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PDZD8 augments ER-mitochondria contact and regulates Ca?* dynamics and

Cypd expression to induce pancreatic f3-cell death during diabetes
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* HFD-induced diabetes shows MAM formation and PDZD8 expression in islets.

* Knockdown of PDZD8 inhibits MAM formation in islets and pancreatic p-cells.

* PDZD8 knockdown reduces mitochondrial dysfunction in pancreatic B-cells.

» PDZD8 controls ER-mitochondria Ca* transfer and mPTP opening in pancreatic B-cells.
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Background: Diabetes mellitus (DM) is a chronic metabolic disease that poses serious threats to human physical and mental
health worldwide. The PDZ domain-containing 8 (PDZD8) protein mediates mitochondria-associated endoplasmic reticulum
(ER) membrane (MAM) formation in mammals. We explored the role of PDZD8 in DM and investigated its potential mecha-
nism of action.

Methods: High-fat diet (HFD)- and streptozotocin-induced mouse DM and palmitic acid (PA)-induced insulin 1 (INS-1) cell
models were constructed. PDZD8 expression was detected using immunohistochemistry, quantitative real-time polymerase
chain reaction (QRT-PCR), and Western blotting. MAM formation, interactions between voltage-dependent anion-selective
channel 1 (VDACI) and inositol 1,4,5-triphosphate receptor type 1 (IP3R1), pancreatic B-cell apoptosis and proliferation were
detected using transmission electron microscopy (TEM), proximity ligation assay (PLA), terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay, immunofluorescence staining, and Western blotting. The mitochondrial membrane po-
tential, cell apoptosis, cytotoxicity, and subcellular Ca** localization in INS-1 cells were detected using a JC-1 probe, flow cytome-
try, and an lactate dehydrogenase kit.

Results: PDZD8 expression was up-regulated in the islets of HFD mice and PA-treated pancreatic B-cells. PDZD8 knockdown
markedly shortened MAM perimeter, suppressed the expression of MAM-related proteins IP3R1, glucose-regulated protein 75
(GRP75), and VDAC], inhibited the interaction between VDACI1 and IP3R1, alleviated mitochondrial dysfunction and ER stress,
reduced the expression of ER stress-related proteins, and decreased apoptosis while increased proliferation of pancreatic -cells.
Additionally, PDZD8 knockdown alleviated Ca** flow into the mitochondria and decreased cyclophilin D (Cypd) expression.
Cypd overexpression alleviated the promoting effect of PDZD8 knockdown on the apoptosis of p-cells.

Conclusion: PDZD8 knockdown inhibited pancreatic p-cell death in DM by alleviated ER-mitochondria contact and the flow of
Ca* into the mitochondria.
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INTRODUCTION major global threat to human physical and mental health [1].

Type 2 diabetes mellitus (T2DM) accounts for approximately

Diabetes mellitus (DM) is a chronic metabolic disease that is a

90% of all diagnosed cases with diabetes [2,3]. Insulin resis-
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tance and pancreatic B-cell dysfunction are the major features
of T2DM [4]. Maintaining p-cell mass and protecting against
B-cell dysfunction may be effective measures to alleviate
T2DM.

The endoplasmic reticulum (ER) and mitochondria control
vital biological processes, including cell metabolism, energy
production, calcium homeostasis, and protein synthesis [5].
Under many pathological conditions, ER is usually related toxi-
dative stress, metabolic defects, and mitochondrial damage
[6,7]. The mitochondria and ER are interconnected organelles,
and their contact sites are called mitochondria-associated ER
membranes (MAMs) [8,9]. The physical interactions at MAM
simply that ER stress and mitochondrial dysfunction usually
co-exist [10]. Moreover, the ER and mitochondria are key met-
abolic organelles for B-cell function. ER activation plays a cru-
cial role in insulin response to glucose synthesis, proper fold-
ing, and classification. The ER forms a major intracellular Ca*
reservoir, and the controlled release of Ca** into cytosol is an
essential step in insulin synthesis [11]. Under normal circum-
stances, low constitutive levels of calcium are released from the
ER to maintain calcium signaling and adenosine triphosphate
(ATP) production in the mitochondria [12,13]. Nevertheless,
the role of MAM in pancreatic B-cell dysfunction needs further
investigation.

PDZ domain-containing 8 (PDZDS8) is a recently identified
protein that mediates the formation of the mammalian MAM
[14]. It contains a synaptic-binding protein-like mitochondrial
lipid-binding domain and is involved in binding these mem-
brane contact sites through interactions with many proteins
and membrane lipids [15]. PDZD8 forms complexes with pro-
trudin, VAMP-associated protein (VAP), and member RAS
oncogene family (Rab7) at membrane contact sites between the
ER and late endosomes and lysosomes (LES/Lys) to regulate
the transfer of lipids from ER to LES/Lys [16-19]. Studies have
shown that PDZD8 promotes the progression of lung adeno-
carcinoma and gastric cancer [20,21]. Additionally, PDZDS is
involved in cytoskeletal modulation as a moesin-interacting
protein [22]. However, whether PDZD8 is involved in the regu-
lation of pancreatic -cell function remains unclear.

