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A B S T R A C T   

Oxidative stress (OS) is regarded as the dominant theory for aging. While compelling correlative data have been 
generated to support the OS theory, a direct cause-and-effect relationship between the accumulation of 
oxidation-mediated damage and aging has not been firmly established. Superoxide dismutase 1 (SOD1) is a 
primary antioxidant in all cells. It is, however, susceptible to oxidation due to OS and gains toxic properties to 
cells. This study investigates the role of oxidized SOD1 derived from amyotrophic lateral sclerosis (ALS) linked 
SOD1 mutations in cell senescence and aging. Herein, we have shown that the cell line NSC34 expressing the 
G93A mutation of human SOD1 (hSOD1G93A) entered premature senescence as evidenced by a decreased number 
of the 5-ethynyl-2′-deoxyuridine (EdU)-positive cells. There was an upregulation of cellular senescence markers 
compared to cells expressing the wild-type human SOD1 (hSOD1WT). Transgenic mice carrying the hSOD1G93A 

gene showed aging phenotypes at an early age (135 days) with high levels of P53 and P16 but low levels of SIRT1 
and SIRT6 compared with age-matched hSOD1WT transgenic mice. Notably, the levels of oxidized SOD1 were 
significantly elevated in both the senescent NSC34 cells and 135-day hSOD1G93A mice. Selective removal of 
oxidized SOD1 by our CT4-directed autophagy significantly decelerated aging, indicating that oxidized SOD1 is a 
causal factor of aging. Intriguingly, mitochondria malfunctioned in both senescent NSC34 cells and middle-aged 
hSODG93A transgenic mice. They exhibited increased production of mitochondrial-derived vesicles (MDVs) in 
response to mild OS in mutant human SOD1 (hSOD1) transgenic mice at a younger age; however, the mito
chondrial response gradually declined with aging. In conclusion, our data show that oxidized SOD1 derived from 
ALS-linked SOD1 mutants is a causal factor for cellular senescence and aging. Compromised mitochondrial 
responsiveness to OS may serve as an indicator of premature aging.   

1. Introduction 

The aging process represents a multifaceted decline in functional 
capabilities. A growing body of evidence underscores the critical role of 
reactive oxygen species (ROS) in aging-related deterioration [1]. While 
endogenous ROS are integral to the modulation of various cellular 
signaling pathways, their overproduction at elevated concentrations can 
lead to reactions with numerous biomolecules, like lipid membranes, 
proteins, and nucleotides, thereby accelerating cell senescence and ul
timately culminating in cell death. Superoxide dismutase 1 (SOD1), a 

key antioxidant enzyme, controls baseline superoxide levels and has 
been recognized for its ability to catalyze the conversion of superoxide 
anion radical (O2•− ) to hydrogen peroxide (H2O2) for nearly half a 
century [2,3]. The knockdown of SOD1 results in the accumulation of 
oxidants, potentially triggering cellular senescence [4]. Moreover, 
SOD1-deficient (SOD1− /− ) mice exhibit muscle mass loss and increased 
oxidative damage, hastening the onset of age-related behavioral ab
normalities [5]. Paradoxically, SOD1 becomes toxic when oxidatively 
modified, leading to misfolding, oligomerization, and aggregation [6,7]. 
Notably, amyotrophic lateral sclerosis (ALS)-associated SOD1 mutations 
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exhibit a higher susceptibility to oxidation [8]. Although the precise role 
of mutant SOD1 remains unclear, the misfolding of mutant SOD1 pro
teins is believed to be a critical factor in the pathogenesis of familial ALS 
[9,10]. Misfolded SOD1 tends to dissociate into monomers, resulting in 
aberrant binding and the formation of oligomers and sizeable molecular 
weight aggregates in the cytoplasm and mitochondria. These aggregates 
may induce mitochondrial dysfunction, preceding motor neuron death 
[11,12]. 

Accumulating evidence suggests that mitochondrial quality control 
(MQC) is pivotal for maintaining mitochondrial homeostasis and a sig
nificant contributor to aging and age-related diseases [13]. Mitochon
drial function does not necessarily undergo a linear decline throughout 
the aging process. In middle age, there is a compensatory increase in the 
disposal of damaged mitochondria, although mitochondrial dysfunc
tions manifest at an advanced age [14]. Particularly for postmitotic cells, 
such as cardiac myocytes and neurons, the accumulation of abnormal 
mitochondria due to disruptions in MQC is believed to be crucial for 
cellular senescence and the development of age-associated diseases [15, 
16]. Consequently, identifying molecular targets and modulating MQC 
at an early age may offer a potential therapeutic strategy for 
age-associated disorders and unravel insights into the underlying 
mechanisms of aging. 

Mitochondrial-derived vesicles (MDVs) serve as an early MQC 
mechanism. These are small vesicles containing oxidized proteins or 
lipids that are degraded in lysosomes or peroxisomes [17,18]. MDVs can 
arise under basal and mild oxidative stress (OS) conditions. They may 
compensate for the loss of microtubule-associated protein light chain 3 
(LC3)-mediated mitophagy [19], thereby playing a crucial role in 
eliminating oxidized proteins during both physiological and patholog
ical cellular conditions [20]. Recent studies have illuminated the diverse 
destinations of MDVs, yet these pathways remain insufficiently explored 
[21]. Our previous findings showed that preconditioning with mild OS 
enhances MDV formation and confers protection upon oligodendrocyte 
precursor cells against subsequent severe OS [22]. Additionally, MDVs 
are encapsulated within multivesicular bodies, which have the potential 
to be released into the extracellular space and purportedly protect car
diomyocytes from severe damage [20]. However, in elderly patients 
with severely compromised mitochondria, the capacity to generate 
MDVs may be impaired [23]. While the pivotal role of MDVs in modu
lating mitochondrial homeostasis is unequivocally recognized, the exact 
modulatory influence of MDVs under OS during the aging process re
mains poorly understood. 

This study aims to investigate the role of oxidized SOD1 derived from 
ALS-linked SOD1 mutations in cellular senescence and aging. Our data 
show that oxidized SOD1 accumulated in the spinal cord motor neuron 
(NSC34) cells and increased with advancing age in transgenic mice 
expressing ALS-linked hSOD1 mutations. Selective removal of misfolded 
SOD1 significantly slows down the process of aging. We further found 
that mitochondria exhibited increased production of MDVs in response 
to mild OS in mice at a younger age; however, the receptivity of the 
mitochondria gradually declined with advancing age. Our results sug
gest that compromised mitochondrial responsiveness may serve as an 
early indicator of aging. 

2. Materials and methods 

2.1. Animal models 

Transgenic mice carrying ALS-linked mutations of hSOD1 (G93A or 
G37R) genes and the wild-type hSOD1 gene were purchased from the 
Jackson Laboratory, USA. The mouse colonies were maintained under 
Central Animal Care Services (CACS) at the University of Manitoba. The 
genotype of the offspring mice was identified by PCR. All animal ex
periments for this study followed protocols (#19–041 for hSOD1G93A 

mice and #20–027 for hSOD1G37R mice) approved by the central animal 
care committee at the University of Manitoba. The male-to-female ratio 

in the conducted experiments was 2:1, with some males being used for 
breeding. 

The average lifespan of hSOD1G93A mice monitored in our lab was 
165 ± 15 days. Starting at approximately 120 days of age, these mice 
gradually developed symptoms. The study was designed with an 
endpoint at 135 days, during which the incidence of symptom onset or 
paralysis rarely occurred, indicating a relatively stable phase considered 
middle age. Whereas hSOD1G93A mice aged 50 days were categorized as 
young, and mice aged above 150 days were classified as old. To inves
tigate MDV formation and mitochondrial responsiveness during early 
aging, we selected young mice as age-dependent controls for middle- 
aged mice. On the other hand, hSOD1WT mice had a significantly 
longer lifespan of 29.8 ± 2.1 months [24], categorized into three 
different age groups: young (135 days, which is the same age as 
middle-aged hSOD193A mice), middle-aged (17 months), and aged (30 
months) mice. For our study, we chose young and middle-aged 
hSOD1WT mice as parallel controls for young and middle-aged 
hSOD1G93A mice. The lifespan of hSOD1G37R mice is 50.6 ± 2.8 weeks 
[25]. The spinal cord tissues were collected from the hSOD1G37R mice 
treated with and without CT4 peptide at an early age (100 days). 

