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Free fatty acids (FFAs) are often stored in lipid droplet
(LD) depots for eventual metabolic and/or synthetic use
in many cell types, such a muscle, liver, and fat. In pan-
creatic islets, overt LD accumulation was detected in
humans but not mice. LD buildup in islets was princi-
pally observed after roughly 11 years of age, increasing
throughout adulthood under physiologic conditions,
and also enriched in type 2 diabetes. To obtain insight
into the role of LDs in human islet b-cell function, the
levels of a key LD scaffold protein, perilipin 2 (PLIN2),
were manipulated by lentiviral-mediated knockdown
(KD) or overexpression (OE) in EndoCbH2-Cre cells, a
human cell line with adult islet b-like properties. Glucose-
stimulated insulin secretion was blunted in PLIN2KD cells
and improved in PLIN2OE cells. An unbiased transcrip-
tomic analysis revealed that limiting LD formation induced
effectors of endoplasmic reticulum (ER) stress that com-
promised the expression of critical b-cell function and
identity genes. These changes were essentially reversed
by PLIN2OE or using the ER stress inhibitor, taurourso-
deoxycholic acid. These results strongly suggest that LDs
are essential for adult human islet b-cell activity by pre-
serving FFA homeostasis.

Lipid droplet (LDs) are cellular organelles that typically
play a key metabolic role by serving as a reservoir for cho-
lesterol, acyl glycerol, and phospholipids used (for exam-
ple) in signaling, energy homeostasis, and membrane
maintenance (1). While the exposure of pancreatic islet
a- and b-cells to excess lipids and glucose ultimately
results in their dysfunction and type 2 diabetes (T2D)
(2,3), it is very difficult to detect LDs in rodent islets even
under obese, pathophysiological conditions where accumu-
lation is evident in well-recognized, peripheral LD-storage

cells in liver, muscle, and adipose tissue (4,5). Importantly,
recent results suggest that LDs do accumulate in human
islet a- and b-cells (5), which also differ from rodents
with respect to islet cell composition, transcription factor
(TF) expression, islet architecture, and glucose-stimulated
insulin secretion (GSIS) (6–9).

Notably, LDs were found in human islet cells trans-
planted into immunocompromised mice raised on a nor-
mal or high-fat diet but not in similarly treated mouse
islet cells (10). Strikingly, the compensatory mechanisms
activated in response to the high-fat diet–induced insulin-
resistant state were observed in transplanted mouse islets
(e.g., elevated b-cell expansion and GSIS), while the non-
responsive human islets accumulated LDs and islet amyloid
plaques, the latter a hallmark of the T2D dysfunctional
islet. The implication that LDs could impact islet cell func-
tion was further supported upon demonstration that LDs
were in islet a- and b-cells within the intact human pan-
creas, with this most evident in post–juvenile age (>11
years) islet b-cells (5). Physiologic LD buildup was also
found in the GSIS-responsive human embryonic stem
cell–derived b-like cells produced in culture and after trans-
plantation into immunocompromised mice. In contrast, LDs
were very difficult to detect in the intact rodent pancreas
under normal, aged, or pathophysiological conditions (5).

In addition, LDs were enriched in human T2D islet
b-cells, which is possibly caused by the reduction in T2D-
associated autophagic flux (5,11). We and others have
proposed that human islet LDs serve to sequester toxic
free fatty acids (FFAs) produced under insulin resistance
conditions and that limitations in buildup and/or storage
capacity result in islet b-cell dysfunction and elevated
T2D susceptibility (10). However, the functional signifi-
cance of LDs in human b-cells has not been delineated
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thoroughly, and to obtain such insight, we altered LD for-
mation by reducing or overproducing the key LD scaffold
protein PLIN2 in the adult human b-like cell line,
EndoCbH2-Cre. Compromising LD production induced
endoplasmic reticulum (ER) stress, reduced GSIS, and
generated gene expression changes in cellular identity,
which are all characteristics of T2D islet b cells (12–14).
Furthermore, these lipotoxicity-induced changes were
ameliorated by either elevating LD storage capacity by
overexpressing PLIN2 or by pharmacological treatment
with an ER stress inhibitor, tauroursodeoxycholic acid
(TUDCA). These results strongly imply that LDs serve as
a positive effector of adult human islet b-cell activity.

