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Abstract

Background Triptans are anti-migraine drugs with a potential central site of action. However, it is not known to what
extent triptans cross the blood-brain barrier (BBB). The aim of this study was therefore to determine if triptans pass
the brain capillary endothelium and investigate the possible underlying mechanisms with focus on the involvement
of the putative proton-coupled organic cation (H*/OC) antiporter. Additionally, we evaluated whether triptans inter-
acted with the efflux transporter, P-glycoprotein (P-gp).

Methods We investigated the cellular uptake characteristics of the prototypical H*/OC antiporter substrates,
pyrilamine and oxycodone, and seven different triptans in the human brain microvascular endothelial cell line,
hCMEC/D3. Triptan interactions with P-gp were studied using the IPEC-J2 MDR1 cell line. Lastly, in vivo neurop-
harmacokinetic assessment of the unbound brain-to-plasma disposition of eletriptan was conducted in wild type
and mdr1a/1b knockout mice.

Results We demonstrated that most triptans were able to inhibit uptake of the H"/OC antiporter substrate,
pyrilamine, with eletriptan emerging as the strongest inhibitor. Eletriptan, almotriptan, and sumatriptan exhibited

a pH-dependent uptake into hCMEC/D3 cells. Eletriptan demonstrated saturable uptake kinetics with an apparent K,
of 89438 uM and a J,,, of 2.2 +0.7 nmol-min~"mg protein~" (n=3). Bidirectional transport experiments across IPEC-
J2 MDR1 monolayers showed that eletriptan is transported by P-gp, thus indicating that eletriptan is both a substrate
of the H*/OC antiporter and P-gp. This was further confirmed in vivo, where the unbound brain-to-unbound plasma

concentration ratio (Kp,uu) was 0.04 in wild type mice while the ratio rose to 1.32 in mdr1a/1b knockout mice.

Conclusions We have demonstrated that the triptan family of compounds possesses affinity for the H/OC anti-
porter proposing that the putative H*/OC antiporter plays a role in the BBB transport of triptans, particularly eletriptan.
Our in vivo studies indicate that eletriptan is subjected to simultaneous brain uptake and efflux, possibly facilitated

by the putative H*/OC antiporter and P-gp, respectively. Our findings offer novel insights into the potential central site
of action involved in migraine treatment with triptans and highlight the significance of potential transporter related
drug-drug interactions.
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Background
Migraine is a common chronic neurological disorder
affecting more than 10% of the population [1, 2]. Triptans
are a class of tryptamine-based compounds used in the
treatment of migraine. The seven triptans in clinical use
are sumatriptan, almotriptan, eletriptan, frovatriptan,
naratriptan, rizatriptan, and zolmitriptan [3]. Triptans
are potent agonists of the 5HT ;;, receptors that are
found on smooth muscle cells in the intracranial extrac-
erebral vasculature, where activation results in the con-
striction of the vasculature and hereby relief of migraine
symptoms [4, 5]. Furthermore, triptans inhibit the release
of vasodilating and inflammatory substances from the
trigeminal nerve [4, 5]. In addition to these peripheral
effects, several factors indicate that triptans may act on
5HT g, 1p receptors within the central nervous system
(CNS), but the mechanism by which this occurs is poorly
understood [6, 7].

Triptans are relatively hydrophilic compounds carrying
a positive charge at physiologically relevant pH. As a con-
sequence, triptans are expected to exhibit a limited ability
to cross the restrictive blood—brain barrier (BBB) by pas-
sive diffusion [7]. However, common central side effects
of triptans such as dizziness, fatigue, somnolence, and
confusion, suggest that triptans enter the brain paren-
chyma to some extent [8, 9]. In addition, several preclini-
cal studies have demonstrated a general disposition of
triptans in the brain, as well as central 5HT 3/, receptor
activation after systemic administration [10-16]. Both of

these observations indicate that triptans cross the BBB,
possibly facilitated by carrier-mediated transport when
considering the hydrophilic nature of this class of drug
compounds.

A putative proton-coupled organic cation (H'/OC)
antiporter was discovered in the 1980’s based on its
function [17, 18]. More recent studies have provided
functional and molecular identification of the H*/OC
antiporter, which differentiate from other known trans-
porters [19-22]. The H*/OC antiporter is suggested to
transport substrates such as histamine receptor antago-
nists (pyrilamine and diphenhydramine) [19, 21, 23,
24], opioid agonists (oxycodone and tramadol) [19, 25],
memantine (an NMDA receptor antagonist) [26], prami-
pexol (a dopamine 2 receptor agonist) [27], and nicotinic
acetylcholine receptor agonists (nicotine and varenicline)
[28, 29]. A number of these substrates are found to not
only cross the BBB, but also to accumulate in the brain, as
indicated by an unbound brain-to-unbound plasma par-
titioning coefficient (K, ,,) above 1 [29-32]. A common
trait among these HT/OC antiporter substrates, is that
they are small molecules bearing a secondary or tertiary
amine moiety, which is positively charged at physiologi-
cal relevant pH [33, 34].

All triptans possess a secondary or tertiary amine
moiety, which is positively charged at physiological pH,
a common trait of H*/OC antiporter substrates. We
therefore hypothesized that triptans could be substrates
of the H*/OC antiporter, which could have significant
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implications for their ability to cross the BBB. The aim of
the present study was to investigate the potential involve-
ment of the H*/OC antiporter in the uptake of triptans
into brain capillary endothelial cells. Uptake and trans-
port of triptans was investigated in the human brain
microvascular endothelial cell line hCMEC/D3, which
previously have been shown to functionally express the
H*/OC antiporter [21, 25, 26, 29, 35, 36], in the IPEC-
J2 MDR1 cell line over-expressing the human version of
P-gp, and lastly in wild type and mdrla/1b (P-gp) knock-
out mice.

The rationale behind this study was to provide insights
into the molecular mechanisms of triptan transport
across the BBB with the long-term perspective of con-
tributing to the central site of action hypothesis. This
information can be helpful in the design of future anti-
migraine compounds to be either more or less BBB pen-
etrable. In addition, the results of this study could reveal
potential transporter-related drug-drug interactions
in migraine therapy. We demonstrate that the major-
ity of the tested triptans inhibited H*/OC antiporter-
mediated uptake of pyrilamine, with eletriptan emerging
as the strongest inhibitor. Eletriptan, almotriptan, and
sumatriptan translocated into hCMEC/D3 cells in a pH-
dependent manner, but only eletriptan demonstrated sat-
urable uptake kinetics in the tested concentration range.
Eletriptan was moreover confirmed to be a substrate of
P-gp. Neuropharmacokinetic assessment of eletriptan
demonstrated low brain uptake in wild type mice, but
with dominating brain uptake in mdrla/lb knockouts.
Overall, we propose that the putative H*/OC antiporter
is an uptake pathway for eletriptan at the brain endothe-
lium, and that other triptans also interact with the
transporter.

Methods

Materials

All chemicals were purchased from Merck (Soeborg,
Denmark) unless otherwise stated.

Cell culture

The immortalized human cerebral microvascular
endothelial cell line (hCMEC/D3) was maintained in
T75-flasks coated with collagen type I from calf skin
(C9791, 18.7 pg/mL) and cultured in EBM®-2 medium
(Lonza, Basel, Schweiz) supplemented with 5% (v/v)
fetal bovine serum (FBS, 10270, Life Technologies,
CA, USA or SH3008803, ThermoFisher Scientific, MA,
USA), 100 U/mL penicillin and 100 pg/ml streptomycin,
1 ng/mL human basic fibroblast growth factor (bFGF),
1.4 puM hydrocortisone, 1% (v/v) chemically defined
lipid concentrate (ThermoFisher Scientific, MA, USA),
10 mM  N-2-hydroxyethylpiperazine-N-2-ethane
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sulfonic acid (HEPES) and 5 pg/mL ascorbic acid (5%
CO,, 37 °C). Culture media was changed every sec-
ond or third day. Cells were passaged using trypsin—
EDTA solution 10x (T4174,<5 min, 5% CO,, 37 °C).
For experiments, cells were seeded into 24-well plates
(6.7-10* cells/cm?) and cultured for four continuous
days. The cells were used for experiments between pas-
sage 3—-31.

