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Polyol pathway-generated fructose is indispensable for growth
and survival of non-small cell lung cancer
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Despite recent treatment advances, non-small cell lung cancer (NSCLC) remains one of the leading causes of cancer-related deaths
worldwide, and therefore it necessitates the exploration of new therapy options. One commonly shared feature of malignant cells is
their ability to hijack metabolic pathways to confer survival or proliferation. In this study, we highlight the importance of the polyol
pathway (PP) in NSCLC metabolism. This pathway is solely responsible for metabolizing glucose to fructose based on the enzymatic
activity of aldose reductase (AKR1B1) and sorbitol dehydrogenase (SORD). Via genetic and pharmacological manipulations, we
reveal that PP activity is indispensable for NSCLC growth and survival in vitro and in murine xenograft models. Mechanistically, PP
deficiency provokes multifactorial deficits, ranging from energetic breakdown and DNA damage, that ultimately trigger the
induction of apoptosis. At the molecular level, this process is driven by pro-apoptotic JNK signaling and concomitant upregulation
of the transcription factors c-Jun and ATF3. Moreover, we show that fructose, the PP end-product, as well as other non-glycolytic
hexoses confer survival to cancer cells and resistance against chemotherapy via sustained NF-κB activity as well as an oxidative
switch in metabolism. Given the detrimental consequence of PP gene targeting on growth and survival, we propose PP pathway
interference as a viable therapeutic approach against NSCLC.
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INTRODUCTION
Non-small cell lung cancer (NSCLC) is one of the most common
cancer entities. Although numerous improvements have been
made in the fields of immuno- or targeted therapy, NSCLC is still
leading the statistics with the highest cancer-related mortality
worldwide, highlighting the urgent need to identify new therapy
options for improving patient outcome. Two of the major
obstacles impeding patient survival are metastasis formation
and therapy resistance, ultimately leading to patient relapse and
death [1]. A critical regulator of both processes is the highly
dynamic program of the epithelial-to-mesenchymal transition
(EMT) which enables cancer cells with a strongly invasive and
drug-resistant phenotype [2, 3]. We have recently reported a
metabolic pathway, the polyol pathway (PP), and uncovered its
connection with EMT in cancer [4]. This pathway is responsible for
the conversion of glucose into fructose, which is carried out
through two enzymatic reactions catalyzed by aldose reductase

(AKR1B1) and sorbitol dehydrogenase (SORD) [5]. While its activity
under normoglycemic conditions is considered negligible [6, 7],
glycolytic flux through the PP is known to rapidly increase in a
hyperglycemic environment, such as diabetes. In this context, PP
activity has been extensively linked to diabetic complications
caused by increased reactive oxygen species (ROS) [8]. Given the
known glucose dependency of cancer, known as the Warburg
effect, as well as the role of oxidative stress-induced inflammation
during carcinogenesis, PP can be regarded as an excellent target
to study in the context of cancer. To date, it has been shown that
impairing the function of the rate-limiting enzyme of PP, AKR1B1
diminishes cell growth, formation of precancerous lesions,
migratory capabilities as well as metastasis formation [9, 10].
Mechanistically, these functions were connected to the regulation
of the EMT program and ROS-induced inflammatory responses.
However, most cancer-related studies have so far been limited to
exploring the role of AKR1B1 alone, owing to its broad substrate
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affinity and unique PP-independent functions, most importantly in
the synthesis of prostaglandins and other hormone precursors
[11, 12]. We have subsequently demonstrated the previously
underestimated second PP enzyme, SORD, to be equally essential
for EMT, cancer cell growth and stem cell properties, implicating
for the first time that the metabolic activity of the PP is important
for carcinogenesis [4].
In this study, using different lung adeno- and squamous

carcinoma models, we uncover both PP enzymes to be
indispensable for NSCLC growth and survival. Mechanistically, PP
deficiency provokes multifactorial deficits, ranging from energetic
breakdown to DNA damage, ultimately inducing apoptosis and
cell death. At the molecular level, we could demonstrate the
involvement of JNK signaling and upregulation of AP-1 family
of transcription factors. Via several rescue experiments, we
establish the PP end-product fructose as an important fuel for
lung cancer survival and therapy resistance. We unveil fructose
importance for NSCLC pathogenesis and propose PP interference
as a promising therapeutical approach against lung cancer.

METHODS
Cell culture
A549, NCI-H596 (adenocarcinoma), Calu1, SK-MES-1, NCI-H520 (squamous
cell carcinoma), NCI-H460 and NCI-H1299 (large cell carcinoma) were
purchased from ATCC. A549 and HEK-293T cells were maintained in DMEM,
while all other cells were maintained in RPMI-1640, supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin and
incubated at 37 °C and 5% CO2. All cell lines were regularly tested for
mycoplasma contamination and authenticated by STR profiling.

Lentiviral production and transduction
Lentiviral particles were produced by transfecting HEK-293T cells with the
third-generation packaging system consisting of pMDL, VSVg, and Res-Rev
plasmids (2 µg) together with 8 µg of control, knockdown or over-
expression vectors. MISSION© shRNA plasmids (Sigma) were used for
stable knockdown. Sequences TRCN0000288738, TRCN0000288741 and
TRCN0000288812 were used for knocking down AKR1B1, whereas SORD
was knocked down using the sequences TRCN0000028052,
TRCN0000028069, and TRCN0000028106. Overexpression was achieved
with OmicsLink™ Expression-ready ORF cDNA vectors (Genecopoeia,
C0237). Following 2 days of virus multiplication, the supernatant was used
to transduce target cells using the spin-infection method at 700 rpm for
45min in the presence of 8 µg/ml polybrene. Two days after transduction,
positive cells were selected using 3 µg/ml puromycin. The packaging
vectors were shared from Prof. Dr. Med. Beate Winner, Stem Cell Biology,
University Clinic Erlangen.

Life-cell proliferation and death assays
To determine growth and viability, cells were plated in 4–6 replicates at a
density of 5000 cells per well in 96-well plates. Images were recorded every
2–4 h using the IncuCyte Zoom Live Cell Imaging System (Sartorius). As a
readout of proliferation, cells with a stable expression of fluorescent histone
marker (H2B-RFP) were used to count the number of nuclei (# of nuclei/
mm2). Alternatively, the percentage of occupied area (% of confluence) was
measured over time. To determine cell death, cytotox green reagent
(Sartorius) was added at a final dilution of 1:5000, whereas caspase 3/7
green reagent (Sartorius) was used at a final concentration of 5 μM (1:1000)
for apoptosis measurement. In both cases, the number of individual green-
fluorescent signals were counted over time (CyTox/mm2 or Casp3/7/mm2).

Compound treatments
To assess cytotoxicity of chemotherapeutic drugs or inhibitors, cells were
plated in normal media in 96-well plates at a density of 4000–6000 cells
per well and 4–5 replicates were used per condition. After cell attachment,
media was replaced containing either cisplatin (CDDP, Santa Cruz),
pemetrexed (PTX, Tocris Bioscience), N-Acetyl-L-cysteine (NAC, Sigma), 2-
deoxy-D-glucose (2-DG, sc-202010) or an adequate vehicle control.
Cytotoxic effects and proliferation were assessed for 3–5 days using the
methods described above.

