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bstract

urpose: To investigate whether differences in plasma pharmacokinetic profiles of gefitinib between healthy subjects having normal (N; t1/2 > 20 h)
nd altered (A; t1/2 < 20 h) pharmacokinetic (PK) profiles might be explained by inter-individual variability in gastric emptying and/or precipita-
ion/dissolution of gefitinib in the proximal small intestine.

ethods: One hundred healthy male subjects were screened to enable identification of subjects with the two PK profiles. Twenty five subjects from
he screening were subsequently enrolled in an intubation study where a 250 mg gefitinib dispersion preparation (IRESSA®, AstraZeneca) was
dministered directly into the stomach. Intestinal fluid samples were withdrawn continuously for 180 min post-dose using the Loc-I-Gut catheter
ositioned in the jejunum. The crystalline form of gefitinib was determined using Raman microscopy.
esults: There were no differences between normal and altered subjects with regard to gastric emptying or the precipitation/dissolution of gefitinib

n jejunal fluid. Due to difficulties in crystalline identification in the jejunal fluid samples, only the same crystalline form as the dosed form was
dentified.
onclusions: There was no pronounced difference in gastric emptying, precipitation and re-dissolution of gefitinib in proximal human jejunum

etween normal and altered subjects. Other mechanism(s) are also likely to be important in explaining the inter-individual differences in plasma
xposure to gefitinib, such as polymorphism in various metabolic enzymes and/or transport proteins. However, the difference between altered and
ormal subjects cannot be easily explained and it is likely a multifactorial explanation including low jejunal pH, increased expression of enzymatic
nd transporter activity and rapid small intestine transit.

2007 Published by Elsevier B.V.
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. Introduction

The epidermal growth factor receptor (EGFR) is over-
xpressed or dysregulated in a variety of solid tumours and
lays a crucial role in their development, through involvement in

ncreased cell proliferation and inhibition of apoptosis as well as
nhancement of tumour vascularisation. Drug targeting of intra-
ellular EGFR tyrosine kinase activity by gefitinib has resulted in

∗ Corresponding author. Tel.: +46 18 471 43 17; fax: +46 18 471 42 23.
E-mail address: hans.lennernas@farmaci.uu.se (H. Lennernäs).
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reduction in tumour growth and tumour cell death (Pao et al.,
004). Gefitinib (IRESSA®, AstraZeneca) is an anilinoquina-
oline (4-quinazolinamine, N-(3-chloro-4-fluorophenylamino)-
-methoxy-6-[3-(4-morpholinyl) propoxy]) with a molecular
eight of 446.9 Da. It is a lipophilic di-basic compound with
log DpH 7.4 of 3.9 and possesses two pKa-values of 5.28 and

.17, and accordingly exhibits a pH-dependent solubility in gas-
rointestinal fluid. The solubility of gefitinib in aspirated human

astric fluid (pH 5.0) and intestinal fluid (pH 7.0) was 4.98
nd 0.085 mg/ml, respectively (data on file, AstraZeneca). The
ral bioavailability following an single dose of 250 mg gefitinib
IRESSA® tablet) as a free base in healthy male volunteers was

mailto:hans.lennernas@farmaci.uu.se
dx.doi.org/10.1016/j.ijpharm.2007.04.002
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Fig. 1. A schematic view of the Loc-I-Gut tube positioned in the proximal human
jejunum with a semi-open segment created by inflation of the distal balloon. The
proximal balloon was kept deflated during the experiment. A water dispersion
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7% and manipulation of gastric pH to elevate it above five
esulted in a 47% reduction of the relative bioavailability (data
n file, AstraZeneca) (Swaisland et al., 2005). The maximum
lasma concentration after a 250 mg dose gefitinib is typically
bserved after 5 h (Swaisland et al., 2005). As the in vivo intesti-
al permeability of gefitinib is predicted to be high based on data
btained in the Caco-2 model, we consider that the solubility and
issolution rate of gefitinib along the intestine might be the rate-
imiting step in the absorption process. This is further supported
y the observation that gefitinib undergoes rapid dissolution in
cidic media but the solubility drops as pH increases to neutral
ntestinal pH (data on file, AstraZeneca). In summary, gefitinib is
Biopharmaceutical Classification System (BCS) class II com-
ound, as the intestinal permeability is high and the solubility
and dissolution rate) is low along the intestine (Amidon et al.,
995).

Gefitinib is extensively distributed in the body and is mainly
liminated via metabolism and less than 0.5% (doses ranging
rom 1 to 75 mg) is excreted as unchanged gefitinib in urine
Swaisland et al., 2001). After a single oral dose of 50 mg
adio-labelled gefitinib, 3.4 ± 1.0% was recovered in urine and
6.3 ± 6.6% (mean ± S.D.) was recovered in faeces of which
nly 12.1% was as parent drug in humans after sampling up to
40 h post-dose (Mckillop et al., 2004). Gefitinib and its metabo-
ites are most likely eliminated by biliary and/or direct intestinal
ecretion.

