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Background: Ulcerative colitis (UC) is a long-lasting idiopathic condition, but its precise mechanisms remain unclear. Meanwhile,
evidence has demonstrated that ferroptosis seems to interlock with the progress of UC. This research sought to identify hub genes of
UC related to ferroptosis.

Methods: First, the relevant profiles for this article were obtained from GEO database. From the FerrDb, 479 genes linked to
ferroptosis were retrieved. Using analysis of the difference and WGCNA on colonic samples from GSE73661, the remaining six hub
genes linked to ferroptosis and UC were discovered. Through logistic regression analyses, the diagnostic model was constructed and
was then evaluated by external validation using dataset GSE92415. Afterwards, the correlation between immune cell filtration in UC
and hub genes was examined. Finally, a mice model of colitis was established, and the results were verified using qRT-PCR.
Results: We acquired six hub genes linked to ferroptosis and UC. In order to create a diagnostic model for UC, we used logistic
regression analysis to screen three of the six ferroptosis related genes (HIF1A, SLC7A11, and LPIN1). The ROC curve showed that
the three hub genes had outstanding potential for disease diagnosis (AUC = 0.976), which was subsequently validated in samples from
GSE92415 (AUC = 0.962) and blood samples from GSE3365 (AUC = 0.847) and GSE94648 (AUC = 0.769). These genes might be
crucial for UC immunity based upon the results on the immune system. Furthermore, mouse samples examined using qRT-PCR also
verified our findings.

Conclusion: In conclusion, the findings have important implications for ferroptosis and UC, and these hub genes may also offer fresh
perspectives on the aetiology and therapeutic approaches of UC.
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Introduction

Inflammatory bowel disease (IBD) is a kind of chronic disease that encompasses ulcerative colitis (UC) and Crohn’s
disease. The incidence of IBD, especially UC, is increasing rapidly globally, and how to diagnose and manage UC is
a major public health problem." Due to intestinal inflammation that results in diarrhea, abdominal pain, and rectal
bleeding, UC lowers the quality of people’s lives.” The pathogenesis of UC relates to genetic factors, gut microbiota
dysbiosis, immune response disorders and leukocyte recruitment.®> Additionally, oxidative stress is a potential etiological
for UC.* Intestinal inflammation is accompanied by excessive production of reactive oxygen and nitrogen metabolites,
which in turn results in DNA damage, apoptosis, and accelerating inflammation.>® The presence of excessive reactive
oxygen metabolites and the imbalance of antioxidants were found in UC tissues compared with normal tissues.”® Studies
in DSS-induced murine models have demonstrated that regulation of redox signaling pathways, such as NF-«kB signaling
pathway and the nuclear factor-erythroid 2-related factor 2 (Nrf2) pathway, can alleviate inflammation symptoms.®'* The
protracted and erratic clinical course is characterized by remission and aggravating episodes that alternate.'' Despite
aggressive medication and interventions, a small percentage of UC patients present with a rapidly progressing type of
colitis commonly known as fulminant illness.'?
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Several forms of cell death, including autophagy and apoptosis, come into play under physiological and pathological
conditions."? Ferroptosis is a kind of iron-dependent cell death, which has recently emerged and can induce the formation of
reactive species (ROS), is the key to inflammation and human diseases.'* Ferroptosis is strongly connected to the pathologic
and physiologic processes of numerous diseases, including carcinogenesis, nervous system disorders, renal damage, and
hematological systemic diseases, according to recent studies.'>'® In addition, there is a possible relationship between
ferroptosis and UC. Recently, a population-based case—control trial with parts of Japanese patients on risk factors showed an
association between a higher dietary intake of iron and an increased risk of UC."> Xu M et al first reported the mechanism
and significance of ferroptosis in the intestinal epithelial cell death of UC.?° Curculigoside is a natural ingredient with
antioxidative and anti-inflammatory properties that could shield UC patients from ferroptosis via upregulating the generation
and expression of GPX4.>' Furthermore, inhibitors of ferroptosis including ferrostatin-1 (Fer-1) have been validated in
models of UC, which could effectively ameliorate clinical symptoms and pathological phenotypes of DSS-induced colitis as
well as TNBS-induced colitis.**** Overall, these results imply a key role for ferroptosis in UC.

