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Abstract. Vanin‑1 (VNN1) may be a potential biomarker 
for the early screening of pancreatic cancer (PC)‑associated 
diabetes (PCAD). A previous study by the authors reported 
that cysteamine secreted by VNN1‑overexpressing PC cells 
induced the dysfunction of paraneoplastic insulinoma cell 
lines by increasing oxidative stress. In the present study, it 
was observed that both cysteamine and exosomes (Exos) 
secreted by VNN1‑overexpressing PC cells aggravated the 
dysfunction of mouse primary islets. PC‑derived VNN1 
could be transported into islets through PC cell‑derived 
Exos (PC‑Exos). However, β‑cell dedifferentiation, and not 
cysteamine‑mediated oxidative stress, was responsible for the 
islet dysfunction induced by VNN1‑containing Exos. VNN1 
inhibited the phosphorylation of AMPK and GAPDH, and 
prevented Sirt1 activation and FoxO1 deacetylation in islets, 
which may be responsible for the induction of β‑cell dedif‑
ferentiation induced by VNN1‑overexpressing PC‑Exos. 
Furthermore, it was demonstrated that VNN1‑overexpressing 
PC cells further impaired the functions of paraneoplastic islets 
in vivo using diabetic mice with islets transplanted under the 
kidney capsule. On the whole, the present study demonstrates 
that PC cells overexpressing VNN1 exacerbate the dysfunction 

of paraneoplastic islets by inducing oxidative stress and β‑cell 
dedifferentiation.

Introduction

Pancreatic cancer (PC), usually occurring as pancreatic ductal 
adenocarcinoma, is a common malignant digestive tumor, 
which is characterized by silent onset, rapid progress and a 
poor prognosis (1,2). The onset of secondary diabetes caused 
by PC, which is termed as PC‑associated diabetes (PCAD), 
occurs almost 10‑13 months prior to the diagnosis of PC (3‑5), 
indicating that PCAD may be used as an early clinical manifes‑
tation for PC screening. Therefore, it is noteworthy to explore 
the pathogenesis and search for specific biomarkers of PCAD.

Vanin‑1 (VNN1) is anchored to the cellular membrane 
with pantetheinase activity, which hydrolyzes pantetheine 
to produce cysteamine (6‑8). VNN1 can promote oxidative 
stress and the inflammatory response (9). Additionally, VNN1 
has been confirmed to be overexpressed in cancer tissues of 
patients with PCAD and can be used as a blood biomarker 
for the discrimination of PCAD from type 2 diabetes (10). 
A previous study by the authors also demonstrated that 
VNN1 was overexpressed in neoplastic cells in the majority 
of cases of PCAD (11). Furthermore, the authors previously 
co‑cultured VNN1‑overexpressing human PC cell lines with 
insulinoma cell lines (INS‑1 and β‑TC‑6), and examined 
the effects of the overexpression of VNN1 on insulinoma 
cells and explored the underlying mechanisms (11). It was 
demonstrated that the extracellular cysteamine concentration 
of VNN1‑overexpressing PC cells was markedly increased, 
which aggravated oxidative stress in paraneoplastic insulinoma 
cells by upregulating reactive oxygen species (ROS) levels and 
downregulating the peroxisome proliferator‑activated receptor 
γ (PPARγ)/glutathione (GSH) concentrations, and ultimately, 
the viability and function of insulinoma cells were impaired 
more significantly  (11). Therefore, VNN1 may participate 
in the pathogenesis of PCAD and may be used as a specific 
biomarker of PCAD for the early diagnosis of PC.

Exosomes (Exos) are encapsulated by a bilayer lipid 
membrane and contain a variety of bioactive molecules, such 
as DNA, RNA, protein, and can be used as the intercellular 
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conveyance medium of molecules and signal pathways (12). 
PC cells secrete a large amount of Exos into the surrounding 
microenvironment, which causes paraneoplastic β‑cell 
dysfunction (13). Moreover, PC cell‑derived Exos (PC‑Exos) 
can impair the functions of skeletal muscle cells, adipocytes 
and intestinal mucosal cells, leading to decreased insulin 
secretion and insulin resistance (14‑17).

In the present study, mouse primary islets were used for more 
accurately researching the effects of VNN1‑overexpressing 
PC cells on paraneoplastic β‑cells. The results revealed that 
VNN1‑overexpressing PC cells could also inhibit the viability 
and function of islets by increasing oxidative stress. In addition, 
for the first time, to the best of our knowledge, it was found that 
VNN1‑overexpressing PC‑Exos could induce β‑cell dediffer‑
entiation, which further reduced the insulin secretion of islets. 
Thus, the present study also aimed to explore the potential 
underlying mechanisms. Furthermore, islets were transplanted 
under the kidney capsule of diabetic mice in order to observe 
the effects of islets co‑cultured with VNN1‑overexpressing PC 
cells on blood glucose regulation in vivo.

Materials and methods

Cell culture and islet isolation. The human PC cell lines, 
PANC‑1 (cat. no. TCHu98) and CFPAC‑1 (cat. no. TCHu112), 
were purchased from The Cell Bank of Type Culture Collection 
of the Chinese Academy of Sciences and cultured in RPMI‑1640 
medium (cat. no. 11875119; Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 10% fetal bovine serum (FBS; 
cat. no. 12484028; Gibco; Thermo Fisher Scientific, Inc.) and 
100 IU/ml penicillin and streptomycin (cat. no. 450‑201‑EL; 
Wisent, Inc.), at 37˚C in a humid atmosphere (5% CO2 and 95% 
air). Pancreatic islets were isolated from C57BL/6J (B6) mice 
as previously described (18). All animal experiments in the 
present study were approved by the Animal Ethics Committee 
of The First Affiliated Hospital of Zhengzhou University, 
Zhengzhou, China (Ethics no. 2018‑03‑003) and conducted 
in accordance with the approved guidelines. A total of 150 
B6 mice (female; 4‑6 weeks old; weighing 18‑20 g; Jackson 
Laboratory) were used for islet isolation. These B6 mice were 
housed in a specific pathogen‑free (SPF) environment under a 
12‑h light/dark cycle with ad libitum access to food and water 
at 24˚C and 55% humidity. The B6 mice were sacrificed by 
cervical dislocation following anesthesia by isoflurane inhala‑
tion (2‑6% for induction; 1‑3% for maintenance), and 2.5 ml 
collagenase (type V, 2.0 mg/ml; cat. no. 40511ES60; Yeasen 
Biotechnology Co., Ltd.) was injected into the common bile 
ducts of these mice, and the distended pancreas was then 
harvested and incubated in a shaking water bath at 37˚C for 
15 min. Purified islets were obtained by Ficoll (Ficoll PM400; 
cat. no. F4375; Sigma‑Aldrich Trading Co., Ltd.) gradient 
centrifugation at 3,000 x g for 20 min at 4˚C and cultured in 
HAM’s F10 medium (cat. no. 11550043; Gibco; Thermo Fisher 
Scientific, Inc.). One islet equivalent (IEQ) was calculated as 
previously described (19).

