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Aims/hypothesis: Changes in cellular cholesterol level may contribute to beta cell dysfunction. Islets from low
density lipoprotein receptor knockout (LDLR−/−) mice have higher cholesterol content and secrete less insu-
lin than wild-type (WT) mice. Here, we investigated the association between cholesterol content, insulin se-
cretion and Ca2+ handling in these islets.
Methods: Isolated islets from both LDLR−/− and WT mice were used for measurements of insulin secretion
(radioimmunoassay), cholesterol content (fluorimetric assay), cytosolic Ca2+ level (fura-2AM) and SNARE
protein expression (VAMP-2, SNAP-25 and syntaxin-1A). Cholesterol was depleted by incubating the islets
with increasing concentrations (0–10 mmol/l) of methyl-beta-cyclodextrin (MβCD).
Results: The first and second phases of glucose-stimulated insulin secretion (GSIS) were lower in LDLR−/−

than in WT islets, paralleled by an impairment of Ca2+ handling in the former. SNAP-25 and VAMP-2, but
not syntaxin-1A, were reduced in LDLR−/− compared with WT islets. Removal of excess cholesterol from
LDLR−/− islets normalized glucose- and tolbutamide-induced insulin release. Glucose-stimulated Ca2+ han-

dling was also normalized in cholesterol-depleted LDLR−/− islets. Cholesterol removal from WT islets by 0.1
and 1.0 mmol/l MβCD impaired both GSIS and Ca2+ handling. In addition, at 10 mmol/l MβCD WT islet
showed a loss of membrane integrity and higher DNA fragmentation.
Conclusion: Abnormally high (LDLR−/− islets) or low cholesterol content (WT islets treated with MβCD) al-
ters both GSIS and Ca2+ handling. Normalization of cholesterol improves Ca2+ handling and insulin secretion
in LDLR−/− islets.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Type 2 diabetes is a complex disease characterized by reduced in-
sulin secretion and development of insulin resistance [1]. Frequently,
diabetic patients exhibit dyslipidemia with low levels of high-density
lipoprotein [2], hypertriglyceridemia [3,4] and increased and abnor-
mal (glycated and/or oxidized) small, dense LDL particles [5]. Chronic
influx of fatty acids into beta cells impairs insulin secretion [6,7];
however, emerging evidence also suggests that changes in cellular
cholesterol level may contribute to beta cell dysfunction [8–12].
MβCD, methyl-β-cyclodextrin;
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Cholesterol constitutes about 20% of the total membrane lipids
and is involved in several subcellular membrane properties, such as
thickness and fluidity [13,14]. Disturbance in cholesterol metabolism
results in changes in the membrane lipid raft microdomains. Numer-
ous membrane proteins are associated with lipid rafts, including the
ion channels Cav1.2 and Kv2.1 [15,16]. Additionally, SNARE proteins
(syntaxin-1A, SNAP-25, and VAMP-2) that play an essential role in
the fusion of insulin-containing granules to the plasma membrane
are linked to these raft microdomains in pancreatic beta cells [17,18].

High beta cell cholesterol levels reduce the effectiveness of the insu-
lin secretory apparatus and also interfere with glucose metabolism by
inhibiting glucokinase activity [8,19]. In the absence of a high-fat diet,
islets from hypercholesterolemic LDLR−/−mice show higher cholester-
ol content and reduced insulin secretion in response to glucose [11].
This is associated with decreased glucose uptake and oxidation and
lower expression of protein kinase A alpha [11,20]. In this study, we in-
vestigated the involvement of Ca2+ handling and SNARE protein ex-
pression in the reduced insulin response of LDLR−/− mouse islets. We

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bbalip.2012.12.013&domain=f
http://dx.doi.org/10.1016/j.bbalip.2012.12.013
mailto:boschero@unicamp.br
http://dx.doi.org/10.1016/j.bbalip.2012.12.013
http://www.sciencedirect.com/science/journal/13881981


770 J.C. Souza et al. / Biochimica et Biophysica Acta 1831 (2013) 769–775
also investigated the effects of cholesterol depletion on both LDLR−/−

and WT islets and their relationships with Ca2+ handling and insulin
secretion.

2. Materials and methods

2.1. Animals

LDLR−/− founderswere purchased from the Jackson Laboratory (Bar
Harbor, ME). Wild-type (WT) mice (C57BL/6 background) were
obtained from the breeding colony of the State University of Campinas
(UNICAMP). Animal experiments were approved by the University's
Committee for Ethics in Animal Experimentation (CEUA/UNICAMP).
The mice had free access to standard laboratory rodent chow (Nuvital
CR1, Colombo, PR, Brazil) and water and were housed at 22±1 °C on
a 12 h light/dark cycle.

