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A B S T R A C T

Inhibiting β-amyloid (Aβ) aggregation is of significance in finding potential candidates for Alzheimer’s disease (AD) treatment.
Accumulating evidence suggests that nutrition is important for improving cognition and reducing AD risk. Walnut has been
widely used as a functional food for brain health; however the underlyingmechanisms remain unknown.Here, we investigated the
molecular level alteration inArcticmutantAβ42 induced aggregation cellmodel byRNA-seq and iTRAQapproaches afterwalnut-
derived peptides Pro-Pro-Lys-Asn-Trp (PW5) and Trp-Pro-Pro-Lys-Asn (WN5) interventions. PW5 orWN5 could significantly
decrease abnormal Aβ42 aggregates. However, resultant alterations in transcriptome (substantially unchanged) were inconsistent
with proteomic data (marked change). Proteomic analysis revealed 184 and 194 differentially expressed proteins unique to PW5
and WN5 treatment, respectively, for inhibiting Aβ42 protein production or increasing protein degradation via the mismatch
repair pathways. Our study provides new insights into the effectiveness of food-derived peptides for anti-Aβ42 aggregation in
AD.

© 2021 The Authors. Publishing services by Visagaa Publishing House
This is an open access article distributed under theCCBY-NC4.0 license (https://creativecommons.org/licenses/by/4.0/).

1. INTRODUCTION

To date, omics studies such as transcriptomic and proteomics,
as well as other high-throughput screening methods, that have
been used to investigate changes at the molecular level in the
response to environmental perturbations liking pH, temperature,
interferences, etc [1, 2].Although transcirptomics and proteomics
reflect the different functional processes in molecular level, they
are closely related but not always well matched. Not all changes
in gene expression are necessarily reflected in the proteome, and
vice versa [3]. In this scenario, combination of transcriptomics and
proteomics approaches was the recommended method to study the
mechanism under certain condition might provide comprehensive
information during the biological processes in cells, including post-
transcriptional translation [4, 5]. Numerous biomedical studies
have used these strategies to discover candidate gene or protein
biomarkers for various diseases, as well as other studies in the areas
related to life activities.

Alzheimer’s disease (AD) is a severe and progressive
neurodegenerative disease, whose condition of the brain that
leading to the loss of memory and cognitive ability. In the past
several decades, scientists’ knowledge of the biology that underlies
AD has advanced tremendously. Especially, the role of the sticky
amyloid β-peptide (Aβ) prominent in the brain plaques hallmark
of AD is now much better understood [6]. It is known that

mutations in the gene such as β-amyloid precursor protein (APP),
presenilin-1 (PS1) and PS2, involving APP metabolism could cause
Aβ plaques [7]. Growing evidences indicates that imbalance of Aβ
metabolism including Aβ production and Aβ clearance resulted in
Aβ aggregation around neurons. However, recent studies suggested
that intracellular Aβ accumulation also has pathogenic relevance.
Previous study reported that hereditary arctic mutation of Aβ42
(E22G) as a critical causative product in the pathology of AD
that could lead to increased intracellular aggregation of Aβ in
early-onset AD [8]. Lu et al. found that a single residue changes in
the mutant Aβ42 peptide (E22G) led to significant accumulation of
intracellular Aβ42 protein by constructing a cell model expressing
mCherry-tagged E22G Aβ42, which provides a platform for
screening the potential anti-Aβ aggregation substances [9].

Emerging evidence suggests that nutrition is important for brain
health and can positively impact on cognition and AD risk [10].
Walnut has long been widely used as a functional food for brain
health due to its bioactive components such as unsaturated fatty
acids, vitamins and proteins [11, 12]. In comparison with walnut
protein, walnut-derived peptides have attracted much attention due
to its low molecular weight and higher absorption rate [13]. Lots
of bioactive peptides, including Trp-Asp-Gln-Trp (WW4), Pro-
Pro-Lys-Asn-Trp (PW5), Trp-Pro-Pro-Lys-Asn (WN5), Trp-Ser-
Arg-Glu-Glu-Gln-Glu (WE7), have been successfully separated and
identified from walnut protein hydrolysates [12, 14, 15]. In our
previous work, we found that WW4 and PW5 could effectively
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inhibit intracellular Aβ42 aggregation using the above-mentioned
cell model [12, 14]. Moreover, PW5 has been proven be capable
of improving cognitive impairments in APP/PS1 transgenic mice
through reducing Aβ deposition [12].This indicated that this HEK-
293-E22G cell line could be a valid cell model for the screening of
potential anti-aggregation substances for AD treatment. However,
the aggregates inside cells and molecular changes behind the
mutant Aβ42 peptide induced protein abnormal aggregation are
still unknown.

