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Elevated PEDF promotes the occurrence
of diabetes mellitus via suppressing GSIS
by downregulating the SNARE complex
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Type 2 diabetes mellitus (T2DM) is a major global public health burden. The mechanisms through
which glucose-stimulated insulin secretion (GSIS) can be suppressed in individuals with obesity-
derived type 2 diabetes mellitus (T2DM) have not been elucidated. Compared to normal subjects, the
expression of pigment epithelium-derived factor (PEDF) is upregulated in the islets of patients with
obesity and T2DM. However, the role of PEDF in 3-cells is unclear. This study employed male PEDF
transgenic and knockout mice to assess p-cell function through oral glucose tolerance tests and GSIS
assays. Complementary cell line experiments elucidated underlying mechanisms, collectively
demonstrating the role of PEDF in regulating insulin secretion. PEDF suppressed GSIS by
downregulating the SNARE complex, which suppresses the PI3K/Akt signaling pathway. Thus,
targeting PEDF is a potential therapeutic strategy for treating T2DM.

The incidence and fatality rates of diabetes, a major chronic non-
communicable disease, are increasing worldwide'. Type 2 diabetes melli-
tus (T2DM) is estimated to account for 90%-95% of all diabetes cases”. The
major pathological mechanisms of T2DM, a complex disease, are peripheral
insulin resistance and islet B-cell dysfunction’. Impaired glucose-stimulated
insulin secretion (GSIS) is a key characteristic of pancreatic islet p-cell
dysfunction and represents a central pathological feature in T2DM".

GSIS is characterized by a rapid phase, followed by a delayed phase’.
Both phases of insulin secretion are impaired in patients with T2DM°, with
rapid phase impairments reported to play a prominent role’. The rapid
phase of GSIS reflects the secretory ability of readily releasable pool particles
that are ready to be released. The main factors influencing the rapid phase
are calcium ion influx’ and tSNARE complex (comprising SNAP25, Syn-
taxin 1 A and VAMP2) formation®’. Impaired GSIS is considered an early
pathological feature of T2DM, contributing to aberrant upregulation of
blood glucose levels™".

Obesity is associated with an increased risk of insulin resistance and
T2DM". Insulin resistance alone is not sufficient to cause T2DM". The

effects of obesity on GSIS and the underlying mechanisms have not been
fully elucidated. Therefore, the identification of key molecules associated
with insulin secretion will aid in the development of preventive and ther-
apeutic strategies for diabetes.

Pigment epithelium-derived factor (PEDF), an adipokine that belongs
to the serine protease inhibitor (serpin) family", is expressed in the adipose
tissue, skeletal muscle, liver, pancreas, gallbladder, kidney and reproductive
tissues'. Elevated plasma PEDF, an anti-angiogenic factor, is strongly
associated with the progression of diabetic vascular complications, parti-
cularly retinopathy and nephropathy'>'°. Previous studies have demon-
strated that PEDF is upregulated in metabolic diseases, such as diabetes'*"’
and obesity'®'". Additionally, PEDF is associated with the pathogenesis of
insulin resistance'’~". In obesity, PEDF inhibits insulin signaling and pro-
motes insulin resistance by suppressing the phosphorylation of insulin
receptor substrate (IRS) in skeletal muscle and adipose tissue, the established
primary sources of circulating PEDF"”. However, the direct inhibitory effects
of upregulated PEDF on insulin secretion, and its consequent role in pan-
creaticislet 3-cell dysfunction, have not been elucidated. This study aimed to
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investigate the regulatory effects of PEDF on insulin secretion using animal
and cell models.

