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Amyloid-β (Aβ) is the predominant pathologic protein in Alzheimer’s disease (AD). The
production and deposition of Aβ are important factors affecting AD progression and
prognosis. The deposition of neurotoxic Aβ contributes to damage of the blood–brain
barrier. However, the BBB is also crucial in maintaining the normal metabolism of Aβ,
and dysfunction of the BBB aggravates Aβ deposition. This review characterizes Aβ

deposition and BBB damage in AD, summarizes their interactions, and details their
respective mechanisms.

Keywords: amyloid-β, blood–brain barrier, Alzheimer’s disease, low-density lipoprotein receptor-related protein
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INTRODUCTION

Alzheimer’s disease (AD) accounts for 60–70% of all dementia cases. There are 50 million AD
patients worldwide and 10 million new cases are reported annually (Alzheimer’s Association, 2021).
AD is a neurodegenerative disease characterized by brain lesions related to a variety of cellular
and molecular changes. The primary manifestations of AD are a progressive decline in memory,
cognition, thinking, behavior, and daily activities (van Dyck, 2018). There are two main forms:
sporadic AD (SAD), which accounts for 95% of cases; and familial AD (FAD), which accounts
for 5% of cases (Thal and Fandrich, 2015). The cause of early-onset FAD is linked to aberrant
alleles. However, the full etiology of most AD cases remains unclear (Oikari et al., 2020). There
are several hypotheses considering the pathogenesis of AD, including those emphasizing roles for
amyloid-β (Aβ), the Tau protein, oxidative stress and calcium, glutamatergic neurotransmission,
and acetylcholine (Bao et al., 2012; Toga et al., 2016; Sanabria-Castro et al., 2017).

The amyloid-cascade hypothesis (ACH) states that Aβ accumulation and deposition in the brain
is the key initial step in AD pathogenesis. Due to the genetic and pathologic links between Aβ

and AD, this theory has been widely acknowledged and has been a dominant driver of active
investigation over the past three decades (Tcw and Goate, 2017; He J.T. et al., 2020). Aβ is composed
of 36–46 amino acids and has neurotoxic effects that impair the blood–brain barrier (BBB).
Evidence suggests that the etiology of AD may be related to the dysfunction of Aβ clearance from
the brain (Wang et al., 2006). However, the exact mechanisms of Aβ accumulation and resultant
BBB damage are poorly understood (Bourassa et al., 2019). The presence of multiple Aβ clearance
mechanisms in the brain reduces harmful effects of Aβ and the most momentous is Aβ transfer
across the BBB (Tanzi et al., 2004). This essential structure controls the exchange of substances
between the brain and the blood, maintaining homeostasis of the central nervous system (CNS).

Frontiers in Cellular Neuroscience | www.frontiersin.org 1 July 2021 | Volume 15 | Article 695479

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2021.695479
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fncel.2021.695479
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2021.695479&domain=pdf&date_stamp=2021-07-19
https://www.frontiersin.org/articles/10.3389/fncel.2021.695479/full
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-695479 July 15, 2021 Time: 12:46 # 2

Wang et al. Amyloid-β and Blood–Brain Barrier

It is a complex, dynamic, and adaptable interface, rather than
a simple physical barrier (Zlokovic, 2008). BBB dysfunction
and Aβ deposition may lead to a vicious cycle that causes
AD development (Figure 1). Only five drugs have so far been
approved by the US Food and Drug Administration (FDA) for
the improvement of AD symptoms, all of which have serious side
effects (van der Kant et al., 2020). Effective and safe regimens for
curing or changing the course of AD are not currently available
(Goossens et al., 2017).

THE BLOOD–BRAIN BARRIER AND
ALZHEIMER’S DISEASE

The BBB is a dynamic biological and physical barrier between
the peripheral circulation and the CNS. It separates the blood
from the brain, providing a stable and optimal environment to
maintain the normal functioning of neurons, transporters, and
ion channels that are expressed on the BBB and involved in ion
balance and synaptic function (Chakraborty et al., 2017).

The BBB is composed of astrocytes, pericytes, and brain
microvascular endothelial cells (BMECs) (Huang Z. et al., 2020).
Among these, BMECs express a wide range of transporters and
receptors involved in the selective uptake of substances from the
blood to the brain (Georgieva et al., 2020). Tight junctions (TJs),
which are highly specialized intercellular-adhesion complexes,
exist in epithelial and endothelial cells (Zhao et al., 2021). The
TJs in BMECs act as selective barriers to regulate the movement
of non-ionic molecules between the blood and brain through the
paracellular pathway to maintain cerebral homeostasis (Huang Z.
et al., 2020). Numerous membrane proteins have been identified
in TJ complexes including the following: occludins; the claudins
CLDN-1, CLDN-3, CLDN-5, and CLDN-12; the cytoplasmic-
attachment zonula proteins ZO-1, ZO-2, and ZO-3; junctional
adhesion molecules (JAMs); and tricellulin (Cuevas et al., 2019).
In addition, numerous studies have found that the integrity of
the BBB is closely related to the functional state of TJs. The
abnormal expression or distribution of TJ-related proteins leads
to the impairment of TJ integrity and increases the permeability
of the BBB, which is related to a variety of CNS diseases including
AD, stroke, and subarachnoid hemorrhages (SAHs) (Yamazaki
et al., 2019). Cytotoxic Aβ destroys BMECs and TJ-associated
proteins, resulting in loss of BBB integrity (Yamazaki et al.,
2019; Figure 2). In a recent study, TJ destruction, incremental
BBB permeability, and decreased expression levels of CLDN-1
and CLDN-5 were observed in AD patients (Yamazaki et al.,
2019). These findings indicate that Aβ is the initial cause of
disruption of TJ and BBB integrity. Some studies also suggest that
impairments of blood vessels could induce BBB dysfunction and
cerebral hypo-perfusion, which are associated with following Aβ

accumulation and neuronal injury (Sweeney et al., 2018; He J.T.
et al., 2020). Moreover, the BBB breakdown caused by damage to
blood vessels is more likely to manifest as cerebral microbleeds
(microhemorrhages) in people who have increased genetic risk of
AD (Sweeney et al., 2018).

Decades of evidence have established the critical role of
the BBB in AD (Montagne et al., 2017; van de Haar et al., 2017;

FIGURE 1 | Vicious circle formed by BBB dysfunction and Aβ deposition. The
dysfunction of BBB promotes the production of Aβ by activating β-secretase
and γ-secretase. Meanwhile, BBB dysfunction also impairs the normal
transport of Aβ, and leads to the abnormal accumulation of Aβ. The normal
transport of Aβ through BBB depends on a variety of transporters on BBB,
such as LRP1, RAGE and P-gp. During the development of AD, these
transporters have abnormal expression and function, which causes abnormal
Aβ transport and deposition, thereby leading to BBB destruction. The
pathological factors involved in this procedure include MMPs, ROS, NF-κB,
and Ca2 + -CaN. AD, Alzheimer’s disease; Aβ, Amyloid-β; BBB, Blood–brain
barrier; CaN, Calcineurin; RAGE, receptor for advanced glycation end
products; LRP1, low-density lipoprotein receptor-related protein 1; MMPs,
Metalloproteinases; NF-κB, Nuclear factor-κB; P-gp, P-glycoprotein; ROS,
reactive oxygen species.

Rosas-Hernandez et al., 2020). Previous studies showed that
the breakdown of the BBB reduced Aβ clearance and caused
Aβ deposition by inducing inflammation, increasing AD risk
(Huang Z. et al., 2020). Dysfunction of the BBB includes
its disruption and abnormal expression of Aβ transporters
(Bourassa et al., 2019).

Previous work showed elevated levels of albumin in the
cerebrospinal fluid (CSF) and serum of AD patients. Albumin in
the CSF is derived from the peripheral circulation, indicating that
the BBB integrity in AD patients is damaged and leakage occurs
(Bowman et al., 2007). Another study used immunocytochemical
techniques to detect serum- and plasma-derived molecules in
the brain and found that hemoglobin-derived peptides and
prothrombin levels were elevated in AD patients. Since the
healthy brain does not produce or secrete these substances,
their presence was considered to reflect BBB destruction (Zipser
et al., 2007). Morphological changes, such as basal membrane
thickening and decreased micro-vessel density, which have been
observed post-mortem in the brains of AD patients and in animal
models, are indicative of BBB damage (Lepelletier et al., 2017;
Thomsen et al., 2017). These experimental results demonstrate
the destruction of the BBB in AD.

Various Aβ transporters situated on the BBB regulate the
influx and efflux of Aβ. The expression of these transporters is
altered in AD. Among these, low-density lipoprotein receptor-
related protein 1 (LRP1) and P-glycoprotein (P-gP) transporters
control the decrease of Aβ efflux, while the receptor for advanced
glycation end-products (RAGE) transporter controls the increase
of Aβ influx. Their influence on Aβ deposition and corresponding
mechanisms are discussed in the following sections. Abnormal
transporter function on the BBB has been identified in other
pathological conditions, such as stroke, inflammation, obesity,
and diabetes, and these are also considered as risk factors for AD.

Frontiers in Cellular Neuroscience | www.frontiersin.org 2 July 2021 | Volume 15 | Article 695479

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-695479 July 15, 2021 Time: 12:46 # 3

Wang et al. Amyloid-β and Blood–Brain Barrier

FIGURE 2 | The components of blood–brain barrier and its manifestations in different states. The BBB composed of astrocytes, pericytes and BMEC is an
indispensable structure that mediates the material exchange between blood and brain. TJs, the highly specialized intercellular adhesion complex, acts as a selective
barrier to regulate the transport of non-ionic molecules between blood and brain. BBB contributes to maintaining a stable microenvironment in the brain and normal
function of neurons. In Alzheimer’s disease, cytotoxic Aβ destroys BMEC and TJs associated proteins, which suggests the destruction of the TJ system and the loss
of BBB integrity. Aβ, Amyloid-β; BBB, Blood–brain barrier; TJs, Tight junctions; BMEC, brain microvascular endothelial cells.

AMYLOID-β

Research on AD often focuses on the role of Aβ due to the
pathologic and genetic associations between them (Selkoe and
Hardy, 2016; Tcw and Goate, 2017). Extensive evidence indicates
that Aβ removal plays a more pivotal role in the process of Aβ

accumulation in the brains of AD patients than does an increase
in Aβ production (Zlokovic, 2011). The general consensus – the
ACH – indicates that effective Aβ clearance is critical to maintain
normal neurological function; failure of this process may result
in the accumulation of Aβ, initiating neurodegeneration and
cognitive impairment (He J.T. et al., 2020; Iraji et al., 2020).

Amyloid-β is a produced by the sequential cleavage of
the Aβ precursor protein (AβPP) expressed in neurons, brain
endothelial cells, and astrocytes by β-secretase 1 (BACE1) and
γ-secretase (Menendez-Gonzalez et al., 2018; Saretz et al., 2021).
The AβPP is a long, insoluble amyloid fiber and single-pass
transmembrane protein (Chakravarthy et al., 2017). Mutations
within or flanking the Aβ domain of AβPP are associated with
early-onset autosomal dominant forms of FAD (Johnson et al.,
2017). In addition, Aβ produced peripherally by various cell types
is transported into the brain across the BBB through transcytosis
mediated by receptors such as RAGE (Greenberg et al., 2020).

Amyloid-β peptide fragments vary in length from around 36
to 46 amino acids. Those most commonly found in senile plaques
are the 40 amino acid (Aβ1−40) and 42 amino acid (Aβ1−42)
isoforms (Gireud-Goss et al., 2020). Aβ1−40 is soluble, has low
toxicity, and is commonly found in healthy brains, accounting for
90% of the total Aβ. In contrast, Aβ1−42 is highly neurotoxic, is
mainly found in AD brain tissue, and accounts for less than 10%
of the total Aβ (Kumar et al., 2018; Sharda et al., 2021).

Several forms of Aβ have been found in the brains of
patients with AD, including monomers, oligomers, and fibrils.
Debate remains as to which conformation has the highest

toxicity. Some studies have suggested that Aβ1−40 is the
most toxic and aggregation-prone isoform (Urbanc et al.,
2002), It has also been reported that extracellular plaques
are composed of fibrillary Aβ deposits and are associated
with neurotoxicity (Moreno et al., 2009). However, there is
no clear correlation between the number of neurons and
amyloid deposition (Moreno et al., 2009), More recent work
showed that Aβ-related synaptotoxicity was associated with
the accumulation of Aβ oligomers (Seixas et al., 2017). The
oligomer hypothesis suggests that soluble Aβ oligomers reduce
cell survival and damage synapses, mediating memory loss (Amar
et al., 2017). In an AD animal model, synaptic defects and
cognitive impairment were reversed by reducing soluble Aβ

expression levels (Al et al., 2020). There is increasing evidence
that the accumulation of soluble Aβ oligomers, rather than
mature amyloid fibrils, is the earliest pathogenic event in AD
(Bilousova et al., 2016). Therefore, the level of soluble Aβ is
considered to be a strong predictor of synaptic dysfunction,
cognitive impairment, and neuropathologies in the brains of AD
patients (Koss et al., 2016; Ono, 2018). However, although small
Aβ oligomers are considered to be toxic, the exact properties
of these transient heterogeneous aggregates remain unclear
(Soto-Rojas et al., 2021a).

