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Combination of ivermectin and metformin promotes
autophagy in MCF-7 cells by inhibiting phosphorylation
of the PI3K/AKT/mTOR pathway
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Abstract. Breast cancer remains one of the leading causes
of cancer-related mortality among women globally, neces-
sitating the exploration of novel therapeutic strategies. The
present study investigated the combined effects of Ivermectin
(IVM) and metformin (MET) on the human mammary tumor
cell line MCF-7, with a focus on their mechanisms of action.
Cell Counting Kit-8 assays were employed to evaluate prolif-
erative activity, while Transwell migration and scratch assays
assessed invasive and migratory capabilities. Transcriptomic
analysis identified differentially expressed genes and key
signalling pathways, while flow cytometry quantified reactive
oxygen species (ROS) levels. Autophagosome formation was
visualized using transmission electron microscopy. Western
blotting and immunofluorescence staining were employed
to detect changes in the expression of key proteins. Results
demonstrated that combined IVM and MET intervention
significantly inhibited MCF-7 cell viability after 24 h, showing
concentration-dependent reductions in proliferation, migration
and invasiveness. Transcriptomic analysis revealed a signifi-
cant enrichment of the PI3K/AKT/mTOR signaling pathway,
accompanied by decreased expression of thrombospondin-1
(THBS1). Western blotting revealed that the combination
therapy reduced phosphorylation levels of phosphorylated
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(p-)PI3K, p-AKT and p-mTOR. Through the use of THBSI
overexpression plasmids, the present study validated its
positive regulatory role in the PI3K/AKT/mTOR pathway,
demonstrating that THBS1 mediates phosphorylation within
this signaling cascade. Flow cytometry analysis demonstrated
that the IVM combined with MET treatment group exhibited
significantly elevated intracellular ROS levels compared with
the single-drug therapy group, triggering oxidative stress
responses. After clearing ROS using N-acetyl-L-cysteine,
the PI3K/AKT/mTOR signaling pathway was reactivated.
Additionally, transmission electron microscopy revealed
extensive autophagosome formation within tumor cells of
the IVM-MET combination group. The results indicate that
IVM-MET inhibits PI3K/AKT/mTOR pathway phosphoryla-
tion through the accumulation of ROS and the downregulation
of THBSI expression, thereby activating autophagy programs
and ultimately leading to tumor cell death.

Introduction

Breast cancer, with ~2.3 million new cases and 670,000
mortalities worldwide in 2022 (1,2), remains the most preva-
lent malignancy among women globally, exhibits remarkable
clinical diversity and molecular heterogeneity (3). This
disease not only demonstrates aggressive growth patterns
but also involves complex pathogenic mechanisms regulated
through multiple signaling pathways, presenting considerable
therapeutic challenges. Despite recent advancements in diag-
nostic and therapeutic technologies, chemotherapy resistance
and tumor recurrence remain key factors affecting patient
outcomes (4). Current chemotherapy regimens predominantly
suffer from limitations such as low therapeutic index and
severe side effects. Consequently, developing novel anti-tumor
drugs with both high efficacy and safety has become a key
research focus (5). In this context, drug repurposing, a strategy
that leverages the established pharmacological properties of
existing medications to explore new therapeutic applications,
has emerged as a potential frontier in oncology research.
Ivermectin (IVM), a classic antiparasitic agent, has
demonstrated pharmacological effects that extend beyond its
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traditional use in deworming (6). A recent study has revealed
its anti-tumor efficacy through multi-target regulatory
mechanisms, including the modulation of multidrug resistance
proteins, interference with the Akt/mTOR-WNT signalling
axis and regulation of purinergic receptor systems (7-9).
Notably, metformin (MET), a commonly used clinical hypo-
glycemic agent, has also exhibited cross-indication anticancer
properties (10), showing notable tumor-suppressive effects in
various malignancies such as breast cancer (11), colorectal
cancer (12), glioma (13) and oral cancer (14).

Current research on combining IVM and MET remains
limited (15). Although both drugs act on the PI3K/AKT/mTOR
signalling pathway, they differ markedly in their molecular
targets: MET primarily inhibits mitochondrial complex I to
reduce the ATP/AMP ratio and regulate mTORCI activity,
while IVM modulates cell cycle progression by affecting
cyclin-dependent kinases and autophagy-related proteins (16).
This complementary mechanism provides a theoretical basis
for synergistic antitumor effects. From a drug development
perspective, the combination of IVM and MET, both clinically
validated drugs, offers advantages: i) Well-defined pharma-
cokinetic parameters; ii) known adverse reaction profiles;
iii) avoidance of toxicity risks in new drug development. This
drug repurposing strategy not only shortens research and
development cycles but also considerably reduces development
risks. It is expected to provide a new intervention for cancer
treatment (17).

