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Objectives. This study compares glycoproteomes in Thai Alzheimer’s disease (AD) patients with those of cognitively normal
individuals. Methods. Study participants included outpatients with clinically diagnosed AD (N = 136) and healthy controls
without cognitive impairment (N = 183). Blood samples were collected from all participants for biochemical analysis and for
Apolipoprotein E (APOE) genotyping by real-time TaqMan PCR assays. Comparative serum glycoproteomic profiling by liquid
chromatography-tandem mass spectrometry was then performed to identify differentially abundant proteins with functional
relevance. Results. Statistical differences in age, educational level, and APOE ɛ3/ɛ4 and ɛ4/ɛ4 haplotype frequencies were found
between the AD and control groups. The frequency of the APOE ɛ4 allele was significantly higher in the AD group than in the
control group. In total, 871 glycoproteins were identified, including 266 and 259 unique proteins in control and AD groups,
respectively. There were 49 and 297 upregulated and downregulated glycoproteins, respectively, in AD samples compared with
the controls. Unique AD glycoproteins were associated with numerous pathways, including Alzheimer’s disease-presenilin
pathway (16.6%), inflammation pathway mediated by chemokine and cytokine signaling (9.2%), Wnt signaling pathway
(8.2%), and apoptosis signaling pathway (6.7%). Conclusion. Functions and pathways associated with protein-protein
interactions were identified in AD. Significant changes in these proteins can indicate the molecular mechanisms involved in
the pathogenesis of AD, and they have the potential to serve as AD biomarkers. Such findings could allow us to better
understand AD pathology.

1. Introduction

Alzheimer’s disease (AD) or other forms of dementia have
been reported in approximately 44 million people world-
wide. AD is the most common cause of dementia, account-
ing for an estimated 60% to 80% of cases [1]. The
population of Americans aged 65 and older is projected to

grow from 56 million in 2020 to 88 million by 2050 [2].
The percentage of people with Alzheimer’s dementia
increases with age: 5.3% in people aged 65 to 74, 13.8% in
people aged 75 to 84, and 34.6% in people aged 85 and older
[3]. In China, the age-associated prevalence of AD is 3.2% in
individuals over 60 years old, and it is predicted to increase
from 3.8 to 6.2% in the next 5 years [4]. The prevalence of
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dementia in Thailand for people aged 45 years and above is
2.4% with AD being the most common type of dementia
(75.0%) [5]. AD involves many factors and incorporates
many hypotheses. A large number of human studies and
animal models have described many of these factors and
hypotheses including amyloid β (Aβ), tau, cholinergic
neuron damage, calcium dyshomeostasis and pathological
calcium signaling, oxidative stress, inflammation, apoptotic
signals, and other intracellular signaling pathways.6–8 Trans-
genic mice were used to identify precursors to plaque forma-
tion and how the aggregation of Aβ is crucial to its toxicity
[6]. The amyloid cascade hypothesis predicts that tau hyper-
phosphorylation occurs as a downstream consequence of Aβ
accumulation [6]. In addition, the mechanisms involved in
beta-amyloid-mediated inflammation act as an immune
stimulus for glial/macrophage activation. Using immunocy-
tochemistry to examine numerous cytokines including
interleukin- (IL-) 1alpha, IL-1beta, IL-6, tumor necrosis
factor- (TNF-) alpha, and macrophage chemotactic protein-
(MCP-) 1, only IL-1beta was found to be induced in reactive
astrocytes surrounding beta-amyloid deposits in 14-month-
old transgenic Tg2576 mice [7]. A Taiwanese study com-
pared amyloid beta peptide 42 (Aβ42) and tau levels in
plasma samples using ultrasensitive immunomagnetic reduc-
tion assays, and they showed differences in plasma tau and
Aβ42 levels. Levels of both proteins were higher in AD than
in healthy, nondemented control subjects [8]. These findings
and others support the use of plasma Aβ42 and tau as bio-
markers in the clinical assessment of AD [8]. The underlying
rationale of using core pathological proteins, including Aβ42,
Aβ40, tau, tau phosphorylated at threonine-181 (Thr181P),
inflammatory cytokines, oxidized proteins, and proteins in
signaling pathways, has been widely stated. Proteomics is
an emerging method for the identification of proteins, inves-
tigation of posttranslational modification, and determination
of complex interactions of proteins in cellular systems
(including their structure, function, and localization) [9].
Comprehensive proteomic analysis of human plasma or
serum is a strategy used to identify biomarkers that underlie
pathophysiology thereby promoting advances in diagnostic
profiling, disease monitoring, and treatment [10]. Compre-
hensive quantitative analyses of proteins in AD and controls
by high-resolution two-dimensional liquid chromatography
and tandem mass spectrometry (LC/LC-MS/MS) identified
differentially expressed proteins in AD (26 downregulated
and 4 upregulated). These proteins were related to known
pathways of mitochondrial dysfunction, fatty acid beta
oxidation, and advanced glycation end products (AGEs)
and their receptors (RAGEs) [11].

Glycoproteomics focuses on studying the profile of gly-
cosylated proteins, and analysis involves tryptic glycopeptide
enrichment following LC-MS/MS. Protein glycosylation is a
complex posttranslational modification that is associated
with the biological activity and function of glycoproteins
[12]. Moreover, alterations in glycosylation profiles are asso-
ciated with many diseases, including cancer, inflammation,
and neurodegenerative diseases [13]. A glycoproteome pro-
filing study characterizing protein N-glycosylation in human
AD and control brains produced significant findings. Multi-

ple dysregulated n-glycosylation-affected processes and
pathways were observed in an AD brain, including extracel-
lular matrix dysfunction, neuroinflammation, synaptic dys-
function, cell adhesion alteration, lysosomal dysfunction,
endocytic trafficking dysregulation, endoplasmic reticulum
dysfunction, and cell signaling dysregulation [14].

However, analysis of glycosylation of AD-related pro-
teins in serum or plasma remains to be fully explored. Here,
we describe a glycoproteomic study comparing Thai AD
patients with normally cognitive individuals. This study
describes AD serum-enriched glycoproteins, which have the
potential to be used as diagnostic and/or prognostic markers.

2. Materials and Methods

2.1. Study Design and Subjects. This study included outpa-
tients with dementia due to AD and healthy controls with-
out cognitive impairment, who were all fluent in Thai. A
total of 136 AD individuals (aged ≥65 years) were recruited
from the geriatric and psychiatry (memory) outpatient
clinics, Faculty of Medicine Ramathibodi Hospital, Mahidol
University, between 2011 and 2013. All patients were diag-
nosed by impairments in memory, thinking, and behavior,
which decreased each person’s ability to function indepen-
dently in everyday life. Clinical assessments and biomarker
evidences were carried out in some AD cases to provide
additional diagnostic certainty. Such assessments included
neuropsychological testing, specialized structural neuroim-
aging with magnetic resonance imaging (presence of medial
temporal lobe atrophy), and cerebrospinal fluid analysis of
tau/A-beta [15]. We further accessed medical records and
contacted patients who were diagnosed with AD. The con-
trols were participants from the Electricity Generating
Authority of Thailand (EGAT) study conducted in 2013
(N = 183, age ≥ 55 years) with normal cognitive function
(evaluated by Montreal Cognitive Assessment ðMoCAÞ ≥ 26
). Exclusion criteria included history of head injury, chronic
metabolic diseases, severe auditory or visual sensory impair-
ment, severe concurrent medical illness such as severe heart
diseases and malignant tumors, or major psychiatric
disorders such as major depression, bipolar disorder, and
schizophrenia. Informed consent was obtained from all
subjects, and all procedures for this study were approved
by the Ethics Committee on Human Rights Related to
Research Involving Human Subjects, Faculty of Medicine
Ramathibodi Hospital, Mahidol University.

