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Background: Alzheimer’s disease (AD) and vascular dementia (VaD) are

the two most common types of neurodegenerative dementia among

the elderly with similar symptoms of cognitive decline and overlapping

neuropsychological profiles. Biological markers to distinguish patients with

VaD from AD would be very useful. We aimed to investigate the expression

of blood-brain barrier (BBB)-related blood-borne factors of soluble low-

density lipoprotein receptor-related protein 1 (sLRP1), cyclophilin A (CyPA),

and matrix metalloproteinase 9 (MMP9) and its correlation with cognitive

function between patients with AD and VaD.

Materials and methods: Plasma levels of sLRP1, CyPA, and MMP9 were

analyzed in 26 patients with AD, 27 patients with VaD, and 27 normal

controls (NCs). Spearman’s rank correlation analysis was used to explore

the relationships among biomarker levels, cognitive function, and imaging

references. Receiver operating characteristic (ROC) curve analysis was used

to discriminate the diagnosis of AD and VaD.

Results: Among these BBB-related factors, plasma CyPA levels in the VaD

group were significantly higher than that in the AD group (p < 0.05). Plasma

sLRP1 levels presented an increasing trend in VaD while maintaining slightly

low levels in patients with AD (p > 0.05). Plasma MMP9 in different diagnostic

groups displayed the following trend: VaD group > AD group > NC group,

but the difference was not statistically significant (p > 0.05). Furthermore,

plasma sLRP1 levels were positively related to MoCA scores, and plasma CyPA

levels were significantly correlated with MTA scores (p < 0.05) in the AD group.

Plasma MMP9 levels were negatively correlated with MoCA scores (p < 0.05)

in the VaD groups. No significant correlation was detected between the

other factors and different cognitive scores (p > 0.05). ROC analysis showed
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a good preference of plasma CyPA [AUC = 0.725, 95% CI (0.586–0.865);

p = 0.0064] in diagnosis.

Conclusion: The plasma CyPA level is a reference index when distinguishing

between an AD and subcortical ischemic vascular dementia (SIVD) diagnosis.

Blood-derived factors associated with the BBB may provide new insights

into the differential diagnosis of neurodegenerative dementia and warrant

further investigation.

KEYWORDS

vascular dementia (VaD), Alzheimer’s disease (AD), blood-brain barrier, low-density
lipoprotein receptor-related protein, cyclophilin A, matrix metalloproteinase-9

Introduction

Dementia manifests as global cognitive decline and
significantly impairs daily activities, which has imposed a
heavy burden on the public and healthcare systems as
society ages (Jia et al., 2020). Alzheimer’s disease (AD)
and vascular dementia (VaD) are the two most common
types of neurodegenerative dementia among the elderly. AD
has a slow course characterized by gradual deterioration of
cognitive function. VaD has a variable course presented by a
stepwise worsening of executive function, which can have a
sudden or slow onset (O’Brien and Thomas, 2015). Although
these two types of dementia share many clinical features,
including symptoms of cognitive decline and overlapping
neuropsychological profiles, the underlying pathophysiological
mechanisms are different. Efficient therapy depends on accurate
diagnosis, thus it is crucial to distinguish between VaD and
AD (Neto et al., 2015; Tachibana et al., 2016). Despite
advances in molecular neuroimaging, the understanding of
clinicopathological relevance and the development of novel
biomarkers have been limited in the last decade (Park and Moon,
2016; Bjerke and Engelborghs, 2018). Moreover, imaging is
relatively expensive and invasive and is usually not immediately
available for such a diagnosis. As another option, lumbar
puncture is an invasive procedure, which requires written
informed consent. Clinicians still need reliable and non-
invasive molecular markers for the differential diagnosis of
neurodegenerative dementia. Blood testing is an economical,
minimally invasive and more accessible procedure and is
more suitable for investigating these pathological mechanisms
and distinguishing between different forms, at least as a
primary screening test.