Lentiviral vector transfection. A full‑length human VNN1 
cDNA was cloned into a lentiviral vector (Shanghai GeneChem 
Co., Ltd.) for constitutive gene expression. The lentiviral 
vector was co‑transfected with packaging vectors (Shanghai 

GeneChem Co., Ltd.) into 293T cells (cat. no. GNHu17; from 
The Cell Bank of Type Culture Collection of the Chinese 
Academy of Sciences). The PANC‑1 and CFPAC‑1 cells 
were infected with empty or VNN1‑expressing lentiviruses. 
The PANC‑1 and CFPAC‑1 cells with a stable overexpression 
of VNN1 were termed as PV and CV, and the PANC‑1 and 
CFPAC‑1 cells transfected with the empty vector were referred 
to as PE and CE.

Establishment of co‑culture system. The lower and upper 
compartments of Transwell chambers (6‑well; cat. no. 3412; 
Corning, Inc.) were separated by polyvinylpyrrolidone‑free 
polycarbonate filters (pore size, 0.4 µm). Each lower compart‑
ment was seeded with islets (200 islets/well), and the upper 
compartment was loaded with PC cells (2x105 cells/well).

Cell viability assay. PC cell viability was determined using 
MTT assay (cat. no. CT01‑5; MilliporeSigma). Cells seeded in a 
96‑well plate were treated with MTT for 4 h, and after removing 
the supernatant, DMSO (cat. no. 94563; MilliporeSigma) was 
added to each well. After shaking the plate, an ELISA reader 
(BioTek Instruments, Inc.) was used to measure the optical 
density value at 570 nm. Islets were pre‑treated with 10 µM 
GSH (cat. no. G4251; MilliporeSigma) or 10 µM thiazolidin‑
edione (TZD; cat. no. 375004; MilliporeSigma) for 2 h at 37˚C. 
Islets not pre‑treated with GSH or TZD were used as controls. 
Following gentle agitation for 5 min in calcium‑free medium 
containing Trypsin/EDTA (cat. no. T4049; MilliporeSigma) 
at in a water bath at 37˚C, islets were dissociated into single 
cells, and single cells were then cultured in HAM's F10 
medium (cat. no. 11550043; Gibco; Thermo Fisher Scientific, 
Inc.); single cells were stained with 0.4% Trypan blue 
(cat. no. T6146; MilliporeSigma) for 3 min at room tempera‑
ture and cell viability was determined by counting the live 
and dead cells using a hemocytometer (cat. no. MDH‑2N1; 
MilliporeSigma) under a light microscope (Olympus IX‑71; 
Olympus Corporation).

Isolation and characterization of Exos. After the PC cells 
grew to 80% confluency, the supernatants were replaced by 
medium with exosome‑free FBS (differential centrifugation 
at 100,000 x g for 16 h at 4˚C). Supernatants were collected 
following culture for 48 h, and Exos were then isolated from 
the supernatants using differential centrifugation as previously 
described (14). A transmission electron microscope (Philips 
Healthcares) and Zetasizer Nano ZS (Malvern Instruments, 
Ltd.) were used to characterize the Exos. Exos isolated from 
the PANC‑1, PE and PV cells were termed as PANC1‑Exos, 
PE‑Exos and PV‑Exos, respectively.

Western blot analysis. Western blot analysis procedures were 
performed in accordance with standard protocols (14). Total 
protein was extracted from PC cells, islets and Exos using 
RIPA lysis buffer (cat. no. R0278; MilliporeSigma) supple‑
mented with a protease inhibitor cocktail (cat. no. P8340; 
MilliporeSigma). Nuclear and cytoplasmic proteins were 
extracted using NE‑PER Nuclear and Cytoplasmic Extraction 
Reagents (cat.  no.  78833; Thermo Fisher Scientific, Inc.) 
Protein concentrations were quantified using the BCA Protein 
Quantification kit (cat. no. 23225; Thermo Fisher Scientific, Inc.). 
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The protein lysates (30  µg/lane) were separated by 10% 
SDS‑polyacrylamide gels and transferred to polyvinylidene 
difluoride membranes (cat. no. ISEQ00010; MilliporeSigma). 
The membranes were blocked with 5% skimmed milk for 2 h at 
room temperature and incubated with antibody dilutions over‑
night at 4˚C using the following specific primary antibodies: 
VNN1 (1:1,000; cat. no. ab205912; Abcam), β‑actin (1:1,000; 
cat. no. ab8227; Abcam), PPARγ (1:1,000; cat. no. ab209350; 
Abcam), tumor susceptibility gene 101 (TSG101; 1:1,000; 
cat. no. ab133586; Abcam), Alix (1:1,000; cat. no. ab275337; 
Abcam), C‑myc (1:2,000; cat. no. ab185656; Abcam), pancreatic 
and duodenal homeobox 1 (Pdx1; 1:3,000; cat. no. ab47267; 
Abcam), neurogenic differentiation 1 (NeuroD1; 1:1,000; 
cat.  no.  ab109224; Abcam), glyceraldehyde 3‑phosphate 
dehydrogenase (GAPDH; 1:2,500; cat. no. ab9485; Abcam), 
Lamin B (1:1,000; cat. no. ab16048; Abcam), Forkhead box 
protein O1 (FoxO1; 1:1,000; cat. no. ab52857; Abcam), cleaved 
caspase‑3 (1:1,000; cat. no. 9664; Cell Signaling Technology, 
Inc.), cleaved caspase‑9 (1:1,000; cat. no. 9509; Cell Signaling 
Technology, Inc.), MAF BZIP transcription factor A (Mafa; 
1:1,000; cat.  no.  79737; Cell Signaling Technology, Inc.), 
AMP‑activated protein kinase (AMPK; 1:1,000; cat. no. 2532; 
Cell Signaling Technology, Inc.), phosphorylated (p‑)AMPK 
(1:1,000; cat.  no.  2535; Cell Signaling Technology, Inc.), 
tubulin (1:1,000; cat. no. 2146; Cell Signaling Technology, 
Inc.) and sirtuin 1 (Sirt1; 1:1,000; cat. no. 2028; Cell Signaling 
Technology, Inc.). The membranes were then incubated with 
anti‑rabbit IgG (HRP‑linked) secondary antibody (1:1,000; 
cat.  no.  7074; Cell Signaling Technology, Inc.) for 1  h at 
room temperature. The protein bands were visualized using 
EZ‑ECL (cat. no. 20‑500‑120; Biological Industries, Inc.). The 
bands were quantitated using ImageJ software (version 1.8.0; 
National Institutes of Health).

