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ARTICLE INFO ABSTRACT

Keywords: As an inhibitor of the immune system and a longevity drug, rapamycin has been suggested as a treatment for
Alzheimer's disease Alzheimer's disease, although the underlying mechanisms remain to be clarified. To elucidate the mechanisms,
Rapamycin we performed a high-throughput quantitative proteomics analysis and bioinformatics analysis of the changes in

Cholesterol biosynthesis pathway

the proteome profiles of hippocampus and temporal lobe of wild-type mice, APP/PS1 mice and rapamycin-
Cytoplasmic ribosomal proteins

treated APP/PS1 mice (ProteomeXchange: PXD009540). Morris Water Maze tests were used to evaluate the
effectiveness of rapamycin in APP/PS1 treatment and Western blot analysis was used to verify the proteomics
data. The results of Morris Water Maze tests indicated that rapamycin improved the spatial learning and memory
abilities of APP/PS1 mice. Proteome analysis identified 100 significantly changed (SC) proteins in hippocampus
and 260 in temporal lobe in APP/PS1 mice. Among these, 57 proteins in hippocampus and 167 proteins in
temporal lobe were rescued by rapamycin. STRING analysis indicated relatively more complicated protein in-
teractions of AD-related rapamycin rescued proteins in temporal lobe. Pathway analysis showed that SC proteins
in APP/PS1 mice were mainly enriched in cholesterol biosynthesis pathway and cytoplasmic ribosomal proteins.
After rapamycin treatment, the expression of most proteins in these signaling pathways were reversed. Overall,
our findings demonstrate that rapamycin may be an potential strategy which can effectively delays the pro-
gression of AD.

immunosuppressive drug that was approved by US FDA (Food and Drug
Administration) following successful phase IV clinical trials [6]. Rapa-

1. Introduction

Alzheimer's disease (AD) is a common age-related disorder of the
neural system that primarily affects people over the age of 65 years and
the occurrence grows with age [1]. AD is characterized by extracellular
amyloid plaques deposition and intracellular neurofibrillary tangle
formation in the brain [2]. Although AD has been known for > 100
years, the etiology of AD remains to be fully elucidated and there are
no drugs that can effectively halt or delay its progression [1,3-5].

Recently, rapamycin attracted the interest of researchers as an

mycin can prolong the life-span of yeast, worms, flies, and some
mammals, such as mice or monkeys and can also improve the patho-
logical lesion in animal models of AD, such as APP/PS1 mice [7-10]. In
humans, the occurrence of AD is closely connected to aging [11]. Ra-
pamycin, which is a targeted inhibitor of rapamycin complex 1
(mTORC1) and a disruptor of rapamycin complex 2 (mTORC2), has
been implicated as a treatment for AD and other neurodegenerative
disorders [6] [9]. Previous studies indicate that components of the
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mTOR signaling pathway (upstream: PI3K/Akt, AMPK, MAPK, p53,
GTPase, LKB1, ERBB2, IRS-1, PTEN, GSK-3 and insulin/IGF-1; down-
stream: S6/S6K/p70S6K1, 4EBP1, elF2 and elF4E) are involved in AD
pathogenesis [12]. The activation of mTOR signaling can induce Af
generation, which is regulated by several signaling pathways, such as
PI3K/AKT/mTOR, GSK-3/mTOR, AMPK/mTOR, insulin/IGF-1/mTOR
[12]. In addition, as the key pathway of AP degradation, the autop-
hagy/lysosome-dependent clearance of A is regulated by mTOR and
mTOR inhibition can enhance AP clearance [12]. Moreover, mTOR
activation triggers tau hyperphosphorylation and neurofibrillary tangle
formation via phosphatase 2A and GSK-3-dependent phosphorylation of
tau [12]. Rapamycin has been reported to improve neuronal survival
and synapse plasticity to alleviate the symptoms of AD by inhibiting
hyperphosphorylation of tau, accumulation of AP, aging, oxidative
stress, and inflammation and enhancement of autophagy [12-15]. The
latest research shows that rapamycin also alters neurovascular func-
tions in ApoE4 transgenic mice and mTOR signaling functions as an
autophagic intermediary of the TREM2 mutation and AD pathology
[16,17]. Although rapamycin has been identified as a potential treat-
ment for AD, the mechanisms of the therapeutic effect remain to be
elucidated.

Medial temporal lobe atrophy has been shown to commence earlier
than hippocampus atrophy, occurring 3.5 years (0.7-7.5 years) before
disease onset [18]. Usually, the abnormalities associated with AD are
first observed in the frontal and temporal lobes and then gradually
extend to the hippocampus and other areas of the brain [2]. This dis-
cordance indicates that different mechanisms are responsible for the
changes in the hippocampus and temporal lobe; however, the molecular
differences between these regions remain to be clarified.

High-throughput proteomics analysis based on mass spectrum de-
tection and tandem mass tag (TMT™)-labeling techniques are now
widely used for the quantitative analysis of proteins in biological
samples [19]. Proteomics analysis can be used to investigate disease
pathogenesis, disease biomarkers and treatment targets as well as in
evaluation of the efficacy of drugs [20,21]. When combined with
genomic ontology, protein interaction networks and pathway analysis,
proteomics analysis can be used to provide a comprehensive depiction
of the changes associated with diseases at the protein level [21].

APP/PS1 mice, which carry the Swedish mutation of hAPP and the
dE9 mutation of PS1 are extensively used in studies of AD pathogenesis,
AD treatment and drug development, are models used to investigate the
role of AP in AD pathogenesis [22,23]. The Swedish mutation of hAPP
increases A production by stimulating BACE cleavage, while the dE9
mutation of PS1 increases the ratio of A42/AB40, which are initiating
factors in dementia, although the subsequent signaling is not clear [23].

Investigations of the mechanism of AD pathogenesis and the func-
tions of rapamycin in AD are of extreme importance. To clarify these
mechanisms, we used six-plex isobaric TMT™-labeling proteomics and
bioinformatic analysis strategies to detect the alterative protein profiles
of wild-type (WT) mice, APP/PS1 mice and rapamycin-treated APP/PS1
mice. Subsequently, STRING and pathway analyses were used to
identify the differences between hippocampus and temporal lobe and
the key signals associated with APP/PS1 mice and rapamycin therapy.
Moreover, the effectiveness of rapamycin in APP/PS1 mice treatment
was evaluated by Morris Water Maze tests and the accuracy of the
proteomics data was verified by Western blot analysis.

