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Abstract
Aims/hypothesis Lipolytic breakdown of endogenous lipid
pools in pancreatic beta cells contributes to glucosestimulated insulin secretion (GSIS) and is thought to be mediated by acute activation of neutral lipases in the amplification pathway. Recently it has been shown in other cell types
that endogenous lipid can be metabolised by autophagy, and
this lipophagy is catalysed by lysosomal acid lipase (LAL).
This study aimed to elucidate a role for LAL and lipophagy in
pancreatic beta cells.
Methods We employed pharmacological and/or genetic inhibition of autophagy and LAL in MIN6 cells and primary
islets. Insulin secretion following inhibition was measured
using RIA. Lipid accumulation was assessed by MS and
confocal microscopy (to visualise lipid droplets) and autophagic flux was analysed by western blot.
Results Insulin secretion was increased following chronic
(≥8 h) inhibition of LAL. This was more pronounced with
glucose than with non-nutrient stimuli and was accompanied
by augmentation of neutral lipid species. Similarly, following
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inhibition of autophagy in MIN6 cells, the number of lipid
droplets was increased and GSIS was potentiated. Inhibition
of LAL or autophagy in primary islets also increased insulin
secretion. This augmentation of GSIS following LAL or autophagy inhibition was dependent on the acute activation of
neutral lipases.
Conclusions/interpretation Our data suggest that lysosomal
lipid degradation, using LAL and potentially lipophagy, contributes to neutral lipid turnover in beta cells. It also serves as a
constitutive negative regulator of GSIS by depletion of substrate for the non-lysosomal neutral lipases that are activated
acutely by glucose.
Keywords Autophagy . Beta cell . Insulin secretion . Islet .
Lipid metabolism . Lipophagy . Lysosomal acid lipase
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Introduction
Glucose-stimulated insulin secretion (GSIS) comprises two
separate but interconnected metabolic pathways in the beta
cell: the initiation pathway, which is K+ATP channel dependent
and results in increased calcium influx [1, 2], and the amplification pathway, which potentiates insulin secretion independently of further changes in cytosolic calcium [3, 4]. The
mechanisms underlying amplification are much less well understood than those of initiation [5–8] but the turnover of
endogenous lipid stores, and consequent generation of a lipid
signalling molecule, is one possibility [5, 6, 9, 10]. Evidence
for this includes the inhibition of GSIS by deletion of neutral
lipases, such as hormone-sensitive lipase (HSL) [11, 12] and
adipose triglyceride lipase (ATGL) [13], or their pharmacological blockade using the pan lipase inhibitor orlistat [14]. In
addition, at least one substrate of the neutral lipases, triacylglycerol (TG), is hydrolysed during GSIS, as witnessed by an
acute glucose-stimulated, and orlistat-inhibited, release of
glycerol from beta cells [9, 15, 16].
In contrast to the established roles of neutral lipases in
insulin secretion, the potential involvement of lysosomal acid
lipase (LAL) has largely been unaddressed. Historically, the
chief function of this enzyme, as established in other cell
types, was considered to be the breakdown of cholesteryl ester
(CE) delivered to the cell via the LDL pathway [17, 18].
However, LAL has also been implicated in the turnover of
endogenous lipid stores (lipid droplets) via the process of
lipophagy, first established in hepatocytes in 2009 [19].
Lipophagy is a specific form of autophagy, the process by
which macromolecules are surrounded by the formation of an
autophagosome (APG) and then degraded by fusion of the
APG with the lysosome. This process depends on a set of
autophagy-related genes (ATGs), which are responsible for
the production of the double-membrane APG structure [20,
21]. Of the associated proteins, only ATG8/microtubuleassociated protein light chain 3 (LC3)-II, produced from
lipidation of a precursor (LC3-I), is known to be associated
with mature APGs and therefore serves as a marker for their
formation [21]. Lipophagy is now recognised as an alternative
method of lipid hydrolysis, whereby lipid droplets are
surrounded by an APG and then delivered to the lysosome
for degradation [19, 22]. It has been shown in macrophages
that LAL is the enzyme responsible for the breakdown of TG
and CE delivered to the lysosome via this route [23]. In liver,
LAL/lipophagy makes a quantitatively important contribution
to overall TG degradation, especially following high-fat
feeding [24, 25].
This link between autophagy and lipid degradation led us
to investigate whether a lysosomal pathway of lipid breakdown, in concert with neutral lipid hydrolysis, might contribute to the regulation of insulin secretion. In addressing these
issues we now demonstrate for the first time that LAL and
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lipophagy are key negative regulators of a pool of neutral lipid
in beta cells, which is mobilised as an amplification signal
during GSIS.

