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Background: Alzheimer's disease (AD), is a progressive neurodegenera¢ disease
that is characterized by cognitive loss. Most researchers dieve that aggregation and
accumulation of b-amyloid peptides (&) in brain cells are the central pathological
hallmark of this disease.

Methods: Based on the amyloid hypothesis, a 10 amino acidsb-sheet breaker
peptide HPYD (His-Lys-GIn-Leu-Pro-Phe-Tyr-Glu-Glu-Aspwas designed according to
the structure and sequence of the previous designed peptideH102. Accelerated
stability test, thio avine T (ThT) uorescence spectral aalysis and transmission electron
microscopy (TEM) imaging were performed to detect the stabily and inhibitory effects
on the aggregation of A 4o by H102 and HPYD. FITC-labeled HPYD was rst tested
to determine whether it could be transferred along the olfatory pathway to the brain
after nasal administration to mice. Subsequently, the Moig Water Maze (MWM) test
for behavioral analysis was used to investigate the learrgnand memory ability of
APP/PS1 transgenic mice by HPYD. Immunohistochemistry anevestern blot analysis
was performed to determine the role of HPYD on B and APP protein levels. In addition,
microarray analysis was used to evaluate the effect of HPYDnogene expression in AD
mouse models.

Results:  Our in vitro results demonstrated that HPYD had enhanced stability and
inhibitory effects on Ay 42 aggregation compared to H102. HPYD could be delivered
into the brain through nasal administration and improved #learning and memory ability
in APP/PS1 transgenic mouse models by reducing Band APP protein levels. In addition,
microarray analyses suggested that several genes related the in ammatory pathway,
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Liu et al. Treatment of AD by HPYD

AD and gluco-lipid metabolism were dysregulated and could & restored to almost
normal levels after HPYD administration to mice.

Conclusions:  Our results demonstrated that HPYD could be a potential thexpeutic
drug candidate for the treatment of AD.

Keywords: Alzheimer's disease, HPYD, b-amyloid peptides, APP, b-sheet breaker peptide

INTRODUCTION Selkoe, 2007; Allsop and Mayes, 2014; Karran and De Strooper,
2016; Selkoe and Hardy, 2Q1€ompared to brillar plagues,
Alzheimers disease (AD) is a complex, severe neurodegerera ap oligomers (A0s) are considered to be the main mediators
disorder of the central nervous system, which manifest ags cytotoxicity in AD (Ashe and Aguzzi, 20)3The oligomeric
progressive cognitive decline and memory impairment in theap can initiate the phosphorylation of Src kinase Fyn, asparagine
elderly and presenium individuals. More than 44 million peOF)'eendopeptidase (AEP) and GSHK3which then can subsequently
are currently living with AD and the global health care costjqyce the hyperphosphorylation of tau proteiivigrtin et al.,
in 2010 was about US$818 billionVginer et al., 2013 The 2013; Zhang et al., 20)L4AbOs and ADDLs bind to synaptic
incidence of AD has been increasing every year, and by 203@ntacts and cellular membranes more rapidly and with higher
about 131.5 million people will su er from dementia if there are 4 nity than brillar A b (Abf). This binding compromises the
no e ective therapiesGummings et al., 20)6Although AD has  integrity of intracellular membranes to induce an elevatioh
led to a major social and health care problem, there is still N@ntracellular C&C, which then results in rapid and massive
absolute e ective treatment for the disease. Hence, it ialito  peyronal cell deathgemuro et al., 2005; Deshpande et al., 3006
develop novel drugs and e ective therapies for AD. In addition, Ab also could upregulate in ammatory cytokines
The pathological characteristics of AD mainly include messi 5 increase the nitric oxide release to cause neuroin atna
senile plaque deposits, neuro brillary tangles as well a&céee (1 et al.,, 199% Several studies have demonstrated thatan
loss of neurons and synapses in speci ¢ brain regions, such &sjuce the expression of several in ammatory factors, idhg
the cerebral cortex and hippocampug4ttson, 2004; Shen and casp1, CASP4, PLA2G4A, and PTPR@H et al., 2011; Zhu
Kelleher 111, 200J. Senile plaques contain extracellular depositg: 51 2011: Mehta et al., 2012: Kajiwara et al., ROtthas
of b-amyloid peptide in its brillar form and neuro brillary  peen reported that solublebA 45 proto brils could stimulate
tangles, which are composed of hyper phosphorylated tagicroglial production of tumornecrosis factoa (TNFa) to
protein. There are many hypothesis regarding the pathogenesigmuylate in ammatory response®@ranjape et al., 20).Taking
of AD, such as the cholinergic hypothesis¢ncis et al., 1999 3| these observations and studies into consideration, tingl@id
amyloid hypothesis Hardy and Allsop, 1991; Mudher and pypothesis is recognized as the most prominent theory to explai
Lovestone, 2002tau hypothesisGoedert et al., 1991; Mudher the pathogenesis of AD.
and Lovestone, 20pand several other hypothese8€(sberg |t js thought that Ab aggregations are generated due to A
etal., 1999; Deane and Zlokovic, 2)0he amyloid hypothesis clearance de ciencies af-secretaseJ@rrett et al., 1993; Golde
has become the most accepted mechanistic hypothesis for AR a|., 2000; McGowan et al., 200%ence, many secretase
pathogenesis, although some amendments have been made. inhibitors were developed as the initial small-molecularépies
b-amyloid peptides (h) are 39-42 amino acid peptide for AD (De Strooper et al., 20).0Semagacestat, casecretase
residues that are derived from putative intramembranousnhibitor, reached Phase 3 clinical trials, but was halted due
processing of amyloid precursor protein (APP) bg- to adverse events of worsening cognition and activity, al we
secretase/PS1 aspartyl proteastelfoe, 1999; Hardy and as increasing the incidence of skin cancéfifan and De
Selkoe, 2002 Only a small amount of A is generated by the Strooper, 2016 Many other strategies were also considered
cleavage of APP Hy or g-secretase in healthy individuals, while for AD, for example, inhibiting A& aggregation. Tramiprosate
a large amount of APP is metabolized by and b-secretase was found to inhibit A aggregation by maintaining Ain a
without Ab generation (aass et al., 1992; Zhang and Xu, 2007 non- brillar form, thus inhibiting amyloid deposition Gervais
However, genetic mutations ib- or g-secretase in AD patients et al., 200y, Tramiprosate could signi cantly reduce brain
results in increased APP cleavage activity, which subsgigue amyloid plaque load (30%) and the cerebral levels of soluble
generates large amountsbAAb has been shown to aggregateand insoluble A4 and Abgy ( 20-30%) in TJCRNDS mice
and accumulate abnormally in the brain of AD patients, and(Gervais et al., 2007 However, no signi cant therapeutic
extracellular amyloid plaques ofbApeptides aggregation can e ects were observed as primary outcomes in the Alzheimer
trigger a cascade of pathologic events leading to nerve bebisease Assessment Scale-cognitive subscale (ADAS+tog) a
entanglement and neuronal apoptosisafdy and Selkoe, 2002; Clinical Dementia Rating-Sum of Boxes (CDR-Sum of Boxes)
Karran etal., 2001 in phase Il trials Aisen et al., 2071 Nonetheless, ALZ-801, a
Recently, it has been demonstrated that smaller and moreovel prodrug of tramiprosate, has shown excellent oral safety
soluble aggregates, including a variety of compounds ofoé®lu and tolerability, and its PK characteristics were signi thgn
oligomers, ADDLs (amyloidb-derived diusible ligands) or improved compared to oral tramiprosate in phase | studigsy(
proto brils to be the predominant toxic forms of B(Walsh and et al., 201y, Additionally, immunotherapies were considered
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for AD therapy. Bapineuzumab and solanezumab represent WMATERIALS AND METHODS

