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Abstract

Rifampicin and caffeine are widely used drugs with reported protective effect against Alzheimer’s
disease (AD). However, the mechanism underlying this effect is incompletely understood. In this
study, we have hypothesized that enhanced amyloid-f3 (AB) clearance from the brain across the
blood-brain barrier (BBB) of wild-type mice treated with rifampicin or caffeine is caused by both
drugs potential to upregulate low-density lipoprotein receptor related protein-1 (LRPZ1) and/or P-
glycoprotein (P-gp) at the BBB. Expression studies of LRP1 and P-gp in brain endothelial cells
and isolated mice brain microvessels following treatment with rifampicin or caffeine demonstrated
both drugs as P-gp inducers, and only rifampicin as an LRP1 inducer. Also, brain efflux index
(BEI%) studies conducted on C57BL/6 mice treated with either drug to study alterations in Ap
clearance demonstrated the BEI% of Af in rifampicin (82.4 + 4.3%) and caffeine (80.4 + 4.8%)
treated mice were significantly higher than those of control mice (62.4 +6.1%, p <0.01). LRP1 and
P-gp inhibition studies confirmed the importance of both proteins to the clearance of AB, and that
enhanced clearance following drugs treatment was caused by LRP1 and/or P-gp upregulation at
the mouse BBB. Furthermore, our results provided evidence for the presence of a yet to be
identified transporter/receptor that plays significant role in Ap clearance and is upregulated by
caffeine and rifampicin. In conclusion, our results demonstrated the upregulation of LRP1 and P-
gp at the BBB by rifampicin and caffeine enhanced brain Ap clearance, and this effect could
explain, at least in part, the protective effect of rifampicin and caffeine against AD.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease that affects about 30 million
people worldwide and has an increasing socioeconomic impact [1, 2]. The pathogenesis of
AD is complex and involves neuropathological lesions that remain incompletely understood.
However, the accumulation of extracellular amyloid-$ (AB) and the formation of senile
plaques of this short peptide is a major hallmark found in the brains of AD patients [3, 4].
AP peptides are 39-43 amino acid peptides derived from proteolytic hydrolysis of amyloid-
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protein precursor (ABPP) in neurons and other cells [5]. These peptides (mainly AB4g and
Ap4») accumulate in the cortical and hippocampal regions of the brain, leading to cognitive
decline and memory loss [3, 6, 7]. The level of Ap in the brain is controlled by its
production and clearance; chronic imbalance between these two processes may resultin
accumulation of AB in the brain [8]. Increased A production represent only a small
percentage of early-onset cases of AD (familial AD) caused by inherited mutations in the
APBPP gene or in presenilin 1 or 2 genes. The majority of AD patients, including late-onset
cases (sporadic AD) and some familial AD cases, do not show increased Af production [9].
Instead, increasing evidence demonstrates that increased A level is a result of its faulty
clearance across the blood-brain barrier (BBB) [10]. Given that A is a peptide, it is
expected that its clearance across the BBB is mediated by a receptor(s) or transporter(s). Ap
efflux from the brain across the BBB is facilitated mainly by low density lipoprotein
receptor-related protein-1 (LRP1), P-glycoprotein (P-gp) [11-13], and the recently reported
multidrug resistance-associated protein 1 (MRP1) [14]. On the other hand, receptor for
advanced glycation end products (RAGE) and low density lipoprotein receptor-related
protein-2 (LRP2) are the major proteins that regulate A influx to the brain [15, 16].

Increasing number of studies suggested alteration of expression and functional activity of
LRP1 and P-gp contribute to the accumulation of AB in the brain, and lead to increased risk
for developing AD [17-19]. Moreover, recent evidence indicated a progressive decline in
the levels of LRP1 and P-gp at the BBB during normal aging, and this decline was positively
correlated with accumulation of Af in AD [20].

LRP1 is a multifunctional receptor that is located at the abluminal side of the brain
endothelial cells, which are the main cellular constituent of BBB [21]. The role of LRP1 in
AD was first suggested by genetic evidence linked LRP1 gene to late-onset AD [22].
Subsequently, Zlokovic and coworkers proved the role of LRP1 in the clearance of AB
across the BBB by several in vivo studies [11, 23]. P-gp, on the other hand, is a transporter
protein functions as an ATP-driven efflux pump. In the brain, P-gp is located mainly at the
luminal side of brain endothelial cells and is responsible for extrusion of drugs and toxins
from the brain [24]. A previous in vivo study suggested the role of P-gp in the clearance of
AP from the brain of P-gp null mice [13]. Subsequent evidence using isolated brain
capillaries indicated that the last step in the clearance of AB across BBB is governed by P-gp
[25].

Since the discovery of the role of Af in the pathogenesis of AD, humerous attempts have
been made to decrease AR accumulation, and enhanced Af clearance across BBB was one
potential therapeutic approach that has been discussed [2]. Parallel to these attempts, many
clinically used drugs and herbal medicines were reported to have a protective effect against
AD [26, 27]. However, the underlying mechanism that is responsible for this protective
effect is still unclear for most of these drugs. For instance, rifampicin, a widely used
antibiotic, attenuated the rate of cognitive decline in mild to moderate AD patients after 3-
month course of 300 mg/day dose, and this neuroprotective activity was unrelated to the
antibiotic activity of rifampicin and still not clear [26]. Another important agent that is
proved to have beneficial effect against AD is caffeine. Caffeine is a central nervous system
stimulant that is highly concentrated in coffee and is probably the most widely used drug
that has protective effect against AD [28-30]. Previous case-control study demonstrated that
patients with AD had consumed less caffeine compared to individuals who have normal
cognitive function during the 20 years that proceeded diagnosis of AD [31].

In addition to their established protective effect, both drugs have been reported as potent
inducers of P-gp [17,32]; however, studies investigating rifampicin and caffeine as LRP1
inducers are still lacking. Collectively, in the current study we have hypothesized that
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enhanced AP clearance from the brain across the BBB of wild-type mice treated with
rifampicin or caffeine is caused by both drugs potential to upregulate LRP1 and/or P-gp at
the BBB, thus exhibiting their protective effect against AD. Based on the encouraging
results of this study, and on the fact that many drugs induce LRP and/or P-gp activities, it is
possible to explain the protective effect of many clinically used drugs against AD on the
basis of enhanced Ap clearance machinery at the BBB. In addition, the results of this study
support the premise that enhanced Ap clearance across BBB as a promising therapeutic
strategy to decrease AP load in the brain of AD patients [2, 25].

