Oral Sulfasalazine as a Clinical BCRP Probe Substrate:
Pharmacokinetic Effects of Genetic Variation (C421A)
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ABSTRACT: This study evaluated the utility of oral sulfasalazine as a probe substrate
for Breast Cancer Resistance Protein (BCRP; ABCG2) activity by assessing the impact of
genetic variation or coadministration of an inhibitor (pantoprazole) on plasma and urine
pharmacokinetics of sulfasalazine and metabolites. Thirty-six healthy male subjects
prescreened for ABCG2 421CC (reference activity), CA, and AA (lower activity) geno-
types (N =12 each) received a single 500 mg oral dose of enteric coated sulfasalazine
alone, with 40 mg pantoprazole, or with 40 mg famotidine (gastrointestinal pH control)
in a 3-period, single fixed sequence, crossover design. No significant difference in
sulfasalazine or metabolite pharmacokinetics in 421AA or CA compared to 421CC
subjects was found; however, high inter-subject variability was observed. Geometric
mean (95% CI) sulfasalazine plasma AUCy_ values were 32.1 (13.2, 78.1), 16.8 (7.15,
39.6) and 62.7 (33.4, 118) pgh/mL, and C,,,,, were 4.01 (1.62, 9.92), 1.70 (0.66, 4.40), and
6.86 (3.61, 13.0) pg/mL for CC, CA, and AA subjects, respectively. Pantoprazole and
famotidine did not affect sulfasalazine pharmacokinetics in any genotypic cohort.
These results suggest that the pharmacokinetics of oral, enteric-coated 500 mg sulfa-
salazine are not sufficiently sensitive to ABCG2 genetic variation or inhibitors to be
useful as a clinical probe substrate of BCRP activity. © 2009 Wiley-Liss, Inc. and the
American Pharmacists Association J Pharm Sci 99:1046-1062, 2010
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INTRODUCTION
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CYP-specific probe drugs providing quantitative
assessments of enzyme activity in vivo has led
regulators to accept the extrapolation of clinical
probe drug interaction data of other drugs that
are eliminated by the same CYP pathway. For
example, the pharmacokinetic results of a
drug interaction study with midazolam, a
probe for CYP3A activity, allows categorization
of the CYP3A inhibition by an investigational
compound as a weak, moderate, or strong.
This information, along with in vitro data, can
provide the basis for a rational approach to
prediction and assessment of drug interactions
and reduce the requirement to conduct additional
drug interaction studies with other known CYP3A
substrates.’

The role of drug transporters in drug interac-
tions is increasingly recognized.?® However, the
prediction of transporter-mediated interactions
on a qualitative or quantitative basis remains a
significant challenge, largely due to the lack of
specific probe drugs. This is highlighted in the
recent FDA Drug Interaction guidance that
includes extensive information on P-glycoprotein
(P-gp), the most widely studied transporter
to date, but little information on other tran-
sporters.! Breast Cancer Resistance Protein
(BCRP) is a member of the ATP Binding Cassette
G (ABCG) family that has recently emerged as an
important drug transporter for the disposition of
a number of drugs, including tyrosine kinase
inhibitors, topoisomerase 1 inhibitors and HMG-
Co reductase inhibitors.*® BCRP is constitu-
tively expressed in healthy tissues including the
intestine, liver, blood—brain barrier, breast, and
placenta, as well as in tumor tissue, where it is
one mechanism contributing to multidrug resis-
tance.*® BCRP in gastrointestinal enterocytes
can serve as a barrier to drug absorption by
pumping substrates back into the intestinal
lumen, while the protein expressed at the
hepatocyte canalicular membrane contributes
to drug and metabolite elimination by pumping
substrates out of the hepatocyte and into the
bile. The combined result of intestinal and liver
BCRP activity is lower systemic exposures of
substrate drugs.® Several nonsynonymous single
nucleotide polymorphisms (SNPs) in the human
ABCG?2 gene have been associated with reduced
BCRP transport activity, including C421A,
C376T, G34A, T1291C, and T623C.° C421A,
which results in a substitution of lysine for
glutamine (Q141K) in the BCRP protein has been
associated with increased drug exposure in vivo
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in man. The plasma exposures of oral topotecan
and rosuvastatin were shown to be 1.4- and 1.8-
fold higher, respectively, in patients heterozy-
gous for the 421A variant than in subjects
homozygous for wild-type 421C."® Based on
these observations, genetic variation in ABCG2
may contribute to the inter-subject variability in
the pharmacokinetics of drugs that are BCRP
substrates.

Characterizing the potential influence of
ABCG2 genetics or BCRP efflux activity on drug
disposition is currently challenging due to
the lack of a safe, well-characterized clinical
probe substrate.® An ideal probe drug would
be specific for BCRP and have easily measurable
pharmacokinetic parameters that are sensitive
to changes in BCRP function resulting from
genetic variation or coadministration with a
BCRP inhibitor. In addition, the ideal probe
should undergo minimal metabolism, have a
wide safety margin, and be commercially avail-
able in countries where clinical trials are con-
ducted. Sulfasalazine, a marketed drug for the
treatment of rheumatoid arthritis and ulcerative
colitis, has the potential to be a human BCRP
probe substrate based on published in wvitro
and in vivo animal studies.'®!® Sulfasalazine
has low permeability in vitro due to efflux
transporters'® and displays marked drug resis-
tance in cells over expressing BCRP.'"'2 The
primary mechanism underlying the low sulfasa-
lazine absorption observed in vivo has been
attributed to BCRP, as the plasma AUC_, of
the drug in Berpl knockout mice was 111-fold
higher than in Berpl wild-type mice after
oral administration and 13-fold higher after
intravenous administration.'® Sulfasalazine
appears to be a specific probe for BCRP as it is
not a substrate for P-gp in vitro'*'® or in P-gp-
knockout mice.'® Sulfasalazine is not metabo-
lized by CYP enzymes, but it is metabolized
by reductase enzymes of colonic bacteria to
5-aminosalicylic acid (ASA) and sulfapyridine
(SP), which in turn are absorbed into the
systemic circulation'® (see Study Design Con-
siderations Section for more details of sulfasa-
lazine metabolism).

The objective of this clinical study was to
evaluate the pharmacokinetics of orally dosed
sulfasalazine as a potential probe substrate of
BCRP-mediated transport in healthy subjects
in vivo. In addition, the effects of a known
BCRP inhibitor on sulfasalazine pharmacoki-
netics were evaluated in the healthy subjects

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010



1048 ADKISON ET AL.

by coadministration of oral pantoprazole (PPZ).
Considering the effect of pantoprazole on
gastric pH, each subject was also coadminister-
ed famotidine (FAM) and sulfasalazine as a
gastrointestinal pH control.