The disposition kinetics of a 250 mg dose of gefitinib is
haracterized by a plasma half-life of about 39.7 h (range
6.9–83.2 h) in healthy volunteers (Swaisland et al., 2005). An
nalysis of the pharmacokinetic data from all healthy volun-
eer data generated during the clinical development of gefitinib
howed that the majority of individuals orally dosed with gefi-
inib had post-absorptive plasma concentration time profiles
hat were biphasic with a terminal half-life in the order of
0 h. However, approximately 20% of the volunteer popula-
ion had post-absorptive concentration–time profiles that were

ore monophasic in nature with an apparently shorter termi-
al half-life of about 10 h (data on file, AstraZeneca). Plausible
xplanations for the difference between these two groups with
egards to plasma exposure might be differences in gastric
mptying, drug dissolution and/or precipitation that affect exist-
ng absorption rate limitations and/or differences in metabolic
apacity (i.e. clearance).

The Loc-I-Gut technique is a well established in vivo method
or gastrointestinal intubation in humans and used for various
iopharmaceutical and pharmacokinetic applications (Knutson
t al., 1989; Petri et al., 2003; Lindahl et al., 1996; Tannergren
t al., 2003; Sandstrom et al., 1998; Bonlokke et al., 1997, 2001,
999; Lennernas et al., 1992). In the present study the Loc-
-Gut tube was introduced orally and once positioned in the
ejunum a semi-open segment was created through inflation of
he distal balloon, which offers well-defined conditions for in
ivo investigations of dissolution and absorption of drugs (Fig. 1)

Bonlokke et al., 1997; Lennernas et al., 1992; Lindahl et al.,
997; Knutson et al., 1989). The present study was the first direct
n vivo investigation in humans of the effect of precipitation and
as aimed at studying changes of the drugs crystal structure on

t

t
c

f gefitinib and 14C-PEG 4000 (50 ml) was administered directly in the stomach
ollowed by 190 ml of water for rinsing. Jejunal fluid samples were withdrawn
ontinuously from the jejunum for 180 min after drug administration.

astrointestinal absorption variables and the plasma exposure
or a BCS class II drug such as gefitinib.

The main purpose of the study was to investigate whether
he difference in plasma pharmacokinetic profiles between
ormal and altered healthy subjects might be explained by
nter-individual variability in gastric emptying and/or precipi-
ation/dissolution of gefitinib in the proximal small intestine by
sing a modification of an established in vivo intubation tech-
ique. The study also aimed to investigate the crystal form of
he precipitated gefitinib in human jejunum by using Raman

icroscopy.

. Material and methods

.1. Subjects and study design

The study consisted of two separate consecutive study parts,
tudy part I (SI) and study part II (SII). Both study parts were
erformed at the Clinical Research Department, University Hos-
ital, Uppsala, Sweden and were separated by a minimum
ash-out period of ten days. In SI, 100 healthy male subjects

aged 18–56 years and weighing 61–102 kg) were tested to deter-
ine and classify them on the basis of their pharmacokinetic

PK) profile of gefitinib following a single oral dose of 250 mg
efitinib (IRESSA®, AstraZeneca) in the fasted state. Blood
amples were collected pre-dose and at intervals up to 120 h
ost-dose. After analysis of the plasma concentration–time data
btained, each subject was classified as having a “normal” (N;
1/2 > 20 h) or “altered” (A; t1/2 < 20 h) pharmacokinetic profile.
A total of 25 subjects from SI were enrolled in SII, based upon

heir pharmacokinetic profile, of which 20 subjects successfully
ompleted SII. The group with normal PK profiles included 12
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ubjects (aged 21–26 years and weighing 63–100 kg) and the
econd group with altered PK profiles consisted of 13 subjects
aged 20–25 years and weighing 65–90 kg). Subjects in both
roups were similar based on demographic variables (weight,
eight and age). In SII, after insertion of the Loc-I-Gut tube
n the proximal jejunum and creation of a semi-open segment
t fasted state an oral dispersion of 250 mg gefitinib in 50 ml
ater was administrated directly into the stomach followed by
90 ml of water to rinse the tube. Samples of intestinal fluid
ere withdrawn from the jejunal segment at time points up to
80 min after drug administration (Fig. 1). Blood samples were
ollected at the same time points as the intestinal samples and
hen at intervals up to 120 h post-dose. A subject was replaced in
II if the experimental procedures were technically incomplete
or any reason.

All subjects underwent a full clinical examination in the
8 days prior to the first study day in SI and were required
o have normal clinical and laboratory values (haematology,
iochemistry, urine analysis, drug abuse screen). The physi-
al examination included an examination of the cardiovascular
nd respiratory systems. A follow-up medical examination
as performed within three weeks of the last pharmacokinetic

ssessment, confirming that all subjects were in good health. No
egular use of prescription or herbal medications or recreational
rugs were allowed and any medication that modified gastric
H was prohibited in the four weeks prior to the study day. Sub-
ects that had received known CYP3A4 inducers or inhibitors
ithin the past three months were excluded from the study. The

ubjects were restricted from consuming grapefruit, liquorice or
eville oranges and drinking excessive amounts of alcohol from
2 h pre-dose and until the last blood sample was collected.

The subjects gave written informed consent and the studies
SI and SII) were conducted in accordance with the Declara-
ion of Helsinki and were approved by the Ethics Committee of
ppsala University.

.2. Adsorption and stability test

The adsorption of gefitinib to the Loc-I-Gut catheter and its
tability within the apparatus was investigated by an in vitro
erfusion test in a glass tube for 120 min at 37 ◦C. Gefitinib
20 �g/ml) was dissolved in Fasted State Simulated Intestinal
luid (FaSSIF) pH 6.5 and osmolality of 270 mosmol/kg. The
aSSIF consisted of 0.11 mM NaCl, 28 mM NaH2PO4·H2O,
.7 mM NaOH, 3 mM sodium taurocholate and 0.75 mM
ecithin. The drug solution was infused at a flow rate of 2 ml/min
sing a calibrated syringe pump (model 355; Sage Instrument,
rion Research Inc., Cambridge, MA, USA).

