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Abstract

Purpose Etoposide is a widely used cytotoxic drug
that is commercially available in both intravenous and
oral formulations. High interpatient pharmacokinetic
variability has been associated with oral etoposide
administration. Various strategies used in the past to
reduce such variability have not been successful.
Hence, this study was designed to evaluate if pharma-
cokinetic modulation of oral etoposide with ketoconaz-
ole could lead to a favorable alteration of etoposide
pharmacokinetics, and to assess the feasibility and
safety of this approach.

Methods Thirty-two patients were treated with
ketoconazole 200 mg daily with an escalating dose of
oral etoposide starting at a dose of 50 mg every other
day. Pharmacokinetic samples were obtained during the
first treatment cycle after the administration of an oral
etoposide and ketoconazole dose. Additional baseline
pharmacokinetic studies of etoposide alone were per-
formed 4 days prior to the first treatment cycle.
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Results Dose limiting toxicities were neutropenia and
fatigue. Ketoconazole increased the area under the
plasma concentration—-time curve (AUC) of oral eto-
poside by a median of 20% (p < 0.005). Ketoconazole
did not reduce the interpatient variability in etoposide
pharmacokinetics. Pretreatment bilirubin levels corre-
lated with etoposide clearance (Spearman’s r = —0.48,
p = 0.008). The maximum tolerated dose was etoposide
administered at 50 mg daily and ketoconazole 200 mg
qd for 3 of 5 weeks.

Conclusions Ketoconazole reduces the apparent
clearance of oral etoposide, does not alter its toxic-
ity profile and does not reduce interpatient pharma-
cokinetic variability. Other methods to reduce the
pharmacokinetic variability of oral etoposide are
needed.

Keywords Pharmacokinetic modulation -
Etoposide - Ketoconazole - Drug interaction

Introduction

Etoposide [4'-demethylepipodophyllotoxin-9-(4,6-
O-ethylidene)-B-p-glucopyranoside] is used in the
treatment of various malignancies such as small cell
lung cancer, germ cell tumors, and lymphomas [32, 46].
Although etoposide is most commonly administered
intravenously, it can also be given orally as a liquid
capsule. The interaction between etoposide and its
target, topoisomerase 1I, is rapidly reversible and the
cytotoxic efficacy of etoposide appears to be schedule-
dependent, favoring a more prolonged schedule of
administration, for which oral etoposide is most
suitable [41].
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The bioavailability of oral etoposide is unpredict-
able with high interpatient variability [11, 17, 43, 47].
Hande et al. [16] demonstrated that both interpatient
and intrapatient variability in systemic exposure to oral
etoposide were more than twice that of intravenous
administration. Furthermore, the absorption of oral
etoposide is nonlinear, with saturable bioavailability at
oral doses above 200-400 mg, which potentially could
contribute to interpatient variability [19, 41, 42]. Since
variability in systemic exposure leads to unpredictable
drug effects, several strategies have been attempted to
improve the oral bioavailability of etoposide and
reduce the pharmacokinetic variability. However,
strategies such as the modification of gastric emptying
time and gastric pH have been unsuccessful [23].

Intestinal and hepatic metabolism often plays a
major role in determining the bioavailability of agents
with high first pass metabolism. The inhibition of drug
metabolizing enzymes such as CYP3A4 and dihydro-
pyrimidine dehydrogenase has been shown to improve
the bioavailability and, to a lesser degree, reduce inter-
patient variability of their corresponding substrates
such 5-flurouracil, taxanes and protease inhibitors [1, 7,
27, 29]. Oxidative demethylation of etoposide to its
corresponding catechol is mediated primarily by
CYP3A4 [36, 37]. Glucuronidation by UGT1Al
accounts for the disposition of 15-35% of administered
etoposide [9, 15, 50]. CYP3A4 and UGTIA1 are
expressed both in the liver and the intestine and thus
are potential targets for the modulation of etoposide
pharmacokinetics.

