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(+)-Strebloside, a significant bioactive compound isolated from the roots of Streblus asper
Lour., demonstrates inhibitory effects against multiple malignancies. However, its specific
function and underlying mechanistic pathways in Non-Hodgkin lymphoma (NHL) remain un-
explored. This investigation sought to elucidate the role and potential mechanisms of (+)-
strebloside-induced NHL cell death. The results demonstrated that (+)-strebloside signific-
antly induced apoptosis and ferroptosis in NHL cells, including those from Raji cell-derived
xenograft models. Mechanistic analyses revealed that (+)-strebloside enhanced six-transmem-
brane epithelial antigen of prostate 3 (STEAP3)-induced ferroptosis in NHL, and STEAP3 in-
hibition reduced the proliferation-inhibitory effects of (+)-strebloside. Furthermore, (+)-
strebloside suppressed NHL proliferation through the mitogen-activated protein kinase
(MAPK) pathway, and extracellular signal-regulated kinase (ERK) inhibition diminished the
proliferation-inhibitory activity induced by (+)-strebloside. These findings indicate that (+)-

strebloside presents promising therapeutic potential for NHL treatment.

1. Introductions

Non-Hodgkin lymphoma (NHL) represents the predominant
subtype within the lymphoma classification, comprising approx-
imately 90% of all lymphoma cases . It is the sixth most preval-
ent malignancy *, presenting a substantial public health challenge.
Currently, R-CHOP-based chemotherapy protocols remain the
most effective treatment modalities for NHL °~°. However, intens-
ive chemotherapy can result in myelosuppression and poten-
tially fatal complications. Furthermore, tumor progression and
chemotherapy may enhance coagulation risk, limiting therapeut-
ic options for patients with thrombotic predisposition. Alternat-
ive clinical interventions for NHL include CAR-T cell therapy °,
bispecific antibody immunotherapy ", lenalidomide °, and tar-
geted therapies such as BTK and PI3K inhibitors "’. Although
these therapeutic strategies have enhanced survival and cure
rates among NHL patients, their clinical application remains lim-
ited due to substantial costs and adverse effects ''~**. Thus, identi-
fying novel interventions and elucidating anti-tumor mechan-
isms remains crucial for expanding NHL treatment options.

Natural products (NPs) constitute a valuable source of anti-
tumor-active compounds that provide diverse structural frame-
works for discovering novel NHL therapeutic agents. The invest-
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igation of potential NPs may yield additional treatment options
for NHL, establishing a foundation for developing or optimizing
new anti-tumor medications. Cardiac glycosides (CGs) comprise a
class of naturally occurring secondary metabolites recognized for
their specific inhibitory effects on Na'/K'-ATPase (NKA) ' ", (+)-
Strebloside, isolated from the roots of Streblus asper Lour. 1 ex-
hibits proliferation-inhibitory effects against various human and
mammalian malignant cell types, including cervical cancer, ovari-
an cancer, non-small cell lung cancer, and melanoma cells. Mech-
anistic investigations have demonstrated that (+)-strebloside in-
duces apoptosis by inhibiting NKA and NF-xB activation in ovari-
an cancer cells /.

Despite extensive documentation of CGs' anti-cancer proper-
ties, research regarding their pharmacological mechanisms re-
mains limited. These mechanisms potentially involve multiple
signaling pathways, including the membrane pump NKA, Src-
EGFR-Ras-Raf-mitogen-activated protein kinase (MAPK) signal-
ing, and topoisomerase 2 ', Ferroptosis represents a regulated
form of non-apoptotic cell death characterized by iron accumula-
tion and lipid peroxide formation '°. Cancer cells require elevated
levels of iron and lipid metabolism for growth compared to nor-
mal cells, theoretically increasing their ferroptosis sensitivity *’.
Consequently, targeted ferroptosis presents a promising cancer
treatment strategy. The six-transmembrane epithelial antigen of
prostate 3 (STEAP3), a STEAP family member, participates in
iron balance regulation *'. Moreover, STEAP3 functions as a met-
al reductase, facilitating ferric ion (Fe*) to ferrous iron (Fe®")
conversion within the body. Evidence increasingly suggests

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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STEAP3’s critical role in lysosomal iron metabolism and ferrop-
tosis regulation ***,

While (+)-strebloside demonstrates promising anti-tumor
potential, its anti-non-Hodgkin lymphoma properties remain un-
explored. This study investigated (+)-strebloside’s anti-proliferat-
ive effects on NHL cells both in vivo and in vitro. The research
evaluated (+)-strebloside’s safety profile and general tumor pro-
gnostic indicators. Subsequently, specific mechanisms were ex-
amined. This investigation revealed, for the first time, that (+)-
strebloside may exert anti-NHL effects through the STEAP3-me-
diated ferroptosis pathway and MAPK pathway.

