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Abstract
A prodrug is a compound that has negligible, or lower, activity against a specified
pharmacological target than one of its major metabolites. Prodrugs can be used to improve drug
delivery or pharmacokinetics, to decrease toxicity, or to target the drug to specific cells or tissues.
Ester and phosphate hydrolysis are widely used in prodrug design because of their simplicity, but
such approaches are relatively ineffective for targeting drugs to specific sites. The activation of
prodrugs by the cytochrome P450 system provides a highly versatile approach to prodrug design
that is particularly adaptable for targeting drug activation to the liver, to tumors or to hypoxic
tissues.

Prodrugs
An ideal prodrug is a chemical entity that has no pharmacological activity against a
designated physiological target, but is metabolically transformed into a compound with the
desired activity. Prodrugs need not meet these ideal conditions, however. A compound with
the desired biological activity, but at a lower level than one of its principal metabolites, is
also a prodrug if the metabolite is a major contributor to the intended pharmacological
response. An informative example is provided by codeine, which is a morphine prodrug to
the extent that it can be oxidatively demethylated by cytochrome P450 CYP2D6 to give
morphine (Figure 1) [1]. Detailed analysis has shown that codeine is largely (~80%)
converted to the 6-glucuronide [2], a metabolite that is pharmacologically active and, on a
dose basis, elicits approximately 60% of the analgesic effect of codeine itself [3].
Furthermore, <5% of the dose is normally converted to morphine. The remaining
approximately 15% is demethylated by CYP3A4 to norcodeine, which is less potent than
morphine. From these results, it has been proposed that codeine-6-glucuronide is the agent
responsible for most of the analgesic action of codeine, in which case codeine is a prodrug
of the glucuronide metabolite rather than of morphine [4,5]. This therapeutic scenario is
complicated by the fact that O-demethylation to morphine plays a greater role in individuals
with the extensive metabolizer phenotype associated with abnormally high CYP2D6
activity. Thus, enhanced morphine production was found to cause the death of a baby breast-
feeding with a mother who was an extensive metabolizer and was taking codeine [6]. It has
also been found to have lethal effects in CYP2D6 hypermetabolizer children treated with
codeine [7]. Although the question of which compound is the principal analgesic agent of
codeine may vary, the fact that codeine can act directly, or as a prodrug be converted to
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either the 6-glucuronide or morphine, illustrates the ambiguities that can arise when
classifying a compound as a prodrug.

Prodrugs can be utilized for a variety of purposes, including improvement of the
bioavailability or pharmacokinetics of a drug, decreasing drug toxicity, facilitating
administration of the drug, or delivering the drug to specific cells or tissues [8]. Some drugs,
such as the antituberculosis agents isoniazid and ethionamide [9], have incidentally been
found to be prodrugs. The same is true of some P450-activated prodrugs, which were not
specifically designed as such, but were found to be prodrugs when they were characterized.
Codeine is a case in point. However, the design of prodrugs is now a deliberate and useful
approach in the pharmaceutical chemist’s repertoire [8]. The most commonly employed
method of preparing prodrugs, in part because of its experimental simplicity, is to esterify a
hydroxyl (or amine) group of the drug. Physiological esterases, amidases or phosphatases
then release the drug from its prodrug form. Although less common, cytochrome P450
enzymes are also often targeted for the activation of prodrugs. This review focuses
specifically on the activation of prodrugs by the cytochrome P450 system.

Cytochrome P450 system
The human genome encodes 57 cytochrome P450 enzymes, roughly a third of which are
involved in the biosynthesis of essential sterols, signaling molecules or regulatory factors, a
third of which are largely devoted to the metabolism of xenobiotics, and a third with
functions that remain unclear [10]. The P450 enzymes primarily involved in the metabolism
of xenobiotics are CYP1A2, −2B6, −2C8, −2C9, 2C19, −2D6,-2E1, −3A4 and −3A5. In
general, the enzymes that oxidize drugs and xenobiotics are of primary interest for the
activation of prodrugs. Of these, CYP3A4 is present in the highest concentration in the liver
and is responsible for the oxidation of approximately two-thirds of all known drugs [11].
However, the other P450 enzymes listed are also important players in drug metabolism and
prodrug activation.

The sites of expression and local concentrations differ for the various P450 enzymes. These
are two of the reasons why cytochrome P450 enzymes may be exploited to selectively target
drug activation to specific tissues. Notable examples are CYP1B1, CYP2S1 and CYP2W1,
three enzymes that are preferentially expressed in tumors and/or hypoxic tissues [12–14].
Two factors must be kept in mind, however, with regard to the distribution and activities of
drug metabolizing P450 enzymes. First, polymorphisms in the P450 genes can either
decrease or elevate the activities of the individual enzymes, with higher levels of expression
giving rise to higher metabolic capacity in individuals that are consequently described as
‘extensive’ or ‘hyper’ metabolizers [15,16]. Second, most of the drug-metabolizing enzymes
are subject to induction by xenobiotics or environmental factors [17,18]. A high potential
therefore exists for variability of prodrug activation in patients due to differences in the
expression and activity of individual P450 enzymes.

