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Overexpression of ferroptosis 
defense enzyme Gpx4 
retards motor neuron disease 
of SOD1G93A mice
Liuji Chen1, Ren Na1, Kirsten Danae McLane1, Cody Sylvester Thompson1, Ju Gao3, 
Xinglong Wang3 & Qitao Ran1,2*

Degeneration and death of motor neurons in Amyotrophic Lateral Sclerosis (ALS) are associated 
with increased lipid peroxidation. Lipid peroxidation is the driver of ferroptosis, an iron-dependent 
oxidative mode of cell death. However, the importance of ferroptosis in motor neuron degeneration 
of ALS remains unclear. Glutathione peroxidase 4 (Gpx4) is a key enzyme in suppressing ferroptosis 
by reducing phospholipid hydroperoxides in membranes. To assess the effect of increased protection 
against ferroptosis on motor neuron disease, we generated SOD1G93AGPX4 double transgenic mice by 
cross-breeding GPX4 transgenic mice with SOD1G93A mice, a widely used ALS mouse model. Compared 
with control SOD1G93A mice, both male and female SOD1G93AGPX4 mice had extended lifespans. 
SOD1G93AGPX4 mice also showed delayed disease onset and increased motor function, which were 
correlated with ameliorated spinal motor neuron degeneration and reduced lipid peroxidation. 
Moreover, cell toxicity induced by SOD1G93A was ameliorated by Gpx4 overexpression and by chemical 
inhibitors of ferroptosis in vitro. We further found that the anti-ferroptosis defense system in spinal 
cord tissues of symptomatic SOD1G93A mice and sporadic ALS patients might be compromised due 
to deficiency of Gpx4. Thus, our results suggest that ferroptosis plays a key role in motor neuron 
degeneration of ALS.

Motor neuron degenerative diseases are neurological disorders triggered by degeneration and death of motor 
neurons that control essential voluntary muscle activity. The most common motor neuron degenerative disease 
is Amyotrophic Lateral Sclerosis (ALS), in which motor neuron degeneration and death result in progressive 
paralysis and eventual death due to respiratory failure1. Research over past decades has identified many genetic 
mutations that predispose to early onset of ALS2. In addition, mechanisms such as disrupted RNA processing, 
mitochondrial dysfunction, protein dyshomeostasis, axonal transport disruption, and inflammation have been 
linked to the pathogenesis of the disease3–5. Despite these advances, there are still no efficacious treatments that 
can significantly alter the disease trajectory of ALS6.

Reactive oxygen species (ROS) and their resultant oxidative damage are increased in ALS patient samples and 
ALS animal models7, 8. Polyunsaturated fatty acids contained in membrane phospholipids are prone to be attacked 
by ROS, triggering a plethora of redox reactions collectively called lipid peroxidation. Lipid hydroperoxides are 
a primary product of lipid peroxidation, the presence of which can alter membrane properties and impair func-
tions of membrane-associated proteins. Notably, a high load of phospholipid hydroperoxides in membranes can 
trigger cell death through ferroptosis, an iron-dependent oxidative mode of cell death9–11. The defense system 
against lipid peroxidation consists of lipid-soluble antioxidants and antioxidant defense enzymes. Glutathione 
peroxidase 4 (Gpx4) is a selenoprotein glutathione peroxidase that uses glutathione as an electron donor to reduce 
highly toxic lipid hydroperoxides in membranes to less toxic lipid alcohols12. Because of its importance in sup-
pressing hydroperoxide levels in phospholipids, Gpx4 serves as the master regulator of ferroptosis9, 13. Notably, 
accumulating evidence indicates that Gpx4 is an essential enzyme for motor neuron health and survival. For 
example, conditional ablation of Gpx4 in neurons of adult mice triggered a rapid degeneration of spinal motor 
neurons, resulting in a savage paralysis that resembles accelerated ALS14; consistent with Gpx4’s role as the 
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master regulator of ferroptosis, motor neuron degeneration induced by Gpx4 ablation exhibited characteristics 
of ferroptosis14. The rapid death of motor neurons induced by Gpx4 ablation indicated that spinal motor neurons 
are particularly vulnerable to ferroptosis if the anti-ferroptosis defense system is compromised.

SOD1G93A is the first SOD1 mutant identified in familial ALS cases. SOD1G93A mice are a widely used ALS 
model that develops motor neuron degenerative disease. Increased lipid peroxidation was reported in SOD1G93A 
mice7. In this study, to determine the role of ferroptosis in motor neuron degeneration in ALS, we investigated 
the effect of Gpx4 overexpression on motor neuron disease of SOD1G93A mice. We further determined the impor-
tance of ferroptosis in cell toxicity induced by SOD1G93A in vitro and evaluated the status of Gpx4 in SOD1G93A 
mice and ALS patient samples.

Results
SOD1G93AGPX4 double transgenic mice had extended lifespans.  SOD1G93A was the first mutation 
of SOD1 gene identified in familial ALS cases15. SOD1G93A mice is a widely used ALS mouse model that exhib-
its paralytic progression and motor neuron loss similar to those of ALS patients16. Gpx4 is the master regula-
tor of ferroptosis due to its critical role in reducing hydroperoxides in phospholipids. To determine whether 
increased defense against ferroptosis might affect motor neuron disease, we were interested in determining how 
increased function of Gpx4 might affect lifespan and motor neuron degeneration of SOD1G93A mice. We previ-
ously generated a GPX4 transgenic mouse in which the expression of human Gpx4 is directed by an endog-
enous GPX4 promotor17. Overexpression of Gpx4 is observed in many cell types, including neurons, in GPX4 
transgenic mice17, 18. To generate SOD1G93A mice with enhanced function of Gpx4, we cross-bred female GPX4 
transgenic mice with male SOD1G93A mice to obtain offspring control SOD1G93A mice and SOD1G93AGPX4 dou-
ble transgenic mice (Fig. 1A). To verify Gpx4 overexpression in SOD1G93AGPX4 mice, we compared levels of 
Gpx4 protein in spinal cord tissues from SOD1G93AGPX4 and control SOD1G93A mice. As shown in Fig. 1B,C, 
SOD1G93AGPX4 mice had a significantly elevated level of Gpx4 protein in spinal cord tissues measured by west-
ern blots. We also compared Gpx4 activity in spinal cord tissues of SOD1G93AGPX4 and SOD1G93A mice. Spinal 
protein extracts were obtained, and specific activities of Gpx4 were measured by a Gpx4 activity assay that used 

Figure 1.   Overexpression of Gpx4 in SOD1G93AGPX4 mice. (A) Graph of breeding strategy. (B) Graph of 
western blots showing Gpx4 protein in spinal cord tissues of SOD1G93A and SOD1G93AGPX4 mice at 60 days of 
age. (C) Quantified results of western blots showing an increased level of Gpx4 protein in SOD1G93AGPX4 mice. 
n = 3 (biological repeats) for both genotypes. (D) Gpx4 activities in spinal protein extracts of SOD1G93A mice and 
SOD1G93AGPX4 mice. n = 6 (biological repeats) for both genotypes. *: p < 0.05.
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phosphatidylcholine hydroperoxide as substrate. Consistent with western blot results, spinal protein extracts 
of SOD1G93AGPX4 mice had a 2.5-fold increase in Gpx4 activity over that of control SOD1G93A mice (Fig. 1D).

