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Regulation of the oxidative stress response is crucial for the management and prognosis of traumatic brain injury
(TBI). The copper chaperone Antioxidant 1 (Atox1) plays a crucial role in regulating intracellular copper ion
balance and impacting the antioxidant capacity of mitochondria, as well as the oxidative stress state of cells.
However, it remains unknown whether Atox1 is involved in modulating oxidative stress following TBI. Here, we
investigated the regulatory role of Atox1 in oxidative stress on neurons both in vivo and in vitro, and elucidated
the underlying mechanism through culturing hippocampal HT-22 cells with Atox1 mutation. The expression of
Atox1 was significantly diminished following TBI, while mice with overexpressed Atox1 exhibited a more pre-
served hippocampal structure and reduced levels of oxidative stress post-TBI. Furthermore, the mice displayed
notable impairments in learning and memory functions after TBI, which were ameliorated by the overexpression
of Atox1. In the stretch injury model of HT-22 cells, overexpression of Atoxl mitigated oxidative stress by
preserving the normal morphology and network connectivity of mitochondria, as well as facilitating the elimi-
nation of damaged mitochondria. Mechanistically, co-immunoprecipitation and mass spectrometry revealed the
binding of Atox1 to DJ-1. Knockdown of DJ-1 in HT-22 cells significantly impaired the antioxidant capacity of
Atox1. Mutations in the copper-binding motif or sequestration of free copper led to a substantial decrease in the
interaction between Atox1 and DJ-1, with overexpression of DJ-1 failing to restore the antioxidant capacity of
Atox1 mutants. The findings suggest that DJ-1 mediates the ability of Atox1 to withstand oxidative stress. And
targeting Atoxl could be a potential therapeutic approach for addressing post-traumatic neurological
dysfunction.

1. Introduction

Traumatic brain injury (TBI) is a disease in which the structure and
function of the brain are damaged by external force [1,2]. It can lead to
severe short- and long-term neurological disorders that can have a sig-
nificant impact on a patient’s life and quality of life [3-5]. Despite the
advances in early intervention and comprehensive rehabilitation mea-
sures to improve the prognosis of patients with traumatic craniocerebral
injury, specific treatments for traumatic craniocerebral injury and
effective treatment at different stages of injury currently remain a
challenge [6-8]. Future research needs to further investigate the

mechanism of injury, develop individualized treatment strategies, and
explore new interventions and rehabilitation tools to improve the
prognosis and quality of life of patients.

Abnormal mitochondrial function is a significant contributor to
neuronal death [9,10]. Mitochondria serve as the primary site for
cellular energy production and play crucial roles in regulating essential
processes such as apoptosis, oxidative stress, and calcium homeostasis
[11,12]. Impaired mitochondrial function results in diminished energy
generation, heightened oxidative stress levels, activation of apoptotic
signaling pathways, and disrupted calcium ion balance [12]. Ultimately,
these disturbances may culminate in neuronal demise. Copper ions, as
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indispensable trace elements in the human body, play a pivotal role in
regulating redox reactions and interacting with biological macromole-
cules within cells [13-15]. Multiple studies have demonstrated that the
interplay between copper ions and mitochondrial oxidative stress en-
compasses various aspects. First, copper ions can modulate the process
of oxygen radical production and scavenging by interacting with en-
zymes in mitochondria, such as copper-zinc superoxide dismutase,
thereby influencing the catalytic activity of the enzymes [16-18]. Sec-
ond, copper ions are also involved in the regulation of mitochondrial
membrane potential [19]. The copper transport proteins ATP7A and
ATP7B located in the endoplasmic reticulum are believed to participate
in regulating mitochondrial membrane potential, which subsequently
affects mitochondrial function and cell survival. In addition, some
research has indicated that free copper ions have redox activity and are
capable of generating reactive oxygen species and are therefore poten-
tially toxic to cells [20,21]. Overall, the relationship between copper
ions and mitochondrial oxidative stress is intricate and further explo-
ration of copper ions and copper proteins is needed to fully understand
the mechanisms of cellular oxidative stress and related central nervous
system diseases.

Copper proteins are a group of proteins that bind copper ions,
including copper transport proteins that regulate the concentration and
location of copper ions in the cell, and that handle the uptake and export
of copper, as well as the selective delivery of copper to copper-
dependent enzymes [22-25]. Upon the uptake of copper ions by the
transmembrane Ctrl trimer [26-28], the small copper chaperone
molecule Atox1 transports the metal to two multidomain Ppp-type
ATPases (adenosine triphosphatases) located in the trans-Golgi network,
namely ATP7A and ATP7B [18,29,30]. Subsequently, copper ions are
transported into the lumen of the Golgi apparatus and loaded onto
copper-dependent proteins and enzymes [30]. To identify
copper-binding protein with potential relevance to traumatic brain
injury, we used previously label-free liquid chromatography-mass
spectrometry (LC-MS) proteomic analysis and identified copper-binding
proteins showing differential expression through comparison with
sham-treated brain tissues. Our analysis shows that, regarding Atox1, it
shows a downward trend after traumatic brain injury. Given its crucial
role in copper ion uptake, transportation and delivery, this may further
impact the mitochondrial antioxidant capacity and cellular oxidative
stress status. Additionally, recent researches have demonstrated the
crucial role of Atox1 in the nervous system, specifically in regulating
copper ion metabolism within neurons [31,32]. This function holds
significant implications for both neuroprotection and neuro-
development. Furthermore, multiple studies suggest that Atox1 may also
play a role in neuronal apoptosis and various neurodegenerative dis-
eases [33]. It should be noted that current researches on the correlation
between Atox1 and mitochondria is still in its preliminary stages, leav-
ing many questions unanswered. Further investigation is necessary to
elucidate the intricate mechanisms underlying the role of Atox1l in
regulating mitochondrial function, neurological disorders, and oxidative
stress response.

DJ-1, also known as PARK7, is a 19.9 kDa protein that plays a crucial
role in various neurological diseases, particularly its association with
Parkinson’s disease [34,35]. DJ-1 is implicated in several cellular pro-
cesses, including the regulation of cellular oxidative stress [36],
mitophagy [37], cell death [38] and protein repair [39], and may
potentially exert a neuroprotective role through these mechanisms. In
addition, researches have substantiated the importance of the interac-
tion between DJ-1 and copper ions in regulating intracellular copper ion
homeostasis and maintaining cellular function [40,41].

In this experiment, we systematically characterized the neuro-
protective effect of Atox1 following craniocerebral trauma. Our findings
demonstrated that Atox1 mitigates neuronal apoptosis in the hippo-
campal region by attenuating oxidative stress levels and facilitates re-
covery of neural functions such as memory and cognition. We have
developed a co-immunoprecipitation protocol to identify Atox1
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interaction partners following nerve injury, and our findings reveal a
previously unrecognized interaction between Atox1 and DJ-1. Finally,
we demonstrated that only Atox1 with copper-binding capacity interacts
with DJ-1 as a means of reducing cellular oxidative stress levels.

2. Materials and methods
2.1. Reagents

Annexin V-FITC Apoptosis Detection Kit (Invitrogen, China),
Ammonium tetrathiomolybdate (TTM) (Sigma-Aldrich, USA), TUNEL
assay (Beyotime, China), ROS Assay kit (Beyotime, China), ROS Fluo-
rescent Probe Kit (KeyGEN, China), MDA Assay Kit (Beyotime, China),
GSH and GSSG Assay Kit (Beyotime, China), Tempol (Sigma-Aldrich,
USA), Cell Counting Kit-8 (Dojindo, Japan), DCFH-DA (Beyotime,
China), MitoSOX Red (Invitrogen, China), JC-1 (Invitrogen, China),
Mito-Tracker Red, Mito-Tracker Green and Lysosome-Tracker Red
(Invitrogen, China), Cell mitochondria isolation kit (Beyotime, China),
Superoxide Dismutase Activity Assay kit (ab65354; Abcam).

Antibodies were from various sources, including GAPDH (5174; Cell
Signaling Technology), Atoxl (22641-1-AP; Proteintech), Atoxl
(ab154179; Abcam), NeuN (ab177487; Abcam), Cleaved Caspase-3
(9661; Cell Signaling Technology), Bax (ab32503; Abcam), Bcl-2
(ab182858; Abcam), DJ-1 (ab76008; Abcam), TOMM20 (ab283317,
Abcam), TOMM20 (ab186735, Abcam), LC3-II (ab192890, Abcam),
SQSTM1/p62 (ab109012, Abcam), PINK1 (23274-1-AP, Proteintech),
PRKN (14060-1-AP, Proteintech), COX4 (11242-1-AP, Proteintech),
FLAG (ab205606; Abcam).

2.2. Experimental animal

The Laboratory Animal Center of Nanjing Medical University pro-
vides adult male C57BL/6J mice weighing 25 + 2 g. All animals were
housed in a specific pathogen-free (SPF) environment with regulated
temperature (22 + 2 °C), a light-dark cycle of 12:12 h, and had ad
libitum access to standard laboratory animal feed and water. The
research protocols and animal experiments conducted in this study were
approved by the Institutional Animal Care and Use Committee of
Nanjing Medical University, following the guidelines set forth by the
Animal Care and Use Committee (National Institutes of Health Publi-
cation No. 85-23, revised 1996).