To determine the effects of NF-κB activity inhibition, 5000 cells per well
maintained in 5mM glucose, fructose or galactose were treated with a
serial drug dilution of R7050 or SM7368. After 40 h of drug treatment, cell
confluence was determined using the IncuCyte Zoom Live Cell Imaging
System. Confluence values of treated cells were normalized to the control
group (100%) and log-transformed using GraphPad Prism. To determine
the half maximal inhibitory concentration (IC50), a nonlinear regression
(curve fit) was applied using the equation log(inhibitor) vs. normalized
response.

Protein isolation and quantification
Proteins from adherent cells were isolated in RIPA buffer supplemented
with Halt protease & phosphatase inhibitor cocktail (both Thermo) and
quantified using the Pierce BCA protein assay kit (Thermo) according to
the manufacturer’s instructions. Ten to twenty micrograms protein per
sample were used to perform SDS-PAGE, followed by blotting onto PVDF
membranes (Thermo). After blocking in 5% BSA in TBS-T buffer, primary
antibodies were incubated overnight at 4 °C, followed by staining with
secondary HRP-conjugated antibodies (Southern Biotech). Protein bands
were visualized using the Pierce ECL western blotting substrate (Thermo),
X-ray CL-XPosure films (Thermo) and the automatic film processor
CP1000 (AGFA). Protein band quantification was performed using
ImageJ. Antibodies were AKR1B1 (Thermo, PA5-12316), SORD (Thermo,
PA5-37390), β-ACTIN (Cell Signaling, 12262), γH2AX (Cell Signaling, 2577),
AKT (Cell Signaling, 2938), ATF3 (Sigma, HPA001562), c-Jun (Cell
Signaling, 9165), cleaved PARP (Cell Signaling, 9541), p65 (Cell Signaling,
8242), p-AKT (S473) (Cell Signaling, 4060), p-JNK (Cell Signaling, 4668)
and p-p65 (Cell Signaling, 3033). All secondary HRP-conjugated
antibodies were from Southern Biotech. β-ACTIN was used as a loading
control.

NF-κB luciferase reporter assay
To determine NF-κB activity, control, shAKR1B1 or shSORD cells were
plated at a density of 12,000 cell per well and transfected the following day
with the NF-κB luciferase reporter vector (BPS Bioscience, #60614) using
LipofectamineTM 2000 according to the manufacturer’s instructions.
Activities of both Renilla and Firefly luciferase reporter were measured
using the Dual-Glo® Luciferase System (Promega). Background signals from
non-transfected controls were subtracted from all luminescence measure-
ments of both luciferases. The ratio of Renilla/Firefly served as normal-
ization of NF-κB activity to a reporter housekeeping control, accounting for
transfection efficacy differences. Ratios for pLKO control (Glc) cells were set
as baseline 1.

Measurement of oxidative stress
As an indicator of general oxidative stress, cells were stained with CM-
H2DCFDA (Thermo Fisher Scientific) at a final concentration of 3.12 µg/ml
in complete culture media for 30min at 37 °C and 5% CO2. Fluorescence
signals were recorded using the CytoFLEX flow cytometer (Beckman
Coulter) and analyzed with FlowJo (V10.1). Alive cells were gated on SSC-A
vs FSC-A, doublets were excluded using FSC-A vs FSC-H and CM-H2DCFDA
positivity was analyzed using the FITC channel. Unstained samples of
control, knockdown or treatment conditions were used to determine
background fluorescence and appropriate gate setting.

Gas chromatography–mass spectrometry (GC-MS)
For measuring intracellular fructose levels, 500,000 cells per sample were
plated and isolated the following day in 80% ice-cold methanol. Samples
were vortexed and spiked with 10 μl internal standard containing [U-13C6]-
Fructose at a concentration of 1 mM. Samples were centrifuged at 9560 × g
and 4 °C for 6 min and supernatants were removed. The cell pellet was
washed twice with 80% methanol, the supernatants were combined and
dried in a vacuum evaporator (CombiDancer, Hettich AG, Bäch, Switzer-
land). Sugars were analyzed by GC-MS after methoximation and silylation
using the derivatization protocol and instrumental setup as described [13].
An injection volume of 1 μl and splitless injection were applied.
Intracellular metabolites were quantified using calibration curves with
[U-13C6]-Fructose as internal standard and normalized to protein amount.
Proteins were quantified by resuspending the pellet obtained after
extraction in NaH2PO4 buffer (20mM with 1.2% SDS), followed by the
use of FluoroProfile Protein Quantification Kit (Sigma) according to the
manufacturer’s instruction.
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Liquid chromatography–mass spectrometry (LC–MS)
To quantify the in vitro metabolic flux of the polyol pathway, [U-13C6]-
Glucose tracing was performed in A549 and H1299 cells. Briefly, plko and
shAKR1B1 cells were generated by seeding 100,000 cells a day before virus
transduction. Cells were infected with 1/3 of the viruses to avoid massive
cell death. Twenty-four hours post virus infection, cells were washed and
250,000 cells were seeded in six-well plates. Sixteen hours post cell
seeding, 10 mM [U-12C6]-Glucose or [U-13C6]-Glucose-containing DMEM
was added to the cells for 6 h. At endpoint, cells were collected in an
extraction solvent containing methanol/acetonitrile/water (5:3:2 v/v/v) and
centrifuge at 21,000 × g at 4 °C for 15min. Supernatant were collected and
stored at −80 °C. For UPLC–MS analysis, samples were lyophilized and
resuspended in 25 µl of 80% acetonitrile. Three microliters were injected
using a Vanquish Horizon UPLC system (Thermo Fisher Scientific) equipped
with a Luna Omega Sugar column (2.1 × 150mm, 100 Å, 3 µm,
Phenomenex), maintained at 40 °C. Analytes were eluted at a flow rate
of 300 µl/min using eluent A (water) and eluent B (acetonitrile). The
gradient profile was as follows: 80% B from 0 to 2min, 80–30% B from 2 to
6min, 30% B from 6 to 6.5 min, and 30–80% B from 6.5 to 7min followed
by a 5-min equilibration period. The UPLC was coupled to a Bruker
TimsTOF Pro 2 operated in negative ion mode. Data of intracellular glucose
and fructose isotopologues were extracted and corrected for natural
abundance using TASQ software (Bruker, version 2024B).

Seahorse flux analysis
Bioenergetics of control and knockdown cell lines cultured under the
indicated conditions were determined 5 days after lentiviral transduction
using the XFe96 Extracellular Flux Analyzer (Seahorse Bioscience/Agilent
Technologies, North Billerica, MA). Briefly, one day prior to the assay, cells
were seeded in specialized cell culture microplates at a density of 12,000 cells
per well using 6 replicates per condition. To perform the mitochondrial stress
test, cells were incubated in XF base medium supplemented with 10mM
glucose, 2 mM L-glutamine and 1mM sodium pyruvate (pH 7.4) for 1 h at
37 °C in a CO2-free environment. Extracellular acidification rate (ECAR) and
oxidative consumption rate (OCR) values were recorded under baseline
conditions and subsequently after injection of 1.2 µM oligomycin, 1.5 µM
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and 1 µM
rotentone/antimycin A.