2.2. DNA genotyping and PCR 

A total of 300 μL of TNES buffer (1 M Tris, pH 8.5, 0.5 M EDTA, 10 % 
SDS, 5 M NaCl, distilled water) supplemented with 20 g/L of Proteinase 
K (25530049, Fisher) was used to lyse ear samples overnight at 55 ◦C. 
Following lysis, the mixture was combined with an equal amount of 
phenol and chloroform (1:1) and thoroughly mixed. After centrifugation 
at 14,500 rpm for 15 min, the samples were cleared of debris, and the 
DNA-rich supernatant was collected. The DNA was then precipitated 
with 95 % ethanol at − 20 ◦C and pelleted by centrifuging at 14,500 rpm 
for 10 min. The pellet was rinsed with 70 % ethanol and centrifuged 
again to remove residual solvent. Any remaining ethanol was evapo
rated in the ventilated hood over an hour using tubes. Then, 30 μL of 
distilled water was added to the DNA, and the mixture was stored in a 
refrigerator at 4 ◦C. The genotype determination was applied via the 
Polymerase Chain Reaction (PCR) with a Phusion High-Fidelity PCR kit 
(E05538, New England Biolabs Inc.). Appropriate PCR reactions (23 μL/ 
well) were prepared on ice. 2 μL of sample DNA was added into each 
well. PCR reactions were performed with an initial denaturation at 98 ◦C 
for 3 min, followed by 30 cycles of 30 s at 98 ◦C, 30 s at 54 ◦C, and 30 s at 
72 ◦C. A final extension step at 72 ◦C for 7 min concluded the amplifi
cation. The resulting PCR products were stained with GelRed (Biotium, 
Fremont, CA) and separated on a 1 % agarose gel. The gel was visualized 
using GeneSys imager software on a G: BOX imager (Syngene, UK). 

2.3. Cell culture and transfection 

The NSC34 cells were purchased from CELLutions Biosystems Inc 
(Catalogue: CLU140). Cells were cultured as described in the previous 
manuscript [26]. Briefly, NSC34 cells were seeded at 1 × 106 cells/ml in 
2 mL of DMEM (11960069, Gibco) culture medium at 37 ◦C in a hu
midified incubator with 5 % CO2. The DMEM culture medium was 
supplemented with 10 % fetal bovine serum and 1 % penicillin. Upon 
reaching 60–70 % confluence, the cells underwent transfection with 
either hSOD1G93A or hSOD1WT plasmid (500 ng total DNA/2 × 105 cells) 
using lipofectamine 2000 (11668, Invitrogen) for 48 h. To select trans
fected cells, fresh media containing G418 Sulfate Solution (MIR 5920, 
Mirus bio-LLC, USA) at a concentration of 0.4 mg/mL was added. 
Non-transfected cells, serving as controls, perished within a week. Cells 
achieving over 70 % confluence were then transferred to a T25 flask, 
supplemented with 0.4 mg/mL of G418, and cultured for an additional 
three weeks for subsequent experiments. The successful transfection of 
cells was confirmed using an anti-hSOD1 antibody (ab52950, Abcam) in 
a Western blot assay. 
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2.4. Plasmid construction 

The hSOD1G93A and wild-type genes were cloned from total RNA 
extracted from the transgenic mice carrying hSOD1G93A or hSOD1WT. 
The hSOD1G93A template for PCR was amplified with the following 
primers: 5′-CTGCTGACAAAGATGCTGTGGCCGATGTGTC-3’ (for
ward),5′-GACACATCGGCCACAGCATCTTTGTCAGCAG-3’ (reverse). 
The hSOD1G37R template uses the following primers: 5′-GTGGGGAAG
CATTAAAAGACTGACTGAAGGCC-3’ (forward), 5′-GGCCTTCAGT
CAGTCTTTTAATGCTTCCCCAC-3’ (reverse); The hSOD1WT template 
uses the following primers: 5′-GCGCGCGTCGACAAGCATGGC-3’ (for
ward), 5′-GCGCGCGTCGACGCTTGGGGCGATCCCAAT-3’ (reverse). 
Automated sequencing was used to verify all plasmid constructions. 

2.5. CT4-directed knockdown of misfolded SOD1 

As described previously, a selective knockdown of misfolded SOD1 
was achieved through a peptide-directed chaperone-mediated approach 
[27]. Briefly, the CT4 fusion peptide consists of the cell penetration 
domain of HIV TAT protein, the CT4 sequence that selectively binds to 
misfolded SOD1, and the chaperone-mediated autophagy targeting 
motif (CTM) that is destined for lysosomes [28]. The fusion peptide 
binds specifically to the derlin-1 binding region (DBR) of SOD1, which is 
exposed only when SOD1 is misfolded and robustly removes misfolded 
SOD1 through lysosomal degradation. To express the CT4 peptide in 
brain tissues, we constructed the AAV-PHP.eB-CT4 by inserting the 
expression cassette of CT4-CTM to pUCmini-iCAP-PHP.eB, a gift from 
Dr. Viviana Gradinaru (Addgene plasmid # 103005, RRID: Addg
ene_103005) and (hence named AAV-CT4). After verifying the se
quences, the vectors were produced by the Hotchkiss Brain Institute, 
University of Calgary. Transgenic hSOD1G93A mice were injected intra
venously at 60 days old with 1 × 1011 vector genomes (vg)/mouse and 
sacrificed at 135 days of age. 

TAT-CT4-CTM peptide (CT4) was obtained from the peptide syn
thesis and purification core facility at the University of British Columbia. 
The hSOD1G37R mice underwent daily intraperitoneal (IP) injections of 
TAT-CT4-CTM peptide (20 μg/kg) continuously for one month, starting 
at 70 days of age. Following this one-month treatment period, the 
hSOD1G37R mice were euthanized at 100 days of age, and spinal cord 
tissues were collected for subsequent analysis. These treated mice were 
compared to an age-matched control group. The extracted spinal cord 
tissues were treated with MalPEG and subsequently subjected to West
ern blot analysis using the anti-8B10 SOD1 antibody (MA1-105, 
Invitrogen). 

2.6. Mitochondrial isolation and MDV reconstruction 

Mitochondria were isolated from the mouse liver, as illustrated in the 
supplementary figure. The reconstruction of MDVs was performed as 
previously described [29]. Briefly, the liver fragments were homoge
nized in a cold isolation buffer. Post-nuclear supernatants were obtained 
through centrifugation at 600g for 10 min. Further separation of mito
chondrial pellets from the supernatant was achieved by centrifugation at 
7000 g for 10 min. The pellets underwent resuspension and centrifu
gation with 2 mL of isolation buffer for washing, followed by storage on 
ice in isolation buffer with a protease inhibitor. The subsequent steps 
involved ultracentrifugation of the supernatant for 90 min at 200,000 g 
on an ultracentrifuge (Beckman Coulter). The supernatant was then 
combined with the mitochondrial fraction along with 50 μM antimycin 
A and an ATP regenerating mixture. The mixture was incubated for 2 h 
at 37 ◦C (with vortexing every 30 min), followed by centrifugation at 10, 
000 g for 10 min. The resulting supernatant was transferred to a new 
vial, re-centrifuged for another 10 min at 10,000 g, and the pellet con
taining mitochondria was resuspended in a lysis buffer for subsequent 
BCA testing and Western blot analysis. For protein analysis, the super
natant underwent ultracentrifugation for 90 min at 200,000 g, while the 

MDV pellet was resuspended using a lysis buffer for Western blot anal
ysis. In the case of electron microscopy staining, the supernatant was 
fixed with 3 % glutaraldehyde and subsequently subjected to ultracen
trifugation for 90 min at 200,000 g. The MDV pellet was then fixed 
following the transmission electron microscopy protocol. 

