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Table 7. Inhibition Constants of Chalcone and Chalcone-Like Derivatives
on Ligand Binding to Af(1—42) Aggregates
o}
R/U\¢\ R
Compd. R R’ K, (am)?
17 4-Aminophenyl 4-lIodophenyl 248+56
18  4-Methylaminophenyl 4-Todophenyl 239+%3.6
19  4-Dimethylaminophenyl 4-lodophenyl 13.3%+1.9
20 S-lodo-2-thienyl 4-Aminophenyl 12140
21 S-Iodo-2-thienyl 4-Methylaminophenyl 14.1%0.6
22 5-Iodo-2-thienyl 4-Dimethylaminophenyl 3.9+04
23 4-Aminophenyl 5-Bromo-2-thienyl 47648
24 4-Methylaminophenyl 5-Bromo-2-thienyl 198+49
25 4-Dimethylaminophenyl 5-Bromo-2-thienyl 106+7.1
26 4-lodopheny! Phenyl 15116
27 4-lodophenyl 2-Furanyl 908212
28 4-Todophenyl 3-Furanyl 125+9.2
29 4-Todophenyl 2-Thienyl 102x16
30 4-lodophenyl 3-Thienyl 93+11
31 4-Iodophenyl 2-Imidazoyl 797+316
32 4-Iodophenyl 2-Thiazoy! >10000
33 4-lodophenyl 5-Dimethylamino-2-furanyl ~ 1132+344
34 4-Iodophenyl 5-Dimethylamino-2-thienyl 113%10
35 5-lodo-2-thienyl 5-Dimethylamino-2-thienyl 13734
36 5-Iodo-2-thienyl S-Dimethylamino-2-furanyl 160885
37 5-Bromo-2-furanyl 4-Dimethylaminopheny! 126+13
38 5-Bromo-2-furanyl  5-Dimethylamino-2-thienyl =~ 2648%+222
39 5-Bromo-2-furanyl  5-Dimethylamino-2-furanyl >10000
CR e — >10000
ThT — —— >10000
AICH 4-lodophenyl 4-Aminophenyl 105*12
mce 4-lodophenyl 4-Methylaminophenyl 63*1.6
DMIC? 4-lodophenyl 4-Dimethylaminophenyl 2.9+0.3
a) Values are means*S.E. of 3—6 independent experiments. b) 4-Amino-4'-

iodo-chalcone. d) 4-Dimethylamino-4'-iodo-

chaicone. b, ¢, d) Our unpublished data.

¢) 4'-lodo-4-methylamino-chalcone.
42)

cone-like compounds had high binding affinity for AS(1—
42) aggregates in the order of N,N-dimethylated derivatives
(19, 20)>N-monomethylated derivatives (18, 37)>primary
amino derivatives (17, 35) when comparing similar core
structures. Compounds 17, 18, and 19 with a substituted
group at the 4'-position and iodine at the 4-position dis-
played higher K; values (lower binding affinities) as com-
pared with compounds 4-amino-4'-iodo-chalcone (AIC), 4'-
iodo-4-methylamino-chalcone (IMC), and DMIC, which
have a substituted group and iodine at the inverse position
against compounds 17, 18, and 19. The X values of 36, 38,
and 39 with a thienyl group at the R-position and phenyl
group at the R’-position were higher than those of 35, 37,
and 20 with a phenyl group at the R-position and thienyl
group at the R'-position, indicating that the binding affinities
depend on the combination of heterocycles introduced at the
R- and R’-positions and not on the position of the substituted
group or iodine (bromine) group. When comparing the X
values of heterocyclic compounds with the same substituted
group, the binding affinities increased in the order of
phenyl>thienyl>furanyl at the R-position and phenyl=
thienyl>furanyl at the R’-position. The K, values of com-
pounds without the substituted group on the ring at the R’'-
position (21—27) were varied by altering the type of hetero-
cycle. Furthermore, to obtain information on the binding site
of the new chalcone-like compounds, inhibition studies were
carried out using CR and ThT, which are well-known proto-

Fig. 11.

1035

120

100

80+

% Control
0
hrd

40-

20+

0 2 4 H 8

log [inhibitor] (pM)

Fig. 10. Competition Curves of ['*I]JDMIC against Compound 20 (Closed
Circle), CR (Closed Square), and ThT (Closed Triangle)

Neuropathological Fluorescent Staining of Compound 20 on AD
Model Mouse Brain Sections

(A) Compound 20 intensely stained Af plaques. (B) Clear staining of cerebrovascu-
far amyloids was also observed.

