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A B S T R A C T   

Retinal ganglion cell (RGC) death is a hallmark of traumatic optic neuropathy, glaucoma, and other optic 
neuropathies that result in irreversible vision loss. However, therapeutic strategies for rescuing RGC loss still 
remain challenging, and the molecular mechanism underlying RGC loss has not been fully elucidated. Here, we 
highlight the role of ferroptosis, a non-apoptotic form of programmed cell death characterized by iron-dependent 
lethal lipid peroxides accumulation, in RGC death using an experimental model of glaucoma and optic nerve 
crush (ONC). ONC treatment resulted in significant downregulation of glutathione peroxidase 4 (GPx4) and 
system xc(− ) cystine/glutamate antiporter (xCT) in the rat retina, accompanied by increased lipid peroxide and 
iron levels. The reduction of GPx4 expression in RGCs after ONC was confirmed by laser-capture microdissection 
and PCR. Transmission electron microscopy (TEM) revealed alterations in mitochondrial morphology, including 
increased membrane density and reduced mitochondrial cristae in RGCs after ONC. Notably, the ferroptosis 
inhibitor ferrostatin-1 (Fer-1) significantly promoted RGC survival and preserved retinal function in ONC and 
microbead-induced glaucoma mouse models. In addition, compared to the apoptosis inhibitor Z-VAD-FMK, Fer-1 
showed better effect in rescuing RGCs death in ONC retinas. Mechanistically, we found the downregulation of 
GPx4 mainly occurred in the mitochondrial compartment, accompanied by increased mitochondrial reactive 
oxygen species (ROS) and lipid peroxides. The mitochondria-selective antioxidant MitoTEMPO attenuated RGC 
loss after ONC, implicating mitochondrial ROS and lipid peroxides as major mechanisms in ferroptosis-induced 
RGC death in ONC retinas. Notably, administering Fer-1 effectively prevented the production of mitochondrial 
lipid peroxides, the impairment of mitochondrial adenosine 5′-triphosphate (ATP) production, and the down-
regulation of mitochondrial genes, such as mt-Cytb and MT-ATP6, in ONC retinas. Our findings suggest that 
ferroptosis is a major form of regulated cell death for RGCs in experimental glaucoma and ONC models and 
suggesting targeting mitochondria-dependent ferroptosis as a protective strategy for RGC injuries in optic 
neuropathies.   

1. Introduction 

Retinal ganglion cells (RGCs) are the only projecting neurons within 
the retina that relay visual information from the retina to the brain [1,2]. 
The death of RGCs occurs in a variety of ocular diseases, including 

traumatic optic neuropathy, glaucoma, and other optic neuropathies [3, 
4]. Like other central nervous system neurons in mammals, RGCs are 
devoid of replicative capabilities, and RGC loss often leads to irrevers-
ible vision loss and blindness [5,6]. Significant efforts have been made to 
find protective strategies to diminish or delay RGC death, including 
administering neurotrophic factors or inhibiting the apoptotic pathway 
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[7–9]. However, to date, no successful treatment has been approved for 
rescuing RGC loss. Therefore, a greater understanding of the mecha-
nisms underlying RGC loss is urgently needed to develop effective 
treatment strategies. 

Previous studies have demonstrated the existence of various forms of 
cell death, including apoptosis, autophagy, pyroptosis, and necrosis, in 
animal models of optic nerve axotomy, such as optic nerve transection or 
optic nerve crush (ONC) [9–14]. Among these, the role of autophagy in 
optic nerve damage remains controversial because some studies have 
reported cytoprotective effect of autophagy in promoting RGCs survival 
after traumatic injury [12], whereas others have shown detrimental 
effects of autophagy after optic nerve damage [10]. In contrast, sub-
stantial evidence supports apoptosis as the major mechanism leading to 
RGC death in animal models of optic nerve injury, experimental glau-
coma, and in human glaucoma [9,15–18]. However, strategies targeting 
apoptotic pathways, including direct apoptosis inhibitors or activation 
of anti-apoptotic pathways, only result in partial neuroprotection in 
these models [19,20], suggesting that another form of cell death likely 
contributes to RGC loss in optic neuropathies. The molecular and 
cellular mechanisms that trigger RGC injury after optic nerve damage 
include oxidative stress, mitochondrial dysfunction, inflammation, and 
glutamate neurotoxicity [21–26]. Many of these risk factors are associ-
ated with ferroptosis, a recently recognized form of regulated cell death 
(RCD) [27–29]. However, the role of ferroptosis in optic neuropathies 
has been scarcely studied. 

Ferroptosis was first proposed by Dixon et al. as a new form of pro-
grammed cell death, characterized by iron-dependent accumulation of 
lethal lipid oxidation [27]. Compared to other forms of RCD, such as 
apoptosis and necroptosis, ferroptosis exhibits distinct morphological, 
biochemical, and genetic features [27]. For example, unlike apoptosis, 
which is characterized by cell shrinkage or chromatin condensation, the 
key morphological hallmark of ferroptosis is mitochondrial shrinkage 
with increased membrane density and reduced mitochondrial cristae 
[27]. The iron-catalyzed Fenton reaction is thought to be critical for 
producing excessive lipid peroxides, leading to an imbalance in intra-
cellular redox and, ultimately, cell death [30]. Therefore, molecules that 
disturb cellular redox homeostasis, such as erastin, induce ferroptosis, 
and iron-chelating agents can inhibit this process [29]. Ferroptosis is 
implicated in various pathophysiological conditions, including tumor 
suppression [31], ischemia/reperfusion injury [32], hereditary 

hemochromatosis [33], and neurodegenerative disorders [34,35]. In the 
field of vision research, ferroptosis has been shown to occur in retinal 
pigment epithelial cells under oxidative stress or laser-induced choroidal 
neovascularization and photoreceptors after light-induced retinal 
degeneration [36–38]. Moreover, growing evidence supports the role of 
ferroptosis in neuronal injury in optic neuropathies. For example, pre-
vious studies have shown the accumulation of lipid peroxidation prod-
ucts in the trabecular meshwork and retina in experimental glaucoma 
models and glaucoma [39–42]. Furthermore, Sakamoto et al. reported 
that iron-chelating agents protected against 
excitoneurotoxicity-induced neuronal injury in rat retinas [43]. 

