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Abstract

A high-fat diet (HFD) induces obesity and insulin resistance, which may exacerbate amyloid-3 peptide (AB) pathology
during Alzheimer’s disease (AD) progression. Branched-chain amino acids (BCAAs) accumulate in obese or insulin-
resistant patients and animal models. However, roles of accumulated BCAAs and their metabolites, branched-chain
keto acids (BCKAs), in the HFD-induced deterioration of AD and the underlying mechanisms remains largely unclear.
In this study, APPswe/PSEN1dE9 (APP/PST1) transgenic mice were fed a HFD for 6 months, and the BCAAs content

of the HFD was adjusted to 200% or 50% to determine the effects of BCAAs. The HFD-fed APP/PS1 mice accumulated
BCAAs and BCKAs in the serum and cortex, which was accompanied by more severe cognitive deficits and AD-related
pathology. The additional or restricted intake of BCAAs aggravated or reversed these phenomena. Importantly,

BCAAs and BCKAs repressed microglial phagocytosis of AR in vivo and in BV2 cells, which might be relevant for trig-
gering receptor expressed on myeloid cells 2 (TREM2) dysfunction and autophagy deficiency. We found that BCAAs
and BCKAs could bind to TREM2 in silico, in pure protein solutions and in the cellular environment. These molecules
competed with AR for binding to TREM?2 so that the response of TREM?2 to AR was impaired. Moreover, BCAAs

and BCKAs decreased TREM2 recycling in an mTOR-independent manner, which might also lead to TREM2 dysfunc-
tion. Our findings suggest that accumulated BCAAs and BCKAs contribute to the HFD-induced acceleration of AD
progression through hypofunctional TREM2-mediated disturbances in AR clearance in microglia. Lowering BCAAs
and BCKAs levels may become a potential dietary intervention for AD.
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cance of which has been documented in several studies
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[4—6]. Insulin resistance and obesity, which are T2DM-
related factors, are associated with cognitive impairment
in AD patients [2, 7]. A high-fat diet (HFD) causes com-
plex metabolic disturbances, including insulin resist-
ance and obesity, which have been reported to aggravate
AP pathology in an AD mouse model [8]. These find-
ings reveal that HFD-induced metabolic disorders play
causal roles in AD progression. Recent studies have sug-
gested that insulin resistance and obesity are related to an
imbalance in branched-chain amino acids (BCAAs) [9,
10]. Branched-chain keto acids (BCKAs) dehydrogenase
activity in peripheral tissues is inhibited by diet induced-
insulin resistance or obesity such that BCAAs accumu-
late in the circulation [11-13]. The brain is an important
BCAAs reactor in which BCAAs serve as a nitrogen
source for the synthesis of the neurotransmitter gluta-
mate [14]. However, excessive BCAAs in the brain lead to
neurotoxicity and neurological dysfunction, which may
promote the development of neurodegenerative diseases
[15]. Moreover, elevated BCAAs levels are also found in
AD patients and AD mouse models [16, 17], indicating
that BCAAs metabolic disorders are potentially linked
to AD progression. Nevertheless, whether an impaired
BCAAs balance is involved in the HFD-induced deterio-
ration of AD remains largely unclear.

Several studies have shown that HFD feeding inter-
rupts microglial clearance of AP and the function of trig-
gering receptor expressed on myeloid cells 2 (TREM2)
in research models [18-20]. Microglia are the primary
immune cells of the central nervous system and act as
important scavengers of Ap during AD progression [21].
Loss of the response to AP in senescence-associated
microglia may accelerate the development of early-stage
AD [22]. TREM2 is a cell surface receptor that drives
microglial phagocytosis of AP [23]. Evidence has shown
that patients with TREM2 mutations have a substantial
increase in the risk of developing AD [24]. Repressed
microglial responses to AP and increased amyloid bur-
dens have also been reported in AD mice deficient in
TREM2 or expressing the hypofunctional TREM2R*H
human variant [25, 26], suggesting that TREM2 is criti-
cal for AP clearance by microglia. Although the effects
of BCAAs on microglial immune properties have been
discovered in vitro [27, 28], how BCAAs influence A
phagocytosis in microglia needs to be explored. Some
ligands, such as lipoproteins, phospholipids and Ap, are
able to bind to TREM2 [29], wherein AP contacts TREM2
to induce microglial phagocytosis of AP in a spleen tyros-
ine kinase (SYK)-dependent manner [25, 30]. How-
ever, whether BCAAs and their metabolites BCKAs are
ligands for TREM2 is unknown. Furthermore, autophagy,
a catabolic process that sequesters the cytoplasm, plays a
neuroprotective role in AD [31]. Microglial autophagy is
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involved in the maintenance of TREM2 function, which
enables microglia to degrade extracellular AB, and a
microglial autophagy deficiency gives rise to senescence-
associated microglia with decreased TREM2 expres-
sion [22, 32]. In addition, other evidence has shown that
noncanonical autophagy (LC3-associated endocytosis),
rather than canonical autophagy, supports microglial
TREM?2 recycling, in which TREM2 is endocytosed and
returns to the plasma membrane for the efficient clear-
ance of AB [33]. BCAAs can suppress autophagic activ-
ity through mTOR activation, but whether BCAAs and
BCKAs affect TREM2 via autophagy has not been elu-
cidated. Here, we hypothesize that BCAAs and BCKAs
impact the microglial phagocytosis of AP by binding
to TREM2 and interfering with TREM2 function and
autophagy.

Therefore, this study aimed to determine the effects of
excessive BCAAs and BCKAs on the HFD-induced dete-
rioration of AD and the underlying molecular mecha-
nisms involved. We used APPswe/PSEN1dE9 (APP/PS1)
transgenic mice to establish an HFD-feeding AD model.
The BCAAs contents of the HFD group were adjusted to
investigate the role of BCAAs in AD progression. Results
showed that BCAAs and BCKAs significantly accumu-
late in the serum and cortex of HFD-fed mice. Higher
BCAAs and BCKAs levels were correlated with worse
cognitive function and AD-related pathology. In addition,
we showed that BCAAs and BCKAs restrained micro-
glial phagocytosis of AP through alterations in TREM2
function. BCAAs/BCKAs formed bonds with TREM2
and reduced TREM2 expression and recycling through
canonical and noncanonical autophagy, respectively,
thereby disrupting the response of TREM2 to Ap. This
study provides evidence for a better understanding of the
role of diet-induced metabolic disorders in promoting
AD progression.