To determine how Gpx4 overexpression might affect motor neuron disease triggered by SOD1G93A, we estab-
lished cohorts of SOD1G93AGPX4 and control SOD1G93A mice and then proceeded to measure their lifespans. 
In the lifespan study, a mouse would be marked as reaching endpoint and euthanized if it could not right itself 
within 20 s when placed on its side. The lifespan data of SOD1G93AGPX4 mice and control SOD1G93A mice are 
presented in Fig. 2A. The mixed-gender SOD1G93AGPX4 mice (n = 35) had mean, median and maximum lifespans 
of 169, 170, and 186 days respectively, while the mixed-gender SOD1G93A mice (n = 30) had mean, median and 
maximum lifespans of 160, 161.5 and 175 days respectively. Figure 2B shows the Kaplan–Meier survival curves 
of mixed-gender SOD1G93AGPX4 and SOD1G93A mice. The log rank test analysis indicated that the difference 

Figure 2.   Lifespans and survival curves of SOD1G93A and SOD1G93AGPX4 mice. (A) Data table indicating 
lifespans of mixed gender as well as female and male SOD1G93A and SOD1G93AGPX4 mice. (B) Survival curves of 
SOD1G93A and SOD1G93AGPX4 mice (mixed gender). p < 0.0001, The log rank test. (C) Survival curves of female 
SOD1G93A and SOD1G93AGPX4 mice. p < 0.0005. (D) Survival curves of male SOD1G93A and SOD1G93AGPX4 
mice. p < 0.0257.
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between the survival curves is highly significant (p < 0.0001). Breaking down the data by gender, the mean, 
median and maximum lifespans of female SOD1G93AGPX4 mice (n = 20) were 171, 172, and 186 days respectively, 
while the mean, median and maximum lifespans of female SOD1G93A mice (n = 19) were 161, 160 and 175 days 
respectively. And the mean, median and maximum lifespans of male SOD1G93AGPX4 mice (n = 15) were 166, 
165, and 178 days respectively, while the mean, median and maximum lifespans of male SOD1G93AGPX4 mice 
(n = 11) were 160, 162, and 170 days respectively. The Kaplan–Meier survival curves of female SOD1G93AGPX4 
mice and SOD1G93A mice are depicted in Fig. 2C, and the difference between the curves is judged to be highly 
significant (p < 0.0005, The log rank test). The Kaplan–Meier survival curves of male SOD1G93AGPX4 mice and 
male SOD1G93A mice (Fig. 2D) are also deemed to be significantly different (p = 0.0257). Thus, overexpression of 
Gpx4 extended the overall survival of SOD1G93AGPX4 mice in both genders.

Delayed disease onset and delayed loss of motor function in SOD1G93AGPX4 double trans-
genic mice.  We next compared disease onset time and locomotor function between control SOD1G93A and 
SOD1G93AGPX4 mice. To determine the time of disease onset, mice were evaluated using the neurological scor-
ing system developed by ALSTDI19, and the age when a mouse showed symptoms fitting with a score of 1 
was designated as the time of disease onset. The percentages of SOD1G93A and SOD1G93AGPX4 mice that had 
onset of disease are depicted in hazard curves in Fig. 3A. The median ages of disease onset for SOD1G93A and 
SOD1G93AGPX4 mice were 98 days and 105 days, respectively, representing a delay of 7 days in onset time for 
SOD1G93AGPX4 mice. The difference in hazard rates between the two onset time curves was statistically signifi-
cant as judged by The log rank test (p < 0.05), indicating that SOD1G93AGPX4 mice had delayed disease onset. 
To assess locomotor function, the motor coordination function of SOD1G93A and SOD1G93AGPX4 mice were 
measured by a rotarod task, while muscle strength of mice was measured by a hang-wire test. SOD1G93AGPX4 
mice showed increased rotarod performance starting in week# 18, and the difference between SOD1G93A and 
SOD1G93AGPX4 mice reached statistical significance in week# 20 (Fig. 3B). Compared with control SOD1G93A 
mice, SOD1G93AGPX4 mice also had significantly improved hang-wire performance starting at the age of 

Figure 3.   Delayed disease onset and increased locomotor function of SOD1G93AGPX4 mice. (A) Graph 
depicting age-associated percentages of disease onset ages for control SOD1G93A and SOD1G93AGPX4 mice. 
p < 0.05, The log rank test. (B) Performances of control SOD1G93A and SOD1G93AGPX4 mice in a rotarod task. 
(C) Performances of control SOD1G93A and SOD1G93AGPX4 mice in a hang wire task. n = 11 for SOD1G93A and 
14 for SOD1G93AGPX4. *: p < 0.05.
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18 weeks (Fig. 3C). Thus, SOD1G93AGPX4 mice showed improved locomotor function compared with control 
SOD1G93A mice.

Ameliorated motor neuron degeneration in SOD1G93AGPX4 double transgenic mice.  We next 
compared motor neuron degeneration between SOD1G93A and SOD1G93AGPX4 mice. The advanced stage of 
paralysis of SOD1G93A mice (150 days of age) was strongly associated with significantly decreased levels of neu-
ronal proteins in lumbar spinal cord tissues, indicating that levels of neuronal proteins are a good indicator of 
motor neuron degeneration (data shown in Supplementary Material). Therefore, to assess the degrees of motor 
neuron degeneration, we compared levels of neuronal proteins between SOD1G93A and SOD1G93AGPX4 mice at 
120 days, an age when the majority of SOD1G93A mice exhibited symptoms such as hind limb tremor and loss 
of locomotor function (Fig. 3). As expected, compared with WT mice, SOD1G93A mice showed a significantly 
decreased level of ChAT (Choline acetyltransferase), a motor neuron-specific protein (Fig. 4A,B). In addition, 
SOD1G93A mice also showed significantly decreased levels of synaptophysin, a presynaptic marker protein, and 
PSD95, a postsynaptic marker protein (Fig. 4A,B). Notably, compared with SOD1G93A mice, SOD1G93AGPX4 
mice exhibited increased levels of ChAT, synaptophysin, and PSD95. Consistent with the increased levels of neu-
ronal/synaptic marker proteins in SOD1G93AGPX4 mice, Nissl staining (Fig. 4C) of spinal cord sections showed 
increased integrity of spinal motor neurons in SOD1G93AGPX4 mice visually compared with SOD1G93A mice. 
Thus, our data collectively indicate that motor neuron degeneration was attenuated in SOD1G93AGPX4 mice.

4-hydroxylnonenal (4-HNE) is a lipid peroxidation end product that is elevated in SOD1G93A mice7. To 
determine whether overexpression of Gpx4 reduced lipid peroxidation, we also compared levels of 4-HNE 
adducts in spinal proteins from WT, SOD1G93A, and SOD1G93AGPX4 mice. Consistent with prior findings7, spinal 
proteins from SOD1G93A mice showed an increased level of 4-HNE compared with WT mice (Fig. 4D). Notably, 
compared with control SOD1G93A mice, SOD1G93AGPX4 mice exhibited a decreased level of 4-HNE adducts in 
spinal proteins. Thus, the attenuated motor neuron degeneration in SOD1G93AGPX4 mice was associated with 
reduced lipid peroxidation.

