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metabolites with endoplasmic reticulum (ER) stress and impaired protein
trafficking
Ebru BOSLEM*†, Gemma MACINTOSH‡, Amanda M. PRESTON*†, Clarissa BARTLEY*, Anna K. BUSCH*, Maria FULLER§,
D. Ross LAYBUTT*†, Peter J. MEIKLE‡ and Trevor J. BIDEN*†1

*Diabetes and Obesity Program, Garvan Institute of Medical Research, 384 Victoria Street, Darlinghurst, NSW 2010, Australia, †St Vincent’s Clinical School, Faculty of Medicine,
University of New South Wales, Sydney, NSW, Australia, ‡Baker IDI Heart and Diabetes Institute, Commercial Road, Melbourne, Australia, and §Department of Genetic Medicine,
Children, Youth and Women’s Health Service, 72 King William Road, Adelaide, SA 5006, Australia

Saturated fatty acids promote lipotoxic ER (endoplasmic retic-
ulum) stress in pancreatic β-cells in association with Type 2 dia-
betes. To address the underlying mechanisms we employed MS in
a comprehensive lipidomic screen of MIN6 β-cells treated for 48 h
with palmitate. Both the overall mass and the degree of saturation
of major neutral lipids and phospholipids were only modestly
increased by palmitate. The mass of GlcCer (glucosylceramide)
was augmented by 70% under these conditions, without any
significant alteration in the amounts of either ceramide or sphin-
gomyelin. However, flux into ceramide (measured by [3H]serine
incorporation) was augmented by chronic palmitate, and inhibi-
tion of ceramide synthesis decreased both ER stress and apoptosis.
ER-to-Golgi protein trafficking was also reduced by palmitate
pre-treatment, but was overcome by overexpression of GlcCer

synthase. This was accompanied by increased conversion of
ceramide into GlcCer, and reduced ER stress and apoptosis, but
no change in phospholipid desaturation. Sphingolipid alterations
due to palmitate were not secondary to ER stress since they
were neither reproduced by pharmacological ER stressors nor
overcome using the chemical chaperone phenylbutyric acid. In
conclusion, alterations in sphingolipid, rather than phospholipid,
metabolism are more likely to be implicated in the defective
protein trafficking and enhanced ER stress and apoptosis of
lipotoxic β-cells.
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INTRODUCTION

Type 2 diabetes is associated with obesity and is characterized
by insulin resistance of peripheral tissues such as muscle, liver
and adipose tissue. Generally the pancreatic β-cell compensates
for this insulin resistance by increasing insulin output, except
in a minority of susceptible individuals, where β-cell mass
and function decline such that insufficient insulin is provided
to control blood glucose [1–3]. It is generally accepted that
prolonged exposure to circulatory FAs (fatty acids) and the
accumulation of lipids at sites other than adipose tissue,
contributes to both insulin resistance and β-cell dysfunction [1,4].
The latter comprises both insulin secretory defects and a relative
loss of β-cell mass due to apoptosis [5]. Whereas both saturated
and unsaturated FAs contribute to the secretory dysfunction,
specifically saturated species, such as palmitate, mediate lipotoxic
apoptosis [6–10], and in fact unsaturated species are protective
[5–7,11–13].

Previous studies have strongly linked ER (endoplasmic reticu-
lum) stress with β-cell apoptosis [14,15]. The UPR (unfolded
protein response), triggered by the accumulationof misfolded pro-
teins in the ER, is the signalling network responsible for transdu-
cing ER stress, and leads initially to improved folding and degrad-

ation of misfolded proteins. If this adaptive response is insuffi-
cient, and chronic ER stress persists, apoptosis is initiated [14,15].
The pathophysiological relevance of ER stress is highlighted by
its presence in β-cells of db/db mice, a model of Type 2 diabetes
[9]. Moreover, increased ER stress markers were also observed
in islets of human subjects with diabetes [9]. Although enhanced
secretory demand to compensate for insulin resistance would cer-
tainly contribute under these conditions, there is also an intrinsic
effect of FAs on the β-cell, in particular saturated FAs, to promote
ER stress [8–10]. This in turn mediates apoptosis by induction
of the transcription factor CHOP [C/EBP (CCAAT/enhancer-
binding protein)-homologous protein 10] [10,16,17]. Moreover,
studies using genetic intervention or chemical chaperones have
shown that ER stress is a major contributor to apoptosis in
mild models of β-cell lipotoxicity [9,10,16]. The mechanisms
whereby saturated FAs induce ER stress are unclear, although
impairment of protein folding due to inhibition of SERCA (sarco-
plasmic/endoplasmic reticulum Ca2 + -ATPase) pump activity and
resultant depletion of ER calcium has been proposed [10]. On the
other hand the capacity of different FAs to promote calcium de-
pletion is not strictly proportional to the accompanying ER stress
[8,10], and ER protein misfolding is not readily observed in mild
models of β-cell lipotoxicity [18]. We have therefore proposed
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an additional mechanism involving protein overload, which is
secondary to reductions in ER-to-Golgi protein trafficking [18].

