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Abstract Purpose: To develop a population pharmaco-
kinetic model for doxorubicin and doxorubicinol in the
presence of zosuquidar.3HCl, a potent P-glycoprotein
inhibitor. Methods: The population approach was used
(implemented with NONMEM) to analyse doxorubicin-
doxorubicinol pharmacokinetic data from 40 patients
who had received zosuquidar.3HCl and doxorubicin
intravenously (separately in cycle 1 and concomitantly
in cycle 2 over 48 h and 0.5 h, respectively). Results: A
five-compartment pharmacokinetic model (including
three compartments for doxorubicin pharmacokinetics
with two pathways for doxorubicinol formation) best
described the doxorubicin-doxorubicinol pharmacoki-
netics in the presence of zosuquidar.3HCl. Doxorubicin
clearance (CL), peripheral volume of distribution (V2)
and doxorubicinol apparent clearance (CLm/fm) and
apparent volume of distribution (Vm/fm) were 62.3 l/h,
2360 l, 143 l/h and 3150 l, respectively, in the absence or
presence of low doses of zosuquidar.3HCl (<500 mg).
In the presence of high doses of zosuquidar.3HCl
(‡500 mg), these values decreased by 25%, 26%, 48%
and 73%, respectively, and doxorubicinol pharmacoki-
netics were characterized by a delayed tmax (24 h versus
4 h), which led to the inclusion of the parallel pathways.
A decrease in the objective function (P<0.005) was

observed when the impact of zosuquidar.3HCl was ac-
counted for. Conclusions: This integrated parent-meta-
bolite population pharmacokinetic model accurately
characterized the increase in doxorubicin and doxor-
ubicinol exposure (1.33- and 2-fold, respectively) in the
presence of zosuquidar.3HCl (‡500 mg) and provided
insights into the pharmacokinetic interaction, which
may be useful in designing future clinical trials.
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Introduction

Multidrug resistance (MDR), the ability of cancer cells
to become resistant to chemotherapeutic agents that are
structurally and functionally unrelated, may be caused
by a variety of factors [2, 3, 13, 20, 23, 44]. One of the
most prevalent forms of MDR is associated with over-
expression of membrane transport proteins, for example
P-glycoprotein (P-gp) [21, 33] and multidrug resistance-
associated proteins (MRPs).

One strategy to overcome MDR is the use of non-
cytotoxic small molecules that inhibit the efflux activity
of the MDR transport proteins. Second- and third-
generation MDR modulators are already in clinical de-
velopment. These compounds bind with high affinity to
P-gp and demonstrate potent in vitro reversal activity
against MDR human tumour cell lines [23]. Some ex-
amples include PSC-833 [15, 22, 24, 38], R-verapamil
[27], S9788 [27, 32, 45], GF120918 [14, 18, 40], MS-209
[14, 28], KR-30035 [26], XR9576 [41] and VX-710 [29].
An important outcome of clinical trials investigating the
safety of doxorubicin (DOX) or paclitaxel administered
alone and concomitantly with PSC833 [1, 6, 15],
GF120919 [40] or VX-710 [29, 34] is the important but
expected pharmacokinetic interaction [23] characterized
by a decrease in the clearance of the anticancer drug
(hence an increase in exposure).
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Zosuquidar.3HCl [8, 10] (LY335979 or LY) is a novel
third-generation MDR modulator that was first identi-
fied by its ability to restore DOX sensitivity to P-gp-
expressing cell lines, enhancing the survival time of mice
inoculated with P388/ADR cells. In vitro experiments
have shown that zosuquidar.3HCl inhibits P-gp with a
Ki of 59 nM (displacement of vinblastine in equilibrium-
binding studies), does not inhibit either MRP1 or MRP2
and has no affinity for the liver enzymes CYP3A,
CYP1A, CYP2C9, CYP2D6 at nanomolar levels [8, 9,
10, 16, 36, 48]. Lack of pharmacokinetic interactions
with zosuquidar.3HCl should permit normal doses of
chemotherapy to be administered and allow more
straightforward interpretation of clinical trial results.
The pharmacokinetic data collected were fitted using a
population approach in order to describe and predict
DOX and doxorubicinol (DOXOL) pharmacokinetics in
the presence and absence of zosuquidar.3HCl.

