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Abstract: Glycogen synthase kinase 3 (GSK3) is a multifunctional serine/threonine kinase family that regulates diverse biological pro-
cesses including glucose metabolism, insulin activity and energy homeostasis. Dysregulation of GSK3 is implicated in the development 
of several diseases such as type 2 diabetes mellitus, Alzheimer’s disease (AD), and various cancer types. In this study, we report the syn-
thesis and evaluation of a novel positron emission tomography (PET) ligand compound 28 (codenamed [18F]GSK3-2209). The PET ligand 
[18F]28 was obtained via copper-mediated radiofluorination in more than 32% radiochemical yields, with high radiochemical purity and 
high molar activity. In vitro autoradiography studies in rodents demonstrated that this tracer exhibited a high specific binding to GSK3. 
Furthermore, PET imaging studies of [18F]28 revealed its ability to penetrate the blood-brain barrier (BBB).
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Introduction

Glycogen synthase kinase 3 (GSK3) is an intracellular ser-
ine/threonine kinase family that phosphorylates and inac-
tivates glycogen synthase [1, 2]. This multifunctional 
enzyme is widely distributed in numerous tissues with 
peak levels found in the central nervous system (CNS) 
[3-5]. GSK3 regulates diverse biological processes such 
as cell metabolism [6], proliferation/differentiation [7], 
and synaptic neurotransmission [8], and is implicated  
in many human diseases including neurodegenerative 
pathologies [9], cardiovascular disorders [10], and vari-
ous cancer types [11]. GSK3 consists of two highly homol-
ogous isozymes termed GSK3α (51 kDa) and GSK3β (47 
kDa). These two isozymes show 98% amino acid sequence 
identity within their kinase domains and 84% overall iden-
tity but share only 36% similarity in the last 76 C-terminal 
residues [3, 12, 13]. Previous studies have shown that 
both isoforms are ubiquitously expressed at high levels in 
the brain but particularly enriched in the hippocampus, 
cerebral cortex, and cerebellum [14, 15]. Given the key 
role of GSK3 in tau hyperphosphorylation and other sig-
naling pathways, aberrant GSK3 activity is associated 
with the pathogenesis of Alzheimer’s disease (AD) [16], 
diabetes [17], and inflammation [18]. For instance, hyper-
activity and/or overexpression of GSK3β has been 
observed in AD brains, leading to hyperphosphorylation of 
over 70% of potential phosphorylation sites on tau pro-

teins, thereby disrupting their healthy association with 
microtubules [19]. Notably, GSK3 has emerged as a 
potential target for neurodegenerative and psychiatric 
drug development [20-22]. To date, despite among a vari-
ety of GSK3 inhibitors discovered some have reached 
clinical trials, including AZD1080 [23], Tideglusib [24], 
and LY2090314 [25], only lithium chloride (LiCl) [26] has 
been approved by the FDA. Notwithstanding the wide-
spread use of lithium for bipolar disorders, limitations 
include a narrow therapeutic window, which required indi-
vidual dose monitoring, as well as the potential to cause 
QT-prolongation. As such, there is an unmet medical need 
to provide alternative GSK3 inhibitors with an improved 
safety profile.

