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Abstract: The background of prodrug design is presented herein as the basis for introducing new and advanced
latent systems, taking into account mainly the versatility of polymers and other macromolecules as carriers.
PDEPT (Polymer-Directed Enzyme Prodrug Therapy); PELT (Polymer-Enzyme Liposome Therapy); CDS
(Chemical Delivery System); ADEPT(Antibody-Directed Enzyme Prodrug Therapy); GDEPT/VDEPT (Gene-
Directed Enzyme Prodrug Therapy/Virus-Directed Enzyme Prodrug Therapy); ODDS (Osteotropic Drug
Delivery System) and LEAPT (Lectin-directed enzyme-activated prodrug therapy) are briefly described and

some examples are given.
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INTRODUCTION

Although there are more than 7000 drugs available for
the treatment of most diseases, many physico-chemical,
pharmacokinetic, pharmacological, and toxicological
properties can be barriers for their clinical use, in addition to
organoleptic unwanted properties [1-3].

With the aim of optimizing mainly the physico-chemical
properties of a drug, which is reflected in its poor
pharmacokinetic characteristics, the latentiation process,
currently known as prodrug design, is a good alternative [3-
8].

The interest in prodrug design as an alternative for
improving drug effectiveness has increased. For example,
among the blockbuster drugs in the pharmaceutical market,
five — lovastatin, sinvastatin, omeprazole, acyclovir, and
enalapril — are prodrugs [1].

Prodrug design is a molecular modification process, first
proposed by Harper in 1959, although Albert, a year
previously, introduced the term prodrug to signify any
compound that needs biotransformation prior to exhibiting
its pharmacological effects. This term comprehends the
transformation of a drug in an inactive transport form that in
vivo, through chemical or enzymatic reactions, releases the
drug either at or near the site of action (Fig. 1). Despite
being introduced in the 60’s, this process was only defined
in parallel with the advances in the knowledge of drug
targets and in their pharmacokinetics in the middle of the
70’s [2]. Advanced prodrug design has been one of the most
useful tools for the development of new chemotherapeutic
agents against cancer and AIDS [7].

Hans Bundgaard decisively contributed to the
development of prodrug design. In 1978, he started the well-
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recognized Prodrug Research Group, which he was in charge
of until his death in October 1992. He was a pioneer,
introducing the importance of drug delivery in industrial
drug development. He published more than 300 papers,
besides many book chapters and patent applications. Several
marketed prodrugs are based on his initial prodrug research@.

In terms of the industrial aspects of drug introduction,
the advantage of prodrug design is the relative facility of
obtaining the new derivatives, which are not considered to
be “me too” drugs, thus, allowing patent recognition [9].

Prodrugs and analogs, although having similar
structures, present some differences, as depicted in (Fig. 2).
Currently, the main difference is related to the
bioreversibility of the former. The principal reversible
linkages used in prodrug design are described by Friis and
Bundgaard [5].

There are many reasons that justify the need for drug
molecular modification through prodrug design; these
include [10] pharmaceutical problems, such as low
solubility, low chemical stability, undesirable taste, odor,
high irritation and pain; pharmacokinetic problems, such as
low oral absorption, high rate of presystemic metabolism,
low absorption by non-oral routes, low time profile, and low
selectivity in organ/tissue active agent delivery, and
pharmacodynamic problems, such as low therapeutic index
and lack of selectivity at the action site [5, 7, 11-14].

A strategic approach for choosing a prodrug design as the
solution for a definite drug problem deserves consideration.
This strategy begins when the structure-activity relationship
of a compound indicates an incompatibility between
pharmacokinetics and pharmacodynamics [1]. Figure 3
shows two situations that can de found in a research project.
In case A, a favorable situation is represented, where PD —
Pharmacodynamic — and PK — Pharmacokinetic chemical
spaces have a partial overlap, signifying that the candidates

aBente, S. Personal communication, 2004.
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Fig. (1). Prodrug concept (adapted from [4]). D — drug. C- carrier.

have good PD and PK features. In case B, an unfavorable
situation has to be faced, since there is incompatibility
concerning  structural characteristics, avoiding good
pharmacodynamic and pharmacokinetic profiles. In this
circumstance the prodrug approach may be the only
alternative for solving this problem. The success of this
strategy depends on how soon the diagnostic of the situation
—case A or case B -- is made.

Some researchers [9] believe that the prodrug approach
should be available as soon as a drug candidate arises from
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Fig. (2). Differences between prodrug and analog.

the discovery step in the general fluxogram of drug/medicine
development [15]. In this sense, they [9] have distinguished
two types of prodrug design, namely posthoc and adhoc
design. The former corresponds to a modification of a well-
known drug that presents some of the problems described
above and the later means the modification of a lead
candidate that shows some undesirable properties that can
restrict its further approval as a drug.

The main pharmacokinetic problems for drug use are:
low oral bioavailability, due to polarity and/or solubility, to
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gastric instability or to a high level of first-pass metabolism;
insufficient distribution to the local site and inability to
cross different kinds of biological barriers (gastric mucous,
skin, cornea and blood brain barrier) [5].
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Fig. (3). Schematic situations found in a reserch project
(adapted from [1]). SD represents de structural diversity space;
PD is the pharmacodinamic of the molecules considered; PK is
the pharmacokinetics of those molecules.

In order to improve drug properties, prodrugs must have
some important characteristics such as, biological inactivity
(or very low activity, in comparison with the prototype);
bioreversible linkage with the carrier that provides the
minimal drug efficient concentration at the local site of
action; lack of toxicity in the carrier. In addition, the
synthesis should be less complex than that of the drug.

