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Abstract

Aims/hypothesis Dietary n-3 polyunsaturated fatty acids, especially docosahexaenoic acid (DHA), are known to influence
glucose homeostasis. We recently showed that Elovi2 expression in beta cells, which regulates synthesis of endogenous DHA,
was associated with glucose tolerance and played a key role in insulin secretion. The present study aimed to examine the role of
the very long chain fatty acid elongase 2 (ELOVL2)/DHA axis on the adverse effects of palmitate with high glucose, a condition
defined as glucolipotoxicity, on beta cells.

Methods We detected ELOVL2 in INS-1 beta cells and mouse and human islets using quantitative PCR and western
blotting. Downregulation and adenoviral overexpression of ElovI2 was carried out in beta cells. Ceramide and diacyl-
glycerol levels were determined by radio-enzymatic assay and lipidomics. Apoptosis was quantified using caspase-3
assays and poly (ADP-ribose) polymerase cleavage. Palmitate oxidation and esterification were determined by
[U-"*C]palmitate labelling.

Results We found that glucolipotoxicity decreased ELOVL2 content in rodent and human beta cells. Downregulation of
ELOVL2 drastically potentiated beta cell apoptosis induced by glucolipotoxicity, whereas adenoviral ElovI2 overexpression
and supplementation with DHA partially inhibited glucolipotoxicity-induced cell death in rodent and human beta cells. Inhibition
of beta cell apoptosis by the ELOVL2/DHA axis was associated with a decrease in ceramide accumulation. However, the
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What is already known about this subject?

»  Saturated fatty acids promote beta cell dysfunction and apoptosis, whereas monounsaturated fatty acids are known
to counteract the apoptotic effect of saturated fatty acids

* Verylong chain fatty acid elongase 2 (ELOVL2), which is involved in the production of polyunsaturated fatty acids, is a
new positive regulator of insulin secretion

What is the key question?

*  What are the roles of ELOVL2 and its product docosahexaenoic acid (DHA) on beta cell apoptosis induced by
glucolipotoxicity, and what are the mechanisms involved in their action?

What are the new findings?
*  Glucolipotoxicity downregulates Elovi2 expression in beta cells

*  The ELOVL2/DHA axis counteracts the apoptotic effect of glucolipotoxicity by decreasing ceramide synthesis, and
modifies lipid partitioning by favouring palmitate oxidation

How might this impact on clinical practice in the foreseeable future?

*  Modulation of intracellular polyunsaturated fatty acid levels in beta cells, independently of food intake, could
constitute a novel therapeutic strategy to prolong beta cell survival

ELOVL2/DHA axis was unable to directly alter ceramide synthesis or metabolism. By contrast, DHA increased palmitate
oxidation but did not affect its esterification. Pharmacological inhibition of AMP-activated protein kinase and etomoxir, an
inhibitor of carnitine palmitoyltransferase 1 (CPT1), the rate-limiting enzyme in fatty acid (3-oxidation, attenuated the protective
effect of the ELOVL2/DHA axis during glucolipotoxicity. Downregulation of CPT1 also counteracted the anti-apoptotic action
of the ELOVL2/DHA axis. By contrast, a mutated active form of Cpt/ inhibited glucolipotoxicity-induced beta cell apoptosis
when ELOVL2 was downregulated.

Conclusions/interpretation Our results identify ELOVL2 as a critical pro-survival enzyme for preventing beta cell death and
dysfunction induced by glucolipotoxicity, notably by favouring palmitate oxidation in mitochondria through a CPT1-dependent
mechanism.

Keywords AMPK - Apoptosis - Ceramide - DHA - ELOVL2 - Glucolipotoxicity - Mitochondrial 3-oxidation - Pancreatic beta
cells - Type 2 diabetes

Abbreviations
ACC Acetyl-CoA carboxylase
AICAR 5-Aminoimidazole-4-carboxamide Introduction

ribonucleotide

AMPK AMP-activated protein kinase Pancreatic beta cell dysfunction plays a central role in the
ASP Acid-soluble products pathogenesis of type 2 diabetes. Islets of Langerhans can in-
CPT1 Carnitine palmitoyltransferase 1 crease insulin secretion and their mass to limit the effect of
DHA Docosahexaenoic acid insulin resistance associated with obesity [1] and therefore
ELOVL2 Very long chain fatty acid elongase 2 maintain glycaemia. Type 2 diabetes onset occurs at the time
GPR120  G-protein coupled receptor 120 of beta cell failure due to insufficient production and secretion
MUFA Monounsaturated fatty acid of insulin [2] and beta cell apoptosis [3—5]. Studies have
PARP Poly (ADP-ribose) polymerase shown that saturated NEFA are responsible for the defective
PPMP DL-threo- 1-phenyl-2-palmitoylamino-3- adaptation of beta cell turnover [6-8]. Importantly, the chronic

morpholino-1-propanol adverse effects of saturated NEFA on beta cell function and
PUFA Polyunsaturated fatty acid viability are potentiated by the presence of hyperglycaemia, a
siRNA Small interfering RNA phenomenon that has been termed ‘glucolipotoxicity’ [9]. The
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molecular mechanisms involved in the pathogenesis of
glucolipotoxicity in beta cells include an important role of
ceramide synthesis [10, 11].

