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Abstract. Febuxostat (FBX), a selective non‑purine xanthine 
oxidoreductase (XOR) inhibitor clinically indicated for 
hyperuricemia, has recently attracted attention for its potential 
antitumor properties. Nevertheless, its potential therapeutic 
efficacy against non‑small cell lung cancer (NSCLC) remains to 
be fully characterized. XOR expression and enzymatic activity 
were quantified in NSCLC lines (A549 and SK‑MES‑1) and 
compared with normal human bronchial epithelial BEAS‑2B 
cells. The effects of XOR and FBX on cell proliferation, 
migration and invasion were evaluated using the cell counting 
kit‑8, wound‑healing and Matrigel‑Transwell invasion assays, 
respectively. Apoptosis and autophagic flux under starvation 
conditions (FBS‑free DMEM) were assessed using Annexin 
V/SYTOX staining, DCFH‑DA, western blotting (p62 and 
LC3‑II) and LysoTracker Red staining. The functional role 
of autophagy was validated through rescue experiments 
using the autophagy activator rapamycin. XOR was found to 
be markedly upregulated and hyperactive in NSCLC cells 
compared with normal epithelial cells. Small interfering 
RNA‑mediated XOR knockdown attenuated NSCLC cell 
viability, migration and invasion. Pharmacological inhibition 
of XOR by FBX likewise impaired proliferative, migratory 
and invasive capacities, accompanied by marked suppression 
of autophagic flux. Notably, these antitumor effects were abro‑
gated by rapamycin‑induced autophagy activation. The present 
findings demonstrated that XOR is involved in the metabolic 

drive of NSCLC progression under nutrient‑deprived condi‑
tions. Specifically, FBX exerted anticancer effects by 
blocking XOR‑mediated pathways and suppressing protective 
autophagy, suggesting that repurposing FBX for NSCLC 
therapy warrants further preclinical investigation.

Introduction

According to 2022 global cancer statistics, lung cancer 
remains the leading cause of oncological mortality, accounting 
for 12.5% all cases of cancer‑related mortality worldwide (1). 
Lung cancer can be primarily classified into small cell lung 
cancer (SCLC) and non‑SCLC (NSCLC). NSCLC represents 
~85% of all cases and is associated with poor long‑term 
survival (2,3). Histologically, NSCLC can be further catego‑
rized into lung adenocarcinoma (LUAD), lung squamous cell 
carcinoma (LUSC) and large cell carcinoma, with LUAD and 
LUSC collectively constituting 70% of all lung cancer diag‑
noses (4). Despite therapeutic advancements, evolving from 
conventional surgery and cytotoxic chemotherapy to targeted 
therapies and immunotherapies, the long‑term prognosis for 
patients with advanced NSCLC remains poor, with 5‑year 
overall survival (OS) rates historically at ~6% (2,5,6).

Autophagy is a conserved catabolic process essential for 
maintaining cellular homeostasis under metabolic stress (7). 
Emerging evidence indicates that autophagy serves a complex, 
dual role in tumor development. In a mouse model of 
KRAS‑driven NSCLC, early inhibition of the autophagy‑related 
gene ATG5 was shown to activate hypoxia‑inducible factor 
1‑α‑dependent ectonucleoside triphosphate diphosphohy‑
drolase 1 expression, which promoted extracellular ATP 
hydrolysis and established an immunosuppressive microen‑
vironment (8). This inhibition notably increased the size and 
number of proliferative lesions and adenomas (9). By contrast, 
during later stages of tumorigenesis, autophagy facilitates the 
adenoma‑to‑adenocarcinoma transition (10). In KRASG12D and 
BrafV600E mouse models, autophagy‑related (ATG)7 deficiency 
caused the accumulation of dysfunctional mitochondria and 
disrupted cellular metabolism, thereby impairing cancer cell 
proliferation and driving tumor differentiation toward benign 
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oncocytomas (11‑13). Collectively, these findings indicate that 
the impact of autophagy on lung cancer progression is highly 
context‑dependent, involving both tumor microenvironmental 
remodeling and cell‑autonomous metabolic and differentiation 
programs.

Malignant cells can actively remodel the TME through 
autophagic flux (14,15). Lung cancer stem cells have been 
reported to attenuate p53 activity, thereby upregulating 
zinc finger E‑box‑binding homeobox 1 (ZEB1) expres‑
sion and enhancing cancer cell stemness. Furthermore, 
radiotherapy‑induced cellular stress can trigger cancer‑asso‑
ciated fibroblasts (CAFs) into releasing cytokines and 
reactive oxygen species (ROS), which concurrently heighten 
autophagy activity (16). In the A549 and H1975 NSCLC cell 
lines, TGFβ‑1 has been documented to promote autophagy, 
thereby driving the epithelial‑to‑mesenchymal transition 
(EMT) (17). Similarly, CAFs promote NSCLC invasion and 
EMT through autophagy‑dependent high mobility group box 
1 (HMGB1) secretion and subsequent NF‑κB pathway activa‑
tion; blockade of autophagic flux in CAFs attenuates HMGB1 
release and diminishes their capacity to modulate EMT and 
metastasis‑associated gene expression (18). Within the NSCLC 
microenvironment, the TME largely biases autophagy toward 
pro‑tumor, cytoprotective functions, such as survival, EMT 
and immune evasion (8). However, under specific stimuli, such 
as TMEM164‑driven ferroptosis (19), the same autophagic 
machinery can be redirected toward antitumor outcomes. 
Therefore, context‑specific targeting of the TME‑autophagy 
axis, adjusted for specific cell types and pathological stages, 
represents a promising therapeutic strategy (20,21).

Xanthine oxidase (XO) and xanthine dehydrogenase 
(XDH) are interconvertible isoforms of the enzyme xanthine 
oxidoreductase (XOR). In normal mammalian cells, XOR is 
primarily synthesized as XDH. However, it can be converted 
into XO through oxidation of thiol groups or proteolytic 
cleavage (22,23). XOR is ubiquitously expressed across various 
human tissues and plasma, where it catalyzes the hydroxylation 
of a broad spectrum of substrates, including purines, xanthine, 
aromatic heterocycles and aromatic aldehydes (24). Its central 
metabolic role involves the sequential oxidation of hypoxan‑
thine to xanthine and subsequently to uric acid. Whilst XDH 
is the predominant intracellular form, it frequently converts 
into XO in extracellular and circulatory environments (23). A 
notable functional distinction lies in their electron acceptor 
specificity, whereby XDH utilizes NAD+ to produce NADH, 
whereas XO primarily utilizes O2 to generate superoxide (O2

•−) 
and hydrogen peroxide (H2O2) (24‑26). Whilst these ROS are 
essential for physiological signaling and immune defense, their 
overproduction has been implicated in ischemia‑reperfusion 
injury and oncogenesis (22,27). Consequently, XOR expres‑
sion and activity are pivotal for maintaining cellular redox 
homeostasis. Dysregulation of the XO/XDH ratio in malignant 
cells induces chronic oxidative stress, which may function as a 
stimulus for pro‑tumor autophagy, as ROS activate autophagy 
via AMP‑activated protein kinase (AMPK)‑dependent mTOR 
suppression (28,29).

