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Abstract
Background  This study investigates the intricate role of Heme Oxygenase 1 (HMOX1) in ovarian cancer, emphasizing 
its prognostic significance, influence on immune cell infiltration, and impact on the malignant characteristics of 
primary ovarian cancer cells.

Materials and methods  Our research began with an analysis of HMOX1 expression and its prognostic implications 
using data from The Cancer Genome Atlas (TCGA) dataset, supported by immunohistochemical staining. Further 
analyses encompassed co-expression studies, Gene Ontology (GO) annotations, and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment. We utilized the TIMER and TISIDB platforms to evaluate the 
immunotherapeutic potential of HMOX1. Additionally, in vitro studies that involved modulating HMOX1 levels in 
primary ovarian cancer cells were conducted to confirm its biological functions.

Results  Our findings indicate a significant overexpression of HMOX1 in ovarian cancer, which correlates with 
increased tumor malignancy and poorer prognosis. HMOX1 was shown to significantly modulate the infiltration 
of immune cells, particularly neutrophils and macrophages. Single-cell RNA sequencing (scRNA-seq) analysis 
revealed that HMOX1 is predominantly expressed in tumor-associated macrophages (TAMs), with a positive 
correlation to chemokines and their receptors. An increase in HMOX1 levels was associated with heightened levels 
of immunoinhibitors, immunostimulators, and MHC molecules. Functional assays demonstrated that HMOX1 
knockdown promotes apoptosis, attenuating cell proliferation and invasion, while its overexpression yields opposing 
effects.

Conclusion  HMOX1 emerges as a critical therapeutic target, intricately involved in immunomodulation, prognosis, 
and the malignant behavior of ovarian cancer. This highlights HMOX1 as a potential biomarker and therapeutic target 
in the fight against ovarian cancer.
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Introduction
Ovarian cancer poses a significant health concern for 
women, ranking third in gynecologic cancer incidence 
and second in cancer-related mortality worldwide [1]. It 
is categorized into two primary types: primary ovarian 
cancer, which accounts for 90–95% of cases, and meta-
static cancer, comprising the remaining 5–10% [2]. The 
majority of ovarian cancer cases (over 90%) are classified 
as epithelial ovarian cancers (EOCs), which are further 
divided into five subgroups: high-grade serous cancer 
(HGSC), low-grade serous cancer (LGS), endometrioid 
cancer (EMC), clear cell cancer (CCC), and mucinous 
cancer (MC) [3]. Unfortunately, most patients are diag-
nosed at an advanced stage due to the absence of specific 
symptoms in the early phases of the disease. The current 
treatment strategy for ovarian cancer involves a combi-
nation of surgery and chemotherapy, which has evolved 
into personalized precision therapy [4]. Additionally, 
immunotherapies, including immune checkpoint inhibi-
tors, have garnered attention in ovarian cancer research. 
However, their clinical effectiveness is often compro-
mised by issues such as drug resistance, cancer recur-
rence, and immune escape. Consequently, there is an 
urgent need for the identification of new molecular tar-
gets to better assess the progression of ovarian cancer 
and enhance treatment options.

Ferroptosis, a newly identified form of programmed 
cell death, is characterized by excessive iron-dependent 
lipid peroxidation [5]. It has been shown to play a cru-
cial role in the development and progression of various 
diseases, including tumors, neurological disorders, acute 
kidney injuries, and ischemia/reperfusion syndromes [6]. 
However, there are fewer than 100 articles that specifi-
cally focus on ferroptosis in ovarian cancer. These stud-
ies examine various aspects such as intracellular iron 
levels, the Hippo pathway, the transsulfuration pathway, 
and relevant genes like p53, SCD1, and FZD7 [7, 8]. 
Additionally, some publications investigate the potential 
of harnessing ferroptosis to overcome drug resistance 
to cisplatin and paclitaxel in ovarian cancer [9]. Look-
ing ahead, it is anticipated that novel ferroptosis-related 
drugs and targets will be utilized in the diagnosis, prog-
nosis, recurrence, and treatment of ovarian cancer. 
Consequently, our study aims to explore the role of fer-
roptosis regulators in ovarian cancer, with the objective 
of identifying new therapeutic strategies.

