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Palmitic acid impairs INS-1 cells and alters the global gene expression profile
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ARTICLE INFO ABSTRACT

Original paper Chronic elevated free fatty acids (FFAs) impair pancreatic B cells, but the mechanisms remain elusive. In this
study, palmitic acid (PA) impaired viability and glucose-stimulated insulin secretion of INS-1 cells. Microar-
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and 45 downregulated (fold change > 2.0 or < -2.0; P < 0.05). Gene Ontology analysis displayed a series of
the biological process of the differentially expressed genes, such as intrinsic apoptotic signaling pathway in
response to endoplasmic reticulum (ER) stress and oxidative stress, inflammatory response, positive regu-
lation of macroautophagy, regulation of insulin secretion, cell proliferation and cycle, fatty acid metabolic
process, glucose metabolic process and so on. Kyoto Encyclopedia of Genes and Genomes analysis demons-
trated molecular pathways with which the differentially expressed genes associated, including NOD-like
receptor, NF-kB and PI3K-Akt signaling pathways, apoptosis, adipocytokine signaling pathway, ferroptosis,
protein processing in ER, fatty acid biosynthesis and cell cycle. Moreover, PA promoted protein expression
of CHOP, cleaved caspase-3, microtubule-associated proteins light chain 3 (LC3)-II, NOD-like receptor
pyrin domain containing 3 (NLRP3), cleaved IL-1p and Lcn2, increased reactive oxygen species, apoptosis
and the ratio of LC3-1I/1, and reduced p62 protein expression, intracellular glutathione peroxidase and cata-
lase levels, suggesting activation of ER stress, oxidative stress, autophagy and NLRP3 inflammasome. The
results indicate the impaired role of PA and the global gene expression profile of INS-1 cells following PA in-
tervention, providing new insights into the mechanisms involving the damage of pancreatic f cells by FFAs.
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Introduction

Diabetes causes serious public health threats to people
around the world. According to the latest International
Diabetes Federation Diabetes Atlas, 537 million adults are
suffering from diabetes in 2021. The number will be dra-
matically increased to 643 million by 2030 and 783 million
by 2045. Type 2 diabetes, accounting for more than 90%
of the disease, is characterized by insulin resistance and
insulin secretion dysfunction. It is well known that optimal
function and mass of pancreatic B cells are fundamental
to sustaining glucose homeostasis. Actually, deficiency of
insulin secretion occurs in prediabetes subjects with im-
paired glucose tolerance (1). Furthermore, type 2 diabetic
patients bear a more serious defect in insulin secretion and
a loss in pancreatic f cells (1, 2). The progressive decline
of insulin secretion and pancreatic {3 cells exacerbates type
2 diabetes (1, 2).

Type 2 diabetes often coexists with dyslipidemia,
manifesting increased low-density lipoprotein cholesterol,
triglycerides, total cholesterol and free fatty acids (FFAs)
(3). A study reported that acutely elevated FFAs promote
insulin secretion through fatty acid metabolism and activa-
tion of the G-protein-coupled receptor 40 (GPR40)-medi-
ated signaling pathway in pancreatic B cells (4). Besides

contribution to insulin resistance, however, chronically
increased FFAs lead to a compensatory increase in insu-
lin secretion in healthy subjects without a family history
of type 2 diabetes, suggesting progressive pancreatic 3
cell failure, but impair insulin secretion in subjects with a
strong family history of type 2 diabetes (5). Further study
showed that palmitic acid (PA), a saturated fatty acid, in-
hibits glucose-stimulated insulin secretion (GSIS) of pan-
creatic B cells involving dysfunction of the GPR40-medi-
ated signaling pathway (6). Moreover, PA results in lipid
accumulation, injures the viability of pancreatic B cells,
and triggers oxidative stress and endoplasmic reticulum
(ER) stress, thus leading to apoptosis (7, 8). FFAs still
promote inflammation by activating the NF-kB signaling
pathway and subsequently induce apoptosis by enhancing
macrophage migration inhibitory factor (9). Additionally,
circular RNAs (circRNAs) regulate the activities of pan-
creatic P cells, including insulin secretion, insulin biosyn-
thesis and proliferation. And the lipotoxicity of FFAs to
pancreatic [ cells relates to circRNAs (10). In spite of that,
the mechanisms of FFAs affecting pancreatic § cells are
not fully elucidated.

