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Abstract: A large number of therapeutic medications have undesirable properties that may generate pharmacological,
pharmaceutical, or pharmacokinetic barriers in clinical drug applications. Metabolism of drugs by Phase-l1 & Phase-11
metabolic pathways for possibility of active metabolites, which could in turn useful for rational designing of bioprecursor
prodrugs of the active principle of interest. This review summarizes various approaches & development of drugs, namely
bioprecursor prodrugs and active metabolites related to bioprecursor prodrugs.
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INTRODUCTION

Numerous prodrugs have been designed and developed to
overcome pharmaceutical and pharmacokinetic barriers in
clinical drug application, such as low oral absorption, lack of
site specificity, chemical instability, toxicity and poor patient
acceptance [1]. Prodrugs can be designed to target specific
enzymes or carriers by considering enzyme-substrate specif-
icity or carrier-substrate specificity in order to overcome
various undesirable drug properties [2].

The definition of the prodrug indicates that the protective
group is covalently linked to the drug molecule [3]. The term
“prodrugs” or “proagent” was first introduced by Albert in
1958 to signify pharmacologically inactive chemical deriva-
tives that could be used to alter the physicochemical
properties of drugs, in a temporary manner, to increase their
usefulness or to decrease their toxicity [4]. These compounds
have also been called “latentiated drugs”, “bioreversible
derivatives”, and “congeners”, but “prodrugs” is now the
most commonly accepted terminology [5].

Prodrug design may be useful in circumventing problems
associated with: solubility, absorption & distribution, site
specificity, instability, prolonged release, toxicity, poor
patient acceptability and formulation problems [6, 7].

Classification of Prodrug

Basically prodrugs are classified as carrier linked prodrugs
& bioprecursor prodrugs [8]. Carrier linked prodrugs are
those which results from a temporary linkage of active
molecule with a transport moiety through a bioreversible,
covalent linkage (Fig. 1).

Bioprecursor prodrugs results from a molecular
modification of the active principle. The modification
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generates a new compound, able to be a substrate for the
metabolizing enzymes, the metabolite being the expected
active principle (Fig. 2) [9].

A survey of a great number of examples of active
metabolites in this review shows that they belong exclusively
to the phase - | metabolic products. Taking into the account,
the common metabolic pathways, one can imagine the
design of a given molecule so that it will be converted in-
vivo into the desired compound by one or more of the phase -
| reactions. In other words, the active metabolite concept can
be used in a forward-looking way, by analogy to the retro-
synthetic reasoning [10].

Bioprecursor Prodrugs

There is increasing evidence that the metabolites of some
drugs are pharmacologically active [11]. Numerous examples
of pharmacologically active metabolites have been used as a
source of new drug candidates because these metabolites
often are subjects to phase |1 reactions and have better safety
profiles. The best known example of bioprecursor is
acetaminophen, which is an O-demethylated metabolite of
phenacetin. Acetaminophen shows superior analgesic
activity when compared with phenacetin. The main
advantage of acetaminophen over phenacetin is that, it does
not produce methemoglobinemia and hemolytic anemia.
Although pharmacologically active metabolites are generally
formed by phase | oxidative reactions, phase Il conjugation
reactions also can produce biologically active metabolites
[12]. Classification of bioprecursor prodrugs mainly based
on the activation mechanism either phase | or Phase Il
metabolism (Fig. 3), on this basic one can design such a
molecule, which on Phase | or Phase Il metabolism, gives
desired activity of interest.

Modulation of drug-metabolizing enzymes can change
the plasma concentrations of drugs and result in serious drug
interactions in humans. Phase-1 and phase-1l drug-metabo-
lizing enzymes play important roles in the determination of
pharmacological and toxicological effects of drugs [13].

© 2010 Bentham Science Publishers Ltd.
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Fig. (1). Activation mechan
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Fig. (2). The activation mechanism of bioprecursor prodrug.
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Fig. (3). classification of bioprecursor prodrugs based on their activation mechanisms.

PHASE-I
A. OXIDATION

1. Oxidation by Using Cytochrome P45, Mono-Oxygenase

System

Cytochrome P50 (CYP) dependent mono-oxygenase, is
the main phase-1 enzyme that catalyzes oxidative metabolism

of drugs. CYP-catalyzed oxidations require electron transfer
through NADPH-CYP reductase. For some CYP enzymes,
cytochrome bs is essential for the optimal catalytic activity
[14]. A series of evidence showed that alteration of the CYP
pool could affect the biological effects of xenobiotics
possibly due to the broad substrate specificities of CYP
enzymes [15, 16].
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2. Flavin-Containing Monooxygenase System (FMOs)

Phase-1 oxidation reactions namely the flavin-containing
mono-oxygenases (FMOs) system involved in various oxido-
reductase reactions of phase-l. The FMO family of enzymes
converts lipophilic compounds into more polar metabolites
and decreases activity of the compounds, a similar activity to
that of the cytochrome Pyso [17].

3. Monoamine Oxidase (MAO)

Monoamine oxidase is an integral protein of outer
mitochondrial membranes and occurs in neuronal and non-
neuronal cells in the brain and in peripheral organs. It oxi-
dizes amines from both endogenous and exogenous sources
thereby influencing the concentration of neurotransmitter
amines as well as many xenobiotics [18, 19].

It occurs as two subtypes, MAO-A and MAO-B which
have different inhibitor and substrate specificities. MAO-A
preferentially oxidizes nor-ephinephrine and serotonin and is
selectively inhibited by clorgyline, while MAO-B preferen-
tially breaks down the trace amine phenethykunine and is
selectively inhibited by L-deprenyl [20, 21]. Both forms
oxidize dopamine, tyramine and octopamine. Oxidation is
accompanied stoichiometrically by the reduction of oxygen
to hydrogen peroxide. The relative ratios of MAO A and B
are organ and species specific [22, 23].

Alcohol dehydrogenase and aldehyde dehydrogenase are
also involved in phase-1 oxidation metabolism [24].