Therefore, we firstly investigated the alterations in the RNA and
proteins after transfecting the hereditary Arctic mutation of Aβ42
(E22G) plasmids by RNA-seq and iTRAQ approaches to measure
identity and its expression level in cells. Also, we explored the
changes in the genes and proteins of E22G cell model after walnut-
derived peptides PW5 and WN5 (which consisted of the same
amino acids of PW5 but the sequence is different) treatments
to elucidate the potential mechanism of anti-Aβ42 aggregation
activities at molecular level.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents

Fetal bovine serum (FBS), Dulbecco’s modified eagle medium
(DMEM), penicillin G, streptomycin, L-glutamine, phosphate-
buffered saline (PBS, pH 7.4) were purchased from Gibco Life
Technologies (GrandIsland, NY, USA). Hygromycin B was
purchased from Roche Co. (Basel, Switzerland). Blasticidin S (100
mg) was acquired from Invivogen Asia Co., Ltd (Hong Kong,
China). 3-(4,5-Dimethythiazol-2-yl)-2,5 -diphenyltetrazolium
bromide (MTT) and tetracycline were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Trizol reagent was acquired
fromThermo Fisher Scientific Co., Ltd (Shanghai, China). Synthetic
peptides (purity > 95%) PW5 (PPKNW) and WN5 (WPPKN)
were chemically synthesized by GL Biochem (Shanghai) Co., Ltd
(Shanghai, China). The peptide was prepared using L-isomers of
each amino acid by solid-phase synthesis with the fluorenylmethoxy
-cabonyl (Fmoc) method, and was stored at -20◦C until use. All
other chemicals and reagents used were of analytical grade.

2.2. Cells

HEK-293-E22G cells, a cell line constructed by Aβ42-mCherry
(WT) or Aβ42(E22G)-mCherry plasmid, were provided by Prof.
Alan Tunnacliffe (Department of Chemical Engineering and
Biotechnology, University of Cambridge, Cambridge, UK). Cells
were cultured in DMEM supplemented with 10% heat-inactivated
FBS containing 100U/mL of penicillin, 100µg/mL of streptomycin,
50 µg/mL of hygromycin B, 5 µg/mL of blasticidin S and 5 mM of
L-glutamine at 37◦C under humidified air with 5 % CO2. Cells in
exponential growth phase were used for the experiment.

2.3. Microscopy

Cells were routinely propagated in culturemedium and treated with
vehicle or peptide PW5 or peptide WN5 for 48 h, and then added

tetracycline (final concentration: 10 µg/mL) for 72 h. Subsequently,
Aβ42 aggregates in cells were observed under an Olympus IX-73
microscope (200 X).

2.4. Cell Viability Measurement

The effects of peptide PW5 and WN5 on the viability of HEK-293-
E22G cells were determined byMTT assay asmentioned in previous
literature [12]. Cells pre-treated with 0.5 mM PW5 and WN5 were
routinely propagated in culture medium for 48 h, and then detected
the cell viability using MTT method.

2.5. Cytometers

Cells (2×105cells/well) were seeded in a 6-well plate and treated
with vehicle or PW5 (0.5 mM) or WN5 (0.5 mM) for 48 h
and then added tetracycline (final concentration: 10 µg/mL) to
induce for 72 h. Then cells were collected and examined by
flow cytometer to detect the red fluorescence of Aβ aggregates
in cells. Flow cytometric analysis was performed using FACScan
flow cytometer (Beckhan, Sanjose, CA, USA). In order to validate
the conventional cytometry results, the Aβ aggregation in cells
was quantified by ImageStreamx MKII imaging cytometer. The
detection parameters were set up as follows: Channels 01 (bright
field) and 04 (fluorescence channels). Magnification was 60 X,
providing a pixel size of 0.3 um3 and the laser 561 nm activated for
fluorescence of mCherry. For simple enumeration of pre-prepared
microparticle samples, the acquision cut-off was set to 10 000. The
aggregation rate was estimated using formula 1.