The accumulation of Aβ triggers neurofibrillary tangles,
oxidative stress, microglial activation, synaptic dysfunction,
synaptic loss, and the inflammatory response. Increasing
Aβ peptides from high-nanomolar to low-micromolar
concentrations inhibits synaptic function, which is associated
with neurotoxicity and neuron loss. High concentrations of Aβ

disrupt neurotransmission at a postsynaptic level (Gulisano et al.,
2019b; Gireud-Goss et al., 2020). By contrast, high-nanomolar
concentrations of Aβ impact the endocytosis of synaptic vesicles
(SVs) at presynaptic sites, which results in inhibitory effects (Park
et al., 2013). Increasing the concentration of Aβ causes synaptic
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depression and may lead to synaptic loss in AD (Gulisano et al.,
2019a; Ortiz-Sanz et al., 2020). Soluble Aβ oligomers are thought
to disrupt learning and memory because they block the long-term
potentiation (LTP) of the hippocampus, which is associated with
these functions (Chakravarthy et al., 2017; Kasza et al., 2017).
Hippocampal LTP is a synaptic model of memory, particularly
long-term memory, in the brain (Zhang et al., 2020). LTP is often
used as an electrophysiological correlation between learning and
memory when studying synaptic function (Kent et al., 2020).
Many studies suggest that low (picomolar) concentrations of
Aβ enhance LTP, while high (nanomolar) concentrations inhibit
LTP (Gulisano et al., 2019b; He et al., 2019). A recent study
reported neuroprotective effects of arginine vasopressin (AVP)
on Aβ-induced impairments of memory behavior and LTP
(Zhang et al., 2020). In addition, sleep disturbance is considered
to be an early sign of AD because Aβ deposition can alter sleep
architecture (He C. et al., 2020). Sleep can promote the clearance
of Aβ; thus, the presence of a sleep disorder will increase the level
of Aβ (Holth et al., 2019).

Amyloid plaques formed by Aβ aggregation are considered
to be a pathological trigger of AD (Uddin et al., 2020). They
alter the shapes of neurons, increase the distance between
them, and eventually prevent interneuron communication. These
processes occur in an area of the brain related to memory and
cognition, leading to impairments of these abilities in AD patients
(Selkoe and Hardy, 2016; Kumar et al., 2018). In addition,
recent studies have shown that both Aβ plaques and oligomers
have strong toxic effects on synapses, which block the function
of proteasomes, alter intracellular Ca2+ levels, and promote
inflammation (Al et al., 2020).

To prevent Aβ deposition and circumvent the toxic effects,
various Aβ-scavenger pathways work together in the brain,
including BBB transportation, extracellular degradation
by Aβ-proteolytic enzymes, cellular uptake, intracellular
degradation, interstitial fluid (ISF) bulk flow, and CSF absorption
(Ma et al., 2018; Abdallah et al., 2021). Studies have shown
that 50% of Aβ is transported into the blood across the BBB by
LRP-mediated transcytosis and degradation of Aβ in vascular
smooth-muscle cells (Tanzi et al., 2004). Enzymatic degradation
can be extracellular or intracellular. The extracellular degradation
of Aβ mainly depends on protein-degrading enzymes secreted
by cells, including neprilysin, insulin-degrading enzymes, and
endothelin-converting enzymes. Aβ can also be absorbed by
neurons, microglia, and astrocytes, as well as being degraded by
proteases and lysosomes (Farris et al., 2007; Tarasoff-Conway
et al., 2015). A continuous and slow flow of brain ISF (which
surrounds neurons) into the CSF (which surrounds the brain),
followed by drainage into the blood across the perivascular
space, accounts for 10–15% of the total Aβ clearance in mice
(Parodi-Rullan et al., 2020; Figure 3). Soluble LRPs (sLRPs) in
plasma are derived from the cleavage of LRP by BACE1 (von
Arnim et al., 2005). Approximately 70% of Aβ in the plasma
directly binds to sLRPs, which have been identified as key
components of the endogenous “sink” action that increases
the clearance of peripheral Aβ and reduces the free levels in
circulation, promoting the cell-surface LRP-mediated clearance
of brain-derived Aβ across the BBB (Sagare et al., 2007). In the

plasma of AD patients and AD transgenic mice, sLRP is oxidized
and shows a decreased affinity with Aβ (Sagare et al., 2011;
Figure 4).

AMYLOID-β DEPOSITION DUE TO
BLOOD–BRAIN BARRIER DYSFUNCTION

Experiments have demonstrated that BBB dysfunction results
in the deposition of Aβ by increasing its production and
preventing its normal transport through the BBB. Arguably,
BBB dysfunction promotes Aβ production by activating BACE1
and γ-secretase (Ridler, 2018; Wang et al., 2018). The transport
function of BBB is essential to maintain normal Aβ levels in
the brain. Many receptors regulate Aβ transport in the BBB.
The quantity and distribution of these receptors are affected by
AD pathology, resulting in abnormal transport and deposition
of Aβ. The effects of BBB damage on each receptor and its
corresponding mechanism are discussed next.

Low-Density Lipoprotein
Receptor-Related Protein 1
The LDL receptor (LDLR) family member LRP1 is involved
in various pathophysiologic processes, including Aβ clearance
and its accumulation as a substance transporter and signal
receptor (Shinohara et al., 2017; Bilousova et al., 2019). The
LDL receptor (LDLR) family member LRP1 is involved in
various pathophysiologic processes, including Aβ clearance and
its accumulation as a substance transporter and signal receptor
(Shinohara et al., 2017). LRP1 and its ligands have also been
identified in senile plaques (Van Gool et al., 2019).

The expression of Aβ receptors alters with age and in AD
patients. Shibata et al. reported that Aβ could be exported from
the brain across the BBB through the LRP1, and identified a
downregulation in LRP1 levels in the brain microvasculature
of patients with AD (Shibata et al., 2000). Later experiments
confirmed this finding (Gali et al., 2019). This led to the
neurovascular hypothesis of AD, which proposes that defects
in LRP1 lead to Aβ-efflux obstruction across the BBB and the
subsequent accumulation of Aβ in the brain, which ultimately
promote the progression of AD (Gali et al., 2019). The expression
of LRP1 decreases with age as well as in patients with AD, as
manifested in the whole brain and cerebral capillaries (Osgood
et al., 2017). However, other experiments have led to different
conclusions. In AD patients, LRP1 was found to be up-regulated
in a cell-type-dependent manner (Devraj et al., 2016), which was
manifested in the increased expression of LRP1 in neurons and
astrocytes activated around senile plaques (Arelin et al., 2002). In
addition, the affinity of LRP1 to Aβ1−42 was found to be higher
than was the affinity to Aβ1−40 (Storck et al., 2016).

Low-density lipoprotein receptor-related protein 1 interacts
with AβPP at the neuronal surface through its adaptor protein,
Fe65, which enhances AβPP endocytosis and the generation
of Aβ (Van Gool et al., 2019). Furthermore, LRP1 in neurons
regulates Aβ cellular uptake and retention of Aβ in the brain
(Shinohara et al., 2017).
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FIGURE 3 | The material exchanges between perivascular space, ISF and CSF. The perivascular space is a normal anatomical structure in the nervous system,
which has important physical and immune functions. Continuous brain ISF enters into CSF through perivascular space (Virchow-Robin spaces, VRS), and drains into
the blood through lymphatic vessels. This is one of the pathways to clear Aβ from the brain. Aβ, Amyloid-β; ISF, interstitial fluid; CSF, cerebrospinal fluid.

FIGURE 4 | The production and clearance of Aβ in the brain. The red arrow represents the source of Aβ in the brain, and the blue arrow represents the ways of Aβ

clearance. Different type of cells in the brain take part in the production of Aβ, including astrocytes, neurons and endothelial cells. In addition, Aβ in peripheral blood
enters into the brain through RAGE, a transporter on BBB. There are a variety of Aβ clearance ways. (1) Aβ enters into peripheral blood through LRP1 transporter on
BBB; (2) Aβ enters into CSF through perivascular space; (3) Aβ is degraded by Aβ proteolytic enzymes. Aβ, Amyloid-β; BBB, Blood–brain barrier; LRP1, low-density
lipoprotein receptor-related protein 1; RAGE, receptor for advanced glycation end products.

Some studies found that repression of LRP1 leads to Aβ

accumulation, eventually ameliorating cognitive deficits in mice,
which supports the finding that LRP1 participates in the efflux
of Aβ (Swaminathan et al., 2018). Several drugs promote Aβ

clearance by increasing LRP1 expression in the brain or liver,
including statins, pioglitazone, Withania somnifera, and the
traditional Chinese medicine Linguizhugan decoction (Sehgal
et al., 2012; Hu et al., 2018; Seok et al., 2019). In the physiological
state, LRP1 regulates Aβ clearance from the brain through a
three-step, continuous mechanism.

Low-density lipoprotein receptor-related protein 1, which is
expressed in the endothelial cells and pericytes of the BBB, is a
multifunctional scavenger receptor that mediates the clearance
of Aβ from the brain through the BBB into the peripheral blood
circulation (Zhou et al., 2015; Storck et al., 2018). LRP1 regulates

the uptake and degradation of Aβ through neurons, astrocytes,
and cerebrovascular smooth-muscle cells (Liu et al., 2017).

Soluble low-density lipoprotein receptor-related protein 1
(sLRP1) in the circulating plasma binds to >70% of free Aβ and
acts as an additional aid. The Aβ and sLRP1 complex in the
circulation is eliminated by the liver (Jiang et al., 2018). sLRP has
been identified as a key part of the endogenous Aβ “sink” action in
the plasma, which prevents circulating Aβ entering the brain and
promotes sustained clearance (Seok et al., 2019). Nevertheless,
sLRP is oxidized in patients with AD, which decreases the binding
affinity for Aβ while increasing the free Aβ in the plasma, which
may result in an increase in the amounts of Aβ entering the brain
through RAGE (Deane et al., 2012; Seok et al., 2019).

The liver is a source of Aβ. LRP1 on hepatocytes is related
to the systemic clearance of circulating Aβ and affects Aβ
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metabolism in the brain (Seok et al., 2019). An increase in
peripheral Aβ clearance reduces Aβ levels in rodent brains. In
older rats, a decrease in LRP1 levels on hepatocytes and an
associated decrease in circulating Aβ clearance were identified
(Seok et al., 2019). Similar results were observed in aged squirrel
monkeys (Mackic et al., 2002). Moreover, the kidney can also
eliminate free Aβ and sLRP1-Aβ complexes (Sagare et al., 2007;
Figure 5).

Receptor for Advanced Glycation End
Products
Receptor for advanced glycation end-products, which is a 35-
kDa multiligand transmembrane receptor, is characterized by its
ability to bind to AGEs as well as its involvement in neurologic
dysfunction in AD patients (Wan et al., 2014). Neeper et al. (1992)
first described RAGE as a member of the immunoglobulin (Ig)
superfamily in 1992.

Receptor for advanced glycation end-products is expressed
in various cell types, including neurons, vascular endothelial
cells, vascular smooth-muscle cells, and gliocytes. The basal
expression level of RAGE is low in a wide range of cell types
while high expression levels can be detected in the lungs of
healthy humans (Paudel et al., 2020). However, RAGE expression
levels are upregulated in some pathological states, including
atherosclerosis, diabetes, cancer, chronic inflammation, and
chronic neurodegeneration (Hudson and Lippman, 2018).

Receptor for advanced glycation end-products binds a broad
repertoire of molecules, including AGEs, Aβs, S100 calcium-
binding protein B (S100B), macrophage-1 antigen (Mac-1), high-
mobility group box 1 (HMGB1), products of non-enzymatic
glycoxidation, and amphoterin (Saleh et al., 2013; Huang Y.Y.
et al., 2020). The expression levels of RAGE are determined by
the concentration of these ligands.

Receptor for advanced glycation end-products consists
of intracellular, extracellular, and transmembrane domains.
The extracellular domain is responsible for binding ligands
(Koch et al., 2010). Subtypes include a soluble form of
RAGE (sRAGE) and the full-length membrane-bound form
(mRAGE). Compared with mRAGE, sRAGE lacks cytosolic
and transmembrane domains (Paudel et al., 2020). sRAGE
antagonizes the effects of the RAGE ligand by increasing cerebral
blood flow and reducing inflammation (Xue et al., 2011). In
addition, sRAGE hetero-oligomerizes with RAGE and binds to
Aβ as a decoy receptor, thus reducing Aβ binding to mRAGE
in the brain (Wang P. et al., 2016). These effects inhibit the
formation of Aβ plaques and relieve neuroinflammation to delay
AD progression. Furthermore, sRAGE expression is decreased in
AD cases (Fuller et al., 2018).

Much evidence indicates that the neurotoxicity of Aβ in the
brain is mediated by the activation of RAGE. Therefore, RAGE
plays a key role in the progression of AD (Jarosz-Griffiths et al.,
2016). Acting as a key transporter, RAGE interacts with Aβ and
participates in its influx from the peripheral venous blood to the
brain across the BBB, thereby promoting plaque formation in
AD (Agrawal et al., 2018; Mantle and Lee, 2018). Evidence from
numerous studies demonstrates that RAGE–ligand interactions

activate multiple signaling pathways and their downstream
events, which are associated with many chronic inflammatory
diseases, including AD, stroke, diabetes, and arteriosclerosis
(Somensi et al., 2017).

In AD, evidence shows that the combination of RAGE and
Aβ lead to a series of reactions, including oxidative stress,
reduced cerebral blood flow, and vascular dysfunction (Huang
Y.Y. et al., 2020). Moreover, the binding of RAGE and Aβ results
in the activation of microglia and the release of inflammatory
factors, such as IL-1β, reactive oxygen species (ROS), tumor
necrosis factor (TNF)-α, and plasminogen activator inhibitor-1
(PAI-1), which cause an inflammatory response and aggravate
the disruption of brain homeostasis. In addition, Aβ–RAGE
engagement results in sustained nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) activation, which in
turn increases RAGE expression and forms a positive-feedback
loop causing inflammatory damage. A transient proinflammatory
response is transformed into a chronic pathophysiological
condition in the CNS, and the positive-feedback loop also
damages endothelial cells and the BBB, exacerbating AD
pathology (Batkulwar et al., 2018; Fang et al., 2018; Huang Y.Y.
et al., 2020). Studies have also revealed a functional relationship
between RAGE and TJ proteins and shown that Aβ1−42 destroys
TJ proteins through a RAGE-dependent autophagy pathway
(Chan et al., 2018).

