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Abstract  
Extracellular deposits of the amyloid-beta peptide (Aβ) are known as the main pathological hallmark of 
Alzheimer’s disease. In Alzheimer’s disease, neurons are injured and die throughout the brain, a process 
in which Aβ neurotoxicity is considered to play an important role. However, the molecular mechanisms 
underlying Aβ toxicity that lead to neurodegeneration are not clearly established. Here we have elucidated 
the molecular pathways and networks which are impacted by Aβ in neurons using SH-SY5Y human neu-
roblastoma cells as a model. These cells were treated with Aβ1–42 peptides to study changes in biochemical 
networks using tandem mass tag labeled quantitative proteomic technique followed by computational anal-
ysis of the data. The molecular impacts of Aβ on cells were evident in a time- and dose-dependent manner, 
albeit the duration of treatment induced greater differential changes in cellular proteome compared to the 
effects of concentration. Aβ induced early changes in proteins associated with lysosomes, collagen chain 
trimerization and extracellular matrix receptor interaction, complement and coagulation cascade, oxida-
tive stress induced senescence, ribosome biogenesis, regulation of insulin-like growth factor transport and 
uptake by insulin-like growth factor-binding protein. These novel findings provide molecular insights on 
the effects of Aβ on neurons, with implications for better understanding the impacts of Aβ on early neuro-
degeneration in Alzheimer’s disease pathology.
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Introduction 
Every three seconds, there is one new case of dementia di-
agnosed, with over 9.9 million people being affected each 
year worldwide. It was estimated that 50 million people 
worldwide were living with dementia in 2018 (Patterson, 
2018). Alzheimer’s disease (AD) is the most common form 
of dementia, and is characterised as neurodegenerative, 
chronic, and progressive (Hardy, 2002; Gouras et al., 2015). 
A hallmark pathological feature of AD is the misfolded and 
accumulated amyloid-beta peptide (Aβ), which leads to the 
formation of extracellular fibrils and plaques (Murphy and 
LeVine, 2010; De Strooper and Karran, 2016). Nearly 30 
years of studies have produced extensive evidence that accu-
mulated Aβ in the brain is responsible for memory and cog-
nitive modalities, and plays a central role in the progression 
of the disease. Changes of mitochondrial function, synaptic 
plasticity in addition to many other processes induced by 
Aβ have a direct impact on activity-dependent signaling and 
gene expression (Song et al., 2006; Parihar and Brewer, 2010; 
Olah et al., 2011; Krishtal et al., 2017). The gradually accu-
mulated Aβ plaques in the brain potentially cause an axonal 
physical damage, which finally result in cytoskeletal alterna-

tions, an important underlying factor in neurofibrillary tan-
gle pathology and neurodegeneration (Vickers et al., 2000). 

Aberrant modifications of amyloid precursor protein 
(APP) processing leads to increased accumulation of Aβ, 
which has been suggested to be one of the initial steps in 
the progression of AD, and potentially causes downstream 
pathological lesions, such as the initiation of neuroinflamma-
tory processes. Aβ pathology expands in a time-dependent 
manner, and the deposits that play an important role in the 
disease development are formed progressively throughout 
the brains of AD patients (Sowade and Jahn, 2017). Several 
in vivo and in vitro studies have highlighted numerous toxic 
mechanisms of Aβ, including excitotoxicity, mitochondrial 
and synaptic dysfunction, oxidative stress and calcium im-
balance. However, it is not clear how the amyloid aggregates 
initiate the death of neuronal cells. The main challenges for 
AD research currently is to achieve a better understating of 
the complex cellular reactions underlying the initial stages 
of the disease, and systematically illustrate the progressive 
cellular alterations that occur in the cells in response to APP 
dysregulation and consequent Aβ accumulation (De Stroop-
er and Karran, 2016). 
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With the “big data” proteomic approaches that have been 
applied to AD research for more than 15 years, we are in-
creasingly gaining insights into AD pathogenesis and identi-
fying novel molecular players that may play critical roles in 
various stages of the disease process (Butterfield et al., 2003; 
Zellner et al., 2009). Human neuroblastoma SH-SY5Y cells 
are one of the most commonly used cell lines in neurosci-
ence research (Agholme et al., 2010; Omar et al., 2018), and 
are also known to be a relevant cellular model for biochem-
ical investigations in AD (Krishtal et al., 2017). In our study, 
Aβ toxicity on SH-SY5Y cells was established with two time 
points (6 and 24 hours) and two concentrations (5 and 25 
μM). Several biochemical pathways responded to treatment 
in a time- and concentration-dependent manner, such as 
regulation of insulin-like growth factor (IGF) transport and 
uptake by IGF-binding proteins (IGFBPs), collagen chain tri-
merization and extracellular matrix (ECM) receptor interac-
tion, complement and coagulation cascades, lysosome, auto-
phagy, ribosomal biogenesis, and oxidative phosphorylation. 
These pathways and regulated proteins provided global and 
comprehensive insights into the impacts of Aβ peptides on 
human neurons. The findings will advance the pathological 
understanding of the disease and may lead to the develop-
ment of new mechanism based therapeutic strategies. 
  
Materials and Methods 
Cell culture and Aβ treatments
SH-SY5Y human neuroblastoma cells (American Type 
Culture Collection, Rockville, MD, USA) were cultured in 
DMEM culture medium with pH 7.4, supplemented with 
10% (v/v) FBS, 100 U/mL penicillin, and 100 U/mL strep-
tomycin, at 37°C, 5% CO2 (Gupta et al., 2010, 2012; You et 
al., 2014). The old culture medium was discarded and ex-
changed with new culture medium when cells underwent 
exponential growth phase to approximately 80% confluence. 
Aβ1–42 fragments (Sigma, St. Louis, MO, USA) were dissolved 
in PBS and added into the plates to a final concentration of 5 
and 25 μM, respectively (Guivernau et al., 2016; Deng et al., 
2019). Cells were incubated in the culture medium at 37°C 
as reported previously (Deng et al., 2019). Samples were sep-
arately collected after cells were treated with Aβ for 6 and 24 
hours. Two concentrations and two time points established 
four treatments, including T1 (5 μM_6 hours), T2 (5 μM_24 
hours), T3 (25 μM_6 hours), and T4 (25 μM_24 hours), to 
mimic the AD progression and assess the effect of Aβ toxic-
ity on neuronal cells. Four biological replicates were consid-
ered for each Aβ treatment and five biological replicates for 
controls (vehicle treated cells). 

