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Alzheimer’s disease is characterized by the accumulation of B-amyloid (AB) plaques and neurofibrillary
tangles (NFTs) in the brain. We previously developed [!®F]fluoropropylcurcumin (['®F]FP-curcumin),
which demonstrated excellent binding affinity (K; = 0.07 nM) for AB(1-40) aggregates and good pharma-
cokinetics in normal mouse brains. However, its initial brain uptake was poor (0.52% ID/g at 2 min post-
injection). Therefore, in the present study, fluorine-substituted 4,4’-bissubstituted or pegylated curcumin
derivatives were synthesized and evaluated. Their binding affinities for AB(1-42) aggregates were mea-
sured and 1-(4-fluoroethyl)-7-(4’-methyl)curcumin (1) had the highest binding affinity (K;=2.12 nM).
Fluorescence staining of Tg APP/PS-1 mouse brain sections demonstrated high and specific labeling of
ApB plaques by 1 in the cortex region, which was confirmed with thioflavin-S staining of the same spots
in the adjacent brain sections. Radioligand ['®F]1 was found to have an appropriate partition coefficient
(logPojw = 2.40), and its tissue distribution in normal mice demonstrated improved brain permeability
(1.44% ID/g at 2 min post-injection) compared to that of ['®F]FP-curcumin by a factor of 2.8 and fast
wash-out from mouse brains (0.45% ID/g at 30 min post-injection). These results suggest that ['®F]1

may hold promise as a PET radioligand for AR plaque imaging.

© 2011 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is characterized by the accumulation
of B-amyloid (AB) plaques and neurofibrillary tangles (NFTs) in
the brain."~3 Although the causes of AD are still unknown, it is
the general consensus that A plaques and NFTs may play a major
role in the development of the disease. Therefore, in vivo imaging
of AB plaques and/or NFTs may be beneficial for the diagnosis, stag-
ing, and treatment of AD.

Most radioligands used for AB plaque imaging are derived from
highly conjugated fluorescent dyes, such as Congo red (CR), Chrys-
amine G (CG), or thioflavin-T (Fig. 1), which have been used for
fluorescent staining of AR plaques and NFTs in postmortem AD
brain sections.*® A neutral benzothiazole derivative, [''C]6-OH-
BTA-1 (PIB, K;=0.87 nM), is the most well characterized radioli-
gand, demonstrating minimal retention in the subcortical white
matter of AD patients compared to other benzothiazole-based
radioligands.”"!® Another !'C-labeled radioligand, 2-(6-(|'!C]methy
lamino)pyridin-3-yl)benzo|d]thiazol-6-ol (AZD2184, K;=1.70 nM),
is also a promising ABp plaque imaging agent because [>H]
AZD2184 demonstrated a higher pre-frontal cortex to subcortical
white matter uptake ratio compared to [>H]PIB in cortical brain
sections from transgenic mice and AD patients.'* However, the
short half-life (20 min) of !'C may limit its usefulness in
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widespread clinical application. As an alternative, !®F-labeled
ligands with longer half-lives may be beneficial for clinical use;
some of these are currently undergoing clinical trials or
have been conditionally approved by the FDA: a PIB derivative,
2-(3-["®F]fluoro-4-(methylamino)phenyl)benzo[d]thiazol-6-ol (['®F]
flutemetamol, 3'-['8F]F-PIB, GE067),'>~'7 and pegylated stilbene
and styrylpyridine derivatives, {4-[2-(4-{2-[2-(2-['®F]fluoro-eth-
oxy)-ethoxy]-ethoxy}-phenyl)-vinyl]-phenyl}-methyl-amine (['®F]
florbetaben, BAY 94-9172)'%1° and (E)-4-(2-(6-(2-(2-(2-['8F]
fluoroethoxy )ethoxy)ethoxy)pyridin-3-yl)vinyl)-N-methylaniline
(['8F]florbetapir, AV-45) (Fig. 1).2>?! Preliminary results demon-
strated that these '8F-labeled ligands are potentially useful for
PET imaging of Ap plaques in AD patient brains.'>~?2 However,
these '8F-labeled radioligands have higher subcortical white
matter uptake than ''C-PIB, which may disturb distinguishing AD
patients from healthy subjects.