Materials and methods

Animal model and experimental protocol
Three-month-old male APP/PS1 transgenic mice were
obtained from Beijing HFK Bioscience (Beijing, China).
The mice were maintained with ad libitum access to
food and water at 25+1 °C, 50%—60% relative humid-
ity and a 12 h light/dark cycle. After adaptation for
1 week, the mice were randomly divided into chow, HED,
HFD+BCAAs and HFD-BCAAs groups and fed a chow
diet (10% of energy from fat with protein as free amino
acids, A08051501, Research Diets Inc., New Brunswick,
NJ, USA), a HFD (45% of energy from fat with protein as
free amino acids, A06071304, Research Diets Inc.), or a
HEFD plus 100% BCAAs or minus 50% BCAAs (based on
A06071304, Beijing HFK Bioscience, Beijing, China) for
6 months. The details of the diets are listed in Table S1.
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Each group contained 11-12 mice, and the group sizes
were designed based on previous studies [8, 13] and
obeyed the principle of 3Rs (reduction, replacement and
refinement). All procedures were approved by the Eth-
ics Committee of Tongji Medical College of Huazhong
University of Science and Technology (IACUC number:
2946), and complied with animal biomedical research
principles formulated by the China Animal Care Com-
mittee and the Council of the International Medical
Organization.

Oral glucose tolerance test (OGTT)

Food was withdrawn from the cages for 12 h before the
experiments. The mice were intragastrically administered
glucose (1 g/kg body weight), then blood samples were
collected from the tail vein at the times indicated in the
figures, and the blood glucose levels were measured with
an Accu-Chek Performa glucometer.

Morris water maze

The Morris water maze experiments were performed to
test spatial learning and memory functions, as previously
described [25]. A circular pool (120 cm in diameter) with
nontoxic opacified water (23+2 °C) was equally divided
into four logical quadrants, and a platform (12 cm in
diameter) was placed 1 cm beneath the water in quad-
rant IV (target quadrant). Spatial cues were distributed
around the pool. Before the experiment, the mice were
allowed to adapt to the environment of the testing room.
During the training period, the mice were allowed 60 s
to find the platform and 15 s to stay on the platform. If
the mice failed to find the platform within 60 s, they were
guided to it and allowed to remain there for 15 s. The
training session lasted for 5 consecutive days, with four
trials per day. On the sixth day, the hidden platform was
removed, and a 60 s probe test for memory retention was
performed. The swimming activity of each mouse was
automatically recorded by the digital tracking software
SuperMaze (Shanghai Xinruan Information Technology,
Shanghai, China).

Metabolic measurements

Blood samples were collected, incubated at room temper-
ature for 1 h, and then centrifuged at 2000 X g for 10 min
to obtain the serum supernatant. Serum concentrations
of glucose, total triglyceride (TG), total cholesterol (TC),
high-density lipoprotein cholesterol (HDL-C) and low-
density lipoprotein cholesterol (LDL-C) were determined
under fasting conditions using the corresponding assay
kits (Nanjing Jiancheng Bioengineering Institute, Nan-
jing, Jiangsu, China). Fasting serum insulin levels were
measured using a mouse insulin ELISA kit (Elabscience
Biotechnology, Wuhan, Hubei, China).
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Amino acids and BCKAs detection by LC-MS/MS

The levels of 19 amino acids and 3 BCKAs in the serum
and cortex were quantified via LC-MS/MS accord-
ing to previous methods [34, 35]. Analytical separation
was performed on a Waters ACQUITY UPLC H-Class
PLUS system (Waters, Milford, MA, USA) equipped
with a ZORBAX RRHD Eclipse Plus C18 column (95 A,
3.0x150 mm, 1.8 pum; Agilent Technologies, Wilming-
ton, DE, USA). Mass spectra were recorded using a Xevo
TQ-XS MS/MS (Waters) with an electrospray ionization
(ESI) source. The scan type was set as switching polarity
(positive/negative) multiple reaction monitoring (MRM)
mode. The standards were all purchased from Med-
ChemExpress (Shanghai, China).

For the serum analysis, 40 pL of serum was mixed with
160 uL of a methanol solution (containing 0.1% formic
acid) containing an internal standard consisting of nor-
valine (5 pg/mL) and salicylic acid (0.45 pg/pL). The mix-
ture was centrifuged at 12,000xg for 10 min at 4 °C to
precipitate the protein, and the supernatant was collected
for analysis.

For the analysis of the cortex, the cortex was harvested
from mouse, snap frozen in liquid nitrogen and stored
at—80 °C. The tissue was homogenized in a 1:10(w/v)
volume of methanol/deionized water (1:1, v/v, 0.1% for-
mic acid, prechilled at—20 °C) and then centrifuged
at 12,000x g for 10 min at 4 °C. A total of 100 uL of the
supernatant was transferred to a centrifuge tube contain-
ing 300 pL of 0.1% formic acid in methanol containing
internal standards. After centrifugation at 12,000x g for
10 min at 4 °C, the supernatant was obtained for analysis.

ELISA analysis for APP and A3

The cortex of mouse was homogenized with TBS fol-
lowed by centrifugation at 12,000 x g for 20 min at 4 °C.
The supernatant was collected as soluble fraction, and
the pellet was solubilized in 70% formic acid as insoluble
fraction. Amyloid precursor protein (APP) from soluble
fraction and total APB,_,, and AP;_4, (including soluble
and insoluble fraction) were measured using correspond-
ing ELISA Kkits (Elabscience Biotechnology) according to
the manufacturer’s instructions. Protein concentration
in each sample was measured by BCA assays (Nanjing
Jiancheng Bioengineering Institute).

Immunohistochemistry

Mouse brains were fixed with 4% paraformaldehyde
in PBS for 24 h, dehydrated and embedded in paraffin
until use. Immunohistochemical staining was performed
as previously described [36]. The primary antibodies
used included rabbit polyclonal anti-BCAT1 (ab232706,
Abcam, Shanghai, China), rabbit polyclonal anti-BCAT2
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(ab95976, Abcam), mouse monoclonal anti-6E10
(SIG-39320, Covance, Princeton, NJ, USA), and rab-
bit polyclonal anti-IBA1 (ab178846, Abcam) antibodies.
Appropriate secondary antibodies were used for immu-
nohistochemical and immunofluorescence staining.

For immunohistochemical and immunofluorescence
staining, images were captured using an Axio Observer
7 (ZEISS, Oberkochen, BW, Germany) and processed
with ZEN software. Quantification of the images was
performed using Image] software. The proper threshold
was used for quantification. Cortex and hippocampus
regions from the brain section were analyzed, respec-
tively. Mean intensity of BCAT1 and BCAT?2 signal and
AP plaque-positive area were measured, and IBAI-
positive cell number were counted. AP plaque-positive
area and IBA1-positive cell number were normalized to
region area.

