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Introduction
Insulin deficiency is present early in the pathogenesis of type 2

diabetes (T2D) and worsens over time (Cnop et al., 2007b; Festa

et al., 2006; Larsson and Ahren, 2000; Matthews et al., 1998; Weyer

et al., 1999; Xiang et al., 2006). Insufficient insulin secretion is

probably due to both functional pancreatic-β-cell defects and loss

of β-cell mass (Butler et al., 2003; Clark et al., 1988; Klöppel et

al., 1985; Sakuraba et al., 2002; Yoon et al., 2003) by apoptosis

(Butler et al., 2003; Del Guerra et al., 2005; Marchetti et al., 2004).

The worldwide prevalence of T2D is rapidly increasing owing

to major modifications in dietary habits and decreased physical

activity. Western diets rich in saturated (animal) fats cause

quantitative and qualitative changes in plasma lipid levels, leading

to obesity and insulin resistance, and thereby increasing the demand

on β-cells. Concomitantly, β-cells are exposed to increased levels

of free fatty acids (FFA) (Porte, Jr and Kahn, 2001) of dietary origin

or released by adipose tissues. Chronic exposure to high FFA

concentrations causes β-cell apoptosis (Cnop et al., 2001; Cnop et

al., 2005; Maedler et al., 2001) and might contribute to the increased

β-cell apoptosis rates in T2D (Butler et al., 2003). In some studies,

the combination of high levels of both glucose and FFA increased

β-cell toxicity, and this was termed glucolipotoxicity (El-Assaad et

al., 2003).

The main role of pancreatic β-cells is the synthesis and release

of insulin in response to glucose and other nutrients. Proinsulin

mRNA represents 20% of the total β-cell mRNA expression (Van

Lommel et al., 2006) and glucose-regulated insulin translation can

account for up to 50% of total protein synthesis in β-cells (Schuit

et al., 1988). For the endoplasmic reticulum (ER) to cope with the

nutrient-induced changes in protein synthesis, β-cells deploy

homeostatic mechanisms to balance the newly synthesized protein

load against the ER protein-folding capacity (Eizirik et al., 2008).

This cellular response is known as the unfolded protein response

(UPR) or ER stress response (Ron and Walter, 2007; Zhang and

Kaufman, 2006). When the response fails to preserve and/or restore

ER function, it can culminate in cell death (Eizirik et al., 2008;

Marciniak and Ron, 2006).

ER stress leads to integrated transcriptional and translational

responses (schematized in supplementary material Fig. S1) through

activation of the ER membrane proteins IRE1 (inositol requiring

ER-to-nucleus signal kinase 1; also known as ERN1), ATF6

(activating transcription factor 6) and PERK (PKR-like ER kinase;
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2309Lipotoxic ER stress in β-cells

also known as EIF2AK3). These ER stress transducers remain

inactive when bound to the ER chaperone BiP [immunoglobulin

heavy-chain binding protein; also known as glucose-regulated

protein (GRP)78 and HSPA5], and when BiP dissociates from their

luminal side to assist in protein folding, the transducers are

activated, signaling ER-chaperone depletion. Active IRE1

alternatively splices XBP1 (X-box binding protein 1) mRNA.

Spliced XBP1 (XBP1s) induces genes involved in ER expansion,

in protein folding and in the degradation of misfolded proteins (Lee

et al., 2005; Lee et al., 2003; Marciniak and Ron, 2006). Active

ATF6 translocates to the Golgi and is cleaved from the membrane

by site-1 protease (S1P; also known as MBTPS1) and S2P (also

known as MBTPS2) (Haze et al., 1999). ATF6 induces transcription

of ER chaperones, such as BiP. PERK phosphorylates the eukaryotic

translation initiation factor (eIF)2α, thereby inhibiting global protein

synthesis and decreasing the functional demand on the ER. In

parallel, translation of selected proteins, such as ATF4, is facilitated

and expression of downstream C/EBP homologous protein [CHOP,

also known as GADD153 and DDIT3 (Fornace, Jr et al., 1989)] is

induced (Marciniak and Ron, 2006). The integrated result of the

ER stress response is attenuation of protein translation paralleled

by upregulation of ER chaperones and ER folding capacity, and

degradation of irreversibly misfolded proteins. When this response

fails to solve the ER stress, apoptosis is triggered. How ER stress

leads to apoptosis remains unclear, but it might involve activation

of the transcription factors ATF3 and CHOP, Jun N-terminal kinase

(JNK), the Akt inhibitor TRB3, caspases 4 and 12, and the

mitochondrial apoptosis pathway; the latter process might be

activated through the downregulation of Bcl-2, activation of

Bax/Bak, Bim, p53, PUMA and NOXA (Eizirik et al., 2008).

Evidence for pancreatic β-cell ER stress in diabetes includes the

increased expression of ER stress markers in mouse islets from

diabetic db/db mice (Laybutt et al., 2007; Yusta et al., 2006). Three

recent reports provide histological (Huang et al., 2007; Laybutt et

al., 2007) and electron microscopic (Marchetti et al., 2007) evidence

of ER stress in islets of T2D patients. Gene-profiling studies did

not detect marked differences in the expression of genes related to

the ER stress response in laser capture micro-dissected human islets

from T2D and non-diabetic individuals (Marchetti et al., 2007),

perhaps indicating a state of chronic compensation (Lin et al., 2007;

Rutkowski et al., 2006). Culture of these islets at high glucose levels,

however, induced a more marked increase in BiP and XBP1 as

compared with islets from non-diabetic donors (Marchetti et al.,

2007). Taken together, these data suggest that ER stress is present

in human β-cells in diabetes. Because high glucose levels can mildly

activate ER stress signaling (Elouil et al., 2007), the issue remains

whether it merely activates the β-cell stress response after diabetes

onset, or whether other nutrient mediators trigger an ER stress

response in β-cells and thereby contribute to the pathogenesis of

T2D.

ER stress has been proposed to link high-fat-diet-induced obesity

with insulin resistance in rodents (Ozcan et al., 2004). We have

suggested that this cellular stress response represents a molecular

mechanism common to the two main defects of T2D, namely

pancreatic β-cell failure and insulin resistance, based on our

observation that ER stress is triggered by FFA in a β-cell line

(Kharroubi et al., 2004). Several studies have since extended these

observations and demonstrated that palmitate, and to a lesser extent

oleate, activates an ER stress response in the INS-1(E) and MIN6

β-cell lines (Cnop et al., 2007a; Karaskov et al., 2006; Laybutt et

al., 2007), but whether this occurs in primary β-cells is unknown.

Furthermore, the mechanism through which FFA activate ER stress

and eventually trigger apoptosis has not been determined.

