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Influx transporters and drug targeting:
Application of peptide and cation transporters
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Abstract. There are carrier-mediated mechanisms at the hlood-brain barrier (BBB) for the permeation
of drugs and natural compounds in the blood-to-brain and brain-to-blood directions. Organic cation/
carnitine transporters, OCTN1 and OCTN2, are expressed at the BBB. OCTN1 transports some
organic cations such as tetraethylammonium, quinidine, mepyramine in a Na+ independent manner.
This review focuses on the role of transport systems in the uptake of xenobiotics, especially cationic
and peptide drugs, across the BBB into the brain, as well as on strategies to increase drug delivery into
the brain by blocking efflux transport protein function, or to reduce CNS side effects by modulating
BBB transport processes. © 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The central nervous system (CNS) contains cellular barriers that maintain homeo-
stasis by elimination of toxic metabolites generated in the brain. The barriers that limit
the concentrations of toxins and xenobiotics in the interstitial fluids of the CNS are the
blood-brain barrier (BBB), consisting of brain capillary endothelial cells, and the
blood-cerebrospinal fluid barrier (BCSFB), consisting of choroid plexus epithelial cells.
Both barriers have cellular tight junctions and express transport systems which serve to
actively transport physiologically important nutrients such as glucose, amino acids, etc.
into the brain, and to actively import or export various xenobiotics including drugs and
their metabolites. These transport systems are increasingly being recognized as
important determinants of drug distribution into and efflux from the brain [1-3].
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The present review is focused on influx transporters that have been identified at the
molecular level and have relevance to cationic and peptide drug delivery to the brain,
especially the SCL transporters and related transport systems expressed in the BBB.

2. Organic cation transporter (OCT and OCTN) family

Members of the organic cation transporter (OCT, SLC22A) family have been
molecularly identified in rat, rabbit and human [4].They transport a variety of cationic
compounds, including monoamine neurotransmitters, classical organic cation transporter
substrates such as tetraethylammonium (TEA) and choline, neurotoxic 1 methyl-4-
phenylpyridinium (MPP), and other cationic compounds. Rat OCT3 (SLC22A3) and
human OCT2 (SLC22A2) are expressed in the brain, but it is thought that they participate
in the regulation of neurotransmitters in neurons rather than at the BBB [5,6].

We have isolated a new family of organic cation/carnitine transporters, OCTNs
(OCTN1-3) from human and mouse [7-9]. OCTN2 (SLC22A5) was also cloned from rat
intestine [10]. The ammo acid sequences of OCTN1 (SLC22A4), OCTN2 and OCTNS
show low but significant similarity to those of OCT family members and OCTNs were
initially thought to be organic cation transporters. However, subsequent studies clarified
that their physiological function was as sodium ion-dependent transporters for carnitine,
which is important in the metabolism of fatty acids [11]. Mutation of OCTN 1 and OCTN2
have been reported to cause Crohn's disease [12] and primary carnitine deficiency [11],
respectively.

OCTN2 behaves as an exchange transporter in Na+-dependent carnitine reabsorption in
the kidney and mediates Na+-independent secretion of organic cations [13]. OCTN2 was
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Fig. 1. Uptake of organic cations by Xenopus oocytes expressed with human OCTN1.
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confirmed to be expressed in primary cultured and freshly isolated brain capillary
endothelial cells of mice, rats and humans [14,15]. Freshly isolated brain capillary
endothelial cells from Octn2 gene-deficient mice (jvs), when compared with those from
normal mice exhibited a significant reduction of Na+-dependent camitine transport. The
brain-to-plasma concentration ratio (Kp) of carnitine after intravenous administration was
demonstrated to be significantly decreased in jvs mice compared with that in normal mice
[15]. A very similar decrease of the Kp value of brain in jvs mice was observed for TEA,
[13] indicating that OCTN2 plays a significant role in BBB transport of some organic
cations, as well as carnitine.

OCTN1 is also expressed in the brain as well as other tissues such as kidney, skeletal
muscle, heart, small intestine and colon. As shown in Fig. 1, OCTN1 transports TEA,
quinidine, mepyramine and verapamil as well as carnitine, but not benzylpenicillin.
Although the significance of the organic cation transport function of OCTN1 and OCTN2
remains unknown, many organic cations recognized by OCTN family as substrates are
pharmacologically active and are currently used as therapeutic agents [13,16]. OCTN
family may play a role in the transport into the brain and/or efflux of some of the cations
from the brain into the blood.

