
ORIGINAL ARTICLE

RAGE-NF-κB-PPARγ Signaling is Involved in AGEs-Induced
Upregulation of Amyloid-β Influx Transport in an In Vitro
BBB Model

Fang Chen1
& Arijit Ghosh1,2

& Mei Hu1
& Yan Long1 & Hongbin Sun1

& Lingyi Kong1 &

Hao Hong1 & Susu Tang1

Received: 5 August 2016 /Revised: 4 July 2017 /Accepted: 5 July 2017 /Published online: 4 September 2017
# Springer Science+Business Media, LLC 2017

Abstract The receptor for advanced glycation end prod-
ucts (RAGE) at the blood-brain barrier (BBB) is critical
for regulation of amyloid-β (Aβ) homeostasis in the dia-
betic brain. In this study, we used an in vitro BBB model
consisting of mouse brain capillary endothelial cells
(MBCECs) to investigate whether advanced glycation
end products (AGEs) increase Aβ influx transport across
the BBB and the underlying mechanisms. We found that
AGEs induced Aβ influx transport across the BBB in
concentration- and time-dependent manner, accompanied
by increased RAGE expression and nuclear factor-kappa
B p65 (NF-κB p65), and decreased nuclear peroxisome
proliferator-activated receptor γ (PPARγ). Blockade of
RAGE with its antibody and inhibition of NF-κB signaling
with PDTC as well as activation of PPARγ with
rosiglitazone significantly decreased Aβ transport across
the BBB from the periphery to the brain. These treatments
also pronouncedly suppressed AGEs-induced increases in
RAGE expression and nuclear NF-κB p65 and reversed the
decrease in nuclear PPARγ. These results suggest that
RAGE-NF-κB-PPARγ signaling is involved in regulation
of AGEs-induced influx transport of Aβ across the BBB

and targeting the signaling pathway could serve as a novel
strategy to modify such Aβ transport.

Keywords Advanced glycation end products . Blood-brain
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Introduction

A growing number of clinical and epidemiological evidences
correlate a strong connection between type 2 diabetes (T2D)
and Alzheimer’s disease (AD) (Arvanitakis et al. 2004; Sanz
et al. 2012; Stewart and Liolitsa 1999). Several pathological
indications such as disrupted glucose metabolism and insulin
uptake, and cognitive decline lie under the same bridge be-
tween T2D and AD (Arvanitakis et al. 2004; Liu et al. 2011a,
b). Moreover, dysfunctional brain insulin signaling has been
reported in the pathogenesis of AD (Biessels and Reagan
2015; Hoyer and Nitsch 1989). Recent studies suggest that
diabetes may alter blood-brain barrier (BBB) functioning, ow-
ing to an abnormal transportation of molecules through it,
which may contribute to AD-related cognitive impairment
(Hong et al. 2009; Huber 2008; Liu et al. 2009; Neeper et al.
1992). The BBB is a monolayer of brain endothelial cells,
tightly sealed with paracellular protein complexes with limited
intercellular spaces and connected at a junctional complex by
the tight junctions and the adherens junctions. The BBB is
bound by an extracellular matrix, and maintained through in-
teractions between pericytes and glial cells (Zlokovic 2008). It
is critical for maintaining brain homeostasis and brain func-
tioning bymeans of exchanging materials between the periph-
ery and the central nervous system (CNS). Exchange of a
majority of molecules, except for the molecules with a smaller
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molecular weight than 400 Da (Pardridge 2007), through the
BBB is impermissible (Ohtsuki and Terasaki 2007), a mech-
anism by which pathogenic entry into the brain is also
safeguarded. The scaffold proteins at the tight junctions of
the BBB are mainly affected during a pathogenic exposure.
Dysfunction of the BBB with efflux and influx transporters
has also been reported in the pathogenesis of several neurode-
generative disorders (Ueno et al. 2010). Advanced glycation
end products (AGEs) and the receptor for AGEs (RAGE) have
been implicated in a range of pathological circumstances such
as in diabetes to cardiovascular disease, renal disease to neu-
rological diseases. Diabetes and its related pathologies such as
diabetic neuropathy, diabetic nephropathy (Youssef et al.
1999) and diabetes-related cardiovascular complications have
been strongly correlated with RAGE. RAGE, a member of the
multiligand cell surface immunoglobin family that exists at
the lumina of the endothelial cytoplasm of the BBB, is in-
volved in the receptor mediated amyloid-β (Aβ) trafficking
across the BBB (Deane et al. 2004a, 2004b; Wan et al. 2015;
Zhang and Lee 2011), and is critical for maintaining Aβ ho-
meostasis in the brain (Deane et al. 2003; Shibata et al. 2000).
The role of the BBB in the pathogenesis of AD has also been
shown in human specimens with a positive correlation with
RAGE expression (Provias and Jeynes 2014). Our recent stud-
ies showed a significant increase in RAGE-dependent Aβ
influx across the BBB, accompanied by cerebral Aβ accumu-
lation and memory impairment in diabetic mice with
hypoinsulinemia (Liu et al. 2009, 2013) and hyperinsulinemia
(Chen et al. 2016). Herein, we used a monolayer of in vitro
BBB model to investigate the changes in Aβ transport across
the BBB and the restorative effects of rosiglitazone, a
thiazolidinedione group of anti-diabetic drug that act by selec-
tively agonizing the effects at PPARγ receptors on the adipo-
cytes; we also used PDTC (pyrrolidinedithiocarbamate) that
can reversibly inhibit the activation of IκB-NF-κB interaction
that is critical for NF-κB mediated gene expressions (Schreck
et al. 1992); and used antibodies against RAGE to knockdown
its effects onmediation of abnormal transport of Aβ across the
BBB.

