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Abstract: Insulin-producing pancreatic β cells play a crucial role in the regulation of glucose home-
ostasis, and their failure is a key event for diabetes development. Prolonged exposure to palmitate in
the presence of elevated glucose levels, termed gluco-lipotoxicity, is known to induce β cell apoptosis.
Autophagy has been proposed to be regulated by gluco-lipotoxicity in order to favor β cell survival.
However, the role of palmitate metabolism in gluco-lipotoxcity-induced autophagy is presently
unknown. We therefore treated INS-1 cells for 6 and 24 h with palmitate in the presence of low and
high glucose concentrations and then monitored autophagy. Gluco-lipotoxicity induces accumulation
of LC3-II levels in INS-1 at 6 h which returns to basal levels at 24 h. Using the RFP-GFP-LC3 probe,
gluco-lipotoxicity increased both autophagosomes and autolysosmes structures, reflecting early
stimulation of an autophagy flux. Triacsin C, a potent inhibitor of the long fatty acid acetyl-coA
synthase, completely prevents LC3-II formation and recruitment to autophagosomes, suggesting
that autophagic response requires palmitate metabolism. In contrast, etomoxir and bromo-palmitate,
inhibitors of fatty acid mitochondrial β-oxidation, are unable to prevent gluco-lipotoxicity-induced
LC3-II accumulation and recruitment to autophagosomes. Moreover, bromo-palmitate and etomoxir
potentiate palmitate autophagic response. Even if gluco-lipotoxicity raised ceramide levels in INS-1
cells, ceramide synthase 4 overexpression does not potentiate LC3-II accumulation. Gluco-lipotoxicity
also still stimulates an autophagic flux in the presence of an ER stress repressor. Finally, selective
inhibition of sphingosine kinase 1 (SphK1) activity precludes gluco-lipotoxicity to induce LC3-II accu-
mulation. Moreover, SphK1 overexpression potentiates autophagic flux induced by gluco-lipotxicity.
Altogether, our results indicate that early activation of autophagy by gluco-lipotoxicity is mediated
by SphK1, which plays a protective role in β cells.

Keywords: autophagy; sphingosine kinase 1; sphingosine-1-phosphate; ceramides; type 2 diabetes;
gluco-lipotoxicity; cell death; pancreatic β cells

1. Introduction

Type 2 Diabetes (T2D) is a chronic metabolic disease characterized by hyperglycemia
and insulin resistance [1]. Long-standing T2D eventually results in the decrease in secretion
of insulin by pancreatic β cells and the inability of peripheral tissues to store glucose in
response to insulin [2]. The presence of chronic hyperglycemia induces many deleterious
effects on the pancreas itself, with reduction in the β cell mass being chief among them.
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This phenomenon is called glucotoxicity [3]. It has been observed in many type 2 diabetic
patients that hyperglycemia is associated with high lipid concentrations in the plasma.
It is now currently understood that hyperlipidemia in combination with hyperglycemia
induces β cell dysfunction and apoptosis [4,5]. It has also been described that high glucose
and high lipid exposure inhibit insulin gene transcription in rat and human islets [6–8].
Importantly, the chronic negative effects of free fatty acids (FFAs) on β cell function and
viability are potentiated by the presence of hyperglycemia, a phenomenon that has been
termed “gluco-lipotoxicity” [9].

Macroautophagy (hereafter referred to as autophagy) has first been described in cells
as means to recycle damaged organelles in order to maintain cell homeostasis [10]. Indeed,
an important role of autophagy is to transform nutrients from endogenous sources for use
by starved cells. In mammals, autophagy is a regulated process that is activated in cell
growth, development and homeostasis [11], for which it can play a protective role against
various types of injuries and as an anti-aging mechanism [12], while also contributing to
cellular defense against pathogens [13]. Autophagy is a sequential process which starts
with the formation of a lipidic structure called phagophore close to the endoplasmic
reticulum (ER) [14]. This structure then sequesters cytoplasmic material in a selective
or nonselective manner to form autophagosomes [15]. Among the large numbers of
proteins involved in this phenomenon, LC3, a cytoplasmic protein homologue of the yeast
protein, ATG8, undergoes a processing and a covalent conjugation to the phospholipid,
phosphatidylethanolamine. This modification leads sequentially to LC3-I and LC3-II [16].
The last step of autophagy is the fusion of the autophagosome to the lysosome leading
to a structure called an autolysosome that results in the degradation of the sequestrated
cytoplasmic material by lysosomal proteases [17].

It has been recently proposed that autophagy plays a central role for normal β cell func-
tion and survival and that a dysregulation could contribute to β cell failure in T2D [18–20].
Indeed, Choi et al. showed that FFAs appear to stimulate the conversion of LC3-I to LC3-
II, as well as the set up of autophagosomes and autolysosomes in β cells [18]. In these
conditions, autophagy protects against palmitate-induced β cell death [21]. Importantly,
using a mouse model of β cell-specific loss of autophagy, Ebato et al. showed that the
induction of β cell autophagy by a high fat diet is a crucial element for protecting β cells
from lipotoxicity [19]. However, the induction of autophagy by FFAs in β cells has been
recently questioned by studies showing that FFAs induced LC3-II accumulation through a
suppression of autophagic turn-over in β cells [22,23]. It appears from these studies that,
in vitro, long-term exposure to fatty acids and glucose inhibited autophagic flux in β cells.
In contrast, short-term exposure to palmitate appeared to stimulate autophagic flux [18].
Recently, Biden and colleagues elegantly showed that an 8–10 weeks high fat diet increased
in vivo and ex vivo autophagic flux in β cells [24]. Therefore, it is conceivable that the
regulation of autophagy by FFAs is as an adaptive response of β cells for survival under
stressful conditions.

At present, few studies have explored the mechanisms involved in palmitate-stimulated
autophagy functions in β cells. A recent study showed that activation of the JNK pathway
could play a role in the stimulation of β autophagy induced by palmitate [21]. The molecu-
lar process underlying the pathogenesis of gluco-lipotoxicity in pancreatic β cells seems
to involve sphingolipid metabolism [4,25]. We and others have shown that ceramides are
crucial mediators of FFA-induced β cell dysfunction and apoptosis [4,25]. More recently,
activation of palmitate-induced sphingoid base-1-phosphate formation in β cells has been
shown to play a protective role against palmitate-induced apoptotic β cell death [5]. In-
terestingly, ceramide and sphingoid base-1-phosphates both have been shown to induce
autophagy [26,27]. Moreover, inhibition of sphingosine kinase 1 (SphK1), the enzyme
responsible for sphingoid base-1-phosphates [28] by siRNA, prevented autophagy and
promoted cell death induced by starvation. These results suggest that autophagy is a novel
mechanism of S1P’s prosurvival response [26]. The precise role of induction of autophagy
by ceramide is still unclear. For example, despite the fact that ceramide is a known pro-
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apoptotic agent, ceramide-dependent autophagy still appears to have a cytoprotective
effect against the induction of apoptosis of primary rat hepatocytes, apoptosis induced by
bile + MEK inhibitors, and cancer cells by sorafenib and vorinostat [29].

In the current study, we examine the role of palmitate metabolism in gluco-lipotoxicity-
induced β cell autophagy. Using different approaches, we found that palmitate induced
an increase in autophagic turn-over in β cells. Our data also revealed that palmitate
metabolism is required but that de novo ceramide synthesis is not involved, whereas sphin-
goid base-1-phosphate synthesis contributes to β cell autophagy induced by gluco-lipotoxicity.

2. Materials and Methods
2.1. Materials

Tissue culture medium was obtained from Lonza. Palmitate, fatty-acid-free BSA,
bafilomycin A1 and C6-ceramide were obtained from Sigma–Aldrich. FB1, sphingo-
sine kinase inhibitor (SKI), fumonisin B1 (FB1), D,L-threo-1-phenyl-2-palmitoylamino-
3-morpholinopropan-1-ol (PPMP), and sphingosine-1-phosphate were from Biomol. Apo-
ONE® Homogenous Caspase-3/7 Assay kits were from Promega. All solvents were from
Merck Eurolab or Fisher Scientific. Ceramides and C17-sphingosine were from Avanti Polar
Lipids. Anti-LC3 (Cell Signaling, clone 2775, dilution 1/1000 for Western-blot; clone D11,
dilution 1/500 for immunofluorescence), and anti-β-actin (Sigma-Aldrich, St. Louis, MO,
USA, clone 8H10D10, dilution 1/5000) antibodies were from Sigma-Aldrich. Secondary
alexa fluor antibodies and ProLong™ Gold Antifade Mountant with DAPI were from
Invitrogen™, Waltham, MA, USA.

2.2. Cell Culture Conditions

Rat insulinoma INS-1 β cells (clone 368), kindly provided by Merck–Serono, were
grown in RPMI 1640 medium buffered with 10 mM Hepes containing 10% (v/v) FBS (fetal
bovine serum), 2 mM L-glutamine, 1 mM sodium pyruvate, 50 µM 2-mercaptoethanol,
and 100 units/mL penicillin/streptomycin. FFAs were added to the cells as a conjugate
with fatty-acid-free BSA as described previously [4]. Cells were stably transfected with
a vector, V5-SphK1, or HA-CerS4 and cultured in medium containing 1 g of G418/liter
(for SphK1) or 0.1 mg/mL of hygromycin (for CerS4) as previously described [4,28]. INS-1
β cells were transiently transfected with RFP-GFP-tagged LC3 plasmid construction [30]
using Lipofectamine™ LTX (Thermo Fisher Scientific, Waltham, MA, USA). Transfection
efficiencies were between 40 and 70% for INS-1 β cells.

2.3. Electron Microscopy

Cells were fixed with 2.5% glutaraldehyde buffered in 0.1 M sodium cacodylate, pH 7.4
at room temperature for 1 h. After washing, the cells were post-fixed in 1% OsO4 solution
for 1 h at room temperature, rinsed and dehydrated in an ethanol gradient (70% to 100%,
10 min for each bath). Absolute ethanol was replaced by propylene oxide. The samples
were infiltrated by epoxy resin (R1165, Agar scientific, Stansted, UK) mixed to propylene
oxide (50–50%) overnight, which was then followed by three baths with pure epoxy resin
(during 1 day). Cells were polymerized at 60 ◦C during 18 h. Ultra-thin sections (70 nm)
cut with an ultra-microtome (Leica™ UC6, Nanterre, France) were stained with uranyl
acetate (20 min) and Reynolds lead citrate (2 min). Sections were observed at 80 kV, in a
TEM Phillips™ (Waltham, MA, USA) Tecnai 12 equipped with an Olympus™ Keenview
CCD camera.