RESEARCH DESIGN AND METHODS

Human EndoCbH2-Cre Cells
EndoCbH2 cells were propagated in DMEM (Gibco and
Thermo Fisher Scientific, Waltham, MA) in presence of
5.6 mmol/L glucose, 2% BSA (Serologicals Proteins, Kan-
kakee, IL), 100 mU/mL penicillin, 100 mg/mL streptomycin,
50 mmol/L 2-mercaptoethanol, 10 mmol/L nicotinamide, 5
mg/mL transferrin, and 6.7 ng/mL sodium selenite (Sigma-
Aldrich, St. Louis, MO) as previously described (15,16). Len-
tiviral vectors encoding shRNAs that were either scrambled
(shScramble) (i.e., Sham) or to PLIN2 (shPLIN2) were con-
structed by VectorBuilder (Chicago, IL), as was the PLIN2
protein overexpressing cassette, with each containing a
puromycin selection marker. The Cre-expressing lentivirus
was made using the pTRIP DU3 CMV-nlsCre vector (17).
Lentiviral particles were produced in human embryonic kid-
ney 293T cells as previously described (18). Viral particles
were isolated from the supernatant by either ultracentrifu-
gation (18) or using the PEG-it Virus Precipitation Solution
(System Biosciences, Mountain View, CA). The resultant pel-
lets were resuspended in PBS or DMEM and aliquoted sam-
ples stored at �80�C. Viral particle amount was quantified
with the Lenti-X p24 Rapid Titer Kit (Takara Bio, Mountain
View, CA). EndoCbH2 cells were infected for 16 h with �50
ng shScramble, shPLIN2, or PLIN2 overexpression (OE)
viral particles/million cells followed by puromycin selection;
after that, all cells received the same viral dose of Cre
expressing lentivirus for 18 days (16). The 10 mmol/L stock
solution of palmitic acid (PA) (C16:0; Sigma-Aldrich) and
erucic acid (EA) (C22:1; Sigma-Aldrich) was freshly prepared
by dissolving in 90% ethanol followed by fatty acid–free
BSA conjugation (Equitech-Bio, Inc.) in 0.01 mol/L NaOH
solution at 55�C for 1 h, with a working concentration of
500 mmol/L for both. The 100 mmol/L TUDCA (Sigma-
Aldrich) and N-acetyl-L-cysteine (Sigma-Aldrich) stocks were
made in DMSO.

Immunofluorescence Analysis and LD Quantification
EndoCbH2-Cre cells cultured on chamber slides were fixed
at room temperature for 12 min with 4% paraformalde-
hyde-PBS, permeabilized for 8 min with 0.5% Triton-PBS,
and blocked for 30 min with 0.5% BSA-PBS followed by a

4�C overnight incubation with one of the following pri-
mary antibodies: anti-insulin (guinea pig, 1:500; Dako,
Santa Clara, CA), anti-glucagon (mouse, 1:400; Sigma-
Aldrich), anti-somatostatin (goat, 1:400; Santa Cruz Bio-
technology, Santa Cruz, CA), anti-FEV (rabbit, 1:400;
Thermo Fisher Scientific), anti-MAFA (rabbit, 1:500, cat.
no. NBP1-00121; Novus), and anti-NKX2.2 (anti-goat,
1:400, Santa Cruz Biotechnology). Species-matched antibodies
conjugated with the Cy2, Cy3, or Cy5 fluorophores were used
for secondary detection (1:1,000; Jackson ImmunoResearch,
West Grove, PA). BODIPY 493/503 (5 mmol/L in PBS;
Thermo Fisher Scientific) was used to detect neutral lipid
enriched LDs with incubation at room temperature for 30
min following the secondary antibody treatment. Images
were acquired on a ZEISS Axio Imager M2 wide-field micro-
scope with Apotome. Quantification of the LD level was cal-
culated as the BODIPY 493/503 area divided by the DAPI1

nuclear cell number with ImageJ software. Normalization
was to the Sham control; at least five distinct areas of the
slide from several independently generated sample sets were
quantified per condition.

RNA Isolation, Reverse Transcription, and Real-time
PCR
Total RNA was collected from EndoCbH2-Cre cells using
the Trizol reagent (Life Technologies) in accord with the
manufacturer’s instructions. The iScript cDNA synthesis
kit (Bio-Rad Laboratories) was used for cDNA synthesis.
Quantitative real-time PCR reactions were performed
with the primers described in Supplementary Table 1 on a
LightCycler 480 Instrument II (Roche) and analyzed by
the DDCT method. Significance was calculated by compar-
ing the DCT values.

