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A B S T R A C T

The pathogenesis of Alzheimer's disease (AD) is characterized by overproduction, impaired clearance, and de-
position of amyloid-β peptides (Aβ) and connected to cholesterol homeostasis. Since the blood-brain barrier
(BBB) is involved in these processes, we investigated effects of the retinoid X receptor agonist, bexarotene (Bex),
and the peroxisome proliferator-activated receptor α agonist and antioxidant, astaxanthin (Asx), on pathways of
cellular cholesterol metabolism, amyloid precursor protein processing/Aβ production and transfer at the BBB in
vitro using primary porcine brain capillary endothelial cells (pBCEC), and in 3xTg AD mice. Asx/Bex down-
regulated transcription/activity of amyloidogenic BACE1 and reduced Aβ oligomers and ~80 kDa intracellular
6E10-reactive APP/Aβ species, while upregulating non-amyloidogenic ADAM10 and soluble (s)APPα production
in pBCEC. Asx/Bex enhanced Aβ clearance to the apical/plasma compartment of the in vitro BBB model. Asx/
Bex increased expression levels of ABCA1, LRP1, and/or APOA-I. Asx/Bex promoted cholesterol efflux, partly via
PPARα/RXR activation, while cholesterol biosynthesis/esterification was suppressed. Silencing of LRP-1 or in-
hibition of ABCA1 by probucol reversed Asx/Bex-mediated effects on levels of APP/Aβ species in pBCEC. Murine
(m)BCEC isolated from 3xTg AD mice treated with Bex revealed elevated expression of APOE and ABCA1. Asx/
Bex reduced BACE1 and increased LRP-1 expression in mBCEC from 3xTg AD mice when compared to vehicle-
treated or non-Tg treated mice. In parallel, Asx/Bex reduced levels of Aβ oligomers in mBCEC and Aβ species in
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brain soluble and insoluble fractions of 3xTg AD mice. Our results suggest that both agonists exert beneficial
effects at the BBB by balancing cholesterol homeostasis and enhancing clearance of Aβ from cerebrovascular
endothelial cells.

1. Introduction

Alzheimer's disease (AD), a general term for short-term and gradual
long-term memory loss [1], is the most common form of dementia.
Different mechanisms involved in AD pathogenesis were reported [2].
Amyloid-β peptides (Aβ), the main component of plaques [3], and
tangles formed by hyper phosphorylated tau (p-tau) [4], represent the
two long reported cerebral hallmarks in the pathology of AD. Cerebral
Aβ is normally removed via active transport across the blood-brain
barrier (BBB), a process in which endothelial low-density lipoprotein
receptor-related protein 1 (LRP-1) is centrally involved [5,6]. The BBB
also provides protection against entry of neurotoxic compounds from
the circulation. Thus, transporters in cerebrovascular endothelial cells
mediate the control of cerebral Aβ levels and drug penetration into the
brain [7].

When Aβ metabolism and clearance is imbalanced, Aβ deposition in
mostly small arteries and arterioles causes cerebral amyloid angio-
pathy, occurring in AD with a frequency of 80–90% [8]. BBB dys-
function, including loss of vascular density, decreased diameter of ca-
pillaries, and impaired clearance of cerebral Aβ across the BBB may
consequently contribute to AD pathogenesis [9]. Therefore, main-
tenance of BBB integrity is crucial to prevent AD and other neurological
disorders.

The generation of Aβ can be reduced by the disintegrin and me-
talloproteinase domain-containing protein 10 (ADAM 10) or α-secre-
tase, responsible for the non-amyloidogenic processing of amyloid
precursor protein (APP), thereby preventing and/or improving the pa-
thologic impairment in AD [10]. Cleavage by α-secretase occurs within
the Aβ domain of APP to release the soluble, secreted 100 KDa fragment
termed sAPPα [11]. Another and currently most promising strategy to
prevent Aβ production appears to be inhibition of the protease β-site
APP-cleaving enzyme 1 (BACE1). BACE1 catalyses the first and rate-
limiting step in the amyloidogenic processing of APP [12] and was
found to be elevated in brains of AD patients [13]. In humans and in
animal models, Aβ production was reduced after administration of
BACE1 inhibitors [14,15]. Aβ deposition could be reversed, and cog-
nitive decline was improved upon BACE1 deletion in mice [16]. These
data suggest that BACE1 represents a major drug target for AD treat-
ment [17,18].

Interestingly, cholesterol metabolism is perturbed already in the
early stages of the neurodegenerative process [19]. Increased levels of
plasma cholesterol [20] and decreased levels of high-density lipopro-
teins (HDL) and apoA-I (the major apolipoprotein of HDL) correlate
with the severity of AD [21]. Lipid transport and cholesterol home-
ostasis in the central nervous system (CNS) are mediated through apoA-
I and apoE on HDL [22]. Lipidation of both apolipoproteins occurs by
the cholesterol transporter ATP-binding cassette transporter A1
(ABCA1) [23,24]. Interestingly, memory deficits mediated through Aβ
oligomers deposited in the hippocampus in aged APP23 mice were re-
ported to be ABCA1-dependent [25]. Further, Aβ elimination from the
brain was shown to be facilitated by ABCA1, which neutralized Aβ
aggregation capacity in an apoE-dependent manner [26]. Lipidated
apoE has been shown to adjust its Aβ-binding and consequently de-
gradation properties [27], and the accumulation of Aβ in the brain was
reported in cholesterol-fed animal models [28]. Aβ itself may induce
membrane-associated oxidative stress [29], and exposure of brain cells
to oxidative stress causes cholesterol accumulation in cellular mem-
branes [30]. A regulatory feedback mechanism was identified where Aβ

production is promoted by cholesterol while de novo cholesterol bio-
synthesis is hindered by high cellular Aβ1–40 concentrations [31].
Cholesterol-lowering drugs such as 3-hydroxy-3-methylglutaryl-CoA
reductase inhibitors may reduce the risk of AD [32], although con-
troversial results have been reported in parallel [33].

Remarkably, brain capillary endothelial cells (BCEC) express APP
and the whole APP processing machinery such as C-terminal fragments
(CTFs, derived from α-secretase- and β-secretase-mediated processing
of APP), neuroprotective sAPPα, and Aβ oligomers [34,35]. Further-
more, BCEC express (i) receptors or transporters involved in HDL me-
tabolism such as SR-BI, ABCA1, ABCG1, (ii) PLTP (involved in HDL
remodelling [36]) and (iii) synthesize HDL-associated apolipoproteins
like apoA-I in porcine BCEC (pBCEC) [37], apoE in murine BCEC
(mBCEC), apoM [38], and apoJ [35]. Nuclear receptor agonists for liver
X receptors (LXRs) and peroxisome-proliferator activated receptors
(PPARs) promote cholesterol efflux as well as HDL formation and re-
modelling at the BBB [37,39]. Both, LXR agonists as well as simvastatin
(an inhibitor of endogenous cholesterol biosynthesis) modulate APP
processing and Aβ production [34,35].

As PPARs form obligate heterodimers with retinoid X receptor
(RXR), and particularly PPARα represents a promising target in neu-
rodegenerative diseases [40], we here applied the PPARα agonist [41],
astaxanthin (Asx), in order to compare risks, benefits, and the potential
of such treatment to bexarotene (Bex). Asx (Supplementary Table S1), a
natural carotenoid, exerts anti-oxidative, anti-inflammatory, and neu-
roprotective effects [42]. Thus, Asx can easily cross the BBB and has
been reported to significantly ameliorate BBB integrity [43]. Recent
studies with Asx report on multiple neuroprotective effects [44] against
oxidative stress [45] as well as anti-inflammatory [43] and anti-apop-
totic properties [46]. Furthermore, Asx also significantly reduced im-
pairment of spatial memory in Swiss albino male mice [47].

Bex (Supplementary Table S1) [48] is a RXR agonist, approved by
the US FDA to treat advanced cutaneous T cell lymphomas [49], some
other types of cancer, and psoriasis [50,51]. Implications for RXR-di-
rected therapeutic strategies are widely discussed in AD [52]. In a
ground-breaking study, Cramer and coworkers [53] reported that oral
administration of Bex to mutant, APP-overexpressing mice, APPswe/
PS1ΔE9 (APP/PS1), rapidly cleared>50% of cerebral Aβ plaques
within just 72 h and reversed behavioural and cognitive deficits in these
mice. In parallel, Bex treatment promoted expression of ABCA1 in
hippocampus and cortex of APP/PS1 mice and reversed apoE4-induced
neuronal impairment [53]. Interestingly, increased Aβ clearance was
also observed by OAB-14, a Bex derivative, in APP/PS1 mice [54] and
with Nitrostyrene derivative Z-10 (a first identified nitro-ligand of
RXRα) and its 2-ethyoxyl substituted derivative Z-36 [55]. However,
other studies failed to confirm a Bex-mediated rapid clearance of Aβ
from the brain [56–58]; thus the underlying mechanisms of Aβ clear-
ance are not completely understood.

The aim of the present study was to investigate effects of Asx and
Bex, and underlying biochemical mechanisms, on pathways of APP
processing, Aβ transport across the BBB, and cholesterol homeostasis in
a well-established in vitro model of the BBB consisting of pBCEC [59].
Complementary in vivo studies were performed to clarify if the nuclear
receptor agonists, Asx and Bex, when fed to 3xTg AD mice (that over-
express APPswe, and TauP301L transgenes on a PS1M146V knock-in
background) will exert similar effects on cholesterol and Aβ transport
pathways and on Aβ load in cerebrovascular endothelial cells.
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2. Materials and methods

2.1. Materials

Cell culture flasks, plates, and other plastic ware were from Greiner
Bio-One. Cell culture medium M199 and MCDB131, minimal essential
medium (MEM), Dulbecco's modified Eagle's medium (DMEM)/Ham's
F-12, porcine serum, and dispase were from Life technologies; collagen
G (from bovine calf skin) was from Biochrome, and cell culture ad-
ditives were from PAA laboratories. Collagenase/dispase was from
Roche Applied Science. Transwell multiwell plates (polyester mem-
brane inserts, 0.4 μm pore size), as well as hydrocortisone and Percoll
(pH 8.5–9.5), were from Sigma-Aldrich. Bex was from Calbiochem
(Merck Millipore) and LC Laboratories and Asx was from AdipoGen or
Sigma-Aldrich. Corn oil was from Sigma-Aldrich. Dextran was from
VWR. [14C]-sucrose, Ultima Gold scintillation cocktail, and scintillation
vials were from Perkin Elmer. [125I]-(Aβ1–40) was from Phoenix
Pharmaceuticals. PA 452 (an RXR antagonist) was from Tocris.
Probucol (P9672, an anti-hyperlipidemic drug) and GW 6471 (a PPARα
antagonist) were from Sigma-Aldrich. DharmaFECT 1 Transfection
Reagent and ON-TARGETplus Non-targeting Control siRNAs were from
Dharmacon.

Targeting siRNAs for porcine LRP-1 (5′-GGAGGAUGACUGUGAA
CAU-3′, 5′-ACAACGCUGUCGCCUUGGA-3′ and 5′-CCUGUACUGGUGU
GACAAA-3′), were from Microsynth. Diethylamine (DEA) and formic
acid (FA) were from Sigma-Aldrich.

Polyvinylidene fluoride (PVDF; 0.45 μm) transfer membranes were
from GE healthcare. Antibodies were from Sigma-Aldrich (β-actin
Cat#A2066, goat anti-mouse-HRP Cat#A0168, anti-amyloid precursor
protein, C-terminal A8717), Millipore (A11 rabbit anti-Amyloid
Oligomer, αβ, oligomeric, Cat# AB9234), BioLegend (purified anti-β-
Amyloid, 1–16 antibody, Clone: 6E10, Cat# 803002), Abcam (anti-
ABCA1 antibody [AB·H10] ab18180) and (anti-ABCG1 [EP1366Y] an-
tibody ab52617) and (anti-LRP-1 antibody ab192308). Polyclonal
rabbit-anti-human apoA-І antiserum was from Behring. Goat anti-rabbit
cyanine-3 (Cy-3) antibody was from Jackson ImmunoResearch Lab.
Polyclonal rabbit anti-human von Willebrand Factor (vWF) and
Cytomation antibody diluent with background reducing components
were from Dako Inc. Both non-immune mouse and rabbit IgGs were
from Millipore Corp. Donkey anti-rabbit Dylight 488 (green) were from
BioLegend Inc. Vectashield mounting medium was from Vector Lab,
Inc.