The porcine ileum epithelial cell line IPEC-J2 trans-
fected with human MDR1 [37] was maintained in
T175-flasks and cultured in Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12, supplemented with
10% (v/v) FBS (SH3008803, ThermoFisher Scientific,
MA, USA), 100 U/mL penicillin and 100 pg/mL strep-
tomycin, 2 mM L-glutamine, and 1 mM sodium pyru-
vate. The culture medium was supplemented with 2 pg/
mL puromycin during maintenance. Culture media
was changed every second or third day. Cells were pas-
saged using trypsin—EDTA solution 10x (5-10 min, 5%
CO,, 37 °C). For experiments, cells were either seeded
into 24-well plates (1-10° cells/cm?) and cultured for 2
days or seeded on Transwell® polyester inserts (3460,
1.12 cm?, pore size 0.4 um) (3.57-10* cells/cm?) and cul-
tured for 15-17 days. IPEC-]J2 MDR1 cells were used
for experiments between passage 2—4.

Cellular uptake studies
The cells were washed twice with 37 °C Hank’s Bal-
anced Salt Solution (HBSS) supplemented with 10 mM
HEPES, 0.0375% (v/v) sodium bicarbonate and 0.05%
(w/v) bovine serum albumin (BSA) and adjusted to
pH 7.4 (hHBSS). The cells were equilibrated in hHBSS
with or without inhibitor for 15 min (37 °C, 90 rpm).
The compound of interest was spiked into the hHBSS
followed by incubation for a designated time. The
timeframe of the initial uptake rate was validated into
hCMEC/D3 cells (Fig. 1 and Additional file 1). The
experiment was terminated by washing three times
with ice-cold HBSS supplemented with 0.0375% (v/v)
sodium bicarbonate.

To assess the concentration-dependent uptake, the
uptake flux was fitted to the Michaelis—Menten equation,
Eq. 1.

o= Lol o
m + [S]
where ] represents flux under steady state, J, ., is the
maximal flux, [S] is the substrate concentration, and K,
is the Michaelis—Menten constant.
The inhibitory constant at 50% inhibition (IC;;) was
determined by fitting the uptake flux (J,) as function of
the logarithmic inhibitor concentration to Eq. 2.
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Fig. 1 Uptake kinetics of prototypical H"/OC antiporter substrates into hCMEC/D3 cells. A Time-dependent uptake of [*H]-pyrilamine (1 uCi/mL,

48 nM) in the absence (Control) or presence of 500 pM oxycodone (+oxycodone) (n=2-3, N;orq) = 6-9). B Time-dependent uptake of oxycodone
(500 uM) in the absence (Control) or presence of 1000 uM pyrilamine (+ pyrilamine) (1=3, N,,,,= 9). C Concentration-dependent uptake

of PH]-pyrilamine (1 uCi/mL, 48 nM) in the presence of increasing concentrations of non-labelled pyrilamine. Data are fitted to non-linear regression

(Michaelis—=Menten kinetics) (n=3, N,

o= 9). D Concentration-dependent uptake of oxycodone in the presence of 1000 uM pyrilamine. The total

uptake is shown in closed circles, and the calculated carrier-mediated uptake (total—passive) is shown in open circles. Carrier-mediated uptake
is fitted to non-linear regression (Michaelis-Menten kinetics) (n=3, N,,,;=9). All data points represent mean + SD. Uptake amounts are normalized

against protein content per well

()max - ]min)

Jss = Jmin + 1+ lo(log(ICf;o)*[I])“H

(2)

where [I] is the inhibitor concentration, ny; is the Hill
coefficient.

The hCMEC/D3 cells were used for [*H]-pyrilamine
inhibition studies between passage 3—6 (pyrilamine, oxy-
codone), 16-18 (almotriptan), 7-13 (eletriptan), 25-27
(frovatriptan), 3-8 (naratriptan), 16-—18 (rizatriptan),
12-14 (sumatriptan), and 14—16 (zolmitriptan).

The hCMEC/D3 cells were used for time-dependent
uptake studies between passage 3-5 (pyrilamine), 7-9
(oxycodone), 6-8 (almotriptan), and 24—31 (eletriptan).

The hCMEC/D3 cells were used for concentration-
dependent uptake studies between passage 21-23
(pyrilamine), 11-13 (oxycodone), 12—14 (almotriptan),
16-18 (eletriptan), and 12—14 (sumatriptan).

The hCMEC/D3 cells were used for uptake studies of
almotriptan, eletriptan, and sumatriptan in the presence
of pyrilamine and oxycodone between passage 21-23.

The IPEC-J2-MDRI1 cells were used for [*H]-digoxin
inhibition studies between passage 2—4.

Manipulation of intra- and extracellular pH

Intracellular pH was manipulated as earlier described
by Byron et al. [38] to assess the involvement of a pro-
ton antiporter, i.e. the H/OC antiporter. Briefly, elevated
intracellular pH during cellular uptake was achieved by
adding the substrate of interests immediately (<10 s)
after exposure to 30 mM NH,CI in hHBSS. Decreased
intracellular pH during cellular uptake was achieved by
preincubation with 30 mM NH,CI in hHBSS (30 min,
37 °C) followed by aspiration and addition of hHBSS
buffer. After approximately 60 s, the compound of inter-
est was added to the buffer. Extracellular pH manipula-
tion was achieved by adding hHBSS adjusted to pH 6.8,
7.4, or 8.2 during cellular uptake. The hCMEC/D3 cells
were used for pH manipulation experiments between
passage 17-19 (pyrilamine), 10-12 (oxycodone, almo-
triptan), 12—-14 (eletriptan), and 3-5 (sumatriptan).
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Intracellular pH measurements

Intracellular pH changes were assessed with the fluo-
rescent pH indicator 2’,7’- bis-(Carboxyethyl)-5(6")-
carboxyfluorescein acetoxymethyl ester (BCECF-AM)
using a NOVOstar plate reader (BMG TABTECH GmbH,
Offenburg, Germany). Fluorescence intensities were
measured using a dual excitation of 485 and 380 nm and
an emission filter of 520 nm. Briefly, hCMEC/D3 cells
were seeded into a 96-well plate (3-10* cells/cm?) and
cultured for three continuous days (5% CO,, 37 °C). Cell
media was changed the day before an experiment. A 5
uM BCECE-AM loading solution was prepared in hHBSS
without BSA (hHBSS(-)) followed by sonication using a
tip sonicator S-4000 (60 amplitude, 120 s, Misonix, NY,
USA), to boost dissolution, and equilibrated to 37 °C.
The cells were washed twice with 37 °C hHBSS(-) and
loaded with the BCECF-AM solution (45 min, protected
from light, 37 °C). The cells were washed three times
with 37 °C hHBSS(-) and loaded with either hHBSS(-)
or 30 mM NH,CI in hHBSS(-). Control cells were prein-
cubated with hHBSS(-) followed by automated injection
of hHBSS(-) to validate the influence of injection on the
fluorescence signal. Cells exposed to acute NH,CI were
preincubated with hHBSS(-) followed by automated
injection of NH,Cl to a final concentration of 30 mM. For
automated injections during measurements, the injection
volume was 33 pL with a speed of 310 uL/s. Cells exposed
to NH,Cl preincubation were preincubated with 30 mM
NH,CI in hHBSS(-) for 30-60 min followed by measure-
ments of the fluorescent baseline. The NH,CI solution
was manually aspirated followed by manual loading of
100 uL hHBSS(-). Immediately thereafter, the fluores-
cence was assessed. The fluorescent signal was normal-
ized against baseline signals. The hCMEC/D3 cells were
used for intracellular pH measurements between passage
26-28.

