
This article is available online at http://www.jlr.org Journal of Lipid Research Volume 56, 2015 1901

Copyright © 2015 by the American Society for Biochemistry and Molecular Biology, Inc.

 Elevated   levels of FFAs, often accompanied by obesity, 
have been considered as a major risk factor of  � -cell fail-
ure and insulin resistance, which contributes to the onset 
and progression of T2D ( 1 ). The FA-induced effect on 
 � -cell integrity and function depends on both the level of 
FA desaturation and the time of deposition ( 2 ). The pro-
longed exposure of  � -cells to high concentrations of FAs 
results in an impairment in insulin secretion, a decrease in 
insulin gene expression, the mitigation of proliferation, 
and subsequently the induction of lipoapoptosis ( 3 ). The 
molecular mechanisms that link FAs to  � -cell dysfunction 
still remain to be delineated. Several processes by which 
FAs mediate lipotoxicity have been suggested, including 
the generation of reactive oxygen species, de novo ce-
ramide synthesis, endoplasmic reticulum (ER)-associated 
stress, and alterations in mitochondrial integrity and func-
tion ( 4–6 ). Saturated FAs (SFAs) were found to cause more 
severe effects on the insulin secretory capacity of  � -cells 
and rate of apoptosis compared with MUFAs ( 7, 8 ). 

 Stearoyl-CoA desaturase (SCD) is the pivotal lipid metab-
olism enzyme that catalyzes the biosynthesis of MUFAs by 
introducing a  cis -double bond to a fatty-acyl CoA. The pre-
ferred desaturation substrates are palmitic acid (16:0) and 
stearic acid (18:0), which are converted to palmitoleate 
(16:1n-7) and oleate (18:1n-9), respectively ( 9 ). The resulting 
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 MATERIALS AND METHODS 

 Materials 
 Primary antibodies against cleaved caspase 3, caspase 9, binding 

immunoglobulin protein, phospho-eukaryotic translation initiation 
factor 2 subunit  �  (p-eIF2 � ), and eIF2 �  were obtained from Cell 
Signaling Technology (Hertfordshire, UK). Anti-microtubule-
associated protein 1 light chain 3B (LC3B) and peroxidase-
conjugated  � -actin antibodies were purchased from Sigma 
(St. Louis, MO). Antibodies against CCAAT/enhancer binding 
protein (C/EBP) homologous protein (CHOP) and lysosome-
associated membrane protein 1 (LAMP1) were obtained from Santa 
Cruz Biotechnology (Santa Cruz, CA). Secondary antibodies con-
jugated with Alexa Fluor-488 and Alexa Fluor-568 were obtained 
from Life Technologies (Carlsbad, CA). The other chemicals were 
purchased from Sigma unless otherwise specifi ed. 

 Cell culture and chronic treatments 
 The rat insulinoma  � -cell line, INS-1E, was a generous gift from 

Dr. Pierre Maechler (University of Geneva, Geneva, Switzerland) 
and was maintained in a regular medium as previously described 
( 27 ). Briefl y, the cells were cultured in a 5% CO 2  atmosphere 
at 37°C in complete RPMI 1640 supplemented with 5% heat-
inactivated fetal bovine serum, 1 mM sodium pyruvate, 50  � M 
2-mercaptoethanol, 2 mM glutamine, 10 mM HEPES, 100 U/ml 
penicillin, and 100  � g/ml streptomycin. To verify the effects of SCD1 
inhibition on autophagy, apoptosis, proliferation, insulin secretion, 
and subcellular fractionation, the cells were preincubated with 
2  � M of the SCD1 inhibitor, A939572 (Biofi ne International, 
Blain, WA), for 4 h and then cosupplemented with 0.4 mM palmitic 
acid-BSA conjugate for 16 h. To silence SCD1 expression, 60 ng of 
siRNA against SCD1 (s73339) from Ambion (Houston, TX) was 
used. Silencer Negative Control #1 siRNA (Ambion) was employed 
as a negative control. The reverse transfection of INS-1E cells was 
performed using Lipofectamine 2000 (0.5  � l/cm 2 ; Life Technolo-
gies). The silencing effi ciency was measured 72 h after transfection 
using real-time PCR and Western blot. Palmitic acid was added for 
the last 16 h prior to sample collection. The enzymatic activity of 
SCD1, after administration of SCD1 inhibitor or siRNA, was ana-
lyzed by calculating the desaturation index as described below. To 
analyze the engagement of SCD1 in particular stages of autophagy 
and for confocal microscopy, INS-1E cells were pretreated with 
2  � M of the SCD1 inhibitor for 3 h and then cosupplemented with 
one of the following autophagy inhibitors for 1 h: 3-methyladenine 
(3-MA; 5 mM), monensin (MN) sodium (80 nM), chloroquine 
diphosphate (CQ; 25  � M), or E64d/pepstatin A (E/P; 10  � g/ml). 
Afterward, 0.4 mM palmitate was added for 16 h to the culture 
medium, which already contained the SCD1 inhibitor and one of 
the inhibitors of autophagy mentioned above. For all of the experi-
ments, control cells for palmitate treatment were INS-1E cells that 
were incubated in medium supplemented with a 7.5% BSA. DMSO, 
water, or ethanol was used as a vehicle control for the aforemen-
tioned SCD1 and autophagy inhibitors, respectively. 

 Isolation and analysis of RNA 
 Total RNA was isolated from INS-1E cells using TRIzol reagent 

(Life Technologies). DNase-treated RNA was reverse-transcribed 
with SuperScript III (Life Technologies), and real-time quantitative 
PCR was performed on an ABI Prism 7900 HT Fast instrument. Fast 
SYBR green (Thermo Scientifi c, Pittsburgh, PA) was used for the 
detection and quantifi cation of genes that were expressed as mRNA, 
and the level was normalized to  � -actin using the  �  � Ct method. 