The heme oxygenase-1 (HMOX1, HO-1) enzyme plays 
a critical role in heme metabolism by degrading heme 
into carbon monoxide, ferrous ions, and biliverdin, which 
is subsequently converted to bilirubin [10]. HMOX1 is 
expressed at low levels in various tissues; however, it is 
overexpressed in cancers such as stomach, pancreatic, 
and colon cancer [11]. This overexpression is associated 
with poor prognosis, low survival rates, and reduced 

responses to therapy. Additionally, HMOX1 plays a sig-
nificant role in ferroptosis. In fibrosarcoma cells (HT-
1080), HMOX1 levels induced by erastin increase in a 
dose-dependent and time-dependent manner. Evidence 
from a Hmox1 knockout mouse model and the use of the 
HMOX1 inhibitor Zinc protoporphyrin IX indicate that 
HMOX1 promotes erastin-induced ferroptosis, which 
correlates well correlated with iron bioavailability [12]. 
Furthermore, HMOX1 expression levels are found to 
be higher in ovarian cancer tissues compared to normal 
tissues, and these levels are significantly correlated with 
FIGO staging and lymphatic metastases. HMOX1 also 
promotes epithelial-mesenchymal transition (EMT) in 
ovarian cancer cells, facilitating invasion and migration 
[13]. Following treatment of ovarian cancer tissues with 
the HMOX1 inducer heme for up to 24 h, there was an 
upregulation of Vimentin, Zeb1 and BCL-2, while keratin 
and the pro-apoptotic protein Bax were downregulated. 
These results were reversed 24 h after treatment with the 
HO-1 inhibitor Znpp [14]. However, the role of HMOX1 
in regulating the immunosuppressive microenvironment 
and the infiltration of immune cells in ovarian cancer 
remains unclear. In this study, we conducted a bioin-
formatics analysis to systematically explore the biologi-
cal function and immunomodulatory effect of HMOX1, 
which we further validated through experiments in ovar-
ian cancer.

Materials and methods
Collection of the original data
Bulk RNA-seq data and clinical information from 371 
patients diagnosed with high-grade ovarian serous car-
cinoma were sourced from the TCGA database. The 
mRNA expression data underwent normalization using 
the formula log2 (TPM + 1). Additionally, gene expres-
sion data were obtained from the GEO Dataset (http://
ncbi.nlm.nih.gov/geo/), specifically from GSE40595 
(Platform: GPL570), GSE172016 (Platform: GPL16791), 
and GSE180687 (Platform: GPL1261) were utilized. 
The GEO2R tool was employed to identify differentially 
expressed genes, selecting those that met the crite-
ria of |log2(fold change)| > 1 and a false discovery rate 
(FDR) < 0.05 for further analysis. Furthermore, HMOX1 
mRNA expression data in ovarian cancer cell lines 
were retrieved from the Cancer Cell Line Encyclopedia 
(CCLE, http://portals.btoadinstitute.org/CCLE/home) 
database [15].

Prognosis survival analysis
To evaluate the relationship between HMOX1 mRNA 
expression and survival outcomes in ovarian cancer 
patients, Kaplan-Meier survival curves and log-rank tests 
were performed using the Kaplan Meier Plotter (http://
kmplot.com/). This analysis incorporated clinical survival 
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data, including overall survival (OS), post-progression 
survival (PPS), and progression-free survival (PFS) from 
the GEO, EGA, and TCGA databases.

Functional analysis
TCGA ovarian cancer patients were categorized into two 
groups based on the median HMOX1 mRNA expression 
using the Home for Researchers platform (https://www.
home-for-researchers.com/). Differentially expressed 
genes between the two groups were analyzed using the 
Limma package (version 3.40.2) in R software, applying 
the threshold criteria of adjusted P-values  < 0.05  and 
|log2(fold change)| >1. To further elucidate the role of 
HMOX1 in ovarian cancer, the ClusterProfiler package 
(version 3.18.0) in R was employed to analyze the Gene 
Ontology (GO) function of the differentially expressed 
genes and to enrich the KEGG pathways.

Correlation analysis of ferroptosis
Genes associated with ferroptosis were obtained from 
the FerrDb database (http://www.zhounan.org/ferrdb/
operations/download.html). The correlation between fer-
roptosis-related genes and HMOX1 was evaluated using 
the Pearson correlation coefficient. A correlation was 
deemed significant if the p-value was less than 0.05 and 
the absolute value of the correlation coefficient exceeded 
0.3 (|R| > 0.3).

Immune infiltration and tumor microenvironment analysis
The influence of HMOX1 on tumor purity and various 
immune cell types—including neutrophils, macrophages, 
dendritic cells, B cells, CD8 + T cells, and CD4 + T cells—
in ovarian cancer (OC) was assessed using the TIMER 
database. Additionally, TISIDB, a web portal that inte-
grates multiple heterogeneous data types to predict 
immunotherapy responses and identify novel immu-
notherapy targets [16], was employed to investigate the 
relationship between the abundance of tumor-infiltrating 
lymphocytes (TILs), immunomodulators, chemokines 
(or receptors), and HMOX1 expression. Furthermore, we 
examined the distribution of HMOX1 expression across 
different immune and molecular subtypes, as well as the 
effects of drugs targeting HMOX1.

