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Cyclooxygenase (COX) is a rate-limiting enzyme in the synthesis of
proinflammatory prostanoids from arachidonic acid. In vivo imaging
of COX by PET is a potentially powerful tool for assessing the inflam-
matory response to injury, infection, and disease. We previously
reported on a promising PET probe for COX imaging, 11C-labeled
ketoprofen methyl ester, which can detect COX-1 activation in mod-
els of neuroinflammation and neurodegenerative disorders. In the cur-
rent study, we aimed to design a fluorine-substituted benzoyl group
of ketoprofen (FKTP) and to evaluate its racemate and enantiomers
(18F-labeled ketoprofen methyl ester, [18F]FKTP-Me) as PET proradio-
tracers, potential radiopharmaceuticals for in vivo PET study of COX-1.
Methods: We performed nucleophilic aromatic 18F-fluorination to
obtain the desired racemic radiolabeled probe, (RS)-[18F]FKTP-Me,
at a radiochemical yield of 11%–13%. Subsequent high-performance
liquid chromatography separation with a chiral column yielded the
desired enantiomerically pure (R)- and (S)-[18F]FKTP-Me. We exam-
ined the in vivo properties of (RS)-, (R)-, and (S)-[18F]FKTP-Me in PET
studies using rats in which hemispheric inflammation was induced
by intrastriatally injecting a lipopolysaccharide. Results: Racemic
(RS)-[18F]FKTP-Me and enantiomeric (R)- or (S)-[18F]FKTP-Me
were synthesized with radiochemical and chemical purities of
more than 99%. The metabolite analysis revealed that the racemic
(RS)-[18F]FKTP-Me crossed the blood–brain barrier and entered
the brain, where it was subsequently hydrolyzed to its pharma-
cologically active acid form. PET images revealed a high accu-
mulation of (R)-, (S)-, and (RS)-[18F]FKTP in the inflamed regions in
rat brain. Moreover, the accumulated radioactivity of (S)-[18F]FKTP-
Me was higher than that of (RS)-[18F]FKTP-Me and (R)-[18F]FKTP-
Me, which was correlated with the stereospecific inhibitory activity
of FKTP against COX-1. Conclusion: From the results of this study,
we conclude that racemic (RS)-[18F]FKTP-Me and its enantiomers
could act as proradiotracers of neuroinflammation in rat brain by
the association of their hydrolyzed acid forms with COX-1 in
inflamed regions. In particular, (S)-[18F]FKTP-Me demonstrated
suitable properties as a COX-1–specific probe in PET imaging of
neuroinflammation.

KeyWords:COX-1; [18F]FKTP-Me; neuroinflammation; PET

J Nucl Med 2022; 63:1761–1767
DOI: 10.2967/jnumed.121.263713

Neuroinflammation is hypothesized to represent a pathologic
cascade that leads to neurodegenerative diseases such as Alzheimer
disease (AD) and Parkinson disease (1). The prostanoid-synthesizing
enzymes cyclooxygenase (COX)-1 and -2 have been identified as
principal targets for regulating neuroinflammation (2,3). Although
COX-1 is constitutively expressed, COX-2 is induced in response to
inflammatory stimuli in most tissues. The study findings to date indi-
cate that the action of COXs in the brain is more complicated than
expected. For example, clinical trials with COX-selective inhibitors
such as nonsteroidal antiinflammatory drugs have yielded mixed
results (4–7). Principally, COX-2–selective inhibitors have demon-
strated null efficacy in the treatment of AD. Although COX-
1–selective or –nonselective nonsteroidal antiinflammatory drugs
(e.g., indomethacin and diclofenac) have shown beneficial trends
in small clinical trials of AD treatment, they have produced mixed
effects in larger, multicenter randomized controlled trials. Conversely,
postmortem analyses have demonstrated upregulation of COX-1
within brain lesions in patients with AD or traumatic brain injury
(8,9). There is some evidence that the inhibition or genetic ablation of
COX-1 activity attenuates the inflammatory response and neurode-
generation (3,10–12). However, mechanisms underlying the role of
COX-1 in regulating neuroinflammation in neurodegenerative condi-
tions remain to be elucidated.
A noninvasive in vivo imaging method monitoring COX expres-

