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� The level of phospholipid
peroxidation in spinal cord is
increased in ALS mouse model.

� Anti-phospholipid peroxidation
treatment reduces spinal motor
neuron loss in ALS mice.

� The expressions of GPX4 are
decreased in lumbar spinal cords of
ALS mice and patients.

� Knockdown of Gpx4 results in loss of
spinal motor neurons and abnormal
neuromuscular connections.

� Intrathecal injection of GPX4-AAV to
overexpress GPX4 alleviates the
pathological phenomenon of ALS.
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Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease characterized by oxidative
stress that triggers motor neurons loss in the brain and spinal cord. However, the mechanisms underlying
the exact role of oxidative stress in ALS-associated neural degeneration are not definitively established.
Oxidative stress-generated phospholipid peroxides are known to have extensive physiological and patho-
logical consequences to tissues. Here, we discovered that the deficiency of glutathione peroxidase 4
(GPX4), an essential antioxidant peroxidase, led to the accumulation of phospholipid peroxides and
resulted in a loss of motor neurons in spinal cords of ALS mice. Mutant human SOD1G93A transgenic mice
were intrathecally injected with neuron-targeted adeno-associated virus (AAV) expressing GPX4 (GPX4-
AAV) or phospholipid peroxidation inhibitor, ferrostatin-1. The results showed that impaired motor
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SOD1G93A transgenic mice
Spinal cord
performance and neural loss induced by SOD1G93A toxicity in the lumbar spine were substantially allevi-
ated by ferrostatin-1 treatment and AAV-mediated GPX4 delivery. In addition, the denervation of neuron-
muscle junction and spinal atrophy in ALS mice were rescued by neural GPX4 overexpression, suggesting
that GPX4 is essential for the motor neural maintenance and function. In comparison, conditional knock-
down of Gpx4 in the spinal cords of Gpx4fl/fl mice triggered an obvious increase of phospholipid peroxides
and the occurrence of ALS-like motor phenotype. Altogether, our findings underscore the importance of
GPX4 in maintaining phospholipid redox homeostasis in the spinal cord and presents GPX4 as an attrac-
tive therapeutic target for ALS treatment.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease characterized by progressive degeneration of motor neuron
in the brain and spinal cord [1–3]. Patients with ALS usually show
muscle atrophy and gradually develop paralysis, eventually dying
of respiratory muscle failure 3 to 5 years after being diagnosed
[4]. Although ALS is a rare disease, the number of new cases contin-
ues to rise thereby imposing great socioeconomic burden on
patients and their families [5–7]. Oxidative stress plays a central
role in the onset and progression of ALS through the induction of
neuronal excitotoxicity and astrocyte activation [8,9]. To date,
due to undefined mechanism and the lack of specific therapeutic
targets, there are still no effective disease-modifying therapies
for ALS and current FDA-approved medications, such as edaravone
and riluzole, only show modest effects on disease progression [10–
12]. Hence, there is an urgent need to identify potential targets for
ALS therapy.

In recent years, there is emerging evidence to support a correla-
tion between accumulation of phospholipid peroxides and a vari-
ety of diseases including neurodegenerative diseases, cancer, etc
[13–16]. Neuronal membrane phospholipids are rich in polyunsat-
urated fatty acid (PUFA) that are susceptible to peroxidative dam-
age, ultimately leading to membrane structure modification and
neuron death [17,18]. Hence, the peroxidation of phospholipids
with PUFA has been regarded as an important parameter that
reflects the degree of oxidative damage in neurons [19]. Given
the importance of oxidative stress in ALS pathogenesis, further
studies exploring the role of phospholipid peroxidation in ALS
are warranted. Altered phospholipid metabolism and elevated
level of 4-hydroxynonenal (4HNE), an end product of phospholipid
peroxidation, have been revealed in the spinal cord of ALS mice and
patients [20,21]. Accordingly, we speculate that phospholipid
peroxidation-induced spinal cord damage might contribute to
ALS disease progression.

A phospholipid peroxidation-associated cell death type, known
as ferroptosis, is initiated by doubly- and triply-oxygenated arachi-
donic acid-containing phosphatidylethanolamines (PEs) [22].
Importantly, these highly active oxidized PEs can be reduced to less
toxic hydroxy-PEs by an antioxidant enzymes glutathione peroxi-
dase 4 (GPX4) [23]. This phospholipid-specific hydroperoxidase is
essential for maintaining phospholipid redox balance, due to its
unique ability to directly remove phospholipid peroxides in the
presence of glutathione (GSH) [24,25]. Several studies have under-
scored the protective role of GPX4 in brain diseases, such as Alzhei-
mer’s disease, Parkinson’s disease, hemorrhagic brain damage, etc
[26–28]. Furthermore, the ablation of GPX4 in neurons has been
demonstrated to cause motor neuron degeneration and paralysis
[29]. However, the relevance of GPX4 and phospholipid
peroxidation-induced neuronal damage to ALS is still unclear. In
this study, we report the phenotypic significance of GPX4 defi-
ciency and the accumulation of phospholipid peroxides in the
spinal cord of SODG93A mice. Besides, intrathecal injection of
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neuron-targeted GPX4 and the treatment of phospholipid peroxi-
dation inhibitor, ferrostatin 1 (Fer-1), significantly attenuated
motor dysfunction in ALS mice. Our findings provide novel insights
on a heretofore unknown role for GPX4 deficiency in phospholipid
peroxidation during ALS pathogenesis, which may provide new
direction for developing novel treatments.
Materials and methods

Chemicals and reagents

Malondialdehyde (MDA) detection kit was purchased from Bey-
otime (Shanghai, China). NADPH assay kit was obtained from
Comin Biotechnology (Suzhou, China). Fer-1 was acquired from
Selleck Chemicals (Houston, TX, USA). Primary antibodies against
4HNE (#Ab46545), SOD1 (#Ab16831), NeuN (#Ab104224) and
GPX4 (#Ab125066) were purchased from Abcam (Cambridge,
UK). Primary antibodies against ChAT (#Ab144P) and NeuN
(#ABN78) were obtained from Millipore (Billerica, MA, USA). Pri-
mary antibody against GFAP (#3670P) was purchased from Cell
Signaling Technology (Beverly, MA, USA). Primary antibodies for
GAPDH (#FD0063) and b-Actin (#FD0060) were obtained from
Fdbio science (Hangzhou, China). Secondary antibodies including
goat anti-rabbit IgG-HRP (#FDR007), goat anti-mouse IgG-HRP
(#FDM007) and rabbit anti-goat IgG-HRP (#FD8000) were
obtained from Fdbio science. Secondary antibodies including Alex
Fluor 594 anti-rabbit (#A-21207), Alex Fluor 488 anti-rabbit (#A-
21206) and Alex Fluor 555 anti-mouse (#A-31570) were obtained
from Life Technology (Gaithersburg, MD, USA).

