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The human lens is composed of a monolayer of lens epithelial cells (LECs) and elongated
fibers that align tightly but are separated by the plasma membrane. The integrity of the
lens plasma membrane is crucial for maintaining lens cellular structure, homeostasis,
and transparency. Glutathione peroxidase 4 (GPX4), a selenoenzyme, plays a critical
role in protecting against lipid peroxidation. This study aims to elucidate the role of
GPX4 in lens plasma membrane stability during lens development using in vitro, ex vivo,
and in vivo systems. Our findings reveal that GPX4 deficiency triggers lens epithelial
apoptosis-independent but ferroptosis-mediated cell death. Blocking lens GPX4 activity
during ex vivo culture induces lens opacification, LEC death, and disruption of lens
fiber cell arrangement. Deletion of lens-specific Gpx4 results in significant unsaturated
phospholipid loss and an increase in oxidized phospholipids. Consequently, lenses with
Gpx4 deficiency exhibit massive disruption of lens fiber cell structure, significant loss of
LEC:s via ferroptosis, and formation of newborn cataracts. Remarkably, administering
the lipid peroxidation inhibitor, liproxstatin-1, to pregnant mothers at embryonic days
9.5 significantly prevents lipid peroxidation, LEC death, and lens developmental defects.
Our study unveils the crucial role of GPX4 in lens development and transparency, and
also provides a successful intervention approach to prevent lens developmental defects
through lipid peroxidation inhibition.

lipid peroxidation | GPX4 | cataract | ferroptosis | oxidation

Lens refractive power and transparency are intricately linked to the development and
alignment of lens epithelial and fiber cells. The lens epithelium is formed by a monolayer
of cuboidal lens epithelial cells (LECs), supported by numerous junction proteins, includ-
ing cadherins, connexins, and tight junction proteins (1). These cells maintain lens home-
ostasis and transparency through their array of ion channels and transporters (2). Elongated
lens fiber cells are produced through the differentiation of LECs. To optimize lens trans-
parency and minimize light scattering, lens fiber cells undergo maturation, eliminating
all cellular organelles, including mitochondria, lysosomes, and the nucleus (3). The inner
layers of the lens, including the lens nucleus, constitute the organelle-free zone, with fiber
cell subcellular structures, such as cytoplasm and cytoskeleton, enclosed by a plasma
membrane.

The stability and integrity of the lens plasma membrane are crucial for maintaining
lens homeostasis and transparency. Biological membranes rely on their ability to act as
barriers against the permeation of polar molecules for their integrity and functionality
(4). These membranes mainly comprise highly saturated phospholipids (PLs), with approx-
imately 66% being sphingomyelins (SMs) and dihydro SMs. The saturation of PLs,
particularly SMs, leads to membranes with low hydrophobicity at the center, while the
addition of cholesterol (Chol), constituting 30 to 50 mol%, is essential for maximal
hydrophobicity (5). The lens plasma membrane also contains substantial levels of unsatu-
rated PLs, such as phosphatidylethanolamine (PE) and phosphatidylcholine (PC), which
contribute to structural integrity and modulation of fluidity (6). Their dynamic interac-
tions with other lipids, proteins, and small molecules play vital roles in maintaining lens
cellular and lens homeostasis.

Unsaturated lipids, like glycerophospholipids, are vulnerable to lipid peroxidation, a
process where free radicals steal electrons from cell membrane lipids, resulting in cell
damage (7). This is because oxidized PLs can often bring profound changes in biological
activities. With aging, levels of highly unsaturated lipids, like glycerophospholipids,
decline, while levels of highly saturated lipids, like sphingolipids, increase in the human
lenses (8). The steep decline of highly unsaturated glycerophospholipids, especially PE-like
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lipids (9), in the lens is believed to result from selective lipid
peroxidation. Furthermore, there is substantial evidence support-
ing the presence of lipid peroxidation in the human lens.
Babizhayev (10) detected lipid peroxidation products in the aque-
ous humor of patients with senile and complicated cataracts,
Borchman et al. (11) measured the increasing lipid oxidation of
PLs with age in human lenses via infrared spectroscopy. Specifically,
direct lipid peroxidation product malondialdehyde (MDA) levels
are significantly higher in aged and cataractous human lenses (11).

A cellular defense system to counter lipid peroxidation involves a
combination of antioxidants, enzymes, and repair mechanisms.
Glutathione peroxidase 4 (GPX4) is an intracellular selenoperoxidase.
First isolated from pig liver (12), GPX4 detoxifies the phospholipid
hydroperoxides, peroxidation of cholesterol, and cholesterol-ester
hydroperoxides, at the expense of GSH, even when hydroperoxides
are present in biomembranes or lipoproteins (13). GPX4 plays a vital
role in maintaining cell membrane integrity and protecting cells from
oxidative damage. GPX4 has been implicated in various diseases,
including neurodegenerative disorders (14), cancer (15), cardiovas-
cular diseases (16), and ischemia—reperfusion injury (17). Mice lack-
ing GPX4 die early in embryogenesis (18), further proving the
essential role of GPX4 in cellular function. Our previous study
demonstrated that the aging lens epithelium is highly susceptible to
ferroptosis when GPX4 activity is inhibited, suggesting that the aging
lens possesses all necessary factors to promote ferroptosis (19). Ma
etal. (20) confirmed the existence of ferroptosis in lens epithelium
from age-related cataract patients using electron microscopy (EM).
Recently, several IncRNAs have been found to regulate GPX4 and
ferroptosis in in vitro LEC culture models (21, 22). However, the
role of GPX4 in lens biology and aging remains largely unexplored.
In this study, we reveal the critical function of GPX4 in lens devel-
opment and cataractogenesis using invitro, exvivo, and
in vivo models.

