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Abstract: To improve the entry of certain drugs into brain,
ascorbic acid (AA) conjugates of these drugs were synthesized
and their capacity to interact with SVCT2 ascorbate trans-
porters was explored. Kinetic studies clearly indicate that all
of the conjugates were able to competitively inhibit ascorbate
transport in human retinal pigment epithelial cells (HRPE).
In vivo studies, in a mouse model system, demonstrate that
conjugate 3 is better absorbed compared to the nonconjugated
parent drug.

Introduction. Distribution of drugs to the central
nervous system (CNS) is one of the major problems of
current therapy of brain diseases. Difficulties in the
crossing of the brain barrier often impair efficacy of
valuable drugs. In past years, most of the attempts to
overcome this drawback have been directed to the
amelioration of the lipophilic properties through the
preparation of prodrugs by formation of reversible
linkage with suitable groups.t? A new approach that
takes into account the recent progress of molecular
cloning and expression of transporters genes is being
applied. It is now clear that membrane transporters of
native compounds also take part in drug transport in
various tissues. Several specific transporters have been
identified, in the brain capillary endothelia, and among
them some of those involved in the active supply of
nutrients (i.e., glucose, amino acids) have been used to
prepare prodrugs with improved CNS penetration.3
Very recently Nat-dependent ascorbate transporters,
SVCT1 and SVCT2, have been characterized;* in par-
ticular, expression of SVCT2 is found in the choroid
plexus. It has been demonstrated that the highest
ascorbate (AA) concentrations in mammalian bodies can
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be found in the brain, spinal cord, and adrenal glands.®
Several ways have been proposed for the AA entry into
cerebrospinal fluids (CRF),%7 and among them the
sodium-dependent AA transporters, SVCT2.8° The hu-
man SVCT2 isoform has been cloned and characterized
by Rajan et al.1° It can be thus hypothesized that drugs
able to interact with the SVCT2 transporters isoform
could potentially be transported into the brain.

Taking these premises into account, we started the
present study with the aim to investigate conjugation
to AA as a possible mean to improve the entry of such
CNS drugs that are not effectively delivered to the
brain. Thus, we have designed, prepared, and tested
model AA conjugates and derivatives to verify our initial
hypothesis.

Chemistry. The strategy for the conjugation of AA
to the corresponding counterparts was devised consider-
ing functional groups not involved with the mechanism
of the transport!! and the formation of a reversible bond
to warrant the release of the conjugated drug into the
cells. Thus, we have evaluated esters at 6 and 5
positions on AA, and drugs carrying carboxylic acid
functions, namely nipecotic acid, kynurenic acid, and
diclofenamic acid, were selected as lead compounds.
Nipecotic and kynurenic acids needed previous protec-
tion at the amino and hydroxyl functions, respectively.
Thus nipecotic acid was protected as tert-butoxycarbonyl
derivative (BOC) as reported in the literature!? and
kynurenic acid as benzyl derivative (8). This required
prior conversion to the kynurenic acid methyl ester 713
simply accomplished in MeOH under acidic catalysis
rather than dry HCI as described previously. Esterifi-
cation on AA was carried out by a general procedure
involving a protected precursor, namely the 2,3-di-
benzyl derivative 1,* in the presence of N,N'-dicyclo-
hexylcarbodimide (DCC) (Schemes 1—3). Mixtures of 6-
and/or 5- and/or 5,6-di-O-ascorbates were sometimes
obtained (2a—c and 5a,c) with large predominance of
the 6-isomers over the other products. The 6-O-ascor-
bates (2a, 5a, 9) were then deprotected by hydrogenoly-
sis (3 and 9) treatment with BCl3 (5) or trifluoro acetic
acid (TFA) (2a).

The final compounds (4, 6, 10) were obtained in
satisfactory yields (82—40%). The stability in water (pH
7 and pH 1.2) and at enzymatic hydrolysis (porcine liver
esterase, PLE) of test compounds was assayed as
described previously.1®

Compounds were stable in water from 24 h to 4
weeks. Stability in PLE enzymatic hydrolysis conditions
showed half-lives ranging from 60 min to >180 min (10
> 6 > 4).