Cytochrome P450 enzymes can:

▪ Insert an oxygen into a C-H or N-H bond to give the corresponding hydroxyl
derivative;

▪ Catalyze the epoxidation of olefinic or aromatic π-bonds;

▪ Add an oxygen atom to the electron pair of a nitrogen or sulfur atom, resulting
in the formation of an N-oxide or S-oxide [19].

Chemically, the most impressive of the P450 reactions is oxidation of an unactivated C-H
bond to an alcohol. If the oxidation occurs within a hydrocarbon chain, the alcohol is the
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terminal product, but if the hydroxylation occurs at a C-H bond adjacent to a heteroatom, the
product is usually chemically unstable. The resulting intermediate undergoes an internal
elimination reaction that produces two fragments, one with a carbonyl group and the other
with a hydroxyl, amine or thiol function, depending on the nature of the relevant heteroatom
in the parent drug. This type of fragmentation reaction, or a variation of it, is the most
common basis for the P450-catalyzed release of a drug from its prodrug form. The
conversion of codeine into morphine and norcodeine, respectively, are examples of O-
dealkylation and N-dealkylation (Figure 1). Nevertheless, other P450 reactions can also be
employed in prodrug design. For example, as discussed later for a duocarmycin prodrug, the
addition of a hydroxyl group to an aromatic ring via an epoxidation-rearrangement
mechanism is a viable avenue for prodrug activation.

The catalytic turnover of cytochrome P450 enzymes requires two electrons per substrate
oxidation event. For all the mammalian drug-metabolizing cytochrome P450 enzymes, these
electrons are provided by NADPH cytochrome P450 reductase [20], although the second
electron can sometimes be provided by cytochrome b5 or cytochrome b5 reductase.
Cytochrome P450 reductase is a protein with two flavin prosthetic groups that uncouples the
two electrons provided by NADPH and delivers them individually to the P450 heme group.
Under anaerobic or hypoxic conditions, cytochrome P450 enzymes can accept the electrons
from P450 reductase and use them to catalyze reductive reactions. This feature of P450
catalysis suggests that reductive cytochrome P450 reactions can be exploited for the
reductive activation of prodrugs in hypoxic cells. Furthermore, cytochrome P450 reductase
itself, as a one-electron donor, can directly promote the reduction of certain functionalities,
such as nitro groups.

Anticancer prodrug activation
Prodrugs intended for the treatment of human tumors can be activated by cytochrome P450
through oxidative or reductive mechanisms. If the activation is through an oxidative
mechanism, the prodrug will not be preferentially targeted to tumor tissues unless the
activation is mediated by a cytochrome P450 enzyme that is selectively overexpressed in
cancer cells. Although not yet exploited, the targeting of prodrugs for aerobic activation in
cancer cells is now feasible due to the discovery that a number of P450 enzymes are
selectively expressed in tumors. As already noted, reductive activation by the P450 system
can also be used to target prodrugs to hypoxic cells such as those found in the poorly
vascularized regions of solid tumors.

Oxidative activation
Cyclophosphamide and ifosfamide, two anticancer drugs that are extensively used in the
clinic, derive from formulation of the prodrug concept by Druckrey in 1952 [21,22]. In
addition to these two mainstream anticancer drugs, other agents have found clinical
acceptance in cancer chemotherapy.

Cyclophosphamide/ifosfamide—Cyclophosphamide is an alkylating prodrug with a
relatively high therapeutic index that is effective against a range of human tumors [23]. It
also has immunosuppressive activity and is employed clinically to treat auto immune
diseases and in bone marrow and renal transplantation [23]. In vivo, cyclophosphamide is
converted to a phosphoramide mustard that spontaneously cyclizes to an aziridinium DNA
crosslinking agent (Figure 2) [24,25]. The release of the alkylating mustard involves
cytochrome P450 hydroxylation adjacent to the ring nitrogen atom, reversible opening of the
ring to give an aldophosphamide, and spontaneous decomposition of this intermediate to
yield the phosphoramide mustard and acrolein. A competing reaction is the oxidation of the
aldophosphamide aldehyde group to a carboxylic acid by an aldehyde dehydrogenase, a
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metabolite that is no longer able to release the active alkylating agent [26]. The drug is thus
most effective in tissues with low aldehyde dehydrogenase activity, while its genotoxicity is
attenuated in cells that have high titers of this enzyme. The acrolein side product is
responsible for the kidney toxicity of cyclophosphamide, but the incidence of hemorrhagic
cystitis can be attenuated by co-administration of sodium 2-sulfanylethanesulfonate (mesna:
HSCH2CH2SO3

−Na+), a hydrophilic, cell-impermeable thiol agent that adds to acrolein in
the circulation and inactivates it [27].