Methods

Patient selection

Patients with a histological or cytological diagnosis of metastatic or
locally advanced cancer who had failed conventional therapy, had
disease considered refractory to standard chemotherapy regimens,
or had disease for which no standard chemotherapy was available,
were entered into the study. All participants gave written informed
consent and the study was conducted in accordance with the ethical
principles of the most recent version of the Declaration of Helsinki.
Patients were at least 18 years of age, and met other eligibility
requirements which included having a resting blood pool heart scan
with an ejection fraction of greater than 45%, a performance status
of 0 to 2 on the Eastern Cooperative Oncology Group scale, and an
estimated life expectancy of at least 16 weeks. A patient’s lifetime
cumulative anthracycline dose (PLCAD) was not to exceed the
DOX equivalent of 300 mg/m2 in order that the PLCAD at the end
of this clinical trial would remain below 500–550 mg/m2 (the
threshold value above which cardiomyopathy is observed). Ade-
quate organ function (bone marrow, liver and kidney) was
required. A description (demographic and laboratory values) of the
patient population enrolled in this study is presented in Table 1.

Study design and treatment

Entered into this study were 40 patients in cohorts of three. The
patients received zosuquidar.3HCl as a 48-h continuous in-
travenous infusion and DOX as a 0.5-h intravenous infusion se-
parately and concomitantly in cycles 1 and 2, respectively. The
dose administration scheme for each cohort is given in Table 2
(each patient received the same dose of each compound in cycle 1
and cycle 2). In cycle 1, zosuquidar.3HCl was administered on
days 1 and 2 and DOX was administered on day 15. In cycle 2 (35
days after the beginning of cycle 1), DOX administration began
24 h (day 2 of the cycle) after the start of the zosuquidar.3HCl 48-h
infusion.

Pharmacokinetic data and biological assays

Plasma samples were collected to determine the pharmacokinetics
of zosuquidar.3HCl, DOX and DOXOL according to the schedule
presented Table 3. Zosuquidar.3HCl concentrations were
determined using a reverse-phase HPLC method validated in the
range 20–2000 ng/ml with fluorescence detection in human plasma

(excitation and emission wavelengths 240 and 415 nm, respec-
tively). DOX and DOXOL concentrations were determined using a
HPLC method validated in the range 0.5 ng/ml (precision 7.09%)
to 100 ng/ml with fluorescence detection (excitation and emission

Table 1 Demographic and biological characteristics of the patients
enrolled (cycle 1). Data are expressed as median (range), except
number of patients

Covariates (unit) Values

Men 18
Women 18
Smokers 9
Nonsmokers 27
Age (years) 57 (27–73)
Serum albumin (g/dl) 3.5 (2.3–4.7)
Alkaline phosphatase (U/l) 92 (47–592)
Alanine aminotransaminase (U/l) 19 (7–12.9)
Aspartate aminotransaminase (U/l) 20 (8–106)
Total bilirubin (mg/dl) 0.3 (0.2–0.7)
Body mass index (kg/m2) 27.5 (18.2–39.7)
Body surface area (m2) 1.99 (1.37–2.69)
Chloride plasma level (meq/l) 103 (96–110)
Creatinine clearance (ml/min)a 108.1 (55.5–291.7)
Haemoglobin (g/dl) 11.4 (8.7–15.7)
Height (cm) 172 (150–198)
Phosphate plasma (mg/dl) 3.8 (2.3–4.6)
Potassium plasma (meq/l) 4.2 (3.0–5.6)
Plasma protein (g/dl) 6.8 (5.9–8.0)
Red blood cells (·1012/l) 3.96 (2.98–5.07)
Serum creatinine (mg/dl) 0.7 (0.4–1.6)
Sodium plasma (meq/l) 140 (131–147)
White blood cells (·109/l) 7.09 (2.70–14.60)
Weight (kg) 82.7 (43.1–137.0)

aBased on the Cockcroft and Gault equation (X=72 for males and

85 for females): CrCL ml=minð Þ ¼ ð140�current ageðyearsÞ�ðweightÞðkgÞÞ½ �
X�serum creatinine concentration mg=dLð Þ

Table 2 Dose administration scheme for each cohort. The dis-
crepancies between the number of patients having received a dose
and the number of patients whose data were used in the pharma-
cokinetic analysis and between cycle 1 and cycle 2 (cohorts 7 and 9)
are because a few patients did not complete the study (stopped after
the first administration of zosuquidar.3HCl and did not receive any
dose of DOX or stopped after completion of cycle 1)

Dose (mg/m2) Number of patients

Zosuqui-
dar.3HCl

DOX Cycle 1 Cycle 2

Cohort 1 40 45 3 3
Cohort 2 40 60 3 3
Cohort 3 80 60 3 3
Cohort 4 160 60 3 3
Cohort 5 320 60 3 3
Cohort 6 640 60 3 3
Cohort 7 1280 60 6 5
Cohort 8 1280 75 3 3
Cohort 9 960a 75 13 6
Patients receiving
a dose

40 32

Patients whose data
were used for
pharmacokinetic
analysis

36 32

aExcept patient 29 cycle 1 1280 mg/m2
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wavelengths 470 and 550 nm, respectively), which had been ad-
justed (2.5 to 1000 ng/ml) to minimize the number of dilutions
required by the high concentrations in patient samples. Based on
quality control samples, the overall relative standard deviation
(expression of precision) was less than 12.8% and 9% for zosu-
quidar.3HCl and DOX-DOXOL, respectively. The overall relative
error (expression of accuracy) was less than 2.0% and 6.0% for
zosuquidar.3HCl and DOX-DOXOL, respectively.

