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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease (AD) is a common neurodegenerative disease that is associated with multiple environmental

Pb risk factors, including heavy metals. Lead (Pb) is a heavy metal contaminant, which is closely related to the

Microglia o incidence of AD. However, the research on the role of microglia in Pb-induced AD-like pathology is limited. To

ﬁizt};i;nmoil;i:isliza;;er determine the mechanism by which Pb exposure aggravates AD progression and the role of microglial activation,

Mitochondrial ROS we exposed APP/PS1 mice and Ap;.4o-treated BV-2 cells to Pb. Our results suggested that chronic Pb exposure
exacerbated learning and memory impairments in APP/PS1 mice. Pb exposure increased the activation of
microglia in the hippocampus of APP/PS1 mice, which was associated with increased deposition of Afj.42, and
induced hippocampal neuron damage. Pb exposure upregulated copper transporter 1 (CTR1) and downregulated
copper P-type ATPase transporter (ATP7A) in the hippocampus of APP/PS1 mice and Apj.4o-treated BV-2 cells.
Moreover, Pb enhanced mitochondrial translocation of the mitochondrial copper transporter COX17, leading to
an increase in mitochondrial copper concentration and mitochondrial damage. This could be reversed by copper-
chelating agents or by inhibiting the mitochondrial translocation of COX17. The increased mitochondrial copper
concentration caused by increased mitochondrial translocation of COX17 after Pb exposure may be related to the
enhanced mitochondrial import pathway of AIF/CHCHD4. These results indicate that Pb induces the activation
of microglia by increasing the concentration of copper in the mitochondria of microglia, and microglia release
inflammatory factors to promote neuroinflammation, thus aggravating the pathology of AD. The present study
provides new ideas for the prevention of Pb-induced AD.

for blood Pb levels, and even low levels of Pb in the blood can have
negative impacts on human health [5]. The detrimental effects of Pb on

1. Introduction

Lead (Pb) is a common heavy metal contaminant in occupational and
living environments. It is highly neurotoxic and can damage the
blood-brain barrier [1]. In the past decades, large amounts of Pb have
been discharged into the air, water, and soil in different forms, posing a
great threat to public health [2-4]. There is no established safe threshold

the central nervous system (CNS) have been extensively studied and
confirmed [6]. The damage to the CNS caused by Pb is primarily char-
acterized by a decline in learning and memory abilities. This damage is
directly linked to neuronal damage and neuroinflammation caused by
Pb exposure [7,8] and may lead to Alzheimer’s disease (AD),
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Parkinson’s disease, and other neurodegenerative diseases [9,10].

AD is a neurodegenerative disorder that currently affects over 40
million people worldwide [11]. The main symptoms of AD include
learning and memory impairment, as well as damage to the hippocam-
pal region of the brain [12,13]. Recent studies suggest that neuro-
inflammation plays a significant role in AD pathogenesis [14-16].
Neuroinflammatory symptoms are often observed in patients with AD,
and the continuous stimulation of microglia by Ap and neuron fragments
leads to the release of pro-inflammatory factors, which may cause
chronic, irreversible inflammation and neuron damage [17].

Microglia, the resident immune cells of the CNS, produce inflam-
matory factors when stimulated by external factors [18]. Exposure to Pb
has been found to affect gene expression in the hippocampus of mice,
with microglia being the most vulnerable to its impact [19]. Addition-
ally, Pb exposure can activate microglia to produce pro-inflammatory
factors, leading to neuroinflammation [20]. The overproduction of in-
flammatory cytokines by activated microglia can damage neurons [21].
Research has indicated that Pb may contribute to the development of AD
through inducing neuronal damage and activating astrocytes [22,23].
However, the role of microglia in this process remains uncertain.

One mechanism of Pb neurotoxicity is the disruption of cellular ho-
meostasis of trace elements, including copper, calcium, and zinc. This
disruption leads to abnormal physiological activities [24-26]. Studies
have shown that Pb exposure can lead to an increase in copper con-
centration in the rat hippocampus [27,28]. Additionally, it was observed
that Pb exposure can upregulate copper transporter 1 (CTR1) and
downregulate copper P-type ATPase transporter 7A (ATP7A) in
choroidal epithelial cells, resulting in an increase in intracellular copper
ion concentrations [29]. Copper is an essential metal element and plays
a crucial role in the activities of many enzymes that control a wide range
of cellular biochemical and regulatory functions [30]. A recent study has
shown that copper exposure in mice can cause oxidative stress, activate
the NF-kB pathway, and lead to microglial activation [31]. Copper is
known to play a role in AD by causing oxidative stress and promotes
hyperphosphorylation of tau and aggregation of Ap [32,33]. Recent
clinical studies have revealed a prevalent copper imbalance among pa-
tients with AD. It has been observed that AD patients exhibit higher
serum copper levels compared to healthy individuals [34,35].
Non-ceruloplasmim copper can have predictive value in conversion to
full AD in patients with mild cognitive impairment [36]. Additionally,
there is evidence suggesting a correlation between variations in the
copper transporter gene and the development of AD. Notably, carriers of
the ATP7B AG haplotype were found to be significantly more prevalent
in the AD group, all of whom exhibited copper imbalances [37,38].
Mitochondria are one of the main sites for intracellular copper utiliza-
tion. Cytochrome c¢ oxidase assembly homolog 17 (COX17) is respon-
sible for transporting copper ions from the cytoplasm to the
mitochondrial respiratory chain complex [39]. In the case of excessive
intracellular copper levels, copper will be transported to the mito-
chondrial matrix compartment for storage to prevent the occurrence of
copper overload [40], which may also cause damage to the mitochon-
dria. Further studies are required to investigate whether Pb-induced
microglial activation is caused by mitochondrial damage due to cyto-
plasmic copper and mitochondrial copper turnover in the development
of AD.

In the present study, we investigated (i) the impact of chronic Pb
exposure on hippocampal and mitochondrial copper levels in APP/PS1
mice and (ii) how this affects microglia and nerve damage related to AD.
We also examined the production of mitochondrial reactive oxygen
species (mtROS) and the changes in the localization of COX17, which is
involved in mitochondrial copper transport. To the best of our knowl-
edge, this is the first study to identify the role of mitochondrial copper in
Pb-induced microglial activation in animal and cell models of AD. Our
study elucidates the molecular mechanism underlying the exacerbation
of AD by Pb exposure and highlights the significant involvement of
mitochondrial copper ion disruption in this process.
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2. Materials and methods
2.1. Chemicals and antibodies

Lead acetate (PbAC) was purchased from Sigma (Darmstadt, Ger-
many). Afj.42 was obtained from the Chinese Peptide (Hangzhou,
China). Bovine serum albumin (BSA) was obtained from ABCone
(Shanghai, China). Anti-CTR1 and anti-ATP7A were purchased from
Abcam (Cambridge, UK). Anti-IBA-1 and anti-iNOS were purchased
from Cell Signaling Technology (CST) (Danvers, MA, USA). Anti-Ap was
obtained from CST (Danvers, USA). Anti-SCO1 was purchased from
Santa Cruz Biotechnology (Dallas, USA). Anti-COX17, anti-SCO2, anti-
COX16, anti-PAM16, anti-TOM20, anti-TOMMA40, anti-CHCHD4, anti-
ALR, and anti-TIM23 were purchased from Proteintech (Chicago, USA).
The copper-chelating agent tetrathiomolybdate (TM) was purchased
from Aladdin (Shanghai, China). JC-1 was purchased from Thermo-
Fisher (MA, USA). CCK-8 proliferation detection kits were purchased
from Dojindo (Tokyo, Japan). TNF-a and IL-6 ELISA kits were purchased
from Beyotime (Shanghai, China).

