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obtained from BioChain Institute Inc. The sections were incubated
with PP-BTA-1 and PP-BTA-2 (50% EtOH, 100 uM) for 10 minat room
temperature. The sections were washed in 50% EtOH for 1 min two
times, and examined using a microscope (Nikon Eclipse 80i)
equipped with a G-2A filter set (excitation, 510-560 nm; diachronic
mirror, 575 nm; longpass filter, 470 nm) for PP-BTA-1, and a B-2Afil-
ter set (excitation, 450~480 nm; diachronic mirror, 505 nm; long-
pass filter, 520 nm) for PP-BTA-2. The presence and localization of
plaques on the same sections were confirmed with immunohisto-
chemical staining using a monoclonal A antibody, BC05 (Wako).
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This paper describes the synthesis and biological evaluation of fluoro-pegylated (FPEG) chalcones for
the imaging of B-amyloid (Af) plaques in patients with Alzheimer’s disease (AD). FPEG chalcone
derivatives were prepared by the aldol condensation reaction. In binding experiments conducted in vitro
using AB(1—42) aggregates, the FPEG chalcone derivatives having a dimethylamino group showed
higher K; values (20—50 nM) than those having a monomethylamino or a primary amine group. When
the biodistribution of ''C-labeled FPEG chalcone derivatives having a dimethyamino group was
examined in normal mice, all four derivatives were found to display sufficient uptake for imaging AB
plaques in the brain. 181 _Jabeled 7c also showed good uptake by and clearance from the brain, although
a slight difference between the U and '3F tracers was observed. When the labeling of Af plaques was
carried out using brain sections of AD model mice and an AD patient, the FPEG chalcone derivative 7¢
intensely labeled Af plaques. Taken together, the results suggest 7¢ to be a useful candidate PET tracer
for detecting AB plaques in the brain of patients with AD.

Introduction

The formation of B-amyloid (AS“) plaques is a key neuro-
degenerative event in Alzheimer’s disease (AD). 1.2 Because the
imaging of Af plaques in vivo may lead to the presymptomatic
diagnosis of AD, many radiotracers that bind to Af plaques
have been developed.>* Preliminary reports of positron emis-
sion tomography (PET) suggested that the uptake and reten-
tion of 2-(4'-[''C]methylaminophenyl)-6-hydroxybenzothiazole
(["'CJPIB, 1)*¢ and 4-N-["'C]methylamino-4'-hydroxystilbene
([''C]SB-13,2)"® differed between the brain of AD patients and
those of controls. However, because !'C is a positron-emitting
isotope with a 1, of just 20 min, efforts are being made to
develop comparable agents labeled with the isotope BE (4 p=
110 min). ["®*F]-2-(1-2-(N-(2-fluoroethyl)- N-methylamino)-
naphthalene-6-yl)ethylidene)malononitrile (['*FJFDDNP, 3)>"°
and  ["*F]-4-(N-methylamino)-4'-(2-(2-(2-fluoroethoxy)etho-
xy)ethoxy)-stilbene (["*FIBAY94—9172, 4)''? should be useful

*To whom correspondence should be addressed. For M.O.: phone,
4-81-75-753-4608; fax, +81-75-753-4568; E-mail, ono@pharm.kyoto-u.
acjp. For M.N.: phone, +81-95-819-2441; fax, +81-95-819-2441;
E-mail: morio@nagasaki-u.ac.jp.

“« Abbreviations: AB, f-amyloid; AD, Alzheimer’s disease; PET, posi-
tron emission tomography; PIB, 2-(4'-methyaminophenyl)-6-hydroxy-
benzothiazole; SB-13, 4-N-methylamino-4'-hydroxystilbene; FDDNP,
2-(1-(2-(N-(2-fluoroethyl)-N-methylamino)naphthalene-6-ylethylidene)-
malononitrile; BAY94-9174, 4-(N-methylamino)-4'-(2-(2-(2-fluoroetho-
xy)ethoxy)ethoxy)-stilbene; DMIC, 4-dimethylamino-4'-iodo-chalcone;
IMPY, 6-iodo-2-(4'-dimethylamino)phenyl-imidazo[1,2-a]pyridine; FPEG,
fluoro-pegylated; DAST, diethylamino sulfur trifluoride; DME, 1,2-di-
methoxyethane; MEK, methyl ethyl ketone; ["'Clmethy! triflate, [hC]Me—
OTF; DAB, 3,3'-diaminobenzidine.
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as tracers for imaging AB plaques in the diagnosis of AD.
Recent reports suggest that A3 aggregates possess multiple
ligand-binding sites, the density of which differs."*~"> There-
fore, the development of novel probes that bind Aj aggregates
may lead to critical findings regarding the pathology of AD.

Recently, in a search for novel Ap-imaging probes, we
found that radioiodinated flavone,'®!” chalcone,'® and
aurone’®?! derivatives, which are categorized as flavonoids,
showed excellent characteristics such as high affinity for AS
aggregates and good uptake into and rapid clearance from the
brain. The chalcone structure in particular is considered to be
a useful core in the development of new Af-imaging probes
because it can be formed by a one-pot condensation reaction.
In addition, because chalcone derivatives show different
characteristics of binding to AS aggregates from Congo Red
and thioflavin T, they are expected to provide new informa-
tion from in vivo imaging in AD brains.

In the present study, we designed and synthesized fluori-
nated chalcone derivatives for the purpose of developing
I8F_labeled probes for PET-based imaging of Af plaques.
The formation of bioconjugates based on pegylation-fluor-
ination resulting in fluoro-pegylated (FPEG) molecules is
effective for some core structures of AB-imaging probes.*
We have adopted a novel approach, adding a short PEG (n=
1—3) to the chalcone backbone and capping the end of the
ethylene glycol chain with a fluorine atom. Indeed, the most
promising '®F-labeled agent 4 possesses PEG (n = 3) in the
stilbene backbone. This tracer showed strong affinity (X =
6.7 nM) for AB plaques, high uptake (7.77%ID/g at 2 min
postinjection), and rapid clearance from the mouse brain

©2009 American Chemical Society
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(1.61%ID/g at 60 min postinjection).'> We adopted the
biological data for 4 as criteria to develop novel AS-imaging
agents. In this study, we synthesized 12 fluorinated chalcones
and evaluated their biological potential as Af-imaging agents
by testing their affinity for Af aggregates and Af plaques in
sections of brain tissue from AD model mice and an AD
patient and their uptake by and clearance from the brain in
biodistribution experiments using normal mice.

Results and Discussion

The synthesis of the FPEG chalcone derivatives is outlined
in Schemes 1, 2, and 3. The most useful way to prepare
chalcones is the condensation of acetophenones with ben
zaldehydes. Using this process, 4-hydroxyacetophenone or

K

|

O .
SR’
-~
F N
13
o
e
F NO.
14

o
F ‘ N7
16 H

4-fluoroacetophenone was reacted with 4-dimethylaldehyde
to form 4'-hydroxy-4-dimethylamino-chalcone 5 and
4'-fluoro-4-dimethylamino-chalcone 13 in yields of 84.0 and
41.6%, respectively. Compounds 10(a—c) were synthesized by
an aldol reaction between FPEG acetophenone 9(a—c) and
4-nitrobenzaldehyde. Fluorination of 6(a—c¢) and 8(a—c)
to prepare 7(a—c) and 9(a—c) was done using diethylamino
sulfur trifluoride (DAST) after introducing three oligoethy-
lene glycol molecules into the phenolic OH of 5 and 9(a—c).
The amino derivatives 11(a—c) and 15 were readily prepared
from 10(a—c) and 14 by reduction with SnCl,. Conver-
sion of 11(a—c) and 15 to the monomethylamino deriva-
tives 12(a—c) and 16 was achieved by methylation with
CH,I under alkaline conditions. Preparation of ''C-labeled
compounds was done as in Scheme 4. 'C-labeled chalcones
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Table 1. Chemical Structures and Inhibition Constants of Fluorinated
Chalcone Derivatives

(o]
Ry R2

compd R, R, K; (aM)“
7a FCH,CH,0 N(CH3), 45.7+£7.1
b F(CH,CH,0), N(CH3), 20.0+2.5
Te F(CH,CH,0)3 N(CH3)» 38.9+4.2
11a FCH,CH,0 NH, 678.9+£21.7
11b F(CH,CH,0), NH, 1048.0£114.3
11c F(CH,CH,0); NH, 790.0 & 132.1
12a FCH,CH,0 NHCH; 197.1 £58.8
12b F(CH,CH,0), NHCH, 216.4+13.8
12¢ F(CH,CH,0); NHCH; 470.9 £100.4
13 F N(CHs3), 49.8+6.2
15 F NH, 663.0 +88.3
16 F NHCH; 234.2+44.0
DMIC I N(CH;), 13.1£3.0
IMPY ©28.0t 4.1

“Inhibition constants (K;, nM) of compounds for the binding of
['*1IDMIC to AB(1—42) aggregates. Values are the mean + standard
error of the mean for 4—9 independent experiments.

were readily synthesized from their N-normethyl pre-
cursors, 12(a—c) and 16, and [''Clmethyl triflate ([''C]-
MeOTY). Radiochemical yields of the final product were
28--35%, decay corrected to end of bombardment. Radio-
chemical purity was >99% with a specific activity of 22—28
GBg/umol. The identity of [''CJ7a, [''C]7b, [''C]7c, and
[1'CJ13 was confirmed by a comparison of HPLC retention
times with the nonradioactive compounds (7a, 7b, 7¢, and 13).
BF labeling of 7¢ was performed on a tosyl precursor 17
undergoing a nucleophilic displacement reaction with the
fluoride anion (Scheme 5). Radiolabeling with 18p was suc-
cessfully performed on the precursor.to generate ['8F]7c witha
radiochemical yield of 45% and radiochemical purity >99%.
The identity of ['*F]7c was verified by a comparison of
retention time with the nonradioactive compound. The spe-
cific activity of ['®F]7c was estimated to be 35 GBg/mmol at
the end of synthesis. ,

(i) tosyl chloride, pyridine;
(i) KoCOg, kryptofix 222, DMSO/acetonittile

Table 2. Biodistribution of Radioactivity after Injection of [''CJ7a,
['C17b, [''Cl7¢, and [''CJ13 in Normal Mice*

organ 2 min 10 min 30 min 60 min
[''Cy7a

blood 3.65+0.37 2.734+0.28 2.12£0.18 2224025

brain 6.01+0.61 3.24+£0.39 2.57+0.26 2.26£0.41
Mcym

blood 3.48+£0.56 2.28+0.84 2.5440.96 1.444+0.36

brain 4.73+0.47 2.23+0.18 1.1440.12 1.00+ 0.19
[M'cyre

blood 2.44+0.25 1.524+0.42 1.01£0.15 0.68£0.10

brain 4.31+£0.33 1.38+£0.16 0.64 +0.07 0.35£0.03
(t'cis

blood 2.61£0.35 1.60£0.25 0.39£0.05 1.40£0.20

brain 3.68+0.35 1.53+0.14 1.04£0.15 1.04+0.20

“ Expressed as % of injected dose per gram. Each value represents the
mean =+ SD for 4—5 mice.

Table 3. Biodistribution of Radioactivity after Injection of ['*F}7c in
Normal Mice”

organ 2 min 10 min 30 min 60 min

blood 2.09 £0.40 1.944+0.18 2.354:0.33 1.87+£0.26
brain 3.48+047 1.5240.03 1.08 £0.09 1.07+0.17
bone 1.80+0.31 1.76 £0.15 2.98 £0.49 3.58 £0.41

“ Expressed as % of injected dose per gram. Each value represents the
mean + SD for 4—5 mice.