Ketoconazole is a commonly used antifungal agent
known for its inhibitory effect on CYP3A4 [28].
Recently, ketoconazole has been shown to be a potent
inhibitor of UGT1A1 [38, 52]. In this study, we utilized
ketoconazole to modulate the pharmacokinetics of oral
etoposide in an attempt to: (1) evaluate its effects on
systemic exposure of oral etoposide, (2) examine its
effect on interpatient variability of etoposide pharma-
cokinetics and (3) assess the feasibility and safety of
this approach.

Patients and methods
Eligibility criteria

Patients with histologically confirmed solid tumors or
lymphomas refractory to standard therapy or for which
no known effective therapy existed were eligible for the
study. Additional eligibility criteria included: presence
of measurable or evaluable disease, age at least
18 years, Karnofsky performance status of >60%, life
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expectancy of >8 weeks; adequate organ function defi-
ned as: white blood cell count >3.5x10%L, platelet
count >100x10%/L, total bilirubin <1.6 mg/dL, serum
albumin >3.0 g/dL, AST and ALT <3 times the upper
limit of the normal, serum creatinine <1.5 mg/dL. Eli-
gible patients had to be fully recovered from prior ther-
apy and could not have received any chemotherapy or
radiotherapy within 3 weeks (6 weeks for nitrosoureas
or mitomycin C) before initiating therapy on this pro-
tocol. Patients were excluded if their underlying medi-
cal conditions made administration of oral etoposide or
ketoconazole hazardous. Other exclusion criteria con-
sisted of: history of small bowel or gastric resections,
chronic diarrheal diseases and malabsorption syn-
dromes; patients requiring concomitant administration
of antacid, H;- or H,-blockers, CYP3A4 substrates,
inhibitors and inducers; and pregnant or lactating
patients. All patients provided written informed con-
sent before study enrollment in accordance with insti-
tutional and Federal guidelines.

Study design

Etoposide, provided by Bristol-Myers Oncology Divi-
sion, was supplied in 50 mg liquid-filled gelatin cap-
sules. All patients were administered a 50 mg test dose
of etoposide on day —3 (see Figs.1,2). The actual
treatment began on day 1 with a fixed dose of ketoco-
nazole at 200 mg/day until day 22. Patients were
administered both ketoconazole and etoposide starting
on day 2.

The starting dose of etoposide was selected based on
the predicted increase in etoposide exposure observed
in other studies that involved modulation of etoposide
with the CYP3A4 inhibitor cyclosporine [26, 51]. The
study was divided in two parts. In part 1, an initial
cohort of 9 patients was used to confirm our hypothesis
that pharmacokinetic modulation of etoposide with
ketoconazole would increase systemic exposure of oral
etoposide. In this cohort, etoposide was initially admin-
istered at 50 mg daily one hour after the ketoconazole
dose from days 2 to 22 on a 28-day cycle for the first 8
subjects. Due to greater than anticipated toxicities
(prolonged neutropenia that delayed treatment), the
protocol was amended to increase the cycle to 35 days
for a subsequent subject in this cohort.

After establishing that ketoconazole modulation
increased the systemic exposure of oral etoposide, the
second part of the study was initiated. Part 2 of the
study involved dose escalation of etoposide with a fixed
dose of ketoconazole. The following etoposide dose
levels were studied: 50 mg on alternate days (level I),
50 mg on 2 of 3 days (level II), 50 mg on 3 of 4 days
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Fig.1 Cycle 1 treatment schedule for etoposide and ketoconaz-
ole administration Cycle 1 treatment schema. Day —3: etoposide
alone (50 mg), Day 1: ketoconazole (200 mg), Day 2: etoposide
(50 mg) + ketoconazole (200 mg/day), Day 3-22: etoposide dose +
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Fig. 2 The relationship between serum bilirubin level versus eto-
poside clearance in patients receiving a etoposide alone (Spear-
man’s r = —0.45, p =0.016) and b etoposide with ketoconazole
modulation (Spearman’s r = —0.48, p = 0.008)

(level III) and 50 mg alternating with 100 mg daily
(level IV). Etoposide was administered at the assigned
dose one hour after the ketoconazole dose from days 2
to 22, on a 28-day cycle for dose levels I, IT and III, and
on a 35-day cycle for dose I'V. Table 1 summarizes all
the dose levels that were studied. All patients were
instructed to record the time of administration of each
medication in a logbook, to facilitate compliance
assessment.

