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Abstract

Background: Purple sweet potato anthocyanins (PSPAs), a class of dietary flavonoids, have shown anticancer potential. However, their
ability to induce ferroptosis in T-cell acute lymphoblastic leukemia (T-ALL) remains unexplored. This study aimed to investigate whether
PSPAs can trigger ferroptosis in T-ALL cells and to elucidate the underlying mechanisms. Methods: Jurkat T-ALL cells were treated
with PSPAs, and cell viability, reactive oxygen species (ROS), lipid peroxidation, intracellular Fe2+, and expression of ferroptosis-
related proteins (glutathione peroxidase 4 (GPX4), solute carrier family 7 member 11 (SLC7A11), nuclear factor erythroid 2-related
factor 2 (Nrf2)) were assessed. Ferrostatin-1 was used to verify ferroptosis involvement. Ultrastructural changes were examined by
electron microscopy. Molecular docking was performed to evaluate PSPA binding to SLC7A11, and in vivo efficacy was tested in T-
ALL xenograft mice. Results: PSPAs exhibited significant cytotoxicity in Jurkat cells, which was reversed by ferrostatin-1, indicating
ferroptosis involvement. Treatment elevated ROS and lipid peroxidation, increased intracellular Fe2+, and downregulated GPX4 and
SLC7A11 without altering Nrf2, suggesting that SLC7A11 may be directly targeted. Electron microscopy revealed hallmark ferroptotic
changes, including increased mitochondrial membrane density, loss of cristae, and rupture of the outer membrane. Molecular docking
demonstrated strong binding of four PSPA components to multiple residues of SLC7A11, including Cys158, a key functional site. In
vivo, PSPAs markedly inhibited tumor growth in T-ALL xenograft mice, achieving up to 75% suppression, as evidenced by histological
analysis showing disrupted tumor architecture and cell membrane rupture. Conclusions: This study provides the first evidence that PSPAs
induce ferroptosis in T-ALL through modulation of the SLC7A11/GPX4 pathway. These findings reveal new mechanistic insights into
ferroptosis in T-ALL and highlight PSPAs as safe, naturally derived therapeutic agents with promising therapeutic potential for leukemia.
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1. Introduction

Acute lymphoblastic leukemia (ALL) is a malignant
hematologic disorder arising from the clonal proliferation
of immature B or T lymphoid precursors. Advances in tar-
geted agents and optimized chemotherapy regimens have
markedly improved outcomes in B-cell acute lymphoblastic
leukemia (B-ALL), with 5-year event-free survival (EFS)
rates exceeding 85% and overall survival (OS) rates sur-
passing 90%. In contrast, therapeutic outcomes for T-
cell acute lymphoblastic leukemia (T-ALL) remain inferior
by approximately 5–10% [1]. T-ALL generally exhibits
greater resistance to conventional chemotherapeutics com-
pared with B-ALL. Although chimeric antigen receptor T-
cell (CAR-T) therapy has shown applicability in T-ALL,

its clinical use is hindered by challenges such as fratricide
among CAR-T cells and the complexity of the T-ALL im-
mune microenvironment [2]. The lack of effective novel
agents, coupled with the toxic side effects and multidrug re-
sistance associated with current chemotherapeutics, contin-
ues to limit treatment success in T-ALL. This situation un-
derscores the urgent need to develop new therapeutic strate-
gies with improved efficacy and reduced toxicity, including
natural small-molecule compounds.

Flavonoids, a diverse class of naturally occurring
polyphenolic compounds, have been shown to inhibit tumor
cell proliferation and migration in various malignancies, in-
cluding breast and thyroid cancers [3,4], and are increas-
ingly recognized as potential adjuvants to conventional
chemotherapy [5]. Epidemiological evidence suggests that
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dietary flavonoid intake is inversely associated with cancer
mortality [6]. Purple sweet potato anthocyanins (PSPAs),
a subclass of flavonoids derived from tuber crops, exhibit
higher content and greater stability than anthocyanins from
grapes or black soybeans [7,8]. Their safety profile is
well established, as they are sourced from a widely con-
sumed food. Previous studies by Guo et al. [9,10] demon-
strated that PSPAs can induce apoptosis and cell-cycle ar-
rest in leukemia cells. However, whether PSPAs can trig-
ger ferroptosis in cancer cells has not been investigated.
Most studies on PSPAs have focused on classical forms of
cell death, whereas growing evidence indicates that cer-
tain flavonoids can modulate ferroptosis in cancer cells,
such as Typhaneoside in acute myeloid leukemia [11], and
Quercetin in hepatocellular carcinoma [12]. These findings
raise the possibility that PSPAs may also induce ferroptosis
in malignant cells.

Ferroptosis is an iron-dependent, regulated form of
cell death [13] characterized by excessive lipid peroxida-
tion, elevated reactive oxygen species (ROS) generation,
and intracellular Fe2+ accumulation [14]. Mechanisti-
cally, suppression of solute carrier family 7 member 11
(SLC7A11) impairs the activity of glutathione peroxidase
4 (GPX4), leading to lipid peroxide accumulation and the
initiation of ferroptosis [15]. Conversely, SLC7A11 over-
expression can inhibit ferroptosis, decrease drug sensitivity,
and promote tumor proliferation and metastasis in glioblas-
toma [16], ovarian cancer [17], lung cancer [18] and gas-
tric cancer [19]. Accordingly, SLC7A11 is recognized as
a critical regulator of ferroptosis and is considered both a
prognostic biomarker and a potential therapeutic target in
cancer [20,21].