Although the etiology of AD and VaD may differ, the
overall mechanisms of subsequent neurovascular dysfunction
are similar, with defective blood-brain barrier (BBB) function.
BBB failure is considered to be a core mechanism in vascular-
related diseases and neurodegenerative dementia, driving
disease pathology and progression (Yamazaki and Kanekiyo,
2017; Cai et al., 2018; Ueno et al., 2019; Uemura et al., 2020).
The breakdown of the BBB is caused by the degeneration

of pericytes and endothelial cells, loss of tight junctions, and
brain capillary leakages, which cause toxic molecules from the
blood to enter the brain and initiate multiple neurodegenerative
pathways (Bell et al., 2010; Zlokovic, 2011; Nelson et al., 2016;
Storck et al., 2016; Montagne et al., 2020). Currently, it is
speculated that low-density lipoprotein receptor-related protein
1 (LRP1), cyclophilin A (CyPA), and matrix metallopeptidase
9 (MMP9) are involved in the regulation of BBB permeability
(Bell et al., 2012; Halliday et al., 2016). Soluble LRP1 (sLRP1)
circulates freely in plasma and is primarily responsible for
peripheral Aβ clearance (Quinn et al., 1997). Several studies
have reported a significant reduction in LRP1 expression in
brain microvascular endothelial cells in AD (Shibata et al.,
2000; Deane et al., 2004; Donahue et al., 2006). Circulating
sLRP in the plasma binds Aβ and prevents brain reentry
across the BBB, producing a peripheral sink that promotes the
outflow of Aβ from the brain (Sagare et al., 2007, 2012; Deane
et al., 2008). Plasma sLRP1 levels and Aβ binding to sLRP1
are significantly reduced due to increased levels of oxidized
sLRP1, which does not bind Aβ, resulting in an increase in
free Aβ levels in plasma to return to the brain via the receptor
for advanced glycation end products (RAGE) in patients with
AD (Deane et al., 2003; Sagare et al., 2007, 2011). CyPA is
secreted by activated macrophages, lymphocytes, and platelets
and mediates the harmful effects of pericytes on BBB disruption
(Seizer et al., 2010, 2015, 2016; Pan et al., 2020). Previous
studies have shown that the plasma CyPA level is a new
biomarker for the diagnosis of coronary artery disease (CAD)
and renal disease progression and is used as a prognostic
factor in patients with ruptured intracranial aneurysms (Satoh
et al., 2013; Ramachandran et al., 2014; Kao et al., 2015; El-
Ebidi et al., 2020; Rath et al., 2020). MMP9 is involved in
the increase of BBB permeability during AD, which accelerates
its onset (Barr et al., 2010; Shackleton et al., 2019). These
results provide support for the use of BBB-related blood-borne
factors as sensitive predictors of neurodegenerative dementia
(specifically BBB dysfunction-related cognitive decline) because
they are tentatively present in biofluids and are involved
in BBB function. Few studies have analyzed the correlation
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between BBB-related blood-borne factors (sLRP1, CyPA, and
MMP9) and dementias.

In this clinical study, we aimed to measure plasma sLRP1,
CyPA, and MMP9 levels in patients with AD, patients with
VaD, and healthy controls and to evaluate their correlation with
cognitive function to assist the discovery of new biomarkers.

Materials and methods

Study populations

A total of 80 participants were enrolled in our research
who were admitted to the Department of Xuanwu Hospital,
Capital Medical University from July 2019 to July 2021.
More specifically, 26 patients with AD, 27 patients with
subcortical ischemic vascular dementia (SIVD), and 27 age-
matched cognitive normal controls (NC) were recruited. The
diagnosis of AD was performed according to the National
Institute on Aging and the Alzheimer’s Association (NIA-
AA) criteria (Jack et al., 2011). The diagnosis of SIVD was
performed according to the modified National Institute
of Neurological Disorders and Stroke and the Association
Internationale pour la Recherche et l’Enseignement en
Neurosciences (NINDS-AIREN) and has evidence of ischemic
lesions on brain magnetic resonance imaging (Erkinjuntti,
2003). Moreover, healthy individuals, not affected by
neurodegenerative diseases, were recruited as NC. This
study was approved by the ethics committee. Written informed
consent was obtained before enrollment. The details of
inclusion/exclusion criteria for AD and VD are shown in the
Supplementary material.

Plasma sample processing

Blood samples were taken in the morning after a 12-h fast.
Notably, 6 ml of whole blood were drawn from each subject
and stored in a polypropylene tube containing EDTA. Plasma
separation was performed by centrifugation at 1,880 × g for
15 min. Finally, plasma was collected in centrifugal tubes and
stored at −80◦C until analysis.