Experimeénts in vitro to evaluate the affinity of the FPEG
chalcones for A aggregates were carried out in solutions of
Ap aggregates with ['?°I}4-dimethylamino-4'-iodo-chalcone
([('*IIDMIC)*® as the ligand (Table 1). The K; values sug-
gested that the binding to AB(1—42) aggregates was affected
by substitution at the amino group at position 4 in the
chalcone structure, not by the length of PEG introduced into
the chalcone backbone. The fluorinated chalcones had bind-
ing affinity for AB(1—42) aggregates in the following order:
the dimethyamino derivatives (7a, 7b, 7¢, and 13) > the
monomethylamino derivatives (12a, 12b, 12¢, and 16) > the
primary amino derivatives (11a, 11b, 11c, and 15). The result
of the binding experiments is consistent with that of previous
reports.'®!® In addition, the affinity of the dimethylamino
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Figure 1. Neuropathological staining of 10 um sections of a Tg2576 mouse brain (A and B) and aged normal brain (C). Fluorescent staining of
compound 7c¢ in the Tg2576 mouse brain (A). Af immunostaining with antibody BC05 in the adjacent section (B). Fluorescent staining of

compound 7c¢ in the age-matched control mouse brain (C).

derivatives was in the same range as that of the known
compound, 6-iodo-2-(4'-dimethylamino)phenyl-imidazo[1,2-
alpyridine (IMPY), which is commonly used for inhibition
assays.”> %> We selected the dimethylamino derivatives
(7a, 7b, 7¢, and 13), which showed the greatest affinity, for
additional studies.

To evaluate brain uptake of the FPEG chalcones, biodis-
tribution experiments were performed in normal mice with
four ''C-labeled FPEG chalcones (["'Cy7a, [M'CI7M, ''cye,
and [''C]13) (Table 2). Because normal mice were used for the
biodistribution experiments, no Af plaques were expected in
the young mice; therefore the washout of probes from the
brain should be rapid to obtain a higher signal-to-noise ratio
earlier in the AD brain. Radioactivity after injection of the
"'C-labeled FPEG chalcones penetrated the blood—brain
barrier, showing excellent uptake ranging from 3.7 to 6.0%
ID/g brain at 2 min postinjection, a level sufficient for imaging
Af plaques in the brain. In addition, they displayed good
clearance from the normal brain with 2.3, 1.0, 0.35, and 1.0%
ID/g at 60 min postinjection for [''C]7a, [''C]7b, [* 'CJ7¢, and
[*'C]13, respectively. These values were equal to 37.6, 21.1,
8.1, and 28.3% of the initial uptake peak for [''C]7a, [\'C]7b,
[*'Cl7¢, and [''C]13, respectively. Compound 7c¢ with the
fastest washout from the brain was labeled with '*F and
evaluated for its biodistribution in normal mice (Table 3).
[*®F]7¢ displayed high uptake (3.48%ID/ g) at 2 min postinjec-
tion, a level sufficient for imaging like [!'C]7¢, and was cleared
over the subsequent 10, 30, and 60 min. The radioactivity
in the brain at 60 min postinjection was 1.07%ID/g, indicat-
ing that this ['®F]7c has favorable pharmacokinetics in the
brain. Although we consider that a slight difference of the
radioactivity pharmacokinetics between [''C]7¢ and ["*F]7c
could be attributable to the different physicochemical char-
acteristics of their radiometabolites produced in the brain, the
reason for this difference has remained unclear. Bone uptake
at 60 min was measurable (3.58%1D/g), suggesting defluori-
nation in vivo. Bone uptake has been observed for other '*F
tracers.'>**~2* However, previous reports suggested that free
fluoride was not taken up by brain tissue; therefore, the
interference from free fluoride may be relatively low for brain
imaging. A previous paper regarding the most promising '*F-
labeled agent 4 reported that it showed high uptake (7.77%
ID/g at 2 min postinjection) and rapid clearance from the
brain (1.61%]ID/g at 60 min postinjection) with little accu-
mulation in bone (1.77%ID/g at 60 min postinjection) in
biodistribution experiments using normal mice.!? The phar-
macokinetics of 4 appear superior to that of ['3F]7¢, but the
good biological results obtained with ['®F]7¢ suggest that
further investigation is warranted.

To investigate the ability of the fluorinated chalcones to
bind to AB plaques in the AD model, fluorescent staining of

sections of mouse brain were carried out with compound 7¢
(Figure 1). We used Tg2576 transgenic mice as an animal
model of Af plaque deposition, which express human
APP695 with the K670N, M671L Swedish double mutation.®
By 11—13 months of age, Tg2576 mice show prominent
Ap deposition in the cingulated cortex, entorhinal cortex,
dentate gyrus, and CA1 hippocampal subfield and have been
frequently used for the evaluation of specific binding of
Afp plaques in in vitro and in vivo experiments.!?2+2773!1
Many Ap plaques were clearly stained with 7c, as reflected
by the affinity for the aggregates of synthetic AB(1—42) in in
vitro competition assays (Figure 1A). The labeling pattern
was consistent with that observed after immunohistochemical
labeling by BCOS5, a specific antibody for AB (Figure 1B),
while wild-type mouse brain displayed no significant accumu-
lation of 7¢ (Figure 1C). The results indicated that 7¢ binds
specifically to Af plaques in Tg2576 mice brain. A previous
report suggested the configuration/folding of Af plaques in
Tg2576 mice to be different from the tertiary/quaternary
structure of Af plaques in AD brains.>**? In addition, the
studies reported with 1 further indicate that the binding of
1 reflects the amount of AS plaques in human AD brain but
not in Tg2576 mouse brain, and the detectability of AS
plaques by 1 is dependent on the accumulation of specific
AB subtypes.”®? Therefore, we considered that it should be
essential to evaluate the binding affinity for Af plaques in
human AD brains because our goal is to develop clinically
useful probes for in vivo imaging of AB plaques in humans.

Next, we investigated the binding affinity of ['SF]7c¢ for
Ap plaques by in vitro autoradiography in a human AD brain
section (Figure 2A). The autoradiographic image of ['*F]7¢
showed high levels of radioactivity in some specific areas of
the brain section. Furthermore, we confirmed that the hot
spots of ['®F]7c in an AD brain section corresponded with
those of in vitro thioflavin-S staining in the same brain section
(Figure 2B). In contrast, no significant accumulation of
['®F]7c was observed in the region without AS plaques
(Figure 2C). The results demonstrate the feasibility of using
["®Fl7casa probe for detecting Af plaques in the brain of AD
patients with PET.

In conclusion, we reported novel FPEG chalcone deriva-
tives, containing an end-capped fluoropolyethylene glycol as
in vivo PET imaging agents for AS plaques in the brain. The
FPEG chalcones with a dimethylamino group displayed
greater affinity for synthetic AB aggregates than did the
monomethylamino and primary amino derivatives. In biodis-
tribution experiments using normal mice, ''C-labeled FPEG
chalcones displayed sufficient uptake for the imaging of Af
plaques in the brain. [''C]7c showed the fastest clearance from
the brain, probably related to a low nonspecific binding.
["®F]7calso displayed high uptake in and good clearance from
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Figure 2. In vitro autoradiography of ['®F]7c using the human AD
brain section (A). Af plaques were confirmed by in vitro staining of
the same section with thioflavin-S (B and C).

the brain, although a slight difference was observed between
the !C and '®F tracers. When the labeling of plaques in vitro
was carried out using sections of brain tissue from an animal
model of AD and an AD patient, compound 7¢ intensely
labeled AB plaques existing in both brains. Taken together,
the results suggest the novel FPEG chalcone 7c¢ to be poten-
tially useful for imaging Af plaques in the brain using PET.

Experimental Section

General. All reagents were obtained commercially and used
without further purification unless otherwise indicated. 'H
NMR spectra were obtained on a Varian Gemini 300 spectro-
meter with TMS as an internal standard. Coupling constants
are reported in hertz. Multiplicity was defined by s (singlet),
d (doublet), t (triplet) and m (multiplet). Mass spectra were
obtained on a JEOL IMS-DX instrument. HPLC analysis was
performed on a Shimadzu HPLC system (a LC-10AT pump
with a SPD-10A UV detector, A =254 nm) using a Cosmosil C;3
column (Nakalai Tesque, 5C;s-AR-II, 4.6 mm x 150 mm) using
acetonitrile/water (50/50) as mobile phase at a flow rate of
1.0 mL/min. All key compounds were proven by this method
to show =95% purity.

Chemistry. (E)-3-(4-(Dimethylamino)phenyl)-1-(4-hydroxy-
phenyl)-2-propen-1-one (5). 4-Hydroxyacetophenone (1.36 g,
10 mmol) and 4-dimethylaminobenzaldehyde (1.86 g, 10.0 mmol
were dissolved in EtOH (15 mL). A 30 mL aliquot of a 10%
aqueous KOH solution was then slowly added dropwise to the
reaction mixture. The mixture was stirred for 24 h at 100 °C and
then extracted with ethyl acetate. After the organic layers were
combined and dried over Na,SO,, evaporation of the solvent
afforded 1.50 g of 5 (84.0%). 'H NMR (CD;OD) 6: 3.04
(s, 6H), 6.76 (d, J = 8.7 Hz, 2H), 6.88 (d, /= 8.7 Hz, 2H), 7.50
(d,J=15.3Hz, 1H), 7.59 (d, J=9.0 Hz, 2H), 7.72 (d, /=153 Hz,
1H), 7.98 (d, J=8.7 Hz, 2H). "H NMR (DMSO-de) 5: 2.99 (s, 6H),
6.74 (d, J=8.7 Hz, 2H), 6.88 (d, J=8.4 Hz, 2H), 7.62 (s, 2H), 7.68
(d, J=8.7Hz, 2H), 8.03 (d, /=8.7 Hz, 2H), 10.30 (s, IH). EI-MS:
mjz 267 (M™").

(E)-3-(4-(Dimethylamino)phenyl)-1-(4-(2-hydroxyethoxy)phenyl)-
2-propen-1-one (6a). To a solution of 5 (500 mg, 1.87 mmol and
ethylene chlorohydrin (125 L, 1.87 mmol) in DMSO (5 mL) was
added anhydrous K,CO; (775 mg, 5.61 mmol). The reaction
mixture was stirred for 18 h at 100 °C and then poured into water
and extracted with chloroform. The organic layers were combined
and dried over Na,SO,. Evaporation of the solvent afforded a
residue, which was purified by silica gel chromatography (hexane:
ethyl acetate=1:1) to give 422 mg of 6a (72.7%). '"H NMR (CDCl5)
: 3.04 (s, 6H), 4.00—4.01 (m, 2H), 4.17 (t, J=4.8 Hz, 2H), 6.69 (d,
J =90 Hz, 2H), 699 (d, J = 69 Hz, 2H), 735 (d, J =
15.3 Hz, 1H), 7.55 (d, J=9.0 Hz, 2H), 7.79 (d, J=15.3 Hz, 1H),
8.02 (d, /=9.3 Hz, 2H).
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(E)-3-(4«(Dimethylamino)phenyl)-1-(4-(2-(hydroxyethoxy)ethoxy)-
phenyl)-2-propen-1-one (6b). The reaction described above to prepare
6a was used, and 6b was obtained from 5 and ethylene glycol mono-
2-chloroethyl ether. 'H NMR (CDCls) 6: 3.05 (s, 6H), 3.69 (t, J=

48 Hz, 2H), 3.78 (s, 2H), 391 (t, J = 48 Hz, 2H), 4.23
(t, J=4.8 Hz, 2H), 6.70 (d, J=9.0 Hz, 2H), 6.99 (d, /= 9.0 Hz,
2H), 7.35(d, J=15.3 Hz, 1H), 7.55 (d, J=8.7Hz, 2H), 7.79 (d, J=
15.6 Hz, 1H), 8.02 (d, J=9.0 Hz, 2H).

(E)-3-(4<(Dimethylamino)phenyl)-1-(4-(2-((hydroxyethoxy)ethoxy)-
ethoxy)phenyl)-2-propen-1-one (6¢). The reaction described
above to prepare 6a was used, and 429 mg of 6¢ was obtained
in a yield of 82.6% from 5 and 2-[2-(2-chloroethoxy)-
ethoxylethanol. 'H NMR (CDCly) 8: 3.04 (s, 6H), 3.62 (t, J =
5.1 Hz, 2H), 3.73—3.75 (m, 6H), 3.90 (t, /= 4.8 Hz, 2H), 4.22
(t, J=4.8 Hz, 2H), 6.70 (d, J=9.0 Hz, 2H), 6.99 (d, J=8.7 Hz,
2H), 7.35 (d, J = 15.3 Hz, 1H), 7.55 (d, J=9.0 Hz, 2H), 7.78
(d, J=15.3 Hz, 1H), 8.02 (d, J=9.0 Hz, 2H).