.3. Study drugs

In SI the subjects received an oral dose immediate release
IR) tablet of 250 mg gefitinib (IRESSA®, AstraZeneca) taken

ith 240 ml water, with the subject in the upright position. In
II a single dose of gefitinib 250 mg (IRESSA®, AstraZeneca)
as dispersed in 50 ml water and carbon 14-labeled polyethy-

ene glycol 4000 (14C-PEG 4000; Amersham Biosciences UK
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t
a
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imited, Little Chalfont, UK) was added to the dispersion to pro-
ide a final concentration of 2.5 �Ci/l. The drug dispersion was
dministered through a separate tube directly into the stomach.
fter the drug administration, the dispersion vial and adminis-

ration tube was flushed with an additional 190 ml of water into
he stomach.

.4. Experimental procedures

In SI each of the subjects remained at the hospital clinic from
he evening before dosing up to 24 h post-dose. The subjects
eceived a single oral dose of 250 mg gefitinib after fasting
vernight. Venous blood samples (4 ml) were collected into
ubes containing lithium heparin anticoagulant pre-dose and at
, 3, 5, 7, 12, 24, 48, 72, 96 and 120 h after dosing. The blood
amples were centrifuged within 30 min of collection at 4 ◦C,
000 × g for 10 min to provide approximately 1 ml of plasma,
hich was then stored at −20 ◦C awaiting analysis.
In SII each subject was admitted to the study centre at the hos-

ital on the evening prior to the study day. The Loc-I-Gut tube
as inserted on the following morning after an overnight fast

10 h) (Knutson et al., 1989; Bonlokke et al., 1997). The tube was
ntroduced orally after local anaesthesia with lidocaine spray
Xylocain®; AstraZeneca, Södertälje, Sweden) in the upper
hroat, and passage of the tube through the stomach was facil-
tated by the use of a Teflon-coated guide wire. Positioning of
he tube in the proximal jejunum was performed within approx-
mately one hour and was verified with fluoroscopy (Philips BV
1-S). The distal balloon was inflated with air (26–30 ml) cre-
ting a semi-open segment in the jejunum (Fig. 1) (Bonlokke
t al., 1997, 2001, 1999). To facilitate jejunal fluid sampling a
acuum pump was connected to the Loc-I-Gut tubes inlet and
utlet luminal drainage channels (Ameda suction pump type
3; Ameda AG, Zug, Switzerland). A Salem sump tube (Salem
ump nasogastric drainage tube: Sherwood Medical, Unilever
LC, London, United Kingdom) was positioned in the stomach

o enable dosing of the gefitinib dispersion and also in order to
btain gastric fluid samples. After positioning of the Loc-I-Gut
ube a 2-h stabilisation phase followed during which jejunal fluid
as collected. After the stabilisation phase the drug dispersion
as administered directly into the stomach. Jejunal fluid was
uantitatively collected on ice at the following time intervals:
0, 20, 30, 45, 60, 75, 90, 105, 120, 150 and 180 min after dos-
ng. The volume, weight and pH of the jejunal samples were
ecorded and divided into four aliquots. To investigate the pre-
ipitation of gefitinib one aliquot of jejunal fluid was centrifuged
t 13,000 × g for 5 min (Mini Spinn Plus Eppendorf centrifuge,
ermany). The supernatant was immediately frozen at −20 ◦C

nd the precipitate was placed on a microscope slide and was
eft to dry over-night in a fume cupboard. After drying a cover
lip was fixed and the sample was then subjected to Raman
icroscopy to enable determination of the crystalline form of

he precipitated gefitinib. Each jejunal fluid sample was stored

t −20 ◦C pending analysis.

Venous blood samples (4 ml) was collected into tubes con-
aining lithium heparin anticoagulant prior to dosing and then
t 10, 20, 30, 45, 60, 75, 90, 105 min, 2, 2.5, 3, 5, 7, 12, 24,
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8, 72, 96 and 120 h after dosing. The blood samples were cen-
rifuged as previously described for SI and stored at −20 ◦C until
nalysis.

.5. Analytical methods

All plasma and jejunal perfusate samples were analysed by
nalytico Medinet B.V., NL to determine gefitinib concentra-

ion.

.5.1. Plasma
The plasma samples were analysed for gefitinib according to

he method published in 2002 by Jones et al. (2002). Briefly,
liquid–liquid extraction with methyl-t-butyl ether was per-

ormed followed by reversed phase high performance liquid
hromatography on an Intersil 150 mm × 4.6 mm ODS3 C18
olumn (protected by a guard column, 4.3 mm C18) and deuter-
ted gefitinib (AstraZeneca, Alderley Park) was used as internal
tandard. The mobile phase was a mixture of 80% acetonitrile
nd 20% aqueous ammonium acetate (v/v) delivered at a flow
ate of 1 ml/min. A volume of 10 �l of the extracted samples
ere injected onto the column and detection was performed
sing a Perkin Elmer SCIEX API 3000 triple quadrupole tan-
em mass spectrometer (PE series 200 auto sampler and fitted
ith a interface of a heated nebuliser source for atmospheric
ressure chemical ionisation). The measurements for gefitinib
ere performed at m/z 447 and 128, respectively. The deuter-

ted gefitinib measurements were performed at m/z 455 and 136,
espectively. The concentration of gefitinib was calculated based
n the peak area ratio (sample/internal standard) with reference
o the calibration series. The calibration series was fitted by lin-
ar least-squares regression analysis of each standard using a
eighting inversely proportional to the corresponding square of

he concentration. The limit of quantification was 0.5 ng/ml.