Data analysis

The population pharmacokinetic model for DOX was defined, and
the corresponding final pharmacokinetic parameters (means and
variances from the model included the impact of zosuquidar.3HCl
on DOX pharmacokinetic parameters), were fixed during the de-
velopment of the DOXOL pharmacokinetic model. All analyses
were performed with NONMEM (version V) using the first-order
conditional method with interaction [4, 37, 42, 49].

First, a basic pharmacokinetic model, defined as describing
adequately the mean population and individual tendencies without
inclusion of any covariates, was determined. The structure for the
random effects was as follows: (a) the departure of individual
pharmacokinetic parameters estimates from the corresponding
population mean estimate (interindividual variability, IIV, and
interoccasion variability, IOV) was modelled according to an ex-
ponential relationship; (b) additive, proportional and combined
(additive plus proportional) relationships were tested to model the
departure of the model predictions from the observations (residual
variability) [46]. At this stage the impact of Zosuquidar.3HCl on
DOX and DOXOL pharmacokinetics was investigated and tested
in NONMEM.

Second, to select other important covariates and the functional
relationships between those covariates and the pharmacokinetic
parameters, a stepwise generalized additive model (GAM) based on
individual pharmacokinetic parameter estimates from the basic

population model as dependent variables was performed outside
NONMEM with the Xpose program [20]. The resulting covariate-
pharmacokinetic parameter relationships were tested for statistical
significance with NONMEM according to the selection criterion
described by Troconiz et al. [46]. The covariance among the ran-
dom effects was also explored at this stage of the analysis.

Model selection was based on the goodness of fit plots, the
estimates and the confidence intervals of the fixed and random
parameters, and the minimum value of the objective function. Fi-
nally, based on pharmacokinetic parameters from the final model,
1000 simulations were carried out using the Monte-Carlo method
in order to generate the population 95% prediction interval. Also, a
simultaneous estimation of DOX and DOXOL pharmacokinetic
parameters was attempted at this stage of the analysis.

Population pharmacokinetic analysis of zosuquidar.3HCl was
carried out but was not the objective of this study. Hence, in ad-
dition zosuquidar.3HCl absolute dose, the AUC and Cmax (the area
under the concentration versus time curve and the observed max-
imal concentration, respectively) could be used to study the effect of
zosuquidar.3HCl on DOX and DOXOL pharmacokinetics.

Results

DOX pharmacokinetics, were adequately described by a
three-compartment pharmacokinetic model (Fig. 1a, b).
The basic pharmacokinetic model for DOX included IIV
and IOV terms on the following fixed-effect parameters:
the total plasma clearance (CL), the intercompartmental
clearance (Q2), and the peripheral volume of distribu-
tion (V2). Residual variability was modelled using a
proportional error. Due to the wide range of DOX
plasma concentrations, the logarithm of the concentra-
tions was modelled. The goodness of fit plots (Fig. 1c)
for the final DOX model clearly showed no trends.

Figure 2a, b shows the post hoc individual estimates
(from the basic model) of DOX CL and V2 in the pre-
sence versus the absence of zosuquidar.3HCl. Although
it can be observed that low doses of zosuquidar.3HCl
(<500 mg total dose equivalent to 300 mg/m2, cohort 5
and below) did not seem to affect the estimate of CL and
V2, CL seems to be lower in the presence of greater
exposure to zosuquidar.3HCl (Fig. 2a, c). A categorical
model (cut-off value estimated at 500 mg zosuqui-
dar.3HCl) and a sigmoidal Emax model were tested to
describe this relationship. These two models gave very
similar results (pharmacokinetic parameter mean and
variance, decrease in the objective function minimum
value, see Table 4). As the pharmacokinetics of
zosuquidar.3HCl are linear, one can also use as a
suitable cut-off the corresponding Cmax and AUC
instead of the dose (Table 5). The range of zosuqui-
dar.3HCl Cmax and AUC for zosuquidar.3HCl doses
greater than 500 mg were 195–951.2 lg/l and 9115–
42789 lgÆh/l, respectively. The overall means±SD of
zosuquidar.3HCL Cmax and AUC normalized to a dose
of 500 mg were 121±40.2 lg/l and 5944±1746 lgÆh/l,
respectively (these values are similar to the EF50 values
listed in Table 4). The categorical model (Table 4) was
chosen as a pragmatic clinical model and because the
data were too sparse to describe accurately the declining
phase of the sigmoidal Emax relationship. The model
predicts reductions in CL and V2 of 25.2% and

