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Abstract. A high‑glucose microenvironment is a key feature of 
tumor metabolic reprogramming that promotes lung cancer cell 
progression. Previous studies have revealed that protein argi‑
nine methyltransferase 5 (PRMT5) is overactivated in various 
cancers and regulates neddylation of the tumor suppressor 
phosphatase and tensin homolog (PTEN). This study estab‑
lished a high‑glucose (25 mM) in vitro model using human 
non‑small cell lung cancer A549 cells. Cell proliferation, inva‑
sion and cell cycle progression were assessed using the cell 
counting kit‑8, Transwell, 5‑ethynyl‑2'‑deoxyuridine and flow 
cytometry assays. The expression levels of neural precursor 
cells expressed developmentally downregulated protein 8 
(NEDD8) and PTEN in total and nuclear protein fractions 
were analyzed using Western blotting and PTEN localization 
was determined using immunofluorescence. Cellular NEDD8 
levels were manipulated by overexpressing Flag‑NEDD8 
and using MLN4924, an inhibitor of NEDD8‑activating 

enzyme. The association between PTEN and NEDD8 was 
further assessed through co‑immunoprecipitation. Finally, the 
mechanism underlying the action of flavokawain A (FKA) was 
explored by comparing its effects on high‑glucose‑induced 
PTEN neddylation with those of GSK3326595, a selective 
inhibitor of PRMT5. A high‑glucose environment promoted 
A549 cell proliferation and viability while inhibiting cell apop‑
tosis, accompanied by enhanced neddylation of PTEN and its 
nuclear translocation. NEDD8 overexpression promoted the 
nuclear import of PTEN; however, MLN4924 treatment effec‑
tively blocked this effect. FKA treatment markedly reduced 
PRMT5 activity, thereby reducing the neddylation modification 
of PTEN, limiting the nuclear localization of PTEN, ultimately 
inhibiting the proliferation and invasion ability of A549 cells 
and promoting cell apoptosis. Notably, GSK3326595 exhibited 
an inhibitory effect similar to that of FKA. The results indi‑
cated that FKA suppressed high glucose‑induced carcinogenic 
effects by inhibiting PRMT5‑mediated PTEN neddylation and 
subsequent nuclear translocation.

Introduction

Lung cancer remains a leading cause of cancer mortality 
worldwide and non‑small cell lung cancer (NSCLC) accounts 
for most lung cancer cases (1,2). Despite significant progress 
in targeted therapy and immunotherapy, the prognosis of 
patients with NSCLC remains poor (3). This poor outcome 
mainly reflects disease complexity, treatment resistance and 
the limited availability of meaningful molecular targets (4). 
Therefore, a deeper understanding of the pathways driving the 
occurrence and development of lung cancer and the identifica‑
tion of novel therapeutic targets is crucial to improve treatment 
and prognosis.

Recently, research has expanded from tumor‑intrinsic 
features to the role of the tumor microenvironment (TME), 
including TME‑driven metabolic reprogramming  (5). 
Metabolic reprogramming has become a defining feature of 
cancer biology, distinguishing the metabolic phenotypes of 
cancer cells from normal cells in various tumor types (6). 
With the widespread increase in diabetes and obesity globally, 
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accumulating evidence indicates that high‑glucose (HG) 
conditions are associated with increased cancer progression 
and worse prognosis, including reports in lung cancer (7‑9). 
Chronic hyperglycemia provides excessive metabolic 
substrates for rapid tumor growth and serves as a powerful 
signaling factor that can remodel intracellular signaling and 
metabolic pathways (10). Glucose‑mediated effects also involve 
the regulation of post‑translational modifications of proteins, 
particularly neddylation, ultimately enhancing the prolifera‑
tion, invasion and apoptosis resistance of cancer cells (11,12). 
Consequently, elucidating the molecular pathways through 
which a HG microenvironment reshapes the malignant pheno‑
type of lung cancer cells has become a critical focus in tumor 
metabolism studies.

Phosphatase and tensin homolog (PTEN) is the most 
extensively studied tumor suppressor gene after p53. PTEN 
antagonizes the phosphatidylinositol‑3‑kinase/protein 
kinase B (PI3K/AKT) signaling pathway by dephos‑
phorylating PIP3, thereby suppressing cell proliferation and 
promoting apoptosis (13). Under physiological conditions, 
PTEN shuttles between the cytoplasm and the nucleus. 
Cytoplasmic PTEN pr imar i ly inhibits PI3K/AKT 
signaling, whereas nuclear PTEN regulates DNA repair, 
chromosome stability and cell cycle progression (14). The 
function of PTEN is dependent on its subcellular localiza‑
tion. Abnormal nuclear PTEN accumulation may impair 
its classical tumor‑suppressive functions and promote 
malignant progression (15,16).

