
International Congress Series 1277 (2005) 63-74

if
ELSEVIER

www.ics-elsevier.com

Carrier-mediated transport to enhance drug
delivery to brain

Quentin R. Smith*

Department of Pharmaceutical Sciences, Texas Tech University Health Sciences Center, 1300 Coulter Drive,
Amarillo, TX 79106, USA

Abstract. Drag delivery to brain can be improved through the design of novel therapeutic agents that
are rapidly and selectively shuttled into the nervous system across the blood-brain barrier (BBB) by
the facilitated influx transporters of brain capillaries. Messenger RNA analysis has demonstrated
high expression of >20 influx transporters at the BBB, including carriers for glucose (GLUT1),
monocarboxylic acids (MCT1), large neutral amino acids (LAT1), cationic amino acids (CAT1), and
nucleosides (ENT 1-2, CNT1-2) and choline. Expression of these transporters at the BBB is enriched
10—100 fold relative to whole brain tissue. Several polar therapeutic drags gain entry to brain via
carrier-mediated transport, including L-DOPA, a-methyl-DOPA, gabapentin, and melphalan.
However, transport affinity for these agents is low and brain delivery is limited. Three-D
structure-activity studies demonstrate that brain delivery can be improved >10 fold by incorporating
substrate modifications that enhance carrier binding and transport. Specific examples are given in
this paper for BBB LAT1 transport of two anticancer alkylating drags, L-metasarcolysin and D,L-
NAM. In summary, a broad array of highly expressed carrier-mediated transport systems is available
at the BBB that can be used to enhance brain delivery for selected agents. © 2005 Elsevier B.V. All
rights reserved.
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1. Introduction

Central nervous system (CNS) drug efficacy depends upon the ability of a drag to cross
the blood-brain barrier (BBB) and reach therapeutic concentrations in brain following
systemic administration [1]. The BBB has been called "the problem behind the problem"
of CNS drag development [2]. Only 2% of new drag candidates cross the BBB. The
number is even lower (~0.1%) for new protein and peptide Pharmaceuticals [3]. The high
failure rate of drugs in clinical testing (>90%) and the ever growing capacity of
combinatorial chemistry and high-throughput screening have refocused interest on what
constitutes optimal "drag-like" properties for CNS penetration [2,4,5],

The BBB is formed by the brain capillaries and serves as a semipermeable interface that
actively regulates drag access and bioavailability to the CNS [1]. Most solutes that readily
cross the BBB are small (MW<500 Da), lipophilic, and either neutral or possess a
significant fraction that is uncharged at physiologic pH [4,5]. Brain uptake for most of
these agents is based upon the ability to dissolve in and diffuse across brain endothelial
cell membranes. Further, many drags bind highly to plasma proteins which reduces the
free (unbound) fraction of drag available for uptake. Numerous neuroprotective, antibiotic,
antiviral, or chemotherapeutic agents have been found that cross the BBB poorly. Even
when disease or injury compromises the local integrity of the BBB, drag accumulation can
be limited by surrounding brain tissue, which has an intact blood-brain barrier and serves
as a diffusional sink [1]. Active efflux pumps and catabolic enzymes also contribute to
barrier function. For example, the anticancer drags, vincristine and vinblastine, are
transported out of brain into the circulation by the multiple drag resistance pump, P-
glycoprotein [6,7]. Similarly, AZT (zidovudine) which is used in the treatment of AIDS is
removed from brain and cerebrospinal fluid by a probenecid-sensitive efflux system [8].

Various strategies have been devised to improve brain drag delivery and accumulation
(Table 1). Of these, the most frequently used method is to develop lipophilic analogs that
more readily cross the membranes of the blood-brain barrier by passive diffusion. Surveys
of central nervous system drags suggest that a Log octanoI/water partition coefficient (Log
-Poctanoi/water) of 0-2 is optimal for brain distribution and activity [9]. However, with
lipophilic analogs, the benefits achieved in barrier permeability can be offset, in some
instances, by enhanced plasma protein binding and peripheral distribution such that the
actual quantity of drag taken up into brain does not change. Such was found by Greig et al.
[10,11] in studies of eight lipophilic esters of chlorambucil. Only one showed significantly
improved brain delivery. Further, drag modification can alter receptor binding and
activation. Thus, each chemical modification must be considered carefully when designing
new agents for brain penetration.