This study intended to investigate the effects of PA on
the survival and global gene expression of INS-1 rat in-
sulin-secreting cells, which would display the molecular
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pathogenesis of PA impairing pancreatic f cells.
Materials and Methods

Cell culture

INS-1 cells were maintained in RPMI 1640 medium
(GIBCO, USA) with 1 mM sodium pyruvate, 50 uM
B-mercaptoethanol, 10 mM HEPES (Sigma, USA) and
10% fetal bovine serum (FBS, GIBCO, USA). The cells
were incubated at 37°C in an incubator with a humidified
atmosphere containing 5% CO?2.

PA preparation

PA (Sigma, USA) was dissolved using the bovine se-
rum albumin (BSA)-bound PA method as previously de-
scribed procedure (6).

Viability assay

INS-1 cells were incubated with various doses of PA
(0.0~1.0 mM) for 8, 16, or 24 h, CCK-8 solution (Dojing-
do, USA) was directly supplied to the cells. After incuba-
tion for 1 h, the optical absorbance at 450 nm was ana-
lyzed using a microplate reader (Epoch2, Biotek).

Insulin secretion assay
After treatment with PA for 24 h, insulin secretion was
analyzed as the previously described procedure (6).

Total RNA extraction

After treatment with PA (0 and 0.5 mM) for 24 h, INS-
1 cells were extracted total RNA using TRIzol® reagent
(Invitrogen, USA) per manufacturers' instructions. RNA
was then purified using RNasey Mini Kit (Qiagen, Ger-
many) in accordance with the manufacturers' protocol.
NanoDrop ND-2000 (Thermo Scientific) and Agilent Bio-
analyzer 2100 were used to determine RNA concentration
and analyze RNA integrity, respectively. When RNA met
the following criterion, the samples were used to perform
microarray analysis: RNA purification, A260/280 > 1.8;
RNA Integrity Number > 7 with the ratio of 28S/18S >0.7.

Microarray analysis

Microarray analysis was conducted as the previously
described procedure with some modifications (11). Total
RNA was taken to synthesize double-strand cDNA and
then transcribed into cRNA which was converted into sec-
ond cycle cDNA using WT Expression Kit (Qiagen, Ger-
many) per the operation manual. The second cycle cDNA
was fragmented to 40~70 nucleotides in length and labeled
with biotin using WT Terminal Labeling and Controls Kit
(Affymetrix, USA). The fragmented cDNA was hybrid-
ized (45°C, 60 rpm for 16 h) to Rat Genome 230 2.0 Array
Chips (Affymetrix) which were then rinsed and dyed using
GeneChip® Hybridization, Wash, and Stain Kit (Affyme-
trix). Finally, Affymetrix Scanner 3000 was used to read
the chips.

RT-PCR analysis

The representative genes differentially expressed were
verified by quantitative reverse transcription (RT) PCR.
Total RNA was first converted into cDNA using Trans-
Script® All-in-One First-Strand ¢cDNA Synthesis Super-
MIX for qPCR Kit (TransGen Biotech, China) in an ABI
PCR Instrument 9700. Then, real-time PCR was adopted

to check mRNA levels using Perfect Start® Green qPCR
SuperMix Kit (TransGen Biotech, China), which was con-
ducted in a Roche PCR System (LightCycler® 480 II).
The following were the program parameters: pre-incuba-
tion, 94°C for 30 sec; cycling program, denaturation, 94°C
for 5 sec; anneal and extension, 60°C for 30 sec. Table 1
indicates the sequences of the used primers.

Western bloting Total protein was extracted from INS-
1 cells using cold RIPA lysis buffer (Solarbio, China).
Protein quantification was performed using a BCA Pro-
tein Assay Kit (Beyotime, China). Afterward, the proteins
were thermally denatured, separated by 10% SDS-PAGE
gels and transferred to PVDF membranes. The membranes
were incubated with 5% fat-free milk followed by primary
antibodies (Antibodies against Ddit3 (CHOP), cleaved
caspase 3 and microtubule-associated proteins light
chain 3 (LC3)-1I A/B, Cell Signaling Technology, USA;
Anti-p62, NOD-like receptor pyrin domain containing 3
(NLRP3), IL-1B and Lcn2 antibodies, Abcam, USA; An-
tibody to B-actin, Affinity Biosciences, China) overnight
at 4°C. The membranes were incubated with a secondary
antibody and then visualized the protein bands using ECL
reagents (Zhongshan Golden Bridge, China).