Table 8. Brain Uptake of Radioactivity after Intravenous Injection of
['*°1]20 in Mice”

Time after injection (min)

2 10 30 60
246 0.75 0.31 0.21
(0.30) 0.31) (0.04) (0.02)

a) Expressed as % injected dose per gram. Fach value represents the mean*S.D. for
five mice at each interval.

types of Af imaging probes. While compound 20 competed
for ['IJDMIC binding to AB(1—42) aggregates, CR and
ThT did not exhibit a dose-dependent decrease in the specific
binding of ['*I]DMIC (Fig. 10).

To confirm the binding affinity to Af plaques in the AD
brain, fluorescent staining of AD model mouse brain sections
was carried out using the fluorescence of compound 20 (Fig.
11). Compound 20 intensely stained A plaques in the brain
sections. Also, clear staining of cerebrovascular amyloid was
observed. This result suggests that compound 20 should de-
tect AB plaques in AD brains.

The radioiodinated compound ['*I]20 was evaluated for
its in vivo biodistribution in normal mice (Table 8). Initial
brain uptake of ['*I]20 was 2.46% of injected dose/g at
2min after intravenous injection, whereas the radioactivity
accumulated in the brain was rapidly eliminated (0.21% of
injected dose/g, 60 min postinjection), indicating highly de-
sirable properties for an A} imaging agent. Taken together,
the data suggest that ['2°I]20 should be further investigated as
a potentially useful S-amyloid imaging probe.
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Fig. 13. Scatchard Plots of ['%51]40 Binding to Af(1—42) Aggregates

High binding affinity with a X value in a nanomolar range was obtained.

Aurone-Based Af Imaging Probes To explore more
useful candidates for core structures of A imaging probes,
we selected one of the flavonoids, aurone, as a new core
structure. First, we synthesized a series of aurone derivatives,
which possess a radioiodine at the 5-position and a nucle-
ophilic group (NH,, NHMe, NMe,) at the 4'-position, and
evaluated their biological activities as in vivo Af imaging
probes (Fig. 12).*” To evaluate the binding affinity of aurone
derivatives to A3 aggregates, a saturation assay with ['>°1]40
was carried out using Af(1-—42) aggregates. When the satu-
ration bindings of ['*1]40 were transformed to Scatchard
plots, they showed linear plots, indicating that aurone deriva-
tives have one binding site on Af} aggregates (Fig. 13).
['*°1]40 displayed excellent binding affinity for AS(1—42)
aggregates with a K value of 7.9+ 1.3 nm. Binding affinities
of nonradioactive aurones (40, 41, 42) were also evaluated
with inhibition studies against ['°1]40 binding on AS(1—42)
aggregates (Table 9). The K values estimated for 40, 41, and
42 were 2.7, 1.2, and 6.8 nm for Af(1—42) aggregates, re-
spectively. These K, values suggested that the new series of
aurones had excellent binding affinity for AB(1—42) aggre-
gates and showed considerable tolerance for structural modi-
fication. The K, values of the radioiodinated aurones reported
previously were lower than those of the radioiodinated
flavones, indicating that the radioiodinated aurones have
higher binding affinities to Af plaques than those of the cor-
responding radioiodinated flavones and chalcones.

To confirm the binding affinity of aurone derivatives to Af3
plaques in the brain, neuropathologic flurorescent staining
with compound 42 was carried out using double-transgenic
Alzheimer’s mouse brain sections (Fig. 14). Many Af3 plaque
deposits were clearly stained with compound 42, as reflected
by the high binding affinity to A aggregates in in vitro com-
petition assays. The compound clearly stained not only core
plaques, but also typical senile plaques. The labeling pattern
was consistent with that observed with immunohistochemical
labeling with an antibody specific for A, indicating that au-
rone derivatives show specific binding to A plaques. Thus
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Table 9. Inhibition Constants of Aurone Derivatives on Ligand Binding to
AP(1—42) Aggregates
Compound K; (nm)®
40 2.69£0.16
41 1.24+0.11
42 6.82+0.48

a) Values are means*S.E. of three independent experiments.

Fig. 14. Neuropathological Staining of Compound 42 on 5 im AD Model
Mouse Sections from the Cortex

(A) Many Af plaques are clearly stained with compound 42. (B) The same sections
were immunostained using an antibody against AS.

