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Background: Saturated free fatty acids (FFAs), such as palmitate, cause B-cell apoptosis whereas unsatu-
rated FFAs, e.g. oleate, are not harmful. The toxicity of palmitate could be mediated through endoplasmic
reticulum (ER) stress which triggers the activation of a signal responding cascade also called unfolded
protein response (UPR). We investigated whether or not palmitate induced B-cell apoptosis through

KeyW?rd5~' UPR activation and whether or not oleate as a monounsaturated fatty acid could counteract these effects.
Piillmltate Methods: INS-1E B-cells were incubated with palmitate [0.5 mM], oleate [1 mM] or the combination [0.5/
Oleate 1 mM] for 1, 6 and 24 h. Viability and induction of apoptosis were measured by WST-1 assay and FITC-
ER stress . o . . .

UPR Annexin/PI-staining, respectively. Western blot analyses were performed for UPR specific proteins and
Beta cell mRNA expression of target molecules was determined by qPCR.

Apoptosis Results: Palmitate significantly decreased viability (29 + 8.8%) of INS-1E B-cells compared to controls

after 24 h. Stimulation with oleate showed no effect on viability but the combination of oleate and pal-
mitate improved viability compared to palmitate treated cells (55 £ 9.3%) or controls (26 + 5.3%). The
number of apoptotic cells was increased 2-fold after 24 h incubation with palmitate compared to con-
trols. Again, oleate showed no effect but in combination ameliorated the effect of palmitate to control
level. Phosphorylation of el[F2a was increased after 6 and 24 h incubation with palmitate. In contrast, ole-
ate had no effect and in combination prevented phosphorylation of elF2a. Increased Xbp1 splicing was
visible already 6 h after palmitate treatment and remained elevated at 24 h. The combination with oleate
abolished Xbp1 splicing. Interestingly, mRNA expression of the chaperones Bip, Pdi, Calnexin and Grp94
was not altered by FFA treatment. Only the proapoptotic transcription factor Chop was significantly
enhanced by palmitate incubation. In accordance with sustained cell survival the combination as well
as oleate alone, did not result in increased Chop levels compared to controls. In summary, we showed
that oleate protects INS-1E B-cells from palmitate-induced apoptosis by the suppression of ER stress
which was independent of chaperone activation.

© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.

1. Introduction

The increasing prevalence of type 2 diabetes represents a seri-
ous worldwide health problem. Free fatty acids (FFAs) have
emerged as an interesting target to explain different aspects in
the development of type 2 diabetes as especially saturated fatty

Abbreviations: ATF6, activating-transcription-factor 6; Bip/Grp78, immunoglob-
ulin heavy-chain binding protein; Chop, C/EBP homologous protein; Grp94, glucose-
regulated protein 94 kDa; elF2o., eukaryotic initiation factor 2o; ER, endoplasmic
reticulum; FFA, free fatty acid; IRE1, inositol-requiring-enzyme1; MUFA, monoun-
saturated fatty acid; Pdi, protein disulfide isomerase; PERK, protein-kinase-regu-
lated-by-RNA-like-ER-associated-kinase; SCD1, stearoyl-CoA desaturase 1; SFA,
saturated fatty acid; UPR, unfolded protein response; Xbp1, X-box-binding protein 1.
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acids (SFA) promote insulin resistance and lead to B-cell apoptosis,
a phenomenon also called lipotoxicity [1,2]. The plasma concentra-
tion of FFAs varies between 400 and 800 pumol/l [1]. Higher levels
are associated with greater risk to develop diabetes [3-5]. Espe-
cially the amount of saturated or unsaturated fatty acids seems
to influence glycaemic control. Whereas diets rich in SFAs were re-
ported to result in impaired insulin sensitivity, high monounsatu-
rated fatty acid (MUFA) intake did not negatively affect it or even
improved insulin sensitivity [4,6-10]. The main component of
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MUFA in food is oleic acid. Its principal sources are olive oil, nuts
and seeds. SFAs, e.g. palmitic acid, are found in animal and dairy
fats [8]. The mechanism by which FFAs exercise their adverse ef-
fects is not fully understood. Increasing stress in the endoplasmic
reticulum (ER) has been proposed to mediate the toxicity and
can lead to apoptosis. The ER plays an important role in p-cells. It
is responsible for calcium storage as well as protein folding and
secretion [11,12]. When stress occurs in the ER the unfolded pro-
tein response (UPR), a stress responding cascade, is activated. The
UPR is beneficial for the preservation of homeostasis but can as
well induce apoptosis when stress is irresolvable [11,12]. The
UPR consists of three main pathways. They are named ATF6, PERK
and IRE1, which are transmembrane ER proteins. After dissociation
of the chaperone Bip (immunoglobulin heavy-chain binding pro-
tein) from their luminal side these UPR pathways become acti-
vated. Bip dissociates when unfolded proteins accumulate in the
lumen of the ER or other stressors perturb homeostasis [12-14].
An example for the importance of the UPR in humans is the
Wolcott-Rallison syndrome (WRS). It is a rare autosomal recessive
disease, characterized by early onset diabetes associated with skel-
etal dysplasia and growth retardation. A mutation in the gene
encoding for PERK was found in patients with WRS [11-13]. Given
the link between ER dysfunction and diabetes we asked whether or
not saturated FFAs induced the activation of the UPR ultimately
leading to B-cell apoptosis and lipotoxicity and whether or not ole-
ate as an unsaturated fatty acid could counteract the toxic effects
of palmitate by preventing the activation of the UPR.

