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Polyphyllin II regulates ROS levels and promotes
ferroptosis in bladder cancer cells
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Abstract. Bladder cancer is a challenging disease with high
recurrence rates and limited treatment options. Studies have
highlighted the role of ferroptosis, an iron-dependent cell
death mechanism, in cancer progression and treatment. In the
present study, the regulatory mechanisms of polyphyllin II
(PPII) on ferroptosis in bladder cancer cells were investigated.
Cell viability and colony formation assays demonstrated
that PPII effectively inhibited the proliferation of bladder
cancer cells. RNA sequencing analysis revealed differentially
expressed genes upon PPII treatment, with Cluster 6 exhib-
iting dose-dependent expression changes. Gene Ontology
and pathway enrichment analyses revealed enrichment
of ferroptosis-related pathways. PPII treatment markedly
increased reactive oxygen species (ROS) levels and promoted
Fe?* accumulation in bladder cancer cells. Additionally, PPII
downregulated the expression of glutathione peroxidase 4
(GPX4), a key regulator of ferroptosis. These findings indicate
that PPII promotes ferroptosis in bladder cancer cells through
the modulation of ROS levels and GPX4 activity. Further
investigations into the molecular mechanisms and potential
combination therapies are warranted.
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Introduction

Bladder cancer is among the most common malignancies of
the urinary system worldwide, with an estimated 614,000 new
cases and nearly 220,000 related deaths globally in 2022 (1).
Bladder cancer is divided into non-muscle-invasive (NMIBC)
and muscle-invasive (MIBC) subtypes. Although NMIBC has
an improved prognosis, it necessitates costly long-term moni-
toring,and ~20% of cases progress to MIBC. The high incidence
and recurrence rates of bladder cancer make it one of the most
challenging diseases in the field of urology. While early detec-
tion and treatment can markedly improve patient outcomes, the
prognosis for those with invasive or metastatic disease remains
poor. Although traditional therapeutic approaches, such as
surgery, radiation therapy, and chemotherapy, are effective to
some extent in delaying disease progression, they are often
limited by significant side effects, suboptimal efficacy, and the
development of drug resistance (2,3). As a result, the develop-
ment of novel therapeutic agents to improve clinical outcomes
for bladder cancer patients, reduce disease recurrence, and
mitigate treatment-related toxicity is urgently needed.

Ferroptosis is an iron-dependent cell death mechanism
driven by lipid peroxidation and shows promise for treating
cancers resistant to conventional therapies. Nevertheless, the
therapeutic potential of ferroptosis induction in bladder cancer
remains unclear (4). The identification of ferroptosis-inducing
factors and the exploration of their underlying mechanisms
have emerged as promising research directions. For instance,
cirSIRTS has been shown to promote ferroptosis in bladder
cancer (5) and abietic acid was also reported to induce ferrop-
totic cell death in this malignancy (6).

Reactive oxygen species (ROS) play a central role in inducing
ferroptosis by promoting lipid peroxidation, leading to cellular
damage and death (7). In this context, the glutathione peroxidase
4 (GPX4) enzyme is a key regulator, as it protects cells from
ROS-induced lipid peroxidation (8). The dysregulation of GPX4
has been associated with increased susceptibility to ferroptosis,
making it a critical target in cancer therapy (9). Targeting the
ferroptosis pathway, particularly through the modulation of ROS
levels and GPX4 activity, represents a promising therapeutic
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strategy for the treatment of bladder cancer, as it offers a novel
approach for overcoming the limitations of conventional thera-
pies and addressing drug resistance (10).

Traditional Chinese medicine (TCM) and its bioactive
components have garnered significant attention because of
their role in modulating ferroptosis, offering new strate-
gies for cancer treatment (11). Among these compounds,
Paris polyphylla and its polyphyllin constituents have been
reported to exert antitumor effects by promoting ferroptosis
through various mechanisms. For example, research has shown
that polyphyllin I (PPI) can induce ferroptosis by downregu-
lating GPX4 expression and accumulating ROS, which triggers
inhibitory effects on the proliferation, invasion and metastasis
of hepatocellular carcinoma cells (12). Additionally, poly-
phyllin III has been shown to deplete GPX4 levels, accumulate
ROS and induce ferroptosis in breast cancer cells (13). Despite
these findings, the specific role of polyphyllin II (PPII) in
regulating ferroptosis in bladder cancer remains unexplored.
The sequencing results of the present study suggested that PPII
may regulate the ROS levels and ferroptosis in bladder cancer.
In addition, GPX4 is a key regulatory factor for ferroptosis.
Therefore, it was hypothesized that PPII is likely to promote
ROS accumulation, cause Fe?* overload by downregulating
GPX4 levels, and ultimately induce ferroptosis.