Animals

Transgenic male mice with high copy number (20–25 copies,
#004435), low copy number (7–10 copies, #002299) of mutant
human SOD1G93A, and Gpx4fl/fl mice (#027964) were obtained from
Jackson Laboratory (Bar Harbor, ME, USA). SOD1G93A mice were
bred with C57BL/6J background female mice obtained from Guang-
dong Medical Laboratory Animal Center (Guangzhou, China). The
mice were genotyped by PCR using DNA extracted from tail biop-
sies. Littermates were used as controls and the mice used in the
experiment were equally male and female. The mice were housed
in a room at a mean constant temperature (24 ± 2 �C), a relative
humidity of 50–60%, and provided free access to standard pellet
chow and water under a 12-h light-dark cycle.

Ethics statement

All animal experiments were performed in accordance with the
National Institutes of Health’s Guide for the Care and Use of Labo-
ratory Animals (NIH publication No. 80-23, revised in 1996) and
were approved by the Animal Ethics Committee of Jinan University
(Approval Number: 20130904001).
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Intrathecal injection

Intrathecal injection was done under sterile conditions and per-
formed as previously described [30,31] with minor modifications.
Fer-1 (5 mg/mL, 10 lL), a total of 3 � 1010 particles of adeno-
associated virus (AAV) serotype 2/9 vector carrying genetically
encoded homo sapiens glutathione peroxidase 4 (GPX4, ref. seq.
NM_002085.5) or Cre-EGFP under the hSyn promoter (BrainVTA,
Wuhan, China) were intrathecally injected in a 10 lL volume using
a Hamilton syringe. Briefly, mice were anesthetized with 1.25%
avertin. The surgical area was shaved and disinfected with iodine
tincture. After placing mice on a prone position and de-
iodinating with 75% alcohol, the skin was cut to expose the lumbar
spine. A Hamilton syringe was perpendicularly inserted into the
gap between the L5 and L6 in the lumbar vertebrae. Once contact
was made with the bone of the spinal column, the needle angle
was reduced to approximately 30� and inserted into the subarach-
noidal space. The solution containing AAV or Fer-1 were slowly
released into the cerebrospinal fluid when there is a sudden lateral
movement or ‘S’ shape of the tail. The syringe was removed 1 min
later to minimize cerebrospinal fluid and vector leakage. After the
surgery, animals were housed in a cage with free access to food and
water till the end point. Age-matched transgenic and WT litter-
mates were injected with AAV vector or solvent (2% DMSO + 50%
PEG300 + 5% Tween 80 + ddH2O) as controls. Intrathecal injection
of Fer-1 into SOD1G93A was carried in mice that were about 252–
260 days-old. Intrathecal injection of GPX4-AAV into SOD1G93A

mice and Cre-EGFP-AAV into Gpx4fl/fl were performed in mice that
28.5 weeks and 6.5 weeks-old, respectively. EGFP fluorescent opti-
cal images were taken of the stripped spinal cord using an in vivo
fluorescence imaging system (PerkinElmer, USA).

Behavioral analysis

Motor function was assessed once a week using the rotarod test,
wire hanging test and neurological scoring. All animals were pre-
trained for three trials before the formal tests of motor function.

For the rotarod test [32], mice were placed onto an accelerating
rotating rod (Ugo Basile, Comerio, Italy) with an increasing speed
from 5 to 30 RPM within 5 min. The ability of the mouse to stay
on the rod without falling was automatically timed by the appara-
tus. Each mouse was given three trials and the average value was
recorded.

The wire hanging test was applied to measure the muscular
strength of mice [33,34]. The wire mesh used for this test was
50 � 40 cm consisting of 1.2 mm diameter wires with an interval
of 0.8 mm between adjacent in the mesh. The mouse was placed on
the center of the wire mesh and then carefully turned over, keeping
it 60 cm off the ground. The time taken for the mouse to fall off was
recorded. The test was terminated at 180 s for each trial. Each
mouse was given three trials and the average value was recorded.

Neurological scoring was measured with reference to a system
developed by the ALS Therapy Development Institute [35]. Briefly,
the mouse’s movement and performance of its hind limbs were
recorded. Each mouse is given a maximum score of 4 points when
the hindlimb presents a normal splay. A score of 0 is given if the
mouse cannot straighten itself within 30 s.

Western blot analysis

Dissected spinal cords from mice were homogenized at 4 �C by
sonication in cold lysis buffer (Beyotime, Shanghai, China) contain-
ing a protease inhibitor cocktail (Targetmol, Shanghai, China). The
supernatant was collected after centrifugation of the homogenate
at 12,000 RPM for 10 min at 4 �C, and the protein concentration
was measured using BCA protein assay kit (Pierce, Rockford, IL,
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USA). Protein extracts were separated on 12% SDS polyacrylamide
gel and transferred onto polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA). After blocking the membrane with
5% nonfat milk in Tris buffered saline-Tween 20 for 1 h at room
temperature, target proteins on the membrane were incubated
overnight at 4 �C with the primary antibody. On the second day,
the membrane was rinsed with Tris buffered saline-Tween 20
and following incubated with the corresponding secondary anti-
bodies for 2 h at room temperature. Bound antibody was visualized
using an ECL system (Tanon 5200, Shanghai, China). Band intensity
was quantified using Quantity One software and target protein
bands normalized to the housekeeping protein band GAPDH.
Results were plotted using GraphPad prism software 8.0.

Measurements of MDA, GSH and NADPH

MDA levels were assessed using the thiobarbituric acid reactive
substances assay kit (Beyotime, Shanghai, China) according to the
manufacturer’s instructions.

