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Abstract

The degeneration and death of motor neurons leads to motor neuron diseases such as Amyotrophic
Lateral Sclerosis (ALS). Although the exact mechanism by which motor neuron degeneration
occurs is not well understood, emerging evidence implicates the involvement of ferroptosis, an
iron-dependent oxidative mode of cell death. We reported previously that treating Gpx4NIKO
mice with tamoxifen to ablate the ferroptosis regulator glutathione peroxidase 4 (GPX4) in
neurons produces a severe paralytic model resembling an accelerated form of ALS that appears to
be caused by ferroptotic cell death of spinal motor neurons. In this study, in support of the role of
ferroptosis in this model, we found that the paralytic symptoms and spinal motor neuron death of
Gpx4NIKO mice was attenuated by a chemical inhibitor of ferroptosis. In addition, we observed
that the paralytic symptoms of Gpx4NIKO mice were malleable and could be tapered by lowering
the dose of tamoxifen, allowing for the generation of a mild paralytic model without a rapid onset
of death. We further used both models to evaluate mitochondrial reactive oxygen species (mtROS)
in the ferroptosis of spinal motor neurons and showed that overexpression of peroxiredoxin 3, a
mitochondrial antioxidant defense enzyme, ameliorated symptoms of the mild but not the severe
model of the Gpx4NIKO mice. Our results thus indicate that the Gpx4NIKO mouse is a versatile
model for testing interventions that target ferroptotic death of spinal motor neurons in vivo.
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Introduction:

Developing effective treatments for motor neuron diseases such as Amyotrophic Lateral
Sclerosis (ALS) has proven to be a tremendous challenge. Despite spending hundreds of
millions of dollars conducting preclinical scientific research and dozens of human clinical
trials over the past few decades, there are no treatments that are considered effective in
curing ALS, or even in extending patient lifespan by more than a few months (Kiernan et

al. 2020). One major impediment of the development of effective treatments is the lack of /n
vivo models of rapid motor neuron degeneration. Some of the most commonly used mouse
models of ALS involve transgenic mice expressing mutated forms of the human Superoxide
Dismutase 1 (SOD1) gene, which were identified in familial ALS cases (Gurney et al. 1994).
Other non-SOD1 mouse models of motor neuron diseases have been developed as well
(Stephenson and Amor 2017). However, almost all of these mouse models of motor neuron
death and degeneration do not exhibit onset and progression of symptoms for many weeks or
months, vastly increasing the amount of time and expense required to test novel therapeutic
treatments.

Another issue impeding the development of treatments for ALS and motor neuron diseases
is that the precise modalities of cell death involved in these diseases are not well understood.
Although apoptosis is believed to be a mechanism of motor neuron death, interventions that
target apoptosis has failed to arrest the progression of these diseases in human clinical trials
(Gordon et al. 2007). The disappointing results of these trials suggest that apoptosis alone
cannot account for the loss of neurons observed in these diseases. Ferroptosis is a mode of
cell death caused by iron-mediated oxidation of phospholipids in membranes which leads to
a buildup of hydroperoxides in phospholipids that ultimately result in the demise of the cells
(Dixon et al. 2012; Yang and Stockwell 2016). Interestingly, characteristics of ferroptosis are
associated with motor neuron diseases. For example, excessive iron accumulation (Hall et
al. 1998; Barber and Shaw 2010; Do et al. 2016) and increased lipid peroxidation (Pedersen
et al. 1998; Simpson et al. 2004; Perluigi et al. 2005; Devos et al. 2019) were widely
reported in human ALS patients and mouse models of motor neuron diseases. The presence
of ferroptotic markers in motor neuron diseases suggests that ferroptosis is a modality of cell
death in motor neuron degeneration

Glutathione Peroxidase 4 (GPX4) is the master regulator of ferroptosis, a dysfunction of
which can result in excessive lipid peroxidation which will ultimately initiate ferroptotic

cell death (Yang et al. 2014). As previously reported, the Gpx4 Neuron Inducible Knockout
(Gpx4NIKO) mouse (Chen et al. 2015) is a model which allows for the neuron-specific,
inducible knockout of Gpx4 by treatment with Tamoxifen (TAM). When adult Gpx4NIKO
mice were treated with TAM, they experienced a rapid degeneration and death of spinal
motor neurons within days. As a result, the mice developed a paralytic syndrome with
symptoms that included loss of locomotor function, loss of muscle mass and bodyweight,
and died within two weeks. These symptoms resembled those observed in mouse models of
motor neuron disease as well as those experienced by human motor neuron disease patients,
though they occurred and progressed over a much shorter duration (Drey et al. 2013; Gordon
et al. 2013). In addition, the spinal motor neuron death observed in Gpx4NIKO mice was
associated with markers of ferroptotic cell death, including increased 4-HNE protein adducts
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and elevated neuroinflammation, suggesting ferroptosis is the main mechanism of motor
neuron death in this model (Chen et al. 2015).