Table 1
Strategies to augment drug delivery to brain

1. Preparation of lipid soluble analogs or prodrugs
2. Direct injection into brain or CSF
3. Blood—brain barrier modification
4. Design of drugs that are taken up into brain by carrier-, receptor-, or absorptive-mediated transport systems
5. Inhibition of active removal or breakdown systems
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In some instances drag structure cannot be modified sufficiently to obtain good brain
penetration by passive diffusion without unduly compromising biological activity. In such
cases, an alternative mechanism, that offers several useful possibilities, is to design drugs
that are shuttled into brain by receptor- or carrier-mediated transport systems. In the
present summary, I focus critically on BBB influx earner-mediated transporters. Over 20
such transporters have been identified in the cerebral capillaries of the BBB that mediate
the brain uptake of various essential nutrients, vitamins, peptides and hormones [2,12,13].
By this route, it is possible to obtain both enhanced brain uptake and selective brain
targeting, to the extent that drugs are designed with specific affinity for the cerebrovascular
transporters. This method has used to deliver L-DOPA to brain for the treatment of
Parkinson's disease and gabapentin for the treatment of seizures. Comparable methods are
being developed for brain delivery using receptor- or absorptive-mediated transcytosis.

2. BBB large neutral amino acid transporter

A strong demand exists for new chemotherapeutic drugs that penetrate the BBB and
work in combination with current agents, such as the nitrosoureas, for the treatment of
brain tumors [1]. Unfortunately, most current chemotherapeutic drugs minimally cross the
BBB due either to limited BBB passive diffusion, aggressive active BBB efflux, or high
plasma protein binding. Novel means of enhancing chemotherapeutic drug delivery to
brain tumor targets is a strong priority. Of all the transport influx carriers at the BBB, the
transporter for large neutral amino acids (LAT1) displays several properties that make it
well suited as a brain drag delivery vector [12]. First, BBB LAT1 has both a large
Michaelis-Menten maximal transport capacity (Fmax~40-60 nmol/min/g) and an
appreciable binding affinity (affinity— l/Km,; Km=l0-200 uM) so that rapid rates of
BBB exchange can be obtained (^Tm>10~3 ml/s/g) with half times for brain equilibration of
<15 min for high affinity substrates [12,14]. Second, it possesses fairly simple structural
requirements for binding and accepts a wide variety of amino acid substrates. Third,
though LAT1 mediates the brain uptake of essential amino acids that are required for brain
metabolism, transient disruption in brain supply, as might occur with drag overdose, does
not produce irreversible brain damage. This latter possibility may limit use of the BBB
glucose transporter (GLUT-1) as a drug delivery vector because of the critical need of the
brain for a continuous supply of D-glucose for brain energy metabolism.

Brain uptake via BBB LAT1 is sodium independent, stereospecific (l>D), saturable,
and follows Michaelis-Menten transport kinetics: Brain influx, Jm=Fmax[C/(^m+C)]
where C=amino acid concentration [14]. Substrate affinity is in the micromolar range for
most physiologic large neutral amino acids (L-phenylalanine, 11 uM; L-tryptophan, 15 |jM
L-leucine 25-30 uM) and matches that of the cloned transporter [15].

Fig. 1 shows a model of the binding site of the cerebrovascular large neutral amino acid
transporter. For affinity, substrates must contain a) an unsubstituted, free carboxyl group,
b) an unsubstituted a-primary amino group, c) either a H or CH3 on the a-carbon, and d) a
neutral, uncharged side chain with hydrophobic bulk. The transporter prefers L-amino
acids with large, hydrophobic side chains, such as L-leucine and L-phenylalanine. The
importance of side-chain hydrophobicity is shown in Fig. 2 by the apparent linear relation
over 3-4 orders of magnitude between transport affinity (l/Km) and amino acid side-chain
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Fig. 1. Model of the binding site of the BBB LAT1 in relation to the amino acid, phenylalanine.

hydrophobicity, as measured by the octanoI/water partition coefficient [16]. Marked
variability is tolerated in side chain structure with such diverse compounds as O-benzyl-L-
tyrosine, L-1-naphthylalanine, and L-2-amino-nonanoic acid all exhibiting high affinity for
the carrier (Km or_ffi<10 uM; apparent affrnity>100 mM"1). L-triiodothyronine (L-T3) also
expresses high affinity for the cerebrovascular LI system (^=1.0+0.1 |iM, apparent
affmity=1000 mM"1) though brain uptake of L-T3 is mediated by the cerebrovascular
thyroid hormone transporter. Several fairly large amino acid analogs bind to the carrier, but
evidence suggests that maximal transport capacity decreases with amino acid size [17].