GSH content analysis was performed as described in our previ-
ous study [15] using a C18 column (4.6 � 150 mm, 5 lm, Cosmosil,
Japan) and a four-channel ESA 5600A CoulArry Detector to detect
the GSH signal.

NADPH content was assessed using a commercial chemical
assay kit (Keming, Suzhou, China) according to the manufacturer’s
instruction. Briefly, the method was based on the spectrophoto-
metric measurement of the color produced when NADPH reduced
oxidized thiazole blue to formazan (570 nm).

Quantitative reverse transcription polymerase chain reaction

Dissected spinal cords from mice were extracted using TRIzol
reagent (Thermo Fisher Scientific, Waltham, MA, USA) and RNA
concentrations determined using a spectrophotometer (NanoDrop
2000, Thermo Fisher Scientific, Waltham, MA, USA). RNA was tran-
scribed into cDNA (cDNA synthesis kit, TransGen Biotech, Beijing,
China). Relative expression of RNA was measured using SYBR green
(TransGene Biotech) on a CFXConnectTM reverse transcription (RT)
machine (Bio-Rad, Hercules, CA, USA) and calculated using the
2�DCt method. The primer sequences are shown in Supplementary
Table S1 and S2.

Tissue processing, Nissl staining, and immunofluorescence

Anesthetized mice were sacrificed and transcardially perfused
with saline followed by 4% paraformaldehyde in PBS. The lumbar
region (L1–L5) of the spinal cord was isolated and post-fixed in
4% paraformaldehyde overnight at 4 �C, cryoprotected for 48 h in
PBS containing 30% sucrose, embedded in O.C.T (TisssueTek,
Sakura) and cut at a thickness of 20 lm using a Leica vibratome
(Leica Biosystem, Nussloch, Germany).

For Nissl staining, frozen slides were air-dried for 2 h. Sections
were immersed in 0.1% (w/v) cresyl violet acetate (MilliporeSigma,
Burlington, MA, USA) using a standard protocol, dehydrated and
imaged (PreciPointGmbh M8 microscope, Freising, Germany).
Nissl-stained motor neurons cells having a diameter at least
25 lm in the ventral horn (VH) were counted.

For immunofluorescent staining, frozen sections were air-dried
for 2 h and then blocked with 5% normal donkey serum/0.5%
TritonX-100/PBS for 2 h at room temperature. After spinning off
the liquid, slides were incubated overnight at 4 �C with the indi-
cated primary rabbit anti-NeuN (Millipore, Bedford, USA) or mouse
anti-GFAP (Millipore, Bedford, USA) antibodies diluted in 5% nor-
mal donkey serum/0.1% Triton X-100 in PBS. Sections were then
washed with PBS and incubated for 2 h at room temperature with
an appropriate fluorescent secondary antibody. Cover slips were



Long-Fang Tu, Tian-Ze Zhang, Yang-Fan Zhou et al. Journal of Advanced Research 43 (2023) 205–218
mounted over one drop of anti-fade mounting medium (Beyotime,
Shanghai, China) and examined under a fluorescent microscope
(Zeiss Axio Observer Z1, Carl Zeiss, Oberkochen, Germany). Pho-
tographs of GPX4, NeuN and GFAP were analyzed using Image-
pro plus 6.0 software.

LC-MS analysis of phospholipids

Lipids in the spinal cord were extracted by the Folch procedure
[36] and were further analyzed by LC-MS. Phospholipids were sep-
arated on a normal-phase column (Luna Silica (2), 3 lm, 150 � 2.
0 mm (Phenomenex)) at a flow rate of 0.2 mL/min on a DionexUl-
tiMate 3000 HPLC system (Thermo Fisher Scientific). The mobile
phase consisted of 10 mM ammonium formate in propanol/hex-
ane/water (285:215:5, v/v/v, solvent A) and 10 mM ammonium
formate in propanol/hexane/water (285:215:40, v/v/v, solvent B).
The elution gradient program was set as follow: 0 min, 10% B;
20 min, 32% B; 30 min, 70% B; 32 min, 100% B; 58 min, 100% B;
60 min, 10% B; 75 min, 10% B. The column temperature was main-
tained at 35 �C. The injection volume was 2 lL.

MS analysis of phospholipids was performed on a Q-Exactive
Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). Analysis was performed in full MS
negative mode at resolution setting of 70,000 and data-
dependent-MS/MS mode at resolution setting of 17,500. Ion source
conditions were set as follows: spray voltage, 3.0 kV; vaporizer
temperature, 320 �C; transfer tube temperature, 350 �C; S-lens Rf
level, 60; sheath gas, 35 (arbitrary units); auxiliary gas, 15 (arbi-
trary units); sweep gas, 1 (arbitrary units). For MS, the scan range
was m/z 400–1800 and the maximum ion injection time was
128 ms using 1 microscan per MS scan. For MS/MS, high energy
collision induced dissociation analysis was performed with the col-
lision energy set to 24 eV and the maximum ion injection time of
500 ms. An isolation window of 1.5 Da was set for MS/MS scans.

ST analysis

ST is a transcriptomics technology based on in situ capture, and
the operation steps are described previously [37]. GPX4 gene
expression analysis was performed on the large-scale and high-
resolution ALS transcriptomics data in the public interactive data
browsing website, https://als-st.nygenome.org. The ALS database
collected about 1200 mouse lumbar spinal cord tissue samples
from4 periods (pre-symptomatic, onset, symptomatic and end-
stage) and a total of �1200 spinal cord sections of 67 mice. It also
collected 80 postmortem sections of lumbar and cervical spinal
cord tissues from 7 sporadic ALS patients with lumbar or bulbar-
onset.

Resting EMG recording

Resting EMG recording analysis was performed as previous
study [38]. Mice were anesthetized with 1.25% avertin and the left
hind limbs were shaved. To record EMG potentials, two 30-G plat-
inum transcutaneous needle electrodes were inserted into the gas-
trocnemius, keeping two recording electrodes �2 mm apart.
Electrodes were connected to an active head stage and the signal
amplified (X100) and digitized using the PowerLab 16/32 data-
acquisition system (ADInstruments). The signal within 5 mins
was recorded at a sampling rate of 20 kHz and stored in a PC,
and then analyzed using LabChart 8.15 (ADInstruments).