2.3. Controlled cortical impact (CCI) model

As previously described [42], 8-week-old mice underwent surgery to
establish a CCI model. The mice were anesthetized with 4 % isoflurane
in a mixture of 70 % nitrous oxide and 30 % oxygen, and maintained
under anesthesia with 1.5 % isoflurane. Body temperature was carefully
maintained at 37 + 0.5 °C using a heating blanket. Subsequently, a
craniotomy with a diameter of 4 mm was performed on the left parietal
bone (relative coordinates center of craniotomy to bregma: posteriorly
by 1.5 mm and laterally by 2.5 mm). For the sham groups, only the dura
mater was exposed without any further intervention. In the CCI groups,
the exposed dura mater was impacted by an impactor at a velocity of
approximately 6.0 + 0.2 m/s, reaching a depth of approximately 1.4
mm for a dwell time of approximately 50-ms duration. After completing
the injury procedure, the skin incision was closed, and then mice were
placed back into their cages.

2.4. Virus and hippocampal injection

Hippocampal injection was performed as described previously [43].
Mice were transfected with a vector (AAV2-hSyn-cre-EGFP, GeneChem,
China) containing either the mouse Atox1 gene or a construct harboring
Atox1125158 at the following coordinates: bromega 2.3 mm, L 1.8 mm, V
2.0 mm. The titer of the virus was 1 x 10*3, 2 pl was injected at a flow
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rate of 0.5 pl/min (infusion time 4 min). The needle was left in place for
at least 1 min after injection to allow virus distribution before removal.
In that study, 14 days post-viral injection, mice underwent CCI, and 21
days post-viral injection, mice were utilized for subsequent experiments
including immunofluorescence analysis, Western blotting, and behav-
ioral assessments.

2.5. Brain tissue preparation

To prepare brain tissue, mice from each group were randomly
selected following experimental TBI. The mice were anesthetized with
10 % chloral hydrate (0.4 mL/100 g) administered intraperitoneally.
After successful anesthesia induction, the mice were positioned supine
on a wooden board. A midline incision was made in the sternum to
expose the chest cavity, and subsequently, the xiphoid process was
elevated. Next, the right atrial appendage was severed and a perfusion
needle was inserted through the apex of the left ventricle. Pre-cooled
phosphate-buffered saline (PBS) solution was then gently perfused
into both lungs and liver until their color turned grayish-white. Some
animals were re-infused with 4 % paraformaldehyde depending on the
type of experiment. Finally, the mouse was decapitated to expose and
separate the skulls, and the brains were gently removed. Cerebral
cortical tissues surrounding the lesions were collected, quickly frozen on
dry ice, and then stored at - 80 °C for liquid chromatography-mass
spectrometry (LC-MS) analysis and Western blot analysis. For immu-
nostaining, brain tissues were fixed in neutral formalin solution for 24 h,
then dehydrated with an alcohol gradient, and finally embedded in
paraffin.

2.6. Y-maze test

The Y-maze apparatus was composed of three identical arms made of
blue plastic, each measuring 44 cm in length and 15 cm in width, with
walls standing at a height of 10 cm. This design allowed the mice to
observe distal spatial landmarks. The test capitalizes on the innate
inclination of mice to explore unfamiliar environments. Three arms were
randomly assigned as the starting arm, novel arm, and other arm. In the
training trial, the novel arm was physically obstructed. The mice were
positioned in the start arm with their heads oriented away from the
central area of the maze and given a 10-min opportunity to explore the
alternate arm. Following a 1-h interval, the mice were reintroduced to
freely navigate through all three arms of the maze for 5 min (test trial).
All trials were meticulously captured by means of video recording. The
number of entries into each arm, as well as the time spent and distance
traveled within each arm, were precisely determined based on analysis
of these recorded videos. Subsequently, percentages representing these
three parameters relative to their respective totals were calculated.
Additionally, comprehensive records encompassing total traveling dis-
tance and average speed were maintained.

2.7. Morris water maze (MWM) test

The experiments were conducted in a white circular pool with a
diameter of 2.0 m, and the light intensity above the center of the pool
was approximately 2.0 m. The pool was divided into four quadrants, and
the average data from these quadrants represented the sample data. The
water temperature was maintained at 22 + 1 °C, and during hidden
training sessions, its color was made opaque using non-toxic white paint.
After a one-day period of individual handling to acclimate them to the
introduction and removal from the pool, mice (n = 8-10/group) un-
derwent a 5-day hidden training session consisting of four trials per day.
During these sessions, the platform was positioned at a depth of 0.5-1.0
cm below the water surface. Time MWM software (TOPSCAN G3; ANY-
MAZE 6.0.) was utilized to measure latency to reach the platform (s),
swimming distance (cm), and swimming speed (cm/s) for each trial. The
pool was surrounded by four distinct objects of different geometries,
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which served as spatial cues. Data were recorded when the mouse suc-
cessfully located the platform. In cases where mice failed to find the
platform within 60 s, they were guided towards it and required to stay
on platform for 10 s, with a recorded latency of 60 s. Subsequently, the
mice were placed in a heated cage equipped with a heating pad for
drying before being returned to their home cage. The starting position
was randomly changed to prevent track memorization, while the loca-
tion of the platform remained constant throughout the experiment. A
probe trial was conducted six days after the final spatial acquisition
session to assess long-term memory following the treatments. The
platform was removed from the target quadrant, and the mouse was
placed in the starting position opposite to the original platform position,
and allowed to swim for 60 s. Subsequent data, including escape latency
during spatial acquisition sessions, latency to first crossover at the target
site (probe time), number of crossovers at the platform site during the
probe trial, percentage of time spent in the target quadrant during the
probe trial, and percentage of distance traveled in the target quadrant
during the probe trial were analyzed using Time MWM software.

2.8. Inhibitory avoidance test

The experimental procedure was conducted in accordance with
previous descriptions [44]. Individual mice were placed in the brightly
lit chamber, with an open-door hole connecting to the dark chamber,
and allowed to freely explore both chambers for a duration of 5 min
before being removed and returned to their rearing cage. Subsequently,
the dark chamber was activated, and the time taken for mice to reach the
middle of this chamber (training latency) was automatically measured
using an infrared detection system. Following a 3-s delay, mice received
a mild foot shock (125 V, 2 SEC, 0.2-0.4 mA). Ten seconds after
receiving the shock, they were removed from the apparatus and
returned to their rearing cage. Twenty-four hours post-training session,
mice were once again placed in the bright chamber and scored based on
their latency to enter into the dark compartment (maximum score: 300 s;
test latency).

2.9. Cell culture and in vitro TBI model

HT22 cells (Shanghai Institute of Cell Biology, China) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, USA), sup-
plemented with 10 % fetal bovine serum (FBS) and 1 % penicillin-
streptomycin antibiotics (Gibco, USA), under a controlled environ-
ment of 5 % CO, at 37 °C.

The in vitro TBI was conducted using a well-established mechanical
stretch injury model, which employs a controlled pulse of compressed
nitrogen gas to transiently deform the silastic membrane and achieve a
predetermined level of stretching. The parameters for inducing moder-
ate stretch injury were set at 28 psi with a duration of 50-ms, resulting in
a peak pressure of 10.2 psi at the well site. Uninjured cells were utilized
as control samples.

2.10. Lentiviral transfection

Atox1 mRNA sequence was obtained from NCBI: ATGCCGAAGCAC-
GAGTTCTCCGTGGACAT GACCTGTGAGGGCTGTGCTGAAGCCGTCTC-
CAGAGTCCTCAACAAGCTGGGAGGAGTGGAGTTCAACATTGACCTGCC
CAACAAGAAGGTCTGCATCGACTCTGAGCACAGCTCAGACACCCTGCTG
GCAACCCTCAACAAAACAGGAAAGGCTGTTTCCTACCTTGGCCCCAAGT
AG. Lentiviruses carrying Atoxl (pLV-Efla-Puro), Atoxl (pLV-Efla-
3FLAG-Puro) or Atox112S15S (pLV-Efla-3FLAG-Puro) were obtained
commercially from Genepharma (Shanghai, China).

For stable lentivirus transfection in primary neurons, cells were
cultured in six-well plates using neural basal medium. Lentivirus was
then introduced to the medium at a multiplicity of infection (MOI) of
100. Following a 72-h incubation period, fresh medium supplemented
with puromycin (50 pg/mL) was added to facilitate stable cell selection.
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The effects of gene overexpression or interference were subsequently
validated through qRT-PCR and Western blot assays.

2.11. Small interfering RNA (siRNA) transfection

The Park?7 siRNA was procured from Genepharma (Shanghai, China)
and transfected following the manufacturer’s instructions. Briefly, cells
were seeded in 6-well plates using antibiotic-free growth medium one
day prior to transfection. The Park7 siRNA was pre-complexed with
Lipofectamine RNAIMAX (Invitrogen) and then added to the cell culture
medium at a final concentration of 100 nM. After 48 h of incubation, the
transfection medium was replaced with fresh medium. qRT-PCR and
Western blot analyses were employed to assess the expression of Park7
protein in the siRNA-transfected cells.

