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Summary. The precondition for the antineoplastic effect
of ifosfamide (ifo) is the oxidation of the oxazaphos-
phorine ring system, which contains a chiral centre at the
phosphorous atom. This “ring oxidation” leads to the for-
mation of alkylating mustard via several steps. A second
metabolic pathway produces the cytostatically inactive
metabolites 2- and 3-dechloroethyl-ifosfamide (2-d- and
3-d-ifo). The urinary excretion of the optical isomers of
unmetabolised ifo and of 2- and 3-d-ifo, which represents
the amount of ifo that has not been activated, was investi-
gated by capillary gas chromatography for 18 treatment
cycles in 14 children on various therapeutic schedules. The
total cumulative excretion in 12 completely sampled cycles
ranged from 27% to 50% of the ifo dose. Between 14% and
34% of the dose could be detected as ifo; 9% to 29%, as
3-d-ifo; and 2% to 8%, as 2-d-ifo. At 24 h after the end of
therapy, excretion was nearly complete. Without excep-
tion, slightly more R-ifo (53%-61%) than S-ifo was ex-
creted. S-2-d-ifo (50%—73%) was the main 2-d-metabo-
lite. S-3-d-ifo (deriving from R-ifo) predominated in 6 of
14 children and R-3-d-ifo, in 8. Enantiomer-specific excre-
tion increased after the end of infusion (up to 73% for R-ifo
and 27% for S-ifo). We demonstrated stereospecific me-
tabolism of ifo in children, with two different patterns of
side-chain oxidation being observed. There was no evi-
dence of important stereospecific ring oxidation in most
children. A benefit should not be expected from the thera-
peutic application of pure enantiomers.

Introduction

Ifosfamide (ifo), first synthesized in the late 1960s, is an
alkylating agent that belongs to the group of oxazaphos-
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phorines and is an isomer of cyclosphosphamide. Ifo has
been demonstrated to exhibit significant activity against
numerous human malignancies. Currently, ifo is used as a
part of first-line therapeutic regimens in approximately
half of all children presenting with newly diagnosed cancer
in Germany [17]. The current regimens vary widely in dose
and scheduling, and both renal [13, 14, 24, 25, 28, 33, 34,
35] and CNS [6, 10, 12, 15, 18, 20, 30-32, 36] toxicity
have increasingly been observed.

Ifo is a prodrug and requires biotransformation. The
basis of its cytotoxic effect is the hydroxylation of the
oxazaphosphorine ring system at the carbon atom in posi-
tion 4 (see Fig. 1) by the microsomal mixed-function oxi-
dase system of the liver [1, 7, 16]. 4-Hydroxy-ifosfamide
(4-oH-ifo) is converted into tautomeric aldoifosfamide by
the opening of the oxazaphosphorine ring. Spontaneous
elimination of acrolein produces the alkylating compound
isophosphoramide mustard [N,N’-bis(2-chloroethyl)-phos-
phoric acid diamide]. Further oxidation of 4-OH-ifo results
in the inactive metabolites keto- and carboxyifosfamide
[7, 16].

In addition to this “ring oxidation”, “side-chain oxida-
tion” of the chloroethyl groups at the cyclic (position 3)
and exocyclic (position 2) nitrogen has been demonstrated,
which leads to the formation of 3-dechloroethyl- (3-d-ifo)
and 2-dechloroethyl-ifosfamide (2-d-ifo) and the elimina-
tion of chloroacetaldehyde [7, 27]. Dechloroethyl metabo-
lites cannot form the bifunctional alkylating mustard. Drug
metabolized by side-chain oxidation does not appreciably
contribute to cytotoxicity but may contribute to toxic side
effects. In particular, high levels of chloroacetaldehyde
have been related to neurotoxicity in children [12, 20]. The
chiral center of the enantiomers of ifosfamide is the phos-
phorous atom in the oxazaphosphorine ring system. All
metabolites with intact ring systems exist in an R and an
S form [23]. R-ifo is metabolized to R-2- and S-3-d-ifo and
metabolism of S-ifo leads to the formation of S-2- and
R-3-d-ifo, according to the definition of Cahn, Ingold and
Prelog.
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Differences in the therapeutic activity of oxazaphos-
phorine enantiomers were first reported for cyclo-
phosphamide in a mouse tumor model [8].