No difference in SOD1G93A levels between SOD1G93A mice and SOD1G93AGPX4 mice.  The motor 
neuron disease of SOD1G93A mice is driven by expression and accumulation of SOD1G93A protein. To determine 
whether the extended lifespan and delayed disease onset of SOD1G93AGPX4 mice might be caused by altera-
tions in SOD1G93A expression and accumulation, we compared SOD1G93A protein levels in lumbar spinal cord 
tissues between SOD1G93AGPX4 and SOD1G93A mice. The western blots of human SOD1 (hSOD1) and murine 
SOD1(mSOD1) proteins are shown in Fig. 4E, and the quantified results are presented in Fig. 4F. Compared 
with SOD1G93A mice, SOD1G93AGPX4 mice showed a slightly higher level of SOD1G93A protein, although the 
difference did not reach statistical significance. No difference in hSOD1 mRNA levels was observed between 
SOD1G93A and SOD1G93AGPX4 mice (data shown in Supplementary Material). Thus, the increased lifespan and 
delayed disease onset of SOD1G93AGPX4 mice were not associated with reduction of SOD1G93A expression and 
accumulation.

SOD1G93A toxicity was ameliorated by Gpx4 overexpression and chemical inhibitors of fer-
roptosis in  vitro.  The lifespan extension, delayed disease onset, and delayed loss of motor function of 
SOD1G93AGPX4 mice prompted us to further look at the role of ferroptosis in SOD1G93A toxicity. To that end, 
we obtained plasmid constructs expressing human wildtype SOD1 (SOD1WT) or SOD1G93A that were originally 
generated by Fisher lab20. To confirm the expression of SOD1 variants, NSC-34 cells, a motor neuron-like hybrid 
cell line, were transfected with SOD1WT or SOD1G93A constructs. As shown in Fig. 5A, NSC-34 cells transfected 
with SOD1WT or SOD1G93A constructs had increased levels of human SOD1 protein. We also generated a Gpx4 
expression construct in which the expression of human Gpx4 is driven by the ubiquitous CAG promoter. As 
shown in Fig. 5B, transfection with the Gpx4 construct resulted in increased Gpx4 protein in NSC-34 cells. We 
also established an in vitro SOD1G93A toxicity model, which involved transfection of NSC-34 cells with SOD1WT 
or SOD1G93A constructs, and then assessed cell viability using a trypan blue exclusion method at 72 h post-
transfection. In this model, transfection by SOD1WT had minimum effect on cell survival, but transfection by 
SOD1G93A caused a moderate but consistent decrease (⁓25%) in cell viability. To determine the effect of Gpx4 
overexpression on SOD1G93A-induced cell death, NSC-34 cells were transfected with SOD1G93A and vector con-
structs or SOD1G93A and Gpx4 constructs, and cell viabilities were then measured and compared. As shown in 
Fig. 5C, compared with cells transfected with SOD1G93A and vector constructs, cells transfected with SOD1G93A 
and Gpx4 constructs had increased cell viability, indicating that Gpx4 overexpression confers protection against 
SOD1G93A toxicity in vitro.

To determine the role of ferroptosis in SOD1G93A toxicity, we further evaluated the effect of treatment with 
ferroptosis inhibitors on survival of cells transfected with SOD1G93A. Ferrostatin-1 (Fer-1) is a small molecule 
inhibitor of ferroptosis functioning by scavenging lipid ROS21. To determine the effect of Fer-1 treatment on 
SOD1G93A-induced cell death, after transfection with the SOD1G93A construct, cells were immediately treated 
with increasing doses of Fer-1. As shown in Fig. 5D, Fer-1 treatment significantly increased viability of NSC-34 
cells transfected with SOD1G93A. Liproxstatin-1 (Lip-1) is another lipid ROS-scavenging ferroptosis inhibitor21, 22. 
As shown in Fig. 5E, treatment with Lip-1 also significantly increased viability of NSC-34 cells transfected with 
SOD1G93A. Thus, consistent with the result of Gpx4 overexpression, treatment with Fer-1 or Lip-1 significantly 
alleviated cell death induced by SOD1G93A.

Lipid ROS is closely associated with ferroptosis, so we were also interested in determining whether SOD1G93A 
induces lipid ROS. BODIPY581/591 C11 is a lipid ROS sensor9. Consistent with its role in lipid ROS sensing, 
oxidation of BODIPY581/591 C11 was observed in NSC-34 cells treated with Erastin, a known ferroptosis 
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inducer that increases lipid ROS9 (data shown in Supplementary Material). To assess the abilities of SOD1WT and 

Figure 4.   Ameliorated motor neuron degeneration in SOD1G93AGPX4 mice. (A) Graph of western blot 
results comparing levels of neuronal marker proteins in lumbar spinal cord tissues of WT, SOD1G93A, and 
SOD1G93AGPX4 mice. Syn: synaptophysin. Ages of mice: 120 days. (B) Quantified results of western blots. 
n = 4 for WT and 6 for both SOD1G93A and SOD1G93AGPX4. *: p < 0.05. (C) Images of Nissl-stained lumbar 
spinal cord sections. (D) Levels of 4-HNE protein adducts in lumbar spinal cord tissues of WT, SOD1G93A and 
SOD1G93AGPX4 mice. n = 3 for WT and 4 for both SOD1G93A and SOD1G93AGPX4. *: p < 0.05. (E) Graph of 
western blots showing levels of hSOD1 and mSOD1 proteins in the lumbar spinal cord tissues of SOD1G93A 
and SOD1G93AGPX4 mice at 120 days of age. (F) Quantified result of hSOD1 protein levels. n.s.: not statistically 
significant.
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Figure 5.   SOD1G93A toxicity was reduced by Gpx4 overexpression and by inhibitors of ferroptosis. (A) Graph of 
Western blots showing levels of human SOD1 protein in NSC-34 motor neuron cells transfected with constructs 
expressing SOD1WT or SOD1G93A. Control cells were un-transfected. (B) Graph of western blots showing 
increased Gpx4 protein in NSC-34 cells transfected with the GPX4 construct. (C) Increased survival of NSC-34 
cells co-transfected with SOD1G93A construct and Gpx4 construct. (D) Fer-1 (ferrostatin-1) treatment increased 
survival of NSC-34 cells transfected with SOD1G93A. (E) Lip-1 (liproxstatin-1) treatment increased survival of 
NSC-34 cells transfected with SOD1G93A. . #: p < 0.05, SOD1G93A vs SOD1WT; *: p < 0.05, SOD1G93A with treatment 
vs SOD1G93A without treatment. (F) Representative flow cytometry graph showing oxidation of BODIPY581/591 
C11 in control cells and cells transfected with SOD1WT or SOD1G93A.