PCR reagents were from Bio-Rad and primers were from Invitrogen.
Pre-validated primers were from Qiagen (QuantiTect Primer Assay). All
other reagents and chemicals were either from Sigma-Aldrich or Merck.

2.2. Isolation and culture of pBCEC

pBCEC, used as an in vitro BBB model, were isolated according to
the protocol [60] with minor adaptations [36] from 3 hemispheres of
freshly slaughtered pigs (6months old). After removal of the meninges
and secretory areas of the porcine brain, pBCEC were isolated from the
remaining cerebral cortex by sequential enzymatic digestion and cen-
trifugation steps. In brief, the cortex was minced and dispase (70mg/
brain) in 40ml M199 medium (containing 1% penicillin/streptomycin
[P/S], 1% gentamycin, 1mM L-glutamine) was added and incubated at
37 °C in the water bath for 1 h with gentle stirring. Dextran solution
(150ml) was added and the suspension was centrifuged (6800×g,
10 min, 4 °C). The pellet was resuspended in M199 medium (containing
1% P/S, 1% gentamycin, 1mM L-glutamine and 10% porcine serum)
and the capillaries were disrupted mechanically by filtering the sus-
pension through a nylon mesh and enzymatically by adding 350 μl
collagenase/dispase. The suspension was carefully pipetted onto a
Percoll bi-phase gradient (15ml of 1.07 g/ml and 20ml of 1.03 g/ml
Percoll solution) and centrifuged (1300×g, 10min) in a swinging
bucket rotor. Endothelial cells were isolated from the interphase by

aspiration and cells were plated onto collagen coated 75 cm2 cell cul-
ture flasks in M199 medium (containing 1% P/S, 1% gentamycin, 1mM
L-glutamine, and 10% porcine serum). After 24 h, endothelial cells were
washed twice with PBS and cultured in M199 containing 10% porcine
serum, 1% gentamycin, 1% P/S, and 1mM L-glutamine. After 3 days in
culture, the cells were split (using trypsin, 0.5%) onto collagen-coated
multiwell plates or transwell filters. All cell culture incubations were
performed at 37 °C in humidified air containing 5% CO2. To establish
polarized pBCEC, cells were plated onto collagen-coated (120 μg/ml)
Transwell® (6- or 12-well) cell culture dishes at a density of 40,000
[39]. The tightness of the transwell culture was assessed by measuring
trans-endothelial electrical resistance (TEER) using an EndOhm tissue
resistance measurement chamber and an EndOhm ohmmeter (World
Precision Instruments). TEERs of collagen-coated, cell-free filters were
used for blank measurements. After 2 to 3 days in culture, when TEERs
reached ≥70Ω/cm2, the formation of tight junctions was induced by
switching to DMEM/Ham's F-12 medium, containing 550 nM hydro-
cortisone, 1% P/S and 0.7 mM glutamine. After 16 to 20 h of induction,
filters with ~300–1000Ω/cm2 were used for experiments.

2.3. Animal studies

Animal experiments were performed after ethical approval of the
Austrian Department of Science, Research and Economy (approval
number 66010/0052-WF/V/3b/2015). Triple transgenic AD (3xTg AD)
mice, harbouring the mutant genes APP Swe/MAPT P301L/PSEN1 M146V

were originally obtained from the Jackson Laboratory. Progressively
generated plaques and tangles are present in the brains of these mice
[61]. Since female 3xTg AD mice were reported to establish sig-
nificantly larger Aβ burden and behavioural deficits compared to age-
matched males [62,63], we used females in the present study. Female
3xTg AD and non-transgenic C57/BL6 (wild-type, non-Tg) mice were
maintained at a 12 h light/12 h dark cycle in a humidity- and tem-
perature-controlled environment with free access to chow diet (Ssniff,
Germany). Prior to treatment, blood was collected from the sub-
mandibular vein. Two individual studies were performed:

In study I, < 1-year-old (32–49weeks old) female 3xTg AD mice
were gavaged for 6 days with vehicle (10% DMSO in corn oil [v/v];
vehicle control group, n=10), Bex (100mg/kg in DMSO/corn oil;
n= 9), or Asx (80mg/kg in DMSO/corn oil; n= 8) and compared to
non-Tg mice (37–49 weeks; n= 5 for vehicle control group; n= 6 for
Bex; n= 7 for Asx).

In study II, aged (68–92 weeks old) female 3xTg AD mice were ga-
vaged for 6 days with vehicle (n=8), Bex (100mg/kg; n=6), or Asx
(80mg/kg; n=8). Body weights were assessed before treatment, at day
4, and before sacrification.

On day 7, mice were fasted for 6 h prior to sacrification using a
gentle CO2 stream. EDTA blood samples were taken via cardiac punc-
ture and plasma lipids were measured enzymatically using colorimetric
assay kits (DiaSys Diagnostic Systems). Murine brains were removed
from the skull and divided into two hemispheres. One hemisphere was
sliced into 3 pieces, two were frozen for protein and RNA isolation at
−20 °C, the third one was snap frozen and stored at −70 °C for im-
munofluorescence microscopy. The other hemisphere was pooled with
up to three hemispheres from mice of the same group, and mBCEC were
isolated (see below) on the day of scarification.

2.4. Isolation of mBCEC

One hemisphere of each animal was used to isolate mBCEC [35] and
cells from 3 hemispheres were pooled. In brief, the hemispheres were
washed in phosphate-buffered saline (PBS, pH 7.4, containing 2% P/S)
and the olfactory bulb was removed. Scalpel and douncer were used to
mince the grey and white matter of the cortex. To isolate capillaries, the
homogenate was mixed with dispase (10mg/two hemispheres) in 5ml
MCDB131 medium (containing 2% fetal bovine serum, 1% L-glutamine
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and 1% P/S), and incubated at 37 °C in the water bath for 1 h. After
adding dextran (5ml), the suspension was centrifuged (10,000×g,
10 min, 4 °C) and the pellet was resuspended in 5ml medium and fil-
tered through a nylon mesh (180 μM). In order to disrupt capillaries and
removing the basement membrane and adhering pericytes [64], 40 μl
collagenase/dispase (1min in a water bath) was supplemented, the
suspension filled up to 5ml medium and centrifuged (900 rpm, 5min,
25 °C). Endothelial cells were harvested using a Percoll bi-phase gra-
dient as referred above for pBCEC. Cells were washed with PBS and
stored at −20 °C for protein and RNA isolation. The purity of isolated
mBCEC was confirmed by performing quantitative real-time PCR
(qPCR) for mRNA expression of cell-specific markers such as cluster of
differentiation 31 (CD31) for endothelial cells, aminopeptidase N
(CD13) and beta-type platelet-derived growth factor receptor (PDGFRβ)
for pericytes, glial fibrillary acidic protein (GFAP) for astrocytes, sy-
naptophysin (SYP) for neurons, ionized calcium binding adaptor mo-
lecule 1 (IBA1) for microglia, and smooth muscle actin (SMA) for
smooth muscle cells (Supplementary Fig. III). The lack of CD13 or
PDGFRβ mRNA is indicative for the absence of pericytes in the isolated
mBCEC fraction, which was highly enriched in CD31 identifying en-
dothelial cells.

2.5. BACE activity assay

The activity of BACE1 was estimated using the fluorometric Beta-
Secretase Activity Assay Kit (Abcam). A secretase-specific peptide is
conjugated to two reporter molecules (EDANS, DABCYL), which are
separated upon cleavage of the peptide by secretase allowing for the
release of a fluorescent signal. In brief, pBCEC were incubated with
either vehicle control (0.5% ethanol), Bex [100 nM] or Asx [10 nM] in
serum-free medium for 24 h at 37 °C. Cells were harvested by scraping
and centrifuged for 5min at 700×g. Supernatants were discarded and
0.1 ml of ice-cold extraction buffer was added, followed by treatment
with lysis buffer, and subsequent determination of the activity using a
fluorimeter (Flexstation 2 Molecular Devices) (Ex=345 nm/
Em=500 nm) [35].

2.6. Isolation of RNA and qPCR

Primary pBCEC were grown in 6-well plates and incubated in
serum-free medium (500ml Earle's medium M199 1×, 1% P/S, 1mM L-
glutamine) in the absence or presence of vehicle control (0.5% ethanol),
Bex [10 and 100 nM], or Asx [1 and 10 nM] for 24 h at 37 °C. For RNA
isolation [35], pBCEC from each well were lysed in 1ml TriReagent RT
(Molecular Research Centre). Whole mouse brain tissue (~50mg) was
minced after adding 1ml TriReagent RT for 3× 10 s using an Ultra
Turrax tissue homogenizer. RNA concentration was quantitated using a
Nanodrop (Thermo Scientific). cDNA was synthesized using the High
Capacity Reverse Transcriptase kit (Life Technology). qPCR was per-
formed on a CFX96 PCR detection system (Bio-Rad) using iQ SYBR
Green supermix (Bio-Rad). The qPCR program comprised one cycle at
95 °C for 3min, 40 cycles of 95 °C for 10 s, 60 °C for 20 s, 72 °C for 40 s.
Primers used are listed in Table 1. Hypoxanthine phosphoribosyl-
transferase 1 (HPRT1) was used as a housekeeping gene. Gene ex-
pression levels were normalized to HPRT1 using the 2-ΔΔCT method
[65].

2.7. SDS-PAGE and immunoblotting

Primary pBCEC were grown in 6-well plates and incubated with
serum-free medium (500ml Earle's medium M199 1×, 1% P/S, 1mM L-
glutamine) containing control (0.5% ethanol), Bex [10,100 nM] or Asx
[1,10 nM] for 24 h at 37 °C. Cellular lysates and trichloroacetic acid
(TCA) precipitates of secreted proteins were prepared after 24 h of in-
cubation [38]. Immunoblot analysis of mBCEC was performed using
total cell protein lysates of isolated cells. Protein concentrations were

measured by using the bicinchoninic acid (BCA) assay (Thermo Scien-
tific), lysates mixed with sample buffer, and proteins denatured at 95 °C
for 5min in a thermocycler. Equal amounts of protein (20 μg) was
loaded onto gradient NuPage® Novex 4–12% Bis-Tris Midi Gels
(Thermo Scientific) and subjected to SDS-PAGE under reducing condi-
tions as described [66]. For immunoblotting, proteins were electro-
phoretically transferred [67] to 0.45 μm PVDF membranes (GE
healthcare). After blocking with 10% non-fat dry milk (Bio-Rad) in Tris-
buffered saline containing Tween 20 (TBST) for 1 h, the membranes
were probed with the following primary antibodies diluted in TBST
containing 5% milk powder: anti-β-actin (1:2000), rabbit anti-Amyloid
Oligomer antibody (A11) (1:5000), anti-β-Amyloid 6E10 (1:1000), anti-
ABCA1 (1:2000), anti-ABCG1 (1:1000), rabbit-anti-apoA-І antiserum
(1:1000) [68], anti-LRP-1 (1:10000), anti-amyloid precursor protein,
anti-C-terminal A8717 (1:1000). After washing, membranes were in-
cubated with goat anti-rabbit IgG-HRP (Bio-Rad) (1:5000) or goat-anti-
mouse IgG-HRP (Sigma Aldrich) (1:5000) as secondary antibodies.