ketoconazole (200 mg/day). Pharmacokinetic studies were
performed on day —3 and day 2. Twenty eight-day cycle for dose
level I-11I and 35-day cycle for dose level IV

A minimum of three patients was evaluated at each
dose level. No more than one new patient was treated
per week. If none of the 3 evaluable patients developed
dose limiting toxicity (DLT), subsequent patients were
treated at the next dose level. If one patient developed
DLT, then the dose level was expanded to at least six
patients, and further dose escalation occurred only if
no more than one of six patients had DLT (see below
for definition). Dose escalation was continued until a
maximum tolerated dose (MTD) was identified. MTD
was defined as the dose level at which half of the sub-
jects experienced DLT. For the purposes of determin-
ing the MTD, only toxicities occurring during the first
cycle of the therapy were considered.

DLT was defined as any grade 3 or greater non-
hematological toxicity, grade 4 hematological toxicity
or grade 3 myelosuppression that was not resolved to
grade 1 or less by the first day of the next scheduled
treatment cycle. Elevation of liver function tests to
grade 3 was considered dose limiting if it was not
resolved to grade 2 or less by the next scheduled treat-
ment day. Anemia, nausea, vomiting and alopecia were
excluded as dose limiting criteria. Patients who experi-
enced a DLT were allowed to continue on protocol
with a dose modification at the discretion of the
treating physician.

Patient evaluation

Patients were evaluated for toxicity by history, physical
examination and laboratory evaluation once a week
during the first cycle of treatment, and every 3 weeks
during subsequent cycles. Toxicities were graded
according to the National Cancer Institute Common
Toxicity Criteria, version 2.0. Tumor response assess-
ments were performed after the first two cycles of ther-
apy and every two cycles thereafter. Complete
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Table 1 Dose levels studied and corresponding dose limiting toxicities

Drug Dose level Dose (mg/day) No. of patients treated No. of cycles Dose limiting
(no. of patients eligible for DLT assessment) toxicities
Etoposide Initial cohort 50 mg daily (50) 9 16 32
I 50 mg every other day (25) 5 31 0
II 50 mg 2 of 3 days (33) 11 (9) 17 1°
111 50 mg 3 of 4 days (37) 3 5 0
v 50/100 mg alternate day (75) 4 9 1¢

? (1) Grade 3 febrile neutropenia; (2) grade 4 neutropenia
® Grade 4 neutropenia with grade 3 fatigue
¢ Grade 4 neutropenia

response was defined as the disappearance of all clini-
cal and radiological evidence of the tumor for a mini-
mum of 4 weeks without the appearance of new
lesions. Partial response was defined as >50% reduc-
tion in the sum of the products of the perpendicular
diameters of all measurable lesions and no appearance
of new lesions. Progressive disease was defined as
>25% increase in the size of any measurable lesion or
the appearance of new lesions. Stable disease was
attributed when these criteria were not met. Patients
with partial and complete response or stable disease
were allowed to continue the therapy.

Pharmacokinetic evaluation

Plasma samples for pharmacokinetic analyses were
obtained on days —3 (etoposide alone) and 2 (etopo-
side with ketoconazole) at the following time points:
baseline, 10, 20, 30, 40, 50, 60, 75, 90 and 105 min and 2,
3, 4, 6, 8 and 24 h after the ingestion of etoposide.
Blood samples were collected in heparinized tubes and
centrifuged to separate the plasma, which was then
stored at —80°C until analysis. Etoposide was adminis-
tered under direct observation by the study team on
the days when pharmacokinetic samplings were
required.