Positron emission tomography (PET) is a noninvasive in 
vivo nuclear medicine imaging modality that utilizes radio-
ligands to characterize, visualize, and quantify physiologi-
cal processes by recording time-dependent distribution in 
living organs [27]. Specifically, PET serves as a powerful 
tool for brain imaging, capable of measuring the aberrant 
activity and levels of GSK3 in vivo using a suitable PET 
radiotracer [28]. Various classes of GSK3 radiotracers 
have been recently reported to quantify the distribution of 
GSK3 in healthy and diseased states (Figure 1). For exam-
ple, [11C]AR-A014418 was the first reported radioligand 
for PET imaging of GSK3, but it exhibited limited blood-
brain barrier (BBB) permeability [29]. Similarly, [11C]
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Figure 1. Representative radiotracers for GSK3 PET imaging.
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PyrATP-1 (2) [30] and [11C]-oxadiazole-based radiotracers 
3-5 demonstrated insufficient brain penetration in vivo 
[31]. Maleimide-derived tracers 6-7 showed promising 
preliminary results in BBB penetration and rodent brain 
uptake studies but require further evaluation in nonhu-
man primates [32-34]. [11C]PF-04802367 (8), one of the 
most potent and selective GSK-3 inhibitors, exhibited 
good uptake in brain regions with a homogeneous distri-
bution [35]. Based on this finding, other 11C and 18F-labeled 
oxazole-4-carboxamide analogs 9-15 were developed, 
with [11C]OCM-44 showing promise for clinical translation 
[36, 37]. Recently, a series of isonicotinamide derivatives 
17-19 were reported to have high affinity to GSK3β, but 
only [18F]19 showed reasonable brain uptake in GSK3β-
rich regions [38-41]. Although imaging data in rats 
revealed unfavorable in vivo stability and specificity, in 
view of the heterogeneous brain uptake, there is high 
interest in developing of GSK3β radiotracers based on 
the structure of isonicotinamide derivatives. With this 
objective, we designed the synthesis and evaluation of a 
novel 18F-labeled ligand [18F]28 for PET imaging of GSK3 
in the brain of rodents. Preliminary physiochemical, in 
vitro binding properties, in vivo PET imaging, and metabo-
lism studies were systematically investigated.

Materials and methods

General information

Unless noted, all the commercial chemicals, solvents, 
and biological samples were purchased and used directly 
without further purification. Aluminum TLC plates, 60 F254, 
were employed for analytical thin-layer chromatography, 
visualizing with a 254 nm UV lamp. Flash column chroma-
tography was conducted on 300-400 mesh silica gels. 
NMR spectra (1H, 13C, and 19F) were obtained on Bruker 
300 and 400 MHz spectrometers, with chemical shifts 
reported in parts per million (ppm) and coupling constants 
in Hertz. Imaging studies in rats were performed following 
the ethical rules of the Institutional Animal Care and Use 
Committee (IACUC) at Massachusetts General Hospital 
and Emory University. Mouse serum (mixed, Abcam, 
ab7486), rat serum (mixed, Abcam, ab7488), cynomolgus 
monkey serum (Abcam, ab155109), human serum (AB, 
male, Sigma-Aldrich, H4522), and mouse microsome  
(CD-1, Corning, 452701), rat microsome (SD, Corning, 
452501), cynomolgus monkey microsome (Corning, 
452411), human microsome (Corning, 452117) were pur-
chased and used for in vitro stability test experiments and 
protein binding studies directly.

Chemical synthesis

The standard compound and the corresponding precursor 
were synthesized in five steps, respectively. The detailed 
reaction conditions and characterizations are shown 
below (see NMR spectrum in Supplementary Materials).

methyl 2-(cyclopropanecarboxamido)isonicotinate (22): 
To a solution of compound 21 (3.00 g, 19.7 mmol, 1.00 
eq) and cyclopropanecarboxylic acid (1.87 g, 21.7 mmol, 
1.72 mL, 1.10 eq) in DCM (40.0 mL) was added T3P (18.8 
g, 29.6 mmol, 17.6 mL, 50% purity, 1.50 eq) and DIEA 
(10.2 g, 78.6 mmol, 13.7 mL, 4.00 eq). The mixture was 
stirred at 25°C for 5 h, and the progress of the reaction 
was monitored and indicated by the TLC (Petroleum 
ether:Ethyl acetate = 3:1, Rf = 0.35) and LC-MS. LCMS 
(ESI): m/z = 221.1 [M+H]+. The reaction mixture was con-
centrated under vacuum, and the residue was purified by 
flash column chromatography (SiO2, Petroleum ether/
Ethyl acetate = 100/1 to 3/1). Compound 22 (2.10 g, 
9.53 mmol, 48.3% yield) was obtained as a white solid 
and used without further purification.

