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Abstract: Leukemia with MLL rearrangement (MLL:r) always exhibited a poor prognosis. Targeting ferroptosis was be-
lieved to be a novel strategy for the treatment of leukemia. However, the ferroptosis inducer, RSL3 (GPX4 inhibitor),
was not clinically available due to its potential off-target effects and toxicity. This study aimed to explore whether the
additional matrine (MAT) could yield superior therapeutic outcomes with ferroptosis inducer. Herein, we explored
that MAT can synergistically induce ferroptosis with non-toxic dosage of RSL3 in MOLM-13 and MV4-11 cells. The
underlying mechanism was investigated via western blot, quantitative RT-PCR (qRT-PCR) analysis, enzyme-linked
immunosorbent assay (ELISA) and Flow cytometry. We found that the combination of MAT and non-toxic-dose RSL3
significantly increased levels of intracellular ferrous ion (IFl) and lipid ROS, decreased mitochondrial membrane
potential and glutathione (GSH) levels, as well as down-regulated the expression of SLC7A11 and GPX4. Systematic
bioinformatic analysis results have indicated that MAT may potentiate the efficacy of RSL3 through modulation of
the p53 signaling pathway. Further experiments showed that knocking down p53 reduced the synergistic effect of
MAT and RSL3 in inducing ferroptosis. In addition, the combination of MAT and RSL3 can dramatically reduce the
population of bone marrow CD45+ cells in AML xenograft mouse. In conclusion, MAT can synergistically promote
non-toxic-dose RSL3 induced ferroptosis by modulating the p53 pathway in AML with MLL translocation, which may
potentially enable the clinical application of ferroptosis inducers in further.
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Introduction ry nature. Most patients developed resistance
and relapse during consolidation chemothera-
py, resulting in a four-year overall survival rate
of only approximately 29% [4, 5]. Therefore, the
imperative to identify innovative therapeutic
targets and develop groundbreaking interven-

tions has become increasingly critical in

MLL rearrangement (MLL:-r) is a frequent chro-
mosomal anomaly in acute myeloid leukemia
(AML), characterized by its high aggressive-
ness, low remission rates, recurrence likeli-
hood, and shortened survival times [1]. Among

AML cases, the MLL-AF9 fusion is particularly
prevalent, accounting for approximately 30% of
all MLL translocations [2, 3], while MLL-AF4
also attracted our attention due to its refracto-

addressing hematological malignancies. Ferro-
ptosis, a distinct modality of regulated cell
death characterized by iron-dependent lipid
peroxidation, presents a compelling therapeu-
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Figure 1. Graphical abstract.

tic strategy for leukemic cells. This is particu-
larly relevant given their pathophysiological
hallmark of aberrant intracellular iron accumu-
lation, a phenomenon partially mediated by
p53-dependent pathways [6, 7]. Ferroptosis
activators like RSL3 may offer new therapeutic
strategies for MLL-r leukemic cells by inducing
ferroptosis [8]. Nevertheless, its clinical ad-
vancement and use were notably limited by its
toxicity and adverse effects, such as liver and
kidney dysfunction [9, 10].

Matrine (MAT), a quinoline alkaloid obtained
from Sophora flavescens, shows a broad spec-
trum of pharmacological actions, including
anti-inflammatory, immunosuppressive, and
anti-tumor activities [11]. Current research has
reported that the mechanisms of MAT in anti-
leukemia are complex and diverse [12, 13], and
there was a report indicating that MAT can
against cervical cancer activity through the
induction of ferroptosis [14]. Our team had
earlier investigated the various possible im-
pacts of MAT on treating blood cancers such as
leukemia, lymphoma, and multiple myeloma,
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although the mechanisms were not completely
explained [15-17]. This study demonstrates
that while MAT alone does not trigger ferropto-
sis in AML, it can synergize with a non-toxic
dose of RSL3 to enhance ferroptosis, poten-
tially facilitating the clinical application of fer-
roptosis inducers (Figure 1).

Materials and methods
Cell culture

The MLL-r leukemic cell lines MOLM-13 (shCtrl,
shp53) (CVCL number: 2119, MLL-AF9), MV4-
11 (shCtrl, shp53) (CVCL number: 0064, MLL-
AF4) cells were generously provided by Dr.
Ya-Huei Kuo. The shRNA sequences used for
the negative control (NC) and p53 knockdown
are as follows: NC-TTCTCCGAACGTGTCACGT;
p53-CGGCGCACAGAGGAAGAGAAT. These se-
quences are the target sequences used for
each molecule. The human bone marrow stro-
mal cell line HS-5 (CVCL number: 3720) was
purchased from Cell Bank of Chinese Academy
of Sciences (Shanghai, China). Cells were seed-
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ed at an initial concentration of 1 x 10%/ml in
1640 medium supplemented with 20% fetal
bovine serum (FBS) and incubated 5% CO, at
37°C. Media were replaced every 48 h, and
cells were observed and photographed to docu-
ment their growth status.

Grouping

For in vitro study, cell lines (MOLM-13 and MV4-
11) were grouped as follows: (1) control group
(Ctrl), (2) MAT sole treated group (MAT), (3)
RSL3 sole treated group (RSL3), (4) MAT and
Fer-1 (Ferrostatin-1, a Ferroptosis inhibitor) co-
treated group (MAT+Fer-1), (5) MAT and RSL3
co-treated group (MAT+RSL3), and (6) MAT,
RSL3, and Fer-1 co-treated group (MAT + RSL3
+ Fer-1).

Proliferation detection

Cells in the logarithmic growth phase were col-
lected and seeded into a 96-well plate at 1 x
10% cell per well. Three replicate wells were set
up for each sample. Following the addition of
the corresponding concentrations of drugs, the
cells were incubated in a constant-temperature
incubator for 24, 48, and 72 h, respectively. 10
uL of CCK-8 solution (Shanghai Biosharp,
QX1210) was added, and further incubated for
2 h. The absorbance was measured at 450 nm
using a microplate reader, and the relative inhi-
bition rate of the cells was calculated.