Aβ aggregation rate (%) =
The number of cells containg Aβ aggregates

The total cell number × 100% 1

2.6. RNA-seq Analysis

RNA-seq was performed on three biological replicates of each
group, including Control, Model, PW5 and WN5 group. Cells
treated with vehicle, PW5 (0.5 mM) and WN5 (0.5 mM) for
48 h and added with tetracycline for another 72 h. Collected
cells were stored in Trizol reagent at -80◦C to further processing.
Total RNA was extracted from cell samples and RNA-depleted by
using the Ribo-Zero Gold rRNA Remove Kit (Illumina, provided
by BGI Company). Sample libraries were made by using TruSeq
Constructions Kits and sequenced by using the Hiseq platform
(Illumina, provided by BGI Company) with 20-30 million 50 bp,
paired-end sequences per sample. RNA extraction, rRNAdepletion,
library construction, and sequencing were done by Covance
Genomics Laboratory. Differential gene expression analyses were
performed as follows: Fastq reads were aligned to Homo by using
Tophat with default settings. HTSeq count was used to get read
counts for each sample. Ensemble gene annotation file was used for
gene expression quantification. Differential analysis was performed
with DESEq.



M. Wang et al. / eFood 2021;2(5):247–258 249

2.7. Proteomics Analysis

Three separate biological experiments were performed to quantify
protein expression. Cells were treated with vehicle, peptides PW5,
and WN5 for 48 h, and added with tetracycline for another 72
h. Then, we collected the cells using PBS to obtain the proteins
for detection. The further procedures including protein digestion,
iTRAQ labeling, strong cation exchange (SCX) fractionation and
LC-MS/MS analysis were conducted by BGI Company according
to previous literatures [16, 17].The proteins in the Model group
(vehicle) were labeled with reagent 126, 127N and 127C, whereas
those in the PW5-treated group were labeled with reagent 128N,
128C, and 129N, and the WN5-treated group were labeled with
reagent 129C, 130N and 130C. After LC-MS/MS analysis, the raw
files were analyzed by using Proteome Discover v.1.4 software.
Differential proteins were further analyzed for significant up- or
downregulation. The values of the intensities of the three reporter
ions for each experimental group were averaged and then the
difference was statistically calculated. The fold change was set to
>1.2 for protein upregulation and <-1.2 for protein downregulation.
And these proteinswere linked to the following databases for further
analysis: Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG).

2.8. Statistical Analysis

All data from experiments were presented as mean ± SEM
(standard error of the mean). Differences between two groups were
determined using two-tailed, unpaired Student t-test with Welch’s
correction. Statistical significance among > 2 groups with only one
variable was assessed using ANOVA followed by Bonferroni’s post
hoc test. Differences were considered significant at p < 0.05.

3. RESULTS AND DISCUSSION

3.1. Measurement of Typical Signatures of
the Constructed Aβ42 Aggregation

Previous study reported that an arcticmutant in Aβ42 sequence [9],
Glu22 (E) to Gly22 (G), could rapidly recruit expressed protein
into aggregates inside cells as shown in Figure 1A. Wild-type Aβ42
sequence plasmid was also transfected into cells to further confirm
the results of its arctic mutant displayed aggressive aggregation
in cells (Figure 1B). Here, to observe the intracellular Aβ42
aggregation (red fluorescence) after tetracycline, microscopy and
Amnis imaging flow cytometers (IFCs) were applied to detect the
aggregates and fluorescence intensity. The images from Figure
1C illustrated that red fluorescence dots significantly increased in
the Model group (mCherry-Aβ42 (E22G)), while no aggregates
in the Control group (mCherry-Aβ42(WT)). In compared with
the Control group, the Aβ aggregation ratio for Model group was
calculated to be 77.96 ± 1.55% (Figure 1D), and the fluorescence
intensity ratio of the mCherry fusion was also dramatically
increased (91.6± 0.21%, Figure 1E) accordingly. Thus, in addition
to the consistence to the reported literatures [9, 12, 14], we
provided here high-throughput detectionmethods for the screening
of anti-aggregation compounds through fluorescence measurement

of imaging equipment and cytometers.