2.4. Immunofluorescence Analysis

Cells were fixed with 4% PFA solution for 20 min and washed with PBS. After satu-
ration in PBS containing 5% goat serum and 0.01% saponin, cells were incubated with a
polyclonal anti-LC3 antibody and with a monoclonal anti-V5 antibody when relevant. Cells
were subsequently incubated with the appropriate secondary antibody. Coverslips were
mounted on glass slides using an anti-fade kit (VectaShield mounting medium with DAPI)
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and examined by confocal microscopy. For RFP-GFP-LC3 images analysis, cells were fixed
with 4% PFA and washed with PBS. Images were collected by a Ziess™ (Munich, Germany)
Axiovison laser scanning microscope and a 63× lens. Quantitative image analysis was
performed using the Zen2009 image processing software. To avoid fluorescence crossover
between the channels, Alexa Fluor488 and Texas red images were collected separately
using the appropriate laser excitation (488 nm and 568 nm, respectively) and then merged.
Dots were manually counted in a double-blind manner from a minimum of 10 fields per
condition. The number of LC3 dots, RFP-GFP-LC3 dots (yellow), and RFP-LC3-dots (red)
were determined by directly counting over 100 cells for each experimental condition.

2.5. Measurement of Caspase-3/7 Activity

Caspase-3/7 activity assays were performed as previously described using the Promega
Apo-ONE Homogeneous Caspase-3/7 Assay kit. Briefly, lysis buffer with the fluorogenic
Z-DEVD-R110 substrate was added and fluorescence was measured over a 120 min period
using a Fluostar plate reader set at 37 ◦C (with excitation at 485 nm and emission at 530 nm).
Caspase-3/7-specific activity was shown as the slope of the kinetic in arbitrary units. Each
experimental condition tested was performed in triplicate.

2.6. Western Blotting

Equal amounts of proteins were separated by SDS/PAGE (10% or 15% gels) and then
transblotted on to PVDF. Blots were probed with either a polyclonal anti-LCII antibody or
a monoclonal anti-β-actin antibody. Immunoreactive bands were visualized by enhanced
chemiluminescence with appropriate horseradish peroxidase-conjugated secondary anti-
body (Jackson ImmunoResearch Laboratories™, West Grove, PA, USA) and the ECL Plus
Western Blotting Detection System (Amersham™, Saint-Germain en Laye, France). Image
acquisition was performed with the LASS 4000 detection system (Fuji™, Chicago, IL, USA).

2.7. Analysis of Ceramides Levels

Ceramide levels in cell extracts were measured by the diacylglycerol (DAG) kinase
enzymatic method as previously described [29]. Briefly, aliquots of cellular lipid extracts
were resuspended in 7.5% (w/v) octyl-β-D-glucopyranoside/5 mM cardiolipin in 1 mM
DETPAC/10 mM imidazole (pH 6.6). The enzymatic reaction was initiated by the addition
of 20 mM DTT, 0.88 U/mL E. coli DAG kinase, 5 µCi/10 mM [γ-32P]ATP, and the reaction
buffer (100 mM imidazole (pH 6.6), 100 mM NaCl, 25 mM MgCl2, and 2 mM EGTA).
After 1 h at room temperature, lipids were extracted with chloroform/methanol/HCl
(100:100:1, v/v) and 1 M KCl. [γ-32P]-ceramide phosphate was separated by TLC with
chloroform/acetone/methanol/acetic acid/water (10:4:3:2:1, v/v) and quantified with a
phosphorimager (Amersham, Saint-Germain en Laye, France). Known amounts of bovine
ceramide standards were included in each assay. Ceramide levels are expressed as fmol by
nmol of phospholipid (PL) levels. Each measurement was conducted in duplicate.

2.8. PCR Analysis of XBP1 Splicing

Total RNA was isolated from INS-1 β cells using the RNAeasy mini kit (Qiagen,
Courtaboeuf, France). Total RNA (4 µg) from each sample was reverse transcribed with
40 U of M-MLV Reverse Transcriptase (Invitrogen, Waltham, MA, USA) using poly T
primers. To quantify relative expression levels of U-XBP1/S-XBP1s, RT-PCR analysis was
performed using PCR SuperMix (Invitrogen). Human XBP1 primer sequences were as
follows: 5′-CCTGGTTGCTGAAGAGGAGG-3′ and 5′-CCA TGGGGAGATGTTCTGGAG-
3′. The PCR conditions were as follows: 95 ◦C for 10 min, followed by 40 cycles at 95 ◦C for
10 s, 60 ◦C for 10 s, and 72 ◦C for 10 s. PCR products were analyzed on a 3.5% agarose gel.

2.9. Statistical Analysis

Data were expressed as means ± S.E.M. Significance was assessed by the Student’s
t test. p values less than 0.01 were considered as significant.
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3. Results
3.1. Palmitate with High Glucose Stimulate LC3-II Accumulation in INS-1 β Cells

We first examined the presence of autophagic structure in electron microscopy (EM)
images obtained from INS-1 β cells incubated with palmitate in the presence of various
concentrations of glucose for 12 h (Figure 1A). The ultrastructure observed by EM of INS-1 β

cells treated with 5 or 30 mM of glucose did not show the presence of vacuolated structures
representative of autophagy (Figure 1A). In contrast, the addition of 0.4 mM of palmitate in
these latter conditions induced the appearance of vacuoles engulfing cytoplasmic organelles
in INS-1 β cells, a characteristic of autophagy (Figure 1A, arrows). We observed the presence
of several characteristic findings of vacuole structures, such as vacuoles with double
membranes and dark debris, and vacuoles with organelles and multi-lamellar structures
(Figure 1A, arrows). In order to prove the activation of an autophagic process by palmitate,
we also evaluated the presence of the conversion of LC3-I to LC3-II in INS-1 β cells. As a
positive control for autophagy, we found that starvation of INS-1 β cells for 2 h resulted
in the conversion of LC3-I to LC3-II (Figure 1B, right panel; Supplementary Figure S1A).
We also found that palmitate induced conversion of LC3-I to LC3-II at concentrations of
both 5 and 30 mM of glucose after 6 h of treatment, but disappeared at 24 h (Figure 1B left
panel; Supplementary Figure S1A). Moreover, in agreement with a previous study [31],
high glucose levels started to increase the LC3-II levels at 24 h in INS-1 β cells. High
glucose levels were not able to increase the ratio of LC3-II/LC3-I induced by palmitate at
6 h (Figure 1B quantifications). However, palmitate increased the ratio of LC3-II/β-actin
at 6 h (Supplementary Figure S1A). Using confocal fluorescence microscopy, we found
that palmitate at low glucose levels induced the re-localization of cytoplasmic LC3-I into a
punctuated pattern at low glucose levels (Figure 1C), reflecting the presence of LC3-II to
the autophagosome membrane [32]. We found that 30 mM of glucose elicited a staining
of punctuated LC3-II and slightly potentiated the effect of palmitate by increasing the
amount and size of the LC3-II autophagosome membrane (Figure 1C). Palmitate with
30 mM glucose started to increase LC3-II levels at the concentration of 0.4 mM (Figure 1D
and Supplementary Figure S1B). In agreement with another previous study [18], we found
that inhibition of class III PI3K, a key enzyme involved in autophagosome formation, by
3-methyl-adenine (3-MA) completely inhibited the conversion of LC3-I to LC3-II which
was induced by palmitate (Figure 1E and Supplementary Figure S1C). Taking together,
these results support the idea that a treatment with palmitate, with high glucose levels,
stimulates LC3-II accumulation in INS-1 β cells.

3.2. Palmitate with High Glucose Levels Stimulates an Early Autophagy Flux in INS-1 β Cells

Autophagosomes are intermediate structures that fuse with lysosomes forming an au-
tolysosome which ultimately results in the elimination of the enclosed materials [32,33]. In
this context, the number of autophagosomes observed at a given time will demonstrate the
dynamic balance between the autophagosome formation, its conversion into autolysosome,
and its final degradation. Two recent studies have suggested that LC3-II accumulation
induced by long-term exposure to long-term treatment with palmitate could result from
the suppression of autophagic turn-over in β cells [22,23]. Our data showed that LC3-II
accumulation, which is induced by short-term exposure to palmitate, is transient in INS-1 β

cells (Figure 1A). This suggests, as others have previously proposed [11,18], that this treat-
ment increases the rate of autophagosome formation rather than inhibiting autophagosome
fusion. In order to better understand the effect of palmitate on autophagic flux in β cells,
we tested the effect of BafilomycinA1 (BafA1) on autophagy induced by palmitate with
various concentrations of glucose. BafA1 is a potent inhibitor of the acidification of the
lysosome which blocks the fusion between the autophagosome and the lysosome [32]. As a
result, the difference in LC3-II amount in absence and presence of BafA1 will represent the
LC3 quantity that should be delivered to lysosomes for elimination. As shown in Figure 2A,
BafA1 treatment resulted in the strong accumulation of LC3-II (line 1 and 5) at both low
and high glucose levels. However, palmitate still increased LC3-II accumulation at low
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and high glucose levels (Figure 2A and Supplementary Figure S2A). Altogether, these data
indicate that autophagic flux is increased during palmitate treatment in INS-1 β cells.
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Figure 1. Palmitate with high glucose concentrations induces autophagy in INS-1 β cells.
(A) Representative transmission electronic microscopy image analysis of INS-1 β cells exposed to
low and high concentrations of glucose (5 mM or 30 mM) with or without 0.4 mM palmitate during a
24 h period. Autophagosomes are intracellular formations characterized by a double membrane that
contains cytoplasmic organelles (arrow head). (B) Representative Western blot analysis of LC3-I and
LC3-II levels in INS-1 β cells after exposure to 0.4 mM of palmitate for 6 h and 24 h with low glucose
concentration (5 mM, upper panel) and high concentration glucose (30 mM, lower panel). Control and
starvation conditions used as negative and positive control on LC3-II levels. Scanning densitometry
was performed to quantify changes in LC3-II abundance in cell lysates normalized with LC3-I levels.
Results represented as LC3-II/LC3-I (AU) are mean +/− SEM (n = 3). * Significant change p ≤ 0.01
relative to the control; ns: non-significant. (C) Representative confocal microscopy image analysis of
INS-1 β cells exposed to 5 mM or 30 mM glucose with or without 0.4 mM palmitate for 24 h. Cells
were immune stained with anti-LC3 antibody (green), and the nucleus was counter stained with DAPI
(blue). For each condition, the total number of green dots (LC3-II) were counted per cell and reported.
The mean of the number of red dots counted per cell in each condition was calculated. Results are the
mean +/− SEM (n = 3). * Significant change p ≤ 0.01 relative to the control (glucose 5 mM glucose),
£ significant change p ≤ 0.01 relative to the glucose 30 mM. (D) Representative Western blot analysis
of LC3-I and LC3-II levels in INS-1 β cells after exposure to increased concentrations of palmitate
(0.1, 0.2, 0.4 mM) with 30 mM of glucose for 6 h. Scanning densitometry was performed to quantify
changes in LC3-II abundance in cell lysates normalized with LC3-I levels. Results represented as
LC3-II/LC3-I (AU) are mean +/− SEM (n = 3). * Significant change p ≤ 0.01 relative to the control
(absence of palmitate). (E) Representative Western blot analysis of LC3-I and LC3-II levels in INS-1 β