In this study, we established a diabetic mouse model and a cell
model to detect PDZD8 expression and function in pancreatic
B-cells. The MAM perimeter and MAM-related protein expres-
sion, voltage-dependent anion-selective channel 1 (VDACI)-
inositol 1,4,5-triphosphate receptor type 1 (IP3R1) interaction,
mitochondrial membrane function, and ER stress-related pro-
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tein expression in islet tissues and pancreatic B-cells were ex-
plored. Additionally, the mitochondrial Ca** level and cy-
clophilin D (Cypd) protein expression in -cells were detected.
Our findings suggest that PDZD8 induces death in pancreatic
B-cells in DM by enhancing ER-mitochondrial contact and
regulating Ca”" kinetics and Cypd expression.

METHODS

DM animal model

C57BL/6] mice (male, 8-week-old, Jinan Pengyue Experimental
Animal Breeding Co. Ltd., Jinan, China) were divided into a nor-
mocaloric diet (NCD) group (n=6) and a high-fat diet (HFD)
group (n=24). The experimental protocol was performed in ac-
cordance with the Guide for the Care and Use of Laboratory Ani-
mals and was protocol approved by the Shandong Provincial
Hospital (approve no.: 2022-283).

The model group was fed HED for 12 weeks and then fasted
for 6 hours. After fasting, a 1% streptozotocin (STZ; Yeasen,
Shanghai, China) solution was injected intraperitoneally at a
dose of 30 mg/kg body weight for 7 consecutive days. After
STZ injection, blood samples were collected from the tail vein
to determine fasting blood-glucose levels. Mice with a fasting
blood-glucose >11.1 mmol/L were formally included in the
HFED group (n=18). After screening, the mice continued to be
fed HFD for 12 weeks. Finally, the mice were anaesthetized
with a 2% pentobarbital sodium injection, the pancreas was
excised, blood was collected, and the serum was centrifuged
for subsequent experiments.

AAV9 delivery of shPDZD8

Two weeks before STZ injection, 12 of the HFD mice were ad-
ministrated with either adeno-associated virus 9 (AAV9)-shR-
NA negative control (shNC) (AAV9-shNC group; n=6) or AAV9-
short hairpin PDZD8 (shPDZD8) (AAV9-shPDZD8 group; n=6)
ata dose of 1 x 10" viral genomes per mouse via tail vein injection.

Transmission electron microscopy

Islet tissues and insulin 1 (INS-1) cells were fixed with 2.5%
glutaraldehyde for 2 hours, stained with 1% osmium tetroxide
for 1 hour, dehydrated in ethanol, and then treated with propyl-
ene oxide. After embedding in Epon 812 epoxy resin, the tis-
sues and cells were sectioned into 100-nm ultrathin sections.
After staining with uranyl acetate and lead citrate, the results
were observed using a Bio-HVEM system (JEOL, Akishima,
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Japan). The perimeters of MAM and mitochondria were mea-
sured using the Image] software (National Institutes of Health,
Bethesda, MD, USA).

Immunohistochemistry

The pancreatic tissue was fixed in 4% formaldehyde, and then
dehydrated, vitrified, waxed, embedded and sliced into sections.
After incubation with anti-PDZD8 antibody (bs-9043R; Bioss
Antibodies, Woburn, MA, USA) at 4°C overnight, the sections
were incubated with horseradish peroxidase (HRP)-labeled
secondary antibody (31460; Thermo Fisher Scientific, Shang-
hai, China) at 25°C for 60 minutes. The sections were stained
with 3,3-diaminobenzidine tetrahydrochloride hydrate (DAB)
color-developing solution (P0202; Beyotime, Shanghai, China)
and hematoxylin. Staining results were observed and photo-
graphed under a light microscope.

Proximity ligation assay

The islet tissue was subjected to antigen extraction and peroxi-
dase quenching according to the immunohistochemical de-
scription. INS-1 cells were fixed with 4% paraformaldehyde and
vitrified using 0.2% Triton-X. The sections and cells were incu-
bated with primary antibodies (VDACI, ab186321 and IP3R1,
ab308165; both from Abcam, Cambridge, UK) at 4°C overnight
and secondary antibody conjugated with anti-rabbit proximity
ligation assay (PLA) probe Plus (DU092002; Merck, Shanghai,
China) and anti-mouse PLA probe Minus (DU092004; Merck)
at 37°C for 1 hour. Images were captured under a light or fluo-
rescence microscope.

