Bal SPANDIDOS
'% .§, PUBLICATIONS

ONCOLOGY REPORTS 53: 57, 2025

Effect of quercetin on inhibiting gefitinib-activated non-small
cell lung cancer-induced cell pyroptosis in cardiomyocytes
via modulating mitochondrial autophagy mediated by the

SHP2/ROS/AMPK/XBP-1/DJ-1 signaling pathway
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Abstract. It has been reported that treatment of patients with
non-small cell lung cancer (NSCLC) with gefitinib increases
the risk of QT interval prolongation. Therefore, the present
study aimed to investigate whether quercetin could delay
gefitinib-induced cardiomyocyte apoptosis and its underlying
mechanism. A total of 32 nude mice were divided into the sham,
NSCLC,NSCLC + gefitinib and NSCLC + gefitinib + quercetin
groups. Cardiac fibrosis in mouse heart tissues was assessed by
Masson's trichrome staining. Additionally, immunohistochem-
ical staining was performed to detect the expression levels of
Src homology-2 domain-containing protein tyrosine phospha-
tase (SHP2), X-box binding protein 1 (XBP-1), phosphorylated
(p)-stimulator of interferon genes (STING) and Nod-like
receptor protein 3. Bioinformatics analysis was carried auto to
predict the association between quercetin and the SHP2/reac-
tive oxygen species (ROS) axis. Furthermore, the effects of
adenosine triphosphate (ATP) + gefitinib, SHP2 silencing
and H,0, on ROS levels, as well as on the p-AMP-activated
protein kinase (AMPK)/XBP-1/Parkinsonism associated
deglycase (DJ-1) axis, mitochondrial autophagy and apop-
tosis were assessed via detecting the expression levels of the
corresponding proteins in cardiomyocytes by western blot
analysis. JC-1 immunofluorescence was performed to evaluate
mitochondrial membrane damage. The results showed that
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NSCLC could not significantly affect cardiac function. In
addition, compared with NSCLC alone, ventricular fibrosis
was exacerbated in the NSCLC + gefitinib group. However,
treatment with quercetin inhibited gefitinib-induced ventric-
ular fibrosis, activated the gefitinib-suppressed SHP2 protein
expression and downregulated the gefitinib-induced XBP-1
and p-STING expression. Furthermore, the bioinformatics
analysis results predicted that quercetin could interact with
SHP2/ROS. The in vitro experiments demonstrated that the
expression levels of the ROS-related proteins, namely NADPH
oxidase 4 and XBP-1/DJ-1, and those of the mitochondrial
autophagy- and apoptosis-related proteins were enhanced,
while those of p-AMPK, were reduced in cardiomyocytes of
the NSCLC + ATP + gefitinib group. However, cell treatment
with quercetin inhibited ROS production and the expression
levels of XBP-1/DJ-1 and apoptosis-related proteins activated
by NSCLC + ATP + gefitinib. By contrast, quercetin activated
the expression levels of mitochondrial autophagy-related
proteins and those of p-AMPK. Furthermore, SHP2 silencing
and cell treatment with H,O, could separately inhibit the
NSCLC + ATP + gefitinib-induced expression of mitochon-
drial autophagy-related proteins and p-AMPK, while they
could promote ROS production and upregulate XBP-1/DJ-1
and apoptosis-related proteins. In summary, the results of
the current study revealed a promising therapeutic approach
for addressing cardiac issues caused by gefitinib treatment in
patients with NSCLC. Therefore, quercetin could inhibit the
gefitinib-induced NSCLC-mediated cardiomyocyte apoptosis
via regulating the SHP2/ROS/AMPK/XBP-1/DJ-1 signaling
pathway through mitochondrial autophagy.

Introduction

Epidermal growth factor receptor-tyrosine kinase inhibitors
(EGFR-TKIs) are considered as one of the most significant
targeted agents for the treatment of non-small cell lung cancer
(NSCLC) (1). However, cardiac-related adverse events
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associated with EGFR-TKI therapy can commonly occur (2)
Gefitinib is an oral EGFR-TKI, which is used to treat patients
with T790M-positive NSCLC, who have progressed on a
standard EGFR-TKI (3). A study by Thein and Ball (4) and
Soria et al (5) showed that gefitinib was associated with an
increased risk of cardiotoxicity, prolongation of the QT
interval and heart failure compared with controls. As a type of
EGFR-TKI, gefitinib serves a significant role in the treatment
of NSCLC. However, its potential cardiotoxicity and adverse
effects need to be further investigated.