The etoposide assay was based on the published
method by Sinkule and Evans [40]. Briefly, a liquid-
liquid extraction was carried out by adding 100 pL of
saturated ammonium sulfate and 4 mL ethyl acetate to
0.5 mL plasma. The organic layer was dried under
nitrogen and reconstituted using 1 mL 50% methanol/
50% deionized water. One hundred pL of teniposide
(VM-26) at a concentration of 40 pg/mL was used as an
internal standard. After reconstitution, the sample was
injected onto the HPLC system. A pBondapak phenyl
reverse phase column (3.9 x 300 mm, 10 pm; 125 A,
Waters Corp., Milford, MA) was used with fluores-
cence detection at an excitation wavelength of 215 nm
and an emission wavelength of 328 nm. The mobile
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phase consisted of methanol (A) and deionized water
(B) with the following gradients: from 0 to 15 min, 40%
A and 60% B, from 16 to 40 min, 55% A and 45% B,
from 40.1 to 50 min, 40% A and 60% B. At the elution
rate of 1.0 mL/min the retention times for etoposide
and teniposide were 18 and 27 min, respectively. The
assay was validated over a range of 50.8—1868.4
ng/mL, with an interday accuracy from 97.5 to 103.5%
and precision of <6.4% and intraday accuracy ranging
from 95.2 to 107.3% and precision of <14.1%, respec-
tively. Samples with concentrations that fell outside of
the range of the standard curve were reanalyzed by
diluting with blank plasma prior to extraction and the
final concentration values were determined after
applying the appropriate dilution factor.

Pharmacokinetic analysis

Non-compartmental methods were used to calculate
the pharmacokinetic parameters of etoposide using
WinNonlin Version 4.0 (Pharsight Corporation, Moun-
tain View, CA). The peak concentration (C,,,,) was the
maximum plasma concentration measured. The appar-
ent elimination rate constant (/,) was estimated by per-
forming a linear regression of the terminal log-linear
portion of the concentration—-time plot. The AUC,
which was extrapolated to infinity, was determined by
the linear trapezoidal method. Calculated parameters
included elimination half-life (¢, =1In2/4,), clearance
(CL/F = Dose/AUC) and volume of distribution
(Vd/F = CL/4,). All pharmacokinetic parameters were
calculated using actual collection times.

Statistical considerations

Data were expressed as median with range for non-
normally distributed data. A paired non-parametric
test (Wilcoxon signed-rank test) was used for 2-group
comparisons. Although the original statistical plan
called for 1-sided testing, we chose the more conservative
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2-sided test for final analysis. Spearman’s r analysis was
used for comparing etoposide clearance with various
clinical parameters. Pitman’s 7T test was used for
analysis of variance for correlated samples. A p value
of <0.05 was considered to be statistically significant.
The significant level cut-off was not adjusted for multi-
ple comparisons because these analyses were consid-
ered exploratory. The statistical analyses of the data
were conducted using GraphPad Prism 4 (San Diego,
CA).

Results
Patient characteristics

Thirty-two patients were enrolled on the trial. The
detailed characteristics of the patients enrolled are
listed in Table2 The most common tumor types
include ovarian cancer, colorectal cancer, prostate can-
cer and breast cancer. More than two-thirds of the
patients had been treated with at least two prior treat-
ment regimens. All patients who received etoposide
were assessed for toxicity; two patients were not evalu-
able for DLT because they did not complete the first
cycle of therapy due to rapid disease progression.

Table 2 Patient characteristics

Number of patients

Total enrolled 32
Gender

Male 12
Female 20
Age (years)

Median 60
Range 25-80
Karnofsky performance status (%)

100 8
90 8
80 12
70 4
Disease

Ovarian 7
Colorectal 6
Prostate 4
Breast 4
Gastric 2
Lung 2
Sarcoma 2
Other 5
Prior treatment regimens?®

<1 10
2 7
3 9
>4 5

% Data on prior treatment regimen was not available for one
patient

Twenty-eight patients were eligible for response evalu-
ation. Four patients were not evaluable for response
because they were discontinued from the study before
the first scheduled tumor response assessment (three
had unacceptable treatment related toxicity and one
withdrew consent).