Protein sample preparation 
Cells were lysed by sonication (twice, 30-second intervals, 
40 Hz × 15 seconds) after adding cold lysis buffer (50 mM 
Tris-HCl, pH 7.5, 0.15 M NaCl, 1% NP40, 1 mM EDTA, 0.1% 
SDS) containing protease inhibitor. After centrifugation 
(18,000 × g, 15 minutes) at 4°C, the supernatant was collect-
ed in a fresh Eppendorf tube while the remaining cell debris 
was removed (Basavarajappa et al., 2011; Gupta et al., 2014). 

Dithiothreitol (20 mM) was added into the extracted pro-
teins, and reduction was carried out for 15 minutes at room 
temperature, followed by alkylation for 30 minutes in dark 
with 50 mM iodoacetamide. Proteins were precipitated using 
chloroform and methanol approach for removing the inter-
ferents and other contaminants (Deng et al., 2019). Samples 
were air-dried for evaporation of the remaining methanol. 
Protein pellets were completely dissolved with 200 μL of urea 
buffer (8 M urea, 100 mM Tris-HCl, pH 8.5), followed by 
protein concentration measurement using BCA protein assay 
kit. An aliquot of 200 μg of proteins was digested using tryp-
sin (protein: enzyme = 50:1) at 37°C overnight. The resultant 
peptides were then acidified using trifluoroacetic acid. Sam-
ples were cleaned by SDB-RPS (3M-Empore, Maplewood, 
MN, USA) stage tips before drying in speed vacuum. Before 
tandem mass tag (TMT) labeling, the dried peptides recon-
stituted with hydroxyethyl piperazine-ethane-sulfonic acid 
(HEPES) buffer (100 mM HEPES, pH 8.0). 

TMT labeling of peptides, liquid chromatography 
tandem mass spectrometry analysis and peptide to 
spectrum matching 
Two separate 10-plex TMT experiments were designed to 
accommodate all biological replicates of different treatments 
and controls, as outlined in previously published studies 
(Mirzaei et al., 2017b, 2019; Deng et al., 2019). Briefly, 100 
μg of peptides from each biological replicate was labeled 
with TMT reagents (Thermo Fisher, Waltham, MA, USA). 
The reaction was carried out at room temperature for 1 hour, 
followed by addition of 8 μL of 5% fresh hydroxylamine to 
samples for fully quenching the unbounded TMT labels. 
For each TMT experiment, ten labeled samples were pooled 
together and dried completely using a speed vacuum. After 
resuspension with 1% formic acid, labeled samples were de-
salted using Sep-Pak C18 cartridges (Waters, Milford, MA, 
USA). Subsequently, peptides were fractionated using high 
pH reversed phase fractionation (HpH), and pooled into 16 
fractions. The fractions were dried and reconstituted in 1% 
formic acid and desalted again using SDB-RPS stage tips. 
The liquid chromatography tandem mass spectrometry (LC-
MS/MS) analysis of peptides was performed using reversed 
phase nano-flow liquid chromatography, and identified and 
quantified using high resolution mass spectrometry on a Q 
Exactive orbitrap, followed by peptide to spectrum matching 
using local Mascot search engine against the Homo Sapiens 
SwissProt database (http://www.ebi.ac.uk/swissprot/) as de-
scribed extensively in our previous studies (Deng et al., 2019; 
Mirzaei et al., 2019).

Analysis of multiplexed quantitative proteomics data
In-house TMTPrepPro package, which are deployed on a 
local GenePattern server, was used to further analyse the 
identified proteins (Mirzaei et al., 2017a). All protein ratios 
with respect to the reference (label-126) were extracted and 
combined across runs. The differentially expressed proteins 
(DEPs) were identified using two-way analysis of variance 
(ANOVA) of all proteins identified reproducibly across 
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different treatments including control, in addition to pair-
wise comparisons (Student’s t-test) of each treatment versus 
control. Significantly regulated proteins based on two-way 
ANOVA comparison (log-transformed ratios) were clustered 
to check whether the four Aβ peptide treatments and con-
trols were well separated from each other. For the pairwise 
comparisons, the relative quantitation of proteins in Aβ pep-
tide treatments versus control was derived from the ratio of 
the TMT label signal to noise (S/N) detected in each specific 
treatment to control. The overall fold changes were calculat-
ed as geometric means of the respective ratios. Two criteria 
were applied to determine significantly regulated proteins: 
fold change over 1.20 and P-value lower than 0.05 (Margolin 
et al., 2009; Mirzaei et al., 2017b, 2019; Deng et al., 2019). 
The proteins with changed expression through the pairwise 
comparisons were subjected to pathway enrichment analysis 
using Ingenuity Pathway Analysis (IPA) software (QIAGEN, 
Venlo, Netherlands). Protein interaction networks and 
molecular/cellular functions (P-value < 0.05) were iden-
tified based on known protein-protein interactions in the 
Ingenuity knowledge base. Canonical pathway analysis was 
used to identify the enriched pathways from the up- and 
down-regulated proteins. These regulated proteins were fur-
ther classified using gene ontology functional classification 
in PANTHER (http://www.pantherdb.org) (Mi et al., 2013). 
Further, the regulated proteins identified from the one-way 
ANOVA were classified using STRING plugin in Cytoscape 
(https://cytoscape.org) based on their pathways and biolog-
ical processes. In addition, we compared this data with our 
previous study on 661W mouse photoreceptor cells treated 
with Aβ using the same strategy, treating cells with Aβ at two 
concentrations (5 and 25 µM) and two time points (6 and 24 
hours) (Deng et al., 2019).

Results
Differential proteome profile of human neuronal cells in 
response to Aβ treatment
We identified a total of 7525 proteins from SH-SY5Y human 
neuronal cells treated with two doses of Aβ (5 and 25 µM) at 
two time points (6 and 24 hours) (Additional Table 1). We 
identified 473 DEPs under different conditions using two-
way ANOVA (Additional Table 2). The expression patterns 
of differentially regulated proteins demonstrated that the 
consistency of up- or down-regulation proteins within 6 
hours (5 and 25 µM) and 24 hours (5 and 25 µM) treatments 
(Figure 1). The data clearly indicates the changes in regula-
tion of SH-SY5Y human neuron cells proteome in regard to 
both the duration and concentrations of Aβ treatment. 

