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Abstract

seems rather unlikely.

mellitus, Verapamil, 1.1B4

It was evidenced that saturated fatty acids (FAs) have a detrimental effect on pancreatic 3-cells function and survival,
leading to endoplasmic reticulum (ER) calcium release, ER stress, and apoptosis. In the present study, we have tested
the effect of three calcium influx inhibitors, i.e., diazoxide, nifedipine, and verapamil, on the apoptosis-inducing effect
of saturated stearic acid (SA) in the human pancreatic 3-cell lines NES2Y and 1.1B4. We have demonstrated that the
application of all three calcium influx inhibitors tested has no inhibitory effect on SA-induced ER stress and apopto-
sis in both tested cell lines. Moreover, these inhibitors have pro-apoptotic potential per se at higher concentrations.
Interestingly, these findings are in contradiction with those obtained with rodent cell lines and islets. Thus our data
obtained with human {3-cell lines suggest that the prospective usage of calcium channel blockers for prevention and
therapy of type 2 diabetes mellitus, developed with the contribution of the saturated FA-induced apoptosis of 3-cells,
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Background

Increased levels of saturated fatty acids (FAs) in the blood
are considered to be one of the main factors responsible
for pancreatic B-cell death in type 2 diabetes (T2DM)
[1-5]. Our previous studies, as well as other studies, have
shown that saturated FAs (e.g., stearic and palmitic acid)
induce endoplasmic reticulum (ER) stress and apoptosis
in pancreatic -cells [3-9].

Increases in cytosolic calcium in B-cells directly stim-
ulate insulin vesicle exocytosis, as well as initiate mul-
tiple signalling pathways which regulate a number of
important cellular processes within the B-cell [10]. Satu-
rated FAs were reported to stimulate calcium influx and
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mobilize calcium from ER pools in pancreatic B-cells
[11-13]. The exact mechanisms are not clear; however,
activation of G protein-coupled receptor 40 (GPR40) by
FAs leading to inositol-1,4,5-trisphosphate (IP3) produc-
tion may be involved here. The release of calcium from
the ER occurs primarily via IP3-regulated IP3 receptors
(IP3R) but may be also mediated by ryanodine recep-
tors (RyRs). Rodent as well as human [B-cells express all
IP3R isoforms and importantly, IP3Rs are upregulated
in human islets from patients with T2DM, leading to
mitochondrial dysfunction and pancreatic B-cell fail-
ure [14]. Mitochondrial dysfunction may be promoted
by FA-induced ER calcium release [15]. All RyRs family
members, which represent LTCC (L-type voltage-gated
calcium channels), seem to be also expressed in human
islets [16]. Since B-cells as secretory cells are very sensi-
tive to ER homeostasis disturbances, calcium depletion
can result in the accumulation of misfolded proteins in
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the ER and subsequently in an ER stress response [17]
and apoptosis induction [18-21]. Taken together, these
facts suggest that calcium influx regulation could be
involved in FA-induced [-cell dysfunction and apoptosis.

It was documented in rodent p-cell lines and islets that
some calcium chelators or blocking of calcium signalling
have a protective effect on FA-induced B-cell apopto-
sis [12, 22-27]. Moreover, the protective effect of some
calcium influx inhibitors against other pro-apoptotic
treatments (e.g. streptozocin, high glucose) or the gen-
erally protective effect per se on B-cells was suggested
in diabetic mice and patients [26, 28, 29]. Thus, regula-
tion of calcium influx could represent a protective factor
against impaired function and apoptosis induced by FAs
in human pancreatic p-cells during the development of
T2DM.

Diazoxide, nifedipine, and verapamil represent com-
monly used calcium channel blockers. Concerning the
mechanisms of their effect, nifedipine and verapamil
directly block LTCC while diazoxide binds to the K p
channel keeping it open which decreases membrane
hyperpolarisation and activation of LTCC [30, 31]. These
compounds are routinely used as a medication for sev-
eral diseases such as hypertension, chronic angina,
or ischemic disease [32]. It seems that calcium influx
via LTCC mediates IP3Rs upregulation what may also
increase intracellular calcium level [33, 34].

We hypothesize that calcium channel blockers may be
protective against FA-induced apoptosis in human [-cell
similarly as it was previously documented in rodent
B-cells and islets [12, 22-27]. Therefore, we tested the
effect of three calcium influx inhibitors, i.e. diazoxide,
nifedipine, and verapamil, on the apoptosis-inducing
effect of saturated stearic acid (SA) in the human pancre-
atic B-cell lines NES2Y and 1.1B4.

