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Abstract. The present study aimed to investigate the expres‑
sion and roles of peroxiredoxin 1 (PRDX1) and glutathione 
(GSH) peroxidase 4 (GPX4) in ferroptosis regulation and the 
tumor microenvironment in hepatocellular carcinoma (HCC). 
The expression levels of PRDX1 and GPX4 were assessed in 
HCC through analysis of datasets from The Cancer Genome 
Atlas (TCGA), GSE14520 from the Gene Expression Omnibus 
database and the Human Protein Atlas, along with HCC cell 
lines. Diagnostic and prognostic values were evaluated using 
receiver operating characteristic curves and Kaplan‑Meier 
survival analyses. The single‑cell dataset GSE149614 was 
employed to investigate the cellular localization and charac‑
teristics of specific cell subpopulations expressing PRDX1 
or GPX4 within the HCC tumor microenvironment. The 
relationships between PRDX1, GPX4 and ferroptosis‑related 
pathways were explored using the FerrDb database and Gene 
Set Enrichment Analysis. Additionally, their interactions with 
the immune microenvironment were examined utilizing the 
CIBERSORT algorithm. To validate the results of the bioin‑
formatics analysis, the present study utilized small interfering 
(si)RNA technology to construct single gene knockdown and 

dual gene co‑knockdown models targeting PRDX1 and GPX4 
in Hep3B cells. Subsequently, the proliferative activity of each 
group of cells was evaluated using the Cell Counting Kit‑8 
method and the levels of the intracellular lipid peroxidation 
product malondialdehyde (MDA) were detected using the 
MDA detection kit. The results of the present study demon‑
strated that the expression levels of PRDX1 and GPX4 were 
upregulated in HCC tissues and cell lines. The area under 
the curve for the combined diagnostic model of PRDX1 and 
GPX4 in HCC was 0.83. Furthermore, elevated expression 
levels of PRDX1 or GPX4 predicted reduced overall survival 
(OS), and their expression was weakly positively correlated 
in HCC. Single‑cell transcriptomics demonstrated predomi‑
nant expression of both genes in malignant cells. GPX4 was 
primarily detected in early‑differentiation subgroups enriched 
in metabolic and ferroptosis pathways, whereas PRDX1 was 
predominantly expressed in intermediate‑differentiation 
subgroups associated with antioxidative stress pathways. The 
dual‑high PRDX1/GPX4 expression group exhibited increased 
reactive oxygen species, GSH and iron levels, whereas the 
dual‑low group had prolonged OS. Immune infiltration 
analysis indicated a trend of higher M0 macrophage levels and 
lower CD4+ T‑cell counts in the dual‑high expression group. 
Furthermore, PRDX1 expression was positively correlated with 
multiple immune checkpoint genes, whereas GPX4 expression 
was markedly negatively correlated only with CD274 and 
TIGIT. The siRNA‑PRDX‑1/siRNA‑GPX4‑1 group exhibited 
significantly inhibited HCC cell proliferation and promoted 
MDA production; however, proliferative activity was partially 
increased compared with that in the siRNA‑PRDX‑1 group, 
whereas the levels of MDA accumulation were significantly 
reduced compared with in the siRNA‑GPX4‑1 group. 
In conclusion, the current study revealed the concerted 
co‑expression of PRDX1 and GPX4 in malignant HCC, which 
was associated with ferroptosis evasion and immune suppres‑
sion. Furthermore, the present findings suggested that PRDX1 
may shift from an antioxidant to a pro‑oxidant mediator under 
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GPX4 deficiency, thereby alleviating lipid peroxidation. These 
findings support targeting this axis as a future therapeutic 
breakthrough.

Introduction

Globally, hepatocellular carcinoma (HCC) represents the sixth 
most common type of cancer and the third leading cause of 
cancer‑related deaths (1). As the primary histological subtype, 
HCC accounts for 85‑90% of all liver malignancies  (2,3). 
Current standard therapeutic interventions for HCC include 
surgical resection, liver transplantation, radiofrequency 
ablation, transarterial chemoembolization, hepatic arterial 
infusion chemotherapy and targeted molecular therapies (such 
as sorafenib, lenvatinib, regorafenib, and ramucirumab) (4). 
However, as most patients are diagnosed at intermediate to 
advanced stages, surgical options become impractical  (5). 
Therefore, identification of biomarkers for early diagnosis and 
therapeutic targets remains urgently required.

Ferroptosis, first identified by Dixon in 2012 (6), is an 
emerging form of programmed cell death distinct from apop‑
tosis, necrosis and autophagy. Ferroptosis is characterized by 
the iron‑dependent accumulation of reactive oxygen species 
(ROS) and lipid peroxides, disrupting cellular redox homeo‑
stasis, and resulting in membrane condensation and eventual 
rupture (7). This cell death pathway is induced by metabolic 
intermediates and is strictly regulated by antioxidant mecha‑
nisms such as glutathione (GSH) peroxidase 4 (GPX4) and 
cystine/glutamate antiporter (8,9). Previous evidence has indi‑
cated that ferroptosis participates in numerous pathological 
processes, including cancer progression and ischemia‑reper‑
fusion injury  (8,10). Moreover, it has been reported that 
ferroptosis inducers, alone or combined with conventional 
anticancer therapies, can effectively kill cancer cells (11‑13), 
highlighting ferroptosis as a potential therapeutic target.

Intratumoral heterogeneity and cellular diversity within 
the tumor microenvironment (TME) currently present notable 
obstacles to early cancer diagnosis and precision medicine (14). 
This heterogeneity arises from variations in genetic makeup, 
pathology, differentiation and mutation profiles, reflecting 
tumor complexity and diversity throughout disease progres‑
sion (15). Advancements in single‑cell transcriptomics have 
provided deeper insights into tumor development, enabling 
precise identification of tumor subtypes and analysis of the 
TME  (16,17). This approach helps elucidate intratumoral 
heterogeneity, cellular interactions within the microenviron‑
ment, predicts drug resistance, improves diagnostic accuracy 
and informs personalized treatments (18).

Peroxiredoxin 1 (PRDX1), a notable member of the 
PRDX family, functions as an antioxidant by eliminating 
intracellular ROS, protecting cells from oxidative damage. 
Moreover, PRDX1 and GPX4 maintain a close regulatory 
interaction in cancer, serving as crucial antioxidant proteins 
to inhibit ferroptosis and facilitate tumor development. For 
example, knockdown of PRDX1 in colorectal cancer cells 
leads to decreased GPX4 expression, elevated ROS accu‑
mulation and enhanced lipid peroxidation, thus triggering 
ferroptotic cell death (19). In breast cancer, inducing PRDX1 
liquid‑liquid phase separation reduces its peroxidase activity, 
disrupts ROS homeostasis, and promotes ferroptosis via lipid 

peroxide accumulation mediated by the SLC7A11‑GPX4 
pathway (20). These observations imply that targeting PRDX1 
alongside GPX4 inhibition could represent a promising 
anticancer strategy.