Materials and Methods

Generation of AGEs in BSA

Solution of AGEs in bovine serum albumin (BSA, NanJing
SunShine Biotechnology Co., LTD., China) was prepared as
previously described with minor modifications (Liu et al.
2011a, 2011b). Briefly, 50 mg/ml BSA was incubated under
sterile conditions with 0.5MD-glucose (SinopharmChemical
Reagent Co., LTD., China) in 0.1M phosphate buffered saline
(PBS, pH 7.4) at 37 °C for 10 weeks in a dark place.
Unincorporated glucose was removed by dialysis against

PBS. Control BSAwas incubated under the same conditions,
in absence of the reducing glucose. Protein concentrations
were determined by the Bradford method.

Estimation of AGEs Formation

Characterization of AGEs was based on lysine residue modi-
fications and their fluorescent properties. The fraction of mod-
ified lysine residues was measured by 2,4,6-trinitrobenze-
nesulfonic acid method (TNBS, Sigma-Aldrich, USA) that
estimates the proportion of unmodified lysine in AGEs prep-
aration compared with that of the unmodified BSA (Shi et al.
2013). As a result, the extent of lysine modification was 87%
compared to unmodified BSA (Fig. 1a). Extent of fluorescent
AGEs formation was assessed by spectrofluorometry. AGEs
and unmodified BSA was diluted with PBS, and fluorescent
intensity was recorded at excitation 360 nm, emission 440 nm.
The characteristic glycation fluorescence of AGEs was in-
creased by approximately 12-fold compared with unmodified
BSA. This indeed strongly suggested that AGEs have been
formed (Fig. 1b, c).

Isolation and Culture of Primary Mouse Brain Capillary
Endothelial Cells (MBCECs)

Endothelial cells from brain capillaries were isolated from 12-
week-old mice (Yangzhou University Medical Center, China)
and cultured according to previously reported methods with
some modifications (Hong et al. 2006; Nishitsuji et al. 2011;
Wuest and Lee 2012). Briefly, mice were euthanized accord-
ing to local IACUC/veterinarian recommendations, fresh
brains were collected immediately and placed in an ice-cold
Hank’s Balanced Salt Solution, and the meninges and super-
ficial blood vessels were removed. Then the gray matter was
collected, triturated and digested for 2 h at 37 °C in a solution
containing 1 mg/ml of type II collagenase (NanJing SunShine
Biotechnology Co., LTD., China) and 28.3 U/mL DNase I
(NanJing SunShine Biotechnology Co., LTD., China) in ice-
cold Dulbecco’s modified Eagle’s medium (DMEM,Hyclone,
USA). To remove myelin, the digest in 20% BSA in DMEM
was centrifuged at 1000g for 20 min to obtain cell pellets. The
microvessels obtained in the pellets were digested further with
1 mg/ml of collagenase/dispase (Roche, Germany) in DMEM
for 1.5 h at 37 °C. The digested microvessel solution was
centrifuged at 700g, 4 °C for 6 min. The pellets were resus-
pended and layered over a 33% continuous Percoll gradient

Fig. 1 AGEs are characterized based on lysine residue modifications and
their fluorescence properties. (a) The fraction of modified lysine residues
was measured by TNBS method that estimated the proportion of
unmodified lysine in AGEs preparation compared with that of the
unmodified BSA. Data are given as means ± SEM, n = 6. AGEs (b)
and unmodified BSA (c) were diluted with PBS, and fluorescence
intensity was recorded at excitation 360 nm, emission 440 nm

b
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(NanJing SunShine Biotechnology Co., LTD.) and centri-
fuged at 1000g for 10 min at 4 °C. Subsequently, the layer
containing microvessels was removed and diluted in DMEM.
After centrifugation at 700g for 10 min, cell pellets were re-
suspended and used for cultivation. Cells were washed with
DMEM and resuspended in culture media consisting of
DMEM supplemented with 20% fetal bovine serum (Gibco-
Invitrogen, USA), 2 mM L-glutamine (Sigma-Aldrich, USA),
1.5 ng/ml basic fibroblast growth factor (Pepro Tech, USA),
100 μg/ml heparin (Sigma-Aldrich, USA), an antibiotic solu-
tion (100 U/mL penicillin, 0.25 μg/mL Gentamycin Sulfate)
and 4 g/ml puromycin (Sigma-Aldrich, USA). The culture
medium was changed on day 2. After day 2, puromycin was
omitted and medium was changed every 3 days. Cell suspen-
sion from one brain was seeded per well of a 12-well plate.
Experiments were performed when cells reached confluence,
usually after 1 week in culture at 37 °C and 5% CO2.

Immunocytochemical Identification of MBCECs

Previous studies have shown that the purity of MBCECs iso-
lated by the present method, based on immunocytochemical
detection of the expression of factor VIII-related antigen (von
Willebrand factor), is more than 95% (Chen et al. 2007). To
verify if the isolated brain cells were MBCECs in our prepa-
ration, immunocytochemical analyses of factor VIII were car-
ried out following the standard protocol provided with the
SABC kit (Boster Biotechnology Co., Ltd., China).
MBCECs were plated on glass slides in one well of a 24-
well plate (Corning, USA) with 600 μl of culture medium
unless 80% confluency was reached. Slides were fixed in
4% paraformaldehyde solution for 30 min, and blocked with
PBS containing 3% normal goat serum, 0.3% (v/v) Triton
X-100, and 0.1% BSA at room temperature for 30 min.
Cells were incubated with a rabbit polyclonal antibody against
factor VIII protein (Bioworld Technology Co., Ltd., China),
which was diluted 1:100 in blocking buffer, overnight at 22 °C
in a humidified chamber. Negative controls were prepared
without the primary antibody in a humidified chamber. Then
cells were washed in 0.01 M PBS (6 × 5 min, 22 °C), incu-
bated with a mouse IgG antibody conjugated with biotin
(1:200 in 0.01 M PBS; 1 h, 22 °C), washed in 0.01 M PBS
(3 × 5min, 22 °C), and then incubated with streptavidin-biotin
complex (SABC) (1:200 in 0.01M PBS; 20min, 22 °C). After
a further 3 × 5 min washes in 0.01 M PBS, DAB was used as
the final chromogenat 22 °C for detection of factor VIII.
Photomicrographs were obtained using a microscope
(Olympus DP72, Japan).

