
in [Ca2�]c were followed by oscillations in �� as previously
described in detail (Krippeit-Drews et al., 2000).

Although 1 �M CsA had no effect on glucose-induced oscil-
lations in ��, the addition of 2 to 5 �M CsA terminated the
oscillatory activity (Fig. 7, n 	 10). Rh 123 fluorescence
showed a gradual slow increase in the presence of CsA.
However, as described above, this observation is not coupled
to obvious changes in ATP production. The inset shows for
comparison the depolarizing effect of 5 �M CsA and the
mitochondrial inhibitor NaN3 (5 mM) on �� (n 	 3).

Influence of Tolbutamide on CsA-Induced Drop in
Glucose-Elevated [Ca2�]c. To examine whether the CsA-
induced inhibition of [Ca2�]c is due to interference with a
step before the closure of K�

ATP channels the sulfonylurea
tolbutamide was added to a test medium containing 15 mM
glucose and 5 �M CsA. Figure 8 shows that in glucose-
stimulated cells, where [Ca2�]c was first decreased by 5 �M
CsA from 299 � 45 to 90 � 15 nM (P � 0.001), 100 �M

tolbutamide was still effective, leading to an elevation in
[Ca2�]c to a peak value of 383 � 50 nM (P � 0.001, n 	 5).

Influence of Tolbutamide on [Ca2�]c and �� in
Thapsigargin-Pretreated B-Cells. To rule out that the
observed tolbutamide-induced increase in [Ca2�]c may be
owing to Ca2� release from mitochondria as proposed by
Smith et al. (1999), we have tested the effects of tolbutamide
on [Ca2�]c and �� in Ca2�-free medium in cells pretreated
with 1 �M thapsigargin. In some of the eight cells tested 100
�M tolbutamide induced a minute depolarization of �� (Fig.
9A). The parallel measurements of [Ca2�]c demonstrate that
there was no increase in [Ca2�]c by 100 �M tolbutamide
under these conditions (Fig. 9B, n 	 8). Similar results were
obtained when Ca2� influx was inhibited by 100 �M D600
instead of removal of extracellular Ca2� with otherwise iden-
tical protocol (data not shown; n 	 6). Taken together, these
results clearly speak against tolbutamide-induced Ca2� re-
lease from mitochondria. After readdition of Ca2� to the
medium tolbutamide increased [Ca2�]c and depolarized ��
as expected due to Ca2�influx (n 	 5).

Discussion
Deterioration in glucose tolerance is frequently observed in

human transplant recipients treated with CsA (Gunnarsson
et al., 1984). This study examines whether and how CsA
impairs B-cell function in a therapeutically relevant concen-
tration range. CsA-induced deterioration of glucose tolerance
can be caused either by an increased insulin resistance of the
tissue (Gunnarsson et al., 1984; Krentz et al., 1993) or by an
impaired insulin secretion (Yamamoto et al., 1991). The lat-
ter view is supported by many studies showing a marked
decrease in glucose-induced insulin secretion in human
(Nielsen et al., 1986) and rat islets (Carroll et al., 1991;
Martin and Bedoya, 1991; Herold et al., 1993) pretreated or
acutely treated with CsA in a concentration range of the drug
that can be achieved during immunosuppressive therapy.
Additionally, it has been described for �TC3 cells that the
reduced insulin secretion coincided with a decrease in insulin
mRNA (Herold et al., 1993), thus explaining the reduced

Fig. 7. Inhibitory effect of CsA on oscillations in �� (fat dotted line).
Same experiment as in Fig. 2. The graph showing [Ca2�]c (thin solid line)
is added for comparison. For simultaneous recording of [Ca2�]c and ��
cells were loaded with fura-2/AM and Rh 123. A decrease in Rh 123
fluorescence corresponds to a hyperpolarization of ��. Cells were stim-
ulated with 15 mM glucose, leading to the characteristic oscillatory
pattern in [Ca2�]c and ��. CsA (2–5 �M) abolished these oscillations.
Additionally, CsA induced a slow increase in Rh 123 fluorescence. The
recording is representative of 10 similar experiments. The inset shows for
comparison the depolarizing effect of 5 �M CsA and the mitochondrial
inhibitor NaN3 (5 mM) on �� (n 	 3).

Fig. 8. Effect of the sulfonylurea tolbutamide on [Ca2�]c in CsA-treated
B-cells. Test solutions were added as indicated by the horizontal bars.
Cells were stimulated with 15 mM glucose and oscillations in [Ca2�]c
were stopped by 5 �M CsA. The addition of 100 �M tolbutamide in the
presence of CsA reversibly elevated [Ca2�]c. The experiment represents
five with similar results.
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insulin content observed in mouse islets (Andersson et al.,
1984).

