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Ifosfamide. Metabolic Studies, New Therapeutic Approaches and New
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Abstract: Ifosfamide (IFO), an oxazaphosphorine-type anticancer alkylating agent, was found to be
particularly useful in the treatment of a wide variety of neoplasm in adults and children. IFO is a positional
isomer of cyclophosphamide (CPA) and was introduced into clinical practice in the ‘80s and has recently
attracted much attention. Therapeutic application of high-dose IFO is limited by several side-effects; among
them neurotoxicity and nephrotoxicity give the greatest concern. The presence of these side-effects is likely to
be connected with the metabolism of this drug. In recent years there have been many studies aiming better
understanding metabolism of this drug, employing new therapeutic approaches and preparing new analogs.
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INTRODUCTION

Ifosfamide {[N,3-bis(2-chloroethyl)tetrahydro-2H-1,3,2-
oxazaphosphorine-2-amine 2-oxide], IFO, CAS 3778-73-2}
is an anticancer alkylating agent found to be particularly
useful in the treatment of a wide variety of neoplasms in
adults and children [1, 2]. It belongs to the family of
oxazaphosphorine drugs along with cyclophosphamide
(CPA) and trofosfamide (TRO) (Fig. 1).
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Fig. (1). Chemical structures of ifosfamide (IFO),

cyclophosphamide (CPA), and trofosfamide (TRO).

These three drugs, although having similar chemical
structure, differ in their metabolism, pharmacokinetics, and
spectrum of anticancer activity. Chemistry [3-5],
pharmacology [6-9] and pharmacokinetics [10-12] of CPA
have been extensively reviewed. The use of TRO in clinic is
limited mostly to the palliative treatment of cancer patients
[13]. In this review we will summarize the Ilatest
developments on ifosfamide.

After the introduction at the end of 50s, of CPA into
clinic intensive structure-activity relationship studies were
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performed in the Asta-werke Laboratories in Germany [14].
One of these studies focused on different arrangement of 2-
chlorethyl alkylating groups. IFO was synthesized as an
effect of this program in three steps starting from aziridine
and 3-chlorpropanol [15] (Scheme 1).
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The use of highly toxic and volatile aziridine is
inconvenient for the industrial preparation of IFO and a new
method was developed (Scheme 2) [16, 17] based on a
chloroacetylation-carbonyl reduction procedure [18] of
introduction of 2-chlorethyl moiety on N3 atom of 1,3,2-
oxazaphosphorine ring.
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IFOSFAMIDE METABOLISM

The pharmacology [19] and pharmacokinetics [10-12] of
IFO have been reviewed. Briefly, IFO is a pro-drug activated
in vivo by cytochrome P450, mostly CYP3A4 an CYP2B6
subtypes, which take part in hydroxylation of C-4 atom of
tetrahydro-2H-1,3,2-oxazaphosphorine ring (Fig. 2).

© 2006 Bentham Science Publishers Ltd.
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Fig. (2). Ifosfamide (IFO) metabolic pathways.

The resulting 4-hydroxyifosfamide (4HOIF) is in
tautomeric equilibrium with aldoifosfamide (aldoIF), which
spontaneously releases isophosphoramide mustard (iPAM), a
final DNA bis-alkylating metabolite, and acrolein. This last
metabolite is suspected of causing bladder toxicity. To avoid
this side-effect, IFO therapy similarly as CPA one, is
combined with the use of 2-mercaptoethylsulfonate (Mesna).
At the same time 4HOIF and aldolF are oxidized into 4-
ketoifosfamide (4ketolF) and carboxyifosfamide (carboxylF),
respectively. Both of these metabolites are biologically
inactive and excreted in the urine. Contrary to CPA, IFO
also undergoes metabolic hydroxylation of C-1 atoms of 2-
chloroethyl chains leading to the formation of unstable
hydroxy intermediates which spontaneously collapse into 2-
and 3-dechloroethylated metabolites, 2DCEIF and 3DCEIF
and chloracetaldehyde. This last compound is suspected to
be responsible for neurotoxicity and nephrotoxicity of IFO,
the major dose-limiting side-effects of this drug [20-22].
Undesired side-chain hydroxylation metabolic pathways

consist up to 50% of IFO metabolism in adult patients [23,
11]. Metabolism of IFO was extensively examined with the
use of various analytical techniques such as TLC, HPLC,
GC-MS and 3P NMR spectroscopy [24-30]. This last
method is recently the most widely used since it enables
quantification of unchanged IFO and all its stable
metabolites excreted with the urine without further work-up
or derivatization.