The Transendothelial Electrical Resistance (TEER)

MBCECs were seeded (200,000 cells/cm2) onto 2% gelatin
(Sigma-Aldrich, USA)-coated transparent and porous

membrane of cell culture insert. After 3–5 days, cultured in
a 5% CO2–95% air incubator at 37 °C, confluent monolayer
of MBCECs was generated (Xie et al. 2005). The culture
medium was removed and then washed three times with
PBS. After the insert was dropped into PBS, the barrier func-
tion of the endothelial monolayer was estimated by measuring
the transendothelial electrical resistance (TEER) with a
Millicell ERS ohmmeter (Millipore, USA), as previously re-
ported (Chen et al. 2014). The values were corrected for the
background resistancemeasured across the filter without cells.

Measurement of Monolayer MBCECs Permeability

The permeability of MBCECs was assessed by the passage of
FITC-conjugated dextran (MW 40000; Sigma-Aldrich)
through a monolayer cell, as previously described with some
modifications (Fang et al. 2016). In brief, MBCECs were
grown to confluence on transwell filter inserts (24-well for-
mat, 0.4 mm pore; Corning, USA). Culture medium with
1 mg/ml FITC-dextran was added into the upper chamber. A
total of 1 ml culture mediumwithout FITC-dextran was added
to the lower chamber. Samples (50 μl) were taken from lower
chamber at 1 h, and analyzed by a fluorescence microplate
reader (PerkinElmer, Waltham, USA) according to
λex488 nm and λem515 nm. A permeability coefficient (Pe,
cm/s) was determined, where permeability coefficient = V/
(As × Cd) × (Cr/T), where V is the medium volume in receiver
chamber, As is the surface area of cell monolayer, Cd is the
concentration of FITC-conjugated dextran in the donor cham-
ber at time 0, and Cr is the concentration of FITC-conjugated
dextran in the receiver chamber at sampling time T. All data
were from at least 3 independent experiments.

AGEs and Drug Treatment in Cell Culture

MBCECs were rinsed with PBS, replenished with fresh
serum-free media, and cultured for an additional 24 h. To
evaluate the effect of AGEs on RAGE expression in
MBCECs, the cells were incubated with 200 mg/ml of
AGEs for 6, 12 and 24 h or treated with 50, 100 and
200 mg/ml of AGEs for 24 h. Moreover, we observed the
effect of anti-RAGE immunoglobulin G (5 μg/ml, Abcam
Technology Co., Ltd., China), preimmune IgG (5 μg/ml,
R&D Systems, Inc., China), PDTC (10 μM, Sigma-Aldrich,
USA) and rosiglitazone (Rsg, 1 μM, Sigma-Aldrich, USA) on
the level of RAGE in MBCECs and explored whether they
could regulate the effect of AGEs.

Measurement of [125I]-Amyloid-β1–40 (Aβ1–40) Kinetics

[14C]-inulin was purchased from American Radiolabeled
Chemicals, Inc. Aβ1–40 was from Sigma-Aldrich. Na125I
was purchased from Chengdu GaoTong Isotope Co., Ltd.
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Human [125I]-Aβ1–40 were synthesized at the Jiangsu Institute
of Nuclear Medicine. To analyze the integrity of [125I]-Aβ1–40

over a 6 h of time period, 0.1 nM [125I]-Aβ1–40 was incubated
in serum-free medium at 37 °C before samples were subjected
to trichloroacetic acid (TCA) precipitation. 50 μL of 15%
TCA was added to a 50 μL media sample and incubated for
10 min at 4 °C. Samples were then centrifuged at 10,000g for
10 min. Supernatant (free [125I]) and pellet (intact [125I]-Aβ1–

40) were counted separately for [125I] on a 1470 automatic
gamma counter (PerkinElmer, USA). Results were expressed
as mean ± SEM of 3 independent experiments.

In Vitro Transwell MBCECsModel for Transport Studies

Our transwell transport model set up resembles a previously
published method with minor modifications (Pflanzner et al.
2014). In brief, freshly isolated MBCECs fragments were
seeded onto coated transwell filters with membrane pore size
0.4 μm and cultured as described above. After incubation for
24 h in serum-free medium, MBCECs were pretreated with
anti-RAGE antibody, PDTC or Rsg for 2 h, followed by
AGEs (200 μg/ml) for 24 h, and then the treated cells were
used for transport studies. [125I]-Aβ1–40 (0.1 nM) and [14C]-
inulin (1 μCi/mL), a marker for paracellular diffusion, were
added to serum-free media and incubated at 37 °C. From each
input and at each time point, 10 and 50μL samples were taken
from the compartment the transport was investigated to (de-
fined as acceptor compartment). 10μl probes were counted on
a 1470 automatic gamma counter or [125I], or on a Tri-Carb
2800 TR Liquid Scintillation Analyzer (PerkinElmer, USA)
for [14C]. To investigate the amount of intact [125I]-Aβ1–40

being transported, 50 μL 15% TCA was added to a 50-μL
media sample and incubated for 10 min at 4 °C. Samples were
then centrifuged at 10,000g for 10 min. Supernatant (free
[125I]) and pellet (intact [125I]-Aβ1–40) were counted separate-
ly for [125I]. Transport of intact [125I]-Aβ1–40 across the mono-
layer was calculated as Aβ1–40 transcytosis quotient (TQ):

