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Effects of co-medicated drugs on cyclophosphamide
bioactivation in human liver microsomes

Milly E. de Jonge® Alwin D. R. Huitema® Selma M. van Dam?
Sjoerd Rodenhuis® and Jos H. Beijnen®®

The alkylating agent cyclophosphamide (CP) is a prodrug
requiring cytochrome P-450-mediated bioactivation

to form the active 4-hydroxycyclophosphamide (4OHCP).
Modifications in the rate of CP bioactivation may have
implications for the effectiveness of CP therapy, especially
in high-dose regimens. In this study, agents frequently
co-administered with CP in high-dose chemotherapy
regimens were tested for their possible inhibition of the
bioactivation of CP in human liver microsomes. The K., and
Vmax values for the conversion of CP to 4OHCP were 93 pM
and 4.3 nmol/h-mg, respectively. No inhibition was

observed for aciclovir, carboplatin, ciprofloxacine, granisetron,
mesna, metoclopramide, ranitidine, roxitromycin and
temazepam. Inhibition was observed for amphotericin B,
dexamethasone, fluconazole, itraconazole, lorazepam,
ondansetron and thiotepa, with IC5, values of 50, >100,
>50, 5, 15, >100 and 1.25 uM, respectively. For all but
thiotepa, these IC5, values were higher than the
therapeutic drug levels and thus considered of no clinical
relevance. We conclude that of the tested co-medicated
agents, only thiotepa inhibited metabolism of CP to 4OHCP

Introduction

The alkylating agent cyclophosphamide (CP) is an
oxazaphosphorine prodrug that requires bioactivation by
cytochrome P-450 (CYP) enzymes to form 4-hydroxy-
cyclophosphamide (4OHCP) (Fig. 1). Multiple CYP
isoenzymes are capable of activating CP 7 vitro, including
CYP2A6, 2B6, 3A4, 3A5, 2C9, 2C18 and 2C19, with 2B6
displaying the highest 4-hydroxylase activity [1-6].
Approximately 70-80% of the administered CP dose is
bioactivated. CP is capable of inducing its own metabo-
lism, resulting in an increased rate of 4-hydroxylation
after multiple administrations [7]. 4OHCP is unstable
and spontaneously decomposes into phosphoramide
mustard (PM), the ultimate alkylating metabolite. In
contrast to 4OHCP, PM cannot enter target cells and
therefore only the intracellularly formed PM fraction is
considered to be cytotoxic. Plasma concentrations of
40OHCP may be a good marker of the alkylating activity of
CP [6]. An inactivation route of CP is N-dechloroethyl-
ation of the parent drug, mediated by CYP3A4, to form
2-dechloroethylcyclophosphamide and chloroacetalde-
hyde [5,6,8]. This route only accounts for 5% of the
administered CP dose. Moreover, the aldehyde dehydro-
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genase (ALDH) enzymes, especially ALDH1A1 and 3A1,
are involved in the detoxification of CP, with the
formation of inert carboxyphosphamide [9]. Approxi-
mately 20% of administered CP is excreted unchanged in
the urine [6].

Modifications in the activation, inactivation and detox-
ification processes of CP have implications for the
effectiveness of CP. Pharmacokinetic interactions with
CP have been demonstrated for several compounds. In
most cases, the underlying mechanism involves induction
or inhibition of CYP enzymes. Compounds for which
inhibition of CP metabolism has been shown in humans
are allopurinol [10,11], busulphan [12], chloramphenicol
[13], chlorpromazine [10], ciprofloxacine [14], flucona-
zole [15,16] (although other authors report no effect of
fluconazole [10]) and thiotepa [17-20]. Examples of
compounds which have been shown to induce CP
metabolism in humans are dexamethasone [4,10,21,22],
ondansetron [23,24], phenobarbital [4,25-28], phenytoin
[28-31], prednisone/prednisolone [11,32,33] and rifam-
picin [4]. The clinical significance of most drug—drug
interactions with CP remains unclear.
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Fig. 1
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Metabolism of CP. The inactivation pathways are depicted horizontally, while CP activation is shown vertically.

CP is frequently employed in combination chemotherapy
regimens, both in conventional as well as in high doses.
High-dose chemotherapy followed by stem cell trans-
plantation is only possible when various drugs are co-
administered to prevent or treat unwanted side-effects,
including antibiotics, antivirals, antimycotics, anti-
emetics, antianxiety drugs or H,-antihistamines. Previous
and/or concomitant administration of microsomal en-
zyme-inducing agents, but especially enzyme-inhibiting
agents, with CP may alter the extent of CP bioactivation
and may thereby influence therapeutic and toxic
responses of high-dose CP therapy. We investigated
possible inhibitory effects of co-medicated drugs on CP
bioactivation # vitro in human liver microsomes. We
focused on drugs regularly co-administered in the high-
dose CTC chemotherapy regimen in which CP is
administered in combination with carboplatin and thio-
tepa, as applied in our institute [34].

