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Abstract

Keywords:

Introduction: Amyloid-B (A) clearance is important for damage prevention in Alzheimer’s dis-
ease. We investigated the utility of A clearance proteins as biomarkers for mild cognitive impair-
ment (MCI).

Methods: Serum apolipoprotein (apo) A-I, compliment protein C3 (C3), transthyretin, and choles-
terol levels were measured in 273 subjects, and we analyzed the relationship between these levels and
brain atrophy and cerebral blood flow in 63 clinically diagnosed mild cognitive impairment,
Alzheimer’s disease, and nondemented disease control subjects.

Results: ApoA-I and transthyretin levels and the active form of C3:native form of C3 ratio achieved
an area under the curve of 0.89 (sensitivity: 83%, specificity: 90%) for detecting late mild cognitive
impairment. Atrophy was associated with decreased apoA-I and high-density lipoprotein levels. Sub-
jects with reduced cerebral blood flow had lower levels of native form of C3, apoA-I, high-density
lipoprotein, and total cholesterol. Low native form of C3 and high active form of C3 levels were found
in the hippocampi of patients with Alzheimer’s disease.

Discussion: Af clearance proteins in the serum are potential biomarkers for mild cognitive impair-
ment evaluation.

© 2018 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Alzheimer’s disease (AD) is the most common type of
dementia and is marked by progressive memory loss and
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cognitive impairment. The prodromal stage of dementia,
mild cognitive impairment (MCI), provides a critical oppor-
tunity for potential intervention to prevent the onset of
dementia. Detection of the disease at the early stages by
blood-based biomarkers is important in the prevention
of AD.

Amyloid-B peptide (APB) is a cleavage product of the
transmembrane protein, amyloid precursor protein (APP),
by B- and y-secretases. Mutation of the presenilin 1 and 2
genes causes familial AD. Such genetic alterations increase
the production of AP and trigger the pathogenic process
leading to early-onset AD. Overproduction of AP in
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mutation carriers contributes to A3 accumulation. However,
in late-onset sporadic AD, imbalance between Af produc-
tion and clearance may contribute to the onset of the disease.
Dysfunction of AR clearance due to aging contributes to
accumulation, aggregation, and deposition of A, in the pa-
renchyma in sporadic AD [1].

The progression of AD pathogenesis is gradual and pre-
sents as a spectrum without any clear event defining the onset
of the disease, and it is challenging for clinicians to identify
the transition of patients from MCI to AD and from the non-
demented disease control (NDC) state to MCI. Blood tests
that assess cognitive decline using biomarkers are the least
expensive method and least invasive modality for disease
screening and monitoring of progression.

Advanced neuroimaging techniques provide supportive
evidences for the clinical diagnosis of AD and other types
of dementia. Voxel-based morphometry in magnetic reso-
nance imaging (MRI) allows for detection of regional vol-
ume changes in AD [2]. Automatic statistical analysis of
brain perfusion can be conducted using single-photon emis-
sion tomography (SPECT), which detects reductions in
regional cerebral blood flow (rCBF). In the early stage of
AD, perfusion reduction in the regions of interest (ROIs),
namely the posterior cingulate gyrus, precuneus, and the pa-
rietal cortex, was observed [3]. Brain perfusion SPECT in
the angular gyrus, inferior parietal cortex, and precuneus
was found to be correlated with cerebrospinal fluid (CSF) to-
tal tau (t-tau) and phosphorylated tau (p-tau) [4]. Medial
temporal structure atrophy and rCBF reduction reflects dis-
ease progression in AD.

Our previous longitudinal and cross-sectional studies us-
ing independent cohorts revealed that a combination of
sequester proteins, apolipoprotein A-I (apoA-I), transthyre-
tin (TTR), and compliment protein C3 (C3), which are
involved in A clearance, could distinguish AD and MCI
from NDCs [5]. In this study, to confirm the clinical utility
of these AP clearance proteins in cognitive impairment,
we analyzed the serum levels of these biomarkers in early
(E)MC, late (L)MCI, and NDC subjects using conventional
immunoassays used in clinical laboratories and further
examined the relationship between these biomarkers and
neuroimaging and blood test data.

2. Methods
2.1. Subjects

A total of 273 blood samples were collected from Uji
Hospital, Kyoto, for this prospective study. Written informed
consent was obtained from each participant, and all samples
were rendered anonymous before laboratory analysis.
Among the subjects, 63 proceeded to further clinical diag-
nosis involving interviewing of both the patients and their
families, apolipoprotein E (APOE) genotyping, and MRI
and SPECT imaging. MRI was used to evaluate atrophy of
the medial temporal structures. SPECT imaging was used

to assess cerebral blood flow in the parietal lobe, posterior
cingulate gyrus, and precuneus. Subjects with any psychiat-
ric illness according to the Diagnostic and Statistical
Manual of Mental Disorders, 4th Edition (DSM-1V) criteria
were excluded from this study.

