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Introduction: Alterations in the expression of the Angiotensin II type 1 receptors (AT1R) have been demonstrated
in the development of several heart and renal diseases. The aim of this studywas to evaluate the novel compound
[18F]fluoropyridine-candesartan as a PET imaging tracer of AT1R in rat kidneys.
Methods: Competition binding assays were carried out with membranes from CHO-K1 cells expressing human
AT1R. Binding to plasma proteins was assessed by ultrafiltration. Radiolabeled metabolites in rat plasma and
kidneys of control and pretreated animals (candesartan 10 mg/kg or losartan 30 mg/kg) were analyzed by
column-switch HPLC. Dynamic PET/CT images of [18F]fluoropyridine-candesartan in male Sprague-Dawley rats
were acquired for 60 min at baseline, pre-treatment with the AT1R antagonist losartan (30 mg/kg) or the AT2R
antagonist PD123,319 (5 mg/kg).
Results: Fluoropyridine-candesartan bound with a high affinity for AT1R (Ki = 5.9 ± 1.1 nM), comparable to
fluoropyridine-losartan but lower than the parent compound candesartan (Ki = 0.4 ± 0.1 nM). [18F]
Fluoropyridine-candesartan bound strongly to plasma proteins (99.3%) and was mainly metabolized to

radiolabeled hydrophilic compounds, displaying minimal interference on renal AT1R binding with 82% of un-
changed tracer in the kidneys at 20min post-injection. PET imaging displayed high renal and liver accumulations
and slow clearances, with maximum tissue-to-blood ratios of 14 ± 3 and 54± 12 in kidney cortex and liver, re-
spectively, at 10 min post-injection. Binding specificity for AT1R was demonstrated with marked reductions in
kidney cortex (−84%) and liver (−93%) tissue-to-blood ratios at 20 min post-injection, when blocking with
AT1R antagonist losartan (30mg/kg). No change was observed in kidney cortex of rats pre-treatedwith AT2R an-
tagonist PD 123,319 (5 mg/kg), confirming binding selectivity for AT1 over AT2 receptors.
Conclusion:High kidney-to-blood ratios and binding selectivity to renal AT1R combinedwith tracer in vivo stabil-
ity displaying minimal interference from labeled metabolites support further PET imaging studies with [18F]
fluoropyridine-candesartan.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

The renin-angiotensin system (RAS) is recognized as the most pow-
erful hormone system regulating electrolyte balance, body fluid vol-
umes, and blood pressure. In addition to the endocrine system, local
RASs exert multiple paracrine/autocrine effects in tissue physiology
and homeostasis [1,2]. Angiotensin II (Ang II) is the active peptide re-
sponsible for most of the RAS actions in different tissues, mediated
mainly through the stimulation of the Ang II type 1 and type 2 receptors
(AT1R and AT2R, respectively). Alterations in AT1R levels contribute to
tre hospitalier de l'Université de

a).
several diseases including hypertension, atherosclerosis, heart and renal
failure, coronary ischemia, fibrosis, inflammation, cancer and diabetes
[3–9]. Treatment of these patients with AT1R blockers (ARBs) improved
clinical outcome [10–13].

Several structural analogs of clinically proven ARBs, such as losartan,
irbesartan, valsartan and candesartan, were developed as tracers for
positron emission tomography (PET), exhibiting AT1R-binding specific-
ity in mice, rats, and pigs kidneys [14–23] (Fig. 1, candesartan, losartan
and their derived radiotracers). Relevant results were obtained with
[11C]KR31173, a derivative of the AT1R antagonist SK-1080, which
showed the feasibility of imaging renal [24–26] and myocardial
[27,28] AT1R inmultiple species, including healthy humans [28] and pa-
tients with nonobstructive hypertrophic cardiomyopathy [29].
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Fig. 1. Chemical structures of candesartan, losartan, EXP3174 (active metabolite of losartan), and their derived radiotracers [14,17–21,33,34].
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Candesartan binds to the AT1R with higher affinity and antagonistic
potency (IC50 = 0.26 nM) than losartan (IC50 = 34 nM). A long-
lasting pharmacological effect of candesartan has been associated to a
slow dissociation rate from the AT1R [30–32]. [11C]Methyl-candesartan,
developed by our group, exhibited a superior in vivo kinetics and bind-
ing profile in rat kidneys [21], compared to [11C]methyl-losartan [19].
However, the labeled hydrophobic metabolite, [11C]TH4 (Fig. 1),
exhibited similar binding characteristics as the parent [11C]methyl-
candesartan, interfering with the PET signal and thus the AT1R quantifi-
cation [21]. On the other hand, the introduction of a [18F]fluoropyridine
moiety on the losartan molecule ([18F]fluoropyridine-losartan)
produced minimal changes both in binding properties and antagonistic
efficacy compared to the parent compound, and little interference of the
labeled metabolites on renal AT1R binding [18]. Using a similar ap-
proach, we have synthesized the novel [18F]fluoropyridine analog of
the high-affinity candesartan ([18F]fluoropyridine-candesartan) in
high purity andmolar activity [33]. Biodistribution and autoradiography
competition studies in rats confirmed specific binding to renal AT1R [33]
. We also recently developed another 18F-derivative of candesartan
([18F]fluorobenzyl-candesartan) in order to evaluate different structural
analogs as potential AT1R tracers [34]. We hypothesized that [18F]
fluoropyridine-candesartan and [18F]fluorobenzyl-candesartan will ex-
hibit high affinity and binding selectivity for AT1R in PET imaging, and
in vivo stability with minimal interference of potential labeled metabo-
lites to renal AT1R binding in rats.