Biology. The isoform identity of the AA transporters
expressed in HRPE cells was determined by RT-PCR
analysis. Poly(A)™ RNA isolated from HRPE cells was
reverse transcribed using primer pairs specific for
SVCT1 and SVCT2. The specificity of the product
formed was confirmed by nucleotide sequencing of the
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PCR product. Transport assays were performed in
HRPE cells1® using [*C]AA, and inhibition of AA
transport was determined by adding the indicated
concentrations of unlabeled compounds to plated cells
along either with [1*C]AA at a fixed concentration of 50
uM or with [*C]AA ranging from 2.5 to 100 uM.
Intracellular accumulation of 6-bromoascorbate (BrAA)
was measured by incubating HRPE cells with increasing
concentrations of unlabeled analogue, followed by HPLC
analysis.

Pharmacology. In a final set of experiments, the
nipecotic acid conjugate (4), systemically administered,
was tested against pentylentetrazol (PTZ)-induced con-
vulsions in mice.

Results and Discussion. Recent cloning studies
have shown that two subtypes of AA transporters are
present in the mammalian system, namely SVCT1 and
SVCT2. These two subtypes share significant homology
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Figure 1. Isoform identity of AA transporter expressed in
HRPE cells. Poly(A)* RNA from HRPE cells was subjected to
RT-PCR using primer pairs specific for SVCT1 and SVCT2.

in amino acid sequence and are capable of mediating
the Na'-dependent transport of AA. Previous studies
have suggested the presence of SVCT2 in HRPE cells.1°
The isoform identity of the AA transporter expressed
in HRPE cells was confirmed by RT-PCR analysis. Poly-
(A)" RNA isolated from HRPE cells was used for RT-
PCR with the primer pairs specific for SVCT1 and
SVCT2.

Figure 1 describes the results of RT-PCR for the
molecular identity of the AA transporter subtype that
is expressed in HRPE cells. RT-PCR product of the
expected size was obtained only with primers specific
for SVCT2 but not for SVCT1. The PCR product
obtained was further purified and sequenced to confirm
the identity of the amplified product by dideoxy se-
guencing. This clearly demonstrates that HRPE cells
express SVCT2, but not SVCT1. We have therefore
chosen HRPE cells as a model for the in vitro analysis
of the endogenous activity of SVCT2 transporters. Such
a model appears remarkably suitable to study the in
vivo transport across the blood—brain barrier (BBB)
because RPE and leptomeninges cells are ontogenically
and functionally analogues to each other, forming the
blood—retina and blood—brain barriers with tight junc-
tions between cells to seal closed compartments of retina
and brain.t®

The uptake of 50 uM [**C]AA was linear for at least
100 min (r = 0.995), as determined by initial time-course
studies (data not shown). Future experiments were
therefore done with 60 min incubation. The kinetic of
the [**C]AA uptake mediated by SVCT2 showed rates
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Figure 2. Inhibition of 50 uM [*C]AA uptake by AA, BrAA,
kynurenic acid, nipecotic acid, diclofenamic acid, and their AA
conjugates (4, 6, and 10, respectively).

hyperbolically related to AA concentration (2.5—1000
uM), indicating saturability of the uptake process. The
related Eadie—Hofstee plot was linear (n = 8, r = 0.991,
p < 0.0001), and analogously, computer analysis of the
saturation experiment suggested a one-site, rather than
two-sites model. The Michaelis—Menten constant (Ky)
and Vnmax values for the transport process are 36 + 3
uM and 4.3 £+ 0.3 nmol/10° cells/60 min, respectively.

To verify if unlabeled BrAA can be accumulated into
HRPE cells by mediated SVCT2 uptake, the HPLC
analysis was performed. The rate was found to be
hyperbolically related to BrAA concentration (0.5—100
uM), indicating saturability of the uptake process. The
related Eadie—Hofstee plot was linear (n =8, r = 0.994,
p < 0.0001), and analogously, computer analysis of the
saturation experiment suggested a one-site, rather than
two-sites model. The Michaelis—Menten constant (Ky)
and Vmax values for the transport process are 5.1 + 0.4
uM and 4.0 £ 0.3 nmol/10° cells/60 min, respectively.

