
Hypertension

Hypertension. 2025;82:00–00. DOI: 10.1161/HYPERTENSIONAHA.124.24441� October 2025    1

Hypertension is available at www.ahajournals.org/journal/hyp

 

Correspondence to: Takahiro Higuchi, Department of Nuclear Medicine and Comprehensive Heart Failure Center, University Hospital Würzburg, Oberdürrbacher Str. 6, 
97080 Würzburg, Germany. Email thiguchi@me.com
*R.A. Werner and T. Higuchi contributed equally.
Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.124.24441.
For Sources of Funding and Disclosures, see page XXX.
© 2025 The Authors. Hypertension is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. This is an open access article under 
the terms of the Creative Commons Attribution Non-Commercial-NoDerivs License, which permits use, distribution, and reproduction in any medium, provided that the 
original work is properly cited, the use is noncommercial, and no modifications or adaptations are made.

ORIGINAL ARTICLE

Redefining AT1 Receptor PET Imaging: 
Introducing the Radiotracer [18F]DR29
Xinyu Chen , Hiroyuki Kimura, Takanori Sasaki , Konrad Klimek, Saskia Mühlig , Anahi Paula Arias-Loza , Naoko Nose, 
Yusuke Yagi , Steven P Rowe, Constantin Lapa, Rudolf A. Werner *, Takahiro Higuchi *

BACKGROUND: AT1R (angiotensin II type 1 receptors) are central to the renin-angiotensin system and are involved in regulating 
blood pressure and renal physiology. This study introduces [18F]DR29, a fluorine-18-labeled radiotracer for positron emission 
tomography imaging, to enable noninvasive visualization of AT1R expression. Its potential applications in understanding 
AT1R-associated renal processes are explored in healthy and hypertensive rat models.

METHODS: Radiolabeling was established, and biodistribution studies were conducted on healthy Wistar rats with and without 
the AT1R antagonist candesartan and transporter inhibitors. Dynamic positron emission tomography imaging assessed tracer 
specificity, and feasibility for renal AT1R quantification was explored using a hypertensive rat model.

RESULTS: [18F]DR29 was radiolabeled with a yield of 36±6%. High kidney uptake was observed, significantly reduced by 
candesartan (kidney-to-blood ratio, 0.43±0.01 versus 4.54±1.59 in vehicle, where vehicle  refers to saline without any 
treatment). Transporter inhibition protocols targeting organic anion transporting polypeptides (liver) and organic anion 
transporters (kidneys) successfully reduced radiotracer clearance, increasing the specific accumulation of [18F]DR29 in 
the kidneys and improving renal imaging contrast. Positron emission tomography imaging revealed rapid kidney uptake and 
stable retention over 2 hours. In hypertensive rats, kidney uptake was higher, aligning with AT1R expression levels.

CONCLUSIONS: These results support [18F]DR29 as a promising tool for the noninvasive evaluation of renal AT1R expression 
in healthy and diseased states. The findings lay the groundwork for clinical translation, offering potential applications in 
diagnosing and managing kidney-related diseases, including hypertension and other conditions involving AT1R dysregulation. 
(Hypertension. 2025;82:00–00. DOI: 10.1161/HYPERTENSIONAHA.124.24441.) • Supplement Material.
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The renin-angiotensin system (RAS) orchestrates cru-
cial regulatory functions across multiple physiologi-
cal systems, prominently influencing cardiovascular 

and renal health. Its cascade involves the conversion of 
angiotensinogen to angiotensin I by renin, with subse-
quent conversion to angiotensin II via ACE (angiotensin-
converting enzyme). AT1R (angiotensin II type 1 receptor) 
exerts diverse effects including vasoconstriction, inflam-
mation, and fibrosis, pivotal in the pathogenesis of various 

renal diseases. While clinical interventions targeting the 
RAS, such as ACE inhibitors and AT1R antagonists, have 
demonstrated efficacy in managing hypertension, their 
precise dosing strategies remain under scrutiny, particu-
larly in renal pathologies.1

Molecular imaging techniques, notably positron emis-
sion tomography (PET), offer promising avenues by 
targeting specific molecular pathways such as AT1R, 
enabling precise visualization and quantification of 
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receptor expression in renal tissues. Fluorine-18 labeling 
radiotracers targeting AT1R represent a novel approach to 
elucidating renal disease pathophysiology, facilitating early 
detection, characterization, and therapeutic monitoring.

To date, a limited array of PET radiotracers has been 
documented in the literature,2–5 among which [11C]
KR31173,6 developed from the AT1R selective antagonist 
SK-1080 with subnanomolar IC50 values,7 demonstrates 
efficient radiolabeling protocols.2,8 Nevertheless, the 
practical application of [11C]KR31173 is constrained by 
the brief half-life of carbon-11 (20 minutes). In contrast, 
drawing from our research group’s expertise in devel-
oping radiotracers derived from clinically utilized AT1R 
antagonists,4,5 the introduction of fluorine-18 (half-life 110 
minutes) at the α-position of the aliphatic chain on the het-
erocyclic ring of sartans has emerged as a viable strategy. 
This modification maintains target affinity, while maintain-
ing the lipophilicity and ensuring satisfactory radiolabeling 
yield and in vivo stability against defluorination.

Recent studies such as those using [11C]KR31173 
in pig models with renovascular hypertension9 and  
[18F]FPyKYNE-losartan in kidney disease models10,11 have 
demonstrated their effectiveness. These radiotracers not 

only indicate increased AT1R binding in pathological con-
ditions but also show potential in understanding chronic 
kidney disease and cardiovascular pathologies.2,12,13 In 
addition, emerging evidence suggests a comprehensive 
role of the RAS in tumor development and progression. 
Using AT1R-targeting radiotracers in PET enables a 
quantitative assessment of AT1R distribution, providing 
a novel approach for prognostic evaluation of tumor cell 
migration.