Material and methods

Materials

All chemicals were sourced from Sigma-Aldrich (St.
Louis, MO, USA), unless otherwise stated. For the west-
ern blot analysis, the following primary and secondary
antibodies were used: anti-cleaved caspase-3 (#9661),
caspase-6 (#9761), anti-cleaved caspase-7 (#9491),
anti-cleaved caspase-8 (#9496), anti-cleaved caspase-9
(#9505), anti-cleaved PARP (#5625), anti-BiP (#3177),
anti-CHOP (#2895) from Cell Signaling Technology
(Danvers, MA, USA); anti-caspase-2 (ab32021) from
Abcam (Cambridge, UK); anti-actin (clone AC-40); HRP-
linked goat anti-mouse (SA00001-1) and goat anti-rab-
bit (SA00001-2) secondary antibody from Proteintech
Group (Rosemont, IL, USA). As calcium influx inhibi-
tors, diazoxide (D9035), nifedipine (N7634), and vera-
pamil (ab120140) from Abcam were used. Diazoxide and
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nifedipine were dissolved and diluted in DMSO while
verapamil in distilled water. Concentrations in range
1-1000 pM for nifedipine and verapamil, and 3—3000 uM
for diazoxide were used in order to detect the effect of
the respective inhibitors. Selected concentrations are
within the range used in similar studies [22-24, 26, 27].
All solutions were prepared and used according to manu-
facturers’ protocols.

Cells and culture conditions

The human pancreatic -cell lines NES2Y and 1.1B4
[35, 36] were used. NES2Y cells were derived from a
patient with persistent hyperinsulinemic hypoglycemia
of infancy [35] and were kindly provided by Dr. Roger F.
James (University of Leicester, UK). 1.1B4 cells were gen-
erated by electrofusion of freshly isolated human pancre-
atic p-cells and the immortal human PANC-1 epithelial
cell line [36] and were purchased from MERCK Millipore
(# 10012801, Burlington, MA, USA). Cells were routinely
maintained in an RPMI 1640-based culture medium [37].
A 1 mM concentration of SA was used to simulate an
elevated level of SA in the blood [38, 39]. The stock solu-
tion containing SA bound to 10% BSA in a serum-free
medium was prepared as described previously [3] and
diluted to 1 mM concentration of SA and 2% BSA prior
to experiments. SA/BSA molar ratios used in the experi-
ments were lower than the ratios known to exceed BSA’s
binding capacity [40]. A 1 mM concentration of SA was
established as apoptosis-inducing in both cell lines [3]
(Fig. 1a). In experiments, a defined serum-free medium
was used [41]. Our previous studies showed that SA, at a
concentration of 1 mM, induces endoplasmic reticulum
stress and apoptosis in most NES2Y cells within 24 h of
application [7, 8, 42—44]. Therefore, all assessments were
performed within 24 h after SA application except for the
assessment of cell growth and viability. Prior, during, and
at the end of each experiment, cell condition was visually
checked.

Assessment of cell growth and viability

Cells were seeded at a concentration of 2 x10*
cells/100 pl of culture media into the wells of the 96-well
plate. After a 24-h pre-incubation period (allowing cells
to attach), the culture medium was replaced with a
serum-free medium containing 2% BSA with or without
SA and/or the respective calcium influx inhibitor (vari-
ous concentrations were used) and/or 0.1% DMSO as
the vehicle. After 48 h of incubation, cell images were
obtained and the number of living cells was determined
using a hemocytometer counting, after staining with
trypan blue.
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Fig. 1 Dose-dependent effect of stearic acid (SA) on cell growth and viability in 1.184 cells (A). Effect of 1 mM SA on the level of caspase-2 (C2),
cleaved caspase-9 (C9), cleaved caspase-8 (C8), cleaved caspase-7 (C7), cleaved caspase-6 (C6), cleaved caspase-3 (C3), and cleaved PARP in 1.1B4
cells, (B). Effect of 1 mM SA on the level of BiP and CHOP in 1.1B4 cells (C). Cells incubated without SA represented control cells. When assessing
cell growth and viability (A), the number of living cells was determined after 48 h of incubation. Each column represents the mean of four separate
cultures & SEM. * p <0.05 when comparing the number of control cells and cells treated with SA. The dotted line represents the number of cells

of the inoculum. After 24 h of the incubation (B, C), the levels of individual proteins were determined using western blot analysis and the relevant
antibodies (see “Materials and Methods"). Monoclonal antibody against human actin was used to confirm equal protein loading. The data shown
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were obtained in one representative experiment from at least three independent experiments

