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Abstract

An anionic chemical delivery system (aCDS) was designed and evaluated for brain-targeted delivery of testosterone
(T). In this system, targeting is achieved through the use of a specific, (acyloxy)alkyl-phosphonate-type, targetor
moiety. The systemically administered T-aCDS can enter the brain by passive transport due to its increased
lipophilicity. Hydrolytic cleavage by esterases releases, via a chemically unstable, short-lived intermediate, a negatively
charged, hydrophilic phosphonate compound (TP ). This is locked in the brain and should provide sustained,
site-specific release of the active drug following a phosphorolytic attack by alkaline phosphatase or by phosphodi-
esterase. In vivo evaluations found maximum T-aCDS brain levels 5—10 min after administration; they fell under the
detection-limit ( <0.1 xg/g) after 60 min. With the employed (pivaloyloxy)methyl phosphonate ester, cleavage by
esterases, the first metabolic step in the decomposition process, was not very fast. Maximum concentration of the
decomposition product (TP ~) was obtained at 30 min after administration; it did not decrease significantly during the
study proving that this negatively charged intermediate is ‘locked in’ the brain. However, the phosphonate derivative
of the secondary, hindered hydroxyl group in this product was fairly resistant to phosphorolytic attack, the second
metabolic step. The released drug could not be detected indicating that testosterone release, if any, is slower than
metabolism and/or elimination. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The aim of the present work was to develop
and investigate targeted drug delivery via phos-
phonate derivatives. The basic concept is the same
as for all other enzymatic physical-chemical
based chemical delivery systems (CDS): to achieve
targeting by exploiting site specific transport
properties like those of the blood—brain barrier
(Bodor and Brewster, 1983, 1991; Bodor, 1987,
1992, 1995b). With this approach, the drug is
chemically modified to introduce the targetor
moiety and the eventual protective function(s).
Upon administration, the resulting CDS is dis-
tributed throughout the body. Predictable enzy-
matic reactions convert the original CDS by
removing some of the protective functions and
modifying the targetor moiety, leading to an inter-
mediate form that has significantly different
physicochemical properties. While these interme-
diates are continuously eliminated from the ‘rest
of the body’, the specific transport properties of
the blood-brain barrier—which can be regarded
as a biological membrane that is permeable to
most lipophilic compounds but not to hydrophilic
molecules—will provide a specific concentration
in the brain. If a lipophilic CDS that can enter the
brain is converted there to a hydrophilic molecule,
one can assume that it will be ‘locked-in’: it will
no longer be able to come out, ultimately allowing
release of the active drug only at the site of
action. This concept was already successfully ap-
plied to a variety of drugs using a 1,4-dihydro-
trigonelline < trigonelline redox system where the
‘locked-in’ intermediate is the drug-quaternary
targetor (DQ™*) cation (Bodor and Brewster,
1991; Bodor, 1995b; Bodor and Buchwald, 1997).

The present work explores the possibilities of a
novel approach, which we designated as anionic
chemical delivery system (aCDS). Here, an (acy-
loxy)alkyl-phosphonate type targetor moiety is
used, and formation of an anionic intermediate is
expected to provide the ‘lock-in’ (Bodor, 1995a).
The biologically active compound is coupled to
this targetor moiety to obtain the original, neutral
form of the aCDS that should be lipophilic
enough to penetrate the blood-brain barrier
(BBB) via passive diffusion and enter the target

organ after systemic administration. Hydrolytic
cleavage by esterases releases a negatively
charged, hydrophilic phosphonate compound via
a chemically unstable, short-lived intermediate
that spontaneously decomposes by cleavage of an
aldehyde-type unit (Farquhar et al., 1983). The
anionic phosphonate is locked in the brain and
should provide sustained, site-specific release of
the active drug following a phosphorolytic attack
by alkaline phosphatase or by phosphodiesterase.
In the meantime, conversion of the original,
lipophilic form to the hydrophilic intermediate
that also takes place in the ‘rest of the body’ after
overall distribution, actually accelerates peripheral
elimination and further contributes to brain
targeting. The mechanism is summarized in Fig.
1. Selection of adequate protective groups should
ensure the specific sequence of these designed
enzymatic conversions; these groups should also
be compatible with their biological environment
to avoid toxic effects. Possible substitutions at the
R;, R,, R; positions (Fig. 1) should render suffi-
cient flexibility to the system to overcome even-
tual problems related to distribution or rate of
metabolism.

