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Purrosk. Bacterial keratitis (BK) is a serious ocular infection that can cause severe inflam-
mation and corneal scarring, leading to vision loss. In this study, we aimed to investigate
the involvement of ferroptosis in the pathogenesis of BK.

MerHops. Transcriptome analysis was performed to evaluate ferroptosis-related gene
expression in human BK corneas. Subsequently, the ferroptosis in mouse models of
Pseudomonas aeruginosa keratitis and corneal stromal stem cells (CSSCs) were validated.
The mice were treated with levofloxacin (LEV) or levofloxacin combined with ferrostatin-
1 (LEV+Fer-1). CSSCs were treated with lipopolysaccharide (LPS) or LPS combined Fer-
1. Inflammatory cytokines, a-SMA, and ferroptosis-related regulators were evaluated by
RT-qPCR, immunostaining, and Western blot. Iron and reactive oxygen species (ROS)
were measured.

Resurrs. Transcriptome analysis revealed significant alterations in ferroptosis-related
genes in human BK corneas. In the BK mouse models, the group treated with LEV+Fer-1
exhibited reduced inflammatory cytokines (MPO, TNF-«, and IFN-y), decreased corneal
scarring and o-SMA expression, and lower Fe** compared to the BK and LEV groups.
Notably, the LEV+Fer-1 group showed elevated GPX4 and SLC7A11 in contrast to the BK
and LEV group. In vitro, Fer-1 treatment effectively restored the alterations of ROS, Fe*",
GPX4, and SLC7A11 induced by LPS in CSSCs.

Concrusions. Ferroptosis plays a crucial role in the pathogenesis of BK. The inhibition
of ferroptosis holds promise for mitigating inflammation, reducing corneal scarring, and
ultimately enhancing the prognosis of BK. Consequently, this study provides a potential
target for innovative therapeutic strategies for BK, which holds immense potential to
transform the treatment of BK.

Keywords: bacterial keratitis, corneal scarring, ferroptosis, ferrostatin-1 (Fer-1),
Pseudomonas aeruginosa (P. aeruginosa)

acterial keratitis (BK) is a prevalent infectious corneal
disease that is a leading cause of corneal blind-
ness.! Pseudomonas aeruginosa (P. aeruginosa) Keratitis,
a predominant cause of bacterial Kkeratitis, leads to a
rapid development of suppurative keratitis. The severity
can range from pain and inflammation to corneal ulcer-
ation, hypopyon, vision loss, and even perforation if left
untreated.??> Despite standardized treatment approaches,
corneal scarring after keratitis healing remains the primary
cause of visual impairment in patients with BK.* Hence,
developing methods to minimize inflammation and scarring
is crucial for visual recovery in patients with BK.
Ferroptosis plays a crucial role in bacterial infection.
Several studies show that ferroptosis occurs in the bacterial
infection of the lungs, periodontal ligament, and brain.>~7
P aeruginosa causes ferroptosis in bronchial epithelium
by using host polyunsaturated phosphatidylethanolamines.®
Ferroptosis has also been reported in fungal Kkeratitis,
alkali burn corneal injury, dry eye disease, poor corneal
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wound healing, and corneal endothelial cells in 4°C
preserved corneoscleral tissues.”~!? Ferroptosis can directly
result in iron-dependent cell death by rupturing cell
membranes, condensing and deforming mitochondria, and
swelling cytoplasm. It can also cause inflammatory injury
in tissues by activating damage-related molecular patterns
in macrophages, T cells, and neutrophils.?'>'* However,
ferroptosis has rarely been reported in patients with BK.
As a unique form of programmed cell death, ferropto-
sis operates through iron-dependent phospholipid perox-
idation.'®'> The hallmark biochemical features of ferrop-
tosis include the accumulation of iron, comprising both
ferrous (Fe**) and ferric (Fe3*) forms, and lipid peroxida-
tion, resulting in the generation of reactive oxygen species
(ROS) that induces cell death with an inflammatory compo-
nent.' Central to ferroptosis regulation, glutathione perox-
idase 4 (GPX4) utilizes phospholipid hydroperoxides as
substrates for oxidation and plays a crucial role in regu-
lating glutathione levels to scavenge ROS.'%'> Additionally,
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solute carrier family 7 member 11 (SLC7A11), an amino acid
transporter, facilitates the uptake of extracellular cysteine
into cells to support glutathione synthesis, thereby influenc-
ing ferroptosis susceptibility in various cell types.!® Notably,
the loss of GPX4 and SLC7A11 contributes to the induction
of ferroptosis, a process that may be further identified by
the activation and upregulation of transferrin receptor (TFR),
recently recognized as a potential marker of ferroptosis.!’~1°

