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PURPOSE. To evaluate the precise mode of cell death and to investigate the molecular
mechanism underlying the initiation of inflammation in dry eye disease (DED).

METHODS. C57BL/6 mice were injected with scopolamine subcutaneously and exposed
to desiccating stress to establish a DED mouse model. An immortalized human corneal
epithelial cell line (HCEC) was cultured under hyperosmolarity (500 mOsM). Protein
expressions were measured using western blot assay and immunofluorescence staining.
mRNA expression was analyzed by RNA-sequencing and quantitative RT-PCR. Transmis-
sion electron microscopy was used to observe the intracellular ultrastructure. Intracellu-
lar Fe2+ was detected by a FerroOrange fluorescent probe. Flow cytometry was used to
evaluate the cellular reactive oxygen species and lipid peroxidation.

RESULTS. Marked changes in ferroptosis-related markers expression, intracellular iron
accumulation, and lipid peroxidation were observed in corneal epithelial cells of DED
models. When excessive oxidative stress was suppressed, ferroptosis induced by hyper-
osmolarity in HCECs was restrained, as indicated by decreased iron content and lipid
peroxidation levels. Moreover, AKR1C1 was upregulated by the activation of NRF2 in
HCECs under hyperosmolarity. When AKR1C1 was knocked down, cell viability was
decreased, accompanied by increased lipid peroxidation, whereas overexpression of
AKR1C1 produced the opposite results. It was observed consistently that corneal defects
and the inflammatory response were promoted after inhibition of AKR1C1 in vivo.

CONCLUSIONS. Excessive oxidative stress-induced ferroptosis participates in DED patho-
genesis. The expression of AKR1C1 is triggered by NRF2 to decrease ferroptosis-induced
cell damage and inflammation in HCECs. These findings may provide potential makers
targeting ferroptosis and AKR1C1 for DED therapy.

Keywords: dry eye disease, ferroptosis, oxidative stress, aldo-keto reductase family 1
member C1, nuclear factor erythroid 2-related factor 2

Dry eye disease (DED) is a common ocular surface
disease that affects approximately 5% to 35% of the

population worldwide.1 Chronic activation of inflammation
has been considered the key pathogenesis of DED. Dysreg-
ulated cell death is the main trigger of initiation and ampli-
fication of inflammation.2,3 In the development of DED, the
normal structure and function of corneal epithelial cells
are disrupted under the stresses of tear film instability and
increased tear osmolality. The disruption, thus, induces the
release of a series of innate inflammatory factors, which
in turn promotes the development of DED.1,4 Cell death in
DED has been reported to involve necrosis, apoptosis, and
pyroptosis.5 However, the inhibition of these forms of cell
death does not completely reverse the damage to corneal
epithelial cells in DED, indicating that other modes of cell
death are active. Therefore, a more complete picture of the
mechanisms of cell death in DED is needed, and the molec-
ular mechanism underlying the initiation of inflammatory
injuries in corneal epithelial tissue requires further explo-
ration.

Inflammatory cytokines and various environmental
factors, including pollutants, UV radiation and microbial
infection, can lead to an increased level of oxidative stress
in corneal epithelial cells.6,7 When excessive reactive oxygen
species (ROS) are present, they readily react with proteins,
lipids, and nucleic acids, inducing irreversible functional
alterations or even complete destruction.8–10 Our previous
research also suggested that the release of abundant ROS
would significantly decrease cell viability, thereby promoting
inflammation through a positive feedback loop in DED.11,12

However, the specific mode of cell death and the down-
stream inflammatory pathways activated under oxidative
conditions are not fully defined.

Ferroptosis, an iron-dependent programmed cell death,
has been newly identified.13 Several studies have shown
that ferroptosis is centrally involved in the occurrence and
development of many diseases, such as acute renal fail-
ure, liver fibrosis, neurodegenerative disease, and heart
ischemia/reperfusion injury.14,15 Although the exact mech-
anism of ferroptosis is not yet well-understood, aberrant
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accumulation of lipid peroxides has been identified as a crit-
ical mediator of ferroptosis.16 Because excess lipid perox-
ides can be neutralized by the enzyme glutathione perox-
idase 4 (GPX4), the depletion of GPX4 can directly trig-
ger ferroptosis.17 Lipid peroxides that fail to be metabo-
lized are oxidized by Fe2+ via a Fenton-like reaction, result-
ing in a large amount of lipid ROS, promoting ferropto-
sis. The increase in intracellular Fe2+ is due to an increase
in exogenous iron uptake, facilitated by the upregulation
of transferrin receptor (TFRC). Another important molecule
regulating the intracellular iron levels is the iron-reducing
ferritin, which is composed of ferritin light chain (FTL) and
ferritin heavy chain 1 (FTH1).18 Moreover, the main source of
substrates of lipid peroxides are polyunsaturated fatty acids,
which are activated by long-chain family member 4 (ACSL4),
increasing the risk of lipid peroxidation.19 Hence, ACSL4
has been identified as an important contributor to ferropto-
sis.20 Abnormal expression of any regulator described else-
where in this article is expected to contribute to ferroptosis.
However, little relevant research has focused on the regu-
latory pathways of ferroptosis in DED. The underlying key
factors mediating ferroptosis and the relationship between
lipid peroxidation and oxidative stress need to be further
explored.

Aldo-keto reductases (AKRs) are a superfamily of
proteins that catalyze the reduction of carbonyl substrates
dependent on NAD(P)(H).21 AKR1C1, AKR1C2, and AKR1C3
are members of the AKR 1C subfamily (AKR1Cs). These
enzymes play detoxifying roles in cells owing to their
antioxidant capacity.22,23 Under oxidative stress, AKR1Cs
can convert a genotoxic byproduct of lipid peroxidase, 4-
hydroxy-2-nonenal (4-HNE), into nontoxic 1,4-dihydroxy-2-
nonene with high catalytic efficiency.24 Numerous correla-
tions between AKR1Cs and tumors have been established.25

Activation of AKR1Cs promotes the proliferation of cancer
cells and inhibits the execution of cell death programs,
thus exacerbating resistance to cancer chemotherapeutic
agents.26 However, the upstream regulator of AKR1Cs and
the crosstalk between AKR1Cs and ferroptosis have not been
clarified fully.