Measurement of intracellular CAT and GPx levels

INS-1 cells were treated with PA for 24 h and lysed us-
ing RIPA lysis buffer. After centrifugation, the supernatant
was used to detect catalase (CAT) and glutathione peroxi-
dase (GPx) levels using CAT and GPx Assay Kits (Beyo-
time, China), respectively.

Detection of reactive oxygen species

After treatment with PA or/and N-Acetyl-L-cysteine
(NAC, Sigma, USA) for 24 h, INS-1 cells were incu-
bated with dichlorodihydrofluorescein diacetate (DCFH-
DA, Beyotime, China) for 20 min at 37°C. The cells were
rinsed thrice with RPMI1640 medium. Fluorescence in-
tensity was checked using a fluorescence microplate read-
er (Infinite® 200 Pro NanoQuant, Tecan).

Apoptosis assay

INS-1 cells were treated with PA or/and NAC for 24
h and then lysed, the supernatant was used to analyze the
DNA degradation in the cytoplasm using a Cell Death De-
tection ELISAPLUS Kit (Roche, Germany) per the manu-
facturers' manual.

Statistical analysis

Quantitative data were statistically analyzed using
SPSS 16.0 for Windows and are shown as mean + SD.
The student's t-test was used to determine the comparisons
between two groups, and the differences among groups
were evaluated by one-way ANOVA. The differences were
considered as statistically significant when the P value <
0.05. For microarray data, Affymetrix GeneChip Com-
mand Console (Version 4.0) software was adopted to read
raw data from the chip images. Gene levels were standard-
ized using Expression Console (Version 1.3.1, Affymetrix)
software based on robust multi-array average (RMA).
Then, Genesrping software (Version 14.9, Agilent) was
used to perform gene expression analysis. The gene was
regarded as differentially expressed one when it fulfilled
the criterion: fold change > 2 or < -2, and P < 0.05. After
that, the gene functions were revealed using Gene ontol-
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Table 1. Primer sequences for Real-time PCR.

SSI;rfllll)‘i)l Description Forward primer Reverse primer
Acot2 Acyl-CoA thioesterase 2 CTTGCTTAGCACTCTGATCCA GCTGCCTATTTGCAGTCC
Myc Myelocytomatosis oncogene TGAAGCCTGAATTTCCTTTGG  GTTCCTGTTAGCGAAGCTC
Lif Leukemia inhibitory factor CCTATTACACAGCTCAAGGG GAAAGGTGGGAAATCCGTC
Serpin peptidase inhibitor, clade E
Serpinel  (nexin, plasminogen activator inhibitor AGCCAACAAGAGCCAATC CTTTCCCAAAGACCAGAACC
type 1), member 1
Cptla Carnitine palmitoyltransferase 1a, liver TCCACAGACTCGCAAGCATA CTCTGCTTTAGGTCCTCACT
Srxnl Sulfiredoxin 1 TCGACGTCCTCTGGATCAA TGCTGGTAGGCTGCATAG
Len2 Lipocalin 2 CAAAGCCGCTTTACCATGT CCTGACGAGGATGGAAGTGA
Sesn2 Sestrin 2 GATACTTCCTGAGGGAGACG AGTTGTTCAATGGGTCTCTG
Casp4 FC):;EZZ::’ apoptosis-related cysteine 5 GACCAATGGCCGTA GGCCTTTCATGCCACTAAT
Sema domain, seven thrombospondin
repeats (type 1 and type 1-like),
Semaba  transmembrane domain (TM) GGAGAAGGTGAGCTTCGT GAACAGCCATGCAAGGAT
and short cytoplasmic domain,
(semaphorin) SA
Tefziz  Lranscription factor 7-like 2 (T-cell GCCAGCACACATCGTTTC GCTGTACGTGATGAGAGG
specific, HMG-box)
Fasn Fatty acid synthase GTGCGTGGTCGTATTCAG CAGGCTAAGGGCAATGGA
Atf4 Activating transcription factor 4 CCAAGCACTTCAAACCTCAT CACTGACCAACCCATCCATA
Gadd45b ﬁg‘;“;tgl:“;::aa“d DNA-damage- CTCTTGGGTTCGGATCTGGA ~ GGTCATGATTCAGTCACACTT
Ddit3 DNA-damage inducible transcript 3 TGAAATTGGGGGCACCTATATC GATGCAGGGTCAAGAGTAGT
Gapp  Slyceraldehyde-3-phosphate GCCTTCTCTTGTGACAAAGT  CTTGCCGTGGGTAGAGTCATA
dehydrogenase
ogy (GO) assay, and Kyoto Encyclopedia of Genes and A 40 [ —EPAGD o PALIS  —e-PAOZS  —s PAOS  —e-PALD
Genomes (KEGG) assay was applied to unfold molecular 120 | -,
pathways. Additionally, the differentially expressed genes s | l . . I i
were used to produce a heat map after unsupervised hierar- 9 - f N .
chical cluster analysis, and a volcano plot was constructed z % P - o
to display gene expression. Z 60 'l-’--"._ -
a0
Results and discussion .0 | TR
PA impairs INS-1 cells e
In Figure 1A, compare with the control (0.0 mM PA), i e b
viability of INS-1 cells was not changed when the cells 5 -
were treated with 0.25 mM PA for 8 h, but significantly in- 200 -
creased by 14.42% (P <0.01) when treated with 0.125 mM
PA, and decreased by 13.39% and 23.27% when treated -
with 0.5 and 1.0 mM PA (P <0.05 or P < 0.01), respective- £ B
ly. When INS-1 cells were exposed to 0.25~1.0 mM PA E
for 16 or 24 h, but not 0.125 mM PA, the viability was re- 2 w0 |
duced in a PA concentration- and time-dependent manner. =
Among the results, administration of 0.5 mM PA for 24 h Z o |
caused a decrease in viability by 48.70%. Hence, this con- -
centration and intervention time point was used to perform
the subsequent experiment. Additionally, we evaluated the 0 !
effects of PA on insulin secretion of the cells. Treatment PA (mM) 00 05 0.0 0.5
with 0.5 mM PA for 24 h (Figure 1B) remarkably reduced
Glucose (mM) 28 2.8 16.7 16.7