Apoptosis and necrosis detection

Leukemic cells in the logarithmic growth pha-
se were collected, centrifuged, and counted.
Cells were seeded into a 6-well plate at 1 x 10°
cells per well. Cells were harvested after 48
hours of drug treatment, washed thrice with
PBS, and resuspended in 500 pL of Binding
Buffer. 5 uL Annexin V/FITC and 10 pL propidi-
um iodide (Pl) staining solution (Shanghai
Yishan Biotechnology, AP001/100) were added
and thoroughly mixed. Cells were kept in dark-
ness at 37°C for 15 minutes. Apoptotic and
necrotic rates were then analyzed using a flow
cytometer. We have calibrated our flow cytom-
eter regularly using beads with known fluores-
cence intensities to ensure accurate and con-
sistent measurements. And we employed a rig-
orous gating strategy to identify and exclude
cells with abnormal or non-specific staining
patterns. This includes using forward and side
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scatter plots to gate on live, single cells and
applying additional gates based on the staining
patterns of specific markers to further refine
our analysis (Supplementary Figure 1A).

Systematic bioinformatics analysis

The structural information of MAT was retrieved
from the PubChem database. Potential targets
of MAT were identified from Traditional Chinese
Medicine Systems Pharmacology (TCMSP) and
Search Tool for Interactions of Chemicals
(STITCH), followed by the screening of AML-
related targets using the GeneCards data-
base. Subsequently, the UniProt database was
employed to standardize and validate these tar-
gets. Venny was utilized to analyze the unique
and shared components between MAT and
AML groups. Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) with Cy-
toscape was used to analyze these core tar-
gets. Cytoscape was also leveraged to con-
struct a “compound-target-disease” network.
Enrichment analyses of Kyoto Encyclopedia
of Genes and Genomes (KEGG) and Gene
Ontology (GO) for the core targets were con-
ducted using R along with Bioconductor bioin-
formatics packages.

RNA-seq data from AML patient samples
sourced from The Cancer Genome Atlas (TC-
GA) database and healthy donors from the
Genotype-Tissue Expression (GTEx) database
were analyzed using the stats and car packag-
es in R. Visualization of the data was achieved
using the ggplot2 package.

Molecular docking

Molecular docking between MAT and the core
targets was performed using AutoDock Vina to
validate their interaction activities. Pymol was
utilized for visual analysis of the combinations
with lower binding energies.

Intracellular ferrous ion (IFl) detection

Cells in the log phase were seeded into a
24-well plate. After 48 h of drug exposure, the
cells underwent three washes with PBS. Then,
1 mL of a diluted FerroOrange fluorescent
probe solution (DOJINDO, M489) was added,
and incubated for 30 min in a cell culture incu-
bator. Following this incubation, the 24-well
plate was centrifuged at 1200 rpm for 5 min
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Table 1. Primers for the target genes

group were measured using the

Gene Primer

GSH ELISA Kit (Kelu Biotechnology,

GPX4 Forward: 5’-CCGCTGTGGAAGTGGATGAAGATC-3’
Reverse: 5’-GCAGCCGTTCTTGTCGATGAGG-3’

SLC7A11 Forward: 5’-GGCTCCATGAACGGTGGTGTG-3’
Reverse: 5’-GCTGGTAGAGGAGTGTGCTTGC-3’

GAPDH Forward: 5’-TGTTGCCATCAATGACCCCTT-3’
Reverse: 5’-CTCCACGACGTACTCAGCG-3’

ELK7846) following the manufactur-
er’'s guidelines.

Quantitative real-time PCR (qQRT-PCR)
analysis

Reference to previous protocol in our

and observed under a fluorescent inverted
microscope for imaging. The image processing
and fluorescence quantification for whole
mount fluorescence were used Imagel soft-
ware.

Cellular lipid peroxidation detection

Cells in the log phase were seeded into a 6-well
plate. Cells were harvested by centrifugation
and rinsed with PBS after 48 hours of drug
treatment. The cells were then resuspended in
C11BODIPY581/591 lipid peroxidation fluores-
cent probe (GLPBIO, GC40165) at a final con-
centration of 5 yM and incubated in a 37°C
incubator for 30 min. After incubation, cells
were rinsed with PBS to eliminate surplus
fluorescent probe. Lipid peroxidation levels in
the cells were assessed via flow cytometry.
Representative Fluorescence-Activated Cell
Sorting (FACS) plots of lipid peroxidation is

shown in Supplementary Figure 1B.

Mitochondrial membrane potential (Aym)
analysis

The JC-1 Mitochondrial Membrane Potential
Assay Kit (Elabscience, E-CK-A301) was em-
ployed to assess mitochondrial membrane
potential. Cells were exposed to the JC-1 stain-
ing solution in the dark at 37°C for 10 min.
Subsequently, the cells underwent two wa-
shes with the working solution. Finally, the
mitochondrial membrane potential was evalu-
ated using a flow cytometer. Representative
FACS plots of mitochondrial membrane poten-

tial is shown in Supplementary Figure 1C.

Glutathione (GSH) concentration detection

Cells in the log phase were seeded into a 6-well
plate. After 48 hours of drug exposure, the
supernatant was collected and stored in EP
tubes for later analysis. GSH levels for each
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laboratory for RNA extraction, reverse
transcription, and gRT-PCR. GAPDH
was used as a reference gene for its quantifi-
cation [18]. The expression levels of GPX4 and
SLC7A11 were quantitatively assessed. The
288¢T method was employed to calculate differ-
ences in MRNA expression levels between
groups. Refer to Table 1 for the primer se-
quences.

Western blot (WB) analysis

Reference to previous protocol in our laborato-
ry for WB analysis [18]. The membranes were
incubated overnight with primary antibodies
against SLC7A11 (Cell Signaling Technology
(CST), #98051), GPX4 (CST, #52455), a-actinin
(CST, #3134), p53 (CST, #2524), and B-actin
(CST, #4970). Immunoreactive bands were
visualized using anti-mouse and anti-rabbit
secondary antibodies and an ECL chemilumi-
nescent HRP substrate, followed by autoradiog-
raphy. The band intensity was analyzed using
ImageJ.