The current study focuses on the new generation 
F18-labeled AT1R-targeting radiotracer [18F]DR29. The 
design is based on the structural framework of SK-1080, 
chosen for its high binding affinity and stability in vivo. 
This base structure was further optimized to enhance the 
radiotracer’s performance by incorporating a fluorination 
approach that allows for high-yield radiolabeling and pre-
vents defluorination during biological processes. These 
design choices ensure that [18F]DR29 not only maintains 
strong affinity for AT1R but also exhibits excellent stabil-
ity, leading to more reliable imaging results.

We will investigate its radiolabeling and characteriza-
tion, analyze its biodistribution and dynamic PET imag-
ing capabilities in rats. A particular focus will be placed 
on understanding the in vivo kinetics and predominant 
renal localization of [18F]DR29, which can be attributed 
to the high physiological expression of AT1R in the kid-
neys. It is noteworthy that renal and hepatic uptake of 
[18F]DR29 is also influenced by organic anion transport-
ers (OATs) and organic anion transporting polypeptides 
(OATPs). These membrane proteins play a critical role in 
transporting various molecules, including drugs, across 
cell membranes. Therefore, evaluating the interaction 
between [18F]DR29 and these transporters is essential 
for accurately interpreting the biodistribution and target-
ing efficiency observed in our experiments. In addition to 
the aforementioned, in vitro and in vivo stability assess-
ments of [18F]DR29 will be addressed to comprehen-
sively describe the radiotracer’s properties.

NOVELTY AND RELEVANCE

What Is New?
This study introduces [18F]DR29, a novel fluorine-
18-labeled positron emission tomography (PET) radio-
tracer designed for noninvasive imaging of renal AT1R 
(angiotensin II type 1 receptors) expression, featuring 
enhanced stability and specificity.

What Is Relevant?
The radiotracer [18F]DR29 demonstrates clear renal 
AT1R visualization by overcoming challenges posed 
by off-target uptake, highlighting its value in studying 
hypertension and renal pathophysiology.

Clinical/Pathophysiological Implications?
The ability of [18F]DR29 to noninvasively quantify AT1R 
expression offers a pathway to precision medicine, 
enabling tailored antihypertensive therapies based on 
individual receptor profiles. This approach could opti-
mize medication selection and dosing, improving treat-
ment efficacy while minimizing side effects in patients 
with hypertension and other AT1R-related conditions.

Nonstandard Abbreviations and Acronyms

ACE	 angiotensin-converting enzyme
AT1R	 angiotensin II type 1 receptor
HPLC	 high performance liquid chromatography
NTZ	 nitazoxanide
OATP	 organic anion transporting polypeptide
OAT	 organic anion transporter
PET	 positron emission tomography
RAS	 renin-angiotensin system
RIF	 rifampicin
SUV	 standardized uptake value
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MATERIALS AND METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request. 
All experiments were conducted in strict accordance with 
the Guide for the Care and Use of Laboratory Animals, pub-
lished by the U.S. National Institutes of Health,14 Guidance 
for Methods Description Used in Preclinical Imaging Papers, 
and the ARRIVE guidelines.15 Experimental protocols were 
approved by the Animal Ethics Committee of the National 
Cerebral and Cardiovascular Center, Research Institute, Osaka 
(Approval number 18019), and Okayama University, Okayama 
(Approval number: OKU-2024488), Japan.

Radiochemistry
The radiolabeling was conducted in accordance with meth-
ods previously outlined in our research.5 In brief, [18F]fluoride 
(typically started from 2 GBq) was eluted from a Waters Sep-
Pak Accell Plus QMA Plus Light cartridge (Waters GmbH, 
Eschborn, Germany) using a methanol/water solution of potas-
sium carbonate (2.5 µmol) and Kryptofix 222 (5 µmol), then 
azeotropically dried at 110 °C for 10 minutes, with an additional 
6 minutes after adding anhydrous acetonitrile (600 µL). A solu-
tion of the precursor (1 mg) in anhydrous acetonitrile (200 µL) 
was heated at 120 °C for 10 minutes. After solvent removal at 
100 °C under nitrogen, the residue was treated with 4M HCl 
(250 µL in water/dioxane, 4:1, v/v) and heated at 120 °C for 
10 minutes (Figure 1A). The reaction solution was purified via 
a high-performance liquid chromatography (HPLC) system 
equipped with a COSMOSIL 5C18-ARII column (5 µm, 6.0 
ID×150 mm). Mobile phase: (A) water with 0.1% trifluoroacetic 
acid; (B) acetonitrile with 0.1% trifluoroacetic acid; flow rate 2.0 
mL/min; isocratic at 35% of phase B. The [18F]DR29 fraction 

(9.9 min) was collected, diluted with 15 mL 10% acetonitrile/
water, and trapped on a preconditioned Waters Sep-Pak C18 
Plus Light cartridge (Waters GmbH, Eschborn, Germany). After 
washing with 5 mL water, the product was eluted with 0.6 mL 
ethanol. The solvent was removed under nitrogen flow and the 
residual was diluted with saline for further use. The radiochemi-
cal identity, purity, and molar activity of the target radiotracer 
were determined using a COSMOSIL 5C18-ARII column (5 µm, 
4.6 ID×150 mm), flow rate 1.5 mL/min; with a gradient of 10% 
to 80% mobile phase B in 13 minutes (retention time 8.25 
minutes).