2. Materials and methods

2.1. Cells, compound, and mice

Human Burkitt lymphoma cell line Raji was obtained from
Shanghai Cell Bank of Chinese Academy of Sciences (Shanghai,
China), authenticated by STR profiling. Human T lymphocyte cell
line Jurkat and diffuse large B-cell lymphoma cell line OCI-LY3
were provided by Zhejiang University.

(+)-Strebloside (provided by the School of Traditional
Chinese Medicine, China Pharmaceutical University, China) was
dissolved in dimethyl sulfoxide (DMSO, Sigma Aldrich), stored at
-20 °C, and diluted with medium and freshly prepared before
each use.

Female BALB/c nude mice were obtained from Shanghai Na-
tional Center for Laboratory Animals (Shanghai, China) and main-
tained in a pathogen-free environment. The mice received ad-
equate food and water under controlled conditions: ambient rel-
ative humidity of 50%-60%, temperature of 22-26 °C,and a 12 h
light/dark cycle. Euthanasia was performed via cervical disloca-
tion. All animal experiments were conducted in accordance with
institutional guidelines for animal care and use, with approval
from the Pharmaceutical Animal Experiment Center of China
Pharmaceutical University (No. 2021-12-002).

2.2. Cell culture

Raji, Jurkat, and OCI-LY3 cells were cultured in RPMI-1640
medium containing 10% fetal bovine serum (FBS; Gibco, USA).
The cultures were maintained at 37 °C in an incubator with 5%
CO,.

2.3. Cell viability assay

Cells were seeded in 96-well plates at 1000 cells per well.
Cell counting kit-8 (CCK-8; Beyotime, Shanghai, China) was ad-
ded to each well and incubated for 2 to 4 hours at 37 °C. The op-
tical density (OD) was measured at wavelengths of 450 nm and
650 nm using a microplate reader at specified intervals. Cell viab-
ility was calculated relative to the solvent (DMSO) control. The
50% inhibitory concentration (ICsy) was determined using
GraphPad Prism 9.3.0 software.

2.4. Colony formation assay

Colony formation in soft agar was performed by seeding ap-
proximately 1 x 10* Raji and Jurkat cells in the upper layer (0.7%
agarose) of a two-layer agar system (0.7% and 1.2%) in 6-well
culture plates. After 3 weeks, colonies (defined as > 50 cells)
were counted, and clonogenicity (%) was calculated as the num-
ber of colonies/total growing cell number x 100%.

2.5. Cell cycle and apoptosis analysis

Cells were seeded in 6-well plates, synchronized in serum-
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free medium for 24 h, and subsequently cultured in medium con-
taining 10% FBS for the designated period.

Cell apoptosis rates were determined using flow cytometry
with the Annexin V-fluorescein isothiocyanate (FITC) apoptosis
detection kit (Key-GEN, Nanjing, China), following manu-
facturer’s instructions. A 2 mL suspension containing 10° cells
was treated with Annexin-V-FITC and propidium iodide (PI) kit
solution and incubated in darkness for 15 minutes. Analysis was
performed using FACS Calibur Flow Cytometry (BD, USA).

For cell cycle analysis, cells were analyzed through Flow
cytometry using a cell cycle detection kit (Key-GEN, Nanjing,
China). A 2 mL suspension containing 10° cells was fixed in 70%
ethanol overnight, treated with RNase A for 30 min, and stained
with PI. Analysis was conducted using FACS Calibur Flow Cyto-
metry (BD, USA) at 488 nm.

2.6. Tumor growth in xenografts

In the cell-derived xenograft model, Raji cells (1 x 10’
cells/100 pL) were injected subcutaneously into BALB/c nude
mice. Tumor volumes were measured and calculated every two
days using the formula V = a®b/2, where "a" represents the smal-
lest superficial diameter and "b" represents the largest superfi-
cial diameter. When tumors reached approximately 50 mm®, mice
were randomly assigned to groups and received intraperitoneal
injections of doxorubicin, (+)-strebloside (2 or 4 mg-kg™) or
physiological saline every two days. Tumor development and
overall health were monitored every two days. After 14 d of treat-
ment, mice were euthanized, and tumors were excised and meas-
ured.