In vivo study

All animal protocols and procedures had
approval from the Animal Experimental Re-
search Center of Zhejiang Chinese Medicine
University, Zhejiang, China (Ethics approval
number: 1ACUC-20221121-02). The female
NOD SCID gamma (NSG) mice, aged 5 weeks
and obtained from Shanghai Nanfang Resear-
ch Center in Shanghai, China. All mice were
reared in clean animal laboratory of animal
experimental research center of Zhejiang
University of Chinese Medicine, with humidity
50%-70%, temperature 23-25°C, free feeding
and drinking water, 12 h alternating light. NSG
mice were randomly divided into five groups,
each comprising nine mice: Vehicle group, MAT
group (50 mg/kg), RSL3 group (5 mg/kg), MAT
+ RSL3 group (50 mg/kg MAT and 5 mg/kg),
and Positive control group (50 mg/kg cytara-
bine (Ara-C) and 1.5 mg/kg daunorubicin
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(DNR). Both RSL3 and MAT were administered
via intraperitoneal injection every other day
until euthanasia. For the positive control group
(7+3 regimen), daunorubicin was injected via
tail vein every other day for three doses, and
cytarabine was injected intraperitoneally every
other day for seven doses. 5 x 10 MOLM-13
cells transfected with luciferase were injected
via the tail vein into NSG mice. In vivo imaging
was performed once a week (day 7 and day 14),
and fluorescence intensity, and tumor burden
of the mice were observed after drug treat-
ment. Body weights were measured every three
days until they were euthanized. The specific
criterion used to determine when animals
should be euthanized is the onset of hind limb
paralysis in the mice. Once this condition is
observed, the mice are euthanized to prevent
further suffering. Euthanasia was performed by
administering pentobarbital sodium via intra-
peritoneal injection at a dose of 50 mg/kg to
ensure the mice were fully anesthetized and
free from pain. Following anesthesia, blood was
collected via the abdominal aorta (0.5-1 mL).
After blood collection, death was confirmed by
observing the absence of respiration, heart-
beat, corneal reflex, muscle tone, and mucosal
color. Then, bone marrow was collected. Flow
cytometry was employed to analyze the expres-
sion of CD45+ cells in the bone marrow of each
group. Tissues from the heart, liver, spleen,
lung, and kidney were gathered and weighed.
Organ weight divided by body weight was used
to compute organ indexes.

Serum was obtained from centrifuged blood
to measure alanine aminotransferase (ALT),
aspartate aminotransferase (AST), creatinine
(CREA), and blood urea nitrogen (BUN) using a
specific kit (Nanjing Jiancheng, China), following
the manufacturer’s instructions. Using an
Auto Hematology Analyzer (Mindray Biome-
dical Electronics, Shenzhen, China), blood sam-
ples were obtained for regular blood index
examination.

Statistical analysis

The in vitro studies were independently repeat-
ed in triplicate and the in vivo study used seven
samples to confirm the findings. The experi-
mental data were presented as mean * stan-
dard deviation (X £ S) and analyzed using SPSS
23.0 software. Analysis of Variance (ANOVA)
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was chosen for data analysis after confirming
the normality of the data (Shapiro-Wilk test)
and equality of variances (Levene’s test). Post
hoc comparisons were performed using Tukey’s
HSD test to ensure robust and accurate multi-
ple group comparisons while controlling for
Type | error. A P-value of less than 0.05 was
considered statistically significant. Graphical
representations of the results were generated
using GraphPad Prism 8 software.

Results

MAT synergizes with ferroptosis inducer RSL3
to exert anti leukemia effect in MLL-r AML cell
lines

The inhibitory effect of MAT on MOLM-13 (MLL-
AF9) and MV4-11 (MLL-AF4) cells proliferation
was evaluated. The results reveal that the
inhibitory effect of MAT on MLL-r cell lines cor-
related positively with both its concentration
and treatment duration (Figure 2A-C). The
experiment was used to determine the con-
centration required to induce the desired bio-
logical effect without causing significant cyto-
toxicity. But this effect could not be reversed by
the ferroptosis inhibitor Fer-1 (Figure 2D).
Meanwhile, RSL3 alone demonstrated a con-
centration-dependent inhibitory effect (Figure
2E). Combining the two drugs yielded a signifi-
cant synergistic index, measuring 15.711 and
17.931 in MOLM-13 and MV4-11 cells, respec-
tively (Figure 2F, 2G). This synergy was com-
pletely reversed by Fer-1 (from 26.42% to
72.01%) (Figure 2H). And Fer-1 did not affect
the cell viability of MOLM-13 and MV4-11
(Supplementary Figure 2A, 2B). Further experi-
ments revealed potent synergistic cytotoxicity
even at non-toxic and low doses of both drugs.
In addition, we explored the effects of combin-
ing MAT with another ferroptosis inducers,
Erastin. The results indicated that MAT is less
effective in inducing ferroptosis in MOLM-13
cells when combined with Erastin compared
to RSL3, with a synergistic index of 9.63
(Supplementary Figure 3). Consequently, we
selected 1 uyM RSL3 (resulting in 96.17% cell
viability) and 1 mM MAT for MOLM-13 cells, and
0.125 yM RSL3 (resulting in 95.03% cell viabil-
ity) and 0.25 mM MAT for MV4-11 cells for sub-
sequent exploration. The combination exhibit-
ed significant effects in MOLM-13 and MV4-11
cells, with necrosis rates (PI+) for the Ctrl, MAT,
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13 and MV4-11 cell lines. D. Incubation of the ferroptosis inhibitor Fer-1 with matrine in MOLM-13 and MV4-11 cells
for 48 h. E. Use of different concentrations of RSL3 to act on MLL-AF9 leukemia cells. F, G. Synergy score of matrine
combined with RSL3 in the treatment of MOLM-13 and MV4-11 cells. H. Reversal of cell death caused by matrine
combined with RSL3 by the ferroptosis inhibitor Fer-1. |. Determination of the rate of necrotic cells by flow cytometry.

Data were represented as mean + SD, n = 3. ***P < 0.001.

