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The goal of this study was to synthesize and evaluate in vivo the
peroxisome proliferator–activated receptor-� (PPAR�) agonist 11C-
GW7845 ((S)-2-(1-carboxy-2-{4-[2-(5-methyl-2-phenyloxazol-4-
yl)ethoxy]phenyl}ethylamino)benzoic acid methyl ester) (11C-com-
pound 1). PPAR� is a member of a family of nuclear receptors
that plays a central role in the control of lipid and glucose
metabolism. Compound 1 is an analog of tyrosine (inhibitor
constant, 3.7 nmol/L), which is an inhibitor of experimental
mammary carcinogenesis. Methods: Protection of the carbox-
ylic acid moiety of compound 1 was effected by treatment with
N,N-dimethylformamide di-tert-butyl acetal to provide com-
pound 2. Hydrolysis of the carbomethoxy group of compound 2
provided the benzoic acid (compound 3) that served as an
immediate precursor to radiolabeling. Compound 3 underwent
treatment with 11C-methyl iodide followed by high-performance
liquid chromatography to produce a radioactive peak sample
that coeluted with a standard sample of compound 1. Analysis
of biodistribution was undertaken by injecting male CD-1 mice
via the tail vein with 6.03 MBq (163 �Ci, 2.55 �g/kg) of 11C-
compound 1. To determine the tumor uptake of the radiotracer,
6 female SCID mice bearing MCF-7 xenografts were injected via
the tail vein with 10.5 MBq (283 �Ci, 0.235 �g/kg) of 11C-
compound 1. Results: 11C-Compound 1 was synthesized at an
8% radiochemical yield in 29 min with an average specific
radioactivity of 1,222 GBq/�mol (33,024 mCi/�mol; n � 6) at the
end of synthesis. Spleen (target)-to-muscle uptake and tumor-
to-muscle uptake ratios were 3.1 and 1.5, respectively, but this
uptake could not be blocked with unlabeled compound 1 at 2
mg/kg. Conclusion: Further structural modification, perhaps to
generate a less lipophilic tyrosine analog, will be necessary to
enable receptor-mediated PPAR� imaging by this class of
agents.
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Peroxisome proliferator–activated receptor-� (PPAR�) is
an isoform of a family of receptors that contains the classic
domain structure of other (steroid and thyroid hormone)
nuclear receptors (1). PPAR� mediates a variety of meta-
bolic processes, including glucose and lipid homeostasis
(2), tissue response to inflammation (3), and growth inhibi-
tion and apoptosis of neoplastic cells (4). Agonists for
PPAR� may be cardioprotective (5) and may prevent ath-
erosclerosis (6). Our interest in PPAR� stems from the
ability of synthetic agonists and, in some cases, antagonists
to inhibit tumor growth in vivo (7,8). Those findings suggest
that sufficient PPAR� density may exist within certain
tumors to enable ligands with adequate receptor-binding
affinities to be fashioned into imaging agents for PET. A
PPAR�-based PET radiopharmaceutical would allow the
segregation of cancer patients into appropriate treatment
groups, that is, to reveal those who might have tumors
harboring the highest concentrations of receptors, thereby
conferring an increased likelihood of a response to PPAR�-
based hormone therapy.

Compounds of the thiazolidinedione class of PPAR�
agonists are currently in clinical use for the treatment of
type 2 diabetes (9). Indole 5-carboxylic acids and phenyl-
propanoic acids also have been identified as potent PPAR�
agonists with affinities at least equal to those of the thiazo-
lidinediones (1). Kim et al. recently reported the syntheses
of 2 18F-labeled phenylpropanoic acids as potential imaging
agents for PPAR�; however, neither demonstrated receptor-
mediated uptake (10). Although those workers conceded
that developing imaging agents based on PPAR� would be
challenging, primarily because of poor pharmacokinetics,
they suggested that imaging agents based on the newly
described tyrosine-benzophenone class may prove superior
because of their very high potencies. Here we describe the
radiochemical synthesis and rodent biodistribution of 11C-
compound 1, a radiolabeled analog of a potent (inhibitor
constant, 3.7 nmol/L) tyrosine-based PPAR� agonist
(GW7845) that has been shown to inhibit experimental
mammary carcinogenesis (7).
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MATERIALS AND METHODS

General
GW7845 was provided by GlaxoSmithKline (9). All chemicals

and solvents were of American Chemical Society or high-perfor-
mance liquid chromatography (HPLC) purity and were used as
received. N,N-Dimethylformamide (DMF) was purified by over-
night stirring with barium oxide and distilled before use. 11C-
Methyl iodide was produced by use of a PETtrace MeI Microlab
(General Electric). The HPLC system consisted of 2 model 590EF
pumps (Waters), 2 model 7126 injectors (Rheodyne), an in-line
model 441 ultraviolet detector (254 nm; Waters), and a single
sodium iodide crystal flow radioactivity detector. All HPLC chro-
matograms were recorded by use of a Dynamax dual-channel
control–interface module (Rainin) connected to a Macintosh com-
puter (Apple Computer, Inc.) running Dynamax version 1.4 pro-
gram software. Radioactivity measurements were made by use of
a CRC-15R dose calibrator (Capintec).