In recent years, gene microarrays and integrated bioinformatics analysis offer fresh perspectives on the etiology of
various diseases. This work found six hub genes linked to ferroptosis and UC from the GEO database by using a range of
bioinformatics methods. Figure 1 displays the study’s procedure.

Material and Methods
Obtaining Data and Difference Analyzing

The NCBI Gene Expression Omnibus public database (GEO) provided the gene expression data needed in this research.
Datasets that met the following filtering criteria were used for this study: (1) expression profiling by array; 2) Homo
sapiens; (3) dataset containing more than ten UC samples and healthy controls. The raw data of GSE73661, which was
annotated by GPL6244, contains information on RNA levels. One hundred and sixty-six colonic biopsies of UC and 12
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control samples in GSE73661 were collected. The validation data set GSE92415 annotated by GPL13158 included 162
UC samples and 21 controls. Samples from two datasets GSE3365 and GSE94648 were extracted from peripheral blood.
GSE3365 annotated by GPL96 included 26 UC samples and 42 control samples, and GSE94648 annotated by GPL19109
included 25 UC samples and 22 control samples. After removing irrelevant header information, a large number of gene
expression data from UC and control patient biopsies of intestinal tissue were analyzed and compared with the aid of the
“limma” package in R program. Some genes in compliance with the filter criteria including p_adj < 0.05 and abs(logFC)
> 2 were screened as DEGs. The R packages “ggplot2” and “pheatmap” were employed to generate heat maps and
volcano plots of DEGs. In addition, supplementary box 1 lists 479 genes associated with ferroptosis that were down-

loaded from the FerrDb website and used for this study’s investigation.

Weighted Correlation Network Analysis (WGCNA)

This is a common procedure to build the gene co-expression network via “WGCNA” package in R software.”* Firstly, we
utilized gene-expression arrays to calculate each gene’s MAD (Median Absolute Deviation) and then eliminated any
samples that were aberrant. To create a similarity matrix, the correlation coefficient between every gene pair was
determined. Subsequently, the adjacency was converted into a topological overlap matrix (TOM), which was then used to
calculate the corresponding dissimilarity (1-TOM) and quantify the network connectivity of a gene, which was defined as
the sum of its adjacency with all other genes for network Gene ration. A minimum size of 30 was required for the Genes
dendrogram in order to perform average linkage hierarchical clustering based on the TOM-based dissimilarity measure
for the purpose of categorizing Genes with comparable expression profiles into Gene modules. The key modules
connected to ferroptosis were identified using the module eigengene (ME) and the module membership (MM). We
determined the dissimilarity of the characteristic genes of the modules, selected a cut line for the module dendrogram,
and combined several modules in order to further investigate the modules. We also combined modules that were closer
together than 0.25. Ultimately, 21 co-expression modules were obtained; nevertheless, a gray module was obtained,
which indicated a group of genes that could not be allocated to any of those modules.

Discovery of Hub Genes

The VennDiagram tool in the R program was applied to extract the intersection of genes from DEGs, elements derived from
WGCNA, and genes relevant to ferroptosis in order to acquire hub genes connected with ferroptosis and UC. Violin plots
were used to illustrate the hub gene differential expression in UC and control. The #-test and Mann—Whitney U-test were the
hypothesis tests employed. The former was applied if the data had a normal distribution; in the absence of one, the latter.

Functional Enrichment Evaluation

Functional enrichment analysis was performed to investigate the physiological mechanisms of hub genes influencing
ulcerative colitis. Firstly, we examined the biological processes of gene ontology that these genes were implicated in. The
concluded findings were displayed as a chord diagram using the R program’s “GOplot” utility. Gene Set Enrichment
Analysis (GSEA) was then used to identify each gene’s unique function. The GSEA software, version 3.0, was acquired
from the GSEA website. According to the median gene expression level, the samples were split into two groups: high
expression and low expression. Biological Signatures Database (http://www.gsea-msigdb.org/gsea/downloads.jsp) was

used to download the c2.cp.kegg.v7.4.symbols.gmt subset in order to assess the relevant signal cascades and cellular
processes based on gene expression patterns. We have 5 as the minimum and 5000 as the maximum gene set values. The
value of p < 0.05 and FDR < 0.25 possess the statistical sense.

