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Fructose-Induced mTORC1 Activation Promotes

Pancreatic Cancer Progression through Inhibition of

Autophagy
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Excessive fructose intake is associated with the occurrence,
progression, and poor prognosis of various tumors. A better
understanding of the mechanisms underlying the functions of
fructose in cancer could facilitate the development of better
treatment and prevention strategies. In this study, we investi-
gated the functional association between fructose utilization and
pancreatic ductal adenocarcinoma (PDAC) progression. Fructose
could be taken up and metabolized by PDAC cells and provided
an adaptive survival mechanism for PDAC cells under glucose-
deficient conditions. GLUTS5-mediated fructose metabolism
maintained the survival, proliferation, and invasion capacities
of PDAC cells in vivo and in vitro. Fructose metabolism not only
provided ATP and biomass to PDAC cells but also conferred
metabolic plasticity to the cells, making them more adaptable to

Introduction

Pancreatic ductal adenocarcinoma (PDAC) accounts for approxi-
mately 90% of all pancreatic cancers and is one of the most aggressive
solid tumors (1). Evidence suggests that the development of PDAC
may be related to smoking, unhealthy diet, environmental pollution,
and genetic factors (2). Epidemiological studies have found that the
incidence of pancreatic cancer is significantly higher in patients with
diabetes and chronic pancreatitis than in the general population (3, 4).
Despite recent advances in diagnosis and therapy, the overall cumu-
lative 5-year survival rate is less than 9% due to its early metastasis and
chemoresistance (5), making the treatment of patients with PDAC
extremely challenging. Validated prevention strategies, early diagno-
sis, and effective systemic therapy are urgently needed to reduce the
incidence of PDAC, suppress its malignant progression, and improve
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the tumor microenvironment. Mechanistically, fructose activated
the AMP-activated protein kinase (AMPK)-mTORCI1 signaling
pathway to inhibit glucose deficiency-induced autophagic cell
death. Moreover, the fructose-specific transporter GLUT5 was
highly expressed in PDAC tissues and was an independent
marker of disease progression in patients with PDAC. These
findings provide mechanistic insights into the role of fructose in
promoting PDAC progression and offer potential strategies for
targeting metabolism to treat PDAC.

Significance: Fructose activates AMPK-mTORCI signaling to
inhibit autophagy-mediated cell death in pancreatic cancer cells
caused by glucose deficiency, facilitating metabolic adaptation to the
tumor microenvironment and supporting tumor growth.

patient survival. Therefore, unraveling the mechanisms leading to
PDAC initiation and progression will help to identify new markers for
the diagnosis of this malignancy as well as new therapeutic targets.

Fructose is a monosaccharide with the same chemical formula as
glucose, but with a different structure. It is widely found in natural
foods, such as fruits and honey, and is also a major component of high-
fructose corn syrup (6). As one of the sweetest of all natural sugars,
fructose is extensively used as a sweetener in processed foods, and its
consumption has increased dramatically in recent decades (7). How-
ever, excessive fructose intake can promote the development and
malignant progression of many kinds of tumors, and lead to poor
prognosis in patients with cancer (8-18). Of all carbohydrates, high-
fructose intake is most strongly associated with breast cancer (19). A
systematic review and dose-response meta-analysis of several pro-
spective studies suggested that fructose intake increases the risk of
pancreatic cancer (20). In addition, women who consume high
fructose are 2.1 times more likely to develop colon cancer than women
on a normal diet (21), whereas men have a 27% to 37% increased
incidence of colon cancer (14). Moreover, high-fructose consumption
significantly reduces disease-free survival and promotes recurrence of
advanced colon cancer. This effect of fructose may be related to the fact
that it causes an increase in the length of intestinal villi, which has been
confirmed in mouse experiments to be associated with a higher risk of
colorectal cancer and greater tumor aggressiveness (22). In addition,
fructose provides energy and biomass for cancer cell growth and
contributes to the Warburg effect by downregulating mitochondrial
respiration (23). Nevertheless, the detailed mechanisms by which
fructose promotes tumorigenesis and progression remain to be
elucidated.

Physiologically, fructose is passively absorbed into the intestinal
lumen through the Glucose-transporter type 5 (Glut5) and metabo-
lized mainly in the liver, kidney, and adipocytes (24). In most cases,
fructose is first metabolized intracellular via KHK or HK catalysis and
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then resynthesized into glucose via gluconeogenesis or integrated into
lipogenic or oxidative pathways via glycolysis (Supplementary
Fig. SI1A; ref. 25). In fact, most normal tissues rarely express the
fructose-transporter Glut5, and therefore cannot directly use and
metabolize fructose (26). However, it is clear that tumor cells express
Glut5 and are able to metabolize fructose (17, 27-33). As research has
progressed, several studies have shown that Glut5 expression and
fructose utilization in cancer tissues correlate with tumor progression
and patient prognosis (17, 29, 32, 33). To date, no epidemiological
investigations on the relationship between fructose intake and pan-
creatic cancer progression have been reported, and few experimental
studies on the aforementioned relationship have been implemented.
Although one research found that fructose promotes pancreatic cancer
cell proliferation by increasing nucleic acid synthesis in vivo, this study
lacked the necessary in vivo experiments and clinical sample testing to
confirm its findings (34). Therefore, more in-depth research is needed
to further investigate the role of fructose in pancreatic cancer. In this
study, we report a functional association between fructose utilization
and PDAC progression. We demonstrate that Glut5-mediated fructose
metabolism maintains the survival, proliferation, and migration
capacities of PDAC cells in vivo and in vitro. Fructose metabolism
not only provides ATP and biomass to PDAC cells, but also confers
metabolic plasticity to the cells, making them more adaptable to the
tumor microenvironment. Mechanistically, fructose inhibits glucose
deficiency-induced autophagy and promotes PDAC progression by
regulating the AMPK (AMP-activated protein kinase)-mTORCI sig-
naling pathway. Moreover, the fructose-transporter Glut5 was highly
expressed in PDAC tissues and served as an independent marker of
disease progression in patients with PDAC, suggesting that targeting
fructose metabolism may be a potential therapeutic strategy for PDAC.

Materials and Methods

Cell lines and cell culture

Human PDAC cell lines SW1990, SU86.86, Capan2, and BxPC3, the
mouse PDAC cell line Panc02, and human embryonic kidney
HEK293T cells were obtained from the ATCC. PDAC cell lines were
cultured in RPMI-1640 medium (HyClone), and HEK293T cells were
cultured in DMEM high-glucose medium (HyClone). All media were
supplemented with 10% FBS (Gibco) and 1% penicillin and strepto-
mycin. All cells were cultured at 37°C in an incubator with 5% CO,.
Glucose-free DMEM and dialyzed FBS (DFBS) were obtained from
Gibco. Hypoxia was defined as a 1% oxygen environment. The
following inhibitors were used in the experiments: Mitochondrial
electron transport chain complex I inhibitor (rotenone, HY-B1756,
MCE), OXPHOS (oxidative phosphorylation) uncoupler (FCCP, HY-
100410, MCE), ATP synthetase inhibitor (oligomycin, HY-B1756,
MCE), Glut5 inhibitor (2,5-AM, Cayman Chem), HK inhibitor (2-
DG, D8375, SIGMA), KHK inhibitor (420640, SIGMA), AMPK
inhibitor (Compound C, HY-13418A, MCE), and AMPK activator
(AICAR, HY-13417, MCE). All cell lines were authenticated by short
tandem repeat profiling and tested for Mycoplasma contamination.

