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Retrometabolic drug design provides a highly useful and directed approach for identifying new drug candidates with
improved therapeutic indices based on predictable/controlled metabolism and/or site-targeted delivery. In the process,
formulation becomes an important and integral concern especially for brain-targeting chemical delivery systems (CDS)
based on the need for appropriate dosage form stability, solubility and dissolution characteristics. Adjuncts that have been
useful in this regard are chemically modified, water soluble cyclodextrin derivatives such a 2-hydroxypropyl-p-cyclo-
dextrin (HPBCD). These starch-derived excipients can interact with drugs via dynamic complex formation resulting in a
number of beneficial pharmaceutical effects including increased apparent water solubility and stability as well as im-
proved aesthetic and excipient compatibility properties. This cyclodextrin is approved in a number of product in the US
and world-wide. HPBCD has contributed to the development and preclinical/clinical testing of a number of CDS
including E2 (estradiol)-CDS, AZT (zidovudine)-CDS, DEX (dexamethasone)-CDS and a neuropeptide CDS based on an
enkephalin derivative. In these contexts, HPBCD provided for stable and water-soluble dosage forms intended for parent-

eral administration.

1. Introduction

Historically, drug design has relied on the optimization of
compound potency as its primary goal. While this ad-
dresses one aspect of the development of new pharmaceu-
tical agents, it ignores several others including toxicity
and drug delivery. The result of this single parameter-
guided quest for more potent compounds often gives rise
to pharmacologically active agents which have greater tox-
icological liabilities and thus, do not result in any im-
provement in the therapeutic index. Consequently, no clin-
ical advancements are obtained. The acknowledgment that
factors other than potency are important in drug develop-
ment are embodied in a suite of design guidelines known
broadly as the retrometabolic design approach [1-3]. The
retrometabolic approach can be divided into several sub-
strategies including the soft drug (SD) methodology [4, 5]
wherein drug candidates are generated that have the re-
quired biological activity but which are designed to un-
dergo facile and safe deactivation subsequent to receptor
activation and chemical delivery systems (CDS) [6-8]
which are inactive entities converted through multiple
enzymatic/chemical steps to give rise to an active agent.
The manipulation of this activation process can also lead
to tissue targeting. This short overview will concentrate on
the CDS technology although examples of the use of
cyclodextrins to improve formulations of SD are available
[9-11].

Chemical delivery systems are, in their broadest definition,
an active pharmacological agent which is covalently at-
tached to a carrier or targetor in such a way that activity
of the agent is lost [1]. CDS differ from prodrugs in that
prodrugs generally require a single chemical/enzymatic
step to release the active agent while this is a multistep
process for CDS derivatives. One of the most successful
for the CDS embodiments is a system design to target
drug to the brain and central nervous system (CNS) [6, 7,
12, 13]. As outlined in the Scheme, the drug of interest is
covalently bound to a functional targetor, in this case,
1-methyl—1,4-dihydronicotinic acid to form an ester [14].
The new conjugate generally has little or no pharmacolo-
gical or toxicological potential. In addition, the lipophili-
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city of the ester is higher than that of the starting alcohol
or acid and as such can penetrate barriers such as the
blood-brain barrier (BBB) in a facile manner. Once the
conjugate is in the CNS, it can, in analogy with the
NAD(P)H — NAD(P)* co-enzyme interconversion, under-
go transformation to the corresponding quaternary salt
which imparts to the conjugate a dramatic change in water
solubility with the log P dropping several units. Because
of the “tight” nature of intracellular (endothelial) junctions
of the BBB [14], this conversion effectively traps the oxi-
dized conjugate within the CNS. In the rest of the body,
conversion to the quaternary salt accelerates peripheral ex-
cretion by the liver or kidney generating a scenario where
CNS levels of the conjugate are high and sustained while
peripheral levels fall rapidly. The trapped quaternized con-
jugate can then hydrolyze giving rise to the active drug
which is then free to interact with appropriate receptor to
produce the desired effect without stimulation in non-tar-
get site areas. This principle has been demonstrated with a
number of drugs as is illustrated in Table 1 [7].