B. REDUCTION
1. Reduction by NADPH-Cytochrome P50 Reductase

NADPH-cytochrome P45, reductase (CPR) is a membrane
bound flavoprotein that interacts with the membrane via its
N-terminal hydrophobic sequence (residues 1-56). CPR is the
main electron transfer component of hydroxylation reactions
catalyzed by microsomal cytochrome P4so. The membrane
bound hydrophobic domain of NADPH-cytochrome Pysg
reductase is easily removed during limited proteolysis and is
the subject of spontaneous digestion of membrane binding
fragment at the site Lys56-l11e57 by intracellular trypsin like
proteases that makes the flavoprotein very unstable during
purification or expression in E. coli. The removal of the N-
terminal hydrophobic sequence of NADPH cytochrome P50
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reductase results in loss of the ability of the flavoprotein to
interact with and transfer electrons to cytochrome Pysq [25].

2. Reduction by Using Reduced (Ferrous) Cytochrome Pgso

The mechanism for the reduction of ferric cytochrome
Pssocam by reduced putidaredoxin, the physiological electron
donor for the cytochrome. The monooxygenation reaction
requires, in addition to d-camphor and molecular oxygen,
two reducing equivalents, which are transferred from NADH
to Pssocam through a specific electron transfer system, com-
posed of NADH-putidaredoxin reductase (PdR), a flavopro-
tein, and putidaredoxin (Pd), an iron-sulfur (Fe,S,) protein.
In the reaction, Pd receives electrons from PdR and transfers
them to P450cam; Pd serves as the direct electron donor for

I:)450cam [26]-

When the mechanism for the electron transfer reaction
between Pd and Pasocam Was examined, reduced Pd and ferric
P4socam molecules were found to associate rapidly to form a
bimolecular complex, followed by an intracomplex electron
transfer giving ferrous P450cam and oxidized Pd [27, 28].

Examples of Bioprecursor Prodrugs
Phase — | Activation
a. Oxidative Activation

Oxidative activation of alcohols (-OH) and ethers (R-O-
R) into its corresponding carboxylic acids is useful for
designing a better prodrug with maximum efficacy, stability
and less toxicity e.g. Nabumetone, Dexpathenol, 3-pyridine
methanol.

Nabumetone is a bioprecursor prodrug, which exhibits
reduced gastric irritation as compared to other NSAIDs. The
modifications of the carboxyl group in NSAIDs into ether
will results in reduced gastric irritation [29] (Fig. 4), so one
can use this approach to reduce the undesired effect of
NSAIDs due to free carboxylic acid group.

Bioprecursor pro-vitamins provide improved stability
towards racemization as compared to the respective vitamins

(Fig. 5).

Dexpathenol is the alcoholic analogue of d-pantothenic
acid is a prodrug that is converted in-vivo to pantothenic acid,
a B-complex vitamin. The vitamin is a precursor for coenzy-
me-A, the cofactor for enzyme-catalyzed reactions involving
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Nabumetone
Fig. (4). Activation of Nebumetone by oxidative metabolism.
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Fig. (5). Activation of pro-vitamin dexpanthenol to pantothenic acid.
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the transfer of acetyl group [30]. 3-pyridine methanol is a
bioprecursor prodrug for nicotinic acid, which undergo
oxidation reaction in-vivo to results in nicotinic acid [31].

b. Reductive Bio-Activation

Reductive bio-activation is effectively utilized for the
various drugs to improve their lipophilicity, duration of
pharmacological action, potency and specificity e.g. Sulindac,
mitomycin, nitrogen mustard, omeprazole.

Sulindac (sulfoxide) is a prodrug in reversible metabolic
equilibrium with its pharmacologically active metabolite, the
corresponding sulfide. It is having various advantages over
indomethacin like improved lipophilicity and duration of
pharmacological effects and low ulcerogenic potential on
oral administration [32] (Fig. 6).

Reductive bioactivation of mitomycin results in the
formation of an analog, which is activated only in hypoxic
condition, such as those found in the slow growing tumors
that are poorly vascularized. In these tissues with a low

F
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Fig. (6). In-vivo activation of sulindac.
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Fig. (7). Activation of mitomycin.
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oxygen content, it was thought that reductive metabolism
might be more prevalent than in normal tissues & the agents
would be selectively activated & therefore selectively toxic
[33] (Fig. 7).

Reductive bio-activation of nitrogen mustard results in
formation of hypoxia — selective alkylating active metabolite
[34] (Fig. 8).

Omeprazole effectively inhibits gastric secretion by
inhibiting the gastric H ", K" - ATPase & thus gives its anti-
ulcerative effect. This enzyme is responsible for gastric acid
production & is located in the secretory membrane of
parietal cells [35] (Fig. 9).

c. Mixed Bio-Activation Mechanisms

Mixed bio-activation which involve both oxidation and
reduction simultaneously and the use of this mixed activation
can be apply for rational designing of drug molecules for its
specificity, efficacy and less toxicity.

Sulindac

CHj3; Indene analog of indomethacin

Reversible reduction

| Active sulfide metabolite
CHs as potent as indomethacin
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Fig. (9). Activation of omeprazole.

SAH 51-641 is a potent hypoglycemic agent that inhibits
gluconeogenesis by inhibition of fatty acid oxidation. It is
activated by sequential oxidation/reduction into hydroxy acid
and this active metabolite inhibits fatty acyl CoA ligase
involved in fatty acid oxidation, thus inhibits hepatic
gluconeogenesis [36] (Fig. 10).

Biotransformation of nicotine & haloperidol involves
formation of aroylpropionic acids which subsequently

cyt Paso
OX|dat|on
O Keto acid

SAH 51-641
(Hypoglycemic agent)

Fig. (10). Activation of SAH 51-641 as potent hypoglycemic agents.
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Fig. (11). Activation of nicotine and haloperidol.
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inactivate it.

undergo progressive degradation of aryl acetic acid. In this
the progressive metabolic degradation of B- aroylpropionic
acid into arylacetic acids takes place through a multi step
process implying reductive, oxidative & hydration-dehydra-
tion sequences [37] (Fig. 11).

The arylacetic acid obtained was used to design bucloxic
acid, fenbufen & furobufene which are the bioprecursor
forms of anti-inflammatory arylacetic acid [38] (Fig. 12).
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Hydroxy acid
(Active metabolite)
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Fig. (12). Designing of arylacetic acid as anti-inflammatory agents.

