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Abstract: Objective: To investigate the role of the ferroptosis pathway in ulcerative colitis (UC) and conduct mo-
lecular validation. Methods: The UC dataset GSE3365 was downloaded from the GEO database, and differentially
expressed genes were identified after data correction. Ferroptosis-related genes were obtained from the FerrDb da-
tabase and intersected with the differentially expressed genes. Gene ontology (GO) and KEGG enrichment analyses
were performed. A protein-protein interaction (PPI) network was constructed, leading to the identification of four hub
genes. Thirty mice were randomly assigned to control, UC, and Ferrostatin-1, (Fer-1) groups (10 mice per group).
UC was induced in the UC and Fer-1 groups using sodium dextran sulfate, and Fer-1, an iron death inhibitor, was
injected into the Fer-1 group. Pathologic changes in colonic tissues were observed by H&E staining, serum TNF-o
levels were measured with ELISA, and RT-gPCR was used to detect the expression of hub genes. Results: A total of
24 ferroptosis-related genes were identified in UC. GO enrichment analysis showed that these genes were involved
in oxidative stress response, glucocorticoid response, and reactive oxygen species metabolism. PPl network analy-
sis identified HSPOOAAL, SNCA, TLR4, and PTGS2 as hub genes. Pathologic changes were alleviated in the Fer-1
group compared with the UC group. Serum TNF-« levels were significantly higher in the UC and Fer-1 groups than in
the control group, with the UC group showing higher levels than the Fer-1 group (both P<0.05). The expression of
HSP90AA1, SNCA, TLR4, and PTGS2 mRNA was significantly higher in UC and Fer-1 groups compared to the control
group, with lower levels in the Fer-1 group than in the UC group (both P<0.05). Conclusions: HSP90OAA1, SNCA, TLR4,
and PTGS2 are ferroptosis-related genes that may play a crucial role in the pathogenesis of UC by regulating the
ferroptosis pathway.
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Introduction

Ulcerative colitis (UC) is a chronic intestinal
disease characterized by persistent inflam-
mation of the colonic mucosa. The global inci-
dence of UC is increasing annually, and it is
listed by the World Health Organization among
the refractory diseases [1, 2]. The pathogene-
sis of UC is complex, involving multiple factors
such as genetic susceptibility, intestinal dysbio-
sis, immune system activation, and dysfunction
of the intestinal mucosal barrier [3, 4]. Although
the current treatment regimen, which h includ-
es aminosalicylic acid preparations, glucocorti-
coids, and biological agents, can partially re-
lieve clinical symptoms, approximately 30% of
patients still exhibit poor responses to tradi-
tional treatments. Moreover, long-term use of

these medications often leads to complications
such as infections and metabolic disorders [5,
6]. Therefore, exploring the molecular mecha-
nisms underlying UC and identifying new the-
rapeutic targets has become a key area of
research.

In recent years, there has been increasing inter-
est in the role of programmed cell death in in-
flammatory diseases. Ferroptosis, a novel iron-
dependent mode of cell death, is characterized
by the accumulation of lipid peroxidation prod-
ucts and inactivation of the glutathione peroxi-
dase system [7, 8]. Research has shown that
ferroptosis is involved in the pathology of can-
cers and neurodegenerative diseases, and it is
also closely linked to damage to the intestinal
epithelial barrier in inflammatory bowel diseas-
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Table 1. Primer sequences

Primer Sequence
HSPO0OAA1 5’-GACGCTCTCTGGATAAAATCCGTT-3’
5-TGGGAATGAGATTGATGTGCAG-3’

SNCA 5-GGGAGTCCTCTATGTAGGTTCC-3’
5’-TCCAACATTTGTCACTTGCTCT-3’

TLR4 5’-ATGGCATGGCTTACACCACC-3’
5’-GAGGCCAATTTTGTCTCCACA-3’

PTG2 5-AGCGTCAGGTCCCGTTTTC-3’