Measurements

The levels of sLRP1, CyPA, and MMP9 were measured
in plasma using a commercially available enzyme-linked
immunosorbent assay (ELISA) (LRP1: IC-LRP1-Hu,
ImmunoClone, United States; CyPA: KE1726, immunoway,
United States; and MMP9: KE1407, immunoway, United States)
according to the manufacturer’s instructions, and the dilution
concentrations of sLPR1, CYPA, and MMP9 were 1:2,000,

1:10, and 1:50, respectively. The cognition of participants was
assessed using the Mini-Mental State Examination (MMSE)
and the Montreal Cognitive Assessment (MoCA). Total
cholesterol (TC), triglyceride (TG), low-density lipoprotein
cholesterol (LDL), and high-density lipoprotein cholesterol
(HDL) were measured by the clinical levorotary testing
center. Periventricular hyperintensity (PVH) and deep white
matter hyperintense signals (DWMH) were evaluated using
the Fazekas scale, and the scores of these two parts were
summarized to obtain the total score (the lowest total score
is 0, and the highest is 6) (Fazekas et al., 1987). A high
Fazekas score is clinically associated with the diagnosis of
individuals at high risk of cerebrovascular disease (Hilal et al.,
2021). Concordantly, a high Fazekas score can successfully
predict the cognitive function of patients with dementia in a
clinical setting (Lam et al., 2021). Another, medial temporal
lobe atrophy (MTA) visual rating scale has been shown to
have high diagnostic accuracy for AD (Cavedo et al., 2014).
It has also been reported in patients with VaD (Barber
et al., 2000). In our study, ratings of PVH (0 = absence,
1 = “caps” or pencil-thin lining, 2 = smooth “halo,” and
3 = irregular) and DWMH (0 = absence, 1 = punctate foci,
2 = beginning confluence of foci, and 3 = large confluent
areas) were summarized into total Fazekas scores using the
axial fluid-attenuated inversion recovery (FLAIR) images
from a 3T MRI and were classified into low WMSA burden
(Fazekas scores < 3) and high WMSA burden (Fazekas
scores ≥ 3). MTA was dichotomized into groups of 0–1
(none to mild) vs. 2–4 (moderate to severe) by analyzing the
width of the choroidal fissure, the width of the temporal horn
of the lateral ventricle, and the height of the hippocampus
on T1-weighted coronal sections. The total score of each
patient was approved by two experienced neurologists
who were blind to the clinical data. The typical images of
MTA/white matter hyperintensity from patients have shown in
Supplementary Figure 1.

Statistical analysis

Descriptive statistics were used to summarize the participant
characteristics. For normally distributed data, including the
variables of age, TC, HDL, MMSE scores, and MoCA scores,
the means ± standard deviation (SD) was used to describe the
quantitative variables. The two groups were compared using
t-test, among groups were compared using ANOVA, and the
differences between the groups were statistically significant
based on further pairwise comparison t-test with normal
distributions. For non-normally distributed data, including
the variables of TG, LDL, years of education, sLRP1, CyPA,
and MMP9 levels, we used medians and interquartile ranges
to describe the quantitative variables. Baseline characteristics
were compared using the independent-sample Kruskal-Wallis
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TABLE 1 Participant characteristics.

Characteristics AD (n = 26) SIVD (n = 27) NC (n = 27) P

Age, Mean ± SD (year) 66.65 ± 9.53 65.37 ± 9.93 65.04 ± 6.12 0.708

Male, N (%) 11(42.3) 18 (66.7) 10 (37.0) 0.068

Education, median (Q25, Q75) (year) 12.00 (9.00, 15.00) 12.00 (9.00, 13.00) 12.00 (9.00, 12.00) 0.163

TC, Mean ± SD (mmol/L) 4.50 ± 1.09 4.07 ± 1.46 4.06 ± 0.87 0.262

TG, median (Q25, Q75) (mmol/L) 1.20 (1.01, 1.74) 1.34 (1.03, 1.72) 1.02 (0.79, 1.38) 0.060

LDL, median (Q25, Q75) (mmol/L) 2.55 (1.92, 3.22) 1.77 (1.35, 3.18) 2.52 (1.83, 2.95) 0.414