sion by PET could be a valuable tool for investigating the role of
COX in neuroinflammation. 11C-labeled methyl esters of 2-arylpro-
pionic acids are useful as proradiotracers for neuroinflammation
PET imaging, penetrating the blood–brain barrier and undergoing
hydrolysis to their acidic form, which accumulates in inflamed
brain regions in rat models (13). Moreover, 11C-labeled ketoprofen
methyl ester ([11C]KTP-Me) could detect COX-1 expression in
activated microglia (14).
Microglia are major regulators in neuroinflammation and have

been implicated in the pathology of prevalent chronic and progres-
sive neurodegenerative diseases (15,16). In studies on APP-Tg mice,
the (S)-enantiomer of [11C]KTP-Me, which had high specificity for
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COX-1, effectively imaged increases in COX-1 in activated micro-
glia, corresponding to amyloid plaque progression (17). Reports on
[11C]KTP-Me have raised the presumption that COX-1 plays a
meaningful role in neuroinflammation and indicate its potency for
imaging neuroinflammation targets.
We also focused on 18F-labeled PET probes for COX-1, as these

have highly specific radioactivity and a longer half-life than 11C in
clinical settings. Although there are reports of 18F-labeled PET
probes using several COX inhibitors, few probes have been found
suitable for imaging neuroinflammation because of low penetration
into the brain (18,19). [18F]PS13 has been reported as a promising
18F-labeled PET probe for COX-1 imaging in the brains of rhesus
monkeys (20). However, studies on animal models of neuroinflam-
mation or on human patients have not yet been reported. Hence, we
aimed to synthesize and evaluate 18F-incorporated ketoprofen
methyl esters, its racemate (RS)-[18F]FKTP-Me, and its enantiom-
ers (R)-[18F]FKTP-Me and (S)-[18F]FKTP-Me in PET studies on a
rat neuroinflammation model.

MATERIALS AND METHODS

Chemistry
In this study, 1-(3-bromophenyl)propan-1-one (2) was used as the

starting material for preparing unradiolabeled fluorine–incorporated
ketoprofen methyl esters ((RS)-FKTP-Me, (R)-FKTP-Me, and (S)-
FKTP-Me) and 2-(49-nitrobenzophenone-3-yl)propanoic acid methyl
ester (1) for 18F-labeling (Fig. 1). Initially, 2 underwent ketone rear-
rangement with hypervalent iodine (21) to generate 2-(3-bromophe-
nyl)propanoic acid methyl ester (3). Palladium-catalyzed borylation of
3 resulted in pinacol borane-substituted substrate (4), which was hydro-
lyzed to produce boronic acid (5). Palladium-catalyzed cross-coupling
(22) of 5 with 4-fluorobenzoic acid yielded the desired (RS)-FKTP-Me.
A similar cross-coupling of 5 with 4-nitorobenzoic acid yielded 1, a
critical substrate for synthesizing 18F-labeled FKTP-Me.

Enantiomerically pure unradiolabeled (R)- and (S)-FKTP-Me were
obtained through the following procedure (Fig. 2). Initially, (RS)-
FKTP-Me with a methyl ester structure was converted to carboxylic
acid–structured (RS)-FKTP by hydrolysis. (RS)-FKTP was reacted with
an optically resolving reagent, (S)- or (R)-3-methyl-2-phenylbutyl-
amine (23), to produce diastereomeric ammonium salt; after 2 cycles of
recrystallization, we obtained an enantiomerically pure acid form of
(R)- or (S)-FKTP with 99% enantiomeric excess. Each absolute config-
uration of (R)- and (S)-FKTP was determined by circular dichroism
spectroscopy, as compared with the spectra of reference compounds
((R)- and (S)-ketoprofen) with configurational correlations to (R)- and
(S)-FKTP. (R)-FKTP showed a negative Cotton effect; (S)-FKTP
showed a positive effect, in accordance with prior research (24). Methyl
esterification of (R)- and (S)-FKTP under acidic conditions (avoiding
racemization) produced the desired enantiomerically pure (R)- and

(S)-FKTP-Me, respectively (99% enantiomeric excess). Procedural
details are summarized in Supplemental Schemes 1–8 and Supplemen-
tal Figures 1–21 (supplemental materials are available at http://jnm.
snmjournals.org).