Materials and methods

Cell culture. MIBC (T24 and 5637) provided by Professor
Shengtian Zhao (First Clinical Medical College, Qilu Hospital
of Shandong University, Jinan, Shandong) were used in the
present study. The T24 and 5637 cell lines are both well-estab-
lished models of MIBC and share a common TP53 mutation
background. Using two distinct cell lines helps demonstrate
that the observed pro-ferroptotic effect of PPII is not an isolated
phenomenon limited to a single genetic context but can be
reproduced across different models of MIBC. The cells were
cultured in RPMI-1640 medium (cat. no. CM10041, Macgene
Technology Ltd.) supplemented with 10% fetal bovine serum
(cat. no. 10270-106; Gibco; Thermo Fisher Scientific, Inc.).
The two cell lines were maintained at 37°C in a humidified
incubator with 5% CO,.

Cell viability assay. Cell viability was assessed using a CCK-8
assay kit (E-CK-A362, Elabscience Bionovation Inc.). T24
(3x10°%) and 5637 (6x10%) cells were seeded into 96-well plates
and incubated at 37°C with 5% CO, overnight, after which the
cells were treated with cisplatin or PPII. Following treatment,
10% CCK-8 solution was added to each well and gently mixed,
and the plates were then incubated for an additional 2 h. The
absorbance was measured at 450 nm using a spectrophotom-
eter (Type 1510; Thermo Fisher Scientific, Inc.).

Colony formation assay. To assess the proliferative capacity
of the cells, a colony formation assay was performed. Cells
(800 cells/well) treated with gradient concentrations of PPII
(0-0.8 uM) were seeded into six-well plates and cultured in
medium supplemented with 10% fetal bovine serum, after which
they were allowed to grow at 37°C with 5% CO, for 10 days until
visible colonies formed. The cells were then gently washed with
PBS and fixed with 4% paraformaldehyde for 15 min at room

temperature (RT). After fixation, the colonies were stained with
0.1% crystal violet for 30 min at RT, followed by rinsing with
water to remove excess dye. The number of stained colonies was
counted to evaluate the clonogenic potential of the cells.

RNA-sequencing and data pre-processing. T24 cells were
treated with gradient concentrations of PPII [0 (NC group),
0.2 (L group) and 0.4 (H group) #uM] for 48 h and total
RNA were extracted with a MJzol animal RNA Extraction
Kit (cat. no. Majorbio) following by the manufacturer's
protocol. RNA quality and integrity were analyzed using a
NanoPhotometer spectrophotometer (Implen GmbH) and an
Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.). To
construct RNA-seq libraries, ribosomal RNA (tRNA) was
removed from total RNA, and the remaining mRNA was
then randomly fragmented. The RNA-seq libraries were
constructed using an Illumina Truseq RNA Sample Prep Kit
(Illumina, Inc.) and sequenced on a NovaSeq 6000 system
(I1lumina, Inc.). Prior to bioinformatics analysis, FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
was used to assess the quality of the raw data and the raw
data were preprocessed to obtain high-quality clean read
data. Cleaned reads were then mapped to the human refer-
ence genome GRCh38/hg38 using the spliced-read aligner
HISAT?2 (14) and StringTie (15) to obtain raw read counts and
transcripts per million (TPM).

Gene expression and dynamic expression model analyses.
Raw read count data were used for gene expression analyses.
Genes with low counts might represent a sequencing bias
and contribute less to further analysis; thus, genes with zero
expression values were excluded. After data filtering, differen-
tial expression analysis was performed with the Bioconductor
package DESeq2 (16). Any gene with a P-value <0.05 and a
fold change >1.25 was regarded as a significantly differentially
expressed gene (DEG).

