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Breast cancer is one of the most diagnosed cancers in women. Due to the limitations of its therapeutic methods,
new therapeutic method needs to be developed. More and more evidence has shown the potential of low-
temperature plasma (LTP) in cancer treatment. This research investigated the inhibitory effect of LTP on the in
vitro toxicity of breast cancer cells using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, extracellular reactive oxygen species (ROS), and transcriptomics analysis. The results showed that, under
15 seconds, 30 seconds, and 45 seconds treatment, cell viability gradually decreased, while the extracellular ROS
gradually increased. In addition, transcriptomic analysis results showed that 1,272 differentially expressed genes
(DEGS), 1,573 DEGSs, and 1,272 DEGs were obtained in the 15 s, 30 s, and 45 s treatment groups, respectively. The
identified DEGs were involved in MAPK signaling pathway, Fox O signaling pathway, Wnt signaling pathway, TGF-
beta signaling pathway, chemical carcinogenesis-reactive oxygen species and mTOR Signaling pathway. The
results suggested that LTP inhibited cell viability and induced the differential gene expression in multiple signal
transduction pathways, representing a potential new therapy for breast cancer.
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Introduction TNM staging system (tumor size, lymph node

involvement, distant metastasis) and molecular

Breast cancer accounted for 11.7% of all markers including estrogen receptor (ER),
malignancies globally in 2020, surpassing lung progesterone receptor (PR), and human
cancer to become the most diagnosed cancer epidermal growth factor receptor 2 (HER2) [3].
worldwide [1]. In China, it ranks as the leading Current treatment modalities include breast-
cancer among women, comprising 19.2% of all conserving surgery [4], chemoradiotherapy [5],
cases [2]. Breast cancer is classified using the and targeted therapies such as endocrine
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therapy for ER-positive tumors and HER2-
directed agents for HER2-overexpressing tumors
[6]. However, systematic reviews have shown
that breast-conserving therapy is associated with
a higher risk of local recurrence compared to
mastectomy [7]. Additionally, aggressive
subtypes like triple-negative breast cancer
(lacking ER, PR, and HER2 expression) are
inherently metastatic and refractory to
conventional therapies, underscoring the urgent
need for innovative treatment strategies [8].

Low-temperature plasma (LTP), the fourth state
of matter, exists beyond the solid, liquid, and
gaseous phases. When subjected to an electric
field exceeding the breakdown voltage, gas
molecules ionize to generate a reactive mixture
of electrons, ions, radicals, and excited atoms.
This unique property has enabled the
applications of LTP in diverse biomedical fields,
notably in bactericidal treatment [9], wound
healing [10], oncology [11], coagulation [12].
Emerging evidence underscores LTP’s potential
as a targeted cancer treatment with efficacy
demonstrated in preclinical models of lung [13],
melanoma [14], pancreatic [15], colorectal [16],
esophageal cancers [17]. LTP exerts cytotoxic
effects primarily through the generation of
reactive oxygen and nitrogen species (RONS).
Unlike normal cells, which maintain reactive
oxygen species (ROS) levels below cytotoxic
thresholds, cancer cells exhibit elevated baseline
ROS due to oncogenic signaling and
mitochondrial dysfunction. LTP further increases
ROS/RONS production in cancer cells, surpassing
their antioxidant capacity and triggering
oxidative stress-mediated cell death [4]. This
selective cytotoxicity toward cancer cells
distinguishes LTP as a promising precision
therapy. LTP has demonstrated selective
cytotoxicity against metastatic (MDA-MB-231)
and non-metastatic (MCF7) breast cancer cell
lines by reducing cell viability, migration capacity,
and perturbing vital cellular processes [18].
Phase I/Il clinical trials further validate LTP’s
safety profile, showing no severe adverse
reactions or systemic toxicity. Preclinical studies
utilize the MTAG mouse model (MMTV-
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PyMT/B6), which recapitulates human breast
cancer progression via MMTV-LTR promoter-
driven polyomavirus T antigen expression [19].
This transgenic model is widely employed to
investigate tumor-host immune interactions
during breast cancer development [20]. LTP
triggers multimodal cell death pathways in
cancer cells.