.5.2. Jejunal fluid
Jejunal fluid (250 �l) was diluted with acetic acid and deuter-

ted gefitinib (AstraZeneca, Alderley Park) used as internal
tandard. Jejunal fluid was extracted and analysed as previously
escribed for the plasma samples with the exception that the
njected volume for the jejunal sample extracts was 25 �l. The
oncentration of gefitinib was calculated with reference to a cal-
bration series prepared in jejunal fluid samples and the limit of
uantification was 0.5 ng/ml.

In addition, the following analyses were performed at the
epartment of Pharmacy, Uppsala University. The total radioac-

ivity 14C-PEG 4000 in the dosing solution and the collected
ejunal fluid samples were determined by liquid scintillation
ounting (Mark III; Searle Analytic Inc., Des Plaines, IL, USA).

volume of 500 and 50 �l of jejunal fluid sample and dosing
olution, respectively, were added to 8 ml of scintillation fluid.

he pH of the jejunal and gastric fluids were measured with
pH meter (Mettler Toledo MP225, CH 8603, Schwerzenbach,
witzerland). The osmolality of the jejunal fluid and gastric fluid
as determined using the vapor pressure method (5520 vapor
ressure osmometer; Wescor Inc., Logan, Utah, USA).

t
d

P
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.5.3. Analysis of precipitated gefitinib
The analysis of the precipitated gefitinib was performed

y Pharmaceutical Analytical Research & Development,
straZeneca, Alderley Park. The imaging system used for this

tudy was a Perkin Elmer Spotlight NIR (near infrared) imaging
icroscope. Depending on the state of the sample, an area of

etween 0.5 and 3.0 mm2 was imaged with a spatial resolution
f 25 �m in all cases. For each image this gave between about
000 and 10,000 spectra for analysis. From each subject two or
hree samples were examined by NIR imaging to give an indica-
ion for the presence of and any variation in gefitinib morphology
ith time. The spectra were examined for gross spectral features
ue to absorption bands characteristic of the drug molecule.

.5.4. Bile acids and phospholipids analyses
The perfusate was analysed for bile acids and phospho-

ipids by solid phase extraction followed by HPLC, with
vaporation light scattering (ELS) detector (Persson et al.,
006). In brief, separation of bile acids from phospholipids
as accomplished using pre-packed C18 columns (Isolute

nternational Sorbent Technology, UK). The bile acids were
luted with methanol/H2O and the phospholipids with com-
inations of methanol/methyltertbutyl ether/acetic acid. A
orbax C18 Extend column (150 mm × 4.6 mm, 3.5 �m, Agi-

ent Technologies, US) and a gradient of methanol/ammonium
cetate buffer (pH 3.15) were used in combination with an
LS detector (PL-ELS 1000, Polymer Laboratories, Shrop-
hire, UK) to characterise the concentration and type of bile
cid. The concentrations of the following bile acids were
etermined; glycocholic acid (GCA), taurocholic acid (TCA),
henodeoxycholic acid (CDCA), glycochenodeoxycholic acid
GCDCA), taurochenodeoxycholic acid (TCDCA), deoxycholic
cid (DCA), glycodeoxycholic acid (GDCA) and taurodeoxy-
holic acid (TDCA). To determine the concentration and
ype of phospholipids, a Diol C18 column (250 mm × 2.1 mm,
�m, YMC c/o Waters, Milford, USA) and a gradient of
exane/isopropanol/H2O was used together with an ELS detec-
or (ELS 1000, Polymer Laboratories, Shropshire, UK). The
oncentrations of the following phospholipids were determined;
hosphatidylcholine (PC), lyso-phosphatidylcholine (LPC),
hosphatidylglycerol (PG), diphosphatidylglycerol (DPG),
hosphatidic acid/phosphatidylethanolamine (PA/PEA), phos-
hatidylserine (PS), phosphatidylinositol (PI) and sphin-
omyelin (SM).

The limit of quantification for the bile acids and phospho-
ipids analyses were 0.1 and 0.04 mM, respectively.

.6. Calculations

The recovery of 14C-PEG 4000 was calculated according to
quation one, i.e. as the accumulated amount of 14C-PEG 4000
n the intestinal fluid sample leaving the segment divided by
he total amount 14C-PEG 4000 administered with the gefitinib

ispersion in the stomach.

EG-recovery (%) =
∑ Vsample × Csample

Vadm × Cadm
× 100 (1)
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The amount of precipitated gefitinib was calculated by assum-
ng that all administered gefitinib had emptied from the stomach
t the end of 180 min and therefore that the differences between
he total amount of gefitinib present in a sample and amount
f gefitinib in solution/dissolved was the precipitated or undis-
olved amount of gefitinib.