The present study aimed to utilize single‑cell transcrip‑
tomics analysis to explore the expression profiles of PRDX1 and 
GPX4 in HCC, and to investigate their potential roles in ferrop‑
tosis regulation and the TME, thus providing theoretical support 
for strategies targeting ferroptosis resistance in HCC treatment.

Materials and methods

Bioinformatics online tools. The GEPIA2 database 
(http://gepia2.cancer‑pku.cn) was employed to assess differen‑
tial expression levels of PRDX1 and GPX4 across several cancer 
types. Specifically, under the ‘Expression Analysis’ section, 
the ‘Expression DIY’ feature and ‘Multiple Gene Comparison’ 
option were selected. Target gene names (PRDX1 or GPX4) 
were entered individually, with ‘Match TCGA normal data’ 
checked to include normal tissue references. A list of 23 
TCGA cancer abbreviations (including LIHC and other solid 
tumors) were specified, and expression profiles were generated 
by clicking the ‘Plot’ button. The prognostic values of PRDX1 
and GPX4 in HCC were analyzed using the 2022 version of 
the UALCAN database (https://ualcan.path.uab.edu/) (21,22). 
Within ‘TCGA’ section, ‘TCGA Gene’ was selected, gene 
names entered, and ‘Liver hepatocellular carcinoma’ chosen 
from the dataset menu. Survival analysis for PRDX1 and 
GPX4 in LIHC was performed using the UALCAN database. 
Kaplan‑Meier survival curves were generated to evaluate the 
prognostic value, and the statistical significance of the differ‑
ence between groups was determined using the Log‑rank test. 

Analysis of PRDX1 and GPX4 expression from The Cancer 
Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) 
databases. Transcriptomics RNA sequencing (RNA‑seq) 
data of tumor and corresponding normal liver tissues from 
patients with HCC were obtained from TCGA‑LIHC (Liver 
Hepatocellular Carcinoma) cohort  (https://portal.gdc.cancer.
gov/projects/TCGA‑LIHC), with 50  paired tumor‑normal 
samples included in the differential expression analysis. 
Microarray‑based gene expression profiles were obtained 
from the GSE14520 dataset (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE14520) (23), and 212 matched 
tumor‑adjacent pairs (424  samples in total) were retained 
after strict quality control to exclude samples without paired 
counterparts or incomplete clinical annotations. R software 
(version 4.5.0; The R Foundation) was employed to filter the 
data. For TCGA‑LIHC cohort, all primary HCC cases with 
available RNA‑seq gene expression data and paired adjacent 
non‑tumor liver tissues were included. Samples with non‑HCC 
histology, those lacking expression data or those with incom‑
plete pathological annotations were excluded. Genes with an 
expression level of <1 in more than half of the samples were 
filtered out. For the analysis of PRDX1 and GPX4 expression, 
the data from 50 matched tumor‑adjacent pairs were extracted 
and differential expression was assessed using a paired 
Student's t‑test.

For the GSE14520 dataset, all primary HCC samples 
and paired adjacent non‑tumor samples with complete gene 
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expression profiles and clinical annotations were included; 
samples with missing expression values or ambiguous labeling 
were excluded. Differential expression levels of PRDX1 and 
GPX4 between tumor and adjacent non‑tumor tissues were 
assessed using the Wilcoxon signed‑rank test.

In both datasets, ‘upregulation’ was defined as a significantly 
higher expression in tumor samples compared with normal 
samples (two‑sided P<0.05). As the analysis was restricted to 
two pre‑specified genes, no additional log2 fold‑change cutoff 
or correction for multiple testing was applied.

PRDX1 and GPX4 protein expression from the Human 
Protein Atlas. Protein expression levels of PRDX1 and GPX4 
in HCC tissues were evaluated using the Human Protein 
Atlas database (v25.0; https://www.proteinatlas.org). The key 
words ‘liver’ and ‘cancer’ were employed for data retrieval. 
Under ‘Tissue’ or ‘Pathology’, ‘Liver’ was selected, and the 
condition ‘cancer’ was specified. Immunohistochemical 
images and staining intensity scores from representative 
samples were compared: GPX4 [GPX4_normal: Female; age, 
63 years; Liver; GPX4_tumor: Female; age, 77 years; Liver] 
and PRDX1 [PRDX1_normal: Female; age, 29 years; Liver; 
PRDX1_tumor: Female; age, 58 years; Liver].

Cell culture conditions. Normal human THLE‑2 hepatocytes 
[American Type Culture Collection (ATCC) cat. no. CRL‑2706] 
and human HCC Hep3B cells (ATCC cat.  no.  HB‑8064) 
were sourced from the ATCC. Human HCC MHCC97‑H 
(cat. no. SCSP‑5092) and Huh‑7 (cat. no. SCSP‑526) cells were 
sourced from the National Collection of Authenticated Cell 
Cultures, Chinese Academy of Sciences. THLE‑2 cells were 
cultured in BEGM Bullet Kit medium (cat. no. CC‑3170; Lonza 
Group, Ltd.), which is the specific medium officially recom‑
mended by the manufacturer for maintaining this normal 
liver epithelial cell line, supplemented with 5 ng/ml epidermal 
growth factor (cat. no. CC‑4175; Lonza Group, Ltd.), 70 ng/ml 
phosphoethanolamine (cat. no. P0503; MilliporeSigma) and 
10% FBS (cat. no. 10099141; Gibco; Thermo Fisher Scientific, 
Inc.). Hep3B cells were maintained in MEM (cat. no. 11095080; 
Gibco; Thermo Fisher Scientific, Inc.) containing 10% FBS 
and 1% penicillin‑streptomycin. MHCC97‑H and Huh‑7 
cells were maintained in DMEM (cat. no. 11995065; Gibco; 
Thermo Fisher Scientific, Inc.) containing 10% FBS and 1% 
penicillin‑streptomycin. All cells were cultured at 37˚C in a 
humidified incubator with 5% CO2.