The present study demonstrates, for the first time, that ferroptosis is 
the major form of RCD in RGC loss in an experimental model of glau-
coma and ONC and that the ferroptosis inhibitor ferrostatin-1 (Fer-1) 
can promote RGC survival in these models by maintaining mitochon-
drial function. Our results offer new insights into the pathogenic 
mechanisms underlying RGC loss in optic neuropathies and may provide 
new targets for developing treatment strategies. 

2. Results 

2.1. Ferroptosis is involved in RGC injury in rats after ONC 

To determine whether ferroptosis occurs in ONC-treated retinas, we 
examined the protein expressions of two key regulators of ferroptosis, 
glutathione peroxidase (GPx4) and system xc(− ) cystine/glutamate 
antiporter (xCT) in rat retinas with or without ONC. Compared with 
control retinas, ONC retinas showed marked GPx4 and xCT down-
regulation after one day of ONC that further decreased after three days 
of ONC (Fig. 1A, B, 1C). To explore whether these changes occur spe-
cifically in RGCs, RGCs were isolated using laser capture microdissection 
and mRNA expression of GPx4 in isolated RGCs were detected. Hema-
toxylin and eosin (HE) staining of retinal sections showed RGC layer 
captured before and after microdissection (Fig. 1D). Polymerase chain 
reaction (PCR) data showed that GPx4 levels were significantly down-
regulated in isolated RGCs after three days of ONC treatment (Fig. 1E), 
supporting RGCs as the major site of ferroptosis induction in the retina 
after ONC. Furthermore, we found that the levels of malondialdehyde 
(MDA), an end-product of lipid peroxidation, were significantly 
increased in the retinas three days after ONC (Fig. 1F). The iron levels in 
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Fig. 1. Ferroptosis induction in rat retinas after ONC. (A–C) Western blot and densitometry analysis of xCT and GPx4 expression in retinas from control (ctrl) and 
ONC treated rats (n = 3 retinas per group). (D) HE staining of retinal sections before and after laser capture microdissection. (E) Detection of GPx4 mRNA expression 
in RGCs isolated by laser capture microdissection (n = 3 retinas per group). (F, G) Measurement of retinal MDA (F) and tissue iron (G) levels in control and ONC- 
treated retinas (n = 3 retinas per group). (H) Representative TEM images of retinal tissues with or without ONC treatment. The red and black asterisks indicate 
normal and shrunken mitochondria, respectively. All the results are expressed as the mean ± SD; *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars, 100 μm in (D), 
1 μm (pictures above), and 500 nm (pictures below) in (H). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

M. Guo et al.                                                                                                                                                                                                                                     



Redox Biology 58 (2022) 102541

4

the retinas after one and three days of ONC were significantly higher 
than those in the control group (Fig. 1G). Previous studies have reported 
distinct features of mitochondrial morphology in ferroptosis cells [27, 
44]. Therefore, we examined the ultrastructure of mitochondria in RGCs 
one and three days after ONC using transmission electron microscopy 
(TEM). As shown in Fig. 1H, RGCs from ONC-treated retinas showed 
altered mitochondrial morphology compared to the control group. 
Specifically, we observed increased mitochondrial membrane density 
with reduced mitochondrial crista structures, consistent with the 
morphological features of mitochondria during ferroptosis reported 
previously [44]. 

In summary, the ONC treatment induced characteristic morpholog-
ical and molecular changes in ferroptosis, including decreased GPx4 and 
xCT expression, increased lipid peroxidation and iron levels, and 
disruption of mitochondrial morphology in rat retinas, especially in 
RGCs. 

2.2. Fer-1 effectively inhibits ferroptosis in rat retinas after ONC 

As a lipid ROS scavenger, Fer-1 has been reported to inhibit ferrop-
tosis in many studies [45,46]. In our study, high (1 mM) but not low (10 
μM) Fer-1 concentrations markedly restored GPx4 and xCT down-
regulation in rat retinas three days after ONC (Fig. 2A, B, 2C). Addi-
tionally, Fer-1 treatment mitigated the increased MDA levels in the ONC 
retina (Fig. 2D). By using the ROS indicator dye CellROX Green, as 
previously reported [47], we observed elevated ROS levels in the RGC 
layer of rat retinas one day after ONC compared with control retinas, 
which can be prevented by treatment with 1 mM Fer-1 (Fig. 2E). 
Oxidation of polyunsaturated fatty acids (PUFAs) is the main driver of 
ferroptosis. Therefore, we used ultra-high performance liquid chroma-
tography (UHPLC)–high-resolution tandem mass spectrometry 
(HRMS/MS) to measure the levels of PUFAs and oxylipins in the retina of 
ctrl, ONC and Fer-1-treated rats. We found that PUFA levels, including 
linoleic acid (LA), α-linolenic acid (ALA), and arachidonic acid (AA), 
were significantly increased in the retinas three days after ONC 
compared with control retinas (Fig. 2F). Further examination of retinal 
oxylipins revealed significantly higher levels of AA metabolites (11 
(12)-DiHET, 14(15)-DiHET, and 18-HETE (Fig. 2G)), eicosapentaenoic 
acid (EPA) metabolites (18-HEPE and 15-HpEPE (Fig. 2H)), and doco-
sahexaenoic acid (DHA) metabolites (19(20)-DiHDPA, 19(20)-EpDPA, 
and 16(17)-EpDPA (Fig. 2J)) three days after ONC compared with 
controls. However, no significant difference in retinal LA metabolites 
was found between control and ONC rats (Fig. 2I). The Fer-1 treatment 
effectively mitigated the upregulation of these PUFAs and oxylipins in 
ONC-treated retinas (Fig. 2F, G, 2H, 2J). 

Altogether, these data showed that Fer-1 effectively inhibited fer-
roptosis in ONC retinas. 

