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Chronic hyperlipidemia causes the dysfunction of pan-
creatic �-cells, such as apoptosis and impaired insulin
secretion, which are aggravated in the presence of hy-
perglycemia. The underlying mechanisms, such as en-
doplasmic reticulum (ER) stress, oxidative stress and
metabolic disorders, have been reported before; however,
the time sequence of these molecular events is not fully
understood. Here, using isobaric labeling-based mass
spectrometry, we investigated the dynamic proteomes of
INS-1 cells exposed to high palmitate in the absence and
presence of high glucose. Using bioinformatics analysis
of differentially expressed proteins, including the time-
course expression pattern, protein-protein interaction,
gene set enrichment and KEGG pathway analysis, we
analyzed the dynamic features of previously reported and
newly identified lipotoxicity- and glucolipotoxicity-related
molecular events in more detail. Our temporal data high-
light cholesterol metabolism occurring at 4 h, earlier than
fatty acid metabolism that started at 8 h and likely acting
as an early toxic event highly associated with ER stress
induced by palmitate. Interestingly, we found that the
proliferation of INS-1 cells was significantly increased at
48 h by combined treatment of palmitate and glucose.
Moreover, benefit from the time-course quantitative data,
we identified and validated two new molecular targets:
Setd8 for cell replication and Rhob for apoptosis, demon-
strating that our temporal dataset serves as a valuable
resource to identify potential candidates for mechanistic
studies of lipotoxicity and glucolipotoxicity in pancreatic
�-cells. Molecular & Cellular Proteomics 17: 2119–2131,
2018. DOI: 10.1074/mcp.RA118.000698.

Pancreatic �-cell failure, one of the core events of type 2
diabetes (T2D)1 mellitus, is the result of a complex interaction

between genetic, epigenetic and environmental factors (1–4).
Diet excess leading to obesity is considered as the most
important environmental risk factor for T2D. It has been
proved that chronic higher levels of circulating free fatty acids
(FFAs) are commonly associated with the deterioration of
�-cell function (5, 6). Furthermore, hyperglycemia can aggra-
vate lipotoxicity mediated by hyperlipidemia (glucolipotoxic-
ity) (7–9).

Great effort has been devoted to understanding the mech-
anisms of lipotoxicity and glucolipotoxicity, including meta-
bolic disorders, impaired cAMP generation and Ca2� channel
function, ER stress, mitochondrial dysfunction and oxidative
stress, and dysregulated autophagy in �-cells (10–22). Met-
abolic disorders and impaired cAMP generation and Ca2�

channel function can contribute to defective insulin secretion
(11, 12). Activation of ER stress and oxidation stress induce
�-cell apoptosis (14–16). Moreover, recent studies suggested
that the metabolites of acyl-CoAs produced by FFAs and
glucose can act as the substrates for post-translational
modification (PTM) of proteins, such as palmitoylation and
acetylation. These PTMs change protein function, which is
highly linked to the dysfunction of �-cells (23, 24). However,
the interplay of the above molecular events is not well
understood.

In recent decades, to understand the global molecular
events of lipotoxicity/glucolipotoxicity, systems biology-ori-
ented strategies, such as transcriptomics, proteomics, and
metabolomics, have been successfully adopted to detect
abundant changes of genes, proteins and metabolites in pan-
creatic �-cells or islets exposed to long-term FFA and glucose
treatment (10, 25–30). However, these studies primarily fo-
cused on the later stages of lipotoxicity/glucolipotoxicity. Be-
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cause the deterioration of �-cell function is a time-based
progress, it is of great interest to look into the temporal
sequences of lipotoxicity- and glucolipotoxicity-related bio-
logical events.

In this study, which aims to characterize in great detail the
time course of lipotoxicity and glucolipotoxicity in pancreatic
�-cells, we analyzed the protein changes of INS-1 rat insuli-
noma cell lines (INS-1 cells) treated with high palmitate with-
out (PA) or with high glucose (PAG) at five consecutive time
points (4, 8, 16, 24, and 48 h) by multiplex TMT (Tandem Mass
Tag) labeling-based quantitative proteomics approaches.
Subsequent bioinformatics analysis of differentially expressed
proteins, including time-course pattern clustering, protein-
protein interaction networks, gene set enrichment and KEGG
pathway analysis, allowed us to recapitulate the lipotoxicity-
and glucolipotoxicity-related molecular events in more detail,
including previously reported and newly identified features.
Moreover, further mining our quantitative data set allowed us
to identify two new molecular targets, Setd8 and Rhob. By
performing functional experiments, we validated that Setd8
promotes cell proliferation of INS-1 cells induced by PAG and
that Rhob accelerates PA-induced �-cell apoptosis. There-
fore, our temporal quantitative data set represents a valuable
resource for identifying potential candidates for the mecha-
nistic study of lipotoxicity and glucolipotoxicity in pancreatic
�-cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatment—INS-1 cells were cultured with RPMI
1640 medium containing 11 Mm glucose, 10% fetal bovine serum
(FBS), 1 mM sodium pyruvate, 50 �M 2-mercaptoethanol, 100 U/ml
penicillin, 100 �g/ml streptomycin in a humidified atmosphere of 5%
CO2 at 37 °C. PA was dissolved in 0.1 M sodium hydroxide to prepare
a stock solution (100 mM). The PA stock solution was diluted in culture
medium to which fatty-acid-free BSA had been added in a 1:19 molar
ratio to prepare BSA-conjugated PA. Cells were incubated with the
BSA-conjugated-PA at 0.5 mM without or with additional 16.7 mM

glucose (PA or PAG, respectively) for different times (4, 8, 16, 24, and
48 h).

Proteomics Sample Preparation—INS-1 cells were harvested at
different time points under three culture conditions and then were
lysed in a buffer containing 8 M urea/100 mM NH4HCO3 (Sigma, cat.
no. A6141, St. Louis, MO), pH 8.3, and a protease inhibitor mixture
(Sigma, cat. no. P8340). The protein concentration was determined by
a bicinchoninic acid assay (BCA). A total of 200 �g of protein was first
reduced by adding a final concentration of 10.0 mM dithiothreitol for
60.0 min at 37 °C and was then immediately alkylated by incubating
with a final concentration of 20 mM iodoacetamide for 45 min at room
temperature in the dark. The resulting protein mixtures were diluted to
less than 2 M urea with 100 mM NH4HCO3 prior to enzymatic digestion

overnight with sequencing-grade trypsin (Promega, cat. no. V5111,
Madison, WI) at a substrate/enzyme ratio of 100:1 (w:w). Protein
digestion was quenched via acidification with formic acid (FA). The
resulting peptide mixtures were subsequently desalted via solid
phase extraction (Sep-pack Vac C18 cartridges, Waters, cat. no.
Wat020515, Manchester, UK) followed by vacuum drying.

