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Pharmacological inhibition of ALCAT1 mitigates
amyotrophic lateral sclerosis by attenuating
SOD1 protein aggregation
Xueling Liu 1,2, Jun Zhang 2, Jie Li 1, Chengjie Song 1, Yuguang Shi 1,2,*
ABSTRACT

Objective: Mutations in the copper-zinc superoxide dismutase (SOD1) gene cause familial amyotrophic lateral sclerosis (ALS), a progressive fatal
neuromuscular disease characterized by motor neurons death and severe skeletal muscle degeneration. However, there is no effective treatment
for this debilitating disease, since the underlying cause for the pathogenesis remains poorly understood. Here, we investigated a role of acyl-
CoA:lysocardiolipin acyltransferase 1 (ALCAT1), an acyltransferase that promotes mitochondrial dysfunction in age-related diseases by cata-
lyzing pathological remodeling of cardiolipin, in promoting the development of ALS in the SOD1G93A transgenic mice.
Methods: Using SOD1G93A transgenic mice with targeted deletion of the ALCAT1 gene and treated with Dafaglitapin (Dafa), a very potent and
highly selective ALCAT1 inhibitor, we determined whether ablation or pharmaceutical inhibition of ALCAT1 by Dafa would mitigate ALS and the
underlying pathogenesis by preventing pathological remodeling of cardiolipin, oxidative stress, and mitochondrial dysfunction by multiple ap-
proaches, including lifespan analysis, behavioral tests, morphological and functional analysis of skeletal muscle, electron microscopic and
Seahorse analysis of mitochondrial morphology and respiration, western blot analysis of the SOD1G93A protein aggregation, and lipidomic analysis
of cardiolipin content and acyl composition in mice spinal cord.
Results: ALCAT1 protein expression is potently upregulated in the skeletal muscle of the SOD1G93A mice. Consequently, ablation or pharma-
cological inhibition of ALCAT1 by Dafa attenuates motor neuron dysfunction, neuronal inflammation, and skeletal muscle atrophy in SOD1G93A

mice by preventing SOD1G93A protein aggregation, mitochondrial dysfunction, and pathological CL remodeling, leading to moderate extension of
lifespan in the SOD1G93A transgenic mice.
Conclusions: ALCAT1 promotes the development of ALS by linking SOD1G93A protein aggregation to mitochondrial dysfunction, implicating Dafa
as a potential treatment for this debilitating disorder.

� 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords ALS; Cardiolipin; Mitochondrial dysfunction; Neuronal inflammation; SOD1 aggregation
1. INTRODUCTION

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s dis-
ease, is a motor neuron disease in adults, and is the third most
common neurodegenerative disease after Alzheimer’s disease (AD)
and Parkinson’s disease (PD) [1,2]. ALS mainly affects the upper and
lower motor neurons, which causes progressive muscle weakness and
atrophy, paralysis, and ultimately death due to respiratory failure
within 2e5 years of symptom onset [3,4]. Although two drugs,
including anti-glutamatergic agent Riluzole and antioxidant Edaravone
have been approved by Food and Drug Administration (FDA) for the
treatment of ALS in patients, their efficacies are quite poor in clinical
trials [5,6]. There are no other effective treatments for ALS to date,
because the molecular mechanisms underlying the pathogenesis
remain largely unknown. Mutations in copper-zinc superoxide dis-
mutase (SOD1) are the first identified genetic defect that causes
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familial ALS [7]. ALS-associated mutations in the SOD1 gene cause
SOD1 protein misfolding and aggregation, leading to motor neurons
degeneration and death [8]. Additionally, mutant SOD1 aggregates at
the mitochondrial membrane space of motor neurons, leading to
mitochondrial damage and dysfunction, which is a central feature of
the pathogenesis in ALS [9,10]. However, neither the underlying
causes of SOD1 aggregation nor its effect on mitochondrial dysfunction
are well understood, which has prevented the development of targeted
and more effective treatment for this debilitating disorder.
Cardiolipin (CL) is a mitochondrial signature phospholipid that is
required for mitochondrial membrane structure, oxidative phosphory-
lation, ATP production, mtDNA biogenesis, and mitochondrial quality
control [11e15]. CL is remodeled after initial biosynthesis into its
matured form that is enriched with linolic acid, known as tetra-linoleoyl
CL (TLCL), which is required for optimal mitochondrial function in
metabolic tissues, such as heart, skeletal muscle, and liver [16e20].
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Due to its high content in polyunsaturated fatty acids and exclusive
location in mitochondrial membrane where reactive oxygen species
(ROS) are generated, CL is highly sensitive to oxidative damage of its
four fatty acyl chains by ROS [15,21]. Defective CL remodeling leads to
Barth syndrome [22,23], and is also implicated in the pathogenesis of
various age-related metabolic disorders, including obesity [24], car-
diovascular diseases [15,18,25], fatty liver disease [26], and PD [27e
29]. Lipidomic analysis revealed a significant decrease of CL content in
the spinal cord of transgenic rat expressing the SOD1G93A mutant, a rat
model of ALS [30]. In addition, CL peroxidation was increased in the
spinal cord and brain of the SOD1G93A transgenic mice, which is
accompanied by impaired mitochondrial oxidative phosphorylation
activity and increased cytochrome c release, a leading indicator of
apoptosis [31]. These alterations in CL are consistent with the loss of
mitochondrial integrity observed in several models of ALS [32]. How-
ever, the underlying causes of aberrant CL metabolism in ALS remain
elusive.
ALCAT1 is an acyltransferase that catalyzes reacylation of lyso-
cardiolpin using acyl-CoA as the acyl donor, a key step in CL
remodeling [33]. Our recent work show that upregulation of ALCAT1
expression by reactive oxygen species (ROS) promotes mitochondrial
dysfunction by catalyzing pathological remodeling of CL with long
chain polyunsaturated fatty acids, such as docosahexaenoic acid (DHA)
[24]. Enrichment of DHA further exacerbates oxidative damage of CL by
ROS, leading to CL peroxidation and mitochondrial dysfunction [24].
Consequently, ablation of ALCAT1 effectively protected mice from the
development of various age-related diseases, including obesity, type 2
diabetes, fatty liver disease, cardiomyopathy, heart failure, and PD
[18,24e26,29]. Moreover, CL remodeling by ALCAT1 also leads to
multiple metabolic defects that are highly reminiscent of those
observed in ALS, including CL depletion and peroxidation, oxidative
stress, and mitochondrial dysfunction [30,31]. However, it remains to
be determined whether CL remodeling by ALCAT1 also plays a role in
the pathogenesis of ALS. Using mice with transgenic expression of the
SOD1G93A as a mouse model of ALS, we investigated a role of ALCAT1
in regulating the onset and development of ALS. We show that upre-
gulated ALCAT1 by the SOD1G93A protein aggregation is implicated in
the pathogenesis of the ALS mice. Accordingly, ablation or pharma-
cological inhibition of the ALCAT1 attenuated motor neuron loss,
skeletal muscle atrophy, and neuroinflammation, resulting in moderate
delay in disease onset, improvement in motor function, and extension
of lifespan of the SOD1G93A mice. These findings identified ALCAT1 as
a missing link between SOD1G93A protein aggregation and the devel-
opment of ALS.