Petersen’s criteria were used to diagnose MCI [6]. Sub-
jects with MCI were further classified into EMCI and
LMCI based on the Mini—-Mental State Examination
(MMSE) score and objective neuroimaging parameters ob-
tained by MRI and SPECT. Subjects with MCI who had an
MMSE score 27-30, or atrophy of medial temporal struc-
tures, or decreased rCBF were classified as having EMCI.
The subjects with MCI who had an MMSE score 24-30,
and atrophy of medial temporal structures, and decreased
rCBF were classified as having LMCI.

In this study, to compare the early stages of cognitive
decline, an NDC was defined as having a MMSE score of
30, and no atrophy of the medial temporal structures as eval-
uated by MRI, and no rCBF decrease as evaluated by
SPECT. AD was defined according to the DSM-IV criteria,
and with an MMSE score of <24, and atrophy of medial
temporal structures, and decreased rCBF.

2.2. Serum sampling and brain tissue sampling

Blood was sampled from the cubital veins of the subjects
and placed into blood collection tubes (Venoject-II Auto-
step; Terumo Corporation, Tokyo, Japan). Serum was ob-
tained after coagulation of the samples for 30 min at
22 * 2°C and then centrifuged at 1300 X g for 10 min at
20°C. The serum samples were then transferred to 2.0-mL
tubes (Sumitomo Bakelite, Tokyo, Japan) and stored at
—80°C until further use.

The hippocampi of nine non-AD and 20 AD autopsy spec-
imens were obtained from Fukushimura Hospital (Toyohashi,
Japan). All protocols in the present study were approved by
the ethics committee of each institute. Written informed con-
sent was obtained from the subjects and/or their relatives.

2.3. Immunoassays of sequester proteins

Serum concentrations of apoA-I and TTR were deter-
mined by a turbidimetric immunoassay using ApoA-I Auto
N‘Dai-ichi’ (Sekisui Medical, Tokyo, Japan) and N-Assay
TIA Prealbumin Nittobo (Nittobo Medical, Tokyo, Japan),
respectively. The native form of C3 (nC3) was assayed by
a sandwich enzyme-linked immunosorbent assay estab-
lished in our laboratory. The active form of C3 (aC3) was
quantified by enzyme-linked immunosorbent assay (Nittobo
Medical). Low-density lipoprotein (LDL), high-density li-
poprotein (HDL), total cholesterol (TC), and triglyceride
levels were measured by enzymatic methods using commer-
cial kits (Sekisui Medical). Blood glucose and HbAlc were
also measured by enzymatic methods using Serotec GLU-L
(Serotec, Sapporo, Japan) and CinQ HbAlc (LSI Medience
Corp., Tokyo, Japan), respectively. The APOE genotype was
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determined as follows: after 40-cycle amplification, the po-
lymerase chain reaction product was digested with the re-
striction enzyme Hhal and subjected to electrophoresis in
a 10% polyacrylamide gel [7].

2.4. Magnetic resonance imaging

The voxel-based specific regional analysis system for
Alzheimer’s disease (VSRAD) allows for measurement of
atrophy in the target ROI, the medial temporal structures,
involving the entire region of the entorhinal cortex, hippo-
campus, and amygdala. The severity of atrophy was ob-
tained by summing the positive z-score in the target ROI/
total voxel in the target ROI [2]. The assessment of atrophy
was performed using the following scores: normal (0-1),
mild (1-2), moderate, and severe (>2).

2.5. Single-photon emission tomography

Regional CBF was evaluated using SPECT. The z-
score was also used to compare subjects using SPECT.
Statistical analysis of perfusion reduction was conducted.
The severity of perfusion reduction in the ROIs (the pos-
terior cingulate gyrus, precuneus, and parietal cortex) was
calculated by the following equation: severity = sum of
the positive z-score in the target ROI/total voxel in the
target ROI [3].

The subjects were categorized into four groups based on
the observed reduction in rCBFE, as follows: (A) No abnor-
mality in four ROIs including the left/right posterior cingu-
late gyrus/precuneus and parietal cortex. (B) Decreased
rCBF in one ROI. (C) Decreased rCBF in two ROIs and
decreased rCBF in the posterior cingulate gyrus or the precu-
neus. (D) Decreased rCBF in three ROIs and decreased
rCBF in the posterior cingulate gyrus and the precuneus
(Supplementary Fig. 1).