Aβ1‐40TQ ¼
125I½ �‐Aβ1‐40ð Þacceptor= 125I½ �‐Aβ1‐40ð Þinput
14C½ �‐inulinð Þacceptor= 14C½ �‐inulinð Þinput

For 6 h time course transport studies, MBCECs were cul-
tured on 24-well transwell inserts (growth surface area
33 mm2) with 600 μL media in the upper (luminal) compart-
ment and 1.8 mL in the lower (abluminal) compartment, re-
sembling blood vessel and brain, respectively. [125I]-Aβ1–40

and [14C]-inulin were added to the luminal (input) compart-
ment and samples were taken at each time point from the
abluminal (acceptor) compartment. Results represent
mean ± SEM of 3 independent experiments.

Western Blot Analysis

MBCECs were washed with PBS and lysed in NP-40 buffer
containing proteinase inhibitors (Roche, Germany). Protein
concentration was determined by the BCA protein assay kits
reagent (Pierce, USA) assessed for expression of RAGE.
Protein extracts were separated by a SDS-polyacrylamide gel
electrophoresis and then transferred onto a PVDF membrane.
The membrane was blocked with 5% skim milk in Tris buffer
saline and then incubated at 4 °C overnight with respective
primary antibodies for rat anti-RAGE antibody (1:500), or β-
actin (inner control, 1:3000). After washing with TBST, the
membranes were incubated with a horseradish peroxidase con-
jugated secondary antibody (1∶5000) for 2 h at room temper-
ature. The antibody-reactive bands were visualized by using the
enhanced chemiluminescence detection reagents by a gel imag-
ing system (Tanon Science & Technology Co., Ltd., China).

Nuclear extracts were prepared using nucleoprotein extrac-
tion kit (Sangon Biotech, China). Briefly, cell monolayers were
washed twice with cold PBS and scraped into cold PBS
(1.0 ml) and nuclear extracts were prepared following the stan-
dard protocol provided by nucleoprotein extraction kit. Briefly,
the cell suspension was centrifuged for 10min at 1000g at 4 °C.
The cell pellet was then resuspended in 0.4 ml of ice-cold
hypotonic buffer containing 0.5% phosphatase inhibitor, 1%
phenylmethylsulfonyl fluoride and 0.1% DL-dithiothreitol in-
cubated on ice for 15 min. After vortexing for 15 s, cell lysates
were centrifuged for 5 min at 3000g at 4 °C, the supernatant
was removed, and the nuclear pellet was washed once with
hypotonic buffer and centrifuged at 4 °C, 5000g for 5 min.
Finally, 0.2 ml lysis buffer containing 0.5% phosphatase inhib-
itor, 1% phenylmethylsulfonyl fluoride and 0.1% DL-
dithiothreitol were added with the precipitate, chilled for
20 min and centrifuged at 4 °C, 15,000g for 10 min. The su-
pernatant nuclear protein extract was subjected to Western blot
for assay of NF-κB p65, PPARγ and histone H3 was used as a
loading control. Antibodies were purchased from different
companies: rabbit anti-mouse NF-κB p65 and PPARγ from
Cell Signaling Technology, Inc. (USA); rabbit anti-mouse
Histone H3, β-actin and goat anti-rabbit secondary antibodies
from Bioworld Technology Co., Ltd. (USA).

Coimmunoprecipitation

Coimmunoprecipitation was performed as described previ-
ously (Yin et al., 2002). A total of 2 × 107 MBCECs were
pelleted and then lysed in lysis buffer (1% Triton X-100,
150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM EDTA, 1 mM
EGTA, pH 8.0, 0.2 mM sodium orthovanadate, 0.5% NP-40,
0.2 mM PMSF, 4 g/ml pepstatin, 4 g/ml leupeptin, 5 g/ml
aprotinin) on ice for 30 min. Cellular debris was removed by
centrifugation at 16,000g for 20 min, and the supernatant was
incubated with rabbit anti-mouse NF-κB p65 at a
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concentration of 4 μg/ml at 4 °C for 3 h. Immunocomplex was
captured by incubating the samples with 50 μl protein A + G–
agarose (Beyotime, China) suspension overnight at 4 °C.
Agarose beads were collected by centrifugation and washing.
After microcentrifugation, the pellet was resuspended in SDS
loading buffer, separated on an SDS-polyacrylamide gel,
transferred to PVDF membrane, and further analyzed by
Western blot using rabbit anti-PPARγ antibody as described
previously. Affinity-purified normal rabbit IgG (Santa Cruz
Biotechnology, USA) was used as a negative control for
immunoprecipitation.