MATERIALS AND METHODS

Reagents and antibodies

Rifampicin, caffeine, and 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP) were purchased from
Sigma-Aldrich (St. Louis, MO). Synthetic monoiodinated and non-oxidized 1251-Ap40
(human, 2200 Ci/mmol) was purchased from PerkinElmer (Boston, MA). 14C-Inulin
(2.2mCi/g) was purchased from American Radiolabeled Chemicals (St. Louis, MO). The
human receptor associated protein (RAP) was purchased from Oxford Biomedical Research
(Oxford, MI). Valspodar was obtained from XenoTech (Lenexa, KS). The reagents and
supplements required for western blotting were purchased from Bio-Rad (Hercules, CA).
For western blot, the mouse monoclonal antibody C-219 against P-gp was obtained from
Covance Research Products (Dedham, MA); mouse monoclonal antibody against light chain
LRP1 was obtained from Calbiochem (Gibbstown, NJ); mouse monoclonal antibody against
MRP1 was obtained from Abcam (Cambridge, MA); mouse monoclonal antibody against
RAGE, goat polyclonal antibodies against actin (C-11) and HRP-labeled secondary
antibodies were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). For
immunohistochemistry, the rabbit polyclonal antibody against P-gp was purchased from
Rockland Immunochemicals Inc. (Gilbertsville, PA). Alexa Flour 594 was purchased from
Invitrogen (Carlshad, CA), and goat anti-mouse 1gG-FITC labeled secondary antibody was
obtained from Santa Cruz Biotechnology. Ketamine and xylazine for mice anesthetization
were purchased from Henry Schein Inc. (Melville, NY). All other reagents and supplies
were purchased from VWR (West Chester, PA).

In vitro induction of LRP1 and P-gp expression by rifampicin and caffeine in mouse brain
endothelial (hEnd3) cells

The mouse brain endothelial cells (bEnd3; ATCC, Manassas, VA), passage 28-32, were
cultured in 10-mm cell culture dishes (Corning, NY, USA) at a seeding density of 10x10°
cells per dish. Cultures were maintained in a humidified atmosphere (5% C02/95% air) at
37°C with medium comprising DMEM supplemented with 10% fetal bovine serum (FBS),
and the antibiotics penicillin G (100 units/ml) and streptomycin (100 pg/ml), 1% w/v
nonessential amino acids, glutamine 2 mM. Media was changed every other day. Cells were
allowed to grow up to 50% confluence and then treated with rifampicin, caffeine, or control
(DMSO, 0.1%). Stock solutions of rifampicin and caffeine were diluted to a final
concentration of 50 pM in growth medium before use [17, 32]. Vehicle and drug containing
media were added to the respective treatment cells and were then incubated for 72 h at 37°C/
5% CO2. Vehicle and drug-containing media were changed every day for the duration of the
experiment. At the end of treatment period, cells were harvested and protein and RNA were
extracted for western blot and real time PCR (RT-PCR) analyses of LRP1 and P-gp.

Western blot analysis of LRP1 and P-gp proteins in bEnd3 cells

At the end of treatment period with rifampicin, caffeine, or control (DMSO), total protein
was extracted from bEnd3 cells with lysis buffer (RIPA buffer; 25 mM Tris.HCI, 150mM
NaCl, 1% NP-40, 1% sodium deoxylate, 0.1% SDS, pH 7.6) containing protease inhibitors.
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For western blot analysis, 25 ug of cellular protein was resolved on 7.5% SDS-
polyacrylamide gels and transferred onto nitrocellulose membrane. Blotting membranes
were blocked with 2% BSA and incubated overnight with either monoclonal antibodies for
LRP1 (light chain), P-gp (C-219), or p-actin (C-11) at dilutions 1:200, 1:1500, and 1:3000,
respectively. For proteins detection, the membranes were washed and incubated with HRP-
labeled secondary IgG antibody for LRP1, P-gp (anti-mouse) and p-actin (anti-goat) at 1:
5000 dilution. The bands were visualized using Pierce chemiluminescence detection kit
(Thermo Scientific; Rockford, IL). Quantitative analysis of the immunoreactive bands was
performed using GeneS-nap luminescent image analyzer (Scientific Resources Southwest
Inc., Stafford, TX) and band intensity was measured by densitometric analysis. Three
independent western blotting experiments were carried out for each treatment group.

RT-PCR analysis of LRP1 and P-gp mRNA in bEnd3 cells

Animals

For RT-PCR analysis, total RNA was extracted from bEnd3 cells using RNeasy Mini Kit
(Qiagen Sciences Inc.) according to the manufacturer’s instruction and was processed
directly to produce cDNA using TagMan reverse transcription reagents kit (Applied
Biosystems, Branchburg, NJ). The cDNA was then used for RT-PCR to quantify LRP1 and
P-gp gene expression using 1Q SYBR Green SuperMix with MyiQRT-PCR Detection
System from Bio-Rad. The PCR primers were: LRP1 forward primer 5’-
GAGTGTTTCCGTGTATGGCAC-3 and reverse primer 5’-
GATGCCTTGGATGATGGTC-3; MDR1 forward primer 5’-
TCCTTCCCGCAGTGGCTCT TGA-3 and reverse primer 5-CACCTCCGGG
TTTCCTTCGCA-3'. GAPDH was used as an internal control for normalization using the
forward primer 5-ACAGCCGCATCTTCTTGTGCAGTG-3’ and reverse primer 5’-
GGCCTTGACTGTGCCGTTGAA TTT-3'. All the primers were screened for specificity by
using the PubMed BLAST database and custom-synthesized by Invitrogen. Real time PCR
reaction was performed using the cDNA with an initial denaturation step at 94°C for 10min,
followed by 35 cycles of denaturation at 95°C for 1 min, annealing at 64°C for LRP1 and
72°C for MDR1 and GAPDH for 1 min, and extension at 72°C for 30 s. Specific
amplification was confirmed by melting curve analysis. The C; for each sample was
normalized against that of GAPDH. Folds change was determined relative to the control
using the comparative threshold cycle method (2724Ct) All the results were expressed as
means and standard deviation and compared to control.

