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Background: Glaucoma is a neurodegenerative disorder characterized with optic nerve injury and the loss of retinal ganglion cells
(RGCs). Ferroptosis has been proved to be associated with the degradation of RGCs. The aim of this study is to elucidate the
relationship between ferroptosis and glaucoma pathogenesis, and unveil the underlying mechanism.

Methods: Methyl thiazolyl tetrazolium (MTT) assay was used to evaluate the proliferation of RGCs. The accumulation of cellular
iron was measured by Iron assay kit, and the level of reactive oxygen species (ROS) was detected by fluorescence probe. The
mitochondrial morphology and autophagosomes were analysed by using transmission electron microscopy (TEM). The contents of
glutathione (GSH) and malondialdehyde (MDA) were tested by a GSH assay kit and an MDA detection kit, respectively. The
expression of autophagy-related proteins was detected by Western blotting.

Results: A serious cell damage, aberrant iron homeostasis, and oxidative stress was shown in RGC-5 after oxygen-glucose
deprivation/reoxygenation (OGD/R) treatment and gamma-Glutamyl transpeptidase 1 (GGT1) knockdown, but these effects were
significantly alleviated by overexpression of GGT1 or ferroptosis inhibitors. The TEM and immunofluorescent results indicated that
mitochondria impairment and autophagosome accumulation in OGD/R-treated cells was improved after GGT1 overexpression, while
the phenomenon in GGT1-silenced cells was aggravated. Furthermore, we found that GGT1 can interact with glutamate cysteine ligase
catalytic subunit (GCLC) to inhibit autophagy and ferroptosis in RGC-5 cells.

Conclusion: GGT1 represses autophagy in RGC-5 cells by targeting GCLC, which further restrains the development of ferroptosis in cells.
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Introduction
Glaucoma is a chronic progressive disorder of the optic neuropathy characterized by progressive impairment of visual
field and structural damages in the optic nerve head, which can cause irreversible preventable blindness if untreated.! In
2020, the number of global blindness in patients over 50 years old with glaucoma reached to 3.6 million.” The main risk
factors for glaucoma includes advanced age, elevated intraocular pressure (IOP), high myopia, and a positive family
history of glaucoma.®> Retinal ganglion cells (RGCs) are crucial neurons for the functional maintenance of the visual
system, and the increasing loss of RGCs contributes to visual field defects and other disturbances, such as low contrast
sensitivity, color perception and reading difficulties.®” IOP is the main cause of apoptosis of RGCs and oxidative stress,
ultimately resulting in the pathophysiological changes of glaucoma.® Current strategies, including topical treatment, laser
therapy, and glaucoma surgery, inhibit glaucoma progression by reducing IOP.” At diagnosis, however, IOP is normal in
some cases of glaucoma,'® which has led to plenty of explorations to identify new targets for glaucoma therapy.
Gamma-Glutamyl transpeptidase is a kind of membrane-bound extracellular enzyme that can break down glutathione
(GSH) and provide cysteine, which is required for the survival of tumor cells to avoid excessive oxidative stress and
ferroptosis.'" There are 13 genes identified in GGT family, among which GGT1 was reported to be significantly associated
with human cancers.'>** Inhibition of GGT1 facilitates cystine deprivation-induced ferroptosis in glioblastoma cells at a high
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cell density.'®> Moreover, ridonin can block out the gamma-glutamyl cycle via inhibiting GGT1 activity, and further induce
ferroptosis in TE1 cells.'® Abnormal iron homeostasis and RGC cell ferroptosis were reported to be two important features in
glaucoma progression.'” Inhibition of ferroptosis promotes RGCs survival in experimental glaucoma and other optical
neuropathies.'®'® Although the studies of GGT1 on tumor cells are well known, the role of GGT1 in RGCs has not been
reported yet. Here, investigations are performed to uncover whether GGT1 is involved in glaucoma pathogenesis.

In this study, we analyzed GGT1 expression in retinal ganglion cells of DBA/2J mice with spontaneously chronic
high intraocular pressure glaucoma, and compared it with data on wildtype mice. Furthermore, we explore the role of
GGT!1 in OGD/R-induced RGC-5 cells through evaluating proliferation, and the progression of ferroptosis and autophagy

in cells.