Insulin secretion assay. Following co‑culture with PC cells or 
PC‑Exos for 24 h, the islets were incubated in Krebs‑Ringer 
bicarbonate buffer (KRBB) for 45 min. Subsequently, the 
medium was removed, and the islets were incubated in 
KRBB containing either 5.6 or 16.7 mM glucose for 30 min. 
The supernatants were collected following centrifugation at 
1,000 x g for 5 min at 4˚C, and the islets were then dissoci‑
ated into single cells and incubated overnight in acidified 
ethanol at 4˚C. The supernatants were then collected following 
centrifugation at 3,000 x g for 5 min at 4˚C. The insulin 
contents in all the supernatants were analyzed using the 
Insulin Radioimmunoassay kit (cat. no. S10930046; Beijing 
North Institute of Biotechnology Co., Ltd.). Total cell protein 
was determined using BCA assay for normalizing the insulin 
content measurements.

Determination of the cysteamine content using high‑ 
performance liquid chromatography (HPLC). The cysteamine 
contents in the conditioned media of PC cells and lysates of 
islets were determined using HPLC. The detailed procedures 
were performed according to standard protocols, as described 
in a previous study by the authors (11). The HPLC system 
was constructed using an ESA‑model 542 pump and an ESA 
Coulochem III coulometric detector (Waters Corporation). 
The analysis voltage, current and output voltage of detector 1 
(E1) were set at ‑150 mV, 10 nA and ‑1.00 V, respectively; 

the analysis voltage and current of detector 2 (E2) were set 
at +200 mV and 1 µA, respectively. The chromatographic 
column (Hypersil BDS C18 column, 250x4.6 mm I.D., 5 µM; 
Dalian Elite Analytical Instruments Co., Ltd.) was rinsed 
using a mixture of ultrapure water and acetonitrile overnight 
to remove salts or other impurities. The pH of the mobile 
phase (50 mM NaH2PO4, 0.05 mM octane sulfonic acid, 1% 
acetonitrile and 0.5% N,N‑dimethylformamide) was adjusted 
to 2.52, and the mobile phase was then filtered using nylon 
filters with a pore size of 0.22 µm (MilliporeSigma). A 100 µl 
conditioned medium or islets lysate was mixed with an equal 
volume of perchloric acid, and the supernatants were then 
collected following centrifugation at 13,000 x g for 20 min at 
4˚C, the supernatants were transferred to Amicon Ultra‑0.5 
3K centrifugal filters (cat. no. UFC5003BK; MilliporeSigma) 
and centrifuged at 8,000 x g for 20 min at 4˚C. The solutions 
in the lower tubes were used as samples to be tested. The flow 
rate of the mobile phase was 0.6 ml/min. A 20 µl standard 
sample of cysteamine (cat. no. 30070; MilliporeSigma) or the 
sample to be tested were loaded into the autosampler (Waters 
Corporation), respectively. EZStart software (version  7.2; 
Scientific Systems Inc.) was used to analyze chromatograms.

Measurement of reactive oxygen species (ROS) generation. 
Following co‑culture with PC cells, the islets were dissociated 
into single cells and treated with 10 µM DCF‑DA (ROS‑specific 
fluorescent probe; cat. no. 35845; MilliporeSigma) for 30 min 
at 37˚C; the cells were then resuspended in ice‑cold PBS 
for analysis using flow cytometry (FCM; FACSCanto™ II; 
BD Biosciences). The data were analyzed using FlowJo soft‑
ware (version 7.6; FlowJo LLC).

Detection of GSH concentration. Following co‑culture 
with PC cells, the islets were lysed with 10 mM HCl, then 
mixed with 5% sulfosalicylic acid. The supernatants were 
collected following centrifugation at 8,000 x g for 10 min 
at 4˚C and GSH in the supernatants was detected using a 
Total Glutathione Quantification kit (cat. no. T419; Dojindo 
Laboratories, Inc.).

Co‑immunoprecipitation (Co‑IP). Following pre‑treatment 
with PC‑Exos, non‑denaturing protein lysates of islets were 
prepared in Nonidet P40 (NP‑40) lysis buffer (50 mM Tris‑HCl, 
pH  7.5, 1% NP‑40, 100  mM NaCl) supplemented with a 
complete protease inhibitor cocktail (cat. no. 11697498001; 
Roche Co., Ltd.). Protein lysates were incubated with 
Sirt1 primary antibody (1:50; cat. no. 2028; Cell Signaling 
Technology, Inc.) and negative control IgG (1:50; cat. no. 2729; 
Cell Signaling Technology, Inc.) at 4˚C for 12 h, and immu‑
nocomplexes were incubated with the Protein A/G Beads 
(cat. no. LSKMAGAG; MilliporeSigma) for 2 h at 4˚C. The 
beads were washed three times with lysis buffer and boiled for 
5 min at 100˚C, and immunocomplexes were then separated 
by 10% SDS‑PAGE and examined using western blot analysis. 
For detection of FoxO1 acetylation, islet lysates were incu‑
bated with acetylated‑lysine antibody (1:100; cat. no. 9441; 
Cell Signaling Technology, Inc.) for 12  h at 4˚C, and the 
immunocomplexes were then examined using western blot 
analysis following incubation with FoxO1 antibody (1:1,000; 
cat. no. ab52857; Abcam) overnight at 4˚C.
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Islet transplantation. As aforementioned, all animal experi‑
ments in the present study were approved by the Animal Ethics 
Committee of The First Affiliated Hospital of Zhengzhou 
University. A total of 40 B6 mice (female; 6 weeks old) were 
used as possible recipients for islet transplantation. These 
B6 mice were housed at 5 mice per cage under SPF condi‑
tions (temperature, 24˚C; humidity, 55%; 12‑h light/dark cycle; 
free access to food and water). The B6 mice were rendered 
diabetic by an intraperitoneal injection of streptozotocin 
(180 mg/kg; cat. no. S0130; MilliporeSigma) 4‑5 days prior 
to islet transplantation and the blood glucose levels of these 
mice were monitored using blood samples obtained from the 
tail vein. When two consecutive blood glucose levels were 
>18 mM, the B6 mice were confirmed as diabetic. A total 
of 30 B6 diabetic mice, which were active and had a good 
appetite, were selected as recipients and randomly divided 
into six groups (5 mice in each group). The other 10 B6 mice 
were euthanized by cervical dislocation following anesthesia 
by isoflurane inhalation (2‑6% for induction; 1‑3% for main‑
tenance) 1 week later. The recipient mice were anaesthetized 
with isoflurane inhalation (2‑6% for induction; 1‑3% for 
maintenance). A 0.5‑cm left subcostal incision was made to 
expose the left kidney. Subsequently, 200 or 400 IEQ islets 
treated or untreated with PC cells were transplanted under the 
left kidney capsule using a micromanipulator syringe. After 
the surgery, incisions were applied with 5% lidocaine cream 
(cat. no. H20063466; Beijing Ziguang Pharmaceutical Co., 
Ltd.) to alleviate the post‑operative pain and the mice were 
placed in a warm environment until they were fully awake 
and had recovered from the anesthesia. The blood glucose 
levels of the recipients were monitored once a week. Blood 
glucose levels <10 mM was considered as normoglycemia. At 
the 14th week following islet transplantation, all recipient mice 
underwent a survival nephrectomy of the graft‑bearing kidney 
using the same anesthesia and post‑operative care methods as 
described above, and the blood glucose levels of these mice 
were then monitored. If the blood glucose levels increased 
significantly, this indicated that the normoglycemic levels of 
recipients were regulated by the transplanted islets under the 
kidney capsule.