RSL3, and MAT + RSL3 groups being 8.07%,
9.90%, 15.95%, and 79.62% in MOLM-13
cells, and 9.76%, 6.71%, 12.66%, and 55.34%
in MV4-11 cells, respectively (Figure 2l).
Meanwhile, the inhibition rate of RSL3 on bone
marrow stromal cell line, HS-5, was lower than
in MOLM-13 and MV4-11 cells, and MAT (1 mM)
did not enhance the inhibitory effect of RSL3
on HS-5 cell proliferation (Supplementary
Figure 4), suggesting that the combination of
MAT and RSL3 has a favorable safety profile.

MAT sensitize cells to ferroptosis

Our previous findings indicated that the combi-
nation of MAT and RSL3 resulted in substantial
cell death, the specific form of which remained
unclear. Given RSL3’s properties, ferroptosis
was considered highly plausible. Initially, we
assessed changes in IFl levels. The findings
indicated that IFI levels did not increase with
either MAT or RSL3 treatment alone. The com-
bined treatment of MAT and RSL3 significantly
increased IFl accumulation in both cell lines (P
< 0.01) (Figure 3A), accompanied by up-regu-
lated expression of intracellular lipid peroxida-
tion (P < 0.05) (Figure 3B). Additionally, the syn-
ergistic regimen induced significant reductions
in both mitochondrial membrane potential
(Figure 3C) and GSH levels (Figure 3D, 3E) com-
pared to monotherapy (P < 0.05). To validate
the combined impact on ferroptosis pathway
regulation, we evaluated the expression levels
of proteins associated with ferroptosis. The
results showed that MAT + RSL3 could down-
regulate the expression of SLC7A11 protein in
MOLM-13 cells, but had no effect on GPX4
expression. Notably, MAT + RSL3 significantly
reduced the expression of both GPX4 and
SLC7A11 proteins in MV4-11 cells (Figure 3F,
3G6).

Systematic bioinformatic analysis of MAT treat-
ment for AML

To explore how MAT promotes ferroptosis, bio-
informatics analysis will be used to investigate
the primary mechanism of action. We compre-
hensively collected data on 20 potential tar-
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gets of MAT and 8,309 AML-associated targets.
Ultimately, 16 targets were identified as crucial
forboth MAT and AML (Figure 4A). Subsequently,
we analyzed the PPl network among these over-
lapping targets and ranked them based on
their Degree values (Figure 4B, 4C). Potential
targets include PTEN, CASP3, and CCND1, etc.
GO enrichment analysis yielded a total of
1,130 results. The Biological Processes (BP)
mainly involved responses to UV, regulation of
apoptotic signaling pathways, and leukocyte
cell-cell adhesion. The Cellular Components
(CC) mainly involved membrane rafts, mem-
brane microdomains, and transcription repres-
sor complexes. The Molecular Functions (MF)
mainly involved protease binding, ATP-de-
pendent chromatin remodeler activity, and
core promoter sequence-specific DNA binding
(Figure 4D). The KEGG enrichment analysis
identified 103 enriched pathways, primarily
involving the AGE-RAGE signaling pathway in
diabetic complications, Epstein-Barr virus
infection, and Proteoglycans in cancer, etc.
(Figure 4E). Notably, our findings suggest that
MAT may exert its therapeutic effects on AML
through the acute myeloid leukemia and p53
signaling pathways, with key molecules such as
RELA, CASP3, MYC, PTEN, and CCND1 playing
pivotal roles (Figure 4F-H). Furthermore, we
observed significant differences in the expres-
sion levels of p53, RELA, CASP3, MYC, PTEN,
and CCND1 between RNA-seq data derived
from AML patients and healthy donors (Figure
4]).

Molecular docking

Investigating the affinity between potential mol-
ecules and proteins is crucial for identifying tar-
gets. A lower binding energy in molecular dock-
ing indicates a tighter interaction between the
receptor and ligand, suggesting a stronger
binding capacity. Our research revealed that
MAT exhibited binding energies <-5.0 kcal-mol?
with p53, RELA, CASP3, MYC, PTEN, and
CCND1, indicating good binding affinity (Figure
5A-F; Table 2). These data collectively suggest
that MAT may play a significant role in anti-AML
activity through the p53-mediated downstream
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Figure 3. Matrine potentiates the ferroptosis induced by RSL3 in leukemia cells. A. Measurement of intracellular
ferrous ion levels in each group. B. Flow cytometry analysis of lipid peroxidation ROS. C. Flow cytometry analysis
of mitochondrial membrane potential. D, E. Elisa analysis of serum glutathione (GSH) levels. F, G. Analysis of the
expression of GPX4 and SLC7A11 in MLL-AF9 leukemic cell line by western blotting, with a-actinin used as the refer-
ence control. Data were represented as mean + SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001.
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pathways. Furthermore, given RSL3’s pro- correlation with mediating p53 protein and
perties, we considered that MAT combined activating of the downstream ferroptosis
with RSL3 to treat AML may have a significant pathway.
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}xKi}[‘

Figure 5. Results of molecular docking between Matrine and typical targets. A. p53 - Matrine. B. PTEN - Matrine. C.
RELA - Matrine. D. CCDN1 - Matrine. E. CASP3 - Matrine. F. MYC - Matrine.

Table 2. Details of molecular docking between matrine and typical targets

Targets Gene PDB Energy of binding Number Binging Length pf
name number (kcal*mol-1) of bonds site bond (A)
Tumor protein p53 TP53 1kzy 5.7 1 LEU-264 2.5
RELA proto-oncogene RELA 9bdv -6.1 1 GLN-29 2.0
Caspase 3 CASP3 2¢jx -6.5 1 SER-36 2.2
MYC proto-oncogene MYC 5i50 -5.0 1 HIS-82 2.2
Phosphatase and tensin homolog PTEN 5bug -1.7 1 ARG-173 2.0
Cyclin D1 CCND1 6p8e -6.8 1 HIS-181 2.0