 Western blot 
 Cells were collected and lysed for 30 min in ice-cold buffer 

[50 mM Tris-HCl (pH 7.4), 5 mM EDTA, 1% Triton X-100, and 

MUFAs are the major components of such complex lipid 
classes as TGs, diacylglycerols (DAGs), phospholipids (PLs), 
wax esters, and cholesteryl esters (ChEs). SCD is recognized 
as a critical enzyme for the structure of cellular membranes, 
lipid signaling molecules, and energy storage species ( 10 ). 
Much recent attention has been given to SCD1, the major 
isoform that is expressed in lipogenic tissues, including the 
liver and adipose tissue. Mice that are defi cient in the  SCD1  
gene exhibit increases in energy expenditure and insulin 
sensitivity and a decrease in body adiposity, but are also re-
sistant to diet-induced obesity ( 11–13 ). Targeted SCD1 defi -
ciency has the potential to protect against many aspects of 
metabolic syndrome, but the converse appears to occur for 
pancreatic  � -cells.  SCD1  knockdown in MIN6 or INS-1E 
cells augmented palmitate-induced apoptosis compared 
with nontargeted controls ( 14, 15 ), whereas an increase in 
 SCD1  expression and desaturation activity within a subpop-
ulation of palmitate-resistant MIN6 cells was detected ( 4 ). 
Mice on a BTBR  leptin ob/ob   background that lack  SCD1  exhib-
ited a decline in glucose-stimulated insulin secretion, and a 
subpopulation of  � -cells displayed hallmarks of SFA-induced 
lipotoxicity ( 16 ). 

 Recent reports support the concept that autophagic, 
apoptotic, and lipid metabolism networks are interrelated 
within the context of lipotoxicity ( 17, 18 ). Macroautophagy 
(hereinafter referred to as autophagy) is a major intracellu-
lar quality control and degradation system by which cells 
that are under harmful conditions eliminate or recycle im-
paired organelles and various macromolecules by utilizing 
lysosomal machinery ( 19 ). Basal autophagy is indispensable 
for maintaining the proper architecture and undisturbed 
functioning of pancreatic  � -cells ( 20 ). Mice with autophagy-
defi cient  � -cells exhibited an impairment of glucose tolerance 
and typical hallmarks of islet failure ( 21, 22 ). Furthermore, 
an increase in autophagosome formation was reported in 
Zucker diabetic fatty rats ( 23 ),  db/db  mice, and C57BL/6 
mice that were fed a high-fat diet   ( 22 ). These studies support 
the hypothesis that compromised autophagic activity may 
contribute to  � -cell failure and predispose individuals to 
T2D ( 24 ). Pancreatic  � -cells from obese human T2D cadav-
ers and the ex vivo exposure of pancreatic islets from rats 
and nondiabetic individuals to a palmitate/oleate combina-
tion resulted in autophagic vacuole overload and an increase 
in cellular damage ( 25, 26 ). Consequently, long-chain FAs 
are considered the most plausible candidates for triggering 
perturbations in  � -cell autophagy. 

 Considering that SCD1 is a well-established determi-
nant of intracellular MUFA/SFA equilibrium and mani-
fests a protective action against lipodysfunction in  � -cells, 
we investigated whether SCD1 is involved in FA-induced 
autophagy/apoptosis crosstalk in pancreatic  � -cells. Our 
fi ndings suggest that a decrease in the activity of SCD1 im-
pairs autophagic fl ux at the step of fusion with lysosomes. 
Moreover, such an intervention exacerbates palmitate-
induced apoptosis in pancreatic  � -cells through a mechanism 
that involves alterations in the accumulation of distinct PL 
and neutral lipid classes, in conjunction with changes in FA 
saturation status in cellular membranes and the induction 
of ER-to-mitochondria stress signaling. 
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Overlapping nuclei were separated by Euclidean distance trans-
form followed by watershedding. The Alexa 488 and 568 images 
were summed, processed with a median fi lter (size 7 × 7 × 3) and 
dilated (10 × 10 × 3 neighborhood). The cells were segmented us-
ing Otsu thresholding, and single-cell masks were constructed with 
iterative dilation of the nuclear masks. The dilation steps were or-
dered by the intensity of processed cell images. The volumes that 
corresponded to nuclei were then excluded from the cell masks. 
The background of deconvolved images (Alexa 488 and 568) was 
estimated using gray-scale erosion (10 × 10 × 3 neighborhood) that 
was subtracted from the original (deconvolved) data. The Spear-
man coeffi cient of the intensity correlation between the intensities 
of the Alexa 488 and 568 images was calculated on a cell-by-cell 
basis using the respective masks. The operation was repeated using 
Alexa 568 images that were shifted by ±8 voxels in the  x  and  y  direc-
tions and ±2 voxels in the  z  direction. The respective coeffi cients 
were calculated using the union of two respective cellular masks 
and corresponded to the random association of Alexa 488 and 568 
fl uorescence in a cell. The raw correlation coeffi cients were then 
divided by their random counterparts on a cell-by-cell basis to cre-
ate standardized Spearman values. 

 Subcellular fractionation 
 Cells were scraped in ice-cold PBS and centrifuged at 800  g  

for 5 min to pellet the cells. The pellets were then homogenized 
in buffer [20 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, 0.5 mM 
ethylene glycol tetraacetic acid, 10 mM  � -mercaptoethanol, 
1 mM phenylmethylsulfonyl fl uoride, 1 mM Na 3 VO 4 , 10 mM 
NaF, 10  � g/ � l leupeptin, 5  � g/ � l pepstatin A, and 2  � g/ � l 
aprotinin] through cycles of vortexing, snap-freezing in liquid 
nitrogen, and shearing through a 25 gauge needle on ice. The 
lysate was centrifuged at 100,000  g  for 1 h at 4°C, and the super-
natant that represented the cytosolic fraction was transferred to a 
fresh tube. The pellet (crude membrane fraction) was either sub-
jected to a lipid extraction procedure or stored at  � 80°C for fur-
ther processing. On such occasions, the pellet was resuspended 
in homogenizing buffer supplemented with 0.5% Triton X-100, 
passed through a 25 gauge needle on ice, and centrifuged at 
18,000  g  for 15 min at 4°C to remove insoluble material. The 
remaining supernatant was established as the membrane frac-
tion. The resulting fractions were subjected to the evaluation of 
protein content and characterized for organelle markers via im-
munoblotting (data not shown). 