2.6. Immunohistochemistry of complement proteins and
AL4; in human brain specimens

Immunohistochemical staining for C3 was carried out on
paraffin-embedded tissue sections using two types of pri-
mary antibody. One was an in-house antibody that recog-
nized only the native form of C3, and the other was a
monoclonal antibody that detects C3 chains (Santa Cruz
Biotechnology, Dallas, TX). Senile plaques were stained
with anti-AB4, antibody purchased from Immuno-
Biological Laboratories Co., Ltd. (Fujioka, Gunma, Japan).
Non-AD sections exhibited no Af,,-positive staining. Tis-
sues were examined using an ECLIPSE Ni-U microscope
(Nikon, Tokyo, Japan) and NIS-Elements BR software (Ni-
kon). The mean intensity of the stained region in specimens
was quantified by Image-Pro Premier (Roper Technologies,
Sarasota, FL).

Table 1

Serum levels of proteins involved in amyloid-f} clearance and cholesterols in NDC and cognitive impairment

Clinical characteristics and biomarker NDC (n = 10) EMCI (n = 26) LMCI (n = 23) AD (n = 4) P value*
Age 62.6 = 8.3 65.5 = 10.5 69.9 = 9.6 77.0 = 3.7 .11499
Male/female 2/8 7/19 14/9 1/3

VSRAD score 0.8 £02 1.1 £0.6 1.26 £ 0.6 274 £ 1.1

MMSE score 30.0 = 0.0 289 = 1.0 273+ 1.6 234 £ 05

APOE €4 carrier (%) 10.0 19.2 43.5 20.0

aC3, mg/dL 955 174 1014 = 174 100 = 14.2 1153 £ 14.0 7376
nC3, unit/mL 1.3£03 1.2 £07 1.0 £ 04 1.1 £04 12914
aC3/nC3 ratio 78.9 = 21.1 106.6 = 45.2 115.97564! 109.6 02771
C4, mg/dL 20 = 3.0 26.6 £ 5.3° 269 + 4.9 277 £3.0 .00905
TTR, mg/dL 222 *4.1 25154 252 *+64 23439 17131
ApoA-I, mg/dL 170.7 £ 25.6 158.5 = 28.3 146.1 + 234! 1223 + 16.3 .05368
ApoE, mg/dL 38 £05 45+ 1.1° 38 £05 43 * 1.1 .07568
HDL, mg/dL 823 +19.2 69.3 £ 16.7 56.3 + 13,91 40.0 = 2.0 .0017
LDL, mg/dL 116.3 = 42.0 140.4 = 34.8 117.0 * 19.67 109.0 = 16.5 0555
TC, mg/dL 208.0 = 39.2 221.5 £ 30.5 189.2 + 24.3° 182.3 £233 .00664
TG, mg/dL 100.3 = 38.6 133.6 + 68.6 151.9 = 70.9 246.0 = 112.7 .29456
BS, mg/dL 129.9 £ 53.8 113.5 £ 239 118.0 = 34.3 121.8 £ 33.6 73745
HbAlc (%) 5807 57*05 58 0.6 5.7+0.7 .80727
Triple-marker sore (ApoA-I, TTR, nC3) 0.47 = 0.20 0.63 + 0.29° 0.80 + 0.23" 0.90 = 0.23 00418
Triple-marker sore (ApoA-I, TTR, aC3/nC3) 0.46 = 0.18 0.68 * 0.27° 0.80 + 0.23 091 £0.23 .00226

Abbreviations: VSRAD, voxel-based specific regional analysis system for Alzheimer’s disease; nC3, native form of C3; aC3, active form of C3; TTR, trans-
thyretin; TC, total cholesterol; TG, triglyceride; BS, blood sugar; EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; NDC, non-

demented disease control; AD, Alzheimer’s disease.

*Kruskal-Wallis test. Significant differences among 3 groups NDC, EMCI, and LMCI are indicated.

fMean *+ SD.

fHolm-Bonferroni test. Si gnificant differences in NDC vs. LMCI were observed in aC3/nC3 ratio (P =.01714), C4 (P =.00408), apoA-I (P =.01576), HDL
(P = 9.6E-04), triple-marker score (ApoA-I, TTR, nC3) (P = 1.0E-04), and triple-marker score (ApoA-I, TTR, aC3/nC3) (P = 3.9E-04).
$Holm-Bonferroni test. Significant differences in NDC vs. EMCI were observed in C4 (P =.00585), apoE (P = .01841), triple-marker score (ApoA-I, TTR,
nC3) (P =.02672), and triple-marker score (ApoA-I, TTR, aC3/nC3) (P =.01417).
YHolm-Bonferroni test. Significant differences in EMCI vs. LMCI were observed in HDL (P = .01311), LDL (P = .01737), and TC (P = .00106).
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Fig. 1. (continued).