Post‑translational modifications are vital for regulating 
PTEN localization and function (17,18). Among these modi‑
fications, neddylation regulates the activity, stability and 
subcellular distribution of target proteins through the covalent 
attachment of neural precursor cell expressed developmen‑
tally downregulated protein 8 (NEDD8). PTEN undergoes 
neddylation, which facilitates its translocation from the cyto‑
plasm to the nucleus (12). Excessive PTEN neddylation has 
been implicated in multiple tumor progression (19). However, 
whether a HG microenvironment induces abnormal PTEN 
nuclear translocation by altering neddylation remains unclear 
in lung cancer.

Flavokawain A (FKA) is a chalcone compound derived 
from Piper methysticum and exhibits multiple biological 
activities, including anti‑inflammatory, antioxidant and 
anti‑tumor effects (20). FKA inhibits the proliferation and 
invasion of various tumor cells and induces apoptosis and 
cell cycle arrest (21‑23). Although its anti‑cancer potential 
has been demonstrated whether FKA suppresses lung cancer 
progression by regulating PTEN neddylation and nuclear 
translocation under HG conditions remains unclear  (24). 
Based on previous research results, it was proposed that FKA 
counteracts neddylation and subsequent nuclear accumulation 
of PTEN induced by high glucose levels, thereby suppressing 
HG‑induced oncogenic phenotypes. To test this hypothesis, 
the present study established an in vitro HC model using A549 
(human lung adenocarcinoma) cells, which were widely used 
in lung cancer research to investigate glucose‑related tumor 
progression (25‑27). The present study then investigated how 
elevated glucose levels affect cell proliferation, invasion, the 
molecular mechanisms regulating PTEN post‑translational 
modification and subcellular localization. Subsequently, the 

present study evaluated whether FKA can specifically inter‑
rupt these glucose‑driven changes, reduce PTEN neddylation, 
restore cytoplasmic localization and tumor suppressor func‑
tion and ultimately reduce the malignant behavior of cancer 
cells. Through these studies, the present study aimed to 
elucidate the molecular pathways by which HG conditions 
promote lung cancer progression, clarify the FKA role in 
regulating PTEN function and localization under HG condi‑
tions and provide a basis for therapeutic strategy development 
against HG‑related tumor development.

Materials and methods

Cell culture. A549 human lung adenocarcinoma cells 
(PromoCell; RRID: CVCL_0023l, contamination‑free) 
were cultured in Ham's F‑12K medium (PromoCell) 
supplemented with 10% fetal bovine serum (FBS; Gibco; 
Thermo Fisher Scientif ic, Inc.; cat.  no.  A5256701) 
and 1% penicillin‑streptomycin (P/S; Dalian Meilun 
Biotechnology Co., Ltd.; cat. no. MA0110) and maintained 
at 37˚C in a humidified incubator with 5% carbon dioxide. 
Logarithmic‑growth‑phase cells were selected for the 
experiment. Prior to treatment, 2x105 cells/well were seeded 
into plates and cultured until they reached 60% confluence. 
Subsequently, glucose starvation was induced by replacing 
the medium with a 5  mM glucose‑containing medium. 
The cells were cultured for 24 h to deplete extracellular 
glucose. Following starvation, the cells were exposed to 
HG; 25 mM; MedChemExpress; cat. no. HY‑13966) and 
cultured for an additional 24 h (28). In the FKA treatment 
group, cellular morphology was monitored daily using a 
light microscope (22).

Cell counting kit‑8 (CCK‑8) assay. A549 cells were seeded at 
5x103 cells/well in 96‑well plates, with five technical replicates 
per group. Cell viability was assessed at 0, 24 and 48 h. Cell 
viability was expressed as the mean optical density (OD450) 
value for each group.

Plasmid transfection. The cell density of A549 cells was 
60‑70% at the time of transfection. The plasmid (4 µg) and 6 µl 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) were diluted separately with Opti‑MEM to a final volume 
of 250 µl and incubated for 5 min at room temperature. The 
diluted Lipofectamine® 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) was then mixed with the plasmid dilution and 
incubated at room temperature for 20 min. The transfection 
complexes were added to the cells and the culture medium was 
replaced 6 h after transfection. The cells were cultured for 48 h 
before the next experiment. 

