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Background: There is a great need to discover factors that could protect pancreatic β-cells from apoptosis and thus prevent diabetes 
mellitus. Clusterin (CLU), a chaperone protein, plays an important role in cell protection in numerous cells and is involved in various 
cellular mechanisms, including autophagy. In the present study, we investigated the protective role of CLU through autophagy regu-
lation in pancreatic β-cells.
Methods: To identify the protective role of CLU, mouse insulinoma 6 (MIN6) cells were incubated with CLU and/or free fatty acid 
(FFA) palmitate, and cellular apoptosis and autophagy were examined.
Results: Treatment with CLU remarkably upregulated microtubule-associated protein 1-light chain 3 (LC3)-II conversion in a dose- 
and time-dependent manner with a significant increase in the autophagy-related 3 (Atg3) gene expression level, which is a mediator 
of LC3-II conversion. Moreover, co-immunoprecipitation and fluorescence microscopy experiments showed that the molecular in-
teraction of LC3 with Atg3 and p62 was markedly increased by CLU. Stimulation of LC3-II conversion by CLU persisted in lipo-
toxic conditions, and FFA-induced apoptosis and dysfunction were simultaneously improved by CLU treatment. Finally, inhibition 
of LC3-II conversion by Atg3 gene knockdown markedly attenuated the cytoprotective effect of CLU.
Conclusion: Taken together, these findings suggest that CLU protects pancreatic β-cells against lipotoxicity-induced apoptosis via 
autophagy stimulation mediated by facilitating LC3-II conversion. Thus, CLU has therapeutic effects on FFA-induced pancreatic 
β-cell dysfunction.
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INTRODUCTION

Chronic exposure to elevated lipid accumulation results in pan-
creatic β-cell apoptosis, induces hyperglycemia, and ultimately 
leads to the onset of type 2 diabetes [1]. Thus, protection of 
β-cells from damage caused by various external factors is an es-
sential part of preventing the onset of diabetes. Although nu-
merous studies have focused on various means for protecting 
pancreatic β-cells [2,3], a clear mechanism has not been identi-
fied thus far.

Autophagy is an intracellular self-degradation and rearrange-
ment process to remove unnecessary or damaged organelles and 
maintain cellular homeostasis. It begins with the development 
of a double-layered lipid membrane, which besieges target or-
ganelles to form autophagosomes. In this step, microtubule-as-
sociated protein 1 light chain 3 (LC3) is conjugated with phos-
phatidylethanolamine (PE) and finally converted to LC3-II, 
which is known as an essential regulator of autophagy. Au-
tophagosomes combine with lysosomes to form autolysosomes, 
and isolated target organelles are decomposed to amino acids by 
the lysosomal enzymes. Autophagy is generally considered to 
be a beneficial process for protecting cells against cell death and 
cellular stress, but it has also been recognized as a kind of cell 
death mechanism called “type 2 programmed cell death” [4]. 
The dysregulation of autophagy is implicated in various diseas-
es, including neurodegenerative disorders, hepatic encephalopa-
thy, and cancer [5]. The essential functions of autophagy in rela-
tion to diabetes have also been studied. Exposure to interleu-
kin-1 induced severe damage in the late stage of autophagy as 
demonstrated by the accumulation of autophagic vacuoles in 
pancreatic β-cells [6], and defective autophagy was also detect-
ed in the β-cells of Zucker diabetic fatty rats as well as insulin-
secreting cell lines following high glucose treatment [7]. In ad-
dition, impaired autophagy was observed in the β-cells of dia-
betic db/db and high-fat-fed C57BL/6 mice [8], and β-cell-
specific knockout of the autophagy-related 7 (Atg7) gene, which 
regulates autophagy, resulted in β-cell dysfunction and apopto-
sis [9]. These studies suggest that autophagy is an essential 
mechanism for maintaining β-cell homeostasis and regulating 
the insulin secretion process.

Clusterin (CLU), also designated as apolipoprotein J (APOJ), 
testosterone-repressed prostate message2 (TRPM2), and sulfat-
ed glycoprotein 2 (SGP2), is a stress-activated chaperone-like 
heterodimeric glycoprotein that is ubiquitously expressed in 
various cells and affects cell adhesion, lipid transportation, 
membrane recycling, and tissue remodeling [10]. In addition, 

CLU has been reported to be associated with various diseases, 
such as cancer [11,12], Alzheimer’s disease [13], cardiovascular 
disease [14], and diabetes mellitus [15]. Upregulated expression 
of CLU has been detected in various cancers, and several stud-
ies have reported that CLU plays a role in cancer development 
and progression through cell survival and migration [16]. Re-
cently, CLU has also been reported as a cytoprotective protein 
in disease-associated cells, including hepatocytes [17], neuronal 
cells [18], and cardiomyocytes [19]. However, the exact mecha-
nism underlying how CLU exerts its cell protective effect is still 
unclear. Many studies have shown that CLU reduces mitochon-
drial apoptosis via interaction with BAX, activation of the Akt/
NF-κB pathways, and repression of endoplasmic reticulum 
stress [17,20,21]. Thus far, although some potential mechanisms 
of the cytoprotective role of CLU have been reported, it appears 
to differ by cell type or stressors, and the exact molecular mech-
anism remains unclear.