In the present study, we wished to further test the role of ferroptosis in the spinal motor
neuron death in Gpx4NIKO mice by determining whether direct inhibition of ferroptosis via
treatment with Liproxstatin-1 (Lip-1), a small molecule compound inhibitor of ferroptosis,
would slow the progression of motor neuron disease in this model. In addition, we
wondered if the severity of the paralytic symptoms of Gpx4NIKO mice could be modulated
with different doses of TAM; something which could aid in the testing of interventions.
Furthermore, we tested whether overexpression of Peroxiredoxin 3 (Prdx3), an enzyme
known to reduce mitochondrial reactive oxygen species (mtROS) levels, could affect the
paralysis development of Gpx4NIKO mice.

2.1. Animal cohorts, conditional ablation of Gpx4 and liproxstatin-1 treatment

The generation of Gpx4(f/f) mice was described previously (Yoo et al. 2012). The SLICK
mice, which express a tamoxifen-activatable form of Cre recombinase in neurons under
the direction of Thyl promoter (Heimer-McGinn et al. 2011), were obtained from The
Jackson Laboratory (Bar Harbor, Maine). Gpx4NIKO mice with floxed Gpx4 alleles and
the SLICK transgene were generated by cross-breeding Gpx4(f/f) mice with SLICK mice.
Gpx4NIKO mice were subsequently cross-bred with Gpx4(f/f) mice to generate mice used
in this study. To investigate the role of mtROS in the ferroptosis of spinal motor neurons,
we also generated Gpx4NIKO mice that overexpress Prdx3, a mitochondria-specific
antioxidant defense mechanism (i.e., Gpx4NIKO/PRDX3 mice). Gpx4NIKO/PRDX3 mice
were produced by successive breeding of Gpx4NIKO mice with Tg(PRDX3) transgenic
mice generated in our lab (Chen et al. 2008). Gpx4NIKO mice at 2-4 months of age were
enrolled in experimental cohorts.

Tamoxifen (T5648, Sigma Chemical Co., St. Louis, MO) was dissolved in corn oil at

a concentration of 10 mg/ml. Tamoxifen (TAM) was administered to Gpx4NIKO mice
intraperitoneally (i.p.) at a dose of 60 mg/kg of body weight for a total of five injections
(once daily). Control Gpx4NIKO mice without tamoxifen received daily injection of corn
oil only. Additionally, TAM was administered to mice via single injections (i.p.) at dose of
90mg/kg or 45mg/kg of bodyweight.

Liproxstatin-1 (Cat #-S7699, Selleckem.com) was dissolved in DMSQO, then diluted in PBS.
After first tamoxifen treatment, mice were injected i.p. daily with liproxstatin-1 at a dose of
10 mg/kg or with the vehicle (1.5% DMSO in PBS).

This study was reviewed and approved by Institutional Animal Care and Use Committees
(IACUC:s) of the University of Texas Health San Antonio and the Audie Murphy Memorial
Veterans Hospital, South Texas Veterans Health Care System.
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2.2. Locomotor function assays

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 40 rpm over 300 seconds. The latencies to fall were used as indicators
of rotarod performance.

The hang-wire test is a motor task measuring balance and grip strength that involves placing
the mice on a wire-mesh cage top and inverting it so that the hang upside down (Weydt

et al. 2003; Miana-Mena et al. 2005). The duration for which the mice are able to hang
upside down, known as the latency to fall, was evaluated in 2-3 trials a maximum time of 60
seconds.

2.3. Survival determination

Mice were checked twice daily for general appearance and locomotor behavior including
movement initiation, walking and turning. A mouse that was immobile for a period of 20
seconds due to paralysis in four limbs would be euthanized humanly and recorded as dead.