Apoptosis is characterized by mitochondrial
membrane depolarization, upregulated
BAX/BCL2 ratios, and caspase-3 activation. G2/M
cell cycle arrest further indicates impaired
replicative capacity [21]. Oxidative stress plays a
central role, as ROS generated by LTP exceeds the
antioxidant capacity of cancer cells, leading to
DNA damage (positive comet assay) and
mitochondrial dysfunction [17, 22]. Signaling
pathway modulation includes activation of
Sestrin2/iNOS/Fas/p38 MAPK axes [23], while
inhibition of prosurvival pathways
(PI3K/AKT/mTOR, RAS/MEK) [24]. RNA-seq
analysis of A875 melanoma cells revealed that
LTP engaged multiple cell death programs
including classical apoptosis via MAPK/p53
signaling [25], autophagic cell death marked by
LC3B puncta formation, necroptosis
characterized by RIPK1/RIPK3 phosphorylation.
These findings were aligned with studies in
B16F10 melanoma cells, where LTP-induced
apoptosis involved caspase-3 activation through
plasma-treated medium components [26]. Low-
temperature plasma (LTP) represents a
promising modality for breast cancer therapy,
offering unique opportunities to advance low-
dose oncologic mechanisms and facilitate
translational  interdisciplinary  applications.
However, key challenges including incomplete

mechanistic  understanding  and limited
preclinical  validation hinder its clinical
translation.

The AT-3 cell line derived from genetically
engineered MTAG mice (MMTV-PyMT/B6)
recapitulates human breast cancer progression
with high fidelity including in situ tumorigenesis
and spontaneous pulmonary metastasis. This
murine model mirrors human breast cancer at
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Figure 1. Schematic illustration of the low-temperature plasma (LTP) device (A) and photographic diagram of the LTP device in the laboratory setup

(B).

the transcriptomic, proteomic, and tumor
microenvironment levels, ensuring that LTP-
induced transcriptomic signatures in AT-3 cells
closely recapitulate human tumor responses. To
address these gaps, this study systematically
profiled LTP-responsive transcriptomic
signatures in AT-3 cells. By integrating differential
gene expression analysis with functional pathway
enrichment, this research elucidated novel
molecular mechanisms underlying LTP’s anti-
breast cancer effects, identified candidate
biomarkers predictive of LTP treatment
response, and provided preclinical validation for
LTP-based precision oncology strategies. These
findings would lay a critical foundation for
advancing LTP from bench to bedside in breast
cancer management.

Materials and methods

Cell culture

Mouse breast cancer AT-3 cells (Oricell,
Shanghai, China) were maintained in Gibco
Dulbecco’s Modified Eagle Medium (DMEM)
(Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS)
(Lonsera, Shanghai, China), 100 U/mL penicillin,
and 100 pg/mL streptomycin. Cells were
propagated in 60-mm culture dishes under
standard conditions of 37°C, 5% CO,, and 95%
humidity in BB15 CO, incubator (Thermo Fisher
Scientific, Waltham, MA, USA).
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Low temperature plasma treatment

The low temperature plasma equipment
designed for this research was schematically
illustrated in Figure 1. Four plasma reactors were
placed in a hollow quartz glass cylinder with two
orifices in that reaction chamber including one
for injecting experimental gases such as helium
and one for exhausting gas from the reaction
chamber. A ground electrode and a high-voltage
electrode were included in the device, between
which a low-temperature plasma with a high
energy density was produced. The high-voltage
electrodes were also covered with a 1 mm thick
quartz glass as an insulating dielectric barrier.
There were four holding grooves on the base with
a 60 mm culture dish being placed in each
groove. Helium with a purity of 99.999% was
used with a gas flow rate of 1 L/min. Before the
start of the experiment, Helium was introduced
for 90 s to exhaust the air in the reaction
chamber, and then the low-temperature plasma
device was turned on. During the experiment, the
medium was placed in a containment vessel of
the low-temperature plasma device, and the cells
were treated at predetermined intervals.