Cell transfection. Hep3B cells were seeded at a density of 
3x105 cells per well in a 6‑well plate, with 2 ml culture medium 
added to each well. PRDX1 knockdown and GPX4 knock‑
down groups were set up separately and the dual‑knockdown 
group was generated by co‑transfection of siRNA‑PRDX1‑1 
and siRNA‑GPX4‑1. The PRDX1 knockdown group included 
a negative control (NC) group [small interfering (si)RNA‑NC] 
and three siRNA experimental groups targeting PRDX1 
(siRNA‑PRDX1‑1, siRNA‑PRDX1‑2 and siRNA‑PRDX1‑3). 
The GPX4 knockdown group also included an NC group 
(siRNA‑NC) and three siRNA experimental groups targeting 
GPX4 (siRNA‑GPX4‑1, siRNA‑GPX4‑2 and siRNA‑GPX4‑3). 
The final concentration of target siRNAs was 30 nM for each 
single‑gene knockdown group, and 60 nM in total for the 

dual‑knockdown group (30 nM each for siRNA‑PRDX1‑1 and 
siRNA‑GPX4‑1). To ensure the comparability of biological 
effects, for the single‑gene knockdown groups, an equivalent 
amount of siRNA‑NC was added to reach the same 60 nM 
total siRNA concentration as the dual‑knockdown group. 
Preliminary experiments verified that 60 nM total siRNA 
did not induce significant cytotoxicity in Hep3B cells. 
Transfections were performed using Lipofectamine® 3000 
Transfection Reagent (cat. no. L3000015; Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's instruc‑
tions. Cells were incubated with the transfection mixture 
at 37˚C for 6 h, after which the medium was replaced with 
fresh complete culture medium. At 24 h post‑transfection, 
the knockdown efficiency of PRDX1 or GPX4 was detected 
separately. All siRNA sequences are shown in Table I.

Western blotting. THLE‑2, Hep3B, Huh‑7 and MHCC97‑H 
cells were cultured until they reached ~80% confluence in 
a 100‑mm culture dish, rinsed with PBS and subsequently 
lysed in 600  µl NP‑40 buffer (50  mM Tris‑HCl, pH  7.4; 
150 mM NaCl; 1% NP‑40). Lysates were vortexed vigorously 
for 15 sec, three times at 5‑min intervals on ice, then centri‑
fuged at 12,000 x g for 30 min at 4˚C. Protein levels were 
quantified using a BCA protein assay kit (cat. no. BB‑3401; 
BestBio; www.bestbio.com.cn). For each sample, 50  µg 
protein was mixed with 5X SDS‑PAGE loading buffer 
and denatured at 95˚C for 5 min. The proteins were then 
separated by SDS‑PAGE on 12% gels and transferred to 
methanol‑activated PVDF membranes. The membranes were 
blocked with 5% BSA (cat. no. SW3015; Beijing Solarbio 
Science & Technology Co., Ltd.) for 1 h at ambient tempera‑
ture, rinsed three times with TBS‑0.1% Tween, and incubated 
with antibodies against PRDX1 (1:5,000; cat. no. 15816‑1‑AP; 
Proteintech Group, Inc.) or GPX4 (1:500; cat. no. sc‑166570; 
Santa Cruz Biotechnology, Inc.) separately for 3 h at room 
temperature. After additional washing, the membranes 
were incubated with HRP‑conjugated secondary antibodies 
(1:5,000; cat.  nos.  RGAR001 or RGAM001; Proteintech 
Group, Inc.) for 1  h at room temperature. Detection was 
performed using BeyoECL Star reagent (cat. no. P0018AS; 
Beyotime Biotechnology) on a ChemiDoc MP Imaging 
System (cat. no. 1708280; Bio‑Rad Laboratories, Inc.), and 
protein expression was semi‑quantified with ImageJ software 
(version 1.53; National Institutes of Health), normalized to 
β‑actin (1:20,000; cat. no. 66009‑1‑Ig; Proteintech Group, 
Inc.). Data are presented as the mean ± standard deviation 
from three independent biological replicates.

Cell proliferation assay. After digestion, the transfected 
Hep3B cells in each group were resuspended in complete 
culture medium. Hep3B cells were seeded in a 96‑well 
plate at a concentration of 4,000 cells/well in 100 µl culture 
medium (n=4 wells/group). After the cells adhered to the 
wells, this time point was recorded as 0 h. At 0, 24 and 
48 h, 10 µl Cell Counting Kit‑8 reagent (cat.  no. C0037; 
Beyotime Biotechnology) was added to each well of Hep3B 
cells and incubated at 37˚C in a 5% CO2 incubator for 1 h. 
Subsequently, the absorbance value was measured at a wave‑
length of 450 nm using an enzyme‑linked immunosorbent 
assay plate reader.

https://www.spandidos-publications.com/10.3892/ol.2026.15886
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Measurement of malondialdehyde (MDA). The transfected 
Hep3B cells were lysed with cell lysis buffer (cat. no. P0013; 
Beyotime Biotechnology) on ice, after which, they were 
centrifuged at 10,000 x g for 10 min to obtain the supernatant 
and the protein concentration was determined using a BCA 
protein assay kit  (cat. no. BB‑3401; BestBio). Subsequently, 
the MDA detection working solution was prepared by diluting 
7.5 ml TBA diluent, 2.5 ml TBA storage solution and 150 µl 
of butylated hydroxytoluene, an antioxidant provided in the 
MDA assay kit (cat. no. S0131M; Beyotime Biotechnology), 
and the standard was diluted to 1, 2, 5, 10, 20 and 50 µM 
with distilled water. The corresponding blanks, standards, 
and samples (0.1 ml) were added into 1.5 ml microcentrifuge 
tubes, and then mixed with 0.2 ml of MDA detection working 
solution. Afterwards, they were heated at 100˚C for 15 min, 
cooled to room temperature and centrifuged at 1,000 x g for 
10 min at room temperature. Supernatants (200 µl) were then 
collected and the absorbance was measured in a 96‑well plate 
at a wavelength of 532 nm using a microplate reader Finally, 
the MDA concentration of the samples were calculated based 
on the standard curve and were converted to MDA content/unit 
protein based on protein concentration.

Diagnostic evaluation of PRDX1 and GPX4 in HCC. 
Transcriptomics and clinical data from TCGA‑LIHC cohort 
were downloaded. Receiver operating characteristic (ROC) 
curves for PRDX1 and GPX4 were generated using the pROC 
package (v1.19.0.1) (24), with ‘sample type’ (tumor, 1; normal, 
0) as the state variable and gene expression level as the test 
variable. A combined predictive model (PRDX1 + GPX4) was 
developed using a support vector machine (SVM; implemented 
via the e1071 package (v1.7‑14, https://CRAN.R‑project.
org /package=e1071) and ca ret  package (v6.0 ‑94, 
https://CRAN.R‑project.org/package=caret) and ROC curves 
were plotted using the pROC package.