humanized monoclonal antibodies that increases the cltezra nimal
of Ab by speci cally targeting amino acids 1-5 and 16-24 01A Imals

Ab peptide, respectively. However, Phase 3 clinical trials d}!gde migeh _(Weight 26 1o _289;. age. 2hmonths), APP/P$1
bapineuzumab were halted after the completion of two triald"'c© é\’\_’e'g t 253 10 28.1g; age: 8k:non:1 Sf) and r(]:57./6J.m|ce
because it did not improve clinical outcomes in patients with A (weight: 25.5 to 28.60) were purchased from the institute

(Salloway et al., 20).4Similarly, solanezumab also failed to meetmc laboratory anir_nal sci(_ances, CAMS & PUM(_: (Chine_se
the primary outcome in Phase 3 clinical trialSi¢mers et al,, ~cadémy of Medical Sciences and Peking Union Medical

2019. Although many amyloidocentric drugs have failed afterCoIIege). APP/PS1 mice have been previously demonstrated

Phase 3 clinical trials, it does not diminish the pathogehieary _to form amyloid plaques_, Which have been approved by
of this disease. institute of laboratory animal sciences, CAMS and PUMC.

Ab consists of a hydrophobic carboxyl terminus andAI_I animal gxperimer.lts were pe.rformed .i.n accgrdgnce
a hydrophilic amino terminus. The hydrophobic carboxyl W'th the China Physiological Society “Guiding Principles