In previous years, the dual role of autophagy in tumor
development has garnered increasing academic attention (18).
As a highly conserved mechanism for maintaining cellular
homeostasis, autophagy eliminates damaged organelles and
misfolded proteins through lysosomal-mediated degradation
pathways, carrying out a key role in determining the fate of
tumor cells. Existing evidence suggests that moderate activa-
tion of autophagy can markedly inhibit tumor cell proliferation
and induce programmed cell death (19). Notably, the central
metabolic and survival signaling hub, PI3K/AKT/mTOR,
serves as a key molecular switch for autophagy. Inhibiting
this pathway has been shown to effectively activate the
autophagic cascade, thereby exerting anti-tumor effects (20).
Particularly noteworthy is the discovery that platelet-derived
serum protein 1 (THBSI) acts as a notable upstream regulator
of the PI3BK/AKT/mTOR pathway (21). Meanwhile, reactive
oxygen species (ROS), serving as important intracellular
second messengers, bidirectionally regulate both the activity
of this pathway and autophagy levels through redox-sensitive
mechanisms (22,23).

Building on these complementary molecular mecha-
nisms, the present study proposes an innovative strategy
that combines IVM with MET, synergistically targeting the
PI3K/AKT/mTOR pathway to enhance autophagy induction
and thereby inhibit malignant biological behaviors in breast
cancer MCF-7 cells.

Materials and methods

Reagents and antibodies. The reagents used are as follows:
IVM (purity =98%) purchased from MilliporeSigma; MET
(purity =98%), obtained from Macklin Inc., 3-Methyladenine
(3-MA; purity =98%; MilliporeSigma); N-acetylcysteine

(NAC; Macklin Inc.), matrix adhesive (Hangzhou Lianke
Meixun Biomedical Technology Co., Ltd.) and crystal violet
(Biosharp Life Sciences). p62/SQSTM Rabbit Ab (cat.
no. 118420-1-AP; Proteintech Group Inc.); Phospho-AKT (cat.
no. WLPOOI; Wanleibio Co., Ltd.); THBSI1 (cat. no. A75291;
Nature Biosciences LtD.); 3-actin (cat. no. AC038; ABclonal
Biotech Co., Ltd.); LC3B (cat. no. A19665; ABclonal Biotech
Co., Ltd.); Beclinl (cat. no. A21191; ABclonal Biotech Co.,
Ltd.); Bcl-2 (cat. no. A19693; ABclonal Biotech Co., Ltd.);
PI3 Kinase p85 (cat. no. A4992; ABclonal Biotech Co., Ltd.);
Phospho-PI3KP85a (cat. no. AP0854; ABclonal Biotech Co.,
Ltd.); AKT (cat.no.A20779; ABclonal Biotech Co.,Ltd.); mTOR
(cat. no. A11345; ABclonal Biotech Co., Ltd.); Phospho-mTOR
(cat. no. APO115; ABclonal Biotech Co., Ltd.). For Western
blotting and immunofluorescence, HRP-conjugated Goat
Rabbit IgG (H+L) (cat. no. ASO14; ABclonal Biotech Co.,
Ltd.) and Alexa Flour 594-Goat Anti-Rabbit IgG (AD9279;
cat. no. ABbox) were used as secondary antibodies. All anti-
bodies were stored at -20°C in accordance with the conditions
recommended in the instructions.

Cell culture. The MCF-7 human breast cancer cell line used
in the present study was kindly provided by Professor Dong
Zhiqiang's laboratory at Huazhong Agricultural University,
Wuhan, China. The cells were cultured in high-glucose DMEM
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% fetal bovine serum (BIOVISTECH PTY. LTD)
and 1% penicillin-streptomycin dual antibiotic solution
(MilliporeSigma) and maintained in a constant-temperature
incubator at 37°C, 5% CO, and 95% humidity. When the cell
confluence reached 80-90%, they were passaged using 0.25%
trypsin (EDTA-containing) for 1 min at 37°C, then divided into
culture flasks at a 1:3 ratio. All experiments strictly limited cell
passage to <15 generations, with regular mycoplasma detection
and morphological observation to ensure cell viability.

Cell viability determination. MCF-7 cells in the logarithmic
growth phase were prepared as single-cell suspensions
(1x10* cells/ml) and inoculated into 96-well culture plates
(100 ul per well), with three replicates per group. After 12 h
of cell adhesion (37°C, 5% CO,) to achieve 50% confluency,
the following treatments were administered: Blank control
(with PBS only), IVM monotherapy (5-45 pmol/l), MET
monotherapy (5-50 mmol/l) and combined treatment (IVM +
MET;, aforementioned concentrations). Treatment durations
were set at 12,24 and 48 h at 37°C in a 5% CO, incubator. For
mechanistic studies, cells were pre-treated with 3-MA (5 mM,;
2 h) or NAC (10 mM; 2 h) at 37°C in a 5% CO, incubator
before receiving the final drug at 24 h. After culture termina-
tion, 100 ul working solution was added per well according
to the Cell Counting Kit-8 (CCK-8; Wuhan Huiyucheng
Biotechnology Co., Ltd.) protocol. The mixture was incubated
at 37°C for 30 min, followed by absorbance measurement using
a Bio-Rad Laboratories, Inc. microplate reader at a wavelength
of 450 nm (OD value) to assess cell viability. Three indepen-
dent replicates were performed throughout the experiment to
ensure data reliability.

