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A B S T R A C T

Purpose: Previous studies have investigated the kinetics and affinities of norepinephrine transporter (NET)-tar
geting radiotracers, including [123I]MIBG, but the role of organic cation transporters (OCTs) remains unclear. 
This study aimed to evaluate how the structural design of selective NET-targeting tracers affects OCT-mediated 
non-specific uptake, identifying factors influencing both NET and OCT affinity.
Methods: Cellular uptake assays were conducted using SK-N-SH cells expressing human NET, and human OCT1-, 
OCT2-, and OCT3-expressing cells with [3H]norepinephrine, [3H]MPP+, and [131I]MIBG. Competitive uptake 
assays used non-radioactive reference compounds for several NET-targeting radiopharmaceuticals (MIBG, HED, 
EPI, PHEN, LMI1195, and PHPG), along with a new PET radiotracer [18F]AF78, and its two analogs with meta- 
iodide [18F]AF78(I) or hydroxyl group [18F]AF78(OH). Dynamic PET imaging in non-human primates assessed 
the in vivo uptake of [18F]AF78 after NET inhibition with desipramine.
Results: Monoamine-based tracers (EPI, PHEN, HED) exhibited high NET selectivity with minimal OCTs inter
action, while guanidine-containing tracers (e.g., MIBG, LMI1195) displayed substantial OCTs affinity. Lower 
lipophilicity in guanidine-containing compounds, influenced by substitutions on the benzene ring (e.g., PHPG, 
AF78), correlated with weaker OCT interactions. PET imaging confirmed that cardiac uptake of [18F]AF78 is 
sensitive to desipramine pretreatment (***P < 0.0005), indicating its NET-specificity, while persistent hepatic 
retention suggests an OCT-mediated transport mechanism.
Conclusion: This study highlights the critical influence of the compounds’ chemical structure on NET and OCT 
affinities. Structural modifications that reduce OCT-mediated uptake while maintaining high NET affinity could 
improve the specificity and theranostic potential of NET-targeting ligands. These findings provide insights for 
designing next-generation radiotracers with enhanced selectivity and clinical utility.

1. Introduction

The norepinephrine transporter (NET) plays a crucial role in regu
lating sympathetic nervous system (SNS) activity by facilitating 
norepinephrine (NE) reuptake from the synaptic cleft into presynaptic 
nerve terminals. This process is essential for maintaining 

neurotransmitter balance and preventing excessive NE accumulation 
[1]. Clinically, NET serves as an important biomarker for evaluating 
cardiac SNS function, particularly in heart failure and neurodegenera
tive diseases such as Parkinson’s disease, as well as for targeting certain 
neuroendocrine tumors [2–4].

For decades, [123I]meta-iodobenzylguanidine ([123I]MIBG) has been 
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the gold-standard single photon emission computed tomography 
(SPECT) tracer for assessing cardiac SNS function and diagnosing 
neuroendocrine tumors [5–7]. Despite its widespread use, MIBG suffers 
from relatively low spatial resolution, limited quantification capability, 
and a prolonged imaging protocol. To overcome these shortcomings, 
several 11C-labeled positron emission tomography (PET) tracer
s—including [11C]meta-hydroxyephedrine ([11C]HED), [11C]epineph
rine, and [11C]phenylephrine—have been developed, providing 
superior resolution and kinetic quantification [8–11]. However, due to 
their primary or secondary amine structures, some of these tracers are 
sensitive to monoamine oxidase (MAO), and therefore suffer from short 
retention and fast washout. Furthermore, the short half-life of carbon-11 
(20 min) also restricts their use to centers with an on-site cyclotron, 
limiting cost-effectiveness and broader clinical translation with limited 
protocols derived from this short half-life.

The development of 18F-labeled PET tracers has therefore attracted 
significant interest. New tracers with mainly benzylguanidine core 
structures, such as [18F]LMI1195 and [18F]MFBG, or phenethylguani
dine core structure, e.g. [18F]MHPG/PHPG and [18F]AF78, represent a 
new generation of NET-targeting tracers that combine favorable phys
ical half-life (110 min), resistance to MAO with improved image quality 
and logistic feasibility due to this longer half-life [12–16]. Preclinical 
and early clinical studies have shown that these tracers enable 
high-contrast cardiac imaging, quantifiable kinetics, and dosimetry 
compatible with routine use. Among them, [18F]LMI1195 is the first 
18F-labeled tracer to reach clinical trials in the recent year [17], while 
previously reported [18F]6F-dopamine [18] and [18F]MFBG have been 
evaluated more in neuroendocrine tumors. Despite recent report of the 
application of NET inhibitor derived tracer, exemplified by [18F]FMe
NER-D2, their major application is focused on the NET imaging in the 
central nervous system due to their high lipophilicity and capacity to 
pass the blood brain barrier [19,20]. Nevertheless, differences in lip
ophilicity, metabolic stability, and non-specific binding remain critical 
factors influencing myocardial uptake and retention.

