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Background: Gastric cancer (GC) has a poor response to current chemo-immunotherapy. Ferroptosis is a newly recognised form
of iron-dependent cell death that can enhance drug efficacy; however, the key regulator factors and mechanisms governing fer-
roptosis in gastric cancer remain unclear. This study aimed to investigate the synergistic antitumor effect of oxaliplatin combined
with a programmed death-1 (PD-1) inhibitor in gastric cancer and elucidate the regulatory role of six-transmembrane epithelial
antigen of prostate 4 (STEAP4) in ferroptosis.
Methods: Subcutaneousmouse forestomach carcinoma (MFC) gastric cancer xenograftmodels were successfully developed using
immunodeficient BALB/c nude mice and randomized into control, oxaliplatin, PD-1 inhibitor, and combination groups for in vivo
efficacy assessment. In vitro, STEAP4 was silenced in MFC cells via siRNA to evaluate its impact on drug sensitivity. Western
blotting, qRT-PCR (Quantitative Reverse Transcription Polymerase Chain Reaction), transmission electron microscopy, and
biochemical assays were used to detect STEAP4 expression and ferroptosis-related markers.
Results: The combination treatment significantly suppressed tumor growth compared with monotherapies (p < 0.01). Mecha-
nistically, it induced ferroptosis, characterized by mitochondrial shrinkage, increased Fe2+ and ROS (Reactive Oxygen Species)
levels, upregulation of ACSL4, and downregulation of glutathione peroxidase 4 (GPX4) and SLC7A11. STEAP4 expression was
markedly elevated in tumor tissues after combination therapy (p < 0.01). STEAP4 knockdown reduced the sensitivity of MFC
cells to the combination and reversed ferroptosis induction by suppressing ACSL4 and restoring GPX4 and SLC7A11 expression.
Conclusion: The combination of oxaliplatin and a PD-1 inhibitor exerts potent synergistic effects in gastric cancer through
STEAP4 upregulation, which promotes ferroptosis and enhances treatment sensitivity. STEAP4 may serve as a potential
biomarker and therapeutic target for optimizing combination therapy in gastric cancer.
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Introduction

Gastric cancer (GC) is the third deadliest malignancy
worldwide, with half of cases and deaths occurring in East
Asia [1]. This high burden is closely linked to specific en-
vironmental and genetic factors in the region [2]. Owing to
the absence of characteristic early symptoms, most patients
are diagnosed at advanced stages, losing the opportunity for
curative resection and facing poor prognosis [3]. Systemic
chemotherapy based on platinum and fluoropyrimidines re-
mains a standard treatment for advanced GC. Oxaliplatin, a
third-generation platinum compound, is widely used due to
its favorable efficacy and manageable toxicity. Oxaliplatin-

based regimens (e.g., FOLFOX) achieve superior objective
response and progression-free survival compared with cis-
platin, accompanied by lower neurotoxicity and nephrotox-
icity in advanced GC [4,5]. Nevertheless, the objective re-
sponse to chemotherapy remains limited, and the inevitable
emergence of drug resistance is a major barrier to durable
clinical efficacy.

Immune checkpoint inhibitors (ICIs) directed against
programmed death-1 (PD-1) and its ligand (PD-L1) have re-
defined treatment landscapes for multiple solid tumours by
reactivating exhausted cytotoxic T cells and restoring an-
titumour immune surveillance [6,7]. Inhibition of the PD-
1/PD-L1 axis reverses tumor-induced T cell exhaustion and
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reactivates immune surveillance [8,9]. Although PD-1 in-
hibitors have demonstrated durable responses in a subset of
patients with advanced GC, the overall objective response
rate to monotherapy remains suboptimal, benefiting only
10–20% of patients [10,11]. Therefore, developing com-
bination strategies that enhance the efficacy of ICIs and
broaden the patient population that benefits from them is
urgently needed.

Chemotherapy–immunotherapy combinations are
considered a promising approach. Chemotherapeutic
agents can trigger immunogenic cell death (ICD), leading
to tumor-specific antigens and damage-associated molec-
ular patterns (DAMPs) increasing tumor immunogenicity.
Additionally, chemotherapy can remodel the tumor mi-
croenvironment by depleting immunosuppressive cells and
enhancing infiltration and activity of effector T cells [12–
14]. This synergistic interaction provides a mechanistic
basis for overcoming resistance to immunotherapy.

Ferroptosis is a recently identified form of regulated
cell death dependent on iron, characterized by distinct mor-
phological and biochemical features compared with apop-
tosis and necrosis. Its central mechanism involves inacti-
vation of glutathione peroxidase 4 (GPX4), leading to un-
controlled lipid peroxide accumulation [15,16]. Increasing
evidence indicates that ferroptosis induction is an effective
anticancer strategy, and that chemotherapy, radiotherapy,
and immunotherapy may exert part of their effects through
ferroptotic pathways [17,18].