terminus of Ab mainly consists ob-sheets while the hydrophilic In CtjheICarfe ar_1d Us_e Olf Animals(; approved *?y Tianjin
amino terminus mainly consists ofa-helix and b-turns Medical University Animal Care and Use Committee (NO.
(Chou and Fasman, 19).7Aggregation of monomeric B 20130021).
into oligomers are formed through the internalization ofeth
hydrophobic carboxyl terminus and exposing the hydrophilicCompounds
amino terminus Hilbich et al., 199® The carboxy terminus of H102, FITC-labeled HPYD and HPYD were synthesized using
Abis critical for amyloid formation. the Fmoc solid-phase synthesis method and puried by
b-sheet breaker peptides (also referred to as peptidielPLC (Gill Biotechnology Company, Shanghai, China). The
inhibitors) are a class of compounds that are highly potentompounds were greater than 95% pure as measured by HPLC-
in ameliorating A 42- or a-synuclein-inicted cell toxicity MS. HPYD, a polypeptide comprising the amino acid (AA)
(Watanabe et al., 2002; El-Agnaf et al., J0b4sheet breaker sequence of His-Lys-GIn-Leu-Pro-Phe-Tyr-Glu-Glu-Asp, swa
peptides are homologous to regions of thsheet hydrophobic dissolved in normal saline.
carboxyl segments and highly e ective in inhibiting bA
amyloidogenesisJ@rrett et al., 1993Based on the amino acid Accelerated Stability Test
residues 17__21 of By 42, we previously designed lsheet 0.5mg of HPYD or H102 was dissolved in 1 mL of 0.2 mol/L
breaker peptide H102 (H|s-L3./s-GIn-Leu-Pro-Phe-Phe-GIu-GIu-p osphate bu er containing 100 mg/L of trypsin. The trypsin
Asp) that can req|uce amyloid load fa.nd cerebral_ damage a lution and polypeptide were mixed at a ratio of 1:4, and
improve the Iearmng and memory ability of AD animal modelsthe solution was placed in a temperature controlled water
(He et al., 2008; Lin et al., 20l4However, H102 was not ., shaker at 3T for 0, 40, 100, 160, 220, 280, 340, and
very'stable. Henge, we designed an alternathaheet breaker 400 min. The samples were then heated to@Gor 10 min,
peptide HPYD (His-Lys-GIn-Leu-Pro-Phe-Tyr-Glu-Glu-Asp) by 5 e stability of HPYD and H102 was detected at the
su_bsn_tu_tlng Phe with _Tyr. The stabl_h_ty O_f HPYD and_the atyil di erent time points. High performance liquid chromatography
to inhibit Ab aggregation were studied vitro. HPYD displayed (HPLC) analysis of HPYD and H102 was performed using a
excellent stability and the ability to inhibit A\ aggregation Phenomerex C18 column (250 mm 4.6mm, 5mm; Sigma, Inc
compe_lreq to H10_2. However, H_PYD e cacy for the treatmentU.SIA_). The mobile phase consisted of solvent A, 0.1% TFA
of AD in vivoremained to be elucidated. in acetonitrile and solvent B, 0.1% TFA in water at a ratio of

In this.stud%/, we r|5t Corgpartle)c.illthe stabili;y ﬁf HlOmea;nd 22.5:77.5 (viv). The sample injection volume wasn20 The
HPYD using t '€ acce erated sta ”tY test, and then perfarme a6 was 1 mL/min, and the detection wavelength was
inhibitory studies on the aggregation of bA 4o. We also 20nm

investigated the ability of HPYD to transverse into the brai

through the olfactory pathway after nasal administration of__ . .

uorescein isothiocyanate (FITC)-labeled HPYD. The e edt o 1hio avine T (ThT) Fluorescence Spectral