Receptor for advanced glycation end-products is found in
microglia, neurons, and astrocytes in the brains of patients with
AD. In the physiological state, RAGE is expressed at low levels in
the brain, whereas its expression in the endothelial cells, neurons,
and microglia of patients with AD is significantly increased (Yang
et al., 2020). RAGE mediates the neurotoxic effects of Aβ and
increases Aβ expression. In addition, Aβ aggregation in the brain
upregulates RAGE expression in transgenic AD models and in
AD patients (Nan et al., 2019; Paudel et al., 2020). Multiple lines
of evidence have shown that RAGE-antagonists block the binding
of Aβ and RAGE and significantly reduce Aβ levels and plaque
formation in AD models (Batkulwar et al., 2018).

P-Glycoprotein
P-glycoprotein is a 140-kDa membrane protein and a member of
the ATP-binding cassette (ABC) transporter superfamily (Chai
et al., 2020b). It is expressed in the kidney, adrenal gland,
gastrointestinal tract, liver, brain, lung, testis, eye, and skin (Wang
et al., 2017). In the brain, P-gP is mainly expressed on the lumen
(blood-facing) surface of the BBB endothelium, and helps limit
the entry of brain-active drugs into the CNS using ATP (Chen
et al., 2021). P-gP is also found in astrocytes, neurons, and
microglia (Chai et al., 2020b; Vita et al., 2020). The expression
and function of P-gP are compromised with age and in cases of
AD (Guerreiro and Bras, 2015). Aβ is considered to be a P-gP
substrate (Lam et al., 2001), and accumulating evidence supports
its role in Aβ clearance from the brain (Jana et al., 2017).

The relationship between P-gP expression and Aβ deposition
was explored for the first time in humans in 2002. Research
revealed that the deregulation of P-gP expression induced Aβ

deposition and the occurrence of cerebral amyloid angiopathy
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FIGURE 5 | The three-step mechanism of LRP1 regulating the clearance of Aβ. Firstly, LRP1 expressed on the endothelial cells of BBB, promotes the transportation
of Aβ from the brain to blood circulation. Then, sLRP1 in peripheral blood binds to free Aβ, which prevents Aβ from flowing into the brain and contributes to the
continuous clearance of Aβ. Finally, LRP1 in hepatocytes promotes the clearance of circulating Aβ. Meanwhile, the sLRP1-Aβ complexes and free Aβ are also
cleared by kidney. Aβ, Amyloid-β; LRP1, low-density lipoprotein receptor-related protein 1; sLRP1, soluble low-density lipoprotein receptor-related protein 1.

(CAA), which increased the possibility of developing AD (Rosas-
Hernandez et al., 2020). Recent in vivo findings support the
participation of P-gP in Aβ efflux from the brain in mice and
humans (Chai et al., 2020a; Rosas-Hernandez et al., 2020). These
data have been confirmed in a variety of cell lines, including
mouse Lewis lung carcinoma (LLC1) cells, the immortalized
human cerebral microvascular endothelial cell line hCMEC/D3,
and human embryonic kidney 293 (HEK293) cells, supporting
the suggestion that P-gP plays a role in Aβ efflux (Haran et al.,
2019; Chai et al., 2020a).

Various experiments have explored the state of P-gP in
AD. Decreased P-gP expression in AD results in impairment
of Aβ clearance and there is a negative correlation between
P-gP expression and Aβ1−40 plaques (Bourassa et al., 2019). In
addition to P-gP expression levels, the functions of P-gP are also
thought to be impaired in AD and aging (Hartz et al., 2018). The
positron emission tomography (PET) tracer [11C] verapamil has
been used to identify P-gP functions over the past two decades
(Tournier et al., 2018; Zoufal et al., 2020). This approach has
demonstrated reduced P-gP activity at the BBB in aging and
neurodegenerative diseases (Bauer et al., 2019; Zoufal et al., 2020).
In 2012, in vivo evidence was presented showing that BBB P-gP
dysfunction occurs at both a regional and global level in AD
patients (van Assema et al., 2012). Notably, several experiments
reported that deposited Aβ reduces P-gP expression (Chai et al.,
2020b). This inhibitory effect may be mediated by the RAGE–
NF-κB or Wnt/β-catenin pathways (Park et al., 2014). In the
early stages of AD, P-gP expression levels are up-regulated to
compensate for and reduce Aβ accumulation. However, during
the development of AD, Aβ deposition disrupts P-gP expression
and function, eventually forming a vicious cycle intensifying the
deposition of Aβ (Vogelgesang et al., 2002).

Quercetin increases the expression of P-gP in Caco-2 cells,
chicken, mice, and humans (Bhutto et al., 2018; Pinheiro et al.,
2020). One study demonstrated that ibuprofen treatment restores
impaired levels of ABC sub-family B (MDR/TAP) member 1A

(Abcb1a)/1b messenger RNA (mRNA) and P-gP expression in
AD mice (Zhang et al., 2018). Ketone bodies (KBs) enhance the
expression levels of LRP1 and P-gP, and the combined use of
KBs (AcAc and βHB) improves Aβ transport through the BBB
(Versele et al., 2020). Lack of P-gP leads to Aβ-clearance disorders
and Aβ deposition. Extensive research has used different P-gP
inhibitors, such as PSC833, XR9576, RU486, and RU49953, to
reduce P-gP expression and found a reduction in related brain
Aβ efflux and accumulation (Lam et al., 2001; Mistry et al., 2001).
Knockout models further support this view. P-gP protein-coding
genes in mice include Abcb1a and Abcb1b. Studies have shown
Aβ accumulation in Abcb1a-knockout mice. Crossing Abcb1a-
knockout mice with Tg2576 mice overexpressing AβPP resulted
in significant Aβ-clearance inhibition. The Aβ-clearance ability of
Tg2576 Abcb1a/b double-knockout mice was significantly lower
than that of control mice (Wang W. et al., 2016). Moreover, many
inducers of P-gP, including oleocanthal, bexarotene, PYR41, and
rivastigmine, increase Aβ efflux and reduce Aβ deposition by
increasing P-gP expression levels (Kuntz et al., 2015; Manda
et al., 2016; Mohamed et al., 2016; Hartz et al., 2018). Recent
experiments suggested that overexpression of P-gP increases Aβ

clearance by inhibiting the expression of inflammatory factors
(Zhang et al., 2018; Pan et al., 2020).

Notably, when P-gP is silenced, the expression of LRP1 in
the brain is also significantly reduced. Therefore, it is difficult
to determine whether impaired Aβ efflux is caused only by P-gP
silencing. Other experiments also found that LRP1 deficiency was
accompanied by a down-regulation in P-gP expression (Storck
et al., 2018). Some studies suggest that the capacity of P-gP to
extrude Aβ from the brain is weaker than that of LRP1, and
that P-gP serves an auxiliary role to LRP1 in the transcytosis of
Aβ. This process is divided into two steps: the first includes the
transcytosis of Aβ from the brain into BMECs mediated by LRP1
at the abluminal surface; and the second includes the transcytosis
of Aβ into the circulating blood regulated by P-gP at the luminal
surface (Storck et al., 2016, 2018; Wang W. et al., 2016). However,

Frontiers in Cellular Neuroscience | www.frontiersin.org 7 July 2021 | Volume 15 | Article 695479

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-695479 July 15, 2021 Time: 12:46 # 8

Wang et al. Amyloid-β and Blood–Brain Barrier

some experiments have indicated that P-gP and LRP1 play a role
in regulating Aβ efflux independently (Erickson et al., 2012).

In addition to these three transporters, there are others on the
BBB that are related to Aβ transport including the neonatal Fc
receptor (FcRn) and several members of the ABC family, such
as ABCA1, ABCG4, and ABCG2 (BCRP), which have functions
in transporting Aβ from the brain to the peripheral blood.
Moreover, ABCA7 may inhibit the production of Aβ by affecting
AβPP (Dib et al., 2021).

BLOOD–BRAIN BARRIER IMPAIRMENT
CAUSED BY AMYLOID-β DEPOSITION

During the occurrence and progression of AD, the interaction
of BBB dysfunction and Aβ deposition promotes the
neurodegenerative process. This section discusses the
mechanisms underlying this phenomenon.

One study revealed that immunizing Tg2576 AD mice with
Aβ allowed the long-term restoration of damaged BBB (Dickstein
et al., 2006). Another study showed that infusions with soluble
Aβ compromised the BBB and caused cortical perivascular
gliosis (Su et al., 1999). Further work has demonstrated that
excessive Aβ generation and deposition increases BBB disruption,
which plays a key role in the onset and development of AD
(Montagne et al., 2017).

Metalloproteinases (MMPs)
Activated MMPs degrade extracellular matrix proteins, TJ
proteins, and basement membranes (Song et al., 2017), which are
related to the development of many diseases, including cerebral
infarction, atherosclerosis, multiple sclerosis, and AD (He J.T.
et al., 2020). Significant increases in metalloproteinase 9 (MMP-
9) have been observed in post-mortem AD tissues (Asahina
et al., 2001). Aβ treatment of human vascular smooth-muscle
cells (VSMCs) increases mRNA expression of membrane type 1
(MT1) MMP and subsequently actives matrix metalloproteinase
2 MMP-2 (Jung et al., 2003). In BMECs associated with AD
there is increased expression of MMP-2 and MMP-9, minimal
expression of TJ-associated proteins like CLDN-1 and CLDN-5,
and significantly increased BBB permeability (Hartz et al., 2012).
Silencing MMP genes improved the permeability of the BBB (Hu
et al., 2009). The expression of MMPs is related to increased
permeability of the BBB. GM 6001, which is a broad-spectrum
MMP inhibitor, partially reverses the inhibition of endothelial
cells induced by Aβ (Wan et al., 2015). When MMP-2 and MMP-
9 expression levels are increased and ZO-1 expression levels are
decreased, occludin levels also decrease. At the same time, an
increase in BBB permeability has been observed (Zhang et al.,
2012). In addition, the interaction of Aβ-RAGE promoted the
expression of MMP-2 and MMP-9, decreased the expression
of TJ-related proteins, and increased BBB permeability (Hartz
et al., 2012), Several substances that block the interaction of
Aβ-RAGE can inhibit the expression of MMPs (Du et al., 2012).
For example, the polyclonal antibody of RAGE inhibits the up-
regulation of MMP-2 and MMP-9, and alters protein induced by
Aβ by blocking the function of RAGE (Wan et al., 2015). The

effects of Aβ treatment are effectively inhibited by transiently
knocking down RAGE (Wan et al., 2015).

Reactive Oxygen Species (ROS)
Reactive oxygen species are natural by-products of cell
metabolism that lead to lipid peroxidation, activation of apoptosis
and damage to local tissues (Sole et al., 2019). Therefore, ROS
play a leading role in many aspects of neurodegenerative diseases
(Cockerill et al., 2018). Both microdialysis administration of
Aβ1−40 and intracerebroventricular infusion of Aβ1−42 in
rats increase levels of ROS. The latter is achieved by reducing
important endogenous antioxidant enzymes such as glutathione-
S-transferase, mitochondrial magnesium-superoxide dismutase
2 (SOD2), and glutathione peroxidase (Kim et al., 2003). In
addition, ROS induce the phosphorylation of TJ proteins
(CLDN-5, occludin, and ZO-1), which triggers the destruction
of BBB integrity; this process is mediated by the up-regulation
of protein tyrosine kinase (PTK) along with diminished protein
tyrosine phosphatase (Cockerill et al., 2018). Under normal
physiological conditions, sLRP increases the clearance of
peripheral Aβ and reduces the free Aβ in the circulation,
whereas sLRPs are oxidized in the plasma of AD patients
(Sagare et al., 2007). This suggests that high levels of ROS may
damage the function of proteins that play a significant role in
neurovascular mechanisms.

Nuclear Factor-κB (NF-κB)
After entering the brain through the BBB, Aβ deposition
can activate NF-κB, promote the secretion of proinflammatory
cytokines and lead to the occurrence of neuroinflammation and
BBB destruction (Deane et al., 2003). The damaged BBB loses its
normal transport function and is unable to transport substances
necessary for the nervous system, such as nutrients, electrolytes
and vitamins. Finally, a positive-feedback pathway leads to the
continuous activation of NF-κB and a chronic pathological state
(Maczurek et al., 2008; Origlia et al., 2009). The accumulation
of Aβ induces activation of microglia and subsequent release
of pro-inflammatory molecules (Heneka et al., 2015). Microglia
are in a “rest or quiescent state” under physiological conditions.
Under pathological conditions, microglia are activated with
the turn on of phagocytic activity and the release of pro-
inflammatory cytokines (Arcuri et al., 2017). In addition, it
has been suggested that microglia are the first cells to degrade
soluble and fibrillar Aβ aggregates through receptor interactions.
This process may lead to the production and activation of a
variety of toxic molecules that ultimately affect the function
of BBB (Moore et al., 2002). Specifically, the interaction of
Aβ with a variety of receptors, including CR3 (Mac-1) fAβ

and Aβ/SRA, will trigger increased expression of NF-κB, and
secretion of ROS, TNF-α, complement components and other
pro-inflammatory substances (Yang et al., 2011; Zhang et al.,
2011; Soto-Rojas et al., 2021b). In the transgenic AD mouse
model, it was observed that the accumulation of Aβ caused NF-κB
upregulation with, the destruction of BBB integrity, and a decline
in mouse learning ability (Scheffer et al., 2021). Another study
showed that NF-κB signaling mediates the inhibition on P-gp
expression induced by Aβ1−42, thereby affecting the function of
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BBB (Zamani et al., 2020). Another study showed that NF-κB
signaling mediates the reduction of P-gp expression induced by
Aβ1−42, thereby affecting the function of BBB (Park et al., 2014).
Besides, the breakdown of BBB also depends on the activation
of the Aβ-RAGE-NF-κB signaling pathway (Chen et al., 2018).
It is reasonable that controlling the activation of microglia can
inhibit the production of NF-κB, protect BBB, and ameliorate
neurological impairments (Xie et al., 2018).