Six-transmembrane epithelial antigen of prostate 4
(STEAP4), also known as metalloreductase, participates in
intracellular copper and iron metabolism and maintains re-
dox homeostasis [19,20]. Aberrant expression of STEAP4
has been reported in various tumors and is associated with
tumor proliferation, invasion, and metabolic reprogram-
ming [21]. Given its role in metal ion metabolism, STEAP4
could potentially regulate ferroptosis. However, its specific
biological function in GC and its potential role in modulat-
ing the antitumor effects of oxaliplatin combined with PD-1
inhibitors remain undefined.

Therefore, we developed in vivo and in vitroGCmod-
els to evaluate the synergistic antitumor effects of oxali-
platin in this combination therapy through ferroptosis in-
duction. It also clarified the contribution of STEAP4 to this
process, aiming to elucidate the underlying mechanisms
and identify potential therapeutic targets for combination
strategies in GC.

Materials and Methods

Cell Culture
The murine gastric cancer cell line MFC (Cat.

#C5106) was obtained from Zhejiang Baidi Biotechnology
Co., Ltd. (BDBIO, China). Upon receipt, the cells were
expanded for two passages, then authenticated by short-
tandem-repeat (STR) profiling (BDBIO, China), and con-

firmed to be 96% identical to the reference MFC profile. A
frozenmaster stock was prepared immediately after authen-
tication. All experiments were performed within 10 pas-
sages from this stock. Cells are tested for mycoplasma con-
tamination; only mycoplasma-negative cultures were used.
MFC cells were cultured in DMEM high-glucose medium
(Cat. #11965175, Gibco, USA) supplemented with 10%
fetal bovine serum (FBS, Cat. #26140079, Gibco, USA)
and 1% penicillin–streptomycin (Cat. #15140122, Gibco,
USA) at 37 °C in a humidified incubator with 5% CO2.
Cells were passaged using 0.25% trypsin (Cat. #25200072,
Gibco, USA).

Cell siRNA Transfection
For siRNA transfection, cells were seeded into

six-well plates at an appropriate density. siRNA targeting
STEAP4 (sense: 5′-GGUGUUUGUCUGUGGAAAUGA-
3′, antisense: 5′-AUUUCCACAGACAAACACCUG-
3′) and negative control siRNA (si-NC: sense: 5′-
UUCUCCGAACGUGUCACGUTT-3′, antisense: 5′-
ACGUGACACGUUCGGAGAATT-3′) were designed
and synthesized using GenePharma (Shanghai, China).
When cell confluence reached 50–60%, 50 nM si-STEAP4
or si-NC was diluted in serum-free medium and mixed
with Lipofectamine™ 3000 reagent (Cat. #L3000015,
Invitrogen, USA) according to the manufacturer’s in-
structions. Following a 15-min incubation period at room
temperature, the mixture solution was administered to
the wells using a dropwise method. Upon completion of
the 6-hour transfection period, the culture medium was
exchanged with fresh complete medium, and cells were
cultured for an additional 24–48 h before further assays.

Animal Model and Treatment
Male BALB/c nude mice (4–6 weeks old, 18–22 g;

Beijing Vital River Laboratory Animal Technology Co.,
Ltd., China) were acclimatized for one week under spe-
cific pathogen-free (SPF) conditions. MFC cells in loga-
rithmic growth phase were resuspended in sterile PBS (Bei-
jing, China) at 5 × 107 cells/mL. Each mouse was injected
subcutaneously in the right axilla with 100 µL of MFC cell
suspension (5× 106 cells). Once the average tumor volume
approached approximately 100 mm3, mice were allocated
into experimental groups (n = 6/group): (i) model control
(intraperitoneal injection of 0.9% saline, 10 mL/kg, twice
weekly (Monday & Thursday) for 3 consecutive weeks),
(ii) oxaliplatin group (5 mg/kg, dissolved in 5% glucose,
0.2 µm-filtered), (iii) PD-1 inhibitor group (anti-PD-1 an-
tibody, 10 mg/kg, reconstituted in sterile PBS, 1 mg/mL
stock), or (iv) combination group (oxaliplatin (5 mg/kg) +
anti-PD-1 (10 mg /kg) prepared in separate syringes and in-
jected consecutively on the same day, same volume and fre-
quency as above). Oxaliplatin (purity ≥99%; Cat# S1224,
Selleck Chemicals, Houston, TX, USA) was dissolved in
5% glucose and stored at –80 °C. Anti-mouse PD-1 anti-
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body (clone RMP1-14; Cat# BE0146, BioXCell, Lebanon,
NH, USA) was stored at 4 °C and used within 4 weeks of
reconstitution. Drugs were administered intraperitoneally
twice weekly for three weeks. Mice were randomly as-
signed to groups (n = 6 per group). Two animals in each
group that did not meet the pre-established inclusion criteria
were excluded; consequently, data from four biologically
independent mice per group were used for statistical anal-
ysis. All the animal experiments complied with the guide-
lines of the TianjinMedical Experimental Animal Care, and
animal protocols were approved by the Institutional Ani-
mal Care and Use Committee of Yi Shengyuan Gene Tech-
nology (Tianjin) Co., Ltd. (protocol number YSY-DWLL-
2023809).