Western blot analysis

Cells (approximately 250,000 cells per sample) were
seeded into the wells of the 12-well plate. After a 24-h
pre-incubation period (allowing cells to attach), the cul-
ture medium was replaced with a serum-free medium
containing 2% BSA with or without SA and with or with-
out the respective calcium influx inhibitor (various con-
centrations were used). The control medium contained
2% BSA only or 2% BSA with 0.1% DMSO or distilled
water as a vehicle. After 24-h of incubation, cells were
washed twice with PBS and lysed by 50 pl RIPA lysis
buffer (containing 0.5 pl protease inhibitor cocktail) and
harvested. Cell lysates were then centrifuged (18,000 g,
20 min, 4 °C). Supernatants were collected and frozen at
-80 °C until further analysis. Total protein content was
determined by the bicinchoninic acid assay [45]. Sam-
ples (6.5 pl) containing 15 pg of proteins were mixed with
6.5 pl of sample loading buffer (0.125 mM Tris—HCI, pH
6.8, 10% glycerol, 4% SDS, 250 mM DTT, 0.004% brom-
phenol blue), heated for 10 min at 95 °C. SDS-PAGE was
performed as described previously [46, 47] with minor
modifications. Briefly, proteins were separated on 12%
polyacrylamide gel (4% polyacrylamide stacking gel) at
30 mA and then blotted onto 0.2 pm nitrocellulose trans-
fer membrane (Protran BAS83, Schleicher-Schuell, Das-
sel, Germany) for 2 h at 0.25 A using a Mini-Protean 3
apparatus (Bio-Rad, Hercules, CA). The membrane

was blocked with 5% BSA in TBS (100 mM Tris—HCI,
150 mM NaCl, pH 7.5) for 20 min, washed with 0.1%
Tween-20/TBS three times, and then incubated with the
primary antibody in 0.1% Tween-20/TBS containing 1%
BSA overnight at 4 °C. All primary antibodies were used
in a 1:1,000 dilution. The chemiluminescent signal was
detected using a Carestream Gel Logic 4000 PRO Imag-
ing System equipped with Carestream Molecular Imag-
ing Software (Carestream Health, New Haven, CT, USA),
which was used for image acquisition.

Data analysis

The statistical significance of observed differences was
determined using the Student’s t-test. p<0.05 was con-
sidered statistically significant.

Results

Effect of stearic acid on growth and viability, expression

of ER stress markers and apoptosis induction

Our previous, as well as current data, show that SA
(1 mM) induces ER stress and apoptosis in NES2Y [3, 7,
8, 42, 43] as well as in 1.1B4 (Fig. 1) cells. The expression
of the main ER stress markers, i.e., proteins immuno-
globulin heavy chain-binding protein (BiP) and CCAAT
enhancer-binding protein homologous protein (CHOP),
was increased due to SA treatment in both cell lines [8]
(Fig. 1c). SA-induced also activation (cleavage) of the
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main markers of ongoing apoptosis, i.e., caspases-3,
-6, -7, -8, -9 and protein poly ADP-ribose polymerase
(PARP) (substrate of executioner caspases) in both cell
lines [7, 8, 42, 43] (Fig. 1a, b). In NES2Y cells, caspase-2
was also activated by SA, but it seems not to play a key
role in SA-induced apoptosis [7]. In 1.1B4 cells, caspase-2
was not activated due to SA treatment (Fig. 1B).

Effect of diazoxide on stearic acid-induced apoptosis

and expression of ER stress markers BiP and CHOP
Diazoxide at a concentration of 3, 30, 300, and 3,000 uM
had no significant effect on the effect of SA on -cell
growth and viability compared to cells treated with SA
only in NES2Y as well as 1.1B4 cells except for 3,000 pM
concentration in 1.1B4 cells which significantly potenti-
ated the effect of SA. Diazoxide per se had no significant
effect on P-cells growth and viability at a concentration
of 300 uM. However, 3,000 pM concentration signifi-
cantly decreased B-cell growth and viability in both cell
lines (Fig. 2). The cell phenotype correlated with the
found effect of the respective treatment on [3-cell viability
(Additional file 1: Figure S1).

Diazoxide at a concentration of 3 and 30 uM had no
effect on SA-induced caspases activation by their cleav-
age and PARP cleavage as well as on SA-induced expres-
sion of BiP in NES2Y cells. However, 300 uM diazoxide
increased the SA-induced cleavage of caspase-6, -7 and
-9, and expression of CHOP. Diazoxide at the highest
concentration used had no effect on the tested molecules
per se (Fig. 3).