Cell viability experiments

Cell viability was evaluated using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, which quantified
mitochondrial dehydrogenase activity as a proxy
for viable cell count. The MTT Cell Proliferation
and Cytotoxicity Assay Kit (Sangon Biotech,
Shanghai, China) was used according to the
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manufacturer’s protocol. Briefly, AT-3 cells were
plated in 60-mm culture dishes and were grown
to 70% confluence before being exposed to LTP
for 15 s, 30 s, and 45 s. Treated cells were
cultured under standard conditions for 24 hours.
1 mL of 0.5 mg/mL MTT solution was added to
each dish and incubated at 37°C for 4 h to allow
formazan crystal formation. After the aspiration
of cultural media, 1 mL of DMSO was added to
solubilize crystals. The absorbance at 490 nm was
then measured using a Thermo Fisher Multiskan
FC microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA).

Extracellular ROS detection

Extracellular H,0, levels were determined using
the Beyotime H,0, Detection Kit (Beyotime
Biotechnology, Shanghai, China) following the
manufacturer’s instructions. Briefly, AT-3 cells
were grown to 70% confluence and treated with
LTPfor0s, 155, 30s, and 45 s. The samples were
collected by transferring 50 pL of conditioned
medium to a 96-well plate immediately after
treatment. 100 uL of pre-warmed H,0, detection
reagent at room temperature was added to each
well. After incubating at 25°C, 50 rpm for 30
minutes in the dark, the absorbance at 560 nm
was measured using a Thermo Fisher Multiskan
FC microplate reader. H,O, concentration was
calculated from a standard curve generated with
serial 0 - 100 uM dilutions of H,0,.

RNA extraction

After LTP treatments, cells were collected via
centrifugation and stored at -80°C. Total RNA was
extracted from these cells in triplicate using the
TRIZOL kit (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions. The
guality of the extracted RNA was assessed using
the Agilent 2100 bioanalytical system (Agilent,
Santa Clara, CA, USA).

cDNA preparation and sequence

After treating total RNA with DNase | (Takara,
Kusatsu, Shiga, Japan) to remove genomic DNA
contamination, polyadenylated mRNA was then
enriched using Oligo(dT) magnetic beads
(Beyotime Biotech, Shanghai, China). mRNA
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libraries were constructed using the MGIEasy
RNA Library Prep Kit (BGI, Shenzhen, Guangdong,
China) following manufacturer’s protocol. Briefly,
mRNA was fragmented into 200 - 300 bp
segments using fragmentation buffer. The first-
strand cDNA was synthesized using random
hexamer as the primer and reverse transcriptase.
The second-strand cDNA was then synthesized
using DNA polymerase | and RNase H to obtain
double-stranded cDNA. After end repairing and
A-tailing with 3’-adenine overhangs, the
sequencing adapters with unique dual indexes
were ligated to cDNA fragments. The libraries
were amplified for 15 cycles using Phusion High-
Fidelity DNA polymerase and then purified using
AMPure XP beads (Beckman Coulter, Brea, CA,
USA) and quantified using Qubit dsDNA HS Assay
(Thermo Fisher Scientific, Waltham, MA, USA).
Single-stranded circular DNA (sscDNA) was
generated by rolling circle replication to form
DNA nanoballs (DNBs) for sequencing on the
DNBSEQ platform (MGI Tech, Shenzhen,
Guangdong, China) in BGI (Shenzhen,
Guangdong, China).

Transcriptome data analysis

Raw sequencing reads were first quality-
controlled to ensure suitability for downstream
analysis by removing the reads that were adapter
sequences, with more than 5% unknown bases
("N"), and low-quality with Q < 20 for more than
20% of bases. Clean reads were aligned to the
Mus musculus reference genome (GRCm38.p6)
using Hisat2 v2.2.1. Alignment metrics
(https://daehwankimlab.github.io/hisat2/)  for

mapping rate and genome coverage and
evaluated via SAMtools vl.16.1
(https://www.htslib.org/) to ensure data