Male CD-1 mice (24.5–28.4 g) and female SCID mice (18–20
g) were obtained from Charles River Laboratories, Inc. The
MCF-7 and MDA-MB-231 cell lines were obtained from Zaver
Bhujwalla. All in vivo experimental procedures were undertaken
in compliance with U.S. laws governing animal experimentation
and were approved by the Johns Hopkins University Animal Care
and Use Committee.

(S)-2-(1-tert-Butoxycarbonyl-2-{4-[2-(5-Methyl-2-
Phenyloxazol-4-yl)Ethoxy]Phenyl}Ethylamino)Benzoic
Acid Methyl Ester (Compound 2)

A suspension of compound 1 (174.6 mg, 0.349 mmol) in
toluene (6 mL) was heated at 80°C for 5 min until a solution
formed. To this solution was added DMF di-tert-butyl acetal (0.7
mL, 2.92 mmol), and the solution was stirred at 80°C for 30 min
before an additional 0.7 mL of the acetal was added. The solution
was concentrated under reduced pressure; this step was followed
by flash chromatography on silica gel. Product 2 was eluted with
20% ethyl acetate (EtOAc) in hexane (138.3 mg, 71%). 1H nuclear
magnetic resonance (NMR) data were as follows: (CDCl3, 300
MHz) � 7.96–7.99 (m, 2H), 8.17 (d, 1H, J � 7.4), 7.90 (dd, 1H,
J � 8.0, 1.5 Hz), 7.39–7.46 (m, 3H), 7.29 (m, 1H), 7.15 (dm, 1H,
J � 8.8 Hz), 6.82 (dm, 1H, J � 8.7 Hz), 6.56–6.63 (m, 2H),
4.19–4.26 (m, 3H), 3.85 (s, 3H), 3.01–3.15 (m, 2H), 2.36 (s, 3H),
and 1.35 (s, 9H). 13C NMR data were as follows: (CDCl3, 75.47
MHz) � 171.57, 168.53, 159.35, 157.62, 149.62, 144.88, 134.28,
132.63, 131.69, 130.36, 129.64, 128.71, 128.55, 127.71, 125.81,
115.27, 114.37, 111.52, 110.88, 81.55, 66.59, 58.04, 51.41, 37.78,
27.83, 26.28, and 10.12; M� � 557 Da.

(S)-2-(1-tert-Butoxycarbonyl-2-{4-[2-(5-Methyl-2-
Phenyloxazol-4-yl)Ethoxy]Phenyl}Ethylamino)Benzoic
Acid (Compound 3)

To a suspension of compound 2 (69.2 mg, 0.124 mmol) in
dioxane (1.0 mL) was added NaOH (1 mol/L, 0.25 mL); the
resulting solution was stirred at ambient temperature for 50 h
under nitrogen. The solution was diluted with 15 mL of water and
neutralized with 0.5 mL of HCl (1 mol/L). The resulting white oil
was extracted three times with diethyl ether (Et2O). The combined
Et2O layers were washed with water and then with brine, dried
over MgSO4, and concentrated under reduced pressure. The result-
ing clear oil was applied to a silica gel column that had been
washed with 25% EtOAc in hexane plus 1% acetic acid; this step
was followed by elution of the product with 100% EtOAc plus 1%

acetic acid (32.3 mg, 48%). 1H NMR data were as follows:
(CDCl3, 300 MHz) � 7.95 (d, 4H, J � 1.9 Hz), 7.40 (s, 2H), 7.34
(t, 1H, J � 1.5 Hz), 7.34 (t, 1H, J � 1.5 Hz), 7.13 (d, 2H, J � 8.8
Hz), 6.83 (d, 2H, J � 8.8 Hz), 6.60 (q, 2H, J � 9.4 Hz), 4.21
(t, 4H, J � 7.1 Hz), 3.08 (t, 2H, J � 7.0 Hz), 2.96 (t, 2H, J � 6.6
Hz), 2.35 (4H), 2.11 (s, 4H), and 1.37 (s, 9H). 13C NMR data were
as follows: (CDCl3, 77.27 MHz) � 171.86, 162.98, 159.72, 157.92,
150.51, 145.35, 135.32, 132.90, 132.80, 130.76, 130.06, 128.91,
128.79, 127.84, 126.17, 115.70, 114.84, 111.91, 110.39, 82.00,
66.94, 58.26, 37.94, 28.15, 26.42, and 10.47; M� � 543 Da.