2.7. Acute toxicity test in mice

Four-week-old female BALB/c nude mice weighing 18-22 g
were randomly divided into three equal groups: control (Sanit-
ary saline, i.p.) and treatment groups (10 or 20 mg-kg™, i.p.). Mice
received a single dose of treatment. After 14 days, the mice were
euthanized, and their heart, liver, spleen, lungs, kidneys, and
lymph nodes were harvested.

2.8. Proteomic analysis

The quantitative proteomic analysis involved homogenizing
control tumors and those treated with (+)-strebloside in a co-im-
munoprecipitation lysis buffer containing 8 mmol-L™ urea and
1% protease inhibitor cocktail to prepare total protein samples. A
total of 100 pg of protein from each sample underwent mass
spectrometry analysis, with debris removed through centrifuga-
tion. For the initial overnight digestion, trypsin was added at a
1:50 ratio (trypsin to protein mass). Each peptide channel was
labeled with its respective TMT reagent (following the manufac-
turer’s protocol, ThermoFisher Scientific) and incubated for 2 h
at room temperature. The pooled samples were desalted with a
Strata X Cig SPE column (Phenomenex) and dried by vacuum
centrifugation. The tryptic peptides were dissolved in solvent A
(0.1% formic acid and 2% acetonitrile in water), and directly
loaded onto a homemade reversed-phase analytical column (25
cm length, 75 mm i.p.). Peptides were separated with a gradient
from 6% to 24% solvent B (0.1% formic acid in 100% acetoni-
trile) over 60 min, 24% to 35% in 22 min, up to 80% in 4 min,
and then maintained at 80% for 4 min, all at a constant flow rate
of 450 nL-min"" on an EASY-nLC 1200 UPLC system (ThermoFish-
er Scientific). The separated peptides were characterized by a Q
Exactive HF-X mass spectrometer (Thermo-Fisher Scientific) with
a nano-electrospray ion source. Gene Ontology (GO) annotation
proteome was derived from the UniProt-GOA database (http://
www.ebi.ac.uk/GOA/). Proteins were classified using GO annota-
tions into three distinct groups: biological process, cellular com-
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ponent, and molecular function. For functional enrichment ana-
lysis, proteins were categorized based on GO biological process
annotations. A two-tailed Fisher’s exact test was employed to as-
sess the enrichment of the differentially expressed proteins com-
pared to all identified proteins. The GO with P-values < 0.05 was
considered significant.

2.9. Hematoxylin and eosin (H&E) staining and immunohistochem-
istry (IHC)

For H&E staining, the tumors and tissues were preserved in
formaldehyde and subsequently embedded in paraffin. Sections
measuring 5 mm in thickness were prepared for H&E staining fol-
lowing a standard procedure. Images were captured using a Pan-
noramic MIDI II.

To detect the expression of ki-67, p53, and STEAP3 in tumor
samples, the sections underwent dehydration using increasing
concentrations of ethanol, and endogenous peroxidase activity
was inhibited with a 3% (V/V) hydrogen peroxide solution in
methanol for 10 minutes. Antigen retrieval was performed using
a 1 mM EDTA buffer (pH 9.0) in a microwave. The sections were
then incubated with antibodies, developed using the Envision De-
tection System (Dako), and counterstained with hematoxylin. The
antibodies utilized in this research are listed in Table S1.

2.10. Western blot analysis

Proteins were extracted from the cells, and their concentra-
tions were determined using the BCA protein assay (Beyotime,
Shanghai, China). Equal quantities of the proteins underwent
analysis using 10% SDS polyacrylamide gel electrophoresis and
were subsequently transferred to PVDF membranes (Merck Milli-
pore, USA). The membranes were incubated for 2 hours at room
temperature with 5% non-fat dry milk for blocking, followed by
treatment with diluted primary antibodies overnight at 4 °C. The
membranes were then incubated with horseradish peroxidase-
conjugated goat anti-rabbit or mouse secondary antibody
(Beyotime, Shanghai, China) for 2 h at room temperature. Tu-
bulin-a and B-actin (Beyotime, Shanghai, China) served as the in-
ternal control. Chemiluminescence (Tanon, Shanghai, China) was
employed to visualize the signals, and Image] software was util-
ized for image analysis. The antibodies utilized in this research
are listed in Table S1.

2.11. Ribonucleic acid (RNA) extraction and reverse transcription
quantitative polymerase chain reaction (RT-qPCR) assay

Cells were processed to extract total RNA using the Total
RNA Extraction Kit (YiFeiXue Biotechnology, Nanjing, China).
Real-time PCR was performed using 2 x SYBR Green Fast qPCR
Master Mix (YiFeiXue biotechnology, Nanjing, China) according to
the manufacturer’s instructions on a BIO-RAD S1000 device (BIO-
RAD) S1000 device (BIO-RAD, USA). RT of total RNA and cDNA
synthesis were analyzed separately using different procedures.
The mRNA level was normalized to the expression of S-actin and
calculated via the standard 2™*“ method. All primers used in this
study are listed in Table S2 and were synthesized by Servicebio
(Wuhan, China).