Materials and Methods

Acquisition of Gene Expression Omnibus (GEO) Sequencing Data
R (R Programming Language) package was used to analyze a GEO series GSE202012, which was obtained from the
GEO database on National Center for Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/geo).

Cell Culture and OGD/R Treatment

Retinal ganglion cells (RGC-5) were purchased from Jennio Biotech (Guangzhou, China) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Gibco,
Carlsbad, CA, USA), 1% streptomycin and penicillin. Cells were maintained in a humidified incubator at 37°C with 5%
carbon dioxide. To establish an OGD/R model, RGC-5 cells were cultured in glucose-free DMEM (Gibco) and incubated
in an anoxic environment (95% N2, 5% CO,) for 2 h.

Cell Transfection and Short Interfering RNA (siRNA)

Adenovirus with mCherry-EGFP-LC3((Genomeditech, Shanghai, China)) were applied to transfect RGC-5 cells. Then,
autophagic flux was determined using a ZEISS fluorescence microscope, and the images were analysed by ImagelJ software
(National Institutes of Health, Bethesda, MD, USA). For genes silencing experiments, siRNA oligonucleotides against GGT1
or GCLC, and negative controls were synthesized by Sangon biotechnology (Shanghai, China), which were subsequently
transfected into RGC-5 cells. The sequences of siRNA oligonucleotides are as follow: GGT1: F: 5- ACTGCGGGA
CGGTGGCTCTG-3’; 5'- CTGCTTGGCATCCGCGGCCA-3". GCLC: F: 5'-GCTTCTCCTCACTCCCAATTA-3'; R:5'-GC
TTCGCGCCGTAGTCTTA-3'.

Methyl Thiazolyl Tetrazolium (MTT) Assay

Cells were seeded in a 96-well plate at a density of 5 x 10* cells/well. After 24 h, twenty microliters of 5 mg/mL MTT
(Sigma Aldrich, St Louis, USA) was added to the supernatant and incubated for 4 h. Subsequently, 100 pL. of DMSO
solution was added to dissolve formazan crystals. The OD values were detected at 490 nm in a microplate reader
(Molecular Devices, Sunnyvale, USA).

Iron Parameters

Iron levels in cell cytoplasm (total iron, ferrous iron, and ferric iron) were measured using an Iron Assay Kit (Sigma,
USA). Perl’s staining was used to detect the ferric iron distribution. FerroOrange (Dojindo, Beijing, China) was used to
target ferrous iron in living RGC-5 cytoplasm. Specifically, RGC-5 cells were incubated with serum-free medium
containing 1 uM FerroOrange at 37°C for 30 min, followed by detection using a confocal laser scanning microscope
(Leica, Frankfurt, Germany).

140 https: Eye and Brain 2023:15

Dove


http://www.ncbi.nlm.nih.gov/geo
https://www.dovepress.com
https://www.dovepress.com

Dove Xu et al

Reactive Oxygen Species (ROS) Measurement

To detect intracellular ROS accumulation, cells were stained with 10 umol/L 2,7-dichlorodihydrofluorescein diacetate
(Sigma-Aldrich) in serum free medium for 30 minutes at 37°C, and photographed using a fluorescence microscope
(Olympus, Tokyo, Japan).

Immunofluorescence Assay

Cells were plated in a standard six-well format containing a glass coverslip. After different treatments, cells were rinsed
with PBS, fixed with 4% paraformaldehyde at room temperature for 30 min, and permeabilized with 0.3% Triton X-100
in PBS for 15 min. Then, cells were blocked with 5% BSA in PBS for 1 h before incubating with the primary antibodies
at 4°C overnight. After incubation of fluorescent secondary antibodies, the coverslips were mounted onto microscope
slides. Images were analysed using the ZEISS fluorescence microscope and Image] software (National Institutes of
Health).

Estimation of Malondialdehyde (MDA) and GSH Assays

MDA and GSH levels were tested using an MDA detection kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) and a GSH assay kit (Beyotime) respectively.