The LAT1 transporter was cloned from a tumor model [15] and LAT1 expression is
elevated in tumor cells, including the blood-tumor barrier [18]. Several studies have
shown elevated brain tumor uptake of radiolabeled amino acids as compared to
surrounding brain tissue, which can be reduced by competing amino acids and does not
correlate with barrier disruption. The blood-tumor barrier may also express transporters

0.0001 0.001 0.01 0.1 1

Octanol/Water

Fig. 2. Relation of apparent BBB LAT1 transport affinity to octanol-water distribution coefficient (pH 7.4) for 18
amino acids that are taken up into brain by the cerebrovascular large neutral amino acid transporter. ANA=D,L-2-
amino-l,2,3,4-tetrahydro-2-naphthoic acid, KYN=L-kynurenine, ACHC=l-aminocyclohexanecarboxylic acid,
ACPC=l-aminocyclopentanecarboxylic acid, NAM=D,L-2-amino-7-bis[(2-chloroethyl)-amino]-l,2,3,4-tetrahy-
dro-2-naphthoic acid (Adapted from Smith [12]).
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that are not usually present at the BBB and this may provide an additional means of drug
targeting to critical cancer sites.

One interesting feature of BBB LAT1 is that it mediates the brain uptake of 9 or more
plasma neutral amino acids (Phe, Trp, Leu, Met, He, Tyr, His, Val, and Gin) and, due to its
high affinity, is normally saturated with amino acids as a group at normal plasma
concentrations. Kinetic calculations for System LAT1 reveal a percent saturation of >95%
when all 9 plasma amino acid substrates are included [14,16], As a consequence, the
apparent Km for uptake from serum or plasma is ~10-20 fold greater than the true K^ from
saline measured in the absence of competitors. The apparent Km is defined as
Km(app)=Km(l+^t(Ci/Kmiy), where Ci=plasma concentration of each competing amino
acid and Kmi is the corresponding transport Km for that amino acid. Transport saturation
makes the brain amino acid delivery selectively vulnerable to large imbalances in plasma
amino acid concentration as can occur in phenylketonuria.

3. Transport affinity of anticancer amino acid drugs

The success of the carrier-mediated drug delivery approach depends in large part on
the transport affinity and capacity of BBB carriers for critical drugs. Fig. 3 shows the
chemical structures of a number of amino acid anticancer agents, which bear resemblance
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Fig. 3. Chemical structures for anticancer drugs ligands that express affinity for the BBB LAT1 transporter. Data
for L-Phenylalanine is listed for comparison as a reference in vivo ligand with good affinity. Apparent transport
affinity is defined as 1/Ki.
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to substrates of the BBB LAT1 transporter. These agents were screened for BBB LAT1
transport affinity using the in situ rat brain perfusion technique of Takasato. For each
compound, the K\ was determined for inhibition of LAT1 transport of L-[14C]leucine
(comparable to the IC5o) [19]. Of the compounds studied, L-melphalan, azaserine, L-6-
diazo-5-oxo-norleucine (DON), acivicin, and buthionine sulfoximine all expressed low
but measurable affinity for BBB LAT1 transporter with I/AT; values (0.2—11 mM"1) a
fraction of that for L-phenylalanine (~100 mM"1). Melphalan is a nitrogen mustard
alkylating agent, whereas azaserine, L-DON and acivicin are glutamine antagonists/
antimetabolites. Buthionine sulfoximine is a glutathione synthesis inhibitor that has been
used to enhance alkylating drug cytotoxicity and to limit development of drug resistance.
Consistent with the compound's poor LAT1 affinity, brain uptake studies for these agents
showed only limited BBB penetration and accumulation [20-23]. Melphalan, which is
potently active against subcutaneous Walker-256 tumors, exhibited minimal activity
against the same cell line when placed intracerebrally [23], suggestive of a BBB drug
delivery limitation.

