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Abstract

Background Alpha-lipoic acid (ALA) has a neuroprotective effect on neurodegenerative diseases. In the clinic, ALA
can improve cognitive impairments in patients with Alzheimer’s disease (AD) and other dementias. Animal studies
have confirmed the anti-amyloidosis effect of ALA, but its underlying mechanism remains unclear. In particular, the
role of ALA in amyloid-{3 precursor protein (APP) metabolism has not been fully elucidated.

Objective To investigate whether ALA can reduce the amyloidogenic effect of APP in a transgenic mouse model of
AD, and to study the mechanism underlying this effect.

Methods ALA was infused into 2-month-old APP23/PS45 transgenic mice for 4 consecutive months and their
cognitive function and AD-like pathology were then evaluated. An ALA drug concentration gradient was applied

to 20E2 cells in vitro to evaluate its effect on the expression of APP proteolytic enzymes and metabolites. The
mechanism by which ALA affects APP processing was studied using GI254023X, an inhibitor of A Disintegrin and
Metalloproteinase 10 (ADAM10), as well as the mitochondrial toxic drug carbonyl cyanide m-chlorophenylhydrazone
(CCCP).

Results Administration of ALA ameliorated amyloid plague neuropathology in the brain tissue of APP23/PS45 mice
and reduced learning and memory impairment. ALA also increased the expression of ADAM10 in 20E2 cells and

the non-amyloidogenic processing of APP to produce the 83 amino acid C-terminal fragment (C83). In addition to
activating autophagy, ALA also significantly promoted mitophagy. BNIP3L-knockdown reduced the mat/pro ratio of
ADAM10. By using CCCP, ALA was found to regulate BNIP3L-mediated mitophagy, thereby promoting the a-cleavage
of APP.

Conclusions The enhanced a-secretase cleavage of APP by ADAM10 is the primary mechanism through which ALA
ameliorates the cognitive deficits in APP23/PS45 transgenic mice. BNIP3L-mediated mitophagy contributes to the
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anti-amyloid properties of ALA by facilitating the maturation of ADAM10. This study provides novel experimental

evidence for the treatment of AD with ALA.
Graphical abstract
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Introduction

AD is the most prevalent neurodegenerative disorder and
has an insidious onset. It is characterized by a progres-
sive decline in learning and memory, together with cog-
nitive impairment [1]. Neurotic plaques, neurofibrillary
tangles, and neuronal loss are the characteristic neuro-
pathologies of AD, although the mechanism underlying
AD pathogenesis remains unknown [2]. Amyloid plaques
are comprised mostly of amyloid-f protein (Ap) and are
generated by the sequential cleavage of APP at - and
y-secretase cutting sites. The amyloid cascade hypothesis
is considered to be the predominant cause of AD [2-4].
Many experimental studies as well as clinical data have
shown that reducing the production and deposition of
AP have potential therapeutic benefits in AD [5-9]. APP
is a key cell adhesion molecule involved with various
events during neuronal development, including synap-
togenesis, synaptic plasticity, neurite outgrowth, growth
cone pathfinding, and migration [10-12]. However, the
metabolism of APP is very complex, with studies show-
ing that it can be cleaved through a non-amyloid pathway
mediated by a-secretase, as well as through an amyloid
pathway mediated by p-secretase [13, 14]. APP is mainly
cleaved in neurons by ADAMIO0, the major a-secretase,
thereby releasing C83 and a secreted N-terminal APP«a
(sAPP«a) [15, 16]. C83 is further cleaved by y-secretase to
generate the APP intracellular domain and a 3 kDa prod-
uct [17]. sAPPa has neurotrophic and neuroprotective

properties [18—22]. Beta-site amyloid p precursor pro-
tein cleaving enzyme (BACE1) is a B-secretase. Under
normal conditions, p-cleavage at the Glu'! site (B'-site)
of APP releases C89 and a truncated A, ABj;_440- In
addition to the Glu'! site, BACEL1 also cleaves APP at the
Asp' site (B-site) under pathological conditions to gener-
ate C99 and intact AP, mainly AB;_,0/4, [23-26]. BACE1
functions as an initiator of amyloidogenic APP process-
ing at the Asp’ site, while AB;_44, plays a central role in
the pathogenesis of AD [27]. B-secretase competes with
a-secretase for APP. Researchers have therefore sought
novel breakthroughs in AD therapy through inhibition of
BACEI cleavage or promotion of ADAMI10 cleavage [27].

ALA is the natural cofactor for pyruvate dehydroge-
nase and o-ketoglutarate dehydrogenase, and can easily
penetrate the blood-brain barrier [28—30]. ALA has high
safety and minimal toxicity due to its antioxidant charac-
teristics and iron chelation ability. It has been used in the
treatment of numerous chronic diseases, including diabe-
tes and associated peripheral neuropathy [31, 32]. Impor-
tantly, an incidental finding in clinical trials was that ALA
could improve cognitive function in AD [33]. Further-
more, human studies have shown that ALA levels decline
significantly with age [34]. Other evidence supports a
neuroprotective effect of ALA in patients with AD and
age-related dementias [35]. Most studies aimed at the
prevention and treatment of AD with ALA have focused
on its antioxidant and anti-inflammatory properties, as
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well as its beneficial effects on glucose metabolism [36—
39]. However, it has yet to be determined whether ALA
can directly affect APP metabolism, and especially the
pathologic changes in Ap.

Mitophagy is a selective form of autophagy that plays
a crucial role in maintaining mitochondrial homeosta-
sis [40]. The membrane structure of autophagosome is
derived from specific cell organelles or structures, such
as the endoplasmic reticulum (ER) [41, 42]. The for-
mation of autophagosomes involves membrane rear-
rangement of organelles and the lysosome degradation
pathway. Moreover, the metabolic pathway of APP is
related to the transportation and maturation of APP and
its cutting enzymes a- and [B-secretases in the mem-
brane structure of cells. Their localization on the sub-
organelles facilitates the interaction between the cutting
enzymes and APP substrates [13]. The majority of APP
localizes in the Golgi complex with only a small propor-
tion of APP is detected at the cell surface [43, 44]. Over
50% of APP is internalized within 10 min and classified
into early endosomes, where one portion is recycled back
into the plasma membrane (PM) and another is targeted
to the lysosome for degradation [44—48]. The pro-forma
ADAMI10 undergoes a series of folding and modification
in the ER before entering the Golgi apparatus for further
glycosylation modification into the mature form [49-51].
Finally, mature ADAMIO0 is transported to the PM to
perform its a-secretase activity [52]. Furthermore, both
nascent APP and BACE1 mature through the constitutive
secretory pathway from the ER to PM [53]. Therefore, the
metabolic pathway of APP is closely linked to changes in
the membrane structure and to lysosomal degradation.
However, there is currently no evidence linking the APP
metabolic pathway to mitophagy in AD. Studies have
shown that ALA can improve mitochondrial function,
as well as being involved in the regulation of autophagy
in neurodegenerative diseases. However, it is still not
known whether ALA participates in mitophagy during
AD.