TPM of DEGs were used for c-means clustering with the
R package Mfuzz to characterize dynamic changes in expres-
sion patterns (17). Fuzzy c-means (FCM) clustering is a soft
clustering method performed with the Mfuzz algorithm with
two key parameters (c=number of clusters and m=fuzzification
parameter). The algorithm iteratively assigns the profile to the
cluster with the shortest Euclidean distance while minimizing
any objective function. In the present study, the data were
clustered with the parameters c=10 and m=2.

Pathway enrichment and Gene Ontology (GO) analysis. GO
functional enrichment and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses were performed using
the R package clusterProfiler (18). GO terms were divided into
three separate subgroups: Molecular functions (MFs), cellular
components (CCs) and biological processes (BPs). Enriched
GO terms and KEGG pathways were identified according to
the cutoff criterion of P-values <0.05.

Immunoblotting. Western blotting was carried out following
described protocols (19). Briefly, total cellular proteins were
extracted using RIPA lysis buffer (cat. no. PO013C; Beyotime
Biotechnology), and their concentrations were quantified with
a BCA assay kit (cat. no. PO010S; Beyotime Biotechnology).
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Figure 1. PPII inhibits the viability and colony formation of BC cells. A CCK-8 assay kit was used to assess the effects of cisplatin and PPII on the viability
of (A and B) T24 and (C and D) 5637 cells, respectively. (E) Representative images showing the inhibitory effect of PPII on BC cell colony formation and
(F and G) display the statistical analysis of colony numbers. NS, no significant difference, “P<0.01 and ““P<0.001. PPII, polyphyllin II; BC, bladder cancer.

An equal amount of protein (20 ug per lane) was separated
by 10% SDS-PAGE gel and subsequently electrophoretically
transferred onto a PVDF membrane (cat. no. IPVH00010;
MilliporeSigma). The membrane was blocked with 5%
skimmed milk powder in TBST buffer (0.1% Tween-20) at RT
for 1 h and then probed with the primary antibody at 4°C over-
night. After washing, it was incubated with an HRP-conjugated
goat anti-mouse secondary antibody (1:3,000 for GPX4 and
1:10,000 for ACTB; cat. no. A0216; Beyotime Biotechnology)
at RT for 1 h. Finally, the target protein bands were visualized
using an enhanced chemiluminescence (ECL) substrate. The
primary antibodies used in the present study included GPX4
(mouse-sourced antibody, 1:1,000; cat. no. 67763-1-Ig) (20)
purchased from Proteintech Group, Inc. and ACTB
(mouse-sourced antibody, 1:10,000; cat. no. A5441) (21),
which was obtained from Sigma-Aldrich (Merck KGaA). The
intensity of the protein bands was quantified using ImageJ
(version 1.53q; National Institutes of Health).

ROS detection analysis. Intracellular ROS levels were
determined using a Reactive Oxygen Species Assay Kit
(cat. no. S0033S; Beyotime Biotechnology), with DCFH-DA as
the primary reagent. In brief, T24 and 5637 cells were plated in
6-well plates and treated with gradient concentrations of PPII
(0, 0.4 and 0.8 uM for T24 cells and 0, 0.85 and 1.70 uM for
5637 cells) for 48 h. After treatment, the cells were incubated
with DCFH-DA for 30 min at 37°C and the nuclei were stained
with Hoechst 33342 (cat. no. C1029; Beyotime Biotechnology)
for 10 min. The fluorescence was then visualized using a fluo-
rescence microscope (Vert.Al; Zeiss GmbH) and the mean
fluorescence intensity was quantified using ImagelJ (version
1.53q; National Institutes of Health).

Fe** detection analysis. Fe2* detection was performed
according to the FerroOrange manufacturer's instructions

(cat. no. F374; Dojindo Laboratories, Inc.). After 48 h of PPII
treatment with various concentrations of PPII (as described
in the ROS detection analysis section), the culture medium
was removed and the BC cells were washed three times with
HBSS. The cells were then incubated with FerroOrange
working solution (1 uM) at 37°C in a 5% CO, atmosphere for
30 min. Changes in fluorescence intensity were observed using
a fluorescence microscope (Vert.Al; Zeiss GmbH).