In vivo experiments
NSG mice (Jackson Laboratories) were used for xenograft experiments
testing tumor growth of AKR1B1 knockdown cells. Briefly, plko control or
shAKR1B1 cells at 5 days post-transduction were resuspended in 0.9%
saline solution and mixed with Matrigel (Corning) at a ratio of 1:1 and
500,000 cells were injected into the right flanks of 8-12 week old female
mice, using eight mice per condition. Tumor length and width were
measured twice a week using a digital caliper and tumor volumes were
calculated with the formula (length × width2)/2. Mice were sacrificed
30–35 days after injection, tumors were excised and weighed. Animal
protocols were approved by the Institutional Animal Care and Use
Committee of the Regierung von Unterfranken (NSG model). The
maximum allowed size of 1766 mm3 was not achieved in any of these
experiments.
To determine the effect of epalrestat treatment on tumor growth,

500,000 A549 cells were prepared in 100 μl of 1:1 mix of PBS and Matrigel
(Corning) and injected into flank region of male nude mice, 6 per
condition. Mouse weight and tumor volume were measured every second
day using calipers. Tumor volumes were calculated as (length x width2) /2.
Once the tumor volume had reached 80-100 mm3, xenografts were
randomized into groups. Animals were treated with vehicle (5% DMSO,
30% PG, 65% PEG400) or epalrestat (EPR, 50mg/kg) by daily oral gavage.
EPR (CAS No. 82159-09-9) was obtained from Sigma-Aldrich and dissolved
first in DMSO and heated at 50 °C for 10minutes. 30% PG and 65% PEG400
were added individually and in order. The sample size for each experiment
was selected based on measurements from previous similar experiments.
All animal experiments were approved by the Animal Ethics Committee of
Bilkent University. The studies were carried out in compliance with the
ARRIVE guidelines.

Study cohort
The study cohort consisted of 97 patients with primary NSCLC who had
undergone surgical resection at the Sacro Cuore Don Calabria Hospital of
Negrar, Verona (VR) between 2007 and 2017. Eighty-nine samples had

sufficient slides and paraffin-embedded tissue blocks available. None of
the patients received therapy before surgery. Tumors were classified
according to the 2014 WHO classification and staging was done using the
TMN staging manual (8th edition). Patients’ demographics and clinical data
were retrieved from the digital archives. Investigations have been
conducted according to the principles expressed in the Declaration of
Helsinki.

Tissue microarray construction
For every case, all H&E stained were reviewed for diagnosis confirmation;
one block was selected for tissue microarray (TMA) construction. For each
block, five cores with a diameter of 1 mm were obtained from diverse areas
of the tumor and randomly numbered from 1 to 5.

Immunohistochemistry and scoring
From each block 4 µm sections were cut and stained with antibodies
against AKR1B1 (Abcam, dilution 1:100) and SORD1 (Thermo, diluition
1:200). An OptiView DAB ICH Detection Kit (Ventana) was used according
to the manufacture’s recommendations for the visualization of the primary
anti-AKR1B1 and SORD1 antibodies. Stained sections were scanned using
Ventana iScan HT and immunoreactivity scorings were evaluated by a
pathologist. Intensity of staining (0–3+) and the percentage of stained
tumor cells (0–100%) were used for calculation of IHC score. The IHC score
was calculated by multiplying the staining intensity by the average
percentage of stained tumor cells. We considered as adequate the scores
showing a neoplastic component greater or equal to 30%. Alveolar
macrophages were used as an internal control to validate the adequacy of
AKR1B1 staining reaction. See Supplementary Fig. 1 for patient details.

RNA sequencing and gene set enrichment analysis
RNA from A549 shAKR1B1 and pLKO control cells, cultivated under glucose
or fructose growth conditions, was isolated using miRNeasy kit (Qiagen)
following the manufacturer’s instructions, including a DNA digestion step.
RNA-Seq libraries were constructed using the TruSeq sample Prep Kit V2
(Illumina). Briefly, 1–2 μg of purified RNA were poly-A selected and
fragmented using a fragmentation enzyme. A template of poly-A selected/
fragmented RNA was used for first- and second-strand synthesis.
Subsequent procedures including end-repair to PCR amplification were
performed in accordance with the library construction steps. Libraries were
purified and validated for appropriate size on a 2100 Bioanalyzer High
Sensitivity DNA chip (Agilent Technologies.) The DNA library quantification
was performed using Qubit, followed by normalization to 4 nM. Libraries
pooling was done in an equimolar fashion and diluted to 10 pM. Library
pools were clustered and run on Nextseq500 platform with paired end
reads of 75 bases, according to the manufacturer’s recommended protocol
(Illumina). RNA-Seq reads were subjected to quality control analysis using
FastQC v0.11.9 and aligned against human reference genome with GRCh38
build (release 102) with the respective Ensembl GTF annotation file using
STAR v2.7.7a aligner. Read summarization was carried out using R 3.5.0
with featureCounts function in Rsubread package. With the obtained
counts, differential gene expression analysis based on the negative
binomial distribution was performed using DESeq2 package in R 3.5.0 and
identified up- or downregulated genes between conditions with adjusted
p-value < 0.01 and fold change of 2. Overlap analysis of the genes between
conditions was performed using Venny 2.1 (https://bioinfogp.cnb.csic.es/
tools/venny/). Gene set enrichment analysis was performed with the online
application available at http://software.broadinstitute.org/gsea/index.jsp.
Data are deposited in the GEO database with the accession number
GSE214505.

Statistical analysis
All statistical analyses were performed using GraphPad Prism 8.3.0,
unless stated otherwise. Xenograft tumor growth was analyzed using
multiple t tests with the Holm–Sidak method to correct for multiple
comparisons. For comparison of more than one knockdown or treatment
condition, the one-way ANOVA was applied with correction for multiple
comparisons using the Dunnett (comparison to pLKO or control group)
or Tukey method (comparison between all groups). A two-tailed
student’s t-test was used to compare the statistical significance of the
two groups (parametric). P values of statistical significance are illustrated
as follows: *<0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, n.s. represents
non-significant differences.
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RESULTS
Polyol pathway activity is essential for NSCLC pathogenesis
To assess polyol pathway activity in NSCLC, we first determined
expression levels of both PP enzymes in a panel of NSCLC patients
by immunohistochemical staining (Fig. 1A, Supplementary
Fig. 1A, B). 76.4% of tissue samples revealed positivity for at least

one PP enzyme (Fig. 1B). Among those, 30.9% were tested positive
for both AKR1B1 and SORD expression, pointing towards a strong
clinical relevance of PP activity in NSCLC with no prevalence for
adeno- or squamous cell carcinoma subtype (Supplementary
Fig. 1C, D). At the RNA level, analysis of TCGA data showed
significantly increased expression of SORD in both lung