T-ALL cells exhibit metabolic characteristics of high
reactive oxygen species levels and elevated iron demand.
In our previous study, we demonstrated that PSPAs induce
ROS production and apoptosis in T-ALL cells in vitro [10].
As a natural compound, PSPAs can induce reactive oxygen
species accumulation and inhibit GPX4 activity. Given the
established link between ROS generation and ferroptosis,
we hypothesized that PSPAs may also induce ferroptosis in
T-ALL cells. To date, no study has examined this possi-
bility, nor has the anti-leukemic effect of PSPAs been vali-
dated in vivo.

In the present study, we employed the human T-ALL
cell line Jurkat and a corresponding murine model to in-
vestigate whether PSPAs induce ferroptosis in T-ALL and
to elucidate the underlying molecular mechanisms. Our
findings provide novel mechanistic insights into the anti-
leukemic potential of PSPAs and suggest their promise as a
therapeutic strategy for T-ALL.

2. Materials and Methods
2.1 Regents and Chemicals

The human T-ALL cell line Jurkat was obtained from
the Cell Bank of the Chinese Academy of Sciences (Shang-

hai, China). Human umbilical vein endothelial cells (HU-
VECs) and mouse fibroblast L929 cells were from ATCC
(American Type Culture Collection, Manassas, VA, USA).
The mouse ALL cell line L1210 was purchased from
Punosa Life Science and Technology (Wuhan, China). All
cell lines were validated by STR profiling and tested neg-
ative for mycoplasma. Six-week-old female BALB/c nude
mice were supplied by Huafukang Biotechnology (Beijing,
China). Purple sweet potato anthocyanins (PSPAs), con-
taining 25 identified anthocyanins (Table 1), were provided
by the Chengdu Institute of Biology, Chinese Academy of
Sciences (Chengdu, China).

RPMI-1640, DMEM, and FBS were from commer-
cial sources. Key reagents included Ferrostatin-1 (Med-
ChemExpress, Monmouth Junction, NJ, USA), CCK-8 kit
(APExBIO, Houston, TX, USA), FITCAnnexin VApopto-
sis Kit (BD Biosciences), Phen Green SK diacetate (PGSK)
andC11-BODIPY 581/591 (GLPBIO, San Jose, CA,USA).
Primary antibodies against FTH1(#4393), GPX4 (#59735),
and SLC7A11 (#12691) were from Cell Signaling Technol-
ogy, Inc. (Danvers, MA, USA), dilution: 1:1000; antibod-
ies against TfR (sc-9099) and Nrf2 (sc-365949) were from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA), dilu-
tion: 1:1000; β-actin (AF5003, dilution: 1:3000) and HRP-
conjugated secondary antibodies (A0208, dilution: 1:3000)
were from Beyotime (Shanghai, China).

2.2 Cell Culture
T-ALL cell line Jurkat and the mouse fibroblast L929

cells were cultured in RPMI Medium 1640 with 10% FBS,
1% penicillin and streptomycin. Human Umbilical Vein
Endothelial Cells (HUVECs) were cultured in DMEM sup-
plemented with 10% FBS and 1% penicillin/streptomycin
in a humid environment. Murine ALL cell line L1210 was
cultured in DMEMwith 10% FBS, 1% penicillin and strep-
tomycin. These cells were incubated at 37 ℃ in a humidi-
fied atmosphere of 5% CO2 and 95% air.

2.3 Cell Viability Assay
Cell viability was assessed using the CCK-8 kit [22].

Jurkat cells in the logarithmic growth phase were seeded
into 96-well plates at 2 × 105 cells/mL (90 µL/well) and
treated with PSPAs (0, 10, 20, 40, 60, or 80 µg/mL) for 24,
48, or 72 h. HUVECs and L929 cells were seeded at 4× 104
cells/mL (90 µL/well) and, after 24 h of culture, exposed
to PSPAs at the same concentrations for an additional 24
h. All cultures were maintained at 37 °C in a humidified
atmosphere with 5% CO2. Subsequently, 10 µL of CCK-
8 solution was added to each well and incubated for 4 h,
after which absorbance at 450 nm was measured using a
microplate reader (Multiskan Sky, Thermo Scientific, MA,
USA). Cell viability (CV) was calculated using the standard
formula:

CV (%) = (ODTreatment – ODBlank) / (ODControl –
ODBlank) × 100%

2

https://www.imrpress.com


Table 1. Identification of 25 anthocyanins in purple sweet potato.