Based on the discussed points, the main objectives of
prodrug design are [4, 8]:

1. Modification of drug pharmacokinetics;

2. Prolongation of action;

3. Diminution of toxicity and side-effects;

4. Increase in selectivity;

5. Resolution of formulation problems, such as

stability, solubility and organoleptic properties.

“LATENT DRUGS” CLASSIFICATION

Wermuth, in 1984 [16], classified “latent drugs” as
prodrugs, subdivided into bioprecursors and classic
prodrugs, and targeted drugs. The carrier nature of the drug
is one of the characteristics that differentiate these two
categories of latent drugs, with special emphasis on the
specificity used for targeted drugs. In addition to these
classes, mixed and mutual prodrugs exist.

Bioprecursors

Bioprecursors are latent drugs that do not have a carrier,
but must be biotransformed in vivo, although through
generally non-hydrolytic enzyme systems [8].

Lovastatin (Fig. 4), for example, a HMG CoA (3-
hydroxy-3-methylglutaryl-coenzime A) reductase inhibitor
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that has introduced a new perspective in the treatment of
hypercholesterolemias [8], is active due to its
biotransformation to the open chain nonlactone metabolite.
The lactone derivative provides a more suitable partition
coefficient to the drug, although the carboxyl group must be
free to provide similarity with the enzyme substrate.

HO
COOH

OH

active compound

lovastatin

Fig. (4). Lovastatin and its non-lactone active derivative.

Photosensitizer prodrugs, used in photodynamic therapy,
have been considered as bioprecursors [17], and represent a
good alternative for tumor treatment although still in
experimental studies.

Classic Prodrugs

Classic prodrugs follow the classic definition of
latentiation, being inactive or much less active than the drug
and must be hydrolyzed by chemical or enzymatic means,
releasing the active molecule [8]. The drugs are linked to a
suitable carrier in order to improve some therapeutic
properties, such as bioavailability, selectivity, reduced
toxicity and prolonged action. In addition, some prodrugs
are designed with the aim of making the drug formulation
possible.

In spite of being used for all the goals above mentioned,
the main objective pursued by classic prodrugs has been the
bioavailability improvement [5]. In general, an undesirable
partition coefficient causes low bioavailability of a drug and,
by choosing a suitable carrier, either the liposolubility or the
hydrosolubility can be increased. Classical examples are the
ester prodrugs of ampicillin. This beta-lactam antibiotic has
an absorption of about 40% due to high polarity and, hence,
hydrosolubility. Through the latentiation process, lipophilic
acyloxyalkyl esters were designed (Fig. 5) and increased the
absorption to about 90%, thus improving the bioavailability
of the antibiotic. Once absorbed, ampicillin, responsible for
the antibacterial activity, is released in approximately 15
minutes.

Hydrosolubility can also be increased by means of
decreasing either intra or intermolecular hydrogen bonds [4],
since those interactions lead to more organized structures,
being less soluble in aqueous medium. Hydroxymethyl
derivatives of acidic drugs, such as amides, allow aqueous
solubility to be increased, and are also intermediate
derivatives for ester drugs, with modulation of the partition
coefficient.

Chung, in 1996 [18], synthesized the nitrofurazone
hydroxymethyl derivative (NFOH) (Fig. 6) as a synthesis
intermediate of the mutual prodrugs of primaquine and
nitrofurazone, which are potentially active in Chagas’
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Fig. (5). Lipophilic acyloxyalky! ester prodrugs of ampicillin.

disease. This compound was shown to be highly active in
cell cultures infected with Trypanosoma cruzi and much less
toxic than the drug, when submitted to the
Ames’mutagenicity test. [19, 20].
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Fig. (6). Nitrofurazone hydroxymehtyl prodrug (NFOH) with

higher hydrosolubility than the drug.
Mixed Prodrugs

Mixed prodrugs accumulate bioprecursors and classic
prodrugs characteristics, requiring biotransformation by
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concentration of the drug in a specific site of action. In some
instances, the carrier needs biotransformation prior to
absorption, as in the Chemical Selivey System (CDS). This
CDS, idealized by Bodor and Abdelalim, in 1985 [21], has
been used for prodrugs directed to the central nervous system
(Fig. 7). In this system, the carrier — the reduced form of
methylnicotinic acid - needs biotransformation through an
oxidative enzyme process prior to crossing the blood brain
barrier. Once positively charged, the molecule has difficulty
in crossing back across the blood brain barrier, thus the
prodrug is concentrated in the brain. Although this
biotransformation also occurs peripherally, the concentration
into the brain leads to higher efficacy and lower toxicity of
the drug [22].
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Fig. (7). CDS(Chemical Delivery System) in SNC. D — drug; C — carrier; C+ - charged carrier.
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Fig. (8). AZT-CDS system. Zidovudine has been coupled with 1,4-dihydrotrigoneline carrier (AZT-Q), which enters into CNS. The
carrier is oxidized to trigoneline (Q+), and in this form it can accumulate in the brain tissue. The linkage between the carrier and the

drug is then hydrolyzed, releasing the drug [24].

This CDS has been used for many drugs that need CNS
concentration. As an example, it has been used in the design
of many antiviral agents, particularly those employed in
AIDS therapeutics. Zidovudine (AZT) was included in a
CDS [23, 24](Fig. 8) with the purpose of being accumulated
in CNS in neurological AIDS.

With the same objective, Somogyi and coworkers, in
2002 [25], wused another carrier, an acyloxyalkyl
phosphonate, called anionic CDS. The release follows the
mechanism as depicted in (Fig. 9).

Antiinflammatory drugs such as diclophenac, ibuprofen,
ketoprofen, tiaprofen acid and tolmetin have been linked to
trigoneline in order to concentrate in CNS [26]. The purpose
was to obtain prodrugs against Alzheimer disease.