integrity. Gene expression levels were quantified
using StringTie v2.2.1
(https://ccb.jhu.edu/software/stringtie/).  The
differential gene expressions were analyzed
through pairwise comparisons between the
control group and each of the three LTP
treatment groups. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment were conducted
using  the BGlI Multi-omics Platform
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(https://www.bgi.com/) with GO analysis
focusing on three domains including biological
process (BP), cellular component (CC), molecular
function (MF) and KEGG pathways identifying
signaling networks perturbed by LTP treatment.
Enrichment results were visualized by using
ggplot2 v3.4.2 (https://ggplot2.tidyverse.org/)
and clusterProfiler v4.6.2
(https://bioconductor.org/packages/release/bio
c/html/clusterProfiler.html).

Statistical analysis

The gene expression profiles were compared
using DESeq2 v1.38.3 (https://bioconductor.org/
packages/release/bioc/html/DESeqg2.html). The
analysis employed a negative binomial
generalized linear model to account for
overdispersion in read counts followed by
Benjamini-Hochberg  correction for false
discovery rate (FDR) to control type | error during
multiple hypothesis testing. Genes with an
adjusted P wvalue (FDR) < 0.05 and
|logy(foldchange)|] = 1 were identified as
differentially expressed genes (DEGs) in each
treatment group relative to the control. Data was
presented as mean + SEM. Statistical significance
was determined via one-way ANOVA followed by
Tukey’s post hoc test.

Results and discussion

Effect of LTP on cell viability

Cell viability was measured by MTT assay
following 0's, 155, 30 s, and 45 s of LTP exposure.
The results showed that LTP induced a dose-
responsive reduction in viability with 45 s
treatment decreasing survival to 50.2 + 3.1% of
untreated controls (Figure 2). These results
validated LTP’s potential as a temporal precision
therapy for breast cancer.

Impact of LTP on the generation of extracellular
ROS

The extracellular H,0, levels displayed a biphasic
kinetic profile (Figure 3). In the first 0 — 15 s or
rapid burst phase, H,0; levels surged 12-fold to
36.0 £ 2.0 uM, while, in the 15 — 45 s or plateau
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phase, H,0, concentration increased marginally
to 45.0 £ 3.0 uM at 45 s. This kinetic pattern
aligned with the cytotoxicity profile in Figure 2,
where survival dropped to 50% at 45 s despite
minimal H,0, elevation beyond 30 s. These
results highlighted ROS as a critical mediator of
LTP-induced cell death.
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Figure 2. LTP elicited time-dependent cytotoxicity in breast cancer
cells. *P< 0.05, **P < 0.01, **P < 0.001 compared with the control.
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Figure 3. The concentrations of H20: in the cell culture media after
LTP treatments. *P < 0.05, **P < 0.01, **P < 0.001 compared with the
control.

Transcriptome comparative analysis of breast
cancer cells

Volcano plots were utilized to visualize
differentially expressed molecules at 15 s, 30 s,
and 45s post-treatment versus the 0s control
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Figure 4. Volcano plots of differentially expressed genes in 15 s treatment (A), 30 s treatment (B), and 45 s treatment (C). Dashed lines marked the
thresholds for statistical significance, log,FC = + 1 (vertical) and -logio(P value) = 1.3 (horizontal).

group. In the group of 15 s after treatment (group
A), a total of 812 molecules were significantly
upregulated, while 460 molecules showed
significant downregulation (Figure 4A). Most
significantly altered molecules clustered in the
moderate log,FC range (0 — 5), indicating a
dominant upregulation trend after 15 s
treatment. In the group of 30 s treatment, the
number of significantly upregulated molecules
rose to 1,136 with only 117 molecules
significantly downregulated (Figure 4B). Notably,
some upregulated molecules exhibited higher
log,FC values (> 5), reflecting a more pronounced
activation of molecular expression at the 30 s
time point. In the group of 45 s treatment, there
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were 878 significantly upregulated molecules
and 127 significantly downregulated ones (Figure
4C). The expanded log,FC value distribution
covered a broader range, indicating diverse
expression responses to the 45 s treatment.