In the present study, we investigated the role of CLU in au-
tophagy regulation and its molecular mechanism in mouse insu-
linoma 6 (MIN6) cells. We also examined the effect of CLU on 
lipotoxicity-induced cell death and dysfunction.

METHODS

Cell culture and treatment
MIN6 cell lines (passages 18 to 20) were cultured at 37°C in a 
humidified incubator with 5% CO2 in Dulbecco’s Modified Ea-
gle’s Medium (DMEM) containing 4.5 g/L glucose supplement-
ed with 10% heat-inactivated fetal bovine serum, 100 IU/mL 
penicillin, 50 µg/mL streptomycin, and 50 µM 2-mercaptoetha-
nol (all from Life Technologies, Paisley, UK). To examine the 
effect of CLU, the cells were incubated with CLU (Sigma-Al-
drich, St. Louis, MO, USA), palmitic acid (R&D Systems Inc., 
Minneapolis, MN, USA), or a combination of both for 24 hours.

Small interfering RNA transfection
We designed small interfering RNA (siRNA) targeted against 
the mouse autophagy-related 3 (Atg3) gene using the siRNA 
target finder of GenScript. The sequences for mouse Atg3 siR-
NA were as follows: sense, 5´-CUG UCU UUG CUG UUA 
CGU U-3´ and antisense, 5´-AAC GUA ACA GCA AAG ACA 
G-3´ (Bioneer, Daejeon, Korea). The sense and antisense strands 
of the nonspecific siRNA duplex were as follows: sense, 5´-
CCU ACG CCA CCA AUU UCG U-3´ and antisense, 5´-ACG 
AAA UUG GUG GCG UAG G-3´. Double-stranded siRNAs 
were transfected into MIN6 cells for 24 hours using Lipo-
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fectamine RNAiMAX transfection reagent (Thermo Fisher Sci-
entific, Carlsbad, CA, USA) and then recovered in fresh media.

Immunoblotting analysis
Protein expression in cells was measured by immunoblotting 
analysis as previously described [22]. Briefly, total protein from 
MIN6 cells was prepared using radioimmunoprecipitation assay 
(RIPA) buffer (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) with protease and phosphatase inhibitors (Thermo Fisher 
Scientific). The proteins were separated by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene difluoride (PVDF) membranes. The 
following primary antibodies were used: anti-LC3, anti-β-actin, 
anti-Atg3, anti-Atg5, anti-Atg7, anti-SQSTM1/p62, anti-be-
clin1, anti-phosphor-mammalian target of rapamycin (mTOR), 
anti-Unc51 like autophagy activating kinase (ULK) 1, anti-
cleaved caspase-3, and anti-total caspase-3 (Cell Signaling 
Technology, Danvers, MA, USA).

Immunofluorescence analysis
MIN6 cells were seeded in a glass bottom dish (SPL Life Sci-
ence, Pocheon, Korea) and cultured for 24 hours in completed 
medium in the presence and absence of CLU and/or palmitic 
acid as described. The cells were fixed in ice-cold 4% parafor-
maldehyde for 5 minutes. Permeabilization was achieved in 
0.01 M phosphate-buffered saline (PBS; Gibco, Bleiswjik, the 
Netherland) and 0.5% Triton X-100 (Sigma-Aldrich) for 5 min-
utes. After blocking with normal goat serum, the cells were in-
cubated with the primary monoclonal antibody for LC3 (1:100; 
Cell Signaling Technology) for 24 hours at 4°C. The cells were 
then treated with a secondary fluorescein isothiocyanate (FITC) 
Alexa Fluor anti-rabbit antibody (1:400; Zymed, Carlsbad, CA, 
USA) for 1 hour at room temperature. To address the morpho-
logical relevance between LC3 and the other autophagy-related 
factors (Atg3 and p62), a double immunofluorescence assay 
was performed using MIN6 cells. To prevent mismatched bind-
ing between the antibodies for double labeling, two primary an-
tibodies prepared from different animal species were applied si-
multaneously and detected by corresponding secondary anti-
bodies conjugated with FITC or tetramethylrhodamine 
(TRITC). To visualize the nuclei, the MIN6 cells were stained 
with 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carls-
bad, CA, USA), and the detected proteins were observed and 
analyzed using an Olympus BX51 microscope (Olympus Opti-
cal Co., Tokyo, Japan).