.7. Pharmacokinetic data

The maximum detected peak plasma concentrations (Cmax)
nd the time to reach maximum plasma concentration (tmax)
or each subject were derived directly from their plasma
oncentration–time profiles. The plasma concentration–time
ata was analysed using non-compartmental methods (Win-
onlin Professional Version 3.1 and WinNonlin Professional
ersion 4.0; Pharsight Corp., Mountain view, CA, USA). The

ate constant of the slowest disposition phase (λZ) was cal-
ulated by log-linear regression of the terminal portion of the
oncentration–time profiles, and the terminal half-life (t1/2) was
alculated from the equation

ln 2/λZ. The area under the plasma concentration–time curve
p to the time of the last quantifiable plasma concentration,
UC0-t, was calculated by the linear trapezoidal rule. The
UC0-t was then extrapolated to infinity using λZ to obtain the
rea under the plasma concentration–time curve from zero to
nfinity (AUC0−∞).

To ensure accuracy in the predicted AUC0−∞ the percent of
he extrapolated AUC was not to exceed 15% of the total AUC0-t.

.8. Statistical analysis

The differences between altered and normal PK with respect
f t1/2, Cmax, tmax, AUC, jejunal fluid pH, total concentration of
ile acids and phospholipids and precipitation and recovery of
efitinib in jejunal fluid were evaluated with the Student t-test for
npaired data (MINITAB release 14, Minitab Inc., USA). Dif-
erences were considered to be significant at P < 0.05. All data
resented in this report are expressed as arithmetic mean ± S.D.
nless stated otherwise.

. Results

.1. Pharmacokinetic assessment in study part I (SI)

All the subjects showed similar demographic (weight, height
nd age). Gefitinib was well tolerated by all subjects when
iven as a single dose of 250 mg as a tablet. The plasma
oncentration–time profiles and the pharmacokinetic variables
f gefitinib after oral dosing in the two groups (in total 100 sub-
ects) are shown in Fig. 2 and in Table 1. Each male subject was
lassified into one of the two groups based on their elimination
alf-life of gefitinib: (a) the normal group (N; t1/2 > 20 h) and,
b) altered group (A; t1/2 < 20). The number of subjects in each

roup was 68 and 24, respectively. For 8 subjects the half-life
nd AUC could not be calculated due to the terminal phase being
nsufficiently well defined. In study part I (SI) there was a sig-
ificant difference between the normal and altered groups with

s
j
h
i

otted lines represent altered PK (n = 24). The data are presented as arithmetic
ean ± S.D.

espect to plasma exposure (AUC0−∞). The difference between
max and tmax was not significant between the two groups.

.2. Pharmacokinetic assessment in study part II (SII)

Gefitinib was well tolerated by the healthy subjects when
iven as a single dose of 250 mg as a dispersion preparation
dministered via a gastric tube positioned in the stomach. Of
he 25 subjects enrolled in SII, 20 subjects completed the study.
easons for withdrawal were inability to insert the Loc-I-Gut

n jejunum (n = 1), voluntary withdrawal of informed consent
efore study start (n = 1) and failure to return for study procedure
n = 1). For one subject the study was terminated after 75 min
ue to a low production of jejunal fluid, and for the fifth subject
he dose was immediately expulsed upon drug administration,
his outcome is likely to be due to intolerability of the Loc-I-Gut
ube rather than intolerability of gefitinib. The plasma pharma-
okinetic variables from study part II are presented in Fig. 3
nd Table 2. The plasma exposure of gefitinib was lower in the
ntubation experiments (SII) compared to traditional oral admin-
stration (SI) in all subjects except two, which is most likely due
o the continuous withdrawal of jejunal fluid samples from the
ntestine containing non-absorbed drug between 0 and 180 min
ost-dose. Of the selected subjects who completed SII, 10 had
een pre-defined as having normal profiles (Subject 1, 2, 3, 4,
, 13, 17, 19, 23 and 24) and had estimated half-lives in SII
hat ranged from 25.7 to 57.6 h. Relatively few subjects in SI
ad half-lives in the shorter range (i.e. <10 h), and because not
ll those selected from SI were available to participate in SII,
he selection of subjects with altered profiles was from those
ith half-lives close to the defined 20 h cut-off value. In total 10
ubjects had been pre-defined as having altered profiles (Sub-
ects 6, 8, 10, 11, 14, 15, 20, 21, 22 and 25) and had estimated
alf-lives in SII that ranged from 11.6 to 27.6 h, but due to the
ntra-individual variability in the half-life, four had a half-life
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Table 1
Pharmacokinetic variables after a single oral dose of 250 mg tablet of gefitinib in study I (SI)

PK profile Cmax (ng/ml) tmax (h) t1/2 (h) AUC0−∞ (ng h/ml)

Normal (n = 68) 130 ± 45.9 (50.2–250) 5.42 (3.07–24.1) 26.9 ± 5.16† (20.00–45.60) 3850 ± 1690† (1730–9120)
Altered (n = 24) 124 ± 65.8 (31.2–306) 5.08 (2.92–10.9) 17.5 ± 1.98† (12.1–19.7) 2380 ± 970† (862–5100)

Data are presented as arithmetic mean ± S.D. (range) except for tmax which are presented as median (range).
† Statistically different P < 0.05.