insulin secretion from INS-1 cells in the presence of 16.70
mM glucose (GSIS), but had little effect on 2.80 mM glu-
cose-induced insulin secretion. The data indicate that PA
causes lipotoxicity and impairs INS-1 cells.

PA changes global gene expression profile of INS-1 cells
To disclose the mechanisms of PA impairing pancre-

Figure 1. Effects of PA on viability and insulin secretion of INS-1
cells. (A) After treatment with PA for 8, 16 or 24 h, viability was ana-
lyzed by CCK-8 assay. "P < 0.05, P <0.01 vs 0.0 mM PA. (B) After
treatment with PA for 24 h following stimulation by 2.8 or 16.7 mM
glucose, supernatant insulin was checked by ELISA. P <0.01 vs 2.8
mM glucose; P < 0.01 vs 16.7 mM glucose. n = 3-5.
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Figure 2. A heat map and a volcano plot. (A) INS-1 cells were treated
with PA (0 and 0.5 mM) for 24 h, the differentially expressed genes
were displayed as a heat map according to unsupervised hierarchical
cluster analysis. Gene expression levels were shown as color tags with
the red exhibiting the upregulated genes and the blue representing the
downregulated ones. C1~C4: Samples from the treatment with 0.0
mM PA; M1~M4: Samples from the treatment with 0.5 mM PA. (B)
The microarray data were used to produce volcano plots based on fold
change and statistical significance. The vertical axis displays statisti-
cal significance (negative log10 of P value), and the value of the hori-
zontal axis is equal to log2 of fold change. Therefore, the red points
mean genes with P < 0.05 and fold change > 2.0, and the blue stand
for genes with P < 0.05 and fold change <-2.0. n=4.

atic B cells, we investigated the effects of PA on the global
gene expression of INS-1 cells using a microarray chip
assay. After treatment for 24 h, PA significantly promoted
the expression of 232 probe sets of genes and reduced the
expression of 45 ones (Table. 1S in the Supplementary
information) when compared with the control. Then, the
differentially expressed genes were clustered to construct
a heat map (Figure 2A) based on their similarity. The verti-
cal axis indicates the clustering of the genes according to
their expression levels, whereas the horizontal axis shows
the clustering of the samples. Moreover, volcano plots
(Figure 2B) visualized the global gene expression profile.
In this volcano plot, the horizontal axis displays log2 of
fold change, indicating symmetric changes from the center
to two directions. The vertical axis represents the statis-
tical significance which was judged by a negative log10
of P value. Therefore, upregulated genes were labeled by
red points meaning P < 0.05 and fold change > 2.0, while
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Figure 3. Relative mRNA levels of the representative genes in INS-1
cells. After treatment with PA for 24 h, mRNA levels of representative
genes including Acot2 (A), Myc (B), Cptla (C), Lif (D), Serpinel (E),
Len2 (F), Casp4 (G), SemaSa (H), Srxnl (1), Tef712 (J), Fasn (K),
Sesn2 (L), Atf4 (M), Gadd45b (N) and Ddit3 (O) were quantified by
RT-PCR. "P < 0.05, P <0.01 vs 0.0 mM PA.
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downregulated genes were indicated by blue points imply-
ing P < 0.05 and fold change < -2.0. Then, quantitative
reverse transcription (RT)-PCR was used to confirm the
representative genes were differentially expressed. The
results showed that PA prominently enhanced mRNA
levels of Acot2, Myc, Cptla, Lif, Serpinel, Lcn2, Casp4,
Srxnl, Sesn2, Atf4, Gadd45b and Ddit3, and dramatically
decreased gene expression levels of SemaSa, Tcf712 and
Fasn (Figure 3). These data were in line with the microar-
ray data.