2.2. Animals and treatments

All animal experiments were approved by the Animal Ethics Com-
mittee of Southern Medical University (Approval No. 1L.2021042) and
complied with the guidelines issued by Southern Medical University for
the Care and Use of Laboratory Animals. Three-month-old female
C57BL/6J mice were purchased from the Experimental Animal Center of
Southern Medical University, and male APP/PS1 double transgenic mice
were purchased from Beijing HFK Bio-Technology Co. Males and fe-
males were mated at a ratio of 1:3. Females were examined daily for
vaginal plugs to determine pregnancy dates. All pups were labeled by
stud earring, and then, the pups with the same genotype were pooled.
Twenty (female, n = 10; male, n = 10) 3-week-old APP/PS1 double
transgenic mice and 24 (female, n = 12; male, n = 12) 3-week-old
C57BL/6 mice were randomly divided into four groups according to
genotype and gender (WT group, female, n = 6; male, n = 6; WT + Pb
group, female, n = 6; male, n = 6; APP/PS1 group, female, n = 5; male, n
= 5; APP/PS1 + Pb group, female, n = 5; male, n = 5). The mice were
continuously chronic exposed from 3 weeks to 4 months of age. Mice in
the WT + Pb and APP/PS1 + Pb groups were exposed to Pb via drinking
water (100 ppm PbAC), while mice in the WT and APP/PS1 groups were
fed the same volume of normal saline. Body weight, food intake, and
water intake were recorded weekly. After 4 months, the mice were
subjected to a novel object recognition (NOR) test and a Morris water
maze (MWM) test to assess their memory and learning abilities. At the
end of the behavioral tests, all mice were euthanized. Blood and brain
tissue were collected from each mouse for subsequent analysis (Fig. 1A).

2.3. Morris water maze test

Spatial memory formation and retention were evaluated using the
MWM test. The pool was divided into four quadrants (Q1, Q2, Q3, and
Q4) containing water with milk powder at a temperature of 22-24 °C. A
hidden platform was placed 2-3 cm below the surface in Q4. The pool
had a diameter of 1.3 m, and the platform had a diameter of 15 cm. A
camera connected to a computer was used to track the movement of
mice as they navigated toward the platform. The time taken for the
mouse to find the platform (escape delay) and the distance it traveled
were recorded. The experiments lasted for 6 days, with the first 5 days
dedicated to positioning navigation. The escape incubation period was
calculated as the time between entering the water and finding the
platform, with each trial starting from a different quadrant of the pool.
Mice that could not find the platform within 60 s were placed on the
platform for 15 s. On the final day of the experiment, the platform was
removed, and the mice were given 60 s to explore the pool. Swimming
time, the total swimming distance in the platform quadrant, and the
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Fig. 1. Effects of Pb exposure on learning and memory in APP/PS1 mice. (A) Schematic workflow of the APP/PS1 mouse Pb exposure experiment. The entire period
was 4 months. Mice received either double-distilled water or lead-containing water starting at 3 weeks of age. All mice were tested in behavioral experiments at 4
months of age. (B) New object recognition index (%). (C-I) Water maze experiment to detect (C) the swimming speed (mm/s) during the first 5 days, (D) latency (s) in
the first 5 days, (E) latency (s) on the fifth day, (F) the motion distance ratio in the target quadrant, (G) the percentage of movement time in the target quadrant, (H)
the number of platform crossings, and (I) representative swimming tracks of mice. (J) Blood Pb concentration (pg/L) in mice and (K) hippocampus lead concentration
(ug/g) in mice were determined using ICP-MS. *P < 0.05, **P < 0.01, ***P < 0.001 vs. WT control group; “P < 0.05, **#P < 0.001 vs. APP/PS1 control group. WT
control, n = 10; WT Pb, n = 10; APP/PS1 control, n = 7, APP/PS1 Pb, n = 6.
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number of times the mice crossed the platform were recorded.
2.4. Novel object recognition test

The mice were placed in the experimental room for at least 1 h before
starting the Novel object recognition (NOR) test to adapt to the envi-
ronment. The room was quiet, with a temperature of 25 °C, and strong
light was avoided. Before each experiment, the room was cleaned using
50 % ethanol. The experiment was operated in three stages. First, in the
acclimatization stage, the mice were gently placed into a specially
designed 45 cm x 45 cm x 45 cm cubic test chamber with black acrylic
plates and put back into the cage after 5 min of free movement. In the
familiarization phase, two identical objects were placed on the same side
of the test chamber. The objects were odorless and could not be easily
moved, and the objects were placed approximately 10 cm from the walls
of the chamber on both sides. The mice were observed exploring the
objects for 5 min. Finally, in the test phase, one of the objects was
replaced with a new object and the exploration time of each object was
recorded for 5 min, where exploration was defined as the time when the
mouse’s nose was within 2 cm of the object, including nose sniffing,
licking the object, and resting on the object with its front paws. The time
when the mouse stayed next to the object to rest or lay on the object
without moving was not counted. The discrimination index (DI) was
calculated as follows: DI = time spent exploring new object/total
exploration time x 100 %.

2.5. Cell culture and treatments

BV-2 microglial cells were provided by Shandong University, and
HT-22 hippocampal neurons were obtained from ATCC (Manassas,
USA). The cells were cultured in high-glucose DMEM supplemented with
10 % BSA at 37 °C in a humidified atmosphere containing 5 % COx.
PbAC was prepared as a 10 mM stock solution in deionized water. After
the cells were incubated for 24 h, they were pretreated with Ap;.42 (10
pM) for 1 h and then co-treated with PbAC (10 pM) for 12 h. Cell su-
pernatants were collected for ELISA. Cells were collected for immuno-
fluorescence analysis, and cellular proteins were extracted for Western
blot. The mitochondrial oxidative phosphorylation level and membrane
potential were measured using kits according to the manufacturer’s
instructions.

2.6. Transmission electron microscopy

The morphological changes of mitochondria in the hippocampal
region of mice were observed using transmission electron microscopy
(TEM) (JEM-1400, JEOL Ltd., Tokyo, Japan), focusing on the normality
and size of intracellular mitochondria, vacuoles, and mitochondrial
cristae structures.