In this study, a comprehensive analysis of ferroptosis-
related gene expression was conducted in the corneas of
patients with BK using transcriptomics. Subsequently, the
role of ferroptosis in P aeruginosa Keratitis was evalu-
ated both in vivo and in vitro. Clinical manifestations,
alpha-smooth muscle actin (¢-SMA), inflammatory cytokines
(myeloperoxidase [MPO], TNF-a, and IFN-y), ferroptosis-
related regulators (GPX4, SLC7A11, and TFR), ROS, and iron
were examined. To further elucidate the potential therapeu-
tic implications, ferrostatin-1 (Fer-1), an inhibitor of ferropto-
sis, was used to treat P. aeruginosa keratitis and lipopolysac-
charide (LPS)-induced corneal stromal stem cells (CSSCs).
Through these comprehensive analyses, we aimed to unravel
the involvement of ferroptosis in the pathogenesis of BK and
its potential impact on disease progression and outcomes.
Additionally, we sought to elucidate the therapeutic poten-
tial of targeting ferroptosis in BK therapy.

METHODS
Transcriptome Analysis

The microarray transcriptome data of 7 human BK corneas
(6 Streptococcus pneumoniae [S. pneumoniael) and 1
P aeruginosa Keratitis) and 12 donor normal corneas
were acquired from the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/geo/).** Our data
source was specifically the GSE58291 dataset from the GEO
database. The analysis of ferroptosis-related genes in human
corneas followed the protocol of the previous study.!®
Ferroptosis-related genes were retrieved from FerrDb
(http://www.zhounan.org/ferrdb/legacy/index.html) which
contains 214 genes associated with ferroptosis in Homo sapi-
ens. Spearman’s approach was utilized to verify the repeata-
bility of the data and analyze the connection between differ-
entially expressed genes. For graphical plotting, the ggplot
package in the R software was utilized. To reduce dimension-
ality while retaining essential aspects of the original vari-
ables, principal component analysis (PCA) was applied to
re-organize the data into a new set of variables. Differential
expression analysis was conducted using the limma pack-
age in the R program, with statistical significance defined
as |logFC| > 1.0 and P < 0.05. Subsequently, to visualize
the data effectively, a volcano plot and a heat map (genes
included see Additional file 1, differentially expressed genes
shown in Additional file 2) were generated using the ggplot
tool. The R code for analysis and visualization is accessible
on GitHub at the following repository: https://github.com/
xxz19900/Ferroptosis-BK.

Establishment of Bacterial Keratitis Mouse
Models and Intervention

Animals. Sixty female C57BL/6 mice (aged 6-8 weeks)
were obtained from Beijing Vital River Laboratory Animal
Technology Co., Ltd. The mice were acclimatized in a
pathogen-free environment and provided with standard
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rodent chow. All animal procedures were conducted in strict
adherence to the guidelines set forth by the Association for
Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research.

Bacterial Culture and Infection. P. aeruginosa was
isolated from the cornea of a patient with keratitis who
visited Beijing Tongren Hospital. Subsequently, P aerug-
inosa was cultured in the blood agar media (OXOID;
Thermo Fisher Scientific, UK) at 35°C for 24 hours. A single
colony was picked and prepared into a bacterial suspen-
sion with 1 x 10’ colony-forming units (CFU)/mL using
sterile phosphate-buffered saline (PBS). The mice corneas
were infected by P aeruginosa according to a previous
study.?! In brief, 3 parallel 1 mm scratches were made in
the central corneas of the left eyes using a 26-gauge needle
under a stereomicroscope after being anesthetized with 0.1%
sodium pentobarbital. Subsequently, 5 pL of PBS containing
5.0 x 10* CFU bacteria and sterile PBS (sham group) were
instilled into the scratched corneas for infection. After 24
hours of infection, the corneal smear and bacterial culture
were performed to confirm the successful establishment of
the BK model.

Intervention of BK Mice. The infected mice were
divided into three groups: the BK group without any treat-
ment, the levofloxacin eye drops group (LEV group), and
the LEV combined with ferrostatin-1 (200 pM/mL) eye drops
group (LEV+Fer-1 group; Fig. 1). Throughout 7 days, both
treatment groups received their designated eye drops 4 times
a day.