2.2. Biochemical Measurements. Venous blood samples were
collected in the morning after an overnight fast (12 hours),
and serum samples were separated and stored at −80°C for
subsequent analysis. Glycated hemoglobin (HbA1c), fasting
blood glucose (FBG), total cholesterol, triglyceride (TG),
high-density lipoprotein (HDL) cholesterol, low-density lipo-
protein (LDL) cholesterol, total protein, albumin, urea nitro-
gen, and creatinine concentrations were measured using
automated methods (Cobas-Mira, Roche, Milan, Italy). The
levels of plasma folate and vitamin B12 were determined by
electrochemiluminescence immunoassays (ECLIA).
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2.3. APOE Genotyping. Genomic DNA was extracted from
whole blood in EDTA-coated tubes by a standard phenol-
chloroform extraction procedure and frozen at −20°C until
use. The DNA concentration was measured using a Nano-
Drop 2000™ Spectrophotometer (Thermo Fisher Scientific,
Massachusetts, USA). The APOE single-nucleotide polymor-
phisms (SNPs) (rs429358 and rs7412) were genotyped using
TaqMan® real-time polymerase chain reactions (real-time
PCR). TaqMan SNP assays, designed by Applied Biosystems,
are delivered as 20× or 40× single tube mixtures (188μL) of
forward and reverse primers (900μM) and two reporter
probes (200μM). The 5′ end of each probe is linked to dif-
ferent fluorescent allele-specific dyes: fluorescein amidite
(FAM) is allele 2 specific, while VIC is the reporter for allele
1. The 2× TaqMan universal PCR master mix (Applied Bio-
systems) used contains AmpliTaq Gold® DNA polymerase,
dNTPs, and a passive internal reference based on proprie-
tary ROX dye. To prepare the reaction mix to amplify 96
samples in a 96-well plate format, 15μL of 20× working
stock of the SNP Genotyping Assay (or 7.5μL of 40× stock)
was added to 285μL of 2× universal master mix diluted with
200μL of distilled water. After vortexing, 10μL of the mix-
ture was transferred into each well of a 96 reaction plate
before adding 20 ng of wet genomic DNA. The plate was
sealed and inserted into the One Step Applied Biosystems
real-time PCR machine. PCR temperature was kept on hold
for 10 minutes at 95°C, then reduced to 92°C for 15 seconds
(denaturation), and further reduced for annealing and
extension stages to 60°C for 1 minute for 40 cycles.

2.4. Isolation of Glycoprotein from Serum Samples Using
Concanavalin A. Protein concentration of serum samples
was determined according to the Lowry protein assay using
bovine serum albumin (BSA) as the standard [16]. Five hun-
dred micrograms of protein from each sample was taken for
glycoprotein enrichment using a Pierce glycoprotein isola-
tion kit, ConA, and then desalted using the Zeba™ Desalt
spin column according to the manufacturer’s protocol. To
reduce disulfide bond, 10mM dithiothreitol in 10mM ammo-
nium bicarbonate was added to 5μg of purified glycoproteins,
and reformation of disulfide bonds in the glycoproteins was
blocked by alkylation with 30mM iodoacetamide in 10mM
ammonium bicarbonate. The glycoprotein samples were
digested with 200ոg of sequencing grade porcine trypsin
(Promega; Mannheim, Germany) for 12h at 37°C. The tryptic
peptides were dried using a speed vacuum concentrator and
kept at -80°C for further mass spectrometric analysis.

2.5. Protein Quantitation and Identification by LC-MS/MS.
Tryptic peptide samples were resuspended in 0.1% formic
acid before injecting into an Ultimate3000 Nano/Capillary
LC System (Thermo Scientific, UK) coupled to a Hybrid
quadrupole Q-TOF impact II™ (Bruker Daltonics) equipped
with a nanocaptive spray ion source. Briefly, peptides were
enriched on a μ-precolumn (300μm i.d. ×5mm with C18
PepMap 100, 5μm, 100A, Thermo Scientific, UK) and
separated on a 75μm I.D. ×15 cm column packed with
Acclaim PepMap RSLC C18 (2μm, 100Å, nanoViper,
Thermo Scientific, UK). Solvent A and B contain 0.1%

formic acid in water and 0.1% formic acid in 80% acetoni-
trile, respectively. A gradient of 5–55% solvent B was used
to elute the peptides at a constant flow rate of 0.30μL/min
for 30min. Electrospray ionization was carried out at
1.6 kV using the CaptiveSpray. Mass spectra (MS) and
MS/MS spectra were obtained in the positive-ion mode
over the range (m/z) 150–2200 (Compass 1.9 software,
Bruker Daltonics). The LC-MS analysis of each sample
was done in triplicate.

MaxQuant 1.6.1.12 was used to quantify the proteins in
individual samples using the Andromeda search engine to
correlate MS/MS spectra with the UniProt Homo sapiens
database [16]. The following parameters were used for data
processing: maximum of two miss cleavages, mass tolerance
of 20 ppm for the main search, trypsin as the digesting
enzyme, carbamidomethylation of cysteines as fixed modifi-
cation, and the oxidation of methionine and acetylation of
the protein N-terminus as variable modifications. Only pep-
tides with a minimum of seven amino acids, as well as at
least one unique peptide, were required for protein identifi-
cation. Only proteins with at least two peptides, and at least
one unique peptide, were considered being identified and
used for further data analysis.

All differentially expressed proteins were analyzed for
their intersections among the different sample groups using
jvenn [17]. Gene Ontology annotation, including biological
process, cellular component, and molecular function, was
performed using Panther (http://www.pantherdb.org). The
identified proteins were simultaneously submitted to the
Search Tool for Interacting Chemicals (STITCH) (http://
stitch.embl.de) to search for understanding of cellular func-
tions and interactions between proteins and small molecules.

2.6. Statistical Analysis. All statistical analyses were per-
formed with SPSS Statistics for Windows, version 22.0
(IBM SPSS Statistics for Windows, version 23.0. Armonk,
NY: IBM Corp). Data are presented as the mean ±
standard deviation. Allele and genotype differences between
groups and deviations from the Hardy-Weinberg equilib-
rium were tested by chi-square tests.

3. Results

3.1. Demographic and Clinical Characteristics of Participants.
The control group consisted of healthy individuals with nor-
mal cognitive function (with a mean age of 56:52 ± 4:13
years; more than 60% were female (Table 1)). A normal
Montreal Cognitive Assessment (MoCA) score is considered
to be ≥26. The mean MoCA of the control group was 28.20,
and 86.9% of participants had >12 years of education.
Biochemical analysis related to glycemic parameters, lipid
profile, kidney, and thyroid functions was in the reference
ranges. For the AD group, the mean age was 78:08 ± 7:47
years; 77.95% were female (n = 136) and 58.1% have
educational level ≤ 12 years, as shown in Table 2. Most
patients reported no family history of AD, and their diagno-
ses were confirmed by physicians in the geriatric and psychi-
atry (memory) outpatient clinic. Similar to the control
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group, blood biochemistry tests in the AD group were in
normal ranges.

