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A B S T R A C T

Uptake transporters in brain microvascular endothelial cells (BMECs) are involved in the penetration of basic
(cationic) drugs such as diphenhydramine (DPHM) into the brain. Lipopolysaccharide (LPS)-induced inflamma-
tion alters the expression levels and activities of uptake transporters, which change the penetration of DPHM into
the brain. A brain microdialysis study showed that the unbound brain-to-plasma partition coefficient (Kp,uu,brain)
for DPHM in LPS rats was approximately two times higher than that in control rats. The transcellular transport of
DPHM to BMECs was increased when BMECs were cultured with serum from LPS rats. Compared with control rats
or BMECs, the brain uptake of DPHM in LPS rats was increased and the intracellular accumulation of DPHM was
increased under a high intracellular pH in BMECs from LPS rats, respectively. Treatment of BMECs with trans-
porter inhibitors or inflammatory cytokines had little impact on the intracellular accumulation of DPHM in
BMECs. This study suggests that LPS-induced inflammation promotes unidentified proton-coupled organic cation
(Hþ/OC) antiporters that improve the penetration of DPHM into rat brain via the blood-brain barrier.
1. Introduction

Efflux transporters such as P-glycoprotein (P-gp) and breast cancer
resistance protein (BCRP) expressed in brain microvascular endothelial
cells (BMECs) restrict the entry of substrates to the brain via the blood-
brain barrier (BBB). BMECs also contain uptake transporters such as
organic anion transporting polypeptides and organic cation transporters
(OCT). Inflammation leads to alterations in the expression levels and
activities of transporters, which changes the pharmacokinetics of some
drugs (Fisher et al., 2009; Kawase et al., 2014; Liu et al., 2015; Uno et al.,
2007). For example, lipopolysaccharide (LPS)-induced inflammation
changes the expression levels of transporters in the liver because of the
high susceptibility of the liver to inflammation (Cherrington et al., 2004;
Kato et al., 2010). However, the effects of inflammation in the liver on
the expression levels and activities of transporters in organs distant from
the liver such as the brain remains unclear. Inflammation in the brain is
related to Alzheimer’s disease (Calsolaro and Edison, 2016; Heneka et al.,
2015), Parkinson’s disease (Perry, 2012), and Huntington’s disease
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(Pavese et al., 2006). Because transporter activities in the brain might
determine the maintaining homeostasis and the occurrence of drug
adverse reactions, it is important to clarify the effects of inflammation in
the liver on the brain penetration of drugs via transporters. Previous
reports suggest that the changes of P-gp activity in inflammation affect
the brain penetration of P-gp substrates such as oseltamivir carboxylate
(Morimoto et al., 2008; Ose et al., 2008; S et al., 2009). However, few
studies have investigated the effects of hepatic inflammation on the
penetration of basic (cationic) drugs into the brain via uptake trans-
porters. Transporters such as OCT1/SLC22A1, OCT2/SLC22A2,
OCT3/SLC22A3, multidrug and toxin extrusion (MATE/SLC47A), and
novel organic cation transporter (OCTN1/SLC22A4 and
OCTN2/SLC22A5) are involved the penetration of basic drugs into the
brain (Kang et al., 2006; Kubo et al., 2013; Okura et al., 2007), and un-
identified proton-coupled organic cation (Hþ/OC) antiporters might be
involved in the penetration of organic cations into the brain (Auvity
et al., 2017; Chapy et al., 2015; Kitamura et al., 2014; Kurosawa et al.,
2017; Suzuki et al., 2016).
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The present study examined the effects of early phase in LPS-induced
inflammation in rats on the penetration of diphenhydramine [2-(diphe-
nylmethoxy)-N,N-dimethylethylamine (DPHM), a basic drug] into the
brain via transporters in BMECs (Kuwayama et al., 2008; Sadiq et al.,
2011). Higher concentrations of DPHM were observed in the brain
compared with the plasma after the injection of DPHM to rats or guinea
pigs (DILL and GLAZKO, 1949). After DPHM enters the brain, central
H1-receptors are activated, which results in drowsiness, sedation, dizzi-
ness, and convulsions (Gengo et al., 1989; K€oppel et al., 1987; Nicholson,
1983). An increase in the penetration of DPHM into the brain increases
the risk of neurological side effects induced by DPHM. To clarify the
effects of inflammation on the brain penetration of basic drugs such as
DPHM, we examined the effect of inflammation on the BBB transport of
DPHM by in vivo brain microdialysis and isolated BMECs. The elucidation
of effects of acute inflammation on the brain penetration of DPHM could
help us better understand the relation between the changes of BBB
function in inflammation and the brain penetration of basic drugs.