Ca2+-Calcineurin (CaN)
Ca2+ is closely related to the formation of various cell
connections, and maintains the TJs structure and BBB integrity
(Wan et al., 2014). Aβ oligomers induce calcium influx in the
neural cells (Kook et al., 2013; Arbel-Ornath et al., 2017), The
elevated cytosolic calcium could lead to reduced expression
of ZO-1 and other TJ proteins in the plasma membrane
thus induces increased BBB permeability (Kook et al., 2012).
CaN, a serine/threonine protein phosphatase, is a heterodimer
composed of a 60-kDa catalytic A subunit (CaN-A) and a 19-
kDa regulatory B subunit (CaN-B) (Rusnak and Mertz, 2000;
Dos et al., 2020). Ca2+ activation of CaN occurs via CaM
activation or via calpain, which cleaves out the auto-inhibitory
domain (Wu et al., 2007). Some recent experiments employed
FK506 to suppress the up-regulation of CaN caused by Aβ. The
results showed that FK506 inhibited Aβ-induced changes on the
expression of TJs and the integrity of BBB. These findings support
the opinion that Aβ-induced TJs destruction is mediated by the
intracellular Ca2+-CaN signaling pathway (Kook et al., 2013;
O’Neal et al., 2018; Tapella et al., 2018). In addition, disturbance
of calcium homeostasis is an important cause of neurotoxicity
in AD (Popugaeva et al., 2017). In the animal model, synaptic
toxicity occurs around Aβ plaques, which is believed to be
related to the chronic activation of CaN (Hopp et al., 2018). The
pharmacological inhibitory treatment on CaN could also block
the synaptotoxicity of Aβ (Hopp et al., 2018).

Current knowledge of the specific mechanisms of Aβ damage
to the BBB is insufficient and further exploration is required.

In addition to the association between Aβ and BBB mentioned
in this review, chronic neural inflammation is also a remarkable
hypothesis of the pathogenesis of AD, as inflammation could
be the primary cellular stressor for elderly people. Both gene
editing and gene expression regulation have great potential to
modulate the progression of AD. The pathological factors that
connect type 2 diabetes and AD, as well as that are involved
in the development of AD after traumatic brain injury, hold
promising research prospects. Despite the numerous clinical

investigations in-progress, exploring diagnostic biomarkers for
AD has always been a conundrum. Since BBB damage occurs
in AD brain, many substances including miRNA and protein
will enter the peripheral blood, and these molecules may include
relevant markers of BBB damage. In addition, numerous studies
have identified that neuron-derived exosome secreted after AD
will carry pathological proteins and other tissue damage factors
into the peripheral blood. For this reason, detection of BBB-
related injury markers in peripheral blood exosome of AD
patients may open a new avenue for early diagnosis of AD.
Lastly, the use of traditional medicine with BBB protective effects,
such as Linguizhugan, may become a future research direction
in AD treatment.

CONCLUSION

The interaction between Aβ and the BBB affects the progression
of AD. Aβ is not only related to neurotoxicity and neuronal
loss, but can also destroy BMECs and TJ related proteins in
the BBB, ultimately destroying the integrity and function of
the BBB. In addition, a large number of experiments revealed
that BBB dysfunction promotes Aβ production and accelerates
the deposition of Aβ in the brain. In general, BBB dysfunction
and Aβ deposition results in a vicious cycle, which together
lead to the occurrence and development of AD. AD is a
complex disease requiring additional investigation regarding its
pathogenesis and treatment.

AUTHOR CONTRIBUTIONS

DW, PL, and FC conceived, designed, and drafted the
manuscript. DW wrote the original draft preparation. ZH, ZY,
and XG contributed to the review and edit of the manuscript.
XG contributed to the language modification and guidance. All
authors read and approved the final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation (82072166 and 82071394), Natural Science
Foundation of Tianjin Municipal Science and Technology
Commission (18JCQNJC81100), and Tianjin Natural Science
Foundation (19JCQNJC10200).

REFERENCES
Abdallah, I. M., Al-Shami, K. M., Yang, E., and Kaddoumi, A. (2021). Blood-brain

barrier disruption increases amyloid-related pathology in TgSwDI mice. Int. J.
Mol. Sci. 22:1213.

Agrawal, S., Abud, E. M., Snigdha, S., and Agrawal, A. (2018). IgM response against
amyloid-beta in aging: a potential peripheral protective mechanism. Alzheimers
Res. Ther. 10:81.

Al, M. A., Uddin, M. S., Kabir, M. T., Khanum, S., Sarwar, M. S., Mathew, B.,
et al. (2020). Exploring the promise of targeting ubiquitin-proteasome system
to combat Alzheimer’s disease. Neurotox Res. 38, 8–17. doi: 10.1007/s12640-
020-00185-1

Alzheimer’s Association. (2021). 2021 Alzheimer’s disease facts and figures.
Alzheimers Dement. 17, 327–406. doi: 10.1002/alz.12328

Amar, F., Sherman, M. A., Rush, T., Larson, M., Boyle, G., Chang, L., et al.
(2017). The amyloid-beta oligomer Abeta∗56 induces specific alterations in
neuronal signaling that lead to tau phosphorylation and aggregation. Sci. Signal.
10:eaal2021. doi: 10.1126/scisignal.aal2021

Arbel-Ornath, M., Hudry, E., Boivin, J. R., Hashimoto, T., Takeda, S., Kuchibhotla,
K. V., et al. (2017). Soluble oligomeric amyloid-beta induces calcium
dyshomeostasis that precedes synapse loss in the living mouse brain. Mol.
Neurodegener. 12:27.

Arcuri, C., Mecca, C., Bianchi, R., Giambanco, I., and Donato, R. (2017). The
pathophysiological role of microglia in dynamic surveillance, phagocytosis and

Frontiers in Cellular Neuroscience | www.frontiersin.org 9 July 2021 | Volume 15 | Article 695479

https://doi.org/10.1007/s12640-020-00185-1
https://doi.org/10.1007/s12640-020-00185-1
https://doi.org/10.1002/alz.12328
https://doi.org/10.1126/scisignal.aal2021
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-695479 July 15, 2021 Time: 12:46 # 10

Wang et al. Amyloid-β and Blood–Brain Barrier

structural remodeling of the developing CNS. Front. Mol. Neurosci. 10:191.
doi: 10.3389/fnmol.2017.00191

Arelin, K., Kinoshita, A., Whelan, C. M., Irizarry, M. C., Rebeck, G. W., Strickland,
D. K., et al. (2002). LRP and senile plaques in Alzheimer’s disease: colocalization
with apolipoprotein E and with activated astrocytes. Brain Res. Mol. Brain Res.
104, 38–46. doi: 10.1016/s0169-328x(02)00203-6

Asahina, M., Yoshiyama, Y., and Hattori, T. (2001). Expression of matrix
metalloproteinase-9 and urinary-type plasminogen activator in Alzheimer’s
disease brain. Clin. Neuropathol. 20, 60–63.

Bao, F., Wicklund, L., Lacor, P. N., Klein, W. L., Nordberg, A., and Marutle,
A. (2012). Different beta-amyloid oligomer assemblies in Alzheimer brains
correlate with age of disease onset and impaired cholinergic activity. Neurobiol.
Aging 33, 821–825.

Batkulwar, K., Godbole, R., Banarjee, R., Kassaar, O., Williams, R. J., and Kulkarni,
M. J. (2018). Advanced glycation end products modulate amyloidogenic APP
processing and tau phosphorylation: a mechanistic link between glycation and
the development of Alzheimer’s disease. ACS Chem. Neurosci. 9, 988–1000.
doi: 10.1021/acschemneuro.7b00410

Bauer, M., Tournier, N., and Langer, O. (2019). Imaging P-glycoprotein function
at the blood-brain barrier as a determinant of the variability in response to
central nervous system drugs. Clin. Pharmacol. Ther. 105, 1061–1064. doi:
10.1002/cpt.1402

Bhutto, Z. A., He, F., Zloh, M., Yang, J., Huang, J., Guo, T., et al. (2018). Use of
quercetin in animal feed: effects on the P-gp expression and pharmacokinetics
of orally administrated enrofloxacin in chicken. Sci., Rep. 8:4400.

Bilousova, T., Melnik, M., Miyoshi, E., Gonzalez, B. L., Poon, W. W., Vinters,
H. V., et al. (2019). Apolipoprotein E/amyloid-beta complex accumulates in
Alzheimer disease cortical synapses via apolipoprotein E receptors and is
enhanced by APOE4. Am. J. Pathol. 189, 1621–1636. doi: 10.1016/j.ajpath.2019.
04.010

Bilousova, T., Miller, C. A., Poon, W. W., Vinters, H. V., Corrada, M., Kawas, C.,
et al. (2016). Synaptic amyloid-beta oligomers precede p-tau and differentiate
high pathology control cases. Am. J. Pathol. 186, 185–198. doi: 10.1016/j.ajpath.
2015.09.018

Bourassa, P., Tremblay, C., Schneider, J. A., Bennett, D. A., and Calon,
F. (2019). Beta-amyloid pathology in human brain microvessel extracts
from the parietal cortex: relation with cerebral amyloid angiopathy and
Alzheimer’s disease. Acta Neuropathol. 137, 801–823. doi: 10.1007/s00401-019-
01967-4

Bowman, G. L., Kaye, J. A., Moore, M., Waichunas, D., Carlson, N. E., and Quinn,
J. F. (2007). Blood-brain barrier impairment in Alzheimer disease: stability
and functional significance. Neurology 68, 1809–1814. doi: 10.1212/01.wnl.
0000262031.18018.1a

Chai, A. B., Hartz, A., Gao, X., Yang, A., Callaghan, R., and Gelissen, I. C.
(2020a). New evidence for P-gp-mediated export of amyloid-beta PEPTIDES
in molecular, blood-brain barrier and neuronal models. Int. J. Mol. Sci. 22:246.
doi: 10.3390/ijms22010246

Chai, A. B., Leung, G., Callaghan, R., and Gelissen, I. C. (2020b). P-glycoprotein: a
role in the export of amyloid-beta in Alzheimer’s disease? FEBS J. 287, 612–625.

Chakraborty, A., de Wit, N. M., van der Flier, W. M., and de Vries, H. E. (2017).
The blood brain barrier in Alzheimer’s disease. Vascul. Pharmacol. 89, 12–18.

Chakravarthy, M., Chen, S., Dodd, P. R., and Veedu, R. N. (2017). Nucleic acid-
based theranostics for tackling Alzheimer’s disease. Theranostics 7, 3933–3947.
doi: 10.7150/thno.21529

Chan, Y., Chen, W., Wan, W., Chen, Y., Li, Y., and Zhang, C. (2018). Abeta1-42
oligomer induces alteration of tight junction scaffold proteins via RAGE-
mediated autophagy in bEnd.3 cells. Exp. Cell Res. 369, 266–274. doi: 10.1016/
j.yexcr.2018.05.025

Chen, F., Ghosh, A., Hu, M., Long, Y., Sun, H., Kong, L., et al. (2018). RAGE-
NF-kappaB-PPARgamma signaling is involved in AGEs-induced upregulation
of amyloid-beta influx transport in an in vitro BBB model. Neurotox. Res. 33,
284–299. doi: 10.1007/s12640-017-9784-z

Chen, X. Y., Wang, J. Q., Yang, Y., Li, J., and Chen, Z. S. (2021). Natural product
as substrates of ABC transporters: a review. Recent Pat. Anticancer Drug Discov.
[Epub ahead of print].