We have therefore demonstrated, for the first time,
that BrAA is actively transported into HRPE cells,
interacting with the SVCT2 transporters with an order
of magnitude higher than AA; this is indicative that
modifications at position 6 on AA are compatible for the
design of analogues that may still be able to interact
with the transporters.

The uptake rate of 50 uM [**C]AA in the presence of
varying concentrations of AA, BrAA, nipecotic, diclofe-
namic, and kynurenic acids and their conjugates with
AA (4, 6, 10, respectively) are represented in Figure 2.

It can be observed that nipecotic acid and kynurenic
acid were not able to inhibit the [**C]AA in the concen-
tration range investigated (0.5—5000 uM). On the other
hand, the related conjugates 4, 10, AA, and BrAA were
all able to inhibit the [**C]AA uptake in a concentration-
dependent manner. Among them, BrAA was the most
potent whereas 10 and AA showed an intermediate
potency. However, of particular relevance, diclofenamic
acid and its conjugate, 6, showed a high inhibition
potency. In fact, compound 6, appears the best inhibitor
among all the compounds analyzed. According to the
inhibition constant values (K;), obtained by nonlinear
regression analysis of the curves in Figure 2, the order
of inhibition potency was as follows: nipecotic and
kynurenic acids (no inhibition), compound 4 (K; = 1033
+ 72 uM), compound 10 (K; = 40.2 + 3.4 uM), AA (K; =
20.1 £+ 1.6 uM), BrAA (K; = 2.69 + 0.13 uM), diclofe-
namic acid (K; = 2.72 £+ 0.16 uM), and compound 6 (K;
= 0.16 £ 0.01 uM). On the basis of these data, we next
examined inhibition Kinetics of the AA analogues in
greater detail.
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Table 1. K and Vmax Values Obtained by [*C]AA Kinetic
Experiments Performed in the Absence and in the Presence of
Increasing Concentrations of Inhibitors

Vmax
(nmol/108 cells

compounds Kt (uM) /60 min)
[“C]AA 36+3 43403
[CJAA + (4) (2 mM) 94+ 4 42403
[H“C]AA + (4) (5 mM) 1654+92  41+03
[“C]AA + Br AA (75 uM) 816 £ 542 4.1+0.4
[**C]AA + diclofenamic acid (6 uM) 32+3 3.14+0.22
[**C]AA + diclofenamic acid (12 uM) 29+ 3 2.04+0.22
[**C]AA + diclofenamic acid (24 uM) 31+ 3 1.44+0.22
[**C]AA + diclofenamic acid (60 uM) 29+ 3 0.49 4+ 0.142
[**C]AA + diclofenamic acid (120 uM) 28 +3 0.26 + 0.112
[1“C]AA + (6) (250 nM) 73+£5 45403
[C]AA + (6) (750 nM) 188 £152 4.1+0.3
[“C]AA + (6) (3 uM) 609 + 402 4.4+0.3
[1C]AA + (10) (100 M) 119 4+ 69 46+04
[14C]AA+ (10) (500 M) 206 £ 212 4.040.2

ap < 0.001, significant versus [**C] ascorbate alone. ? p < 0.05,
significant versus [**C] ascorbate alone.