2.7. Statistical analysis

A P value < .05 was considered significant. For com-
parisons among more than two groups, the Kruskal-
Wallis test was used. Bonferroni correction was applied
when two groups were compared. Relationships between
the analytes and MMSE scores were analyzed with bivar-
iate correlations using Pearson’s correlation coefficients.
Origin software (ver. 7.5, OriginLab Corp., Northampton,
MA) and MedCalc (ver. 9.3.9) (MedCalc Software, Maria-
kerke, Belgium) were used to perform the statistics ana-
lyses. The least absolute shrinkage and selection operator
(LASSO) modeling using the glmnet package (ver. 1.9-5)

for R (ver. 3.1.0; R Foundation for Statistical Computing,
Vienna, Austria) was used to evaluate the combination of
multiple biomarkers.

3. Results

3.1. Clinical performance of a set of sequester proteins as
biomarkers for EMCI and LMCI

Table | provides the serum levels of analytes among the
NDC, EMCI, LMCI, and AD groups. As only four subjects
were diagnosed with AD, they were excluded from further
statistical analysis. The significant differences among the

Fig. 1. Clinical validity of A clearance—associated proteins in the serum as blood-based biomarkers for EMCI and LMCI. (A) Serum levels of aC3, nC3, apoA-1,
aC3/nC3, TTR, triple markers (apoA-I, aC3/nC3, and TTR), HDL, and TC in EMCI (n = 26), LMCI (n = 23), and NDC (n = 10) subjects. The bold solid bars
within the boxplot represent the median abundance, and the solid bars represent the mean abundance for the given group. Open triangles are the highest and lowest
values in each group. Error bars represent = 1.5 standard deviation. Statistical differences among the three groups (NDC, EMCI, and LMCI) were evaluated by the
Kruskal-Wallis test. (B) C-statistics of sequester protein (apoA-I, aC3/nC3, TTR, and triple markers) levels demonstrated clinical potential in discriminating
LMCI from NDC subjects. Abbreviations: aC3, active form of C3; nC3, native form of C3; TC, total cholesterol; TTR, transthyretin; NDC, nondemented disease
control; EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment.
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Table 2

Clinical value of proteins involved in amyloid- clearance as biomarkers for LMCI and EMCI

Group Biomarker Sensitivity (%) Specificity (%) AUC 95% CI P value Criterion

NDC vs. LMCI ApoA-I 70 80 0.77 0.593-0.899 .0011 <153
TTR 70 70 0.68 0.491-0.828 .0839 >21.9
nC3 74 80 0.74 0.557-0.876 .0088 <0.98
aC3 61 50 0.55 0.372-0.727 6571 >95
aC3/nC3 83 60 0.79 0.615-0.913 .0002 >74.93
Triple marker (ApoA-I, TTR, nC3) 78 90 0.86 0.696-0.956 <.0001 >0.61
Triple marker (ApoA-I, TTR, aC3/nC3) 83 90 0.89 0.734-0.972 <.0001 >0.61

NDC vs. EMCI ApoA-I 50 60 0.62 0.439-0.772 .2507 <149
TTR 73 70 0.70 0.523-0.839 .0654 >21.9
nC3 53 80 0.65 0.475-0.802 .106 <0.97
aC3 65 50 0.58 0.401-0.739 4835 >95
aC3/nC3 62 80 0.72 0.545-0.856 0112 >91.9
Triple marker (ApoA-I, TTR, nC3) 58 70 0.67 0.497-0.850 .0546 >0.61
Triple marker (ApoA-I, TTR, aC3/nC3) 58 80 0.73 0.553-0.862 .0087 >0.61

Abbreviations: TTR, transthyretin; nC3, native form of C3; aC3, active form of C3; EMCI, early mild cognitive impairment; LMCI, late mild cognitive

impairment; NDC, nondemented disease control.

three groups (NDC, EMCI, and LMCI) are presented in
Fig. 1A. The apoA-Ilevel (P =.01667) and aC3 to nC3 ratio
(aC3/nC3) (P = .01714) were significantly changed in
LMCI compared with NDC subjects. The value of the triple
marker of apoA-I, aC3/nC3, and TTR was significantly
higher in EMCI (P = .01417) and LMCI (P = 3.9E-4)
than NDC subjects. Lower HDL levels (P = 9.6E-04) in
LMCI than NDC subjects, and lower TC levels
(P =.00106) in LMCI than EMCI subjects were observed.
As shown in Table 1, the C4 levels showed increasing trends
in EMCI and LMCI compared with NDC subjects
(P =.00905).