Here we report studies on the design, synthesis,
and organ-targeting properties of such a novel
aCDS for testosterone (T,1). Selection of testos-
terone was motivated by our earlier work on the
delivery of testosterone using a redox chemical
delivery system (Bodor and Farag, 1984) where
the reasons for brain-targeting of this hormone
have been also summarized. For such lipophilic
compounds, the main goal of a CDS approach is
not as much to enhance BBB penetration, but to
provide long-lasting, elevated brain concentra-
tions by this special sequestering mechanism. For
example, estradiol (E,) released from the E,Q *in-
termediate that is formed after E,-CDS adminis-
tration in rats has an elimination half-life of more
than 200 h (Mullersman et al., 1988), and E,-lev-
els in brain tissue after E,-CDS administration are
elevated four to five times longer than after simple
E, treatment (Sarkar et al., 1989; Bodor and
Brewster, 1991).

The major novelty of the present approach is
the use of an (acyloxy)alkyl-phosphonate moiety,
in the present case a (pivaloyloxy)methyl (POM)
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Fig. 1. Designed sequential metabolic conversion of the anionic chemical delivery system (aCDS) based on (acyloxy)alkyl-phospho-
nate derivatives. The original, lipophilic system is distributed through the body and can by-pass the BBB. Hydrolytic cleavage by
esterases releases, via a chemically unstable, short-lived intermediate, a negatively charged, hydrophilic phosphonate compound
(DP 7). This is locked in the brain and should provide sustained, site-specific release of the active drug (D) following a
phosphorolytic attack by alkaline phosphatase or by phosphodiesterase. Phosphorylation of DP ~ is another possible, well-known

metabolic reaction.

phosphonate moiety for targeting purposes. While
for carboxylic acids a wide range of derivatives
has been prepared and investigated, and, since
their introduction by Jansen and Russell (1965),
even (acyloxy)alkyl-type double esters have been
extensively used (Bundgaard, 1985), there are only
relatively few publications dealing with derivatives
of phosphonates or their closely related ana-

logues. Nevertheless, after the introduction of the
concept by Farquhar et al. (1983), a number of
studies report the use of some (acyloxy)alkyl
derivatives of organophosphates as lipophilic pro-
drugs to enhance penetration across biological
membranes. However, in all these studies the
phosphonate moieties are not attached to the
active drug, rather the phosphonate or phosphate
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esters themselves, or their di- and triphosphate
derivatives, are an integral part of the active
component as illustrated by cAMP (Schultz et al.,
1993), by a phosphonate-containing insulin recep-
tor tyrosine kinase inhibitor (Saperstein et al.,
1989), or by antiviral agents like PMEA (De
Clercq, 1991; Starrett et al., 1992, 1994; Annaert
et al., 1997), FAUMP (Farquhar et al., 1994),
ddUMP (Sastry et al., 1992), etc. (Srivastva and
Farquhar, 1984; Srinivas et al., 1993).