3.2. Distributions of APOE Haplotypes and Alleles in Control
and AD Groups. Six and five APOE haplotypes were detected

in the control and the AD groups, respectively. The most
common APOE haplotypes in the control and AD groups
was ɛ3/ɛ3. The ɛ2/ɛ2 was a haplotype not found in the AD
group (Table 3). Statistical differences in APOE ɛ3/ɛ4 and
ɛ4/ɛ4 haplotype frequencies were found between both
groups. The frequency of the ɛ4 allele was significantly
higher in the AD group than in the control group, whereas
the ɛ3 allele frequency was significantly higher in the control
group than in the AD group (P < 0:05).

3.3. Proteomic Analysis. Proteomic analysis of serum protein
patterns in control and AD groups are described in
Tables 1–6 and Figures 1 and 2. Approximately 600 proteins
from each of the control and AD groups were identified at a
false discovery rate of 1%. Comparative proteomic analysis
was performed between sera of the two groups with 42
upregulated glycoproteins in Table 3 and 287 downregulated
glycoproteins in Table 4 (for all proteins in this group, see
Supplementary Table 1). Table 5 shows the classification of
upregulated proteins as follows: protein-binding activity
modulator (16.7%), gene-specific transcriptional regulator
(12.5%), metabolite interconversion enzyme (12.5%), and
others. Moreover, categories with the highest percentages of
downregulated proteins were interconversion enzymes
(13.7%), protein-modifying enzymes (12.4%), proteins used in
nucleic acid metabolism (12.4%), and others (Table 5). Further
analysis using the Universal Protein Resource (UniProt)
identified the top five upregulated glycoproteins including A
disintegrin and metalloproteinase with thrombospondin
motifs 8 (ADAMTS8), ubiquitin-fold modifier-conjugating
enzyme 1 (UFC1), kinesin-like protein KIF28P (KIF28P),
protein Ras-related protein Rab-6A (RAB6A), and coagulation
factor X (FX). The top five downregulated glycoproteins
were C-type mannose receptor 2 (MRC2), FAS-associated
factor 2 (FAF2), NAD-dependent protein lipoamidase sirtuin-
4 (mitochondrial; SIRT4), ankyrin repeat domain-containing
protein 13C (ANKRD13C), and brain-specific angiogenesis
inhibitor 1-associated protein 2-like protein 1 (BAIAP2L1).

In total, 871 glycoproteins were identified, including 266
and 259 unique proteins in control and AD groups, respec-
tively, as represented by a jvenn diagram (Figure 1). Further
analysis was performed on the unique glycoproteins in AD
patients. The classification and pathways of the identified
glycoproteins were analyzed by the UniProt tool and
PANTHER-gene list analysis (Table 6). According to molec-
ular function, glycoproteins were classified as organic cyclic
compound binding (26.0%), heterocyclic compound binding
(26.0%), protein binding (24.7%), ion binding (5.5%), small
molecule binding (5.5%), and carbohydrate binding (5.6%).
For biological process, these glycoproteins were categorized
as cellular process (32.3%), metabolic process (15.5%), bio-
logical regulation (15.1%), and others. In addition, relevant
pathways were identified as Alzheimer disease-presenilin
pathway (16.6%), inflammation pathway mediated by che-
mokine and cytokine signaling (9.2%), Wnt signaling path-
way (5.1%), and apoptosis signaling pathway (5.1%), as
described in Table 6.

Pathway analysis of the differentially expressed proteins
in the AD group was performed using the STITCH database,

Table 1: Characteristics and clinical parameters of the controls
(normal cognitive function) and the AD group.

Characteristics
Normal cognitive

function
(N = 183)

Alzheimer’s
disease (AD)
(N = 136)

Age, years 56:52 ± 4:13 78:08 ± 7:47∗

Gender

Male 50 (27.3) 30 (22.1)

Female 133 (72.7) 106 (77.9)

Body mass index (BMI)
(kg/m2)

24:82 ± 3:41 22:91 ± 3:24

Blood pressure (mmHg)

Systolic blood pressure 124:65 ± 9:85 110:39 ± 7:89
Diastolic blood
pressure

80:92 ± 9:88 77:45 ± 10:23

Educational level

≤12 years 24 (13.1%) 79 (58.1)∗

>12 years 159 (86.9%) 57 (41.9)

FBG (mg/dL) 102:48 ± 28:42 102:5 ± 36:7
Total cholesterol (mg/dL) 202:00 ± 36:45 186:74 ± 40:15
LDL-cholesterol (mg/dL) 132:24 ± 42:12 115:61 ± 36:42
HDL-cholesterol (mg/dL) 54:75 ± 17:14 48:71 ± 11:82
Triglyceride (mg/dL) 136:56 ± 52:45 117:30 ± 66:61
Albumin (mg/dL) 4:72 ± 0:24 3:79 ± 0:41
Hb (g/dL) 14:34 ± 1:48 12:84 ± 1:27
Hct (%) 42:27 ± 3:88 38:95 ± 4:21
Folate (ng/mL) 10:47 ± 5:20 16:43 ± 11:02
Vitamin B12 (μg/L) 665:10 ± 125:69 824:21 ± 229:73
∗Significant difference at P < 0:05.

Table 2: Frequency distribution of haplotypes and alleles of APOE.

Control group (N = 183) AD group (N = 136)
APOE
haplotypes

ε2/ε2 2 (1.1%) —

ε2/ε3 31 (16.9%) 10 (7.4%)

ε3/ε3 111 (60.7%) 64 (47.1%)

ε2/ε4 9 (4.9%) 4 (2.9%)

ε3/ε4 28 (15.3%) 44 (32.4%)a

ε4/ε4 2 (1.1%) 14 (10.3%)a

Allele frequencies

ε2 0.12 0.07

ε3 0.77 0.47a

ε4 0.11 0.46a

aP value < 0.01 compared between controls and AD groups.
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Table 3: Upregulated glycoproteins in the serum of the AD group (identified proteins from the UniProt Homo sapiens database).

Protein ID Protein name Mass Glycosylation Posttranslational modification

Q9UP79

A disintegrin and metalloproteinase with
thrombospondin motifs 8 (ADAM-TS 8)
(ADAM-TS8) (ADAMTS-8) (EC 3.4.24.-)

(METH-2) (METH-8)

96,460
N-linked
(GlcNAc)
asparagine

PTM: the precursor is cleaved by a furin
endopeptidase

B7ZC32
Kinesin-like protein KIF28P

(kinesin-like protein 6)
108,254

Q9Y3C8
Ubiquitin-fold modifier-conjugating enzyme 1

(Ufm1-conjugating enzyme 1)
19,458

P00742

Coagulation factor X (EC 3.4.21.6) (Stuart factor)
(Stuart-Prower factor) (cleaved into factor X light
chain, factor X heavy chain, and activated factor

Xa heavy chain)

54,732
O-linked
(GalNAc)
threonine

PTM: the vitamin K-dependent, enzymatic
carboxylation of some glutamate residues

allows the modified protein to bind to calcium

P20340 Ras-related protein Rab-6A (Rab-6) 23,593 PTM: prenylated

Q9NRR8
CDC42 small effector protein 1
(CDC42-binding protein SCIP1)

(small effector of CDC42 protein 1)
8,925

Q9NYH9
U3 small nucleolar RNA-associated protein 6
homolog (hepatocellular carcinoma-associated
antigen 66) (multiple hat domain protein)