HPYD on APP/PS1 transgenic mice behavior and the APP anAnalysis

Ab expression in the brain were also investigated. Furthermoré\b; 42 freeze-dried powder was dissolved in 50 mmol/L sodium
we pro led the gene expression in normal mice (control group),phosphate bu er solution (pHD 7.4) to a concentration of 22.15
APP/PS1 transgenic mice (model mice) and APP/PS1 transgenimol/L, and H102 and HPYD were dissolved in the same PBS
mice treated with HPYD (HPYD group) using gene microarrayssolution to a concentration of 88.66mol/L. Ab; 42 solution was
Gene ontology (GO) analysis and Kyoto Encyclopedia of Gengken mixed with H102 and HPYD respectively in equal volumes.
and Genomes (KEGG) pathway analysis were performed t®he Ab brils were grown at 37C for 24 hrs. 10rL solution from
annotate their functions. Our ndings not only has important each group was then added to 98D of 3.0nmol/L ThT solution
implications for the potential treatment of AD using HPYD, but and uorescent intensity was measured using a VARIAN PTC-
also provide insights to the mechanism obAoxicity in AD  Au00-01058 uorescence spectrophotometer (VARIAN, USA)
patients and for the development of new therapeutic strategiesith an excitation wavelength of 453 nm and emission of 478—
for AD. 486 nm.
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Transmission Electron Microscopy (TEM) followed by incubating the sections in 3%, solution at room
The Ab; 42 samples (11.0v¥mol/L 20 mL) were incubated in temperature for 10 min to block endogenous peroxidase agtivit
37 C for 5 days, and the mixture of A 42 (22.15mmol/L  The sections were then blocked by incubating with normaltgoa
10 mL) with HPYD (88.61mmol/L 10 mL) or H102 (88.61 serum atroom temperature for 15 min, and subsequently ddute
mmol/L 10 mL) were incubated under the same conditions forantibodies (4: 1:100; APP: 1:100) were added and incubated
5 days. Aliquots (5mL) of each sample was spotted onto thin overnight at 4C. Biotin-labeled secondary antibody was added
carbon substrates supported by carbon Im on a 300 mesland incubated for 15min at room temperature, followed by
copper grid for 15 min and blotted dried. The TEM grids wereincubation with strept avidin-biotin complex (SABC) and DAB
negatively stained with 2% uranyl acetate for 2 min and a@egdir chromogenic reagent. Finally, the sections were courdirstl
The samples were subsequently imaged using a Hitachi H-6@Gth hematoxylin and observed under a microscope.
transmission electron microscope. .
Western Blotting
Fluorescence Imaging System Analysis Western blot analysis was performed according to the detail
Nude mice were anesthetized using 20% urethane (5 mL/kgyrocedures described previously. Primarp Antibody (1:200)
and then placed on the VFIS observation platform. Nude micavas purchased from Abcam (USA) and anti-APP antibody
were then irradiated at 490 nm excitation without treatmeamd ~ (1:200) was purchased from Wuhan BOSTER Bio Company
then irradiated for 5, 15, and 30 min after nasal administat (Wuhan, China). The secondary goat anti-rabbit antibodyswa
with FITC-HPYD (5.535 mg/kg). Thirty minutes after nasal Purchased from Sigma-Aldrich (St Louis, MO, USA).
administration with FITC-HPYD, the mice were euthanizeddan  ,. .
the hippocampus, cortex, olfactory bulb, heart, lung, liveleen M_Icroarray A_n_aIy_SIS . .
and kidneys were removed. These organs were then irradéted M.|croarra.y hybndlzatlon was (.:arrled.out by Shanghay GMINIX
490 nm excitation. Biotech Limited Company (China) using the GeneChiMouse
Gene 1.0 ST Array (A ymetrix, USA Scienti c) with 770,317
HPYD Treatment probes. Brie y, total RNA was extracted from frozen braintiss
élsing the RNeasy mini kit (Qiagen, Valencia, CA) and used for
cDNA synthesis using the cDNA synthesis kit (A ymetrix, Inc.
SA). cDNA was labeled using the Gene Chip2 WT Terminal
a{_abeling Kit (A ymetrix, Inc., USA), and then the labeled cDNA
was hybridized to the mouse Gene chip at @5or 16 h. The
Gene chip was then washed with wash solution A, wash solution
B and deionized water, and stained using Cocktail 1 and Cdckta
2. The Gene Chip 2 Scanner 300 7G (A ymetrix Inc.) and the
Behavioral Test AGCC Scan Control software was used for date analysis. The
gne ontology (GO) enrichment analysis was performed using

The APP/PS1 transgenic mice were randomized into th
model and HPYD treatment groupn(D 12 for each group).
C57BL/6J mice with the same genetic background and agedser
as the normal controls. Treatment group received intrahas
administration of HPYD saline solution (33 mg/mL, raL/d),
while the normal control group and model group were givenhwit
the same volume of saline for 30 days.

The behavioral test was performed after 30 days of intranas GOEAST soft Iki 0.05 d sianali h
administration using the Morris Water Maze (MWM) according the s SO fwareéoo . L h .KE)égnd S|gnaf|ng patswfatly
to our previous reporti(in et al., 2011 Brie y, the MWM test analysis was performed using the ata software. Software

was conducted in a circular pool with a diameter of 80 ano'vlatlab 7.1 and java, was used to build anq analy;e the dynamic
32cm deep. The pool was lled with 25 1 C water to a depth Gene networks, and network maps of the di erentially expressed
of 1cm higher than the escape platform. The water was madFnes were constructed from the di erent states.

opaque white to hide the escape platform. The orientation anth ~~ession Numbers

navigation experiments were conducted for 5 days to recoed th-l-he Gene Expression Omnibus accession number for normal
time intervals when the animals climbed onto the platform. Ifmice model mice and HPYD mouse expression proles is
animal failed to nd the hidden platform within 90 s, the mouse GSE’104249.

was placed back onto the platform for 20 s, and the escape latency

was recorded as 90 s. The platform was placed in the center of tReeal-Time Quantitative PCR (RT-gPCR)

third quadrant and remained in the same position throughoutRT_quR analysis was performed using an ABI 7500
the orientation and navigation experiment. On the 6th daye th thermocycler (Applied Biosystems) with UltraSYBR Mixture
platform was removed, and each mouse was allowed to swigrchased from Beijing ComWin Biotech Co., Ltd. (Beijing,
freely for 90s to record the frequency of passing the hiddeghina). Gene transcript normalization was performed using
platform and the original angle. housekeeping gerteactin. All primers used for RT and gPCR

. . are listed inTable 1
Immunohistochemistry

At the end of the MWM test, the mice were euthanized andStatistical Analysis

their brains were removed and rapidly placed on ice. The braid\ll experiments were performed at least three times. Data is
tissues were then xed in 4% paraformaldehyde solution angresented as mean SD. The date of escape latency from MWM
waxed. Tissue sections were then dewaxed, and antigeavaltri were analyzed by multivariate analysis of variance (ANOV#) a
was performed using boiling citrate bu er solution. This wasthe other data were analyzed by one-way ANOVA, followed by
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TABLE 1 | Primers used in this study.

