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Abstract: The central nervous system (CNS) is an important pharmacological target, but it is very
effectively protected by the blood-brain barrier (BBB), thereby impairing the efficacy of many
potential active compounds as they are unable to cross this barrier. Among others, membranous
efflux transporters like P-Glycoprotein are involved in the integrity of this barrier. In addition to
these, however, uptake transporters have also been found to selectively uptake certain compounds
into the CNS. These transporters are localized in the BBB as well as in neurons or in the choroid
plexus. Among them, from a pharmacological point of view, representatives of the organic anion
transporting polypeptides (OATPs) are of particular interest, as they mediate the cellular entry of
a variety of different pharmaceutical compounds. Thus, OATPs in the BBB potentially offer the
possibility of CNS targeting approaches. For these purposes, a profound understanding of the
expression and localization of these transporters is crucial. This review therefore summarizes the
current state of knowledge of the expression and localization of OATPs in the CNS, gives an overview
of their possible physiological role, and outlines their possible pharmacological relevance using
selected examples.
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1. Introduction

Every living organism is in constant contact with its environment. One mechanism
associated with this “contact” is the exchange realized in the selective uptake and release of
molecules of versatile chemical properties. This is an important achievement of life, which
is already realized on the cellular level. In more highly developed organisms, including
humans, entire organ systems are specialized in selectively absorbing substances, while at
the same time preventing or at least impeding the entry of potentially harmful molecules.
This “sorting function” is realized in organs such as the intestine, the liver or the kidney,
and involves different mechanisms. On the one hand, the body can selectively absorb
substances, an example of which would be the absorption of amino acids or glucose in the
intestine. In both cases, these are very polar molecules that do not cross the cell membrane
by passive diffusion. The biological solution for their transit through membranes is the
presence of selective pores/uptake transporters that allow facilitated, carrier-mediated
diffusion. On the other hand, we are also exposed to toxins, which can cross the cell
membrane by passive diffusion. A possible protective mechanism here is to throw these
compounds right back out of the cell. This function is realized by membrane efflux
transporters, which are capable of transporting their substrates against a concentration
gradient in an energy-dependent manner. In addition to these transport-based systems,
toxic substances can be subject to enzymatic conversion. This can neutralize them and/or
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make them accessible to transport processes. The interplay of transporters and enzymes
is highly effective in protecting the body from environmental toxins and is additionally
involved in the elimination of endogenous metabolites. However, it always represents
a compromise between the necessary intake of essential nutrients and protection from
potential toxins. Accordingly, it does not appear surprising that protection may not be
complete. For this reason, structures requiring special protection are located behind further
biological barriers. Examples are the blood—placenta barrier, the blood—testis barrier, and
the blood-brain barrier (BBB). Here, again, membrane proteins including the efflux and
uptake transporters play an essential role. At the molecular level, these transporters are,
on the one hand, members of the ABC transporter family, which primarily govern cellular
efflux, and, on the other hand, members of the solute carrier (SLC) superfamily, which
facilitate cellular uptake processes.