A growing body of evidence indicates that some NET tracer
s—particularly those with guanidine or quaternary amine structur
es—can also be transported by organic cation transporters (OCT1–3), 
which are widely expressed in the liver, kidney, and other non-neuronal 
tissues [21–23]. Recent studies demonstrated that cardiac uptake of 
MIBG in rodents involves significant OCT3-mediated transport, 
complicating the interpretation of imaging signals. Despite this, a sys
tematic comparison of NET versus OCT selectivity across structurally 
diverse tracers remains limited. Understanding how structural modifi
cations affect this balance is essential for designing tracers with high 
neuronal specificity, optimal pharmacokinetics, and minimal back
ground uptake in non-target organs.

In this study, we sought to elucidate the role of OCTs in the uptake of 
NET-targeting radiotracers and to assess how structural featur
es—particularly guanidine versus monoamine backbones and substitu
ent lipophilicity—affect their relative affinities for NET and OCTs. Using 
in-vitro competitive and time-dependent uptake assays in NET- and 
OCT-expressing cell lines, we evaluated a panel of classical and next- 
generation tracers, including the novel PET agent [18F]AF78 and its 
analogs. Furthermore, dynamic in-vivo PET imaging in non-human 
primates was conducted to explore the contribution of extraneuronal 
transport mechanisms. Together, these results aim to provide a clearer 
mechanistic basis for designing next-generation NET tracers with 
enhanced selectivity and translational potential.

2. Materials and methods

2.1. Tested compounds

In this study, we evaluated a variety of reported NET-targeting ra
diotracers for the competitive cellular uptake study because of their 
recognized affinity for NET and their frequent application and 

therapeutic interventions targeting SNS [14,21–23]. These compounds 
can be divided into two groups based on their structures. The first group 
consists of guanidines including the clinically established [123/131I] 
MIBG and several next-generation 18F-labeled tracers, spanning from 
3-fluoro-para-hydroxyphenethylguanidine (PHPG) and N-[3-bro
mo-4-(3-fluoro-propoxy)-benzyl]-guanidine (LMI1195, Flu
brobenguane) to novel compounds developed by our research group: 
AF78, AF78(I), and AF78(OH) [13,15]. The monoamine group included 
several 11C-labeled tracers: meta-hydroxyephedrine (HED), epinephrine 
(EPI), phenylephrine (PHEN) and the natural substrate norepinephrine 
(NE). Non-radioactive (“cold”) counterparts of these tracers, along with 
NE, the natural substrate of NET, were used in competitive uptake assays 
to assess their transporter interactions and evaluate for the uptake of 
[131I]MIBG. A cold compound refers to the non-radioactive analog of a 
tracer in which the radioisotope is replaced by a stable atom. The 
detailed chemical structures are presented in Table 2. For clarity, the 
radiolabeled moiety in all radiotracers is denoted with an asterisk (*).

2.2. Chemicals and reagents

MIBG hydrochloride (Activate Scientific, Prien, Germany), HED hy
drochloride (ABX Advanced Biochemical Compounds GmbH, Radeberg, 
Germany), NE, EPI, and PHEN (TCI Chemicals, Eschborn, Germany) are 
commercially available. PHPG, LMI1195, and all AF78 analogs were 
synthesized in-house. Chemicals and cell culture supplies were acquired 
from Capricorn Scientific (Ebersdorfergrund, Germany), Sigma-Aldrich 
(Munich, Germany), and Sarstedt (Nuembrecht, Germany). Radioac
tive tracer [131I]MIBG (37 Mbq/ml Iobenguan (131I): 37 Mbq (17.2 ng)) 
was purchased from GE Healthcare (Braunschweig, Germany). [3H]-1- 
methyl-4-phenylpyridinium iodide ([3H]MPP+, 3067 Gbq/mmol) and 
[3H]NE (1024.9 GBq/mmol) were purchased from PerkinElmer LAS 
GmbH (Rodgau, Germany). [18F]AF78 was radiolabeled in-house ac
cording to a previously described protocol [13]. Stock solutions of all 
compounds were prepared using DMSO as the solvent, and appropriate 
dilutions were prepared with uptake buffer immediately before the ex
periments. Human embryonic kidney cells (HEK293) overexpressing 
human OCT1, 2, and 3 (hOCT1–3), as well as the control cell line HEK 
Co/Hy bearing the empty vector, were generously provided by Prof. Dr. 
Jörg König (Department of Experimental and Clinical Pharmacology and 
Toxicology, Erlangen, Germany). SK-N-SH (human neuroblastoma cell 
line) cells, naturally expressing NET, were purchased from 
Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany).

