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Purpose: Baicalein, a natural flavonoid derived from the root of Scutellaria baicalensis, has demonstrated antitumor efficacy in
several cancers. However, its effects on human mesothelioma remain largely unclear. This study evaluates the antitumor roles and
mechanisms of baicalein in mesothelioma cell lines.

Materials and Methods: Effects of baicalein on mesothelioma cells phenotypic changes were investigated by measuring cell
proliferation, apoptosis, migration, invasion, and cell-cycle alterations. Bioinformatic methods were applied to predict the mechanisms
by which baicalien mediated its antitumor roles in mesothelioma. Crucial signaling molecules among p53-FOXM1 signaling axis,
including p53, FOXM1 and cyclin B1, were evaluated by immunoblotting in mesothelioma cells.

Results: Treatment with baicalein significantly inhibited mesothelioma cell viability in a dose-dependent manner, with 48 h ICsq
values of 48.9 uM for MESO257 and 53.2 uM for MES0924. Baicalein also markedly reduced cell migration and invasion, while
inducing apoptosis in both cell lines. Mechanistically, baicalein suppressed the pS3-FOXMI1 signaling axis, decreasing FOXM1 and
Cyclin B1 while increasing p53 expression. Furthermore, FOXM1 overexpression attenuated the antiproliferative, anti-migratory, anti-
invasive and proapoptotic effects of baicalein.

Conclusion: Baicalein suppresses mesothelioma cell growth and invasion in vitro through modulation of the p5S3—-FOXM1 signaling
axis. These findings support its potential as a lead compound for further preclinical evaluation in mesothelioma.
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Introduction
Malignant mesothelioma (MESO) is a highly aggressive cancer primarily linked to significant asbestos exposure or SV40
infection.'? It is categorized into three histological types: epithelioid, sarcomatoid, and biphasic (mixed) variants.
Notably, the spindle cell variant, which predominantly arises from the sarcomatoid type, is associated with the worst
prognosis.> Conventional treatments, including chemotherapy and radiotherapy, often prove ineffective, highlighting the
urgent need for innovative therapies that offer lower toxicity and enhanced efficacy for mesothelioma patients.
Traditional Chinese medicine has gained recognition as a promising source of antitumor agents, demonstrating
significant efficacy in cancer treatments over recent decades.* Flavonoids, widely utilized in Chinese herbal medicine,
have been linked to a reduced risk of certain cancers in epidemiological studies. Baicalein, a key bioactive flavonoid
derived from the root of Scutellaria baicalensis Georgi, exemplifies this potential,” Increasing evidence highlights
baicalein’s effectiveness in both treating and preventing various cancers.® Its anticancer properties primarily arise from
its ability to inhibit inflammation and cell proliferation.”* Additionally, baicalein’s effects are mediated through the
modulation of multiple cell-signaling pathways, including the induction of apoptosis, autophagy, and cell cycle arrest, as
well as the inhibition of angiogenesis. It also influences key pathways such as the signal transducer and activator of

.. . —1
transcription 3 (STAT3) and PI3K/Akt, along with other molecular targets.” '
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In mesothelioma, dysregulation of multiple oncogenic signaling pathways drives tumor progression and contributes to
therapeutic resistance. Among these, FOXM1, a transcription factor that governs cell-cycle progression, DNA repair, and
metastasis, is frequently overexpressed in mesothelioma and strongly associated with poor patient prognosis.'*'> The tumor
suppressor p53 has been shown to negatively regulate FOXMI1 expression, indicating that disruption of the p5S3-FOXM1
signaling axis may represent a critical event in mesothelioma pathogenesis.'® Baicalein, a natural flavonoid known to activate
p53-related pathways and suppress oncogenic transcription factors in other cancers, may therefore exert antitumor effects in
mesothelioma through modulation of this axis. However, this potential mechanism has not yet been explored.

The present study aimed to evaluate the effects of baicalein on the proliferation, apoptosis, migration, and invasion of
mesothelioma cells, and to elucidate whether its anticancer activity involves regulation of the p53-FOXMI signaling
pathway. Our findings suggest that baicalein suppresses mesothelioma progression via this axis, supporting its potential
as a promising therapeutic agent for patients with mesothelioma.

Materials and Methods

Antibodies and Reagents

Monoclonal mouse antibodies to p53 (Santa Cruz Biotechnology Cat# sc-126, RRID: AB 628082), cyclin Bl (Santa
Cruz Biotechnology Cat# sc-245, RRID: AB_627338), and B-Actin (Santa Cruz Biotechnology Cat# sc-47778, RRID:
AB 626632) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Monoclonal rabbit antibodies to
FOXMI1 (#14655) were obtained from Cell Signaling Technology (Pudong, Shanghai, China). FOXM1 expression
plasmid was purchased from Genecopoeia company (Guangzhou, Guangdong, China). DMSO (dimethyl sulfoxide)
was obtained from Beijing Solarbio Science and Technology (Beijing, China). Baicalein was purchased from were from
Sigma-Aldrich (St, Louis, MO) and was reconstituted in DMSO. The qRT-PCR primers of FOXM1 and GAPDH were
synthesized by BiOligo Biotechnology (Shanghai, China).