The current study found that ALA may have a promot-
ing effect on the activity of ADAMI1O0, thereby alleviating
memory deficits in APP23/PS45 transgenic mice. Sur-
prisingly, ALA was found to regulate BNIP3L-mediated
mitophagy, thereby having a positive effect on the pro-
cess of APP cleavage.

Materials and methods

Animals

This study used APP23/PS45 double transgenic mice
with a background of C57BL/6 as animal models of AD.
The APP23/PS45 mice were generated by cross-breeding
APP23 and PS45 mice in our lab as previously described
[54]. These genetically modified mice carry specific muta-
tions in their DNA, including human APP751 cDNA
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with the Swedish double mutation at positions 670/671
(KM3NL) in APP23 transgenic mice, and presenilin-1
(PS1) cDNA with a human familial AD-associated G384A
mutation in PS45 transgenic mice. The two cDNAs are
under the control of the murine Thyl.2 promoter. All
experiments were conducted in accordance with the ethi-
cal guidelines of the Animal Centre at the Children’s Hos-
pital of Chongqing Medical University. The mice were
housed in a controlled 12 h light/dark cycle environment
with sufficient food and water. WT +Veh, AD+Veh and
AD+ALA group mice were subjected to administration
at 2 months of age. AD+ALA group mice were treated
with ALA (5 mg/kg), WT+Veh and WT mice were
treated with the same volume of vehicle solution via
intraperitoneal injection once daily for 4 months. ALA
was freshly diluted with sterile phosphate-buffered saline
(PBS).

Mouse genotyping

Genotypes for the APP23/PS45 and WT mice were con-
firmed by Polymerase Chain Reaction (PCR) amplifica-
tion of genomic DNA extracted from tail tissues. The
primer sequences were as follows: Thyl.2-forward (5’ -C
ACCACAGAATCCAAGTCGG-3’), APP23-reverse (5'-
CTTGACGTTCTGCCTCTTCC-3’), and PSl-reverse
(5-ATCACAGCCAAGATGAGC-3’). The parameters
for PCR amplification were set as follows: 2 uL. genomic
DNA, 0.5 pL primer, 10 pL Tagmix and 6.5 pL ddH,O
into 20 pL premix system, predenaturation at 94 °C for
5 min, denaturation at 94 °C for 40 s, annealing at 56 °C
for 40 s, and extension at 72 °C for 1 min (40 cycles) with
final thorough extension at 72 °C for 10 min. The PCR
products were loaded onto 1.5% agarose gels containing
Goldview nucleic acid dye and electrophoresed at 120 V
for 25 min. The separated DNA fragments were visual-
ized in a gel imaging system and the resulting electropho-
retic images were captured and saved for further analysis.

Drugs

ALA was purchased from the supplier (Chengdu Bril-
liant Pharmaceutical Co., Ltd.) and diluted with PBS.
GI254023X and CCCP were purchased from Sell-
eck. Chloroquine (CQ) was purchased from Sigma.
GI254023X and CQ were dissolved in DMSO.

Antibodies

Rabbit anti-APP C-terminal polyclonal antibody C20
(1:1000) was used to detect APP and its C-terminal frag-
ments. Anti-ADAMI10 (1:1000, #ab124695) and anti-
PS1 (1:1000, #ab15458) were purchased from Abcam.
Anti-sAPPa 6E10 (1:1000, SIG-39,320) was purchased
from Biolegend. Anti-ADAM17 (1:2000, #6978), anti-
BACE1(1:1000, #5606), anti-P62 (1:1000, #39,749), anti-
LC3 (1:1000, #12,741), and anti-BNIP3L (1:1000, #12,396)
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were purchased from CST. Anti-p-actin (1:10000,
#81115-1-RR) and anti-GAPDH (1:50000, #60004-1-Ig)
were purchased from Proteintech.

Open field test

Each mouse was placed individually in an opaque cham-
ber (30x30%x30 c¢cm) with an open top and allowed to
roam freely for 10 min. ANY-maze software was used to
track the activity of mice. The middle 100 cm? area was
arbitrarily defined as the central area, and the remaining
area as the peripheral area. The number of mice entering
the central and peripheral areas were counted, with the
percentage entering the central area used as the evalua-
tion index: percentage of central area entries/total entries
into central area and peripheral area.

Elevated plus maze

The elevated plus maze is a ‘cross’-shaped maze placed
at a height of 60 cm above ground and consisting of two
open arms (35x5 c¢m) and two closed arms of the same
size and with 15 cm high walls. Each mouse was placed
in the central area of the maze facing the same open arm
and allowed to explore for 5 min without any inducing
stimulus. Exploration behaviours were monitored and
analysed with ANY-maze software (ANY maze, Stoelt-
ing). Entries into open arms or closed arms were calcu-
lated as an exploration practice, with the mouse head
completely entering an open arm or a closed arm from
the central area. The proportion of entries into open
arms was used as an indicator to evaluate the anxiety
level: percentage of time into open arms/total entries into
open arms and closed arms.

Y maze

The Y maze test is a behavioural test used to monitor
short-term spatial memory. The experimental apparatus
consists of A, B and C arms. At the beginning of each test,
the mouse was placed in the same position near the distal
end of arm A and with its head facing the central area,
whereupon it was allowed to explore freely for 8 min. The
camera and ANY-maze software recorded and monitored
the mouse’s exploration path. The behaviour of its head
completely entering into arm A, B or C from the central
region and then protruding out was defined as one entry.
Entering the three arms consecutively was counted as an
effective alternation, and the maximum number of alter-
nations was calculated by subtracting 2 from the total
entries. The spontaneous alternations preference (SAP)
score (effective number of alternations/maximum num-
ber of alternations) was used as a monitored index for the
short-term spatial memory ability of mice.
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Morris water maze

This test was performed to detect spatial learning and
memory in mice at the age of 6-months, as previously
described [55, 56]. WT mice and APP23/PS45 mice with
or without ALA treatment were subjected to the classic
Morris water maze schedule. This consisted of a visible
platform test on day-1, a 4-day hidden platform test from
day 2 to 5, and finally a 24 h probe trial. In the visible
and hidden platform tests, each mouse was trained by 5
continuous trials, with an inter-trial interval of 90 min.
Mice that found the platform during the 60 s trial were
allowed to stay on the platform for 5 s, while mice that
could not locate the platform during a maximum of 60 s
were artificially guided there and then rested for 20 s. In
the probe trial the platform was withdrawn, thus forcing
each mouse to search for the platform for 60 s. The tracks
taken by mice were recorded by ANY-maze software,
and the path length, escape latency, and passing times
through the platform or SW3 quadrant were measured.
These data were analysed by two-way ANOVA with post
hoc LSD test.

Immunohistochemical staining

One half of the mouse brain was infused with PBS and
then fixed in freshly prepared 4% paraformaldehyde (pH
7.4) for one week, dehydrated in 30% sucrose solution
for 3 days, and subsequently sectioned into 30 pm-thick
coronal slices using a cryostat. To induce DNA denatur-
ation, the slices were incubated with 88% formic acid for
15 min, and residual peroxidase activity was removed by
incubating with 3% H,O, for 30 min. After incubating
with 5% skim milk for 2 h, the slices were incubated over-
night at 4°C with 4G8 primary antibody (diluted 1:500).
Plaques were visualized by the ABC and DAB methods,
and images were recorded with a whole slide scanner
under 40x magnification.