Preliminary clinical studies have demonstrated that eryth‑
rocyte XO activity is markedly elevated in patients with both 
NSCLC and SCLC compared with that in healthy cohorts. 
Specifically, in advanced NSCLC, a positive association exists 

between erythrocyte malondialdehyde levels and erythrocyte 
XO activity, suggesting that XO is associated with the systemic 
oxidative stress imbalance in pulmonary malignancies (30). In 
addition, immunohistochemical analysis of specimens from 
82 patients with NSCLC previously revealed no significant 
association between XOR expression and patient survival. 
Notably, within the subset of 34 XOR‑positive cases treated 
with adjuvant chemotherapy, lower XOR expression was 
associated with improved survival (31). These data suggest a 
potential relationship between XOR and NSCLC. However, the 
specific mechanism by which XOR impacts NSCLC remains 
to be elucidated.

Mechanistic studies have begun to elucidate the 
functional role of XOR in lung cancer. Wang  et  al  (32) 
previously found that Astragalus polysaccharides can inhibit 
XO‑induced autophagy in the A549 cell line. Febuxostat 
(FBX) is a 2‑(3‑cyano‑4‑isobutoxyphenyl)‑4‑methyl‑1,
3‑thiazole‑5‑carboxylic acid that has been characterized as a 
potent, orally active, non‑purine selective XOR inhibitor. It is 
typically clinically indicated for the management of chronic 
hyperuricemia in gout (33,34). Alfaifi et al (35) synthesized 
FBX‑[poly(lactic‑co‑glycolic acid); PLGA]‑polyethylene 
glycol (PEG) by encapsulating FBX into PLGA nanopar‑
ticles and subsequently validated its cytotoxic efficacy in 
A549 LUAD cells. Despite these findings, the specific role of 
XOR in NSCLC and its downstream regulatory mechanisms 
remain incompletely elucidated.

The present study was designed to investigate the role of 
XOR in NSCLC progression and to evaluate the therapeutic 
potential of its pharmacological inhibitor, FBX. The specific 
aims were: i) To compare XOR expression and enzymatic 
activity between NSCLC cell lines and normal bronchial 
epithelial cells; ii) to determine the impact of small interfering 
RNA (siRNA)‑mediated XOR knockdown on NSCLC cell 
viability, apoptosis, migration and invasion; iii) to assess the 
effects of FBX‑mediated pharmacological XOR inhibition 
on NSCLC malignant phenotypes; and iv)  to elucidate the 
underlying molecular mechanisms, with a particular focus on 
pro‑survival autophagy pathways. Collectively, these investi‑
gations aimed to establish XOR as a novel metabolic target 
and to provide preclinical evidence supporting repurposing of 
FBX for NSCLC treatment.

Materials and methods

Bioinformatics and data acquisition. The Tumor Immune 
Estimation Resource (TIMER) database (https://cistrome.shin‑
yapps.io/timer/) was utilized to evaluate XDH gene expression 
across various cancer types. The relationship between XDH 
expression and OS or survival until first progression (FP) in 
lung cancers was examined using the Kaplan‑Meier (KM) 
Plotter (https://kmplot.com/analysis/). Hazard ratios (HRs) 
with 95% CIs and log‑rank P‑values were also calculated. 
The Gene Expression Profiling Interactive Analysis (GEPIA; 
http://gepia2.cancer‑pku.cn/) is an interactive platform that 
provides data for 60,000 genes and 198,000 isoforms from 
TCGA and Genotype‑Tissue Expression (GTEx) projects, 
focusing on RNA sequencing expression. The correlation 
analysis of XDH expression and autophagy gene markers in 
LUAD and LUSC was conducted in GEPIA 2 using TCGA 
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and GTEx expression data, with the Spearman method applied 
to calculate the correlation coefficient.

Cell lines and culture. The human LUAD cell line (A549), 
the LUSC cell line (SK‑MES‑1) and normal immortalized 
human lung epithelial cell type (BEAS‑2B) were purchased 
from Procell Life Science & Technology Co., Ltd. All cell 
lines were authenticated and routinely tested negative for 
mycoplasma contamination. All cell lines were grown in 
DMEM/High‑glucose culture medium (cat. no. C3113‑0500; 
Shanghai VivaCell Biosciences, Ltd.) supplemented with 10% 
FBS (cat. no. 10270‑106; Gibco; Thermo Fisher Scientific, 
Inc.), 0.1 mg/ml streptomycin and 100 U/ml penicillin (cat. No. 
C3420‑0100; Shanghai VivaCell Biosciences, Ltd.) at 37˚C in 
an environment of 5% CO2 and 95% humidity.

Gene silencing by siRNA. Cells plated at 60% density in 6‑well 
plate were transfected with 200 pmol of either XOR‑specific 
siRNA or scrambled negative control using jetPRIME 
(Polyplus‑transfection SA) as per the manufacturer's instruc‑
tions. siRNA and transfection reagent were diluted in buffer, 
mixed and incubated at room temperature for 10 min to form 
transfection complexes. The complexes were then added 
to cells, which were subsequently maintained at 37˚C in a 
humidified incubator with 5% CO2 for 6 h, after which the 
transfection medium was replaced with complete growth 
medium. At 48 h post‑transfection, samples were harvested 
for simultaneous protein and transcript quantification, and all 
other functional assays. Targeting sequences for the siRNA 
guide strands are as follows: siRNA‑NC sense, 5'‑CGU​ACG​
CGG​AAU​ACU​UCG​ATT‑3' and antisense, 5'‑UCG​AAG​UAU​
UCC​GCG​UA​CGTT‑3' and siRNA‑XOR‑sense, 5'‑UUC​CAC​
CAU​AGC​AAA​GGG​CTT‑3' and antisense, 5'‑GCC​CUU​UGC​
UAU​GGU​GGA​ATT‑3'.

RNA extraction and reverse transcription‑quantitative PCR.  
Total RNA was extracted from A549 and SK‑MES‑1 cells 
using a TransZol Up Plus RNA Kit (ER501‑01‑V2; TransGen 
Biotech Co., Ltd.) according to the manufacturer's instructions. 
RNA concentration and purity were assessed by spectropho‑
tometry, and samples with A260/A280 ratios between 1.8 and 
2.1 were retained for downstream analysis. Genomic DNA 
contamination was eliminated using the gDNA removal 
reagent supplied in the Evo M‑MLV Reverse Transcription 
Kit (AG11705; Hunan Accurate Bio‑Medical Technology Co., 
Ltd.). First‑strand cDNA synthesis was performed with the 
same kit, which contains Evo M‑MLV reverse transcriptase, 
reverse transcription buffer, dNTPs and random hexamer 
primers. The reverse transcription reaction was carried out 
at 37˚C for 15 min, followed by enzyme inactivation at 85˚C 
for 5 sec. Quantitative PCR was performed using the SYBR 
Green Premix Pro Taq HS qPCR Kit (ROX Plus) (AG11718; 
Hunan Accurate Bio‑Medical Technology Co., Ltd.) and a 
QuantStudio 5 system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). Each 20‑µl reaction mixture contained 10 µl 
SYBR Green master mix (containing SYBR Green I fluoro‑
phore, hot‑start Taq DNA polymerase, dNTPs and optimized 
reaction buffer), 0.4 µM each of forward and reverse primers, 
and 0.2 µl diluted cDNA template. The thermocycling condi‑
tions were as follows: Initial denaturation at 95˚C for 30 sec, 

followed by 40 cycles of 95˚C for 5 sec and 60˚C for 30 sec. 
Melting curve analysis was conducted to verify primer speci‑
ficity. Relative gene expression was calculated using the 2‑ΔΔCq 
method, as described by Livak and Schmittgen  (36). The 
following primer pairs were used for quantitative PCR: β‑actin 
forward, 5'‑GCC​GAC​AGG​ATG​CAG​AAG​GAG​A‑3' and 
reverse, 5'‑CAC​ACG​GAG​TAC​TTG​CGC​TCA​G‑3'; and XOR 
forward, 5'‑GCT​CTG​AAA​ATC​CCC​ACC​TC‑3' and reverse, 
5'‑GGA​GCC​ACT​GGG​ATT​CTT​CTT‑3'.