2.4. Tissue preparation and immunofluorescence staining

After a mouse was sacrificed humanely, the spine was quickly dissected out on ice. The
spine was put in a weigh-boat filled with ice-cold saline and cut into sections. Using a 5-ml
syringe with an attached blunt needle (#9), the spinal cord was gently flushed out from the
spine. The spinal cord was fixed in 4% paraformaldehyde at 4°C overnight and equilibrated
in 30% sucrose in PBS for 1-2 days at 4°C. The spinal cord was then snap-frozen by
submersion in 2-metylbutane chilled in dry ice. The spine cord sections at a thickness of 16
um were made using a cryostat.

For immunofluorescence staining, spinal cord sections were blocked with blocking buffer
(5% BSA, .3% Triton X-100 in PBS) for 60 minutes and incubated with primary antibody in
PBS at 4°C overnight. The sections were then washed 3 times with PBS and incubated with
the fluorophore-conjugated secondary antibody (AlexaFluor546- labeled rabbit antibody) for
2-4 hours at room temperature in PBS. After washing 3 times, slides were mounted with
ProLong Gold Antifade Reagent (P36930, Invitrogen, Carlsbad, CA), observed and imaged
with a confocal microscope.

2.5. Antibodies and Western blots

Antibodies used: Anti-NeuN (MAB377, Millipore, Billerica, Massachusetts); anti-ChAT,
Anti-PSD95, anti-Actin, anti-GFAP (Cell Signaling Technology, Beverly, MA); anti-
GAPDH (Sigma-Aldrich, St. Louis, MO); anti-lba-1 (Wako Chemicals USA, VA); anti-4-
HNE antibody from R&D Systems (Minneapolis, MN); and anti-GPX4 (Santa Cruz
Biotechnology, CA).

Protein levels in tissues were determined by Western blots using respectively antibodies. The
protein level of B-Actin was used to adjust for loading. The bands were visualized using the
ECL Kit (RPN2132, GE Healthcare, Piscataway, NJ). The bands were quantified using NIH
ImageJ software, and normalized to the loading control. The mean level of protein of interest
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(the ratio of protein to Actin) in controls was assigned as 1 arbitrarily, and relative data are
expressed as mean + SEM.

2.6. Real-Time quantitative PCR (RT-gPCR)

Total RNA was isolated from spinal cord tissues using Tri Reagent (Molecular Research
Center, Cincinnati, OH) and reverse-transcribed using random hexamers and Multi-Scribe
Reverse Transcriptase (Applied Biosystems, Foster City, CA). The mRNA levels of GFAP
and Iba-1 were quantified using standard RT-gPCR protocol and were normalized to p-Actin
to control for input RNA. The primers used are as follows: p-Actin (forward: 5’-ATC TGG
CAC CAC ACC TTC TAC-3’; reverse: 5’-CAG GTC CAG ACG CAG GAT G-3’), GFAP
(forward: 5’- GTT GGC AAC CTATGG TTC GT -3’; reverse: 5’- CAG GAG CTG GTT
GCTTTT CT -3’). Iba-1 (forward: 5’-AGC TTT TGG ACT GCT GAA GG -3’; reverse:
5’- GGC AGATCC TCATCATTG CT -3’).

2.7. Detection of Cre-mediated Gpx4 ablation

A PCR-based method was used to detect Cre-mediated recombination of the floxed Gpx4
allele in genomic DNA isolated from spinal cord tissues (Chen et al, 2015). PCR reactions
were performed using primers (P1, 5’-TAC TGC AAC AGC TCC GAG TTC-3’; P2,5’-CTT
CAC CAC GCA GCC GTT CT-3’) which produce a 700bp-amplicon from the recombined
Gpx4 (rGpx4) allele.

2.8. Statistical Analysis

Results:

All data are expressed as mean+SEM. Significant differences in bodyweight, rotarod and
hang-wire test performances were calculated using repeated measures ANOVA for day
(average of 2-3 trials) and genotype/treatment. Significance was assigned using one-way
ANOVA for all other measures. p<0.05 was considered significant for all analysis.

3.1. Treatment with ferroptosis inhibitor Lip-1 retarded onset of paralysis and extended
survival of Gpx4NIKO mice.

We reported previously that conditional ablation of Gpx4 in Gpx4NIKO mice (Gpx4
Neuronal Inducible Knockout mouse, which has two floxed Gpx4 alleles and a tamoxifen-
activatable Cre recombinase gene directed by a neuron-specific Thyl promoter) resulted

in rapid onset of paralysis, loss of muscle mass and bodyweight, and death driven by a
dramatic degeneration of spinal motor neurons (Chen et al. 2015). Given the role of Gpx4 in
inhibiting ferroptosis, a non-apoptotic mode of cell death that is oxidative and inflammatory,
we hypothesized that the motor deficits, neuronal loss, and greatly diminished lifespan of the
Gpx4NIKO mouse model are the result of ferroptotic cell death. Indeed, the degeneration of
spinal motor neurons in Gpx4NIKO mice was associated with features of ferroptosis.

