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Short-term inhibition of autophagy benefits
pancreatic b-cells by augmenting ether lipids
and peroxisomal function, and by countering
depletion of n-3 polyunsaturated fatty acids
after fat-feeding
Kwan Yi Chu 1, Natalie Mellet 2, Le May Thai 1, Peter J. Meikle 2,**, Trevor J. Biden 1,3,*
ABSTRACT

Objective: Investigations of autophagy in b-cells have usually focused on its homeostatic function. More dynamic roles in inhibiting glucose-
stimulated insulin secretion (GSIS), potentially involving remodelling of cellular lipids, have been suggested from in vitro studies but not eval-
uated in vivo.
Methods: We employed temporally-regulated deletion of the essential autophagy gene, Atg7, in b-cells. Mice were fed chow or high-fat diets
(HFD), in conjunction with deletion of Atg7 for the last 3 weeks (short-term model) or 9 weeks (long-term model). Standard in vivo metabolic
phenotyping was undertaken, and 450 lipid species in islets quantified ex vivo using mass spectroscopy (MS). MIN6 cells were also employed for
lipidomics and secretory interventions.
Results: b-cell function was impaired by inhibiting autophagy in the longer-term, but conversely improved by 3-week deletion of Atg7, spe-
cifically under HFD conditions. This was accompanied by augmented GSIS ex vivo. Surprisingly, the HFD had minimal effect on sphingolipid and
neutral lipid species, but modulated >100 phospholipids and ether lipids, and markedly shifted the profile of polyunsaturated fatty acid (PUFA)
sidechains from n3 to n6 forms. These changes were partially countered by Atg7 deletion, consistent with an accompanying upregulation of the
PUFA elongase enzyme, Elovl5. Loss of Atg7 separately augmented plasmalogens and alkyl lipids, in association with increased expression of
Lonp2, a peroxisomal chaperone/protease that facilitates maturation of ether lipid synthetic enzymes. Depletion of PUFAs and ether lipids was
also observed in MIN6 cells chronically exposed to oleate (more so than palmitate). GSIS was inhibited by knocking down Dhrs7b, which encodes
an enzyme of peroxisomal ether lipid synthesis. Conversely, impaired GSIS due to oleate pre-treatment was selectively reverted by Dhrs7b
overexpression.
Conclusions: A detrimental increase in n6:n3 PUFA ratios in ether lipids and phospholipids is revealed as a major response of b-cells to high-fat
feeding. This is partially reversed by short-term inhibition of autophagy, which results in compensatory changes in peroxisomal lipid metabolism.
The short-term phenotype is linked to improved GSIS, in contrast to the impairment seen with the longer-term inhibition of autophagy. The
balance between these positive and negative inputs could help determine whether b-cells adapt or fail in response to obesity.

� 2020 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Autophagy is a cellular degradation mechanism that is important for
cell growth and survival, and which serves to remove impaired or-
ganelles and protein aggregates [1,2]. It is particularly critical, under
states of cellular stress, for the elimination of toxic substances and for
the provision of catabolites that are salvaged as metabolic fuels.
Autophagy is therefore tightly regulated to maintain optimal cellular
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homeostasis, and sustained or dysregulated autophagy is likely to
trigger programmed cell death [1,2].
Defective autophagy is implicated in multiple human diseases,
including Type 2 diabetes (T2D) [3e5]. The loss of glucose homeo-
stasis defining this condition is ultimately caused by the failure of
pancreatic b-cells to secrete sufficient insulin to overcome the loss of
insulin sensitivity that occurs during obesity [6,7]. At a cellular level,
there are multiple contributors to this b-cell failure: loss of b-cell mass
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Abbreviations

Atg7 autophagy related 7
CE cholesteryl ester
DG diacylglycerol
ER endoplasmic reticulum
GSIS glucose-stimulated insulin secretion
GTT glucose tolerance test
HFD high-fat diet
KO knockout
KRHB Krebs Ringer Hepes Buffer
LAL lysosomal acid lipase
LC3 microtubule-associated protein 1 light chain 3
MS mass spectrometry

n-3 omega-3
n-6 omega-6
MHC monohexosylceramide
MUFA monounsaturated FA
(O) alkyl lipid
(P) plasmalogen
PC phosphatidylcholine
PE phosphatidylethanolamine
PG phosphatidylglycerol
PUFA polyunsaturated fatty acid
SFA saturated FA
T2D type 2 diabetes
TG triacylglycerol
WT wildtype.
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due to apoptosis; reductions in insulin content; impaired processing of
pro-insulin to mature insulin; and disruption of the metabolic and
signalling pathways whereby release of insulin is acutely triggered in
response to glucose stimulation [8]. T2D is also associated with
changes in morphology and gene expression in human b-cells that are
consistent with alterations of autophagy [9]. This has been com-
plemented with evidence from mouse studies in which the essential
autophagy gene, Atg7, was specifically deleted in b-cells [10e14].
The emerging view is thus that autophagy is essential for maintaining
b-cell function, especially in the context of obesity or other stressors
[3e5]. Indeed, activation of autophagy could constitute part of the
normal protective mechanism whereby b-cells initially compensate for
the extra demands of obesity. This is potentially explained by the
capacity for autophagy to inhibit endoplasmic reticulum (ER) stress,
which is one mechanism postulated to contribute to b-cell failure in
T2D [15e17].
In contrast, some in vitro studies have suggested that autophagy is
inhibitory for glucose-stimulated insulin secretion (GSIS) in the short
term [18e20]. Underlying mechanisms potentially include an
enhanced degradation of proinsulin [19,20]. We have also highlighted
a negative role for lipophagy [18], a specialized form of autophagy,
whereby neutral lipid stores (in the form of lipid droplets) are
catabolized to generate free fatty acids (FAs) [21]. We proposed that
this depletes the lipid stores in b-cells that are otherwise mobilized in
response to glucose as part of the mechanism contributing to
stimulus-secretion coupling [18]. However, a separate line of evi-
dence suggests that the expansion of neutral lipid stores during
obesity or high-fat feeding is beneficial to b-cells, sequestering FAs
in a relatively inert form such that they are not incorporated in toxic
intermediates such as the sphingolipid or ceramide [22]. Conversely,
cellular damage also results when these storage mechanisms are
overwhelmed [23,24]
As such, neutral lipid and sphingolipid metabolism have been inten-
sively investigated in b-cells in conjunction with lipotoxicity models,
whereby chronic cellular treatment with saturated FAs (SFAs) (such as
palmitate) is employed to recapitulate many of the features of b-cell
failure, including apoptosis and impaired insulin secretion [7,15,22]. In
contrast, mono-unsaturated FAs (MUFAs), such as oleate, are pro-
tective against apoptosis [22,25], although they do disrupt GSIS [26].
Notably, we have recently shown that oleate is more potent than
palmitate in promoting autophagy [27]. Polyunsaturated FAs (PUFAs)
have been less well studied in b-cells. These are derived from C18
dietary precursors and undergo extensive elongation and desaturation
in two parallel pathways to form omega-3 (n-3) and omega-6 (n-6)
PUFAs respectively, depending on the positioning of the first double
2 MOLECULAR METABOLISM 40 (2020) 101023 � 2020 Published by Elsevier GmbH. This is
bond (see Figure 4C) [28,29]. PUFAs are particularly enriched in
abundant phospholipids, such as phosphatidylcholine (PC) and phos-
phatidylethanolamine (PE). In canonical phospholipids, the two FA side
chains are linked to the glycerol backbone by esterification, but
alternatively the FA in sn1 position can be attached by one of two forms
of ether bond, to generate alkyl lipids and plasmalogens, respectively.
These ether lipids are highly enriched in PUFAs at the sn2 position and
display differences in both their biophysical properties and cellular
roles compared to esterified lipids [30,31]. They have been detected in
b-cells [32e34] and shown to be turned over in response to acute
glucose stimulation [33], but their cellular function has not been
addressed. Critical steps in both PUFA maturation and ether lipid
synthesis occur in peroxisomes, in addition to the better-known role
that organelle plays in oxidation of very long chain FAs [35,36].
To date the in vivo functions of autophagy in b-cells have been mainly
assessed using standard models for gene deletion where Atg7 (for
example) is absent from birth [10,11,13,17]. This approach is not well
suited to addressing alternative, potentially more subtle and dynamic
roles. To circumvent these issues, we have used a conditional and
tissue-specific knockout mouse model and compared the outcomes of
short-versus long-term autophagy inhibition, with a particular
emphasis on lipid metabolism. Our results demonstrate that b-cell
function is impacted very differently depending on the context and
duration of autophagy inhibition. Surprisingly, our study also highlights
novel links between autophagy, the metabolism of PUFAs and ether
lipids, and the dysregulation of insulin secretion during lipid
oversupply.