2. Materials and methods
2.1. Reagents

Rapamycin (MedChemexpress, HY-10219/CS-0063, USA); urea, io-
doacetamide and dithiothreitol (GE Healthcare, LC, UK); proteinase
inhibitor cocktail tablet mini (Roche, BS, CH); TMT™ Mass Tagging Kits
(Thermo Scientific, NJ, USA); sequencing-grade trypsin/Lys-C mix
(Promega, WI, USA); The Enhanced Chemiluminescence Kit was gained
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from Millipore (MA) and all the rest of reagents were purchased from
Sigma (MO).

2.2. Antibodies

Anti-B-actin (anti-Actb, rabbit-anti-mouse, GTX124123, GeneTeX,
CA), anti-farnesyl pyrophosphate synthase (anti-Fdps, rabbit-anti-
mouse, 16,129-1-AP, Proteintech Group, Chicago, IL, USA), anti-di-
phosphomevalonate decarboxylase (anti-Mvd, rabbit-anti-mouse,
ab96226, Abcam, Cambridge, UK), anti-hydroxymethylglutaryl-CoA
synthase, cytoplasmic (anti-Hmgcsl, rabbit-anti-mouse, ab155787,
Abcam, Cambridge, UK), anti-ribosomal protein S6 kinase alpha-2
(anti-Rps6ka2, rabbit-anti-mouse, ab32563, Abcam, Cambridge, UK),
anti-60S ribosomal protein L36a (anti-Rpl36a, rabbit-anti-mouse,
ab175016, Abcam, Cambridge, UK), anti-40S ribosomal protein S8
(anti-Rps8, rabbit-anti-mouse, ab201454, Abcam, Cambridge, UK),
anti-60S ribosomal protein L23a (anti-Rpl23a, rabbit-anti-mouse, Sc-
135,388, Santa Cruz, CA, USA).

2.3. Animals

APP/PS1 mice (32weeks old, 4 male and 3 male, Jackson
Laboratory, Bar Harbor, ME, USA, https,//www.jax.org/strain/
004462) and background- and age-matched WT mice were housed
and bred in specific pathogen-free conditions, which did not carry the
retinal degeneration allele Pde6b™!. All experiments complied with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals and got the permission of the Association for Assessment and
Laboratory Animal Care.

2.4. Morris water maze tests

The spatial learning and memory abilities of WT mice (n = 7, oral
administration of 5% CMC-Na (carboxymethylcellulose sodium)), AD
mice (APP/PS1 mice, n = 7, oral administration of 5% CMC—Na), and
AD-Rapa mice (APP/PS1 mice, n = 7, oral administration of rapamycin
2mg/kg/day [17], rapamycin dispersed in 5% CMC—Na) were eval-
uated by Morris Water Maze tests (Fig. 1) [24]. The mice were treated
with drug administration for 7 weeks (from 32 to 38 weeks), and Morris
Water Maze tests were performed on the 38nd week (Fig. 1A). This test
was performed in a circular pool (100 cm diameter) with constant water
temperature (20 + 1 °C). The pool was divided into four equally-sized
areas with the escape platform placed in the center of B quadrant
during the test. For adaptation training (day 1), two trials were per-
formed per day in which the mouse was allowed to search for the visible
escape platform for 60 s (one hour rest per trial). If the mouse failed to
find the platform during this period, the mouse was placed on the
platform for 20s. The mouse was dried after every test. During hidden
platform training (day 2-7), the platform was submerged in water to
approximately 1 cm below the surface and the flag was removed; fat-
free dried milk was added to hide the escape platform. Each mouse
underwent 4 four trials per day (1 hour rest per trial) for six consecutive
days to train them to find the submerged escape platform. If the mouse
failed to find the platform, the trial was repeated according to the
adaptive training. The mouse was dried after every test. The duration
and path efficiency of each trial were monitored and recorded using a
video tracking system (ANY-maze, Stoelting Co., Wood Dale, IL, USA).
After the training test of day 7, all mice will go on probe test. In probe
test, the escape platform was removed and fat-free dried milk was
added into pool. The mice were allowed to swim freely in a limited time
of 60s and the tracks of all mice were recorded by ANY-maze.

2.5. Hippocampus and temporal lobe tissue isolation

After 40 weeks, mice in each group were sacrificed under deep an-
esthesia with intraperitoneal injection of pentobarbital sodium. Brains
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Fig. 1. The spatial learning and memory of APP/PS1 mice were improved by rapamycin treatment. (A) The scheme of rapamycin administration, Morris Water Maze
tests and proteomics analysis. (B, C) For Morris Water Maze tests, the escape latency and path efficiency of the different groups (WT, AD, and AD-Rapa) were
compared from day 1 to day 7. Data represent the mean + SEM of 7 animals per group. (D, E, F, G) In probe test, numbers of B quadrant entries, % of path length in
B quadrant, time in B quadrant and % of time mobile in probe tests (total time = 60s) were evaluated. Data represent the mean = SD of 7 animals per group. (H):
The movement trail of WT, AD and AD-Rapa mice in day 1 and probe tests were showed above and the platform was put in B quadrant. (The symbol of * means
P < .05 and ** means P < .01, one-way ANOVA: B and C; unpaired two-tailed Student's t-test: D, E, F and G).

were carefully removed. Due to the more severely affection of left
hemisphere in AD patients compared with right hemisphere [25,26],
left hippocampus and left temporal lobe tissues were carefully isolated
and immediately frozen at -80 °C. Four mice including 2 male and 2
female were selected in each group for further investigation: WT group,
AD group, and AD-Rapa group.

2.6. Proteomic analysis

The proteomic analysis workflow is shown in supplementary fig. 1

2.7. Sample preparation

Proteins were extracted from the hippocampus and temporal lobe
tissues by using the liquid nitrogen grinding method as described pre-
viously [20,21]. The homogenized tissues were treated with ice-cold
lysis buffer (8 M urea and 1 X cocktail in PBS, pH8.0) and then
transferred to a 1.5-mL tube on ice. Cellular debris was removed by
centrifugation (12,000 rpm, 15min, 4°C) and the supernatant was
transferred to a fresh 1.5-mL tube for immediate storage at —80 °C. The
protein concentration of the supernatant was determined using the
NanoDrop 2000 (Thermo Scientific, NJ, USA) following the manufac-
turer's instructions.

