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Abstract Patient and method. A 42-year-old male patient
with relapsing germ-cell cancer was enrolled in a sal-
vage protocol that employed two 4-day courses of
CTC high-dose chemotherapy with cyclophoszphamide
(1,500 mg m~2 day~ '), thiotepa (120 mg m~* day '),
and carboplatin, followed by peripheral blood progeni-
tor cell support. From five days before the start of the
second CTC course the patient received phenytoin for
generalized epileptic seizures. Blood samples were col-
lected on day 1 of both CTC courses and analyzed for
cyclophosphamide and its activated metabolite 4-hy-
droxycyclophosphamide, and for thiotepa and its main
active metabolite tepa. Results: Exposure (expressed as
area under the plasma concentration vs time curve) to 4-
hydroxycyclophosphamide and tepa in the second CTC
course was increased by 51% and 115%, respectively,
compared with the first CTC course, whereas exposure to
cyclophosphamide and thiotepa was significantly reduced
(67% and 29%, respectively). Because high exposure to
4-hydroxycyclophosphamide and tepa correlates with
increased toxicity, the treatment risk of this patient was
significantly increased. Therefore doses were reduced on
the third day of the second course. Conclusion: It was
concluded that phenytoin significantly induces both
cyclophosphamide and thiotepa metabolism, most prob-
ably by induction of the cytochrome p450 enzyme system.
This potential clinical significant interaction should be
taken into account when phenytoin is administered in
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Introduction

The cytochrome P450 (CYP) enzyme system is involved
in the metabolism of many therapeutically active agents.
Alterations in liver CYP enzyme composition and
activity may therefore have a major impact on the
pharmacokinetics of these compounds and may be
responsible for variation in clinical efficacy and toxicity
between patients. Because cancer patients are often
treated with multiple drug regimens, pharmacokinetic
drug-drug interactions resulting in induction or inhibi-
tion of CYP enzyme activity often occur. Knowledge of
the magnitude and clinical relevance of these drug—drug
interactions is therefore important for accurate dosing of
chemotherapeutic agents.

Cyclophosphamide and thiotepa are alkylating agents
both metabolized by CYP enzymes to active and inactive
metabolites. They are often co-administered in high-dose
chemotherapy regimens with stem-cell support. The CTC
regimen, in which high doses of cyclophosphamide, thio-
tepa, and carboplatin are administered, is used in the
treatment of breast cancer [17] or germ-cell cancer [15, 16].
Cyclophosphamide itself is an inactive prodrug, requiring
activation by, primarily, CYP 2B6 to form its activated
metabolite 4-hydroxycyclophosphamide [1, 14, 18, 25].
Thiotepa is metabolized by CYP 2B6 and 3A4 iso-enzymes
resulting in the formation of the active metabolite tepa [8].
Tepa has a longer elimination half-life than thiotepa but
similar pharmacologic properties [6, 22].

The CTC high-dose chemotherapy regimen may be
complicated by severe and sometimes life threatening
toxicity [7, 15, 19]. This might partly be because of indi-
vidual differences in exposure to the different compounds
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in the regimen. We [7] and others [11] have previously
established relationships between the pharmacokinetics
of cyclophosphamide and thiotepa and organ toxicity in
high-dose chemotherapy. Therefore, co-administered agents
modifying cyclophosphamide and thiotepa pharmacoki-
netics may influence treatment outcome. In this manuscript
we report major induction of metabolism of both cyclo-
phosphamide and thiotepa by phenytoin, resulting in con-
siderably increased formation of their active metabolites
4-hydroxycyclophosphamide and tepa, respectively.

Patient and method
Case

A 42-year-old male patient (height 167 cm, weight
80 kg) presented with relapsing non-seminomous testis
cancer with localizations para-aortal, in the lung, and
the bone. The patient was enrolled in a salvage protocol
that employed the CTC high-dose chemotherapy regi-
men with autologous peripheral blood progenitor cell
transplantation as described previously [16]. As part of
this treatment, he was scheduled to receive two CTC
courses with 4 weeks in between.