3.2. Effect of Arctic Mutant Aβ42 peptide on
Transcriptomics in Aβ42 Aggregation Cell
Model

Generally, omics approaches rely on known differences between
samples (e.g. treated versus untreated, healthy versus diseased),
these seem to be the ideal methods to detect molecular differences
(including the expression of genes and the content of proteins) in
samples [16, 17].Thus, we investigate how the arcticmutant ofAβ42
peptide affects transcriptomics in HEK-293 cells by comparing
the mutation and without mutation cells. Aβ42 arctic mutant
has been reported to can generate protofibrils at much lower
concentrations and higher rates than without arctic mutant (WT
Aβ42) in vitro [14]. Transfection with Aβ42 Arctic mutant plasmid
into a stable line cell gene could lead a much faster rate of protein
aggregation than WT Aβ42 in living cells, suggesting enhanced
protein production or inhibited protein degradation. Messenger
RNA is a molecule made when a gene is involved in making its
protein.Thus, it ismeaningful to explore the alterations of RNAafter
transfected with Aβ42 arctic mutant plasmid to form a stable cell
model. A comparative transcriptomic analysis was undertaken to
explore themolecularmechanismof cell in response to transfection.

In general, the correlation of gene expression level among samples
is a key criterion to test whether the experiments are reliable and
whether the samples chosen are reasonable. Correlation heatmap
was used to display common genes between each two samples
based on normalized expression results as Figure 2A. We found
that the correlation coefficient values of samples in the Control
group were quite different from theModel group, whose correlation
value between within group is very close to 1 (violet), implying
that biological replicates were well meted and the transfection
with arctic mutant Aβ42 resulted in the alterations of common
genes. Furthermore, the principal component analysis (PCA) result
(Figure 2B) showed that there was an obvious visual effect of
cluster groups between the Control andModel samples, in line with
correlation coefficient result. Next, we used NOISeq method to find
differential expressed genes (DEGs) between groups, and then 345
genes (233 up-regulated, 112 down-regulated) were identified as
DEGs caused by the arctic mutant as shown by the Volcano graph
Figure 2C. Because of geneswith similar expression patterns usually
have same functional correlation, so we further perform clustering
analysis of DEGs with cluster. The result from Figure 2D showed
that two cluster represented the DEGs between the Control and
Model group. What’s more, fold changes of expression between
DEGs were also presented as heatmap Figure 2D, indicated that
Arctic mutant markedly changed the transcripts.

Subsequently, according to gene ontology (GO) functional analysis
result, we found that DEGs in the Model group were mainly
involved the cell, cell part, membrane, and organelle. In transcript
level, arctic mutant resulted in the abnormal aggregates might
through regulating the molecular and biological functions in
the binding, catalytic activity, cellular process, metabolic process,
biological regulation, and multicellular organismal process and so
on. Furthermore, GO classification analysis was applied to help
understand the distribution of gene functions of the specie from the
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Figure 1 |Aβ42arctic mutant in cell model displays a fast and aggressive aggregation phenotype. (A) Schematic representation of Aβ42 protein
fast aggregation inside cells. (B) Schematic representation of mCherry-Aβ42 (WT) and mCherry-Aβ42 (E22G) aggregation. (C-E) Images and
quantification results showed that Aβ42 arctic mutant in cell model leads a fast and aggressive aggregation. The data are representative of three
independent experiments.

macro level usingWEGOsoftware.As shown inFigure 2E, for arctic
mutant intervention, DEGs were mostly enriched for five profiles,
including negative regulation of myeloid cell differential, negative
regulation of cellular component movement, extracellular matrix
organization, morphogenesis of a branching structure, and negative
regulation of locomotion. Proteins must be folded into their final
form in order to function normal, otherwise protein misfolding
will lead to the occurrence of diseases, such as AD and Parkinson’s
disease (PD) [18].The brain tissue of ADpatients is full ofmisfolded
proteins like Aβ plaques [19]. And the mechanisms implicated
in the formation large aggregates of these misfolded proteins are
related to molecular movements, folding, and assembling [18, 20],
which are consistent with the above results of five DEGs enriched
profiles in the Model group. Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis showed that DEGs enriched
in the signal transduction, signaling molecules and interaction,
neurodegenerative diseases, immune diseases, lipid metabolism,
etc., which are closely associated with the development of AD. This
data was consistent with previous studies in the transcript level
of AD [21]. Therefore, the cell model constructed by the arctic
mutant of theAβ42 sequence plasmid not only could use for quickly
high-throughput screening the potential substances in vitro, but
also provides significant insights into finding the potential AD
therapeutic targets at the molecular level that might be beneficial
for further in vivo tests.