Cockerill, I., Oliver, J. A., Xu, H., Fu, B. M., and Zhu, D. (2018). Blood-brain barrier
integrity and clearance of amyloid-beta from the BBB. Adv. Exp. Med. Biol.
1097, 261–278. doi: 10.1007/978-3-319-96445-4_14

Cuevas, E., Rosas-Hernandez, H., Burks, S. M., Ramirez-Lee, M. A., Guzman, A.,
Imam, S. Z., et al. (2019). Amyloid Beta 25-35 induces blood-brain barrier
disruption in vitro. Metab. Brain Dis. 34, 1365–1374. doi: 10.1007/s11011-019-
00447-8

Deane, R., Du Yan, S., Submamaryan, R. K., LaRue, B., Jovanovic, S., Hogg, E., et al.
(2003). RAGE mediates amyloid-beta peptide transport across the blood-brain
barrier and accumulation in brain. Nat. Med. 9, 907–913. doi: 10.1038/nm890

Deane, R., Singh, I., Sagare, A. P., Bell, R. D., Ross, N. T., LaRue, B., et al. (2012).
A multimodal RAGE-specific inhibitor reduces amyloid beta-mediated brain
disorder in a mouse model of Alzheimer disease. J. Clin. Invest. 122, 1377–1392.
doi: 10.1172/jci58642

Devraj, K., Poznanovic, S., Spahn, C., Schwall, G., Harter, P. N., Mittelbronn, M.,
et al. (2016). BACE-1 is expressed in the blood-brain barrier endothelium and
is upregulated in a murine model of Alzheimer’s disease. J. Cereb. Blood Flow
Metab. 36, 1281–1294. doi: 10.1177/0271678x15606463

Dib, S., Pahnke, J., and Gosselet, F. (2021). Role of ABCA7 in Human Health and
in Alzheimer’s disease. Int. J. Mol. Sci. 22:4603. doi: 10.3390/ijms22094603

Dickstein, D. L., Biron, K. E., Ujiie, M., Pfeifer, C. G., Jeffries, A. R., and
Jefferies, W. A. (2006). Abeta peptide immunization restores blood-brain
barrier integrity in Alzheimer disease. FASEB J. 20, 426–433. doi: 10.1096/fj.
05-3956com

Dos, S. J., Vizuete, A. F., and Goncalves, C. A. (2020). Calcineurin-mediated
hippocampal inflammatory alterations in streptozotocin-induced model of
dementia. Mol. Neurobiol. 57, 502–512. doi: 10.1007/s12035-019-01718-2

Du, H., Li, P., Wang, J., Qing, X., and Li, W. (2012). The interaction of amyloid
beta and the receptor for advanced glycation endproducts induces matrix
metalloproteinase-2 expression in brain endothelial cells. Cell. Mol. Neurobiol.
32, 141–147. doi: 10.1007/s10571-011-9744-8

Erickson, M. A., Hansen, K., and Banks, W. A. (2012). Inflammation-induced
dysfunction of the low-density lipoprotein receptor-related protein-1 at the
blood-brain barrier: protection by the antioxidant N-acetylcysteine. Brain
Behav. Immun. 26, 1085–1094. doi: 10.1016/j.bbi.2012.07.003

Fang, F., Yu, Q., Arancio, O., Chen, D., Gore, S. S., Yan, S. S., et al. (2018).
RAGE mediates Abeta accumulation in a mouse model of Alzheimer’s disease
via modulation of beta- and gamma-secretase activity. Hum. Mol. Genet. 27,
1002–1014. doi: 10.1093/hmg/ddy017

Farris, W., Schutz, S. G., Cirrito, J. R., Shankar, G. M., Sun, X., George, A., et al.
(2007). Loss of neprilysin function promotes amyloid plaque formation and
causes cerebral amyloid angiopathy. Am. J. Pathol. 171, 241–251. doi: 10.2353/
ajpath.2007.070105

Fuller, K., Miranda, E. R., Thyfault, J. P., Morris, J. K., and Haus, J. M. (2018).
Metabolic derangements contribute to reduced sRAGE isoforms in subjects
with Alzheimer’s disease. Mediat. Inflamm. 2018:2061376.

Gali, C. C., Fanaee-Danesh, E., Zandl-Lang, M., Albrecher, N. M., Tam-
Amersdorfer, C., Stracke, A., et al. (2019). Amyloid-beta impairs insulin
signaling by accelerating autophagy-lysosomal degradation of LRP-1 and IR-
beta in blood-brain barrier endothelial cells in vitro and in 3XTg-AD mice. Mol.
Cell Neurosci. 99:103390. doi: 10.1016/j.mcn.2019.103390

Georgieva, J. V., Goulatis, L. I., Stutz, C. C., Canfield, S. G., Song, H. W., Gastfriend,
B. D., et al. (2020). Antibody screening using a human iPSC-based blood-brain
barrier model identifies antibodies that accumulate in the CNS. FASEB J. 34,
12549–12564. doi: 10.1096/fj.202000851r

Gireud-Goss, M., Mack, A. F., McCullough, L. D., and Urayama, A. (2020).
Cerebral amyloid angiopathy and blood-brain barrier dysfunction.
Neuroscientist 2020:632837819.

Goossens, J., Bjerke, M., Struyfs, H., Niemantsverdriet, E., Somers, C., Van den
Bossche, T., et al. (2017). No added diagnostic value of non-phosphorylated tau
fraction (p-taurel) in CSF as a biomarker for differential dementia diagnosis.
Alzheimers Res. Ther. 9:49.

Greenberg, S. M., Bacskai, B. J., Hernandez-Guillamon, M., Pruzin, J., Sperling, R.,
and van Veluw, S. J. (2020). Cerebral amyloid angiopathy and Alzheimer disease
- one peptide, two pathways. Nat. Rev. Neurol. 16, 30–42. doi: 10.1038/s41582-
019-0281-2

Guerreiro, R., and Bras, J. (2015). The age factor in Alzheimer’s disease. Genome
Med. 7:106.

Gulisano, W., Maugeri, D., Baltrons, M. A., Fa, M., Amato, A., Palmeri, A., et al.
(2019a). Role of amyloid-beta and tau proteins in Alzheimer’s disease: confuting
the amyloid cascade. J. Alzheimers Dis. 68:415. doi: 10.3233/jad-189015

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 July 2021 | Volume 15 | Article 695479

https://doi.org/10.3389/fnmol.2017.00191
https://doi.org/10.1016/s0169-328x(02)00203-6
https://doi.org/10.1021/acschemneuro.7b00410
https://doi.org/10.1002/cpt.1402
https://doi.org/10.1002/cpt.1402
https://doi.org/10.1016/j.ajpath.2019.04.010
https://doi.org/10.1016/j.ajpath.2019.04.010
https://doi.org/10.1016/j.ajpath.2015.09.018
https://doi.org/10.1016/j.ajpath.2015.09.018
https://doi.org/10.1007/s00401-019-01967-4
https://doi.org/10.1007/s00401-019-01967-4
https://doi.org/10.1212/01.wnl.0000262031.18018.1a
https://doi.org/10.1212/01.wnl.0000262031.18018.1a
https://doi.org/10.3390/ijms22010246
https://doi.org/10.7150/thno.21529
https://doi.org/10.1016/j.yexcr.2018.05.025
https://doi.org/10.1016/j.yexcr.2018.05.025
https://doi.org/10.1007/s12640-017-9784-z
https://doi.org/10.1007/978-3-319-96445-4_14
https://doi.org/10.1007/s11011-019-00447-8
https://doi.org/10.1007/s11011-019-00447-8
https://doi.org/10.1038/nm890
https://doi.org/10.1172/jci58642
https://doi.org/10.1177/0271678x15606463
https://doi.org/10.3390/ijms22094603
https://doi.org/10.1096/fj.05-3956com
https://doi.org/10.1096/fj.05-3956com
https://doi.org/10.1007/s12035-019-01718-2
https://doi.org/10.1007/s10571-011-9744-8
https://doi.org/10.1016/j.bbi.2012.07.003
https://doi.org/10.1093/hmg/ddy017
https://doi.org/10.2353/ajpath.2007.070105
https://doi.org/10.2353/ajpath.2007.070105
https://doi.org/10.1016/j.mcn.2019.103390
https://doi.org/10.1096/fj.202000851r
https://doi.org/10.1038/s41582-019-0281-2
https://doi.org/10.1038/s41582-019-0281-2
https://doi.org/10.3233/jad-189015
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-695479 July 15, 2021 Time: 12:46 # 11

Wang et al. Amyloid-β and Blood–Brain Barrier

Gulisano, W., Melone, M., Ripoli, C., Tropea, M. R., Li, P. D., Giunta, S., et al.
(2019b). Neuromodulatory action of picomolar extracellular Abeta42 oligomers
on presynaptic and postsynaptic mechanisms underlying synaptic function and
memory. J. Neurosci. 39, 5986–6000. doi: 10.1523/jneurosci.0163-19.2019

Haran, J. P., Bhattarai, S. K., Foley, S. E., Dutta, P., Ward, D. V., Bucci, V., et al.
(2019). Alzheimer’s disease microbiome is associated with dysregulation of the
anti-inflammatory P-glycoprotein pathway. mBio 10:e00632-19.

Hartz, A., Zhong, Y., Shen, A. N., Abner, E. L., and Bauer, B. (2018). Preventing
P-gp ubiquitination lowers abeta brain levels in an Alzheimer’s disease mouse
model. Front. Aging Neurosci. 10:186. doi: 10.3389/fnagi.2018.00186

Hartz, A. M., Bauer, B., Soldner, E. L., Wolf, A., Boy, S., Backhaus, R., et al.
(2012). Amyloid-beta contributes to blood-brain barrier leakage in transgenic
human amyloid precursor protein mice and in humans with cerebral amyloid
angiopathy. Stroke 43, 514–523. doi: 10.1161/strokeaha.111.627562

He, C., Hu, Z., and Jiang, C. (2020). Sleep disturbance: an early sign of Alzheimer’s
disease. Neurosci. Bull. 36, 449–451. doi: 10.1007/s12264-019-00453-x

He, J. T., Zhao, X., Xu, L., and Mao, C. Y. (2020). Vascular Risk Factors and
Alzheimer’s disease: blood-brain barrier disruption, metabolic syndromes, and
molecular links. J. Alzheimers Dis. 73, 39–58. doi: 10.3233/jad-190764

He, Y., Wei, M., Wu, Y., Qin, H., Li, W., Ma, X., et al. (2019). Amyloid beta
oligomers suppress excitatory transmitter release via presynaptic depletion of
phosphatidylinositol-4,5-bisphosphate. Nat. Commun. 10:1193.

Heneka, M. T., Carson, M. J., El, K. J., Landreth, G. E., Brosseron, F., Feinstein,
D. L., et al. (2015). Neuroinflammation in Alzheimer’s disease. Lancet Neurol.
14, 388–405.

Holth, J. K., Fritschi, S. K., Wang, C., Pedersen, N. P., Cirrito, J. R., Mahan, T. E.,
et al. (2019). The sleep-wake cycle regulates brain interstitial fluid tau in mice
and CSF tau in humans. Science 363, 880–884. doi: 10.1126/science.aav2546

Hopp, S. C., Bihlmeyer, N. A., Corradi, J. P., Vanderburg, C., Cacace, A. M., Das,
S., et al. (2018). Neuronal calcineurin transcriptional targets parallel changes
observed in Alzheimer disease brain. J. Neurochem. 147, 24–39. doi: 10.1111/
jnc.14469

Hu, Q., Chen, C., Yan, J., Yang, X., Shi, X., Zhao, J., et al. (2009). Therapeutic
application of gene silencing MMP-9 in a middle cerebral artery occlusion-
induced focal ischemia rat model. Exp. Neurol. 216, 35–46. doi: 10.1016/j.
expneurol.2008.11.007

Hu, Q., Yu, B., Chen, Q., Wang, Y., Ling, Y., Sun, S., et al. (2018). Effect of
Linguizhugan decoction on neuroinflammation and expression disorder of the
amyloid betarelated transporters RAGE and LRP1 in a rat model of Alzheimer’s
disease. Mol. Med. Rep. 17, 827–834.

Huang, Y. Y., Fang, N., Luo, H. R., Gao, F., Zou, Y., Zhou, L. L., et al. (2020).
RP1, a RAGE antagonist peptide, can improve memory impairment and
reduce Abeta plaque load in the APP/PS1 mouse model of Alzheimer’s disease.
Neuropharmacology 180:108304. doi: 10.1016/j.neuropharm.2020.108304

Huang, Z., Wong, L. W., Su, Y., Huang, X., Wang, N., Chen, H., et al. (2020).
Blood-brain barrier integrity in the pathogenesis of Alzheimer’s disease. Front.
Neuroendocrinol. 59:100857. doi: 10.1016/j.yfrne.2020.100857

Hudson, B. I., and Lippman, M. E. (2018). Targeting RAGE signaling in
inflammatory disease. Annu. Rev. Med. 69, 349–364. doi: 10.1146/annurev-
med-041316-085215

Iraji, A., Khoshneviszadeh, M., Firuzi, O., Khoshneviszadeh, M., and Edraki, N.
(2020). Novel small molecule therapeutic agents for Alzheimer disease: focusing
on BACE1 and multi-target directed ligands. Bioorg. Chem. 97:103649. doi:
10.1016/j.bioorg.2020.103649

Jana, A., Thomas, J., and Ghosh, P. (2017). P-glycoprotein expression in oral lichen
planus. Braz. Oral Res. 31:e95.