Bulk RNA-Sequencing Analysis
The RNeasy Plus Mini Kit (QIAGEN) was used to isolate
total RNA from treated EndoCbH2-Cre cells (n 5 3) and
RNA quality control analyzed on an Agilent 2100 Bioana-
lyzer. Only samples with an RNA Integrity Number >8.0
were used for library preparation. cDNA libraries were
constructed and paired-end sequencing was performed on
an Illumina NovaSeq 6000 (150 nucleotide reads). The gen-
erated FASTQ files were processed and interpreted with the
Genialis visual informatics platform (https://www.genialis.
com) (15). Sequence quality checks were performed with
use of raw and trimmed reads with FastQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc), and Trim-
momatic was used to trim adapters and filter out poor-qual-
ity reads. Trimmed reads were then mapped to the
University of California, Santa Cruz, hg19 reference genome
with use of the HISAT2 aligner. Gene expression levels
were quantified for htseq-count and differential gene
expression analyses performed with DESeq2. All detectable
genes were included in the pathway analysis (Kyoto Encyclo-
pedia of Genes and Genomes [KEGG] and Gene Ontology
[GO] term) as part of the Enrichr bioinformatics analysis
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platform (https://maayanlab.cloud/Enrichr/) to prevent bias.
Some of the heat map selected genes were manually curated
based on Gene Set Enrichment Analysis (GESA) (https://
www.gsea-msigdb.org/gsea/index.jsp) and published gene or
RNA-seq data sets (19–21).

However, poorly expressed genes, which had average
expression count in all samples of <5 transcripts per mil-
lion (TPM), were filtered out of the gene lists and heat
maps.

Static GSIS
Static insulin secretion was assessed as previously described
(22) in EndoCbH2-Cre cells, which involved a 1-h incubation
at 37�C in 2.5 mmol/L glucose secretion assay buffer, and
then with freshly prepared 2.5 or 16.7 mmol/L glucose secre-
tion assay buffer for another hour. The outcome was pre-
sented as the secreted insulin (Lumit Insulin Immunoassay,
Promega, and human insulin ELISA, Crystal Chem) relative
to the total insulin content. The secreted insulin data were
normalized to basal secretion of the Sham at 2.5 mmol/L
glucose. Insulin content was presented as the concentration
of insulin normalized to total DNA content (Quant-iT Pico-
Green; Invitrogen) in each condition (ng/ng DNA) relative to
the Sham. At least three independently generated sets of
samples were analyzed under each condition.

Immunoblot Analysis
Whole cell protein extracts were prepared from EndoCbH2-
Cre cells using radioimmunoprecipitation assay buffer
(Sigma-Aldrich) containing a cocktail of protease and phos-
phatase inhibitors (Roche Applied Science). The extracted
proteins (15 ng) were resolved on a 4–20% Mini-PROTEAN
(Bio-Rad Laboratories) electrophoresis gel and immunoblot-
ted with anti–spliced XBP-1 and anti-actin antibodies (Pro-
teintech and MilliporeSigma, respectively) (Supplementary
Table 1). The densitometry of the protein bands was calcu-
lated with ImageJ software.

Statistical Analysis
Significance was determined with the two-tailed Student t
test. Data are presented as the mean ± SD. A threshold of
P < 0.05 was considered significant.

Data and Resource Availability
The data sets generated during or analyzed during the cur-
rent study are available from the corresponding author. The
bulk RNA-seq data set have been uploaded to Gene Expres-
sion Omnibus (GEO) with the accession #GSE184016.

RESULTS

PLIN2 Regulates LD Levels in EndoCbH2-Cre b-Cells
To obtain insight into the functional role of LDs in
human b-cells, the mRNA levels of core structural perili-
pins were first determined in proliferating EndoCbH2 and
nonproliferating EndoCbH2-Cre cells. Lentiviral-mediated Cre
treatment and its expression in EndoCbH2 cells remove the

endogenous floxed SV40 virus Tag transforming protein to
prevent cell proliferation and allow functional maturation (Fig.
1A). The resulting EndoCbH2-Cre cell line produces high insu-
lin levels and adult islet b-like GSIS responsivity (16). PLIN2
was the principal member of the gene family produced in
human and mouse islets (5,23) (Fig. 1B). Cells were infected
with lentivirus expressing shPLIN2 or PLIN2 cDNA to knock-
down (KD) or overexpress (OE) PLIN2, with these conditions
reducing mRNA levels by roughly 70% or inducing by about
50% (Fig. 1C). PLIN2KD and PLIN2OE treatment did not
influence the expression of other PLINs (Fig. 1C) and had no
impact on cell proliferation, cell death, or cell morphology state
of EndoCbH2 or EndoCbH2-Cre cells (data not shown).
PLIN2 mRNA levels were elevated upon inducing GSIS in
EndoCbH2-Cre cells (Fig. 1B), a property also observed in
rodent b-cell lines (24).