Semi-Quantitative Reverse Transcription-Polymerase
Chain Reaction (RT-PCR) Assay

Total RNA was extracted from MBCECs using Trizol
reagents according to the manufacturer’s instructions.
For cDNA synthesis, aliquots of total RNA (2 μg) were
mixed with 0.2 μg random hexamer primer, 20 U
RNasin, 1 mM dNTP, and 200 UM-MuLV reverse tran-
scriptase in 20 μl of the reverse reaction buffer. The
mixture was incubated at 25 °C for 10 min, 42 °C for
60 min and then at 72 °C for 10 min to deactivate the
reverse transcriptase. PCR was performed on an
Eppendorf Master Cycler (Eppendorf, Germany). The
mixture contained: 1 μl RT-cDNA template dissolved
in 20 μl reaction mixture containing 1 × PCR buffer,
200 μM dNTP,1.5 mM MgCl2, 20 pmol of each primer
and 0.5 U Taq DNA polymerase. Cycling parameters
were as below: 94 °C for 1 min, followed by 33 cycles
of 94 °C for 30 s, 63 °C for 30 s and 72 °C for 1 min,
with a final extension step of 72 °C for 7 min. The
abundance of transcripts in cDNA samples was mea-
sured by RT-PCR with the following primers: mouse
RAGE forward 5′-ACATGTGTGTCTGAGGGAAGC-3′
and reverse 5′-AGCTCTGACCGCAGTGTAAAG-3′
(254 bp, nucleotides 956–1169 in L33412, GeneBank,
Invitrogen), β-actin forward 5′-TCTTGGGTATGGAA
TCCTGTG-3′ and reverse 5′-ATCTCCTTCTGCAT
CCTGTCA-3 ′ (154 bp, nucleotides 876–1029 in
NM_007393.3, GeneBank, Invitrogen). The amplifica-
tion products were separated by electrophoresis on a
2% agarose gel containing ethidium bromide. The opti-
cal density of the bands was determined by an image
analysis system (Tanon Science &Technology Co. Ltd.,
China).

Statistical Analyses

Data shown were expressed as mean ± S.E.M. All data, unless
specified, were analyzed by a one-way ANOVA followed by a
Dunnett’s post hoc analysis for multiple comparisons. At each
time point transport studies were analyzed using a one-way

ANOVA followed a Turkey’s post hoc analysis. All analyses
were carried out using SPSS, version 20.0. The level of statis-
tical significance was P < 0.05.

Results

Characterization of the MBCECs Culture

The isolated microvessels, prepared according to the proce-
dure described, were pure, without any obvious growth of
neuronal or glial cells. After digestion, the endothelial cells
displayed the appearance of Bbeads on a string^ (Fig. 2a), then
MBCECs started to migrate out from the vessels on day 2 and
grew to confluency within 7–10 days. Primary endothelium
culture displayed typical Bcobble stone^ morphology (Fig.
2b). Based on morphology, >95% of the population consisted
of endothelial cells. Moreover, positive immunostaining for
von Willebrand factor, a marker for endothelial cells, was
found to be present diffusely in the cytoplasm of cultured
MBCECs (Fig. 2c, e). Negative control slides remained un-
stained (Fig. 2d, f). We also estimated the barrier function of
the endothelial monolayer by measuring TEER. Culture with
serum-free medium for 24 h induced higher TEER (Fig. 2g).
TEER increased in a time-dependent manner after preparing
the in vitro BBB model, but it decreased after more than
24 days (Fig. 2g). Permeability studies, to supplementally de-
tect the function of BBB in vitro, were performed to check the
tight junctions integrity by using FITC-conjugated dextran.
The endothelial permeability coefficient (Pe) for dextran of
in vitro BBB model is as low as 3 × 10−6 cm s−1. Hence, we
used MBCECs cultured for 24 days (passage 3) for further
experiments.

AGEs Increase RAGE Expression in MBCECs

MBCECs were incubated with 200 mg/ml of AGEs for 6, 12
and 24 h or treated with 50, 100 and 200 mg/ml of AGEs for
24 h. As shown in Fig. 2, MBCECs treated with 200 mg/ml of
AGEs for 6 h (P = 0.394, Fig. 3a, b) or with 50 mg/ml of
AGEs for 24 h (P = 0.382, Fig. 3c, d) did not affect RAGE

Fig. 2 Primary culture of MBCECs and identification of BBB in vitro. a
BBeads on string^ microvessels after digestion (100×). b BPebble^ like
MBCECs after passage (100×). (c, e) MBCECs at passage 3 cultured on
gelatin-coated chamber slides stained positively with antibody to VIII
factor (c, 100×; e, 200×). (d, f) Negative control slide remained unstained
(d, 100×; f, 200×). g After MBCECs were cultured at day 10 (primary
culture), day 17 (passage 2), day 24 (passage 3), day 31 (passage 4), and
day 38 (passage 5), TEER was recorded under different conditions.
Culture with serum-free medium for 24 h induced higher TEER. Data
are given as means ± SEM, n = 6 (CM complete medium, SFM serum-
free medium)

b
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expression. Stimulation of MBCECs with AGEs (200 mg/ml)
for 24 h led to a 2.5-fold increase in cell surface RAGE ex-
pression (P < 0.01, Fig. 3a, b). Exposure of MBCECs to
AGEs induced a time-dependent (F(4,15) = 9.633, P < 0.05,
Fig. 3a, b) and dose-dependent (F(4,15) = 8.360, P < 0.05,
Fig. 3c, d) increase in the level of RAGE protein.

Integrity of [125I]-Aβ1–40

Before the commencement of the transcytosis experiment, we
determined the stability of [125I]-Aβ1–40 under similar condi-
tions used during the transcytosis experiment. TCA precipita-
tion of media samples enabled us to differentiate between intact
[125I]-Aβ1–40 (TCA-precipitable) and free [

125I] (non TCA-pre-
cipitable). The experiment revealed a minor disintegration of
[125I] from [125I]-Aβ1–40 during the 6 h time course as shown
by the decrease in [125I]-Aβ1–40 counts (F(3,28) = 1.620,
P = 0.260; Fig. 4a) and the concomitant increase in [125I]
counts (F(3,28) = 1.734, P = 0.237; Fig. 4b). Hence, in further
experiments we only considered TCA precipitated intact [125I]-
Aβ1–40 to calculate the Aβ1–40 transcytosis quotient (TQ).