Corneal Examination and Scoring. Keratitis was
assessed under a slit-lamp biomicroscope on days 1, 3, 5, and
7 after infection (see Fig. 1). To evaluate the integrity of the
corneal epithelium, 1 pL of 0.1% liquid fluorescein disodium
(Shanghai Yuanye Bio-Technology Co., Ltd., China) was
carefully instilled into the conjunctival sac. Following this,
corneal staining was observed and recorded using a slit-lamp
biomicroscope with a cobalt blue filter. The corneal opacity
was assessed using a corneal scale that incorporated 3 crite-
ria: opacity area, opacity density, and surface regularity, with
each criterion being graded on a scale from 0 to 4.%2 The area
of the corneal opacity was quantified as follows: 1 = 1%
to 25%; 2 = 26% to 50%; 3 = 51% to 75%; and 4 = 76%
to 100%. The density of the corneal opacity was scored
based on the following criterion: 1 = slight cloudiness, the
outline of the iris and pupil discernable; 2 = cloudy, but
the outline of the iris and pupil remain visible; 3 = cloudy,
opacity not uniform; and 4 = uniform opacity. The regular-
ity of the surface was recorded as follows: 1 = slight surface
irregularity; 2 = rough surface, some swelling; 3 = signif-
icant swelling, crater or serious descemetocele formation;
and 4 = perforation or descemetocele. A total score of 0
was given for a normal cornea and 12 for the worst cornea.

Tissue Collection. The mice were euthanized after
corneal examinations. Subsequently, the corneas were care-
fully removed and stored at —80°C in the refrigerator or
4% paraformaldehyde (paraffin sections) for further experi-
ments.

Hematoxylin-Eosin Staining. After deparaffiniza-
tion and hydration, the corneal paraffin sections were
performed with hematoxylin-eosin (H&E) staining. In brief,
the corneal paraffin sections were incubated with hema-
toxylin for 5 minutes and 0.5% acid alcohol differentiation
solution for 5 seconds, then washed with tap water for 3
minutes. After that, they were stained with eosin for 30
seconds.
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Ficure 1.

Treatment with LEV or LEV+Fer-1

Schematic diagram of establishment and intervention of P aeruginosa keratitis mouse models. The mice were infected by

P. aeruginosa on day 0 and treated with LEV or LEV combined with Fer-1 from day 1 to day 7.

Corneal Stromal Stem Cell Culture and
Intervention

Corneal Stromal Stem Cell Culture. With the
consent of the Institutional Review Board (TRBCK2019-129),
donor human sclerocorneal tissues were procured from the
Beijing Tongren Eye Bank (Beijing, China) and all proce-
dures followed the Declaration of Helsinki. Before the exper-
iments, the tissues were immersed in Optisol-GS (Bausch &
Lomb, Irvine, CA, USA). The intervals between death and
preservation, as well as between death and the beginning of
the experiment, were within 12 hours and 10 days, respec-
tively.?

A 3 mm wide human limbal ring was used for the
culture of CSSCs. After the corneal epithelium was mechan-
ically removed, the ring was further divided into 12 pieces,
with each piece placed into an individual well of a
12-well plate. The components of the CSSCs culture medium
were as follows: 88% MEM Alpha basic, 10% (v/v%) fetal
bovine serum, 1% penicillin/streptomycin, and 1% nonessen-
tial amino acids (100x). Primary CSSCs were obtained after
being cultivated at 37°C in a 5% CO, atmosphere for about
14 days, with the medium changed every 2 to 3 days.
Passages 3 to 6 of CSSCs were used for the subsequent
experiments. Our recent study confirmed the cultivation
and identification of CSSCs expressing CD90 and CD105,
with the ability for adipogenesis, chondrogenesis, and
osteogenesis.”

Intervention of Corneal Stromal Stem Cells. The
CSSCs were treated with LPS (50 ng/mL) and LPS combined
with Fer-1 (1 pM/mL, LPS+Fer-1 group) for 48 hours at 37°C
in a 5% CO, atmosphere. The CSSCs treated with the culture
medium without LPS and Fer-1 were used as the control
group. Following the treatment period, cells from the three
groups were collected for further experiments.

ROS and Iron Analysis

ROS Analysis in CSSCs. ROS was detected by
using an Image-iT LIVE Green Reactive Oxygen Species
Detection Kit (Invitrogen, Life Technologies, Carlsbad, CA,
USA) following the manufacturer’s instructions. After being
treated with LPS or LPS+Fer-1 for 48 hours, the CSSCs were
gently washed once with warm HBSS/Ca/Mg. Subsequently,
CSSCs were incubated with 25 pM carboxy-H2DCFDA work-
ing solution at 37°C for 30 minutes in a dark room. Follow-
ing the incubation, CSSCs were washed three times with
HBSS/Ca/Mg and immediately observed under a fluores-
cence microscope to visualize the presence of ROS.