Name

Sequence (5 0—3‘5

PLA2G4A-gF
PLA2G4A-qR
CLEC4D-qF
CLEC4D-gR
APP-qF
APP-gR
PTPRC-qF
PTPRC-qR
CDK1-gF
CDK1-gR
CASP1-gF
CASP1-gR
SCN9A-qF
SCN9A-gR
FCGR4-qF
FCGR4-gR
CLEC5A-qF
CLEC5A-gR
DDX3X-qF
DDX3X-qR
CASP4-qgF
CASP4-gR
IRGM1-qF
IRGM1-gR
RSAD2-qF
RSAD2-qR
IFIH1-gF
IFIH1-gF
APOBEC3-qF
APOBEC3-qR
NAIP2-qF
NAIP2-gR
NAIP5-gF
NAIP5-gR
IRF7-qF
IRF7-gqR
b-actin-qF
b-actin-qgR

AGAAGGACGTGCCGGAAAGGTGCAT
CCGCTGCGTCGAGCTCGTCATCGAA
TACCACACGAGAGTAACGTGCATCC
CTCTCATGCCAGGTCTGGTTGTCAT
ACCGGGCCATGCCGCGCAATGATCT
GCCACACACCGCCATGCAGTACTCT
AACTGAGCACAACAGAGAATGCCCT
AGCGTGGATAACACACCTGGATGAT
GACTTGAAAGCGAGGAAGAAGGAGT
TCAAAGATGAGATACAGCCTGGAGT
TCTGGGGTATACCGTGAAAGTGAAA
GATACCATGAGACATGAATACAAGG
TGCCCTCATTGAACAACGCATTTCT
TCTCCGTAGATGAAGGGTAGCTGTT
CCCCAAGTGGGTCAGGGTGCTTGAG
TGGGTCACTGATCGTGGAGAGGGCT
GACGAAAGTACCATGCCTACAAGGA
TGGAGTGTTGACAATTGCCAGTGTG
AAGGGCGTTATATCCCACCTCATTT
AAGAAGCTAGACTTCCCTCTTGAAT
ACGCAGTGACAAGCGTTGGGTTTTT
ATTAGCTTCACCATGGTGGCTGCCT
TTTAAGAGAAGGAAAACTACTGGAA
GATGACTCGAAGTGCATTGATGAAA
GAGTGGCCTGGCCATCCTGTTCTGC
TGAAGTGGTAGTTGACACTCACGGG
GTGCTGGACCACCTCATCTTTCTGT
CCACGAACATCTGCGTCCATCCCAG
TCCACTTTAAGAACCTAGGCTATGC
CTTAAAGACCCCATGGTGAAGGGAG
TTAGTACTGGCTACTGGAAACTGTC
ATCTTCTCTGCTGAGCTCCAGCCTG
CCAGGAGTCTGAGTGAGCAGCTAAG
GCTGGCTGATGTGCTTTGAAATGAT
CCCCAGCCGGTGATCTTTCCCAGTC
ACTTGCCCATACGCAGGGCCCACAG
CGTGACATTAAGGAGAAGCTG
CTAGAAGCATTTGCGGTGGAC

Student-Newman-Keuls test. All the analysis was performed

SPSS statistical software (version 21, IBM, Armonk, NPY).
0.05 was considered to be statistically signi camt€ 0.05, p

< 0.01, p< 0.001,

RESULTS

p< 0.0001).

HPYD had a Better in Vitro Stability and
Inhibitory Effect on Aggregation of A by 42

Compared to H102

for 10 min at 80C, the concentration of HPYD was 81.67%
0.42, while the concentration of H102 was only 41.07%.17,
indicating that the stability of HPYD was better compared to
H102 (Table 2. In addition, to compare the inhibitory e ects
on aggregation of By 42 with H102, ThT uorescence spectral
analysis and TEM was performed. Results showed that HPYD
could signi cantly inhibit the aggregation of B4, compared

to H102 (Figures 1A,B. Taken together, this demonstrates that
HPYD had betterin vitro stability and inhibitory e ects on
Ab1 42 aggregation compared to H102.

Uptake of FITC-HPYD Into the Brain after

Nasal Administration

HPYD, a b-sheet breaker peptide of 10 AAs, is dicult to
administer orally or intravenous because it easily undesgoe
rapid in vivo degradation in the gastrointestinal tract and blood.
Therefore, to determine whether HPYD can be administered
to the brain through the olfactory pathway after nasal
administration, HPYD was labeled with FITC and observed by
uorescence imagining of the brain. Before nasal admirigtn,
nude mice were irradiated at 490 nm excitation wavelength,
and then were subsequently administrated with FITC-HPYD
though nasal cavity and irradiated after 5, 15 and 30 min with
wavelength of 490 nm. Results showed that FITC-HPYD rst
appeared at the brain area at 5min after nasal administration,
and the uorescence gradually expanded with time. As shown
in Figure 2A, 30 min after nasal administration, the uorescence
had spread over the whole body of the nude mouse, however, the
uorescence intensity in the brain was the strongest comgare
to other organs. The mice were then euthanized and the
hippocampus, cortex, olfactory bulb, heart, lungs, liver, splee
and kidneys were removed at 30 min after nasal administnatio
and irradiation. The results indicated that the uorescenc
intensity of the olfactory bulb was the strongest, with theter
and the hippocampus having the second and third strongest
intensities, respectively. The other major organs showeyinvgr
degrees of uorescence intensity. Among these organs, tigslu
had the strongest intensity, followed by the livétiqure 2B).
These results demonstrated that FITC-HPYD could be delivere
into the brain through nasal administration.