The dried peptide samples were re-suspended in 100 mM triethyl-
ammonium bicarbonate (TEAB) buffer. A 50% aliquot of each sample
was chemically labeled with 6-plex TMT reagents (Thermo Fisher, cat.
no. 90066, Rockford, IL) according to the manufacturer’s instructions.
To accommodate all 15 samples in the analysis of a single biological
replicate, we created a reference sample by mixing 1/5 of the amount
of each sample (15 in total) and then labeling with TMT reagent 131.
The remainder of the TMT reagents was used to label the other
samples: 126 for BSA_, PA_, PAG_4h, 127 for BSA_, PA_, PAG_8h,
128 for BSA_, PA_, PAG_16h, 129 for BSA_, PA_, PAG_24h, and 130
for BSA_, PA_, PAG_48h. The reference sample was used for data
normalization and dataset combination. To ensure that each of the
samples contained the same amount of protein, a small 1:1:1:1:1:1
aliquot from the 6-plex reagents was prepared and analyzed by MS.
Summed reporter ion ratios informed mixing ratios of the remaining
labeled digests. In this way, three sets of 6-plex TMT-labeling pep-
tides were equally pooled and were treated in parallel throughout the
following steps.

Before MS analysis, mixed TMT-labeling peptides were fraction-
ated using high-pH reversed-phase chromatography. Briefly, the
samples were first desalted using Sep-Pak Vac C18 SPE cartridges
(Waters) and dried in a vacuum concentrator. Desalted peptides were
dissolved in solution A (2% acetonitrile, pH 10, pH adjusted with
ammonium hydroxide) and were then loaded automatically onto a
YMC-Triart C18 basic reversed-phase liquid chromatography column
(250 � 4.6 mm, 5 �m particles) (cat. no. TA12S05–2546WT, YMC,
Kyoto, Japan). Peptides were separated in a binary buffer system of
solution A and solution B (98% acetonitrile, without pH adjustment,
solution B) in an Ultimate-3000 LC system (Thermo Scientific). The
gradient of buffer B was set as follows: 0–5% for 1 min, 5–15% for 5
min, 15–26% for 32 min, 26–40% for 22 min, 40–95% for 2 min, and
95% for 3 min. The first fraction was collected beginning at 5 min, and
the remaining eluates were collected at intervals of 100 s. A total of 36
fractions was obtained, and these were concatenated into 12 frac-
tions by merging fractions 1, 13, 25; fractions 2, 14, 26, etc. Then, all
12 peptide fractions were dried in a vacuum concentrator and stored
at �20 °C until subsequent nanoLC-MS/MS analysis was performed.

Mass Spectrometry Analysis—NanoLC-MS/MS experiments were
performed on a Q-Exactive mass spectrometer (Thermo Scientific)
coupled to an Easy-nLC 1000 HPLC system (Thermo Scientific). The
peptides were loaded onto a 100-�m id � 2-cm fused silica trap
column packed in-house with reversed-phase silica (Reprosil-Pur
C18 AQ, 5 �m, Dr. Maisch, GmbH, Ammerbuch, Germany) and then
separated on a 75-�m id � 20-cm C18 column packed with reversed-
phase silica (Reprosil-Pur C18 AQ, 3 �m, Dr. Maisch, GmbH). The
loaded peptides were eluted with a 120-min gradient. Solvent A
consisted of 0.1% FA in water solution, and solvent B consisted of
0.1% FA in acetonitrile solution. The following segmented gradient
was used at a flow rate of 280 nl/min: 4–12% B, 5 min; 12–22% B, 80
min; 22–32% B, 25 min; 32–90% B, 1 min; and 90% B, 9 min. The
mass spectrometer was operated in data-dependent acquisition
mode, and full-scan MS data were acquired in the Orbitrap with a
resolution of 70,000 (m/z 200) across a mass range of 300–1600 m/z.
The target value was 3.0E�06 with a maximum injection time of 60
ms. After the survey scans, the top 20 most intense precursor ions
were selected for MS/MS fragmentation with an isolation width of 2
m/z in the HCD collision cell and an optimized normalized collision
energy of 32%. Subsequently, MS/MS spectra were acquired in the

1 The abbreviations used are: T2D, type 2 diabetes; PA, palmitate;
PAG, palmitate and glucose; FFA, free fatty acid; GSIS, glucose-
stimulated insulin secretion; TEAB, triethylammonium bicarbonate;
PIF, precursor intensity fraction; TMT, Tandem Mass Tag; SPS, syn-
chronous precursor selection; HCD, high energy collision-induced
dissociation; PSM, peptide-spectrum match; GSEA, gene set enrich-
ment analysis; GO, gene ontology; SN, sub-network.
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Orbitrap with a resolution of 17,500 (m/z 200) and a low-mass cut-off
setting of 100 m/z. The target value was set as 1.0E�05 with a
maximum injection time of 80 ms. The dynamic exclusion time was
50 s. The following nanoelectrospray ion source settings were used:
spray voltage of 2.1 kV, no sheath gas flow, and a heated capillary
temperature of 320 °C.

For the SPS (synchronous precursor selection)-MS3 mode-based
method, nanoLC-MS/MS experiments were performed on an Orbitrap
Fusion Lumos mass spectrometer (Thermo Scientific) coupled to an
Easy-nLC 1200 HPLC system (Thermo Scientific). The peptides were
loaded and separated onto a 75-�m id � 20-cm C18 column packed
with reversed-phase silica (Reprosil-Pur C18 AQ, 3 �m, Dr. Maisch,
GmbH). The loaded peptides were eluted with a 90-min gradient.
Solvent A consisted of 0.1% FA in water solution, and solvent B
consisted of 0.1% FA in acetonitrile solution. The following seg-
mented gradient was used at a flow rate of 280 nl/min: 3–12% B, 5
min; 12–30% B, 73 min; 30–90% B, 7 min; and 95% B, 5 min. The
mass spectrometer was operated in data-dependent acquisition
mode, and full-scan MS data were acquired in the Orbitrap with a
resolution of 60,000 (m/z 200) across a mass range of 350–1500 m/z.
The target value was 4.00E�05 with a maximum injection time of 50
ms. After the survey scans, the top N most intense precursor ions
were selected for MS/MS fragmentation with an isolation width of 1.6
m/z in the CID collision cell and an optimized normalized collision
energy of 35% (AGC target: 1E4; maximum injection time: 50 ms; and
scan mode: rapid). MS3 analysis for each MS2 scan was performed by
isolating the five most-intense MS2 fragment ions with a multinotch
isolation waveform. MS3 spectra were detected in the Orbitrap (res-
olution 30,000) after high energy collision-induced dissociation (HCD)
(NCE: 65%; AGC: 1E5; maximum injection time: 100 ms; and isolation
window of 1.6Th).