Table 2
The plasma pharmacokinetic variables following administration of 250 mg gefitinib dispersion through a gastric tube (SII)

PK profile Cmax (ng/ml) tmax (h) t1/2 (h) AUC0−∞ (ng h/ml)

Normal (n = 7) 79.9 ± 32.8 (30.4–113) 5.00 (2.00–7.00) 36.8 ± 10.1† (26.1–57.6) 2630 ± 1140 (1050–3680)
A 00) 19.3 ± 6.09† (12.3–27.6) 1450 ± 923 (775–3230)

T are presented as median (range).
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Fig. 4. The total concentration (i.e. in solution and precipitated/undissolved) of
g
p

ltered (n = 6) 73.6 ± 36.9 (41.2–142) 3.00 (2.00–5.

he data are presented as arithmetic mean ± S.D. (range) except for tmax which
† Statistically different P < 0.05.

n SII that was longer than the pre-defined 20 h cut-off with a
ange from 22.2 to 27.6 h.

In SII we demonstrated that gefitinib exists in the undissolved
tate in the jejunal fluid once it empties from the stomach. The
roportion of precipitated/undissolved and recovered gefitinib
ere not significantly different between subjects possessing

ltered or normal PK (Figs. 4 and 5, Table 3). The pH in
he collected jejunal fluid was stable throughout the intubation
xperiment (Table 4). Unfortunately, due to assay limitations
aman spectrophotometer analysis was unable to determine

he crystalline form of the precipitated/undissolved gefitinib
btained in the outlet jejunal perfusate for all but one sample. In
his sample gefitinib was present as Form 1, the dosed form. The
nability of Raman microscopy to identify the form of gefitinib
n the collected jejunal samples was probably a consequence
f the complex nature of human intestinal fluid samples. We

ere therefore unable to determine if there was a difference in

rystalline form of the in vivo aspirated precipitate in altered
ompared to normal groups in this present study.

ig. 3. Plasma concentration-time profiles from SII in normal (n = 7) and altered
n = 6) subjects after administration of a water dispersion of 250 mg gefitinib
hrough a Salem sump tube positioned in the stomach and continuous sampling of
ejunal fluid from the jejunum for 180 min. Full lines represent normal and dotted
ines represent altered and the data are presented as arithmetic mean ± S.D.
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efitinib in jejunal fluid collected every 20 min during 180 min. The data are
resented as arithmetic mean ± S.D. The full lines represent normal PK profiles
nd dotted lines represent altered PK profiles.

The appearance of the non-absorbable marker 14C-PEG 4000

n jejunal fluid over time illustrated that the gastric emptying
rocesses was minimally affected by the presence of the gas-
rointestinal tube (Fig. 6). There was no significant difference in
he total recovery of 14C-PEG 4000 between normal and altered

ig. 5. The amount precipitated/undissolved gefitinib over time for subjects with
ormal and altered PK profiles presented as arithmetic mean ± S.D. The full lines
epresent normal PK profile and dotted lines represent altered PK profiles.
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Table 3
The accumulated total amount (unabsorbed) gefitinib, in solution and in solid form (precipitated/undissolved)

PK profile Accumulated precipitated/
undissolved gefitinib (mg)

Accumulated gefitinib
in solution (mg)

Accumulated total
gefitinib (mg)

14C-PEG 4000
recovery (%)

Normal (n = 7) 39.0 ± 28.1 (3.54–76.7) 23.3 ± 15.8 (1.57–46.2) 69.1 ± 36.1 (5.97–101) 76.9 ± 27.0 (27.1–104)
Altered (n = 6) 32.2 ± 20.0 (8.03–58.4) 24.9 ± 13.2 (9.02–42.6) 57.0 ± 20.8 (30.2–91.7) 66.4 ± 32.9 (24.4–110)

The fraction recovered of the non-absorbable marker substance, 14C-PEG 4000, was similar between the two groups, indicating that the gastric emptying was not
the explanation for the difference in plasma exposure. The data are presented as arithmetic mean ± S.D. (range).

Table 4
The separate concentrations of bile acids and phospholipids in jejunal fluid leaving the intestinal segment in normal and altered subjects at 10, 90 and 180 min
post-dose

Normal PK profile, N = 7 Altered PK profile, N = 6

Bile acids (mM) 10 min 90 min 180 min 10 min 90 min 180 min

GCA 0.66 ± 0.46 0.48 ± 0.24 0.58 ± 0.19 0.60 ± 0.45 0.84 ± 0.64 2.49 ± 2.69
TCA 0.29 ± 0.23 0.21 ± 0.01 0.25 ± 0.12 0.52 ± 0.30 0.40 ± 0.36 1.75 ± 1.97
GCDCA 0.31 ± 0.26 0.46 ± 0.14 0.44 ± 0.22 0.29 ± 0.12 0.45 ± 0.40 1.73 ± 2.20
TCDCA 0.29 ± 0.07 0.21 ± 0.07 0.20 ± 0.06 0.35 ± 0.13 0.38 ± 0.12 0.47 ± 0.39
GDCA 0.41 ± 0.11 0.34 ± 0.19 0.34 ± 0.17 0.42 ± 0.29 0.81 ± 0.97 1.13 ± 0.96
TDCA 0.26 ± 0.17 0.36 ± 0.29 0.18 ± 0.08 0.57 ± 0.64 0.43 ± 0.25 NQ

Phospholipids (mM)
PC NQ NQ NQ NQ 0.11 0.06
LPC 0.06 ± 0.04 0.08 ± 0.08 0.08 ± 0.05 0.08 ± 0.09 0.05 ± 0.05 0.32 ± 0.55
PG NQ NQ NQ NQ 0.026 NQ
DPG NQ NQ NQ NQ NQ 0.03
SM NQ NQ NQ NQ NQ 0.07

pH
Gastric pH 2.2 ± 1.1 1.8 ± 0.5
Jejunal pH 7.1 ± 0.2 6.9 ± 0.5 7.1 ± 0.3 6.7 ± 0.3 6.0 ± 1.6 7.0 ± 0.4