A highly conjugated dimeric ligand, (1E,3Z,6E)-1,7-bis(4-hydro-
xy-3-methoxyphenyl)-3-hydroxy-hepta-1,3,6-trien-5-one (curcu-
min) has been extensively studied for its anticancer, antioxidant,
and anti-inflammatory activities.2>* It has also been found that
dietary curcumin lowered the A plaque burden in the hippocam-
pus and cortex regions of APPsw Tg2576 transgenic mouse brain
sections and stained AP plaques in the hippocampus regions of
transgenic mouse brain sections and postmortem AD brains.?>2%
In addition, it was recently reported that CRANAD-3, a curcumin
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Figure 1. Chemical structures of Congo red, Crysamine G, thioflavin-T, [''C]PIB, [''C]AZD2184, 3-['SF]F-PIB, ['®F]BAY94-9172, and ['®F]AV-45.

derivative, detects Ap(1-42) species from monomer to plaques.?’
Diagnosis of AD in its early stages will be very crucial given dis-
ease-modifying drugs that are available for clinical use; detection
of AB(1-42) species prior to plaque formation may play a key role
in the early diagnosis of AD.

We previously developed a '8F-labeled curcumin derivative,
(1E,4Z,6E)-1-(4-(3-[ '®F]fluoropropoxy)-3-methoxyphenyl )-5-hy-
droxy-7-(4-hydroxy-3-methoxyphenyl)-hepta-1,4,6-trien-3-one (flu-
oropropylcurcumin; FP-curcumin).?® However, despite its
excellent binding affinity (K;=0.07 nM) for AB(1-40) aggregates,
its initial brain uptake was relatively low (0.52% ID/g at 2 min
post-injection). This may be explained by its rapid metabolism in
the liver and in the intestinal wall, like curcumin.?® However,
['8F]FP-curcumin has a high and specific binding to Ap plaques
once it is taken up by the brain. This is supported by reports that
this radioligand showed higher hippocampus (Ap plaque rich re-
gion) to cerebellum uptake ratio compared to that of [''C]PIB
(3.0-3.5 vs 1.5) in transgenic mouse (Tg2576) brain sections, and
that uptake by the hippocampus was decreased by 70% in the
presence of 10 uM PIB.2° Thus, improving the brain permeability
of curcumin-based radioligands is a key element to consider for
such radioligands to be useful for AR plaque imaging.

In order to improve the brain permeability of curcumin deriva-
tives, the lipophilicity was adjusted such that a para-OH group of a
phenyl ring was substituted with an alkoxy group or a polyethoxy
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group. Synthetic pathways of curcumin derivatives, 1-5 (Fig. 2),
are shown in Schemes 1 and 2. The curcumin derivatives were syn-
thesized by aldol condensation of (1E,4Z)-5-hydroxy-1-phenyl-
hexa-1,4-dien-3-one compound (6 or 7) and the corresponding
vanillin derivatives, 8, 9, 15, or 16. In this reaction, the 1,3-diketone
of the 6 or 7-boron complex was formed, which was then reacted
with aldehyde 8, 9, 15, or 16 in the presence of amine. Dilute acid
treatment of the boron complex yielded curcumin derivatives 1-5
(Scheme 1). Compounds 8-12 were prepared in 57-88% yields
from vanillin and the corresponding fluoroalkyl tosylate, 2-bromo-
ethanol, 2-(2-chloroethoxy)ethanol, or 2-(2-(2-chloroethoxy)eth-
oxy)ethanol in the presence of K,CO3 (Scheme 2).
Fluoropegylated vanillin derivatives, 15 and 16, were prepared
from fluorination of the corresponding methanesulfonyl com-
pounds, 13 and 14, with CsF (Scheme 2). Compounds 13 and 14
were prepared from methanesulfonylation of 11 and 12. The nosy-
late precursor (19) for synthesis of ['®F]1 was synthesized from 18
using 4-nitrobenzenesulfonyl chloride and Et3N in the presence of
B,03 (Schemes 2 and 3). Compound 18 was synthesized from aldol
condensation of either 17 and 3,4-dimethylbenzaldehyde or 7 and

0 (Schemes 1 and 2). The former method was used because the
residual vanillin derivative (10) remained in the product based
on 'H NMR analysis in the latter method. Compound 17 was pre-
pared by aldol condensation of 10 and 2,4-pentanedione in the
presence of B,0s3, (n-BuO)B, and n-butylamine and then purified
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Figure 2. Chemical structures of curcumin and fluorine-substituted curcumin derivatives.
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Scheme 1. Reagents and conditions: (a) 2,4-pentanedione, B,0s, ethyl acetate, (n-BuO);B, n-BuNH,, 100 °C, 1 h, 1 N HCl, 50 °C, 30 min; (b) vanillin derivative (8,9, 15, or 16),

B,05, ethyl acetate, (n-BuO)3B, piperidine, 80 °C, 30 min, 0.4 N HCl, 50°, 30 min.
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Scheme 2. Reagents and conditions: (a) fluoroalkyl tosylate, K,CO5, CH3CN, 110°C, 1