HPYD Improves the Learning and Memory

gAbility in APP/PS1 Transgenic Mice

MWM test for behavioral analysis is a common strategy to
investigate the learning and memory ability in AD mouse madel
To determine the e cacy of HPYD on APP/PS1 transgenic
mice, the MWM test was conducted for 6 days. First, the escape
latency test was performed from Day 1 to Day 5. As shown in
Figures 3A,B the control group and the HPYD group displayed
no signi cant di erences from Day 1 to Day 5. In addition,
the control group vs. the model group, or the model group vs.
the HPYD group, showed no signi cant di erence from Day

1 to the Day 3. However, signi cant di erences were observed

To investigate the stability of HPYD vitro, accelerated stability between the HPYD group and the model group at Day 4,
test using trypsin was performed. After treatment with 100and in addition, statistical signi cant di erences betweehe
mg/L trypsin at 37C for 400 min, followed by heat treatment model group and control group were observed on Day 4. The
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TABLE 2 | The stability of H102 and HPYD by accelerated stability test
A B
. c
Variable H102 HPYD % 404 =
=)
Initial concentration, mg/L 400 0.20 400 1.21 g) | |
) ) > 301
Study time (min§ O
0 100 1.28 100 055 § 2
40 90.01 0.78 96.26 1.13 £ =
100 7792 0.69 91.98 0.36 £ °
160 70.62 0.31 91.04 0.62 > 104
S
220 60.46 0.51 91.14 0.83 =
280 56.26 0.28 85.27 0.57 £ o T o
- Q
340 49.60 045 8111 0.96 S &
400 41.07 0.17 81.67 0.42
apercentage of initial concentration (Mean _SD [%]; nD 3) of H102 (400 mg/L) and FIGURE 1 | Inhibitory effect of HPYD andA Hl-0.2 on By 4o aggregation. (A)
HPYD (400 mg/L) remaining after treatment with 100 mg/L trypsin at 3T for 400 min, ThT uorescence spectral analysis of the inhibitory effectsf HPYD and H102
followed by heat treatment for 10 min at 80C. on Ab; 45 aggregation. (B) TEM observations of the inhibitory effects of
HPYD and H102 on A 42 aggregation. All of the experiments tests were
repeated in triplicates. Statistical signi cance was denatd with; **p < 0.01.

escape latency test indicated that the APP/PS1 transgecig, mi
normal mice and the HPYD group mice all required time to
nd the platform at the start of the test, however, the leamgin western blot analysis showed thab Avas highly expressed in
and memory ability demonstrated signi cant di erences afte the hippocampus and cortex of the model group mice compared
treatment with HPYD in APP/PS1 transgenic mice after 3 daywith the control group, while A was expressed at a lower
of training. On the 6 day, spatial probe test was performedevel in the HPYD group mice compared to the model group
on the mice without the platform. As shown iRigures 3C-E  mice Figure 4B). There were no statistical signi cant di erences
memory ability was estimated by the frequency passed theetween the HPYD group mice and control group mice. APP,
hidden platform Eigure 3C) and original angle Kigure 3D).  the precursor of A, is upregulated in the brain tissues of
Frequency passed the hidden platform in the target quadrarAD patients. To determine whether HPYD had an e ect on
displayed signi cant di erences between the model group andAPP expression, we determined the expression of APP using
the control group, indicating that the model group had a poorimmunohistochemistry and western bldtigures 4B,G. Results
ability to nd the platform compared to the control group. showed that APP was upregulated in the brain tissues of the
However, the HPYD group demonstrated an improved ability tomodel group mice compared to the control group mice, while it
nd the platform compared to the model group. No signi cant was downregulated in the HPYD group mice compared with the
di erences were observed between the HPYD group and thewodel group mice. The expression of APP in the HPYD group
control group. Finally, the ability to locate the originalgla was mice was similar to the control group. These results indicate
also investigated at the 6th day. The HPYD group was abledo nthat HPYD can reduce B and APP protein levels in APP/PS1
the location of the original angle much quicker compared te th transgenic mice.

model group, indicating that the HPYD group mice had relaljve

good memory. No signi cant di erences were observed betweeTranscriptional Pro ling of Brain Tissues
j[hg.co?tr(t)rllgtro:gsgd thell(-jH?YD grouE)H C(l)llect!vely, t:ese mssul from APP/PS1 Transgenic Mice after

indicate tha could improve the learning and memory .