2. Materials and methods
2.1. Cell culture

The rat insulinoma cell line INS-1E was a generous gift from
Prof. Claes Wollheim, Geneva. Cells were cultured in RPMI 1640
medium containing 25 mM Hepes and 300 mg/l glutamine (PAA
Laboratories, Pasching, Austria) additionally supplemented with
2 mM glutamine (PAA), 1 mM Pyruvate (Gibco, Carlsbad, Califor-
nia), 5% FCS (PAA) and 50 uM B-mercaptoethanol (Sigma, Munich,
Germany) at 37 °C in an atmosphere of 5% CO,. After seeding cells
were maintained for 72 h in serum containing medium. 24 h before
stimulation medium was changed to serum free medium (SFM)
containing 0.2% BSA (Gibco).

2.2. FFA preparation

Oleate and palmitate (Sigma) were dissolved in 0.1 M NaOH to a
concentration of 100 mM heated to 70 °C, and diluted in RPMI
medium containing 10% fatty acid free BSA (Serva Heidelberg,
Germany) to a stock solution of 5 mM. Working solution of 1 mM
oleate, 0.5 mM palmitate and 1% fatty acid free BSA medium was
always freshly prepared by dilution in RPMI medium (PAA
Laboratories).

2.3. Cell viability and apoptosis

Cells were stimulated with 0.5 mM palmitate, 1 mM oleate or
the combination of both, 1 uM thapsigargin (Sigma), camptothecin
2 UM (Sigma) and 85 pM etoposide (Calbiochem, Merck KGaA,
Darmstadt, Germany) for 1, 6 or 24 h. Viability was measured by
WST-1 assay (Roche, Mannheim, Germany) according to manufac-
turer’s instruction. Apoptosis was assessed by a FITC-AnnexinV
(An) and propidium iodide (PI) staining kit (BD, Heidelberg,
Germany) followed by flow cytometric analysis. An-positive and
double-stained An/PI positive cells were considered as apoptotic.

2.4. Protein extraction and Western blotting

For Western blot analyses cells were incubated as described
above and lysed in RIPA-buffer containing 50 mM Tris-HCI, 1%
NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM
vandate, 1 mM NaF and Roche complete (Roche). Protein content
was determined by BCA assay (Thermo Scientific, Waltham, Massa-
chusetts). Equal amounts of protein were loaded on 10% SDS gels
and semidry transferred to 0.45 pm nitrocellulose membranes
(Biostep, Jahnsdorf, Germany). Primary antibodies P-elF2a
(#9721), elF2a (#9722), Bip (#3183) were purchased from Sigma
or Millipore (GAPDH (#MAB374)) and used as indicated. Secondary
antibodies were purchased from Dako (Glostrup, Denmark). Spe-
cific bands were detected with the chemiluminescence substrate
Classico (Millipore) or an ECL Advance Western Blotting Detection
Kit (GE Healthcare). Images were analysed densitometrically using
Image] software.