Immunoprecipitation assay
Total protein samples from MIN6 cells were lysed using RIPA 
buffer and then collected for LC3 immunoprecipitation. The 
proteins were incubated with 2 µg of anti-LC3 antibody (Cell 
Signaling Technology) and stored at 4°C overnight. Bound pro-
teins were recovered after the addition of 30 µL of protein A/G 
agarose beads (Invitrogen) for 1 hour at 4°C. The beads were 
gently centrifuged for 1 minute and washed three times for 5 
minutes each. The bound proteins were resuspended in 20 µL of 
RIPA buffer solution. After heating at 95°C for 5 minutes, the 
immunoprecipitants were separated by SDS-PAGE and then 
transferred onto PVDF membranes for immunoblotting analysis 
to detect Atg3 and p62 proteins.

In situ detection of fragmented DNA (terminal 
deoxynucleotidyl transferase-mediated UTP nick end 
labeling assay)
DNA fragmentation was examined using a commercial kit for 
the detection of apoptosis (ApopTag Red, Merck, Temecula, 
CA, USA). After fixation and permeabilization, the cells were 
added to 75 µL equilibration buffer for 3 minutes, then exposed 
to 55 µL working strength terminal transferase enzyme solution 
in a humidified chamber at 37°C for 1 hour. After washing with 
stop/wash buffer, the cells were incubated with warmed anti-di-
goxigenin conjugate solution at 37°C without exposure to light. 
Finally, the cells were counter-stained with DAPI for 10 min-
utes and mounted on glass sliders after washing with PBS.

RNA extraction and real-time polymerase chain reaction 
analysis
Total RNA was extracted with TRIzol (Life Technologies, 
Carlsbad, CA, USA). The first strand of complementary DNA 
was synthesized by oligo(dT)-primed reverse transcription us-
ing an RT enzyme mix (Thermo Fisher Scientific, Rockford, IL, 
USA), and applied as a template for a real-time polymerase 
chain reaction (PCR) assay with SYBR green I Master (Roche 
Diagnostics, Indianapolis, IN, USA) and following primers: 
Atg3, sense 5´-TAAGGCTGACGCTGGAGGTGAA-3´ and an-
tisense 5´-GTGCTCAACTGTTAAAGGCTGCC-3´, NM_ 
026402). The PCR analysis was performed with a Light Cycler 
480 (Roche, Lewis, UK) and the relative expression of RNA 
was measured by the ΔΔCt formula method.

Glucose-stimulated insulin secretion test
After pre-incubation with glucose-free Krebs Ringer bicarbon-
ate HEPES (KRPH) buffer for 1 hour, MIN6 cells were exposed 
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to DMEM containing 1 or 4.5 g/L glucose for 1 hour. The amount 
of released insulin was measured by a mouse insulin enzyme-
linked immunosorbent assay (Linco Research, St. Charles, MO, 
USA).

Statistical analysis
The statistical data are expressed as the mean±standard error of 
the mean. All calculations were performed using SPSS Statistics 
version 12.0 software (SPSS Inc., Chicago, IL, USA). For eval-
uation of statistical differences, the Student’s t test or a one-way 
analysis of variance was used, and multiple comparisons among 
the experimental groups were investigated with the Bonferroni 
correction test. Differences with a P value <0.05 were consid-
ered significant.

RESULTS

CLU facilitates LC3 conversion
Conversion to LC3-II from LC3-I is a key step to forming the 
autophagosomal inner membrane in the early stage of autopha-
gy. To examine the effect of CLU on LC3 conversion in pancre-
atic β-cells, MIN6 cells were treated with various concentra-
tions of CLU at different time periods. The conversion of LC3-I 
to LC3-II significantly increased at 24 hours after treatment 
with 10 µg/L CLU (Fig. 1A). Furthermore, the fluorescence in-
tensity of detected LC3 proteins dramatically increased after 

CLU treatment compared to vehicle-treated cells (arrowhead in 
Fig. 1B), indicating that CLU treatment increases LC3 protein 
levels in pancreatic β-cells.