3.3. Effects of Walnut-derived Peptides PW5
and WN5 on the Anti-Aβ42 Aggregation
Activity

In the present work, we compared peptide PW5 (Pro-Pro-Lys-Asn-
Trp, 640.5 Da) with another walnut-derived peptide, WN5 (Trp-
Lys- Pro-Pro-Asn, 640.5 Da), in anti-Aβ42 aggregation activity
using the HEK-293-E22G cell model. Although the amino acids
composition of PW5 andWN5 peptides was the same, the sequence
was different. Interestingly, we found that two peptide all possessed
good anti-Aβ42 aggregation activity, but there existed slightly
different efficacy between them. Firstly, the red dots of Aβ42
aggregates were significantly reduced by peptide PW5 and WN5 as
shown by Figure 3A.
To rule out the possibility that cell number or toxicity could have
affected the results, we measured cell viability using MTT assay
and cell counting. We found that the concentration of PW5 and
WN5 at 500µg/mL had no obvious toxicity and proliferation effects
on HEK-293-E22G cells (p > 0.05, Figure 3B), implying that PW5
and WN5 could effectively inhibit the intracellular Aβ aggregates
in vitro. Further, to verify the anti-aggregation activity of these
two peptides in vitro, flow cytometry and Amnis imaging flow
cytometers were applied. In comparison with the Model group,
both PW5 and WN5 could obviously decrease the intracellular
Aβ aggregates, including the aggregation ratio and fluorescence
intensity, respectively (p < 0.05, Figure 3C-E), although PW5
slightly better than that of WN5. In addition, the percentage of
aggregation dot in every collected cell was auto-recorded and
calculated by IFCs, whose data might be more accurate for analysis.
As shown in the Figure 3F, the percentage of no Aβ aggregation
dot inside cell in the PW5 (66.03 ± 0.89%) and WN5 (62.9 ±
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Figure 2 |EffectofArcticmutantAβ42 peptide on transcriptomics inAβ42 aggregation cellmodel. (A)Heatmap of correlation coefficient values
acrossing the mCherry-Aβ42(WT) (C, C-1, C-2, and C-3) and mCherry-Aβ42(E22G)(M, M-1, M-2, and M-3) aggregation groups. (B)Samples
could be clustered according to the value distribution of component 1 and component 2 in the C and M groups using the Principle component
analysis (PCA). (C)Volcano graph of all expressed genes in each pairwise (C vs M). Dots in green mean significant differential expressed genes
(DEGs) which passed screening threshold and deep blue dots are non-significant DEGs. (D)The union heat maps showed the hierarchical clustering
of DEGs for each sample from C and M groups. (E) Go functional classification on DEGs in each pairwise (C group vs M group).



252 M. Wang et al. / eFood 2 (5) 247–258

Figure 3 | Anti-aggregates activity of walnut-derived peptides PW5 and WN5 in vitro. (A) Images of β42-aggregates inHEK-293-E22G cells
after treated with vehicle, PW5, and WN5, using an IncuCyte Zoom live cell imaging system. From left to right, Control group (cells without
Aβ42-aggregates), Model group, PW5 group (0. 5 mm), and WN5 group (0.5 mM). (B) Results of cell viability after treated with PW5 and WN5
at the concentration of 0.5 mM. (C) Histogram results of anti-Aβ42 aggregation activity of PW5 andWN5 by cytometry. (D)Results of anti-Aβ42-
aggregates ratio in cells after treated with PW5 or WN5. (E) Results of Aβ42 aggregates intensity in cells after treated with PW5 orWN5. (F)The
mCherry fluorescence of Aβ42 aggregates results. (G) Aβ42 aggregation ratio results. Statistical analysis was performed by ANOVA (*p < 0.05).The
data are presented as mean± SEM.
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3.71%) groups were markedly higher than the Model group (77.97
± 1.38%, p < 0.05). And then the Aβ aggregation ratio was
calculated according to the results of the percentage of no Aβ
aggregation dot inside cells. The result (Figure 3G) showed that
PW5 orWN5 intervention resulted in reduced Aβ aggregation (p <
0.05), especially WN5. These results illustrated that walnut-derived
peptides could effectively inhibit Aβ aggregation over time in cells,
and provide some critical information for them further applied in
functional foods or other fields.