In this study, we discovered that excessive oxidative
stress-induced ferroptosis participates in the pathogenesis of
DED. During this process, AKR1C1 is upregulated to protect
corneal epithelial cells from lipid peroxidative damage, trig-
gered mainly by the activation and upregulation of nuclear
factor erythroid 2-related factor 2 (NRF2). Furthermore, we
confirmed that the inhibition of AKR1C1 promotes the devel-
opment of ferroptosis in corneal epithelial cells, causing
subsequent inflammatory responses and dry eye.

METHODS

Reagents and Antibodies

Dulbecco’s modified Eagle’s medium/F12 medium, peni-
cillin/streptomycin, fetal bovine serum, 0.25% trypsin-EDTA,
recombinant human epidermal growth factor, and an insulin-
transferrin-selenium supplement were purchased from Invit-
rogen/Gibco (Carlsbad, CA, USA). Cell culture flasks and 6-
, 12-, 24-, and 96-well culture plates were obtained from
Corning (Corning, NY, USA). A Cell Counting Kit-8 (CCK-
8, #CK04) and FerroOrange fluorescent probe (#F374) were
purchased from Dojindo Laboratories (Kumamoto, Japan).
C11-BODIPY581/591 (#D3861) was purchased from Invitro-
gen. Anti-AKR1C2 (#13035), anti-NRF2 (#12721), anti-TFRC
(#13113), anti-glyceraldehyde-3-phosphate dehydrogenase

(#5174), horseradish peroxidase–conjugated anti-rabbit IgG
(#7076), horseradish peroxidase–conjugated anti-mouse IgG
(#7072), Alexa Fluor 488–labeled donkey anti–rabbit IgG
(#4412), Alexa Fluor 488-labeled donkey anti-mouse IgG
(#4409) antibodies, and DAPI (#4083) were purchased from
Cell Signaling Technology (Danvers, MA, USA). The follow-
ing antibodies were purchased from Abcam (Cambridge,
UK): anti-AKR1C1 (#192785), anti-AKR1C3 (#209899), anti-
HO1 (#68477), anti-GPX4 (#125066), anti-FTH (#65080),
anti-FTL (#69090), and anti-ACSL4 (#155282). MPA (#HY-
B0648) was purchased from MedChemExpress (Monmouth
Junction, NJ, USA). Fer-1 (#SML0583), NAC (#A9165), tert-
butyl hydroperoxide (#458139), BRU (#SML1868), and
other reagent-grade chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA) unless otherwise indicated.

Cell Culture and Development of the
Hyperosmolar Stress Model

The human SV40 immortalized corneal epithelial cell
line (CRL-11135, human corneal epithelium [HCE-2]) was
purchased from ATCC (Manassas, VA, USA). HCE-2 cells were
cultured on plates in a humidified atmosphere containing 5%
carbon dioxide (CO2) at 37°C. Dulbecco’s modified Eagle’s
medium/F12 containing 5 μg/mL insulin, 10 ng/mL human
epidermal growth factor, 10% fetal bovine serum, and 1%
penicillin/streptomycin was used as the culture medium.
HCE-2 cells were then treated for 24 hours in iso- or hyper-
osmolar (312 or 500 mOsM, respectively) medium. Hyperos-
molarity was achieved by adding 94 mM sodium chloride.

Animal Model and Treatment

A total of 72 female C57BL/6J mice aged 6 to 8 weeks
were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). The mice in the dry
eye model were housed in an environmentally controlled
room maintained at 30% humidity or less and were exposed
to a continuous air draft created by fans. The mice were
injected subcutaneously with scopolamine hydrobromide
(1.5 mg/0.3 mL; Sigma–Aldrich) three times daily for 5
consecutive days. Control mice matched for age and sex
were maintained in an environment of 50% to 75% relative
humidity. All animal experiments complied with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research and were approved by the Institutional Review
Board of Zhongshan Ophthalmic Center (Guangzhou, China;
approval ID: 2020-138). Each mouse in the experimental
treatment groups was intraperitoneally injected with 400 μL
of a solution of Fer-1 (0.1 mg/mL; in 10% DMSO) or MPA
(1 mg/mL; in 10% DMSO). The same volume of 10% DMSO
was injected as a control.

Sodium Fluorescein Staining of the Corneal
Epithelium

The inferior lateral conjunctival sac was treated with
sodium fluorescein to evaluate the degree of corneal
epithelial defects in mice. Corneal epithelial images were
acquired by two independent technicians using a cobalt
blue filter in a slit-lamp microscope imaging system (SL-
D7/DC-3/MAGENet; Topcon, Tokyo, Japan). Corneal defects
were quantified with ImageJ software (National Institutes
of Health Bethesda, MD): corneal defect coverage area
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(%) = (fluorescein sodium-positive area/whole corneal area)
× 100%.

Cell Viability Assay

A CCK-8 assay was performed according to the manufac-
turer’s protocol to evaluate cell viability. In brief, HCECs
were seeded in 96-well plates and exposed to conditioned
medium. Then, 100 μL of a mixture of culture medium
and CCK-8 solution was added to each well of the plates.
The plates were then incubated for 1 to 2 hours (37°C, 5%
CO2). The absorbance at 450 nm was measured by using a
microplate reader (BioTek Instruments, Winooski, VT, USA).

Measurement of Intracellular ROS and Lipid
Peroxidation

Intracellular ROS levels were measured using a 2ʹ,7ʹ-
dichlorofluorescein diacetate (H2DCFDA) assay kit (Abcam,
#ab113851). In brief, HCECs were grown in conditioned
medium in six-well plates. When confluent, the cells were
rinsed and incubated with 10 μM H2DCFDA at 37°C for 30
minutes. Subsequently, the reaction mixture was replaced
with 500 μL of PBS. Lipid peroxidation was assessed by treat-
ment with C11-BODIPY581/591 according to the manufac-
turer’s protocol. HCECs were first seeded in six-well plates
and exposed to conditioned medium. When confluent, the
cells were rinsed and incubated with 5 μM C11-BODIPY
working solution at 37°C for 30 minutes. Then, the reac-
tion mixture was replaced with 1 mL of PBS. The levels
of intracellular ROS and lipid peroxidation were measured
separately by flow cytometry (BD LSRFortessa, San Jose, CA,
USA).