Assessment of mitochondrial function
The islet tissues were minced into small pieces and rinsed in
ice-cold phosphate buffer saline (PBS) to thoroughly remove
excess blood. The tissues were then homogenized in PBS with
a glass homogenizer on ice. The homogenates were centrifuged
for 5 minutes at 5,000 x g to obtain the supernatant and stored
at -20°C.
(1) Hydrogen peroxide (H.O,) detection: HO, production
in the islet tissues was detected using the Amplex Red Hy-
drogen Peroxide/Peroxidase Assay Kit (A22188; Thermo
Fisher Scientific). The supernatant was mixed with 50 uL of
10 mM Amplex Red reagent stock solution, 100 pL of 10 U/
mL HRP stock solution, and 4.85 mL of 1X Reaction Buffer
and then incubated at room temperature for 30 minutes. The
absorbance at 570 nm was measured using a spectrophotom-
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eter, and H,O, production was calculated using a standard
curve.

(2) Lipid peroxidation analysis: the lipid peroxidation analy-
sis was detected using the competition enzyme-linked im-
munosorbent assay (ELISA) kit for 4-hydroxynonenal
(ABIN6964478; Antibodies-online, Aachen, Germany). The
96-well plates were washed two times before adding the sam-
ples. The samples (50 pL) and biotin-labeled antibody (50
uL) were added into each well, mixed thoroughly and then
incubated at 37°C for 45 minutes. The plates were washed
three times with Wash Buffer. HRP-streptavidin conjugate
working solution (100 pL) was added into each well and in-
cubated at 37°C for 30 minutes. After washing the plates five
times with wash buffer, 3,3°,5,5 -tetramethylbenzidine
(TMB) substrate (90 pL) was added into each well and incu-
bated at 37°C in the dark within 15 minutes. Stop solution
(50 uL) was then added into each well and the absorbance at
450 nm was immediately read using a microplate reader.

(3) The ATP levels in the mitochondria of the islet tissues
were detected using the ATP assay kit (ab83355; Abcam).
The plates were set up for standard (50 pL), samples (50 pL),
and sample background controls (50 uL). After preparation,
ATP reaction mix (50 pL) was added to each standard and
sample well, and background reaction mix (50 pL) was add-
ed to the sample background control wells. The plates were
incubated at 25°C for 30 minutes in the dark, and the fluo-
rescence intensity at Ex/Em=535/587 nm was measured.

(4) Mitochondrial DNA (mtDNA) quantification: mtDNA
and genomic DNA were isolated from the islet tissues and
INS-1 cells using the DNeasy Blood & Tissue Kit (69506;
Qiagen, Shanghai, China). mtDNA was quantified using
quantitative real-time polymerase chain reaction (QRT-PCR).

TUNEL staining

The apoptosis of B-cells in islets was detected using the termi-
nal deoxynucleotidyl transferase dUTP nick end labeling (TU-
NEL) apoptosis assay kit (C1091; Beyotime). After dewaxing
and hydration, the sections were incubated with protease K so-
lution at 25°C for 15 minutes to remove tissue protein. To inac-
tivate the endogenous peroxidase, the sections were incubated
in 3% H,O, at 25°C for 20 minutes. After PBS washing, the
sections were incubated with 50 uL biotin-labeling solution at
37°C in dark for 1 hour and 0.5 mL DAB color-developing so-
lution at 25°C for 30 minutes. Images were captured under a
light microscope.

Diabetes Metab ] 2024;48:1058-1072  https://e-dmj.org
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Immunofluorescent staining

The pancreatic tissue was fixed in 4% formaldehyde, dehydrat-
ed in 30% sucrose, and embedded in optimal cutting tempera-
ture compound. Tissues were sectioned into 5-um thick and
incubated with primary anti-insulin (#3014, Cell Signaling
Technology, Danvers, MA, USA) or anti-Ki67 (27309-1-AP,
Proteintech, Rosemont, IL, USA) antibodies at 4°C overnight fol-
lowed by incubation with anti-rabbit immunoglobulin G (IgG)
secondary antibodies (#4413 or #4412, Cell Signaling Technolo-
gy) at room temperature for 1 hour. Nuclei were stained with
4’,6-diamidino-2-phenylindole (DAPI). The sections were pho-
tographed under a fluorescence microscope.

Pancreatic 3-cell culture

INS-1 cells (Procell, Wuhan, China) were cultured in RPMI-1640
containing 10% fetal bovine serum, 50 pmol/L -mercaptoethanol,
and 1% penicillin-streptomycin solution (Procell) at 37°C. Pal-
mitic acid (PA; S30037, Shanghai YuanyeBio-Technology Co.
Ltd., Shanghai, China) dissolved in dimethyl sulfoxide (DMSO)
was used to treat cells at a dose of 0.5 mM for 24 hours.

Cell transfection

The siRNA PDZ domain-containing 8 (siPDZD8; 5'-GCTTA-
AAGTTACATTGCTAGA-3"), negative control (siNC; 5'-GC-
ATATTAAGTAGTCGTTACA-3"), Cypd overexpressed plas-
mid (Cypd), and the empty pcDNA3.1 vector (pcDNA3.1) were
purchased from RiboBio (Guangzhou, China). Lipofectamine
3000 was used for INS-1 cell transfection for 48 hours accord-
ing to the manufacturer’s instructions.

