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ABSTRACT

Our in vivo rodent studies have shown that organic anion
transporting polypeptide (Oatp) 1a4 is critical for blood-to-brain
transport of statins, drugs that are effective neuroprotectants.
Additionally, transforming growth factor-g (TGF-B) signaling via
the activin receptor-like kinase 1 (ALK1) receptor regulates
Oatp1a4 functional expression. The human ortholog of Oatp1a4
is OATP1A2. Therefore, the translational significance of our work
requires demonstration that OATP1A2 can transport statins and
is regulated by TGF-B/ALK1 signaling. Cellular uptake and
monolayer permeability of atorvastatin, pravastatin, and rosu-
vastatin were investigated in vitro using human umbilical vein
endothelial cells (HUVECs). Regulation of OATP1A2 by the
TGF-B/ALK1 pathway was evaluated using bone morphogenetic
protein 9 (BMP-9), a selective ALK1 agonist, and LDN193189, an
ALK1 antagonist. We showed that statin accumulation in
HUVECs requires OATP1A2-mediated uptake but is also af-
fected by efflux transporters (i.e., P-glycoprotein, breast cancer
resistance protein). Absorptive flux (i.e., apical-to-basolateral) for
all statins was higher than secretory flux (i.e., basolateral-to-
apical) and was decreased by an OATP inhibitor (i.e., estrone-3-
sulfate). OATP1A2 protein expression, statin uptake, and cellular

monolayer permeability were increased by BMP-9 treatment.
This effect was attenuated in the presence of LDN193189.
Apical-to-basolateral statin transport across human endothelial
cellular monolayers requires functional expression of OATP1A2,
which can be controlled by therapeutically targeting TGF-
B/ALK1 signaling. Taken together with our previous work, the
present data show that OATP-mediated drug transport is
a critical mechanism in facilitating neuroprotective drug dispo-
sition across endothelial barriers of the blood-brain barrier.

SIGNIFICANCE STATEMENT

Transporter data derived from rodent models requires validation
in human models. Using human umbilical vein endothelial cells,
this study has shown that statin transport is mediated by
OATP1A2. Additionally, we demonstrated that OATP1A2 is
regulated by transforming growth factor-gB/activin receptor-like
kinase 1 signaling. This work emphasizes the need to consider
endothelial transporter kinetics and regulation during preclinical
drug development. Furthermore, our forward-thinking approach
can identify effective therapeutics for diseases for which drug
development has been challenging (i.e., neurological diseases).

Introduction

A principal goal of pharmacotherapy is delivery of drugs to
their targets at efficacious concentrations. This objective is
challenging in the context of neurologic diseases because of
the blood-brain barrier (BBB). The primary interface between
the BBB and circulation is the microvascular endothelium,
which expresses transport proteins, such as organic anion
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transporting polypeptides (OATPs in humans; Oatps in
rodents), that facilitate CNS drug delivery (Ronaldson and
Davis, 2013; Abdullahi et al., 2017b). Expression of Oatpla4
has been reported in rat brain microvessels (Ronaldson et al.,
2011; Thompson et al., 2014; Abdullahi et al., 2017a, 2018;
Brzica et al., 2018), rat retinal capillary endothelium (Aka-
numa et al., 2013), and primary rat brain endothelial cells
(Harati et al., 2013). This transporter plays a functional role in
CNS drug disposition as evidenced by in situ perfusion studies
(Ronaldson et al., 2011; Thompson et al., 2014; Abdullahi
et al., 2017a), pharmacokinetic experiments in female Naval
Medical Research Institute mice (Romermann et al., 2017),
and transport experiments in Oatpla4 null mice (Ose et al.,
2010). These observations provide a strong basis for expanded
validation of Oatps for CNS delivery of therapeutics.

ABBREVIATIONS: ALK1, activin receptor-like kinase 1; BBB, blood-brain barrier; BCRP, breast cancer resistance protein; BMP-9, bone
morphogenetic protein 9; CNS, central nervous system; CsA, cyclosporine A; DNP, dinitrophenol; E3S, estrone-3-sulfate; FEX, fexofenadine; FTC,
fumitremorgin C; HBSS, Hanks’ balanced salt solution; HUVEC, human umbilical vein endothelial cell; IR, influx ratio; NAR, naringin; OATP, organic
anion transporting polypeptide; Papp, apparent permeability coefficient; Papp A-B, apparent permeability coefficient, apical-to-basolateral
direction; P-gp, P-glycoprotein; TEER, transendothelial electrical resistance; TGF-B, transforming growth factor-8.
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Our recent work has focused on examination of targeting
Oatplad for brain delivery of 3-hydroxyl-3-methylglutaryl
coenzyme A reductase inhibitors (i.e., statins). This concept
is important for advancement of strategies to treat ischemic
stroke. Indeed, 95% of published preclinical studies between
1990 and 2018 on novel neuroprotective drugs for stroke
showed positive outcomes; however, none of these compounds
have attained clinical success in a phase III trial (Shi et al.,
2018). In contrast, statin administration is associated with
a lower degree of physical disability (Ishikawa et al., 2016;
Malhotra et al., 2019) or reduced risk of recurrent stroke (Lee
et al., 2017). Our work has demonstrated that Oatpla4 can
facilitate CNS delivery of both hydrophilic statins
(i.e., pravastatin) and hydrophobic statins (i.e., atorvastatin)
(Abdullahi et al., 2018). These studies corroborate observa-
tions from Oatplad4(—/—) mice that have shown reduced blood-
to-brain transport of statins as compared with wild-type
controls (Ose et al., 2010). We have also shown for the first
time that Oatpla4 functional expression is directly regulated
by transforming growth factor-8 (TGF-B) signaling at the
brain microvascular endothelium (Abdullahi et al., 2017a,
2018). Specifically, our work on the TGF-B/activin receptor-
like kinase 1 (ALK1) pathway has shown that this signaling
cascade can be targeted pharmacologically to control Oatp-
mediated small-molecule drug delivery (Abdullahi et al.,
2018). Indeed, a detailed understanding of Oatp regulation
and transport properties is critical to continued optimization
of statins as stroke therapeutics.

The primary drug transporting OATP isoform in human
endothelial cells is OATP1A2, the human ortholog of Oatpla4
(Bronger et al., 2005; Lee et al., 2005). Disparities in drug
transport properties between OATP1A2 and Oatpla4 have
been reported in the literature. For example, studies in human
embryonic kidney cells stably expressing Oatplad4 and in
Oatpla4(—/—) mice reported lack of transport of antimigraine
triptan medications (Liu et al., 2015). In contrast, transport of
zolmitriptan was observed in Madin-Darby canine kidney
cells stably expressing OATP1A2 (Liu et al., 2015) and in an
OATP1A2 knock-in mouse model (Sano et al., 2018), thereby
providing evidence for substrate differences between
OATP1A2 and Oatpla4. The work of Liu et al. emphasized
to us a critical need to evaluate statin OATP1A2 transport
properties. OATP-mediated transport of currently marketed
statins has been shown in cell lines that stably express
OATP1A2 (Mandery et al., 2010; Navratilova et al., 2018) or
in transfected Xenopus oocyte systems (Shirasaka et al., 2010);
however, neither OATP-mediated statin cellular uptake nor
monolayer permeability has been studied in detail using an
in vitro system comprising nontransfected human endothelial
cells. Using a preplanned study design, we addressed this
critical issue in human umbilical vein endothelial cells
(HUVECS) by testing the hypothesis that OATP1A2 is a crit-
ical transporter in the uptake transport of atorvastatin,
pravastatin, and rosuvastatin. An added strength of the
HUVEC model is that it also expresses efflux transporters
[i.e., P-glycoprotein (P-gp), breast cancer resistance protein
(BCRP)], thereby providing the ability to assess OATP1A2-
mediated transport in a more physiologically relevant multi-
transporter environment. Here, we demonstrate that all three
statins are OATP1A2 substrates and that their uptake and
monolayer permeability are also determined by P-gp and/or
BCRP. We also show, for the first time, that activation of
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TGF-B/ALK1 signaling with the ALK1 agonist bone morphoge-
netic protein 9 (BMP-9) can increase HUVEC uptake and mono-
layer permeability of atorvastatin, pravastatin, and rosuvastatin.