MRI and DTI

MRI and DTI analysis were performed as previous research [39].
Paraformaldehyde (4%)-fixed spinal cords from mice were placed
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in 5 mL Eppendorf tubes and immersed in perfluorocarbon oil
media (Fluorinert, FC-40, 3 M). MRI scanning was performed using
a Bruker 9.4 T Biospec 9430 USR (Ettlingen, Germany) with a TX
Volume Array and RX Surface Array. The diffusion images were
acquired by using a spin-echo diffusion weighted sequence with
the following acquisition parameters: TR = 3 s, TE = 20 ms,
NEX = 8, FOV = 18 mm � 18 mm, matrix size = 108 � 96, and
b = 650 s/mm2). Total imaging time was 14 min. Slice thickness
was 0.7 mm. A DTI diffusion scheme was used, 17 sequential imag-
ing sections centered in the lumbar spinal cord and a total of 30
diffusion sampling directions were acquired. The values of frac-
tional anisotropy (FA) and mean diffusivity (MD) were calculated
by ParaVision 360 V1.1. Volume analyses were performed by man-
ually segmenting the boundary between the gray matter (GM) and
the white matter (WM), slice by slice, using Carimas 2.9 RayVisu-
alization v.2.9.4.0 (Turku PET Centre). The total volumes of GM
and WM around lumbar 3–5 enlargement (3.5 mm spinal cord
length) were counted.

Statistics

Data were analyzed using Graphpad 8.0 software and expressed
as the mean ± SEM. Differences among groups were determined by
either Student’s t test or One-way ANOVA or Two-way ANOVA.
P < 0.05 was considered statistically significant.

Study approval

All animal experiments were performed in accordance with the
National Institutes of Health’s Guide for the Care and Use of Labo-
ratory Animals (NIH publication No. 80-23, revised in 1996) and
were approved by the Animal Ethics Committee of Jinan University
(Approval Number: 20130904001).
Results

Accumulation of phospholipid peroxides is an essential feature in ALS
mice

The G93A mutation of SOD1 is an inherited ALS causative factor,
which produces toxic SOD1 protein aggregates and contributes to
the pathogenesis of ALS [40]. In order to explore the relationship
between phospholipid peroxidation and ALS disease progression,
low copy (�8 copies) and high copy (�25 copies) mutated
SOD1G93A (hereinafter referred to as G93A) mouse strains with dif-
ferent speeds of the occurrence and development of ALS [41] were
utilized in this study. Firstly, the impact of high- and low-copy
G93A on motor function in mice were evaluated by behavioral
tests for 35 weeks. The rotarod test (Fig. 1a), wire hanging test
(Supplementary Fig. S1a), and neurological scores (Supplementary
Fig. S1b) showed that the average age of disease onset of high copy
and low copy mice was �12 weeks and �28 weeks, respectively,
and the average age of disease endpoint was �21 weeks and
�35 weeks, respectively. These observations suggest that increased
copy number of G93A mutation led to an earlier onset of motor
dysfunction. Since the loss of motor neurons in the lumbar spine
is one of the key pathological features of ALS, the motor neurons
in ventral horn (VH) of lumbar spine were marked using NeuN
and Nissl staining. The results show that when compared with
WT group, the motor neurons in G93A mice were significantly
shrunken (Fig. 1b and 1c). Also, the number count decreased as
the copy number increased (Fig. 1d and 1e).

To delineate the relationship between phospholipid peroxida-
tion and G93A mutation, we generally assessed the levels of phos-
pholipid peroxides in ALS, concentrations of two important

https://als-st.nygenome.org


Fig. 1. The number of motor neuron decreased and the phospholipid peroxides increased with the accumulation of SOD1G93A transgene copy number. a Persistence time of
mice on the rotating rod. N WT, G93A-low = 6. N G93A-high = 8. b, c Representative images and integrated fluorescence density of NeuN-stained motor neurons in the lumbar
ventral horn (VH) of the spinal cord at the terminal age of G93A mice. Scale = 100 lm. d, e Representative Nissl staining images and corresponding quantification of large
motor neurons in the lumbar VH of the spinal cord at the terminal age of G93A mice. Scale = 100 lm. N = 6. fMDA concentration in the spinal cord of mice at 120 day. N = 5. g,
h Western blotting and quantifications of 4HNE and SOD1 in the spinal cord of mice at 120 day measured by Western blotting. N = 3. i Multivariate statistical analysis of
oxidative phospholipids using orthogonal partial least squares–discriminate analysis. j Values of variable importance for the projection of oxidative phospholipids. k Volcano
plot of oxidative phospholipids represented by log2 (fold change) of G93A 120 day/WT 120 day groups plotted against the -log10 (p-value). Statistical significance was
evaluated by t test (p < 0.05). l Amount of PE(38:4) + 2O in G93A 120 day andWT 120 day mice. N WT = 7. N G93A = 6. Data are represented as mean ± SEM, **p < 0.01, ***p < 0.001
vs. WT group by t test.
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phospholipid peroxidation end-products, malondialdehyde (MDA)
and 4HNE in the spinal cords of 120-day-old high copy and low
copy G93A mice were measured. As shown in Fig. 1f-h, MDA and
4HNE levels increased with a higher transgene copy number. Also,
the mutant SOD1 was significantly up-regulated in 120-day-old
high copy G93A mice corresponding to the mid-stage state of
ALS disease (Fig. 1f-h).

Further, LC-MS/MS-based redox phospholipidomics analysis
was performed to determine the molecular species of oxidized
phospholipids, focusing on the five major categories of phospho-
lipids in WT and G93A low copy mice, including PE, phosphatidyl-
choline (PC), phosphatidylinositol (PI), phosphatidylserine (PS),
and phosphatidylglycerol (PG). As shown in Fig. 1i, the
composition of oxidized phospholipids in G93A mice was signifi-
cantly different from that in WT mice. Among the five phospho-
lipids discussed above, oxidized PEs were found to be primary
contributors to this difference (Fig. 1j). Interestingly, oxidized
arachidonic acid-PE (PE(38:4) + 2O), a ferroptosis-specific cell
death signal [22], showed the most significant elevation (Fig. 1k
209
and 1 l). These data appear to reveal the accumulation of PE perox-
ides as a major characteristic feature in the pathogenesis of ALS.

