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A quantitative PET imaging method was used to assess the in
vivo kinetics of hepatobiliary and renal excretion of the breast
cancer resistance protein (Bcrp) substrate ''C-SC-62807 in
mice. Methods: Serial abdominal PET scans were collected
in wild-type and Bcrp knockout (Berp~-) mice after intravenous
injection of 1"C-SC-62807. Venous blood samples and PET
images were obtained at frequent intervals up to 30 min after
radiotracer administration. Dynamic PET data were analyzed to
determine the canalicular and brush-border efflux clearances in
the liver and kldney (CI—int,biIe,Iiver and CLint,urine,kidneyy re-
spectively). Results: SC-62807 is an in vitro substrate of
mouse Bcrp and human BCRP. Radioactivity associated with
11C-SC-62807 was predominantly found in the blood, liver, bile,
and urine 30 min after administration. Both biliary and urinary
excretion of radioactivity was markedly lower in Berp~- mice
than in wild-type mice, suggesting greater systemic exposure in
Berp~~ mice. Both the CLin pite,iver @Nd the CLint, urine kidney Were
significantly lower in Berp~- mice (74% *+ 10% and 99% =+ 1%
lower than controls, respectively). We also found that ''C-SC-
62807 is a substrate of the organic anion-transporting polypep-
tides OATP1B1 and OATP1B3 in vitro. Conclusion: The present
study demonstrated that Bcrp plays a significant role in the
efflux of 11C-SC-62807 in mouse liver and kidney. We also
demonstrated the feasibility of PET using ''C-SC-62807 to
study the activity of BCRP in humans.
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PET ror FUNCTIONAL ANALYSIS OF BCrRp

Drug transporters play an important role in drug dispo-
sition and may influence therapeutic efficacy or develop-
ment of adverse drug reactions (/-3). The breast cancer
resistance protein (Bcrp, rodents; BCRP/ABCG2, humans)
is a member of the adenosine triphosphate (ATP)-binding
cassette transporter G family and mediates the efflux trans-
port of endobiotics and xenobiotics coupled with ATP hy-
drolysis (4-6). BCRP is expressed in various normal
tissues, including liver, kidney, brain, placenta, and intes-
tine, where it is expressed on the brush-border membranes
of epithelial cells (7). Cumulative in vivo studies, particu-
larly involving Berp knockout (Berp™-) mice, have demon-
strated the important role BCRP plays in drug disposition,
limiting oral absorption and penetration into the brain and
testis (8), and mediating biliary and urinary excretion of
xenobiotics such as pitavastatin and methotrexate (/,9—
11). Pharmacogenomic studies focusing on a single nucle-
otide polymorphism frequently observed in Asians
(421C>A) elucidated the importance of BCRP in systemic
exposure to orally administered sulfasalazine and rosuvas-
tatin (/2,13). Because of the lack of a suitable probe, the
role of BCRP in the elimination of BCRP substrates from
the systemic circulation and their distribution in the brain
has not been investigated. Furthermore, because BCRP
eliminates uric acid, mutations and single nucleotide poly-
morphisms in this protein make it a risk factor for gout and
are thus drawing increasing research interest (/4). The
many important roles played by BCRP make it a subject
of major clinical interest.

PET is a powerful noninvasive molecular imaging
technique that provides high sensitivity and good spatio-
temporal resolution, enabling determination of the tissue
concentration of drugs labeled with a positron-emitting
radionuclide (/5-17). The usefulness of transporter probes
for molecular imaging has been demonstrated through in
vivo phenotypic measurements of altered hepatobiliary
transport of organic anion-transporting polypeptide (Oatp,
rodents; OATP, humans) and multidrug resistance-associated
protein 2 (Mrp2, rodents; MRP2, humans) in preclinical and
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clinical tests using ?°™Tc-mebrofenin (/8) and 15R-''C-
TIC-Me (19,20). Recently, functional PET probes for Berp
and P-glycoprotein, such as ''C-elacridar and !!'C-gefitinib,
have been described for use in the noninvasive in vivo
evaluation of these proteins at the blood—brain barrier
(BBB) (21,22). However, because the major elimination
pathway of these probes is metabolism, they cannot be used
to evaluate efflux activity in the liver and kidney.