AP40/42 ELISA assay

Cell culture media or APP23/PS45 double transgenic
mouse brain tissue homogenates were collected as rec-
ommended by the ELISA Technical Guide (thermofisher.
com). Protease inhibitors (Roche, Basel, Switzerland)
were added to the media or homogenates to prevent ser-
ine proteases from degrading AP peptides. The level of
AP40/42 was determined using an AP40/42 ELISA Kit
(KHB3481/KHB3544, Invitrogen). A microplate reader
(Bio Tek Synergy H1, Winooski, USA) was used to mea-
sure the optical density at 450 nm. The concentration of
AP40/42 peptides in samples was estimated according to
the optical density values and a standard curve.

Western blot assay
Proteins from brain tissues or cells were extracted
with a radioimmunoprecipitation assay (RIPA) buffer
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supplemented with a protease inhibitor. Media from cul-
tured cells were concentrated into a powder in a vacuum
freezer and then suspended in the RIPA lysate. The pro-
tein concentration of each sample was quantified using
the BCA method. An equal mass of protein (30-60 pg)
from each sample was diluted with 5xSDS sample buf-
fer and ddH,O into the same volume. After denaturation
at 100°C, the samples were separated by electrophoresis
using 10% or 12.5% Tris-glycine SDS-PAGE gels. Sub-
sequently, the proteins were transferred to PVDF mem-
branes and then blocked with 5% skim milk for 2 h. For
immunoblotting analysis, the membranes were incubated
overnight at 4°C with diluted primary antibodies. Finally,
horseradish peroxidase (HRP)-labelled goat anti-rabbit/
mouse IgG (Proteintech, 1:10000) was used to detected
the specific target protein. Blots were visualized using
GENE GNOME imager (Syngene, UK) with clarity west-
ern ECL substrate (Bio-Rad).

Assay for ADAM10 activity

The assay for ADAMI0 activity was performed according
to the manufacturer’s instructions for the SensoLyte® 520
ADAMI0 Activity Assay Kit (AS-72,226, ANASPEC).
Brain tissues or cells were fully homogenized in pre-
chilled assay buffer. The supernatant was then obtained
by centrifugation at 10,000xg for 15 min at 4°C. An ali-
quot (50 uL) of supernatant from each sample was then
added into the corresponding well of a 96-well micro-
plate with a black, flat bottom plate and non-binding
surface. Three replicate wells were used for each sample.
A positive control solution (50 pL) containing purified
ADAMI10 enzyme, or a negative control solution contain-
ing only assay buffer, were added to the control wells. A
10 uM 5-FAM reference standard was diluted with assay
buffer by 2-fold serial dilution to obtain concentrations
of 5, 2.5, 1.25, 0.625, 0.312, 0.156, and 0 pM. Next, 50 pL
of these serially diluted 5-FAM reference solutions were
added per well. Freshly prepared ADAMI10 substrate
(5-FAM/QXLTM 520) was diluted 100-fold in pre-chilled
assay buffer, and 50 pL was then added to each well to
start the enzymatic reaction. The fluorescence intensity
at Ex/Em=490 nm/520 nm was measured immediately
and continuously, with the data recorded every 10 min
for 2 h. The concentration of enzymatic reaction product
was calculated by reference to the 5-FAM fluorescence
standard curve, and the data for each sample was plot-
ted as a curve of the relative 5-FAM concentration versus
time.

Cell culture

HEK293 cells stably transfected with the Swedish mutant
APP695 plasmid were referred to as the 20E2 cell line.
The 20E2 cells were cultured in DMEM media (50 pg/
mL G418) supplemented with 10% fetal bovine serum
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(Gibco), and maintained at 37°C in an incubator with 5%
CO,.

Tandem mRFP-eGFP-LC3 assay

The mRFP-eGFP-LC3 double fluorescent plasmid serves
as a vector for autophagy detection. It contains the rat
LC3B autophagy gene encoding the mRFP-eGFP tandem
fluorescent-tagged LC3 (tfLC3). Prior to fusion with lyso-
somes, tfLC3 exhibits both eGFP and mRFP signals and
displays yellow fluorescence. Upon fusion of autophago-
somes with lysosomes, eGFP fluorescence is quenched
under acidic conditions, thus enabling specific detec-
tion of LC3 protein labeled with mRFP [57]. Chloroquine
(CQ), a classical autophagy inhibitor, impedes the fusion
between autophagosomes and lysosomes as well as the
degradation of lysosomal proteins by increasing the lyso-
somal pH levels [58]. This reporter plasmid combined
with CQ is of general utility for analysing the autopha-
gosome maturation process. This method was employed
to investigate the impact of ALA on autophagy flux in
20E2 cells. The specific experimental steps were as fol-
lows: 20E2 cells transfected with mRFP-eGFP-LC3 plas-
mid were evenly seeded onto a 15 mm diameter confocal
microscopy dish. At 60% confluence, the cells were trans-
fected with dual fluorescence mRFP-eGFP-LC3 plasmid
and then treated with ALA (400 uM) or CQ (25 uM) for
24 h. Finally, the cells were fixed with 4% paraformalde-
hyde and stained with 1 pg/mL DAPI (Sigma-Aldrich) in
PBS. Images were obtained using a laser confocal micro-
scope (Nikon C2 Plus, Japan). For the quantification of
autophagic flux, red and yellow LC3 dots in 5 replicates
were quantified by counting> 30 cells.

Transmission electron microscopy (TEM)

TEM was used to observe the autophagic flux in 20E2
cells following ALA treatment for 24 h. More than 1x10°
cells were centrifuged into a compact cellular mass,
treated with 2.5% glutaraldehyde overnight at 4°C, fixed
with 1% (w/v) osmium tetroxide for 2 h, then dehydrated
with graded concentrations of ethanol (50%, 70%, 80%,
90%, 95%, and 100%) and 100% acetone for 20 min each
time. The samples were embedded in Epon812 epoxy
resin overnight at 70°C, and then sliced into 1 pm ultra-
thin sections with a Reichert ultra-thin microtome. The
sections were stained with lead citrate and a 50% ethanol
saturated solution of uranyl acetate for 15 min each, and
finally observed by TEM.

Mito-tracker staining

Mitochondrial content was measured using Mito-Tracker
Red CMXRos (C1049B, Beyotime Biotech Co.). Cells
were stained with a 200 nM working solution at 37°C for
30 min, and then incubated with fresh media containing
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1x Hoechst for 5 min. Images were collected at 405 nm
and 561 nm excitation wavelengths.