2.5. RNA extraction, quantitative real time PCR and TagMan

After stimulation RNA was extracted using the RNeasy Mini kit
(Qiagen, Hilden, Germany). RNA was reverse transcribed using
M-MLV (Invitrogen, Carlsbad, California, USA). Tagman and
SybrGreen analyses were performed using qPCR mastermix Low
Rox (Eurogentec, Belgium) and SybrGreen mastermix absolute blue
(Thermo Scientific). For standardization, expression of target gene
was normalised to the expression of TATA-box-binding protein
(Tbp) in each sample. For detection of the spliced form of Xbp1
the PCR product was digested with 10-15 U PstI (Fermentas, Ther-
mo Fisher Scientific) for 4 h and separated on a 2% agarose gel. Pstl
cuts only the unspliced fraction of Xbp1 allowing a differentiation
between the unspliced and spliced transcript. Primers are summa-
rized in S1 (Supplementary Material).
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Fig. 1. Oleate rescues INS-1E cells form palmitate-induced apoptosis and restores
viability. INS-1E B-cells were treated with serum free medium (SFM), palmitate
(Pal) [0.5 mM], oleate (Ol) [1 mM] or the combination of both (Pal + Ol) [0.5/1 mM],
thapsigargin (Tg) [1 pM] and camptothecin [2 uM] and etoposide [85 uM] (C/E) for
24 h. (A) Viability was determined by WST-1 assay and (B) apoptosis was
determined as Annexin-positive and double-stained Annexin/Propidium lodide
positive cells by flow cytometric analysis. The results are shown in arbitrary units
(a.u.). Data represent four to seven independent experiments performed sixfold
(WST) or in duplicates (apoptosis) shown as means + SEM *p <0.05; **p <0.01;
=1 < 0.001 compared to control, 3¥p < 0.01 $%%p < 0.001 compared to palmitate.
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2.6. Statistical analyses 3. Results

Significances were determined using GraphPad Prism5 software 3.1. Oleate rescues INS-1E p-cells from palmitate-induced apoptosis

and one-way or two-way ANOVA with Bonferronis Multiple Com- and restores viability
parison Test as posthoc test. Significance was defined as *p < 0.05;
*p<0.01; **p<0.001 compared to control; %p < 0.05; 3¥p < 0.01; To analyse the different effects of saturated and unsaturated
88p < 0.001 compared to palmitate. Data represent means+SEM  FFAs on B-cells, INS-1E B-cells were treated with palmitate
of three or more independent experiments. [0.5 mM], oleate [1 mM] or the combination of both [0.5/1 mM]
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Fig. 2. (A) Palmitate-induced phosphorylation of elF2a is counteracted by oleate. Western Blot analyses of e[F2a and phosphor-elF2o. were performed after 1, 6 and 24 h
incubation with serum free medium (SFM), palmitate (Pal) [0.5 mM], oleate (Ol) [1 mM] and the combination (Pal + Ol) [0.5/1 mM]. Thapsigargin (Tg) [1 uM] at 1 h represents
the positive control for ER stress. One representative blot out of 4 independent experiments is shown. Blots were analysed densitometrically and normalised to GAPDH and
the mean of SFM at 1 h which was set 1. Results are shown as means + SEM *p < 0.05; **p < 0.01 compared to control. (B) Oleate prevents splicing of Xbp1. Xbp1 mRNA was
amplified after 1, 6 and 24 h treatment with serum free medium (SFM), palmitate (Pal) [0.5 mM], oleate (Ol) [1 mM], the combination (Pal + Ol) [0.5/1 mM] and thapsigargin
(Tg) [1 uM]. The product was digested with Pstl. The unspliced (non-stressed) variant of Xbp1 results in two smaller fragments of 311 bp and 141 bp (Xbp1u) whereas the
spliced (stressed) form is larger with 426 bp (Xbp1s). GAPDH was used as loading control. The picture is one representative result out of three independent experiments. The
blots were analysed densitometrically and are presented as fold over control with SFM at 1 h set 1. Results are shown as means + SEM *p < 0.05; **p <0.01; ***p <0.001
compared to control.
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for 1, 6 and 24 h. Thapsigargin [1 puM], a well-established ER stress
inducer, was employed as positive control. Palmitate significantly
decreased viability (34.6 + 7.2%) of INS-1E B-cells compared to cells
treated with serum-free medium (SFM) after 24 h incubation
(Fig. 1A). In contrast, viability was not changed after 6 h incubation
with palmitate (data not shown). Stimulation with oleate showed
no effect on viability but the combination of oleate and palmitate
improved viability compared to palmitate treated cells
(64.4 £ 8.3%) or controls (29.8 + 6.9%) at 24 h (Fig. 1A). The number
of apoptotic cells was increased 2-fold after 24 h incubation with
palmitate compared to control cells (Fig. 1B). Again, oleate did
not alter the level of apoptosis but in combination completely ame-
liorated the effect of palmitate. Apoptosis was not detected after
6 h incubation with palmitate (data not shown). In accordance
with other publications [6,15-17] 24 h incubation with palmitate
[0.5 mM] significantly reduced the ratio of glucose stimulated
insulin secretion (GSIS) to basal secretion when INS-1 B-cells were
challenged with 3 mM glucose or 20 mM glucose, respectively
(p <0.05). In contrast cells stimulated with oleate or the combina-
tion maintained a stimulatory index comparable to controls (S3).