MATERIALS AND METHODS

Study Design Considerations
Study Population and Sulfasalazine Dose Selection

The decision to conduct this study in an East
Asian population (ethnic Chinese) was based on
the higher frequency of the ABCG2 C421A
polymorphism in Chinese,* which would allow
recruitment of adequate numbers of subjects of all
three genotypes. The study was restricted to
healthy men because sex differences in BCRP
activity and/or expression have been reported.'” A
500mg dose of sulfasalazine was selected to
minimize gastrointestinal adverse events (e.g.,
vomiting), to provide an acceptable safety margin
should a substantial increase in systemic expo-
sure occur when coadministered with the BCRP
inhibitor, and to avoid reported nonlinear (less
than dose proportional) pharmacokinetics at high
doses.'®

Selection of BCRP Inhibitors

Pantoprazole and famotidine are marketed drugs
for the treatment of ulcers and gastroesophageal
reflux disease (GERD). The use of pantoprazole as
an inhibitor of BCRP-mediated drug transport
is supported by studies demonstrating that
pantoprazole inhibits the transport of a number
of BCRP substrates in vitro,'® that intravenous
pantoprazole decreases the clearance of the
BCRP substrate methotrexate by 1.7-fold in Berpl
wild-type, but not knock-out mice,?® and that
pantoprazole significantly improves brain pene-
tration of imatinib (a BCRP substrate) in Berpl
wild-type mice.?* One possible confounding issue
with the use of 40 mg pantoprazole as a clinical
BCRP inhibitor is that the drug’s main pharma-
cological action is to inhibit gastric hydrogen/
potassium adenosine triphosphatase, resulting
in increased gastric pH.?? Sulfasalazine is
reported to have low aqueous solubility, particu-
larly in acidic conditions, but little information
is available on how increased gastric pH may
affect sulfasalazine disintegration, dissolution
and absorption. In addition, a recent in vitro
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study indicates that an increase in pH reduces the
functionality of BCRP.?®> Given these observa-
tions, a third treatment arm was added to
evaluate coadministration of sulfasalazine with
40mg famotidine, a histamine H, receptor
antagonist that also increases gastric and upper
duodenal pH, and serves as a control for
gastrointestinal pH. In vitro studies conducted
in our laboratory using [*H]-cimetidine as a
probe BCRP substrate and MDCKII-BCRP cell
monolayers®® revealed that famotidine was a
much less potent inhibitor of BCRP (ICsq value
of 62+ 8.3 uM; mean +SD) compared to panto-
prazole (IC5y of 4.9 +0.42 uM).

Sulfasalazine Metabolism

In healthy subjects, approximately 10—20% of the
sulfasalazine dose is absorbed from the upper
small intestine. When unabsorbed sulfasalazine
reaches the colon, it is cleaved by bacterial
enzymes from multiple bacterial species to two
metabolites: sulfapyridine and 5-aminosalicylic
acid (mesalamine).?® The extent of metabolism
depends on the activity of the intestinal flora and
intestinal transit time.'® In fact, the appearance
of the sulfapyridine metabolite in the systemic
circulation has been used as a measure of small
intestine transit time.?® Sulfapyridine is nearly
completely absorbed and then excreted in the
urine as acetyl- or glucuronide-conjugate meta-
bolites. In contrast, 5-aminosalicylic acid is poorly
absorbed (10-30%), with the majority excreted
unchanged in feces and the rest excreted in
the urine as an acetylated metabolite. Elimina-
tion of the sulfasalazine metabolites is strongly
influenced by N-acetyltransferase activity.®
Therefore, to better understand the importance
of ABCG2 SNPs on the absorption of sulfasa-
lazine, the plasma and urinary concentrations
of sulfapyridine, N-acetylsulfapyridine, and 5-
aminosalicylic acid along with the subject’s NAT2
genotype were determined.

Clinical Study
Subjects

Thirty-six healthy male subjects (age 2145 years)
on no other medication were recruited for this
study. Ethnicity was defined through self-declara-
tion by each subject and was consistent over three
generations. All subjects underwent an initial
screening assessment following collection of writ-
ten informed consent and provided a blood sample
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for genotyping. A second screening assessment
within 28 days of the first dose was conducted and
included a medical history, physical examination,
blood pressure and ECG measurements as well
as clinical laboratory tests. Exclusion criteria
included a positive urine drug test, past or current
history of excessive alcohol or illicit drug use,
recent participation in another research trial (i.e.,
within 30 days prior to the first dose of sulfasa-
lazine), use of any prescription or nonprescription
drugs, vitamins, herbal and dietary supplements
or grapefruit-containing products within 7 days or
5 half-lives prior to the first dose sulfasalazine or
during the clinical phase of the study, regular use
of tobacco- or nicotine-containing products within
3 months of screening visit, and any preexisting
conditions that would interfere with normal
gastrointestinal anatomy or motility, hepatic
and/or renal function.

Study Design

This open-label, 3-period, single fixed sequence,
crossover study was approved by the ethics review
board at National University of Singapore. Sub-
jects were genotyped for ABCG2 C421A poly-
morphism prior to entry into the study and
assigned to one of three cohorts: 421CC, 421CA,
or 421AA (n = 12 per group). Each subject received
three treatments with a 1 week between-treat-
ment washout period as follows: Treatment A—
Sulfasalazine 500mg (Salazopyrin-EN®, Pfizer,
Singapore, Singapore); Treatment B—Sulfasala-
zine 500 mg + Pantoprazole 40mg (Controloc®™,
Altana Pharma, Singapore, Singapore); Treat-
ment C—Sulfasalazine 500 mg+ Famotidine
40mg (Pepcidine®, Merck Sharp & Dohme,
Singapore, Singapore). Subjects were admitted
to the unit the evening prior to each day of dosing
and stayed until after the last pharmacokinetic
sample was obtained. Study drug(s) were admi-
nistered with 240 mL of water following a 10-h
overnight fast. Subjects remained fasted until 4 h
after dosing when a meal was provided. The
composition of the lunch meal was identical on
each of the three study days. Subjects not
completing all planned study related activities
were not replaced; however, pharmacokinetic
results from subjects who did not complete all
phases of the study were included in the final
analysis.

Blood samples (2mL) for the determination of
sulfasalazine, sulfapyridine and 5-aminosalicylic
acid plasma concentrations were collected in
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EDTA-containing tubes prior to each dose and
at0.25,0.5,0.75, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 10, 12, 16,
24, 30 h after each dose. A predose urine sample
was collected prior to dosing and subjects were
asked to empty their bladders before dosing.
Thereafter, all urine passed over the next 30h
was collected into separate preweighed containers
over the following collection intervals: 0-12, 12—
24, 24-30h. All plasma and urine samples were
stored frozen at —70°C until assayed.

Genotyping of ABCG2 and NAT2 Polymorphisms

A whole blood sample (5 mL) for genotyping was
obtained from each subject. The genomic DNA
extracted from peripheral leukocytes by standard
methods was used as a template in amplification
of the fragments encompassing the following
SNPs of ABCG2 gene: G34A, C376T, C421A,
T623C, and T1291C residing in exons 2, 4, 5, 6,
and 11, respectively, as described previously.?’
Genotyping for the N-acetyltransferase 2 (NAT2)
gene was completed to determine the relationship
of NAT2 genotype to the metabolism of sulfapyr-
idine. Two primer pairs (NAT2aF: 5'-catggagt-
tgggettagag-3’', NAT2aR: 5'-ctttggecaggagatgagaa-
3’; NAT2bF: 5'-gctgggtctggaagetecte-3', NAT2bR:
5'-ttgggtgatacatacacaaggg-3') were designed using
Lasergene DNASTAR software (DNASTAR, Inc.,
Madison, WI) to generate overlapping fragments
that encompass the polymorphism sites for defin-
ing the various alleles. The amplifications for
both fragments were performed in a total volume
of 50 pL containing 1X Master Mix (Promega,
Madison, WI), 0.2mM of each primer (Sigma-
Proligo, St. Louis, MO) and 100ng of DNA.
Following an initial predenaturation step at
95°C for 5 min, the reactions were cycled 35 times
through denaturation at 95°C for 1 min, annealing
at 54°C for 1 min and extension at 72°C for 1 min.
The reactions were terminated by an additional
extension step at 72°C for 10 min. The sequencing
was carried out as described previously.?” Classi-
fication of NAT2 activity based on genotype was
defined as follows: Slow acetylators—"6B/*6B,
"6A/"6A, "6A/" 7B, *7TB/*7B, *5C/*7B, *5C/*6A; Inter-
mediate acetylators—*4/"6A, *4/*7B, *4/*5D,
*4/*6B; *4/*5C; Fast acetylators—*4/"4, *4/"12A,
*13/*13‘28,29