In the present study, we examined: (1) whether FFA induce an

ER stress response in INS-1E cells, primary FACS-purified rat β-

cells and human islets; (2) whether glucose-potentiation of lipotoxic

ER stress contributes to glucolipotoxicity; (3) the mechanisms by

which FFA trigger an ER stress response in β-cells; and (4) which

mediators in the ER stress response activate the β-cell apoptotic

pathway. This study demonstrates that FFA induce ER stress

signaling in primary rodent and human β-cells, and sheds light on

the mechanisms involved in triggering FFA-induced ER stress and

the subsequent execution of β-cell apoptosis.

Results
Glucolipotoxicity in pancreatic β-cells
Oleate and palmitate induced apoptosis in INS-1E cells at low (5.6

mM), medium (11 mM) and high (28 mM) glucose concentrations

(Fig. 1A). The saturated FFA palmitate caused more apoptosis than

the unsaturated oleate over 12-72 hours (supplementary material

Fig. S2A), whereas the combination of the two FFA was not toxic,

confirming previous observations (Cnop et al., 2001; Maedler et

al., 2001). Oleate and palmitate activated caspase-12 in INS-1E cells

(2±0% caspase-12-positive cells for oleate, 11±2% for palmitate,

compared with 1±0% in the control after 14 hours; n=5; P<0.05

for oleate or palmitate vs control). The synthetic ER stressor

thapsigargin was used as a positive control (thapsigargin: 15±0%

caspase-12-positive cells; n=5; P<0.05 vs control) and necrosis-

inducing H2O2 as a negative control (50 μM; 1±0%; n=3). Glucose

Fig. 1. Glucolipotoxicity in rat β-cells. INS-1E cells (A) and rat primary β-
cells (B) were cultured for 72 hours in the presence or absence of oleate (0.5
mM, gray bars), palmitate (0.5 mM, black bars) or an equimolar combination
of oleate and palmitate (0.25 mM each, hatched bars) at glucose
concentrations (G, shown in mM) as indicated. The results are the means ±
s.e.m. of 7-15 independent experiments. **P<0.01, ***P<0.001 vs respective
glucose control (i.e. not exposed to FFA and cultured at the same glucose
concentration); l, P<0.05 vs low glucose (5.6 or 6.1 mM); m, P<0.05 vs
medium glucose (10 or 11 mM).
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dose-dependently potentiated oleate- and palmitate-induced toxicity

in INS-1E cells, doubling the apoptosis rates at 28 mM glucose

(Fig. 1A).

In FACS-purified primary rat β-cells, FFA also caused apoptosis,

with palmitate being more toxic than oleate (Fig. 1B and

supplementary material Fig. S2B). The death of primary β-cells

was preceded by activation of caspase-12 (1.3±0.1% caspase-12-

positive cells for oleate, 5.9±0.7% for palmitate, compared with

0.8±0.1% in the control after 24 hours; n=3; P<0.05 for oleate or

palmitate vs control) and caspases 3 and 7 (oleate: 2.1±0.2-fold

increase compared with control after 48 hours; palmitate: 3.0±0.8-

fold increase, n=3). The glucose effect was less marked in rat

primary β-cells, with glucose only modestly increasing palmitate-

and oleate-induced apoptosis after 3 (Fig. 1B) and 6 (supplementary

material Fig. S2C) days. In contrast to INS-1E cells, and in keeping

with previous observations (Hoorens et al., 1996), apoptosis of

primary β-cells tended to increase following long-term culture at

6.1 mM glucose (supplementary material Fig. S2C). Cell exposure

to an equimolar concentration of oleate+palmitate did not increase

apoptosis.

Palmitate was also toxic to human islets (Fig. 2), but this was

not potentiated by glucose. Neither oleate nor high glucose levels

induced human islet cell death after 3-6 days (Fig. 2).

FFA and glucose activate ER stress pathways in β-cells
In a subsequent series of experiments, we examined the effects of

FFA and glucose on the three main UPR branches, under the control

of PERK, ATF6 and IRE1 (supplementary material Fig. S1).

The PERK pathway
Palmitate, but not oleate or the combination of oleate and palmitate,

induced PERK and eIF2α phosphorylation in INS-1E cells (Fig. 3)

after 6-24 hours, an effect that was augmented at 28 mM glucose

(supplementary material Fig. S3). Downstream in the PERK-eIF2α
pathway, we observed induction of ATF3 mRNA and protein (Fig.

3), and this was clearly potentiated by glucose (supplementary

material Fig. S4), as previously reported (Hartman et al., 2004).

The transcription factor CHOP, which was shown to be an ATF4

target gene in β-cells (Pirot et al., 2007), was induced by palmitate

by a factor of four after 6 hours at 5.6 and 11 mM glucose (Fig.

3), and it doubled at 28 mM glucose (supplementary material Fig.

S5). We have previously shown that palmitate induces CHOP at

the protein level (Cnop et al., 2007a; Pirot et al., 2007). Palmitate-

induced CHOP mRNA expression peaked to eightfold at 12 hours

Journal of Cell Science 121 (14)

and decreased at later time points. A concentration of 28 mM glucose

did not modify CHOP expression at 24-48 hours (supplementary

material Fig. S5). By contrast, oleate or oleate plus palmitate induced

CHOP expression progressively to twofold higher than in controls

(Fig. 3) and in these conditions high glucose decreased CHOP

expression (supplementary material Fig. S5).

The ATF6 pathway
As a downstream target of ATF6 activation, we examined BiP
mRNA expression. Oleate and palmitate, as well as their

combination, led to a 2- to 2.5-fold induction of the ER chaperone

BiP after 24 hours (Fig. 4). At 28 mM glucose, BiP expression levels

were up to threefold lower as compared with 5.6 or 11 mM

(supplementary material Fig. S6).

ATF6 activation also induces XBP1 transcription (Eizirik et al.,

2008). Native XBP1 mRNA (XBP1t) was similarly upregulated by

all FFA tested (Fig. 4) and its expression decreased in the presence

Fig. 2. Glucolipotoxicity in human islets. Human islets were cultured for 72
hours or 6 days in the presence or absence of oleate (gray bars) or palmitate
(black bars) at a glucose concentration of 6.1 or 28 mM, as indicated. The
results are the means ± s.e.m. of four to seven independent experiments.
*P<0.05, **P<0.01 vs respective control.

Fig. 3. FFA activate PERK signaling. INS-1E cells were cultured in the
presence or absence of oleate (O, gray diamonds), palmitate (P, black squares)
or oleate plus palmitate (OP, white circles) at 11 mM glucose. Western blots
using phospho-specific PERK (P-PERK), phospho-specific eIF2α (P-eIF2α)
and anti-ATF3 antibodies after 6-12 hours exposure to FFA are shown. Total
eIF2α or β-actin was used as control for protein loading. One representative
experiment for three to six similar experiments is shown, as well as mean
optical density measurements of the western blots following 6-, 12- and 24-
hour FFA exposure; n=2-6. ATF3 and CHOP mRNA expression following a 6-
to 48-hour FFA exposure was analyzed by real-time PCR, normalized for the
expression level of the housekeeping gene GAPDH and expressed as fold
induction of the control. The results represent means ± s.e.m. of 6-11
independent experiments. *P<0.05, **P<0.01 vs control.
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2311Lipotoxic ER stress in β-cells

of 28 mM glucose (supplementary material Fig. S7). To further

assess the activation of ATF6 and XBP1, we used a UPR luciferase

reporter construct, containing ATF6- and XBP1-binding sites. All

FFA tested activated the reporter (Fig. 4) and again a decrease in

reporter activity was observed with increasing glucose

concentrations (supplementary material Fig. S8).