2.12. Ferrous ion detection

For intracellular ferrous ion detection, the 5 umol-L™ FeR-
hoNox-1 fluorescent probe (Maokang Biotech, Shanghai, China)
was incubated with cells and analyzed using flow cytometry at
532 nm excitation wavelength.

2.13. Reactive oxygen species (ROS) and lipid peroxidation assay

Lipid peroxidation levels were measured using BODIPY-C11
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dye (MCE). Cells were seeded in a 6-well plate and cultured
overnight. Subsequently, cells were collected and resuspended in
fresh medium containing 5 pmol-L™" BODIPY-C11, incubated at
37 °C for 20 min, washed twice with phosphate-buffered saline
(PBS), and analyzed by flow cytometry.

The detection of ROS was performed using a ROS assay kit
(Beyotime, Shanghai, China). Cells were suspended in blank cul-
ture medium containing 10 pumol-L™ dichloro-dihydro-fluores-
cein diacetate (DCFH-DA). Following incubation at 37 °C for
30 min, cells were washed twice with PBS and analyzed using
flow cytometry.

2.14. Mitochondrial membrane potential (A¥m)

For intracellular mitochondrial membrane potential (A¥m)
assay, cells were gently resuspended in pre-warmed Mito-Track-
er Red CMXRos working solution (Beyotime, Nanjing, China) at
37 °C and incubated for 15-30 min. After incubation, cells were
washed with PBS and analyzed using FACS Calibur flow cyto-
metry (BD, USA) at 579 nm.

2.15. Adenosine 5'-triphosphate (ATP) production

ATP levels in cells were determined using the ATP assay kit
(Beyotime, Nanjing, China). Cells were collected and lysed thor-
oughly with Vortex lysis solution, and the supernatant was collec-
ted. ATP concentration was measured using SpectraMax® L (lu-
minometer) and calculated against a standard curve prepared
with ATP standard solution.

2.16. Cell transfection

Small interfering RNA (siRNA) was obtained from Sangon Bi-
otech, and transfection reagents were supplied by Genepharma.
Detailed sequences are provided in the supplementary material.
Briefly, small RNA was diluted in buffer, combined with transfec-
tion reagents, and added to the cells. The target sequence of si-
STEAP3 was UUGUAGGCAUAGAAGCAGACGTT.

2.17. Statistical analysis

Statistical analysis was performed using Excel and GraphPad
Prism 9.3.0. Results are expressed as mean * SD from three inde-
pendent experiments, unless otherwise specified. Statistical signi-
ficance between two groups was determined using a two-tailed,
unpaired Student’s t-test, with P-values below 0.05 considered
statistically significant.

3. Results

3.1. (+)-Strebloside inhibits NHL proliferation activity and causes
G,/M arrest in vitro

The inhibitory effect of (+)-strebloside (Fig. 1A) on cell prolif-
eration was evaluated using the CCK-8 assay in various NHL cell
lines, including Raji, Jurkat, and OCI-LY3. Results demonstrated
that NHL cell survival decreased in a concentration-dependent
manner following (+)-strebloside treatment. In Raji cells, the ICs,
values for (+)-strebloside treatment at 24, 48, and 72 h were
0.436, 0.278, and 0.098 pmol-L™", respectively (Fig. 1B). Addition-
ally, both Jurkat and OCI-LY3 cell lines exhibited similar growth
inhibition patterns in a concentration-dependent manner when
treated with varying concentrations of (+)-strebloside for 24
hours, with ICg, values of 0.317 and 0.186 pmol-L™, respectively
(Fig. 1C). In soft agar plate cloning experiments, Raji and Jurkat
cells demonstrated reduced clone formation compared to con-
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Fig. 1 (+)-Strebloside inhibits cancer cell proliferation and causes G,/M arrest in NHL. (A) The structure of (+)-strebloside. (B-C) The viability of Raji, Jurkat, and OCI-LY3
cells at different concentrations and incubation times of (+)-strebloside were determined by CCK-8 assay (n = 3). (D) Proliferation inhibitory ability of (+)-strebloside on
NHL cell lines was assessed by soft agar plate cloning assay(n = 3). (E) Quantitative statistical plots of soft agar plate cloning. (F-I) Cell cycle alterations in Raji and Jurkat
cells after treatment with (+)-strebloside at a concentration of 0.5 umol-L™ for 24 h, and the quantitative statistical plots of cell proportions at different periods (n = 3). (J)
Apoptotic cell populations after 24 h treatment with different concentrations of (+)-strebloside (n = 3). (K) Quantltatlve statlstlcs of the proportion of early apoptotic and