Bioanalytical Methods

The concentration of sulfasalazine, sulfapy-
ridine, 5-aminosalicylic acid, and pantoprazole
in plasma samples and standards was determined
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simultaneously by high-performance liquid
chromatography (HPLC) with tandem mass
spectrometry (MS/MS) using [*3C4]-sulfasalazine
(GlaxoSmithKline, Inc. Stevenage, United King-
dom), [*Hg-sulfapyridine (GlaxoSmithKline,
Inc.), [**C,4]-5-aminosalicylic acid, and deuterated
pantoprazole (Toronto Research Chemicals, Inc.,
North York, Canada) as the internal standards.
Sulfasalazine, sulfapyridine, and 5-aminosalicylic
acid were obtained from Sigma-Aldrich (St. Louis,
MO) and pantoprazole was obtained from Toronto
Research Chemicals, Inc. Using a 50 pL sample,
plasma proteins were precipitated by the addition
of 150 uL of acetonitrile containing internal
standard; the concentration of the internal
standard was 250 ng/mL for [*C]-sulfasalazine,
[?H,]-sulfapyridine and deuterated pantoprazole,
and 500 ng/mL for [**C,]-5-aminosalicylic acid.
Following mixing by vortexing for 2min preci-
pitant was removed by centrifugation (5min at
3000g). The resulting supernatants (100 pL) were
diluted with 300 pL of HPLC water. HPLC was
performed on a Shimadzu LC-10A HPLC system
(Shimadzu Corporation, Kyoto, Japan). Chroma-
tography was performed on a Varian Polaris C18-
A 3pm, 2.1mm x 50mm column (Varian, Inc.,
Palo Alto, CA) at a flow rate of 0.4 mL/min. The
mobile phase consisted of 2 solvents: (A) HPLC
water with 0.1% heptafluorobutyric acid and (B)
acetonitrile with 0.1% heptafluorobutyric acid
using a linear gradient over 2 min starting with
a mobile phase of 95%A:5%B and ended with a
mobile phase of 10%A:90%B. Samples (4pL
injection volume) were analyzed by positive ion
turbo ionspray LC/MS/MS with a PE/Sciex API
4000 (Applied Biosystems/MDS Sciex, Concord,
Canada). The calibration range for sulfasalazine,
sulfapyridine, 5-aminosalicylic acid, and panto-
prazole was 20—10,000 ng/mL, with the lower limit
of quantification being 20 ng/mL for each analyte.
The precursor and product ion (m/z) pairs were:
sulfasalazine 399/223, sulfapyridine 250/156, 5-
aminosalicylic acid 154/80, and pantoprazole 384/
128. Raw data were analyzed with PE/Sciex
software Analyst 1.4.1. SMS 2000 (version 1.6,
GlaxoSmithKline, Inc.) was used to calculate peak
area ratios and to construct the calibration lines
from which concentrations of unknowns were
interpolated. Performance of the method, as
assessed by sulfasalazine, sulfapyridine, 5-ami-
nosalicylic acid, and pantoprazole concentrations
in quality controls samples (60, 800, 8000 ng/mL),
showed that the average within-run precision
(coefficient of variation, CV%) was less than or
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equal to 10.0%. The between-run precision CV%
was less than or equal to 4.7%. The accuracy for
the lowest calibration standard for each analyte
was: 99.7% for sulfasalazine, 100.0% for sulfapyr-
idine, 100.2% for 5-aminiosalicylic acid, and
100.4% for pantoprazole.

The urine concentrations of sulfasalazine,
sulfapyridine, and acetylsulfapyridine were deter-
mined by HPLC with ultraviolet detection (HPLC/
UV), with a lower limit of quantitation of
0.1 pg/mL. Urine concentrations of 5-aminosa-
licylic acid were expected to be low and therefore
not determined. For sulfasalazine, a 100 p.L urine
aliquot was combined with 10 wL of the internal
standard furazolidone (100 pg/mL; Sigma-Aldrich
Co, Singapore, Singapore) and vortexed. Next
200 L of pH 1.8 buffer was added to adjust
urine pH to around 2, followed by 1.7 mL of tert-
butyl methyl ether extraction solvent. Samples
were vortexed for 5min and then centrifuged at
10,000rpm for 5min. The supernatant was
evaporated under nitrogen and then reconstituted
with 100 pL of mobile phase, vortexed, and
centrifuged. A 25 pL sample was injected into
the HPLC system which consisted of an Agilent
1050 series pump and online degasser and an 1100
series auto-sampler and Variable Wavelength
Detector (Agilent Technologies, Inc., Santa Clara
CA). Separation was achieved with a Gemini C18,
5um, 110A, (4.6 mm x 150 mm) column (Pheno-
menex, Torrance, CA) connected to an analytical
guard cartridge at an oven temperature of 40°C.
The mobile phase consisted of 81.5% 20mM
disodium phosphate with 0.2% triethylamine
(pH adjusted to 10 with phosphoric acid) and
18.5% acetonitrile delivered at a flow rate of
1mL/min. Sulfasalazine was detected at a wave-
length of 360 nm. Calibration standards over the
range of 0.1-50 pg/mL and QC samples (0.25, 2.5,
25 pg/mL) were assayed along with each set of
samples. The inter-day and intra-day precision
CV% ranged from 3.4% to 4.6% and 2.4% to 2.8%,
respectively, and precision for the lowest calibra-
tion standard was 8.6%. Accuracy for the method
was 100% to 107% (inter-day variability), 94% to
101% (intra-day variability), and 99.3% for the
lowest calibration standard.

For sulfapyridine and N-acetylsulfapyridine, a
50 wL urine aliquot was combined with 10 pL of
the internal standard sulfadiazine (500 pg/mL)
and vortexed. Next 150 pL of pH 7.4 buffer was
added to adjust urine pH to 7.2-7.3 to ensure
consistent extraction of the basic metabolites,
followed by 1.6mL of tert-butyl methyl ether
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extraction solvent. Samples were vortexed for
5min and then centrifuged at 10,000 rpm for
5min. The supernatant was transferred to
another tube and evaporated. The dried super-
natant was reconstituted with 50 p.L. of mobile
phase, vortexed, centrifuged and then 20 pL
was injected into the Agilent HPLC system
1050 with an 1100 series Auto-sampler and
Variable Wavelength Detector (Agilent Techno-
logies, Inc.). The metabolites were eluted from
a Hypersil BDS C18, 5pm, 4.6 mm x 200 mm
column (Thermo Hypersil-Keystone, Astmoor,
UK) and an analytical BDS C18, 5pm guard
column (maintained at room temperature) by a
mobile phase consisting of 84% 5mM disodium
phosphate with 0.067% tetra-n-butylammonium
chloride (pH adjusted to 7.4 with phosphoric acid)
and 16% methanol at a flow rate of 1 mL/min. The
UV detection wavelength was 310 nm. Calibration
standards of sulfapyridine and N-acetylsulfapyr-
idine (both obtained from Sigma, Singapore,
Singapore) over the range of 0.1 to 25 ug/mL
and QC samples (0.25, 2.5, 25pg/mL) were
assayed along with each set of samples. For
sulfapyridine, the inter-day and intra-day preci-
sion CV% ranged from 2.8% to 10.2% and 1.9% to
2.7%, respectively, and precision for the lowest
calibration standard was 9.1%. Accuracy for the
method was 88.7-99% (inter-day variability),
88.9-104% (intra-day variability) and 97.8% for
the lowest calibration standard. For N-acetylsul-
fapyridine, the CV% ranged from 4.3% to 6.6%
(inter-day) and 2.5% to 4.8% (intra-day) and
precision for the lowest calibration standard
was 7.3%. Accuracy was 96.3-104% (inter-day)
and 93.3-108% (intra-day) and 105% for the
lowest calibration standard.