Fig. 1 Knockdown of AKR1B1 results in growth arrest in vitro. A Representative images of AKR1B1 and SORD immunohistochemistry
staining of NSCLC patient tissue samples (n= 89). The scale bar represents 100 µm. B Proportion of AKR1B1-, SORD- single or double positive
in human NSCLC specimens. CWestern blot of AKR1B1 and SORD in a panel of established NSCLC cell lines. DWestern blot of AKR1B1 in A549,
H1299 and Calu-1 scrambled plko (control) cells and AKR1B1 knockdown cells transduced with three independent shRNA sequences.
E Fractional enrichment of fructose in A549 plko cells, H1299 plko and shAKR1B1 cells upon [U-13C6]-Glucose tracing. P-values indicate
significant differences among M+ 6 isotopologues. F Real-time proliferation of plko control and three different shAKR1B1 knockdown in A549
(ADC), H1299 (LCC) and Calu-1 (SCC) cells. Proliferation of H2B-RFP positive cells was determined via quantification of fluorescent nuclei
counts over time by the real-time imaging system Incucyte. G Cytotoxic effect of shAKR1B1 in A549 cells compared to plko control cells as
quantified by the fluorescence of a green CytoTox dye in dead cells. Representative images with green-fluorescent signals depict the
occurrence of cell death upon AKR1B1 knockdown. Scale bar is 150 µm. H Western blot of γH2AX in plko and three shAKR1B1 A549 cells.
I Caspase 3/7-dependent apoptosis assay measuring activated caspase 3/7 in plko control and shAKR1B1 A549 cells measured by real-time
imaging. Statistical tests are two-way ANOVA, Dunnett’s method except for (E) where it is T-test.
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adenocarcinoma and squamous cell carcinoma patients compared
to normal tissues (Supplementary Fig. 1E). Protein expression data
confirmed the ubiquitous occurrence of both PP enzymes in a
panel of established human NSCLC cell lines derived from tumors
of different histological types and mutation status (Fig. 1C,
Supplementary Table 1). To decipher the impact of PP gene
expression on lung tumorigenesis, we performed stable shRNA-
mediated knockdown of the rate-limiting enzyme AKR1B1 using
three independent sequences in various NSCLC cells (Fig. 1D).
Reduction of AKR1B1 gene expression significantly decreased the
metabolic flux from glucose to fructose in low AKR1B1-expressing
H1299 cells as revealed by stable isotope tracing of fully labeled
13C-glucose (Fig. 1E and Supplementary Fig. 1F). Importantly,
AKR1B1 knockdown potently halted cell proliferation in all tested
cell lines (Fig. 1F and Supplementary Fig. 1G). In addition,
induction of cell death in response to AKR1B1 depletion in
various NSCLC cell lines was confirmed with a fluorescent dye
(Fig. 1G, Supplementary Fig. 1H). Cell death was accompanied by a
strong increase in γH2AX signal, which is an indication of DNA
damage (Fig. 1H). The type of cell death was further refined as
caspase 3/7-dependent apoptosis (Fig. 1I). Of note, low AKR1B1-
expressing H1299 cells also showed significantly high growth
defects in response to the knockdown (Fig. 1F, center), suggesting
a requirement for baseline AKR1B1 expression levels to sustain

proliferation. In contrast, stable AKR1B1 overexpression failed to
accelerate cell growth (Supplementary Fig. 1I), reaffirming its basal
role in NSCLC growth maintenance rather than enhancing
proliferative capabilities.
We subsequently investigated in vivo tumor growth via

subcutaneous injection of either control or AKR1B1 knockdown
A549 cells into NSG mice. As a result, we found that reduced
AKR1B1 expression remarkably impeded the ability of the cells to
grow in vivo (Fig. 2A). Along with highly significant decrease in
tumor mass (Fig. 2B), only 5 out of 8 injected mice formed tumors,
indicating a reduction in tumor occurrence (Fig. 2C). We observed
a similar trend with H1299 cells when injected in NSG mice after
AKR1B1 knockdown (Fig. 2D–F). The use of epalrestat (EPR), an
FDA-approved AKR1B1 inhibitor [14], was also able to reduce
tumor growth in vivo in NSG mice (Fig. 2G–I).
To analyze the polyol pathway activity as a whole, we extended

the analysis to SORD knockdown, which is the second PP enzyme.
To this end, we performed similar shRNA-mediated knockdown
experiments with three independent targeting sequences in A549
cells. Similar to what we observed in shAKR1B1 cells, the
downregulation of SORD gene expression severely arrested cell
proliferation and induced DNA damage and apoptosis (Fig. 3A).
Comparable data were obtained with the high AKR1B1-expressing
NSCLC cell line, Calu-1 (Supplementary Fig. 2A) as well as cell lines

Fig. 2 Genetic ablation of AKR1B1 attenuates the in vivo growth of NSCLC tumors. A Tumor growth curve showing tumor volume from
NSG mice subcutaneously injected with either A549 plko control or shAKR1B1 cells as determined by caliper measurement, (B) weight of the
excised A549 tumors and (C) representative image of tumors. D Tumor growth curve showing tumor volume from NSG mice subcutaneously
injected with either H1299 plko control or shAKR1B1 cell as determined by caliper measurement, (E) weight of excited H1299 tumors and (F)
representative images of tumors. G–I Tumor growth curve showing tumor volume of A549 subcutaneous xenografts treated with either
epalrestat (EPR) or drug vehicle, along with the weights of the tumors and representative images. Tumor growth was analyzed using multiple
t-tests (Holm–Sidak method) and comparison of tumor weights at endpoint was done using unpaired Student t-test.
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with high SORD and low AKR1B1 expression, H460 and H520
(Supplementary Fig. 2B, C), indicating that both enzymes of the PP
are important for proliferation. Overall, these data provide strong
rationale for the polyol pathway as supportive of tumor growth
and survival.

PP deficiency causes a multifactorial phenotype that impairs
cellular metabolism
As oxidoreductases are involved in antioxidant processes [15, 16],
we suspected an increased ROS production as one of the causes
for the detected DNA damage in polyol pathway-deficient cells
(Figs. 1H and 3A). Surprisingly, no major changes in intracellular
levels of ROS could be detected upon either AKR1B1 or SORD
knockdown (Fig. 3B). Concomitantly, shPP-induced detrimental
defects were irreversible in the presence of the ROS scavenger (N-
Acetyl cysteine) NAC (Fig. 3C), indicating that the cell death
induced by the knockdown of PP is not mediated via ROS
accumulation. Then, analyzing their metabolic state, we found that
cells deficient in either AKR1B1 or SORD expression displayed
reduced glycolysis as well as oxidative phosphorylation (Fig. 3D, E).
Since both pathways are major producers of ATP, and ATP
deficiency might lead to cell death, we hypothesized that shPP-
induced cell death could be rescued by ATP supplementation.
However, we did not observe any growth rescue of shPP cells
upon ATP supplementation (Supplementary Fig. 2D), indicating
that ATP deficiency is not the cause of shPP-induced apoptosis.
Furthermore, as induction of apoptosis in PP-deficient cells might
be due to the combined effect of ROS accumulation and ATP
deficiency, we also attempted to rescue shPP cells by combining
NAC and ATP supplementation, but the combination did not
protect the cells either (Supplementary Fig. 2E). Fructose
metabolism also induces de novo lipogenesis, which was
previously shown to promote lung cancer growth [17]. However,

rescue experiments via fatty acids supplementation with palmitate
(PA) failed to alleviate the shPP-induced defects (Supplementary
Fig. 2F), hinting towards a multifactorial metabolic vulnerability.
At the molecular level, AKT is an important regulator of cell

proliferation, survival as well as metabolic processes [18, 19], and
has been shown to be regulated by AKR1B1 [20]. Therefore, we
monitored the expression of AKT in PP-deficient cells and
observed that PP downregulation in A549 cells was accompanied
by a decrease in AKT1 protein levels (Supplementary Fig. 2G).
However, AKT1 overexpression in PP-deficient cells failed to
decrease cell death and to rescue cell growth (Supplementary
Fig. 2H–J).