2.2. Pancreatic islet isolation and static insulin secretion

The pancreatic islets were isolated from fedmice (20 weeks old) by
collagenase digestion and then selected with a microscope to exclude
any contaminating tissues [21]. After isolation, batches of 4 islets from
each group were pre-incubated in Krebs-Ringer bicarbonate buffer
(KRBB) containing, in mmol/l: 115 NaCl, 5 KCl, 24 NaHCO3, 2.56 CaCl2,
1 MgCl2 and 25 HEPES, pH 7.4 plus 2.8 mmol/l glucose and 0.3% bovine
serum albumin (BSA) for 30 min at 37 °C. The islets were further incu-
bated for 1 h in KRBB containing glucose (2.8 or 11.1 mmol/l) or tolbu-
tamide 100 μmol/l. Aliquots of the supernatant at the end of the
incubation period were kept at −20 °C for later insulin measurement
by RIA [22].

2.3. Perfusion studies

Groups of 50 islets from WT and LDLR−/− mice were placed on a
Millipore SW 1300 filter (8 μm pore) in a perfusion chamber (four
chambers for each perfusion) and perfused in KRBB buffer for
100 min at a flow rate of 1 ml/min. Glucose (2.8 mmol/l) was present
from the onset of the experiment and was elevated to 11.1 mmol/l
glucose from the 60th min onward. Solutions were gassed with 95%
O2/5% CO2 and maintained at 37 °C. Insulin released into the medium
was measured by RIA [22].

2.4. Islet cholesterol measurement and depletion

Cholesterol was quantified by a fluorometric method using an
enzyme-coupled reaction provided by the Amplex Red Cholesterol
Assay kit (Molecular Probes), as previously described [8]. Lipid ex-
traction from groups of 10 islets per mouse performed with chloro-
form/methanol (2:1 vol/vol), dried under a N2 stream, and diluted
in 60 μl of working solution (Amplex Red Cholesterol Assay kit)
supplemented with 0.1% Triton X-100. Of this sample, 50 μl was
used for the cholesterol assay. For cholesterol depletion, islets were
pre-incubated with 0.1, 1 or 10 mmol/l of methyl-β-cyclodextrin
(MβCD) (Sigma-Aldrich) at 37 °C for 1 h. Islets were then washed
in KRBB (5.6 mmol/l) and used in the experiments.

2.5. Cytoplasmic Ca2+ oscillations

Fresh pancreatic islets were incubated in KRBB plus 5.6 mmol/l glu-
cose and 5 μmol/l Fura-2/AM for 1 h at 37 °C. Islets previously incubat-
ed withMβCDwerewashed three timeswith KRBB and incubated with
Fura-2/AM, as described above. Islets were then transferred to a ther-
mostatically regulated open chamber (37 °C), placed on the stage of
an inverted microscope (Nikon UK, Kingston, UK), and perfused with
KRBB at a flow rate of 1.5 ml/min. Islets were then perfused with
KRBB that was continuously gassed with 95% O2/5% CO2, pH 7.4
containing 2.8 mmol/l with or without 100 μmol/l tolbutamide or
11.1 mmol/l glucose. A ratio image was acquired at approximately
every 5 s with an ORCA-100 CCD camera (Hammamatsu Photonics
Iberica, Barcelona, Spain), in conjunction with a Lambda-10-CS dual-
filter wheel (Sutter Instrument Company, CA, USA), equipped with
340, 380 nm bandpass filters and a range of neutral-density filters
(Omega Opticals, Stanmore, UK). Data were obtained using the
ImageMaster3 software (Photon Technology International, NJ, USA).
The area under the curve was calculated during the period when the
stimulus was present in the medium, after subtracting the basal values
(2.8 mmol/l glucose).