CLU increases LC3 protein binding with Atg3 and p62
LC3-II conversion is modulated by the Atg family of proteins. 
In particular, Atg3, Atg4, and Atg7 directly combine with LC3-
I, leading to LC3-II conversion. To define how CLU facilitates 
LC3-II conversion, we examined the expression levels of Atg 
proteins. Treatment with CLU selectively increased the protein 
level of Atg3 but not the other Atg proteins (Fig. 1A). In process 
of LC3-II conversion, Atg3 is coupled with LC3-I, thereby in-
ducing the molecular combination of LC3-I and PE for LC3-II 
synthesis. We performed double labeling of the LC3 and Atg3 
proteins to observe the co-localization of LC3 and Atg3. Con-
sistent with the increase in Atg3 protein expression, the immu-
nofluorescence signal for Atg3 was markedly enhanced by CLU, 
and the number of double-positive cells that simultaneously ex-
pressed both LC3 and Atg3 was significantly increased in CLU-
treated MIN6 cells (Fig. 2B, D). Moreover, treatment with CLU 
remarkably increased the co-localization of LC3 and p62 (Fig. 
2C, D). p62, an adaptor protein, binds to ubiquitinated proteins 
and LC3-II to accumulate the autophagy substrates via localiza-
tion into an autophagic compartment, which transports ubiquiti-
nated proteins and organelles for degradation. Next, we tested 
whether CLU affects LC3 binding affinity with Atg3 and p62. A 
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Fig. 1. Clusterin (CLU) facilitates light chain 3 (LC3)-II conversion in mouse insulinoma 6 (MIN6) cells in a dose- and time-dependent 
manner. (A) MIN6 cells in one group were exposed to CLU for 24 hours at concentrations of 0, 1, 10, and 100 µg/L. MIN6 cells in another 
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co-immunoprecipitation (co-IP) assay using the LC3 antibody 
showed that CLU increases LC3 interaction with both Atg3 and 
p62 (Fig. 2E), which was consistent with the immunofluores-
cence image describing the overlap of LC3 with Atg3 and p62. 
These data suggest that CLU supports the autophagy process by 
facilitating LC3 interaction with Atg3 and p62.

CLU improves β-cells against free fatty acid-induced cell 
death and dysfunction
In this study, we also confirmed the role of the CLU-induced 
LC3-II increase in free fatty acid (FFA)-challenged β-cells. 
MIN6 cells were pretreated with 10 µg/L CLU or vehicle for 8 
hours and subsequently exposed to 0.5 mM palmitate and/or 10 
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Fig. 2. Clusterin (CLU) remarkably increases light chain 3 (LC3) binding with autophagy-related 3 (Atg3) and p62. Mouse insulinoma 6 
(MIN6) cells were treated with 10 µg/L CLU for 24 hours, and protein levels were analyzed from whole lysates. (A) Levels of Atg3, Atg5, 
and Atg7 were detected by Western blotting and normalized to β-actin. (B, C) Morphological association of LC3 with Atg3 or p62 was ana-
lyzed by double immunolabeling using fluorescein isothiocyanate (FITC) and tetramethylrhodamine (TRITC), and co-localized areas are 
indicated by arrowheads. The nuclei were visualized by 4’,6-diamidino-2-phenylindole (DAPI). Scale bars=20 µm. (D) The number of 
double-positive cells was counted, and the results are expressed as mean±standard error of the mean per 100 DAPI-positive cells (n=3 in 
each treatment group). (E) Protein lysates were prepared for co-immunoprecipitation (IP) using LC3. Immunoblotting showed the co-pre-
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µg/L CLU for an additional 24 hours. Treatment with palmitate 
increased basal autophagic activity as evidenced by increased 
LC3-II conversion and expression of autophagy-related factors, 
such as Atg3, p62, beclin-1, and ULK1. Furthermore, in the 
cells treated with palmitate, CLU significantly increased LC3-II 
and Atg3 expression levels but had no effect on beclin-1 and 
ULK1, which are upstream regulators of autophagy (Fig. 3A, 
B). Next, to determine whether the CLU-induced increases in 
LC3-II and Atg3 contributed to the cell protection and improve-
ment, we observed apoptosis and glucose-stimulated insulin se-
cretion (GSIS) in MIN6 cells. Palmitate-induced apoptosis sig-
nificantly decreased following CLU treatment in MIN6 cells 
(Fig. 3C, D), which displayed decreases in the number and in-
tensity of terminal deoxynucleotidyl transferase-mediated UTP 
nick end labeling (TUNEL) positive signals (arrows in Fig. 3C). 
Suppression of apoptosis by CLU was confirmed with the mea-
surement of caspase-3 cleavage. Treatment with CLU clearly 
reduced the cleaved caspase-3 expression level (Fig. 3E, F), in-
dicating that CLU protects MIN6 cells from palmitate-induced 
apoptosis. Moreover, CLU improved glucose-stimulated secre-
tion. Treatment with CLU significantly rescued the palmitate-
induced decrease of insulin secretion in 4.5 g/L glucose-con-
tained media (14.64 ng/mL vs. 22.71 ng/mL, P<0.05) (Supple-
mental Fig. S1).