To further determine the importance of ferroptosis in spinal motor neuron degeneration
induced by Gpx4 ablation, we treated Gpx4NIKO mice with Liproxstatin-1 (Lip-1), a small-
molecule compound that can reduce lipid ROS and was shown to be a specific inhibitor
of ferroptosis that does not impair other cell death modalities like apoptosis or necrosis
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(Friedmann-Angeli et al. 2014). After the initiation of tamoxifen (TAM) treatment, the
animals were divided into two cohorts. The first cohort of Gpx4NIKO mice received Lip-1
via i.p. injection daily at a dose of 10 mg/kg, while the other cohort of mice were injected
with the vehicle only. We assessed the locomotor function of these cohorts of Gpx4NIKO
using a rotarod task and determined the time of paralysis onset in each cohort based on
when the mice showed a significant decline of rotarod performance. As shown in Fig. 1a,
Gpx4NIKO mice treated with vehicle showed a significant decline of rotarod performance
on day 7 after initiating TAM treatment, indicating onset of paralysis. In comparison,
Gpx4NIKO mice treated with 10 mg/kg of Lip-1 had onset of paralysis on day 10 after
initiating TAM treatment, indicating that Lip-1 treatment delayed the onset of paralysis. We
also measured the change in bodyweight of both cohorts of mice, as we have previously
shown that Gpx4NIKO mice show a rapid and precipitous decline in bodyweight following
TAM injections. As is apparent in Fig. 1b, treatment with Lip-1 prevented the Gpx4NIKO
mice from dropping below the threshold of 80% of their initial bodyweight that the vehicle
treated mice surpassed on average around 9 days following TAM injections. Additionally,
we measured the survival times of the two cohorts of mice. Gpx4NIKO mice treated with
vehicle lived for 10-12 days after initiating TAM treatment, while Gpx4NIKO mice treated
with Lip-1 at a dose of 10 mg/kg lived for 13—-16 days. The respective median survival times
for these cohorts was 10 days for vehicle treated mice and 15 days for Lip-1 treated mice.
The Kaplan-Meier survival curves for the two cohorts of mice are presented in Fig. 1c. The
hazard rate of the Gpx4NIKO mice treated with Lip-1 was significantly different from that
of Gpx4NIKO mice treated with Vehicle judged by the log-rank test (p < 0.05), indicating
that Lip-1 extended the survival of the Gpx4NIKO mice.

Lip-1 treatment ameliorated spinal motor neurodegeneration in Gpx4NIKO mice.

To assess the effect of Lip-1 on spinal motor neuron degeneration, we collected lumbar
spinal cord tissues from Gpx4NIKO mice treated with vehicle or Lip-1 (10 mg/kg) at day 10
after TAM treatment, as well as from control Gpx4NIKO mice without any TAM or Lip-1
treatment. We then compared levels of neural marker proteins between control Gpx4NIKO
mice and the TAM-treated Gpx4NIKO mice that were administered either Lip-1 or vehicle.
Choline acetyltransferase (ChAT) is a motor neuron specific protein. As shown in Fig. 2a
and 2b, vehicle treated mice had a significantly decreased level of ChAT protein compared
with control mice without TAM treatment, indicating a severe degeneration of spinal motor
neurons triggered by Gpx4 ablation. Consistent with the delayed paralysis development,
Lip-1 treated mice had a significantly higher level of ChAT protein (Fig. 2a and 2b). We
also compared levels of two other neural specific proteins: PSD95 and NeuN. Levels of both
PSD95 and NeuN proteins were decreased in vehicle treated mice. Notably, Lip-1 treated
mice also had higher levels of PSD95 and NeuN than vehicle treated mice. These results
thus indicate that Lip-1 treatment ameliorated spinal motor neuron degeneration induced by
Gpx4 ablation.