Cancer Cell Lines

All studies involving the MESO257 and MES0924 cell lines were conducted under protocols approved by the Brigham
and Women’s Hospital Institutional Review Board (IRB). These cell lines were established from discarded surgical
specimens obtained during routine clinical procedures from treatment-naive patients with histologically confirmed
epithelial-type malignant mesothelioma.The procurement and experimental use of these specimens were formally
designated as exempt research under US Federal Regulation 45 CFR 46.104(d)(4) (Categories of Exempt Human
Subjects Research). The Brigham and Women’s Hospital IRB explicitly granted waiver of informed consent under
their institutional Discarded Tissues Protocol, which governs the use of anonymized residual biological materials
collected during standard-of-care interventions.Cell line authentication was performed through short tandem repeat
(STR) profiling as previously published, with supplementary verification via persistence of tumor-specific cytogenetic
aberrations.'*'> Both cell lines were kindly provided by Dr. Wen-Bin Ou (College of Life Sciences, Zhejiang Sci-Tech
University) and maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin at 37°C in 5% COs,.

Cell Proliferation and Apoptosis Assays

MES0257 and MES0924 cells were cultured in 96-well plates at a density of 5 x 10° cells per well and incubated for
12 hours in RPMI-1640 basic medium. Different concentrations of baicalein or an equal volume of DMSO (vehicle
control) were then added. After 48 hours of treatment, cell proliferation was evaluated using the Cell Proliferation Assay
Kit (Promega, USA) according to the manufacturer’s instructions. Cell viability data were analyzed using nonlinear
regression (log[inhibitor] vs normalized response) in GraphPad Prism 8.0 to determine ICs, values. Results are expressed
as mean + SEM from three independent experiments (n = 3). The absorbance of each well was measured at 490 nm using
a microplate reader. The relative cell viability was calculated after background subtraction (cell-free blank), and
normalized to the DMSO control, which was set as 100% viability. The formula used was: Relative Cell Viability
(Fold of Control) = (ODgajcalein = ODgiank) / (ODpmso - ODgank)-
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For apoptosis assays, MES0257 and MES0924 cells (5 x 10° cells/well) were seeded in 96-well plates and treated
with various concentrations of baicalein or DMSO for 48 hours. Caspase-3/7 activity was measured using the Caspase-
Glo® 3/7 Assay Kit (Promega, USA) following the manufacturer’s protocol. Luminescence was detected using
a microplate reader, and relative apoptosis was calculated as: Relative Cell Apoptosis (Fold of Control) =
(RLUrreatment = RLUglank) / (RLUpMmso - RLUppank)-

All experiments were performed in at least triplicate.

Cell Cycle Analysis

MES0257 and MES0924 cells cultured in six-well plates (1.2x10° cells/well) were trypsinized and washed once with
Hank’s balanced salt solution at room temperature following baicalein treatment for 48 h. For nuclear staining,
a propidium iodide-containing solution (nuclear isolation and staining solution; NPE Systems, Pembroke Pines, FL,
USA) was added to the cells, and the cell suspension was immediately analyzed using a BD Accuri™ C6 Plus Flow
Cytometer (BD Biosciences, USA). Data analysis was performed with Modfit LT software 3.1 (Verity Software House,
Topsham, ME, USA). Experiments were performed in triplicate.

In vitro Wound Healing Assay

The wound-healing assay was performed as previously described, with some modifications.'® Briefly, MESO257 and
MES0924 cells were plated in 6-well plates at a density of 1.2x10° cells per well for 12 hours. Once the cell density reached
approximately 90-95% confluence, scratches were created in the wells using a 10 pL pipette. To minimize the potential
influence of cell proliferation on wound closure, the cells were then cultured in 1640 containing 1% fetal bovine serum (FBS)
with baicalein or DMSO treatment. After 12 hours of culture, the plates were photographed with a Nikon Elipse Ti2
microscope (Nikon, Tokyo, Japan) when the wound in the control group (DMSO treatment) was nearly healed. The wound
area was quantified using ImagelJ software, and the relative wound closure was calculated using the formula: Relative Wound
Closure (Fold of Control) = [(Son - S121) / Son]Baicatein / [(Son = S121) / Sonlpmso- Experiments were performed in triplicate.