The IRE1 pathway
Activation of IRE1 leads to alternative splicing and activation of

the transcription factor XBP1. Compared with controls, XBP1
splicing was earlier and more marked in the presence of palmitate,

intermediate with the combination of oleate and palmitate, and

modest with oleate alone (Fig. 4). The palmitate-mediated activation

of the IRE1 and PERK branches tapered over time, with levels

comparable to the other FFA conditions at 48 hours (Fig. 4). With

increasing glucose concentrations, a decrease in XBP1s message

was observed (supplementary material Fig. S9), as was seen for

CHOP (supplementary material Fig. S5) and BiP (supplementary

material Fig. S6).

FFA-induced ER stress signaling in rat primary β-cells and
human islets

In line with the pattern of ER stress signaling in INS-1E cells,

palmitate induced a marked activation of the PERK pathway in

FACS-purified rat primary β-cells after 24 hours (Fig. 5A). Thus,

ATF3 was eightfold upregulated, compared with a twofold induction

by oleate, but glucose did not have a potentiating effect. Palmitate

also increased CHOP expression by twofold (Fig. 5A). IRE1 was

activated by palmitate, as shown by XBP1 splicing, and there was

a trend for BiP induction (Fig. 5A). Addition of oleate to palmitate

prevented induction of the ER stress markers, even leading to a

decrease in XBP1s (Fig. 5A). There was a clear

ER stress response in human islets exposed to

palmitate for 48 hours (Fig. 5B). ATF3 and

CHOP were markedly upregulated, again in a

glucose-concentration-independent manner. ER

stress markers were not induced by 28 mM

glucose alone, in line with previous findings

(Marchetti et al., 2007). Palmitate, but not oleate,

caused XBP1 splicing and ATF6-dependent BiP

induction (Fig. 5B).

Mechanisms contributing to FFA- and
glucose-induced ER stress and β-cell
apoptosis
We next focused on the mechanisms contributing

to FFA-induced ER stress and β-cell apoptosis.

For this purpose, we selected an intermediate

glucose concentration (11 mM), at which the

levels of apoptosis and ER stress induced by FFA

in INS-1E cells are comparable with those in rat

primary β-cells.

FFA metabolism is required for ER stress
and apoptosis induction

The non-metabolizable FFA methylpalmitate is

taken up by cells but it is not converted to acyl-

CoA for subsequent esterification in the ER or

β-oxidation in mitochondria (Parker et al., 2003).

The methyl fatty acid was not toxic to INS-1E

cells (Fig. 6), whereas palmitate induced

Fig. 4. FFA activate IRE1 and ATF6 signaling. INS-1E cells were cultured in
the presence or absence of oleate (O, gray diamonds), palmitate (P, black
squares) or oleate plus palmitate (OP, white circles) at a glucose concentration
of 11 mM. The mRNA expression of BiP, XBP1s and XBP1t following a 6- to
48-hour FFA exposure was analyzed by real-time PCR, normalized for the
expression level of the housekeeping gene GAPDH and expressed as fold
induction. The results represent means ± s.e.m. of 6-11 independent
experiments. For the measurement of UPR luciferase reporter activity, INS-1E
cells were co-transfected with the UPR reporter, which is responsive to ATF6
and XBP1s, and with the internal control pRL-CMV, encoding Renilla
luciferase. After overnight transfection, the cells were exposed for 24 hours to
FFA. The firefly results were normalized for Renilla luciferase activity and are
means ± s.e.m. of ten independent experiments. *P<0.05, **P<0.01,
***P<0.001 vs control (C).

Fig. 5. FFA activate ER stress signaling in rat primary β-cells and human islets. (A) FACS-purified
rat β-cells were cultured for 24 hours in the presence of oleate (gray bars), palmitate (black bars)
or oleate plus palmitate (hatched bars) at glucose concentrations of 10 and 28 mM. (B) Human
islets were cultured for 48 hours in the absence (white bars) or presence of oleate (gray bars) or
palmitate (black bars) at glucose concentrations of 6.1 and 28 mM. ATF3, CHOP, XBP1s and BiP
mRNA expression was analyzed by real-time PCR, normalized for the expression level of the
housekeeping genes GAPDH (for rat β-cells) or β-actin (for human islets) and expressed as fold
induction of the control. The results represent means ± s.e.m. of three (human) or four to seven
(rat) independent experiments. *P<0.05, **P<0.01, ***P<0.001 vs control (white bars).

Jo
ur

na
l o

f C
el

l S
ci

en
ce



2312

apoptosis, as demonstrated before (see Fig. 1A). Whereas palmitate

upregulated the diverse ER stress markers tested, methylpalmitate

induced no or a negligible increase in these markers (Fig. 6). Similar

observations were made with methyloleate (data not shown).

FFA deplete ER Ca2+ stores
The ER stress response can be activated in conditions of ER Ca2+

depletion (Paschen, 2003) and we next examined whether this

contributes to the triggering of ER stress by FFA. In Fura-2-loaded

cells, acute stimulation with thapsigargin blocks the SERCA

(sarcoendoplasmic-reticulum pump Ca2+-ATPase; also known as

ATP2A2) pump and the ensuing peak in cytoplasmic fluorescence

provides an indirect measure of ER Ca2+ stores. This method was

applied to INS-1E cells following a 24 hour FFA exposure. As a

positive control, we treated cells for 24 hours with thapsigargin.

Following the latter treatment, acute exposure to thapsigargin did

not induce a cytoplasmic Ca2+ peak (data not shown). Oleate and,

to a greater extent, palmitate depleted ER Ca2+ (Fig. 7A), reducing

the area under the Ca2+ curve by 25 and 40%, respectively (P<0.05).

Because this assay only reflects the ER Ca2+ stores, we investigated

whether reduced Ca2+ content is due to reduced ER Ca2+ uptake

and measured this using an ER-targeted aequorin (Fig. 7B).

Palmitate caused an early (3 hours) impairment in ER Ca2+ uptake,

which was maintained up to 24 hours. The combination of FFA

resulted in a mild decrease in ER Ca2+ uptake after 6-12 hours and

oleate decreased ER Ca2+ storage after 24 hours (P<0.05). SERCA
mRNA expression was not inhibited in INS-1E cells exposed to

FFA between 6 and 48 hours (data not shown), suggesting that

palmitate has direct effects on SERCA pump activity.