Results
PEDF promotes the progression of diabetes
The GSE50398 dataset downloaded from the Gene Expression Omnibus
database was used to analyze the differential expression of SERPINFI (which
encodes PEDF). SERPINFI was among the differentially expressed genes
commonly identified in the comparisons between the healthy control and
obesity as well as the healthy control vs obesity with T2DM. Gene Ontology
enrichment analysis revealed that genes associated with insulin secretion
pathways were strongly associated with T2DM (Fig. S1A). SERPINFI
expression was upregulated in patients with obesity and T2DM with obesity
compared to the healthy control (Table S3). Sequencing analysis revealed
that the islet SERPINFI levels in patients with obesity and T2DM were
increased compared with those in healthy controls (Fig. 1A).
Subsequently, glucose tolerance and insulin-related parameters were
assessed in transgenic mice (Fig. 1B). Glucose tolerance in PEDF transgenic
(PEDF-TG) mice aged 6 months was not markedly altered (Fig. S1B-D).
However, PEDF-TG mice aged 9 months presented increased fasting glucose
levels, impaired glucose tolerance, and increased glucose area under the curve
(GAUC) compared to WT-TG mice (Fig. 1C-E). Compared with WT-TG
mice, the 12-month-old PEDF-TG mice also exhibited impaired glucose
tolerance (Fig. IF-H). No significant difference in body weight was observed
between PEDF-TG mice and WT-TG mice aged 3 to 12 months (Fig. S1E).
Thus, PEDF upregulation has a pathogenic role in T2DM compared to healthy
control. To further explore whether PEDF plays a role in T2DM, we con-
structed a PEDF-KO model under a high-fat diet, while WT-KO-CD and
WT-KO-HEFD served as controls. Prior to HFD feeding, GTT and insulin
tolerance test (ITT) experiments demonstrated that PEDF-KO mice showed
no significant changes in glucose tolerance or insulin sensitivity at 2 months of
age (Fig. SIF-H). Consistent with its role as an adipokine, HFD feeding
induced increases in weight, islet PEDF protein and circulating PEDF levels
respectively (Fig. S1I-K), establishing systemic and local PEDF upregulation
in metabolic dysfunction compared to WT-CD. PEDF-KO-HFD did not
significantly affect the fasting glucose level (Fig. 1J) and ITT (Fig. S1L-O) but
markedly improved glucose tolerance (Fig. 1I) and GAUC (Fig. 1K). Addi-
tionally, administration of a PEDF-neutralizing antibody (PEDF Ab) to high-
fat diet (HFD)-fed mice similarly improved glucose tolerance (Fig. SIP-R).

PEDF inhibits insulin secretion in islet 3-cells

Immunofluorescence staining and quantitative analyses of islets revealed that
the expression of insulin was similar between WT-TG and PEDF-TG mice.
These results indicate that PEDF does not affect the expression of insulin in
islets (Fig. S2A, B). The GSIS assay demonstrated that PEDF-TG mice aged
9 months exhibited impaired insulin secretion in 15min (Fig. 2A). The
insulinogenic index (IGI) is a metric used to measure islet B-cell function.
The ratio of changes in insulin and blood glucose significant decreased at
15 min (AI15/AG15), suggesting impaired islet B-cell function (Fig. 2B, C).
The AI30/AG30 values in the PEDF-KO-HFD-fed mice were greater than
those in WT-KO-HFD-fed mice. These findings indicated that PEDF KO
improved insulin secretion in HFD-induced T2DM (Fig. 2D-F). Con-
sistently, the secretion of insulin decreased in primary islets isolated from
WT-TG and PEDF-TG mice (Fig. 2G). Thus, PEDF inhibits insulin secre-
tion by B-cells both in vivo and in vitro.

PEDF inhibits insulin secretion by downregulating the tSNARE
complex

RIN-mb5f and Beta-TC-6 cells were treated with recombinant PEDF (rPEDF)
for 24 h, incubated with Fluo-4AM (a fluorescent probe for calcium ions),
and observed under a fluorescence microscope. The fluorescence intensity
did not significantly differ between the control and treatment groups, indi-
cating that PEDF does not affect calcium influx (Fig. S3A, B). Next, this study
examined whether PEDF exerts regulatory effects on the tSNARE complex by
evaluating the expression of the components of the complex (Syntaxin 1A,

SNAP25, and VAMP2). Immunofluorescence analysis of islets revealed that
the expression of SNAP25 in PEDF-TG mice was lower than that in WT-TG
mice (Fig. 3A). Quantitative analyses of isolated primary islets revealed
decreased expression of the tSNARE complex at both the protein and mRNA
levels in PEDF-TG mice (Fig. 3B, C). Treatment of B-cells with rPEDF
significantly downregulated the expression of these genes (Fig. 3D, E) and
proteins (Fig. 3F, G) of Syntaxin 1A, SNAP25, and VAMP2. The expression
patterns of Syntaxin 1A, SNAP25, and VAMP2 in rPEDF-treated cells were
similar to those in PEDF-overexpressing B-cells (pET30a +/PEDF-trans-
fected cells) (Fig. 3H-K). The expression of SNAP25 in the PEDF-KO-HFD-
fed mice was greater than that in the WT-KO-HFD-fed mice (Fig. 3L),
whereas PEDF-neutralizing antibody treatment resulted in a parallel trend
(Fig. 3M). These findings suggest that PEDF downregulates the tSNARE
components through transcriptional regulation.