Table 10. Biodistribution of Radioactivity after Intravenous Injection of
['%°1140, ['2°1141, and ['*1]42 in Mice”

Time after injection (min)

Compound
2 10 30 60
1140 4.57 1.51 0.49 0.26
0.27) 0.17) (0.06) (0.03)
['*1141 3.17 1.22 0.32 0.24
(0.45) (0.09) 0.02) (0.03)
['*1142 1.89 0.69 0.26 0.11
(0.38) 0.21) (0.04) (0.03)

@) Expressed as % injected dose per gram. Each value represents the mean=S.D. for
five mice at each interval,

the results suggest that aurone derivatives may be applicable
for in vivo imaging of Af plaques in the brain.

To evaluate the brain uptake of the aurone derivatives, in
vivo biodistribution studies in normal mice were performed
with three radioiodinated aurones (['*I]40, ['*I]41, and
['?°1142) (Table 10). The aurone derivatives displayed high
brain uptake rates ranging from 1.9—4.6% ID/g brain at
2 min postinjection, indicating a level sufficient for Af imag-
ing of the brain. In addition, they displayed rapid clearance
from the normal brain with 0.49%, 0.32%, and 0.26% ID/g at
30min postinjection for ['%1]40, ['*1]41, and ['*1]42, re-
spectively. These values were equal to 10.7%, 10.1%, and
13.8% of the initial brain uptake peak for ['*1]40, ['**1]41,
and ['*°1]42, respectively. We reported that radioiodinated
flavones showed high brain uptake (3.2—4.1% 1D/g at 2min
postinjection) and good clearance from the brain (0.5—1.9%
ID/g at 30 min postinjection). However, the ratios of 2- to 30-
min mouse brain uptake of the radioiodinated flavones were
40.0%, 44.6%, and 57.8% for NH,, NHMe, and NMe, deriv-
atives, respectively, which were higher than those of radioio-
dinated aurones. The result suggests that aurone derivatives
do not show high nonspecific binding in the brain in vivo.
These desirable pharmacokinetics demonstrated by radioiod-
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inated aurones are critical to detect A plaques in the AD
brain. These biodistribution data suggest that novel radioiod-
inated aurones may have more suitable in vivo pharmacoki-
netic properties for A imaging in AD brains compared with
the radioiodinated flavones and chalcones. However, these
aurone derivatives appeared inferior to IMPY in pharmacoki-
netics, although their high affinity for Af plaques is suffi-
cient for imaging in vivo. Therefore additional structural
changes are essential to improve the properties of aurone
derivatives to make them suitable for the imaging of Af
plaques in the brain.

To develop more promising aurones for SPECT-based im-
aging of Af plaques, we designed a novel series of radioiodi-
nated derivatives with polyethylene glycol (PEG).* PEG is
nontoxic, nonimmunogenic, highly soluble in water, and
FDA approved, and PEGylation has been used to change the
pharmacokinetics of various biologically interesting proteins
or peptides, leading to better therapeutics.***? Therefore PE-
Gylated aurone derivatives are worthy of further evaluation
as novel Af imaging probes for SPECT.

We designed and synthesized a novel series of radioiodi-
nated aurone derivatives with not only 1 to 3 units of ethyl-
ene glycol at the 4’ position, but also other nucleophilic
groups (—OCH, and —OH) (Fig. 12) and evaluated their bio-
logical potential as probes for imaging Af by testing their
affinity for A aggregates in vifro and their uptake by and
clearance from the brain in biodistribution experiments using
normal mice.

Our initial screening of the affinity of aurone derivatives
(43, 44, 45, 46, 47) was carried out with AfB(1—42) aggre-
gates, using ['*I]AAU as the competing radioligand (Table
11). The K, values estimated for 43, 44, 45, 46, and 47 were
2.9, 1.3, 1.1, 3.4, and 2.6 nM, respectively. These values sug-
gested that the new series of aurone derivatives had binding
affinity for AP(1-—42) aggregates despite their substituted
groups. The binding affinity is in the same range as that of
aurone derivatives possessing a nucleophilic group (NH,,
NHMe, NMe,).*” These results clearly indicate that aurone
derivatives exhibit considerable tolerance to structural modi-
fications. The binding affinity of aurone derivatives is very
close to that of known Af§ imaging probes such as SB-
13 (K;=1.2nm),>"Y PIB (K;=2.8nm),°? and IMPY (K=
1.4nm),>" indicating that they have sufficient affinity to test
clinically.

To confirm the affinity of aurone derivatives for Af
plaques in the mouse brain, neuropathologic fluorescent
staining with 43, 44, 45, 46, and 47 was carried out using
double-transgenic Alzheimer’s mouse brain sections (Fig.
15). Many A plaque deposits were clearly stained with the
derivatives, as reflected by the high binding affinity for Ap
aggregates in in vitro competition assays. The labeling pat-
tern was consistent with that observed with ThS. These
results suggest that novel aurone derivatives show affinity for
A plaques in the mouse brain in addition to having binding
affinity for synthetic A342 aggregates.

