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BACKGROUND AND PURPOSE
Introducing the calcineurin inhibitors cyclosporin (CsA) and tacrolimus (Tac) has improved the outcome of organ transplants,
but complications such as new onset diabetes mellitus after transplantation (NODAT) decrease survival rates.

EXPERIMENTAL APPROACH
We sought, in a beta-cell culture model, to elucidate the pathogenic mechanisms behind NODAT and the relative
contribution of the calcineurin inhibitors. INS-1E cells were incubated at basal and stimulatory glucose concentrations, while
exposed to pharmacologically relevant doses of CsA, Tac and vehicle for 6 or 24 h.

RESULTS
Tac inhibited basal (P < 0.05), but not glucose-stimulated insulin secretion (GSIS) after 6 h of exposure. After 24 h, both
agents inhibited basal and GSIS (P < 0.05). Calcineurin phosphatase activity was decreased by both drugs during all
conditions. Apoptosis was only seen with CsA treatment, which also induced a slight suppression of calcineurin and insulin
mRNA, as well as increased levels of the sterol receptor element binding protein (SREBP)-1c, a transcription factor thought to
suppress genes essential for beta-cell function and induce insulin resistance. Expression levels of nuclear factor of activated
T-cells (NFAT)-c1, -c2, -c3 and -c4 were not decreased notably by either drug.

CONCLUSIONS AND IMPLICATIONS
Tac had acute inhibitory effects on basal insulin secretion, but prolonged exposure (24 h) to Tac or CsA revealed similar
suppression of insulin secretion. These prolonged effects were mirrored by a total inhibition of calcineurin activity in beta-cells.
CsA showed greater inhibition of beta-cell survival and transcriptional markers, essential for beta-cell function.

Abbreviations
Bax, Bcl-2 associated X protein; Bcl-2, B-cell leukaemia/lymphoma 2; CaN, calcineurin phosphatase; GSIS,
glucose-stimulated insulin secretion; IRS-2, insulin receptor substrate 2; NFATc, nuclear factor of activated T-cells
cytoplasmic; NODAT, new onset diabetes mellitus after transplantation; PDX1, pancreatic and duodenal homebox
factor 1; SREBP-1c, sterol receptor element binding protein 1c

Introduction

Introducing the calcineurin inhibitors, cyclosporin
(CsA) and tacrolimus (Tac), into the field of trans-
plantation has improved the outcome of organ
transplants; however, their widespread therapeutic
use is restricted by a number of side effects shared by

both drugs. Among these, the condition of new
onset diabetes mellitus after transplantation
(NODAT) is particularly important because of its
frequent occurrence (Heisel et al., 2004; Vincenti
et al., 2007) and its associations with increased risk
of cardiovascular diseases as well as impaired sur-
vival rates (Cosio et al., 2002; 2005). Previous in vitro
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studies on purified islets and insulin-producing
beta-cells have proposed several diabetogenic
actions of CsA and Tac. Both drugs have been shown
to impair insulin secretion (Nielsen et al., 1986;
Robertson, 1986; Paty et al., 2002; Polastri et al.,
2002), decrease insulin content of the beta-cell
(Redmon et al., 1996; Uchizono et al., 2004) and
impair insulin transcription (Lawrence et al., 2001;
2002; Oetjen et al., 2003), although the primary
mechanisms remain unexplained.