PEDF downregulates Syntaxin 1A, SNAP25, and VAMP2
through FOXO1

FOXO1, a transcription factor”, regulates the tSNARE complex and insulin
secretion™*. Staining of mouse pancreas sections revealed that the nuclear
accumulation of FOXO1 in PEDF-TG mice was greater than that in WT-
TG mice (Fig. 4A). Immunofluorescence analysis of pancreatic sections
from HFD-fed mice subjected to PEDF-neutralizing antibody treatment
demonstrated suppressed nuclear translocation of FOXO1 (Fig. 4B). Nei-
ther rPEDF treatment nor PEDF overexpression significantly affects the
mRNA level of Foxol in RIN-m5f and Beta-TC-6 cells (Fig. S4A-C). Next,
the nuclear and cytoplasmic proteins of rPEDF-treated BTC-6 cells were
extracted to examine the FOXO1 levels. Western blot analysis revealed that
rPEDF significantly increased the nuclear level of FOXO1 (Fig. 4C). The
phosphorylation of FOXO1 prevents its nuclear translocation and inhibits
its transcriptional activity. In quantitative analysis of isolated primary islets,
PEDF-TG mice exhibited reduced expression of p-FOXO1(5256) compared
to WT-TG mice (Fig. 4D). And compared to untreated group, treatment
with different concentrations of rPEDF downregulated the levels of p-
FOXO01(S256) in RIN-m5f and BTC-6 cells (Fig. 4E, F). Consistently,
immunofluorescence analysis demonstrated that rPEDF upregulated the
nuclear translocation of FOXO1 (Fig. 4G).

PEDF inhibits the phosphorylation of FOXO1 through the PI3K/
Akt signaling pathway

Akt phosphorylates the serine (Ser256, Ser319) and threonine (Thr24)
residues of FOXO1 in the cytoplasm of p-cells***’. Treatment with rPEDF
downregulated p-Akt (S473) expression and upregulated total Akt expres-
sion (Fig. 5A, B). Next, the RIN-m5f cells were treated with rPEDF for 24 h,
followed by treatment with the PI3K activator 740 Y-P. The levels of p-Akt
(8473) and p-FOXOL1 (S256) in the PEDF + 740 Y-P groups were sig-
nificantly greater than those in the PEDF group. These findings suggest that
740 Y-P inhibited the regulatory effects of PEDF on FOXOL1 (Fig. 5C, D).
Thus, PEDF inhibits the phosphorylation of FOXO1 by suppressing the
PI3K/Akt signaling pathway.

PEDF regulates islet p-cell activity through the receptor ATGL
Adipose triglyceride lipase (ATGL, the gene name is PNPLA2) and laminin
receptor (LR, the gene name is RPSA) serve as receptors for secreted PEDF”".
Immunohistochemical analysis of islets revealed that compared with WT-
TG, ATGL expression was downregulated in PEDF-TG mice and that LR
expression was not detected (Fig. S5A). RT-PCR was performed to detect
the expression levels of PNPLA2 and RPSA in RIN-m5f and BTC-6 cells.
Analysis of the Quantification Cycle (Cq) revealed that the Cq value for
RPSA was higher than that for PNPLA2, indicating an extremely low
expression level of RPSA (gene of LR) (Fig. S5B, C). RIN-m5fand Beta-TC-6
cells were transfected with ATGL-siRNA and treated with rPEDF. Com-
pared with si-NC, transfection with si-ATGL mitigated the rPEDF-induced
downregulation of Syntaxin 1A, SNAP25, VAMP2 and p-FOXOL1 (S256) in
RIN-m5fand Beta-TC-6 cells. These findings indicate that ATGL serves as a
receptor for PEDF in B-cells (Fig. 5E, F).
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Fig. 1 | PEDF is associated with progression to diabetes. A Relative mRNA levels of
SERPINF]I from healthy control (18.5 < BMI < 24), overweight (24 < BMI < 27),
obesity (BMI > 27) and obesity with T2DM patients (n = 15, 37, 14 and 10,
GSE50398). B Schematic diagram of animal experimental design. C Blood glucose
curves of GTT from 9-months-old (9 M) WT-TG and PEDF-TG mice (n = 6).