Results

GPX4 Is Crucial for the Survival of LECs. To explore the role of
GPX4 in LECs, we generated GPX4 knockout (KO) FHL124
LECs using the CRISPR/Cas9 method. Throughout the selection
process, 50 nM liproxstatin-1 (Lip-1) was supplemented in the
culture medium. Two clones (CL-11 and CL-15) exhibiting no
detectable GPX4 were utilized for this investigation. Cell viability
was assessed upon Lip-1 removal from the culture medium. As
depicted in Fig. 14, significant cell death was evident in GPX4
KO cells compared to the wild type (WT) 24 h after Lip-1
withdrawal. GPX4 KO cells maintained in the presence of Lip-1
exhibited comparable cell viability to WT cells (Fig. 14). Given
GPX4’s crucial role in preserving plasma membrane integrity, we
quantified the release of lactate dehydrogenase (LDH), a marker
indicative of plasma membrane damage. As illustrated in Fig. 1B,
both CL-11 and CL-15 cells displayed a notable increase in LDH
release compared to WT cells.

Using the BODIPY 581/591 Cl11 lipid peroxidation sensor,
we detected heightened plasma membrane lipid peroxidation in
GPX4 KO cells 24 h post Lip-1 removal (Fig. 1 C-K and U).
Consistently, we observed pronounced 4-hydroxynonenal
(HNE)-positive IF staining, indicative of elevated lipid peroxida-
tion status, in GPX4 KO LEC: relative to WT cells (Fig. 1 Z-0).
Immunoblotting further confirmed increased HNE production
in GPX4 KO cells compared to WT cells (Fig. 1V). Notably, we
detected a range of protein bands because the HNE antibody
recognizes any protein carrying HNE conjugation, primarily
through Michael addition. Moreover, the intracellular iron con-
centration was significantly elevated in GPX4 KO cells relative to
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WT (Fig. 1W), suggesting that iron-mediated lipid peroxidation
might underlie the mechanism of LEC cell death.

The Cytosolic Isoform of GPX4 (cGPX4) Is Predominantly
Expressed in LECs. GPX4 has three isoforms: cytosolic (cGPX4),
mitochondrial (mGPX4), and nuclear (nGPX4), typically
exhibiting tissue-specific distributions (23). We assessed the
expression levels of GPX4 in all three cellular compartments
of FHL124 cells and observed that cytosolic GPX4 was the
most abundant form, with substantial levels also detected in
mitochondria, while no detectable nuclear GPX4 was observed
(SI Appendix, Fig. S1A). To validate the absence of nGPX4 in
FHL124 cells, we utilized mouse epididymis lysate, known for its
high nGPX4 expression. As illustrated in S/ Appendix, Fig. S1B,
nGPX4 was indeed detected in the epididymis, appearing at
approximately 25 kDa, whereas negligible levels were observed
in FHL124 cells. Subsequently, we investigated the cellular
functions of cGPX4 and mGPX4. In S/ Appendix, Fig. S1C, upon
overexpression of cGPX4 and mGPX4 in WT FHL124 cells,
both cytosolic and mitochondrial GPX4 effectively rescued cells
from cell death induced by RSL3, a GPX4 inhibitor. In a parallel
experiment, we introduced cGPX4 and mGPX4 into GPX4 KO
FHL124 cells and observed similar rescue effects, indicating that
both isoforms could mitigate cell death resulting from GPX4
deficiency (81 Appendix, Fig. S1 D-T).

Blocking GPX4 Activity in Ex Vivo Lens Culture Disrupts Fiber
Cell Organization and Induces Lens Opacity. Given the vital role
of GPX4 in LECs’ survival, we sought to investigate its biological
function within the lens. We conducted ex vivo cultures of 2-mo-
old mouse lenses for 2 wk in M199 medium without serum. In
WT lenses, the majority remained transparent (Fig. 24). However,
the presence of 10 pM (1S, 3S)-RSL3 (RSL3) led to opacity
development in almost all lenses (Fig. 2B). Notably, opacity was
pervasive throughout the entire lens posttreatment, with denser
opacity observed in the lens nucleus (Fig. 2B). Histological
sections revealed a shift from the classical hexagonal profile to a
round fiber cell morphology in RSL3-treated lenses within the
cortical region (Fig. 2C). Additionally, a decrease in epithelial cells
was observed in the epithelium of RSL3-treated lenses compared
to nontreated controls (Fig. 2C). IF staining with Wheatgerm
agglutinin (WGA)-Rhodamine, a membrane-specific marker,
demonstrated disrupted fiber structure with a round shape profile
in RSL3-treated lenses, contrasting with the well-organized fiber
alignment in nontreated lenses (Fig. 2D).

Further analysis of lens iron levels revealed a significant increase
in iron content in RSL3-treated lenses compared to nontreated
controls (Fig. 2E). As anticipated, lipid peroxidation products
HNE and malondialdehyde (MDA) were both significantly ele-
vated in RSL3-treated lenses compared to nontreated lenses (Fig. 2
Fand G). These findings collectively indicate that blocking GPX4
activity in ex vivo cultured lenses induces plasma membrane lipid
peroxidation, cell death, and disruption of fiber cell alignment.