Single‑cell transcriptomics analysis
Data source and quality control. The single‑cell tran‑

scriptomics dataset GSE149614 (25), containing 25,479 genes 
from 71,915 cells across 10 primary HCC tissues, 2 portal 
vein tumor thrombus tissues, 1 metastatic lymph node and 8 
normal liver samples, was obtained from the GEO database. 
Quality control analysis was performed using Seurat software 
version 5.1.0 (https://satijalab.org/seurat/), excluding cells with 

mitochondrial content of >20%, <200 genes or >8,000 genes. 
Normalization was achieved using the SCTransform method 
implemented in the Seurat R package (v5.1.0; https://satijalab.
org/seurat/).

Dimensionality reduction, clustering and cell annotation. 
Principal component analysis (PCA) was performed using the 
top 2,000 highly variable genes, followed by visualization via 
Uniform Manifold Approximation and Projection (UMAP), 
and cell clustering were all performed using the Seurat R 
package (v5.1.0). Cells were clustered based on RNA shared 
nearest neighbor (RNA_snn) distance with a resolution setting 
of 0.6. Cell‑type annotation was performed based on the 
canonical cell lineage marker genes reported in the published 
literature (26). The identity of each cluster was comprehen‑
sively determined by integrating the expression distribution 
of marker genes in FeaturePlot, the expression level and 
proportion in DotPlot (both visualized using the Seurat 
package; v5.1.0), as well as the specific expression characteris‑
tics of representative canonical markers. Cells with consistent 
expression of multiple specific signature genes were assigned 
to the corresponding cell type. Identified cell populations 
included malignant cells (APOA2+, ALB+, APOA1+, AMBP+, 
APOH+ and TTR+), T cells (IL7R+, CD2+ and CD3D+), B cells 
(MS4A1+, BANK1+ and CD79A+), myeloid cells (LYZ+, AIF1+ 

and HLA‑DRA+), endothelial cells (SPARC+, TM4SF1+ and 
INSR+), fibroblasts (COL1A2+, FAP+ and ACTA2+), plasma 
cells (MZB1+, IGLL5+ and SSR4+), mast cells (TPSAB1+, 
TPSB2+ and CPA3+), natural killer (NK) cells (GZMB+, 
KLRD1+ and KLRF1+), plasmacytoid dendritic cells (pDCs; 
JCHAIN+, TCF4+ and TCL1A+) and cycling cells (TOP2A+ 
and MKI67+).

Analysis of malignant cell subpopulations and pseudotime 
trajectory. To further explore the intratumoral heterogeneity 
and dynamic developmental characteristics of HCC malig‑
nant cells, malignant cell subpopulations were separately 
extracted from the integrated single‑cell dataset for secondary 
dimensionality reduction and reclustering analysis using the 
Seurat R package (v5.1.0). Specifically, the top 2,000 highly 
variable genes were selected to perform PCA, and the top 15 
principal components were adopted for subsequent UMAP 
dimensionality reduction. Based on the RNA_snn algorithm, 
consistent and stable reclustering of malignant cells was 
performed with a resolution parameter of 0.1. Differentially 
expressed genes (|log2foldchange|>1; false discovery rate, 

Table I. Sequences of siRNAs targeting PRDX1 and GPX4.

siRNA Name	 Sense sequence, 5'‑3'	 Antisense sequence, 5'‑3'

siRNA‑PRDX1‑1	 GAUGAGACUUUGAGACUAGUUTT	 AACUAGUCUCAAAGUCUCAUCTT
siRNA‑PRDX1‑2	 CCAGAUGGUCAGUUUAAAGAUTT	 AUCUUUAAACUGACCAUCUGGTT
siRNA‑PRDX1‑3	 GCUUUCAGUGAUAGGGCAGAATT	 UUCUGCCCUAUCACUGAAAGCTT
siRNA‑GPX4‑1	 GCACAUGGUUAACCUGGACAATT	 UUGUCCAGGUUAACCAUGUGCTT
siRNA‑GPX4‑2	 GUGGAUGAAGAUCCAACCCAATT	 UUGGGUUGGAUCUUCAUCCACTT
siRNA‑GPX4‑3	 GUGAGGCAAGACCGAAGUAAATT	 UUUACUUCGGUCUUGCCUCACTT
siRNA‑NC	 UUCUCCGAACGUGUCACGUTT	 ACGUGACACGUUCGGAGAATT

GPX4, glutathione peroxidase 4; NC, negative control; ns, not significant; PRDX1, peroxiredoxin 1; siRNA, small interfering RNA.
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<0.05) were identified using the FindMarkers function imple‑
mented in the Seurat R package (v5.1.0). Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway enrichment analysis 
was performed using the clusterProfiler package (v4.14.6, 
https://bioconductor.org/packages/clusterProfiler/). To explore 
the dynamic differentiation trajectory of malignant cells, the 
Monocle2 algorithm (v2.36.0, https://bioconductor.org/pack‑
ages/monocle/) was applied to reconstruct cell pseudotime 
developmental trajectories based on the DDRTree dimension‑
ality reduction algorithm. The variable genes obtained from 
malignant cell reclustering were defined as ordering genes 
to arrange cells in pseudo‑temporal order according to their 
differentiation status. To define the pseudotime origin, the root 
state was set to the cell cluster exhibiting the highest expres‑
sion of hepatic progenitor markers and the lowest expression 
of mature hepatocyte functional genes, thereby orienting the 
trajectory from an undifferentiated to a more differentiated 
state. Finally, the dynamic expression change patterns 
of key functional genes along the pseudotime axis were 
systematically analyzed. Cell‑cell communication between 
PRDX1/GPX4‑high expressing malignant cells and other cell 
types was analyzed using the CellChat R package (v2.2.0; 
https://github.com/sqjin/CellChat). Malignant cells were 
stratified into high‑ and low‑expression subgroups by median 
PRDX1/GPX4 gene expression; communication probabilities 
were computed, filtered with min.cell=10, and visualized via 
bubble plots after merging subgroup CellChat objects.

Molecular association and concerted effect of PRDX1/GPX4 
on the ferroptosis regulatory network. A comprehensive list 
of ferroptosis‑related genes, including drivers (ACSL4, TP53, 
HMOX1, METTL3, NCOA4, ALOX15, BECN1, TFRC 
and ATF3) and suppressors (NFE2L2, SLC7A11, SIRT1, 
PRDX6, FTH1, FTO and DHODH) was sourced from the 
FerrDb database (v2.0; http://www.zhounan.org/ferrdb/). 
Spearman rank correlation analysis was performed to assess 
the expression correlations between PRDX1/GPX4 and these 
ferroptosis‑related genes, and heatmaps depicting gene expres‑
sion profiles and correlation coefficients were generated using 
the pheatmap R package (version 1.0.12; https://cran.r‑project.
org/package=pheatmap). Gene Set Enrichment Analysis 
(GSEA) of ferroptosis, oxidative stress, lipid peroxidation, 
and iron metabolism pathways was performed using gene sets 
derived from the Molecular Signatures Database (MSigDB, 
version  7.5.1; https://www.gsea‑msigdb.org/gsea/msigdb/). 
Ferroptosis suppressors scores were calculated based on 
suppressor gene expression, and their associations with 
PRDX1/GPX4 expression levels and overall survival (OS) were 
assessed. HCC patient samples from TCGA‑LIHC cohort were 
stratified into PRDX1‑high/GPX4‑high, PRDX1‑low/GPX4‑low, 
PRDX1‑high/GPX4‑low and PRDX1‑low/GPX4‑high groups 
according to median expression levels, comparing ROS, MDA, 
GSH, iron scores and OS among groups. Protein‑protein 
interaction networks related to PRDX1/GPX4 regulation of 
ferroptosis were developed using STRING (https://string‑db.
org/) and Cytoscape (https://cytoscape.org/).

