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Introduction

Aims This study investigated the pharmacokinetics of cyclophosphamide (CP) and
its main metabolite 4-hydroxycyclophosphamide (4-OH-CP) in patients with breast
cancer undergoing high dose chemotherapy prior to autologous stem cell
transplantation. An enzyme turn-over model was also developed to study the time
course of cyclophosphamide induction.

Methods Fourteen patients received a combination of CP (6 gmfz), thiotepum
(500 mg mfz) and carboplatin (800 mg mfz) as a 96 h infusion. Plasma concen-
trations of CP and 4-OH-CP were determined with h.p.l.c. and a pharmacokinetic
and enzyme turn-over model applied to data using NONMEM.

Results CP plasma concentrations were described by a two-compartment model
with a noninducible and an inducible pathway, the latter forming 4-OH-CP. In the
final enzyme model, CP affects the amount of enzymes by increasing the enzyme
production rate. CP concentrations decreased during the infusion with no subsequent
change in 4-OH-CP concentrations. CP inducible and noninducible clearance
were estimated to 1.76 1h~ ' (90% C.I. 0.92-2.58) and 1.14 1h~" (0.31-1.85),
respectively. The induction resulted in an approximately doubled CP clearance
through the inducible pathway at the end of treatment. The model predicted the
enzyme turn-over half-life to be 24 h.

Conclusions The presented mechanism-based enzyme induction model where the
pharmacokinetics of the inducer and the enzyme pool counterbalance each other
successfully described CP autoinduction. It is reasonable to believe that CP affects
its own elimination by increasing the enzyme production rate and thereby increasing
the amount of enzyme by which CP is eliminated.
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[3]. Phosphoramide mustard is considered to be the
ultimate alkylating metabolite. 4-OH-CP enters the cells

Cyclophosphamide (CP) is an alkylating pro-drug used
in  chemotherapy  of malignancies  [1].
Cyclophosphamide is inactive until it undergoes hepatic
transformation to form 4-hydroxycyclophosphamide
(4-OH-CP), which accounts for about 95% of the
elimination [2]. 4-OH-CP equilibrates with the ring-
opened aldophosphamide, which undergoes chemical
decomposition to yield the alkylating metabolite phos-
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and allows the polar metabolite phosphoramide mustard
to be formed intracellular where cytotoxic activation
takes place [4]. The 4-hydroxylation of CP yielding
4-OH-CP is mediated by cytochrome P450 (CYP) 2B6,
3A4 and 2C9 [2, 5, 6]. 4-OH-CP is detoxified by
aldehyde dehydrogenase to yield the inactive carboxypho-
sphamide or oxidized to form 4-ketocyclophosphamide
[7—-10]. Deschloroethylcyclophosphamide and chloroacet-
aldehyde are formed through inactivation of CP by side-
chain oxidation mediated by CYP3A4 [2, 11, 12].

CP pharmacokinetics are characterized by a low total
clearance (5.4 lhil) which classifies CP as a low
extraction drug [1]. Repeated administration or continu-
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ous infusion of CP to cancer patients over a period of
several days resulted in increased total clearance but with
no alteration in volume of distribution or renal clearance
and hence a decreased elimination half-life due to its
low liver extraction [13—16]. CP induces CYP2C and
CYP3A4 in human hepatocytes [17]. The time dependent
clearance of cyclophosphamide and ifostamide has pre-
viously been modelled [18, 19]. However, the mechanism
underlying this auto-induction has not been studied in
vivo. A greater understanding of the time-course and
mechanism of this autoinduction would assist in optimiz-
ing dosing schedules and avoiding potential drug—drug
interactions.

In the present study, a model was developed to
simultaneously describe CP and 4-OH-CP pharmaco-
kinetics as well as the time-course and mechanism of CP
induction after continuous infusion of CP for 96 h to
breast cancer patients.

Methods
Patients

Fourteen females with diagnosis breast cancer stage III or
IV undergoing autologous stem cell transplantation were
included in the study. The patients were aged 33—58 years
and had normal haematopoietic, cardiac, pulmonary,
renal and hepatic functions. The patients were informed
and consent was obtained from each patient before
enrolment into the study. The study was approved by
the local ethics committee of the Karolinska Institute,
Stockholm, Sweden.