2.3. Inhibition of ferroptosis by Fer-1 promotes RGC survival and 
improves flash visual evoked potential (F-VEP) function after ONC 

To determine whether inhibiting ferroptosis could protect the retina 
from ONC-induced injuries, we examined retinal histology and retinal 
electrophysiology response after ONC. By immunostaining the retinas 
for the pan RGC marker, RNA binding protein with multiple splicing 
(RBPMS), we found that seven days of ONC treatment resulted in a 52% 
loss of RGCs compared to control retinas (P < 0.001). Additionally, 
treatment with Fer-1 (1 mM) significantly increased the number of 
RBPMS+ RGCs in ONC retinas to 64.5% ± 5.8% of that in control retinas 
(P < 0.001) (Fig. 3A and B), suggesting a protective effect of Fer-1 on 
RGC survival after ONC injury. Next, we measured the retinal thickness 
using optical coherence tomography (OCT) imaging and found that the 
thickness of the retinal nerve fiber layer (RNFL) significantly decreased 
after 14 days of ONC treatment. The Fer-1 treatment (1 mM) markedly 
mitigated the reduction in RNFL thickness (Fig. 3C and D). To determine 
whether preservation of RGCs numbers by Fer-1 could also restore the 

visual function, we measured the F-VEP responses in ONC retinas to 
evaluate the visual responses of the retina and the optic pathway. Fig. 3E 
shows the representative waveforms of the F-VEPs for each group. It 
showed that ONC for seven days significantly reduced the amplitudes of 
N1P1 from 13.0 ± 2.5 uv to 4.9 ± 0.7 uv, and P1N2 from 16.5 ± 2.2 uv 
to 3.4 ± 0.9 uv. The Fer-1 treatment markedly restored the amplitudes 
of N1P1 and P1N2 to 9.1 ± 2.5 uv and 7.8 ± 0.9 uv, respectively (Fig. 3F 
and G). Furthermore, Fer-1 significantly shorted the prolonged latencies 
of N1 (78.8 ± 19.8 ms) and P1 (125.3 ± 30.0 ms) caused by ONC injury 
(N1 = 45 ± 3.9 ms, P1 = 73.8 ± 7.5 ms, P < 0.01) (Fig. 3H and I). 

In conclusion, in ONC eyes, inhibition of ferroptosis by Fer-1 not only 
promoted RGC survival and preserved the retinal integrity, but also 
greatly improved visual function. 

2.4. Fer-1 promotes RGC survival and preserves the retinal structure in a 
mouse model of glaucoma 

To investigate whether ferroptosis contributes to RGCs injury in 
glaucoma, a microbeads injection-induced glaucoma mouse model as 
previously reported was used in this study [48,49]. Compared to 
saline-injected eyes, injection of microbeads into the anterior chamber 
of the mice caused elevation of the intraocular pressure (IOP) from basal 
levels of 12.9 mmHg–22.7 mmHg three days after injection. They 
remained elevated until day 21 (Fig. 4A). Concomitantly, 
microbead-injected eyes showed decreased RGC density and reduced 
RNFL thickness in the retina 28 days after the microbead injection 
(Fig. 4D–G). To examine ferroptosis induction in this glaucoma model, 
we measured the protein expression of the ferroptosis regulator GPx4 in 
the retina after microbead injection. GPx4 expression was significantly 
reduced in the retina of microbead-injected eyes compared to 
saline-control eyes 28 days later (Fig. 4B and C). The Fer-1 pretreatment 
before injecting the microbeads restored the decreased GPx4 protein 
expression without affecting elevated microbead-induced IOP (Fig. 4A, 
B, 4C). Furthermore, pretreating the samples with Fer-1 promoted RGC 
survival from 2458 ± 125/mm2 to 3009 ± 105/mm2 in the retinas of 
microbead-injected eyes (Fig. 4E) and markedly prevented the reduction 
in RNFL thickness caused by the microbead injection (Fig. 4F and G). 

In summary, our data showed that inhibiting ferroptosis could pro-
tect against retinal injuries in a microbead injection-induced glaucoma 
mouse model. 

2.5. Ferroptosis is the major form of RCD in RGCs after ONC injuries 

Previous studies have shown an important role of apoptosis in RGCs 
death after ONC [20]. To investigate the significance of ferroptosis in 
comparison to apoptosis in ONC-induced RGCs death, we examined the 
time-course expression of the ferroptosis marker GPx4 and the apoptosis 
markers cleaved caspase-3 (CC3) and cytochrome c (Cyto C), which are 
released into the cytosol to activate mitochondria-dependent apoptosis. 
We found that the expression of CC3 significantly increased three days 
after ONC (Fig. 5A and B), while Cyto C significantly increased one day 
after ONC and remained high thereafter (Fig. 5A and C). In contrast, 
GPx4 levels were downregulated as early as 6 h after ONC treatment 
(Fig. 5A and D), accompanied by increased accumulation of the lipid 
peroxidation product MDA (Fig. 5H), suggesting that ferroptosis is an 
early event in the rat retina after ONC in comparison to apoptosis. Be-
sides, applying Fer-1 after ONC did not prevent caspase-3 activation in 
rat retinas seven days after ONC (Fig. 5E and F), suggesting that fer-
roptosis occurs independently of apoptosis in ONC-treated retinas. 

To investigate the relative contributions of ferroptosis and apoptosis 
in RGCs death after ONC, we compared the effects between ferroptosis 
and apoptosis inhibitor, as well as the combination of both inhibitors, in 
ONC treated rat retinas. Injection of the apoptosis inhibitor Z-VAD-FMK 
(Z-VAD) (400 ng) into the vitreous before and three days after ONC 
effectively blocked the release of Cyto c into the cytosol at seven days 
after ONC (Fig. 5G and I). We evaluated RGC survival (RBPMS+ cells) in 