More recently, arylhexenoic acids were shown to undergo
same metabolic degradation as arylacetic acids. e.g. hexanoic
analogue of indomethacin acts as a bioprecursor prodrug of
indomethacin [39] (Fig. 13).

d. Phosphorylation Reactions

Bioactivation through phosphorylation reactions results
in the formation of drug which is activated to a greater extent
in the virally infected cells and achieves selective toxicity. It

0

OH

MeO

bioactivation

Mixed oxidative/reductative

also offers increased cell penetration because nucleosides
can easily enter the cell via active transport mechanism. E.g.
Idoxuridine a nucleoside, better substrate for viral enzymes
than corresponding mammalian enzymes gives a triphos-
phate nucleotide, inhibits viral DNA polymerase &
incorporation into DNA, resulting in incorrect base pairing
& inhibition of DNA synthesis by Phosphorylation reaction
in presence of Viral thymidine kinase [40] (Fig. 14).
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Another example of phosphorylation is of Acyclovir a
potent antiherpes drug — poor/erratic absorption due to high
polarity. Phosphorylation of acyclovir essential for antiviral
activity. In normal mammalian cells phosphorylation is
extremely low but in cells infected with virus, rate is very
high due to virus coded thymidine kinase. Desoxyacyclovir:
bioprecursor of acyclovir which is activated by xanthine
oxidase into acyclovir. The ultimate target enzyme of
acyclovir is the viral DNA polymerase, which is inhibited by
the triphosphate metabolite of acyclovir [41] (Fig. 15).

e. Reactions without Change in the State of Oxidation

Glutathione is a tripeptide of glycine, glutamic acid & L-
cysteine.  L-2-Oxothiazolidine-4-carboxylate, a cyclic
thiocarbamate may serve as an intracellular delivery system
for cysteine & has a potential to act as a therapeutic agent for
the hepatic glutathione depletion [42] (Fig. 16).

PHASE - 11
1. METHYLATION
A. Methyltransferase

Methylation is a relatively minor component to drug or
xenobiotic metabolism but is rather important in the
biosynthesis of endogenous compounds such as epinephrine
and melatonin. Usually the cofactor SAM (S-adenosyl
methionine) serves as a methyl donator. Methylation (like
acetylation) differs from most conjugation reactions in that it
produces products with lower hydrophilicity. The exception
is methylation of tertiary or pyridine-type nitrogens resulting
in a charged, quaternary ammonium salts. Methylation is a
2-step process whereby the cofactor S-adenosylmethionine

)\/\/E > Xanthme Oxidase

In vivo
HO
6-deoxy-acyclovir

Fig. (15). Activation of acyclovir.

)\
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(SAM) which transfers a methyl group is first biosynthesized
from methionine. Once available, SAM is utilized by a
methyltransferase to transfer an activated methyl group to an
acceptor molecule (nucleophile = alcohol, amine, thiol). A
variety of transferases are used depending on the nature of
the acceptor [43].

2. SULPHATION
A. Glutathione S-Transferases

Glutathione-S-transferase (GST) catalyzes the
nucleophilic conjugation of glutathione (GSH) with many
diverse electrophilic substrates. Glutathione conjugation is a
major mechanism of detoxification in mammals and
detoxification of at least six major families of herbicides in
plants. Although the role of GST in detoxification-
degradation of xenobiotics by terrestrial microorganisms has
been postulated, there is need to elucidate the role of this
enzyme in biodegradation of xenobiotic compounds [44, 45].

B. Sulfotransferases System

Sulfonate conjugation was first reported by Baumann in
1876 and has since been shown to be an important pathway
in the biotransformation of numerous xeno- and endobiotics
such as drugs, chemical carcinogens, hormones, bile acids,
neurotransmitters, peptides and lipids. The universal sul-
fonate donor for these reactions is 3’-phosphoadenosine 5’-
phosphosulfate (PAPS) and the transfer of sulfonate (SOs-)
to a hydroxyl or amino- group is catalysed by a super gene
family of enzymes called sulfotransferases (SULTS). In the
case of most xenobiotics and small endogenous substrates,
sulfonation has generally been considered a detoxification

Herpes-coded

Thymidine
klnase )\
HO P/\/
acyclovir .
Host kinases
(0}
dxTP
N
-«-mmmmmmm oo - N | \>
)\\ N
H,N N A
DNA (0]
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L-2-Oxothiazolidine-4-carboxylate
(A cyclic thiocarbamate)

H2N ‘

H,N
L-cysteine

COOH

Fig. (16). L-2-Oxothiazolidine-4-carboxylate for the hepatic glutathione dep.
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pathway leading to more water-soluble products and thereby
aiding their excretion via the kidneys or bile [46].

3. ACETYLATION
A. N-Acetyltransferases System

Phase II enzymes, such as the arylamine N-acetyltrans-
ferases (NAT) catalyze activation or detoxification reactions
for endogenous and exogenous arylamines and hydrazines.
The proteins designated NAT catalyze three types of
acetylation reactions: N-acetylation of arylamines or
hydrazines, O-acetylation of N-hydroxylamines, and the
intramolecular acyl transfer with hydroxyarylacetamides.
There are two members in this enzyme family, NAT1 and
NAT2. The importance of these isoforms in the biotrans-
formation of environmental chemicals and therapeutic drugs
is well recognized [47, 48].

B. Amino Acid N-Acyl Transferases

In this again the acetylation occurs by N-acyl transferase
enzyme but in presence of amino acids as a cofactor [49].

4. GLUCURONIDATION
A. UDP-Glucuronosyltransferases

Glucuronidation, a typical reaction of phase II
metabolism, is probably the main pathway of conjugation
with anabolic androgenic steroid metabolites, but detailed
information about the factors that determine and affect this
biotransformation is still very limited. More is known,
however, on glucuronidation of clinically important
endogenous steroids, which have been taken as an estimate
for the total androgenic pool in men, or for the production of
dihydrotestosterone in extrahepatic tissues [50]. UDP-
glucuronosyl transferases are a family of membrane-bound
enzymes of the endoplasmic reticulum. They catalyze the
glucuronidation of various endogenous and exogenous
compounds, including steroids, thereby converting the
substrate molecules (the aglycones) into a less toxic and
more polar D-glucuronides [51]. The human genome
encodes at least 16 different UGTs, and they are divided into
families (1 and 2) and subfamilies (2A and 2B) according to
the degree of sequence identities and genomic organization.
Most of the UGTs are expressed in the liver, the organ that is
considered to be the major site of glucuronidation. However,
some UGTs are extrahepatic enzymes, and many of the liver
UGTs are also found in other tissues [52].

