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ARTICLE INFO ABSTRACT

Keywords: The accelerating accumulation of surplus lipids in the pancreas triggers structural and functional changes in type
Type 2 diabetes 2 diabetes-affected islets. Pancreatic p-cells exhibit a restricted capacity to store fat reservoirs in lipid droplets
SFPl (LDs), which act as transient buffers to prevent lipotoxic stress. With the increasing incidence of obesity, growing
Llpl(ildmpms interest has been seen in the intracellular regulation of LD metabolism for p-cell function. Stearoyl-CoA desa-
I[Zthosxicity turase 1 (SCD1) is critical for producing unsaturated fatty acyl moieties for fluent storage into and out of LDs,

likely affecting the overall rate of p-cell survival. We explored LD-associated composition and remodeling in
SCD1-deprived INS-1E cells and in pancreatic islets in wildtype and SCD1 ™/~ mice in the lipotoxic milieu.
Deficiency in the enzymatic activity of SCD1 led to decrease in the size and number of LDs and the lower
accumulation of neutral lipids. This occurred in parallel with a higher compactness and lipid order inside LDs,
followed by changes in the saturation status and composition of fatty acids within core lipids and the phos-
pholipid coat. The lipidome of LDs was enriched in 18:2n—6 and 20:4n—6 in f-cells and pancreatic islets. These
rearrangements markedly contributed to differences in protein association with the LD surface. Our findings
highlight an unexpected molecular mechanism by which SCD1 activity affects the morphology, composition and
metabolism of LDs. We demonstrate that SCD1-dependent disturbances in LD enrichment can impact pancreatic
p-cells and islet susceptibility to palmitate, which may have considerable diagnostic and methodological value
for the characterization of LDs in human f-cells in type 2 diabetes patients.

Pancreatic islets

1. Introduction functional recovery in T2D remission [2,3]. In particular, stearoyl-CoA
desaturase 1 (SCD1) is the main metabolic control point that plays a
pivotal role in the proper function and survival of f-cells under lipotoxic

conditions [4]. Unsurprisingly, the undisturbed sequestration of excess

Pancreatic p-cell failure is crucial for the development and progres-
sive worsening of obesity-associated type 2 diabetes (T2D). It is notable,

however, that pancreatic islets are exquisitely vulnerable to ensuing
lipotoxicity and have a limited capacity to store surplus triglycerides
(TGs) in lipid droplet (LD) depots [1]. Accumulating evidence shows
that the ability of p-cells to alleviate lipotoxic stress is crucial for their

fatty acids (FAs) by LDs is critical for cellular defense against lipid
overload [5]. Notwithstanding the protective role of LD reservoirs for
saturated fatty acids to mitigate their lipotoxic effect in pancreatic
p-cells, this observation has become debatable [6,7].
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Lipid droplets are dynamic organelles that integrate the collection,
storage, trafficking, and signaling of neutral lipids in response to
changes in energy demand [8]. A phospholipid (PL) monolayer sur-
rounds a neutral core of TGs or cholesteryl esters (CEs) and is decorated
with integral and peripheral proteins that are involved in lipid meta-
bolism and regulate LD size, expansion, and degradation [9,10]. The
impact of LDs on f-cell function is underappreciated, and studies of LD
formation in primary pancreatic f-cells are extremely rare [2,11-13].
Effective LD buildup in p-cells was found in human islets from T2D
donors or transplanted to immunodeficient NSG mice that were main-
tained on a high-fat (HF) diet, in functional islet p-like cells that were
derived from human embryonic stem cells, and in dispersed rat islets
that were subjected to lipotoxic insult [7,14,15]. High LD accumulation
in p-cells was associated with insulin resistance, hyperglycemia, and a
decrease in insulin secretion in T2D patients [16].

Enhanced palmitate incorporation into neutral lipid groups has been
proposed as a mechanism of protection from lipotoxicity in cells with
high SCD1 expression, including rodent and human pancreatic f-cells
[5,17,18]. SCD1 catalyzes the introduction of the first double bond in
the cis-A-9 position of palmitoyl-CoA (16:0) and stearoyl-CoA (18:0),
thus generating palmitoleoyl-CoA (16:1n—7) and oleoyl-CoA
(18:1n—-9), respectively [19]. Ultimately, SCD1 activity remains indis-
pensable for pancreatic p-cell survival through the control of insulin
secretory capacity, DNA methylation patterns, cell identity status, and
intracellular monounsaturated fatty acid/saturated fatty acid (MUFA/
SFA) equilibrium [18,20,21]. Moreover, SCD1 mRNA levels were
upregulated in islets from prediabetic hyperinsulinemic ZDF rats, but
they were downregulated in diabetic 12-week-old rodents that under-
went islet failure [22] and in p-cell-enriched tissue from individuals with
T2D [3]. In contrast, lower levels of SCD1 in insulin-secreting MIN6 and
INS-1E cells increased endoplasmic reticulum stress and apoptosis in
response to palmitic acid [22,23]. Additionally, the human EndoC-pH1
B-cell line was insensitive to the deleterious effect of stearate and
palmitate unless SCD was silenced [18].

Interestingly, the importance of SCD1 in the remodeling of LDs was
highlighted in various cell lines that were cultured from human hepa-
toma Huh7 cells [24,25], goat mammary epithelial cells [26,27], and
mouse hepatocytes [28]. Hepatic seipin deficiency disrupted LD for-
mation and homeostasis via SCD1 activity [28,29]. Moreover, SCD
activity-deprived mutant nematodes exhibited difficulties in LD forma-
tion [30]. Considering that SCD1 is a pivotal metabolic checkpoint in
handling p-cell lipid depots and functional failure, the unique strategy
by which SCD1 governs the capacity to store and utilize LD remains
incompletely understood. Our findings indicate that deficiencies in the
enzymatic activity of SCD1 assist in the regulation of LD biogenesis,
architecture, and metabolism. Biochemical, imaging, and functional
studies revealed an unexplored phospholipid composition-dependent
mechanism that regulates the size and lipid content of LDs during FA-
induced dysfunction in pancreatic f-cells and murine islets. These
changes accentuate the determination for a better understanding of the
dynamics and metabolism of LD during lipotoxicity in pancreatic p-cells.

2. Materials and methods
2.1. Animals, dietary regimen, and isolation of pancreatic islets

Ten-week-old male C57BL/6J (WT) and SCD1-deficient (SCD1 /™)
age-matched mice on an identical C57BL/6J background (n = 6) were
housed under pathogen-free conditions at 21 °C + 1 °C under a 12 h/
12 h light/dark cycle and fed ad libitum with standard laboratory chow
(Ssniff, Germany, catalog no. V153x) or a high fat diet (60 % calories
from fat; Ssniff, catalog no. E15742-34) for 6 weeks. The Scd1 global
knockout mice were generated as described previously [31].The animals
were sacrificed by cervical dislocation. Pancreatic islets were isolated
via intraductal infusion with ice-cold collagenase (Sigma, St. Louis, MO,
USA) on a histopaque-1077 gradient (Sigma) as previously reported
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[21]. Isolated islets were snap frozen and stored at —80 °C until further
use. All experimental procedures were approved by the First Local
Ethical Committee for Animal Experiments in Warsaw (permit no. 37/
2016, approved January 21, 2016).

2.2. Materials

The following antibodies: ATGL (catalog no. 2138), CCTu (catalog
no. 6931), HSL (catalog no. 18381), and Rab11 (catalog no. 5589) were
obtained from Cell Signaling Technology (Hertfordshire, UK). ABHD5
(catalog no. sc-376931), CIDE-C (catalog no. sc-517232), group VIiPLA,
(catalog no. sc-376563), LPCAT2 (catalog no. sc-514354), PLIN3 (cat-
alog no. sc-390968), and PC-PLD2 (catalog no. sc-515744) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). PLIN2
(catalog no. GP40) and PLIN5 (catalog no. GP31) were obtained from
PROGEN (Heidelberg, Germany). ACAT1 (catalog no. NBP1-89285) and
ACSL3 (catalog no. NBP2-15252) were obtained from Novus Biologicals
(Abingdon, UK). LPCAT1 (catalog no. 66044-1-Ig) was purchased from
Proteintech (Manchester, UK). p-Actin (catalog no. 3854), p-tubulin
(catalog no. T0198), and GPAT4 (catalog no. HPA016471) antibodies
were obtained from Sigma (St. Louis, MO, USA). Peroxidase-conjugated
goat anti-rabbit IgG (catalog no. 674371), goat anti-mouse IgG (catalog
no. 115-035-146), and goat anti-guinea pig IgG (catalog no. A18769)
secondary antibodies were purchased from MP Biomedicals (Irvine, CA,
USA), Jackson ImmunoResearch Laboratories (West Grove, PA, USA),
and ThermoFisher Scientific (Waltham, MA, USA), respectively. All
other chemicals and reagents, unless otherwise specified, were obtained
from Sigma.