2.3. Cell culture

SK-N-SH cells or HEK293 cells expressing the OCTs were seeded in 
24-well plates at a density of 1.5 × 105 cells/well, 48 h before uptake 
experiments in a volume of 500 µL. Both SK-N-SH and HEK-OCT cells 
were cultured in Minimum Essential Medium (MEM) supplemented with 
Earle’s salt, l-glutamine, 11 % fetal bovine serum (FBS), 100 U/ml 
penicillin, and 100 µg/ml streptomycin. The cells were cultivated at 37 
◦C in a humidified atmosphere containing 5 % CO2. Expression vector 
selection of OCTs was performed by inclusion of 260 µg/ml hygromycin 
B in the growth medium. Cells were passaged up to 30 times and utilized 
for experimentation when reaching 80–90 % confluency.

2.4. Time dependent tracer uptake studies

Initially, the cell culture medium was aspirated, and OCT cells were 
subsequently rinsed with 500 ml of pre-warmed Krebs Ringer HEPES 
(KRH) uptake buffer (125 mM NaCl; 4.8 mM KCl; 1.2 mM K2HPO4; 
1.3 mM CaCl2⋅2 H2O; 1.2 mM MgSO4⋅7 H2O; 5.6 mM glucose; 25 mM 
HEPES, pH = 7.4) at 37 ◦C. SK-N-SH cells were washed with low-glucose 
Dulbecco’s Modified Eagle’s medium (DMEM; 1 g/L d-glucose). After 
washing, prewarmed uptake buffer (450 µL) was added to each well. 
Subsequently, 50 µL [3H]MPP⁺, [131I]MIBG, or [3H]NE was added to 
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each well. After the designated incubation period (0, 5, 15, 30, and 
60 min, three replicates per time point), cellular uptake was halted by 
washing the cells twice with 500 µL ice-cold phosphate-buffered saline 
(PBS). Cells were then lysed using 300 µL of 0.1 N NaOH. Intracellular 
accumulation of radioactivity was quantified using liquid scintillation 
counting (Tri-Carb 2810 TR, Perkin Elmer, Rodgau, Germany) or a 
gamma counter (2479 Wizard2, PerkinElmer, Rodgau, Germany). The 
remaining cell lysates were used for protein determination using a 
Bicinchoninic Acid (BCA) Protein Assay with bovine serum albumin 
standards (Pierce™ Bovine Serum Albumin, Biotinylated; Thermo Fisher 
Scientific GmbH, Dreieich, Germany).

2.5. Competitive cellular uptake studies

Before initiating the assay, the cell culture medium was aspirated, 
and the cells were washed with either 500 µL DMEM low-glucose for SK- 
N-SH cells or 500 µL KRH uptake buffer for OCTs. Subsequently, 450 µL 
of the respective buffer was added to the control wells and 400 µL of 
buffer was added to the remaining wells, along with 50 µL of the test 
compounds, each at various final concentrations ranging from 10−9 to 
10−3 M. The assay was initiated by adding 50 µL of a solution containing 
[131I]MIBG (24 kBq/ml) dissolved in the corresponding uptake buffer. 
The plates were then incubated at 37◦C for 60 min. Following the in
cubation period, uptake was halted by washing the cells twice with 
500 µL of ice-cold PBS, after which the cells were lysed using 300 µL of 
0.1 N NaOH. Cell lysates were subsequently collected and measured 
using either a gamma counter or a liquid scintillation analyzer. The 
remaining cell lysates were used for protein determination using the 
BCA protein assay with bovine serum albumin standards.

2.6. Dynamic in-vivo PET imaging

Experimental protocols were approved by the Animal Ethics Com
mittee of the National Cerebral and Cardiovascular Center, Research 
Institute, Osaka, Japan (Approval number 18019) and conducted in 
strict accordance with the Guide for the Care and Use of Laboratory Ani
mals, published by the U.S. National Institute of Health, and the ARRIVE 
guidelines [24].