GO enrichment classification and Kyoto Encyclopedia
of KEGG pathway

A Gene ontology (GO) assay was used to determine
the functions of the differentially expressed genes. The
results were classified into three categories, namely, mo-
lecular function, cellular component and biological pro-
cess. As shown in Figure 4A, the top 10 terms in each
function category were arranged in rank order according
to statistical significance evaluated by a negative log10 of
the P value, suggesting that a small P value was in front.
For molecular function, the differentially expressed genes
were mainly related to ‘transcriptional activator activity,
RNA polymerase Il proximal promoter sequence-specific
DNA binding’, ‘DNA binding transcription factor activ-
ity’, ‘protein binding’, ‘cytokine activity’ and ‘chemokine
activity’. Moreover, the molecular function also involved
‘oxidoreductase activity’, ‘ligase activity’, ‘cysteine-type
endopeptidase activity involved in execution phase of
apoptosis’, ‘protein tyrosine kinase activity’ and ‘eukary-
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Figure 4. GO and KEGG analysis for the differentially expressed
genes. (A) The figure shows top 10 GO terms in each category inclu-
ding molecular function, cellular component and biological process
after GO analysis. The vertical axis represents statistical significance
which is equal to a negative logl0 of P value. The horizontal axis
manifests the GO terms sorted by statistical significance. (B) KEGG
analysis revealed the molecular pathways involving the differentially
expressed genes. The figure displays top 30 KEGG pathways. The
vertical axis indicates pathway terms arranged in ranked order accor-
ding to P value. The horizontal axis shows enrichment score. Dot size
stands for the quantity of the differentially expressed genes.

otic initiation factor elF2 binding’ (Table. 2S). The fore-
most cellular component were ‘cytoplasm’, ‘extracellular
space’, ‘I-kappaB/NF-kappaB complex’, ‘NLRP3 inflam-
masome complex’ (Figure 4A), ‘nucleus’, ‘mitochondri-
on’, ‘endoplasmic reticulum’ and so on (Table. 2S). The
main biological process of the genes referred to “apoptotic
process’, ‘positive regulation of transcription by RNA
polymerase II’, ‘intrinsic apoptotic signaling pathway in
response to endoplasmic reticulum stress’, ‘cellular re-
sponse to interleukin-1" and ‘immune response’ (Figure
4A). Furthermore, the genes still involved ‘inflammatory
response’, ‘positive regulation of interleukin-1 beta secre-
tion’, ‘positive regulation of macroautophagy’, ‘reactive
oxygen species metabolic process’, ‘regulation of insulin
secretion’, ‘regulation of cell proliferation’, ‘regulation of
cell cycle’, ‘intrinsic apoptotic signaling pathway in re-
sponse to oxidative stress’, ‘fatty acid metabolic process’,
‘glucose metabolic process’, et al. (Table. 2S).

After that, Kyoto Encyclopedia of Genes and Ge-
nomes (KEGQG) assay was applied to unfold molecular
pathways. In Figure 4B, the top 30 molecular pathways

mainly contained ‘“TNF signaling pathway’, ‘IL-17 sig-
naling pathway’, ‘NOD-like receptor signaling pathway’,
‘AGE-RAGE signaling pathway in diabetic complica-
tions’, ‘apoptosis’, ‘MAPK signaling pathway’, ‘chemo-
kine signaling pathway’, ‘NF-kappa B signaling pathway’
and ‘p53 signaling pathway’ (Figure 4B). Moreover, the
differentially expressed genes were relevant to other path-
ways such as ‘Wnt signaling pathway’, ‘adipocytokine
signaling pathway’, ‘ferroptosis’, ‘PI3K-Akt signaling
pathway’, ‘protein processing in endoplasmic reticulum’,
‘cellular senescence’, ‘mTOR signaling pathway’ and
“fatty acid biosynthesis’, ‘cell cycle’, ‘autophagy-animal’
(Table. 3S).