3. Utilization of BBB carrier-mediated transport systems to prevent CNS side effects
of nonsedative H^-antagonists

There are many cationic drugs that are effective or toxic in the CNS. At present, the
molecular characteristics of the transporters for cationic drags are not fully established, so
the results of membrane physiological studies on cationic drag transport at the BBB are
summarized in this review. Transport mechanisms across the BBB may include earner-
mediated processes utilizing some types of organic cation transporters including OCTNs in
parallel with passive diffusion for lipophilic cationic drags. Among F^-antagonists, there
are several derivatives that exhibit a sedative side effect, whereas such an effect by
pravastatin is negligible. Differential distribution into the brain may explain the differences
of CNS effects.

In previous studies, we found that mepyramine, a substrate of OCTN1, was
transported into the brain via a earner-mediated mechanism [17,18]. A classical Hr

antagonist, mepyramine, is taken up by brain capillary endothelial cells via a saturable
mechanism that is inhibitable by chlorpheniramine, diphenhydramine and other cationic
compounds, whereas choline, hemicholinium-3 or anionic drags showed no effect.
Other Hrantagonists such as cyproheptadine, ketotifen, emedastine, and azelastine (see
the chemical structures in Fig. 2) are also likely to be taken up by a common
mechanism, based on the observed mutual inhibitory effects. However, the inhibitory
potency of cetiridine was the lowest among them [19]. Since cetiridine has a carboxylic
acid moiety within the molecule, it is a zwitterionic derivative. Accordingly, Hi-
antagonists, which carry only cationic charges, have higher affinity for the responsible
transporter and zwitterionic derivatives seem to have lower affinity, resulting in less
effect on the CNS [19]. To avoid the sedative effect of Hj-antagonists, it may therefore
be advantageous for them to carry anionic charge. The transporter responsible for
mepyramine uptake showed lower affinity for zwitterionic HI-antagonists such as
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Fig. 2. Chemical structures of Hrantagonists.

cetirizine than for cationic derivatives such as ketotifen and cyproheptadine. Accord-
ingly, we postulated that zwitterionic H]-antagonists could exhibit lower distribution to
the brain [17-19].

Recently, Cvetkovic et al. [20] studied the cellular uptake and efflux mechanisms of a
nonsedating antihistamine, fexofenadine, which is a metabolite of cationic and sedating
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Fig. 3. Brain-to-plasma free concentration ratios of [ CJebastine and [14C]carebastine 6 min after intravenous
administration to wild mice [mdrla(+/+)] and to mdla gene knockout mice [mdrla(—/—)]. Data are mean+SEM
of four to seven rats, [cited from Ref. [24]].
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terfenadine, and identified organic anion-transporting polypeptides (oatp) and P-
glycoprotein as uptake and efflux transporters, respectively. Since tefenadine and ebastine
are structurally similar to the classical Hj-antagonists as shown in Fig. 2, they may be
transported into the brain via the same system as that suggested for mepyramine uptake.
However, ebastine does not exhibit sedative properties in a practical antihistaminic dose-
range [21]. Ebastine is rapidly metabolized to an active zwitterionic metabolite,
carebastine, in both experimental animals and human [21].Carebastine also has a high
and selective Hi-receptor antagonistic activity [22] and is considered to be a major
contributor to the activity of the parent drug. The intestinal absorption, distribution,
metabolism and excretion of ebastine and carebastine have been studied in rats.
Carebastine showed a limited distribution to the brain [23].

The initial uptake of [3H]mepyramine by bovine BCECs and RBEC1 was strongly
inhibited by ebastine, while zwitterionic carebastine was slightly inhibitory. As shown in
Fig. 3, the values of brain-to-plasma unbound concentration ratio (Kp,f) in mdrla(—/—)
mice were increased 5.8-fold and 9.0-fold for [14C]ebastine and for [14C]carebastine,
respectively, compared with those in mdrla(+l+) mice [24]. From these observations,
carebastine was shown to be a substrate for P-glycoprotein-mediated efflux from the
brain at the BBB. The relatively low affinity of carebastine for the mepyramine transport
system also limits the brain distribution of carebastine after an oral dose of ebastine
[24].