8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:12890  | https://doi.org/10.1038/s41598-021-92369-8

www.nature.com/scientificreports/

SOD1G93A in generating lipid ROS, after transfection with SOD1WT or SOD1G93A construct, cells were loaded with 
BODIPY581/591 C11 and analyzed by flow cytometry. As shown in Fig. 5F, cells transfected with both SOD1WT 
and SOD1G93A constructs exhibited increased oxidation of BODIPY581/591 C11. However, compared with cells 
transfected with SOD1WT, cells transfected with SOD1G93A exhibited a mild increase of BODIPY581/591 C11 
oxidation which was consistently observed across multiple experiments.

Compromised anti‑ferroptosis defense in SOD1G93A mice and ALS patient samples.  Because 
of Gpx4’s unique role in reducing lipid hydroperoxides to suppress lipid peroxidation and regulate ferroptosis, 
we were also interested in determining the status of Gpx4 in SOD1G93A mice. To that end, we compared levels of 
Gpx4 protein in spinal cord tissues obtained from SOD1G93A mice and control WT mice at two ages, an asymp-
tomatic age of 60 days and a symptomatic age of 120 days. Although no difference in Gpx4 protein levels was 
observed in asymptomatic SOD1G93A mice (data shown in Supplementary Material), symptomatic SOD1G93A 
mice showed a significant decrease of Gpx4 protein (~ 43% reduction) compared with age-matched WT mice 
(Fig. 6A). Consistent with western blot results, spinal motor neurons from symptomatic SOD1G93A mice also 
exhibited decreased intensity of Gpx4 immunofluorescence (Fig.  6B). To determine if deficiency of Gpx4 in 
symptomatic SOD1G93A mice was due to reduced Gpx4 expression, we compared levels of Gpx4 mRNA between 
symptomatic SOD1G93A mice and age-matched WT mice, but didn’t detect any decrease in Gpx4 mRNA levels 
in SOD1G93A mice (data shown in Supplementary Material). Therefore, the deficiency of Gpx4 in symptomatic 
SOD1G93A mice appeared to have occurred post-transcriptionally. The reduced Gpx4 protein suggests that the 
function of Gpx4 was compromised in symptomatic SOD1G93A mice. To corroborate this, we measured the activ-
ity of Gpx4 in spinal protein extracts. As shown in Fig. 6C, spinal protein extracts from symptomatic SOD1G93A 
mice showed decreased Gpx4 activity compared to those from WT mice. Although the extents of decreases 
varied between the assays, an expected outcome due to differences in underlying technologies, the results were 
in agreement that a deficiency of Gpx4 occurred in symptomatic SOD1G93A mice. Gpx4 uses glutathione as 
hydrogen donor to reduce lipid hydroperoxides, so we also determined the level of GSH in spinal cord tissues. 
As shown in Fig. 6E, decreased total GSH was observed in SOD1G93A mice as well. The deficiency of Gpx4 and 
reduced level of GSH indicated that the anti-ferroptosis defense was compromised in symptomatic SOD1G93A 
mice.

Our findings that symptomatic SOD1G93A mice had a deficiency of Gpx4 prompted us to further investigate 
the status of Gpx4 in ALS patients. To look at the status of Gpx4 in ALS patients, we compared levels of Gpx4 
protein in lumbar spinal cord tissues from a cohort of ALS patients and a cohort of control patients. Each cohort 
consisted of 10 patient cases, and the ALS cases were classified as sporadic cases with no known genetic muta-
tions. The case information such as sex and age are presented in Supplementary Material. We analyzed spinal 
cord sections from ALS cases and Control cases by immunohistochemistry with an anti-Gpx4 antibody. As 
shown by representative images in Fig. 6E, motor neurons in the Control section exhibited a whole-cell staining 
pattern that was consistent with the multi-subcellular localization nature of Gpx4. Notably, in the ALS section, 
the remaining spinal motor neurons showed weak staining of Gpx4. To assess Gpx4 level quantitatively, protein 
extracts of lumbar spinal cord tissues were obtained and then probed with an anti-Gpx4 antibody. As shown 
in Fig. 6F, the mean Gpx4 protein level of the ALS patient group was 80.7% of that of the control patient group, 
representing a modest but statistically significant decrease (⁓19% reduction, p = 0.018, Student’s t-test). Thus, 
these results indicated that the cohort of sporadic ALS patients had a deficiency of Gpx4 protein.

Discussion
The motor neuron protective role of Gpx4 was previously reported in WT mice14. In this study, we determined 
whether enhanced function of Gpx4 could confer protection to motor neurons of SOD1G93A mice. We showed 
that SOD1G93AGPX4 mice had significantly extended lifespans compared with control SOD1G93A mice. Lifespan 
extension conferred by Gpx4 overexpression was not gender-specific, as both male and female SOD1G93AGPX4 
mice had increased lifespans compared with gender-matched control SOD1G93A mice. SOD1G93AGPX4 mice also 
showed delayed disease onset and increased locomotor function that were correlated with ameliorated motor 
neuron degeneration. These results demonstrated that enhanced function of Gpx4 exerted a protective role in 
retarding motor neuron disease of SOD1G93A mice. The extent of lifespan extension in SOD1G93AGPX4 mice looks 
modest, as the mean lifespans of male and female SOD1G93AGPX4 mice were respectively increased by 6 and 
10 days, while the maximum lifespans of male and female SOD1G93AGPX4 mice were respectively increased by 
8 and 11 days. However, SOD1G93A mice are an ALS model in which the onset and progression of motor neuron 
disease are driven by expression and accumulation of SOD1G93A protein. As such, interventions aimed to reduce 
SOD1G93A expression and/or SOD1G93A protein accumulation are most likely to achieve large rescuing effects in 
this model, whereas interventions that do not directly target the SOD1G93A mechanisms are less likely to achieve 
success in retarding motor neuron disease of this model23–25. We showed that overexpression of Gpx4 did not 
alter the dominant driving force of motor neuron disease in SOD1G93A mice, as there were no differences in levels 
of SOD1G93A message and SOD1G93A protein between SOD1G93A and SOD1G93AGPX4 mice. As such, the modest 
lifespan extension of SOD1G93AGPX4 mice is much more impressive than it appears.