Analysis of the human cytochrome P450 enzymes responsible for the activation of
cyclophosphamide shows that CYP2A6, −2B6, −2C9, −2C18, −2C19, −3A4 and 3A5 have
significant cyclophosphamide 4-hydroxylase activity, but CYP2B6 is the dominant player in
human liver [28]. The Km and Vmax values of human CYP2B6 for cyclophosphamide are
4.9 µM and 62.5 mol/min/mol P450 [29]. CYP2B6 mutants with higher cyclophosphamide
4-hydroxylation activities have been prepared as potential catalysts to be transfected into
human tumor cells in gene-directed enzyme prodrug therapy [7,30].

Ifosphamide and trophosphamide are anticancer drugs closely related to cyclophosphamide,
although of these two only ifosphamide is used extensively (Figure 2). The activation of
these drugs is similar to that of cyclophosphamide and is triggered by 4-hydroxylation of the
drug, ring opening to give an aldehyde intermediate, elimination of acrolein to release the
phosphamide and spontaneous formation of an aziridinium product that crosslinks DNA
[24,25]. Studies of the cytochrome P450 specificity of ifosphamide 4-hydroxylation indicate
that the most active enzyme in this case is CYP3A4 [28].

Dacarbazine/procarbazine—Dacarbazine is an anticancer alkylating prodrug employed
in the treatment of Hodgkin’s lymphoma, metastatic melanoma, soft tissue sarcoma and
non-Hodgkin’s lymphoma [31,32]. Cytochrome P450-catalyzed N-demethylation of
dacarbazine initiates the release of methyl diazonium, which in turn methylates the O6 of
guanine in DNA (Figure 3) [33,34]. The prodrug formulation makes possible the cellular
delivery of a highly reactive chemical agent. This oxidative reaction can be catalyzed by
CYP1A1, CYP1A2 or CYP2E1 [35]. In the context of possible gene-directed enzyme
prodrug therapy, mutants of CYP1A1 have been developed that more efficiently oxidize
dacarbazine to its active metabolite [36]. The requirement for activation by a cytochrome
P450 enzyme has more recently been eliminated in the triazene prodrug temozolomide,
which spontaneously decomposes to the same alkylating agent [37].

An N-dealkylation is also involved in activation of procarbazine, a related triazene prodrug
(Figure 3). In this case, activation involves cytochrome P450 oxidation of the hydrazine to
an azo linkage, further oxidation of the azo nitrogen to the azoxy state, and finally
hydroxylation at the benzylic carbon [38–40]. This final metabolite spontaneously
decomposes to produce methyl diazonium. Procarbazine is a substrate for CYP1A1 and
−2B6 [41].

Tegafur (Ftorafur®)—The anticancer prodrug tegafur (Figure 4) is converted to 5-
fluorouracil, an agent that acts by inhibiting thymidylate synthase and through its
incorporation into RNA [42,43]. The prodrug form of the drug circumvents the rapid
degradation of 5-fluorouracil that occurs in the intestinal system and is also less toxic. The
conversion of tegafur to 5-fluorouracil is mediated by both cytosolic thymidine
phosphorylase and cytochrome P450, but a comparison of the two activation pathways
indicates that the activation by cytochrome P450 predominates [44]. Incubations with 14
recombinantly expressed human P450 enzymes showed that CYP1A2, CYP2A6, CYP2E1
and CYP3A5 have high activities for the conversion of tegafur to 5-fluorouracil, but further
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studies with competitive substrates and antibodies suggest that the primary enzymes
involved are CYP1A2, CYP2A6 and possibly CYP2C8 [45,46].

Flutamide—Flutamide is a nonsteroidal antiandrogen that is used in the treatment of
prostate cancer [47]. It is a prodrug that is hydroxylated by cytochrome P450 to the 2-
hydroxy derivative (Figure 5), the primary active form in vivo [48,49]. The hydroxylation
can be catalyzed by CYP1A1 (Km = 103 µM), CYP1A2 (Km = 18.0 µM), and CYP1B1 (Km
= 19 µM), with relative Vmax values of 15:20:1, respectively [50]. These values indicate that
CYP1A2 is the primary enzyme involved in the 2-hydroxylation, although the tumor-
specific enzyme CYP1B1 may contribute to catalysis of this reaction in tumors. The role of
the 2-hydroxy metabolite as the pharmacologically important form of the drug is supported
by the fact that: the parent compound is rapidly converted to the 2-hydroxylated metabolite;
the 2-hydroxylated structure is the major metabolite; it has equal or higher activity as an
antiandrogen [51].