Cell invasion test. The present study employed the Transwell
invasion assay to evaluate the combined effects of IVM and



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

MET on the invasion of MCF-7 cells. A 100 p1 Matrigel matrix
gel (Xi'an Zhongtuan Biotechnology Co., Ltd.) was uniformly
coated on the upper chamber of Transwell chambers (8 M
pore size; Corning, Inc.). After 4 h of polymerization at 37°C,
100 p1 of cell suspension (in serum-free DMEM) containing
different treatment groups (density 5x10* cells/ml) was inocu-
lated into the upper chamber. By contrast, 800 x1 DMEM
medium with 10% fetal bovine serum served as a chemotactic
inducer in the lower chamber. The cultures were incubated
at 37°C with 5% CO, for 24 h. Following medium removal,
cells were washed with PBS, fixed with 100% methanol for
30 min at 37°C, stained with 0.1% crystal violet for 30 min at
37°C and membrane-penetrating cell counts were quantified
by randomly selecting 5 fields under an inverted Olympus
microscope (Olympus Corporation).

Assessment of cell migration ability (scratch test). The
present study evaluated the combined effects of IVM and
MET on MCF-7 cell migration using a scratch assay. The
protocol involved seeding MCF-7 cells at 2x10° cells per
well in 6-well plates in DMEM supplemented with 10% fetal
bovine serum, incubating them at 37°C with 5% CO, for 80%
fusion. A 200 ul sterile pipette was used to create vertical
scratch lines perpendicular to the plate surface, followed
by gentle washing with PBS to remove detached cells. Four
experimental groups were established: Serum-free DMEM
control, 6 yM IVM monotherapy, 6 mM MET monotherapy
and IVM (6 uM) + MET (6 mM) combined intervention. All
groups were cultured under identical conditions for 24 h, with
the progress of scratch closure monitored every 8 h using
an inverted microscope (100x; Olympus CKX41; Olympus
Corporation). Migration area changes were quantified using
ImagelJ software (version 1.53e; National Institutes of Health)
to evaluate treatment effects.

Measurement of intracellular ROS. The ROS levels in MCF-7
cells were detected using the 2'7'-Dichlorodihydrofluorescein
diacetate (DCFH-DA) fluorescence probe method. The experi-
mental protocol was as follows: MCF-7 cells were seeded
at 2x10° cells per well and cultured in 6-well plates until
70% confluency, then subjected to the following treatments:
i) Different drug groups (PBS, IVM, MET and combination
therapy) for 12 or 24 h at 37°C in a 5% CO, incubator; ii) drug
administration after 2 h pretreatment with 10 mM NAGC;
iii) positive control [Ros up (a compound mixture that induces
ROS production); 50 pg/ml stimulation for 20 min at 37°C;
Beyotime Biotechnology]. Cells were collected and adjusted to
a density of 1x10° cells/ml. Then, they were incubated with a
10 uM DCFH-DA probe (Wuhan Huiyucheng Biotechnology
Co., Ltd.) at 37°C in the dark for 30 min. After washing 3x
with PBS and resuspension, the fluorescence intensity was
measured using a flow cytometer (CytoFLEX; Beckman
Coulter) with excitation/emission wavelengths of 488 nm and
530 nm, respectively. Each group had 3 duplicate wells, and
the experiment was independently repeated 3 times. Data were
expressed as mean fluorescence intensity + SD.

Transmission electron microscopy observation. The present
study employed a transmission electron microscope (accel-
erated voltage 100 kV; Hitachi H7650; Hitachi, Ltd.) to
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investigate the effects of IVM, MET and their combination on
the ultrastructure of MCF-7 cells. Cells were inoculated into
6-well plates (1x10° cells per well). After achieving 60-70%
fusion, they were treated with the respective drugs (PBS,IVM,
MET or IVM + MET) for 24 h at 37°C in a 5% CO, incubator.
After fixation with 2.5% glutaraldehyde for 2 h at 4°C, the
samples underwent an ethanol gradient dehydration process
(50, 70, 90 and 100%) followed by epoxy resin embedding
and polymerization at 60°C for 48 h and ultra-thin sectioning
(80 nm, using a Leica UC6 microtome; Leica Microsystems).
Uranium acetate staining for 30 min at room temperature in
the dark was applied to enhance contrast. A total of 10 random
fields from each group were systematically observed, with a
particular focus on analyzing autophagosome formation and
morphological changes in organelles, such as mitochondria
and the endoplasmic reticulum.