2.7. Western blot analysis 

As previously described, tissue was homogenized, and cells were 
broken in the RIPA lysis buffer (BP571-5, Fisher) [30]. The protein 
concentrations were measured by using a BCA protein assay kit (23225, 
ThermoFisher). Afterwards, the homogenates were electrophoretically 
separated using SDS-PAGE. Proteins were separated by electrophoresis 
and transferred to PVDF membranes, which were blocked in the 
blocking buffer (5 % milk in PBST) for an hour. A primary antibody was 
then incubated overnight at 4 ◦C on the membrane, followed by a sec
ondary horseradish peroxidase-conjugated antibody for 1 h at room 
temperature. An ECL kit was used to visualize the antigen-antibody 
complexes (1705061, Bio-Rad). The primary antibodies used were as 
follows: anti-hSOD1 (1:1000, ab52950, Abcam), anti-A5C3 (1:500, 
MM0070-3-P, Medimabs), anti-SIRT1 (1:1000, ab11034, Abcam), 
anti-SIRT6(1:1000, ab191385, Abcam), anti-P53 (1:1000, ab26, 
Abcam), anti-P16INK4A (1:1000, sc166760, Santa Cruz), anti-MFN2 
(1:1000, ab56889, Abcam), anti-PGC-1α (1:500, ab54481, Abcam), 
anti-TOM20 (1:1000, ab186735, Abcam), anti-PDH (1:1000, ab110333, 
Abcam), anti-STX17 (1:500, ab229646, Abcam), anti-β-actin (1:5000, 
sc47778, Santa Cruz) and Histone H1 (1:1000, sc8030, Santa Cruz). 
Histone H1 (for the nuclear fraction) and β-action (for total protein and 
cytoplasmic fraction) were used as loading controls. 

2.8. Immunofluorescence staining 

Coverslips were seeded with cultured cells at 5 × 104 cells/ml in 500 
μL of DMEM culture medium, then fixed for 15 min at room temperature 
with 4 % paraformaldehyde. After permeabilization with 0.25 % Triton 
X-100 in PBS for 10 min, cells were blocked with 1 % bovine serum 
albumin in PBST for 30 min. The primary antibody was first added to the 
samples and incubated overnight at 4 ◦C. Following washing with PBS, 
the secondary antibody in 1 % BSA/PBST was then incubated at room 
temperature for 1 h. Discard the antibody and wash the slides. The nu
cleus was stained with Hoechst33258 (94403, Sigma) for 5 min, and 
then the coverslip was mounted with a drop of fluorescent mounting 
medium (S3023, Dako). Store the slides in the dark at − 20 ◦C. The 
secondary antibodies are as follows: Donkey anti-rabbit IgG (H + L) 
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 594 (A21207, 
Invitrogen), Donkey anti-mouse IgG (H + L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 488 (A21202, Invitrogen). The pri
mary antibodies were applied as follows: anti-PDH (1:2000, ab110333, 
Abcam) and anti-TOM20 (1:1000, ab186735, Abcam), anti-hSOD1 
(1:1000, ab52950, Abcam), and anti-HMGB1(1:1000, ab18256, 
Abcam). 

2.9. Transmission electron microscopy (TEM) 

For isolated mitochondria and MDVs, the pellet was fixed with 3 % 
glutaraldehyde in PBS at room temperature for 3–5 h, as previously 
described [31]. The samples were dissected from the L4-L5 segment of 
the spinal cord and fixed in 4 % paraformaldehyde at 4 ◦C overnight. 
Subsequently, the samples underwent post-fixation in 1 % osmium te
troxide OsO4 (19152, Electron Microscopy Sciences) in 0.1 M Sor
ensen’s buffer for 2 h, followed by 30 %, 50 %, 70 %, 95 %, and 100 % 
Ethanol (15058, Electron Microscopy Sciences) and 100 % methanol 
separately for 2 h. The samples were further embedded following 100 % 
propylene oxide (20401, Electron Microscopy Sciences), 1:2 Epon and 
2:1 Epon, and 100 % Epon. Finally, the samples were cut into thin 
sections (90 nm) on a microtome. These thin sections were then 
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collected onto copper grids and stained with UranylLess (22409, Elec
tron Microscopy Sciences) for 3 min and lead citrate (22410, Electron 
Microscopy Sciences) for 1 min, followed by three washes in water. 
Finally, photographs were captured using a Philips CM10 electron mi
croscope at 60 kV. The direct magnification of TEM was 5800 × for 2-μm 
images, 19000 × for 500 nm images, or 46000 × for 100 nm images. 

2.10. 5-Ethynyl-2′-deoxyuridine (EdU) assay staining 

Cells were seeded at 5 × 104 cells/mL in 500 μL of DMEM culture 
medium overnight in a 24-well plate. Following the method described 
previously [32], 250 μL of culture medium was replaced with 250 μL of 
2 × Working solution of the EdU (250 μM, MAN0002026, Invitrogen) in 
each well, and the cells were incubated at 37 ◦C for 2 h. Afterwards, cells 
were fixed using 4 % paraformaldehyde for 10 min, followed by the 
standard immunofluorescence staining protocol. 

2.11. Senescence-associated β -galactosidase (SA- β -gal) staining 

SA-β-gal staining was performed as previously described [33]. 
Briefly, NSC34 cells were fixed with a fixative solution (11674, Cell 
Signaling). Then 500 μL β-Galactosidase Staining Solution (9860, Cell 
Signaling Technology) was added into each well at 37 ◦C for 48 h in a 
dry incubator without CO2. Check the cells under a microscope with a 
magnification of 200 × to verify the development of blue color in the 
cells. 

2.12. MitoSOX, MitoTracker, and JC-1 staining 

Cells were seeded in a 24-well plate at 5 × 104 cells/ml in 500 μL of 
DMEM culture medium overnight. After washing with PBS, cultured 
cells were incubated with 5 μM MitoSOX™ reagent working solution 
(M36008, Invitrogen) for 10 min [22], MitoTracker deep red solution 
(M22426, Invitrogen) for 15 min [34], or JC-1 solution (T3168, Invi
trogen) for 20 min [22] at 37 ◦C protected from light according to the 
manufacturer’s instructions. As soon as the staining solution was 
completed, it was replaced by fresh prewarmed media or buffer. An 
imaging microscope with a Zeiss D1 fluorescence system was used to 
observe live cells, and an imaging microscope with a Zeiss Z1 fluores
cence system was used to observe fixed cells. 

2.13. Antioxidant capacity test 

Malondialdehyde assay (ab118970, Abcam) [35] and protein 
carbonyl content assay (ab126287, Abcam) [36] were performed ac
cording to the manufacturer’s instructions to evaluate the antioxidant 
capacity in the homogenized brain tissues. 

2.14. Thiol oxidation of hSOD1 detection 

The thiol group of hSOD1 and total hSOD1 were measured using the 
Human Cu/ZnSOD Antibody Pair ELISA kit (BMS222MST, Invitrogen). 
After preincubation of coating antibody hSOD1, sample solution (100 
μL) was added to each well overnight at 4 ◦C. The plate was blocked with 
250 μL of assay buffer overnight at 4 ◦C. Subsequently, 100 μL of samples 
and 500 μL of Maleimide Activated Horseradish Peroxidase (31485, 
Thermo Scientific) were added to each well and incubated for 20 min on 
a microplate shaker. Following two washes with the washing buffer, PBS 
and standard proteins were introduced into each well. After 1 h of in
cubation, substrate Solution (TMB) was added to each well, followed by 
100 μL of stop solution to halt the color development. The absorbance of 
each microwell was measured using a spectrophotometer with a primary 
wavelength of 450 nm. 