Pharmacological treatments. Cells (A549 and SK‑MES‑1) 
were pre‑treated with 50 µM FBX (cat. no. SF1114; Beyotime 
Institute of Biotechnology), 100  nM Rapamycin (Rapa; 
cat. no. HY‑10219; MedChemExpress), 2 nM Bafilomycin 
A1 (BafA1; cat. no. HY‑100558; MedChemExpress) or 8 mM 
3‑Methyladenine (3‑MA; cat. no. S2767; Selleck Chemicals) 
for 12 h at 37˚C in a humidified incubator with 5% CO2 before 
being exposed to starvation medium (FBS‑free DMEM 
medium) (37). A concentration of 1 mM N‑Acetylcysteine 
(NAC; cat. no. HY‑B0215; MedChemExpress) was used to 
scavenge ROS in vitro for 4 h at 37˚C in a humidified incubator 
with 5% CO2. An equal volume of dimethyl sulfoxide served 
as the vehicle control.

ELISA. To assess XOR activity in NSCLC cells, the XO ELISA 
kit (cat.  no.  A002‑1‑1; Nanjing Jiancheng Bioengineering 
Institute) was used according to the manufacturer's instruc‑
tions. The assay principle is as follows: XOR catalyzes the 
oxidation of hypoxanthine to xanthine, concomitantly gener‑
ating superoxide anion radicals. In the presence of an electron 
acceptor and chromogenic reagent, a purple‑red complex is 
formed, where XOR activity is quantified based on the intensity 
of this complex. Briefly, the detached cells (cells were seeded 
at equivalent densities and allowed to adhere overnight) were 
added to the reagents 1 to 4 and incubated at 37˚C for 20 min. 
After the addition of reagent 5, the sample's absorbance was 
measured at 530 nm using a 96‑well plate reader.

Cell counting kit‑8 (CCK‑8) assay. The CCK‑8 assay 
was performed using the CCK‑8 kit (cat.  no.  HY‑K0301; 
MedChemExpress) following the manufacturer's instructions. 
A549 and SK‑MES‑1 cells (1,000 cells per well) were seeded 
in 96‑well culture plates. Subsequently, all cells were treated 
under starvation conditions. After 24, 48 and 72 h of incubation 
at 37˚C in a humidified incubator with 5% CO2, 100 µl CCK‑8 
solution was added to each well. The CCK‑8 solution was then 
incubated with the cells for an additional hour at 37˚C in a 
humidified incubator with 5% CO2. A spectrophotometer was 
used to measure the optical density at a wavelength of 450 nm. 
The experiments were conducted in triplicate for biological 
repeats.

Flow cytometry analysis. Following the instructions of the 
Annexin V‑mCherry/SYTOX Green cell apoptosis detection 
kit (cat. no. C1070S; Beyotime Biotechnology), cells were 
treated with FBX for 36 h at 37˚C in a humidified incubator 
with 5% CO2. After treatment, the cells were washed with 
PBS and centrifuged. The binding buffer was then added and 
the samples were centrifuged again before being washed. 
Subsequently, the samples were stained at room temperature 
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for 30 min with Annexin V‑mCherry and SYTOX Green. 
The analysis of the samples was performed using the BD 
FACSCantoTM II system (BD Biosciences), and the data 
were analyzed with FlowJo software (version  10.8.1; BD 
Biosciences).

Colony formation assay. A549 and SK‑MES‑1 cells were 
seeded in a 6‑well plate at a density of 400 cells per well and 
incubated with FBX in starvation medium for 15 days at 37˚C 
in a humidified incubator with 5% CO2. Afterward, the colo‑
nies were treated with 0.1% crystal violet at room temperature 
for 15 min, before the stained areas were analyzed using 
ImageJ software (version 1.8.0; National Institutes of Health).

Scratch cell migration assay. A549 and SK‑MES‑1 cells were 
cultured in complete medium supplemented with 10% FBS in 
6‑well plates until they reached 90% confluency. Following a 
12‑h pre‑treatment with FBX at 37˚C in a humidified incubator 
with 5% CO2, the cell monolayer was disrupted using the tip 
of a sterile 100‑µl pipette. Detached cells were removed by 
washing with PBS, and the medium was subsequently replaced 
with serum‑free medium. Following scratching, cells were 
maintained at 37˚C in a humidified incubator with 5% CO2. 
The wound area was imaged using an Mshot light microscope 
camera (Guangzhou Mingmei Optoelectronic Technology Co., 
Ltd.). The distance of the wound gap was measured and calcu‑
lated using ImageJ software (version 1.8.0). The migration 
rate was determined using the formula migration rate=[(initial 
gap at 0 h‑final gap at 24 or 48 h)/initial gap at 0 h] x100%. 
The experiment was conducted three times and the results are 
presented as mean ± SEM.

Transwell cell invasion assay. A549 and SK‑MES‑1 cells were 
treated with or without FBX for 10 h at 37˚C in a humidified 
incubator with 5% CO2 and then plated into 24‑well Transwell 
inserts (8‑µm pore size; cat. no. 3422; Corning, Inc.). The 
upper chamber was coated with 80 µl (1 mg/ml) Matrigel 
matrix (cat. no. 356234; Corning, Inc.) in serum‑free medium 
for 30 min at 37˚C in a humidified incubator with 5% CO2. 
Subsequently, NSCLC cells suspended in serum‑free DMEM 
were seeded into the upper chamber at a density of 60,000 
cells per well. Each well of the 24‑well plates contained 500 µl 
DMEM with 20% FBS. After 15 h of incubation at 37˚C in a 
humidified incubator with 5% CO2, the cells that migrated to 
the lower face of the inserts were fixed with 4% paraformal‑
dehyde at room temperature for 10 min. The migrated cells 
at the bottom of the upper chamber were stained with 0.1% 
crystal violet (cat. no. E607309; Sangon Biotech Co., Ltd.) 
at room temperature for 2 h and imaged under a light micro‑
scope at 100x magnification in 10 randomly chosen fields. 
The number of migrated cells was quantified using ImageJ 
software (version 1.8.0; National Institutes of Health).