Barrier integrity measurements

The barrier integrity of the IPEC-J2 MDR1 cell monolay-
ers cultured on semipermeable supports was assessed
by transepithelial electrical resistance (TEER) measure-
ments. Cells were allowed to equilibrate at room tem-
perature for 20 min. The resistance was measured using
an Endohm 12-cup electrode chamber (World Preci-
sion Instruments Inc., FL, USA) connected to an EVOM
voltmeter (World Precision Instruments Inc., FL, USA).
Measured TEER values were subtracted by the TEER
value of a blank filter (14 Q), normalized to the surface
area of the permeable support (1.12 cm?), and expressed
as Q-cm? The IPEC-J2 MDR1 cells were used for barrier
integrity measurements between passage 2—4.

Page 5 of 19

Bidirectional transport
Bidirectional transport studies were conducted using
IPEC-J2 MDR1 cell monolayers cultured on semiperme-
able Transwell® polyester inserts (Corning Inc., NY, USA,
3460, 1.12 cm?, pore size 0.4 pm). The cells were washed
twice with 37 °C hHBSS. Before initiation of the experi-
ment, the cells were equilibrated in 37 °C hHBSS with
or without zosuquidar (ZSQ) (2 uM) for 15 min (37 °C,
90 rpm). After equilibration, eletriptan HBr (50 uM) was
spiked into the donor compartment. Samples were taken
from the receiver compartment after 15, 30, 45, 60, 90,
and 120 min. Samples of 100 uL were withdrawn from
the basolateral compartment, while samples of 50 pL
were withdrawn from the apical compartment. The with-
drawn sample volume was immediately replaced with
an equal volume of 37 °C hHBSS with or without ZSQ.
Donor samples were sampled at the end of the experi-
ment. The IPEC-J2 MDRI1 cells were used in bidirectional
transport experiments between passage 2—4.

The accumulated amount of drug (Q) was calculated
for each time-point using Eq. 3.

Q= \@(Z Cn_1> + GV 3)

n—1

where V| represents the sample volume, V, the total vol-
ume of the receiver compartment, C, is the concentra-
tion of the sample n.

Steady state flux (Jgeady state) Was calculated as the slope
of the linear part of the accumulated amount (Q) in the
receiver compartment as function of time from Eq. 4.

__AQ
T At-A

Jss (4)
where t represents time and A is the area of the perme-
able support.

The apparent permeability (P
Eq. 5.

app) Was calculated from
]SS

a, - :
l p
donor

(5)

where C, ., represents the initial concentration in the
donor compartment.

Efflux ratios (ER) were calculated as the ratio of the
apparent permeability in the basolateral to apical direc-
tion P,,,(B-A) and the permeability in the apical to baso-

lateral direction P,,,(A-B) using Eq. 6.
Paypp(B — A
ER = M (6)
Papp(A — B)
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Sample preparation and quantification of radiolabeled
compounds from in vitro experiments

The cells were permeabilized using 0.1% (v/v) Triton
X-100 in ultrapure water (ELGA, Buckinghamshire, Eng-
land) for 10 min at room temperature. Thereafter, the
cells were scraped off the bottom of the wells, transferred
to scintillation vials, and mixed with 2 mL of Ultima Gold
241 TM (Perkin Elmer, MA, USA). The samples were
analyzed using a Tri-Carb 2910 TR Liquid Scintillation
Analyzer (Perkin Elmer, MA, USA).

Sample preparation and quantification of unlabeled
compounds from in vitro experiments

The cells were permeabilized using 50% (v/v) acetoni-
trile (HPLC LC-MS grade, VWR International S.A.S,
Soeborg, Denmark) in ultrapure water (ELGA, Buck-
inghamshire, England) for 10 min at room temperature.
Thereafter, the cells were scraped off the bottom of the
wells and transferred to HPLC vials. Samples from bidi-
rectional transport experiments were transferred directly
into HPLC vials. All samples were stored at — 18 °C for
later analysis. Calibration curves with standards in the
range of 1 or 5-1000 ng/mL were dissolved in 50% (v/v)
acetonitrile in ultrapure water (ELGA, Buckinghamshire,
England), or in hHBSS(-) for analysis of bidirectional
transport samples.

Liquid chromatography tandem mass spectrometry
(LC-MS/MS) were performed using electrospray ioniza-
tion in positive mode on a micromass Quattro micro
API tandem quadrupole mass spectrometer (Waters,
MA, USA) or an Ultivo triple quadrupole mass spectrom-
eter (Agilent Technologies, CA, USA) coupled to Agilent
HPLC system 1100 Series or 1260 Series (Agilent Tech-
nologies, CA, USA California), respectively. Applied col-
umns were an InfinityLab Poroshell 120 EC-C18 (3.0x 50
mm; 2.7 micron, Agilent Technologies, CA, USA) or a
Kinetex 2.6 um XB-C18 (100 A, 100x4.6 mm, Phenom-
enex Inc., CA, USA). An overview of applied HPLC and
MS/MS parameters can be found in Additional file 2 and
Additional file 3, respectively. The data acquisition soft-
ware was MassLynx (V4.1, Waters, MA, USA).

Quantification of total protein content

The protein content of hCMEC/D3 cells was determined
for normalization purposes. Cells were washed with ice-
cold phosphate buffered saline following cell lysis in cell
extraction buffer (FNN0O11, Thermo Fisher Scientific,
MA, USA) supplemented with 1xcOmplete™ Protease
Inhibitor Cocktail (04693116001, Roche, Basel, Schweiz),
1 mM phenylmethylsulfonyl fluoride, and 1 mg/mL pep-
statin for 30 min on ice. The protein concentration was
determined using the bicinchoninic acid (BCA) assay kit
(bicinchoninic acid and copper (II) sulphate solution) as
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directed by the manufacturer. Samples were measured
using a SPECTROstar Nano microplate reader (BMG
LABTECH, Ortenberg, Germany).

Animals

Male Abcbla/Abcb1lb-eKO1 (P-gp knockout) mice and
FVB wild-type counterparts (18-24 g at arrival) were
obtained from Shanghai Biomodel Organism Science &
Technology Development Co. Ltd (Shanghai, China).
Male C57 mice (C57BL/6N) (18-22 g at arrival) were
obtained from Beijing Vitalstar Biotechnology Co., Ltd
(Beijing, China). Animals were housed in pairs in a tem-
perature-controlled environment (20-24 °C) with light-
ing maintained under a 12-h light-dark cycle. Animals
were habituated for at least seven days prior to surgery
with free access to food and water. The experiments were
carried out in accordance with the Danish legislation reg-
ulating animal experiments; Law and Order on Animal
experiments; Act No. 1107 of 01/07/2022 and Act No.
1108 of 01/07/2022 and with the specific license for this
experiment issued by the National Authority.

In vivo brain distribution by neuropharmacokinetic
assessment and equilibrium dialysis

In vivo experiments were conducted to assess the extent
of the BBB transport of eletriptan and to elucidate the
involvement of active transport processes. All mice
were cannulated in the jugular vein for intravenous drug
administration. Following surgery, the animals were
allowed to recover for 3 days before administration of test
compounds. Eletriptan HBr was dosed in P-gp knockout
and wild type mice using a loading dose of 2 mg/kg (as
bolus) followed by a 2-h constant rate infusion of 3 mg/
kg (1.5 mg/kg/h) dissolved in 0.9% NaCl. Diphenhy-
dramine hydrochloride was dosed in C57 mice using a
2-h constant rate infusion of 5 mg/kg (2.5 mg/kg/h) dis-
solved in 10% HP-B-CD in water. Throughout all stud-
ies a dose volume of 10 mL/kg was applied. Serial blood
samples were taken from the saphenous vein during the
infusion to verify steady state and at the end of infusion.
Terminal blood samples were collected from all animals.
Brain samples were prepared by homogenization using
ultrasonication as described previously [39] and analyzed
together with the plasma samples using LC-MS/MS
[39]. The lower limit of quantification was determined to
1.0 ng/mL in plasma and 5 ng/g in brain tissue for both
eletriptan and diphenhydramine.