Measurement of Intracellular Fe2+

A FerroOrange fluorescent probe was used according to
the manufacturer’s protocol for the detection of intracel-
lular Fe2+. In brief, HCECs were grown in conditioned
medium in 24-well plates. Subsequently, the cells were
rinsed and incubated with 250 μM FerroOrange for 30
minutes. After washing with PBS, the cells were observed
under an inverted fluorescence microscope (Leica Biosys-
tems, Wetzlar, Germany; DMi8). Fe2+ fluorescence intensity
was quantified with ImageJ software.

RNA Interference

HCECs were transfected using Lipofectamine RNAiMAX
Transfection Reagent (Invitrogen, #13778150) with the
following siRNAs: AKR1C1—sense, 5ʹ-GUUUAGAGGCCACC
AAAUUTT-3ʹ, antisense, 5ʹ-AAUUUGGUGGCCUCUAAAGTT-
3ʹ; AKR1C2—sense, 5ʹ-CUGCACAUGUUU ACAAUAATT-3ʹ,
antisense, 5ʹ-UUAUUGUAAACAUGUGCAGTT-3ʹ; AKR1C3—
sense, 5ʹ-GAAUGUCAUCCGUAUUUCATT-3ʹ, antisense,
5ʹ-UGAAAUACGGAUGACAUUCTT-3ʹ; and HMOX-1—sense,
5′-GCAGAGAAUGCUGAGUUCAUGAGGA-3′, antisense, 5′-
UCCUCAUGAACUCAGCAUUCUCUGC-3′. A nontargeting
scramble siRNA was used as a negative control treatment
(Invitrogen). In brief, the siRNA was dissolved in nuclease-
free water to a final concentration of 10 μM. Subsequently,
5 μL of the siRNA and 9 μL of lipofectamine RNAiMAX were
added to 150 μL of Opti-MEM. Then, the solution of siRNA
and lipofectamine RNAiMAX was mixed and incubated at
room temperature for 5 minutes to allow complex forma-

tion. Then, equal volumes of the mixture were added to
the culture plates. Twenty-four hours later, the medium was
replaced with conditioned medium.

AKR1C1 Overexpression

The AKR1C1 gene was cloned into pCDH-copGFP-T2A-Puro
by XbaI-NotI double digestion. The AKR1C1-specific over-
expression vector and empty vector were designed and
constructed by Tsingke Biotechnology (Beijing, China). The
recombinant lentiviral plasmid was transfected into 293T
cells to produce recombinant lentivirus. Then, the lentiviral
vectors were transfected into HCECs according to the manu-
facturer’s instructions. In brief, HCECs were seeded in six-
well plates and cultured to 40% to 60% confluence. Then, the
HCECs were transfected with the corresponding lentivirus.
After 36 hours of transfection, the cells were subcultured for
the following experiments.

Western Blot Analysis

Total cellular and corneal protein was extracted with a
Minute Total Protein Extraction Kit (Invent Biotechnologies,
#SD001). A bicinchoninic acid protein assay kit (Millipore,
Billerica, MA, USA) was used to measure the total protein
concentration. Then, equal amounts of protein samples were
loaded onto sodium dodecyl sulfate-polyacrylamide gels and
electrophoresed. The separated proteins in the gels were
transferred to polyvinylidene fluoride membranes (Milli-
pore, Bedford, MA, USA). After blocking the membranes
with 5% nonfat milk in Tris-buffered saline with Tween 20
for 2 hours at room temperature, the membranes were incu-
bated with the appropriate primary antibodies overnight.
After the membranes were rinsed thoroughly, they were
further incubated with secondary antibodies for 1 hour at
room temperature. An ECL kit (Vazyme, #E411) was used
to magnify the horseradish peroxidase signals, which were
detected with a Bio-Rad (Bio-Rad Laboratories, Inc., Berke-
ley, CA, USA) Western blot detection system. Grayscale
images of the Western blots were used for semiquantitative
analysis with ImageJ software.

RNA-Sequencing (RNA-Seq) Analysis

RNA extraction from the HCEC and C57BL/6J mouse cornea
samples was performed using an RNeasy Mini Kit (Qiagen,
Valencia, CA, USA; #74106). A TruSeq Stranded mRNA
Library Prep kit (Illumina, San Diego, CA, USA; #20020594)
was used to construct the RNA-seq libraries. Total RNA was
sequenced on Illumina PE150 sequencers. Sequencing reads
were mapped to hg19 using STAR. Transcript per million
values were calculated using the relative standard error
of the mean. Differential expression was determined using
DESeq2. Differentially expressed genes were defined at a P
value of less than 0.01 as well as a log2-fold change of greater
than 1. Two or three biological samples in each group were
applied to the RNA-seq data.

Quantitative RT-PCR (qRT-PCR)

Total RNA from HCECs or intact corneas was extracted with
an RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. Total RNA was quantified with a spectropho-
tometer (NanoDrop ND-1000; ThermoFisher Scientific,
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Waltham, MA, USA). cDNA was synthesized with
PrimeScript RT Master Mix (TAKARA BIO INC, Shiga, Japan)
and was then amplified with SYBR Green Supermix (Bio-
Rad Laboratories, Inc.) in a Light Cycler 480 Real-Time PCR
System with designed primers. Glyceraldehyde-3-phosphate
dehydrogenase served as the internal reference gene. The
sequences of the primers are shown in Supplementary
Table S1.

Immunofluorescence Staining

For cell immunofluorescence staining, HCECs were grown
in 24-well plates containing a cover glass in each well. After
different treatments, the cells were sequentially washed
with PBS, fixed with 4% paraformaldehyde for 10 minutes,
blocked with 3% BSA containing 0.3% Triton X-100 for 1
hours, and incubated overnight at 4°C with the primary anti-
bodies. After washing, the cells were incubated for 1.5 hours
with the secondary antibody. Images were acquired using an
inverted fluorescence microscope (Leica Biosystems, DMi8).

For corneal immunofluorescence staining, mice were
euthanized, and their eyeballs were excised. After fixation
and paraffin embedding, the eyeballs were sectioned. Slices
were dewaxed with dimethylbenzene and then subjected to
high pressure for antigen retrieval. The remaining steps were
performed as previously described for cell immunofluores-
cence staining. Fluorescence intensity was quantified with
ImageJ software.