SC-62807 is the major metabolite of celecoxib (a
selective cyclooxygenase-2 inhibitor) and is produced by
CYP2C9 (23). Because SC-62807 contains a carboxylate
group and does not undergo further metabolism, we hypoth-
esized that SC-62807 would be a good probe for certain
efflux transporters in the liver, and we synthesized ''C-SC-
62807 for this purpose (Fig. 1). We previously demon-
strated that in rats ''C-SC-62807 is rapidly excreted into
the bile without further metabolism (24). In this study, we
elucidated the predominant role of Berp in the efflux of SC-
62807 into the bile and urine in mice and demonstrate the
feasibility of using PET to evaluate BCRP activity in
humans.

MATERIALS AND METHODS

Celecoxib carboxylic acid (SC-62807) was purchased from
Toronto Research Chemicals Inc. ''C-SC-62807 was synthesized
according to previously reported procedures (24). The chemical
purity of ''C-SC-62807 was determined by measuring the ultra-
violet absorbance at 254 nm. The radiochemical purity was greater
than 98%, and the specific radioactivity was 14 = 10 GBg/pumol at
the time of injection. All chemicals and solvents used for labeling
synthesis were analytic grade.

Animals

Male wild-type FVB and Bcrp™~ mice were purchased from
Taconic Inc. (age, 6-12 wk, weight, 22-30 g). Mice were main-
tained in a temperature- and light-controlled environment with ad
libitum access to standard food and tap water. All experimental
protocols were approved by the Ethics Committee on Animal Care
and Use of the Center for Molecular Imaging Science at RIKEN
and were performed in accordance with the Guide for the Care
and Use of Laboratory Animals (25).

Determination of ATP-Dependent Uptake of
SC-62807 by Transporter-Expressing
Membrane Vesicles

Membrane vesicles were prepared as described previously from
HEK293 cells infected with adenoviruses expressing mouse Berp
(mBcrp), human BCRP (hBCRP), and green fluorescent protein
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FsC—~
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FIGURE 1. Chemical struc- 0o
ture of 1'C-SC—62807.

268

(GFP) (control) (26) and with recombinant adenoviruses contain-
ing human MRP2 and tetracycline-responsive transcriptional activator
(27). A rapid filtration technique was used to assess ATP-dependent
uptake (26). Samples were quantified using liquid chromatography—
tandem mass spectrometry. The level of ATP-dependent uptake was
calculated by subtracting the uptake into vesicles in the presence of
adenosine monophosphate (AMP) from that in the presence of ATP.
Kinetic parameters were calculated using the Michaelis-Menten
equation:

— Vmax X S7 Eq 1
Kn+S

where v represents the uptake velocity of the substrate, S repre-
sents the substrate concentration in the medium, K, represents the
Michaelis constant, and V., represents the maximum uptake ve-
locity. The nonlinear least-squares method was used for fitting
(Damping Gauss—Newton method algorithm) with the MULTI
program (28).

PET Studies

All PET scans were obtained using a microPET Focus220
scanner (Siemens) designed for laboratory animals. Mice were
anesthetized and maintained with a mixture of 1.5% isoflurane and
oxygen and then placed on the PET scanner gantry. An emission
scan was performed after intravenous bolus injection of ''C-SC-
62807 (158 = 32 MBq/kg) via a catheter inserted into the tail. The
bolus injections contained 0.23 * 0.19 wg of SC-62807 per ani-
mal. An emission scan was obtained in 3-dimensional list mode
for 30 min and sorted into 26 dynamic sinograms according to the
following sequence: 12 X 5, 3 X 20, 3 x 60, 5 x 120, and 3 x 300 s.
Blood was sampled via the tail vein at the following time points:
2,5, 15, 30, and 60 min after radiotracer administration. In addi-
tion, the biodistribution in a separate group of mice was also de-
termined. After blood and urine sampling, blood flow was
terminated by exsanguination via aortic puncture, and the liver
and kidneys were quickly removed, weighed, and assayed for re-
gional radioactivity using a 1470 Wizard automatic +y-counter
(PerkinElmer). The radioactivity measured in each sample was
decay-corrected to the injection time and expressed as percentage
dose per tissue or percentage dose per milliliter of blood, normal-
ized to the injected radioactivity.