Western blotting. The present study systematically evaluated
the effects of various treatment protocols on protein expres-
sion profiles in MCF-7 cells using western blot analysis. The
experimental protocol was as follows: MCF-7 cells were
cultured in 6-well plates until 80% confluency, after which the
following groups were established: i) PBS control group, [IVM
single drug group (6 uM), MET single drug group (6 mM)
and combined treatment group, all treated for 24 h at 37°C
in a 5% CO, incubator; ii) Autophagy inhibitor pretreatment
group (SmM 3-MA administered 2 h prior to treatment at 37°C
in a 5% CO, incubator). Experimental procedures included
collecting cells, washing them 3 times with pre-chilled PBS,
adding RIPA lysis buffer (containing protease inhibitors; cat.
no. POO13B; Beyotime Biotechnology) for lysing on ice for
30 min. Protein concentrations were measured using the BCA
Protein Quantification Kit (Thermo Fisher Scientific Inc.) and
adjusted to a uniform concentration of 15 ug/well. Protein
samples were separated by 10% SDS-PAGE and transferred to
a PVDF membrane using the gel-membrane sandwich that was
submerged in transfer buffer and electrophoresed at constant
voltage. Subsequent steps included blocking (5% skim milk;
room temperature for 2 h), primary antibody incubation at 4°C
overnight with the following dilutions: p62/SQSTM (1:1,000),
Phospho-AKT (1:500), THBSI1 (1:500), pB-actin (1:2,000),
LC3B (1:1,000), Beclinl (1:1,000), Bcl-2 (1:1,000), PI3K p85
(1:1,000), Phospho-PI3K p85 (1:500), AKT (1:1,000), mTOR
(1:1,000) and Phospho-mTOR (1:500) secondary antibody
incubation (HRP-labelled; 1:5,000 dilution; room temperature
for 2 h). Finally, signals were detected using a Fusion FX7
chemiluminescence imaging system and quantified with
Imagel] software (version 1.53e; National Institutes of Health)
to analyze the expression ratio of the target protein to the
internal control -actin. To ensure experimental reliability, all
experiments included three independent biological replicates.

Construction of overexpressed plasmids. The present study
employed molecular cloning techniques to construct an
overexpression vector for the THBSI1 gene. Specific primers
based on the mouse THBSI coding sequence (accession
no. NP_035710.2) from the GenBank database (https:/www.
ncbi.nlm.nih.gov/genbank/) were first designed to amplify the
target gene. The primer sequences used for amplifying the
mouse THBS1 CDS were as follows: Forward, 5'-CTATAG
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GGAGACCCAAGCTGGCTAGCGCCACCATGGAGCTCC
TGCGGGGACTAGGTGTCCTGTTCCTGTTGCATATG-3
reverse, 5'-GTTTAAACGGGCCCTCTAGACTCGAGT
TAAGCGTAGTCTGGGACGTCGTATGGGTAGGAATCT
CGACACTCGTATTTC-3'". The reverse primer sequence is
presented in its full-length synthesized form, which includes a
5' vector homology arm (for In-Fusion cloning) and a sequence
encoding a C-terminal HA tag (Tyr-Pro-Tyr-Asp-Val-
Pro-Asp-Tyr-Ala) immediately upstream of the THBSI1
gene-specific region. For sequence verification purposes, only
the gene-specific portion should be used for BLAST alignment
against the mouse THBSI reference sequence. Using MCF-7
cell cDNA as a template, PCR amplification was performed
with PrimeSTAR HS high-fidelity DNA polymerase (Takara
Bio, Inc.) to ensure genetic accuracy. The amplified products
were digested with Nhel/Xhol restriction endonucleases
(Thermo Fisher Scientific, Inc.) and ligated to the homologous
pcDNA3.1 (+) eukaryotic expression vector. The recombinant
plasmid was transformed into DH5a competent cells (Beijing
Quanshijin Biotechnology Co.,Ltd.) via the heat shock method,
followed by ampicillin resistance screening to identify positive
clones. After Sanger sequencing (Shenzhen BGI Genomics
Co.,Ltd.) confirmed the correct insertion sequences, the vector
(2 pg per well of a 6-well plate) was introduced into MCF-7
cells using Lipofectamine® 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) via liposome transfection at 37°C in a 5% CO,
incubator for 6 h, after which the medium was replaced with
fresh complete medium. Western blotting was used to verify
the expression levels of THBSI protein. In these experiments,
cells transfected with the empty pcDNA3.1(+) vector served as
the negative control.