RNA Isolation and Quantitative Real-Time PCR (qRT-PCR) Analysis

Total RNA was extracted using TRIzol reagents (Invitrogen, Carlsbad, USA) according to the manufacturer’s instructions. The
cDNA was synthesized by using MMLYV reverse transcriptase (Promega, Madison, USA). The quantitative PCR was
performed with a GoTaq™ qPCR Master Mix kit (Promega) on an ABI 7900HT PCR System (Applied Biosystems, Foster
City, USA). The relative expression was quantified by the 2 *““T method, using B-actin as an internal standard control. The
primers are as follow: F: 5’~-AGAGCTACGAGCTGCCTGAC-3’; R: 5>~ AGCACTGTGTTGGCGTACAG-3’.

Western Blotting Analysis

RGC-5 cells were digested and lysed in RIPA buffer (Beyotime, Shanghai, China), and then the total protein was detected
using a BCA protein assay kit (Beyotime). Equal amounts of protein were separated by 10% SDS-PAGE and transferred
into PVDF membranes (Millipore, Schwalbach, Germany). After being blocked with TBST buffer containing 5% non-fat
milk, the membranes were incubated with primary antibodies (1:1000), including anti-GGT1 antibody (Abcam), anti-LC
-3 antibody (Abcam), anti- Beclin antibody (Abcam), and anti-p62 antibody (Abcam), at 4°C overnight. Anti-f-actin
antibody (1:3000; Cell signaling Technology) acted as an internal control. Subsequently, the membrane was hybridized
with an HRP-conjugated secondary antibody (1:5000; Cell signaling Technology). The signals were determined by
chemiluminescence.

Co-Immunoprecipitation (ColP) Assay

After 6 h treatment of MG132, cells were lysed with IP lysis buffer (Servicebio). The lysates were incubated with GGT1
antibody overnight at 4°C. Immunocomplexes were captured using Protein-A/G MagBeads (Yeason, Shanghai, China)
for 3h at 4°C, and eluted with cold PBS supplemented with protease inhibitor cocktail. The protein complexes were
harvested and immunoblotted with antibodies.

Transmission Electron Microscopy (TEM)
Cell pellets were fixed with precooled 2.5% glutaraldehyde for 24 h. Then, the pellets postfixed in 2% aqueous osmium
tetroxide for 24 h at 4°C. After dehydration in ethanol solutions with propylene oxide, the fixed cells were embedded in
Epon 812 (Merck, USA), followed by incubation for 48h at 60°C. Ultrathin sections (80 nm) were trapped onto 200-
mesh copper grids for TEM imaging following a standard protocol. The cellular structure was observed under a HT7700
transmission electron microscope (Hitachi, Tokyo, Japan).
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Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7 software. The Student’s ¢-test was performed to analyse
comparisons between the two groups. The differences between multiple groups were performed by ordinary one-way
ANOVA with Tukey’s multiple comparisons test. All data are shown as means + standard deviation (SD). Statistically
significant differences were indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Results

GGTI Expression in RGC-5 Was Decreased in OGD/R-Induced RGC-5

The RNA sequencing data of GEO database (GSE202012) was re-mined to analyze the differential expression of GGT1
gene between chronic ocular hypertension mice (OHT) and normal mice. As shown in Figure 1A, GGT1 expression is
significantly reduced in OHT mice, suggesting that GGT1 may play an important role in glaucoma progression.
Oxidative stress and iron homeostasis have been reported to participate in glaucoma pathology.”*' To investigate the
role of GGT1 in RGC injury, we established an in vitro OGD/R-induced cell model. The results showed that OGD/R
treatment affected cell viability, and broken iron homeostasis in RGC-5 cells (Figure 1B-D). TEM images showed that
the mitochondrial size and cristae had become smaller and thinner in OGD/R-treated cells than controls (Figure 1E).
Consistently, an obvious accumulation of ferrous iron was observed in OGD/R-treated cells (Figure 1F). Compared with
control group, ROS generation and MDA level were increased, while GSH level was decreased in OGD/R-induced cells
(Figure 1G-I). Furthermore, we found that the RNA and protein levels of GGT1 in OGD/R-treated cells were lower than
those in controls (Figure 1J and K), indicating that GGT1 might be involved in OGD/R-induced ferroptosis.