M. Guo et al.                                                                                                                                                                                                                                     



Redox Biology 58 (2022) 102541

5

Fig. 2. Fer-1 effectively inhibits ferroptosis in rat retinas following ONC. (A–C) Western blot and densitometry analysis of xCT and GPx4 expression in control 
retinas and retinas after three days of ONC treated with or without Fer-1 (low = 10 μM, high = 1 mM) (n = 3 retinas per group). (D) Measurement of retinal MDA 
levels in control rats and rats after three days of ONC treated with or without Fer-1 (n = 3 retinas per group). (E) Representative images of CellROX staining in retinas 
from control rats and rats after one day of ONC treated with or without Fer-1 (n = 3 retinas per group). (F–J) Summary of retinal PUFAs (F) and AA (G), EPA (H), LA 
(I), and DHA metabolites (J) in control rats and rats after three days of ONC treated with or without Fer-1 (n = 3–6 retinas per group). The data are expressed as the 
mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars, 50 μm in (E). 
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Fig. 3. Fer-1 protects against RGC loss, the reduction of retinal thickness, and the impairment of retinal function caused by ONC. (A) Retinal wholemount 
staining of RBPMS+ RGCs from control rats and rats after seven days ONC treated with or without Fer-1. (B) Quantification of RBPMS+ RGCs shown in (A) (n = 4–7 
retinas per group). (C) Representative OCT images along a circle centered on the optic disc of the retina with a circumference of 3600 μm (the black circle in the 
Fundus photograph) from control rats and rats after 14 days of ONC treated with or without Fer-1. (D) Quantification of the mean RNFL thickness of the retina shown 
in (C) (n = 4 retinas per group). (E) Representative F-VEP responses from control, seven days post-ONC, and Fer-1-treated ONC eyes. (F–I) Quantification of the 
amplitudes of N1–P1, P1–N2, and the latencies of the N1 and P1 wave (n = 4 retinas per group). The data represent the mean ± SD. *P < 0.05, **P < 0.01, and ***P 
< 0.001. Scale bar, 200 μm in (A). 
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retinal wholemounts seven days after ONC and found that treatment 
with Z-VAD or Fer-1 markedly preserved RGC numbers (Fig. 5J). Spe-
cifically, compared to ONC alone group, the survival rate of RGCs in 
ONC retinas treated with Z-VAD, Fer-1, or dual inhibitors increased from 
48.9% ± 6.3%–59.8% ± 1.4%, 67.1% ± 2.3%, and 76.4% ± 7.3%, 
respectively (Fig. 5K), suggesting that dual inhibitors showed a better 
effect in rescuing RGCs than either inhibitor alone. 

Similarly, OCT measurements of retinal structure 14 days after ONC 
revealed that Z-VAD, Fer-1, or dual inhibitors significantly prevented 
the reduction in retinal thickness, especially at the RNFL (Fig. 5L). 
Among these, Fer-1 worked better than Z-VAD in protecting the retinal 
structure, and the combination of Fer-1 and Z-VAD conferred additive 
protection of the retinal structure compared to either inhibitor alone 
(Fig. 5M). 

Collectively, these data demonstrate that ferroptosis, along with 
apoptosis, is the dominant form of RCD that contributes to RGC death in 
rat ONC models. 

2.6. Fer-1 protects against ONC-induced RGC injury by maintaining 
mitochondrial function 

Changes in mitochondrial morphology and function are closely 
related to ferroptosis, and recent studies have shown that mitochondrial 
dysfunction can be a causative factor in ferroptosis [50,51]. To inves-
tigate whether this also occurs in the retina after ONC, we first detected 
mitochondrial ROS production using the mitochondrial superoxide 

indicator MitoSOX™ red. We found mitochondrial ROS was signifi-
cantly increased in the RGC layer one day after ONC (Fig. 6A and B). 
Intravitreal injection of MitoTEMPO, a mitochondria-targeted ROS 
scavenger, effectively abolished mitochondrial ROS generation in RGCs 
of ONC retinas. Interestingly, like MitoTEMPO, the Fer-1 treatment also 
effectively reduced mitochondrial ROS in ONC retinas (Fig. 6A and B). 
Moreover, the Fer-1 treatment effectively mitigated the downregulation 
of mitochondrial genes mt-Cytb and MT-ATP6 in the retina three days 
after ONC (Fig. 6C and D). Treatment with either MitoTEMPO or Fer-1 
effectively alleviated the reduction in adenosine 5′-triphosphate (ATP) 
production in the retina one day after ONC (Fig. 6E), suggesting a pro-
tective effect of Fer-1 in maintaining mitochondrial function after ONC 
injury. 

GPx4 acts as the main regulator of ferroptosis by exerting its unique 
function of reducing lipid ROS production. To understand the role of 
mitochondrial form of GPx4 (mGPx4) in ONC-induced ferroptosis in the 
retina, we isolated the mitochondrial fraction of the retina, and found 
that mGPx4 expression was significantly decreased in the retina as early 
as 6 h after ONC injury, and continued to decrease until seven days after 
ONC, while GPx4 expression in the cytoplasmic fraction of ONC retina 
was not considerably affected (Fig. 6F–I), indicating that GPx4 expres-
sion in mitochondrial compartment might be affected initially after ONC 
treatment. Concomitantly, MDA levels were significantly increased in 
the mitochondrial fraction from 6 h to three days after ONC, but no 
significant change of MDA levels was found in the cytoplasmic fraction 
at the observed time points (Fig. 6J and K). These data suggest that 

Fig. 4. Fer-1 protects against RGC injury in a microbead injection-induced glaucoma mouse model. (A) Measurement of IOP in mice after the microbead 
injection up to 28 days (n = 8–15 retinas per group). (B, C) Western blot and densitometry analyses of GPx4 expression in retinas 28 days after saline- and microbead- 
injected mice pretreated with or without Fer-1 (n = 3 retinas per group). (D) Retinal wholemount labeling of RBPMS+ RGCs isolated from saline- or microbead- 
injected eyes treated with or without Fer-1 28 days post-injection. (E) Quantification of RBPMS+ RGCs shown in (D) (n = 8–9 retinas per group). (F) Representa-
tive OCT images of retinas from saline- or microbead-injected mice 28 days post-injection. (G) Quantification of the mean RNFL thickness shown in (F) (n = 9–13 
retinas per group). The data represent the mean ± SD. *P < 0.05 and ***P < 0.001. Scale bar, 100 μm in (D). 
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mitochondria compartment was primarily affected after ONC treatment 
and mitochondria ROS and lipid peroxides might trigger ferroptosis in 
ONC retinas. To further test this possibility, we injected MitoTEMPO 
into the vitreous of the ONC rats, and found that MitoTEMPO dramati-
cally ameliorated GPx4 protein reduction and prevented MDA accu-
mulation in the retina three days after ONC (Fig. 6L–N). Furthermore, by 
labeling RBPMS+ RGCs in retina wholemount and measuring RNFL 
thickness seven days and 14 days after ONC, respectively, we found that 
at seven days after ONC, the number of surviving RGCs was markedly 
increased in TEMPO (62.8%) and MitoTEMPO (74.5%) treatment group 
compared to surviving RGCs (50.2%) in the control group, with Mito-
TEMPO showing a significantly improved effect than TEMPO in pre-
serving RGC survival (P = 0.002). Besides, the RNFL thickness was also 
well preserved in TEMPO and MitoTEMPO treated retinas compared to 
control retinas (Fig. 6O–R). 