Relationship between PRDX1/GPX4 expression and the 
immune microenvironment. The CIBERSORT algorithm 
(v1.03, https://cibersort.stanford.edu/)was used to evaluate 

the abundance of immune cell infiltration in HCC samples 
from TCGA‑LIHC cohort. According to the median expres‑
sion values of PRDX1 and GPX4, all samples were divided 
into four groups based on the median expression of PRDX1 
(cut‑off: 8.33) and GPX4 (cut‑off: 8.81): Both_High, Both_Low, 
PRDX1_High_GPX4_Low and PRDX1_Low_GPX4_High. 
The Kruskal‑Wallis test was applied to compare the differ‑
ences in immune infiltration between different groups (without 
post hoc test). Tumor microenvironment stromal and immune 
scores were calculated using the ESTIMATE R package 
(v1.0.13; https://bioinformatics.mdanderson.org/estimate/). 
Immune score data of HCC from TCGA were downloaded 
from the TIMER3 website (http://timer.cistrome.org/), and 
Spearman rank correlation scatter plots with PRDX1/GPX4 
expression were generated. Tumor mutation burden (TMB) and 
microsatellite instability (MSI) data from TCGA‑LIHC cohort 
were retrieved from cBioPortal (https://www.cbioportal.org/) 
to evaluate associations with PRDX1/GPX4 expression using 
Spearman rank correlation analysis.

Statistical analysis. Data analysis was performed using R 
software (v4.5.0) for bioinformatics cohorts and GraphPad 
Prism (v8.0.2; Dotmatics) for cellular experimental statistics 
and visualization. All cell‑based assays were performed in three 
independent biological replicates, and quantitative results are 
expressed as mean ± standard deviation. The Shapiro‑Wilk test 
was first performed to assess the normality of all continuous 
variables. For paired comparisons between tumor tissues and 
matched adjacent normal tissues, the paired Student's t‑test was 
applied for normally distributed data (TCGA‑LIHC cohort), 
while the Wilcoxon signed‑rank test was used for non‑normally 
distributed data (GSE14520 dataset). For comparisons between 
two independent groups, the unpaired Student's t‑test or the 
Wilcoxon rank‑sum test was selected according to the normality 
test results. Spearman's correlation was used for correlation 
analysis. For comparisons between multiple experimental 
groups and a single control group, one‑way analysis of variance 
(ANOVA) was applied followed by Dunnett's t‑test. For compar‑
isons of grouped repeated measurement data, two‑way repeated 
measures ANOVA was performed, with the Bonferroni method 
used for post hoc multiple comparisons. For all other pairwise 
comparisons across multiple groups, one‑way ANOVA was 
conducted followed by Tukey's test. P<0.05 was considered to 
indicate a statistically significant difference. 

Results

Elevated expression of PRDX1 and GPX4 in HCC tissues and 
cells. Pan‑cancer analysis revealed elevated expression levels of 
PRDX1 and GPX4 across multiple cancer types (Fig. 1A and B). 
Furthermore, analysis of TCGA cohort and GSE14520 dataset 
confirmed higher expression of PRDX1 and GPX4 in HCC 
tissues (Fig. 1C and D). Protein expression data from the Human 
Protein Atlas also indicated that both proteins were upregu‑
lated in HCC tissues (Fig. 1E). Western blot analysis further 
confirmed increased protein expression of PRDX1 and GPX4 in 
Hep3B, Huh‑7 and MHCC97‑H cells (Fig. 1F).

Clinical significance of PRDX1 and GPX4 in HCC. ROC 
curve analyses yielded area under the curve (AUC) values of 

https://www.spandidos-publications.com/10.3892/ol.2026.15886
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0.642 for PRDX1, 0.713 for GPX4, and 0.83 for the combined 
PRDX1‑GPX4 model in diagnosing HCC (Fig. 2A). Survival 
analyses demonstrated shorter OS in patients with elevated 
PRDX1 or GPX4 expression (Fig. 2B and C). Additionally, a 
very weak positive correlation between PRDX1 and GPX4 
expression (ρ=0.21) was noted (Fig. 2D). PRDX1 expression 

showed a very weak positive association with sex (ρ=0.23), 
whereas GPX4 expression was very weakly correlated with 
age (ρ=0.12).

Cellular localization of PRDX1 and GPX4 in the HCC 
microenvironment. A total of 11 distinct cellular subpopulations 

Figure 1. PRDX1 and GPX4 expression in HCC tissues and cells. Expression of (A) PRDX1 and (B) GPX4 across pan‑cancer types, analyzed using GEPIA2 
(based on TCGA cohort). The color scale represents log2‑transformed TPM values [log2(TPM+1)]. PRDX1 and GPX4 expression levels in HCC tissues 
from (C) TCGA cohort and (D) GSE14520 dataset. (E) Protein expression levels of PRDX1 and GPX4 in HCC tissues in the Human Protein Atlas database. 
(F) Comparison of PRDX1 and GPX4 protein expression in THLE‑2, Hep3B, Huh7 and MHCC97‑H cell lines. Data are presented as the mean ± SD from 
three independent biological replicates. Scale bar, 100 µm. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. GPX4, glutathione peroxidase 4; HCC, hepatocellular 
carcinoma; PRDX1, peroxiredoxin 1; TCGA, The Cancer Genome Atlas; TPM, transcripts per million.
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were identified within the single‑cell dataset GSE149614, 
comprising malignant cells, T cells, B cells, myeloid cells, 
endothelial cells, cancer‑associated fibroblasts, plasma cells, 
mast cells, NK cells, pDCs and cycling cells (Fig. 3A). PRDX1 
and GPX4 were predominantly expressed in malignant and 
myeloid cells but scarcely expressed in lymphocytes (Fig. 3B). 
Significant heterogeneity in PRDX1/GPX4 expression and 
microenvironmental composition was observed among patient 
samples (Fig. 3C).