Glaucoma has also been a target for CDS. Prodrugs of
ter-butalone [27], and testosterone derivatives [25, 28], for
example, have been synthesized as potential antiglaucoma
agents.

In addition to CNS and glaucoma, cardiac tissue has
been the target for antiarrhythmic drugs with high affinity.
Bodor and coworkers, in 2001 [29], synthesized a prodrug of
tryptamine, using trigoneline as the carrier (Fig. 10). The
compound showed to be selectively bound to the heart
muscles, and the concentrations achieved were different

depending on the heart tissues. Its activity in the
cardiovascular system allowed predicting its effectiveness
and safeness as antiarrhythmic.

Mutual Prodrugs

These “latent drugs”, in contrast to classic prodrugs
where the carriers do not show any biological activity, are
comprised of two or more drugs where one is the carrier of
the other. Their advantage is the possibility of adding
different or similar therapeutic activities, achieving
synergistic effect or higher efficacy, respectively. Singh and
Sharma, in 1994 [30], published a review with many
examples of mutual prodrugs. Interestingly, this class of
prodrugs was introduced prior to the concept of the prodrug
itself. Sulfasalazine, for example, was used in 1942 in
rheumatoid artritis and has now been used for ulcerative
colitis. However, this drug, formerly considered a mutual
prodrug, showed to be a classical prodrug, since the activity
was only due to the anti-inflammatory effect of
aminosalicyclic acid (Fig. 11).

As a recent example, Vlieghe and colleagues [31]
developed a Kk-carragenan-3'-azido-3'-desoxytimidine, a
polymer mutual prodrug of zidovudine, in which the carrier
a-carragenine is responsible for intrinsic anti-HIV activity
(Fig. 12).
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Chung, in 1996 [18], synthesized mutual prodrugs of
Primaquine and nitrofurazone using dipeptides as spacer
groups. These peptides are selectively cleaved by cruzipain, a
cysteinyl-protease found only in T. cruzi. The rational for

cruzipain

l
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this approach was the mechanism of the drugs: while
primaquine increases the oxidative stress in the parasite,
nitrofurazone (a trypanothione reductase inhibitor) does not
allow the protective action of the enzyme, provoking the
increase in the intracellular oxidative stress. The compound
in which Lys-Arg was the spacer group has been the most
active (Fig. 13). Dipeptide prodrugs of primaquine, as
synthesis intermediates, also showed to be active in cell
cultures infected with T. cruzi [32].

Targeted Drugs

Cell selective drug delivery through the latentiation
approach hasreceived increasing interest recently [2, 32]. In
targeted drugs, the carriers assume a fundamental importance
due to the selectivity they must have, since they should
interact with receptors or enzymes, generally located at cell
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membranes, decreasing the unwanted side-effects on either
organs or tissues not related to the biological action.

Targeted drugs can be constituted of polymers working
either as supports for director groups or as their own specific
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Fig. (13). Mutual prodrug of primaquine and furazone with Lys-Arg as spacer group [19].
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groups. The latter are found among specific macromolecules
as antibodies [1, 33]. Nishikawa and coworkers [35] have
used carboxymethyl and succinyldextrans as carriers in
which the director groups were linked with the main
objective of obtaining selective liver delivery. Applied to
mitomycin, the carriers were demonstrated to be promising
for the drug targeting of antineoplastic agents.

Based on this approach and with the purpose of
obtaining drugs targeted to mannoside receptors found in
macrophages, Carvalho and coworkers [36] designed
potential anti-leishmanial drugs (Fig. 14). The targeted
drugs, carboxymethyldextran-thiomannopyranoside- and
succinyldextran-thiomannopyranoside-pyrimethamine demo-
nstrated an inhibition of approximately 46.4% at a
concentration of 200 mg/mL, when submitted to in vitro
tests with macrophage culture infected with Leishmania.

Using the same approach, Scarlato, Alves, Cardoso,
Andrade Junior and Ferreira® synthesized potentially-

bCongress of the American Association of Pharmaceutical Scientists, 1999.

antimalarial targeted drugs of primaquine with selective
hepatic delivery (Fig. 14). The synthesis followed
Nishikawa  and coworkers [36], in which
tiogalactopyranoside and succinyl/carboxymethyl dextrans
are firstly and separately synthesized. The director group is
linked through ethylenediamine spacer group. The
compounds were dialised and liofilised and then identified
by IR, IH-RMN and 13C-RMN, and showed about 30% of
drug substitution in the carboxyl groups of the carriers.
Succinyldextran-galactopyranoside-primaquine showed to be
promising in tests with mice infected with P. berghei,
increasing the efficacy and decreasing the toxicity of the
drug. This potential targeted drug has significantly decreased
the parasitemia in the ninth/eleventh day of parasite
inoculation and drug administration to mice. While
primaquine lead to 25% of mice mortality, its targeted drug
did not cause any death in the tested animals.

Mannan is a mannose polymer with linear and branched
chains, extracted from Saccharomyces cerevisae. Since
macrophages have receptors that specifically interact with
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carboxymethylmannan-streptomycin
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Fig. (15). Targeted drug from streptomycin using derivatized mannan as selective carrier.

mannose, Ricceli [37] synthesized a potentially
tuberculostatic targeted drug using carboxymethyl and
succinylmannan as specific carriers for streptomycin (Fig.
15). The compounds are synthesized using dicyclohexylcarb-
odiimide previously dissolved in dymethylformamide with
carboxymethyl or succinylmannan and streptomycin is added
in the last step. The prodrugs were dialised and liofilised
and characterized by IR, H-RMN and 13C-RMN. The
calculated mean amount of streptomycin coupled to the
functionalized polysaccharides was 0.6 mmol/g of the
product. These derivatives showed to be promising in in
vitro MIC and intracell tests.