Radiometabolite Analysis

Radiometabolites in the blood, urine, liver, and bile of a separate
group of mice (n = 2) were analyzed using radiometric high-per-
formance liquid chromatography. Blood and urine were collected
15 min after the mice received an intravenous injection of ''C-SC-
62807 (~211 = 21 MBg/kg), and bile was sampled from the gall-
bladder 30 min after injection. To sample liver tissue, blood flow was
terminated 15 min after administration, and the liver was quickly
removed and homogenized. Sample preparation and chromato-
graphic separation were performed as described previously (24).

Analysis of PET Data

PET images were reconstructed using microPET Manager
2.4.1.1 (Siemens) by standard 2-dimensional filtered backprojec-
tion using a ramp filter with a cutoff at the Nyquist frequency.
Regions of interest representing the liver and the intestines were
delineated using PMOD software (version 3.0; PMOD Technol-
ogies Ltd.), as described previously (/9). In this PET analysis, the
sum of the radioactivity in the gallbladder and intestine corresponds
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to the radioactivity in the bile secreted to these tissues because
a conventional biodistribution study revealed that the bile radio-
activity sampled from rats with bile duct cannulas is comparable
to that in the intestine as determined by PET image analysis (24).
A time profile of the radioactivity in each tissue was constructed
by normalizing decay-corrected time-radioactivity measurements
to the injected dose (percentage dose) of ''C-SC-62807.

The biliary secretion clearance (CLuy;je blood,0-30 min) and renal
clearance (CLenal blood,0-30 min) With respect to the blood radioac-
tivity concentration were calculated using the following equations:

CLbjle,blood,0—30min = Xbile,0—30min/ AUChlood,0—30min Eq. 2

and

CLurine.b]ood,()—30min = Xurine‘O—SOmin/AUCblood,O—SOmin7 Eq- 3
where X represents the amount of radioactivity secreted into the
bile or urine between 0 and 30 min, and AUCj00d,0-30 min r€pre-
sents the area under the blood radioactivity concentration—time
curve for the time period 0—30 min.

The apparent tissue—to—blood area under the curve (AUC) ratio
(K tiver,auc O Ko kidney,auc) Was calculated using the following
equation:

Kp,lissue,AUC = AUCtissue,()fS()min/AUCblnodA()73()min7 Eq 4
where AUC issue.0-30 min Iepresents the area under the tissue radio-
activity concentration—time curve for the time period 0-30 min.

Canalicular efflux clearance (CLjy(pilctiver) Was estimated by
integration plot analysis using noninvasive measurements of ra-
dioactivity in the liver and bile encompassing about the first
27.5 min after ''C-SC-62807 administration, during which the
plot shows linear regression. Kidney brush-border efflux clearance
with respect to the kidney concentration (CLinturine kidney) Was
estimated by integration plot analysis using the radioactivity in
the kidney and urine encompassing about the first 6 min after
11C-SC-62807 administration for wild-type mice and the first
27.5 min after administration for Bcrp™ mice. Biliary efflux
and kidney brush-border efflux clearances were calculated using
the following equations:

Xl‘bile = CLinl,bile,liver X AUCO*l‘Iiver + XE‘bile Eq 5

and

Xturine = CLim.urine,kidney X AUCO*Lkidney + XE«,uriney Eq 6
where X pije and X uine represent the amount of radioactivity
excreted into the bile and urine, respectively, at time ¢ as deter-
mined by PET image analysis. The areas under the hepatic and
renal concentration—time curves from time O to time ¢ are re-
presented by AUCq_g jiver and AUCq_ kidney» respectively. The
CLinpile,liver a0d CLing urine kidney €an be obtained from the slopes of
plots of X pije versus AUCq_gjiver and Xy yrine Versus AUCo_ idneys
respectively. Values for Xg yrine and Xgp;e were determined from
the y-intercept of the respective integration plots, representing the
initial distribution in these regions of interest (tissues) at time O.

Uptake by Transporter-Expressing HEK293 Cells
OATP1B1- and OATP1B3-expressing HEK293 cells were
established previously (29). The transport study was performed