Assay for mitochondrial membrane potential (MMP)

MMP was detected using the tetraethylbenzimidazolyl-
carbocyanine iodide dye (JC-1) dual fluorescence probe
(C2006, Beyotime Biotech Co.). When MMP is elevated,
JC-1 formes J-aggregates in the mitochondrial matrix
and emits red fluorescence. Conversely, when MMP is
reduced, JC-1 fails to accumulate in the mitochondrial
matrix and exists as a monomer that emits green fluo-
rescence. The depolarization of mitochondria is assessed
by the ratio of red/green fluorescence intensity. CCCP,
a reversible proton-gradient uncoupling agent, induces
rapid mitochondrial depolarization and decreases the
MMP. Positive control cells were first treated with 10
uM CCCP for 20 min, then cells in each group were
incubated with JC-1 (1x) in a cell incubator at 37°C for
20 min. Subsequently, cells were washed twice with JC-1
staining buffer (1x), cultured in new media containing
Hoechst (1x), and imaged with a fluorescence micro-
scope. The fluorescence intensity of JC-1 monomer
(green) and J-aggregate (red) was detected at excitation
wavelengths of 488 nm and 561 nm, respectively, with the
red/green fluorescence values used to evaluate MMP.

siRNA transfection

20E2 cells were transfected with 50 nM BNIP3L specific
siRNA or a negative control siRNA sequence (WZ Bio-
sciences Inc. China) using Lipofectamine 2000 transfec-
tion reagent (11668, Invitrogen). The sequences of siRNA
as followed: BNIP3L si-1 forward sense 5-CAGTCAGA
AGAAGAAGTTGTA-3; BNIP3L si-1 reverse sense 5’-TA
CAACTTCTTCTTCTGACTG-3’; BNIP3L si-2 forward
sense 5-GCTAGGCATCTATATTGGAAA-3, BNIP3L
si-2 reverse sense 5-TTTCCAATATAGATGCCTAG
C-3’; BNIP3L si-3 forward sense 5-CCCTAAACGTTCT
GTGTCTTT-3; BNIP3L si-3 reverse sense 5-AAAGAC
ACAGAACGTTTAGGG-3’; negative control siRNA for-
ward sense 5-TTCTCCGAACGTGTCACGT-3; negative
control siRNA reverse sense 5-~ACGTGACACGTTCGG
AGAA-3.

Statistical analysis

The statistical analysis was conducted using GraphPad
Prism 8.0 and SPSS 22.0 software. Student’s ¢ test was
employed for comparing two groups, while One-way
ANOVA was used for comparisons among multiple
groups. Additionally, Two-way ANOVA with post hoc
LSD test was utilized to assess differences in data from
the spatial learning trials of Morris water maze and
ADAMI0 enzyme activity. Data were presented as the
meantSEM. Values of P<0.05 were considered statisti-
cally significant, and ns means not significant.
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Results

ALA attenuated cognitive deficits in APP23/PS45
transgenic mice

To investigate whether ALA affected anxiety and depres-
sion, three groups (WT+Veh, AD+Veh, AD+ALA)
of 6-month old mice underwent the open field test and
elevated plus maze. In the open field test, no significant
differences in the percentage of entries into the central
area were observed between the three groups (P>0.05;
Fig. 1A, B). Moreover, the three groups showed similar
results for the exploration of open arms in the elevated
plus maze (P>0.05; Fig. 1C, D). Hence, these tests con-
firmed that ALA administration did not affect anxiety
and depression-like behaviours in APP23/PS45 trans-
genic mice.

SAP in the Y maze was used as an index of short-term
spatial memory. The SAP score for AD+Veh mice was
significantly lower than that of WT +Veh mice (AD+ Veh,
50.08% = 2.34% vs. WT +Veh, 64.29% + 1.69%; P<0.001;
Fig. 1E, F). ALA treatment significantly increased the
SAP score of the AD model (AD+ALA, 62.86% * 1.47%
vs. AD+Veh, 50.08% * 2.34%; P<0.001; Fig. 1E, F). The
results of the Y maze indicated the short-term spatial
memory ability of APP23/PS45 transgenic mice was
impaired compared to WT mice. Interestingly, ALA
treatment reversed the short-term spatial memory defi-
cits of APP23/PS45 transgenic mice.

Next, the Morris water maze was used to examine
the effects of ALA on learning and memory in APP23/
PS45 mice. In the visible platform test, no significant
differences in escape latency and path length were
observed between the AD+Veh and AD+ALA groups.
The escape latency times for the WT+Veh, AD+Veh
and AD+ALA mice were 49.56+2.34 s, 51.76+2.16 s,
and 51.29+2.67 s, respectively, while the path lengths
were 8.04+0.68 m, 6.72+0.58 m, and 8.10%£0.55 m,
respectively (Fig. 1G, H). These results indicated there
were no differences in motor ability or vision among
the three groups. The hidden platform period from
day 2 to 5 is an acquired training test that evaluates the
learning ability of mice. Mice in the AD+Veh group
showed poor learning ability, with an escape latency
time of 51.13+£2.90 s, 50.07£4.06 s, 47.79£3.07 s and
47.17£3.36 s on day 2, 3, 4 and 5, respectively (Fig. 1I).
However, the escape latency of WT + Veh mice decreased
progressively from 40.23+3.31 s on day 2 to 26.70+3.32 s
on day 5 (WT+Veh vs. AD+Veh, P<0.001; Fig. 1I).
The escape latency of AD+ALA mice also decreased
from 36.8713.09 s on day 2 to 27.42+5.04 s on day 5
(AD+ALA vs. AD+Veh; P<0.001; Fig. 11). The heat maps
for mice movement tracks on day 2 and 5 are shown in
Fig. 1]. The above results indicated that ALA adminis-
tration significantly improved the learning deficits of
APP23/PS45 mice. The last day is a probe trial to evaluate
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Fig. 1 Behavioural experiments showed that cognitive deficits in APP23/PS45 transgenic mice were alleviated by ALA. (A) Representative movement
trajectories of mice in open field test. (B) Percentages of entries into the central area by WT +Veh, AD +Veh and AD + ALA mice. (C) Representative move-
ment trajectories of mice in elevated plus maze. (D) Percentages of entries into open arms from three groups. (E) Representative movement trajectories
of mouse in' Y maze. (F) Scores for SAP. (G, H) Escape latency and path length to a visual platform in the visible platform period. (I) AD +ALA group mice
showed shorter latency to escape onto the hidden platform during day 2 to 5 compared with the AD+Veh group (AD+Veh vs. WT+Veh, ##P<0.001;
AD+ALA vs. AD+Veh, ***P<0.001). (J) Motion track heat maps from three groups tested on day 2, 5 and 6. (K, L) During the no platform period, the
entries into SW3 quadrant for AD + ALA mice were significantly more than the AD+Veh mice. n=10.*P<0.05, **P<0.01, ***P<0.001

the spatial memory of mice. No significant differences in
platform passing times were observed among the three
groups (Fig. 1K). As shown in Fig. 1L, the number of
entries into the SW3 platform quadrant for WT + Veh,
AD+Veh and AD+ALA mice was 5.50£0.43, 3.70+0.63,
and 7.4011.10 times, respectively. Thus, AD+Veh mice
had less entries into the platform quadrant compared
with WT+Veh mice (P<0.05), while AD+ALA mice
had more entries than AD+ Veh mice (P<0.01). In sum-
mary, the Morris water maze revealed that APP/PS45
transgenic mice had reduced learning and memory abili-
ties compared to their WT littermates. However, ALA
reversed the cognitive deficits in these transgenic mice.