AGEs Increase Aβ Influx Transport Across the BBB
In Vitro (Transcytosis Measurement)

In a first set of experiments, we investigated the transport of
[125I]-Aβ1–40 from the luminal to abluminal direction (blood-
to-brain) across MBCECs monolayer cultured in 24-well
transwell dishes over a 6-h time period. AGEs enhanced trans-
port of iodinated Aβ1–40 influx transport across BBB in vitro
at each time point (F(2,9) = 7.370, P < 0.05, Fig. 5 for 2 h;
F(2,9) = 11.345, P < 0.05, Fig. 5 for 4 h; F(2,9) = 9.261,
P < 0.05, Fig. 5 for 6 h). After TCA precipitation of media
samples, we were able to distinguish intact [125I]-Aβ1–40

(TCA-precipitable) from free [125I] (non TCA-precipitable,
generated during [125I]-Aβ1–40 degradation by MBCECs or
spontaneous [125I]-Aβ1–40 disintegration).

Anti-RAGE Antibody, PDTC and Rosiglitazone Reverse
AGEs-Induced Upregulation of Aβ Influx Transport
Across the BBB

Treatment with anti-RAGE antibody (5 μg/ml), PDTC (10 μM)
and rosiglitazone (1 μM) effectively attenuated AGEs-
upregulated apical-to-basolateral passage of [125I]-Aβ1–40 across
the BBB (Fig. 5). At each time point of transcytosis experiment,
anti-RAGE antibody restored AGEs-upregulated transport of
[125I]-Aβ1–40 from luminal compartment into abluminal com-
partment (F(6,21) = 5.637, P < 0.05, Fig. 6a for 2 h;
F(6,21) = 5.215, P < 0.05, Fig. 6a for 4 h; F(6,21) = 4.568,
P < 0.05, Fig. 6a for 6 h), however, IgG had no effect on influx
transport of [125I]-Aβ1–40 across the BBBmodel in vitro. PDTC
reduced the amount of [125I]-Aβ1–40 in abluminal compartment

by approximately 30% compared with Veh + AGEs group at the
last point (F(4,15) = 7.793, P < 0.05, Fig. 6b for 4 h;

Fig. 3 AGEs increase RAGE expression in MBCECs. The protein
level of RAGE was detected by WB and β-actin was used as a
loading control. a MBCECs were incubated with AGEs (200 mg/
ml) for 6, 12, and 24 h before whole-cell lysates were extracted
and then subjected to WB. c MBCECs were treated with 50, 100,
and 200 mg/ml of AGEs for 24 h. Quantification of RAGE (b, d)
was expressed as the ratio (in percentage) of Veh + Veh. Values
shown are expressed as mean ± SEM; n = 4. *P < 0.05,
**P < 0.01 vs Veh + Veh group
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F(4,15) = 7.662,P < 0.05, Fig. 6b for 6 h). Further, we detected a
marked difference in the abluminal acceptor compartment for
rosiglitazone group compared with Veh + AGEs group from
4 h, which indicated rosiglitazone significantly decreased
AGEs-induced upregulation of Aβ influx transport across the
BBB (F(5,18) = 8.201, P < 0.05, Fig. 6c for 4 h;
F(5,18) = 7.825, P < 0.05, Fig. 6c for 6 h).

Anti-RAGE Antibody, PDTC and Rosiglitazone Reverse
AGEs-Upregulated RAGE Expression

Our transport experiment suggested anti-RAGE antibody, PDTC
and rosiglitazone decrease AGEs-increased transcytosis of [125I]-
Aβ1–40 from blood to brain. It has been demonstrated that RAGE
is a main protein involved in receptor-mediated Aβ influx across

Fig. 6 Anti-RAGE antibody, PDTC and rosiglitazone (Rsg) reverse
AGEs-induced upregulation of Aβ influx transport across BBB in vitro.
(a, b, c) Pretreatment of MBCECs with anti-RAGE antibody (5 μg/ml),
PDTC (10 μM) or rosiglitazone (1 μM) for 2 h decrease [125I]-Aβ1–

40transport from luminal to abluminal compartment compared with
MBCECs exposed to AGEs alone. Results represent mean ± SEM of 4
independent experiments. *P < 0.05 vs AGEs + Veh group

Fig. 4 Only a small amount of [125I] spontaneously disintegrates
from [125I]-Aβ1–40 within 6 h incubation. [125I]-Aβ1–40 (0.1 nM)
was incubated in medium at 37 °C before samples were subjected
to TCA precipitation. Intact [125I]-Aβ1–40 and free [125I] counts
per minute (CPM) were analyzed separately on a γ-counter. A
minor disintegration of [125I] from [125I]-Aβ1–40 during the 6 h
time course is shown by the decrease in [125I]-Aβ1–40 CPM (a)
and the concomitant increase in [125I] CPM (b). Results are
expressed as mean ± SEM of 8 independent experiments

Fig. 5 AGEs induce an increase in Aβ influx transport across BBB
in vitro. MBCECs were cultured on gelatin-coated transwell inserts for
5 days before high transendothelial electrical resistance was induced for
24 h by serumwithdrawal. Subsequently, transport studies for [125I]-Aβ1–

40 were conducted in the presence of [14C]-inulin as a marker for
paracellular diffusion. AGEs increased the [125I]-Aβ1–40 transport from
luminal to abluminal compartment at each time point compared with
control. Results are expressed as mean ± SEM, n = 4 per group.
*P < 0.05 vs Veh + Veh group
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the BBB. Thenwe detected RAGEprotein inMBCECs treated or
untreated with anti-RAGE antibody, PDTC, rosiglitazone by
Western blot. Interestingly, protein expression of RAGE was sig-
nificantly reduced in MBCECs pretreated with anti-RAGE anti-
body, PDTC and rosiglitazone (F(6,21) = 4.971,P < 0.05, Fig. 7a,
b; (F(4,15) = 5.085, P < 0.05, Fig. 7c, d; F(5,18) = 6.459,
P < 0.05, Fig. 7e, f). RT-PCR analysis further revealed that anti-
RAGE antibody, PDTC and rosiglitazone decreased AGEs-

upregulated RAGE protein via inhibition of its mRNA transcrip-
tion (data not shown).