11C-Compound 1
Compound 3 (0.66 mg, 1.2 �mol) in 200 �L of DMF was added

to 0.8 mg (2.5 �mol) of cesium carbonate. The precursor solution
was cooled to �42°C, and 11C-methyl iodide was bubbled into the
solution until the radioactivity reached a plateau. The vial was
removed from the dry ice bath and heated in an 80°C water bath
for 3 min. The reaction mixture was diluted with 200 �L of 95:5
(v/v) acetonitrile:water and injected into the semipreparative
HPLC system described above. The mixture was eluted from the
column (C18 Econosil, 10 � 250 mm; Alltech) with 95:5 (v/v)
acetonitrile:water at a flow rate of 10 mL/min. The sample with a
radioactive peak corresponding to 11C-compound 2 (retention time,
4.7 min) was collected in a rotary evaporator modified for remote
addition and removal of solutions. The HPLC solvent was evap-
orated to dryness at 80°C under vacuum. After evaporation, the
residue was dissolved in 200 �L of trifluoroacetic acid (TFA), and
the mixture was heated at 80°C for 2 min at atmospheric pressure
to cleave the tert-butyl ester. After 2 min, the TFA was evaporated
under vacuum. The residue was dissolved in 3.0 mL of 8.4% sterile
sodium bicarbonate solution and then diluted with 1.0 mL of
ethanol and 6.0 mL of sterile saline. The solution was remotely
passed through a 0.2-�m Millex GV sterile filter (Millipore) into
a sterile, pyrogen-free bottle.

A 100-�L sample of the final product was injected into an
analytic C18 Econosil HPLC column (4.6 � 250 mm; Alltech) and
eluted with 60:40 (v/v) acetonitrile:water (ammonium formate at
0.1 mol/L) at a flow rate of 4 mL/min. The radioactive peak sample
corresponding to 11C-compound 1 (retention time, 1.6 min) coe-
luted with a standard sample.

Biodistribution of 11C-Compound 1 in Mice
We used CD-1 mice to delineate the normal tissue distribution

of the radiotracer and SCID mice harboring breast tumor xeno-
grafts to determine target (tumor)-to-nontarget (muscle) uptake
ratios. SCID mice were also used to test the binding specificity of
11C-compound 1 through receptor blockade because only the SCID
mice would have the most salient target tissue, that is, tumor. We
did not expect any significant difference in the pharmacokinetics
of 11C-compound 1 between the 2 strains of mice.

Normal, nonfasting male CD-1 mice were injected via the tail
vein with 6.03 MBq (163 �Ci, 2.55 �g/kg) of 11C-compound 1.
Three mice each were sacrificed by cervical dislocation at 5, 15,
30, 60, and 90 min after injection. The liver, kidneys, small
intestine, pancreas, bladder, muscle, brain, and a fat pad were
removed quickly and placed on ice. A 0.1-mL sample of blood also
was collected. The organs were weighed, and the tissue radioac-
tivity was measured with an automated �-counter (1282 Compu-
gamma CS; Pharmacia/LKB Nuclear, Inc.). The percentage in-
jected dose per gram of tissue (%ID/g) was calculated by
comparison with samples of a standard dilution of the initial dose.
All measurements were corrected for decay.
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Tumor Uptake of 11C-Compound 1
Female SCID mice (n � 8) were implanted in the neck scruff

with an estradiol pellet that released 1.7 mg over 60 d (Innovative
Research of America) 2 d before inoculation with cancer cells.
Mice were inoculated in the left flank with 3 � 106 MCF-7 cells
in 100 �L of Matrigel (Becton Dickenson) by subcutaneous in-
jection. After 4 wk of tumor growth (mean diameter, approxi-
mately 7 mm), analysis of the biodistribution of 11C-compound 1
was performed. Mice were injected via the tail vein with 10.5 MBq
(283 �Ci, 0.235 �g/kg) of 11C-compound 1. To assess for the
specificity of binding to PPAR�, 3 of the mice were given unla-
beled compound 1 at 2 mg/kg, coinjected with the radiotracer. The
mice were sacrificed at 30 or 60 min after injection of the radio-
tracer. The liver, kidneys, muscle, and tumor were removed
quickly and placed on ice. A 0.1-mL sample of blood also was
collected. All tissue samples were processed as described above.