2. MATERIALS AND METHODS

2.1. Reagents
Antibodies used in the studies included polyclonal antibodies to NLRP3
(D4D8T), GFAP (E4L7M), IBA1 (E404W), all of which were purchased
from Cell Signaling Technology. Monoclonal anti-b-actin (A5441)
antibody was from SigmaeAldrich. HRP conjugated goat anti-mouse
IgG secondary antibody (31,430) and HRP conjugated goat anti-
rabbit IgG secondary antibody (31,463) were purchased from
Thermo Fisher Scientific. Phosphatase inhibitor cocktail (P5726) was
purchased from Millipore Sigma. EDTA-free protease inhibitor cocktail
(11,873,580,001) was from Roche. Wheat germ agglutinin (W488)
was from Life Technologies and 10% fetal bovine serum (S11550H)
was from Atlanta Biologicals. CRISPR/Cas9 plasmids (sc-432,509 and
sc-432509-HDR) were from Santa Cruz. Viafect transfection regent
(E4982) was obtained from Promega. Hoechst 33,342 solution
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(62,249), H2DCFDA (D399), SuperScript� IV first strand synthesis
system (18,091,200), TRIzol (15,596,018), RNaseOUT inhibitor
(10,777e019), Oligo_dT (18,418e12), SYBR� green PCR master mix
(4,309,155) and penicillin/streptomycin (15,140,122) were from
Thermo Fisher Scientific. The pF141 pAcGFP1-SOD1_WT (26,402) and
pF145 pAcGFP1-SOD1_G93A (26,406) plasmids were purchased from
Addgene. Dafaglitapin (ALCAT1 inhibitor) was obtained from Perenna
Pharmaceuticals Inc. (San Antonio, TX, USA). ALCAT1 antibody was
kindly provided by Dr. Hiroyuki Arai of Tokyo, Japan.

2.2. Mice care
High-copy SOD1G93A transgenic mice (B6.Cg-Tg(SOD1*G93A)1Gur/J)
were obtained from the Jackson Laboratory (Strain#: 004435). The
SOD1G93A mice with target deletion of ALCAT1 (SOD1G93A/ALCAT1�/�)
were generated by mating the SOD1G93A mice with the global ALCAT1
gene knockout mice (ALCAT1�/�) previously generated by us [24]. All
animals were maintained in an environmentally controlled facility with
a diurnal light cycle and free access to water and a standard rodent
chow. All experiments involving animals were approved by the Insti-
tutional Animal Care and Use Committee, and use protocols according
to NIH guidelines (NIH publication no.86e23 [1985]).

2.3. Animal survival and behavioral studies
Disease onset and survival analyses were performed using Kaplane
Meier analyses. Endpoint was defined as the death point when mice
could no longer regain their upright position within 30 s after being
placed on their back. Disease onset was determined when the mice
already showed dragging feet/knuckles. Paralysis was defined when
the mice showed single leg paralysis as previous described [34].
Behavioral measurements, including grip strength test and rotarod
test, were performed in a blinded manner, and were carried out in
male mice at the age of 120 days. Grip strength: Mice are lifted over
the baseplate by the tail so that its forelimbs and hind limbs are
allowed to grasp onto the steel grip. The operator gently pulls back-
wards until the grip is released. The peak amount of force required to
make the mouse release its grip on the apparatus was sensed by the
instrument. Rotarod test: The mice were trained until they could
remain on the rotarod for 120 s without falling before testing. During
testing, mice were placed on the rotarod, and the rotation speed was
increased from 5 to 40 r/min over 5 min. The latency (time) to fall from
the rotarod was automatically recorded. Each mouse was tested in
three independent trials with a 20 min intertrial interval. The latency to
fall was calculated as the average of three trials.

2.4. Histological analysis
Isoflurane was used to anesthetize the animals before the animals
were sacrificed. The lumbar spinal cord and muscle tissue were
collected and fixed in 4% paraformaldehyde solution at 4 �C for 24 h.
Fixed tissues were dehydrated and embedded in paraffin, and 5 mm
sections were cut with a Leica RM-2162 (Leica, Bensheim, Germany).
H&E staining was performed as previously described [18]. WGA (5 mg/
mL, Thermo Fisher Scientific) staining was performed in the muscle
sections by using Alexa Fluor 488 conjugate dye. For immunofluo-
rescence staining, the lumbar spinal cord sections were washed three
times with 0.3% Triton X-100 in PBS, blocked with 5% BSA for 60 min
at room temperature and then incubated with anti-IBA1 (1:200, CST,
E404W) antibody or anti-GFAP (1:200, CST, E4L7M) antibody at 4 �C
for 24 h. Sections were washed (3 � 5 min) in PBST (PBS containing
1% tween-20) in the next day and incubated with goat anti-rabbit IgG
secondary antibody conjugated to FITC for 2 h at room temperature in
the dark. Finally, sections were washed and stained with DAPI, then
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mounted using mounting medium and imaged using a laser confocal
fluorescent microscope. ImageJ was used to assess the extent of
immunoreactivity for GFAP and IBA1. Same intensity threshold was
applied to all images to include the positive labeling while minimizing
the inclusion of nonspecific background staining.

2.5. Cell culture and generation of ALCAT1 gene knockout NSC-34
cells using CRISPR/Cas9 gene editing
An NSC-34 murine motor neuron cell line was purchased from
CEDARLANE Corporation (Burlington, Canada). Cells were cultured in
Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine
serum (FBS), 1% penicillin, and streptomycin and maintained in 95%
air plus 5% CO2 at 37 �C. ALCAT1 gene was knocked out in NSC-34
cells by transfecting CRISPR/Cas9 mouse plasmid from Santa Cruz
Biotechnology (sc-432,509 and sc-432509-HDR) using Viafect trans-
fection regent (Promega, E4982), and then purified through green
fluorescent protein and red fluorescent protein at the UT Health San
Antonio Flow Cytometry Core. Cells were kept under selection with
2 mg/mL puromycin (San Cruz Biotechnology, sc-205821).