Quercetin (3,3',4',5,7-pentahydroxyflavone), a polyphe-
nolic compound, is the most prevalent flavonoid in fruits,
vegetables and medicinal plants (6). It is widely recognized
that quercetin possesses antioxidant, anti-inflammatory,
antimicrobial and antiparasitic activities (7-9). The anti-
cancer effects of quercetin include its ability to promote
cell viability loss, apoptosis and autophagy via regulating
the phosphoinositide 3-kinase/protein kinase B/mammalian
target of rapamycin, Wnt/f-catenin and mitogen-activated
protein kinase (M APK)/extracellular signal-regulated kinase
1/2 pathways (10-12). Furthermore, it has been reported that
quercetin exerts protective effects against ischemic heart
diseases, while it is involved in myocardial remodeling and
myocardial fibrosis (13,14).

The present study was based on the concern regarding
cardiac issues that could be caused by the treatment of patients
with NSCLC with gefitinib. Therefore, a potential therapeutic
approach for delaying gefitinib-induced cellular charring using
quercetin was proposed and its underlying mechanism of
action was thoroughly explored. Through in vitro and in vivo
experiments, the current study aimed to reveal the role of
quercetin in regulating the Src homology-2 domain-containing
protein tyrosine phosphatase (SHP2)/reactive oxygen species
(ROS)/AMP-activated protein kinase (AMPK)/X-box binding
protein 1 (XBP-1)/Parkinsonism associated deglycase (DJ-1)
signaling pathway and its inhibitory effect on gefitinib-induced
cell pyroptosis in NSCLC, thus providing a significant refer-
ence and guidance for the development of more effective and
safer treatment strategies for NSCLC, and further expanding
the understanding of EGFR-TKI therapy-related cardiac prob-
lems in clinical practice.

Materials and methods

Animal model. Animal experiments were approved by The
Fourth Hospital of Hebei Medical University Research Ethics
Committee (approval no. ITACUC-4th Hos Hebmu-2024022;
Shijiazhuang, China). All animals were humanely cared
according to the Fourth Hospital of Hebei Medical University
Guide for the Care and Use of Laboratory Animals. A total
of 24 mice, weighing 18.3+0.55 g, were housed in a barrier
facility with a 12/12-h light/dark cycle and ad libitum access
to food and water. A total of 5x10% AC16 cells in 100 ul of
PBS were injected subcutaneously into the right axilla of
SPF-grade male nude mice (age, 4-5 weeks old). On the 14th
day after injection, mice were randomly divided into the
NSCLC, NSCLC + gefitinib and NSCLC + gefitinib + quer-
cetin groups (n=8 mice/group). After 6 weeks, the heart tissues
were collected following mice euthanasia by lethal doses of
anesthetics. Animal death was verified by the lack of response

to toe pinch reflex. Mice in the NSCLC + gefitinib group were
injected with 40 mg/kg/day gefitinib for 14 days (2), while
those in the NSCLC + gefitinib + quercetin group were intra-
peritoneally injected with 50 mg/kg quercetin in combination
with gefitinib (15).

Ultrasonography. Doppler ultrasound was performed using
the Vevo 2100 imaging system (Fujifilm VisualSonics, Inc.).
Mice were first placed in an anesthesia induction chamber
filled with 2.5% isoflurane in 1 I/min pure oxygen until being
unresponsive to toe pinching. Subsequently, mice were placed
in the supine position on a 37°C thermostatic heating pad
supplied with anesthesia airflow (1.5% isoflurane). The limbs
of the mice were coated with conductive gel and affixed to
electrocardiographic electrodes embedded in plates. Cardiac
function was assessed via measuring left ventricular ejection
fraction (LVEF) and left ventricular fold shortening (LVFS),
which were calculated as the average of five consecutive
cardiac cycles.