Role of ATF3 and CHOP in FFA-induced β-cell apoptosis
Because of the prominent induction of ATF3 and CHOP by

palmitate in clonal β-cells, and in rat and human primary β-cells

(Figs 3 and 5), and their role in ER-stress-induced cell death

(Hartman et al., 2004; Oyadomari et al., 2001), we examined

whether these transcription factors play a role in palmitate-induced

β-cell apoptosis. Mouse islet cells from ATF3–/– mice were not

protected from apoptotic death following a 48 hour (data not shown)

or 72 hour palmitate exposure (supplementary material Fig. S10A).

Because congenital ATF3 deficiency in these mice might activate

compensatory signaling mechanisms, we also used RNA

interference to examine whether ATF3 knockdown protects β-cells

from ER stress. Using two different ATF3 small interfering RNAs

(siRNAs), we obtained a 70-80% inhibition of ATF3 induction by

the SERCA blocker cyclopiazonic acid (CPA; used as a positive

control for ER stress) or palmitate in INS-1E cells (supplementary

material Fig. S10B,C) or primary β-cells (supplementary material

Fig. S10D). This efficient knockdown did not, however, protect

against CPA- or palmitate-induced apoptosis (supplementary

Journal of Cell Science 121 (14)

material Fig. S10C,D). On the contrary, apoptosis rates increased

in the ATF3 knockdown cells, suggesting that ATF3 induction might

play a neutral (mouse islets) or even an anti-apoptotic (INS-1E and

rat β-cells) role in the context of palmitate-induced β-cell death.

Further work is required to clarify these unexpected findings.

Fig. 6. Non-metabolized non-toxic methyl FFA do not
elicit ER stress. INS-1E cells were exposed to control
(C), palmitate (0.5 mM, P) or methyl-palmitate (0.5 mM,
MeP) at 11 mM glucose. After 72 hours, the percentage
of apoptotic cells was determined; n=4-5 (left). mRNA
expression of ER stress markers was analyzed after 24
hours by real-time PCR and normalized for the
housekeeping gene GAPDH; n=4. *P<0.05, **P<0.01 vs
control.

Fig. 7. FFA deplete ER calcium stores in β-cells. (A) INS-1E cells were
cultured for 24 hours in the presence of oleate (O, red line), palmitate (P, green
line) or control (C, black line) at a glucose concentration of 11 mM. The
intracellular Ca2+ concentration was measured at baseline and following acute
thapsigargin stimulation (arrow). The traces shown are the means of 5-6
independent experiments (278-368 cells/experiment). (B) Following infection
with an ER-targeted aequorin-encoding adenovirus, INS-1E cells were
cultured for 3-24 hours in the presence of oleate (O, red line), palmitate (P,
green line), an equimolar mixture of oleate and palmitate (OP, blue line) or
control (C, black line) at a glucose concentration of 11 mM. Prior to the
measurements, cells were depleted of Ca2+ and the aequorin was reconstituted
with coelenterazine n in Ca2+-free KRBB. External CaCl2 (1.5 mM) was then
reintroduced at t=20 seconds to allow the reestablishment of ER Ca2+ levels.
The results are the means ± s.e.m. of four independent experiments. Bold
diamond symbols represent Ca2+ values significantly different from control
condition (P<0.05).
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We next examined whether CHOP knockdown protects β-cells

from ER stress. CHOP siRNA (from Ambion) transfection resulted

in efficient CHOP inhibition in INS-1E cells exposed to CPA (Fig.

8A) or palmitate (Fig. 8B), respectively reducing CHOP protein

expression levels by 75% and 60%, compared with non-transfected

or negative (inactive)-siRNA-transfected cells. This resulted in a

50% reduction of CPA-induced apoptosis after 6 hours (Fig. 8C),

and a lesser protection after 24 hours (trend to a 20% reduction,

Fig. 8C). CHOP-depleted cells were also partially protected against

palmitate-induced apoptosis after 14 hours (40% less apoptosis, Fig.

8D), but not after 24 hours, suggesting that CHOP inhibition delays

but does not prevent palmitate-induced apoptosis (Fig. 8D). The

knockdown and anti-apoptotic data obtained with another CHOP
siRNA (Huang et al., 2007) were similar (data not shown).

Role of JNK in FFA-induced β-cell apoptosis
Both chemical and small-peptide inhibitory approaches were used

to study the contribution of JNK in FFA-induced β-cell apoptosis.

Oleate did not result in JNK activation, as measured using an AP-

1 reporter construct, and JNK inhibitors did not alter oleate-induced

apoptosis (data not shown). Both SP600125 and L-TAT-JNKi

inhibited palmitate-induced JNK activation by 30-40% in INS-1E

cells (Fig. 9A). This inhibition reduced palmitate-mediated apoptosis

by around 20% (Fig. 9B).

Glucose can sensitize INS-1E cells to ER-stress-mediated
apoptosis

Misfolded proteins might trigger an ER stress response when

insufficient chaperones are available in the ER to promote protein-

chaperone interaction. We have previously shown that interferon-

γ sensitizes β-cells to subsequent ER stress by decreasing ER-

chaperone expression (Pirot et al., 2006). To evaluate whether a

similar mechanism mediates the glucose potentiation of lipotoxicity

in INS-1E cells, we examined whether a pretreatment with high

concentrations of glucose sensitizes cells to apoptosis induced by

the synthetic ER stressor CPA. CPA induced apoptosis in INS-1E

cells in a dose-dependent manner (supplementary material Fig.

S11A). At 28 mM glucose, the percentage of apoptotic INS-1E cells

tripled as compared with apoptosis at 11 mM glucose. In line with

the minor glucose-FFA potentiating effect in primary β-cells, 28

mM glucose only slightly increased CPA-induced β-cell apoptosis

(supplementary material Fig. S11B), suggesting that glucose

sensitization to ER stress is important in INS-1E cells but is not a

major contributor to apoptosis in primary β-cells.

Discussion
We and others have previously shown that FFA induce ER stress

and apoptosis in β-cell lines (Cnop et al., 2007a; Karaskov et al.,

2006; Kharroubi et al., 2004; Laybutt et al., 2007), but the

mechanisms involved have not been elucidated. The present detailed

time-course study in INS-1E cells demonstrates that saturated and

unsaturated FFA lead to differential ER stress signaling. The PERK

pathway is markedly activated by palmitate, and much less so by

oleate. The IRE1 pathway is activated by palmitate, but less by the

combination of FFA or oleate alone. By contrast, all FFA, including

the non-toxic combination of oleate and palmitate, induce to a

similar extent BiP and XBP1t, two markers for ATF6 activation.

Fig. 8. CHOP knockdown delays CPA- and FFA-mediated β-cell apoptosis.
INS-1E cells were transfected with siRNA against CHOP mRNA (si, gray
bars), negative (inactive) siRNA (N, black bars) or empty liposomes (C, white
bars) and exposed to CPA (positive control), 0.5 mM palmitate or vehicle
(control) for 6-24 hours. (A,B) One representative CHOP western blot after
24-hour exposure and optical densitometry of CHOP protein expression from
four independent experiments are shown. Results are expressed as CHOP
protein normalized to β-actin protein (used as a loading control) and are means
± s.e.m. (C,D) Percentage of cells undergoing apoptosis after exposure to CPA
for 6-24 hours (C) or palmitate for 14-24 hours (D). Results are means ± s.e.m.
of four to seven independent experiments. *P<0.05, **P<0.01, ***P<0.001 vs
control; #P<0.05 vs non-transfected cells.