PET ror FUNCTIONAL ANALYSIS OF BCrRp

as described previously (29). Briefly, cells were seeded onto
12-well plates coated with poly-L-lysine and poly-L-ornithine. After
2 d, the culture medium was replaced with medium supplemented
with 5 mM sodium butyrate, and cells were incubated for 24 h
before the transport study to induce transporter expression. Cells
were then washed and preincubated with Krebs—Henseleit buffer.
Uptake was initiated by adding buffer containing radiolabeled
compounds or unlabeled SC-62807 and terminated at the desig-
nated time by adding ice-cold buffer after removal of the incuba-
tion buffer. To assess uptake of radiolabeled compounds, cells
were solubilized with 0.2N NaOH and kept overnight at 4°C. After
neutralization with HCI, aliquots were transferred to scintillation
vials and radioactivity associated with the cells and incubation
buffer was measured using a liquid scintillation counter
(LS6000SE; Beckman Coulter) after the addition of scintillation
cocktail (Clear-sol I; Nacalai Tesque). To assess uptake of SC-
62807, cells were solubilized in H,O by sonication on ice. Ali-
quots of the cell lysate were extracted with ethyl acetate, and
sulfasalazine was used as the internal standard. After centrifuga-
tion, the supernatants were evaporated, reconstituted with 10 mM
ammonium acetate/methanol (40:60, v/v), and quantitatively ana-
lyzed using liquid chromatography—tandem mass spectrometry.
The remaining cell lysate was used to determine the protein con-
centration using the Lowry method with bovine serum albumin as
a standard.

Estimating Contribution of OATP1B1 and OATP1B3 to
SC-62807 Uptake by Human Hepatocytes

The contribution of OATP1B1 and OATPIB3 to SC-62807
uptake by human hepatocytes was estimated using relative activity
factor analysis, as described in detail elsewhere (28,29). Briefly,
relative activity factors for OATP1B1 and OATP1B3 (R;; or
R;p3) were calculated as the uptake clearance in human hepato-
CthS (CLhepalocyle,ref) divided by CLlBl,rel' or CLlB3,ref using the
reference compounds 3H-E;S and 3H-CCK-8 for OATP1B1 and
OATP1B3, respectively:

CLhepatocyte‘ref

Rip; = Eq. 7
CLiB1 ref
CLhe atocyte,ref
R]B3 = #. Eq. 8
CL1B3,ref q

The uptake clearance of SC-62087 in hepatocytes (CLiepatocytes,sC)
was estimated as the product of the R values (R;g; and R,p3) and
uptake clearance of SC-62087 in OATP1B1- and OATP1B3-
expressing HEK293 cells (CLoarpis1.sc and CLoatpis3,sc) using
the following equation:

CLhepatocyte.sc = Rig1 X CLi1,sc + Rig3 X CLig3sc.  Eq. 9

The contributions of OATP1B1 and OATP1B3 are defined as
the product of R;g; and CL,g; sc divided by CLjepatocytesc and
the product of Ryg3 and CL g3 sc divided by CLpcpatocyte,scs
respectively.

Statistical Analysis
Data are presented as the mean * SD for 3—4 determinations.
The statistical significance of differences between groups was de-
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termined using the Student 2-tailed unpaired f test. Statistical
significance was set at a P value of less than 0.05.

RESULTS

ATP-Dependent Uptake of SC-62807 into mBcrp- or
hBCRP-Expressing Membrane Vesicles

Uptake of SC-62807 by membrane vesicles expressing
mBcrp or hBCRP was markedly stimulated in the presence
of ATP but not in the presence of AMP or in vesicles
prepared from control cells (Fig. 2A). Uptake of SC-62807
was saturable and followed Michaelis—Menten kinetics,
with K, and V. values of 19.9 = 3.9 uM and 435 =
50 pmol/min/mg of protein, respectively, for mBcrp and
10.4 = 1.73 pM and 2,263 = 204 pmol/min/mg of protein,
respectively, for h(BCRP (Fig. 2B).

Distribution of Radioactivity in Abdominal Region and
Blood of Mice After Administration of 11C-SC-62807

Radioactivity localized primarily in the liver and kidneys
within 2 min of ''C-SC-62807 administration in both wild-
type and Bcrp~~ mice and subsequently moved to the in-
testine (derived from bile) or the urinary bladder (derived
from urine) in wild-type mice by 30 min after administra-
tion (Fig. 3A). In contrast, translocation of radioactivity to
the intestine and urinary bladder was markedly delayed in
Bcerp™~ mice (Fig. 3B).