Dynamic expression and functional features of PRDX1 and 
GPX4 in malignant cell subpopulations. Through malignancy 
scoring and pseudotime trajectory analysis, reclustered malig‑
nant cells were ordered along a differentiation continuum 
and classified into three sequential states (State 1‑State 3). 
As illustrated in Fig. 4A, State 1 represented early‑differ‑
entiation stem‑like cells with low malignancy, State 2 was 
the intermediate‑differentiation transition subset, and 
State 3 corresponded to late‑differentiation cells with high 

malignancy. Dynamic expression profiles along the pseu‑
dotime axis demonstrated that GPX4 was predominantly 
enriched in State 1 stem‑like cells, whereas PRDX1 was 
markedly upregulated in State 2 intermediate‑differentiation 
subpopulations. KEGG pathway enrichment showed genes 
upregulated in the high GPX4 expression group were 
enriched in pathways related to metabolic reprogramming, 
ferroptosis and viral infection, including ‘Biosynthesis of 
amino acids’, ‘Ferroptosis’, ‘Glycolysis/Gluconeogenesis’ 
and ‘Virion‑Hepatitis viruses’ (Fig.  4B). Furthermore, 
PRDX1‑high expressing groups were enriched in pathways 
associated with oxidative stress and GSH metabolism, 
including ‘Glutathione metabolism’ and the ‘Pentose phos‑
phate pathway’ (Fig. 4B). Cell‑cell communication analyses 
indicated strong interactions between PRDX1/GPX4 
high‑expressing malignant cells and endothelial cells, 
T cells and fibroblasts via ligand‑receptor pairs such as 
secreted phosphoprotein 1 (SPP1) and angiopoietin‑like 4 
(ANGPTL4) (Fig. 4C).

Figure 2. Clinical importance of PRDX1 and GPX4 in HCC based on data from TCGA‑LIHC cohort. (A) Combined diagnostic efficacy of PRDX1 and 
GPX4 for HCC. Prognostic value of (B) PRDX1 and (C) GPX4 in HCC survival analysis. (D) Correlation between PRDX1/GPX4 expression and clinical 
characteristics of patients with HCC. *P<0.05, ***P<0.001. LIHC, liver hepatocellular carcinoma; AUC, area under the curve; GPX4, glutathione peroxidase 4; 
HCC, hepatocellular carcinoma; PRDX1, peroxiredoxin 1.

https://www.spandidos-publications.com/10.3892/ol.2026.15886
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Association and concerted role of PRDX1 and GPX4 in ferrop‑
tosis regulation. Using the FerrDb database, 18 genes associated 
with ferroptosis were identified (Fig. 5A). PRDX1 was positively 
correlated with the ferroptosis suppressors GPX4, PRDX6, 
FTH1 and SLC7A11. By contrast, PRDX1 was negatively 
correlated with the classical ferroptosis driver TP53, as well as 
with SIRT1 (Fig. 5B), which is generally considered to suppress 
ferroptosis in certain contexts (27,28). Similarly, GPX4 was 
positively correlated with suppressors PRDX1, PRDX6, FTH1 
and NFE2L2, and negatively correlated with drivers ALOX15, 
ACSL4 and TP53 (Fig. 5B). GSEA revealed that low GPX4 
expression was enriched in iron metabolism and oxidative stress 
pathways, whereas high PRDX1 expression was associated with 
ferroptosis and oxidative stress pathways (Fig. 5C). The ferrop‑
tosis suppressors score was higher in the PRDX1‑high group 
(Fig. 5D). Combined analyses revealed higher ROS, GSH and 
iron scores in the dual‑high PRDX1/GPX4 group, whereas the 
dual‑low group displayed longer OS (Fig. 5E). Protein interaction 
network analysis highlighted that PRDX1 and GPX4 suppress 
ferroptosis through three central functional nodes: Glutathione 
Metabolism, Lipid Peroxidation and Iron Metabolism. As shown 
in the topological PPI network in Fig. 5F, PRDX1 and GPX4 
are closely associated with these three core hubs and occupy a 
central position in the ferroptosis regulatory network. .

Relationship of PRDX1 and GPX4 expression with the HCC 
immune microenvironment. CIBERSORT analysis indicated 
increased M0 macrophages and reduced CD4+ T‑cell infiltra‑
tion in the dual‑high PRDX1/GPX4 expression group (Fig. 6A). 
PRDX1 expression was positively correlated with immune 
checkpoints PDCD1, CD274, CTLA4, LAG3, HAVCR2 and 
TIGIT, whereas GPX4 expression negatively correlated with 
checkpoints CD274 and TIGIT (Fig. 6B). ESTIMATE anal‑
yses demonstrated very weak negative correlations between 
PRDX1/GPX4 expression and stromal score (Fig. 6C). Neither 
gene expression was correlated with TMB or MSI (Fig. 6D).

Effect of knocking down PRDX1 and GPX4 on cell proliferation 
and lipid peroxidation (MDA) levels. To verify the results of 
bioinformatics analysis, the current study designed and synthe‑
sized siRNAs targeting PRDX1 and GPX4. After transfection 
into Hep3B cells, the siRNAs with the best knockdown effi‑
ciency (siRNA‑PRDX1‑1 and siRNA‑GPX4‑1) were selected 
for subsequent experiments (Fig. 7A). HCC cell proliferation 
experiments showed that the siRNA‑PRDX‑1, siRNA‑GPX4‑1 
and siRNA‑PRDX‑1/siRNA‑GPX4‑1 groups exhibited signifi‑
cantly inhibited proliferation; however, the cell proliferation 
of the siRNA‑PRDX‑1/siRNA‑GPX4‑1 group showed a partial 
increase compared with the siRNA‑PRDX‑1 group (Fig. 7B). 

Figure 3. Cellular localization of PRDX1 and GPX4 in the hepatocellular carcinoma microenvironment based on GSE149614 dataset. (A) UMAP visualization 
of single‑cell clusters and dot plot of marker gene expression. (B) PRDX1/GPX4 expression in different cell subpopulations. (C) Variation in cellular composi‑
tion and PRDX1/GPX4 expression levels among individual patient samples. CAF, cancer‑associated fibroblast; GPX4, glutathione peroxidase 4; NK cells, 
natural killer cells; pDCs, plasmacytoid dendritic cells; PRDX1, peroxiredoxin 1; UMAP, Uniform Manifold Approximation and Projection.
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The MDA detection results showed that all three silencing 
treatments significantly promoted the generation of intracel‑
lular MDA, but the cumulative level of intracellular MDA in 
the siRNA‑PRDX‑1/siRNA‑GPX4‑1 group was significantly 
lower than that in the siRNA‑GPX4‑1 group (Fig. 7C).