Pharmacokinetic Evaluation

The plasma pharmacokinetic parameters of sul-
fasalazine, sulfapyridine, and 5-aminosalicylic
acid were estimated by noncompartmental
methods with WinNonlin Version 4.1 (Pharsight,
Mountain View, CA) using actual pharmaco-
kinetic sampling time. The maximum observed
drug concentration (C),.,) and the first time of its
occurrence (T\,.x) were taken directly from the
concentration-time profile. The area under the
concentration-time profile from zero time to
infinity (AUC(_.,)) was calculated for sulfasa-
lazine and sulfapyridine using the linear up/
logarithmic down trapezoidal method (AUCg_jagt)
and extrapolation to infinite time by the addition
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of Clast/2,, Where 4, is the apparent terminal phase
elimination rate constant estimated by linear
regression of the logarithmically transformed
concentration data. A minimum of three terminal
phase concentration values were used to estimate
/.. Ratios of metabolite-to-parent (AUCo_¢ or o))
values were calculated based on molar concentra-
tions using the molecular weights (MW) of
sulfapyridine (249.3), acetylsulfapyridine (291.3),
and sulfasalazine (398.4).

The total urinary recovery (Ae.) of sulfasa-
lazine, sulfapyridine or N-acetylsulfapyridine
was calculated as the sum of the amount of
the respective compound excreted in each urine
collection interval. The percentage of the dose
that was excreted as unchanged sulfasalazine in
urine (fe) was calculated as fe=Ae_/Dose x 100
and the apparent renal clearance (CL,enga) of
sulfasalazine was calculated as CLiena =Ae./
AUC9_)- The percentage of the dose that was
excreted as sulfapyridine or N-acetylsulfapy-
ridine, in urine (fe) was calculated as fe =Ae_/
Dose x Mwsulfasalazine /Mwmetabolite X 100, where
MW is the molecular weight of sulfasalazine or
metabolite as given above.

Statistical Analyses

Statistical analyses were performed with SAS
(version 8.2, Cary, NC). The geometric mean and
95% confidence intervals were calculated by
genotypic cohort and treatment for each pharma-
cokinetic parameter, except Tna.x for which
median and range were calculated. Two-way
analysis of variance (ANOVA) was used to
compare log-transformed pharmacokinetic para-
meters between the subjects among genotypic
cohorts (CC, CA, AA) and within the subjects
among treatments (SFZ Alone, SFZ + PPZ, SFZ +
FAM) and calculate geometric least squares (GLS)
mean cohort ratios and treatment ratios and
associated 90% confidence intervals.

RESULTS

Subject Demography and Pharmacogenetics

Subject demographic characteristics are pre-
sented by ABCG2 421 genotypic cohort in
Table 1. All subjects were ethnic Chinese and
similar age and body weight ranges were noted
among cohorts. Retrospective genotyping for
other ABCG2 and NAT2 alleles was also
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Table 1. Summary of Demographic and Genotype Data by ABCG2 421 Cohort

ABCG2 421 Genotype

CC CA AA

Number of subjects

SFZ Alone 12 12 12

+Pantoprazole 10 12 12

+Famotidine 9 12 12

Body weight (kg)* 72.8 £7.3 (568.9-86.7) 68.9+8.0 (57.5-81.9) 70.3 £6.6 (56.5-79.3)

Age (year)® 29.5+7.2 (23-43) 36.3 £ 8.5 (24-45) 30.2+6.6 (21-42)
ABCG2 34 genotype (N)

GG 6/5/4° 4 12

GA 4/3/3° 7 0

AA 2/2/2b 1 0
NAT?2 activity® (N)

Fast 1/1/0° 3 0

Intermediate 5/4/4° 7 8

Slow 6/5/5° 2 4

“Weight and age are presented as mean + SD (range) for N =12.

bPeriod 1/Period 2/Period 3.

‘NAT2 activity defined as follows: Slow—"6B/"6B, “6A/"6A, “"6A/*TB, *7B/*7TB, *5C/*7B, *5C/*6A; Intermediate—"4/6A, *4/*7B,

*4/°5D, *4/°6B; *4/"5C; Fast—"4/"4, *4/*12A, *13/"13.

completed. The distribution of G34A genotypes
and NAT2 activity are presented in Table 1. The
majority of the subjects were 34GG (N = 22; 61%),
with few being 34AA (N = 3; 8%); no subjects were
both 421AA and 34AA or 34GA. Other variant
ABCG2 alleles were not observed and all subjects
were ABCG2 376CC, 623TT, and 1291TT. Sub-
jects were also classified as slow, intermediate, or
fast acetylators based on NAT2 genotyping
(Tab. 1). As expected for this East Asian popula-
tion, most subjects were intermediate (IN=20;
56%) or slow (N =12; 33%) acetylators.

Sulfasalazine Pharmacokinetics

For Treatment A (sulfasalazine alone), all 36 sub-
jects completed dosing and had evaluable phar-
macokinetic parameters. Overall, 33 subjects
completed all three treatment periods. Three
subjects withdrew from the study for personal
reasons: two subjects (genotype CC) completed
only Treatment A and one subject (genotype CC)
completed Treatments A and B. Data from all
subjects was included in the pharmacokinetic
analysis. The single dose of sulfasalazine was
well-tolerated when given alone and with panto-
prazole or famotidine. No serious adverse events
were reported.

Mean plasma sulfasalazine concentration-time
profiles following a single 500 mg oral dose from
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an enteric coated tablet given during Treatment A
(sulfasalazine alone) are shown in Figure 1 and
the pharmacokinetic parameters are summarized
in Table 2. The absorption of sulfasalazine was
delayed with a lag time of 2.5 h and T',,, of 5-6 h.
High inter-subject variability in sulfasalazine
plasma and urinary pharmacokinetic parameters
was observed both across and within genotypic
cohorts (Tab. 2, Fig. 1), with AUCy_.,, ranging
81-, 66-, 21-fold for the CC, CA, and AA cohorts.
No significant differences in sulfasalazine
AUC9_~), Crmaxs T'max, T'1/2, or % dose excreted
unchanged in the urine were observed between
the subjects among ABCG2 421 genotypic cohorts.
Of note, two subjects in the 421CA cohort had
extremely low concentrations of sulfasalazine
(AUC(_o0) 1.4 and 1.8 pgh/mL compared to the
median value of 16.8 pgh/mL). Exclusion of
these two subjects in a subset analysis (data not
shown) did not influence the statistical signifi-
cance of the results, further confirming the lack of
a significant gene dose effect for the CC and AA
genotypes.