2.12. Relative quantitative RT-PCR

The relative quantitative RT-PCR was conducted in accordance with
our previous investigations [42]. The primers were listed as follow:

Atox1, Forward primer (5 - 3) AAGCTGGGAGGAGTGGAGTT.

Reverse primer (3 — 5) CCTGTTTTGTTGAGGGTTGC;

Park?7, Forward primer (5 —» 3) CCAAAGGAGCAGAGGAGATG.

Reverse primer (3 - 5) CCTTAGCCAGTGGGTGTGTT.

SOD1, Forward primer (5 - 3) AGCGGTGTGCGTGCTGAAG.

Reverse primer (3 - 5) GTCCTGACAACACAACTGGTTCAC.

SOD3, Forward primer (5 - 3) TGGTTGAGAAGATAGGCGACACG.

Reverse primer (3 — 5) CATCTCGGCAGCATCCACCTC.

Gapdh, Forward primer (5 - 3) AGAAGGTGGTGAAGCAGGCATC.

Reverse primer (3 - 5) CGAAGGTGGAAGAGTGGGAGTTG.

2.13. Terminal deoxynucleotidyl transferase mediated dUTP nick end
labeling (TUNEL) assay

TUNEL assay were performed as described previously [45].

2.14. Brain tissue reactive oxygen species detection

We employed the ROS Assay kit (Beyotime, CN), comprising pri-
marily of the fluorescent probe DHE (dihydroethidium), to assess levels
of Oz, which is a reactive oxygen species (ROS) with strong oxidation, in
cryosections of the hippocampal region. Upon exposure to Oz, the DHE
probe undergoes oxidation, resulting in the generation of a red fluo-
rescent compound whose intensity is directly proportional to Oz" con-
centration. The experimental protocol involved utilization of a 2 pM
working solution of DHE. Fluorescence imaging was performed using a
Carl Zeiss Microscopy fluorescence microscope (Germany) with excita-
tion at 535 nm and emission at 610 nm wavelengths. Mean fluorescence
intensity (MFI) measurements for DHE were quantified using Image J
software.

2.15. Tempol preparation and dosing

Tempol (Sigma-Aldrich, USA) was used to test whether DHE signals
in brain tissue could be specifically eliminated. The CCI-treated mice
were treated with Tempol (intraperitoneal injection, 300 mg/kg) as
described previously [46]. Saline was also used as a control for the
Tempol-treated group.

2.16. Cell viability

Viability of cells was determined using the Cell Counting Kit-8 (CCK-
8, CK04, Dojindo, Tokyo, Japan) assay. Briefly, cells were cultured in a
96-well plate and incubated with the reagent at 37 °C for 2 h. Subse-
quently, optical density (OD) values were measured at 450 nm using a
Thermo Multiskan FC microplate photometer.
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2.17. Reactive oxygen species determination

DCFH-DA staining method (Beyotime, China) was employed to
assess the levels of ROS. In brief, the collected cells were stained with
2.5 pM DCFH-DA for a duration of 30 min and subsequently washed
twice with PBS. Following the washing steps, a cell count of 1 x 10° cells
per sample was determined, and the ROS levels were measured using
either confocal microscopy (Stellaris STED, Germany) or flow cytometry
(GALLIOS, USA), as per the manufacturer’s instructions.

2.18. Mitochondrial superoxide quantification

Cells were incubated with 5 pM MitoSOX Red (M36005, Invitrogen)
for a duration of 10 min, followed by washing with warm PBS to elim-
inate any excess dye. To visualize the stained cells, random fields in each
group were captured using confocal microscopy (Stellaris STED, Ger-
many). The acquired data was subsequently analyzed utilizing ImageJ
software.

2.19. TMRM assay

Mitochondrial membrane potential was assessed by fluorescence
mitochondrial imaging using TMRM (134361, Invitrogen, China). HT-22
cells were incubated with TMRM solution at 37 °C for 30 min. Subse-
quently, the cells were washed twice with PBS. Confocal microscopy
(Stellaris STED, Germany) was employed to capture images. The in-
tensity of fluorescence indicates the level of mitochondrial membrane
potential.

2.20. Transmission electron microscopy (TEM)

Brain tissues or HT-22 cells were fixed in PBS (pH 7.4) containing
2.5 % glutaraldehyde for at least 1 h at room temperature. Following this
step, the brain tissues or HT-22 cells were post-fixed with 1.5 % osmium
tetroxide for 2 h at a temperature of 4 °C and subsequently dehydrated
using ethanol before being embedded in epoxy resin. The ultrastructure
was observed by transmission electron microscopy (Quanta 10, FEI Co.)
on ultrathin sections measuring approximately 70 nm.

2.21. Mitochondrial fluorescent staining

Mitochondria in HT-22 cells were simultaneously labeled using Mito-
Tracker Red. The mean fluorescence intensity (MFI) and the mean grey
values (MGV) were analyzed using Image J software.

2.22. Determination of malondialdehyde (MDA), GSH and GSSG levels

The levels of MDA, GSH, and GSSG were quantified following the
previously described methodology [45].

2.23. Mitochondria isolation

After different treatments, HT-22 cells were harvested and then
isolated according to the manufacturer’s protocol for the cell mito-
chondria isolation kit (Beyotime, C3601). Briefly, cells were resus-
pended in a mitochondria extraction reagent and homogenized using a
microhomogenizer. Subsequently, they were incubated on ice for 15
min. The resulting homogenates were centrifuged at 600 g for 10 min at
4 °C, followed by collection of the supernatants which underwent
further centrifugation at 11,000 g for 10 min at 4 °C. The mitochondrial
fraction was isolated from the sediment and subsequently subjected to
co-immunoprecipitation assay after mitochondrial lysis to quantify the
binding of Atox1 and DJ-1.
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2.24. Co-immunoprecipitation (Co-IP) assay

Co-IP experiment was conducted according to the previously
described protocol [47]. Briefly, HT-22 cells were lysed and total lysates
were collected using a weak RIPA lysis buffer (Cell Signaling Technol-
ogy, Danvers, MA, USA). After incubation with primary antibodies
overnight at 4 °C at the appropriate dilution, the immune complexes
were pulled down using protein A/G agarose on a shaker for 4 h at 4 °C.
The microbeads were then collected, washed, and the proteins were
eluted by boiling in 1 x loading buffer for subsequent immunoblotting
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2.25. Superoxide dismutase activity assay

The superoxide dismutase (SOD) activity was assayed utilizing the
Superoxide Dismutase Activity Assay Kit (ab65354, Abcam), strictly
adhering to the manufacturer’s protocol. Specifically, SOD1 in cyto-
plasm lysates and SOD3 secreted into the culture medium were collected
after stretch treatment. To procure cytoplasmic proteins with mito-
chondrial exclusion from HT-22 cells, the cell mitochondria isolation kit
(Beyotime, C3601) was employed.

2.26. Statistical analysis

All data were analyzed using GraphPad 8.0 software and presented
as the mean + standard deviation (SD) of at least three independent

B
1.5+
o]
1.0
:% *%
<
0.5+
Sham CCI
Cortex/Atox1/NeuN

D

1.5

1 D- ns.
At0x1‘- — — — -|7KD 2

g .
Gapdh’ S O
CCl = 6h 24h 3d 7d
0.0-
cCl - 6h 24n 3d 7d

Hippocampus

1.5

< 1.0
Atox1‘- - - -‘m:: 2
Q
Gapdn| 48 W - w- - oo 5 |
CCl - 6h 24h 3d 7d
0.0-
Cccl - 6h 24h 3d 7d

Cortex

Fig. 1. Atox1 expression was down-regulated in the hippocampus, but not in the cortex, following TBI. (A) The rank plot of seven most valuable copper binding
proteins, according to the P-value. (B) The relative protein level of Atox1 in CCI (n = 8) vs. sham according to LC-MS proteomic analysis (n = 8). (C) Representative
images of immunofluorescence staining of Atox1 (Green) and NeuN (Red) in hippocampal or cortical region (Scale bar is 200 pm, n = 3). (D) Western blot images of
Atox1 protein in hippocampal or cortical region, and the statistical results (n = 3). Values represent the mean =+ standard deviation (SD). *P < 0.05 vs. sham group,

**P < 0.01 vs. sham group, and n.s.: no significant difference.
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experiments. Grey levels and fluorescence intensities were measured
using ImageJ software. Statistical analysis was performed using an un-
paired Student’s t-test or one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc test to compare differences between two
groups. For comparisons among multiple groups at the same time point,
a one-way ANOVA followed by Tukey’s post hoc test was used. Two-way
ANOVA was employed to compare data across all groups. A significance
level of P < 0.05 was considered statistically significant.