ALA ameliorated amyloid pathologies in APP23/PS45
transgenic mice

We next examined the effects of ALA on the amyloid
pathology of brain tissue from APP23/PS45 mice. Senile
plaques in brain tissue were evaluated by immunohis-
tochemistry between AD+Veh and AD+ALA group
mice. The size of these plaques was significantly smaller
in the AD+ALA group compared to the AD+Veh
group (Fig. 2A). Quantification also revealed there were
significantly fewer plaques in the ALA treated group
(AD+ALA, 137431739 vs. AD+Veh, 188.20%6.89;
P<0.001; Fig. 2B). Next, ELISA was performed to evalu-
ate the levels of AP40 and AP42. ALA treatment reduced
the level of AP42 in APP23/PS45 mice (AD+ALA,
333.82+8.97 pg/mg vs. AD+Veh, 377.861£12.55 pg/mg;
P<0.05; Fig. 2D). However, no significant change was
observed in the level of Ap40 (AD+ALA, 1261.80£52.79
pg/mg vs. AD+Veh, 1207.36+40.50 pg/mg; P>0.05;
Fig. 2C). The observed effects of ALA on senile plaques
and AP42 suggested that its impact on cognitive perfor-
mance may be due to its inhibition of amyloidogenesis in
the brain.

Western blot analysis of brain tissue was performed
to investigate the effects of ALA on APP metabolism
in vivo. ALA significantly decreased the protein levels
of APP, C89 and C99 in the brain of APP23/PS45 mice
(Fig. 2E-G). Next, we explored the specific mechanism
by which ALA alters APP processing in the brain of AD
mice. Western blot was used to compare the expression
of APP-cleaving enzymes (o,  and y secretases) between
the AD+Veh and AD+ALA groups. The mature/
pro-forma (mat/pro) ratio for ADAMI10 was slightly
increased in the brain tissues of AD+ALA, although

this did not reach significance (AD+ALA: 97.79% =+
5.20% vs. AD+Veh: 89.58% * 5.39%; P>0.05; Fig. 2H, I).
Surprisingly, ALA treatment significantly increased the
a-cleavage activity of ADAM10 (Fig. 2J) without altering
the expression levels of ADAM17, BACE1L and PS1 did
not change (Fig. 2K-N). These results indicated that ALA
reduced the amyloid metabolic pathway of APP.

ALA promoted a-secretase cleavage of APP in vitro

We further investigated the specific mechanism by which
ALA attenuates the amyloid pathway of APP in a mouse
model of AD by conducting in vitro experiments with the
20E2 cell line that stably overexpressed APP. These cells
were treated with increasing concentrations of ALA (0,
50, 100, 200, 400 or 600 uM) for 24 h, and the level of
APP catabolites and sequential cleavage enzymes was
then evaluated. ALA treatment significantly increased
the mat/pro ratio for ADAMI10 (Fig. 3A, C). The level
of C83 also increased sharply in a concentration-depen-
dent manner (Fig. 3A, D). Furthermore, the expression
of APP gradually decreased (Fig. 3B, E). Consistent with
the results of in vitro experiments, ALA did not affect
the expression of PS1 in 20E2 cells (Fig. 3B, F). Western
blot analysis of the culture media from 20E2 cells treated
with ALA for 24 h showed an increased level of sAPP«
(Fig. 3G, H). These results indicated that ALA promoted
the non-amyloidogenic processing of APP in vitro.

ADAM10 promoted a-secretase cleavage of APP in 20E2
cells treated by ALA

ADAMI10 is involved in the non-amyloidogenic pro-
cessing of APP. It cleaves APP at the a-site to produce
the intermediate metabolite C83, thereby reducing the
generation of intact AB. To further evaluate the effect of
ALA on ADAMI10, 20E2 cells were treated with either
ALA (400 pM) or GI254023x(10 pM) to investigate
changes in the APP non-amyloid metabolic pathway. As
expected, GI254023X significantly reduced C83 com-
pared to the CON group (GI254023X, 83.42% * 5.42% vs.
CON, 100%; P<0.05; Fig. 4A, B), whereas ALA restored
C83 after GI254023X treatment (GI254023X+ALA,
105.63% % 5.40% vs. G1254023X, 83.42% * 5.42%; P<0.05;
Fig. 4A, B). Both ALA and GI254023X increased the
mat/pro ratio for ADAMI10 compared with the CON
group, but this was only significant with ALA (Fig. 4C).
A Kkinetic assay for ADAMI0 activity was also con-
ducted. GI254023X was found to strongly inhibit
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Fig. 2 The amyloid pathologies of brain tissue in APP23/PS45 transgenic mice were ameliorated by ALA. (A) Representative images of senile plaques de-
tected by 4G8 immunostaining from AD +Veh and AD + ALA mice. Black arrows indicate plaques. (B) Mean numbers of senile plaques, n=10.***P<0.001.
(C, D) ELISA was performed to measure the levels of AB40 and AB42 in the brain tissue of AD+Veh and AD + ALA mice. n=8, *P < 0.05. (E-G) Immunoblot
bands and protein levels of APP, C99 and C89. n=6.**P<0.01, ***P < 0.001. (H, 1) Western blots analysis of ADAM10. (J) The a-cleavage activity of ADAM10
was increased in AD+ALA compared with AD+Veh mice. n=3.*P<0.05. (K-N) Immunoblot bands and protein levels of ADAM17, BACE1 and PS1.n=6



Zhang et al. Alzheimer's Research & Therapy (2024) 16:160 Page 10 of 21

B
ALA(MM) 0 50 100 200 400 600 ALA(MM) O 50 100 200 400 600
ADAM10’_ - - - - -F]OOkD APP !;!!g;- 100kD
GAPDH ]-----.-\-%kD GAPDH | st S 35k D
15kD - -
C83 | " w= &n = o PO | e e e o i — |
F15kD
GAPDH | eaus aa» a0 e & -35kD GAPDH| -.--+35kD
Cc D
250+ . 500+
v *k Fkdk
, 2004 sV, & 400+ Voo
oS 150+ n 3 300+ X
o= v = ns
§ < v 3
a 100 200 g
E 2 100 o A g
'-E o (2]
50 3 1004 ﬁ
0 T T T T T . 0 T T T T T
0 50 100 200 400 600 0 50 100 200 400 600
ALA (MM) ALA (PM)
E 120+ F 200~
I:'I"ISEl r}ks ns ns
= (P00Q A sk = 4
S 90- r —T— oY - £ 1504 sy v ¢
2 A 5 00
5 60 v 5100- A
B 3 ol A |y
& 30- 5 50
< o
0 T T T T T -1 0 T T T T
0 50 100 200 400 600 0 50 100 200 400 600
ALA (M) ALA (HM)
G H 160 sk
ALA(UM) O 50 100 200 400 600 _ e o ©
£ A
SAPPA | w = oy s g, g g— 100kD E 140 _]'_L —% %/»
2 «~ [ N AL *x
c <
‘T 1204
<
o
g
& 100+ m
F
801