GGT|I Restrained OGD/R-Induced Ferroptosis in RGC-5

To further verify the relationship between GGT1 and iron homeostasis, GGT1 was overexpressed or silenced in RGC-5
cells before the treatment of OGD/R. As expected, GGT1 overexpression promoted cell proliferation of OGD-R-treated
cells, while silencing its expression increased cell injury, and these effects could be reversed by ferroptosis inhibitor Fer-1
(Figure 2A and B). Upregulation of GGT1 significantly decreased both total iron and ferrous iron levels in RGC-5 cells
(Figure 2C and D). Consistently, GGT1-silenced RGC-5 cells had a higher ferrous iron accumulation in cytoplasm than
GGT1-overexpressed cells (Figure 2G). As indicated in Figure 2E, the mitochondrial volume shrunk and the cristae even
disappeared in OGD/R-induced and GGT1-silenced cells, but those changes were improved after GGT1 overexpression or
fer-1 treatment, which suggested that GGT1 alleviated mitochondrial impairment in the ferroptosis progress of cells.
Moreover, an increase in ROS intensity and MDA level, and a reduction in GSH, was witnessed after GGT1 down-
regulation compared to the OGD/R-treated group (Figure 2F, H and I). These findings indicated that GGT1 inhibited
ferroptosis in OGD/R-induced RGC-5 cells.

GGT|I Suppressed OGD/R-Induced Autophagy in RGC-5

We further found that the number of autophagosomes in OGD/R-induced RGC-5 cells was reduced after GGT1
overexpression, but the number was increased when GGT1 knockdown (Figure 3A). To explore whether GGT1 has
effects on autophagy development, the expression of autophagy-associated markers, including LC-3, Beclin-1, and p62
was detected. As shown in Figure 3B, a decreased expression of LC-3 and Beclin-1 was observed in RGC-5 cells after
GGT1 upregulation, whereas the expression in GGT1-silenced cells was elevated. The expression of p62, however, was
not significantly changed between GGT1-overexpressed and GGT1-silenced cells (Figure 3C). In addition, we used LC3
antibody to target extracellular autophagy spots, and the result showed that LC3 expression was remarkably down-
regulated through GGT1 overexpression (Figure 3C). After silencing GGT1, the number of yellow-labelled autophago-
somes and red-labelled autophagolysosomes was significantly increased (Figure 3D), which indicated that lysosomes are
fused with autophagosome. Collectively, GGT1 has the inhibitory effect on the accumulation of autophagosome in OGD/
R-induced cells.
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Figure | GGTI expression in RGC-5 was decreased in OGD/R-induced RGC-5 (A). The difference of GGT | gene expression between chronic ocular hypertension (OHT) mice
and normal mice. (B) MTT assay showing the viability of RGC-5 cells with or without OGD/R induction. (C and D) The concentration of iron and ferric iron in RGC-5 cells after
control or OGDI/R treatment. (E) TEM images of RGC-5 cells after OGD/R treatment (the red arrow reflects the outer membrane of mitochondrion). (F) Ferrorange probe
targeted the intracellular ferrous iron produced in RGC-5 cells. (G) The ROS level in RGC-5 cells in two groups (control, OGD/R) was detected. (H and I) The GSH and MDA
levels in RGC-5 cells were detected. (J) qRT-PCR analysis examined the mRNA level of GGT | in RGC-5. (K) Western blot analysis of GGT | expression in RGC-5 cells after treated
with OGD/R or untreated for 48 hours, full-length blots are presented in Supplementary Figure |. ¥ < 0.01, **p < 0.001, ***p < 0.0001.
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Figure 2 GGT| restrained OGD/R-induced ferroptosis in RGC-5. (A) The expression of GGT in RGC-5 cells after overexpressing or silencing GGT| and treated with
Erastin or fer-1, full-length blots are presented in Supplementary Figure |. (B) Cell proliferation was tested in RGC-5 cells. (C and D) The iron and ferric iron levels was
determined. (E) TEM images showing that the mitochondrial structure was observed (the red arrow reflects the outer membrane of mitochondrion). (F) The production of
ROS was examined in RGC-5 cells. (G) The intracellular ferrorange fluorescent intensity was detected in RGC-5 cells. (H and I) The production of MDA and GSH was
examined in RGC-5 cells. **p < 0.001, ****p < 0.0001.
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Wortmannin Suppressed Ferroptosis in RGC-5 Through Inhibition of Autophagy
Previous evidences have been reported that autophagy may facilitate ferroptosis.”*> Hence, we further investigated
whether the ferroptosis induced by OGD/R was autophagy associated. Here, we used wortmannin, a well-known
autophagosome inhibitor, to pretreat RGC-5 cells. Intriguingly, wortmannin rescued the growth inhibition and aberrant
iron homeostasis induced by erastin (Figure 4A—C). Meanwhile, a diminishing mitochondrial cristate observed in erastin-
treated cells was partly reversed by wortmannin (Figure 4D). Furthermore, a reduction of ferrous iron accumulation was
seen in wortmannin group compared with that in erastin group (Figure 4F). Indeed, wortmannin also increased the level
of GSH, and decreased the content of ROS and MDA in erastin-treated cells (Figure 4E, 4G and H). The data
demonstrated that wortmannin alleviated erastin-induced ferroptosis in RGC-5 cells by inhibiting autophagy.