In parallel, Aβ was extracted from murine brains and im-
munoblotting was performed for both insoluble (FA) and soluble (DEA)
Aβ fraction. Both fractions were loaded to 12% NuPage (Thermo
Fisher) gels and electrophoresis was performed using MES buffer
(ThermoFisher). Blotting was carried out using Tris-glycine buffer
(25mM Tris, 0,5M glycine, 20% methanol) and nitrocellulose mem-
brane (GE Healthcare Protran BA83) for 3 h, 50mA at 4 °C. After
blotting, membranes were stained with Ponceau S. Then, membranes
were boiled for 5min in PBS in a microwave in order to unfold re-
spective epitopes and blocked (5% milk powder, 1× TBS) for 1 h. Blots
were probed using 6E10 as primary antibody (1:750) and goat-anti-
mouse IgG-HRP as secondary antibody. Chemiluminescent signals were

Table 1
Primer sequences, forward (F) and reverse (R) for porcine (ss) and murine (mm)
genes used for qPCR analysis.

Gene Sequence (5′-3′) Amplicon size (bp)

ssADAM10 F, AGCAACATCTGGGGACAAAC 219
R, CTTCCCTCTGGTTGATTTGC

ssBACE1 F, TGGACTGCCTCATGGTGTG 155
R, GTGACCAAAGTGAACCACCG

ssHPRT1 F, AGGACCTCTCGAAGTGTTGG 247
R, CAGATGGCCACAGGACTAGA

ssLRP-1 F, GCAGATGTATCAACATCAACTGG 98
R, GGGTGCTAGAGCAAGAGTGG

ssABCA1 F, GCCATTCTCCGGGCCAAC 252
R, GGCTTCACGCCGCTGAT

ssAPOA-І F, GATGCGATCAAAGACAGTGG 98
R, CTGTCCCAGTTGTCCAGGAG

mmLRP-1 F, CCGCATCTTCTTCAGTGACA 96
R, ACAGAGCCCACATTTTCCAC

mm ABCA1 F, ATTGCCAGACGGAGCCG 103
R, TGCCAAAGGGTGGCACA

mm APOE F, CTGACAGGATGCCTAGCCG 107
R, CGCAGGTAATCCCAGAAGC

mm CD31 F, AGGCTTGCATAGAGCTCCAG 278
R, TTCTTGGTTTCCAGCTATGG

mm CD13 F, CCCCGGGGCTGCTGTTCTTT 1208
R, ACCACCCGCTCCTTGTTGCTAATG

mm GFAP F, TCCTGGAACAGCAAAACAAG 224
R, CAGCCTCAGGTTGGTTTCAT

mm SYP F, CATTCAGGCTGCACCAAGTG 60
R, TGGTAGTGCCCCCTTTAACG

mm IBA1 F, GGATTTGCAGGGAGGAAAAG 92
R, TGGGATCATCGAGGAATTG

mm SMA F, CTGACAGAGGCACCACTGAA 285
R, GAAATAGCCAAGCTCAG

mm PDGFRβ F, AGCTACATGGCCCCTTATGA 367
R, GGATCCCAAAAGACCAGACA

mm HPRT1 F, GCCTAAGATGAGCGCAAGTTG 101
R, TACTAGGCAGATGGCCACAGG

mmHPRT1
mmBACE1

QUANTITECT PRIMER ASSAY (QIAGEN)
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developed using ECL (Bio-Rad) and detected and imaged using a
ChemiDoc system (Bio-Rad). Immunoreactive bands were quantitated
using ImageLab software (version 5.2.1, Bio-Rad).

2.8. Purification of plasma HDL and apoA-I

HDL subclass 3 (HDL3, 1.125–1.21 g/ml) was isolated from fresh
EDTA-plasma obtained from healthy, female volunteers by KBr-density
gradient ultracentrifugation [69]. HDL3 was stored at 4 °C and desalted
before use with PBS (pH 7.4) using PD10 size-exclusion column chro-
matography. Protein content was determined by Qubit, Quant-iT Pro-
tein Assay Kit. ApoA-I was isolated from delipidated total HDL by size-
exclusion chromatography on a Sephacryl S-200 column 3×150 cm
(GE healthcare) as described [70].

2.9. Radiometric assay for cholesterol efflux

Primary pBCEC were cultured in 12-well plates. After reaching
70–80% confluency, the cells were labeled with 0.5 μCi/ml [3H]-cho-
lesterol in M199 medium and incubated at 37 °C for 24 h [36]. Where
indicated (figure legends), cells were then pre-incubated with RXR
antagonist PA 542 [10 μM] and PPARα antagonist GW 6471 [10 μM]
for 15min, and incubated in the presence of vehicle control (0.5%
ethanol), Bex [100 nM], Bex with PA 542 or Asx [10 nM], Asx with GW
6471 in serum-free medium (500ml Earle's medium M199 1×, 1% P/S,
1mM L-glutamine) for 16 h at 37 °C. Then cells were rinsed with PBS,
and cholesterol acceptors such as HDL3 (200 μg/ml) or apoA-I (10 μg/
ml) were added in fresh serum-free medium. Aliquots of cell super-
natants (200 μl) were taken at the indicated time points and analysed
by β-counting. Cells were washed twice with ice-cold PBS and lysed in
0.3M NaOH over night at 4 °C. Remaining [3H]-cholesterol radio-
activity in the cell lysates was counted, and total cellular protein con-
centration was quantified using the Qubit fluorometer (Quanti-IT pro-
tein assay kit, Invitrogen). Cholesterol efflux was expressed as cpm/mg
cell protein in the supernatants relative to the total counts in the su-
pernatants plus cell lysates.

2.10. Quantitation of cellular cholesterol levels

pBCEC grown in 6-well plates were incubated in serum-free medium
containing vehicle control (0.5% ethanol), Bex [100 nM] or Asx
[10 nM] for 24 h. Cells were rinsed twice with PBS and incubated for
30min under gentle agitation with cholesterol reagent (Greiner Bio-
one) in the presence of 5mg/ml enhancer sodium 3,5-dichloro-2-hy-
droxybenzenesulfonate (DHB; Sigma Aldrich). Absorbance (at 562 nm)
was measured on a photometer with Magellan software (Tecan), and
values obtained were normalized to intracellular protein content [34].

2.11. Radiometric assay for cholesterol biosynthesis and esterification

Primary pBCEC were incubated with [14C]-acetate (2 μCi/ml) in the
presence of vehicle control (0.5% ethanol), Bex [100 nM] or Asx
[10 nM] in serum-free medium for 24 h. Incorporation of [14C]-acetate
into cellular cholesterol and cholesterol esters was determined as pre-
viously described [34]. Briefly, cells were rinsed twice in PBS and
cellular lipids were extracted by incubation in n-hexane/isopropanol
(3:2, v/v) (2×1ml for 30min, gently agitating at 25 °C). Lipid extracts
were dried under a stream of nitrogen and resuspended in 50 μl of
chloroform/methanol (2:1, v/v). Aliquots of the samples were counted
on a β-counter to obtain total counts/well. Lipid extracts were loaded
onto silica TLC plastic plates (Merck). For separation of free and es-
terified cholesterol, n-hexane/diethylether/acetic acid (70:29:1, v/v/v)
was used as the mobile phase. Standards (Sigma Aldrich) for all lipid
classes (1mg/ml) were subjected in parallel to TLC plates. Respective
lipid spots were stained with iodine vapour, cut out, and radioactivity
was determined by β-counting (Liquid Scintillation Analyzer, Packard).

Total counts per sample were normalized to intracellular protein con-
tent (estimated using the Qubit fluorimeter and the Quant-iT Protein
Assay kit, Invitrogen).

2.12. Aβ uptake studies

Primary pBCEC were grown in collagen-coated 24-well plates and
incubated in the presence of vehicle control (0.5% ethanol), Bex
[100 nM] or Asx [10 nM] for 24 h. Aβ uptake by pBCEC was measured
as recently described [35]. In brief, 100 μl of Aβ1–40 [1 mg/ml] was
labeled fluorescently by incubating with 3 μl Alexa Fluor 488 5-TFP for
1 h at 37 °C in 18 μl carbonate-bicarbonate buffer. Unbound fluorescent
dye was removed via size-exclusion chromatography on a PD-10
column [34]. Alexa-Aβ secondary structure was characterized by im-
munoblotting and confirmed to be identical to unlabelled Aβ1–40 (not
shown). After 24 h, cells were incubated with Alexa Fluor 488 labeled
Aβ1–40 [0.5 μg/ml] for 2 h at 37 °C, and fluorescence was measured in
the cellular supernatants at 490–525 nm using the Promega Glomax
detection system. Cells were lysed by adding 0.3M NaOH and cellular
protein content was measured using the Qubit fluorometer (Quant-IT
protein assay kit) [35]. Alternatively, [125I]-Aβ1–40 uptake was also
measured in parallel with Aβ transport studies (see below).

2.13. Aβ transport studies

Primary pBCEC were grown on collagen-coated [120 μg/ml] 12-well
transwell filters, incubated in the presence of vehicle control (0.5%
ethanol), Bex [100 nM], or Asx [10 nM] for 24 h in DMEM/Ham's F12
medium containing 1% P/S, 0.25% glutamine and 500 nM hydro-
cortisone (Sigma Aldrich). In parallel, the increase in TEER was mea-
sured (as described above in Section 2.2). To assess Aβ transport from
across the in vitro BBB model, 0.3 nM of [125I]-Aβ1–40 and 100 nM
[14C]-sucrose (as paracellular transport control, which is not taken up
by cells) was added to the basolateral compartment. Transport of [125I]-
Aβ1–40 from the basolateral (‘brain parenchymal’) to the apical (‘blood’)
compartment was measured after 2 h. From each basolateral (input)
and apical (acceptor) compartment, 100 μl or 50 μl were taken to count
radioactivity of [125I]-Aβ1–40 or [14C]-sucrose. To measure transcytosis
of intact [125I]-Aβ1–40 to the luminal side, 50 μl of apical media were
subjected to 15% TCA precipitation and incubated for 10min at 4 °C (to
precipitate Iodine bound Aβ). Samples were then centrifuged at
10,000×g for 10min at 4 °C and radioactivity associated to pellets was
counted on a γ-counter, the supernatant was transferred to a new vial,
the same procedure was repeated with basolateral samples and uptake
of [125I]-Aβ1–40 was calculated as the percentage of cpm/mg cell pro-
tein in the pellet of cell lysates relative to the cpm/mg of supernatant.
In parallel, 50 μl of apical media were counted on a β-counter with 5ml
Ultima Gold scintillation cocktail to examine the passive diffusion of
[14C]-sucrose across the BBB. Transcytosis quotient (TQ) was calculated
as followed [35]:

=A TQ
acceptor

input
C acceptor

C input

[125I] A
[125I] A

[14 ] sucrose
[14 ] sucrose

2.14. Cytotoxicity assay

The cytotoxicity assay was performed using cell proliferation
Reagent WST1 from Roche. In brief, pBCEC were seeded onto collagen-
coated [60 μg/ml] 96-well plates. Upon reaching confluence, cells were
treated for 24 h with vehicle control (0.5% ethanol), Bex [100 nM] or
Asx [10 nM]. The absorbance of the formazan product was measured
photometrically at 450 nm and 650 nm by Magellan software (SUNRISE
TECAN).
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2.15. Reactive oxygen species (ROS) assay

pBCEC were cultured in collagen-coated [60 μg/ml] 12-well plates
and treated with control (0.5% ethanol), Bex [100 nM] or Asx [10 nM]
for 24 h. ROS measurement was carried out using H2DCFDA fluorescent
dye as described [71]. Fluorescence was measured at excitation and
emission wavelengths of 485 and 530 nm, respectively, using the Pro-
mega Glomax detection system. The protein content of cell protein ly-
sates was determined using BCA™ protein assay kit and fluorescence
was normalized to protein content.

2.16. LRP-1 gene-silencing in pBCEC

Primary pBCEC were cultured in 6-well plates for 3 days to reach
~70% confluency and transfected with DharmaFECT transfection re-
agent 1 following manufacturer's instructions and as described with
minor modifications [38]. In brief, three targeting siRNAs for each
target gene (i.e. porcine LRP-1 [5′-GGAGGAUGACUGUGAACAU-3′,
5′-ACAACGCUGUCGCCUUGGA-3′ and 5′-CCUGUACUGGUGUGAC
AAA-3′]) were pooled in nuclease-free water to obtain 5 μM stock so-
lutions. The stocks were then diluted (1:10) in serum-free (SF) medium,
Dharmafect was diluted in SF medium (1:40), each was incubated for
5min at RT, both dilutions were mixed and incubated for 25min at RT.
Medium in the 6-well plate was changed to 1.6ml complete medium
(M199, containing 10% horse serum, without antibiotics). Transfection
mix (400 μl) was added dropwise to each well and incubated for 24 h in
37 °C. Cells were treated with Bex [100 nM] and Asx [10 nM] for an-
other 24 h in 37 °C.