3.2. Palmitate-induced phosphorylation of elF2a. is counteracted by
oleate

To investigate whether the cytotoxic effects of palmitate are
mediated by ER stress we determined activation levels of the main
UPR pathways. PERK activates its main target elF2a through phos-
phorylation [11,14]. In Western blot analyses we examined the
phosphorylation state of elF2o.. Phosphorylation of elF2a was sig-
nificantly increased after 6 h (+112 £18%) and 24 h (+35 £ 17%)
incubation with palmitate, but diminished to control levels after
stimulation with the combination of palmitate and oleate. In con-
trast, oleate alone did not enhance elF2a phosphorylation. Thapsi-
gargin as ER stress inducer significantly increased phosphorylation
of elF2a to 2.0 = 0.2-fold (Fig. 2A).
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3.3. Oleate prevents splicing of Xbp1

After activation IRE1 cleaves Xbp1 mRNA producing an alterna-
tively spliced variant [11,14]. To determine the splicing rate of
Xbp1 we employed a technique recently described by Toda et al.
[18]. Xbp1 mRNA was amplified and afterwards digested by Pst1.
The Pst1 recognition site is retained only in the unspliced variant.
Thus, the unspliced (non-stressed) variant of Xbp1 results in two
smaller fragments of 311bp and 141bp whereas the spliced
(stressed) form is larger with 426 bp. 6 h treatment with palmitate
tended to increase splicing of Xbp1. After 24 h incubation splicing
was elevated to 8.2 + 0.4-fold whereas the combination of palmi-
tate and oleate abolished the effects of palmitate. Again, oleate
alone had no effect (Fig. 2B).

3.4. Incubation with palmitate and oleate does not influence Bip
expression level

To measure the activation of the ATF6 pathway we performed
analyses of mRNA and protein expression of Bip as one of the main
targets of this pathway [11,19-21]. Interestingly, neither palmitate
and oleate nor thapsigargin significantly altered Bip protein
(Fig. 3A) or mRNA expression levels (Fig. 3B).

3.5. Oleate antagonizes palmitate-mediated upregulation of Chop but
does not alter chaperone levels

We further wanted to investigate the regulation of downstream
targets of the UPR pathways. Therefore we performed mRNA
expression analyses of the main chaperones Grp94, Pdi and
Calnexin. These chaperones represent targets of the IRE1 and
ATF6 pathway [12,19]. Besides a slight but not persistent upregu-
lation of calnexin after 1 h of palmitate treatment (Fig. 4C), chaper-
one levels were unaltered by FFA incubation (Fig. 4A and B). In
contrast, palmitate significantly induced mRNA expression of the
proapoptotic transcription factor Chop to 1.6 + 0.5-fold after 6 h
and to 2.8 + 0.5-fold after 24 h. (Fig. 4D). Chop expression remained
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Fig. 3. Incubation with palmitate and oleate does not influence Bip expression level. (A) Western Blot analyses of Bip were performed three times after 1, 6 and 24 h
incubation with serum free medium (SFM), palmitate (Pal) [0.5 mM], oleate (Ol) [1 mM], the combination (Pal+ Ol) [0.5/1 mM] and thapsigargin (Tg) [1 uM]. One
representative blot is shown. (B) Bip mRNA expression was quantified by qPCR and normalised to Thp. The expression is presented as fold over control with SFM at 1 h set 1.

The data represents means + SEM of three independent experiments.
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constant during oleate treatment compared to controls. The combi-
nation of oleate and palmitate was able to restore Chop mRNA to
basal levels (Fig. 4D).

4. Discussion

ER stress has emerged as an interesting target contributing to
the decline in B-cell mass during the development of diabetes. Ele-
vated ER stress markers in islets of patients with type 2 diabetes
compared to healthy subjects have been reported [22,23]. Accumu-
lation of misfolded proteins, perturbation of ER calcium flow and
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production of reactive oxygen species (ROS) were all discussed to
induce ER stress [13,14]. We wanted to analyse whether or not
the effects of palmitate and oleate were also mediated by the UPR.

In accordance with several other studies we showed that the
detrimental effects of the saturated fatty acid palmitate were com-
pletely reversed by addition of the unsaturated fatty acid oleate
[17,24-28]. We further asked whether the differences observed
were caused by a distinct activation of the UPR. We found that pal-
mitate activated the PERK and IRE1 pathway of the UPR as shown
by phosphorylation of elF2a and splicing of Xbp1.