Worthy of particular mention is the type of carrier built
up with di or tri- modified peptides used, due to their
affinity, by the intestine transporter system for di or
tripeptides Pep T1 [38]. These researchers have used these
carriers for the design of purine and pyrimidine analogs
targeted drugs.

Erion and coworkers [39] have synthesized some
hepatospecific carriers, named HelpDirect© targeted drugs,
derived from phosphates and phosphonates. The resultant
compounds are released in the liver, after an oxidative
reaction by CYP-450 enzymes (Fig. 16). These derivatives
did not lead to toxic byproducts in the liver, when assayed
in animals. They are considered promising for use in
therapies against some liver diseases, such as hepatitis B, C
and hepatocelullar carcinoma.

Hypoxia-selective drug delivery systems are also an
interesting approach; these systems are based on bioreductive
drug activation [40]. These bioreductive targeting drugs have
always been used with nitrobenzyl quaternary ammonium
mustards and further studies have led to other
nitroheterocycles that have been employed in ADEPT and
GDEPT systems that will be described elsewhere in this

review, and to indolequinone, which also undergoes a
reductive elimination process.

POLYMERS AS DRUG CARRIERS

The use of macromolecules in prodrug design has many
objectives, among them the prolongation of action paralleled
with decreasing toxicity [41, 42]. The increasing importance
of these compounds in drug design allows the interface
between polymer chemistry and biomedical sciences,
originating the 215t century “polymer therapeutics” [43].

Many natural and synthetic biological macromolecules
have been employed as carriers of some chemotherapeutic
agents, such as antineoplastic drugs, for example. This use
is based on the difference in anatomic and physiological
characteristics between tumour and normal cells. The
anatomical structure of tumoral vessels has an essential role
in the drug distribution through the intersticial space,
allowing: 1. the increase in microvascular permeability
related to the normal vessel, thus leading to better
macromolecules penetration; 2. high intersticial pressure,
which can conduct to a delay in macromolecules efflux, and
3. lack of a lymphatic drainage system, accumulating
macromolecules into the tumor tissues [44-48].

To be used as carriers in the latentiation approach,
polymers should have the following features [49]: 1.
biodegradability; 2. lack of either toxicity or intrinsic
antigenicity; 3. incapacity of accumulating in the body; 4.
functional groups for chemical bioreversible linkage, and 5.
stability of drug linkage until the polymer prodrug reaches
the site of action. Box 1 shows some examples of these
carriers and (Fig. 17) depicts the chemical structures of the
polymers most used as carriers with the purpose of
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Fig. (16). HelpDirect® targeted drugs (1) and their mechanism of cleavage [42]. (1). enters into hepatic cells and is oxidized by CYP-
3A, leading to C4-hydroxyl derivative (2). The ring is fastly and irreversibly opened, leading to a monoacidic intermediary (3). This
compound produces the corresponding phosphate or phosphonate (4) and a vinyl aryl ketone (5), which suffers either a e-elimination
or an enzymatic hydrolysis. Compound 4 is biologically converted in a triphosphate nucleoside analog (NTP, 6) by celular
nucelotide kinases, when RPO3 2-, is a monophosphate nuceloside (MPN) and by PRPP synthase, when MPN analog is a PMEA (9-[2-

phosphonylmethoxyethyl]adenine or adefovir).

prolonging action and decreasing toxicity, besides being
used for director group support in targeted drugs.

Box 1. Classification  of
Nonspecific Carriers

Macromolecules Used as

Natural macromolecules

Proteins (albumin, globulin)
Polysaccharides (dextran, chitin, chitosan, inuline)

Nucleic acids (DNA)

Synthetic macromolecules

Polyamine acids (polylysine, polyaspartic acid, polyglutamic acid)

Mixed macromolecules

Styrene anhydride of maleic acid co-polymer (SMA)
Divynil maleic ether anhydride co-polymer (DIVEMA)
N-(2-hydroxypropyl)metacrylamide co-polymer (HPMA)
Polyethyleneglycol (PEG)

- Polyvinyl alcohol (PVA)
Source: Adapted from [36].

Another type of polymer carrier that has received interest
in prodrug design is the one obtained by Yokoyama and
collaborators [50, 51]. These researchers synthesized a
micell-forming polymer to be used as a doxorrubicine
carrier. The antineoplastic was linked through its amino
group to the free carboxyl group of the aspartic acid of the
poly(ethyleneglycol)-(polyaspartic acid), which resulted in an
amphiphilic drug conjugate.

The micell obtained by Yokoyama and collaborators [50,
51] presented a hydrophobic core with an external

hydrophylic layer. The doxorubicin micell conjugate showed
to be more potent than the free drug, when tested either in
leukemia or solid tumors in mice. Notwithstanding, it is
believed that the cytotoxic activity can be attributed to the
micell, without the need for drug release, considering the
high stability of the drug linkage to the polymer [50]. These
authors have advanced the hypothesis that targeted drugs
may be obtained for specific cells by means of adjusting the
micell size.

Silva and coworkers, in 2001 [52], synthesized the
micelle-forming polymer prodrug of isoniazid (Fig. 18),
using the same approach as Yokoyama and collaborators [51,
52]. The prodrug showed to be active in vitro in M.
tuberculosis culture. Other similar derivatives with
rifampin/isoniazid combination and pyrazinamide showed to
be promising [53].

Peptides and aminoacids have been used as drug carriers
with the aim of either decreasing the toxicity or improving
the bioavailability through the increase in hydrosolubility
[54-56]. The employment of peptides as drug carriers was
first used by Carl and coworkers [57], who researched
antineoplastics agents with lower toxicity. With the same
purpose, Chakravarty and colleagues, in 1983 [58],
synthesized peptide prodrugs of doxorubicine, rationally
designed based on plasmin selectivity. These prodrugs could
be locally activated in tumors with high levels of plasmin
produced from associated plasminogen activators. The
prodrugs showed to be more selective than the parent drug in
in vitro tests. However, these derivatives proved to be
ineffective in in vivo tests, probably because of the poor
release of the drug from their latent forms.