2.8. TMT-labeling

The protein solutions derived from the WT-hippocampus, AD-hip-
pocampus, AD-Rapa-hippocampus, WT-temporal lobe, AD-temporal
lobe and AD-Rapa-temporal lobe groups were used in TMT labeling
experiments. For each group, 100 ug proteins pooled from four mice
(25 nug /mice) were treated with 10 mM dithiothreitol (1 h, 37 °C) and
then incubated with 25 mM iodoacetamide (30 min in the dark at room
temperature). The solutions were then diluted with PBS (pH 8.0) to a
final urea concentration of 1.0M and trypsin/Lys-C mix (1100 w/w)
was added into the reaction tube to digest the proteins to peptides
(overnight at 37 °C). Subsequently, 100% trifluoroacetic acid (TFA) was
added to each tube to regulate the pH of the peptide solutions at 1-2.
After centrifugation (12,000rpm, 10min, room temperature), the
samples were desalted using a reversed-phase column (Oasis HLB,
Waters, MC, USA) according to the manufacturer's protocol. The ex-
tracts were vacuum-dried and then dissolved in 50 uL. 200 mM trie-
thylammonium bicarbonate buffer. The solutions were centrifuged
(12,000 rpm, 2min) and the supernatants were transferred to new
tubes. Subsequently, 40 uL. TMT reagents (0.8 mg TMT dissolved in
40 uL acetonitrile) were added to each supernatant and incubated for
1 h at room temperature. Six TMT labels were used to label the different
samples: TMT-130, WT-hippocampus; TMT-126, AD-hippocampus;
TMT-128, AD-Rapa-hippocampus; TMT-131, WT-temporal lobe; TMT-
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127, AD-temporal lobe; TMT-129, AD-Rapa-temporal lobe. The reac-
tions were stopped by incubation with 8 uL 5% hydroxylamine for
20 min. After termination of the reactions, the six labeled samples were
mixed and the process of adjusting pH, desalting and drying was re-
peated as previously described. These labeled peptides were then dis-
solved in 100 puL TFA (0.1% w/w).

2.9. High performance liquid chromatography separation (HPLC)

The TMT-labeled peptides (100 pL in 0.1% TFA) were fractionated
by HPLC (UltiMate 3000 UPLC, Thermo Scientific) using an Xbridge
BEH300 C18 column (4.6 mm X 250 mm, 2.5um, Waters) with the
following parameters: phase A, ammonium hydroxide (pH 10.0); phase
B, methanol; phase C, acetonitrile (pH 10.0); column temperature,
45 °C; flow rate, 1.0 mL/min; test wavelength of ultra violet detector,
214 nm. Ultimately, all fractions were collected in 48 fresh tubes
(1.5 min/tube), dried under vacuum and then dissolved in 20 uL 0.1%
TFA for further liquid chromatography (LC)-MS/MS analysis.

2.10. Peptide analysis by LC-MS/MS

The high-throughput LC-MS/MS analyses were performed using the
Ultimate 3000 RSLCnano System (Thermo Scientific, NJ, USA) and an
interfaced Thermo Q Exactive Benchtop Mass Spectrometer (Thermo
Scientific, NJ, USA) to identify different TMT labels and the species of
peptides. A silica capillary column (70 pL internal diameter, 150 mm
length, Upchurch, Oak Harbor, WA, USA) packed with 5L C18 silica
resin (300 A°, Varian, Lexington, MA, USA) was used to separate pep-
tides by gradient elution (0.30 uL/min, 120 min). Xcalibur 2.1.2 was
used gather the data from the Q Exactive mass spectrometer, with the
mode set to data-dependent acquisition mode. After the single full-scan
mass spectrum in Orbitrap (60,000 resolution, 400-1800 m/z), 10 data-
dependent MS/MS scans at 27% normalized collision energy (higher
energy C-trap dissociation) were conducted to acquire the fragment
mass spectrum. Using the Proteome Discoverer 2.1 software (Thermo
Scientific), the MS/MS spectra were compared against the UniProt
mouse FASTA database (released on October 21, 2017). The re-
commended settings were used for the search criteria as follows:
FDR = 0.01 (false discovery rate); full tryptic specificity required; no
more than two missed cleavages; carbamidomethylation (C,
+57.021 Da) and TMT-plex (lysine [K] and any N-terminus), static
modifications; oxidation (methionine, M), dynamic modification; pre-
cursor ion mass (all MS from Orbitrap mass analyzer) tolerances were
set to 10 ppm; fragment ion mass (all MS2 spectra) tolerances were set
to 20 mmu; the reporter ion intensities per peptide were used for re-
lative protein quantification; the upregulation threshold was 1.10 and
the downregulation threshold was 0.90. Ultimately, the mass spectro-
metry proteomics data was exported via the PRIDE partner repository
to the ProteomeXchange Consortium (dataset identifier PXD009540).

2.11. Bioinformatics analysis

Gene Ontology analysis was used for AD-related rapamycin rescued
(ARR) proteins classification using Funrich software. STRING database
version 10.0 (http://string-db.org) were used to detect the protein-
protein interactions of ARR proteins and the medium confidence
threshold set to 0.4. For the Wiki pathway analysis, we used an online
WEB-based GEne SeT analysis Toolkit (WebGestalt, Vanderbilt
University, Nashville, TN, USA, http://www.webgestalt.org/option.
php). Cytoscape (3.6.0) was used for protein mapping to pathways.
Volcano plots were generated using R Studio with ggplot2 package.