Drugs

Three to four weeks after harvesting the stem cells, the
patients received a combination of cyclophosphamide
(6gm72, Sendoxan®, ASTA Medica), thiotepum
(500 mg m 7, Thiotepa®, Wyeth Lederle) and carbopla-
tin (800 mg m 7, Paraplatin®, Bristol-Myers Squibb).
The three drugs were administered simultaneously as
a 96h infusion prior to autologous stem cell
transplantation.

Blood sampling

Through a central venous catheter, blood was drawn at
0, 10, 30, 60 min and 24, 48, 72, 96 h after start of the
infusion. Blood samples were again collected 5, 20, 30,
60 min and 2, 4, 6, 12 and 18 h after the end of the
infusion. Blood was collected into cold heparinized tubes
and immediately chilled on ice. The blood samples were
centrifuged for 3 min at 3000 rev min ' and plasma was
harvested. To stabilize 4-OH-CP, 0.5 ml of plasma from
each sample was transterred into a prechilled tube
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containing 1 ml of acetonitrile, vortexed and centrifuged
for 3min at 3000 rev min_ .
harvested and stored at —70° C.

The supernatant was

Cyclophosphamide assay

CP was determined using a previously described h.p.l.c.-
method with some modifications [20]. The chromato-
graphic system consisted of a Shimadzu LC-10 AD pump,
a Spectromonitor 3100 LDC Analytical u.v.-detector
(195nm) and a Beckman ODS Ultrasphere 5 pum
(4.6 mm X 25 cm) column. The mobile phase consisted
of a 2mm phosphate buffer (pH 4.0) and acetonitrile
(80:20). The flow rate was 1.0 ml min . Plasma (1 ml)
was mixed with 2 ml of water and 50 pl internal standard
(ifosfamide). After vortexing, the mixture was slowly
passed through a C-18 column (SepPak Cartage), that
previously had been activated with 10 ml methanol, dried
with 10 ml air and conditioned with 10 ml distilled water.
Plasma proteins were removed with 20 ml distilled water
and thereafter the column was dried with air. CP and the
internal standard were eluted with 2 ml methanol. The
methanol was evaporated under a N, stream (40° C) and
the residue was dissolved in 100 pl distilled water and
40 pl toluene, vortexed and centrifuged for 5 min at
3500 rev min~ ' 75 pl of the aqueous phase was extracted
with 2.5 ml dichloromethane and 2 ml of the dichloro-
methane phase was transferred to a new tube and
evaporated (N, 40° C). The residue was reconstituted in
100 pl mobile phase and 30 pl was injected onto the
chromatographic system. The calibration curve was
linear within the range 3-160 pg ml ' (correlation
coeflicient of 0.9987). The precision of the analytical
method was 4.8% (C.V.) at the 5 pglevel (n=8) and
7.5% at 150 pg level (n=8). The detection limit of
cyclophosphamide using this method was measured to
0.3 pg (C.V.=5.2% and n=3).

4-Hydroxycyclophosphamide assay

4-OH-CP was measured with a reversed-phase h.p.l.c.
method described by Johansson et al. [21]. To the
supernatant (1 ml) obtained from mixing plasma with
acetonitrile, 70 pl of hydrochloric acid (1 m) and 200 pl
of 2,4-dinitrophenylhydrazine (3.8 mg ml~ ' in aceto-
nitrile) were added. After vortexing and heating for
5 min at 50° C, 40 pl was injected onto the h.pl.c.
column. The calibration curve ranged between 22 and
2180 ng ml ™' (correlation of coefhicient of 0.9976). The
precision of the analytical method was 6.2% (C.V.) at
the 50 ng level (n=38) and 9.5% at 2000 ng level (n=38).
The detection limit of 4-hydroxycyclophosphamide using
the adapted method was measured to 15 ng (C.V.=6.8%
and n=38).
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Data analysis