Materials and Methods

Materials. [*H]Atorvastatin (20 Ci/mmol), [*H]pravastatin (15 Ci/
mmol), and [*Hlrosuvastatin (10 Ci/mmol) were purchased from
American Radiolabeled Chemicals, Inc. (St. Louis, MO). [**C]Sucrose
(0.5 Ci/mmol) was obtained from PerkinElmer (Hopkinton, MA). BMP-
9 was purchased from R&D Systems (Minneapolis, MN). Atorvastatin,
cyclosporine A (CsA), dinitrophenol (DNP), estrone-3-sulfate (E3S),
fexofenadine (FEX), fumitremorgin C (FTC), LDN193189, naringin
(NAR), pravastatin, rosuvastatin, sodium azide (NaN3), the mouse
monoclonal P-gp C219 antibody, and the mouse monoclonal anti—3-
actin antibody were obtained from Millipore-Sigma (St. Louis, MO).
GF120918 and PSC833 were acquired from Tocris Bioscience (Min-
neapolis, MN). The rabbit polyclonal OATP1A2 antibody (ab221804),
the rabbit polyclonal OATP1B1 antibody (ab224610), the rabbit
polyclonal OATP1B3 antibody (ab224064), the rabbit polyclonal
OATP2B1 antibody (ab203215), the rabbit monoclonal BCRP antibody
(ab207732), and the rabbit monoclonal ALK1 antibody (ab108207)
were all purchased from Abcam (Cambridge, MA). All cell culture
reagents were purchased from ThermoFisher Scientific (Carlsbad,
CA) unless otherwise stated.

Cell Culture. HUVECs were kindly provided by Dr. Gregory Bix
(Tulane University, New Orleans, LA). All cell culture flasks and
assay plates were precoated with gelatin (1 mg/ml; ThermoFisher
Scientific Inc., Waltham, MA) prior to plating of HUVECs. Gelatin was
used to ensure endothelial cell attachment to all tissue culture flasks
and plates that were used in this study. HUVECs were grown in M199
medium supplemented with fetal bovine serum (10%), 1x antibiotic/
antimycotic reagent, heparin (50 pg/ml; Sigma-Aldrich), and endo-
thelial cell growth supplement (400 pg/ml), which consisted of alpha
fibroblast growth factor, basic fibroblast growth factor, and various
attachment/signaling molecules. All cells were maintained at 37°C
in a humidified 5% CO. environment with fresh medium replaced
every 2 to 3 days. Cells were subcultured with 0.25% trypsin-
ethylenediaminetriacetic acid (EDTA) upon reaching 95% confluence.

The human cervical carcinoma cell line (HeLa) was used as
a positive control for OATP1A2, P-gp, and BCRP protein expression
studies. HeLa cells were cultured and maintained in Dulbecco’s
modified Eagle’s medium (4 mM L-glutamine and 25 mM glucose)
supplemented with fetal bovine serum (10%) and penicillin/strepto-
mycin (1%). Confluent cultures were subcultured with 0.25% trypsin-
EDTA.

The hepatocellular carcinoma cell line (HepG2) was used as
a positive control for OATP isoform expression experiments. HepG2
cells were cultured and maintained in Minimum Essential Medium
supplemented with fetal bovine serum (10%). As with HeLa cells,
confluent cultures were subcultured with 0.25% trypsin-EDTA.

Western Blot Analysis. Western blotting was performed as
previously described (Ronaldson and Bendayan, 2006; Abdullahi
et al., 2017a), with a few modifications. Briefly, whole cell lysates
from HUVECs, HeLa cells, or HepG2 cells were prepared by exposing
the cells to 2.0 ml of modified radioimmunoprecipitation buffer
[50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1.0 mM EGTA, 1.0 mM
sodium-o-vanadate, 1% (v/v) Nonidet P-40, 0.25% (m/v) sodium
deoxycholate, 0.1% sodium dodecyl sulfate, 200 uM phenylmethylsulfonyl
fluoride, and 0.1% protease inhibitor cocktail (Sigma-Aldrich)]. The
cells were then gently rocked for 15 minutes at 4°C to permit lysis. Cell
suspensions were collected and centrifuged at 3000g for 15 minutes at
4°C to remove cellular debris. The supernatant was then collected and
centrifuged at 100,000g for 1 hour at 4°C. The resultant pellet was
resuspended in 10 mM Tris buffer, pH 8.8, and stored at —20°C until
further use. Protein concentration of the cell lysates was determined
via Bradford’s protein assay.
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For Western blotting, cell lysates were heated at 37°C for 30 minutes
under reducing conditions [i.e., 2.5% (v/v) 2-mercaptoethanol (Sigma-
Aldrich)] in 1x Laemmli sample buffer (Bio-Rad, Hercules, CA) for
OATP, P-gp, or BCRP detection. For ALK1 detection, the samples
were heated at 95°C for 10 minutes under nonreducing conditions in
1x Laemmli sample buffer. All cell lysate samples were resolved on
a 4%—12% Criterion XT Bis-Tris polyacrylamide gel (Bio-Rad). After
SDS-PAGE and transfer, polyvinylidene difluoride (PVDF) mem-
branes were blocked for 1 hour in Superblock TBS blocking buffer
(ThermoFisher) and then incubated overnight at 4°C with primary
anti-OATP1A2 antibody (1:500 dilution), anti-OATP1B1 antibody (1:
1000 dilution), anti-OATP1B3 antibody (1:1000 dilution), anti-
OATP2B1 antibody (1:500 dilution), primary anti—P-gp C219 antibody
(1:1000 dilution), primary anti-BCRP antibody (1:500 dilution),
primary anti-ALK1 antibody (1:500 dilution), or primary anti—B-actin
(1:500 dilution). The blots were then incubated for 1 hour with
corresponding horseradish peroxidase—conjugated anti-rabbit (1:
40,000) or anti-mouse (1:500,000) secondary antibody (Jackson
ImmunoResearch, West Grove, PA). Control Western blot experi-
ments to confirm antibody specificity were performed in the presence
of secondary antibody only (i.e., absence of primary antibody) and
using nontransfected HEK293 cells that do not express detectable
levels of OATP transporters. Membranes were developed using
enhanced chemiluminescence (Super Signal West Pico; Thermo-
Fisher). Bands were quantitated using ImagedJ software (Wayne
Rasband, Research Services Branch, National Institute of Mental
Health, Bethesda, MD) and normalized to B-actin.