2. Materials and methods

2.1. Animals

Eight-week-old male Wistar rats were obtained from Japan SLC
(Shizuoka, Japan). The rats were housed in an air-conditioned room at
22 � 0.5 �C and relative air humidity of 55 � 10% with a 12-h lighting
schedule (7:00 a.m.�7:00 p.m.) and had free access to standard labora-
tory food (MF; Oriental Yeast Co., Ltd., Tokyo, Japan). The protocol was
approved by the Committee for the Care and Use of Laboratory Animals
of the Faculty of Pharmacy of Kindai University (Osaka, Japan).

2.2. Chemicals and reagents

LPS, DPHM, Evans blue, Sepasol-RNA I Super G, and Dulbecco’s
modified Eagle medium (DMEM) were from Nacalai Tesque (Kyoto,
Japan). Decynium 22 (D22, 1,10-diethyl-2,20-cyanine iodide), pyrimeth-
amine (PYR), recombinant human tumor necrosis factor-α (TNF-α), and
recombinant human interleukin-1β (IL-1β) were from R&D Systems
(Minneapolis, MN, USA). ReverTra Ace was from Toyobo Life Science
(Osaka, Japan). Fast SYBR Green Master Mix and BCA protein assay kit
were from Thermo Fisher Scientific (Waltham, MA, USA). DPHM-d3,
primers and endothelial cell growth supplement were from Sigma-
Aldrich (St. Louis, MO, USA). Lucifer yellow CH dilithium salt and
Transaminase CII Test kits Test were obtained from Fujifilm Wako Pure
Chemical (Osaka, Japan). All other chemicals and solvents were of MS
grade or the highest commercially available purity.

2.3. Measurement of BBB permeability

BBB permeability was evaluated by measuring the fluorescein in-
tensity of Evans blue extravasation. Rats were treated with LPS (5 mg/kg,
intraperitoneal [i.p.]) (Kato et al., 2008; S et al., 2017) or saline as a
control. A 2% Evans blue in saline was injected i.p. (4 ml/kg) 6 h after
LPS or saline treatments. Brains were excised from rats euthanized by
sodium pentobarbital 1 h after Evans blue treatment. Brains were ho-
mogenized with 3 ml of 50% TCA and then centrifuged for 20 min at 10,
000 � g. The supernatant was diluted in 4 vol of ethanol. Fluorescence
intensity was measured (Ex 620 nm, Em 680 nm) using an SH-9000 lab
fluorescent microplate reader (Corona Electric Co., Ibaraki, Japan).

2.4. Brain microdialysis

The concentration of unbound DPHM in the brain was determined by
brain microdialysis as previously described with minor modifications
(Sadiq et al., 2011). Rats anesthetized with pentobarbital were fixed with
a brain stereotaxis apparatus (SR-5R-HT, Narishige, Tokyo, Japan) and
the skull was exposed by making a midline incision. A hole was drilled
2

2.7 mm lateral, 0.8 mm anterior to the bregma, and 3.8 mm ventral to the
surface of the brain. An AG-X guide cannula (Eicom, Kyoto, Japan) was
implanted into the striatum and fixed to the skull by a screw and dental
cement (Unifast III, GC, Tokyo, Japan). An A-I-8-03 (3 mm) probe was
inserted after fixing the guide cannula. The probe was perfused with
Ringer solution before insertion. The inlet and outlet were then sealed to
prevent air from entering the probes. Rats were placed in a cage for freely
moving animals with free access to water and food andwere given 24 h to
recover.

Rats implanted with a guide cannula were treated with LPS (5 mg/kg,
i.p.) or saline as a control. The LPS dose of 5 mg/kg were chosen to
exhibit relatively high levels of cytokine production 5 h after LPS treat-
ment (Lee et al., 2012; Luster et al., 1994). There are also a lot of reports
of the physiological condition after treatments of 5 mg/kg LPS (McKenna
et al., 2018; Somann et al., 2019; Vos et al., 1997; Wedn et al., 2020a,
2020b). The plasma levels of aspartate transaminase (AST) and alanine
transaminase (ALT) were determined by Transaminase CII Test kits. Rats
received an injection of DPHM 6 h after LPS or saline treatments. DPHM
was administered to rats as a 234 μg/min/kg constant rate intravenous
infusion over 5 min and then as a 30 μg/min/kg constant rate intrave-
nous infusion over 180 min with a syringe driver (ESP-32, Eicom). The
probe was perfused with Ringer solution at a flow rate of 1 μl/min. The
perfusates were collected sequentially every 10 min. Blood samples were
collected from the tail vein at 0, 5, 15, 25, 45, 65, 85, 115, 145, 175, and
180 min after the initiation of DPHM infusion. Blood was collected in
heparinized tubes and centrifuged for 10 min at 3000� g. Perfusates and
plasma samples were diluted 5-fold with Ringer solution and saline,
respectively, and then stored at �30 �C until analysis.