The clinical potentials of apoA-I, aC3/nC3, and TTR,
which could discriminate LMCI from NDC, were as follows
(Table 2 and Fig. 1B)—apoA-I: area under the curve
(AUC) = 0.77 (P = .0011), sensitivity 70%, specificity
80%; TTR: AUC = 0.68 (P = .0839), sensitivity 70%, speci-
ficity 70%; nC3: AUC = 0.74 (P = .0088), sensitivity 74%,
specificity 80%; and aC3/nC3: AUC = 0.79 (P = .0002),
sensitivity 83%, specificity 60%. The triple marker of apoA-
I, TTR, and nC3 based on the LASSO regression analysis
demonstrated high clinical potential in LMCI vs. NDC sub-
jects with AUC = 0.86 (P <.0001), sensitivity 78%, and spec-
ificity 90%, and in EMCI vs. NDC subjects with AUC = 0.67
(P = .0546), sensitivity 58%, and specificity 70%. Further-
more, the triple marker of apoA-I, TTR, and aC3/nC3 showed
higher clinical potential in LMCI vs. NDC subjects with
AUC = 0.89 (P < .0001), sensitivity 83%, and specificity
90%, and in EMCI vs. NDC subjects with AUC = 0.73
(P =.0087), sensitivity 58%, and specificity 80%.

Subjects were divided into APOE g4-positive and APOE
e4-negative groups. The APOE e4-positive group had signif-
icantly lower levels of serum apoA-I (P =.01635) and apoE
(P = .01945) and higher scores in the triple markers
(P = .0091, P = .00186) than did the APOE e4-negative
group. APOE &4 did not affect the serum levels of other an-
alytes (Supplementary Table 1).

3.2. MMSE scores and serum levels of biomarker proteins

We categorized all 273 subjects according to the MMSE
score into four groups [score 27-30 (n = 208), 24-26
(n = 26), 20-23 (n = 20), and <20 (n = 19)]
(Supplementary Table 2 and Supplementary Fig. 2).
ApoA-1 (P = .00345), TTR (P = 5.75E—05), HDL
(P = .00134), and TC (P = 8.77E-05) were significantly
lower in subjects with lower MMSE scores. Significant cor-
relations were observed between TTR (r = 0.30449,
P = 2.89E-07), apoA-I (r = 0.24329, P = 4.86E-05),
HDL (r = 0.26565, P = 5.25E-05), LDL (r = 0.14556,
P = .02869), and TC (r = 0.29819, P = 5.06E-06), and
the MMSE scores (Supplementary Table 3).

3.3. Relationship between blood biomarkers and atrophy
of the medial temporal structures

Atrophy of the medial temporal structures of 63 clinically
diagnosed MCI, AD, and NDC subjects was measured by the
semiquantified VSRAD score and divided into three groups;
VSRAD 0-1, VSRAD 1-2, and VSRAD >2. ApoA-I
(P =.01801) and C4 (P =.01239) were significantly elevated
according to the VSRAD score (Supplementary Table 4). We
further investigated the relationship between the hippocam-
pal volume and the peripheral levels of biomarker proteins
(Fig. 2A). Significant correlations between brain atrophy
and apoA-I (r = 0.33916, P = .00803) and HDL
(r = 0.33388, P =.02181) were observed.

3.4. Relationship between rCBF reduction and serum
biomarker levels

We compared the levels of rCBF reduction in age-
matched NDC, MCI, and AD subjects. Perfusion reduction
in the posterior cingulate gyrus, precuneus, and cortex was
observed in the early stage of AD (data not shown). Next,
rCBF reduction was classified into four categories: SPECT
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Fig. 2. Serum levels of proteins associated with Af clearance and choles-
terols associated with reduced rCBF and atrophy of the medial temporal struc-
tures. (A) Serum levels of apoA-I and HDL were correlated with the medial
temporal structure volume, including the entire region of the entorhinal cor-
tex, hippocampus, and amygdala, as detected by VSRAD. MRI data were
analyzed visually and by voxel-based morphometry techniques to detect
regional volume changes. (B) Changes in apoA-I, aC3, nC3, aC3/nC3,
TTR, triple-marker, HDL, and TC levels with reduction of rCBF were evalu-
ated by SPECT. Abbreviations: aC3, active form of C3; nC3, native form of
C3; TC, total cholesterol; TTR, transthyretin; rCBF, reduced cerebral blood
flow; VSRAD, voxel-based specific regional analysis system for Alzheimer’s
disease; SPECT, single-photon emission tomography.