cells after 6 h exposure to 0.4 mM of palmitate with or without autophagic inhibitor 3-MA (10 µM).
Scanning densitometry was performed to quantify changes in LC3-II abundance in cell lysates nor-
malized with LC3-I levels. Results represented as LC3-II/LC3-I (AU) are the mean +/− SEM (n = 3).
* Significant change p ≤ 0.01 relative to the control (absence of palmitate).
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Figure 2. Palmitate with high glucose concentrations induces autophagic flux in INS-1 β cells.
(A) Representative Western blot analysis of LC3-I and LC3-II expression INS-1 β cells after 6 h expo-
sure to increase concentration of palmitate (0.1, 0.2, 0.4 mM) with or without bafilomycinA1 (200 µM)
in presence of low concentration of glucose (5 mM upper panel) or high concentration (30 mM,
lower panel). Scanning densitometry was performed to quantify changes in LC3-II abundance in
cell lysates normalized with LC3-I levels. Results represented as LC3-II/LC3-I (AU) are mean +/−
SEM (n = 3). * Significant change p ≤ 0.01 relative to the control (absence of palmitate). £ significant
change p ≤ 0.01 relative to the presence of bafilomycin alone. (B) Confocal microscopy analysis of
INS-1 β cells transfected with RFP-GFP-LC3, constructed, and then starved for 2 h. Total number of
red dots (autolysosomes were counted per cell and reported. The mean of the number of red dots
counted per cell in each condition was calculated. Results are the mean +/− SEM (n = 3). * Significant
change p ≤ 0.01 relative to the control. (C) Confocal microscopy analysis of INS-1 β cells treated with
5 mM or 30 mM concentration of glucose with or without 0.4 mM palmitate for 6 h. (D) For each
condition presented in (C), total number of dots (yellow and red) and autolysosomes (red dots) were
counted per cell and then reported (G5: 5 mM of glucose, G5P4 5 mM of glucose and 0.4 mM of
palmitate, G30: 30 mM of glucose, G30P4 30 mM of glucose, and 0.4 mM of palmitate) for 6 h. The
mean of the number of red dots counted per cell in each condition was calculated. Results are the
mean +/− SEM (n = 4). * Significant change p ≤ 0.01 relative to the control (G5 or G30).
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To confirm this result, we visualized autophagic flux with a mRFP-GFP-LC3 tandem
construct, for which autophagosomes and autolysosomes will be labeled with yellow
(i.e., mRFP and GFP) and red (i.e., mRFP only) signals, respectively, due to the quenching
of GFP fluorescence at low pH found in lysosomes [30,34]. We first tested the effect of
starvation on mRFP-GFP-LC3 localization in INS-1 β cells (Figure 2B). In agreement, we
found that starvation of INS-1 β cells overexpressing mRFP-GFP-LC3 protein for 2 h
drastically increased both yellow-labeled autophagosomes and red-labeled autolysosomes
(Figure 2B and Supplementary Figure S2B). The addition of BafA1 during the starvation
increased the total number fluorescent-labeled vacuoles, but this significantly blunted the
accumulation of red-labeled autolysosomes (Figure 2B and supplemental Supplementary
Figure S2B), reflecting an inhibition of autolysosome formation. Treatment with 5 mM
glucose alone induces few yellow and red dots (Figure 2C), whereas the addition of
palmitate for 6 h elicited a large increase in the total number of red and yellow dots
(3-fold increase, Figure 2D). This increase was due to an almost 50% increase in red dots
(Figure 2D), which supports an increase in the autophagic flux during palmitate treatment.
We performed the same experiment with 30 mM of glucose (Figure 2C), which led to
(i) an increase in the total number of red and yellow dots (2-fold increase, Figure 2D)
and (ii) potentiated accumulation of red dots induced by palmitate (Figure 2C,D). Taken
together, these results indicate that 6 h treatment with palmitate and high glucose stimulates
autophagic flux in β cells.

3.3. Palmitate Induces Autophagy through Its Metabolism but Independently of Its Mitochondrial
β-Oxidation in INS-1 β Cells

Saturation of fatty acids has been shown to be crucial in the induction of β cell
apoptosis [25]. In contrast, unsaturated fatty acids such as oleate have almost no effect on
β cell apoptosis [35]. We confirmed that oleate-like palmitate stimulated the conversion
of LC3-I to LC3-II (Figure 3A and Supplementary Figure S3A) [22]. Stearate also induced
the accumulation of LC3-II (Figure 3A and Supplementary Figure S3A) and induced the
re-localization of cytoplasmic LC3-I into a punctuated pattern in INS-1 cells (Figure 3B).
Following its entry into cells, palmitate is activated by an acyl-CoA synthase which is
either used by mitochondrial β-oxidation to produce energy or transformed into complex
lipids such as diacylglycerol or ceramides. Palmitate could also act as a potent agonist
of the G protein coupled receptor GPR40/FFAR1 which has a controversial role in β cell
lipotoxicity [36,37]. In order to determine the role of palmitate metabolism in induction of
autophagy in β cells, we first treated cells with triascin C, an inhibitor of acyl-coA synthase
or etomoxir, an inhibitor of mitochondrial β-oxidation. We show that triascin C completely
blunted the conversion of LC3-I to LC3-II (Figure 3C and Supplementary Figure S3B)
or the formation of autophagosome (Figure 3D) induced by palmitate supporting the
idea that fatty acids should be transported into INS-1 cells and be activated in order
to stimulate autophagy. In contrast, treatment with etomoxir potentiated the activation
of autophagy by palmitate, visualized either with LC3-II accumulation and LC3 puncta
(Figure 3C,D, Supplementary Figure S3B). We also found that neither octanoate, which
is readily oxidized, nor methyl-palmitate, which enters in the cell but is not metabolized,
induces the conversion of LC3-I to LC3-II (Figure 3E and Supplementary Figure S3C).
Bromo-palmitate, which enters in the cell and blocks mitochondrial β-oxidation, was also
without any effect on autophagy by itself (Figure 3E and Supplementary Figure S3C). To
definitively eliminate the role of β-oxidation in palmitate-induced autophagy, we incubated
INS-1 β cells with a low concentration of palmitate (0.1 mM) in the absence or in the
presence of bromo-palmitate. We show that while 0.1 mM palmitate alone induced low
conversion of LC3-I to LC3-II (Figure 3F,G; Supplementary Figure S3D), the addition
of bromo-palmitate potentiated autophagy induced by low concentrations of palmitate
(Figure 3F,G; Supplementary Figure S3D), leading us to conclude that palmitate induces
autophagy independently from mitochondrial β-oxidation.
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Figure 3. Autophagy induced by palmitate requires its metabolism but is independent of its entry
into the β-oxidation pathway in INS-1 β cells. (A) Representative Western blot analysis of LC3-I and
LC3-II levels in INS-1 β cells treated with 0.4 mM of palmitate, oleate, or stearate for 6 h. Scanning
densitometry was performed to quantify changes in LC3-II abundance in cell lysates normalized with
LC3-I levels. Results represented as LC3-II/LC3-I (AU) are the mean +/− SEM (n = 3). * Significant
change p ≤ 0.01 relative to the control (absence of fatty acid). (B) Confocal microscopy images
of INS-1 β cells exposed to 5 mM glucose with or without 0.4 mM palmitate or stearate for 6 h.
Cells were immune stained with anti-LC3 antibody (green) and the nucleus was counter stained
with DAPI (blue). The mean of the number of green dots counted per cell in each condition was
calculated. Results are the mean +/− SEM (n = 3). * Significant change p ≤ 0.01 relative to the control.
(C) Representative Western blot analysis of LC3I and LC3II expression INS-1 β cells after exposure to
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etomoxir or triacsin C at 10 µM in presence or absence of 0.4 mM palmitate with 5 mM glucose for
6 h. Scanning densitometry was performed to quantify changes in LC3-II abundance in cell lysates
normalized with LC3-I levels. Results represented as LC3-II/LC3-I (AU) are the mean +/− SEM
(n = 3). * Significant change p ≤ 0.01 relative to the control (absence of palmitate). £ significant
change p ≤ 0.01 relative to the absence of etomoxir. (D) Confocal microscopy images of INS-1 β

cells exposed to 5 mM glucose with or without 0.4 mM palmitate for 6 h after exposure to etomoxir
(10 µM) or triacsin C (10 µM). Cells were immune stained with anti-LC3 antibody (green) and the
nucleus was counter stained with DAPI (blue). The mean of the number of green dots counted per
cell in each condition was calculated. Results are the mean +/− SEM (n = 3). * Significant change
p ≤ 0.01 relative to the control. £ significant change p ≤ 0.01 relative to the absence of etomoxir.
(E) Representative Western blot analysis of LC-3I and LC3-II levels in INS-1 β cells treated with
palmitate, octanoate, bromopalmitate, or methylpalmitate at 0.4 mM, under condition of 5 mM of
glucose for 6 h. Scanning densitometry was performed to quantify changes in LC3-II abundance
in cell lysates normalized with LC3-I levels. Results represented as LC3-II/LC3-I (AU) are the
mean +/− SEM (n = 3). * Significant change p ≤ 0.01 relative to the control (absence of palmitate).
(F) Representative Western blot analysis of LC3-I and LC3-II expression in INS-1 β cells treated with
0.1 mM of palmitate with or without treatment by bromopalmitate (Br-palmitate) at 0.4 mM for
6 h. Scanning densitometry was performed to quantify changes in LC3-II abundance in cell lysates
normalized with LC3-I levels. Results represented as LC3-II/LC3-I (AU) are the mean +/− SEM
(n = 3). * Significant change p ≤ 0.01 relative to the control (absence of palmitate). £ significant change
p ≤ 0.01 relative to the absence of bromopalmitate. (G) Confocal microscopy image of INS-1 β cells
exposed to palmitate and bromo-palmitate similarly to (F). Cells were immune stained with anti-LC3
antibody (green) and nucleus were counter stained with DAPI (blue). The mean of the number
of green dots counted per cell in each condition was calculated. Results are the mean +/− SEM
(n = 3). * Significant change p ≤ 0.01 relative to the control. £ significant change p ≤ 0.01 relative to
the absence of bromopalmitate.