Iron Analysis in Corneal Tissues and CSSCs. Fe*"
in corneal tissues was detected by the Prussian Blue Iron
Stain Kit (Solarbio, Beijing, China) according to the instruc-
tions. In brief, the corneal paraffin sections were incubated

Downloaded from abstracts.iovs.org on 04/23/2024

with Perls Working Solution at 37°C for 20 minutes. Next,
the sections were exposed to an incubation solution, and
enhanced working solution at 37°C for 15 minutes, respec-
tively. Finally, the corneal sections were treated with a redye-
ing solution. Fe>" levels were assessed by determining the
percentage of positive area in corneas using Image]J soft-
ware (National Institutes of Health, Bethesda, MD, USA). The
detection of Fe?* in CSSCs was carried out using a FerroOr-
ange fluorescent probe (Dojindo, Kumamoto, Japan) follow-
ing the manufacturer’s protocol.?¥ The CSSCs subjected to
the treatment were incubated with 250 uM FerroOrange at
37°C for 30 minutes, after which they were immediately
observed under a fluorescence microscope.

Molecular and Protein Analysis

Antibodies. For immunohistochemistry, immunofluo-
rescence, and Western blot, the following antibodies were
used according to the manufacturers’ instructions: mouse
anti-TNF alpha (TNF-«, ab1793; Abcam), rabbit anti-IFN-y
(bs-0480R; Bioss), anti-MPO (22225-1-AP; Proteintech), anti-
alpha smooth muscle actin (¢-SMA, ab124964; Abcam), anti-
transferrin receptor (TFR; ab214039; Abcam), anti-GPX4
(ab125066; Abcam), anti-SLC7A11 (PA1-16893; Invitrogen),
anti-GAPDH (60004-1-Ig; Proteintech), goat anti-rabbit IgG
H&L (HRP; ab205718; Abcam), HRP-conjugated affinipure
goat anti-mouse IgG (H+L; SA00001-1; Proteintech), and
goat anti-rabbit IgG H&L (Alexa Fluor 488; ab150077;
Abcam) antibodies.

RNA Extraction and RT-qPCR. Total RNA was
extracted from the corneas and CSSCs using the RNA Easy
Fast Tissue/Cell Kit (Tiangen, Beijing, China). Subsequently,
the RNA was reversed transcribed (RT) into cDNA using
the HiScript IIT All-in-One RT SuperMix (Vazyme, Nanjing,
China). Real-time quantitative PCR (qPCR) was performed
using Tag Pro Universal SYBR qPCR Master Mix (Vazyme,
Nanjing, China) on an ABI 7500 system (Applied Biosys-
tems, USA). The qPCR process consisted of an initial step
at 95°C for 30 seconds, followed by 40 cycles of denatura-
tion at 95°C for 10 seconds, and annealing and extension at
60°C for 30 seconds. The relative expression of the mRNA
was calculated using the 2722 method. Additional file 3
provides details of the primers used in this study.

Immunostaining. For immunohistochemistry (IHC)
staining, corneal paraffin sections were deparaffinized twice
with xylene for 10 minutes each and hydrated with gradi-
ent alcohol. Next, heat-mediated antigen retrieval was then
conducted. To block endogenous peroxidase, 3% hydrogen
peroxide was applied for 10 minutes, and, subsequently, the
paraffin sections were permeabilized with 0.1% Triton X-
100 for 20 minutes and blocked with goat serum for 1 hours
at room temperature. After that, the paraffin sections were
incubated with MPO (1:500), TNF-« (1:250), IFN-y (1:200),
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a-SMA (1:1000), TFR (1:500), GPX4 (1:250), and SLC7A11
(1:250) antibodies overnight at 4°C. Finally, the samples were
incubated with goat anti-rabbit IgG H&L (HRP) or HRP-
conjugated affinipure goat anti-mouse IgG (H+L) antibodies
(1:1000) for 1 hour at room temperature and stained with
DAB (ZSGB-BIO, Beijing, China) for 5 to 10 minutes and
observed under a microscope. The percentage of the posi-
tive area and the mean optical density were calculated using
Image]J software.

For immunofluorescence (IF) staining, CSSCs, after treat-
ment, were fixed in 4% paraformaldehyde at room tempera-
ture for 10 minutes. Then, CSSCs were incubated with ¢-SMA
(1:500) antibody overnight at 4°C. Negative control was incu-
bated without any primary antibody. The paraffin sections
and CSSCs were incubated with goat anti-rabbit antibody
(Alexa Fluor 488; 1:1000) for 1 hour at room temperature,
followed by staining with DAPI and observed under a fluo-
rescence microscope.