Masson's trichrome staining. Mice were euthanized by intra-
peritoneal injection of an overdose of sodium pentobarbital
(100 mg/kg). Death was confirmed 30 min after injection by
observing cardiac arrest, respiratory arrest, animal rigidity
and dilated pupils. Notably, none of the mice succumbed to
humane endpoints during the experimental process. Heart
tissue samples were fixed in 4% paraformaldehyde, embedded
in paraffin and cut into 5-um thick sections. To assess
fibrosis, Masson's trichrome staining was performed using a
modified Masson's trichrome staining kit [cat. no. G1346-8
(50 ml); Beijing Solarbio Science & Technology Co., Ltd.].
Briefly, the heart tissue sections were incubated with Brinell's
solution at 56°C for 15 min and then rinsed with tap water.
Subsequently, the sections were incubated with Weigert's iron
hematoxylin solution followed by Biebrich scarlet-acid fuchsin
solution, phospho-molybdate-phospho-tungstic acid solution
and Aniline Blue solution. Finally, the slides were treated
with 1% acetic acid solution, dehydrated and mounted with
mounting solution.

Immunohistochemistry (IHC) staining. The expression levels
of SHP2 (1:50; cat. no. ab300579), XBP-1 (20 ug/ml; cat. no.
ab37152; both from Abcam), phosphorylated (p)-stimulator
of interferon genes (STING; 1:200; cat. no. PA5-105674;
Invitrogen; Thermo Fisher Scientific, Inc.) and Nod-like
receptor protein 3 (NLRP3; 1:500; cat. no. MA5-32255;
Thermo Fisher Scientific, Inc.) were detected in mouse heart
tissues using IHC. More specifically, EDTA microwave
heat repair was performed for 5-8 min followed by cooling
at room temperature. Subsequently, the tissue sections
were incubated in 3% H,0, for 15 min and then with 10%
goat serum (MilliporeSigma) for 30 min at 37°C. Then, the
tissue sections were incubated with a primary antibody in
a wet box at 4°C overnight, followed by incubation with the
corresponding goat anti-mouse HRP-conjugated secondary
antibody (1:500; cat. no. C31430100; Thermo Fisher Scientific
Inc.) for 30 min at room temperature. The color was devel-
oped using the Ultra-Sensitive DAB kit (Beyotime Institute
of Biotechnology). Images of the stained tissue sections were
captured under a light microscope.
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Bioinformatics analysis. For bioinformatics analysis the
‘geoquery’ (version 2.64.2; bioconductor.org/packages/release/
bioc/html/geoquery.html), ‘limma’ (version 3.52.2; biocon-
ductor.org/packages/release/bioc/html/limma.html), ‘ggplot2’
(version 3.3.6; ggplot2.tidyverse.org/) and ‘ComplexHeatmap’
(version 2.13.1; jokergoo.github.io/ComplexHeatmap/)
software in ‘R’ (version 4.2.1; www.R-project.org/) package
were utilized. The GSE18842 dataset was downloaded from
the Gene Expression Omnibus (GEO) database via the
‘GEOquery’ package. The missing values were completed
using the ‘impute’ package (16). The data were normalized
using the ‘normalizeBetweenArrays’ function in ‘limma’
package and box plots were constructed with the ‘ggplot2’
package. For the differential analysis a threshold of [LogFCI>1
and P<0.05 was set and the results were and visualized using the
‘ggplot2’ package. The rows were normalized and clustered to
Euclidean distance. The columns were not clustered. The heat-
maps of the differentially expressed genes were constructed
using the ‘ComplexHeatmap’ package. The target genes of
quercetin were retrieved from the DrugBank database (https://
go.drugbank.com/). A total of 29 target genes were identified
and were then analyzed for shared genes with NSCLC. The
results were visualized using the ‘ggplot2’ (version 3.3.6)
and ‘VennDiagram’ (version 1.7.3; cran.r-project.org/web/
packages/VennDiagram/index.html) packages. In addition,
proteins with a confidence level of =0.9 were selected in
STRING database (https://string-db.org). The proteins in
the input list were analyzed for protein-protein interactions
(PPI) and the hub genes, which were enriched using ‘R’
(version 4.2.1) package, were visualized using the Cytoscape
software (https://cytoscape.org/). Additionally, the ‘clusterPro-
filer’ (version 4.4.4; https:/bioconductor.org/packages/release/
bioc/html/clusterProfiler.html), ‘GOplot’ (version 1.0.2; github.
com/GuangchuangYu/GOplot), ‘ggplot2’ (version 3.3.6) in
‘R’ (version 4.2.1) package and the ‘ID conversion’ and ‘org.
Hs.eg.db’ packages were used. The ‘Species’ option was set to
‘Human (Homo sapiens)’. P<0.05 was considered to indicate
differentially expressed genes. Gene clusters and pathways
with biometric differences between Hub genes were screened
out and the enrichment analysis results were visualized using
the ‘ggplot2’ package.