.5 h; (b) 2-bromoethanol, 2-(2-chloroethoxy)ethanol, or 2-(2

-(2-chloroethoxy)eth-

oxy)ethanol, DMF, 100 °C, 5 h; (c) MsCl, EtsN, CH,Cl,, room temperature, 3 h; (d) CsF, CH3CN, 100 °C, 17 h; (e) 2,4-pentanedione, B,0s, ethyl acetate, (n-BuO);B, n-butylamine,
100 °C, 1 h, 1 N HCl, 50 °C, 30 min; (f) 3,4-dimethylbenzaldehyde, B,0s3, ethyl acetate, (n-BuO);B, piperidine, 80 °C, 30 min, 0.4 N HCl, 50 °C, 30 min; (g) B,03, CH,Cl,, Et3N,

NsCl, room temperature, 5 h, 0.4 N HCI, 50 °C, 30 min.
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Scheme 3. Reagents and conditions: (a) EtsN, NsCl, CH,Cl,, room temperature, 1 h; (b) n-

120 °C, 20 min, 0.4 N HCI, 90 °C, 5 min; (d) n-BusN['®F]F, THF, 95 °C, 20 min.

by flash column chromatography followed by recrystallization
from ethanol (Scheme 2). Without the recrystallization step, 10 re-
mained in the product based on 'H NMR analysis.

The binding affinity of curcumin derivatives, 1-5 was deter-
mined using Ap(1-42) aggregates and ['2°I]IMSB, and non-specific
binding was measured in the presence of 10 uM Chrysamine G
(CG). The K value of ['2°I]IMSB for binding to Ap(1-42) aggregates
was 1.19 nM, similar to the reported value of 0.73 nM.'® The K; va-
lue of CG (0.43 nM) was also comparable to the reported value

BuyN['8F]F, CH5CN, 120 °C, 15 min; (c) 7, B,0s, (n-BuO);B, piperidine, ethyl acetate,

(0.4 nM).'® K; values of fluorine-substituted curcumin derivatives
were desirable, ranging from 2.12 to 4.65nM (Table 1). Of the
derivatives, 1 exhibited the highest binding affinity (K; = 2.12 nM).
Binding affinity was slightly decreased by pegylation (K;=3.01-
4.65 nM), and 7-(4’-methyl) derivative 5 showed a higher binding
affinity (3.01 nM) than unmethylated derivatives 3 and 4, suggest-
ing that hydroxyl groups on phenyl rings are not required for avid
binding to AB(1-42) aggregates. This result indicated that 1 had
similar binding affinity to those of the radiopharmceuticals
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Table 1

K; (nM) of ligands for Ap(1-42) aggregates
Ligand K; (nM)
Chrysamine G 0.43 +0.068
Curcumin 3.57 £0.025
1 2.12 £0.097
2 2.69+0.033
3 4.65 +0.267
4 444 +0.313
5 3.01£0.087

Values are means * SD (n = 3).

currently under clinical development (0.74-2.87 nM), although the
assays were done against AB(1-42) aggregates in the former and
AD brain homogenates in the latter.'821:22

Therefore, 1 was chosen for radiolabeling with '8F and further
evaluation as an AB plaque imaging agent for PET, because of its
high binding affinity for AB(1-42) aggregates and appropriate lipo-
philicity based on TLC analysis. Pegylated compounds 3-5 were
found to be more polar than FP-curcumin (logP, = 1.84) by TLC,
which may result in poor initial brain uptake. Radioligand ['®F]1
was synthesized as shown in Scheme 3. The synthesis was carried
out using two methods: one-step and two-step radiolabeling. The
former was carried out by '8F-labeling of the nosylate precursor
(19); the decay-corrected radiochemical yield was 10-17% and to-
tal synthesis time was 60 min. Although ['®F]1 was also synthe-
sized from 19 with n-Buy,N['®F]F in the presence of B,0s, the
decay-corrected radiochemical yield was in the same range with
the reaction performed in the absence of B,0s. However, the
two-step reaction using aldol condensation of ['®F]6 and 7 gave
['8F]1 in 15-25% yield and with higher specific activity. The use
of tosylate precursor in place of the nosylate precursor (19) affor-
ded ['8F]1 in a 5-10% yield with lower specific activity. Therefore,
the two-step method was used in this study. The radiochemical
yield of ['®F]6 from 20 and n-Bu,N['®F]F based on TLC analysis
was 70% or greater. The subsequent aldol condensation of ['F]6
and 7 in the presence of B,05, (n-Bu0)3B, and piperidine followed
by HPLC purification gave the product a decay-corrected overall
radiochemical yield of 15-25% and a specific activity of 37.6 GBq/
pmol. The total synthesis time including HPLC purification was
90-100 min. The partition coefficient of ['8F]1 (log Py = 2.4) was
found to be higher than that of ['®F]FP-curcumin (log Py = 1.84).28