In insulin-secreting cells, calcineurin is involved
in the stimulation of insulin gene transcription
through the activation of the transcription factor
nuclear factor of activated T-cells (NFAT; Lawrence
et al., 2002). Indeed, mice deficient in calcineurin B1
develop diabetes mellitus during aging due to insuf-
ficient insulin production, while transgenic expres-
sion of constitutively active NFAT protects against
diabetes mellitus (Heit et al., 2006). Other studies
have suggested that calcineurin may support anti- as
well as pro-apoptotic events in the cell (Drachen-
berg et al., 1999; Lotem et al., 1999; Lawrence et al.,
2005; Ranta et al., 2008). Furthermore, opposing
results of transient versus sustained calcineurin
inhibition in the beta-cell have also been reported
(Ebihara et al., 1996; Lester et al., 2001) and, collec-
tively, these studies point out that calcineurin con-
trols a number of beta-cell functions subjected to
tight regulation. Further to these preclinical find-
ings, clinical research has yielded similar conflicting
results regarding the impact of calcineurin inhibi-
tors on beta-cell function and glucose metabolism.
Hence, both insulin resistance (Ekstrand et al., 1992;
Midtvedt et al., 2004) and impaired insulin secretion
(Ekstrand et al., 1992; Duijnhoven et al., 2001;
Hjelmesaeth et al., 2007) have been put forward as
elements in the pathogenesis of NODAT, which is
more frequently related to treatment with Tac than
with CsA (Heisel et al., 2004; Vincenti et al., 2007).
Nevertheless, the degree and comparability of the
calcineurin inhibitors in impairing beta-cell func-
tion is yet to be established. Furthermore, the under-
lying molecular mechanisms of their diabetogenic
actions are still unresolved.

The present study was designed to elucidate and
compare the direct effects of calcineurin inhibition
by CsA and Tac in insulin-secreting cells. In addi-
tion, we sought to discover whether calcineurin sig-
nalling controls the expression of several essential
beta-cell factors. To this end, beta-cells were exposed
to varying concentrations of CsA and Tac, at basal
and stimulatory glucose concentrations for 6 and
24 h. Insulin secretion, insulin content and mRNA
were measured along with calcineurin phosphatase
(CaN) activity and calcineurin mRNA, expression
levels NFAT-c1–c4 and the lipogenic transcription

factor sterol receptor element binding protein
(SREBP)-1c as well as apoptosis-related markers.

Methods

INS-1E cells
INS-1E cells were cultured in a 5% CO2 atmosphere
in complete RPMI 1640 supplemented with
11 mmol·L-1 glucose, 10% (v/v) heat-inactivated
fetal bovine serum, 50 mmol·L-1 b-mercaptoethanol,
2 mmol·L-1 L-glutamine, 100 U·mL-1 penicillin and
100 mg·mL-1 streptomycin. For insulin assays, cells
were plated (3.0 ¥ 105 cells per well) into 24-well
plates (NUNC, Roskilde, Denmark) at 11 mmol·L-1

glucose and cultured for 3 days. For PCR and cal-
cineurin activity assays, cells were plated (1.4 ¥ 106

cells/well and 15 ¥ 106 cells per well, respectively)
into 6-well plates. Then the cells were cultured at
basal (3.3 and 6.6 mmol·L-1) and stimulatory
(16.7 mmol·L-1) glucose concentrations with
varying drug solutions: CsA (0.10 and 2.5–
10 mmol·L-1, corresponding to 120 and 3000–
12.000 mg·L-1) and Tac (0.01 and 0.05–0.2 mmol·L-1,
corresponding to 8 and 40–160 mg·L-1) and vehicle
for 6 and 24 h.

Insulin measurements
INS-1E cells were incubated for 2 h in a Krebs-Ringer
bicarbonate HEPES buffer (at pH 7.4) containing
115 mmol·L-1 NaCl, 4.7 mmol·L-1 KCl, 1.2 mmol·L-1

MgSO4, 2.6 mmol·L-1 CaCl2, 1.2 mmol·L-1 KH2PO4,
20 mmol·L-1 HEPES, 5 mmol·L-1 NaHCO3, 0.1% (v/v)
human serum albumin (Sigma, Brøndby, Denmark)
for insulin release determination. The incubation
medium was collected for insulin analysis and
insulin release was measured. Afterwards, the cells
were washed in Earle’s basal medium (Invitrogen,
Taastrup, Denmark) at room temperature before
adding 1 mL ice-cold Earle’s basal medium in which
the cells were scraped off with a rubber policeman.
After centrifugation, the medium was discarded and
the intact cells re-suspended partly in a buffer con-
taining 0.75% (v/v) glycine and 0.25% (v/v) BSA
adjusted to pH 8.8 for insulin determination after
sonication and centrifugation at 30 000¥ g for
30 min at 4°C, and partly in 0.1 mol·L-1 NaOH for
protein determination. Total protein was determined
using BCA Protein Assay Reagent Kit from PIERCE,
US (Bie & Berntsen A/S, Rødovre, Denmark). Samples
of the incubation medium were immediately frozen
for insulin analysis. Insulin content was determined
using an ultrasentive Rat Insulin Elisa Kit from DRG
Diagnostics (VWR, Herlev, Denmark). Results are
expressed as insulin secretion mg·mg-1 protein nor-
malised to insulin content mg·mg-1 protein.
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CaN activity
Lysed INS-1E cells were used to determine CaN
activity. The activity of the enzyme was measured as
described by Fruman et al. (1992), with modifica-
tions made by Koefoed-Nielsen et al. (2004). Briefly,
CaN activity was measured as the release of radiola-
belled phosphate from a previously phosphorylated
19 amino acid peptide, which mimics NFAT, the
natural substrate of CaN. Radioactivity was quanti-
tated by liquid scintillation spectrometry, in counts
per minute, and results are expressed as units CaN/
107 beta-cells, utilizing a calibration curve made
with bovine CaN.