Cell culture and grouping. AC16 cardiomyocytes were
purchased from the Cell Bank of the Chinese Academy
of Sciences. Cells were co-cultured in Coning chambers.
When needed, cells were treated with gefitinib (0.1 gmol/l,
cat. no. MBI1112; Dalian Meilun Biology Technology Co.,
Ltd.) and incubated at 37°C in an incubator with 5% CO,. For
cell transfection, cardiomyocytes were cultured in serum-free
medium at 37°C and 5% CO,. When reached 80% confluency,
cells were transfected with the indicated short hairpin (sh)
RNAs s or scrambled shRNA (Thermo Fisher Scientific, Inc.) for
48 h. The plasmid (2.0 ug) was transfected with Lipofectamine
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. Cells were incubated at 37°C
(5% CO,) for 12 h and the medium was replaced with growth
medium containing FBS. Incubation was continued for 48 h
after transfection. The shRNA sequence used for SHP2 was
5'-GAAGCACAGUACCGAUUUA-3'". All cell lines were
cultured in DMEM and were treated with 4.3 mM ATP,
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100 nM gefitinib (17), 80 uM quercetin and 200 M H,0, for
48 h.

Shp-2 knockdown efficiency. RNA was harvested from tumour
cells collected from mice using TRIzol reagent (Ambion;
Thermo Fisher Scientific, Inc.) and cDNA was obtained
using HiScript III RT SuperMix (Vazyme Biotech Co., Ltd.)
catalyzed by using mRNA as template. The mRNA primer
sequences were used as shown in Table SI. chamQ SYBR
gPCR Master Mix (Vazyme Biotech Co., Ltd.) was used for
fluorescence quantification. GAPDH was used as an internal
control, and the relative gene expression was normalized using
the 2-24%4 method (18). Transfection efficiency, verified using
PCR, is demonstrated in Fig. S1.

Western blot analysis. Heart tissues or cells were homog-
enized and lysed in RIPA buffer (154 mM NaCl, 0.25%
sodium deoxycholate, 1% NP-40, 0.8 mM EDTA and
65.2 mM Tris base) supplemented with a mixture of protease
inhibitors. Then, 20 ug of total proteins were separated by
10% SDS-PAGE (Invitrogen; Thermo Fisher Scientific, Inc.)
and were then transferred onto a PVDF membrane. The
membrane was blocked with 0.1% TBS-Tween-20 (TBST)
containing 5% skimmed milk for 1 h. The primary antibodies
used were as follows: Anti-NADPH oxidase 4 (NOX4; 1:1,000;
cat. no. ab112414), anti-SHP2 (1:1,000; cat. no. ab300579),
anti-p-AMPK (1:1,000; cat. no. 133448), anti-XBP-1 (1:1,000;
cat. no. ab31752), anti-DJ-1 (1:1,000; cat. no. ab76008),
anti-PTEN-induced putative kinase (PINK; 1:1,000;
cat. no. 216144), anti-beclinl (1:1,000; cat. no. ab302669),
anti-p-STING (1:1,000; cat. no. ab2239074), p-interferon
regulatory factor 3 (IRF3; 1:1,000; cat. no. ab76493), NLRP3
(1:1,000; cat. no. ab263899), anti-gasdermin D (GSDMD;
1:1,000; cat. no. 219800), IL-p (1:1,000; cat. no. ab283818),
peroxisome proliferator-activated receptor-y (PPAR-vy;
1:1,000; cat. no. ab178860), PGC-1 (1:1,000; cat. no. ab310323)
and anti-GAPDH (1:1,000; cat. no. ab8245; all from Abcam).
The membrane was incubated with the corresponding
HRP-conjugated secondary antibodies (Goat Anti-Rabbit IgG
H&L; 1:5,000;5 cat. no. ab205718; Abcam) at room temperature
for 1 h, followed by washing with TBST for three times. The
protein bands were visualized using an ECL kit (Thermo
Fisher Scientific, Inc.). Quantification was performed using the
Quantity One system (Bio-Rad Laboratories, Inc.). GAPDH
served as an internal control.