Peak
(m/z)

Compounds
M+ Major fragment ion

1 773 611,449,287 Cyanidin 3-sophoroside-5-glucoside
2 787 625,463,301 Peonidin 3-sophoroside-5-glucoside
3 757 595,433,271 Pelargonidin 3-sophoroside-5-glucoside
4 893 731,449,287 Cyanidin 3-p-hydroxybenzoyl sophoroside-5-glucoside
5 907 745,463,301 Peonidin 3-p-hydroxybenzoyl sophoroside-5-glucoside
6 935 773,449,287 Cyanidin 3-(6-caffeoyl sophoroside)-5-glucoside
7 949 787,463,301 Peonidin 3-caffeoyl sophoroside-5-glucoside
8 949 787,449,287 Cyanidin 3-(6-feruloyl sophoroside)-5-glucoside
9 963 801,463,301 Peonidin 3-(6-feruloyl sophoroside)-5-glucoside
10 933 771,433,271 Pelargonidin 3-feruloyl sophoroside-5-glucoside
11 919 757,449,287 Cyanidin 3-(6-coumaryl sophoroside)-5-glucoside
12 933 771,463,301 Peonidin 3-(6-coumaryl sophoroside)-5-glucoside
13 1097 935,449,287 Cyanidin 3-(6″,6‴-dicaffeoyl sophoroside)-5-glucoside
14 1111 949,463,301 Peonidin 3-(6″,6‴-dicaffeoyl sophoroside)-5-glucoside
15 1055 893,449,287 Cyanidin 3-caffeoyl-p-hydroxybenzoyl sophoroside-5-glucoside
16 1069 907,463,301 Peonidin 3-caffeoyl-p-hydroxybenzoyl sophoroside-5-glucoside
17 1111 949,449,287 Cyanidin 3-(6-caffeoyl-6-feruloyl sophoroside)-5-glucoside
18 1125 963,463,301 Peonidin 3-(6-caffeoyl-6-feruloyl sophoroside)-5-glucoside
19 1127 965,463,301 Peonidin 3-feruloyl-p-caffeoyl sophoroside-5-glucoside
20 1109 947,463,301 Peonidin 3-feruloyl-p-coumaryl sophoroside-5-glucoside
21 1125 963,449,287 Cyanidin 3-(6″,6‴-diferuloyl sophoroside)-5-glucoside
22 1139 977,463,301 Peonidin 3-(6″,6‴-diferuloyl sophoroside)-5-glucoside
23 1095 933,463,301 Peonidin 3-caffeoyl-p-coumaryl sophoroside-5-glucoside
24 1069 907,449,287 Cyanidin 3-feruloyl-p-hydroxybenzoyl sophoroside-5-glucoside
25 1083 921,463,301 Peonidin 3-feruloyl-p-hydroxybenzoyl sophoroside-5-glucoside

2.4 Apoptosis Assay
Based on the IC50 value, Jurkat cells were seeded in

six-well plates at 6 × 105 cells/mL and treated with PSPAs
(0, 10, 20, or 40 µg/mL) for 24 h. For combination treat-
ment, cells were pre-incubated with 10 µM Ferrostatin-1
(Fer-1) for 2 h before PSPA exposure. Apoptosis was as-
sessed using the FITC Annexin V/PI kit according to the
manufacturer’s protocol [9]. Briefly, cells were stained
in the dark for 15 min, mixed with binding buffer (Pro-
cell, Wuhan, China), and analyzed by flow cytometry (BD
FACSVerse, San Diego, CA, USA) using CellQuest (BD)
and FACSuite software.

2.5 Measurement of ROS
Intracellular ROS levels were measured using the flu-

orescent probe DCFH-DA (10 µM) for 40 min in the dark
[23]. Jurkat cells treated with different concentrations of
PSPAs were assessed for ROS fluorescence intensity and
distribution by fluorescence microscopy, and quantitatively
analyzed by flow cytometry.

2.6 Lipid Peroxidation Sensors C11 BODIPY 581/591
Lipid peroxidation was assessed using the C11-

BODIPY581/591 probe according to themanufacturer’s in-
structions. Jurkat cells treated with different concentrations

of PSPAswere analyzed by flow cytometry to quantify lipid
peroxidation levels.

2.7 PGSK Detection
Intracellular Fe2+ levels were measured using the

PGSK probe following the manufacturer’s instructions. Ju-
rkat cells treated with different concentrations of PSPAs
were analyzed by flow cytometry to assess changes in Fe2+
content.

2.8 Cell and Organelle Morphological Changes
Following fixation, dehydration, infiltration, embed-

ding, polymerization, and staining, ultrastructural changes
in cells and organelles were examined by transmission elec-
tron microscopy (JEOL, Osaka, Japan) in the 20 µg/mL
PSPA-treated and control groups.

2.9 Western Blot Analysis
Western blotting was performed as previously de-

scribed. Briefly, treated cells were collected, washed with
PBS, and lysed in precooled Radio-Immunoprecipitation
Assay (RIPA) lysis buffer containing protease and phos-
phatase inhibitors (Hoffmann-La Roche, Basel, Switzer-
land). Lysates were centrifuged, and protein concentra-
tions were determined by the Bradford assay using bovine
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serum albumin as the standard. Equal amounts of protein
(30 µg) were resolved by SDS-PAGE and transferred onto
PVDF membranes. Membranes were incubated with pri-
mary antibodies at 4 °C for 12 h and with HRP-conjugated
secondary antibodies at room temperature for 1 h. Protein
bands were visualized using a chemiluminescence system
(Beijing Si’an Biotechnology, Beijing, China) and quanti-
fied with ImageJ software (version 1.53a, NIH, Bethesda,
MD, USA).

