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Background: Saturated fatty acids disrupt protein trafficking and promote endoplasmic reticulum (ER) stress in pancreatic

B-cells.

Results: Chronic palmitate selectively reduces ER sphingomyelin and cholesterol and disrupts ER lipid rafts.
Conclusion: Altered ER lipid rafts contribute to defective ER protein export.
Significance: This provides novel insights into the mechanisms of B-cell death that underlie type 2 diabetes.

Chronic saturated fatty acid exposure causes 3-cell apoptosis
and, thus, contributes to type 2 diabetes. Although endoplasmic
reticulum (ER) stress and reduced ER-to-Golgi protein traffick-
ing have been implicated, the exact mechanisms whereby satu-
rated fatty acids trigger 3-cell death remain elusive. Using mass
spectroscopic lipidomics and subcellular fractionation, we dem-
onstrate that palmitate pretreatment of MIN6 f3-cells promoted
ER remodeling of both phospholipids and sphingolipids, but
only the latter was causally linked to lipotoxic ER stress. Thus,
overexpression of glucosylceramide synthase, previously shown
to protect against defective protein trafficking and ER stress,
partially reversed lipotoxic reductions in ER sphingomyelin
(SM) content and aggregation of ER lipid rafts, as visualized
using Erlin1-GFP. Using both lipidomics and a sterol response
element reporter assay, we confirmed that free cholesterol in the
ER was also reciprocally modulated by chronic palmitate and
glucosylceramide synthase overexpression. This is consistent
with the known coregulation and association of SM and free
cholesterol in lipid rafts. Inhibition of SM hydrolysis partially
protected against ATF4/C/EBP homology protein induction
because of palmitate. Our results suggest that loss of SM in the
ER is a key event for initiating 3-cell lipotoxicity, which leads to
disruption of ER lipid rafts, perturbation of protein trafficking,
and initiation of ER stress.

The consumption of the calorific Western diet, high in satu-
rated fatty acid (FA),” in combination with decreased whole-
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body energy expenditure, has been a strong driver of global
obesity and associated metabolic diseases, such as type 2 diabe-
tes (T2D). The latter is a whole-body disorder that causes
hyperglycemia and is characterized by insulin resistance in
liver, skeletal muscle, and adipose tissue in combination with
pancreatic B-cell secretory dysfunction and death. Obese
patients commonly have elevated serum FAs, and this is an
independent risk factor for the development of T2D (1).
Although the etiology of T2D remains elusive, current opinion
proposes that deposition of these excess lipids in non-adipose
tissues such as skeletal muscle, liver, and the pancreatic 3-cell
contributes to dysfunction in these organs (2). The dysfunction
of the pancreatic B-cell follows many stages. Decreased glucose
sensing and glucose-stimulated insulin secretion as well as an
increased proinsulin-to-insulin ratio are early defects, whereas
enhanced apoptosis occurs in late-stage decompensation (3).
The resultant loss of pancreatic B-cells to a mass that is unable
to control blood glucose homeostasis by adequate insulin secre-
tion is a critical event preceding the advent of T2D.

The failure of the 3-cells to successfully compensate for insu-
lin resistance and prevent progression into T2D is in part due to
the strong toxicity of FAs on the 3-cell. Upon entry into the cell,
FAs need to be metabolized to exert their effects, although the
exact mechanisms through which lipid-induced B-cell death
occur remain poorly understood and are likely to be multifac-
torial (4-9). However, apoptosis is particularly linked to satu-
rated FAs (7-11), which has focused attention on pathways
such as ceramide (Cer) generation and, more recently, endo-
plasmic reticulum (ER) stress, both of which also show speci-
ficity for saturated FAs, such as palmitate, over unsaturated
FAs, such as oleate (7, 10-13).

Palmitate acts as a precursor in the de novo synthesis of Cer
through the enzyme serine palmitoyltransferase 1. This sphin-
golipid (SL) is implicated in many forms of apoptosis, including
those because of chronic lipid exposure in multiple cell types
(14). In B-cells, the strongest evidence has arisen using obese
Zucker diabetic fatty rats, a model of T2D characterized by
gross obesity (4, 15). There is also more limited evidence impli-
cating Cer in cellular models of B-cell lipotoxicity (7, 8, 16 —19).
The in vitro models are extremely powerful, however, because
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they allow a mechanistic focus on saturated FAs in isolation
and, indeed, led to an appreciation of the role of ER stress in
mediating B-cell apoptosis. Thus, chronic exposure to satu-
rated FAs was shown to selectively enhance the unfolded pro-
tein response (UPR) (11, 12, 20). This response initially serves a
protective function by promoting the folding and/or degrada-
tion of secretory protein in the lumen of the ER but also triggers
apoptosis if ER stress remains unresolved by these means (21,
22). As a professional secretory cell, B-cells are particularly sus-
ceptible to ER stress. Activation of the UPR arm, comprising
phosphorylation of PRKR-like endoplasmic reticulum kinase
(PERK) and induction of the transcription factor C/EBP homol-
ogy protein (CHOP), are especially important for the saturated
FA-induced progression to apoptosis (23, 24). Indeed, ER stress
has been shown to be essential for full apoptosis in B-cells in
response to (especially mild) lipotoxicity (10, 11). Relevance of
these in vitro models to human disease was confirmed by the
enhanced expression of ER stress markers in B-cells of T2D
patients (11, 21, 22) and the recent clinical trial of an ER stress-
reducing drug, phenylbutyric acid, that diminished B-cell dys-
function caused by prolonged hyperlipidemia (25).

The mechanism by which saturated FAs cause ER stress is,
thus, a key question but remains controversial. One hypothesis
moots a disruption in the efficiency of protein folding because
of down-regulation of the calcium pump SERCA2 and deple-
tion of lumenal ER Ca®* (10). But this depletion has not been
universally observed and correlates poorly with the effective-
ness of different FAs to trigger ER stress (12, 26). Moreover,
when assessed directly, palmitate did not appear to promote
misfolding of a reporter protein (27). An alternative, initially
proposed by us (27) and now confirmed independently (28, 29),
postulates that palmitate slows protein trafficking out of the ER,
which would, therefore, enhance ER stress because of lumenal
protein overload. Our work further linked this trafficking defect
toalterations in SL metabolism, although both the exact metab-
olite and the underlying mechanism remained obscure (30).