2-(cyclopropanecarboxamido)isonicotinic acid (23): To a 
solution of compound 22 (2.10 g, 9.53 mmol, 1.00 eq) in 
THF (20.0 mL) and H2O (10.0 mL) was added LiOH•H2O 
(600 mg, 14.3 mmol, 1.50 eq). After stirring at 25°C for 2 
h, LC-MS indicated that 4.96% of compound 22 remained, 
and desired compound mass was detected. LCMS (ESI): 
m/z = 207.1 [M+H]+. The solvent THF was removed under 
vacuum, and the aqueous was washed with DCM (30 mL) 
and adjusted to pH = 2-3 with aq. HCl (1 M). After extract-
ed with DCM (30 mL × 2), the organic phase was concen-
trated under vacuum to give compound 23 (1.50 g, 7.27 
mmol, 76% crude) as a white solid. 1H NMR (400 MHz, 
DMSO-d6): δ 8.55 (s, 1H), 8.43 (d, J = 4.8 Hz, 1H), 7.47 
(dd, J1 = 4.8 Hz, J2 = 1.6 Hz, 1H), 2.04 - 1.99 (m, 1H), 0.87 
- 0.75 (m, 4H).

2-(cyclopropanecarboxamido)-N-(4-(4-(4,4,5,5-tetramethyl- 
1,3,2-dioxaborolan-2-yl)phenyl)pyridin-3-yl)isonicotin-
amide (24): To a solution of compound 23 (500 mg,  
2.43 mmol, 1.00 eq) and 4-(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)pyridin-3-amine (575 mg, 1.94 
mmol, 0.80 eq) in DCM (5.00 mL) was added TEA (983 
mg, 9.70 mmol, 1.35 mL, 4.00 eq) and CMPI (930 mg, 
3.63 mmol, 1.50 eq). The mixture was stirred at  
45°C for 12 h, and the progress of the reaction was moni-
tored and indicated by the TLC (Petroleum ether:Ethyl 
acetate = 1:1, Rf = 0.29) and LC-MS. LCMS (ESI): m/z = 
485.4 [M+H]+. The reaction mixture was concentrated 
under reduced pressure and purified by prep-TLC (SiO2, 
DCM:MeOH = 10:1) to give compound 24 (230 mg, 435 
umol, 18.0% yield, 91.7% purity) as a yellow solid. 1H NMR 
(400 MHz, CDCl3): δ 9.60 (s, 1H), 8.52 (d, J = 5.2 Hz, 1H), 
8.49 (s, 1H), 8.38 (d, J = 5.2 Hz, 1H), 8.32 (brs, 1H), 8.14 
(s, 1H), 7.99 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.0 Hz, 2H), 
7.40 (dd, J1 = 5.2 Hz, J2 = 1.6 Hz, 1H), 7.26 (s, 1H), 1.61 - 
1.54 (m, 1H), 1.38 (s, 12H), 1.23 - 1.16 (m, 2H), 0.97 - 
0.90 (m, 2H).

4-(4-fluorophenyl)-3-nitropyridine (26): A mixture of 
4-chloro-3-nitropyridine 25 (2.0 g, 12.62 mmol, 1.0 
equiv), 4-fluorophenylboronic acid (18.92 mmol, 1.5 
equiv) and Na2CO3 (3.34 g, 31.54 mmol, 2.5 equiv), 
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[18F]28, 2.0 mg precursor, 7.0 mg Cu(OTf)2(pyridine)4 and 
300 μL DMAc/nBuOH (2/1) were transferred into the vial. 
After heated at 90°C for 20 min under air atmosphere, 
the solution was diluted with a CH3CN/H2O HPLC mobile 
phase to 3 mL, and then loaded into a semi-preparative 
radio-performance liquid chromatography (radio-HPLC) 
system equipped with a Phenomenex Luna 5μ C18 col-
umn (10 mm × 250 mm).Mobile phase of CH3CN/H2O = 
30/70 (0.1%Et3N) was used at a 5 mL/min flow rate, and 
UV at 254 nm. The retention time of [18F]28 was 19.6 min. 
The radiotracer collected was further purified with a Sep-
Pak C18 light cartridge and tested on an analytical HPLC 
system using a Bridge (4.6 mm × 150 mm) column and 
mobile phase of CH3CN/H2O = 30/70 (0.1%Et3N) at a 1 
mL/min flow rate. The non-decay-corrected radiochemi-
cal yield was 32% (25.1 mCi) EOB with >99% radiochemi-
cal purity with more than 1 Ci/μmol molar activity.