2.3. Cell culture and chronic treatments

The rat insulinoma INS-1E p-cell line (a gift from Dr. Pierre Maechler,
University of Geneva, Geneva, Switzerland) was cultured in complete
RPMI 1640 medium that contained 5 % heat-inactivated fetal bovine
serum, 1 mM sodium pyruvate, 50 pM 2-mercaptoethanol, 2 mM
glutamine, 10 mM HEPES, 100 U/ml penicillin, and 100 pg/ml strep-
tomycinin in a 5 % CO, atmosphere at 37 °C. To inhibit the enzymatic
activity of SCD1, INS-1E cells were preincubated with 2 pM of the SCD1
inhibitor A939572 (Biofine International, Blain, WA, USA) for 4 h and
then subjected to co-supplementation with 0.4 mM palmitic acid-BSA
conjugate for the following 16 h. The incubation time with palmitate
has been selected based on the CellTiter-Blue® Cell Viability assay. A
0.4 mM dose of palmitic acid was the maximal dose which did not
significantly reduce cell numbers at 16 h after treatment.

Dimethylsulfoxide (DMSO) was applied as a vehicle control. For
siRNA-mediated knockdown, the cells were reverse-transfected with
60 ng of siRNA against SCD1 (catalog no. 4390816, ID: s73339, Ambion,
Houston, TX, USA) or Silencer Negative Control #1 siRNA (catalog no.
AM4635, Ambion) for 72 h using Lipofectamine 2000 (0.5 ul/cm?
Invitrogen). Palmitic acid was added for the last 16 h before sample
collection. The desaturation index as an indicator of the enzymatic ac-
tivity of SCD1 was determined after administration of the SCD1 inhibitor
or siRNA as described previously [20,21]. Control cells for palmitate
treatment were INS-1E cells that were incubated in medium that was
supplemented with 7.5 % BSA.

2.4. Immunofluorescence

INS-1E cells that were grown on 0.001 % poly-L-ornithine-precoated
coverslips were fixed with 3 % paraformaldehyde for 30 min at room
temperature and then permeabilized with 0.3 % Triton X-100 for
10 min. Next, the cells were washed with phosphate-buffered saline
(PBS) four times, and neutral lipids in LDs were stained with a 0.075 pg/
ml solution of BODIPY 493/503 (Molecular Probes) in PBS for 50 min.
Coverslips were washed three times, 5 min each, in PBS and then
mounted on slides using ProLong Diamond Antifade Mountant with
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DAPI (Life Technologies) before imaging using an Olympus BX41
confocal microscope. The diameters and numbers of LDs were measured
with Olympus cellSens software. The LD diameters were divided into
three size categories (<1 pm, 1-3 pm and >3 pm) to evaluate their
percentage fractions of total LDs. Furthermore, LD above 1 pm was split
into three groups to quantify the percent range of LD diameters and an
average diameter, respectively. A minimum of 60 cells were analyzed for
each experimental condition from at least 30 individual snapshots.

2.5. Oil Red O staining

INS-1E cells were washed twice with PBS and then fixed in 4 %
paraformaldehyde for 20 min. After two washes, the cells were air-dried
and stained with freshly prepared Oil Red O solution (0.4 % Oil Red in
isopropyl alcohol/water, 3:2) for 25 min at room temperature. Next, the
stained INS-1E cells were washed five times with water and left in PBS,
and images were acquired with an Olympus CKX41 bright-field micro-
scope (Olympus). To quantify the intracellular enrichment of TGs, Oil
Red O was extracted from the cells with 100 % isopropanol and assayed
by measuring absorbance at 500 nm with a microplate reader (Infinite
M200, Tecan, Mannedorf, Switzerland). Next, the relative values of
intracellular neutral lipid content were obtained after subtraction the
background staining and normalization to the corresponding vehicle
control or negative control siRNA, respectively. In the case of tissues,
pancreatic cryostat sections (10 pm) were fixed for 20 min in 10 %
buffered formalin, extensively rinsed with tap water, and stained with
freshly prepared Oil Red O solution as above at room temperature for
4 h. The Oil Red O reaction was followed by hematoxylin staining, and
sections were mounted in Dako Faramount Aqueous Mounting Medium
(Dako).

2.6. Isolation of LDs

INS-1E cells were cultured in three-layer 525 cm? flasks (BD Falcon)
and treated as described above. Lipid droplets were isolated by density
gradient centrifugation as previously described [32]. Briefly, INS-1E
cells were washed twice with PBS and resuspended in 1 ml of ice-cold
hypotonic lysis medium (HLM; 20 mM Tris-HCl [pH 7.4], 1 mM ethyl-
enediaminetetraacetic acid [EDTA], and 10 mM sodium fluoride), sup-
plemented with 10 pg/pl leupeptin, 5 pg/pl pepstatin A, 2 pg/pl
aprotinine, 1 mM sodium orthovanadate, and 1 mM phenyl-
methylsulfonyl fluoride (PMSF). Next, the cells were homogenized in a
Potter-Elvehjem tissue homogenizer with gentle strokes on ice. The
homogenate was then centrifuged at 1000 xg for 10 min at 4 °C, and the
supernatant was adjusted to 20 % sucrose with ice-cold HLM medium
that contained 60 % sucrose. The mixture was first overlaid with 5 ml of
ice-cold HLM that contained 5 % sucrose, followed by 5 ml of ice-cold
HLM. Tubes were centrifuged at 28,000 xg for 45 min at 4 °C in a
SW41Ti rotor (Beckman). The white top layer of the gradient that cor-
responded to the LD fraction was harvested and stored at —80 °C before
further analysis.

2.7. Protein samples and immunoblotting analysis

To fully recover proteins from frozen LD fractions, they were deli-
pidated with ice-cold acetone overnight at —20 °C, followed by
sequential washes in acetone/ether (1:1, v/v) and ether, resuspended in
2x Laemmli sample buffer, and sonicated at 60 °C for 4 h. In the case of
INS-1E cells after treatment and isolated pancreatic islets, the collected
samples were lysed for 30 min in ice-cold buffer (50 mM Tris-HCl, 5 mM
EDTA, 1 % Triton X-100, and 150 mM NacCl) that was co-supplemented
with protease (10 pg/pl leupeptin, 5 pg/pl pepstatin A, 2 pg/pl aproti-
nine, and 1 mM PMSF) and phosphatase (1 mM sodium orthovanadate
and 10 mM sodium fluoride) inhibitors. Next, the lysates were centri-
fuged at 10,000 x g at 4 °C for 25 min, and total protein content in the
supernatants (whole-cell lysates) was determined using the Bio-Rad

BBA - Molecular Basis of Disease 1869 (2023) 166711

protein assay (Bio-Rad, Hercules, CA, USA) with BSA as the reference.
All types of protein lysates were mixed with 4x Laemmli sample buffer,
separated on 10 % SDS-PAGE gels, and transferred to polyvinylidene
difluoride membranes (Millipore, Billerica, MA, USA). After blocking
with 5 % nonfat milk or 5 % BSA, membranes were probed with
appropriate primary and horseradish peroxidase-conjugated secondary
antibodies, respectively. The bands were visualized using SuperSignal
West Pico PLUS Chemiluminescent Substrate (ThermoFisher Scientific).
Protein levels were quantified by densitometry and expressed relative to
the abundance of f-actin in the case of the extracts from INS-1E cells or
p-tubulin when immunoblotting was performed on lysates from the
murine pancreatic islets.

2.8. Propargylcholine incorporation assay

The de novo synthesis of PC (phosphatidylcholine) was quantified
using a click-chemistry reaction. Briefly, after treating INS-1E cells as
described above, propargylcholine (Jena Bioscience, Jena, Germany,
10 pM) was added simultaneously with palmitate for 16 h. The cells
were then fixed with 4 % paraformaldehyde for 20 min and per-
meabilized in 1 % FA-free BSA with 0.1 % saponin for 10 min, and the
click-chemistry reaction was immediately conducted with Alexa Fluor
488 Azide (Jena Bioscience) using the Click-iT Cell Reaction Buffer Kit
(Invitrogen) according to the manufacturer’s guidelines. Fluorescence
was quantified with a Tecan Infinite M200 microplate reader.