Altogether, these data implicate mitochondrial ROS and lipid per-
oxides as causative factors in ONC-induced ferroptosis and RGC death. 
Fer-1 could alleviate ONC-induced retinal injuries by ameliorating these 
mitochondrial deficits. 

3. Discussion 

RGC degeneration is a hallmark of glaucoma and other optic neu-
ropathies that afflict millions of people worldwide [52]. However, 
neuroprotective therapies that diminish or delay the progression of RGC 
loss still remain a major clinical challenge. In the current study, we 
demonstrated that ferroptosis is an important mediator of RGC death in 
an ONC rat model and in a microbead injection-induced glaucoma 
mouse model. Notably, utilizing the ferroptosis inhibitor Fer-1 effec-
tively alleviated RGC death, preserved retinal structure, and improved 
visual function in these models. Mechanistically, we revealed that 
mitochondrial dysfunction, particularly the accumulation of mitochon-
drial ROS and lipid peroxides, is essential for triggering ferroptosis in the 
rat retina after optic nerve damage. 

The mechanisms underlying RGC death in optic neuropathies have 
not been fully elucidated and remain a matter of intense research. Pre-
vious studies have reported the involvement of different forms of cell 
death, including apoptosis, pyroptosis, and necrosis, in animal models of 
optic nerve damage [9–14]. However, inhibiting either apoptosis or 

Fig. 5. Ferroptosis is the main form of RCD in ONC-induced RGC injury. (A–D) Western blot and densitometry analysis of cleaved caspase 3 (CC3), cytochrome c 
(Cyto C), and GPx4 expression in retinas after ONC for the indicated time (n = 3–6 retinas per group). (E, F) Western blot and densitometry analysis of cleaved 
caspase 3 in control, seven days post-ONC, and Fer-1-treated ONC retinas (n = 3 retinas per group). (G and I) Western blot and densitometry analysis of Cyto C in 
control, seven days post-ONC, and Z-VAD-FMK-treated ONC retinas (n = 3 retinas per group). (H) Measurement of MDA levels in retinas after ONC for the indicated 
time (n = 4 retinas per group). (J) Retina wholemount labeling of RBPMS+ RGCs following seven days of ONC with or without Fer-1 or Z-VAD treatment. (K) 
Quantification of RBPMS+ RGCs shown in (J) (n = 6–8 retinas per group). (L) Representative OCT images of retinas from control rats and rats after 14 days of ONC 
injury treated with or without Fer-1 or Z-VAD. (M) Quantification of the RNFL thickness of the retina shown in (L) (n = 5–6 retinas per group). The data represent the 
mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars, 200 μm in (J). 
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necrosis can only partially rescue RGC loss in these models, suggesting 
that another form of cell death is involved in optic nerve 
damage-induced RGC injury [13,53]. In addition, substantial evidence 
indicates that lipid peroxidation and disturbed iron metabolism are 
crucial in RGC injury under these conditions. For example, MDA accu-
mulation has been found in the retinas of a rat ONC model and the 
plasma of patients with primary open-angle glaucoma [54,55]. Simi-
larly, increased mRNA and protein expression of iron-regulating pro-
teins, such as transferrin and ferritin, are present in the retinas of 
experimental monkey glaucoma and human glaucoma [56]. Moreover, 
Sakamoto et al. reported a protective effect of iron-chelating agents 
against MDA-induced RGC loss in rats [43]. In the current study, we 
demonstrated ferroptosis induction in an ONC rat model and an exper-
imental glaucoma mouse model. In addition, the lipid ROS scavenger 
Fer-1 effectively promoted RGC survival and restored visual function in 
ONC retinas, highlighting the significance of ferroptosis in optic nerve 
axotomy-induced RGC injury. Similarly, Fer-1 treatment also restored 
the downregulation of GPx4 levels and prevented RGC death and retinal 
structural impairment caused by IOP elevation in mice, implicating 
ferroptosis in glaucoma-induced RGC injuries. 

To investigate the relative contributions of ferroptosis and apoptosis 
in ONC-induced RGC injury, the time points at which the two forms of 
RCDs were induced were examined. We found that the expression of 
CC3, the executor of apoptosis, was upregulated three days after ONC, 
while reduced GPx4 protein levels and MDA accumulation were 
observed as early as 6 h after ONC injury, suggesting that ferroptosis is 
likely to be an early event in ONC models. Furthermore, we found that 
applying Fer-1 before ONC did not prevent caspase 3 activation at later 
time points, suggesting that ferroptosis is induced independently of 
apoptosis in ONC retinas. Next, we compared the therapeutic efficacy of 
ferroptosis and apoptosis inhibitors in ONC models and found that the 
ferroptosis inhibitor Fer-1 exerted a protective effect comparable to that 
of the apoptosis inhibitor Z-VAD-FMK. The combination of both in-
hibitors showed a moderate but significantly improved protective effect 
in rescuing RGC numbers. These results suggest that ferroptosis, along 
with apoptosis, represents the major form of RCD in RGC death in ONC 
rat models. 