Furthermore, we found a few interesting points that different effects
on anti-aggregation activity were varied from PW5 and WN5. It
is thought that various kinds of biological activities depended on
the difference in molecular weight, amino acid sequence, amino
acid composition and conformation of peptide [22, 23]. Different
amino acids sequences are related to the different side chains of
amino acid, and also the groups of side chains make important
sense to the diversities of peptides functions. Zheng et al. found
that Tyr- and Trp-containing dipeptides with Tyr/Trp residue at
the N-terminus showed stronger antioxidant activities than that
at the C-terminus, and the neighboring residue also affected their
activities by steric effect, hydrophobicity and hydrogen bonding
among others [24]. Thus, this different result from PW5 and WN5
might be associated with their own amino acids sequences but not
amino acids composition and molecular weight. More importantly,
the underlying different possible reasons also could be further
investigated in the transcript and translation level.

3.4. Effects of Peptide PW5 or WN5 on
Transcriptomics in Aβ42 Aggregation Cell
Model

Prior to DEG analysis, the correlation coefficient value among
samples was examined for various treatments. Correlation
coefficient value distribution in heatmap (Figure S1, Appendix A)
showed that most of the genes belonged to the same group leading
to three clusters, especially between the Model group and PW5 or
WN5 groups. The Cluster analysis showed (Figure 4A) that the
genes expression between samples distribution in heatmap was
not obvious, implying that little transcript changes occurred after
walnut-derived peptides treatments. However, the PCA analysis
demonstrated that the distance of relationship between samples
was still apparent far from each other along the component 1
(29.1%) and component 2 (19.3%) axes (Figure 4B), signified that
some factors of sample variation were still important for treated
groups in comparison with Model group. To further explore this
difference in gene expression, DEGs were screened according to the
expression difference multiple |log2Fold-change|> 1 and significant
p < 0.05. Surprisingly, the PW5 treatment group only contained 5
significantly upregulated DEGs and 1 significantly downregulated
DEGs. Also the WN5 group contained 7 significantly upregulated
DEGs and 7 significantly downregulated DEGs, that slightly more
than PW5 group (Figure S2, Appendix A). Clustering analysis
showed that DEGs between Model and PW5 group were divided
into two groups with variation of four upregulated DEGs in PW5
group (Figure 4C), and the DEGs between Model and WN5 group
were also divided into two groups with variation of 6 upregulated
DEGs and 3 downregulated DEGs in WN5 group (Figure 4D).

Gene annotation analysis showed that the differential expression
genes had encoded binding, cellular process and cell part after PW5
intervention, as well as the DEGs in WN5 group encoding binding,
cellular process, metabolic process, and cell part, etc (Figure S3.
Appendix A). Moreover, analysis of enriched KEGG pathway for
DEGs revealed that these transcripts were assigned to multiple
reference pathways, especially the Ribosome. Because of there were
just a few DEGs both in the PW5 andWN5 groups, then the results
of GO and KEGG pathways analysis were unsupportive for drawn
the final conclusion. In general, PW5 and WN5 treatments could
effectively decrease Aβ42 aggregates, while have little effects on
transcript level in Arctic mutant cell model. This also suggests an
important point that walnut (food)-derived peptides may have
fewer side effects due to little effects on transcription level and then
show huge potential advantages in the application of functional
food or drugs.