Apoptosis detection

INS-1 cells were collected, resuspended with 1x binding buf-
fer, and mixed with Annexin V/FITC (CA1020, Solarbio, Bei-
jing, China) in a flow tube and incubated at 25°C for 5 minutes
in the dark. After adding propidium iodide solution and PBS
to the flow tube, flow detection was performed immediately.

Lactate dehydrogenase assay

INS-1 cells were cultured in 96-well plates (5x10° cells/well)
for 24 hours and then incubated with lactate dehydrogenase
(LDH) release reagent (C0016; Beyotime) at 37°C for 1 hour.
LDH release was quantified by measuring the absorbance at
490 nm using a microplate reader (Thermo Fisher Scientific).

https://e-dmj.org  Diabetes Metab J 2024;48:1058-1072
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Glucose-stimulated insulin secretion

INS-1 cells were pre-incubated with Krebs-Ringer Bufter (KRB;
G0430, Solarbio) containing 2.8 mM of glucose for 2 hours and
incubated with KRB containing 2.8 or 16.7 mM of glucose for 1
hour at 37°C. Insulin secretion in the media was measured us-
ing an insulin ELISA kit (E-EL-R2466¢, Elabscience, Houston,
TX, USA).

qRT-PCR

Total RNA was extracted from islet tissues using TRIzol (R0016,
Beyotime). The first-strand cDNA synthesis kit (D7168, Beyo-
time) was used to synthesize first-strand cDNA. Quantitative
polymerase chain reaction (QPCR) was performed using Cham
QSYBR qPCR Master Mix (Q311, Vazyme, Nanjing, China).
mRNA levels were calculated using the 272*“* method. The
primer sequences were as follows: PDZDS, 5'-GCTCATTGC-
TATTGGAGGTGTG-3" (F) and 5'-AGCTTTCTTCCAAC-
TGGCCC-3" (R); p-actin, 5'-CACTGTCGAGTCGCGTCC-3’
(F) and 5"-TCATCCATGGCGAACTGGTG-3" (R).

Western blotting

Total protein was isolated from the tissues and cells using ra-
dio-immunoprecipitation assay (RIPA) buffer (P0013C, Beyo-
time). The protein samples were separated using 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then
transferred onto polyvinylidene fluoride membranes. The
membranes were blocked with non-fat milk for 2 hours. After
incubation with primary antibodies at 4°C overnight, the
membranes were incubated with secondary antibody for 2
hours at 25°C. The bands were visualized using an enhanced
chemiluminescent kit (P0018, Beyotime). The primary anti-
bodies were PDZD8 (bs-9043R, Bioss Antibodies), IP3R1
(ab308165, Abcam), glucose-regulated protein 75 (GRP75;
14887-1-AP, Proteintech), VDACI1 (ab186321, Abcam), pro-
tein disulfide isomerase (#3501, Cell Signaling Technology),
cytochrome c oxidase 4 (COX IV; #4850, Cell Signaling Tech-
nology), B-tubulin (10094-1-AP, Proteintech), protein kinase R
(PKR)-like endoplasmic reticulum kinase (PERK; ab229912,
Abcam), phosphorylated PERK (p-PERK; PA5-40294, Ther-
mo Fisher Scientific), eukaryotic translation initiation factor
2A (elF2a; #5324, Cell Signaling Technology), p-elF2a (#3597,
Cell Signaling Technology), activating transcription factor 4
(ATF4; 60035-1-Ig, Proteintech), C/EBP-homologous protein
(CHOP; 15204-1-AP, Proteintech), glyceraldehyde 3-phos-
phate dehydrogenase (ab9485, Abcam), BCL2 associated X,

1061



Liu Y, et al.

dmj

apoptosis regulator (Bax; 50599-2-Ig, Proteintech), B cell lym-
phoma 2 (Bcl-2; ab196495, Abcam), cleaved caspase3 (19677-
1-AP, Proteintech), and Cypd (ab231155, Abcam). The sec-
ondary antibody was goat anti-rabbit/mouse IgG H&L (HRP)
(ab6721 or ab6789, respectively; Abcam).

Mitochondrial membrane potential detection

The mitochondrial membrane potential was measured using a
mitochondrial membrane potential assay kit with JC-1
(C2006, Beyotime). INS-1 cells were seeded into 6-well plate
(5% 10° cells/well) and cultured for 12 hours. Cells were incu-
bated with JC-1 staining working solution at 37°C for 20 min-
utes. The supernatant was removed and the cells were washed
twice with JC-1 dye buffer. After resuspending the cells in cell
culture medium, the results were observed under a fluores-
cence microscope. For imaging the JC-1 monomer, the excita-
tion wavelength was 490 nm and the emission wave length,
530 nm; for JC-1 aggregates, the excitation wave length was
525 nm and the emission wavelength, 590 nm.