CDS derivatives are associated with special developmental
issues related to their unique mechanisms and this is evi-
dent in the preparation and optimization of formulations
for the products [15, 16]. The CDS-derived drugs are, by
definition, lipophilic to allow BBB penetration and CNS
uptake but this property also renders to the compounds
poor water solubility. In addition, the oxidative lability of
these materials, which is essential for their ability to be
trapped within the CNS, and the hydrolytic instability,
which allows for drug release from the carrier moiety,
combine to limit the pharmaceutical shelf-life of these pro-
ducts. One approach that we have applied to address these
dosage form issues is the use of chemically modified cyclo-
dextrins [15, 17]. Cyclodextrins are cyclic sugar oligomers
derived from starch containing various numbers of o-1,4-
lined glucose residues (oo = hexomer (a-CD), 3 = heptomer
(B-CD), y = octomer (y-CD), & = nonamer (6-CD)) (Ta-
ble 2) [18, 19]. These oligomaltose systems take the form
of a truncated cone wherein the primary hydroxyl func-
tions of the sugar groups are oriented to the narrower end
of the torus while the secondary group are oriented to the
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Scheme 1: Brain-targeting chemical delivery systems

O-DRUG

N
I
‘ o)
B
X O-DRUG B
| B
—
N

'—~

N
|
//CNS / \ 0 Periphery
O-DRUG O-DRUG

_EC/%:
N

—=2

\\Drug;\ (Feceror)

J \

//

|
{ 0

O-DRUG
| —

Drug

\ 7/

- +
-

wider face. This architecture generates a hydrophilic ex-
ternal surface which provides for aqueous solubility and a
lipophilic cavity into which appropriately sized molecules
can include and form water-soluble complexes. No cova-
lent bonds are formed or broken during guest/host (i.e.,
drug/cyclodextrin) complex formation and in solution free

guest and host molecules are in a dynamic equilibrium
with the complex. In addition to increasing the water solu-
bility of the guest substrates, this equilibrium can increase
their chemical stability (based on insulating a sensitive
portion of the chemical guest from the environment), re-
duce unaesthetic smells and tastes, convert oils and liquids

Table 1: Application of chemical delivery systems of pharmacologically active agents [7]

Centrally acting amines

Dopamine
vy-Aminobutryic acid
Tryptamine
L-Tryptophan
Adenosine
Desipramine
Tranylcypromine

Steroids

Testosterone

Progesterone and Progestins
Dexamethasone

Estradiol and Other Estrogens

Antiviral Agents

AZT

Acyclovir

Trifluorothymidine
1-(2-deoxy-2-fluoro-3-D-ribofuranosyl)-(E)-5-(2-iodovinyl)-
uracil

Gancyclovir

(E)-5-(2-iodovinyl)—2’-deoxyuridine

Ribavirin

2/-Fluoro-5-methylarabinosyluracil

Anticancer Agents

Chloroethyl cyclohexyl nitosourea (CCNU)
Chlorambucil

Anticonvulsants
Phenytoin
Valproic acid
Stiripentol
Felodipidine

Antibiotics
Benzyl penicillin
Cephalotin

Others

Naproxen

Tacrine

Propofol
Sulfonamides
LY231617

Nerve Growth Factor

Neuropeptides

DADLE (enkephalin analog)
Kyotorphin analog

Thyrotropin release hormone analog
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Table 2: Properties of a-, 8- and y-cyclodextrin

Properties a-CD p-CD v-CD
Glucose units 6 7 8
MW (g/mol) 972 1135 1297
Cavity diameter (A) 5 6.2 7.9
Cavity volume (A%) 176 346 510
Height of torus (A) 7.9 7.9 7.9
H,0 solubility (%w/v) 14.5 1.85 23.2
Water of crystallization (%) 10.2 13-14 8-18
H,O0 per cavity 6 11 17
pKa 12.33 12.20 12.08

to powders and reduce various formulation-based incom-
patibilities [20]. Unfortunately, the cyclodextrin which is
of the best size to form complexes with the majority of
drugs, i.e., PB-cyclodextrin (-CD), is itself only poorly
water-soluble (Table 2). This results from intramolecular
hydrogen bonding and associated high crystal lattice en-
ergy. To overcome this limitation, B-CD has been chemi-
cally altered to generate derivatives which are more solu-
ble but which also retain the beneficial complexation
characteristics of the parent compound. Of the chemical
derivatives of B-CD, the most successful to date is
2-hydroxypropyl-p-cyclodextrin (HPBCD) [19, 21-23].
HPBCD is prepared by treating base solubilized -CD
with propylene oxide followed by purification. As with
other chemically modified pharmaceutical starches,
HPBCD is a statistical mixture of various hydroxypropy-
lated isomers with a defined substitution average and sub-
stitution distribution. These materials can be made repro-
ducibly and in large quantities. Importantly, HPBCD is not
toxic even at high doses [24, 25] and interacts with lipo-
philes in a quantitatively similar manner as does B-CD.
Since the introduction of HPBCD other chemically modi-
fied cyclodextrins have also been prepared and tested in-
cluding the sulfobutyl ether of 3-CD known as SBE-f3-CD
[26, 27].