0 5 100 200 400 600
ALA (M)
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Fig. 4 The crucial role of ADAM10 in promoting a-secretase cleavage of APP following ALA treatment of 20E2 cells. 20E2 cells were treated with ALA (400
uM) or GI254023 % (10 uM) for 24 h. (A-C) Representative Western blot bands and protein levels of C83 and ADAM10. n=4.*P<0.05, **P<0.01. (D) Evalu-
ation of ADAM10 protease activity in 20E2 cell lysates, ***P<0.001. (E, F) The levels of AR40 and AP42 in the culture media of 20E2 cells were measured
by ELISA. n=5.%P<0.05, ***P<0.001
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ADAMI0 activity, whereas ALA reversed the inhibi-
tion of ADAMI10 «-secretase cleavage activity caused
by GI254023X (Fig. 4D). In addition, the levels of AB40
and AP42 were measured in the culture media of 20E2
cells treated with ALA or GI254023X. No significant dif-
ferences in the AP40 level were observed between these
groups (Fig. 4E). However, ALA reduced the AP42 level
(ALA, 513.88%+11.19 pg/mL vs. CON, 622.43+14.65 pg/
mL; P<0.05; Fig. 4F), whereas GI254023X increased the
ApP42 level compared with the CON group (GI254023X,
690.15+19.65 pg/mL vs. CON, 622.43+14.65 pg/mL;
P<0.001; Fig. 4F). The level of AB42 in media from 20E2
cells treated with GI254023X+ALA was significantly
lower than in the GI254023X group (GI254023X+ALA,
598.37+26.44 pg/mL vs. GI254023X, 690.15+19.65 pg/
mL; P<0.05; Fig. 4F). These findings confirmed that ALA
promoted the non-amyloidogenic processing of APP by
increasing the a-secretase activity of ADAMI10.

ALA increased autophagic flux in vitro

To further explore the mechanism by which ALA affects
ADAMI0, we evaluated the autophagic level of 20E2 cells
treated with ALA (0, 50, 100, 200, 400 or 600 puM) for
24 h. Western blot analysis revealed that the P62 protein
level decreased and the LC3-B/LC3-A ratio increased
with higher concentrations of ALA (Fig. 5A-D). To evalu-
ate the complete autophagic flux, 20E2 cells transfected
with mRFP-eGFP-LC3 plasmid were treated with ALA
(400 uM) or CQ (25 uM) for 24 h and the LC3 dots subse-
quently quantified by fluorescence microscopy. This anal-
ysis revealed 65.371+10.82% red dots in the CON group,
indicating a smooth autophagic flux as expected. How-
ever, the proportion of red dots in the ALA group was
increased compared with the CON group (ALA, 95.82%
*+ 1.52% vs. CON, 65.37% + 10.82%; P<0.05; Fig. 5E,
F). In contrast, the proportion of red dots decreased in
CQ-treated cells (CQ, 10.97% % 2.80% vs. CON, 65.37%
+ 10.82%; P<0.01; Fig. 5E, F) and the number of yellow
dots was increased (CQ, 21.24+2.94 vs. CON, 4.47+2.08;
P<0.01; Fig. 5E, G), indicating that CQ diminished
autophagic flux. The proportion of red dots in ALA+CQ
group was significantly increased (ALA+CQ, 80.72% =*
8.31% vs. CQ, 10.97% * 2.80%; P<0.001 Fig. 5E, F), and
the number of yellow dots decreased compared with the
CQ group (ALA+CQ, 2.93+£1.29 vs. CQ, 21.24+2.94;
P<0.01; Fig. 5E, G). In summary, these results indicated
that ALA can activate autophagy in 20E2 cells.

ALA improved mitophagy in vitro

TEM was used to observe the autophagy of 20E2 cells
treated with ALA. Minimal autophagy was observed in
the control group, whereas the number of autophago-
somes (red arrows) and autolysosomes (yellow arrows)
increased significantly in the ALA group (400 pM). This
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result confirmed that ALA indeed promotes autophagy
in 20E2 cells (Fig. 6A).

Surprisingly, two intact mitochondria were found in
initial autophagic vacuoles (AVi). These mitochondria
are marked by black dashed circles in 20E2 cells treated
with ALA. Mitochondrial components were also found
in degradative autophagic vacuoles (AVd), together with
mitochondrial vesicles (yellow arrows) and partially
degraded mitochondria (red dashed circles) (Fig. 6A). We
therefore speculated that ALA might regulate non-amy-
loidogenic processing of APP by promoting mitophagy.
The Mito-Tracker Red CMXRos Kit was used to evaluate
mitochondrial mass. Treatment of 20E2 cells with ALA
(400 uM) reduced the red fluorescence intensity of Mito-
Tracker (Fig. 6B, C), indicating that ALA reduced the
number of mitochondria. Furthermore, ALA appeared to
decrease the MMP of 20E2 cells, as shown by the reduced
ratio of J-aggregate/monomer (Fig. 6D, E). Based on the
increased mitochondrial autophagy observed by TEM,
and the decrease in mitochondrial number and MMP in
20E2 cells, we concluded that ALA can improve mitoph-
agy in vitro.

BNIP3L-mediated mitophagy promoted ADAM10
a-secretase cleavage of APP

Knockdown of BNIP3L by siRNA was conducted in
20E2 cells to assess the effect on expression of ADAMI0.
Western blot analysis verified the successful inhibition
of BNIP3L by siRNA (Fig. 7A, B). The mat/pro ratio for
ADAMIO0 was significantly reduced following BNIP3L
knockdown (si-1, 25.11% + 10.07% vs. si-NC, 100%,
P<0.01; si-2, 47.89% £ 12.23% vs. si-NC, 100%, P<0.05;
si-3, 39.13% £ 11.09% vs. si-NC, 100%, P<0.01; Fig. 7A,
C). These results indicated that BNIP3L was involved in
the regulation of ADAM10.

To confirm the important role of mitophagy in the
ALA-mediated increase in APP a-cleavage, 20E2 cells
were treated with CCCP (10 uM) or ALA (400 pM).
Western blot analysis was used to detect the expres-
sion of BNIP3L, a mitophagy receptor protein. ALA
increased the expression of BNIP3L in 20E2 cells (ALA,
129.59% =+ 8.55% vs. CON, 100%; P<0.01; Fig. 7D, G),
whereas CCCP strongly decreased BNIP3L expres-
sion (CCCP, 55.66% + 4.07% vs. CON, 100%, P<0.001;
Fig. 7D, G). The level of BNIP3L in the CCCP+ALA
group was significantly higher than in the CCCP group
(CCCP+ALA, 83.12% + 9.46% vs. CCCP, 55.66% *
4.07%, P<0.05; Fig. 7D, G). These results further indi-
cated that ALA enhanced mitophagy, while attenuating
the CCCP-induced impairment of mitophagy in 20E2
cells. CCCP was also found to decrease the mat/pro ratio
for ADAMI10 in 20E2 cells (CCCP, 70.44% *+ 7.93% vs.
CON, 100%; P<0.05; Fig. 7E, H), whereas ALA partially
restored the decreased ratio (CCCP+ALA, 110.78% =+
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Fig. 7 BNIP3L-mediated mitophagy is involved in the regulation of ADAM10. (A-C) Three different siRNAs were used to knockdown BNIP3L in 20E2 cells.
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11.18% vs. CCCP, 70.44% + 7.93%, P<0.05; Fig. 7E, H).
The trend observed for C83 was consistent with that
of ADAMI0 (ALA, 147.79% £ 2.71% vs. CON, 100%,
P<0.001; CCCP, 55.03% * 8.85% vs. CON, 100%, P<0.01;
CCCP+ALA, 11596% * 8.22% vs. CCCP, 55.03% +
8.85%, P<0.01; Fig. 7F, I). These results further confirmed
that BNIP3L-mediated mitophagy promoted the cleavage
of APP by ADAMI0 a-secretase.