C57BL/6 wild-type male mice were purchased from Harlan Laboratories (Houston, TX,
USA). The mice were 6—7 weeks old with an average body weight of 20 g. Mice were kept
under standard environmental conditions (22°C, 35% relative humidity, 12 h dark/light
cycle) with free access to tap water and standard rodent food. After shipping, mice were
allowed to adapt to the new environment for one week before initiating the experiments. All
animal experiments were approved by the Institutional Animal Care and Use Committee of
the University of Louisiana at Monroe and all surgical and treatment procedures were
consistent with the IACUC policies and procedures.

In vivo induction of LRP1 and P-gp expression by rifampicin and caffeine

Animals were divided into three treatment groups: control, rifampicin, and caffeine groups.
Each group contained at least 4 animals. Drug administration was started at 7-8 weeks of
age and continued for 3 weeks in all experiments except for caffeine group (treated only for
2 weeks due to weight loss). Mice of control group received intraperitoneal normal saline
once daily. Mice of rifampicin group received intraperitoneal rifampicin at dose of 20 mg/kg
once daily. Mice of caffeine group received intraperitoneal caffeine at dose of 40 mg/kg
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once daily. Treatments were given intraperitoneally to avoid variability associated with oral
administration when given with food. In this case the administered dose will be influenced
by the amount of food ingested by each mouse, as well as drugs stability, especially for
rifampicin.

Brain efflux index study

At the end of treatment period, mice were prepared for brain efflux index study (BEI) to
assess the clearance of A 3 h after the last dose of drug. In separate experiments, BEI was
performed after 24 h washout period of the drugs. This design of the experiments was used
to differentiate between protein induction and possible inhibition effects of rifampicin and
caffeine on A clearance across the BBB of the mice.

The in vivo AP clearance experiments (BEI1%) were performed using the intracerebral
microinjection technique reported previously [33-35]. In brief, mice were anesthetized with
intraperitoneal xylazine and ketamine (20 and 125 mg/kg, respectively) and placed in a
stereotaxic apparatus (Stoelting Co., Wood Dale, IL) to determine the coordinates of the
mice brain that coincide within the right caudate nucleus. A stainless steel guide cannula
was implanted stereo-taxically at 0.9 mm anterior, 1.9 mm lateral to bregma, and 2.9 mm
below the surface of the brain as previously reported [11]. The guide cannula and screw
were fixed to the skull with binary dental cement, and a stylet was introduced into the guide
cannula. Once the cement was firm, the animal was removed from the stereotaxic device,
and the wound was closed anterior and posterior to the guide assembly using 1.75 mm
Michel suture clips. Animals were then allowed for 12 h recovery from acute brain injury
due to insertion of guide cannula in order to restore BBB integrity [34]. Animals were re-
anesthetized with intraperitoneal xylazine/ketamine and an injector cannula connecting via
Teflon tubing to a 1.0 pl gas-tight Hamilton microsyringe was inserted into the guide
cannula. The applied tracer fluid (0.5 ul) containing 12°1-AB4q (30 nM) and 14C-inulin (0.02
UCi) prepared in extracellular fluid buffer (ECF; 122 mM NaCl, 25 mM NaHCO3, 3 mM
KCI, 1.4 mM CaCl2, 1.2 mM MgSQy, 0.4 mM K2HPO4,10 mM D-glucose, and 10 mM
HEPES, pH 7.4) was administered into the caudate nucleus over a period of 3 min. To
prevent aggregation, 12°1-AB40 was initially solubilized in HFP, dried, and resolubilized in
ECF buffer prior to the experiment. The intactness and quality of 1251-AB 4, was initially
confirmed by trichloacetic acid (TCA) precipitation assay [11]. After the microinjection, the
microsyringe was left in place for 3 min to minimize any backflow. At the designated time,
30 min post 1251-AB g injection [11, 13], plasma and brain tissues were rapidly collected for
Ap and drug levels measurements. To characterize the role of LRP1 and P-gp function, 0.5
ul of ECF containing RAP (an LRP1 inhibitor [11, 36]) or valspodar (a well-established P-
gp inhibitor [37]) were intracerebrally pre-administered 5min prior to 1251-AB,q injection at
concentrations of 1 uM (19.5ng/0.5pl injection volume) and 40 uM (24 ng/0.5 pl injection
volume), respectively.

Calculation of 125|-AB, clearance

125_Ap 0 is characterized by its rapid clearance across the BBB [38], thus brain was
collected 30 min post-injection to determine Ap BEI% [11, 13]. Brain tissues were excised
and homogenized by Dounce tissue grinder with 7 strokes in two volumes of DPBS buffer
(2.7 mM KCI, 1.46 mM KH2PO4, 136.9 mM NaCl, 8.1 mM NayHPQOy4, 0.9 mM CaCl,, and
0.5 mM MgCI2 supplemented with 5mM D-glucose and 1 mM sodium pyruvate, pH 7.4)
containing mammalian protease inhibitor cocktail. About half of the brain homogenate was
used for 125]-AB4g and 14C-inulin quantification and the second half for microvessels
isolation and protein expression study. TCA precipitation method was used to calculate the
amount of intact}251-Ap 4, remained in the brain [11]. To measure intact 1251-Ap 4, one
volume of TCA (20%) was added to the sample, and then samples were vortexed, incubated
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in ice for 30 min, and centrifuged at 14,000 rpm (4°C) for 30 min. Following centrifu-
gation, gamma radioactivity of precipitated 1251-AB,q (intact peptide) and TCA supernatant
(degraded peptide) were measured using Wallac 1470 Wizard Gamma Counter
(PerkinElmer Inc., Waltham, MA). The supernatant and precipitate were then mixed with 5
ml scintillation cocktail and the beta radioactivity of 14C-inulin was measured using Wallac
1414 Win Spec-tral Liquid Scintillation Counter (PerkinElmer Inc.). The BE1% was defined
by equation 1 and the percentage of substrate remaining in the brain (100 — BE1%) was
determined using equation 2 [36].