2.12. Western blot

Western blot was used as a mature protein identification and
quantification method to verify the proteomics data. This test was
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performed according to standard protocols and the protein concentra-
tions of the samples were determined using a NanoDrop 2000 (Thermo
Scientific, NJ, USA). The general steps were as follows: 1. The pre-
paration of SDS-PAGE gels: 10% separation gel and 5% stacking gel; 2.
Electrophoresis: 80V in stacking gel and 120V in separation gel; 3.
Transmembrane: 450 nm nitrocellulose membrane and 250 nm poly-
vinylidene fluoride membrane (< 30 KDa) were used to blotting the
proteins; 4. Blocking: 5% nonfat dry milk in TBS-T solution (TBS plus
5% Tween) for 30 min; 5. The incubation of primary antibody: 4 °C
overnight and the dilution of primary antibodies was 1:10,000 for Actb,
1:1000 for Fdps, 1:1000 for Mvd, 1:1000 for Rps8, 1:1000 for Rps6ka2,
1:500 for Rpl36a, 1:200 for Rpl23a; 6. The incubation of horseradish
peroxidase-conjugated goat-anti-rabbit second antibody: the dilution of
second antibody was 1:7500 and the incubation time was 60 min; 7.
The rinse of membrane used TBS-T solution; 8. Imaging: Enhanced
Chemiluminescence reagents and the image was caught by Tanon-5800
Chemiluminescent Imaging System (Tanon, China).

2.13. Statistical analysis

+

The Morris Water Maze tests of day 1 to day 7 (mean *= SEM),
Morris Water Maze tests of probe tests (mean + SD) and Western blot
data (mean * SD) were plotted and analyzed by using GraphPad prism
7.0. Unpaired two-tailed Student's t-test was used for two group com-
parison and one-way ANOVA was used for multi-group comparisons. P-
values < .05 were considered to indicate statistical significance.

3. Results

3.1. Rapamycin-treated APP/PS1 mice showed improvement in spatial
learning and memory abilities

To evaluate the efficiency of rapamycin in APP/PS1 mice treatment,
we conducted Morris Water Maze tests. The escape latency and path
efficiency of the WT, AD, and AD-Rapa (oral rapamycin 2 mg/kg/day,
7 weeks) groups were compared. During the adaptive period (day 1),
none of the mice were able to find the platform in 60 s. After the hidden
platform training, WT mice were able to find the platform rapidly and
efficiently, while mice in the AD group were rarely able to find the
platform (Fig. 1B—C), which is consistent with previous reports of other
transgenic mice [10]. Improvements in spatial learning and memory
capacities were observed in the AD-Rapa group compared to the AD
group and the effects approached to those of the WT group (Fig. 1B-C).
The differences were statistically significant (P < .05). For probe tests,
rapamycin obviously improved the numbers of B quadrant entries, the
proportion of path length in B quadrant and the time in B quadrant of
APP/PS1 mice and the data is same to WT mice (Fig. 1D-F). During
probe test, the mobile time of WT mice and AD-Rapa mice apparently
surpassed APP/PS1 mice, which suggested that rapamycin may activate
APP/PS1 mice (Fig. 1G). The detail tracks were shown in Fig. 1H. All
the detailed information are shown in Supplementary Table 1. These
results indicated that rapamycin can ameliorate the spatial learning and
memory deficit in APP/PS1 mice.

3.2. Characterization of the protein profiles in hippocampus and temporal
lobe

To investigate the mechanisms underlying treatment of rapamysin
in APP/PS1, we used a HPLC-coupled high-throughput mass spectro-
metry approach to quantitatively characterize the proteome in hippo-
campus and temporal lobe. At the 40th week after rapamycin treatment
(from 32 to 38 weeks), hippocampus and temporal lobe regions from
WT, AD, AD-Rapa groups were subjected to proteomic analysis. With a
threshold of FDR < 1%, unique peptide > 2, and confidence score >
10, we identified 5092 proteins (Supplementary Table 2).

Proteins that changed > 1.20 fold and < 0.83 fold were defined as
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Fig. 2. Characterization of the protein profiles in
hippocampus and temporal lobe. (A) Abundance ra-
tios of proteins in hippocampus (Hip) and temporal
lobe (Tem). Proteins with a abundance ratio > 1.20
or < 0.83 were defined as significantly changed
proteins (SC-proteins) and are represented as red
dots. Other proteins were defined as nonsignificantly
changed proteins (NC-proteins) and are represented
as gray dots. SC-proteins that were restored by ra-
pamycin treatment (AD-related rapamycin rescued

* ARR-proteins
NC-proteins
* SC-proteins

2 proteins, ARR proteins) are represented as blue dots
in the right panel. (B) Venn map of ARR proteins in
hippocampus and temporal lobe. Fourteen proteins
were detected both in hippocampus and in temporal
lobe. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)

* ARR-proteins
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significantly upregulated and downregulated proteins, respectively. We
found more significantly changed (SC) proteins in temporal lobe (260
proteins) than hippocampus (100 proteins) (Fig. 2A), which demon-
strated more damage in temporal lobe in AD progression, in accordance
with earlier atrophy of temporal lobe before disease onset [18]. The
AD-related rapamycin rescued (ARR) proteins in APP-PS1 mice were
screened in two steps: (1) AD/WT > 1.2-fold or AD/WT < 0.83-fold,
(2) 0.83-fold < AD-Rapa/WT < 1.20-fold. After screening, much more
proteins in temporal lobe were found rescured with rapamycin treat-
ment, with 57 ARR-proteins in hippocampus and 167 in temporal lobe
(Fig. 2A, Table 1). Fourteen overlapped proteins were detected in both
regions (Fig. 2B, Table 1).

3.3. Bioinformatics analysis of ARR proteins in hippocampus and temporal
lobe

To assess the proteome composition and functional classification of
the ARR proteins in hippocampus and temporal lobe, we annotated
these proteins to cellular component (CC) and biological process (BP)
gene ontology (GO) terms (shown in Fig. 3A). In the hippocampus, most
ARR proteins are exosomes (n = 19) and lysosome (n = 15) proteins.
While in temporal lobe, a large proportion of proteins were annotated
as cytoplasmic proteins (n = 67) and lysosome proteins (n = 36). Most
of these ARR proteins in hippocampus and temporal lobe were involved
in signal transduction and cell communication process.