2.6. Western blotting

Isolated islets from LDLR−/− and WT mice were homogenized in a
buffer containing (in mmol/l): 100 Tris pH 7.5, 10 sodium pyrophos-
phate, 100 sodium fluoride, 10 EDTA, 10 sodium vanadate, and 2 PMSF
plus 1% Triton-X 100. The islets were disrupted using a Polytron PT
1200 C homogenizer (Brinkmann Instruments, NY, USA), employing
three 10 s pulses. The extracts were then centrifuged at 12,600 g at
4 °C for 5 min to remove insoluble material. The protein concentration
in the supernatants was assayed using the Bradford dye method [23],
using BSA for the standard curve and Bradford reagent (Bio-Agency
Lab., São Paulo, SP, BRA). For SDS gel electrophoresis and Western blot
analysis, the samples were treated with a Laemmli sample buffer
containing dithiothreitol. After heating to 95 °C for 5 min, the proteins
were separated by electrophoresis (50 μg protein/lane, 8% gels) and, af-
terwards, transferred to nitrocellulose membranes. The nitrocellulose
membranes were treated overnight with a blocking buffer (5% non-fat
dried milk, 10 mmol/l Tris, 150 mmol/l NaCl, and 0.02% Tween 20) and
were subsequently incubated with an antibody against SNAP-25
[S-5187; mouse monoclonal; Sigma (St. Louis, MO)], VAMP-2 [627724;
rabbit polyclonal; Calbiochem (La Jolla, CA)], or syntaxin-1A [sc-12736;
mousemonoclonal; Santa Cruz Biotechnology (Santa Cruz, CA)]. Specific
protein bandswere visualized by incubating themembranes for 1 hwith
a peroxidase-conjugated secondary antibody (1:10.000; Zymed Labora-
tories, Inc., San Francisco, CA, USA), followed by detectionwith enhanced
151 chemiluminescence reagents (Pierce Biotechnology, USA) and expo-
sure to X-ray film (Kodak, AM, Brazil). The band intensities were quanti-
fied by optical densitometry (Un-Scan-It gel, version 6.1, Orem, Utah,
USA). After assaying the target proteins, Western blotting was repeated
using rabbit polyclonal antibody to GAPDH [1:1.000; cat. (FL-335):
sc-25778] as an internal control for protein loading.

2.7. Membrane Integrity and DNA fragmentation Assays

Before fragmentation assays, the plasma membranes of a batch of
5 islets were softened with a Tris–HCl buffer containing 0.1% (w/v)
SDS at 37 °C for 10 min. After that, the supernatant was collected
for DNA quantification, and the islets on the pellet were used for a
DNA fragmentation assay using the SYBR Green method, as previous-
ly described [24]. DNA leaked from the cytoplasm was expressed of
DNA in the supernatant over fragmented DNA [25], considering that
membrane integrity is inversely proportional to DNA leakage after
membrane softening.

2.8. Statistical analysis

The results are presented as means±SEM for the number of de-
terminations (n) indicated. The data were analyzed by the unpaired
Student's t-test for two-mean comparisons and one-way ANOVA
(with Neumann–Keuls post-hoc test) for dose–response experiments.
The level of significance was set at pb0.05. Analyses were performed
using Statistica version 7.0 for Windows (StatSoft Inc., Tulsa, OK,
USA).
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3. Results

3.1. Glucose- and tolbutamide-stimulated insulin release and the [Ca2+]i
rise is reduced in LDLR−/− islets

As previously reported [11], LDLR−/− mice released less insulin in
both the first and second phases of GSIS compared with WT mice
(pb0.05) (Fig. 1). Since the increase in [Ca2+]i is a key step in insulin se-
cretion, we examined glucose-stimulated Ca2+ handling in LDLR−/− is-
lets. A representative example of the Ca2+ response to glucose is shown
in Fig. 2(A). Elevation of glucose from 2.8 to 11.1 mmol/l induced a
[Ca2+]i rise in both groups; however, the amplitude of oscillations
was significantly smaller in LDLR−/− than WT islets. The area under
the curve (AUC) of the glucose-evoked [Ca2+]i rise was significantly re-
duced in the islets of LDLR−/− mice. A reduction in the AUC of the
glucose-evoked [Ca2+]i in LDLR−/− mice compared to WT was ob-
served in both the first (6 min of exposure to high glucose) and the sec-
ond phase of insulin release (between min 6 and 20 exposure to high
glucose). The AUC of the tolbutamide-evoked [Ca2+]i rise was also re-
duced in LDLR−/− islets (Fig. 2.B). Finally, tolbutamide-stimulated insu-
lin secretion was markedly reduced in LDLR−/− islets (1.22±0.16 vs.
0.50±0.11 ng/islet h, respectively; pb0.05).

3.2. Reduced expression of SNARE proteins in LDLR−/− islets

Insulin granule exocytosis is a multiple-step process that depends
upon the elevation of [Ca2+]i. Since the alterations in Ca2+ handling, in-
duced by glucose and tolbutamide, were attenuated in LDLR−/− islets
compared with WT islets, it is conceivable that the exocytotic process
could also be hampered in the LDLR−/− islets. In fact, the expression
of SNAP-25 and VAMP-2, but not syntaxin-1A, was reduced by 30% in
LDLR−/− compared with WT islets (pb0.05) (Fig. 3).