2. Materials and methods

2.1. Animals

Male Sprague-Dawley rats (168–416 g, Charles River Laboratories,
Montreal, Canada) were housed in a temperature-controlled facility on
a 12:12 h light/dark cycle and fed standard rat chow and water ad
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libitium. All animal experiments are approved by the Institutional Ani-
mal Protection Committees of the Centre de Recherche du Centre
Hospitalier de l'Université de Montréal (CRCHUM) and the McGill Uni-
versity Health Centre (MUHC) and conform to the guidelines of the Ca-
nadian Council on Animal Care.

2.2. Chemistry and radiochemistry

Commercially available chemicals were usedwithout further purifica-
tion unless otherwise noted. Fluoropyridine-candesartan, fluorobenzyl-
candesartan and fluoropyridine-losartan were synthesized as described
previously [17,33,34]. [18F]Fluoropyridine-candesartan was produced
with high radiochemical purity (>97%) and molar activity (58–402
GBq/μmol) [33].

2.3. Competition binding assays

Membranes expressing the human AT1R, prepared from transfected
wild-type Chinese hamster ovary cells (CHO-K1) and [125I](Sar1,Ile8)
Ang II were purchased from PerkinElmer (Waltham, MA, USA). Ang II,
candesartan and losartan potassium were obtained from Alomone Labs
(Jerusalem, Israel), AstaTech (Bristol, PA, USA) and LKT Laboratories (St
Paul, MN, USA), respectively. The binding assays were performed in
round bottom 96-well plates (Sarstedt, Montreal, QC, Canada) following
previously described procedures [14–16]. In brief, a competitor ligand
(Ang II, candesartan, losartan potassium, fluoropyridine-candesartan,
fluorobenzyl-candesartan or fluoropyridine-losartan) at increasing final
concentrations (10−12–10−5 M) in assay buffer (50 mM tris(hydroxy-
methyl)aminomethane hydrochloride (Tris-HCl), 5 mM MgCl2, pH 7.4)
was mixed with [125I](Sar1,Ile8)Ang II (final concentration = 0.03 nM)
on ice. The AT1R expressing membranes diluted in assay buffer were
added (0.6 μg/well) to a total final volume of 200 μL/well. The plate was
covered with a TopSeal-A adhesive film (PerkinElmer, Waltham, MA,
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USA) and incubated at room temperature for 60min with constant shak-
ing (200 rpm). The experiments were terminated by rapid vacuum filtra-
tion through Unifilter-96 GF/C filters (PerkinElmer, Waltham, MA, USA)
presoaked in blocking buffer (1% Bovine Serum Albumin (BSA) 50 mM
Tris-HCl, 5 mM MgCl2, pH 7.4) at 4 °C for 60 min, followed by washing
(9 × 250 μL) with ice cold buffer (50 mM Tris-HCl, pH 7.4) using a
FilterMate harvester (PerkinElmer, Waltham, MA, USA). Plates were
dried and MicroScint-O scintillation cocktail (PerkinElmer, Waltham,
MA, USA) was then added (30 μL/well). The luminescence was recorded
(3 × 3 min/well) using a TopCount NXT counter (PerkinElmer, Waltham,
MA, USA). Nonspecific binding of [125I](Sar1,Ile8)Ang II was estimated in
the presence of 10−5 M unlabeled Ang II and total binding in the absence
of competitors. Specific binding was calculated as total binding minus
nonspecific binding. The half maximal inhibitory concentration (IC50)
values were determined by a four-parameter logistic non-linear regres-
sion analysis using GraphPad Prism 8.4.3 software (San Diego, CA, USA).
The inhibition constants (Ki) were calculated from the equation Ki =
IC50/(1+ [L] / Kd) [16]. Results represent themean± standard deviation
(SD) of at least three independent experiments performed in single or du-
plicate (L= [125I](Sar1,Ile8)Ang II, [L]=0.03 nM, andKd=0.16 nM). The
partition coefficients (cLogP) were predicted using Chem3D Ultra soft-
ware version 19.1.21 (PerkinElmer, Waltham, MA, USA).