Advanced Technology Laboratory Animal Scanner
(ATLAS) PET of 11C-Compound 1 in Tumor-Bearing
Mice

Two female SCID mice, each bearing an MDA-MB-231 human
breast carcinoma xenograft (4–5 mm in diameter) in the mammary
fat pad, were anesthetized by intraperitoneal administration of a
combination of ketamine (72 mg/kg), xylazine (6 mg/kg), and
acepromazine (6 mg/kg). One mouse was injected intraperitoneally
with unlabeled compound 1 at 2 mg/kg. Unlabeled compound 1
was prepared as a stock solution (0.18 mg/mL) in 10% (w/v)
hydroxypropyl-�-cyclodextrin in water immediately before use.
After 30 min, both mice were injected via the tail vein with 7.4
MBq (200 �Ci, 4.0 pg) of 11C-compound 1 in 200 �L of saline.
The mice were positioned side by side on the bed of an ATLAS
small-animal PET scanner (PET Department, National Institutes of
Health) and kept anesthetized with isoflurane (0.5%–1%; approx-
imately 1 L/min). The mice were imaged at 1 h after injection with
a 10-min static scan. After the PET image was acquired, the
ATLAS gantry and mice were removed and placed inside an
X-SPECT scanner (Gamma Medica) for small-animal CT image
acquisition. CT images were acquired with 360° rotation at 50 mV
and were reconstructed by use of commercial software (Gamma
Medica).

PPAR� Expression in Mouse Tissues and Xenografts
Two female SCID mice, 1 bearing a subcutaneous MDA-MB-

231 xenograft and 1 bearing an orthotopic MCF-7 xenograft, were
sacrificed when their tumors reached 0.5–0.7 mm in diameter.
Samples of muscle, white fat, spleen, gallbladder, small intestine,
large intestine, and the MCF-7 tumor were harvested from 1
mouse. The MDA-MB-231 tumor was harvested from the other
mouse. The samples were weighed quickly, minced, and placed in
sterile 1.5-mL microcentrifuge tubes. A clean steel pestle was used
to grind the tissues into a pulp before the addition of 500 �L of
lysis buffer (pH 7.5; 10% sodium dodecyl sulfate and ethylenedia-
minetetraacetic acid at 10 mmol/L). The samples were boiled at
95°C for 30 min. After the samples cooled, the cellular debris was
pelleted by centrifugation at 16,100g for 5 min at an ambient
temperature. The supernatants were collected and placed in fresh
tubes. Total protein in each tissue extraction was quantitated by
use of a DC protein (Bradford) assay (Bio-Rad).

Samples of each tissue lysate (10 �L) were applied directly to
a polyvinylidene difluoride membrane (Millipore) as separate
lines. Standard glutathione S-transferase–PPAR� human fusion
protein (NeoMarkers) samples in amounts of 200, 100, 50, 25, and

12.5 ng were applied to the membrane as separate lines. The blot
was blocked with 5% dried milk in TBST (Tris at 25 mmol/L [pH
7], NaCl at 150 mmol/L, KCl at 2.7 mmol/L, and 0.05% Tween
20), washed twice with TBST, incubated with a 1:1,000 dilution of
anti-PPAR� monoclonal antibody (MAB3872; Chemicon Interna-
tional) in TBST for 1 h, and washed twice more with TBST. A
1:3,000 dilution of anti–mouse IgG conjugated to horseradish
peroxidase (Amersham) in TBST was applied to the blot, and the
blot was incubated for 1 h in the dark and rinsed twice with TBST.
The blot then was immersed in 10 mL of 1:1 (v/v) SuperSignal
Luminol Enhancer:SuperSignal Peroxide Solution (Pierce) before
reading was done with a Typhoon 9210 PhosphorImager (Molec-
ular Dynamics).

The amount of PPAR� in each tissue sample was quantified by
drawing regions of interest around each PPAR�-positive spot,
including the 5 glutathione S-transferase–PPAR� standards spot-
ted onto the blot. These regions of interest were quantified by use
of ImageQuant software (Molecular Dynamics). The nanograms of
PPAR� per milligram of wet tissue were calculated on the basis of
the amount of tissue lysate loaded onto the gel and the mass of
tissue from which each lysate was derived.