From a pharmacological point of view, the expression of drug transporters in the
central nervous system (CNS) is of particular interest, especially at the BBB. This cellular
structure is considered practically impermeable for most drugs. While considered advanta-
geous for most drug development programs, the protective capacity of the BBB becomes a
major challenge in the development of neurotherapeutics [1]. In 2005, Pardridge concluded
that 100% of the large molecule drugs and about 98% of the small molecule drugs currently
approved are unable to cross the blood-brain barrier [2]. While this barrier function is abso-
lute for many hydrophilic substances, lipophilic compounds are assumed to overcome the
plasma membrane by means of passive diffusion. However, active transport mechanisms
in the BBB lead to a more or less strong gradient between the systemic circulation and the
brain, which in many cases does not allow pharmacologically sufficient concentrations
in the CNS. This remarkable barrier function is linked to the extraordinary structure of
the BBB. The endothelial cells contain highly dense tight junctions and adherens junction
molecules, largely excluding the mechanisms of paracellular transport. In addition, fenes-
tration, as found in the endothelial cells of the choroid plexus and other organs like the
intestine, does not exist here and non-specific transcytosis (pinocytosis) is considered to be
absent [3]. The integrity and impermeability of the BBB is further ensured by astrocytes
and pericytes, as well as the basal lamina, which surrounds the endothelial cells [4]. For the
astrocytes, it has been shown that they enhance the formation of tight junctions by secreting
certain factors like sonic hedgehog [5]. In addition to these structural characteristics, the
BBB also possesses active mechanisms that govern the exchange of molecules between the
CNS and the blood, and therefore, the rest of the organism. These include membranous
transporter proteins, both from the efflux and uptake transporter family. Representatives
of the ABC transporter family, such as the P-glycoprotein (P-gp, MDR1, ABCB1), the breast
cancer resistance protein (BCRP, ABCG2) or some multidrug resistance proteins (MRPs,
ABCCs), are involved in the integrity of the BBB (compare Figure 1). These ATP-dependent
transporters are mainly localized in the luminal membrane of the endothelial cells. The
multiplicity of transporters and their high expression levels ensure that a wide range
of molecules including those that exhibit the ability for passive diffusion are efficiently
extruded back into the bloodstream, thereby limiting the accessibility of the CNS. In con-
clusion, ABC-transporters are major determinants of the fact that only a few drugs are able
to cross the BBB. This is a phenomenon that has been worked on for years [6,7].
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Figure 1. Schematic depicting the current understanding of uptake and efflux transporters at the blood-brain barrier.
Uptake transporters enable the brain entry of molecules of endogenous (neurosteroids and thyroid hormones) or exogenous
origin. Even if data on the localization of OATPs in the endothelial cells is sparse, OATP1A2 is assumed to be located
at the apical membrane, while OATP2B1 might also be found at the basal membrane. Transcellular transport as well as
protection involves efflux transporters such as MDR1 (ABCB1, P-Glycoprotein, P-gp), BCRP (ABCG2), and MRPs (ABCCs).
Expression of OATP transporters and efflux transporters is also found in neurons and astrocytes enabling the movement of
their substrates across these membranes. Adapted from with permission from [8], Biochem. Pharm. 2021.

On the other hand, the CNS depends highly on the selective entry of certain com-
pounds. Uptake transporters, and possibly also efflux transporters like MRP1 (ABCC1)
localized in the abluminal membrane of the endothelial cells [9], are assumed to play a role
in this context. The relevance of uptake mechanisms initiating centrally directed transport
is exemplified by MCT8 (SLC16A2), where loss-of-function mutations in the SLC16A2
gene lead to severe defects in neurological development due to reduced thyroid hormone
CNS exposure [10,11]. Other relevant uptake transporters would be the L-type amino acid
transporter 1 (LAT1, SLC7A5) with its substrate L-DOPA [12,13], or the glucose transporter
GLUT1 (SLC2A1) [14], to name a few.

With the notion that facilitated BBB-endothelial entry could also realize central drug
delivery, members of uptake and efflux transporter families recognizing pharmacological
compounds as substrates are attracting interest in the field. Indeed, within the solute
carrier (SLC) superfamily, pharmacologically important uptake transporters are found in
the solute carrier organic anion (SLCO) family, among others. Members of this family are
also known as organic anion transporting polypeptides (OATP). Accordingly, the SLCO
nomenclature stands for the gene, while “OATP” denominates the respective protein.
The aim of this review is to summarize the current state of knowledge regarding SLCO
transporters in the CNS, especially at the blood-brain barrier, but also in the choroid plexus
and neurons. Within this manuscript, we will address their expression and localization in
these structures, but will also provide an overview of their endo- and exogenous substrates
and discuss their known and potential physiological and pharmacological relevance.
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2. OATP/SLCO Transporter