Tamoxifen—Tamoxifen (Figure 6) is employed in the treatment of breast cancer. It has
intrinsic anticancer activity, but it is metabolized by phenyl ring hydroxylation and N-
deamethylation to endoxifen, which is a more potent anticancer agent. The phenyl ring
hydroxylation is mediated largely by CYP2D6, although other P450 enzymes can contribute
to the reaction, and the N-dealkylation by CYP3A4 and CYP3A5 [52]. Individuals who are
genetically deficient in CYP2D6 activity do not convert tamoxifen to endoxifen as
efficiently and have poorer response to the drug than individuals with high CYP2D6 activity
[53].

Duocarmycin/ICT2700—The duocarmycins (Figure 7) are exceptionally potent
cytotoxins in which the cyclopropane ring of the drug adds to the N3 of adenine in AT-rich
sites in the minor groove of DNA [54]. The cyclopropane ring is generated by
intramolecular reaction of a phenol with a halogen-substituted side chain. Cytochrome P450
is not involved in the activation of these natural products. However, highly potent anticancer
agents are often too toxic for clinical use. Increasing the specificity of the agent by
constructing a prodrug that is released by cytochrome P450 enzymes overexpressed in
tumors provides a potential mechanism for delivering the active form of the drug to the
tumor while sparing nontumor tissues.

The synthesis and evaluation of ICT2700, a prodrug for a duocarmycin-like molecule, has
recently been reported [55]. This molecule lacks the phenolic oxygen that is critical for
intramolecular formation of the cyclopropane ring that alkylates DNA (Figure 7). However,
CYP1A1 is able to efficiently introduce the required phenolic hydroxyl group, thus
converting the prodrug ICT2700 to a molecule that forms the cyclopropane ring and
alkylates DNA. In principle, ICT2700 would be activated to its cytotoxic form to a higher
extent in tumor tissues if CYP1A1 is overexpressed, or induced to a greater extent, in cancer
cells, conferring a therapeutic advantage on the molecule. However, although CYP1B1,
CYP2J2, CYP2S1, CYP2W1 and CYP4Z1 are overexpressed in human tumors and thus
may be suitable for the localized activation of prodrugs, CYP1A1 is not specifically
associated with tumor cells [56–60].

2-aryl-benzothiazoles—The agents 2-(4-amino-3-methylphenyl)-5-fluorobenzothiazole
(5F 203) and 5-fluoro-2-(3,4-dimethoxyphenyl)benzothiazole (GW 610) are experimental
cancer prodrugs that require cytochrome P450-catalyzed activation to form the DNA
adducts responsible for their antitumor activity [61–64]. Analysis of the antitumor activity of
GW-610 in breast cancer cell lines selectively depleted of CYP1A1, CYP2W1 or CYP2S1
indicated that CYP1A1 and CYP2W1 are involved in activation of the prodrug, whereas
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CYP2S1 mediates its inactivation [63]. A more recent detailed analysis of the metabolites
formed from these drugs suggests that the activation–deactivation of SF 203 involves the
formation of a hydroxylamine metabolite that can either be reduced back to the parent drug
by CYP2S1 or progress to the formation of DNA adducts, as shown in Figure 8 [64].

Reductive
The quest for an anticancer targeted prodrug that is selectively activated in hypoxic tumor
cells has not yet produced an approved drug. A number of efforts, including tyrapazamine
and AQ4N, have fallen short during clinical trials. However, two new agents, TH-302 and
PR-104, are currently in clinical trials. A number of prodrugs also exist that are reductively
activated by electron transfer from reductase enzymes, including cytochrome P450
reductase. Due to space limitations, these are not covered here, but have been reviewed [65].

AQ4N—AQ4N is a di-N-oxide prodrug of AQ4, a potent topoisomerase II inhibitor that is
too toxic to normal cells to be employed as an antitumor agent [66,67]. The di-N-oxide
prodrug does not have topoisomerase inhibitory activity, but in a hypoxic environment such
as that of solid tumors can be reduced to AQ4 by cytochrome P450 enzymes (Figure 9). The
deoxygenation of N-oxides, based on earlier work [68,69], involves transfer of the oxygen to
the reduced iron atom. The active drug can thus be targeted to hypoxic tissues while sparing
normoxic cells. Initial screens showed that several P450 enzymes catalyze the anaerobic
reduction of AQ4N to AQ4, but identified CYP3A4 as the most effective catalyst [70,71].
More recent work has demonstrated that CYP2S1 and CYP2W1, two P450 enzymes that are
selectively expressed in tumors and/or hypoxic cells [13–15], are even better catalysts [72].