3.3. Reduction in intra-islet cholesterol ameliorates the glucose-
stimulated Ca2+ rise and insulin secretion in LDLR−/− mice

We have previously shown that cholesterol content is higher in
LDLR−/− than in WT islets [11]. Therefore, we analyzed whether the
Fig. 1. Effects of 11.1 mmol/l glucose on the dynamics of insulin release fromWT (open squa
freshly isolated islets were perfused for 80 min (A). Glucose at 2.8 mmol/l was present from
end of the perfusion period. (B) Area under the curve of cumulative insulin release measur
points t=16 and 22 min (first phase). (D) AUC of insulin release during the second phase,
ments. *pb0.05 vs. WT.
reduction of islet cholesterol content modifies Ca2+ handling. For
this purpose, islets from both groups were treated with MβCD. Cho-
lesterol content in LDLR−/− islets treated with 0.1 mmol/l MβCD
was reduced to levels similar to those found in WT islets (Fig. 4).
WT islets treated with 0.1 and 1 mmol/l MβCD showed a marginal
decrease in cholesterol content, but at 10 mmol/l MβCD, the choles-
terol content was significantly reduced.

Fig. 5(A) shows that MβCD treatment reduced glucose-induced
Ca2+ oscillations in WT islets. The [Ca2+]i AUC of MβCD-treated
WT islets was lower compared with WT islets without MβCD
(Fig. 5C). The tolbutamide-induced [Ca2+]i rise was significantly re-
duced in WT islets treated with 10 mmol/l MβCD (Fig. 5D) but was
not significantly altered in MβCD-treated LDLR−/− islets (Fig. 5E, F).
However, glucose-induced [Ca2+]i modifications in LDLR−/− islets
treated with increasing concentrations of MβCD showed a different be-
havior compared with WT islets. In these islets, the [Ca2+]i AUC pro-
gressively increased with increasing MβCD concentrations (Fig. 5B).
At 0.1 and 1.0 mmol/l MβCD, the [Ca2+]i rise was similar to that ob-
served in WT islets without MβCD. At 10 mmol/l MβCD, the AUC was
significantly higher (2-fold) than in LDLR−/− islets without MβCD
(Fig. 5C).

We also examined the relationship between islet cholesterol con-
tent and beta cell function. For this purpose, glucose-stimulated insu-
lin secretion was measured in WT and LDLR−/− islets treated with
different concentrations of MβCD. Glucose-induced insulin secretion
increased with increasing concentrations of MβCD only in LDLR−/−

islets (Fig. 6A). In WT islets, there was a significant reduction in
glucose-stimulated insulin secretion at 1.0 mmol/l, but a marked in-
crease at 10 mmol/l MβCD. A significant increase in tolbutamide-
stimulated insulin release was also observed in WT islets treated
with 10 mmol/l MβCD (Fig. 6B). In LDLR−/− islets, tolbutamide-
induced insulin secretion at 10 mmol/l MβCD was increased, al-
though to a lesser extent than in WT islets. When LDLR−/− islets
were pre-incubated with Simvastatin, an inhibitor of Mevalonato
pathway, the calcium handling and insulin secretion were also ame-
liorated (Figs. 1S and 2S). In WT islets, no significant alterations in
the AUC of calcium handling were observed whereas a marginal in-
crement in insulin secretion occurred.
res and open bars) and LDLR−/− mouse islets (solid circles and dark bars). Groups of 50
the onset of the experiment and was increased to 11.1 mmol/l fromminute 16 until the
ed during the total perfusion time (80 min). (C) AUC of insulin release between time
between time points t=23 and 80 min. Values are means±SEM of 4 distinct experi-



Fig. 2. Representative curves of the changes in intracellular Ca2+ concentrations in response to 11.1 mmol/l glucose (A) or 100 μmol/l tolbutamide (E) in WT (solid line) and
LDLR−/− mouse islets (dotted lines). At 11.1 mmol/l, the area under the curve (AUC) was calculated for 3 different periods: B (1–15 min), C (1–6 min), and D (6–15 min).
(F) AUCwas calculatedwhen tolbutamidewas present in the perfusion period. Values are the ratios of F340/F380 for each group. Data aremeans±SEM of 4–7 independent experiments.
*pb0.05 indicates significant difference vs. WT.
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3.4. Intra-islet cholesterol content alters the membrane integrity and
DNA fragmentation

