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Differential effects of ketoconazole and primaquine on the
pharmacokinetics and tissue distribution of imatinib in mice
Gian Wan Soo, Jason H.K. Law, Elaine Kan, Shin Yee Tan, Wei Yin Lim,
Grace Chay, Nadeem I|. Bukhari and Ignacio Segarra

Imatinib, a selective inhibitor of c-KIT and Bcr-Abl
tyrosine kinases, approved for the treatment of chronic
myelogenous leukemia and gastrointestinal stromal
tumors, shows further therapeutic potential for gliomas,
glioblastoma, renal cell carcinoma, autoimmune nephritis
and other neoplasms. It is metabolized by CYP3A4,

is highly bound to a-1-acid glycoprotein and is a
P-glycoprotein substrate limiting its brain distribution.

We assess imatinib’s protein binding interaction with
primaquine, which also binds to «-1-acid glycoprotein,
and its metabolic interaction with ketoconazole, which

is a CYP3A4 inhibitor, on its pharmacokinetics and
biodistribution. Male ICR mice, 9-12 weeks old were given
imatinib PO (50 mg/kg) alone or co-administered with
primaquine (12.5 mg/kg), ketoconazole (50 mg/kg) or
both, and imatinib concentration in the plasma, kidney, liver
and brain was measured at prescheduled time points by
HPLC. Noncompartmental pharmacokinetic parameters
were estimated. Primaquine increased 1.6-fold plasma
AUC, _, o, Cuax decreased 24%, Ty, halved and t;,, and
mean residence time were longer. Ketoconazole increased
plasma AUC,_, ., 64% and doubled the Cy.,, but this
dose did not affect t,,, or mean residence time. When
ketoconazole and primaquine were co-administered,

Introduction

Imatinib is a selective, rationally designed, c¢-KI'T and Ber-
Abl tyrosine kinase inhibitor, approved for the treatment
of chronic myelogenous leukemia (CML) [1], gastrointest-
inal stromal tumors (GIST) [2,3] and unresectable GIST
[4]. Human and preclinical studies have suggested that
imatinib may be beneficial in other diseases including
glioma [5], rheumatic diseases [6], autoimmune nephritis
[7] and renal cell carcinoma [8]. Mechanistically, imatinib
blocks cell proliferation and induces apoptotic cell death
in Ber-Abl positive cells. Imatinib occupies the ATP-binding
pocket and maintains the Ber-Abl oncogenic fusion protein
in an inactive form, which leads to growth inhibition
of leukemic and clonogenic bone marrow cells in CML
patients [9]. In addition, imatinib also inhibits the
autophosphorylation of platelet-derived growth factor
receptor and c-Kit tyrosine kinases [10]. Activated
platelet-derived growth factor receptor drives the develop-
ment of glioblastoma, a primary tumor of the central nervous
system, whereas c-Kit is implicated in the development of
GIST and small cell lung carcinoma [11].
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imatinib AUC,_, ., and Cy.x increased 32 and 35%,
respectively. Ketoconazole did not change imatinib’s
distribution efficiency in the liver and kidney, primaquine
increased it two-fold and it was larger when both the drugs
were co-administered with imatinib. Ketoconazole did

not change brain penetration but primaquine increased it
approximately three-fold. Ketoconazole and primaquine
affect imatinib clearance, bioavailability and distribution
pattern, which could improve the treatment of renal and
brain tumors, but also increase toxicity. This would warrant
hepatic and renal functions monitoring. Anti-Cancer Drugs
21:695-703 © 2010 Wolters Kluwer Health | Lippincott
Williams & Wilkins.
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Imatinib is a quadrivalent base (pKa = 1.52-8.07), freely
soluble in water at a pH lower than 5.5 and stable in
gastrointestinal fluid, which leads to high bioavailability
(98%). In humans, the half-life is 13—-18 h [12] and it is
extensively metabolized mainly by CYP3A4 and CYP3A5,
although CYPZD6 and CYP2C9 are minor contributors,
into an active metabolite (CGP 74588) with a longer
half-life (40h) [12]. Both imatinib and the main meta-
bolite are excreted in bile into the intestine where it may
undergo enterohepatic recycling. It is mostly excreted
through the feaces and only around 5% is excreted
unchanged in urine [13].