5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazol-carbo-
cyanine iodide (JC-1) assay. Equal amounts of cardiomyocytes
(5x10° cells/ml) were inoculated onto 8-well culture slides (BD
Falcon™; BD Biosciences) and 24 h later were processed as
previously described (19). Following washing with PBS, cells
were incubated in fresh medium supplemented with JC-1 for
15 min. The cells were then washed with PBS to remove the
staining solution and were supplemented with fresh medium.
Subsequently, cells were immediately observed under a fluo-
rescence microscope.

Statistical analysis. All data are expressed as the mean + SEM
of at least three independent experiments. The differences
between two groups were compared using Student's t-test
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Figure 1. Quercetin improves cardiac function in gefitinib-treated mice with NSCLC. (A) Representative echocardiography images from each group are shown.
(B) Cardiac function was assessed by quantitatively analyzing LVEF and FS (n=8). “P<0.01. NSCLC, non-small cell lung cancer; LVEF, left ventricular ejec-

tion fraction; FS, fractional shortening; ns, not significant (P>0.05).

(paired t-test). Comparisons between multiple groups were
performed by one-way analysis of variance followed by
Tukey/Bonferroni post hoc test. All statistical analyses were
performed using GraphPad Prism 5.0 software (GraphPad
Software, Inc.; Dotmatics). P<0.05 was considered to indicate
a statistically significant difference.

Results

Quercetin improves cardiac function in gefitinib-treated
NSCLC mice. Firstly, the present study aimed to uncover
the role of quercetin in improving cardiac function in gefi-
tinib-treated NSCLC mice. The ultrasonic inspection results
are shown in Fig. 1. Treatment of NSCLC mice with gefitinib
significantly attenuated cardiac function, as evidenced by the
reduced FS and LVEF (~50%). This finding indicated that
cardiac contraction and relaxation were significantly impaired.
However, mice co-treatment with quercetin significantly
improved cardiac function via increasing FS and LVEF by
~30%.

Quercetin ameliorates cardiac fibrosis in gefitinib-treated
mice with NSCLC via the SHP2/XBP-1/p-STING signaling
pathway. To detect changes in collagen content, fibrogenesis
was assessed by Masson's trichrome staining. The results
revealed that NSCLC had no significant effect on cardiomyo-
cyte function. However, treatment with gefitinib exacerbated
ventricular fibrosis compared with the NSCLC group, as
evidenced by the large and intense accumulation of collagen.
Furthermore, co-treatment with quercetin inhibited the

gefitinib-induced ventricular fibrosis (Fig. 2A). In addition,
IHC staining of mouse heart tissues revealed that the protein
expression levels of SHP2 were reduced, while those of XBP-1,
p-STING and NLRP3 were increased in the NSCLC + gefi-
tinib group compared with the NSCLC group. However, mice
treatment with quercetin abrogated the effects of gefitinib on
the expression levels of the aforementioned proteins (Fig. 2B).

Quercetin is associated with ‘SHP2/ROS signaling’,
‘chemical carcinogenesis-receptor’ and ‘antigen processing
and presentation’. The 91 sets of samples obtained in the
GSE18842 dataset were divided into two groups, namely
the control and cancer groups. A total of 2,545 differen-
tially expressed molecules were identified, including 1,119
upregulated and 1,426 downregulated ones. The differentially
expressed genes are visualized in a volcano plot (Fig. 3A).
The top 20 upregulated and downregulated genes were also
visualized in the form of a heat map (Fig. 3B). The 13 common
genes between quercetin and NSCLC were visualized by a
Wayne diagram (Fig. 3C). Additionally, the STRING online
database was used to construct a PPI network of the 11 target
proteins (Fig. 3D). The interaction network between the drug
and the eight hub genes was constructed using ‘Cytoscape’
(version 3.9.1) (Fig. 3E). Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were performed to create a biological process
network of the differentially expressed genes. These analyses
are used to classify the results of functional annotation into
the following three categories: Biological process, cellular
component and molecular function. GO (Fig. 3F) and KEGG
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Figure 2. Quercetin ameliorates cardiac fibrosis in gefitinib-treated mice with NSCLC through the SHP2/XBP-1/p-STING signaling pathway. Mouse heart
(A) Masson's trichrome and (B) immunohistochemistry staining results are presented. “P<0.01. NSCLC, non-small cell lung cancer; SHP2, Src homology-2
domain-containing protein tyrosine phosphatase; XBP-1, X-box binding protein 1; p-STING, phosphorylated stimulator of interferon genes; NLRP3, Nod-like

receptor protein; ns, not significant (P>0.05).