Table 3 Sampling schedule

Time from beginning of infusion
(h)

Blood samples taken (X)

Zosuquidar.
3HCl

DOX Zosuquidar.
3HCl

DOX and
DOXOL

0 (predose) X No sampling
2 X No sampling
6 X No sampling
12 X No sampling
24 Predose X X
24.5 0.5 No sampling X
25 1 No sampling X
25.5 1.5 No sampling X
26 2 No sampling X
28 4 No sampling X
30 6 No sampling X
33 9 No sampling X (only in

cycle 1)
36 12 X X (only in

cycle 2)
48 24 X X
48.5 X No sampling
49 X No sampling
49.5 X No sampling
50 X No sampling
52 X No sampling
54 30 X X (only in

cycle 1)
72 48 X X
96 75 X X
120 96 No sampling X
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Fig. 1a–c DOX observed and
predicted (solid line mean,
dotted line 95% prediction in-
terval) plasma concentrations
versus time profiles following a
30-min intravenous administra-
tion of 75 mg/m2 of DOX (a) in
the absence (solid circles) or
presence of zosuquidar.3HCl at
doses <500 mg (open circles)
and (b) in the presence of
zosuquidar.3HCl at doses
‡500 mg (open triangles).
c Model goodness of fit plots

Fig. 2a–c Relationships be-
tween DOX pharmacokinetic
parameters (CL and V2) and
zosuquidar.3HCl dose. a, b
Categorical model with patients
who received zosuquidar.3HCl
at doses <500 mg (open circles,
dashed line regression line) and
at doses ‡500 mg (closed circles,
solid line regression line).
c Sigmoidal Emax model
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26.2%, respectively, with zosuquidar.3HCl at doses
‡500 mg.

DOXOL concentration versus time profiles showed
differences (increase in AUC, delayed tmax) when the
total dose of zosuquidar.3HCl was greater than 500 mg
(Fig. 3a, b). A model with five compartments best
accounted for these differences (Fig. 3c, d). The DOX
pharmacokinetic model being the input function for the
DOXOL pharmacokinetic model, a fourth compartment
(DOXOL compartment) was linked to the DOX central
compartment. This model adequately predicted the
DOXOL pharmacokinetic profile, in the absence or
presence of low doses (<500 mg) of zosuquidar.3HCl
(Fig. 4, left and middle graphs). DOXOL parameters
were expressed as apparent clearance (CLm/fm, where
fm is the fraction of DOX converted to DOXOL) and
apparent volume of distribution (Vm/fm). In the

presence of zosuquidar.3HCl at doses ‡500 mg, a fifth
compartment was added between the DOX central
compartment and the DOXOL compartment (Fig. 3d).
Consequently, the DOX output pharmacokinetic was
divided into two routes, both of them leading to the
DOXOL compartment, and therefore defining a parallel

Table 4 DOX population pharmacokinetic parameters (CL total clearance; Q2, Q3 intercompartmental clearances; V1, V2, V3 central
and peripheral volumes of distribution)

Basic model Categorical relationship
(final model)

Continuous relationship

Value SE (%) Value SE (%) Value SE (%)

Objective
function

–1073.326 –1127.957 –1133.386

CL (l/h) 57.6 4.91 62.3a 5.01 62.8a 5.03
Effect of
zosuquidar.3HCl

Decrease when
dose ‡500 mg (%)

– – 25.2 12.3 – –

Emax decrease
from baseline (%)

– – – – 25.5 14.5

Zosuquidar.3HCl
dose50 (mg)

– – – – 420 21.1

c2 – – – – 3.49 49.6
V2 (l) 2170 5.81 2360a 14.5 2390a 6.36
Effect of
zosuquidar.3HCl

Decrease when dose
‡500 mg (%)

26.2 14.5 – –

Emax decrease from
baseline (%)

28.0 16.5

Zosuquidar.3HCl
dose50 (mg)

420 21.1

c2 3.49 49.6
V1 (l) 21.2 8.11 21.5 8.56 21.5 8.70
Q2 (l/h) 84.7 9.70 85.8 10.4 85.9 10.6
Q3 (l/h) 34.7 10.9 35.6 11.7 35.6 12.0
V3 (l) 101 12.1 104 13.6 104 14.4

Interindividual
variability (%)b

CL 20.5 36.0 20.5 34.4 20.3 36.4
Q2 10.6 66.5 10.3 151 6.86 796
V2 7.30 70.7 13.6 76.1 14.4 61.7

Interoccasion
variability (%)b

CL 17.9 28.4 8.36 62.5 7.94 70.2
V2 26.0 21.6 18.5 64.5 16.8 69.8
Q2 50.8 102 50.1 129 50.4 138

Residual error
Proportional
error (%)