Transport Experiments in HUVECs. For cellular uptake
experiments, cells were seeded into 48-well plates with a cell density
of 2 x 10* cells/em®. All transport experiments were performed by

using Hanks’ balanced salt solution (HBSS) containing 1.3 mM CaCl,,
0.49 mM MgCl,, 0.41 mM MgSO,, 5.3 mM KCI, 0.44 mM KHyPOy,,
138 mM NacCl, 0.34 mM Na,HPO,, and 5.6 mM D-glucose. The buffer
was supplemented with 25 mM HEPES, pH 7.4, and 0.01% bovine
serum albumin (BSA) to reduce the binding of radiolabeled com-
pounds to the glass and plastic. Throughout this paper, this HBSS
buffer is referred to as transport buffer. Confluent monolayers of
HUVECs were preincubated with transport buffer (pH 7.4) at 37°C
for 15 minutes and then incubated in transport buffer containing
0.1 pCi/ml [*Hlatorvastatin, [*H]pravastatin, or [*H]rosuvastatin.
Buffer containing radiolabeled compounds was supplemented with
the equivalent unlabeled compound to achieve a desired concentration
of 10 pM. Published Ky values for OATP-mediated statin transport
are in the low to mid micromolar range (Ho et al., 2006; Lau et al.,
2007; Mao et al., 2018). We purposely selected 10 pwM for all of our
transport assays to use an equimolar and nonsaturating statin
concentration that is within range of these Ky values and to allow
for comparisons in transport properties between atorvastatin, pra-
vastatin, and rosuvastatin. To evaluate the effect of an OATP, P-gp, or
BCRP transport inhibitor, a specific concentration of the inhibitor was
added both to the preincubation buffer and to the radioactive trans-
port buffer. To study the role of TGF-B/ALK1 signaling on OATP-
mediated statin uptake, HUVECs were incubated with BMP-9 (0.1 or
1 nM; 0.1% DMSO final concentration) for 6 hours prior to transport
experiments. To evaluate specificity of BMP-9 at the ALK1 receptor,
cells were incubated with LDN193189 (10 pM) for 1 hour before
addition of BMP-9 to the same chamber. These concentrations and
exposure time points for BMP-9 and LDN193189 were selected to
maintain consistency with our previous work (Abdullahi et al., 2017a,
2018). Specifically, we determined that a dose of 0.1 pg/kg is
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Fig. 1. Expression and transport activity of OATP1A2 in human endothelial cells. (A) OATP1A2 protein expression was detected in HUVECs and in HeLa cells
(i.e., positive control) by Western blot analysis. Crude membrane preparations (10 pg) were resolved on a 4%—12% SDS-polyacrylamide gel, transferred to
a PVDF membrane, and analyzed for expression of OATP1A2. Expression of B-actin was used as a loading control. Cellular uptake of atorvastatin (ATV) (B),
pravastatin (PRV) (C), and rosuvastatin (RSV) (D) was evaluated in HUVECs grown on an impermeable substratum. Statin uptake (10 .M total concentration)
was measured in the presence and absence of E3S (50 uM) at 1, 5, 10, 15, 30, 60, 90, 120, and 240 minutes. The linear phase of the uptake curve for atorvastatin
(ATV) (E), pravastatin (PRV) (F), and rosuvastatin (RSV) (G) is plotted in separate graphs to evaluate the rate of uptake for currently marketed statins. Solid
lines depict statin uptake in the absence of a pharmacological OATP inhibitor. Dashed lines indicate statin uptake in the presence of an OATP transport
inhibitor (i.e., E3S). Data are expressed as means = S.D. from three independent experiments, with each data point in an individual experiment representing
quadruplicate measurements. Asterisks indicate data points that are statistically significant from control (*P < 0.05; **P < 0.01).
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+E3S
17,279.87 *+ 1903.77**
19,434.14)
1.93 + 0.10%* (95% CI:
1.65, 2.22)

Rosuvastatin
(95% CI: 15,125.59,

-E38
42,225.07 = 2828.50
(95% CI: 39,024.38,
45,425.75)
7.45 = 0.35 (95% CI: 6.48,
8.43)

+E3S
16,274.42 = 1603.96**
(95% CI: 14,459.40,
18,089.44)
0.85 = 0.09%* (95% CI:
0.59, 1.11)

Pravastatin

-E3S
36,534.18 * 2323.07
(95% CI: 33,905.43,
39,162.93)
3.99 * 0.10 (95% CI: 3.70,
4.28)

+E3S
24,391.47 + 3315.15%*
(95% CI: 20,640.18,
28,142.76)
3.14 = 0.20%* (95% CI:
2.59, 3.70)

Atorvastatin

-E3S
52,060.39 + 3635.57
56,174.58)
9.84)

(95% CI: 47,946.21,
Rate of uptake (pmol/ 8.63 + 0.44 (95% CI: 7.41,

min/mg protein)
mg protein * min)

CI, confidence interval. AUCo-24, area under the curve between 0 and 240 minutes.
P <0.01.

Kinetic analysis of OATP1A2-mediated statin uptake in HUVECs

AUC(_z40 (pmol *

TABLE 1
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Fig. 2. Effect of OATP transport inhibitors on uptake of statins in
human endothelial cells. Cellular accumulation (60 minutes) of atorvas-
tatin (ATV), pravastatin (PRV), and rosuvastatin (RSV) was measured
in HUVECsS in the presence and absence of E3S (10, 50 pM), FEX (10,
50 pM), and NAR (1, 10 pM). Data are expressed as means *= S.D.
from three independent experiments, with each data point in an
individual experiment representing quadruplicate measurements.
Asterisks indicate data points that are statistically significant from
control (*P < 0.05; **P < 0.01).

equivalent to an in vitro concentration of 0.1 nM and that a dose of 1.0
ng/kgis equivalent to 1 nM. These calculations took into account BMP-
9’s molecular mass (i.e., 12.1 kDa) and the blood volume of a 250-g
Sprague-Dawley rat (i.e., 15.77 ml) (Ronaldson et al.,, 2009).
LDN193189 is well known to selectively reduce phosphorylation of
Smad1/5/8, second messenger proteins involved in signal transduction
from the ALKI1 receptor (Cuny et al., 2008). In these signaling
experiments, the total concentration of DMSO in culture media did
not exceed 0.1%. We have shown that 0.1% DMSO does not affect
cellular statin permeability in HUVEC cells at exposure times up to
8 hours (Supplemental Fig. 1). For inhibition experiments, cells were
incubated with preincubation buffer containing transport inhibitor for
10 minutes prior to adding transport buffer. At the desired time
interval, the radioactive medium was removed, and cells were washed
twice with ice-cold HBSS and solubilized in 1% Triton X-100 at 37°C
for 30 minutes. The content of each well was collected and mixed with
2.0 ml of Optiphase liquid scintillation cocktail (PerkinElmer), and the
total radioactivity was measured with a model 1450 liquid scintilla-
tion counter (PerkinElmer). In each experiment, “zero time” uptake
(i.e., background) correction was applied to correct for the nonspecific
binding and variable quench time, estimated by the retention of
radiolabeled compound in the cells after a minimum (zero) time of
exposure, determined by removing the radiolabeled buffer immedi-
ately after its introduction into the well, followed by two washes with
ice-cold HBSS and collection of cells for liquid scintillation counting.
Uptake of radiolabeled probes was normalized to total cellular protein
content per well, which was measured by using Bradford’s method
with BSA as the standard.

Drug permeability studies across HUVEC monolayers were per-
formed as described by Kis et al. (2013). Briefly, HUVECs were grown
on Transwell membrane inserts at 6 x 10* cell/cm? initial seeding
density and were allowed to grow for 18-20 days to achieve full
differentiation of the confluent monolayer. Prior to initiating perme-
ability studies, the transendothelial electrical resistance across
HUVEC monolayers grown in Transwell inserts was measured. Since
transendothelial electrical resistance values for HUVEC monolayers
on Transwell inserts was ~100 Qcm?, our permeability experiments
required correction for paracellular solute flux using an equimolar
concentration of [**C]sucrose. Solutions of [PH]atorvastatin, [*H]
pravastatin, or [*H]rosuvastatin were prepared in transport buffer
and warmed to 37°C. The radiolabeled drug was administered into
the donor chamber (apical or basolateral), and its appearance was
measured over 10 minutes in the receiver chamber (basolateral or
apical, respectively) by liquid scintillation counting. This approach
enabled the estimation of apparent permeability coefficients (Papp),
which were calculated using eq. 1:
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Fig. 3. Effect of efflux transporters on uptake of
BCRP statins in human endothelial cells. (A) P-gp and
T W ——— (75 kDa) BCRP protein expression were detected in
HUVECs and in HeLa cells (i.e., positive control)
by Western blot analysis. Crude membrane
B-actin preparations (10 ng) were resolved on a 4%—12%
(43 kDa) SDS-polyacrylamide gel, transferred to a PVDF
membrane, and analyzed for expression of P-gp
or BCRP. Expression of B-actin was used as
a loading control. (B) Cellular accumulation (60
B minutes) of atorvastatin (ATV), pravastatin
400 (PRV), and rosuvastatin (RSV) was measured
Il Control in HUVECsS in the presence and absence of CsA
— . (10 wM), PSC833 (1 uM), FTC (1 pM), GF120918
oS 300 . P CsA (10 uM) (10 pM), NaNg (10 mM), or DNP (4 mM). Data
£ 8 **T T T are expressed as means * S.D. from three
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= bl H in an individual experiment representing qua-
=:, g‘ 200 - 1 TRI H FTC (1 uM) druplicate measurements. Asterisks indicate
= H T H . data points that are statistically significant from
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P, = AE x 1 i 50 applying the unpaired or paired Student’s ¢ test for unpaired or paired
PP At T AxCo’ experimental values or the one-way ANOVA for test of repeated