Lens-Specific Conditional Gpx4 Deletion Induces Newborn
Cataract and Microphthalmia. Subsequent to these findings,
we generated a lens-specific conditional Gpx4 KO mouse
model through the crossbreeding of Gpx4 floxed mice with
MLR10-Cre mice, which express Cre specifically in the lens at
embryonic day 10.5 (E10.5). Intriguingly, newborn cataract
formation was observed in lens-conditional Gpx4 KO (Gpx4™")
mice (Fig. 3B, with WT slit lamp image shown in Fig. 34).
Dissection of lenses further revealed cataract formation in lens
Gpx4 deficient mice (Fig. 3C), with abnormal lens fiber structure
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Fig. 1. GPX4 deletion induces plasma membrane lipid peroxidation and cell death in LECs. FHL124 LECs were subjected to analysis with or without GPX4 to
evaluate cell viability, iron levels, and plasma membrane lipid peroxidation. (A) Two distinct GPX4 KO clones of FHL124 cells exhibited significant decreases in cell
viability in the absence of Lip-1 in the culture medium compared to WT cells and Lip-1 treated GPX4 KO cells. (B) A significantly elevated LDH level was observed
in the culture medium of GPX4 KO cells without Lip-1 compared to WT cells. (C-K) C11-Bodipy labeling assay revealed a marked increase in lipid peroxidation in
the cell membranes of both clone 11 (CL-11) and clone 15 (CL-15) GPX4 KO cells compared to WT cells. (L-U) HNE IF staining indicated enhanced formation of
4-hydroxynonenal (HNE) in GPX4 KO cells relative to WT cells in both clone 11 and clone 15. Quantitative data are presented in U. (V) Immunoblotting analysis
also demonstrated increased HNE formation in GPX4 KO cells compared to WT cells in both CL11 and CL15. (W) Intracellular iron levels were significantly elevated
in GPX4 KO cells compared to WT cells. Two-way ANOVA with Tukey’s multiple comparisons and Sidak’s multiple comparisons tests were conducted for Aand B,
respectively. Ordinary one-way ANOVA with Tukey's multiple comparisons test was performed for U, and an unpaired t test was conducted for W. Significance
was considered at P < 0.05, denoted as *<0.05, **<0.01, ***<0.001, ****<0.0001.
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Fig. 2. Inhibition of GPX4 activity induces lens opacity in ex vivo lens culture. Lenses from 2-mo-old mice were cultured in M199 medium for 2 wk with or without
the presence of 10 pM RSL3, followed by analysis. (A) The majority of lenses without RSL3 treatment remained transparent (A1 to A5, five biological replicates).
(B) All lenses treated with RSL3 developed opacity (B1 to B5, five biological replicates). (C) Round-shaped fiber cells were observed in RSL3-treated lenses within
the cortical fiber layer, contrasting with the elongated fiber alignment seen in nontreated lenses. (D) WGA-Rhodamine staining revealed round and disrupted
fiber shapes in RSL3-treated lenses, while nontreated lenses exhibited flat and hexagonal fiber alignment. (£) Significantly increased iron levels were detected
in RSL3-treated lenses compared to nontreated lenses. (F) There was a significant elevation in HNE formation in RSL3-treated lenses compared to nontreated
lenses. (G) RSL3-treated lenses exhibited significantly increased MDA formation compared to nontreated lenses. Unpaired t tests were performed for E-G.
Significance was considered at P < 0.05, denoted as *<0.05, **<0.01, ***<0.001, ***%<0.0001.
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Fig. 3. Lens-specific Gpx4 deletion induces cell death, newborn cataract formation, and microphthalmia. Lens-specific Gpx4 deletion was achieved through
crossbreeding between MLR10-Cre and Gpx4 floxed (Gpx4”) mice. Only mice with a high level of Gpx4 deletion were used for comparison with control mice
in the studies. (A and B) Slit lamp images of newborn mice revealed dense cataract formation in Gpx4 KO mice (pr4”’) (B) compared to clear WT mice (A). (C)
Darkfield images of lenses displayed dense opacity in Gpx4™~ mice. (D and E) H&E staining depicted disrupted lens fiber structure in Gpx4™" lenses. (F and G)
Gpx4™"~ mice exhibited microphthalmia at 1 mo of age (G) compared to normal eye morphology in WT mice (F). (H) Representative image of the central region
of WT and Gpx4 ™~ lenses. (/) Representative image of the equatorial region of WT and Gpx4 ™~ lenses. (J) Significant loss of epithelial cells in the central region
of Gpx4™ lenses as evidenced by cell counts. (K) Significant loss of epithelial cells in the equatorial region of Gpx4™ lenses as evidenced by cell counts. (L)
Immunoblotting assay revealing no cleavage caspase 7, with TNFa plus cycloheximide (T+C) treated Hela cells serving as a positive control. (M) The immunoblotting
assay showed no cleavage poly (ADP-ribose) polymerase (PARP), with staurosporine-treated mouse LECs 17EM15 as a positive control. Unpaired t tests were
conducted for J and K. Significance was considered at P < 0.05, indicated as *<0.05, **<0.01, ***<0.001, ****<0.0001.
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evident in Hematoxylin and eosin (H&E) staining (Fig. 3 D and
E). Subsequent observations indicated that lens-specific Gpx4
deletion led to microphthalmia (Fig. 3 Fand G). Consistent with
expectations, visual acuity measurement demonstrated almost no
detectable visual ability in pr4'/' mice (8] Appendix, Fig. S2).

Interestingly, during our study, we sometimes observed varying
phenotypes among Gpx4 KO mice. Some displayed a less severe
phenotype, while others exhibited no lens phenotype. We collec-
tively monitored 99 mice up to the age of 2 mo and noted varying
degrees of lens opacity. As depicted in S/ Appendix, Fig. S3,
approximately 79% of the mice exhibited severe lens phenotype
and microphthalmia (S Appendix, Fig. S3 Band C), around 14%
displayed lens opacity with relatively normal eye size (SI Appendix,
Fig. S3 D and E), and 8% showed no lens phenotype. Upon exam-
ining lens GPX4 protein expression, we confirmed efficient GPX4
deletion in mice with lens cataract phenotype, whereas mice without
lens phenotype exhibited almost no GPX4 deletion (SI Appendix,
Fig. S4A). This prompted us to investigate recombinant Cre expres-
sion in these mice lenses. As illustrated in S/ Appendix, Fig. S44,
mice with lens opacity phenotype displayed recombinant Cre
expression in the lens extract, whereas no Cre was detected in
Gpx4 KO mice without lens phenotype. Genotype analysis con-
firmed the presence of correct Cre and Gpx4 floxed gene in all
mice (S Appendix, Fig. S4B).