PA triggers ER stress, enhances autophagy, promotes
inflammation involving NLRP3 and induces oxidative
stress in INS-1 cells

There are close relationship between cell survival and
ER stress, autophagy, inflammation, oxidative stress. ER
stress and subsequent apoptosis involve high expression
of CHOP and activation of caspase-3 (8). GO and KEGG
analysis indicated the potential role of PA in inducing ER
stress and apoptosis. Indeed, administration of PA for 24
h markedly enhanced the protein expression of CHOP and
cleaved caspase-3 in INS-1 cells when compared with the
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Figure 5. Effects of PA on ER stress, autophagy, inflammation and
oxidative stress in INS-1 cells. (A) After treatment with PA for 24
h, the protein expression of CHOP, cleaved caspase-3, LC3, p62,
NLRP3, cleaved IL-1f and Lcn2 was analyzed by western blotting.
(B~D) Densitometric analysis for above proteins. (E~G) After treat-
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apoptosis (G) were analyzed as described as materials and methods.
P <0.05, "P<0.01 vs. 0.0 mM PA; #P <0.01 vs. 0.5 mM PA.
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control (both P < 0.05; Figure 5A and B). Autophagy is
characterized by increased protein expression of LC3-II
and ratio of LC3-1I/I as well as decreased protein expres-
sion of p62 (12). PA obviously enhanced the protein ex-
pression of LC3-II and the ratio of LC3-1I/I, and reduced
the protein expression of p62 (P < 0.05 or P<0.01; Figure
5A and C). Chronic inflammation exerts a harmful influ-
ence on the function of pancreatic 3 cells (9). Activation of
NLRP3 inflammasome regulates maturation and secretion
of IL-1p and IL-18, thus contributing to an inflammatory
response (13). According to GO and KEGG analysis, PA
participated in inflammatory response involving NLRP3
inflammasome. In fact, PA remarkably elevated the pro-
tein expression of NLRP3, cleaved IL-18 and Lcn2 (P
< 0.05 or P < 0.01; Figure 5A and D). Additionally, GO
analysis demonstrated the close relationship between PA
and apoptosis in response to oxidative stress. Oxidative
stress results from excessive ROS or/and insufficient en-
dogenous antioxidants (14). As shown in Figure 5E-G,
PA significantly reduced GPx and CAT levels, increased
ROS levels and apoptosis (P < 0.05 or P < 0.01). More-
over, antioxidant NAC abolished PA-induced ROS levels
and apoptosis. Taken together, the results show that PA
triggers ER stress, enhances autophagy, promotes inflam-
mation involving NLRP3 and induces oxidative stress in
INS-1 cells.

Chronic increased FFAs not only lead to insulin resis-
tance by disturbing insulin signaling pathway and link to
atherosclerosis of type 2 diabetes but also seriously impair
pancreatic B cells, thereby accelerating the development
of type 2 diabetes (5, 6). In this study, PA reduced the vi-
ability of INS-1 cells and impaired GSIS. These results are
consistent with the literature (15). In order to reveal the
mechanisms by which PA impairs pancreatic f cells, this
study explored the effects of PA on global gene expression
in INS-1 cells. Gene chip microarray data showed that PA
significantly changed 277 probe sets of genes, including
232 upregulated and 45 downregulated ones.

GO and KEGG analysis indicated that some genes, such
as Casp4, Atf4 and Ddit3, correlated with ER stress. As a
fact, PA increased mRNA levels of Casp4, Atf4 and Ddit3,
and enhanced the protein expression of CHOP and cleaved
caspase-3 in INS-1 cells, implying PA-induced apoptosis
in response to ER stress. ER stress means the accumula-
tion of unfolded or misfolded proteins in ER and the ac-
tivation of adaptive unfolded protein response (UPR),
which is beneficial to sustain physiological function of ER
and cells. When ER fails to deal with the overload of un-
folded or misfolded proteins, adaptive UPR is converted
into apoptotic UPR through activation of the protein ki-
nase R-like ER kinase (PERK)-eukaryotic initiation factor
2a (elF2a)-Atf4-CHOP pathway (16), thus resulting in ER
stress-mediated apoptosis and death. Islet cells from type
2 diabetic donors and mice show ER stress with increased
apoptosis and decreased insulin secretion (17, 18), which
partly attributes to chronic elevated FFAs (5). Chronic PA
exposure contributes to apoptosis and death of pancreatic
B cells by activating el[F2a-CHOP-caspase-3 axis-depen-
dent ER stress (19). Whereas CHOP depletion inhibits ER
stress and apoptosis of pancreatic f§ cells, and ameliorates
insulin secretion in obese mice (19, 20).