Table 1 reports the K¢ and Vuax values obtained by
kinetic experiments of [1*C]AA uptake performed in the
absence and in the presence of different concentrations
of inhibitors. We can observe that in the presence of
increasing concentrations of compounds 4, BrAA, 6, and
10, the K; values observed increase, whereas the cor-
responding Vmax values do not appear affected by the
presence of inhibitors. On the other hand, in the
presence of increasing concentrations of diclofenamic
acid, the K; values observed do not appear affected by
the presence of inhibitor, whereas the V. values
drastically decrease. These data suggest that the AA
analogues BrAA, 4, 6, and 10 competitively inhibit [14C]-
AA uptake. The mean of K; values calculated according
to Lineweaver—Burk analysis were as follows: 3.4 +
0.2 uM for BrAA, 1164 + 99 uM for compound 4, 0.20 +
0.02 uM for compound 6, and 52.1+ 4.6 uM for com-
pound 10. On the other hand, data from Table 1 suggest
that diclofenamic acid inhibits [**C]AA uptake in a
noncompetitive manner.

Nipecotic, kynurenic, and diclofenamic acids were
selected as model compounds that provided important
activity at the CNS level but were endowed with
reduced BBB penetration. In these regards:

(i) Nipecotic acid is one of the most potent inhibitors
of y-butyric acid (GABA), with potential applications in
CNS disorders such as Parkinson and epilepsy, but
which is inactive as an anticonvulsant when adminis-
tered systemically.'”

(i) Kynurenic acid and several excitatory glutamate
analogues are valuable molecules in the control of
neurodegenerative disorders,’® but they suffer from
restricted brain passage.’®

(iii) COX-inhibitors, such as diclofenamic acid, are
actively studied for their application in Alzheimer’s
disease (AD)?° and other important CNS pathologies?!:2?
because of their effects on cycloxygenase inhibition.

Taking this into account, we have demonstrated that
the parent nipecotic, kynurenic, and diclofenamic acids
cannot be transported by the SVCT2 transporter, and
that the latter compound interacts in a noncompetitive
mechanism. This unprecedented observation implies
that an involvement of this mechanism in the side
effects of diclofenamic acid and its analogues may be
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Table 2. Effect of ip Injection of Nipecotic Acid (0.75 mmol/kg)
or 6-O-Nipecotil-ascorbate (4, 0.75 mmol/kg) on
Pentylenetetrazole-Induced Convulsions in Mice

treatment latency to convulsion (s)

control (saline + PTZ) 621 + 28
nipecotic acid + PTZ 603 + 53
4+ PTZ 922 + 1242

ap < 0.05, significantly different from the other groups,
according to ANOVA followed by the Newman—Keuls test for
multiple comparisons.

also possible, in view of a consistent reduction of SVCT2
transporters available for the AA transport. However,
this consideration requires further investigations.

When nipecotic, kynurenic, and diclofenamic acids
were conjugated to AA, all enhanced their ability to
interact with SVCT2 transporters in a competitive
manner; this implies a potential use of this approach
to transport purposes.

In this context, it is interesting to note that diclofe-
namic acid is converted from a noncompetitive inhibitor
to a competitive inhibitor upon conjugation. Further
work is in progress to understand this intriguing
phenomenon.

To support the possibility that conjugation to AA
could be a mean to improve the entry into the brain of
drugs that do not easily penetrate the BBB, we evalu-
ated the effects of the systemic injection of the nipecotic
acid conjugate (4) on PTZ-induced convulsions in mice.
Compound 4 was selected in view of the possibility to
examine its behavior in a well-known animal model and
moreover for its better solubility in water as compared
to compound 10. In the saline group, the sc injection of
PTZ (80 mg/kg) induced tonic convulsions with a latency
of 621 + 27 s. As shown in Table 2, the ip injection of 4
(0.75 mmol/kg) significantly increased the latency to
appearance of PTZ-induced tonic convulsions, while as
expected,?3 nipecotic acid (0.75 mmol/kg) was ineffective.
In all groups, no lethality was observed.

The compound 4 and nipecotic acid-treated mice
showed no apparent abnormality in general behavior
except for a mild diarrhea, which appeared 40 min after
the injection only in animals treated with compound 4.

We can conclude that the conjugation of drugs with
AA is an important tool in studying the mechanism of
the interaction of AA to its transporters and can open
new interesting perspectives for the possibility of ob-
taining prodrugs effective for the crossing of the BBB
by means of endogenous transporters. Further studies
are currently ongoing in order to assess and extend this
possibility.
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