TH-302—A limitation of agents such as cyclophosphamide and ifosfamide (Figure 1) is that
the activation reaction largely occurs in the liver rather than in the tumor, exposing all cells
to the alkylating agent. To circumvent this shortcoming, TH-302 has been designed as an
alkylating prodrug whose activation is largely restricted to hypoxic cells (Figure 10) [73].
The activation reaction does not actually require a cytochrome P450 enzyme, but does
require NADPH cytochrome P450 reductase, the electron-donor partner of most mammalian
P450 enzymes, or an alternative electron donor of appropriate redox potential. The
activation reaction thus involves hypoxic sequential single-electron transfers to the nitro
group to reduce it, first to the nitroso state and subsequently to the hydroxylamine (Figure
10). The nitrogen of the hydroxylamine can then extrude the alkylating agent by an
intramolecular elimination reaction. In aerobic environments, the nitro radical anion
produced by the first one-electron transfer donates the electron to molecular oxygen,
producing superoxide and regenerating the original nitro group. The details of nitro
activation in TH-302 have not been extensively studied, but a large amount of literature
exists on the reduction of nitroaromatic compounds [74,75].

PR-104—Another reductive anticancer prodrug in clinical trials is PR-104, the active form
of which is a DNA-crosslinking agent [76,77]. PR-104 is actually a pre-prodrug, in that a
phosphate group introduced to enhance water solubility has to be removed by endogenous
phosphatases before the reductive activation takes place (Figure 11). The resulting
metabolite, termed PR-104A, undergoes reduction of a nitro group on the aromatic ring.
Under hypoxic conditions, the sequential reduction steps are mediated by electron-donor
proteins that may include cytochrome P450 reductase. In the presence of oxygen the
reduction sequence is terminated after the first electron transfer, as the unpaired electron is
donated to molecular oxygen, forming superoxide and regenerating the parent prodrug.
However, in this instance, it has been found that the nitro compound can also be reduced
aerobically through a two-electron transfer mechanism by aldo-keto reductase 1C3 [78].
This reduction is relatively specific, as ten other hypoxia-activated drugs, including TH-302
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and AQ4N, were not subject to aerobic reduction by this enzyme. Aerobic reduction is likely
to increase the toxicity of the drug to normal tissues, limiting the dose that can be utilized.

Prodrugs for other indications
P450-activated prodrugs have been designed for clinical targets other than cancer, including
cardiovascular disorders, inflammation, parasitic infections, and as antihistamines for the
treatment of allergies, hypertension and hepatitis.

Ticlopidine/clopidogrel/prasugrel
Clopidogrel is a prodrug that releases an antagonist of the ADP P2Y12 receptor. It is
employed clinically as an antiplatelet agent to prevent atherothrombotic episodes in patients
with coronary artery disease that are being subjected to stent implantation. It was not
designed as a prodrug, but its prodrug nature enables delivery of an unstable thiol agent to
the site of therapeutic action. The generally agreed first step in the activation of clopidogrel
is hydroxylation of the thiophene ring to give a 2-hydroxy and, after proton tautomerization,
2-oxo metabolite (Figure 12). However, two alternatives have been proposed for the second
step of the activation process.

In one activation mechanism, a second P450-catalyzed reaction oxidizes the sulfur atom to
the sulfoxide, which then undergoes spontaneous hydrolysis to give a carboxy sulfenic acid
(Figure 12). Reduction of the sulfenic acid by glutathione or another reducing agent
generates the biologically active carboxy thiol metabolite [79]. Incubation of clopidogrel
thiolactone with CYP1A2, −2C8, −2C9, −2C19, −2D6, −3A4 or −3A5, produced the
sulfenic acid metabolite. Independent work led to the conclusion that CYP1A2, −2B6 and
−2C19 contributed significantly to the first oxidative activation step, and CYP2B6, −2C9,
−2C19 and −3A4 to the second one [80]. Taking into account the hepatic levels of the P450
enzymes, it was concluded that CYP2C19 and CYP3A4 were the most important catalysts
of the first and second activation steps, respectively. These same studies confirmed the
requirement for glutathione or a similar agent to complete the formation of the
pharmacologically active thiol compound.