In humans, 11 SLCO transporters exist, organized into six families and ten subfamilies
based on sequence identity. OATPs are predicted to have 12 transmembrane domains and
act in a sodium-independent manner, thereby mediating the cellular uptake of a wide
variety of endo- as well as exogenous compounds, including several clinically important
drugs. In general, OATP substrates are amphipathic organic anions with a molecular
weight of more than 300 Da; however, neutral or even positively charged substrates
(especially for OATP1A2) have also been described. OATPs are involved in the uptake of
several physiological substrates including organic anions like bile acids, bilirubin, thyroid
hormones and prostaglandins [15]. Moreover, OATPs transport steroid hormone conjugates
like estrone-3-sulfate or estradiol-17(3-glucuronide. In general, more than 300 OATPs have
been identified in several species, but in contrast to other transporter families, like the
highly conserved ABC-transporter family, the SLCO-transporter family differs significantly
among species. For example, while gene duplication resulted in the two human OATP1B-
transporters, namely OATP1B1 and OATP1B3, the murine homolog for both transporters is
OATP1B2 [15,16]. For OATP1A2, it is vice versa; here, we find only one transporter in the
human system, while there are multiple OATP1A transporters in rodents [15]. These species
differences are one reason for the difficulties in developing predictive animal models or in
inferring potential effects in humans from animal data. Consequently, this is one of the
reasons for which the physiological and pharmacological impact of OATPs in organs other
than the liver is so far only poorly understood. Briefly, in the liver, a high clinical relevance
was especially demonstrated for the SLCO-transporters OATP1B1 and OATP1B3. Both
have been shown to be involved in the hepatic uptake of various drugs thereby influencing
their systemic exposure. Importantly, the certainty in evaluating their clinical relevance
is clearly driven by the fact that frequently occurring genetic loss-of-function variants
exist, allowing in vivo comparisons for the impact of these transporters, which are mainly
expressed in the liver [17-20]. In addition to the OATP1B- transporters, OATP1A2 and
OATP2B1 have also been shown to interact with numerous drugs [21]; however, these
findings are mainly from in vitro experiments and have so far only been validated to a very
limited extent in vivo. In contrast to the OATP1B- transporters; however, OATP1A2 and
OATP2B1 show a much broader expression profile, which is why they represent interesting
candidates for drug uptake into their respective target structures [22,23].

Overall, the function of OATPs is of interest from both a physiological and pharma-
cological perspective. However, while it is relatively straightforward to determine the
function of a transporter such as OATP1B1, which is expressed in only one organ and for
which there are also functionally relevant genetic variants available, this is significantly
more difficult for other OATPs. Particularly for those assumed to be of relevance for the
CNS. Moreover, due to significant species differences, animal models are of limited value.
Nevertheless, there are several ways to address this question. Each of these is based on
a precise determination of the expression and localization of the transporter in a specific
organ or tissue.

3. Expression and Localization of OATPs in the Brain

Within the following section, RNA expression data, antibody-based protein detection,
which still plays an important role for localization, and modern mass spectrometry (MS)-
based detection methods, are considered. Especially with regard to the latter method, it is
important to emphasize that these methods not only target the whole brain, but also work
with isolated microvessels or capillaries of the BBB and thus indirectly allow conclusions
on localization.

3.1. OATP1A2

In 1998, in search of an uptake transporter for dehydroepiandrosterone-sulfate (DHEAS),
the RNA of OATP1A2 was detected in the CNS of humans [24]. Subsequently, this finding
was confirmed and validated on the protein level applying Western blot analysis of the
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whole brain homogenate [25]. Immunohistological staining indicates that the transporter
is localized in brain capillaries and endothelial cells of the BBB [25-27]. Very recently, we
were able to confirm this endothelial localization of OATP1A2; however, we also found an
expression in glia cells indicated by the colocalization with the glial fibrillary acidic protein
(GFAP) [28]. In a further study, OATP1A2 was also detected in neurons of the cortex, as well
as pyramidal and granule cells of the hippocampus. Moreover, the authors also reported
the presence of the transporter in the retina, which developmentally arises from an out
pouch of the diencephalon and is thus part of the CNS [29]. Using targeted proteomic-based
studies, OATP1A?2 signals were found in whole brain lysates [28], while the transporter was
below the detection limit in isolated brain capillaries [30,31]. Interestingly, using targeted
proteomics, OATP1A2 was also below the detection limit in canine brain capillaries, while
it was detected in the choroid plexus of dogs and rats, but not in that of humans [32,33].
Irrespective of the data obtained in the MS-based studies, we would consider OATP1A?2 to
be present in the cells forming the human blood-brain barrier especially in the endothelial
cells.

3.2. OATPIC1

Already with their first description, the thyroid hormone (thyroxine (T4) and reverse
triiodothyronine (rT3)) transporter, OATP1C1, was described in multiple regions of the
human brain [34]. Further studies localized the transporter at the cellular level in astrocytes
of the hippocampus and the hypothalamus [35-37]. Moreover, human OATP1C1 was
detected in the apical and basal membrane of the ependymal cells of the choroid plexus, but
only at low expression levels in microvessels of the BBB [36,38]. Similar observations were
made in rodents concerning astrocytes and the choroid plexus; however, in these studies,
OATP1C1 was also found in endothelial cells of the BBB [34,37,38]. The low expression of
OATP1C1 in the human BBB was confirmed by further studies using targeted proteomics
on microvessels isolated from the brain of humans and cynomolgus monkeys [30,39].
In both cases, OATP1C1 was below the detection limit, indicating no or only very low
expression of OATP1C1 in the BBB of humans and monkeys. In summary, OATP1C1 is
expressed in different regions of the human CNS mainly in astrocytes and the choroid
plexus, but presumably not in the human BBB.