Our data clearly show the interference of CsA with B-cell
secretory function because we observed a significant decrease
in glucose-stimulated insulin secretion of about 55% after a
60-min incubation period with 1 to 10 �M CsA. These values
are in accordance with the few data available in the litera-
ture for short-term incubations, where insulin release was
reduced by 30 to 60% in the presence of 0.42 to 83 �M CsA
(Robertson, 1986; Carroll et al., 1991; Martin and Bedoya,
1991). CsA inhibited oscillations of [Ca2�]c, ��, and mem-
brane potential that are known to regulate pulsatile insulin
secretion in intact islets (Santos et al., 1991; Gilon et al.,
1993; Krippeit-Drews et al., 2000) and are impaired in dia-
betes mellitus (Meissner and Schmidt, 1976; Polonsky et al.,
1998). CsA abolished glucose-induced B-cell activity in those
experiments that were performed with single cells or small
clusters of cells. At a first glance this contrasts with the
incomplete inhibition of insulin secretion. However, the se-
cretion experiments were made with whole islets where para-
crine effects of other cells (e.g., A cells) may support B-cell
function or CsA may not reach and influence all B-cells
during the incubation period.

The data presented in this study show that the effects of
CsA are neither due to a direct interference of the drug with
the current through voltage-dependent Ca2� channels nor to
an indirect action via calcineurin. The specific calcineurin
inhibitors deltamethrin and tacrolimus were without any
effect on glucose-induced oscillations of [Ca2�]c. This latter
finding is important because the protein phosphatase cal-
cineurin is the target of CsA, which is responsible for the
immunosuppressive action. CsA blocks the phosphatase ac-
tivity of calcineurin via binding to the cellular immunophilin
cyclophilin (Zoratti and Szabò, 1995). Thus, desired and side
effects of CsA seem to be mediated by different pathways.

The observation that the CsA-induced decrease in [Ca2�]c

was reversed by the sulfonylurea tolbutamide strengthens
the view that the CsA-provoked decrease in Ca2� influx is
owing to changes in the stimulus-secretion coupling up-
stream to cell membrane depolarization. The mitochondria
might represent such a target and Fig. 7 shows that indeed
CsA affects ��.

It is well documented that CsA interferes with mitochon-
drial function by inhibiting the PTP of the mitochondria
(Zoratti and Szabò, 1995) and there is increasing evidence
that this voltage- and Ca2�-regulated ion channel of the
inner and outer mitochondrial membranes plays an impor-
tant role in Ca2� homeostasis. It has been documented that
there are at least two different conductance states of the PTP
(Ichas and Mazat, 1998). In its high-conductance state that is
irreversibly induced by a Ca2� overload of the cells the PTP
is involved in the cascade of apoptotic cell death (Zamzami et
al., 1996), whereas a physiological role in the regulation of
cellular Ca2� homeostasis is proposed for the low-conduc-
tance state (Ichas and Mazat, 1998). We have recently pro-
posed that the PTP is important in regulating the oscillatory
activity of pancreatic B-cells (Krippeit-Drews et al., 2000),
which is a prerequisite for adequate insulin secretion. The
observation that an inhibitor of the PTP such as CsA inter-
rupts oscillations of ��, the membrane potential, and
[Ca2�]c fits well with this hypothesis. However, further ex-
periments are needed to clarify the exact mechanism how the
inhibition of the PTP finally suppresses oscillations and Ca2�

influx.
Interference of CsA with the PTP may influence mitochon-

drial Ca2� handling and/or ATP production. It has been
proposed that disturbance of the mitochondrial Ca2� ho-
meostasis directly influences inactivation of different Ca2�

influx pathways in the plasma membrane because intact
mitochondria serve as a Ca2� sink, which rapidly removes
Ca2� from the cytoplasm (Hoth et al., 2000). In insulin-
secreting cells changes in [Ca2�]m participate in the regula-
tion of cellular Ca2� homeostasis: It has been shown that the
glucose-induced rise in [Ca2�]c is followed by a drastic in-
crease in [Ca2�]m (Kennedy and Wollheim, 1998) and that
inhibition of mitochondrial Ca2� uptake prevents insulin
secretion in permeabilized INS-1 cells (Maechler et al., 1997).
Possibly a direct interaction between mitochondrial Ca2�

handling and Ca2� influx across the plasma membrane ex-
ists, but a direct prove for such an interaction in B-cells is
still lacking.