2.10 Molecular Docking
The 3D structure of PSPAs was retrieved from the

PubChem database (https://pubchem.ncbi.nlm.nih.gov),
and the SLC7A11 protein structure (PDB ID:
7CCS) was obtained from the RCSB PDB database
(https://www.rcsb.org). Molecular docking was performed
following the method of using KingDraw (Qingdao
KingAgroot Precision Agriculture Technology Co., Ltd.,
Qingdao, Shandong, China, http://www.kingdraw.cn/),
AutoDock 4 (https://autodock.scripps.edu/), and Py-
MOL3.0.3 (Schrödinger, Inc., https://pymol.org/). The
docking conformations between small-molecule ligands
and protein receptors were visualized, with potential
binding sites highlighted and labeled. A binding energy of
<–5 kcal/mol was considered indicative of strong binding
affinity [24].

2.11 In Vivo Model Construction
The 6-week-old female nude mice were purchased

from Beijing Huafukang Biological Technology Co., Ltd.
Twelve female nude mice were randomly divided into con-
trol and experimental groups (n = 6 per group). Cyclophos-
phamide (CTX) was administered intraperitoneally for two
consecutive days to induce immunosuppression. Subse-
quently, tumor-bearing models were established by sub-
cutaneous injection of cell suspensions. Mice were main-
tained in a 12:12 h light/dark cycle and at constant temper-
ature (24 ± 1 ℃) with free access to food and water. Once
tumors became palpable, the experimental group received
PSPAs (75 mg/kg) by oral gavage, while the control group
was gavaged with an equal volume of distilled water. Body
weight and tumor size were recorded every two days. On
day 12 after treatment initiation, all mice were humanely
euthanized under deep isoflurane anesthesia. Animals were
placed in an induction chamber (RWD R415, RWD Life
Science Co., Ltd) with 5% isoflurane in 100% oxygen at
least 5 minutes to ensure deep anesthesia, then cervical dis-
location. Following euthanasia, tumors were excised, fixed
in 4% paraformaldehyde, embedded in paraffin, sectioned
at 4 µm, and processed for hematoxylin and eosin (H&E)
staining for histological evaluation. All animal experiments
were carried out in accordance with the recommendations
of the US National Institutes of Health’s Guide for the Care
and Use of Laboratory Animals. This study was approved
by the Ethics Committee of Southwest Medical University
(Approval No. 20211019-002).

2.12 Data Analysis
Data are presented as mean ± standard deviation

(SD), and statistical significance was determined using
Student’s t-test or one-way ANOVA as appropriate, with
p < 0.05 considered statistically significant. Statisti-
cal analyses were performed using Graphpad Prism 8.3
(GraphPad Software, LLC; Boston, MA, USA). Cell vi-
ability, apoptosis assay, ROS, lipid peroxidation, PGSK
and Western blotting experiments were performed with
three independent replicates. The analysis results of his-
togram plots were generated using the CNSknowall plat-
form (https://cnsknowall.com), a comprehensive web ser-
vice for data analysis and visualization.

3. Results
3.1 PSPAs Inhibited the T-ALL Cell Proliferation

The inhibitory effect of PSPAs on the proliferation of
the T-ALL cell line Jurkat was first evaluated. Jurkat cells
were treated with 10, 20, 40, 60, or 80 µg/mL PSPAs for
24, 48, or 72 h. A significant, concentration-dependent re-
duction in cell proliferation was observed (Fig. 1A). The
IC50 values at 24, 48, and 72 h were determined to be
24.96 ± 3.77 µg/mL, 17.21 ± 3.44 µg/mL, and 8.28 ±
2.88 µg/mL, respectively (Fig. 1B). Based on these results,
a 24 h treatment duration was selected for subsequent ex-
periments. The inhibitory activity of PSPAs toward Ju-
rkat cells was then compared with that toward HUVEC
and L929 cells. Stronger cytotoxicity against Jurkat cells
was detected, with IC50 values of 13.88 ± 1.95 µg/mL,
47.71 ± 10.34 µg/mL, and 43.47 ± 3.51 µg/mL, respec-
tively (Fig. 2B). Concentrations of 10, 20, and 40 µg/mL
were selected for further assays, with 20 µg/mL (close to
the IC50) used for Ferrostatin-1 pretreatment and ultrastruc-
tural observation. Under light microscopy, PSPA-treated
Jurkat cells exhibited concentration-dependent morpholog-
ical changes, including reduced cell aggregation, increased
debris, and features consistent with cell shrinkage and disin-
tegration (Fig. 1C). Collectively, these results indicate that
Jurkat cell viability was markedly reduced by PSPAs, sug-
gesting their potential as a therapeutic candidate for T-ALL.