A, B, C, and D as described in Methods. The data of 63 sub-
jects, after exclusion of three subjects who were classified as
SPECT D, were statistically analyzed with regard to differ-
ences in biomarker levels among the three groups (SPECT
A, B, and C) (Table 3 and Fig. 2B). The serum levels of
aC3 (P = .04283), apoA-I (P = .00664), HDL
(P = .00952), TC (P = .00303), and the triple marker of
apoA-I, TTR, and aC3/nC3 (P = .00939) underwent signif-
icant changes in the patients with severe reductions in rCBF.

3.5. Immunohistochemical staining of C3 in human brains

We performed immunohistochemical staining of human
brain specimens using anti-nC3 and anti-C3 chain anti-

bodies. We raised an antibody against a synthetic peptide
whose sequence corresponded to the peptide sequence
covering the C3a-C3b cleavage site by C3 convertase
(Fig. 3A). By immunoprecipitation-Western blot analysis,
we confirmed the specificities of these anti-nC3 and anti-
C3 chain antibodies against nC3 (noncleaved C3) and the
C3b active form, respectively (data not shown). Senile pla-
ques exhibited colocalization of aC3 and Ay, in the hippo-
campi of definite AD patients (Fig. 3B). Lower levels of nC3
were observed in the hippocampi of AD patients than in
those of non-AD patients (Fig. 3C). The positive areas
stained by anti-nC3 and anti-C3f in non-AD (n = 9) and
definite AD (n = 20) brain sections were analyzed by imag-
ing software. Lower levels of nC3 and higher levels of aC3
were observed in the hippocampi of definite AD patients
than in those of non-AD patients (Fig. 3D).

4. Discussion

Blood-based biomarkers could allow us to identify
cognitive decline at the early stages and to monitor im-
provements in cognitive function after intervention. In
this study, a combination of apoA-I, aC3/nC3, and TTR
was found able to discriminate MCI from NDC with a
high ROC value. Brain atrophy in the medial temporal
lobe was associated with decrease in apoA-I and HDL
levels, and significantly lower apoA-I, HDL, and TC levels
were observed in patients with severe reductions in rCBF
as determined by SPECT.

In this study, Petersen’s and DSM-IV criteria were used to
diagnose MCI and AD, respectively. Subjects with MCI
were further classified into EMCI and LMCI based on the
MMSE score and objective neuroimaging parameters ob-
tained by MRI and SPECT. We used an MMSE score of
27 as the cutoff value between EMCI and LMCI. An
MMSE score below 24 has primarily been used as the cogni-
tive deficit cutoff for dementia [8,9]. Iwasa H et al. reported
that subjects with an MMSE score of 24-27 indicated higher
risk for dementia [9]. Hippocampal atrophy and rCBF were
included in the classification of EMCI and LMCI. Volu-
metric measurements of medial temporal atrophy are a sen-
sitive marker for AD, and hippocampal volume correlates
with the density of neurofibrillary tangles and CSF t-tau
and p-tau in AD [10]. In subjects with AB deposition, ento-
rhinal cortex atrophy detected by MRI significantly corre-
lated with cognitive decline [11]. Combined decreased
parietal rCBF and abnormal CSF tau in patients with MCI
indicates a substantially increased risk of future develop-
ment of AD [12,13]. Thus, medial temporal atrophy and
rCBF reduction could be used for the assessment of the
early stages of cognitive decline.