MS Data Analysis—The raw MS data were processed with
Proteome Discoverer (version 1.4, Thermo Scientific). Briefly, pep-
tide identification was performed with the Sequest HT search en-
gine comparing against a UniProt Rattus norvegicus database
(2015.05.27, containing 29,362 entries) supplemented with all fre-
quently observed MS contaminants (containing 247 entries). The
following parameters were used for database searching: semi-tryptic,
10 ppm precursor mass tolerance, 0.02 Da fragment ion tolerance, up
to two missed cleavages, carbamidomethyl cysteine, TMT modifica-
tion on amino (N)-term and lysine as fixed modifications, and oxidized
methionine as a variable modification. The peptide confidence was
set to a high level (q-value � 0.01) for peptide filtering by Percolator
(31), resulting in 1% FDR (false discovery rate) at peptide-spectrum
match (PSM) level. Proteins (or protein groups) were assembled by at
least one unique peptide.

To improve the accuracy and confidence of protein quantification
by TMT reporters in MS2 scan, optimized data processing was de-
veloped using freely accessible tools and in-house written scripts: (1)
msconvert (http://proteowizard.sourceforge.net, ProteoWizard re-
lease: 3.0.9974) was first used to perform a deconvolution of the
high-resolution MS2 spectra in which all fragment ion isotopic distri-
butions were converted to a m/z value corresponding to the monoiso-
topic single charge. The signals of TMT reporter ions were extracted
with the following requirements: maximum mass accuracy of 15 ppm,
detection of all 6 TMT reporter ion channels required. (2) The summed
reported ion intensity from each channel for all acquired MS2 spectra
was used for sample normalization. (3) To minimize ratio distortion
because of the presence of more than one peptide species within a
precursor ion isolation width, we also rejected the quantification of
MS/MS spectra based on the precursor intensity fraction (PIF). PIF
reported by Proteome Discoverer was calculated as a proportion of
the background intensity within the isolation window that does not
belongs to the precursor itself. For our data set, a PIF of 50% was

selected as the optimal trade-off value for both identification and
quantification (supplemental Fig. S2A). (4) If the peptides were quan-
tified multiple times, the one(s) with the lowest PIF was/were selected
to produce the representative quantitative TMT ratio. The median
values of the TMT ratios of peptides from the same protein were
calculated as the protein ratios.

Bioinformatics Analysis—Hierarchical clustering analysis (by R-
package “pheatmap”), principal component analysis (PCA) (by built-in
R function “prcomp”), two-way ANOVA analysis (by built-in R function
“anova”) and multiple hypothesis testing (by built-in R function “p.
adjust” with the “BH” method) were performed in R, version Windows
Rx64, 3.1.3. “kmeans” embedded in “pheatmap” was utilized for
protein expression clustering analysis, and the resulting patterns were
further constructed by using Circos software (32) followed by DAVID
(33) functional annotation analysis to assess their biological rele-
vance. STRING (34) was used for protein-protein interaction path-
ways and a minimum required interaction score above 0.70 was
required for high confidence. The networks were visualized with 3.3.1
(35). An R-package, “fgsea” (36), was used for fast pre-ranked gene
set enrichment analysis (GSEA). Both Gene ontology (GO) and KEGG
pathways were analyzed. The enriched items with q-values of less
than 0.05 were considered significantly different hits. GO functional
annotations were further connected as functional networks by calcu-
lating the Jaccard Coefficient as follows:

Jaccard Coefficient �

number of interaction genes between set A and B
number of unique genes in a combination of set A and B

Two GO annotations with Jaccard coefficients above 0.3 were
accepted as being connected.

Measurement of Cell Apoptosis—Cell apoptosis was detected by
Hoechst 33258 (Sigma-Aldrich, St. Louis, MO) (37). INS-1 cells grown
for 48 h were treated with BSA, PA, and PAG for different times, then
cultured with 5 �g/ml Hoechst 33258 for 30 min. Fluorescent images
were acquired using a confocal laser scanning microscope (FV 1200,
Olympus, Tokyo, Japan). The nucleus, which is bright, and shrinkage
represent the apoptotic cells. The percentage of apoptotic cells was
determined in at least 5000 total cells per condition.

Measurement of Cell Proliferation—Cell proliferation was evaluated
using ki67 and EdU assays. For ki67, INS-1 cells grown for 48 h were
treated with BSA, PA, and PAG for different times, then fixed in 4%
paraformaldehyde for 30 min at room temperature and permeabilized
in 0.5% Triton X-100 for 10 min. Cells were washed with PBS and
then blocked with 5% goat serum for 1 h, cultured with anti-ki67
(Abcam, Cambridge, MA) antibody for 1 h at room temperature fol-
lowed by secondary antibodies (Invitrogen, Carlsbad, CA) along with
DAPI (Invitrogen) for nuclear staining. In the assay the proliferation
phenotype of lipotoxicity and glucolipotoxicity, fluorescent images
were acquired using a widefield microscope with a 20 x objective
lens (IX81, Olympus, Tokyo, Japan). In the assay the proliferation of
setd8-overexpressed INS-1 cells, the fluorescent images were ac-
quired using a confocal laser scanning microscope with 60 x ob-
jective lens (FV 1200, Olympus).

For EdU assays (GeneCopoeia, Rockville, MD), cells were plated
on coverslips and exposed to 1 mM EdU for 4 h at 37 °C. The cells
were then fixed in 4% paraformaldehyde for 30 min at room temper-
ature and permeabilized in 0.5% Triton X-100 for 10 min. Cells were
washed with PBS and then incubated with a reaction mixture solution
for 30 min. Then, the cells were stained with DAPI and imaged under
a confocal laser scanning microscope (FV 1200, Olympus).