70,194

P18077
60S ribosomal protein L35a

(cell growth-inhibiting gene 33 protein)
(large ribosomal subunit protein eL33)

12,538

Q3SXY7
Leucine-rich repeat, immunoglobulin-like

domain, and transmembrane domain-containing
protein 3

74,754
N-linked
(GlcNAc)
asparagine

PTM: glycosylated

Q9NUL5

Shiftless antiviral inhibitor of ribosomal
frameshifting protein (SFL) (SHFL)

(interferon-regulated antiviral protein) (IRAV)
(repressor of yield of DENV protein) (RyDEN)

33,110

Q12788
Transducin beta-like protein 3

(WD repeat-containing protein SAZD)
89,035

O94854 Uncharacterized protein KIAA0754 135,148

Q9BXJ7
Protein amnionless (cleaved into soluble

protein amnionless)
47,754

N-linked
(GlcNAc)
asparagine

PTM: N-glycosylated

Q09019

Dystrophia myotonica WD repeat-containing
protein (Dystrophia myotonica-containing
WD repeat motif protein) (protein 59)

(protein DMR-N9)

70,438

Q02846

Retinal guanylyl cyclase 1 (RETGC-1) (EC
4.6.1.2) (CG-E) (guanylate cyclase 2D, retinal)
(rod outer segment membrane guanylate cyclase)

(ROS-GC)

120,059
N-linked
(GlcNAc)
asparagine

Q3LHN2 Keratin-associated protein 19-2 5,737

O95925

Eppin (cancer/testis antigen 71) (CT71)
(epididymal protease inhibitor) (protease

inhibitor WAP7) (serine protease inhibitor-like
with Kunitz and WAP domain 1)

(WAP four-disulfide core domain protein 7)

15,284

Q9NYW3
Taste receptor type 2 member 7 (T2R7)

(taste receptor family B member 4) (TRB4)
36,550

N-linked
(GlcNAc)
asparagine

Q6UWV2 Myelin protein zero-like protein 3 25,989
N-linked
(GlcNAc)
asparagine
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Table 3: Continued.

Protein ID Protein name Mass Glycosylation Posttranslational modification

Q9Y5X4
Photoreceptor-specific nuclear receptor

(nuclear receptor subfamily 2 group E member 3)
(retina-specific nuclear receptor)

44,692

Q6Y288
Beta-1,3-glucosyltransferase (Beta3Glc-T)
(EC 2.4.1.-) (beta 3-glucosyltransferase)

(beta-3-glycosyltransferase-like)
56,564

N-linked
(GlcNAc)
asparagine

Q8TB45
DEP domain-containing mTOR-interacting
protein (DEP domain-containing protein 6)

46,294
PTM: phosphorylated. Phosphorylation
weakens interaction with MTOR within

mTORC1 and mTORC2

Q9UPG8
Zinc finger protein PLAGL2 (pleiomorphic

adenoma-like protein 2)
54,584

Q9HCG1
Zinc finger protein 160 (zinc finger protein
HZF5) (zinc finger protein Kr18) (HKr18)

94,112

P30281 G1/S-specific cyclin-D3 32,520
PTM: polyubiquitinated by the SCF(FBXL2)
complex, leading to proteasomal degradation

A0A286YF01
Small cysteine and glycine repeat-containing
protein 7 (keratin-associated protein 28-7)

8,951

O15539 Regulator of G protein signaling 5 (RGS5) 20,946

Q12979 Active breakpoint cluster region-related protein 97,598

Q96EN8
Molybdenum cofactor sulfurase (MCS) (MOS)

(MoCo sulfurase) (hMCS) (EC 2.8.1.9)
(molybdenum cofactor sulfurtransferase)

98,120

P13765
HLA class II histocompatibility antigen, DO beta

chain (MHC class II antigen DOB)
30,822

N-linked
(GlcNAc
asparagine

Q6L8H2

Keratin-associated protein 5-3 (keratin-
associated protein 5-9) (keratin-associated
protein 5.3) (keratin-associated protein 5.9)

(UHS KerB-like) (ultrahigh sulfur
keratin-associated protein 5.3)

22,106

P21941 Cartilage matrix protein (Matrilin-1) 53,701
N-linked
(GlcNAc)
asparagine

Q6IFN5
Olfactory receptor 7E24 (olfactory receptor

OR19-14)
38,279

N-linked
(GlcNAc)
asparagine

Q96BH3
Epididymal sperm-binding protein 1 (epididymal

secretory protein 12) (hE12)
26,106

N-linked
(GlcNAc)
asparagine

PTM: N-glycosylated

O95149 Snurportin-1 (RNA U transporter 1) 41,143

Q9BSJ5
Uncharacterized protein C17orf80 (cell

migration-inducing gene 3 protein) (human lung
cancer oncogene 8 protein) (HLC-8)

67,315

Q9H1E5
Thioredoxin-related transmembrane protein 4
(thioredoxin domain-containing protein 13)

38,952

Q8NCL4

Polypeptide N-acetylgalactosaminyltransferase 6
(EC 2.4.1.41) (polypeptide GalNAc transferase 6)
(GalNAc-T6) (pp-GaNTase 6) (protein-UDP
acetylgalactosaminyltransferase 6) (UDP-

GalNAc:polypeptide N-acetylgalacto
saminyltransferase 6)

71,159
N-linked
(GlcNAc)
asparagine

Q4G112
Heat shock factor protein 5 (HSF 5) (heat shock

transcription factor 5) (HSTF 5)
65,278
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and the generated protein-protein network is presented in
Figure 2. The network indicated interactions among mem-
bers of the 45 unique glycoproteins identified in the AD
group with pivotal proteins in pathogenesis and prevention
of AD including APP, MAPT, tau protein, PSEN1, PSEN2,
and APOE. An interaction network comprising 346 interac-
tions was generated. These interactions were ascribed to
Gene Ontology biological processes, including necroptic
process, activation of cysteine-type endopeptidase activity
involved in apoptotic signal pathway, positive regulation of
catalytic activity, proteolysis, and I-kappaB kinase/NF-kap-
paB signaling, and to Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways including apoptosis, AD path-
ways, and TNF signaling pathways.

4. Discussion

A decline in cognitive function is partly predisposed by
increasing age as seen in the prevalence of AD or other
dementias worldwide [1, 2, 4], which is congruent with our
findings. Proposed hypotheses involve age-related protein
abnormalities and pinpointed protein dyshomeostasis in
the aging brain [18, 19]. Our findings also indicate a correla-
tion between low education and a high risk of AD dementia,
which coincides with a previous meta-analysis study that
found a higher incidence of dementia in people with a lower
level of education [20]. A plausible explanation for the effect
of education on the clinical expression rather than the path-
ologic course of AD or dementia has been postulated [21].