3.2 Ferrostatin-1, an Inhibitor of Ferroptosis, Attenuated
PSPAs-induced Cell Death

After 24 h of treatment with increasing concentra-
tions of PSPAs, a progressive elevation in the proportion
of apoptotic Jurkat cells was detected by flow cytometry,
with apoptosis rates rising from 3.83 ± 1.02% to 69.96 ±
4.23% (Fig. 3). Pretreatment with Ferrostatin-1 (10 µM)
for 2 h prior to exposure to 20 µg/mL PSPAs reduced the
apoptosis rate from 56.53± 2.50% to 32.05± 6.56% com-
pared with the corresponding group without pretreatment (p
< 0.001) (Fig. 3). Based on these findings, it was prelim-
inarily inferred that PSPAs-induced Jurkat cell death may
involve the induction of ferroptosis.
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Fig. 1. Purple sweet potato anthocyanins (PSPAs) inhibited the viability of Jurkat cells (T-ALL). (A) Cell viability was measured
by the CCK-8 assay after treatment with PSPAs for 24, 48, and 72 h, showing a dose-dependent inhibition. The dashed line indicates
50% cell viability, which was used as the reference threshold for IC50 determination. (B) IC50 values of PSPAs at 24, 48, and 72 h. (C)
Morphological changes in Jurkat cells treated with 0, 10, 20, and 40 µg/mL PSPAs, observed under an inverted microscope (200×) (scale
bar = 50 µm). Data are presented as mean ± SD (*p < 0.05, ***p < 0.001).

Fig. 2. Cytotoxicity of PSPAs in different cell lines. (A) Cell viability of Jurkat, Human umbilical vein endothelial cell (HUVEC), and
L929 cells after 24 h PSPA treatment, assessed by the CCK-8 assay. The dashed line indicates 50% cell viability, which was used as the
reference threshold for IC50 determination. (B) IC50 values of PSPAs in Jurkat, HUVEC, and L929 cells. Data are presented as mean±
SD (**p < 0.01).
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Fig. 3. Ferrostatin-1 attenuated PSPA-induced apoptosis in Jurkat cells. (A) Apoptosis rate determined by Annexin V-FITC/PI
staining. (B) Statistical analysis of apoptosis rate. (ns = no significant difference, ***p < 0.001, -: not applicable).

3.3 PSPAs Induce Lipid Peroxidation in the T-ALL Cell

Lipid peroxidation in Jurkat cells was evaluated. As
shown in Fig. 4A, ROS fluorescence intensity increased
with rising PSPAs concentrations under fluorescence mi-
croscopy. This trend was further confirmed by flow cy-
tometry (Fig. 4B,D). No significant difference in ROS lev-
els was detected between the 10 µg/mL PSPAs group and
the control; however, significant increases were observed
at 20 µg/mL and 40 µg/mL (Fig. 4C). Consistently, C11-
BODIPY 581/591 analysis revealed marked accumulation
of lipid peroxides following PSPAs treatment (Fig. 4E), ex-
hibiting a pattern similar to the changes in ROS. These re-
sults indicate that PSPAs induce lipid peroxidation in T-
ALL cells in a concentration-dependent manner, a process
considered essential for ferroptosis.

3.4 PSPAs Induced Fe2+ Increase in the T-ALL Cell

An increase in intracellular Fe2+ is recognized as an-
other characteristic feature of ferroptosis. Flow cytometry
was employed to assess PGSK green fluorescence intensity,
and a significant reduction in fluorescence was observed in
Jurkat cells treated with 40 µg/mL PSPAs, indicating ele-
vated intracellular Fe2+ levels (Fig. 5A,B). These results
demonstrate that PSPAs increase intracellular Fe2+ content
in T-ALL cells.

3.5 Changes in the T-ALL Cell Treated With PSPAs in
Electron Microscopy

In addition to alterations in cellular components, mor-
phological changes associated with ferroptosis were exam-
ined in T-ALL cells. Transmission electronmicroscopywas

employed to observe cellular and mitochondrial morphol-
ogy. Following treatment with 20 µg/mL PSPAs, nuclei ap-
peared slightly enlarged, irregular in shape, and displaced to
one side of the cell. Compared with the control group, cell
membranes were disrupted, mitochondria were reduced in
size, membrane density was increased, and cristae were di-
minished and coarser in appearance, all features consistent
with the ultrastructural characteristics of ferroptotic cells
(Fig. 6). These findings visually confirmed that PSPAs in-
duce ferroptosis in T-ALL cells.