3.5. Effects of Peptide PW5 or WN5 on
Proteomics in Aβ42 Aggregation Cell Model

Gene is the guider of life activities, and protein is the final executor,
so as to the transcriptome analysis can only provide us with one-
sided information at the transcription level of the life activities [5].
Thus, proteomic analysis in translational level could be very helpful
understanding changes in response to peptides treatments in this
arctic mutant cell model. In the present study, clustering analysis
showed (Figure 5A) that differential expressed proteins between
PW5/Model andWN5/Model groups were divided into two groups,
suggested that different peptide treatment caused differing results
in translation level. On the basis of our analysis, we identified 5784
proteins from a total of 28719 peptides. There was a significant
difference in the expression of proteins between the Model and
PW5 treated groups, amongwhich 98 were upregulated and 86 were
downregulated after PW5 intervention (Table S1, Appendix A).
We also found that 194 differential proteins between the Model
and WN5 treated groups, among these, 111 were upregulated and
83 downregulated in WN5 treated group (Table S1, Appendix A).
This indicated that larger changes of the translation level in the
WN5-treated groupweremeasured compared to PW5 intervention.
Furthermore, by comparison with PW5 group, WN5 group with
a significant difference in 54 between the PW5 and WN5 groups.
Among these, 28 were upregulated and 26 were downregulated in
the WN5 group (Table S2, Appendix A), implying that although
not much of a change existed between the two groups in translation
level, the changes might contribute to the difference in their anti-
Aβ42 aggregation activity.

Furthermore, according to KEGG pathway enrichment analysis
showed that there were 15 and 9 statistically significant pathways
in PW5/Model and WN5/Model groups, respectively (Table S3,
Appendix A). Moreover, one common pathway, whose function in
mismatch repair, was shared within two groups. There are several
DNA repair mechanisms in the human body, and the base excision
repair (BER) is reported that plays a crucial role in degenerative
diseases, includingAD [25]. Although differential proteins enriched
in mismatch repair pathway were slightly different between the
PW5 (MSH2,MSH3, RFA3, andDPOD1) andWN5 (MSH2,MSH6,
RFA3, and RFA1) group, indicated that this pathway plays a critical
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Figure 4 | Effects of peptide PW5 orWN5 on transcriptomics in Aβ42 aggregation cell model. (A) Heatmap showed the hierarchical clustering
of DEGs in the Model group (M-1, M-2, and M-3), PW5 group (PW5-1, PW5-2, and PW5-3) andWN5 group (WN-5, WN5-2, and WN5-3). (B)
Samples could be clustered according to the value distribution of component 1 and component 2 from Model, PW5 and WN5 groups using PCA
analysis. (C) Heatmap sanalysis of Model and PW5 treated group. Gene name: 445571: COBW domain containing 3; 2348: folate receptor alpha
1; 258: ameloblastin; 100526842: RPL17-C18orf32. (D) Heatmaps analysis of Model and WN5 treated group. Gene name: 8433: undifferentiated
embryonic cell transcription factor 1; 387763: chromosome 11 open reading frame 96; 388: ras homolog familymember B; 337972: keratin associated
protein 19-5; 2348: folate receptor alpha 1; 258: ameloblastin; 1543: cytochrome P450 family 1 subfamily Amember 1; 445671: alcohol dehydrogenase
class 3.
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Figure 5 | Effects of peptide PW5 or WN5 on proteomics in Aβ42 aggregation cell model. (A) Heatmap showed the hierarchical clustering of
proteins in Model group/PW5 group andModel/WN5 group. (B) Network analysis of protein expression for Model group/PW5group. (C) Network
analysis of protein expression for Model group/WN5 group.

role in their anti-aggregation activity. In addition, only one KEGG
pathway, TGF-β signaling pathway (differential proteins such
SMAD3 and PITX2), was enriched when WN5 group compared
to PW5 group (Figure S4, Appendix A). Vladimir et al. found
that one drug could target to TGF-β receptor in astrocytes that
inhibit inflammation in the brainmay slow or even reverse cognitive
decline with age diseases like AD [26]. A bioinformatics analysis
study has reported that DEGs in the mild AD group were mainly
enriched in the TGF-β signaling pathway [27]. These indicated
the differential proteins SMAD3 and PITX2 in TGF-β signaling
pathway might contribute to the better performance of WN5
treatment than PW5.