ability in APP/PS1 transgenic mice after nasal adminigtradf Treatment with HPYD

HPYD. To investigate the eect of HPYD on gene expression of

APP/PS1 transgenic mice, the brain tissues of the control
. group, model group and HPYD group mice were harvested
HPYD Reduces A b and APP Protein Levels at the termination of the MWM test. Total RNA from brain
in APP/PS1 Transgenic Mice tissues were isolated and microarray analysis was performed
HPYD is a novelb-sheet breaker peptide that could inhibit by Shanghai GMINIX Biotech Limited. Based on microarray
Aby 42 aggregatiorin vitro. To determine the e ect of HPYD analysis, 119 genes with signi cant di erences were selected
on Abin vivo, HPYD was administrated though the nasal cavityfor further analysis Figure 5A). Among the selected genes,
into the brain. Tissues were then harvested after 6 days fd5 genes were markedly down-regulated in the model group
immunohistochemistry and western blot analysis. As showrompared to the control group, however, the expression levels
in Figure 4A, the hippocampus CA1l and cortex had higherof these genes were restored to normal levels after treatmen
expression of Ain the model group mice compared to control with HPYD. Additionally, the majority of the selected genes
group mice, while A was lower in the HPYD group compared were up-regulated in the model group compared to the control
to the model group. No signi cant di erences were observedgroup, which were restored to normal levels after treatmeitit w
between the control group and the HPYD group. In addition,HPYD. These di erentially expressed genes were then analyzed
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FIGURE 2 | FITC-HPYD transported into brain tissues through nasal admistration. (A) The in vivodistribution of FITC-HPYD at different time points after nas
administration. (B) The uorescence intensity of harvested major organs 30 min &r nasal administration.
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FIGURE 3 | Pathways and behavior of mice in the probe trial(A) Escape latency of mice in the three groups from day 1 to 5(B) The escape-latency of mice obtained
through the image capture system of Morris Water Maze testC) Frequency passed the hidden platform andD) original angle data obtained from the image capture
system of the Morris Water Maze test at the Day 6(E) Photographs of spatial probe process obtained from the imag capture system of the Morris Water Maze test
at Day 6. All of the tests were repeated in triplicates. Statfical signi cance was denoted with; **p < 0.001; ***p < 0.0001; NS, not signi cant.

by GO analysis to predict their function. The most enrichedreceptor signaling and NOD-like receptor (NLR) signaling
GO terms are shown inFigure 5B, and includes; protein pathway Figures5C,D. Co-expression network analysis
binding, extracellular exosome, immune system, in amnmgto revealed gene-function relationships of the dierential gen
reaction and gluco-lipid metabolism. KEGG pathway analysisxpressions, including CDK1, PLA2G4A, APP and SCNO9A,
showed that these genes were involved in many in ammatorwhich were reported to be involved in ADLing et al., 2003;
response pathways, including viral carcinogenesis, RIGel-likSchae er et al., 2010; Hilgeroth et al., 2Rl addition, many
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in ammatory related genes, such as CLEC4D and CLECS5Axpression of several genes in the model group mice could be
were di erentially expressed. These two genes are membemsstored to normal levels after treatment with HPYD, inding

of the C-type lectin/C-type lectin-like domain (CTL/CTLD) that HPYD may be a potential therapeutic candidate for
superfamily that play important roles in inammation and treatment of AD.

immune response \{/u et al., 2013; Wilson et al., 2015

Other genes of interest include; In ammasome-related CASP

(encodes caspase-1) and CASP4 (encodes caspase-4) DESCUSSION

mediates non-canonical activation of the NLRP3 in ammasome

(Schmid-Burgk et al., 20)5NAIP2 and NAIP5, belong to the Alzheimer's disease is the most common dementing disease
NAIP/NLRC4 in ammasomes, and play important physiologicalworldwide. Over the past decade, several potential therageutic
roles in antibacterial defense and in ammatiobigbolder et al., were evaluated in clinical trials, but only ve drugs (Memangi
2015; Zhang et al., 20)L9n addition, 18 genes associated withand four cholinesterase inhibitors) have been approved
AD or in ammatory responses were selected for validation byworldwide to treat AD Cummings et al., 20)6However, due to
RT-gPCR. There was a good concordance in the expressidhe modest clinical e cacy on temporarily ameliorating menyor
levels of these genes by RT-gPCR and microarfagufe 6).  and thought, these ve drugs are not very e cacious in treagi
Taken together, the above results indicated that dysrégdila the underlying cause of AD and preventing the rate of cogaitiv
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FIGURE 5 | Gene expression pro les after treatment with HPYD(A) Hierarchical clustering of the expression pro les of signi ently changed genes after treatment
with HPYD. (B) The GO terms for molecular functions, cellular componentsrad biological processes were enriched among the signi canyl changed genes.