Atg3 gene knockdown attenuated the protective effect of CLU
Finally, we examined whether autophagy facilitation by CLU is 
involved in its protective effect against lipotoxicity-induced 
apoptosis. Atg3 is an essential factor in LC3-II conversion and 
was markedly increased by CLU treatment. Therefore, we per-
formed Atg3 gene knockdown using Atg3-specific siRNA and 
evaluated the effect of CLU on autophagy and apoptosis of 
MIN6 cells. Transfection of si-Atg3 reduced Atg3 mRNA ex-
pression to 13.6% (Supplemental Fig. S2) and protein expres-
sion to 37.3%. Down-regulation of Atg3 significantly attenuated 
the CLU-induced facilitation of LC3-II conversion (Fig. 4A-C), 
meaning repression of autophagy. In addition, knockdown of 
the Atg3 gene simultaneously eliminated the CLU-induced cy-
toprotective effect. Lipotoxicity-induced apoptosis, detected 
with a red signal in the TUNEL assay, was not recovered by 
CLU in si-Atg3-transfected cells and was also significantly de-
creased in si-scramble (Scr)-treated cells (Fig. 4D, E). Further-
more, Atg3 gene knockdown reversed the inhibition of cas-
pase-3 cleavage by CLU (Fig. 4F, G). These data suggest that 
autophagy is a pivotal mediating process for CLU-induced cell 
protection against lipotoxicity in pancreatic β-cells.

DISCUSSION

Several recent studies have suggested that CLU is an important 
factor for the functional operation of autophagy. It has been re-
ported that CLU expression was required to activate pro-surviv-
al autophagy in kidney tubular epithelial cells [23]. Autophagy 
activation by CLU was also observed to enhance cancer cell 
survival [24], meaning that the cytoprotective effect of CLU 
could be due to its role in autophagy facilitation.

In the present study, we described how CLU protects pancre-
atic β-cells against lipotoxicity-induced apoptosis via autophagy 
activation and discovered that CLU plays a pivotal role in au-
tophagy facilitation in pancreatic β-cells. Treatment with CLU 
significantly increased Atg3 expression and co-localization with 
LC3 as well as binding between Atg3 and LC3, thereby facili-
tating LC3-II conversion. Moreover, CLU remarkably sup-
pressed TUNEL signaling and caspase-3 cleavage, and knock-
down of the Atg3 gene attenuated CLU-induced cell prevention, 
suggesting that upregulation of autophagy and Atg3 expression 
mediates the cytoprotective effect of CLU against lipotoxicity-
induced apoptosis in MIN6 cells.

It is still unclear whether autophagy activation caused by lipo-
toxicity in pancreatic β-cells is a pro-survival or pro-death 
mechanism. However, recent studies suggest that autophagy ac-
tivation is a cell protection mechanism, not a programmed cell 
death mechanism [8,23-26]. In particular, autophagy in pancre-
atic β-cells has been considered as a defense mechanism against 
various type of cell damage though the disposal of toxic aggre-
gates [8,25,26]. It is conceivable that pancreatic β-cells place a 
high burden on protein synthesis and folding due to their role in 
insulin production, and the autophagy system plays a key func-
tion in resolving this burden. In the present study, CLU upregu-
lated autophagosome formation through an increase in LC3-II 
conversion. Furthermore, the TUNEL assay revealed that au-
tophagy activation by CLU markedly reduced FFA-induced 
apoptosis. These findings suggest that β-cell impairment by li-
potoxicity is characterized by the accumulation of protein ag-
gregates and that autophagy activation can be an expedient 
mechanism to reduce this impairment.