Examples of Bioprecursor Prodrugs
Phase — Il Activation

Although pharmacologically active metabolites are
generally formed by phase - I oxidative reactions, phase - 11
conjugation reactions also can produce biologically active
metabolites. For example morphine- 6-glucuronide is more
potent as a p-opioid receptor agonist than morphine itself.
Recent clinical studies in cancer patients given morphine- 6-
glucuronide indicated that useful analgesic effects are
achieved without the side effects of nausea & vomiting that
are often associated with morphine. These findings have led
to the commercial marketing of morphine-6-glucoronide [53].
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Sulfation also produces biologically active metabolites.
For example the action of minoxidil (Fig. 17), a potent
vasodialator, is mediated through its sulfate conjugation [54].

Paclitaxel (Fig. 18) is prodrug designed to be activated
into the drug by human’s B-glucuronidase. In order to
enhance the liberation of rate of paclitaxel, an elongated
spacer system including a nitro-aromatic derivative & N,N-
methylethylenediamine was incorporated between the sugar
moiety & the drug [55].

Bioprecursors of Nature

There are some bioprecursors which originated by nature
and plays a vital role in day today’s life. These are mostly
vitamins: like vitamin D and vitamin A.

Activation of 7-dehydrocholestrol into vitamin D by UV-
rays (sunlight) is a very well known example of bioprecursor
prodrug [56] (Fig. 19).

Beta— carotene i.e. Vitamin A, in the intestinal mucosa
transformed to retinal, by B-carotene-15, 15’-dioxygenase
[57] (Fig. 20).

Applications of Bioprecursor Prodrugs:
1) Improved Bioavailability

Oxidative bioactivation of losartan which is a nonpeptide
angiotensin Il receptor antagonist used as an antihyper-
tensive medication [58, 59] (Fig. 21).

Bisthiazolium precursors are used as potent antimalarials
with improved bioavailability. 1, 6-hexadecamethylenebis
(N-methylpyrrolidinium) dibromide has charged cationic
group essential for activity but detrimental to oral absorption.
Its bisthiazolium precursors like TE4a, TE4gt & TE3 mask
ionisable groups & are quantitatively converted to active
metabolites T4 & T3 respectively & shows impressive
antimalarial activity against Plasmodium cynomolgi [60]
(Fig. 22).

Fig. (18). Structure of paclitaxel.
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Fig. (21). Activation of losartan.
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Fig. (22). Activation of bisthiazolium precursor as potent antimalerial.

2) Prevention of First Pass Metabolism

Methylenedioxy derivatives are used as bioprecursors of
catechols. Catechols are very succeptible to first metabolism
in liver. Their methyledioxy bioprecursors are resistant to
first pass metabolism as & shows longer duration of action
[61] (Fig. 23).

3) Site Specific Drug Delivery
a. Ocular Delivery Through Bioprecursor Prodrugs

Several oxime or methoxime analogs of known (-
adrenergic blockers have been synthesized as their
bioprecursors using general retrometabolic drug design

principles as antiglaucoma agents. In these compounds, a -
amino oxime or alkyloxime function replaces the correspon-
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TEz CHs
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S N N—(CH,)s—

CH3 T3 CH3

ding B-amino alcohol pharmacophore part of the original
molecules. These oxime or alkyloxime derivatives exist in
alternatives Z or E configurations. These derivatives ensure
ocular delivery of B-blockers. Their intravenous adminis-
tration does not produce the active p-blocker metabolically,
thus void of any cardiovascular activity that is a major
drawback of classical antiglaucoma agents. The oxime-type
Chemical Delivery System (CDS) approach proposed here
provides site specific or site-enhanced delivery through
sequential, multi-step enzymatic and/or chemical transforma-
tions. The original oximes or methoximes and the
intermediate ketones are inactive; they are enzymatically
converted into active S-(-) p-adrenergic blocks alcohols in a
site and stereospecific manner. In the case of eye-targeting
CDS, this is achieved through a targetor (T) moiety that is
converted into a biologically active function by enzymatic

H
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—_—
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H

10,11-methylenedioxy-N-n-propyl-
norapomorphine

Fig. (23). Bioprecursors of catechols and its active metabolites.

N-n-propyl-
norapomorphine



1326 Mini-Reviews in Medicinal Chemistry, 2010, Vol. 10, No. 14

reactions that take place primarily, exclusively, or at higher
activity at the site of action as a result of differential
distributions of certain enzymes found at the site of action.
[62] (Fig. 24).

b. Liver Targeted Drug Delivery Through Bioprecursors

In liver targeted drug delivery system, series of
phosphate & phosphonate bioprecursor prodrugs are used,
called as HepDirect prodrugs. This HepDirect prodrugs
represent a potential strategy for targeting drugs to the liver
& achieving more effective therapies against chronic liver
diseases such as hepatitis B, hepatitis C & hepatocellular
carcinoma. One conjugated-based strategy capable of
delivering drugs to an extravascular site uses glycolipid-
containing drug carriers that recognize the asialoglycoprotein
receptor expressed on hepatocytes. HepDirect prodrugs are
cyclic 1,3-propanyl esters containing a ring substitute that
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renders them sensitive to an oxidative cleavage reaction
catalysed by a cytochrome P450 [63] (Fig. 25).