Discussion

Ferroptosis has emerged as a distinct iron‑dependent 
programmed cell death mechanism characterized by lipid 
peroxidation, which markedly impacts tumor initiation, 
progression and therapeutic resistance (29‑32). The regula‑
tion of ferroptosis involves intricate mechanisms operating 
at multiple cellular levels. A critical aspect of ferroptosis is 
the disruption of equilibrium between the generation and 
elimination of intracellular lipid ROS, leading to excessive 
lipid peroxide accumulation and subsequent cell membrane 
rupture (7,8). Zheng et al (33) demonstrated that donafenib in 
combination with GSK‑J4 synergistically elevated HMOX1 
expression and intracellular ferrous ion concentration, 
consequently promoting ferroptosis in HCC cells. Another 
investigation reported that TRIM3 interacts directly with 
SLC7A11/xCT via its NHL domain, facilitating K11‑linked 
ubiquitination at residue K37, thus triggering proteasomal 
degradation of SLC7A11; this mechanism promotes ferroptosis 
and inhibits tumor growth in non‑small cell lung cancer (34). 
Yan  et  al  (35) further reported that TIPE can suppress 

ferroptosis by interacting with MGST1‑ALOX5, thereby 
enhancing colorectal cancer cell proliferation.

The present study explored the cooperative inhibitory roles 
of PRDX1 and GPX4 on ferroptosis in HCC progression using 
single‑cell transcriptomics analysis. Initially, the expression 
levels of PRDX1 and GPX4 in HCC were confirmed utilizing 
data from TCGA, GSE14520 and Human Protein Atlas 
databases, and THLE‑2, Hep3B, Huh‑7 and MHCC97‑H cell 
lines. The findings indicated substantial upregulation of both 
PRDX1 and GPX4 in HCC, aligning with previous observa‑
tions (36‑38). Subsequently, their diagnostic performance and 
prognostic significance were evaluated. The AUC values of 
PRDX1 and GPX4 for HCC diagnosis were 0.642 and 0.713, 
respectively, whereas the AUC of the combined PRDX1‑GPX4 
model increased to 0.83, indicating improved diagnostic perfor‑
mance. Survival analyses indicated significantly reduced OS 
among patients exhibiting high expression levels of PRDX1 or 
GPX4 compared with those with lower expression levels, signi‑
fying worse prognostic outcomes. Thus, PRDX1 and GPX4 
may potentially serve as valuable biomarkers for diagnosing 
and predicting HCC outcomes; however, further validation 
through multicenter studies is necessary. Additionally, PRDX1 
showed a weak positive association with patient sex, whereas 
GPX4 showed a weak positive association with age.

Subsequently, dimensionality reduction and clustering 
analyses were performed on the GSE149614 dataset, and 11 
major cellular subpopulations were identified. Analysis of 

Figure 4. Dynamic expression and functional features of PRDX1 and GPX4 in malignant cell subpopulations based on GSE149614 dataset. (A) Dynamic 
changes in PRDX1 and GPX4 expression during tumor cell evolution, analyzed using malignancy scoring and pseudotime trajectory. (B) Kyoto Encyclopedia 
of Genes and Genomes pathway enrichment analysis of significantly upregulated genes in PRDX1 and GPX4 high‑expression malignant cells. (C) Cell 
communication analysis showing interactions between PRDX1 and GPX4 high‑expression malignant cells and other cell types within the microenvironment. 
CAF, cancer‑associated fibroblast; GPX4, glutathione peroxidase 4; NK cells, natural killer cells; pDCs, plasmacytoid dendritic cells; PRDX1, peroxiredoxin 1; 
UMAP, Uniform Manifold Approximation and Projection.

https://www.spandidos-publications.com/10.3892/ol.2026.15886
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cellular distribution revealed that PRDX1 and GPX4 were 
predominantly expressed within malignant cells and myeloid 
populations, with minimal expression observed in lymphocyte 
subsets such as T, NK and B cells. Furthermore, marked 
variability in PRDX1/GPX4 expression and the immune 
microenvironment composition was evident among different 
individuals. These results imply that the ferroptosis‑inhibiting 
functions of PRDX1 and GPX4 primarily operate within tumor 
cells rather than immune cells, aligning with prior studies that 
demonstrated targeting this pathway predominantly impacts 
cancer cells and modulates anti‑tumor immunity in the 
microenvironment (39,40).

Re‑clustering of malignant cells then identified 11 distinct 
clusters. Combined malignancy scoring and pseudotime 
analysis revealed that GPX4 was highly expressed during 
early differentiation stages, indicating that highly malignant, 
stem‑like cells depend on GPX4 to resist ferroptosis. Conversely, 
PRDX1 was prominently expressed during intermediate 
differentiation stages, suggesting a protective role during 
metabolic transitions from stem‑cell to differentiated‑cell 
metabolism. KEGG analysis indicated that genes upregulated 
in GPX4‑high expression cells were associated with pathways 
associated with metabolic reprogramming, ferroptosis and 
viral infection. Specifically, activation of metabolic pathways, 
including glycolysis/gluconeogenesis and amino acid biosyn‑
thesis, highlighted active metabolic processes supplying 

energy and macromolecules necessary for rapid proliferation. 
Additionally, enrichment of estrogen and hepatitis virus path‑
ways implied roles in hormonal regulation and virus‑related 
hepatocarcinogenesis. Genes upregulated in PRDX1‑high 
expression cells were primarily involved in redox balance 
and xenobiotic metabolism pathways, notably ROS chemical 
carcinogenesis and GSH metabolism. Additionally, enrich‑
ment analysis highlighted activation of the pentose phosphate 
pathway, contributing NADPH essential for GSH regeneration 
and bolstering the antioxidant defense mechanisms (41,42) in 
cells exhibiting high PRDX1 expression. These results align 
with the protective role of PRDX1 during cellular metabolic 
transitions. Cell communication analysis demonstrated 
robust interactions between PRDX1/GPX4‑high expressing 
malignant cells and endothelial cells, T cells and fibroblasts 
via ligand‑receptor pairs such as SPP1 and ANGPTL4.