2.7. Western blot analysis

Proteins were separated by SDS-PAGE and transferred onto a PVDF
membrane (Merck Millipore, MA, USA). The membranes were incubated
for 1 h at room temperature in blocking buffer, followed by overnight
incubation at 4 °C in blocking buffer containing the primary antibody
including anti-CTR1 and anti-ATP7A (1:1000, Abcam, Cambridge), anti-
PRX-3 and anti-VDAC(1:1000, Santa Cruz Biotechnology, Dallas), anti-
AIF(1:1000, CST, Danvers), or anti-COX17, anti-TOM20, anti-
TOMMA40, anti-TIM23, anti-PAM16, anti-CHCHD4 (1:1000, Pro-
teintech, Chicago), anti-f-actin (1:10000, Proteintech, Chicago) anti-
B-Tubulin(1:10000, Proteintech, Chicago) and anti-GFER(1:1000, Pro-
teintech, Chicago). Then, the membrane was washed three times before
incubation with the secondary antibody IRDye 800CW Goat anti-Rabbit
IgG (H + L) or IRDye 680RD Goat anti-Mouse IgG (H + L)(1:10000, LI-
COR Biosciences, Lincoln) for 1 h at room temperature. Protein bands
were detected using an Odyssey Infrared Imaging System (LI-COR
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Biosciences, Lincoln, NE, USA).
2.8. Immunohistochemistry

As described previously, immunohistochemistry (IHC) was used to
analyze the activation of microglia and the distribution of Ap plaques in
the hippocampus of APP/PS1 mice. Briefly, paraffin sections were
deparaffinized in xylene, rehydrated through a graded alcohol series,
and then treated in 0.1 M Tris-buffered saline (TBS, pH 7.4) containing 3
% hydrogen peroxide (H202) for 10 min. Subsequently, the sections
were boiled in citric acid for 3 min, treated with 5 % BSA for 30 min, and
then incubated overnight with rabbit anti-IBA-1 (CST; 1:800) and mouse
anti-Ap (CST; 1:800) at 4 °C. Biotinylated goat anti-rabbit and goat anti-
mouse IgG (1:200) were used to incubate the sections for 1 h, followed
by streptavidin peroxidase incubation for 1 h. Next, 0.025 % dia-
minobenzidine (DAB) was used to stain the sections for 1 min. The
stained sections were dehydrated through a graded alcohol series,
cleared in xylene, and covered with neutral balsam. All sections were
examined with a light microscope (Olympus, Tokyo, Japan).

2.9. Nissl staining

Fresh brain tissues were fixed with 4 % paraformaldehyde for 48 h,
followed by dehydration, embedding, dewaxing, and sectioning. Sec-
tions were rinsed using distilled water and then placed into a staining
bucket containing Nissl staining solution at 55 °C for 20-30 min. After
rinsing with distilled water, they were transparently dehydrated and
sealed with neutral resin. Histopathological abnormalities were
observed under a light microscope (Olympus, Tokyo, Japan), and the
dark neuronal cells were counted with ImageJ software.

2.10. Mitochondrial oxidative phosphorylation levels

Mitochondrial oxidative phosphorylation levels were detected using
a kit according to the manufacturer’s protocol (Agilent, CA, USA). In
brief, a series of oxidative phosphorylation and electron transport chain
inhibitors were used to determine the mitochondrial oxidative phos-
phorylation level using a Seahorse XF Analyzer (Agilent, CA, USA). The
basal respiratory oxygen consumption level of cells was first determined.
Then, oligomycin was added to inhibit ATP synthase to detect the oxy-
gen consumption due to proton leakage. Next, the uncoupling agent
FCCP was added to maximize the electron transfer rate, and the
maximum oxygen consumption rate (OCR) was determined. Finally,
antiA/Rot was added to completely inhibit the electron transport chain,
and the non-mitochondrial oxygen consumption level was detected.

2.11. Hematoxylin and eosin staining

Paraffin-embedded slices were placed at 60 °C for 1 h and dewaxed
in xylene for 10 min, followed by treatment with 100 %, 95 %, and 90 %
ethanol for 10 min each and staining with hematoxylin and eosin (HE).
Finally, the slices were observed under a light microscope (Olympus,
Tokyo, Japan).

2.12. Measurement of the mitochondrial membrane potential

The mitochondrial membrane potential (Aym) was monitored using
a mitochondrial membrane potential assay kit (Invitrogen, CA, USA)
employing the lipophilic cationic probe JC-1. In vivo, after the mito-
chondria of animal hippocampal tissue were isolated, they were incu-
bated with JC-1 dye for 30 min at 4 °C in the dark. A flow cytometer (BD,
NJ, USA) was used to record fluorescence. For in vitro experiments, 2 x
10° BV-2 cells were seeded on a 35-mm confocal plate. After treatments,
the cells were incubated with JC-1 for 20 min at 37 °C in the dark and
washed twice with ice-cold JC-1 buffer solution. The images were
recorded by a confocal laser scanning microscope (FV1000, Olympus,
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Tokyo, Japan).
2.13. CCK-8 assay

A CCK-8 assay kit was used according to the manufacturer’s protocol
(DOJINDO, Kyushu, Japan). First, 3.5 x 10% BV-2 cells per well were
seeded in a 96-well flat-bottom culture plate. After treatments, 20 pL of
CCK-8 solution was added to each well, and the samples were incubated
at 37 °C for 3 h. Absorbance was measured using a spectrophotometer
(ThermoFisher, USA) at 450 nm.

2.14. ELISA

To determine cytokine levels, TNF-a and IL-6 in the cellular culture
supernatants or the hippocampus tissue lysates were measured by using
TNF-a and IL-6 ELISA kits, respectively, according to the manufacturer’s
protocol (Beyotime, Shanghai, China). Absorbance at 450 nm was
measured by using a spectrophotometer (ThermoFisher, MA, USA).

2.15. Oxygen consumption rate determination

Oxygen consumption rate (OCR) was measured at 37 °C using an
XFe96 Extracellular Flux analyzer (Agilent Technologies). After treat-
ments, the culture medium was changed to XF base medium (containing
1 mM pyruvate, 2 mM glutamine, and 10 mM glucose), and cells were
incubated at 37 °C in a COs-free atmosphere for 1 h before measure-
ment. After detection of basal OCR, responses were evaluated after the
application of oligomycin (1 pM, ATP synthase complex inhibitor), FCCP
(300 nM, uncoupler), and the combination of antimycin (1 pM, complex
I inhibitor) and rotenone (1 pM, complex I inhibitor). From these
measurements, various parameters of mitochondrial function were
determined. After completion of the assay, total protein was isolated
from individual wells and quantified. Oxygen consumption in each well
was normalized to the amount of protein.

2.16. Inductively coupled plasma mass spectrometry (ICP-MS)

For measurements of copper levels in the tissues, the brain tissues
were added into the tubes containing 2 mL of 65 % concentrated nitric
acid and 1 mL of 30 % hydrogen peroxide and put the tubes in the room
temperature for 1 h. Then, the samples were digested at 110 °C in the
digestion furnace for 6 h, and continue to be digested at 100 °C for an
additional 6 h. After digestion, copper content was determined using
inductively coupled plasma mass spectrometry (ICP-MS) (X Series 2;
Thermo Fisher Scientific, Waltham, MA, USA). For measurements of
mitochondrial copper levels in the cells, mitochondria were isolated
from 1 x 108 cells using a kit according to the manufacturer’s protocol
(Beyotime, Shanghai, China). Cells were washed with cold PBS, digested
in 0.25 % trypsin, and centrifuged at 200 g for 10 min. The cell pre-
cipitates were resuspended in cold PBS and centrifuged at 4 °C at 600 g
for 5 min. Next, 1-2.5 mL of mitochondrial separation reagent was
added, and suspended cells were placed in an ice bath for 10-15 min.
The cell suspension was transferred to a dounce homogenizer, and cells
were homogenized about 10-30 times. Samples were first centrifuged at
600 g for 10 min at 4 °C and then at 11,000 g for 10 min at 4 °C. The
supernatant was removed and 200 pL mitochondrial storage solution
was added to resuspend the precipitate. Purity was determined by the
ratio of VDAC1/ACTIN protein levels measured by Western Blot. Next,
0.1 % nitric acid was added to a final volume of 10 mL. The copper levels
were determined using ICP-MS.