GO enrichment analysis of DEGs

GO enrichment analysis was conducted to
elucidate the functional roles of DEGs under
distinct treatment durations. In the 15 s
treatment group, upregulated genes were
significantly enriched in biological processes (BP)
including the positive regulation of protein
localization, cellular catabolic process, and
protein-containing complex assembly.



Journal of Biotech Research [ISSN: 1944-3285]

2025; 21:214-226

A 15s-BP-Up regulation

positive regulation of protein localization

positive regulation of cellular catabolic process |
histone modification |

regulation of protein-containing complex assembly

neuron death

otein |
catabolic process

regulation of apoptotic signaling pathway |

ediated ubiquiti

oot
-
e
®-
L B

peptidyl-serine modification

regulation of neuron death
intrinsic apoptotic signaling pathway |
peptidyl-serine phosphorylation |
response to endoplasmic reticulum stress |

°
cellular response to extracellular stimulus .
protein acetylation| @
signal transduction by p53 class mediator | *

003 004 005
GeneRatio

15s-CC-Up regulation

apical part of cell|
nuclear envelope |
cell leading edge |
nuclear speck |
cell cortex |

RNA polymerase Il transcription regulator complex |
transferase complex, transferring |
phosphorus-containing groups

nuclear membrane |

protein kinase complex |

histone acetyltransferase complex
protein acetyltransferase complex |
acetyltransferase complex |

e o0 0,

methyltransferase complex |

autophagosome |
phagophore assembly site | *
001

002 003
GeneRatio

15s-MF-Up regulation

protein serine/threonine kinase activity
GTPase regulator activity |
nucleoside-triphosphatase regulator activity |

transcription coregulator activity
GTPase binding |

small GTPase binding |

DNA-binding transcription repressor activity,
RNA polymerase lI-specific

DNA-binding transcription repressor activity |
ubiquitin-like protein ligase binding |
ubiquitin protein ligase binding |
guanyl-nucleotide exchange factor activity |
ligase activity |
calmodulin binding |

growth factor activity | o

ubiquitin-fike protein binding | *

0.02 0.03
GeneRatin

15s-BP-Down regulation

organelle fission |

nuclear division |

chromosome segregation |

histone modification |

mitotic nuclear division |

mitotic cell cycle phase transition |

nuclear chromosome segregation |
non-membrane-bounded organelle assembly
sister chromatid segregation

spindie organization |

mitotic sister chromatid segregation

microtubule cytoskeleton organization involved | °

in mitosis
g of .

chromosome separation| @
of .

002 003 004 005 006 007
GeneRatio

15s-CC-Down regulation

spindie |

microtubule |

chromosomal region

cell leading edge |

chromosome, centromeric region |
condensed chromosome |

mitotic spindle

cell cortex|

nucleoside-triphosphatase reguiator activity

region |

kinetochore |

spindie pole |

midbody |

actin filament|
spindle midzone| ®
mitotic spindie pole | *
001 002 003 004 005 0.06

GeneRatio

15s-MF-Down regulation

transcription coregulator activity
actin binding

tubukn binding

GTPase regulator activity

protein serinefthreonine kinase activity:

microtubule binding

RNA polymerase lI-specific DNA-binding
transcription factor binding

GTPase binding
smal GTPase binding
transcription coactivator activity
protein C-terminus binding
GTPase activator activity
microtubule motor activity o
clathrin adaptor activity| *
001 002 003 004 005
GeneRatio

o
.
o
o
®-
[

Figure 5. Gene Ontology (GO) enrichment analysis of AT-3 cells under 15 s treatment in biological process (BP) (A), cellular component (CC) (B),

molecular function (MF) (C).