Fourteen subjects were either heterozygous
carriers (seven in the 421CA cohort; four in the
421CC cohort) or homozygous carriers (one in
the 421CA cohort; two in the 421CC cohort)
of the G34A SNP (Tab. 1). A summary of the
sulfasalazine pharmacokinetic parameters by
G34A polymorphism status indicated that

DOI 10.1002/jps
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Figure 1. Mean (+SD) sulfasalazine plasma concentration-time profiles in ABCG2
421CC, CA, and AA genotype cohorts following oral administration of sulfasalazine
alone or coadministered with pantoprazole (PPZ) or famotidine (FAM). Linear and log

scales shown.

sulfasalazine AUC_,.) was lower in 34AA sub-
jects (geometric mean 8.85 ugh/mL; n =3) than in
34GA (37.4 pgh/mL; n=11) and 34GG subjects
(36.0 pgh/mL, n =22). The geometric mean C,ax
values were 1.09, 4.52, and 3.79 pg/mL for ABCG2
34GG, GA, and AA genotypes, respectively. This
notably lower AUCy_., is unexpected as the G34A
SNP has not been associated with increased
BCRP function; generally this SNP has been
associated with no change or a decrease in BCRP
activity.* No consistent trends in sulfasalazine
AUC(_.) across G34A/C421A genotype groups
were observed.

Metabolite Pharmacokinetics

Mean plasma sulfapyridine concentration-time
profiles during Treatment A (sulfasalazine alone)
are shown in Figure 2 and the pharmacokinetic
parameters are summarized in Table 3. Sulfapy-
ridine had a lag time of approximately 4h and
T max of 10-16 h, which were both longer than the
respective sulfasalazine parameters. The half-life
and AUC_. could not be accurately estimated
for several subjects; therefore, AUC ) is also
presented for sulfapyridine. As with sulfasa-

DOI 10.1002/jps

lazine, high inter-subject variability was noted
in the plasma pharmacokinetic parameters and no
significant differences were noted in the sulfapyr-
idine AUC(O_OO), AUC(O_t), Cmax, Tmaxy T1/2, or %
dose excreted unchanged in the urine among the
ABCG2 421 genotypic cohorts (Tab. 3). Molar
ratios of the metabolite AUC_y-to-parent
AUC(_,,) were calculated to adjust for the
highly variable sulfasalazine exposures. Subjects
in the 421AA cohort tended to have lower
sulfapyridine exposures relative to sulfasalazine
(AUCgp/AUCgpy, ratio=0.548), consistent with
lower BCRP activity, whereas subjects in the
421CC cohort tended to have higher sulfapyridine
exposures relative to sulfasalazine (AUCgp/
AUCgpz ratio=3.55). However, inter-subject
variability in the AUC ratios was high and no
significant differences in these ratios were noted
among genotypic cohorts. Across all study cohorts,
no consistent, significant relationship was
observed between sulfapyridine pharmacokinetic
parameters and NAT2 genotype (data not shown).

Plasma concentrations of the 5-aminosalicylic
acid metabolite were not detected in one-third
of the subjects. In subjects where 5-aminosalicylic
acid was detected, concentrations were low
and only measurable at a few sample times which
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precluded estimation of all pharmacokinetic
parameters except Tlag, Tmax, and Cpax.
These parameters are summarized in Supporting
Information Table S1. No trend in relation to
C421A genotype was observed and given the
limited data, no statistical analyses were
conducted.

Effect of Pantoprazole and Famotidine on
Sulfasalazine and Sulfapyridine Pharmacokinetics

Figures 1 and 2 compare the concentration-time
profiles of sulfasalazine and sulfapyridine, respec-
tively, when sulfasalazine was administered alone
or in combination with 40 mg pantoprazole or
40mg famotidine. Figure 3 shows individual
subject data, as well as box plots, for selected
pharmacokinetic parameters. Statistical summa-
ries of the pharmacokinetic parameters of sulfa-
salazine and sulfapyridine when coadministered
with pantoprazole are given in Tables 4 and 5,
respectively and when coadministered with
famotidine are given in Supporting Information
Tables S2 and S3, respectively. Although high
inter-subject variability in pharmacokinetic
parameters was observed, visual inspection of
the plots and ANOVA did not reveal any
consistent differences in sulfasalazine or sulfa-
pyridine pharmacokinetic parameters when sul-
fasalazine was administered with pantoprazole or
famotidine, compared to when it was adminis-
tered alone.

DISCUSSION

Emerging data over the past decade have demon-
strated the important role of transporters in drug
disposition and as a potential source of drug
interactions.?? In contrast to CYP enzymes that
have well-established probe drugs for assessment
of drug interactions, few drugs have been
evaluated as probes for drug transporters. There-
fore, the objective of this clinical study was to
evaluate the pharmacokinetics of orally dosed
sulfasalazine as a potential probe substrate for
BCRP. In addition, the effects of a BCRP inhibitor
on sulfasalazine pharmacokinetics were evalu-
ated by coadministration of oral pantoprazole.
Healthy male subjects with ABCG2 421CC, CA,
and AA genotypes received a single 500 mg
oral dose of enteric coated sulfasalazine in a 3-
period, single fixed sequence, crossover design.

DOI 10.1002/jps
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Figure 2. Mean (+SD) sulfapyridine plasma concentration-time profiles in ABCG2
421CC, CA, and AA genotype cohorts following oral administration of sulfasalazine
alone or coadministered with 40 mg pantoprazole (PPZ) or 40 mg famotidine (FAM).

Linear and log scales shown.

High inter-subject variability in sulfasalazine
and metabolite pharmacokinetic parameters
was observed in all genotypic cohorts and across
all dosing periods. Although there was a trend for
higher sulfasalazine exposure in the 421AA cohort
across all three treatment periods (~2-fold higher
geometric mean sulfasalazine AUC_..), Cmax
and fe in 421AA compared to 421CC cohort), the
confidence intervals were wide and overlapping
and overall no significant differences in sulfasa-
lazine or metabolite pharmacokinetic parameters
among 421CC, CA, or AA genotypes were
detected. In addition, no gene-dose effect was
observed; the mean sulfasalazine exposure in the
heterozygous 421CA cohort was lower (Treatment
A), equal (Treatment B), or higher (Treatment C)
than the 421CC cohort; however, the sulfasalazine
exposure was lower in the 421CA cohort compared
to the 421AA cohort across all three treatments.
Sulfapyridine-to-sulfasalazine molar AUC ratios
were calculated to account for inter-individual
differences in sulfasalazine absorption. The sul-
fapyridine-to-sulfasalazine molar AUC ratios
tended to be higher for the 421CC and CA cohorts
(3.55 and 2.83, respectively for Treatment A)
compared to the 421AA cohort (0.55 for Treatment
A), but were not statistically significant. A similar

DOI 10.1002/jps

trend was shown previously suggesting that
greater sulfasalazine absorption yields less pro-
duction of sulfapyridine by gut flora and a lower
metabolite ratio in 421AA subjects compared to
CC carriers.?°

In the second part of this study, subjects
received the same dose of sulfasalazine along
with 40 mg pantoprazole (BCRP inhibitor) or with
40 mg famotidine (gastrointestinal pH control) to
assess the effect of a BCRP inhibitor on the
pharmacokinetics of sulfasalazine and its meta-
bolites. Oral pantoprazole or famotidine did not
affect sulfasalazine pharmacokinetics in subjects
of any genotypic cohort, a surprising result given
that pantoprazole intestinal concentrations were
estimated to be 40 mM, (almost 10,000-fold higher
than the in vitro IC value of 4.2 uM), and that
plasma pantoprazole concentrations similar to
those previously reported were achieved (data not
shown).