Mouse abdominal region tissue and blood radioactivity
time profiles are shown in Figure 4. A maximum of 35% *
8% and 14% =+ 3% of the dose was distributed in the liver
and kidney, respectively, of wild-type mice by 2 min after
administration, after which the amount of radioactivity de-
clined rapidly. In contrast, radioactivity in the liver and
kidney of Bcrp~” mice reached a maximum at 4 and
18 min, respectively, and then decreased gradually. Radio-

activity in the bile (sum of gallbladder and intestine) and
urine of wild-type mice increased until 30 min, reaching
48% * 3% and 26% * 5% of the dose, respectively,
whereas the level of radioactivity in the bile and the urine
was much lower. A separate conventional biodistribution
study revealed that in wild-type and Bcrp™/~ mice, the
radiotracer is distributed primarily in the liver (34% and
44% of dose, respectively) and to a lesser degree in the
kidneys (3% and 16% of dose) and urine (7% and 0.02%
of dose) at 5 min after administration. At 30 min, radioac-
tivity in the liver, kidney, and urine of wild-type and Bcrp ™/
~ mice was 10% and 25%, 0.4% and 14%, and 5% and 9%
of the dose, respectively. These data were comparable to the
PET data. Radioactivity in the blood decreased rapidly in
wild-type mice but decreased only slightly and then
remained constant in Berp™~ mice. The AUCy1004.0-30 min
for Berp™~ mice (93% = 19% of the dose X min/mL) was
2.2-fold higher than that for wild-type mice (42% = 18% of
the dose X min/mL) (Table 1). The liver-to-blood AUC ratio
(Kp tiver,auc) Was lower in Berp™~ mice than in wild-type
mice; however, the difference was not statistically signifi-
cant. The kidney-to-blood AUC ratio (Kp widney,auc) Was
significantly higher in Bcrp™~ mice than in wild-type mice
(P < 0.01) (Fig. 4; Table 1). High-performance liquid chro-
matography analysis revealed that almost 100% of the ra-
dioactivity in the blood, liver, bile, and urine represented
unchanged ''C-SC-62807 (Fig. 5), indicating that in mice
11C-SC-62807 is rapidly eliminated without further metab-
olism via hepatobiliary and renal excretion.

Canalicular Efflux and Kidney Brush-Border Efflux
Clearance of 11C-SC—62807 in Mice

Clearance of radioactivity via canalicular and kidney
brush-border efflux (CLint,bile,]iver and CLint,urine,kidney,
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FIGURE 2. Time profiles of SC-62807 up-
take by mBcrp, hBCRP, and control
vesicles. Uptake of SC-62807 (2 wM) into
membrane vesicles was determined in pres-
ence of ATP (closed symbols) or AMP (open
symbols). Uptake was terminated at desig-
nated time. (A) Squares and circles con-
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FIGURE 3. Color-coded PET images of ab-
‘ dominal region of wild-type and Bcrp~~ mice
| after administration of ''C-SC—62807. Coro-
nal maximum-intensity-projection PET images
of radioactivity in abdominal region of wild-
type (A) and Berp~/~ (B) mice were captured
at1, 2,5, 10, 20, and 30 min after intravenous
bolus administration of 1'C-SC-62807.
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respectively) was determined by integration plot analysis
(Fig. 6). The integration plots used to determine CLiy pite jiver
for wild-type and Bcrp™~ mice were linear 10 min after ''C-
SC-62807 administration (Fig. 6A). The CLjypiietiver fOr
Berp™~ mice was significantly lower (by 74% * 10%; P <
0.01) (1.2 = 0.1 mL/min/kg) than that for wild-type mice (4.5
* 0.8 mL/min/kg) (Table 1). The integration plots used to

determine CLin¢ urine kidney Were linear within 6 min of ''C-SC-
62807 administration for wild-type mice and within 30 min
for Berp™”~ mice (Fig. 6B). The CLinurinekidney fOr Berp™-
mice (0.12 = 0.07 mL/min/kg) was significantly lower (by
99% = 1%; P < 0.001) than for wild-type mice (13 = 2 mL/
min/kg) (Table 1). The difference in CLiypieiver DEtWEEN
wild-type and Bcrp”~ mice was smaller than the difference
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FIGURE 4. Radioactivity time profiles in tissue and blood after administration of 1'C-SC-62807 to wild-type and Bcrp~~ mice. (A)
Radioactivity time profiles in liver, kidney, bile, urine, and blood of wild-type and Bcrp~~ mice determined using PET and blood sampling
within 60 min of administration of 1'C-SC-62807. (B) Time profiles of liver-to-blood and kidney-to-blood radioactivity ratios (Kp) in wild-type
and Berp~/~ mice. Each symbol with bar represents mean + SD (n = 4). Open and closed symbols represent wild-type and Becrp—/~ mice,
respectively.
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TABLE 1