When reaching one of the humane endpoints (>20% body 
weight loss, inability to eat, signs of immobility, abnormal 
posture, post‑operative infection, post‑operative hemor‑
rhaging), the mice were euthanized. None of the mice reached 
the humane endpoints and died during the experimental 
procedures. Animal health and behavior were monitored 
daily. All recipient mice were euthanized by cervical disloca‑
tion with prior anesthesia by isoflurane inhalation (2‑6% for 
induction; 1‑3% for maintenance) at the 15th week following 
islet transplantation. Death was verified by the observation of 
pupil dilation, and by the cessation of respiration and heartbeat 
for 10 min.

Immunohistochemistry. The left kidneys of the recipients were 
resected at the 14th week following islet transplantation and 
fixed in zinc formalin fixative (cat. no. 3261477; MilliporeSigma) 
overnight at 4˚C, and then washed three times with 70% ethanol 
and embedded in paraffin. After the islets were incubated with 
PC‑Exos for 24 h at 37˚C, the islets were fixed in zinc formalin 
fixative overnight at 4˚C and embedded in 1% agarose gel. 

The agarose gel‑embedded tissue sections were incubated 
with VNN1 primary antibody (1:100; cat.  no.  ab205912; 
Abcam) overnight at 4˚C, and the paraffin‑embedded tissue 
sections were incubated with insulin primary antibody (1:100; 
cat. no. 4590; Cell Signaling Technology, Inc.) overnight at 
4˚C. Then biotin‑labeled secondary antibody and streptav‑
idin‑peroxidase complex working solution (cat. no. SA1028; 
Boster Biological Technology Co., Ltd.) were incubated 
with the tissue sections for 1  h at 37˚C and a DAB kit 
(cat. no. AR1027; Boster Biological Technology Co., Ltd.) was 
used to produce a brown positive reaction. Finally, All sections 
were stained with hematoxylin (cat. no. C0105S‑1; Beyotime 
Institute of Biotechnology) for 2 min at room temperature and 
eosin (cat. no. C0105S‑2; Beyotime Institute of Biotechnology) 
for 30 sec at room temperature. Scans were performed and 
images were captured using a light microscope (Olympus 
IX‑71; Olympus Corporation).

Statistical analysis. Statistical analysis was performed using 
SPSS software (version 19.0; IBM Corp.). Data are expressed 
as the mean ± standard deviation (SD). One‑way analysis of 
variance (ANOVA) with a Tukey's post hoc test was used for 
multiple‑group comparisons. P<0.05 was considered to indi‑
cate a statistically significant difference. Data visualization 
was performed using GraphPad Prism software (version 5.0; 
GraphPad Software, Inc.).

Results

VNN1 overexpressed in PC cells inhibits the viability and 
further impairs the functions of paraneoplastic islets. The 
PANC‑1 and CFPAC‑1 cells were transfected with VNN1 
vector (PV and CV, respectively) or empty vector (PE and 
CE, respectively), and the transfection efficiency was verified 
using western blot analysis (Fig. 1A). VNN1 overexpression 
had no significant effect on the proliferation of the PANC‑1 
and CFPAC‑1 cells (Fig. S1). Primary islets were isolated from 
the pancreases of B6 mice and cultured in vitro (Fig. 1B). 
The islets were then co‑cultured with PC cells for 24 h using 
Transwell chambers (Fig.  1C). As shown in Fig.  1D, the 
survival rate of the islets was decreased significantly in the 
PV or CV co‑culture group compared with the control groups. 
Furthermore, the levels of pro‑apoptotic proteins (cleaved 
caspase‑3/9) in the PV or CV co‑cultured islets were increased 
significantly (Fig. 1E). Compared with the untreated group, 
the basal insulin secretion of islets markedly decreased in all 
co‑culture groups, and the decrease was more pronounced 
in the PV co‑culture group (Fig. 1F, left panel). Following 
low‑glucose (5.6 mM) or high‑glucose (16.7 mM) stimulation, 
the insulin secretion markedly increased in the PANC‑1 and 
PE co‑culture groups, while the insulin secretion exhibited 
no response in the PV co‑culture group (Fig. 1F, left panel). 
Similar results were obtained for the CFPAC‑1, CE and CV 
co‑culture groups (Fig. 1F, right panel).

Inhibition of VNN1‑mediated oxidative stress improves the 
viability and functions of paraneoplastic islets. The HPLC 
method was used (Fig. S2) to observe the cysteamine concen‑
trations in the conditioned media of PV and CV cells; the 
cysteamine concentrations were increased significantly in the 
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PV and CV cells compared with the control cells (Fig. 2A). 
Correspondingly, the cysteamine and ROS contents in the 
islets co‑cultured with PV and CV cells were also markedly 

increased (Fig. 2B and C). In addition, the GSH and PPARγ 
expression levels in the islets were inhibited in the PV and 
CV co‑culture groups (Fig.  2D and  E). Following islet 