5-CTGGTGCATTGTGTTGGGT-3’
GAPDH 5-AGCGTCAGGTCCCGTTTTC-3’
5-AGCGTCAGGTCCCGTTTTC-3’

es[9, 10]. Intestinal epithelial cells serve as the
first line of defense against intestinal patho-
gens and are crucial for maintaining immune
homeostasis. Abnormal cell death in these epi-
thelial cells can lead to increased intestinal
permeability and persistent inflammation. The
oxidative stress mechanisms associated with
ferroptosis may influence UC by regulating ara-
chidonic acid metabolism, inflammatory factor
release, and other signaling pathways [11, 12].
Studies have observed abnormal mitochondrial
morphology and dysregulated expression of
iron metabolism-related proteins in the colon
tissues of UC patients, suggesting that ferrop-
tosis may play a role in its pathogenesis. How-
ever, there is still a gap in research regarding
the systematic identification of key regulatory
genes involved in ferroptosis in UC and their
molecular validation [13]. Building on previous
findings, this study aims to characterize the ex-
pression patterns of ferroptosis-related genes
in UC through bioinformatics and experimental
validation, thereby elucidating the molecular
regulatory network of ferroptosis in UC and pro-
viding a foundation for developing therapy tar-
geting this pathway.

Materials and methods
Key genes in UC analyzed by GEO database

Data acquisition: Gene expression data from
the GSE3365 dataset were downloaded from
the GEO database (http://www.ncbi.nlm), in-
cluding 85 enteritis samples and 42 control
samples.

Data processing: Differentially expressed gen-
es in the GSE3365 dataset were analyzed
using the online tool (http://www.ncbi.nlm.nih.
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gov/geo/geo2r). The screening criteria were an
adjusted P-value (adj. P) <0.05 and |logFC|>
1.5. A positive logFC indicates gene overex-
pression, while a negative logFC indicates un-
derexpression.

UC and ferroptosis related genes: Ferroptosis-
related genes were searched in the FerrDb da-
tabase (http://zhounan.org/ferrdb/), including
“Driver” and “Suppressor” genes. Differentially
expressed genes from the previous analysis
were intersected with ferroptosis-related gen-
es. Intersections and Venn plots were generat-
ed using OmicStudio (http://www.omistudio.
cn/tool).

Gene Ontology (GO) and Kyoto Encyclopedia of
Gene and Genomes (KEGG) enrichment analy-
sis: Filter conditions were set with P-value
<0.05 and Q-value <0.05. GO and KEGG enrich-
ment analyses of the intersecting genes were
performed using the R package “clusterPro-
filer”, with visualization of significant results us-

ing ggplot2.

Construction and module analysis of protein-
protein interaction (PPI) network: A web-based
PPI network for the intersecting genes was con-
structed using the STRING database (http://
cn.string-db.org/cgi/input.pl) to visualize the
data.

Consensus clustering analysis: The clustering
analysis was conducted on the 24 intersecting
genes in intestinal inflammation tissues using
the ConsensusClusterPlus software package.
The number of unsupervised clustering catego-
ries was quantitatively estimated with 50 itera-
tions and an 80% resampling rate [14]. Principal
component analysis was used to assess sub-
type differences.

Screening of hub genes: Cytoscape software,
with the CytoHubba plugin, was used to analy-
ze the topology of the PPI network. The top
five node genes were identified and intersected
as hub genes using three methods: “Degree”,
“MNC”, and “EPC".

Verification by animal experiments

Experimental animals: Thirty healthy SPF-grade
C57BL/6J mice, weighing 20 + 2 g, were pur-
chased from the Animal Experiment Center of
Chongqing Medical University. The mice under-
went a one-week fitness training period. Re-

Am J Transl Res 2025;17(11):8757-8766



Ferroptosis pathway and ulcerative colitis

A Volcano plot B

EnhancedVolcano

©® NS @ Log1.5(fold change) @ P.Value @ P.Value and Log1.5(fold change

—
()