D Fasting blood glucose (FBG) from 9-months-old WT-TG and PEDF-TG mice
(n=6). E Glucose area under curve (GAUC) from 9-months-old WT-TG and
PEDEF-TG mice (n = 6). F Blood glucose curves of GTT from 12-months-old (12 M)

Area under curve

O

S L L
{{\*o ~&:l-o &,(*o
<
WT-TG and PEDF-TG mice (n = 8). G FBG from 12-months-old WT-TG and
PEDF-TG mice (n =8). H GAUC from 12-months-old (12 M) WT-TG and PEDF-
TG mice (n = 8). I Blood glucose curves of GTT from WT-KO-CD, WT-KO-HFD
and PEDF-KO-HFD mice (n = 8). J FBG from WT-KO-CD, WT-KO-HFD and
PEDF-KO-HFD mice (n = 8). K GAUC from WT-KO-CD, WT-KO-HFD and
PEDF-KO-HFD mice. *p < 0.05, *¥p < 0.01, ¥¥¥p < 0.001, ****p < 0,0001,
#p < 0.05, * vs WT-KO-CD, # vs WT-KO-HFD. B images created in BioRender;
Gan, X. (2025), https://BioRender.com/l0n1psj.

Discussion

This is the first study to demonstrate that PEDF-TG mice exhibit a diabetic
phenotype, which progressively worsens with age. The results of in vivo and
in vitro experiments demonstrated that PEDF does not affect insulin
synthesis but inhibits insulin secretion. The primary targets for the

inhibitory effects of PEDF on rapid-phase GSIS are the components of the
SNARE complex. PEDF inhibited the PI3K/Akt signaling pathway, pro-
moted FOXO1 nuclear translocation, and downregulated the expression of
tSNARE complex components through its receptor ATGL. This study, for
the first time, demonstrated that PEDF upregulation inhibits rapid-phase
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group.). ¥p < 0.05, **p < 0.01, ***p < 0.001.

insulin secretion and elucidated the underlying molecular mechanisms,
offering new insights and targets for managing impaired GSIS and pan-
creatic islet -cell dysfunction in diabetes.

Clinical data and our previous research indicate that PEDF is upre-
gulated in T2DM"""**. Hence, this study elucidates an important role for
PEDF and its underlying mechanism of action in T2DM. PEDF was
reported to increase 24 h insulin secretion levels in the rat p-cell line BRIN-
BD11%, which focused on the role of physiological concentrations of PEDF.
However, the role of PEDF in B-cell function under pathological conditions
remains unclear. In this study, we demonstrated that elevated PEDF sig-
nificantly impaired GSIS by suppressing the expression of the tSNARE
complex, revealing a novel inhibitory role of PEDF in insulin secretion.
Therefore, PEDF serves not only as a diagnostic marker but also as a
potential therapeutic target in T2DM. PEDF upregulation may lead to islet
B-cell dysfunction and induce T2DM. However, the specific mechanisms
underlying the upregulation of PEDF in obesity and T2DM have not been
elucidated and should be the focus of future studies.

The transcription factor FOXOL1 regulates the pathogenesis of dia-
betes. Under metabolic stress conditions, FOXO1 maintains the function
of B-cells™. FOXO1 deficiency leads to the dedifferentiation of $-cells™.
The dephosphorylation and nuclear retention of FOXO1 mediate the
downregulation of the tSNARE complex in B-cells. The PI3K/Akt sig-
naling pathway promotes the phosphorylation of FOXOI, facilitating its

entry into the cytoplasm®. Previous studies have reported that PEDF
inhibits the Akt signaling pathway’>”. Similarly, sustained activation of
the Akt signaling pathway has been reported to maintain both the
functionality and survival of pancreatic B-cells***. Thus, PEDF exerts
regulatory effects on p-cells via the PI3K/Akt signaling pathway.

The known receptors for PEDF are ATGL and LR”. The expression of
ATGL, but not that of LR, was upregulated in pancreatic -cells. Therefore, we
hypothesize that ATGL is the primary receptor for PEDF in pancreatic -cells.
PEDF interacts with ATGL to inhibit the PI3K/Akt signaling pathway. Similar
results were achieved with ATGL knockdown. The specific regulatory effects
of ATGL on the PI3K/Akt signaling pathway must be elucidated further.

In conclusion, this study revealed the mechanisms through which PEDF
inhibits GSIS. PEDF inhibits the expression of essential proteins in the
tSNARE complex by promoting FOXO1 nuclear translocation and retention,
inhibiting vesicle fusion, and impairing rapid-phase GSIS. Additionally,
PEDF regulates FOXO1 through the PI3K/Akt signaling pathway by sup-
pressing Akt activity and downregulating FOXO1 phosphorylation. This
leads to the nuclear translocation and retention of FOXO1. Thus, this study
elucidated the key regulatory molecules and mechanisms through which
PEDF inhibits GSIS and disrupts pancreatic B-cell function. The findings of
this study improve our understanding of the role of PEDF as an adipokine in
the development of T2DM and offer novel insights and targets for the pre-
vention and treatment of diabetes.
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Methods approved by the Institutional Animal Care and Use Committee of the Sun