HDL, Mean ± SD (mmol/L) 1.32 ± 0.38 1.20 ± 0.43 1.25 ± 0.38 0.537

Hypertension, N (%) 11 (42.3) 17 (63.0) 20 (74.1) 0.057

Diabetes, N (%) 6 (23.1) 7 (25.9) 9 (33.3) 0.687

Hyperlipidemia, N (%) 3 (11.5) 5 (18.5) 9 (33.3) 0.139

MMSE, Mean ± SD (score) 19.12 ± 5.69# 21.09 ± 8.32# 27.63 ± 1.28 <0.001

MoCA, Mean ± SD (score) 13.60 ± 4.87# 16.27 ± 7.32# 25.07 ± 1.04 <0.001

Fazekas WMSA burden, N (%) <0.001

High (3–6 scores) 1 (3.8)* 23 (85.7) NA

Low (0–2 scores) 25 (96.2) 4 (14.3) NA

MTA, N (%) 0.128

None to mild (0–1 scores) 8 (30.8) 14 (52.2) NA

Moderate to severe (2–4 scores) 18 (69.2) 13 (47.8) NA

Data are shown as mean ± SD and N (%).
*Compared with the subcortical ischemic vascular dementia (SIVD) group, the difference was significant (p < 0.05).
#Compared with the NC group, the difference was significant (p < 0.05).

TABLE 2 sLRP1, CyPA, and MMP9 values by diagnostic groups.

Characteristics AD (n = 26) SIVD (n = 27) NC (n = 27) H P

sLRP1, median (Q25, Q75) (ng/ml) 2409.65 (1544.57, 3732.41) 2896.88a (2353.69, 4694.35) 2639.14 (2042.29, 3564.04) 3.817 0.148

CyPA, median (Q25, Q75) (ng/ml) 18.95*b (10.46, 35.05) 36.57 (17.51, 73.32) 30.78b (21.00, 49.15) 8.302 0.016

MMP9, median (Q25, Q75) (pg/ml) 15076.43c (9873.41,20403.41) 17076.83 (10679.13, 26947.31) 10699.70*c (8450.16, 20368.37) 3.778 0.151

Data are shown as medians (IQR).
*Compared with the subcortical ischemic vascular dementia (SIVD) group, the difference was significant (p < 0.05); aDelete 2 Outliers; bDelete 3 Outliers; cDelete 5 Outliers. *p < 0.05.

FIGURE 1

Box and dot plots of plasma (A) sLRP1, (B) CyPA, and (C) MMP9 per diagnostic group. Analytes with significant differences between diagnostic
groups are shown. *p = 0.018.

test. Categorical data were presented as proportions, and
among groups were compared using the chi-square test. The
Spearman correlation analysis was performed to assess the
correlation between two quantitative variables, adjusted for
age, sex, and education. The diagnostic value of AD and
SIVD was estimated by the area under the curve (AUC)

using the receiver operating characteristic (ROC) curve.
p < 0.05 was considered to indicate significant results.
p-values were corrected using the Bonferroni method for
multiple comparison corrections. All statistical analyses were
performed using SPSS version 23.0 (SPSS Inc., Chicago,
IL, United States).
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Results

Demographics

The demographic and clinical characteristics of each
diagnostic group are described in Table 1. No significant
difference was found between the groups in age, gender
distribution, education, and others. The differences in the
MMSE, MoCA scores, and Fazekas WMSA burden among the
different groups were presented (refer to Table 1).

Differences in sLRP1, CyPA, and MMP9
levels between diagnostic groups

Plasma sLRP1, CyPA, and MMP9 levels in the diagnostic
group are shown in Table 2. Plasma sLRP1 levels in the AD
group showed a decreasing trend compared with that in the
NC group, but the difference was not statistically significant
(H = 3.817, p = 0.148). The difference in plasma CyPA levels
was statistically significant across the three groups (H = 8.302,
p = 0.016). Further pairwise comparison showed that plasma
CyPA levels in the SIVD group were significantly higher than
that in the AD group (p = 0.018). The differences in the
plasma MMP9 levels were not statistically significant (H = 3.778,
p = 0.151). Figure 1 shows the plasma sLRP1, CyPA, and MMP9
levels in each group.