Methods
Reagents All tissue culture media, supplements and trypsin for
MIN6 cells and isolated islets were from Gibco (Gaithersburg,
MD, USA). Protease inhibitor tablets were from Roche Diagnostics (Penzburg, Germany). Insulin RIA kits were from
Linco/Millipore (Billerica, NJ, USA). Phenylmethylsulfonyl
fluoride (PMSF), sodium orthovanadate, DMSO, fatty acid
free fraction V BSA and L- glucose, were from SigmaAldrich (St Louis, MO, USA). TaqMan reverse transcription
kit and TaqMan PCR probes were from Applied Biosystems
(Mulgrave, VIC, Australia). ATG7 (NM_028835) and LAL
(NM_021460) ON-TARGETplus SMARTpool siRNA,
control Non-Targeting siRNA and Dharmafect Transfection
Reagent 3 were from Dharmacon (Pittsburgh, PA, USA).
RNeasy kit was from Qiagen (Valencia, CA, USA). The
BCA (bicinchoninic acid assay) protein assay kit was from
Pierce (Rockford, IL, USA). The pre-cast NUPAGE gels,
sample buffer, reducing agent, antioxidant and electrophoresis
tank were from Invitrogen (Carlsbad, CA, USA). The transfer
system for immunoblotting and the protein standard markers
were from BioRad (Hercules, CA USA). The 96-well conicalbottom plates for islet insulin secretion assays were from
Grenier Bio-one (Frickenhausen, Germany). Antibodies for
immunoblotting/immunofluorescence were as follows:
Anti-14-3-3 from Santa-Cruz (Santa Cruz, CA, USA),
anti-ATG7 from Cell Signalling Technologies (Danvers, MA,
USA), anti-LAL from Novus Biologicals (Littleton, CO,
USA) and anti-LC3 from Sigma-Aldrich.
Cell culture and treatments The pancreatic beta cell line
MIN6 [26] was used at passages 26–35, as previously described [27]. Cells were grown at 37°C and 5% CO2 in DMEM
(25 mmol/l glucose) supplemented with 10% FCS, 10 mmol/l
HEPES, 50 U/ml of penicillin and 50 μg/ml streptomycin.
For Lalistat treatment, cells were seeded at 3×105 cells per
well in 24-well plates or 4×105 cells per well in 12-well
plates, and treated at varying doses and times as indicated,
or with 1:2,000 DMSO as control.
For small-interfering RNA (siRNA) transfection MIN6
cells were seeded in 12-well plates, as above. LAL ONTARGETplus SMARTpool siRNA, ATG7 ON-TARGETplus
SMARTpool siRNA or control non-targeting siRNA
were transfected using Dharmafect3 transfection reagent.
siRNA constructs were present for 24 h and the media was
then changed to complete DMEM (25 mmol/l glucose) and
cells were incubated for a further 48 h. This achieved 70–80%
transfection efficiency as per the manufacturer’s instructions.
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Cell death was determined, as previously described [28],
using a Cell Death Detection ELISA (Roche Diagnostics,
NSW, Australia).
Islet isolation and insulin secretion assays Islets were isolated
from male C57Bl6 mice as previously described [16]. After
pancreatic digestion, islets were purified and incubated overnight in RPMI 1640 medium (11 mmol/l glucose) supplemented with 10% FCS, 0.2 mmol/l glutamine, 10 mmol/l
HEPES, 50 U/ml of penicillin and 50 μg/ml streptomycin.
For inhibitor studies, islets were cultured for a further 48 h
with 5 μmol/l Lalistat, 5 mmol/l 3-methyladenine (3MA) or
vehicle control, and the media was changed every 24 h.
Batches of five islets were picked, with at least six replicates
per group, and insulin secretion assays were carried out as
follows: islets or MIN6 cells were preincubated for 1 h in
Krebs–Ringer HEPES buffer (KRHB) containing 0.1%
(wt/vol.) BSA and 2 mmol/l glucose. They were then 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
insulin release was measured by RIA.
Confocal microscopy MIN6 cells were seeded onto glass
coverslips at 2×105 cells per well, and grown in DMEM