3.6 Effect of PSPAs on Ferroptosis Related Proteins in the
T-ALL Cell

The expression of FTH1 and TfR, two proteins associ-
ated with intracellular Fe2+ regulation, was first examined.
FTH1 expression was significantly reduced after PSPAs
treatment, whereas TfR expression showed no significant
difference between the control and experimental groups,
suggesting that FTH1 inhibition by PSPAs occurs indepen-
dently of TfR (Fig. 7). We next evaluatedGPX4 expression.
PSPAs treatment markedly decreased GPX4 levels in Jurkat
cells, resulting in the accumulation of lipid peroxides and
ROS, which is consistent with earlier findings. Given that
GPX4 is closely linked to SLC7A11 andNrf2 in ferroptosis,
the expression of these proteins was also assessed. PSPAs
reduced SLC7A11 expression in a concentration-dependent
manner, consistent with the changes observed for GPX4.
In contrast, no significant alteration in Nrf2 expression was
detected. Taken together, these results indicate that PSPAs
induce ferroptosis in T-ALL cells primarily through inhi-
bition of the SLC7A11/GPX4 pathway, while this process
appears to be independent of TfR and Nrf2 expression.
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Fig. 4. PSPAs induced lipid peroxidation in Jurkat cells. (A) ROS levels in Jurkat cells treated with different concentrations of PSPAs,
observed by fluorescence microscopy (scale bar = 100 µm). (B,C) ROS levels in Jurkat cells treated with different concentrations of
PSPAs, analyzed by flow cytometry. P2 indicates the gate for ROS-positive cells used to evaluate intracellular ROS levels. (D,E) C11-
BODIPY 581/591 detection by flow cytometry: excitation with a 488–565 nm laser, FL1 channel detection at 505–550 nm, FL2 channel
detection above 580 nm; emission fluorescence shifted from 591 nm to green fluorescence around 510 nm. (**p < 0.01, ***p < 0.001,
ns = no significant difference).

3.7 PSPAs can Interact With SLC7A11 Protein

Although PSPAs were shown to inhibit the
SLC7A11/GPX4 pathway, the mechanism by which
PSPAs regulate SLC7A11 remained unclear. To ex-
plore this interaction, molecular docking was performed
between SLC7A11 and four major PSPA components:
cyanidin 3-(6-caffeoyl sophoroside)-5-glucoside, pe-

onidin 3-(6-caffeoyl sophoroside)-5-glucoside, cyanidin
3-sophoroside-5-glucoside, and peonidin 3-sophoroside-
5-glucoside. The docking analysis revealed that all four
components could form stable and tight interactions with
the SLC7A11 protein (Fig. 8). These in silico findings
suggest that SLC7A11 may serve as a direct molecular
target of PSPAs. To further evaluate the binding stability
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Fig. 5. PGSK levels in Jurkat cells treated with different concentrations of PSPAs, analyzed by flow cytometry. (A) PGSK
fluorescence levels. (B) Statistical analysis of PGSK levels. (**p < 0.01, ns = no significant difference).

Fig. 6. Morphological changes in cells and organelles. Transmission electron microscopy (TEM) was used to observe ferroptotic
features in Jurkat cells after treatment with PSPAs (20 µg/mL). Arrows indicate mitochondria (original magnification: 6000×). The left
column presents low-magnification images (scale bar = 1 µm), while the right column shows the corresponding higher-magnification
inset images highlighting ultrastructural details (scale bar = 500 nm).

of SLC7A11 with PSPAs, molecular dynamics simulations
were performed for two representative complexes: com-
plex 1 (cyanidin 3-sophoroside-5-glucoside–SLC7A11;
binding energy = –9.5 kcal/mol) and complex 2 (cyanidin

3-(6-caffeoyl sophoroside)-5-glucoside–SLC7A11; bind-
ing energy = –8.6 kcal/mol). As shown in Supplementary
Figs. 1,2, Complex 1 exhibited overall higher stability
during the simulation, as reflected by an earlier Root Mean
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Fig. 7. Western blot analysis of ferroptosis-related proteins in Jurkat cells treated with different concentrations of PSPAs. (A)
Representative Western blot images showing the protein expression levels of β-Actin, FTH1, TfR, GPX4, SLC7A11, and Nrf2 in cells
treated with different concentrations of PSPAs (0, 10, 20, and 40 µg/mL). β-Actin was used as a loading control. (B–F) Quantitative
analysis of the relative expression levels of SLC7A11 (B), GPX4 (C), FTH1 (D), Nrf2 (E), and TfR (F), normalized to β-Actin. Band
intensities were quantified using ImageJ. (***p < 0.001, ns = no significant difference).

Square Deviation (RMSD) convergence with smaller
fluctuations, lower residue-level flexibility, and a slight
decrease in both radius of gyration and solvent-accessible
surface area, whereas complex 2 showed persistent fluc-
tuations and increased conformational heterogeneity.
Although both complexes maintained comparable hy-
drogen bonding levels, the Gibbs free energy landscape
revealed a single dominant low-energy basin for complex
1, in contrast to multiple neighboring minima for complex
2. Together, these results indicate that complex 1 adopts
a more stable binding mode, and support the notion that
docking-derived binding energies can serve as a reasonable
indicator of relative binding affinity between PSPAs and
SLC7A11.

3.8 PSPAs Have Anti-tumor Effects In Vivo

In addition to in vitro assays, the anti-tumor activ-
ity of PSPAs was evaluated in vivo using a subcutaneous
xenograft model in nude mice. Tumor growth was ob-
served over time in both the PSPA-gavaged and control
groups (Fig. 9A). In the PSPA-treated group, tumor vol-
ume increased from 25.81± 14.38mm3 to 508.84± 179.79
mm3, whereas in the control group it increased from 26.09
± 7.97 mm3 to 1294.86 ± 201.72 mm3. Correspondingly,
tumor weights were 0.53 ± 0.22 g in the PSPAs group and
2.09 ± 0.62 g in the control group, yielding an average tu-
mor suppression rate of 75% (Fig. 9B,C). Histological ex-
amination revealed that tumor cells in the control group

displayed typical leukemic morphology and active prolif-
eration, while those in the PSPA-treated group appeared
loosely arranged, reduced in density, variable in size, and
exhibited disrupted cell membranes (Fig. 9D,E). Collec-
tively, these results demonstrate that PSPAs exert signifi-
cant anti-ALL effects in vivo.