Despite this progress, it remains uncertain how palmitate
actually initiates ER stress and apoptosis in β-cells, beyond the
knowledge that FA metabolism is required and that esterification
pathways in particular are associated with creation of toxic
metabolites [19]. Studies using yeast and tumour cells have
led to the proposal that enhanced saturation of phospholipids,
in particular PC (phosphatidylcholine), contributes to lipotoxic
ER stress [20–22]. However, this has never been addressed in
β-cells. Another possibility is the generation of Cer (ceramide)
[23]. This sphingolipid has an established role as a pro-apoptotic
lipid [24] and it can also enhance ER stress in some cell types,
but not others [25,26]. Although little investigated in the context
of ER stress, Cer has been implicated in β-cell apoptosis, mainly
using the obese ZDF (Zucker diabetic fatty) rat model of Type 2
diabetes [27,28]. However, the pancreatic islets of these animals
display profound perturbations in lipid handling, so this might
represent an extreme case. Indeed, evidence for involvement of
Cer in milder models of β-cell lipotoxicity is less strong [6,29–
32], nor is a putative mechanism for the pro-apoptotic function
of Cer readily apparent. Even less is known of the potential
involvement of other sphingolipids such as SM (sphingomyelin)
and GlcCer (glucosylceramide). The latter is generated by the
enzyme GCS (GlcCer synthase) and is pro-apoptotic in some
cell types [24,33]. Other glycosylated metabolites include LacCer
(lactosylceramide) and THC (trihexosylceramide).

In the present study we sought to investigate the early metabolic
events that underlie initiation of lipotoxic apoptosis in β-cells.
Using MIN6 cells chronically exposed to palmitate we provide the
first comprehensive analysis of accompanying alterations in
the three major lipid classes: neutral lipids, phospholipids and
sphingolipids. Our results strongly implicate alterations in sphin-
golipid metabolism in the induction of both terminal ER stress and
apoptosis under these conditions, and further link these processes
to defects in vesicular trafficking via the early secretory pathway.

EXPERIMENTAL

Reagents

All tissue culture media, supplements and trypsin for MIN6
cells were purchased from Gibco. Cell Death ELISAPLUS kit,
SYBR Green I and protease inhibitor tablets were obtained from
Roche Diagnostics. Sources of other reagents were as follows:
sodium palmitate, sodium orthovanadate, FA-free fraction V
BSA, sucrose, sodium oleate, myriocin, PBA (4-phenylbutyric
acid), cycloserine, cycloheximide and thapsigargin were from
Sigma–Aldrich. Tunicamycin was from Biomol. Solution V,
control pmaxGFP (GFP is green fluorescent protein) and the
Nucleofector instrument were from Amaxa Biosystems. The GCS
construct (in pCMWSport6, Clone ID #BC050828.1) was from
American Tissue Culture Collection. NBD [6-(N-7-nitrobenz-
2-oxa-1,3-diazyl-4-yl)amino]–Cer (#N2261), CM-H2DCFDA [5-
(and 6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate;
#C-6827], pre-cast NuPAGE gels, sample buffer, reducing agent,
antioxidant, electrophoresis tank and the transfer system for
immunoblotting were from Invitrogen. The BCA (bicinchoninic
acid) protein assay kit was from Pierce. Black 96-well assay plates
were from Nunc.

Cell culture and chronic cell treatments

The mouse MIN6 insulinoma cell line and PR (palmitate-
resistant) cell line were routinely passaged and cultured as

described previously [11,34]. In brief, chronic palmitate treatment
involved culture for 48 h in DMEM (Dulbecco’s modified Eagle’s
medium; 6 mM glucose) with either 0.4 mM lipid pre-coupled
to 0.92 g/100 ml BSA, for most MIN6 experiments, or 1 mM
lipid pre-coupled to 2.3 g/100 ml BSA for PR cell experiments
or their corresponding MIN6 controls passaged in parallel, as
well as BSA-only controls. The lipid couplings were prepared
at a 3:1 palmitate/BSA molar ratio [34]. The medium was
replaced with fresh complete medium and lipid at 24 h. Cells
for immunoblotting experiments were seeded in six-well plates at
8 × 105 cells per well in 3 ml. Apoptosis assays were performed in
either a 96-well plate or 24-well plate format, at 3 × 104 cells per
well (0.2 ml) or 2 × 105 cells per well (0.5 ml) respectively. MIN6
cells were seeded in 15 cm2 tissue culture dishes at 1.6 × 107 cells
per dish in 23 ml for lipid-profile studies. For overexpression
studies, MIN6 cells were nucleofected with control pmaxGFP
construct or GCS construct in solution V, using program G16
(Amaxa Biosystems) [9] prior to plating in test dishes as indicated
above. Other chronic (24 h) treatments in DMEM included
thapsigargin at a final concentration of 50 nM, tunicamycin at
2 μM, PBA at 5 mM, cycloserine at 0.5 mM and myriocin at
100 nM.

Apoptosis assay

MIN6 cells treated with chronic palmitate were harvested as
described previously [16] in lysis buffer provided in the Cell Death
ELISAPLUS kit. Histone-bound mono- and oligo-nucleosomes
were quantified according to the kit manufacturer’s instructions.
The absorbance for each apoptosis sample was adjusted for
total DNA content, as measured by SYBR Green I intercalation
of the remaining sample, and quantified against a salmon
sperm DNA standard curve following excitation/emission (at
485 nm/520 nm).