(E)-3~(4-(Dimethylamino)phenyl)-1-(4-(2-fluoroethoxy)phenyl)-
2-propen-1-one (7a). To a solution of 6a (100 mg, 0.32 mmol in
1,2-dimethoxyethane (DME) (5 mL) was added DAST (85 uL, 0.64
mmol) in a dry ice—acetone bath. The reaction mixture was stirred
for 1 h at room temperature and then poured into a saturated
NaHSO; solution and extracted with chloroform. After the organic
phase was separated, dried over Na,SOs, and filtered, and the
residue was purified by preparative TLC (hexane:ethyl acetate =
3:1) to give 39 mg of 7a (38.9%). "H NMR (CDCl) 6: 3.09 (s, 6H),
430(d,t,J,=27.6Hz,J,=4.2Hz,2H),4.79 (d, t,J,=47.4Hz, J,=
42 Hz, 2H), 6.70 (d, J=8.7 Hz, 2H), 7.00 (d, /=9.0 Hz, 2H), 7.35
(d, J=15.6 Hz, 1H), 7.55 (d, J=9.0 Hz, 2H), 7.79 (d, /= 15.3 Hz,
1H), 8.03 (d, 7=9.0 Hz, 2H). EI-MS: m/z 313 (M™).

(E)-3-(4-(Dimethylamino)phenyl)-1-(4-(2-(fluoroethoxy)ethoxy)-
phenyl)-2-propen-1-one (7b). The reaction described above to pre-
pare 7a was used, and 28 mg of 7b was obtained in a yield of
28.0% from 6b. '"H NMR (CDCl3) 6: 3.04 (s, 6H), 3.77—3.94
(m, 4H), 4.21—4.24 (m, 3H), 4.61 (d, t, J; =474 Hz, J,=42 Hz
1H), 6.69 (d, J=9.3 Hz, 2H), 6.99 (d, J=8.7 Hz, 2H), 7.35 (d, /=
15.3 Hz, 2H), 7.55 (d, J=9.0 Hz, 2H), 7.78 (d, J = 15.6 Hz, 2H),
8.02 (d, J=9.0 Hz, 2H). EL-MS: m/z 357 (M™).

(E)-3-(4-(Dimethylamino)phenyl)-1-(4-(2-((fluoroethoxy)ethoxy)-
ethoxy)phenyl)-2-propen-1-one (7c). The reaction described
above to prepare 7a was used, and 29 mg of 7c was obtained in a
yield of 14.4% from 6¢ and 2-[2-(2-chloroethoxy)ethoxyletha-
nol. 'H NMR (CDCly) 6: 3.04 (s, 6H), 3.73—3.81 (m, 6H),
3.90 (t, J=5.1 Hz, 2H), 4.21 (t, J=5.1 Hz, 2H), 4.49 (t, /=4.5 Hz,
1H), 4.65 (t, J=4.5 Hz, 1H), 6.70 (d, J=8.7 Hz, 2H), 6.98 (d, /=
9.0 Hz, 2H), 7.35 (d, J = 15.3 Hz, 1H), 7.55 (d, /= 8.7 Hz, 2H),
7.78 (d, J = 15.3 Hz, 1H), 8.02 (d, /= 9.0 Hz, 2H). EI-MS: m/z
401 (MH).

1-(4-(2-Hydroxyethoxy)phenyl)ethanone (8a). The reaction
described above to prepare 6a was used, and 1.79 g of 8a was
obtained in a yield of 99.4% from 4-hydroxyacetophenone and
ethylene chlorohydrin. '"H NMR (CDCl;) 6:2.75 (s, 3H), 4.20 (s,
2H), 4.35(t,J=5.1 Hz,2H), 7.15(d, J=9.0 Hz, 2H), 8.13 (d, /=
9.0 Hz, 2H).

1-(4-(2-(2-Hydroxyethoxy)ethoxy)phenyl)ethanone (8b). The
reaction described above to prepare 6b was used, and 8b was
obtained from 4-hydroxyacetophenone and ethylene glycol
mono-2-chloroethyl ether. 'H NMR (CDCls) 6: 2.56 (s, 3H),
3.68 (t, J=4.8 Hz 2H), 3.75—3.79 (m, 2H) 3.90 (t, J= 5.1 Hz,
2H), 4.21 (t, J=4.8 Hz, 2H), 6.96 (d, /=8.7 Hz, 2H), 7.94 (d, /=
8.7 Hz, 2H).

1-(4-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)phenyl)ethanone
(8c). The reaction described above to prepare 6a was used, and
8c was obtained from 4-h?1droxyacetophenone and 2-[2-(chloro-
ethoxy)ethoxylethanol. '"H NMR (CDCl;) 4: 2.50 (s, 3H),
3.72—3.83 (m, 6H), 3.92 (t, J=4.5 Hz, 2H), 4.22 (t, J= 5.1 Hz,
2H), 4.49 (t, J=4.2 Hz, 1H), 4.61 (t, J=4.2 Hz, 1H), 6.86 (d, /=
8.7 Hz, 2H), 7.80 (d, /= 8.7 Hz, 2H).

1-(4-(2-Fluoroethoxy)phenyl)ethanone (9a). The reaction des-
cribed above to prepare 7a was used, and 1.02 g of 9a was obtained
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in a yield of 63.3% from 8a and DAST. 'H NMR (CDCl;) 6: 4.24
(d,t,J,=28.2Hz, J,=4.2Hz,2H),4.75(d, t,J,=47.1 Hz, J,=3.9
Hz, 2H), 6.92 (d, /=9.0 Hz, 2H), 7.89 (d, J=9.3 Hz, 2H).
1-(4-(2-(2-Fluoroethoxy)ethoxy)phenyl)ethanone (9b). The re-
action described above to prepare 7b was used, and 9b was
obtained from 9a and DAST. '"H NMR (CDCl3) 9: 2.56 (s, 3H),
3.78 (t, J=3.3 Hz, 1H), 3.86—3.94 (m, 3H), 4.22 (t, J=5.1 Hz,
2H), 4.51 (t, J=3.0 Hz, 1H), 4.67 (t, J=3.0.Hz, 1H), 6.96 (d, /=
8.7 Hz, 2H), 7.93 (d, /= 8.7 Hz, 2H). EI-MS: m/z 226 (M ™).
1-(4-(2-(2-(2-Fluoroethoxy)ethoxy)ethoxy)phenyl)ethanone
(9¢). The reaction described above to prepare 7¢ was used, and
543 mg of 9c was obtained from 8¢ and DAST. 'H NMR
(CDCl3) 6: 2.56 (s, 3H), 3.69—3.81 (m, 6H), 3.90 (t, J =
4.5 Hz, 2H), 4.21 (t, J = 5.1 Hz, 2H), 4.49 (1, J = 4.2 Hz, 1H),
4.65(t,/J=4.2Hz, 1H),6.95(d, J=9.3 Hz,2H), 7.92 (d, J=9.0 Hz,
2H). EI-MS: m/z 270 (M™).
(E)-1-(4-(2-Fluoroethoxy)phenyl)-3-(4-nitrophenyl)-2-propen-
1-one (10a). The reaction described above to prepare 5 was used,
and 856 mg of 10a was obtained in a yield of 56.6% from 9a and
4-nitrobenzaldehyde. '"H NMR (CDCly) &: 432 (d, t, J;, =
27.6 Hz, J=4.2 Hz, 2H), 4.81 (d, t, J;=47.4 Hz, J, = 4.2 Hz,
2H), 7.04 (d, J=8.7 Hz, 2H), 7.65 (d, J = 15.6 Hz, 1H), 7.79
(d, J=8.7Hz, 2H), 7.82(d, J=12.6 Hz, 1H), 8.06 (d, /=9.0 Hz,
2H), 8.28 (d, J=8.7 Hz, 2H).
(E)-1-(4-(2-(Fluoroethoxy)ethoxy)phenyl)-3-(4-nitrophenyl)-
2-propen-1-one (10b). The reaction described above to prepare
5 was used, and 128 mg of 10b was obtained from 9b and
4-nitrobenzaldehyde. "H NMR (CDCls) : 3.79 (t, J=4.2 Hz,
1H), 3.88—4.27 (m, 3H), 4.8 (t, /= 4.8 Hz, 2H), 4.53 (t, J =
4.2 Hz, 1H), 4.69 (t, J=4.2 Hz, 1H), 7.03 (d, /= 8.7 Hz, 2H),
7.66 (d, J=15.6 Hz, 1H), 7.79 (d, J=9.0 Hz, 2H), 7.81 (d, /=
15.6 Hz, 1H), 8.05 (d, /=28.7 Hz, 2H), 8.28 (d, /=9.0 Hz, 2H).
(E)-1-(4-(2-((Fluoroethoxy)ethoxy)ethoxy)phenyl)-3-(4-nitro-
phenyl)-2-propen-1-one (10c). The reaction described above to
prepare 5 was used, and 649 mg of 10c was obtained from 9¢. 'H
NMR (CDCl3) 6: 3.71—3.82 (m, 6H), 3.92 (t, J = 4.5 Hz, 2H),
4.24(t,J=4.8 Hz,2H),4.50 (t, /=4.2 Hz, 1H), 4.66 (t, J=4.5Hz,
1H), 7.03 (d, J=9.3 Hz, 2H), 7.66 (d, /= 15.6 Hz, 1H), 7.79
(d, /7=9.0 Hz, 2H), 7.81 (d, J=15.6 Hz, 1H), 8.05(d, J=9.3 Hz,
2H), 8.28 (d, J=8.7 Hz, 2H).
(E)-3~(4-Aminophenyl)-1-(4-(2-fluoroethoxy)phenyl)-2-propen-
1-one (11a). A mixture of 10a (856 mg, 2.7 mmol), SnCl, (2.55 g,
13.5mmol), and EtOH (10 mL) was stirred at 100 °C for 2 h. After
the mixture had cooled to room temperature, | M NaOH (10 mL)
was added. The mixture was then extracted with ethyl acetate
(10 mL). The organic phase was dried over Na,SO4 and filtered.
The solvent was removed, and the residue was purified by silica gel
chromatography using chloroform as a mobile phase to give
333 mg of 11a (43.0%). '"H NMR (CDCly) 6: 4.02 (s, broad,
2H),4.30(d, t, J;=27.6 Hz, J/;=4.2 Hz, 2H),4.79 (d, t, J, = 47.4
Hz, J,=4.2 Hz, 2H), 6.68 (d, J=8.7 Hz, 2H), 7.00 (d, J=8.7 Hz,
2H), 7.36 (d, /=153 Hz, 1H), 748 (d, /=84 Hz, 2H), 7.75 (d, J =
15.3 Hz, 1H), 8.03 (d, /= 6.9 Hz, 2H). EI-MS: m/z 285 (M™).
(E)-3-(4-Aminophenyl)-1-(4-(2-(fluoroethoxy)ethoxy)phenyl)-
2-propen-1-one (11b). The reaction described above to prepare
11a was used, and 85 mg of 11b was obtained from 10b. 'H
NMR (CDCls) 6: 3.77—3.94 (m, 4H), 4.00 (s, broad, 2H), 4.23
(t, J=4.5 Hz, 2H), 4.53 (t, J=4.2 Hz, 1H), 4.69 (t, J=4.2 Hz,
1H), 6.68 (d, J=8.4 Hz, 2H), 6.99 (d, J=8.7 Hz, 2H), 7.74 (d, J=
15.6 Hz, 1H), 7.48 (d, J=8.4 Hz, 1H), 7.36 (d, J=15.3 Hz, 1H),
8.01 (d, /=9.0 Hz, 2H). EI-MS: m/z 329 (M ™).
(E)-3-(4-Aminophenyl)-1-(4-(2-((fluoroethoxy)ethoxy)ethoxy)-
phenyl)-2-propen-1-one (11c). The reaction described above to
prepare 11a was used, and 206 mg of 11¢ was obtained from 10c.
HNMR (CDCl;) 6: 3.70—3.83 (m, 6H), 3.89 (t, /=4.5 Hz, 2H),
4.12 (s, broad, 2H), 4.21 (t, J=4.8 Hz, 2H), 4.49 (t, J=4.0 Hz,
1H), 4.65 (t, J=3.9 Hz, 1H), 6.67 (d, J=8.7Hz, 2H), 6.98 (d, /=
8.7Hz, 2H), 7.36 (d, J=15.3 Hz, 1H), 7.47 (d, J = 8.4 Hz, 2H),
7.74 (d, J=15.9 Hz, 1H), 8.01 (d, J= 9.0 Hz, 2H). EI-MS: m/z
373 (M™).
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(E)-1-(4-(2-Fluoroethoxy)phenyl)-3-(4-(methylamino)phenyl)-
2-propen-1-one (12a). To a solution of 11a (290 mg, 1.02 mmol)
in DMSO (6 mL) were added CH;I (0.18 mL, 3.05 mmol) and
anhydrous K,CO; (691 mg, 5.08 mmol). The reaction mixture
was stirred at room temperature for 3 h and poured into water.
The mixture was extracted with ethyl acetate. The organic layers
were combined and dried over Na,SO,. Evaporation of the
solvent afforded a residue, which was purified by silica gel
chromatography (hexane:ethyl acetate = 2:1) to give 90 mg of
12a (29.5%). '"H NMR (CDCl3) 6: 2.89 (s, 3H), 4.23 (d, t, J, =
279 Hz, J,=42Hz,2H),4.79 (d,t, Jy =474 Hz, J,=4.2 Hz,
2H), 6.59 (d, J=8.7Hz,2H), 6.99 (d, J=9.0 Hz, 2H), 7.34 (d, J=
15.3 Hz, 1H), 7.51 (d, J=8.4 Hz, 2H), 7.78 (d, J=15.3 Hz, 1H),
8.02 (d, J=9.3 Hz, 2H). EI-MS: m/z 299 (M™).