Adverse events and response evaluation

Table 1 provides a summary of the DLTs at each dose
level and Table 3 illustrates the toxicities for all dose
levels in the first cycle. Myelosuppression was the most
common toxicity and neutropenia was the most com-
mon DLT. One-third of the patients in the initial
cohort (etoposide 50 mg daily) developed DLT, and all
DLTs from this cohort were due to febrile neutrope-
nia. Hence, the dose escalation phase of the study
started at a lower dose of 50 mg every other day (level
I). None of the patients treated at this level developed
a DLT. At dose level 11, one grade 4 febrile neutrope-
nia (this patient also developed grade 3 thrombocyto-
penia) and one grade 3 neutropenia were observed. No
hematological toxicity was seen in the three patients
treated at dose level III. At dose level IV, 2 of 4
patients developed grade 3 or 4 neutropenia; the
patient with grade 4 neutropenia also developed grade
3 thrombocytopenia. Mild anemia (<grade 2) was com-
mon and was attributed to both the advanced disease
of patients and the study drug. Only one patient devel-
oped grade 4 anemia (at dose level I). Six patients had
mild (<grade 2) thrombocytopenia and 3 patients had
grade 3 thrombocytopenia. Further accrual to the
study was suspended, due to concerns of the overall
hematological toxicity observed at dose level I'V.

Fatigue, nausea and vomiting were the most com-
monly reported non-hematological toxicities. About
25% of all patients treated developed grade 2 or 3
fatigue; it was essentially observed at all doses and did
not correlate with the dose of etoposide. Two patients
at dose level I'V had grade 3 events unrelated to etopo-
side therapy. One had a transient ischemic attack with
dysarthria, while the other patient with ovarian cancer
and bulky intra-abdominal disease developed deep
vein thrombosis and required anticoagulation. Two
deaths occurred on the study. Both patients developed
rapid symptomatic progression of lung metastases from
breast and lung cancer; one occurred in cycle 1 and the
other in cycle 2 of the treatment.

A total of 78 cycles of treatment were administered
with a median of 2 cycles per patient (1-11 cycles). No
partial or complete responses were observed. Twelve
patients (38%) were noted to have stable disease for up
to 11 months (range 4-11 months, median 4 months).
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Table 3 Toxicity for all dose levels

Dose level No. of patients
Initial cohort 1 II 111 v
50 mg/day 50 mg every other day 50mg?2of 3days 50 mg 3 0f 4 days 50/100 mg alternate day
(n=9) (n=5) (n=11) (n=3) (n=4)
Toxicity/grade 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Gastrointestinal
Nausea/emesis 32 - - 2 - - - 2 - - - - - - - - -
Mucositis - - - - 1 - - - - - - - - - - = - - - -
Constitutional
Anorexia 2 2 - - 2 - - - 1 1 - - - - - - 1 - - -
Fatigue 211 - - 2 - - 2 1 1 - 2 - - - 2 2 - -
CNS
Peripheral 1 - - - 1 - - - - - - - - - - = 1 - - -
neuropathy
Hematologic
Neutropenia -1 1 3 1 1 - - 2 1 1 - - - = - 1
Thrombocytopenia 1 - 1 - 2 - - - 2 1 1 - - - - - - -
Anemia 1 5 1 1 1 2 - - 3 s 1 - 1 1 - - - 3 - -
Other
Metabolic -1 - - - - - - - - - - - - - - - -
Infection - - 2 - - 1 - - - - 1 - - - 1 - 1 - - -
Pharmacokinetics respectively, in the presence of ketoconazole, which

Pharmacokinetic data were not available in one subject
because the subject refused venous sampling. Thirty-
one patients had samples available for etoposide phar-
macokinetic data analysis from both day —3 and 2. Of
these 31 patients, four were not assessable for clear-
ance and terminal half-life, due to missing sampling
points at the terminal log-linear portion of the concen-
tration—time plot. The pharmacokinetics of etoposide
with and without ketoconazole are shown in Table 4.
Co-administration with ketoconazole resulted in an
increase in the AUC and a reduction in the clearance
of etoposide by a median of 20% (p < 0.005) and 18%
(p =0.03), respectively. The addition of ketoconazole
did not significantly reduce interpatient variability in
peak plasma concentration (61% to 50%, F=0.025,
p = 0.87). In fact, interpatient variability of AUC and
clearance increased from 43% to 89% (T =38.12,
p<0.001) and 52% to 71%, (T=0.714, p =0.24),

was opposite to the hypothesized effect.