The organelle that triggers ferroptosis remains unclear. Previous 
studies have reported the generation of lipid peroxides in cells under-
going ferroptosis in the plasma membrane, lysosomes, and endoplasmic 
reticulum [27,57–62]. Although morphological alterations in mito-
chondria are characteristic of ferroptosis, whether mitochondrial lipid 
peroxides are an important component in ferroptosis remains contro-
versial. Previous studies have shown that erastin and RAS-selective le-
thal (RSL3) can induce ferroptosis without mitochondrial dysfunction or 
lipid peroxidation [27,63]. In contrast, Gao et al. showed that mito-
chondrial respiration is required for lipid ROS generation to drive 
cysteine deprivation-induced ferroptosis [64]. More recently, two 
studies showed that excessive lipid peroxidation in mitochondria leads 
to ferroptosis as a major mechanism in doxorubicin (DOX)-induced 
cardiomyopathy [50,51]. In our study, ferroptosis induction in the ONC 
retina was accompanied by mitochondrial dysfunction, as manifested by 

increased mitochondrial ROS production, decreased ATP production, 
and the downregulation of mitochondrial genes. Furthermore, GPx4 
downregulation and increased MDA accumulation in the mitochondrial 
fraction of the retina after ONC indicated that lipid ROS generation from 
dysfunctional mitochondria may trigger ferroptosis in the ONC retina. 
Hence, we used MitoTEMPO to scavenge ROS in mitochondria and 
found that MitoTEMPO effectively abolished the reduction of GPx4 
expression and MDA accumulation in the ONC retina. Moreover, the 
MitoTEMPO treatment significantly improved RGC survival and pre-
served retinal thickness after ONC, supporting a key role of mitochon-
drial ROS in ONC-induced ferroptosis and RGC death. Due to the high 
metabolic activity and energy demand, the retina contains a great con-
centration of mitochondria, especially in RGCs, making them particu-
larly susceptible to perturbations in mitochondrial function [65]. 
Therefore, mitochondrial dysfunction has been implicated in RGC loss in 
glaucomatous injury, and targeting mitochondria might be a promising 
neuroprotective strategy under these conditions [66]. 

Our study has limitations to be considered. Firstly, we showed the 
involvement of ferroptosis and the therapeutic potential of anti-ferrop-
tosis reagents in ONC induced acute axonal injury model and microbead 
occlusion induced glaucoma model, further studies are needed to 
examine the role of ferroptosis in other experimental and genetic mouse 
models of glaucoma. Secondly, our data suggest increased mitochondria 
ROS and lipid peroxides as the principal driver of ferroptosis in ONC 
retinas, nonetheless, we find that TEMPO, a non-mitochondria targeted 
antioxidant, also exerts some protective effect in preventing RGC death 
in ONC models, suggesting that the lipid peroxidation in lipid mem-
branes after ONC may also play a role here. Further investigation is 
needed to completely decipher the underlying molecular mechanisms of 
mitochondria dependent ferroptosis in these diseases. Lastly, our find-
ings have not been confirmed in human clinical specimens and future 
studies using vitreous fluid or retinal sample from optic nerve injury and 
glaucoma patients are needed to demonstrate the occurrence and sig-
nificance of ferroptosis in these disease conditions. 

In summary, our study revealed a novel mechanism by which 
mitochondria-dependent ferroptosis mediates RGC death after optic 
nerve damage, potentially uncovering new therapeutic targets for 
reducing RGC degeneration in optic neuropathies. 

4. Materials and methods 

4.1. Animals 

Adult male Wistar rats (weighing 180–200 g) and male C57BL/6J 
mice (6–8 weeks) were purchased from Beijing Vital River Laboratory 
Animal Technology Co., Ltd. and maintained under a controlled tem-
perature and illumination (12:12 h light: dark cycle). All experimental 
procedures were approved by the Tianjin Medical University Animal 
Care and Use Committee. 

Fig. 6. Mitochondrial ROS and lipid peroxidation are crucial in ONC-induced ferroptosis and RGC loss. (A, B) Representative MitoSox images and quanti-
fication of the immunofluorescence intensity in retinas from control, one day post-ONC, and ONC treated with MitoTEMPO or Fer-1 rats (n = 3 retinas per group). (C, 
D) Detection of mt-Cytb (C) and MT-ATP6 (D) mRNA expression by qRT-PCR in control, three days post-ONC, and Fer-1-treated ONC retinas (n = 3 retinas per 
group). (E) Measurement of retinal ATP levels in control, one day post-ONC, and ONC treated with MitoTEMPO or Fer-1 rats (n = 3 retinas per group). (F, G) Western 
blot (F) and densitometry analysis (G) of mitochondrial GPx4 expression in control retinas and 6 h, one day, three days and seven days post-ONC (n = 4 retinas per 
group). (H, I) Western blot (I) and densitometry analysis (H) of cytoplasmic GPx4 expression in control and ONC retinas of 6 h, one day, three days and seven days 
post-ONC (n = 4 retinas per group). (J, K) Measurement of retinal mitochondrial (J) and cytoplasmic (K) MDA levels in control and ONC treated retinas at designated 
time points (n = 4 retinas per group). (L, M) Western blot and densitometry analysis of GPx4 expression in control retinas and retinas after three days of ONC treated 
with normal saline (NS) or MitoTEMPO (Mito) (n = 3 retinas per group). (N) Measurement of MDA levels in control eyes and eyes after three days of ONC treated 
with NS and MitoTEMPO (n = 3 retinas per group). (O) Wholemount images of RBPMS-labeled RGCs from control, seven days post-ONC, and ONC treated with NS, 
Tempo, or MitoTEMPO eyes. (P) Quantification of RBPMS+ RGCs shown in (O) (n = 5–6 retinas per group). (Q) Representative OCT images of retinas from control, 
14 days post-ONC, and ONC treated with NS, Tempo, or MitoTEMPO. (R) Quantification of the mean RNFL thickness shown in (Q) (n = 6–8 retinas per group). The 
data represent the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars, 50 μm in (A) and 200 μm in (O). 
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4.2. ONC 

Anesthesia was induced using 5% isoflurane/1.5 L per minute O2 and 
maintained at 3% throughout the procedure. Intraorbital ONC was 
performed as previously described [67]. Briefly, the optic nerve was 
surgically exposed intraorbitally and crushed using reverse microscopic 
self-closing forceps (Dumont #N7, Cat #RS-5027, Roboz, Montignez, 
Switzerland) for 10 s 1.5 mm posterior to the optic disc. Care was taken 
to avoid damaging the retinal artery during the procedure. 