2.6. Quantitative real time-PCR (qRT-PCR) analysis
Total RNA was extracted from mice muscle or spinal cord tissues using
TRIzol reagent, and RNA quantity was determined at 260 nm (Nano-
Drop 1000 Spectrometer; Thermal Scientific). Single stranded cDNA
was synthesized using SuperScript IV reverse transcriptase system,
and gene expression was determined by qRT-PCR, which was per-
formed by using SYBR green PCR master mix and the 7300 Real-Time
PCR System (Applied Biosystems, Waltham, MA, USA). The mRNA
levels were determined using a standard curve method and normalized
to the level of Gapdh which were used as internal standards. The
primers used in PCR are shown below:
TNF1a: Forward, 50-CCCTCACACTCAGATCATCTTCT-30
Reverse, 50-GCTACGACGTGGGCTACAG-30
IL-1b: Forward, 50-GACCTTCCAGGATGAGGACA-30
Reverse, 50-AGGCCACAGGTATTTTGTCG-30
Gapdh: Forward, 50-AATGGTGAAGGTCGGTGTG-30
Reverse, 50-GTGGAGTCATACTGGAACATGTAG-30

2.7. Transmission electron microscopy
Mitochondrial ultrastructure in mice muscle and spinal cord were
evaluated by using electron microscopy (EM). Spinal cord or muscle
were taken at the same site from three age- and sex-matched mice in
each group to prepare slides and fixed in 5% glutaraldehyde and 4%
paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) with
0.05% CaCl2 for 24 h. After washing in 0.1 M sodium cacodylate
buffer, tissues were post-fixed in 1% OsO4 and 0.1 M cacodylate
buffer overnight, dehydrated, and embedded in EMbed-812 resin. The
sections were stained with 2% uranyl acetate, followed by 0.4% lead
citrate, and viewed with a JEOL JEM-2200FS 200 kV electron mi-
croscope (Electron Microscopy Sciences Core at the University of Texas
Health Science Center at San Antonio).

2.8. Oxygen consumption rate (OCR) measurement
OCR was measured using a Seahorse XF24 analyzer (Seahorse
Bioscience, North Billerica, MA, USA). OCR in isolated mitochondria
from frozen heart samples was analyzed using the same method as
previously described [23,35]. In brief, an equal amount of mitochondria
(20 mg protein/well) isolated from frozen spinal cord samples was
loaded to XF24 microplate, and the OCR was then measured in
response to the treatment with a mixture of succinate (5 mM) and
rotenone (2 mM), antimycin A (4 mM), a mixture of TMPD (0.5 mM) and
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ascorbate (1 mM), and sodium azide (50 mM). Real-time OCR was
recorded two times during each conditional cycle.

2.9. Lipidomic analysis
The lipidomic analysis was carried out using methods previously
described [24]. Briefly, total lipids extracted from the spinal cord of
mice at the age of 120 days were analyzed by triple-quadruple mass
spectrometer (MS) (Thermo Electron TSQ Quantum Ultra) controlled by
Xcalibur system software. All the MS spectra and tandem MS spectra
were automatically acquired by a customized sequence subroutine
operated under Xcalibur software.

2.10. Cell treatment and analysis of ROS production
NSC-34 cells transiently expressed either the WT SOD1 or the
SOD1G93A mutant were pre-exposed to different concentration of Dafa
for 2 h, followed by treatment with H2O2 (200 mM) and Dafa for another
3 h, and then processed for further analysis. The ROS generation in
NSC-34 cells was investigated by using 20,70-dichlordehydro-
fluorescein-diacetate (DCFH-DA; Molecular Probes) at a final concen-
tration of 5 mM as previously described [36]. Cells were incubated with
dye in culture medium in the dark for 30 min at 37 �C, and then
harvested with 0.05% trypsineEDTA solution, suspended in a fresh
medium, and immediately analyzed.

2.11. Detection of SOD1 protein aggregation
To assay the SOD1G93A aggregation, spinal cord homogenates from
mice and NSC-34 transfected cells was prepared as described [37].
Briefly, spinal cord or cells were sonicated in 0.5% Nonidet P-40 lysis
(50 mM TriseHCl (PH 8.0), 150 mM NaCl, 0.5% NP-40, 5 mM EDTA
and a protease inhibitor cocktail 1:100 dilution). Tissue or cell lysates
were spun down at 100,000 g for 15 min at 4 �C. Insoluble fraction
was resuspended in loading buffer without b-mercaptoethanol.

2.12. Statistical analysis
Data were analyzed using GraphPad Prism software (version 6.0) and
represented as mean � SD. Two-way or one-way ANOVA followed by
Bonferroni post hoc tests were utilized for multiple group comparisons.
Student’s t-test was used for comparisons between two groups.
Statistical differences on mice survival rate, disease onset and pa-
ralysis were done by Log-rank (ManteleCox) test. Statistical signifi-
cance was considered at *p < 0.05, **p < 0.01, ***p < 0.001.

3. RESULTS

3.1. Ablation or pharmacological inhibition of ALCAT1 delays the
onset of ALS, leading to significant extension of lifespan in the
SOD1G93A mice
Upregulated ALCAT1 expression was implicated in the pathogenesis of
PD and several other age-related metabolic diseases by catalyzing
pathological remodeling of CL [15,18,21,24e26,29]. Using the male
SOD1G93A transgenic mice with targeted deletion of the ALCAT1 gene
(SOD1G93A/ALCAT1�/�), we investigated the role of ALCAT1 in the
onset and development of ALS disease. The SOD1G93A/ALCAT1�/�

mice were generated by crossing the SOD1G93A mice with the global
ALCAT1 gene knockout mice (ALCAT1�/�) previously generated by us
[24]. As shown in Figure 1A, ALCAT1 deficiency moderately prolonged
the lifespan of the SOD1G93A mice (Figure 1A, quantified in Figure 1B).
Consistently, ablation of ALCAT1 also delayed disease progression, as
evidenced by a moderate delay in disease onset (Figure 1C, quantified
in Figure 1D) and paralysis in the SOD1G93A/ALCAT1�/� mice relative
to the SOD1G93A mice (Figure 1E, quantified in Figure 1F).
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Figure 1: ALCAT1 deficiency or inhibition by Dafa extends lifespan by slowing disease progression in the SOD1G93A mice. (A) KaplaneMeier cumulative survival curve of
the SOD1G93A, SOD1G93A/ALCAT1�/�, and SOD1G93A mice treated with Dafa. Endpoint was defined as the death point when mice could no longer regain their upright position within
30 s after being placed on their back, n ¼ 10e14. (B) Analysis of the mean lifespan (days) of mice. (C) KaplaneMeier plot of disease onset in mice. Disease onset was determined
when the mice show dragging feet/knuckles. n ¼ 6e8. (D) Analysis of mice disease onset (days). (E) KaplaneMeier plot of paralysis in mice. Paralysis onset was defined when the
mice showed single leg paralysis, n ¼ 8e9. (F) Analysis of paralysis onset (days) in mice. Data are represented as mean � SD, *p < 0.05 by one-way ANOVA.