Sample collection, immunohistochemistry and isolation of 
primary ovarian cancer cell
In this study, we conducted immunohistochemical analy-
sis using 10 paraffin-embedded ovarian tumor tissues 
alongside 10 control ovarian tissues to assess the expres-
sion of HMOX1 (abcam, 1:100). All participating patients 
provided written informed consent, and the study 
received approval from the Ethics Committee of Shunde 
Hospital of Southern Medical University.

Following previously established protocols [17], pri-
mary human ovarian cancer cells were isolated from the 
tumor tissues of a patient admitted to Shunde Hospital of 
Southern Medical University, employing an enzyme dis-
persion method. The isolated tumor cells were cultured 
and expanded, with cells at passages P1 to P4, achieving 
75% confluence, selected for experimentation.

Cell treatment
Primary cancer cells were treated with 10 µM ZnPPIX 
(Selleck Chemicals) and 10 µM Hemin (Selleck Chemi-
cals) for a duration of 72 h, in accordance with the manu-
facturer’s instructions. This treatment was designed to 
inhibit and activate HMOX1.

Apoptosis detection
The Annexin V apoptosis detection kit (Beyotime) was 
employed to quantify cell apoptosis. Following treat-
ment with ZnPPIX/Hemin, the cells were washed with 
phosphate-buffered saline (PBS) and resuspended. Prop-
idium iodide (PI) and annexin V-FITC were subsequently 
added, and the mixture was incubated in the dark for 
30  min. Apoptosis in primary ovarian cancer cells was 
analyzed using flow cytometry (BD Biosciences, San Jose, 
California, USA).

EdU incorporation assay
The EdU incorporation assay was conducted to evaluate 
cell proliferation. Cells were seeded into 96-well plates 
and treated with ZnPPIX/Hemin. The following day, the 
cells were cultured with EdU reagent (diluted 1:1000, 
RiboBio, China) for 2 h. Subsequently, the cells were fixed 
with 4% paraformaldehyde and stained with fluorescent 
dyes and Hoechst. The percentage of EdU positive cells 
was then analyzed using Image J software.

Transwell assay
Primary ovarian cancer cells, characterized by uniform 
growth and normal morphology, were digested with 
trypsin and resuspended in serum-free medium for sub-
sequent experimentation. Matrigel along with the cell 
suspension, was introduced into the upper chamber of 
the Transwell apparatus, while A medium containing 
20% serum was added to the lower chamber. Following 
a 24-hour culture period, the invading cells were fixed, 
stained with crystal violet, and subsequently imaged and 
quantified using ImageJ.

Statistical analysis
Statistical differences between the two groups were 
assessed using a t-test. For comparisons involving more 
than two groups, one-way ANOVA or two-way ANOVA 
were employed. Kaplan-Meier survival curves and log-
rank tests, as well as Spearman correlation analyses, 
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were conducted to evaluate relationships between two 
variables. Detailed statistical analysis methods for online 
databases can be accessed on the corresponding web-
site. A statistically significant difference was defined as 
p < 0.05.

Results
The expression of HMOX1 in ovarian cancer
As illustrated in Fig. 1A, the pan-cancer analysis indicates 
that HMOX1 expression levels are significantly elevated 
in bladder cancer (BLCA), breast cancer (BRCA), kidney 
renal clear cell carcinoma (KIRC), kidney renal papillary 
cell carcinoma (KIRP), thyroid carcinoma (THCA), and 

Fig. 1  The gene expression of HMOX1. (A) The expression levels of HMOX1 across various pan-carcinoma datasets. The datasets GSE40595 (B), GSE180687 
(D), andGSE172016 (E) were used to investigate the expression of HMOX1 in ovarian cancer tissues and drug-resistant cells. (C) The correlation between 
HMOX1 expression and the pathological stages of ovarian cancer. (F-G) Expression of HMOX1 across different molecular and immune subtypes. (H) Sub-
cellular localization of HMOX1 in the COMPARTMENTS database. “*” p < 0.05, “**” p < 0.01 and “***” p < 0.001
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uterine corpus endometrial carcinoma (UCEC) com-
pared to their matched adjacent tissues. In contrast, a 
notable decrease in HMOX1 expression was observed 
in several human cancers, including colorectal adeno-
carcinoma (COAD), esophageal carcinoma (ESCA), 
liver hepatocellular carcinoma (LIHC), lung adenocar-
cinoma (LUAD), lung squamous cell carcinoma (LUSC), 
rectum adenocarcinoma (READ), and skin cutaneous 
melanoma (SKCM). To further investigate the expres-
sion profile of HMOX1, we analyzed the GSE40595 data-
set, which revealed that HMOX1 expression in ovarian 
cancer stroma was higher than that in normal ovarian 
stroma (Fig.  1B). However, no significant difference in 
HMOX1 expression were detected across all stages of 
ovarian cancer (Fig.  1C). The prognosis of ovarian can-
cer patients is significantly influenced by chemotherapy 
resistance. We conducted an analysis of HMOX1 expres-
sion in both drug-resistant and sensitive tumor cells. In 
the GSE180687 cohort of ovarian cancer patients treated 
with anti-VEGF therapy, our findings demonstrated 
that drug-resistant endothelial cells exhibited elevated 
HMOX1 expression compared to their sensitive counter-
parts (Fig. 1D). Similarly, within the GSE172016 cohort, 
paclitaxel-resistant TOV21G cells displayed higher levels 
of HMOX1 expression than sensitive cells (Fig. 1E). Fur-
thermore, HMOX1 was associated with the immunore-
active and mesenchymal subtypes, but not with the C1 
subtype (Fig. 1F). To ascertain the specific cellular local-
ization of the HMOX1 protein, we employed subcellular 
localization techniques, which revealed that HMOX1 is 
predominantly expressed on the plasma membrane, cell 
membrane, and Golgi apparatus (Fig. 1G).