(C) Enriched pathways among the signi cantly changed genes(D) Co-expression network-based inference of gene-functionelationship, node size indicates the
node's degree, pink nodes represent genes involve in AD, bunodes represent genes involve in in ammatory pathway.

decline. Therefore, it is critical to develop novel drugs tite  ber entanglement and neuronal apoptosisgrdy and Selkoe,
treatment of AD. 200). The amyloid hypothesis implies that decreasing the
The amyloid hypothesis is one of the most acceptedevels of A or inhibiting Ab aggregation could lead to a cure
mechanistic hypothesis for AD posits that dysregulatedor AD. Based on this hypothesis, many drugs were developed
aggregation and accumulation obAn the brain leads to nerve for the treatment of AD. Tramiprosate, a drug of potential
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FIGURE 6 | RT-gPCR on the transcriptional levels of 18 selected genesdm Figure 5D . All of the experiments tests were repeated in triplicatesStatistical
signi cance was denoted with; *p < 0.05; **p < 0.01.

interest for the treatment of AD, inhibits B aggregation and safety and tolerability compared to tramiprosate though phase |
amyloid deposition Gervais et al., 200.7Bapineuzumab and studies Hey et al., 201)7

solanezumab, two humanized monoclonal antibodies that Previously, we designed fasheet breaker peptide, H102,
speci cally target amino acids 1-5 or 16-24 ob Aeptide, that could inhibit Ab aggregation as well as reducing amyloid
increases the clearance ob And decreases amyloid depositionload in the brains of APP/PS1 transgenic mice, thus limiting
in the brain Salloway et al., 20).4Despite e cacy in AD brain damage and improving the symptoms of AD in animal
animal models, the above mentioned drugs all failed in Phasmodels e et al., 2008; Lin et al., 2014However, H102 was

3 clinical trials due to e cacy. However, the failure of seale not stablein vitro. We designed alternative-sheet breaker
amyloidocentric drugs for the treatment of AD did not dimsfi  peptide, HPYD, by substituting Phe7 with Tyr7. This peptide
the pathogenic theory of this disease. Numerous novel drugshowed highein vitro stability and better e cacy of inhibiting
have been designed or screened for inhibitirgpkoduction. For ~ Ab aggregation compared to H102. In addition, FITC-labeled
example, Icariside Il (ICS IlI), an anti-cancer natural compdu HPYD demonstrated that the peptide could enter the brain after
extracted fromHerba EpimediiMaxim, was demonstrated to nasal administration. MWM test demonstrated signi cant spéti
inhibit Ab production by reducing APP and BACEL expressionlearning and memory disorders in APP/PS1 transgenic model
in APP/PS1 transgenic mic&dn et al., 201)7 ALZ-801, a novel mice, which were in concordance with previous studi&sn
prodrug of tramiprosate, has been shown to have excellent orat al., 201). Several studies have also demonstrated that A
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and APP protein expression levels were markedly increased ir®9). In addition, we also observed that cell-cycle protein CDK1

APP/PS1 transgenic model mice. These outcomes were e BctivgCDC2) was upregulated in APP/PS1 transgenic model mice,

reversed by treatment with HPYD through nasal administiati  which is associated with the pathogenesis of ABh@ansson et al.,

Our results indicate that HPYD may be a potential therapeuti005. Most importantly, our study also found that the disordered

candidate for the treatment of AD. changes in neurons were e ectively restored by treatmenk wit
To further demonstrate that HPYD is a potential therapeuticHPYD through nasal administration, indicating HPYD as a

for AD, we analyzed the mRNA levels of APP/PS1 transgenigotential therapeutic for AD.

mice to investigate the e ect of HPYD on the brain. APP/PS1 In summary, we designed a nelrsheet breaker peptide

transgenic model mice have early memory dysfunctions eveHPYD, which showed bettein vitro stability and inhibitory

before the degeneration of synapses and neurdiskgy et al., e ects on Ab; 4, aggregation compared to H102. HPYD could

2003. The mRNA levels of many genes in APP/PS1 transgenimprove the learning and memory ability in APP/PS1 transgenic

model mice are dysregulated, but are restored to normalldevemice by reducing A and APP protein levels. Microarray analyses

aftertreatmentwith HPYD. The 119 genes that were di erelitia demonstrated that dysregulated gene expression in moded mic

expressed were involved in in ammatory reaction, gluco-lipidcould be restored to normal levels after treatment with HPYD

metabolism and other pathways. Neuro-in ammation has beerby inhibiting the aggregation of B This provides a novel

recognized as playing an important role in the pathogenesis aherapeutic strategy for the treatment of AD.

AD (Cacquevel et al., 2004; Sagy-Bross et al.,)2Witich is

mediated by microglia (MG) that can participate in the immune AUTHOR CONTRIBUTIONS

response, leading to increase in pro-in ammatory cytokines

and chemokines L{ucin and Wyss-Coray, 2009; Prinz et al.,SX conceived project, WL, FS, and SX designed the study and

201). Inammasomes are responsible for the maturation andwrote the paper. WL and FS performed the experiments. MW,

release of pro-in ammatory cytokines and the activation of a FJ, XB, and LL provided technical assistance and contributed t
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et al.,, 2013 Our results demonstrated that in ammasome-

related CASP1 and CASP4, which mediates non-canonicel yNDING

activation of the NLRP3 in ammasome, was highly expressed
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