Apart from a slight but transient upregulation of calnexin mRNA
after 1 h of palmitate treatment neither the harmful effects of
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Fig. 4. Oleate antagonizes palmitate-mediated upregulation of Chop but does not alter chaperone levels. mRNA expression of (A) Grp94, (B) Pdi, (C) Calnexin and (D) Chop was
analysed by qPCR. Ins-1E B-cells were incubated for 1, 6 and 24 h with serum free medium (SFM), palmitate (Pal) [0.5 mM], oleate (Ol) [1 mM], the combination (Pal + OI) [0.5/
1 mM] and thapsigargin (Tg) [1 uM]. Thp was used as housekeeping gene and data were referred to SFM at 1 h set 1. Three to four independent experiments were performed

and presented as means + SEM *p < 0.05; **p <0.01; **p < 0.001 compared to control.
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palmitate nor the protective effects of oleate were accompanied by
changes in chaperone levels, although Bip, Grp94 and Pdi are re-
ported to be downstream targets of the UPR pathways [14,21]. This
finding is quite unexpected as chaperone upregulation during UPR
activation has been postulated before [15,19,23,25,28-30]. How-
ever, Karsakov et al. [31,32] also observed unaltered levels of
Grp94, Bip and Pdi after palmitate treatment in INS-1 B-cells. We
therefore reasoned that palmitate activates the UPR in a manner
to bypass its beneficial effects on protein folding. This assumption
was supported by the finding of Lai et al. [33] who showed no pro-
tection of INS-1 B-cells from palmitate-induced apoptosis by Bip
overexpression. In contrast, Laybutt et al. [23] reported attenuated
cell death after Bip overexpression. However, they used MING cells,
so that differences in the cell type may account for the different re-
sults. Furthermore, other studies suggested either the existence of
an additional but yet unknown transcription factor that regulates
the promoter in chaperones or the presence of a different cis-acting
element that is induced independently of ATF6 or Xbp1 during ER
stress to activate the transcription of chaperones [34,35]. Shang
and Lehrman could not detect a correlation between Xbp1 splicing,
ATF6 cleavage and accumulation of Bip transcripts, but activation
levels of the IRE1 and ATF6 pathway correlated with each other.
They therefore assumed the existence of an alternative factor influ-
encing chaperone transcription [20].

The proapoptotic activation of Chop that we detected after 6 h
of palmitate incubation is under the control of the PERK pathway
and probably represents one of the main mechanisms by which
the UPR ultimately leads to apoptosis [2,25,36]. Chop decreases
the expression of antiapoptotic Bcl-2 and initiates the transloca-
tion of Bax from the cytosol to the mitochondria [12]. Chop
deletion delayed B-cell death and improved B-cell function in ani-
mal models of ER stress [37,38]. The combination of palmitate and
oleate as well as oleate alone, in accordance with sustained cell
survival, did not result in increased Chop levels compared to
controls.

The question why saturated fatty acids activated the UPR
whereas unsaturated can prevent it remains to be answered. One
hypothesis states that palmitate incubation decreases the content
of unsaturated phospholipids in the ER membrane and thereby al-
ters its fluidity and structure [36,39]. Similar to cholesterol, palmi-
tate accumulation in the ER membrane could compromise SERCA
pump function which would lead to deficient calcium uptake in
the ER and activation of the UPR [25,40,41]. We could also assume
that oleate facilitates palmitate storage in neutral non-toxic lipids
[24,26]. Palmitate in contrast is retained in the ER mostly in form of
insoluble tripalmitin. This compromises the ER leading to en-
hanced membrane stiffness and subsequent activation of the UPR
[27]. Nile red staining of oleate treated cells showed large lipid
droplets in the cytoplasm (S2A) whereas cells incubated with pal-
mitate (S2B) presented a diffuse pattern of staining. These lipid-
filled structures were characterized to be dilated ERs
[27,31,32,39]. Oleate and palmitate treatment resulted in more
droplets and less vacuoles (S2C). This theory is supported by the
finding that SCD1 knockdown cells showed enhanced apoptosis
and UPR activation. SCD1 overexpression in contrast reduced
palmitate-induced toxicity [36,42]. SCD1 is the key enzyme that
catalyses the desaturation of C16 and C18 fatty acids [36].

In summary, we proved that oleate protects INS-1E B-cells from
palmitate-induced apoptosis by the suppression of ER stress. Our
results support the potential of MUFAs in the therapy of diabetes.
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