The impact of PLIN2KD and PLIN2OE on LD accumu-
lation was evaluated in EndoCbH2-Cre cells treated with
two FFAs, PA (C16:0) or EA (C22:1). PA induces a much
milder cell stress response in relation to EA in EndoCb1H
cells (25), a closely related human b-cell line. As expected
from studies in other contexts (26), BODIPY 493/
503–detected LD accumulation was decreased signifi-
cantly following PLIN2KD treatment and enhanced by
PLIN2OE (Fig. 1D and E). Because of the higher toxicity
profile of EA than PA in EndoCb1H (25), EA was the FFA
of choice to study lipotoxicity in our EndoCbH2-Cre
experiments.

PLIN2 Level Regulates Insulin Secretion
PLIN2KD prevented GSIS in EndoCbH2-Cre cells (Fig. 2A),
while PLIN2OE may enhance in comparison with the Sham.
The loss of GSIS was not due to reduced insulin mRNA pro-
duction in PLIN2KD or a difference in insulin protein levels
between PLIN2KD and PLIN2OE cells (Fig. 2B and C).

Bulk RNA-sequencing (RNA-seq) analysis performed on
Sham, PLIN2KD, and PLIN2OE EndoCbH2-Cre cells revealed
that a large number of positive effectors of insulin secretion
were impacted upon PLIN2/LD manipulation. Not surpris-
ingly, expression of these were reduced in PLIN2KD and
boosted by PLIN2OE (Fig. 2D). These differences were also
verified upon quantitative PCR analysis of various regulatory
candidates (Fig. 2E), including EXOC5 (27), which is involved
in vesicle docking and fusion; KCNJ11 (28) encoding the
ATP-sensitive inward rectifier potassium channel 11; SNAP
25 (29) of the SNARE complex; and STX1A (14), which is
important in vesicle membrane docking. Taken together, our
data suggest that LD accumulation affects the insulin secre-
tory machinery and GSIS in human b-cells.

PLIN2KD Induces ER Stress and Compromises Ca2+

Homeostasis Gene Expression
The RNA-seq results revealed that PLIN2KD in EndoCbH2-
Cre cells had 1,479 upregulated and 493 downregulated
genes compared with Sham, while 237 were elevated and 48
decreased in PLIN2OE cells (Supplementary Tables 2 and 3
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PLIN2OE

Figure 1—PLIN2 influences LD accumulation in human EndoCbH2-Cre b-cells. A: Experimental workflow and depiction of how matura-
tion changes upon Cre-mediated SV40 Tag removal. B: The expression level of all members of the PLIN family before and after Cre treat-
ment. Both PLIN2 and PLIN3 levels increased significantly. C: The change in PLIN mRNA levels upon PLIN2KD and PLIN2OE. D:
Quantitation of the change in LD levels between Sham and PLIN2KD or PLIN2OE cells incubated without (control [CT]) or with 500 mmol/L
EA or PA for 24 h. E: Representative images of D. Notably, FFA-induced LD accumulation appears to positively correlate with PLIN2 levels,
which was statistically significant in the EA-treated group. All error bars indicate SD. n5 3–4. *P < 0.05, **P < 0.01, ***P < 0.05 vs. bH2
or bH2-Cre PLIN1 (B), Sham (C), or control (D) unless specified. bH2, EndoCbH2; bH2-Cre, EndoCbH2-Cre; Lv, lentivirus; qPCR, quanti-
tative PCR.
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provide the full list of differentially expressed genes [i.e.,
DEGs]). We next focused on obtaining a more thorough
understanding of why reducing LD accumulation eliminated
GSIS (Fig. 2A). KEGG and GO (GO term) analysis revealed

that the PLIN2KD cells manifested gene expression profiles
characteristic of proinflammatory cytokine treatment and
glucolipotoxicity (19) (Supplementary Table 4). For example,
the positively affected “AGE-RAGE signaling in diabetic