2.9. Push-pull pyrene dye visualization

INS-1E cells were cultured on 35 mm glass-bottom dishes with
20 mm bottom wells (Cellvis, Sunnyvale, CA, USA) that were precoated
with 0.001 % poly-L-ornithine. A freshly prepared solution of the PA
probe (push-pull pyrene probe) in RPMI was added to the cells (50 nM)
and incubated for 3 min in the dark at room temperature as previously
described [33]. The obtained samples were immediately imaged in
serum-free RPMI medium. Images of cell midsections were recorded
using a Leica SP8 confocal microscope with a 63x oil immersion Plan
Apo objective lens (NA = 1.4). The microscope system was equipped
with an acousto-optical beam splitter (AOBS) and two hybrid detectors
(HyD), working in the integration mode. The fluorescence of PA was
excited with a 405 nm light (5 mW diode laser) and detected simulta-
neously in two bands: 450-550 nm (ordered lipid phase) and
575-675 nm (disordered phase). The emission of PA was recorded using
a rotating polarizer in two directions: parallel (||) and perpendicular (1)
to the main polarization axis of the excitation beam. The pixel size was
90 nm in the x-y plane, corresponding to a 25 x 25 pm field of view. The
pixel dwell time was 1.12 ps, and the confocal pinhole was set to 1 Airy
unit (at 530 nm). A series of three image sets (four fluorescence and one
transmitted light) was collected from every view and averaged. Each
experimental group comprised 75-100 cells. The PA fluorescence im-
ages were processed with a median filter (3 x 3 size). The background
was estimated as a minimum of the average intensity in a 25 x 25 region
and subtracted from each fluorescence channel. Images of the ordered/
unordered lipid phase concentration ratio were estimated with GP using
the following formula [34]:

~ Ispo — leos

GP =
Isoo + o5

@

where Isgp and Igzs are pixel sums (|| and 1 polarizations) of the short
(ordered phase) and long (unordered phase) emission wavelengths. The
fluidity of these two membrane phases was estimated with respective
images of steady-state anisotropy using the following formula:

I I = G*IL

R=—"——— 2
1“ +2*G*IL 2

where G is the detection sensitivity factor, I is fluorescence measured in
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the direction parallel to excitation, and IL is the perpendicular coun-
terpart of the short and long wavelength emission bands. The G factor
(0.98) was calculated using a 1 mM solution of fluorescein in PBS
(pH 7.4, 37 °C), imaged under the same conditions as PA. Regions that
corresponded to the cells were isolated from images with a static
threshold (5 intensity units), followed by morphological closing (three
iterations). Histograms of total fluorescence intensities (four channels
combined) of pixels that belonged to the masks were divided into five
equal quantiles. The distributions of GP and anisotropy were con-
structed using pixels that corresponded to the 5th intensity quantile.

2.10. Raman measurements

For Raman analysis, cells were directly grown on 0.001 % poly-L-
ornithine-coated calcium fluoride discs (25 x 2 mm, Crystran LTD,
Poole, UK) that were placed in a six-well plate until they reached 70 %
confluence. After the aforementioned treatments, the cells were fixed for
20 min with 4 % paraformaldehyde, rinsed, and stored at 4 °C in PBS
until data acquisition from at least 20 cells per experimental group as
previously described [35]. Briefly, Raman spectroscopic mapping was
performed using the Confocal Raman Imaging system (WITec alpha
300), which was supplied with air-cooled solid-state lasers that operated
at 532 nm. Imaging was performed with a 63x water immersion
objective (Zeiss Fluor, NA = 1.0). The scattered light was directed to the
spectrometer using a 50 pm core diameter multimode fiber, which also
acted as the pinhole for confocal detection. The spectrometer (WITec
UHTS300) was equipped with a black-illuminated CCD camera (Andor,
DU401A-BV-352) and 600 grooves/mm grating (BLZ = 500 nm).
Spectral measurements of INS-1E cells were performed with an inte-
gration time of 0.5 s per spectrum, sampling density of 0.5 pm, and laser
excitation wavelength of 532 nm (laser power of ca. 15-20 mW at the
sample position). All spectra were acquired in the 100-3600 em™!
spectral range with 3 cm™! spectral resolution. Data acquisition was
controlled by the WITec Suite Five software package. Preprocessing
included cosmic spike removal and background subtraction (poly-
nomial, order 3) and was performed using WITec Suite Five software.
Chemical images were generated by the integration of selected marker
bands using a sum filter. For data exploration, a k-means cluster analysis
(KMCA) was conducted. The aim of KMCA was to group the analyzed
objects (spectra) into clusters; hence, similar spectra were gathered
within the same group. This approach enables the extraction of averaged
spectra from cell organelles that vary in biochemical composition, a
reduction of the tremendous number of single spectra, and the visuali-
zation of cell classes. For the KMCA analysis of Raman spectra of single
cells, the object-centroid distance was calculated according to the
Manhattan (city block) method.

2.11. Lipid isolation and analysis

Lipids were extracted from isolated LDs or pancreatic islets using the
method of Bligh and Dyer [36] and separated on silica gel 60 thin-layer
chromatography plates (Merck, Darmstadt, Germany) with n-heptane/
isopropyl ether/glacial acetic acid (60/40/3, v/v/v) for neutral lipids or
chloroform/methanol/acetic acid/water (50/37.5/3.5/2, v/v/v/v) for
PLs. To visualize lipid bands, the silica plate was soaked in a mixture of
10 % cupric sulfate and 8 % phosphoric acid in water, followed by
incubating at 140 °C for 20 min. The relative lipids were then measured
by densitometry using ImageJ software. For the FA content analysis,
bands that corresponded to the TG, CE, and PC standards were visual-
ized with 0.2 % 2,3-dichlorofluorescein, scraped off the plate, and
transmethylated in the presence of 14 % boron trifluoride in methanol.
The resulting FA methyl esters were extracted with hexane and sub-
jected to GC-MS (Agilent 7890A-5975C equipped with an Agilent
19091N-205 capillary column, Agilent Technologies, Santa Clara, CA,
USA). Peak alignment, purity, and quality analyses were performed
using Agilent MSD Productivity ChemStation software. Methyl
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nonadecanoate was used as an internal standard for further compound
quantification by selected ion monitoring.

2.12. RNA extraction and qRT-PCR

Total cellular RNA from pancreatic islets was extracted with
QIAshredder homogenizers and the RNeasy Micro Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s recommendations. DNase-
treated RNA (1 pg) was reverse-transcribed into cDNA using the High
Capacity cDNA Reverse Transcription Kit with RNase inhibitor and
random primers (Applied Biosystems, Thermo Fisher Scientific, Pitts-
burgh, PA, USA). The quantitative real-time PCR (qRT-PCR) was per-
formed with SsoAdvanced Universal SYBR SMX (Bio-Rad, Hercules, CA,
USA) on a CFX Connect Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). Relative mRNA levels were determined by the AACt
method and normalized to the internal reference of murine Rps17. The
sequences of primers are listed in Supplementary Table 1.

2.13. Statistical analysis

The statistical analysis was performed using GraphPad Prism 8.3.0
software. Data throughout the study are presented as means + SD and
the experiments were performed in triplicate unless stated otherwise.
Statistical significance was assessed using one-way analysis of variance
followed by Dunnett’s or Tukey’s post hoc test. Values of p < 0.05 were
considered statistically significant.

3. Results

3.1. Inhibition of SCD1 activity affects neutral lipid storage in INS-1E
cells

Considering that the desaturation activity of SCD1 remains the main
brake on free fatty acid (FFA) toxicity in human and rodent f-cells, it
ameliorates the deleterious effect of palmitic acid, which is the most
prevalent SFA in the human body [18,37,38]. The mechanism by which
SCD1 prevents lipotoxicity involves an undisturbed capacity of TG
storage, which is believed to be protective for p-cells [5,18]. To test
whether desaturase activity is necessary for the accumulation of neutral
lipids, we performed the Oil Red O staining of INS-1E cells that were
subjected to either treatment with the selective pharmacological SCD1
inhibitor A939572 or the genetic ablation of SCD1 using siRNA as
described previously [20,21]. The partitioning of Oil Red O into neutral
lipids was then also examined after 16 h of palmitate (16:0) co-
supplementation (Fig. 1A and B). Compared with controls, the quanti-
fication of Oil Red O staining demonstrated the extensive accumulation
of intracellular TGs after palmitate treatment. Interestingly, Oil Red O
intensity significantly decreased by over 13 % in the chemically or
genetically deprived SCD1 groups compared with the supplementation
of INS-1E cells with 16:0 alone (Fig. 1C and D). Ultimately, the decrease
in Oil Red O enrichment in samples with the downregulation of SCD1
activity reflects aberrant cellular lipid storage capacity and is consistent
with lower desaturation in these cells [20,21].