Likewise, stereodifferentiation of the antitumor effect
has been established for the ifosfamide enantiomers. The
levorotatory form was significantly more cytotoxic in a
mouse tumor model [19]. Metabolic activation of S-ifo is
significantly higher in mice, and keto-ifo is highly selec-
tively formed from S-ifo [4]. Nevertheless, Masurel et al.
[22] failed to demonstrate significant differences between
the efficacy and toxicity of R-ifo, S-ifo and racemic ifo in
a mouse-tumor xenograft model [22]. In summary, pre-
vious investigations have revealed a considerable variabil-
ity in enantiomer-specific oxazaphosphorine metabolism
and cytotoxicity among different animal species and tumor
models ([4, 8,9, 19, 22, 23]; reviewed in [11]).

In 1983, Misiura et al. [23] first determined the relative
metabolism of the enantiomers of ifo in two patients. The
urine of both subjects showed a slight enrichment of R-ifo
and an excess of S-2-d-ifo. One patient excreted more
S-3-d-ifo and the other, more R-3-d-ifo. These data suggest
substantial stereoselectivity for ifo metabolism in humans.
However, ifo is currently used therapeutically as a racemic
mixture.
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Fig. 1. Metabolism of ifo

On this basis, the present study was designed to investi-
gate the following questions:

1. Which quantities of the excreted ifo and side-chain
oxidation products represent that part of the dose that has
not been activated but is perhaps responsible for un-
desirable side effects?

2. Is the stereoselectivity of side-chain oxidation or the
activating pathway a substantial phenomenon of clinical
importance, which might result in a benefit’s being gained
from selective application of an individual enantiomer?

Patients and methods

FPatients. A total of 14 children aged between 5 and 17 years underwent
18 courses of chemotherapy for osteosarcoma (5), soft-tissue sarcoma
(3), Ewing’s sarcoma (2), acute lymphoblastic leukemia (2), primitive
neuroectodermal tumor (PNET, 1), and non-Hodgkins lymphoma (1) and
were studied during 1 or 2 treatment cycles. The treatment schedules
used are outlined in Table 1. Individual doses ranged from 400 to
3000 mg/m2. Drugs were given as infusions lasting from 1 h to 5 days
(continuous infusion); two protocols prescribed bolus injection. The
accompanying cytostatics given on the various schedules included
vineristine (VCR), Adriamycin (ADR), daunorubicin (DNR), actinomy-
cin D (AMD), etoposide (VP-16), teniposide (VM26), cisplatin, cytara-
bine (Ara-C), methotrexate (MTX), dexamethasone (Dexa), thioguanine
(TG), and vindesine (VDS).

Table 1. Dosage, scheduling and accompanying cytostatics used in the present study

Patients Dose (mg/m? daily) Days Infusion Other cytostatics

AH, CT, IE, JP, KK 3000 2 Continuous VCR, ADR, AMD

DF, DR, MB 1000/2000 5 Continuous VP-16

VG, BBr 2000 5 Continuous Cisplatin

PB, BB 3000 2 lh Cisplatin

DS 800 5 l1h VM26, Ara-C, MTX, Dexa
MS 400 5 Bolus Dexa, TG, DNR, VDS, MTX
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Fig. 2. Cumulative excretion of ifo, 2-d- and 3-d-ifo (n = 12)

Urinary fractions were sampled at up to 24 h after the end of the
therapy, at which time renal excretion was almost complete. Samples
were collected at 3- to 12-h intervals and were immediately stored at
-20°C. Although urine sampling was incomplete in several courses, 12
courses in 11 children could be examined completely (AH1/2 -DS).

Methods. The analysis was performed by capillary gas chromatogra-
phy (Hewlett-Packard, HP 5830A) following extraction with
dichloromethane. 5,5"-Dimethylcyclophosphamide was added as on in-
ternal standard. Ifo and 2- and 3-d-ifo were separated on a covalently
bonded, fused silica phase (OV1701, 5 m x0.32 mm) and the enantio-
mers, on a Chirasil-Val fused-silica capillary column (45 m x0.31 mm)
and were detected on a flame ionization detector {FID; for details of this
method, see Blaschke and Koch [3]. 5,5-Dimethylcyclophosphamide,
ifo, and 2- and 3-d-ifo were kindly supplied by ASTA Pharma, (FRG).
Standards of the enantiomers were obtained by preparative separation as
described elsewhere [5].

Results

A mean of 21% =+ 6% of the applied ifo dose (range, 14% —
34%) was excreted unmetabolized over all of the 12
completely sampled courses (Fig. 2). Overall, 4% +2% of
the 2-d-ifo (range, 2% —8%) and 14% *+ 5% of the 3-d-ifo
(range, 9% —29%) could be recovered. Without exception,
3-d-ifo excretion predominated over 2-d-ifo excretion in
the 12 completely sampled courses, with the former reach-
ing levels of up to 11-fold (mean, 3.9; range, 2%-11)
those of the latter. One patient (MS) did not excrete any
detectable amount of side-chain oxidation products during
the first therapy course. In the second course, 9% of the

Table 2. Percentage of the enantiomers in excreted metabolites
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Fig. 3. Cumulative excretion of enantiomers during a single schedule
(patient KK; total dose, 3800 mg = 14.6 mmol)

applied dose was recovered as 3-d-ifo and 10%, as 2-d-ifo.
However in both therapy courses, sampling was finished at
>96 h prior to the fifth dose and therefore remained in-
complete.