At the end of December 2003, the patient received his
first high-dose CTC course. The regimen consisted of 4
days of chemotherapy with cyclophosphamide (1,500 mg
m 2 day ') as a 1-h infusion, immediately followed by
carboplatin (dose calculated on the basis of the Calvert
formula, using a target area under the plasma concentra-
tion—time curve (AUC) value of 5 mg min~' mL~" day™')
as a daily 1 h infusion, and thiotepa (120 mg m 2 day ")
divided over two 30-min infusions (the second daily dose of
thiotepa was administered 12 h after the first dose). Mesna
(500 mg) was administered six times daily for a total of 36
doses, beginning 1 h before the first cyclophosphamide
infusion. Starting 4 days before chemotherapy, the patient
prophylactically received antibiotics (ciprofloxacin and
fluconazole orally). Furthermore, during the course the
patient received anti-emetics (dexamethasone and gra-
nisetron), ranitidine, fytomenadion (vitamin K), and folic
acid. Full details of the CTC regimen have been published
previously [15, 16].

The second CTC course was administered 28 days
after the first and did not differ from the first course,
except that the patient received phenytoin because of an
epileptic seizure that developed 3 weeks after the first
CTC course. MRI scans suggested that the seizures were
probably attributable to scar tissue after craniotomy.
Five days before the start of the second CTC course, the
patient started with twice daily 150 mg phenytoin orally.

Pharmacokinetic analysis
For pharmacokinetic analyses during the CTC course,

blood samples were withdrawn on the first day of both
courses. Samples were collected from a double lumen

intravenous catheter inserted in a subclavian vein. Col-
lection took place before the start of the infusions,
30 min after the start of cyclophosphamide infusion
(t=130), and at t=60 (end of cyclophosphamide infu-
sion), 90, 120 (end of carboplatin infusion), 150 (end of
thiotepa infusion), 180, 210, 280, 390, and 660 min.
Analytical methods for determination of plasma con-
centrations of cyclophosphamide, 4-hydroxycyclophos-
phamide, thiotepa, tepa, and carboplatin were used as
reported previously [4, 24]. A previously published popu-
lation pharmacokinetic model of thiotepa (and its metab-
olite tepa) and cyclophosphamide (and its metabolite
4-hydroxycyclophosphamide) was used for calculating
the AUC for all compounds using Bayesian analysis [3].
The Committee on the Medical Ethics of the Netherlands
Cancer Institute had approved the protocol and written
informed consent was obtained from the patient.

Results

Plasma concentration versus time curves for cyclo-
phosphamide, 4-hydroxycyclophosphamide, thiotepa,
and tepa, for both the first and second CTC courses, are
shown in Fig. 1. Both cyclophosphamide and thiotepa
clearance were increased in the presence of phenytoin,
resulting in an increased rate of formation of their
respective metabolites 4-hydroxycyclophosphamide and
tepa (133% vs 126%, respectively). Exposure to thiotepa
was reduced by 29% when phenytoin was co-adminis-
tered (114 pmol L™" h vs 81 pmol L™" h), with a con-
comitant increase in the tepa AUC of 115%
(233 umol L™'h vs 501 ymol L™" h). The plasma
exposure to cyclophosphamide decreased by 67% upon
co-administration of phenytoin (6,637 pmol L™' h vs
2,194 umol L' h) with concomitant increase in 4-hy-
droxycyclophosphamide AUC of 51% (144 umol L™' h
vs 217 pmol L™" h). The maximum concentration of 4-
hydroxycyclophosphamide was 600% higher when
phenytoin was co-administered (1,090 ng mL™' vs
6,550 ng mL™"). The elimination of 4-hydroxycyclo-
phosphamide was, however, increased, because elimina-
tion of this metabolite is formation-rate limited. Plasma
levels of carboplatin were similar in courses one and two.