Fig. 9. Involvement of JNK in FFA-induced β-cell apoptosis. (A) INS-1E cells
were co-transfected with the AP-1 reporter and the internal control pRL-CMV,
encoding Renilla luciferase. After transfection and overnight recovery, the
cells were exposed for 24 hours to control or palmitate (0.5 mM) at 11 mM
glucose in the presence or absence of the JNK inhibitors SP600125 (25 μM,
gray bars) or L-TAT-JNKi (1 μM, black bars), and assayed for firefly and
Renilla luciferase activities. The results were normalized for Renilla luciferase
activity and are means ± s.e.m. of four to seven independent experiments.
(B) After 72 hours, the percentage of apoptotic cells was determined. n=8-14.
*P<0.001 vs control; #P<0.01 vs similar condition without JNK inhibitor.
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We presently extended these observations to FACS-purified rat

primary β-cells and human islets. The FFA-mediated ER stress

response and apoptosis in primary β-cells were more marked in the

presence of palmitate. Little or no increase was seen when

combining FFA with high glucose concentrations in these cells,

suggesting that ER stress in rat and human primary β-cells is

primarily lipotoxic and not glucolipotoxic.

Quantitative and qualitative changes in dietary fatty-acid

composition are rapidly reflected in circulating and cellular FFA.

It is conceivable that the increased saturated fat intake typical of

Western diets causes an in vivo ER stress response in pancreatic

β-cells similar to the response observed in vitro in palmitate-treated

β-cells. This might contribute to β-cell dysfunction and β-cell loss

by apoptosis in individuals with a genetic predisposition for T2D

(Kashyap et al., 2003). Recent reports using post-mortem material

provide histological evidence of ER stress in islets from T2D

patients, including increased ATF3 (Hartman et al., 2004), CHOP,

BiP and DNAJC3 expression (Laybutt et al., 2007), nuclear

localization of CHOP (Huang et al., 2007), and expansion of β-cell

ER surface (Marchetti et al., 2007). ER stress signaling thus seems

to be present in human β-cells in T2D and might be involved in

the pathogenesis of the disease. ER stress in T2D can be triggered

by islet amyloid polypeptide (Casas et al., 2007; Huang et al., 2007)

and our present data identify FFA as a potential nutrient trigger of

β-cell ER stress. High-fat feeding and obesity also cause ER stress

in mouse liver and fat tissues (Nakatani et al., 2005; Ozcan et al.,

2004), and this impairs insulin signaling in a JNK-dependent

fashion. These effects are probably mediated by saturated fats (Wang

et al., 2006; Wei et al., 2006). ER stress could thus be one of the

molecular mechanisms underlying both insulin resistance and β-

cell failure in T2D.

The non-metabolizable methyl fatty acids are non-toxic and

induce little or no ER stress (present data). Thus, FFA need to be

metabolically active to trigger ER stress and apoptosis. Inhibition

of ceramide formation from palmitate has been shown to reduce

FFA toxicity (Lupi et al., 2002). FFA serve as an important source

of energy through their mitochondrial β-oxidation (Berne, 1975;

Malaisse et al., 1983). Excess FFA are esterified into triglycerides

in the ER, and FFA flux into triglycerides augments substantially

with increased glucose availability (Briaud et al., 2001; Moffitt et

al., 2005). It is unlikely that triglyceride synthesis per se activates

the ER stress response, because oleate and the FFA combination

lead to more triglyceride formation than does palmitate (Cnop et

al., 2001; Moffitt et al., 2005) but is associated with a lesser ER

stress response (present data). The lack of glucose potentiation of

lipotoxic signaling also argues against a causal role of triglyceride

synthesis in ER stress triggering. Palmitate and oleate cause,

respectively, spindle- and droplet-shaped triglyceride accumulation,

and both forms are present following exposure to a mixture of FFA

(Cnop et al., 2001; Moffitt et al., 2005). It has been suggested that

the physicochemical properties of tripalmitin cause palmitate

toxicity (Moffitt et al., 2005), but the presence of this triglyceride

in oleate+palmitate-exposed β-cells suggests that tripalmitin

accumulation per se is not sufficient to trigger ER stress and

apoptosis. High glucose levels greatly increase the demand on the

β-cell ER in terms of synthesis of proteins, mostly proinsulin (Schuit

et al., 1988). High glucose concentration has been shown to induce

BiP expression in cultured rat islets (Elouil et al., 2007) and IRE1

activation in mouse islets (Lipson et al., 2006; Lipson et al., 2008).

In INS-1E cells, 28 mM glucose decreased BiP expression and XBP1
splicing, and this was accompanied by increased FFA toxicity. The
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downregulation of such β-cell defense mechanisms has been shown

to sensitize cells to ER stress (Pirot et al., 2006), and a clear

sensitization to CPA was observed in INS-1E cells pretreated with

high glucose concentrations (supplementary material Fig. S11). Our

present data show that high glucose levels do not, however,

significantly modulate lipotoxic ER stress in primary β-cells or

human islets, suggesting that ER stress in these cells is mainly a

consequence of FFA exposure and does not depend on the

augmented functional demand posed by high levels of glucose.

Using two complementary methods, we demonstrate here that

palmitate decreases ER Ca2+ stores in INS-1E cells. In a previous

study, Karaskov et al. did not observe ER Ca2+ depletion using fura-

2 measurements in INS-1 cells exposed to FFA for 6 hours

(Karaskov et al., 2006). A possible explanation for the discrepancy

is that those experiments were carried out in the absence of

extracellular Ca2+ and in the presence of 10 mM glucose (Karaskov

et al., 2006), compared with 1 mM Ca2+ and 1.1 mM glucose in

our study. The absence of extracellular Ca2+ might deplete β-cell

ER Ca2+ stores and intermediate glucose concentrations might

reduce the effect of Ca2+-releasing agents (Herchuelz and Malaisse,

1980), decreasing the sensitivity of the method. ER Ca2+ depletion

activates the ER stress response in the case of thapsigargin and CPA,

which inhibit the SERCA pump. Overexpression of the Na/Ca

exchanger, a major Ca2+-extruding mechanism in β-cells, also

depletes ER Ca2+ stores with subsequent ER stress and caspase-12

activation in a rat β-cell line (Diaz-Horta et al., 2002). Cytokines

also trigger ER stress in β-cells via nitric-oxide-mediated inhibition

of SERCA (Cardozo et al., 2005). Interestingly, ER Ca2+ depletion

by FFA was apparently not mediated through transcriptional

inhibition of SERCA, as is the case for cytokines. Whether changes

in SERCA protein level, or catalytic activity, are involved remain

to be clarified. We also considered the possibility that ER Ca2+

depletion might enhance Ca2+ entry via store-operated (Smyth et

al., 2006) or voltage-gated Ca2+ channels (Miura et al., 1997), thus

raising cytosolic, and possibly mitochondrial, free Ca2+ levels

(Rutter et al., 2006), to provide a cue for apoptosis (Choi et al.,

2007). However, arguing against such a mechanism, both palmitate

and oleate in fact tended to decrease resting cytosolic Ca2+ (Fig.