Plasmid construction, lentivirus production, and stable cell line
generation

GFP-LC3 plasmid was a gift from Prof. Binghui Li of Tianjin
Medical University Cancer Institute and Hospital. The small hairpin
RNAs (shRNA) were constructed into pLKO.1 plasmids to down-
regulate Glut5, and the sequences were as follows: shGlut5#1:
ACAAGGTGTCAGACGTATATC; shGlut5#2: GGACATTCATT-
GAGATCAACC. Glut5-Flag was amplified by PCR using the follow-

4064 Cancer Res; 83(24) December 15, 2023

ing primers: upper: 5-ACCTCCATAGAAGATTCTAGAGCCAC-
CATGGAGCAACAGGATCAGAGCA-3, lower: 5'-TTCGAATTC-
GCTCAGCTCTAGATCACTTGTCGTCGTCGTCCTTATAGTCC-
TGTTCCGAAGTGACAGGTG-3', and then inserted into the
lentiviral vector pPCDH-CMV-Puro at the Xba I-cloning site. Lenti-
virus was prepared by cotransfecting HEK293T cells with the lentiviral
plasmids and two packaging plasmids (psPAX2 and pMD2.G) using
polyethyleneimine. After 48 hours, the virus-containing supernatant
was collected, and cancer cells were infected with the lentivirus for
12 hours and then selected with 1 ug/mL puromycin for 3 days. RT-
PCR and Western blot were used to verify the expression level of Glut5.

Cell proliferation assay

The CCK8 assay was performed using a CCK8 kit following the
manufacturer’s protocol (Bimake). In brief, cells (1,000 cells/well) were
seeded and incubated in 96-well plates. Then, 10 pL of CCK8 solution
was added to each well and incubated for 3 hours at 37°C in an
incubator. The absorbance was read at 450 nm to detect cell viability.

EdU proliferation analysis

The 5-ethynyl-2’-deoxyuridine (EdU) assay kit (Cat#C0071S, Beyo-
time) was used to detect cell proliferation following the manufacturer’s
instructions. Briefly, a total of 1 x 10* cells/well were seeded in a 96-
well plate and cultured in different medium for 24 hours. The cells were
then incubated with 10 pmol/L EdU for 2 hours, and fixed with 4%
paraformaldehyde for 30 minutes. Subsequently, these cells were
incubated with 2 mg/mL glycine for 5 minutes, and permeabilized
with 0.5% Triton X-100, and reacted with Apollo solution for 30
minutes. The cells were then incubated with Hoechst solution and
visualized by fluorescence microscopy. The percentage of EdU-
positive cells was used to determine cell proliferative activity.

Colony formation assay

Cells (1,000 cells/well) were seeded in a 6-well plate and cultured in
medium containing different sugars for 2 weeks. Then the plate was
washed with PBS, fixed with methanol, stained with crystal violet
staining buffer, and the number of colonies was counted under an
inverted microscope, and representative images were taken.

Soft agar colony formation assay

Cells (1,000 cells/well) cultured in DMEM medium containing
different sugars were suspended in low-melting agarose (GE Health-
care) to a final concentration of 0.3% on 6-well plates precoated with a
solidified bottom layer made of 0.6% agarose in the same medium.
After incubation for 2 weeks, the plate was washed with PBS, fixed with
methanol, stained with crystal violet staining buffer, and colonies were
counted using a colony counter.

Cell apoptosis analysis

Cell apoptosis assays were performed according to the instructions
of the Annexin V-FITC/PI Apoptosis Detection Kit (Vazyme).
Cells were seeded in 6-well plates and cultured in different media for
48 hours according to the experimental design. Then the cells were
collected in 300 puL of binding buffer and stained with 5 uL of Annexin
V-FITC and 5 pL of propidium iodide (PI) solution. The stained cells
were analyzed using the FITC and PI channels of a flow cytometer (BD
Biosciences).

Wound-healing

Cells were cultured in 6-well plates, scraped with a 200 pL pipette
tip, and then washed with PBS to remove detached cells. The cells were
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Figure 1.

Glut5 was highly expressed in PDAC tissues and associated with worse prognosis. A, The expression level and location of Glut5 protein in PDAC tissues (IHC, x400)
and their corresponding normal tissues were identified by IHC staining (n = 50). B, Expression levels of Glut5 protein in PDAC and normal pancreatic tissues in the
Human Protein Atlas database. C, Expression levels of Glut5 mRNA in PDAC and normal pancreatic tissues in the TCGA database. D, Representative images of low and
high Glut5 expressions in PDAC tissues by IHC staining (IHC, x400; n = 129). E, Relationship between Glut5 expression levels and the prognosis of patients with
PDAC. F, Multivariate Cox regression analysis was used to evaluate independent risk factors for prognosis of patients with PDAC. Cl, confidence interval; HR, hazard
ratio. G and H, Relationships between Glut5 mRNA expression levels and overall survival (G) and disease-free survival (H) of patients with PDAC in the TCGA
database. I, Glut5 protein expression levels in PDAC tissues from diabetic and non-diabetic patients. J, The effect of diabetes on the survival of patients with PDAC.
K, The effect of diabetes combined with Glut5 expression levels in tumor tissues on the prognosis of patients with PDAC. All data are expressed as mean + SD.
Analysis was performed using a paired samples t test (A) or an unpaired Student ¢ test (B and I) or the Kaplan-Meier method (E, J, and K).
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cultured in different media at 37°C in 5% CQO, for 16 hours. The width of
the wound gap was photographed with an inverted microscope, and the
relative migration distance was calculated using the Adobe Photoshop.

Transwell assay

Transwell assay was performed by using a Boyden chamber with a
pore size of 8 um as described previously (35). For cell migration assay,
atotal of 5 x 10* cells suspended in 200 UL of sugar-free medium were
loaded onto the upper chambers and 500 pL of indicated media
containing 10% FBS were added to the lower chamber. After incuba-
tion at 37°C for 24 hours, the migrated cells were fixed and stained. For
cell invasion assay, a total of 5 x 10* cells suspended in 200 uL of
glucose-free medium were loaded onto the upper chambers coated
with Matrigel. After incubation at 37°C for 24 hours, the invaded cells
were fixed, stained, and captured by a microscope.

Western blot analysis and antibodies

Western blot analysis was performed as described previously (36).
Cell lysates were prepared with 1 x SDS lysis buffer, and then
separated by SDS-PAGE and transferred to polyvinylidene difluor-
ide (PVDF) membranes. After blocking in 5% skim milk for 1 hour,
the PVDF membranes were incubated overnight at 4°C with
corresponding primary antibodies. The following antibodies were
used: AMPK [2532, Cell Signaling Technology (CST)], pAMPK
(2535, CST), p70S6K (34475, CST), p-p70S6K (92434S, CST), Erk
(46958, CST), pErk (4370S, CST), AKt (9272, CST), pAkt (29658,
CST), SQSTM1/p62 (5114S, CST), LC3 (4108, CST), anti-O-
GlcNAc antibody (PTM-952, PTM Biolabs), and B-actin (A1978,
Sigma-Aldrich). The membranes were then incubated with the
corresponding secondary antibodies for 1 hour at room tempera-
ture. Protein bands were detected using an ECL kit (Millipore)
according to the manufacturer’s instructions.

qRT-PCR analysis

RT-PCR was performed using a QRT-PCR kit (Vazyme, China)
according to the manufacturer’s instruction. In brief, total RNA was
extracted by TRIzol, and then reverse transcribed into cDNA by HiScript
IT Q RT SuperMix for qPCR (Vazyme). The qPCR was performed using
AceQ gPCR SYBR Green Master Mix (Vazyme) following the manu-
facturer’s protocol. The gene expression was calculated by the 2744%
method. The following primers were used: Glut5, 5-CAAGGATGCCA-
ACAGTGATGAAGAG-3 (forward) and 5'-GCAGAGTCGCCACAT-
CATTTGA-3' (reverse); B-actin: 5-CAGAGCAAGAGAGGCATCC-3'
(forward) and 5'-CTGGGGTGTTGAAGGTCTC-3' (reverse).