The possible pathophysiological mechanisms related to
AD in the Thai population were investigated by considering
glycoproteomes and APOE gene data. Multiple genetic and
environmental risk factors are involved in AD pathogenesis.
Findings from previous studies support a role for genetic
determinants in AD in 90% of early-onset AD (EOAD) cases
and 58–79% of late-onset AD (LOAD) cases [22]. Genetic
polymorphism in APOE is the main genetic risk factor in
LOAD, with increased risk of AD for carriers of the ε4 allele,
whereas the ε2 allele conferred a decreased risk [23]. Signif-
icantly higher haplotypes and allele frequencies for ε4
heterozygotes (APOE ε3/ε4) and ε4 homozygotes (APOE
ε4/ε4) were found in the AD group compared with the
control group (Table 3). The prevalence of APOE ε4 carriers
(42.7%) was in agreement with that for Asia (40.6%), but
lower than those for Southern Europe (44.1%), Central

Europe (54.8%), North America (58.5%), Northern Europe
(64.8%) [23], and South America (54.8%) [24]. The effects
of APOE ε4 on AD risk have been proposed to include the
following: inhibition of Aβ clearance and promotion of Aβ
aggregation, tau pathology and tau-mediated neurodegener-
ation, impairment of microglia-inflammation response,
disturbance of lipid transport, loss of synaptic integrity and
plasticity, abnormal glucose metabolism, and disruption of
cerebrovascular integrity and function [25].

The final form of a gene product is the synthesized pro-
tein; therefore, the proteome is directly related to biological
function and is responsive to physiological states and dis-
eases. Several quantitative proteomic studies in AD have
been carried out on patient-derived biological samples
including the brain, cerebrospinal fluid (CSF), and plasma.
Both brain and CSF samples are known as the representative
biomarkers for neurodegenerative analysis because their
changes directly reflect brain pathophysiology, neuronal
damage, and disease progression [26, 27]. However, brain
tissue and CSF biomarker are not practical for the next step
of biomarker discovery since validation methods involve a
large number of cases and different disease stages. Serum-
based proteomic biomarkers provide several advantages
including the following: (1) it is a more practical approach
with identification of numerous proteins from all tissues,
(2) it is inexpensive, and (3) it provides a more effective tool
for future research and clinical diagnosis since it implements
only a blood test [10].

To better elucidate mechanisms underlying AD, we inves-
tigated alterations in serum glycoproteins. Our results show
both upregulated and downregulated glycoproteins in AD
sera compared with control sera. A disintegrin and metallo-
proteinase with thrombospondin motifs 8 (ADAMTS8) was
upregulated in AD patients. ADAMTS8 is an ADAMTS
member, a unique family of the extracellular matrix (ECM)
proteases found in mammals. These glycoproteins are
involved in neuroplasticity and the development of chronic
neurodegenerative disorders, including AD [25]. The possible
functions of ADAMTS proteases in AD might be linked to
Reelin, a glycoprotein essential for brain development and
function [28]. Decreased Reelin activity after ADAMTS diges-
tion may lead to amyloid-β deposition, Tau phosphorylation,
and tangle formation in the hippocampal formation through
disturbance of phosphatidylinositol-3-kinase (PI3K), protein
kinase B (PKB/Akt), and glycogen synthase kinase 3β (GSK3β)

Table 3: Continued.

Protein ID Protein name Mass Glycosylation Posttranslational modification

Q9Y6L6

Solute carrier organic anion transporter family
member 1B1 (liver-specific organic anion

transporter 1) (LST-1) (OATP-C)
(sodium-independent organic

anion-transporting polypeptide 2) (OATP-2)
(solute carrier family 21 member 6)

76,449
N-linked
(GlcNAc)
asparagine

P55073
Thyroxine 5-deiodinase (EC 1.21.99.3)

(5DIII) (DIOIII) (type 3 DI)
(type III iodothyronine deiodinase)

33,947

Q9H694 Protein bicaudal C homolog 1 (Bic-C) 104,844
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Table 4: Downregulated glycoproteins in the serum of the AD group (identified proteins from the UniProt Homo sapiens database).

Protein
ID

Protein names Mass Glycosylation Posttranslational modification

Q9UBG0

C-type mannose receptor 2 (C-type lectin domain family
13 member E) (endocytic receptor 180) (macrophage
mannose receptor 2) (urokinase-type plasminogen

activator receptor-associated protein) (UPAR-associated
protein) (urokinase receptor-associated protein)

(CD antigen CD280)

166,674

N-linked
(GlcNAc)
(complex)
asparagine

PTM: N-glycosylated

Q96CS3
FAS-associated factor 2 (protein ETEA)
(UBX domain-containing protein 3B)
(UBX domain-containing protein 8)

52,623

Q9Y6E7

NAD-dependent protein lipoamidase sirtuin-4,
mitochondrial (EC 2.3.1.-) (NAD-dependent
ADP-ribosyltransferase sirtuin-4) (EC 2.4.2.-)
(NAD-dependent protein deacetylase sirtuin-4)

(EC 2.3.1.286) (regulatory protein SIR2 homolog 4)
(SIR2-like protein 4)

35,188

Q8N6S4 Ankyrin repeat domain-containing protein 13C 60,818

Q9UHR4
Brain-specific angiogenesis inhibitor 1-associated protein
2-like protein 1 (BAI1-associated protein 2-like protein

1) (insulin receptor tyrosine kinase substrate)
56,883

PTM: Phosphorylated on tyrosine in
response to insulin

B2RUY7
von Willebrand factor C domain-containing protein

2-like (Brorin-like)
24,570

Q9Y3F4
Serine-threonine kinase receptor-associated protein
(MAP activator with WD repeats) (UNR-interacting

protein) (WD-40 repeat protein PT-WD)
38,438

Q8TCV5
WAP four-disulfide core domain protein 5 (putative
protease inhibitor WAP1) (p53-responsive gene 5

protein)
24,238

O60568

Multifunctional procollagen lysine hydroxylase and
glycosyltransferase LH3 (including procollagen-lysine,
2-oxoglutarate 5-dioxygenase 3 (EC 1.14.11.4) (lysyl
hydroxylase 3) (LH3); procollagen glycosyltransferase
(EC 2.4.1.50) (EC 2.4.1.66) (galactosylhydroxylysine-
glucosyltransferase) (procollagen galactosyltransferase)

84,785
N-linked
(GlcNAc)
asparagine

Q7Z7J5
Developmental pluripotency-associated protein 2

(pluripotent embryonic stem cell-related gene 1 protein)
33,784

Q8N6C5

Immunoglobulin superfamily member 1 (IgSF1)
(immunoglobulin-like domain-containing protein 1)

(inhibin-binding protein) (InhBP) (pituitary
gland-specific factor 2) (p120)

148,936
N-linked
(GlcNAc)
asparagine

Q04837
Single-stranded DNA-binding protein, mitochondrial
(Mt-SSB) (MtSSB) (PWP1-interacting protein 17)

17,260

Q7RTX1
Taste receptor type 1 member 1 (G protein-coupled

receptor 70)
93,074

N-linked
(GlcNAc)
asparagine

P13994
Coiled-coil domain-containing protein 130 (9 kDa

protein)
44,802

Q5T440
Putative transferase CAF17, mitochondrial (EC 2.1.-.-)

(iron-sulfur cluster assembly factor homolog)
38,155

A7E2S9
Putative ankyrin repeat domain-containing protein

30B-like
28,549

Q6QNK2
Adhesion G protein-coupled receptor D1

(G protein-coupled receptor 133)
(G protein-coupled receptor PGR25)

96,530
N-linked
(GlcNAc)
asparagine

Q8NBR0
Tumor protein p53-inducible protein 13

(damage-stimulated cytoplasmic protein 1)
42,238
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Table 4: Continued.