The present study also revealed that CLU enhances LC3-II 
conversion by increasing Atg3 expression and the binding affin-
ity between LC3 and Atg3. LC3-II, a lipidated form that is con-
verted from LC3, is an essential contributor to the elongation of 
autophagosomes and thus serves as a widely accepted marker of 
autophagy [27]. During the process of conversion from LC3 to 
LC3-II, various Atg proteins serve as catalytic enzymes or tem-
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porary binding ligands. Atg4 cleaves LC3 to generate LC3-I, 
and the Atg7 homodimer, the Atg12-Atg5-Atg16L1 complex, 
and Atg3 are sequentially involved in LC3-II conversion. Atg3 
dissociates LC3-I from the other Atg proteins and subsequently 
promotes LC3-I/PE conjugation, leading to the generation of 
functional LC3-II for autophagosome elongation [28]. Firstly, 
we showed a remarkable increase in protein level of Atg3 by 
CLU treatment (Fig. 2A), and this is consistent with data of 
Zhang et al. [24] showing that Atg3 expression was down-regu-
lated in heart tissues of CLU gene knockout mice. These results 
suggest that CLU is involved in regulation of Atg3 expression. 
We next demonstrated that CLU enhanced the binding between 
Atg3 and LC3 using co-IP. CLU is known as a chaperone, 
which roles an integral part of protein quality-control system 
regulating recognition and disposal of misfolded proteins. CLU 
contains amphipathic and coiled-coil helices in addition to large 
intrinsic disordered regions, and these structure lead to bind 
CLU with various proteins as well as regulates its function. In-
deed, CLU enhanced proteasomal degradation I-κB by interac-
tion with SCF-βTrCP E3 ligase [29], and regulated the apopto-
sis via interaction with Bcl-x(L) [30]. In the process of LC3-II 
conversion, Atg3 roles as an E2-like enzyme that conjugates 
LC3-I with PE [31]. CLU might facilitate the Atg3 function via 
interaction with Atg3.

A pivotal finding of the present study is that CLU displays di-
rect involvement in LC3-II conversion via the facilitation of 
binding between Atg3 and LC3 without altering the upstream 
pathway of autophagy. Upstream regulators like beclin-1, 
ULK1, and phosphorylated mTOR were not altered by CLU, 
and moreover, lack of Atg3 resulted in a significant reversal of 
the CLU-induced cytoprotective effect. Therefore, CLU is a 
specific autophagy agonist that can activate autophagy without 
impacting other signaling systems in pancreatic β-cells.

CLU is a molecular chaperone that inhibits physical and 
chemical stress-induced aggregation of intracellular proteins 
and serves as a protective molecule by combating cellular im-
pairment in numerous tissues and cells [17,18,32]. The protec-
tive effect of CLU has been principally reported in several stud-
ies about cancer and ischemic diseases. Many reports have 
demonstrated that CLU confers resistance to anti-cancer agents 
in various cancers [33,34], and the role of CLU in autophagy 
has been shown in studies using cancer cells [23]. Alnasser et al. 
[23] also reported that CLU plays a role in autophagy-mediated 
cell protection against hypoxia-mediated injury in kidney epi-
thelial cells. Meanwhile, in the pancreas, it has been found that 
CLU was upregulated in pancreatic islet and acinar cells upon 

injury by streptozotocin injection or FFA treatment and served 
to induced differentiation among insulin-secreting cells during 
pancreatic regeneration [35-37]. A number of studies have re-
ported on the protective effect of CLU in pancreatic cells 
[35,38], but the exact mechanism remains unclear. Here, we 
discovered that CLU facilitates autophagy in pancreatic β-cells, 
which will be helpful for future CLU-related studies of the 
mechanisms of β-cell protection in relation to diabetes treat-
ment.

In conclusion, autophagy regulation is an essential component 
of β-cell protection against FFA-induced cell death. Thus, as a 
facilitator of autophagy, CLU may be relevant to the manage-
ment of FFA-induced diabetes mellitus.

CONFLICTS OF INTEREST

No potential conflict of interest relevant to this article was re-
ported.

ACKNOWLEDGMENTS

This study was supported in part by a grant from the National 
Research Foundation (NRF), which is funded by the Korean 
government (NRF-2020R1I1A1A01072386), and by the Medi-
cal Research Fund from Kangbuk Samsung Hospital. The 
funders had no role in the study design, data collection and 
analysis, decision to publish, or preparation of the manuscript.

AUTHOR CONTRIBUTIONS

Conception or design: S.W.H., E.J.R., W.Y.L. Acquisition, anal-
ysis, or interpretation of data: S.W.H., J.L., M.J.K., S.J.M., 
H.K., S.E.P. Drafting the work or revising: S.W.H., J.L. Final 
approval of the manuscript: S.W.H., E.J.R., W.Y.L.

ORCID

Seok-Woo Hong  https://orcid.org/0000-0002-3288-1901
Eun-Jung Rhee  https://orcid.org/0000-0002-6108-7758
Won-Young Lee  https://orcid.org/0000-0002-1082-7592

REFERENCES

1.	 Poitout V, Amyot J, Semache M, Zarrouki B, Hagman D, 
Fontes G. Glucolipotoxicity of the pancreatic beta cell. Bio-
chim Biophys Acta 2010;1801:289-98. 



Hong SW, et al.