ELISA Detection of Insulin—For glucose-stimulated insulin secre-
tion (GSIS), INS-1 cells treated with BSA, PA and PAG for different
times were pre-incubated for 2 h in 2.8 mM glucose Krebs-Ringer
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bicarbonate HEPES buffer (KRBB) (114 mM NaCl, 4.7 mM KCl, 1.2 mM

KH2PO4, 1.16 mM MgSO4, 0.5 mM MgCl2, 2.5 mM CaCl2, and 20 mM

HEPES with 0.2% BSA, pH 7.4). The cells were then stimulated with
2.8 mM and 16.7 mM glucose KRBB for 1 h. The secreted insulin in
KRBB was assayed with the insulin ELISA kit. The protein content in
the cells was used for normalization.

For detection of insulin content, INS-1 cells treated with BSA, PA,
and PAG for different times were pre-incubated for 2 h in 2.8 mM

glucose KRBB, then were lysed with RIPA buffer supplemented with
proteinase inhibitor (Sigma-Aldrich) and centrifuged at 10,000 � g for
15 min at 4 °C. The supernatant was assayed with an insulin ELISA kit
(Shibayagi, Shibukawa, Japan, AKRIN-011S).

Quantitative PCR Analysis of Gene Expression—Total RNA was
extracted using Trizol (Invitrogen) according to the manufacturer’s
instructions. Reverse transcription (RT) using random hexamers and
oligo dT mix primers and SuperRT reverse transcriptase (CWBIO,
Beijing, China) was carried out according to the manufacturer’s in-
structions. Quantitative PCR was carried out with a 1:20 dilution of
cDNA and 2� SYBR Green PCR Mix in combination with 10 mM

specific primers (supplemental Table S1). The GAPDH primer was
used for normalization and �Ct was calculated to derive the relative
expression. All quantitative RT-PCR data presented are the mean �
S.E. from three independent experiments.

Western Blotting (WB) Analyses and Antibodies—Whole-cell ly-
sates prepared using RIPA buffer with proteinase inhibitor were sep-
arated by SDS-PAGE, transferred onto PVDF membranes (Millipore,
Billerica, MA), and incubated with primary antibodies against Rhob
(Santa Cruz Biotechnology), Setd8 (Proteintech, Wuhan, China), �-ac-
tin (Sigma-Aldrich), �-tubulin (Proteintech) and HA (Thermo Fisher
Scientific, Waltham, MA) with the appropriate HRP-conjugated sec-
ondary antibodies (Sungene Biotech, Tianjin, China) followed by de-
tection with enhanced luminescence (GE Healthcare, Piscataway,
NJ).

Gene Knock-out and Overexpression—The targeted Rhob sgRNA
expression oligos were introduced into the CRISPR-Cas9 with green
fluorescent protein (GFP) fusion protein expression vector pX458
(Addgene). The sequences of the oligos are shown in supplemental
Table S1. The pX458 plasmid DNA containing the target sgRNA
sequence was transfected into INS-1 cells with lipofectamine 2000
(Invitrogen, Carlsbad, CA). After 48 h, GFP positive cells were sorted
with flow cytometry to generate single clones. Each colony was
passaged and genotyped. DNA was isolated using the DNeasy Blood
& Tissue Kit (Qiagen). The genomic region surrounding the CRISPR/
Cas9 target site was PCR amplified, and PCR products were purified
using the Gel Extraction Kit (CWBIO, Beijing, China) according to the
manufacturer’s protocol and sequenced.

HA-Rhob overexpression in INS-1 cell lines was constructed by
retroviral plasmid pQCXIP. Briefly, the HA-Rhob PCR fragments were
amplified from the cDNA of INS-1 cells using a forward primer bearing
an HA tag and a reverse primer (supplemental Table S1), then cloned
into the retroviral plasmid pQCXIP vector. The retrovirus was pack-
aged via transfecting Plat E cells with the HA-Rhob plasmids and two
packaging plasmids (vsvg and phit). At 48 h post transfection, the
virus-containing supernatant was collected, filtered and used to infect
INS-1 cells. The infected cells were selected and maintained with
puromycin to generate stable cell lines.

Setd8 overexpression in INS-1 cell lines was constructed by mod-
ified lentiviral plasmid pCDH-CMV-MCS-EF1-Puro (EGFP-P2A).
Setd8 PCR fragments were amplified from the cDNA of INS-1 cells
using a forward primer and a reverse primer (supplemental Table S1),
then cloned into the modified lentiviral plasmid pCDH-CMV-MCS-
EF1-Puro (EGFP-P2A) vector. Lentivirus was packaged via transfect-
ing 293T cells with the EGFP-P2A-Setd8 plasmids and two packaging
plasmids (vsvg and �3.1). Forty-eight hours post-transfection, the

virus-containing supernatant was collected, filtered and used to infect
INS-1 cells. The infected cells were selected with puromycin for 1
week. EGFP positive cells were sorted with flow cytometry to gener-
ate stable cell lines.

Experimental Design and Statistical Rationale—The purpose of this
study was to analyze the temporal proteome in INS-1 cells treated
with PA in the presence or absence of high glucose. Because aque-
ous-soluble palmitic acid was prepared by conjugating to bovine
serum albumin (BSA), we selected the culture medium containing
BSA as the control. The experimental design comprised three biolog-
ical replicates. The 6-plex TMT reagents were used for quantitative
proteomics. The MS data of all three biological samples were ac-
quired with MS2 mode by a Q-Exactive instrument (Experiment 1,
Expt 1), and the same TMT-labeling samples of two biological repli-
cates in Expt 1 were re-analyzed with SPS-MS3 mode by a LUMOUS-
fusion instrument (Experiment 2, Expt 2). Protein identification was
performed by Proteome Discoverer (PD) 1.4 software. Protein quan-
tification was analyzed by in-house written scripts by either MS2 data
pre-filtering by the precursor intensity fraction (PIF � 50%) (38) or
MS3 data. The change of protein expression was calculated as an
average value from Exp1 and Exp2. Two-way ANOVA was utilized to
analyze differentially expressed proteins. All p values were corrected
for multiple hypothesis testing by the Benjamini-Hochberg (BH)
method.