Transwell invasion assay. Briefly, 24‑well Transwell cham‑
bers (8‑µm pore size; Wuhan NEST Biotechnology Co., Ltd.) 
pre‑coated with Matrigel at 37˚C for 30 min were used for 
the invasion assay. Starved or treated A549 cells were resus‑
pended in serum‑free medium and 2x104 cells in 200 µl were 
seeded into the upper chamber. The lower chamber was filled 
with 600 µl complete medium containing 10% FBS (Gibco; 
Thermo Fisher Scientific, Inc.) to serve as the chemoattrac‑
tant. After incubation at 37˚C for 24 h, non‑invading cells 
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on the upper surface were removed using a cotton swab. 
The membranes were fixed with 4% paraformaldehyde for 
15 min and stained with 0.1% crystal violet for 20 min at 
room temperature. Following PBS) washing and air‑drying, 
invading cells were counted in five randomly selected fields 
under a light microscope.

Flow cytometric analysis. Processed cells were collected 
and washed twice with PBS. The cells were centrifuged 
at 1,000 x g for 3 min at 4˚C and the pellet was resuspended 
and fixed in pre‑cooled 70% ethanol overnight at 4˚C. The 
cells were washed twice with PBS and resuspended in 500 µl 
of staining buffer containing propidium iodide (PI; 5 µg/ml) 
and RNase A (100 µg/ml). The cells were incubated in the 
dark at  37˚C for 30 min. For cell cycle analysis, ≥10,000 
events were acquired using a flow cytometer and the data were 
analyzed to determine the distribution of cells in G1, S and 
G2/M phases. For apoptosis analysis, the cells were stained 
with Annexin V‑PE and 7‑AAD following the manufacturer's 
instructions (Annexin V‑PE/7‑AAD Apoptosis Detection Kit; 
Dalian Meilun Biotechnology Co., Ltd.; cat. no. MA0429) 
and analyzed within 1 h for detection by a flow cytometer 
(NovoCyte, Agilent Technologies) and analyzed with the 
built‑in NoVo Express software. Cell apoptosis was calculated 
as early + late apoptosis rate.

Co‑immunoprecipitation (Co‑IP). Cells carrying Flag‑Nedd8 
or vector (Miaoling Plasmid Platform; cat. no. P73568) were 
collected and lysed in 500 µl radioimmunoprecipitation assay 
(RIPA, Cwbio, cat. no. CW2333S) buffer containing protease 
inhibitors (Servicebio, cat. no. G2007) for 30 min on the ice, 
followed by centrifugation at 11,500 g for 15 min at 4˚C to 
obtain the supernatant. Total protein (1 mg) was incubated 
with the indicated primary antibody, including anti‑Flag 
(Proteintech Group, Inc.; cat.  no.  80801‑2‑RR, 3  µg), or 
control IgG (Beyotime Biotechnology; cat. no. A7001, both 
3 µg) under rotation at 4˚C overnight. Protein A/G magnetic 
beads (MedChemExpress; cat. no. HY‑K0202; 30 µl) were 
then added and incubated for 2 h. After three washes with 
RIPA buffer containing protease inhibitors at 4˚C, the beads 
were resuspended in SDS loading buffer and heated at 95˚C 
for 5 min to denature the proteins. Western blotting was used 
to detect the expression of the related proteins.

Immunofluorescence staining (IF). Cells (1x104) were 
seeded into plates for experimental treatment. The cells 
were fixed with 4% paraformaldehyde for 15 min at room 
temperature, then permeabilized with 0.3% Triton X‑100 
for 10 min. After blocking with 5% bovine serum albumin 
(Servicebio; cat.  no. G5001) for 1 h at room temperature, 
the cells were incubated with PTEN primary antibody 
(ABclonal Biotech Co., Ltd.; cat. no. A28510; 1:200) at 4˚C 
overnight. Following three washes with PBS, a secondary 
antibody (Abcam; cat. no. ab150077; 1:100) was added and 
incubated for 1 h at room temperature. Nuclei were counter‑
stained with 4',6‑Diamidino‑2'‑phenylindole (DAPI; Abcam; 
cat. no. ab104139) for 5 min at room temperature and after 
additional PBS washes, cells were mounted onto glass slides 
and images captured using a Nikon fluorescence microscope 
(magnification, x100).