2.17. Immunofluorescence
For analysis of hippocampal tissues, hippocampus slides were

washed with PBS, incubated in PBS with 0.3 % Triton-X 100 for 30 min,
blocked in 20 % goat serum, and incubated with rabbit anti-IBA-1
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(1:800) and mouse anti-Ap (1:800) at 4 °C overnight. Subsequently,
the slides were washed, incubated for 1 h at room temperature with a
fluorescent secondary antibody, and observed under a confocal laser
scanning microscope (FV1000, Olympus, Tokyo, Japan).

For the cell line, 2 x 10° BV-2 cells were seeded on a 35-mm confocal
plate. After treatments, the cells were washed three times with PBS and
fixed in 4 % paraformaldehyde for 15 min at room temperature. Then,
the cells were washed three times with PBS, incubated with ice-cold
methanol for 10 min at —20 °C, and blocked in 5 % BSA for 30 min at
room temperature. The cells were incubated overnight at 4 °C with the
appropriate primary antibody (1:100) in 5 % BSA and with the sec-
ondary antibodies (Alexa Fluor® anti-mouse 594 and anti-rabbit 488)
(Thermo Fisher) (1:500) in 5 % BSA for 60 min at room temperature.
The images were recorded by a confocal laser scanning microscope
(FV1000, Olympus, Japan).

2.18. Fluoro-Jade C labeling

Paraffin-embedded slices were deparaffinized and dehydrated by the
method of Michele Longoni Calié using a kit following the manufac-
turer’s instructions [41]. The slides were then immersed in a solution of
80 % alcohol and 1 % sodium hydroxide, followed by a 2-min immersion
in 70 % alcohol and another 2-min immersion in distilled water. The
slides were incubated in a 0.06 % potassium permanganate solution for
10 min, incubated in a 0.0004 % Fluoro-Jade C (FJC) labeling solution
for 30 min, and rinsed three times with distilled water for 1 min each.
The slides were observed under a confocal laser scanning microscope
(FV1000, Olympus, Tokyo, Japan).

2.19. Truncated COX17 mutants

The truncated mutants of COX17 were designed according to the
method of Andrew B. Maxfield [42]. To obtain the stable expression cell
lines, we used commercially packaged lentiviral vectors (Tsingke
Biotechnology Co., Beijing, China). Lentiviral infection was performed
according to the manufacturer’s instructions. Infected cells were incu-
bated in 5 pg/mL puromycin to select stable expression cell lines. The
stable expression cell lines were validated by Western blotting after
isolation of mitochondrial protein.

2.20. Co-immunoprecipitation assay

Binding of the mitochondrial protein CHCHD4 to COX17 was
determined using a co-immunoprecipitation assay. We added 1 pg pro-
tein A antibody to 1 mg protein and incubated samples with slow
shaking at 4 °C for 2 h. Protein A/G agarose beads and buffer solution
were added to a new clean centrifuge tube and centrifuged at 4 °C for 2
min at 1100 g. This step was performed five times. Then, the beads were
added to the protein sample, which was mixed well and incubated at
4 °C with slow shaking for 1 h. After that, it was centrifuged at 4 °C at
1100 g for 5 min, and the supernatant was aspirated. The pellet was then
washed three times with IP buffer by centrifugation at 1100g for 5 min.
Finally, an equal volume of 2 x sample buffer was added to the sample,
which was incubated at 95 °C for 10 min and centrifuged. The super-
natant was analyzed by SDS-PAGE and Western blot.

2.21. Statistical analysis

Results are expressed as the mean + standard deviation. Student’s t-
test was used to determine the statistical significance of differences
between two groups. One-way ANOVA was used to determine the sta-
tistical significance of differences between three or more groups. To
analyze MWM data, repeated measures ANOVA was conducted, fol-
lowed by the Tukey post hoc test. If the data did not meet the ANOVA
criteria, the Kruskal-Wallis test (nonparametric ANOVA) was applied,
followed by pairwise comparisons using the Wilcoxon rank sum test
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based on a P-value corrected by Holm-Bonferroni correction. P < 0.05
was considered significant.

3. Results
3.1. Pb exposure aggravates AD pathology in APP/PS1 mice

The main manifestation of AD is learning and memory impairment
and hippocampal damage [12,13]. Therefore, we examined the learning
and memory ability and hippocampal damage in mice exposed to Pb.
Three-week-old APP/PS1 mice and C57BL/6 mice were selected for the
experiment and exposed to 100 ppm Pb until the age of 4 months. Then,
the learning and memory ability was tested (Fig. 1A). The weight of mice
was recorded weekly and there was no significant difference between
the groups (Fig. S1). First, the NOR test and the MWM test were used to
determine differences in learning and memory ability in mice. All three
experimental groups (WT Pb, APP/PS1 control, and APP/PS1 Pb)
exhibited a significant reduction in NOR compared to the WT control
group (Fig. 1B), which suggests that Pb exposure caused short-term
memory impairment in the mice. The MWM test results showed that
Pb had no effect on the swimming speed of mice in each group during
the first 5 days of training, which proved that Pb treatment did not affect
the physical ability of mice (Fig. 1C). During the training period, the WT
control group showed a significant decrease in latency on the third day
compared to the first day. However, the WT Pb group, APP/PS1 control
group, and APP/PS1 Pb group showed a significant decrease in latency
on the fourth day (Fig. 1D). On day 5, the APP/PS1 Pb group exhibited
significantly longer latency than the APP/PS1 control group (Fig. 1E).
On the sixth day of the experiment, there was no significant difference in
the relative distance covered in the target quadrant between groups
(Fig. 1F), but the percentage of time in the target quadrant and the
number of platform crossings of each group were significantly decreased
compared with the WT control group (Fig. 1G and H). There was a
notable difference in the number of platform crossings between the
APP/PS1 Pb group and the APP/PS1 control group. Specifically,
compared with the APP/PS1 control group, the number of platform
crossings in the APP/PS1 Pb group was significantly lower (Fig. 1H).
These findings suggest that Pb exposure may have a negative impact on
the learning and memory abilities of mice. In addition, compared with
the WT control group, Pb exposure significantly increased the blood and
hippocampal Pb concentrations in the WT Pb group and the APP/PS1 Pb
group (Fig. 1J and K).