STRING analysis of these rapamycin-rescured proteins (Fig. 3B-C)
revealed scattered protein-protein interaction among these proteins.
Relative more complicated protein interactions were found in temporal
lobe. Only 2 ARR proteins, Lnpp5d and H2afy2, were found closely
interacted with > 2 proteins in hippocampus. In temporal lobe,
Aldh112, mt-Nd1, Rpl22, Gm10053, Rab33b, Nt5m, PdelOa, Vps39,
Vamp7, and Mog were key network nodes in protein-protein
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interactions. These results suggested that these proteins may play vital
roles in improvement of AD symptom by rapamycin.

Wiki pathway analysis in hippocampus and temporal lobe revealed
apparent reversion of proteins expression after rapamycin treatment.

To investigate the effects of rapamycin in APP/PS1 mice, we used
the WEB-based GEne SeT analysis Toolkit to further analyze the en-
riched pathways of the SC proteins in hippocampus and temporal lobe.

Based on Wiki pathway database, we found SC proteins in APP/PS1
mice, compared to WT mice, were mainly enriched in the cholesterol
biosynthesis pathway, and cytoplasmic ribosomal proteins.
Subsequently, the ratios of proteins identified in the AD/WT (hippo-
campus), AD/WT (temporal lobe), AD-Rapa/AD (hippocampus) and
AD-Rapa/AD (temporal lobe) groups were mapped to these pathways
and visualized using Cytoscape (3.6.0).

In the cholesterol biosynthesis pathway (Fig. 4A-4D), Fdps was
upregulated in the progression from WT to APP/PS1 mice and were
both reversed by rapamycin treatment. In addition, there was no
change of Mvk expression in hippocampus of APP/PS1 mice with or
without rapamycin treatment; while in the temporal lobe, Mvk was
overexpressed in the progression of APP/PS1 pathogenesis, and was
inhibited by rapamycin treatment.

A number of cytoplasmic ribosomal proteins (Fig. 5A-5D) partici-
pated in AD pathogenesis, and respond to rapamycin treatment. In
detail, among the proteins involved in AD pathogenesis, Rpl6, Rpl7,
Rpl18, Rpl24, Rpl36a, Rps6 and Rps8 were markedly upregulated in the
hippocampus, while Rpl13 and Rpl28 were striking downregulated. In
contrast, significantly high levels of Rpl7, Rpl22, Rpl27, Rpl36a,
Rps6ka2, and Rps27a and low level of Rps23 were found in the tem-
poral lobe. After rapamycin treatment, in hippocampus, most proteins
in the hippocampus were downregulated. In the temporal lobe, wide-
spread inhibition effects were also detected with rapamycin treatment.
Changes in the AD pathogenesis-associated proteins, such as Rpl36a,
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Table 1
ARR proteins in hippocampus and temporal lobe.

Gene AD/WT_  AD-Rapa/WT AD/WT_  AD-Rapa/WT
Accession Group Group

Name Hip _Hip Tem _Tem
Q91X72 Hpx 0.847 ARR 0.881 ARR
Q9CWRO  Arhgef25 1.095 ARR 1.123 ARR
P62897 Cycs 0.909 ARR 0.962 ARR
P43276 Hist1h1b 1.120 ARR 1.083 ARR
P10922 H1f0 1.095 ARR 0.933 ARR
P43275 Hist1h1a 1.069 ARR 0.912 ARR
Q9Z72H2 Rgs6 1.004 ARR 1.034 ARR
Q06335 Aplp2 1.049 ARR 1.191 ARR
Q920E5 Fdps 0.997 ARR 1.051 ARR
Q91YY4 Atpaf2 1.030 ARR 0.969 ARR
Q6PGDO Atraid 1.104 ARR 1.129 ARR
P01867 Igh-3 0.888 ARR 1.032 ARR
P55065 Pltp 0.994 ARR 1.036 ARR
Q9DC29 Abcb6 1.145 ARR 0.862 ARR
Q8CBF3 Ephb1 0.929 ARR 0.917
P04186 Cfb 0.891 ARR 0.932 1.129

0.937 ARR
1.013 ARR
0.847 ARR
1.097 ARR
0.903 ARR 0.958 0.947

E9Q557 Dsp
Q99JP6 Homer3
Q3TBL6 Tnfaip8I3
QOVES82 Cpne7
Q3UHBS8 Ccdc177

P01899 H2-D1 1.182 ARR
Q7M729 Scn4b 0.954 ARR 0.951 0.919
Q8K012 Fnbp1l 1.017 ARR 0.954 0.981
Q8CCKO H2afy2 0.970 ARR 1.010 1.069
008807 Prdx4 1.080 ARR 1.097 1.047
P29416 Hexa 1.191 ARR

Q78WH7 Camk2n2 1.067 ARR 0.896 0.904

035454  Clcn6 1128 ARR

P46660  Ina 1.154 ARR

070340  Nptx2 0.983 ARR  1.073 0.939
Q9JMB8  Cntn6 1.055 ARR  1.059 0.943
Q8BLUO  FIrt2 0.858 ARR  0.845 0.838
P97326  Cdh6 0.892 ARR 0976 0.984
Q9CQW2  Arigb 1.099 Arr S
Q8BP67  Rpl24 1.069 ARR  1.040 0.947
Q8JZW4  Cpne5 1.005 ARR  0.920 0.950
Q07797  Lgals3bp 1.126 ARR 1814 1521
Q80TL4  Phf24 1.094 ARR  1.075 1.054
P47758  Srprb 0.996 ARR  1.031 1.006

(continued on next page)
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Table 1 (continued)

P28867  Prked 0.987 ARR  0.898 1.097
Q8R420  Abca3 1.080 ARR 1509 1289
035526  Stxla 0.934 ARR  0.940 0.836
Q8BYW1  Arhgap25 0.977 ARR  1.043 1.002
QOEQG7  Enpp5 1.149 ARR

QOIVK4  Itm2c 1174 ARR _
P63054  Pcpd 0.992 ARR  1.153 1.042
Q01149  Col1a2 0.928 ARr [
QICR57  Rpl14 1.121 ARR  0.924 0.861

Q99JH7  Clstn3 1.041 ARR (R
070551  Srpki 0.873 ARR  1.125 0.974
P63089  Ptn 0.957 ARR  1.121 1.068
P14148  Rpl7 1.151 ARR  1.159 1.150