Test substrate undergoing effiux at BBB

BEI%= x 100 (1)

Test substrate injected into the brain

Amount of intact’?’I—Agin the brain

_ Amount of’4C—inulin in the brain
100 — BEI7= Amount of intact?2°1—A Binjected x 100 @

Amount of’4C—inuline injected

The percent degradation of 1251-AB, for each sample was calculated by dividing the
supernatant cpm by the total cpm (sum of the cpm in the precipitate and the supernatant
cpm) and the resulting percent were subtracted from the percent of free 1251 which
determined from pre-injected sample by spiking mice brain homogenate with 0.5 pl injectate
solution and then processed as sample homogenate.

Isolation of brain microvessels

Brain microvessels were isolated as described previously [39]. Briefly, after decapitation of
mouse, brain was immediately put in ice-cold normal saline, homogenized and divided into
halves as described above. One volume Ficoll (30%) was added to the half of brain
homogenate to a final concentration of 15% and the mixture was mixed, and then
centrifuged (5000 rpm for 10 min, 4°C). The resulting pellets were suspended in ice-cold
DPBS containing 1% bovine serum albumin (BSA) and passed over glass bead column.
Microvessels adhering to the glass beads were collected by gentle agitation in 1% BSA in
DPBS. Isolated microvessels were used for western blotting studies of LRP1, P-gp, and
RAGE, and immunohistochemistry studies of LRP1 and P-gp.

Western blot analysis of LRP1, P-gp, RAGE, and MRPL1 in isolated brain microvessels

Protein expression levels in isolated brain microvessels were analyzed by western blotting as
described below. Total protein was extracted from isolated brain microvessels by
homogenization with lysis buffer (RIPA buffer) containing protease inhibitors.
Homogenized samples were centrifuged at 13,000 rpm for 10 min and supernatant was used
for further western blot analysis. Expression of LRP1, P-gp, and RAGE were determined in
isolated brain microvessels, while MRP1 levels in brain homogenate were analyzed instead
as its expression in isolated microvessels was not detectable. Western blot was done as
described above. The primary antibodies for RAGE and MRP1 were used at dilution 1:500,
and secondary antibodies for RAGE and MRP1 were anti-mouse at 1:5000 dilution.

Immunofluorescence staining of LRP1 and P-gp in isolated brain microvessels

Isolated brain microvessels were transferred to glass slide and washed 3 times with ice-cold
DPBS. Microvessels were then fixed for 15 min with 4% paraformaldehyde/0.2%
glutaraldehyde at room temperature. Microvessels were washed 3 times with ice-cold DPBS
and permeabilized with 0.1% (v/v) Triton X-100 in DPBS for 30min. Next, microvessels
were blocked with 1% BSA in DPBS for 1 h and then incubated overnight at 4°C with
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monoclonal antibody against LRP1 or polyclonal antibody against P-gp, at 1:800 and 1:200
dilutions, respectively. After washing with DPBS, microvessels were incubated for 1 h at
room temperature with anti-mouse 1gG-FITC for LRP1 detection (1:200) or anti-rabbit
Alexa flour 594 conjugated secondary 1gG for P-gp (1:200 dilution). Nuclei were stained
with DAPI (0.5 pg/ml). Negative controls for each treatment that were processed without
primary antibody showed negligible background fluorescence (data not shown). Images for
LRPland P-gp were captured using Zeiss LSM 5 Pascal con-focal microscope equipped
with 488 nm line Argon laser and 543 nm line of HeNe Laser and 63X oil immersion
objective lens with numerical aperture = 1.4 (Carl Zeiss Microlmaging, LLC, Thornwood,
NY). For each treatment, confocal images of 5 randomly selected microvessels for LRP1
quantification and 5 microvessels for P-gp quantification were acquired. LRP1 and P-gp
immunofluorescence was quantified using ImageJ version 1.44 software (Research Services
Branch, NIMH/NIH, Bethesda, MD). Fluorescence intensity for each microvessel was the
mean of five randomly selected measurements per microvessel.

Measurement of drugs concentration in plasma and brain homogenate samples

Rifampicin—Rifampicin levels in plasma and brain homogenate were quantified using LC/
MS/MS system. Mice plasma and brain homogenate were mixed with methanol to
precipitate proteins in a ratio of 1:2 (v/v). The samples were vortexed for 30 s and cen-
trifuged at 13,000 rpm for 10 min at 4°C. The clear supernatant was directly injected into the
LC/MS/MS system. Chromatographic separation of rifampicin was performed on Kinetex
XB-C18 reversed phase column (100x4.6 mm i.d., 2.6 um; Phenomenex, Torrance, CA)
with an ODS guard column (4x3 mm; Phenomenex) using Agilent 1100 series LC system
(Agilent Technologies, Santa Clara, CA) and 3200 QTRAP LC/MS/MS system (Applied
Biosys-tems/MDS Sciex, Foster City, CA) at flow rate of 0.5ml/min. The injection volume
was 10 pl. The mobile phase used was methanol/ammonium acetate 10 mM, pH 6.8 (70: 30,
v/v). The analyte was detected using electrospray ionization interface operated in positive
mode. Instrument control and data acquisition were carried out by the Analyst 1.4.1 software
(Applied Biosystems). The analyte was detected and quantified by MS/MS in multiple-
reaction monitoring (MRM) method. The peak signals of transition from the parent ion to its
major fragment myz 823.3—791 was measured.

Caffeine—Caffeine levels in plasma and brain homogenate were quantified using HPLC.
In brief, mice plasma or brain homogenate were mixed with methanol to precipitate proteins
in a ratio of 1:2 (v/v). The samples were vortexed for 30 s and centrifuged at 13,000 rpm for
10 min at room temperature. The clear supernatants were directly injected into the HPLC
system. Quantification of caffeine was conducted using isocratic Shimadzu LC-20AB liquid
chromatograph equipped with the Shimadzu SIL-20A HT autosampler and LC-20AB pump
connected to a Dgu-20A3 degasser (Columbia, MD). Data acquisition was achieved by LC
Solution software version 1.22 SP1 (Shimadzu). The column used was a reversed-phase,
ZorbaxODS XDB-C18 column (150 x 4.6 mm i.d., 5um; Agilent Technologies) with an
ODS guard column (4x3 mm; Phenomenex) at flow rate of 1 ml/min. The injection volume
was 30 ul. The mobile phase composed of water/acetonitrile (90:10, v/v). Detection was
carried out by Shimadzu UV SPD-20A detector set at 275 nm.