MalPEG (mono-methyl polyethylene glycol 5000 2-maleimidoethyl 
ether, Sigma) modification is a sensitive technique employed to detect 
the oxidation of sulfhydryl groups in specific proteins through Western 

blot analysis. Once MalPEG forms a covalent bond with a protein, 
Western blotting can identify the MalPEG-protein conjugate as a shift in 
the band pattern. As previously described [25], we utilized soluble tissue 
lysates obtained from transgenic mice at different stages of ALS. These 
lysates were subjected to modification with MalPEG at a concentration 
of 10 μg/μL of protein for 1 h at 25 ◦C. The added MalPEG reacted with 
cysteines, resulting in a 5 kDa increase in the subunit mass of SOD1 per 
modification. The reaction was terminated competitively by 5 % 
β-mercaptoethanol and then subjected to separation on a 15 % 
SDS-PAGE gel. MalPEG SOD1 immunoreactivity was calculated as a 
percentage of the total SOD1 immunoreactivity. 

2.15. CT4-GST pull-down and Western blot analysis 

The CT4-GST pull-down assay is a specific variation of the GST pull- 
down technique that is used to isolate and study the interactions of 
misfolded SOD1 protein selectively. Briefly, the pGEX-4T-1 vector con
taining the derlin1-CT4 epitope (FLYRWLPSRRGG) was transformed 
into BL21 competent cells. A clone was selected and cultured in LB 
media supplemented with 50 μg/ml ampicillin. Expression of either GST 
alone or GST-fused GGGGS-CT4 was induced at an OD600 of approxi
mately 0.6 using 0.5 mM IPTG. The bacterial pellet was resuspended in 
lysis buffer (30 mM Tris-Cl, pH 7.5, 0.1 mM NaCl, 1 mM DTT, 1 % NP-40, 
and protease inhibitors), sonicated, and then centrifuged at 12,000 rpm 
for 30 min. The soluble fraction containing GST or GST-GGGGS-CT4 
fusion proteins was incubated with glutathione-Sepharose 4B beads 
(Cytiva, Marlborough, MA, USA) for 1 h to immobilize the proteins. To 
investigate the direct binding between misfolded hSOD1 and CT4, the 
immobilized GST-fused proteins were incubated with the samples at 4 ◦C 
for 2 h. After washing the beads three times with PBS, the bound pro
teins were separated by SDS-PAGE and detected through immunoblot
ting. Separate blots were incubated with different SOD1 antibodies 
(8B10, MA1-105, Invitrogen and hSOD1, ab52950, Abcam) to confirm 
the binding. 

2.16. Isolation of extracellular vehicles (EVs) 

The culture medium of NSC34 cells was collected every other day 
and centrifuged at 1500 g for 10 min at 4 ◦C, followed by 10,000 g for 30 
min at 4 ◦C. The resulting medium was subsequently filtered with 0.22 
mm filters. EVs were isolated by using an exosome isolation kit 
(4478359, Invitrogen) as previously described [37]. In brief, culture 
media were harvested and centrifuged at 2000×g for 30 min to eliminate 
cells and debris. The appropriate volume of cell-free culture media was 
then transferred to a fresh tube, and 0.5 × volumes of the Total Exosome 
Isolation reagent were introduced before overnight incubation at 4 ◦C. 
After incubation, samples underwent centrifugation at 10,000×g for 1 h 
at 4 ◦C. The supernatant was discarded, and the resulting pellets were 
reconstituted in PBS and preserved at − 80 ◦C until needed. 

2.17. Statistical analysis 

Statistical analysis of the data was performed using Prism 9 (version 
9.5.1). Data were expressed as mean ± standard error of the mean 
(SEM). An unpaired t-test was applied to compare differences between 
the control and experimental groups. Multiple comparisons were per
formed by one-way ANOVA test followed by Bonferroni’s test or two- 
way ANOVA followed by Dunn-Sidak’s test. Differences were consid
ered statistically significant when *p < 0.05, **p < 0.01. 

3. Results 

3.1. NSC34 cells expressing the hSOD1G93A exhibit early onset of 
senescence 

To examine the role of hSOD1 in cellular senescence, we transfected 
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hSOD1G93A or hSOD1WT plasmids into NSC34 cells (NSC34G93A or 
NSC34WT) and detected proliferative cells, which were positive for both 
EdU staining and hSOD1 (Fig. 1A). The data revealed that NSC34G93A 

cells maintained a consistently low proliferative rate, ranging from 7.67 
% to 9.91 %, throughout the three weeks. In contrast, NSC34WT cells 
exhibited an increase in the proliferative rate from 8.38 % to 23.83 % 
over the same three-week period. Notably, by the third week, the pro
liferative rate in NSC34WT cells was 2.4-fold higher than that in 
hSOD1G93A cells (Fig. 1B), indicating that the hSOD1G93A NSC34 cells 
underwent premature senescence. The protein levels of P53 in the 
NSC34G93A cells were assessed through Western blot analysis, demon
strating a progressive increase over three weeks, with fold changes of 
3.28, 3.18, and 2.71, compared to non-transfected cells. Notably, the 
P53 protein levels in NSC34WT were significantly lower compared to 
NSC34G93A cells within 2 weeks but exhibited an increase by the 3rd 
week (Fig. 1C and D). In the third week, we assessed cellular senescence 
by measuring SA-β-gal activity. The analysis data showed that 76.69 % 
of cells in NSC34G93A cells were SA-β-gal-positive, while only 17.35 % of 
NSC34WT cells exhibited this activity (Fig. 1E and F). The translocation 
of high mobility group box 1 (HMGB1) from the nucleus to the cyto
plasm in NSC34G93A cells was confirmed through immunofluorescence 
staining (Fig. 1G and H) and Western blot analysis (Fig. 1I–K). To assess 
the oxidation level of cysteine residues in transfected NSC34 cells, we 
utilized an ELISA assay to measure the ratio of thiol groups in hSOD1 to 
total hSOD1 in NSC34G93A senescent cells. The data revealed a 78.8 % 
reduction in NSC34G93A cells compared to NSC34WT cells, indicating 
premature senescence in NSC34G93A cells (Fig. 1L). 

3.2. Protein oxidation increases with age in transgenic mice expressing 
ALS-linked hSOD1 mutations 

To investigate the progression of aging, we compared aging bio
markers in the brain (Fig. 2A) and liver (Fig. 2B) tissues from the 
hSOD1G93A and hSOD1WT mice at 135 days. In brain tissues from 
hSOD1G93A mice, P53 protein levels were 2.31-fold higher, and P16 
levels were 1.39-fold higher, while both SIRT1 and SIRT6 levels were 
significantly reduced by 52.24 % and 78.65 %, respectively, compared 
to hSOD1WT mice (Fig. 2C). In liver tissues from hSOD1G93A mice, the 
levels of P53 and P16 were found to be 2.07-fold higher and 1.69-fold 
higher, while SIRT1 and SIRT6 levels showed a significant decrease by 
45.76 % and 32.24 %, respectively, compared to hSOD1WT mice 
(Fig. 2D). We utilized MalPEG modification and Western blot analysis to 
examine cysteine residue oxidation in hSOD1G93A transgenic mice across 
different age groups (50, 100, 120, and 150 days) (Fig. 2E). A signifi
cantly higher level of oxidized hSOD1 was confirmed in brain tissues of 
150-day hSOD1G93A mice when compared to 50-day hSOD1G93A mice 
(Fig. 2F).We conducted Elisa assay to measure the proportion of thiol 
groups in the total hSOD1 present in the brain tissues of both 135-day 
hSOD1WT and hSODG93A mice. The results indicated a lower thiol-to- 
total hSOD1 ratio, which could be attributed to increased oxidation of 
hSOD1 in hSOD1G93A mice (Fig. 2G). Except for thiol group oxidation, 
we asked if other forms of protein oxidation elevated in the hSOD1G93A 

transgenic mice. Our data revealed a 1.48-fold elevation of protein 
carbonylation in the brains of hSOD1G93A mice compared to hSOD1WT 

mice (Fig. 2H) at 135 days, indicating increased protein oxidation in the 
hSOD1G93A mouse model. Additionally, malondialdehyde (MDA), a final 
product of lipid peroxidation, was 1.53-fold higher in brain tissues in 
hSOD1G93A mice than in hSOD1WT mice (Fig. 2I). 