3. Results

3.1. Atox1 expression was down-regulated in the hippocampus, but not in
the cortex, following CCI

Previous studies have reported that copper binding proteins and
copper ion delivery have an important role after TBI [48]. In our pre-
vious study, we qualitatively and quantitatively analyzed the changes in
the content of all 2499 proteins in mice after CCI, and we found statis-
tically significant changes in the levels of 7 copper-binding proteins after
CCI, including SOD1, an antioxidant protein that has been studied
extensively (Fig. 1A and B, Suppl. Fig. 1A). Moreover, among these
copper ion-binding proteins, Apoa4 and Atox1 showed the most statis-
tically significant changes in protein levels (Fig. 1A). By reviewing the
Brain-seq database, we found that Apoa4, although partially mentioned
in studies of the central nervous system (CNS), was not transcribed in the
main cells of the central nervous system, such as neurons and glial cells,
in either humans or mice; in contrast, Atox1 was at high transcriptional
levels in various cells of the human central nervous system, with the
highest transcriptional levels in neurons, and in the mouse central ner-
vous system, the highest transcriptional levels in endothelial cells
(Suppl. Fig. 1B). Moreover, we examined several crucial Cu transport
and chaperone proteins in our LC-MS proteomic analysis, such as Ctr1,
ATP7A, and CCS. Our findings revealed a non-significant decrease in
Ctrl and CCS levels following CCI, while ATP7A was not detected due to
its low abundance in CNS (Suppl. Figs. 1C and D). Given our attempt to
investigate the mechanisms of CNS protection and neural repair after
TBI, Atox1 is more in line with our research direction.

Based on our LC-MS proteomic analysis, it was demonstrated that
there was a significant decrease in the level of Atox1 after CCI compared
to the sham-operated group (Fig. 1B). In addition, we performed
immunofluorescence double-label staining on brain tissue sections. We
found that in hippocampal neurons, the fluorescence intensity of Atox1
after CCI was significantly reduced compared to the sham-operated
group. Conversely, there was no significant change in the fluorescence
intensity of Atox1 in cortical neurons after CCI (Fig. 1C). This led us to
continue to explore whether the temporal dynamics of Atox1 protein
expression after CCI were statistically different in cortical and hippo-
campal regions. The results of Western blot analysis demonstrated that
the levels of Atox1 protein in the hippocampal region exhibited a sig-
nificant decrease at 6 h, 24 h, and 3 days after CCI, gradually
approaching pre-CCI levels by day 7. Conversely, no significant changes
were observed in Atox1 protein levels within the cortex during the entire
7-day period following CCI. (Fig. 1D). The reason that downregulation
of Atox1 by CCI treatment was not observed in the cerebral cortex may
be due to the higher content of endothelial and glial cells in the cerebral
cortex; according to Suppl. Fig. 1B, Atox1 content was higher in endo-
thelial and glial cells than in neuronal cells in mice, and the alteration in
Atox1 content in endothelial and glial cells may not significant following
CCI. Given the presence of a large number of neuronal cells in the hip-
pocampal region and this region involved in various sensory, and
cognitive function [49], we focused on the role of Atox1 in hippocampal
neurons in the remainder experiments.
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3.2. Atox1 overexpression ameliorates hippocampal neuron apoptosis and
oxidative stress in CCI-treated mice

To determine the role of Atox1 in the CCI model, we first performed
AAV-Atox1 transfection of the hippocampal region and examined Atox1
transfection 14 days later (Suppl. Figs. 2A and B), followed by CCI.

Considering the contribution of apoptosis in the pathogenesis of
craniocerebral injury, evidences demonstrated that severe craniocere-
bral injury causes massive neuronal apoptosis. Therefore, we first
analyzed whether overexpression of Atox1 has an effect on neuronal
apoptosis. Compared with the sham-operated mice, CCI-treated mice
exhibited a higher number of TUNEL-positive neuronal cells, while
overexpression of Atoxl decreased the apoptotic rate significantly
(Fig. 2A). The CCI treatment resulted in an upregulation of cleaved
caspase-3 and Bax protein expressions, while downregulating the
expression of Bcl-2 protein. Conversely, Atox1 overexpression led to a
decrease in apoptosis-related proteins and an increase in anti-apoptotic
protein expression compared to the CCI group (Fig. 2B). In addition, the
thickness of the cell layer in the hippocampal region, as assessed by
NeuN staining, was significantly decreased in the mice 3 months after
CCI, and this thickness was highly correlated with hippocampal volume.
However, the CCI + Atox1 group showed more neuronal staining as well
as the thickness compared with the CCI group (Fig. 2C).

Evidences demonstrated that Atox1 plays an important role in anti-
oxidant responses [31], we detected the levels of oxidative stress in the
hippocampal region to further explore the anti-oxidative effects of
Atox1. The results demonstrated a significant increase in the levels of
MDA and GSSG in the hippocampus of the CCI-operated mice, whereas
overexpression of Atox1 led to a reduction in MDA and GSSG levels.
Conversely, it resulted in an elevation of GSH level (Fig. 2D). In addition,
ROS staining revealed an increase in hippocampal ROS production in
CClI-operated mice. However, the overexpression of Atox1 significantly
alleviated ROS production (Fig. 2E). Simultaneously, because the DHE
fluorescence signal is specific for superoxide anion, we administered
Tempol, a superoxide dismutase (SOD) mimic known for its efficient
scavenging ability against superoxide anion, via intraperitoneal injec-
tion (300 mg/kg) in CCI -treated mice. We found that the DHE fluo-
rescence signal in brain tissue was specifically eliminated by Tempol,
which confirmed that Tempol reversed O2- production following CCI
(Suppl. Figs. 2C and D).

3.3. Increased level of Atox1 improves learning and memory performance
after CCI

Since Atox1 reversed the neuronal apoptosis and inhibits oxidative
stress, we further assessed in vivo effect of Atoxl on CCI-induced
phenotype development. We initially examined the disparities in sur-
vival rates between the groups. Our findings revealed that, in compar-
ison to the sham group, the CCI group exhibited a significantly
diminished survival rate. Although lacking statistical significance, Atox1
overexpression subsequent to CCI demonstrated an enhanced survival
rate when compared to mice subjected to CCI (Fig. 3A).

We subsequently conducted a series of behavioral experiments to
assess the impact of Atoxl on the neurocognitive capacity of mice
following CCI. Initially, we conducted the Y-maze test to evaluate short-
term working memory in each group of mice [50]. Notably, during the
trial phase, mice in the CCI group exhibited a significantly lower fre-
quency of entering the novel arm compared to those in the
sham-operated group. However, overexpression of Atox1 resulted in an
increased frequency of mice entering the novel arm (Fig. 3B). Consis-
tently, the latency time and distance of CCI + Atox1 mice in the novel
arm were also significantly longer than those in the CCI group (Fig. 3C
and D). The heatmaps depicting the trajectories of each group during the
trial phase are shown in Fig. 3E. In addition, the statistical analysis
revealed no significant disparity in total distance and average speed
among the groups, indicating that there was no dyskinesia across all
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Fig. 2. Atox1 overexpression ameliorates hippocampal neuron apoptosis and oxidative stress in CCI-treated mice. (A) Representative images of TUNEL staining in
hippocampal region and relative quanti-fication (Scale bar is 100 pm, n = 3). (B) Western blot images of Cleaved caspase-3, Bcl-2 and Bax in hippocampus region, and
the statistical results (n = 3). (C) Representative images of immunofluorescence staining of NeuN (red) in hippocampal region and relative quantification. (Scale bar
is 200 pm, n = 3). (D) The levels of MDA, GSSG, and GSH (n = 3). (E) Representative images of DHE fluorescence staining in hippocampal region and relative
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vs. sham group, #P < 0.05 vs. CCI + Vector group, ##P < 0.01 vs. CCI + Vector group.

mouse cohorts (Fig. 3F and G). Subsequently, the Morris water maze test
was employed to evaluate the spatial learning aptitude and long-term
working memory capacity of mice post CCI [50]. During 5-day of
spatial acquisition period, we assessed escape latency, which is defined
as the time taken by mice to locate a hidden platform. While the
sham-operated mice exhibited a decrease in escape latency over five
consecutive training days, with significant reduction value on day 5
compared to initial value, whereas the CCI-operated mice continued to
exhibit prolonged escape latencies even on day 5. Specifically, their
escape latency was 2.2 times longer than that of the sham-operated
group, indicating impaired learning in these mice. However, the situa-
tion was improved and the escape latency was significantly reduced with
subsequent Atox1 overexpression following CCI (Fig. 3H). In addition,
the statistical analysis revealed no significant disparity in average speed
among the groups, indicating that there was no dyskinesia across all
groups of mice (Fig. 3I). Fig. 3J displays the motion curves observed on
the 5th day of hidden training session. After the completion of the spatial
acquisition period, the mice underwent memory testing. The hidden
platform was removed and the mice were observed to explore both the
duration and trajectory within the pool. The results indicated that mice
subjected to CCI exhibited reduced time spent in the target quadrant and

fewer crossings of the platform compared to sham-operated mice, while
overexpression of Atox1 partially restored these conditions (Fig. 3K and
L). The heatmaps depicting the trajectories of each group during the
probe trial phase are shown in Fig. 3M. Finally, we conducted the
step-through passive avoidance test to assess the memory retention
ability of mice following CCI [44]. There was no significant difference in
latency observed between the groups during the training phase (1st
trial). However, during the testing phase (2nd trial), a trend of
improvement in latency was noted in the sham group, which was
significantly lower when compared to the CCI group (Fig. 3N). The
motion curves on the 1st trial and the 2nd trial are shown in Fig. 30.
Together, the findings of the memory-related behavioral tests indi-
cated that overexpression of Atox1 exhibits efficacy in ameliorating both
short- and long-term memory impairments in mice subjected to CCL