(E)-1-(4-(2-(Fluoroethoxy)ethoxy)phenyl)-3-(4-(methylamino)-
phenyl)-2-propen-1-one (12b). The reaction described above
to prepare 12a was used, and 22 mg of 12b was obtained from
11b. 'H NMR (CDCl;) 6:2.90 (s, 3H), 3.78—3.95 (m, 4H), 3.99 (s,
broad, 1H), 4.23 (t, J=4.5 Hz, 2H), 4.53 (t, J=4.5 Hz, 2H), 4.53

“(t, J=4.2Hz, 1H),4.69 (t, J=4.2 Hz, 1H), 6.60 (d, /= 8.7 Hz, 2H),

6.99 (d, 7 = 8.7 Hz, 2H), 7.35 (d, J = 15.3 Hz, 1H), 7.51
(d, J=8.7 Hz, 2H), 7.77 (d, J = 15.3 Hz, 1H), 8.02 (d, J =
8.7 Hz, 2H). EI-MS: m/z 343 (M™).
(E)-1-(4-(2-((Fluoroethoxy)ethoxy)ethoxy)phenyl)-3-(4-(methy-
amino)phenyl)-2-propen-1-one (12¢). The reaction described above
to prepare 12a was used, and 53 mg of 12¢ was obtained from 11c.
'"H NMR (CDCl) 6: 2.89 (s, 3H), 3.69~3.83 (m, 6H), 3.90 t,J=
4.8 Hz,2H),4.12 (s, broad, 1H), 4.22 (t, J=5.1 Hz, 2H), 4.49 (t, J=
4.2 Hz, 1H), 4.65 (t, J=4.1 Hz, 1H), 6.60 (d, J=8.7 Hz, 2H), 6.98
(d, J=9.0 Hz, 2H), 7.35 (d, J=15.3 Hz, 1H), 7.51 (d, J=8.7 Hz,
2H), 7.76 (d, J=15.3 Hz, 1H), 8.01 (d, /= 8.7 Hz, 2H). EI-MS:
m/z 387 (M™).
(E)-3-(4-Dimethylaminophenyl)-1-(4-fluorophenyl)-2-propen-
1-one (13). The reaction described above to prepare 5 was used,
and 209 mg of 13 was obtained from 4-fluoroacetophenone and
4-dimethylbenzaldehyde. 'H NMR (300 MHz, CDCl5) : 3.03
(s, 6H), 6.68 (d, /=8.7 Hz, 2H), 7.15 (t, /= 8.4 Hz, 2H), 7.30
(d,J=15.3Hz, 1H),7.54(d, J=9.0 Hz,2H), 7.78 (d, J=15.3 Hz,
1H), 8.02—8.06 (m, 2H). EI-MS: m/z 269 (M™).
(E)-1-(4-Fluorophenyl)-3-(4-nitrophenyl)-2-propen-1-one (14).
The reaction described above to prepare 5 was used, and 490 mg
of 14 was obtained from 4-fluoroacetophenone and 4-nitroben-
zaldehyde. "H NMR (300 MHz, CDCl3) 6: 7.21 (t, J= 8.7 Hz,
2H), 7.62 (d, J=15.9 Hz, 1H), 7.80 (d, J = 8.7 Hz, 2H), 7.84
(d,/=15.9 Hz, 1H), 8.07—8.12 (m, 2H), 8.29 (d, J=8.7 Hz, 2H).
EI-MS: m/z 271 (M™).
(E)-3-(4-Aminophenyl)-1-(4-fluorophenyl)-2-propen-1-one (15).
The reaction described above to prepare 11(a—c) was used, and
150 mg of 15 was obtained from 14. 'H NMR (300 MHz,
CDCl3) 8: 4.07 (s, broad, 2H), 6.67 (d, J = 8.7 Hz, 2H), 7.15
(t, J=8.7Hz, 2H), 7.31 (d, J=15.6 Hz, IH), 7.47 (d, J=8.4 Hz,
2H), 7.75 (d, J=15.6 Hz, 1H), 8.03 (t, /= 8.7 Hz, 2H). EI-MS:
mjz 241 (M™).
(E)-1-(4-Fluorophenyl)-3-(4-methylaminophenyl)-2-propen-1-
one (16). The reaction described above to prepare 12(a—¢) was
used, and 14 mg of 16 was obtained from 15. "H NMR (300 MHz,
CDCl3) 0: 2.90 (s, 3H), 4.20 (s, broad, 1H), 6.60 (d, J= 8.7 Hz,
2H), 7.17 (d, J = 8.7 Hz, 2H), 7.30 (d, J = 15.6 Hz, 1H), 7.50
(d,/=8.7Hz,2H), 7.78 (d, J=15.6 Hz, 1H), 8.04 (d, /=8.7 Hz,
2H). EI-MS: m/z 255 (M™).
(E)-2-(2-(2-(4~(3-(4-(Dimethylamino)phenyl)acryloyl)phenoxy)-
ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (17). To a solu-
tion of 6¢ (108 mg, 0.27 mmol) in pyridine (3 mL) was added
tosyl chloride (343.8 mg, 0.621 mmol). The reaction mixture was
stirred for 3 h at room temperature. After water was added, the
mixture was extracted with ethyl acetate. The organic layer was
dried over Na,SOy, and evaporation of the solvent afforded a
residue, which was purified by preparative TLC (hexane:ethyl
acetate= 1:1) to give 44 mg of 17 (29.4%). '"H NMR (300 MHz,
CDCl;) 6: 2.43 (s, 3H), 3.04 (s, 6H), 3.62—3.72 (m, 6H),
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3.85—3.87 (m, 2H), 4.15—4.18 (m, 4H), 6.70 (d, J=8.7 Hz, 2H),
6.98 (d, J=9.0 Hz, 2H), 7.31-7.35 (m, 2H), 7.37 (d, /= 9.0 Hz,
1H), 7.55(d, J=8.7 Hz, 2H), 7.80 (t, J=8.7 Hz, 3H), 8.02 (d, /=
9.0 Hz, 2H). EI-MS m/z 553 (M™")

Radiolabeling. Procedure for Labeling of 7a, 7b, 7c, and 13
with 1'C. '1C was produced via a "N(p,a)''C reaction with 16
MeV protons on a target of nitrogen gas with an ultracompact
cyclotron gCYPRIS model 325R; Sumitomo Heavy Industry
Ltd.) The ''CO, produced was transported to an automated
system for the synthesis of ''C-methyl iodide (CUPID C-100;
Sumitomo Heavy Industry Ltd.) and converted sequentially to
[''C]MeOTS by the previously described method of Jewett.*>
[''C]Chalcones were produced by reacting [''CIMeOTf with
the normethyl precursor, 7a, 7b, 7¢, and 13, (0.5 mg) in 500 uL
of methyl ethyl ketone (MEK). After the complete transfer of
["'CIMeOTf, ''C-methylation was carried out for 5 min and
the reaction solvent was then dried with a stream of nitrogen
gas. The residue taken up in 200 uL of acetonitrile was purified
by a reverse phase HPLC system (a Shimadzu LC-6A isocratic
pump, a Shimadzu SPD-6A UV detector, and a Aloka NDW-
351D scintillation detector) on a Cosmosil C;g column
(Nakalai Tesque, 5Cis-AR-II, 10 mm x 250 mm) with an
isocratic solvent of acetonitrile/water (55/45) at a flow rate of
6.0 mL/min. The desired fraction was collected in a flask
and evaporated dry. The radiochemical yield, purity, and
specific activity of [''Clchalcones were further confirmed by
analytical reverse phase HPLC on a 5C;3-AR-300 column
(Nakalai Tesque, 4. mm x 150 mm, acetonitrile/water (60/
40), 1.0 mL/min).

Procedure for Labeling 7c with Bk, ['8F]Fluoride was pro-
duced by the JSW typeBC3015 cyclotron via an 180 (p,n)'F
reaction and passed through a Sep-Pak Light QMA cartridge
(Waters) as an aqueous solution in 180-enriched water. The
cartridge was dried by airflow, and the BE activity was eluted
with 0.5 mL of a Kryptofix 222/K,COs5 solution (11 mg of
Kryptofix 222 and 2.6 mg of K,COj; in acetonitrile/water (86/
14)). The solvent was removed at 120 °C under a stream of
argon gas. The residue was azeotropically dried with 1 mL
of anhydrous acetonitrile twice at 120 °C under a stream of
nitrogen gas and dissolved in DMSO (1 mL). A solution of
tosylate precursor 17 (1.0 mg) in DMSO (1 mL) was added to
the reaction vessel containing the '®F activity in DMSO. The
mixture was heated at 160 °C for 5 min. Water (5 mL) was
added, and the mixture was passed through a preconditioned
Oasis HLB cartridge (3 cm®) (Waters). The cartridge was
washed with 10 mL of water, and the labeled compound was
eluted with 2 mL of acetonitrile. The eluted compound
was purified by preparative HPLC [YMC-Pack Pro Cis
column (20 mm x 150 mm), acetonitrile/water (75/25), flow
rate 9.0 mL/min]. The retention time of the major byproduct of
hgydrolysis (tr = 2.7 min) was well-resolved from the desired
18E_labeled product (zg = 10.7 min). The radiochemical purity
and specific activity were determined by analytical HPLC
[YMC-Pack Pro C;g column (4.6 mm x-150 mm), acetoni-
trile/water (60/40), flow rate 1.0 mL/min], and [*®F]7¢ was
obtained in a radiochemical purity of >99% with the specific
activity of 35 GBg/mmol. Specific activity was estimated by
comparing the UV peak intensity of the purified 8F_labeled
compound with a reference nonradioactive compound of
known concentration.