7). Disruption of ER Ca2+ homeostasis has previously been shown

to hamper protein folding (Kuznetsov et al., 1992; Lodish and Kong,

1990) and trigger an ER stress response (Paschen, 2003).

Accumulation of ganglioside sialoglycolipids in neurons (Tessitore

et al., 2004) or cholesterol in macrophages (Feng et al., 2003)

similarly induces ER stress by depleting ER Ca2+. Palmitate was

previously shown to deplete ER Ca2+ in Chinese hamster ovary

cells (Borradaile et al., 2006). The activation of the different

branches of the ER stress response might depend on the magnitude

and duration of ER Ca2+ depletion, both of which were greater with

palmitate than with oleate or the FFA combination. Changes in ER

lipid composition might also affect ER function by altering a

putative lipid-droplet-mediated dislocation of misfolded proteins

from the ER (Ploegh, 2007).

The ER stress response aims to restore ER homeostasis by

attenuating protein translation, upregulating ER chaperones (thereby

increasing the ER folding capacity) and degrading misfolded

proteins (Eizirik et al., 2008). In cases in which the response fails

to solve the ER stress, the apoptosis program is initiated. The

induction of different branches of the ER stress response is signal

and cell dependent (Eizirik et al., 2008), and the time course of the

induction of a particular branch might determine cell fate (Lin et

al., 2007). In human embryonic kidney cells, rapid (8 hours)

Jo
ur

na
l o

f C
el

l S
ci

en
ce



2315Lipotoxic ER stress in β-cells

attenuation of IRE1 signaling seems to be pro-apoptotic, because

artificial maintenance of IRE1 activation delayed apoptosis (Lin et

al., 2007). We observed a clear IRE1 activation by palmitate that

persisted for 24 hours. Oleate caused minor, and the FFA

combination caused intermediate, XBP1 splicing. IRE1 can recruit

tumor necrosis factor (TNF) receptor-associated factor 2 (TRAF2),

and activate JNK and downstream pro-apoptotic signaling (Urano

et al., 2000). The IRE1-TRAF2 complex can also lead to NF-κB

activation (Kaneko et al., 2003), which is known to be pro-

apoptotic in β-cells (Cnop et al., 2005). The IRE1-TRAF2

association is also required for the activation of pro-caspase-12,

which might contribute to execution of ER-stress-triggered apoptosis

in rodent β-cells (Nakagawa et al., 2000; Yoneda et al., 2001). We

have previously shown that FFA do not activate NF-κB in pancreatic

β-cells (Cnop et al., 2005; Kharroubi et al., 2004). A clear activation

of JNK and caspase-12 was, however, observed with palmitate

(present data). The IRE1 activation by palmitate might at least in

part contribute to β-cell apoptosis, because JNK inhibitors partially

protected β-cells from palmitate.

Activation of the PERK pathway might be pro- or anti-apoptotic,

depending on the source and extent of ER stress. The activation of

PERK signaling by palmitate peaks at 12 hours and subsequently

diminishes. This late decrease might be due to GADD34 induction,

downstream of ATF4 and CHOP, and consequent protein-

phosphatase-1-mediated dephosphorylation of eIF2α (Cnop et al.,

2007a; Novoa et al., 2001). This negative-feedback mechanism

alleviates repression of protein translation in the course of the ER

stress response. Little PERK pathway activation is seen with oleate

or the FFA mixture. Prolonged activation of the PERK branch,

especially in the presence of FFA, leads to β-cell death (Cnop et

al., 2007a), whereas mice with deletions of different components

of the PERK pathway have progressive β-cell loss and diabetes

(Harding et al., 2001; Scheuner et al., 2001; Zhang et al., 2002;

Zhang et al., 2006). The PERK pathway induces apoptosis via ATF4

overexpression and consequent CHOP (Oyadomari and Mori, 2004;

Zinszner et al., 1998) and ATF3 (Jiang et al., 2004; Ma et al., 2002)

induction. Because of the marked ATF3 and CHOP induction by

FFA, we examined their role in apoptosis. Whereas ATF3-deficient

β-cells are partially protected against cytokine- and nitric-oxide-

induced apoptosis (Hartman et al., 2004), no protection (or even

aggravation of apoptosis) was observed against FFA using RNA

interference or ATF3-knockout mice (present data). CHOP, by

contrast, contributes to the initiation of palmitate-induced β-cell

apoptosis. Several studies point to a pro-apoptotic effect of CHOP

downstream of irremediable ER stress (Benavides et al., 2005;

Oyadomari and Mori, 2004; Tajiri et al., 2006), but this effect might

depend on the parallel expression of other components of the ER

stress response (Williams and Lipkin, 2006). Most ER-stress-related

pro-apoptotic signals ultimately lead to caspase activation (Rao et

al., 2004). In addition to caspase-12, which has been proposed as

a specific mediator of ER-stress-induced apoptosis in rodent cells,

we observed activation of the effector caspases 3 and 7.

Toxic as well as non-toxic FFA activated ATF6 expression,

leading to progressive increases in BiP and XBP1t that were

maintained up to 48 hours. Hence, ATF6 signaling does not

contribute to apoptosis; instead, it might be β-cell protective,

because BiP overexpression protected clonal β-cells against

palmitate (Laybutt et al., 2007).

In conclusion, saturated FFA deplete ER Ca2+ and induce a

lipotoxic ER stress response in clonal β-cells, rat primary β-cells

and human islets. JNK and CHOP in the IRE1 and PERK pathways

contribute to the subsequent execution of β-cell apoptosis, whereas

ATF6 activation might be anti-apoptotic. Intervention strategies in

the former pathways should be developed to prevent lipotoxic β-

cell loss, whereas promotion of ATF6 signaling might boost β-cell

defense mechanisms in T2D.

Materials and Methods
Culture of primary FACS-purified rat β-cells, mouse islet cells and
INS-1E cells
Male Wistar rats (Charles River Laboratories Belgium, Brussels, Belgium) were
housed and used according to the guidelines of the Belgian Regulations for Animal
Care. Rat islets were isolated by collagenase digestion followed by hand picking
under a stereomicroscope. For β-cell isolation, islets were dispersed and β-cells
purified by autofluorescence-activated cell sorting (FACS; FACStar, Becton Dickinson
and Co., Sunnyvale, CA) (Pipeleers et al., 1985; Rasschaert et al., 2005). The
preparations used in the present experiments contained 89±1% β-cells (n=19). Purified
β-cells were pre-cultured overnight in Ham’s F-10 medium with 10 mM glucose, 2
mM glutamine, 50 μM 3-isobutyl-1-methylxanthine, 5% heat-inactivated fetal bovine
serum (FBS), 0.5% charcoal-absorbed bovine serum albumin (BSA, Albumin
Fraktion V; Boehringer, Indianapolis, IN, USA), 50 U/ml penicillin and 50 μg/ml
streptomycin (Ling et al., 1994). During FFA exposure, cells were cultured in the
same medium with 1% BSA and no serum, at a glucose concentration of 6.1, 10 or
28 mM.