2.4. Plasma-proteins binding

The proportion of [18F]fluoropyridine-candesartan bound to plasma
proteins was assessed in three separate experiments (each in triplicate)
using the Centrifree Ultrafiltration Device (MWCO = 30,000 Da;
Millipore, Oakville, ON, Canada) [18]. The tracer (100 μL) was mixed
with 1mL of pooled plasma and incubated for 5 min at 37 °C. An aliquot
of the mix (100 μL) was used as a reference standard. Radioactive
plasma (100 μL) was loaded in the upper chamber of the device (n =
3) and centrifuged (2000 ×g, 30 min, 4 °C). The resulting filtrate (pro-
tein-free fraction)was transferred (60–80 μL) to pre-weighted polypro-
pylene tubeswith caps, and counted in a gamma counter (Wizard 3470,
PerkinElmer, Waltham, MA, USA). The amount of tracer bound to
plasma proteins was calculated as a percentage of the remaining frac-
tion compared to the total activity of unfiltered plasma (based on the ra-
dioactive concentration, cpm/g).

2.5. Analysis of radiolabeled metabolites in rats' plasma and kidneys

A modification of the column-switching high-performance liquid
chromatography (HPLC)method [35]was used tomeasure the fractions
of unmetabolized [18F]fluoropyridine-candesartan and labeled metabo-
lites in blood plasma and kidney tissue. The system consisted of a cap-
ture column: in-line refillable guard column (2 × 20 mm) with 2.5 μm
frits (Alltech, ON, Canada) hand-packed with 20 mg of Oasis HLB poly-
meric reverse phase sorbent (Waters, Milford, MA, USA), 1/99 acetoni-
trile/water (1 mL/min); switched to an analytical column: Luna C18
10 μm 100 Å 250 × 4.6 mm (Phenomenex, Torrance, CA, USA), 0.1%
trifluoroacetic acid in 42/58 acetonitrile/water (2mL/min) after the elu-
tion of biomacromolecules and hydrophilic metabolites (retention time
(tR) of unmetabolized [18F]fluoropyridine-candesartan = 8 min post-
switch). The ultraviolet absorbance (254 nm, Waters 2489 detector)
and radiation (Raytest Gabi Star detector) were registered with a
PeakSimple chromatography data integration system using the
PeakSimple software version 4.44 (SRI Instruments, Torrance, CA,
USA). Rats received 8–135 MBq of tracer (IV) and were sacrificed at 5
(n = 1), 18 (n = 1), 20 (n = 4), 30 (n = 1), and 60 min (n =
1) post-injection for collection of the trunk blood and removal of the
kidneys. The kidneys were analyzed at 20 (n = 4) and 60 min (n =
1) time points. Dissected tissues were homogenized in 80/20 ethanol/
water (v/v) using a VWR 200 homogenizer (Radnor, PA, USA) and cen-
trifuged (3000×g) for 5min. Supernatantwas collected and evaporated,
then reconstituted in 200 μL acetonitrile and diluted with 1/99
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acetonitrile/water (v/v). Blood was centrifuged (3000 ×g) for 5 min to
obtain plasma. Urea (0.7 g/mL) was added to disrupt binding to plasma
proteins. Before injection into the HPLC system, plasma and kidney ex-
tracts were filtered through 0.22 μm syringe filters (Basix, Fisher Scien-
tific, Ottawa, ON, Canada). Similar procedures were followed with three
additional groups of rats who received AT1R antagonists candesartan 10
mg/kg [18,20] (10 mg/mL in 33% sodium bicarbonate (8.4%)/saline
(0.9%), IV, n = 4), candesartan 5 mg/kg IV + 5 mg/kg gavage [16] (5
mg/mL in 33% sodium bicarbonate (8.4%)/saline (0.9%), n = 4), or
losartan potassium 30 mg/kg [20] (30 mg/mL in saline (0.9%), IV, n =
4), 20 min prior to tracer injection. These rats were sacrificed at
20 min post-injection of [18F]fluoropyridine-candesartan (44–217
MBq, IV). [18F]Fluoropyridine-candesartan formulation was injected
into the HPLC to characterize the system and validate the efficiency of
the capture cartridge and HPLC system. Frozen samples of rat plasma
and kidneys were used as in vitro controls, following incubation with
the tracer for 10min at 37 °C and processing as above, prior to injection
into the HPLC system. The data were corrected by radioactive decay and
background.