LG- 2.5mmol/L
HG- 16.7mmol/L

A

B

C E

D

Figure 2—PLIN2/LDs regulate GSIS in EndobCH2-Cre cells. A: GSIS was blocked in PLIN2KD cells compared with Sham, whereas
this was enhanced in PLIN2OE. Levels were first normalized to DNA content and then to Sham at 2.5 mmol/L glucose. Preproinsulin
mRNA (B) trended higher in both PLIN2OE and PLIN2KD cells, although insulin protein levels (C) were only elevated in PLIN2KD. Nor-
malization was to 18S (B) or DNA content (C) before Sham. D: The heat map shows that insulin secretion–related gene expression
was generally decreased in PLIN2KD cells, while it was elevated in PLIN2OE cells. The color keys represent the row-wise Z score.
False discovery rate < 0.05. E: Quantitative real-time PCR analysis of selected secretory gene changes. All error bars indicate SD.
n 5 3–8. *P < 0.05, **P < 0.01, ***P < 0.001 vs. corresponding LG (A) or Sham (B–E). HG, high glucose; LG, low glucose; n.s.,
nonsignificant.
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complications” and “inflammation-like” pathways mediate
proinflammatory signaling and ER stress in other systems
(30), while b-cell dysfunction would also have resulted upon
downregulating proteins essential to pathways associated
with “insulin secretion,” “cAMP signaling,” “maturity onset
diabetes of the young,” “voltage-gated cation channel
activity,” “gap junction channel activity,” and “cytoskeleton
molecule binding.”

In contrast, while the PLIN2OE cells more closely
resembled the Sham, KEGG analysis revealed DEGs pre-
dicted to enhance b-cell activity, including elevating “gap
junction activity” and “microtubule motor activity,” as
well as reducing “TNF signaling” and “cytokine/chemokine
activity” pathway gene encoded proteins (Supplementary
Table 5). Importantly, these properties are opposite those
of PLIN2KD cells (Supplementary Table 4). In addition,
genes important in “transforming growth factor b (TGFb)
receptor signaling,” a pathway negatively regulating b-cell
function and identity (31), were only elevated upon
PLIN2KD (Supplementary Fig. 1).

For counteraction of ER stress conditions that can
result in b-cell death, three arms of a network of signal-
ing pathways may be activated to restore ER homeostasis:
1) ATF6, 2) IRE1a-XBP1, and 3) PERK-eIF2a, which col-
lectively orchestrate the selective transcription and trans-
lation of ER chaperones, and elimination of misfolded
proteins by ER-associated degradation and autophagy,
and reduce incoming protein load by decreasing global
transcription and translation (32). Our RNA-seq and
qPCR results indicate that the IRE1a-XBP1 pathway was
primarily activated in PLIN2KD EndoCbH2-Cre cells and
not the ATF4/6 (i.e., which leads to CHOP activation) or
PERK (Fig. 3A and B) pathway. Elevated spliced (s)XBP1
protein levels were also found in the PLIN2KD (Fig. 3C).
In addition, many ER regulators essential to Ca21 homeo-
stasis and insulin secretion in islet b-cells were mis-regu-
lated in PLIN2KD cells (e.g., Fig. 3D), an effect that would
contribute to blunting the GSIS response (33). Signifi-
cantly, many genes involved in these pathways were among
the most upregulated in PLIN2KD cells (Supplementary
Table 6) (e.g., ERN1 [IRE1a], DDIT4 [CHOP], TGFB2, and
BMP2). On the contrary, a key TGFb signaling regulatory
gene was downregulated in PLIN2OE cells (Supplementary
Table 7) (SMAD7).

PLIN2KD Influences b-Cell Identity
Cellular stress is believed to be a driver of T2D islet
cell dysfunction and loss of b-cell identity (12,13),
which is manifested by decreased expression of essen-
tial TF genes, mis-expression of nonislet b hormones,
induced production of gene products incompatible
with adult function (i.e., termed the disallowed genes
[21]), and the synthesis of progenitor/dedifferentia-
tion markers (34). Strikingly, these same characteristics
were witnessed upon simply reducing LD accumulation in
PLIN2KD EndoCbH2-Cre cells (Fig. 4A and B), as exhibited,

for example, by increased gene production levels of non–b-
cell POMC, SST, and NPY hormones; elevated islet progeni-
tor FEV, FOS, and SOX9 TF markers; mis-expression of dis-
allowed genes; and reduced expression of islet-enriched
MAFA, NKX2.2, PDX1, and NKX6.1 TF genes. However,
none of these changes were observed in PLIN2OE cells (Fig.
4B, data not shown). Interestingly, immunostaining revealed
that only a fraction of PLIN2KD EndoCbH2-Cre cells pro-
duced the a-cell glucagon and d-cell somatostatin hormones
(Fig. 5A) or the FEV protein (35) that is normally principally
produced in the Neurogenin 31 TF islet progenitor cell
population (Fig. 5B). In contrast, islet cell–enriched MAFA
and NKX2.2 TF levels appeared to be decreased throughout
the b-cell population (Fig. 5D). As expected, PLIN2OE
prevented these changes found upon PLIN2KD (Fig. 5).
Collectively, these results imply that LD accumulation regu-
lates both the cell identity and function of human islet
b-cells.