3

S

= SNRNP70
g; CCNL2
S SNRNP35
- CELF|

g I
- DPLss

T X

Log1.5(fold change)
total = 12261 variables

C The Most Enriched GO Terms (Up)
_ neutrophil degranulation { Viral protein interaction with cytokine
neutrophil activation involved i immune -
Teukocyte chemotaxis -{ Cytokine-cytokine receptor interaction
ranulocyte chemotaxis |  ——— 17 si
el ke migraton | E——————— 1L-17 signaling pathway
granulocyte migration —— Malaria [ ]
emol _e———u .
neutrophil chemot: ——— _ Amosbiasis: (
response to molecule of bacterial | | Chemokine signaling pathway ®
response o m,’%?: Ilamcfghr::ge . ————— NF-kappa B signaling pathway- log10(pvalue)
———— - =|
chemokine-mediated signaling patfray |  E—— Complement and coagulation cascades
response to chemokine {  IEEEEE—_—_—_—_—_—_— i
cellular response to chemokine |  EEE—— Rheumatoid artruie
cellular responf; 10 lipopolysaccharide |  EEEEEE——— Hematopoietic cell lineage 6
tidine deaminase a = .
ot deaminase act | — Lipid and atherosclerosis [ ] 5
pattern recognition receptor acti _— Staphylococcus aureus infection ®
chemokine receptor binding |  EEE— 4 PPAR signaling pathway ™ 4
immune receptor activit e ype 9 3
3 CXCR chemokine receptor bindin, T y % Legioneliosis{ @
H immunoglobulin binding | M= [ sioiogical process Phagosome { @ 2
O hydrolase activity, ac .:-%k'a"rf o asage I Molecuar function H Bile secretion °
3 - e £
o] receptor ligand a _e- & Fluid shear stress and atherosclerosis | ™
signaling receplor actvatora 1 | Celular component asthmadl ® Count
tokine ]
deaminase a —
deamunase — Intestinal immune network for IgA{ @ e s
cytokine ac —— Epithelial cell signaling in Helicobacter: (3 ® 0
Scretory ol e | S — Ovarian steroidogenesis{ @
Speciit granule |  ————— Fc gamma R-mediated phagocytosis{ @ [ 35
oollagen-oon(ami:\egn?amaorelawlfet mg; T Leishmaniasis| @ @
—
ficolin-1-rich gransle membrane |  E— Glycosaminoglycan biosynthesis - chondroitin sulfate  «
mema]l::‘;l:rg' %::2#:; mgmg:g:g 1 == antothenate and CoA biosynthesis { «
1 ———————————————
moplai,:.n?gm& ‘Z’.’.','.‘,’,':: P Neutrophil ex\racellularstlradpd formation . [ ]
e e
vesicle It N adder cancer
pecific granule lumen {  F— ‘Transcriptional misregulation in cancer [ ]
retory granule lumen EEEE—— Yersinia infection
?emﬁc granule membrane |  IEEE—— TNF
anchored component of membrane { _ S— NF signaling pathway
[ 10 20 30 40 5 10 15 20
Gene_Number Gene Number
The Most Enriched GO Terms (Down) KEGG Pathway Enrichment (Down)
ribonucleoprotein complex biogenesis | IEI—
—
skeletal muscle tissie (e ﬁ"seprl? 9 _—— Fanconi anemia pathway ®
CD4-positive, alpha-beta T cel cylokine {  EE—
regulation of DNA metabolic process: e ——
‘maturation of SSU-rRNA {  IE— NF-kappa B signaling pathway ®
. regulation of MRNA processing |  I——
RNA spliing, via ransesterificaton reactions | ————————
mi splicing, via spliceosome | " N
'DNA conlormation change |  E—— Acute myeloid leukemia (] ~log10(pvalue)
positive regulation of alpha-beta T|  E—
endonucealytc deavage imolved in RNA | 22
snconuclooyticceavage of tiiskonkc (RNA |— RS Primary immunodeficiency { ° 3
RN helcose acily | — E— 20
elicase activily |  EE————
histone-lysine N-methy! ransferase activity { — IE— Homologous recombination { ® 18
MHC profein complex binding —
histone melhyliransierase actily |  E— type 16
prot ivit EE—— 14 N
-methyltransferase activity {  IEEE— " % Malaria [ ] 14
Fmothylransirsse sciviy | — B [ sitogicalprocess E
immune receptor activity |  E— Molecular function £
ATPase activity |  ——— Terpenoid backbone biosynthesis{ *
DNA repiication oripin mg::g — | Cellular component s Count
N-methyliransferase activity |  EE—— .2
ubiquilin-depenydenl protein b«nain“g' = Transcriptional misregulation in cancer &S]
mitogen—activated protein kmadse binding — e 3
lear spe il
preribosome | E— 4
nuclear heterochromatin{ S Hematopoletic calllineage: L] o
ESCIEQ) complex | st [
immunological synapse |  —
small-subunit proces: ] — Viral protein interaction with cytokine [ ) . 6
goexemmromalln 1
reribosome |  —
i 1l I —
PO Dody | Ee— mTOR signaling pathway @
intercellular bridge I
hlslmne me;gyllrsnsrerase mmplel)( —
toplasmic ribonucleoprotein granule —— ]
v P ias Caniy | — Thi7 cell differentiation ®
pronucieus { I