Downregulated genes were predominantly
involved in organelle fission, nuclear division, and
chromosome segregation (Figure 5A).
Upregulated DEGs were associated with cellular
components (CC) such as the apical part of the
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cell, nuclear envelope, and cell leading edge. In
contrast, downregulated genes were linked to
structures like the spindle, microtubule, and
chromosomal region (Figure 5B). Both
upregulated and  downregulated  genes
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Figure 6. Gene Ontology (GO) enrichment analysis of AT-3 cells under 30 s treatment in biological process (BP) (A), cellular component (CC) (B),

molecular function (MF) (C).

prominently participated in molecular functions
including protein serine/threonine kinase
activity, GTPase regulator activity, and
transcription coregulator function (Figure 5C). In
the 30 s treatment group, upregulated genes
were involved in regulating the apoptotic
signaling pathway, muscle tissue development,
and neuron death, while downregulated genes
were associated with histone modification,
organelle fission, and small GTPase-mediated
signal transduction in BP (Figure 6A).
Upregulated genes were related to nuclear
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speck, cell leading edge, and RNA polymerase |l
transcription regulator  complex, while
downregulated genes were connected to the cell
leading edge, microtubule, and chromosomal
region in CC (Figure 6B). The upregulated genes
primarily participated in ubiquitin-like protein
ligase binding, DNA-binding transcription
repressor activity, and mRNA binding, while
downregulated genes were mainly involved in
GTPase regulator  activity, transcription
coregulator activity, and tubulin binding in MF
(Figure 6C). In the 45 s treatment group, the
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Figure 7. Gene Ontology (GO) enrichment analysis of AT-3 cells under 45s treatment in biological process (BP) (A), cellular component (CC) (B),

molecular function (MF) (C).

upregulated genes were primarily associated
with the regulation of cell growth, apoptotic
signaling  pathway, and myeloid cell
differentiation. Downregulated genes were
involved in histone modification, small GTPase-
mediated signal transduction, and positive
regulation of cell projection organization in BP
(Figure 7A). The upregulated genes were linked
to ribosome, protein-DNA complex, and
ribosomal subunit in CC, while downregulated

genes were associated with microtubule, cell
leading edge, and chromosomal region (Figure
7B). The upregulated genes mainly participated
in ubiquitin-like protein transfer activity, while
downregulated genes were involved in
transcription coregulator activity, GTPase
regulator activity, and nucleoside-triphosphatase
regulator activity in MF (Figure 7C). The GO
enrichment  analysis across the three
experimental groups highlighted a critical trend
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that genes related to the GTPase family were
consistently downregulated. Existing research
has shown that the GTPase family is significantly
overexpressed in breast cancer tissues compared
to healthy counterparts [27], and it plays pivotal
rolesin regulating cell migration and the cell cycle
[28]. In this study, the downregulation of GTPase-
related genes induced by LTP treatment
suggested a potential anti-cancer mechanism. By
reducing GTPase family expression, LTP might
disrupt signaling pathways essential for breast
cancer cell migration, thereby inhibiting
metastatic potential. Additionally, the
involvement of the GTPase family in cell cycle
regulation implied that LTP might also interfere
with cancer cell proliferation by altering cell cycle
progression. These findings not only uncovered
novel molecular targets of LTP in breast cancer
treatment but also provided a theoretical basis
for exploring LTP as a promising adjunct therapy.
Further studies are warranted to validate the
direct regulatory relationship between LTP and
GTPase family members, as well as their
downstream effects on cancer cell behavior.