Increased lipid peroxidation has been reported in ALS patients and ALS mouse models7, 26–28, suggesting that 
ferroptosis may be involved in the pathogenesis of ALS. Recently, through evaluating blood-based prognostic 
indicators in ALS patients, Devos et al. identified four biomarkers with predictive potential for disease progres-
sion that were closely associated with ferroptosis28. Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one) is a free 
radical scavenger approved for the treatment of patients with ALS6, the beneficial effect of which has been sug-
gested to be due to its ability to suppress ferroptosis29, 30. Previous studies through chelating iron and altering 
GSH level also suggest the involvement of ferroptosis in the pathogenesis of SOD1G93A mice31–33. In this study, we 
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Figure 6.   Deficiency of Gpx4 in the spinal cords of symptomatic SOD1G93A mice and of ALS patient samples. 
(A) Graph of western blots showing reduced level of Gpx4 protein in spinal tissues of symptomatic SOD1G93A 
mice (120 days of age). n = 4 for WT and 6 for SOD1G93A. *: p < 0 .05. (B) Immunofluorescence images of lumbar 
spinal cord sections from WT and SOD1G93A mice stained with an anti-Gpx4 antibody. Arrow heads indicate 
motor neurons. (C) Gpx4 activities in spinal protein extracts of WT and symptomatic SOD1G93A mice. (D) 
Graph indicating total GSH levels in lumbar spinal cord tissues of WT and symptomatic SOD1G93A mice. n = 4 
for WT and 6 for SOD1G93A. *: p < 0.05. (E) Representative images of spinal cord sections of ALS and Control 
(non-ALS) cases stained immunohistochemically with an anti-Gpx4 antibody. Arrow heads indicate motor 
neurons. (F) Graph of western blots showing reduced levels of Gpx4 protein in spinal tissues from ALS cases 
compared to Control (non-ALS) cases. n = 10, *: p < 0 .05.
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showed that the degeneration of motor neurons was associated with increased lipid peroxidation in SOD1G93A 
mice, and that the extended lifespans, delayed disease onset, and increased locomotor function of SOD1G93AGPX4 
mice were concomitantly associated with reduced lipid peroxidation. The importance of lipid peroxidation in 
motor neuron degeneration of SOD1G93A mice was further supported by different outcomes observed between 
SOD1G93A mice with overexpression of Gpx4 or Gpx1. Gpx1 is another prominent member of the glutathione 
peroxidase family. While both Gpx1 and Gpx4 can detoxify H2O2 and fatty acid hydroperoxides, unlike Gpx4, 
Gpx1 does not have the ability to reduce hydroperoxides in membrane lipids34. Previously, it was reported that 
SOD1G93A mice with elevated brain Gpx1 activity had no increase in lifespan and no delay in onset of disease35. 
The beneficial outcome conferred by Gpx4 overexpression thus accentuates the importance of lipid hydroper-
oxides in motor neuron degeneration of SOD1G93A mice. Because high levels of phospholipid hydroperoxides 
promote ferroptosis10, our results from SOD1G93AGPX4 mice thus support the notion that ferroptosis is a key 
mode of cell death in motor neuron degeneration of SOD1G93A mice.

We also assessed the role of ferroptosis in SOD1G93A toxicity in vitro. We showed that SOD1G93A-induced 
death of NSC-34 cells was ameliorated by Gpx4 overexpression as well as by treatment with Fer-1 and Lip-1, two 
small molecule inhibitors of ferroptosis. Moreover, compared to SOD1WT, SOD1G93A also elicited an increased 
level of lipid ROS in transfected cells. Our results thus indicate that SOD1G93A is capable of inducing ferroptosis. 
However, the mechanisms of ferroptotic cell death induced by SOD1G93A are unclear. SOD1G93A was reported 
to have increased hydrophobicity36, which could lead to increased lipid ROS generation. SOD1G93A could also 
impair the ferroptosis defense system as shown in tissues of symptomatic SOD1G93A mice. The contributions of 
these mechanisms to ferroptotic cell death will need to be illustrated in future studies. We are cognizant that 
SOD1G93A has been shown previously to induce apoptosis37–39. At present, it is unclear how different modalities 
of cell death are triggered in cells that are subject to stressful conditions such as increased lipid ROS. It is pos-
sible that the specific mode of cell death (e.g., apoptosis or ferroptosis) may be dependent on the severity and 
duration of stress as well as the redox state of the cells. In our cell model, SOD1G93A induced only modest toxicity 
to NSC-34 cells, which may be the reason why we found ferroptosis was largely responsible for death induced 
by SOD1G93A in this model. In SOD1G93A mice, the facets of ferroptosis in motor neuron degeneration, such as 
when it started and to what extent it was responsible for the overall cell death occurred, remain unclear. At pre-
sent, the characterization of ferroptosis is hindered by a dearth of specific markers of ferroptosis for in vivo use. 
Therefore, future research on the dynamics of ferroptosis in motor neuron degeneration of ALS models such as 
SOD1G93A mice is clearly warranted.

In this study, we further showed that symptomatic SOD1G93A mice had a deficiency of Gpx4 in spinal cord 
tissues. Symptomatic SOD1G93A mice also showed a reduced level of GSH. GSH is the reductant that Gpx4 uses to 
reduce lipid hydroperoxides. The reduced Gpx4 protein and decreased GSH level indicated that motor neurons 
had decreased capacity to reduce lipid hydroperoxides in symptomatic SOD1G93A mice. The increased lipid ROS 
brought about by SOD1G93A protein coupled with a compromised anti-ferroptosis defense system would render 
motor neurons extremely vulnerable to ferroptosis. Interestingly, spinal tissues from a cohort of sporadic ALS 
cases also showed a reduced level of Gpx4 protein. The deficiency of Gpx4 is unlikely to be attributed to the slight 
difference in ages between the ALS cases and Control cases. To our knowledge, this study is the first to report a 
deficiency of Gpx4 in ALS patient samples. Our results suggest that spinal motor neurons of ALS patients have 
suboptimal protection against ferroptosis and that deficiency of Gpx4 may be a contributing factor to motor 
neuron degeneration in at least some ALS patients. If confirmed in other cohorts of ALS patients, deficiency of 
Gpx4 could represent a novel vulnerability of motor neurons in ALS.

At present, the causes of Gpx4 deficiency are unclear. In symptomatic SOD1G93A mice, because no decrease 
in Gpx4 mRNA level was observed, the deficiency of Gpx4 likely occurred at the post-transcriptional level. 
Recently, the homeostasis of Gpx4 protein was reported to be governed by chaperone-mediated autophagy40. 
Dysfunctions of protein quality control systems such as the autophagy-lysosomal system are well demonstrated in 
SOD1G93A mice and ALS patients41, 42. Therefore, it will be interesting to determine whether impaired autophagy-
lysosomal systems may be responsible for Gpx4 deficiency in symptomatic SOD1G93A mice and ALS patients in 
future studies.

In conclusion, our results from this study indicate that enhanced function of Gpx4 retards motor neuron 
disease of SOD1G93A mice, likely through a mechanism of suppressing ferroptosis of motor neurons. Our results 
highlight the importance of ferroptosis as a potential target of intervention for ALS therapeutics development.

Methods
Animals and animal procedures.  SOD1G93A mice (in C57BL/6  J background) [B6SJL-
Tg(SOD1*G93A)1Gur/J] were obtained from Jackson Laboratory. Male SOD1G93A mice were cross-bred 
with female GPX4 transgenic mice (Tg 5 line, in C57BL/6  J background)17, and offspring SOD1G93A and 
SOD1G93AGPX4 mice were randomly enrolled in longitudinal cohorts and cross-sectional cohorts. Mice were 
housed in standard rodent microisolator cages with filtered tops, with 2–4 animals per cage. Mice were housed 
under a 12/12-h light/dark cycle with ad libitum access to food and water. Mice were checked twice daily starting 
at week 7. For lifespan determination, a mouse would be marked as reaching endpoint and euthanized if it could 
not right itself within 20 s when placed on its side. The studies were conducted in accordance with recommenda-
tions by Scot et al.43.