Quantification of mRNA by real-time PCR
INS-1E RNA was extracted using Qiagen RNeasy Mini
Kit (VWR) and treated with DNase (VWR). The RNA
quality was controlled on a 1% (v/v) agarose gel
stained with ethidium bromide. Total RNA (500 ng)
was reversely transcribed using ImProm-II™ Reverse
Transcription System (Promega, Nacka, Sweden) and
oligo dT18 primers (TAC, Copenhagen, Denmark).
The cDNA was checked for genomic DNA contami-
nation by PCR analysis using Qiagen HotStarTaq
Master Mix Kit (VWR) with an intron-spanning
primer-set of b-actin (TAC). The PCR product was
analysed by ethidiumbromide staining after electro-
phoresis in a 1% agarose gel. Quantitative real-time
PCR was performed in duplicate with IQ Sybr Green
supermix (Bio-Rad, Copenhagen, Denmark) in a
MyiQ SingleColor Real-Time PCR Detection System
(Bio-Rad). For all reactions, a melting curve was
included. The results were analysed with iQ™5
Optical System Software, Version 2.0 (Copenhagen,
Denmark). Starting quantities were calculated from a
standard curve. Values were normalized to the
geomean of three housekeeping genes.

PCR primers used for real-time PCR: heat shock
protein (HSPcb): F: 5′GAT TGA CAT CAT CCC CAA
CC 3′, R:5′CTG CTC ATC ATC GTT GTG CT 3′;
Clathrin (Cltc): F: 5′AAG GAG GCG AAA CTC ACA
GA 3′, R:5′GAG CAG TCA ACA TCC AGC AA 3′;
Insulin (INS): F: 5′CGC TTC CTG CCC CTG CTG GC
3′, R: 5′CGG GCC TCC ACC CAG CTC CA 3′; Bax F:
5′GTG AGC GGC TGC TTG TCT 3′, R: 5′GTG GGG
GTC CCG AAG TAG 3′; Bcl-2 F: 5′CGA CTT TGC
AGA GAT GTC CA 3′, R: 5′ATG CCG GTC AGG TAC
TCA G 3′; Calcineurin A beta (CaN): F: 5′ACA GGG
ATG TTG CCT AGT GG 3′, R: 5′TCA GTG GTA TGT
GCG GTG TT 3′;NFATc1: F: 5′ TGA GCA GTA TCT
GTC GGT GC 3′, R: 5′ CCT GTG GTG AGA CTT
GGG TT 3′; NFATc2: F: 5′GTG TTT GCT AGC TTC
TGG GC3′, R: 5′ACA TTG TGC TCA ACA GGC AG
3′; NFATc3: F: 5′ TCC CAC TTG AAC CGT CCT AC
3′, R: 5′AGA GCC ACC TGG AGA AGT CA 3′;
NFATc4: F: 5′AGA TGG CTG GCA TGG ATT AC 3′, R:

5′AGCCTA GGA GCT TGA CCA CA 3′; SREBF-1c: F:
5′ATG GGC AAG TAC ACA GGA GG 3′, R: 5′ATC
CAC GAA GAA ACG GTG AC 3′. The intron-
spanning primers of b-actin: F: 5′CTA CAA TGA GCT
GCG TGT GGC 3′, R: 5′ GTC CAG ACG CAG GAT
GGC ATG 3′. cDNA gives a band of 269 base pairs,
and genomic DNA gives a band of 732 base pairs.
All PCR sequences were confirmed by sequencing
with Thermo Sequenase™ Dye Terminator Cycle
Sequencing Premix Kit (Amersham Bioscience,
Brøndby, Denmark).