Dark neurons are a typical representative of neuronal morphological
changes after various injuries [43], so we conducted HE staining and
Nissl staining to detect the morphology and arrangement of neurons
after Pb exposure. In comparison to the WT control group, the nerve
cells in the CA1, CA3, and DG regions of the hippocampus in the other
groups were less densely distributed. Additionally, a significant number
of cells appeared to have shrunk, and the staining was notably darker
(Fig. 2A). Compared with the WT control group, the number of neurons
in the CA1, CA3, and DG regions in the other three groups was signifi-
cantly reduced, and the number of dark neurons in the CA1, CA3, and
DG regions was significantly increased (Fig. 2B-D). The number of
neurons in the CAl and DG regions of the APP/PS1 Pb group was
significantly reduced compared with the APP/PS1 control group, while
the number of dark neurons was significantly increased (Fig. 2B-D). Ap
deposition was significantly increased in the APP/PS1 Pb group
compared with the APP/PS1 control group (Fig. 2E). The FJC staining
results showed that the number of degenerative neurons was increased
in the APP/PS1 Pb group compared with the APP/PS1 group, indicating
that Pb exposure aggravated the pathological manifestations of AD in
APP/PS1 mice (Fig. 2F).
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3.2. AD neuronal injury aggravated by Pb is associated with activation of
microglia and secretion of inflammatory cytokines

A previous study has shown that Pb can induce microglial activation
[8]. To determine whether Pb can promote microglial activation in AD
pathology and whether neuronal injury is related to microglial activa-
tion, we determined the levels of the inflammatory cytokines TNF-o and
IL-6 in the hippocampus tissue and serum of mice exposed to Pb as well
as in the supernatant of BV-2 cells treated with Pb and Af_42. The results
showed that the levels of TNF-a and IL-6 in the hippocampal tissue and
serum were increased after Pb exposure compared with the non-exposed
group with the same genotype (Fig. 3A and B). The levels of TNF-a and
IL-6 in the cell culture supernatant were also higher in the AB+Pb group
(Fig. 3C). IHC results showed that the resting microglia of the control
group were small and round, with delicate branching processes. The cell
bodies of the WT Pb group, the APP/PS1 control group, and the APP/PS1
Pb group were larger and the protrusions were coarse, which indicated
the activation of microglia. The morphological changes were most
obvious in the APP/PS1 Pb group (Fig. 3D). The immunofluorescence
results of IBA-1 and Af in the hippocampus of mice revealed distinct
characteristics. In the WT control group, microglia were observed to be
small and round in the resting state, with fine branching processes.
However, in the WT Pb group and the APP/PS1 group, the cell bodies
appeared enlarged, and the protrusions became coarse and activated.
Notably, the APP/PS1 group exhibited more pronounced changes, with
more A precipitation around the cells compared to the APP/PS1 control
group (Fig. 3E). In the in vitro experiments, BV-2 cells in the control
group showed either no protuberances or short ones. Upon treatment
with AB;.42, some cells exhibited enlarged or elongated cell bodies, with
the severity being more pronounced after treatment with Pb and Ap;.42
(Fig. 3F). The increase of Inducible nitric oxide synthase (iNOS) in
immunofluorescence study can be considered as a marker of microglia
activation [44]. iNOS expression was found to be low in the control
group but was increased in the Afj4 and Pb exposure groups.
Compared with the Afj.4p treatment group, iNOS expression was
increased significantly after the combined treatment of Ap;.4 and Pb
(Fig. S2). To investigate the effect of microglial activation on neurons,
BV-2 and HT-22 cells were co-cultured. We first examined the cell
viability of HT-22 cells in the presence of Ap and Pb. HT-22 cells were
subjected to varying concentrations of AB;.42 and 10 pM Pb. The results
indicated that the viability of HT-22 cells decreased when exposed to
higher concentrations of ABj.45 (40 pM) along with 10 pM Pb (Fig. 3G).
The viability of HT-22 cells was not reduced when treated with the same
concentrations of ABj.45 (10 pM) and Pb (10 pM) as BV-2 cells (Fig. 3G).
Based on Fig. 3G, concentrations of 10 pM Afi.42 and 10 pM Pb were
chosen for the BV-2/HT-22 co-culture system. The results indicate that
the viability of HT-22 cells in the Af group and the Pb group did not
show a significant decrease compared to the control group. However,
when Apj.42 and Pb were combined, the viability of HT-22 cells was
markedly lower than in both the control group and the Ap group
(Fig. 3H).

3.3. Pb exposure promotes the activation of microglia by increasing
copper ion levels

Pb has been shown to increase the concentration of copper ions in
cells [45], and copper can induce microglial activation through the
ROS/NF-kB pathway and mitochondrial autophagy [31]. To further
explore the relationship between copper homeostasis and microglial
activation after Pb exposure, we detected copper ion levels in the hip-
pocampus and in BV-2 cells. The results showed that total copper con-
centrations in the hippocampus were higher in the Pb-exposed groups
(WT Pb group, APP/PS1 Pb group) than in the control group of the same
genotype (WT control group, APP/PS1 control group) (Fig. 4A). In our in
vitro experiments, the copper concentration in BV-2 cells treated with
Pb and Apj.42 was increased compared with that in cells treated with
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Fig. 3. Activation of microglia in AD pathology is aggravated by Pb exposure. (A) The expression levels of TNF-a and IL-6 in the hippocampus were detected by
ELISA. (B) The expression levels of TNF-« and IL-6 in the serum were detected by ELISA. (C) The expression levels of TNF-« and IL-6 in the supernatant of BV-2 cells
were detected by ELISA. (D) Immunohistochemical labeling of IBA-1 was used to observe the morphological changes of microglia in the hippocampus of mice. (E) The
deposition of Ap and the location of microglia in the hippocampus of mice were observed by IBA-1 and Af immunofluorescence double staining. (F) The
morphological changes of BV-2 cells were observed by IBA-1 immunofluorescence labeling. (G) Cell survival rate of HT-22 cells treated with a concentration gradient
of AB;.42 (0, 5, 10, 20, and 40 pM) in combination with Pb (10 pM) using the CCK-8 assay. (H) HT-22 cell activity under co-culture conditions. *P <0.05, **P <0.01,
***P <0.001 vs. WT control group or control group; #p <0.05, *#P < 0.01, *##P < 0.001 vs. APP/PS1 control group or Af group.