GGTI Targeting GCLC Inhibited Ferroptosis in RGC-5

To uncover the inhibitory mechanism of GGT1 in glaucoma, we searched a bioinformatic website (https://string-db.org)
and predicted that there might be an interaction between GGT1 and GCLC. First, we confirmed that GGT1 can interact
with GCLC (Figure 5A and B). Thereafter, depletion of GCLC affected cell viability and iron homeostasis in GGT1-
overexpressed RGC-5 cells (Figure 5C and D). Morphologically, electronic microscopy showed that more autophago-

some accumulation, and reduced size and cristae of mitochondria were shown in GCLC-silenced cells (Figure 5E).
Immunofluorescence staining indicated that the ferrorange intensity was enhanced in RGC-5 cells after GCLC knock-
down (Figure 5G). Compared with GGT1 group, the level of GSH in cells was reduced, while the MDA and the ROS
levels were increased by silencing GCLC (Figure SF, H and I).

GGTI Targeting GCLC Inhibited Autophagy in RGC-5

We also found that the mitochondrion became smaller and the cristae was thinner in cells after GCLC knockdown
(Figure 6A). The expression of autophagy-related markers, such as LC-3, Beclin-1 and p62 in GCLC-silenced group was
similar to that in OGD/R group, while LC-3 and Beclin-1 proteins expression was significantly decreased after over-
expressing GGT1 (Figure 6B). Notably, upregulation of GGT1 blocked LC-3 expression and autophagy flux, but
depletion of GCLC restore this progression (Figure 6C and D). Together, these results revealed that GGT1 inhibited
the autophagy development by interacting with GCLC, and then suppressed ferroptosis in OGD/R-induced cells.

Discussion
Ferroptosis is a specific form of programmed cell death with iron-dependent properties, which is different from other
types of death and requires three key factors, including accumulation of redox active iron, depletion of GSH, and lipid
peroxidation.® Some evidences have been reported that ferroptosis might be related to the loss of RGCs in the retina, but
the mechanism underlying glaucoma pathogenesis and optic nerve damage is not clear.”> > More recently, three potential
ferroptosis pathways in glaucoma were proposed, which still need to be verified though.'® Herein, OGD/R treatment was
used to induce cell injury in RGC-5. A lower cell viability and abnormal iron homeostasis were observed in OGD/
R-treated RGC-5. Normally, the level of iron parameters keeps at a stable level, and excess iron is toxic and cause cell
death.?® Thus, investigating the possible mechanism of aberrant iron metabolism in RGCs after OGD/R treatment is
critical to develop the strategy for glaucoma therapy. Furthermore, we found that GGT1 was downregulated in OGD/
R-induced RGC-5, and overexpression of GGT1 decreased cell damage and cellular ferrous accumulation. Iron-mediated
lipid ROS production and GSH depletion are important for the induction of ferroptosis.>’ Cysteine deprivation resulting
from GSH depletion contributes to mitochondrial membrane potential hyperpolarization and lipid peroxide
accumulation.”® Hence, we detected the content of GSH and MDA in OGD/R-induced RGC-5 cells after upregulation
or depletion of GGT1, and the results showed that GGT1 increased the synthesis of GSH and lowered the level of MDA
in cells.