3.3. OATP2A1

OATP2A1, also known as prostaglandine transporter (PGT), is responsible for the
transmembrane transport of prostaglandins. As assumed for other OATPs [8,40], OATP2A1
can act in both directions, as shown by its involvement in the release of prostaglandins [41].
Even if OATP2A1 function in the brain has only been of limited interest so far, its mRNA
expression has already been shown in early studies for different brain areas such as the
amygdala, the corpus callosum, the hippocampus, the substantia nigra, the thalamus [42],
and ocular tissues [43]. On the protein level the transporter was found in neurons, microglia,
and astrocytes [44] of the human brain, while in mice OATP2A1 was also present in the
choroid plexus as well as in endothelial cells, microglia and perivascular cells of the cerebral
cortex [45], but again targeted proteomic approaches so far have failed to verify these results
in humans [30].

3.4. OATP2B1

Like OATP1A2, OATP2B1 shows a broad tissue distribution, which also includes
the CNS [46]. Immunohistochemical stainings indicate that the transporter is localized
in the endothelial cells of the human BBB [27-29] and the retina [29]. These results were
confirmed in recent studies using targeted proteomic approaches for whole brain lysate [28]
and enriched microvascular endothelial cells [47,48]. However, in some reports, OATP2B1
signals are below the detection limit even if a similar technique was applied [30,31]. Taken
together, the current data indicate that in humans OATP2B1 is almost exclusively expressed
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in the BBB. This tissue distribution is in contrast to the situation in rodents, where the
transporter was also present in the ependymal cells of the choroid plexus [9].

3.5. Other OATPs

Besides these transporters, other OATPs have been found in the human brain. One
example is OATP3A1, which is involved in the prostaglandine and thyroid hormone
uptake [49,50]. OATP3A1 exists in two splice variants, of which OATP3A1_v2 lacks the
18 C-terminal amino acids which are present in the OATP3A1_v1 [51]. Both variants are
present in the brain. While OATP3A1_v1 was found in the grey, but not in the white
matter, OATP3A1_v2 was present in neuronal cells of both structures. At the choroid
plexus, OATP3A1_v1 was localized to the basal membrane and OATP3A1_v2 to the apical
membrane of the ependymal cells [51]. The expression of OATP3A1 was also assessed
using targeted proteomics, confirming its presence in the human choroid plexus [33], while
its signal intensities were below the detection limit in human brain microvessels [30]. Of
note, similar experiments using porcine brain capillaries demonstrated a predominately
luminal (apical) expression of this transporter [52]. At this point, it should be mentioned
that OATP3A1, unlike most other OATPs, shows high homology to other species such as
rats, which makes animal models very interesting for studies investigating its function [50].

Finally, there are data on the thyroid hormone transporter OATP4A1 in the human
brain [49]. Here, mRNA signals were detected in the cortex [53]; however, compared
to other tissues its expression has to be considered low [54]. In rats, OATP4A1 was
found to be present in the choroid plexus [55]; however, no data are currently available
for humans. Like most other OATPs, OATP4A1 expression levels were assessed using
targeted proteomics in human brain microvessels. Here, its signal intensities were below
the detection limit [30], which is in line with an immunofluorescence study of OATP4Al in
the brain [27].

In summary, several OATPs have been detected in the human brain (compare Figure 1).
While OATP1C1 and OATP2AL1 are mainly of interest from a (patho)physiological point of
view, OATP1A2 and OATP2B], in addition to their possible importance in neurosteroid
transport, could also be pharmacologically relevant due to their localization in the BBB and
their substrate spectrum. However, especially with regard to the localization in the BBB,
further investigations are necessary. The transporters were detected in this structure using
different antibodies, but it is striking that these observations could often not be confirmed
by means of targeted proteomics. These heterogeneous results could be explained by
differences in the selection of peptides for the detection of the transporters, the sensitivity
of the mass spectrometers, or the protocol used. It will be interesting to see whether this
would still be true when using more sensitive instruments in the future. In addition, it is
important to assess on which side of the endothelial cells the transporters are localized.
Previous work assumes a luminal localization of both transporters [27], which would be
rather unusual, at least with regard to OATP2B1, which is localized to the basolateral
membrane in polarized cells of most other tissues like hepatocytes [46] or the placental
syncythiotrophoblast [56]. Therefore, it would be of interest to have data from high-
resolution microscopy. Another interesting approach to answer this question would be the
targeted proteomics-based analysis of previously separated luminal and basal membranes
of endothelial cells as already done for porcine brain capillaries [52].