Immunofluorescence experiment. The present study utilized
immunofluorescence technology to assess the effects of
various treatments on MCF-7 cells. MCF-7 cells were
cultured at a density of 1x10* cells per well in 24-well plates
until they reached 80% confluency. A total of four treatment
groups were established: Blank control (PBS), 6 uM IVM
(IVM monotherapy), 6 mM MET (MET monotherapy) and
combined treatment group (6 kM IVM + 6 mM MET). After
24-h treatment, cells were washed with PBS, fixed in 4% poly-
formaldehyde (Biosharp Life Sciences) for 30 min at room
temperature, permeabilized with 0.2% Triton X-100 for 15 min
at room temperature and blocked with 5% goat serum for 2 h
at room temperature. Samples were incubated with specific
primary antibodies at the following dilutions: Anti-LC3B
(1:200) and anti-p62 (1:200) overnight at 4°C, followed
by a 2-h incubation at room temperature in the dark with a
FITC-labelled secondary antibody (1:500). DAPI staining
(Biosharp Life Sciences) was performed for 5 min at room
temperature. The cells were observed under a fluorescence
microscope (Olympus IX73; Olympus Corporation).

Statistical analysis. This study employed standardized statis-
tical methods to process and analyze the experimental data.
All quantitative data were derived from three independent
biological replicate experiments, presented as mean + SD.
Data analysis was conducted using GraphPad Prism 10.1
(Dotmatics) professional statistical software, with one-way
ANOVA primarily used for intergroup comparisons,

supplemented by Tukey's post hoc tests for multiple compari-
sons. Statistical significance thresholds were defined as
follows: P<0.05 indicates a statistically significant difference,
P<0.01 denotes highly significant differences, P<0.001 signi-
fies extremely significant differences, while P>0.05 (marked
as ns) indicates no statistically significant difference.

Results

IVM combined with MET inhibits the proliferative activity
of MCF-7 cells in vitro. Results of the present study demon-
strated that both IVM and MET monotherapy reduced MCF-7
cell viability, exhibiting typical concentration-dependent and
time-dependent characteristics (Fig. 1A and B). Through
the calculation of half-inhibitory concentrations (I) and
orthogonal experimental analysis, the optimal combination
concentration was determined to be 6 yM IVM combined with
6 mM MET, which confirmed the enhanced inhibitory effect
of the combination (Fig. 1C). Notably, the combined treatment
group exhibited a significant synergistic effect, demonstrating
markedly improved inhibitory efficacy when compared with
either monotherapy (Fig. 1D). This optimized formulation was
subsequently employed in subsequent experimental studies.

IVM combined with MET inhibits the invasion and migration
of MCF-7 cells in vitro. The combination of IVM and MET
demonstrated significant inhibitory effects on the malignant
phenotype of MCF-7 cells. Transwell invasion assays revealed
that, compared with the control group and single-drug
treatment groups, the combined treatment group exhibited a
markedly reduced cell invasion capacity (Fig. 2A and B). The
scratch-healing assay further indicated that the drug-coated
treatment group exhibited significantly slower cell migra-
tion rates compared with both the control and single-drug
treatment groups (Fig. 2C and D). These data collectively
demonstrate that the synergistic application of IVM and MET
effectively suppresses the invasive migration capabilities of
breast cancer cells.

IVM combined with MET decreases the expression level of
THBSI protein. During the development of breast tumors,
various cytokines and protein molecules carry out key roles.
THBSI, a key extracellular matrix protein, is associated
with tumor cell proliferation, migration and invasion (24).
Western blot analysis revealed that, compared with the control
group and single-drug treatment groups, the IVM combined
with MET treatment significantly reduced THBS1 expres-
sion in MCF-7 cells, with statistically significant difference;
(Fig. 3A and B). These results demonstrate that the IVM
combined with MET effectively suppresses THBSI expression
in breast cancer cells.

IVM combined with MET reduced the phosphorylation level
of the PI3K/AKT/mTOR pathway. The PI3K/AKT/mTOR
signaling pathway plays a key role in the development of
tumors (25). The present study employed western blotting to
evaluate the effects of different drug combinations on phos-
phorylation levels within this pathway. Results demonstrated
that when IVM was combined with MET treatment, intra-
cellular phosphorylation levels of phosphorylated (p)-PI3K,
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Figure 1. Effects of IVM, MET and the combination of the two drugs on the toxicity and proliferation of MCF-7 cells. (A) Cell viability assays after treatment
of MCF-7 cells with IVM. (B) Cell viability assays after treatment of MCF-7 cells with MET. (C) CCK-8 assay evaluating cell viability in MCF-7 cells treated
with PBS, IVM, MET and IVM + MET at 0, 12, 24, 48 and 72 h; (D) Comparison of MCF-7 cell viability after co-treatment with 2, 4 uM and 6 mMdoses
of IVM combined with 2,4 and 6 mmol/l doses of MET using the CCK-8 method. CCK-8, Cell Counting Kit-8; IVM, ivermectin; MET, metformin, MCF-7,
human mammary tumor cell line; Ctrl, control. All data were measured as mean + SEM by three independent experiments. "P<0.05.

p-AKT and p-mTOR were significantly reduced in MCF-7
cells compared with control groups and single-drug treatments
(Fig. 4A and B). These findings suggest that the IVM-MET
combination may target the PI3K/AKT/mTOR pathway and
induce tumor cell death.