Mouse islets were isolated from C57BL/6N (wt, Charles River) and ATF3-deficient
mice (Hartman et al., 2004), as previously described (Pavlovic et al., 1999). The
hand-picked islets were then dispersed with 5 mg/ml dispase (Roche) and dispersed
cells were cultured in medium as used for primary rat β-cells.

The rat insulin-producing INS-1E cell line (a kind gift from C. Wollheim, Centre
Medical Universitaire, Geneva, Switzerland) was cultured in RPMI 1640 (with
GlutaMAX-I) containing 5% FBS, 10 mM HEPES, 1 mM sodium pyruvate, 100
U/ml penicillin, 100 μg/ml streptomycin and 50 μM 2-mercaptoethanol (Asfari et
al., 1992). The INS-1E cells (passages 55-75) were plated and cultured for 48 hours
prior to their FFA exposure in RPMI 1640 supplemented with 1% BSA, 1% FCS, 2
mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 100 U/ml penicillin, 100
μg/ml streptomycin, 50 μM 2-mercaptoethanol and a glucose concentration of 5.6,
11 or 28 mM. Oleate and palmitate (sodium salt, Sigma Aldrich, St Louis, MO, USA)
were dissolved in 90% ethanol, heated to 60°C, and used in a 1:100 dilution (at a
final concentration of 0.5 mM) (Cnop et al., 2001; Cnop et al., 2002; Kharroubi et
al., 2004). The molar ratio of FFA:BSA in the culture medium was 3.4, corresponding
to unbound oleate and palmitate concentrations of 47 and 27 nM, respectively, as
previously calculated (Cnop et al., 2001). The FFA mixture contains 0.25 mM of
each. The control condition contained a similar dilution of ethanol. Methyloleate and
methylpalmitate (Sigma) were dissolved in 90% ethanol and used at 0.5 mM. The
SERCA blockers CPA and thapsigargin (both from Sigma) were dissolved in DMSO
and used at concentrations of, respectively, 25 and 1 μM (Cardozo et al., 2005),
unless otherwise indicated. The control condition contained a similar dilution of
DMSO. The chemical JNK inhibitor SP600125 (Merck-Calbiochem) was dissolved
in DMSO, and the peptide JNK inhibitor L-TAT-JNKi (a kind gift of C. Bonny and
M. Mathieu; XigenPharma, Lausanne, Switzerland) was dissolved in culture medium
at concentrations previously used (Bonny et al., 2001; Ozcan et al., 2004).

Human islets
Islets were isolated from seven organ donors (age 62±6 years; body mass index
23.9±1.3 kg/m2) in Pisa, Italy, with the approval of the local Ethics Committee. Causes
of death were trauma (n=3) and cardiovascular events (n=4). Islets were isolated by
enzymatic digestion and density-gradient purification, as previously described (Lupi
et al., 2002), placed in M199 culture medium containing 5.5 mM glucose and cultured
in a CO2 incubator. Their functional status was determined using glucose-stimulated
insulin release and was 2.8±0.4 (expressed as stimulation index). The human islets
were shipped to Brussels for study within 1-5 days of isolation. After overnight
recovery in Ham’s F-10 medium containing 6.1 mM glucose, 2 mM GlutaMAX, 50
μM 3-isobutyl-1-methylxanthine, 1% BSA, 50 U/ml penicillin, 50 μg/ml streptomycin
and 10% FCS, islets were exposed to FFA in the same medium without FCS for 2-
6 days. In these experiments, 6.1 mM glucose was selected as the standard glucose
concentration, based on previous experiments indicating better preservation of
human islet function at this glucose level (Eizirik et al., 1992). The percentage of β-
cells, assessed in three dispersed-islet preparations following staining with mouse
monoclonal anti-insulin antibody (1:1000, Sigma) and donkey anti-mouse IgG
rhodamine (1:200, Jackson ImmunoResearch Europe, Soham, Cambridgeshire, UK),
was 60±6%.

Assessment of β-cell viability
The percentage of viable, apoptotic and necrotic cells was determined following
incubation for 15 minutes with the DNA-binding dyes propidium iodide (PI, 5 μg/ml,
Sigma) and Hoechst 33342 (HO, 5 μg/ml, Sigma) (Hoorens et al., 1996). The cells
were examined by inverted fluorescence microscopy (excitation at 365 nm for HO
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and at 546 nm for PI). Viable cells were identified by their intact nuclei with blue
fluorescence (HO), necrotic cells by their intact nuclei with red fluorescence (PI) and
apoptotic cells by their fragmented nuclei, exhibiting either a blue (HO; early
apoptosis) or red (PI; late apoptosis) fluorescence (Hoorens et al., 1996). A minimum
of 500 cells was counted in each experimental condition. Viability was evaluated by
two independent observers, one of them being unaware of sample identity. The
agreement between findings obtained by the two observers was >90%. Data are
expressed as percent apoptosis or as apoptotic index (Cnop et al., 2001) when
evaluating anti-apoptotic compounds. For the semiquantitative evaluation of the
viability of human islets, the percentage of dead cells was estimated following HO-
PI staining by two to four observers.

Western blot experiments
Western blot analysis of protein expression and phosphorylation in FFA-treated INS-
1E cells was performed as previously described (Cnop et al., 2007a), using antibodies
against phospho-eIF2α (1:1000), phospho-PERK (1:1000), β-actin (1:2000, all from
Cell Signaling, Beverly, MA, USA), eIF2α (1:500) or ATF3 (1:200, the latter two
from Santa Cruz Biotechnology, Santa Cruz, CA) as primary antibodies, and a
horseradish-peroxidase-labeled donkey anti-rabbit antibody (1:3000 dilution, Santa
Cruz Biotechnology) as secondary antibody. The protein-specific signals were
detected using chemiluminescence Supersignal (Pierce, Rockford, IL) and quantified
using Aida1D analysis software (Fujifilm).