Additionally, four comparative analyses comparing protein 
expression using Student’s t-tests were applied to identify 
the significantly regulated proteins between control and 
four treatment groups (Figure 2). 110 and 75 proteins were 
identified as up- and down-regulated in T1 (5 µM_6 hours) 
compared to the control condition, respectively (Additional 
Table 3). In contrast, fewer differentially regulated proteins 
were identified in the other three treatments, among which 
T2 had the minimum number of DEPs with 17 up- and 25 

down-regulated proteins. Although similar patterns and 
proteome profiles were shown between T1 (5 µM_6 hours) 
and T3 (25 µM_6 hours) (Figure 1), T1, with lower concen-
tration and shorter exposure time, was the treatment that 
elicited the most significant changes in the proteome (Figure 
2). The number of differentially regulated proteins in T3 (25 
µM_6 hours) and T4 (25 µM_24 hours) were quite similar, 
with 37 up- and 40 down-regulated proteins being identified 
in T3 while 34 up- and 38 down-regulated proteins being 
found in T4. The top 10 regulated proteins in four treat-
ments, sorted by fold changes, are shown in Table 1. Fold 
changes of DEPs varied from –4.718 (down-regulated) to 
3.128 (up-regulated). Two up-regulated proteins, COPS9 
and HMOX1, and two down-regulated proteins, MT1G and 
GM2A, overlapped between T1 and T3 at 6 hours with either 
5 or 25 µM. Two proteins, TNFAIP8 and TAF1, were com-
monly up-regulated in T2 and T4 at 24 hours of time point 
with either 5 or 25 µM concentration. One down-regulated 
protein, JPT1, was identified in both T3 and T4 with 25 µM 
Aβ1–42 at either 6 or 24 hours. 

A clear visual representation of differentially regulated 
proteins in four treatments are presented as Venn diagrams 
in Figure 3. Initially, we assessed the effects of exposure time 
of neuronal cells to Aβ on protein expression. The result 
(Figure 3A) indicated that a greater number of proteins were 
regulated in lower concentration of Aβ1–42 (5 µM) in response 
to 6-hour treatment (T1) compared with 24 hours (T2). 
Besides, although a similar number of regulated proteins 
responded to the higher concentration of Aβ treatments 
(25 µM), only a small overlap of four DEPs were identified 
between two treatments at 6 (T3) and 24 hours (T4) (Figure 
3B) and lower number of proteins identified as deferentially 
expressed at higher concentration of Aβ1–42 (25 μM) (Figure 
3C). Further, we found more protein changes in 25 µM of Aβ 
treatment when compared to the treatment with lower con-
centration in response to 24-hour treatment (Figure 3D). In 
a summary, more proteins were differentially expressed with 
6 hours of Aβ treatments (T1 and T3) compared to 24 hours 
of Aβ treatments (T2 and T4) (Figure 3E). These results in-
dicated that 6 hours of Aβ treatment more severely affected 

Table 1 Top 10 regulated proteins in four treatments with P-value lower 
than 0.05 

The red and blue colors represent the top ten up- and down-regulated 
proteins respectively. Ctrl: Control; FC: fold change.
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the SY-SY5Y human neuronal cells, especially T1 (5 µM_6 
hours) when compared with the other three treatments with 
either higher concentrations or longer treatment period. 

Pathway classification of the DEPs 
To identify the molecular mechanisms and biological pro-
cesses impacted by Aβ in neuronal cells, biochemical path-
way analysis was applied using IPA analysis to characterize 
the DEPs identified after exposure to the four treatments 
(Figure 4). The acute phase response signaling pathway, 
complement and coagulation system, and autophagy were 
among the most affected pathways at 5 µM at 6 and 24 hours 
while the acute phase response signaling pathway was most-
ly affected at 6 hours. In contrast, proteins involved in oxida-
tive phosphorylation were more impacted at 6 hours at both 
concentrations. Liver X receptor/retinoid X receptor (LXR/
RXR) activation and farnesoid X receptor/retinoid X recep-
tor (FXR/RXR) were also impacted by Aβ, but this impact 
was not apparent in T4 with 25 µM of Aβ at 24 hours. Sir-
tuin signaling pathway was enriched in T2 with 5 µM of Aβ 
at 24 hours, while mammalian target of rapamycin (mTOR) 
signaling pathway was affected in T1 (5 µM_6 hours) and 
T4 (25 µM_24 hours). Interestingly, nuclear factor erythroid 
2-related factor 2-mediated oxidative stress response path-
way was altered in abundance to a much greater extent in T4 
(25 µM_24 hours).

To deeper characterize the data, DEPs were also catego-
rized using PANTHER tool, based on their gene ontology 
terms ‘biological process, molecular process and cellular 
component’ (Mi et al., 2013). The percentage of proteins in 
specific processes and components were calculated, as shown 
in Figure 5. More biological processes were generated in the 
initial treatment T1 (5 µM_6 hours), which corresponds to 
the identification of more DEPs (Figure 5A). A higher per-
centage of proteins were related to “cellular component orga-
nization or biogenesis” at 6 hours at both concentrations (T1 
and T3), while a larger proportion of proteins was involved 
in ‘biological regulation’ at 24 hours (T2 and T4). Interest-
ingly, the highest ratio of proteins in two processes, ‘response 
to stimulus’ and ‘immune system process’, were detected at 
T2 and T4 at 24 hours, respectively. Additionally, more pro-
teins with ‘transporter activity’ were found at 25 µM of Aβ at 
24 hours (T4) (Figure 5B).