More than 80% of patients with AD exhibit cerebral
amyloid angiopathy [14,15], and a strong correlation
between vascular risk factors and sporadic AD has been
noted. Recently, multifactorial data-driven analysis used
amyloid positron emission tomography, functional and
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Table 3
Serum levels of proteins involved in amyloid- clearance and cholesterols in participants categorized by rCBF reduction levels
Clinical characteristics and biomarker SPECT a (n = 39) SPECT B (n = 15) SPECT C (n = 6) SPECT D (n = 3) P value*
Age 67.4 * 11.17 66.3 = 8.2 70.7 £ 9.3 65.7 = 6.8 75008
Male/female 10/29 8/7 472 2/1
MMSE score 284+ 19 28.1 = 1.3 26.8 = 2.6 27.0 = 2.6 11915
VSRAD 1.2 207 1.2 £0.6 1.5+06 13+x14 .16889
APOE €4 carrier, % 20.5 333 50.0 33.3
aC3, mg/dL 99.2 = 17.5 97.3 = 11.0 1152 = 13.0% 110.1 = 15.3 .04283
nC3, unit/mL 12 +06 1.0 = 0.3 0.8 0.2 12+05 .34098
aC3/nC3 101.1 = 43.8 102.7 = 29.0 144.9 + 32.4+ 104.5 = 40.6 .06093
C4, mg/dL 253 =53 262 =42 288 =175 27.0 = 5.7 59451
TTR, mg/dL 244 =49 263+ 173 23.0*+49 202 =39 .65200
ApoA-1, mg/dL 156.2 = 24.2 160.8 = 31.3 121.3 + 16.8"* 148.7 = 37.5 .00664
ApoE, mg/dL 44 +0.9 3.6 *+09 4.0 =09 3.1 04 .05498
HDL, mg/dL 675 =178 624 = 19.5 455 = 7.7 65.5 =233 .00952
LDL, mg/dL. 133.5 = 33.1 113.4 = 28.2 113.8 = 122 103.5 £ 3.5 .19468
TC, mg/dL 2153 =314 189.9 = 29.8 178.0 + 10.4 180.5 = 10.6 .00303
TG, mg/dL 142.1 = 76.0 145.6 = 79.3 158.3 = 74.6 126.5 = 61.5 91709
BS, mg/dL 117.5 £ 343 120.3 £27.2 103.5 = 31.8 148.3 = 60.6 28727
HbAlc (%) 5.7 £0.6 57 *0.7 56 *+05 64 +03 93751
Triple-marker sore (ApoA-I, TTR, nC3) 0.64 = 0.28 0.69 = 0.21 1.01 = 0.16"° 0.63 = 0.41 .00909
Triple-marker sore (ApoA-I, TTR, aC3/nC3) 0.67 = 0.27 0.67 = 0.19 1.05 + 0.19%¢ 0.67 = 0.35 .00939

Abbreviations: SPECT, single-photon emission tomography; rCBF, reduced cerebral blood flow; VSRAD, voxel-based specific regional analysis system for
Alzheimer’s disease; nC3, native form of C3; aC3, active form of C3; TTR, transthyretin; TC, total cholesterol; TG, triglyceride; BS, blood sugar.
*Kruskal-Wallis test. Significant differences among 3 groups (SPECT A, B, and C) are indicated.

fMean = SD.

fHolm-Bonferroni test. Significant differences in SPECT A versus C were observed in apoA-I (P = .00296), aC3 (P = .02468), C3 ratio (aC3/nC3)
(P =.01468), HDL (P = .00712), TC (P = .00689), triple-marker score (ApoA-I, TTR, nC3) (P = .00154), and triple-marker score (ApoA-I, TTR, aC3/

nC3) (P = 8.7E-04).

$Holm-Bonferroni test. Significant differences in SPECT B versus C were observed in apoA-I (P = .00231), aC3 (P = .02209), C3 ratio (aC3/nC3)
(P =.03181), triple-marker score (ApoA-I, TTR, nC3) (P = .01139), and triple-marker score (ApoAl, TTR, aC3/nC3) (P = .00239).

structural MRI, and Arterial Spin Labeling imaging from the
Alzheimer’s Disease Neuroimaging Initiative and suggested
that cerebral vascular dysregulation was an early patholog-
ical event and that lipid metabolism dysfunction, inflamma-
tory activation, and insulin resistance were involved in
sporadic AD pathogenesis [16].

We observed decreased serum levels of apoA-I, HDL,
and TC in patients with cognitive dysfunction and lower
MMSE scores. ApoA-I plays an important role in choles-
terol transfer and is transported from the periphery to the
CSF. Injected apoA-I in the periphery gains access to the
central nervous system via the choroid plexus [17]. Among
the apolipoproteins, the peripheral apoA-I level is one of
the strongest risk factors for cognitive decline [18]. The
apoA-I protein prevented AP,y and AP, aggregation and
induced toxicity in primary brain cells in AD model mice
[19]. ATP-binding cassette transporter A1 (ABCAI) muta-
tion caused virtual absence of apoA-I and HDL, and
ABCAI knock-out mice exhibited decreased apoE levels
and increased A deposition in the brain [20]. Overexpres-
sion of apoA-I attenuated neuroinflammation and cognitive
function in an AD mouse model [21]. APOE €4 carriers
who had subjective cognitive decline with low plasma
apoA-I and high CSF apoA-I levels had increased risk of
clinical progression of AD [22]. Thus, a decrease in the pe-
ripheral apoA-I level may be one of the earliest events in

AD progression, even earlier than AP deposition com-
mences in the brain.