Metabolic flux assays: NBD–Cer and [3H]serine

An assay of GCS was performed with a method adapted from
that described by Boath et al. [35]. Briefly, MIN6 cells in 24-well
plates were labelled with 3 μM NBD–Cer (Invitrogen) for 1 h
or 40 μCi of [G-3H]serine (PerkinElmer) for 6 h at 37 ◦C, at the
end of the 48 h palmitate treatment. For the NBD–Cer assay, total
lipid was extracted with 10 mM chloroform/methanol/EDTA in
PBS [1:1:0.75, by vol.] following washing in PBS supplemented
with 10 mM EDTA. The organic phase was removed, dried down
under nitrogen and re-dissolved in 30 μl of chloroform/methanol
[1:1 (v/v)] and run on a HPTLC (high-performance TLC) plate
(Merck) in butanol/acetic acid/water [3:1:1, by vol.] as a solvent
system with appropriate lipid standards for SM, GlcCer and Cer.
HPTLC plates were imaged on a UV light box within a Bio-Rad
ChemiDoc XRS imager. For the [3H]serine assay, total lipid was
extracted with chloroform/methanol [2:1 (v/v)], dried down under
nitrogen, then re-dissolved in 50 μl of choloroform/methanol
[2:1 (w/w)] to be run on a TLC plate. A portion of total
lipid extract (2.5 μl) was combined with 6 ml of scintillation
fluid (Ultima Gold, PerkinElmer) for later quantification before
spotting the remainder on the TLC plate (Whatman) with
the aforementioned lipid standards. The plate was run on a
two-front system: the first solvent system was chloroform/
methanol/acetic acid [190:9:1, by vol.], the second was diethyl
ether/acetic acid [100:1 (v/v)]. Areas on the TLC plate
corresponding to the lipid standard Cer were scraped, combined
with 6 ml of scintillation fluid and quantified on a β-counter
(Beckman Coulter).
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ROS (reactive oxygen species) assay

The levels of intracellular ROS were measured in MIN6 and PR
cells by their ability to convert the acetyl ester CM-H2DCFDA
into a fluorescent product (excitation/emission, 485 nm/520 nm).
Cells plated in 24-well plates and pre-treated with palmitate or
oleate (48 h) or 1 mM alloxan as a positive control (10 min), were
washed once with warm HBSS (Hanks buffered salt solution).
The medium was replaced with 0.8 ml of HBSS containing 1 μM
CM-H2DCFDA and incubated at 37 ◦C for 30 min. The plate was
placed on ice, all wells were washed with cold HBSS and then
scraped in 0.5 ml of HBSS where 200 μl of cell suspension
was loaded into a black uncoated 96-well plate to be read
on a fluorescence plate reader (FluoStar OPTIMA, BMG Lab
Technologies). The remainder of each sample was assayed for
total protein (BCA protein assay kit), to correct for total cellular
content per well.

Lipid profiling with MS

Following chronic palmitate treatment, lipids were extracted
from MIN6 cell homogenates (two 15 cm2 dishes per condition)
using chloroform/methanol [2:1 (v/v)] or individual sucrose
fractions using chloroform/methanol [1:2 (v/v)] and including
100 pmol of Cer C17:0, GlcCer C16:0(d3), LacCer C16:0(d3), THC
C17:0 (Matreya), PC (13:0/13:0), PG (phosphatidylglycerol)
(17:0/17:0), PE (phosphatidylethanolamine) (17:0/17:0), PS
(phosphatidylserine) (17:0/17:0) and SM C12:0 (Avanti Polar
Lipids), 500 pmol of DAG (diacylglycerol) (15:0/15:0) and TAG
(triacylglycerol) (17:0/17:0/17:0) (Sigma–Aldrich), and
1000 pmol of CE (cholesteryl ester) C18:0(d6) (CDN Isotopes) as
internal standards. Analysis was performed by ESI (electrospray
ionization)-tandem MS using a PE Sciex API 4000 Q/TRAP
mass spectrometer with a turbo-ionspray source and Analyst
1.5 data system. Prior liquid chromatographic separation was
performed on a Zorbax C18, 1.8 μm, 50 mm × 2.1 mm column at
300 μl/min using the following gradient conditions for all lipid
species except DAGs and TAGs: 100% A to 0% A over 8.0 min
followed by 2.5 min at 0% A, a return to 100% A over 0.5 min
then 3.0 min at 100 % A prior to the next injection. Solvent
A and B consisted of tetrahydrofuran/methanol/water in the
ratios 30:20:50 and 75:20:5 respectively, both containing 10 mM
ammonium formate. Chromatography of DAG and TAG species
was performed in isocratic mode using 85 % A and 15% B
at 100 μl/min. Quantification of individual lipid species was
performed using scheduled multiple-reaction monitoring in
positive-ion mode. Individual lipid species monitored were the
major species (greater than 1% of total) identified in human
plasma. Multiple-reaction monitoring experiments were based
on product ion of m/z 264 [sphingosine-H2O]+ for Cer, GlcCer,
LacCer and THC, m/z 184 [PC]+ for SM and PC, m/z 369
[cholesterol-H2O]+ for CE and NL (neutral loss) of 141 Da for
PE, 185 Da for PS, 277 Da for PI (phosphatidylinositol) and 189
Da for PG. Product ions for DAGs and TAGs were based on the
neutral loss of one FA from the [M + –NH4]+ ion. Each ion pair
was monitored for 10–50 ms with a resolution of 0.7 atomic mass
unit at half-peak height and averaged from continuous scans
over the elution period. Lipid concentrations were calculated by
relating the peak area of each species to the peak area of the
corresponding internal standard. PI species were related to the
PE internal standard. For DAG and TAG species containing two
or three of the same FA used as a NL, the signal response was
corrected by dividing by the number of copies of the FA. Total
lipids of each class were determined by summing the individual
lipid species.

Please note that the MS analysis used in the present study
does not distinguish between GlcCer and galactosylceramide,
but the former predominates in MIN6 cells as assessed by TLC
analyses (2.3 +− 0.2-fold, n = 3) and is the only glycosylated Cer
generated by GCS. For simplicity we therefore refer to this species
as GlcCer.