ATP production assay
ATP production was measured using an ATP assay kit (CellTiter-
Glo Luminescent Cell Viability Assay cat: G7570) according to the
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manufacturer’s protocol. Briefly, the cells were lysed with ATP assay
lysis buffer and incubated for 10 minutes at room temperature, and
then the supernatant was collected. Total ATP levels were calculated
on the basis of the luminescence signal.

Metabolome analysis

Cells were cultured in Glc 5 mmol/L medium or Glc 5 mmol/L +
Fru 10 mmol/L medium for 48 hours. Then the medium was removed
and the cells were washed 3 times with pre-cooled PBS. Cellular
metabolites were extracted in 1.5 mL of 80% prechilled methanol.
After sonication for 6 minutes, the extracts were centrifuged at
5,000 rpm for 1 minute at 4°C, and then the supernatant was
freeze-dried and dissolved in 10% methanol. Next, the solution was
analyzed at Novogene Co., Ltd. using a Vanquish UHPLC system
(Thermo Fisher Scientific) coupled with an Orbitrap Q Exactive
TMHF-X mass spectrometer (Thermo Fisher Scientific). The meta-
bolites were annotated using the Kyoto Encyclopedia of Genes and
Genomes (KEGG), HMDB, and LIPIDMaps databases. Univariate
analysis (¢ test) was applied to calculate the statistical significance.
Metabolites with VIP > 1 and P < 0.05 and fold change (FC) >2 or <0.5
were considered significantly different. Volcano plots were used to
filter metabolites of interest that based on log, (fold change) and
—log;o (Pvalue) of metabolites by ggplot2 in R language. For clustering
heat maps, the differential metabolite intensity areas were normalized
using z-scores and ploted by the Pheatmap package in R language. The
functions of these metabolites and metabolic pathways were studied
using the KEGG database. The metabolic pathways enrichment of
differential metabolites was performed, when ratio was satisfied by x/n
> y/N, the metabolic pathway was considered as enrichment, when the
P value of metabolic pathway was <0.05, the metabolic pathway was
considered as statistically significant enrichment.

Mouse allograft models

Four- to five-week-old male C57BL/6 mice were purchased from
Jiangsu Collective Pharmachem Biotechnology Co. A subcutaneous
allograft model was established by subcutaneously injecting a total of 1
x 10° Panc02/luciferase cells in 100-pL saline solution. An orthotopic
allograft model was established by intrapancreatic injection of a total of
5 x 10> Panc02/luciferase cells mixed in 50-uL saline solution and 50-
UL Matrigel (BD Biosciences). For the PDAC liver metastasis model:
Briefly, after general anesthesia, an approximately 1-cm incision was
made in the left abdomen of the mice to expose the spleen, and then a
total of 1 x 10° Panc02/luciferase cells suspension in 100 pL saline was
injected into the spleen using a sterile syringe. After about 10 minutes,
the spleen was resected and the skin incision was sutured. For the
PDAC lung metastasis model, a total of 1 x 10° Panc02/luciferase cells
suspension in 100 UL saline were injected into C57BL/6 mice through
the tail vein. Each of the above mouse models was randomly divided

Figure 2.

Fructose contributes to the viability and colony-forming ability of PDAC cells in vitro. A, PDAC cell lines were cultured in the four indicated media containing 10%
dialyzed FBS (DFBS) for 72 hours, and then cell viability was assessed by the CCK8 assay. B, CCK8 analysis was used to detect the viability of cells cultured in the
above four media containing 10% FBS for 72 hours. C, The viability of PDAC cells cultured in glucose-free medium containing different concentrations of fructose for
72 hours was detected by CCK8. D, The expression levels of Glut5 in SW1990 and BxPC3 cell lines overexpressing Glut5 were verified by real-time PCR and Western
blot. E, The viability of SW1990 and BxPC3 cells overexpressing Glut5 was assayed under different culture conditions. F, CCK8 analysis was used to detect the viability
of SW1990 and BxPC3 cells cultured in fructose (10 mmol/L) medium in the presence of 2, 5-AM (3 mmol/L), 2-DG (2 mmol/L), or KHK inhibitor (1 umol/L),
respectively, for 48 hours. G, Apoptosis of SW1990 and BxPC3 was measured by flow cytometry under the four indicated conditions for 72 hours. H and I, Two-
dimensional colony formation ability of SW1990 and BxPC3 cells was examined under the four indicated culture conditions containing DFBS (H) or FBS (I). J, Soft agar
assay was performed to detect cell colony formation under the above four culture conditions in the presence of DFBS. All data are expressed as mean =+ SD. Analysis
was performed using one-way ANOVA followed by a Tukey test (A-C and F-J) or two-way ANOVA followed by a Tukey test (D and E); ns, nonsignificant; *, P< 0.05;
** P<0.01
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into three groups and fed with distilled water, 10% glucose water or
10% fructose water, respectively. The water and diet intake was
measured daily, and the weight of the mice was tested periodically.
The IVIS Spectrum imaging system (PerkinElmer) was used to observe
tumor growth and metastasis in each group. Depending on the
imaging results and the progress of the experiment, mice were
sacrificed to terminate the experiment. Afterwards, tumors, liver, and
lungs of mice were collected, and fixed with 4% formaldehyde,
embedded in paraffin. Then 4-um sections were prepared for histo-
logical staining. All experimental operations followed the protocol
approved by Tianjin Medical University Cancer Institute and Hospital,
in accordance with the principles and procedures outlined in the NIH
Guide for the Care and Use of Laboratory Animals.

H&E and IHC staining

Tissue slides were deparaftfinized in xylene, dehydrated through
gradient alcohol, and stained with hematoxylin and eosin (H&E) using
routine staining procedures. For IHC staining, tissue slides were heated
under high pressure in 0.01 mol/L sodium citrate (pH 6.0) for antigen
retrieval, and endogenous peroxidase was blocked by 3% hydrogen
peroxide solution. Then the slides were incubated with primary
antibody at 4°C overnight and second antibody at room temperature
for 1 hour. Subsequently, the sections were stained with diaminoben-
zidine (DAB) to visualize the immunolabeling. Antibodies against
Glut5 (1:200, sc-271055, Santa Cruz), Ki67 (Beijing Zhongshan Jingiao
Biotechnology Co., Ltd.), cleaved caspase-3 (1:200, 9661S, CST),
PAMPK (1:200, 2535, CST), and p-p70S6K (1:200, 92434S, CST) were
used. The expression level of Glut5 was obtained by multiplying the
percentage score of positive staining and the staining intensity score.
The following percentage scores were defined: 1 (0%-25%), 2 (26%—
50%), 3 (51%-75%), and 4 (76%-100%). The following intensity scores
were defined: 0 (no staining), 1 (lower staining), 2 (moderate staining),
and 3 (higher staining). All tissues were divided into high (score > 6)
and low (score < 6) groups according to the final score. For Ki67 and
cleaved caspase-3, the expression level was determined by the per-
centage of positive cells.

Patients and tissue samples

A total of 129 cases of tissues were collected from patients diagnosed
with PDAC at Tianjin Medical University Cancer Institute and
Hospital between 2014 and 2016. Written informed consent was
obtained from each patient. Retrospective clinicopathological infor-
mation included sex, age, tumor size, lymph node status, TNM stage,
pathological differentiation, and information on diabetes mellitus.
Survival analysis was calculated using Kaplan-Meier analysis and Cox
risk regression. Study was approved by the Ethics Committee of
Tianjin Medical University Cancer Institute and Hospital, and con-
ducted in accordance with the Declaration of Helsinki.