(25 mmol/l glucose) for 24 h. For Nile Red staining, coverslips were washed three times with 1 ml PBS pre-warmed to
37°C. Cells were fixed in 4% paraformaldehyde (PFA) for
20 min at room temperature. The PFA was removed,
100 ng/ml Nile Red in 37°C HBSS (Hanks’ buffered saline
solution) was added and the cells were incubated in the dark
for 15 min at room temperature. Staining solution was removed and the coverslips were washed three times with 1 ml
PBS (37°C). Coverslips were mounted using Prolong Gold
with DAPI (Molecular Probes, Carlsbad, CA, USA) and
sealed with nail polish. Slides were left to dry in the
dark for at least 3 h and then visualised using confocal
microscopy. For LAL and BODIPY 493/503 (Molecular
Probes) co-staining, following washing and fixation as
above, coverslips were then blocked for 45 min with
3% (wt/vol.) BSA and incubated with anti-LAL antibody (1:1,
000) overnight at 4°C. Cells were then washed three times
with PBS and incubated with anti-rabbit Alexafluor 647
(Molecular Probes) and 1 μg/ml BODIPY 493/503 for 1 h at
room temperature, protected from light. Coverslips were then
mounted as described above.
Lysosomal function assays MIN6 cells were treated for 24 h
with Lalistat, bafilomycin A (BA) or chloroquine (CQ) and
the following assays were performed.
Lysosomal pH was measured by staining with 1 μmol/l
LysoSensor Yellow/Blue DND-160 (Invitrogen) for 5 min
following treatments. The cells were then washed with warm
medium and examined under a Leica DMI 6000 SP8 confocal
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microscope using 405 nm excitation wavelength with 450 or
530 nm emission filters. The 530:450 nm emission ratio was
calculated using the software Photoshop CS4 (Adobe Systems
Incorporated, San Jose, CA, USA).
Lysosomal proteolysis was measured using DQ-BSA
(Molecular Probes), as per reference [29]. Briefly, cells were
seeded onto coverslips, incubated overnight with DQ-BSA
(10 μg/ml) and then treated with inhibitors (24 h). Cells were
then washed in PBS, fixed with 2% PFA and mounted using
Prolong Gold with DAPI (Molecular Probes). Fluorescent
particles were visualised by confocal microscopy and quantified using Image J software (National Institute of Health,
Bethesda, MD, USA).
RNA analysis Total RNA was extracted from MIN6 cells
using an RNeasy minikit and cDNA synthesis was performed
on 1.5 μg of DNA, using the TaqMan reverse transcription kit. Real-time PCR was carried out on an HT-7900
PCR machine using TaqMan probes. The following probes
were used: Lipe/Hsl (Mm00495359_m1), Pnpla2/Atgl
(Mm00503040_m1), Pnpla3/Adpn (Mm00504420_m1), Lpl
(Mm00434770_m1) and Lipa/Lal (Mm00498820). Analysis
was carried out using the standard curve method and relative
gene expression was normalised to Tbp (Mm00446971) as an
endogenous control.
Western blotting Protein extracts from MIN6 cells were resolved on a pre-cast 12% SDS-PAGE gel and transferred to
polyvinylidene fluoride membrane. After blocking for 1 h in
5% skimmed milk, membranes were probed with antibodies
overnight at 4°C (anti-ATG7, anti-LAL and anti-LC3) and
normalised to a loading control (anti-pan 14-3-3). Band quantification was undertaken using ImageJ.
Lipidomic profiling using MS Following 24 h control or
Lalistat treatment MIN6 cells were pelleted in ice-cold PBS
(two wells of a six-well plate per condition) and subjected to
lipid MS as previously described [28, 30].
Statistical analysis All data are expressed as mean ± SEM.
All statistics were performed using GraphPad Prism5 software
(GraphPad Software, La Jolla, CA, USA), and subjected to
two-way, one-way or repeated measures ANOVA (with the
Bonferroni post hoc test), paired Student’s (two-tailed) t test
or unpaired Student’s (two-tailed) t test.