Western blotting. Following lysis with RIPA (Cwbio, 
cat.  no.  CW2333S) buffer containing protease inhibitors 
(Servicebio, cat. no. G2007) for 30 min on the ice, total protein 
was extracted and quantified using the BCA assay. Briefly, 
30 µg protein was separated by sodium dodecyl sulfate‑poly‑
acrylamide gel electrophoresis (15%) and transferred onto 
a PVDF membrane. The membranes were blocked with 5% 
skimmed milk for 1 h at 4˚C. Primary antibodies against 
NEDD8 (CST Biological Reagents Co., Ltd.; cat. no. 2745; 
1:1,000), PTEN (ABclonal Biotech Co., Ltd.; cat. no. A28510, 
1:1,000), histone H3 (H3; cat. no. 17168‑1‑AP, PTG; 1:10,000) 
and GAPDH (Proteintech Group, Inc.; cat. no. 60004‑1‑Ig, 
1:10,000) were applied and incubated overnight at  4˚C. 
Following 0.05% Tween 20 (TBST) washing, membranes 
were incubated with horseradish peroxidase‑conjugated goat 
anti‑mouse IgG (H+L) or goat anti‑rabbit IgG (H+L; Beijing 
Zhongshan Jinqiao Biotechnology Co., Ltd.; cat. no. ZB‑2305 
or ZB‑2301; 1:10,000) for 1  h at room temperature. 
Signals were detected using enhanced chemiluminescence 
(Meilunbio, cat. no. MA0186‑1) and band intensities were 
quantified using ImageJ software (National Institutes of 
Health, version 2.0.0).

Reverse transcription‑quantitative (RT‑q) PCR. In total, 
5x105  cells were collected and total RNA was isolated 
using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc. 
cat. no. 15596018CN) and its concentration and purity were 
determined spectrophotometrically. RNA was reverse‑tran‑
scribed into cDNA using the Evo M‑MLV RT Premix (Agbio, 
cat. no. AG11728) according to the manufacturer's instructions. 
qPCR was performed using the SYBR Green Premix Pro 
Taq HS qPCR Kit (Agbio, cat. no. AG11701). Thermocycling 
conditions were as follows: Initial denaturation (95˚C, 30s) 
was followed by 40 cycles of annealing (60˚C, 5s), extension 
(60˚C, 30s), and denaturation and a final cycle of annealing 
and prolonged extension. GAPDH served as the internal 
control and relative expression was calculated using the 2‑ΔΔCq 
method (29). These experiments were replicated 3 times and 
the primer sequences are presented in Table I.

EdU incorporation assay. Cell proliferation was detected 
using an EdU kit (Beyotime Biotechnology, cat. no. C0075S). 
Cells were seeded in 24‑well plates for treatment. The EdU 
working solution (50 µM) was added and incubated at 37˚C for 
2 h. Cells were fixed with 4% paraformaldehyde (Servicebio, 
cat. no. G1101) for 15 min and permeabilized with 0.5% Triton 
X‑100 for 10 min at room temperature, followed by staining 
according to the manufacturer's protocol. The nuclei were 
counterstained with DAPI (10 mM solution in water) at room 
temperature and EdU‑positive cells were imaged and quanti‑
fied using a fluorescence microscope (Nikon Instruments Inc., 
cat. no. Eclipse Ts2‑FL).

Nuclear and cytoplasmic protein extraction. The cells were 
harvested and washed twice with cold PBS. Cytoplasmic and 
nuclear fractions were isolated using the NE‑PER Nuclear 
and Cytoplasmic Extraction Kit (Thermo Fisher Scientific, 
Inc.; cat. no. 78833) following the manufacturer's instructions. 
Briefly, the cells were resuspended in cytoplasmic extraction 
reagent I supplemented with protease inhibitors and incubated 
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on ice for 10 min. Cytoplasmic extraction reagent II was 
then added and samples were incubated on ice for 1 min 
before centrifugation at 16,000 x g for 5 min at 4˚C and the 
supernatant (cytoplasmic fraction) was collected. The nuclear 
pellet was resuspended in ice‑cold nuclear extraction reagent 
(Thermo Fisher Scientific, Inc.) and incubated on ice for 
40 min with vortexing every 10 min. Following centrifugation 

at 16,000 x g for 10 min at 4˚C, the supernatant (nuclear frac‑
tion) was collected. Protein concentrations were determined 
using a BCA assay. Histone H3 and GAPDH were used as 
nuclear and cytoplasmic markers, respectively.