Western immunoblot analysis. Proteins for western blotting 
were extracted using RIPA lysis buffer (cat. no. 9806; CST 
Biological Reagents Co., Ltd.) with a Protease/Phosphatase 
Inhibitor Cocktail (cat. no. 5871s; CST Biological Reagents 
Co., Ltd.). Immunoblotting analysis was conducted using 
the Bio‑Rad Bis‑Tris Gel system (Bio‑Rad Laboratories, 
Inc.) following the manufacturer's guidelines. Protein 

concentrations were determined using a BCA protein assay 
kit (cat.  no.  G2026‑200T; Wuhan Servicebio Technology 
Co., Ltd.) according to the manufacturer's instructions, and 
equal amounts of protein (20 µg per lane) were loaded onto 
a Bio‑Rad Bis‑Tris Gel (Bio‑Rad Laboratories, Inc.). Primary 
antibodies were utilized to detect the following proteins: 
Phosphorylated (p‑)‑mTOR (1:1,000; cat.  no.  HA1224; 
GenXspan, Inc.), mTOR (1:1,000; cat. no. HL0418; GenXspan, 
Inc.), XDH (1:1,000; cat. no. 55156‑1‑AP; Proteintech Group, 
Inc.), Fibronectin (1:1,000; cat. no. 66042‑1‑lg; Proteintech 
Group, Inc.), N‑cadherin (1:1,000; cat.  no.  22018‑1‑AP; 
P roteintech  Group,  I nc.),  E ‑ cadher in  (1:1, 0 0 0; 
cat. no. 20874‑1‑AP; Proteintech Group, Inc.), p62/SQSTM1 
(1:1,000; cat. no. 66184‑1‑Ig; Proteintech Group, Inc.), LC3 
(1:1,000; cat. no. 14600‑1‑AP; Proteintech Group, Inc.) and 
GAPDH (1:3,000; cat. no. 60004‑1‑Ig; Proteintech Group, 
Inc.). Proteins were separated on a 7.5% SDS‑PAGE gel and 
transferred onto a PVDF membrane by electrophoresis. The 
membrane was subsequently blocked with 5% non‑fat dry 
milk (Sangon Biotech Co., Ltd.) in TBS with 0.1% Tween‑20 
at room temperature for 1 h. The proteins were incubated with 
antibodies for 12 h at 4˚C, followed by a 2‑h incubation at room 
temperature with an HRP‑conjugated secondary antibody 
(1:5,000; cat. nos. SA00001‑1 and SA00001‑2; Proteintech 
Group, Inc.). Detection was performed using Pierce ECL 
Western Blotting Substrate (Thermo Fisher Scientific, Inc.) 
and visualized on an iBright CL1000 imaging system (Thermo 
Fisher Scientific, Inc.). Protein bands were semi‑quantified 
using ImageJ (version 1.8.0; National Institutes of Health).

Fluorescent analysis of acidic lysosome. Cells that reached 
90% confluence were placed in starvation medium (previously 
treated with FBX for 2 h) for durations of 4 and 8 h at 37˚C 
in a humidified incubator with 5% CO2. Following this, the 
cells were stained with 50 nM Lyso‑Tracker Red at 37˚C for 
30 min. The resulting red fluorescence intensities were imme‑
diately observed using a fluorescence microscope (Axio Vert.
A1; Zeiss AG) at 400X magnification with consistent expo‑
sure time. The fluorescent areas were analyzed using ImageJ 
software (version 1.8.0; National Institutes of Health).

Quantitative measurement of free radical production. The 
production of intracellular ROS was assessed according to the 
manufacturer's instructions (cat. no. S0033S; Reactive Oxygen 
Species Assay Kit; Beyotime Institute of Biotechnology). 
Briefly, intracellular ROS levels were evaluated using 
DCFH‑DA. The cells were cultured in 96‑well plates, where 
after treatment, they were exposed to 10 µM DCFH‑DA at 37˚C 
in a CO2 incubator for 30 min, followed by two washes with 
200 µl serum‑free DMEM medium. The fluorescent intensities 
were then quantified immediately using a fluorescent micro‑
plate reader (Synergy H1 multi‑mode plate reader, BioTek 
Instruments; Agilent Technologies, Inc.) with an excitation 
wavelength of 488 nm and an emission wavelength of 525 nm.

Statistical analysis. Every experiment was conducted three 
times under identical conditions. Data are presented as means 
with standard error of the mean and were statistically evalu‑
ated using GraphPad Prism software version 7.01 (Dotmatics). 
Unpaired Student's t‑test was employed to compare the test 
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and control sample values and one‑way ANOVA with Tukey's 
multiple comparisons test were used for multiple groups 
comparisons. P<0.05 was considered to indicate a statistically 
significant difference.

Results

XOR is overexpressed in NSCLC and targetable by febuxostat. 
XO is generated from its precursor XDH by reversible thiol 
oxidation or irreversible proteolytic cleavage. Therefore, XDH 
expression levels serve as a reliable surrogate indicator of total 
XOR capacity (23). To evaluate the clinical and biological 
relevance of this pathway in NSCLC, XOR expression was 
characterized in lung adenocarcinoma (A549), squamous cell 
carcinoma (SK‑MES‑1) and relative to normal lung epithelial 
cells line BEAS‑2B. Western blot analysis demonstrated 
that XOR had significantly greater expression in both A549 
and SK‑MES‑1 cells compared with that in BEAS‑2B cells 
(Fig. 1A). Similarly, the present analysis of the TIMER public 
database confirmed that XDH expression is markedly elevated 
in primary LUAD and LUSC tissues compared with that in 
adjacent normal tissues (Fig. 1B). Furthermore, ELISA showed 
that XOR activity was significantly higher in both NSCLC cell 
lines compared with that in BEAS‑2B cells (Fig. 1C).

To evaluate the prognostic significance of XOR in lung 
cancer, the association between XDH expression and both 
OS and survival until FP was analyzed using the KM Plotter 
database (Fig. 1D). High XDH expression was significantly 
associated with diminished OS (HR=1.24; 95% CI, 1.07‑1.43) 
and markedly reduced FP survival (HR=2.01; 95% CI: 
1.63‑2.48). Collectively, these clinical data indicate that 
elevated XOR is a negative prognostic indicator, suggesting 
that XOR activity contributes to disease progression and an 
increased risk of tumor recurrence following initial therapy, 
consistent with previous reports (38‑40).

To validate the role of XOR in NSCLC, XOR expres‑
sion was knocked down in NSCLC cell lines using siRNA. 
Significant depletion of XOR was achieved at both protein 
and mRNA expression levels in A549 and SK‑MES‑1 cells 
(Figs. 1E and S1A). XOR knockdown was found to signifi‑
cantly reduce cell viability (Fig. 1F). Furthermore, wound 
healing and Matrigel‑Transwell invasion assays demonstrated 
impaired migratory and invasive capacity upon XOR silencing 
(Fig. 1G and H). 