Plasma protein and brain tissue binding of eletriptan
and diphenhydramine were determined in vitro by equi-
librium dialysis using donor test compound solutions of
1 uM incubated in triplicate as described previously [40].
C57 mice were used to prepare blank plasma and brain
matrices throughout all binding studies.
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The total brain and plasma concentration partition
coefficient (Kp) was calculated from Eq. 7.
Ctot,brain,ss

Kp = (7)

Ctot,plasma,ss
where Cio prainss a1d Ciop plasma,ss 1S the total drug concen-
tration at steady state in brain and plasma, respectively.

The unbound brain and plasma partition coefficient
(Kp,u) was derived from dividing the unbound brain con-
centration with the unbound plasma concentration at the
end of infusion for each animal. The K|, ,, was calculated
from Eq. 8.

Ctot,brain,ss . fu,brain

K = (8)
p,uu

Ctot,plasma,ss ' fu,plasma

where £ 4 and £ 1, is the fraction of unbound drug

in the brain and plasma, respectively.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism
version 9.4.0 (La Jolla, California, USA). Data are pre-
sented as mean *standard deviation (SD) unless other-
wise stated. In vitro experiments were performed in three
biological replicates and three technical replicates, unless
otherwise stated, where n denotes the number of bio-
logical replicates and N, denotes the total number of
technical replicates. In vivo experiments were performed
in groups of three animals. Statistical analyses were per-
formed by comparing the group means with either two-
tailed unpaired Students t-test for comparing two means
or by one-way analysis of variance (ANOVA) followed
by a Tukey’s multiple comparison test for comparison of
more than two means. P-values<0.05 were considered
statistically significant.

Results

Physicochemical characteristics of triptans

and prototypical H*/OC antiporter substrates

Triptans are a relatively homogeneous group of drug
compounds with similar physicochemical proper-
ties, including molecular weights <400 g/mol and a low
to moderate lipophilicity (cLogD values ranging from
— 2.1-0.18) [41]. Triptans either possess a secondary or
a tertiary amine with pK, values ranging from 8.4 to 10.4,
rendering members of this drug class cationic at physi-
ological pH. As a consequence, it is unlikely that triptans
cross the brain microvascular endothelium through pas-
sive diffusion to a clinically relevant extent. Table 1 sum-
marizes structures and physicochemical properties of the
triptans, as well as oxycodone and pyrilamine, which are
two prototypical HY/OC antiporter substrates included
in this study.
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The H*/OC antiporter was functionally expressed

in the hCMEC/D3 cells

The functionality of the H/OC antiporter was probed
in the hCMEC/D3 cell line using the prototypical sub-
strates [*H]-pyrilamine and oxycodone. The following
criteria were used to confirm functional expression of
the H*/OC antiporter: (1) Saturable uptake kinetics,
(2) competitive inhibition between prototypical H*/OC
antiporter substrates, and (3) pH-dependent uptake of
substrates.

For both [*H]-pyrilamine (Fig. 1A) and oxycodone
(Fig. 1B), the time-dependent uptake approached
a plateau within a 30-min timeframe. The uptake
of [*H]-pyrilamine and oxycodone was reduced by
the presence of 500 pM oxycodone and 1000 pM
pyrilamine, respectively. We observed concentration-
dependent uptake of [*H]-pyrilamine and oxycodone,
both revealing saturable uptake kinetics (Fig. 1C and
D). The saturable uptake kinetics indicate that the
transport is driven by an active uptake mechanism.

The estimated kinetic parameters for [°H]-pyrilamine
and oxycodone uptake into the hCMEC/D3 cells are
presented in Table 2. The data indicate a slightly higher
transporter affinity of pyrilamine (K, value of ~93 uM)
as compared to oxycodone (K, value of ~130 pM). No
differences were observed in the maximal uptake rate
i)

The putative H*/OC antiporter has been described
to function as a proton/drug antiporter [19, 20]. To
validate the proton-dependency, the cellular uptake
of [®*H]-pyrilamine and oxycodone was probed under
conditions, where the transmembrane proton gradient
was altered by manipulating the intracellular or extra-
cellular pH. Briefly, the uptake of both compounds was
affected by manipulating the intracellular and extracel-
lular pH supporting the evidence that these compounds
are transported via a proton-driven mechanism, refer
Additional file 4. Intracellular alkalization or extracel-
lular acidification resulted in a reduced cellular uptake,
while intracellular acidification or extracellular alkali-
zation resulted in an increased cellular uptake, both
indicating an oppositely directed proton driving force.
Confirmation of intracellular pH changes by NH,CI
exposure is shown in Additional file 5.

To summarize, the hCMEC/D3 cells revealed
characteristics supporting functional expression of
the putative HYOC antiporter including saturable
uptake kinetics, competitive uptake inhibition, and
pH-dependent uptake of known H/OC antiporter
substrates. Therefore, the hCMEC/D3 cells were con-
sidered a suitable model to investigate the involve-
ment of the H/OC antiporter in brain endothelial cell
uptake of triptans.
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Table 1 Structures and physicochemical properties of almotriptan, eletriptan, frovatriptan, naratriptan, rizatriptan, sumatriptan,
zolmitriptan, oxycodone, and pyrilamine

Compound Structure Strongest basic pK,? Overall charge pH Mw (g/mol)® cLogD
pH7.4 7.4 pH 7.4
Almotriptan 5 A 9.6 Positive 3355 03
7
o// /
7NH

Eletriptan i 84 Positive 3825 1.1

D\\ / \

Frovatriptan i 104 Positive 2433 -15

Naratriptan 9.2 Positive 3355 -02
D\\S /
\u/\\0
i
Rizatriptan ~ i 9.6 Positive 269.3 0.04
L
\/N\/C[%\\
?M\
Sumatriptan 5 i 9.5 Positive 2954 -06
N4
ANY
@ NHe
/
Zolmitriptan f’% ; 96 Positive 2874 04
4 /

Oxycodone 8.8 Positive 3154 0.5

Pyrilamine 8.8 Positive 2854 1.1

The secondary or tertiary amine is marked in red
2 Extracted from DrugBank® [42]

b Extracted from PubChem [43]

¢ Extracted from ChemSpider [44]
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Table 2 Kinetic uptake parameters of prototypical H*/OC
antiporter substrates, pyrilamine and oxycodone, into hCMEC/D3
cells

Compound ApparentK,, Jinax
(uM) (nmol-min~"-mg
protein~")
Pyrilamine 93+17 51+07
Oxycodone 130+57 53+10

Kinetic parameters are represented as mean+SD (n=3, N,,,,,;=9)

Triptans demonstrated inhibition of [*H]-pyrilamine
uptake with IC5, values ranging from 15 to 1729 uM
To assess the involvement of the H*/OC antiporter in the
uptake of triptans into endothelial cells, we determined
the cellular uptake of the prototypical H*/OC antiporter
substrate, [3H]—pyrilamine (48 nM), in the presence of
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increasing concentrations of the seven different triptans
(Fig. 2). We included the H*/OC antiporter substrates,
non-labelled pyrilamine and oxycodone, as positive con-
trols for uptake inhibition (Fig. 2A and B). The apparent
ICg, values are presented in Table 3.