For AP plaque-associated microglia analysis, images
were acquired using a confocal microscope (Nikon,
Tokyo, Japan) and processed with NIS-elements soft-
ware. IBA1-positive cell number within a 20-pm range
from AP plaques was counted, and normalized to AP
plaques area according to previous studies with some
modification [18, 36].

Quantitative real-time polymerase chain reaction

Total RNA was extracted from the mouse cortex, purified
and concentrated using an RNA Easy Fast Tissue/Cell Kit
(TIANGEN Biotechnology, Beijing, China). Total RNA
was reverse transcribed into cDNA using a FastKing RT
kit (TTANGEN Biotechnology). Real-time PCR was per-
formed using PowerUp SYBR Green mix (Thermo Fisher
Scientific, Waltham, MA, USA) and an Applied Biosys-
tems 7900HT thermocycler. Threshold cycle values were
normalized to those of GAPDH. The specific primers
used in this study are listed in Table S2.

BV2 cell culture and treatments

Mouse microglial BV2 cells were purchased from Ser-
vicebio Technology (Wuhan, China). BV2 cells were
cultured in complete Dulbecco’s modified Eagle’s
medium (DMEM) containing penicillin and strepto-
mycin in a 37 °C incubator with 5% CO,. Aggrega-
tion of AP,_,, (MedChemExpress) was conducted as
previously described [36]. Briefly, AP, ,, was aggre-
gated for 24 h at 37 °C. Unless indicated otherwise,
BV2 cells were treated with vehicle, BCAAs (5 mM,
leucine: valine: isoleucine=1:1:1) or BCKAs (5 mM,
KICA:KMVA:KIVA =1:1:1) in the presence of AB (1 uM)
with or without 40 pM sphingosine-1-phosphate (S1P;
MedChemExpress) for 4 h. In addition, BV2 cells were
treated with vehicle, BCAAs or BCKAs in the presence
of AP with or without the agents rapamycin (50 nM),

Page 4 of 18

chloroquine (40 uM) or 4-octyl itaconate (40 uM) (Med-
ChemExpress) for 12 h.

Western blotting

Cortical samples and BV2 cells (2x10° cells per well)
were homogenized in RIPA lysis buffer containing pro-
tease and phosphatase inhibitor tablets (Beyotime Bio-
technology, Shanghai, China), lysed on ice for 30 min,
and then centrifuged at 12,000 X g for 10 min at 4 °C. The
supernatants were added to SDS-PAGE sample loading
buffer (Beyotime Biotechnology), denatured at 100 °C for
10 min and then analysed by immunoblotting. The pri-
mary antibodies used were as follows: rabbit polyclonal
anti-BCAT2 (ab95976, Abcam), rabbit polyclonal anti-
BCKDK (ab111716, Abcam), rabbit polyclonal anti-phos-
pho-BCKDH (ab200577, Abcam), rabbit monoclonal
anti-BCKDH (90198, Cell Signaling Technology, Dan-
vers, MA, USA), rabbit monoclonal anti-synaptophysin
(5461, Cell Signaling Technology), rabbit polyclonal anti-
PSD95 (A7889, ABclonal Technology, Wuhan, Hubei,
China), rabbit polyclonal anti-BACE1 (A5266, ABclonal
Technology), rabbit polyclonal anti-IBA1 (ab178846,
Abcam), rabbit monoclonal anti-TREM2 (ab305103,
Abcam), rabbit monoclonal anti-phospho-Zap-70/SYK
(2717, Cell Signaling Technology), rabbit polyclonal anti-
SYK (A2123, ABclonal Technology), rabbit polyclonal
anti-phospho-p70 S6 kinase (AP0564, ABclonal Tech-
nology), rabbit monoclonal anti-p70 S6 kinase (A4898,
ABclonal Technology), rabbit monoclonal anti-LC3A/B
(12741, Cell Signaling Technology), rabbit monoclonal
anti-SQSTM1/P62 (A19700, ABclonal Technology), rab-
bit monoclonal anti-RUBIUCON (8465, Cell Signaling
Technology) and rabbit polyclonal anti-GAPDH (ab9485,
Abcam) antibodies. Appropriate secondary antibod-
ies were used for Western blotting. Image] software was
used to perform the greyscale analysis.

AP phagocytosis and degradation assays

Microglial phagocytosis and degradation of aggregated
Ap,_4, were analysed using previously described meth-
ods [33, 36]. Before the experiments, HiLyte" Fluor
488-APp1-42 (AS-60479, AnaSpec, Fremont, CA, USA)
was aggregated for 24 h at 37 °C. BV2 cells were plated
at a density of 2x 10 cells per well in BeyoGold™ white
96-well cell culture plates with clear bottoms (Beyo-
time Biotechnology) and incubated overnight. For the
phagocytosis assays, BCAAs (5 mM) or BCKAs (5 mM)
with fluorescein labelled-Ap (1 pM) were simulta-
neously added to the BV2 cells, and the extracellu-
lar AP was removed before each measurement. For
degradation assays, BV2 cells were treated with fluores-
cein labelled-Af for 2 h and washed twice with DMEM,
followed by the addition of BCAAs or BCKAs. The
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fluorescence was recorded at a 503-nm excitation wave-
length and 528-nm emission wavelength at the indicated
times in the figures.

Furthermore, microglial Ap phagocytosis was verified
via fluorescence microscopy. Briefly, 1x10° cells were
plated in 24-well plates. After treatment with the BCAAs
or BCKAs with fluorescein labelled-Ap in the presence or
absence of S1P (40 uM) for 4 h, an anti-IBA1 antibody
and DyLight 594-labelled secondary antibody were used
to label the cell shape, and 4/,6-diamidino-2—phenylin-
dole (DAPI) was used to stain the nuclei. BV2 cells were
treated with BCAAs or BCKAs with unlabelled AP in
the presence or absence of rapamycin (50 nM), chloro-
quine (40 puM) or 4-octyl itaconate (40 uM) for 12 h, after
which the culture medium was replaced, and fluorescein-
labelled AP was added. Finally, the cells were subjected to
fluorescence staining 2 h later and photographed with an
Axio Observer 7 (ZEISS). The amount of intracellular AP
in the images was quantified using Image] software.

Molecular docking

The molecular docking simulation was performed with
Autodock Vina (National Biomedical Computation
Resource). The crystal structure of the TREM2 extracel-
lular domain (PDB ID: 6YYE) was downloaded from the
RCSB Protein Data Bank (http://www.rcsb.org/pdb). The
protein molecules were prepared via correction, removal
of ligands and water, and the addition of hydrogen. The
binding sites were set as described in previous reports
[37, 38]. The 3D structures of the ligands were generated
from PubChem (National Library of Medicine) and pre-
pared in AutoDock Vina. After docking, the results were
visualized using Discovery Studio Visualizer (Dassault
Systémes, Vélizy-Villacoublay, France).