In 1.1B4 cells, diazoxide increased SA-induced cleavage
of caspase, -7, -8, and PARP, and had no significant effect
on SA-induced expression of the other tested molecules.
Diazoxide per se only slightly increased cleavage of cas-
pase-7 among tested molecules (Fig. 3).

Effect of nifedipine on stearic acid-induced apoptosis

and expression of ER stress markers BiP and CHOP
Nifedipine at a concentration of 1, 10, and 100 uM had
no significant effect on the effect of SA on B-cell growth
and viability compared to cells treated with SA only in
NES2Y as well as 1.1B4 cells except for 100 uM concen-
tration in 1.1B4 cells, which significantly potentiated the
effect of SA. Nifedipine at a concentration of 1,000 uM
then significantly potentiated the effect of SA in both
cell lines. Nifedipine per se had no significant effect on
[-cells growth and viability at a concentration of 100 uM.
However, 1,000 pM concentration significantly decreased
[-cells growth and viability in both cell lines (Fig. 2). The
cell phenotype correlated with the found effect of the
respective treatment on [B-cell viability (Additional file 1:
Figure S1).
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Fig. 2 Dose-dependent effect of diazoxide, nifedipine, and verapamil
on the effect of stearic acid (SA) on cell growth and viability in NES2Y
and 1.1B4 cells. The data shown were obtained in one representative
experiment of at least three independent experiments. The number
of living cells was determined after 48 h of incubation. Each column
represents the mean of at least four separate cultures =+ SEM. *
p<0.05, ** p<0.001 when comparing the number of cells treated
with the respective inhibitor together with SA and cells with SA only.
The dotted line represents the number of cells of the inoculum.
DMSO was used as vehicle
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Fig. 3 Effect of diazoxide, nifedipine, and verapamil on the effect of stearic acid (SA) on the level of cleaved caspase-9 (C9), caspase-8 (C8),
caspase-7 (C7), caspase-6 (C6), and cleaved PARP (markers of apoptosis) and on the level of BiP and CHOP (markers of ER stress) in NES2Y and

1.1B4 cells. After 24 h of incubation, the levels of individual proteins were determined using western blot analysis and the relevant antibodies (see
“Materials and Methods"). Monoclonal antibody against human actin was used to confirm equal protein loading. The data shown were obtained

in one representative experiment from two till six independent experiments. DMSO was used as vehicle. Densitometric analysis of key data from
Western blotting where perceptible change in the expression was detected is also shown. Each column represents the mean of at least two
experimental values = SEM. * p < 0.05 when comparing the effect of respective inhibitor+ 1 mM SA with the effect of 1 mM SA applied alone. D300
means 300 uM diazoxide, N100 means 100 puM nifedipine and V100 means 100 uM verapamil
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Fig. 3 continued
In NES2Y cells, nifedipine at a concentration of 1 and Similar results were obtained in 1.1B4 cells. Nifedi-

10 uM had no significant effect on SA-induced cleavage pine at a concentration of 1 and 10 pM had no signifi-
of caspases and PARP as well as on SA-induced expres- cant effect on SA-induced cleavage of caspases and
sion of BiP. It only increased cleavage of caspase-6, -7 and ~ PARP as well as on SA-induced expression of BiP and
-9, and expression of CHOP when 100 pM nifedipine was CHOP while 100 pM concentration increased SA-
used. Nifedipine had no effect per se (Fig. 3). induced cleavage of caspase-7, -8 and PARP. Nifedipine
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per se slightly increased cleavage of caspase-6 and -7
(Fig. 3).

Effect of verapamil on stearic acid-induced apoptosis

and expression of ER stress markers BiP and CHOP
Verapamil at a concentration of 1, 10, and 100 uM had
no significant effect on the effect of SA on B-cell growth
and viability compared to cells treated with SA in NES2Y
as well as 1.1B4 cells except for 100 uM concentration in
1.1B4 cells, which significantly potentiated the effect of
SA. Verapamil at a concentration of 1,000 uM then sig-
nificantly potentiated the effect of SA in both cell lines.
Verapamil per se had no significant effect on [-cells
growth and viability at a concentration of 100 uM con-
centration; however, 1,000 pM concentration signifi-
cantly decreased B-cells growth and viability in both cell
lines (Fig. 2). The phenotype of the cells corresponded
with the found effect of the respective treatment on -cell
viability (Additional file 1: Figure S1).