3.4. Atox1 overexpression reduces the apoptosis and oxidative stress level
in stretch-treated HT-22 cells

To further validate the role of Atox1 in neuroprotection, we initially
investigated the temporal dynamics of Atox1 protein expression and its
subcellular localization in HT22 cells following stretch injury model. As
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shown in Fig. 4A, the level of Atox1 in stretch-treated HT-22 cells
exhibited a significant decrease at 6 h, which was sustained for at least
24 h and gradually restored to the baseline level after 3 days. Subse-
quently, immunofluorescence assay was employed to investigate the
subcellular localization of Atox1 in wild-type and stretch-treated HT-22
cells. We observed that the fluorescence signal of Atox1 predominantly
co-localized with the mitochondria marker TOMM20 and nuclear
marker DAPI, while no significant co-localization was observed with
Calnexin (an endoplasmic reticulum marker), RPS3 (a ribosome
marker), or LAMP1 (a lysosome marker) in wild-type HT-22 cells.
Following stretch injury, there was a substantial increase in the co-
localization of Atox1 with mitochondria and maintained a consistently
high percentage of colocalization for at least 3 days, whereas its co-
localization with the nucleus remained unchanged and minimal asso-
ciation with other organelles was detected (Fig. 4B, Suppl. Fig. 3A).
Then, HT-22 cells were transfected with lentivirus to upregulate Atox1
(Suppl. Figs. 3B and C), and subsequent cell viability experiments were
conducted in both wild-type and Atox1l-upregulated cells following
stretch treatment. We observed a significant decrease in cell viability
upon stretch injury, whereas Atox1 overexpression led to an improve-
ment in cell viability in HT-22 cells treated with stretch (Fig. 4C). The
overexpression of Atoxl impeded apoptosis in stretch-treated HT-22
cells (Fig. 4D). Simultaneously, we observed a significant increase in the
expression of cleaved caspase-3 and Bax, as well as a decrease in the
level of Bcl-2 in HT-22 cells following stretch injury, which were sub-
sequently restored upon upregulation of Atox1 (Fig. 4E).

We also investigated whether infection with lentivirus over-
expressing Atoxl could suppress the oxidative stress response.
Compared to stretch-treated HT-22 cells, overexpression of Atoxl
significantly diminished intracellular ROS levels in HT-22 cells (Fig. 4F).
The flow cytometry analysis revealed a significant increase in the mean
fluorescence intensity (MFI) of DCFH-DA in stretch-treated cells
compared to control cells, while Atoxl overexpression effectively
attenuated ROS levels in stretch-treated HT-22 cells (Fig. 4G). Consis-
tently, the results obtained from MitoSOX Red staining demonstrated
that Atox1 plays a crucial role in mitigating mitochondrial superoxide
production (Fig. 4H). Furthermore, we assessed the mitochondrial
membrane potential (MMP) using the TMRM assay. TMRM staining is
employed for the monitoring of mitochondrial function. Upon accu-
mulation within polarized mitochondria with a negative charge, TMRM
exhibits an orange fluorescence. Conversely, in apoptotic or metaboli-
cally stressed cells where the mitochondrial membrane potential col-
lapses, the TMRM reagent disperses throughout the cytosol of the cell
and leads to a significant drop in fluorescence levels. As shown in Fig. 41,
stretch injury induced a reduction in MMP levels in HT-22 cells
compared to the control group. However, the overexpression of Atox1
reversed this decline and restored mitochondrial membrane potential in
stretch-treated HT-22 cells.

3.5. Atox1 overexpression maintains mitochondrial structure and
promotes mitophagy after stretch treatment

The disruption of mitochondrial function and structure is a signifi-
cant contributor to oxidative stress disorders, and we continue to
explore the effects of Atox1 on mitochondrial function and structure.
The expression of the mitochondrial proteins (TOM20 and TIM23) was
significantly downregulated in the HT-22 cells treated with stretch
compared to the control cells, whereas overexpression of Atox1 reversed
the decrease in TOM20 and TIM23 contents in stretch-treated HT-22
cells (Fig. 5A). Furthermore, Atox1 effectively restored the ATP levels in
HT-22 cells treated with stretch (Fig. 5B). To further investigate these
changes, we utilized MitoTracker Red staining to examine mitochon-
drial structure in each group of HT-22 cells. As shown in Fig. 5C and D,
stretch induced a shift in mitochondrial morphology from a filamentous
network to a more punctate structure, accompanied by a reduction in
total red fluorescence area indicative of mitochondrial contraction.
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However, Atox1 overexpression ameliorated the aberrant mitochondrial
phenotype and increased fluorescence area. The morphological features
of mitochondria were also quantitatively identified by ImageJ software
and key aspects of mitochondrial morphology were captured [51].
Mitochondrial size was represented by mean area and mean perimeter,
while mitochondrial shape was defined by form factor (FF) and aspect
ratio (AR) for 2D analysis. Our findings suggested that stretch-treated
cells exhibited poorer mitochondrial structure compared to the normal
HT-22 cells, whereas Atox1 overexpression reversed the abnormal
mitochondrial structure (Fig. 5E). Meanwhile, we assess the overall
connectivity and morphological intricacy of the mitochondrial network
based on the skeletonized network (Fig. 5F), quantifying these aspects
through metrics such as branch count, branch junction count, and total
(accumulated) branch length in the skeleton. As shown in Fig. 5G,
compared to control HT-22 cells, HT-22 cells treated with stretch
exhibited reduced branch length and fewer network connections in their
mitochondria, which were restored to a normal structural network by
the overexpression of Atox1.

We subsequently conducted transmission electron microscopy (TEM)
to evaluate the impact of Atoxl on alterations in mitochondrial
morphology. The mitochondria in the control group exhibited pristine
conditions, characterized by intact structures and visible cristae
(Fig. 6A, green arrowhead). Conversely, stretch-treated HT-22 cells
displayed swollen mitochondria with aberrant morphology (Fig. 6A, red
arrowhead), whereas overexpression of Atox1 tended to restore mito-
chondrial morphology to a more normal state in stretch-treated HT-22
cells (Fig. 6A, green arrowhead). Interestingly, isolated mitochondria in
autophagosomes were observed in stretch-treated cells that overex-
pressed Atox1 ( Fig. 6A, white arrowhead ) , suggesting the presence of
mitophagy. The immunolocalization of autophagosome marker LC3-II
and mitochondria marker TOMM20 was conducted to further investi-
gate the potential impact of Atox1 on mitophagy. It was observed that
co-localization of LC3-II and TOMM20 fluorescence was evident in the
Atox1+Stretch group, while minimal co-localization was observed in
other groups, indicating a promotional role of Atoxl in mitophagy
(Fig. 6B). Furthermore, the results of Western blot analysis showed that
overexpression of Atox1l dramatically increased the LC3-II/I ratio,
decreased the protein level of SQSTM1/p62, and enriched PINK1 and
PRKN compared to stretch-treated cells (Fig. 6C).

Collectively, our findings demonstrate that Atox1 plays a crucial role
in maintaining mitochondrial morphology and facilitating mitophagy
for the elimination of damaged mitochondria.

3.6. Atox1 may interact with another copper-binding protein after injury

To investigate the potential mechanisms of Atox1 and evaluate its
known and predicted protein interactions, we initially referred to the
STRING database (String-db.org). By considering the lowest confidence
score and all confidence hit rates, we observed a significant concentra-
tion of Atox1 interacting proteins in mitochondrial and antioxidant
stress-related proteins (Fig. 7A). This observation further strengthens
our conviction regarding the crucial role played by Atoxl in mito-
chondrial involvement during oxidative stress. Then, we performed co-
immunoprecipitation (co-IP) followed by mass spectrometry (MS)
analysis to obtain the set of proteins interacting with Atox1 in trauma-
tized and non-traumatized brain tissue. And we applied GO enrichment
analysis to assess the functions of these protein assemblies. We observed
significant differences in both quantity and composition of anti-
oxidative stress-related proteins between the two protein collections.
In non-traumatic brain tissue, only two anti-oxidative stress-related
proteins (Perm and S10a9) were found to interact with Atox1. However,
in traumatic brain tissue, the number of anti-oxidative stress-related
proteins binding to Atox1 increased to ten, including proteins Sodl,
Park?7, and Gpx4 (Fig. 7B).