The correlation of plasma biomarker
levels with cognition score

Spearman correlation analysis found that plasma sLRP1
levels were positively related to MoCA (r = 0.414, p = 0.040)
scores in the AD groups, and plasma MMP9 levels and MoCA
(r = −0.528, p = 0.014) scores showed a significant negative
correlation in the SIVD groups; however, CyPA levels were
not significantly correlated with cognitive scores (Table 3
and Supplementary Figure 2). Correlation analysis showed a
significant correlation between plasma CyPA levels and MTA
scores in the AD group (r = 0.464, p = 0.017). No significant
correlation was detected between the other biomarkers and
imaging parameters (p > 0.05) (Table 3). The correlation
of plasma biomarkers with other factors is shown in the
Supplementary Tables 1–4.

Differential diagnostic value of CyPA
concentrations

The ROC analysis was finally performed to assess the
differential diagnosis value in patients with AD and SIVD

FIGURE 2

Receiver operating characteristic (ROC) analysis of CyPA
concentrations in plasma as a candidate biomarker of differential
diagnosis for Alzheimer’s disease (AD) and subcortical ischemic
vascular dementia (SIVD). AUC, area under the curve.

group using CyPA concentration; the performance was
found to be good [AUC = 0.725, 95% CI (0.586–0.865);
p = 0.0064]. ROC analysis identified a cutoff value for CyPA of
60.15 ng/ml (Figure 2).

Discussion

Our study aimed to explore the levels of BBB-related
blood-borne factors sLRP1, CyPA, and MMP9 in AD,
SIVD, and NC. Furthermore, the association of BBB-
related factors with cognitive function and imaging
parameters was evaluated. To the best of our knowledge,
this study is the first to demonstrate that BBB-related
blood-borne factors are associated with different types
of dementia. Our results support the use of blood-
borne factors as potential biomarkers for the differential
diagnosis of dementia.

This study showed that plasma CyPA levels presented a
decreasing trend in the AD group, and an increasing trend
in the SIVD group compared with the NC group, and the
plasma CyPA level in the SIVD group was significantly higher
than that in the AD group. We used plasma CyPA as a
reference index for the differential diagnosis of SIVD and
AD. To date, studies have shown that CyPA secretion is
increased in patients with central nervous system diseases,
such as cerebrovascular disease, brain trauma, and obstructive
sleep apnoea with mild cognitive impairment (MCI) (Redell
et al., 2007; Chang et al., 2018, 2020; Li et al., 2021). These
studies have confirmed that CyPA is critical for brain damage.
Furthermore, CyPA levels in endothelial cells and pericytes
of the brain are elevated in patients with AD (Halliday
et al., 2016). Associations between serum CyPA levels and
regional gray matter volume indicated that blood levels of
CyPA may reflect the pathological mechanism of AD in
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TABLE 3 Correlation of plasma biomarker levels with cognitive scores and imaging parameters.

Factors sLRP1 CyPA MMP9

r P r P r P

The whole sample
MMSE 0.167 0.152 0.066 0.571 −0.128 0.276

MoCA 0.169 0.149 0.077 0.514 −0.182 0.123

Fazekas 0.089 0.543 0.185 0.203 0.151 0.309

MTA −0.010 0.945 −0.086 0.558 −0.007 0.961

The AD groups
MMSE 0.303 0.141 0.085 0.685 0.108 0.606

MoCA 0.414 0.040* 0.237 0.254 −0.017 0.937

Fazekas 0.053 0.797 0.259 0.201 0.167 0.416

MTA 0.346 0.083 0.464 0.017* 0.000 1.000

The SIVD groups
MMSE 0.314 0.145 −0.139 0.527 −0.325 0.140

MoCA 0.228 0.308 −0.397 0.067 −0.528 0.014*

Fazekas 0.001 0.998 0.195 0.398 −0.248 0.278

MTA 0.197 0.367 −0.157 0.476 0.142 0.529

Adjusted for age, sex, and education.
*The correlation of plasma biomarker levels with cognitive scores and imaging parameters, the difference was significant (p < 0.05).