In this study, by extensively characterizing SL modifications
under various interventions in both pancreatic islets and whole
cell lysates and subcellular fractions of MING6 B-cells, we define
localized reductions in sphingomyelin (SM) in the ER as key
determinants of lipotoxic ER stress. We propose that the loss of
SM disrupts ER lipid rafts that are essential for the correct pack-
aging of secretory cargo into export vesicles and that this con-
tributes to defective protein trafficking, ER stress, and
apoptosis.

EXPERIMENTAL PROCEDURES

Reagents—All tissue culture media, supplements, and trypsin
for MING cells and islets were purchased from Invitrogen. The
cell death ELISA"™V® kit, SYBR Green I, liberase, and protease
inhibitor tablets were obtained from Roche Diagnostics.
Sodium palmitate, sodium orthovanadate, fatty acid-free frac-
tion V BSA, sucrose, sodium oleate, sphingolipid standards for
TLC, high-performance TLC plates (catalog no. z22718-25EA),
solid iodine, GW4869, z-nitraphenyl-B-D-galactopyranoside,
and hexyl-B-D-glucopyranoside were from Sigma-Aldrich. The
Dual-Luciferase reporter assay kit (catalog no. E1910) and Coo-
massie Plus protein assay reagent were from Promega (Alexan-
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dria, Australia). TLC plates (catalog no. 1.11798.0001), Nano-
juice transfection reagents (catalog nos. 71900-3 Core and
719001-3 Boost) were from Merck. Ultima Gold scintillation
fluid and EN®*HANCE spray were from PerkinElmer Life Sci-
ences. [*H]Sphinganine was from American Radiolabeled
Chemicals (St. Louis, MO). The GCS construct (in pPCMWS-
port6, clone no. BC050828.1) and SMS1 construct (in pPCMWS-
port6, clone no. BC019443) were from the ATCC. The Smpd3
construct (in pCMWSport6, clone no. BC046980) and Smpd4
construct (in pCMW Sport6, clone no. BC026767) were from
Thermo Scientific (Scoresby, Australia). The pEGFP-C1 plas-
mid (catalog no. 6084-1) was from Clontech (Mountain View,
CA). NBD-Cer (catalog no. N2261), precast NuPAGE gels,
sample buffer, reducing agent, antioxidant, and the electropho-
resis tank and transfer system for immunoblotting were from
Invitrogen. The rat insulin radioimmunoassay kit (catalog no.
RI-13K) was from Millipore (Kilsyth, Australia). The BCA pro-
tein assay kit was from Pierce. The black 96-well assay plates
were from Nunc (Scoresby, Australia). The cell disruption
bomb and nitrogen connector were from Preiser Scientific (St.
Albans, WV).

Islet Isolation and Culture—Pancreatic islets from male 12-
to 16-week-old C57Bl6 mice were isolated as described previ-
ously (31) by ductal perfusion of collagenase, followed by puri-
fication on Ficoll-Paque gradients (GE Healthcare). Islets were
cultured for 48 h in RPMI 1640 medium (Rosewell Park Memo-
rial Institute, 11 mm glucose) supplemented with BSA or palmi-
tate/BSA (see below). For Erlin-GFP studies, islets were dis-
persed with trypsin and attached to poly-L-lysine-treated glass
coverslips (32) and then cultured as above for whole islets after
transfection.

Cell Culture and Chronic Cell Treatments—The mouse
MING6 insulinoma cell line was routinely passaged and cultured
as described previously (9, 30, 33). In brief, chronic palmitate or
oleate treatment involved culture for 48 h in DMEM (6 mMm
glucose) with either 0.4 mwm lipid precoupled to 0.92 g/100 ml
BSA or BSA-only controls. The lipid couplings were prepared
at a 3:1 palmitate:BSA molar ratio (33). Cells for immunoblot-
ting experiments were seeded in 6-well plates at 8 X 10° cells/
well in 3 ml of growth medium. Apoptosis assays were per-
formed in either a 96-well-plate or 24-well-plate format at 3 X
10* cells/well (0.2 ml) or 2 X 10° cells/well (0.5 ml), respectively.
Cells for metabolic flux assays were also plated in 24-well plates
at the above density. Cells for confocal imaging of ER rafts were
plated in 6-well plates preloaded with two coverslips at 6 X 10°
cells/well in 3 ml of growth medium. MING cells were seeded in
15-cm” tissue culture dishes at 1.6 X 107 cells/dish in 23 ml of
growth medium for lipid profile studies and in 10-cm? tissue
culture dishes at 8 X 10° cells/dish in 15 ml of medium for lipid
profile studies involving GCS overexpression. For overexpres-
sion studies, MIN6 cells were transfected with a control
pEGFP-N1 construct (Clontech, 6085-1) or GCS, Erlin1-GFP,
SMS1, Smpd3, or Smpd4 constructs with Nanojuice transfec-
tion reagents according to the instructions of the manufacturer,
16-24 h following plating in test dishes, as indicated above.
Other chronic (48-h) treatments in DMEM (6 mMm glucose)
included the inhibitor GW4869.
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Apoptosis Assay—MING6 cells transfected with SMSI,
Smpd3/4, or EGFP controls and then treated chronically (48 h)
with palmitate, oleate = SMase inhibitor, or GW4869 were
harvested in lysis buffer provided in the cell death ELISA®"YS
kit. Levels of histone-bound mono- and oligonucleosomes
(DNA fragmentation) were quantified according to the kit
instructions and corrected for total DNA as described previ-
ously (23, 30).