4.3. Mouse model of elevated IOP by microbead injection 

C57BL/6J mice were anesthetized with 3% isoflurane/1.5 L per 
minute O2 and maintained at 3% throughout the procedure. Elevation of 
IOP was induced unilaterally by injection of polystyrene microbeads 
(FluoSpheres, 15 μm diameter, Invitrogen, CA, USA) into the anterior 
chamber of each animal under a surgical microscope, as previously re-
ported [48]. Briefly, microbeads were prepared at a concentration of 5.0 
× 106 beads/mL in sterile physiological saline. A trans-corneal incision 
was made near the center using an insulin syringe with a sterile interior 
(Becton, Dickinson and Company, NJ, USA). Then, 2 μL of microbeads 
was injected into the anterior chamber through the incision and an air 
bubble was injected to prevent leakage using a 33G-Hamilton syringe 
(World Precision Instruments Inc., FL, USA). Animals were excluded for 
symptoms of inflammation (clouding and edema of the cornea). IOP was 
monitored by a rebound TonoLab tonometer (ICARE, Finland). IOP 
readings were reported as the average of six consecutive IOP measure-
ments. All IOPs were measured between 10:00 a.m. and 12:00 a.m. of 
the day. 

4.4. Intraocular injection 

A 5 μL Hamilton syringe with a 33G needle was used for intravitreal 
injection, and care was taken during the injection to avoid damage to the 
lens of the animals. Wistar rats received 4 μL of Fer-1 (10 μM or 1 mM) 
(Cat#S7243, Selleck, TX, USA), Z-VAD-FMK (400 ng) (Cat#S7023, 
Selleck), Tempo (2 mM) (Cat#176141, Sigma, Darmstadt, Germany), 
and MitoTEMPO (2 mM) (Cat#SML0737, Sigma) injected into the vit-
reous cavity before and three days after ONC injury. For C57BL/6J mice, 
2 μL of Fer-1 (1 mM) was injected into the vitreous cavity immediately 
before the microbeads were injected into the anterior chamber. Fer-1 
was dissolved in 0.1% dimethyl sulfoxide (DMSO). Supplemental 
Fig. 1 shows the safety evaluation of the intravitreal Fer-1 injection. 

4.5. Western blot 

Retinal tissue was lysed in radioimmunoprecipitation assay (RIPA) 
buffer containing protease inhibitors (APExBIO, TX, USA). The extracted 
proteins were separated on 15% sodium dodecyl sulfate-polyacrylamide 
gels (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) 
membranes (Merck Millipore, Darmstadt, Germany). After blocking 
with 5% skim milk, the membranes were incubated at 4 ◦C overnight 
with the following primary antibodies: GPx4 (1:1000, Cat#ab125066, 
Abcam, Cambridge, UK), xCT (1:1000, Cat#ab175186, Abcam), CC3 
(1:500, Cat#9664, Cell Signaling Technology, MA, USA), Cyto C 
(1:1000, Cat#11940S, Cell Signaling Technology), COX IV (1:1000, 
Cat#4844, Cell Signaling Technology), and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (1:5000, UtiBody, Tianjin, China). The mem-
branes were washed and incubated with secondary antibodies for 2 h at 
room temperature. The blots were detected using an automatic chem-
iluminescence analysis system (Millipore, Billerica, MA, USA). The blots 
were quantified using ImageJ software. 

4.6. RNA extraction and quantitative real-time PCR (qRT-PCR) analysis 

Total RNA was extracted from the retinas using TRIzol® reagent 

(Sigma) and converted to complementary DNA (cDNA) using reverse 
transcriptase (TransGen, Beijing, China). qRT-PCR was performed using 
PerfectStart® Green qPCR SuperMix (TransGen) and processed with a 
7500 Real-Time PCR system (Applied Biosystems, CA, US). All samples 
were normalized to β-actin levels. Relative mRNA levels were quantified 
using the ΔΔCt method. The primers used in this study were as follows: 
MT-ATP6 forward, 5ʹ-GAACGCCTAATCAGCAAC-3′; MT-ATP6 reverse, 
5ʹ-AATGTATGGGGAAGAAGC-3′; mt-Cytb forward, 5′-CCCATTCAT-
TATCGCCGC-3’; mt-Cytb reverse, 5′-GGGTGTTGAGGGGGTTAGC-3’; 
GPx4 forward, 5′-AATCCTGGCCTTCCCTTGCA-3’; GPx4 reverse, 5′- 
GCCCTTGGGCTGGACTTTCA-3; β-actin forward, 5ʹ-GATCAA-
GATCATTGCTCCTCCTG-3′; β-actin reverse, 5′-ACGCAGCTCAGTAA-
CAGTCC-3’. 

4.7. Analyzing oxylipins 

Oxylipins were analyzed using UHPLC-MS/MS with an Ultimate 
3000 UHPLC system (ThermoFisher, MA, USA) connected to a Q Exac-
tive™ Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (QE) (Ther-
moFisher, MA, USA) equipped with an electrospray ion source. Lipids 
were separated using an ACQUITY UPLC CSH C18 column (2.1 mm ×
100 mm, 1.7 μm) (Waters, MA, USA) with a column temperature of 
55 ◦C. Internal standards were purchased from Avanti Polar Lipids Inc. 

4.8. Quantification of RGC survival 

Eyeballs were removed and fixed in 4% paraformaldehyde (PFA) for 
2 h at room temperature, followed by isolation and permeabilization 
with 1% Triton X-100 (Solarbio, Beijing, China) and blocking in 5% 
albumin bovine V (Solarbio) and 0.5% Triton X-100. Next, retinal 
wholemounts were incubated with an anti-RBPMS antibody (1:200, 
Cat#ab152101, Abcam) at 4 ◦C for two days, washed six times with 
0.1% Triton X-100, then incubated with anti-rabbit Alexa Fluor 488 
(1:200, Cat#111-545-003, Jackson Immuno Research, PA, USA) for 2 h, 
protected from light. After washing, the retinal wholemounts were 
scanned using a Zeiss LSM800 confocal microscope (Zeiss, Munich, 
Germany). RGC quantification was performed using ImageJ software by 
counting RBPMS+ cells from 3 mm-square areas per retinal quadrant at 
distances of 0.5 mm, 1.5 mm, and 2.5 mm for rats or 0.25 mm, 0.75 mm, 
and 1.25 mm for mice from the optic nerve head for a total of 12 retinal 
areas. 