Matrigel Invasion Assays

Cell invasion was assessed using matrigel invasion assays with a transwell chamber system, as previously described with
some modifications.'” Briefly, the transwell inserts were coated with matrigel, and 5000 cells resuspended in 1640 basic
medium containing 1% FBS and baicalein were seeded in the upper chamber. The lower chamber was filled with 15% FBS
in 1640 basic medium to create a chemotactic gradient for cancer cell migration. After 48 hours of treatment, the cells in the
upper chamber were gently removed with a cotton swab. The inserts were then fixed with 4% formaldehyde for 15 minutes
and stained with 1% crystal violet for 10 minutes. Excess dye was washed away with phosphate-buffered saline, and crystal
violet was eluted with 33% glacial acid and the OD was measured at 590 nm with an EnSight™ Multimode plate reader
(Perkin Elmer, MA, USA) to quantify the invasive cells. Experiments were performed in triplicate.

RNA Isolation, qRT-PCR, and Transcriptome Sequencing

For the qRT-PCR assay, RNA extraction from cells was performed using a TTANGEN RNA extraction kit (DP430). cDNA
synthesis was conducted with an M-MLV (Moloney murine leukemia virus) system (Promega, M1705), utilizing a 1 pg
portion of total RNA, and the resulting complementary DNA was subjected to qPCR. For RNA sequencing, library
construction and sequencing were carried out by Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai,
China) following the manufacturer’s instructions (Illumina, San Diego, CA). The primers for qRT-PCR were as follows:
FOXM1 forward, 5’-CGTGGATTGAGGACCACTTT-3’, and FOXM1 reverse, 5’-GGCTTAAACACCTGGTCCAA-3’;
GAPDH forward, 5’-GGCCTCCAAGGAGTAAGACC-3’, and GAPDH reverse, 5~ AGGGGTCTACATGGCAACTG-3".

Experiments were performed in triplicate.

Gene Set Enrichment Analysis (GSEA)

The hallmark gene set (h.all.v7.1.symbols.gmt), consisting of 50 hallmark gene sets, was downloaded from MSigDB
(https://www.gsea-msigdb.org/gsea/index.jsp). GSEA for Hallmark gene sets analysis and KEGG analysis were
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performed by the R package “clusterProfiler”, and the obtained gene sets were visualized in the form of bubble plots by
the R package “ggplot2”.'®! Bioinformatic analyses (including Gene Set Enrichment Analysis, KEGG pathway
analysis, and GPSAdb correlation studies) were performed using publicly available databases. Gene sets with a p
<0.05 were regarded as statistically significant.

Western Blotting Analysis

Whole-cell lysates were prepared using lysis buffer composed of 1% NP-40, 50 mM Tris—HCI (pH=8.0), 100 mM sodium
fluoride, 30 mM sodium pyrophosphate, 2 mM sodium molybdate, 5 mM EDTA, and 2 mM sodium orthovanadate, along
with protease inhibitors (10 pg/mL aprotinin, 10 pg/mL leupeptin, and 1 mM phenylmethylsulfonyl fluoride). Lysates were
cleared by centrifugation at 12,000 rpm for 30 min at 4°C, and the protein concentrations of the lysates were determined
using a Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA). Electrophoresis and Western blotting assays
were performed as previously described.”” The hybridization signals were detected by ECL reagent (Millipore, USA) and
captured using the Amersham ImageQuant™ 800 Western blot imaging systems (Cytiva, USA). Experiments were
performed in duplicate.

Transfection

Transfection of FOXMI1 expression vectors or the empty vectors into MESO257 and MES0924 cells was performed
following Invitrogen’s protocol using Lipofectamine and PLUS reagent. Briefly, DNA was incubated with PLUS reagent in
100 pL of serum-free medium for 15 min at room temperature. Lipofectamine was diluted in 100 pL of serum-free medium
and added to the DNA-PLUS complexes, which were then incubated for an additional 15 min at room temperature.
Subsequently, the DNA-PLUS-Lipofectamine complexes were added to cultures of MESO257 and MES0924 cells at
about 80% confluence in 800 pL of serum-free medium in six-well plates, and the medium was completely replaced with

serum-containing regular media after 6 h. Cells were lysed for Western blotting analysis at 48 after transfection.

Statistical Analysis
Data were analyzed using one-way ANOVA followed by Tukey’s post hoc test in GraphPad Prism 8.0.1. Significant
differences were defined as *P < 0.05, ** P < 0.01 and *** P < (0.001.

Results
Baicalein Regulation of Mesothelioma Proliferation and Apoptosis

Given the antitumor effects of baicalein in various human cancers, but not in mesothelioma, we investigated its roles and
mechanisms in mesothelioma cell lines (MESO257 and MES0924). First, we assessed the effect of baicalein on cell
proliferation using a cell viability assay. Dose-response analysis showed that baicalein inhibited cell viability in
a concentration-dependent manner. The 48 h ICs, values were 48.9 uM for MESO257 and 53.2 uM for MES0924
(Figure 1A). Consistent with this dose-response relationship, treatment with 50 pM and 100 uM baicalein significantly
reduced the viability of both cell lines (Figure 1B).