Animal studies

All animal experiment procedures were carried out in an environment
without specific pathogens (Specific pathogen free, SPF) with the approval
of the Animal Care and Use Committee of Sun Yat-sen University (approval
ID: SYXK 2019-0209). All of the animal experiment procedures were

Yat-Sen University. We have complied with all relevant ethical regulations
for animal use. Homozygous mice and their littermate wild-type (WT)
controls were generated and genotyped from heterozygous breeders. Male
C57BL/6] mice (eight-weeks-old) were obtained from the Center of
Experimental Animals, Sun Yat-sen University. A PEDF-KO mouse strain
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Fig. 3 | PEDF inhibiting insulin secretion by downregulate tSNARE complex.
A DAPI (blue), Insulin (green) and SNAP25 (red) immunostaining in islets from 9-
months-old WT-TG and PEDF-TG mice (a minimum of 5 islets were captured by
microscope from each mouse, n = 6). Scale bar = 50 um. B Western blot analysis of
Syntaxin 1A, SNAP25 and VAMP?2 in isolated primary islets from 9-months-old
WT-TG and PEDF-TG mice (n = 3). C Relative mRNA levels of Syntaxin 1A,
SNAP25 and VAMP2 in isolated primary islets from 9-months-old WT-TG and
PEDF-TG mice (n = 3). Relative mRNA levels in RIN-m5f (D) and Beta-TC-6 (E)
treated with PBS and rPEDF (n = 3). Western blot analysis of Syntaxin 1A, SNAP25
and VAMP2 in RIN-m5f (F) and Beta-TC-6 (G) treated with PBS and rPEDF.

Relative mRNA levels of SERPINFI, Syntaxin 1A, SNAP25 and VAMP2 in RIN-m5f
(H) and Beta-TC-6 (I) treated with pcDNA and pET30a (+)/PEDF. Western blot
analysis of Syntaxin 1A, SNAP25 and VAMP2 in RIN-m5f (J) and Beta-TC-6 (K)
treated with pcDNA and pET30a (4)/PEDF. L DAPI (blue) and SNAP25 (red)
immunostaining in islets from WT-KO-HFD and PEDF-KO-HFD mice (a mini-
mum of 5 islets were captured by microscope from each mouse, n =6). M DAPI
(blue), Insulin (green) and SNAP25 (red) immunostaining in islets from CD-IgG,
HFD-IgG and HFD-PEDF Ab mice (a minimum of 5 islets were captured by
microscope from each mouse, n = 6). Scale bar = 50 um; *p < 0.05, **p < 0.01,
4% < 0,001, **¥¥%p < 0.0001.

was provided as a generous gift by Dr. Jianxing Ma (University of Oklahoma
Health Sciences Center)**”’. A PEDF-ROSA26 Knock-in (PEDF-TG)
mouse strain was purchased from Cyagen Biosciences (Jiangsu, China).
Validation results for both pancreatic islet and peripheral PEDF are pro-
vided in the Supplementary Figs. (Fig. S6A-C).

In vivo, we investigated the impact of elevated PEDF on the progres-
sion T2DM. PEDF knockout mice with high-fat diet (HFD), compared to
WT with chow-diet (CD) and WT with HFD, we aimed to determine
whether PEDF plays a critical role in this process. At 8weeks of age, the mice
were categorized into 3 groups and fed for 12weeks as follows: WT with
chow-diet (WT-CD, 13.5% kcal fat, n = 8), WT-KO with HFD (WT-KO-
HEFD, 60% kcal fat; D12492, ReadyDietech, n = 7) and PEDF-KO with HFD
(PEDF-KO-HFD, n=7). For PEDF neutralizing antibodies (PEDF Ab)
therapy, the C57BL/6 mice were injected intraperitoneally with the PEDF
ADb (GenScript China) 0.4 mg/kg/day, for 15 days, and the control group was
injected with the same concentration of nonspecific IgG (n = 6-8 per group/
time point). As PEDF-TG mouse strain, experimental groups (WT-TG and
PEDF-TG mice) were examined at three time points: 6, 9, and 12 months
(n=6-8 per group/time point). All mice experimented in this study
were male.