As a Food and Drug Administration‑approved XOR 
inhibitor (41), the effects and mechanisms of FBX in NSCLC 
were next investigated. In the preliminary experiments of the 
present study, even at concentrations up to 200 µM (data not 
shown), FBX failed to achieve complete cell killing under 
nutrient‑deprived conditions, where A549 cells maintained 
~40% viability, whilst in SK‑MES‑1 cells, 200  µM FBX 
showed an even weaker response (~50% viability). Therefore, 
50 µM was adopted as the minimum concentration affecting 
cell viability for subsequent experiments. ELISA revealed that 
50 µM FBX significantly reduced XOR enzymatic activity in 
both A549 and SK‑MES‑1 cells (Fig. 2A), accompanied by a 
significant decrease in cell viability under starvation conditions 
(Fig. 2B), suggesting that XOR inhibition effectively impairs 
NSCLC cell proliferation. Clonogenic assays demonstrated 
that FBX significantly compromised long‑term cell survival, 

evidenced by a substantial reduction in colony coverage area 
compared with that in the control group after 15 days (Fig. 2C). 
Flow cytometric analysis revealed that FBX significantly 
increased the proportion of early apoptotic cells without mark‑
edly affecting the proportion of late apoptotic cells in both A549 
and SK‑MES‑1 cell lines (Fig. 2D). The selective accumulation 
of early apoptotic cells may be attributed to the moderate meta‑
bolic stress induced by serum deprivation. Unlike complete 
nutrient starvation, the absence of serum alone may be insuf‑
ficient to propel cells through the full apoptotic cascade into 
late apoptotic or secondary necrotic stages, thereby resulting 
in a predominant early apoptotic phenotype (42). Consistent 
with the siRNA knockdown results, Matrigel‑transwell assays 
confirmed that FBX significantly reduced the invasive poten‑
tial of NSCLC cells (Fig. 2E). Scratch wound‑healing assays 
showed that FBX treatment significantly attenuated the migra‑
tory capacity of both cell types (Fig. 2F). Collectively, these 
findings established that FBX can exert potent antitumor effects 
by inhibiting proliferation, inducing apoptosis and suppressing 
the migratory/invasive hallmarks of NSCLC.

To explore the potential mechanisms underlying 
FBX‑induced phenotypic changes in NSCLC cells, intra‑
cellular ROS levels were examined. In A549 cells, FBX 
treatment elicited a significant increase in ROS within 30 min, 
irrespective of whether cells were maintained under standard 
culture conditions or nutrient‑deprived conditions (Fig. S2A). 
Notably, under starvation conditions, this ROS elevation was 
substantially attenuated by pretreatment with NAC for 4 h 
(Fig. S2B). Concordantly, NAC significantly counteracted 
FBX‑induced cytotoxicity in both A549 and SK‑MES‑1 cells 
(Fig. S2C). These data indicate that FBX can disrupt cellular 
redox homeostasis by XOR blockade, subsequently driving 
ROS‑mediated proliferation inhibition.

Effect of FBX on NSCLC cells is associated with autophagy. 
Previous studies have established that FBX‑mediated 
XOR inhibition can induce intracellular ROS accumula‑
tion, a process intricately associated with the regulation of 
autophagy (37,43). In the present study, FBX had minimal 
impact on NSCLC cell viability under standard culture condi‑
tions (Fig. S1B), yet markedly suppressed cell viability under 
nutrient‑deprived conditions (Fig. 2B), a condition known to 
induce cytoprotective autophagy. Consequently, we hypoth‑
esized that FBX modulate NSCLC phenotypes by suppressing 
autophagic activity. To explore the clinical relevance of this 
association, the correlation between XOR expression and key 
autophagy‑related markers was analyzed using the GEPIA2 
database (integrating TCGA and GTEx datasets). The analysis 
revealed that XOR expression positively correlated with several 
essential autophagy regulators, including Beclin‑1 (BECN1, 
R=0.18), autophagy cargo receptor (R=0.19), ATG7 (R=0.22), 
ATG10 (R=0.13), ATG12 (R=0.19), ATG13 (R=0.13), ATG14 
(R=0.22), autophagy and beclin 1 regulator 1 (R=0.21) and 
lysosomal‑associated membrane protein 2 (LAMP2; R=0.18; 
Fig.  3A). These data reveal weak but statistically signifi‑
cant correlations between XOR signaling and pro‑survival 
autophagy markers in NSCLC. Whilst these associations are 
consistent with a potential role in tumor maintenance and 
immune evasion, further functional studies are warranted to 
establish causal relationships.

https://www.spandidos-publications.com/10.3892/ol.2026.15925
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Figure 1. XOR level positively associated with NSCLC. (A) Expression of XOR is increased in NSCLC cells compared with that in normal cells. (B) XDH 
expression levels in lung cancers from The Cancer Genome Atlas database were determined by the TIMER database. (C) Activity of XOR is increased in 
NSCLC cells compared with that in normal cells. (D) Kaplan‑Meier analysis of survival according to XDH expression status in patients with lung cancer using 
Kaplan‑Meier plotter. High XDH expression was associated with worse OS and survival until FP in lung cancer cohorts (n=1,452 and n=838, respectively). 
(E) XOR protein levels in A549 and SK‑MES‑1 cells after 48 h siRNA‑transfection. (F) Cell counting kit‑8 cell proliferation assay evaluating the viability of 
A549 and SK‑MES‑1 cells transfected with siRNA‑NC or siRNA‑XOR after 72 h. (G) Cell migration was analyzed by the scratch assay. A549 and SK‑MES‑1 
cells transfected with siRNA‑NC or siRNA‑XOR were seeded in 6‑well plates and wounded by a 100 µl pipette tip. The cells were then imaged at 12‑h intervals 
for recording migration. Scale bar, 20 µm. (H) A549 and SK‑MES‑1 cells transfected with siRNA‑NC or siRNA‑XOR were seeded in a chamber covered 
with a diluted Matrigel matrix. The invading cells were stained and observed at x20 magnification after 12 h. Scale bar, 20 µm. All the values represent the 
mean ± SEM of three independent experiments. ****P≤0.0001, ***P≤0.001 and **P≤0.01. XOR, xanthine oxidoreductase; NSCLC, non‑small cell lung cancer; 
LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; XDH, xanthine dehydrogenase; OS, overall survival; FP, first progression; siRNA or si, 
small interfering RNA; NC, negative control; HR, hazard ratio.
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To validate the relationships of autophagy and XOR, 
3‑MA, a class III PI3K inhibitor that blocks autophagosome 
formation, was applied (44). Consistent with the effects of 

FBX, 3‑MA treatment significantly reduced cell viability 
and migratory capacity in both A549 and SK‑MES‑1 cells 
(Fig. 3B and C). 

Figure 2. FBX prevents non‑small cell lung cancer cells from colony formation, migration, and invasion whilst promoting apoptosis under serum starvation 
conditions. (A) The XOR activities of A549 and SK‑MES‑1 cells pre‑treated with FBX or DMSO were analyzed by ELISA. The data are presented as the 
mean ± SEM of four separate experiments. (B) Cell counting kit‑8 cell proliferation assay evaluating the viability of A549 and SK‑MES‑1 cells pre‑treated with 
FBX or not after 72 h. The data are presented as the mean ± SEM of five separate experiments. (C) Colony formation assay of A549 and SK‑MES‑1 cells treated 
with FBX. Colonies were counted after 15 days. The data are presented as the mean ± SEM of three separate experiments. (D) Flow cytometry determined 
A549 and SK‑MES‑1 apoptosis after 48 h of starvation. FBX treatment was performed for 12 h before starvation. The data are presented as the mean ± SEM of 
three separate experiments. (E) A549 and SK‑MES‑1 cells treated with FBX were seeded into a chamber covered with a diluted Matrigel matrix. The invading 
cells were stained and observed at x20 magnification after 15 h. Quantitative analysis of numbers of invading cells. Scale bar, 20 µm. The data are presented 
as the mean ± SEM of four separate experiments. (F) Cell migration was analyzed by the scratch assay. A549 and SK‑MES‑1 cells treated with FBX were 
seeded in 6‑well plates and wounded by a 100‑µl pipette tip. The cells were then imaged at 24‑h intervals for recording migration. Cell migration rate was 
measured and calculated. Scale bar, 20 µm. The data are presented as the mean ± SEM of three separate experiments. ****P≤0.0001, ***P≤0.001 and **P≤0.01. 
FBX, febuxostat, XOR, xanthine oxidoreductase; Con, control.