Imatinib binds to a-1-acid glycoprotein, a single-chain
glycoprotein (MW 36 000-44 000) synthesized in the liver
that binds basic and neutral lipophilic drugs and its
plasma concentration is 0.5-1.4 mg/ml in humans with a
free fraction around 3.1% [14,15]. Imatinib’s affinity to
human a-1-acid glycoprotein is higher than to albumin
with affinity constants of 4.9 x 10° and 2.3 x 10°1/mol,
respectively, which has therapeutic implications. Clinical
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trials have shown that there is no effect of albumin
concentration on imatinib efficacy [16], unlike a-1-acid
glycoprotein that has significant consequences. Leuko-
cytic patients with elevated plasma a-1-acid glycoprotein
levels had decreased free imatinib fraction and showed
reduced efficacy [15]. Some CML and GIST patients
showed only transient response and developed resistance
despite a high plasma imatinib concentration. However,
leukemic cells from these patients tested 7 vitro showed
remission at the same concentration found in plasma.
This suggests a limiting effect of imatinib o-1-acid
glycoprotein binding on the free imatinib available
i vivo [15]. In mice, increased imatinib tissue distribu-
tion was observed after co-administration with clindamy-
cin [15], erythromycin [17] and metronidazole [18],
suggesting a limiting role of efflux transporters, especially
MRP1 and P-glycoprotein (P-gp) [19,20], together with
a low partition coefficient (logP = 1.267 at 37°C) [21] in
its tissue penetration. Finally, although imatinib is well
tolerated in general, it has also shown renal and hepatic
toxicity including several fatal outcomes [22,23]. Severe
hepatotoxicity was shown in patients [23] and in pre-
clinical animal models alone or in combination with other
drugs [24,25].

In this study, we assessed the changes in systemic and
tissue exposure of imatinib caused by the inhibition of
first-pass effect and protein displacement using two
model drugs. First, we assess the effect of ketoconazole—
imatinib interaction on the pharmacokinetics and tissue
exposure of imatinib. Ketoconazole, an antifungal drug,
commonly used by cancer patients is a potent CYP450
3A4 inhibitor able to affect imatinib’s bioavailability
[26]. Second, we evaluate the effect of protein-binding
inhibition on tissue penetration using primaquine, an
antimalarial drug, which, similar to imatinib, preferen-
tially binds to the a-1-acid glycoprotein (affinity constant
value of 4.0 x 10°/mol) than human serum albumin
(affinity constant value ~0.6 x 10*) [27]. Finally, the
extent of imatinib penetration in the tissues of interest
was evaluated after the co-administration of both
ketoconazole and primaquine. Specifically, the brain and
kidney were chosen because of imatinib’s potential to
treat glioblastoma [5] and renal cell carcinoma [8], and
the liver was chosen because of severe hepatoxicity
associated with imatinib [23].

Materials and methods

Reagents and drugs

Imatinib mesylate (Cipla Ltd., India), ketoconazole
(Sigma-Aldrich, USA) and primaquine (Merck, Germany)
were stored protected from light and refrigerated. HPLC
grade methanol and acetonitrile were purchased from
Merck (Germany). Triethlylamine (Nacalai Tesque Inc.,
Japan), glacial acetic acid (J.'T. Baker, Thailand) were of
analytical grade and sodium chloride (Promega, USA) of
molecular grade. Ethanol 95% was supplied by HmbG

Chemicals (Hamburg, Germany) and heparin sodium was
purchased from Sigma-Aldrich (Germany).

Experimental animals and study design

Male ICR mice of similar age (8-12 weeks) and weight
(18-25 g) were supplied by the Universiti Putra Malaysia
(Kuala Lumpur, Malaysia), housed in the Animal Holding
Facility of the International Medical University under a
12-h light cycle, provided with food and water ad /ibitum
and allowed to acclimatize for at least 1 week prior before
the procedure. All study procedures were approved by the
Institutional Animal Use and Research Ethics Committee.