3.2. Decrease in SCD1 activity alters lipid droplet morphology and size

To further test whether diminished SCD1 activity/expression corre-
lates with LD abundance, we visualized LDs by staining INS-E cells with
BODIPY 493/503 and then monitored the number and size of LDs. INS-
1E cells that were exposed to 16:0 treatment were characterized by a
substantial increase in the abundance of LDs per cell. In the simulta-
neous presence of a SCD1 inhibitor or after silencing the expression of
SCD1, the number of BODIPY 493/503-stained LDs decreased by over
30 % and 10 %, respectively (Fig. 2A and E). Phenotypically, the defi-
ciency of SCD1 activity was accompanied by the appearance of
numerous round but smaller LDs through a substantial shift in LD
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Fig. 1. Downregulation of SCD1 enzymatic activity lowers intracellular lipid
stores in Oil Red O-stained INS-1E cells. INS-1E cells were subjected to SCD1
inhibition with A939572 (SCD11i) (A) or transiently silenced with siRNA against
SCD1 (siSCD1) (B) and palmitate treatment (16:0). Lipid droplets were
extracted using isopropanol. (C, D) The quantitative data from Oil Red O in-
tensity are expressed as the mean + SD of three independent experiments done
in triplicates (n = 9). Intracellular lipid stores were normalized in relation to
either vehicle or siCTRL negative controls, respectively. Scale bar = 500 pm.
*p < 0.05, vs. vehicle/siCTRL; #p < 0.05, vs. 16:0 vehicle/16:0 siCTRL;
%p < 0.05, vs. SCD1i/siSCD1.
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diameter from a large size (>3 pm) and medium size (1-3 pm) toward
very small droplets (<1 pm; Fig. 2B and F). Furthermore, when we split
LD diameters > 1 pum into three categories, the prevalence of very large
LDs was 27 % for palmitic acid treatment and nearly 15 % for palmitate
and SCD1 inhibitor co-supplementation (Fig. 2C). Ultimately, LD di-
ameters were considerably smaller, with an average size of 2.30 and
2.14 pm, respectively (Fig. 2D). The pattern and frequency of diameter
distribution among the three categories was similar in the presence of
16:0 treatment vs. the simultaneous supplementation of palmitate and
silencing of SCD1 (Fig. 2G). Additionally, the average LD diameter of
bodies that were >1 pm was 2.03 and 1.83 pm, respectively (Fig. 2H).
Collectively, these results indicate that the deficiency of SCD1 activity
affects the amount and size of LD but does not compromise the ability of
INS-1E cells to generate LD in the lipotoxic milieu.

3.3. SCD1 affects the fluidity and compactness of lipid droplets

Because of their substantial TG and CE content, LDs are highly hy-
drophobic and the most apolar intracellular lipid structures [33,38].
Given the significant changes in LD abundance, we next investigated the
biophysical status and compactness of LDs using a membrane probe for
lipid domains. The push-pull pyrene (PA) probe shifts its emission in
response to changes in membrane hydration and solvent relaxation,
which are lipid order-linked indicators [33,34]. The fluorescence of PA
was detected simultaneously in two bands of ordered/disordered lipid
phases, demonstrating that various lipid-containing cellular structures
were labeled by the dye in palmitate-treated INS-1E cells. Lipid droplets
appeared as the brightest signal in the cytoplasm (Supplementary
Fig. 1A). Based on the ratio of PA emission intensities, generalized po-
larization (GP) values enabled the assessment of membrane fluidity
within lipid domains (Fig. 3A). The treatment of INS-1E cells with
palmitate for 16 h made the plasma membranes less fluid (GP = 0.466);
hence, the inside of LDs was very compact and close to the liquid ordered
phase (Fig. 3C). Interestingly, LDs in cells with low SCD1 activity and co-
supplemented with 16:0 were more ordered and stiff (GP = 0.334).
Moreover, anisotropy values in the hydrophobic surrounding (Fig. 3B)
showed significantly lower mobility of the PA probe in these LDs
(R = 0.188) compared with the LDs of palmitate-treated INS-1E cells
(R = 0.164; Fig. 3D).

Next, to further investigate the impact of SCD1 inhibition on LD
remodeling in the B-cell lipidome under palmitate overload conditions,
we used linear RAMAN imaging spectroscopy, which allows a focus on
the complexity, biochemical composition, and alterations of LD [40].
Confocal measurements confirmed that LDs of INS-1E cells that were
incubated with 0.4 mM palmitic acid handled the high influx of 16:0 by
incorporating it into various lipid functional classes that co-exist inside
lipid bodies (Supplementary Fig. 1B and C). The average RAMAN
spectra from the LD groups correlated well with the spectra of analytical
standards of selected saturated and unsaturated FAs or selected lipid
species (Fig. 3E and F). The mean spectral profile of the LD class from
palmitate-exposed INS-1E cells was dominated by marker bands of SFA
(1003, 1060, 1128, and 1295 cm 1), suggesting the enrichment of these
LDs in stearate and palmitate moieties (Fig. 3G and H). Furthermore,
fingerprints of phospholipids and cholesteryl esters occurred as marker
bands at 716 cm ! (C—N symmetric stretching of the choline group) and
1740 em ™! (C=O vibration), respectively. Additionally, LDs in both
groups contained protein components because of the presence of a band
at 1660 c¢cm~! (amide I) and bands in the spectral range of
1200-1400 cm~! (amide III) (Fig. 3G and H). Unsaturated FAs were
identified in RAMAN spectra bands at 1656, 2847, and 3009 em ™!
because of the stretching mode of =C—H that was associated with C=C
double bonds, whereas bands at 1444 cm ™! corresponded to the CH,
bending vibration of saturated lipids. For average spectra of LDs from
cells that were exposed to simultaneous treatment with palmitate and
pharmacological or genetic SCD1 deprivation, the unsaturation ratio
(1660/1444 cm_l) equaled 0.459 and 0.667, respectively (Fig. 31 and J)
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Fig. 2. Intracellular lipid droplet number and size are altered upon the deficiency of SCD1 activity. Representative images of the cellular phenotype of INS-1E cells
that were incubated with the SCD1 inhibitor A939572 (A) or transfected with SCD1-targeting siRNA (E) and treated (or not) with 0.4 mM palmitate. Lipid droplets
and nuclei were visualized with BODIPY 493/503 (green) and 4,6-diamidino-2-phenylindole (DAPI; blue), respectively. Scale bars = 10 pm. The data are expressed as
the mean number of LDs/cell + SD of three independent experiments, calculated from at least 60 cells in each experimental group. The measurements were taken
from a minimum of 30 individual snapshots per experimental condition. *p < 0.05, vs. vehicle/siCTRL; “p < 0.05, vs. 16:0 vehicle/16:0 siCTRL; “p < 0.05, vs. SCD1i/
siSCD1. Lipid droplet morphology was quantified as the percentage (B, F) of small size (<1 pm), medium size (1-3 pm), and supersized droplets (> 3 pm) from the
total number of LDs (*p < 0.05, ***p < 0.001, ns = not significant, compared with matched controls). The percent range of LD diameters was categorized into three
groups from LDs whose diameter was larger than 1 ym (C, G). An average diameter of a LD above 1 pm was also quantified within the experimental groups (D, H).

*p < 0.05, vs. 16:0 vehicle/16:0 siCTRL.

Thus, LDs that were isolated from INS-1E cells that were subjected to
palmitate treatment and SCD1 deprivation exhibited a slightly higher
degree of unsaturation than LDs from cells that were incubated with
palmitic acid alone (ratio = 0.381 and ratio = 0.627). Additionally, low-
intensity marker bands at 1067, 1095, and 1132 cm ™! (trans, gauche,
trans stretching vibration C—C) were shifted to the lower wave numbers,
indicating a more complex LD structure and the presence of phospho-
lipids, possibly phosphatidylcholine with an incorporated 16:0 moiety

(Fig. 3G and H). These results correspond to enrichment of the LD
mantle in phosphatidylcholine (PC), which consists of unsaturated
moieties [41]. Altogether, the combined PA fluorescence and RAMAN
analyses demonstrated an increase in biochemical LD remodeling in
palmitate-treated INS-1E cells with diminished SCD1 activity compared
with challenging cells with palmitic acid alone.
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3.4. Deficiency in SCD1 changes metabolic profile of LD in f-cells