Higher doses of MβCD promote alterations in membrane integrity
and DNA fragmentation in WT and LDLR−/− islets. In WT islets,
Fig. 3. SNAP-25 (A), VAMP-2 (B) and syntaxin-1A protein expression (C) in isolated islets fr
Western blotting. The bars represent the means±SEM of the values determined by optical
10 mmol/l MβCD leads to the loss of membrane integrity, provoking
a non-specific leakage of cytoplasmic content (Fig. 7A) and an in-
crease DNA fragmentation (Fig. 7B). In LDLR−/− mice the removal
of excessive cholesterol content by MβCD reduced DNA fragmenta-
tion (Fig. 7B).
om WT (open bars) and LDLR−/− mice (dark bars). Protein extracts were processed for
densitometry. n=3–5; *pb0.05 vs. WT.

image of Fig.�2
image of Fig.�3


Fig. 4. Cholesterol concentrations in islets from WT (open bars) and LDLR−/− mice
(dark bars). Cholesterol was depleted in islets using 0.1 mmol/l, 1 mmol/l or
10 mmol/l MβCD for 1 h at 37 °C. Values represent means±SEM, n=8–11 mice.
⁎pb0.05 vs. WT #pb0.05 vs. LDLR−/− (without MβCD).
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4. Discussion

Cholesterol content in LDLR−/− islets is higher than inWT islets [11].
Since glucose-induced insulin secretion is lower in LDLR−/− islets, we
Fig. 5. Effects of MβCD treatment on the glucose- (A, B, C) or tolbutamide-induced (D, E, F
cellular Ca2+ in response to 11.1 mmol/l glucose in WT and (B) LDLR−/− islets. (C) AUC of g
with different concentrations of MβCD. (D) Representative curves of changes in intracellula
tolbutamide-induced calcium rise in WT (open bars) and LDLR−/− islets (dark bars) in the p
iments. ⁎pb0.05 vs. WT (without MβCD) by t-test; ⁎⁎pb0.01 vs. WT (without MβCD) by t-te
MβCD) by one-way ANOVA.
investigated the relationship between cholesterol content, insulin secre-
tion and Ca2+ handling in these islets. Higher cholesterol content is as-
sociated with a decrease in fluidity [26] and an increase in the stiffness
[27] of themembrane, and these alterationsmay cause an inappropriate
distribution or functioning of membrane proteins. In this respect, alter-
ations in the distribution and activity of ion channels and modifications
of the distribution of SNAREproteins, linked to cholesterol clusters in the
membrane, have been observed in pancreatic beta cells [28,29]. In addi-
tion, increased islet cholesterol levels caused by selective deletion of the
ABCA1 gene in apoE knockoutmice result in reduced glucose-stimulated
insulin secretion [30]. Furthermore, INS-1 cells overloaded with choles-
terol secrete less insulin in response to glucose, possibly due to a reduc-
tion in glucokinase activity [8] that, ultimately, reflects alterations in
membrane depolarization [31]. Here, we observed that glucose- and
tolbutamide-induced insulin secretion as well as Ca2+ handling in
LDLR−/− islets was lower than in WT islets (Figs. 1 and 2). Moreover,
SNAP-25 and VAMP-2 expression were reduced in LDLR−/− islets
(Fig. 3). The lower expression of these two proteins, which participate
in the trafficking of insulin-containing vesicles, could explain the lower
insulin secretion observed during the second phase of insulin release
in LDLR−/− islets. Cellular cholesterol also influences the trafficking of
proteins from the cytosol to membrane raft microdomains [32] and is
) [Ca2+]i rise in WT and LDLR−/− islets. (A) Representative curves of changes in intra-
lucose-induced calcium rise in WT (open bars) and LDLR−/− islets (dark bars) treated
r Ca2+ in response to 100 μmol/l tolbutamide in WT and (E) LDLR−/− islets. (F) AUC of
resence of different concentrations of MβCD. Means±SEM for 4–9 independent exper-
st; #pb0.05 vs. LDLR−/− (without MβCD) by one-way ANOVA; $pb0.05 vs. WT (without

image of Fig.�4
image of Fig.�5


Fig. 6. Effects of cholesterol depletion on insulin secretion induced by 11.1 mmol/l glu-
cose (A) or 100 μmol/l tolbutamide (B) in WT (open bars) and LDLR−/− islets (dark
bars). Cholesterol depletion was promoted by pre-incubating the islets with 0.1, 1 or
10 mmol/l MβCD for 1 h at 37 °C. The bars represent the means±SEM of 10–20
groups of islets from 8 different mice. ⁎pb0.05 vs. WT (without MβCD); ⁎⁎pb0.01 vs.
WT (without MβCD); #pb0.05 vs. LDLR−/− (without MβCD).