Building and Testing the Logistic Regression Model

First, the logistic regression model was built to help differentiate UC patients from controls effectively. Then, receiver
operating characteristic (ROC) curve analyses were performed using the pROC package of R to determine the logistic
regression model’s diagnostic and predictive value. In general, the closer the ROC curve is to the upper left corner, the
better the diagnostic performance is represented. Finally, the classification efficacy was evaluated by external validation
using dataset GSE92415.
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Exploration of Immune Infiltration

In order to examine the constitution of immunizing and defending system, the proportion of 22 different kinds of human
immune cells in the UC and controls was obtained utilizing the CIBERSORT algorithm, with p < 0.05 considered to be
significant differences between the two groups.”> In addition, Spearman correlation analysis was conducted to assess
correlations on immune cells in microenvironment using the R tool.

Establishment of the Mouse Model of Colitis

Anhui Medical University’s Laboratory Animals Ethics Committee gave its clearance for all procedures involving animals in this
experiment. For seven days, 3% dextran sulfate sodium (DSS) (MP Biomedicals, with an average molecular weight of 36000—
50000) dissolved in sterile distilled water was given ad libitum to male C57BL/6 WT mice (6—8 weeks old) in order to induce
colitis. Throughout the trial, mice in the control group were given regular access to pure water. There were six mice in each group.
During the experiment period, survival and clinical parameters, such as body weight, rectal bleeding and stool consistency of
mice were monitored daily. DAI grading standards refer to Kihara et al.*® Mice were killed by cervical dislocation, and the entire
colon in each mouse was removed from caecum to anus. Colon lengths were measured using a ruler. The section of colon tissues
used for qRT-PCR was stored at —80°C.

Histological Analysis

At autopsy, the colon tissue from model mice was flushed with ice saline and excised. Each mouse’s tissue specimens
were preserved for one day using neutral formaldehyde solution and then processed for paraffin embedding and
sectioning. The histopathologic change in mucosal structure was observed by hematoxylin and eosin staining under
a light microscope. Histological scores were determined based on four individual inflammatory parameters as reported
previously: crypt damage, inflammation severity, inflammation extent, and percent involvement.

2.9 qRT-PCR

With the help of the TRIzol reSuperMix agent (Invitrogen), all RNA molecules were obtained from the murine colon tissues.
Using HiScript III RT and ChamQ SYBR qPCR Master Mix (Vazyme) in accordance with protocols, the procedure of reverse
transcription and amplifying a piece of DNA were carried out under specific thermal cycling conditions. After normalizing
each gene’s relative mRNA level to GAPDH, the final results were presented as 27", The primers used in this paper are
listed as follows: Forward 5°-3’: GGTTGTCTCCTGCGACTTCA, reverse 5’-3’: TGGTCCAGGGTTTCTTACTCC for
GAPDH. Forward 5°-3’: GGTTTTCAGTGTCACCACGC, reverse 5°-3’: CAAGGGTGGGCAAAATGTGG for LPINI.
Forward 5°-3’: GAATGAAGTGCACCCTAACAAG, reverse 5°-3’: GAGGAATGGGTTCACAAATCAG for HIF1A.
Forward 5°-3’: TCTGGTCTGCCTGTGGAGTA, reverse 5’-3’: CAAAGGACCAAAGACCTCCA for SLC7A11. Forward
5°-3’: ACTGTGCCACTCGTCCTGAT, reverse 5’-3’: TCTCCAGATTGTCCAAGGCT for PARP9. Forward 5°-3": TTAC
GTCCATCGTGGACAGC, reverse 5-3": TGGGCTGGGTGTTAGTCT TA, for NOS2. Forward 5'-3": -CCCACA
CTGAGCACGGACGGQG, reverse 5'-3": TTGCGGGGCAGCACCTTTCG for IDOL.

Statistics

R software or the statistical program GraphPad Prism were used for all the statistical computations. After checking the
data for homogeneous distribution, a #-test for equal variances, otherwise known as the Mann—Whitney U-test was
chosen to see the difference between two groups.

Results

Discovery of Hub Genes Related to UC and Ferroptosis
Using the screening criterion “p_adj < 0.05 and abs(logFC) > 2”, we first extracted 898 differentially expressed genes from
GSE73661 in order to find genes associated with UC (Supplementary Table 1). A volcano diagram was used to display these

DEGs (Figure 2A). The top 20 genes with differential expression were shown on a heatmap (Figure 2B). A weighted gene co-
expression network was built using the expression profiles of 2,3303 genes and 178 samples that were obtained from
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Figure 2 Differentially expressed genes between UC and control samples. (A) Volcano plot showing the significant genes found by limma analysis. Red genes represent
significantly high expression in UC, green genes represent significantly high expression in control samples, and black genes indicate no changes. (B) The heatmap shows the
top 20 genes significantly highly expressed in UC or control samples.