Original Article
The ALCAT1�/� mice are deficient in ALCAT1 expression from em-
bryonic day one, raising an intriguing question whether the protective
effect against SOD1G93A-induced onset of ALS could be caused by
compensatory responses during embryonic development. To address
this issue, we next tested the effect of Dafaglitapin (Dafa), a highly
potent and selective ALCAT1 inhibitor [18], on disease progression in
the SOD1G93Amice. The male SOD1G93Amice were orally gavaged with
Dafa (10 mg/kg B.W) or vehicle (5% CM-cellulose) twice daily from the
60 days of age until death. Consistent with the findings from the
4 MOLECULAR METABOLISM 63 (2022) 101536 � 2022 The Author(s). Published by Elsevier GmbH. T
ALCAT1�/� mice, treatment with Dafa also prolonged the lifespan,
delayed the disease onset and paralysis in the SOD1G93A mice
(Figure 1AeF).

3.2. ALCAT1 deficiency or inhibition significantly attenuates
skeletal muscle atrophy and motor neuron dysfunction in the
SOD1G93A mice
ALS is characterized by denervation and skeletal muscle atrophy [3].
Accordingly, we next conducted behavioral tests, including grip
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strength and rotarod tests, to determine the effect of ALCAT1 on motor
neuron function in the SOD1G93A mice. The behavioral tests were
carried out in male wild type (WT), SOD1G93A, and the SOD1G93A/
ALCAT1�/� mice at the age of 120 days (Figure 2A), or SOD1G93A mice
after treatment with Dafa or vehicle by oral gavage twice daily for 60
consecutive days starting at 60 days of age (Figure 2B). The SOD1G93A

mutation significantly impaired neuromuscular function and coordi-
nation skills in the SOD1G93A mice, as evidenced by decreased grip
strength and running time on rotarod (Figure 2CeF). In contrast, these
defects were partially attenuated by ALCAT1 deficiency (Figure 2CeD)
or pharmacological inhibition by Dafa (Figure 2EeF). However, ALCAT1
deficiency or inhibition did not significantly affect the forelimb grip
strength (Figure S1A-B). These findings were further supported by
results from wheat germ agglutinin (WGA) staining, which showed that
the SOD1 mutation caused atrophy of gastrocnemius muscle
(Figure 2GeH). Consistent with improved muscle function, ablation or
inhibition of ALCAT1 also partially attenuated the muscle atrophy in the
hind limb of the SOD1G93A mice, as revealed by results from hema-
toxylin and eosin (H&E) staining of the cross section of the gastroc-
nemius muscle (Figure 2GeH). Accordingly, ALCAT1 deficiency or
inhibition by Dafa not only restored gastrocnemius muscle fiber size
(Figure 2GeH, quantified in Figure 2I, K, and Figure S2A-B), but also
muscle mass, as evidenced by the increased gastrocnemius weight to
body weight ratio in the SOD1G93A mice (Figure 2J and 2L).

3.3. Up-regulation of ALCAT1 expression by ALS is implicated in
the pathogenesis of muscle atrophy and neuroinflammation
To further identify the role of ALCAT1 in the pathogenesis of ALS, we
next determined the effects of ALCAT1 deficiency and inhibition on
muscle morphology and mass in the quadriceps in the SOD1G93A mice
by H&E and WGA staining. Consistent with the findings in gastrocne-
mius, ALCAT1 deficiency or inhibition by Dafa also partially attenuated
the muscle atrophy in the quadriceps of the SOD1G93A mice, as evi-
denced by the increased muscle fiber size and the quadriceps weight
to body weight ratio (Figure 3AeF and Figure S2C-D). To identify a
causative role of ALCAT1 in the etiology of ALS, we next determine the
effect of the SOD1G93A mutation on ALCAT1 protein expression by
western blot analysis. Strikingly, ALCAT1 protein expression was
dramatically upregulated in the skeletal muscle of the SOD1G93A mice,
as evidenced by results from western blot analysis (Figure 3G,
quantified in Figure 3HeI). Motor neuron deficits are associated with
inflammation in the skeletal muscle of ALS patients [38]. In support of
this notion, we found that the expression level of NLR Family Pyrin
Domain Containing 3 (NLRP3), a key component of the NLRP3
inflammasomes, was significantly upregulated in the skeletal muscle
of the SOD1G93A mice (Figure 3G, quantified in Figure 3HeI). In
addition, the mRNA expression level of several pro-inflammation cy-
tokines, including TNFa and IL-1b, were also increased in the skeletal
muscle of the SOD1G93A mice, as revealed by results from quantitative
real-time PCR (qRT-PCR) analysis (Figure 3J). Remarkably, ablation or
inhibition of ALCAT1 not only attenuated the NLRP3 protein expression
level, but also mRNA expression level of both TNFa and IL-1b in the
skeletal muscle of the SOD1G93A mice (Figure 3GeJ), implicating a
causative role of upregulated ALCAT1 expression in neuroinflammation
in the SOD1G93A mice.

3.4. Ablation or inhibition of ALCAT1 attenuates motor neurons loss
and astrocyte activation in the SOD1G93A mice
A reduction of motor neurons in the spinal cord is a major defect
associated with ALS and a major cause of behavioral disorders [2].
Accordingly, we found that the SOD1G93A mice showed progressive
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loss of motor neurons in the lumbar spinal cord, as evidenced by
results from Nissl-stained assay (Figure 4AeB, highlighted by arrows,
quantified in Figure 4C and 4E). In support of the findings from the
behavioral tests, ALCAT1 deficiency and inhibition by Dafa significantly
attenuated the motor neurons loss in the spinal cord of the SOD1G93A

mice (Figure 4AeB, highlighted by arrows, quantified in Figure 4C,E). A
growing number of evidences suggest that neuroinflammation often
leads to motor neuron degeneration both in animal models and ALS
patients [39,40]. We next determined the effect of ALCAT1 on astro-
gliosis in the spinal cord of the SOD1G93A mice. The results show that
SOD1 mutation significantly increased the number of glial fibrillary
acidic protein (GFAP) positive astrocytes, a marker of astroglial injury,
in the lumbar spinal cord of the SOD1G93A mice, as evidenced by re-
sults from immunofluorescence and immunohistochemistry analysis
(Figure 4GeH, highlighted by arrows, quantified in Figure 4D,F). In
contrast, ALCAT1 deficiency or inhibition by Dafa significantly
decreased the number of GFAP positive astrocytes in the spinal cord of
the SOD1G93A mice (Figure 4GeH, highlighted by arrows, quantified in
Figure 4D,F).