Results
LAL is expressed in pancreatic beta cells Several lipases
are expressed in beta cells [13, 16], although Hsl/Lipe and
Atgl/Pnpla2 have generally been considered the most abundant. There is, however, residual lipase activity in mouse
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Inhibition of LAL increases insulin secretion To characterise
the role of LAL in beta cell function more comprehensively,
and to avoid confounding effects of incomplete gene knockdown, we employed Lalistat, an inhibitor that is highly
specific for LAL over neutral lipases [23, 31, 32]. Lalistat
pretreatment for 24 h dose dependently increased insulin
secretion from MIN6 cells (Fig. 2a) during a subsequent
glucose challenge. However, Lalistat was without effect when
only present for 2 h during the glucose stimulation (Fig. 2b).
This contrasts with the function of neutral lipases, which
regulate insulin secretion acutely [14]. From more extensive
time course analyses we established that 5 μmol/l Lalistat was
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models of HSL and ATGL depletion, so additional enzymes
may contribute to lipid hydrolysis in pancreatic beta cells [11,
13]. To investigate lipase expression in the mouse pancreatic
beta cell line, MIN6, we carried out RT-PCR (Fig. 1a). Lal
mRNA was present in MIN6 cells and LAL protein was also
abundantly expressed in MIN6 cells, mouse islets and the
human liver cell line HEPG2 (Fig. 1b). To determine whether
this enzyme plays a functional role in beta cells we employed
siRNA to knockdown LAL protein (Fig. 1c) by 28.8±0.04%
compared with control siRNA transfected cells (p <0.05, onesample t test). No increase in insulin secretion was observed
when correcting for protein content (Fig. 1d), although we
observed a significant decrease in total insulin content following Lal siRNA treatment (Fig. 1e). When this decrease was
taken into consideration there was a significant increase in
GSIS but not in basal insulin secretion (Fig. 1f).
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Fig. 1 Characterisation of LAL expression and function in pancreatic
beta cells. (a) RT-PCR analysis of lipases in MIN6 cells. (b) Western blot
analysis of MIN6 cells and mouse islets showing expression of LAL
protein; HepG2 cells were included as a positive control for the antibody.
(c) Representative western blot image for LAL protein and loading
control, following transfection of a control pool of siRNA or Lal siRNA.
(d) Insulin secretion from MIN6 cells, treated with control (white bars) or
Lal (black bars) siRNA, after 2 or 20 mmol/l glucose stimulation (n =4
independent experiments). (e) Insulin content of MIN6 cells following
control (white bar) or Lal (black bar) siRNA treatment (n =4 independent
experiments; **p <0.01 Student’s unpaired t test). (f) Insulin secretion
from MIN6 cells following control (white bars) or Lal (black bars) siRNA
treatment, corrected for total insulin content (n =4 independent experiments; *p <0.05 Student’s unpaired t test)