GSE73661 after the genes had been filtered and aberrant samples eliminated. In Figure 3A and B, the mean connected value
was 146.40 on a scale independence of 0.76 considering the soft threshold power was adjusted to 6. Through the use of
dynamic tree cutting, twenty-one distinct modules co-expressed were procured on the premise of a minimum module size of
thirty and a cut height of 0.25 (Figure 3C). Following that, assessments of every single module’s connection with clinical
characteristics were carried out. As shown in Figure 3D, the dark green module exhibiting the strongest and positive
relationship has a profound impact on UC (r = 0.50, p = 2.0e—12), whereas the cyan module represented the highest negative
correlation with UC and was also keenly relevant (r = —0.66, p = 1.8e—23). Afterwards, we got a gene set consisting of 479
genes from FerrDb and compared them to the 898 DEGs and 90 dark green module genes, six hub genes were found, but no
genes associated with ferroptosis and UC were obtained by taking the intersections of 898 DEGs, 479 ferroptosis-associated
genes and 87 cyan module genes (Figures 3 and 4). Therefore, the dark green module, containing 90 genes with the biggest
related coefficient, could further be used in the next step. Moreover, module membership and gene importance were shown to
be substantially connected, according to a correlation analysis, with these genes corresponding to both phenotype and module
(cor =0.57, p = 1.5e—49; Figures 3 and 4). These six genes have the key function in regulating various biological processes.
Specifically, they participate in regulation of cell death pathway, the regulation of stress responses, autophagy. Among the iron
metabolic issues, these genes are responsible for maintaining iron ion homeostasis, responding to iron ion fluctuations, and
heme binding (Figures 3 and 4). Violin plots demonstrated that all six genes were expressed in UC as well as controls by
analyzing the massive medical information from GSE73661, with higher expression level seen in UC (Figure 5). Furthermore,
Supplementary Figure 1 displays the expression of these genes in colon tissue samples from GSE92415. In addition, the

expression of these genes in blood samples from GSE3365 and GSE94648 was shown in Supplementary figures 2 and 3.

Enriched Biological Processes and Pathways

Enrichment studies were leveraged to gain insights into the possible biological activities of these genes. GSEA in
Figure 6 has revealed that these genes exhibit significant associations with gut-related biological pathways, encompassing
the intestinal immune network responsible for IgA production and membrane structures of partial intestinal mucosa
epithelium tight junction. Additionally, the analysis has demonstrated their involvement in inflammation-related signaling
cascades, including cell apoptosis, activation and release of inflammatory cells and mediators such as chemotactic
factors, T cellular receptor and NOD-like receptor.

A Diagnostic Model Applicable to UC

Through constructing logistic regression, HIF1A, SLC7A11, LPIN1 were selected, which could effectively differentiate UC
patients from controls, boasting an AUC value of 0.976 (Figure 7A). Subsequently, the model underwent rigorous validation in
samples from another dataset. In the GSE92415 dataset, the AUCs of the model reached 0.962, further corroborating its
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Figure 3 The WGCNA results. (A) The corresponding scale-free topological model fit index at different soft threshold powers. (B) The corresponding mean connectivity
at different soft threshold powers. (C) Cluster dendrogram of genes. (D) Correlations between different modules and clinical traits. Red represents a positive correlation,
and blue indicates negative. (E) Correlation of module membership and gene significance in the dark green module.

reliability (Figures 7B). The model was also validated in blood samples. The AUCs of the models in GSE3365 and GSE94648
were 0.847 and 0.769, respectively (Figure 7C and D). Colon samples tended to be more representative of UC pathology than
blood samples, which may explain the better diagnostic performance of the former. However, blood samples are easier to obtain
by noninvasive tests instead of by endoscope. In summary, the positive outcomes obtained from colon tissue samples and blood
samples revealed that this model may hold significant guiding value when it comes to the identification of UC patients in clinical
practice.