MING6 Cell Subcellular Fractionation—One 15-cm?® tissue
culture dish of MING6 cells/condition (or 1 X 10 cm? dish for
GCS overexpression experiments) was lysed for subcellular
fractionation following chronic palmitate or control treatment.
After washes on ice with cold PBS, the cells were scraped in PBS
and spun at 500 X gin a swinging bucket rotor at 4 °C for 10 min
to pellet cells. Cells were resuspended in 1.3 ml of HES buffer
(20 mm HEPES, 1 mm EDTA, 3g/100 ml sucrose, and protease
inhibitors) and lysed gently using nitrogen cavitation (450 psi,
15 min). The lysate was layered on top of a discontinuous
sucrose gradient comprised of 1.3-ml layers from 0.25 mm to 2
M in 0.25-mwMm steps. A gradient pouring machine (Auto Densi
Flow, Labconco, Kansas City, MO) was utilized. The sucrose
gradient was spun for 18 h in a swinging bucket rotor at
200,000 X gat4 °C. Fractions (0.65 ml) were taken from the top,
and each fraction was characterized for its organelle content via
immunoblotting (the ER, Golgi, mitochondria, and plasma
membrane were detected using antibodies for calnexin, Golgi
matrix protein 130, COX-1 (BD Biosciences), and syntaxin 4).
Insulin granules were detected via insulin RIA (Millipore), and
lysosomes were detected by a B-galactosidase enzyme activity
assay (34).

The mitochondrial sample was prepared separately as a pure,
mitochondria-only fraction via lysis of MING6 cells by passing
them through a 27-gauge needle 10 times in isolation buffer
(230 mm sucrose, 0.5 mm EGTA, and 5 mm HEPES). After cen-
trifugation (18,000 X g, 25 min), the pellet was resuspended in
20 g/100 ml sucrose solution (10 mm Tris and 0.05 mm EDTA).
This was then centrifuged (18,000 X g, 30 min), and the pellet
was resuspended in 2 ml of 60 g/100 ml sucrose solution. This
was loaded at the bottom of a thin-walled ultracentrifuge tube,
layered with 3 ml of 53 g/100 ml sucrose and 7 ml of 44 g/100 ml
sucrose and centrifuged at 141,000 X g for 2 h. The mitochon-
dria at the interface of the 44 g/100 ml and 53 g/100 ml sucrose
cushions were removed carefully, diluted into 5 ml of isolation
buffer, and finally centrifuged at 18,000 X g for 30 min before
the pellet was resuspended in the desired buffer for MS or
immunoblotting analysis.

Lipid Profiling with MS—Following chronic palmitate treat-
ment, lipids were extracted from MIN6 whole cell homoge-
nates (1 X 15-cm? dish/condition) or individual sucrose frac-
tions using chloroform:methanol (2:1, v/v). Sucrose fractions
from MING cells pretransfected with GCS or GFP control con-
struct and treated with palmitate (1 X 10-cm? dish/condition)
were extracted using chloroform:methanol (1:2, v/v) to increase
yield. All samples were separated via liquid chromatography
and spiked with internal sphingo-, phospho-, and neutral lipid
standards before being analyzed by electrospray ionization-
tandem MS as described previously (30). Lipid concentrations
were calculated by relating the peak area of each species to the
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peak area of the corresponding internal standard and then cor-
recting for cell content via BCA protein assay (Pierce) of a por-
tion of the cell homogenate prior to lipid extraction. MING6 cell
samples with GCS overexpression were corrected internally by
expressing the lipid concentration (pmol) as a percentage of
total lipids measured to maximize yield for LC-MS/MS
analysis.

Metabolic Flux Assays—MING cells pretransfected with GCS
or EGFP control constructs were assayed for GCS and SMS
enzyme activity by acute labeling with fluorescent NBD-Cer
substrate, as described previously (30). High-performance TLC
plates of separated lipid extracts were imaged on an UV light
box within a Bio-Rad ChemiDoc XRS imager, and GluCer and
SM bands were quantified with Image] software.

ER Raft Staining—Following Erlinl-GFP transfection =+
cotransfection with GCS or SMS1 constructs, MING6 cells or
islet cell monolayers were treated chronically with palmitate.
Glass coverslips were washed, fixed, permeabilized, and stained
for ER with a mouse anti-KDEL antibody (catalog no. ADI-
SPA-827-D, Enzo Life Sciences, Farmingdale, NY) to be visual-
ized by an anti-mouse Alexa Fluor 647-conjugated secondary
antibody (Invitrogen) on a Leica SP2 confocal microscope using
a X100 oil objective. All transfected cells observed were
imaged, and two to five images were taken per treatment con-
dition per experiment, which contained one to three trans-
fected cells per image. The Erlin1-GFP/KDEL costaining of
every imaged cell was then analyzed utilizing the intensity cor-
relation analysis plugin within MBF_Image J software (16). Vis-
ual representation of the intensity of positive red and green
costained pixels was generated on a costaining heatmap by
intensity correlation analysis plugin plotting areas of low-to-
high (blue-to-white) intensity. The intensity correlation analy-
sis of costaining intensity generated the intensity correlation
quotient (ICQ), which measured the degree of covariance
within the red (ER) and green (ER lipid raft) channels as a meas-
ure of codependent (0 < ICQ = + 0.5) or segregated (0 >
ICQ = — 0.5) staining. The total lipid raft area was measured
using the analyze particles function (Image]) of Erlin-GFP
images that were calibrated to their micron scale bars, and the
threshold was adjusted to reveal peak lipid raft-stained areas
only. ICQ values and images are representative of mean ICQ
values or raft area measurements from three to six independent
experiments.