 Lipid analysis 
 Lipids were extracted using the Bligh and Dyer method ( 28 ), 

and separated on silica thin-layer chromatography plates with n-
heptane/isopropyl ether/glacial acetic acid (60/40/3, v/v/v) 
for neutral lipids or chloroform/methanol/acetic acid/water 
(50/37.5/3.5/2, v/v/v/v) for PLs. Bands were then visualized 
with 0.2% 2,3-dichlorofl uorescein, scraped off, and transmethyl-
ated in the presence of 14% boron trifl uoride in methanol. Sub-
sequently, the resulting FA methyl esters were extracted with 
hexane and subjected to GC-MS using an Agilent 7890A-5975C 
GC-MS system (Agilent Technologies, Santa Clara, CA) that was 
equipped with an Agilent 19091N-205 capillary column. Non-
adecanoic acid was used as an internal standard. Mass-to-charge 
ratios of the FA methyl esters were determined by selected ion 
monitoring. 

 Desaturation index 
 The content of palmitoleic acid (16:1n-7), palmitic acid (16:0), 

oleic acid (18:1n9), and stearic acid (18:0) in total lipid extracts 
was analyzed by GC-MS, as described above, and used to calculate 
the 16:1n7/16:0 and 18:1n9/18:0 ratios. 

150 mM NaCl] that contained protease (10  � g/ � l leupeptin, 
5  � g/ � l pepstatin A, 2  � g/ � l aprotinine, and 1 mM phenylmethyl-
sulfonyl fl uoride) and phosphatase (1 mM sodium orthovanadate 
and 10 mM sodium fl uoride) inhibitors. After centrifugation at 
12,000  g  at 4°C for 15 min, the supernatants were used as whole-
cell lysates for further analyses. The protein content was deter-
mined using the Bio-Rad protein assay (Bio-Rad, Hercules, CA) 
with BSA as the standard. An equal amount of each protein sam-
ple was resolved by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and transferred to polyvinylidene difl uoride 
membranes (Millipore, Billerica, MA). After blocking with 5% 
nonfat milk, membranes were probed with appropriate primary 
and horseradish peroxidase-conjugated secondary antibodies, re-
spectively. Bands were visualized using Chemiluminescence HR 
substrate reagent (Millipore). 

 Glucose-stimulated insulin secretion 
 INS-1E cells were preincubated for 1 h in Krebs-Ringer bicar-

bonate buffer (KRBB) that contained 2.75 mM glucose. Subse-
quently, KRBB was replaced with 500  � l of the same buffer or 
500  � l of fresh KRBB supplemented with 16.5 mM glucose. After 
incubation for an additional 1 h, the replenished buffers above 
the cells were collected to measure basal and glucose-stimulated 
insulin release. INS-1E cells from corresponding wells were lysed, 
and the protein content was measured as described above. The 
insulin concentration in the acquired buffers was determined us-
ing the Rat/Mouse Insulin ELISA kit (Millipore) according to 
the manufacturer’s instructions. 

 Cell proliferation 
 INS-1E cells were seeded in 24-well plates at 3 × 10 5  cells/well 

and subjected to the above treatments. Bromodeoxyuridine 
(BrdU) solution (10  � M) was then added, and the cells were in-
cubated for 2 h. BrdU incorporation into DNA was measured 
using the cell proliferation ELISA BrdU colorimetric kit (Roche 
Diagnostics, Penzberg, Germany) according to the manufactur-
er’s recommendations. 

 Confocal microscopy 
 INS-1E cells were grown on 0.001% poly-L-ornithine-precoated 

coverslips in 24-well plates. The cells were washed with PBS and 
then fi xed with 4% paraformaldehyde for 15 min at room tem-
perature. Fixed cells were subsequently permeabilized with 0.2% 
Tween-20 for 10 min, rinsed twice with PBS, and blocked with buf-
fer that consisted of 3% BSA in PBS for 45 min. Primary antibodies 
for LAMP1 (Alexa 488) were applied in blocking buffer overnight. 
The next day, at the end of the treatment, anti-LC3B (Alexa 561) 
antibody was coadministered for an additional 1 h to obtain dual 
immunostaining. INS-1E cells were then washed three times in 
PBS and exposed to appropriate fl uorescently labeled secondary 
antibody for 1 h. After additional rinses, the cells were costained 
with 4 ′ ,6-diamidino-2-phenylindole (DAPI) for nucleus identifi ca-
tion. Fluorescence 3D images were acquired (Nyquist sampling) 
using a Leica SP8 confocal microscope with a 63× oil objective 
(NA = 1.4), segmented, and analyzed using Matlab 2013a. At least 
three randomly selected optical fi elds with at least 15–20 cells within 
each fi eld were collected in triplicate for each experimental condi-
tion. Prior to segmentation, the stacks of optical sections (Alexa 
488 and 568) were subjected to blind deconvolution (15 itera-
tions) using Huygens v. 3.7 (SVI Imaging, Hilversum, The Nether-
lands). Processing was initiated with nominal point spread function 
of the objective and performed with the signal-to-noise ratio set to 
15  . The background was estimated as a minimum of the average 
intensity in a 25 × 25 region. Following deconvolution, the nuclei 
(DAPI) were segmented using Otsu thresholding (two classes). 
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To investigate the impact of SCD1 activity on the palmitate-
induced autophagy/apoptosis association, we treated INS-
1E cells with the pharmacological SCD1 inhibitor, A939572 
( 33 ), which decreased SCD1 activity (expressed as the de-
saturation index) by >30% (  Fig. 2A  ).  This effect was fol-
lowed by a 40% decline in LC3B II abundance when INS-1E 
cells were cotreated with palmitate, suggesting an impair-
ment of autophagy outcome ( Fig. 2B ). We found that the 
palmitate-induced cleavage of caspase 3 was elevated more 
than 2-fold when INS-1E cells were treated with the SCD1 
inhibitor ( Fig. 2B ). In order to confi rm the data obtained 
from chemical SCD1 inhibitor on palmitate-induced autoph-
agy and apoptosis, a transient silencing of SCD1 expression 
using siRNA was performed. Transfection of INS-1E cells with 
specifi c siRNA led to a reduction in SCD1 mRNA and pro-
tein levels by over 60 and 90%, respectively ( Fig. 2C, D ). 
The SCD1 desaturation ratio indicated more than 60% re-
duction of the enzyme activity   ( Fig. 2E ). Gene ablation of 
SCD1 using siRNA had similar effects on palmitate-induced 
autophagy and apoptosis as SCD1 inhibitor ( Fig. 2F ), prov-
ing that the observed effect is specifi c for SCD1 down-
regulation. These results indicate that SCD1 tempers with 
autophagy in INS-1E cells and simultaneously affects the 
outcome of palmitate-induced cell death. 