Lower levels of HDL are considered a risk factor for
atherosclerotic diseases. Peripheral apoA-I is strongly
related to HDL cholesterol. AP clearance is facilitated by
circulating HDL. These data suggest that peripheral choles-
terol and apolipoproteins might be involved in A deposition
in AD pathogenesis [23]. Indeed, individuals affected by
MCI and dementia have significantly lower levels of periph-
eral HDL [24,25]. Yasuno et al. reported that significantly
higher HDL concentrations were associated with better
cognitive function in an APOE e4-negative group of subjects
in a cohort study [26]. The association between higher LDL
and lower HDL cholesterol levels and a higher Pittsburgh
Compound-B index in amyloid positron emission tomogra-
phy (indicating AP burden) has been reported [27]. Higher
levels of HDL may reduce the risk of late-onset AD [28].

APOE €4 gene polymorphism is risk factor for AD [29].
We investigated the relationship between the presence of
APOE €4 and AP clearance protein levels in this study.
The APOE g4+ group had lower serum levels of apoE,
apoA-I, and HDL than did the APOE e4— group. APOE
e4 affects the ability to eliminate soluble AP from the brain
[30] and is less effective than APOE €2 in promoting AR
transportation [23]. ApoA-I, apoE, and HDL may synergize
to facilitate AP transport across human cerebral vessels.
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Fig. 3. Expression of nC3 and aC3 in the hippocampal tissues from definite AD and non-AD patients. (A) Schematic representation of aC3 and nC3 forms. At
the first step of C3 activation, the C3a fragment is produced by cleavage via C3 convertase. (B) Colocalization of the C3 fragment and Ay, in the AD hippo-
campus. Arrows indicate aC3 colocarized with senile plaque. (C) Demonstration of C3 activation in the AD hippocampus. (D) Analysis of nC3 and C3b levels in
the brain tissues including the hippocampus from definite AD (n = 20) and non-AD (n = 9) patients. Abbreviations: aC3, active form of C3; nC3, native form of

C3; AD, Alzheimer’s disease.

Complement is an important component of innate immu-
nity in the central nervous system. A proteolytic cascade of
downstream complement proteins results in C3-induced op-
sonization and phagocytosis for AP clearance. In this study,
the preliminary immunohistochemistry data from the hippo-
campal analysis were indicative of activation of C3 in the
AD brain. In the later stages of AD, an enhanced inflamma-
tory response and activation of terminal membrane attack

complex C5b-9 may contribute to neuronal cell death, which
leads to synaptic failure [31-33].

In the peripheral circulation, AR could activate the
complement system. Erythrocytes express cell-surface
complement receptor 1, which recognizes complement-
opsonized AP. Erythrocyte-captured AP4, levels were
significantly lower in AD than MCI and NDC and corre-
lated with lower MMSE scores. Erythrocyte-mediated
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Fig. 3. (continued).

AP migrates to the liver and is removed by clearance via
Kupffer cells [34,35].

Lower levels of serum TTR were related to lower
MMSE scores in this study. Several previous reports have
observed reduced TTR plasma levels in patients with
MCI and AD [5,36]. TTR has been reported to be linked
to AD pathogenesis because of its ability to sequester
APB4o and A4, and suppress AP fibrillation [37,38]. TTR
was found to increase APy, efflux from the brain to the

periphery, and to regulate LDL-receptor-related protein 1
expression.

This study has limitations. The relationship between the
triple markers and AP load was not clarified. The serum
levels of these biomarkers involved in A clearance during
AD pathological change detected by amyloid positron emis-
sion tomography should be analyzed in future study.

Reduced serum levels of apoA-I and TTR with an
increased aC3/nC3 ratio might indicate dysregulation of
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AP clearance, and these conditions may contribute to the
progression of cognitive impairment and atrophy of the
medial temporal structures and hypoperfusion of rCBF.
ApoA-I, TTR, and complement protein profiles are potential
blood-based biomarkers for the assessment of the early
stages of cognitive decline.
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RESEARCH IN CONTEXT

1. Systematic review: The importance of amyloid-f
(AP) clearance in Alzheimer’s disease pathogenesis
is well understood. A combination of sequester pro-
teins in serum, which are involved in AP clearance
(apoA-I, TTR, and C3), has been shown to distin-
guish patients with mild cognitive impairment from
nondemented disease controls. However, the clinical
utility of these biomarkers and their relationships
with neuroimaging data remain unclear.

2. Interpretation: We demonstrated the utility of
sequester proteins involved in AP clearance in eval-
uating cognitive decline and the progression of
cognitive impairment in this prospective study. The
impaired function of these proteins may increase sus-
ceptibility to cognitive impairment. We thus propose
a simple blood test for risk assessment of cognitive
decline.

3. Future directions: Further investigation is required to
understand (1) the clinical utility of these bio-
markers, which should be addressed in a larger-
scale clinical study, and (2) the changes in these
biomarker levels after treatment for cognitive
decline.
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