Liproxstatin-1 treatment reduced lipid peroxidation in Gpx4NIKO mice

Lipid peroxidation is the driving force of ferroptosis (Yang et al. 2016), and we showed
previously that motor neuron degeneration in TAM-treated Gpx4NIKO mice was associated
with elevated levels of 4-hydroxynonenal (4-HNE) protein adducts. To determine if Lip-1
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decreased lipid peroxidation in Gpx4NIKO mice, we compared 4-HNE adducts levels

in spinal cord tissues from Control mice, Vehicle-treated mice, and Lip-treated mice by
Western blots. As shown in Fig. 2¢c and 2e, consistent with our previous report, Gpx4NIKO
mice treated with \ehicle had an increased level of 4-HNE protein adducts, indicating
elevated lipid peroxidation. As expected, compared with Vehicle-treated mice, Lip-1-treated
mice had a decreased level of 4-HNE protein adducts, indicating that Lip-1 significantly
reduced lipid peroxidation in Gpx4NIKO mice.

3.4. Reduced astrogliosis and microgliosis in Gpx4NIKO mice treated with Lip-1.

Inflammation is a characteristic of ferroptosis because cells dying through ferroptosis release
damage-associated molecular patterns (DAMPSs) and lipid metabolites that are immunogenic
(Friedmann-Angeli et al. 2014; Linkermann et al. 2014). We showed previously that

spinal motor neuron degeneration was associated with elevated neuroinflammation in spinal
cord of Gpx4NIKO mice. To determine the effect of Lip-1 on neuroinflammation, we

first compared microgliosis and astrogliosis by immunofluorescence staining using the

most common glial markers, Iba-1 for microglia and GFAP for astrocytes. The confocal
microscopy images of lumbar spinal cord (ventral horn region) are shown in Fig. 3a-b.
Vehicle treated mice had numerous Iba-1 positive mature microglia compared with control
mice. Notably, spinal cord from Lip-1 treated mice had less Iba-1 positive microglia. Lip-1
treated mice also had a remarkable reduction of astrogliosis, as evidenced by the decreased
staining intensity of GFAP. To corroborate the immunofluorescence staining results, we

also compared levels of Iba-1 and GFAP proteins by Western blots (Fig. 3c). As showed

in Fig. 3d, compared with vehicle treated mice, mice treated with Lip-1 had significantly
decreased levels of Iba-1 and GFAP proteins. We further compared levels of 1ba-1 and
GFAP mRNA by quantitative real-time RT-PCR. Similar to the results of proteins, Lip-1
treatment significantly reduced Iba-1 and GFAP message levels (Fig. 3e).

3.5. Severity of paralysis development in Gpx4NIKO mouse model is TAM dose-

dependent.

We previously induced Gpx4 ablation in Gpx4NIKO mice using a protocol consisting of
five consecutive days of 60 mg/kg TAM injections (totaling 300 mg/kg). Low doses of
TAM can cause incomplete cre-loxP recombination, which leads to partial gene deletion
and mild phenotypes (Reinert et al. 2012). To determine if the phenotypes of Gpx4NIKO
mice are TAM dose-dependent, we treated Gpx4NIKO mice with different TAM dose
regimens and assessed the motor neuron disease phenotypes of the treated mice. We found
that when given a single 90 mg/kg TAM i.p. injection, mice exhibited nearly identical
timeline for developing the neurodegenerative symptoms compared to five consecutive days
of 60mg/kg TAM injections (i.e. onset of bodyweight loss and paralytic symptoms 7 days
after starting TAM treatment, with the majority subjects dying by day 12). Therefore, we
called Gpx4NIKO mice treated with either the 90 mg/kg dose of TAM administered by a
single injection, as well as the 300 mg/kg cumulative dose administered over 5 days of
injections, the severe paralytic model because they experience a rapid decline of locomotor
function and bodyweight as well as death.
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We also evaluated Gpx4NIKO mice treated with a single injection of TAM at a dose of 45
mg/kg. Fig. 4a shows that none of the subjects treated with 45mg/kg of TAM had reached
the 80% of initial bodyweight threshold by the end of the 2-week observation period,
whereas all of those in the high TAM dose condition (90 mg/kg or 300 mg/kg) had done so
by this point. Similarly, it took several days longer for many of the 45mg/kg TAM treated
mice to show a decline in behavioral assessments of motor control including the rotarod

and hang-wire tests compared to the mice treated with higher TAM doses, and required

a notably longer time to reach a state of total paralysis (Fig. 4b—c). Thus, Gpx4NIKO

mice treated with 45 mg/kg TAM in a single injection produced similar symptoms as those
observed in the higher TAM doses, but these symptoms developed more slowly and were
often less pronounced. Therefore, we called Gpx4NIKO mice treated with 45 mg/kg TAM
in a single dose a mild paralytic model. Thus, by varying the doses of TAM, two distinct
variants of Gpx4NIKO mice can be generated: a severe paralytic model that results in rapid
spinal motor neuron degeneration followed by the onset of motor impairments, paralysis,
and death, as well as a mild paralytic model that has a slow progression of motor deficits and
does not result in the development of complete paralysis, severe loss in bodyweight, or rapid
onset of death.