VSVG (vesicular stomatis viral glycoprotein temperature-sensitive
mutant)–GFP trafficking assay

MIN6 cells were nucleofected with VSVG [18]. Where indicated
the cells were also co-transfected with equimolar concentrations
of the GCS construct, before plating on to glass coverslips
and treatment with chronic palmitate or control medium. After
overnight treatment at 40 ◦C to retain the VSVG in the ER,
trafficking was commenced by switching cells to the permissive
temperature of 32 ◦C, and addition of 20 μM cycloheximide
to prevent new VSVG synthesis. Scoring of coverslips using
confocal images involved grading the co-localization of VSVG
with the Golgi as it moves from the diffuse ER region to the
distinct perinuclear structure of the Golgi. The scale was from 1
(being all ER, no Golgi) to 5 (being all Golgi, no ER). A grading of
3 corresponded to equal intensities of VSVG in the ER and Golgi
(half ER, half Golgi), 2 indicated mostly ER with some Golgi co-
localization and 4 meant some ER, but mostly Golgi positioning.
The scoring was performed by two independent observers.

Immunoblotting

Protein lysates were prepared and protein content was equalized
after quantification using a BCA protein assay (Pierce) before
undergoing Western blot analysis and detection of ER stress
induction as described previously [9]. Antibodies used included
those against GADD153 (growth-arrest and DNA-damage-
inducible protein 153) (CHOP, Santa Cruz Biotechnology), β-
actin (Sigma–Aldrich) and GM130 (cis-Golgi matrix protein
of 130 kDa) (BD Transduction Laboratories). Quantification of
Western blot films was performed using ImageJ [36].

Statistical analysis

All results are presented as means + S.E.M. Data sets were subject
to a one-way ANOVA (with Bonferonni or Dunnett’s multiple
comparison post-tests), or paired Student’s t tests. Non-parametric
analysis was undertaken using the Mann–Whitney test.

RESULTS

Alterations in sphingolipid metabolites are associated with
palmitate-induced apoptosis in MIN6 cells.

In principle, the toxic lipid species responsible for lipo-apoptosis
in β-cells might comprise a member of the neutral lipid,
phospholipid or sphingolipid classes. To address this in an
unbiased fashion we have used MS to undertake a comprehensive
screen of alterations in major lipid classes during lipotoxicity.
We used as our model the well-differentiated MIN6 cell line
under conditions in which mild apoptosis and ER stress are
induced over 48 h by palmitate, but not oleate [9,11,34]. We
used FA pre-coupled to BSA at a 3:1 molar ratio, which is in
the moderately elevated physiological range, and corresponds to
a free FA concentration in the low micromolar range [37]. The
degree, timing and selectivity of apoptosis for saturated FAs in this
model are broadly in keeping with findings using primary mouse
and human islets [10,11]. In contrast, rat islets and cell lines
are generally more sensitive to FA-induced apoptosis, probably
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Table 1 Neutral lipid content (TAG, DAG and CE) in whole MIN6 cell lysates following chronic palmitate treatment

Chronic palmitate treatment of MIN6 cells (see the Experimental section) comprised culture for 48 h in 0.4 mM palmitate (complexed to 0.92 g/100 ml BSA) or control medium (BSA alone). Lipids
were extracted and analysed by MS.

Control Palmitate

Measurement TAG DAG CE TAG DAG CE

Mass (nmol/mg) 8.95 +− 1.2 6.78 +− 0.99 44.0 +− 7.3 14.3 +− 1.2* 10.0 +− 1.1* 39.5 +− 4.0
Percentage saturated 49.4 +− 1.4 38.3 +− 1.2 28.5 +− 1.0 62.6 +− 1.0*** 56.4 +− 1.0*** 33.0 +− 0.8**
Percentage of C16:0 36.8 +− 2.0 21.4 +− 0.7 20.7 +− 1.0 50.6 +− 1.2** 41.9 +− 1.2*** 24.4 +− 0.7**

*P < 0.05, **P < 0.01, ***P < 0.001, using Student’s paired t tests compared with the corresponding control.

because they poorly express stearoyl-CoA desaturase [38], which
is critical for detoxifying saturated FAs [11] or for maintaining a
critical pool of unsaturated lipid [13].

When neutral lipids were assayed following palmitate pre-
treatment, the total masses of TAG and DAG were increased by
approx. 70% and 40% respectively, whereas overall CE was not
significantly altered (Table 1). As shown previously using rat INS-
1 β-cells [39,40] there was a high proportion of saturated FAs,
especially palmitate (C16:0), present as TAG side chains in MIN6
cells under control conditions, but in our hands these proportions
were only relatively modestly increased by chronic exposure to
palmitate. In contrast, the percentage of total saturated FA in
DAG was markedly increased under these conditions, and the
proportion of C16:0 was approximately doubled. Remodelling of
CE side chains was minimal (Table 1).

Of the phospholipid classes, PG and PS masses were unaltered
by palmitate pre-treatment, but there were slight decreases in PI
and increases in PC (Figure 1A). These changes are unlikely
to play a causative role in lipo-apoptosis since they were also
observed in PR cells, a subpool of MIN6 cells that have been
selected for up-regulation of stearoyl-CoA desaturase and thus
do not undergo apoptosis when exposed to palmitate [11]. The
biggest fold increases occurred in PE, 55 % in MIN6 cells and
36% in PR cells, although the latter did not reach statistical
significance. When saturation indices were calculated for all of
these phospholipids (results not shown), only PC was altered
significantly upon exposure to palmitate (Figure 1B). Although
this increase was not always so pronounced in subsequent
experiments (see below), the fact that it was significantly smaller
in the PR cells (although still elevated) raises the possibility that
PC saturation might be linked mechanistically to lipo-apoptosis.