Cell death ELISA assay
Fragmentation of histone-associated-DNA after cell
death induced by glucose, CsA or Tac was deter-
mined by photometric enzyme immunoassay (Cell
Death Detection ELISAPLUS, Roche Applied Science,
Hvidovre, Denmark). INS-1E cells were plated on
24-well plate with 200 000 cells per well and stimu-
lated 36 h later either with 6.6 mM or 16.7 mM
glucose � 2.5 mmol·L-1 CsA or 0.5 mmol·L-1 Tac for
24 h. Experiments were performed in quadruplicate.
Cells were scraped off with a rubber policeman and
centrifuged at 200¥ g for 10 min. Supernatants con-
taining DNA from necrotic cells were removed and
stored at 4°C for further analysis. Cell pellets con-
taining DNA fragments were lysed and centrifuged
at 200¥ g for 10 min. The supernatant containing
the cytoplasmic fraction and the supernatant con-
taining the DNA from necrotic cells were transferred
into streptavidin-coated microtiter plate in dupli-
cate and incubated with anti-histone-biotin. The
amount of fragmented DNA bound to anti-DNA-
peroxidase was measured by ABTS (2,2′-azino-bis(3-
ethylbenzthiazoline-6-sulphonic acid) at 405 and
490 nm as reference wavelength.

Data analysis
Statistical analyses were conducted using STATA 10.0
software (College Station, TX, USA). Results in the
Figures and Tables are presented as medians with
range as data were non-normally distributed. Com-
parisons between groups in insulin secretion studies,
CaN activity measurements, RT-PCR experiments
and DNA fragmentation analyses were made by
Kruskall–Wallis and Mann–Whitney U-tests. P-value
< 0.05 was considered statistically significant.

Materials
CsA and Tac were supplied by Sigma; the INS-1E
cells were provided by Prof CB Wollheim, Geneva,
Switzerland; the CaN substrate peptide was from
Schäfer-N (Copenhagen, Denmark) and the bovine
CaN standard from Biomol (Hamburg, Germany).
Drug and molecular target nomenclature follows
Alexander et al. (2009).
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Results

Effects of calcineurin inhibition on insulin
release and insulin mRNA
We cultured INS-1E cells for 6 and 24 h at drug
concentrations ranging from therapeutic blood
levels to toxic amounts in order to study the effects
on basal and glucose-stimulated insulin secretion
(GSIS). Tac had acute (6 h incubation) inhibitory
effects on basal insulin output, which was decreased
by 61–87% (median values; P = 0.01), over the con-
centration range. Neither of the drugs showed any
short-term inhibitory effects on GSIS (Figure 1A).
After prolonged incubation (24 h), Tac suppressed
basal insulin release by 48–62% (P = 0.03) as well as
GSIS by 70–88% (P = 0.01). Long-term inhibitory
effects were also observed with CsA exposure, which
decreased basal insulin secretion by 58–69% (P =
0.01) and GSIS by 19–74% (P = 0.01) (Figure 1B). A
separate study of long-term effects with lower doses
of Tac (10 nmol·L-1) and CsA (100 nmol·L-1)
revealed that neither basal insulin release nor GSIS
was inhibited, which suggests that the inhibitory
capacities of the drugs are dose-dependent
(Figure 1C). Both drugs mainly affected the secreted
amount of insulin while the insulin content of the
beta-cells remained unaltered. Insulin mRNA levels
were only marginally decreased with 24 h of CsA
exposure in glucose-stimulated cells, otherwise
insulin mRNA levels were comparable between cells
exposed to calcineurin inhibitors and controls
(Figure 2A,B).