Competitive Membrane Binding Assay
Angiotensin AT1R (human) membrane preparations in CHO-
K1 cells (0.6 µg protein diluted in 50 mmol/L Tris·HCl buffer, 
MgCl2 5 mmol/L, pH 7.4; Revvity GmbH, Hamburg, Germany) 
were incubated with 20 KBq tracer or buffer and varying con-
centrations of angiotensin II or irbesartan at 37 °C for 60 min-
utes (200 µL total volume). After gently mixing, the preparation 
was applied to presoaked filtermates (150 µL 0.5% BSA in 
Tris·HCl, 10 minutes before application) in a manifold, followed 
by vacuum filtration and 15 washes with 150 µL ice cold Tris 
buffer. Filters were replaced into Eppendorf tubes and mea-
sured in a gamma counter (PerkinElmer 2480 WIZARD2, 
PerkinElmer GmbH, Rodgau, Germany).

Animal Model
For the initial evaluation of the radiotracer, male Wistar rats (450–
550 g, Charles River Laboratories) were used. Hypertensive 
disease model male SHR/Izm rats and the corresponding nor-
motensive male WKY/Izm rats (280–360 g, ≈12 weeks old) 
were purchased from SLC (Japan SLC, Inc, Shizuoka, Japan). 

Figure 1. A, Radiolabeling of [18F]
DR29 with a 1-pot 2-steps labeling 
protocol from a α-chloride precursor 
with methoxymethyl protection at 
tetrazole ring.
B, Competitive AT1R (angiotensin II type 
1 receptors) membrane binding assay 
using [18F]DR29 against angiotensin 
II and irbesartan. The y axis label 
represents the percentage of [18F]
DR29 bound to the membrane under 
different inhibition conditions relative to 
the control (untreated condition without 
any inhibition). Both angiotensin II and 
irbesartan show almost identical IC50 
values as reported,8 demonstrating 
successful structural design of the 
radiotracer.
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Anesthesia was induced and maintained during the experiment 
with 2% isoflurane vaporized with oxygen.16 The respiratory rate 
of the ventilator was monitored and kept in the normal range 
throughout the imaging sessions using an anesthesia sta-
tion (Apollo, Drägerwerk AG & Co. KGaA, Lübeck, Germany). 
Supplemental Material provided details of animal blood pres-
sure measurements, demonstrating significantly higher systolic 
and diastolic blood pressures in SHR/Izm rats than in WKY/
Izm rats. (Figure S1). Protocols for immunohistochemical stain-
ing and Western blot analysis from kidney tissues of both WKY/
Izm and SHR/Izm rats are also provided in the Supplemental 
Material. The spontaneously hypertensive rat (SHR/Izm), a 
well-established model for studying primary hypertension, was 
derived from outbred Wistar Kyoto rats in the 1960s. This model 
is widely used due to its genetic predisposition to elevated blood 
pressure,17,18 closely mimicking human essential hypertension, 
and was selected for its relevance in exploring the pathophysi-
ological mechanisms of renal AT1R expression in hypertension.

PET Imaging and Biodistribution
Blocking Protocol
Nitazoxanide (NTZ, 250 mg/kg, suspension in water, oral, 2 
hours prior) was used to inhibit OATs,19 rifampicin (RIF, 10 mg/
kg, lyophilized powder dissolved in sterile water for injection, 
intravenous, 10 minutes prior) was used to inhibit OATPs,20 
and candesartan (25 mg/kg, dissolved in DMSO and diluted 
with saline, intravenous, 10 minutes prior) served as an AT1R-
specific blocker, minimizing interference with target specificity 
evaluation. For PET imaging in both healthy rats and hyperten-
sive rat models, the NTZ+RIF blocking protocol was applied to 
all the animals to inhibit the unspecific uptake of [18F]DR29. 
In biodistribution studies, 4 different protocols were applied 
to healthy rats: (1) Vehicle (saline without any treatment), (2) 
NTZ blocking, (3) NTZ+RIF, and (4) NTZ+RIF+candesartan. 
In hypertensive rat models, all animals were studied using the 
NTZ+RIF blocking protocol to exclude the unspecific uptake. 
Graphic flowcharts for PET imaging and biodistribution studies 
are provided in the Supplemental Material (Figures S2 and S3).

Animal Numbers
Wistar rats were used in the following numbers: n=2 per 
group (control and candesartan) for PET imaging; n=3 per 
group (Vehicle and NTZ) and n=4 per group (NTZ+RIF and 
NTZ+RIF+candesartan) for biodistribution studies. For hyper-
tensive model SHR/Izm and corresponding normotensive 
WKY/Izm rats, n=2 per group were used for PET imaging; n=5 
per group were used for biodistribution studies.

Biodistribution Studies
In biodistribution studies, animals under anesthesia were 
euthanized 60 minutes post-radiotracer administration (0.5–1 
MBq). Organs of interest were harvested and weighed, and the 
radioactivity of each organ was measured in a gamma counter. 
Results are expressed as the percentage of injected dose per 
gram of tissue (%ID/g), adjusted for decay and normalized to 
organ weight. Finally, organ-to-blood ratios were calculated by 
dividing the %ID/g of each organ by that of blood.

Imaging Protocol
PET imaging was performed using a microPET FOCUS 120 
system (Siemens, Erlangen, Germany). A 120-minute dynamic 

scan was initiated immediately after intravenous administration 
of the radiotracer (30–40 MBq) into the tail vein via bolus. The 
acquired list-mode data were transformed into 3-dimensional 
reconstructions, then re-binned with full 3-dimensional binning 
for dynamic image generation. The reconstructed images were 
analyzed using AMIDE imaging software (version 1.0.1). Tissue 
uptake was quantified as standardized uptake values (SUVs), 
from which time-activity curves of the liver and kidneys were 
generated with transmission computed tomography images for 
anatomic correlation.