Public database

Glut5 mRNA expression levels in PDAC and normal pancreatic
tissues were analyzed using Gene Expression Profiling Interactive
Analysis (GEPIA, http://gepia.cancer-pku.cn/) of The Cancer Genome
Atlas (TCGA) database. Glut5 protein expression levels in PDAC and
normal pancreatic tissues were analyzed using the Human Protein
Atlas (HPA) database (https://www.proteinatlas.org/). Survival anal-
ysis of PDAC in TCGA data was performed using GEPIA.

Statistical analysis
ANOVA between groups was performed in GraphPad Prism 8.3.0
software using unpaired f test, one-way or two-way ANOVA tests. The
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log-rank test was calculated in R language to determine the correlation
between Glut5 expression and prognosis of patients with PDAC. The
relationship between Glut5 expression and clinicopathological para-
meters was analyzed using the Statistical Package for Social Sciences
(SPSS) 16.0 software (SPSS Inc.). P < 0.05 was considered statistically
significant. All data are expressed as mean + SD.

Data availability statement

The data that support the findings of this study are available from
the corresponding author upon reasonable request. The public data of
Glut5 mRNA and protein expression levels in PDAC and normal
pancreatic tissues in this study were obtained from websites https://por
tal.gdc.cancer.gov, http://gepia2.cancer-pku.cn/#index and www.pro
teinatlas.org/.

Results

Glut5 is highly expressed in PDAC tissues and is associated with
worse prognosis

Multiple studies have shown that Glut5 is expressed in tumor
tissues and is associated with malignant tumor progression and
patient prognosis (37). Our IHC results showed that Glut5 was
dramatically upregulated in PDAC tissues (Fig. 1A). Consistently,
analysis of the HPA and TCGA databases showed that Glut5
protein and transcript levels were extremely higher in PDAC tissues
than in normal pancreatic tissues (Fig. 1B and C). Next, we divided
129 PDAC cases into Glut5 high- (n = 74) and low-expression
groups (n = 55) based on the IHC score (Fig. 1D), and analyzed the
relationship between Glut5 expression levels and the clinicopatho-
logical characteristics of the patients. Although there was no
significant association between Glut5 expression level and patho-
logical grade and clinical stage of pancreatic cancer and tumor
metastasis (Supplementary Table S1), patients with PDAC with
high Glut5 expression in tumor tissue had worse overall survival
and 2- or 3-year survival rates (Fig. 1E). In addition, multivariate
Cox regression analysis (model, including age, sex, clinical stage,
pathological grade, tumor diameter, and Glut5 expression level)
found that Glut5 expression level was an independent prognostic
factor for patients with PDAC in addition to clinical stage (Fig. 1F).
Meanwhile, analysis of TCGA database also showed that patients
with high Glut5 mRNA expression had worse disease-free survival
(Fig. 1G and H). Because diabetes is a known risk factor for PDAC
and is inversely associated with the disease course (38), we also
analyzed the relationship between Glut5 expression levels in PDAC
tissues and patients with diabetes and found that patients with
PDAC combined with diabetes had higher levels of Glut5 in their
tumor tissues (Fig. 1I). Although no association was found between
diabetes and the prognosis of patients with PDAC (Fig. 1J), patients
with diabetes and high Glut5 expression had the worst prognosis
(Fig. 1K). Taken together, these results powerfully suggest that
Glut5 can be defined as an independent marker of disease pro-
gression in patients with PDAC.

Fructose contributes to the viability and colony-forming ability
of PDAC cells in vitro

Next, we investigated the effect of fructose on the viability of a panel
of PDAC cell lines in vitro, including KRAS mutant cell lines, such as
SW1990, SU86.86, Capan2, Panc02, and KRAS wild-type cell line
BxPC3. These cells were cultured in four kinds of media, including
sugar-free medium (without fructose and glucose), glucose (Glc)
medium (with 10 mmol/L glucose only), fructose (Fru) medium (with
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Figure 3.

Fructose promotes the growth of subcutaneous and orthotopic PDAC allograft tumors in mice. A and B, /n vivo BLI images and values of subcutaneous tumor on day
14 after PancO2/luciferase cells injection in three groups (control, fructose, and glucose groups) of mice. C, The average tumor volume of tumor-bearing mice was
measured over time after cell injection. D, Volume and weight of the excised tumor in the three groups of mice. E, Representative images of H&E and IHC staining
(x400), and statistical results of Ki67 and cleaved caspase-3 expressions in tumor tissues. F and G, /n vivo BLI images and values of orthotopic graft tumors in
the pancreas on day 10 after injection of Panc0O2/luciferase cells in three groups of mice. H, Volume and weight of the excised tumors in orthotopic allograft
mouse model. I, Representative images of H&E and IHC staining (x400), and statistical results of Ki67 and cleaved caspase-3 expressions in the orthotopic
graft tumor tissues. All data are shown as mean + SD. Analysis was performed using one-way ANOVA followed by a Tukey test; ns, nonsignificant; *, P < 0.05;
** P < 0.01; n =5 for the in vivo experiments.

10 mmol/L fructose only), and double-sugar medium (with 10 mmol/L
fructose and 10 mmol/L glucose), and cell viability assays showed that
fructose enabled cells to survive in medium containing 10% dialyzed
FBS (DFBS, Fig. 2A) and medium containing 10% FBS (Fig. 2B).
Although fructose was not as effective as glucose in supporting cell
survival in some cell lines, double-sugar medium promoted cell

viability more efficiently (Supplementary Fig. S1B; Fig. 2A and B).
Moreover, the addition of different concentrations of fructose to
the glucose medium increased cell viability, and fructose promoted
cell viability in a linear dose-response manner (Supplementary
Fig. S1C; Fig. 2C). To investigate whether Glut5 confers fructose-
driven cell proliferation, we constructed two cell lines with high Glut5
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expression (Fig. 2D). High expression of Glut5 in SW1990 and BxPC3
cells enhanced the ability of fructose to promote cell viability (Fig. 2E).
On the contrary, inhibition of Glut5 by 2, 5-AM (2, 5-anhydro-D-
mannitol) or silencing of Glut5 by shRNA reduced cell viability in
fructose medium, but not in glucose medium (Fig. 2F; Supplementary
Fig. SID-SI1F). Similar results were obtained when fructolysis inhibi-
tors 2-DG (HK inhibitor) or KHK inhibitor was present in the culture
medium (Fig. 2F; Supplementary Fig. S1D). Moreover, fructose also
effectively suppressed sugar deprivation-induced cell death (Fig. 2G).
Hypoxia is a prominent feature of PDAC, therefore, we further
determined the effect of fructose on cell viability under hypoxia.
Fructose effectively promoted cell viability (Supplementary
Fig. S2A) and inhibited cell death (Supplementary Fig. S2B), and this
effect was more prominent in PDAC cells overexpressing Glut5
(Supplementary Fig. S2C and S2D).

Then, clonogenetic assay was performed to evaluate the prolifer-
ative capacity of individual cells. PDAC cells were barely able to form
colonies in sugar-free medium with DFBS, but cells cultured in
fructose medium exhibited greater clonogenicity (Fig. 2H). In addi-
tion, PDAC cells can form small colonies in sugar-free medium with
FBS, whereas these cells produced more and larger colonies in the
presence of fructose (Fig. 2I). Although glucose was more conducive to
cell colony formation than fructose, PDAC cells showed the strongest
colony formation in the double-sugar medium containing DFBS
(Fig. 2H and I). In addition, the colony-forming ability of PDAC
cells in fructose medium was extremely suppressed in the presence of 2,
5-AM or fructolysis inhibitors (Supplementary Fig. S3A and S3B),
whereas it was enhanced in Glut5-overexpressing cells (Supplemen-
tary Fig. S3C). Moreover, fructose also stimulated anchorage-
independent growth ability of PDAC cells on soft agar (Fig. 2J).
Collectively, fructose can maintain the proliferation of PDAC cells
in the absence of glucose.