Overexpression of THBSI enhances the levels of phosphory-
lated PI3K, AKT and mTOR. Studies have demonstrated that
the expression of THBSI is regulated by the PI3K/AKT/mTOR
signaling pathway (21,26). To investigate whether THBS1
exerts feedback regulation on this pathway, the present study
utilized transcriptome data (NP_035710.2; NCBI database).
The present study identified the CDS region of THBSI1 from
the National Centre for Biotechnology Information (NCBI)
database. Using pcDNA3.1 (+) as the vector, an overexpression
plasmid for THBS1 was constructed (Fig. 5A). Agarose gel
electrophoresis revealed amplified gene fragments from the
THBSI1 CDS region, measuring 3558 bp in length (Fig. 5B).
The THBSI1 overexpression construct used in this study
was originally generated for parallel investigations in mouse
and canine mammary tumor models, leveraging the high
cross-species conservation of THBSI. Its application in human
MCEF-7 cells is supported by the >97% amino acid sequence

identity between mouse and human THBSI, ensuring
functional relevance (27).

Western blotting was used to detect the overexpression
efficiency of THBSI in MCF-7 cells, transfected with the
empty pcDNA3.1(+) vector serving as the negative control.
The results showed that, compared with the Ctrl group and the
negative control [pcDNA3.1(+)] group, the overexpression effi-
ciency of THBSI was significantly increased (Fig. 5C and D).

IVM combined with MET induces autophagy in MCF-7 cells.
Disruption of autophagy is associated with the development
and progression of various diseases. To investigate the effects
of IVM combined with MET on autophagy in breast tumors, the
present study employed cellular immunofluorescence to detect
autophagy-related proteins LC3B and p62 in MCF-7 cells.
The results showed that compared with the control group, the
combined treatment group exhibited elevated LC3B expression
(Fig. 6A) and decreased p62 levels (Fig. 6B), indicating that
IVM combined with MET can induce excessive autophagy in
breast tumor cells. Excessive autophagy leads to over-degra-
dation of multiple cellular components. Transmission electron
microscopy analysis revealed that, compared with the control
group and single-drug treatment groups, the IVM + MET
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Figure 3. Western blotting detection of THBSI protein expression in
MCEF-7 cells. (A) Representative western blotting image shows the expres-
sion of THBSI1 protein in MCF-7 cells was downregulated. The molecular
weights of THBS1 and p-actin are indicated as 180 and 42 kDa, respectively.
(B) Semi-quantification of the western blotting results. IVM, ivermectin
(6 uM); MET, metformin (6 mM); MCF-7, human mammary tumor cell line;
Ctrl, control; +, with treatment. All data were measured as mean + SEM by
three independent experiments. “P<0.01.

group contained numerous double-membrane-structured
autophagosomes and an increased number of autophagic lyso-
somes (Fig. 6C). Western blot analysis revealed that, compared
with the PBS control group, LC3B and Beclinl protein
expressions were upregulated in MCF-7 cells after IVM,
MET and IVM + MET treatments, while p62 and Bcl2 were
downregulated (Fig. 6D and E). These results demonstrate that
IVM, when combined with MET, can promote autophagy in
MCEF-7 cells.3-MA is an early-stage autophagy inhibitor (28).

To investigate how autophagy inhibition affects cytotoxicity
caused by IVM combined with MET, the present used the
CCK-8 assay to evaluate the effects of co-treatment with 3-MA
and/or IVM + MET on cell viability. The results showed that
the co-treated group exhibited a significant rebound in cell
activity compared with the IVM + MET-only group (Fig. 6F).

IVM combined with MET promotes autophagy of breast
tumor cells through ROS. Flow cytometry analysis of ROS in
MCEF-7 cells revealed significantly elevated intracellular ROS
levels following IVM and MET treatments compared with
the control group, with the combined IVM + MET treatment
showing even higher ROS levels (P<0.05; Fig. 7A and B). This
suggests that the IVM + MET regimen may induce oxidative
stress by increasing intracellular ROS, thereby affecting cell
survival and function. NAC, an antioxidant that reduces intra-
cellular ROS (29).