KEGG pathway enrichment analysis of DEGs

KEGG pathway enrichment analysis was
conducted to identify pivotal signaling pathways
associated with DEGs with a P value less than
0.05 defined as the threshold for significant
enrichment. In the 15 s treatment group,
upregulated genes were prominently enriched in
the MAPK signaling pathway, transcriptional
misregulation in cancer, and FoxO signaling
pathway (Figure 8A). Downregulated genes
clustered in the cell cycle, Wnt signaling pathway,
and Hippo signaling pathway (Figure 8B). In the
30 s treatment group, upregulated genes showed
strong enrichment in transcriptional
misregulation in cancer, the MAPK signaling
pathway, and the FoxO signaling pathway (Figure
8C). Downregulated genes concentrated in the
Rap 1 signaling pathway, TGF-B signaling
pathway, and herpes simplex virus 1 infection
pathway (Figure 8D). In the 45 s treatment group,
upregulated genes were primarily enriched in
pathways including ribosome, transcriptional
misregulation in cancer, and chemical
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carcinogenesis—reactive oxygen species (Figure
8E). Downregulated genes were significantly
associated with herpes simplex virus 1 infection
and the mTOR signaling pathway (Figure 8F). The
consistent enrichment of the MAPK signaling
pathway in 15 s and 30 s groups’ upregulated
genes was critical, which governed cancer-
related processes like proliferation, apoptosis,
and inflammation with subfamilies such as p38,
ERK, and JNK [29, 30]. The results aligned with
Akter et al. who demonstrated that LTP inhibited
U87 MG cell proliferation and upregulated
MAPK-related apoptotic proteins [31]. The FoxO
signaling pathway enriched in upregulated genes
mediated apoptosis, cell cycle arrest, and
antioxidant stress [32]. Its upregulation
suppressed cell proliferation and invasion [33],
and GWAS analyses suggested FoxO pathway
components such as FBX0O32 might be against
breast cancer [34], indicating LTP’s potential anti-
cancer effects via FoxO activation. For
downregulated genes, the Wnt signaling
pathway enrichment in 15 s group was notable.
The Wnt pathway drives breast cancer
proliferation and metastasis [35], and its
inhibition by LTP in this study suggested to
reduce cancer cell migration. In the 30 s group,
TGF-B pathway enrichment was significant. As a
key cytokine in breast cancer [36], TGF-B
inhibition by LTP might hinder cancer
progression, which mirrored the resveratrol’s
effects on MDA231 cells [37]. In the 45 s group,
the chemical carcinogenesis—ROS pathway
enrichment in upregulated genes aligned with
ROS’s role in DNA damage and oxidative cell
death [38]. Previous studies linked LTP’s anti-
myeloma effects to ROS induction [39], which
consistent with ROS increase and cell viability
decrease observed in this study. The mTOR
pathway enrichment in 45 s group
downregulated genes also matters, as mTOR
alteration reduced cancer cell viability [40],
reinforcing LTP’s anti-cancer mechanism. Overall,
LTP regulated multiple pathways including
MAPK, FoxO, Wnt, TGF-B, ROS, and mTOR to
inhibit breast cancer proliferation and migration.
These findings laid a foundation for developing
LTP as a novel breast cancer therapeutic strategy.
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Figure 8. KEGG pathway enrichment analysis for upregulated genes in the 15 s treatment group (A), downregulated genes in the 15s treatment
group (B), upregulated genes in the 30 s treatment group (C), downregulated genes in the 30 s treatment group (D), upregulated genes in the 45 s
treatment group (E), downregulated genes in the 45 s treatment group (F).

Conclusion omics analyses to wunravel LTP anti-cancer

mechanisms. The results demonstrated a time-

This study systematically investigated the effects dependent reduction in cell viability driven by a
of low-temperature plasma (LTP) on breast biphasic increase in extracellular ROS, which
cancer cells, integrating cellular, molecular, and established ROS as a critical mediator of LTP-
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induced cytotoxicity. Transcriptomic profiling
demonstrated dynamic gene expression changes
in different LTP treatments and differentially
expressed genes (DEGs), respectively, with
pronounced enrichment in pathways linked to
cancer progression. GO enrichment analysis
highlighted a consistent downregulation of
GTPase-related genes across all treatment
groups, which overexpressed in breast cancer
and implicated in cell migration and cell cycle
regulation. This result suggested that LTP might
inhibit metastatic potential and proliferation by
dampening GTPase-dependent signaling. KEGG
pathway analysis further identified multiple
targets including upregulated MAPK and FoxO
pathways that promoted apoptosis and cell cycle
arrest, while downregulated Wnt, TGF-B, and
mTOR pathways that disrupted oncogenic
processes like migration and  survival.
Collectively, these results demonstrated that LTP
exerted anti-cancer effects through a multi-
mechanistic approach, integrating ROS-mediated
cytotoxicity with transcriptional reprogramming
of key signaling networks. The study provided a
robust foundation for developing LTP as a
temporal precision therapy for breast cancer
with future research warranted to validate direct
interactions between LTP and GTPase family
members, as well as downstream functional
impacts on cancer cell behavior.
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