Synthesis of (RS)-[18F]FKTP-Me and Its Optical Resolution
Figure 3 depicts the process of (RS)-[18F]FKTP-Me synthesis.

Nucleophilic 18F-fluorination of 1 was performed with [18F]KF and
Kryptofix 222 (Merck) in dimethyl sulfoxide at 120�C for 10 min, fol-
lowed by semipreparative high-performance liquid chromatography
(HPLC) purification (generating (RS)-[18F]FKTP-Me). Synthesis was
performed in 52–60 min. The radioactivity of (RS)-[18F]FKTP-Me
was 0.9–2.2 GBq, and its decay-corrected radiochemical yield was
11%–13% (based on [18F]KF with a radioactivity of �24 GBq). The
molar activity was 63–246 GBq/mmol, and the radiochemical and
chemical purities were each more than 99%.

We prepared single (R)-[18F]FKTP-Me or (S)-[18F]FKTP-Me enan-
tiomers according to the optical resolution of (RS)-[18F]FKTP-Me
using HPLC with a chiral column (Fig. 3). (RS)-[18F]FKTP-Me was
isolated using HPLC, followed by optical resolution of (RS)-
[18F]FKTP-Me through a chiral HPLC method to produce 18F-labeled
(R)- and (S)-enantiomers (.99% enantiomeric excess). The total syn-
thesis time, including 18F-fluorination and optical resolution, was
70–92 min. The radioactivities of the (R)- and (S)-enantiomers were
4002528 MBq and 193–1,094 MBq, respectively. The respective
molar activities were 63291 GBq/mmol and 47–208 GBq/mmol. The
respective [18F]KF-based decay-corrected radiochemical yields for the
(R)- and (S)-enantiomers were 1%–3% and 1%–6%. The radiochemi-
cal and chemical purities were more than 99%. Both probes met the
criteria for in vivo animal experiments. Further details on the experi-
mental conditions and procedures are described in Supplemental
Schemes 9–10 and Supplemental Figures 22–25.

COX Inhibitory Activity
We measured the inhibitory activity of FKTP against recombinant

COX-1 and -2 enzymes using a colorimetric COX (ovine) inhibitor
screening assay kit (Cayman Chemical Co.) according to procedures
described in the supplemental information.

Animals and Surgery
All experimental protocols were approved by the Animal Care and

Use Committee of RIKEN Kobe Institute (approval MA2009-21-6) and
were performed in accordance with the ARRIVE guidelines (Animal
Research: Reporting of In Vivo Experiments). We used male Wistar rats
(aged 10–13 wk) from CLEA Japan, Inc. for preparing the rat model of
acute neuroinflammation; 3–4 rats were housed per cage under a 12-h
light–dark cycle (lights off at 20:00) at 23�C 6 1�C and 60% 6 5%
humidity. The rats were provided ad libitum access to food and water.
We injected lipopolysaccharide (strain 026:B6; Sigma-Aldrich. Co. Ltd.)
diluted in saline into the striatum (0.5 mg/mL, 0.2 mL/min for 5 min)

using a 26-gauge needle controlled by an auto-
mated syringe pump (Muromachi Kikai Co.,
Ltd.) under sodium pentobarbital anesthesia
(50 mg/kg). The stereotactic coordinates from
the bregma were as follows: anteroposterior,
10.2mm; lateral, 13.2mm; and ventral,
25.5mm (from the dura). After injection, the
needle was left in place for 5 min before being
slowly removed.