The major alterations that we (consistently) observed following
chronic palmitate exposure were in the sphingolipid class,
although the overall masses of both Cer and SM were unchanged
(Figure 2A). In contrast, the glycosylated derivatives GlcCer,
LacCer and THC were all significantly elevated, and to a greater
extent in MIN6 cells compared with PR cells (Figure 2A). This
was most apparent in GlcCer (the direct metabolite of Cer), which
was increased by 75% in MIN6 cells, but not significantly in PR
cells. When Cer mass was analysed in greater detail, abundant
species were unchanged in both MIN6 and PR cells in response
to palmitate (Figure 2B). All major species of GlcCer, including
long-chain and unsaturated variants, were increased by palmitate
in MIN6 cells (Figure 2C). These effects were less pronounced in
PR cells. The results for SM (Figure 2D) were more complex.
Although C18:0 SM was significantly enhanced by palmitate (in
MIN6 cells only) the C24:0 and C24:1 species were diminished
in MIN6 cells (and to a broadly similar extent in PR cells).
These decreases in SM were not accompanied by elevations in
the corresponding Cer species, so are unlikely to have arisen as a
result of enhanced activity of sphingomyelinase.

Figure 1 Effects of chronic palmitate treatment on phospholipid mass and
saturation in MIN6 and PR cells

All cells underwent chronic palmitate treatment involving culture for 48 h in medium containing
FA pre-coupled to BSA at a 3:1 molar ratio or BSA alone (see the Experimental section). Lipids
were extracted and analysed by MS. (A) Total mass of phospholipids PC, PG, PI, PE and PS,
expressed as the effect of palmitate relative to the corresponding BSA-treated control, from
three independent experiments. *P < 0.05, using one-way ANOVA with Dunnett’s post-tests
comparing each treatment with the control group. (B) Saturation index of PC, calculated from
the mass of species with saturated side chains as a percentage of the mass of all species.
**P < 0.01, using Student’s paired t test compared with the corresponding control or as
indicated.

Enhanced flux through Cer contributes to ER stress and apoptosis

The above results suggest that flux through sphingolipid metabol-
ites is increased under these conditions, resulting in steady-state
accumulation of glycosylated derivates (especially GlcCer) rather
than Cer itself. To assess flux more directly we pulsed MIN6
cells for 6 h with [3H]serine, which is incorporated into Cer via
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Figure 2 Effects of chronic palmitate treatment on sphingolipids in MIN6 and PR cells

Cells were treated chronically with palmitate, and then total lipids were extracted and analysed by MS as described in the legend to Figure 1. (A) Total mass of sphingolipids Cer, GlcCer, LacCer, THC
and SM, expressed as the effect of palmitate relative to the corresponding BSA-treated control. Results are from three independent experiments. *P < 0.05, **P < 0.01, using one-way ANOVA with
Dunnett’s post-tests comparing each treatment with control group. (B–D) Mass of individual lipid species in Cer, GlcCer and SM, carbon side-chain lengths are as indicated (n = 3). *P < 0.05,
**P < 0.01, ***P < 0.001, using one-way ANOVA with Bonferroni post-tests comparing each treatment with the control group, except where indicated.

SPT1 (serine palmitoyltransferase 1) in the first step of de novo
synthesis. Labelling of Cer was significantly increased following
palmitate pre-treatment, consistent with an increase in flux
(Figure 3A). This was abolished by the SPT1 inhibitor cycloserine
(0.5 mM). Several prior studies have demonstrated that inhibiting
the synthesis of Cer diminishes apoptosis in lipotoxic β-cells
[6,27–29]. However, this has not always been observed [30–
32], and involvement of Cer metabolism in ER stress in β-cell
lipotoxicity has only been addressed once previously [32]. In
the present study we confirm that the SPT1 inhibitor myriocin
(100 nM) inhibits the activation of caspase 3 due to palmitate in
our model (Figure 3B). Importantly, this was accompanied by a
reduced induction of the ER stress marker CHOP (Figure 3C).

Palmitate-induced alterations in sphingolipid metabolites are not
secondary to ER stress

ER stress can itself lead to remodelling of cellular lipids
[41,42]. We therefore sought to determine whether the observed
changes in phospholipids and sphingolipids were secondary
to ER stress. PBA, a chemical chaperone [16], was used to
alleviate ER stress in the presence of palmitate, as witnessed
by the decreased expression of the terminal ER stress protein
CHOP (Supplementary Figure S1 at http://www.BiochemJ.org/
bj/435/bj4350267add.htm). Conversely, we employed thapsigar-
gin and tunicamycin to induce ER stress. Thapsigargin, an
inhibitor of the ER calcium pump, depletes ER calcium stores and
thereby compromises ER enzyme function. This compound is a
strong ER stress inducer in our model [18]. Tunicamycin, which
disrupts protein N-glycosylation at the ER and therefore pro-
tein export to the Golgi, also induces ER stress as a result of
protein backlog in the organelle [9,18]. Importantly, co-treatment

with PBA did not abolish the effects of palmitate on total PE,
GlcCer or SM (Figure 4), indicating that these effects were not
secondary to ER stress. Likewise, responses due to palmitate on
these lipids were not recapitulated by thapsigargin or tunicamycin
treatment. Moreover, the increase in PC saturation due to palmitate
(statistically significant but smaller than observed in Figure 1B)
was actually further elevated with PBA (Figure 4B). PC satura-
tion was increased by tunicamycin but not thapsigargin, so it
cannot simply be a consequence of ER stress. Importantly, none of
these pharmacological interventions altered Cer mass (Figure 4C).
Taken together these results illustrate that the induction of ER
stress itself is neither necessary for the observed effects of
palmitate on these lipids, nor sufficient to reproduce them.