2.6. Small-animals PET/CT imaging

[18F]Fluoropyridine-candesartan (11.00–20.61 MBq, 0.04–0.71 μg
non-radioactive mass) microPET/CT scans were acquired in control ani-
mals (n=6) using aMediso nanoScan PET/CT (MedisoMedical Imaging
systems, Budapest, Hungary). To assess binding specificity to AT1R, an
additional group of rats received losartan (30mg/kg, 30mg/mL solution
as above) 20 min prior to tracer injection (17.97–23.42 MBq, 0.25–0.52
μg non-radioactive mass, n = 3). Another group of rats was injected
with the AT2R antagonist PD 123,319 [17,20] (5 mg/kg, 5 mg/mL in sa-
line 0.9%) 20 min prior to [18F]fluoropyridine-candesartan injection
(15.09–24.08 MBq, 0.12–0.35 μg non-radioactive mass, n = 3).

2.6.1. Image acquisition
Small-animal PET/CT studies consisted of a 60 min PET emission scan,

followed by a 10minCT transmission scan for scatter and attenuation cor-
rection. Rats were anesthetized throughout the process (induction: 4%
isoflurane, 0.5 L/min oxygen; maintenance: <2% isoflurane, 0.5 L/min ox-
ygen) through a nose cone. Animals were placed in a supine position on a
heated scanner bed, and the body temperature, respiratory and heart
rates were monitored for the duration of the scan, using the Mediso sys-
tem. Rats were placed in the scanner to include heart and both kidneys
in the field of view (FOV). Scans were initiated immediately after the in-
jection of the tracer formulation through the tail vein. A dynamic 60-
min scanwas acquired as 12 × 10 s, 3 × 60 s, 11 × 300 s frames. MicroPET
images were reconstructed using ordered subset expectation maximiza-
tion (OSEM) algorithm at a voxel size of (0.4 mm)3, with corrections for
scattered and random coincidences, dead time, attenuation, and isotope
decay [36].

2.6.2. Image analysis
All images were analyzed with PMOD software version 4.102 (PMOD

Technologies, Zurich, Switzerland). Regions of interest (ROIs) were
defined on reconstructed images in the left atrium and left kidney cortex
to generate time-activity curves, following the procedure previously pub-
lished [21]. A 3-D sphere was drawn within the left atrium at an early
frame (10–30 s) to sample the blood input function. The ROI was defined
as the pixels within the sphere corresponding to intensity greater than
80% of the maximal intensity. The kidney ROIs were generated at later
frames by drawing a 3-D ellipsoid shape over the two-thirds of the left
kidney. The ROI was defined as the pixels inside of the ellipsoid corre-
sponding to intensity greater than 50% of the maximal value within that
volume. Furthermore, a 3-D sphere was drawn as an ROI for the liver,
over the superior part of the right lobe and at a late frame, usually the
same as for the kidney. In that case, all the pixels within the spherical
ROI were used. [18F]Fluoropyridine-candesartan renal and hepatic
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activities were measured as standardized uptake values normalized to
body weight (SUVBW), which allowed relative comparison between sub-
jects. Additionally, kidney-to-blood and liver-to-blood SUVBW ratios
were calculated at 5, 10, 20, 30 and 60 min for each scan.
2.7. Statistical analysis

All data are expressed asmean± SD, as indicated. Two-way ANOVA
followed by Tukey's post hoc test to determine source of variability and
difference between groups or a two-tailed t-test to compare difference
between two groups were performed using GraphPad Prism 8.4.3 soft-
ware for Windows (San Diego, CA, USA). The differences between
groups were considered statistically significant when p < 0.05.
3. Results

3.1. Competition binding assays

The binding affinities of fluoropyridine-candesartan and
fluorobenzyl-candesartan for the human AT1R expressed inmembranes
of CHO-K1 cells were evaluated and compared with Ang II, candesartan,
losartan potassium and fluoropyridine-losartan (Fig. 2). Fluoropyridine-
candesartan exhibited a high binding affinity (Ki = 5.9 ± 1.1 nM, n =
3), similar to fluoropyridine-losartan (Ki = 5.6 ± 2.7 nM, n = 3), and
close to their respective parent compounds candesartan (Ki = 0.4 ±
0.1 nM, n = 4) and losartan (Ki = 0.9 ± 0.2 nM, n = 4), as well as
Ang II (Ki = 7.3 ± 1.0 nM, n = 3). Surprisingly, fluorobenzyl-
candesartan exhibited a 3-orders lower binding affinity (Ki = 1637 ±
653 nM, n=3) than its lead compound. The rank order of binding affin-
ity for AT1R was candesartan > losartan > fluoropyridine-candesartan
= fluoropyridine-losartan > Ang II > fluorobenzyl-candesartan. Due
to the low binding affinity of fluorobenzyl-candesartan for AT1R, the
18F-analog was not further tested for metabolism or small animal PET.
3.2. Plasma-proteins binding