RESULTS AND DISCUSSION

The Time-course Phenotypes of INS-1 Cells Exposure to PA
and PAG—To choose reasonable time points for capturing
the molecular events of lipotoxicity and glucolipotoxicity at
the proteome level, we first evaluated cell apoptosis and
insulin secretion of INS-1 cells. Cell apoptosis and insulin
secretion are the two main phenotypes of lipotoxicity/gluco-
lipotoxicity in INS-1 cells treated with PA and PAG at different
times (27). As depicted in supplemental Fig. S1A, apoptosis in
INS-1 cells induced by PA was significant at 16 h and in-
creased gradually with time. Compared with PA, PAG induced
apoptosis in INS-1 cells earlier (8 h) with a higher apoptosis
rate. Similarly, PAG treatment inhibited GSIS in INS-1 cells
earlier (8 h) and impaired GSIS more severely than PA-treat-
ment (supplemental Fig. S1B–S1D). However, both PA and
PAG reduced insulin content of INS-1 cells as early as 8 h
(supplemental Fig. S1E). This discoordination of time-course
features between GSIS and intracellular insulin content sug-
gests that reduction of insulin content alone cannot account
for impaired insulin secretion.

Multiplexed Quantitative Analysis of the Proteome in INS-1
cells Exposure to PA and PAG—Based on the above pheno-
typic results, we subsequently designed a multiplexed TMT
peptide labeling-based quantitative proteomics experiment to
analyze the protein expression of INS-1 cells under three
different culture conditions (BSA, PA, and PAG) at five con-
secutive time points (4, 8, 16, 24, and 48 h, Fig. 1A). The
period at 4 h was added to capture earlier molecular events.
To compare the protein expression changes across 45 sam-
ples in all three biological replicates, one reference sample
was created by pooling from each sample for data normaliza-
tion and combination. Off-line high-pH reversed-phase chro-
matography was carried out to pre-fractionate the combined
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TMT-labeling peptide mixtures, and each resulting fraction
was subjected to 1D-LC-MS/MS analysis. The samples from
all three biological replicates were analyzed by Q-Exactive
mass spectrometry with MS2 mode (Expt 1), whereas the
same samples from two biological replicates were reanalyzed
by Orbitrap Fusion Lumos Tribrid Mass Spectrometer with
SPS-MS3 mode (Expt 2) for more accurate TMT quantification
(39). All MS data files were carefully processed in sequential
steps as described in the Experimental Procedures section.
Finally, by requiring a maximum FDR of 1% at PSM level by
Percolator (31) and at least one unique peptide included, 9065
proteins and 8233 proteins were identified by Expt 1 and Expt
2, respectively (supplemental Fig. S2B, supplemental Table
S2), representing deep proteome coverage of INS-1 cells. A
total of 5214 proteins (at least two biological replicates and

peptides of precursor intensity fraction � 50%) and 4753
proteins (both two biological replicates) were quantified by
Expt 1 and Expt 2, respectively. The hierarchical clustering
analysis showed the quantitative results in Exp1 and Exp2 is
well-consistent (supplemental Fig. S2C). Finally, we obtained
5531 proteins by combining two data sets as quantifiable
species for further analysis.

To investigate the effect of PA and PAG on the proteome of
INS-1 cells, we next performed a principal component anal-
ysis (PCA) of all quantitative data (Fig. 1B). The data from
BSA-cultured INS-1 cells were also analyzed serving as the
basal change of proteome at five time point. Interestingly,
the PC2 axis clearly indicated the time-course behaviors of
the proteomes in INS-1 cells from 4 h to 48 h, which were
similar under both PA- and PAG-treatment. The PC1 axis
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demonstrated the degree of the similarity between PA- and
PAG-treated INS-1 cells at each time point. The distance of
proteomes in INS-1 cells treated with BSA, PA and PAG was
relatively close at the early time points of 4 h and 8 h, whereas
it was separated at late time points, particularly at 48 h. These
results verified the dynamic features of lipotoxicity and glu-
colipotoxicity at different stages.

Because of our time-resolved expression data set, we were
able to analyze the temporal significance of protein expres-
sion changes using two-way ANOVA by considering time (5
different time points) and treatment (BSA, PA, and PAG) as
the two statistical factors. Using the filtering criteria of both
log2-fold changes above 0.2 and adjusted p values by the BH
(Benjamini-Hochberg) method less than 0.01, we quantified
783 differentially expressed (DE) proteins (supplemental Table
S2). Unsupervised hierarchical clustering (Fig. 1C) analysis of
these DE proteins showed that the hierarchical matrix was
divided into three groups: one cluster of 4 h and 8 h subdi-
vided into their own subgroups of PA and PAG treatment, a
second cluster of PA treatment comprising 16, 24, and 48 h,
and a third separate cluster of PAG treatment comprising 16,
24, and 48 h. This co-segregation indicated that, at the protein
level, the response of INS-1 cells to PA and PAG was similar
for a short treatment at 4 or 8 h but was different when the
time of treatment was prolonged for more than 16 h, demon-
strating that our data unbiasedly unveiled the dynamic behav-
ior of protein expression during the course of lipotoxicity and
glucolipotoxicity in INS-1 cells.

Temporal Characterizations of Lipotoxicity/Glucolipotoxicity
in INS-1 Cells—Next, we performed deep analysis of our tem-
poral proteome data using several bioinformatics approaches.

Protein Expression Time-course Pattern Analysis—We first
performed the time-course pattern analysis of PA-DE and
PAG-DE proteins by k-means clustering method and suc-
cessfully identified 10 protein expression patterns (PA1-PA5,
PAG1-PAG5) (Fig. 2A). For better visualization, we created
Circos plots (32) to illustrate the similarity and differences that
arose from the pattern analysis. As expected, the overlapped
PA- and PAG-DE proteins, displayed as links by Circos, were
mostly clustered in a similar time-course pattern, such as
PAG1 and PA4, PAG2 and PA3, PAG4 and PA1, and PAG3
and PA5, whereas PA2 and PAG5 were identified as PA- and
PAG-specific patterns, respectively. Subsequent DAVID anal-
ysis of proteins within each pattern was performed for func-
tional enrichment annotations (supplemental Table S3). Ac-
cordingly, we were able to classify the enriched annotations
into the following categories: (1) Constant-up proteins (PAG1,