Before dosing, the mice were fasted for 12h (water ad
libitum) and randomly assigned to either the control or
study groups. Mice in the control group were adminis-
tered 50 mg/kg of imatinib orally with a 22G feeding
needle (Braintree Scientific Inc., USA) attached to a 1 ml
syringe (Terumo Corp., Philippines). Mice in the study
group I were administered 50 mg/kg ketoconazole orally
15 min before the oral dose of imatinib (50 mg/kg) and
mice in the study group II were administered primaquine
12.5 mg/kg orally 20 min before the oral dose of imatinib
(50 mg/kg). Mice in the study group III were adminis-
tered primaquine (12.5 mg/kg), followed by ketoconazole
(50 mg/kg) 5min later and imatinib (50 mg/kg) 15 min
after ketoconazole administration. The dosing volume
was adjusted such that the total would not exceed 0.4 ml.
Four mice were used for each time point (2, 5, 10, 20,
40 min, 1, 2, 4, 6, and 10 h post imatinib administration).
The mice were killed by cervical dislocation, and blood
collected through cardiac puncture to minimize the
remaining blood in the tissues and plasma separated by
centrifugation (1500 rpm, 10 min, 4°C). The tissues of
interest, brain, liver and kidneys were harvested and
rinsed thoroughly with 0.9% saline solution. Plasma and
tissues were kept at —35°C until HPLC analysis.

Sample processing and analysis

Imatinib concentration in the plasma and tissues was
measured using a validated HPLC method [28]. Plasma
was added to an equal volume of methanol, vortex mixed,
centrifuged (15000 rpm, 15min, 4°C) and 120pul of
supernatant transferred to HPLC microvials for injection
[29]. The tissue samples were allowed to thaw and
weighed, and the extraction solvent was added (40%
water, 30% methanol, 30% acetonitrile, pH 4.00) to reach
a 4 ml/g dilution for the brain and 10 ml/g for the kidneys
and liver. The tissue samples were homogenized at
35000rpm and 500 pl of slurry was transferred to an
Eppendorf vial, sonicated for 1min, centrifuged
(15000 rpm, 15 min, 4°C) and 300 pl of the supernatant
transferred to a HPLLC microvial for injection. A 100 pl
aliquot of the supernatant was injected onto an Inertsil
CN-3 column (150 x 4.6 mm, 5pum particle size) and
eluted at a 1 ml/min flow rate with a mixture of 1%
triethylamine, 35% methanol and pH 4.8 water in an
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Agilent 1200 Series HPLC system. Imatinib was eluted at
7.5 min and was detected at 268 nm [28]. Quantification
of imatinib was carried out using an external calibration
curve (linear range 0.1-25 pg/ml). Recovery from plasma
and tissues was above 75%; intra-day and inter-day
variability and accuracy was within 15%. The lower limit
of quantification (LOQ) was 0.1 pg/ml, but imatinib
could be detected at 0.05pg/ml (data below the LOQ
were treated as zero). The samples were free of matrix
interference, and neither ketoconazole nor primaquine
interfered with imatinib detection.

Pharmacokinetic analysis

Pharmacokinetic analysis was performed using noncom-
partmental techniques. The elimination rate constant
(o)) was calculated from the log-linear regression of
the terminal slope of the concentration-time curve. The
half-life (#1/,) was calculated by In2/#.; and the area under
the curve from time zero to the last concentration
(AUCy_; 1ast) was calculated using the log-trapezoidal
rule. The extrapolated AUC to infinity (AUC; 155 o)
was calculated as the last measured concentration divided
by the elimination rate constant, Cl../fe, and the total
exposure (AUCq_ ) was the addition of the AUCq_, { ja5c
and the AUC, - . The maximum concentration
(Cmax) and the time to Oy (Tavax) Were determined
directly from the concentration—time graph of imatinib in
the plasma and tissues. Apparent clearance (Cl/F) was
calculated as D/AUC,_, ,,, wherein D represents the
dose. The mean residence time (MRT) was calculated as
AUMC,_, ./AUC,_, .., wherein AUMC is the area under
the first moment versus time curve from time zero to
infinity. The apparent volume of distribution at steady
state, Vgg/F was calculated as MRTxCI/E

In some tissues, imatinib exposure was evaluated only
up to the last measureable concentration (AUC(_; |a5c)
because it was not possible to obtain a clear disposition
constant. Changes in exposure were analyzed using the
methodology proposed by Bailer for the comparison of
AUC constructed with sparse sampling [30,31].