[18F]Fluoropyridine-candesartan bound to plasma proteins
accounted for 99.3± 0.2% in plasma (n= 3). No correctionwas applied
to account for plasma-proteins binding when analyzing the PET data.
Fig. 2. Competition binding assays of Ang II, candesartan, losartan, fluoropyridine-
candesartan (FPC), fluorobenzyl-candesartan (FBC) and fluoropyridine-losartan (FPL) for
[125I](Sar1,Ile8)Ang II binding to a membrane preparation from CHO-K1 cells expressing
the human AT1R. Data are expressed as a percentage of specific binding in the absence
of competitors (% control) and represent the mean ± SD of at least three independent
experiments, each performed in single or duplicate.
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3.3. Analysis of radiolabeled metabolites in rats' plasma and kidneys

3.3.1. Ex vivo metabolism studies
Radiolabeled metabolite analysis of [18F]fluoropyridine-candesartan

revealed three radioactive peaks in control rat plasma at 20 min post-
injection, with retention times of approximately 1–2min after injection
(hydrophilic metabolite(s) eluted from the capture column, peak 1),
4 min post-switch (hydrophobic metabolite, peak 2) and 8 min post-
switch (unchanged tracer, [18F]FPC) (Fig. 3A). In plasma and kidney
in vitro samples spiked with [18F]fluoropyridine-candesartan, the
unchanged tracer was present as a major peak (Fig. 3C, D). Ex vivo
time-course in plasma samples revealed that the hydrophobic labeled
metabolites did not exceed 3% throughout the time of the study
(Fig. 4). [18F]Fluoropyridine-candesartan was rapidly washed out from
rat plasma, decreasing to 47% at 5 min and remaining around 9% after
30 min, while the hydrophilic metabolites accounted for approximately
90% of the total radioactivity from 30 to 60min (Fig. 4). As described for
plasma, three radioactive peaks were detected in kidney samples at
20 min after injection corresponding to the unchanged tracer ([18F]
FPC), hydrophilic (peak 1) and hydrophobic (peak 2) metabolites
(Fig. 3B). In kidneys, the proportion of unchanged tracer accounted for
82% at 20 min post-injection and decreased to 42% at 60 min post-
injection, while the hydrophilic metabolites increased slowly up to
54% at the last time point. The hydrophobic metabolite fraction had a
negligible contribution to the total activity.

3.3.2. Competition studies
At 20 min post-injection, blockade of AT1R with candesartan (5

mg/kg, IV + 5 mg/kg, gavage) or losartan (30 mg/kg) reduced the un-
changed tracer proportion in plasma by 66% (p < 0.01) and 51% (p <
0.05), respectively (Fig. 5A). At the same time, the fractions of hydro-
philic metabolites were increased by 18% (p < 0.001) and 14% (p <
0.01), respectively (Fig. 5A). No significant differences of proportions
in plasma were found in rats pre-treated with candesartan (10 mg/kg)
compared to control group. The blocking effects were markedly ob-
served in kidneys with candesartan (10 mg/kg), candesartan (5
mg/kg, IV + 5 mg/kg, gavage), and losartan (30 mg/kg) groups
displaying reductions of 57% (p < 0.0001), 70% (p < 0.0001) and 74%
(p < 0.0001) of the unchanged tracer compared to control animals, re-
spectively. Meanwhile, the portion of hydrophilic metabolites (peak
1) increased by 4- to 5-fold for the mentioned groups (p < 0.0001,
Fig. 5B). The fractions of hydrophobic metabolites remained very low
in all tested conditions, with no significant changes.

3.4. Small-animals PET/CT imaging

MicroPET images of control untreated rats displayed the highest up-
take in the liver and kidney cortex, respectively, with very high contrast
with surrounding tissues (Fig. 6A). The time-activity curves exhibited
rapid accumulation and slow washout of [18F]fluoropyridine-
candesartan in renal cortex and liver, reaching the highest SUVBW at
5 min post-injection, with 4.6 ± 0.8 and 16.1 ± 2.7, respectively
(Fig. 6D, E, representative curves). Initial increase in blood activity was
observed following injection, which then rapidly decreased back to
baseline at 5min post-injection, allowing for high tissue-to-blood signal
contrast from 5 to 30 min and 5–60 min post-injection in kidney cortex
and liver, respectively (Fig. 6E).

Pre-treatment with losartan (30 mg/kg) led to a lower kidney and
liver signal intensity in PET images (Fig. 6B), inducing 40% (p < 0.05)
and 69% (p < 0.0001) reductions in kidney cortex and liver SUVBW at
20 min post-injection, respectively, in comparison to control group
(Figs. 6D, E and 7A, B). Furthermore, a marked decline of the tissue-to-
blood ratios was sustained throughout the scanning period for the kid-
ney cortex (e.g. −84% (p < 0.0001) at 20 min post-injection, Fig. 7C)
and the liver (e.g. −93% (p < 0.0001) at 20 min post-injection,
Fig. 7D), compared to control group.