ER Vesicle Budding Assay—A microsomal (chiefly ER) frac-
tion was isolated from MING6 cells pretreated chronically with
palmitate via an adaptation of the methodology utilized by
Nohturfft et al. (35). Briefly, MING cells from duplicate 15-cm?
dishes were washed with ice-cold PBS, centrifuged at 500 X g
for 10 min at 4 °C, resuspended in PBS, centrifuged again at
500 X g for 10 min at 4 °C. Then, membrane pellets were snap-
frozen in liquid nitrogen. Pellets were thawed at 37 °C, resus-
pended in 0.4 ml of buffer F (10 mm HEPES-KOH (pH 7.2), 250
mM sorbitol, 10 mm KOAc, 1.5 mm Mg(OAc),, and protease
inhibitors), and then passed through a 22-gauge needle 20
times. Suspensions were centrifuged at 1000 X g for 5 min at
4 °C, transferred to siliconized (low-retention) microcentrifuge
tubes, and centrifuged at 16,000 X g for 3 min at 4 °C. Each
pellet was resuspended in 0.5 ml of buffer E (50 mm HEPES-
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KOH (pH 7.2), 250 mm sorbitol, 70 mm KOAc, 5 mMm potassium
EGTA, 2.5 mm Mg(OAc),, and protease inhibitors) and centri-
fuged again at 16,000 X g for 3 min at 4 °C. Each pellet was then
resuspended in 60 —100 ul of buffer E to obtain microsomes for
use in the in vitro vesicle formation assay, which was adapted
from procedures described by the laboratories of Schekman
(36) and Balch (37). The protein content of microsomes was
determined with a 5-ul sample added to 5 ul of a solution of
20% (w/v) of hexyl-B-D-glucopyranoside and assayed with
Coomassie Plus protein assay reagent (Pierce), according to the
instructions of the manufacturer, using BSA as a standard.
These isolated microsomal membranes were incubated at 37 °C
for 15 min with bulk cytosol extracted from mouse liver and
ATP/GTP (35). To begin the in vitro vesicle formation assay, 1.5
mM ATP, 0.5 mm GTP, 10 mMm creatine phosphate, 4 units/ml of
creatine kinase, and 600 pug of liver cytosol (isolated according
to Ref. 35) were added to 30—80 pg of protein of the MING6
microsome preparations to a final volume of 80 ul. Vesicles
budding during this reaction were separated from remaining
membranes by differential centrifugation to obtain a mem-
brane pellet (16,000 X g for 3 min at 4 °C) or vesicle pellet
(supernatants from the previous spin at 131,558 X gin a Beck-
man TLA100 rotor for 3 min at 4 °C). Vesicle and membrane
fractions were resuspended in the appropriate amounts of
NuPAGE sample buffer + reducing agent, heated at 70 °C for
10 min prior to SDS-PAGE separation of proteins, and immu-
noblotting with carboxypeptidase E (packaged into ER vesicles,
catalog no. 610758, BD Biosciences) and Grp78/BiP (excluded
from ER vesicles, catalog no. ADI-SPA-827-D, Enzo Life Sci-
ences) antibodies.

Dual-Luciferase Assay—Following cotransfection of the
pGL-TK 6xSRE-luciferase and pRL-TK Renilla reporter con-
structs * the GCS construct into MIN6 cells, the degree of
sterol response element (SRE)-driven gene transcription fol-
lowing chronic palmitate treatment was quantified using the
Dual-Luciferase reporter assay (Promega). The quantification
of 6xSRE-luciferase or Renilla luminescence was performed by
a Fluostar Omega plate reader (BMG Labtech). The 6xSRE-
luciferase luminescence of each sample was corrected by the
Renilla luminescence of the sample, which utilizes a different
substrate, to correct for transfection efficiency and the nonspe-
cific effects of CMV promoter (GCS construct) cross-regula-
tion of the expression of the thymidine kinase promoter-led
luciferase construct. Data were then expressed as fold control
6xSRE-luciferase activity (luminescence).

Immunoblotting—Protein lysates were prepared, and immu-
noblotting was performed as described previously (11, 30).
Antibodies used include GADD 153 (CHOP, Santa Cruz Bio-
technology), B-actin (Sigma-Aldrich), phospho-PERK (Cell
Signaling Technology), and cleaved caspase 3 (Cell Signaling
Technology). Quantification of immunoblot films was per-
formed using Image].

RNA Analysis—After extraction of total RNA using an
RNeasy mini kit (Qiagen, Doncaster, Australia), cDNA was
generated with the QuantiTect reverse transcription kit (Qia-
gen, Victoria, Australia). Real-time PCR was performed using
Power SYBR Green PCR master mix (Applied Biosystems, Fos-
ter City, CA) on a 7900HT real-time PCR system (Applied Bio-
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systems). Primer sequences are as provided (23, 38), with the
addition of those for thioredoxin-interacting protein (TXNIP)
cggctttegtttttcttgaace (forward) and tgacggctttgactcgggtaac
(reverse). The value obtained for each specific product was nor-
malized to a control gene (cyclophilin A) and expressed as a fold
change of the value in control extracts.

Statistical Analysis—All results are presented as means *
S.E. of experimental means. Data sets were subject to paired or
unpaired Student’s ¢ tests as suited the experimental design for
individual data set comparisons. Analysis of variance analysis
with Tukey’s or Bonferroni’s multiple comparison post-tests
were employed for experiments with multifactorial design. The
non-parametric Kruskal-Wallis test with Dunn’s multiple com-
parisons was employed for confocal image analysis. All statisti-
cal tests were performed at a 95% confidence interval with
Prism 6 software or Microsoft Excel.

RESULTS

Comparative Lipidomic Analysis of MIN6 Cells and Pancre-
atic Islets of Langerhans Cultured Chronically in the Presence of
Palmitate—By lipidomic profiling of MING6 cells chronically
exposed to palmitate, we had previously identified SL, but not
phospholipids or neutral lipids, as mediators of B-cell lipotox-
icity (30). We therefore embarked on a more extensive investi-
gation of SL metabolism in this model and also extended our
analysis to primary mouse islets. Total Cer content was neither
significantly affected by palmitate exposure in whole islets (Fig.
1B, 1.44 * 0.18 compared with 1.24 + 0.12 nmol/mg protein
control treated, p = 0.126) nor in whole MING®6 cells (4, 5.66 *
0.42 compared with 4.87 = 0.67 nmol/mg protein control
treated, p = 0.249), consistent with our earlier study (30). We
did, however, observe small increases in Cer C18:0, C20:0, and
C22:0 species within both palmitate-treated MIN6 cells and
islets (Fig. 1, A and B). No increases in islet glycosylceramide
(GluCer) content were observed (Fig. 1D), unlike in MING6 cells
(C and Ref. 30). Palmitate induced little change in overall SM
species in either MING cells or islets. However, total very long
chain unsaturated SM species (C25:1 and C26:1 together) were
decreased significantly in both MING6 cells (Fig. 1E, to 112.7 =
11.2 from 209.3 * 31.6 pmol/mg protein, p = 0.015) and islets
(F,t038.3 £ 4.2 from 61.5 = 5.1 pmol/mg protein, p = 0.0045)
with palmitate treatment. Previous studies of INS-1 B-cells
showed an increased content of the de novo Cer biosynthetic
product dihydroceramide after 24 h of palmitate exposure (28).
However, we did not observe this in either MING6 cells (Fig. 1G)
or islets (H) following 48-h incubation. These data suggest that
either the increase in C18:0, C20:0, or C22:0 Cer species or,
possibly, the decrease in very long chain unsaturated SM spe-
cies may contribute to palmitate-induced ER stress (30).