Besides, an interaction network using the STRING Cy-
toscape plugin was built with DEPs identified with two-
way ANOVA. Pathways related to Alzheimer’s disease were 
enriched and illustrated (Figure 6), and the expression data 
of proteins was shown using a heatmap (Figure 7). Several 
pathways enriched with IPA analysis were also introduced 
using the STRING, such as mTOR signaling, autophagy, ox-
idative phosphorylation, complement, and coagulation. In 
addition, other interaction networks illustrating changes in 
lysosomal proteins, collagen chain trimerization and ECM 
receptor interaction, oxidative stress induced senescence, 
ribosome biogenesis, and regulation of insulin-like growth 
factor transport and uptake by IGFBPs were also identified. 
Importantly, inverse protein regulations were obvious be-

tween the two concentrations at 6 hours (T1 and T2) but 
with pathways being more significantly impacted initially (5 
µM_6 hours), which may illustrate the molecular response 
during the early AD. Additionally, similar regulation pat-
terns were detected at 6 or 24 hours, indicating the impact 
of Aβ on neuronal cells was more time-dependent (6 and 24 
hours) rather than concentration-dependent (5 and 25 µM).

Lysosomal dysfunction induced by Aβ toxicity
There were nine proteins associated with lysosomal regula-
tion that were differentially modulated across four treatment 
groups (Figure 7) with all of them down-regulated in lower 
concentration at early time point (5 µM_6 hours). GM2A 
and NPC2 were down-regulated across all the treatment 
groups suggesting that these proteins were primarily affected 
upon Aβ exposure, irrespective of concentration and timing 
of treatment. Most of the lysosomal proteins, in general, 
were less affected when cells were exposed to Aβ for longer 
periods (24 hours), suggesting that initial down-regulation 
of protein expression was transient, and expression bounced 
back to normal levels with time. At higher concentration 
(25 µM), the perturbations in lysosomal associated proteins 
were more subtle compared to 5 µM of Aβ which caused 
more robust changes in the expression levels of proteins. 
ASAH1, CD63 and CTSD proteins, in particular, exhibited a 
significant change at 5 µM, but no significant alteration was 
observed when the cells were exposed to 25 µM of Aβ. 

ECM proteins are up-regulated early upon Aβ treatment
ECM associated proteins including thrombospondin-1 
(THBS1), thrombospondin-4 (THBS4), cartilage oligomeric 
matrix protein (COMP) and seven collagen proteins (colla-
gen type X alpha 1 chain (COL10A1), COL1A2, COL3A1, 
COL5A1, COL6A3, COL1A1 and COL6A1) were observed 
to be up-regulated in the early stage at 5 µM at 6 hours (T1). 
Interestingly, most of these were down-regulated at 24 hours 
(except COL6A3 and COL6A1) (Figure 7). A similar pat-
tern of regulation was also found at 6 hours with 5 and 25 
µM of Aβ (T1 and T3), but with fewer proteins differentially 
expressed when cells were treated with higher concentration 
(25 µM). There were only two collagen proteins (COL3A1 
and COL6A3) slightly up-regulated at 25 µM at 6 hours 
(T3), while the expression of all collagen proteins reflected 
no significant change at this concentration at 24 hours (T4). 
However, THBS1, THBS4 and COMP were down-regulated 
at both concentrations at 24 hours (T2 and T4). 

Differential modulation of ribosomal biogenesis proteins 
upon Aβ exposure
A total of 11 ribosomal biogenesis related proteins were 
induced by Aβ across the four data sets (Figure 7). The ma-
jority of these DEPs were identified at 6 hours of treatment 
regardless of the concentration (T1 and T3), while the levels 
bounced back closer to original levels at 24 hours of expo-
sure time, especially in T2 (5 µm_24 hours) with no such 
protein changes detected. 40S ribosomal protein S28 (RPS28) 
and 60S ribosomal protein L37 (RPL37) were down-regulat-
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ed initially (5 µM_6 hours), while mitochondrial 39S ribo-
somal protein L27 (MRPL27) was down-regulated only in 
T4 (25 µM_24 hours). A majority of proteins, including U3 
small nucleolar RNA-associated protein 4 homolog (CIR-
H1A), U3 small nucleolar ribonucleoprotein protein (IMP3), 
U3 small nucleolar RNA-associated protein 15 homolog 
(UTP15), WD repeat-containing protein 75 (WDR75) and 
40S ribosomal protein S28 (RPS28), were similarly affected 
at 6 hours Aβ exposure time irrespective of the concentra-
tion (T1 and T3). 

Differential effects on oxidative phosphorylation and 
autophagy related proteins
We identified seven DEPs that have been associated with AD 
pathogenesis and oxidative phosphorylation, including four 
NADH dehydrogenases that were differentially regulated 
across four treatments (NADH dehydrogenase [ubiquinone] 1 
beta subcomplex subunit 10 (NDUFB10), Cytochrome c oxi-
dase subunit NDUFA4, mitochondrial NADH dehydrogenase 
[ubiquinone] iron-sulfur protein 6 (NDUFS6) and NADH 
dehydrogenase [ubiquinone] iron-sulfur protein 5 (NDUFS5)) 
(Figure 7). Ubiquinol-cytochrome c reductase binding pro-
tein was identified to be consistently up-regulated upon ex-
posure to Aβ across all the treatment groups. In addition to 
the mitochondrial proteins, autophagy pathway was impacted 
with ten proteins differentially modulated in specific condi-
tions, indicating that clearance of the proteins might be affect-
ed in the neuronal cells upon Aβ exposure. Corresponding to 
impaired oxidative phosphorylation and autophagy pathways 
in cells, we identified changes in oxidative stress and senes-
cence associated proteins histone H2A.Z (H2AFZ), histone 
H2B type 1-K (HIST1H2BK) and E3 ubiquitin-protein ligase 
RING1 (RING1). These were enriched at 6 hours (5 and 25 
µM) but no changes were observed at 24 hours (5 and 25 µM) 
(Figure 7). Another pathway regulated by oxidative stress is 
the mTOR signaling. Three proteins grouped in the mTOR 
signaling pathway were affected; heme oxygenase 1 (HMOX1), 
Rho-related GTP-binding protein RHOB, and GTPase KRas 
(KRAS). The HMOX1 level was elevated while RHOB and 
KRAS were reduced, particularly at the initial time point of 6 
hours and 5 µM Aβ concentration.