To verify whether apart from morphology, the enzymatic deficiency
of SCD1 affects the lipid profile of LDs, we isolated LDs by centrifugation
on a sucrose gradient, and lipid classes were separated by thin-layer
chromatography (TLC). In mammalian cells, the primary neutral lipids
of the LD core are stored at various ratios, whereas PC is the most
prominent phospholipid in the LD membrane, ranging up to 60 % of the
total phospholipid mantle [8,42]. Indeed, we found that LD fractions
from INS-1E cells were enriched in CE, TG, and PC (Fig. 4A and B). The
TLC data corroborated the imaging results. CE levels in LDs from INS-1E
cells that were subjected to SCD1 inhibition or transiently silenced with
siRNA against SCD1 (siSCD1) and palmitate treatment (16:0) were
>30 % and 40 % lower compared with control cells (Fig. 4C). Accord-
ingly, lipid droplet phenotypes of cells that were pharmacologically or
genetically deprived of SCD1 activity exhibited more than a 33 % and
47 % drop in relative TG levels, whereas TG content in LDs after palmitic
acid treatment was >36 % and 88 % higher than in control cells,
respectively (Fig. 4D). Palmitate treatment significantly increased PC
content in INS-1E cells, whereas co-supplementation with the SCD1 in-
hibitor or transfection with a siRNA against SCD1 resulted in the further
accumulation of PC by 49 % and 21 %, respectively (Fig. 4E). This
observation was complementary to the overall upregulation of PC syn-
thesis, reflected by the significant increase in propargylcholine incor-
poration by the click-chemistry reaction in INS-1E cells (Supplementary
Fig. 2A). In fact, the effect of enzymatic SCD1 depletion on LD size was
attributable to the decrease in the overall TG and CE fraction. Notably,
these cells had more LD-associated PC compared with LDs from corre-
sponding controls, indicating a key role for SCD1 in LD expansion and
stability.

3.5. Lipid droplet size is associated with TG saturation status and PC
composition

Differences in LD formation and size correlate with alterations in TG
storage and changes in composition and stability of the phospholipid
envelope [43,44]. To further determine whether SCD1 regulates LD size
through adjustments in saturation and FA content, we assessed the FA
composition of TG, CE, and PC in freshly isolated LDs by gas chroma-
tography-mass spectrometry (GC-MS). The lipidomic analysis of most
abundant fatty acids in TGs revealed higher levels of 16:0, 16:1, 18:0,
18:1, 20:4n—-6, 20:5n—3, and 20:3n—6 species in palmitate-
supplemented cells alone or in combination with the enzymatic and
genetic inhibition of SCD1 compared with control LDs (Fig. 5A).
Accordingly, we detected reductions of the desaturation index—with a
higher preference for 16:0 substrate—by >33 % and 23 % in cells after
the combination of palmitate treatment and SCD1 inhibition or transient
silencing with siSCD1, in contrast to incubation with palmitic acid alone
(Fig. 5D). Furthermore, we observed that lipid CE components remained
mostly unaffected between solely palmitate-incubated cells and treated
in tandem with the enzymatic or genetic inhibition of SCD1 (Fig. 5B).
This effect was followed by a decrease in SCD1 enzymatic activity with
palmitic acid treatment or after co-exposing INS-1E cells to the SCD1
inhibitor/siRNA (Fig. 5E). In contrast, the lipidomic analyses of the PC
fraction showed that cells subjected to SCD1 inhibition/transiently
silenced with siRNA against SCD1 or co-supplemented with palmitate
contained higher amounts of 16:1, 18:1, and 18:2n—6 FAs compared
with the respective BSA control (Fig. 5C). The aforementioned FAs are
mainly esterified at the sn—2 position in PC [45]. This effect was fol-
lowed by higher levels of ELOVL6 activity (elongation of long-chain
fatty acids family member 6) and a decrease in the A5/6 desaturase
index in cells that were treated in parallel with the SCD1 inhibitor or
siRNA against SCD1 and palmitate (Supplementary Fig. 2B and C). Both
ELOVL6 and A5/6 are crucial enzymes in polyunsaturated fatty acid
(PUFA) conversion and the main determinants of cellular PUFA levels
[46]. Collectively, these results suggest that saturation of the LD core
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depends on the enzymatic activity of SCD1, whereas the phospholipid
mantle is instead determined by changes in FA composition than satu-
ration status (Fig. 5F).

3.6. Manipulation of LD PC levels and composition alters protein
repertoire at the LD surface

Lipid droplets are metabolically active hotspots for local lipid
biosynthesis. Many enzymes need to translocate between the cytosol and
LD surface to catalyze this complex activity [47]. We next investigated
the abundance of well-established LD-associated proteins [48] that are
involved in TG synthesis/nucleation (acetyl-CoA acetyltransferase 1
[ACAT1], glycerol-3-phosphate acyltransferase 4 [GPAT4]), the de-
livery of active fatty acyl-coenzyme A (CoA; ACSL3), and the control of
LD size or structure (cell death inducing DFFA like effector C [CIDE-C],
perilipin 2 [PLIN2], perilipin 3 [PLIN3]) in total lysates. In groups of
INS-1E cells that were treated in parallel with the SCD1 inhibitor or
siRNA against SCD1 and palmitic acid, the protein content of ACAT1 and
GPAT4 compared with control cells decreased by 55 % and 70 % and by
56 % and 80 %, respectively (Fig. 6A and B). An average 52 % increase in
the abundance of ACSL3 was confirmed in palmitate-incubated INS-1E
cells, whereas simultaneous SCD1 deficiency led to a modest 16 % or 9 %
increase in ACSL3 protein content, respectively (Fig. 6A and B). The
levels of CIDE-C protein in samples that were exclusively treated with
palmitate were greater than in untreated cells. This effect was further
elevated as the protein content of CIDE-C, compared with control cells,
increased nearly 16-fold and two-fold upon simultaneous treatment of
INS-1E cells with palmitic acid and downregulation of SCD1 inhibition
or SCD1 expression, respectively.

Moreover, PLIN2 protein levels closely correlate with LDs pool size
and cellular TG contents, especially when f-cells or mouse and human
islets were subjected to fatty acid loading in vitro [49,52]. An average
two-fold increase in the abundance of PLIN2 was confirmed in
palmitate-incubated INS-1E cells, whereas simultaneous SCD1 defi-
ciency led to 56 % or 43 % decrease in PLIN2 protein content, respec-
tively (Fig. 6A and B). Furthermore, the inhibition of SCD1 activity and
downregulation of SCD1 gene expression in INS-1E cells increased
PLIN3 protein levels nearly two- and four-fold compared with control
cells. Incubation with palmitate alone increased the abundance of PLIN3
by approximately 50 %. However, no significant difference in PLIN3
protein content was observed between SCD1-deficient INS-1E cells and
SCD1-deficient INS-1E cells that were treated with palmitate (Fig. 6A
and B). PLIN3 is attached preferentially to the surface of small LDs
enriched in unsaturated FA moieties [51]. These findings were consis-
tent with the decreases in the size and number of LDs, supporting the
metabolic inability to form large LDs in SCD1-activity/expression-
deprived cells.

To investigate whether the observed rearrangements in PC FA
composition determine the abundance of proteins that are involved in
LD biogenesis and structure, we monitored levels of several proteins that
are involved in PC synthesis and remodeling, including calcium-
independent phospholipase A2 (iPLAj), phospholipase D2 (PC-PLD2),
CTP:phosphocholine cytidylyltransferase o (CCTa), lysophosphati-
dylcholine acyltransferase 1 (LPCAT1), and lysophosphatidylcholine
acyltransferase 2 (LPCAT2) [41,47]. Both impairments in SCD1 activity
and the downregulation of SCD1 gene expression increased iPLAy pro-
tein content nearly two-fold compared with control INS-1E cells, but
parallel stimulation with palmitate increased iPLA, levels by approxi-
mately 56 % and 14 %, respectively (Fig. 6A and B). The abundance of
PC-PLD2, which is responsible for PC degradation, decreased nearly
50 % in SCD1-deprived INS-1E cells. Nearly two-fold and barely one-fold
decreases in PC-PLD2 content were observed in INS-1E cells that were
simultaneously subjected to SCD1 deficiency and treated with palmitic
acid compared with INS-1E cells that were treated palmitate alone
(Fig. 6A and B). These data corroborated the higher abundance of LD-
associated PC in the TLC analysis (Fig. 2). Interestingly, deficiencies of
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Fig. 3. Downregulation of SCD1 alters compactness, stiffness, and biophysical status of LDs in INS-1E cells after SCD1 inhibition with A939572 (SCD1i) and
palmitate (16:0) treatment. Heat-mapped distributions of general polarization (A) and short-wavelength anisotropy corresponding to the ordered lipid phase (B) are
represented as 1/99 (circles), 5/95 (whiskers), 25/75 (boxes) percentiles and median values. Statistical differences between distributions were quantified with the
Mann-Whitney test (C, D). The data are expressed as the mean + SD of three independent experiments. *p < 0.05, vs. vehicle; “p < 0.05, vs. 16:0 vehicle; “p < 0.05,
vs. SCD1i. Comparison of Raman spectra from the LD groups with the spectra of analytical standards of selected saturated and unsaturated FAs or selected lipid
species (E, F). Raman spectra of lipid droplets were averaged over all measured INS-1E cells after treatment with the SCD1 inhibitor (G) or genetic deprivation by
siRNA against SCD1 (H), followed by co-supplementation with 16:0. Next, the ratio of 1660/1444 cm ™! bands was evaluated as the degree of unsaturation (I, J). The
Eaman measurements were calculated from at least 20 cells per experimental group of three independent imaging experiments. *p < 0.05, vs. vehicle/siCTRL.
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Fig. 4. Depletion of the enzymatic activity of SCD1 affects the lipid profile of LDs. Lipid extracts from isolated LDs after SCD1 inhibition or silencing and 16:0
incubation were resolved and analyzed by TLC (A, B). (C-E) Mean + SD of the spot intensity ratio of cholesteryl esters (CE) (C), triglycerides (TG) (D), and
phosphatidylcholine (PC) (E) (n = 3). *p < 0.05, vs. vehicle/siCTRL; *p < 0.05; vs. 16:0 vehicle/16:0 siCTRL; p < 0.05, vs. SCD1i/siSCD1.