Western Blot. Western blot was performed using a
method in a previous study.?®> Equal amounts of proteins
were electrophoresed on 10% PAGE gel and transferred
to polyvinylidene fluoride membranes using a wet trans-
fer system. Next, the membranes were blocked with 5%
skim milk at room temperature for 1 hour and incubated
with ¢-SMA (1:1000), TFR (1:1000), GPX4 (1:1000), SLC7A11
(1:1000), and GAPDH (1:20000) antibodies overnight at
4°C. After thrice washes with Tris-buffered saline with
Tween-20, the membranes were incubated with goat
anti-rabbit IgG H&L (HRP; 1:5000) and HRP-conjugated
affinipure goat anti-mouse IgG (H+L; 1:5000) antibod-
ies at room temperature for 1 hour. The results were
detected using enhanced chemiluminescence (Analysis
Quiz, Beijing, China). Protein bands were quantified using
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ImageJ software, with normalization to GAPDH levels for all
samples.

Statistical Analysis

Statistical analyses were conducted using Prism software
(version 9.0; GraphPad Software Inc., San Diego, CA, USA).
The normality of quantitative data was assessed using
the Shapiro-Wilk test. Differences in continuous variables
between the two groups were evaluated using Student’s
t-test or Mann-Whitney test, as appropriate. While among
the three groups, the one-way ANOVA or Kruskal-Wallis test
was used. A value of P < 0.05 was considered to indicate
statistical significance.

REsuLTS

Transcriptome Analysis Revealed the Occurrence
of Ferroptosis in Human Corneas of BK

Transcriptome analysis was performed in 7 human corneas
with BK and 12 normal cadaver corneas. PCA showed that
the BK and normal corneas can be clustered into two distinct
groups across all samples (Fig. 2A). Compared with the
normal corneas, there were 927 upregulated genes and
687 downregulated genes in the BK corneas (Fig. 2B).
Notably, significant changes were observed in ferroptosis-
related genes in the BK corneas, including iron metabolism,
lipid metabolism, oxidant-reductant, and endosomal sort-
ing complexes required for transport (ESCRT)-III (Fig. 2C).
Specifically, the gene expressions of iron metabolism
(ALOXS5, FTL, IREB2, and NCOA4), lipid metabolism (ACSL4),
and oxidant-reductant (SAT1, SOCS1, and TP53) showed
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Ficure 3. BK mice displayed inflammation, corneal scarring, and iron accumulation. (A) Corneal photographs indicated strong inflammation
and corneal ulcers after being infected by P. aeruginosa. Upregulated of (B) Tnf-«, (C) Mmp-9, (D) Mpo, and (E) «-Sma mRNA expression
in the BK group. (F) IHC and its quantitative analysis showed increased protein of MPO and «-SMA in cornea tissues of the BK group. (G)
Accumulation of Fe3* in corneal tissues of the BK group. **P < 0.0001; **P < 0.001; **P < 0.01; *P < 0.05.

an increase, while the gene expressions of transferrin (7F)
and oxidant-reductant (GPX2, GPX4, SLC1A5, and SLC2A1)
displayed a decrease in the BK corneas (all P < 0.05;
Fig. 2D). These findings suggested that ferroptosis occurred
in human corneas of patients with BK.

Ferroptosis Presented in BK Mouse Models

After being infected by P. aeruginosa, the mice exhibited
corneal ulcers and strong inflammatory reactions on days
1, 3, 5, and 7 (Fig. 3A). The BK group showed signifi-
cantly higher mRNA levels of Tfn-o, Mmp-9, Mpo, and «-
Sma compared to the sham group (P = 0.0147, P < 0.0001,
P < 0.0001, and P < 0.0001, respectively; Figs. 3B-3E). More-
over, IHC indicated increased protein of MPO and «-SMA in
the corneas of the BK group compared to the sham group
(P = 0.0003 and P = 0.0053, respectively; Fig. 3F). Interest-
ingly, the Prussian blue iron stain showed that the BK group
also had increased Fe** (P < 0.0001; Fig. 3G).

Fer-1 Alleviated Corneal Inflammation and
Scarring in BK Mouse Models

Following treatment with LEV+Fer-1, the BK mice exhib-
ited significantly decreased corneal clinical scores on days
3, 5 and 7 compared to those without treatment (8.5 +
1.0 vs. 11.0 £ 0.7, P = 0.0023; 6.8 + 1.7 vs. 11.0 £ 0.7,
P =0.0003; and 5.3 £+ 1.5 vs. 11.4 + 0.9, P = 0.00006, respec-
tively; Figs. 4A, 4C) and on days 5 and 7 compared to those
treated with LEV alone (6.8 4 1.7 vs. 8.8 & 1.2, P = 0.0406;
and 5.3 + 1.5 vs. 8.6 &+ 2.3, P = 0.025, respectively; Fig. 4C).
Moreover, the LEV+Fer-1 group displayed smaller areas of
scar and lighter opacity than that of the BK and LEV groups
(Figs. 4A, 4B). Compared with the BK and LEV groups, H&E
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staining showed decreased infiltrated inflammatory cells in
the LEV+Fer-1 group (Fig. 4D).