Protein
ID

Protein names Mass Glycosylation Posttranslational modification

A2VDJ0 Transmembrane protein 131-like 179,339
N-linked
(GlcNAc)
asparagine

Q9NZT2
Opioid growth factor receptor (OGFr)

(protein 7-60) (zeta-type opioid receptor)
73,325

P62910
60S ribosomal protein L32 (large ribosomal

subunit protein eL32)
15,860

Q8WXI2
Connector enhancer of kinase suppressor of ras 2
(connector enhancer of KSR 2) (CNK homolog

protein 2) (CNK2)
117,535 PTM: phosphorylated on tyrosine

O95396

Adenylyltransferase and sulfurtransferase MOCS3
(molybdenum cofactor synthesis protein 3)

(molybdopterin synthase sulfurylase) (MPT synthase
sulfurylase) (including molybdopterin-synthase

adenylyltransferase (EC 2.7.7.80) (adenylyltransferase
MOCS3) (sulfur carrier protein MOCS2A

adenylyltransferase); molybdopterin-synthase
sulfurtransferase (EC 2.8.1.11) (sulfur carrier protein

MOCS2A sulfurtransferase) (sulfurtransferase MOCS3))

49,669

Q8IVN8
Somatomedin-B and thrombospondin type-1
domain-containing protein (RPE-spondin)

29,610
N-linked
(GlcNAc)
asparagine

P55055

Oxysterol receptor LXR-beta (liver X receptor beta)
(nuclear receptor NER) (nuclear receptor subfamily

1 group H member 2) (ubiquitously expressed
nuclear receptor)

50,974
PTM: sumoylated by SUMO2 at Lys-
409 and Lys-447 during the hepatic

acute phase response

Q7Z3I7 Zinc finger protein 572 61,238

Q9Y580 RNA-binding protein 7 (RNA-binding motif protein 7) 30,504
PTM: phosphorylated at Ser-136 by

MAPK14/p38-alpha-activated
MAPKAPK2/MK2

P48729
Casein kinase I isoform alpha (CKI-alpha) (EC 2.7.11.1)

(CK1)
38,915

P19532
Transcription factor E3 (class E basic helix-loop-helix

protein 33) (bHLHe33)
61,521

PTM: phosphorylation by MTOR
regulates its subcellular location and

activity

Q8WXH4 Ankyrin repeat and SOCS box protein 11 (ASB-11) 35,367

Q86U42

Polyadenylate-binding protein 2 (PABP-2)
(poly(A)-binding protein 2) (nuclear poly(A)-binding

protein 1) (poly(A)-binding protein II) (PABII)
(polyadenylate-binding nuclear protein 1)

32,749
PTM: arginine dimethylation is

asymmetric and involves PRMT1 and
PRMT3

Q96MT1 RING finger protein 145 (EC 2.3.2.27) 75,617

P17643

5,6-Dihydroxyindole-2-carboxylic acid oxidase (DHICA
oxidase) (EC 1.14.18.-) (catalase B) (glycoprotein 75)

(melanoma antigen gp75) (tyrosinase-related protein 1)
(TRP) (TRP-1) (TRP1)

60,724
N-linked
(GlcNAc)
asparagine

PTM: glycosylated

Q9NW75 G patch domain-containing protein 2 58,944

Q09472

Histone acetyltransferase p300 (p300 HAT) (EC 2.3.1.48)
(E1A-associated protein p300) (histone

butyryltransferase p300) (EC 2.3.1.-) (histone
crotonyltransferase p300) (EC 2.3.1.-) (protein

2-hydroxyisobutyryltransferase p300) (EC 2.3.1.-)
(protein lactyltransferase p300) (EC 2.3.1.-)

(protein propionyltransferase p300) (EC 2.3.1.-)

264,161
PTM: acetylated on Lys at up to 17

positions by intermolecular
autocatalysis
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signaling [28–31]. Ubiquitin-fold modifier-conjugating enzyme
1 (UFC1) was upregulated in our AD cohort. This enzyme is a
component of UFM1 (ubiquitin-fold modifier 1), which is

responsible for UFMylation and required for E1 activating
enzymes, E2 conjugating enzymes, and an E3 ligase [32].
UFMylation is tightly related to endoplasmic reticulum (ER)
stress and is involved in protein folding and secretion. The
consequences of ER stress may lead to the amyloid cascade,
tau phosphorylation, and synaptic dysfunction [33]. Kinesin-
like protein KIF28P (KIF28P), a kinesin-3 vesicle transport
protein [34], was also upregulated in the AD group. Data
related to KIF28P and AD are limited; however, evidence
indicates that KIF1A, belonging to the kinesin-3 family, is a
neuron-specific kinesin [34]. It has a primary role in the anter-
ograde transport of beta-secretase (BACE1), as determined by
abnormal accumulation of BACE1 at presynaptic terminals in
the postmortem AD brain [35]. The elevation of local BACE1
levels can promote the generation of Aβ, contributing to the
development of AD [36]. Ras-related protein Rab-6A
(RAB6A) is a low molecular weight GTPase that belongs to
the Ras superfamily and regulates retrograde Golgi-ER traf-
ficking, transport of early endosomes and recycling endo-
somes to the trans-Golgi network, and vesicle exocytosis
[37]. Previous studies reported significant associations of
RAB6A with AD pathology, including increased levels in AD
brains [38], which affects APP trafficking and Aβ generation
[39] and modulates the AD-related unfolded protein response
[38]. Coagulation factor X (FX), a vitamin K-dependent glyco-
protein, was also upregulated in AD sera. FX plays a central
role in the activation of prothrombin to thrombin in the pres-
ence of calcium ions in the blood coagulation cascade [40].
Thrombin is a key mediator of coagulation and inflammation
via proteolytic and receptor-mediatedmechanisms. Thrombin
acts as a vascular-derived inflammatory protein that can
activate both microglia and astrocytes, resulting in release of
inflammatory proteins, reactive oxygen species, and proteases
[41]. Induction of proinflammatory cytokines, including
IL-1β, IL-6, and TNF-α, by thrombin is also evidence for cere-
bral vasculature damage contributing to neuroinflammation
and neuronal injury in AD [42].

Among the downregulated glycoproteins found in our
study, C-type mannose receptor 2 (MRC2) is from the
family of endocytic receptors. MRC2 is involved in the
intracellular collagen degradation pathway in biological
and pathological processes [43]. The endocytic pathway
(EP) has been described to have early endosomal abnormal-
ities in subtypes of AD, resulting in amyloid beta generation
and APOE dysfunction [44]. MRC2 is also downregulated in
aging human microglia [45]. Another downregulated pro-
tein found in this study is FAS-associated factor 2 (FAF2).
FAF2 has an important role in endoplasmic reticulum-

Table 4: Continued.

Protein
ID

Protein names Mass Glycosylation Posttranslational modification

P58173

Olfactory receptor 2B6 (Hs6M1-32) (olfactory receptor
2B1) (olfactory receptor 2B5) (olfactory receptor 5-40)

(OR5-40) (olfactory receptor 6-31) (OR6-31)
(olfactory receptor OR6-4)

35,414
N-linked
(GlcNAc)
asparagine

Q15776
Zinc finger protein with KRAB and SCAN domains 8

(LD5-1) (zinc finger protein 192)
65,816

Table 5: Glycoprotein classification in AD patients: upregulated
and downregulated.