Jarosz-Griffiths, H. H., Noble, E., Rushworth, J. V., and Hooper, N. M. (2016).
Amyloid-beta receptors: the good, the bad, and the prion protein. J. Biol. Chem.
291, 3174–3183. doi: 10.1074/jbc.r115.702704

Jiang, Y., Shang, S., Li, P., Chen, C., Dang, L., Wang, J., et al. (2018). Pulse pressure
is associated with plasma amyloid-beta transport dysfunction. J. Hypertens. 36,
569–579. doi: 10.1097/hjh.0000000000001565

Johnson, D. S., Li, Y. M., Pettersson, M., and St, G. P. (2017). Structural and
chemical biology of presenilin complexes. Cold Spring Harb. Perspect. Med.
7:a024067. doi: 10.1101/cshperspect.a024067

Jung, S. S., Zhang, W., and Van Nostrand, W. E. (2003). Pathogenic A beta
induces the expression and activation of matrix metalloproteinase-2 in human

cerebrovascular smooth muscle cells. J. Neurochem. 85, 1208–1215. doi: 10.
1046/j.1471-4159.2003.01745.x

Kasza, A., Penke, B., Frank, Z., Bozso, Z., Szegedi, V., Hunya, A., et al. (2017).
Studies for improving a rat model of Alzheimer’s disease: icv administration of
well-characterized beta-Amyloid 1-42 oligomers induce dysfunction in spatial
memory. Molecules 22:2007. doi: 10.3390/molecules22112007

Kent, S. A., Spires-Jones, T. L., and Durrant, C. S. (2020). The physiological roles of
tau and Abeta: implications for Alzheimer’s disease pathology and therapeutics.
Acta Neuropathol. 140, 417–447. doi: 10.1007/s00401-020-02196-w

Kim, H. C., Yamada, K., Nitta, A., Olariu, A., Tran, M. H., Mizuno, M., et al. (2003).
Immunocytochemical evidence that amyloid beta (1-42) impairs endogenous
antioxidant systems in vivo. Neuroscience 119, 399–419. doi: 10.1016/s0306-
4522(02)00993-4

Koch, M., Chitayat, S., Dattilo, B. M., Schiefner, A., Diez, J., Chazin, W. J.,
et al. (2010). Structural basis for ligand recognition and activation of RAGE.
Structure 18, 1342–1352. doi: 10.1016/j.str.2010.05.017

Kook, S. Y., Hong, H. S., Moon, M., Ha, C. M., Chang, S., and Mook-Jung, I. (2012).
Abeta(1)(-)(4)(2)-RAGE interaction disrupts tight junctions of the blood-brain
barrier via Ca(2)(+)-calcineurin signaling. J. Neurosci. 32, 8845–8854. doi:
10.1523/jneurosci.6102-11.2012

Kook, S. Y., Seok, H. H., Moon, M., and Mook-Jung, I. (2013). Disruption of
blood-brain barrier in Alzheimer disease pathogenesis. Tissue Barriers 1:e23993.
doi: 10.4161/tisb.23993

Koss, D. J., Jones, G., Cranston, A., Gardner, H., Kanaan, N. M., and Platt,
B. (2016). Soluble pre-fibrillar tau and beta-amyloid species emerge in early
human Alzheimer’s disease and track disease progression and cognitive decline.
Acta Neuropathol. 132, 875–895. doi: 10.1007/s00401-016-1632-3

Kumar, K., Kumar, A., Keegan, R. M., and Deshmukh, R. (2018). Recent advances
in the neurobiology and neuropharmacology of Alzheimer’s disease. Biomed.
Pharmacother. 98, 297–307. doi: 10.1016/j.biopha.2017.12.053

Kuntz, M., Candela, P., Saint-Pol, J., Lamartiniere, Y., Boucau, M. C., Sevin, E.,
et al. (2015). Bexarotene promotes cholesterol efflux and restricts apical-to-
basolateral transport of amyloid-beta peptides in an in vitro model of the
human blood-brain barrier. J. Alzheimers Dis. 48, 849–862. doi: 10.3233/jad-
150469

Lam, F. C., Liu, R., Lu, P., Shapiro, A. B., Renoir, J. M., Sharom, F. J., et al. (2001).
beta-Amyloid efflux mediated by p-glycoprotein. J. Neurochem. 76, 1121–1128.
doi: 10.1046/j.1471-4159.2001.00113.x

Lepelletier, F. X., Mann, D. M., Robinson, A. C., Pinteaux, E., and Boutin, H. (2017).
Early changes in extracellular matrix in Alzheimer’s disease. Neuropathol. Appl.
Neurobiol. 43, 167–182. doi: 10.1111/nan.12295

Liu, C. C., Hu, J., Zhao, N., Wang, J., Wang, N., Cirrito, J. R., et al.
(2017). Astrocytic LRP1 mediates brain abeta clearance and impacts amyloid
deposition. J. Neurosci. 37, 4023–4031. doi: 10.1523/jneurosci.3442-16.2017

Ma, Q., Zhao, Z., Sagare, A. P., Wu, Y., Wang, M., Owens, N. C.,
et al. (2018). Blood-brain barrier-associated pericytes internalize and clear
aggregated amyloid-beta42 by LRP1-dependent apolipoprotein E isoform-
specific mechanism. Mol. Neurodegener. 13:57.

Mackic, J. B., Bading, J., Ghiso, J., Walker, L., Wisniewski, T., Frangione, B., et al.
(2002). Circulating amyloid-beta peptide crosses the blood-brain barrier in aged
monkeys and contributes to Alzheimer’s disease lesions. Vascul. Pharmacol. 38,
303–313. doi: 10.1016/s1537-1891(02)00198-2

Maczurek, A., Shanmugam, K., and Munch, G. (2008). Inflammation and the
redox-sensitive AGE-RAGE pathway as a therapeutic target in Alzheimer’s
disease. Ann. N.Y. Acad. Sci. 1126, 147–151. doi: 10.1196/annals.1433.026

Manda, S., Sharma, S., Wani, A., Joshi, P., Kumar, V., Guru, S. K., et al. (2016).
Discovery of a marine-derived bis-indole alkaloid fascaplysin, as a new class
of potent P-glycoprotein inducer and establishment of its structure-activity
relationship. Eur. J. Med. Chem. 107, 1–11. doi: 10.1016/j.ejmech.2015.10.049

Mantle, J. L., and Lee, K. H. (2018). A differentiating neural stem cell-derived
astrocytic population mitigates the inflammatory effects of TNF-alpha and IL-
6 in an iPSC-based blood-brain barrier model. Neurobiol. Dis. 119, 113–120.
doi: 10.1016/j.nbd.2018.07.030

Menendez-Gonzalez, M., Padilla-Zambrano, H. S., Alvarez, G., Capetillo-Zarate,
E., Tomas-Zapico, C., and Costa, A. (2018). Targeting beta-amyloid at the CSF:
a new therapeutic strategy in Alzheimer’s disease. Front. Aging Neurosci. 10:100.
doi: 10.3389/fnagi.2018.00100

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 July 2021 | Volume 15 | Article 695479

https://doi.org/10.1523/jneurosci.0163-19.2019
https://doi.org/10.3389/fnagi.2018.00186
https://doi.org/10.1161/strokeaha.111.627562
https://doi.org/10.1007/s12264-019-00453-x
https://doi.org/10.3233/jad-190764
https://doi.org/10.1126/science.aav2546
https://doi.org/10.1111/jnc.14469
https://doi.org/10.1111/jnc.14469
https://doi.org/10.1016/j.expneurol.2008.11.007
https://doi.org/10.1016/j.expneurol.2008.11.007
https://doi.org/10.1016/j.neuropharm.2020.108304
https://doi.org/10.1016/j.yfrne.2020.100857
https://doi.org/10.1146/annurev-med-041316-085215
https://doi.org/10.1146/annurev-med-041316-085215
https://doi.org/10.1016/j.bioorg.2020.103649
https://doi.org/10.1016/j.bioorg.2020.103649
https://doi.org/10.1074/jbc.r115.702704
https://doi.org/10.1097/hjh.0000000000001565
https://doi.org/10.1101/cshperspect.a024067
https://doi.org/10.1046/j.1471-4159.2003.01745.x
https://doi.org/10.1046/j.1471-4159.2003.01745.x
https://doi.org/10.3390/molecules22112007
https://doi.org/10.1007/s00401-020-02196-w
https://doi.org/10.1016/s0306-4522(02)00993-4
https://doi.org/10.1016/s0306-4522(02)00993-4
https://doi.org/10.1016/j.str.2010.05.017
https://doi.org/10.1523/jneurosci.6102-11.2012
https://doi.org/10.1523/jneurosci.6102-11.2012
https://doi.org/10.4161/tisb.23993
https://doi.org/10.1007/s00401-016-1632-3
https://doi.org/10.1016/j.biopha.2017.12.053
https://doi.org/10.3233/jad-150469
https://doi.org/10.3233/jad-150469
https://doi.org/10.1046/j.1471-4159.2001.00113.x
https://doi.org/10.1111/nan.12295
https://doi.org/10.1523/jneurosci.3442-16.2017
https://doi.org/10.1016/s1537-1891(02)00198-2
https://doi.org/10.1196/annals.1433.026
https://doi.org/10.1016/j.ejmech.2015.10.049
https://doi.org/10.1016/j.nbd.2018.07.030
https://doi.org/10.3389/fnagi.2018.00100
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-695479 July 15, 2021 Time: 12:46 # 12

Wang et al. Amyloid-β and Blood–Brain Barrier

Mistry, P., Stewart, A. J., Dangerfield, W., Okiji, S., Liddle, C., Bootle, D., et al.
(2001). In vitro and in vivo reversal of P-glycoprotein-mediated multidrug
resistance by a novel potent modulator, XR9576. Cancer Res. 61, 749–758.

Mohamed, L. A., Keller, J. N., and Kaddoumi, A. (2016). Role of P-glycoprotein in
mediating rivastigmine effect on amyloid-beta brain load and related pathology
in Alzheimer’s disease mouse model. Biochim. Biophys. Acta 1862, 778–787.
doi: 10.1016/j.bbadis.2016.01.013

Montagne, A., Zhao, Z., and Zlokovic, B. V. (2017). Alzheimer’s disease: a matter
of blood-brain barrier dysfunction? J. Exp. Med. 214, 3151–3169.

Moore, K. J., El, K. J., Medeiros, L. A., Terada, K., Geula, C., Luster, A. D., et al.
(2002). A CD36-initiated signaling cascade mediates inflammatory effects of
beta-amyloid. J. Biol. Chem. 277, 47373–47379. doi: 10.1074/jbc.m208788200

Moreno, H., Yu, E., Pigino, G., Hernandez, A. I., Kim, N., Moreira, J. E., et al.
(2009). Synaptic transmission block by presynaptic injection of oligomeric
amyloid beta. Proc. Natl. Acad. Sci. U.S.A. 106, 5901–5906. doi: 10.1073/pnas.
0900944106

Nan, K., Han, Y., Fang, Q., Huang, C., Yu, L., Ge, W., et al. (2019). HMGB1
gene silencing inhibits neuroinflammation via down-regulation of NF-kappaB
signaling in primary hippocampal neurons induced by Abeta25-35. Int.
Immunopharmacol. 67, 294–301. doi: 10.1016/j.intimp.2018.12.027

Neeper, M., Schmidt, A. M., Brett, J., Yan, S. D., Wang, F., Pan, Y. C., et al. (1992).
Cloning and expression of a cell surface receptor for advanced glycosylation
end products of proteins. J. Biol. Chem. 267, 14998–15004. doi: 10.1016/s0021-
9258(18)42138-2

Oikari, L. E., Pandit, R., Stewart, R., Cuni-Lopez, C., Quek, H., Sutharsan, R.,
et al. (2020). Altered brain endothelial cell phenotype from a familial alzheimer
mutation and its potential implications for amyloid clearance and drug delivery.
Stem Cell Rep. 14, 924–939. doi: 10.1016/j.stemcr.2020.03.011

O’Neal, M. A., Stallings, N. R., and Malter, J. S. (2018). Alzheimer’s disease,
dendritic spines, and calcineurin inhibitors: a new approach? ACS Chem.
Neurosci. 9, 1233–1234. doi: 10.1021/acschemneuro.8b00213

Ono, K. (2018). Alzheimer’s disease as oligomeropathy. Neurochem. Int. 119,
57–70. doi: 10.1016/j.neuint.2017.08.010

Origlia, N., Arancio, O., Domenici, L., and Yan, S. S. (2009). MAPK, beta-amyloid
and synaptic dysfunction: the role of RAGE. Expert Rev. Neurother. 9, 1635–
1645. doi: 10.1586/ern.09.107

Ortiz-Sanz, C., Gaminde-Blasco, A., Valero, J., Bakota, L., Brandt, R., Zugaza,
J. L., et al. (2020). Early effects of abeta oligomers on dendritic spine dynamics
and arborization in hippocampal neurons. Front. Synap. Neurosci. 12:2. doi:
10.3389/fnsyn.2020.00002

Osgood, D., Miller, M. C., Messier, A. A., Gonzalez, L., and Silverberg, G. D. (2017).
Aging alters mRNA expression of amyloid transporter genes at the blood-brain
barrier. Neurobiol. Aging 57, 178–185. doi: 10.1016/j.neurobiolaging.2017.0
5.011

Pan, J., He, R., Huo, Q., Shi, Y., and Zhao, L. (2020). Brain microvascular
endothelial cell derived exosomes potently ameliorate cognitive dysfunction by
enhancing the clearance of abeta through up-regulation of P-gp in mouse model
of AD. Neurochem. Res. 45, 2161–2172. doi: 10.1007/s11064-020-03076-1

Park, J., Jang, M., and Chang, S. (2013). Deleterious effects of soluble amyloid-beta
oligomers on multiple steps of synaptic vesicle trafficking. Neurobiol. Dis. 55,
129–139. doi: 10.1016/j.nbd.2013.03.004

Park, R., Kook, S. Y., Park, J. C., and Mook-Jung, I. (2014). Abeta1-42 reduces
P-glycoprotein in the blood-brain barrier through RAGE-NF-kappaB signaling.
Cell Death Dis. 5:e1299. doi: 10.1038/cddis.2014.258

Parodi-Rullan, R., Ghiso, J., Cabrera, E., Rostagno, A., and Fossati, S. (2020).
Alzheimer’s amyloid beta heterogeneous species differentially affect brain
endothelial cell viability, blood-brain barrier integrity, and angiogenesis. Aging
Cell 19:e13258.