Survival analysis
The Kaplan-Meier curve illustrated that higher expres-
sion levels of HMOX1, determined by the optimal cut-
off value, were associated with poorer overall survival 
outcomes in both the entire cohort of ovarian cancer 
patients and specifically in those with serous ovarian can-
cer (Fig.  2A-B). Furthermore, we evaluated the expres-
sion of HMOX1 in relation to disease-specific survival. 
The Kaplan-Meier analysis indicated a significant correla-
tion between elevated HMOX1 levels and reduced pro-
gression-free survival (PFS) as well as post-progression 
survival (PPS) in patients diagnosed with serous ovarian 
cancer (Fig. 2C-D).

Co-expression analysis of ferroptosis related genes and 
HMOX1
A total of 428 ferroptosis-related genes were retrieved 
from the ferrDb database, encompassing drivers, inhibi-
tors, and markers. The co-expression between HMOX1 
and ferroptosis-related genes was evaluated using Pear-
son’s correlation coefficient. Among the genes analyzed, 

70 exhibited a correlation (|Cor| > 0.3, P < 0.05), with 
the top 20 genes displayed in Figure S1A as a heatmap. 
TLR4 (R = 0.80, p = 0), CYBB (R = 0.79, p = 0), and TGFB1 
(R = 0.67, p = 0) were identified as the most correlated 
genes. Several ferroptosis-related genes have been impli-
cated in the progression of ovarian cancer (OC) progres-
sion. To further explore this association, we examined the 
expression of the top 20 genes in OC. The results indi-
cated that 13 genes were upregulated while 7 genes were 
downregulated in OC (Figure S1B).

HMOX1 is implicated in the inflammatory and immune 
regulatory biological processes associated with ovarian 
cancer
Patients with ovarian cancer were categorized into two 
groups based on HMOX1 expression, followed by an 
analysis of differentially expressed genes (DEGs). The 
results indicated the presence of 306 upregulated genes 
and 5 downregulated genes (Fig.  3A-B). Subsequent 
analyses were conducted to investigate the functions of 
these DEGs. Gene Ontology (GO) analysis demonstrated 
that HMOX1 is involved in various biological processes, 
including the activation and proliferation of immune 
cells, cell adhesion, and signaling pathways modulated by 
the extracellular matrix (Fig.  3C). Furthermore, KEGG 
analysis corroborated that these genes are primarily 
associated with the inflammatory response and immune 
regulation (Fig. 3D). These findings suggest that HMOX1 
may play a significant role in the immunoregulation of 
ovarian cancer and contribute to the abnormalities and 
heterogeneity observed in immune cell infiltration.

HMOX1 contributes to the infiltration of tumor-suppressive 
immune cells in OC
To investigate the relationship between HMOX1 mRNA 
expression and immune cell infiltration, a dataset from 
The Cancer Genome Atlas (TCGA) focused on OC 
was utilized. The analysis revealed a negative correla-
tion between HMOX1 and tumor purity (Rho = -0.561; 
p = 2.11E-41) (Fig.  4A). In contrast, a strong positive 
correlation was observed between HMOX1 expres-
sion and the infiltration of five immune cell popula-
tions: neutrophils (Rho = 0.407, p = 1.49E-20), dendritic 
cells (Rho = 0.371, p = 4.4E-17), macrophages (Rho = 0.36, 
p = 4.32E-16), CD8 + T cells (Rho = 0.256, p = 1.21E-08), 
and CD4 + T cells (Rho = 0.239, p = 1.17E-07), with corre-
lation coefficients indicating a range from large to small. 
Furthermore, the TISIDB database identified signifi-
cant correlations between HMOX1 and all 22 immune 
subtypes (Figure S2). The four subtypes exhibiting the 
strongest correlations were T regulatory cells (Treg) 
(Rho = 0.779, p < 2.2E-16), macrophages (Rho = 0.768, 
p < 2.2E-16), myeloid-derived suppressor cells (MDSC) 
(Rho = 0.75, p < 2.2E-16), and follicular helper T cells 
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(Tfh) (Rho = 0.72, p < 2.2E-16) (Fig.  4B-E). These results 
suggest that elevated HMOX1 expression may promote 
the infiltration of suppressive immune cells in OC.