Stability Studies
To evaluate the in vitro stability of the radiotracer in its injec-
tion formulation (an ethanol solution diluted with saline), the 
solution was analyzed by HPLC after incubating at room tem-
perature for 0, 30, 60, and 120 minutes. The in vivo stabil-
ity of [18F]DR29 was assessed utilizing whole blood samples, 
collected 120 minutes post-radiotracer injection from animals 
subjected to PET imaging studies. Following euthanasia, whole 
blood was immediately extracted and anticoagulated with hep-
arin. Aliquots of 1 mL each were then dispensed into 1.5 mL 
Eppendorf tubes containing 500 µL of acetonitrile. The mix-
tures were vortexed for homogenization and subsequently cen-
trifuged at 3000 rpm for 5 minutes. The resultant supernatants, 
≈500 µL each, were transferred into new Eppendorf tubes con-
taining 100 µL of 10% trifluoroacetic acid aqueous solution. A 
subsequent centrifugation at 13 400 rpm for 5 minutes was 
performed. The final supernatants were then filtered through 
a 0.22 µm filter for HPLC analysis. The analytical methodol-
ogy used for these assessments was consistent with the quality 
control procedures described above.

Statistics
All results are presented as the mean±SD. For all data sets, 
normality test using Shapiro-Wilk test were first performed 
before further statistical analysis. The detailed results of the 
normality tests, conducted due to the small sample sizes 
before performing parametric analyses, are provided in the 
Supporting Information (Tables S1 and S2). For comparisons 
of biodistribution data and liver/kidney-to-blood ratios under 
different blocking conditions, after confirming the normality of 
the data obtained from healthy Wistar rats, we applied ordinary 
1-way ANOVA followed by Bonferroni’s test for multiple com-
parisons. Similarly, after confirming normality in the SUV data 
from biodistribution studies, we used 2-way ANOVA followed 
by Bonferroni test to compare differences in blood and kidney 
SUVs between healthy (WKY/Izm) and hypertensive (SHR/
Izm) rats. For Western blot analysis, an unpaired and 2-tailed t 
test was performed to compare the AT1R expression in kidney 
tissues. A P value of <0.05 was assumed to be statistically 
significant. Statistical analysis was performed with GraphPad 
Prism (version 10.2.3 GraphPad Software, San Diego).

RESULTS
Radiochemistry
Radiofluorination followed by deprotection was executed 
with slight modifications to a previously established 
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protocol.4,5 Notably, due to the enhanced stability of the 
methoxylmethyl group, hydrochloric acid was added after 
removing the acetonitrile from postradiofluorination solu-
tion. In addition, 20% dioxane was incorporated into the 
deprotection solution instead of using a purely aqueous 
hydrochloric acid solution to improve the solubility of the 
highly lipophilic intermediate. These changes resulted in 
a 9% radiochemical yield improvement, preventing the 
loss of radioactivity. Moreover, due to the small, flexible 
fluorine atom, chiral C to F stereoisomers were not sepa-
rated after radiolabeling. This flexibility prevented effec-
tive differentiation between the isomers, which likely 
possess identical affinity at AT1R, rendering separation 
unnecessary. An HPLC method to purify the final prod-
uct was developed, specifically to remove the chloride 
byproduct from the extra precursor (Figure S4). Conse-
quently, [18F]DR29 was synthesized with a typical 2 GBq 
starting radioactivity, in <90 minutes labeling time, and 
a radiochemical yield of 36±6% (n=5, decay-corrected) 
while maintaining a radiochemical purity of >99% (Fig-
ure S6). The molar activity achieved ranged between 1.9 
and 5.1 GBq/µmol.

Competitive Membrane Binding Assay
Angiotensin II, the endogenous substrate of AT1R, and 
the selective AT1R antagonist irbesartan were evaluated 
while using [18F]DR29 as the radioligand. Both com-
pounds show high affinities at AT1R, with angiotensin 
II at 8.56 nmol/L and irbesartan 1.54 nmol/L, respec-
tively (Figure 1B)—almost identical to affinities previously 
reported.5

PET Imaging and Biodistribution in Healthy 
Rats
Biodistribution studies of [18F]DR29 demonstrated that 
blocking OATs and OATPs impacted tracer distribution 
and pharmacokinetics by reducing hepatic excretion and 
increasing renal uptake, with AT1R specificity confirmed 
by candesartan. In initial studies using [18F]DR29 with-
out any blocking protocol (Figure 2A), moderate kidney 
uptake (2.79±0.70 %ID/g) could be observed in con-
trast to pronounced hepatic (6.38±1.23 %ID/g) and 
subsequent excretion into the intestinal tract (5.55±0.92 
%ID/g), possibly mediated by OATPs.21 Following the inhi-
bition of OATs in the kidneys with nitazoxanide, a notice-
able decrease in renal uptake was observed (Figure 2A), 
while liver excretion into the intestine increased twofold. 
Conversely, when both OATs and OATPs were blocked 
(Figure 2A NTZ+RIF), a decrease in radioactivity in 
both liver (3.95±1.61 %ID/g) and intestine (2.33±1.16 
%ID/g) was noted, alongside with an increase in renal 
uptake (5.10±1.69 %ID/g). This renal increase was spe-
cifically attenuated by candesartan (0.32±0.13 %ID/g, 
****P<0.0001, n=4), without affecting uptake in other 

major organs except for the adrenal gland, whose func-
tion, specifically regulated by AT1R, is crucial for blood 
pressure regulation. Adrenal uptake also decreased 
significantly following candesartan treatment, from 
0.64±0.28 %ID/g to 0.15±0.07 %ID/g (**P<0.01, n=4; 
Figure 2A NTZ+RIF+candesartan). Notably, the radio-
tracer distribution in the blood pool increased slightly 
following the dual blockage, likely due to the inhibited 
excretion from both liver and kidneys. When converted 
into organ-to-blood ratios, the kidneys exhibited the high-
est uptake (with an organ-to-blood ratio of 4.54±1.59) 
compared with the liver (3.42±0.80) following the dual 
blockage (Figure 2B and 2C, NTZ+RIF). The blocking 
study with candesartan significantly diminished renal 
uptake (0.43±0.01, Figure 2C, **P<0.01, n=4), while 
the uptake in the liver remained stable (2.93±0.54, Fig-
ure 2C, ns, n=4).