late apoptotic cells in control and (+)-strebloside treated groups. Results are expressed as mean * SD. P < 0.05; "P < 0.01;

strebloside.
trols when treated with non-lethal concentrations of (+)-streblos-
ide (P < 0.05, Figs. 1D and 1E).

The influence of (+)-strebloside on the NHL cell cycle was in-
vestigated through PI staining. Following incubation of Raji and
Jurkat cells with (+)-strebloside for 24 h, the proportion of cells
in the G,/M phase increased, indicating cell division arrest and
demonstrating that (+)-strebloside exhibited a significant effect
on the cell cycle of the lymphoma cell lines (Figs. 1F-11).

Furthermore, Annexin V-FITC/PI staining demonstrated that
(+)-strebloside induced apoptosis in Raji cells, with the percent-
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P < 0.001; ns, not significant. (+)-streb, (+)-

age of apoptotic cells increasing in a dose-dependent manner
(Fig. 1]). In comparison to the control group, treatment with 0.5
umol-L™" (+)-strebloside produced a significant difference in the
percentage of both early and late apoptotic cells (P < 0.001, Fig.
1K).

3.2. (+)-Strebloside impedes the growth and metastasis of NHL in
vivo

Tumor xenografts established with the Raji cell line were em-
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ployed to assess the anti-tumor efficacy of (+)-strebloside in
BALB/c nude mice. The mice received intraperitoneal injections
of 4 mg-kg™" as a high dose and 2 mg-kg™ as a low dose of (+)-
strebloside, with doxorubicin serving as a positive control and sa-
line as a control. Following 2 weeks of drug treatments (Fig. 2A),
tumors subcutaneously transplanted in nude mice were harves-
ted and photographed (Fig. 2B).

In the excised subcutaneous transplanted tumors, the aver-
age tumor weight of 0.391 £ 0.138 g in the control group signific-
antly exceeded that of 0.105 + 0.096 g and 0.073 + 0.054 g in the
(+)-strebloside low-dose and high-dose treated groups (P < 0.01,
Fig. 2C). Additionally, the average tumor volume observed in the
control group was 631.17 + 317.16 mm®. In comparison, the aver-
age tumor volumes in the low-dose and high-dose (+)-streblos-
ide treatment groups were 281.29 + 120.34 and 183.80 * 80.03
mm’, respectively (Fig. 2D), showing a significant reduction relat-
ive to the control group. These results indicate that (+)-streblos-
ide effectively inhibited tumor growth in nude mice with > 75%
tumor inhibition (Fig. S1). The body weight of nude mice was
monitored throughout the drug treatment process to assess gen-
eral health and drug toxicity. Statistical analysis revealed no sig-
nificant differences in body weight among the groups before and
after the treatment (Fig. 2E).

An immunohistochemical analysis of excised mouse tumors
was conducted in vivo to investigate the potential role of (+)-
strebloside. The analysis revealed that (+)-strebloside reduced

15 days treatment

Chinese Journal of Natural Medicines 23 (2025) 1221-1231

the expression of ki-67 and p53 (Figs. 2F and 2G), indicating a po-
tential improvement in prognosis ** *°. H&E staining of axillary
lymph nodes demonstrated that while the control group exhib-
ited lymph node involvement and multiple metastases, mice
treated with 4 mg-kg™ of (+)-strebloside showed minimal axil-
lary lymph node involvement (Fig. 2H), indicating that (+)-
strebloside treatment inhibited tumor progression. Furthermore,
terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) staining results demonstrated significantly
higher apoptosis rates in tumor tissues from mice in the high-
dose (+)-strebloside treatment group compared to the control
group (Figs. 2F and 2I).

Safety assessments were also performed through acute tox-
icity tests of (+)-strebloside in mice. Following administration of
a single dose of (+)-strebloside (10/20 mg-kg™), mice exhibited
normal behavior patterns. The mice maintained stable weight
over the two-week observation period (Fig. S1). After euthaniza-
tion on day 14, examination of the heart, liver, spleen, lungs, kid-
neys, and lymphatic tissues revealed no visible lesions. H&E
staining analysis of tissue morphology indicated no significant
toxic effects (Fig. S1).