MAT promotes ferroptosis in MLL-r cells via
p53/SLC7A11/GPX4 pathway regulation

The knockdown efficiency of p53 in MOLM-13
and MV4-11 cells was repeatedly confirmed by
WB analysis (Figure 6A). In MOLM-13 shp53
and MV4-11 shp53 cells, the synergy coeffi-
cients of the two drugs were 7.756 and 10.98,
respectively (Figure 6B, 6C). We observed that
MAT + RSL3 had no significant effect on p53
protein levels, although the knockdown of p53
reduced the combined effect in the two cell
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lines. In MOLM-13 shCtrl cells, necrosis rates
were 10.79% for Ctrl, 15.58% for MAT, 16.94%
for RSL3, and 82.39% for MAT + RSL3 groups.
In MV4-11 shCtrl cells, the rates were 11.71%
for Ctrl, 7.61% for MAT, 16.44% for RSL3, and
54.85% for MAT + RSL3 groups. In MOLM-13
shpb3 cells, the rates were 3.70%, 2.03%,
3.27%, and 2.95%, while in MV4-11 shp53
cells, they were 5.92%, 10.22%, 6.62%, and
16.53% (Figure 6D). Moreover, MAT combined
with RSL3 significantly enhanced intracellular
lipid peroxidation expression in shCtrl cell lines
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Figure 6. The role of p53 in the synergistic induction of ferroptosis by matrine and RSL3. A. The effect of p53 knock-
down on protein levels of p53 in MOLM-13 and MV4-11 cells was determined using western blotting, with B-actin as
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Figure 7. The impact of matrine on the ferroptosis pathway in MLL-r leukemia cells. A. Analysis of GPX4 and SLC7A11
gene expression in MLL-AF9 leukemic cell lines using qRT-PCR. B. Protein levels of p53, GPX4, and SLC7A11 in MLL-
AF9 leukemic cell lines were analyzed by western blotting, with a-actinin used as the reference control. Data were
represented as mean + SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001.

(P < 0.05). Lipid peroxidation levels in both
shp53 cell lines did not significantly differ from
the Ctrl group (Figure 6E, 6F). Treatment with
MAT+RSL3 significantly downregulated both
mRNA and protein levels of p53 and SLC7A11
in MOLM-13 cells, whereas p53 knockdown
reversed these effects. In MV4-11 cells,
MAT+RSL3 upregulated SLC7A11 mRNA ex-
pression but reduced p53, GPX4 and SLC7A11
protein levels, with p53 knockdown partially
restoring GPX4 protein expression. These find-
ings demonstrate cell type-dependent differen-
tial regulation of ferroptosis-related molecules
by MAT+RSL3 through p53-mediated mecha-
nisms (Figure 7A, 7B).

The combined treatment of MAT and RSL3
significantly suppresses tumor progression in
AML xenograft mouse models

In vivo imaging revealed that mice treated with
both MAT and RSL3 exhibited reduced fluores-
cence intensity by day 14 compared to the
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Vehicle group, while no significant changes
were noted in groups treated with only MAT or
RSL3 (Figure 8A). The bone marrow’s CD45+
cell proportion significantly decreased in the
RSL3, MAT + RSL3, and Ara-c + (Positive con-
trol) groups (P < 0.05), with the Positive control
group showing the lowest proportion at 10%
(Figure 8B, 8C). Mouse weight did not differ sig-
nificantly between groups throughout the treat-
ment period (Figure 8D). Meanwhile, MAT had
little effect on the indexes of heart, liver, spleen,
lung and kidney, as well as serum AST, ALT,
CREA, and CREA levels. Our hematological
results revealed that platelet counts in the MAT
+ RSL3 group (332.42 x 10°%/L) were slightly
elevated compared to the model group (296.5
x 10%/L), while the standard AML chemothera-
py group (7 + 3 regimen) showed a significant
increase in platelet counts (649.14 x 10°%/L, P
< 0.05). Existing literature has reported that
high platelet counts are associated with poorer
treatment outcomes and shorter relapse-free
survival in AML patients, particularly in interme-
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Figure 8. Anti-leukemia efficacy of matrine combined with RSL3 in vivo. A. Bioluminescent images of mice post
therapy on Days 7 and 14. B, C. Flow cytometry analysis of the expression of CD45+ cells in the bone marrow. D.
Every three days, mice’s bodyweight was measured during therapy. E-l. Effect of matrine combined with RSL3 on
organ indexes. J. Effect of matrine combined with RSL3 on serum biochemical levels alanine aminotransferase
(ALT), aspartate aminotransferase (AST), creatinine (CREA), and blood urea nitrogen (BUN). Data were represented
as mean = SD, n=7. *P < 0.05, **P < 0.01, ***P < 0.001.
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diate-risk AML [19]. Other hematological
parameters showed no significant differences
between the standard chemotherapy group
and the MAT + RSL3 group. The spleen, as an
important immune organ, serves as a critical
indicator for assessing drug-induced immuno-
toxicity through its mass and histopathological
changes. Our findings demonstrated that the
spleen index in the standard chemotherapy
group was significantly increased compared to
the model group, suggesting potential physio-
logical or pathological changes in the spleen.
In contrast, MAT + RSL3 treatment did not sig-
nificantly alter the spleen index, indicating a
more favorable safety profile (Figure 8E-J).
Additionally, blood routine indices were unaf-
fected by MAT. RSL3, alone or combination
(Supplementary Table 1). These results indi-
cate that mat+rsI3 has better safety compared
with Ara-c +DNR.

Discussions

Ferroptosis, a widespread cellular death mech-
anism found in various organisms, has been
closely linked to tumorigenesis, especially in
highly metastatic cancer cells (e.g., leukemia)
[20, 21]. Researchers have been investigating
novel approaches utilizing ferroptosis to im-
prove the prognosis of AML patients [22, 23].
However, the adverse effects of ferroptosis
activators have significantly impeded their
clinical application [9, 10, 24]. Thus, devising
strategies to achieve superior therapeutic out-
comes with lower doses of RSL3 is essential.
As a quinolizidine alkaloid, MAT exhibits mo-
derate oral bioavailability, relatively stable plas-
ma concentration levels, and significant anti-
inflammatory, antiviral, and analgesic effects
[25]. Furthermore, it demonstrates anticancer
potential by inducing ferroptosis [14]. Com-
prehensive pharmacokinetic studies, especial-
ly regarding leukemia treatment and combina-
tion therapies, are essential to evaluate its
clinical applicability. This study aims to en-
hance understanding of the biological role of
ferroptosis in MLL-r leukemia and to identify
potential new therapeutic targets and drugs for
leukemia.