Analysis of oxidative stress-related markers. T24 and 5637
cells were treated as aforementioned, followed by washing
with PBS and lysis with lysis buffer. After centrifugation
(19,480 x g), the supernatant was collected for the detection
of malondialdehyde (MDA) levels using a MDA detection kit
(cat. no. S0131S; Beyotime Biotechnology). The absorbance
at 532 nm was measured with a spectrophotometer (Type
1510; Thermo Fisher Scientific, Inc.). Similarly, superoxide
dismutase (SOD) levels were measured following the instruc-
tions of the corresponding reagent kit (cat. no. SO101M;
Beyotime Biotechnology), with the absorbance recorded
at 450 nm.

Detection of oxidized and non-oxidized lipids. T24 and 5637
cells were treated with gradient concentrations of PPII for
48 h as aforementioned. The medium was then replaced with
complete medium containing BODIPY 581/591 C11 (10 uM;
cat. no. D3861; Invitrogen; Thermo Fisher Scientific, Inc.)
and the cells incubated at 37°C with 5% CO, for an additional
30 min. The cells were then washed three times with PBS
(5 min per wash), followed by staining with Hoechst 33342
for 10 min at 37°C. After the samples were washed, the fluo-
rescence intensities of oxidized and non-oxidized lipids were
observed under a fluorescence microscope (Vert.Al; Zeiss
GmbH), and the mean fluorescence intensity was quantified
using ImagelJ (version 1.53q; National Institutes of Health).
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Figure 2. Homogeneity analysis of transcriptome sequencing and visualization of intergroup gene differences. Homogeneity analysis was conducted on
sequencing samples from different groups, with results displayed as (A) heatmaps and (B) coordinate plots. (C) Differential gene expression between the
low-concentration PPII group (L) and the NC, as well as between (D) the high-concentration PPII group (H) and the NC are shown in MA plots. ““P<0.001.

NC, control group; PPII, polyphyllin II.

Statistical analysis. All the statistical analyses were performed
using GraphPad Prism (version 5.0; Dotmatics). Data are
presented as the mean + standard deviation (SD) from at least
three independent experiments. For comparisons between two
groups, an unpaired two-tailed Student's t-test was used. For
comparisons among more than two groups, one-way analysis
of variance (ANOVA) was performed, followed by Dunnett's
test for multiple comparisons when all groups were compared
against a single control group. DEGs were identified using
an adjusted P-value (False Discovery Rate; FDR) threshold.
Furthermore, Pearson correlation analysis was conducted
using R software (version 4.3.0; https://cran.r-project.
org/bin/windows/base/old/4.3.0/) to assess the relationships
between oxidative stress indicators. P<0.05 was considered to
indicate a statistically significant difference.

Results

PPII inhibits the cell viability and colony formation of BC
cells. The effect of PPII on bladder cancer cell viability was
assessed using a CCK-8 assay. T24 and 5637 cells were treated
with increasing concentrations of cisplatin (used as a positive
control, Fig. 1A and C) or PPII (Fig. 1B and D) for 48 h. The

CCK-8 results revealed that PPII could inhibited the viability
of bladder cancer cells and the calculated ICs, values of cispl-
atin were 11.70+1.31 uM for T24 cells and 20.17+0.82 uM for
5637 cells, whereas the ICs, values of PPII were 0.86+0.09 yM
for T24 cells and 1.72+0.21 uM for 5637 cells.

The effect of the PPII on the proliferative capacity of bladder
cancer cells was evaluated through colony formation assays.
The results suggested that PPII effectively reduced the number
of colonies formed by T24 and 5637 cells in a dose-dependent
manner (Fig. 1E). Statistical analysis revealed that 0.2, 0.4, and
0.8 uM PPII significantly decreased the number of colonies
formed by T24 cells (P<0.01, Fig. 1F). Similarly, PPII at concen-
trations of 0.85 and 1.70 uM PPII markedly inhibited colony
formation in 5637 cells (P<0.001, Fig. 1G).