HMOX1 expression across various cell types was 
evaluated using single-cell RNA sequencing (scRNA-
seq) data from the Tumor Immune Single-Cell Hub 2 
(TISCH2). In the datasets EMTAB8107, GSE115007, 
GSE118828, GSE130000, GSE147082, GSE151214, 
GSE154600, GSE154763, and GSE158722, it was found 

that macrophages exhibited the highest levels of HMOX1 
expression, followed by dendritic cells (Figure S3).

The expression of HMOX1 correlates with immune 
checkpoints in ovarian cancerWhile immune check-
point therapies have demonstrated efficacy across vari-
ous tumor types, they have not been effective for ovarian 
cancers. Consequently, we conducted an analysis to eval-
uate the correlation between HMOX1 expression and 24 
immunoinhibitors, 46 immunostimulators, and 21 MHC 

Fig. 2  The survival analysis of HMOX1 in ovarian cancer. A-B The prognostic potential of HMOX1 expression on the overall survival (OS) rates of all ovarian 
cancer patients and specifically those with serous ovarian cancer. C-D The correlation between HMOX1 expression and both progression-free survival 
(PFS) and post-progression survival (PPS) in patients diagnosed with serous ovarian cancer
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molecules. Our findings indicate a strong association 
between elevated levels of HMOX1 and 19 immunoin-
hibitors (Fig.  5A). The top four immunoinhibitors iden-
tified are HAVCR2 (Rho = 0.814, p < 2.2E-16), CSF1R 
(Rho = 0.768, p < 2.2E-16), PDCD1LG2 (Rho = 0.644, 
p < 2.2E-16), and CD244 (Rho = 0.628, p < 2.2E-16) 
(Fig. 5B-E).

Notably, high levels of HMOX1 are strongly corre-
lated with 34 immunostimulators (Figure S4A). The top 
four immunostimulators identified are CD86 (Rho = 0.79, 
p < 2.2E-16), CD48 (Rho = 0.729, p < 2.2E-16), TNFSF13B 
(Rho = 0.685, p < 2.2E-16), and IL2RA (Rho = 0.634, 
p < 2.2E-16) (Figure S4B-E).

High levels of HMOX1 expression are strongly corre-
lated with 19 major histocompatibility complex (MHC) 

molecules (Fig. 6A). The top four MHC molecules iden-
tified are HLA-DPB1 (Rho = 0.57, p < 2.2E-16), HLA-
DPA1 (Rho = 0.563, p < 2.2E-16), HLA-DRA (Rho = 0.551, 
p < 2.2E-16), and HLA-DQA1 (Rho = 0.52, p < 2.2E-16) 
(Fig. 6B-E).

HMOX1 contributes inflammation regulation in ovarian 
cancer
To investigate the inflammatory regulation role of 
HMOX1 in ovarian cancer, we conducted correlation 
analysis on 41 chemokines and 18 receptors. Our analysis 
revealed that 29 chemokines and 12 receptors showed a 
strong correlation with HMOX1 expression (Figure S6A-
B). The top four chemokines that exhibited the highest 
correlation were CCL4 (Rho = 0.629, p < 2.2E-16), CCL3 

Fig. 3  A functional enrichment analysis associated with HMOX1. A-B volcano plot and heatmap illustrating differentially expressed genes (DEGs) in two 
HMOX1 subgroups. C A bubble plot of the top 20 KEGG pathways enriched for DEGs. D The top 20 biological process gene ontology (GO) terms derived 
from DEGs
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(Rho = 0.591, p < 2.2E-16), CCL5 (Rho = 0.576, p < 2.2E-
16), and CCL2 (Rho = 0.544, p < 2.2E-16) (Fig.  7A-D). 
Furthermore, among the chemokine-chemokine recep-
tors, CCR1 (Rho = 0.781, p < 2.2E-16), CCR5 (Rho = 0.682, 
p < 2.2E-16), CCR2 (Rho = 0.58, p < 2.2E-16), and CXCR6 
(Rho = 0.56, p < 2.2E-16) exhibited the strongest associa-
tion (Fig. 7E-H).