o
N
8
~

10 3 4 5
Gene_Number Gene Number

Figure 1. Differentially expressed genes and functional enrichment. A: Volcano plot of differentially expressed
genes; B: Heat map of differentially expressed genes; C: GO term enrichment analysis and KEGG enrichment analy-
sis of differentially expressed genes.

aring conditions included a temperature of The study was approved by the Weifang Hospital
22-26°C, humidity of 40-70%, a 12-hour light- of Traditional Chinese Medicine animal ethics
dark cycle, and free access to water and feed. committee.
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Figure 2. Hub gene screening. A: Venn diagram of intersection of the above differentially expressed genes and
ferroptosis-related genes; B: Protein-protein interaction network diagram; C: Selected Hub genes; D: GOKEGG en-

richment analysis of Hub genes.

Animal model: The mice were randomly divided
into three groups (control, UC, and Fer-1) with
10 mice per group. UC modeling was performed
with 3% dextran sulfate sodium (DSS, Sigma
Corporation, USA) [15]. Fresh DSS solution was
replaced daily. Successful modeling was indi-
cated by the appearance of blood in stool on
days 4 to 5. In the Fer-1 group, Fer-1 (Sigma,
USA), an iron death inhibitor, was administered
intraperitoneally at 10 mg/kg per day for 7
days starting from the first day of model estab-
lishment. Mice were euthanized by cervical
dislocation after anesthesia with 4%-5% iso-
flurane.

H&E staining: H&E stain was performed to
observe pathologic changes in colon tissues.
Colonic mucosal tissues were fixed in 10% neu-

8760

tral formaldehyde, embedded, dehydrated, and
sectioned. Stained slides were observed under
a high-power microscope. Tissue inflammation
was scored using the Gebobes system, with cri-
teria ranging from O (no structural changes) to
5 (erosion or ulceration).

Detection of serum TNF-a, IL-13, and IL-6 con-
tent: Whole blood (0.5 ml) was collected from
each group using anticoagulation tubes, centri-
fuged and analyzed using ELISA kit (Abcam,
USA) for TNF-¢, IL-13, and IL-6 levels.

Detection of oxidative stress markers in mouse
serum: Blood samples (0.5 ml) were collected,
centrifuged, and the serum analyzed for gluta-
thione (GSH), malondialdehyde (MDA), and rea-
ctive oxygen species (ROS) levels using ELISA
kits (Abcam, USA).

Am J Transl Res 2025;17(11):8757-8766
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Figure 3. Construction of subtypes of enteritis tissues. A: Consensus matrix heatmap at k=2. B: CDF from k=2 to
k=9. C: Relative changes in the area under the CDF curve. D: Sample classification tracking diagram from k=2 to

k=9. CDF: Cumulative distribution function.

Identification of hub genes in colon tissues:
Total RNA from colon tissues was extracted
using TRIzol reagent (Invitrogen, USA) and re-
verse transcribed into cDNA. GAPDH was used
as an internal reference gene. RT-gPCR was
conducted with the following conditions: 95°C
for 10 minutes, followed by 40 cycles of 95°C
for 15 seconds and 60°C for 1 minute. Relative
gene expression was calculated using the 2-44Ct
method. Primer sequences are listed in Table
1.