Values for gastric pH pre-dose and jejunal pH at 10, 90 and 180 min are also presented. Data are presented as arithmetic mean ± S.D. Glycocholic acid (GCA),
taurocholic acid (TCA), glycochenodeoxycholic acid (GCDCA), taurochenodeoxycholic acid (TCDCA), glycodeoxycholic acid (GDCA) and taurodeoxycholic
a phatid
f cted je
p ) and
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cid (TDCA), phosphatidylcholine (PC), lyso-phosphatidylcholine (LPC), phos
ollowing bile acids and phospholipids were below detection limit in all the colle
hosphatidic acid/phosphatidylethanolamine (PA/PEA), phosphatidylserine (PS
roups, even though the peak recovery occurred 15 min later
n the altered compared to the normal group. A 14C-PEG 4000
ecovery less than 20% was considered as a technical failure and
hose subjects were excluded from the study (n = 5) resulting

ig. 6. The recovery of 14C-PEG 4000 (mean ± S.D.) in jejunal fluid over time.
he 14C-PEG 4000 was collected in the fluid leaving the segment in the proximal
uman jejunum over 180 in 20 min fractions.
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ylglycerol (PG), diphosphatidylglycerol (DPG), and sphingomyelin (SM). The
junal fluid samples; chenodeoxycholic acid (CDCA), deoxycholic acid (DCA),
phosphatidylinositol (PI).

n the total number of evaluable subjects being seven subjects
ith the normal PK profile and six subjects with the altered
K profile. A low 14C-PEG 4000 recovery might reflect slower
astric emptying during the 180 min of the intubation and/or
ailure maintain a semi-open segment due to leakage of intesti-
al fluid passing the inflated distal balloon. The jejunal fluid
ontents of phospholipids and bile acids were determined at 10,
0 and 180 min and are presented in Table 4. The osmolarity of
he collected gastric fluid was 191 ± 46 and 201 ± 44 mmol/kg
mean ± S.D.) for normal and altered groups, respectively.

There was no adsorption of gefitinib (1.36% ± 6.19) to the
oc-I-Gut tube. Gefitinib was stable in the FaSSIF, respectively,
uring 120 min.

. Discussion

In the present in vivo absorption study we investigated
hether the differences in plasma pharmacokinetic profiles of

efitinib between normal (t1/2 > 20 h) and altered (t1/2 < 20 h)
ealthy subjects might be explained by inter-individual variabil-
ty of gastric dissolution, gastric emptying and/or subsequent
recipitation of gefitinib in the proximal small intestine. In the
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creening part of the study, SI, we found that mean plasma
xposure (AUC0−∞) was about 55% higher in the normal
roup compared to the altered group. We performed an in vivo
xamination of how biopharmaceutical variables affected the
astrointestinal absorption rate of gefitinib by using an estab-
ished in vivo intubation technique. This method, Loc-I-Gut,
as been extensively applied in drug absorption studies by our
esearch group in numerous studies (Bonlokke et al., 1997, 2001,
999; Lennernas et al., 1992; Lindahl et al., 1996; Petri et al.,
003; Sandstrom et al., 1998; Knutson et al., 1989; Tannergren
t al., 2003).

In SI, 100 healthy male subjects were given an oral dose
f gefitinib (250 mg) and 24 subjects were identified with an
ltered pharmacokinetics profile. The reason for the differ-
nce in plasma pharmacokinetics between these groups was
ypothesised to be possibly due to pH-dependent gastrointesti-
al dissolution and precipitation processes of gefitinib. Hence, in
II gefitinib was administered directly into the stomach as a dis-
ersion preparation and recovered jejunal fluid samples for each
ubject contained both soluble and precipitated/undissolved
efitinib (Figs. 4 and 5). The lower solubility of gefitinib in the
uman intestinal fluid compared to human gastric fluid is related
o the pH-difference. The study also showed a considerable
nter-individual variability in the fasting gastric emptying rate
f fluids (Fig. 6), which is in accordance with its dependence on
nterdigestive motor activity (Oberle et al., 1990). Accordingly,
he amount of precipitated/undissolved gefitinib in the aspirated
uman intestinal fluid also showed high inter-individual vari-
bility. However, there was no significant difference in gastric
mptying rate between these two groups.

One criticism that has been levelled on perfusion techniques
n general is that they may disturb the gastrointestinal physiol-
gy, especially the motility patterns (Wilding et al., 2001; Davis
nd Wilding, 2001). In a study reported by Read et al. (1983), the
ffect of a tube that reached the terminal ileum on gastrointestinal
hysiology was investigated by monitoring the gastrointestinal
assage of a solid meal with gamma scintigraphy. They found
hat the presence of the tube significantly slowed the gastric
mptying half-life from 1.2 ± 0.32 to 1.5 ± 0.35 h, and the small
ntestinal transit time decreased from 3.6 ± 1.33 to 1.3 ± 0.99 h
mean ± S.D.) (Read et al., 1983). Thus, the effects of the tube
n gastric emptying are minimal and do not question the phar-
aceutical relevance of drug absorption data collected using

hese perfusion methods. Further support for this conclusion is
eported by Naslund et al. (2000) who clearly showed that there
as no difference in gastric emptying between the following

hree methods: scintigraphic, oral dosing of paracetamol tracer
nd subsequent plasma sampling, and PEG dilution methods
sing intubation tubes