22.4 17.3 22.5 17.4 22.5 17.4

aPharmacokinetic values in the absence or presence of zosuqui-
dar.3HCl at doses £ 500 mg
bInterindividual and interoccasion variability on different phar-
macokinetic parameters expressed as coefficients of variation in
percent. The SE values for these parameters are the values on the

corresponding variance term calculated by NONMEM
(CV=100·(variance)0.5/mean). The off-diagonal terms (covar-
iances xCL-V2, xCL-Q2 and xQ2-V2) were tested but did not
improve the model (very small values)

Table 5 Correspondence between the parameters of a categorical
and sigmoidal Emax model describing the impact of zosuqui-
dar.3HCl on DOX pharmacokinetics: cut-off and EF50 values
(EF50 zosuquidar.3HCl total dose, Cmax and AUC which lead to
50% of the maximal decrease in DOX clearance and volume of
distribution when DOX is administered with zosuquidar.3HCl)

Zosuquidar.3HCl Cut-off EF50

Dose (mg) 500 420
Cmax (lg/l) 200 133
AUC (lgÆh/l) 5000 5900
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input pharmacokinetic model for DOXOL. The fifth
compartment (two additional parameters) helped to
characterize the later tmax (24 h versus 4 h, median tmax

in cycle 1) observed in the DOXOL pharmacokinetic

Fig. 3a–d DOXOL typical pharmacokinetic profiles (a) in the
absence and presence of zosuquidar.3HCl at doses <500 mg and
(b) in the presence of zosuquidar.3HCl at doses ‡500 mg. c, d
Corresponding pharmacokinetics models

Fig. 4 DOXOL observed and
predicted (solid line mean,
dotted line 95% prediction in-
terval) plasma concentrations
versus time profiles following a
30-min intravenous administra-
tion of 75 mg/m2 of DOX in the
absence of zosuquidar.3HCl
(left graph, closed circles; open
triangles patients 33 and 35)
and the presence of zosuqui-
dar.3HCl at doses <500 mg
(middle graph) or ‡500 mg
(right graph)
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profile with zosuquidar.3HCl at doses ‡500 mg and led
to a significant (P<0.005) improvement of the model.

The residual error model for DOXOL was a pro-
portional error model with an additional additive com-
ponent when time after dose was less then 1 h. This
residual error model was chosen because, between 0 and
1 h after administration, the prediction of the DOXOL
pharmacokinetic input function (that is DOX pharma-
cokinetics) was supported only by two observations per
patient and was particularly dependent on the accuracy
in recording the sampling time (DOX concentrations
decrease very rapidly between 0 and 1 h after adminis-
tration). This additive component was added in order to
overcome the consequences of inaccuracy in the pre-
diction of DOX pharmacokinetics (in the early dis-
tribution phase) on the prediction of DOXOL
pharmacokinetics and to give more flexibility for the
program to estimate DOXOL exposure. This model
adequately predicted the DOXOL pharmacokinetics in
the presence of zosuquidar.3HCl at doses ‡500 mg,
which were characterized by an increase in AUC
(1.82±0.90-fold increase, n=18; from 790 to 1466 lgÆh/l
following 75 mg/m2 DOX; Fig. 4, right graph). The in-
clusion in the model of the impact of zosuquidar.3HCl
on DOX and DOXOL pharmacokinetics led to a sig-
nificant decrease in the minimum value of the objective
function (P<0.005) and in the IOVs CL, V2, CLm/fm
and Vm/fm.

The impact of zosuquidar.3HCl on DOX-DOXOL
pharmacokinetics being accounted for, the GAM ana-
lysis was carried out to select other potential important
covariates. The results were as follows: (a) gender, al-
bumin (ALB) and bilirubin (BIL) levels, the aspartate
transaminase activity (AST) and the creatinine clearance
(CRCL) on CL; (b) weight (WGT) and CRCL on V2;
and (c) gender on CLm/fm and Vm/fm, AST on Vm/fm,
CRCL, BIL and DOX absolute dose on CLm/fm. When
these covariate effects were tested in NONMEM, only
BIL and AST on DOXOL pharmacokinetic parameters
were significant. However, these relationships were dri-
ven by data from two patients (patients 33 and 35) and

therefore were not thought to be robust enough to be
retained in the model (see Fig. 5b vs a). The covariate
values (other than BIL and AST) for these two patients
were similar to the values observed for the rest of the
population. The DOXOL population pharmacokinetic
parameters are presented Table 6 and the control stream
of this final DOX-DOXOL model is presented in
Appendix 1.