HMOX1 knockdown enhances apoptosis while inhibiting 
cell proliferation and invasion
Immunohistochemical staining was performed on ovar-
ian cancer samples and healthy controls (n = 10 for both 
groups) to evaluate HMOX1 expression. The results indi-
cated that HMOX1 expression was significantly higher 
in ovarian cancer samples compared to healthy controls 
(Fig.  6A). Following this, we conducted experiments to 
explore the impact of HMOX1 on ovarian cancer cells. 
Initially, primary ovarian cancer cells treated with ZnP-
PIX/Hemin underwent an EdU incorporation assay 
(Fig. 6B, C). The results demonstrated that the inhibition 
of HMOX1 (ZnPPIX group) significantly reduced the 
proliferation of ovarian cancer cells compared to both the 
control and overexpression groups (Hemin group). Fur-
thermore, flow cytometry analysis revealed that inhibit-
ing HMOX1 markedly increased overall apoptosis and 
necrosis of ovarian cancer cells (Fig.  6D, E). Addition-
ally, in the transwell assay, we observed a significant 
reduction in the invasion capacity of ovarian cancer cells 
upon HMOX1 inhibition (ZnPPIX group) compared to 
the control and overexpression groups (Hemin group) 
(Fig.  6F, G). These findings underscore the substantial 

influence of HMOX1 the proliferation, apoptosis, and 
invasion of ovarian cancer cells.

Prediction of Small Molecular Drugs Targeting HMOX1
In addition, we predicted small molecule drugs target-
ing HMOX1 using the DrugBank database. A total of 
nine small molecule drugs were identified, including 
NADH, Formic Acid, Biliverdine IX Alpha, 12-Phen-
ylheme, 2-Phenylheme, Verdoheme, Stannsoporfin, 
1-({2-[2-(4-CHLOROPHENYL)ETHYL]-1,3-DIOXO-
LAN-2-YL}METHYL)-1 H-IMIDAZOLE and 1-(adaman-
tan-1-yl)-2-(1  H-imidazol-1-yl)ethanone. Among these, 
NADH, Formic Acid, and Biliverdine IX Alpha exhibit 
multiple targets, whereas the remaining compounds spe-
cifically target HMOX1 (Table 1).

Discussion
HMOX1, an enzyme known to induce stress, has been 
found to be highly expressed in various gynecological 
cancers including ovarian, cervical, and endometrial can-
cer. Our study demonstrated that HMOX1 expression 
in ovarian cancer interstitial tissue is higher compared 
to normal tissue. Furthermore, elevated HMOX1 lev-
els were observed in the immune response and mesen-
chymal subtypes of ovarian cancer, as well as in ovarian 
cancer cells exhibiting anti-angiogenesis and taxol resis-
tance phenotypes. These findings suggest that increased 
HMOX1 expression contributes to the aggressiveness of 
ovarian cancer and reduces sensitivity to chemotherapy, 
potentially impacting prognosis.

Fig. 4  The correlation between HMOX1 expression and immune cell infiltration. A The relationship between HMOX1 levels and both immune infiltra-
tion level and tumor purity as analyzed through the TIMER database. B-E The correlations between HMOX1 levels and the infiltration of T regulatory cells 
(Tregs), macrophages, myeloid-derived suppressor cells (MDSCs), and T follicular helper cells (Tfh) as assessed in the TISCH2 database
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Fig. 5  The association between HMOX1 expression and various immunoinhibitors. A Distribution of Spearman correlation coefficients between HMOX1 
expression (Y-axis) and immunoinhibitors across different human cancers (X-axis). The correlation between HMOX1 expression and (B)HAVCR2, (C)CSF1R, 
(D)PDCD1LG2, (E)CD244 in ovarian cancer
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Fig. 6  The analysis of chemokines and receptors associated with HMOX1 expression. The correlation between HMOX1 expression and various chemo-
kines: (A) CCL4, (B) CCL3, (C) CCL5, and (D) CCL2 in ovarian cancer. The relationship between HMOX1 expression and chemokine receptors (E) CCR1, (F) 
CCR2, (G) CCR5, and (H) CXCR6
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Fig.7  The effect of HMOX1 on the proliferation, apoptosis and invasion of ovarian cancer cells. (A) The expression of HMOX1 in both ovarian cancer and 
normal tissues was assessed using immunohistochemistry (IHC). (B, C) The proliferation of ovarian cancer cells was evaluated through the EdU incorpora-
tion assay. (D, E) Apoptosis was measured using flow cytometry. (F, G) The Transwell invasion assay was employed to assess the invasion capability of 
ovarian cancer cells. Statistical significance is indicated as *P < 0.05; **P < 0.01; ***P < 0.001
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In a separate study, HMOX1 was identified as an inde-
pendent prognostic factor for recurrence and progres-
sion in non-muscle invasive bladder cancers [18]. Our 
research also confirmed that high HMOX1 expression 
in ovarian cancer patients is associated with poor prog-
nosis. Specifically, we found that HMOX1 adversely 
affects overall survival, progression-free survival, and dis-
ease-free survival in patients with serous cancer, which 
accounts for more than half of ovarian carcinomas. Nota-
bly, HMOX1 shows promise as a prognostic factor for 
both TP53 mutant and wild-type patients, as TP53 muta-
tion is the most common genomic alteration in the devel-
opment of human ovarian carcinoma.