2. MATERIAL AND METHODS

2.1. Animals
All studies were approved by the Garvan/St. Vincent’s Hospital Animal
Ethics Committee. The b-cell-specific conditional Atg7 knockout mice
were generated by breeding Pdx1-CreERþ mice [37] with Atg7flox

(Atg7f/f) mice (RIKEN, Wako, Saitama, Japan). To delete Atg7 from the
b-cells, Cre induction was performed by subcutaneous injection of
tamoxifen (8 mg/day) for 2 days consecutively [38]. The knockout mice
were denoted as Atg7f/f:Pdx1-CreERþ (KO) and their control littermates
were Atg7f/f (WT), although in some instances Pdx1-CreERþ controls
were used.
Mice were fed ad libitum with a standard chow (10.88 kJ/g; 8% fat,
21% protein and 71% carbohydrate) or a lard and sucrose supple-
mented HFD (19.67 kJ/g; 45% fat, 20% protein and 35% carbohy-
drate), based on diet D12451 (Research Diets, New Brunswick, NJ,
USA). After 5 weeks, starting from 8-weeks old, the mice were all
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Figure 1: Short-term (3 weeks) inhibition of autophagy in mouse b-cells improves glucose tolerance and augments insulin secretion after high-fat feeding. Atg7f/f:Pdx1-CreERþ

(KO) or Atg7f/f:WT (Control) mice were fed with chow or HFD starting at 8-weeks and then injected with 8 mg/day tamoxifen consecutively for 2 days at 13-weeks. (A) DEXA scans
for fat mass, (B,C) oGTT, and (D) insulin excursions were performed at 16 weeks. Mouse islets were isolated for (E) GSIS, (F) insulin content and (G) proinsulin content. (H) Pancreas
was sectioned for analysis of TUNEL staining. Data shown are the mean values � SEM from three cohorts with a total of seven to nine (AeF) or three to four mice (G). (B,D)
Statistical analyses were by two-way ANOVA with Sidak post hoc test #P < 0.05 and ####P < 0.0001 for the overall effect of genotype in the HFD cohorts, and *P < 0.05 or
***P < 0.0005 for differences between HFD WT and HFD KO at individual points as indicated. One-way ANOVA with Sidak post hoc test, ***P < 0.005, ****P < 0.0001 versus
corresponding chow value (A), or ***P < 0.0005, ****P < 0.0001 as indicated (C,E).
injected with tamoxifen and then studied after a further 3 or 9 weeks
as short or long-term deletion models.

2.2. In vivo mouse studies
Oral glucose tolerance tests (GTT; 3 g glucose/kg of body weight) were
performed after a 6-hour fast. Plasma insulin was measured with the
Ultra Sensitive Mouse Insulin ELISA kit (Crystal Chem, IL, USA). Total fat
mass was determined by dual energy X-ray absorptiometry (DEXA)
using a PIXImus small-animal densitometer and associated software
(PIXImus II; GE Medical Systems, Madison, WI, USA).

2.3. Islet isolation, insulin secretion assays and proinsulin content
Mouse islets were isolated as described previously [38]. For the GSIS
assay, batches of five islets were picked with at least four replicates
per groups and were preincubated for 1 h in KrebseRinger HEPES
buffer (KRHB) containing 0.1% (wt/vol.) BSA and 2 mmol/l glucose.
Then they were incubated for 1 h at 37�C with KRHB containing either
2 or 20 mmol/l glucose. An aliquot of the buffer was taken, and
secreted insulin determined by the insulin RIA kit (Linco/Millipore,
Billerica, NJ, USA). The islets were lysed for the measurement of in-
sulin and proinsulin content by the homogeneous time-resolved fluo-
rescence assay using the Insulin Ultra Sensitive Assay Kit (Cisbio,
Codolet, France) and the Proinsulin rat/mouse ELISA kit (Mercodia,
Uppsala, Sweden), respectively.

2.4. Cell culture and treatments
MIN6 insulinoma cells (passages 29e37) were maintained at 37 �C
and 5% CO2 in DMEM (25 mM glucose), supplemented with 10% FCS,
10 mM HEPES, 50 units/ml of penicillin and 50 mg/ml streptomycin
[26,39]. Cells were seeded 4 � 105 cells per well in 12-well plates, or
at 1� 106 in 6-well plates. For lipid treatments, cells were exposed to
either oleate or palmitate (both 0.4 mM final pre-coupled to 0.92 g
BSA/100 ml), or BSA control in DMEM (5 mM glucose) for 48 h [26]. In
MOLECULAR METABOLISM 40 (2020) 101023 � 2020 Published by Elsevier GmbH. This is an open acce
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some studies, GFP-control, or short and long variants of Myc-DDK-
tagged mouse Dhrs7b/PexRAP (OriGene Technologies, Rockville, MD,
USA) were overexpressed 24 h prior to lipid treatments using Nano-
juice transfection reagent (Merck Millipore, Bayswater, Victoria,
Australia) [39]. For knockdown studies, MIN6 cells were transfected
with control non-targeting siRNA or Dhrs7b ONTARGETplus SMART-
pool siRNA, using Dharmafect3 reagent (Dharmacon, Pittsburgh, PA,
USA) in DMEM (25 mM glucose). Media was replaced after 24 h and
cells maintained for a further 48 h [18]. GSIS was measured in KRBH in
2.8 or 20 mM glucose for 1 h, and insulin quantified using a FRET-
based Insulin Ultra-Sensitive Assay (Cisbio, Codolet, France).