2.5. Determination of plasma protein binding

After 400 μl plasma was collected at 180 min after DPHM infusion, an
in vitro protein binding assay for DPHM was performed by the ultrafil-
tration method using the Centrifree Ultrafiltration Device (Merck,
Kenilworth, NJ, USA). After the centrifugation of samples at 3000� g for
10 min, the concentrations of unbound DPHM in filtrates were measured
by liquid chromatographic-tandem mass spectrometry (LC-MS/MS).

2.6. Data analysis of brain microdialysis

The recovery of DPHMwas estimated by retrodialysis with DPHM for
each probe (Bouw and Hammarlund-Udenaes, 1998). Retrodialysis was
performed at a 1 μl/min flow rate of DPHM (30 ng/ml) for 50 min. Re-
covery was calculated as

Recovery¼Cin � Cout

Cin

where Cin is the concentration of DPHM in the perfusate and Cout is the
concentration of DPHM in the dialysate.

The concentration of unbound drug in the brain was calculated as

Cu;brain ¼ Cdialysate

Recovery

The unbound brain-to-plasma partition coefficient (Kp,uu,brain) for
DPHM was calculated as

Kp;uu;brain ¼ Cu;brain

Cu;plasma

where Cu,brain and Cu,plasma are the mean unbound DPHM concentrations
in the brain and plasma at 70–180 min after the initiation of DPHM
infusion, respectively.
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2.7. BMEC isolation and primary culture

BMECs were isolated from control and LPS rats as described previ-
ously (Assmann et al., 2017). Viability, as determined by trypan blue
exclusion, was above 90%. BMECs were seeded at 1 � 105 cells/cm2 on
collagen-coated Transwell inserts (pore size; 0.4 μm) in 24-well plates
(Corning, Corning, NY, USA) or collagen-coated 96-well plates (Sumi-
tomo Bakelite, Tokyo, Japan) in DMEM supplemented with 10% fetal
bovine serum (FBS), 100 U/ml penicillin, 100 μg/ml streptomycin, and
30 μg/ml endothelial cell growth supplement. Medium volumes of apical
and basolateral compartments were 100 μl and 600 μl, respectively.
Plates were incubated at 37 �C in the presence of 5% CO2 and 95% air.

2.8. Determination of mRNA levels by real-time reverse transcriptase
polymerase chain reaction (RT-PCR)

Total RNA was extracted from the livers or BMECs of control and LPS
rats using Sepasol-RNA I Super G. mRNA expression levels were
measured by RT-PCR as described previously (Kawase et al., 2008). The
oligonucleotide sequences for mRNA target are shown in Table 1. Data
were analyzed using StepOne Software (Thermo Fisher) using the
multiplex comparative method.

2.9. Transport study in BMECs

Isolated BMECs were cultured for 2 days and medium was replaced
with fresh medium containing 5% FBS and 5% serum from control or LPS
rats. After stimulation with serum from control or LPS rats for 2 days,
BMECs were used to study the transport of DPHM from the apical to
basolateral compartments. Twenty-μl samples were taken from baso-
lateral compartments at 1, 2, and 3 h after DPHM treatment (30 μM) in
the apical compartments. Lucifer yellow CH dilithium, a permeable
marker of tight junctions, was added to the apical compartment of the
Transwell insert at 40 μg/ml in serum-free DMEM. After a 40-min incu-
bation, medium in the basolateral compartment was collected and the
fluorescence of Lucifer yellow was measured (Ex/Em: 428/536). The
concentrations of DPHM were measured by LC-MS/MS. Permeability
expressed as the apparent permeability (Papp) in cm/s was calculated as

Papp ¼ dQ=dt
A� C0
Table 1
Primer sequences used in RT-PCR assays.

Gene Primer sequence (50
–30)