3.4. ER Stress Is Not Involved in Palmitate-Induced Autophagy in INS-1 β Cells

Pancreatic β cell lipotoxicity has been shown to stimulate ER stress in β cells [25,28].
Nevertheless, the role of ER stress in palmitate-induced β cell autophagy is still contro-
versial [18,21]. Palmitate induced ER stress in INS-1 β cells, reflected by XBP-1 splicing
(Figure 4A). TMAO, a chemical chaperone, blocked XBP-1 splicing (Figure 4A) but also
blocked luminal swelling associated with ER stress induced by palmitate. (Figure 4C).
Moreover, TMAO totally blunted caspase-3/7 activation induced by gluco-lipotoxicity
(Figure 4B). Altogether, these data support the primordial role of ER stress in β cell gluco-
lipoxicity. Then, we explored the effect of TMAO on autophagic flux induced by palmitate
using the mRFP-GFP-LC3 localization in INS-1 β cells (Figure 4D,E). The addition of
TMAO with 5 mM glucose increased the total number of yellow and red dots by 2.5-fold
(Figure 4D), suggesting that ER stress is a brake to autophagic flux in β cells. In these con-
ditions, palmitate was still able to increase the number of dots in INS-1 β cells (Figure 4D).
This rise was due to an increase in red dots (Figure 4D). We performed the same experiment
with 30 mM of glucose (Figure 4E), which also led to an increase in the total number of
dots (4-fold increase) in the presence of TMAO (Figure 4E). Palmitate with 30 mM glucose
still induced an accumulation of red dots in INS-1 β cells (Figure 4E). Therefore, ER stress
appears to limit autophagic flux in β cells in basal and gluco-lipotoxic conditions.
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Figure 4. ER stress is not involved in palmitate-induced autophagy in INS-1 β cells. (A) Representative
image of agarose gel migration of PCR product showing spliced and unspliced XBP-1 (S-XBP1 and
U-XBP1, respectively) from INS-1 β cell treated with or without palmitate at 0.4 mM in the presence
of glucose at 5 or 30 mM for 6 h. In some conditions, INS-1 cells were treated with 100 mM TMAO.
(B) Caspase activity expressed as arbitrary units in the same conditions as (A) G5: glucose 5 mM and
G30: glucose at 30 mM. Results are mean +/− SEM (n = 4). * Significant change p ≤ 0.01 relative to
the control (G5 or G30). (C) Electron microscopy photography of INS-1 cells submitted to the different
treatments in (A). (D,E) Confocal microscopy analysis of INS-1 β cells transfected with RFP-GFP-LC3
constructed and subsequently treated with the same conditions as (A). For each condition, total
number of dots (yellow and red) were counted per cell and reported (G5: 5 mM of glucose, G5
TMAO: 5 mM of glucose + TMAO, G5P4 5 mM of glucose, and 0.4 mM of palmitate, G5P4 TMAO:
5 mM of glucose and 0.4 mM of palmitate + TMAO, G30: 30 mM of glucose, G30 TMAO: 30 mM of
glucose + TMAO, G30P4: 30 mM of glucose and 0.4 mM of palmitate, G30P4: 30 mM of glucose and
0.4 mM of palmitate + TMAO) for 6 h. Results are the mean +/− SEM (n = 4). * Significant change
p ≤ 0.01 relative to the control (G5 or G30 with or without TMAO).

3.5. Sphingosine Kinase 1 Is Involved in Palmitate-Induced Autophagy in INS-1 β Cells

Following its entry into cells, palmitate is activated by an acyl-CoA synthase which is
used to produce energy or is transformed into complex lipids such as ceramides. Previous
studies have involved the role of sphingolipids in autophagy [26,27]. As previously shown,
palmitate induces ceramide accumulation in INS-1 β cells (Figure 5A). In order to determine
the role of ceramide in autophagy in β cells, we determined the role of exogenous C6-
ceramide on the conversion of LC3-I to LC3-II. Similarly to the MCF-7 breast cancer
cells [38], C6-ceramide at a high concentration was able to stimulate autophagy in INS-1 β

cells (Figure 5B and Supplementary Figure S4A). We have previously shown that palmitate
induces ceramide accumulation through the regulation of ceramide synthase 4 (CerS4)
in INS-1 β cells [4]. However, palmitate-induced conversion of LC3-I to LC3-II was not
potentiated in INS-1 β cells transiently overexpressing CerS4 (Figure 5C and Supplementary
Figure S4B). Altogether, these results suggest that ceramide accumulation is not implied in
palmitate-induced autophagic flux in INS-1 β cells.
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Figure 5. De novo ceramide synthesis is not involved in palmitate-induced autophagy in INS-1 β cells.
(A) Total ceramide level in the percentage of controls in INS-1 β cells treated with 5 mM of glucose
(G5) or 30 mM of glucose (G30) in the presence or absence of palmitate (0.4 mM). Results are the
mean +/− SEM (n = 3). * Significant change p ≤ 0.01 relative to the control (G5 or G30). (B) Western
blot showing the conversion of LC3-I to LC3-II following treatment of INS-1 β cells by various
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Gluco-lipotoxicity also stimulated the production of sphingoid base phosphate in
INS-1 β cells through the activation of sphingosine kinase 1 activity (SphK1) [28]. In
order to elucidate the role of SphK1/S1P in palmitate-induced autophagy in β cells, we
first tested an inhibitor of SphK1, SKI [39]. This inhibitor drastically reduced the conver-
sion of LC3I to LC3II in response to palmitate at both 5 and 30 mM glucose in INS-1 β

cells (Figure 6A,B; Supplementary Figure S5A,B). Then, we explored LC3-II accumulation
in INS-1 β cells stably overexpressing SphK1. We have previously shown that overex-
pressed SphK1 potentiated the accumulation of sphingoid base phosphate in response to
gluco-lipotoxicity [28]. Interestingly, we found that overexpression of SphK1 potentiates
conversion of LC3-I to LC3-II in INS-1 β cells treated with palmitate at both 5 and 30 mM
glucose (Figure 6C,D; Supplementary Figure S5C,D). To confirm this result, we perform
an immunofluorescence detection of LC3-II puncta in INS-1 β cells overexpressing SphK1
submitted to gluco-lipotoxicity. Immunofluorescence with a V5 antibody recognizing
SphK1 overexpression showed that INS1 cells taken independently expressed various
levels of V5-SphK1 (Figure 6E). We used this diversity in the levels of V5-SphK1 expres-
sion in INS-1 cells to explore the role of SphK1 in autophagy induced by palmitate. At
low glucose concentrations (5 mM), there was no difference on LC3 dots between low
and high SphK1-overexpressing INS-1 cells. Palmitate with 5 mM glucose increased LC3
dots in both low and high SphK1-overexpressing INS-1 cells (Figure 6E). Interestingly, the
number of LC3 dots induced by palmitate + 5 mM glucose were increased by two-fold in
high SphK1-overexpressing INS-1 cells (Figure 6F). High glucose (30 mM) alone increased
LC3 dots in both low and high SphK1-overexpressing INS-1 cells (Figure 6E,F). Again,
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palmitate + 30 mM glucose increased LC3 dots more efficiently in higher rather than lower
SphK1-overexpressing INS-1 cells (Figure 6E,F) without reaching statistical significance.

Cells 2024, 13, x FOR PEER REVIEW  16  of  23 
 

 

mM glucose increased LC3 dots more efficiently in higher rather than lower SphK1-over-

expressing INS-1 cells (Figure 6E,F) without reaching statistical significance. 

 

Figure 6. Cont.



Cells 2024, 13, 636 17 of 23
Cells 2024, 13, x FOR PEER REVIEW  17  of  23 
 

 

 

Figure 6. Sphingosine kinase 1 is involved in palmitate-induced autophagy in INS-1 β cells. (A,B) 

Representative Western blots showing the conversion of LC3 I to LC3II following treatment by 0.4 

mM palmitate in the presence of 5 or 30 mM glucose for 6 h in INS-1 β cells and cells pretreated with 

10 µM of SphK1 inhibitor (SKI). Scanning densitometry was performed to quantify changes in LC3-

II abundance in cell lysates normalized with LC3-I levels. Results represented as LC3-II/LC3-I (AU) 

are the mean +/− SEM (n = 3). * Significant change p ≤ 0.01 relative to the control (absence of palmi-

tate). £ significant change p ≤ 0.01 relative to the absence of SKI. (C,D) Representative Western blots 

showing the conversion of LC3 I to LC3II following treatment by 0.4 mM palmitate in the presence 

of 5 or 30 mM glucose for 6 h in vector and V5-SphK1-overexpressing INS-1 cells. Scanning densi-

tometry was performed to quantify changes in LC3-II abundance in cell lysates normalized with β-

actin levels. Results represented as LC3-II/LC3-I (AU) are the mean +/− SEM (n = 3). * Significant 

change p ≤ 0.01 relative to the control (absence of palmitate). £ significant change p ≤ 0.01 relative to 

the vector-transfected INS-1 cells. (E) Confocal microscopy image of INS-1 β cells expressing a V5-

tagged SphK1 exposed to 0.4 mM palmitate during 6 h in presence of 5 mM glucose (G5) or 30 mM 

glucose  (G30). Cells were  immune  stained with anti-LC3 antibody  (green) and  the nucleus was 

counter stained with DAPI (blue). (F) The number of LC3 dots are recorded in V5-SphK1 negative 

and positive cells  (SK1− and SK1+, respectively). Results are mean +/− SEM  (n = 4). * Significant 

change p ≤ 0.01 relative for SK1− vs. SK1+. 