To evaluate brain uptake of the aurone derivatives, bio-
distribution experiments were performed in normal mice
with five radioiodinated aurones (['*°1]43, ['1]44, ['*1}45,
['?°1]46, and ['?°1]47) (Table 12). Radioactivity after injection
of the aurone derivatives penetrated the BBB and showed ex-
cellent uptake ranging from 1.7 to 4.5% ID/g brain at 2 min
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Table 11. Inhibition Constants of Newly Synthesized Aurone Derivatives
for the Binding of Ligands to Af(1—42) Aggregates

Compound K; (am)?
43 2.89+0.42
44 1.28+0.29
45 1.05%0.06
46 3.36+0.29
47 2.56%0.31

a) Data are the mean=S.E. for two independent measurements done in triplicate.

Fig. 15. Neuropathlogical Staining of 43, 44, 45, 46, and 47 (a,c,e, g,i) in
10 pm Sections from a Mouse Model of AD

Labeled plaques were confirmed by staining of the adjacent sections with ThS
(b,d, £, h, j).

postinjection, a level sufficient for imaging A plaques in the
brain. In addition, it displayed good clearance from the nor-
mal brain with 0.1—0.4% ID/g at 30 min postinjection. One
method to select a ligand with appropriate in vivo kinetics
is to use brain,,; /brainy, .. as an index to compare the
washout rate. The five radioiodinated aurone derivatives
['#1143, ['®1]44, ['®1]45, ['*1]46, and ['*1]47 showed
brain, ; /brain,, . ratios of 15.4, 8.3, 18.8, 9.7, and 15.6, re-
spectively. ['°1]45 had the best washout index. Previously re-
ported radioiodinated aurones showed high uptake (1.9—
4.6% ID/g at 2 min postinjection) and good clearance from
the brain (0.3—0.5% ID/g at 30 min postinjection).*® How-
ever, the brain, ; /brain,, . ratios of these compounds were
7.3—9.9, lower than that of ['*I]45, indicating that ['*I]45
could clear more rapidly from the normal mouse brain than
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Table 12. Biodistribution of Radioactivity after Injection of Aurone Deriv-

atives in Mice

ay

Time after injection (min)