Inhibition of phospholipid peroxidation alleviates motor dysfunction
and neuron loss of ALS mice

In order to evaluate the potential role of phospholipid
peroxidation-induced injury in ALS, Fer-1, a specific inhibitor of
lipid peroxidation was intrathecally injected (5 mg/mL, 10 lL) into
the L5-L6 lumbar spine of symptomatic low copy G93A mice on
day 252 and day 260, respectively (Fig. 2a). As shown by the
rotarod test, wire hanging test and neurological scores (Fig. 2b-
d), Fer-1 administration significantly mitigated behavior deficits
in G93A mice. Meanwhile, the contents of MDA and 4HNE in the
spinal cords were also significantly reduced in Fer-1 treated ani-
mals, comparing with G93A group (Fig. 2e-g). These data indicate
that the restriction of phospholipid peroxidation in the spinal cord
can improve the motor performance of ALS mice. Furthermore, the
damage of motor neuron caused by G93A mutation was examined.



Fig. 2. Lipid peroxidation inhibitor Fer-1 alleviated motor dysfunction and neuron loss of G93A mice. a Schematic diagram of Fer-1 administration, behavior test and
‘postmortem’ assays. b-d Persistence time on the rotating rod, the hanging time on the wire mesh, and statistics of neurological scores of G93A mice intrathecally injected
with Fer-1. Data are represented as mean ± SEM. N = 5 mice per group, ***p < 0.001 G93A + Veh vs.WT + Veh group; ##p < 0.01, ###p < 0.001 G93A + Fer-1 vs. G93A + Veh group
by Two-way ANOVA. eMDA concentration in the spinal cord of mice. N = 5. f, gWestern blotting and band quantifications of 4HNE, ChAT and SOD1 in the spinal cord of mice.
N = 3. h, i Representative Nissl staining images and quantification of the large motor neurons in the lumbar VH of the spinal cord of mice. Scale = 100 lm. N = 5. Data are
represented as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 G93A + Veh vs.WT + Veh group; #p < 0.05, ##p < 0.01, ###p < 0.001 G93A + Fer-1 vs. G93A + Veh group by One-way
ANOVA. I.T.: intrathecal injection; Veh: vehicle; Fer-1: ferrostatin 1.
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The protein expression of a motor neuron marker ChAT was
increased in Fer-1 treated ALS mice (Fig. 2f and 2 g). Consistent
with this, the results of Nissl staining also showed that Fer-1 could
restore the decrease of large motor neurons (>25 lm) in the VH of
the lumbar spinal cord of G93A mice (Fig. 2h and 2i). This is a very
interesting observation since it suggests that inhibition of lipid
peroxidation is upstream to motor neuron loss in ALS. This raises
the inspiring possibility of therapeutic options directed at
210
preventing phospholipid peroxidation in the spinal cord in an
effort to delay the progression of ALS.

GPX4 expression is impaired in ALS mice and patients

The reasons for increased phospholipid peroxidation in ALS ani-
mals could be either, an accumulation of membrane phospholipid
peroxides or a reduction in antioxidant capacities such as GPX4
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activity [42]. To analyze the contribution of phospholipid
peroxidation-related genes to ALS, comparative qPCR analysis
was performed using spinal cord extracts from WT and G93A
transgenic animals. As shown in Fig. 3a, the expression levels of
genes that promote phospholipid peroxidation (Lpcat3, Ncoa4, Tfrc,
Alox15, Acsl4, Alox5, Alox12, Dmt1, Ptgs2) increased, while genes
that can reduce phospholipid peroxidation (Gpx4, Slc7a11)
decreased in the spinal cord of ALS mice. Among them, GPX4, a
key antioxidant enzyme that is known to contribute to mainte-
nance of redox balance in phospholipid [43], was significantly
under-expressed in the spinal cords from ALS mice (Fig. 3a).

Next, we utilized an interactive data exploration portal for the
spatiotemporal transcriptome atlas of the ALS spinal cord
(https://als-st.nygenome.org) to perform precise spatial gene
expression analysis of Gpx4 in ALS spinal cord samples derived
from both human and mice. Spatial transcriptomics (ST) is a tran-
Fig. 3. GPX4 was down-regulated in the spinal cord of both G93A mice and ALS patients
detected by qPCR, and expressed using a heatmap. N = 3 mice each group. b Schematic d
images of Gpx4 gene expression in the lumbar spine and statistics of the coefficient param
matched G93A mice and WT mice. e Spatial transcriptional expression of GPX4 in the lu
Protein expression and quantifications of GPX4 and SOD1 in the spinal cord of G93A high
NADPH content in the spinal cord of mice at 120 day. Data are expressed as mean ± SEM.
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scriptomics technology based on in situ capture, which accurately
correlates RNA-seq data with spatial information through specific
sequence barcodes, so as to quantify and visualize the transcrip-
tomics of tissue sections in space. The principle of ALS ST is showed
in the Fig. 3b. As shown in Fig. 3c, Gpx4 gene expression in G93A
mice at the age of 120 days was lower compared to WT control
mice. Spatially, the decrease of Gpx4 gene expression occurred in
the ventral horn (VH) region (Fig. 3d) as well as other areas of
the lumbar spine (Supplementary Fig. S2).