TUNEL Staining

A TUNEL FITC Apoptosis Detection Kit (Vazyme Biotechnol-
ogy, Nanjing, China) was used for the TUNEL assay accord-
ing to the manufacturer’s instructions. In brief, paraffin-
embedded corneal sections were dewaxed with dimethyl-
benzene and blocked with 3% BSA containing 0.3% Triton
X-100 for 1 hour. Then, the sections were incubated with
TUNEL reaction mix at 37°C for 1 hour. Fluorescence was
observed with an inverted fluorescence microscope (Leica
Biosystems, DMi8). TUNEL-positive cells were quantified
with ImageJ software: TUNEL-positive cells (%) = (fluores-
cein TUNEL-positive area/whole image area) × 100%.

Transmission Electron Microscopy

HCECs were fixed with 2.5% glutaraldehyde and 150 mM
sodium cacodylate (pH 7.4) at 4°C overnight. HCECs were
postfixed in 1% osmium (VIII) oxide (OsO4) followed by
uranyl acetate, dehydrated in ethanol and embedded in
epoxy resin. A Hitachi (HT7700, Tokyo, Japan) transmis-
sion electron microscope system was used to examine the
sections.

Statistical Analysis

All data are expressed as the mean ± standard deviation.
Statistical analyses were performed using GraphPad Prism
(GraphPad, San Diego, CA). The Student t test was used
to compare differences between groups. One- or two-way
ANOVA followed by Bonferroni’s post hoc test was used for
comparisons among three or more groups. A P value of less
than 0.05 was considered to indicate statistical significance.

RESULTS

Corneal Epithelial Cells Undergo Ferroptosis in
Dry Eye

To explore whether ferroptosis occurs in corneal epithe-
lial cells in dry eye, HCECs were exposed to hyperosmo-
larity to establish a DED model in vitro for RNA sequencing.
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analysis of differentially expressed genes
between the Ctr group and the hyperosmolarity group
showed that ferroptosis was included in the top 20 enrich-
ment pathways (Fig. 1a and Supplementary Table S2). In
the sequencing results, the ferroptosis-related genes were
first divided into three categories based on their regula-
tory functions. Then the genes with obvious changes in
each of the three pathways were selected to explore the
specific mechanism of ferroptosis in dry eye (Fig. 1b and
Supplementary Table S3). Among these genes, we confirmed
that the mRNA expression of a negative regulator (GPX4)
was decreased and that of positive regulators (TFRC and
ACSL4) was increased in HCECs under hyperosmolar condi-
tions (Supplementary Fig. S1). However, unlike its mRNA
expression, a decreasing trend was observed for the protein
expression of ACSL4 (Supplementary Fig. S1 and Fig. 1c). In
addition, the negative regulators FTL and FTH1 were upreg-
ulated (Supplementary Fig. S1 and Fig. 1c), and these regula-
tors were reported to combine with iron to decrease the cell
damage caused by free iron. To further investigate the intra-
cellular iron content, a FerroOrange fluorescent probe was
applied. Compared with the control group, the density of
red fluorescence representing the intracellular Fe2+ content
was increased significantly in HCECs under hyperosmolarity.
(Fig. 1d). These data indicated that the upregulated FTL and
FTH1 may fail to completely bind the excess intracellular
iron. To better distinguish the morphologic changes asso-
ciated with ferroptosis in hypertonic HCECs, HCECs were
treated with (1S,3R)-RSL3 (RSL3), which induces ferroptosis
upon inactivating GPX4, as a positive control. Transmission
electron microscopy demonstrated considerable shrinkage
of mitochondria with increased membrane density and the
disappearance of mitochondrial cristae, typical to morpho-
logic characteristics of ferroptosis, in both the hyperosmolar-
ity and RSL3 groups (Fig. 1e). Lipid peroxide generation eval-
uated by the fluorescence of the specific probe BODIPY C11
showed evident accumulation of lipid peroxides in HCECs
subjected to hyperosmolar stress (Fig. 4b). Collectively, our
findings confirmed that ferroptosis was induced in HCECs
in DED.

The Ferroptosis Inhibitor Ferrostatin-1 (Fer-1)
Alleviates Dry Eye In Vivo

RNA sequencing and KEGG pathway enrichment analy-
sis were also performed in vivo to compare and analyze
the untreated group and the desiccation stress (DS)-treated
group. The results indicated that ferroptosis occurred in the
corneal epithelial cells of DS mice (Figs. 2a, b, Supplemen-
tary Tables S4 and S5). The important ferroptosis-related
markers GPX4, TFRC, FTL, and FTH1 showed the same
expression trend as in vitro, as demonstrated by qRT-PCR,
immunofluorescence staining, and Western blot (Figs. 2c, d
and Supplementary Figs. S2a–c). Interestingly, the expres-
sion of ACSL4, which is recognized as an important regula-
tor facilitating the synthesis of polyunsaturated fatty acids
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FIGURE 1. HCECs undergo ferroptosis under hyperosmolarity. (a) Top 20 KEGG pathway enrichment analyses in HCECs cultured in hyper-
osmotic medium (Hy, 500 mOsM) relative to those cultured in normal medium (Ctr) for 24 hours (two samples per group). (b) Heatmap
showing the transcriptional changes in ferroptosis-related genes in the two groups. (c) Representative immunoblots for GPX4, TFRC, FTL,
FTH1, and ACSL4 in control and hyperosmolarity-treated HCECs. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the
loading control. Relative protein expression levels were calculated with ImageJ and normalized to GAPDH. N = 3 per group. (d) Intracellular
Fe2+ was detected with the FerroOrange probe under an inverted fluorescence microscope (blue, Hoechst-stained nuclei; red, FerroOrange-
stained Fe2+). Scale bar, 100 μm. The Fe2+ fluorescence intensity was quantified by ImageJ. (e) HCECs were cultured in normal medium,
hyperosmotic medium or normal medium containing (1S,3R)-RSL3 (RSL3, 5 μM). Representative ultrastructural micrographs were acquired by
transmission electron microscopy. The hyperosmolarity and RSL3 groups showed shrinkage of mitochondria, increased membrane density,
and the disappearance of mitochondrial cristae. Black arrows indicate those typical morphologic characteristics. Scale bar, 2 μm. *P< 0.05;
**P< 0.01.