Discussion

The pharmacokinetics of the anthracycline, DOX, have
been well documented [7, 17, 19, 25, 30, 31, 43]. The
cumulative biliary excretion of DOX is estimated to be
approximately 40% of the dose. The aldoketoreductase
enzyme system (responsible for the formation of the
major metabolite, DOXOL) is present in all cells, but
particularly white and red blood cells, and liver and
kidney cells. DOXOL is eliminated by biliary excretion,
but limited quantities may also be recovered in the urine
[17]. Both P-gp and MRPs are involved in the excretion
of DOX and DOXOL [5]. DOXOL possesses approxi-
mately 10% of the activity of DOX [35] but is reported
to play a key role in mediating the cardiotoxicity seen
after DOX administration [50].

The five-compartment pharmacokinetic model for
DOX-DOXOL adequately described the data. The
model predicted a decrease in both CL and CLm/fm
(25.2% and 47.8%, respectively) in the presence of zo-
suquidar.3HCl at total doses >500 mg. In addition the
tmax of DOXOL was delayed (24 h versus 4 h) and
corresponded to the end of zosuquidar.3HCl infusion.
The model was based on the following hypothesis. When
a certain exposure of zosuquidar.3HCl is reached, a
critical degree of P-gp inhibition at the cellular level
results. This, in turn, prevents the P-gp-mediated efflux
of both parent and metabolite from cells. The principle
site of metabolism and excretion for DOX being the
liver, the pharmacokinetic processes following DOX
infusion and the impact of zosuquidar.3HCl can be

Fig. 5a, b DOXOL model
goodness of fit plots (a model
without AST and BIL, b model
with these covariates, open
triangles patients 33 and 35)
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summarized as in Fig. 6. The decrease in both parent
and metabolite CL could readily be explained by a re-
duction in P-gp-mediated efflux at the level of the bile
canaliculi.

If this hypothesis is correct, then the delay in DOX-
OL tmax and the reduction in CL and CLm/fm should
continue as long as P-gp inhibition remains above this
threshold. After this, P-gp activity should gradually
return to normal as zosuquidar.3HCl concentration
drops and the substrates (DOX-DOXOL) are again ef-
fectively effluxed from the cells. In this study, zosuqui-
dar.3HCl infusion was maintained for 24 h following
DOX administration during which time the zosuqui-
dar.3HCl concentration remained above the threshold
(200 lg/l) and P-gp inhibition was sustained. As zosu-
quidar.3HCl has a rapid distribution phase [11], zosu-
quidar.3HCl plasma concentrations fall rapidly after the
infusion is stopped, reversing the P-gp inhibition. The
tmax (24 h) of DOXOL effectively corresponds to this
time.

The presence of two peaks in DOXOL in some pa-
tients but not in others is a potential difficulty, and has
also been previously reported in the literature [19]. This
may be associated with distribution and/or clearance of
DOXOL from plasma following an initial rapid meta-
bolism of DOX in the central compartment. Based on
the data available from this study, it was not possible to
characterize or fully explore this hypothesis. This could
be further investigated when more DOX and DOXOL
data become available from future studies.

Although the model presented is empirical, there is a
mechanistic basis to it. The purpose of the fifth com-
partment is to allow for a delay between DOXOL input
pharmacokinetics and output pharmacokinetics and to
act as a ‘‘depot’’ compartment mimicking the hypothesis
that P-gp inhibition prevents DOXOL clearance. Hence
DOXOL plasma concentrations increase toward an
equilibrium state until P-gp inhibition is stopped. The
short distribution half-life of zosuquidar.3HCl and the

Fig. 6 Hypothesis to explain the increase in DOX and DOXOL
AUC in the presence of P-gp inhibition and corresponding
differential equations

Table 6 DOXOL population pharmacokinetic parameters (CLm/
fm apparent clearance; Vm/fm apparent volume of distribution;
K15, K54 rate constants of transfer from compartment 1 to 5 and
from 5 to 4, respectively)

Value SE (%)

CLm/fm (l/h)a 143 8.88
Effect of zosuquidar.3HCl
at doses ‡500 mg (% decrease)

47.8 9.23

Vm/fm (l) 3150a 9.81
Effect of zosuquidar.3HCl
at doses ‡500 mg (l)

855b 9.64

K15 (h–1) 0 (fixed) –
Effect of zosuquidar.3HCl
at doses ‡500 mg (l/h)

1.30 6.92

TT (h)c 0 (fixed) –
Effect of zosuquidar.3HCl
at doses ‡500 mg (h)