3.3. Knockdown of oxidized SOD1 significantly retards aging in mice 
expressing the G37R mutation of hSOD1 

To investigate the role of oxidized hSOD1 in the aging process, we 
evaluated the levels of aging biomarkers in the spinal cord of transgenic 
mice expressing hSOD1G93A. Protein lysates from spinal cord tissues 
were collected to quantitatively evaluate aging biomarkers, including 

P16, P53, and SA-β-gal through Western blot analysis (Fig. 3A–C). The 
data revealed a gradual increase in these aging biomarkers with age 
(Fig. 3D–F). To explore the potential causal role of aging, we employed 
AAV-CT4 to specifically target and eliminate misfolded SOD1 
(Fig. 3G–I). Remarkably, this intervention significantly reduced the 
levels of aging biomarkers P53 and P16 (Fig. 3A–C), supporting the idea 
that oxidized SOD1 contributes to the acceleration of aging. Further
more, to confirm the role of oxidized SOD1 in aging process, we assessed 
aging biomarkers in another type of hSOD1 mutation, G37R, in trans
genic mice. Age-matched hSOD1G37R mice received TAT-CT4-CTM 
peptide treatment (20 μg/kg). The findings indicated that a one-month 
CT4 peptide injection effectively increased MalPEG-modified native 
hSOD1 in both age groups and significantly reduced hSOD1 oxidation 
after CT4 treatment compared to the age-matched control group (Fig. 3J 
and K). Subsequent Western blot analysis of spinal cord tissue samples 
revealed a decrease in the expression of aging biomarkers, P16, P53, and 
SA-β-gal, which correlated with the reduction in oxidized SOD1 (Fig. 3L- 
Q). 

3.4. The hSOD1G93A induces mitochondrial dysfunction in aging 

To investigate mitochondrial ROS production in senescent 
NSC34G93A cells, MistoSOX results demonstrated a significant increase 
in (O2

•− ) production in NSC34G93A cells compared to NSC34WT and non- 
transfected cells (Fig. 4A and B). In addition, there was a 15.45 % 
reduction in the JC-1 fluorescence intensity ratio (red/aggregation) to 
green/monomer) in NSC34G93A cells, indicating mitochondrial depo
larization (Fig. 4C and D). We assessed mitochondrial biogenesis 
through Western blot analysis (Fig. 4E), which revealed the protein level 
of PGC-1α decreased by 72.85 % in NSC34G93A cells and 36.73 % in 
NSC34WT cells compared with non-transfected NSC34 cells (Fig. 4F). 
Additionally, there was a 33.18 % increase in the protein level of MFN2 
in NSC34G93A cells compared with non-transfected NSC34 cells 
(Fig. 4G). These findings suggest impaired mitochondrial biogenesis 
accompanied by over-fused mitochondria in NSC34G93A cells, leading to 
accelerated accumulation of oxidized SOD1. Mitochondria in senescent 
NSC34G93A cells exhibited larger, elongated, and vacuolated 
morphology compared to NSC34WT cells in TEM images (Fig. 4H). 

To further investigate the mitochondrial changes in vivo, we exam
ined the morphology of mitochondria in spinal cord motor neurons from 
135-day transgenic hSOD1G93A mice by TEM (Fig. 4I). The number of 
mitochondria was 1.6 times higher in each hSOD1G93A motor neuron 
compared to that in hSOD1WT motor neuron (Fig. 4J). Moreover, we 
noted that the maximum diameter of mitochondria in hSOD1G93A motor 
neurons (0.45 ± 0.02 μm) was reduced compared to hSOD1WT motor 
neurons (0.56 ± 0.02 μm) (Fig. 4K). To investigate the biogenesis of 
mitochondria in motor neurons, a 32.64 % reduction in MFN2 protein 
level and a 41.51 % reduction in PGC-1α protein level in the brains of 
hSOD1G93A mice were compared with that in hSOD1WT mice at 135 days 
(Fig. 4L–N), indicating a reduction of mitochondrial biogenesis at mid
dle age. 

3.5. Oxidized SOD1-Enriched MDVs increase in early aging 

To investigate the potential role of MDVs in the aging process, we 
isolated MDVs from diverse age groups (Fig. 5A, Supplementary Fig. 1) 
and confirmed their presence using TEM (Fig. 5B). The MDVs have a 
diameter ranging from 70 to 150 nm. MDVs exhibited double-membrane 
(Fig. 5B–a) or single-membrane (Fig. 5B–b) vesicles. Most of these ves
icles appeared translucent; a few had a dense core (Fig. 5B–c). Addi
tionally, we observed crescent or short stick structures among these 
vesicles, suggesting broken vesicles (Fig. 5B–d). MDVs were isolated 
from mitochondria per 380 mg of the liver (Fig. 5A). To determine the 
content of MDVs, we detected hSOD1 protein in MDVs (both MDVsWT 

and MDVsG93A) using Western blot analysis. We further identified mis
folded SOD1 using A5C3 antibody in both aged MDVWT and MDVG93A. 
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Fig. 1. NSC34 cells expressing hSOD1G93A undergo early entrance into senescence. (A) Detection of EdU+ (red) in non-transfected (hSOD1-), hSOD1WT and 
hSOD1G93A transfected (hSOD1+, green) NSC34 cells. Scale bar, 20 μm. (B) Quantification of the proportion of EdU+ cells in NSC34 cells expressing hSOD1 within 3 
weeks (n = 20–50 cells), *p < 0.05. (C-D) Representative and quantification of Western blot analysis of P53 protein level in NSC34 cells (n = 5, mean ± SEM, *p <
0.05, **p < 0.01). (E) Representative images of cellular senescence associated with β-galactosidase (SA-β-gal) staining in NSC34 cells. The black arrow indicated the 
SA-β-gal positive cells (green). Scale bar, 10 μm. (F) The proportion of SA-β-gal positive cells in total cells from each image field (n = 50–100 cells, mean ± SEM, **p 
< 0.01). (G) Immunofluorescence staining for hSOD1 (green), HMGB1 (red), and Hoechst (blue) in NSC34 cells. Scale bar, 10 μm. (H) The proportion of cells with 
cytoplasmic translocation of HMGB1 in the total hSOD1+ cells (n = 20 cells, mean ± SEM, *p < 0.05, **p < 0.01). (I–K) Representative and quantification of Western 
blot analysis of HMGB1 protein levels in the nucleus and cytosol of NSC34 cells (n = 5, mean ± SEM, *p < 0.05). (L) The proportion of thiol group level in total 
hSOD1 within NSC34 cells (n = 11, mean ± SEM, **p < 0.01). 
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Specifically, MDVsWT exhibited partial aggregation at higher and lower 
bands, while hSOD1 in MDVG93A appeared fully aggregated and exclu
sively present at the higher band (Fig. 5C). To investigate the yield of 
MDVs with age, we quantified MDVs based on the protein levels of PDH 
and TOM20 using Western blot analysis (Fig. 5D). Both the PDH+ and 
TOM20+ MDV proteins showed higher levels in middle-aged mito
chondria compared to young mitochondria (Fig. 5E and H). Altogether, 
these results suggest that the accumulation of oxidized SOD1 promotes 
MDV formation during early aging. 

3.6. Reduced mitochondrial responsiveness is found in early aging 

To assess the mitochondrial responsiveness to oxidative stress, we 
challenged NSC34G93A and NSC34WT cells with 10 μM AA for 2 h. 
NSC34WT cells retained their tubular structures and generated more 
MDVs when challenged with AA compared to the unchallenged 
NSC34WT cells. Conversely, senescent NSC34G93A cells exhibited mito
chondrial fragmentation after AA challenge (Fig. 6A). Furthermore, we 

transfected NSC34 cells with YFP-STX17, a known MDV transporter, and 
conducted live cell imaging by staining mitochondria with MitoTracker 
Red (Fig. 6B). During a 10-min time-lapse, multiple YFP-STX17-positive 
small dots were colocalized with MitoTracker Red marked MDVs in 
NSC34WT cells. Whereas senescent NSC34G93A cells exhibited YFP- 
STX17 aggregation without MDV generation, indicating reduced mito
chondrial responsiveness to mild oxidative stress in senescent cells. 