and induction of ferroptosis, was increased and had the
most marked change in the in vivo DED model (Fig. 2c
and Supplementary Figs. S2a, b). Next, to further explore the
relationship between ferroptosis and ocular surface defects
in dry eye, Fer-1 (0.1 mg/mL, 400 μL, in 10% DMSO every
day), a specific inhibitor of ferroptosis,27 was intraperi-

toneally injected into DED model mice. Because 4-HNE is
considered a byproduct of lipid peroxidation,28 immunoflu-
orescence staining of 4-HNE was used to indicate the level
of lipid peroxidation in vivo. Fer-1 availability rescued the
ocular surface defects (Figs. 3a, b), decreased the death
of corneal epithelial cells (Figs. 3c, d), and significantly
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FIGURE 2. Corneal epithelial cells underwent ferroptosis in a mouse model of DED. Experimental group mice were subjected to DS for
5 days. (a) Top 50 KEGG pathway enrichment analysis in corneas from untreated (UT) mice and DS mice. (b) Heatmap showing the
transcriptional changes in ferroptosis-related genes in the two groups (three samples per group). (c) Representative immunoblots for GPX4,
TFRC, and ACSL4 of the UT and DS groups. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the loading control. Relative
protein expression levels were calculated with ImageJ and normalized to GAPDH. N = 3 per group. *P < 0.05, **P < 0.01. (d) Representative
fluorescence images showing the expression of FTL, FTH1 in the corneal epithelium in the UT and DS groups. White arrows indicate the
marked positive-expression area of FTL, FTH1 (blue, DAPI-stained nuclei; green, anti-FTL, anti-FTH1 antibody staining-positive cells) Scale
bar, 100 μm.

decreased 4-HNE expression compared with that in the
untreated DED model mice (Figs. 3e, f). To evaluate the

severity of dry eye and explore the relationship between
ferroptosis and inflammation, we evaluated the expression
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FIGURE 3. Fer-1 alleviates corneal defects and the inflammatory response in vivo. (a) Photographs of corneal fluorescein staining. (b) The
corneal defect area (percentage) was calculated with ImageJ. N = 5 per group. (c) The percentage of TUNEL-positive cells was determined
with ImageJ. N = 4 per group. (d) Representative fluorescence images from the TUNEL assay of the corneal epithelium from UT mice,
DS mice and DS mice treated with ferrostain-1 (Fer-1) (blue, DAPI-stained nuclei; green, TUNEL-stained dead cells). White arrows indicate
TUNEL-positive cells. Scale bar, 100 μm. (e) Representative fluorescence images showing the expression of 4-HNE in the corneal epithelium
of UT, DS, and DS-Fer-1 mice. Scale bar, 100 μm. (f) Representative immunoblots for 4-HNE, TNF-α, NF-κB, and IL-1β of the UT, DS, and
DS-Fer-1 groups. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the loading control. Relative protein expression levels
were calculated with ImageJ and normalized to GAPDH. N = 3 per group. *P< 0.05, **P< 0.01, ***P< 0.001.

levels of the typical DED-associated inflammatory path-
way nuclear factor-κB (NF-κB) and the inflammatory factors
tumor necrosis factor-α (TNF-α) and IL-1β. It is found that
Fer-1 effectively decreased the protein expression of TNF-
α, NF-κB, and IL-1β in DED mice (Fig. 3f). These results
suggested that ferroptosis promoted the damage to corneal
epithelial cells and the development of inflammation in dry
eye, which could be partially reversed by Fer-1.

Oxidative Stress Induces Ferroptosis in Dry Eye

Activation of oxidative stress in corneal epithelial cells in
dry eye has been proven in many studies, and our stud-

ies also confirmed this conclusion (Fig. 4a). More recently,
ferroptosis has been identified to be involved in oxida-
tive stress-induced cell death in numerous diseases. To
explore the role of oxidative stress in ferroptosis induc-
tion in DED, N-acetylcysteine (NAC), an ROS scavenger, was
used to treat HCECs with and without hyperosmolar stress.
The increases in the generation of lipid peroxides and the
iron content with hyperosmolarity were abrogated by NAC
(Fig. 4b and Supplementary Fig. S3). Correspondingly, after
NAC treatment, the expressions of TFRC, FTL, and FTH1 have
decreased, and GPX4 expression was upregulated (Figs. 4c,
d). To further demonstrate the relationship between oxida-
tive stress and ferroptosis, HCECs were exposed to 400 μM
tert-butyl hydroperoxide, a common inducer of oxidative
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FIGURE 4. Oxidative stress induces ferroptosis in dry eye. (a) ROS levels in HCECs with or without exposure to hyperosmolar stress (500
mOsM, 24 hours) were measured with the H2DCFDA probe using flow cytometry. (b) HCECs were cultured in normal or hyperosmotic
medium with or without NAC (1 mM) and BRU (50 nM) for 24 hours. Then, lipid peroxidation was evaluated with the BODIPY 581/591-C11
probe using flow cytometry. N = 3 per group. (c) The mRNA expression levels of GPX4, TFRC, FTL, and FTH1 were evaluated by qRT-PCR.
N = 3 per group. (d) Representative immunoblots for GPX4 and TFRC. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
the loading control. Relative protein expression levels were calculated with ImageJ and normalized to GAPDH. N = 3 per group. (e) ROS
levels in HCECs treated or not treated with tert-butyl hydroperoxide (TBHP, 400 μM, 6 hours) were measured with the H2DCFDA probe
using flow cytometry. (f) Lipid peroxidation was evaluated with the BODIPY 581/591-C11 probe using flow cytometry. N = 3 per group. (g)
Representative immunoblots for GPX4 and TFRC. GAPDH was used as the loading control. Relative protein expression levels were calculated
with ImageJ and normalized to GAPDH. N = 3 per group. *P< 0.05, **P< 0.01, ***P< 0.001.

stress. After tert-butyl hydroperoxide treatment, the levels of
total ROS and lipid peroxidation were consistently shown to
be increased (Figs. 4e, f), and the expression of GPX4 was
significantly downregulated, accompanied by marked upreg-
ulation of TFRC (Fig. 4g). These data proved that oxida-
tive stress participated in inducing ferroptosis in HCECs
in DED.