In PET imaging, the hepatic uptake via OATPs and 
renal excretion via OATs were inhibited using rifampicin 
and nitazoxanide, respectively. Pretreatment by AT1R 
antagonist candesartan before radiotracer injection sig-
nificantly reduced the renal uptake (Figures 3 and 4). In 
dynamic imaging, a rapid and distinct renal uptake, partic-
ularly in the cortical area, was observed just 2 min after the 
injection of [18F]DR29. This high tissue contrast persisted 
for the entire 2-hour duration of the scan (Figure 4A). 
The specific blocking study, based on the injection of the 
selective AT1R blocker candesartan 10 minutes before 
the tracer administration, showed a significantly reduced 
renal uptake (Figure 3), whereas the uptake in other 
organs remained unchanged. Time-activity curves derived 
from dynamic PET images also reflect the above results. 
Under the condition of OATPs and OATs blockage, which 
served as a control, the renal uptake of [18F]DR29 rapidly 
plateaued within <10 minutes post-injection, but exhibited 
slow clearance. The SUV in the kidney peaked at 30 to 
40 minutes (5.22±1.50), and remained elevated at 120 
minutes post-injection (3.44±0.82). This level was signifi-
cantly higher than the SUV in the blood pool at the same 
time point (1.15±0.08). In contrast, following pretreat-
ment with the AT1R-selective inhibitor candesartan, the 
renal uptake paralleled the blood pool level throughout the 
measurement period. The SUV for renal uptake at both 
60 and 120 minutes post-injection was markedly lower 
under candesartan blockage (0.42±0.27 and 0.33±0.13, 
respectively) compared with the control condition 
(4.80±1.33 and 3.44±0.82, respectively) at the same time 
point. Meanwhile, liver uptake displayed minimal change, 
with no significant difference observed between condi-
tions with and without candesartan blockage (Figure 4B).

PET Imaging and Biodistribution in 
Hypertensive Rat Models
PET imaging of [18F]DR29 at 30 to 60 minutes post-
injection in hypertensive rat models revealed higher 
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renal uptake in the hypertensive (SHR/Izm) compared 
with the normotensive (WKY/Izm) rats, whereas no 
noticeable changes were observed in liver uptake and 
the biliary excretion. Consistent with this finding, bio-
distribution analysis 60 minutes post-injection showed 
a significant increase (P<0.01) of radiotracer uptake 
in the kidneys of hypertensive rats (SHR/Izm) com-
pared with normotensive ones (WKY/Izm), while blood 
levels in both models showed no significant difference 
(Figure 5A). Immunohistochemical staining of kidneys 
sections confirmed the increased AT1R expression in 
hypertensive (SHR/Izm) rats compared with normoten-
sive (WKY/Izm) ones, with higher fluorescence inten-
sity in the renal cortex. Control experiments without 
the primary antibody were performed under identical 
acquisition settings, and the resulting images for both 
WKY/Izm and SHR/Izm kidney sections are provided 
in the Supplemental Material (Figure S5). Western 
blot analysis of protein extracted from kidney tissues 

further confirmed a significant upregulation of AT1R 
expression in hypertensive (SHR/Izm) rats compared 
with normotensive (WKY/Izm) rats (n=4 per group, 
duplicate of each kidney sample, P<0.05). Quantifica-
tion of AT1R protein levels, normalized to the internal 
standard Vinculin, revealed a 35% higher AT1R expres-
sion in SHR/Izm kidneys (Figure 5B). This finding is 
consistent with the observed differential expression in 
immunohistochemical sections and corroborates previ-
ous PET imaging and biodistribution studies using [18F]
DR29.

Stability Studies
Stability studies confirmed that [18F]DR29 remains sta-
ble in its final formulation, which composed of ethanol 
and saline solution, over the entire 120-minute mea-
surement period (Figure S6). Importantly, the presence 
of OATPs and OATs blockers, specifically rifampicin and 