In contrast to the above compounds, one solute, D,L-2-amino-7-bis[(2-chloroethyl)-
amino]-l,2,3,4-tetrahydro-2-naphthoic acid (D,L-2-NAM-7), which is an analog of
melphalan, exhibited strikingly potent affinity for BBB LAT1, with a ^=0.08+0.01
uM and an apparent LAT1 affinity=12,500 mM"1) [17]. This value of affinity is >100
times greater than that of L-phenylalanine and >1000 times that of melphalan. D,L-NAM
differs from melphalan through the presence of the tetralin ring containing two additional
methylene groups, as well as through a positional shift in the nitrogen mustard alkylating
group. The shift in the alkylating group from the para (position 6) to meta (position 5 or 7)
increases the alkylating reactivity of the nitrogen mustard but does not appreciably alter its

D,L-2-NAM-5 D,L-2-NAM-6

Cl— CH2-CH2— N-CH2-CH2— Cl

i = 7.7(jM Aff = 130

D,L-2-NAM-7
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Cl— CHa-
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2-CH2-N-CH2-CH2-CI

NH3

Aff = 12500 mM'1

:OO~

NH3
+

, = 252nM Aff = 4.0 HIM'1

Fig. 4. Chemical structures and BBB LAT1 Ki and apparent transport affinity (1/Ki) for four positional isomers of
D,L-NAM with the nitrogen mustard in either the ortho (D,L-2-NAM8), meta (D.L-2-NAM-5, 7), or para (D,L-2-
NAM-6) positions. Note that D,L-2-NAM-5 and-7 are distinct compounds because of rotation restriction of the
tetralin ring.
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Fig. 5. Time courses of tritiated D,L-NAM and unlabeled melphalan in brain and plasma after intravenous
injection in the rat. Each point represents a mean for n=3—5 animals. Brain and plasma concentrations were
measured by HPLC and reflect only intact compound.

pKa. The presence of the two additional methylene groups raises the lipophilicity of the
side chain by ~4 fold relative to melphalan. D,L-2-NAM-7 was found to have the highest
affinity of any agent tested thus far against the BBB LAT1 transporter. The other positional
isomers (NAM-5, -6 and -8) had >100 fold lower affinity (Fig. 4) demonstrating that
binding affinity for BBB LAT1 is dependent not only upon side chain hydrophobicity but
upon the 3D position structure of the side chain relative to the amino acid functional
group.

Kinetic studies using the in situ brain perfusion technique [24] demonstrated that the
unidirectional BBB influx rate for D,L-NAM uptake into brain was 40-fold greater than
that for L-melphalan [19]. Furthermore, brain influx of D,L-NAM was saturable,
sodium independent and inhibitable by BCH, indicating transport by the BBB LAT1.
Following intravenous administration (Fig. 5), D,L-2-NAM-7 was rapidly taken up into
brain and equilibrated at a level 60%-70% of that in plasma within 15 min after
injection.

The brain: plasma area-under-the-curve (AUC) ratio for D,L-NAM exceeded that for
melphalan by >20 fold. D,L-NAM-7 exhibited enhanced antitumor activity and reduced
myelosuppressive activity in vitro as compared to melphalan [24]. In studies using
mtracerebrally implanted Walker-256 carinosarcoma, tumor uptake of D,L-2-NAM-7
exceeded that into surrounding tissue by 2.2+0.1 fold. Thus, the D,L-NAM results
validate the concept of increased brain drug delivery and distribution through high
affinity carrier-mediated transport across the BBB. Further, they suggest that the BBB
LAT1 transporter binding site has a very specific 3-dimensional conformation that is
optimal for drag association and binding. Future studies with rigid amino acid
structures, will be useful to define the exact 3-dimensional conformation of the binding
pocket.