2.5. Lipidomics and lipid nomenclature
Analyses of MIN6 cells (2 x 6-well plates per treatment) were exactly
as described previously [33]. Islets (200 islets per replicate) were
pelleted in ice cold PBS after isolation. Samples (50 mg of protein) were
extracted [40] and then analysed using an expanded methodology as
recently described [41]. Briefly, cells were suspended in 10 mL PBS
and extracted in a single-phase extraction using an addition of 20
times volume of chloroform:methanol 2:1 containing lipid internal
standards, followed by sonication and centrifugation to pellet any
protein precipitate. The supernatant was removed and dried under
vacuum before the samples were reconstituted in equal volumes of
water saturated butanol and 10 mM ammonium formate in methanol.
Samples were run through an Agilent 1200 HPLC, with an Agilent
2.1� 100 mm C18 column, coupled to an AB SCIEX Qtrap 4000 mass
spectrometer and subjected lipidomic analysis as previously described
[33,39]
The lipid naming convention used in this study follows the guidelines of
the Lipid Maps Consortium with subsequent additions [42,43]. Glyc-
erophospholipids typically contain two fatty acid chains and in the
absence of detailed characterisation are expressed as the sum
composition of carbon atoms and double bonds (i.e. PC(38:6)).
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 2: Short-term inhibition of autophagy alters total mass of phospholipids and ether lipids in mouse b-cells more than sphingolipids or neutral lipids. Mice were dieted and
treated with tamoxifen for 3 weeks as indicated in the legend to Figure 1. Islets were isolated and total cellular lipids extracted and quantified by MS. Data are means � SEM of 5e
7 independent values. Masses of total species of (A) NLs, (B) SLs, (E) PLs or (F) ether lipids were summed, and expressed relative to the corresponding chow control. Mass of major
species of (C) ceramide or (D) MHC per mg of cellular protein are shown. Statistical analyses were by two-way ANOVA with Tukey’s (A,B,E,F) or Dunnett’s (C,D) post hoc tests.
#P < 0.05, ##P < 0.005, ####P < 0.0001 versus chow control, or *P < 0.05, **P < 0.005, as indicated.
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However, where the acyl chains have been determined but the position
is unknown, we have employed an underscore between the acyl chains
(i.e. PC(38:6) becomes PC(16:0_22:6)). Where the position of the acyl
chains is known, the acyl chains are separated by a “/” with the sn1
and sn2 acyl chains in order (i.e. PC(16:0_22:6) becomes PC(16:0/
22:6)). This is also extended into other lipid classes and subclasses. In
some cases, lipid species may be separated chromatographically but
incompletely characterised. Here we have adopted an (a) and (b)
nomenclature, for example PC(P-18:1/22:6) (a) and (b) where (a) and
(b) represent the elution order [41]. In this instance we believe this
represents the positional isomers of the n7 and n9 double bonds on the
18:1 alkenyl chain, although suitable standards to verify this are not
currently available.

2.6. Western blotting
Protein extracts from isolated islets were resolved on a 12% SDS-PAGE
gel and transferred onto a PVDF membrane. After blocking with 5%
non-fat milk, the membrane was incubated with primary antibodies
4 MOLECULAR METABOLISM 40 (2020) 101023 � 2020 Published by Elsevier GmbH. This is
against: Atg7 (Cell Signalling Technology, Danvers, MA, USA), LC3,
Elovl5 (Abcam, Cambridge, UK), or b-actin (Sigma) overnight at 4�C,
and then probed with peroxidase-labelled secondary antibodies.
Chemiluminescence intensity of bands from autoradiography film was
quantified using Image J software (National Institute of Health,
Bethesda, MD, USA).

2.7. Histology and immunohistochemistry
Mouse pancreata were harvested and fixed in 4% paraformaldehyde
in PBS overnight, followed by 30% sucrose incubation at 4�C for 6 h.
The tissues then were embedded in paraffin for sectioning. Sections
were subjected to either hematoxylin and eosin (H&E) or immuno-
fluorescent staining. Primary antibodies used in the immunofluo-
rescent staining were mouse anti-insulin (Sigma), rabbit Pmp70,
rabbit anti-p62 (Enzo Life Sciences, Farmingdale, NY, USA). Sec-
ondary antibodies used were Alexa 647-labeled anti-mouse or Alexa
488-labeled anti-rabbit (Molecular Probes, Eugene, OR, USA). The
sections were mounted with ProLong� Gold antifade reagent
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: HFD predominately alters PUFA species of phospholipids and ether lipids, and these are variously impacted by short-term inhibition of autophagy. Mice were dieted and
treated with tamoxifen for 3 weeks as indicated in the legend to Figure 1. Islets were isolated and total cellular lipids extracted and quantified by MS. Data are from five to seven
independent values. Individual lipid species were tested for significant modulation by HFD (P < 0.05 unpaired t-test, corrected for multiple comparison with 0.05 false discovery
rate. (A) Shown are significantly altered species categorized by (A) lipid class or (B) side-chain. (C) Cluster analysis (Pearson correlation) and heat map (Log2 and row adjusted) of
significantly altered species: i) decreased by HFD partly reverted by ATG7 deletion ii) increased by HFD independently of ATG7 deletion, and iii) decreased by HFD independently of
ATG7 deletion.
containing DAPI (Molecular Probes). The fluorescence signal was
detected by fluorescence microscopy (DM5500; Leica Microsystems,
Sydney, NSW, Australia). For detection of apoptosis, sections were
stained using mouse anti-insulin antibody (Sigma) and the Click-iT�
TUNEL Assay kit (Thermo Fisher Scientific) as per the manufacturer’s
protocol. Sections were counterstained with DAPI (Molecular Probes)
and mounted using Fluoromount� Mounting Medium (Sigma
Aldrich). Images were captured on a Leica DM 6000 microscope
using LASX software. Total cell numbers were quantified using Fiji
software and TUNEL positive cell staining was quantified manually.
Staining for Pmp70 was quantified using Image J. Briefly, the
threshold was set for each image to define the area of the islet as a
MOLECULAR METABOLISM 40 (2020) 101023 � 2020 Published by Elsevier GmbH. This is an open acce
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region of interest. The region of interest was then applied to the
Pmp70 channel and the positive pixels were counted using inte-
grated density normalised to islet area.