Subcellular Ca** measurement

INS-1 cells were cultured with Fura-2 AM (40702ES50, Yeasen)
on coverslips and then washed with Ca**-free KRB (G0430, So-
larbio). After transfer to the perfusion chamber under an invert-
ed microscope (Olympus, Tokyo, Japan), the cells were alter-
nately excited at 340 and 380 nm using a monochromatic light
source (LAMDA DG-4, Sutter, Novato, CA, USA). The fluores-
cence images were photographed at 510 nm with an intensified
CCD camera (Roper Scientific, Trenton, NJ, USA). The fluores-
cence intensity ratio (F340/F380) was estimated using the Meta-
Fluor 6.1 software (Molecular Devices Corp., Downington, PA,
USA). The Ca*" levels in the mitochondria and cytoplasm were
measured with protein probe Fura-2. The cells were excited at
wavelengths of 540 and 490 nm, monitored using an inverted
microscope equipped with a Cascade 512B camera (Roper Sci-
entific). The ratiometric recording of the emitted fluorescence
was performed using the MetaMorph software.

Statistical analysis

Data are presented as the mean +standard deviation and ana-
lyzed using GraphPad Prism 7.0 (GraphPad Software Inc., San
Diego, CA, USA). Differences between two groups were ana-
lyzed using Student’s t-test and those among multiple groups
using one-way analysis of variance (ANOVA) followed by
Bonferronis test. P values <0.05 were considered to indicate
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statistical significance.

RESULTS

MAM formation and high PDZDS8 expression are observed
in the pancreatic islets of HFD-induced diabetic mice
Compared with the NCD group, HFD dramatically increased
fasting glucose levels (Supplementary Fig. 1A), decreased insu-
lin levels (Supplementary Fig. 1C), and led to the development
of insulin resistance (Supplementary Fig. 1B), indicating the
DM mouse model was successfully established. Transmission
electron microscopy (TEM) was used to observe and measure
MAM formation in B-cells. The perimeter of MAM in the HFD
model group was longer than that in the NCD group (Supple-
mentary Fig. 1D and E). PDZD8 was highly expressed in the is-
let tissues of the HFD group compared with its expression in the
NCD group (Supplementary Fig. 1F-H). MAM-related proteins
in MAM, including IP3R1, GRP75, and VDACI, were highly
expressed in the HFD group compared with the NCD group
(Supplementary Fig. 1H). These data demonstrate MAM for-
mation and high PDZD8 expression in the DM mouse model.

AAV9 delivery of shPDZDS8 inhibits MAM formation in
the pancreatic islets of diabetic mice

The AAV9-shPDZD8 group exhibited lower fasting glucose
levels and higher insulin levels than the AAV9-shNC group
(Fig. 1A and C). Different to the effect of AAV9-shNC, AAV9-
shPDZDS8 significantly reversed HFD-induced insulin resis-
tance (Fig. 1B). MAM perimeter was lengthened in the HFD
group compared with that in the NCD group. Compared with
the AAV9-shNC group, the AAV9-shPDZD8 shortened MAM
perimeter (Fig. 1D and F). Compared with the NCD group, el-
evated VDAC1-IP3RI1 signal counts appeared in the pancreat-
ic islets of the HFD group. Compared with the AAV9-shNC
group, AAV9-shPDZD8 suppressed VDACI-IP3R1 staining
intensity (Fig. 1E and G). The expression of IP3R1, GRP75,
and VDACI in the HFD group was higher in the HFD group
than in the NCD group. Compared with the AAV9-shNC
group, the AAV9-shPDZD8 inhibited the expression of these
proteins (Fig. 1H).

AAV9 delivery of shPDZD8 inhibits mitochondrial
dysfunction and pancreatic f-cell death in diabetic mice
Compared with the NCD group, the levels of H,O, and 4-hy-
droxynonenal (HNE) in the HFD group increased, while the

Diabetes Metab ] 2024;48:1058-1072  https://e-dmj.org
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(PLA). The dots represent the complex of VDACI1 and IP3R1. (H) The protein expression of MAM-related proteins in islet tissues
was detected by Western blotting. M, mitochondria; GRP75, glucose-regulated protein 75; PDI, protein disulfide isomerase; COX
IV, cytochrome ¢ oxidase 4. *P<0.05 vs. normocaloric diet (NCD) group, "P<0.05 vs. high-fat diet (HFD)-+A AV9-shRNA negative

control (shNC) group.
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Fig. 2. Adeno-associated virus 9 (AAV9) delivery of short hairpin PDZ domain-containing 8 (shPDZD8) inhibits mitochondrial
dysfunction and pancreatic B-cell death of diabetic mice. The levels of (A) H.O,, (B) 4-hydroxynonenal (HNE), (C) adenosine tri-
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Fig. 2. Continued