A total urinary excretion of side-chain-oxidized meta-
bolites ranged from 12% to 31% (mean, 18% +5%) and
the sum of unmetabolized and side-chain-metabolized ifo
was 27%—50% (mean, 39% +7%). There was no signifi-
cant difference between short (PB2-DS) and continuous
infusion (AH1-MB) for total renal excretion and for elim-
ination of the individual metabolites. No relationship was
found between the excreted amount of ifosfamide or meta-
bolites and age, sex or accompanying therapy.

Figure 3 exemplarily presents the cumulative excretion
of the optical isomers of ifo and the side-chain-oxidized
metabolites in one child receiving a 48-h continuous infu-
sion of 3 g/m? daily. Excretion of unmetabolized ifo re-
mained nearly constant over the entire infusion period.
Excretion of the side-chain-oxidized metabolites began
after a 6-h lag time in the 6- to 12-h sampling period and
steadily increased up to the end of therapy. At 12 h after the
end of the treatment total excretion was nearly complete.

Stereospecific evaluation

An increasing difference was found in the cumulative ex-
cretion of the optical antipodes of ifo and side-chain-oxi-
dized products (see Fig. 3). The predominating ifo enan-

AHl AH2 XK [E CTl JP DF DR

MB PB2 BB DS

MS1 MS2 PBI BBr CT2 VG

Ifo-R 57 56 56 57 56 55 ST 38 6l
Ifo-S 43 44 44 43 44 45 43 42 39

2-d-R 42 34 50 29 33 28 43 32 27
2-d-S 58 66 50 71 64 72 57 68 73

3-d-R 60 58 65 36 37 47 60 48 46
3-d-S 40 42 35 64 62 53 40 52 54

54 55 56 33 54 54 52 55 57
46 45 43 47 46 46 41 45 43

44 41 32 32 49 37 26 36
56 59 65 68 51 63 74 61
67 61 55 33 64 54 37 53
33 39 43 55 30 42 63 45

AH1-DS were completely sampled
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Fig. 4. Mean R/S ratio for excreted ifo, 2-d-ifo and 3-d-ifo, showing two
different patterns at 3-d-ifo (12 completely sampled courses) (n = 12)

tiomer was R-ifo, and S-ifo was excreted in lower quanti-
ties. The main side-chain metabolite was R-3-d-ifo, which
is the oxidation product of S-ifo. Without exception, all
14 children undergoing 18 chemotherapy courses metabo-
lized a larger amount of S-ifo and therefore excreted more
R-ifo (see Table 2).

The cumulative ifo excretion in all 12 completely
sampled courses was 56% +2% R-ifo vs 44% S-ifo (see
Fig. 4). The ratio of optical antipodes was enhanced in the
fractions of urine excreted after the end of therapy. The last
fraction sampled showed a mean of 67% R-ifo and 33%
S-ifo. The predominating 2-d metabolite was S-2-d-ifo
(mean, 64% +7%). No child excreted more R-2-d-ifo than
S-2-d-ifo, and only one child (see Fig. 3) showed a value of
of 50%/50%. In 6 of 14 children, the quantities of S-3-d-
ifo, the metabolite of R-ifo, exceeded the amounts of R-3-
d-ifo in the urine. These children, however, also displayed
a higher excretion of unmetabolized R-ifo. Taking into
account only the 12 completely sampled courses, 5/11 chil-
dren showed this pattern (57% =+ 5% S-3-d-ifo); the other 6
excreted more R-3-d-ifo (61% + 4%; see Fig. 4).

Discussion

Previously published reports on the pharmacokinetics of
ifo have shown a wide interindividual variability [21, 26,
29]. Despite the large variation in age, dose, scheduling,
and accompanying therapy, we found an overall surpris-
ingly uniform pattern of excretion of unmetabolized ifo
and N-desalkylated compounds. The recovery of side-
chain-oxidized metabolites was in the range previously
described by other investigators. For the dechloroethylated
forms, Lind et al. [21] reported 3.5% (day 1) to 7.5% (day
5), median recovery, with wide ranges (0.63%—26.63%).
Norpoth et al. [27] recovered >50% of a given dose in the
2- and 3-desalkylated form. With a mean of 21%, unme-
tabolized ifo was the major component recovered in the
urine. This amount was clearly higher than the values
found by Lind and co-workers (0-6.37%) [21] but was in
concordance with those reported by Allen et al. [2], who
recovered 20% —50% of the drug in unchanged form. We
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found no evidence of any relationship between metabolic
patterns in urinary excretion and age, sex, or the dose rate
of ifo therapy.