Biolayer interferometry (BLI) assay

The binding affinities of the BCAAs and BCKAs for
TREM2 were measured using the ForteBio Octet 96e
system (SARTORIUS AG, Géttingen, NI, Germany). The
recombinant human TREM?2 protein was obtained from
R&D Systems (Minneapolis, MN, USA). After biotin
labelling, the TREM2 protein (0.5 mg/mL) was immo-
bilized on a specific streptavidin sensor. The sensor was
washed and incubated with bovine serum albumin to
block redundant sites. The concentrations of the BCAAs
and BCKAs ranged from 15.63 to 500 pM and 31.25 to
500 pM, respectively. The procedures were set as follows:
60 s for baseline, 120 s for contact time, and 180 s for the
dissociation time at 25 °C. Dissociation constants (Kp)
were estimated via associated software (SARTORIUS
AQG). Moreover, competitive binding to TREM2 was ana-
lysed by loading a mixture of BCAAs or BCKAs with AP
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(1 pM), and the binding data for AP in the absence of
BCAAs or BCKAs were used as a reference.

Immunoprecipitation and LC-MS/MS

The binding of BCAAs and BCKAs to TREM2 in BV2
cells was analysed as previously described [37]. BV2 cells
were incubated with the vehicle or isomers of BCAAs or
BCKAs (5 mM) at 37 °C for 4 h. After washes with PBS,
the cells in homogenization buffer (containing protease
inhibitors) were freeze-thawed three times with liquid
nitrogen to obtain the lysates. Then, the protein in the
cell lysates was acquired by centrifugation at 12,000 X g
for 10 min at 4 °C. Immunoprecipitation was performed
using an immunoprecipitation kit with Protein A+G
magnetic beads and a rat monoclonal anti-TREM2 anti-
body (ab125117, Abcam). Immunoprecipitated pro-
tein supernatants were collected and heated at 95 °C
for 3 min. Then, an adequate amount of methanol (con-
taining 0.1% formic acid) was added to the mixture, the
mixture was centrifuged at 12,000 x g for 10 min at 4 °C,
and the precipitate was discarded. Finally, the obtained
supernatant was dried under a nitrogen flow and re-dis-
solved in 100 pL of methanol/deionized water (1:1, v/v,
0.1% formic acid) for LC-MS/MS detection. The stand-
ards of isomers of BCAAs and BCKAs were all purchased
from MedChemExpress.

Cellular thermal shift assay (CETSA)

The CETSA was performed using a previously described
method [39]. BV2 cells were seeded into 6-well plates at
2x10° cells per well. The cells were treated with BCAAs
or BCKAs (5 mM) for 4 h and harvested in centrifuge
tubes. Next, the cell suspensions were divided into 100 pl
aliquots and heated at temperatures ranging from 40 to
60 °C for 3 min in a Veriti Fast Thermal Cycler (Thermo
Fisher Scientific) with 3 min of cooling. The cell lysate
was obtained by undergoing 3 freeze-thaw cycles in
homogenization buffer containing protease inhibi-
tors, followed by centrifugation at 12,000 g for 10 min
at 4 °C. The supernatant was collected for Western blot
analysis.

Cellular TREM2-Ap binding assay

The binding of Ap to cellular TREM2 was determined as
described in a previous report [23]. BV2 cells were incu-
bated with HiLyte™ Fluor 488-Ap, ,, aggregates in the
presence or absence of BCAAs/BCKAs (5 mM) at 4 °C
for 2 h. After three washes with cold PBS, the cells were
fixed with 4% PFA without permeabilization. TREM2
was labelled with an anti-TREM2 antibody (ab305103,
Abcam), and DAPI was used to stain the nuclei. TREM2-
bound AP was detected using Axio Observer 7 and ana-
lysed with Image] software.
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TREM2 recycling assay

The TREM2 recycling assay was conducted as described
previously [33]. First, BV2 cells were treated with
BCAAs/BCKAs (5 mM) and AP (1 uM) in the presence
or absence of the agents rapamycin (50 nM), chloroquine
(40 uM) or 4-octyl itaconate (40 pM) for 12 h. The cells
were then blocked for 20 min, followed by the addition
of an anti-TREM2 antibody (ab305103, Abcam,) diluted
in DMEM with 1% foetal bovine serum. After an incu-
bation at 37 °C for 1 h, the cells were washed with pre-
chilled DMEM at pH 2.0 and then cultured in complete
medium for 1 h. DyLight 594-labelled secondary anti-
bodies diluted in DMEM with 1% foetal bovine serum
were added to the cells, which were incubated for another
hour at 37 °C to label recycled TREM2. Next, the cells
were washed with prechilled DMEM at pH 2.0 and PBS
at pH 7.4 and fixed with 4% PFA for 15 min. DAPI was
used to stain the nuclei. The values of recycled TREM2
were quantified as the fluorescence intensity per cell
using Image] software.

Statistical analysis

All the data are presented as the means+SEMs. All the
statistical analyses were performed using IBM SPSS Sta-
tistics 19. The significance of differences was assessed
with unpaired Student’s t test or one-way or two-way
analysis of variance (ANOVA) followed by Tukey’s mul-
tiple comparisons test, as indicated. The significance
threshold was set at P <0.05.

Results

High-fat diet feeding induced obesity and insulin
resistance in APP/PS1 mice

APP/PS1 mice, a transgenic mouse model of AD, were
used in this study. APP/PS1 mice develop progressive
AP deposition in the brain at approximately 6 months of
age [40] and cognitive deficits from 8—9 months of age
[41]. Three-month-old APP/PS1 mice were fed a HFD for
6 months in this study to investigate the effects of a HFD
on AP pathology and cognitive function. Furthermore, a
HFD with adjusted BCAAs contents (100% addition or
50% reduction) was provided to APP/PS1 mice to con-
firm the role of BCAAs in this progression. Energy intake
was not significantly different among the groups (Fig.
S1A). Compared with those in the chow group, the APP/
PS1 mice in the HFD, HFD + BCAAs and HFD-BCAAs
group presented increases in body weight, fasting serum
glucose levels, serum insulin levels, and HOMA-IR, as
well as impaired glucose tolerance, as indicated by the
oral glucose tolerance test (Fig. 1A-C). Increased serum
TC and LDL-C levels were also detected in HFD- and
HFD with additional BCAAs-fed APP/PS1 mice (Fig.
S1B). These results suggested that HFD feeding induced
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obesity, insulin resistance and lipid metabolism disorders
in APP/PS1 mice. However, no significant differences
were observed in body weight among the mice in HFD,
HFD +BCAAs and HFD-BCAAs groups. Adjusting the
BCAAs contents of the HFD had no obvious influence
on food intake, insulin resistance and lipid metabolism
in APP/PS1 mice compared with those of the HFD-fed
mice.