 Inhibition of SCD1 activity affects autophagic fl ux at the 
step of autophagosome-lysosome fusion 

 To further test the effect of SCD1 inhibition on the level of 
palmitate-induced autophagic fl ux and verify which step of 
autophagy is affected by SCD1, we used pharmacological in-
hibitors of different stages of autophagy. The levels of autoph-
agic (LC3B II) and apoptotic (cleaved forms of caspase 3) 
effectors were measured. The treatment of INS-1E cells with 
3-MA (an inhibitor of autophagosome formation) increased 
LC3B II levels in both BSA- and 16:0-treated INS-1E cells (  Fig. 
3A  ).  This effect was not abolished by the SCD1 inhibitor, sug-
gesting that the initiation of autophagy is unaffected by SCD1 
inhibition. Interestingly, an increase in apoptosis was ob-
served after adding the SCD1 inhibitor to INS-1E cells that 
were incubated with palmitate, but this effect was diminished 

 Statistical analysis 
 The data are expressed as mean ± SD. A two-sided  t -test was 

applied when differences between two groups were analyzed. 
Multiple comparisons were performed using one-way ANOVA 
followed by Dunnett’s or Tukey’s post hoc test, respectively, us-
ing Prism 6.04 software (GraphPad Software, La Jolla, CA). The 
level of signifi cance was  P  < 0.05. 

 RESULTS 

 Palmitate increases apoptosis and autophagy 
in INS-1E cells 

 Palmitic acid upregulates apoptosis and autophagy in 
numerous cell types, including cultured hepatocytes and 
endothelial cells ( 29, 30 ). To examine whether palmitate-
induced apoptosis and autophagy occur in pancreatic 
 � -cells, we treated INS-1E cells with 0.4 mM palmitate at 
consecutive time points. The incubation of INS-1E with 
palmitate for 8 h was suffi cient to increase the cleavage of 
caspase 3, suggesting the initiation of apoptosis (  Fig. 1A  ).  
The activation of autophagy by palmitate was analyzed by 
immunoblotting the lipidated endogenous form of LC3B 
II. LC3B II is specifi cally associated with mature autopha-
gosomes, and its levels correlate with the number of au-
tophagosomes until it is degraded by lysosomal machinery 
( 31 ). An increase in the level of LC3B II, indicating the 
induction of autophagy, was detected after 6 h exposure of 
INS-1E cells to 0.4 mM palmitate, which peaked at 16 h 
and decreased until 24 h ( Fig. 1B ), compared with the cor-
responding BSA controls. This effect was further enhanced 
upon the addition of CQ, a compound that potently im-
pairs lysosomal acidifi cation and blocks the degradation 
step of autophagy ( 32 ), suggesting that palmitate-induced 
autophagic fl ux is effective until 16 h ( Fig. 1B ). 

 Palmitate-induced autophagy and apoptosis are linked to 
SCD1 activity 

 An increase in SCD1 expression was reported to pro-
tect pancreatic  � -cells from lipid-induced apoptosis ( 4 ). 

  Fig. 1.  Palmitate induces apoptosis and autophagy in  � -cells. INS-1E cells were treated with 0.4 mM palmi-
tate. A: The level of cleaved caspase 3 was verifi ed by Western blot. B: Autophagic fl ux was determined by 
measuring changes in LC3B II levels in the presence of the lysosomal inhibitor, CQ.   
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in INS-1E cells that were incubated with palmitic acid and 
the SCD1 inhibitor revealed more severe nuclear conden-
sation and blebbing (i.e., typical characteristics of apopto-
sis) compared with cells that were treated with palmitate 
alone ( Fig. 4A ). This effect was consistent with the increase 
in caspase 3 cleavage upon SCD1 inhibition ( Fig. 3B ). 