Palmitate Exposure Diminishes the Budding of Secretory Ves-
icles from the ER and Causes Ceramide Accumulation in the ER
of MING6 Cells—3-Cell lipotoxicity is associated with a delay in
ER-to-Golgi vesicular trafficking (27, 28), which contributes to
the induction of ER stress (27). Therefore, we postulated that
the palmitate may alter ER membrane lipid species that may
affect membrane curvature and, therefore, the biophysics of
vesicle budding from the ER membrane, which may contribute
to this delay. Consistent with this notion, palmitate pretreat-
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FIGURE 1. Chronic palmitate treatment (48 h) induces similar sphingolipid species changes within MIN6 cells and islets of Langerhans. MING6 cells (left
panel) or WT islets ex vivo (right panel) were cultured with 0.4 mm palmitate complexed to BSA (0.92%) for 48 h before total lysates were prepared for
quantification of all major sphingolipid species via mass spectrometry. Each species was corrected for total protein content of lysates. Data represent mean
ceramide (A and B), glycosylceramide (C and D), sphingomyelin (£ and F), and dihydroceramide (G and H) species from six (MIN6) or four (islet) independent
experiments + S.E. ¥, p < 0.05; **, p < 0.01, ***, p < 0.001; paired Student'’s t tests compared with control condition.

ment inhibited the rate of vesicles budding from microsomes
over 15 min, as detected using the endogenous cargo protein
carboxypeptidase E (CPE) (Fig. 2A). We next addressed
whether there were localized changes in subcellular SL content
that may cause subcellular membrane disturbances, contribut-
ing to the defective trafficking that could initiate ER stress and
toxicity (39). To investigate the accumulation of both Cer and
GluCer more closely, we undertook subcellular fractionation of
MING cells (Fig. 2B) and measured these metabolites in peak
fractions corresponding to Golgi, plasma membrane, lyso-
somes, and ER. MIN6 mitochondria were isolated in parallel
using a separate sucrose gradient technique (see “Experimental

SEPTEMBER 13,2013 +VOLUME 288-NUMBER 37

Procedures”) and checked for purity by immunoblotting for
subcellular protein markers (data not shown). In response to
palmitate pretreatment, Cer increased mainly in the ER (Fig.
2C) and also the lysosome, whereas accumulation of GluCer
was more widespread (D). The particular species of Cer accru-
ing at the ER included C18:0 to C22:0 species (Fig. 2E), consist-
ent with previous whole cell lysate data (Fig. 14). All major
species of GluCer detected accumulated at the ER (Fig. 2F).
The Protective Effects of GCS Overexpression Do Not Appear
to Be due to Alterations in Phospholipid Saturation—W'e then
studied the effect of palmitate treatment on the ER content of
phospholipids, whose loosely packed, flexible, unsaturated acyl
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FIGURE 2. Subcellular changes in MING6 cells because of palmitate treatment (48 h) include inhibition of ER vesicle budding and enhanced ceramide
accrual. A, microsomes (chiefly ER) were prepared from MING6 cells pretreated with 0.4 mm palmitate/0.92% BSA. Isolated microsomes underwent a budding
assay (see “Experimental Procedures”) to probe the rate of carboxypeptidase E (CPE) incorporation into ER vesicle buds over 15 min. Grp78/BiP (excluded from
buds) was used as a negative control. Results are presented as representative blots (each condition in duplicate) from a total of three independent experiments
(i) or as densitometry relative to 0-min control (n = 3) (ii). B, MIN6 cells were pretreated with 0.4 mm palmitate/0.92% BSA (48 h) before lysis and fractionation.
The position of subcellular peaks within the sucrose gradient corresponding to the ER, Golgi, plasma membrane (PM), lysosome (Lyso), and insulin granules as
characterized by organelle markers (see “Experimental Procedures”). C, mass spectrometry of total ceramide and glycosylceramide (D) content from peak
fractions corresponding to each compartment and expressed as total lipid per milliliter of sucrose fraction extract. Peak fractions are as follows: ER, 13-18; Golgi,
5-8; lysosome, 11-12; and plasma membrane, 9-10. Mitochondria (Mito) were isolated separately (see “Experimental Procedures”). Cont, control; Palm,
palmitate. The specific ER ceramide (E) and glycosylceramide (F) species accumulating in response to palmitate are detailed. Data represent mean = S.E. from

three independent experiments. *, p < 0.05, unpaired Student’s t test compared with control condition.

chains facilitate insertion and folding of proteins in the lipid bilayer
and efficient budding of vesicles from ER exit sites (40). Moreover,
Fuetal. (67) recently reported an increase in the phosphatidylcho-
line (PC)/phosphatidylethanolamine (PE) ratio within the ER of
liver from obese mice, which they implicated in the induction of
lipotoxic ER stress. Although we observed a similar trend in ER
fractions of MING cells treated chronically with palmitate (Fig.
3A), this was not statistically significant. More importantly, but not
surprisingly, the PC/PE ratio was unaltered by overexpression of
the ceramide-catabolizing enzyme GCS, which we demonstrated
previously to reverse the trafficking defect in our model (30). We
also investigated the degree of PC saturation. Fractions from ER
(and lysosomes) were enriched in unsaturated PC species com-
pared with the plasma membrane and Golgi (not shown), and this
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was partially reversed by palmitate pretreatment (Fig. 3B). How-
ever, GCS overexpression did not alter PC saturation in the ER (or
lysosome, not shown) regardless of the pretreatment conditions,
suggesting that this effect of palmitate does not contribute to lipo-
toxic ER stress and defective protein trafficking in pancreatic
B-cells.

Reductions in the Sphingomyelin and Cholesterol Content of
the ER because of Palmitate Pretreatment Are Partially
Reversed by GCS Overexpression— Alterations in ceramide have
also been implicated in regulating the entry of cargo protein
into the secretory pathway (41-43). To address this, we rein-
vestigated ER ceramide accumulation to test the effects of GCS
overexpression. Here we again observed a significant increase
in C18:0, C20:0, and C22:0 species with palmitate treatment
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(Fig. 4A), although this was not reversed with GCS overexpres-
sion, as would be expected if these increases were mechanisti-
cally important in the protein trafficking defect (30).