PET Imaging
We performed PET studies on day 1 after

lipopolysaccharide injection. The rats were
anesthetized with a mixture of 1.5% isoflurane
and nitrous oxide/oxygen (7:3) and placed on

FIGURE 1. Preparation of (RS)-FKTP-Me and 1 for 18F-labeling. (a) Hypervalent iodine-induced
ketone rearrangement. (b) Palladium-catalyzed borylation. (c) Hydrolysis. (d and e) Palladium-cata-
lyzed cross-coupling to build benzophenone structure.
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the bed of a small-animal PET scanner (microPET Focus-220; Siemens
AG). (RS)-, (R)-, and (S)-[18F]FKTP-Me (�50 MBq per animal) dis-
solved in 1 mL of saline were injected via the cannula inserted into
the tail vein for 10 s, followed by the acquisition of emission data for
90min using the 3-dimensional list-mode method. In the blocking stud-
ies, unlabeled (RS)-FKTP-Me (10 mg/kg) or (S)-FKTP-Me (10 mg/kg)
was administered simultaneously with the PET probe. The molar activi-
ties and injected mass of (RS)-, (R)-, and (S)-[18F]FKTP-Me at the time
of administration were 94.2 6 47.5 GBq/mmol (0.69 6 0.32 nmol),
58.3 6 24.9 GBq/mmol (0.85 6 0.24 nmol), and 95.9 6 44.8GBq/
mmol (0.49 6 0.17 nmol), respectively. PET data were fused with T1-
weighted MR images, and regions of interest were placed in the brain
using image processing software (PMOD, version 3.4; PMOD Technol-
ogies Ltd.). Regional uptake was expressed as SUVs (tissue activity
[MBq/g]/[injected dose (MBq)/body weight (g)]) (details are provided
in the supplemental information).

Statistical Analyses
Statistical analyses were performed using the Student t test. P val-

ues of less than 0.05 were considered statistically significant.

RESULTS

Chemistry
We developed 6 unradiolabeled compounds of (RS)-, (R)-, and

(S)-FKTP as acid forms, with (RS)-, (R)-, and (S)-FKTP-Me as
methyl esters. The enantiomeric excess of 4 compounds ((R)-FKTP,
(S)-FKTP, (R)-FKTP-Me, and (S)-FKTP-Me) was more than 99%.

Radiochemistry
We successfully synthesized the following radiolabeled probes:

(RS)-[18F]FKTP-Me, (R)-[18F]FKTP-Me, and (S)-[18F]FKTP-Me.
These probes met the criteria for in vivo animal experiments (chemi-
cal purity, all.99%; radiochemical purity, all.99%; radioactivity,
0.19–2.2 GBq; molar activity, 47–246 GBq/mmol).

Inhibitory Activity of FKTP
The inhibitory activity of the (S)-enantio-

mer of FKTP was highly selective for COX-
1 (COX-1/COX-2 ratio, 49.2). (R)-FKTP
displayed less inhibitory activity against both
COX-1 and COX-2 (COX-1/COX-2 ratio,
36.0) (Table 1). To examine the binding of
FKTP toward COXs under in vivo condi-
tions, we performed a blocking study using
ex vivo autoradiography with (S)-[11C]KTP-
Me and (RS)-FKTP-Me. At 45 min after
(S)-[11C]KTP-Me injection, accumulated ra-
dioactivity in the rat brain on day 1 after lipo-
polysaccharide injection was decreased by
the simultaneous administration of (RS)-
FKTP-Me, indicating that (RS)-FKTP-Me
entered the brain and displayed specificity for
COX-1 under in vivo conditions (Supple-
mental Fig. 26).

PET Imaging of Neuroinflammation
PET images obtained by the summation

of dynamic data for 5–45 min after (RS)-
[18F]FKTP-Me injection demonstrated high
radioactivity accumulation in the ipsilateral

cortex and striatum, compared with the contralateral side on day 1
after lipopolysaccharide injection (Fig. 4A). Immunohistochemical
studies showed a statistically significant increase in COX-1–express-
ing activated microglia in the ipsilateral cortex and striatum (Supple-
mental Fig. 27). The distribution of high radioactivity in PET images
with (RS)-[18F]FKTP-Me was strongly correlated with increased
accumulation of COX-1–expressing OX-42–positive activated mic-
roglia in inflamed regions. The time–activity curves of (RS)-
[18F]FKTP-Me demonstrated peak radioactivity accumulation within
1 min after injection in all brain regions (Fig. 4B). Although the
radioactivity in the contralateral striatum or cerebellum was rapidly
washed out (within 15 min), the ipsilateral striatum revealed a delay
in clearance resulting in high accumulation. Simultaneous adminis-
tration of unlabeled (RS)-FKTP-Me and (RS)-[18F]FKTP-Me stat-
istically significantly reduced radioactivity accumulation in the
ipsilateral striatum (Table 2). Administering (S)-FKTP-Me decreased
radioactivity accumulation in the ipsilateral striatum, but the differ-
ence was not statistically significant (P5 0.054).