More recently, Trouet and colleagues [59], using the
same peptide carrier as Chakravarty and collaborators [58]
synthesized several aminoacid and peptide prodrugs of
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Fig. (17). Some polysaccharides used as drug carriers.

primaquine with potential antimalarial activity. The
compounds showed to be less toxic than the parent drug.

N
| N

Z
OCOCH,NHNHCO

Hs C(OCH,CH2)n— NH—= (COCHNH)x = (COCH2CHNH)y — H
CH,COOH

Fig. (18). Proposed structure of micelle-forming polymer
prodrug of isoniazid [54].

As previously mentioned, polymers can be used as
support for director groups besides being drug carriers. They
can highly decrease the toxicity due to selectivity achieved.
As an example, the drug targeted PK-2, HPMA-doxorubicin-
galactosamine (Fig. 19), was designed to be selectively
delivered to the liver, since it contains the director group,
galactosamine, which interacts with specific receptors in
hepatic cells. This targeted drug, originally produced for use
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in hepatocellular carcinoma therapeutics as well as in
secondary hepatic diseases, was in Clinical Phase 11 [60].

HO

Another derivative, the antitumoral prodrug PK1
(HPMA-Gly-Phe-Ley-Gly-doxorubicin) has been shown to
be neither toxic nor immunogenic [62]. In addition, this
prodrug has been found to be more concentrated in tumours
than doxorubicin in in vivo tests. This behavior could be
explained based on the different anatomical and
physiological features of tumoral tissue in comparison to
normal cells, as has been already mentioned [41].

The prodrug FK 506-dextran (Fig. 20), was synthesized
by Yura and collaborators, in 1999 [63]. FK 506 is
tacrolimus, an extremely potent (about 100 times more
potent than cyclosporin) immunosuppresor agent that has
been used in the USA, Europe and Japan for the prevention
of liver and kidney transplant rejection. However, it requires
administration by either frequent injections or slow
infusions, leading to serious side-effects, mainly renal
toxicity. The prodrug, FK 506-dextran, has been shown to
be more advantageous than the drug itself, since it allows
prolonged action and reduced unwanted effects.
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Fig. (19). Drug targeted PK-2 (HMPA-doxorubicine-galactosamine) [62, 63].

Camptotecins (CTP), such as itinotecan (CPT-11), T-
2513, SN-38 and topotecan, for example, are clinically
available and represent a very promising antineoplastic class.
However, they present a high level of toxicity including
marrow suppression, gastrointestinal effects and diarhrea.
Okuno and coworkers, in 2000 [64], with the purpose of
modifying the pharmacokinetics of one of those CTP,
compound T-2513, synthesized its polymer prodrug, using
carboxymethyldextran as the carrier and a tripeptide Gly-Gly-
Gly as the spacer group (Fig. 21). This prodrug has been
responsible for a solid tumour regression, and demonstrates
a higher tissue concentration compared to the drug itself.

Fig. (20). Polymer prodrug tacrolimus(FK506)-dextran [64].

New Strategies for the Use of Polymer Carriers

When a drug is administered intravenously, the
following events can be observed:
1. distribution inside the vascular space;
2. penetration through the microvascular wall;
3. movement through the intersticial space;
4 interaction with cell surface.

Based on these effects, new strategies have been proposed
toward second generation therapeutic polymers. Among
them are lysosomotropic and intracytoplasmic delivery
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Fig. (21). Prodrugs of T-2513, CPT-11, topotecan and SN-38. DS=degree of substitution of carboxymethyl groups [65].

systems: PDEPT (Polymer-Directed Enzyme Prodrug
Therapy) and PELT (Polymer—Enzyme Liposome Therapy)
[60]. These systems can be schematically viewed in (Fig.
22). Intracellular release can be by means of lysosomotro-
pic(1) or endosomotropic(2) hydrolysis, depending on the
carrier. PDEPT and PELT are classified as two-steps
system(3) and the enzyme mediated hydrolysis occur
extracellularly. The enzymes are attached to polymers and
specifically cleave the linkage between polymer or liposome
carrier. The drug released from these carriers is then absorbed
by the cells. Neverthless, drugs from polymer prodrugs (4)
are released before entering the cell.

A system similar to that of PDEPT was recently
developed by Robinson and coworkers [65]. This system,
named LEAPT (Lectin-Directed Enzyme-Activated Prodrug
Therapy), is based on the interaction of endogenous
carbohydrate to lectin in order to place a glycosylated-
enzyme conjugate in specific cells. In a second step, the

prodrug, specifically activated by the enzyme in the
conjugate, is released at the site of action (Fig. 23). This
system was studied in liver cells to obtain targeted drugs for
this organ. Polymer prodrugs are also used in association
with pharmaceutical techniques to improve their activity.
Prodrugs using poly-(dl-lactic-co-glycolic) acid (PLGA) as a
carrier in conjugation with microspheres of controlled
delivery [66] are schematically shown in (Fig. 24).

MODERN SELECTIVE LATENTIATION SYSTEMS

The advance in cloning methods and gene controlled
expression in mammalian cells has allowed the elucidation
of enzymes and membrane transporters tridimensional
structure, making possible the rational design of highly
selective targeted drugs [2]. These advanced latent forms
comprehend the following systems: CSDDS - Colon-
Specific Drug Delivery System; ADEPT - Antibody-



906 Mini-Reviews in Medicinal Chemistry, 2005, Vol. 5, No. 10 Silva et al.

Target - EPR

Intracellular release Extracellular release

1. lysosomotropic release
3. two-steps system 4. pol prodrugs

e D
2. endosometropic release “.;0..@‘ *

Fig. (22). PDEPT and PELT systems [61].
Target - EPR = Target - Enzyme Polymer Release.