4. Other cationic drugs

Clonidine, an activator of alpha-2 adrenergic receptor, was reported to be taken up by
cultured porcine brain capillary endothelial cells via a carrier-mediated mechanism with a
Km of 1.34 mM, in a pH-dependent manner [25]. However, permeation of clonidine
across the BBB is not high regardless of the participation of a transporter, perhaps due to
trapping in the cells and/or the involvement of an efflux transporter other than P-gp.

Fentanyl, a u-opiate agonist, is effective in the CNS. Its transport across the BBB may
be mediated by a transporter with an apparent Km of 3.2 uM and which is inhibitable by
verapamil, although the functional characteristics have not been clarified yet [26].
Interestingly, although fentanyl may be effluxed by P-gp, its brain distribution is high.
High BBB distribution in spite of the participation of an efflux transporter may be
explained by higher efficiency of the influx transporter than that of the efflux one. So, it is
possible that multiple influx and efflux transporters are involved in fentanyl transport at
the BBB, [26] as observed for Hi-antagonists. The in vivo uptake of pentazocine, a
narcotic—antagonist analgesic, by rat brain was significantly inhibited by lidocaine,
imipramine and propranolol, as well as by Hi-antagonists such as mepyramine and
diphenhydramine [27]. Pentazocine, in spite of efflux transport by P-glycoprotein at the
BBB, [28] is also highly distributed into brain by a carrier-mediated transport system
which may widely recognize cationic drugs.

5. Peptides transport

Some small-peptide transport systems other than PepTl, PepT2 and HPT expressed in
the intestinal and renal epithelial cells have been suggested to exist at the BBB [29,30].



80 A. Tsuji /International Congress Series 1277 (2005) 75-84

Enlcephalins were demonstrated to be taken up efficiently into the brain, and the
involvement of a saturable mechanism for the transport of leucine enkephalin was shown
by the in situ vascular brain perfusion technique [29,30], Several other peptides,
thyrotropin releasing hormone, [31] arginine-vasopressin, [32] Peptide-T, [33] alpha-
melanocyte stimulating hormone [34] and delta sleep-inducing peptide, [35] have been
shown to cross the BBB and some of them showed saturable uptake, suggesting
participation of carrier-mediated transport. The peptide transport mechanisms involved are
classified as peptide transport systems PTS-1 to -5, [29,30] although these transporter
proteins have not been isolated as yet. Recent findings [36] indicated that OATP-A
(SLC21A3) plays an important role in carrier-mediated transport of opioid peptides, such
as [D-penicillamine(2,5)]enkephalin and deltorphin II, across the BBB.

Brain uptake of glutathione, a tripeptide, measured by the BUI method showed
saturation with a Km value of 5.8 mM, and is specific for the reduced form of
glutathione, GSH [37,38]. Significant transport of GSH in intact form was also
demonstrated by the brain perfusion method [39]. When mRNA obtained from brain
capillaries was injected into oocytes, GSH transport activity, via both sodium-dependent
and -independent mechanisms, was observed with a Km for sodium-dependent transport
of 0.4 mM, demonstrating that the transporter protein is present at the BBB [40].
Furthermore, cultured MBEC4, a model cell line for mouse brain capillary endothelial
cells, exhibited sodium-dependent transport activity for GSH in a fraction rich in apical
membrane [41] These observations suggest that GSH is transported in the blood-to-brain
direction by a specific sodium-dependent transporter, as well as a sodium-independent
one.

Toyobuku et al. [42] examined the feasibility of heterologous transduction of a
transporter gene to the BBB. As peptides have multiple biological actions in the brain, they
are potentially valuable as neuropharmaceuticals in the treatment of various disorders,
such as Alzheimer's disease and depression. Delivery of peptide drugs to the brain,
however, is a major challenge, since distribution of peptides to the brain is generally very
low owing to the presence of the BBB. Toyobuku et al. [42] constructed a recombinant
adenovirus vector encoding PEPT1 and transduced the transporter into the BBB of rats by
carotid artery injection of the vector. Heterologous expression of PEPT1 at the BBB
successfully increased the brain distribution of a model substrate, cefadroxil, of PEPT1
[38]. Malignant gliomas are the most common primary neoplasms of the central nervous
system. The prognosis for high-grade malignant gliomas remains bleak; survival is
generally less than 1 year. As bestatin, the substrate for PEPT1, was reported to induce
apoptosis in glioma cells, [43] this system may be applicable to the treatment of malignant
glioma.