merase chain reaction. (E) The expression of endoplasmic reticulum (ER) stress-related proteins were detected by Western blotting.
(F) The apoptosis of B-cells in islet tissues was detected by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining. (G) Immunofluorescence of insulin Ki67 was performed for detecting pancreatic B-cell mass and proliferation. (H) Quanti-
tative data of TUNEL-positive B-cells per islet. (I) Quantitative data of Ki67-positive 3-cells per islet. p-PERK, phosphorylated pro-
tein kinase R (PKR)-like endoplasmic reticulum kinase; p-eIF2a, phosphorylated eukaryotic translation initiation factor 2A; ATF4,
activating transcription factor 4; CHOP, C/EBP-homologous protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. *P<0.05
vs. normocaloric diet (NCD) group, "P<0.05 vs. high-fat diet (HFD)+AAV9-shRNA negative control (shNC) group.
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Fig. 3. PDZ domain-containing 8 (PDZD8) knockdown inhibits palmitic acid (PA)-induced mitochondria-associated endoplas-
mic reticulum membrane (MAM) formation in insulin 1 (INS-1) cells. (A, B) The MAM in INS-1 cells was measured using the
transmission electron microscopy (TEM). The red arrows point to MAM. (C) The interaction between voltage-dependent anion-
selective channel 1 (VDACI) and inositol 1,4,5-triphosphate receptor type 1 (IP3R1) was detected using the proximity ligation as-
say. (D) The protein expression of PDZD8 and MAM-related proteins in INS-1 cells were detected by Western blotting. M, mito-
chondria; siPDZD8, siRNA PDZ domain-containing 8; GRP75, glucose-regulated protein 75; PDI, protein disulfide isomerase;
COX 1V, cytochrome c oxidase 4. *P<0.05 vs. control (Con) group, "P<0.05 vs. PA+shRNA negative control (shNC) group.

content of ATP and mtDNA decreased, indicating impaired ~ AAV9-shPDZD8 alleviated the above effects (Fig. 2A-D). The
mitochondrial function. Compared with AAV9-shNC, the levels of ER stress-related proteins in the islet tissues of the
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HFD group remarkably increased compared with those of the  the percentage of TUNEL-positive B-cells (Fig. 2F and H). Ad-
NCD group. Compared with the AAV9-shNC group, AAV9-  ditionally, pancreatic f-cell mass and proliferation were de-
shPDZD8 alleviated the above condition (Fig. 2E). Compared  creased in HFD group while AAV9-shPDZD8 increased them
with the NCD group, the percentage of TUNEL-positive B-cells  (Fig. 2G and I).
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Fig. 4. PDZ domain-containing 8 (PDZD8) knockdown inhibits palmitic acid (PA)-induced mitochondrial dysfunction and en-
doplasmic reticulum (ER) stress in insulin 1 (INS-1) cells. (A, B) The mitochondrial membrane potential was detected using JC-1
probe. Green fluorescence indicates low mitochondrial membrane potential and red fluorescence indicates high mitochondrial
membrane potential. (C) Insulin secretion was detected by enzyme-linked immunosorbent assay (ELISA) induced by 16.7 mM
glucose as glucose-stimulated insulin secretion. (D) The copy fold of mitochondrial DNA (mtDNA). (E) The expression of ER
stress-related proteins was detected by Western blotting. siPDZD8, siRNA PDZ domain-containing 8; p-PERK, phosphorylated
protein kinase R (PKR)-like endoplasmic reticulum kinase; p-eIF2a, phosphorylated eukaryotic translation initiation factor 2A;
ATF4, activating transcription factor 4; CHOP, C/EBP-homologous protein; GAPDH, glyceraldehyde 3-phosphate dehydroge-
nase. *P<0.05 vs. control (Con) group, °P<0.05 vs. PA+shRNA negative control (shNC) group.
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PA increases MAM formation and PDZD8 expression in
INS-1 cells

In vitro, PA promoted the formation of MAM in INS-1 cells.
The perimeter of the MAM in the PA group was longer than
that in the control group (Supplementary Fig. 2A and B). Com-
pared with the control group, the PA group showed increased
VDACI1-IP3R1 interactions in cells (Supplementary Fig. 2C).
The expression of PDZD8 and MAM-related proteins, including
IP3R1, GRP75, and VDACI, in MAM dramatically increased in
the PA group compared with that in the control group (Supple-
mentary Fig. 2D).

PDZD8 knockdown inhibits PA-induced MAM formation
in INS-1 cells
PA markedly lengthened the perimeter of MAM. PDZD8 knock-

dmj

down shortened the perimeter of MAM in comparison with that
in the siNC group (Fig. 3A and B). PA promoted the interaction
between VDACI and IP3R1 in INS-1 cells. PDZD8 knockdown
suppressed the interaction between VDACI1 and IP3R1 (Fig. 3C).
Additionally, PA dramatically increased the expression of MAM-
related proteins, including IP3R1, GRP75, and VDACI, com-
pared with that in the control group. PDZD8 knockdown sig-
nificantly decreased the levels of these proteins (Fig. 3D).