where P,,, is the apparent permeability coefficient (centimeters per
second), AQ/At is the rate of solute flux (moles per second) from the
donor chamber into the receiver chamber at steady state, A is the
surface area of the filter insert (centimeter square), and Cop is the
initial solute concentration (moles per cubic centimeter) in the donor
compartment. [*H]Atorvastatin, [*H]pravastatin, or [°’H]rosuvastatin
fluxes measured in the apical-to-basolateral and basolateral-to-apical
direction were then used to calculate the influx ratio (IR), defined as
the quotient of the absorptive (i.e., apical-to-basolateral) permeability
and the secretory (i.e., basolateral-to-apical) permeability. IR values
were determined according to eq. 2:

1r — Pamwa-p @)
PApp.B*A

IRs demonstrate the importance of specific uptake transporters such
as OATPs in facilitating (IR > 1) or restricting (IR < 1) drug
permeability across an endothelial cellular layer. For inhibition
experiments, pharmacological transport inhibitors (i.e., 50 pM E3S
or 10 uM GF120918) were introduced into the apical chamber, and
cells were incubated for 20 minutes prior to addition of the radio-
labeled drug. To study the role of TGF-B/ALK1 signaling on OATP-
mediated statin permeability in HUVEC cells, BMP-9 (1 nM in
100% DMSO) was added to either the apical or basolateral chamber
6 hours before administration of radiolabeled statins. To evaluate the
specificity of BMP-9 at the ALK1 receptor, LDN193189 (10 pM) was
introduced to either the apical or basolateral chamber 1 hour before
addition of BMP-9 to the same chamber. Similar to uptake experi-
ments, the concentration of DMSO in either the apical or the
basolateral chamber did not exceed 1%.

Data Analysis. Each in vitro experiment was repeated at least
three times using cells from different passages. In an individual
experiment, each data point represents quadruplicate trials. Trans-
port data are presented as means *+ S.D. Statistical analysis was
performed using GraphPad Prism (version 7.0c for Mac OS X; Graph
Pad Software, San Diego, CA). Statistical significance was analyzed by

measures, as appropriate. A P value less than 0.05 was considered to
be statistically significant.

Results

Statins are Transported by OATP1A2 in Human
Endothelial Cells. We have demonstrated that uptake
transport of currently marketed statins in rodent microvas-
cular endothelial cells is mediated by Oatpla4 (Thompson
et al., 2014; Abdullahi et al.,, 2018; Brzica et al., 2018);
however, transport properties of statins by its human ortholog
OATP1A2 have not been examined in detail. Therefore, we
sought to evaluate OATP1A2 transport properties for statins
in HUVECs. Using Western blot analysis, we detected a single
band at approximately 60 kDa that corresponds to OATP1A2
protein expression (Fig. 1A). Since statins are also transport
substrates for OATP1B1, OATP1B3, and OATP2B1 (Ronald-
son and Davis, 2013), we analyzed HUVECs for expression of
these specific transporters. Specific bands for OATP1B1,
OATP1B3, and OATP2B1 were not detected in HUVECs
(Supplemental Fig. 2), which suggests that these transporters
are not expressed in this in vitro model.

The time course of atorvastatin, pravastatin, and rosuvas-
tatin cellular uptake at 37°C by HUVECs shows increasing
accumulation until a steady state is reached at approxi-
mately 2 hours (Fig. 1, B-D). Uptake was reduced in the
presence of 50 uM E3S, a known OATP transport inhibitor.
As demonstrated by area under the curve analysis between
0 and 240 minutes, E3S reduced cellular statin exposure
by 213.4% for atorvastatin, 224.5% for pravastatin, and
244.4% for rosuvastatin (Table 1). The rate of OATP1A2-
mediated statin uptake can be determined by the slope of the
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Fig. 4. Cellular monolayer permeability of statins in human endothelial cells. Concentration dependence of atorvastatin (ATV), pravastatin
(PRV), and rosuvastatin (RSV) permeability across HUVEC monolayer cells in the apical-to-basolateral and basolateral-to-apical direction.
Absorptive and secretory fluxes were determined by introducing a statin drug into the donor compartment and measuring its appearance over
time in the receiver compartment. Experiments were conducted in the absence of inhibitor (A, D, and G), in the presence of 50 uM E3S (B, E, and
H), or in the presence of 10 pM GF120918 (C, F, and I). Data are expressed as means * S.D. from three independent experiments, with each data
point in an individual experiment representing quadruplicate measurements. Asterisks indicate data points that are statistically significant

from control (*P < 0.05; **P < 0.01).

time course uptake component that displayed linearity, which
was detected between time 0 and 15 minutes (Fig. 1, E-G). The
rate of OATP1A2-mediated uptake was greatest for atorvas-
tatin, followed by rosuvastatin and then pravastatin. In the
presence of 50 uwM E3S, the rate of uptake was reduced by
274.8% for atorvastatin, 469.4% for pravastatin, and 386.0% for
rosuvastatin (Table 1). All transport studies were conducted on
HUVECs that were passaged no more than four times. Across
this range of passages, we showed that protein expression of
OATP1A2 remained consistent (Supplemental Fig. 2).

We also performed inhibition studies in the presence and
absence of OATP transport inhibitors (E3S, FEX, NAR) to
confirm transport specificity. Cellular uptake of atorvastatin
was reduced (P < 0.05) in the presence of 10 puM E3S (1.4-fold),
50 uM E3S (2.1-fold), 10 pM FEX (1.6-fold), 50 uM FEX (2.1-
fold), 1 pM NAR (1.4-fold), and 10 pM NAR (2.5-fold) (Fig. 2).
Similarly, pravastatin uptake was decreased (P < 0.05) up to
2.7-fold, and cellular uptake of rosuvastatin was reduced (P <
0.05) up to 3.2-fold by these same inhibitors. Previous studies
have shown that E3S and FEX are substrates and/or inhib-
itors of multiple OATP isoforms (Ishiguro et al., 2006; Liu
et al., 2015; Albekairi et al., 2019). Since we did not detect
OATP1B1, OATP1B3, and OATP2B1 in HUVECs (Supplemental
Fig. 2), we can attribute effects of E3S and FEX on statin uptake to
inhibition of OATP1A2. Additionally, NAR is potent clinical
inhibitor of OATP1A2-mediated transport (Bailey et al.,