Recently, an attempts have been undertaken to correlate
amounts of chloracetaldehyde formed during metabolism of
IFO with neurotoxicity and nephrotoxicity of this drug in
cancer children [31]. Study of IFO metabolism using 3!P
NMR spectroscopy showed a great variation of the level of
excreted unmetabolized drug and its metabolites 2DCEIF
and 3DCEIF which are formed in equimolar amounts with
chloracetaldehyde. However, no correlation between higher
level of 2DCEIF and 3DCEIF and the occurrence of
neurotoxicity and nephrotoxicity were found. Such a result
suggests the presence some additional factors influencing
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these side-effects, probably connected with a second phase of
metabolism and activity of glutathione S-transferase which
is able to detoxify chloracetaldehyde. Such hypothesis is
now under examination in our Laboratory. However, other
studies proved that expression of specific sub-types of
cytochrome P450 can be linked to therapeutic effect of IFO
[32] and its nephrotoxicity [33].

Ifosfamide is a chiral molecule and exists in enantiomeric
forms (Fig. 3) but stereochemical aspects of its metabolism
are largely uninvestigated.

0_ ,NHCHCH,CI o_ L0
/P/, /P/:.
CN ‘0 1}1 NHCH,CH, Cl
|
CH,CH,C]1 CH,CH,CI
(9)-¢)-IFO (R)y-(H-IFO

Fig. (3). Chemical structures of ifosfamide (IFO) enantiomers.

We were the first to prove that metabolic hydroxylation
of IFO side-chains is stereoselective [23] and this was later
confirmed in other studies [34, 35]. It has consequences in
the differences between antitumor activities of IFO
enantiomers against several experimental tumors in mice
[36]. In these studies we found that (S)-(-)-IFO was more
active than either a racemate or the (R)-(+)-IFO. However,
some very recent studies on enantioselective metabolism and
cytotoxicity of (R)- and (S)-IFO [37, 38] suggest that tumors
mostly expressing CYP3A enzymes should be more
sensitive to the R enantiomer. The problem of
stereoselectivity of IFO metabolism and antitumor activity
clearly needs further investigation.

NEW THERAPEUTIC APPROACHES

The toxicity related to conventional anticancer
chemotherapy is mostly caused by the lack of selectivity of
cytostatics used against target tumor cells. The desired
selectivity can be obtained by, inter alia, the use of gene
therapy. One method of such anticancer experimental therapy
is enzymatic activation of pro-drug in genetically modified
tumor cells, so-called Gene-Directed Enzyme Pro-drug
Therapy (GDEPT) [39, 40]. In recent years several
enzyme/pro-drug systems were elaborated, some are now
under clinical trial [41]. The possibility of the use of IFO
and of cytochrome P450 isoforms was intensively examined
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Fig. (4). Chemical structures glufosfamide (GFO) and newly
obtained isophosphoramide mustard derivatives (1-9).
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in recent years and these studies have been summarized in
some reviews [42-45]. Gene therapy employing IFO and
retroviral delivery of CYP2B1 and CYP2B6 is now under
phase II clinical trials.

Recently, studies were undertaken to examine the
possibility of the use in GDEPT derivatives of iPAM, the
final IFO metabolite. [46, 47] (Fig. 4). Such derivatives can
have good, desirable pharmacokinetic properties, as already
shown for the glycoside ester of iPAM, glufosfamide (GFO)
[48].

Three groups of iPAM derivatives have been obtained:
benzyl (1-4), which can be activated by cytochrome P450,
acylthioethyl (5-7), possibly activated by hydrolases, and
phosphate (8-9), activated by phosphatases. A correlation
between the ability of these compounds to be activated by
the appropriate enzymes and their cytotoxicity in vitro and
antitumor activity in vivo has been found. Acylthioethyl
compounds (5-7) possess strong antitumor activity.
(However, the employment of iPAM derivatives in GDEPT
should rather be based on the use of enzymes, which are not
present in human cells; in this context the use of
phosphotriesterases [49], enzymes now examined for
detoxification of phosphoroorganic nerve gases, seems to be
very promising). Such studies are now underway in this
Laboratory. The use of differently substituted iPAM
derivatives, e.g. with 2-bromoethyl group(s), gives a chance
to modulate their alkylating properties. In other studies, the
use of the phosphoramide mustard (PAM, active metabolite
of cyclophosphamide) derivatives in GDEPT has been
examined recently [50-53].