This second oxidative activation sequence has been questioned by work suggesting that the
initial thiolactone metabolite is hydrolytically converted to the active agent by the
thioesterase PON-1 rather than by a P450-catalyzed reaction [81]. Further investigation by
Dansette et al. showed that the oxidative pathway produces one isomer of the
pharmacologically active metabolite, whereas the PON-1 hydrolytic reaction produces a
different isomer with the double bond shifted to another ring position (Figure 12) [82,83].
Their results suggest that the oxidative pathway is the dominant one. Nevertheless, based on
a study of the drug in patients, the proponents of the PON-1 activation step have argued that
it is, in fact, the critical one [84].

Prasugrel is a prodrug closely related in terms of structure and mechanism to the initial
thiolactone metabolite of clopidogrel (Figure 12). In this molecule, the first activation step is
hydrolysis of the exocyclic ester to produce a thiolactone analogous to that obtained
oxidatively from clopidogrel. Conversion of this intermediate to the ring opened carboxy
thiol product requires a P450 oxidation to cleave the ring and give a carboxy sulfenic acid
product that is reductively converted to the pharmacologically active thiol drug [85]. The
sulfenic acid can be chemically trapped [85–87]. As reported for clopidogrel, thioesterase
opening of the thiolactone yields a thiol derivative with the double bond at a different ring
position. Experiments carried out with 18O2 and H2

18O provide direct evidence that the
thiolactone sulfoxide is opened by attack of the water molecule on the carbonyl group with
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sulfenic acid as the leaving group. As with clopidogrel, glutathione is required for formation
of the final pharmacologically active agent.

Other members of this class of drugs are similarly activated. These include ticlopidine
(Figure 12), the simplest of these antiplatelet drugs. It has a higher risk of thrombocytopenic
purpuria and neutropenia than clopidogrel, which has largely replaced it in clinical practice.
The same mechanism of activation proposed for clopidogrel and prasugrel applies to
ticlopidine [79]. Vicagrel, a molecule with the same first activation step as prasugrel, but
with the chloro and methyl ester substituents of clopidogrel, has recently been described. It,
too, is assumed to undergo a second P450-catalyzed activation step [88].

Nabumetone
Nabumetone, a popular NSAID prodrug, is used to relieve pain and swelling caused by
osteoarthritis and rheumatoid arthritis [89]. Its primary advantages over NSAIDs like
naproxen are its lower gastrointestinal irritation and its once-daily dosing. Approximately
35% of the prodrug is converted in the liver to 6-methoxy-2-naphthylacetic acid, the
pharmacologically active agent that inhibits COX2 [90,91]. This transformation is catalyzed
largely by CYP1A2. The compound was not designed as a P450-activated prodrug, but was
subsequently found to be one. The mechanism of the activation reaction, which involves
cleavage of a carbon–carbon bond, has not been elucidated. However, if it resembles that
involved in the sterol C17–20 lyase reaction catalyzed by CYP17A1 [19], it may proceed via
initial hydroxylation to give the α-hydroxyketone intermediate as shown in Figure 13.

Pafuramidine/DB289
Pafuramidine (DB289) is a prodrug that is converted to the potent antiparasitic metabolite
DB75 by two sequential O-demethylation reactions followed by an equal number of
reductive dehydroxylation reactions Figure 14). The active agent DB75 has poor absorption
due to its dicationic nature, whereas the prodrug DB289 has much better absorption
properties. The prodrug is active against a variety of infections, including Pneumocystis
pneumonia and trypanosomiasis.

The O-demethylations of DB289 are catalyzed by cytochrome P450 [92,93], whereas the
dehydroxylation steps are mediated by cytochrome b5/NADH-cytochrome b5 reductase [94].
Screening with pure enzymes indicated that CY1A1, −1A2, −1B1, −2J2, −4F2 and −4F3B
could catalyze the O-demethylation, but further work established that the primary catalysts
in the enterohepatic system were CYP4F2 and CYP4F3B [92,93].

Loratadine
Loratadine, a nonsedating antihistamine employed for the relief of seasonal allergic
symptoms, is marketed in the USA as Claritin® [95]. Loratadine is readily absorbed and
undergoes extensive metabolism to give descarboethoxyloratadine, the principal
pharmacologically active agent Figure 15 [96,97]. The cytochrome P450-catalyzed
transformation of loratadine to descarboethoxyloratadine involves hydroxylation of the ethyl
group adjacent to the oxygen atom, followed by sequential loss of ethanol and carbon
dioxide. The role of cytochrome P450 rather than an esterase in this process is confirmed by
the finding that in liver microsomes NADPH is required and esterase inhibitors do not
interfere with the conversion [96]. Analysis of the transformation mediated by human liver
microsomes indicates that CYP3A4 and CYP2D6 are the enzymes responsible for this
reaction.
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Terfenadine
Terfenadine was marketed as an antihistamine until it was accidentally discovered to be a
prodrug that was converted to the activated form by CPY3A4-catalyzed oxidation of one of
the methyls of a tert-butyl group to a carboxylic acid. Unfortunately, terfenadine, the
prodrug form, proved to cause a potentially fatal cardiac disorder known as torsades des
pointes. It is normally converted rapidly in the liver to the acid derivative, now marketed as
the drug fexofenadine, but in patients taking agents that inhibited CYP3A4 function this
metabolism was impaired and resulted in patient deaths [98]. It is an example of what a
prodrug should not be.