To further investigate Cre mosaicism phenomena, we conducted
a comparative analysis of Cre and GPX4 protein expression in PO
lenses. As depicted in ST Appendix, Fig. S5, MLRCre/ Gpx4floxed
mice, confirmed through PCR genotyping analysis, exhibited var-
ying levels of Cre and GPX4 protein within the lens: some displayed
no detectable GPX4, others exhibited markedly reduced levels com-
pared to Gpx4 floxed mice lenses, while some demonstrated nearly
identical levels of GPX4 protein expression. Consistent with expec-
tations, the level of Cre expression inversely correlated with GPX4
protein expression. These findings suggest that the absence of a lens
opacity phenotype in certain mice corresponds to the lack of recom-
binant Cre expression, implying that complete Gpx4 deletion is
linked with 100% penetrance in lens cataract formation.

Due to the phenomenon of Cre mosaicism, we limited our
comparisons to highly Gpx4-deleted mice with control mice in
several of our studies, including slit-lamp imaging, lens dark field
imaging, immunohistochemistry (IHC), electron microscopy
(EM), and histology. In these cases, one eye was used to determine
Cre and GPX4 expression. However, for lens lipidomics and rescue
studies, a large number of animals were used, and lenses were
collected based solely on the correct genotype.

To track the progression of abnormal lens development, we
conducted histological examinations of the lens at various embry-
onic stages: embryonic days 12.5 (E12.5), E13.5, E14.5, E15.5,
E16.5, and E18.5. Due to Cre mosaicism, we analyzed at least
five Gpx4f/f embryos (control) and at least 10 Gpx4 KO embryos.
The number of lenses exhibiting the phenotype at each time point
is shown in SI Appendix, Table S2. As illustrated in SI Appendix,
Fig. S6 A-L, no noticeable pathology was evidentat E12.5, E13.5,
and E14.5. However, a clear vacuole appeared in the germinative
zone at E15.5 (81 Appendix, Fig. S6 G and H and Insers), which
then expanded further by E16.5 (S/ Appendix, Fig. S6 I and ).
By E18.5, a severe disruption in fiber cell organization was
observed (87 Appendix, Fig. S6 K and L). Postnatally, we continued
monitoring lens degeneration by examining histological sections
at P5, P10, P15, P20, P30, and P90. As shown in S/ Appendix,
Fig. S3 M-X, significant lens degeneration occurred within the
initial two weeks (87 Appendix, Fig. S6 M—-R), resulting in only a
small fragment of disorganized lens tissue remaining thereafter

(SI Appendix, Fig. S6 S-X).

https://doi.org/10.1073/pnas.2407842121

Gpx4 Deletion Induces Apoptosis-independent Cell Death in
LECs. Upon examination of the LECs in both central and equatorial
regions, we observed cell loss in Gpx4 KO lenses. We developed
separate methods to count cell numbers in both regions. For the
central region, we counted epithelial cells in a series of contiguous
sections and calculated the cell number per area (Fig. 3H). For the
equatorial region, we counted epithelial cells by nuclei staining of a
series of contiguous sections and calculated the cell density by the
number of cells per volume (Fig. 3/). As shown in Fig. 3 Jand K, a
significant loss of epithelial cells was observed in both the central
and equatorial regions of the lens in Gpx4 KO mice compared to
WT mice. We further confirmed cell death by propidium iodide
(PI) staining, a cell death marker. We observed elevated PI-positive
stained cells throughout the entire lens epithelium, including the
bow region, where LECs elongate into fiber cells (S Appendix,
Fig. S7 D—F), while no detectable PI-positive staining was found
in WT lenses (S Appendix, Fig. S7 A-C).

To examine whether LEC death occurred through an
apoptotic-mediated mechanism, we performed immunofluores-
cence (IF) staining to detect cleaved caspase 3, an apoptosis
marker. However, we could not detect cleaved caspase 3 in WT
and Gpx4 KO lens epithelium (S7 Appendix, Fig. S7 I-L). To val-
idate the IF staining method, we used lenses from UVB-irradiated
mice, which we have previously shown induced LEC apoptosis
(24). As shown in SI Appendix, Fig. S7 G and H, a significant
number of LECs showed positive cleaved caspase 3 staining from
lenses collected on day 4 after a dose of 11.20 kJ/m” ultraviolet B
(UVB) exposure. To confirm that apoptosis is not part of the cell
death mechanism in Gpx4 KO lenses, we performed immunob-
lotting assays measuring cleaved caspase 7 and PARP, markers of
apoptosis. As shown in Fig. 3 L and M, no cleaved caspase 7 and
PARP were detected in Gpx4 KO lenses. Both TNFa plus
cycloheximide (T+C) and staurosporine induced cell apoptosis
were used as positive controls. Notably, when comparing cells with
lens tissue, we observed different band intensities of the internal
control P-actin, despite loading equal amounts of protein, as con-
firmed by Ponceau staining (S/ Appendix, Fig. S8). Taken together,
these data suggest that GPX4 deficiency-mediated LEC death is
independent of cell apoptosis.

GPX4 Deficiency Induces Lipid Peroxidation and Ferroptosis.
Given that GPX4 serves as a crucial detoxification enzyme for
lipid peroxide, we evaluated two small molecule lipid peroxidation
products, HNE and MDA. An immunoblotting assay employing
an HNE antibody revealed a substantial increase in HNE
formation in Gpx4 KO lenses compared to WT, as shown in
Fig. 4A. Additionally, IHC staining, utilizing a highly specific
and sensitive HNE antibody developed by Toyokuni’s group
(25), illustrated a profound increase in HNE levels in Gpx4 KO
lenses relative to W'T, as depicted in Fig. 4B, with quantified data
presented in Fig. 4C. Similarly, we observed significantly elevated
MDA formation in Gpx4 KO lenses compared to WT (Fig. 4D).