Prodrug cleavage mechanism: A HepDirect prodrug (1)
diffuses into hepatocytes and undergoes a CYP3A-catalyzed
oxidation of the C4 methine hydrogen to produce the C4-
hydroxylated product (2). Rapid and irreversible ring-
opening leads to the intermediate monoacid (3), which
generates the corresponding phosphate or phosphonate (4)
following a B -elimination reaction or possibly, in the case of
the phosphate, a phosphodiesterase-catalyzed hydrolysis
reaction. (4) is converted to the biologically active
nucleoside triphosphate analog (NTP) (6) by intracellular
nucleotide kinases when R-PO5* is an NMP analog and by
PRPP synthase when the NMP analog is PMEA. Aryl vinyl
ketone 5 is trapped by intracellular glutathione (GSH) to
form conjugate (7) [64].
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c. Delivery of 2- PAM to Brain

N- Methylpyridinium-2-carbaldoxime (2-PAM) is a
potent reactivator of acetylcholine-esterase. Due to
quaternary nitrogen in 2-PAM its bioavailability is poor due
to less penetration through blood brain barrier (BBB).
Dihydropyridine-pyrimidine redox system developed for its
brain delivery, in this the active drug (a) is administered as
5,6-dihydropyridine derivative (Pro-2-PAM), (b). It exists as
a stable immonium salt (c). The lipoidal (b), (pKa = 6.32)
easily penetrates the blood - brain barrier where it is
oxidised to active (a) [65] (Fig. 26).

d. Delivery to Cancerous Cells

Cyclophosphamide is a cytoxic (cyctostatic), cell - cycle
nonspecific, antiproliferative agent, developed by Arnold et
al. as bioprecursor of potent alkylating nitrogen mustard.
Activation by enzymes specifically present in tumors
through initial oxidative dealkylation followed by hydrolysis.
Used in diverse medical problems as neoplasia, tissue
transplantation & inflammatory diseases [66, 67] (Fig. 27).
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ceutical, or pharmacokinetic barriers. Bioprecursor prodrug
approach is an excellent route to overcome these barriers.
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Fig. (27). Cancer cell targeting using bioprecursor prodrug approach.

e. Kidney Targeted Drug Delivery Through Bioprecursors

Dopamine, a neurotransmitter, produces vasodilation of
renal tissue by binding to specific receptors in kidney & can
be used in the treatment of renal hypertension. But due to it’s
interaction with a-adrenergic receptors, it precipitates high
blood pressure. This can be overcome by targeting dopamine
to kidneys in the form of it’s bioprecursor y-glutamyl DOPA
that undergoes selective & sequential activation by specific
renal enzymes i.e. y- glutamyl transpeptidase & L-aromatic
amino acid decarboxylase to release the active drug
dopamine locally. The increase in dopamine levels produces
a marked increase in renal blood flow & thus treats renal
hypertension [68] (Fig. 28).

Various examples of bioprecursor prodrugs and their
active metabolites used as therapeutic agents are listed in
Table 1.

CONCLUSION

Metabolic activation of the various drugs can be a key to
open the locks of undesirable pharmacological, pharma-
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Table1. Various Examples of Bioprecursor Prodrugs Used as a Therapeutic Agents Various Examples of Bioprecursor Prodrugs

Bioprecursors Active Metabolite Category
Citalopram Des-methyl-citalopram Antidepressant agent [69]
Amitriptyline Nortriptyline Antidepressant agent [70]
Imipramine Desipramine Antidepressant agent [71]
Tamoxifen 4-hydroxy tamoxifen Anticancer agent [72]
Valganciclovir Ganciclovir Antiviral agent [73]
Spirodiketopiperazine B-substituted-(2R,3R)-2-amino-3-hydroxy propionic acid Antiviral agent [74]
Carbamazepin 10,11-dihydroxy carbamazepine Anticonvulsant [75]
Enrofloxacin Ciprofloxacin Antimicrobial agent [76]
Venlafaxine O-desmethyl venlafaxine Antidepressant agent [77]
Amifostine Aminothiol Anticancer agent [78]
Prulifoxacin Ulifloxacin Antimicrobial agent [79]
Ceftiofur Desfuroylceftiofur Antimicrobial agent [80]
Zotepine Nor-zotepine Antipsycotic agent [81]
Oxycodone Oxymorphone Anti-inflammatory [82]
Glimepiride Trans-hydroxy-glimepride Antidiabetic agent [83]
Oxymatrin Matrine Antihepatic agent [84]
Ximeleyatran Melagatran Antithrombin agent [85]
Ciclesonide Desisobutyryl-ciclesonide Antiasthamatic agent [86]
Ramipril Ramiprilat Antihypertensive agent [87]
Tramodol O-desmethyl tramadol Antiarthritic agent [88]
Rabeprazole 5-methyl-2- { 4-(3-methoxy-propoxy)-3-methyl pyridin-2-yl)methyl sulfinyl }-1H Proton pump inhibitor [89]

benzimidazole

The various activation mechanisms listed in this review are
useful for medicinal chemist to design the new molecules
namely bioprecursor prodrugs, which in turns minimizes the
side effects / undesired effects / toxic effects and maximizes
site specificity / improved bioavailability / stability / potency
/ to prevent first pass metabolism.

ABBREVIATIONS
CYP = Cytochrome Pyso
NADP = Nicotinamide Adenine Dinucleotide Phosphate

FMOs = Flavin-containing monooxygenase system
MAO = Monoamine Oxidase

CPR = NADPH-Cytochrome P45, Reductase

PdR = NADH-Putidaredoxin Reductase

SAM = S-Adenosyl Methionine

GST = Glutathione-S-Transferase

PAPS = 3’-Phosphoadenosine 5’-Phosphosulfate

SULTs
NAT
UGT
CDS
NTP

Sulfotransferases

= N-Acetyltransferases
= UDP-Glucuronosyl Transferases
= Chemical Delivery System

= Nucleoside Triphosphate

2-PAM = N- Methylpyridinium-2-carbal.doxime

BBB = Blood Brain Barrier
REFERENCES
[1] Testa, B.; Caldwell, J. Prodrugs revisited: the ad hoc approach as a

[2]

(31
[4]
[5]

complement to ligand design. Med. Res. Rev., 1996, 16, 233-241.
Sherwood, R.F.; Melton, R.G.; Alwan, S.M. Purification and
properties of carboxypeptidase GZ from Pseudomonas sp. strain
RS-16: Use of a novel triadne dye affinity method. Eur. J.
Biochem., 1985, 148, 447-453.

Rao, H. S. Capping drugs: Development of prodrugs. Resonance,
2003, 8(2), 19-27.

Albert, A. Chemical aspects of selective toxicity. Nature, 1958,
182, 421-423.

Rasheed, A.; Kumarl, C. K. A. Novel approaches on prodrug based
drug design. Pharm. Chem. J., 2008, 42 (12), 677-686.




Bioprecursor Prodrugs: Molecular Modification

[6]

(71
(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Verma, A.; Verma, B.; Prajapati, S.; Tripathi, K. Prodrug as a
chemical delivery system: A Review Asian J. Res. Chem., 2009,
2(2), 100-103.