Collectively, the results show that neither the
ABCG2 C421A polymorphism or coadministration
with a BCRP inhibitor has a substantial effect on
the pharmacokinetics in man of a sulfasalazine
500 mg dose administered as the enteric coated
formulation. This lack of effect suggests that
BCRP plays a minor role in the disposition of

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010
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sulfasalazine or that other transporters are able
to compensate for loss of BCRP activity due to
genetic deficiency or chemical inhibition. In
addition, this study indicates that genetic varia-
bility in BCRP activity is not the major source of
variability in sulfasalazine plasma and urine
pharmacokinetics. Of note, the effect of genetic
variation in ABCG2 421 on the pharmacokinetics
of other BCRP substrates has been modest. For
example, intravenous diflomotecan had threefold
higher AUC in 421CA (n = 1) versus CC carriers,!
topotecan had a 1.3-fold higher AUC in CA (n =2)
versus CC,” and rosuvastatin had a 1.8-fold
higher AUC in a combined cohort of 421CA/AA
versus CC.% No effect of the 421A genotype was
observed for oral nitrofurantoin, lamivudine,
pravastatin, pitavastatin, and intravenous irino-
tecan,27:32-35

During the preparation of this manuscript, two
clinical studies evaluating sulfasalazine as a
BCRP probe substrate and the influence of the
C421A polymorphism were published.?>3¢ In one
study, Urquhart et al.®® characterized sulfasa-
lazine pharmacokinetics and the in vivo expres-
sion of BCRP along the human gastrointestinal
tract following a 1000mg sulfasalazine oral
suspension dose to healthy male and female
subjects. BCRP protein and mRNA expression
had low variability across the subjects (1.8- and
2.7-fold, respectively), displayed no significant
difference in duodenal expression in subjects
with C421A or G34A polymorphisms, and no
differences in longitudinal intestinal expression
between proximal and distal sections. Overall, the
results show that BCRP expression was constant
along the entire gastrointestinal tract and did not
vary widely among individuals, an observation
consistent with previous reports on the intestinal
expression of BCRP in man.?” In contrast to the
low inter-subject variability in BCRP protein
expression, high inter-subject variability in sul-
fasalazine AUC_,) (20.5-fold) and C,., (17.2-
fold) was observed, likely driven by individual
differences in absorption and bacterial metabo-
lism of sulfasalazine. Furthermore, Urquhart
et al.>® noted a 2.4-fold higher sulfasalazine
AUC_o,) in subjects with the 34GG/421CA
genotype (n=5) relative to subjects with the
34GG/421CC genotype (n =9); this study did not
enroll any 421AA subjects. Notably, a single
subject with the 34GA/421CA genotype displayed
a 4.8-fold higher AUC(_..,) compared to the 34GG/
421CC group, suggesting that BCRP polymor-
phism may influence the plasma exposure of

DOI 10.1002/jps
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Figure 3. Comparison of individual sulfasalazine and sulfapyridine pharmacokinetic
parameters among ABCG2 421 genotypic cohorts during Treatment Period 1 (Sulfasa-
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sulfasalazine. However, in the present study in
ethnic Chinese, the sulfasalazine AUC_.,
observed in the seven 34GA/421CA subjects
(39.6 +28.0 pgh/mL; mean + SD) was well within
the range of values observed in the other genotype
groups. Indeed no consistent trends were noted
across the G34A/C421A genotype groups,
although subject numbers in some groups were
limited and sulfasalazine variability was high.
The other report by Yamasaki et al.?° investi-
gated the impact of genetic polymorphisms of
ABCG2 and NAT2 on the pharmacokinetics
of sulfasalazine at a higher dose of 2000 mg in

DOI 10.1002/jps

37 healthy Japanese males prospectively screened
for ABCG2 421CC (n=12), CA (n=16), and AA
(n =9) genotypes. Yamasaki et al.?° used immedi-
ate release tablets and although the variability in
sulfasalazine pharmacokinetic parameters was
high, it was smaller than that reported by
Urquhart et al.?® or observed in the present study
possibly due to the formulation or dose or a
combination of both. Genetic analyses and popu-
lation pharmacokinetic modeling revealed a
strong relationship between ABCGZ2 genotype
and systemic exposure of sulfasalazine, with a

3.5-fold higher AUC_4g, observed in the 421AA

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010
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subjects compared to the 421CC subjects. Unlike
our study, a clear gene-dose effect for sulfasala-
zine was observed with a ranking of AUC values
being 421AA >421CA > 421CC. Consistent with
our study, Yamaski et al.?° reported that sulfa-
pyridine systemic exposures were lower in 421AA
subjects compared to 421CC subjects and that
NAT?2 genotype influenced sulfapyridine but not
sulfasalazine systemic exposures.

These three studies provide insight into the
utility of sulfasalazine as a clinical BCRP probe
substrate. There were several similarities and
differences among the reports. First, these studies
clearly demonstrate that human pharmacoki-
netics of sulfasalazine are not as sensitive
to BCRP efflux as that observed in mice. The
influence of ABCG2 C421A genotype on the
plasma AUC of sulfasalazine in the three clinical
studies, ranged from <2- to 4-fold over a dose
range of 500-2000mg (~7 to 30mg/kg). In
contrast, in Berpl knockout mice, the AUC_)
of oral sulfasalazine at a dose of 20 mg/kg was
more than 100-fold higher than in wild-type
mice.'® A number of mechanisms may contribute
to the differences observed between humans and
mice. For example, the 421A allele may retain
partial BCRP activity in humans or sulfasalazine
may be a substrate of other transporters that
compensate for reduced BCRP activity in carriers
of the C421A allele. To date, a null ABCG2 allele
has not been described in humans, nor has
sulfasalazine been shown to be a substrate for
other transporters. The species difference in the
contribution of BCRP to sulfasalazine pharmaco-
kinetics is important and is a strong reminder that
one must be cautious when extrapolating findings
from Berpl knockout mice to humans.

A second similarity among the three studies was
the observed high variability in the pharmacoki-
netics of sulfasalazine, with AUC_..) and Cpax
ranging approximately 20- to 80-fold, a finding
consistent with previously reported literature!®®
In contrast to the high inter-subject variability,
the intra-subject variability is lower, as shown by
the similar within subject pharmacokinetics
across the three dosing treatments in our study
(Fig. 1). This suggests that inter-individual
differences in gastrointestinal physiology, absorp-
tion, and other factors, such as the extensive
bacteria-mediated metabolism of sulfasalazine
in the gut, are major contributors to the high
between subject variability in sulfasalazine phar-
macokinetics. Nonetheless, the high inter-subject
variability observed in this and other studies

DOI 10.1002/jps

makes sulfasalazine a less than optimal probe
drug for assessing BCRP activity in clinical
phenotyping or drug interaction studies.

There were several notable differences in the
three sulfasalazine probe studies with regard to
dose selection and formulation administered. The
studies administered different doses: 500, 1000,
and 2000 mg, which may contribute to differences
in the magnitude of the effect of the ABCG2
C421A polymorphism. Sulfasalazine doses of up to
4 g per day are used for the treatment of ulcerative
colitis and 2g per day for rheumatoid arthritis.
However therapy is typically initiated at doses of
0.5-2 g per day to avoid gastrointestinal adverse
effects (Azulfidine-EN and Salazopyrin-EN®
Package Insert, Pfizer). In our study, the dose
of 500mg was selected to avoid any potential
nausea/vomiting that could affect sulfasalazine
absorption kinetics and to avoid potentially high
sulfasalazine exposures when coadministered
with a BCRP inhibitor. The doses in the other
two studies were 2- and 4-fold higher than used
in the present study. Interestingly, Yamasaki
et al.®® reported significant differences in the
exposures of sulfasalazine for ABCG2 421A
genotype when using the 2000 mg dose. Higher
doses/intestinal concentrations may saturate the
efflux of this poorly permeable compound by
BCRP or some other unidentified transporter,
resulting in dose-dependent effect. Future studies
may be needed to identify the optimum dose if
there is continued interest in sulfasalazine as a
BCRP probe substrate.