To gain a comprehensive understanding of lens plasma mem-
brane PLs, we conducted lipidomic analysis via LC-MS/MS,
measuring both PLs and oxidized PLs in E18.5 embryonic lenses.
A total of 456 WT and 549 Gpx4 KO embryonic lenses were
harvested and randomly distributed across 4 biological replicates,
each with an average wet weight of 32 mg per sample. Principal
component analysis distinctly illustrated the differing profiles of
plasma membrane PLs (Fig. 4E). As depicted in the heatmap
(Fig. 4F), a notable decrease in the levels of numerous PE, PC,
phosphatidic acids (PA), and phosphatidylglycerol (PG) species
was observed in Gpx4 KO lenses compared to WT. For example,
PE 34:1 exhibited a significant decrease (P = 0.0479) in Gpx4 KO
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Fig. 4. Gpx4 deficient lenses manifested with increased lipid peroxidation, reduced PLs, increased oxidized PLs, and induced mitochondrial damage. (A)
Immunoblotting assay indicating increased HNE formation in Gpx4”~ mouse lenses compared to WT. (B) IHC staining using the HNEJ-1 antibody revealed
significantly elevated HNE staining in Gpx4”~ mouse lenses, with HistoGreen substrate employed. (C) Quantitative data from IHC staining demonstrating a
significant rise in HNE formation in Gpx4™~ mouse lenses. (D) Lipid peroxidation product MDA showing a significant increase in Gpx4™~ mouse lenses compared
to WT. (E) Principal component analysis (PCA) demonstrating distinct changes in phospholipid composition based on phospholipid liquid chromatography
with tandem mass spectrometry (LC-MS/MS) analysis. (F) Heat map indicating a reduction in PLs in Gpx4™~ mouse lenses compared to WT. (G) Heat map
illustrating increased levels of oxidized PLs in Gpx4 '~ mouse lenses compared to WT. (H) Significantly lower levels of PE 34:1 were observed in Gpx4™”~ mouse
lenses compared to WT. (/ and /) PE 36:1 (C16) and PE 33:2 showed a trend toward reduced levels in Gpx4~'~ mouse lenses compared to WT, although statistical
significance was not reached. (K and L) PE (16:0/18:2(0))Na and PE (16:0/18:2(0H)(OOH)) exhibiting a significant increase in pr4’/’ mouse lenses compared to
WT. (M) PE (16:0/12:1(COOH)(90H))Na showing a trend toward increased levels in pr4”’ mouse lenses compared to WT, although statistical significance was
not achieved. (N and 0) Transmission EM (TEM) exhibited multiple vacuoles near-equatorial regions in Gpx4™”~ mouse lenses (0) compared to WT lenses (N).
(P and Q) Noticeable lipid droplets were observed in pr4”’ mouse lenses (Q) compared to WT lenses (P). (R and S) Profound loss of mitochondrial cristae was
evident in Gpx4™~ mouse lenses compared to WT. For panel A-D and N-S only mice with a high level of Gpx4 deletion were used for comparison with control
mice. For panel £-M, all mice with correct Gpx4 KO genotype were used for comparison with control mice. Unpaired t tests were conducted for C, D, and H-M.
Significance was considered at P < 0.05, denoted as *<0.05, **<0.01, ***<0.001, ****<0.0001.

lenses compared to WT, while PE 36:1 and PE 33:2 displayed a
trend of lower levels in Gpx4 KO lenses relative to WT, albeit not
statistically significant (Fig. 4 H-/). Conversely, elevated levels of
oxidized PLs, particularly oxidized PE, were detected in Gpx4 KO
lenses compared to WT (Fig. 4G). Notably, significant increases
were observed in phospholipid oxidation products, including

PNAS 2024 Vol. 121 No.48 2407842121

PE(16:0/18:2(0))Na (= 0.0259) and PE(16:0/18:2(OH)(OOH))
(P =0.0401), with a trending increase in PE(16:0/12:1 (COOH)
(9OH)Na (2= 0.0635) in Gpx4 KO lenses relative to WT (Fig. 4
K=M). These findings strongly indicate that GPX4 deficiency
induces lipid peroxidation, consequently altering the composition
of plasma membrane lipids.
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'The heightened levels of lipid peroxidation products prompted
us to investigate the role of ferroptotic-mediated cell death.
SI Appendix, Fig. S9A reveals a significantly higher concentration
of iron in Gpx4 KO lenses compared to WT. Furthermore, we
measured several markers associated with ferroptosis. As shown
in ST Appendix, Fig. S9B, the transferrin receptor 1 (TfR1) and
acyl-CoA synthetase long-chain family member 4 (ACSL4) exhib-
ited increases in expression in Gpx4 KO lenses compared to W'T.
Additionally, protein expression levels of cysteine-glutamate ant-
iporter (xCT) and ferritin light chain (FTL) were elevated in Gpx4
KO lenses relative to WT. To comprehend the ultrastructural
changes induced by GPX4 deficiency, transmission EM (TEM)
was performed. Fig. 4 N and O demonstrate vacuolization in the
lenses of Gpx4 KO mice near the equatorial region. Notably, lipid
droplets were observed in Gpx4 KO lenses but not in WT lenses
(Fig. 4 Pand Q). Importantly, a profound decrease in mitochon-
drial cristae was evident in Gpx4 KO lenses compared to WT
(Fig. 4 R and S). These data suggest that ferroptosis plays a vital
role in LEC death and cataract formation.