Binding Assays Using the Aggregated Af peptides in Solution.
AB(1—42) was purchased from Peptide Institute (Osaka,
Japan). Aggregation was carried out by gently dissolving the
peptide (0.25 mg/mL) in a buffer solution (pH 7.4) containing
10 mM sodium phosphate and 1 mM EDTA. The solution was
incubated at 37 °C for 42 h with gentle and constant shaking.
Binding experiments were carried out as described pre-
viously.'® ["**IIDMIC with 2200 Ci/mmol of specific activity
and' radiochemical purity greater than 95% was prepared
using the standard iododestannylation reaction. A mixture
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containing 50 uL of test comgound (0.2 pM-400 uM in 10%
EtOH), 50 uL of 0.02 nM ['**IIDMIC, 50 uL of AB(1-42)
aggregates, and 850 uL of 10% EtOH was incubated at room
temperature for 3 h. The mixture was then filtered through
Whatman GF/B filters using a Brandel M-24 cell harvester,
and the radioactivity of the filters containing the bound '*’I
ligand was measured in a y counter. Values for the half-
maximal inhibitory concentration. (ICsg) were determined
from displacement curves of three independent experiments
using GraphPad Prism 4.0, and those for the inhibition con-
stant (K;) were calculated using the Cheng—Prusoff equation:
K; = ICso/(1 + [L]/Kg), where [L] is the concentration of
[*TIDMIC used in the assay and Ky is the dissociation
constant of DMIC (4.2 nM)."® DMIC and IMPY used as test
compounds for the inhibition assay were synthesized as
reported previously.'>

Biodistribution in Normal Mice. Experiments with animals
were conducted in accordance with our institutional guidelines
and approved by the Nagasaki University Animal Care Com-
mittee and the Kyoto University Animal Care Committee.
A 100 uL amount of a saline solution containing the radiolabel-
ed agent (3.7 MBq), EtOH (10%), and ascorbic acid (1 mg/mL)
was injected directly into the tail vein of ddY mice (5-week-old,
22—25 g). Groups of five mice were sacrificed at various post-
injection time points. The organs of interest were removed and
weighed, and the radioactivity was measured with an automatic
y counter (COBRAII, Packard).

Staining of Af Plaques in Brain Sections of Tg2576 Transgenic
Mice. The Tg2576 transgenic mice (female, 20-month-old)
and wild-type (female, 20-month-old) mice were used as an
Alzheimer’s model and an age-matched control, respectively.
After the mice were sacrificed by decapitation, the brains were
immediately removed and frozen in powdered dry ice. The
frozen blocks were sliced into serial sections 10 gm thick. Each
slide was incubated with a 50% EtOH solution (100 M) of
compound 7¢ for 10 min. The sections were washed with 50%
EtOH for 3 min two times. After drying, the sections were then
examined using a microscope (Nikon, Eclipse 80i) equipped
with a B-2A filter set (excitation, 450—490 nm; diachronic
mirror, 505 nm; long-pass filter, 520 nm). Thereafter, the serial
sections were also immunostained with 3,3’-diaminobenzidine
(DAB) as a chromogen using monoclonal antibodies against
ApB (amyloid B-protein immunohistostain kit, WAKO).

In Vitro Autoradiography Using Human AD Brains. Postmor-
tem brain tissues from an autopsy-confirmed case of AD (73-
year-old male) were obtained from BioChain Institute Inc. The
presence and localization of plaques on the sections were con-
firmed with immunohistochemical staining using a monoclonal
Ap antibody as described above. The sections were incubated
with ['®F]7c (54 #Ci/200 L) for 1 h at room temperature. They
were then washed in 50% EtOH (two 1 min wash), before being
rinsed with water for 30 s. After drying, the '*F-labeled sections
were exposed to a BAS imaging plate (Fuji Film, Tokyo, Japan)
for 6 h. Ex vivo autoradiographic images were obtained using a
BAS5000 scanner system (Fuji Film). After autoradiographic
examination, the same sections were stained by thioflavin-S to
confirm the presence of AB plaques. For the staining of thioflavin-
S, sections were immersed in a 0.125% thioflavin-S solution
containing 50% EtOH for 3 min and washed in 50% EtOH. After
drying, the sections were then examined using a microscope
(Nikon, Eclipse 80i) equipped with a B-2A filter set (excitation,
450—490 nm; diachronic mirror, 505 nm; long-pass filter, 520 nm).
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Abstract

Introduction: Despite extensive attempts to develop cyclooxygenase (COX)-2 imaging radiotracers, no suitable positron emission
tomography (PET)/single photon emission computed tomography (SPECT) tracers are currently available for in vivo imaging of COX-2
expression. The aims of this study were to synthesize and evaluate a radioiodinated derivative of lumiracoxib, 2-[(2-fluoro-6-iodophenyl)-
amino]-5-methylphenylacetic acid (FIMA), which is structurally distinct from other drugs in the class and has weakly acidic properties, as a
SPECT tracer for imaging COX-2 expression.

Methods: The COX inhibitory potency was assessed by measuring COX-catalyzed oxidation with hydrogen peroxide. Cell uptake
characteristics of '*’I-FIMA were assessed in control and linterfero/interferon-y-stimulated macrophages. The biodistribution of ‘2*I-FIMA
was determined by the ex vivo tissue counting method in rats.

Results: The COX-2 inhibitory potency of FIMA (ICs0=2.46 uM) was higher than that of indomethacin (IC5,=20.9 pM) and was
comparable to lumiracoxib (ICs5o=0.77 uM) and diclofenac (ICs5,=0.98 uM). The ICs ratio (COX-1/COX-2=182) indicated FIMA has a high
isoform selectivity for COX-2. >*I-FIMA showed a significantly higher accumulation in COX-2 induced macrophages than in control
macrophages, which decreased with nonradioactive FIMA in a concentration dependent manner. The biodistribution study showed rapid
clearance of '*’I-FIMA from the blood and most organs including the liver and kidneys. No significant in vivo deiodination was observed
with radioiodinated FIMA.

Conclusions: FIMA showed high inhibitory potency and selectivity for COX-2. Radioiodinated FIMA showed specific accumulation into
COX-2 induced macrophages, no significant in vivo deiodination and rapid blood clearance. Radioiodinated FIMA deserves further
investigation as a SPECT radiopharmaceutical for imaging COX-2 expression.

© 2009 Elsevier Inc. All rights reserved.

Keywords: Cyclooxygenase-2; Inhibitor; Radioiodination; SPECT; Radiopharmaceutical

1. Introduction taglandins and thromboxanes. To date, at least two distinct
isoforms of the COXs, a constitutive isoform (COX-1) and

Cyclooxygenases (COXs) are the key rate-limiting an inducible isoform (COX-2), and several of their variants
enzymes in the conversion of arachidonic acid to pros- have been discovered [1]. COX-2 plays important roles in

response to inflaimmatory stimuli and has been implicated

m—— in a number of pathological processes including man
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atherosclerosis using rodent and primate models of these
diseases [6—11].

Accordingly, noninvasive imaging of COX-2 expression
would be useful for early diagnosis and for monitoring the
progression and treatment efficacy for such diseases [12,13].
In this regard, several COX-2 inhibitors including '®F-
SC58125, 18F-desbromo-DuP-697, " celecoxib, !'C-rofe-
coxib and '**I-celecoxib analogues have been radiolabeled
and evaluated as potential tracers for positron emission
tomography (PET) and single photon emission tomography
(SPECT) [14-24] (Fig. 1). We have contributed to this area
with the synthesis and preliminary evaluation of radio-
iodinated celecoxib analogues [22]. Results, however, have
not been entirely consistent between laboratories due to what
is generally ascribed to the relatively high nonspecific
binding of these compounds [23-26]. The effect of this
high nonspecific binding on results appears to be largely
dependent on experimental conditions and could cause
inconsistent findings. Thus, no appropriate PET/SPECT
tracers are currently available for in vivo imaging of COX-2
expression [23—25]. In the search for suitable PET/SPECT
tracers for COX-2 imaging, attempts have recently been
made to radiolabel new generation COX-2 inhibitors which
have greater inhibitory potencies and selectivities for COX-2
[25-27]. However, to date, the radiolabeled COX-2 inhibi-
tors evaluated as PET/SPECT tracers exclusively possess the
same basic skeleton, a cyclic core with two vicinal aryl rings.

Another new generation COX-2 selective inhibitor,
lumiracoxib, is structurally distinct from other drugs in the
class and has weakly acidic properties [28—31]. The K; and
ICso values of lumiracoxib for COX-2 are better than or
comparable to those of other COX-2 inhibitors including
celecoxib [28]. Lumiracoxib is distributed and retained in
inflamed tissues while being rapidly cleared from plasma
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with a short elimination half-life [30—32]. Thus, we selected
lumiracoxib as a lead compound for a potential COX-2
imaging tracer. In this study, a radioiodinated derivative of
lumiracoxib, 2-[(2-Fluoro-6-iodophenyl)-amino]-5-methyl-
phenylacetic acid (FIMA) was synthesized and its potential
as an imaging tracer was assessed in both in vitro and in
vivo experiments.

2. Materials and methods
2.1. General

Sodium '*’I-iodide (642.8 GBq/mg) was purchased from
Perkin Elmer Life and Analytical Sciences (Boston, MA,
USA). All chemicals used were of reagent grade.

Proton and carbon nuclear magnetic resonance spectra were
recorded on a IMM-ECA500KP spectrometer (JEOL, Tokyo,
Japan). The chemical shifts are reported in parts per million
(ppm) downfield from an internal tetramethylsilane standard.
Mass spectra were recorded with a IMS-HX/HX110A, JMS-
SX102AQQ or IMS-GC-mate spectrometer (JEOL).

2.2. Synthesis

2.2.1. Synthesis of FIMA (5)

FIMA was synthesized according to the procedure
outlined in Fig. 2.

Compound 2 was synthesized in three steps according to
the method reported by Acemoglu et al. [33]. Briefly, p-
iodotoluene (189 pl, 1.4 mmol) was coupled with 2-bromo-6-
fluoroaniline (158 pl, 1.4 mmol), utilizing the Pd(0) catalyzed
Buchwald—Hartwig reaction, to give 1 as a colorless oil with
a yield of 27%. Compound 1 (771.5 mg, 2.75 mmol) was
acylated with bromoacetyl bromide (288 p.l, 3.30 mmol) and
then subjected to a Friedel-Crafts alkylation to obtain 2 as a
yellowish powder with a yield of 39% (Mp, 118—120°C).

Oi,s,,O OTS’IO
0., O
NN NN
) CF ) CF3
1257125] 1231257
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l"‘I

G: 9 (I*TJFIMA)

Fig. 1. Chemical structures of radiolabeled COX-2 inhibitors.
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Fig. 2. Synthesis of FIMA (compound 5). Compound 1, N-(2-Bromo-6-fluorophenyl)-4-methylaniline; Compound 2, N-(2’-Bromo-6’-fluorophenyl)-5-
methyloxindole; Compound 3, N-(2'-fluoro-6’-trimethyistannanylphenyl)-5-methyl-oxindole; Compound 4, N-(2/-Fluoro-6’-iodophenyl)-5-methyloxindole;

Compound 5, FIMA.

To a solution of 2 (140.7 mg, 0.44 mmol) in 10 ml of
toluene at room temperature under a nitrogen atmosphere,
Nal (197.6 mg, 1.32 mmol) was added. After stirring at 85°C
for 30 min, tetrakis(triphenylphosphine)-palladium(0) (127
mg, 0.11 mmol) and hexamethylditin(TV) (182.3 pl, 0.88
mmol) were added and the solution was refluxed for 4 h. The
reaction mixture was filtered and evaporated in vacuo. The
residue was purified by silica gel column chromatography
(n-hexane/ethyl acetate, 6/1) to give 3 as a yellowish powder
with a yield of 38% (Mp, 124-127°C).

To a solution of 3 (96.9 mg, 0.24 mmol) in 1 ml of
chloroform under an argon atmosphere, iodine monochloride
(46.7 mg, 0.29 mmol) in 1 ml of chloroform was added, and

the mixture was stirred at room temperature for 1 h. The
reaction mixture was washed with saturated sodium
thiosulfate and extracted with chloroform, The organic
layer was dried over Na,SQ,, filtered and concentrated in
vacuo. The residue was purified by silica gel column
chromatography (n-hexane/ethyl acetate, 4/1) to give 4 as a
pinkish powder with a yield of 85% (Mp, 149-153°C).