7.04 8.31

Interindividual variability (%)d

CLm/fm 41.6 39.4
Vm/fm 47.7 43.3

Interoccasion variability (%)d

CLm/fm 28.3 47.0
Vm/fm 33.6 100

Residual error
Proportional error (%) 18.7 7.81
Additive error (time after dose 0–1 h) (l/l) 5.77 14.0

aIn the absence of zosuquidar.3HCl or in the presence of zosu-
quidar.3HCl at doses <500 mg
b72.9% decrease in Vm/fm in the presence of zosuquidar.3HCl at
doses ‡500 mg
cHalf-life corresponding to the delayed rate constant K54 (=0.693/
K54)
dInterindividual and interoccasion variability on different phar-
macokinetic parameters expressed as coefficients of variation in
percent. The SE values for these parameters are the SE values on
the corresponding variance term calculated by NONMEM
(CV=100·(variance)0.5/mean)
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direct pharmacokinetic/pharmacodynamic relationship
(between the percent inhibition of P-gp activity in CD56
cells and zosuquidar.3HCl concentration) support the
hypothesis that the decrease in DOXOL concentration
after 24 h occurs because of the end of P-gp inhibition
(zosuquidar.3HCl concentrations fall rapidly at the end
of infusion, reversing P-gp inhibition and allowing
DOXOL clearance).

Trials with other MDR modulators (PSC-833,
GF120918, XR9576) [12, 15, 40] combined with DOX
have shown larger increases in AUC and Cmax than were
demonstrated with zosuquidar.3HCl in this study. This
could be attributed to the specificity of zosuquidar.3HCl
for P-gp compared to non-P-gp transporters. Since
DOX is transported by both P-gp and MRP, the impact
of a less-specific modulator (PSC-833) will be greater
(tenfold increase in DOXOL AUC) [15]. Additionally
the impact on DOXOL AUC, as described above, is
influenced significantly by the period of P-gp inhibition.
In the studies with PSC-833 and GF120918 this period
following DOX infusion was significantly longer (72 h)
[15, 40]. In the same way, drugs with a prolonged half-
life (e.g. XR9579 with a half-life of 40.8 h) will produce
similar results [12]. The impact of both specificity and
duration of inhibition will have a bearing on the toxicity
of DOX. Sparreboom et al. [40] highlight DOXOL ex-
posure as the major determinant of DOX-mediated
toxicity. Consequently, factors which increase DOXOL
exposure will also encourage dose-limiting toxicity. This
may be evident in the presence of these inhibitors. Hence
in these trials (with PSC-833 and GF120918) the max-
imum tolerated dose of DOX was 50 mg/m2 or less, in
contrast to 75 mg/m2 with zosuquidar.3HCl found in
this study.

There was a greater increase in the AUC ratio of
DOXOL (2-fold, increase in AUC from 790 to
1466 lgÆh/l following 75 mg/m2 DOX) compared to the
AUC ratio for DOX (1.3-fold, increase in AUC from
2065 to 2767 lgÆh/l following 75 mg/m2 DOX) when
given in combination with zosuquidar.3HCl. The me-
chanism for this remains unknown. One hypothesis
may be that inhibition of P-gp affects DOXOL to a
greater degree than DOX. This could be achieved by an
increased amount of DOX trapped in the hepatocytes
(as a consequence of P-gp inhibition) being converted
to the metabolite (DOXOL fm would increase). Fig-
ure 6 illustrates that, even if P-gp inhibition affects
DOX and DOXOL equally, a greater increase in
DOXOL AUC compared to that of DOX would be
expected. An alternative hypothesis is that a greater
percentage of parent than metabolite is excreted via
non-P-gp transporter.

The mechanisms responsible for the decreased vo-
lume of distribution at steady state (Vss=V1+V2+V3)
of DOX in the presence of zosuquidar.3HCl remain
unclear. The overall mean DOX Vss in the absence of
zosuquidar.3HCl was 2486 l, indicating that it is many
times that of total body water. DOX has an extremely
high affinity for its intracellular target, DNA, and this

leads to sequestration of DOX in cell nuclei. P-gp acts
against DOX tissue distribution by effluxing drug
from cells, and therefore one could speculate that P-gp
inhibition leads to greater cellular accumulation in
tumours and normal tissue expressing P-gp. The change
observed in Vss, however, is not consistent with this
effect. Recent studies have shown decreases in Vss of P-
gp substrates such as talinolol [39] and docetaxel [47] in
the presence of P-gp inhibitors (verapamil and R101933,
respectively). Another hypothesis could be that zosu-
quidar.3HCl gives rise to a decrease in tissue binding
that would lead to a decrease in the volume of dis-
tribution. This is based on the fact that the apparent
volume of distribution decreases when fraction unbound
and total drug concentrations in tissue increase.