The analytical methods for rifampicin and caffeine were found to be accurate and precise
and the recoveries of drugs from plasma or brain homogenate were more than 80%. The
results were used to calculate the brain uptake index (Kp) which is defined as the ratio of
brain to plasma drug concentration.
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Statistical analysis

Unless otherwise indicated, the data were expressed as mean £ SEM. Wherever possible, the
experimental results were statistically analyzed for significant difference using two-tailed
Student’s t-test to evaluate differences between controls and treated groups. The data were
statistically analyzed for normality and variance homogeneity using F-test. The results
showed that data are normally distributed around the mean and the variances are
homogenous (p > 0.05). A p -value less than 0.05 was considered to be statistically
significant.

RESULTS

LRP1 and P-gp upregulation in bEnd3 cells after rifampicin and caffeine treatment

In vitro expression experiments using bEnd3 cells, as a representative model of mouse BBB,
were first conducted to examine whether treatment with rifampicin or caffeine will
upregulate LRP1 and P-gp in mouse brain endothelial cells. In these experiments, we
measured the levels of LRP1 and P-gp in bEnd3 cells by western blot after 3 days treatment
with rifampicin or caffeine. The results of these experiments demonstrated both rifampicin
and caffeine upregu-lated P-gp protein and gene expression; however, only rifampicin was
able to upregulate LRP1 protein and mRNA levels (Fig. 1).

Densitometric analysis of western blot bands showed significant increasein P-gp level of
bENd3 cells after treatment with rifampicin (1.45-fold increase, p < 0.05, Fig. 1B) and
caffeine (1.25-fold increase, p < 0.05, Fig. 1B). On the other hand, densito-metric analysis
showed that LRP1 level increased significantly after treatment with rifampicin (1.2-fold
increase, p < 0.05, Fig. 1B) but not caffeine. To confirm these results, we conducted
quantitative RT-PCR experiment to measure the increase in mRNA levels of LRP1 and
MDRU after rifampicin or caffeine treatment. Consistent with the results of western blot, RT-
PCR showed 1.5-fold increase in the mMRNA of MDRL after treatment with rifampicin and
caffeine (Fig. 1C), while mRNA level of LRP1 was increased by 1.4-fold after rifampicin
treatment however caffeine did not show any effect on the level of LRP1 mRNA (Fig. 1C).

LRP1 and P-gp induction at blood-brain barrier of C57BL/6 mice

The ability of rifampicin and caffeine to induce LRP1 and P-gp expression in wild-type
C57BL/6 mice brain microvessels was assessed by western blotting and fluorescent
micrographs. In line with the in vitro results, western blot analysis (Fig. 2) revealed increase
in the expression of LRP1 and P-gp in the brain microvessels of wild-type C57BL/6 mice by
rifampicin or caffeine treatment. Densitometric analysis of the bands showed that rifampicin
and caffeine increased P-gp expression by 2.7- and 1.5-fold compared to control,
respectively. However, only rifampicin increased LRP1 expression by 2.1-fold compared to
control; while caffeine did not cause any significant change in LRP1 expression (Fig. 2).

Figure 3 illustrates representative fluorescent micrograph images of LRP1and P-gp
expressions in control, rifampicin, and caffeine treated mice brain microvessels.
Fluorescence of secondary antibodies against LRP1 and P-gp was located mainly on the
membrane of brain microvessels. Consistent with western blots results, quantitative analysis
of LRP1and P-gp showed significant increase in LRP1and P-gp expression in the
microvessels of rifampicin-treated mice compared to control. Rifampicin caused 1.9 and
4.5-fold increase in LRP1and P-gp, respectively (p <0.05; Fig. 3B), while caffeine showed a
2.3-fold increase in P-gp expression, and only a modest, but insignificant, increase in LRP1
(1.2-fold, p > 0.05).

J Alzheimers Dis. Author manuscript; available in PMC 2014 January 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Qosa et al.

Page 9

In contrast to LRP1 and P-gp, results from western blots demonstrated that rifampicin and
caffeine treatments did not alter microvessels’ RAGE and brain homogenate’s MRP1
expressions (Fig. 4).

Effect of rifampicin and caffeine treatment on AB,4q clearance across mice BBB

The in vivo clearance of 125]-AB,q from mice brain was examined using the BEI% method
with 14C-inulin being the reference compound. Although A4, is more prone to aggregation
compared to AB4g, both AB peptides have been implicated in the pathogenesis of AD [3],
and participate in the formation of senile plaques with neurotoxicity potentials [40,41]. AB4g
and APy, are substrates for P-gp and LRP1 [11, 13], thus both peptides clearance is expected
to be altered by these transport proteins modulation. In this study, A4 was used in the BEI
experiments for practicality reasons as it has much faster clearance rate than A4, [36, 38].

Clearance BEI% experiments were performed at 3 and 24 h after the last injection of
rifampicin, caffeine, or normal saline. After 24 h of the last injection of the drugs (plasma
drugs concentrations approaching zero), BEI% analysis showed about 20% increase in the
clearance of AByq in rifampicin and caffeine treated mice comparing to control mice (Fig. 5).
In contrast, after 3h from the last drug injection where rifampicin and caffeine plasma
concentrations were 7.4 £3.9 and 20 + 5.4 pg/ml, respectively (Table 1), only caffeine had
about 20% increases in the clearance of A, while rifampicin-treated mice had
approximately 10% decrease in the clearance of AB (Fig. 5).