Statistical analysis. All experiments were repeated at least 
thrice. Statistical analyses were performed using GraphPad 

Table I. Sequences of primers used for reverse transcription‑quantitative PCR.

Gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')

NEDD8	 AGACGCTGACCGGAAAGGA	 TCATCATTCATCTGCTTGCCAC
GAPDH	 AGAAGGCTGGGGCTCATTTG	 AGGGGCCATCCACAGTCTTC

Figure 1. High glucose promotes the proliferation and invasion of A549 cells and inhibits apoptosis. (A) CCK‑8 assay was performed to evaluate cell prolifera‑
tion at 0, 24 and 48 h. (B) Transwell assay was used to determine cell invasion. Magnification, x200). (C) Flow cytometry following Annexin V/PI staining was 
conducted to quantify apoptosis. (D) Flow cytometry was used to analyze cell cycle distribution. All data are presented as the mean ± SD of three independent 
experiments. **P<0.01; ***P<0.001. OD, optical density; HG, high glucose; Ctrl, control.
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Figure 2. Neddylation promotes nuclear enrichment of PTEN under high glucose conditions. (A) Reverse transcription‑quantitative PCR analysis of NEDD8 
mRNA expression after Flag‑NEDD8 overexpression. (B) Co‑IP assay for the interaction between NEDD8 and PTEN. (C) Western blotting was conducted 
to detect the total protein levels of NEDD8, PTEN and (D) nuclear PTEN. (E) IF staining was conducted to visualize PTEN (green) and nuclei (DAPI, blue). 
Magnification, x800). **P<0.01; ***P<0.001. PTEN, phosphatase and tensin homolog; NEDD8, neural precursor cell expressed developmentally downregulated 
protein 8; Co‑IP, co‑immunoprecipitation; IF, immunofluorescence; DAPI, 4',6‑diamidino‑2‑phenylindole; Ctrl, control.

https://www.spandidos-publications.com/10.3892/ol.2026.15818
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Prism (GraphPad Prism 8; Dotmatics). Data are presented as 
mean ± standard deviation. Comparisons between two groups 
were performed using the independent sample t‑test. Multiple 
groups were compared using one‑way analysis of variance, 
followed by Tukey's test for pairwise comparisons between 
groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

HG promotes the proliferation and invasion of A549 cells 
and inhibits apoptosis. To study the effect of HG on lung 
adenocarcinoma A549 cells, the present study treated 
the cells with 25 mM glucose for 24 h and examined the 
resulting phenotypic changes. After 24 and 48 h of culture, 

Figure 3. FKA inhibits the malignant phenotype of A549 cells induced by high glucose. (A) CCK‑8 assays were used to determine cell viability. (B) Transwell 
assay was used to determine cell invasion (x200). (C) EdU assay was used to determine cell proliferation (x200). (D) Flow cytometry with Annexin V/PI staining 
was analyzed to determine the apoptotic rate. (E) Flow cytometry was used to analyze the cell cycle distribution. *P<0.05, **P<0.01 and ***P<0.001. FKA, 
flavokawain A; CCK‑8, Cell Counting Kit‑8; EdU, 5‑ethynyl‑2'‑deoxyuridine; PI, propidium iodide; Ctrl, control.
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cell viability in the HG group was markedly higher than that 
in the control group (Fig. 1A). Compared with the control 
group, the number of migrating cells markedly increased 

following HG treatment (Fig. 1B) and the overall apoptosis in 
the HG group was markedly reduced (Fig. 1C). HG decreased 
the G1‑phase cell proportion and increased S‑ and G2‑phase 

Figure 4. FKA reduces PTEN neddylation and nuclear enrichment caused by high glucose. (A) Western blotting was conducted to detect the total protein levels 
of NEDD8 and PTEN. (B) Western blotting was conducted to detect the total protein levels of nuclear PTEN. (C) IF staining was conducted to visualize PTEN 
(green) and nuclei (DAPI, blue) (x800). All data are presented as mean ± SD of three independent experiments. *P<0.05; **P<0.01; ***P<0.001. FKA, flavoka‑
wain A; PTEN, phosphatase and tensin homolog; NEDD8, neural precursor cell expressed developmentally downregulated protein 8; ns, not significant; IF, 
immunofluorescence; DAPI, 4',6‑diamidino‑2‑phenylindole; HG, high glucose; Ctrl, control.

https://www.spandidos-publications.com/10.3892/ol.2026.15818
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cell proportions (Fig. 1D). In conclusion, a HG microenvi‑
ronment accelerates cell‑cycle progression in A549 cells and 

exerts pro‑proliferative, pro‑migratory and anti‑apoptotic 
effects, indicating a typical pro‑tumorigenic phenotype.