The most prominent triptan-induced inhibition of
pyrilamine was observed in the presence of eletriptan
(ICs0 value of ~ 15 uM) (Fig. 2C), which was comparable
to pyrilamine self-inhibition (IC;, of~11 pM). Almo-
triptan exhibited the second most pronounced inhibi-
tion of pyrilamine (ICy, value of ~305 uM) (Fig. 2D), a
potency comparable to that of oxycodone (ICj, value
of ~225 pM). The remaining triptans inhibited the
uptake of pyrilamine in the order of naratriptan >riza-
triptan > sumatriptan > zolmitriptan > frovatriptan
(Fig. 2E-I). An IC;, value could not be obtained for fro-
vatriptan as it did not exhibit sufficient inhibition in the
investigated concentration range.

A Pyrilamine B Oxycodone c Eletriptan
[0)
£ 150 2 150 2 150
8~ g ~ g —~
T3 == S =
2§ 100 &£ 100 2 £ 100
x 38 I8 T8
e 3 @
52 50 50 50 =% 50
X Ox O
< [ o
X X
8 8 8 0 .
= 0 T T T 1 & 0 T T T 1 s I T T T 1
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Log(pyrilamine concentration (uM)) Log(oxycodone concentration (uM)) Log(eletriptan concentration) (uM)
D Almotriptan E Rizatriptan F Naratriptan
2 150 2 150 2 150~
IS £ 1S
o ~ o ~ T
=8 TS =3
a2 100 a2 100 &£ 100+
+ S &5 i
=0 =2 z3
5 S 50 %5 S 50 % O 50+
6 o 5 o o
o ¥ ¥ ¥
8 8 8
5 Us T T T 1 5 0 T T T 1 & 0 T T T 1
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Log(almotriptan concentration (uM)) Log(rizatriptan concentration (uM)) Log (naratriptan concentration (uM))
G Zolmitriptan H Sumatriptan I Frovatriptan
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S0 = S o
2 £ 1004 2 £ 1004 & & 100
=5 -~ -
2 L 8 = 8
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8 S 8
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Log (zolmitriptan concentration (uM))

Log(concentration of sumatriptan) (uM)
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Fig. 2 Concentration-dependent inhibition of [’H]-pyrilamine uptake into hCMEC/D3 cells. Concentration-dependent inhibition of [*H]-pyrilamine
(1 uCi/mL, 48 nM) in the presence of A pyrilamine, B oxycodone, C eletriptan, D almotriptan, E rizatriptan, F naratriptan, G zolmitriptan, H
sumatriptan, and I frovatriptan. Note that the logarithm to 0 uM (control) is designated 0 in the figure. Data are fitted to non-linear regression
(log(inhibitor) vs. response—Variable slope (four parameters)) (n=2-3, N,,,,;=6-9). All data points represent mean + SD
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Table 3 Apparent IC., values on [*H]-pyrilamine uptake (1 uCi/
mL, 48 nM) into hCMEC/D3 cells

Compound Apparent IC;, (M)
Pyrilamine 11+6

Oxycodone 225+57

Eletriptan 15+4

Almotriptan 305+83

Naratriptan 460+41

Rizatriptan 719£243
Sumatriptan 1458 +189
Zolmitriptan 1729+£1209
Frovatriptan N/A

The IC5, values represent mean = SD (n=2-3, N;y,,=6-9)

Eletriptan was taken up by hCMEC/D3 cells in a saturable
manner

Our inhibition studies indicated that the majority of the
triptans competed with pyrilamine for the Ht/OC anti-
porter binding site but did not reveal whether they are
actual substrates being translocated by the transporter.
Three triptans, eletriptan, almotriptan, and sumatriptan,
were evaluated as to whether they were transported via
the H*/OC antiporter in uptake studies using hCMEC/
D3 cells and LC-MS/MS for substrate detection. Elet-
riptan and almotriptan were selected based on their high
inhibitory affinity, while sumatriptan was selected based
on its poor inhibitory properties.

Eletriptan showed concentration-dependent uptake
into hCMEC/D3 cells reaching saturation within a
500 uM concentration (Fig. 3A, Table 4), indicative of
carrier-mediated uptake. The H'/OC antiporter sub-
strates pyrilamine and oxycodone inhibited the uptake
of eletriptan in a statistically significant manner, with the
most pronounced inhibition observed in the presence of
pyrilamine (Fig. 3B). Almotriptan did not show satura-
ble uptake, but uptake was slightly inhibited in the pres-
ence of pyrilamine (Fig. 3C and D). Oxycodone did not
inhibit the uptake of almotriptan (Fig. 3D). The uptake
of sumatriptan showed a linear increase as function of
increasing concentrations (Fig. 3E). Both pyrilamine and
oxycodone inhibited the uptake of sumatriptan, with the
most pronounced inhibition observed in the presence of
oxycodone (Fig. 3F).

Uptake of eletriptan, almotriptan, and sumatriptan

in hCMEC/D3 cells were affected by the transmembrane
proton gradient

It was evaluated whether eletriptan, almotriptan, and
sumatriptan were taken up by hCMEC/D3 cells in a
proton-dependent manner, as would be expected from
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H*/OC antiporter-mediated transport. Cellular uptake
of the triptans were performed under conditions where
the transmembrane proton gradient was altered through
manipulation of the extra- or intracellular pH by acute-
or preexposure to 30 mM NH,CI (Fig. 4A). The resulting
intracellular alkalization or acidification after acute or
preexposure to 30 mM NH,CI was determined using the
fluorescent intracellular probe BCECE, as documented in
Additional file 5.

Cellular uptake of eletriptan, almotriptan, and
sumatriptan was decreased after intracellular alkaliza-
tion, caused by acute exposure of the hCMEC/D3 cells
to 30 mM NH,CI (Fig. 4B-D). Intracellular acidification,
caused by pre-exposure to NH,CI followed by media
change, resulted in a statistically significant increase in
the uptake of eletriptan and almotriptan but a decreased
uptake of sumatriptan (Fig. 4B—D). Unexpectedly, extra-
cellular acidification (pH 6.8) did not affect eletriptan
uptake whereas a slight decrease in eletriptan uptake was
observed at pH 8.2 (Fig. 4E). The uptake of both almo-
triptan (Fig. 4F) and sumatriptan (Fig. 4G) was reduced
at pH 6.8 and increased at pH 8.2.

In summary, the uptake of eletriptan, sumatriptan, and
almotriptan all showed transmembrane proton gradient
dependency in a manner consistent with uptake via a
proton antiporter.

Eletriptan displayed P-gp substrate characteristics, i.e.
inhibition of digoxin efflux and polarized B-A transport

in the IPEC-J2 MDR1 cell line

Our aim was to investigate the mechanisms underlying
transport mechanisms of triptans at the BBB. Having
established that at least eletriptan showed characteris-
tics of carrier-mediated transport via the H*/OC anti-
porter, we continued to examine whether there was an
interaction between the triptans and P-gp, which could
potentially lead to triptans being unable to pass the BBB
[45, 46]. We screened for potential interactions between
the triptans and the prototypical P-gp substrate digoxin
using the IPEC-J2 MDR1 cell line [37, 47]. The cellular
uptake of [*H]-digoxin (42 nM), was investigated in the
absence or presence of eletriptan, sumatriptan, almo-
triptan, naratriptan, rizatriptan, zolmitriptan, or fro-
vatriptan (500 pM) (Fig. 5A). The specific P-gp inhibitor
ZSQ (2 uM) was used as positive control for P-gp inhibi-
tion. [*H]-digoxin uptake was increased in a statistically
significant manner in the presence of ZSQ (742 + 308% of
control). Likewise, the presence of eletriptan resulted in
a statistically significant increase of [*H]-digoxin uptake
(222 £92% of control), indicating that eletriptan inhibited
the P-gp-mediated efflux of [*H]-digoxin. Eletriptan was
the only triptan which had an impact on [*H]-digoxin
uptake in the IPEC-J2 MDR1 cells.
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Table 4 Kinetic uptake parameters of eletriptan, almotriptan,
and sumatriptan into hCMEC/D3 cells