952  www.e-enm.org Copyright © 2020 Korean Endocrine Society

2.	 Ardestani A, Li S, Annamalai K, Lupse B, Geravandi S, Do-
browolski A, et al. Neratinib protects pancreatic beta cells in 
diabetes. Nat Commun 2019;10:5015. 

3.	 Ardestani A, Maedler K. MST1: a promising therapeutic 
target to restore functional beta cell mass in diabetes. Diabe-
tologia 2016;59:1843-9. 

4.	 Boya P, Gonzalez-Polo RA, Casares N, Perfettini JL, Des-
sen P, Larochette N, et al. Inhibition of macroautophagy 
triggers apoptosis. Mol Cell Biol 2005;25:1025-40. 

5.	 Eskelinen EL, Saftig P. Autophagy: a lysosomal degradation 
pathway with a central role in health and disease. Biochim 
Biophys Acta 2009;1793:664-73. 

6.	 Mandrup-Poulsen T, Egeberg J, Nerup J, Bendtzen K, 
Nielsen JH, Dinarello CA. Ultrastructural studies of time-
course and cellular specificity of interleukin-1 mediated islet 
cytotoxicity. Acta Pathol Microbiol Immunol Scand C 1987; 
95:55-63. 

7.	 Kaniuk NA, Kiraly M, Bates H, Vranic M, Volchuk A, Bru-
mell JH. Ubiquitinated-protein aggregates form in pancreat-
ic beta-cells during diabetes-induced oxidative stress and are 
regulated by autophagy. Diabetes 2007;56:930-9.

8.	 Ebato C, Uchida T, Arakawa M, Komatsu M, Ueno T, 
Komiya K, et al. Autophagy is important in islet homeosta-
sis and compensatory increase of beta cell mass in response 
to high-fat diet. Cell Metab 2008;8:325-32. 

9.	 Jung HS, Chung KW, Won Kim J, Kim J, Komatsu M, 
Tanaka K, et al. Loss of autophagy diminishes pancreatic 
beta cell mass and function with resultant hyperglycemia. 
Cell Metab 2008;8:318-24. 

10.	Zoubeidi A, Gleave M. Small heat shock proteins in cancer 
therapy and prognosis. Int J Biochem Cell Biol 2012;44: 
1646-56. 

11.	 Lau SH, Sham JS, Xie D, Tzang CH, Tang D, Ma N, et al. 
Clusterin plays an important role in hepatocellular carcino-
ma metastasis. Oncogene 2006;25:1242-50. 

12.	July LV, Akbari M, Zellweger T, Jones EC, Goldenberg SL, 
Gleave ME. Clusterin expression is significantly enhanced 
in prostate cancer cells following androgen withdrawal ther-
apy. Prostate 2002;50:179-88. 

13.	Oh SB, Kim MS, Park S, Son H, Kim SY, Kim MS, et al. 
Clusterin contributes to early stage of Alzheimer’s disease 
pathogenesis. Brain Pathol 2019;29:217-31. 

14.	Park S, Mathis KW, Lee IK. The physiological roles of apo-
lipoprotein J/clusterin in metabolic and cardiovascular dis-
eases. Rev Endocr Metab Disord 2014;15:45-53. 

15.	Daimon M, Oizumi T, Karasawa S, Kaino W, Takase K, 

Tada K, et al. Association of the clusterin gene polymor-
phisms with type 2 diabetes mellitus. Metabolism 2011;60: 
815-22. 

16.	Zoubeidi A, Chi K, Gleave M. Targeting the cytoprotective 
chaperone, clusterin, for treatment of advanced cancer. Clin 
Cancer Res 2010;16:1088-93. 

17.	Lee J, Hong SW, Kwon H, Park SE, Rhee EJ, Park CY, et al. 
Resveratrol, an activator of SIRT1, improves ER stress by 
increasing clusterin expression in HepG2 cells. Cell Stress 
Chaperones 2019;24:825-33. 

18.	Gregory JM, Whiten DR, Brown RA, Barros TP, Kumita 
JR, Yerbury JJ, et al. Clusterin protects neurons against in-
tracellular proteotoxicity. Acta Neuropathol Commun 2017; 
5:81. 

19.	Pereira RM, Mekary RA, da Cruz Rodrigues KC, Anaruma 
CP, Ropelle ER, da Silva ASR, et al. Protective molecular 
mechanisms of clusterin against apoptosis in cardiomyo-
cytes. Heart Fail Rev 2018;23:123-9. 

20.	Zhang H, Kim JK, Edwards CA, Xu Z, Taichman R, Wang 
CY. Clusterin inhibits apoptosis by interacting with activat-
ed Bax. Nat Cell Biol 2005;7:909-15. 

21.	Ammar H, Closset JL. Clusterin activates survival through 
the phosphatidylinositol 3-kinase/Akt pathway. J Biol Chem 
2008;283:12851-61. 