Pharmacokinetic Parameters of 11C-SC-62807 in Wild-Type and Becrp~~ Mice

Pharmacokinetic parameter Wild-type mice Bcrp~~ mice Ratio of Berp~'~ to wild-type
AUCbIood,O%O min (% dose x mln/mL) 42 = 18 93 + 19* 22 +11
AUCver,0-30 min (% dose x min/mL) 369 * 85 535 + 76T 1.5+ 04
AUCqdney,0-30 min (% dose x min/mL) 170 = 36 1,119 = 126+ 6.6 = 1.6
Ko, iiver,auc (ML/g of liver) 8.8 = 3.0 5.6 = 0.8 0.64 + 0.24
Ko, kidney,auc (ML/g of kidney) 40 +1.3 11.7 = 2.3* 29 =11
Xpile,0-30 min (% dose) 48 + 3 13 + 2% 0.28 + 0.04
Xurine,0-30 min (% dose) 26 +5 3.0 £ 1.7¢ 0.11 = 0.07
CLbiIe,bIood,O—30 min (mL/mln/kg) 48 = 19 51 = 16T 0.11 = 0.05
CLrenaI,bIood,O—SO min (mL/mln/kg) 25 + 8 1.2 = 0.7* 0.046 = 0.033
CLint,bile liver (ML/Min/kg) 45+ 0.8 1.2 = 0.1* 0.26 + 0.05
CI—int,urine,kidney (ml-/mm/kg) 13 +2 0.12 =+ 0.07* 0.0088 * 0.0051

*Unpaired t test, P < 0.01.
TUnpaired t test, P < 0.05.
*Unpaired t test, P < 0.001.

Each value represents mean + SD (n = 3-4). Statistically significant difference was observed for several pharmacokinetic parameters

in Bcrp~~ mice, compared with wild-type.

in CLpjje blood.0-30 min» Whereas the difference in CLjy¢ yrine,
Kidney between wild-type and Bcrp™~ mice was much larger
than the difference in CL cpal b100d,0-30 min-

Estimation of SC-62807 Uptake Clearance and
Contribution of OATP1B1 and OATP1B3 in
Human Hepatocytes

Uptake of SC-62807 by OATP1B1- and OATP1B3-
expressing cells and vector-transfected HEK293 cells
(control) is shown in Figure 7. Uptake of SC-62807 was

significantly higher in OATP-expressing cells than in con-
trol cells and was saturable, with K, and V., values of
260 = 138 uM and 319 * 133 pmol/min/mg of protein,
respectively, for OATP1B1 and 19.8 = 2.56 uM and 205 *
16.2 pmol/min/mg of protein, respectively, for OATP1B3.
The uptake clearance of SC-62807 mediated by OATP1B1
and OATPI1B3 in human hepatocytes was estimated by
comparing the uptake clearance of reference compounds
(PH-E;S and 3H-CCK-8) in transfectants and hepatocytes
(Table 2). Clearance of SC-62807 mediated by OATP1B1
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FIGURE 5. Representative high-performance liquid chromatograms of blood, bile, liver, and urine extracts from wild-type and Bcrp~-
mice after administration of ''C-SC-62807. (A) Radiochromatograms of blood extracts sampled at 15 min, bile extracts sampled from
gallbladder at 30 min, liver extracts sampled at 15 min, and urine extracts sampled 15 min after administration of 1'C-SC-62807 to wild-type
mice. (B) Radiochromatograms of blood extracts sampled at 15 min, bile extracts sampled from gallbladder at 30 min, and liver extracts
sampled 15 min after administration of 1'C-SC-62807 to Bcrp~~ mice. Radioactivity in urine of Bcrp~~ mice was below detection limit for
radiometric high-performance liquid chromatography.