Image of Fig. 2


Fig. 3. Representative HPLC chromatograms (decay and background corrected) of radiolabeled metabolites analysis in ex vivo (A) control rats' plasma and (B) kidneys at 20 min after IV
injection of [18F]fluoropyridine-candesartan, displaying the presence of unchanged tracer ([18F]FPC) and its labeledmetabolites (peaks 1 and 2); and in vitro standards of (C) rat's plasma
and (D) kidneys, with one mayor peak corresponding to [18F]fluoropyridine-candesartan. Time = 0 min represents the column switch. [18F]Fluoropyridine-candesartan ([18F]FPC, tR =
8 min post-switch) is metabolized into hydrophilic metabolite(s) (peak 1, tR = 1–2 min) and a hydrophobic metabolite (peak 2, tR = 4 min post-switch).
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PET images of rats pre-treated with PD 123,319 exhibited a similar
pattern to controls, with high uptake in the rat's liver and kidney cortex
(Fig. 6C). No changes in kidney-cortex SUVBW or kidney(cortex)-to-
blood ratio were observed over time, in comparison to control group
(Figs. 6D and 7A, C). However, administration of the AT2R inhibitor in-
duced 25% (p < 0.05) and 38% (p < 0.05) reductions in liver SUVBW

and liver-to-blood ratio, respectively, compared to control group at
Fig. 4. Proportions of [18F]fluoropyridine-candesartan and its labeled metabolites in ra
plasma over time after IV injection. [18F]Fluoropyridine-candesartan is metabolized to
give mainly hydrophilic labeled compounds. Results at 20 min post-injection are
expressed as mean ± SD (n = 4).
t
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20 min post-injection, with enhanced effect at the end of the scans
(Figs. 6E and 7B, D).

In addition, rats pretreated with losartan displayed reductions in
kidney cortex SUVBW (−47%, p < 0.01, Fig. 7A), kidney(cortex)-to-
blood ratio (−82%, p < 0.0001, Fig. 7C), liver SUVBW (−59%, p < 0.001,
Fig. 7B), and liver-to-blood ratio (−89%, p < 0.01, Fig. 7D) when com-
pared to PD 123,319 pre-treated animals at 20 min post-injection.

4. Discussion

The development of novel radiotracers for AT1R quantification
would offer the possibility to improve the diagnostic and guide
therapy of several renal and heart diseases by PET imaging. The de-
signed molecules should retain or improve the pharmacokinetic, phar-
macodynamic and AT1R-binding properties of the drugs used as the
lead compound. Competitive binding assays demonstrated that
fluoropyridine-candesartan and fluoropyridine-losartan display similar
binding affinities for the AT1R and slightly lower than their parent com-
pounds (candesartan and losartan, respectively). These results con-
firmed that the introduction via click chemistry (Huisgen 1,3-dipolar
Cu(I)-catalyzed azide–alkyne cycloaddition reaction) of the
fluoropyridine moiety on candesartan and losartan did not affect con-
siderably their binding properties. Recently, the AT1R binding affinity
of the ammoniomethyltrifluoroborate derivative of losartan (AMBF3Los,
Ki=7.9 nM)was reported [14]. The structures of the fluoropyridine de-
rivatives and AMBF3Los (Fig. 1) contain a commonmoiety, the 1,2,3-tri-
azole ring formed from the cycloaddition click reaction. In drug design,
triazoles are employed as bioisosteres of amides, esters, and carboxylic
acids, and as linkers to increase the efficacy of the lead molecules
[37–40]. Triazoles possess a strong dipole moment [41,42], pi electron-