In vitro stability analysis in serum and liver microsome

Serum stability. 400 µL of serum for each species was 
added into a 1.5 mL Eppendorf tube and pre-incubated at 
37°C for 5 minutes. After [18F]28 was added (20 µL/300 
µCi), the mixture was incubated at 37°C. After 30 and 60 
mins, 100 µL samples were drawn out and stopped with 
ice-cold CH3CN. Each sample was then centrifuged at 
10,000 g for 5 min and analyzed by an analytical HPLC 
system equipped with an X-Bridge Phenyl column (4.6 mm 
× 100 mm, 5 μm) with a mobile phase of CH3CN/H2O = 
50/50 (0.1%Et3N) at a 1 mL/min flow rate.

Liver microsome stability. A mixture of 340 µL of potassi-
um phosphate buffer solution (0.5 M, pH 7.4), 40 µL of 
NADPH regenerating solution (10 mM) and 10 µL of radio-
tracer formulation was pre-incubated at 37°C for 5 min-
utes. 10 µL of liver microsome was then added. At the 
following time points, 30 and 60 mins, 100 µL samples 
were taken out and disposed as described above.

Protein binding test

To a solution of 150 µL serum in an Eppendorf tube was 
added a radiotracer formulation (10 µL/30 µCi). After 
being incubated at 37°C for 10 mins, the radiotracer-plas-
ma solution was diluted with 300 μL of ice-cold PBS. The 
samples were vortexed briefly and centrifuged at 14,000 
g in Amicon centrifugal filters with a size cutoff of 3 kDa 
for 15 min at 4°C. 200 μL × 2 of PBS was then used to 
wash the Eppendorf tube and centrifuged with the filter. 
The radioactivity of the filter and filtrate was measured  
in a gamma counter. The free fraction of radiotracer in 
plasma was the calculated according to the following 
equation:

f = Afree/(Aprotein+Afree)

PET imaging

Rodents PET imaging studies were performed with 
Sprague Dawley rats (female, body weight 195-282 g). A 

Pd(Ph3)2Cl2 (442.8 mg, 0.631 mmol, 0.05 equiv) in tolu-
ene/ethanol/H2O (40/8/16 mL) was degassed. After 
being stirring at 100°C for 4 h, the reaction mixture was 
poured into a saturated aqueous NaHCO3 solution, and 
extracted with ethyl acetate 3 times. The combined organ-
ic layers were washed with brine, dried over MgSO4, and 
concentrated under reduced pressure. The residue was 
purified by column chromatography (PE/EA = 2/1) to give 
compound 26 as a yellow solid in 88% yield. Melting point: 
96-97°C. 1H NMR (300 MHz, CDCl3): δ 9.07 (s, 1H), 8.80 
(d, J = 5.1 Hz, 1H), 7.38 (dd, J = 5.0, 0.5 Hz, 1H), 7.36 - 
7.27 (m, 2H), 7.22 - 7.10 (m, 2H). 19F NMR (282 MHz, 
CDCl3): δ -106.78 - -106.94 (m). 13C NMR (75 MHz, CDCl3): 
δ 163.66 (d, J = 250.6 Hz), 152.92, 145.60, 145.38, 
143.06, 130.58 (d, J = 3.5 Hz), 129.80 (d, J = 8.5 Hz), 
125.85, 116.42 (d, J = 22.1 Hz).

4-(4-fluorophenyl)pyridin-3-amine (27): A mixture of com-
pound 26 (12.62 mmol) and 10% Pd/C (1.35 g) in metha-
nol (80 mL) and ethyl acetate (80 mL) was stirred under 
H2 at 1 atm for 3 h. The catalyst was removed by filtration 
through a pad of Celite. The clear solution was concen-
trated to give compound 27 as a white solid in 99% yield. 
Melting point: 84-85°C. 1H NMR (300 MHz, DMSO): δ 7.99 
(d, J = 84.9 Hz, 2H), 7.64 - 6.85 (m, 5H), 5.12 (s, 2H). 19F 
NMR (282 MHz, DMSO): δ -110.27. 13C NMR (75 MHz, 
DMSO): δ 161.71 (d, J = 244.7 Hz), 141.45, 137.93, 
137.78, 133.47 (d, J = 3.3 Hz), 130.36 (d, J = 8.3 Hz), 
130.22, 123.92, 115.77 (d, J = 21.3 Hz).