The decrease in whole cell SM content, seen previously in
both MING cells and whole islets (Fig. 1), was most apparent at
the ER and partially reversed by GCS overexpression (Fig. 4B).
Further inspection of the ER lipidome revealed that free cho-
lesterol (FC) was also modulated in a very similar manner (Fig.
4B). As an independent confirmation of these lipidomic studies,
we also employed an SRE reporter assay to quantify the activa-
tion of sterol regulatory element-binding protein (SREBP),
which is predominantly regulated by FC levels in the ER. Con-
sistent with depletion of cholesterol in this compartment,
palmitate pretreatment triggered enhanced SRE-driven gene
expression, which was reversed by GCS overexpression (Fig.
4C). The apparently close coordination of ER SM and FC is to
be expected, given the integrated regulation of these metabo-
lites (44). However, it is more surprising that an enzyme-cata-
lyzing conversion of ceramide to GluCer would also augment
SM. Nevertheless, this was confirmed by assaying the catabo-
lism of NBD-ceramide in MING cells (Fig. 4D). This fluorescent
ceramide analog targets the Golgi directly, bypassing the
requirement of endogenous ceramide transport from the ER,
and is, therefore, directly converted to SM or GluCer by the
Golgi enzymes SMS1 or GCS, respectively. Thus, GCS overex-
pression increased conversion of NBD-ceramide to GluCer but
also to SM, suggesting an unexpected coregulation of SMS1 and
GCS in this system. Because palmitate failed to diminish con-
version of NBD-ceramide to SM under control conditions (Fig.
4D), our results also suggest that inhibition of SMS1 by palmi-
tate does not contribute to the loss of SM mass observed under
these conditions (Fig. 4B), perhaps suggesting a role for
enhanced sphingomyelinase (SMase) activation.

Palmitate Promotes Aggregation of ER Lipid Rafts Consistent
with a Perturbation in ER Sphingomyelin and Cholesterol
Content—Because SM and cholesterol physically associate in
lipid microdomains (rafts), we reasoned that perturbation of
these rafts at the ER via the effects of palmitate on SM and
cholesterol might contribute to lipotoxic ER stress and defec-
tive vesicular trafficking. The function of lipid rafts at the ER, as
opposed to the plasma membrane, is a relatively new area of cell
biology (45) and has not been addressed previously in B-cells.
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To visualize these, we transfected the GFP-tagged version of the
ER raft protein Erlinl (45) into MING6 cells. We firstly con-
firmed that the Erlin1-GFP construct did localize to the ER, as
assessed by staining with a KDEL antibody (a marker of the
ER-resident proteins Grp94 and Bip). Under control condi-
tions, Erlinl was distributed homogenously throughout the ER
(Fig. 5A). Following palmitate treatment, Erlin1-GFP clearly
aggregated within certain areas of the ER, and this aggregation
was quantified using the ICQ (Image] intensity correlation
analysis plugin (16)), which measured the degree of covariance
within the red (ER) and green (ER lipid raft) channels as a meas-
ure of codependent (0 < ICQ = + 0.5) or segregated (0 >
ICQ = — 0.5) staining. As shown in the representative images
(Fig. 5), palmitate increases the codependent staining in MIN6
cells from ICQ 0.145 (control) to 0.215 (palmitate), indicating a
significant aggregation of Erlinl within the ER. Similar effects
were seen in transfected monolayers derived from primary
islets (Fig. 5A, lower panels). We next employed an overexpres-
sion strategy to determine the effects of repleting SM either
directly with SMS1 (responsible for de novo SM synthesis) or
indirectly with GCS. Both interventions reversed the palmitate-
treated Erlinl staining pattern to one more closely resembling
control conditions, with the Erlin1 once again more evenly dis-
tributed throughout the ER (SMS1, ICQ 0.100; GCS, ICQ
0.118). Moreover, when a heatmap of only the positively colo-
calized pixel pairs from the ICQ analysis was generated, these
areas of intense aggregation with palmitate and reversal with
SMS1 and GCS are visualized more clearly (Fig. 5, right panels).
This palmitate-induced aggregation caused an increase in total
raft area within the cell from 3.83 + 0.64 wm? (control, Fig. 5B)
to 20.6 * 3.06 um? (palmitate). Again, both GCS and SMS
overexpression significantly reversed this effect, generating
rafts of a comparable size to control conditions (GCS, 5.87 =
1.21 wm? SMS, 5.3 % 0.69 um?). This argues in favor of the SM
content of the ER being responsible for the changes in ER raft
distribution seen during palmitate exposure.

SM Modulation Impacts Lipotoxic ER Stress and Apoptosis—
We next investigated whether alterations in SM metabolism
contribute to apoptosis and ER stress as well as ER lipid raft
formation. MING cell apoptosis (DNA fragmentation) because
of palmitate was diminished by overexpression of SMS1 and
enhanced by the ER-resident neutral SMase Smpd4 (Fig. 6A4).
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FIGURE 4. ER sphingolipid profiling implicates altered SM and FC content in the protection afforded by GCS overexpression. MIN6 cells were pretreated
chronically (48 h) with 0.4 mm palmitate (Palm)/0.92% BSA and fractionated, and then peak ER fractions were quantified via mass spectrometry. A, ceramide
species from the ER fraction = GCS overexpression. *, p < 0.05; **, p < 0.01; paired Student’s t test compared with control. Cont, control. B, total SM and FC
content of the ER = GCS overexpression. ** and #, p < 0.05; paired Student’s t test compared with control (¥) or palmitate (#) GCS conditions. Data in A and B
represent mean lipid (percent of total lipid content) + S.E. from three independent experiments. C, fold 6xSRE-luciferase activity (luminescence) from MIN6
cells cotransfected with 6xSRE-tagged firefly luciferase reporter construct and Renilla luciferase (to correct for transfection efficiency) = GCS construct prior to
lipid treatment as a measure of 6xSRE-driven cholesterol gene expression. Data represent mean fold + S.E. from four independent experiments. D, GCS and
SMS1 activity was measured via the acute (1-h) conversion of fluorescent NBD-labeled Cer to GluCer and SM in MING6 cells = GCS overexpression. #, p < 0.05;

paired Student’s t test, construct (GCS) effect versus GFP over both control and palmitate conditions.