Our study found that combining non-toxic doses
of RSL3 and MAT synergistically increased cyto-
toxicity in MOLM-13 and MV4-11 cells, an effect
reversible by the ferroptosis inhibitor Fer-1, cho-
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sen for its proven specificity and efficacy. This
approach allowed us to directly compare the
effects of inhibiting ferroptosis to those
observed in its absence, providing clearer
insights into the mechanism underlying our
observations. Our results revealed that MV4-11
and MOLM-13 exhibit different sensitivities to
RSL3, which may be attributed to differences
in their genetic backgrounds. The incubation
times for cytotoxicity assays were chosen
based on preliminary experiments and litera-
ture precedence [26], as they effectively cap-
ture the dynamic range of ferroptosis induction,
allowing observation of its initiation, progres-
sion, and outcomes in cell viability, ensuring a
comprehensive evaluation aligned with estab-
lished experimental frameworks. Furthermore,
we have also evaluated the synergistic effects
of MAT with another ferroptosis inducer, Eras-
tin, and found that the combination index of
MAT + Erastin (9.63) was lower than that of MAT
+ RSL3 (15.711). This difference may be relat-
ed to the target specificity of different ferropto-
sis inducers. In future studies, we plan to evalu-
ate the synergy index of MAT in combination
with various ferroptosis inducers to further
explore its role in sensitizing ferroptosis and to
identify potential common targets. To identify
the most effective drug combinations, we plan
to use ZIP synergy scoring or high-throughput
screening to evaluate existing ferroptosis in-
ducers and standard chemotherapeutic agents
in combination with MAT. This approach will
help us identify the optimal synergistic part-
ners for MAT and further explore its therapeutic
potential.

While our data suggest that the cell death
induced by the combination of MAT and RSL3 is
primarily mediated through ferroptosis, as
demonstrated by the reversal of effects with
the ferroptosis inhibitor Fer-1, potential off-tar-
get effects of MAT or RSL3 cannot be entirely
ruled out. Future studies should explore these
possibilities through more extensive pharmaco-
logical and genetic approaches, such as genet-
ic manipulation of ferroptosis regulators and
high-throughput screening, to confirm the spec-
ificity of ferroptosis induction and identify any
confounding off-target interactions.

Ferroptosis as a novel iron-dependent form of
cell death is different from other traditional cell
death methods, characterized by abnormal
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increase of IFl and lipid ROS [27, 28]. The redox
state of GSH is crucial in regulating ferroptosis,
which can be triggered by its depletion [29].
Upon the onset of ferroptosis, mitochondria
exhibit atrophy characterized by increased
membrane density, diminished or absent cris-
tae, degeneration, and a notable reduction or
loss of membrane potential [30]. Our study
demonstrated that administering the two drugs
simultaneously led to increased levels of lipid
ROS and IFl and decreased levels of mitochon-
drial membrane potential and GSH compared
to monotherapy. These findings demonstrated
that MAT promotes ferroptosis when combined
with non-toxic doses of RSL3. Furthermore, An
AML xenograft mice model was utilized to vali-
date the synergistic effect of MAT and RSL3.
The xenograft model of AML has demonstrated
considerable potential in mimicking key aspects
of the disease, including leukemic cell infiltra-
tion into the bone marrow, spleen, and periph-
eral blood, as well as genetic and molecular
heterogeneity. While the model cannot fully rep-
licate the complexity of human AML, it has prov-
en valuable for studying disease progression
and therapeutic responses, providing insights
that often correlate with clinical outcomes. In
our study, we chose female NSG mice for the
AML model because they are generally more
docile, which facilitates long-term experimental
management. Additionally, this choice avoids
the potential influence of male hormones (e.g.,
testosterone), which may promote inflammato-
ry responses or certain tumor progression [31,
32]. The combination treatment of MAT and
RSL3 in mice resulted in reduced fluorescen-
ce intensity and a decreased percentage of
CD45+ cells in the bone marrow. The findings
indicate that employing MAT to enhance the
sensitivity of ferroptosis may reduce treatment
duration and enhance therapeutic efficacy.
Future studies will aim to address potential sex-
specific differences by including both male and
female cohorts.