Jarvinen, T.; Jarvinen, K. Prodrugs for improved ocular drug
delivery.Adv. Drug Deliv. Rev., 1996, 19(2), 203-224.

Friend D.R.; Chang G .W. A colon-specific drug-delivery system
based on drug glycosides and the glycosidases of colonic bacteria.
J. Med. chem., 1984, 27, 261-266.

Kawakami S.; Yamishita, F.; Hashida, M. Disposition
characteristics of emulsions and incorporated drugs after systemic
or local injection. Adv. Drug Deliv. Rev., 2000, 45(1), 77-88.
Fernandez, C.; Nieto, O.; Fontenla, J.; Rivas, E. Synthesis of
glycosyl derivatives as dopamine prodrugs: interaction with
glucose carrier GLUT-1. Org. Biomol. Chem., 2003, 1, 767-771.
Lokhandwala, M. F.; Richard, B. J. Dopamine receptor agonists in
cardiovascular therapy. Drug Dev. Res., 1983, 3(4), 299-310.
Sinkula, A. A.; Yalkowsky, S. H. Rationale for design of
biologically reversible drug derivatives: prodrugs. J. Pharm. Sci.,
1975, 64, 181-210.

Cullen, E. Novel anti-inflammatory agents. J. Pharm. Sci., 1984,
73, 579-589.

Guengerich, F. P. Catalytic selectivity of human cytochrome P450
enzymes: relevance to drug metabolism and toxicity. Toxicol. Lett.,
1994, 70, 133-138.

Yamazaki, H.; Nakano, M.; Gillam, E. M., Bell, L. C.
Requirements for cytochrome bs in the oxidation of 7-
ethoxycoumarin, chlorozoxazone, aniline, and N-nitrosodi-
methylamine by recombinant cytochrome Psso 2E1 and human liver
microsomes. Biochem. Pharmacol., 1996, 52, 301-309.
Guengerich, F. P. Roles of cytochrome P-45, enzymes in chemical
carcinogenesis and cancer chemotherapy. Cancer. Res., 1988, 48,
2946-2954.

Cashman, J. R. Some distinctions between flavin-containing and
cytochrome P450 monooxygenases. Biochem. Biophys. Res.
Commun., 2005, 338, 599-604.

Singer, T. Monoamine oxidases old friends hold many surprises.
FASEB J., 1995, 9, 605-610.

Richards, J. G. Monoamine oxidases: from brain maps to
physiology and transgenics to pathophysiology. J. Neural. Transm.
Suppl., 1998, 52, 173-187.

Johnston, J. P. Some observations upon a new inhibitor of
monoamine oxidase in brain tissue. Biochem. Pharmacol., 1968,
17,1285-1297.

Knoll, J. Some puzzling effects of monoamine oxidase inhibitors.
Adv. Biochem. Psychopharmacol., 1972, 5, 393-408.

Youdim, M. Dopamine metabolism and neurotransmission in
primate brain in relationship to monoamine oxidase A and B
inhibition. J. Neural. Transm., 1993, 91, 181-195.

Saura, J. Differential age-related changes of MAO-A and MAO-B
in mouse brain and peripheral organs. Neurobiol. Aging., 1994, 15,
399-408.

Pulvin, S.; Legoy, M. D.; Lortie, R. Enzyme technology and gas
phase catalysis: Alcohol dehydrogenase example. Biotechnol. Lett.,
1986, 8(11), 783-784.

Strobel, H. W.; Hodgson, A. V.; Shen, S. In: Cytochrome P450:
Structure, Mechanism and Biochemistry, ed. Ortiz de Montellano,
P. R. Ed. Plenum, New York, 2005, pp. 225 -244.

Pederson, T. C.; Austin, R. H.; Gunsalus, I. C. In: Microsomes and
Drug Oxidations, Ullrich, V.; Ed. Pergamon Press Ltd., Oxford,
1977, pp. 275-283.

Hintz, M. J.; Peterson, J. A. The Kkinetics of reduction of
cytochrome P-450cam by reduced putidaredoxin. J. Biol. Chem.,
1981, 256, 6721-6728.

Brewer, C. B.; Peterson, J. A. Single turnover kinetics of the
reaction between oxycytochrome P450cam and reduced
putidaredoxin., J. Biol. Chem., 1988, 263, 791-798.

Friedel, H. A.; Langtry, H. D. Nabumetone: a reappraisal of its
pharmacology and therapeutic use in rheumatoid diseases and pain
states. Drugs, 1993, 45, 131-156.

Hanck, A. B.; Goffin, H. Dexpanthenol (Ro 01-4709) in the
treatment of constipation. Acta. Vitaminol. Enzymol., 1982, 4, 87-
97.

DiPalma, J. R.; Thayer, W. S. Use of Niacin as a Drug, Annu. Rev.
Nutr., 1991, 11, 169-187.

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Mini-Reviews in Medicinal Chemistry, 2010, Vol. 10, No. 14 1329

Duggan, D. E.; Hooke, K. F.; Hwang, S. S. Kinetics of the tissue
distributions of sulindac and metabolites. Relevance to sites and
rates of bioactivation. Drug. Metab. Dispos., 1980, 8(4), 241-6.
Shen, T. Y.; Winter, C. A. Chemical and biological studies on
indomethacin, sulindac and their analogs. Adv. Drug Res., 1977,
12, 90-245.

Cox, P. J.; Farmer, P. B.; Foster, A. B.; Gilby, E. D.The use of
deuterated analogs in qualitative and quantitative investigations of
the metabolism of cyclophosphamide (NSC-26271). Cancer Treat.
Rep., 1976, 6, 483- 491.

Mcdonnell, W. M.; Scheiman, J. M. Induction of cytochrome P450
IA genes (CYP 1A) by omeprazole in the human alimentary tract.
Gastroenterology, 1992, 103, 1509-1516.

Aicher, T. D.; Bebernitz, G. R; Bell, P. A,; Brand, L. J.; Dain, J.
G.; Deems, R.; Fillers, W. S. Hypoglycemic prodrugs of 4-(2,2-
dimethyl-1-oxopropyl)benzoic acid. J. Med. Chem., 1999, 42 (1),
153-163.