Oxidative stress attributes to excessive ROS or/and
decreased endogenous antioxidants. Due to a deficiency of
antioxidant enzymes, pancreatic 3 cells are susceptible to

oxidative damage. Actually, oxidative stress occurs in the
pancreas of type 2 diabetic rats with elevated FFAs, show-
ing increased ROS and MDA as well as decreased super-
oxide dismutase (SOD) and malondialdehyde (MAD) (21).
In this study, the differentially expressed genes like Srxnl
and Sesn2 were involved the response to oxidative stress.
PA indeed increased mRNA levels of Srxnl and Sesn2,
decreased antioxidant enzymes GPx and CAT levels, and
promoted the production of ROS in INS-1 cells. NAC, an
antioxidant, inhibited the PA-induced production of ROS
and apoptosis. The protein expression and mRNA levels
of Srxnl are increased by H202, and overexpression of
Srxnl exerts protective action against oxidative damage in
BEAS2B cells (22). Reversely, depletion of Srxnl aggra-
vates H202-induced damage in lung epithelial cells (22).
Similarly, Sesn2 functions anti-oxidative activity corre-
lated with ROS levels (23). Elevated expression of Srxnl
and Sesn2 was likely the feedback to PA-induced oxida-
tive stress in this study. Li et al. reported that PA reduces
the activity of CAT and SOD, increases MDA levels and
enhances ROS production in pancreatic § cells (14), which
are agreed with this study. Additionally, ROS still triggers
ER stress. ROS inhibition relieves PA-induced ER stress
and apoptosis in INS-1 cells (24).

In this study, autophagy was an important biologi-
cal process of the differentially expressed genes, for ex-
ample, Sesn2, Sgstml (p62) and Vmpl. RT-PCR con-
firmed that PA increased mRNA levels of Sesn2 in INS-1
cells. Overexpression of Sesn2 enhances autophagy and
inhibits apoptosis in NP cells (25). In strict contrast, defi-
ciency of Sesn2 cuts down autophagy in nutrient-free con-
ditions (26). Moreover, PA promoted the protein expres-
sion of LC3-II and the ratio of LC3-11/I, and reduced p62
protein expression in INS-1 cells, which are the markers
of autophagy, indicating the action of PA facilitating au-
tophagy. Autophagy, evolutionarily conserved machinery,
plays a key role in sustaining the architecture and func-
tion of pancreatic B cells by degrading damaged organ-
elles. Clearly, autophagy is elicited by PA and performs a
protective role against PA-stimulated death in pancreatic
B cells (27). High-fat diet enhances the autophagic flux
of pancreatic B cells, thus resisting ER stress (28). While
impaired autophagy augments PA-caused cell death (27).
Further studies showed that the regulated mechanisms for
PA-induced autophagy involve mTOR, class III PI3K and
AMPK signaling pathways (27, 29), which are consis-
tent with KEGG analysis. Additionally, PA activates ER
stress and its down-stream JNK pathway in pancreatic 3
cells, and promotes ROS-dependent MAPK pathway in
HO9c¢2 cells, thereby triggering autophagy (30, 31), which
relieves PA-induced cell injury. Autophagy, however, has
double-edged action, inhibition of autophagy deteriorates
PA-induced impairment of INS-1 cells (32), and excessive
autophagy also leads to apoptosis (33).