Compound Apparent K, (uM) Jmax
(nmol-min~"-mg
protein~")

Eletriptan 89+38 22+07

Almotriptan N/A N/A

Sumatriptan N/A N/A

Kinetic parameters are represented as mean+SD (n=3, N,,,,,=9)
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To confirm the notion that eletriptan might be a P-gp
substrate, we performed a bidirectional transport study
with eletriptan (50 pM) across IPEC-J2 MDR1 monolay-
ers in the absence or presence of ZSQ (2 uM). The TEER
across the IPEC-J2 MDR1 monolayers was 158095
Q-cm? (n=3, N,,,,,=36) prior to the experiments. The
apparent permeability (Papp) of eletriptan was statisti-
cally significant higher in the B to A direction (2.4+0.2
-107° cm-s™') than in the A to B direction (8.2+0.5 1077
cm-s™) (Fig. 5B). Flux curves are shown in Additional
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Fig.4 Cellular uptake of eletriptan, almotriptan and sumatriptan after intra- and extracellular pH manipulation in hCMEC/D3 cells. A Schematic
representation of intracellular pH changes after acute- or preexposure to 30 mM NH,Cl. Uncharged NHj; diffuses into the cells and consumes
intracellular protons, consequently leading to intracellular alkalization. Intracellular acidification will occur upon preexposure to NH,Cl followed

by media change. After 30 min of preexposure to NH,Cl, both NH; and NH,* will enter the cells and reach equilibrium. Upon media change,
uncharged NH; will quickly diffuse out of the cells causing intracellular accumulation of protons, which will lead to intracellular acidification.

B-D) Uptake of triptans (500 uM) was investigated in transport buffer pH 7.4 (Control), after acute exposure to NH,CI (NH,Cl (acute)),

and after preexposure to NH,Cl followed by media change (NH,Cl (pre)). Effect of intracellular pH manipulation on B eletriptan uptake, C
almotriptan uptake, and D sumatriptan uptake. E-G Uptake of triptans (500 uM) was investigated in transport buffer with pH 7.4 (Control), pH 6.8
and pH 8.2. Effect on extracellular pH manipulation on E eletriptan uptake F almotriptan uptake, and G sumatriptan uptake. Each column represents
mean=5D (n=3, N,,,,;=9). Data were analysed using a one-way ANOVA followed by a Tukey's multiple comparison test. *:P <0.05. **: P<0.01. ***:

P<0.001. ****: P <0.0001
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multiple comparison test. ****: P<0.0001

file 6. The efflux ratio (ER) for eletriptan was calculated to
be 28.9 +1.8, thus demonstrating active efflux. The polar-
ized bidirectional transport of eletriptan was completely
abolished in the presence of ZSQ (Papp,p 1.2+0.2
10 cm-s™! and Pappy 4 1.3+£0.2 10™° cm-s™!), which
reduced the ER close to unity (1.1+0.1). These results
further show that eletriptan is a substrate of the P-gp
efflux pump.

Eletriptan brain-to-plasma distribution in wild type

and mdr1a/1b knockout mice indicated that active
carrier-mediated uptake and P-gp-mediated efflux occurs
simultaneously at the BBB

After having established that eletriptan showed both
uptake properties in hCMEC/D3 cells consistent with
eletriptan being a H"/OC antiporter substrate, and P-gp
mediated efflux in IPEC-J2 MDRI1 cells, we proceeded
to investigate the brain uptake of eletriptan in vivo. The
total and unbound brain-to-plasma partitioning coeffi-
cients (K, and K, ) were determined in wild type and
mdrla/1b knockout mice at steady state using the com-
binatory mapping approach [48]. We included the H*/
OC antiporter substrate diphenhydramine, as a positive
control for active uptake via the Ht/OC antiporter [31].
Steady state conditions were achieved after a bolus dose
followed by a 2-h constant infusion giving plasma con-
centrations of 259 + 30 ng/mL. The rationale for selecting
this dosing regimen was to obtain a constant plasma con-
centration that is relatively compatible with clinically rel-
evant human peak plasma concentrations of 94—200 ng/
mL [3]. Steady state conditions were achieved after a 2-h
constant infusion rate (Fig. 6A). We observed low total
brain concentrations of eletriptan in wild type mice, but

total

=9). Data were analysed using a two-way ANOVA followed by a Tukey's

the concentration rose drastically in mdrla/1b knock-
out mice supporting the role of P-gp keeping eletriptan
out of the brain (Fig. 6B). K, and K, ,, for eletriptan and
diphenhydramine are shown in (Fig. 6C and D). In wild
type mice, we observed a K, of 0.17 and a K, ,, of 0.04
for eletriptan, which was increased in a statistically sig-
nificant manner in mdrla/1b knockout mice to a K, and
K, of 6.35 and 1.32 (>30-fold increase), respectively.
The positive control for active uptake via the H*/OC
antiporter, diphenhydramine, yielded a K, and a K, ,,, of
9.20 and 1.72, respectively. A summary of the determined
free fractions (f,) and neuropharmacokinetic parameters
is shown in Table 5.

Discussion

The novelty of the present study is that the triptan fam-
ily of compounds possesses affinity for the H*/OC anti-
porter, a BBB transport mechanism. At least eletriptan
was shown to be a novel substrate of this transporter.
In vivo, eletriptan accumulated in the brain when the
P-gp function was absent, also indicating active uptake
via the H*/OC antiporter.

Triptans are a novel group of compounds shown to interact
with the H*/OC antiporter

The scope of the study was to investigate possible mecha-
nisms for triptan transport across the BBB and evaluate
whether the H*/OC antiporter and P-gp contributed
to brain uptake and efflux, respectively. Except for fro-
vatriptan, all triptans demonstrated an inhibitory effect
on the H"/OC antiporter with ICj, values ranging from
15 to 1729 uM. Eletriptan displayed the greatest inhibi-
tory potency on pyrilamine uptake among the different
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Fig. 6 Neuropharmacokinetic assessment of eletriptan and diphenhydramine in wild type (WT) and mdr1a/1b knockout (KO) mice at steady state.
A Plasma time-concentration profiles of eletriptan in wild type mice (WT (ELE)), mdr1a/1b knockout mice (Mdr1a/1b KO (ELE)), or diphenhydramine
in wild type mice (WT (DIPH)) during a 2-h constant intravenous infusion. B Total concentrations of eletriptan and diphenhydramine in plasma
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by a Tukey’s multiple comparison test. *: P <0.05. ***: P <0.001. ****: P <0.0001

Table 5 Neuropharmacokinetic parameters of eletriptan and diphenhydramine in wild type and mdr1a/1b knockout mice

Eletriptan Diphenhydramine

Parameters Unit Wild type mdr1a/1b knockout Wild type

fl plasma % 40 40 40

i orain % 83 83 75

Cplasma ng/mL 240+18 229+6 288+14

Cporain ng/mL 4145 14484175 2640+ 265

Ko (C prain/C plasma) unitless 0.17+0016 6.35+091 9204135

Ko Cprainfuprain)’C prasmaruplasma) unitless 0.04+0.004 1.32+0.19 1.72+0.25

Data are represented as mean+SD (n=3)

triptans, thus indicating the strongest H*/OC antiporter
interaction. Additionally, eletriptan uptake could almost
be completely inhibited in the presence of the prototypi-
cal substrate, pyrilamine. The potent inhibitory potential
of eletriptan on pyrilamine uptake and vice versa, further
point towards that these two compounds represent ideal

competitive model substrates for future investigations of
the HT/OC antiporter. The demonstrated uptake proper-
ties of the three investigated triptans, eletriptan, almo-
triptan, and sumatriptan are summarized in Table 6.
Eletriptan displayed saturable uptake kinetics
into hCMEC/D3 cells, while the cellular uptake of
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Table 6 Overview of the demonstrated uptake properties of eletriptan, almotriptan and sumatriptan into hCMEC/D3 cells