Metabolism of 11C-Compound 1 in Mice
Three normal, nonfasting male CD-1 mice were injected via the

tail vein with 37 MBq (1 mCi) of 11C-compound 1. The mice were
sacrificed by decapitation at 15, 30, and 60 min after injection.
Plasma from heparinized blood was diluted to 3 mL and added to
a solution of urea and citric acid. The liver and spleen were
homogenized in acetonitrile and centrifuged. The supernatant was
diluted to 3 mL and added to a solution of urea and citric acid. The
diluted solutions were analyzed by HPLC. A Strata (Phenomenex)
capture column was used with a C18 Prodigy (Phenomenex) ana-
lytic column, and 70% acetonitrile:30% sodium phosphate buffer
(50 mmol/L; pH 2.4) was run at 3 mL/min.

Metabolism of Compound 1 in Human, Rat, and Mouse
Liver Homogenates

Compounds were incubated with human, rat, and mouse liver
homogenates (S9 fraction). Pooled human, rat, and mouse liver S9
homogenates were purchased from XenoTech. Reaction mixtures
for metabolic stability studies consisted of pooled liver S9 homog-
enates (final protein concentration, 5 mg/mL), compound 1 (final
concentration, 1 �mol/L, as a free base prepared in dimethyl
sulfoxide to maintain a final dimethyl sulfoxide concentration of
	1%), uridine 5
-diphosphate-glucuronic acid at 5 mmol/L, re-
duced nicotinamide adenine dinucleotide phosphate (NADPH) at 2
mmol/L, and MgCl2 at 10 mmol/L in a final volume of 0.5 mL of
potassium phosphate buffer (75 mmol/L; pH 7.4). Incubation
mixtures in 96-well polypropylene (2-mL) plates were placed into
a shaking incubator maintained at 37°C before the addition of
NADPH. An initial-time-point sample was collected immediately
after the addition of NADPH, and subsequent samples were col-
lected at 15, 30, and 60 min. Each reaction was terminated by
transferring samples of incubation mixtures (0.1 mL) into aceto-
nitrile (0.2 mL) maintained at 4°C. Precipitated protein was re-
moved by centrifugation (2,600 relative centrifugal force (rcf) for
15 min), and the resultant supernatant was transferred to a new
96-well polypropylene deep-well plate for subsequent analysis by
liquid chromatography–tandem mass spectrometry. Drug-free ma-
trix control samples and quality control standards were included in
each run and treated in the same manner as unknown samples.
Samples were analyzed by use of a series 1100 HPLC system
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(Agilent) interfaced with a Sciex API3000 (Perkin-Elmer) liquid
chromatography–tandem mass spectrometry apparatus (Turbo-
spray ion source). We performed this study once, which is the
industry standard, and found that the confidence limits on the data
were on the order of �15% those for studies performed multiple
times.

RESULTS

We used a simple strategy to produce 11C-compound 1,
that is, to replace the methyl ester of compound 1 with a
11C-methyl group. To do so, we were first required to
protect the 1-carboxyl group of compound 1 before demeth-
ylation of the benzoic acid ester to ensure the regioselec-
tivity of the ensuing 11C-methylation procedure (Fig. 1).
Compound 1 was reacted with DMF di-tert-butyl acetal to
provide compound 2 at a 71% yield. Compound 2 then
could be deprotected under basic conditions to provide
compound 3 at a 48% yield; this compound was the imme-
diate precursor for methylation with 11C-methyl iodide.

11C-Compound 1 was synthesized by reacting a tert-
butyl-protected carboxy precursor with 11C-methyl iodide in
the presence of a cesium carbonate base. The intermediate,
11C-compound 2, was purified by semipreparative HPLC.
Attempts to hydrolyze the tert-butyl-protecting group in a
variety of solvents before HPLC purification were unsuc-
cessful. Removal of the tert-butyl-protecting group finally
was achieved by treatment with neat TFA. Chemical purity,
radiochemical purity, and specific activity were all deter-

mined by analytic HPLC. Specific radioactivity was calcu-
lated by comparing the area of the ultraviolet absorbance
peak of the carrier ligand in a sample of known radioactivity
with the area of a standard sample. The specific radioactiv-
ity was 1,222 GBq/�mol (33,024 mCi/�mol; n � 6) at the
end of synthesis. The mean � SD radiochemical yield was
8% � 4% (uncorrected for decay). The final formulation
was determined by analytic HPLC to be �99% pure. No
11C-compound 2 was detected in the final formulation.

The kinetics of biodistribution of 11C-compound 1 in
mouse liver, kidneys, small intestine, pancreas, blood, blad-
der, muscle, fat, and brain after intravenous injection of the
radiotracer were determined. Table 1 shows the decay-
corrected %ID/g data for all organs and time points. 11C-
Compound 1 showed a high initial level of uptake in the
liver that rapidly washed out over 30 min. After 60 min, the
highest level of uptake was observed in the liver and kid-
neys. This finding differs from those for the known target
sites (spleen, white fat, and intestine) of PPAR� measured
in rats (11). Despite the high lipophilicity of this compound
(ClogP � 5.63, as calculated by ChemDraw [Cambridge-
Soft]), there was generally less than 1 %ID/g of uptake in
the brain.