ER Stress Is an Important Effector of PLIN2KD-
Induced Dysfunction
Given the pronounced elevation in multiple markers of
ER stress in PLIN2KD EndoCbH2-Cre cells, a bile acid
analog commonly used to inhibit this response, TUDCA,
was tested in this context. The effects of PLIN2KD on
GSIS (Fig. 6A) and insulin levels (Fig. 6B) were reversed
by TUDCA treatment, with levels now indistinguishable
from those of Sham. As anticipated from these results,
the expression of a representative panel of genes that
affected insulin secretion, ER stress, islet TFs, and pro-
genitor/identity almost returned to Sham-like levels after
TUDCA treatment of PLIN2KD cells (Fig. 6C). In contrast,
a general oxidative stress inhibitor, N-acetyl cysteine,
appears to have further compromised PLIN2KD cells
(Supplementary Fig. 2). Notably, those genes influenced
to a lesser extent by TUDCA were produced in a small
subfraction of the b-cell population (e.g., FEV [Fig. 5B]
and likely the HHEX [36] TF of the somatostatin gene).
Moreover, treatment with EA negatively impacted GSIS as
well as induced ER stress–responsive and progenitor/iden-
tity gene expression, all of which were virtually blunted
by PLIN2OE (Fig. 6A–C).

sXBP1 protein levels were also elevated in PLIN2KD
cells and not by PLIN2OE treatment (Fig. 6D). However,
Sham sXBP1 protein levels were slightly decreased by EA
in the context of elevated mRNA expression (see Fig. 6C
and D), implying that insufficient LD production regulates
sXBP1 synthesis/accumulation and ER stress in human b

cells. Notably, EA also induced a much more robust stress
response than PA in EndoCbH2-Cre cells (Supplementary
Fig. 3), as originally described in EndoCbH1 cells (25). In
total, our data strongly indicate that LDs are beneficial to
human islet b cells, with our mechanistic analysis imply-
ing that their ability to sequester toxic FFA prevents ER
stress, loss of cell activity, changes in cell identity, and
decreased cell health (Fig. 7).
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DISCUSSION

The functional role of LDs in cells has been studied exten-
sively under both healthy and diseased conditions in
many contexts, including in muscle, liver, and adipose tis-
sues (1). The general consensus has been that LDs nor-
mally serve as a storage depot for neutral lipids and
cholesterol for anabolic and catabolic needs, with lipotox-
icity produced under pathological conditions due (at least
in part) to limitations in FFA storage and/or breakdown
in LDs (4). In contrast, studies in mice suggest that LD
accumulation is detrimental to islet b-cell health, since
whole-body PLIN2 knockout in mice or KD of PLIN2 in
rodent b-cell lines has improved autophagic flux, reduced

ER stress, and decreased b-cell apoptosis (24,37). How-
ever, we and others have found that LDs are very difficult
to find in the rodent pancreas, whereas they are readily
detected in adult humans and are even enriched in T2D
islets (5,11). Because human and rodent islets differ sub-
stantially in architecture, cell composition, proliferative
capacity, islet amyloid formation, and antioxidant enzyme
levels (7,10,38,39), the EndoCbH2-Cre cell line was used
to examine the influence of LDs in human b-cells, a well-
established model system whose molecular composition
and GSIS properties are quite similar to those of adult
islet b-cells (16,40). Our data strongly suggest that LDs
function, in part, to insulate human b-cells from noxious

A

B

C

D

Figure 3—PLIN2KD induces ER stress. Heat maps showing how PLIN2KD influences the expression of genes involved in ER stress (A)
and ER Ca21 homeostasis (D). The color keys represent the row-wise Z score. B: Quantitative real-time PCR analysis of selected ER stress
and ER Ca21 regulators from panels A and D. C: A representative immunoblot of sXBP1 and ACTIN protein levels in Sham, PLIN2KD, and
PLIN2OE cells. All error bars indicate SD. n5 3. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Sham.
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FFA exposure until a threshold capacity for LDs is reached,
after which these cells are vulnerable to lipotoxicity-
induced ER stress, dysfunction, loss of identity, and overall
compromised cell health (Fig. 7). Consequently, differences
in LD formation and/or degradation could be a contribut-
ing factor to T2D islet b-cell dysfunction.