(Fig. 3G) analyses revealed that quercetin was mainly enriched
in the terms ‘SHP2/ROS signaling pathway’, ‘chemical carci-
nogenesis-receptor’ and ‘antigen processing and presentation’.

Quercetin regulates myocardial cell mitochondrial autophagy
via the ROS/SHP2 and p-AMPK/XBP-1S/DJ-1 pathways. To
further explore whether quercetin could regulate mitochon-
drial autophagy the ROS/SHP2 axis, cardiomyocytes were
transfected with shSHP2 or stimulated with H,O,. The western
blot results from the in vitro experiments revealed that the
expression levels of the ROS-related proteins, NOX4, XBP-1
and DJ-1, and those of the mitochondrial autophagy-related
proteins, PINK, parkin and beclinl, were increased, while
those of p-AMPK were reduced in cardiomyocytes in the
NSCLC + gefitinib group. Treatment with quercetin abrogated
the aforementioned effects. However, SHP2 silencing or
cell treatment with H,O, suppressed the protein expression
levels of PINK, parkin, beclinl and p-AMPK, and promoted
the expression levels of NOX4, XBP-1 and DJ-1 proteins
(Fig. 4A and B).

Quercetin regulates myocardial cell mitochondrial function
and the expression of apoptosis-related proteins via
ROS/SHP2. Mitochondrial membrane potential (MMP) was
assessed using JC-1 staining. The results demonstrated that

MMP was significantly reduced in the NSCLC + gefitinib
group, as evidenced by the enhanced blue/red fluorescence
ratio. Additionally, western blot analysis demonstrated
that the expression levels of PPAR-y and PGC-1 were
reduced, while those of the cellular scorch death-related
proteins, p-STING/p-IRF3/NLRP3/GSDMD/IL-1, were
significantly increased in the NSCLC + gefitinib group.
However, MMP was enhanced after quercetin treat-
ment, accompanied by PPAR-y/PGC-1 upregulation and
p-STING/p-IRF3/NLRP3/GSDMD/IL-1f downregulation.
Furthermore, cell transfection with shSHP2 or treatment
with H,O, significantly reduced MMP, downregulated
PPAR-y and PGC-1, and upregulated p-STING, p-IRF3,
NLRP3, GSDMD and IL-1 (Fig. 5).

Discussion

Lung cancer is the most common type of cancer worldwide.
By the time it is diagnosed, it has usually spread. As a result,
surgery is not commonly applicable and, therefore, medica-
tion, usually chemotherapy, is needed. NSCLC is the most
frequent type of lung cancer, which is more commonly treated
with TKIs (20). More specifically, TKIs are considered as the
standard treatment approach for EGFR-mutated NSCLC with
brain metastases. A recent study revealed that EGFR-TKIs


https://www.spandidos-publications.com/10.3892/or.2025.8890

6 ZHANG et al: QUERCETIN INHIBITS GEFITINIB-ACTIVATED CELLULAR CHARRING OF CARDIOMYOCYTES DUE TO NSCLC

A e Up o Notsig e Down B
® oo : :
04 o« ° ., | | 0l
*° | | ° ‘.
(L L]
. [ | I}
. '..' | |
30{° & '
— | | ° Group
b o TNNC1 I control
o FAM107A [ Tumor
= ] . IC
S 204 % Taghioo i2
_|C|> . kK
® o A 0
10 A TIEE KRT15 1_1
| ql? ] | i -2
i ] SPRR3
“IIH 111 GJB2
Ll
L
_________________ ”I
0- | | 1 | KRT6A
T y ) T T L) SERPINB5
-6 -3 0 3 6 1 ECS)K_%
Log, (fold-change) i é}f:% B10
C NSCLC Quercetin E
L‘EFSF
2541 16 PIM1
F G Ontology [l KEGG
Intracellular receptor |
signaling pathway
Regulation of transmembrane | PY SHP2/ROS signaling
transporter activity @ pathway
Cellular response to estradiol | PY =
stimulus
Protein refolding - L P adj Chemical carcinogenesis
0.04 -receptor activation
Protein-DNA complex [ ] 0.03
P 0.02
Blood microparticle [ ] 2 0.01 Antigen processing and
Dendrite terminus He Counts presentation
1
Transcription preinitiation | 6 2
complex O3
Qs Prolactin signaling pathway
Ligand-activated transcription |
factor activity L
Nuclear receptor activity 4 [ ]
= Endocrine resistance
Tau protein binding - [ ]
RNA polymerase Il general
transcription initiation 4 [ ] I T T T
factor binding T T T T 0 1 2 3
02 03 04 05 -Log,, (P.ad))
GeneRatio