In normal SCID mice, the spleen, a target organ for
PPAR� (10), displayed a relatively high level of uptake
(3.00 %ID/g), with spleen-to-heart and spleen-to-muscle
uptake ratios of 1.8 and 3.1, respectively (Table 2). Very

FIGURE 1. Synthesis of 11C-compound
1. OMe � methoxy (OCH3); Ki � inhibitor
constant.
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high levels of duodenal uptake (7 %ID/g) and gallbladder
uptake (127 %ID/g) likely reflect the enterohepatic metab-
olism of the lipophilic compound. Attempted blockade of
PPAR� by pretreatment of the animals with unlabeled com-
pound 1 at 2 mg/kg failed to decrease radiotracer binding to
the expected target tissues, that is, spleen, white fat, and
intestine (10,11). SCID mice bearing MCF-7 xenografts
were used to determine the specificity of 11C-compound 1
uptake, as MCF-7 cells are known to express elevated levels
of PPAR� (12). At 60 min after injection, the tumor-to-
muscle uptake ratio was 1.5 (Fig. 2). Attempted blockade by
coinjection of unlabeled compound 1 at 2 mg/kg again
failed to decrease radiotracer binding. In fact, coinjection of
the blocker produced a trend toward increased uptake of
11C-compound 1 in all tissues except for the liver.

PET analysis of 11C-compound 1 was performed with
SCID mice bearing MDA-MB-231 tumors (Fig. 3A). The
locations of the tumors could not be identified as indepen-
dent from surrounding soft tissue on the PET images alone.
CT immediately after PET was required to define the loca-

tions of the tumors (Fig. 3B). Attempted blockade of 11C-
compound 1 within tumors with unlabeled compound 1
failed to demonstrate receptor-mediated tissue uptake, sup-
porting the results of the biodistribution study. Enterohe-
patic metabolism was confirmed by the high levels of liver
and gallbladder uptake of 11C-compound 1.

Quantification of PPAR� protein in selected mouse tis-
sues and in MDA-MB-231 and MCF-7 tumor xenografts
was performed by a dot–blot assay (Table 3). Both nano-
grams of PPAR� per milligram of wet tissue and nanograms
of PPAR� per microgram of total protein are reported. The
results indicate that both the MDA-MB-231 and the MCF-7
xenografts used in this study contained only modest levels
of PPAR� protein relative to the other tissues that were
sampled (muscle, white fat, spleen, gallbladder, small in-
testine, and large intestine). The spleen and gallbladder
contained the highest levels of the receptor (11.58 and 11.87
ng/�g of total protein, respectively), whereas the 2 xeno-
grafts contained less receptor than did muscle (muscle, 7.03
ng/�g of total protein; MCF-7 xenograft, 4.20 ng/�g of total
protein; and MDA-MB-231 xenograft, 4.82 ng/�g of total

TABLE 2
Tissue Distribution of 11C-Compound 1

in Normal Female SCID Mice

Tissue

%ID/g

Control* Blocked†

Blood 3.22 � 0.36 3.14 � 0.42
Spleen 3.00 � 0.27 3.46 � 0.67
Liver 10.18 � 0.88 10.76 � 0.52
White fat 3.57 � 0.46 4.41 � 1.01
Gallbladder 126.18 � 62.93 71.77 � 33.41
Kidneys 2.99 � 0.09 3.36 � 0.28
Lungs 2.31 � 0.59 2.01 � 0.29
Heart 1.65 � 0.14 1.73 � 0.19
Muscle 0.98 � 0.18 1.17 � 0.24
Duodenum 7.04 � 2.45 5.21 � 1.84
Ileum 2.03 � 0.25 2.18 � 0.33

*At 60 min after injection (n � 4).
†After intraperitoneal injection of compound 1 at 2 mg/kg 30 min

before tracer.