Tumor Growth Monitoring and Histological
Assessment

From the first day of treatment, tumor length (L) and
width (W) were measured weekly using a digital caliper,
and tumor volume (V) was calculated as V = 0.5 × L ×
W2. Tumor growth curves were plotted. Upon comple-
tion of treatment, mice were euthanized by cervical dislo-
cation, followed by tumor excision, weight measurement,
and photographic documentation. Portions of tumor tissue
were fixed in 4% paraformaldehyde for histological exam-
ination, and the remaining samples were snap-frozen with
liquid nitrogen and maintained at –80 °C for long-term stor-
age.

Intracellular Reactive Oxygen Species (ROS) Assays
Intracellular ROS levels were measured with the com-

mercial Reactive Oxygen Species Assay Kit (Cat#CA1410,
Solarbio, Beijing, China). MFC cells were trypsinized, re-
suspended at 1× 106 cells mL−1 in RPMI-1640 containing
10 µM DCFH-DA fluorescent probe (Cat# S0034S, Bey-
otime) (1:1000 dilution of the supplied 10 mM stock) and
incubated for 30 min at 37 °C, 5% CO2 in the dark, with
gentle mixing every 5 min. After three washes in serum-
free medium, fluorescence (488 nm) was acquired imme-
diately by flow cytometry with BD FACSCaliburTM Flow
Cytometer (Cat# E97501093, BD Biosciences, USA).

Western Blotting
Frozen tumor or cell samples were lysed in RIPA

buffer (Cat# P0013B, Beyotime Biotechnology, Shanghai,
China) containing protease and phosphatase inhibitors on
ice for 30 min. Lysates were centrifuged at 12,000 rpm
at 4 °C for 15 min, and protein concentration was deter-
mined using BCA protein assay kit (Cat# P0012, Beyotime
Biotechnology, Shanghai, China). Equal amounts of pro-
tein (30 µg/lane) were separated by 10% SDS-PAGE and
transferred to PVDF (Polyvinylidene Fluoride) membranes
(Cat# FFP20, Beyotime Biotechnology, Shanghai, China).
Membranes were blocked with 5% nonfat milk in TBST
for 1.5 h at room temperature, incubated overnight at 4

°C with primary antibodies: ACSL4 (Cat# 22401-1-AP,
150UL, Proteintech, Wuhan, China, 1:1000), DMT1 (Cat#
20507-1-AP, Proteintech, Wuhan, China, 1:1000), GPX4
(Cat# 67763-1-Ig, Proteintech, Wuhan, China, 1:1000),
HSBP1 (Cat# 10169-2-AP, Proteintech, Wuhan, China,
1:1000), SLC7A11 (Cat# 98051, CST, MA, USA, 1:1000),
STEAP4 (Cat# 68465-1-Ig, Proteintech, Wuhan, China,
1:1000); β-actin (Cat# 66009-1-Ig, Proteintech, Wuhan,
China, 1:5000), then washed, and incubated with secondary
antibody: HRP-conjugated Goat Anti-Mouse IgG (H+L)
(Cat# SA00001-1, Proteintech, Wuhan, China, 1:5000)
or HRP-conjugated Goat Anti-Rabbit IgG (H+L) (Cat#
SA00001-2, Proteintech, Wuhan, China, 1:5000) for 1 h
at room temperature. Protein bands were visualized us-
ing ECL chemiluminescence kit (Cat# P0018FS, Beyotime
Biotechnology, Shanghai, China) and imaged with an Im-
age Lab system (Bio-Rad ChemiDoc, California, USA).
Band intensities were quantified using ImageJ software
(v1.53, National Institutes of Health (NIH), Baltimore, MD,
USA) and normalized to the internal control.

Quantitative Real-Time PCR (qRT-PCR)
The isolation of total RNA from cells or tissues was

performed utilizing TRIzol reagent (Cat# TR-01, Foregene,
China). Subsequently, RNA quantification and assess-
ment of purity were conducted by measuring absorbance
at 260 nm and 280 nm wavelengths with a NanoDrop
2000 (Cat# 13-400-504, Thermo Fisher Scientific, USA).
A quantity of 1 µg total RNAwas converted to complemen-
tary DNA using a commercial reverse transcription system
(Cat. No: QP056, GeneCopeia, Rockville, MD, USA) ac-
cording to the manufacturer’s protocol. qRT-PCR was per-
formed with SYBR Green Master Mix (Cat# G3320, Ser-
vicebio, Wuhan, China) on a real-time PCR system (CFX
Maestro,v4.1.2433.1219, Bio-Rad, USA). Cycling condi-
tions were as follows: 95 °C for 30 s, followed by 40 am-
plification cycles of 95 °C for 5 s and extension 60 °C for
30 s. GAPDH served as the endogenous reference gene,
and quantitative analysis of gene expression levels was per-
formed utilizing the 2−∆∆Ctmethod. The primer sequences
used were as follows:

STEAP4 forward, 5′-AGAGTCAAATGCGGAATA-
3′, and reverse, 5′-GAAATAGTTGCAGAGGGTAG-3′;

SLC7A11 forward, 5′-AATACGGAGCCTTCCACG
AG-3′, and reverse, 5′-ACTGTTCGGTCGTGACTTCC-
3′;

GPX4 forward, 5′-GCCGTCTGAGCCGCTTACTT-
3′, and reverse, 5′-TATCGGGCATGCAGATCGAC-3′;

ACSL4 forward, 5′-CCTTCCTCTTAAGGCCGGGA
-3′, and reverse, 5′-TCTTTGCCATAGCGTTTTTCTTAG-
3′;

HSBP1 forward, 5′-ATGAGTGGTCGCAGTGGTT
C-3′, and reverse, 5′-TTCGTGCTTGCCAGTGATCT-3′;

DMT1 forward, 5′-GTTCTCCAACGGAATAGGC-
3′, and reverse, 5′-CCAACGCAATCAAACACT-3′;
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GAPDH forward, 5′-ATCACGCCACAGCTTT
CCAG-3′, and reverse, 5′-GCCAGTAGAGGCAGGGAT
GATGTTC-3′.

Fe2+ and NADPH (Nicotinamide Adenine
Dinucleotide Phosphate) Measurement

The concentration of ferrous ions (Fe2+) was quan-
tified employing a colorimetric ferrous ion assay kit
(Cat# E-BC-K881-M, Elabscience, China). Simultane-
ously, NADPH levels were assessed using a standard-
ized NADP+/NADPH quantification kit (Cat# S0179, Be-
yotime, Shanghai, China). Assays were performed accord-
ing to the manufacturers’ protocols, and absorbance mea-
surement was conducted with a Bio-Rad iMark microplate
reader (168-1130, Model iMark, Bio-Rad, USA).

Transmission Electron Microscopy (TEM)
Tumor tissues were fixed in 2.5% glutaraldehyde

(Cat# 111-30-8, Sigma-Aldrich, USA) at 4 °C for 12 hours.
Following this, the samples were washed three times with
PBS, post-fixed in 1% osmium tetroxide (Cat# 419494,
Sigma-Aldrich, USA) for 2 h, dehydrated in graded ace-
tone, and embedded in Epon 812 resin for further process-
ing. Ultrathin sections (70 nm) were stained with uranyl
acetate and lead citrate solution, and mitochondrial ultra-
structure was examined with a Hitachi HT7700 TEM mi-
croscope (HITACHI, Japan).

Histopathology
Sections (5 µm) were subjected to hematoxylin–

eosin (HE) staining to evaluate morphology and inflam-
matory cell infiltration. Apoptosis was assessed using
a TUNEL (TdT-mediated dUTP Nick-End Labeling) as-
say kit (Cat# G1504, Servicebio, Wuhan, China) with
DAPI nuclear counterstaining. PCNA expression was an-
alyzed by immunofluorescence after deparaffinization, re-
hydration, antigen retrieval, blocking, and incubation with
primary antibody (anti-PCNA: Cat# GB11010, Service-
bio, Wuhan, China, 1:500) at 4 °C overnight, followed
by a fluorochrome-conjugated secondary antibody (FITC-
labeled Goat Anti-Rabbit IgG (H+L), Cat# GB22303, Ser-
vicebio, Wuhan, China, 1:200) for 2 h at room tempera-
ture. Images were captured under a fluorescence micro-
scope (Nikon Instruments Inc., Tokyo, Japan), and mean
fluorescence intensity was quantified using ImageJ (v1.53,
National Institutes of Health, Bethesda, MD, USA).

Transcriptome Sequencing and Bioinformatics
Analysis

RNA-seq was performed on human gastric cancer and
adjacent noncancerous tissues using the Illumina NovaSeq
6000 platform. After quality control and adapter trimming,
reads were aligned to the human reference genome. Dif-
ferentially expressed genes (fold change >1.5, adjusted p-
value < 0.05) were identified using DESeq2. Ferroptosis-

related genes were obtained from public databases and
intersected with differentially expressed genes. Volcano
plots, Venn diagrams, KEGG pathway enrichment, and GO
analysis were generated, and heatmaps were plotted.

Cellular Functional Assays
Cell viability was assessed using the CCK-8 (Cell

Counting Kit-8) assay. MFC cells (5 × 103/well) were
seeded into 96-well plates, treated with the indicated drugs
or siRNA for 48 h, and incubatedwith 10 µLCCK-8 reagent
(Cat# C0037, Beyotime Biotechnology, Shanghai, China)
for 2 h at 37 °C. Optical density (OD) was measured at 450
nm using a microplate reader.