Results

Plasma pharmacokinetics of imatinib
Co-administration of ketoconazole, primaquine or both
significantly affected the disposition profile of imatinib
(Fig. 1, Table 1). Imatinib (control group) was rapidly
absorbed and displayed a two-phase disposition profile
with a fast decline followed by a slower elimination phase.
This profile was consistent with a two-compartment
model or a two-phase disposition profile found earlier
in mice [29,32]. Co-administration with ketoconazole
or primaquine caused a large increase of exposure.
However, after co-administration with ketoconazole and
primaquine together, the imatinib pharmacokinetic pro-
file after the 7., showed a rapid decline followed by a
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Fig. 1
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Pharmacokinetic profile of imatinib in the plasma after administration of
50 mg/kg (control) or co-administration of primaquine (12.5 mg/kg) or
ketoconazole (60 mg/kg) or both the drugs to mice (n=4 per time point
in each group).

Table 1 Model independent plasma pharmacokinetic parameters
of imatinib in mice in control and study groups
Parameter Control Group | Group |l Group IlI
Dose (mg/kg)
Imatinib 50.0 50.0 50.0 50.0
Ketoconazole - 50.0 - 50.0
Primaquine - - 125 12.5
Chax (ng/mli)? 6.1+1.9 11.6+34 46109 83*+15
Tiiax (min) 40 20 20 40
ker (h) 0.293+0.060 0.253+0.099 0.160+£0.001 0.461+0.144
tiyo (h) 24 2.7 43 15
AUCoq ¢ 1ast 20.7+0.7 32.7+1.6%* 957+1.2%  278+1.3%*
(ug h/ml)®
AUC,_, ., 215+1.9 35.41+4.1%% 342+43%* 28.3+3.0%
(ng h/ml)®
Vss/F (I7kg) 8.10 5.25 10.60 6.56
CI/F (i/h/kg) 2.31 1.40 1.46 1.77
MRT (h) 3.6 3.8 7.3 3.7

MRT, mean residence time.

#Mean = SD.

PMean * SE, based on the Bailer's method for destructive sampling [30].
°Mean + SD, based on the Yuan's extension to infinity of the Bailer's method [31].
*P<0.01.

**P<0.001.

prolonged plateau up to 6 h, which culminated in a quick
and sudden drop of the plasma concentrations (Fig. 1).

When imatinib was co-administered with ketoconazole
or primaquine, the 7., was reached earlier than in the
control group (Table 1). However, the imatinib Cygay
increased two-fold after co-administration with ketoco-
nazole and remained unchanged after primaquine
co-administration, but did not reach statistical signifi-
cance. Ketoconazole and primaquine increased imatinib
AUC) ¢ 1ase (58 and 24%, respectively; P <0.001) and
the total exposure AUC,_, ., (64 and 59%, respectively;
P <0.001). When ketoconazole and primaquine were
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co-administered together, the effects in plasma were less
pronounced. Imatinib Cyp increased 35%, AUC,._,
increased 32% (P <0.001) and there was no effect on
Tnviax (40 min). Co-administration reduced the oral
clearance (CIl/F) 39, 37 and 24% in the study groups I,
IT and III, respectively. However, a change in pattern was
observed on the apparent volume of distribution, (Vgs/F)
which was lower than the control group in the study
groups I and IIT (35 and 19%, respectively) but greater in
group II. Finally, the MRT was similar in the study groups
I and III and showed a two-fold increase after primaquine
co-administration (group II).