By contrast, monounsaturated fatty acids (MUFAs) exhib-
ited opposite effects and counteracted the toxic effects of
glucolipotoxicity induced by saturated NEFA [7, 12].
Another class of fatty acids, namely #-3 polyunsaturated fatty
acids (PUFAs), such as docosahexaenoic acid (DHA; C22:6
n-3), has also been shown to modulate lipotoxicity, possibly
by enhancing insulin signalling in peripheral tissues [13] and
preventing the development of liver steatosis [14—17].
Currently, the role of endogenously synthesised n-3 PUFAs
compared with those taken up from the diet on
(gluco)lipotoxicity is relatively unknown, especially in beta
cells.

Recently, Jacobsson and colleagues demonstrated that the
major in vivo NEFA produced by very long chain fatty acid
elongase 2 (ELOVL2) are DHA and docosapentaenoic acid
[18]. Interestingly, we recently identified Elovi2 as a key islet
gene associated with glucose intolerance and insulin secretion
[19]. In the present study, we determined the effect of
glucolipotoxicity on ELOVL2 levels in rodent and human
beta cells. We then explored whether the ELOVL2/DHA axis
could regulate beta cell apoptosis induced by
glucolipotoxicity.

Methods

Cell culture conditions Rat insulinoma INS-1 cells
(mycoplasma-free) kindly provided by Merck—Serono
(Merck Biopharma, Lyon, France) were cultured as already
described [20]. Human islets were isolated from ten non-
diabetic organ donors (age 61 £31 years; BMI 25+ 12 kg/
m?) in Pisa, Italy, with the approval of the local ethics com-
mittee. Human dispersed islet cells were obtained through
trypsin digestion. INS-1 cells were transiently transfected with
30 nmol of sequence-specific small interfering RNA (siRNA)
against rat ElovI2 and control siRNA using Lipofectamine
RNAIMAX (Invitrogen, Paris, France). Human dispersed islet
cells were transiently transfected with 30 nmol of sequence-
specific small interfering RNA (siRNA) against human
ELOVL?2 and control siRNA (Dharmacon, Lafayette, France)
using Lipofectamine RNAIMAX (Invitrogen, Paris, France).
INS-1 cells and human dispersed islet cells were transfected
with human ELOVL?2 (SignaGen Laboratories, Le Perray-en-
Yvelines, France). Tests were performed 48 h after infection.
Fatty acids (palmitate, DHA and eicosapentaenoic acid) were
prepared as already described [20]. The molar ratio of palmi-
tate to BSA was 5:1. The fatty acid stock solutions were dilut-
ed in RPMI-1640 Medium (Invitrogen, Paris, France) supple-
mented with 1% (vol./vol.) FBS to obtain the required final
concentration. In some experiments, gfp transfected cells were
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used as control and further stimulated with DHA. Other ma-
terials are described in ESM Materials.

Western blotting Cells lysates were obtained and analysed by
immunoblotting, as described [20]. The following antibodies
were used: anti-poly (ADP-ribose) polymerase (PARP), anti-
ELOVL2, anti-V5, anti-AMP-activated protein kinase
(AMPK), anti-phospho-AMPK, anti-acetyl-CoA carboxylase
(ACC), anti-phospho-ACC, anti-carnitine palmitoyltransferase
1 (CPT1) A and anti-f3-actin. More details are given in ESM
Materials.

Measurement of caspase-3/7 activity Caspase-3/7 activity as-
says were performed using the Promega (Promega,
Charbonniéres-les-Bains, France) Apo-ONE Homogeneous
Caspase-3/7 Assay kit as described previously [20].
Caspase-3/7 specific activity was expressed as the slope of
the kinetic in arbitrary units. More details are given in ESM
Materials.

Quantitative PCR RNA isolation, cDNA synthesis and mRNA
quantification of the seven Elovl elongases were carried out in
INS-1 cells, whereas ELOVL2 was quantified in human islets
as described [20]. A list of the primer sequences used is shown
in ESM Table 1. mRNA transcript level of Rp/19 housekeep-
ing gene was assayed and used for normalisation of other
transcripts. More details are given in ESM Materials.

Lipid extraction and ceramide measurement Cellular lipids
were extracted by a modified Bligh and Dyer procedure
[21]. Analysis of ceramide species was performed by LC-
MS/MS as described previously [22]. Total ceramide levels
were measured by the diacylglycerol kinase enzymatic meth-
od and total phospholipids were quantified as previously de-
scribed [20]. More details are given in ESM Materials.

[U-"*C]palmitate metabolism Palmitate oxidation and esterifi-
cation rates were determined during the last 2 h of culture in
the presence of 250 pumol/I [U-"C]palmitate (2 Ci/mol) bound
to 0.5% (wt/vol.) fatty acid-free BSA and 1 mmol/I carnitine.
The medium was collected to determine ['*C]CO, and
['*Clacid-soluble products (ASP) [23]. Cells extracted with
chloroform/methanol (2:1, vol./vol.) were used to determine
['*C]triacylglycerol, ['*C]phospholipid and
['*C]diacylglycerol separated by thin-layer chromatography
on silica gel plates [23].