272 THE JOURNAL OF NUCLEAR MEDICINE * Vol. 54 ¢ No. 2 ¢ February 2013



60 B 30
° 40 S 201
‘s o
S . g
o 20 2 10
3 =
) e I

0 0 Lu..-’zé_{

0 200 400 600 0 500 1000 1500
AUC,.¢ jiver (% dose/mL x min) AUC.¢ kidney (% dose/mL x min)

FIGURE 6. Integration plots for determination of canalicular efflux
and renal secretion of total radioactivity in wild-type and Bcrp-
mice. Integration plots were drawn for calculation of canalicular
(A) and kidney brush-border (B) efflux of 1'C-SC-62807 in wild-type
and Berp~~ mice. Each symbol with bar represents mean = SD
(n = 4). Open and closed symbols represent wild-type and Berp=/~
mice, respectively.

and OATP1B3 was similar in human hepatocytes as deter-
mined by R values (Table 2).

DISCUSSION

BCRP is an ATP-binding cassette transporter involved in
biliary and renal excretion. The purpose of this study was to
clarify the utility of ''C-SC-62807 as a PET probe for analyz-
ing the function of Berp in biliary and renal excretion in ex-
perimental animals and to demonstrate the feasibility of using
11C-SC-62807 to assess BCRP function in humans. PET stud-
ies with ''C-SC-62807 were designed to examine the kinetics
of hepatobiliary transport and renal excretion in mice.

In vitro transport studies using mBcrp- and hBCRP-
expressing membrane vesicles showed that SC-62807 is
a substrate for BCRP in both mice and humans. This finding
prompted us to investigate the tissue distribution and
significance of Berp in the elimination of SC-62807 from
the systemic circulation because Berp is normally expressed
in the canalicular membrane of hepatocytes and the brush-
border membrane on the proximal tubules in rodents (/) as
well as in the BBB and blood—placenta barrier.

PET revealed that ''C-SC-62807 is excreted into the bile
and urine. Because radiometabolite analyses indicated that
radioactivity associated with ''C-SC-62807 metabolites is
negligible in the blood, liver, bile, and urine of mice, the
total radioactivity represents the unchanged form. After in-
travenous bolus injection, ''C-SC-62807 is predominantly
excreted into the bile and, to a slightly lesser extent, into the
urine. About 74% of the radioactivity was recovered in the
bile and urine of wild-type mice within 30 min of administra-
tion. The ''C-SC-62807 CLcnaiblood,0-30 min Was greater than
the reported creatinine clearance value (8.7 = 2.0 mL/min/kg)
(30), indicating that tubular secretion contributes significantly
to renal excretion.

Because BCRP is expressed in the apical membrane, its
transport activity is tightly associated with the intrinsic
efflux activity across the canalicular and brush-border mem-
branes (CLint,bile,liver and CLim,urine,kidney)- An advantage of
PET is that it enables noninvasive monitoring of the tissue
concentration to determine these parameters. Our PET anal-
ysis demonstrated that both biliary and renal excretion of
11C-SC-62807 is significantly reduced in Bcrp~~ mice, lead-
ing to prolonged systemic exposure to ''C-SC-62807. The
marked decrease in both CLiy pite tiver a1d CLin¢ urine kidney i
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Concentration (uM)

A OATP1B1 OATP1B3
€ 20 1 = 150 1
2 1]
2 °
= 2100 -
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2 g 507 FIGURE 7. Time profiles of SC-62807 up-
g O—O—-"""‘o—_o "g_ take by OATP1B1- and OATP1B3-express-
2 0 T T ] 2 o +O0-O———0—7—0— ing HEK293 cells and dependence of uptake
0 2 4 6 ] 2 4 6 on concentration. (A) Uptake of SC-62807
Time (min) Time (min) by human OATP1B1i- () and OATP1B3
(A)-expressing HEK293 and mock cells (O)
B OATP1B1 OATP1B3 was determined at 37°C at designated time.
€ T (B) Uptake of SC-62807 into OATP1B1- and
% 300 % 300 OATP1B3-expressing HEK293 cells was
s s determined with varying concentrations of
ig” 200 1 E g 200 SC-62807 at 37°C for 1.5 min. OATP1B1-
£ £ and OATP1B3-mediated transport was
% =§ calculated by subtracting uptake in vector-
£ 100 1 (4 £ 100 transfected control cells from that in trans-
o o . .
Y o porter-expressing cells. Data were fitted to
§ 0 . . . :“g 0 . . . Michaelis-Menten equation using nonlinear
5 0 200 400 600 = )} 200 400 600 least-squares method, and each solid line