Directed Enzyme Prodrug Therapy;, GDEPT/VDEPT - Enzyme Prodrug Therapy, and ODDS - Osteotropic Drug
Gene-Directed Enzyme Prodrug Therapy/Virus Directed Delivery System.
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Fig. (23). The LEAPT strategy[68]. (A) (Step 1) Site-selective delivery of a glycosylated rhamnosidase (Rha-cleaving) enzyme by
sugar-mediated RME (Receptor-mediated endocytosis). (Step 2) Delivery of a Rha-capped prodrug that can be cleaved only by the
delivered glycosylated rhamnosidase. (Step 3) Activation of the prodrug which results in site-selective release of the parent drug. (B)
Glycosylated enzyme construction. RHa- Irhamnopyranose; DG — deglycosylated; Gal — «-D-galactose; Man — D-mannose; IME - 2-

imino-2-methoxyethyl 1-thioglycoside.
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Fig. (24). Microspheres with PLGA-drug conjugates [69].
CSDDS - Colon-Specific Drug Delivery System

This system is based on the existence of enzymes from
normal intestinal microbiota that can be used to promote
colon drug delivery [2]. Since the normal gastrointestinal
microbiota and azoreductase presence in this medium was
known, the use of prodrugs with azo linkage was considered
as an attractive form of targeting drugs to the intestine.

Among the derivatives synthesized with this objective
[34], aminosalicylic acid prodrugs targeted to the colon
through aminoacids as spacer groups, were able to slowly
deliver the drug (Fig. 25). Dextran, PHEA (poly[N-(2-
hydroxyethyl)-dl-aspartamide])and PVP-MA (poly(1-vinyl-
2-pirrolidone-co-maleic anhydride) were used as carriers. The
azo linkage between the spacer group and the carrier was
selectively biotransformed by azoreductases in the colon.
Another example of CSDDS with an azoic group is
balsalazine, recently approved by the FDA[67] (Fig. 26).

COOH

PHEA OH
] /(CHz)n\%N
extran — NH
\

PVP-MA spacer group 5-ASA
j azoreductases
COOH
PHEA 5-ASA OH
(CH2)n
dextran— NH/ N NH,

+ H,N
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Fig. (25). Aminosalycilic acid prodrugs colon-directed [36].
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Fig. (26). Balsalazine. Available at www.fda.gov [70].

ADEPT - Antibody-Directed Enzyme Prodrug Therapy

It is well known that cancer chemotherapy is highly
limited by serious side-effects of drugs, due to their lack of
selectivity to neoplastic cells [68, 69]. Thus, most of the
studies developed in this area are related to selective
antineoplastic chemotherapeutic agents. However, this
approach can also be applied to parasites, bacteria and other
infectious agents.

The ADEPT approach, by definition, involves a non-
existent enzyme in the body, coupled to a monoclonal
antibody, in order to activate the prodrug, which is
selectively cleaved by this enzyme [1] (Fig. 27). The
monoclonal antibody-enzyme conjugate is administered at
first, and the antigen-antibody interaction occurs. The
prodrug is then administered and the enzyme from the
enzyme-antibody-antigen complex selectively cleaves the
carrier-drug linkage, releasing the drug, responsible for the
action against either the pathogenic organism (bacteria,
helminth or protozoa) or the tumour cell [1, 2, 69-71].

Interestingly, a 100% interaction between the cell surface
antigen-conjugate and enzyme-antibody is not necessary.
Only about 20% of the conjugate enzyme-monoclonal
antibody is needed to bind the antigen to the pathogenic cell
surface to impart effectiveness to the system.

Many human tumours have been shown to be sensitive
to different antibodies, enzymes and prodrugs in ADEPT
systems. Recent clinical experiments have shown that this
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approach can be an efficient tool for solid cancer treatment,
since the specific cell surface antibodies are known [2]. Since
one of the major problems in cancer chemotherapy is the
poor tumour tissue vascularity and its physiological barrier,
Fab and scFv antibody fragments can be used instead of full
antibody [71] (Fig. 27). ADEPT prodrugs must have a
suitable partition coefficient to penetrate the tumour
membrane barrier as well.

In addition, ADEPT prodrugs must be less cytotoxic
than the drugs, and their use requires a good knowledge of
structure-activity relationships [71].

In both the ADEPT and the GDEPT system, non-
mammal and non-human enzymes should be used to avoid
the biotransformation of prodrugs prior to reaching the
enzyme-antibody-antigen complex on the cell (protozoa,
helminth, and bacteria) surface. Enzymes from bacteria,
which can have their immunogenicity easily controlled, are
advantageous, since they impart a high selectivity for drug
release from the prodrug, in the second phase of the process
[71].

Enzymes for ADEPT system can be classified according
to their origin [71] into:

Mammalian enzymes
alkaline phosphatase;
a-galactosidase (a-g).

Non mammalian-with mammalian homology enzymes:
carboxypeptidase A;
b-glucuronidase (b-g) from E. coli;
Nitroreductase (NR) from E. coli.

Non mammalian-without mammal homology:
b-lactamase (b-L);
carboxypeptidase G2 (CPG2);

Silva et al.

Prodrug
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Fab fragment —

Tumor 7.u‘

antigen

fragment.  Awvailable in  (www.nature.com/nrc/journal/v2/n2/

cytosine deaminase (CD);
benzylpenicilin amidase (PGA);
phenoxymethylpenicilin amidase (PVA).