RNA sequencing analysis of BC cells treated with PPII.
Previous experiments had indicated that PPII effectively
inhibits the proliferation of BC cells. To minimize the
confusing effects of cytotoxicity from high concentrations of
drugs, the present study chose PPII drug concentrations (0,
0.2, and 0.4 pM) that did not affect T24 cell viability for RNA
transcriptome sequencing (Fig. S1A), aiming to elucidate the
potential mechanisms involved in this process.
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Figure 3. Dynamic changes in gene expression profiles in T24 cells during the progression of PPII treatment. Expression profiles and subcluster distributions
of genes in T24 cells were analyzed following PPII treatment. PPII, polyphyllin II.

Overview of the transcriptomic analysis. T24 cells were
treated with high-concentration and low-concentration PPII
for 48 h, after which the RNA was harvested in quadruplicate.
A total of 12 samples were divided into three groups, namely,
the NC, L and H groups, according to the concentrations of
PPII (Fig. 2A). DEGs between each group were identified
using a P-value <0.05 and a fold change greater than the
cutoff. A total of 834 DEGs were identified between the NC,
L and H groups. Principal components analysis revealed that
the between-group samples were clearly separated from each
other and revealed good clustering of samples within the same
group, indicating distinct gene expression profiles upon PPII
treatment (Fig. 2B). Volcano plots also revealed the DEGs that
differed from each other in the groups (Fig. 2C and D). All the
DEGs were included in the subsequent analyses.

Identification of dynamic expression patterns. To understand
the dynamic alteration expression profiles in T24 cells during
the progression of PPII treatment, 834 DEGs were subjected
to soft clustering to determine their expression trends in the
three series groups. The DEGs were divided into 10 clusters
according to their trend similarity over time using a soft
Mfuzz clustering algorithm and not all the clusters exhibited
consistent expression trends with a distinct peak. A heatmap
revealed that both Cluster 6 and Cluster 8 showed transcrip-
tional upregulation response to PPII treatment, Cluster 6
demonstrated a more consistent concentration-dependent
pattern, showing gradual upregulation with increasing PPII
concentrations. By contrast, Cluster 8 exhibited a biphasic
response with initial downregulation at lower concentrations
followed by upregulation at higher doses (Fig. 3). On the basis

of this clear concentration-dependent response, Cluster 6 was
selected for further investigation.

GO and KEGG analyses of Cluster 6. GO and KEGG pathway
analyses of the DEGs in Cluster 6 revealed enrichment of
ribosome-related and RNA processing-related categories in the
GO analysis (Fig. 4A). KEGG analysis revealed pathways related
to ferroptosis and ROS (Fig. 4B), and ferroptosis-related factors,
including PTGS2 and ACSL4, showed varying degrees of changes
with dose-dependent manner in volcano maps (Fig. 2C and D).
Given that ferroptosis is closely associated with the regulation of
cell proliferation and that ROS play a crucial role in the ferrop-
tosis process, subsequent experiments focused on validating the
regulatory effects of PPII on ROS and ferroptosis.

PPII promotes ROS in BC cells. The effect of PPII on ROS levels
in bladder cancer cells was assessed using a ROS detection kit, as
detailed in the methods section. The fluorescence intensity was
used to quantify the ROS levels, revealing that T24 cells exhib-
ited a significant increase in fluorescence intensity following
PPII treatment. Notably, the fluorescence intensity in the 0.8 uM
PPII treatment group was comparable to that in the positive
control group (CRTL + Rosup; Fig. 5A). Statistical analysis
demonstrated that as the concentration of PPII increased, the
average fluorescence intensity significantly increased (Fig. 5C;
P<0.001) in a dose-dependent manner. Similar results were
observed in 5637 cells (Fig. 5B and C). Since MDA and SOD
are critical regulators of ROS levels, their concentrations were
measured. High concentrations of PPII (0.8 yM for T24 cells
and 1.70 uM for 5637 cells) significantly increased MDA levels
(Fig. 5D, P<0.05) but inhibited SOD activity (Fig. 5SE; P<0.05).
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Figure 4. GO and KEGG Analysis. Differentially expressed genes in Cluster 6 were analyzed using (A) GO and (B) KEGG pathways. GO, Gene Ontology;

KEGG, Kyoto Encyclopedia of Genes and Genomes.