2007). Therefore, these data provide evidence for OATP1A2-
mediated transport of statins in human endothelial cells.
P-gp and BCRP Contribute to the Membrane Trans-
port of Currently Marketed Statins. OATPs are not the
only membrane transporters involved in determining cellular
statin disposition. Many currently marketed statins are
substrates for members of the ATP-binding cassette super-
family of efflux transporters such as P-gp and BCRP. There-
fore, we sought to measure cellular uptake of atorvastatin,
pravastatin, and rosuvastatin in the presence and absence of
P-gp inhibitors (i.e., CsA, PSC833), a BCRP inhibitor (i.e., FTC),
and a mixed P-gp/BCRP inhibitor (i.e., GF120918). The pub-
lished ICsq values for CsA, PSC833, and GF120918 versus
human P-gp are reported to be in the low micromolar range (Ke
et al., 2013; Kosa et al., 2018). Similarly, the reported ICsx,
values for both FTC and GF120918 against human BCRP are
also in the low micromolar range (Gonzalez-Lobato et al., 2010;
Kosa et al., 2018). All concentrations for our efflux transporter
experiments were selected to ensure both selectivity for in-
dividual transporters and measurable transporter inhibition.
Since P-gp and BCRP are ATP-dependent transporters, we also
examined statin cellular uptake in the presence and absence of
metabolic inhibitors such as NaN3 and DNP. As shown in
Fig. 3A, Western blot analysis confirmed the presence of a single
band in HUVECs at 170 and at 75 kDa, which correspond to
P-gp and BCRP, respectively. We did not include multidrug
resistance protein 2, a critical statin transporter (Abe et al.,
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2008), in our study because we did not detect its protein
p E % e 5 8 expression in HUVECs (data not shown). Similar to OATP1A2,
g Em|lad o g we showed that P-gp and BCRP protein expression did not
E - change across four passages of HUVECs (Supplemental Fig. 3).
@ 218 © 8 Atorvastatin uptake was increased (P < 0.05) in the presence of
§ - §A§B§A 10 pM CsA, 1 pM PSC833, 1 uM FTC, 10 uM GF120918,
z % ) E % QS & 10 mM NaNg, or 4 mM DNP (Fig. 3B). Accumulation of
gs 5 |8 = & S rosuvastatin was also enhanced (P < 0.01) by these same
Z &= 3 e § o5 inhibitors; however, inhibitors targeting ATP-binding cassette
2 ‘g é 2 9 5 transporters increased rosuvastatin up to 1.8-fold, whereas
—5 g ~ s B -~ atorvastatin was only increased up to 1.4-fold. Uptake of
g = - - pravastatin was increased (P < 0.05) in the presence of OATP,
= T S 8§ © BCRP, or metabolic inhibitors; however, P-gp inhibitors had no
§ > § 3 oS = § g effect on cellular uptake of this compound.
3 g o i:/ oas Statin Permeability Across HUVEC Monolayers Is
3 €130 < P Dependent upon OATP1A2 and P-gp/BCRP. To examine
f Iln g P ; the role of transporters in facilitating statin permeability in
2 gla 2 3 vascular endothelial cells, we evaluated in vitro flux across
g i T HUVEC monolayers grown on Transwell microporous filter
g membranes. These experiments were conducted in the pres-
E E 2R & B ence or absence of E3S or GF120918. In the absence of
& LR inhibitors, apparent permeability of atorvastatin (1 pM) in
8 o | the apical-to-basolateral direction (Pap, a-p) was higher (P <
Té S C:D C? C:D 0.05) than that measured in the basolateral-to-apical direction
f:; x § gg% 2 § 2 (Papp, B-a) (Fig. 4A). With increasing atorvastatin concentra-
2 é gﬁl i S §°’i tions, the atorvastatin IR decr?e}sed, implying a saturable
2 S I i transport process (Table 2). Addition of E3S (50 uM) resulted
< i g | HSHAN S in reduced apical-to-basolateral flux (Fig. 4B). In contrast,
g g ai% 2 3 8 GF120918 (10 pM) treatment caused increased apical-to-
%: £ A basolateral flux (Fig. 4C). Similar effects of E3S or
g T 5 & 5 G1?‘120918 on Pap, aB and- PA"P' B_a values for pravastatin
S "R ¥4 (Fig. 4, D-F) and rosuvastatin (Fig. 4, G-I) were observed. IRs
= ~ |23 e ® for both pravastatin and rosuvastatin decreased with in-
2 EREEERE N creasing concentrations, indicating a saturable membrane
£ v@ ‘ﬁ%ﬁ"‘ ® °+°| S transport process for these two compounds (Table 2). Com-
2 < ey e ,+_: - o = parison of IRs at 10 uM for each statin uncovered some
éj N = o 18 distinct differences in transport properties between atorvas-
g tatin, pravastatin, and rosuvastatin (Table 2). The IR under
% 1.9 - control conditions was highest for pravastatin, which suggests
§ EE s S < that this compound has a greater dependence on uptake
E transporters to facilitate its disposition across an endothelial
S % 5 8 = monolayer. The dependence of OATP1A2 on apical-to-baso-
5 TRy lateral flux of statins is emphasized by the reduction in IRs by
E 2 |85 SR{S E3S, which were all less than 1, suggesting restriction of
E E 3 i% ﬁS :" uptake transport mechanisms. It is critical to point out that
& g 3 | PoePFNn the IR for rosuvastatin was 3-fold higher than atorvastatin
5 B | H A H o H o . o
g % é ¥ 2 = and 1.6-fold higher than pravastatin in the presence of
& g T V- R I GF120918 (10 pM), which suggests that P-gp and BCRP play
& < P a greater role in determining the apical-to-basolateral perme-
f; L S g o ability of rosuvastatin as compared with atorvastatin or
8 % § a%a § £ pravastatin.
2 25 252d OATP1A2 Expression in HUVECs Is Increased After
Sl NI =) 24 BMP-9 Treatment. Previously, we showed that BMP-9 treat-
E £ :i + ; + - E ment increases Oatpla4 protein expression in rat brain micro-
ek g2 3| vasculature (Abdullahi et al, 2017a, 2018). We also
E g MR S & % demonstrated that this effect involves direct regulation of the
== - = solute carrier family gene Sicola4 by the TGF-B/ALK1 pathway
8 @ g Z g (Abdullahi et al., 2018); however, involvement of this pathway in
~ 83 _ oi a f'; regulation of OATP1A2 has not been demonstrated. Western blot
& :‘f E £ g § S § analysis confirmed expression of the ALK1 receptor in HUVECs
B85 g 2 B8 (Fig. 5A). To show whether BMP-9 can increase OATP1A2
£E5 protein expression in HUVECs, we performed a concentration-
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Fig. 5. BMP-9 increases OATP1A2 expression and transport activity in human endothelial cells. (A) ALK1 protein expression was detected in
HUVECSs by Western blot analysis. Crude membrane preparations (10 pg) were resolved on a 4%-12% SDS-polyacrylamide gel, transferred to
a PVDF membrane, and analyzed for expression of ALK1. Expression of 8-actin was used as a loading control. (B) HUVECs were treated with 0.1
or 1 nM BMP-9. After 6 hours of incubation at 37°C with BMP-9, cells were harvested, and crude membrane samples were prepared. Crude
membrane samples (10 pg) were resolved on a 4%—12% SDS-polyacrylamide gel, transferred to a PVDF membrane, and analyzed for expression
of OATP1A2. (C) Relative levels of OATP1A2 protein expression after BMP-9 treatment were determined by densitometric analysis and
normalized to B-actin. (D) HUVECs were treated with 10 uM LDN193189 for 1 hour prior to addition of 0.1 or 1 nM BMP-9. After 6 hours of
incubation at 37°C with BMP-9, cells were harvested and crude membrane samples were prepared. Crude membrane samples (10 pg) were
resolved on a 4%-12% SDS-polyacrylamide gel, transferred to a PVDF membrane, and analyzed for expression of OATP1A2. (E) Relative levels of
OATP1A2 protein expression after LDN193189/BMP-9 treatment were determined by densitometric analysis and normalized to B-actin. Cellular
accumulation (60 minutes) of atorvastatin (F), pravastatin (G), and rosuvastatin (H) was measured in HUVECs in the presence and absence of
E3S (50 pM). Western blot densitometric data are reported as means * S.D. from three independent experiments. Transport assay data are
expressed as means *= S.D. from three independent experiments, with each data point in an individual experiment representing quadruplicate

measurements. Asterisks indicate data points that are statistically significant from control (*P < 0.05; **P < 0.01; P < 0.01 comparing Pay, a-s

between control and BMP-9—treated cells).