Finally, different formulations were utilized
across the studies. In the present study, the
enteric coated formulation was used because of
local availability. Urquhart et al.>® dosed a 100 mL
suspension prepared from crushed 500 mg im-
mediate release tablets. The suspension yielded a
1.6-fold higher AUC(_.., compared to the intact
film coated 500 mg tablet; however, this difference
in exposure was not statistically significant due to
the large pharmacokinetic variability.?® In con-
trast, immediate release tablets were used by
Yamasaki et al.,*° resulting in lower variability,
an earlier T,,.x and presumably higher local
concentrations of sulfasalazine in the intestinal
tract, which may influence the interaction with
the transporter. Although a cross-study compar-
ison is challenging because of formulation,
dose and population differences, the available
data suggest that the immediate release formula-
tion would be preferred and that use of the
extemporaneously prepared suspension or enteric
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coated tablet should be avoided. Unfortunately,
the immediate release tablet is not available
world-wide.

In conclusion, the results of this study suggest
that the pharmacokinetic parameters of sulfasa-
lazine from a 500 mg oral enteric coated tablet are
not sufficiently sensitive to genetic variation or
BCRP inhibition to use it as clinical probe for
assessing BCRP activity. In addition, this study
and two others indicate that BCRP-mediated
efflux of sulfasalazine in humans is considerably
less than that in mice, and that the majority of
pharmacokinetic variability observed in humans
after oral administration of sulfasalazine cannot
be attributed to differences in BCRP-mediated
efflux. An ideal probe drug would be specific for
the transporter pathway of interest, sensitive to
inhibitors, exhibit a wide safety margin, undergo
minimal metabolism, be readily available in most
countries, and useful in extrapolating drug
interactions across multiple substrates and inhi-
bitors. Sulfasalazine is less than ideal, as it has
complex and extensive gut lumen metabolism
coupled with high inter-subject variability and an
apparent dose-dependence in sensitivity. Further
research into BCRP probe substrates for use in
clinical drug interaction studies is warranted.

SUPPORTING INFORMATION

Supporting information for this article is available
(Table S1 Pharmacokinetic parameters of
5-aminosalicylic acid in the ABCG2 421CC, CA
and AA genotype cohorts; Table S2 Pharmacoki-
netic parameters of sulfasalazine 500 mg when
coadministered with 40mg famotidine in the
ABCG2 421CC, CA and AA genotype cohorts;
Table S3 Pharmacokinetic parameters of sulfa-
pyridine following sulfasalazine 500mg when
coadministered with 40mg famotidine in the
ABCG2 421CC, CA and AA genotype cohorts).

ACKNOWLEDGMENTS

This study was funded by GlaxoSmithKline. The
authors would like to thank their many GSK
colleagues who encouraged and supported this
study. Dr. Mehta and Dr. Vaidya were supported
by the UNC-GSK Pharmacokinetics Fellowship
and the Summer Talent Identification Program,
respectively.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010

REFERENCES

1. Huang SM, Strong JM, Zhang L, Reynolds KS,
Nallani S, Temple R, Abraham S, Habet SA, Baweja
RK, Burckart GJ, Chung S, Colangelo P, Frucht D,
Green MD, Hepp P, Karnaukhova E, Ko HS, Lee JI,
Marroum PJ, Norden JM, Qiu W, Rahman A, Sobel
S, Stifano T, Thummel K, Wei XX, Yasuda S, Zheng
JH, Zhao H, Lesko LJ. 2008. New era in drug
interaction evaluation: US Food and Drug Adminis-
tration update on CYP enzymes, transporters, and
the guidance process. J Clin Pharmacol 48: 662—
670.

2. Zhang L, Zhang YD, Strong JM, Reynolds KS,
Huang SM. 2008. A regulatory viewpoint on trans-
porter-based drug interactions. Xenobiotica 38:
709-724.

3. Ayrton A, Morgan P. 2008. Role of transport
proteins in drug discovery and development: A
pharmaceutical perspective. Xenobiotica 38:676—
708.

4. Gradhand U, Kim RB. 2008. Pharmacogenomics of
MRP transporters (ABCC1-5) and BCRP (ABCG2).
Drug Metab Rev 40:317-354.

5. Sharom FJ. 2008. ABC multidrug transporters:
Structure, function and role in chemoresistance.
Pharmacogenomics 9:105-127.

6. Kusuhara H, Sugiyama Y. 2007. ATP-binding cas-
sette, subfamily G (ABCG family). Pflugers Arch
453:735-744.

7. Sparreboom A, Loos WJ, Burger H, Sissung TM,
Verweij J, Figg WD, Nooter K, Gelderblom H. 2005.
Effect of ABCG2 genotype on the oral bioavailabil-
ity of topotecan. Cancer Biol Ther 4:650-658.

8. Zhang W, Yu BN, He YJ, Fan L, Li Q, Liu ZQ, Wang
A, Liu YL, Tan ZR, Fen J, Huang YF, Zhou HH.
2006. Role of BCRP 421C>A polymorphism on
rosuvastatin pharmacokinetics in healthy Chinese
males. Clin Chim Acta 373:99-103.

9. Xia CQ, Yang JJ, Gan LS. 2005. Breast cancer
resistance protein in pharmacokinetics and drug-
drug interactions. Expert Opin Drug Metab Toxicol
1:595-611.

10. Liang E, Proudfoot J, Yazdanian M. 2000. Mechan-
isms of transport and structure-permeability
relationship of sulfasalazine and its analogs in
Caco-2 cell monolayers. Pharm Res 17:1168—
1174.

11. vander Heijden J, de Jong MC, Dijkmans BA, Lems
WF, Oerlemans R, Kathmann I, Schalkwijk CG,
Scheffer GL, Scheper RJ, Jansen G. 2004. Devel-
opment of sulfasalazine resistance in human T cells
induces expression of the multidrug resistance
transporter ABCG2 (BCRP) and augmented pro-
duction of TNFalpha. Ann Rheum Dis 63:138-143.

12. van der Heijden J, de Jong MC, Dijkmans BA,
Lems WF, Oerlemans R, Kathmann I, Scheffer
GL, Scheper RJ, Assaraf YG, Jansen G. 2004.

DOI 10.1002/jps



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

EFFECT OF ABCG2 C421A AND PANTOPRAZOLE ON SULFASALAZINE PK

Acquired resistance of human T cells to sulfasala-
zine: Stability of the resistant phenotype and sen-
sitivity to non-related DMARDs. Ann Rheum Dis
63:131-137.

Zaher H, Khan AA, Palandra J, Brayman TG, Yu L,
Ware JA. 2006. Breast cancer resistance protein
(Berp/abeg?2) is a major determinant of sulfasala-
zine absorption and elimination in the mouse. Mol
Pharm 3:55-61.

Mahar Doan KM, Humphreys JE, Webster
LO, Wring SA, Shampine LdJ, Serabjit-Singh CdJ,
Adkison KK, Polli JW. 2002. Passive permeabi-
lity and P-glycoprotein-mediated efflux different-
iate central nervous system (CNS) and non-CNS
marketed drugs. J Pharmacol Exp Ther 303:1029—
1037.

Mols R, Deferme S, Augustijns P. 2005. Sulfasala-
zine transport in in-vitro, ex-vivo and in-vivo
absorption models: Contribution of efflux carriers
and their modulation by co-administration of
synthetic nature-identical fruit extracts. J Pharm
Pharmacol 57:1565-1573.