Blocking Lipid Peroxidation Can Significantly Ameliorate Lens
Developmental Defects. To validate the crucial role of GPX4 in
safeguarding against lipid peroxidation during lens development,
we conducted rescue experiments by administering the lipid
peroxidation inhibitor, Lip-1, daily to pregnant mothers at both
embryonic days 9.5 (E9.5) and E12.5, referred to as Rescue-1
(Res-1) and Rescue-2 (Res-2), respectively, as depicted in Fig. 5A.
Mouse litter lens analysis was performed on the day after birth
(P0). As illustrated in Fig. 5B, compared to the newborn cataract
lenses in nontreated Gpx4 KO mice, both Res-1 and Res-2
markedly restored lens size and transparency in Lip-1 treated Gpx4
KO mothers compared to Gpx4”" control mice. Slit lamp i images
shown in Flg 5 C-F depicted opaque lens images of nontreated
Gpx4 KO mice and transparent lens i images of both Res-1 (Fig. 5E)
and Res-2 (Fig. 5F) compared to Gpx4"' control mice (Fig. 5C).

Similarly, H&E staining demonstrated normal lens morphology
in both Res-1 and Res-2 litters compared to Gpx4”* control litters
(Fig. 5 G—J). Overall, administration of Lip-1 at E9.5 significantly
(P <0.05) rescued lens developmental defects (Fig. 5K). However,
administration at E12.5 resulted in an increased rate of cataract-
free lenses compared to vehicle treatment, although this difference
did not reach statistical significance (Fig. 5K). We further analyzed
LEC numbers in both central and equatorial regions and found
that Lip-1 administration at both E9.5 (Res-1) and E12.5 (Res-
2) largely prevented LEC death compared to nontreated Gpx4
KO lenses (Fig. 5 L and M). WGA-Rhodamine staining revealed
disrupted fiber arrangement in nontreated Gpx4 KO lenses at
PO (Fig. 50) compared to Gpx4f/f control mice lenses (Fig. 5N).
Lip-1 administration at both E9.5 (Res-1) and E12.5 (Res-2)
significantly restored lens fiber structure and morphology (Fig. 5
P and Q). Consistently, the lipid peroxidation product HNE
was significantly reduced in Res-1 and Res-2 treated mice lenses
compared to nontreated Gpx4 KO mice lenses (Fig. 5R). These
results strongly indicate that GPX4 is essential in lens development
by preventing lipid peroxidation.

Discussion

In our current investigation, employing a combination of in vitro,
ex vivo, and in vivo models, we elucidated the critical role of
GPX4 in preserving the integrity of the lens plasma membrane
and maintaining lens transparency. Our findings illustrate that
GPX4 deficiency can exacerbate lipid peroxidation and lead to
damage in the lens plasma membrane, ultimately triggering

https://doi.org/10.1073/pnas.2407842121

apoptosis-independent but ferroptosis-related cell death. This
form of cell death is implicated in the development of newborn
cataracts. Importantly, our study shows that preventing lipid per-
oxidation during the embryonic stage can mitigate lens develop-
mental abnormalities and prevent cataract formation.

The lens membrane is essential for maintaining homeostasis,
transparency, and refractive properties by acting as an impermeable
barrier to cations and providing support for integral membrane
proteins such as aquaporin-0 (AQPO) (26), ion pumps (27), and
connexins (28). The integrity of the lens membrane affects fluidity
and cell organization (5), particularly within the mature fibers,
where the plasma membrane is the sole subcellular component.
Lens fiber junctions are closely associated with their lipid envi-
ronment. Studies involving lens fiber junction isolation and puri-
fication have shown an enrichment of lipids in these junctions
across various species, including bovine (29), rat (30), chicken
(31), and human lenses (30). For instance, in isolated bovine lens
junctional membranes, phospholipid levels increased by 99-fold,
and cholesterol levels surged by 144-fold compared to total lens
plasma membranes (29). Using cryogenic electron microscopy
(Cryo-EM), Flores et al. (32) demonstrated that the local lipid
environment plays a crucial role in stabilizing and facilitating gap
junctions, such as Cx46/50. Crystallography studies have shown
that lipid molecules are required for the proper packing of junc-
tional AQPO tetramers, another key lens fiber junction protein
(33). Moreover, connexins and AQPO can assemble into supra-
molecular complexes, a process that necessitates the presence of
local lipids to facilitate complex formation (34). Interestingly,
numerous studies have demonstrated that lipid peroxidation and
its products, such as HNE, can modulate the functions of cellular
junctions through various cell signaling pathways, including the
induction of endothelial barrier dysfunction (35, 36). Atomistic
molecular dynamics simulations have shown that lipid oxidation
significantly impacts connexin 26 hemichannel stability and func-
tion (37). However, the role of lipid peroxidation and changes in
plasma lipid profiles in the structure, stability, assembly, and func-
tion of lens adherens and adhesion junctions remains unexplored.
Targeting GPX4 activity, such as using lens-specific Gpx4-deficient
mouse models, may serve as a valuable tool for investigating these
questions.

Oxidation is considered a major cause of the loss of unsaturated
PLs. Despite low oxygen levels, the human lens undergoes photo-
and/or chemical oxidation, affecting both lipids and proteins (38).
MDA, a byproduct of lipid oxidation, increases with age and cata-
ract development (11). Our study supports the notion that
oxidation-mediated loss of PLs, such as PE, PC, PA, and PG, occurs
when lipid peroxidation detoxifying enzymes are deficient in the
lens. Conversely, oxidized PLs are elevated in Gpx4 deficient lenses.