Thirty minutes post 1251-AB 4o microinjection, the BEI% values in rifampicin (82.4 +4.3%)
and caffeine (83.4 £ 1.7%) treated mice after 24 h washout period were significantly higher
than control mice (64.0 £5.3%, p <0.01). The BEI% values of control and caffeine-treated
mice 3 h after completion of drug dosing (80.4 + 4.8% versus 62.4 £6.1% respectively, p
<0.01) were comparable and consistent to those obtained after 24 h washing. However, the
BEI% values of rifampicin treated mice 3 h after completion of drug dosing were
significantly lower than control mice (50.7 £+ 3.2% versus 62.4 £6.1% respectively, p <0.01).
Collectively, these results indicated that clearance of AB4g from the brain-to-blood was
enhanced by caffeine and rifampicin treatment. However, presence of high concentration of
rifampicin (7.4 £ 3.9 pg/ml; 3 h post dose) significantly decreased AP clearance, which is
expected as rifampicin is a potent inhibitor for P-gp [42]. In subsequent studies, BE1%
values of 3 and 24 h wash-out period after the last administered dose of caffeine and
rifampicin, respectively, were used.

Effect of rifampicin and caffeine treatment on AB4g metabolism

To characterize the effect of rifampicin and caffeine treatment on the metabolism of AB,qg in
C57BL/6 mice brain, we performed TCA degradation assay. This method demonstrated an
excellent correlation between TCA and HPLC methods [11]. The percent of degraded
peptide (cpm in supernatant) were almost equal in three treatment groups (40.5 £+ 4.3% and
41.4 + 7.1% in rifampicin- and caffeine-treated group respectively, versus 41.1 £2.9% in
control-treated group, p > 0.05). Thus, rifampicin and caffeine treatment did not modulate
the metabolism of AB4g in mice brain, therefore enhanced metabolism does not provide
explanation to the increased Ap4g clearance observed following drugs treatments.

Influence of rifampicin and caffeine treatment on BBB efflux of AB4g

According to the results of AR metabolism and to the fact that BEI1% method evaluates
clearance of compound specifically across BBB [35], it is clear that the enhancement in the
brain AP clearance after rifampicin or caffeine treatment is related to increase in the activity
of AP efflux system at the BBB of C57BL/6. Because RAGE and MRP1 expression were
not changed by rifampicin and caffeine treatment, their association with increase AByg
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clearance was excluded from further analysis and the focus was shifted toward the
contribution of LRP1 and P-gp to AB4q enhanced clearance. To further study whether the
enhanced brain clearance of AB,g was associated with increased expression of LRP1 and P-
gp at the BBB, inhibitory studies of each protein were performed.

To characterize the role of LRP1 on AB4q clearance across the BBB of C57BL/6 mice, a
specific LRP1 inhibitor (RAP) was pre-injected into the brain 5min before intracerebral
microinjection of 1221-AB,o/14C-inulin solution and the BEI% was measured as described
above. RAP significantly reduced the Af BEI% (p <0.05, Fig. 6A) in control and rifampicin-
treated mice, whereas no significant difference was observed in the BEI% of caffeine-treated
mice compared to those without RAP (Fig. 6A). Pretreatment of control, rifampicin-, and
caffeine-treated mice with RAP resulted in about 33% (from 62.4 £6.1% to 29.1 +1.5%; p
<0.001), 13% (82.4+4.3% to 69.7 £3.3%; p <0.05), and 3% (80.4 +4.8% to 76.9 +2.5%; p
>0.05) reduction in BE1% values of 1221-AB,g, respectively.

On the other hand, pre-injected valspodar, a P-gp inhibitor; into the brain of C57BL/6 mice
5 min before intracerebral microinjection of 1251-AB,o/14C-inulin solution significantly
lowered BEI% value of AP in all treatment groups (Fig. 6B). Thirty minutes post
microinjection of 1251-AB,q, the pretreatment of control, rifampicin-, and caffeine-treated
mice with valspodar resulted in about 18% (from 62.4 £6.1% to 49.3+4.6%; p <0.05), 25%
(82.4+4.3% to 57.5+ 1.1%; p <0.001), and 32% (80.4+4.8% to 48.1 £2.3%; p <0.001),
reduction in BEI% values, respectively.

DISCUSSION

Rifampicin and caffeine, structurally and pharmacologically unrelated molecules, are
clinically used drugs and in post-hoc analyses seem to show protective effect against AD. In
addition, several studies, including ours, have demonstrated both drugs as potent P-gp
inducers [17, 32]. In this study, we further investigated the effect of either drug on LRP1
where rifampicin treatment upregulated LRP1 but not caffeine. Thus, in the current study we
aimed first to investigate the association of both drugs’ neuroprotective effect to their ability
to induce LRP1 and/or P-gp and Ap clearance across the BBB. Then to evaluate the effect of
both proteins, upregulation (by rifampicin) was compared to only P-gp upregulation (by
caffeine) on AP clearance, which should highlight the benefits of P-gp and LRP1
upregulation as therapeutic approach compared to individual P-gp or LRP1 upregulation.
Accordingly, rifampicin and caffeine were both studied.

While the exact underlying mechanism(s) is (are) still incompletely understood, several
studies have suggested different mechanisms [26, 28-30, 43—-45]. However, the ability of
rifampicin and caffeine to increase brain AP clearance via the upregulation of LRP1 and/or
P-gp at BBB is investigated for the first time by this study. We hypothesized that enhanced
AB clearance from the brain across the BBB of wild-type mice treated with rifampicin or
caffeine is caused by the potential of both drugs to upregulate LRP1 and/or P-gp at the BBB,
thus affecting, at least in part, their protective effect against AD. To investigate this
hypothesis, we evaluated the ability of rifampicin and caffeine to upregulate LRP1 and P-gp
in the mouse brain endothelial cell line bEnd3, and in mice brain microvessels. Then, we
investigated the effect of such upregulation on the brain-to-blood efflux clearance of Ap
using BEI1% studies.

The results of this study demonstrated that rifampicin is a P-gp inducer in bEnd3 cells, and
in microvessels isolated from brains of treated mice. Although this finding is in line with
previous results obtained from in vitro [32] and in vivo [42] studies, a previous study
reported that the induction of P-gp by rifampicin is associated with increased pregnane X
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receptor (PXR) activity in humans and rats but not mice PXR [39]. While this discrepancy
could be related to differences in administered dose, treatment duration, and/or mice strain
[42], the above results suggest that rifampicin may have an alternative pathway(s) for P-gp
upregulation other than PXR activation in mouse brain endothelial cells, and demonstrate
that, regardless of the mechanism, rifampicin upregulates P-gp expression and activity in
both the human [32] and mouse origin cell lines. Mechanistic studies to investigate P-gp
upregulation is beyond the scope of this study.