Does calcineurin regulate insulin release?
After studying the effects induced by calcineurin
inhibitors on insulin secretion, we addressed the
involvement of calcineurin in regulating this
pathway, by measuring CaN activity, as well as cal-
cineurin mRNA levels. High glucose concentrations
(16.7 mmol·L-1) in controls stimulated CaN activity
approximately 20% during short-term incubations
(6 h). This glucose stimulatory effect was, however,
not seen after 24 h of incubation. Tac and CsA
equally suppressed CaN activity completely after 6
and 24 h (Figure 3A,B), ultimately matching the
similarly inhibited insulin release after 24 h, yet not
explaining the partially maintained insulin output
after 6 h of exposure. Calcineurin mRNA levels were
decreased after prolonged CsA exposure (P = 0.06) in
glucose stimulated cells, but were unaffected during
all other conditions (Table 1A–D).

Is NFATc expression controlled by the
calcineurin/NFAT signalling pathway?
The calcineurin/NFAT pathway has emerged as an
essential component of normal endocrine pancreas
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Figure 1
Effects of tacrolimus (Tac; mmol·L-1) and cyclosporin (CsA; mmol·L-1)
on insulin secretion normalized to insulin content in INS-1E cells. (A)
Six hours of incubation at basal (6.6 mmol·L-1) and stimulatory
(16.7 mmol·L-1) glucose concentrations. Data are medians with
range. n = 6 for controls and n = 3 for each drug concentration. (B)
Twenty-four hours of incubation at basal (6.6 mmol·L-1) and stimula-
tory (16.7 mmol·L-1) glucose concentrations. Data are medians with
range. n = 6 for controls and n = 3 for each drug concentration. (C)
Twenty-four hours of incubation at basal (3.3 mmol·L-1) and stimula-
tory (16.7 mmol·L-1) glucose concentrations. Data are medians with
range. n = 6 for controls and n = 4 for each drug concentration. *P =
0.01, **P = 0.03 versus control, Kruskal–Wallis test.
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function and development (Lawrence et al., 2001;
2002; Heit et al., 2006). In order to explore which
of the NFATc transcription factors were modulated
by blocking calcineurin, we measured gene ex-
pression levels of NFAT-c1–c4. Neither short- nor
long-term cell cultures with Tac or CsA suppressed
levels of NFATc. On the contrary, NFATc1 and
NFATc4 levels were up-regulated after 24 h of
CsA exposure with basal glucose concentrations
(Table 1C). Tac had similar effects on NFATc4,
which was up-regulated in glucose-stimulated
cells after prolonged incubation (Table 1D). Neither
NFAT-c1, -c2 nor -c3 levels differed between
controls and cells treated with the calcineurin
inhibitors.

Calcineurin inhibitor-induced cell death and
insulin resistance
To further unveil the molecular basis of the beta-
cell dysfunction induced by calcineurin inhibitors,
we studied the regulation of SREBP-1c, a lipogenic
transcription factor known to suppress genes
essential for beta-cell function and beta-cell mass
(for the insulin receptor substrate 2 and the pan-
creatic and duodenal homebox factor 1), next to
disrupting the secretory machinery of the beta-cell
as well as promoting hepatic insulin resistance
(Takahashi et al., 2005; Kato et al., 2006; Shimano
et al., 2007). CsA significantly up-regulated expres-
sion levels of SREBP-1c (P = 0.03); meanwhile,
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prolonged Tac treatment interestingly down-
regulated expression levels in glucose-stimulated
cells (P = 0.03) (Figure 4A,B). Finally, cell death, as
a possible consequence of treatment with cal-
cineurin inhibitors, was investigated. (Drachenberg
et al., 1999; Lotem et al., 1999; Wang et al., 1999;
Shibasaki et al., 2002; Lawrence et al., 2005; Ranta
et al., 2008). Initially, cell cultures were evaluated
microscopically, where only very high doses of Tac
(200 nmol·L-1) and CsA (10 mmol·L-1) resulted in
beta-cell death in approximately 75 and 50% of
cells, respectively, after 24 h. Gene expression
analysis showed that high glucose concentrations
alone mediated up-regulation of the Bax/Bcl2 ratio.
A tendency towards an increased Bax/Bcl2 ratio

was seen after 6 and 24 h of incubation with CsA
(Table 1A–D) and analysis of DNA fragmentation
confirmed cell death by apoptosis (P = 0.03) and
necrosis (Figure 5A,B).