ALS patients can be categorized into lumbar-onset and bulbar-
onset. By comparing the GPX4 gene expression in the lumbar spinal
cord of ALS patients with lumbar onset and bulbar onset, one can
determine the difference between the onset and non-onset sites.
Analysis of lumbar spine sections from ALS patients using the ST
database revealed that the level of GPX4 gene in the VH of onset
site was lower than that in the non-onset site (Fig. 3e), thereby
. a Lipid peroxidation-related genes expression in the spinal cord of mice at 120 day
iagram of spine spatial transcriptomics. c, d Spatial transcriptomics representative
eter b of Gpx4 gene in the lumbar VH of the spinal cord at 70,100 and 120 days age-

mbar VH of the spinal cord of ALS patients with lumbar onset and bulbar onset. f, g
copy, low copy mice andWT littermates at 120 days age. h, i GSH concentration and
N = 5 mice each group, *p < 0.05, ***p < 0.001 vs.WT group by t test. VH: ventral horn.
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Fig. 4. Intrathecal Gpx4 knockdown induced sever motor performance deficits in mice. a Fluorescence imaging of the isolated spinal cord of Gpx4fl/fl mice intrathecally
injected with Cre-EGFP-AAV under the hSyn promoter. The red/yellow gradient scale indicates the intensity of EGFP signal. b, c Expression levels and quantifications of GPX4,
ChAT and 4HNE in the spinal cord of mice. N = 3 mice each group. dMDA concentration in the spinal cord. N = 6 mice each group. e, f Persistence time on the rotating rod and
suspension time on the wire mesh of mice. Data are represented as mean ± SEM. N = 6 mice per group, ***p < 0.001 Gpx4fl/fl + Cre-EGFP vs. Gpx4fl/fl by Two-way ANOVA. g, h
Representative Nissl staining images and quantification of the large motor neurons in the lumbar VH. N = 6. i, j Representative images and integrated fluorescence density of
NeuN-stained motor neurons in the lumbar VH. N = 5. k EMG activity and the presence of fibrillation and fasciculation in the GCM of Gpx4fl/fl mice treated with Cre-EGFP-AAV
or AAV before sacrifice. l Quantitative analysis of the integrated EMG signals. N = 6 mice each group. Data are expressed as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 Gpx4fl/
fl + Cre-EGFP vs. Gpx4fl/fl by t test. EMG: electromyography; GCM: gastrocnemius muscle. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 5. Intrathecal overexpressing GPX4 rescued motor performance disorder in G93A mice. a Representative fluorescence co-localization images of GPX4 and NeuN in the
lumbar ventral horn. Scale = 50 lm. N = 3. b Expression of GPX4, ChAT, and 4HNE in the spinal cord of mice. N = 3. c Volcano plot of oxidative phospholipids represented by
log2 (fold change) of G93A + GPX4-AAV/G93A + AAV groups plotted against the -log10 (p-value). Statistical significance was evaluated by t test (p < 0.05). d Amount of PE
(38:4) + 2O in the spinal cord of mice. N = 6. e-g Persistence time on the rotating rod, suspension time on the wire mesh, and statistics of neurological scores of mice
intrathecally injected with GPX4-AAV. Data are represented as mean ± SEM. N = 6 mice each group, ***p < 0.001 G93A + AAV vs.WT + AAV group; ###p < 0.05 G93A + GPX4-AAV
vs. G93A + AAV group by Two-way ANOVA. h Representative Nissl staining images and quantification of motor neurons in the lumbar VH. N = 6. i Representative images and
the integrated fluorescence density of NeuN-stained motor neurons in the lumbar VH at the terminal age. N = 5. j Representative images and the integrated fluorescence
density of GFAP-stained astrocytes in lumbar VH at the terminal age. Scale = 100 lm. N = 6 mice each group. k Pan (Gfap, Steap4), A1 (Serping1, Utg1a) and A2 (Clcf1, S100a10)
astrocyte genes expression in the spinal cord of mice detected by qPCR, and expressed using a heatmap. N = 3. Data are expressed as mean ± SEM, **p < 0.01, ***p < 0.001
G93A + AAV vs. WT + AAV group; #p < 0.05, ###p < 0.001 G93A + GPX4-AAV vs. G93A + AAV group by One-way ANOVA.
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providing proof of clinical relevance linking the reduction in GPX4
with ALS. Similarly, western blot analysis from spinal cords
extracts showed a significant reduction in GPX4 protein expression
in ALS mice, likely due to the presence of the mutant SOD1 protein
(Fig. 3f and 3 g).

The lipid peroxides-clearing function of GPX4 depends on the
small antioxidant molecular GSH. GPX4 converts reduced GSH to
oxidized glutathione (GSSG) while reducing lipid hydroperoxides.
GSSG is then recycled back to GSH by the actions of glutathione
reductase and nicotinamide adenine dinucleotide phosphoric acid
(NADPH) [44]. Hence, GSH and NADPH play critical roles in main-
taining the function of GPX4 to prevent phospholipid peroxidation.
Fig. 6. Intrathecally overexpressing GPX4 in SOD1G93A mice improved the GCM fibrilla
recordings in the GCM of G93A mice administrated with AAV and GPX4-AAV. b Quantitati
MRI images and volume analysis of the lumbar GM region and the lumbar WM region
represent FA values, where on pink & purple shows lower FA values and on blue & cyan d
lumbar VH. N = 5 mice each group. Data are represented as mean ± SEM. *p < 0.05, *

G93A + GPX4-AAV vs. G93A + EGFP-AAV group by One-way ANOVA. FA: fractional anisotro
indicated by pentagram. (For interpretation of the references to color in this figure lege
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Interestingly, there is a significant decreased in the levels of both
GSH and NADPH in the spinal cords of high copy ALS mice
(Fig. 3h and 3i), implying a deficiency of GPX4 function. Taken
together, the above data reveal impaired GPX4 expression in ALS
that likely leads to accumulation of peroxidized phospholipids in
the spinal cord.
Intrathecal GPX4 deficiency drives pathological features of ALS in mice

To address the role of GPX4 in ALS, a conditional knockdown
mouse model for the Gpx4 gene was established (Gpx4 CKD) by
intrathecally injecting neuronal-targeted Cre-EGFP-AAV under the
tion and fasciculation, and blocked spine atrophy. a Fibrillation and fasciculation
ve analysis of the integrated EMG signals. N = 5 mice each group. c, d Representative
. N = 3 mice each group. e Representative FA maps of lumbar spinal cord. Colors
isplays higher FA values. f, g Quantitative values of FA and MD in the GM and WM of
**p < 0.001 G93A + EGFP-AAV vs. WT + EGFP-AAV group; #p < 0.05, ###p < 0.001
py, MD: mean diffusivity. WM: white matter, indicated by ellipse. GM: gray matter,
nd, the reader is referred to the web version of this article.)
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hSyn promoter (3 � 1010 particles, 10 lL) into the spinal cord of 6-
weeks-old Gpx4fl/fl mice. Fluorescence imaging of the isolated
spinal cord showed that the Cre-EGFP-AAV successfully infected
the mouse spinal cord and expressed fluorescent EGFP protein
12 weeks after the intrathecal injection (Fig. 4a). Western blot
analysis of these spinal cord extracts showed that protein expres-
sion of GPX4 and ChAT was reduced post Cre-EGFP-AAV infection
(Fig. 4b and 4c). Additionally, 4HNE and MDA levels were signifi-
cantly elevated in the post infection spinal cords (Fig. 4b-d), indi-
cating that the loss of GPX4 led to lipid peroxidation.