4. Confirmation studies using metasarcolysin

To confirm that the differences in brain D,L-2-NAM-7 uptake relative to melphalan
were due principally to 3-D chemical configuration and not due to other factors, the meta
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Fig. 6. Structure and brain of melphalan relative to its positional isomer metasarcolysin.

isomer of melphalan (i.e., metasarcolysin) was synthesized and radiolabeled with tritium.
As was found for NAM, the meta isomer of melphalan showed 100 fold greater affinity for
the LAT1 system transporter and was taken up into brain during perfusion at >50 fold rate,
confirming the marked preference of the transport for substituents in the meta position of
the phenylalanine ring (Fig. 6). Brain metasarcolysin influx was saturable, sodium
independent and inhibitable by L-leucine, L-phenylalanine and BCH, consistent with
mediation by the BBB LAT1 system. Like D,L-2-NAM-7, metasarcolysin exhibited rapid
uptake into brain following intravenous administration and equilibrated within 5-10 min at
a level comparable to that of plasma (Fig. 6).

5. Summary

In summary, these results demonstrate that the carrier-mediated transport systems of the
BBB are excellent candidates for drug targeting and delivery. Two high affinity amino acid
drugs, D,L-2-NAM-7 and L-metasarcolysin, were identified that exhibit rapid uptake into
brain by the BBB LAT1 transporter with plasma-to-brain equilibration times of 5-10 min.
Brain uptake of D,L-2-NAM-7 and L-metasarcolysin exceeded that of the low affinity
analogs, D,L-2-NAM-6 and L-melphalan, respectively, by >20-40 fold. It may be possible
to design drugs that not only show increased brain transport but also preferential brain
deposition based upon transporter expression differences among tissues (e.g., LAT1,
LAT2, and other amino acid transporters). The LAT1 transporter is not uniformly
expressed among tissues and in fact shows minimal expression in liver and muscle.
Therefore, D,L-NAM isomers must be taken up in these key peripheral tissues by
transporters other than LAT1 and in the future it may be possible to design drugs that not
only show improved BBB affinity for LAT1 but also reduced affinity for peripheral amino
acid transporters. D,L-NAM isomers and L-melphalan isomers show dramatic differences
in CNS uptake, yet show no differences in peripheral distribution or plasma time course. In
the future, our objective would be to identify ligands that not only show high affinity for
the BBB LAT1 transporter, but also reduced peripheral transport and distribution. Finally,
it must be emphasized that similar approaches can be used to improve brain distribution
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with other BBB transporter carriers. Preliminary work in that direction has been initiated
on the BBB choline carrier [25],
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Discussion

Galla
Maybe I missed a point, but just one question: Is the para substitution just a steric

hindrance or is the effect due to the electronic structure? Why is the para -substituted
compound always lower affinity?

Smith
I do not know the absolute answer to that question. We have tested a fair number of

/>ara-substituted L-phenylalanine and L-tyrosine compounds for affinity at the blood-
brain barrier large neutral amino acid transporter (System LAT1). Placement of large
groups in the para position of L-phenylalanine generally reduces affinity by one-to-two
orders of magnitude, as is the case for melphalan. My working hypothesis is that there is
a steric hindrance in the binding site of the LAT1 transporter which limits binding
affinity for para -substituted amino acid substrates. This may serve to differentiate natural
L-amino acids from the thyroid hormones which are />ara-substituted tyrosine analogues.
Without this ^wa-substitution antagonism, the thyroid hormones might be ideal
substrates for system LAT1 given their marked side chain hydrophobicity. Transport
studies that we have performed suggest that L-T3 binds significantly (apparent affinity=l/
£1=1000 mrvf1) but is minimally transported by system LAT1. The only para -substituted
phenylalanine analogs that we have found with substantial System LAT1 affinity have
two flexible rotor atoms (e.g., O or CH2 groups) in series in the para position, such as
O-benzyl-L-tyrosine. With two rotor atoms in the para position, the core of the para
substituent group can twist around and assume a conformation approximating that of a
meta group. Thus, O-benzyl-L-tyrosine has fairly respectable affinity for the LAT1
transporter (apparent affinity 71 mM"1) whereas para biphenyl-L-alanine, L-T0, and
para-benzoyl-L-phenylalanine all have affinities that are at least an order of magnitude
lower.