MCEF-7 cells were pre-treated with 10 mM NAC in the
present study (NAC group). Subsequent experimental groups
included Ctrl, IVM + MET and IVM + MET + NAC. After
24 h of stimulation, ROS levels were measured using flow
cytometry. Results demonstrated a partial reduction in ROS
levels in the IVM + MET + NAC group compared with the
IVM + MET group (Fig. 7C and D). To investigate whether
IVM + MET affects PI3K/AKT/mTOR pathway phosphoryla-
tion through ROS, western blotting was employed to detect
p-PI3K, p-AKT and p-mTOR protein expression in MCF-7
cells. The results demonstrated that IVM + MET inhibited
phosphorylation activity in the PI3K/AKT/mTOR signaling
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blotting and, (B) The expression levels of PI3K, AKT, mTOR and their phosphorylated proteins in MCF-7 cells treated with PBS, IVM, and IVM + MET.
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three independent experiments. “P<0.05, “P<0.01.

pathway compared with Ctrl and single-drug treatments,
and this inhibition was associated with elevated intracel-
lular ROS levels. Furthermore, compared with the IVM +
MET group, the IVM + MET + NAC group showed a partial
elevation in protein expression levels of p-PI3K, p-AKT and
p-mTOR (Fig. 7E and F). This suggests that the combination
of IVM and MET may suppress phosphorylation levels in
the PI3K/AKT/mTOR signaling pathway by inducing ROS
accumulation. When intracellular ROS levels increase, key
proteins in the PI3K/AKT/mTOR signaling pathway undergo
oxidative modifications, resulting in reduced activity (30). To
investigate whether the IVM + MET combination could alter
autophagy-related proteins via ROS, western blot analysis was
performed on MCF-7 cells for LC3B, Beclinl, p62 and Bcl-2.
Results revealed that, compared with the IVM + MET group,
the IVM + MET + NAC group exhibited partial decreases in
LC3B and Beclinl protein expression, while showing partial
increases in p62 and Bcl-2 expression (Fig. 7G and H). These
findings suggest that the IVM + MET combination inhibits the
phosphorylation of the PI3K/AKT/mTOR signaling pathway
by inducing excessive ROS accumulation within cells, thereby
triggering tumor cell autophagy and exerting antitumor effects.

Discussion

Biosynthetic inhibition (IVM) combined with meta protection
(MET) demonstrated potent antitumor effects on MCF-7 breast
cancer cells, effectively suppressing their proliferation, migra-
tion and invasiveness. These findings suggest that the combined
therapy may exert its anti-tumor efficacy by modulating key
biological processes in tumor cells. RNA sequencing has
emerged as a powerful and versatile tool for gene expression
analysis (31). Transcriptomic analysis of drug combinations in
mouse models from NCBI revealed 53 differentially expressed
genes across the PBS-treated control (Ctrl), IVM (6 uM) + Ctrl,

MET (6 mM) + Ctrl, and IVM (6 M) + MET (6 mM) groups.
The grouping strategy included comparisons of the combination
treatment against the Ctrl, as well as against each single agent
(IVM or MET alone), as shown in the experimental design.

IVM + PBS-treated control (Ctrl), MET + Ctrl and IVM +
MET groups. GO enrichment analysis identified key functional
pathways, including protein trafficking, cell differentiation, DNA
repair, signaling pathways and ubiquitination. KEGG pathway
analysis revealed considerable enrichment in PI3K/AKT/mTOR,
MAPK signaling and tumor-related pathways. Our transcriptional
studies further demonstrate that IVM and MET synergistically
regulate THBS1. As THBSI is associated with activation of the
PIBK/AKT/mTOR pathway, overexpression of THBS1 enhances
PI3K/AKT phosphorylation, thereby promoting glioma cell
migration and proliferation (32,33). Conversely, THBSI1
knockdown inhibits activation of the PI3K/AKT signaling
pathway (34). In the present study, the combination of IVM and
MET reduced the protein expression level of THBSI and inhib-
ited the activation of the PI3K/AKT/mTOR signaling pathway.
To further validate these findings, the THBS1-pCDNA3.1(+)
vector was transfected into MCF-7 cells to achieve overexpres-
sion of THBSI protein. Experimental results demonstrated that
the overexpression of THBSI partially restored phosphorylation
levels in this signaling pathway. These findings suggest that the
combination of IVM and MET may target THBSI to inhibit
tumor cell proliferation and survival, indicating a novel approach
for developing anti-tumor drugs that target the PI3K/AKT/mTOR
signaling pathway. however, further in vitro and in vivo experi-
ments would first be required.