Discussion

Our animal study found that ALA treatment improved
cognitive dysfunction in APP23/PS45 transgenic mice
(Fig. 1E-L). Studies have revealed that anxiety-like behav-
iour may have specific effects on learning and memory
[59-61]. In the present study, mice in the WT, AD-Veh
and AD-ALA groups exhibited no obvious anxiety-like
behaviours (Fig. 1A-D). Therefore, we believed that ALA
was responsible for the positive impact on the cogni-
tive performance of AD transgenic mice. APP is endo-
proteolytically processed by BACE1 and y-secretase to

release amyloid peptides (AB40 and 42), which aggregate
to form amyloid plaques in the brains of AD. Previous
studies in transgenic mice and cultured cell models have
demonstrated that the familial AD-PS1 (FAD-PS1) vari-
ants shift the ratio of AP40 : 42 to favor AP42 [62-64].
In transgenic mice that co-express the Swedish muta-
tion of APP and two FAD-PS1 variants, the researchers
further showed that the shift in Ap42 : 40 ratios associ-
ated with the expression of FAD-PS1 variants is due to a
specific elevation in the steady-state levels of Ap42, while
maintaining a constant level of AB40 [65]. Aggregates of
ApP42 initiate a neurotoxic cascade and are thought to
be critical to the formation of amyloid plaques that ulti-
mately cause learning and memory to decline [66, 67]. In
our study, ALA significantly reduced amyloid plaques in
APP23/PS45 mice. ALA significantly reduced the level
of AB42 in the brains of APP23/PS45 mice, while the
changes of AB40 was not significant (Fig. 2A-D). Thus,
ALA reduced amyloidosis in the brains of APP23/PS45
transgenic mice.
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What is the mechanism by which ALA attenuates amy-
loidosis in the brain tissue of APP23/PS45 transgenic
mice? Western blot analysis of brain tissues from the AD-
Veh and AD-ALA groups showed that ALA treatment in
vivo decreased the levels of APP and of the -secretase
cleavage products C99 and C89, but not the expression
of B- and y-secretases (Fig. 2E, G, K-N). Meanwhile, we
found that the mat/pro ratio for ADAMI10 was slightly
increased in AD-ALA mice. Thus, we evaluated its pro-
tease activity and surprisingly found that it was also
increased (Fig. 2H-J). However, the mat/pro ratio for
ADAMI0 in the brain tissue was not significantly differ-
ent between AD-Veh and AD-ALA mice. There may be
several reasons for this. Firstly, APP23/PS45 transgenic
mice use the Thyl.2 promoter in the APP expression vec-
tor. The Thyl.2 promoter mainly targets neurons, mean-
ing that APP is specifically expressed in these cells. The
mammalian brain is mainly composed of neurons and
glial cells [68, 69], and the constitutive cleavage of APP
by a- and [B-secretase occurs primarily in neurons [70,
71]. However, the protein samples evaluated in the pres-
ent study were derived from the total brain tissue. Sec-
ondly, the regulation of protein expression in vivo is a
complex process involving both positive and negative
feedback. It was therefore reasonable to postulate that
ADAMIO is effective at reducing amyloid plaques. It has
been reported that ADAMIO partially competes with
y-secretase to cleave the C99 and C89 fragments pro-
duced by p-secretase [72, 73]. In the present study, the
levels of C99 and C89 were also decreased in the brain
tissue of mice treated with ALA. This may be explained
by a decrease in their production, or by an increase in
their cleavage due to ADAM10. In summary, we hypoth-
esized that the improvement of learning and memory
deficits and reduction of amyloidosis in APP23/PS45
mice may be related to the regulation of ADAMI10 pro-
tein expression and enzyme activity by ALA.

Increasing the o-secretase cleavage of APP by
ADAMIO, one of the most important constitutive prote-
ases in neurons, has attracted the attention of researchers
as a possible strategy to reduce neurotoxic AP peptides
[72, 74, 75]. Animal study suggested that ADAM10 may
be involved in the regulation of APP metabolism by ALA.
To further explore the mechanism of action of ALA, we
also performed in vitro studies using 20E2 cells with sta-
ble overexpression of APP. The expression of ADAM10
mat/pro and C83 by these cells was observed to increase
as the concentration of ALA was increased (Fig. 3A, C,
D). APP expression decreased with increasing ALA,
whereas the expression of PS1 did not change signifi-
cantly (Fig. 3B, E, F). The ADAM family mediates ectodo-
main shedding of cell surface molecules, such as TNF-q,
IL6R, and the transmembrane chemokines CX3CL1 and
CXCL16. It can do this through both constitutive
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shedding and phorbol myristate acetate (PMA)-induced
shedding [76-78]. ADAMI10 is a major member of the
ADAM family and induces a-secretase cleavage of APP
through constitutive shedding [72, 79]. Recently we
reported that ADAMIO is essential for CNTNAP2 pro-
cessing and its function; the inhibition of the ADAM10-
mediated a-secretase cleavage by pathogenic mutations
underlies autism spectrum disorders’ pathogenesis [80].
The S1’ binding pocket of ADAMIO0 is an important
determinant of the substrate selectivity of this protease
[81]. The P1’ phenylpropyl substituent of GI254023X has
an improved fit that allow it to bind within the S1” pocket,
thereby inhibiting constitutive cytokine shedding events
[76]. The shedding of CX3CL1 and CXCL16 was pro-
foundly reduced in ADAMI10-deficient murine embry-
onic fibroblasts, confirming that constitutive shedding
of these cytokines is primarily mediated by ADAM10
[76]. Furthermore, GI254023X did not affect PMA-
induced shedding, and is therefore thought to be a spe-
cific inhibitor of ADAM10 [82]. Thus, we also confirmed
the key role of ADAM10 in modulating APP metabolism
by using the specific ADAMIO0 inhibitor GI254023X.
The mat/pro ratio for ADAMI10 was still highly elevated
after GI254023X treatment, with no difference between
the ALA and GI254023X+ALA groups (Fig. 4A, C). We
speculated that GI254023X did not inhibit ADAM10 by
reducing its protein level, but rather by specifically bind-
ing to it through its peptide or pseudopeptide structural
functional group. ALA may promote the dynamic bal-
ance of ADAMI10 expression, and inhibited ADAMI10
could be degraded at an accelerated rate and replaced
with new and active ADAM10. Therefore, the ADAM10
level may have been saturated in the ALA, GI254023X
and GI254023X+ALA groups of 20E2 cells, and hence
no significant difference in protein level was observed.
If the P1’ phenylpropyl substituent of GI254023X occu-
pies the S1’ binding pocket of ADAM10, ALA might then
induce the production of new mature ADAM10, which
would partially compensate for the reduced ADAMI10
activity caused by GI254023X. This could explain why
C83 and ADAMI10 activity were partially restored in the
GI254023X+ALA group (Fig. 4A, B, D). Other authors
have argued that a- and [B-secretases compete for the
APP substrate, so that increased a-secretase cleavage
causes a decrease in B-secretase cleavage, and vice versa
[83, 84]. In addition, mutations in APP identified from
FAD kindreds alter the protein’s normal processing, caus-
ing either increased production of both peptides or a spe-
cific elevation in AP42 [85-88]. In this regard, our results
showed that inhibition of ADAMI10 by GI254023X led
to an increased level of AB42 in the media, confirming
that GI254023X indirectly enhanced p-secretase cleav-
age (Fig. 4F). In addition, the component of a-secretase
directly promoted by ALA competes for APP with
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[B-secretase that is indirectly promoted by GI254023X,
resulting in partial reduction of AP42 (Fig. 4F). These
results supported the notion that potentiation of
a-secretase, especially by ADAMI10, may be an effective
therapeutic approach for AD [89, 90].