Impaired BCAAs catabolism in HFD-fed APP/PS1 mice
Previous studies have shown that obesity and insulin
resistance interrupt BCAAs catabolism in peripheral tis-
sues, which leads to excessive BCAAs accumulation in
the circulation [11, 13]. BCAAs are able to cross through
the blood-brain barrier via L-type amino acid transport-
ers and maintain the function of the central nervous
system [15]. However, the effects of a HFD on BCAAs
metabolism in the AD brain remain largely unclear.
Here, amino acid levels in the serum and cerebral cortex
of APP/PS1 mice were quantified via ultrahigh-perfor-
mance liquid chromatography tandem mass spectrome-
try (UPLC-MS/MS). In contrast to those in chow diet-fed
mice, the serum levels of leucine, isoleucine, valine and
their corresponding metabolites (BCKAs) were elevated
in HFD-fed APP/PS1 mice, while differences in the lev-
els of glutamine, lysine, histidine and phenylalanine were
observed (Fig. 1D). We further confirmed that HFD feed-
ing triggered the accumulation of corticocerebral BCAAs
(except for valine) and BCKAs (Fig. 1E). BCAAs addition
or restriction in the HFD altered the concentrations of
BCAAs and BCKAs in the serum and cerebral cortex of
APP/PS1 mice to different extent. In addition, a positive
correlation was detected between the cortical levels and
the circulating levels (Fig. 1F). The relative abundances of
other amino acids in the cortex are listed in Fig. S1C.
Then, we measured the protein levels of BCAAs meta-
bolic enzymes in peripheral tissues and the brain. Two
key enzymes, branched-chain aminotransferase (BCAT)
and BCKAs dehydrogenase (BCKDH), are involved in
BCAAs catabolism. BCAAs are transformed into BCKAs
in a reversible transamination reaction facilitated by
BCAT. Subsequently, BCKDH conducts the irreversible
decarboxylation of BCKAs, which is a rate-limiting step
in BCAAs catabolism. Phosphorylation of the BCKD Ela
subunit by BCKD kinase (BCKDK) inhibits the activity
of BCKDH [42, 43]. As presented in Fig. 1G and H, the
protein levels of BCAT?2 in the liver and skeletal muscle
of HFD-fed mice remained unchanged compared with
those of chow-fed mice, whereas the phosphorylation
ratio of BCKDH was increased by the overexpression of
BCKDK. Moreover, the IHC results demonstrated that
HEFD feeding reduced BCAT?2 protein levels in the hip-
pocampus and cerebral cortex (Fig. S1D and E), and
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hyperphosphorylation of BCKDH in the cerebral cor-
tex was revealed by Western blotting (Fig. 1I). These
results indicated the suppression of BCAAs catabolism
in peripheral and cerebral tissues after HFD feeding,
which was not affected by the adjustment of the BCAAs

concentration in the HFD. In summary, we discovered
that a HFD impairs BCAAs metabolism, resulting in
the accumulation of BCAAs and BCKAs in the serum
and cerebral cortex of APP/PS1 mice. The increased lev-
els of BCAAs and BCKAs in the cerebral cortex are not
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only related to the inhibition of BCAAs degradation in
the brain but also are related to increased levels in the
circulation.

The accumulation of BCAAs and BCKAs exacerbates
cognitive deficits and AD-related pathology in HFD-fed
APP/PS1 mice

A number of studies have reported that a HFD promotes
cognitive deficits and AD-related pathology during AD
development through metabolic disorders [7, 44]. Nev-
ertheless, whether HFD-induced BCAAs metabolism
disorders participate in this progression has not yet been
confirmed. Thus, we tested the spatial learning and mem-
ory of APP/PS1 mice using the Morris water maze and
evaluated AD-related pathology by performing immuno-
fluorescence staining and Western blotting. As displayed
in Fig. 2A to E, APP/PS1 mice in the HFD group per-
formed poorer in the Morris water maze test than those
in the chow group did, which was supported by longer
escape latency times during the training trials, as well as
fewer entries into the target platform location and tar-
get quadrants in the probe trial. Importantly, additional
intake of BCAAs further aggravated spatial learning
and memory deficits; in contrast, limitation of BCAAs
reversed these defects in HFD-fed mice. The swimming
speed of the mice did not affect these phenotypes in the
different groups. In addition, BCAAs and BCKAs levels
in the cerebral cortex were negatively associated with the
cognitive function of APP/PS1 mice (Fig. 2F).

Cognitive deficits are usually accompanied by pres-
ence of AD-related pathology, including synaptic degen-
eration and AP pathology in AD, which reflects disease
progression [45]. In accordance with the trend in cogni-
tive deficits, the Western blot results indicated that HFD
feeding markedly decreased the levels of synaptophy-
sin and PSD95 (pre- and postsynaptic markers, respec-
tively) in the cortices compared to chow diet feeding
(Fig. 2G), revealing synaptic impairments in the brains
of HFD-fed APP/PS1 mice. Compared with HFD feed-
ing, adding or reducing the BCAAs contents of the HFD
deteriorated or alleviated the postsynaptic impairment
in the cerebral cortex, respectively. Moreover, restric-
tion of BCAAs also rescued the presynaptic impairment,
as indicated by increased levels of synaptophysin. Sub-
stantial evidence suggests that the synaptic impairment
occurs later than AP accumulation during AD develop-
ment [46, 47]. According to the immunofluorescence
results obtained with a specific antibody, greater AP
deposition was observed in the brains of mice in the HFD
group than in mice in the chow group (Fig. 2I). The Ap
burden in HFD-fed mice was increased or decreased by
BCAAs addition or restriction, respectively. The ELISA
results of total AP, ,, and AP,_,, showed similar trends
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with the immunofluorescence results (Fig. S2A and B).
However, no significant differences in the protein levels
of the APP and APP processing secretase (BACE1) in the
cerebral cortex were detected among all the groups, sug-
gesting that AP production remained unchanged (Fig. 2H
and Fig. S2C). Taken together, these findings suggest that
accumulated BCAAs and BCKAs promote the HFD-
induced development of cognitive deficits, synaptic
degeneration and A pathology in APP/PS1 mice.