Oct1 (SLC22A1) Forward: CCAATAGCGGCCTCGAATCT
Reverse: TGCAGCTCATGCGGGATAAA

Oct2 (SLC22A2) Forward: TGAGGACGCTGGCAAGAAAT
Reverse: AGAACAGAGCTCGTGAACCAAT

Oct3 (SLC22A3) Forward: TATGCAGCGGACAGATACGG
Reverse: AAAATTCGGTGCAAACGCCA

Mate1 (SLC47A1) Forward: TGCTGTCTGGCTTTCAAGAG
Reverse: TAACCGCAATTGCCAGTGTG

Octn1 (SLC22A4) Forward: AAGCCGCAAAGATGAATGGC
Reverse: TTGTGGCAATGTTCCGAGTC

Octn2 (SLC22A5) Forward: ACTACGTGGCAGCATTTGTC
Reverse: TATGCAAACAGAGGCAGCAC

Mdr1a Forward: AAGGGGCTACAGGGTCTAGG
Reverse: AGTGTCAATTGCCAGCCGTA

Mdr1b Forward: GTGTCACGTGAGGTCGTGAT
Reverse: TCCCGAATATGCCAACAGCA

IL-1β Forward: TGACCCATGTGAGCTGAAAG
Reverse: TCGTTGCTTGTCTCTCCTTG

IL-6 Forward: TGCCACTTGTGTGCTAAAGG
Reverse: CATGGTTTGTCTTCCACACG

TNF-α Forward: GAAAGGGAATTGTGGCTCTG
Reverse: TTCAGCGTCTCGTGTGTTTC

β-actin Forward: GATCAAGATCATTGCTCCTCCTG
Reverse: AGGGTGTAAAACGCAGCTCA

3

where dQ/dt is the transport rate of DPHM to the basolateral compart-
ment, A is the surface area of the monolayer, and C0 is the initial con-
centration of DPHM in the apical compartment. The transport rate of
DPHMwas calculated by linear regression analysis using GraphPad Prism
software version 5 (GraphPad Software, Inc., La Jolla, CA, USA).

2.10. Brain uptake index

To evaluate the brain uptake of DPHM in control and LPS rats, the
brain uptake index (BUI), a single pass method, was performed as
described previously (Oldendorf, 1970, 1981). First, 100 μl DPHM (3
μg/ml) was injected into the carotid artery of control and LPS rats in less
than 0.5 s under anesthesia with pentobarbital. Rats were sacrificed by
decapitation first-pass 13 s after DPHM treatment and brains were
removed. Brains were homogenized in 5 vol of phosphate-buffered saline
(PBS). An equal volume of acetonitrile was added to the homogenates for
deproteinization. After centrifugation at 1200 � g for 10 min, the DPHM
concentrations in supernatants were determined. The percentage BUI
was calculated using the following equation.

BUI¼ XDPHM; brain

XDPHM; injectate
� 100

where XDPHM, brain and XDPHM, injectate were the amounts of DPHM in the
brain and injectate, respectively.

2.11. Uptake study in BMECs

BMECs cultivated for 24 h were washed twice with 100 μl PBS and
preincubated with transport buffer (pH 7.4) containing 125 mM NaCl, 25
mM HEPES, 4.8 mM KCl, 1.2 mM D-glucose, 1.2 mM CaCl2, and 1.2 mM
KH2PO4 for 20 min. In the transporter inhibition study, BMECs were pre-
incubatedwithD22 (1μM), anOCT inhibitor (Hayer-Zillgenet al., 2002), or
PYR (1 μM), a MATE inhibitor (Ito et al., 2010), for 20 min to evaluate the
OCT- or MATE-mediated transport of DPHM. The effects of a proton
gradient across the cell membrane on DPHM uptake were examined to
evaluate the Hþ/OC antiporter-mediated transport of DPHM. The intra-
cellular pH (pHi) was reduced by preincubation with 30 mMNH4Cl for 20
min and an exchange of transport buffer to generate a proton gradient
(Shimomura et al., 2013){FormattingCitation}{FormattinCitation}. To
clarify the effects of inflammatory cytokines on the Hþ/OC
antiporter-mediated transporter of DPHM, TNF-α or IL-1β at concentrations
of 0.1, 0.3, 1, 3, 10, and30ng/mlwere added2hafter the seedingofBMECs
from control rats. The DPHM uptake studies were performed 24 h after
cytokine treatment. The cytokine doses were set by plasma concentrations
after LPS treatment (Diao et al., 2010; Virdis et al., 2005).

The cells were incubated at 37 �C for 30 s after the addition of DPHM
(30 μM) to initiate uptake. The medium was removed and then the cells
were washed twice with 100 μl ice-cold PBS. The cell lysates were ob-
tained by sonication for 2 min after the addition of 50 μl PBS with 2%
Triton X-100.

2.12. Determination of DPHM concentrations by LC-MS/MS

The 10 μl diluted perfusate, plasma, brains, and cell lysates were
added to 10 μl 6.25 M NaOH, 10 μl 10 ng/ml DPHM-d3 as an internal
standard, and 1 ml diethyl ether, and were centrifuged at 2000� g for 10
min after vigorous mixing for 15 min. The supernatant was evaporated to
dryness using a centrifugal evaporator (Tokyo Rikakikai, Tokyo, Japan).
The residues were dissolved in 40 μl LC mobile phase and filtered with a
0.45-μm Millex-LH filter unit (Merck KGaA).