To a solution of 4 (61.4 mg, 0.17 mmol) in EtOH/purified
water (750 ul/60 pl) under reflux at 95°C, 30% (w/w) NaOH
(60 ul) was added dropwise, and the reaction was further
refluxed for 4 h. The reaction mixture was allowed to cool to
room temperature and then was acidified with 12 N HCI to
pH 3.0. Purified water was added to the mixture to give a

H,C H, 0 H,C.
o K;C0,
NaOH OH CHy OCH3
ey

F. r C,HOH/H,0 F.
reflux, 3 hr
2 6
H,C. O
Nal. Pd(PPhy)s @(Y
(CH3)58nSn(CHs); N N HOC‘ H,
toluene F. sn "
reflux, 2 hr N\
8 (FTMAM)

NH

1)HCL [']Nal, H,0,

———
Br  DMF
rt, 1hr

rt., 5 min

2)NaOH, 40°C, 15 min

9 ([PSIJFIMA)

Fig. 3. Synthesis of FIMAM (Compound 8) and '2’I-FIMA (compound 9). Compound 2, N-(2’-Bromo-6'-fluorophenyl)-5-methyloxindole; Compound 6, 2-
[(2-bromo-6-fluorophenyl)amino]-5-methylphenylacetic acid; Compound 7, 2-[(2-bromo-6-fluorophenyl)amino]-5-methylpheny-lacetic acid methyl ester;
Compound 8, FTMAM; Compound 9, 2-[(2-fluoro-6-{'**Iliodophenyl)amino]-5-methylphenyl-acetic acid ('>*I-FFIMA).
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precipitate. The precipitate was filtered, washed with
purified water and dried to give 5 as a yellowish ocher
powder with a yield of 92% (Mp, 149-152°C). 'H NMR (500
MHz, CDCl;) §, 7.60 (dt, /=8.0, 1.2 Hz, 1H), 7.03-7.07 (m,
2H), 6.96 (dd, J=8.0, 1.6 Hz, 1H), 6.74 (td, J=8.1, 5.2 Hz,
1H), 6.59 (dd, J=8.2, 2.4 Hz, 1H), 6.30 (br s, 1H), 3.79 (s,
2H), 2.28 (s, 3H). HRFABMS: Calcd for CsH;3FINO, (M
+H)", m/z 384.9975, found 384.9971.

2.2.2. Synthesis of 2-[(2-fluoro-6-trimethylstannanylphenyl)
amino]-5-methylphenylacetic acid methyl ester (8)

2-[(2-Fluoro-6-trimethylstannanylphenyl)amino]-5-
methylphenylacetic acid methyl ester (FTMAM) was
synthesized according to the procedure outlined in Fig. 3.
Compound 6 was synthesized from 2 with a yield of 98%
(Mp, 131-134°C) using the same procedure as for FIMA
from 4. To a solution of 6 (142 mg, 0.42 mmol) in 4 ml of
Dimethylformamide at room temperature under a nitrogen
atmosphere, K,CO; (87.1 mg, 0.63 mmol) was added, and
the mixture was stirred for 10 min. Methyl iodide (39.3 pl,
0.63 mmol) was added to the reaction mixture, and the
mixture was further stirred at room temperature for 1 h. After
the completion of the reaction, ice chilled, purified water was
added and the mixture was extracted with ethyl acetate. The
organic layer was dried over Na,SQ,, filtered and concen-
trated in vacuo. The crude product was purified by silica gel
column chromatography (n-hexane/ethyl acetate, 4/1) to give
7 as a colorless solid with a yield of 95% (Mp, 55-60°C).
FTMAM (8) was synthesized from 7 in a similar procedure
as for 3 from 2, except that the crude product was purified by
preparative TLC (n-hexane/ethyl acetate, 4/1) to give
FTMAM (8) as a colorless oil with a yield of 30%.
Compound 6: 1H NMR (400 MHz, DMSO-dy) 6, 7.50 (dt,
J=8.2, 1.2 Hz, 1H), 7.27 (ddd, J=10.9, 8.3, 1.2 Hz, 1H),
7.01-7.07 (m, 3H), 6.90 (dd, /=8.0, 1.2 Hz, 1H), 6.39 (dd,
J=8.0, 2.6 Hz, 1H), 3.63 (s, 2H), 2.21 (s, 3H). HREIMS:
Caled for C;sH 3BrFNO, (M+H)", m/z 337.0113, found
337.0120. Compound 7: 1H NMR (500 MHz, CDCl;) §,
7.37 (d, J=8.2 Hz, 1H), 7.01-7.04 (m, 2H), 6.95 (d, J=8.0
Hz, 1H), 6.85 (ddd, J=8.2, 8.0, 5.4 Hz, 1H), 6.63-6.65 (m,
2H), 3.76 (s, 2H), 3.74 (s, 3H), 2.28 (s, 3H). HREIMS: Calcd
for C16H,sBrFNO, (M+H)", m/z 351.0270, found 351.0264.
Compound 8 (FTMAM): '"H NMR (500 MHz, acetone-ds) 8,
7.32 (dd, /=7.2, 1.4 Hz, 1H), 7.25 (ddd, J=8.1, 7.2, 4.5 Hz,
1H), 7.17 (ddd, J=10.6, 8.1, 1.4 Hz, 1H), 7.02 (s, 1H), 6.86
(d, /=8.2 Hz, 1H), 6.59 (br s, 1H), 6.28 (d, J=8.2 Hz, 1H),
3.76 (s, 2H), 3.70 (s, 3H), 2.21 (s, 3H), 0.11 (s, 9H).
HREIMS: Caled for C;9H,4FNO,Sn (M+H)", m/z
437.0813, found 437.0808.

2.2.3. Synthesis of lumiracoxib

Lumiracoxib, synthesized according to the method of
Acemoglu et al. [33] using p-iodotoluene and 2-chloro-6-
fluoroaniline as starting materials, was obtained as a
brownish powder. 'H NMR (400 MHz, DMSO-d6) 8,
12.65 (br s, 1H), 7.35 (dd, J=8.3, 1.2 Hz, 1H), 7.23 (ddd,

J=9.5, 83, 12 Hz, 1H), 7.06-7.11 (m, 2H), 7.01 (br s,
1H), 6.91 (br d, J=8.0 Hz, 1H), 6.42 (dd, J=8.3, 2.9 Hz, 1H),
3.65 (s, 2H), 2.21 (s, 3H). HRFABMS: Calcd for C,sHx.
CIENO, (M+H)", m/z 293.0619, found 293.0622.

2.3. Radiolabeling

Electrophilic iododestannylation of FTMAM (8) with
sodium '®I-iodine and H,0, generated 1251 FIMA as
outlined in Fig. 3. Briefly, to a solution of FTMAM in 10
ul of EtOH (1 mg/ml) in a vial, 1 N HCI (15 pul), 12.3 MBq of
sodium '*I-iodine in 0.2 N NaOH (7.5 pl, carrier-free) and
30% H,0, (2 pl) were added, and the mixture was stirred at
room temperature for 5 min. After cooling with ice, saturated
NaHSO; was added to the reaction mixture to terminate the
reaction. The reaction mixture was basified with 1 N NaOH
to pH 9.0 at room temperature and then was stirred at 40 °C
for 15 min. The solution was applied to a reverse-phase high-
performance liquid chromatography (HPLC) column (Cos-
mosil 5C18-AR-II 4.6 mm injected does x 150 mm, Nacalai
Tesque, Kyoto, Japan) and eluted at a flow rate of 1.0 ml/min
with 20 mM phosphate buffer (pH 2.5): MeOH=30: 70 for
the purification of '*’I-FIMA (R=17 min). The radiochem-
ical purity of the labeled compound was determined by
analytical HPLC using the same conditions as described
above. The radiochemical purity and specific activity were
determined to be greater than 95% (n=3) and 47-72 GBq/
umol (n=3), respectively.

2.4. COX inhibitory potency

Peroxidase inhibitory activity of FIMA was assessed by
measuring the COX-catalyzed oxidation of N,N,N',N'-
tetramethyl-p-phenylenediamine (TMPD) by hydrogen per-
oxide using a commercially available kit (Colorimetric COX
Inhibitor Screening Assay Kit, Cayman Chemical, Ann
Arbor, MI, USA) as previously described [22]. Briefly, 10
pl of ovine COX-1 or COX-2 solution was added to a 96-
well plate with 150 pl of 0.1 mol/L Tris buffer at pH 8.0, 10
ul of heme solution in DMSO, and 10 pl of the test
compound (final concentration: 107>~107° mol/L). After a
5-min incubation at 25°C, 20 pl of TMPD and 20 pl of 1.1
mM arachidonic acid were added to the mixture. The
oxidation of TMPD was monitored by measuring the
absorbance of the mixture with a plate reader at 600 nm.
Lumiracoxib, diclofenac and indomethacin were used as
reference compounds.

2.5. Distribution coefficients

'*’I-FIMA in a mixture of 2 ml of octanol and 2 ml of 0.1
M phosphate buffer (pH 7.4) was shaken three times for 1
min and then left for 20 min. This procedure was repeated
three times, and then the layers were separated by
centrifugation. An aliquot of each layer was counted in an
auto well gamma counter (Cobra II Auto-Gamma, Packard,
Tokyo, Japan). The mean of 3—4 independent octanol-buffer
distribution coefficient measurements was expressed as the
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logD7 4. Radioiodinated analogues of celecoxib, 5-(4-[]25 1]
iodophenyl)-1-[4-(methylsulfonyl)phenyl]-3-trifluoro-
methyl-1H-pyrazole ('*’I-IMTP) and 5-(4-["*’IJiodophe-
nyl)-1-[4-(aminosulfonyl)phenyl]-3-trifluoromethyl-1H-pyr-
azole (1**I-IATP) [22] were used as reference compounds.

2.6. In vitro cell uptake study

Since the conventional murine macrophage-like cell line
J774.1 is composed of a heterogeneous mixture of cells, JA-
4 cells were subcloned from J774.1 cells to obtain a
homogeneous cell population. The culturing of JA-4 cells
was performed as described previously [34]. In brief, the
cells were maintained and cultured in 10 ml of Ham’s F-12
medium (Flow Laboratories, McLean, VA, USA), supple-
mented with 10% heat-inactivated fetal bovine serum
(GIBCO, Grand Island, NY, USA), 50 U/ml of penicillin
and 50 mg/ml of streptomycin (Flow Laboratories) in a 100-
mm plastic dish (Falcon #1001; Becton Dickinson, Lincoln
Park, NJ, USA) at 37°C in a CO, incubator (5% CO,-95%
humidified air). In order to induce COX-2, aliquots of the
cell suspension were placed into 12-well plates and
stimulated with linterfero (LPS, 10 pg/ml) and interferon-y
(IFN-vy, 50 U/ml) for 18 h at 37°C in a humidified
atmosphere containing 5% CO, and 20% O,. The stimulated
and control cells were washed twice with HEPES-buffered
Krebs solution (131 mM NaCl, 5.5 mM KCl, 1 mM MgCl,,
2.5 mM CaCl,, 25 mM NaHCO;, 1 mM NaH,POy, 5.5 mM
p-glucose, 20 mM HEPES, pH 7.4). After incubation in
HEPES buffer at 37°C for 10 min, '**I-FIMA (37 kBq/ml)
was added with nonradioactive FIMA (none and 107° to
107> M in final concentration), and the cells were incubated
at 37°C for 60 min and then were washed twice with ice cold
phosphate-buffered saline. The cells were lysed with 1% (w/
v) sodium dodecyl sulfate and 10 mM sodium tetraborate
decahydrate, collected and counted in an auto well gamma
counter (Cobra II Auto-Gamma, Packard, Tokyo, Japan).
The protein content was determined using a BCA protein
assay kit (Thermo Fisher Scientific, Waltham, MA, USA).
The uptake levels of '*’I-FIMA are expressed as the
percentage of incubated dose per mg protein (% dose/mg
protein).

2.7. Western blotting

COX-2 expression levels in the stimulated and control
macrophage-like cells (JA-4) were examined by Western
blotting. Each cell lysate, prepared from the stimulated and
control cells, was mixed with a sample buffer (1% sodium
dodecyl sulfate, 10% glycerol, 62.5 mM Tris-HCI (pH 6.8),
0.01% bromo phenol blue, 5% 2-mercaptoethanol) and was
subjected to electrophoresis on sodium dodecyl sulfate, 5—
20% polyacrylamide gel, followed by transfer to a
polyvinylidene difluoride membrane. After blocking with
Blocking One (03953-95, Nacalai Tesque, Kyoto, Japan),
membranes were incubated with the anti-COX-2 antibody
(rabbit polyclonal antibody to murine COX-2 amino acids

570-598, Cayman Chemical), followed by horseradish
peroxidase-conjugated swine anti-rabbit immunoglobulin
antibody. Bands were visualized by the ECL plus Western
Blotting Detection System (RPN2132, GE Healthcare UK.
Buckinghamshire, England) using a Luminocapture instru-
ment (BIO-RAD Laboratories, Hercules, CA). Immunoblot-
ting for B-actin was used as a protein loading control.