Increased fructose intake accelerates the growth of PDAC
allografts in mice

To examine the effect of fructose intake on tumor growth in vivo, we
established subcutaneous allograft and pancreatic orthotopic graft
tumor models by injecting Panc02/luciferase cells into C57BL/6 mice.
After tumor cell inoculation, all mice were randomly divided into three
groups and administered with different drinking water—the control
(fed with normal water), fructose (fed with 10% fructose water), and
glucose groups (fed with 10% glucose water). Water and food intake
was measured daily, and there were no significant differences among
the three groups (Supplementary Fig. S4A). In the subcutaneous
allograft model, in vivo bioluminescence imaging (BLL Fig. 3A
and B) combined with in vitro tumor volume measurement

Fructose Promotes Pancreatic Cancer Progression

(Fig. 3C) was used to detect tumor growth, and the results showed
that fructose feeding significantly promoted the growth of subcuta-
neous tumors in mice compared with the control group, but did not
differ from the glucose-fed group. For harvested tumors, both volume
and weight of the fructose-fed group were greater than those of the
control group (Fig. 3D). Although the difference in tumor volume
between the fructose and the glucose groups was not statistically
significant, the BLI values of the fructose group were extremely higher
than those of the glucose group (Fig. 3A and B). Moreover, IHC
staining analysis of Ki67 and cleaved caspase-3 showed that the
proliferative activity of Panc02 cells was significantly increased and
the apoptosis rate was substantially decreased in tumor sections from
fructose-fed mice (Fig. 3E). On the contrary, silencing of Glut5
significantly reduced tumor growth in the fructose-fed mice (Supple-
mentary Fig. $4B-S4D). In mouse orthotopic allograft models, fruc-
tose was found to promote tumor growth by detecting BLI in vivo
(Fig. 3F and G) and measuring the volume and weight of harvested
tumors (Fig. 3H). Interestingly, fructose was more likely to facilitate
tumor growth than glucose in this model (Fig. 3F-H). In addition, the
tumor proliferation index was the highest and the apoptosis rate was
the lowest in the fructose group (Fig. 3I). Collectively, these data
demonstrate that fructose is crucial for PDAC development and
progression in vivo.

Fructose promotes invasion and metastasis of PDAC cells
in vitro and in vivo

Early metastasis is one of the characteristics of PDAC (5). In this
study, the migration and invasion abilities of SU86.86 and Capan?2 cells
were significantly higher in fructose medium than in glucose-free
medium, whereas the cells in double-sugar medium had the strongest
migration and invasion abilities (Fig. 4A and B). Meanwhile, similar
results were obtained in wound-healing assay with SW1990 and
Panc02 cells, suggesting that fructose significantly promoted the
migration of PDAC cells (Fig. 4C). Moreover, the migration ability
of SW1990 cells in fructose medium was extremely suppressed in the
presence of inhibiting Glut5 or fructolysis inhibitors (Supplementary
Fig. S4E and S4F), and was upregulated by overexpression of Glut5 in
PDAC cells (Supplementary Fig. S4G).

We next constructed mouse models of liver metastasis by spleen
injection of Panc02/luciferase cells and mouse models of lung metas-
tasis by tail vein injection of Panc02/luciferase cells. As in the previous
models, we randomly divided the mice into three groups according
to the feeding method. In the liver metastasis model, although the
BLI intensity of these three groups of mice was not significantly
different, the BLI intensity and weight of isolated livers were signif-
icantly higher in the fructose and glucose groups than in the control

Figure 4.

Fructose promotes invasion and metastasis of PDAC cells. A and B, The migratory (A) and invasive (B) abilities of SU86.86 and Capan2 cells were determined by
Transwell assay in the four media used in the above experiments. C, Wound-healing analysis of the migration ability of SW1990 and Panc02 cells under the four
indicated conditions. D, Bioluminescence imaging of three groups of mice on day 21in the tumor metastasis model with splenic injection of Panc02/luciferase cells.
E, Imaging of the excised livers of the above three groups of mice. F, Statistical analysis of BLI intensity of mice (D) and the excised livers (E). G, Representative images
of the excised livers of each group. Black arrows, tumor metastasis nodules on the liver surface. H, The weight of the excised livers in each group of mice.
I, Representative images of H&E staining of the liver (x40 and x200) and the proportion of tumor area in the whole liver of the three groups. J, Representative images
of Ki67 staining in liver metastases (x400) and corresponding statistical results. K, /n vivo imaging of mice in three groups on days 7 and 14 after tail vein
injection of Panc02/luciferase cells. The imaging system can only detect a maximum of 5 mice at a time, so the sixth mouse in each group was detected alone.
L, Imaging of isolated lungs of the above three groups. M, BLI intensity of mice in Fig. 3K and lungs in Fig. 3L. N, Representative micro-CT images of the lungs
from each group. O, Weight of isolated lungs from each group. P, Representative images of isolated lungs from each group (black arrows, tumor metastatic
nodules on the lung surface) and H&E-staining images of lung tissue sections (x40 and x200). M, the tumor metastasis. @, The metastatic nodules in the
lungs of different groups. R, Proportion of tumor area in the total lungs of three groups. All data are shown as mean + SD. Analysis was performed using one-
way ANOVA followed by a Tukey test; ns, nonsignificant; *, P < 0.05; **, P < 0.01; n = 3 in cell experiments, n = 5 in liver metastasis model, and n = 6 in lung
metastasis model.
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group (Fig. 4D-F). Moreover, more liver surface metastases (Fig. 4G)
and heavier liver (Fig. 4H) appeared in the fructose and glucose
groups, and H&E staining also confirmed that fructose and glucose
promoted liver metastasis of Panc02 cells, with more metastatic foci
found in the fructose group than in the glucose group (Fig. 4I). In
addition, the cell proliferation index was also higher in the metastases
in the fructose group (Fig. 4]). Although silencing of Glut5 obviously
inhibited tumor metastasis in the fructose-fed mice (Supplementary
Fig. S4H-S4)). In the lung metastasis model, the BLI intensity was
particularly stronger in mice and isolated lungs in the fructose group
than in the other two groups (Fig. 4K-M), suggesting that fructose
significantly promoted the metastasis of PDAC cells. Consistently, CT
imaging also confirmed the above results (Fig. 4N). Meanwhile, the
lungs of the mice in the fructose group were the largest and heaviest
(Fig. 40), and H&E staining also revealed that the fructose group had
more metastatic nodules and tumor area in the lungs than the other
two groups (Fig. 4P-R).

Fructose provides available carbon sources and ATP for PDAC
cells

To further elucidate how PDAC cells use fructose, we compared
the metabolic changes in cells cultured in media containing 5 mmol/L
Glc or 5 mmol/L Glc + 10 mmol/L Fru, which simulate sugar
concentrations under physiological conditions in vivo. The volcano
(Fig. 5A) and heat maps (Supplementary Fig. S5A) clearly showed
the relative amounts of the differential metabolites. Among these
metabolites, D-fructose 6-phosphate, D-fructose 1-phosphate, phos-
poenolpyruvic acid, glyceraldehyde-3-phosphate, dihydroxyacetone
phosphate, oxaloacetic acid, D-erythrose 4-phosphate, D-mannose,
and NADH were significantly upregulated in the Glc 5 4 Fru 10 group
and distributed among the top 20 most significantly upregulated
metabolites (Fig. 5B), whereas a variety of unsaturated fatty acids
were found among the top 20 downregulated metabolites (Fig. 5C).
Combining the metabolic pathways of fructose (Fig. 5D) and the
metabolomics results, we found a significant upregulation of the levels
of ribose, amino acids, and other sugars (e.g., mannose and galactose)
in addition to metabolites of glycolysis and the tricarboxylic acid cycle
(TCA cycle). Consistently, pathway enrichment analysis showed that
fructose and mannose metabolism, glycolysis, gluconeogenesis, pen-
tose phosphate (PPP) pathway, galactose pathway, and amino sugar
and nucleotide sugar metabolism were all significantly changed
(Fig. 5E). These results suggest that fructose increases the intermediate
metabolites of intracellular glycolysis, TCA, and PPP pathways, and
upregulates the levels of amino sugars, nucleotide sugars, and other
sugars. Furthermore, the metabolism of galactose, amino sugars, and

Fructose Promotes Pancreatic Cancer Progression

nucleotide sugars was the most abundant pathways in the Glc 5 + Fru
10 group (Fig. 5E), indicating that these metabolic changes may affect the
glycosylation of intracellular proteins, and indeed, cells in the Glc 5 + Fru
10 group showed increased levels of glycosylation, especially for mac-
romolecular proteins and histones (Supplementary Fig. S5B and S5C).