Excessive BCAAs and BCKAs lead to dysregulated
microglial clearance of AB

AP accumulation and aggregation are commonly attrib-
uted to an imbalance in AP production and clearance
[48]. Because AP production was not altered in the ani-
mals used in this study, we hypothesized that BCAAs
exacerbated the AP burden by reducing A clearance.
Microglia are able to conduct phagocytosis and clearance
of extracellular A in the brain [25, 33]. Although pre-
vious studies have shown that excessive BCAAs impact
microglial polarization and inflammation, whether
BCAAs hinder AP clearance by dysfunctional micro-
glia is unknown [27, 28]. First, we analysed the number
of microglia in the brains of the mice with an anti-IBA1
(a microglial marker) antibody. The immunofluores-
cence results revealed greater microglial accumulation
in the brains of HFD-fed APP/PS1 mice than in those
of chow diet-fed APP/PS1 mice, which was also con-
firmed by the increased IBA1 levels detected via West-
ern blotting (Fig. 3A and B). The number of microglia
recovered as a result of BCAAs-restricted diet feeding.
Then, microglia and AP plaques were colabelled with
anti-IBA1 and anti-Ap antibodies in the brains of mice.
The IBA1 + cells around plaques indicates the microglial
recruitment and response to AP plaques, which reflects
microglial phagocytic capacity of AP to some extent [25,
36]. As presented in Fig. 3C, the number of microglia
around A plaques in the cortex and hippocampus was
reduced after HFD feeding. In contrast to HFD feeding,
additional BCAAs intake further restrained the cluster-
ing of microglia surrounding AP plaques. Conversely, the
number of microglia around A plaques was increased in
BCAAs-restricted diet-fed mice. These results suggested
that HED feeding impaired microglial recruitment and
response to A plaques, which possibly decreased micro-
glial phagocytosis of AP in the brain. Accumulation of
BCAAs and BCKAs might also participate in this pro-
gression, and restriction of BCAAs intake restored the
microglial response to Af plaques.

Mouse microglia BV2 cells were used to determine
whether excessive BCAAs and BCKAs could suppress
AP phagocytosis or degradation in microglia. After
BCAAs or BCKAs treatment, fluorescein labelled-Ap
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uptake by microglia was markedly decreased, as evi-
denced by the decreased fluorescence intensity at
4-12 h (Fig. 3D). However, no obvious difference in
Ap degradation was observed between the control and

BCAAs- or BCKAs-treated cells (Fig. 3E). In summary,
elevated BCAAs and BCKAs levels inhibited the AB
phagocytic activity of microglia, thereby disturbing Ap
clearance, but the underlying mechanisms need to be
further elucidated.
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BCAAs and BCKAs suppress the response of TREM2

and autophagy to Af in microglia

Next, we investigated how BCAAs and BCKAs affect A
phagocytosis by microglia. Recently, TREM?2, a trans-
membrane receptor activated by extracellular AP, has
been reported to be critical for the microglial response

to AP [25]. Meanwhile, microglial autophagy facilitates
the clearance of AP [22, 32]. BCAAs and BCKAs act as
mTORC]1 activators to block autophagic activity [49], and
an autophagy deficiency is considered to lead to TREM2
dysregulation [33]. Here, the mRNA and protein levels of
TREM2 and autophagy-related markers in the cortex of
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APP/PS1 mice were analysed by QPCR and Western blot-
ting, respectively. As shown in Fig. 4A, compared with
chow diet feeding, HFD feeding reduced the phospho-
rylation of SYK without altering TREM2 levels in APP/
PS1 mice, indicating the inhibition of TREM2 activa-
tion. Compared with that in HFD-fed mice, the TREM?2
protein level in HFD-fed mice decreased with increas-
ing BCAAs intake, while the phosphorylation of SYK
was further suppressed. On the other hand, restriction
of BCAAs intake restored TREM2 activation. Moreover,
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the mRNA levels of the TREM2-related protein DAP12
and the phagosome marker CD68 were decreased in the
HFD +BCAAs group (Fig. 4B). Additionally, mTORC1
was activated and autophagic activity was lower in the
cortex of the mice in the HFD group than in those in
the chow group, as suggested by the increased levels of
the phosphorylated S6K protein and the P62 protein,
a decrease in the conversion of LC3-I to LC3-II, and
decreases in the mRNA levels of BECLIN1 and LAMP1
(Fig. 4C and D). The addition or reduction in BCAAs
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contents in the HFD had opposite effects on autophagy in
the cortex of APP/PS1 mice.

Previously, we reported that AP phagocytosis by BV2
cells changed with the BCAAs or BCKAs intervention
from 4 to 12 h. We determined whether TREM2 and
autophagy were involved in the effects of BCAAs and
BCKAs on microglial A phagocytosis by treating BV2
cells with AP and BCAAs/BCKAs for 4 h and 12 h, fol-
lowed by Western blot analysis. The results revealed
that the response of TREM2 to AP was blunted in BV2
cells upon BCAAs or BCKAs treatment for 4 h, but no
alterations in autophagy or TREM2 protein levels were
detected (Fig. 4E and F). After treating BV2 cells for 12 h,
BCAAs or BCKAs resulted in an autophagy deficiency
and the downregulation of TREM2 protein levels (Fig. 4G
and H).

BCAAs and BCKAs bind to TREM2, thereby depressing
microglial TREM2 activation

AP is able to bind to the TREM2 extracellular domain,
which stimulates TREM2 activation to initiate the micro-
glial phagocytosis of AP [23, 29]. Combined with the
results that BCAAs and BCKAs inhibited TREM2 acti-
vation in response to AP without changing TREM2 pro-
tein levels, we hypothesized that BCAAs and BCKAs
disrupted microglial TREM2 function possibly through
direct binding to TREM2. We tested this hypothesis
using molecular docking to investigate the potential
interaction between TREM2 and BCAAs/BCKAs. The
predicted results revealed that all three BCAAs and three
BCKAs could interact with the TREM2 extracellular
domain, and the affinity ranged from —3.8 to 4.1 kcal/mol
(Fig. 5A and Fig. S3A). L-leucine and its metabolite KICA
were used as examples; L-leucine and KICA can form key
hydrogen bonds with ASP104 [37], and other amino acid
residues, such as THR82, TYR108, ARG52, and VAL62,
also participate in the interaction. The binding of BCAAs
and BCKAs to TREM2 was subsequently explored via
biolayer interferometry (BLI). The shift in the spectra
was enhanced (Fig. 5B) by the gradual increase in the
concentration of ligands, revealing that both BCAAs and
BCKAs bound to the TREM?2 protein in solution. Next,
we treated BV2 cells with an isotope of BCAAs or BCKAs
(to avoid noise from the substrate), followed by immuno-
precipitation combined with LC-MS/MS. BCAAs iso-
tope treatment led to the occurrence of corresponding
peaks in the LC-MS/MS spectra (Fig. 5C and Fig. S3B).
Unfortunately, the BCKAs content in the immunopre-
cipitate was too low to be detected, which might be due
to the low signal intensity of the standards in LC-MS/
MS (data not shown). In addition, CETSA revealed that
treating BV2 cells with BCAAs or BCKAs stabilized the
TREM?2 protein during heat challenge (Fig. 5D). These
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results illustrated that BCAAs and BCKAs interact
with TREM2 in the cellular environment. Competition
experiments were performed using BLI and immuno-
fluorescence staining to examine whether this interaction
influences the response of TREM2 to Af. As presented
in Fig. S3C, BCAAs and BCKAs constrained the bind-
ing of AP to TREM2, as supported by the reduction in
the spectral shift in the BLI assay. In addition, the level
of AP surrounding TREM2 in BV2 cells decreased in
the presence of BCAAs or BCKAs (Fig. 5E). Finally, we
found that treatment with S1P, a TREM2 ligand that pro-
motes microglial phagocytosis [37], reversed the BCAAs/
BCKAs-induced repression of AP uptake and TREM2
activation in BV2 cells (Fig. 5F and G), which further
confirmed that BCAAs and BCKAs reduced the micro-
glial phagocytosis of Ap by binding to TREM2.