Q8BHBY9  Clic6 1.179 ARR

Q99K30  Eps8I2 1.051 ARR

Q9ES52  Inpp5d 1168 ARR

Q6PGH1  Bud31 0.841 ARR  0.949 0.953

Q60771 Cldn11 1.124 1.083 L0751 | 0975 ARR
Q9D2P8  Mobp 1.045 0.883 0.996 ARR
P63082  Atp6vOc 1.007 1.010 ARR
Q8BW22  Ss18I1 1.010 0.977 0.871 ARR
Q8BTR5  Dusp28 0.969 1.038 0.971 ARR
Q8VEA4  Chchdé4 0.940 1.108 0.996 ARR
Q14BI2  Grm2 0.869 0.837 0.899 ARR
Q9D023  Mpc2 0.897 0.846 0.939 ARR
Q9CPU4  Mgst3 1.041 0.931 0.880 ARR
Q61885  Mog 1.013 0.996 0.980 ARR
Q8BLE7  SIc17a6 1.131 0.910 0.899 ARR
P60824  Cirbp 0.962 1.083 1.040 ARR
P12787  Cox5a 0.961 1.052 1.018 ARR
Q62241  Snrpc 0.949 1.016 0.891 ARR
054829  Rgs7 0.990 0.988 0.935 ARR
P15864  Hist1hic 0.986 ARR
P53702  Hccs 0.911 0.968 0.996 ARR
P03888  Mtnd1 0.934 0.930 0.968 ARR
Q91ZP9  Necab2 0.893 1.034 0.852 ARR
Q9ONHO  Ankrd17 1.028 0.935 0.987 ARR
Q8VDH1  Fbx021 0.996 0.992 0.986 ARR
FEWSI0  Yjefn3 1.180 1.133 1.172 ARR
QIDB50  Ap1s2 1.022 0.965 1.036 ARR
Q8C726  Btbd9 1.048 0.923 ARR
QoQzI8  Serinci 1.096 1.015 1.046 ARR
QBAXF6  Sidt1 1.081 0.977 1.053 ARR
Q8BVF2  Pdcl3 1.100 1175 1175 ARR

(continued on next page)
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Table 1 (continued)

P49446  Ptpre 0.941 1.002 0.981 ARR
Q8BTJ4  Enppé 1.100 1.120 1134 ARR
Q924S7  Spred2 0.936 0.935 1.044 ARR
P46662 NP2 1120 0.945 0.968 ARR
Q8K1S2  Unc5d 1.026 0.946 0.983 ARR
P70444  Bid 0.970 0.977 0.994 ARR
088951  Lin7b 1.029 0.953 1.031 ARR
Q8VEH3  Arlga 1.157 1.056 1195 ARR
P09470  Ace 1.167 0.988 0.990 ARR
QsCll2  Cdc123 1.071 0.987 1.075 ARR
QODOL4  Adck1 1.040 0.982 1.029 ARR
Pe38s2  Rpisca  [JGGONN 0825 0.966 ARR
035963  Rab33b 1.040 0.999 0.995 ARR
Q3U0S6  Rasip1 0.900 0.888 1.050 ARR
Q6P8M1  Tatdn1 1.017 0.993 1.022 ARR
Q6PHS6  Snx13 0.946 0.975 1.001 ARR
Q04899  Cdk18 1.071 0.925 0.931 ARR
Q91WZ8  Dtnbp1 0.947 1.061 0.976 ARR
P47746  Cnri 1.037 0.912 1.009 ARR
Q8BXK9  Clics 1.005 0.907 1.015 ARR
Q5KU39  Vpsdd 1.081 1.079 1.007 ARR
P55088  Aqpé 1.092 1122 1.130 ARR
Q3U2P1  Sec24a 1.037 1.022 0.986 ARR
Q811Q9  Peytib 0.957 0.934 0.919 ARR
035710  Noct 1.004 1.002 0.938 ARR
Q3TTA7  Cblb 0.982 0.946 0.970 ARR
Q8R2R3  Aagab 1.040 0.997 1117 ARR
Q8K370  Acad10 1.032 1.037 1.121 ARR
P70280  Vamp? 1.061 1.088 1132 ARR
P56960  ExosclO 0.975 0.998 0.884 ARR
Q60575  Kiflb 1.002 1.001 0.940 ARR
Q8BS39  Ccdc32 0.973 0.939 1.023 ARR
Q8VEH6  Cbwd1 0.939 0.911 0.978 ARR
Q8BYI8  Fam234b  0.965 0.920 0.977 ARR
QICPT5  Nop16 1.022 0.973 1129 ARR
Q8CIP4  Marks 0.842 0.965 0.956 ARR
Q08024  Cbfb 1.030 1.078 1.106 ARR
Q8BH64  Ehd2 1.018 1.047 1155 ARR
Q8CBX0  Tmem63c  1.086 0.991 0.989 ARR
Q3UMFO  Cobll1 1.141 0.961 1.013 ARR
Q00915  Rbp1 1.148 0.968 1.025 ARR
Q8VCV1  Abhdi7c  0.871 0.973 1.031 ARR
Q3UFY8  Trmt10c 0.941 1.003 ARR
P61358  Rpl27 1.067 0.895 ARR

(continued on next page)
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Table 1 (continued)

Journal of the Neurological Sciences 399 (2019) 125-139

Q7TSK2
Q80uUuU9
Q8BPG6
A3KFX0
Q8CCF0
QaJIQ3
Q61823
Q8BLV3
Q91VH1
P67984
Q8VCEG
Q08890
E9Q5C9
Q3UGY8
Q05186
P58069
Q9JIS8
Q9WUK6
Q8BKU8
QoCWQO
E1U8DO0
Q80V26
QOWVI9
QO9EQS9
P01837
P70445
Q641K1
Q9Z1M7
Q9z275
Q3UHK1
Q921C5
Q61730
070200
P62046
Q8K009
Q8BXC6
P98195
Q8BQ47
Q9R008
Q62313
QG68FE2
Q9JJz4
Q97103
P20065