Complement and coagulation cascade associated proteins 
are affected upon Aβ treatment
Thirteen proteins associated with complement and coagula-
tion cascade were detected as up-regulated with fold changes 
over 1.2 at 5 µM at 6 hours (T1), including complement 
component C8 beta chain (C8B), complement component 
C9, C3, C7, vitronectin (VTN), alpha-2-macroglobulin 
(A2M), prothrombin (F2), plasminogen (PLG), coagulation 
factor V (F5), coagulation factor XIII A chain (F13A1), anti-
thrombin-III (SERPINC1), heparin cofactor 2 (SERPIND1) 
and complement factor I (CFI) (Figure 7). Interestingly, 
24 hours treatment at the same concentration of Aβ (T2) 
reversed the expression of majority of these proteins. Fur-
thermore, at 25 μM treatment, some of the proteins showed 
a marginal up-regulation at 6 hours; however, their expres-

sion were reversed at the longer time point. These findings 
indicate that complement and coagulation cascade proteins 
are an important class that is elevated early upon exposure to 
neurotoxic Aβ species. At longer time points the cells either 
adapt or start to give in to the Aβ challenge.

Up-regulation of IGF transport and uptake by IGFBPs 
early upon exposure to Aβ
Several proteins associated with IGF transport and uptakes 
by IGFBPs were induced by Aβ peptide, and their expression 
patterns were also time-dependent (Figure 7). Nine proteins 
were observed to be increased at 5 µM of Aβ at 6 hours but 
then decreased upon longer exposure to Aβ for 24 hours at 
this concentration. A similar expression trend was identified 
for 25 µM of Aβ at 24 hours but the differential effects were 
more subtle. Importantly, among the DEPs were apolipopro-
teins, AOPB and APOE, which have been implicated as risk 
genes in early onset AD.

STRING analysis was applied to the DEPs at 5 µM of Aβ 
at both time points (T1 and T2) which were analysed with 
Student’s t-test, since a greater degree of AD associated pro-
tein expression changes were detected at this concentration. 
In contrast to the results obtained using IPA analysis, some 
specific pathways were enriched at 5 µM of Aβ and 6 hours. 
These enriched pathways included exocytosis, regulation of 
proteolysis, innate immune system, amyloid fiber formation 
and platelet-derived growth factor (PDGF) signaling (Table 
2 and Additional Table 4). Some of the differentially reg-
ulated proteins had functions in several pathways, such as 
complement proteins and collagen degradation associated 
proteins. Interestingly, all six proteins linked to amyloid fi-
ber formation were up-regulated at the early stage (5 µM_6 
hours). However, for the 24 hours treatment (T2), fewer 
enriched pathways were identified with fewer number of 
proteins found in each pathway. We identified differentially 
affected proteins in exocytosis, regulation of proteolysis, in-
nate immune system, ECM-receptor interactions, collagen 
degradation and regulation of IGF transport and uptake by 
IGBFPs (Table 2 and Additional Table 4). Interestingly, at 
24 hours, we identified down-regulated proteins falling un-
der ECM-receptor interaction and regulation of IGF trans-
port and uptake by IGFBPs. Superoxide dismutase protein 
SOD1 was down-regulated and involved in two pathways, 
exocytosis and immune system process, at 24 hours.

Enriched cellular networks in Aβ treated SH-SY5Y cells 
and comparative analysis with 661w photoreceptor 
cells
We found 37 DEPs that overlapped between SH-SY5Y cells 
in this study and our previous report on 661W photore-
ceptor cells (Deng et al., 2019) using the same treatments. 
The interaction network (Figure 8A) and their expression 
changes (Figure 8B) were illustrated. The clustered patterns 
indicate that the impact of Aβ toxicity on the two different 
cell lines was, in both cases, more dependent on time rather 
than Aβ concentration. For example, programmed cell death 
protein 4 (PDCD4) and PDCD10 from both cell lines were 
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down-regulated at 6 hours (5 and 25 µM), but then up-reg-
ulated at 24 hours (5 and 25 µM). Conversely, protein uri-
dine-cytidine kinase 2 (UCK2) was up-regulated at 6 hours 
(5 and 25 µM), and down-regulated at 24 hours (5 and 25 
µM). In contrast, ganglioside GM2 activator (GM2A) was 
down-regulated across all four treatments in SH-SY5Y neu-
ronal cells, while for 661W photoreceptor cells, decreased 
expression was only evident at 24 hours (5 and 25 µM). Tak-
en together, these findings suggest similar, yet differential 
effects of Aβ1–42 on the 661W photoreceptor and SH-SY5Y 
neuronal cells. 

Discussion
Aβ induced toxicity has been identified in ageing brain 

(Murphy and LeVine, 2010; Allsop and Mayes, 2014; 
Sadigh-Eteghad et al., 2015; Omar et al., 2018). Its accu-
mulation impairs neuronal function and leads to cell death 
(Cárdenas-Aguayo et al., 2014; Sengupta et al., 2016; Deng 
et al., 2019). In this study, Aβ1–42 peptide was used to treat 
the SY-SY5Y human neuronal cells under culture conditions, 

Figure 1 Heatmap (hierarchical 
clustering) of the log-transformed 
ratios of differentially expressed 
proteins in SH-SY5Y human 
neuroblastoma cells after β-amyloid 
peptide treatments.
Differences among all experimental 
conditions via two-way analysis of 
variance are found (P < 0.05); row 
clustering only. Column colors indicate 
treatment type, and the cluster patterns 
are detailed on the side plots (clusters 
1–4). C, T1, T2, T3 and T4 represent 
control and four specific conditions as 
described in the methods.

Figure 2 Volcano plots demonstrating the dual thresholds for 
differentially regulated proteins after four comparative analyses with 
control using Student’s t-test.
Proteins within the upper and outer quadrants meet both the fold 
change and P-value cut-off and are therefore considered as differen-
tially regulated. Red and green represent the up- and down-regulated 
proteins in each treatment respectively.