PA4), that were upregulated at all time points. The most-
emphasized annotation was cholesterol metabolism (Ldlr,
Hmgcs1 and Idi1), which was upregulated by both PA and
PAG at the early time point. In addition, lysosomes and mi-
crotubules were also constantly upregulated in PAG-treated
INS-1 cells. (2) Medium-up proteins (PA3 and PAG2), that
were upregulated later than 8 h. Fatty acid metabolism includ-
ing fatty acid degradation (Acsl3, Acsl4, Acadl, Acadvl,
Capt1a, Eci2, and Acads), biosynthesis of unsaturated fatty
acids (Acot2, Fads1, and Fasd2), and steroid biosynthesis
(Msmo1, Hsd17b7, and Nsdhl) were highly enriched and up-
regulated by both PA and PAG. Chronic oxidative stress as a
key mechanism for lipotoxicity and glucolipotoxicity was
harmful to pancreatic �-cell function in vivo and in vitro (40,
41). Oxidoreductase and NADP were highly enriched in this
pattern. For example, Cat, an important antioxidant enzyme,
gradually upregulated by both PA and PAG, serves a protec-
tive role against oxidative stress. Moreover, we found three
apoptosis-associated proteins, Cd40, Txnip, and Bclaf1, were
specifically upregulated in PAG2. Two of these three, Cd40
and Txnip, have been validated as apoptotic contributors to
glucolipotoxicity (9, 42), but Bclaf1 has not been investigated,
thus, likely serving as a new potential anti-apoptosis target of
glucolipotoxicity. (3) Medium-down proteins (PA1 and PAG4)
that were downregulated by PA and PAG beginning from 16 h.
The most noticeable feature is the downregulation of insulin
secretion (Ins1, Ins2, Pdx1, and Prkca), indicating that the
development of impairment in GSIS by PA and PAG is a
staged process. In addition, we found that Ero1b (endoplas-
mic reticulum oxidoreductin-1-like �), a pancreas-specific di-
sulfide oxidase for insulin biogenesis (43), was also down-
regulated in this pattern, indicating that disregulated protein
folding of insulin also contributes to defects in GSIS. (4) Early
down proteins (PA5 and PAG3) that were downregulated at
early time points. Interestingly, two intracellular Ca2�-releas-
ing channels, Itpr1 (Inositol 1,4,5-trisphosphate receptor type
1) and Itpr3 that can modulate �-cell apoptosis and ER stress
resulting from Ca2�-leaking (44), were downregulated by PA
and PAG. This may attenuate ER stress caused by PA-in-
duced ER Ca2� depletion (45). (5) Later-down (PAG5), repre-
senting a PAG-specific pattern that was downregulated at late
time points of 24 or 48 h. The chaperonin-containing CCT-
complex (CCT7, TCP1, CCT4, CCT8, CCT2, CCT6A, and
CCT3), which is mainly involved in the folding of actin and
tubulin (46), was identified as the most enriched function.
Compared with a previous proteomic study that identified
CCT3 only (27), our study quantified almost all components of

FIG. 2. A, Time-course dynamic expression pattern analysis of DE proteins. Fold changes of DE proteins in PA- and PAG-treated INS-1 cells
were first transformed into Z-scores by mean normalization. k-means clustering was then applied to classify the genes into 6 PA- and
PAG-protein patterns, illustrated as a Circos figure. The DE proteins that were identified in both PA and PAG patterns were highlighted as linked
lines (pink color). Functional enrichment analyses of the proteins within each pattern were analyzed by DAVID. B, PPI analysis of DE proteins.
All DE proteins were submitted to the STRING database and only PPIs with high confidence (minimum required interaction score above 0.70)
were retrieved to reconstruct the sub-networks (SN) by Cytoscape. The edges between two nodes (DE proteins) were color coded according
to the above protein expression patterns (A) indicated by hierarchical clustering of centered values of each pattern.

Temporal Proteomes of Lipotoxicity and Glucolipotoxicity

Molecular & Cellular Proteomics 17.11 2125

http://www.mcponline.org/cgi/content/full/RA118.000698/DC1
http://www.mcponline.org/cgi/content/full/RA118.000698/DC1
http://www.mcponline.org/cgi/content/full/RA118.000698/DC1


1

Group 1: 
Lipid metabolic process

Cholesterol metabolic process

Fatty acid biosynthetic process

Glycerolipid metabolic process

Group 3: 
Positive regulation of 
gene expression

Nucleic acid metabolic process

Group 2: 
Cell division

Cell cycle

Chromosome organization

Group 4: 
Protein kinase cascade

Cell communication

4h 8h 16
h

24
h

48
h

Up-Enrichment
Down-Enrichment

adjust.p
0.05 <0.001

PA PAG

Enrichment score

-2

-1

0

1

2

3

(A)

(B)

Time
4h

8h

16h

24h

48h
*
*
*
*

*

*

*
*
*
*

*

*
*

*

*
*
*

*
*

*

*
*
*
*

*
*

*
*

*
*
*

*

*
*

*

*
*
*
*
*
*
*

*
*
*
*
*

*

*

*
*
*
*
*
*

*

*
*
*

*

*

*
*

*
*

*

*
*
*

*

*
*
*
*

*

*

*
*

*
*
*

*
*
*
*

*
*

*
*

*
*
*
*

*

*
*
*
*
*
*
*

*
*
*
*

*
*

*
*

*
*
*

*
*

*
*

Retrograde endocannabinoid signaling
Ribosome
Insulin secretion
Regulation of actin cytoskeleton
Inositol phosphate metabolism
Phosphatidylinositol signaling system
cGMP-PKG signaling pathway
Cell adhesion molecules (CAMs)
Lysine degradation
ECM-receptor interaction
Biosynthesis of unsaturated fatty acids
Metabolism of xenobiotics by cytochrome P450
Fatty acid biosynthesis
Glycerophospholipid metabolism
Fatty acid degradation
Fatty acid elongation
Tryptophan metabolism
Valine  leucine and isoleucine degradation
Oxidative phosphorylation
Base excision repair
Other glycan degradation
Glutathione metabolism
Steroid biosynthesis
Peroxisome
PPAR signaling pathway

1 1 1 1
22 2

2

4 4 4

3 3 3 3

11 1 11 2

PA

PAG

Temporal Proteomes of Lipotoxicity and Glucolipotoxicity

2126 Molecular & Cellular Proteomics 17.11



CCTs, demonstrating in-depth coverage of our quantitative
proteomic data. (6) Fluctuated proteins (PA2), many of which
were functionally associated with transcription regulation.