response experiment. Cells were treated with 0.1 or 1 nM BMP-9
for 6 hours, and then HUVECs were evaluated for OATP1A2
protein expression. In the presence of 0.1 or 1 nM BMP-9,
OATP1A2 protein expression was increased up to 2.0-fold (Fig. 5,
B and C). No change in OATP1A2 protein expression was
observed in cells treated with vehicle (i.e., 0.1% DMSO). To
confirm that the BMP-9 effect on OATP1A2 expression was
mediated by TGF-B/ALK1 signaling, we used LDN193189,
a pharmacological ALK1 receptor antagonist. Administration
of LDN193189 (10 nM) 1 hour prior to BMP-9 treatment
attenuated the increase in OATP1A2 protein expression that
was induced by either 0.1 or 1 nM BMP-9 (Fig. 5, D and E).

To determine whether increased OATP1A2 protein
expression after BMP-9 treatment correlates with enhanced
OATP-mediated statin transport, we measured cellular accu-
mulation of atorvastatin, pravastatin, or rosuvastatin after
treatment with BMP-9 or with LDN193189 and BMP-9. OATP
transport specificity was confirmed by conducting all of these
experiments in the presence and absence of E3S (50 pM).
Cellular uptake of atorvastatin was enhanced 2.0-fold after 0.1
nM BMP-9 treatment and 2.1-fold after 1 nM BMP-9 treat-
ment (Fig. 5F). Similarly, accumulation of pravastatin was
increased 2.1-fold after 0.1 nM BMP-9 treatment and 2.2-fold
after 1 nM BMP-9 treatment (Fig. 5G). Congruent observa-
tions were observed with rosuvastatin in which 0.1 and 1 nM

BMP-9 enhanced cellular uptake by 1.9-fold and 2.0-fold,
respectively (Fig. 5H). Pretreatment with LDN193189 atten-
uated these increases in cellular statin accumulation for all
three compounds tested. Additionally, E3S reduced uptake
into HUVECs for atorvastatin, pravastatin, and rosuvastatin
across all treatment conditions, thereby confirming involve-
ment of an OATP-mediated transport mechanism.

Apical Plasma Membrane Exposure to BMP-9 Increases
Statin Uptake Transport in HUVECs. Since HUVECs are
polarized cells, we wanted to determine whether BMP-9 could
modulate OATP-mediated statin transport when directly
applied to the apical or to the basolateral plasma membrane.
In the first series of these experiments, BMP-9 (1 nM) was
added to the apical Transwell compartment, and cells were
incubated for 6 hours at 37°C (Fig. 6A). These conditions
resulted in a 1.9-fold increase in Pap, ap for atorvastatin
(Fig. 6B). Similarly, the Pa,, A p for pravastatin was en-
hanced by 2.2-fold (Fig. 6C), and the Py, a_g for rosuvastatin
was increased by 1.8-fold (Fig. 6D) after BMP-9 treatment. Of
particular importance, HUVEC exposure to BMP-9 did not
result in any statistically significant change to Pay, p_a for
any statin tested. Application of BMP-9 to the apical plasma
membrane of HUVECs increased IRs for atorvastatin, pra-
vastatin, and rosuvastatin (Table 3). To confirm involvement
of TGF-B/ALK1 signaling in this response, we performed
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Fig. 6. Apical application, but not basolateral application, of BMP-9 increases cellular monolayer permeability to statins in human endothelial
cells. (A) BMP-9 (1 nM) is applied to the apical chamber of Transwell inserts. For inhibition experiments, LDN193189 (10 nM) is added to the

apical chamber 1 hour prior to addition of BMP-9 to the same compartment. After BMP-9 treatment, cellular monolayer permeability of

atorvastatin (ATV) (B), pravastatin (PRV) (C), and rosuvastatin (RSV) (D) were determined in the apical-to-basolateral and basolateral-to-apical
direction. Experiments were conducted in the presence and absence of the OATP transport inhibitor E3S (50 uM). (E) BMP-9 (1 nM) is applied to
the basolateral chamber of Transwell inserts. For inhibition experiments, LDN193189 (10 nM) is added to the basolateral chamber 1 hour prior to

addition of BMP-9 to the same compartment. After BMP-9 treatment,

cellular monolayer permeability of atorvastatin (ATV) (F), pravastatin

(PRV) (G), and rosuvastatin (RSV) (H) were determined in the apical-to-basolateral and basolateral-to-apical direction. Similar to apical
compartment treatments, experiments were conducted in the presence and absence of the OATP transport inhibitor E3S (50 pM). Data are

expressed as means * S.D. from three independent experiments, with

each data point in an individual experiment representing quadruplicate

measurements. Asterisks indicate data points that are statistically significant from control (*P < 0.05; **P < 0.01; P < 0.01 comparing Pay, a-s

between control and BMP-9—treated cells).

additional experimentation in which LDN193189 (10 u.M) was
added to the apical compartment 1 hour prior to BMP-9
administration. In these studies, pretreatment with LDN193189
attenuated the BMP-9—stimulated increases in Pay,;, a-p and the
IR for all three statins (Table 3).

The second set of these experiments involved addition of
BMP-9 to the basolateral chamber, followed by incubation of
HUVEC:s for 6 hours at 37°C (Fig. 6E). Under these conditions,
BMP-9 did not induce any significant change in Pay, a_p for
atorvastatin (Fig. 6F), pravastatin (Fig. 6G), or rosuvastatin
(Fig. 6H). Similar to data obtained after apical BMP-9
exposure, there was no effect on Ppp,, _a for any of the statins
examined in this study. Basolateral BMP-9 experiments were
also performed in the presence of LDN193189. When HUVECs
were treated with both LDN193189 and BMP-9, no effect on
either Pa,, a-p or Papp, A Was detected for atorvastatin,
pravastatin, or rosuvastatin. As shown in Table 4, adminis-
tration of BMP-9 or LDN193189/BMP-9 to the basolateral
chamber had no effect on the IR for either atorvastatin,
pravastatin, or rosuvastatin. Taken together, these data
provide evidence for regulation of OATP1A2-mediated statin
transport by an apical plasma membrane signaling mecha-
nism that involves the TGF-B/ALK1 pathway.

Discussion

Our laboratory is focused on studying BBB transporters
that can be exploited for CNS delivery of drugs. Our current
work is focused on statins, which exhibit neuroprotective
properties independent of their effects on circulating choles-
terol (Zhang et al., 2009; Fang et al., 2015). Statins show

clinical translation as evidenced by improved poststroke
recovery (Montaner et al., 2016; Lee et al., 2017; Malhotra
et al., 2019). Another difference between statins and other
compounds believed to be effective in stroke is that statins
are known substrates for an endogenous BBB transporter
(i.e., OATP1A2). Immunohistochemical studies have localized
OATP1A2 to human brain endothelial cells (Bronger et al.,
2005; Lee et al., 2005). These observations are supported by
various proteomic approaches that have shown quantifiable
OATP1A2 expression in frontal cortex microvessels (Al-
Majdoub et al., 2019). In contrast, quantitative targeted
proteomics has failed to detect OATP1A2 at the BBB in
Brodmann areas 17 and 39 (Billington et al., 2019). These

studies imply that regional differences in BBB expression of

OATP1A2 may exist; however, such results must be con-
firmed by detailed molecular studies and functional analy-
ses. Of significance to our work, Al-Majdoub et al. (2019)
showed that relative abundance of OATP1A2 in frontal
cortex microvessels was greater than that of OATP1B3,
OATP1C1, or OATP2B1. Indeed, ischemic injury to the
frontal cortex results in cognitive and motor impairment.
Therefore, delivery of statins via OATP1A2-mediated trans-
port is a strategy that can improve stroke pharmacotherapy.