Cell apoptosis was assessed using Flow cytome-
try. MFC cells (5 × 103/well) were harvested with-
out trypsin (EDTA-free cell scraper), washed twice with
ice-cold PBS, and resuspended in 1× Annexin V bind-
ing buffer (Cat#556454, BD Biosciences, USA). Five mi-
crolitres of FITC-conjugated Annexin V (Cat#556419, BD
Biosciences) and 5 µL of propidium iodide (PI, 50 µg
mL−1, Cat#556463, BDBiosciences) were added, and cells
were incubated for 15 min at 25 °C in the dark. Samples
were analysed within 1 h on a BD Accuri C6 Plus flow cy-
tometer (BD Biosciences, San Jose, CA, USA) equipped
with a 488 nm laser. Data were processed with FlowJo
(v10.8.1; FlowJo LLC, Ashland, OR, USA); early apop-
totic (Annexin V+/PI−) and late apoptotic/necrotic (An-
nexin V+/PI+) populations were summed and reported as
total apoptosis percentage.

Cell migration and invasion were assessed using Tran-
swell assay. For migration, cells in 200 µL serum-free
medium were seeded into the upper chamber of Transwell
inserts (8 µm pores, Cat#3422, Corning, USA). For in-
vasion, the upper surface was pre-coated with Matrigel
(Cat#356234, 1:8, Corning, USA). Complete medium with
10% FBS (600 µL) served as chemoattractant. After 24
h (migration) or 36 h (invasion), cells on the lower sur-
face were fixed with 4% paraformaldehyde, stained with
0.1% crystal violet (Cat#C3886, Sigma-aldrich, USA), and
counted in five random fields per filter (×200 magnifica-
tion).

Statistical Analysis
All experiments were performed independently at

least three times. Data were analyzed and visualized us-
ing GraphPad Prism software (version 8.0, GraphPad Soft-
ware, LLC, San Diego, CA, USA). Results are expressed
as mean ± standard deviation (SD). Comparisons between
two groups were performed using an unpaired Student’s t-
test, and multiple group comparisons were conducted using
one-way ANOVA with subsequent Tukey’s multiple com-
parison tests. A p-value < 0.05 was deemed statistically
significant.
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Fig. 1. Oxaliplatin combined with a PD-1 inhibitor synergistically suppresses gastric tumor growth in vivo. (A) Representative
gross images of subcutaneous xenograft tumors in each group after treatment (n = 4). The numbers 1, 2, 3, and 4 indicate the Model,
Oxaliplatin, PD-1 inhibitor, and Combination treatment groups, respectively. (B) Tumor weight statistics for each group (n = 4). The
numbers 1, 2, 3, and 4 indicate theModel, Oxaliplatin, PD-1 inhibitor, and Combination treatment groups, respectively. (C) Hematoxylin–
eosin (H&E) staining of tumor tissues (scale bar = 100 µm). (D) TUNEL staining of tumor tissues showing apoptotic cells (green) and
nuclei (blue) (scale bar = 100 µm). (E) Immunofluorescence staining of the proliferation marker PCNA in tumor tissues (green: PCNA-
positive cells; blue: nuclei) (scale bar = 100 µm). Data in (D) and (E) are presented as mean ± SD from three biologically independent
experiments. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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Results

Oxaliplatin Combined With a PD-1 Inhibitor
Synergistically Suppresses the Growth of Gastric
Cancer Xenografts In Vivo

To evaluate the in vivo antitumor efficacy of oxali-
platin in combination with a PD-1 inhibitor, we established
a subcutaneous xenograft model using MFC gastric cancer
cells. At the end of the treatment period, significant dif-
ferences in tumor size were observed among the groups
(Fig. 1A,B). Compared with the model group, treatment
with either oxaliplatin or the PD-1 inhibitor alone signif-
icantly inhibited tumor growth (p < 0.01); however, the
combination therapy achieved the most pronounced effect,
with both tumor volume and weight substantially reduced
compared to all other groups (p < 0.01). In contrast,
no significant differences were detected between the two
monotherapy groups.

Histological analysis with H&E staining revealed that
tumors from the combination group exhibited a markedly
reduced cell density and expanded necrotic areas, indicating
more pronounced growth suppression (Fig. 1C). TUNEL
staining further showed that, while treatment with either ox-
aliplatin or the PD-1 inhibitor alone significantly induced
apoptosis (p < 0.01), the combination treatment yielded
the strongest apoptotic response (p < 0.001) (Fig. 1D).
Immunofluorescence staining for PCNA demonstrated that
both monotherapies reduced PCNA expression (p < 0.05),
whereas the combination therapy resulted in the most sub-
stantial suppression (p < 0.001) (Fig. 1E). Collectively,
these findings indicate that oxaliplatin and a PD-1 inhibitor,
together, exert a strong synergistic antitumor effect against
gastric cancer in vivo.