2.17. Immunofluorescent staining on snap frozen mouse brain sections by
using 6E10 and oligomer (A11) antibodies

Staining was performed on 18 μm cryosections from mouse brain
tissues. Sections were fixed in cold acetone (5min) and air-dried
(20min) prior to immunofluorescent staining. Sections were washed
with TBST (pH 7.4), blocked with Ultra-V block for 7min and then
incubated with polyclonal rabbit anti-Aβ, A11 (Ab9234, 8 μg/ml) or
mouse anti-β-Amyloid (6E10, 5 μg/ml, SIG-39320) as primary anti-
bodies for 1 h at 25 °C. Primary antibodies were diluted with Dako
antibody diluent to reduce background staining. Sections were washed
for 5min with TBST and goat anti-rabbit Cy-3 (red, 1.88 μg/ml, 30min)
was used as secondary antibody. All incubation steps were performed in
a dark moist chamber at 25 °C. Slides were washed by TBST. DAPI was
added to the slides (20min) for nuclear staining. Sections were rinsed
again with TBST and mounted with Vectashield mounting medium. To
acquire and analyse computerized images of sections and cells, a Leica
DM4000 B microscope (Leica Cambridge Ltd) equipped with Leica DFC
320 video camera was used. Non-immune rabbit IgG was used as ne-
gative control.

2.18. Vascular endothelial cell double-staining of snap frozen mouse brain
sections

Double staining of vWF (a specific endothelial cell marker) and Aβ
was carried out on 18 μm cryosections of mouse brain samples. Tissue
sections were fixed with 4% paraformaldehyde for 10min, rinsed in
distilled water prior to immunofluorescence staining. All incubations
were performed at 25 °C. Sections were washed with TBST (pH 7.4),
blocked with donkey serum for 1 h and incubated with primary anti-
body for 1 h at 25 °C. Mouse anti-β-Amyloid (6E10, 5 μg/ml) and rabbit
anti-vWF (0.16 μg/ml) antibodies were used. All incubation steps were
performed in a dark moist chamber at 25 °C. Slides were rinsed by TBST
and donkey anti-mouse Cy-3 (red, 1.88 μg/ml) and donkey anti-rabbit
Dylight 488 (green, 1.66 μg/ml) were used as secondary antibodies
(30min). Slides were washed again with TBST and DAPI was added for
20min for nuclear staining. Sections were rinsed again with TBST and

mounted with vectashield mounting medium. Both, non-immune
mouse or rabbit IgG were used as negative controls. To acquire and
analyse computerized images of sections and cells, a Leica DM4000 B
microscope (Leica Cambridge Ltd) equipped with Leica DFC 320 video
camera was used.

2.19. Aβ extraction from mice brain

Frozen brain cortical hemispheres from female 3xTg AD mice and
wild-type C57BL6 mice (non-Tg) were used. Extraction of both soluble
(DEA: Aβ isoforms and APP) and insoluble (FA: Aβ isoforms associated
with plaques) proteins were performed exactly as described [72]. In
brief, mechanically homogenized brain tissue (250 μl) were mixed with
0.4% DEA solvent (250 μl), (DEA: 1ml of 5M NaCl and 50ml of ddH2O)
and were centrifuged at 135,000×g for 1 h at 4 °C, the supernatant
(425 μl) was neutralized with 0.5M Tris-HCl (42.5 μl) and stored at
−80 °C. The pellet was sonicated on ice (1min) in 95% FA (~20 s with
15mA amplitude) until the pellet dissolved, centrifuged at 109,000×g
for 1 h at 4 °C. The supernatant (105 μl) was neutralized with FA neu-
tralization buffer (1M Tris, 0.5M Na2HPO4 and 0.05% NaN3) and the
samples were stored at −80 °C. Immunoblotting was performed to
analyse Aβ species and to evaluate the amyloid burden in mice.

2.20. Nissl staining on snap frozen mouse brain sections

Staining was performed on 18 μm cryosections from mouse brains.
Sections were fixed in 4% paraformaldehyde (15min) and stained with
0.1% thionine (5 s). Sections were washed with ddH2O. Slides were
dehydrated and mounted with permount. To acquire and analyse
computerized images of sections, a Motic microscope (MOTIC
Deutschland GmbH) equipped with Moticam Pro 285B camera was
used.

2.21. Statistical analysis

Experiments were performed at least three times in triplicates and
data are expressed as means ± SEM unless stated otherwise. Statistical
significances (*p≤0.05; **p≤ 0.01; ***p≤0.001; ****p≤ 0.0001)
were determined by one-way or two-way ANOVA performed by using
Prism 6 software (Graphpad version 6).

3. Results

3.1. Asx and Bex shift APP processing towards the non-amyloidogenic
pathway in pBCEC

To study effects of both drugs on mRNA expression levels for APP
and processing enzymes, as well as protein levels of Aβ, pBCEC were
treated for 24 h with vehicle (0.5% ethanol), Bex [10,100 nM] or Asx
[1,10 nM]. A dose-dependent up regulation of APP mRNA levels by
1.2 ± 0.04-fold with Bex [10 nM], 2.2 ± 0.10-fold by Bex [100 nM]
(Fig. 1A) was observed. One-way ANOVA for treatment showed a sig-
nificant effect (p≤ 0.0001). Significantly elevated APP mRNA levels by
1.2 ± 0.04-fold with Asx [1 nM] and 1.7 ± 0.04-fold with Asx
[10 nM] (Fig. 1B) (p=0.0008) were observed. In parallel, TCA-pre-
cipitated protein levels of sAPPα were increased by 5.9 ± 0.92
(p= 0.0079) with Bex [100 nM] (Fig. 1C) and by 7.7 ± 1.65
(p= 0.0004) with Asx [10 nM] treatments (Fig. 1D). Further, a sig-
nificant increase in relative ADAM10 mRNA levels in response to Bex
(1.5 ± 0.20-fold at [10 nM], 1.8 ± 0.18-fold at [100 nM]) (Fig. 1E)
(p= 0.0435) and Asx (1.6 ± 0.11-fold at [1 nM] and 2.2 ± 0.03-fold
at [10 nM]) (Fig. 1F) (p=0.0001) was observed. Interestingly, BACE1
mRNA was down regulated upon treatment with Bex [100 nM] by
41 ± 7.6% (Fig. 1G) (p=0.0007) and Asx (1 nM by 17 ± 0.6%; Asx
10 nM by 22 ± 1.5%) (Fig. 1H) (p=0.0092). Accordingly, total BACE
activity was significantly reduced upon treatment of pBCEC with Bex
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[100 nM] by 17 ± 0.6% or Asx [10 nM] by 17 ± 0.8% (Fig. 1I)
(p= 0.0156). As expected in pBCEC, immunoblots for Aβ oligomers
(using A11 antibody) revealed a prominent band at ~38 KDa [35],
which was markedly reduced by Bex [100 nM, 36 ± 3.7%] (Fig. 1J)
(p=0.0343) and Asx [10 nM, 69 ± 4.7%] (Fig. 1K) (p=0.0166).
Strikingly, a prominent 6E10-reactive APP/Aβ species ~80 KDa band
detected in vehicle-treated pBCEC lysates (and APP/Aβ species not
cross reacting with C-terminal APP antibody, data not shown) was re-
duced by Bex [100 nM] by 90 ± 0.01% (Fig. 1L) (p < 0.0001) and
almost completely disappeared upon treatment with Asx [10 nM]
(Fig. 1M). These in vitro results demonstrate that both drugs sig-
nificantly inhibit Aβ production in pBCEC while promoting non-amy-
loidogenic APP processing in parallel.

3.2. Effects of Asx and Bex on ROS levels and proliferation of pBCEC

Treatment of pBCEC with Bex [100 nM] for 24 h decreased
H2DCFDA-reactive ROS levels by 22 ± 2.6%. Asx [10 nM] significantly
reduced cellular ROS levels by 61 ± 34.8% (Supplementary Fig. IIA)
(p=0.0045). This may contribute to maintain and almost improve cell
viability in pBCEC undergoing treatments, as was observed with Asx
and Bex when compared to control conditions (Supplementary Fig. IIB).

3.3. Asx and Bex up-regulate genes/proteins responsible for cholesterol
efflux in pBCEC

We next investigated mRNA expression of ABCA1 and ABCG1 (two
key transporters involved in cholesterol efflux from pBCEC) and apoA-І
(an acceptor of ABCA1-mediated released cholesterol) [37,38]. Treat-
ment with Bex [10 and 100 nM] dose-dependently increased APOA-І
mRNA levels by 1.3 ± 0.09 and by 2.0 ± 0.07-fold (Fig. 2A)
(p=0.0002). Bex also upregulated ABCA1 mRNA levels by
2.3 ± 0.15-fold at [10 nM] and 3.8 ± 0.36-fold at [100 nM] (Fig. 2B)
(p=0.0005). Similarly, Asx [10 nM] upregulated ABCA1 mRNA levels
by 2.7 ± 0.20-fold (Fig. 2C) (p=0.0010). Immunoblot of TCA-pre-
cipitated proteins from the supernatants revealed that levels of secreted
apoA-І were increased upon Bex treatment [100 nM] by 2.7 ± 0.24-
fold (Fig. 2D) (p=0.0034); however, Asx had neither an effect on
APOA-I mRNA expression nor on protein levels (Supplementary Fig. IA,
ID). A pronounced increase in ABCA1 protein expression levels in re-
sponse to Bex [10 nM] by 4.8 ± 0.60-fold and [100 nM] by
4.8 ± 0.40-fold, respectively, was observed (Fig. 2E) (p=0.002). Si-
milarly, Asx increased ABCA1 protein expression levels: at low Asx
concentrations [1 nM] by 2.5 ± 0.78-fold while at higher Asx con-
centrations [10 nM] by 3.9 ± 0.38-fold (Fig. 2F) (p=0.0277). Fur-
thermore, treatment of pBCEC with Asx [10 nM] slightly up regulated
ABCG1 mRNA expression by 1.2 ± 0.03 fold (Supplementary Fig. IB)
(p=0.0034), while treatment with Bex [100 nM] elevated ABCG1
mRNA expression by 2.9 ± 0.99 fold (Supplementary Fig. IC)
(p=0.0219). Unexpectedly, treatment of cells with either Asx or Bex

had no significant effect on ABCG1 protein expression (Supplementary
Fig. IE, IF).

3.4. Asx and Bex enhance cholesterol release involving PPARα- and RXR-
mediated activation and reduce cholesterol synthesis in pBCEC

We next investigated effects of Asx and Bex on cellular cholesterol
release to apoA-I and HDL3 and addressed a contribution of nuclear
receptor-dependent mechanisms by using PPARα- and RXR-antagonists.
We studied cholesterol efflux capacity of pBCEC prelabelled with [3H]-
cholesterol for 24 h and pre-incubated with either antagonist for 15min
before treatment with vehicle (0.5% ethanol), Bex [100 nM], Bex
[100 nM] and RXR antagonist PA 542 [10 μM], Asx [10 nM], Asx
[10 nM] and PPARα antagonist GW 6471[10 μM]. ApoA-І [10 μg/ml] or
apoE-free HDL3 [200 μg/ml] were added as cholesterol acceptors to the
serum-free culture media. Accordingly, results obtained here are in line
with the upregulation of ABCA1 (and ABCG1 mRNA) expression: Bex
[100 nM] promoted cholesterol efflux to apoA-I by 3.5-fold and 7.1-fold
at 90 and 240min, respectively. Two-way ANOVA revealed a sig-
nificant effect of treatment (p≤ 0,0001) when compared to controls.
Treatment with Bex and PA 542 partially reversed this effect.
Cholesterol efflux in the presence of the RXR antagonist versus un-
treated controls was still augmented, albeit to lower extent by (2.5-fold
and 3.45-fold at 90 and 240min; p=0.0009) (Fig. 3A).