Tissue
2 10 30 60
[1251]43
Blood 3.16 (0.82) 1.51(0.23)  0.95(0.19)  0.70 (0.60)
Liver 6.87(2.18)  5.16(0.73)  2.76(0.40)  1.86(0.83)
Kidney 726 (2.18)  7.00(149) 4.93(1.52) 243 (1.17)
Intestine 1.59(0.51)  4.70(1.46) 11.67(3.56) 9.02(3.14)
Spleen 1.45 (0.56) 0.74 (0.10)  0.48(0.10) 0.43(0.14)
Pancreas 2.83(0.75)  0.77(0.17) 0.62(0.75)  0.16 (0.05)
Heart 3.84(1.04)  1.06(0.10) 0.37(0.09)  0.25(0.12)
Stomach”  0.39(0.20)  0.89 (0.48) 0.42(0.13)  0.82(0.46)
Brain 1.69 (0.43) 0.54 (0.12)  0.11(0.05)  0.03 (0.02)
(144
Blood 3.14(0.39)  2.77(0.28) 1.75(0.38)  0.87(0.28)
Liver 6.05 (1.49) 6.63(1.08) 4.23(0.63) 4.45(3.14)
Kidney 1108 (2.96) 11.22(2.26) 5.82(L.11)  243(1.04)
Intestine 2.11(0.75) 6.12(0.83) 12.67(2.13) 14.87(542)
Spleen 2.18(0.48) 1.36(0.83)  0.69(0.14)  0.42(0.02)
Pancreas 528(0.99)  2.65(0.64) 0.92(0.19)  0.36(0.09)
Heart 623 (0.63)  2.57(041) 098(0.14) 0.42(0.14)
Stomach”  0.93 (0.28)  146(0.23) 1.22(0.72) 1.89(1.0D)
Brain 3.07 (0.39) 148 (0.19) 037(0.07) 0.14(0.12)
[l251]45
Blood 4.97 (0.96) 3.88(1.09) 2.38(0.85) 1.24(0.3%)
Liver 13.4(320)  13.3(259)  7.60(1.95)  5.27(0.64)
Kidney 11.3(1.23) 10.8 (2.58) 6.09 (2.43)  2.50(1.30)
Intestine 278(042) 7.83(2.22) 17.82(3.58) 20.93 (4.46)
Spleen 2.72(0.28) 1.02(0.22) 0.50(0.13) 0.21(0.09)
Pancreas 638(0.63) 1.61(0.61) 059(021) 0.29(0.15)
Heart 6.30 (0.65) 2.30 (0.46)  0.83(0.15)  0.72(0.58)
Stomach”  1.88(0.41)  3.23(258) 5.15(443)  1.45(0.78)
Brain 4.51 (0.25) 1.48 (0.28)  0.24(0.03)  0.09 (0.04)
[1251146
Blood 3.61(0.74)  5.18(2.54)  L11(0.73)  0.68 (0.45)
Liver 125(33.21) 11.6(1.75) 9.31(2.66) 7.12(4.05)
Kidney 12.0(0.99) 103 (1.17) 5.75(1.53) 2.55(1.12)
Intestine 2.35(1.33) 8.18(2.32) 19.7(7.86)  26.38(5.95)
Spleen 2.26 (0.53) 1.56 (0.45)  0.78(0.26)  0.45(0.21)
Pancreas 5.67(2.72)  224(0.68) 1.40(0.44)  0.39(0.29)
Heart 6.04(038)  2.77(0.94) 1.21(0.66)  0.66(0.57)
Stomach?  1.71(038)  5.65(6.63) 5.00(2.83) 6.58(4.59)
Brain 3.69(0.22) 1.53(0.31) 0.38(0.05) 0.16(0.03)
[1251]47
Blood 298 (0.64) 4.62(2.17) 0.83(0.64) 0.51(0.31)
Liver 12.95(3.43) 11.20(1.51) 8.34(1.98) 7.70 (3.93)
Kidney 11.58 (1.13)  9.66(2.28)  5.84(1.79) 241 (1.22)
Intestine 2.52(039)  7.50(4.85) 17.95(7.53) 22.64(5.89)
Spleen 226(0.65) 1.40(0.23) 0.84(0.23)  0.56(0.24)
Pancreas 5.51(0.59) 1.84 (0.44) 0.87(0.37)  0.79(0.70)
Heart 5.67(1.02)  2.24(0.56) 1.40(0.49)  0.39(0.68)
Stomach?  3.29(1.47) 4.73(5.14) 745(4.62) 17.61(5.20)
Brain 281(0.19)  2.32(021) 0.18(0.06)  0.08 (0.04)

a) Each value represents the mean*S.D. for 4—5 animals. b) Expressed as % in-

jected dose per organ.

aurones with amino groups. It has been reported that
['PIIIMPY enters the brain rapidly (2.88% ID at 2min
postinjection) and was cleared from the normal brain (0.26%
ID at 30 min postinjection), indicating the brain, ;,/brainsg .,
ratio to be 11.1.' The aurone derivatives reported in this
study appear superior to IMPY in pharmacokinetics, in addi-
tion to showing similar binding affinities sufficient for the
imaging of Af plaques in vivo. The pharmacokinetics
demonstrated by ['*’I]45 are critical to the detection of Af
plaques in the AD brain.
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Fig. 16. In Vitro Autoradiography of ['2°1}45 for Labeling of A Plaques
in AD Brain Sections

In vitro autoradiography of ['*1]45 reveals a distinct labeling of Af plaques in AD
brain sections (A). Under similar conditions, there is very little labeling of ['**I]45 in
control brain section (C). The presence and localization of Af plaques in the sections

were confirmed with immunohistochemical staining using a monoclonal Af antibody
(B,D).

Next, ['*°1]45 was investigated for its binding affinity for
Ap plaques using in vifro autoradiography in human AD
brain sections (Fig. 16). Autoradiographic images of ['*°1]45
showed high levels of radioactivity in the brain sections
(Fig. 16A). Furthermore, we confirmed that the hot spots of
['%1]45 corresponded with those of in vifro immunohisto-
chemical staining in the same brain sections (Fig. 16B). In
contrast, normal human brain displayed no remarkable accu-
mulation of ['?°1]45 (Fig. 16C), correlating well with the ab-
sence of Af plaques (Fig. 16D). These results demonstrate
the feasibility of using ['*I]45 as a probe for detecting Af
plaques in the brains of AD patients with SPECT.

Conclusion

We successfully designed and synthesized several basic
structures that can function as useful Af imaging probes. We
hope that the A imaging probes will contribute to improved
diagnosis and accelerate the discovery of effective therapeu-
tic agents for AD in the near future.
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