Models were fitted to all pharmacokinetic data (i.e. both
cyclophosphamide and 4-hydroxycyclophosphamide)
from all patients simultaneously, using the first-order
method (FO) without or with centreing in the nonlinear
mixed effects modelling program NONMEM, version V
[22]. FO without centreing is the standard method in
NONMEM, whereas centreing may offer less biased
population average parameter estimates in the case the
random effects model is misspecified. For computer-
intensive situations the centreing option allows the use
of a conditional estimation method to be implemented
computational burden than the standard
first-order conditional estimation method (FOCE).
Compartmental models were used to describe drug
disposition and elimination was assumed to take place

with less

from the central compartment. Linear and nonlinear
elimination components in single- or multicompartment
models were tried. A change in enzyme turn-over was
used as a mechanistic model to address the induction
phenomena. Linear or nonlinear dependence of the
formation or elimination of the enzyme on the concen-
tration of CP or 4-OH-CP were tested. Models where
induction took place at different steps in the CP metabolic
degradation scheme were tried. As an empirical model
for changes in clearance, a linear increase in clearance
with time was also explored. Discrimination between
hierarchical models was based on the objective function
value and graphical analyses of residual and predictions.
For model diagnostics, the program Xpose, version 2
[23] was used. Confidence intervals for parameters of
final model were obtained by the likelihood profile
method [22]. The concentration ratio of 4-hydroxycyclo-
phosphamide/cyclophosphamide at 24, 48, 72 and 96 h

after start of the infusion was calculated.

Results

On average, 15 and 13 samples per patient were available
for analysis of CP and 4-OH-CP concentrations, respect-
ively. The combined CP and 4-OH-CP data were
described by the model outlined in Figure 1. It contains
the drug model (right) and the enzyme model (left). CP
plasma concentration drives the enzyme production rate,
which then affects the clearance of CP. CP was described
by a two-compartment model with two elimination
pathways, one inducible (CL;4) and one uninducible
(CLyon). The inducible pathway forms 4-OH-CP, which
is described by a one-compartment model with unin-
ducible elimination (CL4_op_cp). CP autoinduction was
modelled with an enzyme turn-over model, under the
assumption that CP increases the production rate of
enzyme in a linear fashion, where Scp is the slope of

© 1999 Blackwell Science Ltd Br | Clin Pharmacol, 48, 669-677
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Figure 1 Schematic presentation of the two-compartment
cyclophosphamide model, one-compartment
4-hydroxycyclophosphamide model and one-compartment
enzyme model. The enzyme model is linked to the drug model
by cyclophosphamide concentrations stimulating the enzyme
production rate and enzyme amount affecting the
cyclophosphamide clearance.

linear function for induction by CP. k., is the rate
constant for first-order degradation (timeil) of the
enzyme pool. To normalize the enzyme concentration to
unity at baseline, the zero-order production rate of
enzyme was set to Kk, (amountxtimeil). Alternative
models that gave a worse fit to data as judged by the
objective function value and goodness-of-fit criteria were:
(1) models with CP being eliminated by a single pathway,
inducible or uninducible, (ii) a one-compartment model
for CP, (ii1) models with 4-OH-CP being eliminated by
an inducible pathway, or (iv) 4-OH-CP increasing the
enzyme production rate instead of CP, (v) models where
the clearance was not related to CP concentration.
Models that described the data as well as the chosen
model, but seemed less plausible were: (i) an induction
model with CP affecting the rate of enzyme degradation
instead of increasing enzyme production, and (ii) a model
where 4-OH-CP is formed by the uninduced pathway.
More complex alternative models that did not describe
data better than the chosen model include: (1) a model
where the influence of CP on enzyme production is
described by an E,,, type relationship rather than a linear
function, (i1) models where either the inducible or the
uninducible elimination of CP is described by Michaelis-
Menten kinetics.