BCAAs and BCKAs reduce the expression and recycling

of microglial TREM2 via autophagy

Our previous results suggested that BCAAs and BCKAs
treatment for 12 h reduced TREM2 protein levels in
BV2 cells, accompanied by an autophagy deficiency. In
addition, recycled TREM2 supports the clearance of AP
deposits, and autophagy-related proteins are functionally
involved in TREM2 recycling [33]. Thus, we hypothesized
that BCAAs and BCKAs decrease the expression and
recycling of microglial TREM2 through the inhibition
of autophagy. First, the mTOR inhibitor rapamycin was
used to explore the effects of autophagy on TREM2. The
Western blot results revealed that rapamycin treatment
restored TREM2 function and promoted autophagy in
BV2 cells in the presence of BCAAs/BCKAs, as indicated
by increased protein levels of TREM2 and phosphoryla-
tion of SYK, as well as decreased phosphorylation of S6K
and protein levels of P62 (Fig. 6A and B). Moreover, the
decreased phagocytosis of fluorescein labelled-AB42 in
BV2 cells was reversed by rapamycin (Fig. 6C). Unex-
pectedly, although both BCAAs and BCKAs decreased
TREM2 recycling in BV2 cells, no obvious change in
TREM2 recycling was detected after rapamycin treat-
ment compared with treatment with BCAAs/BCKAs
without rapamycin (Fig. 6D). As mTOR-independent
nonclassical autophagy is critical for TREM2 recycling,
the nonclassical autophagy activators chloroquine and
4-octyl itaconate (4-OIC) were used to further deter-
mine how BCAAs/BCKAs influence TREM2 recycling
[50-52]. As shown in Fig. 6E, F and G, increased protein
levels of TREM2 and LC3-1I/LC3-1 were observed in BV2
cells after chloroquine treatment, whereas the BCAAs/
BCKAs-induced decrease in TREM2 recycling was
reversed. However, mTOR activity and P62 accumulation
in BV2 cells were not altered by chloroquine. Similarly,
4-OIC treatment increased the levels of RUBICON and
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LC3-II/LC3-1 with increased TREM2 recycling in BV2  indicate that BCAAs/BCKAs affect TREM2 expression
cells (Fig. S4A and B). Additionally, both chloroquine in an mTOR-dependent manner and affect TREM2 recy-
and 4-OIC were able to rescue microglial uptake of Afin  cling in an mTOR-independent LC3 lipidation-depend-
the presence of BCAAs/BCKAs (Fig. S4C). These results  ent manner.
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Fig. 6 BCAAs and BCKAs reduce the expression and recycling of microglial TREM2 via inhibiting autophagy. Western blot analysis of TREM2-related
A and autophagy-related B protein levels in BV2 cell after treatment of BCAAs/ BCKAs in the presence or absence of rapamycin for 12 h (n=3).

C Representative images of microglial phagocytosis of fluorescein labeled-AB in BV2 cells after treatment of BCAAs/ BCKAs in the presence

or absence of rapamycin for 12 h (n=3, Scale bars, 40 um). D Representative images of TREM2 recycling in BV2 cells after treatment of BCAAs/
BCKAs in the presence or absence of rapamycin for 12 h (n=3, Scale bars, 40 um). Western blot analysis of TREM2-related E and autophagy-related
F protein levels in BV2 cell after treatment of BCAAs/ BCKAs in the presence or absence of chloroquine for 12 h (n=3). G Representative images

of TREM2 recycling in BV2 cells after treatment of BCAAs/ BCKAs in the presence or absence of chloroquine for 12 h (n=3, Scale bars, 40 um). Data

are means+SEM. *P <0.05,**P <0.01 and ***P <0.001, one-way ANOVA, followed by Tukey’s multiple comparisons test or Student’s t test

Discussion

Numerous studies have revealed a pathophysiological
association between T2DM and AD [2, 3]. A HFD poten-
tially accelerates the development of AD through vari-
ous pathways [8]. A HFD results in complex metabolic

disturbances, including insulin resistance and obesity,

catabolism

[11-13].

which are related to T2DM. Epidemiological and experi-
mental studies indicate that insulin resistance and obe-
sity lead to BCAAs accumulation by impairing BCAAs
Nevertheless, whether excessive
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BCAAs are involved in the HFD-induced exacerbation
of AD remain largely unclear. Here, we report that exces-
sive BCAAs and BCKAs are linked to HFD-induced AD
progression in APP/PS1 mice. In terms of mechanisms,
BCAAs and BCKAs can influence TREM2 function,
thereby interfering with the microglial clearance of Ap.

AP deposition in the brain has been hypothesized to
drive the pathogenic cascades of AD [6]. APP/PS1 mice,
an AD model featuring Ap pathology, typically develop
cognitive deficits from 8—9 months of age [41, 53]. Three-
month-old APP/PS1 mice were fed a HFD for 6 months
in this study to investigate the pathology in the early stage
of AD. HED feeding induced obesity and insulin resist-
ance in APP/PS1 mice. Additionally, BCAA catabolism
was inhibited in the peripheral and cerebral tissues of
HED-fed mice, which caused BCAAs and BCKAs accu-
mulation in the circulation and cortex. BCAAs maintain
the nitrogen balance and participate in various biological
processes in the brain [14]. However, elevated levels of
BCAAs and their metabolite BCKAs are neurotoxic and
disrupt the normal physiological functions of the brain
[15]. In this study, HFD feeding aggravated cognitive def-
icits, synaptic plasticity impairments and AP pathology
in APP/PS1 mice. In addition, adjusting the BCAAs con-
tents of the HFD influenced the BCAAs and BCKAs lev-
els without obvious changes in obesity, insulin resistance
or BCAAs catabolism. The additional intake of BCAAs
further deteriorated cognitive function, cognitive deficits
and AD-related pathology in HFD-fed mice. On the other
hand, the restriction of BCAAs intake delayed AD pro-
gression. These results confirmed the role of BCAAs in
the HFD-induced exacerbation of AD.