Large animal PET studies were performed on cynomolgus monkeys 
(n = 4, weighing 3.9–4.2 kg). Induction of anesthesia in NHPs was 
conducted by intramuscular injection of ketamine (1.5 mg/kg) and 
xylazine (0.6 mg/kg) to allow the preparation and handling of the ani
mals. After a tracheal cannula was inserted, 1.5 % sevoflurane (SEVO
FLURANE Inhalation Solution, Pfizer Japan Inc., Tokyo, Japan) 
vaporized with 100 % oxygen was inhaled, and the tidal volume and 
respiratory rate of the ventilator were monitored and kept in the normal 
range throughout the imaging sessions with an anesthesia workstation 
(Apollo®, Drägerwerk AG & Co. KGaA, Lübeck, Germany) [25].

Non-human primates were maintained under anesthesia during PET 
imaging using a PCA-2000A scanner (Toshiba Medical Systems Corpo
ration, Tochigi, Japan). Following a 5-min transmission scan, [18F]AF78 
(approximately 20 MBq) was administered as an intravenous bolus via 
the saphenous vein, initiating a 60-min dynamic PET scan (frame 
sequence: 12 × 10 s, 6 × 30 s, and 11 × 300 s). For NET blocking studies, 
desipramine (DMI) (1 mg/kg) was administered 10 min before radio
tracer injection. DMI was first dissolved in a minimum amount of DMSO 
and diluted with saline to achieve a final DMSO concentration lower 
than 10 %. PET imaging was performed from the chest to the upper 
abdomen to include the heart, lungs, liver, and part of the intestines. The 
acquired list-mode data were transformed into 3-dimensional re
constructions, then re-binned with full 3-dimensional binning for dy
namic image generation. The reconstructed images were analyzed using 
AMIDE imaging software (version 1.0.1). Regions of interest (ROIs) 
were drawn on transmission computed tomography images for topo
graphic localization, and standardized uptake values (SUVs) were 
calculated. For quantitative analysis, the cardiac ROI was placed over 

the left ventricular myocardium, whereas the hepatic ROI was drawn 
over a homogeneous parenchymal region of the right liver lobe. Blood 
radioactivity was determined by defining a small ROI within the left 
ventricular cavity on sagittal and transaxial slices to represent the blood 
pool, consistent with previously reported methods [16]. Heart-to-blood 
and liver-to-blood ratios were then calculated from the mean SUV values 
obtained from these ROIs. The non-human primate PET data analyzed in 
this study were acquired in the same experimental cohort as reported in 
reference [16]. For the present work, all raw list-mode data were 
reprocessed de novo, and all PET images were newly reconstructed using 
an updated reconstruction and analysis pipeline (including attenuation 
and scatter correction, time-framing, and volume of interest definition). 
These newly generated images and quantitative endpoints (heart-
to-blood and liver-to-blood ratios with statistics) were not included in 
reference [16] and were specifically designed to address the current 
study’s mechanistic focus on NET versus OCT selectivity.

2.7. Data and statistical analysis

Uptake was reported as the percentage of the control (zero concen
tration in the absence of a non-radioactive compound) as a function of 
non-radioactive compound concentrations plotted on a log scale. The 
percentage of control values is plotted as the mean of three independent 
experiments performed in duplicate or triplicate and is shown as the 
mean ± standard deviation (SD). Transporter uptake inhibition was 
fitted using a non-linear regression analysis log (inhibitor) vs. normal
ized response in GraphPad Prism (9.4.1) to determine whether the cold 
compound inhibited half of the uptake/binding response (IC50). 
Transporter-specific uptake was calculated by subtracting the back
ground uptake in vector-transfected cells from the uptake measured in 
the transporter-expressing cells. Statistical significance between time 
points was calculated using two-way analysis of variance (ANOVA) 
followed by Tukeýs post-hoc multiple comparison test. Statistical sig
nificance was set at a p-value of less than 0.05. The pKa values and logP/ 
logD values at a pH of 7.4 were determined using Marvin JS (ChemAxon, 
version 23.11.0). The topological polar surface area (TPSA) values (Å2) 
were calculated using ChemDraw (PerkinElmer, version 19.0.1.28). All 
the structures were drawn using ChemDraw.