Figure 3 Venn diagram analysis of regulated proteins identified 
under different conditions.
(A) Venn diagram indicating the overlap between the differentially 
expressed proteins identified and quantified in T1 and T2 with 5 µM of 
β-amyloid peptide (Aβ) at 6 and 24 hours, respectively (1% false dis-
covery rate (FDR)). (B) Venn diagram indicating the overlap between 
the differentially expressed proteins identified and quantified in T3 
and T4 with 25 µM of Aβ at 6 and 24 hours, respectively (1% FDR). 
(C) Venn diagram indicating the overlap between the differentially 
expressed proteins identified and quantified in T1 and T3 at 6 hours 
with 5 µM and 25 µM of Aβ, respectively (1% FDR). (D) Venn diagram 
indicating the overlap between the differentially expressed proteins 
identified and quantified in T2 and T4 at 24 hours with 5 and 25 µM 
of Aβ, respectively (1% FDR). (E) Venn diagram indicating the overlap 
between the differentially expressed proteins identified and quantified 
at 6 hours with two concentrations (T1 and T3) and at 24 hours with 
two concentrations (T2 and T4), respectively (1% FDR). 
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and cellular response was monitored using in-depth quan-
titative proteomic analysis. The study revealed that effect 
of Aβ induced toxicity on neuronal cells was both time and 
dose dependent, but the duration of exposure was a more 
prominent determining factor rather than change in con-
centration of Aβ alone. These results were consistent with 
the effects induced by Aβ1–42 on 661 mouse photoreceptor 
cells, as reported previously (Deng et al., 2019). The major 
biochemical pathways which were affected by toxic Aβ1-
42 in neuronal cells were regulation of lysosomal proteins, 
collagen chain trimerization and ECM-receptor interaction, 
ribosomal biogenesis, IGF transport and uptake by IGFBPs, 
complement and coagulation cascades, autophagy, and oxi-
dative phosphorylation. 

Regulation of IGF transport and uptake by IGFBPs is 
involved in metabolic regulation, while abnormal metabo-
lism is generally associated with AD pathology. Aβ peptides 
reduce insulin binding and receptor autophosphorylation, 
which is observed with AD-related neuronal injury. Proteins 
APOE, APOB, and TF (transferrin) in this pathway were 
identified as DEPs in this study. Apolipoproteins are import-

ant peripheral biomarkers of Alzheimer’s pathology (Koch et 
al., 2018). ApoE4, as a driver of multiple impairments seen 
in AD, negatively affects neuronal insulin signaling (Ozcan 
et al., 2004; Zhao et al., 2017; Brandon et al., 2018). Transfer-
rin, has been suggested as a potential biomarker of AD, act-
ing as a major protein for iron transportion and also involve-
ment in the generation of free radical, (Hussain et al., 2002). 
All proteins in this pathway were up-regulated initially (5 
µM_6 hours) and then slightly down-regulated at 24 hours 
(5 and 25 µM). These impacts of Aβ1–42 may be attributed to 
adaptation of the cells to initial toxicity and stress caused by 
the peptide.

A series of abnormalities were induced in SH-SY5Y neu-
ronal cells by Aβ in this study, such as alterations in oxi-
dative phosphorylation, ribosomal biogenesis, lysosomal 
processing, autophagy, and ECM interaction. Oxidative 
phosphorylation is the most vital process in mitochondria 
for energy production (Distelmaier et al., 2009; Mirzaei et 
al., 2018). Abnormalities in cellular bioenergetics have been 
identified in AD and also in other neurodegenerative diseas-
es (Yao et al., 2009). Aβ and tau have been previously shown 

Table 2 Classification of  differentially expressed proteins in T1 (5 µM_6 h) and T2 (5 µM_24 h) based on their enriched biological pathways

String enriched pathways Up-regulated proteins under Aβ treatment Down-regulated proteins under Aβ treatment

T1 
(5 µM_6 h)

Exocytosis PLG, SEPT5, FN1, NEU1, F5, RAB8B, SPARC ARSB, ASAH1, GLA, MYH10, CTSD, 
SERPINB6, CTSB, GAA, RAP1A, LAMP2, 
SERPINB1, PRDX4, GM2A, NPC2

Regulation of proteolysis C8B, C9, PZP, C7, F2, ITIH2, RGN, SERPIND1, 
VTN, CPN1, FN1, COL6A3, SORL1, 
LAMTOR5

SUMO2, SERPINB6, SERPINB1

Regulation of complement activation C8B, C9, C7, F2, VTN, CPN1
Neutrophil degranulation NEU1 ARSB, ASAH1, GLA, CTSD, SERPINB6, CTSB, 

GAA, RAP1A, LAMP2, SERPINB1, PRDX4, 
GM2A, NPC2

Lysosome NEU1, CLTCL1 ARSB, ASAH1, GLA, CTSD, CTSB, GAA, 
LAMP2, GM2A, NPC2

Complement and coagulation cascades C8B, C9, C7, F2, PLG, SERPIND1, VTN, F5
IGF transport and uptake by IGFBPs F2, PLG, AFP, ITIH2, SERPIND1, APOB, F5
ECM proteoglycans COMP, FMOD, VTN, COL6A3, SPARC
Amyloid fiber formation TGFBI, HIST1H2BK, H2AFX, H2AFZ, SORL1
Oxidative stress induced senescence HIST1H2BK, RING1, H2AFX, H2AFZ TXN
Collagen degradation COL10A1, COL6A3 CTSD, CTSB
Signaling by PDGF (platelet-derived 
growth factor)

THBS4, PLG, COL6A3 KRAS

Innate immune system C8B, C9, C7, F2, VTN, APOB, CPN1, NEU1, 
PDZD11 

ARSB, KRAS, ASAH1, GLA, CTSD, SERPINB6, 
CTSB, GAA, RAP1A, LAMP2, SERPINB1, 
ATOX1, PRDX4, TXN, GM2A, NPC2

T2 
(5 µM_24 h)

Exocytosis FABP5 SOD1, CTSA, GM2A, THBS1, AHSG, LTF
Regulation of proteolysis TNFAIP8, TAF1 SERPINC1, ITIH2, THBS1, AHSG, LTF, CFI, 

RBX1
Immune system process FABP5 SOD1, COL1A2, SERPINC1, CTSA, GM2A, 

THBS1, CHIA, COL1A1, AHSG, LTF, CFI
ECM receptor interaction COL1A2, THBS1, COL1A1
Collagen degradation COL1A2, COL1A1
Regulation of IGF transport and uptake by 
IGFBPs

AHSG, ITIH2, SERPINC1

Innate immune system FABP5 CTSA, GM2A, AHSG, LTF, CFI

ECM: Extracellular matrix; IGF: insulin-like growth factor; IGFBP: IGF-binding protein; PDGF: platelet-derived growth factor.
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Figure 4 Comparison of the top canonical pathways enriched from 
ingenuity pathway analysis of differentially regulated proteins 
(treatments vs. control) in four treatments. 
The significance of functional enrichment is highlighted with red.