To test whether Gpx4 CKD in spinal cord neurons led to motor
dysfunction, the rotarod test and wire hanging test were per-
formed every week after intrathecal injection of Cre-EGFP-AAV. In
line with the results obtained from G93A mice, Gpx4 CKD led to
an apparent deficit in persistence time on the rotating bar
(Fig. 4e) and wire mesh (Fig. 4f). To demonstrate the effect of
GPX4 on the survival of motor neurons, we employed Nissl staining
and NeuN immunofluorescence and results showed that Gpx4 defi-
ciency resulted in a loss of large motor neurons in the lumbar VH of
these spinal cords (Fig. 4g-j). To further assess the motor neuron
damage caused by loss of GPX4 in the spinal cord, electromyogra-
phy (EMG), an electro-diagnostic medicine technique was
employed to evaluate muscle function in these animals. The resting
EMG images of the gastrocnemius muscles (GCM) showed acute
fibrillation and fasciculation in Gpx4 CKD mice when compared
to controls, which remained at the baseline (Fig. 4k). Moreover,
the integrated EMG signals in the GCM of Gpx4 CKD mice were
remarkably higher than that of control mice (Fig. 4l), suggesting
that the loss of GPX4 function in neurons led to the denervation
of the muscle through neuron death (Fig. 4g-j). In sum, the defi-
ciency of Gpx4 in mouse spinal cord neurons leads to neuronal
death through lipid peroxides accumulation, resulting in patholog-
ical features similar to ALS.

Neuron-targeted GPX4-AAV delivery improves the pathological
characteristics of ALS mice

To explore whether restoring GPX4 could alleviate ALS, neuron-
targeted GPX4-AAV under the hSyn promoter (3 � 1010 particles,
10 lL) was intrathecally injected into the spinal cords of low copy
G93A mice at the early stage of disease onset (28.5 w). Firstly,
GPX4 was successfully expressed in the spinal cord neurons of
G93A mice as confirmed by immunofluorescence co-localization
of GPX4 and NeuN (Fig. 5a) and western blotting (Fig. 5b). Sec-
ondly, GPX4 expression significantly inhibited the accumulation
of phospholipid peroxidation end product 4HNE and prevented
the loss of the neuronal marker ChAT compared to G93A mice
(Fig. 5b). Further, oxidized phospholipidomics results demon-
strated that the accumulation of phospholipid peroxides repre-
sented by PE(38:4) + 2O in G93A mice could be reversed by
administering GPX4-AAV (Fig. 5c and 5d, Supplementary Fig. S3).
We also determined that GPX4 expression in G93A mice signifi-
cantly improved the motor performances compared to G93A mice
(Fig. 5e-g). Additionally, loss of Nissl-reactive and NeuN-positive
large motor neurons in the lumbar VH of G93A mice was reversed
by intrathecally GPX4-AAV injection (Fig. 5h and 5i).

In addition to monitor the changes of motor neurons, the status
of astrocytes is sensitive to redox states and its activation has been
deemed as one of the main pathological characteristics in the pro-
gression of ALS [45,46]. To clarify the relationship between GPX4
and astrocytes, we firstly performed immunofluorescence analysis
of astrocyte marker GFAP in the spinal cord sections. The images
showed that GPX4 overexpression by AAV delivery decreased the
number of GFAP-positive cells in the lumbar spine of G93A mice
(Fig. 5j). On the other hand, gene profile of pan, type A1 and A2
astrocyte markers was also determined to assess the activation of
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astrocytes in GPX4-AAV treated mice. Results showed that GPX4
overexpression remarkably reduced the expressions of pan (Gfap,
Steap4) and protective A1 (Serping1, Utg1a) astrocyte signature
genes, whereas upregulated the mRNA level of neuro-protective
A2 astrocyte marker genes, including Clcf1 and S100a10 in G93A
mice (Fig. 5k). These findings provide primary evidences linking
the lack of GPX4 and the activation of astrocytes.

Furthermore, the therapeutic effect of intrathecally GPX4-AAV
delivery was confirmed by EMG, MRI and diffusion tensor imaging
(DTI) detection. EMG examination suggested that GPX4-AAV
decreased the frequency of fibrillation and fasciculation in the
GCM of ALS mice (Fig. 6a). Correspondingly, total EMG signals were
significantly attenuated (Fig. 6b), demonstrating an overall
improvement in neuromuscular connections following GPX4-AAV
administration to G93A ALS mice. MRI and DTI are important clin-
ical imaging techniques used in diagnosis of ALS. They were
performed to unveil the changes in the volume of the lumbar spine
and the pathological changes of lumbar white matter (WM) and
gray mater (GM) in ALS mice. Structure and volume analysis based
on MRI showed that both the GM and the WM volumes of lumbar
spine of sham-operated G93A mice were significantly reduced
compared with sham-operated WT mice, and were rescued by
GPX4-AAV administration (Fig. 6c and 6d), suggesting the positive
effect of GPX4-AAV delivery on spinal atrophy in ALS mice.