3.3. Proteomics reveals (+)-strebloside-mediated dysregulation of
ionic homeostasis and oxidative stress in NHL

To elucidate the mechanisms of (+)-strebloside's effects on
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Fig. 2 (+)-Strebloside inhibited the NHL growth in vivo. (A) Flow chart for subcutaneous tumorigenesis model and drug treatment in nude mice. (B) The images of the exfo-
liated tumors (n = 5). (C, D) The volume and weight of the tumors in the subcutaneous tumorigenesis model (n = 5). (E) The body weight of tumor-bearing mice (n = 5). (F)
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ing of subcutaneous transplanted tumor tissues in mice. (H) H&E staining of mouse lymphoid tissues. (I) TUNEL staining of subcutaneous transplanted tumor tissues in
mice. Results are expressed as mean + SD. P < 0.05; P < 0.01; "'P < 0.001. (+)-Streb, (+)-Strebloside.
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NHL, proteomic analysis was performed on tumors from mice
treated with 4 mgkg™ of (+)-strebloside and control groups
(Fig. 3A). The analysis identified 52 up-regulated and 10 down-
regulated proteins (ploidy change > 1.5). Enrichment analysis of
biological processes revealed 43 proteins associated with lipid
peroxidation and inorganic ion binding processes based on GO
annotations (P < 0.05) (Table S3). Functional enrichment analys-
is showed significantly elevated levels of eight oxidative stress-
related proteins in the high-dose (+)-strebloside group (Fig. 3B),
alongside increased cytochrome c activity and enhanced fatty
acid metabolism. The majority of differential proteins were local-
ized to mitochondria (29.03%) (Fig. 3C), including several respir-
atory chain complex components. As primary sites of ROS genera-
tion, compromised mitochondrial function can lead to increased
ROS production, potentially causing oxidative stress and cellular
damage. The analysis revealed decreased calcium binding, metal
ion binding, and cation binding activities, along with reduced in-
tracellular calcium and metal ion homeostasis (Fig. 3B). This sug-
gests that (+)-strebloside, a CG acting as a natural NKA ligand,
may inhibit ion pumps and disrupt intracellular ion homeostasis.
Additionally, proteomics identified increased STEAP3 protein ex-
pression (1.664) and 11 other iron ion transport-related proteins
(Table S4), suggesting iron ions' potential role in (+)-strebloside-
induced NHL cell death.

3.4. (+)-Strebloside upregulates STEAP3 protein and mediates fer-
rous iron overload

[HC staining demonstrated significantly elevated STEAP3 ex-
pression in tumor sections from (+)-strebloside-treated mice
compared to the control group (Fig. 4A). Similar results were con-
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firmed in Raji cells through Western blot and qPCR analyses
(Figs. 4B-4D).

STEAP3, a metal-reducing enzyme, catalyzes the conversion
of Fe*" to Fe* within biological systems. The levels of ferrous ions
inside the cells were evaluated using a fluorescent probe for fer-
rous ions (FerroFarRed). As demonstrated in Figs. 4E and 4F, the
intracellular ferrous ion concentration increased after (+)-
strebloside treatment in Raji and Jurkat cells, indicating that elev-
ated STEAP3 levels enhanced ferrous ion accumulation in NHL
cells.

3.5. Deferasirox or ferrostatin-1 (Fer-1) alleviates (+)-strebloside
mediated enrichment of ferrous ions and inhibition of NHL prolifer-
ation

Deferasirox, an iron-selective binding agent, decreased intra-
cellular ferrous ion levels in Raji cells when administered with
(+)-strebloside, and enhanced cell viability during chelation com-
pared to control cells (P < 0.05, Figs. 4G-4I). These results indic-
ate that iron chelation decreased iron ion production and attenu-
ated the growth suppression induced by (+)-strebloside.

The ferroptosis inhibitor Fer-1 similarly reduced the elev-
ated intracellular ferrous ions induced by (+)-strebloside (Figs. 4]
and 4K), protecting Raji cells from (+)-strebloside-mediated pro-
liferation inhibition (Fig. 4L). These observations suggest that an
iron-dependent programmed cell death pathway may contribute
to (+)-strebloside toxicity.

These findings suggest that (+)-strebloside induces ferrop-
tosis in NHL cells through modulation of the iron metabolic path-
way *. Fe** undergoes STEAP3-mediated transformation to Fe*"
intracellularly before cytoplasmic release. Excessive Fe*" accumu-
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lates within the cell, generating an unstable iron pool. Free fer-
rous ions initiate the Fenton reaction, resulting in substantial
ROS production and lipid peroxidation, ultimately leading to cel-
lular dysfunction and death.