Immune Infiltration and Immune Cell Correlation Analysis

Gene changes to the microenvironment are highly influential in determining the diagnosis of disease and drug sensitivity. The
study employed the CIBERSORT algorithm to assess the fraction of immune cells in 166 UC samples and 12 control
samples. The resulting histogram (Figure 8A) illustrates this process. A boxplot was utilized to compare the immune cell
infiltration of the control and UC samples (Figure 8B). In terms of cell ratio, the UC group had noticeably greater proportions
of dendritic cells activated (P=4.9¢-5), naive B cells (p = 6.5¢-3), CD4 memory resting T cells (p = 5.8e-5), follicular helper
T cells (P=1.2¢-3), M0 macrophages (P=1.1¢-5), M1 macrophages (P=1.8e-4), Mast cells activated (P=1.9¢-5), neutrophils
(P=1.9¢-3), and lower proportions of CD8 T cells (P=6.5¢-5), regulatory T cells (Tregs) (P=6.1e-6), NK cells activated
(P=7.8e-9), M2 macrophages (P=6.0e-4), mast cells resting (P=6.3e-7) compared with the control group. In the following
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step, an analysis of the immune cells’ relationships was conducted (Figure 8C). These findings raised the possibility that hub
genes are significant components of maintaining immune homeostasis and transition to disease.

Confirmation of the Hub Genes in the Mice Used as Model for Colitis

Ultimately, as shown in Figure 9A, we validated the gene expression patterns of hub genes in a murine model of DSS-
induced acute colitis, thereby ensuring the precision and reliability of our findings. There are significant weight loss and
colon shortening in DSS-induced colitis, indicating a successful model was established (Figure 9B-D). Furthermore, the
disease activity index (DAI) of the DSS group was notably worse compared to the control group (Figure 9C). After
hematoxylin-eosin staining, the light microscope capacitates colon tissue from all the mice to be observed carefully. There
was a breakdown of the intestinal mucosa’s typical structure and the crypt cells died away in the model group (Figure 9E).
The histological score of the DSS group exhibited an obviously higher level compared to that of the other group (Figure 9F).
Several studies have found that ferroptosis was elevated in mice with colitis brought on by DSS.?”® The level of six genes
was subsequently tested by gRT-PCR assay. Our Results demonstrated that there was a substantial difference in the relative
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Figure 5 The expression of hub genes in the UC and control groups of colonic mucosa samples. (A) HIFIA, (B) SLC7ALl I, (C) LPINI, (D) IDOI, (E) NOS2, (F) PARP9.

mRNA amounts of HIF1A, SLC7A11, LPINI1, IDOI1, and NOS2 in the DSS group compared to the control group
(Figure 10A-E). Intriguingly, PARP9 expression had no significant association with feeding DSS to mice (Figure 10F).

Discussion

Ferroptosis is caused by the overwhelming peroxidation of lipids, which was found to be involved in the progression of
numerous diseases, especially intestinal diseases. Some drugs and molecular targets exert anti-colitis and anti-
carcinogenesis effects via inhibiting ferroptosis, such as sorafenib, maternal embryonic leucine zipper kinase
(MELK).?*~*° Inhibiting ferroptosis can lessen intestinal injury in non-infectious inflammatory conditions like intestinal
I/R injury and IBD, while inducing ferroptosis with pharmacological activators can inhibit the migration, invasion, and
proliferation of colorectal neoplasms, suggesting a dual role for ferroptosis in different intestinal diseases.*' ** Although
there are several ways of assaying ferroptosis from multiple aspects, there is no general agreement on a standard criteria
for defining the occurrence of ferroptosis. To elucidate ferroptosis in vivo, it needs to identify specific ferroptosis
indicators and a better alternative. Therefore, more research is imperative to delve deeper into ferroptosis in intestinal
diseases.
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Figure 6 GSEA illustrated the enriched pathways of the hub genes. (A) HIFIA, (B) SLC7Al I, (C) LPINI, (D) IDOI, (E) NOS2, (F) PARP9.