The (acyloxy)alkyl ester of phosphonoformate
was also prepared (Iyer et al., 1989), and (acy-
loxy)alkyl prodrugs have been used to improve
the bioavailability of phosphinates (Krapcho et
al., 1988). Since their discovery (De Clercq et al.,
1986), much attention was focused on phospho-
nate nucleosides as broad-spectrum antiviral
agents (De Clercq, 1991), especially on the
adenine analogue 9-(2-(phosphonomethoxy)ethyl)
adenine (PMEA). Masking of the phosphonate
functionality was expected to increase membrane
permeability and oral bioavailability, and differ-
ent mono or bis-alkyl ester, alkyl amide, and
(acyloxy)alkyl phosphonate prodrugs were pre-
pared and evaluated (Starrett et al., 1992, 1994).
In general, it was found that simple alkyl ester or
amide derivatives cannot be successfully used be-
cause of poor stability and/or poor activity. (Acy-
loxy)alkyl esters of PMEA served, however, as a
unique mask for the phosphonate group and in-
deed provided remarkable enhancement of perme-
ation across biological membranes and of oral
bioavailability. The metabolism of the bis-(pival-
oyloxy)methyl (POM) ester of PMEA was studied
both in vitro and in vivo, and partial enzymatic
hydrolysis was observed.

Based on such information, a (pivaloy-
loxy)methyl (POM) phosphonate ester derivative
was selected to use as targetor moiety in a first
evaluation of an anionic chemical delivery system.
However, as negatively charged compounds tend
to be poor substrates to carboxylate esterase
(Krisch, 1971), we avoided the bis-esters where
the negatively charged mono-ester that forms af-
ter the first hydrolytic cleavage is likely to resist
further decomposition. Several observations
confirm this hypothesis. For tritiated bis(-
POM)PMEA, it was found that it is hydrolyzed

primarily to the mono(POM)PMEA derivative (¢, ,
~4 h) in cell-free medium, but further break
down to PMEA takes place only in the presence
of cells or serum, and phosphodiesterase, not
carboxylesterase, is thought to be responsible for
the conversion of mono(POM) ester into free
PMEA (Starrett et al., 1992). The study also
indicated that at high initial concentration of
bis(POM)PMEA, there may be saturation of the
phosphodiesterase. The role of the esterase was
also studied by incubation of purified car-
boxylesterase with bis(POM)PMEA (Annaert et
al., 1997) and with bis(POM)FdUMP (2'-deoxy-5-
fluorouridine 5'-monophosphate) (Farquhar et al.,
1994). In both cases, hydrolysis of the bis-ester
into mono-ester was fast, and it was eventually
followed by very slow formation of parent
compound. Again, the second step most likely
involves not carboxylesterase but phosphodi-
esterase, an enzyme that can catalyze the hydroly-
sis of a wide range of synthetic phosphoesters, in
addition to naturally occurring nucleotide sub-
strates (Landt et al., 1980). This enzyme system
(nucleotide pyrophosphatase/phosphodiesterase)
is abundantly present in mammalian tissues (Hau-
gen and Skrede, 1977). As in the present approach
the phosphonate moiety is not part of the active
drug but is attached to it at a hydroxyl group, the
bis-esters, necessary for complete lipophilization
of phosphonate compounds, were not even
needed. Here we investigated a compound where
attachment of the (acyloxy)alkylphosphonate an-
ionic targetor was carried out at a secondary,
relatively hindered, hydroxyl group; however, it is
worth noting that, eventually with some modifica-
tion, e.g. inclusion of a bridging group, attach-
ments can also be carried out at mercapto,
carboxyl, amino, amide, imide, or other func-
tional groups (Bodor, 1995a). Furthermore, in-
stead of the simple methyl-phosphonate used
here, other phosphonates that might have better
lipophilicity or phosphatase-substrate characteris-
tics can also be employed.