Asx [10 nM] increased cholesterol efflux to apoA-I by 1.3-fold and
1.6-fold at 90 and 240min when compared to untreated controls
(p= 0.0004). Treatment with Asx and GW 6471 was not significantly
different from untreated controls (p= 0.4888) (Fig. 3B).

Bex [100 nM] also enhanced cholesterol efflux to HDL3 particles by
2-fold and 1.7-fold at 90 and 240min when compared to untreated
controls (p= 0.007), whereas treatment of Bex and PA 542 was not
significantly increased when compared to untreated controls
(p= 0.2789) (Fig. 3C). Similarly, Asx [10 nM] increased cholesterol
efflux to HDL3 significantly by 1.9-fold and 1.5-fold at 90 and 240min,
respectively, when compared to untreated controls (p= 0,0364),
whereas treatment with Asx and GW 6471 was not significantly dif-
ferent from untreated controls (p= 0.2866) (Fig. 3D).

To further investigate the effects of both drugs on cellular choles-
terol biosynthesis and esterification, pBCEC were labeled with the
cholesterol precursor molecule, [14C]-acetate. TLC separation of ex-
tracted cellular lipids and subsequent measurement of radioactivity
incorporated into the cholesterol and cholesterol ester fraction revealed
that treatment with Bex [100 nM] significantly reduced endogenous
cholesterol biosynthesis by 15 ± 1.1%; Asx [10 nM] reduced levels of
free (unesterified) endogenous cholesterol by 41 ± 1.8% (Fig. 3E)
(p= 0.0037). Bex [100 nM] and Asx [10 nM] reduced cholesterol ester
synthesis by 51 ± 1.1% and by 36 ± 2.1%, respectively, when com-
pared to controls (Fig. 3F) (p≤ 0.0001). The mean ratio of cholesterol
ester to total cholesterol was 1.8 ± 0.21%. In parallel, the pool
(measured enzymatically with the photometric CHOD-PAP test) was

Fig. 1. Bex and Asx inhibit amyloidogenic APP processing and enhance the non-amyloidogenic pathway in pBCEC. (A–B, E–H) pBCEC cultured on 6-well plates were
incubated with 0.5% ethanol (vehicle control), Bex [10 and 100 nM] or Asx [1 and 10 nM]. Total RNA was isolated, reverse-transcribed, and subjected to qPCR
analysis using SYBR Green technology and HPRT1 as house-keeping gene. The ΔΔCt method was applied to quantify relative mRNA expression levels of APP,
ADAM10 and BACE-1. Data shown are mean ± SEM of 3 independent experiments performed in triplicates (*p≤0.05; **p≤0.01; ***p≤ 0.001; ****p≤ 0.0001
vs controls). (C–D) Proteins were extracted from cells and TCA-precipitated from supernatants, separated by SDS-PAGE, and levels of secreted sAPPα (normalized to
Ponceau stained bands) were detected by immunoblot experiments using 6E10 as primary antibody. One representative blot out of 3 is shown. The graphs represent
densitometric analysis, data shown are mean ± SEM of 3 experiments performed in triplicates (**p≤ 0.01; ***p≤0.001 vs controls). (I) pBCEC cultured in 25 cm2

flasks were incubated with 0.5% ethanol (control), Bex [100 nM] or Asx [10 nM] for 24 h. BACE-1 activity was measured by using the fluorometric BACE-1 activity
assay kit (Abcam) using 100 μg of total protein content. Data represent mean ± SEM from 3 experiments with different cell preparations performed in duplicates
(*p≤ 0.05 vs controls). (J–K) Bex and Asx reduce Aβ oligomer levels in pBCEC. Proteins were extracted from cells, separated by SDS-PAGE, and levels of Aβ
oligomers (normalized to β-actin levels) were detected by immunoblot experiments using A11 as primary antibody. β-Actin was used as loading control. One
representative blot out of 3 is shown. The graphs represent densitometric evaluation, data shown are mean ± SEM of 3 experiments performed in triplicates
(*p≤ 0.05 vs controls). (L–M) Bex and Asx reduce ~80 kDa 6E10-reactive APP/Aβ species in pBCEC. Proteins were extracted from cells, separated by SDS-PAGE, and
level of Aβ species (normalized to β-actin levels) were detected by immunoblot experiments using 6E10 as primary antibody. β-Actin was used as loading control.
Data shown are mean ± SD of one representative experiment out of two performed in triplicates (**p≤0.01; ****p≤0.0001 vs controls).

E. Fanaee-Danesh, et al. BBA - Molecular Basis of Disease 1865 (2019) 2224–2245

2231



Fig. 1. (continued)

E. Fanaee-Danesh, et al. BBA - Molecular Basis of Disease 1865 (2019) 2224–2245

2232



also reduced in pBCEC. After a 24 h incubation period, Bex [100 nM]
and Asx [10 nM] decreased intracellular cholesterol levels by
13 ± 2.5% and 28 ± 1.2% (Fig. 3G) (p≤0.0001). These results to-
gether suggest that Asx and Bex promote release of cellular cholesterol
and reduce endogenous cholesterol synthesis in pBCEC.

3.5. Asx and Bex upregulate LRP-1 along with Aβ uptake and transport in
pBCEC

Aβ can be cleared from the brain via transcytosis across the BBB to
the apical side [73]. We therefore studied the effect of both drugs on
LRP-1, a multi-functional receptor known to be significantly involved in
Aβ transport at the BBB [6,74]. qPCR experiments revealed that Bex
dose-dependently up-regulated mRNA expression of LRP-1 by
1.4 ± 0.31-fold (10 nM Bex) and 2.4 ± 0.29-fold (100 nM Bex), re-
spectively (Fig. 4A) (p= 0.0291). In a similar manner, Asx increased
LRP-1 mRNA expression in pBCEC by 1.8 ± 0.10-fold (1 nM Asx) and
2 ± 0.18-fold (10 nM Asx) (Fig. 4B) (p=0.0098).

We next investigated potential effects of both drugs on Aβ uptake
and transcytosis in pBCEC. For uptake studies, cells pre-treated with
vehicle control (0.5% ethanol), Bex [100 nM] or Asx [10 nM] for 24 h,
were then incubated with Alexa Fluor 488 labeled Aβ1–40 [0.5 μg/ml]
for 2 h. Fluorimetric measurements revealed a decreased fluorescence
intensity in the culture media of treated cells when compared to

controls. This indicates that cellular uptake of Aβ was increased in a
similar manner by Bex (20 ± 5.9%) and Asx (22 ± 3.3%) (Fig. 4C)
(p= 0.0325). Alternatively, the relative uptake of [125I]-Aβ1–40 was
increased by Bex (35 ± 11.7%) and Asx (55 ± 6.6%) (Fig. 4D)
(p= 0.005). To further examine effects of Bex and Asx on Aβ transport,
[125I]-Aβ1–40 was added to the basolateral compartment (mimicking
brain parenchyma) of pBCEC cultured in transwell filter chambers, and
Aβ transport to the apical compartment (mimicking the plasma en-
vironment) due to drug treatment was measured after 2 h. In line with
the observed enhanced expression of LRP-1, Bex [100 nM] and Asx
[10 nM] promoted transcytosis of Aβ across the in vitro BBB model by
1.2 ± 0.12-fold and by 1.5 ± 0.08-fold, respectively (Fig. 4E)
(p= 0.0022).

3.6. Time-dependent and PPARα-/RXR-dependent effects of Asx and Bex
on ABCA1, LRP-1, and APP/Aβ species in pBCEC

Time-dependent experiments were conducted to investigate the
potential of Bex and Asx in addition to PA 542 and GW 6471 at different
incubation periods to reveal whether expression of ABCA1, LRP-1,
CTFs, ~80 KDa 6E10-reactive APP/Aβ species, as well as secreted
sAPPα are mediated via RXR or PPARα.

Bex induced ABCA1 protein expression in a time-dependent manner
up to 520% after 24 h (when compared to controls) via RXR pathway.

Fig. 2. Effects of Bex and Asx on ABCA1 and apoA-I expression. (A–C) pBCEC cultured on 6-well plates were incubated with 0.5% ethanol (vehicle control), Bex [10
and 100 nM] or Asx [1 and 10 nM] for 24 h. Total RNA was isolated, reverse-transcribed, and subjected to qPCR analysis using SYBR Green technology and HPRT1 as
house-keeping gene. The ΔΔCt method was applied to quantify relative mRNA expression levels. Data shown are mean ± SEM of 3 independent experiments
performed in triplicates (*p≤ 0.05; **p≤ 0.01; ***p≤0.001; ****p≤ 0.0001 vs controls). (D–F) Proteins were extracted from cells and TCA-precipitated from
supernatants, separated by SDS-PAGE, and levels of secreted apoA-I (normalized to total protein content) and ABCA1 (normalized to β-actin levels) were detected by
immunoblot experiments using anti-apoA-I and anti-ABCA1 as primary antibodies. β-Actin was used as loading control. One representative blot out of 3 is shown. The
graphs represent densitometric analysis, data shown are mean ± SEM of 3 experiments performed in triplicates (*p≤0.05; **p≤ 0.01 vs controls).
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Even after 8 h, treatment with RXR antagonist PA 542 in addition to Bex
treatment suppressed expression of ABCA1 almost completely when
compared to Bex treatment at 8 h (Fig. 5C).

Asx increased ABCA1 protein levels time-dependently up to 277%
after 24 h (when compared to controls), whereas treatment of pBCEC
with PPARα antagonist GW 6471 and Asx decreased expression of
ABCA1 by 83% when compared to Asx treatment alone after 8 h
(Fig. 5D).

Interestingly, expression of LRP-1 appeared also to be mediated
through RXR activation, as treatment of pBCEC with Bex enhanced LRP-
1 protein level time-dependently by 46% after 24 h (versus controls).
However, treatment with PA 542 in addition to Bex reduced LRP-1
expression level by 58% (after 24 h) when compared to Bex treatment
alone (Fig. 5E). In parallel, treatment of pBCEC with Asx enhanced LRP-
1 levels by 63% after 24 h (when compared to controls), whereas
treatment with GW 6471 in addition to Asx decreased LRP-1 levels by
59% (after 16 h) when compared to Asx treatment alone (Fig. 5F).

Bex also increased levels of CTF of APP in a time-dependent manner

by 89% after 24 h (when compared to controls). Effects of Bex treat-
ment on CTFs were also mediated by RXR since a 91% reduction in
CTFs upon treatment with PA 542 in addition to Bex was observed
when compared to Bex treatment of pBCEC after 8 h (Fig. 5G). In par-
allel, treatment of pBCEC with Asx increased CTF protein levels by
305% (when compared to controls after 16 h). However, treatment with
GW 6471 in addition to Asx, decreased protein levels of CTF by 74%
(when compared to Asx treatment after 16 h) (Fig. 5H). Interestingly,
Bex significantly lowered 6E10-reactive APP/Aβ species even after 8 h
by 82% (when compared to controls) (Fig. 5K). Asx further reduced also
6E10-reactive APP/Aβ species after 24 h by 82% (when compared to
controls) (Fig. 5L). Bex induced sAPPα levels in a time-dependent
manner by 110% after 24 h when compared to controls (Fig. 5I). In
parallel, Asx enhanced sAPPα levels by 150% after 24 h (when com-
pared to controls) (Fig. 5J). In contrast to CTFs, the expression of 6E10-
reactive ~80 KDa APP/Aβ species and sAPPα was not reversed by the
presence of either RXR or PPARα antagonists.