AKR1C1 Activation Protects HCECs From
Ferroptosis-Mediated Damage In Vitro

We took advantage of the results from previous RNA
sequencing, which indicated that the expression of AKR1Cs
(AKR1C1–3) obviously increased in genes related to the
response to oxidative stress (Fig. 5a, Supplementary

Table S6). AKR1Cs are a family of oxidoreductases with the
ability to detoxify cytotoxic aldehydes, which are produced
during lipid peroxidation.29 To determine the function of
AKR1Cs in ferroptosis in dry eye, HCECs were exposed
to hyperosmolarity in the presence or absence of medrox-
yprogesterone (MPA), a paninhibitor of AKR1C1–3.30 The
data shown in Fig. 5c suggest that the combined hypertonic
medium and MPA treatment notably decreased cell viabil-
ity. To determine which AKR1C family member plays the
most pivotal protective role, we transfected HCECs with si-
AKR1C1, si-AKR1C2, and si-AKR1C3 separately to inhibit
the expression of the three enzymes. The silencing effi-
ciency was confirmed by qRT-PCR (Supplementary Fig. S4b–
d). Our results demonstrated that the viability of hyper-
tonic HCECs with AKR1C1 knockdown exhibited the most
significant decrease (Fig. 5d). Moreover, the fold changes in
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FIGURE 5. Inhibition of AKR1C1 promotes ferroptosis in HCECs exposed to hyperosmolarity. (a) Heatmap showing the transcriptional
changes in genes related to the response to oxidative stress in HCECs cultured in hyperosmotic medium (Hy, 500 mOsM) relative to those
cultured in normal medium (Ctr) for 24 hours. The normalized data are shown in the modules. (b) Representative immunoblots for AKR1C1,
AKR1C2, and AKR1C3. (c) HCECs were cultured in normal or hyperosmotic medium for 24 hours and were then treated with MPA (0, 5, or 10
μM for 24 hours). Then, cell viability was measured by a CCK-8 assay. N = 4 per group. (d) HCECs were exposed to hyperosmolarity for 24
hours after transfection with scramble siRNA (si-NC), si-AKR1C1, si-AKR1C2, and si-AKR1C3 for 24 hours. Then, cell viability was measured
by a CCK-8 assay. N = 4 per group. (e) Lipid peroxidation was evaluated with the BODIPY 581/591-C11 probe using flow cytometry. N = 3
per group. (f) The mRNA expression levels of GPX4, TFRC, FTL, and FTH1 were evaluated by qRT-PCR. N = 3 per group. (g) Representative
immunoblots for AKR1C1, GPX4, TFRC, FTL, and FTH1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the loading
control. Relative protein expression levels were calculated with ImageJ and normalized to GAPDH. N = 3 per group. ns, P > 0.05, *P < 0.05,
**P < 0.01, ***P < 0.001.

AKR1C1 mRNA and protein expression levels were the great-
est among the three groups (Fig. 5b and Supplementary Fig.
S4a). Therefore, we detected the lipid peroxidation level and
the expression of key ferroptosis-related markers (GPX4,
TFRC, FTL, and FTH1) in HCECs with AKR1C1 knockdown
under hyperosmolarity. As shown in Figs. 5e–g, lipid perox-
idation level increased and the expression of GPX4, FTL,
and FTH1 decreased, accompanied by the increased expres-

sion of TFRC, which indicated that the ferroptosis was
promoted when AKR1C1 was knocked down. Next, we over-
expressed AKR1C1 in HCECs. As previously described, the
overexpression efficiency was proven by qRT-PCR 36hours
after infection (Supplementary Fig. S4e). As expected, cell
viability in the AKR1C1 group (HCECs infected by the
AKR1C1-specific overexpression vector) increased signifi-
cantly, accompanied by a decreased lipid peroxidation level
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FIGURE 6. Overexpression of AKR1C1 suppresses ferroptosis in vitro. (a) HCECs were exposed to hyperosmolarity for 24 hours after
transduction with the AKR1C1-specific overexpression vector or empty vector for 36 hours. Then, cell viability was measured by a CCK-8
assay. N = 4 per group. (b) Lipid peroxidation was evaluated with the BODIPY 581/591-C11 probe using flow cytometry. N = 3 per group.
(c) Intracellular Fe2+ in vector- or AKR1C1-overexpressing HCECs under hyperosmolar stress was detected with the FerroOrange probe under
an inverted fluorescence microscope (blue, Hoechst-stained nuclei; red, FerroOrange-stained Fe2+). Scale bar, 100 μm. Fe2+ fluorescence
intensity was quantified by ImageJ. (d) The mRNA expression levels of GPX4, TFRC, FTL, and FTH1 were measured by qRT-PCR. N = 3
per group. (e) Representative fluorescence images showing the expression of GPX4, TFRC, FTL, and FTH1. Scale bar, 100 μm. *P< 0.05,
**P< 0.01, ***P< 0.001.

and iron content, compared with that in the vector group
(HCECs infected by the empty vector) (Figs. 6a–c). The
mRNA and protein expression levels of key ferroptosis-
related markers (GPX4, TFRC, FTL, and FTH1) indicated
that ferroptosis was suppressed by the overexpression of
AKR1C1 (Figs. 6d, e). Taken together, our results indicated
that the upregulation of AKR1C1 can protect HCECs against
ferroptosis and partially offset the cell damage induced by
hyperosmolarity.