Transfection of Smpd3, a plasma membrane-localized neutral
SMase, did not significantly affect the apoptotic response in any
condition. These data implicate the depletion of a pool of ER-
localized SMs in triggering lipoapoptosis, perhaps via activa-
tion of an SMase. To investigate this more extensively, we
treated MING cells with the specific neutral SMase inhibitor
GW4869 (46). This resulted in a significant and dose-depen-
dent decrease in both palmitate-induced apoptosis (DNA frag-
mentation) (Fig. 6B) and CHOP expression (C). Although the
latter is commonly used a marker of terminal ER stress, we also
analyzed mRNA expression of a broader cohort of ER stress
genes (Fig. 7). This revealed that not all arms of the UPR that are
triggered by lipotoxicity are reversed by inhibition of SMase.
Induction of quality control proteins such as Fkbp11, Dnajb9,
and Herpudl was not sensitive to GW4869, nor was TXNIP, a
terminal effector of the IRE1 pathway (47). In contrast, inhibi-
tion of SMase impacted strongly on ATF4 and its target genes
ATF3and Trib3 (48) and, to a lesser extent, on Grp94 and Selll,
thought to be downstream of ATF6 (49). ATF6 itself, as well as
CHOP, showed trends toward reversal with the inhibitor,
although induction of these genes with palmitate did not quite
reach statistical significance (Fig. 7).

DISCUSSION

There is growing evidence of a role for ER stress as a mediator
of B-cell apoptosis in T2D, arising from both animal models
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and studies with humans. Saturated FAs, either through over-
supply or inappropriate metabolism in the 3-cell, appear to be
the primary triggers, although the molecular mechanisms
remain poorly understood. This study provides several impor-
tant and unexpected advances in this context.

Our most novel finding was the appreciation that palmitate
pretreatment alters ER lipid raft composition and distribution.
This was shown in a number of ways. First, although compre-
hensive screening of different subcellular fractions revealed
that palmitate altered several features of the ER lipidome,
including the PC/PE ratio and PC saturation, the only changes
that were counterregulated by GCS overexpression were the
observed reductions in SM and FC (Fig. 4B). This overexpres-
sion strategy has been shown previously to ameliorate lipotoxic
ER stress, apoptosis, and defective protein trafficking (30) and,
thus, supports a causative role for the reduction in ER SM/FCin
B-cell failure. Moreover, the metabolism of these two lipids is
tightly coregulated, which reinforces the significance of their
coordinated changes during treatment with palmitate and/or
GCS overexpression. Second, we independently confirmed loss
of FC in the ER by taking advantage of its key role in regulating
SREBP activation. Consistent with a loss of ER FC because of
palmitate, we observed enhanced activation of an SRE reporter
following palmitate treatment (Fig. 4C). Conversely, overex-
pression of GCS (and reversal of ER FC depletion) led to dimin-
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ished SRE reporter activation. Third, we visualized Erlin1-GFP  overexpression (Fig. 5). This is also consistent with SM and FC
as a specific marker of ER lipid rafts (45) to demonstrate that being the key structural components of lipid rafts. Although
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FIGURE 6. SM content and SMase activity play a significant role in palmitate-induced ER stress and apoptosis. A, MIN6 cells were transfected with GFP,
SMS1, Smpd3, or Smpd4 constructs prior to 48-h palmitate (Palm) or oleate (0.4 mm/0.92% BSA) treatment and then quantified for the level of apoptosis. #, p <
0.05; ###, p < 0.001; two-way analysis of variance with Bonferroni’s multiple comparisons of Smpd4 to SMS1 where indicated; *, p < 0.05; ***, p < 0.001;
unpaired Student’s t tests compared with GFP control unless indicated. Data represent mean apoptosis (fold control) + S.E. from three to four independent
experiments. Cont, control. B, MING6 cells were cultured with 0.4 mm palmitate complexed to BSA (0.92%) + SMase inhibitor, GW4869, for 48 h before total
lysates were prepared for the quantification of apoptosis (DNA fragmentation via cell death ELISA, Roche) or CHOP induction (immunoblotting) (C).*, p < 0.05;

** p < 0.01; ***, p < 0.001; two-way analysis of variance with Bonferroni’s multiple comparisons to control (0 um) or where indicated.

stress in macrophages (50, 51), a separate body of work demon-
strates that cholesterol depletion also specifically blocks cargo
export from the ER via disruption of ER exit sites (52, 53).

Lipid rafts are abundant in the plasma membrane, where
their function has been studied extensively, but more recent
research has also identified them in the ER. Here they appear to
play a role in regulating the entry of certain types of cargo pro-
tein into the secretory pathway, consistent with the require-
ment for cholesterol, as discussed above (45, 54 —56). The bend-
ing of the membrane at ER exit sites is thought to influence the
rate of budding vesicle formation and the rate at which cargo
proteins enter the vesicle (40). We now present new evidence
that palmitate-induced modulations of ER lipid raft distribu-
tion may also impact similar processes in (-cells, consistent
with our observation of reduced ER vesicle budding (Fig. 24).
By thus diminishing the vesicular trafficking rate, this would be
expected to contribute to ER stress via protein overload (27). It
is also possible that ER lipid rafts influence processes other than
protein trafficking. Indeed, Erlin-1 itself contributes to the
maintenance of ER protein folding capacity and the regulation
of ER-associated degradation (45), both of which would impact
more directly on the induction of the UPR.

To our knowledge, this study is also the first to demonstrate
a primary role for SM in regulating lipid rafts in the ER,

although they are disrupted at other cellular sites by activation
of SMase, for example. This is potentially explained both by the
loss of SM partners for cholesterol and displacement of the
sterol from its interaction with saturated phospholipids by cer-
amide (57). Strong ER stress, however, may in turn further acti-
vate SMase and amplify the response. Indeed, Cer generated
specifically from a neutral SMase in INS-1 B-cells was pro-
moted by the pharmacological ER stressor thapsigargin via the
activation of Ca®>"-independent phospholipase A, (58). Like-
wise, there have been reports of similar increases in minor spe-
cies of ceramide within INS-1 cells secondary to ER stress
induction by reducing agents and high glucose, perhaps con-
sistent with activation of SMase (59). ER stress can also activate
de novo cholesterol synthesis in 3-cells following high-glucose
treatment and via the induction of SREBP1 (60). Although
these secondary events might contribute to overall B-cell fail-
ure, particularly under strong ER stress, the lipid remodeling we
observed in our milder lipotoxic model occurs upstream and
not downstream of ER stress and is causally implicated in its
induction (27).