Once included in the cyclodextrin cavity, the guest mole-
cule may be released through complex dilution, by re-
placement of the included guest by some other suitably
sized molecule such as dietary lipids or, if the complex is
located in close approximation to a lipophilic biological

CH,OR
/% H,OR
ROCH?X %
i ! CH,OR
ROCH>

RO CH,OR
© o
CH,OR
R = —H, B-cyclodextrin (3-CD)
R = —CH,CHOHCHj3; or —H, 2-hydroxypropyl-B-cyclodextrin (HPBCD)
R = —(CH,)sSO3Na or —H, sulfobutylether-B-cyclodextrin (SBEBCD)
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membrane such as the oral mucosa, the guest may be
transferred to the matrix for which it has the highest affi-
nity.

The regulatory status of the cyclodextrins continues to
evolve. B-Cyclodextrin is used in a number of formula-
tions in numerous countries throughout the world. The ex-
cipient is also compendial in the US (USP24/NF19) and
Europe (Ph. Eur. 34 Ed.). In addition, an initiative has be-
gun to add B-CD to the Generally Regarded as Safe
(GRAS) list maintained by the US Food and Drug Admin-
istration (FDA) [28]. HPBCD is available in approved pro-
ducts in the US, Europe and the rest of the world includ-
ing Sporanox® (itraconazole) oral and iv. solution, a
hydrocortisone-based mouth wash (Iceland) and an indo-
methacin-based eye drop (France). The i.v. dose of
HPBCD can be as high as 16 g/day in the Sporonox i.v.
product and as high as 8 g/day in the oral formulation
[29-33]. Recently, an i.m. formulation of Zeldox (zipra-
sidone) which contains SBE-f3-CD has been approved in
Sweden while an HPyYCD eye drop solution for Voltaren
(diclofenac) has been approved in France. These proper-
ties of cyclodextrins including their proven safety in man
make them potentially useful excipients for CDS. This has
been borne out in the literature where numerous examples
have been published [7, 17, 34, 35]. Several of these ap-
plications will be presented to illustrate the applicability
of HPBCD to these important drug candidates.

2. Estradiol-CDS

Estradiol (E2) exerts potent actions in the CNS of both
males and females. These lipophilic steroids have been
implicated in the treatment of Alzheimer’s disease, stroke,
obesity, decreased libido as well as more traditional uses
such as in the treatment of post-menopausal hot flushes
and prevention of bone loss [17]. Unfortunately, peripheral
exposure to estrogens has also been associated with can-
cer and metabolic disease. Targeting and trapping of estro-
gens to the brain may be useful in their safe exploitation
as therapeutic modalities. A CDS for estradiol was pre-
pared to test this hypothesis [36—40]. The CDS was con-
structed so that the 1-methyl-1,4-dihydronicotinate was
linked to the 17-alcohol of estradiol (E2). Consistent with
the operating principles of the CDS, the conjugated estra-
diol is more lipophilic than the parent steroid (log P of
4.5 (E2-CDS) versus 3.8 (E2)) while the quaternary nicoti-

(6]
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Pharmazie 57 (2002) 2



REVIEWS

nate salt is significantly less lipophilic (log P of -0.14
(E2-Q+)) providing for the CNS trapping [39]. Animal
studies bear out the CDS hypothesis. A single i.v. admin-
istration at doses as low as 500 ug/kg to ovariectomized
rats elicited prolonged CNS-mediated pharmacological ef-
fects (3 to 6 weeks) using various endpoints including
Iuteinizing hormone (LH) suppression and reduced weight
gain [17, 37]. In castrate male rats, copulatory behavior
was re-established over similarly prolonged periods [17].
Pharmacokinetically, the E2-CDS rapidly distributed sub-
sequently to parenteral injection with concomitant appear-
ance of the corresponding quaternary salt (E2-Q+). The
salt was readily lost from the peripheral circulation but its
elimination from the CNS was very slow. The half-life of
the E2-Q+ in plasma was about 1 hour while brain levels
disappeared with a half-life of 10 days [41]. The trapped
E2-Q+ then hydrolysed to give rise to elevated levels of
E2 in the CNS even though plasma levels were within the
normal range [42].