We further investigated latent associations among these
patterns by submitting all DE proteins to PPI analysis employ-
ing the STRING database. Only PPIs with high confidence
(minimum required interaction score above 0.70) were re-
trieved for the reconstruction of PPI (Fig. 2B). Based on DAVID
functional annotations of DE proteins, several sub-networks
(SN) were highlighted: SN1, CCT complex (PAG5); SN2, fatty
acid metabolism (PAG2 and PA3); SN3, cholesterol metabo-
lism (PAG2 and PA3, PAG1 and PA4); SN4, insulin secretion
(PAG4 and PA1); SN5, glycerophospholipid biosynthesis
(PAG2 and PA3); SN6, mRNA processing (PAG2); SN7, ribo-
some (PAG5); and SN8, cell cycle (PAG2 and PA5). By inte-
grating the results of time-course patterns and PPI networks,
we were able to identify several new features of INS-1 cells
treated with PA and PAG. First, interestingly, several cell
cycle-associated DE proteins (SN8) were highly interacted.
Among these, several proteins (Damp1, Smarca1, Smarca2,
Kif20a, and Setd8) were specifically upregulated at 48 h in the
PAG-treated cells, whereas the others (Kifc1, Kif20b and
Cdca8) were specifically medium downregulated in the PA-
treated cells. Such distinctions suggested that cell prolifera-
tion of INS-1 cells may differ when treated by PA and PAG. To
verify this, we measured the cell proliferation rate of INS-1
cells under the culture medium of BSA (as control), PA and
PAG. As expected, compared with PA, PAG promoted the
growth of INS-1 cells at 24 h and further increased it at 48 h
(supplemental Fig. S1F), strongly supporting the above bioin-
formatics results. This is consistent with a recent in vivo study
reporting that glucose and fatty acids promote cell prolifera-
tion in part via direct action on the �-cell and independently
from secreted insulin (47). In addition, we identified several DE
proteins in SN8 serving as an unbiased resource for additional
mechanistic studies of PAG-promoted cell proliferation. Sec-
ond, time-course pattern analysis revealed cholesterol me-
tabolism (Constant-up, PA4, and PAG1) was upregulated at
4 h, earlier than lipid metabolism (Medium up, PA3 and PAG2)
at 8 or 16 h. One recent study demonstrated that cholesterol
could injure pancreatic �-cells by the endoplasmic reticulum
(ER) stress/autophagy pathway (34). Therefore, we speculate
that increased cholesterol metabolism probably was the early
cause of PA-induced ER stress in INS-1 cells by changing the
ER membrane lipid composition (38). Third, several tightly
interacting RNA binding proteins (SN6), responsible for mRNA
polyadenylation (Cstf1 and Cpsf4), mRNA splicing (Hnrnpm,
Hnrnpu, and Snw1) and nuclear mRNA export (Thoc1, Thoc5,
and Zc3h11a) were identified in cluster PAG2. Although little is
known about the role of these proteins in glucolipotoxicity,

most of these proteins, such as Cpsf4, Snw1, and Thoc1,
were previously reported to be associated with cell prolifera-
tion (48–51). Therefore, one possible role of RNA binding
proteins may be to stabilize and modulate the translation of
numerous target mRNAs involved in INS-1 cell proliferation.

Gene Set Enrichment Analysis (GSEA)—We performed
GSEA (52), a more extensive annotation foundation than gene
ontology enrichment analysis, by considering the ranking of
all genes in the data set, to identify enriched GO annotations
(supplemental Table S4). To facilitate comparisons, GO net-
works were further constructed by building connections be-
tween two GO Terms, which shared more than 30% DE
proteins (Fig. 3A). The resulting time-course patterns clearly
showed that lipid and cholesterol metabolism (Group 1) were
regulated by PA and PAG in a similar way, whereas regulation
of cell division and gene regulation (Group 2 and 3) were
different, particularly at the latter time point, when they were
downregulated by PA but upregulated by PAG. However,
protein kinase cascade and cell communication (Group 4)
were only downregulated by PA. Furthermore, we performed
GSEA using the KEGG PATHWAY Database (53) and identi-
fied 29 pathways significantly enriched (q-value � 0.05) at
least one time point by either PA- or PAG-treatment (Fig. 3B,
supplemental Table S4). As with our phenotypic data of GSIS,
PAG significantly inhibited the insulin secretion pathway than
PA, demonstrating the accuracy of our quantitative proteome
data. Additionally, we found that the biosynthesis of unsatu-
rated fatty acids (UFAs) was constantly upregulated by both
PA and PAG. It was reported that exogenous UFAs are not
toxic to rat insulin-producing cells and can even protect cells
against PA-induced lipotoxicity (54); therefore, increasing
the biosynthesis of endogenous UFAs in the INS-1 cells
might play a self-protection role by relieving lipotoxicity/
glucolipotoxicity. In addition, when inspecting the details
of the KEGG pathway analysis more closely, we found
that FFA metabolism-related DE proteins, including Acsl3,
Acsl4, Acadl, Cpt1a and Fads2, were mapping into the
downstream products of the PPAR pathway, suggesting
that PA- and PAG-induced fatty acid metabolism is PPAR
pathway-dependent. Glutathione metabolism (Ggt7, Gstm1
and Gstm5) was also upregulated by responding to the
oxidative stress of lipotoxicity/glucolipotoxicity.

Taken together, the above bioinformatics analysis of our
temporal proteome dataset allows us to characterize in great
depth the dynamic features of lipotoxicity and glucolipotox-
icity in INS-1 cells. These features include protein and biolog-
ical functions/pathways that have been reported in the litera-
ture as well as features newly identified in our study,
demonstrating that our proteomic data were unbiased for

FIG. 3. Temporal sequences of gene ontology biological process (A) and KEGG pathways by the GSEA method using the Biocon-
ductor package “fgsea.” GO terms and pathways with adjusted p values (Benjamini and Hochberg method) of less than 0.05 are presented.
Enrichment scores representing the average direction of fold change were scaled as either circle (A) or heatmap (B).
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unveiling the molecular mechanisms associated with lipotox-
icity and glucolipotoxicity in INS-1 cells.

Biological Validation—Compared with fixed-time data, our
temporal data covers the dynamic changes of the proteome
during lipotoxicity and glucolipotoxicity in INS-1 cells, so it
has potential merits in identifying the new candidates func-
tionally related to lipotoxicity/glucolipotoxicity. Thus, through
detailed correlation analysis of the phenotypic and proteomic
data, we identified two new molecular targets and further
carried out follow-up experimental validation.