Figure 2. A, Biodistribution of [18F]
DR29 in healthy rats 60 minutes post-
injection in organs of interest under 
different blocking conditions.
Vehicle represents injection of saline 
without any further treatment. Following 
blockade of organic anion transporting 
polypeptides (OATPs) by rifampicin (RIF, 
10 mg/kg, intravenous) and organic 
anion transporters (OATs) by nitazoxanide 
(NTZ, 250 mg/kg, oral), a specific 
reduction in renal (****P<0.0001, n=4) 
and adrenal uptake (**P<0.01, n=4) 
blocked by candesartan (CAN, 25 mg/kg, 
intravenous) was observed, demonstrating 
AT1R (angiotensin II type 1 receptors) 
specificity. B and C, Organ-to-blood ratios 
of [18F]DR29 uptake in liver and kidneys 
following sequential blockade of OATs 
(NTZ), OATPs (RIF), and (AT1R, CAN). 
A significant reduction in kidney-to-blood 
ratio was observed after AT1R blockade 
by CAN (**P<0.01, n=4), while the 
liver-to-blood ratio remained unchanged, 
consistent with dynamic positron emission 
tomography (PET) imaging results. 
Data are presented as mean±SD (n=3 
for Vehicle and NTZ group, n=4 for 
NTZ+RIF and NTZ+RIF+CAN group). 
After confirmation of the normality of 
data sets, 1-way ANOVA was performed, 
followed by Bonferroni post hoc test for 
multiple comparisons. *P<0.05; **P<0.01; 
***P<0.001; ns, no significant difference.
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nitazoxanide, as well as the AT1R blocker candesartan, 
did not impact the stability of the radiotracer. Within 
the limits of our analytical HPLC method, neither free 
fluoride-18 nor significant metabolites were detected. 
This finding is further supported by biodistribution studies 
conducted 60-minute post-injection as well as dynamic 
PET imaging up to 120 minutes post-injection, both of 
which showed minimal bone uptake, indicative of low 
defluorination and good in vivo stability of the radiotracer. 
While low-pH reverse-phase HPLC conditions (due to 
the addition of trifluoroacetic acid) may not fully recover 
free fluoride,22 the use of a broad 10% to 80% gradient 
method would have detected other potential metabolites, 
if present. Therefore, the absence of detectable hydro-
philic or hydrophobic metabolites in whole blood samples 
120 minutes post-injection provides strong evidence for 
the radiotracer’s metabolic stability (Figures S7 and S8).

DISCUSSION
The current study investigated a new generation 
AT1R-targeted radiotracer [18F]DR29 using PET tech-
nology. Initial radiolabeling was performed manually 
without optimization, achieving a radiochemical yield of 
36±6%. While the molar activity was low due to a com-
bination of low starting radioactivity and unavoidable 
carrier fluoride contamination during the synthesis, 
the results provided valuable initial insights. This effi-
ciency enabled the transition to a cyclotron-automated 
module-based radiolabeling starting from a higher 
radioactivity production (>50-fold). Further evaluation 

using a competitive binding assay with AT1R mem-
branes revealed nanomolar affinity of the radiotracer 
for AT1R, nearly identical to previously reported drugs, 
confirming the successful introduction of fluorine-18 
at the α-position of the aliphatic chain through rational 
design. PET imaging and biodistribution studies in both 
healthy and hypertensive rats demonstrated the clinical 
potential of [18F]DR29 for monitoring AT1R. Notably, 
the study achieved clear and specific AT1R imaging 
in the kidneys, with enhanced contrast facilitated by 
inhibition protocols targeting liver OATPs and kidney 
OATs. These protocols successfully reduced off-target 
uptake and increased the specific accumulation of [18F]
DR29 in the kidneys, further improving the quality of 
renal imaging. Findings from immunohistochemical 
staining and Western blot analysis of kidney tissues 
from hypertensive rat models are consistent with both 
PET imaging and biodistribution studies. This consis-
tency further confirms the feasibility of AT1R imaging 
with this new tracer. Figure 6 summarizes the major 
transporters and receptors involved in the distribution 
of [18F]DR29. While both OATPs and OATs are depicted 
in the liver, it is important to note that OATPs play a 
predominant role in hepatic uptake, whereas the con-
tribution of OATs in the liver is comparatively minor. 
Therefore, the capacity of OATs in the liver was not 
considered in the current study.

Initial biodistribution studies and organ-to-blood 
ratios revealed that, without medication, the radiotracer 
primarily accumulated in the liver via OATPs (Figure 2), 
consistent with [11C]KR31173.2,23 This hepatic uptake 

Figure 3. Comparison of [18F]DR29 uptake via fused positron emission tomography (PET)/computed tomography (CT) images in 
rats under different blocking conditions, 50–60 minutes post-injection (n=2).
Control: Baseline uptake condition with off-target transport inhibition via nitazoxanide (NTZ) and rifampicin (RIF) pretreatment. Candesartan: 
Effect of additional angiotensin II type 1 receptor blockade by candesartan on uptake, under identical NTZ+RIF pretreatment. Pretreatment 
details: NTZ (organic anion transporter inhibitor, 250 mg/kg, oral) and RIF (organic anion transporting polypeptide inhibitor, 10 mg/kg, 
intravenous). SUV indicates standardized uptake value.
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posed challenges for renal imaging aimed at AT1R, due 
to radioactivity scattering and spatial overlap with the 
intestines. Shimizu and coworkers proposed this issue 
and used [11C]telmisartan to investigate the transporting 
properties of OATP1B3 in the liver.24

OATPs and OATs are key transporters influencing 
the distribution and elimination of both endogenous 
and exogenous compounds, including drugs, toxins, and 
signaling molecules.25 Unfortunately, their impact on 
radiotracer pharmacokinetics remains underexplored, 
which can be of critical relevance in the case of off-
target uptake of theranostic radiopharmaceuticals.26 
Considering the fact that AT1R blockers are the sub-
strate of both OATPs and OATs,21,27 the current tracer, 
[18F]DR29, deriving from the AT1R-selective antagonist 
SK-1080, is expected to be taken up by OATPs in the 
liver and OATs in the kidneys,27 contributing to off-target 
uptake. To address this, in the current studies, rifampi-
cin, a nonselective OATP1B1/3 inhibitor20 and was cho-
sen as an inhibitor for OATP-targeted PET tracers.28,29 

Similarly, nitazoxanide was selected for nonselective 
OAT1/3 inhibition.19 Pretreatment with rifampicin and 
nitazoxanide significantly reduced liver uptake, bring-
ing it down to match kidney levels. The hepatic uptake 
has been suppressed for more than 5-fold in terms of 
liver-to-blood ratio (Figure 2B), allowing for improved 
renal imaging contrast. Further blocking studies using 
the AT1R-selective antagonist candesartan has dem-
onstrated the specificity of [18F]DR29, as renal uptake 
dropped significantly (5-fold in terms of kidney-to-blood 
ratio) without affecting other organs (Figure 2). PET 
imaging using the same blocking protocol further vali-
dated these findings (Figures 3 and 4), showing rapid 
and sustainable renal uptake, which can be attributed 
to specific AT1R uptake in the absence of candesartan 
blockade (Figure 4B).