2.8. Animal experiments

Animal studies were conducted in accordance with
institutional guidelines, and experimental procedures were
approved by the Kyoto University Animal Care Committee.

Biodistribution studies of '*’I-FIMA were performed in
male Sprague—Dawley rats (280-310 g). 1L FIMA (74
kBq/rat) was administered to rats under chloral hydrate
anesthesia by tail vein injection. At 10, 30, 60 and 180 min
after administration, rats were sacrificed by exsanguination
under chloral hydrate anesthesia. Blood and organs were
excised and weighed, and radioactivity was measured with
an auto well gamma counter (ARC2000, Aloka, Tokyo,
Japan). Radioactivity levels in the tissues are expressed as
the percentage of injected dose per organ (% ID) and/or the
percentage of injected dose per gram of tissue (% ID/g).

3. Results
3.1. Synthesis and radiolabeling

FIMA, FTMAM and lumiracoxib were obtained with
overall yields of 7.2%, 6.4% and 19.4%, respectively, from
the corresponding starting materials. The radiosynthesis of
I25.FIMA was achieved with an electrophilic iododestan-
nylation reaction. '**I-FIMA was obtained with no carrier
being added following separation from the precursor
(FTMAM) using reverse phase HPLC with a radiochemical
yield of 36-51% (n=3). The radiochemical purity and
specific activity were determined to be greater than 95%
(n=3) and 47-72 GBg/pmol (n=3), respectively.

3.2. COX inhibitory potency

FIMA inhibited COX-2 in a concentration dependent
manner, while showing no inhibitory potency for COX-1 in
concentrations up to 10™* M. Table 1 summarizes the ICs,
values of the test compounds. The ICs, value of FIMA was
2.46 uM for COX-2 and 446 pM for COX-1. The COX-2
inhibitory potency of FIMA was higher than that of
indomethacin (IC5c=20.9 pM) and was comparable to the
potencies of lumiracoxib (IC5,=0.77 uM) and diclofenac
(IC50=0.98 pM). The ICs, ratio (COX-1/COX-2) for FIMA
was 182 which is comparable to that of lumiracoxib.

3.3. Distribution coefficients

The distribution coefficient (logD74) of I FIMA was
1.8440.01 (n=4) and was less than those of the two
radioligands, '*I-IMTP (logD;4=3.09+0.11, n=3) and



874 Y. Kuge et al. / Nuclear Medicine and Biology 36 (2009) 869-876

Table 1 Table 2
COX inhibitory potency and selectivity of FIMA and reference compounds Biodistribution of '*I-FIMA in normal rats
Compounds ICs (UM) ICsq Time after injection (min)
COX-1 COX-2 Zactgx 10 30 60 180
1/COX- Blood % ID/g  0.55+0.18  0.24+0.02 0.18+0.01 0.08+0.02
2) Plasma % ID/g 1.28+0.40 0.57+0.05 0.44+0.05 0.19+0.05
Muscle % ID/g  0.09+0.03  0.04+0.01 0.03+0.01 0.02+0.00
FIMA : 4462517 At 78 152 Heart % ID/g  0.28+0.10  0.12+0.01 0.08+0.01 0.03+0.01
e 16475 0.7720.21 214 %ID 024008 0.110.01  0.08£0.02  0.03+0.01
Dicloftmag, 012408 0.9820.26 .12 Lung  %ID/g 036:0.10 027:0.19  0.14:001  0.07+0.01
Tndemethasin 0.19+0.13 SR 8.009 %ID  043£0.13 0.38£026 0.17:0.02  0.07£0.02
Mean+S.D. for three to four independent experiments. Liver % ID/g  2.93£1.10 1.04+0.14  0.67£0.05  0.28+0.04
% ID 25.5£10.4  9.90+0.99 5.88+0.61 2.484+0.35
. Kidneys % ID/, 0.95+0.39  0.81+0.13 0.63+0.09 0.33£0.10
'PLIATP (logD;4=2.97+0.01, n=4) which were used as * %D 218087 1.90£0.19 1494025  0.76+0.23
reference Compounds. Pancreas % ID/g  0.18+0.05  0.10+0.02 0.07+0.01 0.04+0.01
. % ID 0.11£0.06  0.05+0.01 0.03+0.00 0.02+0.01
3.4. In vitro cell uptake study Spleen  %ID/g  0.1440.04 0.100.05 0.05£0.01  0.03£0.01
L. 125 . % ID 0.07£0.02  0.05+0.02 0.03+0.00 0.01£0.00
Cell uptake characteristics of "“°I-FIMA were assessed in Stomach % ID/g  0.47+0.19 0.86:046  128+1.00  0.50£0.27
control and LPS/IFN-vy-stimulated macrophages (Fig. 4). %ID  1.00£0.40 1.77£0.97  2.64+1.92  0.95+0.50
The accumulation level of '*I-FIMA in LPS/IFN-y- Intestine % ID/g  0.33£0.19 0.46+0.16  0.83+0.14  1.70+0.32
stimulated macrophages was significantly higher than that , %ID - 4.95£3.08 7304334 12.16£2.56 22.46+239
. oy . s Brain % ID/g  0.04+0.02  0.02+0.00 0.02+0.00 0.01+0.00
in gontrol macrophages unde.r condltlonslglthout nanadlo- %ID  008£0.03 0.04:000 003000  0.01£0.00
active FIMA.. The accumulation level of I-FIMA in LPS/ Thyroids % ID/g  1.15£1.06 0.57+0.08 22842 14 6.60+3.58
IFN-vy-stimulated macrophages decreased with the addition %ID  0.01£0.00 0.01x0.00  0.01£0.00  0.03+0.02

of nonradioactive FIMA in a concentration dependent
manner, while in control macrophages, the accumulation
level was unaffected by added nonradioactive FIMA.
Western blot analysis confirmed a significant COX-2
expression in LPS/IFN-y-stimulated macrophages while no
obvious COX-2 expression was observed in control macro-
phages (Fig. 4B).
3.5. Biodistribution
The biodistribution of '**I-FIMA in normal rats is shown
in Table 2. Radioactivity in the blood decreased rapidly and
the level was 0.08+0.02% ID/g at 180 min after tracer

administration. At 10 min after the injection, high levels of
radioactivity were found in the liver and kidneys but
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Fig. 4. "I-FIMA accumulation and COX-2 expression in LPS/IFN-y-
stimulated and control macrophages. (A) '*’I-FFIMA and nonradioactive
FIMA (0, 107°-~107° M) were incubated with macrophages for 60 min.
Mean+S.D. for four experiments. (B) Western blot analysis of COX-2
expression. C, control; S, LPS/IFN-vy-stimulated macrophages.

Mean+S.D. for five animals.

decreased with time. The radioactivity level in the intestine
gradually increased with time and reached 1.70+0.32% ID/g
at 180 min. '**I-FIMA showed no significant accumulation
in the stomach and thyroid, and the maximum accumulation
doses in these tissues were 2.64% ID (60 min) and 0.03% ID
(180 min), respectively. Significant levels of radioactivity
were not found in the brains of rats.

4. Discussion

In this study, we synthesized a radioiodinated lumira-
coxib derivative, 2-[(2-Fluoro-6-['*° Iliodophenyl)amino]-5-
methylphenyl-acetic acid ('*’I-FIMA). The potential of
radioiodinated FIMA for imaging COX-2 expression was
evaluated by in vitro and in vivo experiments. The major
findings in this study can be summarized as follows: (1)
FIMA had a high inhibitory potency and isoform selectivity
for COX-2. (2) '"*I-FIMA showed a significantly higher
accumulation in COX-2 induced macrophages than in
control macrophages, which decreased with the addition of
nonradioactive FIMA in a concentration dependent manner.
(3) The biodistribution study in normal rats showed rapid
clearance of '*’I-FIMA from the blood and most organs
without significant in vivo deiodination of '*’I-FIMA. These
results indicate radiolabeled lumiracoxib derivatives have
the potential to be PET/SPECT tracers of COX-2 expression.
Affinity and specificity including isoform selectivity for
COX-2 are indispensable prerequisites of PET/SPECT
tracers for imaging the enzyme.
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The COX-2 inhibitory potency and isoform selectivity of
FIMA were comparable to those of lumiracoxib (Table 1),
which suggests that the substitution of chlorine at Position 6
of the 2-phenyl ring (lumiracoxib) with iodine (FIMA) does
not greatly affect inhibitory potency or isoform selectivity.
The K; and ICs, values of lumiracoxib against COX-2 are
reportedly better than or comparable to those of other COX-2
inhibitors including celecoxib [28]. FIMA showed better
COX-2 inhibitory potency and isoform selectivity as
compared with IMTP, an iodinated methyl sulfone-type
analogue of celecoxib (ICso for COX-2=5.16 uM; COX-1/
COX-2 ICs, ratio>19) [22]. These results motivated us to
further evaluate radioiodinated FIMA in in vitro cell uptake
and in vivo biodistribution studies.

The in vitro cell uptake study showed that the
accumulation level of '*’I-FIMA in COX-2 induced
macrophages was significantly higher than in control
macrophages and decreased with the addition of nonradio-
active FIMA in a concentration dependent manner (Fig. 4).
These results are indicative of a specific accumulation of
125 FIMA in COX-2 induced macrophages and are
comparable to the recent results with " labeled 1,2-
diarylpentens that demonstrated in vitro specificity for
COX-2 [27]. In the biodistribution study in normal rats,
125 FIMA derived radioactivity cleared from all tissues and
organs with the exception of the thyroid and intestine within
the time period examined (Table 2). Notably, the radioac-
tivity level in the blood was relatively low and showed rapid
clearance. In addition, no significant '**I-FIMA accumula-
tion was observed in the stomach and thyroid which
indicates that deiodination does not compromise the
potentials of the labeled tracer. These results suggest the
feasibility of the '**I-labeled compound as a SPECT tracer
for COX-2 expression.

Although COX-2 is an inducible isoform, it is found
predominantly in the normal brain and kidneys [35].
Consistent with previous studies, a relatively high 5T
FIMA accumulation was observed in the kidneys [14,22].
On the other hand, I25.FIMA showed little or no
accumulation in the brain probably due to its lower
lipophilicity (logD74=1.84) as compared to other COX-2
inhibitors having a cyclic core with two vicinal aryl rings:
125 IMTP (logD- 4=3.09), '*’I-IATP (logD- 4=2.97 and '°F-
desbromo-DuP-697 (logD7 4=3.72)[15]. 1251 FIMA may not
be a suitable candidate for COX-2 imaging in the brain.

Unfortunately, in the present study, we could not
perform experiments to demonstrate in vivo specificity of
the candidate compound. We generally perform experi-
ments to block the uptake of a candidate compound in
tissues by coinjection with the nonradioactive compound in
order to confirm its specific distribution. Such blocking
experiments, however, do not appear to be suitable for
demonstrating the specific distribution of radiolabeled
COX-2 inhibitors because the physiological expression
levels of COX-2 are relatively low compared with those in
the pathological state. In fact, McCarthy et al. [14] failed to

obtain in vivo blocking data to show the specific binding of
a radiotracer (‘*F-SC58125) to COX-2 in rats. As de Vries
et al. [24] have pointed out, it is debatable whether the lack
of success of labeled COX-2 inhibitors is due to short-
comings of the tracers themselves or inadequate animal
models that are used for their evaluation. Thus, it is still
unclear whether the unique chemical structure and reduced
lipophilicity of lumiracoxib are advantageous for the
molecular imaging of COX-2. Experiments in animal
models with higher and quantitative expression levels of
COX-2 would be necessary to assess the specific binding of
tracers to COX-2. Extensive studies to establish adequate
animal models applicable to the assessment of COX-2
imaging tracers are greatly needed.