Previous studies have demonstrated that the delivery of copper by
Atox1 to downstream copper binding proteins plays a crucial role in


http://String-db.org

P. Zhao et al.

A

ATOXT | W W e e wee W | 7KD

Gapdh | NS WS SN S S - oD

Stretch - 1h  6h 12h 24h  3d

El
T
o

Alox1/Gapdn
-
g
:
—
:
—
—

0.0
Stretch - 1h 6h 12h 24h 3d

C

0.0-

Strelch  « 1h 6h 12h 24n 3d

Stretch - 1h 6h

Lon7E)

Redox Biology 72 (2024) 103156

Atox1/TOMM20/DAPI

URi12.27%) Ui.25%, URiz1s%)| = Jurprew UR@ATH)|

10"

0

sl s

Cleaved caspase-3

Bck2 | D Ses seee SN | 26<D
Bax o 21kD
Gapdh | S - | GO
o 5 N
[o ) xO 5+
() Q@Q i
x

DCFH-DA/DAPI

Stretch

Stretch+Vector Stretch+Atox1 v

MitoSOX

Stretch

Stretch+Vector

Stretch+Atox1 il

ROS MGV {fald af cantrol)

MitoSOX MGV (fold of control)

i LR
¥ [ T T R T
Stretch+Vector Stretch+Atox1
3
#
=? 3
& o 2
H & !
3 = o
g %
g do &
-s 1 o
[
g - 5
Q
o T g
S S £ S D
Ry T
& 20 )
s s
G DCFH-DA FCM
= 5
0 “ s
#
»
o =
:\ ]
Q
* 8
" s
=
o - - o =
B iy e 0w -
Con Stretch =
%]
10 2
04 x
PR o]
g
1o
2]
]
]

w 100 10 ps

Stretch+Atox1

1o 1w 10

Stretch+Vector

I TMRM

Stretch

TMRM MGV

Stretch+Vector Stretch+Atox1

(caption on next page)

10



P. Zhao et al.

Redox Biology 72 (2024) 103156

Fig. 4. Atox1 overexpression reduces the apoptosis and oxidative stress level in stretch-treated HT-22 cells. (A) Western blot images of Atox1 protein in wide-type
and stretch-treated HT-22 cells, and the statistical results (n = 3). (B) Atox1 colocalizes with TOMM20 in wide-type and stretch-treated HT-22 cells. Statistical
analysis involves calculating the Pearson’s coefficient for colocalization of Atox1 and TOMM20 (white arrow represents the zoom area. Scale bar is 10 pm, n = 3). (C)
Cell viability detected via CCK-8 assay kit (n = 3). (D) Cell apoptosis rate was determined using flow cytometry (n = 3). (E) Western blot images of Cleaved caspase-3,
Bcl-2 and Bax in hippocampus region, and the statistical results (n = 3). (F, G) Representative images and flow cytometric analysis of ROS level, and relative
quantification. (Scale bar is 50 pm, n = 3). (H) Representative images of MitoSOX staining, and relative quantification. (Scale bar is 10 pm, n = 3). (I) Representative
images of TMRM staining, and relative quantification. (Scale bar is 50 pm, n = 3). Values represent the mean =+ standard deviation (SD). **P < 0.01 vs. control group,

#P < 0.05 vs. Stretch + Vector group, ##P < 0.01 vs. Stretch + Vector group.

cellular metabolism [52]. Recent reports have indicated that DJ-1 ex-
hibits metal binding properties, such as copper and mercury, thereby
implying a potential role of DJ-1 in cellular protection against
metal-induced cytotoxicity [40,53]. Meanwhile, a comprehensive
investigation into the copper binding kinetics of DJ-1 has been con-
ducted, revealing specific amino acid residues (Cys106, Glul8, and
Cys-53) as copper ligands. This finding unequivocally confirms DJ-1’s
role as a proficient copper chaperone capable of facilitating efficient
copper delivery [41]. By referencing the microscopic structure of the
DJ-1 protein in the Protein Data Bank (PDB DOI: https://doi.org/
10.2210/pdb4mnt/pdb) and integrating it with relevant study [41],
we have substantiated that copper ions play a crucial role in facilitating
the biological functions of DJ-1. Furthermore, we have identified two
cysteine residues (Cys-53) and two amino acid residues (Cys-106,
Glu-18) as pivotal binding sites for copper ions within DJ-1. Our align-
ment of DJ-1 amino acid sequences in different species revealed that
amino acid residues (cys-53, cys-106, glu-18) with copper binding
ability are evolutionarily conserved, suggesting an important role in the
regulation of DJ-1 function (Fig. 7D).

To sum up, we speculate that Atox1 and DJ-1 may have a synergistic
effect in the same oxidative stress response pathway, which potentially
based on a copper-mediated interaction between the two proteins.

3.7. Atox1 attenuates oxidative stress and promotes mitophagy via DJ-1

We initially investigated the expression of DJ-1 in HT22 cells
following a stretch injury model. The results obtained from Western blot
analysis demonstrated a consistently upregulation of DJ-1 expression in
HT-22 cells subjected to stretch treatment (Suppl. Fig. 4A). Then, to
confirm the interaction between Atox1 and DJ-1, we initially verified
their co-localization in HT-22 cells through immunofluorescence stain-
ing. As shown in Fig. 8A, the proportion of Atox1 co-localized with DJ-1
was significantly higher in stretch-treated HT-22 cells than that in
control HT-22 cells. Given the significantly increased colocalization of
Atox1 with mitochondria in the stretch injury model compared to the
wide-type groups (Fig. 4B), we further investigated the mitochondrial
colocalization of Atox1 and DJ-1 following stretch treatment. As shown
in Fig. 8B, our findings demonstrate that Atox1 exhibits colocalization
with DJ-1 on mitochondria in stretch-treated HT-22 cells. Additionally,
the mitochondrial proteins were individually isolated from control HT-
22 cells and stretch-treated HT-22 cells. Co-immunoprecipitation assay
was employed to analyze the binding of Atox1 to DJ-1, and the results
shown that the interaction between Atox1 and DJ-1 in mitochondria is
enhanced upon stretch treatment (Fig. 8C). Furthermore, we conducted
an investigation into the interaction between Atox1 and DJ-1 in vivo CCI
model, as well as the expression of DJ-1 protein. Consistent with our in
vitro experiments, we observed that CCI treatment significantly upre-
gulated DJ-1 expression and enhanced the colocalization of Atox1 and
DJ-1 through immunofluorescence analysis (Suppl. Figs. 4B and C).
Consistent ~ with  the  immunofluorescence  analysis, co-
immunoprecipitation analysis revealed that CCI treatment enhances
the interaction between Atoxl and DJ-1 in hippocampus (Suppl.
Fig. 4D). To investigate whether the role of Atox1 in alleviating oxida-
tive stress is dependent on DJ-1, we constructed HT-22 cells with
knockdown of DJ-1. Out of the three tested DJ-1 interference sequences,
one exhibited the highest efficacy in reducing DJ-1 expression (Suppl.
Figs. 5A and B). Functionally, DJ-1 siRNA treatment attenuated the
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ability of Atox1 to reduce cellular and mitochondrial ROS levels, as
indicated by increased ROS and MitoSOX fluorescence intensity
(Fig. 8D-F). Superoxide dismutase (SOD) is a vital component of the
antioxidant enzyme system in biological systems, playing a pivotal role
in maintaining the balance between oxidation and antioxidation within
the body. It facilitates the dismutation of superoxide anion free radicals
into oxygen and hydrogen peroxide. Notably, copper and zinc ions are
essential for the activities of SOD1 and SOD3 proteins within the SOD
protein family [54,55]. Previous studies have reported that Cu chap-
erone Atoxl enhance SOD3, but not SODI, activities by regulating
copper ion transport and distribution [56,57]. Therefore, we proceeded
to investigate the impact of Atox1 overexpression on mitigating oxida-
tive stress in stretch-treated HT-22 cells. As shown in Fig. 8G, over-
expression of Atox1 significantly augmented the activities of SOD1 and
SOD3 in HT-22 cells subjected to stretch treatment. The knockdown of
DJ-1 inhibited the activation of SOD1 by Atox1, without affecting the
activation status of SOD3. Meanwhile, overexpression of Atox1 signifi-
cantly upregulated the RNA and protein levels of SOD1 and SOD3,
however, knockdown of DJ-1 affected the expression of SOD1, while the
RNA and protein levels of SOD3 remained unaffected (Suppl. Figs. 5C
and D). These results indicated that Atox1-DJ-1 axis modulates oxidative
stress by selectively activating SOD1 rather than SOD3.

Based on previous research, DJ-1 facilitates mitophagy to promote
cell survival and exert neuroprotective effects [37,58]. As shown in
Fig. 8H, the upregulation of mitophagy-related protein induced by
Atox1 is significantly attenuated upon transfection with si-DJ-1 in
HT-22 cells treated with stretch. The immunofluorescence double-label
staining assay demonstrated a significant reduction in the
co-localization of mitochondria and autophagosome upon DJ-1 knock-
down (Fig. 8I). Additionally, stretch-treated HT-22 cells overexpressing
Atox1 exhibited improved mitochondrial structure and increased mito-
phagic vesicles (green arrowhead and white arrowhead), while DJ-1
knockdown attenuated the protective effect of Atox1 on mitochondria
(red arrowhead) and impaired damaged mitochondria clearance
(Fig. 8J). These results demonstrate that DJ-1 is required for the anti-
oxidant stress response of Atox1.

3.8. Copper-binding motif is critical for the protective mechanism of
Atox1

As CXXC and CXXXC motifs, where X represents any amino acid
residue, are commonly recognized as copper-binding sites in metal-
loproteins [52], we generated an Atoxl construct (AtoxllZSISS) by
substituting serine for cysteine residues at positions 12 and 15 to elim-
inate the copper-binding capacity of Atox1l [59]. To investigate the
significance of the copper-binding site in the interaction between Atox1
and DJ-1, we conducted transfection experiments with overexpressed
Atox1WT and Atox1!2515S variants, both of which were designed to
incorporate carboxy-terminal FLAG sequences (Fig. 9A).