Classification Percentage

Upregulated glycoproteins

Protein-binding activity modulator (PC00095) 16.70%

Gene-specific transcriptional regulator (PC00264) 12.50%

Metabolite interconversion enzyme (PC00262) 12.50%

Protein-modifying enzyme (PC00260) 8.30%

Transporter (PC00227) 8.30%

Nucleic acid metabolism protein (PC00171) 8.30%

Transmembrane signal receptor (PC00197) 8.30%

Scaffold/adaptor protein (PC00226) 4.20%

Defense/immunity protein (PC00090) 4.20%

Cytoskeletal protein (PC00085) 4.20%

Structural protein (PC00211) 4.20%

Extracellular matrix protein (PC00102) 4.20%

Translational protein (PC00263) 4.20%

Downregulated glycoproteins

Metabolite interconversion enzyme (PC00262) 13.70%

Nucleic acid metabolism protein (PC00171) 12.40%

Protein-modifying enzyme (PC00260) 12.40%

Gene-specific transcriptional regulator (PC00264) 9.90%

Transmembrane signal receptor (PC00197) 9.30%

Scaffold/adaptor protein (PC00226) 6.80%

Transporter (PC00227) 6.20%

Protein-binding activity modulator (PC00095) 5.00%

Translational protein (PC00263) 5.00%

Defense/immunity protein (PC00090) 3.70%

Intercellular signal molecule (PC00207) 3.10%

Cytoskeletal protein (PC00085) 2.50%

Chromatin/chromatin-binding or
chromatin-regulatory protein (PC00077)

2.50%

Membrane traffic protein (PC00150) 2.50%

Cell adhesion molecule (PC00069) 1.90%

Structural protein (PC00211) 1.20%

Extracellular matrix protein (PC00102) 0.60%

Chaperone (PC00072) 0.60%

Cell junction protein (PC00070) 0.60%
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associated degradation, which mediates ubiquitin-dependent
degradation of misfolded ER proteins [46]. Significant
underexpression of FAF2 was determined in the frontal cor-
tex of AD patients [47]. SIRT4 was downregulated in AD
patients. The potential role of sirtuins in AD and other neu-
rodegenerative disorders has been described. Reductions of
SIRT1 and SIRT3 mRNA/protein levels were observed in
AD brains correlating with the stage/duration of the disease
[48]. In addition, increased expression of SIRT4 after short-
term treatment with extracellular Aβ1–42 oligomers indi-
cates a more complex association between APP/Aβ and
SIRTs [49]. Ankyrin repeat domain-containing protein 13C

(ANKRD13C) was also downregulated in AD. This glyco-
protein acts as a molecular chaperone for G protein-
coupled receptors (GPCRs), regulating their biogenesis and
exit from the ER [50]. Alterations of GPCRs can lead to
interaction between GPCRs and β-site APP cleaving enzyme
1 (BACE1), a key secretase in AD pathogenesis [51]. Brain-
specific angiogenesis inhibitor 1-associated protein 2-like
protein 1 (BAIAP2L1), also known as insulin receptor tyro-
sine kinase substrate (IRTKS), is a novel regulator of the
insulin network [52]. IRTKS-deficient mice exhibit insulin
resistance, including hyperglycemia, hyperinsulinemia, glu-
cose intolerance, decreased insulin sensitivity, and increased

Table 6: Unique glycoproteins in the AD group classified by the molecular function, biological process, and pathways.

Classification
Percentage

(%)
Classification

Percentage
(%)

Molecular function Pathways

Organic cyclic compound binding
(GO:0097159)

26.0 Alzheimer disease-presenilin pathway (P00004) 16.60%

Heterocyclic compound binding
(GO:1901363)

26.0
Inflammation mediated by chemokine and cytokine signaling

pathway (P00031)
9.20%

Protein binding (GO:0005515) 24.7 Apoptosis signaling pathway (P00006) 5.10%

Ion binding (GO:0043167) 5.5 Integrin signaling pathway (P00034) 5.10%

Small molecule binding (GO:0036094) 5.5 Wnt signaling pathway (P00057) 5.10%

Carbohydrate binding (GO:0030246) 5.6 p53 pathway (P00059) 3.70%

Carbohydrate derivative binding
(GO:0097367)

4.1 Metabotropic glutamate receptor group III pathway (P00039) 2.60%

Protein-containing complex binding
(GO:0044877)

2.7 Ionotropic glutamate receptor pathway (P00037) 2.60%

Biological process Gamma-aminobutyric acid synthesis (P04384) 2.60%

Cellular process (GO:0009987) 32.30% Dopamine receptor-mediated signaling pathway (P05912) 2.60%

Metabolic process (GO:0008152) 15.50% p53 pathway feedback loops 2 (P04398) 2.60%

Biological regulation (GO:0065007) 15.10% Endothelin signaling pathway (P00019) 2.60%

Response to stimulus (GO:0050896) 9.20% Parkinson disease (P00049) 2.60%

Localization (GO:0051179) 8.00% EGF receptor signaling pathway (P00018) 2.60%

Signaling (GO:0023052) 6.40% PDGF signaling pathway (P00047) 2.60%

Developmental process (GO:0032502) 4.80% Ras pathway (P04393) 2.60%

Multicellular organismal process
(GO:0032501)

4.80% Notch signaling pathway (P00045) 2.60%

Others 4.0%
Muscarinic acetylcholine receptor 2 and 4 signaling pathway

(P00043)
2.60%

Cadherin signaling pathway (P00012) 2.60%

Metabotropic glutamate receptor group I pathway (P00041) 2.60%

Carbohydrate derivative binding
(GO:0097367)

4.1 Metabotropic glutamate receptor group II pathway (P00040) 2.60%

CCKR signaling map (P06959) 2.60%

Beta2 adrenergic receptor signaling pathway (P04378) 2.60%

Formyltetrahydroformate biosynthesis (P02743) 2.60%

Beta1 adrenergic receptor signaling pathway (P04377) 2.60%

5HT1 type receptor-mediated signaling pathway (P04373) 2.60%

Transcription regulation by bZIP transcription factor (P00055) 2.60%

GABA-B receptor II signaling (P05731) 2.60%

Enkephalin release (P05913) 1.50%

B cell activation (P00010) 1.00%
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hepatic glucose production [53]. Insulin dysregulation can
contribute to AD through a role in proteostasis. Insulin
resistance can lead to abnormal clearance of amyloid β pep-
tide and phosphorylation of tau, along with effects on vasor-
eactivity, lipid metabolism, and inflammation [54].