Both GPX1 and GPX4 are highly expressed in the lens epithe-
lium and fiber cells (39). GPX1 functions as a cytosolic antioxi-
dant enzyme, mitigating oxidative damage by catalyzing the
reduction of hydrogen peroxide using GSH as a cofactor. Somatic
GPX1 KO mice exhibit lens opacity between 6 to 9 mo of age,
progressing to mature cataracts beyond 12 to 15 mo (40, 41). The
delayed onset of cataract formation can be attributed to the pres-
ence of various antioxidant enzymes and molecules in the lens,
such as catalase, which also aid in the removal of hydrogen per-
oxide (42—44). In contrast, GPX4 serves as the sole intracellular
selenoperoxidase, to detoxify lipid hydroperoxides (13, 45, 46).
Our current study suggests that GPX4 deficiency initiated at
E10.5 can induce profound cell death and cataract formation.
Our investigations, spanning in vitro, ex vivo, and in vivo
approaches, collectively propose ferroptosis as the mechanism
underlying LEC death associated with elevated iron levels and
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Fig. 5. Blocking lipid peroxidation by Lip-1 attenuates lens development defects. Lip-1, administered at a dosage of 10 mg/kg body weight, was delivered daily
to pregnant mothers via intraperitoneal (i.p.) injection starting at E9.5 (rescue 1, Res1) and E12.5 (rescue 2, Res2) as illustrated in (A). Analysis was conducted on
lenses at PO. (B) Darkfield images of lenses revealed that Lip-1 injection at both E9.5 and E12.5 effectively prevented lens opacity. (C-F) Slit lamp images of PO
mouse eyes exhibited cataract formation in Gpx4™~ mouse lenses without Lip-1 administration, while both Res1 and Res2 interventions prevented lens opacity.
(G-J) H&E staining displayed disrupted lens structure in Gpx4~”~ mouse lenses without Lip-1 administration, whereas Lip-1 injection at both E9.5 and E12.5
preserved lens fiber cell structure and morphology. (K) The efficacy of rescue by Lip-1 administration at E9.5 and E12.5. A chi-square test revealed significant
prevention of Gpx4 deficiency-induced lens defects when Lip-1 was administered at E9.5. While a high rate of protection from cataract formation was observed
with Lip-1 administered at E12.5, it did not reach statistical significance. (L) Cell counts in the central region showed significantly less cell loss in both Res1 and
Res2 rescue experiments. (M) Cell counts in the equatorial region demonstrated significantly less cell loss in both Res1 and Res2 rescue experiments. (N) WGA
staining illustrated normal fiber cell alignment comparable to WT mouse lenses (N) in both Res1 (P) and Res2 (Q), whereas lens fiber cell disruption was observed
in Gpx4™~ mouse lenses (0). (R) Both Res1 and Res2 significantly reduced HNE formation compared to Gpx4 " mouse lenses. All mice with correct Gpx4 KO
genotype were used for comparison with control mice. The chi-square test was performed in K. One-way ANOVA with Tukey's multiple comparisons test was
conducted in L, M, and R. Significance was considered at P < 0.05, denoted as *<0.05, **<0.01, ***<0.001, ****<0.0001.

PNAS 2024 Vol. 121 No.48 e2407842121 https://doi.org/10.1073/pnas.2407842121 9 of 11



10 of 11

markedly increased lipid peroxidation. TfR1 and ACSL4, recog-
nized ferroptosis markers (47), are elevated in Gpx4 KO lenses
compared to WT. However, xCT and FTL, two genes typically
involved in protecting cells from ferroptosis, are also upregulated
in Gpx4 KO lenses compared to WT. We hypothesize that this
represents a part of the cellular stress feedback mechanisms aimed
at enhancing GSH production and iron storage due to low intra-
cellular GSH but high intracellular iron levels.

We employed MLR-10 cre to induce lens-specific Gpx4 dele-
tion, initiating cre expression at E10.5. Interestingly, we observed
initial cell death and fiber cell degeneration only from E15.5
onward, with no notable pathology evident at E14.5. During the
developmental stage, the LEC cycle is considerably shorter com-
pared to the postnatal stage. Sikic et al. (48) reported that the LEC
cycle lasts only 8 h (with a 5-h S-phase) at E14.5, contrasting with
the 24-h cycle (with a 12-h S-phase) observed in adult mice. The
rate of LEC proliferation appears to be even more rapid between
E15.5 to E18.5, as indicated by an in vivo ultrasound biomicros-
copy study showing a substantial increase in lens volume (approx-
imately fivefold) from E15.5 to E18.5, compared to the increase
from E13.5 to E15.5 (around threefold) (49). We speculate that
the swift proliferation of LECs from E15.5 to E18.5 demands
heightened cellular metabolism and mitochondrial activity, con-
currently leading to elevated intracellular oxidation that necessi-
tates increased attention from GPX4 to mitigate lipid peroxidation.
More studies are needed to understand the redox status and metab-
olism in the rapid transition from E14.5 to E18.5.

We observed a significant impact on the morphology and align-
ment of lens fiber cells in lenses deficient in GPX4, as evidenced
by WGA staining in both ex vivo and in vivo studies. In contrast
to the typical flat and hexagonal arrangement of fiber cells, lenses
lacking GPX4 activity or expression exhibit a predominance of
round-shaped fiber cells. Additionally, the characteristic dotted
patterns along the fiber cell membrane, indicative of ball-and-socket
type interactions, are absent in GPX4 deficiency lenses. This is
likely a consequence of compromised permeability of the fiber-cell
membrane to polar molecules due to lipid peroxidation-mediated
damage. The integrity and functionality of biological membranes
hinge on their ability to act as barriers against the permeation of
polar molecules (4). The hydrophobic barrier of lipid bilayer mem-
branes, saturated with cholesterol, typically assumes a rectangular
shape. Integral membrane proteins, such as aquaporins, major
intrinsic proteins, gap junction proteins, and sodium/potassium/
calcium exchanger proteins, play crucial roles in modulating the
barrier properties of surrounding lipids (50). Damage induced by
lipid peroxidation is likely to disrupt the function and stability of
these membrane integral proteins, impacting molecular permea-
bility. The infiltration of unselective polar molecules can lead to
swelling of fiber cells and ultimately contribute to the formation
of cataracts, thus representing one of the mechanisms of catarac-
togenesis (4, 51). Further investigations are warranted to ascertain
whether membrane selective permeability is compromised in
GPX4 deficiency lenses, as well as to evaluate the expression and
functionality of membrane integral proteins.