Sez6
Pgrmc2
Sumf2
Nt5c1a
Prpf31
Diablo
Pdcd4
SlIc9a7
Adipor1
Rpl22
Nt5Sm
Ids
Nolc1
Arfgef3
Ren1
Rasa2
Sic12a4
Zbtb18
Tmem87b
Dph5
Soga1
Impad1
Mapk8ip1
Igdcc4
Igke
Eif4ebp2
Agtpbp1
Large1
Rlbp1
Slc2a13
Bicd2
IMrap
Aif1
Lrch1
Aldh112
Commd2
Atp9b
Cnpy4
Mvk
Tgoln1
Atg9a
Ube2j1
Adnp
Tmsb4x

1.045 1.041
0.991 0.900
0.980 0.987
1.041 1.074
1.082 1.018
1.180 1.036
1.058 0.969
1.113 1.032
0.991 1.067
1.091 1.181
W om0
1.185 1.060
1.082 1.048
1.036 1.016
1.038 0.902
0.992 0.952
0.994 0.993
0.982 0.959
0.969 0.990
1.107 1.056
1.017 0.955
1.127
1.011 1.158
1.053 0.967
1.028 0.983
1.091 1.016
1.122 0.928
1.058 1.012
0.966 1.056
1.157 1.123
0.977 0.964
1.117 1.127
1.042 1.146
1.126 1.017
1.055 1.082
1.038 1.056
1.055 0.954
1.090 0.935
1.023 1.004
0.952 0.922
0.940 0.897
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0.973
0.948
1.023
1.108
1.100
1.129
1.144
1.005
0.988
0.957
1.071
1.075
0.925
1.190
0.910
1.067
0.948
0.999
1.022
0.981
1.000
1.037
1.082
0.997
0.969
1.048
0.961
1.073
1.073
0.992
1.034
1.109
1.129
1.026
1.158
0.947
1.013
1.098
1.007
1.021
1.118
0.940
0.939
0.954

ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
ARR
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Table 1 (continued)

Q3UH99  Shisab 0.858 0.962 0.962 ARR
Q91W40  Kic3 1.001 1.075 1.109 ARR
Q3UFQ8  Carmil3 1.017 0.942 1.036 ARR
Q9ET22  Dpp7 1175 1.046 1.192 ARR
070496  Clen? 1.168 1.071 0.969 ARR
Q8R4C2  Rufy2 1173 1.031 1.097 ARR
Q14AX6  Cdk12 1.164 0.946 1.059 ARR
Q61220  Nell2 1.084 1.116 1.162 ARR
E9PZM4  Chd2 1.010 1.022 1.021 ARR
Q9J199 Sgpp1 0.943 ARR
Q8K296  Mtmr3 1.013 0.943 0.998 ARR
Q8BTU1  Cfap20 1.094 1.079 1.069 ARR
P97333  Nrpf 0.891 1.031 0.959 ARR
QBPBM7  Sepsecs 0.993 0.935 0.919 ARR
009044  Snap23 1.066 1.034 1.040 ARR
Q8BGT5  Gpt2 1.087 1.144 1.115 ARR
P41233  Abcal 1.001 1.092 1.066 ARR
QIWUH1  Tmem115  1.085 0.948 0.964 ARR
Q8ROG7  Spnst 1.078 1.020 1.121 ARR
P50294  Nat1 0.987 1.072 1.019 ARR
Q6P5D4  Cep135 1.119 1.077 1.020 ARR
Q9D187  Fam96b 1.043 1.062 1.026 ARR
Q8BPBO  Mob1b 0.940 0.923 1.001 ARR
Q6PDCO  Rundc3b 1.142 1.078 1.123 ARR
Q9D753  Exosc8 0.980 1.010 0.967 ARR
Q9IMA2  Qtrtt 0.978 1.053 1.024 ARR
Q8BUR3  Foxj3 1.090 0.979 0.976 ARR
Q8BKG3  Ptk7 1177 0.945 1.011 ARR
Q8R5L3  Vps39 1.165 1.041 1.125 ARR
Q60809  Cnot? 0.947 1.116 1.092 ARR
Q64299  Nov 1.199 0.928 0.838 ARR
P42703  Lifr 1.023 0.958 1.176 ARR
Q60841  Reln 1.018 0.979 1.085 ARR
Q9CQ33  Lzir1 1.109 1.041 0.920 ARR
Q8VCN5  Cth 0.979 0.963 0.961 ARR
Q9Z0S9  Rabact 1.044 0.952 1.011 ARR
Q8CA95  Pdel0a 0.991 0.916 0.895 ARR
Q9DCC8  Tomm20 1.101 0.975 0.897 ARR
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Fig. 3. Bioinformatic analysis of ARR proteins in hippocampus and temporal lobe. (A) GO analysis. (B,C) STRING analysis. Scattered protein-protein interactions
were found among these ARR proteins. (B) ARR proteins in hippocampus. Only 2 proteins were found interacted with > 2 proteins. (C) ARR proteins in temporal

lobe. Ten proteins were detected interacted with > 2 proteins.

Rps8, Rpl22, Rpl27, and Rpsbka2, were reversed by rapamycin.

Overall, rapamycin may play a regulatory role in APP/PS1 patho-
genesis via its effects on the cholesterol biosynthesis pathway, and
cytoplasmic ribosomal proteins.

3.4. Western blot verification

To verify the reliability of our proteomics data, Fdps, Mvd, Rpl36a,
Rpl23a, Rps8 and Rps6ka2 were selected for western blot analysis using
Actb as the background reference. The results showed the same trend as
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Fig. 4. The differentially expressed proteins in the Wiki pathway of cholesterol biosynthesis pathway. Proteins are represented as boxes and labeled with the gene
names. Relative protein expression level is indicated by colors: red indicates upregulation and green indicates downregulation. Gray indicates that the proteins were
not identified in this study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

data obtained in the proteomics analysis (Fig. 6), as well as the dif-
ferences were statistically significant (P < .05). In the hippocampus,
Fdps and Rps8 were upregulated from WT to APP/PS1 and were
downregulated by rapamycin. Similarly, in temporal lobe, Fdps and
Rpl36a were upregulated from WT to APP/PS1 and were down-
regulated by rapamycin. That is, rapamycin may alleviate AD symptom
through the regulation of cholesterol biosynthesis pathway and

136

ribosomal proteins including Fdps and Rps8 in hippocampus and Fdps
and Rpl36a in the temporal lobe.