Losartan
Losartan is a highly selective, competitive angiotensin II receptor type 1 (AT1) antagonist
that decreases total peripheral resistance and cardiac venous return [99]. Although losartan
itself is pharmacologically active, it is oxidized by cytochrome P450 to its 5-carboxylic acid
derivative (Figure 16). This metabolite, known as EXP3174, is 10–40 times more potent in
blocking AT1 receptors and is longer acting, as shown by the T1/2 values of 1.5–2.5 and 3–9
h for elimination of losartan and E3174, respectively [100,101]. The oxidation of the
losartan 5-methyl group to the aldehyde and subsequently to the carboxylic acid is mediated
by CYP2C9 and CYP3A4 [102,103].

Pradefovir
Adefovir dipivoxyl, a drug that is clinically employed for the treatment of hepatitis B, is
administered at a suboptimal dose due to renal toxicity of the drug. Efforts to circumvent
this limitation led to the development of the prodrug pradefovir (Figure 17) [104]. The
prodrug is activated by CYP3A4 hydroxylation of the ring in a manner similar to that for
cyclophosphamide (Figure 3) [105]. The monophosphate thus released is phosphorylated in
situ by PRPP synthase, producing adefovir. The prodrug preferentially delivers adefovir to
the liver, as indicated by a 12-fold higher liver/kidney ratio of adefovir with the prodrug
versus the parent agent [105].

Future perspective
Prodrugs provide an avenue for the redesign of old drugs or the invention of new ones. A
diversity of enzymatic processes can be exploited for the physiological activation of
prodrugs and the selection of the activation mechanism depends on the structure of the drug
and the purpose of the prodrug. The use of cytochrome P450 enzymes to activate prodrugs
greatly expands the type of functionality that can be used in prodrug design due to the
versatility of cytochrome P450 catalysis. Another advantage of cytochrome P450 catalysis is
that it can, in principle, provide a mechanism for selective prodrug fragmentation within
specific cells or tissues. At a basic level, this can occur in tissues with high P450
concentrations, such as the liver or lungs. At a more sophisticated level, prodrugs can
theoretically be targeted to individual P450 enzymes whose cellular and organ distributions
then determine the site(s) of prodrug activation. This cytochrome P450-specific targeting of
prodrugs is in its infancy, but the targeting of prodrugs to P450 enzymes overexpressed in
tumor tissues is a promising area for future work. The tumor-selective or -specific release of
anticancer drugs can lower systemic toxicity and thus allow the use of higher doses, or of
much more cytotoxic molecules, in cancer therapy. An alternative approach is to design
prodrugs that are activated in hypoxic tissues, whether by a P450 enzyme or by its electron-
donor partner. This approach, which has been under investigation for some time, is currently
being tested by clinical trials with two drugs. Of course, one can envision a prodrug that is
activated under hypoxic conditions by a tumor-specific P450 enzyme, increasing the
constraints that limit its cytotoxic activity to the tumor tissue.
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Three limitations, however, must be kept in mind with respect to the cytochrome P450-
catalyzed activation of prodrugs. The first is that cytochrome P450 enzyme activities are
subject to considerable variation due to isoform-specific polymorphisms, induction and
other phenomena. This variation can result in different levels of prodrug activation in
different individuals. The second is that cytochrome P450 enzymes are relatively slow, so
that release of the drug from the prodrug usually take time.Finally, as drug-metabolizing
forms of cytochrome P450 are involved in the metabolism of most drugs, a potential exists
for drug–drug interactions at the level of prodrug release. These limitations are by no means
prohibitive, but must be considered in the design and use of a P450-activated prodrug.
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Key Term

CYP The prefix that denotes a cytochrome P450 enzyme. It is followed by
a number for the family, a letter for the subfamily, and a number
denoting the specific P450 enzyme in the subfamily. Enzymes with
approximately 40% amino acid identity are classified in the same
family and with approximately 55% identity in the same subfamily.
Thus CYP1A2 denotes the second P450 enzyme of family 1,
subfamily A.