DTI provides quantitative parameters of fractional anisotropy
(FA) and mean diffusion (MD), which can evaluate the anisotropy
and diffusion of water molecules in the WM and GM of mice spine
to reveal the integrity of neuronal pathways. An increase of FA in
the GM region and a reduction of FA in the WM region of lumbar
VH indicated a loss of neuronal pathway integrity in G93A mice,
which was significantly reversed by GPX4-AAV administration
(Fig. 6e and 6f). Moreover, MD in the WM region increased in the
VH of sham-operated G93A mice, also indicating a loss of neuronal
pathway integrity, which was attenuated by administration of
GPX4-AAV, while MD in the GM region remained unchanged
(Fig. 6g).
Discussion

ALS is a fatal neurodegenerative disease that results in the pro-
gressive loss of motor neurons in the spinal cord and brain. Due to
the complexity of the disease pathogenesis, there is still a lack of
effective treatments [47,48]. Hence, it is urgent to obtain a better
understanding of the molecular mechanism underlying disease
progression in ALS, with a focused goal of identifying new thera-
peutic strategies. Here, we report that the accumulation of phos-
pholipid peroxidation products, represented by doubly-
oxygenated arachidonic acid-containing PEs(38:4), due to G93A
mutation of SOD1. Since PUFA-enriched PEs are essential phospho-
lipids on the double layer of the cell membrane with a rapid turn-
over rate [49,50], the oxidation of PEs(38:4) is likely to affect the
cell membrane function. In fact, an elevation in lipid peroxides
and the rupture of the motor cortex plasma membrane have been
previously observed in ALS patients and mice [51,52]. As expected,
intrathecal injection of lipid peroxidation inhibitor Fer-1 signifi-
cantly reduced motor neuron loss and improved the motor dys-
function of ALS mice, proposing that anti-phospholipid
peroxidation agents might be potential ALS treatment. Our data
identified phospholipid peroxidation as an essential feature of
the onset and progression of ALS.

One possible explanation for the accumulation of phospholipid
peroxides is the impaired antioxidant pathways. GPX4 is a well-
known antioxidant enzyme that can directly reduce phospholipid
peroxides [42,53]. Our results showed that GPX4 expression in
the spinal cord of ALS mice was significantly declined, which has
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been confirmed by the spatial gene expression in patients’ spinal
cord samples from clinical ST database of ALS. Consistently, the
conditional knockdown of Gpx4 was demonstrated to enhance
the level of phospholipid peroxidation in the spinal cord and
impair mice motor capacity. This result was supported by the
study of Chen et al., which has reported that the absence of neu-
ronal GPX4 led to the degeneration of motor neurons and onset
of paralysis [29].

During ALS, the activation of astrocytes, the immune cells in the
CNS, contributes to the disease progression by promoting inflam-
mation and motor neuron death [54,55]. Activated astrocytes are
divided into pro-inflammatory AI and protective A2 types [56].
Thus, we attempted to clarify the relationship between GPX4 and
astrocyte activation. Our results demonstrated that the inhibition
of GPX4 expression induced by SOD1G93A led to astrocyte activation
in G93A ALS mice. Interestingly, we found that the activation of
neurotoxic type A1 astrocytes in the ALS spinal cord was attenu-
ated by neuron-targeted overexpression of GPX4 while aggravated
by knockdown of GPX4. In fact, apart from the activation, the
amount of astrocytes was also affected by GPX4 level, reflected
by GFAP immunostaining the spinal cord sections (Fig. 5j, Supple-
mentary Fig. S4). These primary observations gave us a hint that
GPX4 might play a key role in maintaining brain immune home-
ostasis. Since we had previously reported that PE(38:4) + 2O
expressed on the surface of ferroptotic cells facilitated their elimi-
nation by phagocytosis [57], we speculate that PE peroxides
resulted from GPX4 deficiency might also act as signals to activate
astrocytes, possibly through the transfer of lipid peroxides from
neurons to astrocytes [58]. The deep and exact mechanism is wor-
thy of further investigation.

In this study, we also provide strong evidence for the applicabil-
ity of GPX4-related treatment as a promising therapy for ALS, as
neuron-targeted GPX4-AAV delivery prohibited phospholipid per-
oxidation and improved the viability of motor neurons. In addition
to AAV delivery system, tetrahedral framework nucleic acids
(tFNAs) are also another optimistic choice to deliver exogenous
GPX4. tFNAs are novel nucleic acid nanoparticles with neuroprotec-
tive and anti-inflammatory advantages. Since the tFNAs are bene-
ficial for cell proliferation and can freely pass across cell
membranes, they are showing promising applications in the field
of ALS therapy [59,60]. However, in the road of developing new
drug transport carriers, many obstacles are emerging, such as
low resistance to in vivo degradation. At all events, the best thera-
peutic route against ALS by targeting GPX4 is in need of further
exploration.

Although the present study has revealed the critical role of
GPX4 in the pathological changes of ALS and defined its potential
as therapeutic target, the specific molecular mechanism by which
G93A inhibits GPX4 expression warrants further investigation. It
has been reported that the expression and activity of GPX4 are
under the control of selenium or GSH [61,62]. At the transcriptional
level, the GPX4 mRNA level can be regulated by selenium via the
transcription factor AP-2 gamma and the specific protein 1
[63,64]. At the post-transcriptional modification level, alternative
splicing of the GPX4 mRNA joint linker based on different signal
stimuli or developmental stages is a factor that regulates GPX4
[24]. In addition, GPX4 expression at gene level is also regulated
by Sec-tRNA, which is one of the key regulatory elements during
the maturation of GPX4 by incorporating selenium as a selenocys-
teine. At the translational level, the guanine-rich sequence-binding
factor 1 has been reported to promote the translation of mitochon-
drial GPX4 during embryonic brain development [65]. Meanwhile,
GPX4 protein level can also be regulated by posttranslational mod-
ification, as it has been uncovered to degrade via HSP90-mediated
autophagy [66]. Ubiquitination and other degradation ways of
GPX4 protein remains to be explored. In the case of GPX4 loss in
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ALS, the precise mechanism requires deep examination from tran-
scriptional, translational and posttranslational modification
perspectives.

Conclusion

This study characterizes the loss of GPX4, a key phospholipid
peroxidation regulator, in the lumbar spines of ALS patients and
mice. Moreover, PE(38:4) + 2O is identified as the main type of oxi-
dized phospholipids in the spinal cord of ALS mice. Importantly,
neuron-targeted GPX4 gene therapy for scavenging phospholipids
peroxidation in spinal cord is proposed as an essential therapeutic
strategy to alleviate motor neuron loss, behavioral dysfunction,
abnormal neuromuscular connection, and lumbar spine atrophy.
Therefore, this study provides an important research basis for the
application of GPX4 or other anti-peroxidation agents in anti-ALS
treatments, albeit further studies on the molecular mechanisms
of GPX4 in neuron degeneration and astrocyte activation are
warranted.
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