Fructose displays anti-apoptotic properties
As the only de novo pathway for fructose synthesis is PP, we
observed by chromatography–mass spectrometry (GC-MS) a
significant reduction of intracellular fructose levels in cells
deficient in both PP enzymes (Fig. 4A, Supplementary Fig. 3A).
We subsequently attempted to reverse the PP knockdown-related
phenotype via supplementation with extracellular fructose. For
this purpose, A549 cells were first conditioned in either glucose- or
fructose-containing media for 4 days prior to knockdown
induction. As indicated in Fig. 4B, the availability of fructose
prevented the induction of cell death in response to AKR1B1
knockdown, while a strong delay was apparent in shSORD cells as
compared to cells grown in glucose-rich conditions. The fructose-
mediated death response delay was also observed in other NSCLC
cells with PP gene knockdown (Supplementary Fig. 3B). Surpris-
ingly, we also identified galactose as an alternative monosacchar-
ide to glucose, which alleviated cell death induction upon PP
knockdown (Supplementary Fig. 3C). Indeed, similar to what was
observed under fructose supplementation, shAKR1B1 and shSORD
cells conditioned in galactose were largely protected from cell

Fig. 3 Knockdown of SORD phenocopies the growth inhibitory effect of AKR1B1 knockdown. A Real-time proliferation of plko and shSORD
A549 cells, along with a Western blot of SORD and the DNA damage marker γH2AX, and measurement of caspase 3/7-mediated apoptosis and
shSORD-induced cytotoxicity by real-time imaging. shSORD cells were generated using three independent shRNA sequences. B Percentage of
ROS-positive A549 plko, shAKR1B1 and shSORD cells using CM-H2DCFDA as a general oxidative stress indicator. C Cytotoxicity assay in A549
plko control, AKR1B1 and SORD knockdown cells either in the absence or presence of 5mM NAC. D Basal glycolytic activity of A549 plko,
shAKR1B1 and shSORD cells as measured by the extracellular acidification rate (ECAR) upon glucose infusion during a glycolytic stress test
(GST). E ATP-linked respiratory capacities of A549 plko, shAKR1B1 and shSORD cells as measured by the oxygen consumption rates (OCR)
during a mitochondrial stress test. Statistical test in (A) and (C) is two-way ANOVA, Dunnett’s method and in (B, D, E) is one-way ANOVA,
Dunnett’s method.
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Fig. 4 Fructose rescues cell death in polyol pathway-deficient NSCLC cells in the absence or presence of chemotherapy. A Mass
spectrometric quantification of intracellular levels of fructose in plko and shPP A549 cells. Supplementary Fig. 3A shows glucose and
fructose peak chromatographic resolution. B Cytotoxicity assay upon PP knockdown in A549 cells grown in glucose-free DMEM supplemented
with either 5mM glucose or fructose. C Western blot of cleaved PARP (cl.PARP) in plko control or PP knockdown A549 cells grown in 5mM
glucose, fructose or galactose. D Cytotoxicity assay upon treatment with 5 µM Cisplatin (CDDP) in A549 cells grown in glucose or fructose.
E Cytotoxicity assay upon treatment with 50 µM Pemetrexed (PTX) in A549 cells grown in glucose, fructose or galactose (5 mM each). F ROS
levels, indicated as the percentage of ROS+ population in A549 cells treated with PTX in combination with glucose, fructose or galactose
supplementation as measured by flow cytometry. G OCR/ECAR ratio of A549 plko control and shPP cells grown in glucose, fructose or
galactose as quantified by Seahorse Assay. The individual OCR and ECAR plots are shown in Supplementary Fig. 3G. H Cytotoxicity assay upon
either treatment with sublethal doses of 2-DG (200 µM) or supplementation with glucose in A549 plko control and shPP cells. Statistical test in
(A, G) is unpaired T-test and in (B, D, E, H) is two-way ANOVA and Tukey’s post-test for multiple comparisons.
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death induction. Supporting the differential death response, we
detected clear differences in the expression of cleaved poly (ADP-
ribose) polymerase (PARP), a target of caspase 3 and therefore a
hallmark of apoptosis. Western blot quantification revealed a
strong accumulation of cleaved PARP in shAKR1B1 and shSORD
cells grown in glucose-containing media, which was diminished or
completely abrogated under either fructose or galactose condi-
tions (Fig. 4C).
Moreover, cytoprotective effects of fructose and galactose were

also reflected in an increased in vitro resistance to chemother-
apeutic agents. Several lung cancer cell lines conditioned in
glucose, fructose or galactose-containing media were subse-
quently exposed to either cisplatin (CDDP) [21] or pemetrexed
(PTX) [22], two commonly used drugs in the treatment of
advanced NSCLC. Cytotoxicity assays revealed that fructose
protected against CDDP as well as PTX-induced cell death in
contrast to glucose (Fig. 4D, E, Supplementary Fig. 3D). Protection
against apoptosis was observed in combination with a reduction
in associated ROS levels (Fig. 4F, Supplementary Fig. 3E). Galactose
showed mainly protective effects associated with ROS levels
reduction against PTX-triggered cytotoxicity (Fig. 4E, Supplemen-
tary Fig. 3E, F). These results point towards a general role for
alternative monosaccharides in protecting against cytotoxic
triggers.
These results prompted to search for commonly shared

metabolic mechanisms between fructose and galactose that are
distinct from glucose. Several publications have indicated a
preference for oxidative phosphorylation as their favored
energy-producing pathways [23, 24]. Indeed, when measuring
the OCR/ECAR ratio as a readout of metabolic activity, control cells
under fructose/galactose supplementation displayed significantly
increased values as compared to cells supplemented with glucose
(Fig. 4G, Supplementary Fig. 3G), indicating a metabolic pre-
ference for oxidative phosphorylation. Similarly, fructose/galac-
tose-supplemented shAKR1B1 or shSORD cells also increased their
oxidative phenotype as compared to their glucose counterparts
(Fig. 4G). Therefore, this metabolic shift might indicate that a more
oxidative metabolic phenotype underlies the protective effect of
fructose and galactose in PP-deficient cells. To test whether this
metabolic shift is protecting against shPP-mediated cell death, we
used 2-deoxy-D-glucose (2-DG), a synthetic glucose analog and
well-described glycolysis inhibitor, to force cells to switch from
glycolysis to oxidative phosphorylation [25, 26]. PP knockdown
experiments were performed either in the presence or absence of
low concentrations of 2-DG, which did not affect the in vitro
proliferation of A549 cells (Supplementary Fig. 3H). In line with the
effect observed with alternative sugars, 2-DG did not improve the
proliferative ability of PP knockdown cells, but remarkably
prevented (Fig. 4H) or diminished (Supplementary Fig. 3I) shPP-
induced cytotoxicity in different lung cancer models. In conclu-
sion, these results suggest the pro-survival properties of fructose
and galactose in PP-deficient cells might be partly executed via
oxidative phosphorylation.