TABLE 1
Tissue Distribution of 11C-Compound 1 in Normal Male CD-1 Mice

Tissue

Mean � SD (n � 3) %ID/g at:

5 min 15 min 30 min 60 min 90 min

Liver 27.23 � 7.60 13.95 � 7.13 8.51 � 4.73 8.45 � 0.06 5.75 � 2.15
Kidneys 6.16 � 2.35 3.72 � 1.80 7.53 � 7.28 7.99 � 6.67 2.08 � 0.73
Small intestine 2.86 � 1.48 4.93 � 3.78 6.73 � 4.46 5.12 � 0.06 3.59 � 0.70
Pancreas 2.28 � 1.34 0.90 � 0.74 4.36 � 2.48 3.78 � 0.95 2.74 � 1.19
Blood 8.55 � 3.15 3.69 � 2.14 2.77 � 1.48 2.95 � 0.09 1.81 � 0.73
Bladder 3.06 � 2.26 0.73 � 0.66 1.66 � 1.43 2.93 � 2.71 1.85 � 0.39
Muscle 1.02 � 0.56 1.74 � 1.78 0.94 � 0.41 1.39 � 1.96 0.82 � 0.44
Fat 1.82 � 1.59 0.85 � 0.44 1.22 � 0.90 1.12 � 0.83 1.21 � 0.52
Brain 1.30 � 0.18 0.94 � 0.54 0.89 � 0.48 0.99 � 0.08 0.55 � 0.19

FIGURE 2. Binding selectivity of 11C-compound 1 at 60 min
after injection (n � 3) in female SCID mice bearing MCF-7
tumors. Tissue distribution of 11C-compound 1 upon coinjection
with unlabeled compound 1 at 2 mg/kg showed either equal or
increased tracer uptake. Error bars indicate SDs.
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protein). These results do not parallel the 11C-compound 1
distribution data in mice (Tables 1 and 2), suggesting that
radiopharmaceutical uptake may be independent of PPAR�
expression.

A metabolite assay was performed for plasma, liver, and
spleen. The results (Table 4) indicate that �76% of 11C-
compound 1 was metabolized after 15 min. A slight de-
crease in the observed percentage of metabolized ligand at
later time points probably was attributable to clearance of
the radioactive metabolite.

The biodistribution and metabolism results for 11C-com-
pound 1 prompted us to investigate further the metabolism
of compound 1 in human, rat, and mouse liver homogenates.
For these studies, we used compound 1 at 1 �mol/L, a
concentration approximately 300 times that used in the
radiotracer uptake study. Significantly less metabolism was
observed under these conditions in any of the species tested
(Table 5).

DISCUSSION

PPAR� is a ligand-activated transcription factor that in-
duces a variety of genes, including those involved in apo-

ptosis, inhibition of the cell cycle, and antiangiogenesis, all
antitumor effects (13–16). PPAR� is not, however, a true
tumor suppressor, because in some instances its activation
can be procarcinogenic (15). Although discovered fairly
recently (1990), the PPARs are among the most studied of
ligand-activated transcription factors, in part because of
their antineoplastic effects, which have been demonstrated
not only in tissue cultures but also in vivo in a variety of
model systems (7,13,14,16). Some results of PPAR� acti-
vation studies have been contradictory (15), suggesting that
studying its effects in vivo would be useful not only in
clinical trials for patient segregation (see above) but also in
preclinical development for understanding the mechanisms
of action of various ligands. For these reasons and because
of the encouraging antitumor effects of N-aryl tyrosine
activators of PPAR� in vivo (7), we sought a positron-
emitting agonist based on GW7845, compound 1.

Kim et al. synthesized and evaluated in vivo 2 18F-labeled
PPAR� agonists (10). The results that we report with 11C-
compound 1 are similar to theirs, that is, high levels of
radiotracer uptake in organs associated with enterohepatic
metabolism and lack of definitive receptor-mediated uptake.
However, compared with that earlier report, we observed
higher tumor-to-muscle and spleen-to-muscle uptake ratios
(1.5 and 3.1, respectively, in mice), suggesting that at least
a portion of the radiopharmaceutical uptake demonstrated
represents specific binding. Our absolute uptake values
tended to be higher as well. The most likely reason for these
findings is the higher affinity of tyrosine-benzophenone
series than of phenylpropanoic acids (almost 2-fold). Our
compound was based on GW7845, which is known to be a
highly potent agonist of PPAR�, and was the pure S-

TABLE 4
Metabolism of 11C-Compound 1

in Normal Male CD-1 Mice

Time (min)

% Metabolized in:

Plasma Liver Spleen

0 0 0 0
15 87.7 76.1 84.1
30 76.9 86.9 82.4
60 66.9 79.5 71.1

FIGURE 3. (A) PET image showing in vivo distribution of 11C-
compound 1 at 60 min after injection in SCID mice bearing
MDA-MB-231 tumors. Tissue distribution of 11C-compound 1
after intraperitoneal administration of unlabeled compound 1 at
2 mg/kg showed either equal or increased tracer uptake. (B) CT
image of same mice.