The SLC7A11/GPX4 pathway is a well-estab-
lished signaling mechanism in ferroptosis.
Under normal conditions, this pathway protects
cells from ferroptosis by maintaining low levels
of lipid peroxidation. However, when the func-
tion of GPX4 is compromised, either through
genetic mutation, pharmacological inhibition,
or depletion of its substrate GSH, cells become
susceptible to ferroptosis. In our study, we
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observed that the combination of MAT and
RSL3 can downregulate the expression level of
SLC7A11 and GPX4, as well as lipid peroxida-
tion levels and necrosis rate in MOLM-13 and
MV4-11 cells, but the underlying mechanism is
unclear. Network pharmacology is an impor-
tant tool for investigating drug mechanisms of
action and elucidating the pathological net-
works of complex diseases [33]. Systematic
pharmacological studies suggest that MAT
may exert its therapeutic effects on AML
through the p53 signaling pathway, supported
by molecular docking results showing MAT's
strong binding affinity with key proteins of this
pathway, including p53, RELA, CASP3, MYC,
PTEN, and CCND1. These molecules are inter-
connected in the regulation of ferroptosis, and
the observed synergistic effect of MAT and
RSL3 in inducing ferroptosis is likely mediated
through the complex interplay of these path-
ways. While MAT may potentially influence
other regulatory pathways, our findings suggest
that its effects on ferroptosis are particularly
mediated through p53, making this interaction
a key focus of our study. And future studies
should include co-immunoprecipitation or other
relevant experimental techniques to validate
these predicted interactions and to provide
more concrete evidence supporting the role of
MAT in modulating the p53 signaling pathway
and its downstream effects in AML. P53, a cru-
cial tumor suppressor, primarily exerts its anti-
leukemic effects through cell cycle arrest,
induction of differentiation, and promotion of
apoptosis and autophagy [34]. Many studies
have proved that the activation of p53 is signifi-
cantly correlated with the occurrence of ferrop-
tosis [6, 35, 36]. It is reported that p53 can
disrupt the cystine-glutamate antiporter sys-
tem Xc- by inhibiting SLC7A11 expression,
reducing cystine uptake, and promoting the
activation of the ROS system, thereby leading
to the occurrence of ferroptosis in tumor cells
[37]. Consistently, knocking down p53 can
ameliorate the ferroptosis in AML cells.
MAT+RSL3 downregulated SLC7A11 and p53in
MOLM-13 and MV4-11 cells. This suggests that
the induction of ferroptosis in leukemic cells by
the combination of MAT and RSL3 is regulated
by p53. Notably, we found that MAT+RSL3 sig-
nificantly inhibited the expression of GPX4 in
MV4-11, but not in MOLM-13. The observed
discrepancy in GPX4 expression levels between
the two cell lines likely arises from their distinct
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susceptibility to ferroptosis. The concentration
of MAT+RSL3 inducing ferroptosis in MLL-r
cells was several times different (1 yuM VS.
0.125 pM in RSL3 and 1 mM VS. 0.25 mM in
MAT). In MV4-11 cells, MAT+RSL3 not only
inhibited the function of GPX4, but also reduced
its expression, which may be the reason why
MV4-11 is more sensitive to ferroptosis. On the
other hand, although GPX4 is a key regulator of
the ferroptosis pathway, its activity is influ-
enced not only by protein expression levels but
also by multiple regulatory mechanisms. First,
the activity of GPX4 can be altered by post-
translational modifications (such as ubiquitina-
tion and phosphorylation), which in turn affect
its function. Second, upstream signaling path-
ways (such as Nrf2 and CBX8) can regulate
GPX4 expression at the transcriptional level,
thereby influencing ferroptosis sensitivity [38].
This may explain why in MOLM-13 cells,
MAT+RSL3 does not affect GPX4 protein
expression levels but can still modulate ferrop-
tosis activity through other mechanisms. Future
studies should further explore the post-transla-
tional modification mechanisms of GPX4 and
its role in ferroptosis, providing new therapeu-
tic targets for related diseases. While the par-
tial induction of ferroptosis in p53 knockdown
cells may involve compensatory mechanisms,
such as NRF2-mediated upregulation of antioxi-
dant genes, non-coding RNA modulation of fer-
roptosis sensitivity, or autophagy-dependent
pathways like ferritinophagy. These mecha-
nisms underscore the complexity of ferroptosis
regulation and warrant further investigation to
elucidate alternative pathways driving ferropto-
sis in the absence of p53. The validated tar-
gets, such as p53 and GPX4, are crucial com-
ponents of the ferroptosis pathway, and our
findings suggest that MAT can modulate this
pathway to induce cell death. We acknowledge
the importance of validating all identified tar-
gets and plan to pursue this in future work.
Additionally, we plan to conduct detailed immu-
nophenotyping and cytokine profiling studies in
both in vitro and in vivo models. Understanding
these immunomodulatory effects could pave
the way for combining MAT with immunothera-
py strategies (such as checkpoint inhibitors), to
achieve even better therapeutic outcomes in
AML.

Meanwhile, the combination of MAT and RSL3
significantly reduces p53 protein expression,
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which may be mediated through post-transla-
tional modifications. Upstream regulators such
as MDM2 (a key E3 ubiquitin ligase responsible
for p53 degradation) or ATM (activated by DNA
damage to stabilize p53) could be involved in
this process. Further investigation is needed to
elucidate the specific roles of these upstream
regulators.

We preliminarily evaluated the toxicity of ferrop-
tosis induction in non-leukemic cells using the
HS-5. The results showed that the cytotoxic
effect of RSL3 on HS-5 cells is much lower
compared to its effect on MOLM-13 and MVA4-
11 cells. Additionally, we found that MAT (1
mM) did not enhance the inhibitory effect of
RSL3 on HS-5 cell proliferation, suggesting that
the combination of MAT and RSL3 has a favor-
able safety profile. This may be because the dif-
ferential expression of key targets such as p53,
RELA, CASP3, MYC, PTEN, and CCND1 between
AML and healthy samples plays a crucial role in
defining the therapeutic window of MAT. AML
cells, with their altered expression profiles,
exhibit heightened sensitivity to MAT-induced
ferroptosis, while healthy cells remain relati-
vely unaffected. This selectivity enhances the
potential safety and efficacy of MAT as a thera-
peutic agent for AML. In future studies, we plan
to further evaluate the safety of ferroptosis
induction using human bone marrow samples
and animal models to provide a more compre-
hensive assessment.

Moreover, the results presented in this study,
while promising and indicating potential thera-
peutic avenues for further exploration, are
derived from cell lines and a mouse model.
While such preclinical models are essential for
initial validation of scientific hypotheses and
therapeutic strategies, it is important to note
the limitations associated with their translation
to human disease. Specifically, the lack of
human tissue data or patient-derived xeno-
grafts represents a significant gap that needs
to be addressed in future studies. Meanwhile,
the future perspective that the long-term
adverse effects of MAT and RSL3 combination
therapy warrants further evaluation to provide
critical insights into the therapeutic window
and potential risks associated with MAT and
RSL3 treatment. In future research, we plan to
incorporate long-term experiments in our ani-
mal models to monitor the development of sec-
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ondary malignancies and other potential
delayed adverse effects. These investigations
will provide a more comprehensive under-
standing of the safety profile of MAT + RSL3
combination therapy and its implications for
clinical application. Our current p53 knock-
down experiments have demonstrated that
MAT enhances RSL3-induced ferroptosis via
the p53 signaling pathway. Future studies will
require pb53 overexpression to validate the
causal relationship between p53 activation
and ferroptosis induction.