CP concentrations decreased during the 96 h infusion
in all subjects (Figure 2). There was no change in
4-OH-CP plasma concentrations with time during
steady-state (Figure 3). There was no change in the
concentration ratio of 4-hydroxycyclophosphamide/
cyclophosphamide over time. The ratio was 0.0104 +
0.0028 (mean+s.d.), 0.011340.0040, 0.0135+0.0052
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Figure 2 Observed and population predicted plasma concentrations of cyclophosphamide vs time in breast cancer patients receiving a
96 h cyclophosphamide infusion (6 gn172) in combination with thiotepa (500 mg m~7) and carboplatin (800 mg m ).
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Figure 3

Observed and population predicted plasma concentrations of 4-hydroxycyclophosphamide vs time in breast cancer patients

receiving a 96 h cyclophosphamide infusion (6 gr1172) in combination with thiotepa (500 mg m~?) and carboplatin (800 mg m™ ).

and 0.0107 +0.0016 at 24, 48, 72 and 96 h after start of
infusion, respectively. The decrease of 4-OH-CP paral-
leled that of CP, indicating 4-OH-CP to be formation
rate limited. The half-life of 4-OH-CP could therefore
not be estimated but is expected to be shorter than the
elimination half-life of CP.

The estimated model parameters were similar for the
two estimation methods (FO with and without centreing).
The estimates of the former method are presented in
Table 1. The two elimination pathways of CP were
determined to be of similar magnitude in the uninduced
state. However, the imprecision in CLy,4 and CL,,
estimates were rather large, due to a high negative
correlation between the parameter estimates. At the end
of treatment, CL;,4 had increased two-fold and the model
predicted 75% of the dose to be eliminated through the
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inducible pathway in a typical individual (Figure 4).
Estimated interindividual variability in clearance was
relatively low, 24% in CL,,, and not significantly
different from zero in CL;, 4. However, the magnitude of
induction differed as a consequence of rather high
interindividual variability in Scp.

While the apparent CL of 4-OH-CP (CL4_on-cp)
was well estimated, the apparent volume of 4-OH-CP
(Vi_on.cp) could not be estimated (Table 1). Therefore
it was fixed to 301 in the estimation of the other CP and
4-OH-CP pharmacokinetic parameters. To assess the
influence of V,_op_cp on other parameters, a sensitivity
analysis was performed where it was fixed to 10 and
100 1. This resulted in only minor changes of the estimates
of other parameters.

The model predicted the half-life of the enzyme to be

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 48, 669-677
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Table 1 Estimated model parameters from plasma cyclophosphamide (CP) and 4-hydroxycyclophosphamide (4-OH-CP) data in breast
cancer patients receiving a 96 h cyclophosphamide infusion (6 g m ™ 7) in combination with thiotepa (500 mg m %) and carboplatin

(800 mg miz).

Parameter Notation Estimate 90% CI* Interindividual variability (%)
CP Inducible CLia 1.76 0.92-2.58 N.E.t
clearance (1h™")
Non-inducible CL,0n 1.14 0.31-1.85 24
clearance (1h™")
Central volume of 28] 9.75 6.58—13.6 52
distribution (1)
Peripheral volume |6 21.5 18.2-26.4 36
of distribution (1)
Intercompartmental Q 12.6 9.90-27.7 46
clearance (1h™")
4-OH-CP Clearance (1h ™ ") CL4-OH-CP 301 277-367 22
Volume of distribution (1) V4-OH-CP 30% N.E.t N.E.T
Enzyme pool Rate constant for first- Renz 0.670 0.456-0.809 N.E.T
order degradation (day b
Slope of linear function for SCp 0.0614 0.0484-0.109 48

induction by CP (1 mol )

*90% confidence interval TNot estimated fFixed to this value.

1.0 day, a value that was relatively well determined at
steady-state (Table 1). Addition of interindividual varia-
bility in this parameter did not improve the fit. In the
final model, CP steady-state concentrations of 16 and
32 mg 17" are predicted to double and treble the enzyme
amount compared with the uninduced state, respectively.

Discussion

The results from this study clearly show that cyclophos-
phamide (CP) undergoes auto-induction with an increase
in clearance and as a result decreasing plasma concen-
trations despite a constant rate of administration. Our
results are in agreement with earlier studies where
repeated administration or continuous infusion of CP
resulted in increased CP clearance [13—15, 24, 25] but
no alteration in volume of distribution [13, 16] or renal
clearance of CP [15]. CP autoinduction has previously
been modelled as a time-dependent clearance [18].
However, a mechanistic pharmacokinetic model for the
in vivo autoinduction where the concentration of the
inducer is counter-balanced by the enzymatic activity has
not previously been presented.