Our data highlight the importance of reductions in SM in the
ER with particular reference to ER-to-Golgi protein trafficking.
However, SM has also been shown to regulate vesicular traffick-
ing from post-Golgi compartments within insulin-secreting

FIGURE 5. Palmitate-induced alterations in ER sphingomyelin and cholesterol are implicated in the disruption of ER lipid raft distribution. A, MIN6 cells
or primary islet cell monolayers were transfected with the ER raft marker Erlin1-GFP (green) prior to 0.4 mm palmitate (Palm)/0.92% BSA treatment (48 h). Fixed
cells were stained with anti-KDEL antibody (a marker of the ER-resident proteins Grp94 and Bip) and Cy3 secondary (red) to verify ER localization of Erlin-1. The
visual representation of the intensity of positive red and green costaining areas was generated on a costaining heatmap by intensity correlation analysis plugin
(16) (Image J), plotting areas of low-to-high (blue-to-white) intensity. Scale bar = 10 wm. B, total mean lipid raft area = S.E. (um?) of MIN6 Erlin-GFP images. ***,
p < 0.001 versus control; ##, p < 0.01; ###, p < 0.001 versus palmitate; Kruskal-Wallis test with Dunn’s multiple comparisons. Images are representative of mean
1CQ and raft area values from three to six independent experiments (Cont, Palm, +GCS, and +SMS conditions).
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from three to four independent experiments.

INS-1 cells (61), so palmitate might also impact at this site. In
general, however, most prior studies have focused on increases
in ceramide rather than loss of SM. Although we believe that
the latter is more important for regulating ER stress, we do not
rule out other signaling roles of Cer acting in parallel or distal to
ER stress, especially under strong lipotoxic conditions, such as
in the presence of high glucose to drive partitioning. Cer has
been a candidate mediator of FA-induced [-cell apoptosis
because of the seminal work of the Unger laboratory (4) using
the Zucker diabetic fatty rat model and reduction of apoptosis
following treatment with serine palmitoyltransferase inhibi-
tors. Cer formation in response to chronic FA overload has
been implicated in B-cell apoptosis in subsequent studies (5-7,
13) via activation of the JNK/SAPK stress signaling pathways
(8). Our previous work had suggested that de novo synthesis of
Cer at the ER in response to palmitate treatment contributed to
caspase-dependent apoptotic signaling and terminal ER stress
(30). Here we highlight the specific accrual of Cer in the ER (Fig.
2C), which, when blocked previously with the de novo Cer syn-
thesis inhibitor myriocin, completely prevented caspase 3
cleavage (30). We further report that the C18:0-22:0 Cer spe-
cies were increased with palmitate treatment (Fig. 1 and 2),
confirming prior observations in an INS-1 lipotoxicity model
(28). Differences in the time course (24 versus 48 h) and mode of
FA exposure (28) to our MIN6 model may explain the differ-
ences in dihydroceramide content and the severity of Cer accu-
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mulation between our two studies. Most importantly, we
observed an excellent concordance between MING6 cells and
islets for alterations in ceramide and potentially very long chain
unsaturated SM. The exception was GluCer. GCS activity is
known to be important for cancer cell multidrug resistance to
chemotherapeutics such as paclitaxel (62). Therefore, a greater
accumulation of GluCer may be expected in the transformed
MING cell line when compared with primary, normal B-cells in
islet tissue.

By now providing a mechanistic framework to explain how
palmitate disrupts lipid rafts in B-cells, we further highlight the
importance of protein overload, or disruption in ER-to-Golgi
protein trafficking, in lipotoxic ER stress. This mechanism has
now been demonstrated in three independent laboratories (27—
30). An alternative theory postulates a primary role for protein
misfolding secondary to depletion of ER lumenal Ca’>* as a
result of down-regulation of SERCA2 activity (10, 20). A link to
lipid remodeling has been described recently, at least in liver,
where lipotoxicity results in an enhanced PC/PE ratio in the ER,
which, in turn, impairs SERCA2 and promotes ER stress (67). In
B-cells, however, we observed only a small and statistically
insignificant increase in this ratio (Fig. 34) that was not
reversed by GCS overexpression, which would argue against a
causal involvement in ER stress. Other work has suggested that
saturated phospholipids might activate ER stress either directly
or indirectly in yeast and fibroblasts (63— 65). A similar increase
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in PL saturation is seen in the ER from lipotoxic B-cells (Fig.
3B), but this was not counteracted by GCS overexpression.
Although we do not rule out a modulatory role for this mecha-
nism in mediating ER stress in 3-cells, we believe that milder
lipotoxicity in a professional secretory cell is more likely to
involve disrupted protein trafficking. Interestingly, it has been
speculated that ER stress arising in this manner preferentially
augments CHOP and ATF4 rather than the other UPR arms
that are triggered by accumulation of misfolded protein (49).
This is perhaps consistent with our observations that inhibition
of neutral SMase also impacted predominately on CHOP and
ATF4 (Figs. 6 and 7). Recent work suggests that ATF4 is a key
transducer of terminal ER stress in 3-cells through up-regula-
tion of protein synthesis and oxidative stress (47, 66). The
extent to which this contributes during lipotoxic ER stress and
how it interacts with protein trafficking is likely to be complex
but will be important to evaluate in future studies.

In conclusion, this study highlights that specific alterations in
subcellular SL might contribute to ER stress and apoptosis dur-
ing lipotoxic exposure of MIN6 B-cells and mouse islets. In
particular, we implicate a primary and novel role for palmitate
exposure in diminishing ER SM and disrupting lipid rafts in that
compartment. Thus, our data thus further support the concept
that protein overload as a consequence of defective ER-to-Golgi
trafficking contributes to the induction of ER stress under these
conditions.
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