2-(2-cyclopropyl-2-oxoethyl)-N-(4-(4-fluorophenyl)pyridin-
3-yl)isonicotinamide (28): To a solution of the 23 (0.315 
mmol, 1.0 equiv) and 27 (0.315 mmol, 1.0 equiv) in DMF 
(1.1 mL) was added T3P (601.4 mg, 0.945 mmol, 3.0 
equiv). After stirring at room temperature overnight, the 
reaction mixture was poured into a saturated aqueous 
NaHCO3 solution and extracted with ethyl acetate 3 times. 
The combined organic layers were washed with water and 
brine, dried over anhydrous Na2SO4, and concentrated. 
The residue was purified by column chromatography (EA) 
to give the desired product as a white solid in 59% yield. 
1H NMR (300 MHz, CDCl3): δ 9.57 (s, 1H), 8.57 (s, 1H), 
8.51 (d, J = 5.0 Hz, 1H), 8.42 - 8.34 (m, 2H), 8.09 (s, 1H), 
7.49 - 7.38 (m, 3H), 7.29 - 7.23 (m, 3H), 1.57 (tt, J = 7.7, 
4.5 Hz, 1H), 1.19 - 1.07 (m, 2H), 0.98 - 0.89 (m, 2H). 19F 
NMR (282 MHz, CDCl3): δ -107.39 (ddd, J = 14.5, 9.1, 5.4 
Hz). 13C NMR (75 MHz, CDCl3): δ 172.74, 163.62, 163.41 
(d, J = 249.8 Hz), 152.50, 149.21, 146.16, 144.03, 
143.52, 140.33, 131.44, 131.18 (d, J = 3.5 Hz), 130.46 
(d, J = 8.5 Hz), 124.56, 117.96, 117.32 (d, J = 21.9 Hz), 
110.19, 15.99, 8.90.

Radiosynthesis of [18F]28

After generated via the 18O(p,n)18F reaction, [18F]F- was 
trapped on a Sep-Pak QMA cartridge which was pre-con-
ditioned with 10 mL of 7.5% aqueous NaHCO3 and 20 mL 
of H2O. The [18F]fluoride was eluted into a v-vial with a 
solution of TEAHCO3 (0.5 mg) in MeOH (1.0 mL) and then 
dried under N2 flow at 110°C for 10 min. To produce 
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The corresponding precursor compound 24 was obtained 
through the esterification reaction of compound 23 and 
4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)
pyridin-3-amine in 18% yield. For the synthesis of re- 
ference compound GSK3-2209, Suzuki coupling reactions 
of commercially available 4-chloro-3-nitropyridine and 
4-fluorophenylboronic acid gave the compound 26 in 88% 
yield, which further converted to intermediate compound 
27 by nitro-reduction reaction with palladium/activated 
carbon in 99% yield. Subsequently, the reference com- 
pound GSK3-2209 was obtained in 59% yield through the 
esterification reaction of intermediate 23 and 27.

Radiochemistry and in vitro characterization

The radiosynthesis of [18F]28 was performed utilizing  
the oxidative radiofluorination methodology with the Bpin 
precursor, 2-(cyclopropanecarboxamido)-N-(4-(4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)pyridin-3-yl)
isonicotinamide (24). Cyclotron-produced [18F]fluoride 
was dried under nitrogen flow in the presence of tetraeth-
ylammonium bicarbonate (TEAHCO3) for 20 minutes. 
Subsequently, a mixture of Bpin precursor (24) (2.0 mg), 
Cu(OTf)2(pyridine)4 (7.0 mg), TEAHCO3 (0.5 mg), and 300 
μL DMAc/nBuOH (2/1) was heated at 90°C for 20 minutes 
under air atmosphere (Figure 3A). After purified by a semi-
preparative radioHPLC system, the collected fraction was 
diluted with sterile water and trapped with a light C18 car-
tridge. It was then formulated with ethanol and PBS. 
[18F]28 was ultimately obtained in a non-decay-corrected 
radiochemical yield of 32% (25.1 mCi) with >99% radio-
chemical purity and greater than 1.0 Ci/μmol molar activ-
ity at 90 minutes EOB. In vitro formulation stability assay 

60 mins dynamic scan of the whole body for mice and 
whole brain for rats was performed, respectively. The 
rodents were kept under anesthesia with isoflurane dur-
ing the entire scan. The radiotracer formulation and block-
ing inhibitor solution were injected via the tail vein. For 
mice, PET scans started immediately after the co-admin-
istration of radiotracers and the inhibitors. For rats, the 
PET scans started 5 min later after the co-administration. 
For blocking studies, non-radiolabeled reference com-
pound 28 (3 mg/kg) and PF-04802367 (3 mg/kg and 1 
mg/kg) were administered.