Statistical analysis Data are expressed as means + SEM.
Results were compared using one-way or two-way ANOVA
on GraphPad Prism version 5.0 (GraphPad Sofware, La Jolla,
CA USA). Bonferroni post-hoc analysis was used to deter-
mine p values; a p value of <0.05 was considered to be statis-
tically significant.
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Results

Glucolipotoxicity reduced ELOVL2 expression in INS-1 beta
cells and mouse islets In INS-1 beta cells, we found that
5 mmol/l glucose with or without 0.4 mmol/l palmitate had
no effect on Elovi2 mRNA levels after 24 h of treatment (Fig.
la). By contrast, 30 mmol/l glucose transiently decreased
Elovi2 mRNA levels at 6 h, with a progressive return to con-
trol levels at 24 h. Interestingly, we found that 0.4 mmol/l
palmitate with 30 mmol/l glucose (conditions of
glucolipotoxicity) induced a time-dependent decrease in
Elovi2 mRNA levels (Fig. 1a). Glucolipotoxicity decreased
Elovi2 mRNA levels by 41% after 6 h, and this effect persisted
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Fig. 1 Palmitate and high glucose decreased ELOVL2 content in beta
cells. INS-1 cells were treated with 0.4 mmol/l palmitate in the presence
of 5 or 30 mmol/l glucose concentrations. (a) Kinetics of Elovi2 mRNA
expression. INS-1 cells were stimulated with low glucose (5 mmol/l) in
the absence (white circles) or presence (black circles) of palmitate, or with
high glucose (30 mmol/l) in the absence (white triangles) or presence
(black triangles) of palmitate. (b) ELOVL2 immunoblotting at 24 h of
treatment. (¢, d) Mouse isolated islets were stimulated with 30 mmol/l
glucose in the presence or absence of palmitate for 48 h, and (¢) Elovi2
transcript and (d) ELOVL2 protein levels were analysed. (e, f) INS-1 cells
were treated with 5 or 30 mmol/l glucose in the presence or absence of

until 24 h, where a 60% reduction was observed. In agree-
ment, western blot analysis showed that glucolipotoxicity re-
duced ELOVL2 protein levels in INS-1 cells (Fig. 1b). We
also found that glucolipotoxicity decreased Elovi2 mRNA and
ELOVL2 protein levels in mouse islets of Langerhans after
48 h of treatment (Fig. 1c, d). Gene expression of other
elongases (Elovil to Elovl7) was not significantly altered by
glucolipotoxicity in INS-1 cells (ESM Fig. 1). Together, these
results suggest that glucolipotoxicity downregulates specifi-
cally ElovI2 expression in beta cells.

ELOVL2 expression regulated glucolipotoxicity-induced INS-1
beta cell apoptosis Palmitate is known to stimulate beta cell
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B-Actin _| =
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palmitate, and (e) caspase-3/7 activity was determined and (f) PARP
cleavage immunoblotting was performed. Results are represented as
means + SEM of minimum three independent experiments. Western blot
analysis: representative images are shown from three experiments. In (a)
Ip <0.05 low vs high glucose; *p < 0.05, *#p <0.01, **¥p <0.001 low
glucose vs high glucose plus palmitate; ¥p < 0.05, ¥p < 0.01 high glucose
vs low glucose plus palmitate; T'p <0.01, T77p <0.001 low glucose plus
palmitate vs high glucose plus palmitate; **p < 0.01 high glucose vs high
glucose palmitate. In (¢, e) indicated conditions: **p <0.01,
*##%p < 0.001. AU, arbitrary units
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apoptosis in the presence of high glucose concentrations [6,
20, 24]. Indeed, caspase-3/7 activity and PARP cleavage were
increased with palmitate and high glucose (Fig. le, ). A spe-
cific Elovl2 siRNA significantly reduced Elovi2 mRNA and
ELOVL2 protein levels in INS-1 cells (Fig. 2a, b).
Interestingly, ElovI2 siRNA potentiated glucolipotoxicity-
induced caspase activation (4.7-fold increase compared with
control siRNA) (Fig. 2c) and cleavage of PARP in INS-1 cells
(Fig. 2d). Adenoviral overexpression of human ELOVL? sig-
nificantly increased human ELOVL2 mRNA and ELOVL2
protein levels in INS-1 cells (Fig. 2e, f). In INS-1-
overexpressing Elovl2 cells, induction of caspase-3/7
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30 mmol/l

activation by glucolipotoxicity was significantly inhibited by
33% compared with Ad-gfp-transfected cells (Fig. 2g), while
glucolipotoxicity was unable to induce PARP cleavage (Fig.
2h). Since ELOVL2 has been shown to be responsible for the
synthesis of DHA [18], we explored whether addition of DHA
to the culture medium could also inhibit glucolipotoxicity-
induced apoptosis. DHA 10 umol/l significantly inhibited cas-
pase-3/7 activation (Fig. 2i) and PARP cleavage (Fig. 2j) in-
duced by glucolipotoxicity. Together, these results suggest
that ELOVL2, and the consequent synthesis of endogenous
n-3 PUFAs, such as DHA, counteracts glucolipotoxicity-
induced apoptosis of beta cells.
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The ELOVL2/DHA axis inhibited ceramide accumulation in-
duced by glucolipotoxicity in INS-1 beta cells
Glucolipotoxicity has been shown to induce beta cell apopto-
sis through ceramide accumulation via de novo ceramide syn-
thesis [7, 24]. In agreement, we observed that
glucolipotoxicity increased ceramide levels in INS-1 cells
(Fig. 3a; ESM Fig. 2d). Elovi2 overexpression in INS-1 cells
decreased ceramide accumulation induced by
glucolipotoxicity (Fig. 3a). Addition of DHA, at 100 pmol/l
and as low as 10 wmol/l, significantly inhibited ceramide ac-
cumulation during glucolipotoxicity (Fig. 3b; ESM Fig. 2d).
During glucolipotoxicity, de novo ceramide biosynthesis led

to the formation of ceramides with specific N-acyl chain
lengths rather than an overall increase in ceramide content
[20]. DHA treatment generally had no effect on ceramide
species levels by itself, with the exception of reducing C16:0
and increasing C24:0 ceramide species (ESM Fig. 2a—c).
However, during glucolipotoxicity, DHA decreased accumu-
lation of specific ceramide species, namely C18:0, C22:0 and
C24:0 ceramides, which have been previously linked to the
glucolipotoxic pro-apoptotic effects (Fig. 3c¢) [20].
Interestingly, downregulation of Elovl2 expression via
Elovi2 siRNA significantly increased ceramide levels under
glucolipotoxic stimulation (Fig. 3d). Inhibition of ceramide