Fig. 7. Effects of cholesterol depletion on membrane integrity (A) and DNA fragmenta-
tion (B) in WT (open bars) and LDLR−/− islets (dark bars) pre-incubated with 0.1, 1 or
10 mmol/l MβCD for 1 h at 37 °C. Data are expressed as mean±SEM of 8–12 indepen-
dent experiments. ⁎pb0.05 vs. WT (without MβCD); #pb0.05 vs. LDLR−/−.
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important in coordinating the assembly of calcium channelswith SNARE
proteins during the exocytotic process [18,33]. Thus, the excess choles-
terol observed in LDLR−/− islets may be responsible for the impairment
of Ca2+ handling and insulin secretion.

While high levels of cellular cholesterol impair glucose-induced in-
sulin secretion, information concerning the reduction of cellular choles-
terol is contradictory [8,16,18,31]. Here, we confirm that the removal of
excess cholesterol from LDLR−/− islets by increasing concentrations of
MβCD improved glucose-induced insulin secretion and that this
improvement was linked to better Ca2+ handling by these islets.
Cholesterol-enriched mouse beta cells have a low voltage-gated calci-
um channel (VGCC) density, which diminishes Ca2+ influx and, in
turn, reduces insulin secretion [34]. Since, in the presence of MβCD, tol-
butamide increased insulin secretion but did notmodify the Ca2+ signal
in LDLR−/− islets, cholesterol normalization could improve some as-
pects of the Ca2+-induced insulin release process other thanVGCC den-
sity (not addressed in this study).

In contrast to the observations in LDLR−/− islets, when cholesterol
was removed from WT islets treated with low concentrations of
MβCD (0.1 and 1 mmol/l), the glucose-induced [Ca2+]i rise was
lower and insulin secretion was significantly reduced. However, at
10 mmol/l MβCD, a significant increase in insulin secretion was no-
ticed, while [Ca2+]i was lower than in WT without MβCD. Further-
more, in WT islets, the tolbutamide-induced Ca2+ signal was also
lowered by 10 mmol/l MβCD, whereas insulin secretion was in-
creased. The reduction of cholesterol in rodent islets with a squalene
epoxidase inhibitor (NB598) reduces insulin secretion, whole-cell de-
layed Ca2+ currents, and granule mobilization. In MIN6 cells, NB598
also provokes a redistribution of membrane proteins, such as Kv2.1,
Cav1.2, syntaxin-1A, SNAP-25, and VAMP [18]. We hypothesize that
in the presence of lower concentrations of MβCD, several of the
above-mentioned alterations obtained with NB598 may have oc-
curred in our experiments, explaining the lower Ca2+ handling and
insulin secretion. However, the marked increase in insulin secretion
induced by glucose or tolbutamide with low Ca2+, in the presence
of 10 mmol/l MβCD, has another explanation. In this case, the exces-
sive removal of cholesterol from the membrane led to pore formation
and the loss of membrane integrity, provoking a non-specific leakage
of cytoplasmic content (Fig. 7A), including insulin release by a
Ca2+-independent mechanism. These changes in membrane integrity
were, as expected, accompanied by an increase in apoptosis, as
evidenced by the increased DNA fragmentation (Fig. 7B). It is also im-
portant to note that the administration of MβCD had the opposite
effect on islets from LDLR−/− mice: lower apoptosis and DNA frag-
mentation (Fig. 7B). Thus, it is clear that the plasma membrane cho-
lesterol content must be kept in an optimal range for optimal
pancreatic islet function and survival.

In conclusion, glucose-induced insulin secretion and Ca2+ han-
dling were impaired in LDLR−/− compared with WT islets. In addi-
tion, SNAP-25 and VAMP-2, but not syntaxin-1A, were reduced in
LDLR−/− islets. An adequate reduction of excess cholesterol normal-
ized insulin secretion and Ca2+ handling. However, a decrease in cho-
lesterol in WT islets impaired Ca2+ handling and insulin secretion.
These data indicate that both excess and deficient cholesterol concen-
trations in islets alter glucose-induced Ca2+ oscillations and, conse-
quently, insulin secretion.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbalip.2012.12.013.
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