Aliquots of 10 μl were injected into the LC-MS/MS consisting of an LC
system (UltiMate 3000 series, Thermo Scientific) and a TSQ Endura
Triple Quadrupole Mass Spectrometer with electrospray ionization
(Thermo Scientific). For data recording and analysis, Finnigan Xcalibur
software (Thermo Scientific) was used. Analysis was performed using a



Fig. 1. Evans blue dye permeability assay for the integrity of BBB tight junctions
after LPS treatment. The fluorescence intensity of Evans blue in brain homog-
enates was measured 1 h after the intraperitoneal injection of Evans blue to
control and LPS rats. The results are expressed as the mean � SD (n ¼ 3–6).
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reversed-phase column (Inertsil ODS-3, 4.6 � 75 mm, 5 μm; GL Sciences,
Tokyo, Japan). The column temperature was set at 40 �C and the auto-
sampler was maintained at 10 �C. The mobile phase (5 mM ammonium
formate (pH 3.4)/acetonitrile (70:30, v/v)) was pumped at a flow rate of
1.0 ml/min. Retention times of DPHM and DPHM-d3 were 1.85 min. The
eluate was transferred into the electrospray probe, starting at 1.0 min
after injection, by switching the MS inlet valve. The conditions of elec-
trospray ionization were set at 3500 V spray voltage, 280 �C capillary
temperature with the nitrogen sheath and 10 arbitrary units of auxiliary
gases. The MS scan was operated in the positive ionization mode. The
selected reaction monitoring mode (SRM) was used with argon as the
collision gas at 1.5 mTorr. The detection molecular ion selected was for
precursor 256.0 m/z and product 167.3 m/z of DPHM and precursor
259.2 m/z and product 167.3 m/z of DPHM-d3 with 15 V collision en-
ergy. The mass resolutions were set at 0.7 full width at half height (unit
resolution). The obtained area of DPHM was normalized by the area of
DPHM-d3.

2.13. Statistical analysis

Differences between the mean parameter values in control and LPS
rats were estimated using Student’s t-test or ANOVA, followed by the
Bonferroni test using GraphPad Prism software (GraphPad Software,
Inc.). The threshold for significance was p < 0.05.

3. Results

3.1. The integrity of BBB tight junctions was maintained after LPS
treatments

The plasma concentrations of AST and ALT as indicators of liver
inflammation were measured (Table 2). In LPS rats, the approximately
2–3 times higher concentrations of AST and ALT were observed
compared with those in control rats, indicating minor liver damage. To
confirm the integrity of BBB tight junctions after LPS treatment, Evans
blue extravasation into the brains of control and LPS rats was deter-
mined. Evans blue dye on the surface of brains from control and LPS rats
was low (Fig. 1a). There was little change in the fluorescence intensity
between control and LPS brains (Fig. 1b).

3.2. Brain penetration of DPHM was increased after LPS treatments

The concentrations of unbound DPHM in brains and plasma were
determined by brain microdialysis. Time courses of Cu,brain and Cu,plasma
of DPHM in control and LPS rats are shown in Fig. 2. At 60 min after the
initiation of DPHM infusion, the Cu,brain and Cu,plasma of DPHM in control
and LPS rats reached a steady state. The Cu,brain, Cu,plasma, and Kp,uu,brain
in the steady state were estimated from the results of Fig. 2 and the bound
fraction of DPHM in the plasma is shown in Table 3. The Cu,plasma of
DPHM in LPS rats tended to be decreased compared with that in control
rats. The Cu,brain and protein binding of DPHM were unchanged between
control and LPS rats. The Kp,uu,brain in LPS rats was significantly increased
compared with that in control rats.

3.3. TNF-α mRNA levels were increased, and transporters mRNA levels
were unchanged in BMECs from LPS rats

To clarify the effects of LPS-induced inflammation on cytokine
Table 2
Plasma concentrations of AST and ALT in control and LPS rats.

Control LPS

AST (U/L) 66.5 � 9.11 186 � 14.0***
ALT (U/L) 23.0 � 7.43 70.7 � 15.1**

The results are expressed as the mean � SD (n ¼ 4). *; P < 0.05 vs control.
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production and transporter expression, the mRNA levels of cytokines and
transporters in the liver and BMECs isolated from control and LPS rats
were measured. In the liver, the mRNA levels of IL-1β and TNF-α were
significantly increased by LPS-induced inflammation (Table 4). In the
brain, significantly increased mRNA levels of TNF-α but not IL-1β and IL-
6 were observed in LPS rats compared with control rats (Table 4). The
mRNA levels of Oct1 and Octn2 in livers of LPS rats were significantly
lower than in those from control rats (Table 5). The mRNA levels of
Mate1 and Octn1 in livers of LPS rats tended to be decreased compared
with those of control rats (Table 5). There were minimal differences in
Oct1, Oct2, Oct3,Mate1, Octn1, Octn2,Mdr1a, andMdr1bmRNA levels in
the brains of control and LPS rats (Table 5).