4. Discussion
T-ALL is an aggressive hematologic malignancy char-

acterized by poor prognosis, high early relapse rates, and a
predilection for children and young adults, while being rare
in older populations [25]. The event-free survival (EFS)
rate remains approximately 50% in T-ALL [26], underscor-
ing the urgent need for novel and more effective therapeutic
strategies. In recent years, antioxidants derived from nat-
ural food sources have attracted considerable attention as
a class of safe and potentially effective anticancer agents.
Among them, flavonoids, a group of natural polyphenolic
antioxidants, have been increasingly recognized not only
for their free radical–scavenging properties but also for their
broad antitumor activities [27]. PSPAs, rich in diverse
anthocyanin compounds, represent a prominent example.
Our previous studies demonstrated that PSPAs significantly
inhibit the proliferation of acute lymphoblastic leukemia
(ALL) cells, with 25 distinct anthocyanins identified, in-
cluding cyanidin 3-(6-caffeoyl sophoroside)-5-glucoside,
peonidin 3-(6-caffeoyl sophoroside)-5-glucoside, cyanidin
3-sophoroside-5-glucoside, and peonidin 3-sophoroside-5-
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Fig. 8. Molecular docking of four PSPAs with SLC7A11 protein. (A) SLC7A11 with cyanidin 3-(6-caffeoyl sophoroside)-5-glucoside
(binding energy = –8.6 kcal/mol). (B) SLC7A11 with peonidin 3-(6-caffeoyl sophoroside)-5-glucoside (binding energy = –9.1 kcal/mol).
(C) SLC7A11 with cyanidin 3-sophoroside-5-glucoside (binding energy = –9.5 kcal/mol). (D) SLC7A11 with peonidin 3-sophoroside-
5-glucoside (binding energy = –9.3 kcal/mol).
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Fig. 9. In vivo anti-tumor effects of PSPAs. (A) Representative images showing subcutaneous tumors in the PSPAs gavage group and
the control group. (B) Tumor volume changes and differences between the two groups. (C) Tumor weight differences in nude mice
between the two groups. (D) Hematoxylin and eosin (H&E) staining of tumors in the control group. (E) H&E staining of tumors in the
PSPAs group. Data are presented as mean ± SD (***p < 0.001) (scale bar = 20 µm in D and E).

glucoside as major components [10]. However, prior inves-
tigations have primarily focused on PSPA-induced apopto-
sis and cell-cycle arrest, with little evidence addressing their
potential to trigger ferroptosis. This gap in knowledge pro-
vided the rationale for our current study, in which we in-
vestigated whether PSPAs can induce ferroptosis in T-ALL
cells and explored the underlying molecular mechanisms.

In this study, PSPAs showed stronger cytotoxicity to-
ward Jurkat T-ALL cells than toward normal HUVEC and
L929 cells (Fig. 2) and promoted early cell death (Fig. 1),
consistent with previous findings [9]. Notably, PSPA-
induced cell death was partially reversed by the ferropto-
sis inhibitor Ferrostatin-1 (Fig. 3B), suggesting ferroptosis
involvement.

Lipid peroxidation and Fe2+ accumulation are typical
features of ferroptosis [14]. PSPAs increased ROS levels
in Jurkat cells in a concentration-dependent manner, par-
ticularly at higher concentrations, consistent with earlier
reports [28] (Fig. 4A–C). The most critical feature of fer-
roptosis is the peroxidation-mediated destruction of phos-
pholipids in cellular and organelle membranes due to in-
activation of the intracellular reducing system, leading to
membrane rupture [29]. Consistently, lipid peroxides accu-
mulated after PSPAs treatment, following a pattern similar
to ROS changes (Fig. 4D,E). Furthermore, PGSK fluores-
cence was significantly reduced in the high-concentration

group, indicating increased Fe2+ content (Fig. 5), while no
obvious change was observed at lower concentrations. This
may be due to the instability of Fe2+, which rapidly reacts
with ROS through the Fenton reaction [30].

Based on the two hallmark features of ferroptosis
observed in PSPA-treated T-ALL cells, we further exam-
ined cell morphology by transmission electron microscopy.
PSPAs (20 µg/mL) caused increased mitochondrial mem-
brane density, reduced or absent cristae, and rupture of
the outer membrane, while nuclei remained intact (Fig. 6).
These features were consistent with ferroptosis but distinct
from other forms of programmed cell death [31,32]. Com-
bined with biochemical and ultrastructural evidence, we
propose that PSPAs induce ferroptosis in T-ALL cells.