 Ablation of SCD1 activity affects the composition and 
content of membrane PLs 

 PLs are the primary mediators of the autophagic path-
way, during which major lipid signaling molecules and cell 
membrane constituents like phosphatidylinositol, phospha-
tidylcholine (PC), phosphatidylethanolamine (PE), and 
phosphatidylserine (PS) mobilize phagophore assembly, 
conjugate with LC3B on mature autophagosomes ( 34 ), and 
facilitate the merger of autophagosomes with lysosomes 
( 35 ). To further determine the potential functional rela-
tionship between a decrease in SCD1 activity and autopha-
gosome-lysosome fusion, we examined whether changes in 
the levels of membrane PLs are linked to the aforemen-
tioned effects. Intracellular membranes were isolated and 
subjected to lipid extraction. The SCD1 inhibitor signifi -
cantly increased the content of PE, PS, and PC in the 
membranes of control and palmitate-treated INS-1E 
cells (  Fig. 5A  ).  Additionally, SCD1 inhibition in palmitate-
treated cells increased the accumulation of cardiolipin 
(CL) more than 2-fold. Next, we evaluated whether dimin-
ished SCD1 activity affects the unsaturated FA (USFA)-to-
SFA ratio in cellular membranes of INS-1E cells. The 
greatest differences were observed with CL, in which SCD1 
inhibition or palmitic acid treatment signifi cantly increased 

upon the application of 3-MA ( Fig. 3A ). To determine 
whether SCD1 might interfere with fusion between autopha-
gosomes and lysosomes, MN (an inhibitor of the aforemen-
tioned step) was used. The application of MN together with 
the SCD1 inhibitor decreased the accumulation of LC3B II, 
indicating a disturbance in autophagic fl ux ( Fig. 3B ). Con-
comitantly, an increase in the cleavage of caspase 3 was ob-
served upon SCD1 inhibition, and this effect was further 
enhanced for caspase 3 by the addition of MN ( Fig. 3B ). 
Next, we examined E/P, inhibitors of lysosomal proteases, 
which were applied to block the late stage of autophagy  . The 
treatment of INS-1E cells with E/P and the SCD1 inhibitor 
exerted a similar effect for LC3B II and apoptotic effectors, 
similar to the observations in  � -cells with inhibited autopha-
gosome-lysosome fusion, suggesting that SCD1 governs the 
step before autophagosome degradation ( Fig. 3C ). 

 Inhibition of SCD1 activity impairs the assemblage 
between autophagosomes and lysosomes 

 To further test the hypothesis that SCD1 is engaged in 
the completion of autophagic fl ux at the step of fusion, 
autophagosome and lysosome assemblage was assessed by 
confocal microscopy using fl uorescently labeled LC3B 
and LAMP1, markers of the aforementioned organelles. A 
reduction of SCD1 activity led to a signifi cant decline of 
dual LC3B- and LAMP-colabeled autophagolysosomes in 
palmitate-treated INS-1E cells (  Fig. 4A, B  ).  However, the 
addition of MN reduced this effect, as confi rmed by the 
Spearman coeffi cient of the intensity correlation between 
LC3B and LAMP1 ( Fig. 4B ), suggesting the blockade of 
autophagolysosome formation. Moreover, DAPI staining 

  Fig. 2.  SCD1 inhibition decreases palmitate-induced autophagy. The desaturation ratio was calculated 
from the concentrations of 16:1n7 and 16:0 FAs and 18:1n9 and 18:0 FAs in total lipid extracts to evaluate 
SCD1 activity after treating INS-1E cells with 2  � M of the SCD1 inhibitor (SCD1i) for 20 h (A) or 72 h after 
SCD1 silencing (E), respectively  . B:  � -Cells were preincubated in the presence of 2  � M of the SCD1 inhibitor 
for 4 h and then treated with BSA or 0.4 mM palmitate for additional 16 h. Alternatively, INS-1E cells were 
transfected with siRNA specifi c for SCD1  . The silencing effi ciency was measured by Western Blot (C) and 
real-time PCR (D) 72 h after transfection  . F: BSA or 0.4 mM palmitate was added for the fi nal 16 h prior to 
sample collection. The levels of LC3B II and cleaved caspase 3 were analyzed by Western blot. The data are 
expressed as mean ± SD (n = 3).  *P  < 0.05 versus vehicle.   
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( Fig. 5D ). In contrast, the relative levels of TGs and ChEs de-
creased by 21 and 19%, respectively, in this group ( Fig. 5D ). 

 Autophagy-associated INS-1E response to SCD1 
inhibition depends on ER stress failure and the 
activation of intrinsic apoptosis 

 Mitochondria and the ER are cell membrane-derived sys-
tems. Their proper functioning relies on their recycling via 

the USFA/SFA ratio, although cosupplementation with 
both agents markedly exacerbated this effect ( Fig. 5B ). For 
PS, we found that SCD1 inhibition signifi cantly decreased 
USFA content in both the BSA- and palmitate-treated 
groups ( Fig. 5B ). Considering that PC and PE constitute the 
most abundant PLs of biological membranes ( 36 ), we fo-
cused on determining the PC/PE ratio, the disequilibrium 
of which affects membrane integrity. A signifi cant 28% re-
duction of the PC/PE ratio was observed in INS-1E cells that 
were cosupplemented with the SCD1 inhibitor and palmitic 
acid ( Fig. 5C ). TGs and DAGs are precursors of PL synthesis 
and the major lipid classes that are stored in cells after FA 
challenge ( 37 ). Importantly, changes in PL content were 
accompanied by over 6- and 10-fold increases in DAG and 
FA content, respectively, in INS-1E cells upon cotreatment 
of the SCD1 inhibitor and palmitate compared with the 
BSA control or cells that were treated only with palmitate 

  Fig. 3.  SCD1 inhibition affects autophagic fl ux at the step of fu-
sion and lipoapoptosis outcome in palmitate-treated INS-1E cells. 
INS-1E cells with or without SCD1 inhibition were pretreated for 1 
h with autophagic inhibitors, 5 mM 3-MA (A), 80 nM MN (B), and 
10  � g/ml E/P (C), followed by incubation with BSA or 0.4 mM 
palmitate for 16 h. Cleaved caspase 3 and LC3B II levels were mea-
sured by Western blot. SCD1i, SCD1 inhibitor.   