2.8. mRNA analyses
RNA was extracted using an RNEasy kit (Qiagen, Melbourne, Australia).
RNA concentration was determined using the Nanodrop and reverse
transcription was performed using the QuantiTect� Reverse Tran-
scription kit (Qiagen). RT-PCR was performed using the LightCycler
480 instrument with UPL hydrolysis probes (Roche, North Ryde,
Australia). Primer sequences are provided in Supplementary Table 1.
The Ct values were determined using the absolute quantification/2nd
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 4: Short-term inhibition of autophagy increases mass of n-3 PUFA species of PC and PE that are selectively depleted by HFD. Mice were dieted and treated with tamoxifen
as indicated in the legend to Figure 1. Islets were isolated and total cellular lipids extracted and quantified by MS. Data are means � SEM of five to seven independent values.
Shown are mass (per mg of cellular protein) of PC and PE containing sidechains of: (A) 22:6 n-3; (B) 22:5 n-6; (D) 22:5 n-3; (E); 20:5 n-3 (F) 20:3 n-6; and 22:4 n-6 (E). Also shown
is (H) a representative image and densitometric quantification of expression of Elov5 and (C) n-3 and n-6 PUFA pathways. LA, linoleic acid; ALA, a-linoleic acid; EPA, eicosa-
pentaenoic acid; ARA, arachidonic acid; DHA, docosahexaenoic acid. Statistical analyses (AeG) were by two-way ANOVA with Tukey post hoc test, or (H) one-way ANOVA with
Sidak post hoc test. ##P < 0.005, ###P < 0.0005, ####P < 0.0001 versus chow control, or *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001 as indicated.
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derivative maximum function using the LightCycler480 software.
Relative gene expression was then calculated using the 2�DDCt

method, with TBP as the housekeeping gene.

2.9. Statistical analysis
Heatmaps, cluster analysis (Pearson Correlation) and t-tests for
Figure 4 were generated with MultiExperiment Viewer (MeV_4_8_1)
[44]. Calculations of the integrated area under the curve, and all other
statistics were performed using GraphPad Prism 8 software (GraphPad
software La Jolla, CA, USA), as detailed in the figure legends.

3. RESULTS

3.1. Mouse model for b-cell specific, inducible inhibition of
autophagy
We made use of the inducible Pdx1CreERþ model, which allows for
temporally controlled deletion of Atg7 in b-cells in adult mice [37].
Because the Atg7 protein has a long half-life (w1 week) [45], initial
studies focused on optimizing the shortest window for inhibiting
autophagy without compromising the extent of deletion. Atg7 deletion
in the islets was apparent within 2 weeks of tamoxifen injection (40%
loss), and maximal loss (60%) occurred by 3 weeks (Supplementary
Figure 1). The residual Atg7 expression was probably due to other
(non-b) cell types in the islets. Because Atg7 is required for the
conversion of microtubule-associated protein 1 light chain 3 (LC3) I into
the autophagic marker LC3II, these downstream proteins were also
assessed. At 3 weeks post injection accumulation of LC3II was
6 MOLECULAR METABOLISM 40 (2020) 101023 � 2020 Published by Elsevier GmbH. This is
decreased, together with a reciprocal increase in the LCI precursor
(Supplementary Figure 1), thereby confirming a functional inhibition of
autophagy.

3.2. Prolonged inhibition of autophagy in adult mice compromises
b-cell function
To test the effects of Atg7 deletion in adult b-cells, we used mice pre-
fed a chow or HFD for 5 weeks, then injected with tamoxifen and
maintained on their respective diets for another 9 weeks. Staining for
p62, which accumulates during the inhibition of autophagy, was not
detected in WT islets (Supplementary Figure 2A,i,ii), but visible in the
KO islets (Supplementary Figure 2A,iii,iv). Embryonic deletion of Atg7
has been shown to promote the appearance of cyst-like structures in
islet cells [10,11]. These cysts were also detected in our inducible
model, most notably in combination with high-fat feeding
(Supplementary Figure 2Biv). To test the metabolic correlates of these
morphological changes we next conducted GTTs. As expected, the
HFD impaired glucose tolerance in WT mice, and this was exacer-
bated by the loss of Atg7 (Supplementary Figure 2C and D). The
additional impairment was accompanied by a significant inhibition of
insulin release during the GTT, when comparing the WT and KO
animals on HFD (Supplementary Figure 2E). Broadly speaking, both
these functional and morphological changes are consistent with
earlier studies [10,12,13,46], suggesting firstly that our inducible
system works as expected, and secondly that these consequences of
Atg7 deletion are independent of potential roles in early b-cell
development.
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Figure 5: Short-term inhibition of autophagy increases mass of ether lipids independently of side-chain saturation. Mice were dieted and treated with tamoxifen as indicated in the
legend to Figure 1. Islets were isolated and total cellular lipids extracted and quantified by MS. Data are means � SEM of five to seven independent values. Shown are mass of
major species (per mg of cellular protein) of PUFA-containing ether lipids (AeD); and SFA- and MUFA-containing canonical lipids (E), ether lipids (F,G) and DAG (H). Statistical
analyses were by two-way ANOVA with Tukey post hoc test. #P < 0.05, ##P < 0.005, ####P < 0.0001 versus chow control, or *P < 0.05, **P < 0.005, ***P < 0.0005,
****P < 0.0001 as indicated.
3.3. Short-term autophagy deficiency during prolonged high-fat
feeding improves glucose tolerance and insulin secretion
We next examined in vivo glucose homeostasis under conditions where
the duration of Atg7 deletion was shortened to 3 weeks. No differences
between WT and KO mice were apparent immediately prior to
tamoxifen injection, although the preceding 5 weeks of HFD did impair
glucose-tolerance as expected (Supplemental Figs. 3A and C). Loss of
Atg7 did not alter overall adiposity (Figure 1A) but improved both
glucose tolerance (Figure 1B,C) and insulin excursions (Figure 1D), but
only in the mice maintained on the HFD. This is the opposite of the
results obtained in the longer-term deletion models (Supplementary
Figure 2B) and was observed irrespective of comparing the KO re-
sponses to Pdx1-CreERþ controls (Supplemental Figs. 3B and D), or
Atg7f/f controls (Figure 1). Consistent with the in vivo results, GSIS was
MOLECULAR METABOLISM 40 (2020) 101023 � 2020 Published by Elsevier GmbH. This is an open acce
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augmented by Atg7 deletion in b-cells, but only in those islets isolated
from mice fed the HFD (Figure 1E). In contrast, there was no significant
alteration in the actual contents of either insulin (Figure 1F), or pro-
insulin (Figure 1G). b-cell apoptosis was likewise unaffected by the
loss of ATG7 (Figure 1H, Supplementary Figure 4A). Collectively, these
results suggest that, in contrast to the effects of longer-term deletion of
ATG7, short-term inhibition of autophagy directly improves the
secretory responsiveness of b-cells to glucose stimulation.