4. Discussion 

The globalization of the Westernized diet is suspected to be linked to the increase in 

T2D [40]. Understanding the role of a high-glucose and high-fat diet in physiology is cru-

cial for our quality of life as well as human health. Our results demonstrate that palmitate 

with high glucose (gluco-lipotoxic treatment) stimulates autophagy flux in INS-1 pancre-

atic β cells. The molecular mechanisms involved in the activation of autophagy by excess 

of palmitate in β cells are still unclear [18,21,41]. Even if palmitate metabolism is crucial 

Figure 6. Sphingosine kinase 1 is involved in palmitate-induced autophagy in INS-1 β cells.
(A,B) Representative Western blots showing the conversion of LC3 I to LC3II following treatment by
0.4 mM palmitate in the presence of 5 or 30 mM glucose for 6 h in INS-1 β cells and cells pretreated
with 10 µM of SphK1 inhibitor (SKI). Scanning densitometry was performed to quantify changes in
LC3-II abundance in cell lysates normalized with LC3-I levels. Results represented as LC3-II/LC3-I
(AU) are the mean +/− SEM (n = 3). * Significant change p ≤ 0.01 relative to the control (absence of
palmitate). £ significant change p ≤ 0.01 relative to the absence of SKI. (C,D) Representative Western
blots showing the conversion of LC3 I to LC3II following treatment by 0.4 mM palmitate in the
presence of 5 or 30 mM glucose for 6 h in vector and V5-SphK1-overexpressing INS-1 cells. Scanning
densitometry was performed to quantify changes in LC3-II abundance in cell lysates normalized with
β-actin levels. Results represented as LC3-II/LC3-I (AU) are the mean +/− SEM (n = 3). * Significant
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4. Discussion

The globalization of the Westernized diet is suspected to be linked to the increase in
T2D [40]. Understanding the role of a high-glucose and high-fat diet in physiology is crucial
for our quality of life as well as human health. Our results demonstrate that palmitate with
high glucose (gluco-lipotoxic treatment) stimulates autophagy flux in INS-1 pancreatic
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β cells. The molecular mechanisms involved in the activation of autophagy by excess of
palmitate in β cells are still unclear [18,21,41]. Even if palmitate metabolism is crucial to
induce autophagy in β cells, here, we provided evidence that de novo ceramide synthesis
up-regulated by palmitate [4] is not involved. In contrast, the synthesis of sphingoid
base phosphate by SphK1 appears to be a key mediator of β cell autophagy induced by
gluco-lipotoxicity.

Gluco-lipotoxicity increases LC3-II levels in INS-1 β cells. This rise, specific to the
combined treatment, is also correlated by the increase in autophagosomes observed by
electron microscopy. This technique by itself, the gold standard in autophagy research,
does not prove the increase in autophagic flux. Treatment with bafilomycin A, a highly
potent and specific inhibitor of vacuolar-type H+-ATPase, which blocks the fusion of
autophagosomes with lysosomes [42], was unable to prevent accumulation of LC3-II in
response to gluco-lipotoxicity. The use of the tandem fluorescent protein-tagged LC3
which has both RFP and GFP at the N terminus of LC3 (RFP-GFP-LC3) has also been used
to evaluate autophagic flux [21,22,43]. Indeed, RFP-GPF-LC3 protein will emit both red
and green fluorescence allowing the visualization of autophagosomes in yellow when
images are merged. However, due to the acidic environment of the autolysosome, the
GFP fluorescence will be immediately quenched, leaving only the red fluorescent signal
unaffected by the low pH [43]. Gluco-lipotoxic treatment demonstrated an increase in both
yellow and red dots, proving an increase in autophagic flux in β cells. There is still some
discrepancy in the regulation of autophagic flux by gluco-lipotoxicity since both stimulatory
and inhibitory effects have been described [18]. This could be related to the time-course
of palmitate treatment. We found that palmitate induced accumulation of LC3-II at 6 h
but not at 24 h. In agreement with this, previous studies showed that 4–6 h of treatment
with palmitate increased autophagic flux, which is decreased over time [18,22]. These
results also corroborate the study from Chu et al. (2015), which showed that a high-fat diet
increased autophagic flux in pancreatic β cells in vitro and in vivo [24]. Moreover, Bugliani
et al. also found an increase in autophagic vesicles in islets from diabetic patients [44].
Taken together, our results suggest that kinetic autophagy plays a pivotal role in response
to gluco-lipotoxicity in β cells.

At present, the mechanisms of activation of this early autophagic flux by gluco-
lipotoxicity are not known. A review by Lytrivi et al. [8] points out the link between the
mitochondrial β oxidation and pancreatic β cell gluco-lipotoxicity. We therefore tested,
in our model, if palmitate induces autophagy through the mitochondrial β-oxidation
pathway. First, we found that cellular activation of palmitate into palmitoyl-coA by the
acetyl-coA synthase is required for inducing autophagy. In agreement with this, methyl-
palmitate, which enters in the cell but is not metabolized [45], was unable to induce
LC3-II accumulation, supporting the idea that palmitate metabolism is crucial to mediate
its autophagic effect. However, inhibition of mitochondrial β oxidation of lipids with
etomoxir did not repress the activation of autophagy by gluco-lipotoxicity but rather slightly
potentiated it. Similarly, treating β cells with a readily oxidized medium chain fatty acid
was unable to increase LC3-II accumulation. These results suggest that gluco-lipotoxicity-
induced autophagy requiring palmitate metabolism does not depend on mitochondrial
β-oxidation. The slight increasing effect of etomoxir could be due to palmitate metabolism
moving toward lipid metabolism.

Previous studies have shown that pancreatic β gluco-lipotoxicity relies on the metabolism
of palmitate into lipids such as ceramide [4,9]. Indeed, the de novo synthesis of ceramide
promotes the condensation of palmitate with serine in the ER which plays a central role
in β cell apoptosis [4]. Moreover, ceramide has been involved in the induction of au-
tophagy in different cell types [46]. Therefore, we hypothesized that the palmitate induced
accumulation of ceramide in the ER could be the trigger for the activation of the au-
tophagic flux. In INS-1 β cells, we previously found that CerS4 plays a central role in
gluco-lipotoxicity-induced apoptosis [4]. However, overexpression of CerS4 was unable
to modulate autophagic flux in β cells. This result contrasted with the study from Gao
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et al. [47] showing that PEG-ceramide nanomicelles induce an increase in the LC3-II/LC3-I
ratio in the murine neuroblastoma metrocyte cell line. This discrepancy seems related to the
compartmentalization of ceramide accumulation as multiple studies, including Sakamoto
et al., showed the role of ceramide accumulation in the Golgi on its fragmentation indepen-
dent of other organelles [48]. Similarly, Hou et al. showed that ceramides produced in the
mitochondria promote autophagy, and apoptosis in the MFC7 cell line [49].

Pancreatic β cell lipotoxicity has been shown to stimulate ER stress in β cells [25,28].
However, the role of ER stress in palmitate-induced β cell autophagy is still controver-
sial [18,21]. In this study, we found that gluco-lipotoxicity-induced ER stress was evidenced
by ER swelling and XBP1 mRNA splicing. Inhibition of ER stress with the chemical chaper-
one TMAO prevents caspase activation by gluco-lipotoxicty, which strengthens the role of
ER stress in β cell death induced by gluco-lipotoxicity [50]. Instead of looking at the effect
of ER stress on autophagy initiation (LC3-II accumulation), we looked at its impact on
autophagic flux. Surprisingly, inhibition of ER stress by TMAO increased basal autophagic
flux in β cells. This effect suggested that ER stress activation by the cell would be a negative
control on autophagy. Further experiments will be required to understand the role of the
braking effect of ER stress on autophagic flux. We found that inhibition of ER stress is un-
able to prevent increased autophagic flux induced by gluco-lipotoxicity. Altogether, these
results suggest that ER stress could prevent initiation of autophagy but did not regulate the
fusion between autophagosomes and lysosomes in response to gluco-lipotoxicity.

Gluco-lipotoxic treatment of INS-1 β cells is associated with de novo ceramide syn-
thesis but also with the production of another sphingolipid, namely the sphingoid base
phosphate, which prevents β cell death [28]. Our previous findings showed a predominant
role for SphK1 on the onset of apoptosis in INS-1 β cells [28]. In this study, pharmacological
inhibition of SphK1 prevents stimulation of autophagy under palmitate treatment. We also
found that overexpression of SphK1, which increased sphingoid base phosphate levels in
response to the gluco-lipotoxic treatment [28], potentiates the activation of autophagy by
palmitate. These results complete the body of literature suggesting the role of S1P and its
synthetizing enzyme, SphK1, in autophagy [51–53]. The first study showed that SphK1
overexpression increased autophagy in MCF-7 cell lines and was insensitive to FB1 [51].
Interestingly, increased sphingoid base phosphate levels induced by gluco-lipotoxicity are
transient in β cells [28] which could also explain the increase in autophagic flux at an early
time. It also appeared that palmitate-induced autophagy in the presence of high glucose is
less sensitive to the regulation of the SphK1 enzyme. These results suggest that the effect
of SphK1 and high glucose on palmitate-mediated autophagic flux could use different
pathways. A large body of literature suggests the involvement of autophagy in β cell
survival [54]. In these studies, autophagy seems to play a critical role in the regulation of
glucose homeostasis controlled by insulin. Likewise, activation of autophagy by inhibition
of mTORC1 also increased insulin processing in mouse and human islets [55]. These studies
underline the importance of fine regulation of autophagy to promote β cell survival as
the deregulation led to increased β cell apoptosis and a reduction in β cell mass [55,56].
The first study linking SphK1 to autophagy showed that overexpression of this enzyme
protected cells from cell death [51]. SphK1 and its products are protective against β cell
death induced by gluco-lipotoxicity in vitro and in vivo [5]. Our study therefore proposes
that SphK1-mediated autophagy is a key mechanism in β cell survival in response to gluco-
lipotoxicity. It remains to be determined the signaling pathways involved in the regulation
of autophagy by SphK1 in the context of gluco-lipotoxicity. We previously showed that
S1P receptors are not involved in the anti-apoptotic effect of SphK1 in INS1 treated by
palmitate [28]. Moreover, the selective expression of SphK1 in endoplasmic reticulum had a
protective effect against lipotoxicity [28]. Altogether, these data suggest that S1P produced
by SphK1 has an intracellular role on the regulation of autophagy induced by palmitate.
Recent studies suggested a role of sphingosine in the inhibition of endocytic membrane
trafficking and therefore in autophagy. It has also been shown that the recruitment of
SphK1 to vesicles reduced sphingosine levels by converting it to S1P which resulted in
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the stimulation of autophagy [52,57]. Therefore, the rise of SphK1 activity in INS-1 cells
induced by palmitate could support a mechanism to favor fusion between autophagosome
and lysososme.