We further inspected the status of Gpx4 in spinal cord tissues of Gpx4NIKO mice treated
with the high or low dose of TAM. To confirm Gpx4 ablation, we used a PCR-based

method to detect the presence of recombined Gpx4 allele (rGpx4) which is derived from
cre-mediated recombination of floxed-Gpx4 allele (Chen et al 2015). As expected, rGpx4
was readily detected in spinal cord tissues from Gpx4NIKO mice treated with both 45 mg/kg
and 90 mg/kg of TAM, but not in Gpx4(f/f) control mice treated with 90 mg/kg of TAM
(Fig. 4d). We next compared Gpx4 levels by Western blots. Consistently with Gpx4 ablation,
Gpx4NIKO mice treated with both 45 mg/kg and 90 mg/kg of TAM had reduced Gpx4
protein compared with control Gpx4(f/f) mice treated with 90 mg/kg of TAM (Fig. 4e and
Fig. 4f). However, mice treated with 45 mg/kg TAM exhibited a higher level of Gpx4 protein
than mice treated 90 mg/kg TAM. Thus, the mild paralytic model induced by treatment with
45 mg/kg TAM appears to be due to partial ablation of Gpx4.

3.6. Overexpression of Prdx3 delayed onset and reduced severity of locomotor
impairment in the mild paralytic Gpx4NIKO model.

While the mitochondria are the major source of ROS in many cells, mitochondrial ROS
(mtROS) were not originally thought to participate in ferroptosis (Dixon et al. 2012).
However, more recent studies have shown a connection between mitochondrial dysfunction
and ferroptosis in certain cell types (Abdalkader et al. 2018; Battaglia et al. 2020).
Peroxiredoxin 3 (Prdx3) is an antioxidant defense enzyme effective in reducing mtROS
(Zhang et al. 2007). We previously generated Tg(PRDX3) mice that overexpress human
Prdx3 ubiquitously, and showed that mitochondria from Tg(PRDX3) mice have significantly
reduced mtROS (Chen et al. 2008). To test whether mtROS contribute to the ferroptosis

of spinal motor neurons, we crossed Gpx4NIKO mice with Tg(PRDX3) mice, generating
Gpx4NIKO/PRDX3 mice. To determine the effect of Prdx3 overexpression on paralysis
development in Gpx4NIKO mice, we first treated Gpx4NIKO/PRDX3 mice and control
Gpx4NIKO mice with a high dose (90 mg/kg) of TAM to induce severe paralysis. However,
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the results showed that Gpx4NIKO/PRDX3 mice did not have an altered trajectory of the
bodyweight decline that is characteristic of the severe paralytic model of Gpx4NIKO mice,
indicating that Prdx3 overexpression was not sufficient to impact the paralysis development
of this model (Data not shown).

We theorized that it could be possible that the paralytic symptoms of Gpx4NIKO mice
treated with 90 mg/kg TAM may have been too severe for Prdx3 overexpression to
overcome. Therefore, we also treated Gpx4NIKO/PRDX3 mice and control Gpx4NIKO
mice with the low dose (45 mg/kg) of TAM to induce the mild paralytic model. Given

that survival and loss of bodyweight are not characteristic of this mild model, we instead
focused on the effects of Prdx3 overexpression on the development of locomotor impairment
in these mice. Fig. 5a—b show that when treated with a single 45 mg/kg TAM injection,

the Gpx4NIKO/PRDX3 mice showed little to no decline in performance on the rotarod
and hang-wire tests respectively over the course of the experiment compared to the notable
reduction in performance observed in the control Gpx4NIKO mice. These results indicate
that overexpression of Prdx3 is sufficient to reduce the severity of the motor impairments
associated with the mild paralytic model of the Gpx4NIKO model, suggesting that mtROS
are involved in ferroptosis of spinal motor neurons observed in Gpx4NIKO mice.