The immunoprecipitation analysis revealed that even under stretch
stimulation, DJ-1 exhibited impaired binding to mutant variant
Atox1125158 (Fig. 9B), suggesting that the interaction between Atox1 and
DJ-1 necessitates the involvement of a copper-binding site. The copper
chelator TTM is utilized in clinical trials for the treatment of Wilson’s
disease. Due to its significant ability to reduce intracellular levels of
copper ions, there is mounting evidence suggesting that copper chelator
TTM holds potential for various other clinical applications. In this study,
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Fig. 5. Atox1 overexpression maintains mitochondrial structure after stretch treatment. (A) Western blot images of TOM20 and TIM23 in HT-22 cells, and the
statistical results (n = 3). (B) The ATP level (n = 3). (C, D) Representative images of mitochondria labeled with red (Mito-Tracker Red CMXRos, MTR), and the
statistical results (Scale bar is 10 pm, n = 3). (E) 2D morphological analysis of all cells in each group (n = 3). (F) Skeletonization of the mitochondrial objects
identified in C (Scale bar is 10 pm, n = 3). (G) Quantitative analysis and comparison of mitochondrial network connectivity performed on all cells in each group (n =
3). Values represent the mean + standard deviation (SD). *P < 0.05 vs. control group, **P < 0.01 vs. control group, #P < 0.05 vs. stretch + Vector group.

12



P. Zhao et al.

Redox Biology 72 (2024) 103156

Con | Stretch

LC3- ]IFI'OMMZOIMerge

Stretch  Stretch+Vector Stretch+Atox1

LC3-I — e —
LC3-TI — — —

PINK1 | o s o

PRKN | s - - -

SQSTM1/p62 | Wl e e w=

Gapdh | . S s

Stretch+Vector  Stretch+Atox1

10pm

Pearson's correlation value

2.5+ 2

2.0+

T * <
— 1.5+ (=%
g |1 ¢
B 04 X
16kD & g z
14kD g
0.54
63kD
0. T -
U P
52kD S F
&

62kD
2.5+

# -
36kD ol * ﬁ? .

PRKN/Gapdh
p62/Gapdh

(caption on next page)

13



P. Zhao et al.

Fig. 6. Atox1 overexpression promotes mitophagy after stretch treatment. (A) Representative images of transmission electron microscopy (green arrow indicated the
mitochondrion with intact structures and visible cristae, red arrow indicated the mitochondrion with aberrant morphology, and white arrow indicated isolated
mitochondria in autophagosomes. Scale bar is 500 nm, n = 3). (B) Representative images of autolysosomes labeled with green (LC3-II) and mitochondria labeled with
red (TOMM20) are utilized. Co-localization of both signals is quantified as a mitophagy event. Statistical analysis involves calculating the Pearson’s coefficient for
colocalization of LC3-II and TOMM20 (white arrow represents the zoom area. Scale bar is 10 pm, n = 3). (C) Western blot images of LC3, PINK1, PRKN and SQSTM1/
p62 in HT-22 cells, and the statistical results (n = 3). Values represent the mean + standard deviation (SD). *P < 0.05 vs. control group, #P < 0.05 vs. stretch +

Vector group.
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Fig. 7. Atox1l may interact with another copper-binding protein after injury. (A) Predicted interaction network for Atox1 and the confident hits based on String
analysis. (B) GO enrichment analysis of the mass spectrometry data. (C) DJ-1 protein domains taken from the protein data bank (PDB DOI: https://doi.org/10.2210/
pdb4mnt/pdb). Copper ions are shown as orange spheres. (D) Alignment of full-length amino acid sequences of DJ-1 proteins from different species, blue highlights

indicate cysteine positions in DJ-1.
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Fig. 8. Atox1 attenuates oxidative stress and promotes mitophagy via DJ-1. (A) Representative images of immunofluorescence staining of Atox1 (Green) and DJ-1
(Red) in HT-22 cells. Statistical analysis involves calculating the Pearson’s coefficient for colocalization of green and red fluorescence intensities (white arrow
represents the zoom area.Scale bar is 10 pm, n = 3). (B) Representative images of immunofluorescence staining of Atox1 (Green), DJ-1 (Red) and TOMM20 (purple)
in HT-22 cells. Statistical analysis involves calculating the Pearson’s coefficient for colocalization of green, red and purple fluorescence intensities (white arrow
represents the zoom area. Scale bar is 10 pm, n = 3). (C) Representative images of co-immunoprecipitation of DJ-1 and Atox1 in mitochondria of HT-22 cells (n = 3).
(D, E) Representative images and flow cytometric analysis of ROS level, and relative quantification. (Scale bar is 50 pm, n = 3). (F) Representative images of MitoSOX
staining, and relative quantification. (Scale bar is 10 pm, n = 3). (G) The activity of SOD1 and SOD3 in HT-22 cells (n = 3). (H) Western blot images of LC3, PINK1,
PRKN and SQSTM1/p62 in HT-22 cells, and the statistical results (n = 3). (I) Representative images of lysosomes labeled with green (LC3-II) and mitochondria
labeled with r (TOMM20) are utilized. Co-localization of both signals is quantified as a mitophagy event. Statistical analysis involves calculating the Pearson’s
coefficient for colocalization of LC3-II and TOMM20 (white arrow represents the zoom area. Scale bar is 10 pm, n = 3). (J) Representative images of transmission
electron microscopy (green arrow indicated the mitochondrion with intact structures and visible cristae, red arrow indicated the mitochondrion with aberrant
morphology, and white arrow indicated isolated mitochondria in autophagosomes. Scale bar is 500 nm, n = 3). Values represent the mean =+ standard deviation (SD).
**(black) P < 0.01 vs. control group, *(blue) P < 0.05 vs. Stretch + siNC group, **(blue) P < 0.01 vs. Stretch + siNC group, *(orange) P < 0.05 vs. Stretch + si-DJ-1
group, #(orange) P < 0.05 vs. Stretch + si-DJ-1+Atox1 group, ##(orange) P < 0.01 vs. Stretch + si-DJ-1+Atox1 group, and n.s.: no significant difference.

we employed copper chelator TTM to eliminate free copper ions from 4. Discussion
the culture medium as a means to investigate the impact of copper ions
on the interaction between Atox1 and DJ-1. The binding of Atox1"T to TBI is a mechanical insult that immediately causes damage at the site
DJ-1 was significantly diminished upon removal of copper ions, as of impact due to direct trauma. Currently, surgical intervention remains
illustrated in Fig. 9C. Additionally, immunofluorescence staining also the primary treatment approach for severe TBI in clinical practice;
showed that the interaction between Atox1 and DJ-1 was affected in the however, limited progress has been made in developing pharmacolog-
presence of copper-binding motif mutation or copper depletion (Fig. 9D ical therapies aimed at inhibiting cell death induced by secondary injury
and E). The collective data indicate that the interaction between Atox1 and subsequent lesion propagation [4,61]. This lack of advancement
and DJ-1 necessitates a copper-binding site as well as the presence of holds significant implications for enhancing the prognosis and quality of
copper ion. life among TBI patients. The present study elucidated the neuro-
We subsequently investigated whether mutations in the copper- protective role of Atox1 in the pathophysiology following CCI. Based on
binding motif affected the cytoprotective effect of Atox1. The results these research findings, we demonstrated a significant reduction in the
from cell viability experiments demonstrated that overexpression of expression level of Atox1 specifically within the hippocampal region of
mutant variant Atox1'25158 failed to rescue stretch-treated HT-22 cells mice after CCI at 6 h, 24 h, and 3 days, while no evident changes were
survival, even when DJ-1 was simultaneously overexpressed (Fig. 9F). observed in the cortical region. Furthermore, our results highlight that
Furthermore, overexpression of mutant variant Atox1'?158 did not upregulation of Atoxl expression within the hippocampus plays a
exhibit a significant reduction in apoptotic percentages compared to crucial role in mitigating neuronal apoptosis and ameliorating deficits in
those treated with wild-type Atox1 (Fig. 9G). Notably, we observed a memory-related behavioral abilities. Mechanistically, we have identi-
substantial elevation in cleaved caspase-3 and Bax expression levels fied Atox1 has antioxidant properties following trauma, which enhances
along with a decline in Bcl-2 levels in stretch-treated HT-22 cells, and neuronal health by reducing levels of ROS and promoting mitophagy.
these alterations remained largely unaffected after upregulating mutant We further demonstrated a close association between DJ-1 and the
variant Atox1'251S even in the presence of enhanced DJ-1 expression neuroprotective function, whereby the absence of DJ-1 not only hin-
(Fig. 9H). dered the antioxidant properties of Atox1 but also diminished mitoph-
Similarly, we conducted CCI modeling in mice following Atox1!2515 agy levels in Atox1-overexpressing neurons. Furthermore, we observed
overexpression (Suppl. Fig. 6A), followed by behavioral experiments that mutation of the copper-binding motif impaired the interaction be-
akin to those previously performed. However, the memory-related tween Atox1 and DJ-1. The present study offers a systematic elucidation
behavioral tests revealed that mice with Atox1'25!%5 overexpression of the role played by Atox1 in CCI, unveiling its potential mechanism
still exhibited significant memory impairment compared to CCI-treated and presenting promising therapeutic strategies for managing patients
mice, without any notable improvement (Suppl. Fig. 6B-O). And, the with neurological dysfunction in clinical practice.
overexpression of Atox1'251%8 did not moderate mitochondrial swelling Oxidative stress is characterized by the excessive production of ox-
and outer membrane rupture after CCI (Suppl. Fig. 7A, red arrowhead). ygen free radicals and other reactive oxygen species in both intracellular
Additionally, CCI induced oxidative stress, as evidenced by decreased and extracellular environments, resulting in an imbalance of redox [62].
GSH levels and increased MDA and GSSG levels. LV- Atox1'25158 pre- In the context of traumatic brain injury, oxidative stress can induce lipid
treated mice exhibited similar levels of oxidative stress (Suppl. Fig. 7B). peroxidation of cell membranes, oxidative damage to DNA and proteins,
These data suggest that the presence of copper-binding sites is crucial for as well as activate inflammatory responses [7,63]. Studies have
proper functioning of Atox1. demonstrated that the interaction between copper ions and mitochon-
We also used histological (TUNEL assay, hippocampus neurons), drial oxidative stress encompasses multiple facets. Firstly, free copper
molecular (anti-oxidant enzyme capacity, oxidative damage) and ions can participate in intracellular REDOX reactions, resulting in the
behavioral experiments to assess the function of copper chelator TTM, generation of highly ROS such as superoxide anion, hydroperoxides, and
which TTM (0.7 mg/d, oral gavage) was administered to mice one week hydroxyl radicals. These ROS exhibit strong chemical activity and can
before CCI [60]. Unexpectedly, administration with copper chelator undergo oxidative reactions with intracellular biological macromole-
TTM failed to reduce the proportion of apoptotic neurons or the level of cules including lipids, proteins, and nucleic acids, leading to cellular
oxidative stress in hippocampal region of mice with CCI (Suppl damage and increased oxidative stress [64-66]. Secondly, free copper
Figs. 8A-D). Furthermore, behavioral tests revealed that TTM-treated ions can act as catalysts for lipid peroxidation reaction which results in
mice did not exhibit improved learning and memory abilities (Suppl. the peroxidation of cell membrane lipids. The resultant free radicals
Fig. 9A-N). These findings suggest that oral administration of copper from lipid peroxidation initiate a chain reaction that induces structural
chelator TTM does not ameliorate the pathological processes associated and functional alterations in cell membranes thereby affecting normal
with CCL nervous system function [67,68]. In the present study, we observed a