In preliminary studies, E2-CDS was administered in the
water miscible organic solvent, dimethyl sulfoxide
(DMSO). The use of DMSO provided for adequate solubi-
lization of the water insoluble E2-CDS and it is known to
be a relatively safe substance [43]. However the solvent
was clearly not useful in the context of human dosing
prompting a search for more appropriate formulations.
HPBCD was selected for assessment based on the argu-
ments made in the introductory part of the article. HPRCD
formed a useful complex with E2-CDS increasing the ap-
parent aqueous solubility of the compound from 62 ng/ml
to 21 mg/ml in an aqueous 43.5% (w/v) HPBCD solution
(that is an increase in solubility of >300,000-fold) [16].
The phase solubility diagram (Fig. 1), suggested an Ap-
type solubility isotherm based on the definitions of Higu-
chi and Connors [44]. This indicates 1:1 (drug to cyclo-
dextrin) complexation at low HPBCD concentration and
higher order complexation (i.e., 1:2) at higher HPBCD
concentrations. A freeze-dried complex of the drug and
excipient contained approximately 20 mg of E2-CDS per
gram of complex. Stability studies of the dry powder indi-
cated that cyclodextrin complexation also stabilized the
dihydronicotinate as illustrated in Table 3 [16]. The data
suggest a greater than four-fold increase in solid-state sta-
bility. In solution, the oxidative stability of E2-CDS in the
absence and presence of HPPCD was assessed using a
redox buffer containing potassium ferricyanide. As illu-
strated in Fig. 2, increasing concentrations of HPBCD re-
duces the second-order rate constant for oxidation such
that at concentrations >5% w/v, the oxidation rate is sup-
pressed 90% compared to solutions of the redox buffer

. a4 A a4
o N A O
I I I I |

E2-CDS (mg/mL)

0 10 20 30 40 50
%HPCD (wW/v)

Fig. 1: Phase solubility relationship for E2-CDS and HPBCD
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Table 3: Stability (as indicated by half-life in days) of E2-
CDS and the E2-CDS/HPBCD complex in the solid
state at various temperatures

Temperature (°C) E2-CDS E2-CDS/HPRCD
23 295 1447

60 204 76.2

70 8.7 31.5

80 4.6 11.0

that do not contain the cyclodextrin derivative [16]. Com-
plexation with HPBCD shielded the chemically labile por-
tions of the E2-CDS molecule against attack by water mo-
lecules, hydroxy ions and ferricyanide ions in the aqueous
media. The stable, water-soluble complex was then tested
in animals to compare its performance to the original
DMSO systems. The two dosage forms were equivalents
with regard to pharmacokinetic and biological activity
parameters [17]. After i.v. administration, the E2-CDS was
rapidly released from the complex through dilution and
binding to plasma proteins. No precipitation of E2-CDS
occurred when the aqueous HPBCD formulation was di-
luted with blood. Route of administration studies found
that the E2-CDS/HPBCD complex could be successfully
administered bucally in addition to parenteral routes.
Through HPBCD complexation, E2-CDS was solubilized
in the aqueous saliva and carried to the surface of the
buccal mucosa. At the surface, the lipophilic E2-CDS par-
titions from the cyclodextrin cavity into the lipophilic mu-
cosa. The large hydrophilic HPBCD molecule as well as
the E2-CDS/HPBCD complex are unable to permeate lipo-
philic membranes, such as the buccal or intestinal mucosa.
Safety of the E2-CDS/HPPCD complex was then deter-
mined in a number of toxicity assessments in preparation
for human testing. The studies found that neither E2-CDS
nor its complex with HPBCD was mutagenic (Ames test).
In subacute (14 day) and subchronic (90 day) dosing in
rats and monkeys, the no observable adverse effect dose
was the maximum used in the protocol i.e., 5 mg/kg in
monkeys and 2.5 mg/kg in rats [17].