*kk

o

Fig. 3 ELOVL2- and DHA- a 4
regulated glucolipotoxicity- 80 [l % i
induced ceramide accumulation 27 27

in beta cells. (a) Ceramide levels 36 20 3% 20

quantified in INS-1 cells 8 ?E) 8

previously transduced with Ad- % . ES

gfp (white bars) or Ad-Elovi2 5 g 5 g

(black bars) and treated with ©cs s |1|

palmitate and different glucose 0- 0

concentrations. (b, ¢) INS-1 cells Palmitate 0.4 mmol/I - + - + Palmitate 0.4 mmol/l - + - +
treated with palmitate and Glucose 5 mmol/l 30 mmol/l Glucose 5 mmol/l 30 mmol/l
different glucose concentrations, .

in absence (white bars) or the C 400 [ d 60 -
presence of DHA 10 umol/1 (light » = 350 j) iﬁ PP —
grey bars) or 100 pmol/l (dark °Q ggg Mﬁ oo

grey bars). Total ceramide levels 22 200 . % _g 404

were quantified (b) and chain- S 188 — I *|i*|* . D E

length specific ceramide species g % 58 ” I =2 [l nbd g S 201

were determined by LC-MS/MS SE 3 g ’l‘ ﬂ

(¢). (d-h) INS-1 cells were = oL |1| ﬂ

transfected with control siRNA ) Paimitate 0.4 mmoll - R i +

S
(white bars in d) and Elovi2 oo

QO O N O O O AN
RGO g SR
MO V¥

L-Cycloserine

Fumosinin B, -+

X . Glucose 5 mmol/l 30 mmol/l
siRNA (grey bars in d), and then
treated with palmitate and e f
different glucose. concengaﬁons > 300 il > 300 1 il
for 24 h (e, g) with or without s S
. = £
2 mmol/l L-cyclgserme (black © 200 - © 200
bars) or (f, h) with or without g 3 g =)
50 pumol/l fumonisin B, (grey ¢ < 2 <
bars) (white bars, control). % 1004 Pl g 100+ o
Caspase-3/7 activity (e, f) and © ©
ceramide levels (g, h) were c clo:)er,ne 0 r] [ P o 0 [-] o T
analysed. Results are presented as yeoser ot +  Fumosinin B, I A
. Palmitate 0.4 mmol/I + - + Palmitate 0.4 mmol/l - + - +
means + SEM of minimum three
ind dent . i Glucose 30 mmol/l Glucose 30 mmol/l
S depenCent Sxperiuetls. Control SRNA  Elovi2 SIRNA Control SRNA  EloviZ SRNA
» < 0.05; **p <0.01,
*##%p <0.001. AU, arbitrary units; h
PL, phospholipid 9 50 - *x 50 - - o
. . — o3I i —
ST 404 — o0 40
> oy v O
3% &20°
° B 30 g g 30
T E =R
€ £ 201 835 20
¥ ¥
i *% i [0 [l 18
0- 0 lll
-+ -+ -+ -+ -+ -+ -+
- + +

Palmitate 0.4 mmol/l

Palmitate 0.4 mmol/l - + - +

Glucose

30 mmol/l Glucose 30 mmol/l

Control siRNA

Elovi2 siRNA Control siRNA Elovi2 siRNA

@ Springer



1786 Diabetologia (2018) 61:1780-1793
a L-Serine + Palmitoyl-CoA De novo b
1 L-Cycloserine ¢ pathway (ER) 2 200 R
Serine palmitoyl E —
4 SphK1 | transferase Q 150
inhibitor . . . ©
Dihydrosphingosine Q S
isi _| Ceramide o 100
J_ 2 FumomsmlB‘ l synthases | Exogenous 6 3 <
. = .- C2Cer ©
s1p SphKi1 Sphingosine‘_ﬂ_\ Dihydroceramides =3 50
5 Ceramidel £ Glucosylceramide ®
synthases i synthasg ) PPMP (@] 0 Tt 4+ -+ -+ -1 -4+
Ceramide— Glucosylceramide i
T/ Palmitate 0.4 mmol/l - + - + - +
v Ceramidase gfo gfo/DHA  Elovi2
Survival Salvage pathway 3 PPMP
(endosome/ v Glucose 30 mmol/l
lysosome) Apoptosis
c d
2 200 *x rhk * 100 *kk Sokx
S H H » E — —
S 150 es &
~~ 2= 60
B2 100 8 g
< p=t
D — £ £ 40
g ES
o O
a 50 rI 8 g 20
8 0l=m Oal om0 =4
Sphingosine B T I S Sphingosine e L
Palmitate 0.4 mmol/l - + - + -+ Palmitate 0.4 mmol/l - oo - +
gfo gfo/DHA  Elovi2 afp 9gfo/DHA  Elovi2
Glucose 30 mmol/l Glucose 30 mmol/l
e f *kk
=
- Hokk [ORS
S, %00q_—" 1 g8 o0 ey
T3 * £E -
S5 £ = S €
29 E 200 ok =9 400
Q Dun o Q
o c £ 38
C o D Q
R Kk Kk »n O
2°G 3 100 HH © =2 200
Sos 32
ESD ol [ |
E = 0 S() X 0 |;| | r]
Palmitate 0.4 mmol/l -+ +] -+ -+ -+ + 0% BSA  Palmitate 0.4 mmol/l
Glucose 5mmoll 30 mmol/| 5mmol/l 30 mmol/l| 5 mmol/l 30 mmol/I Glucose 30 mmol/l