Next, we analyzed cell cycle changes through flow cytometric DNA analysis to determine whether baicalein mediates
cell cycle arrest to suppress mesothelioma cell proliferation. In MESO257 and MESQ924, baicalein treatment led to
a notable increase in the G2 peak and a slight decrease in the G1/S peak (Figure 1C). Together, these findings suggest that
the inhibition of mesothelioma cell proliferation by baicalein may be attributed to cell cycle arrest in G2 phase.

We then performed a functional caspase 3/7 activation assay to evaluate whether baicalein regulates apoptosis in
mesothelioma cells. The results indicated that baicalein treatment significantly increased caspase 3/7 activity in both
MESQO257 and MES0924 compared to the control group (DMSO treatment) (Figure 1D). These findings confirm that
baicalein exhibits pro-apoptotic effects in mesothelioma cells.
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Figure | Cell viability, cell cycle, and cell apoptosis assessment for mesothelioma cells after baicalein treatment. (A) Dose-response curves of MESO257 and MESO924 cells
after 48 h of baicalein treatment, showing concentration-dependent inhibition of cell viability. Data are normalized to DMSO control and shown as mean (+SEM; n = 3). (B)
Cell viability assay was performed in MESO257 and MESO924 after incubation with baicalein for 48 h. Data are normalized to DMSO control and shown as mean (+SD;
n = 5). Significant differences were defined as **P< 0.001. (C) Cell-cycle analysis was performed after baicalein treatment for 48 h in MESO257 and MESO924. MESO257
and MESO924 cells show substantial G2-block after baicalein treatment when compared to DMSO. (D) Apoptosis was assessed in MESO257 and MESO924, at day 2 after
incubation with baicalein. The activity of Caspase 3/7 was obtained with Caspase-Glo® luminescence assay. The data were normalized to the DMSO treatment and shown as
mean (+ SD; n = 3) and significant differences were defined as *P< 0.05 and **P< 0.001.

Baicalein Regulation of Mesothelioma the Migration and Invasiveness

Metastatic mesothelioma is characterized by invasive growth and extension around the pleurae, heart (pericardium), and
peritoneum. To evaluate the effects of baicalein on mesothelioma cell migration, we conducted wound-healing assays.
The wound-healing assays for MESO257 and MES0924 revealed that baicalein treatment significantly inhibited wound
closure compared to the control cells incubated with DMSO (Figure 2A).

Additionally, we performed transwell matrigel assays to assess the effect of baicalein on the invasion of mesothelioma cells.
The results indicated that baicalein treatment markedly reduced the invasive capability of both MESO257 and MES0924 cells
compared to the DMSO control group (Figure 2B). These findings suggest that baicalein effectively suppresses the metastasis
and invasion of mesothelioma cells, highlighting its potential as a therapeutic option for patients with metastatic mesothelioma.

Baicalein Regulates the p53-FOXMI Signaling Axis in Mesothelioma
Gene set enrichment analysis (GSEA) is a bioinformatics method used to determine whether predefined gene sets exhibit
differential expression across different phenotypes.?' Hallmark gene sets summarize specific biological states or processes
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Figure 2 The regulatory role of baicalein on the migration and invasion of mesothelioma cells. (A) Baicalein inhibited migration of MESO257 and MESO924 after the treatment
with baicalein for 12 h, as demonstrated by in vitro wound healing assays. The data were compared to the DMSO treatment and shown as mean (+SD; n = 3). Significant
differences were defined as *P< 0.05, **P< 0.01, ***P< 0.001. (B) Baicalein inhibited invasion of MESO257 and MESO924 as assessed by matrigel invasion assays after the
treatment with baicalein for 48 h. The data were normalized to the DMSO treatment and shown as mean (£SD; n = 3). Significant differences were defined as ***P< 0.001.

and display coherent expression patterns.>> To explore the signaling pathways involved in the antitumor activity of
baicalein, we analyzed 50 hallmark gene sets. Our results revealed that 22 of these sets were enriched (Figure 3A).
Notably, baicalein treatment activated the p53 signaling and apoptosis regulation pathways, while inhibiting pathways
related to E2F targets, G2ZM checkpoint, mitotic spindle, angiogenesis, and epithelial-mesenchymal transition (Figure 3A).
Next, we also conducted GSEA analyses to identify candidate transcription factors associated with the altered gene sets
mediated by baicalein. The results indicated that FOXM1, a transcription factor known for its role in regulating the
malignant phenotype of mesothelioma cells, was suppressed following baicalein treatment (Figure 3B).%*-*

Additionally, we utilized the GPSA (genetic perturbation similarity analysis) database to identify potential causal
perturbations from differentially expressed genes (DEGs) associated with baicalein treatment in mesothelioma cells.”’
The top 20 significantly enriched genes, such as YAP1, KIF20A, PPIG, RBM47, SREBF1, TCF3, BRG1, and FOXMI1,
were visually represented (Figure 3C). Importantly, we observed a strong correlation (Pearson correlation coefficient =
0.77) between baicalein and FOXM1 (Figure 3D). Together, the results from GPSA and transcription factor analyses
suggest that FOXM1 may be a downstream target of baicalein in mesothelioma.