Results and discussion

Chemical synthesis

Despite the remarkable potency and selectivity ([11C]CMP, 
IC50 = 3.4 nM; [18F]19, IC50 = 1.4-3.3 nM), the lack of 
metabolic stability in rodents has hindered the clinical 
utility of isonicotinamide scaffolds as GSK3-specific 
tracers [38]. To enhance in vivo stability and lipophilicity, 
a C(sp2)-F structured isonicotinamide scaffold was 
selected as a benchmark compound. An arylboronic ester 
derivative was then synthesized as the corresponding 
precursor compound using oxidative radiofluorination 
labeling methodology. According to literature procedures 
[39], we designed and synthesized both the reference 
compound 28 (reported GSK-3β/α IC50: 5.2/1.7 nM)  
[42] and the corresponding precursor compound 24  
from the same key intermediate compound 23 (Figure 2). 
This intermediate was synthesized from commercially 
available methyl 2-aminoisonicotinate in two steps, 
yielding moderate yields of 48% and 76%, respectively. 

Figure 2. Synthesis of standard compound and the corresponding precursor. Reagents and reaction conditions. (a) cyclopropanecarbox-
ylic acid, T3P, DIPEA, DCM, RT, 5 h; (b) LiOH, THF/H2O, RT, 2 h; (c) 2-chloro-1-methylpyridinium iodide (CMPI), 4-(4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl)pyridin-3-amine, TEA, DCM, 45°C, 12 h; (d) 4-fluorophenylboronic acid, Na2CO3, Pd(Ph3)2Cl2, toluene/
ethanol/H2O, 100°C, 4 h; (e) 10% Pd/C, methanol/ethyl acetate, RT, 3 h; (f) T3P, DMF, RT, overnight.
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minutes and 65% at 60 minutes), it is conceivable that 
[18F]28 would reveal better potentials in higher species. 
Following co-incubation of the tracer with plasma, the 
plasma free fraction (fp) of [18F]28 was determined to be 
2.0%, 2.1%, 1.8%, and 0.5% in mice rats, NHPs and 
humans respectively (Figure 3C). Furthermore, employing 
the shake flask method, the LogD7.4 value of [18F]28 was 
determined to be 2.77±0.01.

PET imaging studies in rats

Encouraged by the promising in vitro stability in plasma 
and liver microsomes, dynamic microPET imaging study 
(0-60 mins) was conducted to evaluate the in vivo brain 
biodistribution and clearance of [18F]28 (Figure 5A). Time-
activity curves (TACs) in mice showed rapid uptake of 
[18F]28 with SUVpeak appearing at 1 minute (Figure S1), 
suggesting BBB permeability. In view of the excellent in 
vitro stability of [18F]28 in rats, dynamic PET imaging of 
whole brain in female SD rats was then carried out. TACs 
in rats showed the BBB permeability of [18F]28 and a high-
er accumulation in brain (SUV = 0.51±0.04, n = 3 vs 

revealed that more than 99% of intact [18F]28 remained in 
PBS after 90 minutes (Figure 3B).

To assess the in vitro metabolic stability of [18F]28, co-
incubation of [18F]28 and plasma and liver microsome 
was conducted. The radiometabolites were analyzed 
using a radio-HPLC system at 30 and 60 minutes time 
points (Figure 4A). Across all four species studied, mice, 
rats, NHPs and humans, [18F]28 demonstrated excellent 
in vitro stability. 60 minutes after co-incubation with 
mouse and rat plasma, over 90% of the parent tracers 
remained intact, while over 99% remained in NHPs and 
humans. Notably, significant species differences were 
observed in liver microsomes. Specifically, [18F]28 exhib-
ited the highest stability in rats, with the unmetabolized 
parent fraction reaching 96% and 92% at 30 and 60 min-
utes, respectively (Figure 4B). In mice, only 68% and 54% 
parent tracer remained at 30 and 60 minutes, respective-
ly, indicating that rats are more suitable candidates for 
PET imaging studies with [18F]28. Furthermore, consider-
ing the distinct difference between human (90% at 30 
minutes and 89% at 60 minutes) and NHPs (78% at 30 

Figure 3. A. Radiosynthesis of [18F]28; B. Formulation stability of [18F]28 in PBS at 30 mins and 90 mins; C. Free fraction of [18F]28 in 
serum.