TAG PL DAG
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synthesis with both L-cycloserine and fumonisin B, which
block serine palmitoyltransferase and ceramide synthase ac-
tivity, respectively (Fig. 4a), partially protected INS-1 cells
from glucolipotoxicity-induced apoptosis (Fig. 3e, f). In con-
ditions where levels of ELOVL2 were downregulated, L-cy-
closerine and fumonisin B; still decreased glucolipotoxicity-
induced apoptosis by 40% and 70%, respectively (Fig. 3e, f).
In agreement, both inhibitors efficiently diminished
glucolipotoxicity-induced ceramide accumulation when
ELOVL2 was downregulated (Fig. 3g, h). DHA treatment
did not modify gene expression of serine palmitoyltransferase
subunit and of ceramide synthases (data not shown). Together,
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phospholipids (PL) and diacylglycerols (DAG). INS-1 cells were incu-
bated for 22 h with palmitate and glucose with (light grey bars) or without
(white bars) DHA 10 umol/l. Radiolabelled palmitate was added sepa-
rately during the last 2 h to trace each lipid. (f) DAG levels were also
determined by LC-MS/MS in presence of 10 umol/l (light grey bars) or
100 pmol/l (dark grey bars) DHA, or in ElovI2 overexpressing cells
(black bars) with 30 mmol/l glucose, with or without palmitate (white
bars, non-treated control); BSA was used as the control for palmitate.
Results are presented as means + SEM of minimum three independent
experiments. *p <0.05; **p <0.01, ***p <0.001. AU, arbitrary units;
C2Cer, C2-ceramide; ER, endoplasmic reticulum; S1P, sphingosine-1-
phosphate; SphK1, sphingosine kinase 1

our results suggest that the ELOVL2/DHA axis counteracts
glucolipotoxicity-induced death by controlling accumulation
of ceramides in INS-1 beta cells.

The ELOVL2/DHA axis did not regulate ceramide and neutral
lipid metabolism in INS-1 beta cells under conditions of
glucolipotoxicity We previously showed that palmitate stimu-
lates ceramide accumulation in beta cells either by increasing
de novo synthesis [20] or by modulating ceramide metabolism
[25]. We found that DL-threo-1-phenyl-2-palmitoylamino-3-
morpholino-1-propanol (PPMP), an inhibitor of
glucosylceramide synthases (Fig. 4a), potentiated
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glucolipotoxic caspase-3/7 activation (Fig. 4b) but was unable
to inhibit the effect of Ad-Elovi2 and DHA on beta cell sur-
vival under conditions of glucolipotoxicity (Fig. 4b).
Inhibition of sphingosine kinase 1 by PF-543 [26] exacerbated
glucolipotoxicity-induced apoptosis of INS-1 beta cells (ESM
Fig. 3a) but did not counteract the anti-apoptotic effect of Ad-
Elovi2 or DHA during glucolipotoxicity (ESM Fig. 3a). As
the protective effects of ELOVL2/DHA appear independent
of ceramide metabolism, an alternative hypothesis is that the
ELOVL2/DHA axis was blocking the accumulation of pro-
apoptotic ceramides at an early step in the de novo synthesis
pathway. We found that sphingosine treatment induced accu-
mulation of endogenous ceramides and caspase-3/7 activation
when INS-1 cells were under conditions of glucolipotoxicity
(Fig. 4c, d). DHA and Ad-Elovi2 were unable to block either
ceramide accumulation or caspase-3/7 activation induced by
sphingosine with glucolipotoxicity (Fig. 4c, d). These data
suggest that the ELOVL2/DHA axis is unable to inhibit cer-
amide synthase, which converts sphingosine into ceramides
(Fig. 4a [2]), to block caspase activity induced by
glucolipotoxicity. Finally, we found that the ELOVL2/DHA
axis was also unable to counteract caspase-3/7 activation
(ESM Fig. 3b) induced by the C2-ceramide analogue. C2
ceramides were transformed into endogenous ceramides
(Fig. 4a [6]; ESM Fig. 2e, 3c), which were not affected by
the presence of Ad-Elovi2 and DHA (ESM Fig. 2e, 3b). In
beta cells, palmitate could be esterified into triacylglycerols, a
neutral form of fatty acid storage which has been shown to be
non-toxic to the cells [27, 28]. In conditions of
glucolipotoxicity, [U-'*C]palmitate esterification into phos-
pholipid was decreased, whereas esterification into diacyl-
glycerol and triacylglycerol was increased in INS-1 beta cells
(Fig. 4e). In these conditions, DHA led to a reduction in
[U-'*C]palmitate esterification into [14C]diacylglycerol but
not into ['*C]triacylglycerol (Fig. 4¢). Using lipidomic analy-
sis, we found that DHA inhibited the accumulation of diacyl-
glycerol, the precursor of triacylglycerol synthesis, induced by
glucolipotoxicity in INS-1 cells (Fig. 4f). ELOVL2/DHA
preferentially inhibited diacylglycerol species incorporating
palmitate (ESM Fig. 4a). Together, these data suggest that
the ELOVL2/DHA axis inhibited ceramide accumulation
without affecting the enzymatic machinery responsible for
ceramide synthesis or metabolism in INS-1 cells. Moreover,
it appears that the ELOVL2/DHA axis did not favour palmi-
tate esterification into neutral lipids in order to mediate its
protective effect against glucolipotoxicity in INS-1 beta cells.