Furthermore, Pearson analysis revealed a negative correlation
between ROS and SOD, whereas ROS and MDA showed a posi-
tive correlation (Fig. S1B). These findings suggested that PPII
effectively increases ROS levels in bladder cancer cells.

PPII promotes ferroptosis in BC cells. Fe?* accumulation is a
key indicator of ferroptosis. To assess changes in Fe2* levels
after PPII treatment in BC cells, the FerroOrange kit was used.
The results revealed that the Fe?* staining intensity increased
with increasing PPII concentration in T24 cells (Fig. 6A).
Statistical analysis revealed that the average fluorescence
intensity significantly increased in a dose-dependent manner
(Fig. 6B; P<0.001). Consistent findings were also observed in
5637 cells (Fig. 6C and D).

The accumulation of oxidized lipids serves as a key
marker in the process of ferroptosis. Using specific probes, the
levels of both oxidized and non-oxidized lipids was assessed.
Treatment with 0.8 yM PPII significantly elevated the levels
of oxidized lipids in T24 cells (P<0.05), but did not mark-
edly affect the levels of non-oxidized lipids (Fig. 6E and F).
Similarly, in 5637 cells, treatment with 0.85 uM and 1.70 uM
PPII markedly increased oxidized lipid levels (Fig. 6G and H).

Molecular docking suggests that PPII and GPX4, a key
regulatory factor of Ferroptosis, have potential good binding
ability (Fig. S1C and D; binding energy, -8.7 kcal/mol). Further
analysis of the expression of GPX4 was conducted using
western blotting. The results indicated that treatment with
high concentrations of PPII markedly decreased GPX4 levels
in both T24 and 5637 cells (Fig. 61 and J). Furthermore, PPII
reduces the increase in GPX4 levels caused by the ferroptosis
inhibitor Fer-1 (Fig. S1E). These findings suggested that the
regulatory effect of PPII on ferroptosis is mediated by GPX4.

Discussion

ROS play pivotal roles in ferroptosis, a form of programmed
cell death characterized by iron-dependent lipid peroxida-
tion (22). Fe?* is crucial in this process, serving as a catalyst
in the Fenton reaction, which converts hydrogen peroxide into
highly active hydroxyl radicals. These radicals exacerbate
oxidative stress by promoting the peroxidation of polyunsatu-
rated fatty acids within cellular membranes (23). The resulting
accumulation of oxidized lipids leads to cellular damage and
ultimately triggers ferroptosis (24). This relationship between
Fe?* and ROS underscores the importance of iron metabolism
in the regulation of ferroptosis, particularly in cancer cells in
which these pathways are often dysregulated (10,25).

The antioxidant enzyme GPX4 plays a critical role in coun-
teracting oxidative stress. By reducing lipid hydroperoxides to
their corresponding alcohols, GPX4 prevents the propagation
of lipid peroxidation and protects cells from ferroptosis (26).
However, when GPX4 activity is compromised, either through
genetic downregulation or pharmacological inhibition,
cells become more susceptible to ferroptosis because of the
unchecked accumulation of ROS and oxidized lipids (27).

Accordingtothe Chinese Pharmacopoeia,the Polyphyllins,
including PPI, PPII, Polyphyllin VI (PPVI), and Polyphyllin
VII (PPVII), are the major active compounds used for the
authentication of Paris polyphylla. Our previous experimental
data indicated that, among these compounds, compared with
PPI, PPVI, and PPVII, PPII has superior efficacy in inhibiting
the viability of both T24 and 5637 cells (28). In the present
study, PPII treatment markedly downregulated GPX4 expres-
sion, leading to elevated ROS levels and increased lipid
peroxidation in bladder cancer cells. These findings suggest
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Figure 5. ROS level detection. (A) T24 and (B) 5637 cells (magnification, x100) were treated with gradient concentrations of PPII and (C) their ROS levels were
measured using a reagent kit, with the average fluorescence intensity analyzed statistically. The levels of (D) MDA and (E) SOD in BC cells were determined
using the corresponding assay kits as described in the methods section. NS, no significant difference, ‘P<0.05, “P<0.01 and ““P<0.001. ROS, reactive oxygen
species; PPII, polyphyllin II; MDA, malondialdehyde; SOD, superoxide dismutase; BC, bladder cancer.