Anti-RAGE Antibody, PDTC and Rosiglitazone Inhibit
AGEs-Induced NF-κB Activation

The upregulation of RAGE is followed by the activation of
NF-κB pathway (Lander et al. 1997), thereby triggering a

Fig. 7 Anti-RAGE antibody, PDTC and rosiglitazone decrease AGEs-
induced upregulation of RAGE expression. MBCECs were treated with
anti-RAGE antibody, PDTC or rosiglitazone, followed by incubation
with AGEs for 24 h. Representative immunoblot of RAGE detected by

Western blot (a, c, e), protein quantification was expressed as the ratio (in
percentage) of Veh + Veh group (b, d, f). Values shown are expressed as
mean ± SEM; n = 3–4. *P < 0.05, **P < 0.01 vs AGEs + Veh group

Neurotox Res (2018) 33:284–299 293



positive feedback loop in which RAGE expression is upregu-
lated and thus the binding capacity of the AGEs is enhanced.
As expected, activation of NF-κB pathway was characterized
by selective induction of the nuclear translocation of p65 and
p50 subunits (Valerio et al. 2006). We used western blot to
determine the level of the p65 subunit in the nucleus.
Interestingly, anti-RAGE antibody, PDTC and rosiglitazone
treatment were able to block AGEs-induced NF-κB activation
by decreasing p65 translocation from the cytosol to the nucle-
us (F(6,21) = 4.893, P < 0.05, Fig. 8a, b; (F(4,15) = 7.492,
P < 0.05, Fig. 8c, d; F(5,18) = 8.252, P < 0.01, Fig. 8e, f).

Anti-RAGE Antibody, PDTC and Rosiglitazone Reverse
AGEs-Induced Downregulation of PPARγ

Previous reports have shown that activation of NF-κB may
contribute to PPARγ downregulation. To investigate whether
such downregulation of PPARγ is involved in protein com-
plex formation of NF-κB with PPARγ, we performed
coimmunoprecipitation assay with fresh protein extract of
MBCECs. In this experiment, anti-p65 antibody effectively
pulled down the PPARγ protein which confirmed the associ-
ation of PPARγ with immunoprecipitating p65 and its pres-
ence in the immune complex (Fig. 9a). Then we hypothesized
that NF-κB p65 and RAGE activation in MBCECs would
induce a decrease in PPARγ level. Because the earlier parts
of this study have showed that anti-RAGE antibody, PDTC or
rosiglitazone treatment caused a significant decrease in both
RAGE and nucleus NF-κB p65 levels in AGEs-treated
MBCECs, we measured whether anti-RAGE antibody,
PDTC and rosiglitazone restore the level of PPARγ in
AGEs-treated MBCECs by Western blot. Consistent with
our hypothesis, both PDTC and rosiglitazone reversed the
reduced PPARγ levels in AGEs-induced MBCECs
(F(4,15) = 5.871, P < 0.05, Fig. 9d, e; F(5,18) = 4.787,
P < 0.05, Fig. 9f, g). However, anti-RAGE antibody also led
to PPARγ increase in AGEs-treated MBCECs, but did not
reach statistical significance (F(6,21) = 5.458, P > 0.05, Fig.
9a, b) compared with AGEs treatment group.

Discussion

In the present study, we have shown that the RAGE-NF-κB
signaling facilitates the entry of peripheral Aβ in the direction
of blood-to-brain and downregulates the expression of
PPARγ in an in vitro BBB model. We reversed such itinerary
of Aβ through pretreatment of anti-RAGE, an antibody
against RAGE, and PDTC, an NF-κB signaling inhibitor.
We also used rosiglitazone, a commonly used PPARγ agonist
as anti-diabetic drug, that also reversed the influx transport of
Aβ across the BBB by upregulating the expression of PPARγ.
Receptor for advanced glycation end products (RAGE) has

been implicated in the pathology of AD including diabetic
cognitive impairment and BBB dysfunction in numerous oc-
casions. RAGE expression is found on microglial, and neuro-
nal cells, as well as on the endothelial and smooth muscle cells
in the CNS vasculature (Neeper et al. 1992; Schmidt et al.
2000; Yan et al. 1996). RAGE is also found in the astrocytes
of AD animal model (Choi et al. 2014), and it contributes to
cognitive dysfunction by means of astrocytic inflammation
(Han et al. 2014). The level of RAGE is increased in both
neurons and the endothelium in the context of AD (Yan
et al. 1995), and is overexpressed in the hippocampus and
frontal lobes of AD patients (Lue et al. 2001). As a mediator
of Aβ transport (Jaeger et al. 2009; Yan et al. 1996), RAGE
ferries Aβ from the periphery to the CNS across the BBB
(Deane et al. 2003). The tight junctions of the BBB, which
maintain the integrity of the BBB, are disrupted by Aβ
(Strazielle et al. 2000) in concert with RAGE (Kook et al.
2012). RAGE-mediated breakdown of the tight junctions
and trafficking of Aβ have also been shown in retinal pigment
epithelia (Park et al. 2015).