The deleterious impact of lipid peroxidation on lens plasma
membrane integrity, aberrant lens growth, and cataract formation
was substantiated by our rescue experiments involving the admin-
istration of a lipid peroxidation inhibitor to pregnant mothers.
Notably, the timely provision of Lip-1 significantly mitigated lens
developmental abnormalities. Moreover, even when administered
at a later stage, Lip-1 showed a beneficial effect on lens maturation.
The ability of Lip-1 to effectively prevent lens opacification via
intraperitoneal (IP) injection implies its capacity to traverse both
the placental and blood-brain barriers.

https://doi.org/10.1073/pnas.2407842121

Collectively, our present study, employing in vitro, ex vivo, and
in vivo approaches, elucidates the pivotal role of GPX4 in pre-
serving lens plasma membrane integrity, ensuring appropriate lens
development, and shielding the lens from cataractogenesis. GPX4
deficiency in the lens initiates lipid peroxidation, leading to the
induction of ferroptosis in LECs, disrupting lens fiber cell align-
ment, and culminating in cataract formation. Conversely, the
provision of a lipid peroxidation inhibitor demonstrates efficacy
in preventing lens plasma membrane damage and the onset of
cataracts.

Materials and methods

Animals. All animal experiments were conducted in compliance with the pro-
tocols approved by the Augusta University Animal Care and Use Committee
and adhered to the guidelines outlined in the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic
and Vision Research. Animals were kept under diurnal lighting conditions and
provided ad libitum access to food and water. The lens conditional Gpx4 KO
(Gpx4~"") mice were generated through crosshreeding between Gpx4 floxed
mice(pr4”f,Jackson Laboratory, stock# 027964) and MLR-10/Cre mice (52).

Ex Vivo Lens Culture and Treatment. Lenses from 2-mo-old mice were care-
fully extracted and rinsed three times with 10 mL of Hank's Balanced Salt Solution
(HBSS) followed by a single rinse with 10 mLof M199 medium. The lenses were
then cultured overnightin M199 medium supplemented with 100 U/mL of pen-
icillin and streptomycin, as well as 2.5 pg/mL of amphotericin B (Cat. 15290026,
ThermoFisher). Any opaque lenses were discarded, and only clear lenses were
retained for further experimentation. These clear lenses were cultured continu-
ously in M199 medium with or without 10 uM RSL3 for a period of 14 d, with
medium renewal every 2 d. After the incubation period, lenses were either fixed
with Davidson's fixative for histological analysis or subjected to protein assays.

Cell Culture. The human LEC line, FHL124 cells (53), was provided by Michael
Wormstone at the University of East Anglia, UK, and was grown in minimum
essential medium (MEM) with 5% fetal bovine serum (FBS), 100 U/mL of pen-
icillin and streptomycin at 35 °C in a humidified 5% CO, incubator. Mouse LEC
line 77EM15 was provided by Salil Lachke at the University of Delaware and was
grown in Dulbecco’s modified eagle's medium (DMEM) with 10% FBS, 100 U/mL
of penicillin and streptomycin at 37 °Ciin a humidified 5% CO, incubator. Hela
cells and HEK293T cells were also maintained in DMEM with 10% FBS, 100 U/
mL of penicillin and streptomycin at 37 °Ciin a humidified 5% CO, incubator.

Creating GPX4 KO FHL124 Cells by CRISPR/Cas9 Editing. The sgRNAwas suc-
cessfullyintegrated into the lentiCRISPR v2 vector (kindly provided by Feng Zhang,
Addgene plasmid #52961). Lentiviral particles were subsequently produced from
HEK293T cells by cotransfecting lentiCRISPR v2, VSV-G,BH10 ¢"env™, and pRev ¢
as described in our previous study (54). Following this, FHL124 cells were infected
with these lentiviral particles and allowed to proliferate for 48 h.The cells stably
infected were then selected using 2 pg/mL puromycin. For single-cell expansion,
the infected cells were diluted and seeded into a 96-well plate. Validation of indi-
vidual clonal cell lines with GPX4 deletion was conducted through immunoblot
analysis. During selection and regular maintenance, 1 uM Lip-1 was included
in the culture medium. Two sets of GPX4 gRNA were employed: GPX4 gRNA1
with the sequence GAATTTGACGTTGTAGCCCG and GPX4 gRNA2 with the sequence
TTAACCTGGACAAGTACCGG.

Lip-1 Rescue. Lip-1was initially dissolved in dimethyl sulfoxide (DMSO) ata con-
centration of 25 mg/mLand subsequently diluted with corn oil (Cat. 405435000,
ThermoFisher)to a final concentration of 2.5 mg/mL.Adosage of 10 mg/kg body
weight was administered. For vehicle treatment, a similar volume of DMSO and
corn oil was utilized. Female mice aged 2 mo were selected for breeding. At
E9.5and E12.5, Lip-1 or vehicle was administered daily via intraperitoneal (i.p.)
injection. Lenses of the litters born on the same day were examined as described.

Statistical Analysis. All data are presented as mean = SD, and statistical analyses

were performed using two-tailed Student's t test, One-way ANOVA, or Chi-square
testas described in each figure. A P-value below 0.05 was considered significant.
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The degree of significance is denoted by the following symbols: *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0007.

Other Methods. Please see other methods in S/ Appendix.

Data, Materials, and Software Availability. All lipidomics data were deposited
in Metabolomics Workbench (datatrack_id:5072, and study_id:ST003407), DOI:
10.21228/M80V5D (55). Other data needed to evaluate the conclusions in the
paper are presented in the paper and/or S/ Appendix.
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