Previous studies have connected sphingosine kinase activity to the ability of pancreatic
β cells to secrete insulin [58,59]. Moreover, activation or inhibition of autophagy has been
shown to regulate insulin homeostasis and secretion [55,60]. Therefore, in the future, it
will be interesting to determine the role of the axis SphK1/autophagy on insulin secretion
under gluco-lipotoxic conditions.

From a therapeutic standpoint, actual treatment for T2D, excluding diet and exercise,
mainly consists of the use of diabetic medications like metformin, a drug discovered nearly
100 years ago and used for T2D treatment since the 1970s. Demonstrating the causality
between autophagy, the S1P-SphK1 axis, and β cell gluco-lipotoxicity could open a large
avenue of investigation for new drug development that could counteract β cell death.
Interestingly, Newton et al. recently described a new SphK1 activator that improved
autophagic defects in Niemann–Pick type C1 mutant cells [53].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells13070636/s1, Figure S1: Palmitate with high concentration
glucose induced autophagy in INS-1β cells; Figure S2: Palmitate with high glucose concentra-
tion induced autophagic flux in INS-1β cells; Figure S3: Palmitate induced autophagy requires its
metabolism but is independent of its entry in the β-oxidation pathway in INS-1β cells; Figure S4: de
novo ceramide synthesis is not involved in palmitate induces autophagy in INS-1β cells; Figure S5:
Sphingosine kinase 1 is involved in palmitate induced-autophagy in INS-1β cells.

Author Contributions: Conceptualization, H.L.S. and N.C.; methodology, N.C., K.R., L.B., J.L. and
M.F.; formal analysis, H.L.S., N.C. and P.C.; data curation, H.L.S. and N.C.; writing—original draft
preparation, H.L.S., N.C. and P.C.; writing—review and editing, H.L.S. and N.C.; funding acquisition,
H.L.S. and B.P. All authors have read and agreed to the published version of the manuscript.

Funding: This project was supported by grants from Centre National de la Recherche Scientifique
(CNRS) and Agence Nationale de la Recherche (ANR-06-JCJC-0040) to H. Le Stunff. N. Coant received
a postdoctoral fellowship from the Université Paris Diderot and the French Society of Nutrition (SFN).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available on request to the corresponding author.

Acknowledgments: We thank Sarah Spiegel for her generous provision of mammalian V5-SphK1
plasmid. We thank Tamotsu Yoshimori, Osaka University Japan, for his generous provision of
RFP-GFP-LC3 plasmid. We thank Ayanna Lewis for proof-reading the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

T2D: Type 2 Diabetes, FFA: free fatty acids, ER: endoplasmic reticulum, JNK: c-Jun N-terminal
kinases, SphK1: sphingosine kinase 1, si-RNA: small interference RNA, DHS1P: dihydrosphingosine-
1-phosphate, S1P: sphingosine-1-phosphate, MEK: Mitogen-activated protein kinase/ERK kinase,
EM: electron microscopy, PI3K: Phosphatidylinositol-3-kinase, 3-MA: 3 methyl adenine, BafA1:
Bafilomycin A1, LC-CoA: long chain acyl-CoA, DAG: diacylglycerol, TMAO: trimethylamine N-oxide.

References
1. Kahn, C.R. Banting Lecture. Insulin action, diabetogenes, and the cause of type II diabetes. Diabetes 1994, 43, 1066–1084. [CrossRef]

[PubMed]
2. Kahn, S.E. The relative contributions of insulin resistance and beta-cell dysfunction to the pathophysiology of Type 2 diabetes.

Diabetologia 2003, 46, 3–19. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cells13070636/s1
https://www.mdpi.com/article/10.3390/cells13070636/s1
https://doi.org/10.2337/diab.43.8.1066
https://www.ncbi.nlm.nih.gov/pubmed/8039601
https://doi.org/10.1007/s00125-002-1009-0
https://www.ncbi.nlm.nih.gov/pubmed/12637977


Cells 2024, 13, 636 21 of 23

3. Butler, A.E.; Janson, J.; Bonner-Weir, S.; Ritzel, R.; Rizza, R.A.; Butler, P.C. Beta-cell deficit and increased beta-cell apoptosis in
humans with type 2 diabetes. Diabetes 2003, 52, 102–110. [CrossRef] [PubMed]

4. Véret, J.; Coant, N.; Berdyshev, E.; Skobeleva, A.; Therville, N.; Bailbe, D.; Gorshkova, I.; Natarajan, V.; Portha, B.; Le Stunff, H.
Ceramide synthase 4 and de novo production of ceramides with specific N-acyl chain lengths are involved in gluco-lipotoxicity-
induced apoptosis of INS-1 beta-cells. Biochem. J. 2011, 438, 177–189. [CrossRef] [PubMed]

5. Guitton, J.; Bandet, C.L.; Mariko, M.L.; Tan-Chen, S.; Bourron, O.; Benomar, Y.; Hajduch, E.; Le Stunff, H. Sphingosine-1-Phosphate
Metabolism in the Regulation of Obesity/Type 2 Diabetes. Cells 2020, 9, 1682. [CrossRef] [PubMed]

6. Kelpe, C.L.; Moore, P.C.; Parazzoli, S.D.; Wicksteed, B.; Rhodes, C.J.; Poitout, V. Palmitate inhibition of insulin gene expression is
mediated at the transcriptional level via ceramide synthesis. J. Biol. Chem. 2003, 278, 30015–30021. [CrossRef] [PubMed]

7. Hagman, D.K.; Hays, L.B.; Parazzoli, S.D.; Poitout, V. Palmitate inhibits insulin gene expression by altering PDX-1 nuclear
localization and reducing MafA expression in isolated rat islets of Langerhans. J. Biol. Chem. 2005, 280, 32413–32418. [CrossRef]
[PubMed]

8. Lytrivi, M.; Castell, A.L.; Poitout, V.; Cnop, M. Recent Insights Into Mechanisms of beta-Cell Lipo- and Glucolipotoxicity in Type
2 Diabetes. J. Mol. Biol. 2020, 432, 1514–1534. [CrossRef] [PubMed]

9. Poitout, V.; Robertson, R.P. Glucolipotoxicity: Fuel excess and beta-cell dysfunction. Endocr. Rev. 2008, 29, 351–366. [CrossRef]
[PubMed]

10. Seglen, P.O.; Bohley, P. Autophagy and other vacuolar protein degradation mechanisms. Experientia 1992, 48, 158–172. [CrossRef]
11. Martino, L.; Masini, M.; Novelli, M.; Beffy, P.; Bugliani, M.; Marselli, L.; Masiello, P.; Marchetti, P.; De Tata, V. Palmitate activates

autophagy in INS-1E beta-cells and in isolated rat and human pancreatic islets. PLoS ONE 2012, 7, e36188. [CrossRef] [PubMed]
12. Pulliero, A.; Seydel, A.; Camoirano, A.; Sacca, S.C.; Sandri, M.; Izzotti, A. Oxidative damage and autophagy in the human

trabecular meshwork as related with ageing. PLoS ONE 2014, 9, e98106. [CrossRef] [PubMed]
13. Krakauer, T. Inflammasomes, Autophagy, and Cell Death: The Trinity of Innate Host Defense against Intracellular Bacteria.

Mediat. Inflamm. 2019, 2019, 2471215. [CrossRef] [PubMed]
14. Nakatogawa, H. Mechanisms governing autophagosome biogenesis. Nat. Rev. Mol. Cell Biol. 2020, 21, 439–458. [CrossRef]

[PubMed]
15. Dikic, I.; Elazar, Z. Mechanism and medical implications of mammalian autophagy. Nat. Rev. Mol. Cell Biol. 2018, 19, 349–364.

[CrossRef] [PubMed]
16. Kabeya, Y.; Mizushima, N.; Yamamoto, A.; Oshitani-Okamoto, S.; Ohsumi, Y.; Yoshimori, T. LC3, GABARAP and GATE16 localize

to autophagosomal membrane depending on form-II formation. J. Cell Sci. 2004, 117, 2805–2812. [CrossRef] [PubMed]
17. Klionsky, D.J.; Emr, S.D. Autophagy as a regulated pathway of cellular degradation. Science 2000, 290, 1717–1721. [CrossRef]

[PubMed]
18. Choi, S.E.; Lee, S.M.; Lee, Y.J.; Li, L.J.; Lee, S.J.; Lee, J.H.; Kim, Y.; Jun, H.S.; Lee, K.W.; Kang, Y. Protective role of autophagy in

palmitate-induced INS-1 beta-cell death. Endocrinology 2009, 150, 126–134. [CrossRef] [PubMed]
19. Ebato, C.; Uchida, T.; Arakawa, M.; Komatsu, M.; Ueno, T.; Komiya, K.; Azuma, K.; Hirose, T.; Tanaka, K.; Kominami, E.; et al.