Gene-directed
enzyme prodrug
therapy

Experimental approach in which the concentration of a specific P450
enzyme that activates a prodrug is enhanced in a tumor by transfection
before administration of the prodrug.

Stent
implantation

Insertion of a mesh tube into a constricted artery to widen it and
improve blood flow.
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Executive summary

Prodrugs

▪ A prodrug is a compound that has little or no activity on a desired
pharmacological target, but is converted to an active, or more active, entity
by an endogenous metabolic reaction.

▪ Prodrugs can fulfill many purposes, including improving pharmacokinetics,
decreasing toxicity, or facilitating delivery of the drug to specific tissues or
cells.

Cytochrome P450 system

▪ Cytochrome P450 enzymes are involved in the metabolism of most drugs and
xenobiotics, and therefore, of most prodrugs.

▪ Cytochrome P450 enzymes are highly versatile oxidative catalysts for the
activation of prodrugs.

▪ Cytochrome P450 enzymes can have distinct organ and cellular locations.

▪ The levels of cytochrome P450 activity can be altered in an enzyme-specific
fashion by genetic and environmental factors.

▪ The selective location of several P450 enzymes in tumor or hypoxic tissues is
of particular interest in the context of anticancer drug development.

▪ Under hypoxic conditions, reductive reactions can also be catalyzed by P450
enzymes or by cytochrome P450 reductase, their electron-donor partner.

Anticancer prodrug activation

▪ Anticancer agents are a particularly interesting area for prodrug development.

▪ The oxidative activation of prodrugs is embodied by the clinically used drugs
cyclophosphamide, ifosfamide, dacarbazine, and procarbazine, all of which
are alkylating agents.

▪ Oxidative activation is also involving in the activation of flutamide and the
experimental agents ICT2700, a duocarmycin prodrug, and 5F 203.

▪ As shown by tamoxifen, polymorphisms in specific P450 enzymes can
influence the activation of prodrugs.

▪ Targeting of solid tumors by alkylating prodrugs activated by the P450
system under hypoxic conditions is the basis for the experimental prodrugs
AQ4N, TH-302 and PR-104.

Prodrugs for other indications

▪ P450-activated prodrugs exist for diseases other than cancer.

▪ P450 is involved in the activation of the prodrugs ticlopidine, clopidogrel and
prasugrel involved in treatment of cardiovascular disorders.

▪ Nafumetone is a P450-activated nonsteroidal anti-inflammatory prodrug with
lower gastric effects than other NSAID agents.

▪ The antiparasitic prodrug pafuramidine circumvents the poor absorption
properties of the parent drug DB75.

▪ A nonsedating antihistamine, loratadine, is a P450-activated prodrug.
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Figure 1.
Conversion of codeine to its glucuronide and morphine metabolites with higher biological
activity.
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Figure 2.
Cytochrome P450-catalyzed activation of cyclophosphamide to its aziridinium DNA
alkylating metabolite.
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Figure 3.
Cytochrome P450-catalyzed oxidations of dacarbazine and procarbazine that produce the
DNA alkylating agent methyl diazonium.
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Figure 4.
Cytochrome P450-catalyzed release of 5-fluorouracil from tegafur.
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Figure 5.
Oxidation of flutamide to it biologically active form.
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Figure 6.
Two reaction sequences that convert tamoxifen to the more biologically active endoxifen.
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Figure 7.
Aromatic ring hydroxylation as a novel route for the conversion of a prodrug to its active
form.
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Figure 8.
Activation of 5F-203 by CYP2W1 and deactivation by CYP2S1, two enzymes that are
selectively expressed in tumor tissues.
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Figure 9.
Cytochrome P450-catalyzed reductive activation of AQ4N to AQ4 under hypoxic
conditions.
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Figure 10.
Release of a mustard alkylating agent from TH-302 as the result of electron transfer to the
parent drug under hypoxic conditions.
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Figure 11.
Biological activation of PR-104 by phosphate hydrolysis followed by reduction of a nitro
group under hypoxic conditions.
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Figure 12.
Alternative pathways proposed for activation of the prodrug clopidogrel and of the closely
related analogues ticlopidine, prasugrel and vicagrel.
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Figure 13.
Hypothetical mechanism for the conversion of nabumetone to its biologically active
carboxylic acid metabolite.
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Figure 14.
Cytochrome P450-catalyzed activation of pafuramidine to furamidine, the biologically
active form.
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Figure 15.
Release of descarboethoxyloratadine from the prodrug loratadine by a hydroxylation-
decarboxylation route.
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Figure 16.
Two-step oxidation of losartan to the biologically active metabolite EXP3174.

Ortiz de Montellano Page 33

Future Med Chem. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 17.
Conversion of pradefovir to adefovir diphosphate.
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