APy.42 (Fig. 4B). Cells take up copper via the copper transporter CTR1
and release copper through the copper transporter ATP7A. Our Western
blot results demonstrated an increase in CTR1 expression and a decrease
in ATP7A expression in the hippocampus of the Pb-exposed groups (WT
Pb group, APP/PS1 Pb group) compared to the same genotype control
group (WT control group, APP/PS1 control group). Similarly, in BV-2
cells, the Pb group and the AB+Pb group exhibited an increase in CTR1
expression and a decrease in ATP7A expression compared to the control

group. Compared to the AP group, an increase in CTR1 expression and a
decrease in ATP7A expression were observed in the AB+Pb group
(Fig. 4C and D). To investigate the relationship between microglial
activation and elevated copper ion concentrations resulting from Pb
exposure, we utilized a copper chelator, TM, to modulate copper levels
in BV-2 cells. Our findings indicate that TM had no discernible impact on
the cell viability of both BV-2 and HT-22 cells (Figs. S3A and B). The use
of TM effectively reduced the levels of TNF-o and IL-6 in the supernatant
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Fig. 4. Pb exposure can lead to an increase in the copper ion concentration of microglia. (A) The concentration of copper (ug/g wet weight) in the hippocampus was
detected by inductively coupled plasma mass spectrometry (ICP-MS). (B) The copper concentration (ng/g of total protein) in BV-2 cells was detected by ICP-MS. (C)
The expression levels of copper transporters ATP7A and CTR1 in hippocampal tissues were determined by Western blot. (D) The expression levels of copper
transporters ATP7A and CTR1 in BV-2 cells were determined by Western blot.*P < 0.05, **P < 0.01, ***P < 0.001 vs. WT control or control group; *P < 0.05, *#P <

0.01, ###p < 0.001 vs. APP/PS1 control or A group.

of BV-2 cells treated with Pb and Ap (Fig. 5A). It also inhibited microglial
cell body enlargement and process thickening (Fig. 5B) and reduced the
expression of iNOS (Fig. S3 C), thereby effectively protecting the
viability of HT-22 cells in the BV-2/HT-22 co-culture system (Fig. 5C).

3.4. Copper overload triggers mitochondrial reactive oxygen species
production and mitochondrial damage, leading to microglial activation

Mitochondria are one of the main metabolic sites of copper ions in
cells [40], so they are prone to damage when copper homeostasis is
disrupted. Our TEM results showed that the mitochondria in the WT
control group were round or oval with a normal size and distinct
mitochondrial cristae, while the mitochondria in the WT Pb group
showed swelling and huge vacuoles, and the mitochondrial cristae were
disorganized or disappeared, suggesting mitochondrial damage. Part of
the mitochondria in the APP/PS1 control group showed disordered

mitochondrial cristae, while morphological changes such as mitochon-
drial swelling and mitochondrial ridge disappearance were more serious
in the APP/PS1 Pb group (Fig. 6A). The mitochondrial membrane po-
tential of the WT group and the APP/PS1 group decreased after Pb
treatment, indicating mitochondrial damage (Fig. 6B). Compared with
the AP;.42 group, combined treatment with Pb affected the mitochon-
drial respiration of BV-2 cells. The maximum respiratory capacity and
spare respiratory capacity were reduced (Fig. 6C). Compared with the
AP1.42 group, the mitochondrial membrane potential of BV-2 cells
treated with Pb and Af;.42 was significantly decreased (Fig. 6D). TM
partially restored basal respiration, ATP production, proton leakage, and
maximal respiration in BV-2 cells after co-treatment with Pb and Af;.42,
as well as the reduction of mitochondrial membrane potential induced
by co-treatment with Pb and A;.42 (Fig. 6E and F). These results indi-
cate that the mitochondrial damage caused by Pb is related to copper
overload.
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Fig. 5. Effect of changes in copper ion concentrations induced by Pb exposure on activation of microglia. (A) IBA-1 immunofluorescence staining was used to observe
the morphology of BV-2 cells after TM treatment. (B) The expression of TNF-a and IL-6 in the supernatant of BV-2 cells after TM treatment was determined by ELISA.
(C) CCK-8 assay to detect cell viability of HT-22 cells under co-culture conditions after TM treatment. *P < 0.05, ***P < 0.001 vs. control group; **P < 0.01, **#p <

0.001 vs. Ap+Pb group.

Mitochondrial damage is closely related to mtROS, so we examined
the effect of Pb on mtROS in microglia. The peroxidases (PRXs) are a
family of thiol peroxidases that possess the ability to scavenge super-
oxide in cells. Specifically localized within mitochondria, PRX3 func-
tions as an effective scavenger of mtROS. We observed a reduction in

10

hippocampal PRX3 expression in the APP/PS1 Pb group compared to the
APP/PS1 control group, indicating an increase in mtROS production
(Fig. 7A). Combined treatment with Pb and Ap;.42 resulted in increased
mtROS levels, and TM also effectively reduced mtROS levels (Fig. 7B and
C). Administration of the mitochondrial antioxidant Mito-TEMPO was
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Fig. 6. Mitochondrial damage caused by copper overload. (A) Morphological changes of mitochondria in hippocampal sections of mouse brains were observed by
transmission electron microscopy. (B) The mitochondrial membrane potential in the hippocampal tissue of mice was detected by JC-1 staining and assessed by flow
cytometry. (C) The mitochondrial respiration of BV-2 cells was measured using Seahorse. (D) The mitochondrial membrane potential of BV-2 cells was detected by
JC-1 staining. (E) Mitochondrial respiration in BV-2 cells after TM treatment was measured using Seahorse. (F) The mitochondrial membrane potential of BV-2 cells
after TM treatment was detected by JC-1 staining. *P < 0.05, **P < 0.01, ***P < 0.001 vs. WT control or control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs.
APP/PS1 control or Af group.
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Fig. 7. Increase of mtROS due to copper overload caused by Pb exposure. (A) The expression of the anti-mitochondrial oxidation protein PRX3 was detected by
Western blot. (B) mtROS levels in BV-2 cells were determined by MitoSOX. (C) mtROS levels in BV-2 cells after TM treatment were determined by MitoSOX. (D) The
expression levels of TNF-a and IL-6 in the supernatant of BV-2 cells after Mito-TEMPO treatment were detected by ELISA. (E) IBA-1 immunofluorescence staining was
used to observe the restoration effect of Mito-TEMPO on BV-2 cell morphology. (F) CCK-8 assay to detect cell viability of HT-22 cells under co-culture conditions after
Mito-TEMPO treatment. *P < 0.05, **P < 0.01, ***P < 0.001 vs. WT control or control group; P < 0.05, vs. APP/PS1 control or AB+Pb group.

found to attenuate the activation of microglia and effectively reduce the an increase in mtROS production in activated microglia.
levels of TNF-a and IL-6 in the supernatants of Pb- and Ap-treated BV-2
cells (Fig. 7D). Additionally, it inhibited microglial cell body enlarge-
ment and process thickening (Fig. 7E) and decreased iNOS expression
(Fig. S4). Mito-TEMPO provides effective protection for HT-22 cells
(Fig. 7F). These findings suggest that copper overload is associated with

3.5. Mitochondrial copper induces mtROS production and then causes
activation of microglia

When the copper concentration increases, mitochondria have a
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mechanism to isolate copper and transport it to mitochondrial com-
partments for storage [40]. Therefore, we further examined the changes
in mitochondrial copper concentrations with increasing intracellular
copper levels. The results showed that mitochondrial copper concen-
trations increased significantly upon Pb exposure (Fig. 8A and B).
COX17 is responsible for transporting cytoplasmic copper to mito-
chondria, and the expression of COX17 in mitochondria is closely
related to mitochondrial copper concentrations. The results showed that
the content of COX17 in mitochondria was increased upon Pb treatment
(Fig. 8C and D). Studies have shown that C-terminal truncation of
COX17 can reduce the content of COX17 in mitochondria. Therefore, we
established a strain stably expressing a C-terminally truncated mutant of
COX17 (COX17-A59) and determined the mitochondrial copper con-
centration. COX17-A59 could effectively reduce the mitochondrial
copper concentration of BV-2 cells but did not affect the total intracel-
lular copper concentration, and COX17-A59 did not cause the activation
of BV-2 cells (Fig. S5 A-G). The results demonstrate that the COX17-A59
+ ApB-+Pb group exhibited restored basal respiration, spare capacity, and
maximal respiration of mitochondria when compared to the
NC-Scramble + AB+Pb group (Fig. 9A). Moreover, COX17-A59 effec-
tively restored the decline in mitochondrial membrane potential
induced by the combined treatment with Af and Pb (Fig. 9B) and
reduced mtROS levels (Fig. 9C). These findings suggest that the damage
caused by Pb exposure to mitochondria can be mitigated by reducing
mitochondrial copper levels.