4. Endogenous Substrates and the Physiological Role of OATPs in the Brain

It is generally accepted that OATPs are involved in the handling of sulfated steroid hor-
mones. Estrone 3-sulfate (E;S), pregnenolone-sulfate (PregS), and dehydroepiandrosterone
sulfate (DHEAS) are examples of conjugated steroids that depend on transport mecha-
nisms to cross cellular membranes due to their hydrophilic sulfate moiety. Particularly
for DHEAS and PregS, there are reports showing their effects on processes in the central
nervous system [57-59]. Interestingly, the main action of these so-called neurosteroids
is not seen in the regulation of gene transcription by interaction with steroid hormone
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receptors, but in the binding to and modulation of neuronal membrane receptors or ion
channels [57,58]. In this context, neurosteroids have been shown to modulate neuronal
excitability, for example, by interaction with GABA-A or NMDA receptors [60]. Notably,
for the GABA-A receptor, it has been shown that PregS acts as a non-competitive antago-
nist, while unconjugated pregnenolone, inversely, agonizes the receptor [61]. Importantly,
even if sulfated steroids are not themselves involved in the intracellular transcriptional
regulation, they still function as precursors of the unconjugated and usually active steroids,
which bind to their respective receptors. Both forms, the sulfated and desulfated steroids,
are believed to exist in the central nervous system. Here, sulfation and desulfation, which
are catalyzed by sulfotransferases and sulfatases, respectively, are the metabolic link be-
tween both forms of the steroids [62]. Moreover, it is believed that the steroids and/or
their conjugated forms can be directly synthesized in the brain [63-65], or can be taken
up from the blood stream. For pregnenolone, Kancheva et al. found significantly lower
concentrations in the cerebrospinal fluid compared to serum, suggesting at least a diffusion-
limiting barrier between the blood and the brain for this steroid. Importantly, in the same
study, the authors observed a link between serum PregC (pregnenolone conjugates) and the
unconjugated steroid in the CSF, while no such association was observed for pregnenolone
in serum and CSF [66]. Referring to data by Wang et al. showing that intravenously applied
pregnenolone sulfate can be found in various regions of the rat brain [67], Kancheva et al.
concluded that the transfer of PregS from the blood to the brain should be considered
as one of the mechanisms contributing to the homeostasis of this neurosteroid [66]. For
DHEAS, there are data assuming both influx and efflux across the blood-brain barrier.
Kancheva et al. found that the CSF DHEA depends more on the DHEA serum levels,
suggesting that the situation for this steroid is somewhat different to that assumed for
Pregnenolone [66]. Here, we want to cite Asabe et al., who observed a net efflux of DHEAS
from the brain to the blood in rats. Using in vitro experiments, they were able to identify
rat OATP?2 (today Oatpla4) and, due to ATP depletion, an efflux transporter to be involved
in this process [68].

Irrespective of whether influx or efflux predominates, sulfated neurosteroids are
hydrophilic molecules and therefore their handling within the blood-brain barrier depends
on a properly functioning and coordinated transport system comprising cellular entry and
efflux when transcellular passage has to be realized. Especially within the step of cellular
entry, organic anion transporting polypeptides could play a role. As recently reviewed,
there are two candidates that are expressed in the human endothelial cells of the BBB [69]
and are capable of transporting sulfated steroids [70]. These candidates are OATP1A2 and
OATP2B1. Since OATP1A2 was also shown to be expressed in neurons [29], the transporter
might be involved in the neuronal uptake before intracellular desulfation of the sulfated
steroid. Furthermore, addressing the above-mentioned study by Asabe et al., in the human
system OATP2B1 and/or OATP1A2 would be possible candidates for cellular uptake from
the brain. With BCRP (ABCG2), which is an efflux transporter localized at the apical side
of endothelial cells and capable of extruding DHEAS, the flux of this neurosteroid out
of the brain would be granted. Regarding the usage of neurosteroids as a therapeutic
intervention, it seems noteworthy that they are discussed, for example, as modulators in
mood disorders [61,64], thereby turning the transcellular transit and/or potential uptake
mechanisms into a central question of such a treatment approach.