We have shown that the direct inhibition of K�
ATP chan-

nels by tolbutamide could overcome the CsA effect on [Ca2�]c,
pointing to an interference of the drug with the K�

ATP cur-
rent. The experiments presented in Fig. 9 allow us to rule out
that tolbutamide increases [Ca2�]c by Ca2� release from
mitochondria. However, the effect of CsA on the K�

ATP cur-
rent has to be a minute one, just sufficient to repolarize the
membrane potential below the threshold for the opening of
Ca2� channels. A dramatic drop in ATP synthesis by CsA can
be excluded for the following reasons. First, there is neither
an increase in K�

ATP current causing a repolarization to the
resting membrane potential nor an immediate, steep depo-
larization of �� that would indicate a drop in ATP synthesis
as observed with NaN3 and carbonyl cyanide p-trifluorome-
thoxyphenylhydrazone (Düfer et al., 1999; Krippeit-Drews et
al., 2000; Fig. 7, inset). Second, ATP depletion of the cells
would result in a sustained elevation of [Ca2�]c because

Fig. 9. Effects of tolbutamide on �� and [Ca2�]c in thapsigargin-pre-
treated cells. Tolbutamide was added in the presence of 15 mM glucose in
a nominally Ca2�-free incubation medium or in the presence of 0.5 mM
glucose in Ca2�-containing medium as indicated by the horizontal bars.
A, �� was only marginally depolarized by 100 �M tolbutamide in Ca2�-
free medium. In contrast, in the presence of Ca2� the depolarizing effect
of tolbutamide was clearly visible. B, parallel measurement of [Ca2�]c. In
contrast to Ca2�-containing medium 100 �M tolbutamide did not alter
[Ca2�]c in Ca2�-free medium. The experiment is representative of eight
with similar results (n 	 5 for the effects of tolbutamide in the presence
of Ca2�).
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ATP-dependent sequestration of Ca2� would be abolished.
This is in contrast to the observed reduction of [Ca2�]c to
basal values in the presence of CsA. Third, ATP production of
isolated mitochondria is not affected at concentrations up to
5 �M CsA. One possible explanation for the action of CsA is
that it inhibits a mitochondrial factor other than ATP, which
normally decreases K�

ATP channel activity. On the other
hand, we cannot rule out that CsA marginally diminishes
ATP synthesis, which, however, might be too small to be
resolved as a measurable change in the K�

ATP current am-
plitude or in the overall ATP production of mitochondria. The
small and slow increase in Rh 123 fluorescence observed with
CsA may be taken as a hint for this assumption. At a high
glucose concentration (e.g., 15 mM) almost all K�

ATP chan-
nels are closed and therefore membrane resistance is ex-
tremely high. Under such conditions rare openings of a few
K�

ATP channels induced by CsA may evoke a small repolar-
ization in the membrane potential, which can be crucial to
determine whether Ca2� channels are open or closed.

In conclusion, the data presented in this study indicate
that CsA decreases insulin secretion by interference with the
mitochondrial permeability transition pore and not by an
action on calcineurin.
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We thank I. Breuning (Tübingen, Germany) and B. Borgström
(Umeå, Sweden) for skillful technical assistance.

References
Akagi H, Reynolds A, and Hjelm M (1991) Cyclosporin A and its metabolites,

distribution in blood and tissues. J Int Med Res 19:1–18.
Andersson A, Borg H, Hallberg A, Hellerström C, Sandler S, and Schnell A (1984)

Long-term effects of cyclosporin A on cultured mouse pancreatic islets. Diabetolo-
gia 27:66–69.

Canadian-European Randomized Control Trial Group (1988) Cyclosporin-induced
remission of IDDM after early intervention. Association of 1 yr of cyclosporin
treatment with enhanced insulin secretion. Diabetes 37:1574–1582.

Cardenas ME, Muir RS, Breuder T, and Heitman J (1995) Targets of immunophilin-
immunosuppressant complexes are distinct highly conserved regions of cal-
cineurin A. EMBO (Eur Mol Biol Organ) J 14:2772–2783.

Carroll PB, Boschero AC, Li MY, Tzakis AG, Starzl TE, and Atwater I (1991) Effect
of the immunosuppressant FK506 on glucose-induced insulin secretion from adult
rat islets of Langerhans. Transplantation 51:275–278.

De Filippo G, Carel J-C, Boitard C, and Bougnères P-F (1996) Long-term results of
early cyclosporin therapy in juvenile IDDM. Diabetes 45:101–104.

Draznin B, Metz SA, Sussman KE, and Leitner JW (1988) Cyclosporin-induced
inhibition of insulin release. Possible role of voltage-dependent calcium transport
channels. Biochem Pharmacol 37:3941–3945.

Duchen MR (1999) Contributions of mitochondria to animal physiology: from homeo-
static sensor to calcium signalling and cell death. J Physiol (Lond) 516:1–17.

Duchen MR, Smith PA, and Ashcroft FM (1993) Substrate-dependent changes in
mitochondrial function, intracellular free calcium concentration and membrane
channels in pancreatic �-cells. Biochem J 294:35–42.
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