Figure 5. FKA regulates PTEN neddylation via PRMT5 to inhibit the pro‑cancer effect of high glucose. (A) Transwell assay was used to determine cell inva‑
sion (x200). (B) Flow cytometry with Annexin V/PI staining was analyzed to determine the apoptotic rate. (C) Western blotting was conducted to detect the 
total protein levels of NEDD8, PTEN and (D) nuclear PTEN. (E) IF was conducted to visualize PTEN (green) and nuclei (DAPI, blue) (x800). All data are 
presented as the mean ± SD of three independent experiments. *P<0.05; **P<0.01; ***P<0.001. ns, not significant; FKA, flavokawain A; PTEN, phosphatase and 
tensin homolog; PRMT5, protein arginine methyltransferase 5; PI, propidium iodide; NEDD8, neural precursor cell expressed developmentally downregulated 
protein 8; IF, immunofluorescence; DAPI, 4',6‑diamidino‑2‑phenylindole; HG, high glucose; Ctrl, control.
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Neddylation promotes the nuclear enrichment of PTEN 
under HG conditions. To determine whether the HG‑induced 
pro‑tumorigenic effect was associated with PTEN neddylation 
and nuclear translocation and given that NEDD8 is central 
to neddylation  (30), the present study overexpressed 
Flag‑NEDD8 in A549 cells (Fig. 2A). The present study subse‑
quently performed Co‑IP assays to examine the interaction 
between Flag‑NEDD8 and PTEN. Co‑IP results revealed that 
Flag‑NEDD8 interacted with PTEN (Fig. 2B), suggesting that 
PTEN may undergo neddylation. Although total PTEN levels 
remained unchanged after HG treatment and Flag‑NEDD8 
overexpression, nuclear PTEN levels markedly increased 
and this enrichment was reduced by MLN4924 treatment 
(Fig. 2C‑E). In summary, HG and NEDD8 overexpression 
promote nuclear PTEN enrichment. However, MLN4924 blocks 
this effect, indicating that NEDD8‑mediated neddylation is a 
key mechanism driving PTEN nuclear translocation under HG 
conditions.

FKA inhibits the malignant phenotype of A549 cells induced 
by HG. The initial experiments of the present study verified 
the tumor‑promoting effects of hyperglycemia. Prior to exam‑
ining the biological actions of FKA in detail, the present study 
evaluated its influence on the viability of A549 cells exposed 
to HG and determined that 30 µM represented an appropriate 
working concentration for subsequent studies (Fig.  3A). 
FKA markedly reversed the HG‑induced pro‑tumorigenic 
phenotype. It markedly inhibited HG‑enhanced cell invasion 
and reduced cell proliferation (Fig. 3B‑C). FKA also mark‑
edly increased apoptosis under HG conditions (Fig. 3D). Cell 
cycle analysis exhibited that FKA reversed the HG‑induced 
reduction in G1‑phase cells and restored S‑ and G2‑phase 
cell proportions (Fig. 3E). In conclusion, FKA effectively 
suppresses the HG‑driven malignant phenotype of A549 
cells. Although it did not completely restore all parameters to 
normal glucose levels, the observed effects were statistically 
significant across all assays. 

FKA reduces PTEN neddylation and nuclear enrichment 
caused by HG. To clarify how FKA reverses the HG‑induced 
pro‑tumorigenic effect, the present study examined its effects 
on PTEN localization and modification. Molecular analysis 
revealed that FKA markedly reduced nuclear PTEN under HG 
and decreased total NEDD8 expression and PTEN neddylation 
induced by HG (Fig. 4A). FKA also markedly decreased the 
nuclear localization of PTEN (Fig. 4B‑C). Consequently, FKA 
blocks abnormal PTEN localization by reducing HG‑induced 
PTEN neddylation and nuclear enrichment.