A neutral (pivaloyloxy)methyl (POM) ester
should provide enough lipophilicity for passive
BBB transfer. Indeed, a recent study found that
mono and bis POM-attachment significantly in-
creased the log octanol-water partition/distribu-
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tion coefficient (log P) of PMEA (Annaert et al.,
1997). In the same work, very high intracellular
PMEA concentrations were found, suggesting
that the negative charge of PMEA trapped this
compound inside the cells in a manner that resem-
bles the mechanism used in our aCDS. Intracellu-
lar enzymatic activity should be therefore high
enough to allow ‘lock-in’ not only behind the
blood—brain barrier, but also inside the cells,
which would be useful for intracellular delivery
of, e.g. antiviral agents. Two additional observa-
tions also worth mentioning. Bis(POM)PMEA
was found to be quite stable in acidic buffer; such
derivatives are therefore likely to be also stable in
a gastric environment when administered orally,
and, indeed, in preliminary studies approximately
30% of the administered bis compound was found
in circulation as PMEA after oral administration
to monkeys (Srinivas et al., 1993). On the other
hand, the aldehyde by-product of the first hydrol-
ysis is somewhat worrysome with regards to toxic-
ity, but extensive experience with (acetoxy)methyl
esters of carboxylic acids revealed surprisingly
little toxicity, at least in the short term (Schultz et
al., 1993).

2. Materials and methods
2.1. Chemistry

Melting points (MP) were obtained using a
Fisher—Johns melting points apparatus and are
uncorrected. Mass spectra (MS) were recorded by
a Kratos Analytical MS80RFA instrument using
fast atom bombardment (FAB). Proton nuclear
magnetic resonance spectra ('H-NMR) were
recorded in a Varian EM390 (90 MHz) spectrom-
eter. Samples were dissolved in an appropriate
deuterated solvent and chemical shifts (3) re-
ported in ppm relative to an internal standard
(tetramethylsilane, TMS). Elemental analyses
were performed by Atlantic Microlabs (Atlanta,
GA). All starting materials were of reagent grade
and obtained from Aldrich Chemical, Milwaukee,
WI. Acetone, benzene and DMF were dried with
4-A molecular sieves. The originally dry pyridine
was dried by refluxing with solid KOH, followed

by fractional distillation (b.p. 115.6°C). Merck
Kieselgel 60 (70-230 Mesh ASTM) and Aldrich
Florisil (100-200 Mesh) were used for column
chromatography. Phosphodiesterase I
(EC.3.14.1.) type IV (0.028 U/mg solid), and
alkaline phosphatase (EC. 3.1.3.1., 2000 U) were
used for enzymatic assays and were purchased
from Sigma, St. Louis, MO.

2.2. Synthesis

2.2.1. Methyl-17-testosterylphosphonate (TP~ 2)

A solution of testosterone (T,1) (5 g, 17.4
mmol) in dry pyridine (17 ml) was added drop-
wise between — 3 and 0°C over a 25-min period
to a stirred solution of methylphosphonic dichlo-
ride, CH;P(O)Cl, (4.6 g, 34.7 mmol) (Riess and
Ourisson, 1965). The resultant mixture was stirred
for 1 h at room temperature, then poured into ice
water, neutralized with sodium bicarbonate, and
extracted twice with 175 ml of ether. The com-
bined ether extract was washed with 175 ml of
saturated aqueous sodium bicarbonate solution.
The aqueous layer was acidified with 4 N hy-
drochloric acid while cooling in an ice bath. The
flask was stored in a refrigerator overnight. The
white precipitate which formed was removed by
filtration, washed with cold water, and dried un-
der vacuum at 50-60°C. The yield was 4.84 g,
76%. Recrystallization from aqueous methanol
gave crystals melting at 189-191°C. NMR
(CDCl,): 0.83 (s, 3 H), 1.18 (s, 3 H), 1.30 (d, 3 H,
J=18 Hz), 0.7-2.5 (m, 19 H), 4.15 (m, 1 H), 5.68
(s, 1 H), 7.93 (bs, 1 H). Elemental analysis for
C,oH;,0,P. Theory: C, 65.56; H, 8.53. Found: C,
65.61; H, 8.56.