22.	Hong SW, Lee J, Park SE, Rhee EJ, Park CY, Oh KW, et al. 
Repression of sterol regulatory element-binding protein 1-c 
is involved in the protective effects of exendin-4 in pancre-
atic β-cell line. Mol Cell Endocrinol 2012;362:242-52. 

23.	Alnasser HA, Guan Q, Zhang F, Gleave ME, Nguan CY, Du 
C. Requirement of clusterin expression for prosurvival au-
tophagy in hypoxic kidney tubular epithelial cells. Am J 
Physiol Renal Physiol 2016;310:F160-73. 

24.	Zhang F, Kumano M, Beraldi E, Fazli L, Du C, Moore S, et 
al. Clusterin facilitates stress-induced lipidation of LC3 and 
autophagosome biogenesis to enhance cancer cell survival. 
Nat Commun 2014;5:5775. 

25.	Choi SE, Lee SM, Lee YJ, Li LJ, Lee SJ, Lee JH, et al. Pro-
tective role of autophagy in palmitate-induced INS-1 beta-
cell death. Endocrinology 2009;150:126-34. 

26.	Riahi Y, Wikstrom JD, Bachar-Wikstrom E, Polin N, Zucker 
H, Lee MS, et al. Autophagy is a major regulator of beta cell 
insulin homeostasis. Diabetologia 2016;59:1480-91. 

27.	Klionsky DJ, Abdalla FC, Abeliovich H, Abraham RT, Ace-
vedo-Arozena A, Adeli K, et al. Guidelines for the use and 
interpretation of assays for monitoring autophagy. Autopha-
gy 2012;8:445-544. 



Role of Clusterin in Pancreatic β-Cells

Copyright © 2020 Korean Endocrine Society www.e-enm.org  953

28.	Randall-Demllo S, Chieppa M, Eri R. Intestinal epithelium 
and autophagy: partners in gut homeostasis. Front Immunol 
2013;4:301. 

29.	Zoubeidi A, Ettinger S, Beraldi E, Hadaschik B, Zardan A, 
Klomp LW, et al. Clusterin facilitates COMMD1 and I-kap-
paB degradation to enhance NF-kappaB activity in prostate 
cancer cells. Mol Cancer Res 2010;8:119-30. 

30.	Kim YS, Choi MY, Ryu JH, Lee DH, Jeon BT, Roh GS, et 
al. Clusterin interaction with Bcl-xL is associated with sei-
zure-induced neuronal death. Epilepsy Res 2012;99:240-51. 

31.	Yamada Y, Suzuki NN, Hanada T, Ichimura Y, Kumeta H, 
Fujioka Y, et al. The crystal structure of Atg3, an autophagy-
related ubiquitin carrier protein (E2) enzyme that mediates 
Atg8 lipidation. J Biol Chem 2007;282:8036-43. 

32.	Wang C, Jiang K, Gao D, Kang X, Sun C, Zhang Q, et al. 
Clusterin protects hepatocellular carcinoma cells from endo-
plasmic reticulum stress induced apoptosis through GRP78. 
PLoS One 2013;8:e55981.

33.	Liu T, Liu PY, Tee AE, Haber M, Norris MD, Gleave ME, et 
al. Over-expression of clusterin is a resistance factor to the an-

ti-cancer effect of histone deacetylase inhibitors. Eur J Cancer 
2009;45:1846-54. 

34.	Sallman DA, Chen X, Zhong B, Gilvary DL, Zhou J, Wei S, 
et al. Clusterin mediates TRAIL resistance in prostate tumor 
cells. Mol Cancer Ther 2007;6:2938-47. 

35.	Park IS, Che YZ, Bendayan M, Kang SW, Min BH. Up-reg-
ulation of clusterin (sulfated glycoprotein-2) in pancreatic 
islet cells upon streptozotocin injection to rats. J Endocrinol 
1999;162:57-65. 

36.	Xie MJ, Motoo Y, Su SB, Sawabu N. Expression of clusterin 
in pancreatic acinar cell injuries in vivo and in vitro. Pancreas 
2001;22:126-34. 

37.	Lee S, Hong SW, Min BH, Shim YJ, Lee KU, Lee IK, et al. 
Essential role of clusterin in pancreas regeneration. Dev Dyn 
2011;240:605-15. 

38.	Savkovic V, Gantzer H, Reiser U, Selig L, Gaiser S, Sack U, 
et al. Clusterin is protective in pancreatitis through anti-
apoptotic and anti-inflammatory properties. Biochem Bio-
phys Res Commun 2007;356:431-7. 