Figure 7 Heatmap of the regulated proteins in pathways related to 
Alzheimer’s disease. 
Red and blue indicate relative increase or decrease in protein abun-
dance, respectively. C, T1, T2, T3 and T4 represent control and four 
specific conditions as described in the Methods. 

to exert synergistical damage to oxidative phosphorylation 
system in a triple AD transgenic mouse model (Rhein et al., 
2009). Ubiquinol-cytochrome c reductase binding protein 
was shown to undergo enrichment across the four treatment 
groups in this study. It is one of the components of oxidative 
phosphorylation complex III, and important for functional 
stability of this complex, electron transport, cellular oxygen 
sensing and angiogenesis (Kim et al., 2017). Cytochrome 
b-c1 complex subunit 10 (UQCR11), which forms one of the 
regulatory subunits in complex III (Bermejo-Nogales et al., 
2015), also demonstrated increased abundance at 24 hours (5 
and 25 µM). Regulation of these two proteins may accelerate 
ATP generation in the neural cells. 

Ribosomes are known to be the site of initiation of protein 

synthesis and its elongation. Both the neuronal growth and 
maintenance rely on the biogenesis of ribosomes. However, 
abnormal molecular regulation of ribosomal genesis was in-
duced upon exposure to toxic Aβ in this study. Impaired ri-
bosomal biogenesis has been suggested in numerous studies 
on neurodegenerative diseases, and impairment of ribosom-
al biogenesis has been shown to produce neuronal atrophy 
and synapse loss (Ding et al., 2005; Meier et al., 2016). More 
perturbations were observed in pathways associated with 
lysosomal function and autophagy. Optimal lysosomal func-
tion is of great importance in neurons, as division of these 
cells is able to eliminate accumulated toxic molecules and 
aggregates. In this study, lysosomal proteins were modulated 
by Aβ especially at lower concentrations (5 µM) at 6 hours. 
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Figure 5 Categorization of the differentially 
expressed proteins in four treatments with 
Student’s t-test according to their 
involvements in different gene ontology terms 
“biological process, molecular process and 
cellular component”. 
Percentage of proteins in specific terms were 
calculated and illustrated. C, T1, T2, T3 and T4 
represent control and four specific conditions as 
described in the methods. (A) Biological process; 
(B) molecular process; (C) cellular component.

Figure 6 Functional interaction network analyzed by String 
Cytoscape plugin. 
Network nodes are labeled with gene symbols. Different colors 
represent proteins classified into specific pathways which are 
highlighted beside the nodes. The lines indicate the interactions 
among proteins. 

Figure 8 Comparison analysis between 
661w mice photoreceptor cells and 
SH-SY5Y human neuron cells under the 
β-amyloid peptide toxicity. 
(A) Functional interaction networks ana-
lyzed by the String Cytoscape plugin with 37 
regulated proteins in two cell lines. Network 
nodes are labeled with gene symbols. (B) 
Heatmap of the regulated proteins in dif-
ferent treatments on two cell lines. Red and 
green indicate relative increase or decrease 
in protein abundance, respectively.
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At higher concentrations of Aβ, it is possible that the dam-
age is predominantly caused by some other mechanisms. 
The abnormal lysosomal function greatly contributes to the 
degeneration of neurons and the pathogenesis of a variety 
of neurodegenerative diseases. Lysosomal proteases, in par-
ticular, cathepsins, play important functions by regulating 
the lysosomal death pathway, autophagy, ageing, and other 
processes such as proteolytic cleavage of APP. Cathepsin B 
(CTSB) and CTSD are two of the major lysosomal proteases, 
and were down-regulated at the initial time point (5 µM_6 
hours). The reduced abundance of CTSB could lead to lyso-
somal dysfunction and promote accumulation of misfolded 
proteins. It has been previously demonstrated that CTSB 
may contribute to the reduction of Aβ peptides by cleaving 
Aβ1–42 (Bernstein and Keilhoff, 2018). Similarly, proteolysis 
process mediated by CTSD is highly vital for eliminating the 
unfolded/oxidized proteins that are delivered to lysosomes 
to prevent toxicity. Recent studies have demonstrated that 
CTSD is involved in processing of amyloid precursor pro-
tein, apolipoprotein E, and tau proteins in AD (Di Domeni-
co et al., 2016). It was suggested that enhanced activity or in-
creased expression of cathepsins is important in maintaining 
the normal function of the lysosomes (Cermak et al., 2016). 
Autophagy related proteins were differentially modulated 
across the four treatment groups in our study, however, the 
effects were more prominent at the initial stages (5 µM_6 
hours). Autophagy is also a lysosome-dependent pathway 
that plays a critical role in maintaining neuronal homeosta-
sis and energy metabolism. Compared to non-neuronal cells, 
the survival of neurons depends on high basal autophagy. 
The occurrence of autophagy defects could be identified ear-
ly in the pathogenesis of AD and promote the deposition of 
misfolded proteins in the cells leading to endoplasmic retic-
ulum (ER) oxidative stress (Funderburk et al., 2010; Uddin et 
al., 2018). Enhancement of the autophagy-lysosomal system 
has been suggested as one of the therapeutic strategies to 
promote Aβ clearance in AD (Tarasoff-Conway et al., 2015; 
Zare-Shahabadi et al., 2015).

ECM provides essential physical connections for the cellular 
constituents and cellular filaments, and also helps the regula-
tion of biochemical and signaling pathways that are necessary 
for cell differentiation and survival (Frantz et al., 2010; Ucar 
and Humpel, 2018). Significant ECM changes in laminin, 
elastin, and collagen proteins are known to occur due to im-
balance of proteases and protease inhibitors during the early 
stages of AD, as well as in other degenerative disorders (Gupta 
and Gowda, 2008; Gupta et al., 2017). Collagen forms a major 
protein component of ECM and has been shown to interact 
with APP (Lepelletier et al., 2017). Several collagen family of 
proteins were found to be affected by Aβ in this study, among 
which collagen VI (COL6) has been shown to finely modulate 
the stiffness and mechanical properties of ECM. Aβ peptides 
initially increase neuronal expression of COL6 which pre-
vents neurons from Aβ binding, while its reduction augments 
Aβ neurotoxicity (Cheng et al., 2009). Apart from collagen 
proteins, other ECM proteins such as thrombospondin pro-
teins THBS1 and THBS4 were also differentially expressed. 