Eletriptan Almotriptan Sumatriptan
ICs, value on pyrilamine uptake IC5o=15£4 uM ICsp=305+83 uM IC50=1458+189 uM
K, value Kp=89+38 uM not saturable (in tested range) not saturable (in tested range)
Inhibition by oxycodone * yes (¥) no yes (**¥)
Inhibition by pyrilamine # yes (¥**¥) yes (¥) yes (*¥)
Proton-gradient dependence yes yes yes

Association with H*/OC antiporter Substrate potent inhibitor

(substrate) decent inhibitor (substrate) very poor inhibitor

# Uptake of the triptans in the absence or presence of oxycodone or pyrilamine were compared using a one-way ANOVA followed by a Tukey’s multiple comparison

test
*P<0.05.**: P<0.01. ***: P <0.001. ****: P <0.0001

almotriptan and sumatriptan revealed no saturation
at the tested concentration range. Eletriptan, almo-
triptan, and sumatriptan uptake were driven by a pro-
ton-dependent mechanism, which could indicate the
involvement of the H*/OC antiporter. In addition to
changing the proton driving force of a potential trans-
porter, pH manipulation also affects the protonation
degree of the compounds (pK, 8.4-9.6, refer Table 1).
Changing the protonation degree of the triptans may
affect their passive diffusion properties as well as their
affinity towards the transporter, since a protonated
amine moiety has shown to be essential for the HY/OC
antiporter recognition [20, 33]. Thus, the data from the
extracellular pH manipulation experiments must be
interpreted with caution (Fig. 4). However, as intracel-
lular pH manipulation also showed a tendency towards
a pH-dependent uptake mechanism, we expect changes
to the observed uptake of eletriptan, almotriptan, and
sumatriptan to be a result of the proton gradient and
not solely due to changes in the protonation degree of
the triptans.

At least eletriptan was found to be a novel substrate
for the H*/OC antiporter in the present study, while
almotriptan, sumatriptan, rizatriptan, naratriptan, and
zolmitriptan showed inhibitory affinity towards the
transporter.

In agreement with our findings, Doetsch et al. [49]
recently proposed that eletriptan might be a substrate
of the HT/OC antiporter based on in vitro trans-stim-
ulation screening in hCMEC/D3 cells using diphen-
hydramine as a H*/OC antiporter substrate [49].
Frovatriptan and zolmitriptan were also included in
that study but did not appear to be H/OC antiporter
substrate candidates [49]. Doetsch et al. further evalu-
ated whether eletriptan, frovatriptan, and zolmitriptan
were substrates of the organic cation transporter 1
(OCT1). Their findings suggested that frovatriptan and
zolmitriptan were substrates of OCT1, while eletriptan
was not [49]. In addition, Cheng et al. (2012) have

suggested the organic anion-transporting polypeptide
1A2 (OATP1A2) as a carrier with the potential to trans-
port triptans across the BBB [50].

Eletriptan undergoes simultaneous active uptake

and active efflux across the BBB

In the present study, we only identified eletriptan as a
P-gp substrate among the triptan family. However, other
members of the triptan family have previously been iden-
tified as P-gp substrates [51-53]. In the present study, we
demonstrated an ER of 28.9 + 1.8 for eletriptan in IPEC-
J2 MDRI cells. Mahar et al. [53] have previously identi-
fied eletriptan (ER of 44.7) and zolmitriptan (ER of 2.48)
to be P-gp substrates in the MDRI1-transfected Madin
Darby canine kidney type II (MDR1-MDCKII) cell line,
whereas sumatriptan was not [53]. Additionally, Wilt
et al. [51] demonstrated P-gp-mediated efflux of elet-
riptan and sumatriptan, most pronounced for eletriptan,
using indirect measurement of ATP hydrolysis in P-gp-
integrated liposomes from wild type mice [51]. Evans
et al. [52] assessed the in vivo brain K, in wild type and
mdrla knockout mice for sumatriptan, zolmitriptan,
naratriptan, rizatriptan, and eletriptan [52]. Their find-
ings revealed that rizatriptan, naratriptan, and eletriptan
were indeed substrates of P-gp, while sumatriptan and
zolmitriptan were not.

As demonstrated in the present study, eletriptan
underwent active uptake and active efflux in hCMEC/D3
and IPEC-J2 MDRI1 cells, respectively. We evaluated this
two-way transport phenomenon mediated by two dis-
tinct transporters in vivo in both wild type and mdrla/1b
knockout mice. We demonstrated low brain uptake of
eletriptan in wild type mice, but with a drastically higher
uptake in mrdla/1b knockout mice (>30-fold increase),
which clearly imply P-gp involvement. Eletriptan dem-
onstrated a K, ,, higher than unity (1.32) in mdrla/1b
knockouts indicating an active uptake mechanism at
the BBB. The active uptake component was completely
abolished by P-gp in wild type mice indicating poor
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permeation properties or dominating efflux across the
BBB.

The fact that the free brain concentration of eletriptan
increased to values higher than the free plasma concen-
tration in the mdrla/1b knockout mice indicated that (1)
eletriptan have a high baseline permeability across the
BBB in the absence of the P-gp function, and (2) P-gp is
instrumental in keeping brain eletriptan concentrations
low in wild type mice. The eletriptan K, ,, values above
unity also supported that the high baseline permeabil-
ity is due to an energy-dependent transporter since an
uphill concentration gradient is maintained. This was
confirmed by comparing eletriptan K, ,, with the control
substrate diphenhydramine.

Diphenhydramine was included as a positive control
for active uptake via the H*/OC antiporter. Previous
microdialysis studies in rats, have reported K, values
between 3.24-5.5 for diphenhydramine, which clearly
indicate active uptake across the BBB [30-32]. In our
study design, where we estimate K, in experiments
on mice, using the K, value and calculated free con-
centrations, diphenhydramine displayed a K, ,, of 1.72.
Although the values differ somewhat, they are indicative
of H"/OC antiporter-mediated active uptake. The differ-
ences may be due to species, or a methodological bias.
Eletriptan did also display accumulation (K, of 1.32)
in the parenchyma in the knock-out mice where the P-gp
function was absent. Our in vitro and in vivo findings
support the notion that eletriptan is subjected to simul-
taneous influx and efflux, likely facilitated by the putative
H*/OC antiporter and P-gp.

Clinical implications

Inhibition of pyrilamine uptake differed substantially
among the triptans, not reflecting the apparent homo-
geneity in physicochemical properties (Table 1 and
Additional file 7). However, triptans also exhibit marked
differences in their clinical efficacy and tolerability pro-
files within and among patients [8, 54]. We show that the
affinity for both the H"/OC antiporter and the P-gp efflux
pump seems to differ considerably among the triptans
(Figs. 2 and 5A). This observation could potentially pro-
vide some explanation on the documented differences in
clinical efficacy and tolerability. Furthermore, our find-
ings emphasize the potential of transporter-related drug-
drug interactions, when co-administering triptans with
substrates of either the H/OC antiporter or P-gp. How-
ever, the apparent K, of eletriptan found in hCMEC/
D3 cells is much higher than clinically relevant plasma
concentrations (246—523 nM) [3]. This may indicate that
eletriptan is not saturating the H*/OC antiporter in vivo
and is therefore not likely to cause transporter associated
drug-drug interactions.
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Further studies are essential to determine to what
extent triptans enter the brain at clinically relevant con-
centrations and elucidate triptans potential of initiating a
central 5HT 3, receptor-mediated response. A previous
study conducted by Deen et al. [11] demonstrated that
the administration of sumatriptan in humans resulted in
a notable reduction in central 5HT, receptor binding.
This outcome suggests that sumatriptan exert a phar-
macological effect in the brain [11]. Whether central
5HT 3, receptor activation leads to anti-migraine and/
or potential side effects are still to be elucidated.