3.4. Transcellular transport of DPHM to BMECs cultured with serum of
LPS rats was elevated

We examined whether the addition of serum from LPS rats to BMECs
affected the transport rate of DPHM to BMECs. Significantly higher
concentrations of DPHM in the basolateral compartment of BMECs
treated with serum from LPS rats were observed 3 h after DPHM treat-
ments compared with those from control rats (Fig. 3a). Apparent
permeability coefficient Papp values of DPHM in BMECs treated with
serum from control or LPS rats were 3.09� 10�6� 4.84� 10�7 cm/s and
4.63 � 10�6 � 0.94 � 10�6 cm/s, respectively. Papp values of DPHM in
LPS rats were significantly higher compared with those in control rats (p
< 0.05). The intracellular accumulation of DPHM in BMECs treated with
serum from control or LPS rats was examined. A significantly higher
accumulation of DPHM was observed in BMECs treated with serum from
LPS rats compared with control rats (Fig. 3b).

3.5. Brain uptake of DPHM in LPS rats was increased and the intracellular
accumulation of DPHM was increased under a high intracellular pH in
BMECs from LPS rats

The transcellular transport of DPHM is involved in the process of
uptake from the apical side into BMECs and efflux from BMECs to the



Fig. 2. Unbound DPHM concentrations in brain (a) and plasma (b) after the administration of DPHM to control and LPS rats. Rats received an DPHM injection 6 h after
LPS or saline treatments. DPHM was administered to rats as a 234 μg/min/kg constant rate intravenous infusion over 5 min and then as a 30 μg/min/kg constant rate
intravenous infusion over 180 min. The results are expressed as the mean � SD (n ¼ 3–4).

Table 3
Cu,brain, Cu,plasma, protein binding, and Kp,uu,brain of DPHM after DPHM infusion to
control and LPS rats.

Parameter Control LPS

Cu,brain (μg/ml) 0.281 � 0.048 0.253 � 0.078
Cu,plasma (μg/ml) 0.096 � 0.030 0.033 � 0.007
Bound fraction in plasma (%) 60.0 � 6.76 77.2 � 3.80
Kp,uu,brain 3.24 � 0.84 7.00 � 0.77*

The results are expressed as the mean � SD (n ¼ 3–4). *; P < 0.05 vs control.

Table 4
Relative mRNA levels of IL-1β, IL-6, and TNF-α in livers and brains between LPS
and control rats.

Control LPS

Liver IL-1β 1.00 � 0.33 5.67 � 1.49*
IL-6 1.00 � 0.35 1.40 � 0.31
TNF-α 1.00 � 0.26 22.1 � 6.29*

Brain IL-1β 1.00 � 0.23 0.48 � 0.13
IL-6 1.00 � 0.34 0.48 � 0.17
TNF-α 1.00 � 0.16 24.0 � 8.39*

The results are expressed as the mean � SD (n ¼ 4–6). *; P < 0.05 vs control.

Table 5
Relative mRNA levels ofOct1,Oct2,Oct3,Mate1,Octn1,Octn2,Mdr1a, andMdr1b
in livers and BMECs between LPS and control rats.

Control LPS

Liver Oct1 1.00 � 0.26 0.10 � 0.05*
Mate1 1.00 � 0.50 0.42 � 0.18
Octn1 1.00 � 0.20 0.44 � 0.19
Octn2 1.00 � 0.34 0.12 � 0.04*

BMECs Oct1 1.00 � 0.19 1.21 � 0.34
Oct2 1.00 � 0.36 1.63 � 0.35
Oct3 1.00 � 0.24 1.06 � 0.11
Mate1 1.00 � 0.27 1.68 � 0.38
Octn1 1.00 � 0.19 1.00 � 0.14
Octn2 1.00 � 0.18 0.87 � 0.12
Mdr1a 1.00 � 0.11 1.07 � 0.08
Mdr1b 1.00 � 0.05 1.09 � 0.09

The results are expressed as the mean � SD (n ¼ 4–6). *; P < 0.05 vs control.

Fig. 3. DPHM transport across BMECs (a) and intracellular accumulation of
DPHM into BMECs (b) cultured with medium containing serum from control or
LPS rats. The concentrations of DPHM in the medium collected from the baso-
lateral side at 1, 2, and 3 h (a) and in BMECs at 30 s (b) after DPHM treatment
(30 μM) were determined. The results are expressed as the mean � SEM (n ¼ 4).
*; p < 0.05 and ***; p < 0.001.
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basolateral side. To clarify the effects of LPS-induced inflammation on
the uptake process of DPHM into BMECs, the BUI method was performed
in control and LPS rats. The uptake of diclofenac as a reference compound
was similar between control and LPS rats (data not shown). The BUI of
control and LPS rats was 21.4� 3.6% and 49.2� 13.9%, respectively. To
5