Lee, M. J.; Breese, C. R.; Strook, ,M. L. The effect of nicotine and
haloperidol co-treatment on nicotinic receptor levels in the rat
brain. Mol. Brain. Res., 2001, 86(1-2), 115-124.

Gillard, J. W.; Belanger, P. Metabolic synthesis of arylacetic acid
antiinflammatory drugs from arylhexenoic acids. 2. Indomethacin.
J. Med. Chem., 1987, 30 (11), 2051-2058.

Shen, T. Y. Perspectives in non-steroidal anti-inflammatory agents.
Angew. Chem. Int. Ed. Engl., 1972, 11, 460-472.

Oberg, B.; Johansson, N.-G. The relative merits and drawbacks of
new nucleoside analogues with clinical potential. J. Antimicrob.
Chemother., 1984, 14, 5-26.

Krenitsky, T. A.; Hall, W. W.; de Miranda, P.; Beauchamp, L. M..
6-Deoxyacyclovir: a xanthine oxidaseactivated prodrug of
acyclovir. Proc. Natl. Acad. Sci. USA, 1984, 81, 3209-3213.
Chung, T. K.; Funk, M. A. L-2-Oxothiazolidine-4-carboxylate as a
cysteine precursor: efficacy for growth and hepatic glutathione
synthesis in chicks and rats. J. Nutr., 1990, 120(2), 158-165.
lonescu, C.; Caira, M. R. Pathways of biotransformation — phase
ii reactions. Drug Metab., 2005, 129-170.

Habig, W. H.; Pabst, M. J. Glutathione-S-transferases: the first
enzymatic step in mercapturic acid formation. J. Biol. Chem., 1974,
249, 7130-7139.

La Roche, S. D.; Leisinger T. Sequence analysis and expression of
the bacterial dichloromethane dehalogenase structural gene, a
member of the glutathione-S-transferase supergene family. J.
Bacteriol., 1990, 172, 164-171.

Falany, J. L.; Falany, C. N. Regulation of estrogen activity by
sulfation in human MCF-7 breast cancer cells. Oncol. Res., 1997, 9,
589-96.

Hein, D. W.; Doll, M. A; Fretland, A. J.; Leff, M. A.; Webb, S. J.;
Xio, G. H. Molecular genetics and epidemiology of the NAT1 and
NAT2 acetylation polymorphisms. Cancer Epidemiol. Biomark.
Prev., 2002, 9, 29-42.

Payton, M.; Smelt, V.; Upton, A. A method for genotyping murine
arylamine N-acetyltransferase type2 (NAT2): A gene expressed in
preimplantation embryonic stem cells encoding an enzyme
acetylating the folate catabolite p-aminobenzoylglutamate.
Biochem. Pharmacol., 1999, 58, 779-785.

Josephy, P. D.; Guengerich, F. P.; Miners J. O. Phase | and phase 1l
drug metabolism: terminology that we should phase out? Drug
Metab. Rev., 2005, 37(4), 575 — 580.

Belanger, A.; Hum, D. W.; Beaulieu, M.; Levesque, E.
Characterization and regulation of UDP-glucuronosyltransferases
in steroid target tissues. J. Steroid Biochem. Mol. Biol., 1998, 65,
301-310.

Strassburg, C.; Manns, M. P. Expression of the UDP-glucuronosyl
transferase 1A locus in human colon. J. Biol. Chem., 1998, 273,
8719-8726.

Tukey, R. H.; Strassburg, C. P. Genetic multiplicity if the human
UDP-glucuronosyltransferases and regulation in the gastrointestinal
tract. Mol. Pharmacol., 2001, 59, 405-414.

Iwata, H.; Tsuchiya, S.; Ueno, K. Morphine-6-glucuronide induces
contraction of the ileal circular muscle more potently than
morphine in mice. Eur. J. Pharmacol., 2008, 600(1-3), 130-132.
Bray, K.; Quast, U. Some degree of overlap exists between the K1-
channels opened by cromakalim and those opened by minoxidil
sulphate in rat isolated aorta. Naunyn-Schmeidbergs Arch.
Pharmacol. 1991, 344, 351-359.



1330 Mini-Reviews in Medicinal Chemistry, 2010, Vol. 10, No. 14

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

Bonvier, E.; Thirot, S.; Schmidt, F.; Monneret, C. A new paclitaxel
prodrug for use in ADEPT strategy. Org. Biomol. Chem., 2003, 1,
3343-3352.

Heaney, R. P. The Vitamin D requirement in health and disease. J.
Steroid. Biochem. Mol. Biol,, 2005, 97, 13-19.

During, A.; Nagao, A.; Terao, J. B-Carotene 15,15'-dioxygenase
activity and cellular retinol-binding protein type ii level are
enhanced by dietary unsaturated triacylglycerols in rat intestines. J.
Nutr., 1998, 128(10), 1614-1619.

Stearns, R. A.; Chakravarty, P. K.; Chen, R. Biotransformation of
losartan to its active carboxylic acid metabolite in human liver
microsomes: role of cytochrome P-4502C and 3A subfamily
members. Drug Metab. Dispos., 1995, 23, 207-215.

Yun, C. H.; Lee, H. S.; Lee, H.; Jeong, J. K. Oxidation of the
angiotensin |l receptor antagonist losartan (DuP 753) in human
liver microsomes: role of cytochrome P-4503A(4) in formation of
the active metabolite Exp3174. Drug Metab. Dispos., 1995, 23,
285-289.

Vial, H. J.; Wein, S.; Farenc, C.; Kocken, C. Prodrugs of
bisthiazolium salts are orally potent antimalarials. Proc. Natl. Acad.
Sci., 2004, 101(43), 15458-15463.

Pacholczyk, T.; Blakely, R. D. Trends in the development of new
antidepressants. Is there a light at the end of the tunnel? Nature,
1991, 350, 350-354.

Bodor, N. Retrometabolic drug design concepts in ophthalmic
target-specific drug delivery. Adv. Drug Deliv. Rev., 1995, 16(1),
21-38.

Erion M. D.; van Poelje, P. D.; MacKenna, D. A.; Colby, T. Liver-
targeted drug delivery using direct prodrugs psychopharmacolgy. J.
Pharmacol. Exp. Ther., 2005, 312, 554-560.

de Waziers I.; Cugnenc, P. H.; Yang, C, S.; Leroux, J. P.
Cytochrome P450 isoenzymes, epoxide hydrolase and glutathione
transferases in rat and human hepatic and extrahepatic tissues. J.
Pharmacol. Exp. Ther., 1990, 253, 387-394.