Conclusions
The present study explored the involvement of the puta-
tive H*/OC antiporter and the P-gp efflux pump in
BBB transport of seven clinically relevant triptans. To
our knowledge, we are the first to demonstrate that the
triptan family of compounds possesses affinity for the
H*/OC antiporter. We propose that the putative H*/
OC antiporter might play a role in the BBB transport
of some triptans, particularly eletriptan. We confirmed
previous studies showing that eletriptan is a substrate
of P-gp. Neuropharmacokinetic assessment of eletriptan
demonstrated low brain uptake in wild type mice but
with a drastically increased uptake in mdrla/1b knock-
outs. These findings suggest that eletriptan is subject to
simultaneous brain uptake and efflux, possibly facilitated
by the putative Ht/OC antiporter and P-gp, respectively.
In conclusion, this study sheds light on the involvement
of the H*/OC antiporter and P-gp for brain parenchy-
mal uptake of triptans at the BBB level. These findings
may contribute to a better understanding of the abil-
ity of triptans to bear a central site of action as well as
emphasizing potential transporter-related drug-drug
interactions.

Abbreviations
5HT,gp receptor  5-Hydroxytryptamine receptor 18/1D
A-B

Apical-to-basolateral

B-A Basolateral-to-apical

BBB Blood-brain barrier

BCECF-AM 2'.7’- Bis-(Carboxyethyl)-5(6)-carboxyfluorescein ace-
toxymethyl ester

BSA Bovine serum albumin

CNS Central nervous system

ER Efflux ratio

FBS Fetal bovine serum

f Free fraction in plasma

Free fraction in brain

u,plasma

u,brain

HBSS Hank’s balanced salt solution
hCMEC/D3 Human cerebral microvascular endothelial cell line D3
HEPES N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid
H*/OC antiporter  Proton-coupled organic cation antiporter
ICs Inhibitory constant at 50% inhibition
IPEC-J)2 Intestinal porcine epithelial cell line J2
Jmax Maximal uptake flux
m Michaelis Menten constant
KO Knockout
K Total brain-to-total plasma concentration ratio

p
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Ko uu Unbound brain-to-unbound plasma concentration ratio
MDCKII Madin Darby canine kidney type Il

MDR1 Human gene encoding P-gp

mdria/1b Rodent gene encoding P-gp

NH,Cl Ammonium chloride

OATP1A2 Organic anion-transporting polypeptide 1A2

OCT1 Organic cation transporter 1

Papp Apparent permeability

P-gp P-glycoprotein

SD Standard deviation

SEM Standard error of mean

TEER Transepithelial electrical resistance
WT Wild type

75Q Zosuquidar
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Additional file 1: Time-dependent uptake of eletriptan and almotriptan
into hCMEC/D3 cells. A Time-dependent uptake of eletriptan (50 uM) in
the absence (Control) or presence of 1000 uM pyrilamine (+pyrilamine)
mean £+ SEM (n=4,N,,,, = 12). B Time-dependent uptake of
almotriptan (500 uM) in the absence (Control) or presence of 1000 uM
pyrilamine (+pyrilamine). Uptake amounts are normalized to protein
amount per well. Each data point represents mean = SD (n = 3, N, = 9).

Additional file 2: HPLC parameters for almotriptan, eletriptan,
sumatriptan, and oxycodone.

Additional file 3: MS/MS conditions for almotriptan, eletriptan,
sumatriptan, and oxycodone

Additional file 4: Cellular uptake of the prototypical H*/OC antiporter
substrates, [3H]fpyrilamine and oxycodone, after intra- and extracellular pH
manipulation in hCMEC/D3 cells. A Effect of intracellular pH manipulation
on PHl-pyrilamine uptake. Uptake of [*H]-pyrilamine (1 uCi/mL, 48 nM)
was investigated in transport buffer pH 7.4 (Control), after acute exposure
to NH,Cl (NH,Cl (acute)), and after preexposure to NH,Cl followed by
media change (NH,Cl (pre)). B Effect of intracellular pH manipulation on
oxycodone uptake. Uptake of oxycodone (500 uM) was investigated in
transport buffer pH 7.4 (Control), after acute exposure to NH,Cl (NH,CI
(acute)), and after preexposure to NH,Cl followed by media change (NH,Cl
(pre)). C Effect on extracellular pH manipulation on PH]-pyrilamine uptake.
Uptake of [*H]-pyrilamine (1uCi/mL, 48 nM) was investigated in transport
buffer with pH 7.4 (Control), pH 6.8 and pH 8.2 D Effect on extracellular pH
manipulation on oxycodone uptake. Uptake of oxycodone (500 uM) was
investigated in transport buffer with pH 7.4 (Control), pH 6.8 and pH 8.2.
Each column represents mean + SD (n = 3, N, = 9). Data were analyzed
using a one-way ANOVA followed by a Tukey’s multiple comparison test.
P <001.***% P <0.001. ***: P <0.0001.

Additional file 5: Intracellular pH measurements using BCECF-AM probe.
A Schematic illustration of BCECF-AM as pH indicator. The cell permeable
BCECF-AM enters the cells, where BCECF-AM will undergo hydrolysis to
the impermeable BCECF. Fluorescence signal at excitation wavelength

of 480 and an emission wavelength of 520 (Ex480/Em520) depends on
intracellular pH. An increase in intracellular pH will increase the fluorescent
signal, whereas a decrease in intracellular pH will reduce the fluorescent
signal. B Fluorescent microscopy of BCECF-AM loaded hCMEC/D3 cells.
The BCECF-AM dye was loaded in concentrations of 0, 0.5, 1, and 5 uM.
Scale bar represents 100 um. (n = 1) C-D Changes in intracellular pH were
measured over time in BCECF-AM- loaded hCMEC/D3 cells (5 uM) after C
acute administration of 30 mM NH,CI. 30 mM NH,Cl was added automati-
cally after 15 seconds baseline measurements or D preincubation with
NH,Cl in 30-60 minutes followed by manual buffer change to hHBSS(-)
without NH,Cl. No buffer change control represents the baseline. (n =3,
Niorq = 9). Each data point represents mean + SD.

Additional file 6: Flux curves of eletriptan across IPEC-J2 MDR1 monolay-
ers. The accumulated amounts of eletriptan (50 uM) in the absence or
presence of ZSQ (2 uM) in the receiver chamber from apical to basolateral
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compartment (A-B) or basolateral to apical compartment (B-A). Each data
point represents mean +SD (n = 3, Ny = 9).

Additional file 7: Screening of triptans inhibitory effect on [*H]-pyrilamine
uptake into hCMEC/D3 cells. A Uptake of PH]-pyrilamine (48 nM) in the
absence (Control) or presence of 500 uM oxycodone (OXY), eletriptan
(ELE), almotriptan (ALMO), rizatriptan (RIZA), zolmitriptan (ZOLMI),
naratriptan (NARA), sumatriptan (SUMA) or frovatriptan (FROVA). Each
column represents mean £ SD (n = 3, N, = 9). Columns were
compared to ‘Control-group’and analysed using a one-way ANOVA fol-
lowed by a Tukey’s multiple comparison test. *: P < 0.05. ***: P < 0.001.
*oe P <0.0001.
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