clarify further the effects of LPS treatment on DPHM transport into
BMECs, the effects of transporter inhibitors, proton gradient, and in-
flammatory cytokines were investigated. The intracellular accumulation
of DPHM via transporters in BMECs with D22 (an OCT inhibitor) or PYR
(a MATE inhibitor) is shown in Fig. 4. Co-treatment with D22 or PYR had
little effect on the intracellular accumulation of DPHM in BMECs from
control or LPS rats (Fig. 4). To clarify whether the activity of the Hþ/OC
antiporter was altered in LPS rats, the effect of reducing the pHi on the
intracellular accumulation of DPHM in BMECs was determined. The
intracellular accumulation of DPHM was increased by the reduction of
the pHi in BMECs from control and LPS rats (Fig. 5). In particular, the
DPHM uptake was higher in the presence of a low pHi in BMECs from LPS
rats compared with those of control rats. Next, we examined the intra-
cellular accumulation of DPHM in BMECs after the treatment of BMECs
with IL-1β or TNF-α, because the mRNA levels of IL-1β and TNF-α in the
livers and brains of LPS rats were significantly increased (Table 4). IL-1β
and TNF-α had little effect on DPHM uptake into BMECs (Fig. 6). Short-
term cytokine treatment (3 h) had no effect on the intracellular accu-
mulation of DPHM in BMECs (data not shown).

4. Discussion

After the injection of DPHM to rats or guinea pigs, higher total con-
centrations of DPHM were observed in the brain compared with the
plasma (Dill and Glazko, 1949). A previous report demonstrated that the



Fig. 4. Intracellular accumulation of DPHM for 30 s in BMECs from control and
LPS rats treated with D22 or PYR. The concentrations of DPHM in BMECs were
determined. The results are expressed as the mean � SEM (n ¼ 12–24).

Fig. 5. Intracellular accumulation of DPHM for 30 s in BMECs of control and
LPS rats with a reduction in the pHi. The concentrations of DPHM in BMECs
were determined. The results are expressed as the mean � SEM (n ¼ 16). **; p
< 0.01 vs the normal pHi LPS group.

Fig. 6. Intracellular accumulation of DPHM for 30 s in BMECs of control and
LPS rats treated with IL-1β or TNF-α. The concentrations of DPHM in BMECs
were determined. The results are expressed as the mean � SEM (n ¼ 8–16).
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unbound concentration of DPHM in sheep was two times higher in the
brain than in the blood (Au-Yeung et al., 2006), suggesting that
transporter-mediated transport was involved in the brain penetration of
DPHM. The Kp,uu,brain of DPHM in control rats was higher than 1 as
previously reported (Sadiq et al., 2011; Shaffer et al., 2014) similar to the
6

results shown in Table 3.
In LPS rats, the Kp,uu,brain of DPHM was significantly increased

(approximately two times higher than the control value), although there
was little change in the protein binding of DPHM between control and
LPS rats (Table 3). These results suggested that LPS-induced inflamma-
tion might alter the protein expression and/or activities of transporters
involved in DPHM transport and improve the brain penetration of DPHM
across the BBB. To clarify whether the serum components of LPS rats
affected the transport activity for DPHM in control BMECs, the uptake
and intracellular accumulation of DPHM in BMECs were examined after
the exposure of serum from control or LPS rats to control BMECs for 2
days (Fig. 3). The results of Fig. 3 suggest that the serum components of
LPS rats increase the uptake and intracellular accumulation of DPHM in
BMECs. Also, the results of BUI study show that the increases of DPHM
uptake in LPS rats occurred.

Several reports demonstrated that LPS treatment affected the hepatic
expression and activity of transporters (Cherrington et al., 2004; Donner
et al., 2004; Hartmann et al., 2005). In accord with previous reports, the
mRNA levels of transporters such as Oct1 and Octn2 in the livers of LPS
rats were significantly decreased (Cherrington et al., 2004). However,
the effects of LPS-induced inflammation on brain transporters, particu-
larly uptake transporters, are unclear. Transporter mRNA levels were
similar in the brains of control and LPS rats (Table 5), suggesting that the
effect of LPS-induced inflammation on the mRNA levels of transporters
was higher in the liver compared with the brain. We previously
demonstrated that transporter expressions were different in organs
including the liver, kidney, small intestine, and brain in
adjuvant-induced arthritis rats, an inflammatory animal model (Kawase
et al., 2014). For example, the expression levels of efflux transporters
such as P-gp in kidneys were increased and those in livers were decreased
in adjuvant-induced arthritic rats. The changes of transporter levels in
brains of LPS rats could differ from those in livers. There are little reports
on the changes of uptake transporter levels in brains, although the
changes of uptake transporter levels in livers of LPS-induced inflamma-
tion have been reported (Bolder et al., 2006; Cherrington et al., 2004;
Hartmann et al., 2002). The results in Table 5 suggest that LPS-induced
inflammation has the higher impacts on the transporter mRNA levels
in livers compared with those in brains 6 h after LPS treatments. Protein
levels of uptake transporters in BMECs were undetectable by targeted
proteomics as previous shown (Kawase et al, 2018, 2019). The tran-
scriptional activities of Oct1 and Octn2 are regulated by peroxisome
proliferator agonist receptor-alpha (PPARα) (Luo et al., 2014; Nie et al.,
2005; Wen et al., 2010). A previous report showed that hepatic PPARα
expression was reduced by LPS treatment (Sung et al., 2004), suggesting
hepatic Oct1 and Octn2 mRNA might be decreased by a reduction in
hepatic PPARα in LPS rats.