Metabolic Analysis of (RS)-[18F]FKTP-Me in Rat Tissues
We performed HPLC analysis using plasma and brain extracts

at different time points after injecting (RS)-[18F]FKTP-Me. Two
minutes after injection, 1 metabolite peak appeared in the plasma
sample, identified as (RS)-[18F]FKTP (a hydrolyzed metabolite of
(RS)-[18F]FKTP-Me; Supplemental Fig. 28). Brain samples at

FIGURE 2. Synthesis of enantiomerically pure (R)-FKTP-Me and (S)-FKTP-Me. (a) Hydrolysis.
(b and c) Optical resolution using (S)- and (R)-3-methyl-2-phenylbutylamine, respectively. (d) Esterifi-
cation under acidic conditions.

FIGURE 3. Synthesis of (RS)-[18F]FKTP-Me, (R)-[18F]FKTP-Me, and (S)-[18F]FKTP-Me. DMSO 5

dimethylsulfoxide.

TABLE 1
Inhibitory Effects of Ketoprofen Enantiomers on Ovine

COX-1 and COX-2 Activities

Parameter

50% inhibitory concentration (mM)

(R)-FKTP (S)-FKTP

COX-1 4.50 0.127

COX-2 162 6.25
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2 min after injection revealed 2 peaks corresponding to (RS)-
[18F]FKTP-Me and (RS)-[18F]FKTP. The metabolite component
identified as (RS)-[18F]FKTP-Me was lower in both the lipopoly-
saccharide-injected and the contralateral hemispheres at 5 min and
was completely converted to (RS)-[18F]FKTP until 10 min after
injection (Fig. 5).

Stereospecificity of [18F]FKTP-Me in PET Imaging
PET images on day 1 after lipopolysaccharide injection revealed

that both (R)-[18F]FKTP-Me and (S)-[18F]FKTP-Me displayed
high radioactivity accumulation in the inflamed regions, including
ipsilateral cortex and striatum (Fig. 6A). The radioactivity uptake
value after (S)-[18F]FKTP-Me injection was higher than that of
(R)-[18F]FKTP-Me in all brain regions (Table 3). In the blocking

study with (S)-KTP-Me, the blockade rate of (S)-[18F]FKTP-Me
in the ipsilateral striatum (30.1%) was higher than that of (R)-
[18F]FKTP-Me (21.3%). Time–activity curves of (S)-[18F]FKTP-
Me revealed that the peak was reached within 1 min of injection
on the ipsilateral and contralateral sides, with comparable peak
radioactivity in (R)-[18F]FKTP-Me (Fig. 6B). The time to halve
the radioactivity of (S)-[18F]FKTP-Me in the ipsilateral striatum
(�20 min) was longer than that of (R)-[18F]FKTP-Me (�5 min),
suggesting that (S)-[18F]FKTP-Me displayed higher binding.

DISCUSSION

Previously, we reported that (RS)- and (S)-[11C]KTP-Me specific
to COX-1 are valuable PET probes for neuroinflammation, and we
provided evidence for COX-1 as a surrogate marker for microglial
activation (14,17). In the present study, we designed and evaluated
[18F]FKTP-Me as PET probes for clinical application. Our PET
studies using rats with lipopolysaccharide-induced hemispheric
neuroinflammation demonstrated specific accumulation of (RS)-
[18F]FKTP-Me, which was blocked by unlabeled (RS)-FKTP-Me or
(S)-KTP-Me. Metabolic analysis revealed that (RS)-[18F]FKTP-Me
in the plasma was immediately converted to (RS)-[18F]FKTP, an
active form specifically accumulated in neuroinflammation. The
hydrolysis rate in the brain was relatively slower than that in the
plasma. At 2 min after (RS)-[18F]FKTP-Me administration, (RS)-
[18F]FKTP-Me persisted in the ipsilateral and contralateral brain
(22.7% and 31.2%, respectively); it was completely hydrolyzed to
(RS)-[18F]FKTP within 10 min of administration. Despite the hydro-
lysis rate of (RS)-[18F]FKTP-Me possibly influencing accumulation,
(RS)-[18F]FKTP levels in the contralateral and ipsilateral brain did
not display a statistically significant difference 2 min after adminis-
tration (P. 0.05). Moreover, there were no differences in the initial
uptake value between the ipsilateral and contralateral brain accord-
ing to time–activity curves. In other words, the high accumulated
radioactivity of (RS)-[18F]FKTP-Me in neuroinflammatory regions
should be related to an increase in binding to COX-1.
When the stereospecificity of [18F]FKTP-Me was evaluated, (S)-