Some pivotal proteins, including Pltp, Inpp5d, Colla2, Vtn and
Plcg2 were selected for analysis of their secondary mass spectrum
(Supplementary Fig. 2). The peaks of precursor ions, product ions and
TMT tags were detected by LC-MS/MS and the specific sequences of
these peptides were generated by spectral analysis.
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C AD/WT in temporal lobe
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Fig. 5. The differentially expressed proteins in the Wiki pathway of cytoplasmic ribosomal proteins. Proteins are represented as boxes and labeled with the gene
names. Relative protein expression level is indicated by colors: red indicates upregulation and green indicates downregulation. Gray indicates that the proteins were
not identified in this study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

In this study, we found that rapamycin can ameliorate the spatial
learning and memory deficit in APP/PS1 mice. TMT-labeled quantita-
tive proteome analysis revealed more SC proteins in temporal lobe than
hippocampus. Also, more SC proteins were rescued by rapamycin in
temporal lobe, with 57 ARR-proteins in hippocampus and 167 in tem-
poral lobe. STRING analysis indicated relatively more complicated
protein interactions of ARR proteins in temporal lobe. Pathway analysis
showed that SC proteins in APP/PS1 mice were mainly enriched in
cholesterol biosynthesis pathway, and cytoplasmic ribosomal proteins.
After rapamycin treatment, the expression of most proteins in these
signaling pathways were reversed.

The Morris Water Maze test is frequently used in the evaluation of
the memory and learning damage in AD model mouse [24]. In

accordance with previous reports, we demonstrated the protective ef-
fects of rapamycin in the APP/PS1 model mouse [10]. Rapamycin
successfully relieved the symptoms and improved the memory and
learning abilities of APP/PS1 mice, indicating that rapamycin may be
effective in treating various phenotypic aspects of AD.

It was reported that human AD and mild cognitive impairment post-
mortem brain samples showed high mTOR activation compared to
healthy controls [27]. In an AD mouse model, a global inhibition of
mTOR signaling with rapamycin reduced cognitive deficts [28]. Rapa-
mycin is a targeted inhibitor of mTORC1, and a disruptor of mTORC2.
Our results in APP/PS1 mice also demonstrated the improvement of
spatial learning and memory by rapamycin. Furthermore, Neelam et al.
reported that depletion of mTOR activator Rheb in forebrain can elicits
spatial memory deficits in mice [29]. Based on these results, we spec-
ulate that regulation of mTOR signaling may play vital roles in
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ameliorating memory deficits in AD.

It has been reported that lipid metabolism controls the occurrence
of AD by regulating the synthesis, aggregation, neurotoxicity and
elimination of AB and the phosphorylation of tau, as well as cerebral
vessel dysfunction [30]. ApoE and cholesterol metabolism dysfunctions
are the center of the lipid metabolism abnormalities hypothesis [30]. As
a pathological chaperone of AP, ApoE is an important transporter of
cholesterol and other lipids among CNS cells and is also a vital regulator
of cholesterol metabolism [30,31]. ApoE4, with lower cholesterol
transport ability, is associated with the highest risk to human AD and
higher levels of oligomeric A, which create neurotoxins and stimulate
tau phosphorylation [31,32]. It is also reported that abnormal choles-
terol levels are a sensitive indicator of AP production, amyloid genesis,
tau phosphorylation and tau proteolysis [31,33]. As an important re-
cent study reported, cholesterol plays a specific catalytic role in the
aggregation of APB42 [34]. Cholesterol is also essential for axonal
growth and synaptic formation and remodeling as well as the memory
generation and learning [31,33]. Interestingly, inhibiting the synthesis
of cholesterol can prevent AD and cardiovascular disease [31]. Previous
studies of European samples revealed that cholesterol-related genes,
such as HMGCS2 and FDPS were associated with sporadic AD [35]. In
addition, the expression of cholesterol metabolism genes, including
Fdps, Mvk and Mvd, were regulated by oligomeric amyloid-f3 peptides
[36]. Furthermore, Pltp which cooperates with Abcal to regulate cho-
lesterol efflux, was found as the rapamycin targeted proteins [37]. It is
reported that the level of human PLTP is increased and can alter APP
processing and amyloid-} metabolism to affect learning and memory
abilities in mouse models [38,39]. Intriguingly, in our study, rapamycin
suppressed cholesterol biosynthesis regulators, including Fdps and Mvk.
The effects of rapamycin are so wide-ranging that it may be the key to
the treatment of AD.

Ribosomal dysfunctions such as decreased protein synthesis capa-
city, reduced levels of ribosomal RNA and tRNA and increased RNA
oxidation are regarded as an early event in AD [40,41]. High levels of

138

+

SD of each group (n = 4). The symbol of *

ribosomal S6 kinase 1 (Rps6kl) are found in the AD brain and sup-
pression of Rps6kl expression improves spatial memory capacity and
synaptic plasticity in an AD model mouse through the inhibition of AP
and tau accumulation [42]. Furthermore, Rps6k1 inhibition increases
the lifespan of some nematodes and mammals [42]. Furthermore, ri-
bosomal assembly as well as RNA transcription and protein synthesis
are regulated by mTORC1 [43]. A recent study revealed that ribosome
proteins, such as Rpl7 and Rpl26, are associated with mTOR2 activa-
tion, which is promoted by insulin-stimulated PI3K signaling [44].
Based on the results of our study, the inhibition of mTOR by rapamycin
reversed ribosomal proteins such as Rps6ka2 that play significant roles
in APP/PS1 pathogenesis or mTOR regulation. Moreover, serious ri-
bosomal dysfunctions are found in APP/PS1 mice as well as these
dysfunctions are inhibited by rapamycin. Therefore we may deduce that
early rapamycin interference in AD may prevent or delay the progres-
sion of AD.

In combination, these findings strongly implicate rapamycin as a
potential treatment strategy in AD pathogenesis.

5. Conclusions

The findings of our study indicate that rapamycin effectively ame-
liorate the spatial learning and memory deficit in APP/PS1 mice, and
rapamycin treatment rescued the protein expression in cholesterol
biosynthesis pathway, and cytoplasmic ribosomal proteins. Our results
provide important insights into the etiology of AD pathogenesis and the
mechanism of rapamycin treatment, which pave a way for further
clinical use of rapamycin.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jns.2019.02.022.
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