FKA regulates PTEN neddylation via PRMT5 to inhibit 
the pro‑cancer effect of HG. Given that FKA inhibits 
PRMT5 activity (31), the present study examined whether 
PRMT5 participates in FKA‑mediated regulation of PTEN 
neddylation. In functional assays, the PRMT5 inhibitor 
GSK3326595 revealed effects similar to FKA, markedly 
reducing HG‑induced cell proliferation and invasion (Fig. 5A) 
and promoting apoptosis (Fig.  5B). Mechanistic studies 
indicated that FKA and GSK3326595 markedly reduced 
HG‑induced NEDD8 and nuclear PTEN levels (Fig. 5C‑D) 
and decreased PTEN nuclear localization (Fig. 5E). Overall, 

PRMT5 inhibitor and FKA exhibit consistent functional 
and molecular effects, supporting PRMT5 as a key target 
of FKA. FKA may inhibit the HG‑driven pro‑tumorigenic 
process by suppressing PRMT5 activity and decreasing 
PTEN neddylation.

Discussion

Consistent with previous studies demonstrating that HG 
promotes tumor cell proliferation and migration in lung adeno‑
carcinoma (7,25,26), the present study further extended these 
observations by revealing a novel mechanism involving PTEN 
neddylation and nuclear translocation. HG markedly enhanced 
cell cycle progression, thereby promoting proliferation and 
suggesting that certain cell cycle checkpoints may be bypassed 
under HG conditions. The HG‑induced pro‑tumorigenic 
phenotype was mediated by enhanced growth factor signaling 
and a neddylation‑related mechanism that alters the localiza‑
tion of tumor suppressors, including PTEN, thereby weakening 
their molecular inhibitory effects on tumor growth. Previous 
reports have indicated that cancer incidence and mortality are 
higher in patients with diabetes (32,33). This suggests that 
metabolic dysregulation may contribute to tumor initiation 
and progression. HG promote tumor cell growth by activating 
the insulin/IGF‑1 axis and downstream PI3K/AKT/mTOR 
pathway (13,34). However, the present study extended these 
findings by associating the HG‑induced malignant pheno‑
type with the abnormal subcellular localization of the tumor 
suppressor PTEN. 

PTEN is a key lipid and protein phosphatase and its loss 
of function or decreased activity is a hallmark of numerous 
types of cancer  (35,36). Although PTEN predominantly 
functions in the cytoplasm by dephosphorylating PI(3,4,5)
P3 to antagonize the PI3K/AKT pathway, nuclear PTEN 
also has independent tumor‑suppressive functions  (37,38). 
Nuclear PTEN helps maintain genomic stability and regu‑
lates the cell cycle by interacting with chromatin and DNA 
damage repair proteins (39). HG and NEDD8 overexpression 
together led to marked nuclear enrichment of PTEN, which 
could be blocked by the neddylation inhibitor MLN4924 (40). 
This suggested that neddylation is a key driver of PTEN 
nuclear translocation under HG conditions. Although nuclear 
translocation of PTEN increases its nuclear abundance, it 
may reduce its ability to inhibit AKT signaling in the cyto‑
plasm  (41,42). Moreover, post‑translational modifications, 
including ubiquitination and phosphorylation, influence PTEN 
localization and neddylation, which is structurally similar 
to ubiquitination, also regulates the stability or localization 
of substrates, including HIF‑1α (43,44). The present study 
added a new link to PTEN regulation, revealing that HG drive 
neddylation‑mediated PTEN mislocalization, placing it in a 
subfunctional state that weakens its tumor‑suppressive activity 
and facilitates malignant cell proliferation. After PTEN enters 
the nucleus, its accumulation is accompanied by functional 
alterations. Under normal circumstances, nuclear PTEN helps 
maintain genomic stability. However, under HG conditions, 
PTEN undergoes neddylation, impairing its tumor‑suppressive 
function in the nucleus. HG affect PTEN activity in the cyto‑
plasm and nucleus, reduce the overall tumor suppressor ability 
and promote the malignant progression of lung cancer cells.
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ZHENG et al:  FLAVOKAWAIN A INHIBITS HIGH GLUCOSE-INDUCED LUNG CANCER10

PRMT5, a key arginine methyltransferase, promotes tumor 
progression by regulating the expression of proteins associated 
with the cell cycle, RNA splicing and DNA repair (45). The 
present study further explored the molecular mechanism by 
which HG regulates the intracellular distribution of PTEN 
via neddylation. The results revealed that after treating 
cells with the PRMT5 inhibitor GSK3326595, its biological 
effects resemble the effects of FKA (46); both can inhibit 
cell proliferation and invasion induced by HG and promote 
cell apoptosis. Molecular analysis indicated that both drugs 
downregulated the expression level of NEDD8 and reduced 
the nuclear accumulation of PTEN caused by HG.