Fig. 3. Bex and Asx enhance time-dependent cholesterol release, in part via activation of RXR and PPARα, and reduce cholesterol levels and synthesis in pBCEC.
(A–B) Cells cultured in 12-well plates were labeled with [3H]-cholesterol for 24 h. Then cells were equilibrated for 16 h in serum-free medium, preincubated with
RXR antagonist PA 452 [10 μM] or PPARα antagonist GW 6471 [10 μM] for 15min, during incubation with 0.5% ethanol (vehicle control), Bex [100 nM], Asx
[10 nM], Bex and PA 452, or Asx and GW 6471. Medium was changed and (A–B) apoA-І [10 μg/ml] or (C–D) HDL3 [200 μg/ml] were added, and time-dependent
cholesterol release to the culture medium was measured by β-counting. Data shown are mean ± SD of one representative experiment out of two (in presence of
antagonists) or three (in absence of antagonists) performed in triplicates (*p≤ 0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001 vs controls). (E–F) Cells were
metabolically labeled for 24 h using cholesterol precursor [14C]-acetate [2 μCi/ml] in the presence of 0.5% ethanol (vehicle control), Bex [100 nM] or Asx [10 nM];
unesterified [14C]-cholesterol (E) and esterified [14C]-cholesterol (F) was determined after TLC separation of Folch extracts and subsequent β-counting of individual
bands cut out from TLC plates. Activity in cpm/well was normalized to mg cell protein and percentage of total activity was calculated (*p≤ 0.05; **p≤ 0.01;
***p≤ 0.01; ****p≤ 0.0001 vs controls). (G) Cells were treated for 24 h in the presence of 0.5% ethanol (control), Bex [100 nM] or Asx [10 nM] and cellular
cholesterol content was measured enzymatically. Data represent mean ± SEM of 3 independent experiments performed in triplicates. *p≤0.05; **p≤ 0.01;
***p≤ 0.001 vs controls (**p≤ 0.01; ****p≤ 0.0001 vs controls).
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3.7. LRP-1 silencing or ABCA1 inhibition reverses effects on APP
processing/Aβ deposition in Bex- and Asx-treated pBCEC

Next, we investigated the effect of both drugs on LRP-1 protein level
in non-silenced (NTC-)pBCEC and LRP-1-silenced pBCEC. Bex [100 nM]
and Asx [10 nM] enhanced LRP-1 levels by 327% and 358%, respec-
tively, when compared to controls (Fig. 6A). Silencing of LRP-1 was
performed using a mix of previously validated short interfering se-
quences resulting in downregulation of endogenous LRP-1 on protein
level by 61% in LRP-1-silenced Bex-treated [100 nM] pBCEC when
compared to non-silenced Bex-treated cells, and by 69% in LRP-1-si-
lenced Asx-treated [10 nM] pBCEC when compared to non-silenced
Asx-treated cells (Fig. 6A). Strikingly, this reduction of LRP-1 levels
modulated the cellular response to Aβ load (i.e. levels of 6E10-reactive
APP/Aβ species) by 230% in LRP-1-silenced Bex-treated [100 nM]
pBCEC when compared to non-silenced Bex-treated cells (Fig. 6B). In
parallel, Aβ load was enhanced by 420% in LRP-1-silenced Asx-treated
[10 nM] cells (when compared to non-silenced Asx-treated cells)
(Fig. 6B).

We next analysed the effects of inhibiting ABCA1 activity with
probucol (which inactivates ABCA1 in the plasma membrane [75]) on
cellular APP processing products sAPPα and 6E10-reactive ~80 kDa
band, and ABCA1 protein levels in pBCEC. Bex [100 nM] and Asx
[10 nM] increased ABCA1 protein level by 236%, and 180%, respec-
tively. Preincubation with probucol [10 μM] for 2 h and subsequent
treatment with Bex [100 nM] or Asx [10 nM] for 24 h also decreased
ABCA1 at protein level by 68% and 75% when compared to Bex- and
Asx-treated cells in the absence of probucol (Fig. 6C). Similar to results
shown in Figs. 1 and 5, treatment with Bex [100 nM] or Asx [10 nM]
decreased intracellular 6E10-reactive ~80 kDa APP/Aβ species by 87%
and 80%, respectively (Fig. 6D). In parallel, secreted sAPPα protein
levels were increased by 150% (Bex) and 280% (Asx) when compared
to controls (Fig. 6E). Furthermore, cellular treatment with probucol
[10 μM] together with Bex [100 nM] or Asx [10 nM] for 24 h also de-
creased ABCA1 protein levels by 68% and 75% when compared to Bex-
and Asx-treated cells in the absence of probucol (Fig. 6C). In parallel,
6E10-reactive ~80 kDa APP/Aβ species was markedly increased by
490% (Bex) and 480% (Asx) (Fig. 6D) while sAPPα protein levels were

Fig. 4. Bex and Asx upregulate LRP-1 along with induced Aβ uptake and transport. (A–B) pBCEC cultured on 6-well plates were incubated with 0.5% ethanol (vehicle
control), Bex [10 and 100 nM], or Asx [1 and 10 nM] for 24 h. Total RNA was isolated, reverse-transcribed, and subjected to qPCR using SYBR Green technology and
HPRT1 as a house-keeping gene. The ΔΔCt method was applied to quantify relative mRNA expression levels. Data represent mean ± SEM from 3 experiments with
different cell preparations each performed in triplicates (*p≤ 0.05, **p≤ 0.01 vs controls). (C) pBCEC were treated with 0.5% ethanol (control), Bex [100 nM] or
Asx [10 nM] for 24 h. Cells were then washed and incubated with Alexa Fluor 488 labeled Aβ1–40 [0.5 μg/ml] for 2 h, and fluorescence was measured at 490–525 nm
using a Promega Glomax detection system (*p≤ 0.05 vs controls. RFU: relative fluorescent units). (D) pBCEC were plated on transwells and treated with 0.5%
ethanol (control), Bex [100 nM] or Asx [10 nM] for 24 h and tight junction formation was induced (overnight) by adding 550 nM hydrocortisone. TEER was measured
using an Endohm ohmmeter. Aβ uptake assay was performed by adding 0.3 nM [125I]-Aβ1–40, and 100 nM [14C]-sucrose as non diffusion control, to the basolateral
compartment. Uptake of [125I]-Aβ1–40 was counted at 2 h from the apical compartment. TCA-precipitated proteins isolated from apical and basolateral media, were
incubated on ice for 10min and centrifuged at 10,000×g (10min, 4 °C) and radioactivity associated to pellets was counted on a γ-counter. The supernatant was
transferred to a new vial and the uptake of [125I]-Aβ1–40 was calculated as the percentage of cpm/mg cell protein in the pellet relative to the cpm/mg of supernatant.
Data represent mean ± SEM from 3 experiments with different cell preparations each performed in triplicates (*p≤ 0.05, **p≤ 0.01 vs controls). (E) pBCEC were
plated on transwells and treated with control (0.5% ethanol), Bex [100 nM] or Asx [10 nM] for 24 h, tight junction formation was induced (overnight) by adding
550 nM hydrocortisone. TEER was measured using an Endohm ohmmeter. Aβ transport assay was performed by adding 0.3 nM [125I]-Aβ1–40, and 100 nM [14C]-
sucrose as non diffusion control, to the basolateral compartment. Transport of [125I]-Aβ1–40 was counted at 2 h from the apical compartment and normalized to [14C]-
sucrose activity. Data represent mean ± SEM from 3 experiments performed in triplicates (*p≤ 0.05, **p≤0.01 vs controls).
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reduced by 75% (Bex) and 99% (Asx), respectively (Fig. 6E).

3.8. Asx and Bex enhance LRP-1 and reduce BACE1 and Aβ oligomers level
in mBCEC of 3xTg AD mice

Female 3xTg AD mice (32–49weeks) and non-Tg mice
(37–49 weeks) were gavaged for 6 days with either DMSO in corn oil
(vehicle control), 100mg/kg Bex or 80mg/kg Asx in DMSO and corn
oil. Hemispheres (2–3) obtained from different animals from individual
groups were pooled and mBCEC were isolated.

Basically, significantly higher APOE mRNA expression levels were
detected in mBCEC of all groups of 3xTg AD mice when compared to
non-Tg mice: 3.8 ± 0.44-fold for vehicle-treated 3xTg AD relative to
non-Tg vehicle-treated mice; 4.8 ± 0.54-fold for Bex-treated 3xTg AD
versus Bex-treated non-Tg mice (Fig. 7A). Only Bex treatment further

enhanced APOE levels in 3xTg AD mice by 1.4 ± 0.54-fold relative to
vehicle-treated 3xTg AD mice and 2.9 ± 0.57-fold for Asx-treated 3xTg
AD mice versus Asx-treated non-Tg mice. Two-way ANOVA revealed a
significant effect of treatment (p=0.0244). In contrast to APOE,
ABCA1mRNA expression levels in mBCEC did not significantly differ in
vehicle-treated 3xTg AD mice and vehicle-treated non-Tg mice
(Fig. 7B). Isolated mBCEC of 3xTg AD mice treated with Bex, showed
2.2 ± 0.33-fold elevated ABCA1 mRNA expression levels when com-
pared to Bex-treated non-Tg mice. In mBCEC from Bex-treated 3xTg AD
mice, ABCA1 mRNA expression levels were elevated 1.7 ± 0.33-fold
when compared to vehicle-treated 3xTg AD mice (Fig. 7B). Two-way
ANOVA revealed a significant effect of treatment (p=0.0248). On the
other hand, in the Asx-treated group, no significant changes in ABCA1
mRNA expression levels were detected when compared to the vehicle
group (Fig. 7B).

Fig. 5. Bex and Asx increase ABCA1 and LRP-1 protein expression in pBCEC, via nuclear receptor-dependent and independent mechanisms; in parallel APP pro-
cessing products (CTFs and secreted sAPPα) are increased or decreased (~80 kDa 6E10-reactive APP/Aβ species) in a time-dependent manner. (A–H, K–L) pBCEC
cultured on 6-well plates were pre-incubated in absence or presence of RXR antagonist PA 542 [10 μM] or PPARα antagonist GW 6471 [10 μM] for 15min and
treated with 0.5% ethanol (control), Bex [100 nM] or Asx [10 nM], Bex and PA 542, or Asx and GW 6471 for 8 h, 16 h, and 24 h. Proteins were extracted from cells,
separated by SDS-PAGE, and levels of ABCA1, LRP-1, CTFs and 6E10-reactive APP/Aβ species (normalized to β-actin levels) were detected by immunoblot ex-
periments. β-Actin was used as loading control. One representative blot out of 2 experiments is shown. The graphs represent densitometric evaluation of im-
munoreactive bands. (I–J) pBCEC cultured on 6-well plates were pre-incubated with PA 542 [10 μM] or GW 6471 [10 μM] for 15min and treated with control (0.5%
ethanol), Bex [100 nM] or Asx [10 nM], Bex and PA 542, or Asx and GW 6471 for 8 h, 16 h, and 24 h. Proteins (precipitated with TCA from supernatants) were
separated by SDS-PAGE, and levels of secreted sAPPα (normalized to Ponceau stained bands) were detected by immunoblot experiments using 6E10 as primary
antibody. One representative blot out of 2 experiments is shown. The graphs represent densitometric evaluation of immunoreactive bands.
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Fig. 6. Silencing of LRP-1 by RNA interference or inhibition of ABCA1 activity by probucol reverses effects on APP processing in Bex-/Asx-treated pBCEC. (A) pBCEC
were cultured on 6-well plates and specific gene silencing was achieved by RNA interference using LRP-1 targeting siRNA, and NTC siRNA as control, for 48 h. After
24 h of silencing, cells were treated with Bex [100 nM] or Asx [10 nM] for 24 h. Proteins were extracted, separated by SDS-PAGE, and gene silencing efficiency was
evaluated by immunoblot experiments using anti-LRP-1 as primary antibody. β-Actin was used as loading control (****p≤ 0.0001 vs controls). One representative
blot out of 2 experiments is shown. (B), Levels of intracellular ~80 kDa APP/Aβ species (normalized to β-actin) were detected by immunoblot experiments using
6E10 as primary antibody. One representative blot out of 2 experiments is shown. The graphs represent densitometric evaluation of immunoreactive bands.
(mean ± SD; **p≤ 0.01; ***p≤0.001 vs controls). (C–E) pBCEC cultured on 6-well plates were pre-incubated with specific ABCA1 inhibitor probucol [10 μM] for
30min and treated with control (0.5% ethanol), Bex [100 nM] or Asx [10 nM], Bex and probucol, or Asx and probucol, for 24 h. Proteins were extracted from cells
(precipitated with TCA from supernatants), separated by SDS-PAGE, and levels of intracellular ~80 kDa APP/Aβ species (normalized to β-actin) and secreted sAPPα
(normalized to Ponceau stained bands) were detected by immunoblot experiments using 6E10 as primary antibody. One representative blot out of 2 experiments is
shown. The graphs represent densitometric evaluation of immunoreactive bands. (mean ± SD; **p≤ 0.01; ***p≤0.001; ****p≤ 0.0001 vs controls).
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BACE1 mRNA expression levels were elevated by 2.0 ± 0.4-fold in
mBCEC isolated from vehicle-treated 3xTg AD compared to vehicle-
treated non-Tg mice (Fig. 7C). However, gavaging 3xTg AD mice with
Bex or Asx reduced BACE1 mRNA expression levels in mBCEC by
62 ± 1.1% and 71 ± 0.7% (Fig. 7C), when compared to mBCEC ob-
tained from vehicle-treated 3xTg AD mice. Two-way ANOVA revealed a

significant effect of treatments in 3xTg AD mice (p= 0.0272). BACE1
mRNA expression levels were not affected by any treatment in mBCEC
from non-Tg mice (Fig. 7C).