Overexpression of GCS protects MIN6 cells from lipo-apoptosis,
terminal ER stress and from the palmitate-induced delay in protein
trafficking

Given the marked increase in GlcCer in MIN6 cells following
chronic palmitate treatment (Figure 2A), we postulated that this
metabolite could contribute to cytotoxicity as observed previously
in other cell types [33,43]. We therefore sought to determine
whether apoptosis would be increased by enhancing GlcCer
mass even further by overexpression of GCS, which catalyses
the conversion of Cer into GlcCer. Conversely, if Cer rather
than GlcCer were the toxic species, this manipulation would be
predicted to decrease apoptosis. Functional overexpression was
confirmed by increases in both the endogenous mass ratio of
GlcCer to Cer (Figure 5A), and the conversion of exogenous
NBD–Cer into NBD–GlcCer from (Supplementary Figure
S2 at http://www.BiochemJ.org/bj/435/bj4350267add.htm). GCS
overexpresson decreased both CHOP induction due to palmitate
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Figure 3 Effects of inhibition of SPTI by cycloserine or myriocin (Myr) in
MIN6 cells on Cer synthesis, apoptosis and ER stress

(A) Cells were treated chronically with 0.4 mM palmitate pre-coupled to 0.9 g/100 ml BSA (molar
ratio 3:1)+− cycloserine and labelled for the final 6 h with 40 μCi of [3H]serine. Total lipids were
extracted and analysed by TLC. Data are presented as the incorporation of [3H]serine into Cer
over 6 h, expressed as a percentage of total 3H-labelled lipid. *P < 0.05, **P < 0.01, using
paired Student’s t test (n = 4 for all except, n = 3 for the palmitate + cycloserine condition).
(B) Total protein lysates were also prepared for analysis via immunoblotting (see the Experimental
section) following chronic palmitate treatment +− myriocin. Quantification of cleaved caspase 3
protein content (ImageJ software), from three independent Western blots. *P < 0.05, using
Student’s paired t test. (C) Quantification of CHOP content (ImageJ software), from three
independent Western blots. *P < 0.05, using Student’s paired t test.

(Figure 5B) and lipo-apoptosis in MIN6 cells (Figure 5C). These
results therefore implicate Cer rather than GlcCer as the toxic
metabolite. We also confirmed that the protection afforded by
overexpression of GCS was not secondary to an indirect effect on
the PC saturation index. In this series of experiments there was a
modest increase in PC saturation due to palmitate, which was
independent of GCS overexpression (Figure 5D). Likewise the
increase in overall PE mass due to palmitate was not altered
under these conditions (Figure 5E).

We previously reported that chronic palmitate treatment of
MIN6 cells retards ER-to-Golgi protein traffic as measured

using a VSVG reporter protein [18]. In this assay VSVG is
excluded from the Golgi (stained with anti-GM130) at 0 min
(Supplementary Figure S3 at http://www.BiochemJ.org/bj/435/
bj4350267add.htm). At 20 min after the switch to the permissive
temperature of 32 ◦C, most of the VSVG had reached the Golgi.
Cells treated with chronic palmitate showed a clear delay in
trafficking at 20 min, with a significant amount of VSVG retained
in the diffuse ER region (Supplementary Figure S3). However,
in palmitate-treated MIN6 cells that were co-transfected with the
GCS construct, VSVG localization appeared similar to that of con-
trols. Figure 5(F) shows a histogram of the average scores of
individual cells, according to localization of the VSVG protein.
Palmitate treatment significantly reduced the average score,
indicative of lesser Golgi localization. Cells co-expressing VSVG
and GCS in the presence of palmitate produced very similar co-
localization scores to those of control cells. These changes in
individual cellular VSVG trafficking events confirm that GCS
overexpression rescues the trafficking defect due to palmitate
treatment.

ROS generation does not correlate with lipotoxicity in MIN6 cells

Oxidative stress and ER stress are potentially linked in β-cell
lipotoxicity [14,17], and in other cell types the generation of
ROS and Cer can occur either up- or down-stream of each other
depending on the circumstances [44]. We therefore measured ROS
induction in our model. As shown in Figure 6, neither palmitate
nor oleate significantly increased ROS in MIN6 cells. Basal ROS
generation was slightly higher in PR cells than MIN6 cells, but not
further increased following treatment with either FA. The robust
increase with alloxan, which is specifically transported into β-
cells and generates intracellular ROS [45], serves as a positive
control.

DISCUSSION

The β-cell failure that underlies development of Type 2 diabetes
has been linked to the inability of susceptible β-cells to handle
nutrient overload, particularly in response to elevated circulating
FAs [1,4]. Hence the mechanisms underlying β-cell lipotoxicity
are under active investigation. Attention has focused on the capa-
city of saturated FAs to induce ER stress [8–10] and the impli-
cations of this for the enhanced apoptosis and loss of β-cell mass
that contributes to Type 2 diabetes. Older literature links β-cell
apoptosis to Cer accumulation [6,27–29], although this has not
been without controversy [30–32]. Moreover, the relevance of
these findings to ER stress in β-cells is unclear, and indeed a
broader body of work would point to the potential involvement of
candidate lipids other than Cer [20–22].