Induction may result as an effect of increased enzyme
synthesis (increased transcription or translation) or
decreased enzyme degradation (enzyme stabilization).
Whatever the mechanism, all will result in an increased
amount of enzyme also referred to as the enzyme pool.
Induction can also be due to an increased activity of the
existing enzyme pool. It has been shown that CP is

capable of inducing mRNA levels of CYP2C8, CYP2C9

© 1999 Blackwell Science Ltd Br | Clin Pharmacol, 48, 669-677

and CYP3A4, but not CYP2B6 in human hepatocytes
[17] and we therefore chose a model where CP affects
the production rate and not the change in degradation
rate. CP plasma concentrations drive the enzyme pool
which then affects the clearance of CP (Figure 1). The
advantage of this model is that the kinetics of CP are
included. We assumed that the increase in the enzyme
pool leads to a proportional increase in CP clearance. A
linear relationship between CP and induction is not
realistic for very high concentrations of CP, but in the
studied interval it described data as well as an E ., type
relationship. For the sake of parsimony, we chose the
former model. This type of counter-balanced model was
first described by Scheyer et al. [26] although the
population parameters were not estimated but abstracted
from multiple studies.

A model that includes some precursor which leads to
the expression of the induced enzyme and where the
effect of the inducer lies on the precursor could be a
possible mechanism. The mechanism(s) by which pheno-
barbitone and phenobarbitone-like inducers increase the
expression of CYP2A6, CYP2B6, CYP2C and CYP3A4
are still poorly understood, but they act primarily at the
level of transcription to induce CYP450 activity [17, 27,
28]. No phenobarbitone receptor has yet been found and
it is difficult to believe the existence of a receptor due to
the structure diversity between the different phenobarbi-
tone-like inducers. It is therefore more likely that the
mechanism proceeds via an indirect mechanism like
interaction with an endogenous inducer or repression of
a precursor [27]. In this study, no data on gene
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Figure 4 Model predicted total clearance (A), inducible
clearance (@) and noninducible clearance () of
cyclophosphamide in breast cancer patients receiving a 96 h
cyclophosphamide infusion (6 g m ™ ?) in combination with
thiotepa (500 mg m~?) and carboplatin (800 mg m~ 7).

transcription, translation or fractional turnover rate of the
enzyme pool was available. With the assumption that the
rate constant governing the formation of the enzyme
pool from the precursor is fast, this step can be omitted.
Therefore in our model, CP is affecting the synthesis rate
by a direct mechanism where k.,, reflects the rate-
limiting step.

When the elimination of the inducer is rapid with
respect to the fractional turnover, an approximation is
often made and the kinetics of the inducer are not
included in the induction model. The effect of pentobar-
bitone on nortriptyline metabolism is a recent example
of this [29]. However, in the case of CP where the
elimination constant is less than k.., (0.670 dayil), the
induction model can not be simplified. Therefore the
model presented here which includes the concentration
of the inducer is in favour when the kinetics of the
inducer may in part be rate limiting. There are other
models which include the kinetics of the inducer [30,
31] but they do not include a negative feed-back where
the plasma concentrations of the inducer and the enzyme
pool counterbalance each other.

In the applied model, CP affects the enzyme turn-over
rate, wherefore only the enzyme pool is changed but not
the time it takes to obtain a new steady-state with respect
to the enzyme pool. The half-life of the induced enzyme
pool was estimated to be 1.0 day, a value that was
relatively well determined. If one assumes three half-lives
of the induced enzyme to establish 90% of the new
induced steady-state, it would take 3 days to establish CP
steady-state plasma concentrations. Therefore the present
96 h infusion was sufficient to reach near steady state
which is also seen in Figure 2.