Oxaliplatin Combined With a PD-1 Inhibitor Exerts
Antitumor Effects by Inducing Ferroptosis

To determine whether the synergistic antitumor ef-
fect of oxaliplatin combined with the PD-1 inhibitor in-
volved ferroptosis, multiple ferroptosis-related parameters
were examined in tumor tissues from treated mice. Trans-
mission electron microscopy revealed intact mitochondrial
morphology with well-defined cristae in the model group,
while mitochondria in tumors from either monotherapy
group exhibited varying degrees of structural damage. No-
tably, tumors from the combination group displayed charac-
teristic ultrastructural alterations consistent with ferropto-
sis, manifested by diminished mitochondrial size, elevated
membrane electron density, and partial or complete loss of
cristae structures, strongly suggesting ferroptotic cell death
(Fig. 2A).

Given that ferroptosis is dependent on iron accumu-
lation, we quantified Fe2+ levels in tumor tissues. Com-
pared with the model group, Fe2+ concentration increased
slightly in the two monotherapy groups (p< 0.05), whereas
the combination treatment resulted in an elevation in Fe2+

levels (p < 0.001), indicating enhanced intracellular iron
accumulation conducive to ferroptosis (Fig. 2B). NADPH
depletion, which compromises the cellular antioxidant de-
fense system, is closely associated with ferroptosis. The
combination treatment resulted in a marked reduction in
NADPH levels compared to the model (p < 0.001) and
monotherapy groups (p < 0.01), suggesting that combina-
tion therapy promotes ferroptosis by depleting NADPH and
disrupting redox homeostasis (Fig. 2C).

As lipid peroxidation is a central hallmark of ferrop-
tosis and is typically accompanied by increased ROS lev-
els, we assessed ROS content in tumor tissues. ROS lev-
els in the combination group were markedly higher than
in the model (p < 0.001) and monotherapy groups (p <

0.05), confirming that the combination therapy induces
lipid peroxide accumulation to trigger ferroptosis (Fig. 2D).
Western blotting revealed that, compared with the model
group, the combination therapy markedly upregulated the
ferroptosis-promoting protein ACSL4 (p < 0.001) and sig-
nificantly downregulated ferroptosis-suppressing proteins
GPX4, DMT1, HSBP1, and SLC7A11 (p< 0.001, Fig. 2E),
as evidenced by qRT-PCR at the mRNA level (p < 0.001,
Fig. 2F). Collectively, these molecular alterations are con-
sistent with the ferroptotic phenotype, strongly supporting
the involvement of ferroptosis in the antitumor effect of the
combination therapy.

Combination Therapy Markedly Upregulates
STEAP4 Expression in Tumor Tissues

To explore potential molecular targets underlying the
synergistic effect, transcriptome sequencing was performed
on paired gastric cancer and adjacent non-tumor tissues. In-
tersection analysis between DEGs (differentially expressed
genes) and ferroptosis-related genes from public databases
identified 21 overlapping candidates, which were visu-
alized in volcano and Venn plots (Fig. 3A,B). Subse-
quent functional annotation using KEGG and GO enrich-
ment analyses confirmed that these genes were enriched in
ferroptosis-related pathways (Fig. 3C,D), and their expres-
sion profiles were presented in a heatmap (Fig. 3E).

Given the established role of STEAP4 in iron
metabolism, we examined its protein expression in tumor
tissues. STEAP4 protein expression was moderately in-
creased in the two monotherapy groups compared with the
model group, but yielded the highest level in the combina-
tion group compared to all other groups (p< 0.05, Fig. 3F).
qRT-PCR analysis confirmed these observations at the tran-
scriptional level (p< 0.05, Fig. 3G). These findings suggest
that STEAP4 upregulation may represent a key molecular
event mediating the synergistic antitumor effect of oxali-
platin combined with PD-1 inhibition.
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Fig. 2. Oxaliplatin combined with a PD-1 inhibitor exerts antitumor effects by inducing ferroptosis. (A) Transmission electron
microscopy images showing ultrastructural features of mitochondria in tumor tissues specimens (from left to right, scale bar = 2 µm, 1
µm, 500 nm, respectively). (B) Measurement of ferrous ion (Fe2+) concentrations in tumor tissues. (C) Measurement of NADPH levels
in tumor tissues. (D) Measurement of reactive oxygen species (ROS) levels in tumor tissues. (E) Western blot analysis of ferroptosis-
related proteins (ACSL4, DMT1, GPX4, HSBP1, and SLC7A11) in tumor tissues. (F) qRT-PCR analysis of ferroptosis-related (ACSL4,
DMT1, GPX4, HSBP1, and SLC7A11) mRNA expression in tumor tissues. Data are presented as mean ± SD from three biologically
independent experiments. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 3. Oxaliplatin combined with a PD-1 inhibitor upregulates STEAP4 expression in tumor tissues. (A) Volcano plot of differ-
entially expressed genes (DEGs) between gastric cancer and adjacent tissues. (B) Venn diagram showing the intersection of DEGs and
ferroptosis-related genes. (C,D) KEGG and GO enrichment analyses of the intersecting genes. The red box in (C) showed that these
genes were enriched in ferroptosis-related pathways through KEGG enrichment analyses; The red box in (D) showed that these genes
were enriched in ferroptosis-related pathways through GO enrichment analyses. (E) Heatmap of intersecting gene expression. The red
box in (E) showed that STEAP4 was enriched in ferroptosis-related pathways. (F) Western blot analysis of STEAP4 protein expression
in tumor tissues from each treatment group. (G) qRT-PCR analysis of STEAP4 mRNA expression. Data are presented as mean ± SD
from three biologically independent experiments. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 4. STEAP4 knockdown reduces cell sensitivity to combination therapy and suppresses ferroptosis. (A,B) Western blot and
qRT-PCR validation of STEAP4 knockdown efficiency in MFC cells via siRNA and plasmid transfection. (C) qRT-PCR analysis of
STEAP4 mRNA expression in MFC cells under different treatment conditions. (D) Measurement of intracellular ferrous ion (Fe2+)
concentrations in MFC cells following combination therapy with or without STEAP4 knockdown. (E) Measurement of intracellular ROS
levels in MFC cells following combination therapy with or without STEAP4 knockdown. (F) Western blot analysis of key regulators
involved in ferroptosis-related proteins (ACSL4, STEAP4, GPX4, HSBP1, and SLC7A11) in MFC cells following combination therapy
with or without STEAP4 knockdown. Data are presented as mean ± SD from three biologically independent experiments. ns: not
significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 5. STEAP4 knockdown reduces cell viability, migration, invasion to combination therapy and suppresses cell apoptosis. (A)
CCK8 analysis of cell viability of MFC cells. Data are presented as mean ± SD relative to the control group (MFC, set as 1.0). (B)
The cell apoptosis in MFC cells following combination therapy with or without STEAP4 knockdown was tested through flow cytometry.
(C) The cell migration was measured through Transwell assay in MFC cells following combination therapy with or without STEAP4
knockdown. (D) The cell invasion was measured through Transwell assay in MFC cells following combination therapy with or without
STEAP4 knockdown. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.