3.6. (+)-Strebloside significantly triggers ferroptosis in NHL cells

Analysis included assessment of intracellular ROS, lipid per-
oxidation, and Glutathione peroxidase 4 (GPX4) levels. GPX4, the
only intracellular glutathione peroxidase capable of reducing
liposomal peroxides, functions as a critical ferroptosis marker. As
shown in Fig. 5A, flow cytometry analysis revealed significantly
elevated ROS levels in (+)-strebloside-treated Raji cells com-
pared to controls, demonstrating that (+)-strebloside treatment
increased ROS production at all concentrations. Intracellular lip-
id peroxide accumulation was detected in Raji cells following
BODIPY-C11 lipid peroxide probe labeling (Fig. 5B). Additionally,
GPX4 expression levels decreased in a dose-dependent manner
(Fig. 5C).

Analysis revealed that (+)-strebloside significantly affects mi-
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tochondrial function in Raji cells. The findings demonstrated that
(+)-strebloside reduced mitochondrial transmembrane potential
(Fig. 5D), decreased ATP production levels (Fig. 5E), and
triggered cytochrome c release (Fig. 5F). These results indicate
that mitochondrial functional impairment contributes to the iron
metabolism-dependent pathway of (+)-strebloside-induced fer-
roptosis in NHL.

3.7. Inhibition of STEAP3 antagonizes (+)-strebloside-induced
glutathione redox imbalance and ferroptosis in NHL cells

To elucidate the essential functions of STEAP3, Raji cells
were transfected with siRNA to suppress STEAP3 expression.
STEAP3-si2, which demonstrated the highest inhibition effi-
ciency, was selected for subsequent analysis (Fig. 5G). The res-
ults revealed that STEAP3 knockdown significantly reversed the
reduction in GPX4 expression (Fig. 5H). Moreover, the decreased
cell viability was restored following STEAP3 knockdown (Fig. 51).
In summary, these results suggest that (+)-strebloside can in-
duce ferroptosis through STEAP3 in NHL. Similar outcomes were
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Fig. 5 (+)-Strebloside mediates ferroptosis activation and STEAP3 inhibition antagonized (+)-strebloside-induced ferroptosis in NHL cells. Following treatment with differ-
ent concentrations of (+)-strebloside, (A) Intracellular ROS levels; (B) Intracellular lipid peroxidation levels; (C) Representative immunoblot of GPX4 (n = 3); (D) Cellular mi-
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observed in Jurkat cells through cell transfection (Fig. S2). The
figures are available in the supplementary materials.

3.8. (+)-Strebloside mediates NHL inhibition of proliferation via the
MAPK pathway

Previous research has established that ferroptosis character-
istics, including excessive intracellular iron and lipid peroxida-
tion accumulation, can modulate MAPK pathway activity >, The
MAPK pathway serves as a critical regulator of cell growth and
survival *’. This pathway participates in multiple downstream
signaling cascades activated by CG compound-mediated NKA in-
hibition *’. The present study’s proteomic enrichment of differen-
tially expressed proteins associated with metal ion blockage and
ion balance disruptions suggests that (+)-strebloside may func-
tion as a natural NKA ligand in the MAPK pathway, potentially
contributing to tumor growth inhibition.

Further investigation examined the intracellular signaling
mechanisms underlying (+)-strebloside’s inhibitory effect on NHL
proliferation. Western blot analysis revealed that (+)-strebloside
treatment increased extracellular signal-regulated kinase (ERK)
activity, evidenced by enhanced ERK1/2 phosphorylation **
while c-Jun N-terminal kinase (JNK) activity remained largely un-
changed (Figs. 6A-6E). The ERK-specific inhibitor U0126 demon-
strates potential in preventing iron-dependent cell death. Results
indicated that ERK inhibition significantly reduced Raji cell viabil-
ity (P < 0.01, Figs. 6F-6H) and G4/S conversion (P < 0.05, Figs. 61
and 6]), without affecting cell cycle progression (P > 0.05) (Figs.
6H). These findings demonstrate the MAPK pathway’s involve-
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ment in (+)-strebloside-mediated NHL proliferation inhibition.
Similar results were observed in Jurkat cells (Fig. S3). The figures
are available in the supplementary material.

The findings indicate that (+)-strebloside reduces iron ions
through the upregulation of STEAP3, leading to an accumulation
of ferrous ions that participate in the Fenton reaction. This pro-
cess generates ROS and lipid peroxide, ultimately triggering fer-
roptosis. Moreover, (+)-strebloside induced cell death in NHL
through activation of the MAPK-ERK pathway. The mechanism is
depicted in Fig. 7.