[18F]FKTP-Me displayed an increased radioactivity accumulation in
all brain regions as compared with (RS)- and (R)-[18F]FKTP-Me.
Blocking studies with (S)-KTP-Me revealed specific radioactivity
accumulation of both (R)-[18F]FKTP-Me and (S)-[18F]FKTP-Me.
The highest blockade rate in the ipsilateral striatum was observed in

FIGURE 4. Representative PET images and time-radioactivity curves of
(RS)-[18F]FKTP-Me in rat brain after lipopolysaccharide (LPS) injection. (A)
Transaxial rat brain views of SUV-summed PET image from 5 to 45 min
after probe injection, coregistered with MR images. (B) Quantitative time-
radioactivity curves of (RS)-[18F]FKTP-Me in contralateral and ipsilateral
(lipopolysaccharide-injected) striatum, and cerebellum. Truncated data of
the first 6 min are shown in the inset. Data are expressed as SUVs and
means6 SDs (n5 6).

TABLE 2
Regional Brain Accumulation of (RS)-[18F]FKTP-Me and Blockade by Simultaneous Administration of Unlabeled

COX-1 Inhibitors

Site Vehicle (n 5 6) (RS)-FKTP-Me (n 5 4) (S)-KTP-Me (n 5 3)

Ipsilateral cortex 1.24 6 0.29 1.12 6 0.075 0.97 6 0.22

Contralateral cortex 0.55 6 0.032 0.67 6 0.032* 0.60 6 0.070

Ipsilateral striatum 1.35 6 0.12 1.14 6 0.066† 1.05 6 0.29

Contralateral striatum 0.39 6 0.027 0.50 6 0.037* 0.45 6 0.071

Cerebellum 0.32 6 0.039 0.51 6 0.062* 0.49 6 0.030*

*P , 0.001 for vehicle vs. (RS)-FKTP-Me or (S)-KTP-Me.
†P , 0.05 for vehicle vs. (RS)-FKTP-Me or (S)-KTP-Me.
Absorbed doses of (RS)-[18F]FKTP-Me were calculated using summed PET images from 5 to 45 min after probe injection and

are expressed as SUV. Unlabeled (RS)-FKTP-Me (10 mg/kg) and (S)-KTP-Me (10 mg/kg) were administered simultaneously with
(RS)-[18F]FKTP-Me.
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(S)-[18F]FKTP-Me (30.1%), as compared with (R)-[18F]FKTP-Me
(21.3%) and (RS)-[18F]FKTP-Me (22.1%), suggesting the greater
specificity of (S)-[18F]FKTP-Me, corresponding to stereospecific
inhibitory activities of FKTP against COX-1. A meaningful reduc-
tion caused by blocking in the ipsilateral cortex was observed for
only (S)-[18F]FKTP-Me. Neither (R)-[18F]FKTP-Me nor (RS)-
[18F]FKTP-Me showed evidence of (S)-[18F]FKTP-Me specificity.
A higher radioactivity accumulation of (S)-[18F]FKTP-Me in

the ipsilateral and contralateral hemispheres may suggest that

(S)-[18F]FKTP-Me shows high nonspecific
accumulation. The (S)-[18F]FKTP-Me/(R)-
[18F]FKTP-Me ratios were 1.63 and 1.69
in the ipsilateral and contralateral striata,
respectively. Since COX-1 is known to
be distributed throughout the brain even
under normal conditions, a higher accumu-
lation of (S)-[18F]FKTP-Me in the contra-
lateral hemisphere may include specific
binding to COX-1. However, our blocking
experiments showed no difference in the
contralateral hemisphere. An incomplete
blocking effect was also shown in the ipsi-
lateral hemisphere with respect to (RS)-,
(R)-, and (S)-[18F]FKTP-Me, which cor-