ATP is known to be essential for all aspects of cellular activity. Our
results showed that both glucose and fructose significantly restored the
reduction of intracellular ATP caused by glucose deficiency in BxPC3
and SW1990 cells (Fig. 5F), and fructose upregulated ATP levels in a
concentration-dependent pattern (Supplementary Fig. S5D). More-
over, compared with control cells, overexpression of Glut5 in PDAC
cells increased ATP production in fructose medium (Fig. 5G). At the
same time, we compared the ATP levels of PDAC cells in the four
indicated media at different time points and found that the ATP levels
in the three media were constant except for the sugar-free medium, and
there was no significant difference between the three media (Fig. 5H).
Intracellular ATP levels were also higher in fructose medium than in
sugar-free medium but lower than in glucose medium under hypoxia
(Fig. 5I), which was different from the results under normoxia.
Moreover, the OXPHOS inhibitors, FCCP, and rotenone, downregu-
lated intracellular ATP levels more obviously in fructose medium than
in glucose medium under normoxia (Supplementary Fig. S5E). Nev-
ertheless, a different phenomenon occurred in cells overexpressing
Glut5, which effectively maintained higher ATP levels in fructose
medium under hypoxia (Fig. 5J) or in the presence of OXPHOS
inhibitors (Fig. 5K), and this phenomenon was also seen in cells from
other cancer types (Supplementary Fig. S5F). Meanwhile, the inhib-
itory effects of FCCP and rotenone on ATP production were atten-
uated in PDAC cell lines (SU86.86 and Capan2) with high endogenous
Glut5 level compared with cell lines with low Glut5 expression
(SW1990, BxPC3, and Panc02; Supplementary Fig. S5E and S5G).
Hence, these results suggest that OXPHOS is the major ATP supplier
in PDAC cells cultured in fructose medium, whereas fructolysis is the
major ATP supplier in PDAC cells overexpressing Glut5. Probably for
this reason, the viability of the control cells in fructose medium
containing rotenone or FCCP was significantly decreased compared
with the Glut5-overexpressing cells (Fig. 5L; Supplementary Fig. S5H).
Likewise, PDAC cells produced barely detectable lactate in fructose
medium, but overexpression of Glut5 in these cells significantly
increased lactate production, approaching lactate levels in glucose
medium (Fig. 5M and N). All these results indicate that high Glut5
expression causes a metabolic reprogramming and induces fructose
metabolism in favor of the glycolytic pathway. As a possible cause,
analysis of the TCGA database showed that Glut5 transcript expres-
sion was positively correlated with the glycolysis-associated gene set

Figure 5.

Fructose provides sufficient carbon sources for PDAC cells and maintains high levels of intracellular ATP. A, Volcano plots showing all identified metabolites in two
groups obtained by metabolomics analysis. Each dot represents a metabolite with a different color indicating downregulated (green), upregulated (red), or non-
significant (gray) metabolites (FDR adjusted P value < 0.05) with >2-fold change. B, The top 20 most significantly upregulated metabolites in the Glc 5 4 Fru 10 group.
C, The top 20 significantly downregulated metabolites in the Glc 5 + Fru 10 group. D, Pathway map of some significantly different metabolites between Glc 5and Glc 5
+ Fru 10 groups. The blue and red histograms indicate the content of metabolites in the Glc 5 and Glc 5 + Fru 10 groups, respectively. E, Overview of enrichment
analysis based on metabolite alterations. F, Effect of fructose and glucose on intracellular ATP levels in SW1990 and BxPC3 cells after sugar starvation for 24 hours.
G, Relative ATP levels of SW1990 and BxPC3 cells were examined at different time points under the four indicated culture conditions containing DFBS. H, ATP levels in
Glut5-overexpressing and control cells under different culture conditions. I, Relative ATP levels in SW1990 and BxPC3 cells cultured in the four conditions under
hypoxia for 12 hours. J, Relative ATP levels of Glut5-overexpressing and control cells cultured under hypoxic conditions for 2 hours under different conditions.
K, Relative ATP levels of Glut5-overexpressing and control cells cultured for 2 hours under different conditions in the presence of rotenone (10 umol/L) or FCCP
(10 umol/L). L, Viability of Glut5-overexpressing and control cells cultured for 24 hours under different conditions in the presence of rotenone (10 umol/L) or FCCP
(10 umol/L). M, Lactate concentrations in the media of SW1990 and BxPC3 cells cultured for 12 hours under different culture conditions. N, Lactate concentrations in
media from Glut5-overexpressing and control cells cultured for 12 hours under different conditions. All data are shown as mean 4 SD. Analysis was performed using an
unpaired Student t test (D) or one-way ANOVA followed by a Tukey test (F, I, and M) or two-way ANOVA followed by a Tukey test (G, J, K, L, and N); ns, non-
significant; *, P < 0.05; **, P< 0.01; n = 3.
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(Supplementary Fig. S5I) and negatively correlated with that of
OXPHOS (Supplementary Fig. S5]), which may explain the above
phenomenon.

Fructose maintains activation of the mTORCI1 signaling pathway
in PDAC cells

To elucidate the mechanisms by which fructose utilization regulates
the biological function of PDAC cells, Gene Set Enrichment Analysis
was conducted in two independent pancreatic cancer datasets, GEO
(GSE15471 and GSE28735) and TCGA. The results showed that the
mTORCI pathway was enriched in PDAC with high Glut5 mRNA
expression (Fig. 6A; Supplementary Fig. S6A). To verify this possi-
bility, we compared the activation of p70S6 kinase (p70S6K), a
downstream kinase of the mTORCI pathway, in BxPC3 and SW1990
cells at the same time points (2, 6, 12,and 24 hours) in fructose, glucose,
and sugar-free medium. We found that p70S6K was significantly
activated in cells cultured with fructose or glucose (Fig. 6B). In
addition, fructose activated p70S6K in a concentration-dependent
manner (Fig. 6C), and p70S6K activation was more pronounced in
cells overexpressing Glut5 (Fig. 6D) and weaker in cells in which Glut5
was inhibited (Supplementary Fig. S6B and S6C). Meanwhile, the
activation of AKT and ERK (the main upstream signals of mTORC1)
was not altered, whereas the activation of AMPK was significantly
inhibited (Fig. 6E). Furthermore, the AMPK inhibitor Compound C
(Com. C) upregulated p70S6K activation in PDAC cells cultured in
sugar-free medium (Fig. 6F), whereas the AMPK activator phenfor-
min (Phen) extremely inhibited p70S6K activation in cells cultured in
fructose medium (Fig. 6G), suggesting that fructose-induced activa-
tion of p70S6K is dependent on its inhibitory effect on AMPK activity.
Similarly, fructose inhibited the activation of AMPK in PDAC cells
under hypoxia, but activated p70S6K (Fig. 6H), and this effect was
significantly enhanced in cells overexpressing Glut5 (Fig. 6I). In
addition, the activation of AMPK was inhibited and p70S6K was
activated in allogeneic subcutaneous tumor tissues in the glucose and
fructose groups compared with the control group (Fig. 6]). Moreover,
the proliferation and migration abilities of PDAC cells cultured in
fructose medium were significantly inhibited in the presence of the
mTORCI inhibitor RAD001 or the AMPK activator Phen (Fig. 6K
and L). Collectively, fructose affects the biological function of PDAC
cells mainly by regulating the AMPK-mTORCI signaling pathway.