4. Discussion

NPs demonstrate significant advantages in treating malig-
nant tumors. Compared to conventional chemotherapy or radio-
therapy, NPs are characterized by their diverse sources, en-
hanced safety profiles, high bioavailability, and extensive bio-
activity **. CGs, serving as natural NKA ligands, are routinely em-
ployed in clinical practice for treating heart failure and atrial ar-
rhythmias *. In 1967, Shiratori initially documented that CGs in-
hibited the proliferation of malignant Hela-S3 cells *°. Sub-
sequent studies have demonstrated the application of CGs in vari-
ous cancers, including breast cancer ***, prostate cancer ¥,
melanoma “*, pancreatic cancer *, lung cancer ** * renal adeno-
carcinoma *°, neuroblastoma *’, leukemia *'~*’ and numerous oth-
er malignancies, exhibiting anti-proliferative and apoptosis-mod-
ulating effects. Several CGs have demonstrated cancer therapeut-
ic potential in phase I and phase II clinical trials **~**, with estab-
lished pharmacodynamic and pharmacokinetic data facilitating
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Fig. 6 (+)-Strebloside regulates MAPK-ERK signaling to inhibit NHL cell proliferation. (A) Effect of (+)-strebloside on the expression of key proteins of the MAPK pathway.
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0.001; ns, not significant.

further clinical investigation.

This study demonstrates that the CG (+)-strebloside effect-
ively inhibits NHL growth both in vivo and in vitro. The com-
pound induces apoptosis in NHL cells and arrests their progres-
sion at the G,/M phase in vivo. Additionally, (+)-strebloside ex-
hibits minimal systemic toxicity in mice while reducing NHL inva-
sion and metastasis, suggesting potential therapeutic benefits
with a favorable safety profile. These observations prompted a
detailed investigation of the underlying mechanisms of (+)-
strebloside’s effects.

STEAP3 functions as an iron transport protein with re-
ductase activity for various metal cations, including iron and cop-
per ions, while also influencing apoptosis and cell cycle progres-
sion. Proteomic analysis revealed differential expression of
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STEAP3 and lipid peroxidation-related proteins. The data sug-
gest that (+)-strebloside utilizes STEAP3 to reduce Fe** to Fe®',
resulting in intracellular Fe*" accumulation and subsequent parti-
cipation in the Fenton reaction, generating substantial ROS and
inducing ferroptosis. Concentration-dependent STEAP3 expres-
sion was confirmed through Western blot, immunohistochem-
istry, and quantitative PCR analyses following treatment. Further
investigation validated additional ferroptosis indicators. Treat-
ment with (+)-strebloside increased intracellular ROS and lipid
peroxide levels while decreasing mitochondrial membrane po-
tential, ATP production, GPX4 expression, and promoting cyto-
chrome C release. Moreover, both Deferasirox, an iron-selective
chelator, and Fer-1, a ferroptosis inhibitor, attenuated the (+)-
strebloside- induced increase in ferrous ions and NHL cell growth
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Fig. 7 Schematic diagram of (+)-strebloside inhibiting the NHL progression. Figure created with BioRender.com.

suppression. These findings demonstrate that (+)-strebloside sig-
nificantly induces ferroptosis in NHL cells.

Further investigation revealed the role of STEAP3 in ferrop-
tosis. The findings demonstrated that STEAP3 knockdown re-
stored both GPX4 expression and cell viability. These results sug-
gest that CG (+)-strebloside mediates ferroptosis through a non-
classical iron metabolic pathway in NHL. Additionally, analysis of
key proteins in the MAPK signaling pathway revealed increased
levels of phosphorylated ERK following (+)-strebloside treat-
ment. This observation indicates the MAPK-ERK pathway’s in-
volvement in (+)-strebloside-induced inhibition of NHL cell pro-
liferation. Nevertheless, further investigation is necessary to de-
termine whether (+)-strebloside-induced ferroptosis occurs
through the MAPK-ERK pathway and to elucidate NAK’s poten-
tial role in this mechanism.

5. Conclusion

In conclusion, (+)-strebloside triggers ferroptosis via
STEAP3in NHL both in vitro and in vivo, and it also inhibits thep-
rolifera-tion of NHL cells through the MAPK pathway. These find-
ingses-tablish a foundation for future research into (+)-streblos-
ide’stherapeutic applications and highlight its potential as aprom-
ising treatment option for NHL.
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