Another class of hormones that is dependent on transmembrane transport is the
thyroid hormone family [71], which comprises thyroxine (T4) and the highly biologically
active triiodothyronine (T3). The metabolism of thyroid hormones is rather complex;
however, in the context of membrane transporters, it should be mentioned that one of the
mechanisms contributing to the biological activity of thyroid hormones is the binding of T3
to respective intracellular receptors. Ty is linked to T3 by enzymes catalyzing the conversion
by deiodination [72]. Independent of that, there are data supporting the idea that OATPs
are involved in the transmembrane transport of thyroid hormones. One important OATP
that transports thyroid hormones and is expressed in multiple regions of the human brain
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is OATP1C1 [34]. Even if there are reports suggesting low to no expression of OATP1C1
in the human blood-brain barrier [37,73], Sugiyama et al. were able to detect the rat
orthologue OATP14 at the luminal and abluminal sides of rat brain capillary endothelial
cells. Besides its expression, the authors reported on the thyroid hormone transport
function of this particular orthologue in rats, showing high transport capacity for T4 and
lower transport of Tz in OATP14-expressing HEK293 cells [74]. Notably, when performing
uptake experiments using X. laevis oocytes injected with human OATP1Cl1, Pizzagalli et al.
did not observe enhanced uptake of T3, but they were able to validate transport of Ty
and showed transport of the biologically inactive reverse triiodothyronine (rT3) [34]. As
mentioned before, thyroxine can be intracellularly converted to the more biologically active
Ts. This conversion is catalyzed by enzymes such as the type II deiodinase, which has been
shown to be expressed in the human brain [75].

While OATP1C1 transport function seems to be linked to the precursor thyroxine,
there are data obtained in a similar experimental set-up of injected X. laevis oocytes
supporting that OATP1A2 mediates transport of both T3 and Ty (Km T3: 6.5 £ 2.5 uM;
Ty: 8.0 £ 1.7 uM) [54]. For OATP2B1, the available data are controversial. While Kullack-
Ublick et al. saw neither T3 or T4 accumulation in OATP2B1 expressing X. laevis oocytes [46],
we provided data supporting the idea that both T4 and T3 interact with the transporter [76].

Besides function, one has to consider localization when speculating on the role of
a transporter in the handling of a molecular class. In this context, we want to mention
that it is currently not elucidated whether OATP2B1 is localized in the luminal (apical) or
abluminal (basal) membrane of endothelial cells. However, at the abluminal site of the
endothelial cells, OATP2B1 might play a role in the salvage of centrally formed sulfated
thyroid hormone metabolites. Importantly, without going into too much detail, thyroid
hormones undergo a complex metabolism of which some metabolites contain hydrophilic
moieties [72]. For those metabolites, a transporter facilitating cellular entry would be of
relevance. Further studies are needed to investigate the role of OATP2B1 and OATP1A2 in
brain hormone homeostasis.

The importance of membrane transporters in the context of thyroid hormone home-
ostasis in the brain is exemplified by the Allan-Herndon-Dudley syndrome. This syndrome
finds its genetic basis in mutations of the monocarboxylate transporter 8 (MCTS, SLC16A2),
a well characterized thyroid hormone transporter, which is highly expressed in neurons
and mainly transports T3 [75]. Patients deficient in MCT8 exhibit a disturbed thyroid
hormone homeostasis in the brain, which leads to neonatal hypertonia with a total lack of
posture acquisition, nystagmus, spasticity, dystonia, and profound mental retardation [77].
Besides its expression in neurons, MCT8 is also found in capillary endothelial cells, the
choroid plexus and tanycytes, and is assumed to contribute to the CNS entry of thyroid
hormones. Even if the role of membrane transport in thyroid hormone homeostasis is
greatly supported by the findings in patients with Allan-Herndon-Dudley syndrome, little
is known about the consequences of polymorphisms located within the gene loci encoding
for other transporters assumed to be involved in thyroid hormone homeostasis. This is espe-
cially true for genetic variants of the herein described transporters OATP2B1 or OATP1A2.
Notably, for OATP1C1, van der Deure et al. were not able to find an association between
OATP1C1 polymorphisms (rs10770704, intron 3 T > C; rs36010656, c.427C > A, p.143P > T,
rs10444412, c.3035C > T) and serum thyroid hormone parameters when investigating a
large cohort of Danish twins [78]. However, there is a published report on a 15-year-old girl
exhibiting neurological dysfunctions (development of dementia, spasticity, and intolerance
to cold), where exome sequencing revealed a homozygous mutation in the SLCO1C1 gene
(NM_001145946.1:c.754G > A; p.(D252N)). Subsequent in vitro data revealed a loss in Ty
transport function of this particular variant [79]. To further confirm this genetic association,
it would be interesting to find more individuals harboring this mutation in order to validate
the observation. Moreover, further data are needed to elucidate the consequences of the
different affinities and substrate recognitions of the OATPs and the thyroid hormones and
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their metabolites, as it appears that a network of multiple transporters is involved in the
homeostasis of thyroid hormones in the human brain.