The ELOVL2/DHA axis stimulated fatty acid oxidation to pro-
tect INS-1 beta cells against glucolipotoxicity CoA esterifica-
tion of palmitate, the first step of NEFA metabolism, is re-
quired for the toxic action of NEFA at elevated glucose con-
centrations [6]. Palmitoyl-CoA is the precursor for ceramide
synthesis but could also enter the mitochondrial NEFA f3-

oxidation pathway that is protective against beta cell apoptosis
induced by glucolipotoxicity [29]. In INS-1 beta cells, we
found that palmitate metabolism was mainly directed towards
its esterification (93%), leaving only 7% being oxidised in
basal conditions (ESM Fig. 4¢). Looking at [U-'*C]palmitate
oxidation into ['*C]CO,, ['*C]ASP and their sum, we found,
as expected, that high glucose with or without palmitate dras-
tically decreased this pathway (Fig. 5a). Interestingly, DHA
by itself significantly increased palmitate oxidation in basal
conditions, and this stimulation remained even in the presence
of palmitate and/or high glucose (Fig. 5a), suggesting a potent
protective mechanism in INS-1 cells. Etomoxir, an inhibitor of
CPT1, the rate-limiting-step enzyme of NEFA {3-oxidation,
allowed palmitate at 5 mmol/l glucose to induce caspase acti-
vation at a similar level to that caused by the combined pres-
ence of high glucose and palmitate (Fig. 5b). Etomoxir was
also able to potentiate (fivefold) caspase-3/7 activity induced
by glucolipotoxicity (Fig. 5b). Interestingly, etomoxir partially
inhibited the protective effect of Ad-ElovI2 and DHA on cas-
pase-3/7 activation (Fig. 5b, d; —45% and —44%) and PARP
cleavage (Fig. 5c, ¢) induced by glucolipotoxicity. Moreover,
in the presence of etomoxir, ceramide accumulation during
glucolipotoxicity is significantly increased, and Ad-Elovi2 or
DHA treatment was unable to inhibit this accumulation (Fig.
51, g). Together, these data strongly suggest that palmitate
oxidation could play a central role in the protective effect of
the ELOVL2/DHA axis against glucolipotoxicity in INS-1
beta cells.

The ELOVL2/DHA axis required CPT1 activity to protect INS-1
beta cells against glucolipotoxicity 5-Aminoimidazole-4-
carboxamide ribonucleotide (AICAR), an activator of
AMPK that increases NEFA {3-oxidation [30], drastically
inhibited caspase-3/7 activation (Fig. 6a) induced by
glucolipotoxicity. Moreover, AICAR partially inhibited
glucolipotoxicity-induced caspase activation when Elovi2
was downregulated (Fig. 6a). This inhibitory effect of
AICAR was associated with a decrease in glucolipotoxicity-
induced ceramide accumulation (Fig. 6b). As expected, in
INS-1 cells, AICAR induced AMPK phosphorylation which
inhibited by phosphorylation its downstream target, ACC
(Fig. 6¢). Interestingly, DHA and Ad-ElovI2 overexpression
also increased AMPK and ACC phosphorylation in INS-1
cells even in conditions of glucolipotoxicity (Fig. 6d).
Pharmacological inhibition of AMPK, which blocked
AMPK phosphorylation in response to DHA and Ad-Elovi2
(Fig. 6e), totally prevented the protective effect on PARP
cleavage induced by glucolipotoxicity in INS-1 cells (Fig. 6).
ACC activity is known to play a central role in malonyl-CoA
synthesis, a physiological inhibitor of CPT1 that regulates mi-
tochondrial NEFA oxidation [9]. We directly determined
whether CPT1 activity plays a role in glucolipotoxicity-
induced apoptosis when Elovi2 is downregulated, by using a
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Fig. 5 Fatty acid oxidation inhibition blocked the protective effect of
ELOVL2/DHA on glucolipotoxicity-induced beta cell apoptosis. (a)
INS-1 cells were treated with palmitate and glucose for 22 h in presence
(grey bars) or absence (white bars) of 10 umol/l DHA. [U—MC]—labelled
palmitate was used to quantify total palmitate oxidation from the sum of
CO, and ASP levels. (b, ¢, f) INS-1 cells treated with palmitate and
different glucose concentrations, in the presence of BSA (white bars) or
DHA 10 umol/l (grey bars). To inhibit NEFA p-oxidation, etomoxir
(150 pmol/) or DMSO were added during the treatment (DMSO was
used as carrier medium for etomoxir). Caspase-3/7 activity (b) was de-
termined and PARP immunoblotting (¢) and ceramide quantification (f)

mutated form of Cptl, Cptl-mutated (CptI-m) that is ac-
tive but insensitive to malonyl-CoA inhibition [31].
Overexpression of Cptl-m partially inhibited caspase-3/7
activation (—33%) (Fig. 6f) and PARP cleavage induced by
glucolipotoxicity (Fig. 6g). Interestingly, these effects
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were performed. (d, e, g) INS-1 cells previously transduced with Ad-gfp
(white bars) or Ad-Elovi2 (black bars) were treated with palmitate and
glucose for 24 h. To inhibit NEFA {3-oxidation, etomoxir (150 pwmol/l) or
DMSO were added during the treatment. Caspase-3/7 activity (d) was
determined and PARP immunoblotting (e) and ceramide quantification
(g) were performed. Results are represented as means + SEM of mini-
mum three independent experiments. Western blot analysis: representa-
tive images are shown from three experiments; double lines indicate
where blots were spliced. *p < 0.05; **p <0.01, ***p <0.001. AU, arbi-
trary units; PL, phospholipid