To further demonstrate mitochondrial responsiveness in early aging, 
we isolated liver mitochondria from young and middle-aged hSOD1 
transgenic mice. We counted the number of mitochondria budding with 
MDVs and calculated the ratio of mitochondria exhibiting MDVs to the 
total mitochondrial amount per TEM image field (Fig. 6C and D). The 
ratio showed a 35.00 % increase in the AA-challenged hSOD1WT group 
(Fig. 6E) and a 62.42 % increase in the AA-challenged hSOD1G93A group 
(Fig. 6F) compared to the unchallenged group. Nonetheless, no statis
tically significant differences were observed between the AA-challenged 
and unchallenged middle-aged groups. These findings further suggest a 
decline in mitochondrial responsiveness with age. 

Fig. 2. Protein oxidation increases with age in transgenic mice expressing mutant hSOD1. (A-B) Representative Western blot images of the aging biomarkers (P53, 
P16, SIRT1, and SIRT6) in the brain (A) and liver (B) tissues. (C-D) Quantitative analysis of P53, P16, SIRT1, and SIRT6 protein levels (n = 3, mean ± SEM, *p <
0.05, **p < 0.01). (E) MalPEG modification and Western blotting analysis of hSOD1 in the brain tissues from hSOD1G93A mice at 50, 100, 120, and 150 days. (F) 
Quantitative analysis data of oxidized hSOD1(n = 3, mean ± SEM, *p < 0.05). (G) The proportion of the thiol group in total hSOD1 was quantified in brain tissues 
from 135-day hSOD1WT and hSOD1G93A transgenic mice (n = 6, mean ± SEM, *p < 0.05). (H–I) Representative analysis of carboxyl and MDA levels in brain tissues 
from 135-day hSOD1WT and hSOD1G93A mice (n = 3, mean ± SEM, **p < 0.01). 
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Furthermore, we examined biomarkers of MDVs (PDH, and TOM20) 
and MDV transporter (STX17) to evaluate mitochondrial responsiveness 
from molecular levels (Fig. 6G). The data unveiled a noteworthy decline 
in responsiveness during middle age (135 days for the hSOD1G93A group 
and 17 months for the hSOD1WT group) when compared to young age 
(50 days for the hSOD1G93A group and 135 days for the hSOD1WT group) 
(Fig. 6H and I). Altogether, these findings collectively illustrate a 
reduction in mitochondrial responsiveness during aging process. 

3.7. MDV-derived extracellular vesicles contain oxidized SOD1 and aging 
biomarkers 

MDVs follow distinct transportation pathways: the MDV-lysosomal 
or the MDV-extracellular vesicle (MDV-EV) pathway [20]. To investi
gate the potential release of oxidized hSOD1-enriched MDVs as EVs, we 
isolated the conditioned medium (CM) from senescent NSC34G93A cells 
and divided them into two groups. One group of CM underwent 
centrifugation at 10,000g for 1 h at 4 ◦C to remove EVs (CM-EVs), which 
was then compared with another group of CM-containing EVs (CM +
EVs). Our data revealed a significantly higher thiol group of hSOD1 in 
CM-EVs, indicating reduced levels of oxidized hSOD1 in CM without EVs 
(Fig. 7A). Moreover, the protein levels of P53 and HMGB1 were notably 

decreased, while SIRT1 levels were significantly increased in CM-EVs 
compared to CM + EVs (Fig. 7B–E). These findings suggest a potential 
association between aging promoters in EVs and oxidized SOD1 in CM. 
Furthermore, PDH and TOM20 proteins were found in EVs isolated from 
non-transfected NSC34WT and NSC34G93A cells. Nonetheless, there were 
diminished levels of PDH and TOM20 proteins in EVsWT, with a more 
pronounced reduction in EVsG93A (Fig. 7F–H). These findings suggest 
that MDV-enriched EVs are primarily released by non-transfected 
NSC34 cells. Further studies are needed to determine if oxidized SOD1 
is released through MDV-EVs, potentially accelerating premature 
senescence in adjacent cells. 

4. Discussion 

In this study, we have identified and acknowledged the detrimental 
role of ALS-linked hSOD1 mutations in the aging process. Furthermore, 
we have demonstrated the mechanism by which mutant hSOD1 alters 
mitochondrial quality control (MQC) during aging progression. Notably, 
our findings suggest that the hSOD1G93A and hSOD1G37R mutations 
elevate the levels of protein oxidation, leading to the promotion of MDV 
formation in the young transgenic mice while also contributing to a 
decline in mitochondrial responsiveness in the middle-aged transgenic 

Fig. 3. Removal of oxidized SOD1 decelerates aging in transgenic mice expressing hSOD1G37R 

(A-C) Representative Western blot images of the aging biomarkers (P16, P53, and SA-β-gal) in the spinal cord tissues from 50 to 150 days hSOD1G93A mice. (D-F) 
Quantification of the senescence markers was normalized by the total protein from 50 to 150 days hSOD1G93A mice (n = 3, mean ± SEM, *p < 0.05). (G-I) 
Representative Western blot images and quantitative analysis of the aging biomarkers (P53 and P16) in 135-day hSOD1G93A mice treated with AAV-CT4 (mean ±
SEM, n = 5 in control, n = 6 in AAV-CT4 treatment, *p < 0.05). (J-K) Representative Western blot images of MalPEG-modified native hSOD1 in 100-day hSOD1G37R 

mice. The 17 kDa and 15 kDa bands represent human SOD1 and mouse SOD1, respectively (n = 3, mean ± SEM, *p < 0.05). (L-N) Representative Western blot 
images of the aging biomarkers (P16, P53, and SA-β-gal) in the spinal cord tissues from CT4 treated and untreated hSOD1G37R mice. (O-Q) Quantification of the aging 
biomarkers was normalized by the total protein from 100 days from CT4 treated and untreated hSOD1G93A mice (n = 3, mean ± SEM, *p < 0.05). 
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mice. Taken together, these findings propose a significant link between 
the accumulation of oxidized hSOD1 and the aging process through the 
modulation of MDV-mediated mitochondrial quality control. Therefore, 
evaluating mitochondrial responsiveness by measuring the yield of 
MDVs may serve as a valuable indicator of early aging and age-related 
disorders. 

Bio-reactive free radicals disrupt redox homeostasis, initiating 
pathological processes that progressively accumulate various damaged 
biomolecules, including proteins, lipids, and nucleic acids, ultimately 
contributing to the aging process [38]. Neurons, being postmitotic cells, 
possess limited regenerative capabilities and are susceptible to senes
cence or death [39,40]. Due to their large size and high activity, their 
significant metabolic demands result in heightened oxygen consump
tion, leading to an increased production of reactive oxygen species 
(ROS) [41,42]. Furthermore, motor neurons have lower levels of 
calcium-binding proteins [43], making them prone to excessive calcium 
ion entry into mitochondria, exacerbating ROS production. Our study 
has uncovered that the hSOD1 with the G93A mutation induces mito
chondrial depolarization and amplifies the production of superoxide 
(O2•− ) within the mitochondria of motor neuron-like NSC34 cells. 

Moreover, the elevated ROS levels may be attributed, in part, to the 
previously mentioned factors or could be closely linked to mechanisms 
of protein oxidation. 