Tissue distribution of imatinib in the control group

Imatinib showed good tissue penetration and distribution
with concentrations higher in the tissue than in plasma,
except for the brain with most of the concentrations
below the LOQ, although imatinib could be detected in
most of the samples. The kidneys and liver exhibited

Fig. 2

similar pharmacokinetic profiles (Fig. 2a). Before Tyjax
there was a fast drug uptake to reach Oy, which was
followed by a slow decline, almost plateau-like, leading to
a faster disposition phase. Imatinib Cyja, in the liver and
kidneys was reached earlier and was higher than that in
plasma, although only the liver Gy showed statistical
difference (P <0.001). The largest tissue exposure was
achieved in the kidney with three-fold greater AUC,_,
than the plasma followed by the liver (2.3-fold). In addi-
tion, the kidney tissue also presented the largest MRT
(6.1h). Imatinib did not penetrate the brain, and the
brain Cyj.x was only 22% than the Cyp found in the
plasma (P < 0.05). The total imatinib brain exposure was
minimal in the control group (Table 2).

Effect of drug interaction on the tissue distribution

of imatinib

Co-administration of a second drug with imatinib
changed the tissue distribution (Fig. 2) and the

(a) Control

100 Study group Il

Concentration (ug/ml or ug/g)

o
Y

(b) Study group |

Study group lll

10

o
-

Time (h)

—&— Plasma —— Kidney —— Liver

- =X - Brain

Pharmacokinetic profile of imatinib in the tissues after administration of 50 mg/kg oral imatinib (a) alone, (b) co-administration with 50 mg/kg oral
ketoconazole, (c) co-administration with 12.5 mg/kg oral primaquine and (d) co-administration with primaquine (12.5 mg/kg) and ketoconazole
(50 mg/kg), both orally. Concentration units are pg/ml (plasma) or pg/g (tissues) (n=4 per time point in each group).
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Table 2 Model independent pharmacokinetic parameters of imatinib in target tissues

Group Tissue Chax (HQ/Q) TMax (min) kel (h_1) ti/2 (h) AUCq ¢ jast (IJQ h/g) AUGC,_, ., (Hg h/g) MRT (h)

Control Liver 16.0+1.7 40 0.355+0.093 2.0 445+25 49.2+6.9 29
Kidney 10.1+45 60 0.317+0.070 2.2 61.5+2.4 65.51+5.8 6.1
Brain 1.3£1.3 20 - - 0.7+0.1 - -

Group | Liver 184148 20 0.251+0.044 2.8 68.8 +5.3%* 75.7 £14.0%* 4.3
Kidney 20.5+£9.9 20 0.216£0.049 3.2 72.6 £4.1%* 82.5+10.8** 4.6
Brain 1.0£0.9 120 - - 0.910.2 - -

Group Il Liver 35.41t13.2 60 0.251+0.029 2.8 1278 +5.1** 1429+ 15.2%* 5.0
Kidney 18.2+11.5 60 0.117+0.004 5.9 121.9+3.0%* 187.7 £ 8.8** 7.0
Brain 3.7+3.8 20 - - 2.5+0.2*% - -

Group Il Liver 21.1£58 40 0.141+£0.047 4.9 115.0 £9.9%* 147.9 +28.2%* 7.1
Kidney 20.4+9.2 120 0.189+0.040 3.7 139.9+9.1%* 165.7 £22.6%* 5.9
Brain 1.5+1.0 120 - - 2.1+05 - -

MRT, mean residence time.

*P<0.01.

**P<0.001 in reference to control.

pharmacokinetics (Table 2). Ketoconazole, a CYP3A4 Discussion

inhibitor and P-gp substrate [33], shortened the 7y, In
the kidney and liver. The liver Oy, was slightly increased
and the kidney GOy increased two-fold, which was
proportional to the plasma increase, although it was not
statistically significant. In the liver, the elution rate
constant decreased, the 7y, was slightly longer and the
AUCy_, ., was 1.5-fold greater (P <0.001) than in the
control group. Similarly, the kidney elution rate constant
also decreased leading to a longer 7y, and 26% higher
imatinib AUC,_, ..