correlated with a diminution in ceramide accumulation
(Fig. 6h). When Elovi2 was downregulated in INS-1 cells,
Cpti-m overexpression also induced a large decrease in
glucolipotoxicity-induced caspase-3/7 activation (—58%)
(Fig. 6f) and PARP cleavage (Fig. 6g). This inhibitory
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Fig. 6 ELOVL2 required AMPK and CPT1 activity to inhibit
glucolipotoxicity-induced beta cell apoptosis. (a—c) INS-1 cells were
transfected with control siRNA and Elovi2 siRNA, and then treated with
palmitate and high glucose (30 mmol/l) for 24 h with (grey bars) or
without (white bars) AICAR (1 mmol/l). Caspase-3/7 activity was deter-
mined (a) and ceramide quantification (b) and p-ACC, ACC, p-AMPK
and AMPK immunoblotting (¢) were performed. (d, e) INS-1 cells pre-
viously transduced with Ad-gfp or Ad-ElovI2 were treated with palmitate
and glucose; gfp transfected cells were further stimulated with 2.5 pmol/l
DHA. (d) p-ACC, ACC, p-AMPK and AMPK levels were determined by
immunoblotting, and then (e) 10 umol/l AMPK inhibitor was added
during the treatment and PARP, p-AMPK and AMPK levels were

effect of Cptl-m on glucolipotoxicity-induced apoptosis
was also associated with reduced ceramide accumulation
during glucolipotoxicity (Fig. 6h). When Cptla is down-
regulated by a specific Cpt/ siRNA (ESM Fig. 4b), both
DHA and Ad-ElovI2 were unable to prevent

determined. (f~h) INS-1 cells transfected with control siRNA and
Elovi2 siRNA and transduced with {3-galactosidase (3-Gal, white bars)
or Cptl-m adenovirus (grey bars) were treated with palmitate and a high
glucose concentration for 24 h. Caspase-3/7 activity (f), PARP, 3-Gal and
mutated CPT1 (CPTIM) levels (g), and total ceramide levels (h) were
determined. (i) INS-1 cells transfected with Cpt/ siRNA and transduced
with Ad-gfp (in the presence of 2.5 pmol/l DHA) or Ad-Elovi2 were
treated with palmitate and high glucose concentrations for 24 h. PARP
immunoblotting was carried out. Results are represented as means + SEM
of minimum three independent experiments. Western blot analysis: rep-
resentative images are shown from three experiments. *p < 0.05, **p
< 0.01, ***p < 0.001. AU, arbitrary units; PL, phospholipid

glucolipotoxicity-induced PARP cleavage (Fig. 6i vs Fig.
2h, j). Together, these data strongly suggest that regulation
of CPT1 activity by AMPK plays a central role in the
protective effect of the ELOVL2/DHA axis against
glucolipotoxicity in INS-1 beta cells.
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ELOVL2/DHA axis regulated glucolipotoxicity-induced apo-
ptosis in human dispersed islet cells We observed that human
dispersed islet cells treated for 24 h with high glucose in the
presence of palmitate also displayed a significant decrease in
ELOVL2 mRNA levels (Fig. 7a). With reference to caspase-3/
7 activity, palmitate at low glucose concentrations was not
toxic, while in association with high glucose concentrations
it significantly stimulated caspase-3/7 activity in human

Fig. 7 ELOVL2 expression and
DHA regulated human
glucolipotoxicity-induced beta
cell apoptosis. (a) ELOVL2
mRNA was quantified in
dispersed human islet cells upon
stimulation with high glucose
with or without 0.4 mmol/l
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twofold (Fig. 7h). Importantly, Ad-ELOVLZ2 or DHA addition
were less effective at inhibiting glucolipotoxicity-induced cas-
pase-3/7 activation (—25% and —34%, respectively) when hu-
man dispersed islets were treated with etomoxir (Fig. 7h, 1).
Together, these results support a protective role of the
ELOVL2/DHA axis, mediated through CPT1 activity, in hu-
man islets against glucolipotoxicity-induced apoptosis.

Discussion

Saturated NEFA are known to mediate beta cell dysfunction
and apoptosis, which contribute to the development of type 2
diabetes [24, 32]. There is growing evidence pointing to the
beneficial effect of NEFA taken up from the diet, such as n-3
PUFAs, on glucose homeostasis [13]. Recently, we identified
ELOVL2, which produces n-3 PUFAs, as a novel regulator of
beta cell function [19]. In the present study, we found that
glucolipotoxicity downregulated ELOVL2 in both rodent
and human beta cells. Interestingly, downregulation of
ELOVL2 significantly increased beta cell apoptosis induced
by glucolipotoxicity. By contrast, ELOVL2 overproduction in
beta cells partially protected them from glucolipotoxicity-
induced apoptosis. Previous studies have shown that n-3
PUFAs could counteract the deleterious effect of palmitate
on beta cell dysfunction [33]. We found that DHA, an n-3
PUFA, completely inhibited beta cell apoptosis induced by
glucolipotoxicity. Together, these results suggest that the
ELOVL2/DHA axis is a new regulator of rodent and human
beta cell fate under conditions of glucolipotoxicity.