2.2.2. Methyl-17-testosterylphosphonate silver salt
3)

The phosphoric acid derivative produced above
(4.3 g, 11.7 mmol) was dissolved in 2 N aqueous
sodium hydroxide solution (6.16 ml, 12.32 mmol).
A few drops of phenolphtalein solution were
added and the alkaline solution was neutralized
with 2 N nitric acid until the red color due to
phenolphtalein disappeared. Then, a solution of
silver nitrate (2 g, 11.7 mmol) in 6 ml of water
was added in the dark. The resultant mixture was
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allowed to stand in the dark overnight. The pre-
cipitate which formed was removed by filtration
and washed with cold water, also in the dark
(Methoden der Organischen Chemie, 1964). The
off-white material was dried in vacuum in the
dark at 60-80°C, and used for the next reaction
without further purification. The crude silver salt,
was obtained in 98% yield (5.47 g).

2.2.3. Iodomethylpivalate (5)

Sodium iodide (24.73 g, 165 mmol) was added
to a solution of chloromethyl pivalate (4) (5 g, 33
mmol) in dry acetone (40 ml). Acetone was dried
with anhydrous potassium carbonate and then
distilled (b.p. 52.6°C). The mixture was stirred for
4 h at room temperature. Insoluble materials were
removed by filtration and washed with fresh ace-
tone. The filtrate was evaporated, and hexane and
5% aqueous sodium thiosulfate solution were
added to the residue. The mixture was thoroughly
shaken, then the organic layer was separated and
washed with 5% aqueous sodium thiosulfate solu-
tion. Drying over anhydrous sodium sulfate, fol-
lowed by evaporation of the solvent, afforded
7.03 g (88% yield) of yellow liquid which was used
for the synthesis of methylpivaloyloxymethyl-17-
testosterylphosphonate (6) without further purifi-
cation, NMR (CDCl,): 1.18 (s, 9 H), 5.88 (s, 2 H).

2.2.4. Methyl-pivaloylexymethyl—17-
testosterylphosphonate (T-aCDS, 6)

Crude iodomethyl-pivalate (160 mg, 0.66 mmol)
was dissolved in 2 ml of benzene and washed
successively with 5% aqueous sodium thiosulfate
(1 ml) and water (3 x 1 ml) and dried over anhy-
drous sodium sulfate. This solution was added
dropwise into a stirred suspension of the methyl-
17-testosterylphosphonat silver salt (3) (250 mg,
0.53 mmol) in 5 ml of dry benzene under nitrogen,
in the dark and over a 20-min period. The resul-
tant mixture was stirred at room temperature
overnight. Insoluble materials were removed by
filtration and the filtrate was washed, once with
sodium thiosulfate solution and three times with
water, then dried over anhydrous magnesium sul-
fate. Evaporation of the solvent gave a yellowish,
viscous oil. The crude product was purified by

column chromatography on silica gel, using 1:1
hexane-ethyl acetate as eluent. A slightly yellow
viscous oil was obtained in 31% yield (80 mg). MS
and NMR data were consistent with the assigned
structure. MS: m/z 503 (M + Na)+. NMR
(CDCl5): 0.81 (s, 3 H), 1.17 (s, 3 H), 1.50 (d, 3 H,
J=18 Hz), 0.70-2.50 (m, 19 H), 4.14 (m, 1 H),
5.60 (d, 2 H, J=14 Hz), 5.67 (s, 1 H). Elemental
analysis for C,sH,,O4P: Theory: C, 64.98; H, 8.60.
Found: C, 64.92; H, 8.63.

2.3. Analytical methods

A high-performance liquid chromatography
(HPLC) method was developed for the assay
(quantitative analysis) of the different compounds
and their metabolites in biological fluids. The
chromatographic analysis was performed in a sys-
tem consisting of Spectra-Physics (Palo Alto, CA)
SP 8810 solvent delivery system, SP 8780 auto
sampler, SP 8456 UV-VIS variable wavelength
detector operated at 254 nm, and SP 4290 integra-
tor. A 150 x 3.9 mm (I.D.) reverse phase Bond-
clone C18 column (Phenomenex, Torrance, CA),
operated at ambient temperature, was used for all
separations. The column was protected with a
15 % 3.2 mm (I.D.) C18 guard column (Rainin,
Ridgefield, NJ) packed with 7 um of packing
material. The mobile phase consisted of 50% ace-
tonitrile and 50% phosphate buffer (pH 7.0). At a
flow rate of 0.9 ml/min, testosterone, methyl-17-
testosterylphosphonate  and  methyl-pivaloy-
loxymethyl-17- testosterylphosphonate had reten-
tion times of 9.06, 4.88, and 7.74 min,
respectively.