3.4. Minimal effects of HFD or short-term autophagy deficiency on
sphingolipids and neutral lipids in b-cells
In vitro studies have established that inhibition of lipophagy augments
GSIS by expanding a reservoir of neutral lipids, which is subsequently
mobilized to generate coupling factors during acute glucose
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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stimulation [18]. We therefore undertook a comprehensive lipidomic
analysis to determine the in vivo effects of both HFD and Atg7 deletion
in islets. Summary data for the 474 individual lipid species that were
detected are shown in Supplementary Table 2. Surprisingly, we found
no evidence for changes in the total mass of major neutral lipids in
response to diet, although diacylglycerol (DG) was augmented by
genotype (Figure 2A). This is addressed further below. Likewise, there
were no alterations in the total mass of various sphingolipids due to the
HFD (Figure 2B). In contrast, the loss of Atg7 increased levels of both
ceramide and its immediate glycosylated derivative, mono-
hexosylceramide (MHC) (Figure 2B). This was most apparent in
abundant FA species such as C16:0 (Figure 2C,D). Although our earlier
in vitro studies had highlighted the benefits of enhancing MHC [39,47],
the accumulation of ceramide in the Atg7 KO islets seems inconsistent
with improved secretory function [48,49]. Atg7 deletion impacted only
modestly on total phospholipid mass with enhancement of relatively
minor forms such as phosphatidylglycerol (PG) and lyso-
phosphatidylinositol (LPI) (Figure 2E). Most surprisingly, however, our
results revealed a profound effect of genotype on ether lipids, notably
an augmentation of both alkyl (O) and plasmalogen (P) forms of PC
(Figure 2F).

3.5. High-fat feeding and short-term autophagy deficiency impact
predominately on PUFA-containing lipids in b-cells
A complementary analysis, focusing on the individual species that
were significantly altered by diet, revealed a more subtle remodelling
of phospholipids (Figure 3A) than was apparent from the summed
mass data (Figure 2E). Indeed, of the 134 metabolites that were
increased or decreased between the chow and HFD groups, phos-
pholipids comprised >90%, mostly canonical PC or PE or their ether
lipid equivalents (Figure 3A). Moreover, in terms of fatty acid side-
chain, these were overwhelmingly enriched in PUFAs, especially the
n-3 species, 22:6 (Figure 3B). Overall, these individual species clus-
tered into three distinct groups (Figure 3C): i) a large set encompassing
mainly 18:2-esterified phospholipids and 22:6 plasmalogens that were
depleted by HFD in WT but partially reverted by loss of Atg7; ii) a cohort
increased by diet independently of genotype, mostly n-6-containing
(22:4, 22:5) plasmalogens; and iii) a more diverse set, albeit
enriched for 20:5 and some 22:6 species, which were reduced by diet
regardless of genotype.
We next analysed the alterations in PUFA-containing species of
canonical PC and PE more closely. In WT mice, the HFD exerted
reciprocal effects on the end-products of the n-3 and n-6 pathways
(see Figure 4C) with 22:6 sidechains diminished (Figure 4A) and
22:5 species (Figure 4B) augmented. In contrast to the effects of
diet, the loss of ATG7 appeared to impact solely on the n-3 pathway,
partially (30e40%) reverting the loss of 22:6 sidechains due to the
HFD in WT mice (Figure 4A). Tracking backwards up this pathway
(Figure 4C), we determined that the effect of ATG7 deletion was also
apparent in n-3 22:5 species (Figure 4D), but not their immediate
20:5 precursors (Figure 4E). We also checked upstream metabolites
in the n-6 pathway, which shares enzymes with that of the n-3
sequence (Figure 4C). Indeed, 20:3 (Figure 4F) and 22:4 in-
termediates (Figure 4G) were also augmented by the loss of ATG7,
even though final n-6 22:5 products were unaltered (Figure 4B).
These findings would implicate elongase enzymes, in particular
ELOVL5, as a site potentially upregulated by ATG7 inhibition. Indeed,
protein expression of this enzyme was augmented in islets of ATG7
KO mice, independently of diet (Figures 4H). mRNA levels corre-
sponding to this enzyme, and other components in the pathway,
were unaltered by the inhibition of autophagy (Supplementary
8 MOLECULAR METABOLISM 40 (2020) 101023 � 2020 Published by Elsevier GmbH. This is
Figure 5). Collectively these results show that high-fat feeding
promotes an n-3 to n-6 switch in islet PUFA accumulation, which is
partially countered via a selective enhancement of the n-3 pathway
when autophagy is inhibited.

3.6. Short-term autophagy deficiency augments ether lipids, in
ways additional to the repletion of PUFA sidechains
We next addressed the ether lipids, focusing on the n-3 PUFA me-
tabolites since n-6 PUFA sidechains were only detected in very low
abundance (not shown). We firstly established that the 22:6-containing
ether lipids were also reduced by the HFD (Figure 5AeD), but to a
lesser extent than the 60% decrease observed in their canonical PE
and PC equivalents (Figure 3A). This decrement was strongly reverted
by ATG7 deletion, especially in the alkyl lipids (60e70% protection)
(Figure 5A,C). We reasoned that this might be explained not only by the
sparing of PUFA sidechains (as in the canonical phospholipids) but also
by separate and more specific effects of autophagy on the turnover of
ether lipids, per se. We therefore focused on alterations in SFA or
MUFA sidechains, to exclude contributions due to remodelling of PUFAs
(Figure 5EeG). The canonical forms of PC and PE were only modestly
reduced by the HFD, an effect mainly explained by the loss of 18:1-
containing, rather than di-saturated species. This reduction was
partially overcome by the loss of Atg7 (Figure 5E). SFA and MUFA
species of ether lipids (Figure 5F,G) were unaltered by diet in WT mice
but enhanced in the Atg7 KOs, an effect that was most pronounced in
the alkyl lipid species (Figure 5F) but also present in plasmalogens
(Figure 5G). This clearly suggests that autophagy normally restricts
ether lipid synthesis, acting upstream of the generation of alkyl de-
rivatives. These proximal steps also overlap with a salvage pathway
(see Figure 6H) for forming phospholipids and potentially DG (by
generation of lysophosphatidic acid), as would be consistent with an
enhancement of total DG mass following Atg7 deletion (Figure 2A). This
was now confirmed in terms of abundant SFA, and MUFA species
(Figure 5H), revealing a similar pattern to that observed with the
corresponding PC/PE(O) sidechains (Figure 5F).