Fer-1 Attenuated Inflammatory Cytokines,
Fibrosis, and Inhibited Ferroptosis in BK Mouse
Models

The LEV+Fer-1 group exhibited decreased mRNA levels of
Mpo, Tnf-a, Ifn-y, and a-Sma compared to the BK group
(all P < 0.05; Figs. 5A-5D). Then, the LEV+Fer-1 group
had lower mRNA levels of Mpo, and «-Sma than that of
the LEV group (P = 0.049 and P = 0.0002, respectively; see
Figs. 5A, 5D). IHC indicated that the LEV+Fer-1 group had
a lower percentage positive area of MPO, TNF-«, IFN-y, and
a-SMA in corneas than that of the BK and LEV group (all
P < 0.05; Fig. 5E).

A higher mRNA expression of Gpx4 in the LEV+Fer-1
group was observed compared with the BK and LEV groups
(all P < 0.0001; Fig. 6A). The LEV+Fer-1 group had higher
mRNA expression of Slc7a11 than that of the BK group but
not the LEV group (P = 0.0228 and P = 0.0935, respec-
tively; see Fig. 6A). The mRNA level of Tfr was the high-
est in the LEV group, followed by the BK group, and the
lowest in the LEV+Fer-1 group (all P < 0.001; see Fig. 6A).
In addition, Western blot showed increased protein levels
of GPX4, and SLC7A11 in the corneas of the LEV+Fer-1
group (all P < 0.01; Fig. 6B). Furthermore, IHC indicated
that the LEV+Fer-1 group had a higher mean optical density
of GPX4, and SLC7A11 than that of the BK and LEV groups
(all P < 0.05; Fig. 6C). There was no significant differ-
ence in the mean optical density of TFR among the three
groups (P = 0.5991; see Fig. 6C). Prussian blue iron stain
showed that the percentage of the positive area of Fe>* was
lower than that of the BK and LEV groups (P < 0.0001 and
P = 0.0105, respectively; Fig. 6D).



Ferroptosis in Bacterial Keratitis IOVS | February 2024 | Vol.65 | No.2 | Article29 | 6

A Day 1 Day 3 Day 5 Day 7

LEV+Fer-1

LEV+Fer-1

ok

Days Post Infection

D BK LEV LEV+Fer-1

TR ST e o e e e % T

s ]

o O 50 pm

Ficure 4. Fer-1 alleviated the clinical manifestation of BK mice. (A) Corneal photographs under diffuse and cobalt blue light after different
treatments on days 1, 3, 5, and 7. (B) Corneal opacity evaluation for the BK, LEV, and LEV+Fer-1 groups on day 7. (C) Comparison of corneal
scores following various treatments. (D) H&E staining revealed a reduction in inflammatory cells in the cornea of the LEV+Fer-1 group
compared to the BK and LEV groups. * Indicates a significant difference compared to the BK group, # indicates a significant difference
compared to the LEV group. **P < 0.001, **P < 0.01, *P < 0.05, # P < 0.05.
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Ficure 5. Fer-1 alleviated inflammatory cytokines and fibrosis of corneas in BK mice. Decreased gene expression of (a) Mpo, (B) Tnf-,
(O) Ifn-y, and (D) a-Sma in the LEV+Fer-1 group. (E) IHC and its quantitative analysis showed decreased protein levels of MPO, TNF-«,
IFN-y, and «-SMA in cornea tissues of the LEV+ Fer-1 group. ****P < 0.0001, **P < 0.001, **P < 0.01, *P < 0.05; ns, not significant.

Fer-1 Inhibited Fibrosis and Ferroptosis of CSSCs
Induced by LPS

Following treatment with LPS, the levels of ROS, Fe*", and
a-SMA increased, whereas GPX4 and SLC7A11 decreased (all
P < 0.05, respectively; Fig. 7). Fer-1 treatment decreased
ROS, Fe*", and a-SMA expressions in LPS-induced CSSCs
(P < 0.0001; see Figs. 7A, 7B, 7F). Furthermore, Fer-1 also
elevated the mRNA expression and protein of GPX4 and
SLC7A11 in CSSCs (P = 0.0016 and P = 0.0012, respec-
tively; see Figs. 7C, 7D), subsequently inhibiting ferropto-
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sis. Additionally, LPS elevated the mRNA expression of TFR
in CSSCs, although it did not have a corresponding effect on
the protein levels. Fer-1 demonstrated a dual effect by reduc-
ing both the mRNA expression and protein levels of TFR
(P = 0.0012 and P = 0.003, respectively; see Figs. 7E, 7F).