Given the heterogeneity within MLL-r AML, we
acknowledge that findings from these two cell
lines may not be directly generalizable to all
MLL-r AML subtypes. Nonetheless, our results
provide important insights into the biological
mechanisms and potential therapeutic vulner-
abilities shared by at least some MLL-r AML
subtypes. To enhance the generalizability of
our findings, we plan to extend our studies to
additional MLL-r AML cell lines and primary
patient samples in future work. Since our pre-
clinical outcomes cannot encompass all MLL-
rearranged AML patients, their clinical transla-
tion must be approached with caution, em-
phasizing personalized medicine to identify
patients most likely to benefit from RSL3- and
MAT-based therapies.

In the context of AML therapy, resistance to
treatment is a significant challenge. To address
potential resistance mechanisms that may
arise with MAT + RSL3 therapy, we propose
investigating the molecular basis of resistance,
such as genetic mutations or altered metabolic
pathways, and exploring combination strate-
gies with targeted therapies or resistance path-
way inhibitors. Future studies employing tran-
scriptomic and proteomic approaches will be
required to comprehensively elucidate the
molecular pathways involved and to further
strengthen the mechanistic basis of MAT-
mediated ferroptosis sensitization in MLLr
AML. Additionally, synthetic optimization of MAT
to enhance its efficacy and specificity may fur-
ther mitigate resistance. These approaches will
be validated through preclinical and clinical
studies to ensure their effectiveness in over-
coming resistance in AML therapy. Based on
the current research landscape, the optimiza-
tion of MAT through structural modifications,
targeting ferroptosis pathways, and leveraging
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computational techniques holds promise for
enhancing its ferroptosis-inducing capabilities
and specificity for AML cells. For instance, inte-
grating anti-tumor active molecular fragments
into the MAT structure has been a successful
strategy in other cancer therapies. This app-
roach has been used to enhance the potency of
MAT2A inhibitors, which target the methionine
metabolism pathway [39]. Similarly, targeting
key ferroptosis regulators, such as ACSL4 and
GPX4, has been shown to induce ferroptosis in
various cancer types [40]. Additionally, Al-driven
drug design has been employed to generate
more potent and selective derivatives of other
anticancer agents, which could potentially be
applied to MAT optimization [41]. Future work
may focus on combining these strategies to
develop MAT derivatives with enhanced ferrop-
tosis-inducing capabilities and specificity for
AML cells.

Conclusion

In summary, combining MAT with a non-toxic
dose of RSL3 to induce ferroptosis synergisti-
cally enhanced cell death, possibly via the p53/
SLC7A11/GPX4 pathway regulation. Additional
research is required to evaluate the clinical
applicability of this strategy.
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Supplementary Figure 1. Representative Fluorescence-Activated Cell Sorting (FACS) plots showing gating strategy
and frequency of (A) Apoptosis/necrosis, (B) Lipid peroxidation and (C) Mitochondrial membrane potential.
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Supplemental Tablel. Analysis of blood routine indexes in MOLM-13 xenograft NSG mice

Test items Vehicle MAT RSL3 Combo Ara-c+DNR
WBC (10°/L) 3.56+1.82 4.11+1.39 3.23+1.39 2.27+1.11 3.17+1.21
Gran# (10°/L) 1.17+0.82 1.05+0.82 1.24+0.84 1.02+0.28 0.9+0.42
Lym# (10°/L) 1.22+0.52 1.46+0.67 0.95+0.74 0.85+0.46 1.1+0.5
Mon# (10°/L) 1.16+0.87 1.59+0.74 1.03+0.8 1.29+0.51 1.16+0.55
RBC (10*2/L) 7.99+0.69 9.48+0.95 8.99+2.01 7.67+2.04 9.05+1.08
HGB (g/L) 142.83+10.75 163.14+11.83 153.85+29.11 134.14+36.47 159+21.09
HCT (%) 37.93+2.88 44.84+4.22 43.22+9.45 36.87+9.61 43.67+5.15
MCV (fL) 47.46+1.02 47.340.61 48.11+0.38 48.12+0.71 48.25+0.81
MCH (pg) 17.91+0.43 17.22+0.48 17.24+0.97 17.37+0.63 17.54+0.57
MCHC (g/L) 377.16+8.18 364.28+9.99 358.14+18.82 361+12.71 363.57+17.37
RDW-CV (%) 13.21+0.72 13.3+0.6 13.3+0.28 13.25+0.33 13.4+0.72
RDW-SD (fL) 24.3+1.85 24.37+1.21 24.77+0.43 24.74+0.64 25.04+1.47
PLT (10°%/L) 296.5+102.61 442.14+151.82 354+136.93 332.42+179.11  649.14+354.73*
MPV (fL) 6.61+0.32 6.97+0.42 7.15+0.21 7.02+0.62 6.3+0.43
PDW (%) 15.66+0.43 15.61+0.29 15.82+0.25 15.91+0.36 15.3+0.31
PCT (%) 0.19+0.06 0.3+0.09 0.25+0.09 0.23+0.12 0.39+0.19
P-LCC (10°/L) 132.33+40.81 216+62.01 178.28+68.18 169.71+92.03 249.28+103.13
P-LCR (%) 45.36+4.1 49.61+4.75 50.3+4.01 49.07+7.85 40.3815.77

Note: NSG, Severe immunodeficient mice; Ara-c, Cytarabine; DNR, Daunorubicin; WBC, White Blood Cell count; Gran#, Granu-
locyte count; Lym#, Lymphocyte count; Mon#, Monocyte count; RBC, Red Blood Cell count; HGB, Hemoglobin; HCT, Hematocrit;
MCV, Mean Corpuscular Volume; MCH, Mean Corpuscular Hemoglobin; MCHC, Mean Corpuscular Hemoglobin Concentration;
RDW-CV, Red Cell Distribution Width - Coefficient of Variation; RDW-SD, Red Cell Distribution Width - Standard Deviation; PLT,
Platelet count; MPV, Mean Platelet Volume; PDW, Platelet Distribution Width; PCT, Plateletcrit; P-LCC, Platelet Large Cell Count;
P-LCR, Platelet Large Cell Ratio. *P < 0.05, compared with Vehicle group. Values are means + SD, n = 7. Blood samples were

obtained during sacrifice for routine index examination with a blood cell analyzer.