Figure 3. Quercetin regulates myocardial cell mitochondrial autophagy via the ROS/SHP2 and phosphorylated-AMP-activated protein kinase/X-box binding
protein 1/DJ-1 pathway. (A) The results of variance analysis are illustrated as Volcano plots. (B) The top 20 upregulated and downregulated genes are shown in
a heat map. (C) Wayne's plot of the 13 shared genes between quercetin and NSCLC. (D) The protein-protein interaction analysis network map of the 11 target
proteins is shown. (E) Interaction network mapping. (F) Gene Ontology analysis. (G) KEGG analysis. ROS, reactive oxygen species; SHP2, Src homology-2
domain-containing protein tyrosine phosphatase; NSCLC, non-small cell lung cancer; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological
process; CC, cellular component; MF, molecular function.

combined with chemotherapy could improve progression-free  signaling pathway via releasing intracellular Ca** and
survival in patients with EGFR-mutated advanced NSCLC (21).  entering the endoplasmic reticulum through the ATP/P2X7

It has been reported that the mechanism of action of gefi-  purinergic receptor pathway (22,23). This process not only
tinib in lung cancer is extremely complex and diverse. Firstly, inhibits the mitochondrial autophagy process, but also
it can activate the inositol-requiring enzyme la/XBP-1  further activates the DJ-1/transcription factor EB signaling
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Figure 4. Quercetin regulates p-AMPK/XBP-1/DJ-1-mediated mitochondrial autophagy in cardiomyocytes via ROS/SHP2. (A and B) The expression
levels of (A) the p-AMPK/XBP-1S/DJ-1 axis-related and (B) mitochondrial autophagy-related, PTEN-induced putative kinase/parkin/beclinl, proteins in
ROS/SHP2-regulated cardiomyocytes treated with quercetin were detected by western blot analysis. “P<0.01. p-AMPK, phosphorylated AMP-activated
protein kinase; XBP-1, X-box binding protein 1; ROS, reactive oxygen species; SHP2, Src homology-2 domain-containing protein tyrosine phosphatase;
NOX4, NADPH oxidase 4; sh-, short hairpin; NSCLC, non-small cell lung cancer; ns, not significant (P>0.05).

pathway (24,25), which is in turn involved in maintaining
the normal metabolic function and homeostasis in cells.
In addition, gefitinib was also experimentally found to
act via activating the ROS signaling pathway. ROS is
possibly involved in this process through the SHP2-induced
inhibition of the MAPK signaling pathway (26), thus
further blocking mitochondrial autophagy (27,28). Other
studies also indicated that mitochondrial autophagy could
maintain cell survival and function via inhibiting the
mtDNA/cGAS signaling pathway-induced activation of the
STING/IRF3/NLRP3/GSDMD/IL-1p signaling pathway,
thus attenuating cell pyroptosis (29,30).

Numerous in vitro and in vivo studies have suggested that
quercetinexerts a variety of functions,such as anti-inflammatory,
antioxidant, antihypertensive, hypoglycemic, neurovascular
protective, anticancer, anti-aging and immune-enhancing
properties (31). Quercetin, as a natural compound, has also
attracted marked attention in the field of anticancer therapy.

Emerging evidence has suggested that quercetin exerts a
particular inhibitory effect on several types of cancer, including
lung cancer. Therefore, a previous study revealed that quercetin
inhibited tumor cell proliferation, invasion and metastasis,
while inducing cell apoptosis (32). In addition, quercetin
could also display anticancer effects via regulating the tumor
microenvironment and affecting tumor angiogenesis (33,34).
Quercetin has also attracted increasing attention in NSCLC.
Therefore, previous experimental studies showed that quercetin
treatment enhanced the efficacy of chemotherapy or targeted
therapy, reduced tumor resistance to chemotherapeutic drugs
and prolong patient survival. In addition, it has been reported
that quercetin can also play an anti-lung cancer role via regu-
lating the activation of lung cancer-related signaling pathways,
cell proliferation, apoptosis and metastasis.