Moreover, the TEM imaging indicated that mitochondria impairment was improved in GGT1-overexpressed RGC-5
cells, and the number of autophagosome was also reduced. Autophagy plays an important role in RGC survival in both
in vivo and in vitro models. In glaucoma rat and mouse models, RGC loss was associated with autophagy and apoptosis
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Figure 4 Wortmannin suppressed ferroptosis in RGC-5 through inhibition of autophagy. (A) Cell proliferation was detected though MTT assay. (B and C) The iron and
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Figure 5 GGTI targeting GCLC inhibited ferroptosis in RGC-5. (A) CO-Immunoprecipitation to assess the interaction between GGT| and GCLC, full-length blots are
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Supplementary Figure |. (C) Cell viability fo RGC-5 was evaluated using MTT assay. (D) The iron and ferrous ion levels in RGC-5 cells after GGT| overexpression and GCLC
knockdown. (E) The mitochondrial structure in cells was visualized by TEM assay. (F) The ROS level was examined in cells after GGT| overexpression and GCLC knockdown.
(G) The ferrorange intensity was detected using immunofluorescence assay. (H and I) MDA and GSH levels in cells was tested.**p < 0.0, **p < 0.001, ***¥p < 0.0001.
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Figure 6 GGTI targeting GCLC inhibited autophagy in RGC-5. (A) TEM images showing the mitochondria structure in cells after GGT| overexpression and GCLC
knockdown, full-length blots are presented in Supplementary Figure |. (B) The proteins expression was detected using Western blot assay. (C) Immunofluorescence staining of
LC3 in cells was visualized. (D) mCherry-EGFP-LC3-based immunofluorescence staining of autophagolysosomes (red) and autophagosomes (yellow) in RGC-5 cells. *p < 0.05,
*p < 0.01, ¥*p < 0.001, ¥**p < 0.0001.
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pathways.”*?° MicroRNAs (miRNAs), miR-708 and miR-335-3P, repressed RGC apoptosis via inhibition of
autophagy.'® Ferroptosis is recognized as an autophagy-dependent cell death since autophagy can cause the degradation
of ferritin.>' Here, erastin-induced ferroptosis in cells was partly reversed by the autophagy inhibitor wortmannin,
suggesting that inhibition of autophagy is a promising pathway to restrain ferroptosis. The expression of autophagy-
associated proteins was decreased, while the protein level of p62 was increased after GGT1 overexpression, which
indicates that the inhibitory effects of GGT1 on ferroptosis in RGC-5 cells was probably achieved by blocking autophagy
development. Additionally, we found that GGT1 can interact with GCLC in RGC-5 cells. GCLC plays an important role
in the regulation of glutamate and has a glutathione-independent mechanism in the inhibition of ferroptosis.** GCLC
knockdown facilitated ferroptosis progression and inhibited cell proliferation and invasion.**=* In this study, we further
confirmed that the decreased autophagy and ferroptosis in GGT1-overexpressed cells was thwarted by silencing GCLC.
However, we still have some shortcomings in improving the overall aspects of glaucoma, such as the association of high
IOP with autophagy and iron death, and we look forward to further studies in vivo.

Conclusion

In conclusion, GGT1 suppressed the OGD/R-induced cell injury, ferroptosis, and autophagy in RGC-5 cells. This was
associated with the combination of GGT1 and GCLC. Our findings indicated that GGT1 may serve as a promising
candidate for glaucoma therapy.
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