The successful application of [18F]DR29 in hyperten-
sive rats suggests its potential for clinical use in monitor-
ing AT1R, particularly in the context of hypertension. The 
increased radiotracer uptake observed in hypertensive 

Figure 4. Pharmacokinetic profile 
and target specificity of [18F]DR29 in 
healthy Wistar rats.
A, Dynamic positron emission tomography 
(PET) imaging of healthy Wistar rats over a 
time-course of 120 minutes post-injection 
of [18F]DR29, providing a comprehensive 
depiction of its pharmacokinetic profile. 
Control: Baseline uptake condition with 
pharmacological blockade of hepatic 
organic anion transporting polypeptides 
(OATPs) by rifampicin (RIF, 10 mg/kg 
intravenous) and concurrent inhibition of 
renal organic anion transporters (OATs) 
by nitazoxanide (NTZ, 250 mg/kg, oral). 
Candesartan: Under identical NTZ+RIF 
pretreatment, it demonstrates the effect of 
additional angiotensin II type 1 receptor 
blockade with candesartan (CAN, 25 mg/
kg intravenous). Note the significantly 
decreased kidney uptake (signal intensity 
within the white dotted line region in the 
Sagittal view), confirming target specificity. 
SUV, standardized uptake values. B, 
Time-activity curves of [18F]DR29 derived 
from the dynamic PET images for the 
Control and Candesartan with conditions 
described in (A). Uptake (mean SUV) in 
regions of interest (blood, liver, kidney) is 
shown (n=2 each group).
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kidneys, consistent with immunohistochemical staining 
and Western blot analysis that confirms elevated AT1R 
expression (Figure 5), signifies its ability to differenti-
ate between healthy and diseased states. This could be 
instrumental in assessing AT1R expression levels in the 
kidneys noninvasively and tracking changes over time to 
monitor the effectiveness of antihypertensive drugs. Fur-
thermore, [18F]DR29 could provide valuable insights into 
the progression of hypertension and its associated com-
plications, potentially guiding the selection and dosage of 
antihypertensive medications for personalized treatment 

regimens. This personalized approach has the potential 
to optimize treatment efficacy and minimize unnecessary 
side effects.

Despite pretreatment with nonselective OATP and OAT 
inhibitors, residual uptake remained in the liver with con-
tinued biliary excretion. This likely reflects the high capac-
ity or activity of other OATP subtypes in those organs, 
for example, OATP2B115 and OATP4C1.30 Another phe-
nomenon worth mentioning is that the kidney uptake 
increased in the OATPs and OATs double-blocking condi-
tion, which was observed in both biodistribution studies 

Figure 5. A, Static abdominal positron emission tomography (PET) images of normotensive (WKY/Izm) and hypertensive 
(SHR/Izm) rats acquired using the AT1R (angiotensin II type 1 receptors)-targeting radiotracer [18F]DR29 after a blocking 
protocol with nitazoxanide (NTZ) and rifampicin (RIF) to exclude unspecific uptake, 30–60 minutes post-injection (n=2 for PET 
imaging).
Tracer uptake in the kidneys of hypertensive rats (SHR/Izm) was notably increased compared with normotensive ones (WKY/Izm). 
Biodistribution analysis 60 minutes post-injection revealed a significant higher renal uptake in hypertensive rats (**P<0.01, n=5 per group 
for biodistribution studies), consistent with PET imaging results, highlighting the potential of [18F]DR29 for detecting AT1R upregulation in 
hypertensive conditions. Uptake in regions of interest, namely blood and kidney, is represented as standardized uptake value (SUV). After 
confirmation of the normality of data sets, a 2-way ANOVA followed by Bonferroni post hoc test for multiple comparisons test was performed. 
**P<0.01. B, AT1R expression in kidneys of normotensive (WKY/Izm) and hypertensive (SHR/Izm) rats. Immunohistochemical staining images 
of renal single axial sections depict AT1R fluorescence signals observed primarily in the proximal tubule (PT), with minimal labeling in the 
glomerulus (Glm). Magnification ×200, scale bar=100 µm. The fluorescent intensity from hypertensive one is higher than in normotensive rats, 
representing upregulated expression of AT1R. Furthermore, data from quantification of AT1R protein levels by Western Blot analysis, presented 
as the ratios of integrated density of AT1R over the internal standard Vinculin, also confirmed a significant upregulation of AT1R expression in 
the kidneys of SHR/Izm compared with WKY/Izm rats (n=4 per group, duplicate of each kidney sample). An unpaired t test was performed 
after confirmation of data normality.*P<0.05. ns indicates no significant difference.
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and time-activity curves (Figures 2A and 4B). One expla-
nation could be that, due to the blockage of OATPs in the 
liver and OATs in the kidney, blood counts of the radio-
tracer in circulation increased, which lead to enhanced 
accumulation in kidneys. Such an increase of the 
uptake in the kidney should be AT1R-mediated instead 
of a simple increase of blood activity, because it could 
be significantly diminished by candesartan blockage, 
with a drop of kidney-to-blood ratio from 4.54±1.59 to 
0.43±0.01 (*P<0.05, Figure 2) and SUV from 4.80±1.33 
to 0.42±0.27 (Figure 4B) at 60 minutes post-injection.