Inthe present study, the effects of quercetin on gefitinib-induced
heart problems in patients with NSCLC and its mechanism of
action were investigated. Therefore, the experimental results
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Figure 5. Protein expression levels of the p-STING/p-IRF3/NLRP3/GSDMD/IL-1f pathway-related proteins in quercetin-treated and ROS/SHP2-regulated
cardiomyocytes. (A) Immunofluorescence staining of JC-1 in cardiomyocytes treated with quercetin. The protein expression levels of the (B) mitochondrial
autophagy-related proteins, PPAR-y and PPAR-y coactivator-1, and (C) those of the p-STING/p-IRF3/NLRP3/GSDMD/IL-1f pathway were detected in
quercetin-treated ROS/SHP2-regulated cardiomyocytes by western blot analysis. "P<0.05 and “P<0.01. p-STING, phosphorylated stimulator of interferon
genes; IRF3, interferon regulatory factor 3; NLRP3, Nod-like receptor protein 3; GSDMD, gasdermin D; ROS, reactive oxygen species; SHP2, Src homology-2
domain-containing protein tyrosine phosphatase; PPAR-y, peroxisome proliferator-activated receptor Y; PGC-1, PPAR-y coactivator; NSCLC, non-small cell
lung cancer; ns, not significant (P>0.05).

identified that gefitinib could promote cardiac fibrosis and  More specifically, quercetin could attenuate gefitinib-induced cell
cellular focal death, while the application of quercetin could pyroptosis via modulating mitochondrial autophagy mediated by
effectively suppress the occurrence of these adverse effects.  the SHP2/ROS/AMPK/XBP-1/DJ-1 signaling pathway.
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Figure 6. Quercetin inhibits gefitinib-activated cell death in NSCLC via regulating SHP2/ROS/AMPK/XBP-1/DJ-1 signaling pathway-mediated mitochon-
drial autophagy. NSCLC, non-small cell lung cancer; SHP2, Src homology-2 domain-containing protein tyrosine phosphatase; ROS, reactive oxygen species;
AMPK, AMP-activated protein kinase; GSDMD, gasdermin D; STING, stimulator of interferon genes; cGAS, cyclic GMP-AMP synthase; IRF3, interferon

regulatory factor 3; mtDNA, mitochondrial DNA; ERS, endoplasmic reticulum stress.

The bioinformatics analysis results verified the asso-
ciation between quercetin and SHP2/ROS signaling, thus
further supporting the effect of quercetin on regulating heart
disorders. The results of the in vitro experiments revealed

that quercetin treatment abrogated the effects of gefitinib
on ROS production and the expression of related proteins,
accompanied by the enhanced expression of mitochondrial
autophagy-related proteins and p-AMPK, thus maintaining


https://www.spandidos-publications.com/10.3892/or.2025.8890

10 ZHANG etr al: QUERCETIN INHIBITS GEFITINIB-ACTIVATED CELLULAR CHARRING OF CARDIOMYOCYTES DUE TO NSCLC

the stability of cardiac function. In addition, the results showed
that quercetin could protect mitochondrial integrity and
attenuate the decrease in MPP, as evidenced by the assessment
of mitochondrial membrane damage via JC-1 staining. This
finding provided additional evidence for the effect of quercetin
on preventing cellular focal death.

Taken together, the results of the present study indicated
that quercetin could be considered as a potential therapeutic
approach to effectively delay cardiac issues in patients with
NSCLC treated with gefitinib. Quercetin could inhibit cell
pyroptosis via modulating mitochondrial autophagy mediated
by the SHP2/ROS/AMPK/XBP-1/DJ-1 signaling pathway,
thus providing a significant reference and novel insights
into the development of more effective and safer therapeutic
strategies for NSCLC. The current study could also provide
substantial guidance and insights for exploring the mecha-
nisms underlying the effect of EGFR-TKIs on promoting the
onset of cardiac issues in clinical practice (Fig. 6).
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