CP is to a major extent eliminated through

4-hydroxylation by CYP2B6, CYP2C9 and CYP3A4 [2,
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5, 6]. CP is also metabolized to deschloroethylcyclophos-
phamide by CYP3A4 [2, 11, 12]. It has been shown that
CP is capable of inducing mRNA levels of CYP2CS,
CYP2C9 and CYP3A4, but not CYP2B6 in human
hepatocytes [17]. There are also in vivo studies showing
the effect of CYP450 inducers on CP elimination as well
as CP capable of inducing CYP450. Increased CP
clearance has been reported in children who had received
pretreatment with dexamethasone [25], a CYP3A4
inducer [32]. A decreased half-life of CP has also been
seen after pretreatment with phenobarbitone [33], an
effect that is likely to be due to induction of CYP2B6,
CYP2C and CYP3A4 [27]. High dose CP administration
to patients not only increased its own elimination but
also that of dexamethasone [14], being eliminated by
CYP3A4 [34]. One could therefore expect the enzyme
induction by CP to cause an increased formation clearance
of 4-OH-CP by inducing CYP2C9 and CYP3A4.
However, Ren et al. [35] showed that deschloroethylcy-
clophosphamide formation clearance, mediated probably
by CYP3A4 [2, 11, 12] was not affected by CP induction
whereas 4-OH-CP formation clearance increased [35],
indicating that the enzyme responsible for descloroethyl-
cyclophosphamide formation is not induced by CP. One
could speculate that CP maybe does not induce CYP3A4
or is a weak inducer of the enzyme even though an in
vitro study has shown CP and ifosfamide to be inducers
of CYP3A4 [36].

There are overall limited data on the turn-over of
enzymes inducible by phenobarbitone-like compounds in
man. The effect of pentobarbitone on nortriptyline
metabolism was studied where the enzyme half-life was
estimated to 140 h [29]. The autoinduction of another
oxazaphosphorine, ifosfamide has been modelled and the
enzyme half-life was estimated to be 2-6h [19].
Carbamazepine induces CYP3A4 and a turn-over half-
life of 85—-806 h has been reported for the carbamazepine
induced elimination of ethosuximide [37]. Autoinduction
of methadone has been characterized and the turn-over
of CYP3A4 was estimated to 94 h [38]. Even though
carbamazepine and methadone induce CYP3A4 [39], it
does not appear to
phenobarbitone [28]. In comparison, continuous infusion
of CP results in a relatively high turn-over of the
enzyme(s) by which it is metabolized. Reasons for
different reports on enzyme half-lives in the literature

induce the same enzymes as

could be that different enzyme models have been used,
difficulty in estimating a true value, model miss-
specification due to a cascade of events rather than a
direct effect, sometimes multiple enzymes being induced
or that different isoenzymes have been studied. The
estimated enzyme half-life for CP in this study and
previous report on ifosfamide [19], being shorter com-
pared with the turn-over of CYP3A4 [29, 37], is likely

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 48, 669-677



to be due to CP inducing an isoenzyme other than
CYP3A4 or multiple enzymes. The turn-over rate of
CYP2B induction is known to be very fast [40, 41]. One
could therefore speculate that CP and ifosfamide, apart
from inducing CYP2C9, also induce CYP2B6 causing a
rapid enzyme turn-over. However, in vitro data have
shown that CYP2B6 is not inducible by CP and
ifosfamide [17].

In our study, the 4-OH-CP steady-state concentrations
remained essentially constant despite induced formation
of 4-OH-CP. A lack
4-OH-CP steady-state concentrations despite induction
of the formation and under the assumption of unchanged
4-OH-CP expected
4-OH-CP is the major metabolite also in the uninduced
state [35]. When the fraction of formation from parent