Fig. 2 Inhibition of LAL using Lalistat increases insulin secretion. (a)
MIN6 cells were treated for 24 h with 1, 5 or 10 μmol/l Lalistat. Insulin
secretion over 1 h in response to 2 mmol/l (white bars) or 20 mmol/l
(black bars) glucose is shown (n =3 experiments; *p <0.05 one-way
ANOVA with Bonferroni post hoc test). (b ) Insulin secretion from
MIN6 cells treated for 2 h with 5 μmol/l Lalistat and 2 mmol/l glucose
(white bars) or 20 mmol/l glucose (black bars) (n =3 experiments). (c)
Time course of Lalistat treatment; insulin secretion in response to 2 mmol/l
glucose (white bars) and 20 mmol/l glucose (black bars) is shown (n =4
experiments; *p <0.05, **p <0.01, Student’s paired t test). (d) Insulin
content of MIN6 cells following various Lalistat doses (n =3 experiments).
(e ) Insulin secretion in response to glucose, KCl, KCl + DZX and
KCl + FSK after 24 h 5 μmol/l Lalistat (grey bars) or control treatment
(white bars) (n = 4 experiments; *p < 0.05, **p < 0.0,1 repeated
measures ANOVA with Bonferroni post hoc test). DZX, diazoxide;
FSK, forskolin
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effective by 8 h, and that this effect was sustained during
treatment for at least 48 h (Fig. 2c). There was a slight, but
non-significant, increase in basal insulin release following
Lalistat treatment (Fig. 2a, c). Insulin content was unaffected
at low Lalistat doses of 1 and 5 μmol/l although there was a
non-significant increase observed at 10 μmol/l (Fig. 2d).
Therefore the 5 μmol/l concentration was used thereafter to
avoid content issues.
To investigate the amplification pathway [3, 4], MIN6 cells
were stimulated in the combined presence of diazoxide (to
circumvent metabolic closure of K+ATP channels) and KCl (to
provide an independent depolarisation stimulus). Under these
conditions, raising glucose from 2 to 20 mmol/l doubled insulin
secretion, indicative of the amplification pathway (Fig. 2e).
Lalistat pretreatment slightly augmented the response to KCl
plus diazoxide at low glucose concentration but this was significantly further increased at high glucose concentration. Thus
chronic LAL inhibition augments the amplification phase of
GSIS. We next employed forskolin, which can also potentiate
Ca2+-dependent secretion. Following Lalistat pretreatment,
however, the increment in secretion, comparing KCl plus
forskolin with KCl alone, was not statistically significant and
less marked than the corresponding effect of 20 mmol/l glucose
(Fig. 2e). This is consistent with the mechanism of action of
forskolin (raising cAMP), which is not thought to contribute to
the amplification pathway employed by glucose [3, 4]. Collectively these results suggest that LAL inhibition has a greater
impact on the secretory response to glucose than non-nutrient
secretagogues, and acts in the amplification pathway.
Lalistat does not adversely affect general lysosomal function
in MIN6 cells To check whether chronic LAL inhibition
affects general lysosomal function, we employed BA and
CQ, which disrupt the lysosomal pH gradient. Using
LysoSensor pH probes, BA reduced the yellow/blue ratio,
corresponding to the expected decrease in lysosomal acidity,
but this was not observed after Lalistat treatment (Fig. 3a).
Interestingly, Lalistat caused a significant increase in the total
fluorescence emission following LysoSensor administration,
which was not observed with BA treatment (Fig. 3b), indicative of an increase in total lysosome number. To assess whether
Lalistat altered lysosomal protein degradation, cells were
incubated with a fluorescently labelled BSA molecule
(DQ-BSA), which when cleaved by proteolytic enzymes resident in the lysosome generates individual fluorescent particles
that can be quantified to assess proteolysis. Lalistat treatment
did not inhibit proteolytic activity but rather appeared to
slightly increase the number of particles (Fig. 3c). This increase is most likely due to the increased lysosomal number
(seen in Fig. 3b). Together, these results suggest that Lalistat
does not cause general lysosomal disruption but rather specifically impacts on the lipid degradative capacity of the lysosome, and seemingly increases lysosomal number.
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We also measured insulin secretion from MIN6 cells in
response to these general lysosomal inhibitors. Treatment with
CQ completely abolished GSIS from MIN6 cells (Fig. 3d), but
increasing doses of BA were without effect. There was also
decreased insulin content following high-dose BA or CQ
treatment (Fig. 3e) in contrast to Lalistat treatment, which
had no effect or increased effect at high doses (Fig. 2d).
Additionally, chronic Lalistat treatment had no effect on apoptosis in MIN6 cells, as measured by DNA fragmentation
ELISA (Fig. 3f), whereas CQ treatment significantly increased
apoptosis compared with no-treatment controls. Taken together, these data indicate that a general perturbation of lysosomal
function is neither necessary nor sufficient for augmenting
GSIS, suggesting that the effect of Lalistat is mediated more
specifically by inhibition of LAL.
Lalistat increases the neutral lipid pool of MIN6 cells We
next determined the effect of LAL inhibition on lipid pools
within MIN6 cells. Lipidomic analysis was carried out on
cells treated with Lalistat for 24 h. Inhibiting LAL activity
had no effect on total ceramide, monohexosyl ceramide or
sphingomyelin levels (Fig. 4a) or on major phospholipids
(Fig. 4b). Total levels of the neutral lipids, TG, diacylglyerol
and CE were, however, all significantly increased following
pretreatment (Fig. 4c).
Autophagy inhibition leads to increased insulin
secretion Because in other cell types, LAL has been implicated in the process of lipophagy [23], we next assessed whether
inhibiting autophagy might recapitulate the augmentation of
insulin secretion seen with Lalistat. We therefore knocked
down ATG7 protein, which is an important initiator of APG
formation, in MIN6 cells (Fig. 5a). This was accompanied by
reduced accumulation of the downstream effector protein
LC3-II (Fig. 5b), which reflects decreased APG formation
compared with control siRNA-treated cells. Under these treatment conditions, inhibition of autophagy significantly increased GSIS from MIN6 cells (Fig. 5c), similar to chronic
exposure to Lalistat. Knockdown of ATG7 caused a significant increase in total insulin content in MIN6 cells (Fig. 5d),
which was not necessarily unexpected when inhibiting protein
turnover by decreasing autophagy. However, when insulin
secretion was corrected for total insulin content there was still
a significant increase in GSIS from Atg7 siRNA-treated cells
compared with control siRNA-treated cells (Fig. 5e).
We next investigated any potential feedback of LAL inhibition on autophagy. Under steady-state conditions, Lalistat
treatment had no effect on total ATG7, LAL or LC3-II : LC-I
ratio (Fig. 6a, b). Autophagic flux was also evaluated using
MIN6 cells pre-exposed to Lalistat for 24 h and then acutely
treated with CQ to inhibit downstream degradation of LC3-II
(Fig. 6c, d). Under control conditions CQ significantly increased the LC3-II to LC3-I ratio, as expected, but this was
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attenuated by Lalistat. These results suggest some crosstalk
between LAL inhibition and autophagy, albeit not complete.