Autophagy is important in islet homeostasis and compensatory increase of beta cell mass in response to high-fat diet. Cell Metab.
2008, 8, 325–332. [CrossRef] [PubMed]

20. Jung, H.S.; Chung, K.W.; Won Kim, J.; Kim, J.; Komatsu, M.; Tanaka, K.; Nguyen, Y.H.; Kang, T.M.; Yoon, K.H.; Kim, J.W.; et al.
Loss of autophagy diminishes pancreatic beta cell mass and function with resultant hyperglycemia. Cell Metab. 2008, 8, 318–324.
[CrossRef]

21. Komiya, K.; Uchida, T.; Ueno, T.; Koike, M.; Abe, H.; Hirose, T.; Kawamori, R.; Uchiyama, Y.; Kominami, E.; Fujitani, Y.; et al. Free
fatty acids stimulate autophagy in pancreatic beta-cells via JNK pathway. Biochem. Biophys. Res. Commun. 2010, 401, 561–567.
[CrossRef] [PubMed]

22. Las, G.; Sereda, S.; Wikstrom, J.D.; Twig, G.; Shirihai, O.S. Fatty acids suppress autophagic turnover in {beta}-cells. J. Biol. Chem.
2011, 286, 42534–42544. [CrossRef] [PubMed]

23. Mir, S.U.; George, N.M.; Zahoor, L.; Harms, R.; Guinn, Z.; Sarvetnick, N.E. Inhibition of autophagic turnover in beta-cells by fatty
acids and glucose leads to apoptotic cell death. J. Biol. Chem. 2015, 290, 6071–6085. [CrossRef] [PubMed]

24. Chu, K.Y.; O’Reilly, L.; Ramm, G.; Biden, T.J. High-fat diet increases autophagic flux in pancreatic beta cells in vivo and ex vivo in
mice. Diabetologia 2015, 58, 2074–2078. [CrossRef] [PubMed]

25. Biden, T.J.; Boslem, E.; Chu, K.Y.; Sue, N. Lipotoxic endoplasmic reticulum stress, beta cell failure, and type 2 diabetes mellitus.
Trends Endocrinol. Metab. 2014, 25, 389–398. [CrossRef] [PubMed]

26. Lavieu, G.; Scarlatti, F.; Sala, G.; Levade, T.; Ghidoni, R.; Botti, J.; Codogno, P. Is autophagy the key mechanism by which the
sphingolipid rheostat controls the cell fate decision? Autophagy 2007, 3, 45–47. [CrossRef] [PubMed]

27. Lepine, S.; Allegood, J.C.; Edmonds, Y.; Milstien, S.; Spiegel, S. Autophagy induced by deficiency of sphingosine-1-phosphate
phosphohydrolase 1 is switched to apoptosis by calpain-mediated autophagy-related gene 5 (Atg5) cleavage. J. Biol. Chem. 2011,
286, 44380–44390. [CrossRef] [PubMed]

28. Veret, J.; Coant, N.; Gorshkova, I.A.; Giussani, P.; Fradet, M.; Riccitelli, E.; Skobeleva, A.; Goya, J.; Kassis, N.; Natarajan, V.; et al.
Role of palmitate-induced sphingoid base-1-phosphate biosynthesis in INS-1 beta-cell survival. Biochim. Biophys. Acta 2013, 1831,
251–262. [CrossRef] [PubMed]

https://doi.org/10.2337/diabetes.52.1.102
https://www.ncbi.nlm.nih.gov/pubmed/12502499
https://doi.org/10.1042/BJ20101386
https://www.ncbi.nlm.nih.gov/pubmed/21592087
https://doi.org/10.3390/cells9071682
https://www.ncbi.nlm.nih.gov/pubmed/32668665
https://doi.org/10.1074/jbc.M302548200
https://www.ncbi.nlm.nih.gov/pubmed/12771145
https://doi.org/10.1074/jbc.M506000200
https://www.ncbi.nlm.nih.gov/pubmed/15944145
https://doi.org/10.1016/j.jmb.2019.09.016
https://www.ncbi.nlm.nih.gov/pubmed/31628942
https://doi.org/10.1210/er.2007-0023
https://www.ncbi.nlm.nih.gov/pubmed/18048763
https://doi.org/10.1007/BF01923509
https://doi.org/10.1371/journal.pone.0036188
https://www.ncbi.nlm.nih.gov/pubmed/22563482
https://doi.org/10.1371/journal.pone.0098106
https://www.ncbi.nlm.nih.gov/pubmed/24945152
https://doi.org/10.1155/2019/2471215
https://www.ncbi.nlm.nih.gov/pubmed/30728749
https://doi.org/10.1038/s41580-020-0241-0
https://www.ncbi.nlm.nih.gov/pubmed/32372019
https://doi.org/10.1038/s41580-018-0003-4
https://www.ncbi.nlm.nih.gov/pubmed/29618831
https://doi.org/10.1242/jcs.01131
https://www.ncbi.nlm.nih.gov/pubmed/15169837
https://doi.org/10.1126/science.290.5497.1717
https://www.ncbi.nlm.nih.gov/pubmed/11099404
https://doi.org/10.1210/en.2008-0483
https://www.ncbi.nlm.nih.gov/pubmed/18772242
https://doi.org/10.1016/j.cmet.2008.08.009
https://www.ncbi.nlm.nih.gov/pubmed/18840363
https://doi.org/10.1016/j.cmet.2008.08.013
https://doi.org/10.1016/j.bbrc.2010.09.101
https://www.ncbi.nlm.nih.gov/pubmed/20888798
https://doi.org/10.1074/jbc.M111.242412
https://www.ncbi.nlm.nih.gov/pubmed/21859708
https://doi.org/10.1074/jbc.M114.605345
https://www.ncbi.nlm.nih.gov/pubmed/25548282
https://doi.org/10.1007/s00125-015-3665-x
https://www.ncbi.nlm.nih.gov/pubmed/26071760
https://doi.org/10.1016/j.tem.2014.02.003
https://www.ncbi.nlm.nih.gov/pubmed/24656915
https://doi.org/10.4161/auto.3416
https://www.ncbi.nlm.nih.gov/pubmed/17035732
https://doi.org/10.1074/jbc.M111.257519
https://www.ncbi.nlm.nih.gov/pubmed/22052905
https://doi.org/10.1016/j.bbalip.2012.10.003
https://www.ncbi.nlm.nih.gov/pubmed/23085009


Cells 2024, 13, 636 22 of 23

29. Pattingre, S.; Bauvy, C.; Carpentier, S.; Levade, T.; Levine, B.; Codogno, P. Role of JNK1-dependent Bcl-2 phosphorylation in
ceramide-induced macroautophagy. J. Biol. Chem. 2009, 284, 2719–2728. [CrossRef] [PubMed]

30. Mizushima, N.; Yoshimori, T.; Levine, B. Methods in mammalian autophagy research. Cell 2010, 140, 313–326. [CrossRef]
[PubMed]

31. Han, D.; Yang, B.; Olson, L.K.; Greenstein, A.; Baek, S.H.; Claycombe, K.J.; Goudreau, J.L.; Yu, S.W.; Kim, E.K. Activation of
autophagy through modulation of 5’-AMP-activated protein kinase protects pancreatic beta-cells from high glucose. Biochem. J.
2010, 425, 541–551. [CrossRef] [PubMed]

32. He, C.; Klionsky, D.J. Regulation mechanisms and signaling pathways of autophagy. Annu. Rev. Genet. 2009, 43, 67–93. [CrossRef]
[PubMed]

33. Lavallard, V.J.; Meijer, A.J.; Codogno, P.; Gual, P. Autophagy, signaling and obesity. Pharmacol. Res. 2012, 66, 513–525. [CrossRef]
[PubMed]

34. Kimura, S.; Noda, T.; Yoshimori, T. Dissection of the autophagosome maturation process by a novel reporter protein, tandem
fluorescent-tagged LC3. Autophagy 2007, 3, 452–460. [CrossRef] [PubMed]

35. Maedler, K.; Oberholzer, J.; Bucher, P.; Spinas, G.A.; Donath, M.Y. Monounsaturated fatty acids prevent the deleterious effects of
palmitate and high glucose on human pancreatic beta-cell turnover and function. Diabetes 2003, 52, 726–733. [CrossRef] [PubMed]

36. Panse, M.; Gerst, F.; Kaiser, G.; Teutsch, C.A.; Dolker, R.; Wagner, R.; Haring, H.U.; Ullrich, S. Activation of extracellular
signal-regulated protein kinases 1 and 2 (ERK1/2) by free fatty acid receptor 1 (FFAR1/GPR40) protects from palmitate-induced
beta cell death, but plays no role in insulin secretion. Cell Physiol. Biochem. 2015, 35, 1537–1545. [CrossRef] [PubMed]

37. Wu, J.; Sun, P.; Zhang, X.; Liu, H.; Jiang, H.; Zhu, W.; Wang, H. Inhibition of GPR40 protects MIN6 beta cells from palmitate-
induced ER stress and apoptosis. J. Cell Biochem. 2012, 113, 1152–1158. [CrossRef] [PubMed]

38. Scarlatti, F.; Bauvy, C.; Ventruti, A.; Sala, G.; Cluzeaud, F.; Vandewalle, A.; Ghidoni, R.; Codogno, P. Ceramide-mediated
macroautophagy involves inhibition of protein kinase B and up-regulation of beclin 1. J. Biol. Chem. 2004, 279, 18384–18391.
[CrossRef] [PubMed]

39. French, K.J.; Upson, J.J.; Keller, S.N.; Zhuang, Y.; Yun, J.K.; Smith, C.D. Antitumor activity of sphingosine kinase inhibitors. J.
Pharmacol. Exp. Ther. 2006, 318, 596–603. [CrossRef] [PubMed]

40. Chung, S.T.; Krenek, A.; Magge, S.N. Childhood Obesity and Cardiovascular Disease Risk. Curr. Atheroscler. Rep. 2023, 25,
405–415. [CrossRef] [PubMed]

41. Mohammadi-Motlagh, H.R.; Sadeghalvad, M.; Yavari, N.; Primavera, R.; Soltani, S.; Chetty, S.; Ganguly, A.; Regmi, S.; Floyel, T.;
Kaur, S.; et al. beta Cell and Autophagy: What Do We Know? Biomolecules 2023, 13, 649. [CrossRef] [PubMed]

42. Bauvy, C.; Meijer, A.J.; Codogno, P. Assaying of autophagic protein degradation. Methods Enzymol. 2009, 452, 47–61. [CrossRef]
[PubMed]

43. Mizushima, N.; Murphy, L.O. Autophagy Assays for Biological Discovery and Therapeutic Development. Trends Biochem. Sci.
2020, 45, 1080–1093. [CrossRef] [PubMed]

44. Bugliani, M.; Mossuto, S.; Grano, F.; Suleiman, M.; Marselli, L.; Boggi, U.; De Simone, P.; Eizirik, D.L.; Cnop, M.; Marchetti, P.; et al.
Modulation of Autophagy Influences the Function and Survival of Human Pancreatic Beta Cells Under Endoplasmic Reticulum
Stress Conditions and in Type 2 Diabetes. Front. Endocrinol. 2019, 10, 52. [CrossRef] [PubMed]

45. Briaud, I.; Harmon, J.S.; Kelpe, C.L.; Segu, V.B.; Poitout, V. Lipotoxicity of the pancreatic beta-cell is associated with glucose-
dependent esterification of fatty acids into neutral lipids. Diabetes 2001, 50, 315–321. [CrossRef] [PubMed]