NEW IFOSFAMIDE ANALOGS

In late ‘80s, based on the differences in alkylation ability
between iPAM and PAM, we set up a working hypothesis
that antitumor activity among these group of compounds
strongly depends on the kind of leaving group present in the
mustard moiety. Formation of aziridinium ions from the
mustard 2-chlorethyl group is a key process in the DNA bis-
alkylation and any interference in it should have a profound
effect on anticancer activity [54]. Based on this hypothesis, a
series of ifosfamide analogs possessing modified exocyclic
2-chloroethyl moiety have been synthesized. Among these
compounds a bromo analog possessed the highest antitumor
activity against L1210 Leukemia. Further studies on the
antitumor [55], pharmacokinetics [56, 57], and
pharmacological properties [58] of stereoisomers of bromo
analogs of IFO led to the selection of the most active
compound (S)-(-)-bromofosfamide (SBF) (Fig. 5).
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Fig. (5). Chemical structure of (S)-(-)-bromofosfamide (SBF).

In the studies on mice, this agent possessed similar
toxicity against urinary tract as IFO, particularly when it was
used together with Mesna [59]. At the same time it was
found that a synergistic effect on antitumor activity of cells
releasing interleukine 2 and SBF [60]. Efficient synthesis of
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SBF was elaborated [61] (Scheme 3) and now this
compound can be prepared, starting from 3-chlorpropanol
and (-)-0-methylbenzylamine, in a six steps with 25% total
yield.
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A comparison of antitumor activities of SBF and IFO
using murine model tumors (Leukemia L1210, Lewis Lang
carcinoma, and melanoma B16) showed an increase of
therapeutic indices in the range 14-127%. Based on these
encouraging results, SBF recently became a subject of phase
I clinical studies in Poland in which maximal tolerated dose
was elaborated to be 1.89 g/m? [62].

In the first stage of study of SBF metabolism, the
synthesis of its potential metabolites (10-14) has been
performed [63] (Fig. 6).
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Fig. (6). Chemical Structures of Potential Metabolites (10-14) of
(S)-(-)-Bromofosfamide.

Compounds (10-14) will be used as standards for
quantitative analysis of SBF metabolism. These studies, in
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a combination of analysis of SBF anticancer mode of action,
should lead to an explanation of high activity and
stereoselectivity of this experimental drug. Its final
metabolite (14) is prochiral and the most probably biological
stereodifferentiation regulate the earlier stages of metabolism
of SBF. It is noteworthy that SBF belongs to a small group
of anticancer alkylating agents with a 2-bromoethyl group.
Another such compound is tallimustine congener PNU
15977 [64].

As described above, therapeutic use of IFO and SBF in
necessary high doses is limited mostly by nephrotoxicity
and neurotoxicity [20-22]. The most probable explanation of
these side-effects is the release of chlor(brom)acetaldehyde in
a process of metabolic hydroxylation of C-1 atoms in 2-
chloro(bromo)ethyl groups. Any inhibition of this reaction
should diminish these side-effects. A hypothesis which was
formulated by exchange of hydrogen atoms connected with
C-1 atom by deuterium should lead to retardation of such
undesired side-chain hydroxylation [65]. To this end, a
series of deutero-substituted analogs of IFO, e.g. a,0,0°,0’-
tetradeuterated derivative of ifosfamide (IFO-dy4) (Fig. 7),
and SBF were obtained in a form of racemic and
enantiomeric compounds. Halogenoacetylation and
subsequent reduction of carbonyl group were used to
introduce deuterium atoms.
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Fig. (7). Chemical Structure of a,a,0’,a’-Tetradeuterated
Derivative of Ifosfamide (IFO-dg).

IFO-d4 was used for microsomal metabolic studies in
which isotope effects in side-chain hydroxylation reactions
have been established. Antitumor activity studies of IFO-dy
and SBF-d4 showed that these compounds were more active
than IFO and SBF against of 1210 Leukemia in mice. It was
also found that the levorotatory enantiomer of IFO-d4 and
SBF-d4 were more active than a appropriate racemic
compounds. Similar stereodifferentiation of biological
activities had already been found for CPA and IFO [36] and
bromo analogs of IFO [55]. Observed differences in
biological activities among deutero-substituted compounds
and unlabelled ones, confirm the hypothesis that IFO
metabolic pathway leading to the chloracetaldehyde is
undesired from a point of view of antitumor properties.
However, the role of chloracetaldehyde formation during
anticancer therapy with IFO is still controversial and other
studies suggested a positive effect of this metabolite for
anticancer activity of this drug [66].