To investigate the molecular basis for lipid peroxi-
dation and Fe2+ accumulation, ferroptosis-related proteins
were analyzed byWestern blot. FTH1 expression decreased
with increasing PSPAs concentration, whereas TfR showed
no significant change (Fig. 7), differing from ferroptosis
induced by baicalin in bladder cancer [33]. This suggests
PSPAs may directly affect FTH1. GPX4 and SLC7A11 ex-
pression was significantly reduced, while Nrf2 levels were
unchanged (Fig. 7). GPX4 is the only known enzyme pro-
tecting membranes from peroxidative damage [34,35], and
its loss leads to lipid peroxide accumulation and ferrop-
tosis [36,37]. GPX4 activity depends on cystine uptake
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via system Xc–, in which SLC7A11 encodes the functional
xCT subunit that transports cystine in exchange for gluta-
mate; cystine is then reduced to cysteine and used for GSH
synthesis via GCL and GSS, serving as a GPX4 cofactor
to reduce lipid peroxides [38,39]. Nrf2, a key regulator
of SLC7A11, can downregulate SLC7A11 when reduced,
thereby increasing lipid ROS and promoting ferroptosis in

several cancers [40,41]. However, this was not observed
here, indicating that PSPA-mediated changes in SLC7A11
and GPX4 in Jurkat cells are Nrf2-independent and may in-
volve direct targeting of SLC7A11.

Therefore, potential binding between PSPAs and
SLC7A11 was explored by molecular docking. Four ma-
jor PSPA components were docked with SLC7A11, and

Fig. 10. Proposed mechanism by which PSPAs induce ferroptosis in T-ALL cells via the SLC7A11/GPX4 signaling pathway. sys-
tem Xc–, a cystine/glutamate antiporter composed of SLC7A11 and SLC3A2, mediates cystine uptake and glutamate export. SLC7A11,
solute carrier family 7 member 11; SLC3A2, solute carrier family 3 member 2; GSH, glutathione; GSSG, glutathione disulfide; R-OH,
lipid alcohol; R-OOH, lipid peroxide; TfR, transferrin receptor; Ferritin, composed of the heavy chain encoded by FTH1 and the light
chain encoded by FTL; LIP, labile iron pool. In the Fenton reaction, Fe2+ reacts with reactive oxygen species (ROS) to generate Fe3⁺
and hydroxyl radicals (·OH). ROS include hydrogen peroxide (H2O2), superoxide anion (O2

−), and related species.
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all showed tight binding involving 14 residues: LYS-67,
LYS-266, LYS-533, SER-532, GLU-295, GLU-296, ARG-
228, ARG-535, ARG-148, LEU-299, ASN-301, GLN-560,
CYS-158, and TRP-558 (Fig. 8). Notably, Cys158 forms a
disulfide bond with Cys211, a structural feature of System
Xc [42].

Finally, the anti-leukemia effects of PSPAs were then
evaluated in vivo. Tumor volumes increased over time in
both groups, but were significantly larger in controls than
in PSPA-treated mice (Fig. 9A–C). The tumor inhibition
rate reached 75%. H&E staining revealed that control tu-
mors had evenly distributed, densely arranged leukemia
cells with intact structure and active growth (Fig. 9D),
whereas PSPA-treated tumors were loosely arranged, re-
duced in volume, and showed membrane rupture (Fig. 9E).
Additionally, two control mice developed lameness in the
right hind limb and exhibited reduced mobility, while all
PSPA-treated mice remained active. These results demon-
strate that PSPAs effectively inhibit leukemia in vivo, rep-
resenting the first report of their anti-leukemic activity in a
live model.

PSPAs are water-soluble compounds that readily dis-
solve in aqueous environments, conferring a biological
availability advantage over many poorly soluble agents.
Nevertheless, their in vivo bioavailability and delivery ef-
ficiency warrant further investigation. Future studies will
focus on optimizing delivery strategies, such as nano-
encapsulation or formulation modification, to improve sta-
bility, bioavailability, and therapeutic efficacy. Impor-
tantly, PSPAs exhibit low toxicity and are considered safe
for consumption due to their food origin [8]. Mechanisti-
cally, PSPAs induce oxidative stress and endoplasmic retic-
ulum stress, leading to mitochondrial membrane potential
loss, elevated ROS production, apoptosis activation, cell-
cycle arrest, and disruption of calcium homeostasis, thereby
exerting multi-pathway and multi-target antitumor effects
[43]. Given that conventional T-ALL chemotherapeutics,
including dexamethasone and cytarabine, also impose ox-
idative and metabolic stress on leukemia cells, PSPAs may
function as complementary modulators of redox balance
and ferroptosis-related signaling, providing a potential ra-
tionale for combination therapeutic strategies. Despite
these findings, this study has limitations, particularly the
insufficient investigation of genetic regulation of key fer-
roptosis modulators and their potential crosstalk with other
regulated cell death pathways. Future work will employ ge-
netic and pharmacological approaches to further elucidate
ferroptosis mechanisms and their interactions with alterna-
tive cell death modes.

5. Conclusion
This study demonstrated the anti-leukemic activity of

PSPAs against T-ALL both in vitro and, for the first time,
in vivo in an ALL model. It also provided the first evi-
dence that PSPAs can induce ferroptosis in Jurkat T-ALL

cells, with SLC7A11 identified as a potential molecular tar-
get (Fig. 10). These findings offer new insights into the role
of ferroptosis in T-ALL and highlight naturally derived, safe
compounds as promising candidates for therapeutic devel-
opment in this malignancy.
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