Western blot detection of protein expression in
mouse colon tissues: Proteins from colon tis-
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sues were extracted using a protein extraction
kit (Shanghai Beyotime Biotechnology, China),
and concentrations were determined using a
BCA assay kit. A total of 20 ug of protein was
separated by SDS-PAGE and transferred to
PVDF membranes. After blocking with 5% skim
milk, membranes were incubated overnight at
4°Cwith primary antibodies against HSPOOAA1L,
SNCA, TLR4, and PTGS2 (Abcam, USA), fol-
lowed by secondary antibody incubation. Im-
ages were developed using ECL chemilumines-
cence and analyzed with Image) software.
B-actin served as the internal reference pro-
tein.

Am J Transl Res 2025;17(11):8757-8766
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Figure 4. H&E staining and Gebobes score of colon in each group of mice.
Note: (A) H&E stain of the colon in each group of mice (x400); (B) Gebobes
score of each group of mice. Compared to the control group, “P<0.05; Com-
pared to UC group, *P<0.05.

Statistical analysis

Statistical analysis was performed using SPSS
27.0. Continuous data were expressed as mean
+ standard deviation (X * s), and categorical
data as counts and percentages. The t-test was
used for comparisons of continuous data, and
the x2 test for categorical data. One-way or two-
way ANOVA followed by LSD testing was used
for comparisons among multiple groups. A P-

value <0.05 was considered significant.

Results

Differential gene expression in GSE3365
dataset

Analysis of the GSE3365 dataset revealed 571
differentially expressed genes, with 338 up-
regulated and 233 down-regulated. Functional
enrichment analysis was then performed on
these genes, as shown in Figure 1.

Construction of intestinal inflammation tissue
subtypes and screening of hub genes

The intersection of the differentially expressed
genes and ferroptosis-related genes was ana-
lyzed, yielding 24 intersecting genes (Figure 2).
A PPI network was constructed, and as shown
in Figure 3, the optimal number of subtypes
was determined to be 2. Principal component
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analysis results indicated
complete separation between
the two subtypes, with each
being well-defined. Therefore,
we classified the intestinal
inflammation tissues into C1
and C2 subtypes based on
the 24 intersecting genes.
Using Cytoscape software,
four hub genes were identi-
fied: HSP9OAA1, SNCA, TLR4,
and PTGS2.

Pathology of mice

Pathologic examination re-
vealed that the colonic mu-
cosa of control mice was
smooth, with a well-organized
glandular structure and nor-
mal crypts, without neutrophil
infiltration, thickening, con-
gestion, edema, or ulceration
of the intestinal wall. In contrast, the UC and
Fer-1 groups showed disrupted colonic muco-
sal tissue, disorganized glandular structures,
crypt disappearance, obvious ulceration, and
inflammatory cell infiltration. The UC group
showed destruction of colonic mucosal tissue,
disorganization of glandular structure, disap-
pearance of crypts, obvious ulceration, and
inflammatory cell infiltration. These pathologic
changes were reduced in the Fer-1 group com-
pared to the UC group. The Gebobes scores of
the UC and Fer-1 groups were significantly high-
er than that of the control group (P<0.05), and
the Gebobes score in the Fer-1 group was sig-
nificantly lower than that in the UC group
(P<0.05), as shown in Figure 4.

Comparison of Serum TNF-«, IL-13, and IL-6
levels

Serum levels of TNF-q, IL-13, and IL-6 were sig-
nificantly higher in the UC and Fer-1 groups
compared to the control group (all P<0.05).
Additionally, the UC group exhibited significant-
ly higher levels of these markers than the Fer-1
group (all P<0.05) (Figure 5).

Comparison of serum GSH, MDA, and ROS
levels among mice groups

Serum GSH levels in the UC and Fer-1 groups
were significantly lower than those of the con-

Am J Transl Res 2025;17(11):8757-8766
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trol group (P<0.05), while serum MDA and ROS
levels were significantly higher (both P<0.05).
GSH levels in the UC group were significantly
lower than those in the Fer-1 group, and MDA
and ROS levels were significantly higher in the
UC group than in the Fer-1 group (all P<0.05,
Figure 6).