Many combinations between enzymes and prodrugs have
been proposed for ADEPT systems, and also for GDEPT, as
described later on. Box 2 shows some of these
combinations. It is worth noting that the combinations
useful for ADEPT can sometimes be different from those
recommended for GDEPT, since in the former the activation
is carried out in extracellular medium, while in the latter,
activation occurs in the intracellular environment [2].

The ADEPT system has some
disadvantages, as described below [71]:

advantages and

Advantages
Possibility of clinical use;
Increase in the selectivity of malignant cells;

Release of drug that has low molecular weight and
easily penetrates in tumor cell;

The drug reaches a higher concentration in the tumor
cell when it is administered as a prodrug;

There is no need for internalizing the complex
enzyme-antibody;

Effect of amplification, since one molecule of enzyme
can act in many prodrugs.

Disadvantages

Immunogenicity of enzyme-antibody complex. This
problem can be overcome using mammalian enzymes;

Potential to kill normal cell due to drug release for
dead tumor cell. This inconvenience can be solved
using low half-life drugs.
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ENZYME

PRODRUG

DRUG

DT diaforase

5-(aziridin-1-yl)-2,4-nitrobenzamide (CB 1954)

5-(aziridin-1-yl)-4-hydroxyl-amine-2-nitrobenzamide

Plasmin

peptidyl-p-phenylethyleneamine mustard

phenylethyleneamine mustard

Carboxypeptidase G2

benzoic acid glutamates mustard

benzoic acid mustard (many)

Timidine quinase (viral)

gancyclovir

gancyclovir triphosphate

6-methoxypurine arabinonucleoside (araM)

adenine arabinonucleoside (araATP)

Cytosine deaminase 5-fluorcytosine

5-fluoruracil

Glucose oxidase glucose

hydrogen peroxide

Xantine oxidase hypoxantine

superoxide, hydrogen peroxide

Carboxypeptidase A methothrexate-alanin

methothrexate

a-Galactosidase

N-[4-(a-d-galactopiranosyl)benzyloxycarbonyl]-daunorubicin

daunorubicin

b-Glucosidase amidalin

cianide

Azoreductase azobenzene mustard

phenylethyleneamine mustard (many)

gGlutamyl transferase | g-glutamyl-p-phenylethylenediamine mustard

phenylethyleneamine mustard

b-Glucuronidase

phenol-glucuronide mustard epirubicin-glucuronide

phenol mustard epirubicin

b-Lactamase vinka-cephalosporin

cephalosporin

phenylethyleneamine mustard-cephalosporin nitrogen mustard-

4-desacetylvinylblastin-3-carboxyhydrazine
phenylethyleneamine mustard
nitrogen mustard (many)

Alkaline phosphatase phenol mustard phosphate

phenol mustard

doxorubicin phosphate doxorubicin
mitomycin phosphate alcoholic mitomycin
etoposide phosphate etoposide

Penicilin amidase palitoxin-4-hydroxyphenyl-acetamide palitoxin
doxorubicin-phenoxyacetamide doxorubicin
melphalan-fenoxyacetamide melphalan

Cytocromo P-450 cyclophosphamide

iphosphamide

phosphamide mustard
(+acrolein)

CB 1954
4-nitrobenzylcarbonyl derivatives

Nitroreductase

5-(aziridin-1-yl)-4-hydroxyl-amine-2-nitrobenzamide
dactinomycin, mitomycin C

Source: [2].

Examples of Alkylant Agent Prodrugs Used for ADEPT

ZD2767 (Fig. 28) is the prodrug phenol bis-iodide
mustard, which is in the preclinical phase. This is a
substrate for CPG2, coupled with an antibody, which has
been shown to be able to reduce colo-rectal tumors [71].

Niculesco-Duvaz and Springer [71] report other examples
(Fig. 29), such as prodrug 5-FC (5-fluorcytosine), an
antifungal agent that is converted into cytosine by CD in 5-
FU (5-fluorouracil), and floxuridine prodrug, that releases
the nucleoside by b-g action.

Prodrug
ZD2767

The ADEPT strategy has also been applied for other
antitumor agents and many enzyme systems [73, 74].
Paclitaxel derivatives [75], antracyclines [76], and
dinitrobenzamides [77] are some examples of drugs that have
been submitted to this approach.

Fluordeoxyuridine 5’-dipeptidyl derivatives (FdU) (1la-d)
(Fig. 30) were synthesized by Wei and Pei, in 2001 [78], in
order to be biotransformed by peptidyldeformylase (PDF),
which removes the dipeptide formyl N-terminal group,
releasing the drug (FdU). This enzyme is solely found in

bis-iodine phenol mustard

[ . OH OH oo, I\_\
/\:\/N _Q_O%FO I/_/N—@— OH

Fig. (28). ZD2767 and bis-iodine phenol mustard release [74].
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Fig. (29). Fluoruracil and floxuridine release from the respective prodrugs [72].

bacteria and is able to selectively generate potent
antibacterial agents.

In 2001, Wang and coworkers [70] synthesized a prodrug
constituted by a cephalosporin and a CC-1065 analog (Fig.
31) for releasing by b-L coupled to an antibody. This release
is due to the enamine resonance effect of groups in position
3 of the cephalosporan ring, which are released as living
groups. The prodrug obtained demonstrated to be 10 times
less toxic than the free drug in in vitro testing. In addition,
it was effective against rat tumors.

Based on these studies, these authors have synthesized
analogs of CC-1065 to be used in a b-g sensitive ADEPT
system [72]. The mechanism of release is presented in (Fig.
32).