Recent advances in ovarian cancer (OC) research indi-
cate that targeting ferroptosis may serve as an effective 
therapeutic strategy [19]. However, there is remains a 
paucity of relevant studies concerning the regulation of 
ferroptosis in OC by HMOX1, a crucial regulator of this 
process. Our study demonstrates that HMOX1 can pro-
mote cancer development by interacting with various fer-
roptosis suppressors and drivers, including TLR4, CYBB, 
and TGFB1. For instance, Tat San Lau et al. revealed 
that paclitaxel induces the death of immunogenic cells 
in ovarian cancer through a TLR4/IKK2/SNARE-depen-
dent exocytosis mechanism [20]. De Almeida Chuffa Luiz 
Gustavo found that P-MAPA-mediated immunotherapy 
enhances the efficacy of cisplatin on serous ovarian can-
cer by targeting the TLR4 signaling pathway [21]. Lecker 
LSM discovered a significant correlation between TGFB1 
expression and alternately activated macrophages in 
high-grade serous ovarian cancer, as evidenced by tran-
scriptomics data. In vitro studies show that fibroblasts in 
the metastatic foci of high-grade serous ovarian cancer 
(HGSOC) express TGFB1 and macrophages to produce 
additional TGFB1. Treatment of mouse HGSOC tumors 
in situ with an anti-TGFB1 antibody can reduce the size 
of peritoneal tumors, increase tumor-associated mono-
cytes, and activate unconventional T cells expressing 
TGFβ3 [22]. Furthermore, LY2157299, an inhibitor of the 
TGF-β1 signaling pathway, has demonstrated significant 

inhibition of ovarian cancer cell proliferation, metastasis, 
and epithelial-mesenchymal transition (EMT) induced 
by KDM6B [23]. These findings provide valuable insights 
into the potential mechanisms by which HMOX1 regu-
lates ferroptosis in ovarian cancer.

This study highlights the multifaceted role of HMOX1 
in modulating immune and inflammatory responses 
within the tumor microenvironment (TME), which is 
critical for cancer progression. HMOX1, encoding heme 
oxygenase-1 (HO-1), influences the TME by enhancing 
the infiltration of immunosuppressive cells such as mac-
rophages and myeloid-derived suppressor cells (MDSCs) 
[24, 25]. These cells contribute to a suppressive immune 
milieu that diminishes T cell responses, thereby facilitat-
ing tumor growth and disease progression. The expres-
sion of HO-1 in tumor-associated macrophages (TAMs) 
may promote the formation of M2-polarized TAMs, 
which further support tumor proliferation and metastasis 
through mechanisms such as iron release and angiogen-
esis. Under oxidative stress, HO-1 induction mitigates 
reactive oxygen species (ROS) production, potentially 
modulating immune cell activity and TME infiltration 
[26, 27]. While initial HO-1 upregulation might protect 
normal cells from ROS-induced damage, preventing 
cellular transformation, increased HO-1 expression in 
established tumors could aid malignant cells in coun-
tering ROS toxicity, thus promoting tumor growth and 
dissemination [28]. Additionally, HO-1’s antioxidant 
properties may confer resistance to cancer therapies, 
suggesting that HO-1 inhibition could sensitize cancer 
cells to treatments such as chemotherapy and radiation 
[29]. The complex regulatory network of HO-1 in cancer, 
including its impact on immune cell infiltration, under-
scores its potential as a therapeutic target, necessitat-
ing strategies that could exploit this network for cancer 
treatment.

The therapeutic application of HMOX1 in ovarian 
cancer treatment necessitates a profound understand-
ing of its mechanisms in both inflammatory and non-
inflammatory tumor microenvironments. Recognized as 
a key modulator of inflammatory responses across vari-
ous diseases, HMOX1’s expression correlates with mul-
tiple cytokines and receptor signaling pathways involved 
in inflammation regulation, particularly within the ovar-
ian cancer microenvironment [30]. This correlation 
underscores the significance of HMOX1 in modulating 
inflammation in inflammatory ovarian cancer. In non-
inflammatory ovarian cancer, HMOX1 may exert protec-
tive effects by reducing oxidative damage and promoting 
cellular repair, thereby inhibiting tumor progression [30]. 
Furthermore, the significant association of HMOX1 
with immune modulators and MHC molecules suggests 
that its upregulation could enhance the expression of 
immune checkpoints, potentially improving the response 