On the basis of the pharmacokinetic analyses of day
one of the second course, the doses of both cyclophos-
phamide and thiotepa were reduced on days three and
four of this course to reach a predefined target exposure
(the median exposure in a reference population receiving
similar doses) [2]. The cyclophosphamide dose was re-
duced from 2,835 mg day ! to 1,500 mg day ! and the
thiotepa dose was reduced from 230 mgday ' to
140 mg day~'. This adaptation resulted in plasma levels
of 4-hydroxycyclophosphamide and tepa within the
predefined therapeutic window (data not shown).

Both the first and the second CTC course were
uncomplicated and well-tolerated. Mucositis and diarrhea
grade I were observed. After stem cell re-infusion, bone
marrow recovery was fast.
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Fig. 1 Day-1 plasma concentration versus time curves for A
cyclophosphamide (CP; 2,835 mg) and B its metabolite 4-hydroxy-
cyclophosphamide (4OHCP), C thiotepa (115 mg) and D its
metabolite tepa, in two high-dose CTC chemotherapy courses,
with the course without phenytoin (open circles) and the course
with phenytoin co-administration (filled squares)
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Suboptimum phenytoin plasma levels of 4-5.5 mg L'
were measured before, during, and after the second CTC
course (optimum 8-18 mg L") and therefore the phe-
nytoin dose was increased after the CTC course to twice
daily 200 mg.

Discussion

This case shows major induction of cyclophosphamide
and thiotepa metabolism by co-administration of phe-
nytoin. Phenytoin is an anticonvulsant drug useful in the
treatment of epilepsy. It is also used to reduce brain
activity in patients with primary or secondary brain tu-
mors or after brain surgery. Phenytoin is a potent in-
ducer of human CYP 1A2, 2B6 [5, 9, 20], 3A [9, 12, 21,
23] and 2C subfamilies [10]. It is therefore known to
lower the efficacy of many drugs, resulting in the need to
increase their doses. Phenytoin, and other inducing anti-
epileptic agents, have been found to lower the efficacy of
antineoplastic treatments [13].

The observed interaction of phenytoin with cyclo-
phosphamide and thiotepa may be explained by induc-
tion of CYP enzymes by phenytoin. Of the enzymes
involved in cyclophosphamide activation and thiotepa
metabolism, as outlined in the introduction, CYP2B6 is
the most likely iso-enzyme involved in this interaction.
Other authors have demonstrated induction of cyclo-
phosphamide hydroxylation by phenytoin in patients
[20]. Patients treated with phenytoin and busulfan in
combination with cyclophosphamide in a bone marrow
transplantation regimen had cyclophosphamide clearance
112% higher than patients receiving cyclophosphamide
with radiotherapy. The half-life of cyclophosphamide was
54% lower and the 4-hydroxycyclophosphamide AUC
corrected for cyclophosphamide dose was 48% higher.
These findings are in accordance with ours. To our
knowledge, no reports have been published on the
induction of thiotepa metabolism by phenytoin.

No extreme toxicity was observed in our patient after
course one or course two. Timely reduction of the
cyclophosphamide and thiotepa dose during the second
course, and therefore lowering of total 4-hydroxycyclo-
phosphamide and tepa exposure, may have contributed
to the lack of toxicity after the second course.

In conclusion, the drug—drug interaction between phe-
nytoin and both cyclophosphamide and thiotepa results in
dramatically higher exposure to the active metabolites 4-
hydroxycyclophosphamide and tepa, respectively, and is
therefore of potential clinical importance. Because the
magnitude of the interaction is not predictable in an
individual and may vary interindividually, it is preferable
to avoid co-administration of phenytoin with cyclophos-
phamide and thiotepa therapy. When anti-epileptic ther-
apy is mandatory (for example in brain tumor-related
seizures), drugs with no relevant induction of hepatic
enzyme systems (valproic acid, gabapentin) should be
preferred. When phenytoin administration cannot be
avoided, starting doses of cyclophosphamide and thiotepa
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should be reduced and levels of their active metabolites in
plasma should be measured as a guide to further cyclo-
phosphamide and thiotepa dosing.
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