To determine the onset of disease, mice were evaluated daily using the neurological scoring system developed 
by ALSTDI that employs a scale of 0 to 419. The age when a mouse reached the score of 1 (i.e., collapse or partial 
collapse of leg extension towards lateral midline (weakness) or trembling of hind legs during tail suspension) 
was designated as the time of disease onset.



11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:12890  | https://doi.org/10.1038/s41598-021-92369-8

www.nature.com/scientificreports/

Rotarod performance was measured with a Rotamex 4/8 (Columbus Instruments, Columbus, OH) using an 
accelerating rod protocol. The initial speed of the rod was set to 2 rpm with a linear acceleration to 20 rpm over 
300 s. The latency to fall was measured in three trials. The mean latency was registered and used as an indicator 
of rotarod performance.

A hang wire test was used to evaluate muscle strength. The mouse was placed on the bottom of a wire mesh 
basket (12″ × 8″ × 4″), which was then inverted and suspended above the home cage. The latency to fall was 
recorded. The mean latency of three trials was used as an indicator of hang wire performance.

Procedures for handling mice in this study were reviewed and approved by the Institutional Animal Care 
and Use Committees of the University of Texas Health San Antonio and the Audie Murphy Memorial Veterans 
Hospital, South Texas Veterans Health Care System.

The study was carried out in compliance with the ARRIVE guidelines. All methods were performed in accord-
ance with the relevant guidelines and regulations.

Antibodies and western blotting.  Antibodies used were as follows: anti-synaptophysin, anti-ChAT, 
Anti-PSD95, anti-NeuN (Cell Signaling Technology, Beverly, MA); anti-GPX4 (Santa Cruz Biotechnology, Dal-
las, TX); anti-4-HNE antibody (R&D Systems, Minneapolis, MN); and anti-β-actin antibody (Abcam, Cam-
bridge, MA).

Tissues were homogenized in RIPA buffer (20 mM Tris, pH 7.4, 0.25 M NaCl, 1 mM EDTA, 0.5% NP-40, and 
50 mM sodium fluoride) supplemented with protease inhibitors (539,134, EMD Biosciences Inc., San Diego, 
CA). Levels of specific proteins in tissues were determined by western blots as previously described44. In brief, 
30 µg total protein per sample was separated by SDS-PAGE and transferred to PVDF membranes. Membranes 
were blocked with 5% BSA then incubated with primary antibody overnight at 4 °C. After incubation with 
fluorophore-conjugated secondary antibodies (ThermoFisher, MA) for 1 h, bands were detected using an Odyssey 
scanner (LI-COR, Lincoln, NE). Alternatively, after incubation with primary antibodies, the membranes were 
incubated with a HRP-conjugated secondary antibody. The bands were visualized using the ECL Kit (RPN2132, 
GE Healthcare, Piscataway, NJ). The bands were quantified using NIH ImageJ software (ImageJ 1.52a; http://​
imagej.​nih.​gov/​ij) and normalized to the loading control (β-Actin). The experiments were repeated at least once.

Spinal cord section preparation and staining.  Mice were euthanized with CO2 inhalation followed 
by cervical dislocation. After dissecting out the spine, the spinal cord was flushed out with chilled saline using 
a blunt needle attached to a 5-mL syringe. The lumbar spinal cords were fixed in 4% paraformaldehyde at 4 °C 
overnight and were then equilibrated in 30% sucrose in PBS for 1–2 days at 4 °C. The spines were frozen by 
submersion in 2-metylbutane chilled in dry ice. The spine sections at a thickness of 16 µm were made using a 
cryostat.

For Nissl staining, sections were stained with 0.1% (w/v) cresyl violet for 5 min, dehydrated through graded 
ethanol rinses, and then cleared in xylene. For immunofluorescence staining, spinal cord sections were blocked 
with blocking buffer (1% horse serum in PBS) for 30 min and then incubated with primary antibodies in PBS at 
4 °C overnight. The sections were then washed 3 times with PBS and incubated with the fluorophore-conjugated 
secondary antibody in PBS for 1 h at room temperature. After washing 3 times, slides were mounted with Pro-
Long Gold Antifade Reagent (P36930, Invitrogen, Carlsbad, CA).

Measurement of Gpx4 activity.  Gpx4 Activity was measured using phosphatidylcholine hydroperoxide 
(PCOOH) as substrate45. To synthesize PCOOH, 5 mg of L-α-Phosphatidylcholine (Sigma-Aldrich, St. Louis, 
MO) was reacted with lipoxygenase (~ 250,000U) (Sigma-Aldrich, St. Louis, MO) in the presence of oxygen for 
30 min. The reaction mixture (i.e., PCOOH mixture) was then applied to a Sep-Pak C18 Cartridge. After wash-
ing with 220 ml water, PCOOH was eluted with 2 ml Methanol. Methanolic solution of PCOOH was stored at 
-20 °C and used within 3 weeks.

Spinal cord tissues were homogenized in Lysis buffer (50 mM Tris–HCl [pH 7.5], 0.5 mM EDTA, 1.5% Triton 
X-100, 0.5 mM DTT, and 1 mM PMSF) supplemented with protease inhibitors. After centrifugation (10,000 × g 
for 5 min at 4 °C), supernatants were transferred to fresh tubes pre-chilled on ice, and the protein concentra-
tions of supernatants were measured. Gpx4 activities in spinal cord extracts (i.e., supernatants) were measured 
in Reaction Buffer (0.1 m Tris–HCl [pH8.0), 2 mM EDTA, 1.3 mM NaN3, 0.1% Triton X-100) containing 
glutathione reductase (1.5 U/ml), glutathione (3 mM), and NADPH (0.2 mM). The reactions were initiated by 
quickly adding PCOOH (~ 0.3 mM). Absorbance at 340 nm was measured every 20 s over a 10–15 min period 
in a spectrophotometer. The Gpx4 activity in the spinal cord tissue was expressed as Units/mg protein, with one 
unit of Gpx4 defined as the oxidation of 1 nmol of NADPH to NADP+ per minute at 25 °C. The experiments 
were repeated at least once.

Measurement of glutathione level.  Total GSH levels in the spinal cord tissues were determined using 
a Glutathione Colorimetric Detection Kit (EIAGSHC, ThermoFisher, MA). Spinal tissue lysates were obtained, 
and the GSH assay was performed using protocols provided by the manufacturer.

Real‑time qRT‑PCR.  Real-Time qRT-PCR was conducted as described previously46. The mRNA levels were 
normalized to β-Actin to control for input RNA. Primers used were as follows: Gpx4 (forward: 5’-AGT ACA 
GGG GTT TCG TGT GC-3’; reverse: 5’-CAT GCA GAT CGA CTA GCT GAG -3’); hSOD1 (forward, 5’- GGT 
GGG CCA AAG GAT GAA GAG-3’; reverse, 5’- CCA CAA GCC AAA CGA CTT CC -3’); β-Actin (forward: 
5’-ATC TGG CAC CAC ACC TTC TAC-3’; reverse: 5’-CAG GTC CAG ACG CAG GAT G-3’).

http://imagej.nih.gov/ij
http://imagej.nih.gov/ij
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Plasmid constructs and cell procedures.  Plasmid constructs expressing human WT SOD1 (SOD1WT) 
and human SOD1 with G93A mutation (SOD1G93A) originally generated by the Fisher lab were obtained through 
Addgene20. The GPX4 expression construct was generated in-house in which the expression of human Gpx4 is 
directed by the CAG promoter.