TABLE 3
PPAR� Distribution in Selected Mouse Tissues and

in MCF-7 and MDA-MB-231 Xenografts

Tissue
ng of PPAR�/mg

of wet tissue
ng of PPAR�/�g
of total protein

Muscle 13.06 7.03
White fat 5.81 7.27
Spleen 18.70 11.58
Gallbladder 174.72 11.87
Small intestine 8.38 5.09
Large intestine 25.18 6.70
MCF-7 4.86 4.20
MDA-MB-231 4.65 4.82

TABLE 5
In Vitro Metabolic Stability of Compound 1

in Liver S9 Homogenates

Time (min)

% Parent drug remaining in the following
samples (half-life, min)

Human (89) Rat (�120) Mouse (112)

0 100 100 100
15 80 90 87
30 72 94 76
60 61 NR 69
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enantiomer. In an effort to demonstrate the binding speci-
ficity of 11C-compound 1, we coadministered unlabeled
compound 1 in 1 set of experiments. That we were unable
to block the uptake of 11C-compound 1 in target tissues
(spleen and tumor) suggests that most of the radiotracer
uptake was attributable to nonspecific binding, a finding that
is common for lipophilic compounds. The ClogP of com-
pound 1 was calculated to be 5.63, which is in a range that
may be too lipophilic for a successful radiotracer.

A curious finding that Kim et al. (10) and we demon-
strated was a slight trend toward an increase in radiophar-
maceutical uptake on the coadministration of a blocker (Fig.
2). One possible explanation is the saturation not only of
PPAR� in the tissues by compound 1 at 2 mg/kg but also of
sites involved in its metabolism. The PET images obtained
after the administration of a blocker (Fig. 3A) clearly dem-
onstrate an increase in uptake in the gallbladder, liver, and
intestine. That finding was not seen in the biodistribution
assay for the gallbladder (Table 2) because of sampling
error in the dissection and counting of gallbladder radioac-
tivity that would not be evident on the images. Our inves-
tigations of the metabolism of both compound 1 at 1
�mol/L in vitro and tracer doses of 11C-compound 1 in vivo
indicate that compound 1 undergoes modest metabolism
across species in vitro but that 11C-compound 1 undergoes
extensive metabolism in vivo. These findings support the
notion that at tracer doses, metabolism likely was sup-
pressed by blockade, accounting for the increased radio-
pharmaceutical uptake in the tissue distribution study in
which blockade was used. Note that metabolism likely
would have been attributable to hydrolysis of the radioac-
tive methyl ester, so that metabolites accumulating within
tissues would not be expected to be radioactive.

In addition to significant nonspecific binding, another
reason that tumor uptake was relatively low was the low
levels of PPAR� in the tumors tested. Breast cancer cell
lines, including MCF-7 cells, are known to have higher
PPAR� levels (17), 6- to 25-fold (12), than are nonmalig-
nant tissues. However, when we quantified the levels of
PPAR� in the xenograft lines used here and compared them
with the levels found in other mouse tissues, both the
MDA-MB-231 and the MCF-7 xenografts contained less
PPAR� protein than the other tissues tested (Table 3).
Additionally, significant PPAR� protein levels were found
in all of the tissues that were tested. This finding suggests
that imaging of PPAR� expression in breast malignancies
by PET may be difficult.

Further complicating the ligand binding of potential new
PPAR�-based radiotracers is that the affinity of such com-
pounds likely depends on the degree of phosphorylation of
the receptor (18). Concurrent treatment with mitogen-acti-
vated protein kinase inhibitors, if nontoxic in vivo, may be
another strategy for improving the affinity of potential ra-
dioligands for PPAR�.

PPAR� is an inherently challenging target for imaging
not only because of its relatively low concentrations in

target tissues and the possibility that in some cases the
concentrations may be even lower in malignant tissues than
in normal tissues (19,20) but also because 1 known target
tissue is adipose. Naturally, ligands that bind to a target in
adipose tissue will need to be somewhat lipophilic to gain
access to that target. This problem becomes even more
significant in the design of imaging agents for breast cancer,
an ostensible goal of this study, because much of the normal
breast is composed of fat.

CONCLUSION

Although we demonstrated a better than 1:1 tumor-to-
muscle uptake ratio for 11C-compound 1 and increased
uptake in 1 target tissue (spleen), the majority of the radio-
pharmaceutical uptake that we observed likely was attrib-
utable to nonspecific binding. Because of the high receptor-
binding affinity of compound 1, further structural
modification of the tyrosine-benzophenone series, in which
the N-aryl moiety has proved to be tolerant of substitution
with a variety of functions that can help decrease lipophi-
licity, may lead to a successful PPAR�-based imaging agent
for PET.
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