Given that p53 can negatively regulate FOXMI1 expression, we hypothesize that the p53-FOXMI signaling axis plays
a crucial role in the antitumor efficacy of baicalein.?**’ To investigate this further, we performed Western blotting assays to
evaluate the expression of proteins related to the pS3-FOXMI1 pathway after treating mesothelioma cells (MESO257 and
MES0924) with baicalein. The results showed that baicalein treatment increased p53 expression while decreasing FOXM1 and
Cyclin Bl levels in a dose-dependent manner compared to the control group treated with DMSO (Figure 3E). These findings
suggest that baicalein’s effects on mesothelioma cell phenotype may be mediated through the p53-FOXMI signaling axis.
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Figure 3 Effects of baicalein on the p53-FOXM| signaling axis in mesothelioma cells. (A) The hallmarks gene sets enrichment analysis of baicalein treatment in mesothelioma
cells. The size of the black circle represents the number of enriched genes, and the color of the circle represents the significance of gene enrichment. (B) The transcription
factors enrichment analysis of baicalein. The size of the black circle represents the number of enriched genes, and the color of the circle represents the significance of gene
enrichment. (C) The transcription factors that top20 enrichment leading edge genes related to baicalein based on the GPSAdb database. (D) Correlation coefficient between
FOXMI and baicalein based on the GPSAdb database. (E) Expression of p53, FOXMI, and cyclin Bl in MESO257 and MESO924 were assessed by immunoblotting after
incubation with baicalein for 48 h. B-Actin staining is a loading control.

Baicalein Regulates the Proliferation, Apoptosis, Migration and Invasion of
Mesothelioma Through FOXM|

To assess the role of the p53-FOXM1 axis in the tumor-suppressive effects mediated by baicalein, we conducted gain-of-
function rescue experiments. Mesothelioma cells (MESO257 and MES0924) were transfected with FOXM1 overexpression
plasmids, and the efficiency of overexpression was verified using RT-qPCR (Figure 4A). Treatment with baicalein significantly
decreased cell viability in both cell lines compared to the control (Figure 4B). However, FOXM1 overexpression increased cell
viability in MESO257 and MES0924 cells compared to controls (Figure 4B). Notably, FOXM1 overexpression also diminished
the antiproliferative effects of baicalein in both cell lines (Figure 4B). We then performed caspase 3/7 activation assays to
evaluate the impact of baicalein treatment and FOXM1 overexpression on cell apoptosis. The results showed that baicalein
treatment significantly increased apoptosis compared to control cells (Figure 4C). Conversely, FOXM1 overexpression led to
decreased apoptosis relative to the control (Figure 4C). Additionally, the increase in apoptosis induced by baicalein treatment
was reduced in the presence of FOXM1 overexpression (Figure 4C). Next, assays of wound healing and matrigel invasion were
performed to assess the impact of baicalein treatment and FOXM1 overexpression on cell migration and invasion respectively.
Treatment with baicalein significantly decreased cell migration (Figure 4D) and invasion (Figure 4E) in both cell lines
compared to the control. Meanwhile, FOXM1 overexpression increased cell migration (Figure 4D) and invasion (Figure 4E)
in MESO257 and MES0924 cells compared to controls. However, the suppression in migration (Figure 4D) and invasion
(Figure 4E) induced by baicalein treatment was attenuated in the presence of FOXM1 overexpression. These findings suggest
that the reduced expression of FOXM1, at least in part, contributes to the effects of baicalein on the malignant phenotypic
changes in mesothelioma cells. To provide an integrative overview of these findings, a schematic model was constructed to
illustrate the proposed mechanism of baicalein in mesothelioma (Figure 5). As shown in the diagram, baicalein activates p53