https://www.spandidos-publications.com/10.3892/ol.2026.15925
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Figure 3. Relationship between XOR expression levels and autophagy‑related protein markers in NSCLC tissues. (A) Analysis of the correlation between XOR 
expression and autophagy marker expression levels in NSCLC tissue using the GEPIA2 database. (B) Cell migration was analyzed by scratch assay. A549 
and SK‑MES‑1 cells treated with 3‑MA were seeded in 6‑well plates and wounded by a 100‑µl pipette tip. The cells were then grown for 48 h for imaging. 
Scale bar, 20 µm. The data are presented as the mean ± SEM of three separate experiments. (C) 3‑MA affected the proliferation of NSCLC cells. The data are 
presented as the mean ± SEM of five separate experiments. ****P≤0.0001 and **P≤0.01. XOR, xanthine oxidoreductase; NSCLC, non‑small cell lung cancer; 
3‑MA, 3‑methyladenine; XDH, xanthine dehydrogenase; TPM, transcripts per million.
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Since the formation of acidic autolysosomes is a hallmark of 
late‑stage autophagy flux, the acidophilic probe Lyso‑Tracker 
Red was utilized to monitor lysosomal fusion. Following FBX 
treatment under starvation conditions, A549 cells exhibited a 
significant reduction in red puncta and fluorescence intensity 
at 4 and 8 h compared with controls (Fig. 4A and B), indicating 
an impairment of autophagic flux.

Furthermore, the FBX‑induced reduction in autophago‑
some formation was fully rescued by Rapa, a specific mTOR 
inhibitor and autophagy activator (Fig. 4C and D). Notably, cell 
proliferation assays demonstrated that the anti‑proliferative 
effect of FBX on A549 and SK‑MES‑1 cells was signifi‑
cantly attenuated by Rapa‑mediated autophagy induction 
(Fig. 4E and F). Collectively, these findings suggest that the 
anti‑tumor efficacy of FBX is mechanistically driven by the 
suppression of the autophagic pathway.

FBX elicits changes in the expression of autophagy signaling 
pathway components. To further elucidate the regulatory 
effect of FBX on autophagy, the expression of key autophagic 
proteins in A549 cells under starvation‑induced stress was 
next assessed (Fig. 5A). The lipidation of LC3‑Ⅰ to LC3‑Ⅱ 
serves as a key indicator of early autophagosome formation, 
whereas p62/SQSTM1 acts as a selective autophagy receptor 
that is degraded during functional autophagic flux (45). In 
control cells, LC3‑II levels initially decreased upon starvation 
but subsequently stabilized, suggesting a continuous state 
of autophagosomes biogenesis. By contrast, p62 expression 
increased immediately following starvation and began to 
decline after 4 h, reflecting progressive autophagic degra‑
dation in alignment with established starvation‑response 
models (46,47). Compared with the DMSO control, FBX treat‑
ment under nutrient‑deprived conditions for 4 h resulted in a 
more pronounced decrease in LC3‑II expression. Although p62 
levels also declined in the FBX group, the reduction was mark‑
edly slower than that in the DMSO group, leading to greater 
p62 accumulation. This simultaneous reduction in LC3 lipi‑
dation and accumulation of p62 indicates that FBX impaired 
both autophagosome biogenesis and lysosomal clearance 
capacity (Fig. S3D and E). Furthermore, a significant reduction 
in Beclin‑1 expression confirmed that FBX could disrupt the 
initiation of starvation‑induced autophagy (Fig. S3A). Parallel 
to these autophagic changes, FBX treatment downregulated 
the mesenchymal markers fibronectin (Figs. 5A and S3A) 
and N‑cadherin (Fig. 5B), while upregulating the epithelial 
marker E‑cadherin (Figs. 5A and B, and S3A). These recip‑
rocal alterations in EMT‑associated proteins indicated that 
FBX inhibited the mesenchymal phenotypes of NSCLC cells. 
These observations were corroborated by 3‑MA treatment, 
which similarly induced LC3‑Ⅱ depletion and p62 accumula‑
tion whilst eliciting alterations in fibronectin protein levels 
(Figs. 5C, and S3B and C).

To further validate FBX‑mediated autophagy inhibition 
in NSCLC, cells were co‑treated with BafA1 for 24  h in 
starvation medium. BafA1 alone caused accumulation of p62 
and LC3‑II in both A549 and SK‑MES‑1 cells, confirming 
blockade of autophagosome‑lysosomal degradation. Notably, 
FBX differentially affected autophagic flux between the two 
cell lines (Fig. 5B). In SK‑MES‑1 cells, FBX induced p62 
and LC3‑II accumulation comparable to BafA1. However, 

combined treatment did not further increase these levels, indi‑
cating near‑maximal autophagy inhibition by BafA1. In A549 
cells, FBX elevated p62 without altering LC3‑II, whereas 
BafA1 co‑treatment likewise failed to trigger additional 
LC3‑II accumulation, suggesting diminished autophagic flux. 
Collectively, these results demonstrate that FBX can inhibit 
autophagy in NSCLC cells.

Based on a prior finding that the autophagy inducer Rapa 
can reverse FBX‑induced cytotoxicity in NSCLC cell lines 
(Fig. 4E and F), it was then hypothesized that FBX‑mediated 
antitumor effects are autophagy‑dependent. To assess this, 
A549 cells were subjected to starvation and treated with FBX 
(Fig. 6A; lane 8), Rapa (Fig. 6A; lane 9) or a combination of 
FBX and Rapa (Fig. 6A; lane 10). Under nutrient‑deprived 
conditions, compared with the DMSO control (Fig. 6A; lane 
6), FBX treatment induced p62 accumulation (Fig. S3F) and 
reduced the LC3‑II/LC3‑I ratio (Fig. S3G), with effects similar 
to those observed following 3‑MA treatment (Fig. 6A; lane 7). 
Notably, the autophagy‑inhibiting effect of FBX was attenu‑
ated by Rapa‑mediated autophagy induction (Fig. 6A; lane 10), 
as evidenced by a restoration of the LC3‑Ⅱ/LC3‑Ⅰ ratio and 
a substantial decrease in p62 expression (Fig. S3F and G). 
However, these alterations were not observed under standard 
culture conditions (Fig.  6A; lanes 1‑5). Similarly, under 
nutrient‑deprived conditions, FBX treatment increased p62 
accumulation in SK‑MES‑1 cells without markedly affecting 
LC3‑II conversion (Figs.  6B  and  S3H), consistent with 
the aforementioned observations (Fig.  5B). Furthermore, 
rapamycin partially alleviated FBX‑induced p62 buildup 
(Fig. 6B; lane 8), further supporting an autophagy‑dependent 
mechanism. By contrast, under standard culture conditions 
with sufficient nutrients, FBX exerted minimal effects on 
LC3‑II conversion and p62 turnover (Fig. 6B; lane 2), consis‑
tent with the low basal autophagic flux observed in non‑starved 
NSCLC cells. Collectively, these results demonstrate that FBX 
acts as a potent inhibitor of the autophagic pathway, where its 
phenotypic effects can be partially rescued by pharmacological 
autophagy activation.