RNA sequencing reveals differential death response between
glucose and other hexoses
To decipher molecular mechanisms associated with the differ-
ential death response under the presence of different mono-
saccharides, RNA sequencing was performed on shAKR1B1 and
control cells, maintained under either glucose or fructose-
conditioned media. Hierarchical cluster analysis and principal
component analysis indicated a clear separation between control
and knockdown samples and based on the availability of glucose
or fructose in the media (Supplementary Fig. 4A, B). Differential
gene expression analysis revealed an overlap of 38.3% identical
genes, which were commonly downregulated in shAKR1B1 cells
under both glucose and fructose supplementation

(Supplementary Fig. 4C). Gene set enrichment analysis (GSEA)
indicated that this list of genes was most significantly represented
in cell cycle pathways, E2F targets and G2M checkpoints
(Supplementary Fig. 4D), corroborating the shared proliferative
deficits observed in both glucose- and fructose-grown AKR1B1
knockdown cells. More importantly, the 1415 upregulated genes
in shAKR1B1 cells under glucose supplementation were most
significantly classified in pathways related to apoptosis, tumor
necrosis factor alpha (TNF-α)- and p53 signaling (Fig. 5A),
confirming the strong cell death induction observed in response
to AKR1B1 deficit. In contrast, genes upregulated in fructose-
grown shAKR1B1 cells were only enriched for a hypoxia gene
signature, and with a low q-value (Supplementary Fig. 4E). The
lack of clear apoptosis-related gene signatures under fructose
conditions corroborates the differential death response observed
in vitro (Fig. 4B). This is also reaffirmed by comparing gene sets
downregulated in shAKR1B1-fructose cells compared to glucose
counterparts, which revealed the apoptosis-related pathways to
be the most significantly enriched (Supplementary Fig. 4F). This
indicates that the differential cell death signature is the strongest
discriminant between glucose- and fructose-grown AKR1B1
knockdown cells.
Among the genes most significantly and exclusively upregu-

lated in glucose-grown shAKR1B1 cells, two candidates, ATF3 and
c-Jun were selected for further validation. Selection was based on
the involvement of these two genes in all the three signatures for
‘apoptosis’, ‘p53 pathway’ and ‘TNF-α signaling’. First, protein
expression of ATF3, an apoptotic marker, was found markedly
upregulated in shAKR1B1 cells under glucose supplementation,
but neither under fructose nor galactose (Fig. 5B). Rather, no
differences and even downregulation of ATF3 expression were
observed in shAKR1B1 cells under fructose and galactose as
compared to controls. This analysis was further extended to
shSORD cells for all growth conditions (Fig. 5C). Here, ATF3 levels
were also increased under glucose supplementation, and
unchanged as compared to their respective controls in the
fructose and glucose counterparts.
The other candidate examined was the transcription factor c-

Jun, whose expression was also stimulated in response to AKR1B1
depletion under glucose supplementation. c-Jun upregulation
occurred to a lesser extent upon SORD depletion under glucose
supplementation (Fig. 5C). In knockdown cells under fructose or
galactose supplementation, c-Jun increase was either attenuated
or completely absent (Fig. 5C).
Both c-Jun and its transcriptional target ATF3 [27] exercise

various functions regarding cell fate decisions and are known to
play a role in apoptosis activation under specific conditions in
connection with p53 [28, 29]. Interestingly, we also identified
differences in p53 expression. Deficiency of both AKR1B1 and
SORD increased p53 protein levels under glucose, but neither
under fructose nor galactose conditions (Fig. 5C). In addition, we
also observed activation of JNK (c-Jun N-terminal kinase) in
response to PP deficiency under glucose, which is indicated by its
increased phosphorylation status (p-JNK) (Fig. 5C). As JNK is a
known stress-activated kinase with pro-apoptotic functions,
higher activation by phosphorylation was not seen in both PP
knockdown cells under either fructose or galactose supplementa-
tion, although to a lesser extent compared to c-Jun. We therefore
propose that depletion of both PP genes activates apoptosis over
a common signal transduction pathway involving JNK/c-Jun in
cooperation with p53. The lack of increased apoptosis-related
proteins under the presence of fructose or galactose might
indicate a commonly shared pathway, which enables PP knock-
down cells to prevent this activation and ultimately develop
resistance towards apoptosis.
These results prompted us to investigate possible pro-survival

mechanisms. Interestingly, AKR1B1 silencing has been previously
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connected to decreased NF-κB activity [11, 30], a pathway
commonly involved in cell survival [31]. We, indeed, observed a
significantly high enrichment of NF-κB pathway in shAKR1B1 cells
by RNA sequencing (Fig. 5A). Therefore, we sought to investigate
the involvement of the NF-κB pathway in shPP-induced cell defects
and differential death responses. First, we analyzed whole protein
and phosphorylation levels of p65/RelA, an important NF-κB
subunit, but were unable to detect changes upon AKR1B1 or SORD
depletion (Fig. 5D). In contrast, shAKR1B1 and shSORD cells in the
presence of glucose displayed a strongly reduced NF-κB activity in a

luciferase reporter assay, whereas the activity especially under the
presence of galactose was not significantly changed (Fig. 5E, F).
Based on this result, we tested the cell dependency on active NF-κB
signaling by treating A549 cells grown in glucose, fructose or
galactose with increasing concentrations of two NF-κB inhibitors.
Inhibition curves revealed that galactose and, to a lesser extent
fructose confer resistance against NF-κB inhibition (Fig. 5G). In
conclusion, latest results could indicate that these monosaccharide
substitutes may confer survival benefits and drug resistance by
maintaining NF-κB activity.
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DISCUSSION
This study provides evidence for the importance of the polyol
pathway activity in conferring growth and survival advantages to
lung cancer cells. Contrary to the widespread claim that this
pathway has little activity under normal physiological conditions
[6], the detrimental effects observed upon its downregulation, as
evidenced by dramatic growth defects in vitro and in vivo (Fig. 1),
reveal an essential role of the PP in maintaining normal cellular
functions. While the inflammatory function of AKR1B1 in
tumorigenesis has been previously described [11], this research
highlights the critical role of SORD activity and therefore the
functionality of both PP genes as indispensable for survival and
proliferation homeostasis. The complexity of the multifaceted
phenotype is further reflected in the inability to restore cellular
proliferation by means of individual biomolecule substitution as
well as combinations. However, fructose-mediated cell survival
could take different molecular and biochemical routes or a
combination of both factors, and therefore, a dedicated study is
needed determine the downstream effectors of the polyol
pathway. Considering the negligible pathway activity under
normoglycemic conditions in healthy tissues, targeting the cancer
specific PP activity seems ideally suited for therapeutical
intervention. In general, the ineffectiveness of various proliferation
rescue approaches, either through restoring oncogenic signaling
or macromolecules supplementation, provides major therapy
advantages, as it could potentially complicate the emergence of
therapy resistance.
At a molecular level, the cytotoxic phenotype induced by the

reduction of PP activity was associated with upregulation of ATF3
and c-Jun, transcription factors with well-described pro-apoptotic
functions [28, 29, 32]. However, given the complexity and context-
dependency of the AP-1 transcription factor family, further
investigation is necessary to determine whether the ATF3/c-Jun
complex activation is directly caused by PP deficiency.
Importantly, we uncovered an important role for hexose sugar

replacements in resisting cell death. Therefore, with this study we
attribute a pro-survival function of PP-derived fructose as one of
its main roles in the context of lung cancer. We demonstrate that
cells under the presence of fructose are able to suppress pro-
apoptotic signaling as demonstrated by the lack of Caspase 3
activation. Interestingly, previous publications have reported on
cytoprotective properties of fructose [33] as well as other sugar
hexoses, such as galactose [34] against TNF-α-induced apoptosis.
More specifically, fructose-associated protection was mediated via
suppression of JNK signaling [33], whereas galactose prevented
cell death through NF-κB activation [34]. We, indeed, provide
evidence for both of them in this study. One of the best-described
functions of fructose metabolism is the induction of de novo
lipogenesis, which was previously shown to promote lung cancer
growth [17, 35]. However, supplementation with fatty acids, such
as palmitate, to circumvent a potential reduction of fatty acid
synthesis, did not ameliorate the phenotype induced by PP
knockdown. This suggests that the fructose-associated lipid