Chronic inflammation in patients with UC exhibits a close association with ferroptosis. Six genes that bridge the
connection between UC and ferroptosis were identified through a meticulous analysis of data derived from one dataset
GSE73661 publicly available. A quantitative analysis of GO revealed that these genes are intricately implicated in the
regulation of stress response, cell death, and the acquisition and metabolic process of iron. Several findings have revealed
that stress could trigger dysfunction of the gut barrier, alteration of intestinal dysbiosis, harm to self-renewal of stem cells
in the intestines, ultimately leading to inflammation and cell damage.>>*” Autophagy is essential to the preservation of
epithelial homeostasis during stress.>® In addition, Lonicerin alleviated UC by interrupting the inflammasome pathway
mediated by autophagy.*® Dioscin effectively promoted autophagy in the DSS-induced mouse model by targeting the
AMPK-mTOR signaling pathway.*® Interestingly, 3-methyladenine could pharmacologically suppress autophagy, which
also affected the induction of ferroptosis by ionizing radiation,*' indicating that autophagic machinery may contribute to
the occurrence of ferroptosis under certain conditions. Herein, GSEA in Figure 6 further corroborated that these hub
genes were intimately correlated with processes connected to the gut and inflammation-related signaling pathways.

Three out of the six genes, namely HIF1A, SLC7A11, and LPIN1, were chosen for the formation of a diagnostic
model that could potentially aid in the clinical diagnosis of UC. HIF1A, a component of the hypoxia-inducible factor
(HIF) family, possesses the ability to bind to the promoters of numerous target genes, thereby initiating the transcription
of a diverse array of genes that are involved in metabolic processes in cells, adaptability to hypoxia, and the regulation of
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Figure 7 Receiver operating characteristic curve (ROC) curves and corresponding AUC values for the two expression cohorts. (A) Colon tissue samples from GSE73661.
(B) Colon tissue samples from GSE92415. (C) Blood samples from GSE3365. (D) Blood samples from GSE94648.

immune responses.*” There is a significant correlation between hypoxia and inflammation. IBD is distinguished by
inflammation susceptible to hypoxia, coinciding with inflammation and hypoxia at sites of inflammation.*® Ferroptosis is
involved in osteoclasts, and it has been demonstrated that HIF-1a reduces ferritinophagy by inhibiting the development
of autophagosomes, thereby shielding osteoclasts from ferroptosis.** Additionally, in acute kidney injury, ferroptosis is
regulated by the activation of HIF and further promotes mitophagy and other multiple potential mechanisms.*
SLC7A11, commonly referred to as xCT, efficiently facilitates the uptake of cystine, which would inhibit ferroptosis
and oxidative stress.*® Recent investigations have unequivocally confirmed that SLC7A11 is overexpressed in a diverse
range of tumors and promotes growth and drug resistance of tumors partly through mediating ferroptosis.*”** Tu H et al
revealed that ferroptosis, apoptosis, and autophagy-dependent cell death are all influenced by SLC7A11.* LPINI
belongs to the family of lipin proteins and is necessary for maintaining normal lipid homeostasis.”® Ferroptosis is
relevant to oxidative degradation of lipids. Studies have found that lipid metabolism abnormality affect ferroptosis and
governs the sensitivity to ferroptosis via regulating phospholipid peroxidation, alongside other cellular processes tied to
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Figure 8 Immune cell infiltration analysis. (A)The relative compositions of 22 distinct immune cells in each sample. (B) Differences in immune infiltration between UC and
control samples. (C) The correlations between different populations of immune cell subsets.

it.>!? Lipid metabolic genes including ACSL4 and LPCAT3 have been reported to facilitate ferroptosis.’”>* As
a transcriptional regulator of lipid metabolism, LPIN1 performs crucial functions within the nucleus and membranes
of different organelles, including endoplasmic reticulum membrane, endolysosomes and mitochondrial membranes.>*
Mice lacking LPIN1 have an accumulation of abnormal mitochondria as a result of an autophagic flux blockage.>
However, whether LPIN1 is involved in ferroptosis during the development of UC is still unclear, which would be an
interesting direction.