Several parameters were assessed for their correla-
tion with etoposide clearance (Table 5). In the absence
of ketoconazole, both bilirubin and creatinine corre-
lated with etoposide clearance. With ketoconazole,
pretreatment bilirubin was the only factor that corre-
lated significantly with etoposide clearance. A similar
trend was noted with multivariate analysis. Etoposide
AUC correlated negatively with log nadir absolute
neutrophil counts (ANC) (Spearman’s r=—037,
p =0.05). Amongst the pretreatment parameters, bili-
rubin was significantly correlated to nadir log ANC
(Spearman’s r = —0.47, p = 0.007).

Discussion

This study demonstrates that ketoconazole decreases
the apparent oral clearance of etoposide, although the

Table 4 Pharmacokinetic

Pharmacokinetic Etoposide Etoposide + Ratio p value
parameters (n.on—compart— parameter alone ketoconazole (% change)
mental analysis) expressed as
median (range) Dose (mg) 50 50/200
Cphax (ng/mL) 2.3 (0.4-6.9) 2.3 (0.4-6.0) 1.0( 0) 0.86
T ax () 1.1 (0.5-8.0) 1.5 (0.5-8.0) 1.0 (0) 0.09
AUC (pg h/mL) 20.3 (7.4-44.3) 25.6 (5.0-148.2) 1.2 (20) 0.003
CL/F (mL/min) 41.0 (18.8-113.0) 32.5(5.67-168.2) 0.82 (—18) 0.03
Vd/F (L) 25.6 (11.8-92.0) 23.6 (4.3-53.5) 0.78 (—22) 0.09
T, (h) 6.4 (2.6-35.6) 6.5 (3.1-110.0) 1.0 (0) 0.55
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'!‘able S Un1va.r1ate correla- Predictor Etoposide alone Etoposide + ketoconazole
tions of etoposide clearance
Spearman’s p value Spearman’s p value
r correlation r correlation
Performance status -0.13 NS 0.10 NS
Age —0.22 NS 0.00 NS
Weight —0.10 NS 0.16 NS
Albumin 0.26 NS 0.04 NS
Bilirubin —0.45 0.016* —0.48 0.008%*
Creatinine —0.46 0.015* —0.07 NS
NS not significant ALT 032 NS 0.14 NS
*p <0.05 AST 0.35 NS 0.07 NS
Alkaline phosphatase 0.05 NS -0.13 NS

## p < 0.01

combination of ketoconazole with reduced dose etopo-
side was well tolerated. Table 6 compares the AUC fol-
lowing the ingestion of a single 50 mg of oral etoposide
with ketoconazole to etoposide alone (50 mg/m? and
100 mg) based on previously published data [8, 11, 17,
30, 33, 35, 39, 41, 47, 48]. Also, ketoconazole did not
substantially alter the toxicity profile of oral etoposide
compared with published studies of equivalent sys-
temic exposure [11, 33]. As expecteded, myelosuppres-
sion was the most common dose limiting toxicity. The
proportion of patients who developed grade 3 or 4
hematologic toxicity was slightly higher in patients who
received 50 mg of etoposide daily with ketoconazole
modulation compared to patients receiving 50 mg/m?
in the studies by Paredes etal. and el-Yazigi et al.
(44% vs 23-34%) [11, 33]. This difference may be
related to the patient selection and the sample size of
the studies. The study subjects in el-Yazigi et al. were
chemonaive and two thirds of the patients in Paredes
study were exposed to one or fewer previous chemo-
therapy regimens whereas majority of the study sub-
jects in the current trial were heavily pretreated.
Although patients were instructed to keep a log to
monitor compliance, the data for most patients were
missing. Hence we were unable to compare our
patient’s compliance data with other studies.