Image of Fig. 3
Image of Fig. 4


Fig. 5. Proportions of [18F]fluoropyridine-candesartan and its labeled metabolites in (A) control rat's plasma and (B) kidneys at 20 min post-injection, n = 4. Effect of AT1R blocking with
candesartan (IV, 10mg/kg; IV, 5 mg/kg+ gavage, 5 mg/kg) or losartan (IV, 30mg/kg), n= 4 in each group. Data are presented asmean± SD. *–**** blocking groups vs control, *p< 0.05
**p < 0.01, ***p < 0.001, ****p < 0.0001; #p < 0.05 candesartan IV + gavage group vs candesartan IV; $p < 0.05 losartan IV vs candesartan IV group.
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deficient aromaticity, and good hydrogen-bond accepting capacity.
These properties could explain the high binding affinity of
fluoropyridine-candesartan and fluoropyridine-losartan as a result of
strong interactions with the AT1R binding sites, when the triazole is
Fig. 6. Representative microPET/CT and PET images (coronal view) of [18F]fluoropyridine-candesartan showing liver and kidney uptakes at 10–20 min post-injection in (A) control
(B) blocked with losartan (30 mg/kg) and (C) treated with PD 123,319 (5 mg/kg) rats. Images are displayed using the same SUVBW scale. Representative tracer time-activity curves fo
(D) left kidney cortex and (E) liver (superior part of the right lobe) are presented as specific uptake values normalized to body weight (SUVBW) from 0 to 60 min scans.
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used as a bioisostere of the carboxylic acid on candesartan. The main
metabolite of losartan (EXP3174, Fig. 1) also contains a carboxylic
group, which increases its binding affinity (IC50 = 0.45 nM) compared
to losartan (IC50 = 34 nM) [43].
,
r
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Fig. 7. Comparison of SUVBW and tissue-to-blood ratios of [18F]fluoropyridine-candesartan in control (n = 6) and treated with losartan (30 mg/kg, n = 3) or PD 123,319 (5 mg/kg, n =
3) animals, SUVBW in (A) kidney cortex and (B) liver, tissue-to-blood ratio in (C) kidney cortex and (D) liver. Data are presented as mean ± SD. *–**** losartan and PD 123,319 group
vs control, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; #–#### losartan vs PD 123,319 group, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001.
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Conversely, fluorobenzyl-candesartan exhibited the lowest binding af-
finity among all derivatives, comparable with fluoroethyl-losartan
(FEtLos, Ki = 2200 nM) [14]. Both ligands present an ether group
bound to a hydrophobic chain (Fig. 1), apparently generating weaker
electrostatic interactions with the AT1R binding sites, and possibly re-
ducing the binding to AT1R. In addition, the phenyl-alkyne planar ar-
rangement (sp2-sp carbon-carbon bond) on fluorobenzyl-candesartan
could imply an increase in steric hindrance to AT1R interactions and a
reduction in polarity compared to fluoropyridine-candesartan. In fact,
fluorobenzyl-candesartan is more hydrophobic (cLogP = 7.7) than
fluoropyridine-candesartan (cLogP = 6.1) and candesartan (cLogP =
5), suggesting that replacing the carboxylic group on candesartan by a
low-polarity moiety considerably reduces the affinity for the AT1R.

The AT1R are expressed in the kidneys, liver, adrenal glands, heart,
brain, gut and vascular tissues in numerous species [44,45]. The PET sig-
nal reduction of [18F]fluoropyridine-candesartan in the AT1R-rich renal
cortex of rats pre-treated with the AT1R antagonist losartan confirmed
our previous results using ex vivo biodistribution in rats and in vitro
binding studies [33]. Administration of saturating doses of the AT2R an-
tagonist PD 123,319 had no significant effect on tracer uptake (SUVBW or
tissue-to-blood ratios) in kidney cortex over time, confirming [18F]
fluoropyridine-candesartan binding selectivity for AT1R over AT2R at
tracer doses.

The reductions of the liver SUVBW and tissue-to-blood ratios in rats
pretreatedwith losartan, suggest specific binding to hepatic AT1R. As re-
ported in the literature, the AT1R are also widely expressed in the liver
[45,46] and are involved in the development of various hepatic diseases
[5,47,48]. However, the long-lasting retention of [18F]fluoropyridine-
candesartan in the liver of control animals could also be related to the
metabolism of the tracer by the hepatobiliary system as it occurs with
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most ARB drugs [49]. Candesartan is mostly excreted via the renal route
(60%) after IV injection [50]. Nevertheless, the introduction of the [18F]
fluoropyridinemoiety on candesartan renders the derivativemore lipo-
philic than its parent compound (carboxylic acid), and possibly in-
creases the contribution of the hepatobiliary excretion pathway given
the relationship between lipophilicity and hepatic metabolism [51].
This will need to be determined in the future. Interestingly, a 11C-
derivative of the AT1R antagonist telmisartan was tested as a tracer of
the hepatic transporters OATP1B3 in rats [52], considering its selective
liver uptake and primary hepatobiliary excretion (>98%) [50]. A dose
dependent reduction of the tracer uptake was reported in the liver
after administration of the OATP inhibitor rifampicin or the AT1R antag-
onist telmisartan [52]. On the other hand, administration of theAT2R an-
tagonist PD 123,319 also reduced the hepatic retention of [18F]
fluoropyridine-candesartan after 20 min post-injection compared to
control rats. Conversely, several studies demonstrated the absence of
AT2R in the liver [46], hence the observed reduction is likely not related
to AT2R binding. The decrease in liver uptake after pre-treatment with
PD 123,319 could be associated to the binding to hepatic transporters
[53]. A high liver uptake was also reported for previous AT1R
tracers [15–21,24]. To better understand the nature of the pharmacoki-
netic processes that take place in the liver, further work will need to
be accomplished, such as the assessment of unchanged tracer and
the presence of labeled metabolites in rat's liver in normal and blocking
conditions, and PET imaging studies in the presence of the OATP
inhibitors, such as rifampicin, to evaluate binding to hepatic
transporters.