3.7. Short-term autophagy deficiency augments peroxisomal lipid
metabolism in b-cells
We hypothesised that the increased accumulation of ether lipids, and
potentially terminal PUFA metabolites, could be explained by an
expansion of peroxisomes, the site of key steps in both these pathways
[35,36]. Indeed, such an expansion might be expected following the
loss of ATG7 because peroxisomes are normally degraded by a form of
autophagy (pexophagy) [50]. However, there was no effect of either
diet or genotype on peroxisomal area, as assessed by the marker,
peroxisomal membrane protein 70 (PMP70) (Figure 6A,B). Expression
of the corresponding gene (Abcd3) was also unaffected under these
conditions (Figure 6C), although a loss of ATG7 in the KO samples was
confirmed (Figure 6D). Independently of size, functional defects have
been recently attributed to mutations in enzymes of peroxisomal b-
oxidation, which are characterized not only by the expected accumu-
lation of very long-chain FAs but also by the loss of ether lipids and n-3
22:5-containing PUFAs [51]. Specific lipidomic signatures were
developed to dissociate changes restricted to loss of particular en-
zymes, versus those occurring in common, regardless of the targeted
enzyme [51]. Unfortunately, only three of these ratios could be
calculated from FA species present in our data set, but all were
increased by the HFD in WT islets (Figure 6IeK). The shift in SM
species, commonly observed in general instances of peroxisomal
disruption [51], was completely reverted by the loss of ATG7
(Figure 6I). In contrast, the two PC signatures, diagnostic of more
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: Lonp2, a regulator of peroxisomal function, is enhanced by deletion of Atg7. Mice were dieted and treated with tamoxifen as indicated in the legend to Figure 1. (A)
Double immunofluorescence staining for insulin (red) and Pmp70 (green) from representative images as indicated of pancreatic sections from chow control, HFD control, and HFD
KO mice. Scale bar ¼ 25 mm. (B) Quantification of Pmp70 IHC staining. (CeG) qPCR of islet gene expression as indicated. (H) Pathways of peroxisomal lipid metabolism.
Abbreviations: LCF, long chain fatty; DHAP, dihydroxyacetone phosphate; G3P, glycerol 3-phosphate; LPA, lysophosphatidic acid; PL, phospholipid. (IeK) Lipidomic signatures of
peroxisomal b-oxidation. Results are means and SEM of metabolite ratios calculated from 6 to 8 individual mice. Statistical analyses were by two-way ANOVA with Tukey post hoc
test (D,E) or by one-way ANOVA with Sidak post hoc test (IeK) *P < 0.05, ****P < 0.0001 as indicated.
specific defects in Acox1 and/or Hsd17b4, were similar between the
two genotypes (Figure 6J,K). Collectively, these results provide strong
evidence that peroxisomal function is impaired by the HFD, and that
some, but not all aspects of this impairment can be rescued in the
absence of autophagy. We next analysed mRNA of key genes
(Figure 6H) that might account for these features but found no sig-
nificant changes due to genotype in components of either b-oxidation
or ether lipid synthesis (Figure 6F,G). In contrast, the loss of ATG7
MOLECULAR METABOLISM 40 (2020) 101023 � 2020 Published by Elsevier GmbH. This is an open acce
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enhanced the expression of the peroxisomal chaperone/protease,
Lonp2 (Figure 6E). This encodes a protein that is essential for the
degradation of oxidized proteins, but also the maturation of many
enzymes targeted to the peroxisomal matrix, including those for
peroxisomal b-oxidation and synthesis of ether lipids [52]. Thus the
upregulation of Lonp2 potentially contributes to the overall lipid
remodelling phenotype we observe under conditions of inhibited
autophagy.
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3.8. Impaired synthesis of ether lipids is linked to defects in GSIS
due to FA oversupply
MIN6 cells have been widely employed for studying the mechanisms
whereby chronic exposure to FAs, generally palmitate, causes b-cell
dysfunction [26,27,47], but ether lipids have not been addressed. We
now found that total alkyl lipids and plasmalogens were consistently
diminished by 48 h of exposure to moderately elevated levels of oleate,
whereas palmitate only reduced PC(O) species (Figure 7A). Changes in
canonical phospholipids were less apparent, although oleate did
slightly suppress PE (Figure 7B). Further analysis of the ether lipid
species that were significantly altered by these FAs revealed that
oleate downregulated many more species than it increased
(Figure 7C). In contrast, the effects of palmitate were both less obvious
C

A

Figure 7: Ether lipid accumulation in MIN6 cells is preferentially inhibited by pre-treatme
oleate or palmitate complexed to 0.9% BSA. Total cellular lipids were extracted from cells
summed masses of total species of (A) ether lipids, or (B) canonical phospholipids, exp
significantly modulated by FA pre-treatment (P < 0.05 unpaired t-test, corrected for mu
(Pearson correlation) and heat map (Log2 and row adjusted). (DeF) Mass of major specie
plasmalogens (F) are shown per mg of cellular protein. Statistical analyses were by two-wa
chow control, or *P < 0.05, **P < 0.005, ***P < 0.0005 as indicated.

10 MOLECULAR METABOLISM 40 (2020) 101023 � 2020 Published by Elsevier GmbH. This is
and more variable. (Figure 7C). Quantitative evaluation confirmed that
most ether lipids were selectively depleted by oleate, regardless of
whether they contained saturated, mono-unsaturated, or 22:6 side-
chains (Figure 7D,E,F). An exception was the abundant alkyl lipid PC(O-
34:1) that was reduced by both FAs (not shown). Although effects of
mass action cannot be excluded completely in this model, the pres-
ence of species with mono-unsaturated sidechains amongst those
depleted in response to oleate treatment, would suggest a specific
disruption in ether lipid synthesis rather than a competition between
FAs. The precise mechanism of action of oleate, however, remains to
be determined as it was not associated with alterations in the
expression of Lonp2, or of genes encoding enzymes of ether lipid
synthesis or peroxisomal b-oxidation (not shown).
B

D

E

F

nt with oleate compared to palmitate. MIN6 cells were cultured for 48 h with 0.4 mM
and quantified by MS. Data are means � SEM of four independent values. Shown are
ressed relative to the corresponding BSA control. (C) Individual species of ether lipid
ltiple comparison with 0.05 false discovery rate), are presented using cluster analysis
s of SFA- and MUFA-containing alkyl lipids (D), plasmalogens (E), or PUFA-containing
y ANOVA with Tukey post hoc test. #P < 0.05, ###P < 0.0005, ####P < 0.0001 versus
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Regardless of the exact mechanism, the selectivity of oleate versus
palmitate suggests that this model could be exploited to investigate the
role of ether lipids in regulating insulin secretion. As the point of
intervention we chose Dhrs7b, which encodes the final enzyme
(PexRAP) in the peroxisomal portion of the pathway of ether lipid
synthesis (Figure 6H) [53,54]. Knocking down this enzyme (Figure 8A)
inhibited GSIS (Figure 8B) without any change in the total cellular
content of insulin (Figure 8C). We next investigated whether over-
expression of Dhrs7b could protect against secretory dysfunction due
to chronic lipid exposure. We employed two constructs, a shorter form
previously shown to augment ether lipid synthesis [53], as well as a
longer version whose function remains uncharacterized (Figure 8D).
Notably the active form (i) reverted defective GSIS due to pre-treatment
of MIN6 cells with oleate, but not that due to palmitate (Figure 8E). The
longer form of Dhrs7b (ii) was without effect, and neither construct
altered insulin content (Figure 8F). These results suggest that the
defects in GSIS due to chronic exposure to oleate are mediated, at least
in part, by a depletion of ether lipids.