2.4. In vitro stability studies

2.4.1. In vitro stability of TP~ (2) to phosphodi-
esterase 1V and alkaline phosphatase 1

Control samples: 3 ml of pH 8.8, Tris buffer or
pH 7.4 phosphate buffer and 60 ul of stock
solution of the investigated compound ( ~ 1.0 mg/
ml) were measured into a threaded 20-ml vial,
which was then closed by a teflon-lined, phenolic
cap and was put into a waterbath. The reaction
was performed at 37°C, and at appropriate time-
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intervals, aliquots (400 wul) were removed and
added to 800 ul of acetonitrile containing 5%
DMSO and 1% acetic acid. Of this solution, 20 ul
was analyzed by HPLC. For the enzyme-treated
sample the above buffer solutions were used with
the addition of 3 mg type IV phosphodiesterase I.
The procedure was the same for alkaline phos-
phatase but in this case pH 9.8 glycine buffer, and
60 ul enzyme were used.

2.4.2. In vitro stability of T-aCDS (6)

A group of seven rats was used, and another
group of three animals served as control. In vitro
investigations were performed in blood, brain,
liver, and lung, respectively. Freshly collected
whole blood was used. Tissue homogenates were
prepared by homogenizing (using a Tekmar-tis-
suemizer) freshly collected organ tissues with iso-
tonic phosphate buffer (pH 7.4) to give 20% (w/w)
homogenate. 400 ul of stock solution of investi-
gated compound (~ 1.0 mg/ml in DMSO) was
added to 5 g of 20% (w/w) biological medium at
37°C and was mixed using a Fisher-brand Touch-
Mixer for 10 s. The vials were put back into the
waterbath. At appropriate time intervals (0.5, 2, 5,
10, 20, 30, 60 min), 400 ul of samples were taken
and mixed to 800 ul of acetonitrile containing 5%
DMSO and 1% acetic acid in an Eppendorf mi-
crocentrifuge tube. The mixture was shaken using
the Touch-Mixer for 1 min and centrifuged for 10
min at 12000 rpm. The supernatant was removed
with an insulin syringe and filtered through a
Millipore filter (Type H, pore size 0.45 1 gm). The
solution was analyzed without any further dilu-
tion by HPLC injecting 20 ul of sample. Quanti-
tation was done by a calibration curve.

2.5. In vivo distribution /[metabolism studies

Adult, male Sprague-Dawley rats weighing
175-200 g were used. Animals were kept in indi-
vidual cages with free access to food and water.
Groups of at least five rats were used. The investi-
gated compounds were dissolved in DMSO, and
the solutions were administered in the tail vein of
conscious animals at a dose of 11.3 mg/kg. In the
control group (three rats) only the solvent was
administered. Animals were sacrificed by decapi-

tation at appropriate time intervals (2, 5, 10, 20,
30, 60 min) after the intravenous injection. Trunk
blood was collected into heparinized tubes. The
brain, the liver, and the lung were removed and
immediately frozen. Samples for HPLC analysis
were prepared by homogenizing the organs with
isotonic phosphate buffer (pH 7.4). The final con-
centration of the suspension was 20% (w/w). 400
i1 of each of these suspensions were prepared as
described previously for HPLC determination.