Elevated FFAs usually coexist with increased inflam-
matory cytokines in type 2 diabetic patients. In response to
chronic inflammatory factor exposure, pancreatic f§ cells
bear apoptosis, dedifferentiation and ER stress (34). In the
present study, the differentially expressed genes, Serpinel,
Casp4 and Nfkbia, for instance, linked to an inflamma-
tory response involving NLRP3 inflammasome complex
and the NF-«B signaling pathway based on the data from
GO and KEGG assays. PA significantly increased Ser-
pinel and Casp4 mRNA levels of INS-1 cells. In extravil-
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lous trophoblasts, Serpinel and inflammatory factors are
induced by PA (35). Silencing Serpinel inhibits hemin-
initiated inflammation and apoptosis in HT22 cells (36).
Increased Casp4 potentiates IL-1p release from podocytes,
and vice versa (37). Interestingly, PA increased the pro-
tein expression of NLRP3, and cleaved IL-1p and Lcn2 in
INS-1 cells, suggesting NLRP3 inflammasome activation.
The study reported that IL-1B enhances Lcn2 expression
through the NF-kB signaling pathway in RINmSF cells
(38). Moreover, PA promotes the expression and genera-
tion of inflammatory cytokines in Min6 cells and activates
the NLRP3 inflammasome in hepatic stellate cells through
the NF-«xB signaling pathway, thus leading to inflamma-
tion (39, 40). This study discloses the proinflammatory
role of PA in INS-1 cells involving NLRP3 inflammasome
activation.

According to the reports, islets of type 2 diabetic animal
models suffer from excessive iron levels and ferroptosis,
which bring about function and morphological changes in
the pancreatic pancreas (41). As shown in GO and KEGG
assays, the upregulated genes like Slc3a2, Cp and Hmox1
are associated with iron ion homeostasis and ferroptosis.
Ferroptosis is characterized by intracellular iron over-
loaded and iron-mediated lipid peroxide, which promotes
ROS production. In this study, PA advanced expression
of Acot2, Sesn2 and Cptla, and restrained Fasn mRNA
levels, thereby regulating fatty acid metabolisms and ox-
idation-reduction process according to to GO assay. Fer-
roptosis inducer boosts Sesn2 expression in hepatocytes
(42). Moreover, PA strengthened ROS production with
decreased GPx levels in INS-1 cells. In fact, PA affects
membrane phospholipid remodeling, initiates lipid peroxi-
dation and the expression of ferroptosis-related genes in
pancreatic 3 cells (43, 44). The deficiency of GPx4 fails
to deplete lipid peroxides and causes ferroptosis in pan-
creatic B cells, while overexpression of GPx4 prevents
lipid peroxidation (45). In addition, Len2, an iron-bound
protein, controls ferroptosis in an iron-dependent fashion
in neonatal mice with acute respiratory distress syndrome
(46). Knockdown of Len?2 limits ferroptosis along with in-
creased GPx4 (46). In this study, PA enhanced gene and
protein expression of Len2 in INS-1 cells. These findings
imply that PA could induce ferroptosis in INS-1 cells.

Importantly, PA raised gene expression of Myc, Gad-
d45b and Lif, and declined mRNA levels of Tcf712 and
Sema5a in INS-1 cells, which regulated proliferation, cell
cycle or apoptosis based on GO and KEGG assays. Mean-
while, PA impaired viability and caused apoptosis in INS-
1 cells. Overexpression of Myc promotes proliferation and
accelerates cell cycle in pancreatic B cells, and vice versa
(47). Gadd45b inhibits IL-1B-triggered apoptosis in INS-
1E cells, and regulates S and G2/M checkpoints of cell
cycle (48, 49). Knockout of Tcf712 induces apoptosis in
INS-1 cells (50). And excessive Lif expression restrains
proliferation of gastric cancer involving cell cycle arrest
(51). Chen et al. reported that PA inhibits proliferation and
promotes apoptosis in pancreatic 3 cells (52). Mechanisti-
cally, PA inactivates the PI3K/Akt and MAPK signaling
pathways in pancreatic 3 cells (15). These pathways play a
key role in sustaining proliferation and cell cycle.

Additionally, glucose, a fundamental energy source,
exerts a central role in supporting cell survival and me-
diating insulin secretion. In this study, the genes Myc
and Tcf712 were associated with the glucose metabolic

process. PA increased mRNA levels of Myc and reduced
Tcf712 expression in INS-1 cells. Overexpression of Myc
attenuates the inhibition of glycolysis and apoptosis of B-
ALL cells induced by cyclin-dependent kinase 9 inhibitor
(53). Increased translation of Tcf712 relates to glycolysis
and gluconeogenesis, whereas Tcf712 silence decreased
glycolytic gene expression in cancer cells (54). PA down-
regulates glycolytic enzymes in INS-1E cells (55), imply-
ing glucose metabolic disorders interfered by PA.

Conclusively, this study displays the impaired role of
PA and the global gene expression profile of INS-1 cells
following PA intervention, providing new insights into the
mechanisms involving the damage of pancreatic j cells by
FFAs.
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