both SCD1 activity and expression enhanced the elevating effect of
palmitate treatment on the abundance of CCTa in INS-1E cells by an
average of 30 %. Reciprocally, the content of LPCAT remodeling
pathway effectors substantially decreased in the aforementioned
experimental groups, suggesting that the Kennedy pathway was favored
over Lands’ cycle in handling LD-associated PC abundance and
composition.

We next determined whether alterations of the PC metabolism-
associated proteins and FA composition of the PC mantle affect the
distribution or identity of LD-residing proteins. We isolated LDs from
SCD1-deficient INS-1E cells after 16 h in BSA or palmitate-supplemented
RPMI and then examined the LD-associated proteins by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Both the phar-
macological and genetic depletion of SCD1 with simultaneous palmitate

treatment enriched the LD association with effectors of lipolysis, such as
hormone-sensitive lipase (HSL), adipose triglyceride lipase (ATGL), and
1-acylglycerol-3-phosphate O-acyltransferase (ABHD5), compared with
the LD fraction from cells that were incubated with 16:0 itself (Fig. 6C
and D). Similarly, ACSL3, PLIN3, and CCTx proteins were detectable in
LDs that were purified from palmitate-treated cells and further increased
upon parallel SCD1 inhibition or downregulation with siRNA against
SCD1. Notably, significant contamination in the LD fractions was
excluded by the absence of subcellular localization marker proteins
Rabl1 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) from
all experimental groups (Fig. 6C and D). Overall, our data indicate that
SCD1 mediates local lipid biosynthesis and remodeling in LDs by
altering the abundance of proteins at the surface, in turn affecting LD
size and its biochemical structure.
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Fig. 5. Inhibition of the enzymatic activity of SCD1 affects fatty acid content and saturation status of lipid droplets. Lipid droplets were freshly isolated from INS-1E
cells that were incubated with palmitic acid and co-treated with the SCD1 inhibitor A939572 (SCD1i) or siSCD1. The fatty acid composition of TG (A), CE (B), and PC
(C) pools was assessed by GC-MS, and their relative changes were normalized to total cellular protein. Next, desaturation status was quantified for separated TG (D),
CE (E), and PC (F) as the product-to-substrate ratio (16:1/16:0 and 18:1/18:0). The data are expressed as the mean + SD of three independent experiments. *p < 0.05,

vs. vehicle/siCTRL; #p < 0.05, vs. 16:0 vehicle/16:0 siCTRL; &p < 0.05, vs. SCD1i

3.7. Downregulation of SCD1 increases susceptibility to lipotoxicity in
murine pancreatic islets

The pancreas possesses a limited capacity to store lipids and p-cells
are highly sensitive to lipid-induced stress [52,53]. To further elucidate
the molecular mechanism of SCD1 deprivation on the failure of lipid
depots handling, we analyzed islets that were isolated from SCD1 ™/~
mice and wildtype (WT) littermates that were fed a HF diet for 6 weeks.
The quantification of Oil Red O staining on pancreatic sections
demonstrated that SCD1 deficiency decreased the accumulation of

10

/siSCD1.

intracellular TGs by over 25 % and 16 % in tissue after a standard lab-
oratory chow diet and a HF diet compared with sections from HF diet-
fed control animals, respectively (Fig. 7A). We then analyzed isolated
islets by GC-MS to verify the impact of SCD1 deficiency on FA content in
selected lipid classes. The effect that we observed during Oil Red O
staining was reflected by lower levels of TG total lipids by 73 % and 71 %
in islets from SCD1~/~ mice that were fed standard laboratory chow and
the HF diet, respectively (Fig. 7B). The abundance of CE total lipids also
tended to decrease but not significantly (Fig. 7C). However, compared
with WT chow-fed mice, the total lipid content in the PC fraction
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Fig. 6. Lipid droplet coating is affected by SCD1 through altered abundance of the proteins involved in PC synthesis and remodeling. (A, B) Western blot analysis of
protein levels of ACAT1, GPAT4, ACSL3, CIDE-C, PLIN2, PLIN3, iPLA,, PC-PLD2, CCTa, LPCAT1, and LPCAT2 in INS-1E cells that were subjected to treatment with
SCD1 inhibitor A939572 (SCD11i) or siRNA against SCD1 (siSCD1) and palmitic acid (16:0). Levels of proteins were then normalized to f-actin and the vehicle/siCTRL

controls. The data are expressed as the mean + SD of three independent experiments.

*p < 0.05, vs. vehicle/siCTRL; #p < 0.05, vs. 16:0 vehicle/16:0 siCTRL;

&p < 0.05, vs. SCD1i/siSCD1. (C, D) The immunoblotting results showed that SCD1 deficiency affected protein levels of HSL, ATGL, ABHD5, ACSL3, PLIN3, CCTa,
and LPCAT1 at the LD surface. Rab11 (an endosome marker) and GAPDH (a cytosol marker) proteins were not enriched in LD fractions that were isolated from INS-
1E cells. Minimum three independent isolations of the LD fractions were performed. Coomassie Brilliant Blue G-250 Dye (CBB) was used as a loading control. A whole
cell lysate (WCL) sample from INS-1E cells was applied as a correct protein size indicator for each antibody.

significantly increased by 54 % and 67 % in islets from WT and SCD1 /"~
rodents on the HF diet, respectively (Fig. 7D). As expected, the TG
fraction of murine islets from HF diet-maintained WT animals showed
an accumulation of saturated 16:0 and 18:0 moieties and an increase in
16:1, 18:1, 18:2n—6, 20:4n—6, and 20:3n—6 FAs. SCD1 knockdown in
islets significantly decreased levels of the aforementioned FAs in TGs
compared with WT littermates, independent of the implemented diet
(Fig. 7E). Moreover, significant decreases in 16:0, 16:1, and 18:0 FA
composition were detected in the CE fraction in the SCD1-deficient islet
groups (Fig. 7F). The alterations that were observed in SCD1 desaturase
activity between all groups for TG did not reach the level of significance
compared with WT chow islets, but we detected reductions of the
desaturation index (with a higher preference for 16:0 substrate) in CE
and PC content (Supplementary Fig. 3A, B, and C). Accordingly, PC from
islets from SCD1~/~ HF-fed animals comprised more 18:1, 18:2n—6,
20:4, and 20:5n—3 FAs compared with the PC fraction from islets from
control animals and SCD1 ™/~ chow mice (Fig. 7G). This effect was fol-
lowed by significantly higher levels of overall PUFAs in PC and ELOVL6
and A5/6 activities in PC in the aforementioned experimental group
(Supplementary Fig. 3D, E, and F).

We next examined the expression of key genes that are related to the
biosynthesis, formation, and growth of LDs. Relative to the WT chow
control group, we observed significantly higher mRNA levels of Nem1,
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Snx14, Seipin, Vps13c, Fsp27, Gpat4, Dgat2, Soatl, and Acsl3 in WT HF
islets (Fig. 7H). SCD1 deficiency was associated with a decrease in the
expression of these genes in islets from chow- and more markedly from
HF-fed mice compared with WT HF islets.