Two sets of clinical studies have been carried out using
E2-CDS complexed with HPBCD. The first was designed
as an open label, i.v. rising dose tolerance study in
healthy, post-menopausal volunteers [17, 45]. Each subject
received E2-CDS in a 20% w/v solution of HPBCD with
drug doses ranging from 10 ug to 1.28 mg. There was no
adverse effect associated with the treatment and potent
pharmacological action was observed including a dose-re-
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Fig. 2: Effect of HPBCD on the second-order rate constant for ferricya-
nide-mediated oxidation
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Fig. 3: Effect of various doses of E2-CDS/HPBCD on mean LH suppres-
sion relative to baseline in post-menopausal volunteers

lated suppression of serum LH concentrations (Fig. 3).
When compared with E2 (also solubilized with HPBCD),
the effect of E2-CDS on the reduction of LH was greater
while peripheral estrogen levels were much lower after
treatment with the CDS. In a second study, a similar po-
pulation was assessed and a broaden protocol applied
[46]. The clinical trial included an i.v. treatment arm, a
buccal treatment portion to assess feasibility of that route
of administration and a comparitor arm (oral treatment
with 1.0 mg Progynova® (estradiol valerate)). For both
buccal and i.v. dosing E2-CDS was administered in 20%
aqueous HPBCD w/v. All treatments were well tolerated.
The i.v. dosing provided similar results to the initial study
with dose-dependent LH and FSH suppression. Based on
the i.v. data the bioavailability after buccal treatment was
approximately 25%. A comparison of either the i.v. and
buccal administration with oral estrogen therapy indicated
that the E2-CDS was superior with regard to activity and/
or reduction of peripheral estradiol concentrations. In the
case of E2-CDS, HPBPCD was found to dramatically in-
crease water solubility, increase solution and solid-state
stability and to generate a formulation that was useful for
animal and human testing.

3. Azidothymidine-CDS

AIDS encephalopathy is a significant and frequent compli-
cation of infection by the human immunodeficiency virus
(HIV) [47]. Unfortunately, this component of AIDS is dif-
ficult to treat because of the effective exclusion of several
potentially useful antiviral agents by the BBB. A pertinent
example is azidothymidine (AZT or zidovudine). This was
the first FDA-approved drug for the treatment of AIDS
and while effective against the peripheral components of
the disease, it poorly penetrates the CNS and has only
marginal effects against AIDS encephalopathy [48]. Sev-
eral groups have applied the CDS technology to AZT and
similar nucleoside reverse transcriptase inhibitors [49—52].
The generated CDS (in which the dihydronicotinate is at-
tached at the 5’ sugar hydroxyl function) was shown to
readily penetrate the brain and CNS to deliver therapeutic
levels of the antiviral agent. In several test animals (mice,
rat, rabbit and dog) the AZT-CDS was several times more
effective that AZT itself in delivering AZT to the brain
[49-52]. As with E2-CDS, AZT-CDS was designed to be
lipophilic to allow for BBB transit and enzymatically la-
bile to provide for CNS trapping and like E2-CDS,
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DMSO served as an early vehicle. The optimization of a
parenteral form for AZT-CDS was assessed using the fol-
lowing design criteria relative to the DMSO solution: a 10
to 50 mg/ml dosage form with a low potential for venous
irritation and extravasation injury, a similar or improved
pharmacokinetic profile and low systemic toxicity [53].