3.5. ALCAT1 deficiency or inhibition by Dafa prevents microglia
activation in the SOD1G93A mice
Microglial cells are the primary immune cells of the central nervous
system. Activation of microglia promotes motor neuron death by
secreting neurotoxic factors, which is implicated in the pathogenesis of
ALS [41]. Accordingly, we found that the SOD1G93A mutation also
caused microglia activation in the spinal cord of the SOD1G93A mice, as
evidenced by results from immunofluorescent and immunohisto-
chemical staining of ionized calcium binding adaptor molecule (IBA1),
a biomarker for activated microglia (Figure 5AeB, quantified in
Figure 5CeD). Consistent with the findings, the SOD1 mutation also
significantly upregulated protein expression of both GFAP and IBA1 in
the spinal cord of the SOD1G93A mice, as evidenced by results from
western blot analysis (Figure 5F, quantified in Figure 5GeH). Addi-
tionally, the SOD1G93A mutation significantly increased mRNA
expression of TNFa and IL-1b, as well as NLRP3 protein expression in
the spinal cord of the SOD1G93A mice, which was supported by results
from qRT-PCR and western blot analysis (Figure 5EeF, quantified in
Figure 5GeH). In further support for a causative role of upregulated
ALCAT1 expression in neuroinflammation, ALCAT1 deficiency or inhi-
bition by Dafa significantly attenuated microglia activation and
downregulated the mRNA expression levels of both TNFa and IL-1b
genes as well as protein expression level of NLRP3 in the spinal cord of
the SOD1G93A mice (Figure 5AeH).

3.6. ALCAT1 deficiency or inhibition prevents mitochondrial
dysfunction in both spinal cord and skeletal muscle of the SOD1G93A

mice
SOD1 protein misfolding causes mitochondrial dysfunction, which is
implicated in the pathogenesis of ALS through poorly defined mech-
anisms [42,43]. Our recent studies show that ablation of ALCAT1
prevents mitochondrial dysfunction in various age-related diseases
[18,24e26,29]. We next determined the effect of ALCAT1 deficiency or
inhibition by Dafa on mitochondrial ultrastructure in the skeletal muscle
and spinal cord of the SOD1G93A mice by electronic microscopy (EM)
analysis. The SOD1G93A mutation caused mitochondrial disarray and
vacuolization in both skeletal muscle (Figure 6A, arrows highlight the
enlarged mitochondria, quantified in Figure 6C) and spinal cord
(Figure 6B, arrows highlight the vacuolated mitochondria, quantified in
Figure 6D). In contrast, ablation of ALCAT1 or treatment with Dafa
significantly restored mitochondrial morphology in both skeletal
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 2: ALCTA1 deficiency or inhibition improves motor functions and attenuates gastrocnemius muscle atrophy in the SOD1G93A mice. Behavioral tests of grip
strength and rotarod were conducted in male mice at 4 months of age. (AeB) Diagrams depicting experimental design of behavior test in male wild-type (WT) control, SOD1G93A,
and SOD1G93A/ALCAT1�/� mice (A) or treatment regimen with Dafa, which were delivered by oral gavage at 10 mg/kg twice daily for 8 consecutive weeks (B). (CeF) Grip strength
test (C and E) and rotarod test (D and F) in male mice of indicated groups at the age of 120 days. n ¼ 5e10. (GeH) Representative images of H&E and WGA staining of the
gastrocnemius muscle sections of indicated groups of mice at the age of 120 days. Arrows highlight the muscle cells. n ¼ 3. Scale bars: 100 mm. (I and K) Quantitative analysis of
muscular cell area of gastrocnemius in indicated groups of mice. 80e100 cells per mouse were used for quantification analysis. (J and L) Analysis of gastrocnemius weight to
body weight ratio. n ¼ 4e7. Data are expressed as mean � SD, *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA.
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Figure 3: ALCTA1 deficiency or inhibition attenuates muscle atrophy of quadriceps femoris and inflammation in the SOD1G93A mice. (AeB) Representative images of
H&E and WGA staining of quadriceps femoris of indicated groups of mice at the age of 120 days. Arrows highlight the muscle cells. n ¼ 3. Scale bars: 100 mm. (C and E)
Quantitative analysis of individual muscular cell area of quadriceps femoris in indicated groups of mice. 70e90 cells per mouse were used for quantification analysis. (D and F)
Analysis of quadriceps femoral weight to body weight ratio. n ¼ 4e7. (GeI) Western blot analysis (G) and statistical analysis (HeI) of the protein expression levels of ALCAT1 and
NLRP3 in mice skeletal muscle. n ¼ 4. (J) qRT-PCR analysis of the mRNA levels of TNF-a and IL-1b in mice skeletal muscle. n ¼ 4e5. Data are expressed as mean � SD,
*p < 0.05, **p < 0.01 and ***p < 0.001 by one-way ANOVA.
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Figure 4: ALCAT1 deficiency or inhibition mitigates motor neuron loss and astrocytes activation in the lumbar spinal cord of the SOD1G93A mice. (AeB) Representative
images of Nissl stained in the lumbar spinal cord of indicated groups of mice at the age of 120 days. Arrows highlighted the motor neurons. Scale bars: 200 mm. (C and E)
Quantitative analysis of the number of motor neurons in mice lumbar spinal cord. n ¼ 3. (D and F) Quantitative analysis of GFAP-positive astrocytes in mice lumbar spinal corde.
n ¼ 3. (G) Immunofluorescent imaging analysis of GFAP-positive astrocytes in the lumbar spinal cord of indicated groups of mice at the age of 120 days. Tissue samples were
immunoblotted with anti-GFAP (green) and DAPI (blue) for nucleus staining, followed by confocal imaging analysis of GFAP-positive astrocytes, highlighted by arrows. Scale bars:
20 mm. (H) Immunohistochemical and immunofluorescent imaging analysis of GFAP-positive astrocytes in the lumbar spinal cord sections of WT control and SOD1G93A mice treated
with Dafa or vehicle. Arrows highlight the GFAP-positive astrocytes. Scale bar: 200 mm. Data are expressed as mean � SD, *p < 0.05, ***p < 0.001 by one-way ANOVA.
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Figure 5: Ablation or inhibition ALCAT1 by Dafa mitigates microglial activation and inflammation in the lumbar spinal cord of the SOD1G93A mice. (A) Immunofluorescent
imaging analysis of IBA1-positive microglia in the lumbar spinal cord sections of indicated groups of mice at the age of 120 days. Tissue samples were immunoblotted with anti-
IBA1 (green) and DAPI (blue) for nucleus staining, followed by confocal imaging analysis of IBA1-positive microglia, highlight by arrows. Scale bars: 20 mm (B) Immunohisto-
chemical and immunofluorescent imaging analysis of IBA1-positive microglia in the lumbar spinal cord sections of WT control and SOD1G93A mice treated with Dafa or vehicle.
Arrows highlight the IBA1-positive microglia. Scale bars: 200 mm. (CeD) Quantitative analysis of IBA1-positive microglia in mice lumbar spinal cord. n ¼ 3. (E) qRT-PCR analysis of
the mRNA levels of TNF-a and IL-1b in the spinal cord of WT control, SOD1G93A, and SOD1G93A/ALCAT1�/� mice at the age of 120 days. n ¼ 4. (FeH) Western blot analysis (F)
and statistical analysis (GeH) of the expression levels of NLRP3, GFAP, and IBA1 in mice spinal cord. n ¼ 4. Data are expressed as mean � SD, *p < 0.05, **p < 0.01,
***p < 0.001 by one-way ANOVA.
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Figure 6: Ablation or inhibition ALCAT1 mitigates mitochondrial dysfunction in the muscle and spinal cord of the SOD1G93A mice. (AeB) EM analysis of mitochondrial
morphology and organization in mice skeletal muscle (A) and spinal cord (B). Arrows highlight the swollen mitochondria. Scale bar: 1.2 mm. (C) Quantitative analysis of mito-
chondrial size in mice skeletal muscle. (D) Quantitative analysis of vacuolated mitochondria in mice spinal cord. n ¼ 3, and 50 mitochondria per mouse were counted. (E) Seahorse
analysis of OCR in mitochondria isolated from frozen spinal cord samples in response to succinate/rotenone (Succ/Rot), antimycin A (AA), TMPD/ascorbate (TPMD/Asc), and sodium
azide treatment. n ¼ 5. (F) Quantitative analysis of Succ/Rot (complex II)- and TMPD/Asc (complex IV, CIV)-dependent respiration in panel E. (G) EM analysis of axon morphology in
mice spinal cord. Scale bar: 2 mm. Arrows highlight the damaged myelin sheets. (H) Quantitative analysis the axon size in mice spinal cord. Data are expressed as mean � SD,
**p < 0.01, ***p < 0.001 by one-way ANOVA.
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muscle and spinal cord of the SOD1G93A mice (Figure 6A-D). We next
determined the mitochondrial respiration in isolated mitochondria from
frozen spinal cord samples, followed by analysis for mitochondrial
respiration by Seahorse flux analyzer according to the protocol as
previously described [23,35]. The results showed that the SOD1G93A