metabolism might be dispensable for preventing shPP-induced
cell death. One possible mechanism through which glucose
alternatives could overcome shPP-related vulnerabilities could be
via a metabolic shift of cells to oxidative phosphorylation, well
described under the presence of galactose [23] and fructose [36],
in particular for the later. However, although an oxidative
phenotype has been associated with survival benefits in various
cancer types [37], further research is needed to confirm a direct
contribution and the molecular determinants of alternative
metabolic preferences to the apoptosis-resistance phenotypes
displayed upon fructose and galactose availability. Their ability to
withstand cell death has widespread implications not only in the
context of PP activity, but for chemotherapy resistance (Fig. 4).
Roles of fructose metabolism in cancer should be especially
studied considering the massive increase of dietary fructose intake
and its well-established association with obesity, cardiovascular
disease and cancer [38]. Therefore, the results presented in this
paper broaden our understanding of fructose metabolism in
cancer growth, in part as a pathway that may offer sufficient
metabolic plasticity to cancer cells and, thus, facilitate tumor
survival (Fig. 5H).

DATA AVAILABILITY
RNA sequencing data are deposited in the GEO database with the accession number
GSE214505.

REFERENCES
1. Hanahan D. Hallmarks of cancer: new dimensions. Cancer Discov. 2022;12:31–46.
2. Ramesh V, Brabletz T, Ceppi P. Targeting EMT in cancer with repurposed meta-

bolic inhibitors. Trends Cancer. 2020;6:942–50.
3. Thiery JP, Acloque H, Huang RYJ, Nieto MA. Epithelial-mesenchymal transitions in

development and disease. Cell. 2009;139:871–90.
4. Schwab A, Siddiqui A, Vazakidou ME, Napoli F, Böttcher M, Menchicchi B, et al.

Polyol pathway links glucose metabolism to the aggressiveness of cancer cells.
Cancer Res. 2018;78:1604–18.

5. Hers HG. The mechanism of the transformation of glucose in fructose in the
seminal vesicles. Biochim Biophys Acta. 1956;22:202–3.

6. Morrison AD, Clements RS Jr, Travis SB, Oski F, Winegrad AI. Glucose utilization by
the polyol pathway in human erythrocytes. Biochem Biophys Res Commun.
1970;40:199–205.

7. Vander Jagt DL, Hunsaker LA, Robinson B, Stangebye LA, Deck LM. Aldehyde and
aldose reductases from human placenta. Heterogeneous expression of multiple
enzyme forms. J Biol Chem. 1990;265:10912–8.

8. Gonzalez RG, Barnett P, Aguayo J, Cheng HM, Chylack LT Jr. Direct measurement
of polyol pathway activity in the ocular lens. Diabetes. 1984;33:196–9.

9. Tammali R, Ramana KV, Singhal SS, Awasthi S, Srivastava SK. Aldose reductase
regulates growth factor-induced cyclooxygenase-2 expression and prostaglandin
E2 production in human colon cancer cells. Cancer Res. 2006;66:9705–13.

10. Tammali R, Reddy AB, Saxena A, Rychahou PG, Evers BM, Qiu S, et al. Inhibition of
aldose reductase prevents colon cancer metastasis. Carcinogenesis.
2011;32:1259–67.

11. Wu X, Li X, Fu Q, Cao Q, Chen X, Wang M, et al. AKR1B1 promotes basal-like breast
cancer progression by a positive feedback loop that activates the EMT program. J
Exp Med. 2017;214:1065–79.

Fig. 5 Anti-apoptotic properties are associated with fructose metabolism in NSCLC cells. A Gene Set Enrichment Analysis showing
upregulated pathways in AKR1B1 knockdown cells as compared to plko control cells under glucose supplementation. B Western blot of ATF3
in A549 plko control and shAKR1B1 cells grown in glucose, fructose or galactose (5 mM each). C Western blot of ATF3, c-JUN, p53 and
phospho-JNK in A549 plko control and shPP cells grown in glucose, fructose or galactose. D Western blot of total and activated
phosphorylated p65 (p-p65) in A549 plko control and shPP cells. E NF-κB activity luciferase reporter assay in A549 plko control and
shAKR1B1 cells grown in glucose, fructose or galactose. F NF-κB activity luciferase reporter assay in A549 plko control and shSORD cells grown
in glucose, fructose or galactose. G Cell viability assay in A549 cells grown in glucose, fructose or galactose upon treatment with increasing
concentrations of NF-κB inhibitors R7050 (top) or SM7368 (bottom). Inhibition response curves were plotted by determining the confluency of
control and treated group after 40 h of treatment, normalized to controls, set at 1, and subsequent log transformation of drug concentrations.
H A schematic representation of the potential role of the polyol pathway in cancer cell survival. The model suggests that deficit of fructose
due to disruption of the polyol pathway (PP) triggers a metabolic stress that leads to activation of the JNK/c-Jun pathway and ATF3 resulting in
activation of the pro-apoptotic AP-1 complex in parallel with a potential activation of p53. Statistical test in (F) is unpaired t-test and Dunnett’s
method for multiple comparisons.

A. Schwab et al.

596

Cell Death & Differentiation (2025) 32:587 – 597



12. Taskoparan B, Seza EG, Demirkol S, Tuncer S, Stefek M, Gure AO, et al. Opposing
roles of the aldo-keto reductases AKR1B1 and AKR1B10 in colorectal cancer. Cell
Oncol. 2017;40:563–78.

13. Dettmer K, Nürnberger N, Kaspar H, Gruber MA, Almstetter MF, Oefner PJ.
Metabolite extraction from adherently growing mammalian cells for metabo-
lomics studies: optimization of harvesting and extraction protocols. Anal Bioanal
Chem. 2011;399:1127–39.

14. Bailly C. Moving toward a new horizon for the aldose reductase inhibitor epal-
restat to treat drug-resistant cancer. Eur J Pharmacol. 2022;931:175191.

15. Hasegawa T, Bando A, Tsuchiya K, Abe S, Okamoto M, Kirima K, et al. Enzymatic
and nonenzymatic formation of reactive oxygen species from 6-anilino-5,8-qui-
nolinequinone. Biochim Biophys Acta. 2004;1670:19–27.

16. Lü JM, Lin PH, Yao Q, Chen C. Chemical and molecular mechanisms of anti-
oxidants: experimental approaches and model systems. J Cell Mol Med.
2010;14:840–60.

17. Chen WL, Jin X, Wang M, Liu D, Luo Q, Tian H, et al. GLUT5-mediated fructose
utilization drives lung cancer growth by stimulating fatty acid synthesis and
AMPK/mTORC1 signaling. JCI Insight. 2020;5:e131596.

18. Yang ZZ, Tschopp O, Baudry A, Dümmler B, Hynx D, Hemmings BA. Physiological
functions of protein kinase B/Akt. Biochem Soc Trans. 2004;32:350–4.

19. Bellacosa A, Kumar CC, Di Cristofano A, Testa JR. Activation of AKT kinases in
cancer: implications for therapeutic targeting. Adv Cancer Res. 2005;94:29–86.