NRF2 Upregulates AKR1C1 in HCECs Under
Hypertonic Stress

Our previous results revealed that AKR1C1 is a key enzyme
protecting against HCEC ferroptosis in dry eye; thus, we
sought to investigate the molecular mechanism regulating
AKR1C1 expression. The antioxidant system is simultane-
ously activated when ROS accumulate excessively in cells,
and the canonical transcription factor NRF2 is an important
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FIGURE 7. NRF2 upregulates AKR1C1 to protect against ferroptosis in HCECs under hyperosmolar stress. (a) HCECs were cultured in
normal or hyperosmotic medium with or without BRU (50 nM) for 24 hours. Then, intracellular Fe2+ was detected with the FerroOrange
probe under an inverted fluorescence microscope (blue, Hoechst-stained nuclei; red, FerroOrange-stained Fe2+). Scale bar, 100 μm. Fe2+
fluorescence intensity was quantified by ImageJ. (b) Representative immunoblots for AKR1C1, GPX4, and TFRC. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as the loading control. Relative protein expression levels were calculated with ImageJ and normalized
to GAPDH. N = 3 per group. (c) The expression level of AKR1C1 was measured by qRT-PCR. N = 3 per group. (d) The expression level of
NRF2 was measured by qRT-PCR in scramble siRNA (si-NC) and si-AK1 HCECs with or without hyperosmolarity exposure. N = 3 per group.
(e) The expression level of NRF2 was measured by qRT-PCR in vector- and AKR1C1-transfected HCECs with or without hyperosmolarity
exposure. N = 3 per group. ns, P > 0.05, *P< 0.05, **P< 0.01, ***P< 0.001.

transcription factor regulating the antioxidant pathway.31

Thus, our investigation focused on NRF2. First, we observed
that the expression levels of NRF2 in HCECs under hyper-
osmolar stress were significantly increased (Supplementary
Fig. S5a, b). Furthermore, we confirmed that HCECs under-
went more ferroptosis when NRF2 was inhibited by brusatol
(BRU), which is reported to be a specific NRF2 inhibitor,
as indicated by a marked increase in lipid peroxidation

and cellular iron content, a downregulation of GPX4 and
the upregulation of TFRC (Fig. 4b, and Figs. 7a, b). Next,
we evaluated the regulatory relationship between NRF2
and AKR1C1. Interestingly, the data clearly suggested that
the inhibition of NRF2 by BRU resulted in a consistent
decrease in hyperosmolarity-mediated AKR1C1upregulation
(Figs. 7b, c). Conversely, the mRNA expression levels of
NRF2 were not significantly influenced in hypertonic HCECs
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with knockdown or overexpression of AKR1C1 (Figs. 7d,
e). Heme oxygenase-1 (HMOX-1) was acknowledged as the
most correlated gene in response to NRF2 activation in the
antioxidative pathway in DED. However, the knockdown of
HMOX-1 decreased cell viability, but had no effect on the
lipid peroxidation level in HCECs exposed to hyperosmo-
larity (Supplementary Fig. S5c, d). Therefore, these results
suggested that NRF2 is activated to decrease the level of

lipid peroxidation and inhibit ferroptosis in HCECs under
the hypertonic state by upregulating AKR1C1 independent
of HMOX-1.

Inhibition of AKR1C1 Promotes Dry Eye In Vivo

The findings from cellular studies prompted us to further
analyze the function of AKR1C1 in ferroptosis-associated

FIGURE 8. Inhibition of AKR1C1 promotes dry eye in vivo. (a) Photographs of corneal fluorescein staining after treatment for 1, 3, and 5
days. (b) The corneal defect area (percentage) was calculated with ImageJ. N = 5 per group. (c) The percentage of TUNEL-positive cells
was determined with ImageJ. N = 4 per group. (d) Representative fluorescence images from the TUNEL assay of corneal epithelium from
the untreated (UT) group, UT group with MPA treatment, DS group, and DS group with MPA treatment on day 5 (blue, DAPI-stained nuclei;
green, TUNEL-positive dead cells). White arrows indicate TUNEL-positive cells. Scale bar, 100 μm. (e) Representative fluorescence images
showing the expression of 4-HNE in the corneal epithelium from the UT, UT-MPA, DS and DS-MPA groups on day 5. Scale bar, 100 μm.
(f) Representative immunoblots for 4-HNE, TNF-α, NF-κB, and IL-1β in the UT, UT-MPA, DS, and DS-MPA groups on day 5. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as the loading control. Relative protein expression levels were calculated with ImageJ and
normalized to GAPDH. N = 3 per group. *P< 0.05, **P< 0.01, ***P< 0.001.
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dry eye in vivo. Because few specific inhibitors targeting
AKR1C1 have been identified, MPA was used to inhibit
AKR1C1. To examine the possible effect of AKR1C1 on dry
eye in vivo, we treated wild-type mice and DED model mice
with vehicle (10% DMSO, 400 μL, daily, intraperitoneally)
and MPA (1 mg/mL, 400 μL, in 10% DMSO, daily, intraperi-
toneally). As shown in Figs. 8a–d, DED mice treated with
MPA exhibited more severe corneal epithelial defects and
incurred more corneal epithelial cell death. The expression
of 4-HNE in the DS-MPA group was increased, indicating
higher levels of lipid peroxidation than those in the DS
group (Figs. 8e, f). Moreover, the data presented in Fig. 8f
and Supplementary Fig. S6 indicated that the expression
levels of TNF-α, NF-κB, and IL-1β were increased in DED
mice after inhibition of AKR1C1 by MPA. Taken together,
these in vivo results suggested that activation of AKR1C1
protected corneal epithelial cells from lipid peroxidative
damage and relieved the inflammatory response in DED.

DISCUSSION

A vicious cycle of ocular surface inflammation and corneal
epithelial defects has been shown to promote the devel-
opment of DED.6,32 Previous research suggested that the
modes of corneal epithelial cell death in DED mainly include
necrosis and apoptosis. Moreover, pyroptosis was recently
confirmed to be involved in the pathogenesis of dry eye.5 In
the present study, our RNA-seq analysis of corneal epithe-
lial cells showed that the mRNA expression of ferroptotic
factors has increased and that of antiferroptotic factors has
decreased in DED. Furthermore, the increase in the intracel-
lular iron content combined with the accumulation of lipid
peroxides induced by excessive oxidative stress indicated
that ferroptosis might occur in dry eye. During this process,
we also found that AKR1C1 was markedly upregulated via
NRF2, which played a vital role in preventing ferroptosis.