signaling, which transcriptionally represses FOXM1, thereby promoting apoptosis and suppressing cell proliferation, migration,
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Figure 4 FOXM| overexpression attenuated the anti-proliferation and pro-apoptosis of mesothelioma cells induced by baicalein. (A) The FOXM| transcript levels in MESO257
and MESO924 were determined by qRT-PCR after transfection with FOXM | -overexpressing plasmids for 24 h. The data were normalized to the vector treatment and shown as
mean (+SD; n = 3). Significant differences were defined as ***P< 0.001. (B) Cell proliferation was assessed in MESO257 and MESO924 after transfection with FOXMI-
overexpressing plasmids for 24 h and followed by baicalein treatment for 48 h. The data were normalized to the DMSO/vector treatment and shown as mean (£SD; n = 5).
Significant differences were defined as **P< 0.01, ***P< 0.001. (C) Cell apoptosis was assessed in MESO257 and MESO924 after transfection with FOXM|-overexpressing
plasmids for 24 h and followed by baicalein treatment for 48 h. The data were normalized to the DMSO/vector treatment and shown as mean (xSD; n = 3). Significant differences
were defined as **P< 0.001. (D) Cell migration was assessed in MESO257 and MESO924 after transfection with FOXM|I-overexpressing plasmids for 24 h and followed by
baicalein treatment for 12 h, as demonstrated by in vitro wound healing assays. The data were compared to the DMSO/vector treatment and shown as mean (£SD; n = 3).
Significant differences were defined as ***P< 0.001. (E) Cell invasion was assessed in MESO257 and MESQO924 after transfection with FOXMI-overexpressing plasmids for
24 h and followed by baicalein treatment for 48 h, as demonstrated by matrigel invasion assays. The data were compared to the DMSO/vector treatment and shown as mean
(£SD; n = 3). Significant differences were defined as ***P< 0.001.

and invasion. Additionally, bioinformatic analyses suggested that oxidative phosphorylation-related and DNA damage-asso-
ciated pathways may act upstream of p53 activation, providing a potential mechanistic link that warrants further investigation..

Discussion

Despite the development of various therapies, the mortality rate of mesothelioma remains alarmingly high. Current
mainstream treatments often fail to achieve the desired effectiveness and can cause significant side effects. As a result,
there is an urgent need for new drugs that do not exhibit obvious toxic side effects for mesothelioma patients. Traditional
Chinese medicine has been widely recognized as an important complementary and alternative antitumor treatment in
China, valued for its high efficacy, minimal toxicity, and affordability, and has played a vital role in cancer care for
thousands of years.”® Baicalein, a significant herbal medicine in traditional Chinese medicine, has been extensively used
for its potential antitumor properties.”” However, its effects on mesothelioma have not been previously reported. In this
study, we demonstrate for the first time that baicalein reduces proliferation, migration, and invasion while promoting
apoptosis and cell cycle arrest in mesothelioma cells (Figure 1-2). Furthermore, our findings suggest that the antitumor
effects of baicalein might be regulated by the p53-FOXMI1 signaling axis (Figure 3-4).
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Figure 5 Schematic illustration of the proposed mechanism by which baicalein inhibits the progression of mesothelioma cells. Baicalein activates p53 signaling, leading to the
repression of FOXMI. These molecular events collectively promote apoptosis and suppress mesothelioma cell proliferation, migration, and invasion. Black arrows denote
activation, red blunt-ended lines denote inhibition, and dashed boxes represent bioinformatically predicted processes (oxidative phosphorylation and DNA damage).

To further clarify the rationale for cell line selection, MESO257 and MES0924 were chosen based on their well-characterized
histological and molecular features. MESO257 exhibits an epithelioid phenotype, whereas MES0924 represents a biphasic
subtype, together encompassing the most clinically relevant forms of malignant pleural mesothelioma.'*'> Both cell lines have
been extensively used in studies investigating receptor tyrosine kinase signaling and p53 reactivation, supporting their suitability
for mechanistic analysis of the p5S3—-FOXMI1 axis targeted by baicalein. Notably, baicalein effectively suppressed proliferation
and invasion and modulated the p53-FOXM1 pathway in both cell lines despite their distinct histological backgrounds,
suggesting that its mechanism of action may be broadly applicable across mesothelioma subtypes.

We demonstrated that the pS3-FOXM1 signaling axis is a crucial downstream target of baicalein (Figures 3—4). The
protein p53 has garnered significant attention in oncology research due to its well-established role as a tumor suppressor
in humans.*® Dysregulation of p53, often through loss or mutation, increases the risk of cancer development. As a tumor
suppressor, p53 primarily functions to inhibit the progression of cancer by interacting with various signaling pathways
that are essential for key cellular processes, including cell division, maintenance of genomic stability, and apoptosis.>!
Redox reactions are vital for normal cellular function.*> At the molecular level, oxygen metabolism underpins oxidative
phosphorylation, which facilitates the production of reactive oxygen species (ROS).**** These ROS play a role in
pathogen killing by immune defenses mediated by innate immune cells.*> However, excessive ROS can cause DNA
damage, leading to the activation of the p53 pathway through the dissociation of MDM2-p53 complexes. This process
allows p53 to enter the nucleus and enhance the transcription of downstream target genes involved in cell cycle arrest and
apoptosis.*® Previous studies have shown that p53 negatively regulates FOXMI1 expression, and FOXMI is involved in
several cellular processes, including oxidative stress responses.”®>’*® In our current study, KEGG analysis indicated that
baicalein activates oxidative phosphorylation while inhibiting cell cycle progression (Table 1). Additionally, GSEA
analysis based on 50 hallmark gene sets revealed that baicalein treatment suppressed the G2M checkpoint pathway while
activating the apoptosis and p53 pathways in mesothelioma cells (Figure 3A). KEGG and GSEA analyses suggested
enrichment of oxidative phosphorylation-related pathways and p53 activation after baicalein treatment. These transcrip-
tomic signatures may be consistent with cellular stress responses, including potential ROS-associated DNA damage,
which are known upstream regulators of p53 activation. However, these mechanisms were not directly examined in the
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Table | Enriched Gene Sets of KEGG Analysis for Baicalein Treatment in Mesothelioma Cells by GSVA