PDZD8 knockdown inhibits PA-induced mitochondrial
dysfunction and ER stress in INS-1 cells

PA decreased the relative fluorescence intensity of aggregate
JC-1 compared with that in the control group. siPDZD8 trans-
fection increased the relative fluorescence intensity of aggregate
JC-1 compared with the effect in the siNC-transfected cells
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Fig. 5. PDZ domain-containing 8 (PDZD8) knockdown inhibits palmitic acid (PA)-induced insulin 1 (INS-1) cell death. (A, B)
The apoptosis of INS-1 cells was detected using the flow cytometry. (C) The cytotoxicity was detected by lactate dehydrogenase
(LDH) kit. (D) The expression of mitochondrial apoptosis-related proteins was detected by Western blotting. PE-H, phycoery-
thrin-H; FITC-H, fluorescein isothiocyanate-H; siPDZD8, siRNA PDZ domain-containing 8; Bcl-2, B cell lymphoma 2; Bax,
BCL2 associated X, apoptosis regulator; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. *P<0.05 vs. control (Con) group,

°P<0.05 vs. PA+shRNA negative control (shNC) group.
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(Fig. 4A and B). Considering that mitochondrial function is  with the siNC group, PDZD8 silencing alleviated the increased
pivotal for insulin secretion, we examined the effects of PDZD8  levels of these proteins (Fig. 4E).

silencing on glucose-stimulated insulin secretion (GSIS). PA

decreased GSIS in INS-1 cells while PDZDS silencing in-  PDZD8 knockdown inhibits PA-induced INS-1 cell death
creased GSIS (Fig. 4C). PA reduced mtDNA copy numbers ~ Compared with the control group, PA increased the proportion
while PDZDS silencing increased it (Fig. 4D). Higher levels of  of apoptotic cells. PDZD8 silencing reduced the proportion of
p-PERK/PERK, p-elF2a/elF2a, ATF4, and CHOP were ob-  apoptotic cells compared to the siNC group (Fig. 5A and B). PA
served in PA group than that in the control group. Compared  increased the level of LDH, while PDZDS8 silencing significant-
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Fig. 6. PDZ domain-containing 8 (PDZD8) regulates insulin 1 (INS-1) cell death due to endoplasmic reticulum (ER)-mitochon-
dria Ca*" transfer and cyclophilin D (Cypd)-dependent mitochondrial permeability transition pore (mPTP) opening. (A, B) The
subcellular localization of intracellular Ca** was detected using fluorescence probes. (C) The Cypd expression in INS-1 cells was
detected by Western blotting. (D) The apoptosis of INS-1 cells was detected using the flow cytometry. ATP, adenosine triphosphate;
CPA, cyclopiazonic acid; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. *P<0.05 vs. control (Con) group, "P<0.05 vs. pal-
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group.
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ly inhibited LDH level (Fig. 5C). Compared with the control
group, PA suppressed the level of Bcl-2 and increased the levels
of Bax and cleaved caspase3. Compared with the siNC group,
PDZDS silencing alleviated the changes in the levels of these
proteins (Fig. 5D).

PDZDS8 regulates INS-1 cell death due to ER-mitochondria
Ca’ transfer and Cypd-dependent mitochondrial
permeability transition pore opening

The levels of Ca* in the mitochondria and cytoplasm of cells in
the PA group increased compared to those in the control group.
After ATP and cyclopiazonic acid (CPA; a sarcoplasmic [SR]/
ER Ca**-ATPase inhibitor) stimulation, Ca?* levels in the mito-
chondria continued to increase, while those in the cytoplasm
began to decrease, suggesting that PA promoted Ca** flow into
the mitochondria. Compared with the siNC group, PDZDS8 si-
lencing alleviated the flow of Ca* into mitochondria (Fig. 6A
and B). Cypd is a key regulatory protein for mitochondrial per-
meability transition pore (mPTP) opening that is closely related
to Ca*" kinetics. Cypd expression was determined to further re-
veal the mechanism by which PDZD8 affects pancreatic -cell
activity. PA promoted Cypd expression compared to the control
group. However, siPDZD8 transfection inhibited Cypd expres-
sion (Fig. 6C). To further investigate the role of Cypd expres-
sion in PDZD8-mediated pancreatic -cell apoptosis, PDZD8
siRNA and Cypd overexpression vectors were co-transfected
into cells. Cypd overexpression alleviated the promoting effect
of PDZD8 siRNA on cell apoptosis (Fig. 6D).

DISCUSSION

In this study, mice were fed HFD and injected with STZ to es-
tablish the T2DM mouse model. PDZD8 was highly expressed
in the HFD mice. After PDZD8 knockdown in the HFD mice,
the MAM perimeter, ER stress, mitochondria dysfunction, and
pancreatic 3-cell apoptosis were reduced, whereas pancreatic
B-cell proliferation and mass were increased suggesting PDZD8
may be a new target for the treatment of T2DM by regulating
the ER-mitochondria contact and Ca** dynamics (Supplemen-
tary Fig. 3).