Galla
Is the binding pocket or binding site known? It could be that these aromatic

compounds, such as NAM, bind in the LAT1 transport site to a tryptophan residue.
Smith
The specific three-dimensional structure of the LAT1 binding site has not been

determined. LAT1 is actually a heterodimeric protein derived from two gene products. The
main gene for the transporter was cloned in 1998 (Kanai et al., J. Biol. Chem.
273:23629,1998). We have performed modelling studies based upon our amino acid
structure—activity (SAR) data. These results show that the transporter accepts a broad
range of neutral amino acid substrates, but has specific steric and electronic requirements
for high affinity substrates.
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Abbott
I have a question to follow up your comment about the size of these transporter-

mediated substrates. What in your view is the maximum, and at what point do you have to
give up on substrate transport and move to something more like a transcytosis?

Smith
In our work with LAT1, we have studied compounds with MW >400 and have show

carrier-mediated transport for structures with three six-membered rings. At some point
above MW 400, substrate size will limit transport efficiency. We have noted that for
several of our substrates, Fmax falls off with molecular size (e.g., metasarcolysin or
melphalan vs. L-phenylalaine).

Abbott
Do you think this is going to be different for efflux transporters like P-glycoprotein,

where it is reported that beta-amyloid (several thousand molecular weight) is a substrate
(Lam et al., J. Neurochem. 76:1121-8, 2001)?

Smith
I think there will be a size effect on substrate transport by many earner systems. Killian

and Chikhale (J. Neurochem. 76:966, 2000) made an JV-substituted analogue of melphalan
which showed verapamil-sensitive brain efflux by P-glycoprotein. A number of amino
acid compounds, such as melphalan and L-Dopa, have weak affinity for P-glycoprotein.
But, it appears that P-glycoprotein-mediated melphalan transport is minimal unless a larger
derivative is made. In addition to system LAT1, there are a number of highly expressed
amino acid transporters at the blood-brain barrier, like system A and B0+, that could also
mediate amino acid drug efflux from brain. At least six amino acid transporters for amino
acids have been identified for efflux at the blood-brain barrier. Thus, in addition to design
of substrates for high affinity uptake into brain, it is also important to avoid converting
them into substrates for active efflux. This will be a topic of study in the future as we get a
better hand on the full complement of efflux transport carriers at the blood-brain barrier.
Finally, for all these nitrogen mustard compounds, plasma protein binding is an important
factor. Melphalan and metasarcolysin circulate over 90% bound to serum albumin. This
reduces the free fraction available for uptake into brain. So, if the brain/total plasma
metasarcolysin approaches 1.0 in vivo, the brain/plasma free metasarcolysin concentration
may be 10 or more. Ultimately, the carrier-mediated approach offers some very interesting
options for targeted drug delivery to brain.

Du Souich
This is a more general question. We know that efflux transporters are up-regulated by

hypoxia and are down-regulated by inflammation. Our knowledge on the effect of disease
on influx transporters is much more limited, but assuming that they are also down-
regulated, what do we gain?

Smith
One advantage of the LAT1 system is that it does not rely on ATP or an ion gradient for

transport. With acute hypoxia, transport by system LAT1 minimally compromised Boado et
al., J. Neurochem. 85:1037, 2003). However, LAT1 is up-regulated in tumors and this may
provide some drug targeting for high affinity amino acid drug substrates. We found this with
LAT1 transport of D,L-2-NAM-7, where brain tumor accumulation of the drug exceeded that
of control brain by ~2 fold. In some cancers, this will provide a selective advantage.



74 Q.R. Smith /International Congress Series 1277 (2005) 63-74

Flicker
I have seen data where sugar residues have been coupled to melphalan to increase brain

uptake. How sensitive are these transporters to such modifications? Do you know whether
they tolerate sugar residues or do you have them shift to other transporters, let us say a
sugar transporter?

Smith
I would be surprised in an amino acid coupled to a sugar residue would show

significant transport by system LAT1 (see Lazarus et al, Cancer Chemother Pharmacol.
16:148, 1986; Schein et al. Cancer Res 47:696-699, 1987; Halmos et al, Eur. J.
Pharamacol. 318:477, 1996). Modification of either the amino acid carboxyl or amino
group reduces transport affinity by>100 fold. It may be possible that the sugar analogs are
transported by the glucose carrier (GLUT1). But, the GLUT1 carrier shows fairly strict
substrate size and structure requirements. One can go back and look at the old red blood
cell GLUT1 SAR studies (Barnett et al, Biochem. J. 145:417,1975), It may be possible to
show some weak transport, but a high affinity substrate would be very unlikely. I would
predict difficulty with this type of approach.