Proteins are the major target of ROS, which can directly attack the 
backbone or amino acid residues and indirectly induce protein modifi
cations [44]. Human SOD1 contains four cysteine residues: Cys6, Cys57, 
Cys111, and Cys146 [45]. Cys57 and Cys146 form an internal disulfide 
bond that enhances protein stability. Meanwhile, Cys6 and Cys111 can 
undergo reversible oxidation to sulfenic acid (Cys-SOH) through expo
sure to low levels of hydrogen peroxide or irreversible oxidation to 
sulfinic (Cys-SO2H) and sulfonic (Cys-SO3H) acids [46]. Numerous 
studies have indicated that the structural alteration by mutant SOD1 
enhances the vulnerability of Cys111, positioned within the sulfhydryl 
group of the cysteine residues [47,48]. Motor neurons exhibit height
ened sensitivity and vulnerability to degeneration and necrosis caused 
by oxidative stress, which assumes pivotal pathologic changes in ALS 
[49]. Mutations in the hSOD1 gene, such as G93A, G37R, A4V, L38V, 
and have been implicated as a significant factor in the development of 
ALS. These mutations lead to a misfolding of the SOD1 protein, resulting 
in toxic aggregates that accumulate within motor neurons, leading to 

Fig. 4. hSOD1G93A induces mitochondrial dysfunction in senescent cells. (A) mtROS was detected with MitoSOX (red) and nuclear fluorescence was visulized with 
Hoechst staining (blue) in non-transfected (control), WT, and G93A transfected NSC34 cells. Scale bar, 100 μm. (B) Quantification of relative fluorescence intensity of 
MitoSOX (n = 260 cells, mean ± SEM, **p < 0.01). (C) Detection of JC-1 monomers (green), and JC-1 aggregates (red) in NSC34 cells by fluorescence microscopy. 
Scale bar, 50 μm. (D) Quantitative analysis of the ratio of aggregates and monomers of JC-1 (n = 15, mean ± SEM, *p < 0.05). (E) Representative Western blot 
images of mitochondrial biogenesis proteins (PGC-1α and MFN2) in NSC34 cells. (F-G) Quantitative analysis of PGC-1α and MFN2 (n = 6, mean ± SEM, *p < 0.05, 
**p < 0.01). (H) Ultrastructure of mitochondria in NSC34G93A cells was observed using TEM. The elongated (white arrow) and vacuolated (black arrow) mito
chondria in NSC34G93A cells were compared to NSC34WT cells. Scale bar, 500 nm. (I) Representative TEM images illustrate motor neurons of the anterior spinal cord 
in both hSOD1WT and hSOD1G93A mice at 135 days. Scale bar, 2 μm. (J) Quantification of the number of mitochondria in each motor neuron (n = 20, mean ± SEM, 
**p < 0.01). (K) Quantification of the size of mitochondria with the index of maximum diameter (n = 150, mean ± SEM, **p < 0.01). (L) Representative Western blot 
images of mitochondrial biogenesis proteins (PGC-1α and MFN2) in brain tissue from 135-day hSOD1 transgenic mice. (M-N) Quantitative analysis of PGC-1α and 
MFN2 (n = 6, mean ± SEM, **p < 0.01). 
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cellular damage and neuronal death, ultimately contributing to the 
progression of ALS [11,47]. Previous data from our lab demonstrated 
the age-dependent rise of oxidized SOD1 aggregates in the G37R mouse 
model when compared among three different age groups [9]. In line 
with these discoveries, our data reveal a substantial reduction in the 
thiol group levels of hSOD1 in both NSC34 cells and tissues from 
transgenic mice expressing either G93A or G37R mutant hSOD1. This 
indicates that the cysteine residues are susceptible to oxidation due to 
hSOD1 mutation. In addition to sulfhydryl oxidation, we also observed 
elevated levels of carbonylation and lipid peroxidation in the brains of 
middle-aged hSOD1G93A transgenic mice, suggesting that hSOD1 mu
tations accelerate protein oxidation. Our recent report successfully 
demonstrated targeted reduction of misfolded SOD1 using the CT4 
peptide-directed chaperone-mediated strategy [27]. In the present 
study, we observed a reduction in aging biomarkers within the brain and 
spinal cord tissues of hSOD1G93A and hSOD1G37R mice following treat
ment with the AAV-CT4 or the CT4 peptide. These results provide 
compelling evidence for the central involvement of SOD1 oxidation as a 
determinant factor in the aging process. 

It is widely acknowledged that protein oxidation and cellular 
senescence represent prominent hallmarks of aging [50]. Our study 
noted a persistent cell cycle arrest accompanied by heightened P53 
protein expression and the presence of SA-β-gal positive cells in senes
cent NSC34G93A cells. These observations were corroborated by the 
elevated aging biomarkers in hSOD1G93A transgenic mice at 135 days. 
Previous studies have demonstrated that oxidation of SOD1 protein 
accumulates not only in the cytoplasm but also in the mitochondria’s 
inner membrane space (IMS) [51]. Various age-related neurodegenera
tive disorders, such as Huntington’s disease [52], Alzheimer’s disease 
[53], Parkinson’s disease [54], and amyotrophic lateral sclerosis [55], 
are associated with abnormal protein aggregates in mitochondrial IMS. 
Oxidized SOD1 aggregates and accumulates in the IMS, causing 

mitochondrial malfunction [56]. To further investigate the aging 
mechanism from a mitochondrial perspective, we examined the ultra
structure of mitochondria within senescent NSC34G93A cells. This anal
ysis revealed enlarged mitochondria with disrupted cristae, highlighting 
indications of mitochondrial impairment and dysfunction. These find
ings indicate oxidized SOD1 induces mitochondrial dysfunction that 
accelerates premature aging [57]. 

MDV formation is an early MQC process maintaining a healthy 
mitochondrial population [58]. Over the past few years, research into 
MDVs has encompassed a range of tissues and cells, leading to a 
comprehensive grasp of their nature [18,59]. Due to the challenges 
associated with purifying MDVs from tissues and cultured cells, this 
study represents the inaugural demonstration of the successful purifi
cation of MDVs based on the ultrastructure and molecular levels. Pre
vious studies reveal that MDVs facilitate the delivery of oxidized 
proteins to lysosomes and peroxisomes for degradation [60]. Never
theless, the precise composition of these cargoes and the intricate mo
lecular biogenesis remain elusive. In this study, a considerably greater 
number of PDH+ MDVs and TOM20+ MDVs were collected from aged 
mitochondria and were proven to contain high levels of oxidized hSOD1 
for the first time. Although MDV formation has been confirmed to 
participate in the immune response [61] and oxidative stress [62], the 
involvement of MDVs in the aging process remains obscure and scarce. 
We isolated MDVs from different age groups of transgenic mice and 
demonstrated that the yield of MDVs surged only in the early age, i.e. an 
increase from a young age(50 days) to middle-aged (135 days). This is 
consistent with previous findings MDVs generate from functional 
mitochondria without depolarization [63]. Considering the critical role 
of MDVs, further studies are needed to reveal the responsiveness of 
mitochondria to oxidative stress through MDV formation. 

Recent research has emphasized that MDV formation can be 
augmented under mild oxidative stress [62]. Various types of stresses 

Fig. 5. Oxidized SOD1 promotes MDV formation in early aging. (A) Reconstruction of MDVs from liver mitochondria. The yield of MDVs was determined by the 
protein content of MDVs (mg) per 380 mg of liver. (B) The ultrastructure of isolated MDVs from liver mitochondria by using TEM. Upper: lower magnification of 
MDV pellet. Scale bar, 500 nm. Lower: higher magnification of MDV with (a) double membranes, (b) a single membrane, (c) dense core, and (d) crescent shape. Scale 
bar, 100 nm. (C) Representative Western blot images of hSOD1 and misfolded SOD1 (A5C3) in young and middle-aged MDVs isolated from G93A and WT liver 
mitochondria. (D) Immunoblot analyses of biomarkers of MDVs (PDH and TOM20) from young and middle-aged groups. (E-H) Quantification of the protein levels of 
PDH and TOM20 in young and middle-aged MDVs (n = 3, mean ± SEM, **p < 0.01). 
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have been reported to induce the formation of MDVs, including anti
mycin A [62], xanthine/xanthine oxidase [63], doxorubicin [63], and 
heat stress [64]. Antimycin A, a complex III inhibitor, has been 
frequently used as an activator of MDV formation in previous studies 
[13]. Further studies also revealed the yield of MDVs is dependent on the 
duration or intensity of the oxidative stress [22,65]. If cellular stress 
persists for an extended period or reaches a high severity, mitochondria 
may undergo fragmentation, reducing MDV formation [63]. In our 
study, we employed TEM to observe the morphology of mitochondria 
and Western blot to quantify the ratio of MDVs-budding mitochondria 
into total account under antimycin A treatment. The intriguing finding 
from the present study is that MDVs were stimulated by antimycin A 
from young mitochondria but didn’t from aged mitochondria. Besides, 
mitochondria with multiple budding MDVs kept mitochondrial ho
meostasis in young groups but were damaged in aged groups. These 
findings are consistent with previous studies indicating that elderly in
dividuals with substantial mitochondrial damage may have impaired 
MDV secretion [23]. Therefore, the generation of MDVs provides a novel 
approach to assessing mitochondrial quality during the aging process. 