It has been shown that THBS1 protects against Aβ-induced 
mitochondrial fragmentation and dysfunction in hippocam-
pal neurons (Kang et al., 2018). THBS1 secreted by human 
umbilical cord blood-derived mesenchymal stem cells res-
cued neurons from synaptic dysfunction in AD model (Kim 
et al., 2018). ECM molecular changes in this study might be 
acting as a protective mechanism against the Aβ induced neu-
rotoxicity in the initial stages of exposure to peptide. These 
differentially expressed ECM molecules are also involved in 
the PI3K-Akt signaling pathway. mTOR is a direct target of 
PI3K-Akt signaling, and Aβ has been suggested to activate 
the PI3K/Akt/mTOR axis, which are key cellular survival sig-
naling and autophagy related molecular mechanisms. These 
results indicate that there might be a link among Aβ, ECM 
molecules and the PI3K/Akt/mTOR pathway, and provide 
deeper insights into the relationship between AD pathology 
and potential relationship with insulin resistance (Tramutola 
et al., 2015). 

Increased expression of the complement pathway has pre-
viously been shown to impart beneficial effects to neuronal 
cells in early stages of AD, and up-regulation of complement 
proteins in this study suggests that complement pathway 
related proteins might be activated to restrict the Aβ tox-
icity and enhance its clearance from the cells (Kolev et al., 
2009; Mirzaei et al., 2020). In more chronic phases of AD, 
however, complement activation appears to contribute to 
neurotoxicity with subsequent exacerbation of the inflam-
matory reaction (Morgan, 2018). We observed complement 
pathway related proteins to be down-regulated at 24 hours, 
which may highlight the complex biochemical roles played 
by complement related proteins in neuronal cells. Other pro-
tective molecular networks were also activated to improve 
the resistance of cells to Aβ induced neurotoxicity, such as 
the nuclear factor erythroid 2-related factor 2-mediated ox-
idative stress response, liver X receptor/retinoid X receptor 
activation, and sirtuin signaling pathway. Oxidative stress 
plays a key role in AD pathogenesis by promoting Aβ depo-
sition, tau hyperphosphorylation, and the subsequent loss of 
synapses and neurons (Perry et al., 2002; Chen and Zhong, 
2014). Abnormalities in cellular metabolism, in turn, could 
contribute to Aβ production and accumulation, which could 
potentially promote mitochondrial dysfunction and ROS 
production, thereby resulting in a vicious cycle of events 
(Tonnies and Trushina, 2017). Nuclear factor erythroid 2-re-
lated factor 2-mediated oxidative stress response pathway 
imparts resistance to cytotoxicity and protects cells from ox-
idative damage (Pi et al., 2008; Liu et al., 2010). In this study, 
we observed a greater abundance of proteins in this pathway 
in T4 (25 µM, 24 hours), which may indicate enhanced resis-
tance of the cells to oxidative stress induced by Aβ. Another 
pathway which was activated after exposing the cells to Aβ 
was LXR/RXR activation. LXR/RXR activation has been 
suggested to reduce Aβ toxicity and may represent a poten-
tial therapeutic approach in AD (Saint-Pol et al., 2013). This 
pathway was not affected in T4 (25 µM_24 hours), which 
indicates the complex early and long-term exposure effects 
of Aβ on neurons. Further, the sirtuin signaling pathway was 
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activated in T2 (5 µM_24 hours). Activated sirtuin signaling 
pathway has diverse anti-ageing effects, which may offer 
novel therapeutic strategies to prevent or delay age-related 
diseases, including AD (Gan, 2009). Interestingly, lysosome 
dysfunction and abnormal cellular metabolism perturbations 
were induced in neuronal cells in the initial (5 µM_6 hours) 
stages, in conjunction with up-regulation of protective ECM 
molecules and the complement pathway system. However, 
with the extension of treatment duration to 24 hours, lyso-
somes apparently recovered their expression and only mod-
erate changes in lysosomal proteins were observed. All these 
results indicate that neuronal cells were differentially affect-
ed by Aβ peptides with multiple molecular networks being 
regulated in a time dependent manner, and to a lesser extent 
with concentration of Aβ being a determining factor.

Cumulative evidence has shown the impact of AD on the 
retina, and the accumulation of Aβ in the eye with AD (Gold-
stein et al., 2003; Koronyo-Hamaoui et al., 2011; Koronyo et 
al., 2017; Deng et al., 2019). 661W mice photoreceptor cells 
are a popular in vitro model for studying retinal disorders 
(Sayyad et al., 2017). A series of AD-associated proteins and 
pathways were discovered after 661W cells were exposed to 
Aβ at two concentrations and two time points, as reported 
previously (Deng et al., 2019). A total of 380 and 473 DEPs 
were identified from the four treatments from photoreceptor 
cells and SH-SY5Y neuronal cells, respectively. Some of the 
main pathways affected by Aβ in both the studies included 
oxidative phosphorylation, ribosomal dysfunction, lysosomal 
regulation, mTOR signaling and sirtuin signaling. There was 
an overlap of 37 DEPs between the two studies, as shown in 
Figure 8. Interestingly, five of these common proteins (CD63 
antigen, prosaposin, cathepsin D, alpha-galactosidase A, and 
ganglioside GM2 activator) were involved in the regulation 
of lysosomal function, suggesting this organelle may play a 
central role in Aβ induced pathology. Our research in these 
two major cell lines of neuronal origin revealed the molecular 
effects of Aβ and suggested that this endogenous peptide may 
have neurotoxic effects on the retinal neurons and SH-SY5Y 
neuronal cells under disease conditions. 

Conclusion
This study revealed several diverse molecular pathways and 
proteins that are affected in neuronal cells and compared 
these findings with effects on photoreceptor cells. The data 
presented in this study serves as a valuable resource for 
future human and animal studies, which can ultimately 
provide a better understanding of the disease mechanisms 
and therapeutic targeting. Candidate neuroprotective agents 
could be developed to inhibit deleterious molecules in neu-
rons that are potentially triggered upon Aβ exposure. Other 
potential strategies include designing small molecules that 
could block Aβ interactions with cell surface and intracellu-
lar targets, down-regulating signaling cascades, and reducing 
the expression of pro-apoptotic proteins in cells (Longo and 
Massa, 2004).
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