Table 6 AUC after single dose of oral etoposide

Dose AUC Ty, (h) n Reference
(ng h/mL)

100 mg 22.8 - 17 [48]

100 mg 26 6.6 11 [17]

100mg 30.2 4.8 4 [33]

100 mg 32.5 3.7 15 [30]

100 mg 36.8 6.4 12 [39]

100 mg 56.5 5.6 28 [8]

100 mg 66 8.8 10 [41]

100 mg 87.7 11.5 50 [47]

50 mg/m? 33.8 9.0 22 [11]

50 mg/m? 34.3 - 32 [35]

50 mg + ketoconazole 32.5 6.5 33 Current study

Ketoconazole is a known inhibitor of ABCBI.
Although modulation by ketoconazole led to an
increase in the systemic exposure of etoposide, there
was no apparent effect on the peak plasma concentra-
tion. In contrast, cyclosporine A, a more potent ABCB1
inhibitor, significantly increased the peak plasma con-
centration of other ABCB1 substrates (e.g., paclitaxel,
docetaxel) [29]. This suggests that the increased sys-
temic exposure to etoposide by ketoconazole modula-
tion is most likely mediated predominantly through the
inhibition of etoposide metabolism in the liver rather
than the inhibition of transporters in the intestine.

Although deliberate inhibition of metabolizing
enzymes or transporters improves the bioavailability of
several drugs, this strategy has been less successful in
reducing interpatient variability. In this study, we
observed marked interindividual variability in etopo-
side AUC in patients, both with and without ketoconaz-
ole modulation. Similar observations have been
reported in other studies using oral ketoconazole mod-
ulation [10, 12, 49]. In the study reported by Engels
et al., the clearance of docetaxel correlated with the
AUC of ketoconazole [12]. Engels et al. suggested that
the lack of reduction in interpatient variability from
ketoconazole modulation might be related to the
observed variability in the systemic exposure to ketoco-
nazole. In addition, the increased variability in etopo-
side clearance may also be a reflection of the differential
inhibition of CYP3A isoforms by ketoconazole. As
ketoconazole has less of an effect on CYP3AS5 (relative
to CYP3A4), subjects that express functional CYP3AS,
which accounts for about 30% of Caucasians and up to
73% of African Americans, may be less affected by
ketoconazole modulation [14, 20, 25, 34].

The lack of reduction in interpatient variability from
ketoconazole modulation could also be due to the
interpatient variability in UGT1A1 enzyme activity.
The UGTIAI*28 variant has been associated with a
reduction in UGT1A1 enzyme activity with resultant
pharmacodynamic consequences for drug such as irino-
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tecan [3, 21]. The overall contribution of UGTIAI
polymorphisms to the variability of etoposide kinetics
was probably insignificant as CYP3A4 is the predomi-
nant metabolic enzyme for etoposide. However, the
proportion of etoposide metabolized by UGT1A1l
might be increased substantially in the presence of
ketoconazole, since ketoconazole is a more potent
inhibitor of CYP3A4 than UGT1A1 [22, 38, 52]. Biliru-
bin is a UGT1A1 substrate and the UGTIAI*28 poly-
morphism has been associated with elevated serum
bilirubin levels [5, 6, 31]. In this study, the plasma bili-
rubin was the only parameter that correlated nega-
tively with etoposide clearance and AUC, when
modulated with ketoconazole.

Bilirubin can affect etoposide kinetics by competing
for albumin binding, resulting in an increase in unbound
etoposide. However, such interaction is postulated to
occur only at relatively high bilirubin concentrations
[13]. Stewart et al. [44] have previously demonstrated
that in patients with very high bilirubin levels, the
reduction in metabolic clearance of etoposide may be
compensated by the increased excretion of unbound
etoposide due to the decrease in albumin binding. This
provides an explanation as to why studies comparing
patients with abnormal bilirubin level, including those
with obstructive jaundice, with normal controls failed to
detect significant differences in etoposide kinetics [2, 4,
18, 44]. Conversely, studies involving patients with nor-
mal bilirubin levels were able to incorporate pretreat-
ment bilirubin for modeling of etoposide kinetics [24,
45]. Thus, the use of bilirubin as a predictor for etopo-
side toxicity should be further evaluated prospectively
in the group of patients with normal bilirubin.

In conclusion, etoposide can be given safely at a
lower dose with ketoconazole modulation although this
approach does not provide either a clinical or pharma-
cologic advantage. Modulation by oral ketoconazole did
not alter the toxicity profile of oral etoposide, nor did it
improve the therapeutic index of oral etoposide.
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