5. Exogenous Substrates and the Pharmacological Role of OATPs in the Brain

Besides enabling the cellular entry of endogenous molecules, the OATPs were also
shown to transport exogenous compounds thereby becoming pharmacokinetic determi-
nants. OATP1B1, OATP1B3, OATP2B1 and OATP1A2 are best characterized for their
interaction with drugs. In the context of pharmacology, OATP1B transporters need to be
highlighted, as they are known to be critically involved in the hepatocellular uptake of
their substrates. However, since they are only expressed in the liver, their relevance to the
CNS is limited to their influence on the plasma concentration of their substrates. For the
ubiquitously expressed OATP2B1, contributions to the ADME processes are believed to
apply to various organs including intestine [80,81], liver [46], and kidney [82]. However,
the relevance of OATP2B1 as a pharmacokinetic determinant is less defined than for the
OATP1B-transporters. As mentioned above, OATP2BI1 is not only present in the ADME
organs, but also highly expressed in cells forming cellular barriers, such as the syncytiotro-
phoblasts of the blood—placenta barrier [83] or the endothelial cells of the BBB [28]. To date,
there is not much data available regarding centrally active drugs and their interaction with
OATP2B1. One reason might be the lack of specific inhibitors for each OATP, while another
one might be the expression of OATP2B1 in other tissues, including the liver, making it
difficult to differentiate between systemic effects and local ones (e.g., at the blood-brain
barrier). Furthermore, due to its localization in the liver and BBB, an inhibition of OATP2B1
would cause opposing effects on plasma and tissue concentrations. In addition, to date,
there are no frequent genetic loss-of-function variants, which could give information about
the transporter’s contribution to physiological and pharmacological processes in compara-
tive pharmacogenetic studies. Nevertheless, there was one approach investigating whether
morphine and its two major metabolites [morphine-3- and morphine-6-glucuronide] rely
on OATP2B1-transport to cross the blood-brain barrier [84]. In vitro experiments revealed
that morphine and morphine-6-glucuronide are substrates of the transporter, while no dif-
ference in cellular accumulation was found for morphine-3-glucuronide when comparing
OATP2B1-expressing and control cells. Interestingly, when blocking OATP2B1 in mouse
brains using nanoparticles of DGL-PEG/dermorphin encaspulated siRNA (OATP2B1),
Yang et al. observed less accumulation of morphine and morphine-6-glucuronide, translat-
ing into lower morphine tolerance and analgesic effect [84].

For OATP1A2, there have been in vitro experiments suggesting that this transporter
may be—due to its expression in the BBB—involved in the brain entry of opioids. Briefly,
using the X. laevis oocyte system, the naturally occurring linear opioid peptides deltorphin
IT and the synthetic cyclic peptide [D-penicillamine2,5] enkephalin (DPDPE) were identified
as OATP1A2 substrates [25]. Another class of compounds known to enter the brain in order
to exert its effect is dopamine receptor agonists. In our laboratory, we were able to show
that both OATP2B1 and OATP1A2 interact with dopamine receptor agonists. Applying
the method of competitive counterflow, we identified bromocriptine and cabergoline as
substrates of the transporters [28]. It is beyond question that there are further studies
needed to investigate the interaction of the transporters with the above-mentioned drugs,
especially when it comes to the clinical relevance of the currently available data. Another
class of molecules that could be interesting in this context is antitumor drugs, where
multiple members have been reported to be transported by OATP1A2 and OATP2B1 [85].