There are few data on the stereospecificity of ifo in
humans. Misiura et al. {23] published data on two patients
and indicated substantial stercoselectivity, especially of
side-chain oxidation, for this drug. Without exception, we
demonstrated higher cumulative excretion of R-ifo (56%)
than of S-ifo (44%). Higher excretion of R-ifo indicates a
larger extent of S-ifo metabolism.

The predominating 2-d enantiomer, representing a
mean of 64% of the amount of 2-d-ifo recovered, is a
metabolite of S-ifo, which was metabolized with prefer-
ence and excreted to a lesser extent. In Figure 3, the main
3-d enantiomer is R-3-d-ifo, a metabolite of S-ifo, which
suggests that S-ifo is excreted in lower amounts because it
undergoes stereoselective metabolism to R-3-d-ifo. This
metabolic excretion pattern seems conclusive and could be
demonstrated in 8 of 14 children; the other 6 children pre-
dominantly oxidized the cyclic (position 3) side chain of
R-ifo, forming S-3-d-ifo. Nevertheless, they also excreted
a higher amount of unmetabolized R-ifo (see Fig. 4). The
predominant formation of R- and S-3-d-ifo, respectively,
in different individuals is in agreement with the results
found in the two patients reported by Misiura and co-work-
ers [23], one of whom showed enhanced R-3-d-ifo excre-
tion and the other, an excess of S-3-d-ifo.

In our patients, the R/S ratio for 3-d-ifo varied between
67%/33% and 36%/64% of the recovered 3-d-ifo. The
specific individual pattern, however, was exactly repro-
duced in children AH, CT, and PB, who were analyzed for
more than one therapy course (Table 2). Therefore, the
children can be classified into one group that predomi-
nantly oxidizes S-ifo to R-3-d-ifo and another that prefer-
entially metabolizes R-ifo to S-3-d-ifo. For each of these
groups, the extent of stereospecificity is on the order of that
seen in 2-d excretion (see Fig. 4). S-2-d-ifo was the pre-
dominant 2-d enantiomer seen in all children. Only the
child KK showed equal excretion of R- and S-2-d-ifo
(Fig. 3, Table 2). The R/S ratio for 3-d-ifo showed marked
interindividual variation. This and the wide range observed
in the ratio of 2d/3d formation corroborates that 2-d- and



3-d-ifo are products of different side-chain-oxidizing
enzymes.

The sum of either of the enantiomers of the drug and the
derived side-chain metabolites, respectively, reflects the
amount of the applied optical antipode of ifo that is not
activated by hydroxylation of the ring system. If the sum of
excreted unmetabolized R-ifo and R-ifo-derived S-3-d-
and R-2-d-ifo is compared with the sum of corresponding
S formations, a slight difference becomes apparent in the
children who predominantly exhibited R-ifo metabolism
via side-chain oxidation at position 3. The renal excretion
demonstrated an excess of R-ifo and derivatives (Fig. 5;
1E, CT, JP, DR, MB). We propose that these children might
display a slight preference for S-ifo at the activating cyto-
chrome P4s0 system.

In the other children, the stereospecific side-chain oxi-
dation pathway explains the difference in excretion of
R- and S-ifo. Assuming that the unrecovered part of the
dose was metabolized by ring oxidation, this is indirect
evidence against the stereospecificity of this activating
pathway in these children. Given that side-chain oxidation
is related to toxic side effects [12, 20], some benefit might
theoretically be expected from the application of only that
enantiomer that undergoes less side-chain oxidation. How-
ever, the main side-chain metabolite was 3-d-ifo, which
was preferentially formed from different optical antipodes.
Theoretically, an advantage in the form of reduced side-
chain metabolism could be expected from the use of the
S form of ifo in nearly half of our patients and the R form
in the other half (Fig. 4). The maximal theoretical benefit
of increasing the activating ring oxidation would be only
about 10% (Fig. 5).

In conclusion, we demonstrated moderate ste-
reospecific metabolism of ifosfamide in children exhib-
iting different patterns of side-chain oxidation. The affinity
of the oxidases to the optical isomers, however, is not
highly specific at all. Therefore, stereospecific metabolism
does not indicate that any clear-cut advantage can be
gained from the application of an individual enantiomer.
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