mutation significantly decreased mitochondrial OCR in response to
treatments with the succinate/rotenone (complex II respiration) and
TMPD/ascorbate (complex IV respiration) in isolated mitochondria from
the spinal cord of the SOD1G93A mice (Figure 6E, quantified in
Figure 6F). Consistent with normalization in mitochondrial morphology,
ALCAT1 deficiency or inhibition by Dafa also partially restored the
mitochondrial complex II and complex IV respiration in the spinal cord
mitochondria of the SOD1G93A mice (Figure 6EeF). Additionally, the
SOD1G93A mutation also significantly decreased axon size and
damaged myelin sheets in the spinal cord of the SOD1G93A mice
(Figure 6G, highlighted by arrows, and quantified in Figure 6H). Again,
these defects were mitigated by either ALCAT1 deficiency or inhibition
by Dafa, as evidenced by results from EM analysis of axon morphology
of the spinal cord (Figure 6GeH).

3.7. ALCAT1 links oxidative stress to SOD1 protein aggregation in
the SOD1G93A mice
The presence of the SOD1 oligomers is a major defect in ALS, as
reported by previous studies [44,45]. To gain further insights on
mechanisms by which upregulated ALCAT1 expression promotes the
development of ALS, we next investigated gain and loss of ALCAT1
function in regulating the SOD1G93A protein aggregation in the
SOD1G93A mice and in NSC-34 cell line, a mouse motor neuron-like
hybrid cell line. In agreement with the previous report [46], the
SOD1G93A mutation caused severe aggregation of the SOD1 protein in
the spinal cord of the SOD1G93A mice, as evidenced by presence of
high molecular weight oligomers of the SOD1G93A mutant protein when
resolved by non-reducing PAGE analysis (Figure 7A). In contrast,
ALCAT1 deficiency significantly attenuated the oligomerization of the
mutant SOD1 protein in the spinal cord of the SOD1G93A mice
(Figure 7A). To further confirm the findings, we next generated a NSC-
34 stable cell line with targeted deletion of ALCAT1 by using CRISPR/
Cas9-mediated gene editing technology. The stable NSC-34 cell line is
completely deficient in ALCAT1 protein expression, as confirmed by
results from western blot analysis (Figure 7B). In contrast to the WT
SOD1 protein, the SOD1G93A mutant protein aggregated when tran-
siently expressed in NSC-34 vector control cells (Figure 7C). In further
support of a causative role of upregulated ALCAT1 protein expression
in the pathogenesis of ALS, ALCAT1 deficiency significantly attenuated
SOD1G93A mutant protein aggregation, whereas adenoviral over-
expression of ALCAT1 significantly exacerbated aggregation of the
SOD1G93A mutant protein in NSC-34 cells (Figure 7CeD).
Oxidative stress is implicated in the aggregation of the SOD1 mutant
protein, yet the underlying causes of oxidative stress by ALS remain
poorly understood [47]. Our previous work showed that upregulated
ALCAT1 expression by ROS links oxidative stress to mitochondrial
dysfunction in age-related metabolic diseases by promoting CL per-
oxidation [24,25]. To determine whether ALCAT1 promotes the SOD1
protein aggregation through oxidative stress, we next measured the
ROS level in NSC-34 cells transiently expressed either the WT SOD1 or
the SOD1G93A mutant. As shown by Figure 7E, overexpression of the
SOD1G93A in NSC-34 cells significantly increased ROS production,
which was further exacerbated by treatment with hydrogen peroxide
(H2O2) (Figure 7E). In agreement with previous study [47], H2O2
treatment also induced the SOD1G93A protein aggregation in NSC-34
cells (Figure 7F). Strikingly, ALCAT1 deficiency or inhibition by Dafa
MOLECULAR METABOLISM 63 (2022) 101536 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
significantly attenuated H2O2-induced ROS production in NSC-34
neuronal cells overexpressing the SOD1G93A mutant (Figure 7E).
Consistently, treatment with Dafa also dose-dependently attenuated
H2O2-induced SOD1G93A protein aggregation in NSC-34 cells
(Figure 7F).