Correlation analysis of 18 key ferroptosis‑related genes 
from the FerrDb database revealed PRDX1 was positively 
correlated with the ferroptosis suppressors GPX4, PRDX6, 
FTH1 and SLC7A11 (43‑45). By contrast, PRDX1 was nega‑
tively correlated with the classical ferroptosis driver TP53, as 
well as with SIRT1, which is generally considered to suppress 
ferroptosis in certain contexts (27,28). Similarly, GPX4 was 
positively correlated with suppressors PRDX1, PRDX6, 
FTH1 and NFE2L2, and negatively correlated with drivers 
ALOX15, ACSL4 and TP53 (46‑48). PRDX1‑high expressing 

Figure 5. Association and concerted role of PRDX1 and GPX4 in ferroptosis regulation. (A) Heatmap illustrating expression of key ferroptosis‑related 
genes based on GSE14520 dataset. The color scale represents row‑scaled normalized gene expression values (Z‑score). (B) Spearman correlations between 
PRDX1/GPX4 and key ferroptosis‑associated genes based on GSE14520 dataset. (C) GSEA for PRDX1/GPX4 and related ferroptosis pathways based on 
data from TCGA‑LIHC cohort. (D) Relationship between ferroptosis suppressor scores, PRDX1/GPX4 expression and patient prognosis based on data from 
TCGA‑LIHC cohort. (E) Associations between PRDX1/GPX4 co‑expression, metabolic markers and prognosis. Boxplots (upper) show ROS, MDA, GSH and 
iron levels across four PRDX1/GPX4 expression subgroups. Kaplan‑Meier curves (lower) depict overall survival differences among the four groups based on 
data from TCGA‑LIHC cohort (Log-rank P=0.017). (F) Integrated network depicting the regulatory role of PRDX1/GPX4 in ferroptosis. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001 GPX4, GSH peroxidase 4; GSEA, Gene Set Enrichment Analysis; GSH, glutathione; MDA, malondialdehyde; PRDX1, peroxiredoxin 
1; ROS, reactive oxygen species; TPM, transcripts per million.
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cells exhibited enrichment in ferroptosis and oxidative stress 
pathways, indicating adaptive resistance under ferroptosis 
pressure. Both genes jointly regulate a dynamic ferroptosis 
balance within the TME. Notably, the PRDX1‑high group 
displayed increased ferroptosis resistance scores, suggesting 
PRDX1 confers ferroptosis resistance through a comprehen‑
sive defensive network, potentially contributing to poor HCC 
prognosis. The PRDX1/GPX4 dual‑high expression group 
exhibited elevated ROS, GSH and iron scores, whereas the 
dual‑low expression group exhibited prolonged OS, indicating 
that these genes maintain redox homeostasis by constructing a 
multi‑layered ferroptosis defense, promoting HCC progression. 
Moreover, functional analyses suggested that PRDX1/GPX4 
primarily inhibit ferroptosis through regulating GSH metabo‑
lism, lipid peroxidation and iron metabolism. Collectively, 
these multi‑layered findings suggested that PRDX1 and 
GPX4 may act as critical modulators of ferroptosis resistance, 
potentially facilitating HCC progression through a compre‑
hensive defensive network.

Subsequently, the association of PRDX1/GPX4 expres‑
sion with immune microenvironment remodeling in HCC 
was explored. CIBERSORT analysis indicated an increased 
number of M0 macrophages and decreased CD4+ T cells in 
the PRDX1/GPX4‑high expression group, highlighting their 
involvement in immune microenvironment reshaping. Immune 

checkpoint analysis illustrated distinct immune regulatory 
roles for PRDX1 and GPX4. PRDX1 was positively correlated 
with multiple checkpoint molecules, including PDCD1, CD274, 
CTLA4, LAG3, HAVCR2 and TIGIT, suggesting involvement 
in immune evasion via multi‑targeted T‑cell exhaustion. GPX4 
was negatively correlated with CD274 and TIGIT, implying 
a role in modulating checkpoint expression through oxida‑
tive homeostasis maintenance. Both PRDX1 and GPX4 had 
weak negative correlations with stromal scores and showed 
no relationship with TMB or MSI, indicating their media‑
tion of ferroptosis resistance and immune evasion functions 
independently from genomic mutations and primarily through 
functional mechanisms.

To validate the bioinformatics predictions, siRNA‑mediated 
knockdown of PRDX1 and GPX4 was employed in Hep3B 
cells and subsequent functional analyses were performed. 
As expected, single knockdown of either PRDX1 or GPX4 
significantly suppressed Hep3B cell proliferation and elevated 
intracellular MDA levels, consistent with their established 
antioxidant and tumor‑promoting roles, thereby confirming the 
initial bioinformatics findings. Notably, although the combined 
knockdown of PRDX1 and GPX4 markedly inhibited prolif‑
eration, its activity exhibited a partial recovery compared with 
the PRDX1 single knockdown group, yet remained lower than 
that of the GPX4 single knockdown group. To elucidate the 

Figure 6. Relationship of PRDX1 and GPX4 expression with the HCC immune microenvironment based on TCGA‑LIHC cohort. (A) Comparison of estimated 
immune cell proportions among different PRDX1/GPX4 expression subgroups.. (B) Correlation between PRDX1/GPX4 expression and immune checkpoint 
molecule expression. (C) Associations between PRDX1/GPX4 expression and immune‑related scores. (D) Correlation analysis of PRDX1/GPX4 expression 
with TMB and MSI. *P<0.05, **P<0.01, ***P<0.001. GPX4, glutathione peroxidase 4; HCC, hepatocellular carcinoma; ICI, immune cell infiltration; MSI, 
microsatellite instability; PRDX1, peroxiredoxin 1; TMB, tumor mutation burden.
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underlying mechanism responsible for this non‑additive effect, 
intracellular MDA levels were measured. Notably, the double 
knockdown group displayed significantly lower MDA accumu‑
lation than the GPX4 single knockdown group, indicating that 
PRDX1 silencing partially alleviates the severe lipid peroxida‑
tion induced by GPX4 deficiency. Based on these results, it may 
be hypothesized that under the intense lipid peroxidation stress 
triggered by GPX4 loss, PRDX1 switches from its canonical 
antioxidant role to a pro‑oxidant mediator. This functional 
shift may partially explain why the proliferative activity of 
the double knockdown group was moderately restored relative 
to the PRDX1 single knockdown group. Nevertheless, this 
hypothesis is currently derived from phenotypic observations 
and warrants further validation through dynamic oxidative 
stress tracking, protein post‑translational modification analyses 
and targeted rescue experiments.

In conclusion, the present comprehensive bioinformatics 
analysis, supported by in vitro functional validation, revealed 
a previously underestimated co‑expression pattern of PRDX1 
and GPX4 in malignant HCC cells, which is closely related 
to ferroptosis evasion and an immunosuppressive TME. 
Notably, the experimental results indicate that although GPX4 
deficiency can severely induce lipid peroxidation, silencing 
PRDX1 at the same time can significantly alleviate this 

oxidative damage. This suggests that under the stress of GPX4 
deficiency, PRDX1 may transition from its typical antioxidant 
role to a pro‑oxidant mediator. These findings broaden the 
understanding of the concerted interaction between PRDX1 
and GPX4 in reshaping the redox pattern of HCC, and provide 
a theoretical basis for further exploration of this concerted axis 
as a potential therapeutic breakthrough.
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