Statin transport properties by OATP1A2 can be evaluated
using HUVECs. Nontransfected cell culture systems have
advantages over genetically modified in vitro models or
CRISPR/Cas9 modified “knock-in” animals. Firstly, OATP1A2
expression in nontransfected cells is more representative of
endogenous transporter expression, thereby providing a more
physiologically relevant model to study statin transport
properties. Secondly, transfected cell culture systems are
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subject to compensatory changes by other transporters, an
effect that can greatly confound cellular uptake and/or mono-
layer permeability data. Evaluation of OATP1A2-mediated
statin transport requires the consideration that statins are
substrates for multiple human OATP family members, in-
cluding OATP1A2, OATP1B1, OATP1B3, and OATP2B1
(Ronaldson and Davis, 2013). Of these transporters, only
OATP1A2 was detectable in HUVECs, which confirms the
utility of these cells for evaluation of OATP1A2-mediated
transport properties. Other OATP isoforms (i.e., OATP1C1,
OATP2A1) may also be expressed in human endothelial cells.
Although these transporters are believed to have a more
limited substrate profile as compared with OATP1A2 (van der
Deure et al., 2008; Kasai et al., 2016), future studies must
evaluate the potential of OATP1C1 and OATP2A1 to trans-
port statins in endothelial cells.

In this study, we examined three statins that differ in
physicochemical properties and efflux transport liability.
Atorvastatin is a hydrophobic statin that is a substrate for
P-gp and BCRP (Hochman et al., 2004; Li et al., 2011).
Rosuvastatin is a hydrophilic drug and P-gp/BCRP substrate
(Lietal., 2011; Safar et al., 2019). Pravastatin is a hydrophilic
statin and a transport substrate for BCRP (Hirano et al., 2005)
but does not have measurable P-gp affinity (Bogman et al.,
2001). Indeed, expression of P-gp in HUVECs is controversial.
Although some studies have reported lack of P-gp expression
in this in vitro model (Dauchy et al., 2009; Ohtsuki et al.,
2013), others have confirmed functional expression of P-gp in
HUVECs (Dombrowski et al., 2001; Krawczenko et al., 2017).
In contrast, there is greater consensus on BCRP expression in
HUVECSs, which has been demonstrated at both the mRNA
and protein level (Dauchy et al., 2009; Ohtsuki et al., 2013;
Komori et al.,, 2018). In our hands, we observed protein
expression of both P-gp and BCRP in HUVECs. To evaluate
the role of OATP1A2, P-gp, and BCRP on statin transport in
HUVECs, we examined effects of pharmacological inhibitors
on 1) in vitro uptake of atorvastatin, pravastatin, and
rosuvastatin and 2) absorptive (i.e., apical-to-basolateral)
and secretory (i.e., basolateral-to-apical) flux of these statins
across monolayers grown on Transwell membrane inserts.
Accumulation of atorvastatin and rosuvastatin were highly
susceptible to inhibition by OATP inhibitors (i.e., E3S, FEX,
NAR), P-gp inhibitors (i.e., CsA, PSC833), a BCRP inhibitor
(i.e., FTC), a “mixed” P-gp/BCRP inhibitor (i.e., GF120918),
and metabolic inhibitors that deplete intracellular ATP con-
centrations (i.e., NaN3, DNP). In contrast, cellular uptake of
pravastatin was susceptible to inhibition by all inhibitors
except for CsA and PSC833, suggesting that this statin is not
a P-gp transport substrate. Our results emphasize the fact
that efflux transporters had the greatest effect on rosuvasta-
tin as compared with atorvastatin and pravastatin. Addition-
ally, these results suggest a role for BCRP in limiting uptake
and cellular monolayer permeability of pravastatin, whereas
efflux transporters have little effect on the apical-to-baso-
lateral permeability of atorvastatin. This was an interesting
finding in light of the fact that atorvastatin is a known P-gp
and BCRP substrate (Hochman et al., 2004; Li et al., 2011) and
likely reflects high in vitro passive permeability of atorvasta-
tin relative to either pravastatin or rosuvastastin (Fredlund
et al., 2017).

Our group is the first to demonstrate that signaling via the
ALK]1 receptor can regulate Oatpla4 (Abdullahi et al., 2018).
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Effect of application of BMP-9 or LDN193189/BMP-9 to the apical chamber on the apical-to-basolateral and the basolateral-to-apical permeability of currently marketed statins across human

endothelial cell monolayers

TABLE 3

Rosuvastatin

Pravastatin

Atorvastatin

Influx _ - Influx — _ Influx
Ratio Popp () (cm/s) x 107¢  Poo g a) (em/s) x 1076 Ratio Popp ap) (em/s) x 1076 Pyo g (cm/s) x 1078 Ratio

Papp B-a) (em/s) x 107

Popp (ap) (cm/s) x 107¢

3.58 11.87 £ 541 (95% CL: 2.52 = 1.43(95% CI: 4.71  17.27 * 4.02 (95% CI: 6.34 = 3.05 (95% CI.  2.72

19.69 = 7.02 (95% CI: 5.50 + 2.99 (95% CI:

Control

2.89, 9.79)

12.72, 21.82)
16.87 * 5.00 (95% CI: 6.04 = 1.71 (95% CI:

0.90, 4.14)

5.75, 17.99)
11.76 + 4.55 (95% CI: 2.71 = 2.00 (95% CI:

2.12, 8.88)

11.75, 27.63)
19.00 * 7.21 (95% CI: 5.63 = 3.45 (95% CI:

2.79

4.34

3.37

DMSO (vehicle)

4.10, 7.98)

11.21, 22.53)
34.69 = 6.00 (95% CI: 5.20 = 1.68 (95% CI:

0.45, 4.97)

6.61, 16.91)
25.81 = 5.41 (95% CI: 2.00 = 0.88 (95% CI:

1.73, 9.53)

10.84, 27.16)
36.62 = 8.50 (95% CI: 4.91 = 1.99 (95% CI:

6.67

12.91

7.45

BMP-9 (1 nM)

3.30, 7.10)

27.90, 41.48)
17.86 + 5.22 (95% CI: 6.49 * 1.57 (95% CI:

1.00, 3.00)

19.69, 31.93)
12.17 = 4.23 (95% CI: 2.92 + 1.12 (95% CI:

1.85, 7.16)

217.00, 46.24)
20.65 = 8.51 (95% CI: 5.61 = 2.00 (95% CI:

2.75

4.71, 8.27)

4.17
7.38, 16.96) 1.65, 4.19) 11.95, 23.77)

3.68

3.35, 7.87)

11.02, 30.28)

LDN193189 (10 nM)