Proteins often interact to form protein-complexes to perform their
functions.According to the protein-protein interaction network
analysis, the five major clusters of interaction in PW5/Model
group were protein processing in histone modification, covalent
chromatin modification, ribonucleoprotein complex biogenesis,
regulation of chromosome organization, and DNA-dependent
DNA replication (Figure 5B). In recent years, emerging evidence
shows that epigenetic biology such as histone modification, DNA
methylation, chromatin remodeling, plays a role in AD [28,
29].RNA-seq and ChIP-seq analysis demonstrated that the majority
of long noncoding RNAs (lncRNAs) may be transcriptionally
regulated by histone modification in AD [30]. These studies
revealed that there was a relationship between epigenetic factors
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and AD, and further exploration focused on this could be
better understand the pathogenesis of AD and develop new
therapeutic targets for AD. So, in this work, we found that PW5
treatment might have an effect on epigenetic modification and
this may benefit for AD treatment. As shown in Figure 5C,
there were also five clusters of interaction in WN5/Model group,
including aerobic electron transport chain, mitochondrial electron
transport cytochrome c to oxygen, RNA localization, mRNA
processing, and nucleic acid phosphodiester bond hydrolysis. It
was found that several cyclooxygenase (COX) proteins including
COX2, COX5B, COX6C, COX7C and COX15 were interacted to
form protein-complexes to anticipate in energy metabolism (e.g.
aerobic electron transport chain, mitochondrial electron transport
cytochrome c to oxygen) [31]. Previous researches have reported
that mitochondria dysfunction in neuron cells could be caused
by the Aβ deposition, especially intracellular Aβ42 [32].These
suggested that the intracellular Aβ42 abnormal aggregates cell
model we used affected the energy metabolism andWN5 treatment
might reverse this dysfunction to reduce protein aggregates inside
cells. In addition, RNA directly regulates a large number of
cell processes and then the protein-complex in RNA localization
and mRNA processing play an important role in maintaining
homeostasis.

In general, a single-copy plasmid was consisted of an arctic
mutant in Aβ42 sequence, Glu22 (E) to Gly22 (G), with a
Cytomegalovirus (CMV) promoter and fluorescence label protein
mCherry, and then transfected into stable cell line that leading
to rapidly recruit expressed protein into aggregates inside cells.
The formation of abnormal aggregates might be produced two
ways, including increased production and inhibited degradation.
Obviously, the molecular level, such as transcript and translation,
after transfection with this Arctic mutant plasmid was changed.
After receiving the intervention of walnut-derived pentapeptide
PW5 or WN5, that was composed of the same amino acid with
different sequences, the intracellular Aβ42 abnormal aggregates
was significantly reduced. Then, how do these peptides achieve
the goal of lowering the Aβ42 protein level inside the cells.
As you know, the final expression of proteins is related to the
gene encoding, gene transcript and translation processes, and
could be affected by them. Recent advances in high-throughput
technologies enable quantitative monitoring of the abundance of
various biological molecules and their variation between various
biological states on a genomic scale [33]. Integrated analysis of
transcriptomic and proteomic data can provide crucial insights
into the metabolic mechanisms underlying complicated biological
systems [34]. However, because the relationship between protein
abundance and mRNA expression level is complicated by many
cellular and physical processes, sophisticated statistical models need
to be developed to capture their relationship [35]. In our study, we
found that walnut-derived peptides have little effects on transcript
level, only changed several significant difference genes, compared
to vehicle-treated group. However, the protein level, namely
translation level, was markedly altered by peptides’ interventions.
Although the data of transcriptome is inconsistent with that of
proteome, but this implied that post transcriptional regulation
might play a more important role in the process [4, 36]. Based
on these results, we could deduce that walnut peptides function
might be through the inhibition of Aβ42 protein production or
enhancement the degradation in post transcriptional regulation or

translation level.

4. CONCLUSION

In this work, our results present the first transcriptomic and
proteomic studies to detect the alterations at the molecular
level in the Arctic mutant Aβ42 (Glu22 (E) to Gly22 (G) in
Aβ42 sequence) cell model with abnormal intracellular aggregates.
Owing to the omics data, we not only were able to find the
differentially expressed genes or proteins related to the formation
of abnormal protein aggregation in the progression of AD, but
also provided reference molecular mechanism for screening anti-
Aβ42 aggregation substances for AD treatment. More importantly,
these valuable empirical data that might support future molecular
research on food-derived substances in the application of functional
foods or AD-related diseases potential drugs.
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