3. Results

3.1. Time-dependent uptake of [3H]MPP⁺, [3H]NE, and [131I]MIBG

Time-dependent uptake assays were conducted using [3H]MPP⁺, 
[3H]NE, and [131I]MIBG in HEK293 cells stably expressing hOCT1–3, 
and SK-N-SH cells. Uptake was measured at specific time points (0, 5, 15, 
30, and 60 min) and is presented in Fig. 1 and Table 1. After 60 min, 
[131I]MIBG uptake in SK-N-SH cells was significantly higher 
(254.02 ± 25.80 % dose/mg) compared to [3H]NE (67.97 ± 4.13 % 
dose/mg) and [3H]MPP⁺ (8.26 ± 2.03 % dose/mg) (p < 0.001 for both 
comparisons).

These findings indicate that [131I]MIBG exhibited robust NET- 
mediated uptake in SK-N-SH cells and was also transported by all OCT 
subtypes, whereas [3H]NE demonstrated preferential uptake in SK-N-SH 
cells, with lower interaction with OCTs. Conversely, [3H]MPP⁺ showed 
slightly higher uptake in OCT-expressing cells than in SK-N-SH cells, 
suggesting moderate OCT preference. Based on these observations, 
[131I]MIBG was selected as the preferred radiolabeled substrate for 
competitive uptake studies due to its ability to interact strongly with 
both NET and OCTs.

3.2. Transporting affinity of NET-targeting compounds for NET and OCTs

To evaluate the transporting affinities of structurally diverse NET- 
targeting compounds for NET and OCTs, competitive uptake assays 
were performed against [131I]MIBG. The tested compounds were 
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categorized into two structural classes: monoamines (NE, EPI, PHEN, 
and HED) and guanidines (PHPG, LMI1195, AF78, AF78(I), and AF78 
(OH)) (Table 2).

Monoamine compounds showed strong NET selectivity with negli
gible interaction with OCTs. The strongest inhibition was observed for 
NE (IC50 = 3.9 ± 0.4 µM), followed by HED (IC50 = 11.2 ± 2.6 µM). 
None of these compounds exhibited significant interactions with OCTs, 
as their IC50 values for hOCT1, hOCT2, and hOCT3 were all greater than 
100 µM, confirming their specificity for NET. In contrast, guanidine- 
containing compounds exhibited variable affinities for NET and OCTs. 
LMI1195 and AF78 demonstrated strong NET affinity, with IC50 values 
of 9.9 ± 4.9 µM and 5.6 ± 0.7 µM, respectively, in SK-N-SH cells, but 
their OCT affinities differed. AF78 exhibited moderate affinity for 
hOCT1 (IC50 = 33.4 ± 6.8 µM), while its affinity for hOCT2 (IC50 =

89.1 ± 4.3 µM) and hOCT3 (IC50 = 88.6 ± 21.7 µM) was lower, sug
gesting reduced OCT-mediated uptake compared to other guanidine- 
based tracers (Table 2).

Further examination of AF78 analogs revealed that structural 

modifications significantly influenced OCT affinity. AF78(I) did not 
exhibit competitive uptake in SK-N-SH cells but demonstrated moderate 
affinity for hOCT1 (IC50 = 10.3 ± 3.8 µM), suggesting a selective 
interaction with OCT1 rather than NET. In contrast, AF78(OH) showed 
no measurable competitive uptake in any tested cell line, with IC50 
values exceeding 100 µM, indicating a lack of interaction with both NET 
and OCTs.

These results confirm that structural modifications play a crucial role 
in determining NET and OCT affinities, with guanidine-based tracers 
exhibiting variable degrees of OCT interaction, while monoamine-based 
tracers remain highly selective for NET.

3.3. Dynamic PET imaging in non-human primates with [18F]AF78

Dynamic PET imaging using [18F]AF78 in non-human primates 
indicated distinct uptake patterns (Fig. 3). In the control subject, sub
stantial radiotracer accumulation was noted in both the heart and liver, 
with cardiac uptake exhibiting a retention pattern aligned with specific 
NET-mediated accumulation in sympathetic nerve terminals. Pretreat
ment with the selective NET inhibitor DMI (1 mg/kg, IV) resulted in a 
significant reduction in cardiac [18F]AF78 uptake — mean SUV at 
60 min decreased from 1.46 ± 0.18 (control) to 0.45 ± 0.05 (DMI), 
reflecting a 69 % reduction. In contrast, hepatic uptake remained un
changed despite NET inhibition, indicating the presence of an alterna
tive extraneuronal uptake mechanism. The corresponding heart-to- 
blood and liver-to-blood ratios derived from PET imaging further 
demonstrated a significant decrease in cardiac uptake after DMI pre
treatment (***P < 0.0005, t-test, n = 4). In contrast, hepatic uptake was 
not affected by DMI pretreatment (Fig. 3).