were increased following 24 h Lalistat treatment (Fig. 7a–c).
Moreover, inhibition of autophagy by knocking down ATG7
increased neutral lipid storage (Fig. 7d–f). Compared with
control siRNA-treated cells, Atg7 siRNA increased lipid droplets approximately twofold (Fig. 7f). This indicates that
inhibiting lysosomal lipid degradation, by blocking either
LAL or autophagy, increases neutral lipid storage.
We also investigated the site of this lipid accumulation by
comparing staining of LAL (as a marker of lysosomes) and

Inhibition of LAL and autophagy promotes lipid-droplet
accumulation Our lipidomic results (Fig. 4c) demonstrated a
selective increase in neutral lipids following Lalistat treatment, and these lipids would be expected to be stored in
pancreatic beta cells as lipid droplets [33–35]. Thus untreated
MIN6 cells contained relatively few lipid droplets, but these
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Fig. 5 Atg7 siRNA decreases autophagy and increases insulin secretion
from MIN6 cells. MIN6 cells were transfected with control siRNA or
Atg7 siRNA and left to culture for a total of 72 h. (a) Representative
western blot image showing ATG7 and LC3 protein levels following
control siRNA or Atg7 siRNA treatment. (b) Quantification of western
blots for ATG7 and LC3-II protein for control siRNA (white bars) or Atg7
siRNA (black bars) treated MIN6 cells (n =3 or 4 experiments; *p <0.05,
one-sample t test). (c) Insulin secretion following control siRNA (white
bars) or Atg7 siRNA (black bars) treatment with 2 or 20 mmol/l glucose
(n =5 independent experiments; *p <0.05, Student’s paired t test). (d)
Insulin content after control (white bar) or Atg7 siRNA (black bar)
treatment (n =5 independent experiments; *p <0.05, Student’s paired
t test). (e) Insulin secretion following control (white bars) or Atg7 siRNA
(black bars) treatment, corrected for insulin content (n =4 independent
experiments; *p <0.05, Student’s paired t test)

BODIPY 493/503 (to stain neutral lipid). Under control conditions the few observed lipid bodies (green staining, Fig. 7g),
did not localise with lysosomes (in red). Upon Lalistat treatment, the number of lipid bodies increased, but they remained
outside of the lysosome (Fig. 7h), consistent with cytosolic
lipid droplets.
Inhibition of LAL and autophagy in primary islets also
increases insulin secretion We next sought to confirm the
roles of LAL and autophagy in regulating GSIS in primary
beta cells. Pretreatment of isolated mouse islets with Lalistat
for 48 h also caused a significant increase in insulin secretion
(Fig. 8a), with no effect on total insulin content (Fig. 8b).
Moreover, this increased GSIS due to chronic exposure to
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Fig. 6 There is crosstalk between LAL inhibition and autophagy. MIN6
cells were treated for 24 h with 5 μmol/l Lalistat or control and subjected
to western blot analysis. (a) Representative western blot for autophagy
markers (ATG7 and LC3-II) and LAL following Lalistat treatment. (b)
Quantification of western blot results following control (white bars) or
Lalistat (grey bars) treatment, for LC3-II:LC3-I ratio, ATG7 and LAL
(n =3 independent experiments). (c) Representative western blot for LC3
following 24 h Lalistat treatment and with or without acute (2 h) CQ
addition. (d) Quantification of western blot results showing LC3-II : LCI
ratio following 24 h Lalistat treatment with (black bars) or without (white
bars) acute (2 h) CQ addition (n =4 independent experiments; *p <0.05,
**p <0.01 Student’s paired t test)

Lalistat was completely abolished when orlistat (a pan lipase
inhibitor) was present acutely during the glucose stimulation.
We next demonstrated that inhibiting autophagy in isolated
mouse islets, using the chemical inhibitor 3MA, also increased
insulin secretion (Fig. 8c), despite reducing insulin content
(Fig. 8d). Interestingly, the increment in GSIS due to 3MA
was also partially inhibited by orlistat (Fig. 8c). These results
together suggest that inhibiting LAL or autophagy augments
insulin secretion via a similar mechanism, most likely by
augmenting a neutral lipid pool, which is acutely mobilised
during GSIS via an orlistat-sensitive lipase.