DiscuUsSION

BK is a severe vision-threatening infectious disease, primar-
ily due to its severe inflammation and corneal scarring.
Unfortunately, effective treatments to reduce corneal scar-



ring are currently lacking. To address this, transcriptome
analysis was conducted in human BK corneas, which
revealed the presence of a process called ferroptosis in
human corneas affected by bacteria. This finding prompted
us to investigate it further with the BK mouse model.
Based on the BK mice, the occurrence of ferroptosis was
confirmed and ferroptosis inhibitor (Fer-1) combined with
LEV could have positive effects on BK, including improve-
ment of clinical manifestations, and reduction of corneal
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Ficure 6. Fer-1 inhibited corneal ferroptosis of BK mice. (A) Increased gene expression of Gpx4, Slc7a11, and decreased expression of

Tfr in the LEV+ Fer-1 group. (B) Western blot and its quantitative analysis showed increased protein levels of GPX4 and SLC7A11 in the
LEV+ Fer-1 group. (C) IHC and its quantitative analysis showed decreased protein expression of GPX4 and SLC7A11 in corneal tissues of
the LEV+ Fer-1 group, and no difference in TFR protein expression among the three groups. (D) Prussian blue iron stain showed decreased
Fe3* in corneal tissues of the LEV+ Fer-1 group. **P < 0.0001; **P < 0.001; *P < 0.01; *P < 0.05; ns, not significant.

scarring, inflammatory cytokines, and ferroptosis. These
promising results were consistent in LPS-induced CSSCs
in vitro as well. Based on these compelling findings, we
propose that targeting ferroptosis could represent a poten-
tial therapeutic strategy for addressing inflammation and
corneal scarring in BK.

In this research, ferroptosis was observed in both human
and mouse corneas affected by bacteria. We identified
significant differences in ferroptosis regulators related to
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Figure 7. Fer-1 inhibited fibrosis and ferroptosis in CSSCs induced by LPS. (A) Increased of a-SMA, ROS, and Fe?t in the CSSCs induced
by LPS and restored by LPS+Fer-1. (B) Increased gene expression of «-SMA in the LPS group and decreased by LPS+Fer-1. Decreased gene
expression of (C) GPX4 and (D) SLC7A11 in the LPS group and rescued by LPS+Fer-1. (E) Increased gene expression of 7TFR in the LPS
group and restored by LPS+Fer-1. (F) Western blot showed decreased o-SMA and TFR, and increased GPX4 and SLC7A11 in the LPS+Fer-1
group. ***P < 0.0001; **P < 0.001; **P < 0.01; *P < 0.05; ns, not significant.

iron metabolism, lipid metabolism, oxidant-reductant, and iron levels, sustaining mitochondrial activity, metabolizing
ESCRT-III in corneas with BK and normal controls. Ferrop- amino acids, lipids, and sugars, as well as being influ-
tosis is known to be regulated by various cellular metabolic enced by various disease-related signaling pathways.'420
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pathways, including maintaining redox balance, managing P, aeruginosa triggers the production of ROS, leading to lipid
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peroxidation and inflammation, contributing to tissue degra-
dation in keratitis.?”**® S. pneumoniae also induced ROS
generation, oxidative stress, and inflammatory cytokines (IL-
18, IL-6, and IL-8) in both corneal tissues and human corneal
epithelial cells.”” ROS-scavenging glyco-nanoplatform has
been found to promote antibacterial effects, reduce inflam-
mation, and aid in wound healing in a rat model of BK.*
A study by Sharma P and co-authors®' found no signifi-
cant differences in the expression of innate immune-related
genes (IL-1a, IL-1B, and IFN-y) between individuals infected
with S. pneumoniae and P. aeruginosa, suggesting similar
processes in neutrophil recruitment and activation in the
cornea. However, despite these commonalities, the distinct
clinical manifestations of P. aeruginosa and S. pneumoniae
keratitis may be attributed to the release of different toxins,
such as the type III secretion exoenzymes of P aerugi-
nosa and pneumolysin of S. pneumoniae* Additionally,
during the process of ferroptosis, the ESCRT-III-dependent
membrane repair mechanism, activated by Ca*" fluxes, has
been demonstrated to counteract the speed of cell death
and influence the immune responses linked with ferropto-
sis.>* Decreasing of TF, and increasing of ACSL4, TFR, SAT1,
SOCS1, and TP53 induced ferroptosis.>>~*® Furthermore, a
previous study by Yan Q et al.*® revealed that ferroptosis
regulator genes such as SAT1, TF, SLC39A14, FTL, FTH]I,
SLC3A2, TP53, and SLC40A1 were associated with varying
expression of CD8" T cells and monocytes, as indicated
by transcriptome analysis. Similarly, Teng X et al.'® used
bioinformatic techniques to identify altered expressions of
HMOX1, CYBB, and ALOX5 in human Fusarium Kkerati-
tis, indicating their potential involvement in the ferroptosis
process. These findings highlight the complex and multi-
faceted nature of ferroptosis in the context of P. aeruginosa
and S. pneumoniae keratitis.