Isolation of primary mouse islets and in vitro glucose-stimulated
insulin secretion (GSIS)

Pancreatic islets were isolated from adult C57BL/6 mice using a collagenase-
based digestion protocol. Briefly, mice were anesthetized with isoflurane,
and the common bile duct was cannulated for retrograde injection of 1.5-
2mL ice-cold Collagenase P solution (1 mg/mL in HBSS). The distended
pancreas was excised and digested at 37 °C for 15-20 min with gentle agi-
tation. The digested tissue was washed three times with HBSS containing
0.1% BSA and centrifuged (800xg, 2 min, 4 °C).

To purify islets, the pellet was resuspended and filtered using a 70 pm
strainer, then washed three times with HBSS, after which the strainer was
inverted and rinsed into a new 60 mm dish using RPMI-1640 medium and
hand-picked under a stereomicroscope based on morphology (diameter:
50-300 um), a minimum of 20 islets were isolated per mouse. Islets were
maintained in RPMI-1640 medium supplemented with 10% FBS and 1%
penicillin/streptomycin at 37 °C under 5% CO, for subsequent experiments.

For in vitro GSIS, after maintained overnight, the isolated mice primary
islets were washed three times with KRBH buffer without glucose, then
transferred to 1mL 2.8 mM glucose KRBH buffer for incubation for
30 minutes and 100 pL of supernatant was taken. The primary islets were
then transferred to 1mL 16.7mM KRBH buffer for incubation for
30 minutes. 100 uL of supernatant was taken at 15 and 30 minutes. The
insulin concentration at the corresponding time point was detected by an
ELISA assay kit and the average release rate was calculated as an assessment
of insulin release capacity. The collected supernatant was measured using an
ELISA assay kit to measure insulin content.

Oral glucose test and in vivo GSIS

After overnight fasting, experimental mice were administered a glucose
solution (2 g/kg) by oral gavage, which was prepared at a concentration of
0.2 g/mL. Blood glucose levels in the mice were then measured using blood
glucose test strips and a glucose meter (Johnson & Johnson, USA) at 0, 15,
30, 60, 90, and 120 minutes after gavage by tail vein blood samples.

In vivo GSIS test: during the OGTT, blood samples were collected from
the retro-orbital plexus at 15 minutes and 30 minutes for insulin mea-
surement using the ELISA assay kit. The insulinogenic index (IGI) was
calculated by following formula:

AI15  Insulin(15 min) — Insulin(0 min)
AG15 ~ Glucose(15 min) — Glucose(0 min)

1

AI30  Insulin(30 min) — Insulin(0 min)
AG30 ~ Glucose(30 min) — Glucose(0 min)

@

Cell culture and treatment

Beta-TC-6 cells were purchased from Cell Bank/Stem Cell Bank, Chinese
Academy of Sciences, and RIN-m5f cells were purchased from the Amer-
ican Type Culture Collection. Cells were cultured in DMEM with 10% FBS
and 1% penicillin/streptomycin at 37 °C in a humidified atmosphere of 5%
CO, and 95% air. recombinant His-PEDF protein (tPEDF) were obtained as
previously describe"’.

Plasmids and small-interfering RNA transfection

The over expression plasmids and small interfering RN As were synthesized
in RiboBio (Guangzhou, China), and more than three sets of sequences were
designed. The interference efficiency was validated, and the knockdown
effect was confirmed at the mRNA levels. The transfection reagents
(Lipofectamine 3000, #L.3000015, Invitrogen) were used for transfecting the
plasmid/siRNA. DNA premix was prepared by diluting Lipofectamine 3000
reagent with Opti-MEM medium (#31985-070, Gibco) without extra
serum, plasmid was diluted with Opti-MEM medium to prepare DNA
premix, then P3000 reagent was added (siRNA was diluted without P3000),
and diluted plasmid/siRNA (1:1 ratio) was added to each tube of diluted
Lipofectamine 3000 reagent. The mixture was gently mixed and incubated
atroom temperature for 10 min. The mixture was added drop by drop to the
cell culture wells, gently mixed, and incubated in a cell incubator. The
validation of siRNA knockdown efficiency is provided in the Supplementary
Figs. (Fig. S6D).

Purification of the recombinant His-PEDF protein

The recombinant His-PEDF (rPEDF) protein was expressed using the
pcDNA3.1 plasmid in DH5a Escherichia coli and subsequently purified.
Protein purification was performed using Ni-NTA affinity chromato-
graphy, with target proteins eluted by imidazole gradient. The eluted frac-
tion was concentrated and buffer-exchanged, yielding >98% purity as
quantified by BCA assay.