Curcumin has strong fluorescence based on its highly conju-
gated structure. To confirm whether 1 could label AB plaques

Table 2

Tissue distribution of ['®F]1 in normal mice
Organ % ID/g

2 min 30 min 60 min 120 min

Blood 9.76 £ 0.59 1.26 £ 0.08 0.89+0.15 0.67£0.13
Heart 7.18+0.58 1.68+£0.33 1.30+0.19 1.54+045
Lung 23.78 £2.92 3.94£0.64 2.27 £0.56 2.19£0.46
Liver 38.83+2.88 43.02+3.33 26.83+043 12.51+1.45
Spleen 16.41£2.92 20.80+12.3 10.59 £ 1.25 8.08 +1.90
Kidney 10.95 +0.58 4.01+£1.24 2.25+0.90 142 +0.15
Muscle 0.89 +0.34 0.76 £0.29 0.47 £ 0.05 0.37 £0.07
Femur 1.86 £0.13 1.08 £ 0.08 1.00+0.16 1.62 £0.12
Brain 1.44 £0.09 0.45 £0.04 0.43 +0.05 0.29 +0.03

Values are means + SD (n = 4).

in vivo, fluorescence staining of plaques by 1 and thioflavin-S were
compared using the brain sections from both a double transgenic
mouse (Tg APP/PS-1) and a wild-type mouse (Fig. 3). Many plaques
in the cortex region of the transgenic mouse brain were stained
with 1 (Fig. 3A and E), and the fluorescence staining pattern was
consistent with that observed with thioflavin-S, a dye used for
staining Ap plaques in vitro (Fig. 3B and F). In contrast, there were
no notable plaques stained with either 1 or thioflavin-S in wild-
type mouse brain sections (Fig. 3C-H). This result suggests that li-
gand 1 distinctively stains AB plaques in transgenic mouse brains.

In order to investigate the in vivo pharmacokinetics of ['8F]1,
tissue distribution in normal mice was performed. High radioactiv-
ity was accumulated in the lung, liver, and spleen at 2 min post-
injection and decreased over time. Brain uptake of ['8F]1 was
1.44% 1D/g at 2 min post-injection and was rapidly washed out
from the brain (2-min to 60-min uptake ratio, 3.35) (Table 2).
The initial brain uptake was improved compared to that of
['8F]FP-curcumin by a factor of 2.8,2* probably because of the in-
creased lipophilicity. This is a notable improvement in brain per-
meability, considering unique properties of curcumin derivatives.
In addition, ['®F]1 did not appear to undergo metabolic defluorina-
tion due to a constant level of femur uptake with time (1.00-1.86%
ID/g). These results indicated that ['®F]1 had favorable pharmaco-
kinetics in normal mouse brains. The recent studies demonstrated
that the radiopharmceuticals currently under clinical development
(BAY 94-9172, and AV-45) had high initial brain uptake (7.33-
7.77% 1D/g) in normal mice and fast wash-out from mouse brains
(2-min to 60-min uptake ratios, 3.90-4.82).'%2! However, further
studies with '®F-labeled curcumin-based ligands are clearly war-
ranted if their brain permeability could be improved, because they

Figure 3. (Left) A double transgenic mouse brain section stained with 1 (x40) (A), the adjacent section stained with thioflavin-S (x40) (B), an age-matched wild-type mouse
brain section stained with 1 (x40) (C), and the adjacent section stained with thioflavin-S (x40) (D). (Right) Magnification of the cortex regions in red boxes of left panels
(x100). A double transgenic mouse brain section stained with 1 (E), the adjacent section stained with thioflavin-S (F), an age-matched wild-type mouse brain section stained

with 1 (G), and the adjacent section stained with thioflavin-S (H).
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have different in vivo binding sites from thioflavin-T based radioli-
gands for AB plaques and thus may have different in vivo proper-
ties, such as low subcortical white matter uptake or detection of
Ap(1-42) species prior to plaque formation.

In conclusion, five curcumin derivatives were synthesized and
evaluated in vitro and in vivo. Of the derivatives, ['®F]1 demon-
strated a high binding affinity for Ap(1-42) aggregates, suitable
lipophilicity, specific binding to AB plaques in Tg APP/PS-1 mouse
brain sections, improved brain permeability compared to that of
[*®F]FP-curcumin, and fast wash-out from normal mouse brains.
These results suggest that ['®F]1 may be a potential radioligand
for AB plaque imaging.
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