46. Russo, S.B.; Baicu, C.F.; Van Laer, A.; Geng, T.; Kasiganesan, H.; Zile, M.R.; Cowart, L.A. Ceramide synthase 5 mediates
lipid-induced autophagy and hypertrophy in cardiomyocytes. J. Clin. Investig. 2012, 122, 3919–3930. [CrossRef] [PubMed]

47. Gao, J.; Chen, X.; Ma, T.; He, B.; Li, P.; Zhao, Y.; Ma, Y.; Zhuang, J.; Yin, Y. PEG-Ceramide Nanomicelles Induce Autophagy and
Degrade Tau Proteins in N2a Cells. Int. J. Nanomed. 2020, 15, 6779–6789. [CrossRef] [PubMed]

48. Sakamoto, W.; Canals, D.; Salamone, S.; Allopenna, J.; Clarke, C.J.; Snider, J.; Obeid, L.M.; Hannun, Y.A. Probing compartment-
specific sphingolipids with targeted bacterial sphingomyelinases and ceramidases. J. Lipid Res. 2019, 60, 1841–1850. [CrossRef]
[PubMed]

49. Hou, Q.; Jin, J.; Zhou, H.; Novgorodov, S.A.; Bielawska, A.; Szulc, Z.M.; Hannun, Y.A.; Obeid, L.M.; Hsu, Y.T. Mitochondrially
targeted ceramides preferentially promote autophagy, retard cell growth, and induce apoptosis. J. Lipid Res. 2011, 52, 278–288.
[CrossRef] [PubMed]

50. Akerfeldt, M.C.; Howes, J.; Chan, J.Y.; Stevens, V.A.; Boubenna, N.; McGuire, H.M.; King, C.; Biden, T.J.; Laybutt, D.R. Cytokine-
induced beta-cell death is independent of endoplasmic reticulum stress signaling. Diabetes 2008, 57, 3034–3044. [CrossRef]
[PubMed]

51. Lavieu, G.; Scarlatti, F.; Sala, G.; Carpentier, S.; Levade, T.; Ghidoni, R.; Botti, J.; Codogno, P. Regulation of autophagy by
sphingosine kinase 1 and its role in cell survival during nutrient starvation. J. Biol. Chem. 2006, 281, 8518–8527. [CrossRef]
[PubMed]

52. Young, M.M.; Takahashi, Y.; Fox, T.E.; Yun, J.K.; Kester, M.; Wang, H.G. Sphingosine Kinase 1 Cooperates with Autophagy to
Maintain Endocytic Membrane Trafficking. Cell Rep. 2016, 17, 1532–1545. [CrossRef] [PubMed]

53. Newton, J.; Palladino, E.N.D.; Weigel, C.; Maceyka, M.; Graler, M.H.; Senkal, C.E.; Enriz, R.D.; Marvanova, P.; Jampilek, J.;
Lima, S.; et al. Targeting defective sphingosine kinase 1 in Niemann-Pick type C disease with an activator mitigates cholesterol
accumulation. J. Biol. Chem. 2020, 295, 9121–9133. [CrossRef] [PubMed]

https://doi.org/10.1074/jbc.M805920200
https://www.ncbi.nlm.nih.gov/pubmed/19029119
https://doi.org/10.1016/j.cell.2010.01.028
https://www.ncbi.nlm.nih.gov/pubmed/20144757
https://doi.org/10.1042/BJ20090429
https://www.ncbi.nlm.nih.gov/pubmed/19903169
https://doi.org/10.1146/annurev-genet-102808-114910
https://www.ncbi.nlm.nih.gov/pubmed/19653858
https://doi.org/10.1016/j.phrs.2012.09.003
https://www.ncbi.nlm.nih.gov/pubmed/22982482
https://doi.org/10.4161/auto.4451
https://www.ncbi.nlm.nih.gov/pubmed/17534139
https://doi.org/10.2337/diabetes.52.3.726
https://www.ncbi.nlm.nih.gov/pubmed/12606514
https://doi.org/10.1159/000373969
https://www.ncbi.nlm.nih.gov/pubmed/25792236
https://doi.org/10.1002/jcb.23450
https://www.ncbi.nlm.nih.gov/pubmed/22275065
https://doi.org/10.1074/jbc.M313561200
https://www.ncbi.nlm.nih.gov/pubmed/14970205
https://doi.org/10.1124/jpet.106.101345
https://www.ncbi.nlm.nih.gov/pubmed/16632640
https://doi.org/10.1007/s11883-023-01111-4
https://www.ncbi.nlm.nih.gov/pubmed/37256483
https://doi.org/10.3390/biom13040649
https://www.ncbi.nlm.nih.gov/pubmed/37189396
https://doi.org/10.1016/S0076-6879(08)03604-5
https://www.ncbi.nlm.nih.gov/pubmed/19200875
https://doi.org/10.1016/j.tibs.2020.07.006
https://www.ncbi.nlm.nih.gov/pubmed/32839099
https://doi.org/10.3389/fendo.2019.00052
https://www.ncbi.nlm.nih.gov/pubmed/30863363
https://doi.org/10.2337/diabetes.50.2.315
https://www.ncbi.nlm.nih.gov/pubmed/11272142
https://doi.org/10.1172/JCI63888
https://www.ncbi.nlm.nih.gov/pubmed/23023704
https://doi.org/10.2147/IJN.S258311
https://www.ncbi.nlm.nih.gov/pubmed/32982233
https://doi.org/10.1194/jlr.M094722
https://www.ncbi.nlm.nih.gov/pubmed/31243119
https://doi.org/10.1194/jlr.M012161
https://www.ncbi.nlm.nih.gov/pubmed/21081756
https://doi.org/10.2337/db07-1802
https://www.ncbi.nlm.nih.gov/pubmed/18591394
https://doi.org/10.1074/jbc.M506182200
https://www.ncbi.nlm.nih.gov/pubmed/16415355
https://doi.org/10.1016/j.celrep.2016.10.019
https://www.ncbi.nlm.nih.gov/pubmed/27806293
https://doi.org/10.1074/jbc.RA120.012659
https://www.ncbi.nlm.nih.gov/pubmed/32385114


Cells 2024, 13, 636 23 of 23

54. Hayes, H.L.; Peterson, B.S.; Haldeman, J.M.; Newgard, C.B.; Hohmeier, H.E.; Stephens, S.B. Delayed apoptosis allows islet
beta-cells to implement an autophagic mechanism to promote cell survival. PLoS ONE 2017, 12, e0172567. [CrossRef] [PubMed]

55. Blandino-Rosano, M.; Barbaresso, R.; Jimenez-Palomares, M.; Bozadjieva, N.; Werneck-de-Castro, J.P.; Hatanaka, M.; Mirmira,
R.G.; Sonenberg, N.; Liu, M.; Ruegg, M.A.; et al. Loss of mTORC1 signalling impairs beta-cell homeostasis and insulin processing.
Nat. Commun. 2017, 8, 16014. [CrossRef] [PubMed]

56. Bartolome, A.; Kimura-Koyanagi, M.; Asahara, S.; Guillen, C.; Inoue, H.; Teruyama, K.; Shimizu, S.; Kanno, A.; Garcia-Aguilar, A.;
Koike, M.; et al. Pancreatic beta-cell failure mediated by mTORC1 hyperactivity and autophagic impairment. Diabetes 2014, 63,
2996–3008. [CrossRef] [PubMed]

57. Lima, S.; Milstien, S.; Spiegel, S. Sphingosine and Sphingosine Kinase 1 Involvement in Endocytic Membrane Trafficking. J. Biol.
Chem. 2017, 292, 3074–3088. [CrossRef] [PubMed]

58. Hasan, N.M.; Longacre, M.J.; Stoker, S.W.; Kendrick, M.A.; Druckenbrod, N.R.; Laychock, S.G.; Mastrandrea, L.D.; MacDonald,
M.J. Sphingosine kinase 1 knockdown reduces insulin synthesis and secretion in a rat insulinoma cell line. Arch. Biochem. Biophys.
2012, 518, 23–30. [CrossRef] [PubMed]

59. Cantrell Stanford, J.; Morris, A.J.; Sunkara, M.; Popa, G.J.; Larson, K.L.; Ozcan, S. Sphingosine 1-phosphate (S1P) regulates
glucose-stimulated insulin secretion in pancreatic beta cells. J. Biol. Chem. 2012, 287, 13457–13464. [CrossRef] [PubMed]

60. Riahi, Y.; Wikstrom, J.D.; Bachar-Wikstrom, E.; Polin, N.; Zucker, H.; Lee, M.S.; Quan, W.; Haataja, L.; Liu, M.; Arvan, P.; et al.
Autophagy is a major regulator of beta cell insulin homeostasis. Diabetologia 2016, 59, 1480–1491. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0172567
https://www.ncbi.nlm.nih.gov/pubmed/28212395
https://doi.org/10.1038/ncomms16014
https://www.ncbi.nlm.nih.gov/pubmed/28699639
https://doi.org/10.2337/db13-0970
https://www.ncbi.nlm.nih.gov/pubmed/24740570
https://doi.org/10.1074/jbc.M116.762377
https://www.ncbi.nlm.nih.gov/pubmed/28049734
https://doi.org/10.1016/j.abb.2011.11.016
https://www.ncbi.nlm.nih.gov/pubmed/22155656
https://doi.org/10.1074/jbc.M111.268185
https://www.ncbi.nlm.nih.gov/pubmed/22389505
https://doi.org/10.1007/s00125-016-3868-9
https://www.ncbi.nlm.nih.gov/pubmed/26831301

	Introduction 
	Materials and Methods 
	Materials 
	Cell Culture Conditions 
	Electron Microscopy 
	Immunofluorescence Analysis 
	Measurement of Caspase-3/7 Activity 
	Western Blotting 
	Analysis of Ceramides Levels 
	PCR Analysis of XBP1 Splicing 
	Statistical Analysis 

	Results 
	Palmitate with High Glucose Stimulate LC3-II Accumulation in INS-1  Cells 
	Palmitate with High Glucose Levels Stimulates an Early Autophagy Flux in INS-1  Cells 
	Palmitate Induces Autophagy through Its Metabolism but Independently of Its Mitochondrial -Oxidation in INS-1  Cells 
	ER Stress Is Not Involved in Palmitate-Induced Autophagy in INS-1  Cells 
	Sphingosine Kinase 1 Is Involved in Palmitate-Induced Autophagy in INS-1  Cells 

	Discussion 
	References