  Fig. 4.  Lysosomal fusion is impaired in INS-1E cells with SCD1 
inhibition. The maturation of autophagosomes into autolysosomes 
was analyzed in INS-1E cells that were subjected to incubation with 
2  � M of the SCD1 inhibitor (SCDi) and subsequently cotreated 
with 80 nM MN and/or 0.4 mM palmitate for 16 h. Serum-starved 
cells were used as a positive control. A: The cells were fi xed and 
stained with DAPI (blue), anti-LC3B (red), and anti-LAMP1 (green) 
antibodies. Scale bar = 10  � m. B: Quantifi cation of the colocaliza-
tion between LC3B and LAMP1, displayed as the Spearman coeffi -
cient normalized to vehicle BSA group. * P  < 0.05.   
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the increase in autophagosome machinery in FA-induced 
pancreatic failure refl ects an impairment of autophagic 
fl ux ( 22, 23, 25 ). Consequently, a reduction of the autoph-
agic clearance of lipids results in their further accumula-
tion, with detrimental effects on cell survival ( 17 ). In the 
present study, we showed that SCD1 inhibition disturbed 
autophagic fl ux at the step of fusion with lysosomes and 
concomitantly enhanced palmitate-induced  � -cell dys-
function and apoptosis. Our study revealed that the mech-
anisms that link SCD1 inhibition and autophagy/apoptosis 
crosstalk involve changes in intracellular membrane PLs 
and the induction of ER-to-mitochondria stress signaling. 

autophagy ( 19 ). The highly abundant PLs that are found in 
mitochondria and the ER are CL, PE, and PC. Our data 
showed alterations in the PC/PE ratio and a signifi cant in-
crease in the USFA/SFA ratio in CL ( Fig. 5 ), which might 
affect cellular susceptibility to lipid-induced damage and 
apoptosis. We further investigated effectors of ER stress and 
mitochondria-associated cell death. The ER stress markers, 
CHOP, BiP, and p-eIF2 � , were elevated by 45 and 67%, 50 
and 32%, and >30%, respectively, upon independent expo-
sure to palmitate or the SCD1 inhibitor (  Fig. 6A  ).  In contrast, 
the combination of both palmitate and the SCD1 inhibitor 
decreased the levels of the aforementioned ER stress effec-
tors, suggesting diminished ER stress capacity. We then 
examined the levels of cleaved caspase 9, which was also ele-
vated to the highest extent in the group that was subjected 
to both the SCD1 inhibitor and palmitate ( Fig. 6B ), indicat-
ing the activation of mitochondria-associated cell death. 

 Reduced SCD1 activity deteriorates INS-1E function 
 Either compromised autophagy or an ineffective ER stress 

response upon SFA exposure causes the loss of  � -cell func-
tion ( 5 ). To determine how SCD1 inhibition affects  � -cell 
function, INS-1E cells that were subjected to SCD1 inhibition 
alone or both SCD1 inhibition and palmitate treatment were 
investigated for glucose-stimulated insulin secretion and pro-
liferation. SCD1 inhibition signifi cantly reduced the secre-
tory response of  � -cells to high glucose by 20% compared 
with control INS-1E cells (  Fig. 7A  ).  As expected, prolonged 
treatment with palmitic acid led to a 55% increase in basal 
insulin secretion, but decreased the response to high-glucose 
stimulation by 38% compared with BSA controls. Interest-
ingly, the coincubation of INS-1E cells with the SCD1 inhibi-
tor and palmitate further reduced insulin release at high 
glucose concentrations, suggesting that their secretory capac-
ity was markedly disrupted ( Fig. 7A ). This effect was followed 
by a 70% decline in the rate of proliferation ( Fig. 7B ). 

 DISCUSSION 

 Obesity-related T2D is associated with enhanced au-
tophagy. Recent in vitro and in vivo evidence suggests that 

  Fig. 5.  Decreased SCD1 activity changes the con-
tent and composition of membrane PLs and neutral 
lipids. INS-1E cells were treated with 2 µM of the 
SCD1 inhibitor (SCDi), 0.4 mM palmitate, or both 
and subjected to lipid extraction either from the in-
tracellular membrane fraction or directly from in-
tact cells. Neutral lipids and PLs were extracted 
from the intact cells and isolated intracellular mem-
brane fraction, respectively, and then separated us-
ing thin-layer chromatography and quantifi ed by 
GC-MS as described in the Materials and Methods. 
PI, phosphatidylinositol. The data are expressed as 
mean ± SD (n = 3). * P  < 0.05 versus BSA vehicle; 
 #  P  < 0.05 versus BSA SCD1 inhibitor; and  &  P  < 0.05 
versus 16:0 vehicle.   