Herein, we delved deeper into the large number of inflamed cells in the illness and normal group. The findings
demonstrated a large rise in MO/M1 macrophages and much decreased M2 macrophages in UC. Gut macrophages are thought
to involve the clinical manifestations and disease processes of UC.>® Research revealed that as compared to the epithelium
tissues of the normal group, the intestinal mucosal macrophages in the colonic tissue of individuals with active UC were in
abundance and likely to be polarized into classical activated pro-inflammatory phenotype (M1), which were consistent with
our study.””® Hence, reestablishing the M1/M2 macrophage polarization balance may be a new class of targets for UC. In
patients with IBD, including UC, activation of dendritic cells (DCs) results in up-regulated expression of microbial recognition
receptors on DCs and further produces elevated levels of cytokines that are pathologically relevant.®® The increased
abundance of neutrophils, the induction of neutrophil extracellular traps, and several associated proteins has been reported
in UC patients, confirming that neutrophils play a pivotal part in the pathophysiological process of UC.*®! Furthermore, our
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study observed a decrease in Tregs, which are a subset of T cells in charge of regulating tissue inflammation and maintaining
immune homeostasis. However, findings on the intestinal and circulating Tregs in IBD patients remain controversial. In
contrast to healthy controls and inactive IBD patients, the ratio of circulating Tregs was much lower in active IBD patients,
although the proportion of intestinal Tregs was found to be larger in damaged tissues compared to regions without
inflammation.%? It has been shown that ferroptosis is implicated with the lethal accumulation of reactive oxygen species
(ROS), leading to the increased production of inflammatory mediators and enhancing immune cell infiltration, with implica-
tions for aberrant inflammation in UC.® It is interesting to note that interleukin-6 (IL-6), a marker of M1 macrophages, could
cause lipid peroxidation and disrupt cell iron homeostasis, which in turn causes ferroptosis.®* In addition, it was discovered
that ferroptosis is associated with the formation of neutrophil extracellular traps.®> These findings imply that immune cells are
also involved in the regulation of ferroptosis. The crosstalk between them provides a new inspiration for the treatment of UC
and deserves further exploration.

Mice were used to develop the DSS-induced UC model successfully in order to support the findings of the
bioinformatics analysis. There is a combination of these reasons for the use of acute DSS model in this study. Firstly,
chronic colitis model is more often used in adaptive immunity and complications such as tissue fibrosis and carcinogen-
esis, while acute colitis models may be more suitable for oxidative damage and acute stress research.®® Recent studies
have revealed that ferroptosis was induced significantly in colonic tissues from acute DSS-treated mice.®” In addition,
ulcerative colitis is a long-term chronic disease, but it is often accompanied by acute exacerbation in the clinical course,
such as bleeding ulcers and erosions in active UC patients.®® Moreover, we will continue to explore these genes in
chronic colitis models in the future. A dramatic upregulation of SLC7A11, HIF1A, LPIN1, IDO1, and NOS2 expression
was seen in the UC model, as evidenced by qRT-PCR. However, the lower mRNA pression of PARP9 in the colitis
model detected by qRT-PCR did not agree with the previous finding based on the bioinformatics analysis. The result may

flow from several causes. Firstly, it is important to note that our bioinformatics results were based on human colonic
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Abbreviation: NS, not significant.

mucosa, whereas the qRT-PCR assay was conducted on mouse colon tissue specimens. Consequently, there exists
a fundamental heterogeneity between the two experimental platforms. These results need to be investigated further for
human colon mucosa in subsequent experiments, not only at the gene level but also at the protein level. Second, the UC
patients were treated with vedolizumab therapy or infliximab therapy, which may have an influence on colonic mucosal
gene expression. In addition, the sample size was small. Notably, existing researches have shown that dysregulated
glutathione production and cysteine absorption are caused by the inhibition and degradation of SLC7A11, which also
triggers ferroptosis.®” " Indeed, we found that the expression of SLC7A11 both in human UC tissues and DSS-induced
mice model was up-regulated. These results and underlying mechanisms need to be intensively investigated further.
Furthermore, although there are a large number of regulators that directly or indirectly affect iron accumulation and lipid
peroxidation to regulate ferroptosis, there are still many unresolved questions, such as what is the physiological and
pathological function of ferroptosis in human health and disease including UC, and how ferroptosis affects the prognosis
of UC, and what are the specific immune signals associated with ferroptosis at different stages of inflammation. Further
research is still needed to investigate the complicated machinery and regulation of ferroptosis in UC.

Conclusion

In summary, we successfully obtained six hub genes intricately linked to ferroptosis and UC through the application of
bioinformatics approaches, namely HIF1A, SLC7A11, LPIN1, IDO1, NOS2, PARP9. We delved into the biological
processes and pathways in which these genes are engaged, thereby gaining valuable insights into the pathogenesis of
ulcerative colitis. Utilizing logistic regression analysis, we developed a diagnostic model capable of accurately
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identifying patients suffering from ulcerative colitis. Furthermore, these hub genes have been discovered to be inter-
connected with diverse immune cells, hinting at their potential significance in shaping the immune microenvironment.
Nonetheless, additional research is imperative to unveil the precise roles these genes play in UC.
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