Limiting LD Accumulation Induces Lipotoxic-Like ER
Stress and Dysfunction
Manipulating PLIN2 levels significantly altered LD accu-
mulation levels in EndoCbH2-Cre cells (Fig. 1D and E), a
result consistent with many studies showing that LD for-
mation is dependent on perilipin structural protein levels
(23). This resulted in the reduction in GSIS in PLIN2KD
cells and a trend towards improvement by PLIN2OE (Fig.
2A). RNA-seq analysis suggested that limiting LD forma-
tion induced IRE1a-activated ER stress, which reduced
production of a variety of effectors of insulin secretion.
This included not only the expression of mRNA encoding
proteins directly involved in this process (Fig. 2D and E)

but also critical mediators and signaling pathways
regulating GSIS (e.g., ER Ca21 [Fig. 3B] and TGFb
[Supplementary Fig. 1]). These results are not consistent
with those of earlier work in rodents (24,37), yet they are
with recent findings in rat INS-1 b-cells and human islets
(41). Although this newer work had only limited molecu-
lar detail in how compromising LD formation negatively
impacted b-cell function, their physiological results showed
that mitochondrial health and activity were negatively
impacted in both rodent b-cells and human islets (41).
Notably, our RNA-seq data also suggest that the integrity
of PLIN2KD mitochondria is compromised (Supplementary
Fig. 4).

Our results suggest that ER stress facilitates lipotoxicity
in human b-cells with limited LD storage capacity (Figs. 3
and 6). Indeed, cellular stress appears to be a mediator of
this condition in many tissues (42). For example, LDs were
generated in mouse embryonic fibroblasts to protect against
mitochondrial dysfunction induced upon FFA release from
autophagic degradation of membranous organelles, a

A

B

Figure 4—PLIN2KD influences b-cell identity. A: Heat maps illustrating the changes in PLIN2KD cells in expression of key b-cell signature
genes, non–b-cell hormone genes, disallowed genes, and genes enriched in embryonic progenitors and dedifferentiated b-cells. The color
keys represent the row-wise Z score. B: Quantitative real-time PCR results of candidates in Sham, PLIN2KD, and PLIN2OE cells. All error
bars indicate SD. n5 3–4. *P < 0.05, **P< 0.01, ***P< 0.001 vs. Sham.
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diacylglycerol acyltransferase 1–dependent process. This
enzyme, which catalyzes the terminal step in triacylglycerol
synthesis, is also necessary in preventing ER stress during
adipose tissue inflammation (43). In addition, reducing
LD formation or storage capacity (e.g., by OE of the
lipolysis enzyme adipose triglyceride lipase) results in
the generation of proinflammatory and ER stress
markers in liver and cardiomyocytes (44,45), while
improving LD levels by perilipin protein OE lowered
their levels in skeletal muscle (46). The overall protec-
tive role of LDs in preventing stress was also observed
in many cancer cells during metastasis (47).

LD Maintenance Is Essential for Sustaining b-Cell
Identity
The loss of islet b-cell identity produced by glucolipotoxic-
ity-induced ER stress (48) is a characteristic of T2D islets

(12,13), as manifested by fewer insulin1 cells, limited
islet enriched TF gene expression, induction of disallowed
gene production, and gain in nonislet b-cell hormone syn-
thesis. Significantly, these same properties were observed
in PLIN2KD EndoCbH2-Cre cells (Fig. 4). Moreover,
changing perilipin levels also influenced adipose cell iden-
tity, with PLIN2 deletion or PLIN1 OE promoting the
browning of white adipose tissue (49).

Here we observed that MAFA and NKX2.2 protein levels
were dysregulated throughout the PLIN2KD cell population,
while glucagon, somatostatin, and FEV were only produced
in a small fraction (Fig. 5). This may represent the temporal
progression of T2D, with prediabetes broadly inducing limi-
tations in islet b-cell function that become more severe
over time and eventually result in a reduction in insulin
levels and gaining (for example) non–b-cell hormone and
progenitor cell marker production. However, we did not