Microglia, the primary immune cells of the central
nervous system, are the cells responding to AP accumu-
lation [21]. An abnormal phagocytic capacity of micro-
glia results in reduced AP clearance, which eventually
contributes to late-onset AD [25]. Previous studies have
indicated that BCAAs influence the immune properties
of microglia in response to lipopolysaccharide (LPS) [27,
28]. Here, we found that adjusting BCAA intake affected
the microglial response to AP in vivo and that BCAAs
or BCKAs dramatically hindered AP phagocytosis in
BV2 cells. However, no effects of BCAAs or BCKAs on
AP degradation in BV2 cells were observed, while the
autophagy of BV2 cells was inhibited. A previous study
suggested that ablation of autophagy-related proteins
(ATG5 or FIP200) resulted in autophagy deficiency but
did not affect AP degradation in microglia [33]. The
unchanged microglial AP degradation in our study might
be related to other pathways of AP degradation apart
from autophagy. It is reported that TREM2, the recep-
tor in microglia, conducts microglial phagocytosis of Ap
[23]. TREM2 variants, deficiency or hypofunction lead
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to the accelerated development of AD [25, 26]. Recently,
HED feeding was shown to induce TREM2 hypofunction
in mice [18, 20]. Moreover, BCAAs inhibit autophagic
activity through the mTOR pathway, and autophagy
also participates in the maintenance of TREM2 function
[22, 33]. However, the exact role of BCAAs in regulating
TREM2 function remains unknown. In the present study,
HFD feeding impaired TREM2 activation without alter-
ing TREM2 protein levels in the cortex of APP/PS1 mice,
which was reversed by BCAAs restriction. Additionally,
excessive BCAAs intake reduced TREM2 protein lev-
els, accompanied by the aggravation of HFD-induced
autophagy deficits. In vitro, BCAAs- or BCKAs-treated
BV2 cells presented a blunted TREM2 response to Af,
with unchanged TREM2 protein levels and autophagic
activity after 4 h, as well as decreased TREM2 protein
levels and autophagy defects after 12 h. Next, we discuss
the molecular mechanisms underlying these phenomena.

The findings from BV2 cells after treatment for 4 h
are characteristic of molecular binding-induced effects.
TREM2 has several potential ligands, including apoli-
poproteins, phospholipids, the platinum (IV) complex,
and AP [29, 54]. Among them, AB activates TREM2 by
binding to the TREM2 extracellular domain and initiates
microglial phagocytosis [23, 55]. Our computer simula-
tion and BLI results indicated that BCAAs and BCKAs
could bind to the TREM2 protein. Next, the binding of
BCAAs and BCKAs to TREM2 in the cellular environ-
ment was further confirmed using immunoprecipita-
tion combined with LC—~MS/MS and CETSA, which are
methods used to explore the interactions between ligands
and proteins in cells [37, 56]. In addition, BCAAs and
BCKAs competed with AB for TREM2 binding in BLI
and cell experiments. Treatment with S1P, an agonist that
binds to TERM2 and promotes microglial phagocyto-
sis [37], restored the AP intake of BV2 cells in the pres-
ence of BCAAs or BCKAs, suggesting that BCAAs and
BCKAs can bind to TREM2, thereby decreasing micro-
glial phagocytosis of Ap. A HFD causes multiple meta-
bolic abnormalities, and whether other metabolites are
able to bind with TREM2 in a similar manner remains
unknown.

After treatment with BCAAs or BCKAs for 12 h,
abnormal TREM2 expression and autophagy were
detected in BV2 cells. With respect to the relationship
between autophagy and TREM?2, the evidence indicates
that autophagy in microglia is increased in response to
AR and that hypofunctional microglial autophagy leads
to the downregulation of TREM2 in the brains of AD
mice [22, 32]. In this study, rapamycin treatment reacti-
vated autophagy and restored TREM2 protein levels and
AP phagocytosis in BV2 cells in the presence of BCAAs
or BCKAs. Nonetheless, the recycling of TREM2 was
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not improved in rapamycin-treated BV2 cells, indicating
that BCAAs or BCKAs affected recycling of TREM2 in
an mTOR-independent manner. Earlier report showed
that RUBICON- and ATG5-dependent noncanonical
autophagy (LC3-associated endocytosis) is required for
TREM2 recycling in microglia, which supports the clear-
ance of AB [33]. In order to investigate whether nonca-
nonical autophagy was involved, chloroquine and 4-OIC
were used to activate noncanonical autophagy. Chloro-
quine, known as a lysosomotropic agent, can promote
LC3 lipidation independently from canonical autophagy
and activate the noncanonical autophagy. The LC3 lipida-
tion induced by chloroquine is associated with endolyso-
somal membranes during noncanonical autophagy, but it
is not associated with autophagosomes [51, 57]. Moreo-
ver, the activation of NRF2 can trigger noncanonical
autophagy by increasing RUBICON expression [52], and
the NRF2 activator 4-OIC can increase microglial phago-
cytosis [58]. Here, we found that both chloroquine and
4-OIC reversed the suppression of TREM2 recycling and
Ap intake induced by BCAAs or BCKAs, accompanied
by increases in LC3 lipidation, revealing that BCAAs and
BCKAs inhibit TREM2 recycling possibly through the
noncanonical autophagy pathway. However, the exact
molecular mechanisms underlying the effects on TREM2
recycling need to be further confirmed.

Conclusions

Our results suggest that accumulated BCAAs and their
metabolites BCKAs promote the HFD-induced aggrava-
tion of AD in the early pathological stage. BCAAs and
BCKAs disrupt the microglial phagocytosis of AP via
dysfunctional TREM?2, in which binding to TREM2 and
autophagy are possibly involved. This evidence provides
a theoretical basis for understanding the relationship
between diet-induced metabolic abnormalities and AD
progression, and the dietary preventive interventions for
AD. As prospects, inhibitors that target BCKDK (such as
BT2) to effectively lower BCAAs levels [13, 52] have the
potential to serve as promising pharmacological strate-
gies for AD in the future.
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