In SII, one subject was unable to tolerate the Loc-I-Gut inser-
ion procedures, and another had a reflux expulsion of the dose
mmediately after drug administration. In a previous study, 17
ealthy subjects received a 250 mg dispersion of gefitinib admin-

stered into the stomach via a nasogastric tube, and 18 subjects
eceived a 250 mg dispersion of gefitinib as an oral solution
ith no episodes of vomiting reported after either administra-

ion route (Cantarini et al., 2004). Thus, the reflex expulsion of

t
m
o
a

Pharmaceutics 341 (2007) 134–142 141

he dose in the present investigation may be a consequence of
ntolerance to the presence of the Loc-I-Gut tube rather than
oor tolerability of the gefitinib dispersion. This is also the most
ikely reason for the withdrawal of one subject 75 min post-dose
aving a very low jejunal fluid production.

From Figs. 4 and 5 and Tables 2 and 3 it can be seen that dif-
erences in exposure between normal PK profile and altered PK
rofile subjects cannot be readily explained in terms of differ-
nces in the amount of gefitinib present in the jejunal fluid (either
n total, in solution or precipitated/undissolved). Although other
xplanations are needed to explain the differences seen in plasma
xposure between altered and normal PK profile subjects, data
rom individual subjects may offer some clues to the underly-
ng mechanisms. For example, one subject originally defined
s having a altered PK profile in SI had a low AUC0−∞ of
62 ng h/ml in SI and the AUC could not be calculated in SII
ue to plasma concentrations below detection levels at all time
oints. In this subject 161 mg of gefitinib was recovered in the
ejunal fluid 10 min post-dose of which 139 mg was in solution.

possible explanation for the high amount of gefitinib present
fter only 10 min could be very rapid gastric emptying and a
ery rapid transit through the duodenum, which could explain
he low jejunal pH observed in this subject (mean pH 2.4 ± 0.4,
ange 1.9–3.2). The low jejunal pH could indicate that the Loc-
-Gut catheter had been repositioned in the proximal duodenum,
owever, this individual had already in SI, a relatively low expo-
ure of gefitinib. A low jejunal pH would cause gefitinib to be
ighly ionised, thereby reducing the ability for it to be absorbed
cross the intestinal epithelium during a limited GI-residence
ime, which would also explain the high recovery of gefitinib in
olution in this individual. The subject was excluded from the
tudy analysis since the plasma concentration of gefitinib was
elow detection levels at all time points. In common with this
ubject, another subject had a low AUC0−∞ in SII of 775 ng h/ml
nd the pH of the jejunal fluid after 45 min post-dose until 2 h
ost-dose was reduced from pH 6 to approximately pH 3. Dur-
ng this interval the collected jejunal fluid contained 87% of
efitinib in solution. Given the neutral pH of bile, enterohepatic
irculation would probably not result in a low pH of the collected
ejunal fluid sample. Thus, the most plausible explanations for
he low jejunal pH are the Loc-I-Gut tube being relocated to
he proximal duodenum by intestinal motility or these two sub-
ect having a gastrointestinal physiology that differ from the rest
f the study population that might affect drug dissolution or
ntestinal permeability.

We also found that there was no difference between altered
nd normal groups regarding concentration of bile acids, phos-
holipids and pH in the jejunal fluid. These observations are
n agreement with the observation that there was no difference
n the recovery of gefitinib in solution and in solid (precipi-
ated/undissolved) forms in the jejunal fluid leaving the intestinal
egment.

Gefitinib is predominantly eliminated by metabolism and

he hepatic extraction of gefitinib is estimated to be approxi-

ately 60% (49–68%) and therefore inter-individual expression
f metabolic enzymes and various transporters (intrinsic clear-
nce) will certainly influence the bioavailability of gefitinib
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Ranson and Wardell, 2004). A recently published study showed
hat the intrasubject and intersubject variability following a
50 mg dose of gefitinib was 2-fold and 10–15-fold, respec-
ively, in healthy volunteers (Swaisland et al., 2005). Thus, data
ndicated that there is a correlation between plasma exposure
or gefitinib and midazolam (a known CYP3A4 substrate) that
ould explain some of the observed inter-individual variabil-

ty of gefitinib (Swaisland et al., 2006). The CYP3A4 activity
n both intestine and liver is highly variable between individ-
als even if no bimodal polymorphism has been reported. The
ariable expression of CYP3A4 is due to the complex inter-
lay between genetics and environmental factors (Westlind et
l., 1999; Wojnowski, 2004). The difference between altered and
ormal subjects cannot be easily explained and it is likely a mul-
ifactorial explanation is required with several factors needing
o be present. These include possibly low jejunal pH, increased
xpression of enzymatic and transporter activity and rapid small
ntestine transit.

In conclusion, there is no pronounced effect on gastric emp-
ying, precipitation and re-dissolution of gefitinib in proximal
uman jejunum on the plasma concentration profile between
he two groups. Instead other mechanism(s) are likely to be

ore important in explaining the inter-individual differences in
lasma exposure to gefitinib, such as polymorphism in various
nzymes and/or transport proteins, or possibly a combination
f factors including GI-factors, none of which have a dominant
ffect in isolation.
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