ID logFC P.Value
RIBOSOME 1.04924547 | 2.18475E-09
AMINO_SUGAR_AND_NUCLEOTIDE_SUGAR_METABOLISM 0.79530319 | 7.8232E-07
NON_HOMOLOGOUS_END_JOINING —0.72535424 | 5.97762E-06
DNA_REPLICATION —0.65955228 | 2.64162E-05
SULFUR_METABOLISM —0.6449481| 4.92636E-05
SNARE_INTERACTIONS_IN_VESICULAR_TRANSPORT 0.60166028 | 8.74358E-05
BETA_ALANINE_METABOLISM —0.61046686 | 8.97932E-05
RENIN_ANGIOTENSIN_SYSTEM —0.63207109 | 9.22297E-05
OTHER_GLYCAN_DEGRADATION 0.61329917 | 0.000111398
CELL_CYCLE —0.57092717 | 0.000167101
PRIMARY_BILE_ACID_BIOSYNTHESIS —0.54494903 | 0.000407576
O_GLYCAN_BIOSYNTHESIS —0.51115408 | 0.0006708I
THYROID_CANCER 0.52279666 | 0.000727234
BUTANOATE_METABOLISM —0.51484795 | 0.001009147
PROTEIN_EXPORT 0.49143167 | 0.001828909
LYSOSOME 0.46483499 | 0.002034627
TRYPTOPHAN_METABOLISM —0.45766774 | 0.002725065
MISMATCH_REPAIR —0.44207261 | 0.0029404
ECM_RECEPTOR_INTERACTION —0.44348778 | 0.003546392
LYSINE_DEGRADATION —0.4262905 | 0.004238994
PARKINSONS_DISEASE 0.47746334 | 0.004276764
OXIDATIVE_PHOSPHORYLATION 0.47941157 0.004350078
VALINE_LEUCINE_AND_ISOLEUCINE_DEGRADATION —0.40990338 | 0.00580751
PROXIMAL_TUBULE_BICARBONATE_RECLAMATION —0.41960947 | 0.005869353
FATTY_ACID_METABOLISM —0.42731267 | 0.006040271
VIBRIO_CHOLERAE_INFECTION 0.40978595 0.006416176
REGULATION_OF_AUTOPHAGY 0.40374152 | 0.00651575
STEROID_BIOSYNTHESIS 0.40306967 | 0.007765028
GALACTOSE_METABOLISM 0.39752533 | 0.00898981 |
HOMOLOGOUS_RECOMBINATION —0.3965101 0.01093238I
RETINOL_METABOLISM —0.3567965 | 0.016240433
N_GLYCAN_BIOSYNTHESIS 0.35002851 0.016981188
ASCORBATE_AND_ALDARATE_METABOLISM —0.36660721 | 0.017703731
ALZHEIMERS_DISEASE 0.36378211 0.019180311
PENTOSE_PHOSPHATE_PATHWAY 0.33564993 | 0.021496495
CARDIAC_MUSCLE_CONTRACTION 0.33049264 | 0.024732907
SMALL_CELL_LUNG_CANCER —0.33282182 | 0.025223971
GLIOMA —0.33182303 | 0.025910773
OLFACTORY_TRANSDUCTION —0.31868817 | 0.028532903
HUNTINGTONS_DISEASE 0.33339921 0.029570615
TERPENOID_BACKBONE_BIOSYNTHESIS 0.33491768 | 0.032072215
NICOTINATE_AND_NICOTINAMIDE_METABOLISM 0.32286092 0.032280482
GLYCINE_SERINE_AND_THREONINE_METABOLISM 0.31852241 0.032585255
GLYCOSAMINOGLYCAN_DEGRADATION 0.35712007 | 0.033171977
SPLICEOSOME —0.32486794 | 0.034495314
PROPANOATE_METABOLISM —0.3203531 0.034667688
GLYCOSPHINGOLIPID_BIOSYNTHESIS_LACTO_AND_NEOLACTO_SERIES | 0.29891608 | 0.040175168
PATHOGENIC_ESCHERICHIA_COLI_INFECTION —0.30421625 | 0.041872345
(Continued)
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Table | (Continued).