the brain (Choi et al., 2021). Given our study of CyPA,
we postulate that plasma CyPA exerts a crucial association
with dementia, especially when comparing AD vs. VaD. The
molecular mechanisms underlying the effects of CyPA on
AD and SIVD are not yet fully understood. In vitro studies
have shown that CyPA induces endothelial dysfunction, the
proliferation of vascular smooth muscle cells, and the migration
of inflammatory cells and promotes the development of
atherosclerosis (Nigro et al., 2011; Satoh et al., 2011). Pan
et al. (2020) demonstrated that CyPA mediates the destruction
of brain BBB by pericytes through CD147/NF-κB/MMP9
signaling and junction protein degradation, which may provide
a new insights into the management by targeting CyPA and
pericytes. APOE protein can control BBB integrity via the
inhibition of CypA-MMP9 signaling cascades (Halliday et al.,
2016; Montagne et al., 2020, 2021). Bell et al. also found
that the level of CyPA in the cerebral microvessels of APOE
ε4 and APOE−/− mice was five to six times higher than
that in the control group of APOE ε2 and APOE ε3 mice.
Knocking out CyPA could eliminate BBB damage caused by
APOE ε4 and APOE−/− mice. Moreover, treating APOE ε4
mice with low doses of cyclosporine was shown to eliminate
BBB damage, indicating that the change in CyPA on the
BBB is reversible, and CyPA may be a therapeutic target that
causes BBB destruction (Bell et al., 2012; Montagne et al.,
2021). Taken together, these results indicate that CyPA controls
cerebrovascular integrity. In conjunction with our study,
although the number of patients in this study was small, the
differences between patients with VaD and AD were significant.
These results suggest that plasma CyPA measurements, while

not diagnostic, might be combined with psychometric and
imaging references to improve the early differentiation between
VaD and AD, which may help to better select patients in
future clinical trials. To the best of our knowledge, this is
the first study to describe elevated plasma CyPA levels in
patients with VaD.

Our results provide evidence of differences in plasma
CyPA in AD vs. VaD. We also found that plasma CyPA
levels were associated with MTA scores in the AD group;
however, CyPA levels were not significantly correlated
with cognitive scores. The breakdown of the BBB initially
occurs in the hippocampus during normal aging, which
is a key area for memory. Disruption of the BBB in the
hippocampus is associated with MCI, which is in turn
associated with damage to pericytes (Montagne et al., 2015).
Individuals with early cognitive impairment, regardless of
changes in Aβ and/or tau biomarkers of AD, develop brain
capillary damage and disruption of the hippocampal BBB,
indicating that BBB disruption is an early biomarker of
human cognitive dysfunction independent of Aβ and tau
(Nation et al., 2019). These results indicate that CyPA is
involved in the brain structure of the hippocampus via
the BBB, which may be an early event in the aging human
brain that begins in the hippocampus and is reflected by
CyPA. Thus, CyPA may predict early BBB dysfunction
in the hippocampus in AD; however, the mechanism
requires further exploration. Another study showed that
CyPA and MMP9 levels in serum were associated with
cognitive impairment and white matter signal abnormalities,
which is controversial in our study (Li et al., 2021). The
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correlation between CyPA levels and cognitive function requires
further verification.

Lipoprotein receptor-related protein 1, a major transporter
in the brain-to-blood clearance of Aβ across the BBB, is
associated with cognitive decline in AD (Deane et al., 2004;
Storck et al., 2016; Ma et al., 2018). Our study found that lower
plasma sLRP1 levels were associated with cognitive decline in
patients with AD. A previous study showed that cannabinoid
treatment enhanced Aβ transfer at the BBB, accompanied by
increased brain and plasma sLRP1 levels (Bachmeier et al.,
2013). This finding is consistent with those of this study.
Another study found that BBB-associated pericytes cleared Aβ

aggregation through LRP1/APOE subtype-specific mechanisms,
supporting the role of the LRP1/APOE interaction as a potential
therapeutic target for controlling Aβ clearance in AD (Ma
et al., 2018). Masaya et al. identified LRP1 as the potential
molecular mechanism by which APOE ε4 in patients with AD
intensifies the deposition of Aβ protein in the brain, which
was seen both in a mouse model of AD and in autopsies of
patients with AD (Tachibana et al., 2019). Halliday et al. also
suggested that APOE ε4 leads to the accelerated loss of the LRP1-
dependent CyPA-MMP9 BBB degradation pathway in pericytes
and endothelial cells (Halliday et al., 2016; Nikolakopoulou
et al., 2021). A recent study suggested that the loss of brain
endothelial LRP1 results in the loss of BBB integrity, neuronal
loss, and cognitive deficits in mice, which could be reversed by
endothelial-specific LRP1 gene therapy (Nikolakopoulou et al.,
2021). Thus, increased cerebral LRP1 and plasma sLRP may
explain the increased Aβ BBB transport and may provide an
effective strategy to reduce the Aβ burden in the AD brain.
At present, many studies have focused on the inhibition of Aβ