Klotz U. 1985. Clinical pharmacokinetics of sulpha-
salazine, its metabolites and other prodrugs of
5-aminosalicylic acid. Clin Pharmacokinet 10:
285-302.

Merino G, van Herwaarden AE, Wagenaar E,
Jonker JW, Schinkel AH. 2005. Sex-dependent
expression and activity of the ATP-binding cassette
transporter breast cancer resistance protein
(BCRP/ABCG?2) in liver. Mol Pharmacol 67:1765—
1771.

Uchida E, Kai K, Kobayashi S, Oguchi K, Miyazaki
Y, Yasuhara H. 1990. A study of pharmacokinetics
and safety of salazosulfapyridine enteric coated
tablets (PJ-306) in healthy Japanese subjects.
Jpn J Clin Pharmacol 21:377-389.

Breedveld P, Beijnen JH, Schellens JH. 2006. Use of
P-glycoprotein and BCRP inhibitors to improve oral
bioavailability and CNS penetration of anticancer
drugs. Trends Pharmacol Sci 27:17-24.

Breedveld P, Zelcer N, Pluim D, Sonmezer O, Tib-
ben MM, Beijnen JH, Schinkel AH, van Tellingen
O, Borst P, Schellens JH. 2004. Mechanism of the
pharmacokinetic interaction between methotrexate
and benzimidazoles: Potential role for breast cancer
resistance protein in clinical drug-drug interac-
tions. Cancer Res 64:5804-5811.

Breedveld P, Pluim D, Cipriani G, Wielinga P, van
Tellingen O, Schinkel AH, Schellens JH. 2005. The
effect of Berpl (Abcg2) on the in vivo pharmacoki-
netics and brain penetration of imatinib mesylate
(Gleevec): Implications for the use of breast cancer
resistance protein and P-glycoprotein inhibitors to
enable the brain penetration of imatinib in patients.
Cancer Res 65:2577-2582.

Pantoflickova D, Dorta G, Ravic M, Jornod P, Blum
AL. 2003. Acid inhibition on the first day of dosing:

DOI 10.1002/jps

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

1061

Comparison of four proton pump inhibitors.
Aliment Pharmacol Ther 17:1507-1514.
Breedveld P, Pluim D, Cipriani G, Dahlhaus F, van
Eijndhoven MA, de Wolf CJ, Kuil A, Beijnen JH,
Scheffer GL, Jansen G, Borst P, Schellens JH. 2007.
The effect of low pH on breast cancer resistance
protein (ABCG2)-mediated transport of methotrex-
ate, 7-hydroxymethotrexate, methotrexate digluta-
mate, folic acid, mitoxantrone, topotecan, and
resveratrol in in vitro drug transport models. Mol
Pharmacol 71:240-249.

Polli JW, Humphreys JE, Harmon KA, Castellino S,
O’Mara MdJ, Olson KL, John-Williams LS, Koch
KM, Serabjit-Singh CJ. 2008. The role of efflux
and uptake transporters in [N-{3-chloro-4-[(3-fluor-
obenzyl)oxylphenyl}-6-[5-({[2-(methylsulfonyl)ethy
IJlamino}methyl)-2-furyl]-4-quinazolinamine
(GW572016, lapatinib) disposition and drug inter-
actions. Drug Metab Dispos 36:695-701.

Das KM, Dubin R. 1976. Clinical pharmacokinetics
of sulphasalazine. Clin Pharmacokinet 1:406—
425.

Sunesen VH, Vedelsdal R, Kristensen HG,
Christrup L, Mullertz A. 2005. Effect of liquid
volume and food intake on the absolute bio-
availability of danazol, a poorly soluble drug. Eur
J Pharm Sci 24:297-303.

Adkison KK, Vaidya SS, Lee DY, Koo SH, Li L,
Mehta AA, Gross AS, Polli JW, Lou Y, Lee EdJ. 2008.
The ABCG2 C421A polymorphism does not affect
oral nitrofurantoin pharmacokinetics in healthy
Chinese male subjects. Br J Clin Pharmacol 66:
233-239.

Abe M, Deguchi T, Suzuki T. 1993. The structure
and characteristics of a fourth allele of polymorphic
N-acetyltransferase gene found in the Japanese
population. Biochem Biophys Res Commun 191:
811-816.

Williams JA, Andersson T, Andersson TB, Blan-
chard R, Behm MO, Cohen N, Edeki T, Franc M,
Hillgren KM, Johnson KJ, Katz DA, Milton MN,
Murray BP, Polli JW, Ricci D, Shipley LA, Vangala
S, Wrighton SA. 2008. PhRMA white paper on
ADME pharmacogenomics. J Clin Pharmacol 48:
849-889.

Yamasaki Y, Ieiri I, Kusuhara H, Sasaki T, Kimura
M, Tabuchi H, Ando Y, Irie S, Ware J, Nakai Y,
Higuchi S, Sugiyama Y. 2008. Pharmacogenetic
characterization of sulfasalazine disposition based
on NAT2 and ABCG2 BCRP gene polymorphisms in
humans. Clin Pharmacol Ther 84:95-103.
Sparreboom A, Gelderblom H, Marsh S, Ahluwalia
R, Obach R, Principe P, Twelves C, Verweij J,
McLeod HL. 2004. Diflomotecan pharmacokinetics
in relation to ABCG2 421C>A genotype. Clin Phar-
macol Ther 76:38—44.

de Jong FA, Marsh S, Mathijssen RH, King C,
Verweij J, Sparreboom A, McLeod HL. 2004.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010



1062

33.

34.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010

ADKISON ET AL.

ABCG2 pharmacogenetics: Ethnic differences in
allele frequency and assessment of influence on
irinotecan disposition. Clin Cancer Res 10:5889—
5894.

Ho RH, Choi L, Lee W, Mayo G, Schwarz UI, Tirona
RG, Bailey DG, Michael Stein C, Kim RB. 2007.
Effect of drug transporter genotypes on pravastatin
disposition in European- and African-American
participants. Pharmacogenet Genomics 17:647—
656.

Ieiri I, Suwannakul S, Maeda K, Uchimaru H,
Hashimoto K, Kimura M, Fujino H, Hirano M,
Kusuhara H, Irie S, Higuchi S, Sugiyama Y.
2007. SLCO1B1 (OATP1B1, an uptake transporter)
and ABCG2 (BCRP, an efflux transporter) variant
alleles and pharmacokinetics of pitavastatin in
healthy volunteers. Clin Pharmacol Ther 82:541—
547.

35.

36.

37.

Kim HS, Sunwoo YE, Ryu JY, Kang HJ, Jung HE,
Song IS, Kim EY, Shim JC, Shon JH, Shin JG. 2007.
The effect of ABCG2 V12M, Q141K and Q126X,
known functional variants in vitro, on the disposi-
tion of lamivudine. Br J Clin Pharmacol 64:645—
654.

Urquhart BL, Ware JA, Tirona RG, Ho RH, Leake
BF, Schwarz Ul, Zaher H, Palandra J, Gregor JC,
Dresser GK, Kim RB. 2008. Breast cancer resistance
protein (ABCG2) and drug disposition: Intestinal
expression, polymorphisms and sulfasalazine as an
in vivo probe. Pharmacogenet Genomics 18:439—448.
Zamber CP, Lamba JK, Yasuda K, Farnum J,
Thummel K, Schuetz JD, Schuetz EG. 2003. Nat-
ural allelic variants of breast cancer resistance
protein (BCRP) and their relationship to BCRP
expression in human intestine. Pharmacogenetics
13:19-28.

DOI 10.1002/jps