Our studies demonstrated that inhibiting ferroptosis
effectively alleviated inflammation and corneal scarring in
the BK mice. Fer-1, a specific ferroptosis inhibitor, was
initially identified and named by Dixon SJ and co-authors.!®
By restoring GPX4 and SLC7A11, Fer-1 enhances glutathione
synthesis, scavenging ROS and preventing lipid peroxida-
tion.”> Fer-1 also reduces intracellular iron content and
suppresses inflammatory response.’' Interestingly, in our
study, the mRNA expression of Tfr was increased in the BK
mice and restored by Fer-1, which was inconsistent with
another study,?’ but no difference in protein level. This
discrepancy might signify variations in ferroptosis mecha-
nisms between BK and other diseases, warranting further
investigation. In summary, ferroptosis in BK is triggered by
the downregulation of the GPX4/SLC7A11 axis, and Fer-1
acts on this axis to mitigate inflammation and scarring in BK.
Fer-1 can alleviate corneal opacity, inflammation (IL-1, IL-6,
and TNF-«), and «-SMA in a mouse model of corneal alkali
burn.*? In the human corneal epithelial cell line, Fer-1 has
proven effective in reducing cell death and increasing cell
viability following exposure to cigarette smoke and heated
tobacco products.”> Another ferroptosis inhibitor, UAMC-
3203, has also been found to accelerate corneal epithe-
lial wound healing by stimulating cell migration in both in
vivo and in vitro.* These findings highlight the potential of
ferroptosis inhibitors as promising therapeutic candidates
for mitigating inflammation and tissue damage in BK and
other related conditions.

LPS stimulated fibrosis and triggered ferroptosis in CSSCs,
both of which were effectively reversed by Fer-1. LPS, an
endotoxin produced by Gram-negative bacteria, is associ-
ated with the progression of inflammation and subsequent
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formation of corneal scarring in BK.*> CSSCs possess the
capacity to develop into keratocytes and are capable of
restoring collagen fibril alignment, thus upholding the trans-
parency of the cornea.®>*’” LPS prompts an inflammatory
reaction in activated corneal fibroblasts (known as kerato-
cytes).” In a human bronchial epithelial cell line, the intro-
duction of LPS decreased in the expression of both SLC7A11
and GPX4 genes and proteins, alongside an elevation in
MDA, 4-HNE, and overall iron levels, and inducing ferrop-
tosis.®® These effects were subsequently rectified through
the application of Fer-1. Furthermore, studies have demon-
strated that LPS induces ferroptosis in liver and pulmonary
fibrosis as well.“>>° Notably, the administration of Fer-1 to
lung fibroblasts has been found to decrease o-SMA expres-
sion and impede the process of ferroptosis.®’ Together, LPS
has the potential to contribute to both fibrosis and ferropto-
sis in CSSCs and these can be rescued by Fer-1.

Despite that this study has yielded significant insights,
several limitations need to be acknowledged. First, the
sample size utilized in this study was relatively small,
which calls for studies with larger cohorts to validate and
strengthen the observed results. Second, it is crucial to note
that our study specifically focused on P. aeruginosa and S.
pneumoniae Keratitis in humans, as well as P aeruginosa
in mice and CSSCs. Future investigations should explore
the role of ferroptosis in keratitis caused by S. pneumoniae
and other bacterial strains in animal models and in vitro.
Last, the corneal permeability, maintenance time, and poten-
tial toxicity of ferroptosis inhibitors require further inves-
tigation to ensure their safety and efficacy during clinical
applications.

In conclusion, this study highlights the significant role
of ferroptosis in the pathogenesis of BK. The inhibition
of ferroptosis can potentially ameliorate inflammation and
corneal scarring, improving the prognosis of BK. These find-
ings introduce a novel therapeutic target for effectively treat-
ing inflammation and corneal scarring among patients with
BK.
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