Setd8 Promotes PAG-stimulated INS-1 Cell Proliferation—
The results of both PPI and GSEA indicated that PAG in-
creased the proliferation of INS-1 cells, which was also vali-
dated by our experimental evidence (supplemental Fig. S1F).
We therefore proceeded to perform further validation at mo-
lecular levels. We first compared our proteome evidence with
recent published transcriptomes of replicating pancreatic
�-cells in vivo (55). A total of 62 overlapped genes was iden-
tified as DE proteins in our study, in which the cell replication
marker, Mki67, was included. More interestingly, most of
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FIG. 4. A, Quantitative RT-PCR analysis of Setd8 in INS-1 cells treated with BSA, PA and PAG for 24 h. B, Immunoblotting of Setd8 in INS-1
cells treated with BSA, PA and PAG for 24 h. C, Immunoblotting of Setd8 in the control (Ctr) and Setd8-overexpressed INS-1 cells. D,
Immunofluorescence images of Ctr and Setd8-overexpressed INS-1 cells. The replicating INS-1 cells were recognized as Ki67� (up) and EdU�

(down) cells. E, Immunofluorescence images of INS-1 cells treated with PAG and Setd8 specific inhibitor (UNC0379) for 48 h. The replicating
INS-1 cells were recognized as Ki67� cells. All results shown are the mean � S.E. from three independent experiments. Statistical analysis was
performed with two-tailed Student’s t test. *p � 0.05; **p � 0.01.
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these DE proteins were upregulated at 48 h only by PAG
(supplemental Fig. S3). Because histone methylation is one of
the remarkable molecular events during the cell cycle, we
focused on one protein-lysine N-methyltransferase, Setd8
(Kmat5), for further validation. It was reported that Setd8 can
specifically monomethylate ’Lys-20	 of histone H4 (H4K20me1),
which subsequently functions as a key player in the epige-
netic regulation of genomic integrity (56, 57). We next ex-
plored the role of Setd8 in the promotion of proliferation of
INS-1 cells by PAG. First, using quantitative RT-PCR and

Western blotting, we measured the mRNA and protein ex-
pression of Setd8 (Fig. 4A, 4B) to verify the quantitative pro-
teome data. Subsequently, to test the effect of exogenous
Setd8 on cell replication of INS-1 cells, we constructed a
Setd8-overexpressed INS-1 cell line (Fig. 4C) and then meas-
ured the cell proliferation rate by Ki67 immunofluorescence
and EdU cell proliferation assay. Compared with control cells,
INS-1 cells overexpressing Setd8 were detected more as
determined by the EdU� and Ki67� cell (Fig. 4D). By contrast,
when Setd8 was inhibited by its specific inhibitor, UNC0379
(58–60), Ki67� INS-1 cells were significantly reduced, regard-
less of whether the cells were cultured with PAG or not (Fig.
4E). These results indicated that Setd8 can promote cell rep-
lication of INS-1 cells induced by PAG.

PA Induced Apoptosis Partially Via Upregulation of Rhob in
INS-1 Cells—PA-induced apoptosis resulting in the dysfunc-
tion of pancreatic �-cells is one of marked pathogenesis in
T2D. Our in vitro phenotypic data showed that apoptosis of
INS-1 cells was gradually increased by PA and PAG and that
the latter can lead to more serious apoptosis. Accordingly, we
extracted 23 DE proteins from our dataset, of which the
expression patterns were either positively or negatively cor-
related with the time-course phenotype of apoptosis (supple-
mental Fig. S4). Among these, Rhob (Rho-related GTP-bind-
ing protein) was upregulated by PA and upregulated even
higher by PAG, suggesting it is positively correlated with
apoptosis. Therefore, we next explored whether Rhob partic-
ipated in the process of PA-induced apoptosis. First, quanti-
tative RT-PCR and Western blotting confirmed that PA in-
duced Rhob expression at both mRNA and protein levels (Fig.
5A and 5B). By overexpressing Rhob in INS-1 cells (Fig. 5C),
we found that cell apoptosis rate was augmented no matter
cells were treated with PA or not (Fig. 5D). Using CRISPR-
Cas9 techniques, we created Rhob-knockout (Rhob-KO)
INS-1 cells (Fig. 5E) to study the effect of Rhob deficiency on
cell apoptosis induced by PA. Compared with wild-type cells,
Rhob-deficient INS-1 cells can, in part, attenuate apoptosis
induced by PA (Fig. 5F). Therefore, our results suggested that
PA induced apoptosis partially via upregulation of Rhob in
INS-1 cells.

CONCLUSION

In this study, using the multiplex-TMT-based quantitative
proteomics strategy, we measured the temporal changes of
protein expression in INS-1 cells treated by PA and PAG. 783
differentially expressed proteins were identified, representing
the high depth of our quantitative proteome data. Following
comprehensive bioinformatics analysis of these datasets not
only allowed us to recapitulate lipotoxicity/glucolipotoxicity-
related proteins and biological pathways as previously re-
ported, validating the accuracy of our proteomics data, but
also provided new insights into the molecular events associ-
ated with lipotoxicity and glucolipotoxicity time-course pro-
files. Finally, we were able to identify and validate two new
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FIG. 5. A, Quantitative RT-PCR analysis of RhoB expression in
INS-1 cells cultured with BSA and PA for 24 h. B, Immunoblotting of
Rhob in INS-1 cells after treatment with BSA and PA at different time
points. C, Immunoblotting of Rhob in Ctr and Rhob-overexpressed
INS-1 cells. D, The apoptosis rate of Ctr and Rhob-overexpressed
INS-1 cell treatment with BSA and PA for 24 h. E, Immunoblotting of
Rhob in Ctr and Rhob-KO INS-1 cells. F, The apoptosis rate of Ctr
and Rhob-KO INS-1 cell treatment with BSA and PA for 24 h. All
results shown are the mean � S.E. from three independent experi-
ments. Statistical analysis was performed with two-tailed Student’s t
test. *p � 0.05; **p � 0.01.
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molecular targets from our dataset: Setd8 for cell replication
and Rhob for apoptosis, demonstrating that our study offers a
valuable data resource for studying the mechanism of lipo-
toxicity and glucolipotoxicity in pancreatic �-cells.
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