Insulin ELISA assay

Mouse serum and cell supernatant were collected for insulin detection using
the Mouse Insulin ELISA Kit (Mercodia, USA). Samples and standards were
diluted according to the instructions and incubated at room temperature
with Enzyme Conjugate for 2 hours. After discarding the liquid, the wells
were washed 6 times with Wash buffer. Substrate TMB was then added and
incubated at room temperature for 15 minutes. Finally, a Stop Solution was
added, and the absorbance was measured at OD450 nm to calculate the
insulin content in the samples.
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Fig. 4 | PEDF downregulates vesicle fusion proteins Syntaxin 1A, SNAP25 and
VAMP2 through FOXO1. A Immunofluorescence staining of islets from 6-month-
old WT-TG and PEDF-TG mice (a minimum of 5 islets were captured by micro-
scope from each mouse, n = 6), showing DAPI (blue), FOXOI (red), and statistical
analysis of the nuclear-to-total FOXO1 intensity ratio. B Immunofluorescence
staining of islets from CD-IgG, HFD-IgG, and HFD-PEDF Ab mice (a minimum of 5
islets were captured by microscope from each mouse, n = 3), showing DAPI (blue),
FOXOLI (red), with statistical analysis of the nuclear-to-total FOXOLI intensity ratio.

Scale bar = 50 um. C Western blot analysis of nuclei and cytoplasmic FOXOL1 in
Beta-TC-6 treated with PBS and rPEDF. D Western blot analysis of p-FOXO1(5256)
expression levels in primary islets of WT-TG and PEDF-TG mice. Western blot
analysis of p-FOXO1 (5256) and FOXO1 in RIN-m5f (E) and Beta-TC-6 (F) treated
with PBS and rPEDF. G Immunofluorescence staining of Beta-TC-6 cells treated
with PBS or rPEDF, showing DAPI (blue), Insulin (green), and FOXO1 (red), with
statistical analysis of the nuclear-to-total FOXO1 intensity ratio. Scale bar = 10 um;
*p < 0.05, p < 0.01, *¥*p < 0.001, ****p < 0.0001.

Quantitative real-time PCR

Total RNA was isolated from cells with an RNA Extraction Kit (EZB-
RNO001-plus, EZBioscience). First, according to the manufacturer’s
instructions, mRNA was reverse transcribed to cDNA with 4xReverse
Transcription Master Mix (A0010GQ, EZBioscience). Next, mRNA
expression was quantified using Color SYBR Green qPCR Mix (A0012,
EZBioscience). Finally, mRNA levels were normalized to f-actin mRNA
levels. The following specific primers can be found in Table S1.

Western Blot analysis

Tissues and cells were lysed in total protein lysis buffer (P0013, Beyotime,
Shanghai, China). The supernatant was quantified by a BCA kit (KeyGen
BioTECH, China). The sample was denatured at 95 °C for 5 min before
loaded. Equal amounts of protein were separated on an SDS-polyacrylamide
gel and transferred onto a PVDF membrane. Membranes were blocked in a
5% milk solution for 1 h, incubated with the primary antibodies overnight,
and a secondary antibody for 4 h at 4 °C. Chemiluminescence was developed
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Fig. 5 | PEDF inhibits phosphorylation of FOXO1 through PI3K/Akt signaling
pathway acting on receptors ATGL. Western blot analysis of p-Akt (S473) and Akt
in RIN-m5f (A) and Beta-TC-6 (B) treated with PBS and rPEDF. Western blot

analysis of p-FOXO1 (S256) and p-Akt (§473) in RIN-m5f (C) and Beta-TC-6 (D)
treated with PBS, rPEDF and rPEDF + 740 Y-P. Western blot analysis of p-FOXO1

(5256), Syntaxin 1A, SNAP25 and VAMP?2 of RIN-m5f (E) and Beta-TC-6 (F)
treated with siNC, siNC + rPEDF and siATGL + rPEDF. G Illustration of PEDF

suppressing insulin secretion. G images created in BioRender; Zhen, Z. (2025),
https://BioRender.com/I9t57¢5.

using Clarity Western ECL Substrate. The antibodies used can be found in
Table S2.

Nuclear-cytoplasmic fractionation
Nuclear and cytoplasmic proteins were extracted using a commercial
extraction kit (#P0028, Beyotime Biotechnology). Briefly, cells were washed
with ice-cold PBS in culture dishes and incubated on ice for 15 min, then
scraped off using a cell scraper. The cell pellet was collected by
centrifugation.