Discussion and conclusions

Chronic treatment with anti-calcineurinic immu-
nosuppressants of organ transplanted patients
secondarily induces a diabetic state relatively fre-
quently and with unfavourable outcomes including
graft failure and death (Cosio et al., 2002; 2005).
Recent evidence points towards a pivotal role of
calcineurin for beta-cell function and survival (Heit
et al., 2006); however, the relative diabetogenicity
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Figure 4
Effects of tacrolimus (Tac; mmol·L-1) and cyclosporin (CsA; mmol·L-1)
on relative gene expression of SREBP-1c (normalized to b-actin,
clathrin and HSP) in INS-1E cells. (A) Six hours of incubation at basal
(6.6 mmol·L-1) and stimulatory (16.7 mmol·L-1) glucose concentra-
tions. Data are medians with range. n = 3 for controls and n = 2 for
each drug concentration. (B) Twenty-four hours of incubation at
basal (6.6 mmol·L-1) and stimulatory (16.7 mmol·L-1) glucose con-
centrations. Data are medians with range. n = 3 for controls and n =
2 for each drug concentration. *P = 0.03 versus control, Kruskal–
Wallis test. HKG, housekeeping gene.
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Figure 5
Effects of tacrolimus (Tac; mmol·L-1) and cyclosporin (CsA; mmol·L-1)
on apoptosis and necrosis in INS-1E cells. (A) Intracellular DNA
fragments (apoptosis) and (B) DNA fragments in medium (necrosis)
after 24 h of incubation at basal (6.6 mmol·L-1) and stimulatory
(16.7 mmol·L-1) glucose. Data are medians with range. n = 4 for
controls and n = 4 for each drug concentration. *P = 0.03, Mann–
Whitney U-test.
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of anti-calcineurinic immunosuppressants and the
molecular background of their diabetogenic actions
have not been fully investigated. We herein report
the effects of CsA and Tac on beta-cell function in a
rat insulinoma cell line (INS-1E cells). The major
findings of our study are firstly that both drugs
equally impair basal as well as GSIS, after prolonged
exposure. Secondly, such impairment was mirrored
by an equal and total inhibition of CaN activity in
the beta-cells. Finally, we present a novel connec-
tion between CsA treatment and activation of
SREBP-1c, a lipogenic transcription factor promot-
ing insulin resistance and beta-cell dysfunction.

A large body of preclinical literature has demon-
strated that CsA and Tac exert deleterious effects on
pancreatic beta-cells. Many previous studies are con-
founded by the use of very high doses of the drugs
or difficulties in accounting for the insulin content
of the beta-cells (Robertson, 1986; Ebihara et al.,
1996; Dufer et al., 2001; Lawrence et al., 2001; 2002;
2005; Paty et al., 2002; Polastri et al., 2002). The
present study demonstrates that doses high in the
pharmacological range of both drugs primarily
impair basal and GSIS after prolonged exposure,
while insulin content and mRNA remained unal-
tered. Differential effects of the two drugs were
however present, as Tac singularly displayed acute
inhibitory effects on basal insulin secretion, and
CsA paradoxically increased GSIS after short-term
exposure. Similar time-dependent, opposing effects
of calcineurin inhibitors on both insulin secretion
and insulin content have been reported previously
(Ebihara et al., 1996; Fuhrer et al., 2001; Lester et al.,
2001; Johnson et al., 2009; Rauch et al., 2009), and
collectively these data support clinical evidence of a
more rapid development of diabetes during Tac
treatment, than during treatment with CsA (van
Duijnhoven et al., 2002; Hoitsma and Hilbrands,
2006). The natural time course of the beta-cell tox-
icity induced by calcineurin inhibitors may thus be
impaired insulin secretion, followed by a decreased
insulin production, as indicated by other long-term
reports (Redmon et al., 1996; Drachenberg et al.,
1999; Uchizono et al., 2004; Hernandez-Fisac et al.,
2007). Thus, an explanation for the lack of effects on
insulin content and mRNA, in our study, might be
that the exposure time was too short. Apart from
these time-dependent effects, the diabetogenic
actions of the calcineurin inhibitors also appear to
be dose dependent (Redmon et al., 1996; Drachen-
berg et al., 1999; Fuhrer et al., 2001; Paty et al., 2002;
Uchizono et al., 2004). In the present study, beta-cell
toxicity was highly and equally present for CsA and
Tac during long-term incubations with increasing
drug doses, yet our separate study using very low
doses of Tac (0.01 mmol·L-1) and CsA (0.1 mmol·L-1),