5. Conclusion

In the present study, we synthesized and evaluated the
potential of radioiodinated FIMA, a derivative from the new
generation COX-2 selective inhibitor, lumiracoxib, which is
structurally distinct from other drugs in the class and has
weakly acidic properties, as an imaging tracer. The radio-
iodination of FIMA was successfully achieved. The present
results demonstrate FIMA has a high inhibitory potency and
isoform selectivity for COX-2. Specific accumulation of
25 FIMA was observed in COX-2 induced macrophages,
which indicates an in vitro specificity to COX-2. In addition,
radioiodinated FIMA exhibited rapid blood clearance and no
significant in vivo deiodination. These results indicate that
radioiodinated FIMA meets the basic requirements for an
effective radiotracer and can be a potential candidate as a
SPECT tracer for COX-2 expression. Thus, radioiodinated
FIMA deserves further investigation as a SPECT radiophar-
maceutical for imaging COX-2 expression. Further experi-
ments to demonstrate in vivo specificity of the labeled
compound and comparative studies with previous COX-2
imaging tracers are needed.
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Abstract

Purpose Although '°0-O, gas inhalation can provide a
reliable and accurate myocardial metabolic rate for oxygen
by PET, the spillover from gas volume in the lung distorts
the images. Recently, we developed an injectable method in
which blood takes up '°0-O, from an artificial lung, and
this made it possible to estimate oxygen metabolism
without the inhalation protocol. In the present study, we
evaluated the effectiveness of the injectable 150-0, system
in porcine hearts.

Methods PET scans were performed after bolus injection
and continuous infusion of injectable '*0-O, via a shunt
between the femoral artery and the vein in normal pigs. The
injection method was compared to the inhalation method.
The oxygen extraction fraction (OEF) in the lateral walls of
the heart was calculated by a compartmental model in view
of the spillover and partial volume effect.

Results A significant decrease of lung radioactivity in PET
images was observed compared to the continuous inhalation
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of '?0-0, gas. Furthermore, the injectable '°0-O, system
provides a measurement of OEF in lateral walls of the heart
that is similar to the continuous-inhalation method (0.71+
0.036 and 0.72+0.020 for the bolus-injection and
continuous-infusion methods, respectively).

Conclusion These results indicate that injectable '*0-O, has
the potential to evaluate myocardial oxygen metabolism.

Keywords Myocardial oxygen metabolism - PET - Pig -
OEF - Injectable 1°0-0,

Introduction

In the myocardium, fatty acid or glucose is used to produce
energy by aerobic metabolism. Oxygen is one of the most
important substrates closely related to the aerobic metabo-
lism in the TCA cycle; thus, oxygen metabolism should be
a direct reflection of myocardial metabolism of these
substrates. Therefore, there has been considerable interest
in the development of a method to quantify oxygen
metabolism in the myocardium.

Recently, !'C-acetate has been used for this purpose [1-5].
" C-acetate is taken up by the mitochondria and metabolically
converted into acetyl-CoA. It then enters the TCA cycle and
is transformed to ''C-CO,, which is cleared rapidly from the
myocardium. Thus, the clearance pharmacokinetics reflects
oxygen metabolism in the myocardium. However, the
quantification of oxygen metabolism using '!'C-acetate is
quite difficult because of various intermediary compounds.

The use of '°0-0, gas inhalation and PET scanning can
provide a quantitative myocardial metabolic rate for oxygen
(MMRO:,) [6, 7]. The tracer kinetic model used is based on
that originally proposed to describe the behavior of '30-0,
in brain tissue [8, 9]. However, the direct translation of the
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compartmental model for the brain to the heart is not
permitted, because subtraction for spillover from gas
volume in addition to that from the blood pool is needed.
A previous study demonstrated that the gas volume can be
accurately estimated from the transmission scan data; thus,
this technique did not require additional emission scanning
for estimating the quantitative gas volume images [6, 7].
However, gaseous radioactivity in the lung during the
inhalation of '°0-O, gas is too high in comparison to other
regions. Subtraction for this contribution is straightforward
and accurate using the transmission scan-derived gaseous
volume images, but the lung radioactivity degraded image
quality in the estimated MMRO, images.

As an alternative to gas inhalation, we recently developed a
method to prepare an injectable form of '*0-O,. This was
accomplished by exposing pre-collected blood to '°0-O, gas
using a small artificial lung system resulting in a maximum
yield of 130 MBg/ml. We demonstrated that cerebral oxygen
metabolism could be estimated in normal and ischemic rats
using injectable '°0-O, [10-12]. This technique has the
potential of avoiding the inhalation protocol.

The aim of the present study was therefore to test the
feasibility of using the injectable '°0-0, oxygen system
for estimating myocardial oxygen metabolism in pigs. The
injection method was compared to the inhalation method
to determine if the injection method resulted in a reduction
of lung radioactivity, an improved image quality, a more
accurate estimate of myocardial oxygen metabolism, and
an improved signal-to-noise ratio.

Materials and methods
Theory

*0-Oxygen was administered by IV injection or
inhalation and was carried as '°O-hemoglobin by blood
to peripheral tissues including the myocardium, where it
was converted to *O-water * 0-H;0,,e¢) through aerobic
metabolism. The increased distribution volume of
150-H,01mer, represented by the exchangeable water space
of tissue, causes delayed removal of radioactivity. This
allows the definition of an appropriate model and
equations to be derived for the calculation of a regional
myocardial metabolic rate for oxygen (rMMOR,) and
regional oxygen extraction fraction (rOEF). Previous
studies demonstrated that these calculations were similar
to those used for estimating cerebral blood flow and
oxygen metabolism and require the measurement of
regional myocardial blood flow (rMBF) and a correction
for spillover of activity from the vascular pools and the
pulmonary alveoli [6, 7]. tMBF was measured by the
*0-H,0 injection technique [13]. Activity in the vascular
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pools of the heart chambers and the lung was
evaluated with a conventional measurement of blood volume
using '*0-CO, and activity in the pulmonary alveoli was
evaluated with an unconventional and indirect measurement
of gas volume obtained from the transmission scan.
Furthermore, the existence of recirculating 15O-HZOmet in
the blood freely accessible to the myocardium was taken into
consideration.

The differential equation describing the myocardial
kinetics after administration of '>0-O, can be written as
follows:

0 — OF - f - Ao(t) + £ - Aw(t) — (gH)cmy"(t) (1)

where C™°(t) designates the true radioactivity concentra-
tion in the myocardium at time t, f is myocardial blood
flow, Ao(t) is the '°0-0, radioactivity concentration in
arterial blood, Ay/(t) is the '*O-H,0O radioactivity concen-
tration in arterial blood, p is the myocardium/blood
partition coefficient of water, and A is the physical decay
constant of O-15.
Solving Eq. (1) in terms of C™°(t) gives:

C™°(t) = OEF - f - Ao(t)*e—(§+4).t L. Aw(t)*e‘(ﬁﬂ)‘t
(2)

where the asterisk denotes the convolution integral. During
steady-state conditions under the continuous administration
of 1°0-0,, the following relationship holds:

OEF - A, +f-Ay
(3“) 3)

Cmyo —

In the actual PET studies, the spillover from vascular
pools and pulmonary alveoli and the partial volume
effect should be taken into consideration [14]. Then, the
measured radioactivity concentration in the region of
interest (ROI) in the myocardium (R™°(t)) can be
expressed as:

RTY(t) = @ - C™°(t)
+(VE" - Ai(t) — @ - Fyein - OEF - Aq(t) — @ - Fyein - Ay(t))
+V5"® - Caas(1)

(4)

where o denotes the myocardial tissue fraction, V5*° is
the myocardial blood volume, Ay(t) is the total O-15
radioactivity concentration in arterial blood, F.., is the
microscopic venous blood volume, V5"° is the gas volume
in the myocardial ROI and Cg,(t) is the O-15 radioactivity

concentration in Vg °.
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With the bolus injection or infusion methods using an
artificial lung system, the radioactivity in the pulmonary
alveoli is expected to be negligible in comparison with the
inhalation method. Thus, Eq. (4) can be converted to:

P (i =g C¥(H)
+(VEY°- A(t) — @ Fyein-OEF - Ao (t) — @ Fyein - Ay (t))
(5)

Subjects

In this study, four healthy miniature pigs (22-30 kg) were
used. The pigs were anesthetized by IM injection of
ketamine and xylazine followed by continuous infusion of
propofol (5 mg/kg/h). The animals were then placed in the
supine position on the bed of the PET scanner. All
experimental procedures were approved by the local animal
welfare committee.

Injectable '°0-O, preparation

In the “injection” study, injectable 130-0, was used.
Injectable '°0-O, was prepared as described previously
[10-12]. In brief, part of an infusion line kit (Terumo
Corporation, Tokyo, Japan) and an artificial lung 18 cm in
length (Senko Medical Instrument Mfg Co. Ltd., Tokyo,
Japan) were connected using silicone tubing to make a
closed system. Then, venous blood collected from a pig,
which was used in the following PET studies, was added to
the system and circulated (100 ml/min) by a peristaltic pump,
followed by introduction of '*0-0, gas (~7,000 MBg/min/
433 ml) into the artificial lung for 15 min to prepare
injectable '30-0, (5.6-60.7 MBg/ml).

In the “continuous infusion” study, the left femoral artery
and right femoral vein were both cannulated. The two
cannulas from the artery and the vein were connected to the
opposite sides of an artificial lung to create a femoral shunt.
The blood flow in the shunt was aided by a peristaltic pump
(3050 ml/min). '*0-0, gas (~7,000 MBg/min/433 ml) was
continuously introduced into the artificial lung.

PET protocol (Fig. 1)

The PET scanner was an ECAT EXACT HR (CTI/Siemens)
[15], which has an imaging field of view (FOV) of 55 cm in
diameter and 15 cm in axial length. The spatial resolution
of the scanner is 5.8 mm in full width at half maximum at
the center of the FOV.

After obtaining a 20-min transmission scan for attenua-
tion correction and gas volume estimation, the blood pool
image was obtained with a 4-min PET scan after the pigs
inhaled 2.7 GBq '*0-CO for 30 s. Arterial blood samples
were taken every minute during the '50-CO scanning, and

(min)
20 Transmission scan
4 150-CO for blood pool image
6 W™ *°0-H,0 for blood flow image
12 Dual administration of injectable '*0-O, and
< 150-H,0 (Injection method)
o5 50-0, infusion via the femoral shunt
(Constant infusion method)
o5 #0-0, gas inhalation

(Constant inhalation method)

Fig. 1 Outline of the PET imaging study. The interval between scans
was more than 15 min to allow for physical decay of O-15
radioactivity to background levels

the radioactivity concentration in the whole blood was
measured with a Nal well-type scintillation counter cali-
brated against the PET scanner. Subsequently, 150-water
was injected into the right femoral vein for 30 s at an
infusion rate of 10 ml/min (injected radioactivity was about
1.11 GBq). Immediately after injection of 150-water, 26
dynamic frames (12x5 s, 8x15 s and 6x30 s) of PET data
were acquired for 6 min.

Furthermore, two PET scans were successively per-
formed after the IV injection of '*0-0, (5.6-60.7 MBg/ml)
for 30 s at an injection rate of 20-80 ml/min for the
“injection” study, and by the continuous 150-0, gas
infusion through the artificial lung in the femoral shunt for
the “continuous infusion” study. In the “injection” study, 52
dynamic frames (12x5 s, 8x15s, 6x30s, 12x5s, 8%15 s
and 6x30 s) of PET data were acquired for 12 min, and
1.11 GBq of '>O-water was injected IV for 30 s at 10 ml/
min starting at 6 min after the administration of IV 0.0,
according to the dual administration protocol we developed
previously [16]. In the “continuous infusion” study, 26
dynamic frames (10%x30 s, 5%60 s, 1x600 s and 10x30 s)
were acquired for 25 min, and the 600-s frame was used for
steady-state analysis.

Another PET scan was performed by 150-0, gas
inhalation in one of the four pigs in the same protocol as
the “continuous infusion” study. This was the “continuous
inhalation” study. The interval between scans was more'
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