significant reduction in Atox1, an essential copper chaperone protein,
within the hippocampus of CCI mice. Considering the crucial role of
Atox1 in copper ion uptake, transport, and delivery, our hypothesis
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Fig. 9. Copper binding motif is critical for the protective mechanism of Atox1. (A) Western blot images of FLAG in HT-22 cells (n = 3). (B, C) Representative images
of co-immunoprecipitation of DJ-1 and FLAG in HT-22 cells (n = 3). (D, E) Representative images of immunofluorescence staining of Atox1 (Green) and DJ-1 (Red) in
HT-22 cells. Statistical analysis involves calculating the Pearson’s coefficient for colocalization of gree and red fluorescence intensities (Scale bar is 10 pm, n = 3). (F)
Cell viability detected via CCK-8 assay kit (n = 3). (G) Cell apoptosis rate was determined using flow cytometry (n = 3). (H) Western blot images of Cleaved caspase-
3, Bcl-2 and Bax in hippocampus region, and the statistical results (n = 3). Values represent the mean + standard deviation (SD). **P < 0.01 vs. control group, #P <
0.05 vs. Stretch + Atox1"VT group, ##P < 0.01 vs. Stretch 4+ Atox1WT group, ###P < 0.001 vs. Stretch + Atox1"" group, &P < 0.05 vs. Stretch + Atox1WT + DJ-1
group, &&P < 0.01 vs. Stretch + Atox1"" + DJ-1 group, and n.s.: no significant difference.

suggests that alterations in Atox1 content may contribute to increased The current research on Atoxl primarily focuses on its role in
levels of free copper ions following CCI. Therefore, the objective of this intracellular copper ion transport and regulation of oxidative stress, as it
study was to investigate the potential role of Atoxl in the neuro- is a protein capable of binding to copper ions. Recent studies have
protective effect following CCI, as well as the underlying mechanisms. demonstrated the anti-apoptotic function of Atox1 in cerebral ischemic

17



P. Zhao et al.

and neurodegenerative diseases [31]. Additionally, modification of the
copper-binding domain in Atox1 abolishes its antioxidative stress ac-
tivity [59]. Therefore, investigating whether Atox1l can mitigate
neuronal apoptosis and oxidative stress is crucial for understanding the
complex pathophysiological processes following TBI. In the CCI model,
we observed a significant reduction in neuronal apoptosis rate and
oxidative stress level in the hippocampal region upon Atoxl over-
expression. The hippocampus, being a crucial brain structure, serves as a
pivotal region for memory and learning processes. It plays a significant
role in spatial memory, factual memory, and episodic memory [49].
Impairment of hippocampal function resulting from injury or lesion can
profoundly impact both memory and learning abilities. Henceforth,
considering the neuroprotective effects of Atoxl against neuronal
apoptosis and oxidative stress observed in the CCI model, we proceeded
to assess the impact of Atox1 on neurological function following CCI.
The results of our study demonstrate that the overexpression of Atox1
effectively mitigated both short-term and long-term memory impair-
ment in mice with CCI. Additionally, by conducting quantitative anal-
ysis on mitochondrial morphology and network characteristics [51], we
observed a significant reduction in mid-fragmented mitochondria and
the preservation of mitochondrial network integrity in mechanically
stretched HT-22 cells upon Atox1 overexpression. Furthermore, our
findings indicate that Atox1 promotes mitophagy, suggesting its role in
mitigating oxidative stress through facilitating the removal of damaged
mitochondria.

It is widely recognized that copper ion transportation represents a
crucial attribute of Atox1 [18,22]. Previous studies have demonstrated
the loss of neuroprotective efficacy in mutated forms of Atox1’s
copper-binding domain [59]. Atox1 facilitates the translocation of
copper ions to the nuclear copper binding protein CRIP2, thereby
inducing alterations in its secondary structure and promoting
ubiquitin-mediated proteasomal degradation [22]. Moreover, Atox1
orchestrates breast cancer cell migration through co-transportation of
copper ions on the ATP7A-LOX axis [69]. However, the precise molec-
ular mechanism underlying its transfer function in craniocerebral trau-
matic disease remains elusive. To gain a deeper understanding of the
relationship between Atox1 and the pathological process of TBI, we
utilized a combination of co-immunoprecipitation assay and mass
spectrometry analysis to characterize the proteins that interact with
Atox1 following TBI. Through this method, we successfully identified
DJ-1 as an interacting protein with Atoxl that functions as a
copper-binding protein. Literatures have demonstrated that DJ-1 is a
type of metal-binding protein involved in the regulation of metal ho-
meostasis, which can protect cells from induced metal toxicity [40].
Additionally, in neurodegenerative diseases, DJ-1 increases SOD1 ac-
tivity through copper binding to provide resistance against oxidative
stress [41]. In our experiments, we confirmed that the interaction be-
tween Atox1 and DJ-1 is more pronounced under conditions of cellular
injury. Furthermore, it has been demonstrated that DJ-1 plays a crucial
role in mediating the cytoprotective function of Atox1l. We similarly
conducted an investigation to determine the criticality of the copper
binding site for DJ-1 in mediating Atox1 protein function. Our findings
revealed that either mutating the copper binding site of Atoxl or
removing free copper ions from the culture medium resulted in the loss
of Atox1’s ability to bind to DJ-1. Furthermore, mutant Atox12515
exhibited an inability to exert neuroprotective functions. Similarly, we
investigated the neuroprotective effect of a copper chelator TTM
following CCI and observed no significant reduction in the proportion of
neuronal apoptosis or oxidative stress levels after CCI when adminis-
tered alone. Furthermore, it did not demonstrate any impact on neuro-
logical function related to learning and memory. In conclusion, we
investigated the role of Atox1 in neuronal response to mechanical injury
and discovered that Atox1 exerts its protective ability against oxidative
stress and facilitates damaged mitochondria removal in a
DJ-1-dependent manner. Furthermore, the interaction between Atoxl
and DJ-1 relies on copper ion delivery. However, the use of gene therapy
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in human TBI is limited due to its unpredictable occurrence. Further-
more, without additional clinical studies, it is difficult to assess the
relevance of our findings to the in vivo situation in TBI patients.
Nevertheless, recent research has demonstrated that targeting metal-
lochaperones presents a promising therapeutic approach following
injury. Our study also uncovers a potential neuroprotective target that
enhances understanding of the metal delivery process and its role in the
pathological progression of TBI.
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Abbreviations

TBI Traumatic brain injury

CCI Controlled cortical impact

MWM  Morris water maze

MOI Multiplicity of infection

TUNEL Terminal deoxynucleotidyl transferase mediated dUTP nick
end labeling

ROS Reactive oxygen species

TEM Transmission electron microscopy

MFI Mean fluorescence intensity

MGV mean grey values

MDA malondialdehyde

CNS central nervous system

FF form factor

AR aspect ratio

TT™M ammonium tetrathiomolybdate

SOD superoxide dismutase
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