For cytoplasmic protein extraction, the cell pellet was resuspended in
Cytoplasmic Protein Extraction Reagent A containing PMSF, vortexed for

5 sec, and incubated on ice for 10-15 min. Cytoplasmic Protein Extraction
Reagent B was then added, followed by vortexing for 5 sec. The supernatant
(cytoplasmic fraction) was collected after centrifugation. For nuclear protein
extraction, the remaining pellet was resuspended in Nuclear Protein
Extraction Reagent containing PMSF. The suspension was vortexed and
returned to ice, with repeated vortexing every 1-2 min for a total of 20 cycles.
The supernatant (nuclear fraction) was collected after centrifugation.

Immunofluorescence staining and immunohistochemistry
Mouse pancreas tissues were fixed in 4% paraformaldehyde for histolo-
gical analysis and then frozen and sectioned. Four-micrometer thick
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sections were washed three times with PBS, permeabilized with 0.1%
Triton X-100 for 15 min, and blocked with 2% bovine serum albumin in
PBS at 37 °C for 1 h. The tissues were incubated with the primary anti-
bodies at 4 °C overnight, washed three times with PBS, and incubated with
Alexa Fluor 594-conjugated secondary antibody or Alexa Fluor 488-
conjugated secondary antibody (SA00006-4, Proteintech) at 37 °C for 1 h.
After additional PBS washes, the tissues were counterstained with the
nuclear stain 4,6-diamidino-2-phenylindole (C1006, Beyotime) at room
temperature for 10 min. A fluorescence microscope (BX63, Olympus,
Japan) was used to acquire immunofluorescence images. The antibodies
used can be found in Table S2.

Paraffin section was deparaffinized with xylene and ethanol and
hydrated in gradient alcohol. Antigens were retrieved by heating in 10 mM
citric acid (pH 6.0). 3% H,0O, was added to the tissue section to block
endogenous peroxidase. Goat serum blocking working solution (#ZLI-9056,
7ZSGB Bio) was used to block the tissue sections. Then, the sections were
incubated with relevant primary antibodies and horseradish peroxidase
(HRP)-conjugated secondary antibodies. Finally, the sections were incu-
bated with diaminobenzidine (DAB) to develop color, and the samples were
counterstained with hematoxylin. Images were acquired using KF-FL-400
imaging system (KonFoong Bioinfo Tech). The antibodies used can be
found in Table S2.

Intracellular calcium ion fluorescent staining

Cells were seeded in a 12-well plate at a density of 80,000 cells per well. After
experimental treatments, the supernatant was removed, and the culture
medium was discarded. The cells were washed three times with HBSS. Then,
Fluo 4-AM (40704ES, Yeasen, 1 uM) was added, and the cells were incu-
bated at 37 °C in a cell culture incubator for 30 minutes. After removing the
Fluo 4-AM, the cells were washed three times with HBSS solution and then
covered with HBSS solution. Subsequently, the cells were placed back into
the 37 °C incubator for 30 minutes to ensure complete de-esterification of
the AM dye within the cells. The fluorescence signal was detected at an
emission wavelength of 510 nm using a Leica DM6B fluorescence micro-
scope, with fluorescence intensity analyzed by Image-Pro Plus software.

Gene Ontology enrichment analysis

Download the GSE50398 dataset and select differentially expressed genes
(DEGs) (Jlog2FC | 21, p < 0.05)**. Use clusterProfiler to map these genes to
GO terms (Biological Process, Molecular Function, Cellular Component).
Enrichment is calculated via hypergeometric/Fisher’s exact test using all
detected genes as the background, with multiple testing correction
(FDR < 0.05). Significant terms are ranked by adjusted p-value and visua-
lized as dot/bar plots.

Statistics and reproducibility

GraphPad Prism 8 (GraphPad Prism Software, CA, USA) was used for
statistical analysis and graphing. All values are expressed as the mean +
Standard Error of the Mean (SEM). For comparisons between two inde-
pendent groups, an unpaired Student’s t-test was applied. When com-
paring three or more groups, one-way analysis of variance (ANOVA) was
conducted, followed by Tukey’s post hoc test for multiple comparisons.
Two-way ANOVA combined with Tukey’s or Bonferroni’s multiple
comparison method was used to perform pairwise comparisons among
multiple groups with two factors. Data was presented as mean + Standard
Error of the Mean (SEM). Statistical significance was defined as p < 0.05.
All experiments were performed in at least three independent replicates to
ensure the reproducibility of the findings. The results were consistent
across these replicates, including qualitative observations that did not
undergo statistical analysis.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The main data and materials supporting these findings appear in the main
manuscript. The Supplementary Figs., tables, and uncropped blots can be
found in a single PDF named “Supplementary information”. The source
data behind the graphs in the main manuscript can be found in the “Sup-
plementary Data file”. Additional information is available from the corre-
sponding author upon reasonable request.
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