ER stress is an important pathway for the transmission of
apoptotic signals [23]. In response to various stimuli, ER dys-
function leads to the accumulation of misfolded proteins, ulti-
mately resulting in ER stress [24]. PERK, a transmembrane sig-
nal transducer located in ER, is activated in response to ER

https://e-dmj.org  Diabetes Metab J 2024;48:1058-1072
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stress [25]. Activated PERK (p-PERK) phosphorylates elF2a
and activates the selective translation of ATF4 [26]. Next, the
continuous expression of ATF4 promotes the expression of
apoptosis-related genes under strong ER stress. CHOP, a gene
downstream of ATF4, is a transcription factor that promotes
apoptosis [27]. In this study, the levels of ER stress-related pro-
teins in the islet tissues of HFD mice and PA-treated pancreatic
B-cells were dramatically up-regulated, while PDZD8 knock-
down remarkably inhibited ER stress.

The mitochondria play a key role in the regulation of meta-
bolic pathways and in maintaining a proper energy balance in
tissues [28,29]. Most cellular ATP is produced through the tri-
carboxylic acid cycle and oxidative phosphorylation to meet
cell energy requirements [30]. mtDNA carries the genetic ma-
terial in mitochondria [31]. Mitochondrial dysfunction can
lead to ultrastructural mitochondrial damage, ATP depletion,
increased permeability of outer and inner membranes, reactive
oxygen species (ROS) overproduction, and mtDNA deletion
[32,33]. DM is associated with decreased mitochondrial func-
tion, including decreased mitochondrial numbers [34], im-
paired lipid oxidation [35,36], excessive production of ROS
[34,37], and mtDNA defects and mutations [38,39]. HNE is
considered to be a cytotoxic product of lipid peroxidation [40].
In this study, the H,O, and HNE levels increased, while the
ATP content and mtDNA copy number decreased in HFD
mice. The mitochondrial membrane potential and mtDNA
copy number of PA-treated pancreatic B-cells markedly de-
creased. PDZD8 knockdown inhibited the levels of H,O, and
HNE and increased ATP content and mtDNA copy number in
the pancreatic tissue of HFD mice. PDZD8 knockdown also
increased the mitochondrial membrane potential and mtDNA
copy number in PA-treated p-cells, suggesting PDZD8 knock-
down can alleviate diabetic mitochondrial dysfunction.

MAM, a special domain that mediates the tight connections
between mitochondria and ER, plays an important role in
maintaining cellular homeostasis [41]. Impaired MAM signal-
ing can lead to the onset or exacerbation of many diseases, in-
cluding diabetes [41]. MAMs affect insulin signaling through
pathways related to mitochondrial function, ER stress, calcium
signaling, and lipid metabolism [42]. Various proteins, includ-
ing IP3R1, VDACI, and GRP75, are enriched at the MAM in-
terface to maintain MAM structure and function [43]. MAM is
a bridge for Ca™ transfer between the ER and mitochondria
[44]. Ca* is released from ER into the mitochondria via the
MAM complex IP3R1-VDACI [45]. Shortening the distance
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between MAMs leads to increased efficiency of Ca®* transport,
resulting in mitochondrial Ca* overload [44]. Excessive Ca*"
accumulation in the mitochondria opens mPTP and promotes
the release of pro-apoptotic factors [46]. Cypd, a major regula-
tor of mPTP, mediates this process [47]. In this study, PDZD8
knockdown remarkably shortened the MAM perimeter, de-
creased the expression of the MAM-related proteins IP3R1,
VDACI, and GRP75, and inhibited the interaction between
VDACI and IP3R1, thus alleviating the flow of Ca** into the
mitochondria. Furthermore, PDZD8 knockdown dramatically
inhibited Cypd protein levels and reduced the death of PA-
treated P-cells. These data suggest that PDZD8 knockdown
may inhibit B-cell apoptosis by regulating Ca** kinetics through
MAM.

Lipotoxicity and glucotoxicity are implicated in the patho-
genesis of T2DM [48]. Lipotoxicity refers to cellular dysfunc-
tion induced by increased levels of circulating free fatty acids
or cellular fat content. Glucotoxicity is defined as cellular dam-
age induced by elevated blood-glucose concentration [49].
Both lipotoxicity and glucotoxicity manifest in the liver, mus-
cles, and pancreatic islets. Excess free fatty acids, or glucose, or
both may contribute to pancreatic B-cell death and the diabetic
state. In this study, the effects of PDZD8 silencing on a PA-in-
duced lipotoxicity model were investigated. The effects of
PDZDS silencing on glucotoxicity or glucolipotoxicity models
should be studied in the future.

This study puts forth a new idea: in the progression of DM,
PDZD8 can promote mitochondrial dysfunction by promot-
ing MAM formation, increase the flow of Ca** into the mito-
chondria, and cause mitochondrial-related cell death of pan-
creatic B-cells, ultimately contributing to DM progression.
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