3. Result and discussion
3.1. Synthesis

The synthetic route for the synthesis of the
testosterone anionic chemical delivery system T-
aCDS (methyl-pivaloyloxy-methyl-17-testosteryl
phosphonate), which includes a biologically active
compound and a lipophilic, (acyloxy)alkyl phos-
phonate type targetor moiety, is summarized in
Fig. 2. The methyl-17-testosterylphosphonate
(TP, 2) was prepared by reaction of testosterone
(T,1) with methylphosphonic dichloride in dry
pyridine. The reaction was very sensitive to traces
of water. The compound was then converted with
silver nitrate to give methyl-17-testosterylphos-
phonate silver salt (3). The silver salt could not be
obtained if in the neutralization step some excess
of nitric acid was used and/or if the reaction was
not carried out in dark. The T-aCDS (6) was
prepared by reaction of silver salt (3) with
iodomethyl pivalate (5); the latter was formed
from chloromethyl pivalate with sodium iodide in
dry acetone (dried with anhydrous potassium car-
bonate and then distilled). During conversion of
silver salt to the ester, it is very important to
strictly enforce nitrogen atmosphere, dry solvent,
and darkness. The T-aCDS obtained was a
slightly yellow viscous oil found to be stable in
this state at 4°C for more than 1 year if protected
from light and moisture.

3.2. In vitro stability studies

The in vitro stability of T-aCDS (6) was exam-
ined in various biological matrices at 37°C. The
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Fig. 2. Synthesis of the anionic chemical delivery system for testosterone (T-aCDS, 6).

aCDS is most stable in brain homogenate but
hydrolyses rapidly in liver homogenate. The half-
lives (z,),) in different organs are as follows: blood
4.48 min (r =0.9388), lung 5.53 min (r = 0.9661),
liver 2.82 min (r =0.9498), and brain 7.37 min
(r=0.9972) (Fig. 3). When degradation of T-
aCDS (6) was monitored in various organ ho-
mogenates, its disappearance was observed (Fig.
4a) with the concomitant appearance of TP~ (2)
(Fig. 4b). These profiles are consistent with the
predicted metabolism of this system.

3.3. In vivo studies

Male SD rats (five per group) were given T-
aCDS (6) at a dose of 11.3 mg/kg in DMSO

vehicle. Fig. 5a shows the concentration of T-
aCDS after i.v. administration. Blood levels were
initially the highest but disappeared rapidly with a

Half-life (min)

Liver Brain

Lung

Blood

Fig. 3. In vitro half-lives of T-aCDS (6) in different organs.
Each value is the mean of seven independent determinations.
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Fig. 4. In vitro concentration change for (a) T-aCDS (6) and
(b) the negatively charged intermediate TP~ (2) in various
organs.

t, of approximately 4 min, and by 30 min no
T-aCDS was detectable. For the brain, maximum
T-aCDS levels were found 5—10 min after admin-
istration; they fell under the borderline of de-
tectability ( < 0.1 ug/g) after 60 min. In the lung,
the maximum concentration of T-aCDS was
higher than in the brain; this value was reached
later, after about 10 min, and lung concentration
decreased with time after this. The situation was
dramatically different for the liver. Due to rapid
metabolism, T-aCDS could not be found in de-
tectable concentration during the investigated
time intervals.

The concentration change of TP~ (2) after i.v.
administration of T-aCDS is shown in Fig. 5b. In
liver, TP~ levels were practically at their maxi-
mum at the first sampling (5 min); they did not
change significantly between 5 and 20 min, and

then rapidly disappeared after about 60—65 min.
In blood and in lung, highest levels were mea-
sured at 20 and 10 min, respectively. Compared to
blood levels, maximum values were about 20%
lower in the lung and more than 50% lower in the
liver.