To clarify the effects of LPS-induced inflammation on the transporter-
mediated transport of DPHM, changes in the intracellular accumulation
of DPHM in BMECs were investigated using inhibitors for transporters,
proton gradient, and inflammatory cytokines. The intracellular uptake of
amantadine, a substrate of OCT1 and OCT2 (Goralski et al., 2002; Wright
et al., 2004), was inhibited by DPHM, suggesting that OCT1 and/or OCT2
were partly involved in the brain penetration of DPHM (Spector, 1988).
The expressions of OCT1 and OCT2 were localized to the luminal side of
BMECs similar to P-gp (Lin et al., 2010). The expression of OCT3 is
restricted to glial cells and neuronal cells but not BMECs (Gasser et al.,
2017). The detailed localization of MATE is undetermined, although it
was reported to be expressed in the BBB (Geier et al., 2013). DPHM
uptake into BMECs was similar between control and LPS rats co-treated
with D22 or PYR (Fig. 4). Changes in OCT and MATE in LPS rats might
not be related to the increased brain penetration of DPHM, because
DPHM uptake into BMECs of control and LPS rats was unchanged by D22
and PYR. Previous reports demonstrated that undefined Hþ/OC anti-
porters might participate in the transporter-mediated transport of DPHM
to the brain using a human brain capillary endothelial cell line (Chapy
et al., 2015; Kurosawa et al., 2017; Shimomura et al., 2013). To clarify
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the effects of LPS treatment on the activity of Hþ/OC antiporters, DPHM
uptake was examined using BMECs with a generated proton gradient.
The elevation of the pHi of BMECs increased DPHM uptake into BMECs
from control and LPS rats (Fig. 5), suggesting that the elevation of pHi in
BMECs facilitates Hþ/OC antiporters in BMECs. Of note, a significantly
higher uptake of DPHM into BMECs from LPS rats was observed
compared with control rats. These results suggested that the increased
activity of Hþ/OC antiporters in the BMECs of LPS rats might increase the
brain penetration of DPHM. Alterations in the mRNA and protein
expression levels of Hþ/OC antiporters could not be determined, because
the unidentified Hþ/OC antiporters are not well-characterized trans-
porters. The enhanced expression and/or activity of Hþ/OC antiporters
in LPS-induced inflammation might increase the Kp,uu,brain of DPHM in
LPS rats. Inflammatory cytokines such as IL-1β, IL-6, and TNF-α affected
the expression levels of transporters in the brain (Bauer et al., 2007;
Miller et al., 2008; Poller et al., 2010). Secreted cytokine levels often
correlate with the mRNA levels of cytokines (Shebl et al., 2010) and the
plasma levels of IL-6 and TNF-α were increased by LPS (Foster et al.,
1993; Ne�zi�c et al., 2009; Yao et al., 1997). Qin et al. demonstrated that
increased TNF-α levels in the brain after LPS treatment (5 mg/kg) were
sustained for 10 months whereas they quickly returned to control levels
after 1 day in the liver (Qin et al., 2007). Yu et al. demonstrated that
TNF-α increased the expression and activity of P-gp in BMECs (Yu et al.,
2007). Somann et al. demonstrated that the plasma levels of IL-10
increased 40 min after LPS treatments (5 mg/kg), following TNF-α,
granulocyte macrophage colony-stimulating factor, IL-17, IL-6, IL-22,
and interferon-γ increased above baseline up to at least 300 min.
Therefore, we determined whether inflammatory cytokines increased by
LPS treatment had an effect on DPHM uptake into BMECs. The treatments
of BMECs with IL-1β or TNF-α had no impact on DPHM uptake into
BMECs (Fig. 6). The activity of Hþ/OC antiporters in BMECs was not
directly affected by the TNF-α treatment of BMECs, although TNF-α
mRNA was markedly elevated in the brains of rats treated with LPS.

Previous reports of other groups demonstrated that the various drugs
could be substrates for Hþ/OC antiporters. For example, oxycodone,
pyrilamine, tramadol, pramipexole, clonidine, and varenicline as well as
DPHM ware transported by Hþ/OC antiporters (Higuchi et al., 2015;
Kitamura et al., 2016; Kurosawa et al, 2017, 2018; Nakazawa et al., 2010;
Okura et al., 2008; Wang et al., 2017). Acute inflammation could have
impacts on the brain penetration of these substrates as well as DPHM.

In conclusion, LPS-induced inflammation increases the activity of
Hþ/OC antiporters in BMECs, which might increase the penetration of
substrates such as DPHM into the brain.
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