The effect of protein binding displacement on imatinib
tissue distribution was assessed using primaquine that
binds to a-1-acid glycoprotein [27]. Imatinib liver and
kidney AUC,_, ., after primaquine co-administration was
3.0 and 2.9-fold higher than in the control group,
respectively. In addition, the liver and kidney Cyp. Were
found to be 2.2 and 1.8-fold higher than in the control
tissues, although they did not reach statistical significant
differences (P > 0.05). The liver and kidney Cy.x Were
7.6 and 3.9-fold greater than the plasma Cypa (P < 0.05;
P <0.001 respectively). Tissue elution half-lives were
slightly longer, but kidney MRT was shorter. Imatinib
had better brain penetration after co-administration with
primaquine as shown by a 2.7-fold increase in the Cyjax
and a 3.5-fold increase in the brain AUCy_ . j|a
(P<0.01). The pharmacokinetic profiles are shown in
Fig. 2c¢ and the pharmacokinetic parameters in Table 2.

Imatinib kidneys and liver concentrations were notably
higher after co-administration with ketoconazole and
primaquine together (Fig. 2d). Also evident in the
pharmacokinetic disposition profile was the plateau-like
shape up to 6 h. In the liver and kidney, 7., was 40 and
120 min, respectively and Gy Was 31 and 100% higher,
respectively. The total imatinib AUC was 3-fold greater
than the control for the liver and 2.5-fold for the kidney.
Finally, imatinib brain Gypx was slightly higher and a
three-fold AUC_, 1,5 increase was attained in this study
group ('Table 2).

Drug-drug interactions in plasma

Ketoconazole and primaquine affected the pharmaco-
kinetics of imatinib leading to a second peak and larger
AUCy_, .. Ketoconazole and primaquine administered
together caused a plateau-like profile and greater
exposure. Double-peak plasma concentration—time pro-
files have been observed for structurally diverse drugs and
may be explained by the redistribution from the tissues
and enterohepatic recycling [34], intestinal absorption
windows [35], variable gastric emptying [36], physiologi-
cal stress [37] or interaction between the drugs, bile
salts and vehicle [38]. The double-peak phenomenon
has not been observed for imatinib [29,32], but it may
undergo enterohepatic recycling leading to the possibility
of a second peak [13].

Ketoconazole, an inhibitor of CYP3A4, responsible for
imatinib’s metabolism [13], increased plasma Cyjx and
AUCy_, o» 90 and 65%, respectively. The higher exposure
may be attributed to first-pass metabolism inhibition
rather than decreased systemic clearance, as changes in
ke1, 7172 or MRT were not observed (Table 1). Ketocona-
zole’s effect on first-past metabolism is also supported by
the parallel decrease of oral clearance, CI/F (-34%), and
the apparent volume of distribution, Vss/F (-40%),
suggesting increased bioavailability only. These effects
have been shown in patients taking imatinib and
ketoconazole, wherein AUC,_, ., increased 40% without
changes in 4. or 71/, [26]. Ketoconazole shortened 7ypax
(20 min) suggesting faster absorption, possibly because of
the inhibition of P-gp in the intestinal lumen [20]. These
findings draw a parallel with studies showing that the
low bioavailability in mice (27-37%) is mainly because of
first-pass metabolism [32]. Primaquine co-administration
increased AUC,_ ., (P<0.001). Primaquine inhibits
CYP1A2 [39] and is a substrate of CYP3A4, CYP2EI1,
CYP2B6 and CYP2D6 [40,41], which are involved
in imatinib biotransformation and may lead to higher
exposure. Imatinib 7y« Wwas shorter, probably also
because of the inhibition of intestinal wall efflux pumps
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[42,43]. Primaquine doubled the MRT suggesting that
imatinib’s  displacement from a-1-acid glycoprotein
and a higher plasma-free fraction leads to greater
biodistribution and longer residence time in the system
(Table 2).

Ketoconazole and primaquine have opposing effects on
imatinib Cl/F and Vgg/F (Table 1). Study groups I and II
showed 65% increased plasma AUC,_ ., and -46%
decreased Cl/E However, the pattern changes for Vgg/F
ketoconazole decreased Vsg/F 64.8% because of greater K
but primaquine caused a 31% increased of Vgg/F probably
because of higher Vgg caused by protein displacement.
Thus, the elimination 7y, related to Cl and the volume
of distribution (Cl = £, x Vy4) increased from 2.4 to 4.3 h.