The nuclear factor-kappa B (NF-κB) pathway, a pathway
involved in inflammatory signaling, has been shown to exac-
erbate the incidence of AD (Lai et al. 2014; Tang et al. 2013).
NF-κB is a multisubunit transcription factor that resides in the
cytoplasm as an inactive complex, and, when activated, in-
duces the expression of a number of genes including cell ad-
hesion molecules, cell surface receptors, and cytokines.
Expression of NF-κB p65 is found on the BBB (Pan et al.
2010; Stone et al. 2011). A signaling cascade jointly mediated
by RAGE and NF-κB has been shown in diabetic vasculopa-
thy. Overexpression of RAGE/NF-κB has also been shown in
the hippocampus of diabetic animals (Xu et al. 2008). Aβ-
mediated downregulation of p-glycoprotein, an efflux trans-
porter at the BBB linked to AD pathology (Jeynes and Provias
2011), is also mediated by RAGE-NF-κB signaling (Park
et al. 2015). Although the deleterious effect of RAGE-
NF-κB signaling axis in the brain has been well documented,
the signaling axis might also be involved in neuroprotection—
it has been shown that the axis is crucial for neuronal differ-
entiation of neural progenitor cells (NPCs), induced by several
factors (Meneghini et al. 2013). Moreover, in a murine model
of traumatic brain injury (TBI), cognitive recovery is correlat-
ed with the proneurogenic effects induced by intracerebroven-
tricular administration of the RAGE ligand S100B
(Kleindienst et al. 2005), possibly via the activation of
RAGE-NF-κB axis (Bortolotto and Grilli 2016). These facts
that both BBB breakdown and adult neurogenesis induction
may rely on activation of RAGE-NF-κB signaling are likely
to reflect high-level complexity within the pathways involved
in these processes. PPARγ, a member of the nuclear receptor
family, has been implicated in diabetes-related mitochondrial
dysfunction (Yang et al. 2012). Incident of RAGE-mediated
PPARγ downregulation has been documented in human
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chondrocytes (Ma et al. 2015; Chen et al. 2013). NF-κB sig-
naling is a downregulator of PPARγ expression, and activa-
tion of PPARγ can block the activation of NF-κB (Nencioni
et al. 2003) through the inhibition of NF-κB transcription

factor (Kutsenko et al. 2012). TNFα, which is an inducer of
NF-κB signaling, can degrade PPARγ through caspase-1 (He
et al. 2008), which is regulated by RAGE (LeBlanc et al.
2014). Interrelating all these factors, we proposed that

Fig. 8 Anti-RAGE antibody, PDTC and rosiglitazone attenuate AGEs-
triggered NF-κB signaling. MBCECs were treated the same as those in
Fig. 6. Nuclear extracts were prepared from MBCECs, nuclear NF-κB
p65 and histone H3 as loading control were examined by Western blot
using respective antibodies. Representative immunoblot of NF-κB p65

detected byWestern blot (a, c, e), protein quantification was expressed as
the ratio (in percentage) of Veh + Veh group (b, d, f). Values shown are
expressed as mean ± SEM; n = 4. *P < 0.05, **P < 0.01 vs AGEs + Veh
group
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Fig. 9 PDTC and rosiglitazone increase AGEs-downregulated PPARγ
level. a MBCECs were subjected to immunoprecipitation using an anti-
p65 antibody, and then subjected to SDS–PAGE and immunoblotted with
an PPARγ antibody. Input (total protein extracts) was used as positive
control and non-specific IgG antibody was used as negative control for
immunoprecipitation. The blot data are representative of three separate
experiments. Pretreatment ofMBCECs with anti-RAGE antibody, PDTC

or rosiglitazone for 2 h, and then MBCECs were incubated with AGEs.
Nuclear extracts were prepared as Fig. 8. Nuclear PPARγ were deter-
mined in MBCECs by Western blot. Representative immunoblot of
PPARγ detected by Western blot (b, d, f), protein quantification was
expressed as the ratio (in percentage) of Veh + Veh group (c, e,
g).Values shown are expressed as mean ± SEM; n = 4. *P < 0.05,
**P < 0.01 vs AGEs + Veh group
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RAGE-NF-κB signaling may downregulate the expression of
PPARγ and facilitate Aβ transport across the BBB into the
brain. In our study, treatment with AGEs inMBCECs showed
an increase in influx transport of Aβ. To find out the possible
mechanisms, we blocked the activity of RAGE with its anti-
body that significantly inhibited the entry of Aβ from the
luminal compartment to the abluminal compartment. The ac-
tivity of RAGE was also suppressed by PDTC, an NF-κB
inhibitor, suggesting a co-participation of RAGE and NF-κB
in such environment. The same was further confirmed when
pretreatment with anti-RAGE also affected the level of NF-κB
p65 expression owing to a marked decrease in NF-κB p65
relative abundance. Next, to see whether the RAGE-NF-κB
signaling loop had an inhibitory effect on PPARγ expression,
we measured the expression of PPARγ in AGEs-treated
MBCECs culture which was significantly decreased and such
decrease in PPARγ expression was reversed by anti-RAGE
and PDTC. Pretreatment with rosiglitazone, a PPARγ agonist,
upregulated the expression of PPARγ and suppressed the in-
hibitory effect of RAGE and NF-κB, suggesting their role in
downregulation of PPARγ. These findings collectively sug-
gest that RAGE and NF-κB mediate influx transport of Aβ
through downregulation of PPARγ, and that inhibition of
RAGE-NF-κB signaling and promotion of PPARγ may have
important implications for diabetes patients with cognitive
impairment.
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