Fructose reduces sugar-free-induced cell death by inhibiting
autophagy

Sugar deprivation has been reported to induce autophagy and
autophagic cell death (39). Consistently, the addition of the autophagy

Fructose Promotes Pancreatic Cancer Progression

inhibitor chloroquine to the sugar-free medium inhibited cell death
(Fig. 7A). To determine whether fructose reversal of sugar starvation-
induced cell death is associated with inhibition of autophagy, we
constructed a BxPC3 cell line expressing GFP-LC3 and subjected the
cells to 24 hours of sugar starvation followed by fructose supplemen-
tation. As shown in Fig. 7B, fructose significantly inhibited sugar
deprivation-induced autophagy as measured by GFP-LC3 fluorescent
spots and LC3II/I levels. Subsequently, we compared the effects of
fructose and glucose on autophagy under the same conditions and
further demonstrated that fructose could inhibit sugar-free-induced
autophagy with similar effects as glucose (Fig. 7C). Consistently,
measurements of the LC3II/I ratio and P62 levels also confirmed that
fructose inhibited autophagy similarly to glucose (Fig. 7D). However,
under glucose-sufficient conditions, fructose did not affect the LC3I1/I
ratio and p62 protein expression, suggesting that fructose only affects
autophagy induced by glucose deficiency (Fig. 7E). Considering that
fructose increases various intracellular metabolites, upregulates ATP
levels, and maintains the activity of the mTORCI signaling, these
changes are intimately related to autophagy. Therefore, we speculated
that fructose may affect the autophagic process through the mTORC1
signaling. As expected, the mTORCI inhibitor RAD001 and the
AMPK activator Phen significantly prevented the inhibitory effect of
fructose on autophagy in fructose medium (Fig. 7F). Moreover, the
presence of 2, 5-AM or fructolysis inhibitors in fructose medium
remarkably increased autophagy induced by sugar starvation
(Fig. 7G). Collectively, fructose efficiently inhibits excessive autophagy
caused by sugar deprivation.

Discussion

Elevated metabolic activity and/or restricted blood supply in tumor
tissue can lead to severe deficiencies of multiple nutrients, especially
glucose, and therefore tumor cells must reprogram their metabolism to
use all available carbon sources whenever possible (40, 41). The
remarkable tumor desmoplasia and minimal vascularity in PDAC
tissue exacerbate nutritional deficiency of the tumor, making increased
utilization of anaplerotic carbon sources and activation of bypass
metabolic pathways critical for PDAC progression (42). Fructose is
common in natural foods and is also widely used in processed
foods (25). Excessive fructose intake not only leads to metabolic
syndrome, but also promotes the occurrence and progression of
multiple tumors (8,17, 27,29, 31-34, 43, 44). However, the mechanism
remains elusive. The present study confirms that fructose is a key
nutrient that can be absorbed and metabolized by pancreatic cancer
cells, thereby promoting the progression of PDAC. Fructose

Figure 6.

Fructose regulates the AMPK-mTORCT signaling pathway in PDAC cells. A, Gene set enrichment analysis identified up- or downregulated pathways in tissues with
high Glut5 mRNA expression based on the PDAC data from GSE15471and GSE 28735. B, Western blot analysis of p70S6K expression and phosphorylation in SW1990
and BxPC3 cells cultured under different conditions at different time points. C, The expression of p70S6K and its phosphorylation levels in SW1990 and BxPC3 cells
cultured for 12 hours in sugar-free medium containing different concentrations of fructose. D, The expression of p70S6K and its phosphorylation levels in Glut5-
overexpressing and control cells cultured under different conditions at 2 and 12 hours. E, Western blot analysis of total and phosphorylated levels of AKT, ERK, and
AMPK in SW1990 and BxPC3 cells cultured in different media. F, Western blot analysis of the effect of AMPK inhibitor Compound C (10 umol/L) on the
phosphorylation of p70S6K and AMPK in SW1990 and BxPC3 cells cultured in sugar-free medium for 24 hours. G, Western blot analysis of the effect of AMPK
activator phenformin (10 umol/L) on the phosphorylation of p70S6K and AMPK in SW1990 and BxPC3 cells cultured in fructose medium for 24 hours. H, Western blot
analysis of total and phosphorylated levels of p70S6K and AMPK in SW1990 and BxPC3 cells after 24 hours of incubation in different media under hypoxia. I, Western
blot analysis of total and phosphorylated levels of p70S6K and AMPK in Glut5-overexpressing and control cells cultured in different conditions under hypoxia for
24 hours. J, IHC analysis (x40) of p70S6K and AMPK phosphorylation in subcutaneous tumor tissues of three groups (control group, fructose-fed group, and
glucose-fed group). K, The effect of AMPK activator, phenformin (10 umol/L), and mTOR inhibitor RADOOT (3 nmol/L) on the viability of SW1990 and BxPC3 cells
cultured in fructose medium for 48 hours. L, The effect of phenformin (10 umol/L) and RADOOT1 (3 nmol/L) on the migratory ability of SW1990 and BxPC3 cells
cultured in fructose medium. All data are shown as mean + SD. Analysis was performed using one-way ANOVA followed by a Tukey test (K and L); ns, nonsignificant;
*,P<0.0,n=5.
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metabolism provides an adaptive survival mechanism for PDAC cells,
especially in the presence of glucose deficiency in the tumor micro-
environment. As illustrated in Fig. 7H, fructose not only inhibits
cellular hyperautophagy and subsequent cell death due to glucose
deficiency by regulating the AMPK-mTORCI signaling pathway, but
also promotes tumor progression by providing ATP and available
carbon sources to tumor cells. Moreover, fructose intake by PDAC cells
can influence the metabolic phenotype of the cells, making them more
adaptable to the tumor microenvironment. In addition, the fructose-
transporter Glut5 is highly expressed in PDAC tissues and serves as an
independent prognostic marker in patients with PDAC. Therefore,
targeting fructose metabolism may be a potential therapeutic strategy
for PDAC.

Our findings support the notion that Glut5-mediated fructose
uptake and utilization confers PDAC progression. Although previous
studies have linked increased fructose intake to the initiation and
aggressiveness of several malignancies, including pancreatic cancer;
however, a systematic analysis of fructose metabolism on the progres-
sion of this lethal disease is still lacking (34). In this study, both our IHC
results and database analysis of HPA and TCGA showed that Glut5
expression was significantly higher in PDAC tissues than in normal
tissues, suggesting that increased fructose intake may be involved in the
development of PDAC. Given the poor vascularization in PDAC
tissues, cancer cells must remodel their metabolism to adapt to the
severe nutrient limitations, such as glucose-deficient tumor microen-
vironment. Thus, elevated Glut5 allows cancer cells to use fructose to
compensate for glucose shortage. Consistent with this speculation,
fructose was effective in maintaining the survival and proliferation of
PDAC cells in the absence of glucose, and this effect was more
pronounced in Glut5-overexpressing cells. In addition, inhibition of
Glut5 or blocking fructose catabolism with inhibitors inhibited the
pro-survival and proliferative effects of fructose, further demonstrat-
ing the pro-growth role of fructose in pancreatic cancer. Moreover, in
both types of murine allograft models, fructose even exhibited stronger
tumor growth-promoting effects than glucose. Consistently, tumor
tissues from mice with high fructose intake had the highest prolifer-
ation index and the lowest apoptosis rate. Thus, fructose plays a
stronger role than glucose in accelerating tumor growth in vivo. These
data also suggest that fructose is not only a substitute for glucose, but
may play a different role. Interestingly, in both types of PDAC
metastasis models, high-fructose feeding significantly promoted the
metastasis of pancreatic cancer cells in mice, especially in the lung
metastasis model. Similarly, fructose also enhanced the migration and
invasion abilities of PDAC cells in vitro. Consistently, a previous study
using a different model also demonstrated that high fructose promotes
the metastatic potential of advanced pancreatic cancer (45). In line
with these observations, clinical evidence, including our data and the
TCGA database, indicates that patients with PDAC with high Glut5

Fructose Promotes Pancreatic Cancer Progression

expression have a worse prognosis and that Glut5 levels are an
independent prognostic marker for patients with PDAC. Together,
fructose not only maintains cancer cell survival and proliferation, but
also promotes PDAC progression.