represents fitted curve. Each point repre-
sents mean * SE (n = 3).
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Berp™- mice clearly indicates that the predominant contribu-
tion of Berp to efflux of ''"C-SC-62807 into the bile and
urine. The transporter Mrp2 is indispensable to the efflux
of most anionic drugs into the bile. SC-62807 was also
shown to be an in vitro substrate for Mrp2 using an uptake
study involving MRP2-expressing membrane vesicles. How-
ever, the V,./K,, (5.6 = 1.5 pnL/min/mg of protein) was
much lower than that for BCRP-expressing vesicles (218 =
41 pL/min/mg of protein). There was only a slight decrease
in the radioactivity excreted into the bile in Mrp2-deficient
rats, compared with normal rats (data not shown). These
results confirmed the specificity of SC-62807 for Berp in
canalicular efflux.

Consistent with the marked reduction in efflux into the
urine, the ''C-SC-62807 K, kianey Was significantly higher
in Bcrp™~ mice than in wild-type mice. Despite the marked
reduction in CLiypitelives however, the K jiverauc Was
lower in Berp™~ mice, possibly due either to a low contri-
bution of canalicular efflux to the net efflux from hepato-
cytes or to adaptive regulation caused by a Berp defect. The
transporter Mrp3 is expressed on the sinusoidal membrane
of hepatocytes, where it mediates the sinusoidal efflux of
anionic drugs and glucuronide conjugates into the blood.
Sinusoidal efflux mediated by Mrp3 may contribute signif-
icantly to net hepatocytic efflux, thereby attenuating the
impact of Berp defects on the liver-to-plasma ratio. A re-
duction in influx mediated by an unknown mechanism or
elevation in sinusoidal efflux may also explain the discrep-
ancy, although there are no reports concerning adaptive
regulation in the expression of drug transporters in the liver
of Berp”~ mice. We found that SC-62807 is a good in vitro
substrate of OATP1B1 and OATP1B3 (Table 2). It is quite
possible that rodent isoforms can mediate hepatic uptake of
SC-62807. Further investigation is necessary to elucidate
the mechanism underlying the discrepancy.

We also conducted ''C-SC-62807 PET of mouse brain
regions to demonstrate the utility of the technique for ex-
amining Berp function at the BBB. Brain penetration of
1C-SC-62807 was low in both wild-type and Bcrp™~ mice,
with the apparent tissue—to-blood concentration ratio (K,,)
values around 0.03 (Supplemental Fig. 1; supplemental
materials are available online only at http://jnm.snmjour-
nals.org). Generally, anionic drugs have low distribution
volumes in the brain, presumably because of high protein
binding in the plasma and low membrane permeability of
the BBB. Thus, we concluded that the use of this probe for
examining Berp function at the BBB may be impractical
because of the likelihood of poor transport across the BBB.

PET enables the direct noninvasive measurement of
intrinsic efflux across the canalicular and brush-border
membranes. Using PET, we detected a marked reduction in
canalicular and brush-border efflux of the radioactivity
associated with ''C-SC-62807 in Bcrp™/~ mice, demon-
strating the feasibility of clinical investigations of BCRP
variation using ''C-SC-62807 as a radiotracer. It was
reported that SC-62807, which is produced by oxidation

PET ror FUNCTIONAL ANALYSIS OF BCrRp

of the antiinflammatory drug celecoxib, is found predomi-
nantly in the feces and urine after oral celecoxib adminis-
tration in humans and that the amount of the glucuronide
conjugate metabolite is low in both feces and urine (37),
suggesting that ''C-SC-62807 should be minimally metab-
olized in humans when administered as an intravenous in-
jection. The fact that SC-62807 is a good substrate of
OATP1B1 and OATP1B3 in vitro suggests that SC-62807
is efficiently taken up by the liver from the blood circula-
tion. In humans, SC-62807 is most likely excreted into the
bile by transporters. These characteristics fulfill the condi-
tions required for in vivo PET. Clinical studies with ''C-
SC-62807 could elucidate the importance of BCRP in the
disposition of drugs in humans and help resolve questions
over interindividual differences in BCRP activity in the
liver caused by genetic polymorphisms and sex differences.

CONCLUSION

We demonstrated the utility of noninvasive PET using
HC-SC-62807 as a radiotracer for the functional character-
ization of Bcrp, a protein responsible for biliary and renal
excretion. We also showed the feasibility of using this tech-
nique to assess BCRP-associated membrane transport in
hepatobiliary and renal excretion in humans.
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