roborates our previous study findings for (RS)-[11C]KTP-Me (14).
A possible reason is that the dose of (S)-KTP-Me (10 mg/kg) used
in blocking studies may not be sufficient to inhibit specific binding
completely. Alternatively, disruption to brain structure may be
caused by multiple inflammatory factors, including dysfunction of
the blood–brain barrier produced by direct intrastriatal lipopoly-
saccharide injection.
An unexpected result was observed in comparing ipsilateral-to-

contralateral radioactivity ratios. Specifically, the ratio of (S)-
[18F]FKTP-Me in the striatum (3.85 6 0.35)
was equivalent to that of (R)-[18F]FKTP-Me
(3.99 6 0.48), which seemingly does not
match the inhibitory activities of FKTP
against COX-1. In our previous experiments,
[11C]KTP-Me showed similar ipsilateral-to-
contralateral ratios in the striatum for (R)-
[11C]KTP-Me and was 1.3 times higher for
(S)-[11C]KTP-Me than for [18F]FKTP-Me.
The accumulation of (R)-[18F]FKTP-Me in
the contralateral striatum and cortex was
lower than that of (S)-[18F]FKTP-Me, despite
being the same in the cerebellum, where
COX-1 expression is low. The reason for this
finding is unclear. However, because of some
combination of factors, the ipsilateral-to-con-
tralateral ratio of (S)-[18F]FKTP-Me reached
the same level as that of (R)-[18F]FKTP-Me.
Slight but statistically significant increases

in radioactivity accumulation in noninflamed
regions (the contralateral cortex, striatum,
and cerebellum) were observed in our
blocking studies of (R)-[18F]FKTP-Me
and (RS)-[18F]FKTP-Me with adminis-
tration of (S)-KTP-Me or (RS)-KTP-Me.
The phenomenon was seen only for (R)-
[18F]FKTP-Me and (RS)-[18F]FKTP-Me,
not for (S)-[18F]FKTP-Me, and did not
occur in the ipsilateral hemisphere. Since
there was no difference in the initial uptake,
it is unlikely that this effect was due to
pharmacokinetic changes caused by the
administration of the COX-1 inhibitor,
such as increased cerebral blood flow.
Although it is difficult to identify, the
presence of unknown specific binding to
(R)-[18F]FKTP-Me may be involved in

FIGURE 5. Plasma and brain compositions of (RS)-[18F]FKTP-Me and its metabolite, (RS)-
[18F]FKTP. Data are expressed as means6 SDs (10 min, n5 3; others, n5 4).

FIGURE 6. Representative PET images and time–radioactivity curves of (R)- and (S)-[18F]FKTP-Me
in rat brain after lipopolysaccharide injection with or without simultaneous (S)-KTP-Me administra-
tion. (A) Transaxial rat brain views of SUV-summed PET images from 5 to 45 min after probe injec-
tion, with or without administration of (S)-KTP-Me. (B) Quantitative time–radioactivity curves in
evaluated brain regions. Data are expressed as SUVs and means 6 SDs ((R)-[18F]FKTP-Me 1 (S)-
KTP-Me, n5 3; (S)-[18F]FKTP-Me1 (S)-KTP-Me, n5 5; others, n5 6).
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this phenomenon. In other words, it is assumed that (R)-[18F]FKTP-
Me–specific binding other than COX-1 was enhanced in an
environment where binding to COX-1 was blocked by administering
(RS)-FKTP-Me or (S)-KTP-Me. Also, the kinetics of (R)-[18F]KTP-
Me in the contralateral cortex and cerebellum showed increased
radioactivity at a later phase (�30 min after injection) (Supplemental
Fig. 29). This finding suggests the presence of different unknown
metabolites in (R)-enantiomers, which could be evidence that (R)-
[18F]KTP-Me has a certain amount of nonspecific accumulation.
The present study demonstrated good properties of (S)-[18F]FKTP-