Further analysis of 259 unique glycoproteins in the AD
group categorized the main proteins as binding activity
(41.7%) for molecular function, cellular process (27.5%) for
biological process, and Alzheimer’s disease-presenilin
pathway (16.6%) for pathway. Previous studies have shown
main plasma proteins classified as acute-phase response
(upregulated) and platelet degranulation (downregulated) for
biological process. It also classified them as complement-
component C1q binding (upregulated) and serine-type endo-
peptidase inhibitor activity (downregulated) for molecular
function [55]. To get a general overview of serum glycoprotein
interactions in AD and to search for the most affected path-
ways involving the candidate proteins, analysis with the
STITCH database was performed (Figure 2). Three KEGG
pathways were highlighted: apoptosis, AD pathway, and
TNF signaling pathway. For apoptosis pathways, protein
networks with MAPT, APOE, APP, PSEN1, and PSEN2
included a disintegrin and metalloproteinase (ADAM10),
LDL receptor-related protein (LRP1), polyamine-transporting
ATPase 13A2 (ATP13A2), proneuregulin-2, membrane-
bound isoform (NRG2), Desmoplakin (DSP), Rho guanine
nucleotide exchange factor 12 (ARHGEF12), citron Rho-
interacting kinase (CIT), and protein phosphatase 1 regulatory
subunit 9A (PPP1R9A). ADAM10 is the main α-secretase that
cleaves APP in the nonamyloidogenic pathway, and it plays a
critical role in reducing the generation of Aβ peptides [56].
LRP1 regulates Aβmetabolism in the brain and brain homeo-
stasis. The impairment of these processes results in AD pathol-
ogy [57]. ATP13A2 is a late endolysosomal transporter. Loss of
function of this protein results in lysosomal deficiency as a con-
sequence of impaired lysosomal export of the polyamines sper-
mine/spermidine, and it is implicated in neurodegenerative
disorders [58]. Another glycoprotein, NRG2, is a neuregulin
(NRG), a family of epidermal growth factor- (EGF-) related
proteins. Dysregulation of this glycoprotein can lead to abnor-
mal synaptic plasticity in the hippocampus and AD develop-

ment [59]. DSP is a component of the adherence junction
complex and plays a role in endothelial cell (EC) shear stress
and/or hypoxia regulation. Higher expression of DSP in intra-
cranial ECs suggests stronger cell-cell contact between intracra-
nial ECs compared with extracranial ECs, which affects the
blood-brain barrier of the cerebral microvasculature [60].
Proteome-based assessment of plasma biomarkers in 511 sub-
jects with AD along with other neurodegenerative diseases and
normal older people showed that DSP was upregulated in the
AD group [61]. ARHGEF12 plays a role in the regulation of
RhoA GTPase and in the RhoA/RhoA kinase pathway [62].
Impairment of these Rho GTPases contributes to the increase
in Aβ resulting in neurotoxicity, as seen in AD [63]. CIT is a
tissue-specific Ser/Thr kinase that targets the Rho-Rac-
binding protein, citron. In AD brains, dysregulation of Rho-
Rac1-GTPase signaling contributes to synaptic degeneration,
amyloid precursor protein (APP) processing, and an increase
in tau phosphorylation [64]. PPP1R9A or Neurabin-1 plays
an important role in synaptic structure and function and
neurite formation. In addition, abnormal protein phosphatase
activity can cause hyperphosphorylation and lead to the
aberrant accumulation of Aβ plaques. It can also lead to the
intracellular formation of hyperphosphorylated tau protein
together with synaptopathology in AD [65].

Interaction of proteins potentially related to apoptosis
pathways were found in the AD group, including caspase
10 (CASP10) and FAS-associated death domain protein
(FADD) (Figure 2). CASP10 is an apical caspase. When a
death signal triggers an apoptotic pathway, apical caspases
are activated that then activate effector caspases by proteo-
lytic cleavage, which leads to apoptotic cell death [66].
Human CASP10 is highly homologous to caspase-8 and
the role of CASP10 is also FADD-dependent; however, its
role in the extrinsic apoptotic cascade is still not clear [66].
A previous study of AD cases revealed that caspase-8 and
its downstream effector, caspase-3, are involved in synaptic
plasticity, learning and memory, and control of microglia
proinflammatory activation and associated neurotoxicity,
which is indicated in AD pathology [67]. FADD is an adap-
tor protein involved in initiating apoptosis and in extrinsic/
death receptor-mediated apoptosis. However, along with
serine/threonine kinases, it is also responsible for the initia-
tion of necroptosis [68]. A study of the possible contribution
of apoptotic processes and other pathological cascades in the
degeneration of cholinergic neurons in AD indicated that
FADD apoptotic signaling may be triggered within basal
forebrain cholinergic neurons in AD [69]. KEGG pathway
analysis in this study indicated the TNF signaling pathway
to be involved in protein-protein interaction. Tumor necro-
sis factor receptor superfamily member 1B (TNFRSF1B),
also known as TNFR2, was the main glycoprotein reported
in AD patients. Transgenic mice expressing human TNFR2
in primary oligodendrocytes showed that specific activation
of TNFR2 rescues neurons and oligodendrocytes from oxi-
dative stress and promotes oligodendrocyte differentiation
and myelination [70]. Another gene-targeting study to delete
TNFR2 in an AD transgenic mouse model found overex-
pression of TNFR2 ameliorated progression of the disease.
These findings reinforce a neuroprotective function of

266

ADControl

346 259

Figure 1: Venn diagrams displaying the number of identified
unique glycoproteins for control and AD groups.
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TNFR2 in AD pathology [71]. We identified other glycoprotein
interactions potentially related to AD pathology. The E3
ubiquitin-protein ligase, PDZRN3, promotes endocytosis and
lysosomal degradation and is involved in the protein ubiquiti-
nation pathway [72]. Crosstalk between the enzymes that regu-
late protein ubiquitination and the toxic proteins, Tau and Aβ,
were highlighted for next-generation therapeutics strategies
[73]. The 5′-3′ exonuclease PLD3 (PLD3), also found in the
protein interaction analysis, regulates inflammatory cytokine
responses via degradation of nucleic acids by reducing the con-
centration of single strand DNA able to stimulate Toll-Like
Receptor 9 (TLR9) [74]. Stimulation of innate immunity via
TLR9 in a transgenic mouse model of AD was highly effective
at reducing the parenchymal and vascular amyloid burden,
along with Aβ oligomers [75]. Thioredoxin domain-
containing protein 9 (TXNDC9) or phosducin-like protein 3
(PHLP3) has ATP binding activity. TXNDC9 regulates the
ATPase activity of chaperonin T-complex protein 1 complex,
a key complex for protein folding, and it diminishes actin
and tubulin folding [76]. Misfolded tubulin aggregates, accu-
mulates, and tangles in plaques, a hallmark of AD. Mass spec-
trometry analysis identified significant decreases of human
brain t-complex polypeptide 1 and β 1 tubulin in the temporal,
frontalandparietal cortexandthalamusofpatientswithAD[77].

In this study, we have identified many proteins associ-
ated with AD; however, there are several important limita-
tions. The first is differences in age and education between
control and AD groups. Higher age and lower education
were reported as having a greater risk for dementia, but
the outcomes are not always consistent [78]. Nevertheless,
obtaining a larger number of cases and healthy controls for
stratified age groups, educational level, and APOE haplo-
types will be beneficial for clarifying differences in protein
profiles. This is an essential step for both effective and
achievable clinical application. Another limitation involves
the blood-brain barrier that may contribute to some obsta-
cles of interpretation between proteins in the blood and their
association in brain. The last limitation is that we did not
measure relevant neurodegenerative biomarkers such as
tau, Aβ 40, and 42 proteins in AD cases. Future work is nec-
essary to evaluate these hallmarks and their impact on the
protein profiles.

5. Conclusions

Our mass spectrometry-based proteomic study of AD
patients and normally cognitive controls is an efficient and
comprehensive way to identify thousands of proteins in
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Figure 2: Protein-protein interaction identified from serum of the AD group. Stronger associations are represented by thicker lines. Protein-
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serum samples. These protein changes can clarify some gaps
in our understanding about the molecular mechanisms that
underlie the pathogenesis of AD. Network glycoproteome
analysis not only reveals a highly reproducible and inte-
grated window into the complex biochemical and cellular
alterations in the serum of individuals with AD but also
fulfills many clinical needs in AD diagnostics, disease
monitoring, and therapeutics.
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