Discussion:

Previously, we have shown that the death of spinal motor neurons in Gpx4NIKO mice

was associated with markers of ferroptotic cell death, suggesting that ferroptosis is the

key mechanism of neurodegeneration in this model (Chen et al. 2015). Our findings from
this current study show that treatment with Lip-1, a known small-molecule inhibitor of
ferroptosis, significantly reduced the severity of the spinal motor neuron degeneration,

lipid peroxidation, neuroinflammation, and locomotor dysfunction of Gpx4NIKO mice.
These results support the notion that the pathology of the Gpx4NIKO mouse model was
driven by the ferroptotic death of spinal motor neurons, and indicates that the Gpx4NIKO
mouse model is suitable for testing therapeutic interventions targeting ferroptosis of neurons
in neurodegenerative diseases. Despite its beneficial effects on delaying the onset of the
paralytic syndrome, Lip-1 treatment did not completely rescue the Gpx4NIKO mice from
paralysis development. At present, we do not know why this is the case, but it is likely that
factors such as pharmacological dynamics of the compound, dose, and tissue/cell availability
contributed to its inability to fully rescue the paralysis induced by Gpx4 ablation.

The Gpx4NIKO mouse model is a robust in vivo model of spinal motor neuron degeneration
that develops symptoms similar to human motor neuron diseases (Chen et al. 2015).

One of the primary benefits of this model over other mouse models of motor neuron

disease is that the onset of the pathology occurs very rapidly and progresses in an
accelerated, consistent manner that can be initiated at any specific point in the animal’s
lifespan. Because of this, we believe the Gpx4NIKO model has the potential to serve as

a valuable tool in the evaluation of the efficacy of therapeutic interventions designed to

treat neurodegeneration compared to other mouse models of motor neuron diseases in which
the paralytic phenotypes take much longer to develop (Stephenson and Amor 2017). To
further increase the utility of Gpx4NIKO mice, we experimented with administering lower
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doses of TAM in hopes of producing less severe paralytic models in which some therapeutic
treatments may exhibit a greater efficacy. We determined that a single, high-dose of TAM
(90 mg/kg) was sufficient to produce a nearly identical severe paralytic model to what
occurred with the 5-day series of TAM injections (300 mg/kg), but that a single, low-dose
injection of TAM (45 mg/kg) actually caused a mild paralytic model with a significant delay
in the onset of pathology and reduction in the severity of symptoms. This indicates the
severity of the degenerative phenotype observed in the Gpx4NIKO model caused by TAM
treatment is dose-dependent, and suggests that the lower TAM doses are failing to produce
a complete neuronal ablation of Gpx4 in the mouse model. Thus, by varying the dosing
regimens of TAM treatment, a severe or a mild paralytic model can be generated from
Gpx4NIKO mice, allowing for flexibility of testing interventions in different conditions.

Prdx3 is an enzyme known to reduce mitochondrial ROS (Chen et al. 2008). We showed
previously that mitochondria from Prdx3 overexpressing mice have significantly decreased
ROS production. In this study, we showed that Gpx4NIKO mice overexpressing Prdx3 (i.e.
Gpx4NIKO/PRDX3) showed no difference in survival and body weight loss compared

to control Gpx4NIKO mice when using the severe paralytic model. However, in the

mild paralytic model, Gpx4NIKO/PRDX3 showed slowed decline in motor performance
compared to Gpx4NIKO controls. Although mtROS were not thought to contribute to
ferroptosis originally, recent studies have linked mitochondrial dysfunction to ferroptosis in
various cell types (Abdalkader et al. 2018; Battaglia et al. 2020). Because of the key role
of ferroptosis in the development of paralysis of Gpx4NIKO mice, this result suggests the
involvement of mtROS in the ferroptosis of spinal motor neurons.

Our results indicate that the Gpx4NIKO model develops an accelerated paralytic syndrome
similar to ALS and that the degeneration and death of spinal motor neurons in Gpx4NIKO
mice appears to be driven by ferroptosis. Ferroptosis has been implicated as playing a key
role in ALS related neurodegeneration (Pedersen et al. 1998; Simpson et al. 2004; Perluigi
et al. 2005; Devos et al. 2019, Chen et al. 2021). Our results from this study indicate that
the Gpx4NIKO mouse is a versatile model that is useful for testing therapeutic interventions
targeting ferroptosis-driven death of spinal motor neurons /in vivo.