[18F]Fluoropyridine-candesartan demonstrated higher uptake in the
renal cortex (SUVBW = 4.2 ± 0.9) compared to [18F]fluoropyridine-
losartan (SUVBW=1.5±0.6) [18] at 10min post-injection and a slower
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clearance. It should be noted that surmountable inhibition, as with
losartan, results from fast and reversible binding of the antagonist to
the receptor, whereas insurmountable inhibition, as with candesartan,
is related to a slower dissociation of the receptor-antagonist complex
[32,43,54]. Therefore, the longer retention observed with [18F]
fluoropyridine-candesartan in the kidney cortex was anticipated due
to the longer dissociation timeof candesartan (66min) from the binding
sites in the AT1R compared to losartan (2.5 min) [54].

The presence of 82% of unmetabolized [18F]fluoropyridine-
candesartan in kidneys (higher fraction than [11C]methyl-candesartan
(<70%) [21] at 20 min post-injection and slow metabolism (42% at
60 min post-injection) confirms the favorable pharmacokinetics of the
tracer with regards to measuring AT1R. Pre-treatment with AT1R antag-
onists reduced the unchanged [18F]fluoropyridine-candesartan propor-
tion in rat's kidneys, indicating blockade of AT1R binding sites and thus,
tracer specificity. The main products of [18F]fluoropyridine-candesartan
metabolism, i.e. hydrophilic labeled metabolites, are associated with
non-specific binding as they were not blocked by AT1R antagonists.
Furthermore, the novel tracer overcomes the limitations of [11C]
methyl-candesartan regarding the interference of its hydrophobic la-
beled metabolite, the desethyl derivative [11C]TH4 (Fig. 1), in PET imag-
ing [21], as the proportion in kidneys of the hydrophobic labeled
metabolites generated from [18F]fluoropyridine-candesartan (in negli-
gible amounts) was not reduced after blockage. It is important to note
that the whole kidneys were processed for metabolism studies, thus
the distribution of unchanged tracer and metabolites in specific areas
such as the kidney cortex was not analyzed.

Additionally, [18F]fluoropyridine-candesartan also offers the advan-
tages inherent to fluorine-18 radionuclide over carbon-11 ([11C]
methyl-candesartan), such as a longer half-life (110 min vs. 20 min)
which allows for multiple scans per tracer formulation, shipment to
other imaging facilities, and longer imaging protocols including exhaus-
tive metabolism studies; and lower positron energy (0.64 MeV vs. 0.96
MeV) providing shorter linear range in live tissues, thus higher resolu-
tion PET images [55].

[18F]Fluoropyridine-candesartan binding to plasma proteins (99.3%)
is in agreement with the pharmacological characteristics of its parent
compound candesartan (99.5%) [50] and the analogue [11C]methyl-
candesartan (99.8%) [21]. Similar results were reported for other ARBs
(e.g. losartan (98.7%), valsartan (95%), telmisartan (>98%)) [50] and
the radiolabeled derivative [18F]fluoropyridine-losartan (97%) [18]. De-
spite the high levels of protein binding, these agents achieve pharmaco-
logically significant concentrations at the AT1R, as evidenced by their
ability to antagonize Ang II mediated effects [18,50]. According to our
study, less than 1% of [18F]fluoropyridine-candesartan was available to
interact with the AT1R in rat tissues, nevertheless providing excellent
PET images.

The results presented here suggest a high potential of [18F]
fluoropyridine-candesartan for PET quantification of renal AT1R, since
the signal corresponding to specific binding to these receptors is mainly
generated from the parent tracer and not from hydrophilic labeled
metabolites detected in the kidneys, contrary to [11C]methyl-
candesartan. Furthermore, our findings revealed that [18F]
fluoropyridine-candesartan exhibits higher signal-to-noise ratios and
longer retention than [18F]fluoropyridine-losartan in rat kidney cortex,
offering a newmodality of PET imaging of AT1R with greater resolution
and sensitivity.

5. Conclusions

High kidney-to-blood ratios and binding selectivity to renal AT1R
over AT2R combined with high in vivo stability producing minimal in-
terference from labeled hydrophobic metabolites on the PET signal sup-
port further PET imaging with [18F]fluoropyridine-candesartan. This
novel high-affinity derivative of the clinically-used ARB candesartan
has a good potential for PET quantification of AT1R.
48
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