To avoid undesired metabolic side-chain hydroxylation
of IFO, a tetramethyl IFO analog {[N,3-bis(2-chloro-1,1-
methylethyl)tetrahydro-2H-1,3,2-oxazaphosphorine-2-amine
2-oxide], was designed [67]. However, many attempts to
synthesize this compound have failed. The major problem is
the introduction of the 2-chloro-1,1-methylethyl group at N3
of the 1,3,2-oxazaphosphorine ring. It was only possible to
make a dimethyl IFO analog, N-(2-chloro-1,1-
dimethylethyl)-3-(2-chlorethyl)tetrahydro-2H-1,3,2-
oxazaphosphorine-2-amine 2-oxide] (15) (Fig. 8) in a
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reaction involving ring-opening of gem-dimethylaziridinyl
compound with hydrogen chloride.

O\ _0
X
N7 T NHO(CH ),CHy L

CH,CH,C1

15

Fig. (8). Chemical Structure of N-(2-chloro-1,1-dimethylethyl)-
3-(2-chlorethyl)tetrahydro-2H-1,3,2-oxazaphosphorine-2-
amine 2-oxide [15].

Microsomal activation of dimethyl IFO analog was
examined and it was found to proceed in a similar rate as for
IFO. However, this IFO congener was much less active
against L1210 Leukemia than the parent drug. This result
suggests that introducing methyl substituents into 2-
chlorethyl groups of IFO diminishes the effectiveness of
DNA alkylation by an appropriate final metabolite and this
direction of IFO modification is not promising. Another
study on the synthesis of dimethyl IFO analogs has been
reported but no biological activities of obtained compounds
were described [68].

Among oxazaphosphorine drugs, levorotatory
enantiomers possess better antitumor activity than clinically
used racemates [36, 55]. To assess the influence of
stereochemistry of phosphorus on antitumor activity, the
synthesis of pre-activated 4-hydroperoxy derivatives of IFO
and SBF, 4HOOIFO and 4HOOSBF (Fig. 9), were
elaborated in a form of racemic and levorotatory enantiomers
[69] .
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4H OOIF 4HOOBF

Fig. (9). Chemical Structures of 4-Hydroperoksyifosfamide
(4HOOIF) and 4-Hydroperoksy-bromofosfamide (4HOOBF).

4HOOIFO and 4HOOSBF were obtained from racemic
and (-)-enantiomers of IFO and SBF by their oxidation by
means of ozone and hydrogen peroxide. The cis and trans
isomers formed in these reactions were separated from each
other and their in vitro antitumor activity against SW707
(rectal adenocarcinoma), MCF-7 (breast carcinoma), KB
(cervical carcinoma), and HCV29T (bladder cancer) was
examined. It was found that 4HOOIFO species are more
active than 4HOOSBF counterparts which was a bit
unexpected in the context of higher activity of SBF than
IFO. must probably, bromo analogs are chemically less
stable than chloro ones. It was also found that there are no
major difference in activities between cis and trans isomers
and between racemic and levorotatory enantiomers. These
results suggest that differences in antitumor activities
between stereoisomers of IFO and SBF rely on
stereoselectivity of side-chain hydroxylation and not on
hydroxylation of 1,3,2-oxazaphosphorine ring. Such a
hypothesis is also confirmed by the fact that large
stereodifferentiation is observed for IFO and SBF, where
metabolic hydroxylation of 2-chlor(brom)ethyl groups has a
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major role compared to CPA, where this metabolic pathway
is only marginal.

4-Hydroperoxy compounds synthesized are probably too
labile to use as therapeutics. However, other studies on pre-
activated IFO analogs have shown high activity of 4-
methoxyifosfamide [70] and sulfonyl derivatives of
aldoifosfamide (aldoIF) [71] specially on tumors resistant for
IFO treatment.

SUMMARY AND OUTLOOK

Recent studies on ifosfamide metabolism, new
therapeutic approaches, and new analogs has led to a better
understanding of the factors important for high antitumor
activity of this drug. (S)-(-)-Bromofosfamide was evaluated
to be a new IFO analog possessing promising anticancer
activity. However, its metabolism and a mode of action are
still poorly understood. A search for ifosfamide analogs
devoid of neurotoxic and nephrotoxic side-effects is still
largely unsuccessful. It can be expected that a more
promising approach to realize this goal could be the
supplementation of ifosfamide therapy with another agent
which can inhibit the cytochrome P450 subtypes responsible
for side-chain hydroxylation. The success of the use of
ifosfamide in Gene-Directed Enzyme Pro-drug Therapy and
preliminary studies presented above suggest that derivatives
of the final, active metabolite isophosphoramide mustard can
be used for this experimental gene therapy.
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