The present study suggested that PRMT5 functions 
upstream of PTEN neddylation‑regulatory network. PRMT5 
likely regulates the modification and localization of PTEN 
by influencing the expression or activity of key enzymes 
(including E1, E2 and E3) in neddylation or by regulating 
NEDD8 stability  (47). Previous studies have revealed that 
PRMT5 regulates the activity of the E3 ligase Mouse 
double minute 2 homolog, supporting its potential role in 
regulating other E3 ligases  (48). Cullin4A (CUL4A) and 
DDB1‑CUL4‑NEDD8 complex in the neddylation pathway 
has been reported, suggesting a possible involvement in this 
process (49). HG enhances the neddylation of key proteins 
and activates PRMT5, promoting PTEN nuclear translocation, 
providing a new theoretical perspective for metabolic changes 
promoting the occurrence and development of lung cancer.

Functional assays revealed that FKA effectively counter‑
acts the malignant changes caused by HG, inhibiting invasion 
and proliferation and promoting apoptosis. The effect of FKA 
resembled that of GSK3326595. Additionally, FKA reduced the 
neddylation and nuclear accumulation of PTEN. These results 
supported the hypothesis that FKA regulates this pathway by 
influencing PRMT5. Accordingly, FKA could be a potential 
therapeutic agent for metabolic disorder‑associated lung 
cancer, particularly for patients with hyperglycemia or diabetes. 
Notably, FKA suppresses HG‑induced oncogenic signaling and 
inhibits the tumor‑promoting effect of PRMT5. Although FKA 
is derived from natural products and has a complex structure, 
which could complicate drug development, its clear mecha‑
nism provides a rationale for developing FKA derivatives or 
novel therapeutic strategies for hyperglycemia‑associated 
lung cancer. Notably, while FKA markedly counteracted the 
malignant changes caused by HG, the reversal was incom‑
plete. This partial effect may reflect several factors: i) FKA 
primarily targets the PRMT5‑PTEN neddylation pathway, 
but HG may promote tumor progression through additional 
parallel pathways (for example, RAGE‑NOX‑ROS signaling 
and PI3K/AKT/mTOR activation); ii) the 30 µM concentra‑
tion represents an optimized dose that balances efficacy and 
cytotoxicity; iii) FKA, as a natural product, may have multiple 
cellular targets beyond PRMT5. Future studies combining 
FKA with other agents targeting complementary pathways 
may achieve a more complete inhibition of HG‑induced tumor 
progression. Although FKA exhibits promising anti‑cancer 
effects, its safety profile warrants careful consideration, partic‑
ularly regarding hepatotoxicity. Li et al (27) demonstrated that 
dietary feeding of FKA for 3 weeks revealed no adverse effects 
on liver function in mice, with normal serum ALT and AST 
levels and normal liver histology.

Furthermore, Pinner et al (50) reported that FKA (≤100 µM) 
is not toxic to HepG2 hepatocytes and activated protective heat 
shock and antioxidant responses via nuclear factor erythroid 
2‑related factor 2 and heat shock factor protein 1 pathways, 
suggesting potential cytoprotective effects. Conversely, it is 
reported that FKA or flavokawain B could markedly enhance 
acetaminophen‑induced hepatotoxicity in C57BL/6 mice even 
if they are safe when given alone, demonstrating herb‑drug 
interaction risks (51). Similarly, kava hepatotoxicity cases in 
humans have been associated with concomitant medication 
use, suggesting that FKA's hepatotoxic potential may be 
context‑dependent rather than inherent (52). 

In conclusion, the present study provided new insights 
into how chronic HG accelerates NSCLC development. HG 
activated PRMT5, inducing abnormal neddylation and nuclear 
localization of PTEN, which weakens its tumor‑suppressive 
function. Together, the findings indicated that FKA can prevent 
this process, thereby reversing the carcinogenic changes 
induced by HG. Future studies are required to verify the 
in vivo effects of FKA in animal models and assess its safety. 
Moreover, further studies are needed to elucidate the specific 
regulatory mechanism of PRMT5 in neddylation, including 
whether it directly regulates the E3 enzyme responsible for 
PTEN modification.

In summary, a HG environment can induce abnormal modi‑
fications and nuclear translocation of PTEN, thereby weakening 
its tumor suppressor function and promoting the proliferation 
and invasion of A549 cells. FKA can inhibit PRMT5 activation, 
prevent PTEN neddylation and nuclear translocation, reduce 
neddylation and nuclear accumulation of PTEN and thereby 
suppress the HG‑induced malignant phenotype.
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