NSC-34 cell line was purchased from Cedarlane Co. (Burlington, Ontario, Canada). NSC-34 cells were cul-
tured in DMEM medium supplemented with 10% FBS and 1 × penicillin/streptomycin in 5% CO2, 95% air at 37 
˚C. The cells were passaged every 2–3 days until use. Ferrostatin-1 (Cat# S7243), Liproxstatin-1 (Cat #-S7699) 
and Erastin (Cat# S7242) were purchased from Selleckem.com. BODIPY581/591 C11 was purchased from Ther-
moFisher Scientific (Waltham, MA).

For the transfection study, NSC-34 cells were plated into a 24-well plate at 2 × 105 cells per well. On the next 
day, cells were transfected with SOD1WT (1 ug) or SOD1G93A (1 ug) using transfection reagent Lipofectamine 2000 
(ThermoFisher Scientific, Waltham, MA). For co-transfection, NSC34 cells were transfected with SOD1G93A (1 
ug) construct plus GPX4 expression construct (1 ug) or with SOD1G93A construct (1 ug) plus vector construct 
(1 ug). After transfection, cells were cultured in DMEM medium without FBS.

C11-BODIPY flow cytometry. NSC-34 cells were transfected with either SOD1WT or SOD1G93A plasmids. 
Forty-eight hours after transfection, cells were gently washed using Hank’s Balanced Salt Solution (HBSS), and 
stained using 2.5 μM C11-BODIPY in HBSS for 30 min. After staining, cells were washed and trypsinized. Cells 
were then pelleted from solution, and washed/pelleted again before resuspending in HBSS. Resuspended cells 
were filtered, and immediately subject to flow analysis. The experiments were repeated 3 times.

Cell survival determination. 72 h after transfection, cells were harvested by trypsin digestion and re-sus-
pended in 100 uL of 1 × PBS. 10 ul of cell suspension was mixed gently with 10 ul trypan blue stain, the sample 
mixture was then added to the chamber ports of the counting slide, and the numbers of alive and death cells were 
recorded using Countess Automated Cell Counter (Invitrogen, Carlsbad, CA). The experiments were repeated 
3 times.

Statistics.  Data are expressed as mean ± SEM. Results were statistically analyzed using two-way ANOVA or 
Student’s t-test when appropriate. Statistical significance was set to a minimum of p < 0.05. Lifespan curves of 
mice were compared by The log rank test using GraphPad Prism version 7.05 (GraphPad Software, San Diego, 
CA).

Received: 10 December 2020; Accepted: 8 June 2021

References
	 1.	 Kiernan, M. C. et al. Amyotrophic lateral sclerosis. Lancet 377, 942–955 (2011).
	 2.	 Alsultan, A. A., Waller, R., Heath, P. R. & Kirby, J. The genetics of amyotrophic lateral sclerosis: Current insights. Degener. Neurol. 

Neuromuscul. Dis 6, 49–64 (2016).
	 3.	 Ferraiuolo, L., Kirby, J., Grierson, A. J., Sendtner, M. & Shaw, P. J. Molecular pathways of motor neuron injury in amyotrophic 

lateral sclerosis. Nat. Rev. Neurol. 7, 616–630 (2011).
	 4.	 Turner, M. R. et al. Mechanisms, models and biomarkers in amyotrophic lateral sclerosis. Amyotroph. Lateral. Scler. Frontotemporal. 

Degener 14(Suppl 1), 19–32 (2013).
	 5.	 Ling, S. C., Polymenidou, M. & Cleveland, D. W. Converging mechanisms in ALS and FTD: Disrupted RNA and protein homeo-

stasis. Neuron 79, 416–438 (2013).
	 6.	 Petrov, D., Mansfield, C., Moussy, A. & Hermine, O. ALS clinical trials review: 20 years of failure. Are we any closer to registering 

a new treatment?. Front. Aging Neurosci. 9, 68 (2017).
	 7.	 Perluigi, M. et al. Proteomic analysis of 4-hydroxy-2-nonenal-modified proteins in G93A-SOD1 transgenic mice–a model of 

familial amyotrophic lateral sclerosis. Free Radic. Biol. Med 38, 960–968 (2005).
	 8.	 Mitsumoto, H. et al. Oxidative stress biomarkers in sporadic ALS. Amyotroph. Lateral. Scler 9, 177–183 (2008).
	 9.	 Dixon, S. J. et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 149, 1060–1072 (2012).
	10.	 Yang, W. S. & Stockwell, B. R. Ferroptosis: Death by lipid peroxidation. Trends Cell Biol 26, 165–176 (2016).
	11.	 Stockwell, B. R. et al. Ferroptosis: A regulated cell death nexus linking metabolism, redox biology, and disease. Cell 171, 273–285 

(2017).
	12.	 Brigelius-Flohe, R. Tissue-specific functions of individual glutathione peroxidases. Free Radic. Biol. Med 27, 951–965 (1999).
	13.	 Yang, W. S. et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 156, 317–331 (2014).
	14.	 Chen, L., Hambright, W. S., Na, R. & Ran, Q. Ablation of the ferroptosis inhibitor glutathione peroxidase 4 in neurons results in 

rapid motor neuron degeneration and paralysis. J. Biol. Chem 290, 28097–28106 (2015).
	15.	 Rosen, D. R. et al. Mutations in Cu/Zn superoxide dismutase gene are associated with familial amyotrophic lateral sclerosis. Nature 

362, 59–62 (1993).
	16.	 Gurney, M. E. et al. Motor neuron degeneration in mice that express a human Cu Zn superoxide dismutase mutation. Science 264, 

1772–1775 (1994).
	17.	 Ran, Q. et al. Transgenic mice overexpressing glutathione peroxidase 4 are protected against oxidative stress-induced apoptosis. 

J. Biol. Chem 279, 55137–55146 (2004).
	18.	 Ran, Q. et al. Glutathione peroxidase 4 protects cortical neurons from oxidative injury and amyloid toxicity. J. Neurosci. Res 84, 

202–208 (2006).
	19.	 Leitner, M., Menzies, S. & Lutz, C. in The Jackson Laboratory (2009).
	20.	 Stevens, J. C. et al. Modification of superoxide dismutase 1 (SOD1) properties by a GFP tag–implications for research into amyo-

trophic lateral sclerosis (ALS). PLoS ONE 5, e9541 (2010).
	21.	 Zilka, O. et al. On the mechanism of cytoprotection by ferrostatin-1 and liproxstatin-1 and the role of lipid peroxidation in fer-

roptotic cell death. ACS Cent Sci 3, 232–243 (2017).
	22.	 Friedmann Angeli, J. P. et al. Inactivation of the ferroptosis regulator Gpx4 triggers acute renal failure in mice. Nat. Cell Biol 16, 

1180–1191 (2014).