In the current study, the induction effect of rifampicin was associated with an intraperitoneal
dose that resulted in an average plasma level of 7.4 pg/ml. Rifampicin free fraction
(unbound) was determined to be 0.89 pg/ml which is comparable to that detected in humans
(1.08 pg/ml) after administration of 6.4 mg/kg dose [46]. Thus, dosing mice with 20 mg/kg
rifampicin daily caused a significant upregulation of P-gp and LRP1 at plasma level of free
drug that is comparable to those seen in patients receiving therapeutic doses of rifampicin.

Caffeine effect on LRP1 and P-gp expressions in bEnd3 cells and in mice brain microvessels
is investigated for the first time by this study. According to our western blot results,
confirmed by RT-PCR and fluorescent imaging, it is clear that caffeine upregulated P-gp but
not LRP1 expression in both bEnd3 cells and in the isolated microvessels. These results in
bENd3 cells are consistent with those obtained using cell line of human origin [32]
suggesting that caffeine effect on P-gp and LRP1 in humans and mice is comparable. Such
increase in P-gp expression by caffeine has been obtained from 40mg/kg/day, a dose which
is lower than that reported by Arendash et al. that is associated with cognitive protective
effect and reduction in mice brain Ap levels [47]. Yet, the level of caffeine obtained in our
study (20 pg/ml, Table 1) was associated with a significant upregulation of P-gp and resulted
in a significant reduction in AB levels in the brains of treated mice.

The Kp value of rifampicin (0.03, Table 1) was much lower than that of caffeine (0.5, Table
1) indicating rifampicin poor brain permeability compared to caffeine, which could be
related to differences in plasma protein binding of both drugs as rifampicin has higher
protein binding (88%) [48] compared to caffeine (10-37%) [49, 50]. While it is difficult to
correlate plasma or brain levels of both drugs to the degree of enhanced expression of either
transport protein, rifampicin and caffeine may not need to cross the BBB to upregulate
LRP1or P-gp [13].

The second aim of this study was to investigate the effect of rifampicin and caffeine
treatment on the clearance of Af} from mice brains. Herein, we repot that treatment of wild-
type mice with rifampicin or caffeine resulted in a significant increase (~20%, p<0.01) in
APy clearance from the brain, as indicated by the enhanced BEI% (Fig. 5).

Ap is cleared from the brain by non-saturable and saturable pathways [51]. Non-saturable
pathway involves passive removal of soluble A through bulk outflow of cerebrospinal fluid
(i.e., cerebrospinal fluid turnover); however, in this study we used the brain efflux index
method to study brain A clearance, and this method is specific for clearance across the
BBB [35]. Saturable pathways involve low affinity metabolism and high affinity BBB efflux
components. Our results indicated that rifampicin and caffeine did not affect metabolism of
AP and thus argue against the likelihood that enhanced Af clearance and protective effect of
rifampicin and caffeine against AD are mediated by metabolism of AB upon drug treatment.

On the other hand, increased AP clearance was associated with upregulation of LRP1 and/or
P-gp expressions in the brain microvessels. Although previous studies have demonstrated
the roles of LRP1and P-gp in the clearance of AB [11, 13], our study is the first to
investigate the effect of in vivo upregulation of LRP1 and P-gp on the clearance of Af from
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the brain of wild-type mice after rifampicin and caffeine treatment. In this study, we
investigated AP clearance at two different drugs plasma levels. While plasma level of
caffeine did not affect the clearance of A, it is clear from our results that at high plasma
concentration of rifampicin the clearance of AB is reduced, while at very low rifampicin
plasma level (i.e., after a 24 h washout period) the clearance of A} was significantly
enhanced. The effect of high rifampicin plasma levels on Af clearance is attributable to P-gp
inhibition by rifampicin, which further confirms the important contribution of P-gp to the
clearance of AP across BBB.

LRP1 inhibition studies with RAP demonstrated a significant reduction in Af clearance
from the brains of control mice (BE1% decreased from 62.4% to 29.1%). These results are
consistent with those of a previous study that investigated the role of LRP1 on the clearance
of AB [11]. On the other hand, the inhibition of LRP1 in rifampicin treated mice decreased
the clearance of Af by 10% (p <0.05). Interestingly, in caffeine treated mice, inhibition of
LRP1 by RAP did not cause any significant change in the clearance of AB, which is
consistent with the protein expression studies where caffeine did not upregulate LRP1. Yet,
caffeine and rifampicin treated mice cleared Af more rapidly than control mice even in the
presence of RAP suggesting the presence of an unknown mechanism contributing to the
clearance of AB. This mechanism could be either an unknown transporter(s)/receptor(s),
most likely at the abluminal side, or enhanced proteolysis of Ap as a result of the treatments.
However, the possibility of enhanced AP proteolysis was ruled out because caffeine and
rifampicin treatment did not affect Ap metabolism. Our findings, rather, suggest the
contribution of a yet to be identified abluminal transporter/receptor that is upregulated by
rifampicin and caffeine and contributed to the enhanced A clearance, and compensated for
LRP1 inhibition by RAP. A recent study has demonstrated the significant role of MRP1
transporter in the clearance of Ap [14, 52]. However, our results of protein expression
demonstrated that neither rifampicin nor caffeine upregulated MRP1 expression.
Consequently, such assumption was not further considered.