  Fig. 6.  SCD1 inhibition and palmitate treatment jointly restrain 
ER stress and trigger mitochondrial injury in INS-1E cells. Whole-
cell lysates were collected from INS-1E cells after treatment with 
the SCD1 inhibitor (SCDi) and palmitic acid. Lysates were then 
subjected to immunoblotting with antibodies against CHOP, BiP, 
p-eIF2 � , and eIF2 �  for ER stress detection, and cleaved caspase 9 
for mitochondrial failure examination.   
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with degradation of the engulfed cargo ( 17, 43 ). We 
showed an increase in LC3B II level in the presence of the 
autophagosome formation inhibitor 3-MA in the presence 
or absence of BSA. This result is opposite to the one re-
ported by Choi et al. ( 44 ), who observed that 3-MA re-
duces LC3B II level in palmitate-treated INS-1E cells. 
However, in the study by Choi et al. ( 44 ), INS-1E cells were 
treated with palmitate together with high glucose, thus it 
refers to glucolipotoxicity rather than to lipotoxic effect 
on  � -cells, as it is in our study. Increased levels of LC3B II 
can result from either increased synthesis of autophago-
somes or reduced autophagosome turnover ( 31 ). In con-
trast, diminished levels of LC3B II are not only associated 
with a drop in autophagosome synthesis, but also with a 
very rapid lysosomal turnover ( 45, 46 ). Because we ob-
served a decrease in the level of LC3B II in INS-1E cells 
treated with SCD1 inhibitor alone or with addition of pal-
mitate, we anticipated the impairment of autophagic fl ux 
at later steps. We further investigated which of the autoph-
agy stages is affected by diminished SCD1 activity by using 
autophagy inhibitors: 3MA, MN, and E/P. In the presence 
of such agents, accumulation of LC3B II supports the idea 
of effi cient autophagic fl ux, whereas the opposite result 
indicates a defect or delay in the process, prior lysosomal 
degradation   ( 31 ). The induction of autophagy by pro-
longed treatment with 3-MA in nutrient-rich conditions 
was already shown in HeLa and HEK293T cells ( 47 ).   Con-
versely, an SCD1 inhibitor treatment exerts a reduction or 
no change in the levels of LC3B II in the absence or pres-
ence of MN and E/P, respectively, thus indicating on inef-
fi cient fl ux at later stages and worse apoptosis outcome. 
The impairment of fusion between autophagosomes and 
lysosomes was also confi rmed by confocal microscopy, 
where INS-1E cells subjected to SCD1 inhibition and pal-
mitate treatment showed a signifi cant reduction in dual 
LC3B- and LAMP1-colabeled autophagolysosomes. There-
fore, our study provides evidence that SCD1 tempers with 
autophagy outcome at the step of autophagolysosome for-
mation. Previous studies indicated that changes in the 
lipid composition of autophagosomal or lysosomal mem-
branes potently modify their fusogenic capacity because of 
altered cholesterol content ( 35 ). Modifi cations of SFA and 
USFA composition in intracellular PLs might affect mem-
brane properties ( 36 ) and potentially infl uence autopha-
gic fl ux. Our study supports this possibility, given that 
SCD1 inhibition resulted in signifi cant changes in mem-
brane PL composition. The greatest differences in abun-
dance and saturation status were found among PS, PC, PE, 
and CL. These fi ndings correlate well with our previous 
study, which showed that SCD1 defi ciency regulates PE 
and PC biosynthesis ( 48 ). Mice that lack SCD1 exhibit an 
increase in PUFA-rich PL content and, consequently, altera-
tions in plasma membrane fl uidity in the liver ( 48 ). There-
fore, one proposed mechanism that drives the impairment 
of autophagosome-lysosome fusion that is caused by SCD1 
inhibition in pancreatic  � -cells might be associated with 
changes in membrane PL saturation status. 

 Autophagy is widely accepted to be essential for pancre-
atic  � -cell function and survival ( 20 ), and palmitate-induced 

While SCD1 has been recently shown to be involved in the 
regulation of starvation-induced autophagy in mouse em-
bryonic fi broblasts ( 38 ), the study presented herein is the 
fi rst time, to our knowledge, that SCD1 is interconnected 
with palmitate-induced autophagy. 

 SCD1 plays an important role in  � -cell metabolism and 
survival. In the present study, an increase in palmitate-
induced apoptotic cell death was observed in INS-1E cells 
that were treated with the SCD1 inhibitor, which is consis-
tent with other studies. The genetic ablation of SCD1 in 
MIN6 and INS-1E cells potentiated palmitate-induced 
apoptosis ( 14, 15 ). A 3-fold increase in  SCD1  expression 
was detected in a subpopulation of palmitate-resistant 
MIN6 cells ( 4 ). The induced expression of  SCD1  mRNA 
has been linked to protection against lipotoxicity ( 39–41 ). 
The present study showed, in addition to the effects of pal-
mitate on apoptosis outcome, that SCD1 inhibition led 
to disrupted autophagy response, demonstrating the exis-
tence of crosstalk between the two biological fates in  � -
cells. This is supported by the recent fi nding that mouse 
embryonic fi broblasts with constitutively activated mam-
malian target of rapamycin complex 1 that were subjected 
to SCD1 defi ciency exhibited an impairment in de novo 
lipogenesis and the induction of transcription of forkhead 
box protein O1-dependent autophagy genes   ( 38 ). Fur-
thermore, oleic acid that is produced by SCD1 was shown 
to be required for starvation-induced autophagy in mouse 
embryonic fi broblasts ( 42 ). 

 For complete autophagy maturation, autophagosomes 
need to fuse with lysosomes and form autophagolysosomes, 

  Fig. 7.  SCD1 inhibition affects insulin secretion and proliferation 
rate of INS-1E cells. A: After treatment with the SCD1 inhibitor 
(SCDi) or palmitic acid, INS-1E cells were incubated in the presence 
of 2.75 mM glucose [low glucose (LG)] or 16.5 mM glucose [high 
glucose (HG)] for 1 h. The data are expressed as mean ± SD (n = 3). 
* P  < 0.05 versus LG;  #  P  < 0.05 versus BSA vehicle HG;  &  P  < 0.05 versus 
BSA SCD1i HG. B: The proliferation rate of INS-1E cells was mea-
sured by BrdU incorporation into DNA of the dividing cells. The 
data are expressed as mean ± SD (n = 3). ^ P  < 0.05 versus BSA vehi-
cle;  @  P  < 0.05 versus BSA SCD1i; ** P  < 0.05 versus 16:0 vehicle.   
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in cleaved caspase 9 levels, which was observed in our ex-
perimental model, reinforces this interaction. Mitochondria-
driven apoptosis might also be induced by the accumulation 
of CL, together with an enhancement of its unsaturation 
associated with SCD1 inhibition. CL constitutes the main 
PL class of the mitochondrial inner membrane ( 36 ) and is 
extremely sensitive to damage that is caused by oxidative 
stress ( 57 ). In fact, mRNA level of lysophosphatidylcholine 
acyltransferase 3 (LPCAT3), a key enzyme responsible for 
a delivery of mature membrane PL by the remodeling 
pathway, was upregulated in HeLa cells with SCD1 knock-
down and facilitated incorporation of PUFAs into the PL 
fraction, thus compensating for the decreased synthesis of 
MUFAs ( 52   ). Therefore, it is possible that LCLAT1, which 
is expressed in pancreas ( 58 ), increases upon SCD1 inhibi-
tion in INS-1E cells and leads to an abnormal CL remodel-
ing, responsible for mitochondrial dysfunction and higher 
susceptibility to oxidative stress. In accordance with this, 
we saw a signifi cant rise in the incorporation of linoleic 
acid, the main substrate of CL remodeling in all experi-
mental groups when compared with BSA control (data not 
shown). 