Discussion
Lipophagy, a specialised form of autophagy in which lipid
droplets are degraded via lysosomal fusion, has been recently
described in several tissues [19, 23, 36]. It appears to function
as a means of mobilising lipid stores in times of nutrient
demand [37], or as a means of helping to regulate cellular
cholesterol homeostasis [23]. LAL has recently been implicated as the important metabolising enzyme in this process
[23, 38]. We now provide the first evidence of a functional
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DAPI

Fig. 7 Lalistat and Atg7 siRNA
increase lipid droplets. MIN6
cells were stained with Nile Red
following either control (a), 24 h
Lalistat (b), 72 h control siRNA
(d) or 72 h Atg7 siRNA (e) to
visualise lipid droplets (red
staining); nuclei were stained with
DAPI (blue). (c, f) Quantification
of lipid droplets after control or
Lalistat (c) (n =3 independent
experiments, visualising 73–99
cells per condition) or following
siRNA treatment (f) (n =4
independent experiments,
visualising 58–66 cells per
condition; *p <0.05, Student’s
unpaired t test). (g, h) MIN6 cells
were also stained with BODIPY
493/503 to visualise neutral lipid
(green) and LAL to visualise
lysosomes (red) to determine
co-localisation between neutral
lipid storage and lysosomes in
untreated (g) and Lalistat treated
(h) cells. Scale bar, 10 μm

Nile Red (LD)

a

b
c

e

d

DAPI

LAL (lysosome)

g

h

Insulin (ng/ng DNA)

Insulin secretion
(pg islet-1 h-1)

300
200
100
+

-

80
60
40
20
0
No Treatment

Lalistat

d
****

Insulin (ng/ng DNA)

Insulin secretion
(pg islet-1 h-1)

100

+

c
1,500

*

1,000
500
0
3MA

-

+

-

+

-

10

Lalistat

*

8
6
4
2

Control
siRNA

400

-

2

0

b

+

BODIPY (LD)

Lipid droplets
(number per cell)

f

*

-

4

Control

a

0
Lalistat

*

6

0

role for lipophagy/LAL in beta cells, by employing pharmacological and/or genetic inhibition of autophagy and LAL, in

500

Lipid droplets
(number per cell)

8

+

40
30
*

20
10
0
No Treatment

3MA

Fig. 8 Lalistat and inhibition of autophagy increase insulin secretion in
primary mouse islets. (a) Mouse islets were isolated and cultured for 48 h
in RPMI or RPMI + Lalistat. Insulin secretion was measured over 1 h in
the presence of either 2 mmol/l (white bars) or 20 mmol/l (black bars)
glucose, or 20 mmol/l glucose + 0.2 mmol/l orlistat (grey bars) (n =9–12;
*p <0.05 Student’s paired t test). (b) Insulin content of islets following
treatment for 48 h with Lalistat. (n =9–12). (c) Mouse islets were isolated
and cultured in the presence or absence of 5 mmol/l 3MA for 24 h. Insulin
secretion was measured over 1 h in the presence of either 2 mmol/l (white
bars) or 20 mmol/l (black bars) glucose, or 20 mmol/l glucose +
0.2 mmol/l orlistat (grey bars) (n =6; *p <0.05, ****p <0.0001, oneway ANOVA, Bonferroni’s post hoc test). (d) Insulin content of islets
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clonal MIN6 beta cells and isolated islets, and monitoring
effects on insulin secretion, neutral lipid accumulation and
autophagic markers. The generally excellent concordance between all these approaches suggests that lipophagy serves as a
constitutive negative regulator of GSIS. It will be important in
future studies to address how this role intersects with the
better-known function of LAL in hydrolysing lipid from
LDL [17, 18].
Although the contribution of the amplification pathway to
GSIS is now well established, the underlying mechanisms
remain obscure. One possibility focuses on the turnover of
intracellular lipid stores [10, 39]. Evidence for this comes from
studies in which lipase activity is inhibited either pharmacologically [14] or in HSL [11, 40] and ATGL [13] knockout
mice, which show aberrant insulin secretion. Thus, while there
is a key role for neutral lipases in GSIS, our study provides the
first evidence that lysosomal lipid metabolism contributes as
well, but in a very different manner. First, and most notably,
inhibition of LAL potentiates GSIS rather than inhibiting it.
Second, whereas neutral lipase inhibitors such as orlistat block
secretion acutely, Lalistat required >8 h to exert its effects. Thus
LAL does not appear to generate lipid signalling molecules
itself, unlike neutral lipases. Third, the increment in GSIS due
to chronic exposure to Lalistat was itself blocked by acute
treatment with orlistat, suggesting that LAL acts upstream of
the neutral lipases. The simplest explanation for these collective
findings is that inhibition of LAL leads to slow accumulation of
a neutral lipid signalling pool, which is subsequently mobilised
by orlistat-sensitive lipases in response to glucose stimulation.
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Fig. 9 Proposed model for
lipophagy in beta cells. (a)
Lipophagy influences insulin
secretion by altering lipid
metabolism in beta cells, for
requirements during cellular
processes. (b) Inhibition of
autophagy or LAL causes a
decreased turnover of neutral lipid
pools, which are then acted upon
acutely by neutral lipases (such as
HSL or ATGL) upon glucose
stimulation, leading to enhanced
insulin release