The specific contribution of P-gp to the enhanced clearance of AB was investigated by the
addition of valspodar, a selective P-gp inhibitor [53]. Valspodar inhibited A clearance by
23% and 32% in mice treated with rifampicin and caffeine, respectively, compared to the
control where valspodar inhibited A clearance by only 16% (Fig. 4). Such results further
corroborate the assumption that either drug enhances AP clearance by enhancing P-gp
expression/activity at the BBB. Decrease in Af clearance after inhibition by valspodar was
comparable to the reduction in AB clearance by rifampicin (when only a 3 h washout was
allowed instead of 24 h) confirming the specific role and contribution of P-gp to AB
clearance across the BBB. Interestingly, although the upregulation of P-gp expression in
caffeine-treated mice is less than rifampicin-treated mice, the reduction in A clearance as a
result of P-gp inhibition by valspodar was significantly higher in the caffeine group (32%
versus 25% reduction in BEI, p < 0.05), which could be related to the upregulation of LRP1
by rifampicin but not caffeine. LRP1 upregulation by rifampicin enhanced AB transport
from the abluminal side of the endothelial cells, thus compensated for the decrease in P-gp
activity caused by valspodar. This finding could emphasize the advantage of both
transporters simultaneous upregulation for the efficient removal of Af from the brain and
support the hypothesis of vectorial efflux of AB as suggested previously [25]. In control
treated mice, inhibition of LRP1 caused greater reduction in the clearance of AB than
inhibition of P-gp (33% versus 16%). This observation supports the importance of LRP1 as
a first step in the clearance of Ap from the brain, and our results suggest that efflux system
at the abluminal side (LRP1 and other unknown transport mechanism(s)) may interact with
P-gp at the luminal side in a vectorial manner. This finding also confirms the important
contribution of P-gp in the final step of A clearance from the brain which is supported by
the results from inhibition studies by valspodar wherein a reduction in Af clearance in all

J Alzheimers Dis. Author manuscript; available in PMC 2014 January 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Qosa et al.

Page 13

treated groups including the control group was observed. Further studies are required to
confirm the possible existence of, and nature of, vectorial interaction between LRP1 and P-
gp in Ap clearance across the BBB.

In conclusion, our findings demonstrated that the beneficial effect of rifampicin and caffeine
against AD could be extended to their ability to induce LRP1 and/or P-gp, which are
responsible for AP clearance. While enhanced Af clearance across BBB by upregulation of
LRP1 and/or P-gp is probably not the only mechanism to explain the protective effect of
rifampicin and caffeine against AD, this effect is of great importance because a number of
commonly used drugs and herbal medicines have been reported as upregulators of P-gp and/
or LRP1 and may be beneficial for mitigating the progression of AD. Also, this study
provides evidence for the pivotal role of both LRP1 and P-gp in the clearance of Af} from
the brain, and extends the hypothesis of upregulation of P-gp at the BBB as a therapeutic
strategy in AD to include upregulation of both LRP1 and P-gp as a therapeutic strategy to
delay or slow progression of AD. Furthermore, this study suggests the presence of (an)
unknown transporter(s)/receptor(s) that act in the same direction as LRP1 in A clearance,
and proposes the presence of a vectorial interaction between LRP1, located at the abluminal
side, and P-gp, located at the luminal side, of the BBB.
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A) Representative western blot lanes for P-gp, LRP1, and protein loading control (3-actin)
from bENnd3 cells treated with rifampicin (RIF), caffeine (CAF), and vehicle (CTRL). B)
Quantitative fold increase in P-gp and LRP1 expressions in control and drug treated bEnd3
cells. C) Real time PCR analysis for the mRNA expression of MDR1 and LRP1 in bEnd3
cells treated with 50 uM of rifampicin and caffeine. Significantly higher expression level of
P-gp and MDR1 was detected in caffeine and rifampicin treated cells compared to control

cells. Significant upregulation of LRP1 and its encoding gene was only detected in

rifampicin treated cells. The data are expressed as mean = SEM of n = 3 independent
experiments (*p < 0.05).
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Western blot analysis of P-gp and LRP1 in brain microvessels of C57BL/6 wild-type mice.
Significantly higher expression level of P-gp was detected in rifampicin (RIF) and caffeine
(CAF) treated mice compared to control group (CTRL). Significant upregulation of LRP1
was only detected in rifampicin treated mice. A) Representative western blot lanes for P-gp,
LRP1 and protein loading control (B-actin). B) Quantitative fold increase in P-gp and LRP1
expressions. The data are expressed as mean + SEM of n = 3 independent experiments (*p <

0.05).
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Immunohistochemical analyses of P-gp (red, left micrographs) and LRP1 (green, right
micrographs) in brain microvessels of C57BL/6 wild-type mice following rifampicin (RIF),
caffeine (CAF), and vehicle (CTRL) treatments. Rifampicin and caffeine significantly
upregulated P-gp expression compared to control group, while significant upregulation of
LRP1 was only observed in rifampicin group. A) Representative fluorescent micrographs of
P-gp (red, left micrographs) and LRP1 (green, right micrographs) for control, caffeine and
rifampicin treated groups. B) Quantitative fold increase in P-gp (upper panel) and LRP1
(lower panel) expressions. The data are expressed as mean+SEM of n = 3 independent
experiments (***p < 0.001). The white scale bar indicates 50 um length.
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Western blot analysis of RAGE and MRP1 in brain microves-sels of C57BL/6 wild-type
mice. Insignificant differences were observed in the expression level of both proteins in
rifampicin (RIF), caffeine (CAF), and control (CTRL) treated mice. A) Representative
western blot lanes for MRP1, RAGE, and protein loading control (B-actin). B) Quantitative
fold increase in MRP1 and RAGE expressions. The data are expressed as mean + SEM of n
= 3 independent experiments.
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Brain efflux index (BEI) of 1251-AB,q in control (CTRL), rifampicin (RIF), and caffeine
(CAF) treated groups measured at 3 and 24 h after the last injection of rifampicin, caffeine,
or normal saline. Significantly higher BEI% was observed in rifampicin and caffeine treated
mice compared to control group after complete washout of the drugs from mice body (24 h).
In contrast, following 3 h of injection, only caffeine treated mice showed significant increase
in AP clearance compared to control. The data are expressed as mean £ SEM of n = 4-6
(**p<0.01).
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Table 1

Plasma and brain levels of rifampicin and caffeine after 3 h washout period, and Kp values in C57BL/6 wild-
type male mice (n =12 for each treatment group)

Group Drug concentration (ug/ml)  Kp

Plasma Brain

Rifampicin 7.4+ 3.9 0.15+0.08 0.03
Caffeine 20+54 11.8+3.6 0.5
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