3.8. ALCAT1 deficiency or inhibition by Dafa restores CL content
and acyl compositions in the spinal cord of SOD1G93A mice
As the mitochondrial signature phospholipid, CL plays a crucial role in
maintaining normal metabolic function in the brain, as highlighted by
the increasing number of neurodegenerative diseases linked with CL
abnormalities, including PD and AD [29,48,49]. In contrast to
metabolic tissues, both linoleic acid and DHA are major constituents
of CL in the brain [50], which likely renders CL even more sensitive to
damage by ROS associated with aging than metabolic tissues.
However, surprisingly little information is known as to how CL is
remodeled in the spinal cord during the onset of ALS. Our previous
work showed that ALCAT1 catalyzes the pathological remodeling of
CL with DHA and other polyunsaturated fatty acids in metabolic tis-
sues, leading to oxidative stress and mitochondrial dysfunction
[18,24,26,29]. We next determined the effects of SOD1G93A mutation
and ALCAT1 deficiency on CL contents and acyl compositions in the
spinal cord of the SOD1G93A mice by lipidomic analysis using protocol
as previously reported [24]. The results showed that SOD1G93A

mutation significantly reduced the levels of total CL and CL species
enriched with DHA (22:6) and arachidonic acid (AA) (20:4) in mice
spinal cord (Figure 8AeC). Consistent with improved mitochondrial
morphology and function, ALCAT1 deficiency or inhibition by Dafa not
only restored total CL content, but also the levels of CL species
enriched with DHA and AA in the spinal cord of SOD1G93A mice
(Figure 8AeC). Additionally, ALCAT1 deficiency or inhibition by Dafa
also restored the levels of other CL species which were significantly
reduced in the spinal cord of SOD1G93A mice (Figure 8DeE). Our
findings are corroborated by a previous report that the SOD1G93A

mutation significantly reduced CL content and CL species enriched
with DHA and AA [30], implicating an important role of CL species
enriched with DHA and AA in supporting the normal mitochondrial
function of the spinal cord.

4. DISCUSSION

ALS is a fatal neurodegenerative disease characterized by selective
death of motor neurons. There are no effective treatments for ALS,
since the underlying causes of this deadly disorder are largely un-
known. Mutations in SOD1 are the major culprit of familial ALS and
abnormal SOD1 aggregation in the motor neurons have been sug-
gested as the major pathological hallmark of ALS [51e53]. However,
the underlying causes of SOD1 protein aggregation in ALS remain
elusive. In this study, we identified ALCAT1 as a key mediator of SOD1
protein aggregation and ALS progression. We show that SOD1G93A

mutation caused accumulation of SOD1 protein aggregations in the
spinal cord of the SOD1G93A transgenic mice, leading to skeletal
muscle atrophy, neuronal inflammation, motor neurons loss and
mitochondrial dysfunction. These defects were moderately mitigated
by targeted deletion of the ALCAT1 gene or pharmacological inhibition
of ALCAT1 enzyme by Dafa. Consequently, ablation or pharmacological
inhibition of ALCAT1 by Dafa not only mitigated mitochondrial
dysfunction, but also attenuated motor neurons loss, skeletal muscle
atrophy, and neuroinflammation, leading to delay in disease onset,
improvement in motor function, and extension of lifespan of the
SOD1G93A mice. Consistent with the findings, ALCAT1 deficiency or
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11
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Figure 7: ALCAT1 promotes SOD1 protein aggregation in mice spinal cord and NSC-34 cells through oxidative stress. (A) Western blot analysis of the SOD1 aggregates in
the spinal cord of indicated groups of mice at the age of 120 days. Insoluble fractions of spinal cord tissues lysates were resuspended in non-denaturing loading buffer, and
immunoblotted with anti-SOD1 antibody. (B) Western blot analysis of ALCAT1 protein expression in NSC-34 vector control and ALCAT1 deficient cells. (C) Western blot analysis of
the SOD1 protein aggregates in vector control and ALCAT1 deficient NSC-34 cells. The cells were transiently transfected with either WT GFP-SOD1 or GFP-SOD1G93A. The insoluble
fractions of the cell lysates were immunoblotted with an anti-SOD1 antibody, and soluble fractions were immunoblotted with anti-b-actin antibody. (D) Western blot analysis of the
SOD1 protein aggregates in vector control and ALCAT1 overexpression NSC-34 cells. NSC-34 cells were transiently transfected with either WT GFP-SOD1 or GFP-SOD1G93A for
24 h, followed by infection with Ad-GFP virus or Ad-ALCAT1 virus for another 24 h. The insoluble fractions of the cell lysates were immunoblotted with an anti-SOD1 antibody, and
soluble fractions were immunoblotted with anti-ALCAT1 and anti-b-actin antibodies. (E) Measurement of intracellular ROS level in NSC-34 cells. The cells transiently expressed
either WT GFP-SOD1 or GFP-SOD1G93A were pretreated with Dafa (10 mM) or vehicle for 2 h, followed by H2O2 (200 mM) treatment in the presence or absence of Dafa for 3 h. The
intracellular ROS was determined by using H2DCFDA. n ¼ 3. (F) Western blot analysis of the SOD1 protein aggregates in NSC-34 cells in response to Dafa and H2O2 treatment. The
cells transiently expressed either WT GFP-SOD1 (WT) or GFP-SOD1G93A were pretreated with Dafa (10 mM) or vehicle for 2 h, followed by H2O2 (200 mM) treatment in the presence
or absence of Dafa for 3 h. The insoluble fractions of the cell lysates were immunoblotted with an anti-SOD1 antibody, and soluble fractions were immunoblotted with anti-b-actin
antibody. Data are expressed as mean � SD, *p < 0.05 by two-way ANOVA.