that PPII may promote ferroptosis by disrupting the delicate In addition to GPX4, other oxidative stress-related markers,
balance between ROS production and antioxidant defense  such as MDA and SOD, play significant roles in the regulation of
mechanisms mediated by GPX4. ferroptosis. MDA is a byproduct of lipid peroxidation and serves
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Figure 6. PPII promotes the accumulation of iron ions and oxidized lipids in BC cells. Fe** levels in (A) T24 and (C) 5637 cells were measured using the
FerroOrange assay kit (magnification, x200) and (B and D) the average fluorescence intensity was statistically analyzed. (E and G) The levels of oxidized and
non-oxidized lipids were detected using the BODIPY 581/591 C11 assay kit (magnification, x100) and (F and H) subsequently analyzed. (I) GPX4 levels were
assessed by immunoblotting and (J) grayscale analysis, n=3 independent experiments. NS, no significant difference; "P<0.05; “P<0.01, ““P<0.001 vs. control
group (0 uM). GPX4, glutathione peroxidase 4; PPII, polyphyllin II.

as a biomarker for oxidative stress (29). The present study revealed ~ the activity of SOD, an enzyme responsible for detoxifying
that PPII treatment leads to increased MDA levels in the bladder ~ superoxide radicals (30), was inhibited by PPII, contributing to
cancer cells, indicating increased lipid peroxidation. Conversely,  the accumulation of ROS. These findings suggested that PPII
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modulates multiple components of the oxidative stress pathway,
promoting ferroptosis through both the upregulation of lipid
peroxidation and the inhibition of antioxidant defenses.

The interplay between Fe?*, ROS and lipid peroxidation is
further complicated by the involvement of various signaling
pathways. For instance, ROS can activate signaling cascades
that promote the expression of pro-ferroptotic genes, whereas
Fe?*-mediated lipid peroxidation can amplify these signals,
creating a feed-forward loop that drives ferroptosis (31,32).
Additionally, the downregulation of GPX4 disrupts redox
homeostasis, tipping the balance in favor of oxidative stress
and ferroptosis (33). The present study highlighted the poten-
tial of targeting this axis in bladder cancer therapy. While the
initial transcriptomic profiling was conducted in T24 cells
as a resource-efficient hypothesis-generating step, all key
mechanistic findings, particularly regarding ROS accumula-
tion and ferroptosis activation, were rigorously validated in
both T24 and 5637 cell lines. This dual-cell-line validation
approach ensures that the conclusions of the present study
about PPII's pro-ferroptotic effects are generalizable across
different MIBC models, as PPII-induced GPX4 downregula-
tion, combined with increased Fe2* accumulation and ROS
production, leads to a potent ferroptotic response in bladder
cancer cells. Although PPII affects the ferroptosis process
of bladder cancer cells through GPX4, GPX4 may not be the
direct target of PPII. Fe ions not only participate in the induc-
tion of ferroptosis but also cause pyroptosis (34). Does the PPII
regulate the accumulation of Fe ions to induce other forms of
cell death? It is hoped to clarify the upstream regulatory factors
through which PPII affects ferroptosis through GPX4, such as
Nrf2/HO-1 pathway, in future studies and explore other forms
of cell death induced by PPII.

In conclusion, the promotion of ferroptosis through the
modulation of Fe?* levels, ROS production, and lipid peroxi-
dation represents a promising therapeutic strategy in bladder
cancer. The downregulation of GPX4 by PPII and the asso-
ciated increase in oxidative stress suggest that targeting the
above processes could be an effective approach for increasing
ferroptosis. PPII is a potential small molecule drug for the
treatment of bladder cancer and future studies should further
investigate the molecular mechanisms underlying the effects
of PPII and explore its potential in combination with other
ferroptosis-inducing agents. Furthermore, in vivo validation
and pharmacokinetic analysis should also be conducted.
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