Analysis by real-time PCR of mRNA expression of ER stress
markers 
Poly(A)+ RNA was isolated from INS-1E cells, rat primary β-cells and human islets,
and reverse transcribed (Chen et al., 2001). The real-time PCR amplification reaction
was done in a volume of 20 μl containing 2.5-5.0 mM MgCl2, 0.5 μM forward and
reverse primers, 10 μl SYBR Green PCR master mix (Qiagen, Hilden, Germany),
and 2 μl cDNA. Standards for each gene were prepared using appropriate primers
in a conventional PCR reaction and quantification of the PCR product was done
fluorometrically using SYBR Green. The samples were assayed on a LightCycler
instrument (Roche Diagnostics, Mannheim, Germany) and their concentration was
calculated as copies per μl using the standard curve (Overbergh et al., 1999). The
expression level of the gene of interest was normalized to the highest value and
corrected for the expression of the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH for rat cells) or β-actin (for human islets). The rat ATF3
primers were F 5�-CTCCTGGGTCACTGGTGTTT-3� and R 5�-AGTGCACA -
GGAAGCCAGTTT-3� (yielding a PCR fragment of 568 bp) for standard PCR, and
F 5�-GCTGGAGTCAGTCACCATCA-3� and R 5�-ACACTTGGCAGCAGCA A -
TTT-3� (PCR fragment of 127 bp) for real-time PCR. The human ATF3 primers were
F 5�-ATCTCCTTCACCGTGGCTAC-3� and R 5�-AGGACCTGCCATCATACTGC-
3� (PCR fragment of 357 bp) for standard PCR, and F 5�-GCTGTC ACCA -
CGTGCAGTAT-3� and R 5�-TTTGTGTTAACGCTGGGAGA-3� (PCR fragment of
92 bp) for real time PCR. The other primers have been reported elsewhere (Cnop et
al., 2007a; Kharroubi et al., 2004; Marchetti et al., 2007; Pirot et al., 2006; Welsh et
al., 2005).

Measurements of ER Ca2+ concentration
Measurement of the cytoplasmic Ca2+ concentration [Ca2+]i was performed using
fura-2 acetoxymethyl ester as previously described (Cardozo et al., 2005; Diaz-Horta
et al., 2002). Where indicated, 1 μM thapsigargin was added to induce ER Ca2+ release.

For direct ER Ca2+ measurements, INS-1E cells were seeded onto glass coverslips
and, at 50% confluency, infected with an adenovirus encoding an ER-lumen-targeted
aequorin, a Ca2+ sensitive bioluminescent protein (Montero et al., 1995), at a
multiplicity of infection of 30 for 24 hours. Cells were treated with FFA and depleted
of Ca2+ by incubation with ionomycin (10 μM), monensin (10 μM) and CPA (10
μM) in modified Krebs-Ringer bicarbonate buffer (KRBB, 140 mM NaCl, 3.5 mM
KCl, 0.5 mM NaH2PO4, 0.5 mM MgSO4, 3 mM glucose, 10 mM HEPES and 2 mM
NaHCO3, pH 7.4) supplemented with 1 mM EGTA, for 5 minutes at 4°C. Aequorin
was reconstituted with its cofactor coelenterazine n (5 μM) for 2 hours at 4°C in
KRBB with 1 mM EGTA. After this, cells were perifused with KRBB with 1.5 mM
Ca2+ at a flow rate of 2 ml/minute in a thermostatted chamber (37°C) in a
photomultiplier tube (ThornEMI). At the end of all experiments, cells were lysed in
a hypotonic Ca2+-rich solution (100 μM digitonin and 10 mM Ca2+ in H2O) to
discharge the remaining aequorin pool for calibration of the aequorin signal (Mitchell
et al., 2001).

Luciferase reporter studies
To evaluate the functionality of the FFA-induced transcriptional activation of the
IRE1 and ATF6 pathways, we used a UPRE luciferase reporter construct kindly
provided by Ron Prywes (Columbia University, New York, NY). This element
functions as a binding site for both XBP1 (Yoshida et al., 2001) and ATF6 (Wang
et al., 2000). To assess JNK activation, we used a luciferase reporter kindly provided
by P. Johnson (University of Southampton, Southampton General Hospital,
Southampton, UK) and Z. Dong (University of Minnesota, Austin, MN) containing
four AP1 response elements (Dong et al., 1994). INS-1E cells were co-transfected
with the luciferase reporter and pRL-CMV (Promega, Madison, WI) as internal
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control using Lipofectamine 2000 (Invitrogen, Baesley, Scotland) (Darville and
Eizirik, 1998). Luciferase activities were assayed with the dual-luciferase-reporter
assay system (Promega) as previously described (Darville and Eizirik, 1998; Kutlu
et al., 2003).

RNA interference
siRNA against CHOP was purchased from Ambion (Austin, TX, USA) or generated
according to Huang et al. (Huang et al., 2007). Negative controls of 21-nucleotide
duplex RNA with no known sequence homology were purchased from Ambion or
generated (Huang et al., 2007). Because the negative siRNAs gave similar results,
apoptosis data were pooled. siRNAs targeting two different regions of the ATF3
mRNA were generated using BLOCK-iT RNAi Designer Invitrogen software (#1
5�-AUCUCCAGAGGUCUGUUGUUGAUGG-3� and #2 5�-UGGAGAGUG UG -
AAUGCCGAACUGAA-3�). A scrambled sequence of siRNA #1 (5�-AUCG -
ACUGACGGAUCUUUGUUGUGG-3�) was generated as a negative control
(Invitrogen, Paisley, GB). Transfection of siRNA was done using the lipid carrier
Dharmafect (Dharmacon, Chicago, IL). Lipid-RNA complexes were formed in
Optimem1 in a proportion of 0.8 and 1.25 μl of Dharmafect to 150 nM of siRNA
for INS-1E and primary β-cells, respectively, at room temperature for 20 minutes.
The complex was added to cells in antibiotic-free medium at a final concentration
of 30 nM siRNA for overnight transfection. The transfection efficiency was >90%
as measured using an FITC-conjugated siRNA (siGLO, Dharmacon). Afterwards,
cells were cultured for a 24-hour recovery period and subsequently exposed to ER
stressors for the indicated time.

Caspase activation
Caspase-3 and caspase-7 activation was measured with the Caspase-Glo 3/7 assay
(Promega, Madison, WI, USA) following the manufacturer’s instructions. Briefly,
FACS-purified rat β-cells (5000-8000 cells/condition) were cultured in white-walled
96-well plates. At the end of the treatment, 100 μl of Caspase-Glo 3/7 Reagent was
added to the wells containing the β-cells in 100 μl culture medium. The plates were
placed on a shaker (300-500 rpm) for 30 seconds and incubated at room temperature
for 2 hours. Luminescence was measured in a plate-reading luminometer.

Caspase-12 activation was measured with the CaspGlow Caspase-12 staining kit
(Biovision, Mountain View, CA) according to the supplier’s instructions. Briefly, cells
were incubated with FITC-ATAD-FMK for 1 hour at 37°C, thrice washed, incubated
for 15 minutes with HO and examined by inverted fluorescence microscopy. The
number of caspase-12-positive cells was counted and expressed as a percentage of
HO-positive cells.

Statistical analysis
Data are presented as means ± s.e.m. Comparisons were performed by two-sided
paired or ratio t-test or by ANOVA followed by paired t-test with the Bonferroni
correction for multiple comparisons. A P value <0.05 was considered statistically
significant.
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