GSK3 PET tracer

333	 Am J Nucl Med Mol Imaging 2024;14(5):327-336

yield of 32% and high radiochemical purity. Through in 
vitro evaluations, [18F]28 exhibited nanomolar affinity and 
demonstrated exceptional stability. Dynamic PET imaging 
studies indicated suitable BBB permeability and brain 
kinetics of [18F]28 for GSK3-targeted PET imaging. These 
findings collectively suggest the potential utility of isonico-
tinamide scaffolds as GSK3 specific tracers. However, 
given the significant species difference, further evalua-
tion of [18F]28 in higher species, especially in disease set-
tings including AD, diabetes and cancer, is necessary to 
investigate its brain kinetics and specific binding.
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0.30±0.03, n = 4 at 25 mins, respectively). No upturning 
of the TACs throughout the whole 60 minutes scan was 
observed, and a suitable washout rate suggested the 
potential value of [18F]28 for GSK3-targeted imaging. 
Despite the higher uptake under baseline condition (SUV 
= 0.51±0.04, n = 3 vs 0.35±0.05, n = 3 at 25 mins, 
respectively), [18F]28 showed a homogeneous distribution 
across distinct brain regions, including cortex, hippocam-
pus, stratum, and cerebellum (SUV = 0.52±0.03, 
0.53±0.08, 0.53±0.04, and 0.49±0.07, respectively). 
Blocking studies using PF-04802367 showed visible 
reduction (32%) of brain uptake as shown in Figure 5B, 
indicating moderate level of specific binding in the brain.

Conclusion

Despite GSK3 is addressed to be implicated in many 
human diseases, there is an unmet medical need of 
GSK3 targeted inhibitors, due to the lack of specific 
probes. To better understand the role of GSK3 in related 
diseases, visualize and quantify GSK3 expression nonin-
vasively, in this study, we have designed and synthesized 
a novel GSK3 targeted radiotracer based on an isonicotin-
amide core structure. Utilizing a one-pot oxidative radio-
fluorination methodology, [18F]28 was successfully syn-
thesized in excellent non-decay-corrected radiochemical 

Figure 4. A. Serum stability after co-incubation for 30 mins and 60 mins; B. Liver microsome stability of [18F]28 at 30 mins and 60 mins.
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Figure S1. Summed PET images (0-20 mins) in mouse brain following injection of [18F]28, co-injection of [18F]28 and non-radioactive 28 
(3 mg/kg), and co-injection of [18F]28 and PF-04802367 (3 mg/kg), the corresponding TACs of whole brain and liver from 0 to 60 mins.

1H NMR of 2-(cyclopropanecarboxamido)isonicotinic acid
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1H NMR of 2-(cyclopropanecarboxamido)-N-(4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)pyridin-3-yl)isonico- 
tinamide

1H NMR of 4-(4-fluorophenyl)-3-nitropyridine
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19F NMR of 4-(4-fluorophenyl)-3-nitropyridine

13C NMR of 4-(4-fluorophenyl)-3-nitropyridine
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1H NMR of 4-(4-fluorophenyl)pyridin-3-amine

19F NMR of 4-(4-fluorophenyl)pyridin-3-amine
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13C NMR of 4-(4-fluorophenyl)pyridin-3-amine

1H NMR of 2-(2-cyclopropyl-2-oxoethyl)-N-(4-(4-fluorophenyl)pyridin-3-yl)isonicotinamide
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19F NMR of 2-(2-cyclopropyl-2-oxoethyl)-N-(4-(4-fluorophenyl)pyridin-3-yl)isonicotinamide

13C NMR of 2-(2-cyclopropyl-2-oxoethyl)-N-(4-(4-fluorophenyl)pyridin-3-yl)isonicotinamide