13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:12890  | https://doi.org/10.1038/s41598-021-92369-8

www.nature.com/scientificreports/

	23.	 Foust, K. D. et al. Therapeutic AAV9-mediated suppression of mutant SOD1 slows disease progression and extends survival in 
models of inherited ALS. Mol. Ther. 21, 2148–2159 (2013).

	24.	 van Zundert, B. & Brown, R. H. Jr. Silencing strategies for therapy of SOD1-mediated ALS. Neurosci. Lett. 636, 32–39 (2017).
	25.	 Hilton, J. B. et al. Cu(II)(atsm) improves the neurological phenotype and survival of SOD1(G93A) mice and selectively increases 

enzymatically active SOD1 in the spinal cord. Sci. Rep. 7, 42292 (2017).
	26.	 Simpson, E. P., Henry, Y. K., Henkel, J. S., Smith, R. G. & Appel, S. H. Increased lipid peroxidation in sera of ALS patients: A 

potential biomarker of disease burden. Neurology 62, 1758–1765 (2004).
	27.	 Pedersen, W. A. et al. Protein modification by the lipid peroxidation product 4-hydroxynonenal in the spinal cords of amyotrophic 

lateral sclerosis patients. Ann. Neurol 44, 819–824 (1998).
	28.	 Devos, D. et al. A ferroptosis-based panel of prognostic biomarkers for Amyotrophic Lateral Sclerosis. Sci. Rep. 9, 2918 (2019).
	29.	 Spasić, S. et al. Edaravone may prevent ferroptosis in ALS. Curr. Drug Targets 21, 776–780 (2020).
	30.	 Homma, T., Kobayashi, S., Sato, H. & Fujii, J. Edaravone, a free radical scavenger, protects against ferroptotic cell death in vitro. 

Exp. Cell Res. 384, 111592 (2019).
	31.	 Wang, Q. et al. Prevention of motor neuron degeneration by novel iron chelators in SOD1(G93A) transgenic mice of amyotrophic 

lateral sclerosis. Neurodegener. Dis. 8, 310–321 (2011).
	32.	 Kupershmidt, L. et al. Neuroprotective and neuritogenic activities of novel multimodal iron-chelating drugs in motor-neuron-like 

NSC-34 cells and transgenic mouse model of amyotrophic lateral sclerosis. FASEB J. 23, 3766–3779 (2009).
	33.	 Vargas, M. R., Johnson, D. A. & Johnson, J. A. Decreased glutathione accelerates neurological deficit and mitochondrial pathology 

in familial ALS-linked hSOD1(G93A) mice model. Neurobiol. Dis. 43, 543–551 (2011).
	34.	 Brigelius-Flohe, R. & Maiorino, M. Glutathione peroxidases. Biochim. Biophys. Acta 1830, 3289–3303 (2013).
	35.	 Cudkowicz, M. E. et al. Survival in transgenic ALS mice does not vary with CNS glutathione peroxidase activity. Neurology 59, 

729–734 (2002).
	36.	 Tiwari, A., Xu, Z. & Hayward, L. J. Aberrantly increased hydrophobicity shared by mutants of Cu, Zn-superoxide dismutase in 

familial amyotrophic lateral sclerosis. J. Biol. Chem. 280, 29771–29779 (2005).
	37.	 Li, M. et al. Functional role of caspase-1 and caspase-3 in an ALS transgenic mouse model. Science 288, 335–339 (2000).
	38.	 Pasinelli, P., Houseweart, M.K., Brown, R.H., & Cleveland, D.W. Caspase-1 and -3 are sequentially activated in motor neuron death 

in Cu,Zn superoxide dismutase-mediated familial amyotrophic lateral sclerosis. Proc. Natl. Acad. Sci. U. S. A 97, 13901–13906 
(2000).

	39.	 Guegan, C. & Przedborski, S. Programmed cell death in amyotrophic lateral sclerosis. J. Clin. Invest 111, 153–161 (2003).
	40.	 Wu, Z. et al. Chaperone-mediated autophagy is involved in the execution of ferroptosis. Proc Natl Acad Sci U S A 116, 2996–3005 

(2019).
	41.	 Morimoto, N. et al. Increased autophagy in transgenic mice with a G93A mutant SOD1 gene. Brain Res. 1167, 112–117 (2007).
	42.	 An, T. et al. Oxidative stress and autophagic alteration in brainstem of SOD1-G93A mouse model of ALS. Mol. Neurobiol. 49, 

1435–1448 (2014).
	43.	 Scott, S. et al. Design, power, and interpretation of studies in the standard murine model of ALS. Amyotroph. Lateral Scler. 9, 4–15 

(2008).
	44.	 Chen, L. et al. Reduction of mitochondrial H2O2 by overexpressing peroxiredoxin 3 improves glucose tolerance in mice. Aging 

Cell 7, 866–878 (2008).
	45.	 Maiorino, M. et al. Phospholipid hydroperoxide glutathione peroxidase is the 18-kDa selenoprotein expressed in human tumor 

cell lines. J. Biol. Chem 266, 7728–7732 (1991).
	46.	 Hambright, W. S., Fonseca, R. S., Chen, L., Na, R. & Ran, Q. Ablation of ferroptosis regulator glutathione peroxidase 4 in forebrain 

neurons promotes cognitive impairment and neurodegeneration. Redox. Biol 12, 8–17 (2017).

Acknowledgements
This work was supported in part by Merit Review Award I01 BX003507 from the United States (U.S.) Department 
of Veterans Affairs Biomedical Laboratory Research and Development Program. Q.R. is also supported by grant 
AG064078 from NIA, NIH and by an award from Owens Foundation San Antonio.

Author contributions
C.L., K.D.M., C.S.T., R.N., and J.G. performed experiments; C.L., X.W., and Q.R. designed experiments, Q.R. 
wrote the manuscript. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​92369-8.

Correspondence and requests for materials should be addressed to Q.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection 
may apply 2021

https://doi.org/10.1038/s41598-021-92369-8
https://doi.org/10.1038/s41598-021-92369-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Overexpression of ferroptosis defense enzyme Gpx4 retards motor neuron disease of SOD1G93A mice
	Results
	SOD1G93AGPX4 double transgenic mice had extended lifespans. 
	Delayed disease onset and delayed loss of motor function in SOD1G93AGPX4 double transgenic mice. 
	Ameliorated motor neuron degeneration in SOD1G93AGPX4 double transgenic mice. 
	No difference in SOD1G93A levels between SOD1G93A mice and SOD1G93AGPX4 mice. 
	SOD1G93A toxicity was ameliorated by Gpx4 overexpression and chemical inhibitors of ferroptosis in vitro. 
	Compromised anti-ferroptosis defense in SOD1G93A mice and ALS patient samples. 

	Discussion
	Methods
	Animals and animal procedures. 
	Antibodies and western blotting. 
	Spinal cord section preparation and staining. 
	Measurement of Gpx4 activity. 
	Measurement of glutathione level. 
	Real-time qRT-PCR. 
	Plasmid constructs and cell procedures. 
	Statistics. 

	References
	Acknowledgements