Table 1  Small molecules drugs targeting HMOX1
ID Name Targets
DB00157 NADH 144
DB01942 Formic Acid 12
DB02073 Biliverdine IX Alpha 3
DB02468 12-Phenylheme 1
DB03906 2-Phenylheme 1
DB04803 Verdoheme 1
DB04912 Stannsoporfin 1
DB06914 1-({2-[2-(4-CHLOROPHENYL)ETHYL]-1,3-DIOXO-

LAN-2-YL}METHYL)-1 H-IMIDAZOLE
1

DB07342 1-(adamantan-1-yl)-2-(1 H-imidazol-1-yl) 
ethanone

1
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to immunotherapy in patients with high HMOX1 expres-
sion levels. Future research should elucidate the expres-
sion and function of HMOX1 across different ovarian 
cancer subtypes, as well as its interaction with inflamma-
tion and immune responses, with clinical trials to vali-
date HMOX1 as a biomarker and its predictive value in 
immune checkpoint inhibitor therapy. This multifaceted 
research approach will aid in developing novel treatment 
strategies that leverage the regulatory role of HMOX1 
effectively, regardless of the presence or absence of 
inflammation in ovarian cancer patients.

Amidst the intricate biology of cancer, and notably in 
ovarian cancer, an array of pivotal mutational signatures 
such as BRCA1/2, the HRR gene cluster (comprising 
ATM, BARD1, and others), TP53, and PIK3CA not only 
propel disease onset and progression but also profoundly 
influence therapeutic responsiveness and clinical progno-
sis [31]. BRCA1/2 mutations elevate ovarian cancer risk 
and alter chemotherapy sensitivity, while HRR mutations 
induce homologous recombination deficiencies, enhanc-
ing sensitivity to platinum agents and PARP inhibitors 
[28]. Despite the absence of direct targeted therapies, the 
prevalent TP53 mutations remain a crucial biomarker 
for assessing tumour progression. PIK3CA, on the other 
hand, activates the PI3K/AKT/mTOR pathway, foster-
ing aggressive tumour behaviour, with accelerated efforts 
underway to develop targeted agents. Moreover, inhibi-
tors targeting the RAS-RAF-MEK-ERK pathway have 
demonstrated remarkable efficacy, particularly when 
BRAF and MEK inhibitors are combined, exhibiting 
synergistic effects that promise to delay the emergence 
of resistance [32]. Concurrently, the overexpression of 
HMOX1 in ovarian cancer emerges as a pivotal fac-
tor, intricately linked to tumour malignancy, prognosis, 
and the modulation of the immune microenvironment. 
By influencing immune cell infiltration, particularly the 
function of tumour-associated macrophages (TAMs), 
and regulating the levels of immunosuppressors, immu-
nostimulators, and MHC molecules, HMOX1 exerts a 
substantial impact on tumour progression. Functional 
studies of HMOX1 underscore its pivotal role in directly 
modulating cellular apoptosis, proliferation, and invasion 
capabilities, with its expression fluctuations dictating 
these cellular processes. Collectively, these discoveries 
underscore the paramount importance of individualised 
therapeutic strategies tailored to tumour genomic pro-
files. Future research endeavors must delve deeper into 
the understanding of these mutational landscapes and 
the multifaceted role of HMOX1, expediting the develop-
ment of novel therapeutics, particularly for patients who 
exhibit treatment resistance. The relentless pursuit of 
innovative strategies to overcome drug resistance holds 
the key to optimising treatment outcomes and ultimately 
improving the prognosis of ovarian cancer patients.

Finally, we investigated the potential of small mole-
cule drugs targeting HMOX1 for the treatment of ovar-
ian cancer. These drugs provide additional therapeutic 
options; however, further foundational experiments are 
necessary to validate their efficacy.

The study’s strengths lie in its comprehensive approach 
to understanding HMOX1’s role in ovarian cancer, robust 
use of TCGA data, validation through immunohisto-
chemistry, and the application of advanced bioinfor-
matics tools. In vitro functional studies provide direct 
evidence of HMOX1’s impact on cancer cell behavior. 
However, limitations include a potential lack of clini-
cal correlation, limited generalizability to other ovar-
ian cancer subtypes, unaddressed confounding factors, 
absence of in vivo studies, and a superficial exploration of 
HMOX1’s immunotherapeutic potential. The study pro-
vides valuable insights but requires further research to 
fully elucidate HMOX1’s clinical implications and thera-
peutic potential.

Conclusion
Our study establishes HMOX1 as a pivotal biomarker 
and therapeutic target in ovarian cancer, underscored 
by its profound influence on tumor malignancy, immune 
cell dynamics, and patient prognosis, offering a prom-
ising avenue for advancing ovarian cancer treatment 
strategies.
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