We found, counter to what has been proposed recently,
that the protective mechanism of the ELOVL2/DHA axis
was not mediated by G-protein coupled receptor 120
(GPR120) [34]. GPR120 agonists were unable to inhibit
glucolipotoxicity-induced caspase-3/7 activation, and ad-
dition of a GPR120 antagonist did not counteract the in-
hibitory effect of DHA on caspase-3/7 activation by
glucolipotoxicity (ESM Fig. 5a, b). By contrast, we found
that the ELOVL2/DHA axis inhibited glucolipotoxicity-
increased ceramide levels, which have been shown to me-
diate apoptosis [24, 32]. Apoptosis induced by ELOVL2
downregulation potentiated ceramide accumulation during
glucolipotoxicity and was completely abolished by inhibi-
tion of de novo ceramide synthesis. Glucolipotoxicity has
been shown to induce the formation of ceramides with
specific N-acyl chain lengths rather than an overall in-
crease in ceramide content [20, 35]. We found that DHA
blocked the accumulation of pro-apoptotic ceramide spe-
cies induced by glucolipotoxicity. However, the ELOVL2/
DHA axis was unable to inhibit conversion of sphingosine
into ceramide and beta cell apoptosis induced by sphin-
gosine. Sphingosine-induced apoptosis is associated with
its conversion into ceramide by ceramide synthases [22],

suggesting that the ELOVL2/DHA axis was not blocking
ceramide synthase activities in beta cells. Additionally,
the protective effect of the ELOVL2/DHA axis was not
linked to ceramide metabolism, as the conversion of cer-
amide into non-toxic sphingolipids [22, 25] did not affect
glucolipotoxicity-induced apoptosis when ELOVL2 was
upregulated. Together, these results suggest that the
ELOVL2/DHA axis does not act directly on ceramide
synthesis.

Esterification of saturated fatty acids into neutral lipid
such as triacylglycerol has been shown to prevent
glucolipotoxicity-induced beta cell apoptosis [27, 28]. We
found that palmitate and high glucose increased palmitate
esterification into triacylglycerol and its precursor diacyl-
glycerol in beta cells. DHA slightly decreased esterifica-
tion of palmitate into diacylglycerol, while it had no effect
on triacylglycerol synthesis. Moreover, DHA reduced ac-
cumulation of diacylglycerol species incorporating palmi-
tate molecules, suggesting that the ELOVL2/DHA axis
probably does not prevent beta cell apoptosis by stimulat-
ing neutral lipid synthesis from palmitate. It is known that
inhibition of mitochondrial NEFA {3-oxidation potentiates
glucolipotoxicity-induced apoptosis [6]. Indeed, high glu-
cose levels have been shown to decrease NEFA [3-oxida-
tion, through synthesis of malonyl-CoA, an allosteric in-
hibitor of CPT1 [2]. Nevertheless, etomoxir, an inhibitor of
CPT1, could still potentiate glucolipotoxicity-induced beta
cell apoptosis, suggesting a partial inactivation of CPT1 by
high glucose. We found that DHA significantly increased
palmitate oxidation, even in the presence of high levels of
glucose and palmitate, suggesting a role for this pathway in
the anti-apoptotic effect of the ELOVL2/DHA axis.
Indeed, etomoxir prevented the protective effect of the
ELOVL2/DHA axis in rodent and human beta cells and
was associated with higher ceramide accumulation during
glucolipotoxicity. Overexpression of a mutated form of
Cptl, which is insensitive to malonyl-CoA inhibition
[31], counterbalanced ElovI2 downregulation-induced ap-
optosis and ceramide accumulation in beta cells during
glucolipotoxicity. Moreover, specific downregulation of
CPT1 totally prevented the protective effect of the
ELOVL2/DHA axis. Together, our data suggest that the
entry of palmitate into mitochondria through CPT1 con-
tributes to the protective effect of the ELOVL2/DHA axis
against glucolipotoxicity in beta cells.

These data support the idea that the ELOVL2/DHA
axis regulates lipid partitioning in beta cells by channel-
ling palmitate towards (-oxidation instead of ceramide
synthesis. A similar effect is well consolidated for
MUFAs [36]. PUFAs are known to prevent hepatic insulin
resistance in an AMPK «2-dependent manner through reg-
ulation of NEFA [(3-oxidation [37]. Interestingly, AMPK
activation, which increased NEFA [-oxidation [30],
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partially inhibited glucolipotoxicity-induced caspase acti-
vation when FElovl2 was downregulated. The ELOVL2/
DHA axis stimulated AMPK as reflected by its phosphor-
ylation and one of its targets, ACC, in beta cells.
Inhibition of AMPK totally prevented the anti-apoptotic
effect of the ELOVL2/DHA axis during glucolipotoxicity.
Together, these data suggest that AMPK activation will
reduce malonyl-CoA synthesis and therefore favour pal-
mitate 3-oxidation and beta cell survival in response to
the ELOVL2/DHA axis.

We recently provided evidence for a role of ELOVL2 in
glucose-induced insulin release [19]. In the present study, we
showed an anti-apoptotic role of ELOVL2 against the delete-
rious effects of glucolipotoxicity in both rodent and human
beta cells. Indeed, low levels of ELOVL2 and its product
DHA predisposed beta cells to glucolipotoxicity-induced ap-
optosis. This protective effect is mediated by blocking the
accumulation of pro-apoptotic ceramides. In fact, the
ELOVL2/DHA axis modified lipid partitioning towards a
non-toxic utilisation of palmitate by favouring its transport
into mitochondria through a CPT1-dependent mechanism,
where it can be (3-oxidised. Finally, our work suggests that,
independently of PUFA intake, modulation of intracellular
PUFAs levels in beta cells could constitute a novel therapeutic
strategy to prolong their survival and could limit the develop-
ment of type 2 diabetes.
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