of simultaneous increase in

elimination clearance 1is since

drug approaches unity, the metabolite concentration is
principally determined by its own elimination clearance
and becomes independent of the fraction of the parent
compound converted to the metabolite [42]. This is also
in agreement with both our results and those of Ren
et al. [35] where the fraction of CP converted to
4-OH-CP only increased 16%. The results from Ren
et al. [35] and the present study are also similar in that
both studies predict that cyclophosphamide pharmaco-
kinetics change due to increased formation of 4-OH-CP.
However, they differ in that the result from the present
study did not detect any pronounced increase in
4-OH-CP concentrations with increasing induction and
it appears as if the differences between the studies occur
in the elimination of 4-OH-CP. The increase in
4-hydroxycyclophosphamide concentrations in the study
by Ren et al. [35] was explained as a decreased elimina-
tion of 4-OH-CP due to inhibition of aldehyde
dehydrogenase-1, which also was confirmed with in vitro
data. The inhibition of aldehyde dehydrogenase-1 activity
by CP is likely to be concentration-dependent and the
plasma concentration of CP and 4-OH-CP were lower
compared with the results from Ren et al. [35]. The
concentrations obtained in our study might therefore not
have been high enough to achieve sufficient inhibition
which would explain the lack of increase in 4-OH-CP
concentrations. The fact that our model did not contain
the decreased 4-OH-CP elimination, observed by Ren
et al. is directly supported by raw data from our study. The
concentration ratio of 4-OH-CP/CP remained constant
with time whereas, the AUC ratio of 4-OH-CP/CP
increased two-fold from day 1 to day 2 in the study by Ren
et al. [35]. There is also one major difference between the
two studies in terms of study design. The patients were
given fluconazole in the study by Ren et al. whereas CP
was coadministered with thiotepum in the present study.
Fluconazole is known to be a potent inhibitor of CYP2C9
and CYP3A4 [43—46] and thiotepum has been shown to

© 1999 Blackwell Science Ltd Br | Clin Pharmacol, 48, 669-677
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inhibit CP metabolism in human liver microsomes [47]. It
is reasonable to believe that coadministration of fluconazole
or thiotepum with cyclophosphamide will result in changes
in the metabolic pattern of cyclophosphamide and the
results may therefore not be extrapolated to other situations
due to involvement of multiple isoenzymes, different
selectivity and unknown potency of the two inhibitors.
Thus the difference in results lies in the different study
conditions between the two studies or, less likely, the
potential problems in the study of Ren et al. of calculating
single day AUCs with multiple dosing.

There have been contradicting results regarding which
isoenzymes that are the
4-hydroxylation of CP in vitro. Chang et al. showed that
CYP2B6 was the major isoenzyme [5] while Ren et al.
[2] demonstrated CYP2C9 and CYP3A4 to be the most
important isoenzymes for the 4-hydroxylation of CP.

most dominant in the

However, with CP not being capable of inducing
CYP2B6 [17] and with the fact that CYP2C9 and
CYP3A4 are two of the most highly expressed enzymes
in the liver [48, 49], these enzymes should be dominant
in the 4-hydroxylation of CP during continuous infusion.

Inconsistent results regarding whether CP metabolism
is saturated have been presented. Some studies have
shown no saturation in CP metabolism at doses up to
35¢ m~ > [50, 51] whereas Chan et al. detected saturated
kinetics in some patients at a dose of 1 g m~> [52].
Chen et al. [53] comodelled CP and 4-OH-CP whole
blood concentrations after a 4 g m~ > 90 min CP infusion.
They proposed a one-compartment model with
Michaelis-Menten saturable elimination for CP. With the
data from this study, where it is evident that the induction
occurs fast and has an enzyme turn-over half-life of
1.0 day, an alternative explanation for the observed data
is auto-induction and not saturated elimination at high
Even if CP would exhibit saturated
elimination, this effect would be apparent only initially
during a constant infusion if subsequently superimposed
by the greater changes caused by induction.

The presented enzyme turn-over model applied to
data from this study agrees with CP affecting its own
elimination by increasing the enzyme production rate
and thereby increasing the amount of enzyme by which
CP is eliminated. Continuous infusion of CP leads to an
induced formation clearance of 4-OH-CP which will
have less effect on the steady-state concentration of
4-OH-CP as the inducible pathway(s) is the major
pathway(s) of CP elimination also before induction. The
applied
herein, where the pharmacokinetics of the inducer and
the enzyme pool counterbalance each other successfully
described cyclophosphamide autoinduction and may be
suitable to similar situations for studying the time course
of enzyme induction.

concentrations.
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