It is worth noting some limitations of the mild and severe paralytic models of

the Gpx4NIKO mouse in modeling ferroptosis-based neurodegeneration and in testing
therapeutic interventions. For instance, because ferroptosis of motor neurons in Gpx4NIKO
models is driven by loss of Gpx4, interventions aiming to increase Gpx4 expression

and/or Gpx4 activity may not be suitable for testing with these models. In addition, while
Gpx4NIKO mice afflicted with the mild paralytic model do experience a slower onset

and progression of symptoms with less severity, there is still only a short period of time
between the initial TAM treatment and the plateau of symptom progression. Despite these
limitations, the Gpx4NIKO models may serve as quick and cost-effective models for testing
of interventions aiming to retard ferroptosis of motor neurons at early stage of therapeutic
development.
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Ferroptosis inhibitor Lip-1 delayed paralysis onset and extended survival of Gpx4NIKO
mice. Gpx4NIKO mice were treated with high dose (60 mg/kg i.p. injection daily for five
consecutive days) of tamoxifen (TAM) to ablate Gpx4. Afterwards, one cohort of mice were
given vehicle (1.5% DMSO in PBS) and served as controls (\Vehicle), another cohort were
treated daily with liproxstatin-1 (Lip-1) at a dose of 10 mg/kg. a. Rotarod performance of
Vehicle mice and Lip-1 mice. b. Change in percent of initial bodyweight of mice treated
with Vehicle or Lip-1. C. Survival curves of Gpx4NIKO mice treated with vehicle or Lip-1.

n=8 for all cohorts
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Fig. 2.

Li?a-l ameliorated spinal motor neuron degeneration in Gpx4NIKO mice. a. Western blots
showing levels of ChAT, PSD95, and NeuN in spinal cord tissues from Gpx4NIKO mice
treated with high dose of TAM then with vehicle (Vehicle), Gpx4NIKO mice treated with
high dose of TAM then with Lip-1, and Gpx4NIKO mice without TAM treatment (Control).
b. Quantified levels of ChAT, PSD95, and NeuN in spinal cord tissues from Control mice,
Vehicle mice and Lip-1 mice. n=3, *: p<0.05. c. A graph of Western blots of spinal cord
proteins from Control mice, Vehicle mice and Lip-1 mice probed with an anti-4-HNE
antibody. Arrows indicate 4-HNE protein adducts in proteins. d. Quantified levels of 4-HNE
adducts. n=4, *p<0.05.
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Suppressed neuroinflammation in Gpx4NIKO mice treated with Lip-1. Images of lumbar
spinal cord sections from Control mice, Vehicle mice and Lip-1 mice at day 10 of treatment
stained with an anti-lba-1 antibody (a) or an anti-GFAP antibody (b). c. Western blots
showing levels of GFAP and Iba-1 in spinal cord tissues from Control mice, Vehicle mice
and Lip-1 mice. d. Quantified results of GFAP and Iba-1 protein levels. e. Results of GFAP
and Iba-1 mRNA levels. n=3, *: p<0.05.
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Fig. 4.

Se%/erity of paralytic phenotypes of Gpx4NIKO mice induced by TAM is dose-dependent.
Gpx4NIKO mice were treated with either a high dose (single 90 mg/kg i.p. injection) or a
low dose (single 45 mg/kg i.p. injection) of TAM to ablate Gpx4. a. Change in percent of
initial bodyweight of mice treated with high or low dose of TAM. b. Rotarod performance
of Gpx4NIKO mice treated with high or low dose of TAM. c. Wire hang test performance of
Gpx4NIKO mice treated with high or low dose of TAM. n=8 for the high dose TAM cohort
and n=6 for the low dose TAM cohort. d. Gel image showing detection of rGpx4 by PCR

in spinal cord tissues from Gpx4NIKO mice treated with TAM. e. Graph of western blots
showing levels of Gpx4 in Control mice, Gpx4NIKO mice treated with 45 mg/kg (TAM-45)
or 90 mg/kg (TAM-90) of TAM. f. Quantified results of western blots. n=3. *: p<0.05.
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Prdx3 overexpression prevented motor impairment in the mild paralytic Gpx4NIKO model.
Gpx4NIKO/PRDX3 and control Gpx4NIKO mice were treated with a low dose (single

45 mg/kg i.p. injection) of TAM to ablate Gpx4. a. Rotarod performance of Gpx4NIKO/
PRDX3 and control Gpx4NIKO mice treated with the low dose of TAM. b. Hang-wire test
performance of Gpx4NIKO/PRDX3 and control Gpx4NIKO mice treated with the low dose

of TAM. n=6-8. *: p<0.05.
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