6. Conclusion

Clarification of the transport mechanisms of drugs across the BBB is important to
improve the efficacy of CNS-active drugs or to reduce the CNS-toxicity of drugs that are
active in peripheral tissues. Recent molecular identification and functional analyses of
carrier-mediated transport systems for drugs, as well as endogenous compounds, at the
BBB show that brain capillary endothelial cells are equipped with various membrane
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transport mechanisms in both blood-to-brain (influx) and brain-to-blood (efflux)
directions to maintain homeostasis. In addition to the transport mechanisms covered in
the present review, there must be other influx transport processes. Accordingly, utilization
of influx transporters is expected to be useful in delivering many kinds of hydrophilic
drugs into the brain. Furthermore, like eliminating organs such as liver and kidney, the
BBB contains multiple efflux transporters, including P-gp and MRP or related
transporters. Since various drugs are excluded from the brain by such transporters,
prevention of efflux transport by the use of specific inhibitors is also an attractive
approach to improve the brain distribution of drugs. It is essential to identify all the
transporters and to characterize them functionally in order to provide a basis for strategies
to regulate drug disposition in the brain.
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Discussion

McQuaid
When you talk about the expression of the PEPT1 and PEPT2 on the cancer cells, are you
referring to any specific type of brain tumours?

Tsuji
Up to now, we have no information on the isoform of oligopeptide transporters expressed
in the brain tumor, but have just observed their gene expression using primers and
antibodies specific for them found in normal tissues. Expression of tumor specific
subtypes could be possible and should be examined by further analysis.

Scherrmann
You demonstrated really well the role of OCTN1 and OCTN2 at the BBB in the uptake of
cationic drugs. Do you think that OCT1 or OCT2 or OCT3 or other proteins could also be
involved, like OCTN1, working in tandem?

Tsuji
Gene expression of OCT2 and OCT3 was reported in the brain, but no data is available
which demonstrates their localization in brain endothelial cells. It has been reported that
OCT3 was detected in normal human astrocytes, but its involvement in BBB transport is
still unknown. However, considering our data for BBB penetration of HI-antagonists and
other cationic compounds, it is likely that cation transporters other than OCTN1 and
OCTN2 are involved in the brain delivery of their substrates.

Fricker
When we talk about amino acid transporters and OCTN transporters we say there are good
substrates and bad substrates for these transporters, this is always in a kind of
retrospective. How is it actually possible to use these transporters for improved brain
delivery: Is there anything known for your transporters about regulation? Are there any
ways to stimulate these kinds of transporters? Is there anything known about regulatory
pathways.

Tsuji
It is well-known that transmembrane proteins such as 4F2hc could be involved in the
regulation of certain types of amino acid transporters. There could be a number of various
regulatory mechanisms for their gene expression in the blood-brain barrier.

Smith
For the LAT system there is a fair amount of literature looking at transport regulation as
well as structures that bind to the transport site. We have discovered a number of
compounds with good affinity for the LAT transporter but which do not show very good
actual transport by the carrier.

Tsuji
Thank you for your comments.
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Baeyens
You have mentioned that drags like verapamil and fentanyl are substrates for cation
transporters. Verapamil is usually administered chronically for the treatment of hyper-
tension, and produces numerous adaptive changes in proteins and neurons and also at the
vascular level. Is it known if this drug produces adaptive changes in the cation transporter?
Or expressed in another way, would chronic treatment with drugs that are transported by
different transporters produce adaptive changes in the transporter proteins of the blood-
brain barrier?

Tsuji
I am afraid that I may not have any information on adaptive changes regarding the BBB
transporters. Verapamil is known to induce gene expression of transporters such as P-
glycoprotein in vitro. This may be one of such adaptations although this finding was not
reported in the brain, and I am not sure this answer fits your question. Chronic treatment
with rifampin or morphine was reported to induce P-glycoprotein expression in mouse
brain, but these compounds are actually the substrates of P-gp. So, such treatment resulted
in a complicated situation where the brain distribution of P-gp substrate was actually
decreased due to the transport inhibition of these inducers. There is another report which
examined the effect of other P-gp/3A4 inducers such as dexamethasone, PCN and St.
John's wort, but P-gp expression in the brain was not significantly increased as opposed to
the obvious induction of hepatic CYP3A4.