Hub gene and protein expression in colonic
tissues of each group

The relative mRNA expression levels of HSP-
90AA1, SNCA, TLR4, and PTGS2, as well as
their protein expressions in the colon tissues of
the UC and Fer-1 groups, were significantly
higher than those of the control group (all
P<0.05). Notably, both the mRNA and protein
levels of these hub genes in the Fer-1 group
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were lower than those of the UC group (all
P<0.05, Figure 7).

Discussion

UC is a chronic inflammatory bowel disease
characterized by complex interactions between
genetic predisposition, immune dysfunction,
intestinal microbiota imbalance, and oxidative
stress [16-18]. In recent years, ferroptosis, a
novel form of programmed cell death, has
gained attention in inflammatory disease res-
earch due to its close association with lipid per-
oxidation and iron metabolism [19-21]. Key fea-
tures of ferroptosis include inhibition of gluta-
thione peroxidase, accumulation of ROS, and
lipid peroxidation. These processes can exacer-
bate damage to the intestinal epithelial barrier

Am J Transl Res 2025;17(11):8757-8766
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and amplify inflammatory cascades [22, 23]. It
has been proposed that ferroptosis in inflam-
matory bowel disease may accelerate disease
progression by activating immune cells and
modulating epithelial cell death. However, the
specific ferroptosis network and key regulatory
genes in UC remain poorly understood [24, 25].
This study integrated bioinformatics and experi-
mental validation to investigate the expression
patterns and molecular mechanisms of the fer-
roptosis pathway in UC.

In this study, 24 UC-related ferroptosis genes
were identified through intersection analysis of
the GSE3365 dataset and ferroptosis-related
genes, with a focus on four hub genes: HSP-
90AA1, SNCA, TLR4, and PTGS2. The up-regu-
lation of these genes suggests that ferroptosis
may contribute to UC pathogenesis through
various biologic processes. HSP9OAA1, a mem-
ber of the heat shock protein family, may regu-
late the stability of ferroptosis-related proteins
under stress, and its overexpression may exac-
erbate oxidative stress-induced epithelial dam-
age [26-28]. SNCA (ax-synuclein), typically asso-
ciated with neurodegenerative diseases, may
participate in ferroptosis in UC by regulating
mitochondrial iron metabolism or lipid peroxi-
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dation [29, 30]. TLR4, a key receptor of innate
immunity, can amplify the inflammatory res-
ponse through NF-kB and other pathways, cre-
ating a positive feedback loop with ferroptosis
signaling to promote mucosal barrier disruption
[31, 32]. PTGS2 may connect ferroptosis and
the inflammatory microenvironment by mediat-
ing the synthesis of inflammatory mediators
such as prostaglandin E2 [33-35]. Notably, the
ferroptosis inhibitor Fer-1 significantly reduced
the expression of these hub genes and TNF-a
levels, alleviating pathologic damage. These
results suggest that ferroptosis may drive in-
flammation and tissue damage in UC by regu-
lating these hub genes, indicating that target-
ing the ferroptosis pathway could block the vi-
cious cycle of oxidative stress and inflamma-
tion. This offers a novel therapeutic strategy for
ucC.

However, several limitations should be acknowl-
edged. First, the bioinformatic analysis was ba-
sed on the public GSE3365 dataset, which has
a limited sample size and lacks clinical multi-
center validation, potentially affecting the gen-
eralizability of the findings. Second, the animal
experiments used a DSS-induced UC model,
which, although commonly used to simulate

Am J Transl Res 2025;17(11):8757-8766
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human UC, primarily represents acute inflam-
mation, differing from the chronic inflammation
observed in patients. Therefore, further multi-
level verification using organoid models or clini-
cal samples is necessary.

In conclusion, this study is the first to reveal
that HSP90OAAL, SNCA, TLR4, and PTGS2 are
key regulatory genes in the ferroptosis pathway
in UC, and their abnormal expression may con-
tribute to UC progression through oxidative
stress, inflammatory signaling, and lipid metab-
olism dysregulation. The therapeutic potential
of Fer-1 further supports the value of targeting
the ferroptosis pathway. However, larger clinical
studies, functional experiments, and compre-
hensive mechanistic investigations are required
to clarify the specific targets and regulatory net-
works of these hub genes, providing a theoreti-
cal foundation for developing targeted treat-
ments for UC based on ferroptosis modulation.
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