Verapamil at a concentration of land 10 pM had no
significant effect on SA-induced cleavage of caspase-8,
-9, and PARP as well as on SA-induced expression of BiP
and CHOP in NES2Y cells. It only slightly increased SA-
induced caspase-6, -7 and -9 cleavage. Verapamil per se
had no effect (Fig. 3).

In 1.1B4 cells, verapamil increased SA-induced cleav-
age of caspases and PARP while CHOP and BiP expres-
sion was not changed. Verapamil per se increased among
tested molecules expression of BiP and CHOP, and
slightly also cleavage of caspase-6 and -7 (Fig. 3).

Discussion

As well as other authors, we have shown that saturated
FAs (e.g., stearic and palmitic acid) induce ER stress and
apoptosis in pancreatic B-cells [1-5]. It was suggested
that calcium influx regulation is involved in FA-induced
[B-cell dysfunction and apoptosis [e.g. [11, 13, 17, 40]]. It
was shown in rodent cell lines and islets that some cal-
cium chelators or calcium signal blockers have a protec-
tive effect on FA-induced p-cell apoptosis [22-24, 26,
27]. Thus, regulation of calcium influx could represent
a protective factor against FA-induced dysfunction and
apoptosis in human pancreatic -cells during the devel-
opment of type 2 diabetes mellitus. The aim of this study
was to test the effect of three calcium influx inhibitors,
i.e., diazoxide, nifedipine, and verapamil, on the apopto-
sis-inducing effect of saturated stearic acid (SA) in the
human pancreatic B-cell lines NES2Y and 1.1B4.

Our data showed that the application of these three
calcium influx inhibitors had no inhibitory effect on SA-
induced ER stress and apoptosis in both human cell lines
tested. Moreover, at higher concentrations, they were
pro-apoptotic per se (see Figs. 2, 3 and Additional file 1:
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Fig. S1). It suggests that in human pancreatic B-cells,
calcium influx stimulation is not involved in saturated
FA-induced apoptosis. Interestingly, our findings are in
contradiction with those obtained with rodent models
where authors documented the protective effect of the
same compounds against saturated FA-induced ER stress
and apoptosis [22-24, 26, 27]. They used similar or the
same concentrations of the respective calcium channel
blockers.

In these studies, palmitate was used as saturated FA.
Thus one can speculate that obtained different effects of
calcium influx inhibitors on saturated FA-induced ER
stress and apoptosis may be due to differences in mech-
anisms by which palmitate and stearate induce these
processes in p-cells, e.g., the different effect of calcium
signalling or metabolism on these processes. However,
mechanisms mediating pro-apoptotic effects of satu-
rated FAs were not systematically studied for individual
types of saturated FAs. Thus possible differences in these
mechanisms are not known. Nevertheless, we have data
showing no effect of all the three calcium influx inhibi-
tors on palmitate-induced ER stress and apoptosis in
1.1B4 human cells as well (our unpublished data).

In some of the mentioned studies, where tested com-
pounds were protective against saturated FA-induced
ER stress and apoptosis, a lower concentration (usually
0.5 mM) of palmitate was used. It may indicate that used
channel blockers are not effective against higher concen-
trations of saturated FAs. However, we tested the effect
of these compounds also against ER stress and apoptosis
induced by 0.5 and 0.75 mM SA. We obtained the same
negative results as in the case of 1 mM (our unpublished
data).

To conclude, it seems that calcium channel blockers
tested are unable to attenuate saturated FA-induced ER
stress and apoptosis in human pancreatic B-cells. Accord-
ing to these findings, their possible benefit in the preven-
tion and therapy of type 2 diabetes mellitus development
with a contribution of saturated FA-induced apoptosis
of B-cells is rather unlikely. However, we did not test the
effect of calcium influx inhibitors on insulin secretion.
Thus there is still a possibility that these compounds
may exert a certain protective effect in human B-cells via
inhibition of saturated FA-induced impairment of insu-
lin secretion as found in rodent p-cells [27, 48]. Tested
compounds themselves (especially verapamil) had when
using higher concentrations even pro-apoptotic effect
on B-cells. This finding may have a certain impact on
calcium channel blockers’ usage in the therapy of other
diseases, e.g. ischemic disease, chronic angina, or hyper-
tension. While the concentrations of diazoxide and vera-
pamil which had the pro-apoptotic effect on pancreatic
B-cells (Fig. 2) are 20 times and more higher than the
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concentrations measured in serum of patients during e.g.
hypertension treatment [49, 50], the pro-apoptotic con-
centration of nifedipine (100 uM) is similar to concentra-
tion present in the serum of these patients [51]. However,
more studies using human pancreatic -cells are needed
to verify our results.
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