One class of drugs that is widely accepted to be transported by multiple OATPs is
the statins. These 3-Hydroxy-3-Methylglutaryl-Coenzyme-A-reductase inhibitors are used
to treat dyslipidemia and to prevent cardiovascular events. The HMG-CoA reductase
is the rate-limiting step in the mevalonate forming pathway. The end-products of this
pathway are also involved in regulating biological activities in the central nervous system.
As summarized by Fracassi and Marangoni et al., statins exhibit pleiotropic effects and
have been shown to modulate a plethora of neuronal processes including the regulation
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of cognition and memory pathways [86]. Indeed, Johnson-Anuna et al. were able to
show that the statins lovastatin, pravastatin, and simvastatin reach the mouse cerebral
cortex by determining brain-statin levels using liquid chromatography/tandem mass
spectrometry [87]. Both OATP2B1 and OATP1A2 recognize statins as substrates [88-91].
In the context of OATPs in the blood-brain barrier and their capacity to transport statins,
we want to highlight the results of a preclinical study obtained in a mouse model of
stroke, where the authors observed improved cerebral blood flow and the stabilization of
neurological functions when administering simvastatin daily for 14 days before occlusion
of the arteria cerebri media. Indeed, the authors observed reduced cerebral infarct size after
simvastatin treatment when analyzing the tissue injury applying a staining method [92].
Whether there is an OATP-mediated uptake mechanism involved in the brain entry of the
statin remains to be investigated. Notably, there is evidence that statins not only exert
ameliorating effects on the CNS, including protection against neurodegenerative diseases,
but also have a negative impact on cognitive functions in some patients. In a review on
that specific topic, the authors conclude that evidence is insufficient; however, the available
data suggest that some patients are more sensitive to experiencing reversible cognitive
impairment including memory loss or confusion, while others profit from a reduced risk of
dementia [93]. Whether changes in OATP2B1 and/or OATP1A2 transport activity impacts
the observed effects can only be speculated on. However, Abdullahi et al. were able
to show that the OATP1A2 rat orthologue OATP1A4 is involved in the CNS delivery of
both hydrophilic (pravastatin) and hydrophobic (atorvastatin) statins using in situ brain
perfusion technique [94]. Furthermore, using the same method, Ose et al. were able to
show significantly decreased blood-to-brain transport of pitavastatin and rosuvastatin in
OATP1A4 knock-out mice compared to wild-type mice [95]. Even if one certainly has to
consider species-specific differences, these data support the idea of OATPs playing a role
in the blood brain-barrier transfer of statins in humans. However, one has to keep in mind
that we are speculating on this without relating the information on CNS statin exposure
to the exposure in plasma or other tissues. Citing one of the excellent reviewers of this
manuscript, it would be more relevant to compare the free drug exposure in plasma to that
in extensively perfused tissues in order to comment on the role of drug transporters in the
permeation of the BBB.

6. Conclusions

In summary, several OATPs have been detected in the human brain so far. Based
on our current knowledge, OATP2B1 and OATP1A2 appear to be the most relevant drug
transporters, besides the physiologically important thyroid hormone transporters. Both
OATP2B1 and OATP1A2 are found in the blood-brain barrier; however, information on
their exact localization is still limited. Considering the situation in other tissues, one would
rather expect a basal localization for OATP2B1, whereas an apical one would be conceivable
for OATP1A2. Thus, in both cases, but especially assuming a luminal localization, these
transporters would be of potential interest for concepts of CNS-targeted drug delivery.
However, so far there are only very limited data available demonstrating a clinically rele-
vant role of these transporters for drug distribution into the CNS. Although it is known from
in vitro studies that respective drugs are transported by these transporters, clinical studies
on this topic are missing. This is not necessarily surprising, as the corresponding effects
are very difficult to detect. For example, in contrast to OATP1BI, there are no frequently
occurring genetic variants for either transporter that are associated with a high functional
impairment. Even if interaction studies would be an alternative, there are currently no
transporter-specific inhibitors available. Another possibility for addressing this problem
would be an appropriate animal model. However, it must be kept in mind that OATPs and
especially OATP1A2 show major species-specific differences. Therefore, humanized animal
models may be an interesting alternative. Indeed, an appropriate humanized OATP1A2
mouse model has recently been published, but the data presented to date concerning an
effect on drug uptake into the CNS are rather disappointing [96]. Another starting point
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could be the use of cellular models for the blood—-brain barrier. Although the corresponding
cell lines hardly express the mentioned membrane transporters, an overexpression would
be conceivable here as well.

In conclusion, the pharmacological relevance and the pharmacological possibilities of
OATPs in the blood-brain barrier are of great interest, but in many respects, we are still at
the beginning of understanding their relevance.
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