Materials and methods

Chemicals

CP and 4-hydroperoxycyclophosphamide (4OOHCP)
were a generous gift of Dr Niemeyer (Baxter Oncology,
Frankfurt, Germany) (purity >95%). 4O0OHCP is a
stable precursor of 4OHCP, which is liberated in aqueous
solutions. Co-medicated drugs were aciclovir, amphoter-
icin B, carboplatin, ciprofloxacine, dexamethasone, fluco-
nazole, granisteron, itraconazole, lorazepam, mesna,
metoclopramide, ondansetron, ranitidine, roxitromycine,
temazepam and thiotepa, which originated from the
Department of Pharmacy (Slotervaart Hospital, Amster-
dam). Potassium dihydrogenphosphate and potassium
hydrogenphosphate originated from Merck (Darmstadt,
Germany). A 50mM phosphate buffer (pH 7.4) was
prepared. Semicarbazide hydrochloride (analytical re-
agent grade) was purchased from Acros (Geel, Belgium).
A 2M solution of SCZ in 50 mM potassium phosphate
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buffer was prepared. Magnesium chloride was pur-
chased from Sigma (Zwijndrecht, The Netherlands).
A 20mg/ml magnesium chloride solution was pre-
pared in 50 mM potassium phosphate buffer. Stock
solutions of CP and co-medications were prepared
in 50mM potassium phosphate buffer. Stock solu-
tion of itraconazole was prepared in DMSO and also
diluted with DMSO to obtain the final concentration
in the incubation system. Distilled water was used
throughout.

Glucose-6-phosphate, glucose-6-phosphate dehydrogen-
ase and B-NADP were obtained from Sigma. A NADPH
regenerating solution (NRS) was prepared in 50 mM
phosphate buffer consisting of 500 pg/ml B-NADP, 2
mg/ml glucose-6-phosphate and 1.5 U/ml glucose-6-phos-
phate dehydrogenase. Pooled human liver microsomes
(20mg/ml in 250 mM sucrose) were obtained from
Gentest (Woburn, MA). Immediately before use, the
pooled human liver microsomes were diluted with
potassium phosphate buffer at 4°C, to reach a final
protein concentration of 4 mg/ml solution.

Microsome incubations

A mixture of 250 ul NRS, 50 ul CP stock solution, 25 pl
magnesium chloride solution and 125pl potassium
phosphate buffer was pre-incubated at 37°C for 5 min.
When co-medication was tested, 50 pul potassium phos-
phate buffer was replaced by 50ul of a co-medica-
tion stock solution. Since itraconazole stock solu-
tions were prepared in DMSO, the effect of DMSO
was also tested. Reactions were initiated by addition
of 50ul of the 4mg/ml microsome solution (stored
at 4°C). Samples were incubated for 1h at 37°C. The
reaction was terminated by the addition of 400pl of
cold methanol. To this mixture 100pul of a 2M
semicarbazide solution was added to stabilize the formed
40HCP. To initiate the reaction of semicarbazide with
40HCP, 50 ul of 4M HCI was added. After 10 min, the
solution was neutralized with 50ul of 4M NaOH
solution, as validated previously [19]. Conversion of CP
to 4OHCP was tested at CP concentrations of 0-200 uM.
Any effect of co-medicated drugs was studied at a CP
concentration of 200puM and a drug concentration of
0.5-200 uM.

Assay for 4OHCP

A 100 ul volume of the final microsome incubates was
analyzed for CP and 4OHCP using a HPLC-MS/MS assay
recently developed in our laboratory [35]. Sample
pretreatment of the microsome incubates was similar to
that described for plasma samples. 4OHCP was quanti-
fied as the stable semicarbazone derivative. The coeffi-
cients of variation of the assay were less than 12% for both
intra-day and inter-day precisions for each compound, and
mean accuracies were within * 15%.

Calculation of kinetic parameters

The conversion rate of the substrate, or 4OHCP
formation rate (Viopcp), was calculated as amount
(nmol) per unit time (h) per amount microsome protein
(mg). Although 40OHCP is unstable at 37°C [36], the
absolute amount of 4OHCP measured after 60 min
incubation reflects the formation rate of this metabolite.
Therefore, Vioucp was calculated as apparent formation
rate for this conversion.

The Michaelis—Menten constant (K,) and maximum
conversion rate (V.. were calculated using a Line-
weaver—-Burk plot. Using the graph with Vyopcp plotted
versus inhibitor concentration, the 50% inhibitory con-
centration (ICsy) was the concentration causing half-
maximal inhibition.

Results

The Lineweaver—Burk plot for the conversion of CP to
40HCP in pooled human liver microsomes is shown
in Figure 2. The K, and V,, calculated were 93 uM
(24 pg/ml) and 4.3 nmol/h-mg, respectively.