Our current goal was therefore to conduct an unbiased and
comprehensive screen of all major lipid classes in order to
identify the metabolic alterations that accompany ER stress and
apoptosis when β-cells are chronically exposed to saturated FAs.
We now demonstrate that mass alterations in major lipid classes
are remarkably modest under these conditions. For example,
total TAG was increased by less than two-thirds in MIN6 cells
chronically exposed to palmitate, and overall incorporation of
C16:0 side chains was limited to approx. 50%. This contrasts with
a study using rat INS-1 cells where TAG mass was augmented
severalfold, and overall C16:0 content reached >90% of the total
TAG pool following palmitate pre-treatment [39]. Our current
findings are, however, in broad agreement with previous tracer
analyses [11], which suggested that TAG deposition was not
implicated in apoptosis in our model since similar alterations
in TAG were observed in both parental MIN6 cells and PR cells
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Figure 4 Alterations in lipid classes due to palmitate treatment are not secondary to ER stress

MIN6 cells were treated for 48 h, with Palm (0.4 mM palmitate with 0.92 g/100 ml BSA) +− PBA at 5 mM, or for 24 h with thapsigargin (Tg) at 50 nM or tunicamycin (Tn) at 2 μM compared with
control (0.92 % BSA). Lipid extracts were analysed by MS and results were corrected with PS as a loading control, and are expressed relative to the corresponding control treatment groups. (A) PE
mass, (B) PC saturation index, (C) Cer mass, (D) GlcCer mass and (E) SM mass. Results are from three independent experiments. *P < 0.05, **P < 0.01, using one-way ANOVA with Dunnett’s
post-tests comparing each treatment with the control group.

[11]. This is also consistent with the conclusions of other studies
using both β-cells and other cellular models [7,46]. We have
also demonstrated previously that inhibition of CE formation did
not impact on apoptosis [11]. For these reasons we believe that
metabolism of TAG and CE is unlikely to exert major effects on ER
stress and lipo-apotosis in this model. On the other hand, we show
in the present study that increases in the saturation of DAG did
occur under these conditions, albeit with only a modest increase
in overall DAG mass. Therefore we cannot formally exclude the
possibility that this might contribute to apoptosis. The underlying
mechanism, however, would be obscure because saturated DAG
species are not likely to exert any function on signalling enzymes
such as protein kinase C [47].

The results of the present study further demonstrate that
lipotoxic β-cells undergo reproducible alterations in sphingolipid
profiles, in particular an enhancement of GlcCer mass. These
changes were neither abolished by co-treatment with the
chaperone PBA, nor reproduced by pharmacological inducers
of ER stress, indicating that they are primary consequences of
chronic exposure to palmitate and not the result of ER stress
itself. We do not exclude, however, the possibility that strong
ER stress induced by high doses of pharmacological agents
might activate sphingomyelinase and thereby generate Cer, as
proposed previously [48]. We also demonstrated that palmitate
pre-treatment promotes an enhanced flux through Cer synthetic
pathways, which is manifest as an accumulation in GlcCer, but
not in the immediate precursor, Cer. It is noteworthy that most

prior evidence of a role for Cer in β-cell lipotoxicity was based
on tracer measurements [27,28], which are also indicative of flux
rather than steady levels. In previous studies where Cer mass
was actually determined there was little change after chronic
palmitate unless glucose was also elevated [31,49]. Likewise
Cer was modestly elevated in islets isolated from a genetically
diabetic mouse model, but only late in the progression of the
disease [50,51]. This is entirely consistent with the results of
the present study.

In keeping with many [6,27–29], but not all, prior studies
[30–32], we also confirmed that inhibition of de novo Cer
synthesis partially ablated the induction of β-cell apoptotic
markers in response to FA. Our results also link Cer metabolism
to lipotoxic ER stress in β-cells for the first time, although
this connection has been made using other experimental systems
[25,52]. However, the use of proximal inhibitors of de novo Cer
synthesis does not allow for distinguishing between lipotoxicity
due to Cer itself compared with putative effects of its downstream
metabolites. We have now addressed this by demonstrating that
enhancing the conversion of Cer into GlcCer, by overexpression of
GCS, protects against apoptosis, ER stress and defective protein
trafficking. These results not only strengthen the conceptual
links between these processes, but also implicate Cer, and not
GlcCer, as the metabolite that precipitates them. That Cer might
play such a role in the absence of any increase in its overall
cellular mass perhaps implies that a putative alteration in specific
subcellular compartments might be important. The topology of
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Figure 5 Overexpression of GCS protects MIN6 cells against apoptosis, ER stress and defective protein trafficking due to chronic palmitate treatment

MIN6 cells were transfected with GFP or GCS (see the Experimental section) and then treated for 48 h with 0.4 mM palmitate with 0.92 g/100 ml BSA or 0.92 g/100 ml BSA alone. (A) Total cellular
ratio of GlcCer to Cer. Lipid extracts were analysed by MS. **P < 0.01, using Student’s paired t test. (B) Densitometric analysis of CHOP protein expression, normalized to the control GFP value.
*P < 0.05 using one-way ANOVA with Bonferroni post-tests. (C) Apoptosis measured using a histone-bound DNA fragment ELISA, normalized to the control GFP value. *P < 0.05 using one-way
ANOVA with Bonferroni post-tests. (D) PC saturation index. **P < 0.01, ***P < 0.001, using Student’s paired t test for palmitate treatment compared with the corresponding control. (E) PE mass.
*P < 0.05, using Student’s paired t test for palmitate treatment compared with the corresponding control. (F) MIN6 cell average scores of VSVG localization from a scale from 1 to 5 (see the
Experimental section) within each treatment group. Cells were transfected with VSVG (as well as GCS where indicated), pre-treated with palmitate, incubated overnight at 40◦C to trap VSVG in
the ER and then switched to 32◦C to allow trafficking of VSVG to the Golgi over 20 min. At least 50 cells from each group were scored by two independent observers . ***P < 0.001, using a
Mann–Whitney test. All results are from three to four independent experiments. Palm, palmitate.

sphingolipid metabolism, however, is complex and much further
experimentation will be required to test exactly how and where
it potentially intersects with the protein trafficking machinery to
modulate ER stress.