In the brain, maximum concentration of the
decomposition product (TP ~) was obtained at 30
min after administration, indicating that hy-
drolytic cleavage is slowest here, and this concen-
tration did not decrease significantly during the
study, proving that this negatively charged inter-
mediate is indeed ‘locked in’ the brain. In addi-
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Fig. 5. In vivo concentration change of (a) T-aCDS (6) and (b)
the main metabolic product (TP-) (2) in different organs after
i.v. administration of a 11.3 mg/kg T-aCDS dose in rat. Each
value is the mean of five independent determinations. Due to
rapid metabolism, the starting material could not be detected
in liver. At the end of observation (60 min) the highest levels
of the negatively charged intermediate were detected in the
brain (about 25 xg/g). This demonstrates that delivery to the
brain and lock-in of the anionic intermediate takes place
according to the designed sequence. As this intermediate was
fairly resistant to phosphorolytic attack, released testosterone
could not be detected.
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Fig. 6. In vitro enzymatic assay of TP~ with alkaline phos-
phatase and phosphodiesterase. Released testosterone could
not be detected.

tion, when TP~ , and not T-aCDS, was adminis-
tered 1.v., its appearance in the brain could not
be detected, an observation that was expected
based on the hydrophilic nature of TP ~. These
prove that the first step of the designed
metabolism works; passive transport through the
BBB is followed by hydrolytic cleavage and
spontaneous decomposition to provide a locked-
in, hydrophylic drug-phosphonate complex.
Unfortunately, during the decrease of the
TP~ concentration, no testosterone was de-
tectable. This indicates that this product (TP ™)
is resistant to phosphorolytic attack, the second
metabolic step. To verify this assumption, in
vitro enzymatic assays were performed, and they
proved that, indeed, the phosphonate derivative
of the secondary hydroxyl group in TP~ is
fairly resistant to phosphorolytic attack by alka-
line phosphatase or phosphodiesterase (Fig. 6).
Similar indications were found in the literature.
Phosphodiesterase failed to hydrolyze simple
alkyl-monoesters but, interestingly, not aryl-mo-
noesters of phosphoric acids (Landt et al., 1980).
Even an ester of a secondary alcohol such as
cyclohexanol was not a substrate, although the
enzyme readily cleaves the alkyl secondary alco-
hol ester linkage to the 3’-hydroxyl group of
ribose in oligonucleotides, its natural substrates.
Phosphodiesterase I and II was found not to
hydrolyze an «,f-methylene 5-phosphonate
derivative of AzddTDP within 24 h (Balzarini et
al., 1988). An enzymatic degradation study of

bis(POM)FAUMP (Farquhar et al., 1994) indi-
cated that this compound is not a substrate for
nucleotide metabolizing enzymes as incubation
by 10-fold unit excess of alkaline phosphatase,
5'-nucleotidase, or phosphodiesterase 1 (37°C, 2
h, 0.1 M Tris buffer, pH 8.0) resulted in a
degradation rate that was the same as that in
buffer alone. Phosphorylation, a well-known re-
action (Tasurova et al., 1989) that works in the
‘other’ direction, is, however, probably a favored
in vivo transformation of TP .

Design and evaluation of other such anionic
chemical delivery systems is under way. As T-
aCDS had a hindered phosphonate ester linkage
at a secondary alcohol position, another aCDS
with less hindered ester functions that should
provide easier breakdown was tested. Indeed,
here the whole designed metabolic sequence, in-
cluding release of the active agent, was success-
fully completed as reported in the second part of
this series.

4. Conclusion

A novel, anionic chemical delivery system
(aCDS) that uses an (acyloxy)alkyl phosphonate-
type targetor moiety for brain-targeted delivery
has been designed. For testosterone a (pivaloy-
loxy)methyl (POM) phosphonate ester derivative
has been successfully synthesized to serve as its
aCDS. In vitro and in vivo studies confirmed
that the first step of the designed metabolism
worked; passive transport through the BBB is
followed by hydrolytic cleavage and spontaneous
decomposition to provide a locked-in, anionic
drug-phosphonate complex. However, as the
phosphonate derivatives of the secondary hy-
droxyl group was resistant to alkaline phos-
phatase or phosphodiesterase, the second step,
dephosphorylation, did not take place. Even if
release of the active drug could not be detected
for this aCDS, the design principle can work for
other compounds. A case where the whole de-
signed metabolic sequence is successfully com-
pleted and the active agent is released at the
targeted site is reported as the second part of
this series.
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