4.9. F-VEP recording 

F-VEP was performed using an RETI-port/scan 21 vision electro-
physiological diagnostic instrument (Roland Consult, Brandenburg, 
Germany) as previously described [67]. Wistar rats were anesthetized 
intraperitoneally with 10% chloral hydrate (300 mg/kg) and were 
dark-adapted for 15 min in a dark room. Three silver needle electrodes 
were used, with the recording electrode placed subcutaneously in the 
middle of two ears, the reference electrode hooked into the cheek on the 
side of the measured eye, and the ground electrode placed under the skin 
of the tail. The other eye was covered with a piece of black cloth while 
one eye was being tested. The test parameters were as follows: the in-
tensity of the white flash stimulus was 3.0 cd2S/m2, the stimulation 
frequency was 1.4 Hz, and each item was superimposed 100 times. We 
detected the latency of the N1 and P1 waves and the amplitudes of 
N1–P1 (from the N1 trough to the P1 peak) and P1–N2 (from the P1 peak 
to the N2 trough). 

4.10. Spectral-domain optical coherence tomography (SD-OCT) imaging 

After intraperitoneal anesthesia with 10% chloral hydrate (300 mg/ 
kg), the rats were treated with atropine eye drops for 5–10 min to dilate 
the pupils. A drop of ofloxacin eye ointment was applied to each cornea 
to prevent dryness. The images of the rat retinas were scanned in the ring 
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scan mode centered by the optic nerve head using a Phoenix Micron IV 
retinal imaging microscope (Phoenix, OR, USA), and 20 images at the 
same position were averaged to eliminate artifacts. The Phoenix soft-
ware quantified the average thickness of the RNFL around the optic 
nerve head. 

4.11. TEM 

After sacrificing the subjects, eyeballs were quickly removed and 
fixed in 2.5% glutaraldehyde (Solarbio) for 2–4 h. Then the retina- 
choroid-sclera complex was dissected, cut into small 1 mm3 clumps, 
post-fixed with 1% osmium tetroxide in a 0.1 M phosphate buffer (PB, 
pH 7.4) at room temperature for 2 h, dehydrated in a graded ethyl 
alcohol series, and embedded in SPI-Pon 812 epoxy resin (SPI, 
Cat#90529-77-4, PA, USA) overnight at 37 ◦C. The embedded tissues 
were polymerized for more than 48 h at 60 ◦C. Then 60–80 nm ultra-thin 
sections were cut using a Leica UC7 ultramicrotome, stained with 2% 
uranium acetate saturated alcohol solution for 8 min and 2.6% lead 
citrate for 8 min, and observed under an HT7700 transmission electron 
microscope (HITACHI, Tokyo, Japan). 

4.12. Measuring MDA and tissue iron levels 

Retinal MDA and iron levels in homogenized retinal tissues were 
determined using an MDA assay kit (cat#A003-1-2, Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China) and a tissue iron assay kit 
(cat#A039-2-1, Nanjing Jiancheng Bioengineering Institute). Briefly, 
MDA levels were determined by measuring the optical density (OD) at 
532 nm and iron levels at 520 nm using a microplate reader (Biotek, VT, 
USA). MDA and iron levels were normalized to the total protein levels 
determined using a bicinchoninic acid (BCA) assay (Solarbio). 

4.13. Isolating cytosolic and mitochondrial fractions 

Cytosolic and mitochondrial fractions were isolated using fresh 
retinal tissues and a mitochondria isolation kit (cat#G006-1-1, Nanjing 
Jiancheng Bioengineering Institute) per the manufacturer’s instructions. 

4.14. Detecting ATP levels 

ATP content was determined using an enhanced ATP assay kit 
(cat#S0027, Beyotime, Shanghai, China) per the manufacturer’s in-
structions. Briefly, retinal tissues were lysed and homogenized with 150 
μL cold lysis buffer on ice and centrifuged at 12 000 g at 4 ◦C for 10 min. 
The ATP detection solution (100 μL) was added to a 96-well plate and 
incubated at room temperature for 5 min. Then a 20 μL supernatant of 
the retinal lysate was transferred into a 96-well plate, mixed quickly, 
and read after 2 s of incubation with the ATP detection solution using a 
microplate reader (Biotek). Total ATP levels were calculated from 
luminescence signals and normalized to protein concentrations. 

4.15. Detecting total ROS and mitochondria-derived ROS 

Total and mitochondria-derived ROS in the retina were measured 
using CellROX™ Green (cat#C10444, Thermo Fisher Scientific) and 
Mitosox™ Red (cat#M36008, Thermo Fisher Scientific). Briefly, 4 μL of 
Mitosox and 4 μL of CellROX at a concentration of 250 μM were intra-
vitreally injected into Wistar rats 2 h before sacrifice. The eyeballs were 
harvested and fixed with 4% PFA on ice for 1 h and protected from light. 
Eyecups were dissected and cryosectioned into 20 μm sections onto glass 
slides, washed with phosphate-buffered saline (PBS), and mounted in 
mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI) 
(Invitrogen). Fluorescence signals were evaluated using a confocal mi-
croscope (LSM 800; Carl Zeiss, Jena, Germany). 

4.16. Laser capture microdissection of RGCs 

Eyeballs from ONC and control rats were embedded in OCT imme-
diately after enucleation, cut into 8 μm sections, and collected on 
polyethylene naphthalate membrane slides (Zeiss, Munich, Germany), 
which were rinsed in 0.1% diethyl pyrocarbonate (DEPC). The sections 
were thawed at room temperature for 2 min, rinsed briefly in 0.1% 
DEPC, and subjected to HE staining with hematoxylin for 10 s and eosin 
for 5 s, with a brief rinsing with 0.1% DEPC between each step. Then, the 
sections were dehydrated with 50%, 70%, 95%, and 100% ethanol and 
air-dried. All processes were performed on ice, and all steps were pre-
pared in 0.1% DEPC. Cells with large round or oval nuclei in the RGC 
layer were microdissected via laser pressure catapulting using a Palm 
Zeiss UV laser capture microdissection system (Palm Zeiss Microlaser 
Technologies, Munich, Germany). RNA was extracted from micro-
dissected RGCs using an RNeasy Micro Kit (cat#74004; Qiagen, Hilden, 
Germany), and real-time PCR was performed. 

4.17. Statistical analysis 

Quantitative results are presented as the mean ± SD. The statistical 
significance of differences was analyzed using a Student’s t-test between 
two groups or a one-way analysis of variance (ANOVA) among at least 
three groups. Statistical significance was set at P < 0.05. All statistical 
analyses were performed using Prism 8.0.2 (GraphPad Software, San 
Diego, CA, USA). 
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