Reducing mitochondrial copper levels can effectively prevent mito-
chondrial damage and reduce the activation of microglia caused by such
damage. COX17-A59 can also reduce the level of pro-inflammatory
factors in the culture supernatant of microglia caused by the combined
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exposure to Ap and Pb (Fig. 10A). Additionally, COX17-A59 can restore
the morphological changes of microglia (Fig. 10B), reduce the expres-
sion of iNOS (Fig. S5H), and protect the neuronal cell viability in the BV-
2/HT-22 co-culture system (Fig. 10D).

3.6. The increased mitochondrial import of COX17 induced by Pb
exposure may be related to upregulation of the mitochondrial import
protein AIF/CHCHD4

The entry of COX17 into mitochondria is aided by mitochondrial
import proteins [46]. GeneMANIA predicted that there might be in-
teractions between COX17 and CHCHD4, a mitochondrial import pro-
tein (Fig. S6). Therefore, we investigated the expression of several
mitochondrial import proteins (TOMM20, TOMM40, TIMM23, PAM16,
CHCHD4, and GFER) in response to Pb exposure. Our results show that
the expression of CHCHD4, a mitochondrial import protein, was higher
in the group treated with both Ap and Pb compared to that in the Ap-only
group (Fig. 11A). Moreover, we observed a significant increase in the
interaction between CHCHD4 and COX17 in the combined A and Pb
treatment group in comparison to the pure Af treatment group
(Fig. 11B). However, the import function of CHCHD4 in mitochondria
requires the involvement of AIF, a protein that also induces apoptosis.
Our findings showed that the expression level of AIF followed the same
trend as CHCHD4 (Fig. 11C). Furthermore, we investigated the locali-
zation of AIF and found that Pb exposure did not increase its nuclear
localization (Fig. 11D). Nevertheless, the interaction between CHCHD4
and AIF was significantly higher in the combined Ap and Pb treatment
group compared to the Af-only group (Fig. 11E). Therefore, the
increased protein expression of AIF induced by Pb exposure may be
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Fig. 8. Pb exposure can induce the increase of mitochondrial copper in microglia. (A) The concentration of copper (ng/g of total protein) in hippocampal mito-
chondria was assessed by ICP-MS. (B) The concentration of copper (ng/g of total protein) in the mitochondria of BV-2 cells was assessed by ICP-MS. (C) Expression of
COX17 in hippocampal mitochondria was detected by Western blot. (D) Co-localization of COX17 (green) and VDACI (red), as determined using immunofluorescent
labeling. *P < 0.05, **P < 0.01, ***P < 0.001 vs. WT control or control; P < 0.05, *#P < 0.01, *##P < 0.001 vs. APP/PS1 control or Ap group. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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staining. (C) The effect of the A59 truncated COX17 mutant on mtROS levels was detected by MitoSOX. NC: negative control group without lentivirus infection.
NC-Scramble: negative control group with vector lentivirus infection. *P < 0.05, **P < 0.01, ***P < 0.001 vs. WT control, control, or NC group; #p < 0.05, ##p <
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Fig. 10. Pb exposure increased mitochondrial copper, resulting in the activation of microglia. (A) The expression levels of TNF-a and IL-6 in the supernatant of cells
expressing the A59 truncated COX17 mutant were detected by ELISA. (B) IBA-1 immunofluorescence staining was used to observe the morphological recovery effect
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was detected by CCK-8 assay. NC: negative control group without lentivirus infection. NC-Scramble: negative control group with vector lentivirus infection. *P <

0.05, ***P < 0.001 vs. NC group; “P < 0.05, *#*P < 0.01, *##P < 0.001 vs. NC-Scramble + Ap-+Pb group.
involved in mitochondrial import of COX17 together with CHCHDA4. movement of COX17 to the mitochondria by increasing the expression of
the mitochondrial import protein AIF/CHCHDA4. This leads to excessive
4. Discussion copper accumulation in the mitochondria. The build-up of copper in the
mitochondria can cause damage to these organelles and the generation
In this study, we report that mitochondrial copper overload in of mtROS. Consequently, the activation of microglia is triggered, further
microglia mediates Pb-induced learning and memory impairment in exacerbating neuronal damage.
APP/PS1 mice. Our findings indicate that Pb exposure can enhance the Pb is considered an environmental risk factor that is closely linked to
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Fig. 11. Pb exposure upregulated the MIA mitochondrial import pathway, which may be related to increased mitochondrial import of COX17. (A) The
expression levels of mitochondrial import proteins (TOMM20, TOMM40, TIMM23, PAM16, CHCHD4, and GFER) were determined by Western blot. (B) The
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0.05, ##P < 0.01 vs. Ap group.
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AD. Studies have revealed that the blood Pb level of individuals with AD
is significantly higher than that of controls [47]. In a study that exam-
ined the impact of Pb on AD neuropathology, it was discovered that
exposure to low concentrations of Pb in early life resulted in increased
levels of APP and A in the brains of rats in later life [48]. To further
investigate the relationship between Pb and AD, we used the APP/PS1
mouse model, which is widely used as a model for AD studies because
they develop classic symptoms of AD early in life, such as learning and
memory impairments and Ap deposition. These transgenic mice develop
AD-like pathology with AB deposition, impaired short-term memory,
and impaired long-term potentiation at 3 months of age [49]. A previous
study has confirmed that Pb exposure can cause abnormal changes in the
blood-brain barrier and activate astrocytes, thus aggravating AD pa-
thology [22]. According to the China Environmental Survey [50], the Pb
concentration in the Pearl River system exceeds 90 ppm. Based on this
finding, the exposure concentration of mice was set to 100 ppm.
APP/PS1 mice were subjected to chronic Pb exposure from the
post-weaning developmental period (3 weeks of age) until the age of 4
months to observe whether Pb exposure accelerated the progression of
AD pathology. The results showed that continuous exposure to 100 ppm
Pb increased blood and brain Pb concentrations in the model, so the Pb
exposure mouse model was established successfully. Meanwhile, after
Pb exposure, the results of the MWM test and the NOR test showed that
APP/PS1 mice had an impaired learning and memory ability, increased
Ap plaque deposits, and more severe neuronal damage in the hippo-
campus. These results suggest that Pb exposure can aggravate AD in
APP/PS1 mice.