We also provide some evidence of potential crosstalk between LAL inhibition and autophagy. Chronic Lalistat treatment inhibited autophagic flux measured in the presence of CQ
(Fig. 6d). This could help explain how inhibition of a lysosomal enzyme, LAL, might lead to a build up of neutral lipid
stores, which we observed in non-lysosomal sites (presumably
cytosol) where they can be accessed by neutral lipases during
GSIS. However, there are other possible explanations, with
very recent studies pointing to a complex inter-regulation of
more traditional lipid metabolism with LAL/lipophagy mediated by transcription factors, such as TFEB/HLH-30 and
MXL-3 [41, 42]. The exact mechanism for interaction between
LAL and neutral lipid droplets in beta cells will require extensive further studies to resolve.
Although we provide evidence supporting a pivotal role for
lipid metabolism and signalling in regulating GSIS, the exact
identity of the signalling metabolite(s) responsible for this
remains obscure. Candidates include long-chain fatty acyl
CoAs, perhaps via protein acylation or modulation of ion
channels [43], and diacylglycerol, albeit most probably acting
via mechanisms independent of protein kinase C [44, 45].
These metabolites can be derived from breakdown of TG.
However, our results suggest that turnover of CE should also
be investigated in future studies, since prior augmentation of
this pool correlated with increased insulin secretion (Fig. 4c).
Moreover, the fact that both inhibition of LAL and autophagy
have very similar effects in terms of potentiating GSIS and
accumulation of lipid droplets points to a major role for LAL
in mediating lipophagy. This is strongly underscored by the
observation that potentiation of GSIS due to prior disruption
of either LAL (by Lalistat) or autophagy (by 3MA) was
sensitive to inhibition by orlistat, suggestive of a common
upstream mechanism. However, this sensitivity was only partial in the case of 3MA, pointing either to LAL-independent
effects of autophagy that contribute to GSIS, or LAL working
through other mechanisms in addition to lipophagy. The latter

would be consistent with the role of LAL in mobilising lipids
bound to lipoprotein [17, 18].
The beneficial effects of inhibiting autophagy observed in
our study (enhanced GSIS) contrasts with some recent studies
utilising beta cell-specific ATG7 knockout mice, in which loss
of autophagy impairs glucose tolerance [46, 47]. It must be
stressed that our system employs a relatively mild and
transient inhibition of autophagy, using siRNA, in contrast
to the life-long and complete deletion of Atg7 , which is
characterised by reduced beta cell mass [46, 47]. Therefore,
long-term inhibition of autophagy is detrimental to general
beta cell function due to changes in protein, lipid and organelle degradation. In our study, we highlight the importance of
specifically targeting one arm of these autophagic processes—
lipid degradation. Also, there is some prior support for
autophagy as a (short-term) negative regulator of beta cell
responses, in that activation of autophagy by rapamycin
resulted in decreased insulin secretion [48].
In conclusion, this study provides the first evidence that
lipophagy/lysosomal lipid degradation contributes to neutral
lipid metabolism in beta cells, as it does in other cell types
(Fig. 9a). More importantly, our results suggest that lipophagy
and LAL (lysosomal lipid degradation) serve as negative
regulators of insulin secretion, and under normal conditions
limit the size of the lipid signalling pool. Although it remains
to be determined whether dysregulation of these processes
contributes to beta cell failure in any way, their inhibition
might be a beneficial means for pharmacologically augmenting
insulin secretion (Fig. 9b).
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