We demonstrated here that ALA causes increased
expression and activity of ADAMI10, but the specific
mechanism behind this remains unclear. ADAMI10
is a long-lived protein, and its proteolytic activity for
a-cleavage is related to the mature enzyme [49, 91, 92].
A recent study showed that overexpression of the tran-
scription factor EB induces the mature form of ADAM10
by activating the entire autophagy-lysosome pathway
[93]. Another study reported that ADAMI10 is degraded
by the lysosomal pathway via asparagine endopeptidase
[94]. Autophagy is markedly impaired in AD, and this
also affects the accumulation of AP peptides and p-tau
protein [95-97]. Using a mouse model of AD, Lee and
colleagues suggested that faulty autolysosome acidifica-
tion induces the autophagic accumulation of Af in neu-
rons and the formation of senile plaques in brain tissues
[98]. Although there is substantial evidence suggesting
that dysregulation of autophagy contributes to the neu-
ropathology of AD, so far there have been few studies
on the regulatory mechanisms of autophagy in the APP
metabolic pathway. In the current study, ALA was found
to activate autophagic flux in an AD cell model (Fig. 5A-
G). Moreover, the damaged mitochondria were observed
by TEM to be engulfed by autophagosomes and then
degraded in autolysosomes (Fig. 6A). Mitochondrial
dysfunction with aging leads to reduced oxidative phos-
phorylation [99]. The resulting decrease in ATP level
triggers energy stress, which could accelerate Ap and tau
pathology [100]. Mitochondrial dysfunction in the brain
of a mouse model of AD was found to occur prior to AP
deposition [101]. The accumulation of damaged neuro-
nal mitochondria has been observed in both sporadic
and familial AD, as well as in animal models. Mitophagy
dysfunction is therefore a fundamental pathological hall-
mark of AD [102-104].

Mitophagy is a subtype of selective autophagy that
removes defective and superfluous mitochondria [105,
106]. The specific receptor BNIP3L is involved in recep-
tor-mediated mitophagy and binds directly to the LIR
motif of LC3 to mediate the elimination of mitochondria
[107, 108]. BNIP3L directly targets mitochondria and
facilitates the reduction of MMDP, leading to the recogni-
tion of dysfunctional mitochondria by autophagosomes,
thereby inducing mitophagy and enhancing mitochon-
drial function [109]. Studies have shown that BNIP3L-
mediated mitophagy promotes the autophagy-lysosome
degradation of mitochondria in reticulocytes [110].
CCCP is a mitochondria toxic drug that uncouples the
electron transport chain and phosphorylation, leading to
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major disruption of the MMP and resulting in mitochon-
drial damage [111-113]. Mitochondrial depolarization
selectively induces mitophagy, thereby preventing the
accumulation of damaged mitochondria [110, 114]. In the
present study, CCCP significantly decreased MMP and
BNIP3L expression, whereas ALA moderately decreased
MMP and increased BNIP3L expression (Figs. 6D, E; 7D,
@G). ALA also reduced the mitochondrial mass, as deter-
mined by Mito-Tracker (Fig. 6B, C). Combined with the
observation of TEM, we concluded that ALA activated
mitophagy, whereas CCCP inhibited mitophagy. Activa-
tion of mitophagy has been shown to improve neuronal
mitochondrial function [115, 116]. Additionally, ALA is
an essential coenzyme in mitochondria. Supplementation
with ALA can ameliorate mitochondrial dysfunction and
alleviate cognitive deficits in AD-like animal models and
in patients with mild or moderate dementia [117-120].
In the current study, ALA treatment reduced pathologi-
cal APP processing and improved learning and memory
ability in APP23/PS45 transgenic mice (Figs. 1, 2 and
3). Therefore, we speculated that ALA may increase the
expression and activity of ADAM10 by inducing BNIP3L-
mediated mitophagy, thereby promoting the non-amy-
loid cleavage pathway of APP. Studies have shown that
BNIP3L overexpression can reduce damage to mito-
chondria caused by CCCP treatment [107]. In the pres-
ent study, knockdown of BNIP3L expression in 20E2 cells
with siRNA resulted in a significant reduction in the mat/
pro ratio for ADAM10, thus demonstrating that BNIP3L
can indeed regulate ADAM10 (Fig. 7A-C). ALA partially
compensated for the loss of BNIP3L induced by CCCP,
indicating that ALA may restore mitophagy dysfunction
by inducing BNIP3L (Fig. 7D, G). CCCP decreased the
expression of ADAM10, which could be partially rescued
by ALA (Fig. 7E, H). The level of C83 was consistent with
the expression of ADAM10 (Fig. 7F, I). That supports the
notion that BNIP3L-mediated mitophagy is involved in
the regulation of ADAM10.

Following on from the observation that ALA attenu-
ated cognitive deficits and amyloidosis in APP23/PS45
transgenic mice, further analysis in 20E2 cells showed
that ALA mediated an increase in the cleavage of APP by
ADAMI10 a-secretase. This occurred through mitophagy
and in a BNIP3L-dependent manner. However, because
we did not perform knockout experiments for BNIP3L in
APP23/PS45 mice, there is insufficient evidence to con-
firm that BNIP3L-mediated mitophagy directly attenu-
ates cognitive deficits and amyloidosis, with further in
vivo studies required. Additional experiments involving
treatment of APP23/PS45 transgenic mice with CCCP
or ALA are also required to confirm the results of our
in vitro study. Cell-based assays with 20E2 cells showed
that knockdown of BNIP3L decreased the level of mature
ADAM10. However, the specific molecular mechanism
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involved requires further investigation with additional
cell-based assays. Meanwhile, other neurogenic cell mod-
els should be used to validate the findings.

Conclusion

The evidence presented in this study indicated that ALA
can increase the expression and a-secretase activity of
ADAMI0 by activating BNIP3L-mediated mitophagy.
This has the effect of moving the processing of APP
towards a non-pathological pathway, and alleviating cog-
nitive impairments in APP23/PS45 transgenic mice. The
current findings highlighted a potential therapeutic role
for ALA in the treatment of AD by enhancing non-amy-
loidogenic processing of APP.
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