PI3K/AKT/mTOR is highly associated with autophagy.
Studies have shown that hawthorn acid can inhibit the
protein expression of PI3K-pl110a, p-Akt and p-mTOR,
thereby inducing autophagy in nasopharyngeal carcinoma
cells (35,36). Glycyrrhizin A can suppress the phosphoryla-
tion of the PI3BK/AKT/mTOR signaling pathway, promoting
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(blue). The marked reduction in p62 fluorescence intensity in the IVM + MET-treated group reflects enhanced autophagic degradation, confirming active
autophagic flux. Scale bar, 200 ym. (C) Representative transmission electron microscopy images of MCF-7 cells following 24 h of treatment. Images are shown
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of autophagy activation. (D) Western blot analysis of key autophagy-related proteins (LC3B-I/II, Beclinl, p62 and Bcl-2) in MCF-7 cells treated as indicated
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assay. Pre-treatment with 3-MA significantly rescued the loss of cell viability induced by IVM + MET, confirming the functional contribution of autophagy to
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three independent experiments. "P<0.05, “P<0.01.

autophagy in renal cancer cells (37). Berberine II inhibits
the PI3K/AKT/mTOR pathway, enhancing autophagy in
MCEF-7 cells (38). Therefore, the present study investigated the
PI3BK/AKT/mTOR pathway to elucidate the molecular mecha-
nisms underlying the interaction between IVM and MET, as
well as the role of autophagy. Western blotting results revealed
that IVM combined with MET inhibited the phosphorylation
in the PI3K/AKT/mTOR pathway, consistent with findings
from another tumor study (39). Immunofluorescence analysis
of LC3B and p62 proteins in MCF-7 cells revealed increased
LC3B levels and decreased p62 levels. Transmission electron
microscopy observations of autophagosome formation in Ctrl,
IVM, MET and IVM + MET groups demonstrated that the
IVM + MET group had the highest volume of autophago-
somes. Western blot analysis of LC3B and p62 expression in
all three cell types revealed that IVM, combined with MET,
upregulated LC3B expression while downregulating p62.

Based on these findings, the present study concluded that the
combination of IVM and MET inhibits the phosphorylation of
protein in the PI3K/AKT/mTOR pathway, thereby promoting
excessive autophagy in tumor cells. The present study revealed
that both the activation level of the PI3K/AKT/mTOR pathway
and autophagy levels can be regulated by ROS. The effects of
IVM combined with MET on ROS levels in breast tumor cells
using in vitro experiments were first examined. Results revealed
that, compared with using either IVM or MET alone, the ROS
levels in breast tumor cells were increased under the combined
treatment group. This suggests that the synergistic effect of
IVM and MET may stem from their ability to elevate intracel-
lular ROS levels. ROS, as products of oxidative stress within
cells, exhibit diverse biological functions. Under normal physi-
ological conditions, intracellular ROS levels remain relatively
stable. However, in tumor cells, disrupted redox balance often
leads to elevated ROS concentrations (40). Previous research has
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demonstrated that star fruit root can inhibit cardiomyocyte apop-
tosis by regulating ROS-mediated PI3K/AKT/mTOR autophagy
pathways (41). Findings of the present study indicated that IVM
combined with MET induces excessive ROS accumulation and
further promotes autophagy in breast tumor cells, suggesting that
ROS regulation may constitute another key mechanism by which
IVM and MET suppress tumor biology.

Autophagy, a process that involves the degradation and
recycling of intracellular material, can inhibit tumor develop-
ment during its early stages (42). The accumulation of ROS can
induce cellular oxidative stress, impairing cell proliferation and
survival by triggering autophagy. To investigate their interplay,
pre-treatment with NAC (a ROS scavenger) was employed.
Results demonstrated that NAC alleviates ROS overproduction
caused by the combination of IVM and MET, partially restores
phosphorylation levels in the PI3K/AKT/mTOR signaling
pathway and reduces autophagy in breast cancer cells. However,
the present study has limitations. First, the in vitro model, while
controlled, does not fully recapitulate the complex tumor micro-
environment in vivo. Second, while NAC was used to establish
the functional role of ROS, future investigations could charac-
terize the specific alterations in the antioxidant defense system
(for example, superoxide dismutase, catalase or glutathione
peroxidase activity) in response to IVM + MET treatment to
fully delineate the redox adaptations involved. Another limita-
tion of the present study is the lack of a pharmacological positive
control (for example rapamycin) in the immunofluorescence
assay for autophagy. However, the conclusion of the present study
is supported by the convergence of evidence from transmission
electron microscopy (direct observation of autophagosomes),
western blot analysis of autophagic flux markers and a functional
rescue experiment using the autophagy inhibitor 3-MA. These
findings suggest that the synergistic effect of IVM and MET
may stem from the elevation of ROS, subsequent suppression of
the PI3K/AKT/mTOR pathway phosphorylation and induction
of autophagy. This discovery provides a scientific foundation for
exploring the therapeutic applications of IVM and MET in the
treatment of breast cancer.
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