20. Zhao JX, Yuan YW, Cai CF, Shen DY, Chen ML, Ye F, et al. Aldose reductase
interacts with AKT1 to augment hepatic AKT/mTOR signaling and promote
hepatocarcinogenesis. Oncotarget. 2017;8:66987–67000.

21. Bunn PA Jr. The expanding role of cisplatin in the treatment of non-small-cell
lung cancer. Semin Oncol. 1989;16:10–21.

22. Tomasini P, Barlesi F, Mascaux C, Greillier L. Pemetrexed for advanced stage
nonsquamous non-small cell lung cancer: latest evidence about its extended use
and outcomes. Ther Adv Med Oncol. 2016;8:198–208.

23. Aguer C, Gambarotta D, Mailloux RJ, Moffat C, Dent R, McPherson R, et al.
Galactose enhances oxidative metabolism and reveals mitochondrial dysfunction
in human primary muscle cells. PLoS ONE. 2011;6:e28536.

24. Gohil VM, Sheth SA, Nilsson R, Wojtovich AP, Lee JH, Perocchi F, et al. Nutrient-
sensitized screening for drugs that shift energy metabolism from mitochondrial
respiration to glycolysis. Nat Biotechnol. 2010;28:249–55.

25. Shiratori R, Furuichi K, Yamaguchi M, Miyazaki N, Aoki H, Chibana H, et al. Gly-
colytic suppression dramatically changes the intracellular metabolic profile of
multiple cancer cell lines in a mitochondrial metabolism-dependent manner. Sci
Rep. 2019;9:18699.

26. Liu G, Luo Q, Li H, Liu Q, Ju Y, Song G. Increased oxidative phosphorylation is
required for stemness maintenance in liver cancer stem cells from hepatocellular
carcinoma cell line HCCLM3 cells. Int J Mol Sci. 2020;21:5276.

27. Kool J, Hamdi M, Cornelissen-Steijger P, van der Eb AJ, Terleth C, van Dam H.
Induction of ATF3 by ionizing radiation is mediated via a signaling pathway that
includes ATM, Nibrin1, stress-induced MAPkinases and ATF-2. Oncogene.
2003;22:4235–42.

28. Yan C, Lu D, Hai T, Boyd DD. Activating transcription factor 3, a stress sensor,
activates p53 by blocking its ubiquitination. EMBO J. 2005;24:2425–35.

29. Oleinik NV, Krupenko NI, Krupenko SA. Cooperation between JNK1 and JNK2 in
activation of p53 apoptotic pathway. Oncogene. 2007;26:7222–30.

30. Tammali R, Ramana KV, Srivastava SK. Aldose reductase regulates TNF-alpha-
induced PGE2 production in human colon cancer cells. Cancer Lett.
2007;252:299–306.

31. De Smaele E, Zazzeroni F, Papa S, Nguyen DU, Jin R, Jones J, et al. Induction of
gadd45β by NF-κB downregulates pro-apoptotic JNK signalling. Nature.
2001;414:308–13.

32. Mei Y, Yuan Z, Song B, Li D, Ma C, Hu C, et al. Activating transcription factor 3 up-
regulated by c-Jun NH(2)-terminal kinase/c-Jun contributes to apoptosis induced
by potassium deprivation in cerebellar granule neurons. Neuroscience.
2008;151:771–9.

33. Speicher T, Kohler UA, Chouker A, Werner S, Weiland T, Wendel A. Fructose
protects murine hepatocytes from tumor necrosis factor-induced apoptosis by
modulating JNK signaling. J Biol Chem. 2012;287:1837–46.

34. Liu Y, Zhu L, Liang S, Yao S, Li R, Liu S, et al. Galactose protects hepatocytes
against TNF-alpha-induced apoptosis by promoting activation of the NF-kappaB
signaling pathway in acute liver failure. Lab Investig. 2015;95:504–14.

35. Weng Y, Fan X, Bai Y, Wang S, Huang H, Yang H, et al. SLC2A5 promotes lung
adenocarcinoma cell growth and metastasis by enhancing fructose utilization.
Cell Death Discov. 2018;4:38.

36. Jones N, Blagih J, Zani F, Rees A, Hill DG, Jenkins BJ, et al. Fructose reprogrammes
glutamine-dependent oxidative metabolism to support LPS-induced inflamma-
tion. Nat Commun. 2021;12:1209.

37. Frederick M, Skinner HD, Kazi SA, Sikora AG, Sandulache VC. High expression of
oxidative phosphorylation genes predicts improved survival in squamous cell
carcinomas of the head and neck and lung. Sci Rep. 2020;10:6380.

38. Goncalves MD, Lu C, Tutnauer J, Hartman TE, Hwang S-K, Murphy CJ, et al. High-
fructose corn syrup enhances intestinal tumor growth in mice. Science.
2019;363:1345–9.

ACKNOWLEDGEMENTS
This work was supported by the Interdisciplinary Center for Clinical Research of the
University of Erlangen‐Nuremberg, the Deutsche Krebshilfe grant number 70112536,
the Novo Nordisk Foundation (Hallas‐Møller Ascending Investigator Grant 0066909),
the Danish Cancer Society (A18859) and the Lundbeck Foundation (R380-2021-1264).
Work in IAA lab is supported by NCI R01CA249210, and Department of Defense grant
W81XWH-17-0404. We wish to acknowledge the support of Kuwait Foundation for
the Advancement of Sciences (KFAS, to MA). Work in NJF lab is supported by the
Independent Research Fund Denmark (2032-00062B).

AUTHOR CONTRIBUTIONS
AS and PC designed experiments and were involved in project development. PC, AS,
MAS, and AMT were involved in writing the manuscript. MAS, AMT, SSM, LP, AMAR,
PGE, BP, SM, DM, and MA were involved in data acquisition and analysis. PB and GQ
were involved in immunohistochemistry of patient samples. JFH, KD, and NJF were
involved in mass spectroscopy. VR and IAA were involved in RNA sequencing and
bioinformatic analysis. PNG and OS were involved in mouse experiments. PC was
involved in project conceptualization and supervision.

FUNDING
Open access funding provided by University of Southern Denmark.

COMPETING INTERESTS
OS is the co-founder and manager of OncoCube Therapeutics LLC, founder, and
president of LoxiGen, and the member of scientific advisory board of A2A
Pharmaceuticals Inc. The other authors declare no conflict of interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41418-024-01415-1.

Correspondence and requests for materials should be addressed to Paolo Ceppi.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

A. Schwab et al.

597

Cell Death & Differentiation (2025) 32:587 – 597

https://doi.org/10.1038/s41418-024-01415-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Polyol pathway-generated fructose is indispensable for growth and survival of non-small cell lung cancer
	Introduction
	Methods
	Cell culture
	Lentiviral production and transduction
	Life-cell proliferation and death assays
	Compound treatments
	Protein isolation and quantification
	NF-κB luciferase reporter assay
	Measurement of oxidative stress
	Gas chromatography–mass spectrometry (GC-MS)
	Liquid chromatography–mass spectrometry (LC–MS)
	Seahorse flux analysis
	In vivo experiments
	Study cohort
	Tissue microarray construction
	Immunohistochemistry and scoring
	RNA sequencing and gene set enrichment analysis
	Statistical analysis

	Results
	Polyol pathway activity is essential for NSCLC pathogenesis
	PP deficiency causes a multifactorial phenotype that impairs cellular metabolism
	Fructose displays anti-apoptotic properties
	RNA sequencing reveals differential death response between glucose and other hexoses

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