Figure 1. VNN1‑overexpressing PC cells inhibit the viability and function of islets. (A) PANC‑1 and CFPAC‑1 cells were transfected with empty vector or 
VNN1 vector, and VNN1 expression in cell lysates was examined using western blot analysis. β‑actin was used as the loading control. (B) Primary islets from 
B6 mice were cultured in vitro. (C) Co‑culture system of islets with PC cells was constructed using Transwell chambers. (D) Following co‑culture with PC cells 
for 24 h, islets were dissociated into single cells and cell viability was determined using Trypan blue staining. (E) Following co‑culture with PC cells, cleaved 
caspase‑3/9 expression levels in islets were examined using western blot analysis. β‑actin was used as the loading control. (F) Following co‑culture with PC 
cells, the insulin secretion of islets was determined using radioimmunoassay. Data are presented as the mean ± SD (n=3). Data were analyzed using one‑way 
ANOVA followed by Tukey's post‑hoc test. *P<0.05 and **P<0.01 compared with the PANC‑1, CFPAC‑1 or control group. #P<0.05 compared with the PANC‑1, 
PE, CFPAC‑1 or CE groups. VNN1, Vanin‑1; PC, pancreatic cancer; PV, PANC‑1 cells with the stable overexpression of VNN1; PE, PANC‑1 cells transfected 
with empty vector; CV, CFPAC‑1 cells with the stable overexpression of VNN1; CE, CFPAC-1 cells transfected with empty vector.
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Figure 2. The viability and function of paraneoplastic islets are improved after suppressing VNN1‑induced oxidative stress by GSH or TZD. (A and B) The 
extracellular and intracellular cysteamine concentrations were detected using high‑performance liquid chromatography. (C) ROS contents in islets were 
analyzed using flow cytometry. (D) GSH concentrations in islets were detected using spectrophotometry. (E) PPARγ expression in islets was examined using 
western blot analysis. β‑actin was used as the loading control. (F) Following islet pre‑treatment with GSH or TZD, islet viability was determined using Trypan 
blue staining. (G) Following islet pre‑treatment with GSH or TZD, cleaved caspase‑3/9 levels in islets were examined using western blot analysis. β‑actin 
was used as the loading control. (H) Following islet pre‑treatment with GSH or TZD, the insulin secretion was determined using radioimmunoassay. Data 
are presented as the mean ± SD (n=3). Data were analyzed using one‑way ANOVA followed by Tukey's post‑hoc test. *P<0.05 compared with the PANC‑1, 
CFPAC‑1, PV or control group. ROS, reactive oxygen species; PPARγ, peroxisome proliferator activated receptor gamma; GSH, glutathione; TZD, thiazoli‑
dinedione; PV, PANC‑1 cells with the stable overexpression of VNN1; PE, PANC‑1 cells transfected with empty vector; CV, CFPAC‑1 cells with the stable 
overexpression of VNN1; CE, CFPAC-1 cells transfected with empty vector; VNN1, Vanin‑1.
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pre‑incubation with 10 µM GSH or 10 µM thiazolidinedione 
(TZD, PPARγ agonist) for 2 h, the decreased survival rate 
and increased expression levels of pro‑apoptotic proteins in 
the islets were reversed in the PV co‑culture group (Fig. 2F 
and G). Moreover, following islet pre‑treatment with GSH 
or TZD for 2 h, the basal insulin secretion was increased 
significantly and the insulin secretion was also markedly 
elevated following low‑ or high‑glucose stimulation in the PV 
co‑culture group (Fig. 2H).

Exos derived from PV cells further suppress the insulin secretion 
of paraneoplastic islets. As was demonstrated, the cysteamine 
concentration in the conditioned medium of PV cells was higher 
than that of the control cells (Fig. 3A). In order to ensure that the 
conditioned media of PE and PV cells contain the same content of 
cysteamine, the difference value (D‑value) of cysteamine content 
between the two types of conditioned media was calculated, 
and complete medium (CM) containing the standard sample of 

cysteamine (the amount was equal to the D‑value) was mixed 
with conditioned medium of PE cells (PE + cysteamine), and the 
equal volume of CM without cysteamine was mixed with condi‑
tioned medium of PE cells (PE + CM) or PV cells (PV + CM), 
respectively. As shown in Fig. 3B, the cysteamine concentration 
in the conditioned medium of the PE + cysteamine group was 
equal to that of the PV + CM group. Following islet incubation 
with the different conditioned media for 24 h, the cysteamine 
content in the islets exhibited no marked differences between the 
PE + cysteamine and PV + CM groups (Fig. 3C). Although the 
insulin secretion of islets was inhibited in both the PE + cyste‑
amine and PV + CM groups, the inhibitory effect was more 
prominent in the PV + CM group (Fig. 3D), which indicated that 
other unknown substances released by VNN1‑overexpressing 
PC cells may also aggravate islet dysfunction, apart from cyste‑
amine.

Transmission electron microscopy images revealed that 
the morphologies of extracellular vesicles (EVs) extracted 

Figure 3. Islet dysfunction was exacerbated by Exos extracted from VNN1‑overexpressing PC cells. (A and B) Cysteamine contents in conditioned media were 
determined using high‑performance liquid chromatography. After the islets wereco‑cultured with different conditioned media, (C) the cysteamine contents 
in islets were detected using high‑performance liquid chromatography and (D) insulin secretion was determined using radioimmunoassay. (E) Transmission 
microcopy images of PC‑ Exos. (F) Size distributions of PC‑Exos. (G) Exo markers (TSG101 and Alix) and negative marker (C‑myc) in PC‑Exos were 
determined using western blot analysis. TSG101 and Alix were used as the positive loading controls, and C‑myc was used as the negative loading control. 
(H) Following treatment with different PC‑Exos, the insulin secretion of islets was determined using radioimmunoassay. (I) Following treatment with different 
PC‑Exos, the insulin content in islets was also determined using radioimmunoassay. Data are presented as the mean ± SD (n=3). Data were analyzed using 
one‑way ANOVA followed by Tukey's post‑hoc test. *P<0.05 compared with the PANC‑1, PE + CM, PANC1‑Exos or control group. #P<0.05 compared with 
the PE + CM group. $P<0.05 compared with the PE + cysteamine group. &P<0.05 compared with the PANC1‑Exos or PE‑Exos group. CM, complete medium; 
Exos, exosomes; VNN1, Vanin‑1; PC, pancreatic cancer; PV, PANC‑1 cells with the stable overexpression of VNN1; TSG101, tumor susceptibility gene 101; 
PE, PANC‑1 cells transfected with empty vector.
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from PC cells were diverse (Fig. 3E), and the particle sizes of 
the EVs ranged from 30 to 80 nm (Fig. 3F). All EVs contained 
Exo‑specific proteins (TSG101 and Alix), apart from C‑myc, 
which was confirmed not to be expressed in Exos (Fig. 3G). 
Therefore, the extracted EVs were Exos. The islets were 
incubated with types of Exos (PANC1‑Exos, PE‑Exos and 
PV‑Exos) for 24 h. Compared with the untreated group, the 
insulin secretion of islets in the PC‑Exo‑treated groups were 
markedly decreased as the concentration of Exos increased, 
and the decrease was particularly evident in the PV‑Exo‑treated 
group (Fig. 3H). After the islets were incubated with 2 µg/ml of 
PC‑Exos for 24 h, the insulin content in the islets decreased in 
every PC‑Exo‑treated group, and the decrease was particularly 
pronounced in the PV‑Exo‑treated group (Fig. 3I).