production. However, the occurrence and development of AD
are believed to be due to the reduction in Aβ, rather than the
excessive production of Aβ (Mawuenyega et al., 2010; Xiang
et al., 2015; Wang et al., 2017). Our study focused on Aβ

clearance-related proteins and enzymes in AD, which can help
discover their potential in the development of AD drugs and
provide an optimistic prospect for future therapeutic targets.
Furthermore, previous studies found downregulation of LRP1
protein and mRNA expression in VaD rats via the IKK/NF-
κB signaling pathway (Cai et al., 2020; Wang et al., 2020).
Nevertheless, Mercedes et al. proposed that serum sLRP1 can
serve as a candidate marker to differentiate AD from mixed
dementia phenotypes, with a significant increase in sLRP1
serum protein levels in subjects with mixed dementia and
relatively normal levels in AD (Lachén-Montes et al., 2021).
Our study also showed that plasma sLRP1 levels presented an
increasing trend in VaD while maintaining slightly low levels
in patients with AD. This inconsistency may be attributed
to the relatively small sample size, different samples, and
methods used. Further research is needed to determine whether
and how sLRP1 in the blood affects cognitive preference in
patients with dementia.

Matrix metallopeptidase 9 is a major protein related to
brain disorders and the BBB (Rempe et al., 2016). Inhibition
of MMP prevented tight junction protein loss, suggesting
that MMP interferes with barrier integrity by degrading tight
junction proteins (Yang et al., 2007). Previous studies have
found that plasma MMP-9 levels of patients with AD are
higher than those in normal controls through an increase
in BBB permeability (Lorenzl et al., 2003, 2008). However,
Horstmann et al. (2010) showed that plasma MMP9 activity
was decreased by 41% in patients with AD compared with that
in normal controls. Another study verified that the damage
of MMP9 to neurovascular units is thought to be related to
vascular cognitive dysfunction by increasing the BBB opening
(Candelario-Jalil et al., 2011). The level of MMP9 in the CSF
of patients with VaD was higher than that in the AD and
normal control groups (Adair et al., 2004). In this study, plasma
MMP9 in different diagnostic groups displayed the following
trend: SIVD group > AD group > NC group, and higher
plasma MMP9 was correlated with cognitive decline, which was
broadly consistent with previous studies. MMP9 may increase
the permeability of the BBB, activate inflammatory factors, cause
various inflammatory responses in cells, and accelerate the onset
of disease. Thus, MMP9 may contribute to the course of senile
neurodegenerative dementia and may play a role in predicting
cognitive function in the periphery. Further studies are required
to explore the role of MMP in AD progression.

Our study has some limitations. First, due to the relatively
small number of experimental studies and limited research
participants, the quality of the statistical analysis may be
affected; second, cross-sectional studies have limited causality,
and a longitudinal follow-up study is needed to elucidate the
relationship between CyPA, sLRP1, and MMP9 levels and
disease progression; third, the diagnostic value of a single
biomarker is limited, and combinations with other biomarkers
should be considered in the future to be used to predict the
diagnosis of neurodegenerative dementia; fourth, considering
the effect of APOE on neurovascular injury and neuronal
dysfunction, clarifying the relationship of BBB-related blood-
borne factors with APOE genotypes is required in the future;
fifth, as the assessment of imaging parameters uses visual
rating, adding some quantitative volumetric analysis such as
hippocampal volume would be informative in future validation
studies; the assessment of scales for other cognitive domains and
their correlations with biomarkers should also be considered;
and finally, we did not have additional information to clarify the
mechanism of BBB dysfunction.

In summary, our study suggests that the plasma CyPA level
is a reference index when distinguishing between an AD and
SIVD diagnosis. sLRP1 and MMP-9 may be ideal biomarkers
of cognitive decline. Our findings highlight that blood-derived
factors associated with the BBB may provide new insights into
the differential diagnosis of neurodegenerative dementia and
warrant further investigation.
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