To verify whether SCD1 deficiency affects LD architecture in murine
islets, we evaluated the expression levels of key proteins that are
involved in LD-associated protein coating and PC synthesis. Levels of
PLIN2 and PLINS significantly increased in pancreatic islets from HF-fed
mice, but this effect was lowered by SCD1 downregulation. The recip-
rocal outcome was noted for PLIN3 (Fig. 7I). Furthermore, SCD1
deprivation increased CCTa protein levels >80 % and 50 % in chow and
HF islets compared with WT HF islets, respectively. LPCAT1 abundance
decreased >80 % in SCD1~/~ pancreatic islets, regardless of the type of
diet (Fig. 7I). Compared with pancreatic islets from chow-fed WT ani-
mals, SCD1-deficient islets had lower mRNA expression of PId2 and a
higher amount of Pla2g6 transcript, both of which are crucial genes that
are involved in PC synthesis and stability, suggesting that LDs may also
serve as a major target for PC turnover in lipid-challenged islets
(Fig. 7H). Collectively, these results paralleled our observations from the
in vitro model of palmitate-treated INS-1E cells with deficient SCD1
activity and supported the notion that lowering the presence of SCD1
might lead to deficits in LD production and a failure of their metabolic
handling in murine pancreatic islets that are subjected to lipid overload.
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4. Discussion

Obesity and disturbances in the regulation of lipid metabolism are
well established risk factors for the development of T2D
[4,11,37,52-54]. Non-adipose tissues have a limited capacity to store
surplus lipids. Chronic fuel surfeit restrains f-cells from a flawless
compensatory response, resulting in glucose intolerance and further islet
deterioration [54,55]. Notably, SCD1 remains an important control
point of secretory capacity and function in lipid-laden pancreatic f-cells
[18,20,21,56]. Our results indicate a novel mechanism of the SCD1-
mediated regulation of LD structure and content in rodent pancreatic
p-cells. Here, we found that SCD1 deficiency significantly altered the
size and amount of LD in parallel with changes in saturation status
within core lipids and the composition of FAs of the phospholipid coat.
Furthermore, these rearrangements were corroborated by differences in
the abundance of LD-associated proteins and compactness and lipid
order inside LDs.

Unsurprisingly, ectopic lipid deposition in pancreatic islets triggers
widespread tissue malfunction and damage. The degree of islet suscep-
tibility to lipid insult is determined by the chemical structure of FFAs,
both their saturation status and carbon chain length [52,57]. Overall,
the SCD1-produced MUFAs influence the composition and fluidity of
intracellular membrane phospholipids and act as substrates for LDs in
various tissues, including pancreatic islets [58,59]. In fact, LDs were
enriched in rodent f-cell lines, islet p-cells from donors with T2D, and
islet-like f-cells that were generated from human embryonic stem cell-
derived p-cell clusters [17,59,60]. Human islets that were transplanted
into immunodeficient mice accumulate LDs in $-cells in response to a HF
diet [14]. Intriguingly, the long-chain unsaturated fatty acids were able
to antagonize palmitotoxicity during co-incubation in RINm5F and INS-
1E cells; however, no correlation between the ability of LD formation
and protective potency was confirmed [6]. Furthermore, the increase in
triglyceride pool in both rat and human dispersed fp-cells under nutrient
overload was associated with p-cell demise [7].

Genetic inhibition and pharmacological inhibition of the SCD1
enzyme drive a decrease in survival and dysfunction in multiple human
and rodent p-cell models [12,18,60-65]. Inhibition of the enzymatic
activity of SCD1 led to an aberrant autophagy outcome, perturbations in
cellular membrane integrity, and B-cell demise in INS-1E cells [20]. The
loss of SCD1 in leptin-deficient obese BTBR mice resulted in glucose
intolerance and accelerated progression to severe diabetes, whereas a
subpool of p-cells exhibited signs of SFA-induced lipotoxicity [66]. In-
dividuals with mutations of the seipin gene had higher proportions of
SFA in their lipids, suggesting a decrease in SCD activity and a simul-
taneous decline in the size and amount of LDs [67]. Nevertheless, the
exact molecular role of SCD1 in LD formation awaits further clarifica-
tion. To investigate these mechanisms, we used INS-1E cells whose ac-
tivity or expression of SCD1 was inhibited. We further validated our data
in pancreatic islets from SCD1 ™/~ mice. We observed lower FFA parti-
tioning into complex neutral lipids upon SCD1 deprivation, a phenom-
enon that was also observed in goat mammary epithelial cells and
porcine embryos [27,68]. Moreover, our results in the INS-1E f-cell line
are consistent with studies in induced renal epithelial cells, primary
hepatocytes and HepG2 cells which demonstrated that SCD1 deficiency
was associated with a lower number, diameter, and size of LDs
[28,29,69]. Similarly, SCD-deficient fat-6;fat-7 mutant nematodes
exhibited a reduction of fat storage and had fewer and smaller LDs than
their wildtype littermates [30]. In fact, in our studies, pharmacological
or genetic SCD1 deprivation led to the preferential growth of droplets
with an average 10 % smaller diameter compared with respective
palmitate-treated control cells. To our knowledge, this is the first
comprehensive analysis of the SCD1-mediated effect on LD formation in
pancreatic INS-1E B-cells and murine islets.

The causes for this metabolic decline might involve an inability to
accumulate neutral lipids into LDs. We further determined biochemical
alterations of LDs by measuring LD packing density with the fluorescent
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PA probe, the GP value of which was used to evaluate LD inner
condensation [33,39]. The GP values were lower in LDs that accumu-
lated in cells with low SCD1 activity and co-supplemented with 16:0
than in LDs after stimulation with palmitate alone, leading us to
conclude that the inside of the former LDs was more compact, ordered,
and stiff than the latter LDs. A more detailed assessment of the
biochemical composition of LDs was also supported by the Raman-based
approach. The utility of linear Raman imaging spectroscopy to directly
monitor LD structure and dynamics while exposed to various FA stimuli
was previously successfully applied in hepatocytes and endothelial cells
[40,70,71]; to date, it has not been studied in the context of p-cells. The
Raman signatures of LDs after in vitro incubation with 16:0 typically
resembled TG and CE with regard to spectral characteristics, confirming
the uptake and esterification of palmitate into LD structures. Moreover,
our results showed that under conditions of SCD1 deficiency, palmitate-
induced LDs included significantly higher intensities of unsaturated lipid
moiety bands than LDs originating from treatment with palmitic acid
alone. We also observed spectral signatures of choline-containing lipids
and two amid bands in all experimental groups. Their appearance in a
class of LDs can be expected because of the protein impact on the PL
mantle at the LD surface [72].

The amounts of the LD surface monolayer and core neutral lipid
molecules directly depend on each other [73]. Our GC-MS estimation of
the content of lipids that comprised INS-1E LDs provided more detailed
data on neutral lipid enrichment that was obtained from the imaging
techniques. Indeed, under conditions of SCD1 deprivation, we found a
decrease in TG and CE accumulation (i.e., lipid classes that establish the
LD core). The high compactness of the neutral lipid core was associated
with alterations of desaturation status. Interestingly, the impact of high
16:0 levels on the PL lipidome in INS-1E cells revealed profound changes
in the abundance and distribution of FAs in PC [20,74]. Phosphatidyl-
choline is the most representative constituent of the LD monolayer; thus,
it remains critically important for LD stability [75-77]. Phosphatidyl-
choline shields the underlying hydrophobic lipid core and acts as a
surfactant to prevent LD coalescence [75]. Our results indicated that the
effect of enzymatic SCD1 depletion on LD size and expansion does not
derive exclusively from a decrease in the fraction of accumulated TG and
CE, but we also observed the upregulation of PC synthesis and abun-
dance of LD-associated PC. Interestingly, recent studies indicated a
direct relationship between high PC levels or FA composition of the
surface LD monolayer and the size of LDs, especially in Drosophila S2
cells, nematodes, and differentiating 3T3-L1 adipocytes [30,75,78].
Unsaturated fatty acids in PC of the LD mantle and artificial emulsions
are engaged in the generation of smaller and less stable LDs [77]. The
distribution of MUFAs and PUFAs within the LD monolayer influences
its fluidity and biophysical properties, including thickness and order in
acyl chains [77-80]. Therefore, the decrease in LD size was expected to
also be related to alterations of FA composition of PC in the LD mono-
layer. A closer examination of the lipid profile of LD-associated PC
composition revealed a significant increase in unsaturated 18:1 and
18:2n—6 moieties in PC of LDs from INS-1E cells after the combination
of palmitate treatment and SCD1 inhibition or transient silencing with
siSCD1. Likewise, higher proportions of 18:2n—6, 20:4, and 20:5n—3
FAs were also confirmed in pancreatic islets from SCD1 ™/~ HF-fed ani-
mals compared with the PC fraction from islets from control animals and
SCD1~/~ chow mice. The high proportion of 18:2n—6 and 20:4n—6
PUFAs in pancreatic PL suggests their importance for membrane fluidity
and function [81], which is consistent with our speculation. Similarly,
increases in the abundance of 18:2n—6 and 20:4n—6 FAs in the PL
fraction of HeLa cells under conditions of SCD1 deficiency and in PC
from the liver from SCD1 ™/~ mice were observed, respectively [82,83].
On the contrary, the population of LD-associated PC species enriched in
single or two monounsaturated acyl chains in sn—1 and/or sn—2 posi-
tions was reported as the extremely rare in HepG2 cells whereas the
levels of 16:1n—7 and 18:1n—7 in the PC of the LDs in 3T3-L1 adipocytes
increased during the differentiation likely due to elevated SCD1
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expression [76,78]. It is also conceivable that SCD1-derived MUFAs in
the PC of the LDs are indispensable to facilitate the incorporation of
SFAs into TGs, enhance the formation of bigger LDs, and thus make
B-cells and pancreatic islets less susceptible to palmitate toxicity.
Furthermore, the shape of a PC molecule and its area at the lipid-water
interface are influenced by acyl chain unsaturation [84]. Unsaturated
fatty acyl chains in PC can drive lipid-packing defects that compromise
monolayer curvature, fluidity, fusion abilities, and the final pool of
associated proteins [25,73].