Solubility assessments demonstrated good solubility in
DMSO, dimethyl acetamide and benzyl alcohol but poor
solubility in ethanol, water, detergents and oils which
eliminated surfactants and emulsion-based formulations.
Various cyclodextrins were also examined but simple equi-
libration of a cyclodextrin solution and the AZT-CDS, or
treatment of an aqueous cyclodextrin solution with a con-
centrated solution of the AZT-CDS in a water miscible
solvent, followed by equilibration gave poor results [53].
The highest loading that could be prepared using these
methods was approximately 4 mg AZT-CDS/g complex
(in this case HPBCD). An alternate approach was sug-
gested by Pitha and Hoshino in which the drug and
HPBCD was dissolved in an alcohol, ideally ethanol, fol-
lowed by solvent evaporation [54]. This approach was im-
practical due to the poorly solubility of AZT-CDS in etha-
nol and the resulting large volumes needed. In any case,
best results were obtained using methanol as a solvent
which generated a lyophilized complex containing 26 mg
AZT-CDS/g complex. Another line of research was to in-
clude pH adjustment. AZT-CDS, like the parent thymi-
dine, has an ionizable proton at the N3 imine position.
AZT-CDS is soluble in dilute NaOH or KOH and a solu-
tion could be made using 0.05 M NazPO, (pH 12) but
these systems were not physically stable and precipitated
soon after they were prepared. The possibility of combin-
ing the pH solubilization effects with those of HPBCD
were then considered [55, 56]. Screening studies with an
aqueous 43.5% (w/v) HPBCD solution and various basic
buffers, including TRIS, K,CO3; and Na3POs were per-
formed. The data obtained suggested significant increases
in solubility could be reached with complex loadings of
between 30 and 70 mg/g complex. These promising data
directed our reseach efforts to the formation of AZT-CDS
salts which were then solubilized in aqueous HPBCD so-
lutions. The sodium, potassium and ammonium salts of
AZT-CDS were screened and the potassium salt selected
based on its stability and ease of preparation. Simple addi-
tion of the K* AZT-CDS to water resulted in a solution
with a pH between 11 and 12 and which was not physi-
cally stable. A matrix was then developed to optimize the
solution. Best results were obtained with a 30 mg/ml solu-
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Fig. 4: Effect of CDS and formulation on brain exposure of AZT after
treatment wit AZT, AZT-CDS in DMSO or K+ AZT-CDS in
HPBCD

tion of the K* AZT-CDS in an aqueous solvent containing
15% (w/v) HPBCD and 0.005 M Naz;PO,. This solution
had a pH of 10.7 and an osmolality of 282 mOsm/kg.
Testing of the formulation in a rat-tail vein model of ve-
nous irritation found that the formulation was similar to
saline or the formulation in which the active principle was
absent [53]. Organic solvent containing vehicles were no-
tably more toxic. Pharmacokinetic studies were then per-
formed in the rat comparing AZT, AZT-CDS in DMSO or
K* AZT-CDS in the HPBCD vehicle at five doses equimo-
lar to 26, 53, 77, 103 and 130 pmol/kg AZT. AZT-CDS in
DMSO, provided for trapped AZT-Q* and increased levels
of AZT (between 10 and 100-fold) in the brain relative to
AZT dosing which was consistent with other studies.
Blood levels were lower after AZT-CDS compared to
AZT treatment providing a favorable brain to blood ratio.
Administration of K* AZT-CDS in aqueous HPBCD solu-
tions delivered similar peripheral levels of AZT levels as
those generated by AZT-CDS in DMSO. In brain, how-
ever, the K* AZT-CDS systems were more efficient, gen-
erating AZT levels that were as high as 3-times those
found after AZT-CDS/DMSO treatment (Fig. 4) [53]. The
results show that AZT-CDS was effectively released from
the complex after i.v. administration. The formulation ful-
fils the design requirements based on concentration,
safety, tissue distribution and pharmacokinetics. The do-
sage form was useful in various mechanistic and more
advance pharmacokinetic evaluations. A rising dose study
in rats, for example, using the K* AZT-CDS/HPBCD sys-
tem revealed that increasing doses of the CDS generated
disproportionably larger AUC in brain, meaning that the
brain to blood ratios increased from 20% at low doses to
80% at high doses [57]. The higher AZT levels may be
related to auto-inhibition of efflux mechanisms which are
known to eliminate AZT from the brain. In the dog,
AZT-CDS generated higher AZT brain tissue levels (2 to
3-fold) and lower blood levels (—46%) than did AZT itself
resulting in an improved brain to blood ratio [58].
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4. Dexamethasone-CDS