VNN1 can be transferred into paraneoplastic islets through 
PC‑Exos and induces β‑cell dedifferentiation. As shown in 
Fig. 4A, VNN1 expression in PV‑Exos was higher than that 
in PANC1‑Exos and PE‑Exos. After the islets were incu‑
bated with PC‑Exos (2 µg/ml) for 24 h, the VNN1 content 

in the PV‑Exo‑treated islets was also higher than that in the 
PANC1‑Exos and PE‑Exo‑treated islets (Fig. 4B and C). These 
results suggested that VNN1 could be transferred into islets 
via PC‑Exos. Notably, there was no marked difference in the 
cysteamine content among these three PC‑Exo‑treated islets 
(Fig. 4D). The islets were incubated with various concen‑
trations of PV‑Exos for 24 h, and no marked changes were 
observed in the cysteamine content of islets with the increased 
concentration of PV‑Exos (Fig. 4E). These results demon‑
strated that the further inhibition of islet function by PV‑Exos 
was not dependent on cysteamine‑mediated oxidative stress. 
Therefore, the present study continued to explore the mecha‑
nisms of the PV‑Exo‑induced aggravation of islet dysfunction. 
Compared with the PANC1‑Exos and PE‑Exos, the PV‑Exos 
significantly decreased the expression of β‑cell differentiation 
markers (Pdx1, Mafa and NeuroD1) in the islets (Fig. 4F), 
which indicated that PV‑Exos induced β‑cell dedifferentiation.

VNN1 in PC‑Exos induce β‑cell dedifferentiation via the inhi‑
bition of the AMPK/GAPDH/Sirt1/FoxO1 signaling pathway. 

Figure 4. Exos derived from VNN1‑overexpressing PC cells induce β‑cell dedifferentiation. (A) VNN1 in PC‑Exos was determined using western blot analysis. 
As an Exo marker, Alix was used as the loading control. (B) Following treatment with PC‑Exos, VNN1 expression in islets was determined using western blot 
analysis. β‑actin was used as the loading control. Following co‑culture with PC‑Exos, (C) VNN1 expression in islets was analyzed using immunohistochem‑
istry, and (D) cysteamine in islets was determined using high‑performance liquid chromatography. (E) Following incubation with various concentrations of 
PV‑Exos, cysteamine in islets was determined using high‑performance liquid chromatography. (F) Following co‑culture with PC‑Exos, β‑cell differentiation 
markers (Pdx1, Mafa and NeuroD1) in islets were examined using western blot analysis. β‑actin was used as the loading control. Data are presented as the 
mean ± SD (n=3). Data were analyzed using one‑way ANOVA followed by Tukey's post‑hoc test. *P<0.05 compared with the PANC1‑Exos group. VNN1, 
Vanin‑1; Exos, exosomes; Pdx1, pancreatic and duodenal homeobox 1; Mafa, MAF BZIP transcription factor A; NeuroD1, neurogenic differentiation 1; PC, 
pancreatic cancer; PV, PANC‑1 cells with the stable overexpression of VNN1; PE, PANC‑1 cells transfected with empty vector.
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The present study attempted to investigate the mechanisms 
of PV‑Exo‑induced β‑cell dedifferentiation. It was found 
that VNN1 overexpression inhibited the phosphorylation of 
AMPK in PANC‑1 cells, and the expression of p‑AMPK in the 
PV‑Exo‑treated islets was lower than that in the PANC1‑Exos 
and PE‑Exo‑treated islets (Fig. 5A), suggesting that VNN1 
transferred by PC‑Exos inhibited the phosphorylation of 
AMPK in paraneoplastic islets. The present study further 
examined the effects of PV‑Exos on downstream cytokines 
of the AMPK signaling pathway in islets. Compared with the 
control groups, the content of GAPDH was decreased in the 
nucleus of PV‑Exo‑treated islets (Fig. 5B). A Co‑IP assay was 
also performed to confirm that Sirt1 could bind with GAPDH 
and FoxO1 in PC‑Exo‑treated islets, while the bindings were 
inhibited in PV‑Exo‑treated islets (Fig. 5C). In addition, Co‑IP 
assay revealed that lysine of FoxO1 was markedly acetylated 
in the PV‑Exo‑treated islets (Fig. 5D), indicating that PV‑Exos 
suppressed FoxO1 deacetylation in islets. As FoxO1 func‑
tions as a downstream protein of the AMPK/GAPDH/Sirt1 

signaling pathway and FoxO1 deacetylation induces β‑cell 
differentiation, these results suggested that VNN1 in PC‑Exos 
inhibited the AMPK/GAPDH/Sirt1/FoxO1 signaling pathway 
to induce β‑cell dedifferentiation.

Co‑culture with PV cells aggravates the dysfunction of islets 
transplanted under the kidney capsule of diabetic mice. Islets 
were co‑cultured with PE and PV cells for 24 h, and these 
islets and untreated islets were then transplanted under the 
kidney capsule of B6 diabetic mice. As shown in Fig. 6A, 
the mice that received 200  IEQ untreated islets achieved 
normoglycemia at the 2nd week post‑transplantation, and the 
mice that received the same amount of PE or PV cell‑treated 
islets achieved normoglycemia at the 4th or 6th week 
post‑transplantation, respectively. The fasting blood glucose 
(FBG) levels of the untreated group were lower at the 1st to 
3rd weeks post‑transplantation compared to the PE and PV 
groups. The FBG levels of the PV group were higher at the 2nd 
to 4th weeks post‑transplantation compared to the PE group. 

Figure 5. VNN1 in PC‑Exos inhibits the AMPK/GAPDH/Sirt1/FoxO1 signaling pathway in islets. (A, left panel) p‑AMPK levels in PC cells were determined 
using western blot analysis. β‑actin was used as the loading control. (A, right panel) Following treatment with PC‑Exos, p‑AMPK levels in islets were examined 
using western blot analysis. β‑actin was used as the loading control. (B) Following treatment with PC‑Exos, nuclear‑localized GAPDH in islets were examined 
using western blot analysis. Tubulin and Lamin B were used as the loading controls. (C) Following co‑culture with PC‑Exos, the interaction of GAPDH or 
FoxO1 with Sirt1 in islets was detected using co‑immunoprecipitation. GAPDH, FoxO1 and Sirt1 were used as the loading controls. (D) Following co‑culture 
with PC‑Exos, acetylated‑lysine of FoxO1 in islets was detected using co‑immunoprecipitation. FoxO1 was used as the loading control. Data are presented 
as the mean ± SD (n=3). Data were analyzed using one‑way ANOVA followed by Tukey's post‑hoc test. *P<0.05 compared with the PANC‑1 or PANC1‑Exos 
group. p‑, phosphorylated; Exos, exosomes; VNN1, Vanin‑1; AMPK, AMP‑activated protein kinase; PC, pancreatic cancer; PV, PANC‑1 cells with the stable 
overexpression of VNN1; PE, PANC‑1 cells transfected with empty vector.
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Similar results were observed for the mice which received 400 
IEQ islets. As shown in Fig. 6B, mice in the untreated, PE and 
PV groups achieved normoglycemia at the 2nd, 3rd and 5th 
week post‑transplantation, respectively. The FBG levels in the 
untreated group were lower at the 1st to 2nd weeks post‑trans‑
plantation compared to the PE and PV groups. The FBG levels 
in the PV group were higher at the 3rd to 4th weeks post‑trans‑
plantation compared to the PE group. Following the excision 
of kidney containing the transplanted islets at the 14th week, 
the FBG levels of all mice rebounded significantly (Fig. 6A 
and B), indicating that the transplanted islets were responsible 