 In conclusion, the present data provide evidence of a 
novel mechanism in which SCD1 operates as a metabolic 
link in the crosstalk between lipid toxicity, apoptosis, and 
autophagy in INS-1E cells. Based on these fi ndings, we pro-
pose a model in which alterations in SCD1 activity modulate 

autophagy might protect against lipotoxicity ( 49 ). Based 
on the increase in the relative abundance of PL moieties 
associated with SCD1 inhibition and considering that TGs 
together with DAGs are both precursors of PLs and major 
lipid classes that are stored in cells after FA challenge ( 37 ), 
we postulated that the accumulation of neutral lipids 
might be affected in pancreatic  � -cells treated with an 
SCD1 inhibitor. Indeed, palmitate treatment signifi cantly 
increased ChE, TG, DAG, and FFA content in INS-1E cells, 
and SCD1 inhibition reduced ChE and TG accumulation 
and simultaneously increased DAGs and FFAs. The deposi-
tion of TGs in lipid droplets is recognized as being more 
protective than products of their lipolysis or lipid interme-
diates of TG synthesis that harm  � -cell viability ( 37, 50 ). 
Furthermore, the blockade of SCD1 activity inhibited ChE 
formation in palmitate-resistant MIN6 cells and restored 
their susceptibility to lipoapoptosis ( 4 ). In the present 
study, we observed the presence of extensive lipid droplets 
in individual palmitate-treated INS-1E cells, but the addi-
tion of the SCD1 inhibitor decreased the size and number 
of droplets per single cell (data not shown). This fi nding 
coincided with a decline in the relative amounts of TGs 
and ChEs, essential components of the lipid droplet core 
( 50 ). Similarly, the genetic inhibition of SCD1 in INS-1E 
cells decreased palmitate incorporation into TGs and ChEs, 
with the simultaneous accumulation of DAGs ( 15 ). We spec-
ulate that during prolonged palmitate treatment, when the 
lipid storage capacity is compromised, the lack of SCD1 
activity results in the channeling of TGs into more deleteri-
ous DAGs, thus exacerbating the adverse effects on apop-
tosis and autophagy. This is followed by the impairment of 
pancreatic  � -cell function, refl ected by reductions of insu-
lin secretion and proliferation rate in INS-1E cells that are 
subjected to SCD1 inhibition. 

 The ER is considered to be the main site of lipid synthe-
sis, membrane biogenesis, and calcium storage. However, 
any disturbance in ER homeostasis drives cellular stress and 
activates the unfolded protein response ( 5 ). In the present 
study, the independent treatment of INS-1E cells with ei-
ther the SCD1 inhibitor or palmitate triggered the induc-
tion of ER stress markers. The ability of palmitate to induce 
ER stress in cultured cells is intertwined with its incorpora-
tion into the ER membrane ( 51 ). A subsequent increase in 
ER PL saturation status was reported to be a potent factor 
that compromises its structure and integrity ( 52–55 ). In the 
present study, combined palmitate and SCD1 inhibitor 
treatment caused substantial alterations in the PC/PE ratio. 
Disequilibrium in the proportion of these two most abun-
dant membrane PLs was reported to negatively impact ER 
membrane integrity ( 56 ) and the response to stress stimuli 
( 55, 57 ). Eventually, this might lead to a disruption of ER 
homeostasis, impairment of the unfolded protein response, 
and a reduction of insulin release. We observed these ef-
fects in INS-1E cells following simultaneous administration 
of the SCD1 inhibitor and palmitic acid. Therefore, our 
study demonstrates at least the partial requirement of ER 
stress in palmitate-derived lipotoxicity. Crosstalk between ER 
stress and the mitochondrial pathway is a well-documented 
phenomenon ( 56 ). A tempting speculation is that an increase 

  Fig. 8.  Effect of SCD1 inhibition on palmitate-induced autoph-
agy in INS-1E cells. A decrease in the activity of SCD1 changes the 
PL composition of cellular membranes and leads to defects in au-
tophagic clearance because of impairments of autophagosome-
lysosome fusion. Such prolonged stress interferes with ER function, 
which initiates mitochondrial collapse and apoptosis. Consequently, 
pancreatic  � -cells exhibit decreases in insulin secretion and prolif-
eration and fi nally cell death.   
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autophagy through aberrant autophagosome-lysosome fu-
sion that is caused by changes in membrane PL saturation 
status, thus exacerbating the susceptibility of  � -cells to pal-
mitate-induced failure. Simultaneously, such structural al-
terations drive an ineffective ER stress response, which 
initiates mitochondrial apoptosis, a marked decrease in the 
functional capacity of  � -cells, and fi nally cell death (  Fig. 8  ).  
These responses are not mutually exclusive. Instead, they 
are intertwined in multiple ways. The activation of one re-
sponse triggers another response, culminating in a cascade 
of damage. Inhibition of SCD was pointed out as a very 
promising strategy for the treatment of insulin resistance 
and obesity-related T2D   ( 13 ). Nevertheless, the benefi cial 
effects of systemic SCD1 inhibition on adiposity may occur 
at the expense of  � -cells, possibly justifying a reconsidera-
tion of SCD inhibitors for T2D treatment and allowing the 
development of alternative therapeutic strategies.  
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