Finally, we aimed to confirm whether changes in PC content affect
the repertoire of LD-linked proteins. Arguably, the composition of per-
ilipins at the LD surface is also considered a factor that determines LD
size [49]. PLIN3 was reported to attach to the surface of small LDs with
unsaturated FA moieties [51]. In addition, the functional compensation
activity of PLIN3 for a reduced abundance of PLIN2 was also observed in
several studies [49,84]. The nonbinding PLIN2/PLIN3-enriched LD
fraction in murine adipocytes contained a less rigid and well-supplied in
unsaturated FA reservoirs monolayer membrane [85]. This is consistent
with our observation, in which we detected higher levels of PLIN3 but
reduced abundance of PLIN2 under conditions of SCD1 deprivation in
pancreatic f-cells and islets. Another possible explanation involves en-
zymes that are involved in PC synthesis. Phosphatidylcholine is mainly
generated through the Kennedy pathway. Once formed, the FA
composition of PC can be remodeled by sequential deacylation (by
phospholipases) and reacylation (by LPCAT) via the Lands cycle [86].
Enzymes that are required for both networks relocalize at the surface of
LDs; thus, PC can be synthesized and modified locally [47,87]. De-
ficiencies of both SCD1 activity and expression enhanced the elevating
effect of palmitate treatment on the abundance of CCT1a in INS-1E cells,
at the LD surface, and in murine SCD1 ™/~ islets. This observation was in
line with greater CCT1 activity in the PC fraction in the liver from
SCD1™/~ mice [83]. CCT1 catalyzes the rate-limiting step of PC syn-
thesis and acts as a biosensor for PC deficits on expanding LDs [75]. This
result was complementary to a reduction of PC-PLD2 abundance and
substantially lower content of the remodeling pathway effectors LPCAT1
and LPCAT2 that mediate rearrangements of unsaturated FA moieties at
the sn—2 position. Notably, LPCAT1 utilizes 18:2-acyl-CoA, and LPCAT2
utilizes 20:4-CoA as the best donor [88]. The interference of Kennedy
and Lands networks is important for handling LD-associated PC abun-
dance and composition, and reflects LD size in human hepatoma cell
lines [89]. LPCAT-mediated PC synthesis on LDs requires the presence of
long chain acyl-CoA and lysophosphatidylcholine as substrates for
effective membrane lipid remodeling [87]. Here, we detected a signifi-
cant decrease in ACSL3 protein content but an increase in iPLA; levels in
INS-1E cells with SCD1 deficiency. Thus, in SCD1-depleted cells, we
might observe a lack of compensation for the exchange in PC PUFA
composition through an incomplete remodeling pathway [82]. In fact,
the high availability of 18:2n—6 might lead to the observed upregulation
of 20:4n—6 by activities of SCD1 co-working enzymes (e.g., A5/A6
desaturases and ELOVL5) in order to eliminate this unstable condition
and explain the presence of unsaturated FA Raman features when SCD1
activity is diminished. Alternatively, the FAs can be derived from other
membrane compartments since LDs form inter-organelle contacts, which
are thought to facilitate flawless trafficking of FAs and prevent lip-
otoxicity [72]. The remodeling of ER-associated PC and polyunsaturated
phospholipids decreased tension, controlled FA handover to LDs, and
preferentially enabled specific neutral lipids’ budding in small LDs [24].

On the other hand, cylinder-like PC decreases surface tension and
stabilizes the LD surface, thus preventing their coalescence [75,77].
Regardless of the high abundance of PC (but not with preferential FA
composition) and increase in the abundance of CIDE-C, INS-1E and
pancreatic islet cells face a critical mass in lipid storage at some point
under conditions of SCD1 deprivation. In accordance with this possi-
bility, SCD1 overexpression decreased LD enrichment with CCT1 and
restored large LDs in INS-1E cells (Supplementary Fig. 4) and goat
mammary epithelial cells [27]. Low levels of CCT1 would allow for the
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generation of supersized lipolysis-resistant LDs [75]. Alternatively, the
effective neutralization of lipid-induced stress is mediated by LD
breakdown by catabolic lipolysis or lipophagy processes. During lipol-
ysis, stored TGs are broken down by LD-associated lipases [90]. The
chronic stimulation of lipolysis resulted in large-to-small LD fragmen-
tation in adipocytes [76]. Apart from lower levels of TG and CE in the LD
core, we observed the enrichment of HSL, ATGL, and ABHDS5 (effectors
of lipolysis) at the LD surface upon SCD1 deprivation, suggesting that
this process remains functional. Moreover, we previously observed a
substantial increase in DG turnover under conditions of SCD1 defi-
ciency, which can also serve as a substrate for PC production [20,77]. In
turn, during lipophagy, autophagosomes engulf LDs and fuse with ly-
sosomes to be degraded by lysosomal hydrolases [90]. We recently
showed that the inhibition of SCD1 activity affects autophagosome-
lysosome fusion by perturbations in cellular membrane integrity and
FA composition, thus leading to B-cell demise [20]. Given the pivotal
significance of autophagy for the proper architecture and flawless
function of pancreatic B-cells [91], LD breakdown under conditions of
SCD1 deficiency may be incomplete, and pancreatic p-cells may even-
tually reach an LD saturation threshold. However, further studies are
necessary to support this possibility.

Excessive nutritional load that derives from circulating toxic FFAs
and an increase in the accumulation of local pancreatic fat triggers
structural and functional changes in T2D-affected islets [11,15]. Hence,
the ability of p-cells to regulate the traffic of lipids into and out of LDs
appears to be a reasonable strategy to mitigate lipotoxicity outcomes
[15]. The preservation of p-cell mass and function remains a main goal
of T2D management under stressful conditions of lipid insult. Our results
revealed an unexpected cellular route for regulating the size and number
of LDs in INS-1E cells and murine pancreatic islets under conditions of
lipid surplus, reassuring SCD1 deficiency as the main brake on palmitate
toxicity and suggesting that SCD1 full function is yet more complex than
currently considered. By investigating the network of LD biogenesis,
expansion, and metabolism, we identify a link between the step of A9
desaturation in FA biosynthesis and LD homeostasis. We propose that
SCD1 activity controls LD size and morphology, likely by affecting sur-
face PC FA content and the capacity for its remodeling. Subsequently,
the proper composition of the LD phospholipid monolayer is required for
efficient LD metabolism, expansion, and disposal [73], in which the
aforementioned changes determine the pool of LD-associated protein
components that are responsible for these processes (Fig. 8). Ultimately,
the beneficial effects of systemic SCD1 inhibition on adiposity may occur
at the expense of p-cells, warning against the clinical use of SCD1 inhi-
bition in these crucial cells [92]. Lipid droplets can be successfully
applied as stable and biocompatible tools that help effectively resist
cellular stress and alleviate lipotoxicity [93]. The potency of affecting
LDs’ number, size, or lipid composition holds promise for novel thera-
peutic interventions for T2D treatment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbadis.2023.166711.
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Fig. 8. Suggested mechanism of the effect of SCD1 deprivation on the regula-
tion of LD morphology, abundance, composition, and metabolism. The down-
regulation of SCD1 during the lipid oversupply of pancreatic p-cells results in
lower LD accumulation. Because of inner LD rearrangements (i.e., more
compact and stiff neutral lipid core) and external alterations of the phospho-
lipid monolayer (PC fatty acid composition), a repertoire of proteins that
decorate the LD surface is affected. Consequently, an aberrant interactome and
SCD1 deficiency lead to droplets with a smaller diameter and lower overall fat
storage capacity in the cytoplasm. This simplified model may explain the reason
for p-cell demise when the LD saturation threshold is reached under lip-
otoxic conditions.
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