for maintaining normoglycemia prior to nephrectomy. The 
excised kidneys were used for immunohistochemical staining, 
and the islets stained positive for insulin could be observed 
under the kidney capsule (Fig. 6C).

Discussion

VNN1 can regulate the oxidative stress response via multiple 
pathways (9,20‑22). In addition, oxidative stress can impair 
the activity and function of β‑cells by damaging molecules 
or organelles, which leads to the onset and development 
of diabetes (23‑26). In a previous study, the authors found 
that the high expression of VNN1 in PC cells aggravated 
the oxidative stress of paraneoplastic insulinoma cell lines 
by paracrine cysteamine, thereby inhibiting the activity and 
function of insulinoma cells  (11). Cell lines derived from 
tumor cells differ from normal cells in terms of gene expres‑
sion, metabolic pathways, growth patterns, etc. Therefore, 
primary mouse islets were used in the present study in order 
to obtain more accurate research results. As the paracrine 
effect of PC cells is likely to induce islet dysfunction (27‑29), 
the primary islets were co‑cultured with PC cells in vitro to 
simulate the paracrine effect of PC cells on paraneoplastic 
islets in vivo in the present study. Consistent with the findings 
of the previous study by the authors (11), the present study 
also found that VNN1‑overexpressing PC cells increased the 
ROS levels, and decreased the GSH and PPARγ concentra‑
tions in paraneoplastic islets by secreting cysteamine, and 
subsequently aggravated oxidative stress in islets, ultimately 
inhibiting the viability and insulin secretion of islets (Fig. S3).

In the present study, it was found that other substances 
secreted by VNN1‑overexpressing PC cells also further 
inhibited the function of paraneoplastic islets in addition to 
cysteamine. Some studies have indicated that PC‑Exos may 
induce the occurrence of PC‑DM. Javeed et al (13) demon‑
strated that adrenomedullin in PC‑Exos inhibited the insulin 
secretion of β‑cells by inducing endoplasmic reticulum stress. 
Moreover, adrenomedullin in PC‑Exos also leads to lipolysis, 
which produces free fatty acids to impair insulin secretion 
and induce insulin resistance (15,17). Wang et al (14) found 
that microRNAs (miRNAs/miRs; e.g., miR‑883b‑5p, etc.) in 
PC‑Exos triggered the insulin resistance of skeletal muscle 
cells. Zhang et al (16) observed that miRNAs (miR‑6796‑3p, 
etc.) in PC‑Exos decreased the expression of incretins in 
enteroendocrine cells, thereby inhibiting insulin secretion 
and reducing insulin sensitivity. The present study found that 
PC‑Exos (1 or 2 µg/ml) inhibited the insulin secretion of islets, 
and the inhibitory effect of VNN1‑overexpressing PC‑Exos 
was more prominent. In addition, it was found that VNN1 
could be transferred into paraneoplastic islets via PC‑Exos. 
However, there was no significant difference in the cyste‑
amine content in islets following incubation with PC‑Exos 
(≤2 µg/ml), regardless of whether VNN1 was overexpressed 
in PC cells. This indicated that the further inhibition of islet 
function by VNN1‑overexpressing PC‑Exos was not depen‑
dent on cysteamine‑mediated oxidative stress.

Previous studies have suggested that β‑cell apoptosis 
caused by oxidative stress is the primary etiology of diabetes 
which results in the decrease in the number and dysfunction 
of β‑cells (30,31). However, other researchers have found 

Figure 6. Secretions of VNN1‑overexpressing PC cells aggravate islet 
dysfunction in vivo. (A and B) Average blood glucose levels of B6 diabetic 
mice before and after transplantation with 200 or 400 IEQ islets co‑cultured 
or not with PC cells under the kidney capsule (5  mice in each group). 
(C)  Immunohistochemical analysis of insulin in islets under the kidney 
capsule (indicated with black arrows). Data are presented as the mean ± SD 
(n=5). Data were analyzed using one‑way ANOVA followed by Tukey's 
post‑hoc test. *P<0.05, PV group compared with the PE group; #P<0.05, 
untreated group compared with the PE or PV group; $P<0.05 compared 
with untreated, PE or PV group at 14th week. IEQ, islet equivalent; VNN1, 
Vanin‑1; PV, PANC‑1 cells with the stable overexpression of VNN1; PE, 
PANC‑1 cells transfected with empty vector.
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that the decrease in the number and dysfunction of β‑cells is 
not proportional to the degree of β‑cell apoptosis, indicating 
that other mechanisms may also inhibit the activity and 
function of β‑cells besides apoptosis (32). Cell dedifferentia‑
tion refers to the transformation of functionally mature cells 
into more primitive precursor cells after losing their specific 
phenotype and function. Recent research has reported that 
dedifferentiated β‑cells lose their ability to secrete insulin 
and transform into endocrine precursor cells with pluripo‑
tent differentiation potential, resulting in the insufficiency 
in quantity and function of β‑cells (33). Therefore, β‑cell 
dedifferentiation may be another key mechanism in the 
pathogenesis of diabetes.