ID logFC P.Value
GLYCOSPHINGOLIPID_BIOSYNTHESIS_ GANGLIO_SERIES 0.31362707 0.043508497
BASAL_CELL_CARCINOMA —0.29562171 | 0.043896551

Notes: Table | displays significantly enriched KEGG pathways in mesothelioma cells following baicalein treatment, identified by Gene
Set Variation Analysis (GSVA). Pathways were ranked by nominal P value. logFC represents the log2-fold change in pathway activity,
where positive values indicate upregulation and negative values indicate downregulation by baicalein. A selection of top significantly
altered pathways (P < 0.05) is shown.

present study and therefore remain speculative. Future studies incorporating ROS measurement, YH2AX detection, and
antioxidant rescue will be required to determine whether oxidative stress contributes to baicalein-mediated p53-FOXM1
modulation. Thus, our results suggest that DNA damage induced by oxidative phosphorylation after baicalein treatment,
leading to the activation of the p53-FOXMI signaling axis, may be one of the mechanisms through which baicalein
promotes apoptosis and suppresses cell division, particularly in the G2/M phase.

Epithelial-mesenchymal transition (EMT) is a critical physiological process characterized by the loss of epithelial traits and
the acquisition of mesenchymal features in cells. Previous studies have shown that EMT plays vital roles in various tumor
functions, including cancer progression and metastasis.*® In our study, we found that baicalein treatment reduced the migration
and invasion of mesothelioma cells (Figure 2). Notably, baicalein treatment also inhibited the EMT pathway (Figure 3A),
aligning with previous findings that highlight the importance of EMT signaling in the development and metastasis of malignant
pleural mesothelioma.>* These results suggest that baicalein may exert an anti-metastatic effect by suppressing the EMT
signaling pathway. While direct experimental evidence for baicalein’s inhibition of the EMT pathway was not established in
this work, our findings indicate that baicalein could be a promising therapeutic option for patients with metastatic mesothelioma.

The IL-6/JAK/STAT3 pathway, STATS pathway, and TNF-a signaling via the NF-kB pathway are abnormally activated
in several cancers, promoting proliferation, invasion, and metastasis while inducing apoptosis in cancer cells.**** In our
study, we found that baicalein treatment activated the IL-6/JAK/STAT3 signaling, STATS signaling, and TNF-a signaling
via the NF-xB pathway (Figure 3A). This finding contrasts with previous research indicating that baicalein functions as an
anti-tumor agent by inhibiting TNF-o-induced NF-kB activation,*® IL-6/STAT3 signaling, and JAK2/STATS5 signaling in
cervical cancer, breast cancer, and chronic myeloid leukemia, respectively.'>** A possible explanation for this might be that
mesothelioma cells activated these carcinogenic signaling pathways to cope with the challenges of survival stress induced
by baicalein, and eventually achieved victory by developing the resistance to baicalein. These interesting findings revealed
the “multi-face” roles of baicalein in the regulation of cancer-related molecular mechanisms in a cancer-type-dependent
manner. Notably, our results showed that baicalein treatment led to the suppression of the spliceosome pathway induced by
the DNA replication stress (Table 1), and then triggered an antiviral (viral mimicry) immune response, which might through
the activation of an important immune-related pathway termed tumor necrosis factor-a signaling via NF-xB pathways.***°

The present study yielded several important findings; however, there are notable limitations that should be acknowl-
edged. Firstly, while our results demonstrated that multiple well-known signaling pathways related to mesothelioma
progression were modulated by baicalein, we focused primarily on the p53-FOXM1 signaling axis. Other pathways and
target genes may also play significant roles in the anti-tumor effects of baicalein. Therefore, further research is needed to
confirm the regulatory effects of baicalein on these identified cancer-related pathways. Secondly, as in vitro experiments
often do not accurately reflect in vivo conditions, it is crucial to investigate the roles and mechanisms of baicalein in
mesothelioma cells using in vivo models in future studies.

Conclusion

Baicalein inhibited proliferation, migration, and invasion while promoting apoptosis and cell-cycle arrest in human
mesothelioma cells in vitro. Mechanistically, baicalein activated p53 and downregulated FOXM1 within the p53-FOXM1
signaling axis. Overexpression of FOXM1 partially reversed the antiproliferative and proapoptotic effects of baicalein,
indicating that this pathway plays a pivotal role in mediating its antitumor activity. Collectively, these findings suggest
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that baicalein represents a promising lead compound for the development of novel therapeutic strategies against
mesothelioma, warranting further validation in preclinical and in vivo models.
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