GDEPT/VDEPT - Gene-Directed Enzyme Prodrug
Therapy/Virus-Directed Enzyme Prodrug Therapy

This process is based on a gene that expresses enzymes
able to activate prodrugs. The genes can be transported by
liposomes, cationic lipids or virus (retrovirus or adenovirus).
These transporters reach tumor and normal cells. In genes of

Prodrugs o
e F
S HN
0}
HJI\N
H
a Ry- Rz CH,CH,CH,, R3—
b: Ry -R3=CH;CH2CH2, Ry =
c R1= CHg Rz—CHzCH(CHg)z R3=H

d: Ry =H, R, = Ry = CH,

virus origin, the approach is named VDEPT. Gene
expression can be performed by linking them in downstream
sequence extremity of tumor transcriptional unities (Fig.
33). This approach has shown to be promising in
experimental tests [2, [79] and has been particularly
investigated for cancer therapies, with the purpose of
obtaining highly selective antineoplastic drugs [80].

Examples of GDEPT Prodrugs

Some examples are given below and can be also applied
to ADEPT systems.

In 1999, Hay and coworkers [81] synthesized a 2-
nitroimidazol-5-ylmethyl carbamate prodrug, which was
activated by nitroreductase (NR) expressed by specific genes
(Fig. 34). This prodrug was 10 to 24 times more cytotoxic
against human ovarian carcinoma (SKOV3) in GDEPT than
in the normal system of prodrug administration. This
activity was increased to 15 to 40 times under hypoxy.

Also using nitroreductase (NR) activation, Sagnou and
coworkers, in 2000 [82], synthesized three N10-(4-
nitrobenzyl)carbamate prodrugs to be evaluated for its use in
ADEPT and GDEPT systems. The DC-81 9a prodrug (Fig.

o)
+ HO
o) Rs R2 5pH74 )>/ R,

HCO2H

OH

Fdu
drug

diketopiperazines

Fig. (30). Fluordeoxyuridine 5’-dipeptidyl derivatives(FdU) and their release by peptidyldeformilase (PDF) [79].
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35) was 100 times more active against human
adenocarcinoma. In addition, Helsby and coworkers [83]
have developed a SAR (Structure Activity Relationship)
study with aziridinylnitrobenzamides that are activated by
nitroreductase in GDEPT systems.
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(CH2) Oo O%,CA
CH2)3 c
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Fig. (32). Proposed mechanism for CC-1056 analogs release
[73].

Prodrugs, designed using the GDEPT approach, are in
pre-clinical phase as antineoplastic against prostatic tumours
[84]. Although extremely promising, with respect to the
selectivity that they provide, GDEPT/VDEPT systems have
one important feature related to what kind of gene carrier is

more suitable. In addition, the selective transport of the
genes to the tumor rather than to normal cells has been a
great challenge.

ODDS - Osteotropic Drug Delivery System

Despite many attempts to develop prodrugs that could be
useful for bone diseases, bone tissue has continued to be a
limited target. Its biological properties and the lack of a
circulatory system like those of other tissues in the body are
some of the reasons for this limitation. A new and
promising prodrug system was recently proposed for the
delivery of drugs to bone tissue. This system is comprised
of biphosphonate molecules linked to specific drugs for bone
diseases (Fig. 36) and is named the osteotropic drug delivery
system (ODDS) [85, 86].

Biphosphonates comprehend a new class of synthetic
compounds, structurally related to pirophosphate, which is
an endogenous calcium homeostasis modulator [85, 87].
These derivatives are clinically useful in many bone
metabolic diseases, such as Paget’s disease, malignum
hypercalcemia, bone metastasis and osteoporosis [86]. These
compounds have a high affinity for hydroxyapatite and the
calcified tissues are the main targets for their accumulation
after their administration. Based on biphosphonate tropism,
the ODDS system makes bone structures or bone marrow
drug release possible.

CONCLUSION AND PERSPECTIVES

The prodrug approach has been useful for the treatment of
many diseases, either infectious or provoked by normal
physiological disturbances. This approach has been an
important, rational and possible alternative to introduce
better drugs in therapy, due to the rapid advance in the
biotechnological field and in organic compound
identification.

Despite the use of, and also due to, generally simple
synthetic routes, the modern systems that have been used for
prodrug design deserve more and more interest, mainly
because they allow us to obtain highly selective compounds
that are potentially useful for therapeutic purposes. The
studies regarding advanced systems of prodrug design have
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Fig. (33). VDEPT system.

concentrated on the cancer field, due to the urgent need for
selective antineoplastic drugs. Nevertheless, it is of utmost
importance to extend these modern approaches to infectious
diseases, such as tropical endemics and tuberculosis, for
instance. These diseases affect mainly poor people in
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undeveloped countries and new and better drugs need to be
found. We have been working on prodrug design with some
antimalarial, antileishmanial, anti-Chagas' disease and
tuberculostatic agents with the objective of improving their
activity and obtaining derived selective systems.
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Fig. (34). Nitroreductase(NR) activation of the prodrug [82].
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Fig. (35). DC-81_9a prodrug activation by nitroreductase (NR) [83].
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Fig. (36). ODDS representation. D—drug; b-biphosphonate carrier [87].

Non-steroid antiinflammatory drugs (NSAID) were tested
in ODDS against induced arthritis in rats [86]. Diclofenac
showed to be highly potent and less toxic when used in
ODDS system (Fig. 37).

o}
_OH

's
S O-Et
NH—<
O/\[f p—O—Et
o) 11~ OH
cl 0 o}
NH

DIC-BP
Cl

Fig. (37). Diclofenac ODDS [87].

Prodrug design advances have been briefly presented
herein and the involvement of Immunology, Enzymology,
Hystology, Molecular biology professionals is essential. In
addition, Pharmacology and Organic Chemistry expertise,
among others from science areas currently comprised by
Medicinal Chemistry are needed to make possible the
clinical use of so promising selective systems as ADEPT,
GDEPT/VDEPT, ODDS and other that are coming up in the
near future.
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