Chang et al (34) found that cytoplasmic GAPDH can be 
phosphorylated by activated AMPK, which causes GAPDH 
to redistribute into the nucleus, and nuclear‑localized 
GAPDH then interacts directly with Sirt1 and disassociates 
Sirt1 from its inhibitor, deleted in breast cancer 1 (DBC1), 
thereby causing Sirt1 to be activated. Nakae  et  al  (35) 
observed that activated Sirt1 could bind directly with 
FoxO1 and induce the deacetylation of FoxO1, thereby 
increasing the transcriptional activity of FoxO1. Some 
studies have confirmed that the increased transcriptional 
activity of FoxO1 can promote the expression of β‑cell 
differentiation markers, such as Mafa and NeuroD1, while 
the decreased transcriptional activity of FoxO1 induces 
β‑cell dedifferentiation (36‑38). The present study demon‑
strated that VNN1‑overexpressing PC‑Exos inhibited the 
expression of β‑cell differentiation markers (Pdx1, Mafa 
and NeuroD1) in islets. It was also found that VNN1 inhib‑
ited the phosphorylation of AMPK in islets via PC‑Exos. 
The present study observed that the GAPDH content was 
decreased in the nucleus of islets following incubation with 
VNN1‑overexpressing PC‑Exos, suggesting that VNN1 
inhibited the redistribution of GAPDH from the cyto‑
plasm to the nucleus in islets. Moreover, the present study 
demonstrated that VNN1‑overexpressing PC‑Exos inhibited 
the binding of Sirt1 with GAPDH and FoxO1 in islets. As 
previously demonstrated, three lysine sites (Lys242, Lys245 
and Lys262) of FoxO1 can be acetylated by lysine acetyla‑
tion transferases, resulting in the acetylation of FoxO1 (39). 
The present study found that the acetylated lysine level of 
FoxO1 in islets was upregulated following incubation with 
VNN1‑overexpressing PC‑Exos, suggesting that VNN1 in 
PC‑Exos may promote the acetylation of FoxO1. In other 
words, VNN1 inhibited FoxO1 deacetylation in islets.

As summarized in Fig. 7, the possible mechanisms respon‑
sible for the dedifferentiation of paraneoplastic β‑cells by 
VNN1‑overexpressing PC‑Exos are the following: i) VNN1 
located in the PC cell membrane is acquired and enriched by 
PC‑Exos; ii) PC‑Exos are captured by paraneoplastic β‑cells, 
and enriched VNN1 is transferred into β‑cells; iii) VNN1 
inhibits the phosphorylation of AMPK, thereby blocking the 
phosphorylation of GAPDH; iv) GAPDH is prevented from 
moving into the nucleus and binding with Sirt1, thereby 
limiting the disassociation of Sirt1 from its inhibitor, DBC1, 
resulting in a decrease in Sirt1 activity; v) inactivated Sirt1 
cannot interact with FoxO1 and thus FoxO1 cannot be deacet‑
ylated, causing a decrease in the transcriptional activity of 
FoxO1; vi) β‑cell dedifferentiation is initiated thereof.

A previous study reported that the blood glucose levels 
of SCID mice were evidently increased after a continuous 
intraperitoneal injection of conditioned medium of PC cells 
for 10 days  (29). In addition, in another study, the blood 
glucose levels of athymic nude mice were significantly 
increased after an injection of PC cells subcutaneously 
and orthotopically at 4 weeks (40). However, these studies 
have not confirmed which cells are targeted by PC cells 
to cause hyperglycemia in vivo. In vitro experiments have 
demonstrated that the secretions of PC cells can impair 
the functions of β‑cells, adipocytes, hepatocytes, skeletal 
muscle cells and enteroendocrine cells, all of which partici‑
pate in the regulation of blood glucose in vivo (13‑17,41). In 
the present study, to investigate the effects of islets following 
co‑culture with PC cells on blood glucose regulation in vivo 
and to exclude the effects of the PC cell‑induced dysfunction 
of other target cells on blood glucose regulation, B6 diabetic 
mice with islets transplanted under the kidney capsule 
were used. It was found that mice transplanted with 200 or 
400 IEQ untreated islets achieved normoglycemia earlier 
than the mice transplanted with islets co‑cultured with 
PC cells, while mice transplanted with islets treated with 
VNN1‑overexpressing PC cells achieved normoglycemia 
at the latest stage. These results indicate that the secretions 
of PC cells can impair the functions of islets in vivo, and 
the secretions of VNN1‑overexpressing PC cells aggravate 
islet dysfuntion. However, whether transplanted islets were 
co‑cultured with PC cells or not, all mice achieved normo‑
glycemia eventually, which may be caused by the following 
two reasons: i) The co‑culture time of islets with PC cells 

Figure 7. Schematic diagram illustrating the mechanisms through which 
VNN1 in PC cells induces β‑cell dedifferentiation by inhibiting the 
AMPK/GAPDH/Sirt1/FoxO1 signaling pathway. (A) PC cell membrane 
acquires VNN1 by endocytosis and forms a small vesicle. (B) The multive‑
sicular body fuses with the PC cell membrane and releases VNN1‑containing 
Exos. (C) VNN1 is transferred into β‑cells by PC‑Exos and inhibits the phos‑
phorylation of AMPK. (D) The phosphorylation of cytoplasmic GAPDH is 
inhibited by inactivated AMPK. (E) GAPDH is prevented from redistributing 
into the nucleus and interacting with Sirt1; hence, Sirt1 activity is inhibited. 
(F) Sirt1 is prevented from binding with FoxO1. (G) FoxO1 cannot be deacet‑
ylated. (H) β‑cell dedifferentiation is initiated thereof. PC, pancreatic cancer; 
VNN1, Vanin‑1; AMPK, AMP‑activated protein kinase; FoxO1, Forkhead 
box protein O1; Sirt1, sirtuin 1.
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was brief, and the secretions of PC cells could not function 
continuously on transplanted islets; ii) the quantity of trans‑
planted islets was sufficient.

Previous reports have demonstrated that VNN1 overexpres‑
sion in colorectal or adrenocortical cancer promotes tumor 
progression and is associated with a poor prognosis (42‑44). 
However, the effects of VNN1 on PC progression remain 
unknown. In the present study, it was found that VNN1 inhibited 
the phosphorylation of AMPK in PC cells. As activated AMPK 
can suppress the invasion and migration of PC cells (45,46), it 
was hypothesized that VNN1 may promote PC progression by 
inhibiting AMPK signaling pathway. Therefore, it may be note‑
worthy to investigate the role of VNN1 in PC progression and 
develop potential VNN1‑targeted therapies for PC in the future.

In conclusion, the present study re‑affirmed that VNN1 
in PC cells aggravated oxidative stress in paraneoplastic 
islets by secreting cysteamine, thereby inhibiting the activity 
and function of islets. In addition, it was found that VNN1 
was transferred into islets via PC‑Exos and inhibited the 
AMPK/GAPDH/Sirt1/FoxO1 signaling pathway, resulting 
in β‑cell dedifferentiation. Furthermore, a renal subcapsular 
islet transplantation model was used to demonstrate that the 
secretions of VNN1‑overexpressing PC cells aggravated 
islet dysfunction in vivo. Therefore, the present study further 
explored the mechanisms of VNN1‑induced PCAD and 
provide new evidence that VNN1 can be used as a specific 
biomarker for early PCAD screening.
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