We further show that Bex and Asx considerably enhanced LRP-1
mRNA levels by 3.5 ± 0.31-fold 2.4 ± 1.3-fold in mBCEC isolated
from 3xTg AD mice when compared to vehicle-treated 3xTg AD mice

Fig. 7. Asx and Bex enhance LRP-1 and reverse BACE1 and Aβ oligomer levels in mBCEC of 3xTg AD as compared to non-TG mice. (A–D) study I: Female 3xTg AD
mice and C57BL/6 (non-Tg) mice were gavaged for 6 days vehicle (10% DMSO and corn oil) (n=10), Bex (n= 9) and Asx (n=8) and non-Tg mice, vehicle (n=5),
Bex (n= 6) and Asx (n=7). Two to three hemispheres were pooled to isolate mBCEC RNA was isolated and reverse-transcribed to cDNA. qPCR analysis was
performed using the ΔΔCt method and HPRT1 as housekeeping gene. Data were normalized to vehicle-treated non-Tg mice. All data represent mean ± SEM from 3
to 4 samples performed in triplicates (*p≤0.05; **p≤0.01; ***p≤ 0.001 vs controls). (E) study I: Female 3xTg AD mice were gavaged for 6 days with DMSO in
corn oil as vehicle/control (n=10), Bex (n=9), or Asx (n=8) in DMSO and corn oil and non-Tg mice, vehicle (n= 5), Bex (n= 6) and Asx (n=7). Two to three
hemispheres were pooled to isolate mBCEC. Cellular proteins were extracted, separated by SDS-PAGE and Aβ oligomers level were detected by immunoblot ex-
periments using polyclonal anti-amyloid oligomer antibody A11 and normalized to β-actin levels. Data shown are mean ± SEM of 3 pooled samples
(****p≤0.0001 vs controls). (F) study II: Female 3xTg AD mice were gavaged for 6 days with DMSO in corn oil as vehicle/control (n=8), Bex (n= 6), or Asx
(n=8) in DMSO and corn oil. Two hemispheres were pooled to isolate mBCEC. Cellular proteins were extracted, separated by SDS-PAGE and Aβ oligomers level
were detected by immunoblot experiments using polyclonal anti-amyloid oligomer antibody A11. Immunoreactive bands were normalized to β-actin. Data shown are
mean ± SEM of 3 to 4 pooled samples (****p≤0.0001 vs controls).
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(Fig. 7D). Two-way ANOVA revealed a significant effect of treatment
(p=0.0072). In study I, mBCECs were homogenized and aliquots of
protein lysates were subjected to immunoblot experiments to follow
expression of Aβ oligomers. Basically, a distinct immunoreactive
~56 kDa band (representing murine Aβ oligomers, [76]) was observed
in mBCEC protein lysates. Strikingly, Aβ oligomers almost disappeared
in mBCEC from 3xTg AD mice when treated with either Bex (reduction
by 93 ± 30.3%) or Asx (reduction by 94 ± 12.6%) (Fig. 7E) when
compared to vehicle-treated 3xTg AD mice. Two-way ANOVA revealed
a significant effect of treatment (p≤0.0001).

In study II, aged female 3xTg AD mice (68–92 weeks) were gavaged
for 6 days with DMSO in corn oil as vehicle/control, 100mg/kg Bex, or
80mg/kg Asx in DMSO and corn oil. For isolation of mBCEC, 2–3
hemispheres were pooled. mBCECs were subjected to immunoblot ex-
periments to follow expression of Aβ oligomers. Basically, a distinct
immunoreactive ~56 kDa band (indicative for Aβ oligomers) was ob-
served in mBCEC protein lysates similar to study I. Strikingly, Aβ oli-
gomers almost disappeared in mBCEC from 3xTg AD mice when treated
with either Bex (reduction by 89 ± 11.9%) or Asx (reduction by
90 ± 20.3%) (Fig. 7F) when compared to vehicle-treated 3xTg AD
mice. Two-way ANOVA revealed a significant effect of treatment
(p≤0.0001).

Of note, treatment of mice with Bex elevated plasma levels of
cholesterol (Supplementary Fig. IVA, IVD) (p≤ 0.0001) and triglycer-
ides (Supplementary Fig. IVB [p=0.0004], IVE [p=0.0155]), data in
line with previous findings [77]. However, no significant changes in
plasma cholesterol or triglycerides levels due to Asx treatment could be
observed. Furthermore, significant weight loss (Supplementary Fig. IVC

[p≤0.0001], IVF [p≤ 0.0001]), and hepatomegaly (data not shown)
became apparent in 3xTg AD mice subjected to Bex treatment, data that
parallel previous findings [78]. In contrast, neither side effects nor body
weight changes were observed in mice following Asx treatment; find-
ings in line with a previous report [79].

3.9. Immunoblotting of Aβ monomers and oligomers in soluble (DEA) and
insoluble (FA) fractions of mice cortical brain

We next performed immunoblotting experiments for Aβ in the DEA
soluble and FA insoluble fractions from mouse brain tissue extracts,
using 6E10 as primary antibody that recognizes all Aβ species including
monomeric and oligomeric Aβ. The intensity of monomeric and oligo-
meric Aβ bands were increased in brain samples from vehicle-treated
3xTg AD compared to vehicle-treated non-Tg mice in both fractions.

Six distinct bands, similar as shown by Manczak and coworkers [80]
were detected (Fig. 8B); one with ~110 kDa representing APP and the
other band with ~56 kDa representing Aβ oligomers [81], in addition
to (~26 kDa), trimers/CTF (~13 kDa), dimers (~8 kDa) and the
monomeric band (~4 kDa).

Interestingly, in the DEA fraction, a clear reduction in Aβ monomers
and trimeric Aβ/CTFβ (~13 kDa) [81] was observed in Bex- and Asx-
treated 3xTg AD mice when compared to vehicle-treated 3xTg AD mice
(Fig. 8B). In addition, the ~56 putative oligomeric Aβ was also de-
creased in both Bex- and Asx-treated 3xTg AD mice when compared to
vehicle-treated 3xTg AD mice (Fig. 8B). The ~56 kDa band has been
previously reported in brain soluble extracts from AD patients [82] and
in brain tissues from APP transgenic mice [83].

Fig. 8. Bex and Asx treatment reduce Aβ species in brain DEA and FA fractions in 3xTg AD mice. Female 3xTg AD mice and C57BL/6 (non-Tg) mice were gavaged for
6 days vehicle (10% DMSO and corn oil) (n=10), Bex (n= 9) and Asx (n=8) and non-Tg mice, vehicle (n= 5), Bex (n= 6) and Asx (n= 7). One brain hemisphere
of each animal was mechanically homogenized in tissue homogenization buffer and sequential extractions of both insoluble FA and soluble DEA fractions were
performed as described in Materials and Methods. Proteins were separated by SDS-PAGE and Aβ species and monomers were detected by immunoblot experiments
using 6E10 as primary antibody. Ponceau staining was used as loading control.
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The high molecular weight Aβ species (~30 and ~60 kDa) detected
in the FA fraction were also decreased by Bex- and Asx-treatment in
3xTg AD when compared to vehicle-treated 3xTg AD mice.
Interestingly, no significant changes were observed in monomeric Aβ
(Fig. 8A).

3.10. Asx and Bex reduce Aβ load in cerebrovascular endothelial cells and
brain parenchyma of 3xTg AD mice

Immunofluorescence double staining of snap frozen 18 μm sections
of brains derived from female 3xTg AD mice (68–92weeks), that nor-
mally express more pronounced Aβ deposits than younger 3xTg AD
mice, was performed for vWF (an endothelial cell marker) and 6E10
staining, detecting the N-terminal portion (amino acid residues 1–16) of
Aβ (Fig. 9A). Colocalization of vWF and Aβ (using anti-β-Amyloid 6E10
as primary antibody) became apparent. Asx-treated mice showed a
diffused form of Aβ deposition in cerebrovascular cells (Fig. 9Ak) while
mice treated with Bex showed a reduced number of Aβ epitopes
(Fig. 9Ag) when compared to vehicle-treated mice (Fig. 9Ac). In line
with data obtained from immunoblot experiments (Fig. 7E, F), less
6E10-reactive staining became visible in cerebrovascular cells when
treated with Bex and Asx (Fig. 9Ah, Al), respectively, when compared to
vehicle controls (Fig. 9Ad).

Using either the Aβ oligomer-specific antibody A11 or anti-β-
Amyloid 6E10 antibody on snap-frozen brain sections from female 3xTg
AD mice (68–92 weeks), a pronounced reduction of immuno-
fluorescence of Aβ/oligomers was observed on sections from mice
treated with Bex (Fig. 9Bd, Be) or Asx (Fig. 9Bg, Bh) when compared to
vehicle-treated 3xTg AD mice (Fig. 9Ba, Bb).

4. Discussion

During the present study, we identified effects of the PPARα agonist
Asx and the RXR agonist Bex on pathways of APP processing, Aβ
transfer across the BBB, and on pathways crucial for maintaining cho-
lesterol homeostasis in cerebrovascular endothelial cells mimicking the
BBB. The major findings are (i) that both drugs exert profound and
similar effects on APP processing and Aβ clearance in BCEC, (ii) the
major targets identified in BCEC (in vitro and in vivo) and in total brain
tissue are BACE1, ABCA1 and LRP-1, and (iii) a link between improved
cellular cholesterol homeostasis in BCEC with reduced Aβ load appears
evident.

Importantly, Bex has been found to reduce Aβ load and/or cognitive
impairment in mouse models of AD [53,84–87] as proposed by its RXR
activating properties [88]. However, to our knowledge, effects of Bex
have only been addressed to some extent [89,90] and those of Asx have
not yet been investigated in vitro or in vivo as a potent modulator of
BBB function in AD. During initial experiments we examined whether
Asx and Bex may regulate APP processing enzymes, amyloidogenic Aβ
oligomers, and non-amyloidogenic APP product sAPPα in pBCEC, a
cellular in vitro system mimicking the BBB and known to promote APP/
Aβ processing and transport [34,35]. In response to either Asx or Bex
treatment, dose-dependently increased mRNA expression levels of APP,
α secretase ADAM10 and elevated sAPPα protein levels were observed
in pBCEC. In parallel, a prominent 6E10-reactive intracellular ~80 kDa
APP/Aβ species almost disappeared in pBCEC with the higher doses of
Asx/Bex used. Absence of cross-reactivity with anti-C-terminal APP
antibody was confirmed (data not shown), however, the exact nature of
the APP processing product remains to be established in future ex-
periments. Furthermore, a decrease in β-secretase BACE1 on mRNA
expression and activity levels, as well as reduced Aβ oligomers in
pBCEC were observed. Taken together, it seems that Asx and Bex direct
APP processing in pBCEC towards the non-amyloidogenic pathway.