STEAP4 Knockdown Reduces Cell Sensitivity to
Oxaliplatin Plus PD-1 Inhibitor In Vitro

To directly assess the functional role of STEAP4 in
the combination therapy, STEAP4 knockdown experiments
were conducted in MFC cells. Western blot and qRT-PCR
analyses confirmed efficient suppression of STEAP4 ex-
pression in si-STEAP4–transfected cells compared with si-
NC controls (p < 0.001, p < 0.01, Fig. 4A,B). We next
evaluated the effect of STEAP4 knockdown on treatment
efficacy. qRT-PCR analysis of MFC cells from differ-
ent treatment groups (MFC, MFC + oxaliplatin + PD-1
inhibitor, MFC + si-STEAP4, MFC + oxaliplatin + PD-
1 inhibitor + si-STEAP4) showed that combination ther-
apy increased STEAP4 mRNA expression (p < 0.01). Af-
ter STEAP4 knockdown, the high expression of STEAP4
caused by the combined treatment decreased (p < 0.05,
Fig. 4C). Mechanistically, STEAP4 knockdown reversed

the ferroptotic phenotype induced by the combination ther-
apy, as evidenced by significant reductions in intracellular
Fe2+ and ROS levels compared with the combination group
(p < 0.01, p < 0.001, Fig. 4D,E). Western blot analysis
further demonstrated that STEAP4 knockdown suppressed
ACSL4 expression while restoring GPX4 and SLC7A11
expression in the context of combination therapy (p< 0.05,
p < 0.01, Fig. 4F). Notably, HSBP1 exhibited a divergent
expression pattern: it was elevated by single-agent treat-
ments yet reduced by the combination therapy, although
these alterations were not statistically significant. This sug-
gests that HSBP1 may be regulated through a mechanism
distinct from the STEAP4-mediated ferroptosis pathway.

Cellular functional assays also further revealed the
functional impact of STEAP4 knockdown on cellular phe-
notype. CCK8 assays demonstrated that STEAP4 knock-
down significantly attenuated the reduction in cell viabil-
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ity induced by combination therapy (p < 0.001, Fig. 5A).
Flow cytometry analysis showed that apoptosis levels
were markedly decreased in cells with si-STEAP4 com-
pared to those receiving combination therapy (p < 0.001,
Fig. 5B). Additionally, Transwell assays indicated that
STEAP4 knockdown restored both migratory and invasive
capacities of MFC cells that were otherwise suppressed by
the combination treatment (p< 0.01, p< 0.001, Fig. 5C,D).
These findings strongly indicate that STEAP4 upregulation
is essential for inducing ferroptosis and achieving the syner-
gistic antitumor effect of the combination therapy, whereas
its downregulation impairs therapeutic efficacy.

Discussion

The treatment of gastric cancer has entered an era
of multimodal strategies, including chemotherapy, targeted
therapy, and immunotherapy. Optimizing combination reg-
imens to maximize therapeutic efficacy remains a central
challenge in both clinical and translational research [22].
Although the synergistic effect of oxaliplatin combined
with PD-1 inhibitors in gastric cancer has been widely re-
ported, existing studies have mostly focused on the remod-
eling of the immune microenvironment [23,24], while ig-
noring the impact of ferroptosis, an emerging form of cell
death, on treatment sensitivity. This study systematically
demonstrated the synergistic effect of oxaliplatin combined
with a PD-1 inhibitor in gastric cancer, and, innovatively,
revealed that this synergy is mediated through the STEAP4-
dependent ferroptosis pathway.