Effect of ketoconazole and primaquine in tissue
distribution

Primaquine and ketoconazole’s first-pass inhibition in-
creased plasma AUC,_, .. Ketoconazole did not change
the liver-to-plasma AUC,_ ., ratio (2.3*0.5 and
2.1 = 0.6 for the control and group I, respectively) and
only slightly reduced it in the kidney from 3.0 0.5 to
2.3 0.6 (Fig. 3). This suggests proportionality between
tissue and plasma exposure (Table 2). In the liver, first-
pass metabolism inhibition will increase plasma exposure,
which is followed by proportional changes in liver
exposure. On the other hand, the slight reduction of
the kidney ratio may be associated with ketoconazole’s
vasoconstrictor effect [44,45], which may reduce the

renal blood flow and the uptake capacity. Overall,
ketoconazole does not seem to affect imatinib tissue
uptake.

Liver and kidney exposure increased in a nonproportional
manner in relation to plasma exposure after prima-
quine co-administration (Fig. 3). The tissue-to-plasma
AUC,_, , ratio increased from 3.0 £ 0.5 to 5.5 = 1.0 and
from 2.3+0.5 to 42*1.0 in the kidney and liver,
respectively (only the kidney ratio was significant,
P <0.05). This suggests that primaquine increased
imatinib plasma exposure, displaced imatinib from the
a-1-acid glycoprotein and increase tissue exposure and
the volume of distribution (Table 2). When primaquine
and ketoconazole were both administered together
(group III), the tissue-to-plasma ratio was higher for
the liver (5.2 = 1.6) and kidney (5.9 = 1.4) with P value
of less than 0.05. This higher tissue penetration may
show primaquine and ketoconazole’s additive contribu-
tions to the inhibition of first-pass metabolism [39,43]
and P-gp-mediated bile secretion [42].

Imatinib’s brain exposure was minimal (Fig. 2). Although
the brain is a highly perfused organ, the blood-brain
barrier prevents the uptake of xenobiotics [46] and limits
brain drug delivery [47]. Drug brain penetration corre-
lates directly with lipophilicity and the uptake carriers’
affinity but correlates inversely with the degree of
ionization and protein binding [48]. Imatinib has a low
partition coefficient; it is a substrate of several efflux
transporters, which is highly bound to plasma proteins

Fig. 3
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Efficacy of imatinib tissue penetration represented as the tissue-to-plasma AUC, _, ., ratio for each study arm. The insert shows the ratio for the brain,
which was calculated using AUC,_, because of the absence of a clear terminal slope (n=4 per time point in each group). *P<0.05.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



and is partially ionized at physiological pH [12]. These
characteristics would explain its poor brain penetration.
Ketoconazole’s failure to increase imatinib brain exposure
suggests that other transporters present at the blood—
brain barrier, such as the breast cancer resistance protein,
MRP1 [49] and hOCT1 [50] amongst others [47], would
efflux imatinib masking ketoconazole’s inhibition of P-gp.
Finally, it cannot be excluded that the ketoconazole dose
may inhibit the first-pass metabolism but may not be high
enough to affect the blood—brain barrier. Higher brain
uptake was observed after primaquine co-administration
(P<0.001). The brain-to-plasma AUCq_j, ratio in-
creased from 0.04 = 0.01 (control group) to 0.10 =0.10
in group II and to 0.08 = 0.02 in group III (Fig. 3, insert).

Effects on clearance and bioavailability

The changes in imatinib’s plasma-free fraction (f,) affect
the volume of distribution and clearance, and have
clinical consequences [15]. A higher amount of imatinib
is distributed to the tissues and is eliminated. Imatinib is
mostly eliminated through P450 metabolism and presents
a moderate-to-high hepatic extraction ratio after oral
administration to mice [32]. These disposition features
and the changes in free fraction have shown to affect the
pharmacokinetics and pharmacological activity in leuko-
cytic patients [15].

The relationship between Cl, £}, V4 and £, shows changes

in Cl because of the changes in f,, denoted by the SG-
study group, in equation 1 [32]:

Clsg .