4. DISCUSSION

Although autophagy was the initial focus of our investigation, the first
major finding relates more generally to high-fat feeding, per se. Thus
an HFD promoted the accumulation of n-6 linked phospholipids in
islets, together with a marked depletion of n-3 FA sidechains. This is
important because n-3 FAs are generally thought to be beneficial,
through anti-oxidant, anti-inflammatory and other properties [29].
Notably, a whole-body transgenic mouse in which n-3 PUFAs were
enriched at the expense of n-6 varieties showed improvements in
insulin secretion [55] and protection against islet ER stress due to an
HFD [56]. Benefits of supplementing b-cells with docosahexaenoic
acid (22:6; DHA) and other n-3 FAs have also been reported, both
in vivo and in vitro, and potentially explained by receptor-dependent
[57] and independent effects [58]. Moreover, a genetic screen iden-
tified Elovl2 as a critical regulator of GSIS [59] and a protective factor
against glucolipotoxicity [58]. We also found that an HFD disrupts the
n-3 synthetic pathway at or above the generation of eicosapentaenoic
acid (EPA, 20:5) and conversely enhances n-6 metabolites prior to the
Figure 8: Dhrs7b expression in MIN6 modulates GSIS. MIN6 cells were maintained under s
to 0.9% BSA (E,F). Cells were treated with siRNA for Dhrs7b and extracts analysed for (A) m
(ii) Dhrs7b constructs were extracted for western blotting (D) and analysed for (E) GSIS or (
shown. Statistical analyses were by unpaired Students t-test (A), or one-way ANOVA with
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generation of 22:4 sidechains. Identification of the precise mechanism
underlying this PUFA remodelling will require further work, but
because metabolites in the n-6 and n-3 pathways compete for the
same enzymes, it is conceivable that flux through the two arms might
be reciprocally regulated. For example, enhanced provision of n-6
substrates (such as arachidonic acid from phospholipid remodelling)
would not only feed into the n-6 arm but also limit access of endog-
enous n-3 metabolites to the common repertoire of elongases and
desaturases. Regardless, our findings now suggest that dysregulation
of the balance between n-3 and n-6 PUFA pathways might contribute
to the onset of b-cell failure during pre-diabetes and potentially help
explain why supplementation with EPA improves insulin secretory
function in models of obesity/T2D in vivo and counters SFA lipotoxicity
in vitro [60,61].
To our knowledge, this profound shift in n-3 to n-6 metabolism in b-
cells following a HFD is a novel finding, although other instances of
PUFA remodelling have been previously demonstrated in response to
nutrient overload in vitro [62]. Our failure to observe major alterations
in sphingolipids and neutral lipids is also surprising in the light of an
extensive literature detailing their accumulation and negative conse-
quences during b-cell failure [22e24,39,47e49]. These findings,
however, generally pertain to in vitro models of lipotoxicity. Our in vivo
results are consistent, however, with early lipidomic analyses of islets
from genetically obese, ob/ob mice [32,63], which showed only
modest alteration, or even slight decreases, in neutral lipids and
sphingolipids during obesity. It is known that intracellular storage
depots of cholesteryl ester (CE) and TG are tightly regulated and
actively turned over in b-cells, at least in response to changes in
glucose concentration [7,64], so perhaps homeostatic mechanisms
defend better against chronic lipid loading in vivo compared to in vitro.
Another potential caveat is that our whole-cell analyses do not exclude
the potential contributions of localized changes in ceramide (or other
lipids). Indeed, in our own relatively mild model of in vitro lipotoxicity,
we observed increases in ER-localized ceramide in response to chronic
treatment with palmitate [39], which were not apparent at the whole
cell level [47].
In addition to the above insights on high-fat feeding, our study provides
novel findings relating to the regulation of b-cell function by
tandard culture conditions (AeD) or for 48 h with 0.4 mM oleate or palmitate complexed
RNA, (B) GSIS or (C) total insulin content. Cells overexpressing the shorter (i) and longer
F) total insulin content. Data are means � SEM of the number of independent values as
Sidak’s post hoc test (BeF) *P < 0.05, **P < 0.005 as indicated.
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autophagy. Firstly, we demonstrated that short-term inhibition of
autophagy tends to counter the depletion of n3-PUFAs seen following
an HFD. This was associated with enhanced expression of the elon-
gase, Elovl5, in islets of Atg7 KO mice. This was apparent at the level of
protein, but not mRNA, suggestive of a post-translational mechanism
that is yet to be elucidated. As expected, however, there were
accompanying increases in the concentrations of immediate elongase
products comprising 20:3, 22:4, and 22:5 sidechains. A potential
upregulation of the peroxisomal b-oxidation pathway might also
contribute to the accumulation of n-3 22:6 PUFAs (see below). This
unexpected link between autophagy and n-3 FA remodelling could
potentially impact on multiple PUFA-regulated processes, and more
specifically on ether lipid accumulation (see below). Unexpectedly, the
loss of ATG7 also increased the sphingolipids, MHC and ceramide.
These effects are difficult to interpret functionally as they would be
expected to exert competing outcomes on b-cell function [48,49].
Contrary to our starting hypothesis, however, we did not observe any
accumulation of TG and CE due to the inhibition of autophagy. We had
previously defined a role for lipophagy as a negative regulator of GSIS,
but this was based more specifically on manipulation of lysosomal acid
lipase (LAL) [18]. Even so, knock down of Atg7 in vitro, albeit a more
ambiguous intervention for disrupting lipophagy, was also associated
with enhanced lipid droplet formation [18]. Perhaps, therefore, this
effect is less apparent with in vivo interventions. As such, the ultimate
test of the role of lipophagy in b-cells probably now requires targeted
deletion of LAL rather than Atg7 as employed here. Another important
route for future investigation would be to extend our lipidomic analyses
to models of more overt b-cell failure, such as during long-term
deletion of Atg7.
The current study has delineated a second role for autophagy in the
regulation of ether lipid synthesis, which is additional to the
remodelling of PUFA sidechains as highlighted above. This is
exemplified by the changes in SFA- and MUFA-esterified species of
alkyl lipids, which were nearly doubled following a loss of ATG7.
Plasmalogens, however, were also significantly increased. The
function of ether lipids in b-cells has never been formally addressed,
but work in other fields suggests that they are likely to have diverse
and important impacts on membrane biology in particular [30,31].
Compared to esterified lipids, they can be more closely packed and
thus are concentrated particularly in signalling platforms (lipid rafts).
The presence of plasmalogens, which are enriched in secretory
vesicles, also helps impart negative curvature to membranes, which
is a critical feature of membrane fusion during trafficking and
exocytosis [30,31]. Indeed, we have previously shown that n-3
conjugated, PC plasmalogens are dynamically reduced during GSIS
[33]. These are much less abundant than the corresponding PE