The observed increase in AT1R expression in the 
kidneys of hypertensive rats likely reflects a compensa-
tory mechanism aimed at countering dysregulated blood 
pressure homeostasis. Hypertension induces sustained 
activation of the RAS, leading to elevated angiotensin II 
levels, which stimulate AT1R upregulation as part of a 
feedback loop to modulate renal vascular resistance and 
sodium reabsorption. This heightened receptor expres-
sion may enhance the kidneys’ sensitivity to angiotensin 
II, exacerbating vasoconstriction and sodium retention, 
thereby perpetuating the hypertensive state. Physiologi-
cally, this overexpression signifies the kidneys’ central 
role in the pathogenesis of hypertension and under-
scores the potential impact of targeted therapies. By 
quantifying AT1R expression, tools like [18F]DR29 could 
provide critical insights into the extent of RAS activation, 
enabling precise adjustment of therapeutic regimens, 
such as AT1R blockers, to mitigate excessive receptor 
activity and restore renal and systemic homeostasis.

It should be noted that the target binding affinity, 
as well as in vivo kinetics, show great species and sex 

discrepancy. First, AT1R distribution and expression 
show species differences. [11C]KR31173 showed higher 
specific AT1R uptake in the kidneys in baboons than in 
dogs,23 whereas its myocardial retention in the healthy 
human heart is significantly lower than in pigs.12 Simi-
larly, [11C]telmisartan demonstrated slower liver uptake in 
humans than in rats.24 Second, the variation in OATPs 
and OATs across different species’ organs leads to 
significant differences in off-target uptake and excre-
tion. For instance, rodents lack OAT4, which is involved 
in the elimination of sartans from the kidneys,31 unlike 
other species where OAT1 is predominantly expressed 
in the kidneys. In contrast, mice have a high abundance 
of OAT2.32 This diversity implies that animal models, even 
within different rodent species, may not straightforwardly 
predict pharmacokinetics in other species. Although the 
underlying molecular mechanisms were not revealed, 
studies have shown that [18F]FPyKYNE-losartan pro-
duces higher renal image contrasts and exhibits slower 
clearance from pig kidneys compared with rats.3 Similarly, 
blocking studies of [11C]KR31173 by pretreatment with 
SK-1080 showed a 49% reduction in kidney uptake in 
mice, but an 81% reduction in baboons,23 further illustrat-
ing species-specific variations in tracer handling. Third, 
there are sex differences in the expression and function 
of OATs in rats. Studies have shown that the expression 
of OAT1 is higher in male than in female rats,32 whereas 
the expression of OAT2 is vice versa. Those differences 
in the expression of OATs lead to higher nephrotoxicity 
of cisplatin in male than in female rats.33 Fourth, even 
within the same species, age should also be consid-
ered. Research has revealed that overall, angiotensin II 

Figure 6. Illustration of distribution 
of transporters, their corresponding 
inhibitors, and AT1R (angiotensin 
II type 1 receptors) involved in the 
uptake of [18F]DR29 in the current 
study.
Yellow spots represent either AT1R 
blockers sartans or AT1R-targeting 
radiotracers. BC indicates bile canaliculus; 
OATP, organic anion transporting 
polypeptide; OAT, organic anion 
transporter; RIF, rifampicin; and NTZ, 
nitazoxanide (created with BioRender.
com).
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receptors show a high expression in newborn rats, with 
AT2R as the predominant receptor, whereas in the adult 
conduction system, the total expression is dramatically 
reduced, with AT1R representing the major proportion.34 
Thus, due to the variations listed above, the comparison 
between results from different resources and the trans-
lation of preclinical findings to human pharmacokinetics 
should be done with caution.

The current research has significantly deepened our 
understanding of AT1R-targeted radiotracers off-target 
uptake and elimination via OATs and OATPs, enhancing 
the potential of PET imaging in assessing transporter-
mediated drug-drug interactions.35 It is conceivable that, 
by utilizing the same blocking protocol, alternative radio-
tracers designed to target AT1R could exhibit kinetics 
similar to those demonstrated in the present study. [18F]
DR29 has already exhibited promising attributes, includ-
ing a high radiolabeling yield, enhanced in vivo stabil-
ity, and substantial kidney uptake, rendering it a strong 
candidate for the current investigation. The relatively low 
molar activity of the tracer calls for a careful interpretation 
of the data, especially regarding its impact on biodistribu-
tion and specific uptake, underscoring the importance of 
methodological considerations in advancing the field.

PERSPECTIVES
The introduction of [18F]DR29 as a novel AT1R-targeting 
PET radiotracer offers transformative potential for non-
invasive renal imaging. By mitigating off-target uptake 
through OATP and OAT inhibition, [18F]DR29 demon-
strates high specificity and favorable pharmacokinet-
ics, allowing accurate quantification of renal AT1R 
expression. This approach advances our understanding 
of AT1R’s role in hypertensive pathophysiology and its 
associated renal processes. The successful application 
in hypertensive rat models underscores its clinical trans-
lational potential, particularly for differentiating healthy 
and diseased renal states. Looking forward, the deploy-
ment of [18F]DR29 in larger animal studies and human 
trials could pave the way for precision diagnostics and 
therapeutic monitoring. Future investigations might 
explore its utility in other AT1R-associated conditions, 
such as chronic kidney disease or cardiovascular disor-
ders, fostering a deeper integration of molecular imaging 
into personalized medicine.
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