In direct contrast with our results, myriocin did not inhibit
CHOP induction by palmitate in another recent study using MIN6
cells [32]. However, the authors of this study used a molar ratio
of palmitate to BSA that is approximately double that of the
present study. Free FA concentrations are likely to be considerably
higher under those conditions [37], perhaps triggering alternative
mechanisms of lipotoxicity that predominate over the ER stress
that is causally implicated in our milder model [9,16]. One such
mechanism might be ROS generation, which appears to be highly
dependent on the FA to BSA molar ratio to which β-cells are
exposed. In contrast with the findings of the present study, and
those of Moore et al. [53], which employed ratios of 3 and
5 respectively, pre-treatment of β-cells at FA/BSA ratios of 6
and above has been reported to promote modest but significant
increases in markers of oxidative stress [13,54–57]. In several
instances, however, these were induced by oleate as well as
palmitate [55–57], and so are more probably implicated in the
development of β-cell secretory dysfunction, which is induced by
both these FAs [34,58], as opposed to apoptosis, which is more
sensitive to saturated FAs [6–10].

The present study also characterized the alterations in
phospholipid profiles that accompany β-cell lipotoxicity. The
most pronounced changes, in both MIN6 and PR cells, were
increases in total PE mass, although the PE saturation index
was unaltered in either cell type. In contrast we did observe a

Figure 6 Effects of FA pre-treatment on ROS levels in MIN6 and PR cells

Cells were treated for 48 h with FA or BSA alone (control) as described in the legend to Figure 1.
ROS were measured following palmitate or oleate pre-treatment via oxidation of the acetyl ester
CM-H2DCFDA to a fluorescent product. Values are the mean fold control (fluorescence/total
protein) + S.E.M. for five independent experiments. *P < 0.05, using Student’s paired t test.

consistent increase in PC saturation. By analogy with findings
using yeast [21], CHO (Chinese-hamster ovary) cells [20] and
HeLa cells [21,22], this might potentially contribute to ER stress.
Although we do not completely exclude this possibility, for a
number of reasons we believe this explanation is less likely than
the alterations in sphingolipid metabolism described above. First,
both baseline PC saturation, and the degree to which it increased
following palmitate treatment, varied somewhat between different
study groups but never exceeded 50%. This is in contrast
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with studies in yeast and HeLa cells where ER stress was
accompanied by incorporation of more than 60 % saturated FAs
into phospholipids [21,22]. Secondly, the increases we observed
were not diminished by overexpression of GCS, whereas this
intervention did protect against apoptosis, ER stress and defective
trafficking, consistent with enhanced Cer metabolism to GlcCer.
Finally, mechanisms established using other cellular models
might not be relevant to β-cells since the latter have clearly
been shown to be remarkably resistant to a lipotoxic challenge
as compared with other peripheral tissues [50].

In summary, the results of the present study provide evidence
that metabolites of sphingolipids, rather than of neutral lipids or
phospholipids, are likely to be involved in the development of ER
stress and lipo-apoptosis in β-cells. Our data also lend support to
the idea that protein overload, secondary to reductions in ER-to-
Golgi protein trafficking, contributes to the induction of ER stress
in β-cells that is triggered intrinsically by chronic exposure to
palmitate, and which is potentially implicated in the β-cell failure
of Type 2 diabetes.
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Figure S1 PBA inhibits ER stress in response to palmitate

A representative blot showing the inhibition of the ER stress transducer CHOP in the presence
(+) or absence ( − ) of PBA (2.5 mM) during chronic palmitate treatment (0.4 mM palmitate
and 0.92 g/100 ml BSA). Control groups were treated with BSA alone.

Figure S2 Overexpression of GCS increases metabolic flux of ceramide
into GlcCer

A representative image of the TLC plate and densitometric analysis (ImageJ software) of
the intensity of fluorescent NBD–Cer conversion into NBD–GlcCer from MIN6 cell extracts
transfected with GCS or GFP control constructs. Values are mean fold GCS activity (calibrated
absorbance of signal) +S.E.M. for three independent experiments. *P < 0.05, using Student’s
paired t test).
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Figure S3 Overexpression of GCS protects MIN6 cells against defective
protein trafficking due to chronic palmitate treatment

Cells were transfected with VSVG (as well as GCS where indicated) and then treated for 48 h
with 0.4 mM palmitate and 0.92 g/100 ml BSA or BSA alone. Prior to the experiment, cells
were incubated overnight at 40◦C to trap VSVG in the ER. Following brief pre-treatment with
cycloheximide to halt new protein synthesis, the cells were switched to 32◦C to allow trafficking
of VSVG to the ER over 20 min. Representative panels of subcellular localization of VSVG and
Golgi marker GM130 in MIN6 cells are shown for the times and conditions indicated.
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