revealed no reductions in insulin output. This partly
corresponds to a recent study on low-dose Tac-
treated human islets, albeit some inhibitions of GSIS
with low doses were observed (Johnson et al., 2009).
These observations highlight the need to investigate
newer low-dose regimens and their relation to
NODAT in organ transplant recipients. Nonetheless,
studying the in vitro effects of high calcineurin
inhibitor concentrations may be relevant to islet
transplantation, as the degree of calcineurin inhibi-
tor exposure in this setting may, by far, exceed rec-
ommended blood levels.

The importance of the calcineurin/NFAT signal-
ling pathway in maintaining beta-cell function
and growth was documented in a recent study by
Heit et al. (2006). We observed that a total blockade
of CaN activity in the beta-cells was present at
all times with both calcineurin inhibitors; and
although this result matched the impaired insulin
output seen after 24 h, it did not explain the
largely maintained insulin output during short-
term incubations. Calcineurin-independent regula-
tory mechanisms have previously been proposed
by others. Indeed, Dufer et al. (2001) showed that
CsA acutely and directly impairs GSIS in rodent
beta-cells and islets, by acting on mitochondrial
permeability transition pores, which determine the
oscillatory activity of the cell membrane potential.
Fuhrer et al. (2001) speculated that Tac had acute
calcineurin independent effects in rodent beta-
cells, through the regulation of the ATP-K channel,
although a direct channel interaction was not
determined. Aside from these presumed different
acute actions, CsA and Tac may also act on differ-
ent targets in the long run, alongside their shared
calcineurin/NFAT signalling pathway. Previous
studies have argued both against (Heit et al., 2006;
Hernandez-Fisac et al., 2007) and in favour
(Drachenberg et al., 1999; Uchizono et al., 2004;
Plaumann et al., 2008; Johnson et al., 2009) of beta-
cell apoptosis as a molecular rationale for diabetes-
induced by calcineurin inhibitors. Our analysis of
Bax/Bcl2 gene expression and DNA fragmentation
mainly support an apoptotic mechanism of action
for CsA, but not for Tac. Interestingly, we also
found a novel relationship between CsA treatment
and activation of the lipogenic transcription factor
SREBP-1c, which is known to depress beta-cell
secretory function and to promote insulin resis-
tance (Kato et al., 2006; Shimano et al., 2007). Our
findings contrast with observations made by Wu
et al. (1999), where SREBP1 mRNA was suppressed
in CsA-treated mice. However, the use of dif-
ferent methodologies makes it difficult to directly
compare results. A final important finding in the
present study was that no transcriptional repres-
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sion of the NFAT-c1–c4 isoforms was observed
despite calcineurin inhibition. However, it remains
to be determined whether specific NFATc proteins
can be detected in the beta-cell and whether or not
they have redundant or dominant roles in insulin
gene transcription. It will be of interest to expand
these observations and determine whether a regu-
lation of SREBP and other beta-cell factors by cal-
cineurin inhibitors contribute to the development
of diabetic states in humans.

In conclusion, we have shown that CsA and Tac
are equally diabetogenic after prolonged exposure
and that these prolonged effects coincide with a
total inhibition of CaN activity. Only Tac produces
acute inhibitory effects on basal insulin release,
while CsA has a larger negative impact on transcrip-
tional levels of several beta-cell essential genes
including SREBP-1c, suggesting that Tac and CsA
exert their effects not solely through calcineurin
inhibition, but with additional highly individual
pathways. Characterizing these potential targets of
calcineurin inhibitors will contribute to the discov-
ery of novel therapeutic modalities for the treat-
ment of pancreatic and beta-cell diseases, and
furthermore will help in tailoring immunosuppres-
sive regimens for transplant recipients.
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