Me as a proradiotracer for imaging neuroinflammation, despite the
lower inhibitory activity of (S)-FKTP against both COX-1 and COX-
2 (vs. (S)-KTP; 50% inhibitory concentration for COX-1 and COX-2,
0.011 and 0.195 mM, respectively). Previously, we reported that
[11C]KTP-Me demonstrated a favorable dosimetry, biodistribution,
and safety profile (25). However, the radioactivity of [11C]KTP-Me
was rapidly washed out from the cerebral tissue, and there was
no obvious difference between healthy subjects and patients with
mild cognitive impairment or AD (26). The characteristics of (S)-
[18F]FKTP-Me as a proradiotracer were consistent with those of
(S)-[11C]KTP-Me, but the initial uptake of (S)-[18F]FKTP-Me shown
in time–activity curves appeared to be higher than that of (S)-
[11C]FKTP-Me in our previous report. This difference may have con-
tributed to the fact that PET images showed neuroinflammation with
high sensitivity in the present study. Additional exploratory studies
are expected to clarify the kinetics of (S)-[18F]FKTP-Me in humans
and demonstrate whether (S)-[18F]FKTP-Me could be valuable for
clinical applications in neurodegenerative disease.

CONCLUSION

The aim of the present study was to develop an 18F-labeled PET
imaging probe against COX-1 that can detect neuroinflammation,
with clinical applications to diagnosing neurodegenerative disease.
We established synthesis methods for (RS)-[18F]FKTP-Me and its
enantiomers, which demonstrated good brain penetration and accurate
detection of neuroinflammation. (S)-[18F]FKTP-Me was identified as
a promising PET probe specific to COX-1 with respect to the imaging
of neuroinflammation. Additional exploratory studies are necessary
to confirm these findings more rigorously in both animal models
and human subjects. However, we tentatively conclude that (S)-
[18F]FKTP-Me could be a candidate for future clinical applications in

neurodegenerative diseases presenting with neuroinflammation. Our
preliminary findings guide future research directions and may ulti-
mately inform medical guidelines.
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KEY POINTS

QUESTION: What is the potential for 18F-labeled ketoprofen
methyl esters ([18F]FKTP-Me) to be applied as PET probes for
COX-1 imaging in the brain?

PERTINENT FINDINGS: Racemic (RS)-[18F]FKTP-Me and its
enantiomers were successfully synthesized and demonstrated
good brain penetration and COX-1–specific accumulation
according to their hydrolyzed acidic form in rat brains.
(S)-[18F]FKTP-Me was identified as a PET probe with high
specificity for COX-1 in the imaging of neuroinflammation.

IMPLICATIONS FOR PATIENT CARE: (S)-[18F]FKTP-Me could
be a promising candidate for diagnosis and basic research with
regard to the role of COX-1 in neurodegenerative diseases.

TABLE 3
Regional Brain Accumulation of (R)- and (S)-[18F]FKTP-Me and Blockade by Simultaneous Administration of (S)-KTP-Me

Site

(R)-[18F]FKTP-Me (S)-[18F]FKTP-Me

Vehicle (n 5 6) (S)-KTP-Me (n 5 3) Vehicle (n 5 6) (S)-KTP-Me (n 5 5)

Ipsilateral cortex 0.95 6 0.18 0.81 6 0.058 1.43 6 0.26 1.00 6 0.12*

Contralateral cortex 0.41 6 0.062 0.51 6 0.071 0.58 6 0.10 0.61 6 0.071

Ipsilateral striatum 1.11 6 0.14 0.87 6 0.14† 1.81 6 0.28 1.27 6 0.34†

Contralateral striatum 0.28 6 0.051 0.41 6 0.083† 0.48 6 0.095 0.48 6 0.056

Cerebellum 0.32 6 0.037 0.44 6 0.070† 0.35 6 0.078 0.45 6 0.069

*P , 0.01 vs. vehicle.
†P , 0.05 vs. vehicle.
Absorbed doses of (R)- and (S)-[18F]FKTP-Me were calculated using summed PET images from 5 to 45 min after probe injection and

are expressed as SUVs. Data are expressed as means 6 SDs. Unlabeled (S)-KTP-Me (10 mg/kg) was simultaneously administered with
(R)- or (S)-[18F]FKTP-Me.
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