Paudel, Y. N., Angelopoulou, E., Piperi, C., Othman, I., Aamir, K., and Shaikh,
M. F. (2020). Impact of HMGB1, RAGE, and TLR4 in Alzheimer’s disease (AD):
from risk factors to therapeutic targeting. Cells Basel 9:383. doi: 10.3390/cells90
20383

Pinheiro, R., Granja, A., Loureiro, J. A., Pereira, M. C., Pinheiro, M., Neves, A. R.,
et al. (2020). Quercetin lipid nanoparticles functionalized with transferrin for
Alzheimer’s disease. Eur. J. Pharm. Sci. 148:105314. doi: 10.1016/j.ejps.2020.
105314

Popugaeva, E., Pchitskaya, E., and Bezprozvanny, I. (2017). Dysregulation
of neuronal calcium homeostasis in Alzheimer’s disease - A therapeutic

opportunity? Biochem. Biophys. Res. Commun. 483, 998–1004. doi: 10.1016/j.
bbrc.2016.09.053

Ridler, C. (2018). Alzheimer disease: BACE1 inhibitors block new Abeta plaque
formation. Nat. Rev. Neurol. 14:126. doi: 10.1038/nrneurol.2018.12

Rosas-Hernandez, H., Cuevas, E., Raymick, J. B., Robinson, B. L., and Sarkar, S.
(2020). Impaired amyloid beta clearance and brain microvascular dysfunction
are present in the Tg-SwDI mouse model of Alzheimer’s disease. Neuroscience
440, 48–55. doi: 10.1016/j.neuroscience.2020.05.024

Rusnak, F., and Mertz, P. (2000). Calcineurin: form and function. Physiol. Rev. 80,
1483–1521. doi: 10.1152/physrev.2000.80.4.1483

Sagare, A., Deane, R., Bell, R. D., Johnson, B., Hamm, K., Pendu, R., et al. (2007).
Clearance of amyloid-beta by circulating lipoprotein receptors. Nat. Med. 13,
1029–1031. doi: 10.1038/nm1635

Sagare, A. P., Deane, R., Zetterberg, H., Wallin, A., Blennow, K., and Zlokovic, B. V.
(2011). Impaired lipoprotein receptor-mediated peripheral binding of plasma
amyloid-beta is an early biomarker for mild cognitive impairment preceding
Alzheimer’s disease. J. Alzheimers Dis. 24, 25–34. doi: 10.3233/jad-2010-101248

Saleh, A., Smith, D. R., Tessler, L., Mateo, A. R., Martens, C., Schartner, E.,
et al. (2013). Receptor for advanced glycation end-products (RAGE) activates
divergent signaling pathways to augment neurite outgrowth of adult sensory
neurons. Exp. Neurol. 249, 149–159. doi: 10.1016/j.expneurol.2013.08.018

Sanabria-Castro, A., Alvarado-Echeverria, I., and Monge-Bonilla, C. (2017).
Molecular pathogenesis of Alzheimer’s disease: an update. Ann. Neurosci. 24,
46–54.

Saretz, S., Basset, G., Useini, L., Laube, M., Pietzsch, J., Draca, D., et al. (2021).
Modulation of gamma-secretase activity by a carborane-based flurbiprofen
analogue. Molecules 26:2483.

Scheffer, S., Hermkens, D., van der Weerd, L., de Vries, H. E., and Daemen,
M. (2021). Vascular hypothesis of Alzheimer disease: topical review of mouse
models. Arterioscler. Thromb. Vasc. Biol. 41, 1265–1283. doi: 10.1161/atvbaha.
120.311911

Sehgal, N., Gupta, A., Valli, R. K., Joshi, S. D., Mills, J. T., Hamel, E., et al. (2012).
Withania somnifera reverses Alzheimer’s disease pathology by enhancing low-
density lipoprotein receptor-related protein in liver. Proc. Natl. Acad. Sci. U.S.A.
109, 3510–3515. doi: 10.1073/pnas.1112209109

Seixas, D. S. G., Melo, H. M., Lourenco, M. V., Lyra, E. S. N., de Carvalho, M. B.,
Alves-Leon, S. V., et al. (2017). Amyloid-beta oligomers transiently inhibit
AMP-activated kinase and cause metabolic defects in hippocampal neurons.
J. Biol. Chem. 292, 7395–7406. doi: 10.1074/jbc.m116.753525

Selkoe, D. J., and Hardy, J. (2016). The amyloid hypothesis of Alzheimer’s disease
at 25 years. EMBO Mol. Med. 8, 595–608.

Seok, H., Lee, M., Shin, E., Yun, M. R., Lee, Y. H., Moon, J. H., et al. (2019). Low-
dose pioglitazone can ameliorate learning and memory impairment in a mouse
model of dementia by increasing LRP1 expression in the hippocampus. Sci. Rep.
9:4414.

Sharda, N., Ahlschwede, K. M., Curran, G. L., Lowe, V. J., and Kandimalla, K. K.
(2021). Distinct uptake kinetics of alzheimer disease amyloid-beta 40 and 42
at the blood-brain barrier endothelium. J. Pharmacol. Exp. Ther. 376, 482–490.
doi: 10.1124/jpet.120.000086

Shibata, M., Yamada, S., Kumar, S. R., Calero, M., Bading, J., Frangione, B.,
et al. (2000). Clearance of Alzheimer’s amyloid-ss(1-40) peptide from brain by
LDL receptor-related protein-1 at the blood-brain barrier. J. Clin. Invest. 106,
1489–1499. doi: 10.1172/jci10498

Shinohara, M., Tachibana, M., Kanekiyo, T., and Bu, G. (2017). Role of LRP1 in
the pathogenesis of Alzheimer’s disease: evidence from clinical and preclinical
studies. J. Lipid Res. 58, 1267–1281. doi: 10.1194/jlr.r075796

Sole, M., Esteban-Lopez, M., Taltavull, B., Fabregas, C., Fado, R., Casals, N.,
et al. (2019). Blood-brain barrier dysfunction underlying Alzheimer’s disease
is induced by an SSAO/VAP-1-dependent cerebrovascular activation with
enhanced Abeta deposition. Biochim. Biophys. Acta Mol. Basis Dis. 1865, 2189–
2202. doi: 10.1016/j.bbadis.2019.04.016

Somensi, N., Brum, P. O., de Miranda, R. V., Gasparotto, J., Zanotto-Filho, A.,
Rostirolla, D. C., et al. (2017). Extracellular HSP70 activates ERK1/2, NF-kB
and pro-inflammatory gene transcription through binding with RAGE in A549
human lung cancer cells. Cell Physiol. Biochem. 42, 2507–2522. doi: 10.1159/
000480213

Song, J., Choi, S. M., Whitcomb, D. J., and Kim, B. C. (2017). Adiponectin controls
the apoptosis and the expression of tight junction proteins in brain endothelial

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 July 2021 | Volume 15 | Article 695479

https://doi.org/10.1016/j.bbadis.2016.01.013
https://doi.org/10.1074/jbc.m208788200
https://doi.org/10.1073/pnas.0900944106
https://doi.org/10.1073/pnas.0900944106
https://doi.org/10.1016/j.intimp.2018.12.027
https://doi.org/10.1016/s0021-9258(18)42138-2
https://doi.org/10.1016/s0021-9258(18)42138-2
https://doi.org/10.1016/j.stemcr.2020.03.011
https://doi.org/10.1021/acschemneuro.8b00213
https://doi.org/10.1016/j.neuint.2017.08.010
https://doi.org/10.1586/ern.09.107
https://doi.org/10.3389/fnsyn.2020.00002
https://doi.org/10.3389/fnsyn.2020.00002
https://doi.org/10.1016/j.neurobiolaging.2017.05.011
https://doi.org/10.1016/j.neurobiolaging.2017.05.011
https://doi.org/10.1007/s11064-020-03076-1
https://doi.org/10.1016/j.nbd.2013.03.004
https://doi.org/10.1038/cddis.2014.258
https://doi.org/10.3390/cells9020383
https://doi.org/10.3390/cells9020383
https://doi.org/10.1016/j.ejps.2020.105314
https://doi.org/10.1016/j.ejps.2020.105314
https://doi.org/10.1016/j.bbrc.2016.09.053
https://doi.org/10.1016/j.bbrc.2016.09.053
https://doi.org/10.1038/nrneurol.2018.12
https://doi.org/10.1016/j.neuroscience.2020.05.024
https://doi.org/10.1152/physrev.2000.80.4.1483
https://doi.org/10.1038/nm1635
https://doi.org/10.3233/jad-2010-101248
https://doi.org/10.1016/j.expneurol.2013.08.018
https://doi.org/10.1161/atvbaha.120.311911
https://doi.org/10.1161/atvbaha.120.311911
https://doi.org/10.1073/pnas.1112209109
https://doi.org/10.1074/jbc.m116.753525
https://doi.org/10.1124/jpet.120.000086
https://doi.org/10.1172/jci10498
https://doi.org/10.1194/jlr.r075796
https://doi.org/10.1016/j.bbadis.2019.04.016
https://doi.org/10.1159/000480213
https://doi.org/10.1159/000480213
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-695479 July 15, 2021 Time: 12:46 # 13

Wang et al. Amyloid-β and Blood–Brain Barrier

cells through AdipoR1 under beta amyloid toxicity. Cell Death Dis. 8:e3102.
doi: 10.1038/cddis.2017.491

Soto-Rojas, L. O., Campa-Cordoba, B. B., Harrington, C. R., Salas-Casas, A.,
Hernandes-Alejandro, M., Villanueva-Fierro, I., et al. (2021a). Insoluble
vascular amyloid deposits trigger disruption of the neurovascular unit in
Alzheimer’s disease brains. Int. J. Mol. Sci. 22:3654. doi: 10.3390/ijms22073654

Soto-Rojas, L. O., Pacheco-Herrero, M., Martinez-Gomez, P. A., Campa-Cordoba,
B. B., Apatiga-Perez, R., Villegas-Rojas, M. M., et al. (2021b). The neurovascular
unit dysfunction in Alzheimer’s disease. Int. J. Mol. Sci. 22:2022.

Storck, S. E., Hartz, A., Bernard, J., Wolf, A., Kachlmeier, A., Mahringer, A., et al.
(2018). The concerted amyloid-beta clearance of LRP1 and ABCB1/P-gp across
the blood-brain barrier is linked by PICALM. Brain Behav. Immun. 73, 21–33.
doi: 10.1016/j.bbi.2018.07.017

Storck, S. E., Meister, S., Nahrath, J., Meissner, J. N., Schubert, N., Di Spiezio,
A., et al. (2016). Endothelial LRP1 transports amyloid-beta(1-42) across
the blood-brain barrier. J. Clin. Invest. 126, 123–136. doi: 10.1172/jci81
108

Su, G. C., Arendash, G. W., Kalaria, R. N., Bjugstad, K. B., and Mullan, M. (1999).
Intravascular infusions of soluble beta-amyloid compromise the blood-brain
barrier, activate CNS glial cells and induce peripheral hemorrhage. Brain Res.
818, 105–117. doi: 10.1016/s0006-8993(98)01143-3

Swaminathan, S. K., Ahlschwede, K. M., Sarma, V., Curran, G. L., Omtri, R. S.,
Decklever, T., et al. (2018). Insulin differentially affects the distribution kinetics
of amyloid beta 40 and 42 in plasma and brain. J. Cereb. Blood Flow Metab. 38,
904–918. doi: 10.1177/0271678x17709709

Sweeney, M. D., Sagare, A. P., and Zlokovic, B. V. (2018). Blood-brain barrier
breakdown in Alzheimer disease and other neurodegenerative disorders. Nat.
Rev. Neurol. 14, 133–150. doi: 10.1038/nrneurol.2017.188

Tanzi, R. E., Moir, R. D., and Wagner, S. L. (2004). Clearance of Alzheimer’s Abeta
peptide: the many roads to perdition. Neuron 43, 605–608. doi: 10.1016/s0896-
6273(04)00533-1

Tapella, L., Cerruti, M., Biocotino, I., Stevano, A., Rocchio, F., Canonico, P. L., et al.
(2018). TGF-beta2 and TGF-beta3 from cultured beta-amyloid-treated or 3xTg-
AD-derived astrocytes may mediate astrocyte-neuron communication. Eur. J.
Neurosci. 47, 211–221. doi: 10.1111/ejn.13819

Tarasoff-Conway, J. M., Carare, R. O., Osorio, R. S., Glodzik, L., Butler, T.,
Fieremans, E., et al. (2015). Clearance systems in the brain-implications for
Alzheimer disease. Nat. Rev. Neurol. 11, 457–470. doi: 10.1038/nrneurol.20
15.119

Tcw, J., and Goate, A. M. (2017). Genetics of beta-amyloid precursor protein in
Alzheimer’s disease. Cold Spring Harb. Perspect. Med. 7:a024539.

Thal, D. R., and Fandrich, M. (2015). Protein aggregation in Alzheimer’s
disease: abeta and tau and their potential roles in the pathogenesis
of AD. Acta Neuropathol. 129, 163–165. doi: 10.1007/s00401-015-
1387-2

Thomsen, M. S., Routhe, L. J., and Moos, T. (2017). The vascular basement
membrane in the healthy and pathological brain. J. Cereb. Blood Flow Metab.
37, 3300–3317. doi: 10.1177/0271678x17722436

Toga, A. W., Neu, S. C., Bhatt, P., Crawford, K. L., and Ashish, N. (2016). The global
Alzheimer’s association interactive network. Alzheimers Dement. 12, 49–54.
doi: 10.1016/j.jalz.2015.06.1896

Tournier, N., Stieger, B., and Langer, O. (2018). Imaging techniques to study drug
transporter function in vivo. Pharmacol. Ther. 189, 104–122. doi: 10.1016/j.
pharmthera.2018.04.006

Uddin, M. S., Kabir, M. T., Tewari, D., Mamun, A. A., Mathew, B., Aleya, L., et al.
(2020). Revisiting the role of brain and peripheral Abeta in the pathogenesis of
Alzheimer’s disease. J. Neurol. Sci. 416:116974.