In this study, a 75 mg/m2 dose of DOX administered
with zosuquidar.3HCl (48 h) was well tolerated. How-
ever, six cycles of such a regimen cannot be administered
safely because of the increase in DOX and DOXOL
exposure. In the absence of zosuquidar.3HCl, six cycles
of DOX 75 mg/m2 (corresponding to a cumulative DOX
dose of 450 mg/m2, just below the toxic cumulative dose
of 500–550 mg/m2 leading to cardiomyopathy) led to
cumulative AUCs for DOX and DOXOL of
12,390 lgÆh/l and 4740 lgÆh/l, respectively. In the pre-
sence of zosuquidar.3HCl at doses >500 mg (given ac-
cording to the regimen of this study), the cardiotoxic
cumulative exposure threshold based on DOXOL
(4740 lgÆh/l) would be achieved after three cycles, given
that DOXOL AUC over one cycle in the presence of
zozuquidar.3HCl at doses >500 mg is predicted to be
1466 lgÆh/l.

Therefore, in future trials, the length and rate of the
infusion of zosuquidar.3HCl need to be adjusted so that
efficacious levels of zosuquidar.3HCl for optimal P-gp
inhibition (higher than 200 lg/l) are obtained before the
DOX infusion and maintained only during the dis-
tribution phase of DOX pharmacokinetics (3 to 4 h
compared to the 24 h in this present study). This should
prevent the efflux of DOX from the cancer cells when the
drug is distributing in the tumours and therefore provide
time for the drug to migrate in the cells and to bind to
the cellular target (DNA). Once this is achieved there is
no need to further maintain the P-gp inhibition. This
adjustment should lead to a much lower impact on
DOX-DOXOL pharmacokinetics, allowing the con-
comitant administration of DOX and zosuquidar.3HCl
for six cycles.

The pharmacokinetic data collected in this study were
used to develop a novel integrated DOX-DOXOL po-
pulation pharmacokinetic model, which led to important
insights into the pharmacokinetic interaction (described
by a structural change in the model) between zosuqui-
dar.3HCl, DOX and DOXOL.
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Appendix 1. Control stream for the final
DOX-DOXOL model

$PROBLEM doxorubicin-met pop pk
$INPUT ID CYC TIME AMT INF RATE DV EVID
CMT LYDO
$DATA dox_met.dta
$SUBROUTINE ADVAN5
$MODEL
NCOMPARTMENTS=5
COMP (CENTRAL)
COMP (PERIPH1)
COMP (PERIPH2)
COMP (DELAY)
COMP (MET)
$PK
OCC3=0
OCC4=0
C1=0
C2=0
C4=0
IF (CYC.EQ.1) OCC3=1
IF (CYC.EQ.2) OCC4=1
IOV1=OCC3*ETA(9)+OCC4*ETA(10)
IOV2=OCC3*ETA(11)+OCC4*ETA(12)
IOV3=OCC3*ETA(13)+OCC4*ETA(14)
IOV4=OCC3*ETA(15)+OCC4*ETA(16)
IOV5=OCC3*ETA(17)+OCC4*ETA(18)
IF (LYDO.GE.500) C1=THETA(11)
IF (LYDO.GE.500) C2=THETA(12)
IF (LYDO.GE.500) C4=THETA(13)
TCL=THETA(1)*(1-C1)
CL=TCL*EXP(ETA(1)+IOV1)
V1=THETA(2)*EXP(ETA(2))
Q2=THETA(3)*EXP(ETA(3)+IOV3)
V2=THETA(4)*(1-C2)*EXP(ETA(4)+IOV2)
Q3=THETA(5)*EXP(ETA(5))
V3=THETA(6)*EXP(ETA(6))
IF (LYDO.LT.500) THEN
K15=0
K14=CL/V1
TV4=THETA(8)
ELSE
K15=THETA(15)
K14=CL/V1-K15
TV4=THETA(16)
END IF
TT=THETA(14)
K54=LOG(2)/TT
TCLM=THETA(7)*(1-C4)
CLM=TCLM*EXP(ETA(8)+IOV4)
V4=TV4*EXP(ETA(7)+IOV5)
S1=V1/1000
S4=V4/1000
K12=Q2/V1
K21=Q2/V2
K13=Q3/V1

K31=Q3/V3
K40=CLM/V4
$ERROR
GROUP=0
IF (TIME.LT.1) GROUP=1
DEL=0
IF (F.EQ.0) DEL=1
W1=0
W2=0
IF (CMT.EQ.1) IPRED=LOG(F)
IF (CMT.EQ.4) IPRED=F
IF (CMT.EQ.1) W1=1
IF (CMT.EQ.4.AND.GROUP.EQ.1) W2=SQRT (TH-
ETA(9)**2+THETA(10)**2*IPRED**2)
IF (CMT.EQ.4.AND.GROUP.EQ.0) W2=SQRT (TH-
ETA(10)**2*IPRED**2)
IRES=DV-IPRED
IWRES=IRES/(W1+W2+DEL)
Y=IPRED+W1*EPS(1)+W2*EPS(2)
$ESTIMATION METHOD=CONDITIONAL
INTERACTION NOABORT PRINT=10 MAX-
EVALS=9999
$COV
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