After testing the inhibitory activity of all co-medicated
agents (at concentrations of 200 M) on the bioactivation
of CP, inhibition was seen for amphotericin B, dexa-
methasone, fluconazole, itraconazole, lorazepam, ondan-
setron and thiotepa. For these compounds the inhibition
was tested at concentrations of 0, 0.5, 1.25, 2.5, 5, 12.5,
25, 50 and 200 pM. The inhibition of the bioactivation of
CP is shown in Figures 3-5 for thiotepa, itraconazole and
lorazepam, respectively. The ICsy values for all seven
agents showing inhibitory activity are listed in Table 1.
For all but thiotepa, these ICsq values were higher than
the therapeutic drug levels and thus considered of no
clinical relevance.

Fig. 2
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Concentration of thiotepa (uM)

Inhibition of the bioactivation of CP (200 pM) by thiotepa
(ICs0=1.25 uM). The solid line represents the mean value for each data
point.

Concentration of lorazepam (uM)

Inhibition of the bioactivation of CP (200 uM) by lorazepam
(IC50=>5 uM). The solid line represents the mean value for each data
point.

Fig. 4

Table 1 Inhibitory effects of co-medicated drugs on the
bioactivation of cyclophosphamide

Co-medicated IC50 (mM) IC50 (ug/ml) Therapeutic levels
agent (ng/ml)
Amphotericin B 50 46 <2
Dexamethasone >100 >39 <0.5
Fluconazole >50 >15 <15
ltraconazole 5 3.4 <2
Lorazepam 15 4.8 <0.2
Ondansetron >100 >29 <0.2
Thiotepa 1.25 0.24 <2

V4omce (nmol/hemg)

0 , , , , , ,
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Concentration of itraconazole (uM)
Inhibition of the bioactivation of CP (200 uM) by itraconazole

(IC50=>5 uM). The solid line represents the mean value for each data
point.

Discussion

This study provided information on the inhibitory action
of co-medicated agents on the CYP-mediated bioactiva-
tion of CP. Only thiotepa appeared to inhibit the
bioactivation of CP in clinically relevant concentrations.
This has already been demonstrated in previous studies
[17-20]. The ICsqy value found in our study (1.25puM)
and reported by others (1.4-41 M [18] and 23 uM [19])
is within the range of thiotepa plasma concentrations in
high-dose regimens, and therefore of clinical relevance.
This result is not surprising since CP bioactivation is
mainly mediated by CYP2B6 and thiotepa is one of the
few compounds known to specifically inhibit this
isoenzyme [20].

With this study in human liver microsomes, no informa-
tion could be garnered on the CYP enzyme-inducing

properties of drugs. Interactions of CYP inducers with CP
are, however, less interesting since already up to 80% of
the administered CP dose is 4-hydroxylated. Accelerating
this process will only result in a minor increase in 4OHCP
exposure. Delayed CP metabolism due to CYP inhibition,
however, may result in increased fractional urinary
excretion of the parent compound and therefore sig-
nificantly lower exposure to its activated metabolite.
From this study, no information was available on drug-
drug interactions other than those mediated by CYP,
e.g. interactions on the level of the enzyme aldehyde
dehydrogenase activity.

The azole antimycotics itraconazole and fluconazole are
inhibitors of CYP enzymes [37]. For both compounds we
observed inhibition of CP bioactivation; however, not in
clinically relevant concentrations. Other authors have
found conflicting results on the inhibitory capacity of
fluconazole on CP metabolism [10,15,16] in patients.
Ciprofloxacin is a compound for which we have not found
any inhibitory capacity in our study. Carlens ez 4/ [14],
however, reported an increased relapse risk in bone
marrow transplant patients treated with ciprofloxacin,
which may indicate decreased exposures to the bioacti-
vated metabolite 4OHCP. Moreover, Xie e« a/. [38]
demonstrated a reduction in CP biotransformation in
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rats when ciprofloxacine was co-administered, which
was explained by significant suppressed gene expression
of CYP2C11 and CYP3Al. While dexamethasone
[4,10,21,22] and ondansetron [23,24] have been shown
to induce CP metabolism in humans, we have found
slight inhibiting properties of these agents at not
clinically relevant concentrations. Lorazepam is not
known to inhibit CYP enzymes, while our results show
inhibition of CP biotransformation at high concentrations.

The clinical effects of inhibition of CP metabolism are
unclear. Exposure to 4OHCP has been both associated
with therapeutic response as well as the occurrence of
veno-occlusive disease of the liver [34]. Therefore, drug—
drug interactions may have a strong impact on the
therapeutic outcome of CP containing therapy.

In summary, this study demonstrated no clinically
relevant effects of co-medicated agents other than
thiotepa on the biotransformation of CP. Therefore, co-
administration of these agents before or during high-dose
CTC regimen is not expected to affect the therapeutic
efficacy of CP chemotherapy.
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