Urbanc, B., Cruz, L., Le, R., Sanders, J., Ashe, K. H., Duff, K., et al. (2002).
Neurotoxic effects of thioflavin S-positive amyloid deposits in transgenic mice
and Alzheimer’s disease. Proc. Natl. Acad. Sci. U.S.A. 99, 13990–13995. doi:
10.1073/pnas.222433299

van Assema, D. M., Lubberink, M., Bauer, M., van der Flier, W. M., Schuit, R. C.,
Windhorst, A. D., et al. (2012). Blood-brain barrier P-glycoprotein function in
Alzheimer’s disease. Brain 135, 181–189.

van de Haar, H. J., Burgmans, S., Jansen, J. F., van Osch, M. J., van Buchem, M. A.,
Muller, M., et al. (2017). Blood-Brain Barrier Leakage in Patients with Early
Alzheimer Disease. Radiology 282:615. doi: 10.1148/radiol.2017164043

van der Kant, R., Goldstein, L., and Ossenkoppele, R. (2020). Amyloid-beta-
independent regulators of tau pathology in Alzheimer disease. Nat. Rev.
Neurosci. 21, 21–35. doi: 10.1038/s41583-019-0240-3

van Dyck, C. H. (2018). Anti-amyloid-beta monoclonal antibodies for Alzheimer’s
disease: pitfalls and promise. Biol. Psychiatry 83, 311–319. doi: 10.1016/j.
biopsych.2017.08.010

Van Gool, B., Storck, S. E., Reekmans, S. M., Lechat, B., Gordts, P., Pradier, L.,
et al. (2019). LRP1 has a predominant role in production over clearance of
abeta in a mouse model of Alzheimer’s disease. Mol. Neurobiol. 56, 7234–7245.
doi: 10.1007/s12035-019-1594-2

Versele, R., Corsi, M., Fuso, A., Sevin, E., Businaro, R., Gosselet, F., et al. (2020).
Ketone bodies promote amyloid-beta1-40 clearance in a human in vitro blood-
brain barrier model. Int. J. Mol. Sci. 21:934. doi: 10.3390/ijms21030934

Vita, S. M., Redell, J. B., Maynard, M. E., Zhao, J., Grill, R. J., Dash, P. K., et al.
(2020). P-glycoprotein expression is upregulated in a pre-clinical model of
traumatic brain injury. Neurotrauma Rep. 1, 207–217. doi: 10.1089/neur.2020.
0034

Vogelgesang, S., Cascorbi, I., Schroeder, E., Pahnke, J., Kroemer, H. K., Siegmund,
W., et al. (2002). Deposition of Alzheimer’s beta-amyloid is inversely correlated
with P-glycoprotein expression in the brains of elderly non-demented humans.
Pharmacogenetics 12, 535–541. doi: 10.1097/00008571-200210000-00005

von Arnim, C. A., Kinoshita, A., Peltan, I. D., Tangredi, M. M., Herl, L., Lee,
B. M., et al. (2005). The low density lipoprotein receptor-related protein (LRP)
is a novel beta-secretase (BACE1) substrate. J. Biol. Chem. 280, 17777–17785.
doi: 10.1074/jbc.m414248200

Wan, W., Cao, L., Liu, L., Zhang, C., Kalionis, B., Tai, X., et al. (2015). Abeta(1-42)
oligomer-induced leakage in an in vitro blood-brain barrier model is associated
with up-regulation of RAGE and metalloproteinases, and down-regulation of
tight junction scaffold proteins. J. Neurochem. 134, 382–393. doi: 10.1111/jnc.
13122

Wan, W., Chen, H., and Li, Y. (2014). The potential mechanisms of Abeta-receptor
for advanced glycation end-products interaction disrupting tight junctions of
the blood-brain barrier in Alzheimer’s disease. Int. J. Neurosci. 124, 75–81.
doi: 10.3109/00207454.2013.825258

Wang, H., Chen, F., Du, Y. F., Long, Y., Reed, M. N., Hu, M., et al. (2018). Targeted
inhibition of RAGE reduces amyloid-beta influx across the blood-brain barrier
and improves cognitive deficits in db/db mice. Neuropharmacology 131, 143–
153. doi: 10.1016/j.neuropharm.2017.12.026

Wang, P., Huang, R., Lu, S., Xia, W., Cai, R., Sun, H., et al. (2016). RAGE and AGEs
in mild cognitive impairment of diabetic patients: a cross-sectional study. PLoS
One 11:e145521. doi: 10.1371/journal.pone.0145521

Wang, W., Bodles-Brakhop, A. M., and Barger, S. W. A. (2016). Role for
P-glycoprotein in clearance of alzheimer amyloid beta -peptide from the brain.
Curr. Alzheimer Res. 13, 615–620. doi: 10.2174/1567205013666160314151012

Wang, X., Zheng, M., Liu, J., Huang, Z., Bai, Y., Ren, Z., et al. (2017). Differences
of first-pass effect in the liver and intestine contribute to the stereoselective
pharmacokinetics of rhynchophylline and isorhynchophylline epimers in rats.
J. Ethnopharmacol. 209, 175–183. doi: 10.1016/j.jep.2017.07.039

Wang, Y. J., Zhou, H. D., and Zhou, X. F. (2006). Clearance of amyloid-beta in
Alzheimer’s disease: progress, problems and perspectives. Drug Discov. Today
11, 931–938. doi: 10.1016/j.drudis.2006.08.004

Wu, Y., Liang, S., Oda, Y., Ohmori, I., Nishiki, T., Takei, K., et al. (2007).
Truncations of amphiphysin I by calpain inhibit vesicle endocytosis during
neural hyperexcitation. EMBO J. 26, 2981–2990. doi: 10.1038/sj.emboj.7601741

Xie, Z., Huang, L., Enkhjargal, B., Reis, C., Wan, W., Tang, J., et al.
(2018). Recombinant Netrin-1 binding UNC5B receptor attenuates
neuroinflammation and brain injury via PPARgamma/NFkappaB signaling
pathway after subarachnoid hemorrhage in rats. Brain Behav. Immun. 69,
190–202. doi: 10.1016/j.bbi.2017.11.012

Xue, J., Rai, V., Singer, D., Chabierski, S., Xie, J., Reverdatto, S., et al. (2011).
Advanced glycation end product recognition by the receptor for AGEs.
Structure 19, 722–732. doi: 10.1016/j.str.2011.02.013

Yamazaki, Y., Shinohara, M., Shinohara, M., Yamazaki, A., Murray, M. E., Liesinger,
A. M., et al. (2019). Selective loss of cortical endothelial tight junction proteins
during Alzheimer’s disease progression. Brain 142, 1077–1092. doi: 10.1093/
brain/awz011

Yang, C. N., Shiao, Y. J., Shie, F. S., Guo, B. S., Chen, P. H., Cho, C. Y., et al. (2011).
Mechanism mediating oligomeric Abeta clearance by naive primary microglia.
Neurobiol. Dis. 42, 221–230. doi: 10.1016/j.nbd.2011.01.005

Yang, H., Wang, W., Jia, L., Qin, W., Hou, T., Wu, Q., et al. (2020). The effect
of chronic cerebral hypoperfusion on blood-brain barrier permeability in a
transgenic Alzheimer’s disease mouse model (PS1V97L). J. Alzheimers Dis. 74,
261–275. doi: 10.3233/jad-191045

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 July 2021 | Volume 15 | Article 695479

https://doi.org/10.1038/cddis.2017.491
https://doi.org/10.3390/ijms22073654
https://doi.org/10.1016/j.bbi.2018.07.017
https://doi.org/10.1172/jci81108
https://doi.org/10.1172/jci81108
https://doi.org/10.1016/s0006-8993(98)01143-3
https://doi.org/10.1177/0271678x17709709
https://doi.org/10.1038/nrneurol.2017.188
https://doi.org/10.1016/s0896-6273(04)00533-1
https://doi.org/10.1016/s0896-6273(04)00533-1
https://doi.org/10.1111/ejn.13819
https://doi.org/10.1038/nrneurol.2015.119
https://doi.org/10.1038/nrneurol.2015.119
https://doi.org/10.1007/s00401-015-1387-2
https://doi.org/10.1007/s00401-015-1387-2
https://doi.org/10.1177/0271678x17722436
https://doi.org/10.1016/j.jalz.2015.06.1896
https://doi.org/10.1016/j.pharmthera.2018.04.006
https://doi.org/10.1016/j.pharmthera.2018.04.006
https://doi.org/10.1073/pnas.222433299
https://doi.org/10.1073/pnas.222433299
https://doi.org/10.1148/radiol.2017164043
https://doi.org/10.1038/s41583-019-0240-3
https://doi.org/10.1016/j.biopsych.2017.08.010
https://doi.org/10.1016/j.biopsych.2017.08.010
https://doi.org/10.1007/s12035-019-1594-2
https://doi.org/10.3390/ijms21030934
https://doi.org/10.1089/neur.2020.0034
https://doi.org/10.1089/neur.2020.0034
https://doi.org/10.1097/00008571-200210000-00005
https://doi.org/10.1074/jbc.m414248200
https://doi.org/10.1111/jnc.13122
https://doi.org/10.1111/jnc.13122
https://doi.org/10.3109/00207454.2013.825258
https://doi.org/10.1016/j.neuropharm.2017.12.026
https://doi.org/10.1371/journal.pone.0145521
https://doi.org/10.2174/1567205013666160314151012
https://doi.org/10.1016/j.jep.2017.07.039
https://doi.org/10.1016/j.drudis.2006.08.004
https://doi.org/10.1038/sj.emboj.7601741
https://doi.org/10.1016/j.bbi.2017.11.012
https://doi.org/10.1016/j.str.2011.02.013
https://doi.org/10.1093/brain/awz011
https://doi.org/10.1093/brain/awz011
https://doi.org/10.1016/j.nbd.2011.01.005
https://doi.org/10.3233/jad-191045
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-695479 July 15, 2021 Time: 12:46 # 14

Wang et al. Amyloid-β and Blood–Brain Barrier

Zamani, E., Parviz, M., Roghani, M., Hosseini, M., Mohseni-Moghaddam, P., and
Nikbakhtzadeh, M. (2020). Netrin-1 protects the SH-SY5Y cells against amyloid
beta neurotoxicity through NF-kappaB/Nrf2 dependent mechanism. Mol. Biol.
Rep. 47, 9271–9277. doi: 10.1007/s11033-020-05996-1

Zhang, C., Qin, H., Zheng, R., Wang, Y., Yan, T., Huan, F., et al. (2018). A
new approach for Alzheimer’s disease treatment through P-gp regulation via
ibuprofen. Pathol. Res. Pract. 214, 1765–1771. doi: 10.1016/j.prp.2018.08.011

Zhang, D., Hu, X., Qian, L., Chen, S. H., Zhou, H., Wilson, B., et al.
(2011). Microglial MAC1 receptor and PI3K are essential in mediating beta-
amyloid peptide-induced microglial activation and subsequent neurotoxicity.
J. Neuroinflammation. 8:3. doi: 10.1186/1742-2094-8-3

Zhang, X., Zhao, F., Wang, C., Zhang, J., Bai, Y., Zhou, F., et al. (2020). AVP(4-
8) improves cognitive behaviors and hippocampal synaptic plasticity in the
APP/PS1 mouse model of Alzheimer’s disease. Neurosci. Bull. 36, 254–262.
doi: 10.1007/s12264-019-00434-0

Zhang, Y. M., Zhou, Y., Qiu, L. B., Ding, G. R., and Pang, X. F. (2012). Altered
expression of matrix metalloproteinases and tight junction proteins in rats
following PEMF-induced BBB permeability change. Biomed. Environ. Sci. 25,
197–202.

Zhao, X., Zeng, H., Lei, L., Tong, X., Yang, L., Yang, Y., et al. (2021). Tight junctions
and their regulation by non-coding RNAs. Int. J. Biol. Sci. 17, 712–727.

Zhou, X., Gu, J., Gu, Y., He, M., Bi, Y., Chen, J., et al. (2015). Human umbilical
cord-derived mesenchymal stem cells improve learning and memory function
in hypoxic-ischemic brain-damaged rats via an IL-8-mediated secretion
mechanism rather than differentiation pattern induction. Cell Physiol. Biochem.
35, 2383–2401. doi: 10.1159/000374040

Zipser, B. D., Johanson, C. E., Gonzalez, L., Berzin, T. M., Tavares,
R., Hulette, C. M., et al. (2007). Microvascular injury and blood-
brain barrier leakage in Alzheimer’s disease. Neurobiol. Aging 28,
977–986.

Zlokovic, B. V. (2008). The blood-brain barrier in health and chronic
neurodegenerative disorders. Neuron 57, 178–201. doi: 10.1016/j.neuron.2008.
01.003

Zlokovic, B. V. (2011). Neurovascular pathways to neurodegeneration in
Alzheimer’s disease and other disorders. Nat. Rev. Neurosci. 12, 723–738. doi:
10.1038/nrn3114

Zoufal, V., Mairinger, S., Brackhan, M., Krohn, M., Filip, T., Sauberer, M., et al.
(2020). Imaging P-glycoprotein induction at the blood-brain barrier of a beta-
amyloidosis mouse model with (11)C-Metoclopramide PET. J. Nucl. Med. 61,
1050–1057. doi: 10.2967/jnumed.119.237198

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Wang, Chen, Han, Yin, Ge and Lei. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 July 2021 | Volume 15 | Article 695479

https://doi.org/10.1007/s11033-020-05996-1
https://doi.org/10.1016/j.prp.2018.08.011
https://doi.org/10.1186/1742-2094-8-3
https://doi.org/10.1007/s12264-019-00434-0
https://doi.org/10.1159/000374040
https://doi.org/10.1016/j.neuron.2008.01.003
https://doi.org/10.1016/j.neuron.2008.01.003
https://doi.org/10.1038/nrn3114
https://doi.org/10.1038/nrn3114
https://doi.org/10.2967/jnumed.119.237198
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Relationship Between Amyloid-β Deposition and Blood–Brain Barrier Dysfunction in Alzheimer's Disease
	Introduction
	The Blood–Brain Barrier and Alzheimer's Disease
	Amyloid-β
	Amyloid-β Deposition Due to Blood–Brain Barrier Dysfunction
	Low-Density Lipoprotein Receptor-Related Protein 1
	Receptor for Advanced Glycation End Products
	P-Glycoprotein

	Blood–Brain Barrier Impairment Caused by Amyloid-β Deposition
	Metalloproteinases (MMPs)
	Reactive Oxygen Species (ROS)
	Nuclear Factor-κB (NF-κB)
	Ca2+-Calcineurin (CaN)

	Conclusion
	Author Contributions
	Funding
	References