Bodor, N.; Shek, E.; Higuchi, T. Delivery of a quaternary
pyridinium salt across the blood-brain barrier by its
dihydropyridine derivative. Science, 1975, 190, 155 — 156.

Cox, P. J.; Farmer, P. B.; Foster, A. B.; Gilby, E. D. The use of
deuterated analogs in qualitative and quantitative investigations of
the metabolism of cyclophosphamide (NSC-26271). Cancer Treat.
Rep., 1976, 6, 483— 491.

Cox, P. J.; Farmer, P. B.; Jarman, M.; Jones, M. Observations on
the differential metabolism and biological activity of the optical
isomers of cyclophosphamide. Biochem. Pharmacol., 1976, 25,
993-996.

Wilk, S.; Mizoguchi, H.; Orlowski, M. g-Glutamyl dopa: a
kidneyspecific dopamine precursor. J. Pharmacol. Exp. Ther.,
1978, 206, 227-232.

Pawlowski, L.; Nowak, G.; Mazela, H. Ro 11-2465 (cyan-
imipramine), citalopram and their N-desmethyl metabolites: Effects
on the uptake of 5-hydroxytryptamine and noradrenaline in vivo
and related pharmacological activities. Psychopharmacolgy, 1985,
86(1-2), 156-163.

Hollister, L. E.; Claghorn J. L. New Antidepressants. Annu. Rev.
Pharmacol. Toxicol., 1993, 33, 165-177.

Chiba, M.; Fujita, S.; Suzuki, T. Pharmacokinetic correlation
between in vitro hepatic microsomal enzyme kinetics and in vivo
metabolism of imipramine and desipramine in rats. J. Pharm. Sci.,
1990, 79, 281-287.

Robertson, D.W.; Katzenellenbogen, J. A. Synthesis of the (E) and
(2) isomers of the antiestrogen tamoxifen and its metabolite,

[73]
[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

(82]

[83]

[84]

[85]

[86]

[87]

(88]

[89]

Kokil and Rewatkar

hydroxytamoxifen, in tritium-labeled form. J. Org. Chem., 1982,
47,2387-93.

Curran, M.; Noble, S. Valganciclovir. Drugs, 2001, 61(8), 1145-50.
Maeda, K.; Nakata, H.; Koh, Y.; Miyakawa, T.; Ogata, H.
Spirodiketopiperazine-based CCRS5 inhibitor which preserves CC-
chemokine/CCRS5 interactions and exerts potent activity against R5
human immunodeficiency virus type 1 in vitro. J. Virol., 2004,
78(16), 8654-8662.

Yoshimura, R.; Yanagihara, N.; Terao, T.; Minami, K. An active
metabolite of carbamazepine, carbamazepine-10, 11-epoxide,
inhibits ion channel-mediated catecholamine secretion in cultured
bovine adrenal medullary cells. Psychopharmacology, 1998,
135(4), 368-373.

Rao, G.S.; Ramesh, S.; Ahmad, A.H.Pharmacokinetics of
enrofloxacin and its metabolite ciprofloxacin after intramuscular
administration of enrofloxacin in goats. Vet. Res. Commun., 2001,
25(3), 197-204.

Reznik, 1.; Rosen, Y.; Rosen, B. An acute ischaemic event
associated with the use of venlafaxine: a case report and proposed
pathophysiological mechanisms. J. Psychopharmacol., 1999, 13(2),
193-195.

Czejka M.; Schueller J.; Eder 1.; Reznicek G. Clinical pharmaco-
cinetics and metabolism of paclitaxel after polychemotherapy with
the cytoprotective agent amifostine. Anticancer. Res., 2000, 20,
3871.

Matera, M. G. Pharmacologic characteristics of prulifloxacin.
Pulm. Pharmacol. Ther., 2006, 19(1), 20-29.

Jaglan, P. S.; Kubicek, M. F. Metabolism of ceftiofur. Nature of
urinary and plasma metabolites in rats and cattle. J. Agric. Food.
Chem., 1989, 37, 1112-1118.

Fenton, M.; Morris, S.; De Silva, P. Review: zotepine was as
effective as typical and other atypical antipsychotics and more
effective than placebo in schizophrenia. Evid. Based Mental
Health, 2000, 3, 78.

Cone, E. J.; Darwin, W. D.; Buchwald, W. F. Oxymorphone
metabolism and urinary excretion in human, rat, guinea pig, rabbit,
and dog. Drug. Metab. Dispos., 1983, 11, 446-50.

Rosenkranz, V. Profozic, Z.; Metelko, V.; Mrzljak, C.
Pharmacokinetics and safety of glimepiride at clinically effective
doses in diabetic patients with renal impairment, Diabetologia,
1996, 39(12), 1617-1624.

Liu, X.; Li, L.; Sun, J.; Sun, Y.; Zhang, T.; Chen, D.; He, Z.
Development and validation of LC coupled with SPE for
simultaneous determination of lamivudine, oxymatrine and its
active metabolite matrine in dog plasma. Chromatographia, 2006,
63(9-10), 483-486.

Gulseth, M. P. Ximelagatran: An orally active direct thrombin
inhibitor, Am. J. Health-Syst. Ph., 2005, 62(14), 1451-1467.

Nave, R.; Bethke, T. D.; van Marle, S. P.; Zech, K.
Pharmacokinetics of [14C]ciclesonide after oral and intravenous
administration to healthy subjects. Clin Pharmacokinet., 2004, 43,
479-486.

Yuan, B.; Wang, X.; Zhang, F.; Jia, J. Simultaneous determination
of ramipril and its active metabolite ramiprilat in human plasma by
LC-MS-MS. Chromatographia, 2008, 68(7-8), 533-539.

Dayer, P.; Desmeules, C. Pharmacology of tramadol. Drugs, 1997,
53(2), 18-24.

Baldwin, C. M.; Keam, S. J. Rabeprazole: A Review of its Use in
the Management of Gastric Acid-Related Diseases in Adults.
Drugs, 2009, 69(10), 1373-1401.

Received: June 02, 2010

Revised: August 01, 2010

Accepted: August 05, 2010