Ferroptosis has been reported to be closely correlated
with numerous human diseases, such as acute kidney injury,
neurological disorders, and various tumors; however, there is
a lack of research on the change and function of ferroptosis
in dry eye.16,33,34 Here, we provide the first evidence of the
occurrence of ferroptosis in dry eye. Cysteine metabolism,
iron metabolism, and lipid metabolism are acknowledged
to be indispensable for ferroptosis induction.19 Indeed, we
found that ferroptosis in DED was accompanied by the inhi-
bition of GPX4, the accumulation of intracellular iron, and
an increased expression of ACSL4. However, our results in
vivo and in vitro did not point to the same, exact mechanism
of ferroptosis. Our data revealed that a decrease in GPX4
expression and accumulation of intracellular iron were the
main contributors to ferroptosis induction in vitro, whereas
lipid metabolism regulated by ACSL4 may be the core mech-
anism of ferroptosis in vivo. Notably, the protein expression
of ACSL4 differed between HCECs exposed to hyperosmolar-
ity and DED mice. Some recent studies have suggested that
the expression of ACSL4 seems to be a predictive marker for
ferroptosis sensitivity.35,36 In our research, we indeed found
that the viability of HCECs has decreased under relatively
high concentrations of the ferroptosis inducers erastin and
RSL3 in vitro. The marked upregulation of ACSL4 in DED
mice may indicate that corneal epithelial cells under DS were
more sensitive to ferroptosis, which calls for a need for this
phenomenon to be explored in the future. Admittedly, the
precise correlation of ferroptosis in vivo and in vitro still
needs to be studied in greater depth. In general, our study

enhanced the understanding of the pathogenic mechanism
related to cell death in corneal epithelial cells in DED.

Iron homeostasis is essential for maintaining the normal
physiological activities of the cell.37 An aberrant accumu-
lation of iron damages organelles and cell membranes by
producing massive amounts of lipid ROS and thereby induc-
ing ferroptosis.13,14 Intracellular iron levels are controlled by
regulatory factors, including TFRC, FTL, and FTH1. Increased
expression of TFRC, the central regulator, leads to an
increase in the flux of iron into the cell. The iron storage
protein complex composed of FTL and FTH1 can bind to
free iron to decrease cell damage.38,39 Most of the current
literature suggests that FTL and FTH1 are downregulated
in the process of ferroptosis.14,40 However, we observed
that TFRC, FTL and FTH1 were simultaneously upregulated
in HCECs exposed to hyperosmolarity. We speculated that
increased expression of TFRC led to an increase in iron trans-
ported into the cell, which in turn promoted the synthesis of
iron-binding proteins. Consistent with this hypothesis, the
increased content of iron shown by iron staining demon-
strated that the upregulation of iron storage proteins failed
to eliminate excess Fe2+. Hence, our results suggested that
the increases in FTL and FTH1 expression were mediated by
excessive intracellular Fe2+ content during ferroptosis, indi-
cating that a comprehensive analysis of the final content of
iron as well as ferroptosis-related proteins was necessary.

The AKR1C family has been reported to be involved in
various human cancers.21,41 The overexpression of AKR1Cs
has been identified as a marker of the growth and progres-
sion of tumors and found to promote metastasis and drug
resistance in cancer.25,26 Interestingly, we found that AKR1Cs
were prominently activated in HCECs under hyperosmolar
stress. Furthermore, cell viability was significantly decreased
after the inhibition of AKR1Cs, especially AKR1C1. In vivo,
ocular surface defects and the inflammatory response in
DED mice were promoted by MPA, an inhibitor of AKR1Cs.
In contrast, the overexpression of AKR1C1 abated the
cell damage caused by ferroptosis. Therefore, our results
revealed that AKR1C1 was strikingly activated by hyper-
osmolarity to encourage HCECs to guard against lipid
peroxidation-related ferroptosis. Moreover, the knockdown
of AKR1C1 had a greater impact on the expression of TFRC
and FTL than GPX4, indicating that AKR1C1 suppressed
ferroptosis primarily by stabilizing the balance of iron
metabolism. However, we observed that the protective effect
of AKR1C1 was limited, because HCECs still underwent
partial ferroptosis under hypertonic stimulation, even when
AKR1C1 was artificially overexpressed. Nevertheless, our
research proposes a novel theory that the upregulation of
AKR1C1 protects corneal epithelial cells against ferroptosis
in DED, providing a potential gene target for DED therapy.

Several studies have shown that NRF2 facilitates
cellular redox homeostasis by regulating the expres-
sion of many antioxidative enzymes, including thiore-
doxin reductase 1, NAD(P)H-quinone oxidoreductase 1, and
HMOX1.42,43 Among pathways related to these enzymes,
the NRF2/HMOX-1 pathway has been acknowledged as
an important antioxidative and antiapoptotic mechanism
in DED,44,45 an assertion that was also confirmed in our
previous research efforts. In our current study, we discov-
ered that the regulation of HMOX-1 affected the cell viabil-
ity percentage, but had no significant influence on the
lipid peroxidation level in dry eye. However, the specific
NRF2 inhibitor BRU significantly exacerbated ferroptosis by
suppressing AKR1C1 expression. Thus, these results strongly
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indicated that NRF2 probably inhibits ferroptosis by acti-
vating AKR1C1 independent of the classic factor HMOX-1.
These data provide a novel option for the NRF2/AKR1C1
pathway to protect against ferroptosis-induced damage
in HCECs and enrich and expand the understanding of
the mechanistic network of NRF2 in the pathogenesis
of DED.

Recently, several studies have suggested that ferroptosis is
a form of necrotic death that induces cells to release damage-
associated molecular patterns, which amplify immune cell
infiltration and the inflammatory response.46,47 In contrast,
some research has reported that ferroptosis may be a
therapeutic physiological process protecting against both
inflammatory and neoplastic processes.48,49 These conflict-
ing results emphasize the importance of further illustrating
the relationship between ferroptosis and inflammation in
DED. Our results indicated that the inhibition of ferroptosis
by Fer-1 alleviated corneal defects and effectively decreased
the expression of NF-κB, TNF-α, and IL-1β in DED model
mice. Moreover, the ocular surface inflammation was signifi-
cantly increased when ferroptosis was promoted by the inhi-
bition of AKR1Cs. Therefore, we revealed that ferroptosis
might participate in promoting the inflammatory response
in dry eye, however, the specific molecular pathway linking
ferroptosis and ocular surface inflammation needs further
investigation.

CONCLUSIONS

Our results provide evidence that oxidative stress-induced
ferroptosis participates in the death of corneal epithelial
cells in DED. The upregulation of AKR1C1 mediated by
NRF2 plays a significant role in protecting against cell
damage caused by lipid peroxidation. The inhibition of
ferroptosis can rescue corneal defects and alleviate the
inflammatory response. Our study thus provides a potential
therapeutic strategy for DED based on antiferroptotic drugs
combined with AKR1C1 activators.
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