Original Article
inhibition also restored CL content and acyl compositions in the spinal
cord of SOD1G93A mice.
Protein aggregation has been a common pathological feature of
neurodegenerative diseases, including b-amyloid and tau tangles in
Alzheimer’s disease as well as a-synuclein protein aggregation in PD,
huntingtin in Huntington’s disease, and SOD1 aggregation in ALS
[54,55]. The formation of the SOD1-positive inclusions in familial ALS
12 MOLECULAR METABOLISM 63 (2022) 101536 � 2022 The Author(s). Published by Elsevier GmbH. T
patients and animal models supports SOD1 aggregation as the un-
derlying cause of familial ALS [56]. Accumulation of SOD1 aggregation
also caused damage to mitochondrial morphology and function, such
as leakage of the outer mitochondrial membrane and expansion of the
intermembrane space, leading to mitochondrial swelling and vacuoli-
zation, loss of oxidative phosphorylation capacity, and reduction in ATP
synthesis in motor neurons, all of which have been implicated in early
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 8: Ablation or inhibition of ALCAT1 restores CL level and acyl compositions in the spinal cord of SOD1G93A mice. Lipids extracted from mice spinal cord at the age
of 120 days were used for lipidomic analysis CL levels and acyl compositions by ESI/MS. (AeC) The levels of total CL (A) and CL enriched with DHA (22:6, B) or arachidonic acid
(20:4, C) in mice spinal cord. (DeE) Lipidomics profiling of all major CL species in the spinal cord of indicated groups of mice. n ¼ 4. Data are expressed as mean � SD,
**p < 0.01, ***p < 0.001 by one-way ANOVA. ns, no significance.
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pathological features of familial ALS in rodent models and patients
[9,42,57]. The SOD1G93A mutation not only causes destabilization,
misfolding, and aggregation of SOD1, but also leads to oxidative stress
and CL peroxidation, resulting in a vicious circle that further exacer-
bates the pathogenesis of ALS [31,47,58,59]. In this study, we iden-
tified a critical role of ALCAT1 in regulating SOD1 aggregation through
oxidative stress, linking mitochondrial dysfunction to ALS in the
SOD1G93A mice. In support of this notion, we showed that ALCAT1
expression is upregulated by ALS, and overexpression of ALCAT1
exacerbated the SOD1G93A protein aggregation in both spinal cord and
NSC-34 neuronal cell line. Consequently, ALCAT1 deficiency or inhi-
bition significantly attenuated the SOD1G93A protein aggregation in the
spinal cord of the SOD1G93A mice and in NSC-34 neuronal cell line. In
support a key role of ALCAT1 in promoting oxidative stress by ALS,
inhibition of ALCAT1 by Dafa not only attenuated the SOD1G93A-
induced oxidative stress, but also mitigated H2O2-inducd SOD1G93A

aggregation in NSC-34 neuronal cells. These findings are consistent
with our previous report that upregulated ALCAT1 expression by ROS
caused severe oxidative stress [24], leading to mitochondrial
dysfunction and the development of various age-related diseases
[18,24e26,29]. Additionally, ablation or pharmacological inhibition of
ALCAT1 also significantly attenuated protein aggregation of a-synu-
clein in a mouse model of PD [29]. Our findings are also corroborated
by previous reports that oxidative stress contributed to the aggregation
of SOD1, and inhibition of oxidative stress attenuated SOD1 aggre-
gation and ALS progression [47,59]. Furthermore, Edaravone, one of
the only two drugs approved for ALS by FDA, attenuates neuronal
dysfunction as a strong antioxidant.
ALS pathology is intimately linked with neuroinflammation, specifically
activation and recruitment of microglia and astrocytes, which con-
tributes to the loss of motor neurons [60]. However, the molecular
mechanisms underlying the causes of gliosis and neuroinflammation
remain largely unknown. Extracellular SOD1G93A mutant protein has
been shown to stimulate the expression of pro-inflammatory cytokines,
such as TNF-a, IL-1b, in primary microglia and microglial BV2 cells,
leading to activation of microglia [61,62]. Additionally, accumulation of
the SOD1 aggregates in the spinal motor neurons and glia cells lead to
the activation of microglia through the lipid raft, providing a potential
link between protein aggregation and gliosis in ALS [63]. Accordingly,
ablation of the mutant SOD1 in either astrocytes or microglia moder-
ately slowed disease progression and extended lifespan in ALS mice,
which suggested that motor neurons degeneration can result from a
non-cell autonomous effect of the mutant SOD1 [64,65]. In agreement
with previous findings, we showed in this study that the SOD1G93A

mutation caused activation of astrocytes and microglia, leading to
neuronal inflammation and motor neurons loss in the spinal cord of the
SOD1G93A mice. In contrast, ALCAT1 deficiency or inhibition by Dafa
mitigated the activation of astrocytes and microglia as well as motor
neurons loss in the spinal cord of the SOD1G93A mice. Moreover, we
showed that ALCAT1 deficiency or inhibition also significantly atten-
uated NLRP3 inflammasome activation in the spinal cord of the
SOD1G93A mice, which is consistent with a previous report that NLRP3
inflammasome activation contributes to the pathogenesis of chronic
inflammatory and neuronal apoptosis in ALS [66].
Despite intensive efforts by pharmaceutical industries in recent years,
there are no effective treatments for ALS. To date, Riluzole and
Edaravone are the only two drugs approved by FDA for the treatment
of ALS patients [67]. However, neither drug is highly effective in
treating this lethal condition. Riluzole, a glutamatergic neurotrans-
mission inhibitor, moderately delayed the initiation of respiratory
dysfunction and extended the median survival of patients for 2e3
14 MOLECULAR METABOLISM 63 (2022) 101536 � 2022 The Author(s). Published by Elsevier GmbH. T
months [6]. Yet, Riluzole failed to attenuate motor dysfunction and did
not benefit older and more severe patients [68]. Edaravone is an
antioxidant drug which has been shown to moderately slow disease
progression in ALS patients [5]. However, the precise molecular
mechanisms of Riluzole and Edaravone remains to be fully under-
stood, and neither of the treatment targets the root cause of ALS,
which explains their poor efficacy in treating ALS. Therefore, it re-
mains a major challenging and urgent task to develop more effective
treatments for ALS. Toward this end, our findings have provided key
insights on targeting ALCAT1 as a potential strategy to treat ALS from
the following perspectives. First, upregulation of ALCAT1 plays a
causative role in the pathogenesis of ALS, linking SOD1 aggregation to
mitochondrial etiology of this disease. Second, the ALCAT1 enzyme is
completely druggable, as demonstrated by this study that Dafa, a very
potent and highly selective small molecule inhibitor of ALCAT1,
successfully delayed the onset of ALS disease and extended the
lifespan of the SOD1G93A mice. Third, ALCAT1 inhibitor may provide
additional benefits to ALS patients, since up-regulated ALCAT1 protein
expression is also implicated in the pathogenesis of age-related
diseases, including obesity, type 2 diabetes, non-alcohol fatty liver
disease, cardiovascular diseases, and PD [18,24e26,29]. Taken
together, our data has provided key insights on targeting the ALCAT1
enzyme as a potential treatment of ALS with completely different
mechanisms of action for this lethal disorder.
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