plasmalogens, perhaps pointing to highly compartmentalized, and
functionally-specialized roles. Ether lipids are also generally impli-
cated in oxidant defence [30], and although this has not been
addressed in the b-cell, it is a potentially important consideration.
Regardless of their precise role, our study now strongly links ether
lipids to b-cell function by showing that loss of the key biosynthetic
enzyme, Dhrs7b [53,54,65], inhibited GSIS. Moreover, over-
expression of Dhrs7b selectively reverted the inhibition of insulin
secretion due to pre-treatment with oleate but not palmitate. This
specificity is important because oleate also caused a more pro-
nounced inhibition of ether lipid accumulation (Figure 7) and, as we
showed previously [27], stimulates autophagy more potently than
palmitate in our model. Collectively, these data strongly suggest that
activation of autophagy, and depletion PUFA-linked ether lipids,
contribute to the mechanism whereby MUFAs inhibit GSIS during
12 MOLECULAR METABOLISM 40 (2020) 101023 � 2020 Published by Elsevier GmbH. This is
high-fat feeding. In vivo, these mechanisms would potentially syn-
ergize with other (better characterized) pathways mediating lip-
otoxicity in response to SFAs [15,22e25,66].
Our third new insight into autophagy is its reciprocal relationship with
peroxisomal biology. Prior work had highlighted the role of pexophagy
in regulating peroxisome mass [50], and there are indications that
autophagy is triggered in b-cells by defective peroxisomes [67]. But
the converse upregulation of peroxisomal function by loss of autophagy
is, we believe, a novel observation in mammalian cells. Lonp2
potentially plays a critical role in this context. This protein acts as both
a chaperone and a protease, removing oxidized or misfolded proteins
[52], which is critical in a compartment that is a major source of
reactive oxygen species [35,36]. A more general role arises from the
fact that proteins are directed to the peroxisomal matrix by targeting
sequences, which then need to be removed for functional maturation
[68]. Lonp2, working co-operatively with another protease, Tysnd1,
thus promotes the processing and activation of a host of enzymes,
including those catalysing b-oxidation and ether lipid formation [69e
71]. Both pathways are augmented by ATG7 deletion in our model,
consistent with the enhanced expression of Lonp2. Notably, an
enhancement of peroxisomal b-oxidation could contribute to the
repletion in n3 22:5 species we also observe under these conditions
because some of these same enzymes also mediate the terminal step
of PUFA formation [72,73]. Although more work is required to establish
a direct link between these diverse observations, an earlier study has
shown that ablation of Pex5, a receptor for one of the peroxisomal
targeting sequences, both diminishes total plasmalogen levels in islets
and impairs insulin secretion [67]. More specifically, a reciprocal
relationship between autophagy and Lonp2 has only been elaborated
in lower organisms [74]. But it would make sense that an enzyme
critical for the optimization of peroxisomal function would also be
upregulated in mammalian cells, precisely under those conditions in
which clearance of damaged proteins and organelles would be
impaired, such as with deletion of ATG7.
Another major finding is that short-term inhibition of autophagy is
actually beneficial to b-cell function. This conclusion, underpinned by
our strategy of temporally controlling deletion, is in marked contrast to
the interpretation of models employing embryonic deletion of Atg7
[10e14]. In vitro studies, however, had suggested that GSIS could be
inhibited by autophagy, especially in the form of lipophagy [18].
Although in broader terms this is not excluded (see above), the current
findings would better implicate plasmalogen/PUFA turnover in the
specific context of our short-term model of Atg7 deletion. We do not
exclude the possibility that other mechanisms, independent of lipid
remodelling, also contribute to this phenotype. Indeed, earlier studies
had highlighted a role for autophagy in promoting the degradation of
insulin (and proinsulin) such that less hormone was available for
release by exocytosis [20,75]. In our model, however, no changes in
the contents of insulin or proinsulin were observed in islets isolated
from mice in any of the four experimental groups. This phenotype
might require deletion of both Atg7 and Atg5 as employed in vitro [20],
or a shorter period of inhibition than the 3 weeks we used here. On the
other hand, insulin can be degraded via many alternative processes
[19,76,77], which would be interesting to assess in the future to
determine whether they might compensate for ATG7 deletion. It is also
possible that the upregulation of Lonp2 that we observed in the ATG7
KO islets might mediate other protective effects independently of lipid
metabolism. Indeed, the peroxisome has been postulated as a major
source of oxidative stress in b-cells, at least in vitro in response to
lipotoxicity [78]. Enhanced expression of Lonp2 would tend to counter
this, both by removing oxidized proteins and by promoting the
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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peroxisomal localization of anti-oxidant proteins [52]. Notably, how-
ever, the loss of Pex5 did not exacerbate oxidative damage in islets of
mice maintained on an HFD [67].
The overall conclusion of our study is that autophagy plays multiple roles
inb-cells, the ultimate consequences of which will depend on the extent,
duration and context of activation. Earlier work, employing embryonic
deletion of Atg7, had highlighted longer-term homeostatic roles of
autophagy, including the restriction of b-cell apoptosis, maintenance of
insulin secretory granules, and preservation of the mitochondrial func-
tion [10,11]. Another expected long-term benefit of autophagy would be
counter-regulation of ER stress, and indeed constitutive deletion of Atg7
does result in distension of the ER [11,17]. Not surprisingly, the overall
consequence of prolonged inhibition of autophagy in b-cells is impaired
glucose tolerance, loss of insulin content and the development of islet-
cell cysts [10,11]. That we were able to recapitulate these features using
our the longer-term (9-week) protocol for gene ablation in adult mice
argues against an obligatory role of Atg7 in islet development or
maturation, but an ongoing requirement for autophagy in maintaining
functional b-cell mass during adulthood. Clearly then, a critical
contributor to the differing phenotypes of our 3- and 9-week models is
the duration of deletion. But another consideration is that the conse-
quences of knocking out Atg7 are likely to be more pronounced under
conditions where autophagy is enhanced, such as during high-fat
feeding, as opposed to chow feeding, where the rate of autophagy in
islets is already very low [16,46]. Whereas we previously interpreted this
activation of autophagy as beneficial, by protecting b-cells from ER
stress [16], our current results suggest that this occurs at the expense of
a diminished capacity for GSIS. The balance between these competing
outputs might help determine the extent to which b-cells compensate or
fail in the progression to T2D, but this also highlights the difficulty in
targeting such a fundamental process such as autophagy as a disease
therapy.
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