BMP-9 (1 nM) +

CI, confidence interval.
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This effect was demonstrated using BMP-9, an endogenous
cytokine that is produced by the liver to yield systemic
concentrations of 2-12 ng/ml (David et al., 2008). It is a potent
activator of the ALK1 receptor, with an ECsq of 50 pg/ml
(David et al., 2008). In our recent work, we demonstrated that
pharmacological doses of BMP-9 (i.e., 0.1 and 1.0 pg/kg) could
induce Oatpla4 protein expression in rat brain microvessels
at 6 hours postinjection (Abdullahi et al., 2017a). In the
present study, we showed that comparable BMP-9 concen-
trations increased OATP1A2 functional expression in vitro.
Specificity for the TGF-B/ALK1 pathway was established
using the pharmacological ALK1 inhibitor LDN193189, which
attenuated changes in OATP1A2 protein expression or trans-
port activity induced by BMP-9. Induction of OATP1A2 at
6 hours post—-BMP-9 treatment is consistent with our previous
work (Abdullahi et al., 2018) and with the temporal relation-
ship between activation of intracellular signaling and de novo
synthesis of other transporters known to be expressed in
endothelial cells (Miller and Cannon, 2014). It is noteworthy to
emphasize that BMP-9 had the greatest effect on the IR for
pravastatin (274% increase) and rosuvastatin (245% increase)
as compared with atorvastatin (208% increase). Indeed,
pravastatin and rosuvastatin are more hydrophilic than
atorvastatin. which implies that pravastatin and rosuvastatin
are more dependent upon OATP1A2-mediated transport to
permeate endothelial cells. Similar observations were made
by Higgins et al. (2014), who showed that genetic deletion of
OATP isoforms in male Friend leukemia virus mice resulted in
a greater magnitude of effect on pharmacokinetic properties
of hydrophilic statins as compared with hydrophobic statins.
Additionally, our data indicate a spatial dependence in which
apical plasma membrane BMP-9 exposure results in altered
OATP1A2 functional expression, but basolateral BMP-9 ap-
plication has no effect. This observation is of particular
relevance for CNS drug delivery in which OATP1A2 expression
and/or activity can be modulated when ligand is administered
via the systemic circulation and interacts with ALK1 receptors
at the apical plasma membrane of endothelial cells. These
results are also consistent with the known apical plasma
membrane localization of ALK1 in endothelial cells (Kraeh-
ling et al., 2016). Taken together, these data suggest that
OATP1A2-mediated statin uptake and permeability in human
endothelial cells are regulated via ALK1, a receptor that can
be targeted for novel strategies to control drug delivery.

As noted by Liu et al. 2015, differences in transport between
OATP1A2 and Oatplad “demonstrate that the rodent is not
a good model to investigate the active brain uptake of potential
OATP1A2 substrates.” We respectfully feel that this state-
ment requires clarification. The Liu study convincingly shows
OATP1A2-mediated transport of zolmitriptan but lack of
transport of multiple other triptan drugs by Oatpla4 (Liu
et al., 2015). We agree that rodents are not useful in studying
transport properties of these antimigraine medications; how-
ever, this is not the case for all OATP/Oatp substrate drugs.
Examples of common drug substrates of Oatpla4 and
OATP1A2 include opioid analgesic peptides (Ronaldson
et al., 2011; Albekairi et al., 2019) and FEX (Kullak-Ublick
et al., 2016; Takano et al., 2018). Clearly, translational
potential of rodent models to humans requires the evaluation
of both OATP1A2 and Oatpla4 transport properties. We have
accomplished this objective for statins via our detailed kinetic
studies. We also demonstrate, for the first time, that OATP1A2

Influx
Ratio
2

2
2.76
2.87

Papp (3 (cm/s) x 107°
2.59, 9.87)
4.51, 7.65)
3.89, 8.37)
3.73, 8.27)

Rosuvastatin

12.82, 22.28)
17.32 * 4.78 (95% CI: 6.08 = 1.39 (95% CI:

11.91, 22.73)
16.93 * 5.00 (95% CI: 6.13 = 1.98 (95% CI:

11.27, 22.59)
17.22 = 4.88 (95% CI: 6.00 = 2.01 (95% CI:
11.70, 22.74)

Papp a-) (cm/s) x 10°¢
17.55 = 4.18 (95% CI: 6.23 + 3.22 (95% CI:

3.9
4.63

Influx
Ratio
4.20
4.33

0.89, 4.67)
11.59 * 5.00 (95% CI: 2.97 = 1.46 (95% CI:

1.32, 4.62)

1.08, 4.10)
12.03 = 5.07 (95% CI: 2.78 = 1.93 (95% CI:

Papp B-a) (cm/s) x 10°¢
0.60, 4.96)

Pravastatin

11.67 = 5.00 (95% CI: 2.78 + 1.67 (95% CL:
6.01, 17.33)
5.93, 17.25)

12.00 + 5.01 (95% CL:  2.59 + 1.33 (95% CI:
6.33, 17.67)
6.29, 17.77)

Papp (a-s) (cm/s) x 10°¢

3.4
3.40
3.20

Influx
Ratio
3.27

Papp (-a) (em/s) x 107°
1.72, 10.30)
2.16, 9.24)
2.81, 8.95)

6.10 = 3.00 95% CI:
2.71, 9.49)

Atorvastatin

12.22, 27.00)
19.88 * 6.39 (95% CI: 5.70 = 3.13 (95% CI:

Papp (ap) (cm/s) x 107°
12.65, 27.11)

20.00 + 7.69 (95% CI: 5.88 + 2.71 (95% CI:
11.30, 28.70)

19.55 = 6.53 (95% CI:
12.16, 26.94)

19.61 + 6.53 (95% CI: 6.00 = 3.78 (95% CI:

LDN193189 (10 nM)
CI, confidence interval.

Effect of application of BMP-9 or LDN193189/BMP-9 to the basolateral chamber on the apical-to-basolateral and the basolateral-to-apical permeability of currently marketed statins across human

endothelial cell monolayers

Control

DMSO (vehicle)
BMP-9 (1 nM)
BMP-9 (1 nM) +

TABLE 4
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functional expression can be controlled by targeting ALK1
receptors. These current data on OATP1A2 prove the trans-
lational potential of our in vivo rodent studies that have shown
Oatpla4-mediated transport of statins (Thompson et al., 2014;
Abdullahi et al., 2018; Brzica et al., 2018). Furthermore, our
work emphasizes the essential need to consider endothelial
transport kinetics during preclinical drug development. By
considering apical-to-basolateral permeability mediated by
transporters such as OATP1A2, new drugs that are both
effective at specific molecular targets and capable of reaching
those targets can be accurately identified. This forward-
thinking approach may uncover novel compounds that are
more likely to have a clinical impact in diseases in which drug
development has been difficult, such as ischemic stroke.
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Supplemental Figure 1: Uptake of Atorvastatin in HUVECs Exposed to
DMSO. Atorvastatin (ATV) uptake was measured at 0, 2, 4, 6, and 8 h in
HUVECs treated with increasing concentrations of DMSO. Results are
expressed as mean + SD of three three independent experiments with each
data point in an individual experiment representing quadruplicate
measurements. Asterisks indicate data points that are statistically significant
from control (* p < 0.05; ** p < 0.01).



HUVEC | HepG2

OATP1A2
¢ (60 kDa)

OATP1B1
. \ (90 kDa)

OATP1B3
(100 kDa)

]
¢ OATP2B1
(80kDa)

73 L adk

B-actin
(43 kDa)

Supplemental Figure 2: Expression of OATP isoforms in Human Endothelial
Cells. OATP1A2, OATP1B1, OATP1B3, and OATP2B1 protein expression were
detected in HUVECs and in HepG2 cells (i.e., positive control) by western
blot analysis. Crude membrane preparations (10 og) were resolved on a 4%-
12% SDS-polyacrylamide gel, transferred to a PVDF membrane and analyzed
for expression of OATP transporters. Expression of b-actin was used as a
loading control.
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Supplemental Figure 3: Expression of Transporters across Consecutive Passages of
Cultured Human Endothelial Cells. OATP1A2, P-gp, and BCRP protein expression
were detected in consecutive passages (P1 = Passage 1; P2 = Passage 2; P3 =
Passage 3; P4 = Passage 4) of HUVECs in culture by western blot analysis. All
experiments described in this study were used between passage 1 and passage 4.
Crude membrane preparations (10 og) were resolved on a 4%-12% SDS-
polyacrylamide gel, transferred to a PVDF membrane and analyzed for expression
of OATP transporters. Expression of b-actin was used as a loading control.