Discussion

In the present study, it was demonstrated that XOR knockdown 
significantly impaired the proliferation and invasive/migratory 
potential of NSCLC cells. This follows our initial observa‑
tion of elevated XOR levels in both NSCLC cell lines and 
clinical tissue specimens in the present study. FBX markedly 
reduced XOR activity and proliferation in NSCLC cells under 
nutrient‑deprived conditions. Furthermore, FBX treatment 
significantly attenuated the migratory and invasive capacities 
of NSCLC cells in vitro. Mechanistically, the anti‑tumor effi‑
cacy of FBX appears to be mediated through the suppression 
of the autophagy signaling pathway. Notably, the induction of 
autophagy through pharmacological activators abrogated the 
tumor‑suppressive effects of FBX. Beyond its primary role 
in reducing serum urate levels, FBX has been proposed as a 
protective agent against acute renal failure and tumor lysis 
syndrome (48). The clinical utility of FBX in oncological care 
is supported by both hepatoma rodent models and malignant 
tumor multicenter clinical investigations (49,50). These data 
suggest that FBX, an established gout therapeutic, may warrant 

https://www.spandidos-publications.com/10.3892/ol.2026.15925
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Figure 4. Effect of FBX on non‑small cell lung cancer cells is associated with autophagy. (A) Assessment of autolysosome formation in A549 pre‑treated with 
FBX after starvation at 4 and 8 h. Scale bar, 20 µm. (B) The relative LTR fluorescent activity was quantified through ImageJ software. The data are presented 
as the mean ± SEM of three separate experiments. (C) Lysosomal activation and repression were analyzed using the acidophilic probe LTR. A549 cells were 
pre‑treated with FBX, Rapa and FBX + Rapa after starvation at 8 h. Lysosomes/autolysosomes were labeled with LTR and then subjected to fluorescent micros‑
copy analysis. Scale bar, 20 µm. (D) The relative LTR fluorescent activity was quantified through ImageJ software. The data are presented as the mean ± SEM 
of three separate experiments. Cell counting kit‑8 cell proliferation assay evaluating the viability of A549 and SK‑MES‑1 cells pre‑treated with FBX, Rapa and 
FBX + Rapa at (E) 24, 48 and 96 h, and (F) 72 h. The data are presented as the mean ± SEM of five separate experiments. ****P≤0.0001, ***P≤0.001, **P≤0.01 
and *P<0.05. FBX, febuxostat; Rapa, rapamycin; LTR, Lyso‑Tracker Red; Starv, starvation.
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further preclinical investigation for potential repurposing 
in malignant tumors, with a therapeutic profile that could 
prove comparable or superior to the purine‑analog inhibitor 
allopurinol.

KM Plotter database analysis revealed that elevated XOR 
expression is associated with shorter OS and shorter time to 
FP survival in patients with NSCLC. However, this finding 
appears inconsistent with a prior clinical study reporting 
reduced survival in chemotherapy‑treated patients with low 
XOR expression, as determined by immunohistochemistry 
(IHC) of tumor tissues  (31). These differences could be 
explained by the different methodological approaches. First, 
the IHC‑based approach classified all unstained slides as 
XOR‑negative (29/82 cases, 35%), whereas KM Plotter data‑
base mainly leveraged on microarray sequencing data, which 
would likely categorize these samples as low‑expression 
rather than absent, potentially yielding different outcomes. 
In addition, this previous study (31) utilized a selected subset. 
Amongst the 53 IHC‑positive cases, only 34 received adju‑
vant chemotherapy and the final comparison only involved 
14 low‑vs. 20 high‑expression samples. By contrast, the 
KM Plotter database is comprised of >700 cases for OS and 
400 cases for FP, utilizing sequencing data with superior 

accuracy and statistical power. Finally, the present experiments 
demonstrated significantly elevated XOR activity in NSCLC 
cell lines compared with that in normal lung epithelial cells. 
Both siRNA‑mediated knockdown and pharmacological inhi‑
bition of XOR by FBX exerted anti‑tumor effects, supporting 
an oncogenic role for XOR in NSCLC progression.

The anti‑tumor properties of FBX were first character‑
ized by Oh  et  al  (51), who demonstrated that FBX can 
reduce ROS production and MAPK phosphorylation, thereby 
inhibiting metastasis in a murine model of hyperlipidemic 
breast cancer. A subsequent study showed that the encapsu‑
lation of FBX in lipid emulsions can markedly inhibit the 
proliferation of HCT116 human colorectal cancer cells (52). 
Further evaluations by Alfaifi et al (35) explored the cytotoxic 
potential of FBX‑PLGA‑PEG nanoparticles in A549, whilst 
Burmaoglu et al (53) reported that novel XO inhibitors can 
markedly reduce the viability of breast cancer cells MCF‑7 and 
colon cancer cells Caco‑2. The present study corroborated with 
these aforementioned findings, confirming that FBX can exert 
potent cytotoxicity in NSCLC by inhibiting XOR activity. In 
addition, it was hypothesized that the FBX‑mediated reduction 
in NSCLC cell viability may primarily reflect impaired prolif‑
eration rather than apoptosis alone, as the modest increase in 

Figure 5. FBX changed the gene expression of autophagy signaling pathways in non‑small cell lung cancer. (A) The expression levels of FN, E‑cadherin, 
Beclin‑1, p62 and LC3 proteins in A549 cells treated with FBX were analyzed by western blotting. (B) The expression levels of N‑cad, E‑cad, p62 and LC3 
proteins in A549 and SK‑MES‑1 cells treated with FBX and/or BafA1 for 24 h in starvation medium were analyzed by western blotting. (C) The expression 
levels of FN, E‑cad, p62 and LC3 proteins in A549 and SK‑MES‑1 cells treated with 3‑MA were analyzed by western blotting. FN, fibronectin; Cad, cadherin; 
BafA1, bafilomycin A1; FBX, febuxostat; 3‑MA, 3‑methyladenine.

https://www.spandidos-publications.com/10.3892/ol.2026.15925
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apoptotic rate shown in Fig. 2D cannot fully account for the 
~50% cytotoxic effect observed. 

To the best of our knowledge, the present study provided 
the first evidence that FBX can significantly diminish the 
migratory and invasive abilities of NSCLC cells. Although 
FBX significantly impaired NSCLC cell proliferation, which 
could potentially confound longer‑term wound healing 
assays, this proliferative difference is negligible in short‑term 
Transwell invasion experiments  (<24 h), where equal cell 
numbers are seeded. According to pharmacokinetic studies of 
FBX (54), single doses of 40, 80 and 120 mg achieve peak 
plasma concentrations of 1.6‑2.8, 2.6‑5.0 and 4.8‑7.7 µg/ml, 
respectively, corresponding to 5‑8.8, 8.2‑17 and 15‑24 µM. 
Multiple‑dose regimens showed no serious adverse events 
or drug accumulation, demonstrating good tolerability in 
humans (55). These concentrations are comparable with those 
used in the present in vitro experiments, suggesting theoretical 
feasibility. However, to the best of our knowledge, no clinical 
reports have yet described the use of FBX or other XOR 
inhibitors in patients with NSCLC.