Our in vivo results confirmed the synergistic antitumor
activity of oxaliplatin and PD-1 blockade, consistent with
the current clinical trend toward chemo-immunotherapy.
Oxaliplatin directly kills tumor cells via DNA damage, and
may also enhance antitumor immunity by releasing neoanti-
gens, upregulating MHC class I expression, and promoting
dendritic cell maturation, key steps in converting “cold”
tumors into “hot” [25–27]. This immunogenic shift en-
ables PD-1 inhibitors to unleash activated T cells, allowing
them to efficiently recognize and eradicate chemotherapy-
“tagged” tumor cells [28–30]. Our findings provide robust
experimental evidence in support of this theoretical frame-
work.

The most significant discovery of this study is the
identification of STEAP4 as a key mediator of this syn-
ergy. STEAP4, a metalloreductase localized to the plasma
membrane and endosomes, catalyzes the reduction of Fe3+
to Fe2+—a critical step in cellular iron metabolism [20,
31,32]. We observed that combination therapy markedly
upregulated STEAP4 expression, whereas STEAP4 knock-
down in vitro attenuated the therapeutic benefit. These re-
sults suggest that STEAP4may function as a sensitizing fac-
tor in gastric cancer therapy.

Mechanistically, STEAP4 links directly to ferroptosis,
a form of regulated cell death driven by Fe2+-catalyzed

Fenton reactions that generate abundant lipid ROS, ulti-
mately causing membrane damage [33–35]. STEAP4 up-
regulation may promote ferroptosis via: (1) disrupting in-
tracellular iron homeostasis, leading to transient or local-
ized Fe2+ overload; and (2) perturbing the redox bal-
ance, thereby impairing the cell’s antioxidant defenses.
Our Western blot analysis strongly supports this hypothe-
sis. GPX4, a pivotal ferroptosis defense protein, requires
glutathione (GSH) for activity, and GSH synthesis de-
pends on cystine uptake mediated by SLC7A11 (part of the
xCT system) [36–38]. Combination therapy downregulated
GPX4 and SLC7A11, while upregulating ACSL4—a pro-
ferroptotic enzyme that esterifies long-chain polyunsatu-
rated fatty acids, providing substrates for lipid peroxidation.
STEAP4 knockdown reverses these changes, suppressing
ACSL4 while restoring GPX4 and SLC7A11, thereby di-
minishing ferroptosis induction. Functionally, ACSL4 up-
regulation acts as “fuel” for ferroptosis, and the coordinated
shifts in these protein levels converge on ferroptotic cell
death as a central mechanism.

This study for the first time reveals the key role of
STEAP4 in the treatment of gastric cancer with oxaliplatin
combined with PD-1 inhibitors, enhancing treatment sensi-
tivity by promoting ferroptosis. These findings carry im-
portant translational relevance in two key aspects. First,
STEAP4 expressionmay serve as a predictive biomarker for
stratifying patients with gastric cancer likely to respond to
oxaliplatin plus PD-1 inhibitor therapy. High STEAP4 ex-
pression may appear to sensitize tumours to this regimen.
Second, STEAP4 itself represents a potential therapeutic
target; pharmacological strategies that enhance STEAP4 its
expression, when combined with chemo-immunotherapy,
could further improve clinical outcomes.

Nevertheless, this study has limitations. First, the use
of a single gastric cancer cell line and its corresponding
nudemouse xenograft model influences the generalizability
of our conclusions; therefore, validation across additional
molecular subtypes, patient-derived xenograft (PDX) mod-
els, and clinical specimens is required. Second, although
STEAP4 silencing STEAP4 partially attenuated ferroptosis
and drug sensitivity, an in vivo rescue effect of ferroptosis
inhibitors (e.g., Ferrostatin-1 or liproxstatin-1) was not ex-
amined. Future studies incorporating a ‘combination ther-
apy + ferroptosis inhibitor’ regimen are needed to rigor-
ously test whether ferroptosis is an essential mechanism
underlying the observed synergy in GC treatment. Fur-
thermore, the upstream regulatory mechanisms by which
the combination therapy modulates STEAP4 transcription
or translation remain unclear and warrant further investiga-
tion.

Conclusion

In summary, our study demonstrates a potent syner-
gistic antitumor effect of oxaliplatin and PD-1 blockade
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in gastric cancer. This synergy is closely associated with
the upregulation of STEAP4, which promotes ferroptosis
and enhances tumor sensitivity to the combination therapy.
These findings provide a new mechanistic basis for chemo-
immunotherapy in gastric cancer and identify STEAP4 as
a dual-functional candidate—serving as both a promising
predictive biomarker and a potential therapeutic target for
this strategy.
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