A B

D

C

Figure 5—Cellular distribution of proteins linked to b-cell identity in PLIN2KD cells. Immunofluorescent staining illustrates that somato-
statin (SST) (red) and glucagon (GCG) (white) (A) and FEV (red) (B) protein production is only found in a small fraction of PLIN2KD cells,
with quantitation of the change in SST1, GCG1, or FEV1 cell percentages between Sham and PLIN2KD or PLIN2OE cells (C); all error bars
indicate SD. n 5 3. *P < 0.05, **P < 0.01 vs. Sham. D: In contrast, MAFA (red, top panel) and NKX2.2 (red) protein levels were lower in
most PLIN2KD cells. The remaining MAFA1 and NKX2.21 cells in the PLIN2KD population probably represent uninfected cells. DAPI
(blue) and BODIPY (green) counterstaining. Scale bar5 50 mm.
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Figure 6—TUDCA rescues PLIN2KD-induced dysfunction, while PLIN2OE prevents EA toxicity. Sham, PLIN2KD, and PLIN2OE cells were
treated with TUDCA (100 mmol/L) and/or EA (500 mmol/L) for 24 h. The toxic effects of PLIN2KD and EA on GSIS (A) and insulin levels (B)
were rescued by TUDCA and PLIN2OE treatment, respectively. C: Expression of the majority of candidate regulatory genes was corrected
to Sham by TUDCA or PLIN2OE. Ins, insulin. D: On the left is a representative immunoblot and on the right the quantification of multiple
sXBP1 and ACTIN analyses performed on Sham, PLIN2KD, and PLIN2OE cells. All error bars indicate SD. n5 3–4. *P < 0.05, **P < 0.01,
***P < 0.001 vs. corresponding LG (A) or Sham (B–D) unless specified. ET, erucic acid 1 TUDCA; HG, high glucose; LG, low glucose;
n.s., nonsignificant.
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observe induction of the very early islet cell progenitor sig-
natures first observed upon FoxO1 TF b-cell deficiency in
mice, like Nanog, Neurogenin 3, Oct4, and L-Myc (34).
Notably, these markers are not a feature in all human T2D
studies (50), which may reflect the heterogeneity of the dis-
ease and/or methodological differences (51). Progenitor cell
marker expression in PLIN2KD cells was represented by
FEV, which is normally expressed at high levels in islet Neu-
rogenin 31 progenitors developmentally as well as later at
lower levels in immature insulin1 cells and adult islet b-cells
(35). FEV levels are also elevated in T2D islets (52). It is
presently unclear whether bona fide markers of dedifferenti-
ation, like Neurogenin 3, are simply not regulated by LD/lip-
otoxicity levels in human b-cells or represent a limitation of
the conditions and/or model used for experimentation.

There Appear to Be Many Similarities in the Signaling
Pathways Regulated by Lipotoxicity and PLIN2KD in
Human b-Cells
As hoped of the human PLIN2KD model, there were
many differentially regulated genes shared with palmi-
tate-treated human islets (19). These included genes con-
trolling ER stress, extracellular matrix, and metabolic
signaling pathways (Supplementary Fig. 5). As dyslipide-
mia is one of the highest T2D risk factors (53), it was also
not surprising that there was overlap between PLIN2KD
and T2D islet dysregulated genes (Supplementary Fig.
6A). In addition, overlap was found with T2D-associated
genes/pathways found in genome-wide association studies
(Supplementary Tables 2 and 4 and Supplementary Fig.
6B), including an FFA desaturase found to maintain n-6
and n-3 polyunsaturated fatty acid level and the proin-
flammatory phenotype in liver (i.e., FADS1), a G protein–
coupled receptor for medium- and long-chain unsaturated
fatty acids that protects against lipotoxicity-induced pan-
creatic b-cell dysfunction (GPR120), and a master lipid TF
regulator that plays a role in b-cell function (PPARc [54]).
In addition, a number of PLIN2KD DEGs (108 of 1,972)
overlapped with genes critical to FFA uptake, lipid synthesis,
breakdown, and storage (Supplementary Fig. 7). This evi-
dence supports a strong relationship between FFA and LD
homeostasis in human b-cell function and health. Further-
more, many amino acid metabolism-related genes altered in
PLIN2KD cells are changed in individuals with T2D (55)
(i.e., in the “Glycine, serine, threonine, cysteine and methio-
nine metabolism” pathway [Supplementary Table 4]).

While the positive impact on GSIS of either TUDCA or
PLIN2OE treatment on EndoCbH2-Cre cells strongly indi-
cates that ER stress is a primary driver of lipotoxicity in
human islet b-cells (Figs. 3 and 6), precisely how limiting
LD formation leads to dysfunction is still unclear. For
example, could other critical signaling molecules bind to
this organelle, which, for example, involves proteasomal
components and TFs first found in hepatocytes (56,57)?
Future studies should also determine whether acute
changes in LD levels influence adult human islet b-cells
differently than EndoCbH2-Cre cells, and whether accu-
mulation affects transplanted islet human islet b-cell
function in vivo, which are unable to mount the prolifera-
tion or secretion response of mouse b-cells needed to
compensate for the insulin-resistant state imparted by
high-fat diet–induced stressors (10). Thus, we believe it is
important to determine how LD levels impact islet cell
vulnerability to lipotoxicity, presuming that these pro-
cesses influence T2D susceptibility. Importantly, this study
supports such efforts by providing a linkage between LD
homeostasis and human b-cell integrity.
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