As far as we know, there remains a scarcity of evidence concerning 
the fundamental mechanisms of MDVs. The pathways associated with 
MDVs include the MAPL-peroxisomal pathway [66], Parkin-lysosomal 
pathway [58], and OPA1 and SNX9-directed extracellular vesicle (EV) 

pathway [61,62]. Evidence suggests that EVs containing mitochondrial 
content play a beneficial role in protecting cells from damage [67,68]. 
However, EVs released by motor neurons expressing mutant hSOD1 
exhibit prion-like propagation characteristics and induce the gradual 
demise of the neighboring cells [69]. Studies also indicate EVs are more 
abundant in the serum samples of patients with Parkinson’s disease than 
in the age-matched control group without Parkinson’s disease, sug
gesting a detrimental effect of EVs in accelerating disease progression 
[70]. Nonetheless, EVs enriched with MDVs have the potential to 
transport to the neighboring cells, thereby eliciting an innate immune 
response aimed at cellular protection [71–73]. This discrepancy might 
derive from the content of EVs, which requires further exploration. Our 
study collected the culture medium from senescent NSC34G93A cells. We 
found the presence of MDV proteins and oxidized hSOD1 within these 
EVs. We speculate that MDVs enriched with oxidized hSOD1 might 
bypass lysosomal degradation and are released into extracellular space 
via EVs. Considering the potential role of oxidized hSOD1 in the aging 
process, further investigations are warranted to monitor MDVs enriched 
with oxidized hSOD1. Such studies could prove instrumental in uncov
ering the underlying mechanisms of aging. 

While our research presents innovative and promising findings, it 
does come with limitations. In our study, we utilized ELISA and MalPEG 
modification to assess the level of the thiol group of hSOD1; however, 

Fig. 6. Mitochondrial responsiveness declines with age. 
(A) Immunofluorescence staining of NSC34 cells for either PDH (red) or TOM20 (green) represents MDVs. Arrows indicate MDVs with either PDH or TOM20 positive 
staining, while arrowheads indicate fragmented mitochondria with colocalized staining of PDH and TOM20. Scale bar, 5 μm. (B) Representative live cell confocal 
imaging of NSC34 cells showing MDVs (~300 nm) with MitoTracker Red (red) were transported by YFP-STX17 (green) in 10-min time-lapse images. Arrows indicate 
MDVs with colocalization of YFP-STX17 (green) and MitoTracker Red (red). The arrowhead indicates aggregation of STX17 (green aggregation, >2 μm). Scale bar, 2 
μm. (C-D) Representative TEM images showing isolated liver mitochondria from young and middle-aged hSOD1WT(C) and hSOD1G93A (D) transgenic mice. Black 
arrows indicate MDVs (70–150 nm), and arrowheads indicate autophagosomes (>500 nm). Scale bar, 500 nm. (E-F) Quantification of the ratio of mitochondria with 
MDVs to the total amount of liver mitochondria from hSOD1WT(E) and hSOD1G93A (F) transgenic mice. (G) Representative Western blot images of protein level of 
MDVs isolated from hSOD1WT and hSOD1G93A mice liver. (H–I) Quantification of the protein levels of MDVs (PDH, TOM20, and STX17) (n = 3, mean ± SEM. **p 
< 0.01). 
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achieving complete modification of all thiol groups in the target protein 
is challenging. Optimizing detection techniques is required for future 
experiments. To explore whether oxidized SOD1 is a causal factor of 
aging, we used the CT4 peptide to remove misfolded SOD1 since there is 
currently no established method for eliminating oxidized SOD1. 
Although all oxidized SOD1 is misfolded, misfolding of SOD1 can be 
induced by other modifications. Furthermore, our research provides a 
preliminary characterization of MDVs isolated from mouse liver, 
focusing solely on specific mitochondrial protein components within the 
MDV cargo. Exploring other biomolecules, such as mitochondrial DNA 
and enzymes, would be advantageous to gain a more comprehensive 
understanding of MDVs as EVs and their connections. Additionally, it 
would be crucial to broaden our investigations and assess mitochondrial 
responsiveness by evaluating MDV yield from liver mitochondria and 
other tissues, such as the brain, spinal cord, and skeletal muscles. Lastly, 
further exploration into specific molecular pathways related to EVs is 
warranted. Despite these limitations, this study offers novel insights into 
a more comprehensive understanding of the role of oxidized SOD1 in 
mitochondrial quality control. It sheds light on the potential mecha
nisms of MDVs in the aging process. 

In summary, our study provides new insights into the oxidized SOD1 
as a contributory factor to the aging process, leading to compromised 
mitochondrial function. The essential role of MDVs in facilitating the 
efficient degradation of oxidized SOD1 emphasizes their significance in 
maintaining mitochondrial homeostasis. Intriguingly, we have untan
gled a significant correlation between MDVs and the aging process. 
Further exploration of MDVs might yield innovative strategies for 
delaying the aging process by hindering the dissemination of oxidized 
protein. 
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Abbreviations 

AA Antimycin A 
ALS Amyotrophic lateral sclerosis 

Fig. 7. MDV-derived extracellular vesicles contain oxidized SOD1 and aging biomarkers. 
(A) Quantification of the thiol group level in total hSOD1 in the conditioned medium (CM) from senescent NSC34G93A cells with or without EVs. (B-E) Representative 
Western blot images and quantification of the protein levels of the aging biomarkers (SIRT1, P53, and HMGB1) in the CM (n = 4, mean ± SEM, *p < 0.05, **p < 0.01) 
(F) Representative Western blot images of exosome biomarker (Alix) and MDV biomarkers (PDH and TOM20) in EVs from NSC34WT and NSCG93A. (G-H) Quantitative 
analysis of the protein levels of PDH, TOM20 and Alix in the isolated EVs (n = 6, mean ± SEM, *p < 0.05, **p < 0.01). 
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CM Conditioned medium 
EVs Extracellular vehicles 
HMGB1 High mobility group box 1 
hSOD1 Human superoxide dismutase 1 
IMS Inner membrane space 
MDA Malondialdehyde 
MDVs Mitochondrial-derived vesicles 
MDVsWT MDVs isolated from hSOD1WT transgenic mice 
MDVsG93A MDVs isolated from hSOD1G93A transgenic mice 
MFN2 Mitofusin 2 
MQC Mitochondrial quality control 
NSC34G93A NSC34 cells expressing the G93A mutation of hSOD1 gene 
NSC34WT NSC34 cells expressing the wild-type of hSOD1 gene 
OS Oxidative stress 
ROS Reactive oxygen species 
SA-β-gal Senescence-associated beta-galactosidase 
SEM Standard error of the mean 
SIRT1 Sirtuin 1 
SIRT6 Sirtuin 6 
SOD1 Superoxide dismutase 1 
STX17 Syntaxin 17 
TEM Transmission electronic microscopy 
TOM20 Translocase of outer membrane 
PDH Pyruvate dehydrogenase 
PGC-1α Peroxisome proliferator-activated receptor-γ coactivator-1α 
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