Glucocorticoids, such as dexamethasone (DEX), are useful
anti-inflammatory agents and are widely used in the treat-
ment of the tumor-related edema [59]. Vasogenic edema is
associated with increases in intracranial pressure (ICP)
which can seriously complicate the disease prognosis
since ICP is coupled with headaches, seizures and if not
controlled cerebral herniation and brain stem compression.
While high dose steroid treatment can be beneficial, it is
complicated by numerous side effects and by poor perme-
ability of certain compounds in the series through the
BBB. These concerns were address by development of a
CDS for dexamethasone using tools described herein.
In this case, the dihydronicotinate was attached to the
21-alcohol position [60]. The poor water solubility of the
DEX-CDS required a formulation optimization process. A
cyclodextrin complex was considered and based on a for-
mulation matrix a systems prepared in which the DEX-
CDS was suspended in an aqueous 0.01 M borate buffer
containing 5% (w/v) glucose and 45% (w/v) HPBCD [61].
Lyophilization generated a powder containing 26 mg of
DEX-CDS/g complex. The availability of a water soluble
DEX-CDS formulation allowed its testing in a brain rat
tumor model. In these studies, the DEX-CDS/HPBCD or
dexamethasone (also solubilized in HPBCD) were injected
into rats containing a malignant fibrous histiocytoma im-
planted in sub-cortical white matter. The BBB integrity
was measured by an Evans Blue extravasation method.
Administration of the dexamethasone or DEX-CDS/
HPBCD at 0, 8 and 24 h (i.e., the protocol that was found
to be optimal for dexamethasone in the model) demon-
strated significantly reduced BBB disruption compared
with vehicle. In addition, the DEX-CDS was more potent
than both dexamethasone and vehicle. When a single dose
of the dexamethasone, Dex-CDS or vehicle were adminis-
tered, only the DEX-CDS was active (Fig.5) [61]. These
data point to both a pharmacodynamic and pharmacoki-
netic advantage of the CDS, an estimation that was possi-
ble only because of the availability of a suitable formula-
tion.

5. Enkephalin-CDS

As is the case with several of the examples already dis-
cussed, the delivery of centrally acting peptides to the
CNS can be difficult due to the BBB. In the case of pep-

NS
o 0 o N+
HO OH CH, HO OH CH,
(0] (0]
Dex-CDS Dex-Q+
OH
o
HO OH
(0]
Dex
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Fig. 5: Effect of 2 mg/kg DEX or equimolar DEX-CDS on BBB integrity
as measured by Evans blue extravasation at 30 h after a single drug
administration. The Dex-CDS treatment was significantly more ef-
fective (p < 0.05) that either vehicle or DEX.
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tides, the BBB acts not only as a physicochemical barrier
but also as a histochemical screen. That is, many peptides
are destroyed by the numerous enzymes present at the
BBB interface such as aminopeptidases, arylaminidases
and enkephalinases. One method for the non-invasive de-
livery of small peptides to the CNS is the CDS but special
modifications have to be made for this specific purpose
[8]. An example is the delivery of the enkephalinic penta-
peptide, Tyr-D-Ala-Gly-Phe-D-Leu (YAGFL) [62]. To gen-
erate a CDS of this compound, both the amino and car-
boxylic acid termini are derivatized. At the amino
terminus, the dihydronicotinamide is attached via a spacer
(i.e., alanine) to aim hydrolysis towards endopeptidase
cleavage and especially towards hydrolysis by alanyl ami-
nopeptidase. At the C-terminal end, a large bulky lipophi-
lic group (cholesterol) is attached. This serves the dual
function of protecting the Gly-Phe bond from hydrolysis
by endopeptidase as well as of lipidizing (increasing the
log P) of the conjugate [62]. The cholesterol ester can be
cleaved by esterases or lipases. These changes dramati-
cally alter the overall appearance of the peptide in compli-
ance with CDS requirements but it also increases the for-
mulation challenge. The “molecularly packaged” peptide,
which is at this point poorly water-soluble, was formu-
lated in a mixture of aqueous 50% (w/v) HPPCD solution
and ethanol [62, 63]. The use of this formulation in rats
allowed for the elucidation of the metabolic profile of the
CDS including the eventual release of the active peptide
as well as the demonstration of its biological activity.

6. Conclusions

Water-soluble cyclodextrins in general, and HPBCD in
particular, have been identified as useful non-toxic excipi-
ents for poorly water-soluble drugs. They have been suc-

100

cessfully applied to various CDS as well as to other com-
ponents of the retrometabolic design loop making it
possible to test these drug delivery systems in animals and
humans. HPBCD provides for favorable pharmacokinetic
and tissue binding profiles relative to their administration
in organic-solvent based vehicles. As the regulatory status
of cyclodextrins advance, their use will most likely ex-
pand.

This research paper was presented during the 3™ Conference on Retrome-
tabolism-Based Drug Design and Targeting, May 13-16, 2001, Amelia
Island, Florida, USA.
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