ClControl kcl Control

k’c y uSG
156 JusG (1)
fuControl

Assuming that the changes in tissue exposure are mostly
related to the changes in the plasma-free fraction, then
the changes in the tissue-to-plasma ratio in the presence
and absence of a second drug would reflect the change in
free fraction:

fuse AUCSS  /AUCSC -
fu Control AUC%E:‘:L‘EI /AUC%E:;EI

Equation 2 estimates the free-fraction changes occurring
in a second condition (e.g. drug co-administration, change
in the route of administration, etc); and equation 1
relates them to clearance. Calculation of bioavailability
assumes constant clearance and although this is probably
a ‘best guess’ postulation, if protein binding is affected it
may not be accurate. Bioavailability changes may be
estimated as follows:

Fsg_ Clsg  AUCRL ., .
Feontrol Clcontrol AUCgl(‘)qul;ZI

in which Clgg/Cleoneol can be calculated using equations
1 and 2, assuming equal doses. These equations have
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limitations, e.g. the uptake mechanism should be
concentration dependent or linear in nature; but may
provide insights of the changes taking place.

Using the liver and kidney tissue-to-plasma ratios in the
control and the study groups, the relative change in f,
(equation 2), Cl (equation 1) and bioavailability (equa-
tion 3) were estimated [32]. After the co-administration
of ketoconazole (group I), the clearance was 0.72-fold
lower and the bioavailability was 1.18-fold greater than in
the control group. In group II, the clearance remained
unchanged (relative change was 0.99), but bioavailability
was 58% higher than in the control group (1.58-fold). In
group III, a more extensive effect was noted: Cl and
bioavailability were 3.3 and 4.3-fold higher than in the
control group, respectively.

The findings suggest that metabolism and protein
binding drug—drug interactions have effects beyond those
observed in the plasma profile [18]. In the study group
III, AUC increased 32% but the underlying pharmacoki-
netic change shows a 3.3-fold higher clearance equivalent
to a 4.3-fold exposure increase. Conversely, ketoconazole
caused a 64% increase in AUC, but it was only an 18%
increase in bioavailability together with a 28% decrease in
clearance. Thus, plasma AUC changes fall short to reflect
the full extent of the interaction. Data to characterize the
metabolite kinetics using mass spectrometry and further
elucidate the mechanism of the interaction were not
available, as it was beyond the analytical capacity of our
laboratory.

Clinical implications

Imatinib has shown severe hepatic [23] and renal toxicity
[22]. Generally, toxicity reversal is possible on imatinib
discontinuation or dose reduction [51]. Drug interactions
with imatinib may have also contributed to fatal out-
comes [23]. In mice, paracetamol, commonly used for
cancer pain management, caused changes in imatinib
bioavailability [29] and increased hepatotoxicity includ-
ing necrosis [24,25]. However, higher tissue exposure
may allow further clinical applications. Philadelphia
(Ph +) leukemia patients could overcome resistance
mediated by high levels of a-1-acid glycoprotein [52];
higher kidney exposure may improve renal cell carcino-
mas treatments. Imatinib may be a new option to treat
gliomas and glioblastoma, which until now has failed
because poor brain biodistribution.

Conclusion

This study showed the potential impact that drug—drug
interactions in protein binding and metabolism may have
on imatinib disposition and tissue penetration. Although
this study evaluates the extent of the drug—drug inter-
actions in mice, translatability of the principles under-
lying these interactions to clinical scenarios may lead
to ensure better pharmacological activity. In addition,
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because of the a-1-acid glycoprotein concentration vari-
ability and its critical role in imatinib pharmacokinetics, it
is suggested to monitor the plasma concentration of the
a-1-acid glycoprotein during imatinib treatment. This, in
turn, may lead to the optimization of therapeutic regimes
and the success of treatment in cancer patients.

However, the potential for greater toxicity associated
with higher imatinib concentrations in tissues should also
be taken into account. Thus, methods to detect early
signs of toxicity, e.g. monitoring liver and kidney function
biomarkers, may be recommended.
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