Interestingly, ADAM10 levels were found to be reduced in elderly
AD patients when compared to elderly non-AD subjects [91]. Stimu-
lating the non-amyloidogenic route or preventing the generation of Aβ

peptide through promoting α-secretase ADAM10 as optional ther-
apeutic treatments has been investigated [92]. Cholesterol reduction
may enhance α-secretase activity [93] and it appears that cholesterol
levels are linked to β-amyloidogenesis and cytotoxicity of Aβ [94]. For
example, altered cellular cholesterol homeostasis does interfere with
APP metabolism, since cholesterol-rich lipid rafts located at cellular
membrane have been proposed as the site for proteolytic processing of
APP [95].

We here demonstrate that cellular cholesterol homeostasis is altered
in pBCEC in response to Asx or Bex. We further show that mRNA and
protein expression levels of ABCA1 are upregulated after treatment
with Bex or Asx in pBCEC in a dose- and time-dependent manner. Since
LXRs (as do PPARs) heterodimerize with RXR to become active, RXR
activation may enhance transcription of LXR and PPAR target genes.
We previously reported that in addition to LXR agonists, PPAR agonists
enhanced expression of ABCA1 and apoA-I in pBCEC [39]. Thus, a
likely explanation for up-regulated ABCA1 and apoA-I/apoE expression
by Asx and/or Bex, is that both drugs may act as potent PPARα or RXR
agonist. The higher doses of Bex [100 nM] and Asx [10 nM] in absence
and presence of RXR or PPARα antagonists were employed to study
time-dependent effects on ABCA1 expression and cholesterol efflux
from pBCEC. Asx and Bex promoted apoA-I- and HDL-mediated [3H]-
cholesterol efflux from pBCEC, an observation in line with up-regula-
tion of ABCA1 and ABCG1, respectively. Nuclear receptor antagonists
partially reversed up-regulation of ABCA1 by Asx/Bex treatment, which
was also reflected by reduced cholesterol efflux. Thus, RXR and PPARα
seem to play important roles in the regulation of cholesterol home-
ostasis in pBCEC in line with earlier observations by our group [39] and
similar to cortical astrocytes [100].

ApoA-I (involved in cholesterol efflux) was up regulated after
treatment with Bex in pBCEC. pBCEC do not express apoE, however, do
synthesize and secrete apoA-I [37]. In contrast, mBCEC express apoE
but no apoA-I (unpublished observations). We further observed that Bex
significantly elevated APOE and ABCA1 expression levels in mBCEC
while Asx elevated mRNA expression levels of ABCA1 in pBCEC. ApoE,
a major cholesterol carrier in the brain (i) promotes lipid transport, (ii)
can bind to cell-surface receptors to deliver lipids and (iii) also binds to
Aβ apparently regulating its clearance [96–99]. Immunoblot experi-
ments confirmed an increase in apoA-I on protein level in pBCEC when
treated with Bex. While in animal studies a concentration of 100mg/kg
Bex markedly increased expression levels of APOE and ABCA1 in BCEC,
treatment with 80mg/kg of Asx did not significantly alter mRNA ex-
pression levels of APOE and ABCA1.

We obtained strong evidence for a requirement of active ABCA1 to
affect APP processing and Aβ load in pBCEC, since inhibiting ABCA1 by
probucol fully reversed effects of Bex and Asx by increasing Aβ loads in
pBCEC and reducing cellular release of non-amyloidogenic sAPPα.
Importantly, and in line with our findings (with Bex), the presence of
ABCA1 and ABCA1-induced lipidation of apoE was reported to be ne-
cessary for the ability of Bex to clear hippocampal soluble Aβ and to
ameliorate cognitive deficits in APP/PS1 mice [87].

Cellular cholesterol efflux promoted by the apoA-I- or apoE/ABCA1-
mediated pathway has also been reported to alter secreted Aβ levels
[97]. Thus, increased ABCA1 expression suppressed Aβ levels in an AD
mouse model [100] and ABCA1 deficiency led to higher Aβ deposition
[101]. Importantly, enhanced ABCA1 expression and induction of
cholesterol efflux by Bex treatment has been reported in an in vitro
model of human BCEC [90] and cholesterol efflux from macrophages
has further been found to be enhanced by Asx treatment [102]. Pre-
vious studies have shown that dietary supplementation with Asx raises
serum levels of HDL-cholesterol in humans [103,104], an observation
that may reflect increased cellular cholesterol efflux. It is also known
that Aβ assembly to fibrils can be inhibited by the presence of HDL-like
particles [105], further supporting the protective function(s) of HDL.
Here, Asx and Bex (i) enhanced cholesterol release and (ii) reduced
cholesterol biosynthesis and esterification from [14C]-acetate in pBCEC.
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Fig. 9. Bex and Asx reduce Aβ specific staining in cerebrovascular endothelial cells and in brain parenchyma of aged 3xTg AD mice. (A) Immunofluorescence double
staining was performed on snap-frozen 18 μm sections of mouse brains obtained from untreated and Bex- or Asx-treated (as described in Materials and Methods
Section 2.17) female 3xTg AD mice by using anti-Aβ antibody (6E10) at 5.0 μg/ml (c,g,k) and rabbit anti-human-vWF at 0.16 μg/ml (b,f,j) for 1 h. Sections were
washed with TBST and secondary antibodies, i.e. goat anti-rabbit Cy-3 (red, 1.88 μg/ml) and donkey anti-rabbit Dylight 488 (green, 1.66 μg/ml) were applied for
30min. Sections were rinsed with TBST and DAPI was added to the slides for 20min as a nuclei counter stain (blue). Images are from auditory cortex dorsal part. Veh
(vehicle). (B) Immunofluorescence staining was performed on snap-frozen mouse brain 18 μm sections by using polyclonal anti-amyloid oligomer antibody A11
(AB9234, 8 μg/ml) (a,d,g) and anti-Aβ antibody 6E10 (SIG-39320, 5 μg/ml) (b,e,h) for 1 h. Slides were washed with TBST and goat anti-rabbit Cy-3 (red, 1.88 μg/ml)
was used as a secondary antibody (30min). Sections were rinsed again with TBST and DAPI was added to the slides for 20min as a nuclei counter stain (blue). Non-
immune rabbit or mouse IgG was used as negative control (c,f,i). Images are from auditory cortex dorsal part. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Taken together, both drugs are apparent modulators of cellular cho-
lesterol and Aβ homeostasis; furthermore, both drugs control choles-
terol efflux by regulating expression of ABCA1 and by reducing cho-
lesterol ester content and cholesterol biosynthesis in pBCEC. Our in
vitro data suggest that Asx and Bex are cytoprotective by reducing
cholesterol and Aβ. Our data further suggest that decreased de novo
cholesterol synthesis drives a non-amyloidogenic pBCEC phenotype,
potentially in response to a reshuffling of different cellular cholesterol
pools.

By investigating the effects of Asx and/or Bex on in vitro uptake and
transport of Aβ1–40 across polarized cerebrovascular endothelial cells,
we here demonstrate that Asx and Bex promote transcytosis of [125I]-
Aβ1–40 from the ‘brain’ to the ‘plasma’ compartment. Importantly, we
found mRNA and protein expression levels of LRP-1 at the BBB, that is
involved in the uptake, transport and clearance [6] of amyloid frag-
ments, significantly up-regulated in response to Asx and Bex in pBCEC.
The role of LRP-1 in the pathogenesis of the AD [106], in particular
brain endothelial LRP-1, has been extensively investigated as a poten-
tial target for AD therapy [107]. Monomeric Aβ1–40 can bind to special
domains of LRP-1 [108]; in parallel oligomeric or aggregated Aβ is also
a poor ligand for LRP-1 [108,109]. The important function of cere-
brovascular LRP-1 for Aβ elimination from the brain has been recently
proven via tamoxifen-inducible deletion of LRP-1 in the 5xFAD mouse
model of AD within brain endothelial cells; such deletion resulted in
reduced plasma Aβ levels but elevated soluble Aβ in the brain [6].

We here confirmed that LRP-1 mediates brain Aβ clearance and
impacts amyloid load in pBCEC in vitro. Our results further demon-
strate that a reduction of Aβ species by Bex and Asx involves LRP-1, as
the silencing of LRP-1 did not diminish intracellular Aβ load in Bex- and
Asx-treated pBCEC.

Using forebrain neuron-specific LRP-1−/− mice, Tachibana and
coworkers [78] recently reported that beneficial effects of Bex on sy-
naptic integrity depend on the presence of neuronal LRP-1, while
ABCA1 and apoE levels in the brain were also increased by Bex in both
nLRP-1−/− and wild-type mice. Neuroinflammation was suppressed by
Asx through promoting M2 microglia polarization in an LRP-1-depen-
dent manner in BV2 cells stimulated with lipopolysaccharide [110],
emphasizing a potential anti-inflammatory therapeutic effect of Asx.

In vivo, we here confirm that treatment with Bex enhanced ABCA1
and apoE expression levels, and Bex and Asx enhanced LRP-1 in mBCEC
of 3xTg AD mice.

Intriguingly, and coherent with our in vitro results obtained from
pBCEC, treatment with either drug diminished BACE1 expression in
mBCEC. Significantly lower cerebral Aβ levels in mice were reported by
applying designed BACE1 peptide inhibitors [111] and BACE inhibitors
were proposed potential potent therapeutics to reduce Aβ levels [112].
Reversed Aβ deposition and improved cognitive function have recently
been demonstrated in BACE1 conditional knockout mice [16]. Inter-
estingly, a direct albeit low binding efficacy of Bex to BACE1 was re-
ported [113]. It has further been suggested that increased cellular
cholesterol levels (in Niemann-Pick disease, type C1-deficient cells)
may drive amyloidogenic APP processing by altering the endocytic
trafficking of APP and BACE1 [114] and cholesterol depletion corrected
APP and BACE1 mistrafficking. Thus, a reduction of cellular cholesterol
mediated by Asx or Bex per se, as observed in the present study, might
reduce BACE1 recruitment to lipid rafts thereby reducing Aβ produc-
tion.

We further investigated the amyloid burden in brain soluble and
insoluble Aβ fractions of 3xTg AD mice and non-Tg mice by im-
munoblotting. A pronounced clearance/reduction of monomeric, tri-
meric/CTFβ and less pronounced reduction in putative oligomers was
detected in soluble Aβ fractions obtained from brains of Bex- and Asx-
treated 3xTg AD mice (when compared to vehicle-treated 3xTg AD). No
significant reduction of monomeric Aβ was detected in the insoluble
fractions. Our data on Bex effects overall are in line with those by
Corona and coworkers [87], reporting reduced levels of soluble Aβ

1–40 and 1–42 in the hippocampus of Bex-treated ABCA1 wild-type but
not ABCA1 knock-out APP/PS1 mice. In contrast, insoluble levels of Aβ
and plaque loads were also unaffected by Bex in that study.

Brain sections of Bex- and Asx-treated 3xTg AD mice were stained
histologically and neither morphological changes nor shrunken cell
bodies or dark cytoplasm were observed; this is indicative for that
neuronal integrity was maintained (Supplementary Fig. V).

However, it is important to note that in sharp contrast to Asx and as
also pointed out by others [78], Bex administration may promote ad-
verse side effects, such as hepatomegaly and significant weight loss.
Medical application has also been suggested to be reconsidered since
Bex may modulate serum lipid that may increase the risk of stroke and
heart attack [115]. In contrast, Asx might act as a potential therapeutic
drug due to its safety and health-promoting effects.

Based on our results (Fig. 10), we suggest that Asx and Bex increase
the clearance of Aβ from the brain by increasing transcription of LRP-1
and ABCA1 in BCEC of 3xTg AD brains. Bex and Asx affect not only the
clearance but also generation of Aβ since both drugs shift APP pro-
cessing towards the non-amyloidogenic pathway by reducing BACE-1
(activity) and Aβ/oligomers in mBCEC and in deeper regions of the
brain.
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