Microglia are specialized macrophages of the CNS. When microglia
are in a stable state, they maintain communication with astrocytes and
neuronal cells. In the presence of external stimuli, microglia can be
rapidly activated to maintain homeostasis in the CNS [51]. When
microglia are activated, expression of iNOS producing NO and deriva-
tive oxidants, Both increased inflammatory factors and morphological
changes can be considered as markers of microglial activation [52]. Pb
has been shown to activate BV-2 cells and increase the secretion of IL-1f,
TNF-a, and IL-6 [53]. A study has shown that AD patients often have
neuroinflammatory symptoms [54]. It has been proved that the increase
in AP deposition is closely related to the activation of microglia in AD
models [55]. Our in vitro experiments confirmed that Pb can increase
the activation of BV-2 cells under Ap treatment, promote the expression
of iNOS and the secretion of the inflammatory cytokines TNF-a and IL-6,
and decrease neuronal cell activity in a co-culture system, suggesting
that Pb can exacerbate neuronal damage in the AD model by inducing
microglial activation and subsequent release of inflammatory factors,
thereby worsening AD pathology.

Copper is an essential element for enzymes such as ULK1, Cu/Zn-
SOD1, and MEK1, which play significant roles in neurite elongation
and maintenance of redox balance [56,57]. The high-affinity copper
uptake protein CTR1 is responsible for cellular copper uptake, and
ATP7A regulates cellular copper efflux by catalyzing the transfer of
copper on the cell membrane [58,59]. Changes in CTR1 and ATP7A
expression may disrupt intracellular copper homeostasis, leading to
disease. Such disruptions have also been observed in AD [60,61]. In our
study, we found that Pb can upregulate CTR1 and downregulate ATP7A
in hippocampal tissues and BV-2 cells. In addition, Pb exposure can
cause an increase in copper concentrations. A study found that exposure
to copper resulted in the activation of microglia in mice [31]. However,
we discovered that the use of copper chelators can alleviate microglial
activation, indicating that Pb promotes microglial activation by
increasing the copper concentration. A previous study has shown that Pb
can increase the copper content in the brains of mice [27]; however,
research on the damage to the nervous system caused by this increase is
limited. Our study found that Pb can promote the activation of microglia
by increasing the copper concentration, which further worsens the
learning and memory impairment of APP/PS1 mice. Additionally, excess
copper in the cytoplasm may promote the production and deposition of
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Ap peptide through its participation in the cleavage of APP. Previous
studies have demonstrated that hCTR1 mRNA plays a role in cellular
copper metabolism by regulating the expression of CTR1. The tran-
scription factor SP1 is responsible for the regulation of hCTR1 mRNA
[62]. In addition, SP1 is involved in the regulation of APP in Pb-induced
neurodegeneration [63], and is closely associated with neurodegenera-
tive diseases linked to epigenetic regulation [64]. Pb, as an environ-
mental risk factor show a association of tibial lead concentration with
cognitive decline in adults [65], has been shown to impact epigenetic
regulation [5,66]. Our data also indicate that Pb can impact intracellular
copper balance through epigenetic modification (data not shown).
Further research is needed to investigate whether Pb affects SP1 through
epigenetic mechanisms, leading to changes in hCTR1 mRNA and other
AD-related genes. These changes may contribute to cellular copper ion
imbalance and the development of AD-related pathological changes.

A previous study has shown that mitochondrial copper can promote
the expression of inflammatory genes in macrophages [67]. Our current
study found that Pb exposure increased mitochondrial copper levels in
the hippocampus of APP/PS1 mice and in the BV-2 cell line, along with
increased mitochondrial localization of the mitochondrial copper
transporter COX17. The activation of microglia can be reduced by
lowering the concentration of mitochondrial copper. In cases where
copper homeostasis is disrupted, the mitochondria can play a role by
reducing cytoplasmic copper levels [40]. This helps to reduce the
associated toxicity, but it also increases the likelihood of mitochondrial
damage [40]. Therefore, mitochondria are prone to damage when
copper homeostasis is disrupted. COX17 exists in the intermembrane
space between the cytoplasm and mitochondria and is responsible for
transporting copper ions from the cytoplasm to the respiratory chain
complex [39]. The expression of COX17 in mitochondria is closely
related to the mitochondrial copper concentration [68]. Our results
showed that after exposure to Pb in cells, mitochondrial translocation of
COX17 increased, followed by an increase in mitochondrial copper
concentration, and this mitochondrial copper overload caused mito-
chondrial morphological damage, affected oxidative phosphorylation,
reduced the mitochondrial membrane potential, and exacerbated
mitochondrial oxidative stress. This damage was mitigated by
copper-chelating agents or by reducing the mitochondrial translocation
of COX17. A previous study has reported that more than 99 % of
mitochondrial proteins are imported into the mitochondria through
different mitochondrial import pathways, such as the presequence
pathway, the carrier pathway, the B-barrel pathway, the mitochondrial
intermembrane space import and assembly (MIA) pathway, and outer
membrane proteins with o-helical transmembrane segments in the
mitochondrial membrane and intermembrane space [69]. The MIA
pathway consists of the FDA-dependent mercaptooxidase GFER and
Mia40/CHCHD4 import receptors [46]. A study indicated that COX17
translocation to mitochondria increases significantly when the MIA
pathway is activated [70], which is consistent with our results, showing
that AIF/CHCHD4 expression and COX17 translocation to mitochondria
were increased after Pb treatment. The accumulation of mitochondrial
copper, caused by an increase in COX17 levels in mitochondria, can lead
to mitochondrial damage. This damage is closely related to an increase
in mtROS. Furthermore, mitochondrial damage can cause an increase in
mtROS, which in turn exacerbates the damage to the mitochondria [71].
Additionally, an increase in mtROS can induce the activation of micro-
glia [72]. Our study found that the production of mtROS was involved in
the activation process of microglia in APP/PS1 mice and in vitro models
after exposure to Pb. Previous studies have demonstrated that Pb
exposure contributes to the development of AD by leading to neuronal
damage and activating astrocytes [22]. Our findings suggest that Pb
exposure can promote the translocation of COX17 to the mitochondria
by upregulating the expression of the mitochondrial import protein
AIF/CHCHDA4. As a result, excessive accumulation of copper occurs in
the mitochondria, which can lead to organelle damage and the pro-
duction of mtROS. This series of events ultimately triggers microglia
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activation, which further aggravates neuronal damage and ultimately
leads to the worsening of AD pathology. However, the mechanism by
which Pb promotes increased expression of mitochondrial import pro-
teins still requires further investigation. Previous studies have demon-
strated that early Pb exposure may result in the overexpression of
AD-related genes later in life [73], and the epigenome-based latent
early-life associated regulation (LEARn) focused on the effects that
accumulated environmental hits may provide a mechanistic explanation
for sporadic AD caused by this gene-environment interaction [74,75].

In this study, we demonstrated that chronic Pb exposure can aggra-
vate learning and memory impairment in APP/PS1 mice. The mecha-
nism may be related to increased expression of the mitochondrial
protein CHCHD4/AIF in microglia, which leads to mitochondrial copper
overload in mitochondria due to COX17-mediated translocation, thus
inducing mitochondrial dysfunction and excessive mtROS accumula-
tion, promoting the activation of microglia. This study is the first to
reveal the role of microglial activation caused by mitochondrial copper
overload in microglia in Pb-aggravated AD-like pathology.
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