Wang et al (32) first established that exogenous XO can 
trigger autophagy in A549 cells. The present database analysis 
corroborates this by demonstrating a positive correlation 
between XO expression and early autophagic regulators, 
including BECN1 and ATG5, in addition to the lysosomal 
marker LAMP2, in patients with lung cancer. Consequently, 
it was hypothesized that FBX can attenuate autophagic flux in 
NSCLC cells by inhibiting XOR enzymatic activity. Western 
blot analysis confirmed that FBX differentially attenuates 
autophagy in NSCLC cells. Under short‑term (4 h) starvation, 

FBX suppressed LC3‑II formation in A549 cells, indicating 
reduced mature autophagosome biogenesis, whereas this effect 
was absent in SK‑MES‑1 cells. Notably, p62 accumulated in 
both cell lines, suggesting that FBX primarily blocks autoph‑
agic degradation in SK‑MES‑1 cells, whilst in A549 cells it may 
additionally inhibit autophagosome formation. This differen‑
tial inhibition became more pronounced following prolonged 
(24  h) starvation. These differential effects suggest that 
FBX may impede distinct stages of autophagy. Furthermore, 
the differential rescue effects were evident in cell viability 
assays. Co‑treatment with Rapa and FBX restored A549 cell 
viability nearly to control levels, whereas only partial rescue 
was observed in SK‑MES‑1 cells. This further suggests that 
FBX may exclusively block autophagic degradation in LUSC 
cells, while in LUAD cells it additionally impairs autophago‑
some formation, a function specifically reversed by Rapa. It 
is well established that the accumulation of ROS within cells 
and mitochondria serves as a potent stimulus for autophagy 
through the canonical AMPK/mTOR/Unc51‑like kinase 
(ULK1) pathway (56). Wang et al (57) reported that allopurinol 
can inhibit XOR, thereby blocking gemcitabine‑induced phos‑
phorylation of TGFβ‑activated kinase 1 (TAK1), JNK, AMPK 
and ULK1, suppressing gemcitabine‑triggered autophagy and 
enhancing gemcitabine cytotoxicity in HeLa and HT‑29 cells. 
Therefore, FBX may similarly inhibit autophagy through these 
pathways (58).

It is well established that XO generates superoxide anion 
and hydrogen peroxide (H2O2) as byproducts during its catalytic 
cycle. FBX‑mediated XOR inhibition attenuates ROS produc‑
tion, thereby conferring cyto‑protection (59). Huang et al (60) 
previously demonstrated that inhibiting cathepsin S can 
trigger autophagy and subsequently upregulate XO expres‑
sion and activity, leading to ROS‑mediated DNA damage 
and cell death. In that model, XO blockade did abrogate 
ROS production but did not prevent autophagy activation. By 
contrast, the present findings indicate that FBX treatment can 
induce a rapid increase in intracellular ROS and subsequently 
inhibit autophagy in NSCLC cells. Comparable findings were 
observed in bladder cancer (61), where combined FBX and 
5‑aminolevulinic acid (5‑ALA) treatment markedly enhanced 
ROS generation relative to 5‑ALA monotherapy. Pretreatment 
with NAC abrogated FBX‑mediated ROS production and 
subsequently ameliorated cell viability, indicating that ROS 
contributes to the FBX‑induced cytotoxic effect. Emerging 
evidence (62,63) preliminarily suggests a complex reciprocal 
regulatory relationship between XOR and ROS; however, the 
precise source of ROS remains elusive.

Beyond the modulation of autophagy, the anti‑tumor 
efficacy of FBX may be governed by the functional balance 
between XO and XDH. The natural compound Alternol has 
been found to enhance the oxidative activity of XDH, thereby 
inducing apoptosis in malignant cells  (63). Furthermore, 
Kusano et al (62) observed that colorectal cancer and mela‑
noma cells progressed more rapidly in XO‑/‑ mouse models 
compared with in XDH‑/‑ or wild‑type cohorts. This acceler‑
ated growth was associated with macrophages‑derived ROS, 
since those in XO‑/‑ mice exhibited higher ROS levels, which 
promoted the expansion of regulatory T cells in the TME. 
Notably, macrophage depletion markedly attenuated tumor 
progression. Hypoxia upregulates XOR activity and shifts the 

Figure 6. Rapamycin neutralized the effect of FBX on autophagy of 
non‑small cell lung cancer cells. (A) The expression levels of p62 and LC3 
proteins in A549 cells pre‑treated with FBX, 3‑MA and Rapa were analyzed 
by western blotting. (B) The levels of p‑mTOR, mTOR, E‑cad, p62 and LC3 
proteins in SK‑MES‑1 cells pre‑treated with FBX and Rapa were analyzed 
by western blotting. Rapa, rapamycin; FBX, febuxostat; Cad, cadherin; 
p‑, phosphorylated; 3‑MA, 3‑methyladenine; Starv, starvation.
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enzyme toward its oxidase form, rendering XO the predomi‑
nant source of ROS, primarily hydrogen peroxide, during 
hypoxia and reoxygenation (64). Collectively, these findings 
reinforce the hypothesis that targeted inhibition of XO activity 
represents a viable therapeutic strategy for managing tumor 
growth, especially in hypoxia conditions.

The present study has several limitations that warrant 
future improvement. Cell proliferation assays (such as EdU 
staining) should be performed to determine whether FBX 
primarily suppresses proliferation, whereas classical apop‑
totic markers [cleaved caspase‑3, cleaved poly (ADP‑ribose) 
polymerase or BAX/BCL‑2 ratio] should be assessed to 
investigate whether FBX can induces programmed cell 
death. Genetic approaches, such as knockdown or rescue 
of key autophagy genes (such as ATG5, ATG7 or BECN1) 
are needed to validate FBX‑mediated autophagy modula‑
tion. In addition, signaling pathway components, including 
p‑mTOR, p‑AMPK, p‑ULK1, p‑TAK1 and p‑JNK, should 
be examined to elucidate the molecular mechanism under‑
lying FBX‑induced autophagy. Primary NSCLC cells or 
patient‑derived xenograft models should also be employed, 
with in vivo experiments conducted to further validate the 
roles and mechanisms of XOR and FBX in NSCLC. EMT 
markers, including N‑cadherin, Vimentin, Snail, Slug, 
ZEB1, MMP2 and MMP9, should be assessed to clarify 
FBX‑mediated EMT suppression. Ferroptosis markers should 
be examined to explore whether ferroptosis can contribute to 
the anti‑tumor effects of FBX. 

In summary, the present findings demonstrated that 
XOR inhibition can suppress NSCLC cell viability and inva‑
sion/migration by disrupting pro‑survival autophagy. The 
observation that rapamycin‑mediated autophagy activation 
effectively abrogates the anti‑proliferative effects of FBX 
further confirms the mechanistic dependency on this pathway. 
Collectively, these data identify XOR participates in the meta‑
bolic regulation of lung cancer progression and suggest that 
XOR‑targeted therapies warrant further evaluation as a novel 
strategy for the treatment of NSCLC.
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