How PDAC cells use and metabolize fructose is worth investigating.
Because fructose has the same molecular formula as glucose, it is
traditionally believed that the metabolic processes of both are simi-
lar (34). However, recent studies have shown that fructose is not a
simple substitute for glucose, and that the two are metabolized quite
differently in cancer cells, with different effects on the malignant
behavior of tumors. For instance, in lung and intestinal tumors,
fructose can promote tumor growth by increasing fatty acids synthe-
sis (8, 17). Leukemic cells can adapt to a low-glucose microenviron-
ment by relying on the fructose-upregulated serine synthesis pathway
to produce large amounts of alpha-ketoglutarate to replenish the TCA
cycle (46). These findings suggest that different types of tumors have
their own preferences in the way they use and metabolize fructose. Our
present study strongly suggests that fructose may regulate the overall
metabolic composition of PDAC cells. Consistently, fructose meta-
bolites such as D-6-phosphofructose and D-1-phosphofructose were
significantly upregulated in fructose group cells. Thus, fructose intake
may lead to a reprogramming of the metabolic profile of PDAC cells. In
addition, fructose intake enhanced the metabolism of the galactose
pathway, amino, and nucleotide sugars, suggesting that fructose may
promote the level of protein glycosylation in PDAC cells. Because
fructose is 8-10 times more reactive than glucose in promoting
glycosylation and also plays a more important role in the formation
of advanced glycosylation end products (47), these results suggest that
in addition to providing an essential carbon source for tumor cell
growth, fructose may also influence cancer cell function by regulating
the overall level of protein glycosylation. Furthermore, it remains to be
determined whether fructose can up- or downregulate intracellular
ATP levels, as there are conflicting reports (37, 48, 49). Notably,
fructose did not alter intracellular ATP levels under glucose-rich
conditions, but upregulated ATP levels under glucose-deficient con-
ditions. We hypothesize that this may be due to the fact that intra-
cellular ATP levels have reached a maximum under sugar-sufficient
conditions, and that although fructose metabolism produces ATP, it
does not alter the maximum level of ATP. Interestingly, PDAC cells
with low Glut5 expression metabolized fructose mainly through
OXPHOS to produce ATP, whereas cells with high Glut5 expression
metabolized fructose to produce ATP mainly through glycolysis. Con-
sistently, analysis of the TCGA database showed that the expression level
of Glut5 was positively correlated with the glycolysis-related gene set and
negatively correlated with the OXPHOS gene set. Thus, high expression
of Glut5 leads to a reprogramming of fructose metabolism in favor of the
glycolytic pathway. In line with these evidences, upregulation of Glut5
promotes cholangiocarcinoma progression by enhancing glycolysis and

Figure 7.

Fructose reduces sugar-free-induced cell death by inhibiting autophagy. A, Effect of chloroquine (CQ; 50 umol/L) and fructose on the death of SW1990 and
BxPC3 cells after 48 hours of sugar starvation. Cell nuclei were visualized with Hoechst. Dead cells were stained with PIl. B, BxPC3 cells were transfected with
GFP-LC3 plasmid, and the effect of fructose on GFP-LC3 puncta and LC3-I/Il expression levels of BxPC3/GFP-LC3 cells was detected after 24 hours of sugar
starvation. Images were taken using a confocal microscope. C, GFP-LC3 puncta of BxPC3/ GFP-LC3 cells at different time points under the indicated culture
conditions. D, LC3-1/Il and P62 expression levels of BxPC3 and SW1990 cells at different time points under different culture conditions as described in
D. E, Effect of fructose on the LC3II/I ratio and p62 protein expression under glucose sufficiency conditions. F, GFP-LC3 puncta of BxPC3/GFP-LC3 cells under
sugar starvation or fructose treatment in the presence of phenformin (10 umol/L) or RADOOT (3 nmol/L) for 24 hours. G, GFP-LC3 puncta of BXxPC3/GFP-LC3
cells under sugar starvation or fructose treatment in the presence of 2, 5-AM (3 mmol/L), 2-DG (2 mmol/L), or KHK inhibitor (1 umol/L) for 24 hours.
H, Schematic diagram of the effect of fructose and Glut5 overexpression on the functions of PDAC cells. All data are shown as mean 4 SD. Analysis was
performed using an unpaired Student t test (E) or one-way ANOVA followed by a Tukey test (A, B, F, and G) or two-way ANOVA followed by a Tukey test
(€ and D); ns, nonsignificant; **, P < 0.01; n = 3.
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ATP production (43). Collectively, these results suggest that fructose
metabolism is critical to drive PDAC progression, especially in the
presence of glucose deficiency.

Another key finding of this study is that fructose maintains the
survival and proliferation of PDAC cells by inhibiting autophagy.
Autophagy, as an adaptive cellular behavior, plays an important role in
responding to environmental stress and maintaining cell survival (39).
However, if these stress persist, excessive autophagy can lead to
programmed cell death (50). This study found that chloroquine
inhibited sugar deprivation-induced cell death and that this death
could also be reversed by the addition of fructose, suggesting that
fructose maintains cell survival by inhibiting autophagy induced by
sugar deprivation. The mechanism by which fructose inhibits autop-
hagy is very intriguing. Considering that autophagy is usually triggered
by nutrient and energy deficiencies, and fructose metabolism can
provide cells with ATP and carbon sources. In addition, the AMPK/m-
TORCI signaling is a key intracellular energy sensor pathway and is
also associated with autophagic degradation in eukaryotes (51). There-
fore, it is reasonable to assume that fructose inhibits autophagy by
regulating the AMPK/mTORCI pathway. As expected, fructose sig-
nificantly inhibited AMPK activation and activated mTORCI signal-
ing under glucose-free conditions. Likewise, a recent study on lung
cancer also found that fructose can lead to activation of mTORCI1 by
inhibiting AMPK (17). Notably, fructose did not alter the activation of
AKT and ERK (the main upstream activators of mTORCI1), suggesting
that fructose-induced activation of mTORCI is mainly achieved by
inhibiting AMPK activity. Consistently, the AMPK inhibitor Com. C
upregulated the activation of p70S6K (a downstream kinase of
mTORC1) in sugar-free medium in PDAC cells, whereas the AMPK
activator Phen inhibited the activation of p70S6K in fructose medium.
Moreover, the mMTORCI1 inhibitor RAD001 and the AMPK activator
Phen significantly prevented the autophagy-inhibiting effect of fruc-
tose and also inhibited the proliferation and migration abilities of
PDAC cells cultured in fructose medium. Furthermore, inhibition of
fructose metabolism in fructose medium resulted in a significant
increase in autophagy in PDAC cells. Collectively, these findings
illustrated a crucial role of fructose in inhibiting sugar deprivation-
induced autophagic cell death by regulating the AMPK-mTORCI1
signaling pathway.

In conclusion, our data suggest that Glut5-mediated fructose uptake
and utilization confer PDAC progression when glucose is deficient.
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