Fig. 1. Time-dependent uptake of [3H]MPP+ , [3H]NE, and [131I]MIBG. In SK-N-SH (A) and HEK-293 cells transfected with hOCT1 (B), hOCT2 (C), or hOCT3 (D). 
Cells were measured at specified time points (0, 5, 15, 30, and 60 min) at 37 ◦C, and time courses were performed independently in triplicate for each time point. 
Data represent the mean ± SD. Statistical significance between time points was calculated using a two-way analysis of variance (ANOVA), followed by Tukeýs post- 
hoc multiple comparison test, where *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.

Table 1 
% dose/mg protein at 60 min for hOCT1,2 and 3 and for SK-N-SH cells. Values 
represent mean ± SD of % dose/mg protein. Time courses were performed 
independently in triplicate for each time point. $ represents comparison of [131I] 
MIBG to [3H]MPP+ and [3H]NE, where *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 
(reported p values are valid for both comparisons).

Transporter [3H]MPP⁺ (% 
dose/mg protein)

[¹ ³¹I]MIBG (% dose/ 
mg protein)$

[3H]NE (% dose/ 
mg protein)

hOCT1 8.52 ± 3.09 110.49 ± 28.10*** 4.37 ± 4.19
hOCT2 10.26 ± 2.57 106.12 ± 52.30** 4.89 ± 1.14
hOCT3 8.98 ± 1.63 150.18 ± 20.40*** 6.08 ± 2.08
SK-N-SH 8.26 ± 2.03 254.02 ± 25.80*** 67.97 ± 4.13
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4. Discussion

4.1. Challenges in NET-targeted imaging and the role of OCTs

NET-targeted imaging is essential for diagnosing SNS dysfunction, 
particularly in patients with neuroendocrine tumors or cardiac disorders 
[26]. However, a major challenge with current tracers is non-specific 
uptake via OCTs, a process known as uptake-2 [27]. This extra
neuronal uptake leads to increased background activity, particularly in 
the liver and kidneys, which reduces imaging contrast and complicates 
lesion detection [28]. NET-targeted tracers exhibit varying affinities for 
OCT1–3, influencing their differential extraneuronal uptake and 

background activity. As shown in Fig. 2, tracers with monoamines and 
guanidines demonstrate distinct transport preferences between NET and 
OCTs, affecting their biodistribution. This uptake-2 mechanism, medi
ated by OCTs, exacerbates non-specific accumulation in highly perfused 
organs like the liver and kidneys, complicating image interpretation. 
Structural modifications that reduce OCT interaction while maintaining 
NET selectivity could help mitigate these limitations and enhance im
aging contrast.

Liver uptake is especially problematic in cardiac imaging, as it in
terferes with the assessment of the left ventricular posterior wall, which 
is anatomically close to the liver, leading to scatter artifacts and reduced 
image clarity [29]. Similarly, OCT expression in the kidneys presents a 

Table 2 
Chemical structures, competitive cellular uptake activities, and physicochemical properties of tested cold compounds.

Name Structure IC50 values (mean ± SD, µM)§ Physicochemical properties*

SK-N-SH hOCT-1 hOCT-2 hOCT-3 LogP / LogD(pH 7.4) pKa(pH 7.4) TPSA (Å2)

NE 3.9 ± 0.4 > 100 > 100 > 100 −0.56/−1.76 8.81 86.71

MIBG 5.6 ± 0.7 8.6 ± 1.6 17.7 ± 3.0 23.7 ± 10.7 1.69/−0.72 12.11 61.9

HED 11.2 ± 2.6 > 100 > 100 > 100 0.29/−1.01 9.74 52.49

EPI 25.3 ± 8.7 > 100 > 100 > 100 −0.43/−1.63 8.91 72.72

PHEN 14.9 ± 4.3 > 100 > 100 > 100 −0.07/−1.35 9.69 52.49

PHPG 2.7 ± 0.5 > 100 > 100 > 100 0.61/−0.64 12.30 82.13

LMI1195 3.6 ± 0.9 4.7 ± 1.9 17.9 ± 7.9 13.3 ± 4.1 1.64/−0.77 11.86 71.13

AF78 9.9 ± 4.9 33.4 ± 6.8 89.1 ± 4.3 88.6 ± 21.7 1.30/−1.11 12.08 71.13

AF78(I) > 100 10.3 ± 3.8 > 100 > 100 2.09/−0.33 12.07 71.13

AF78(OH) > 100 > 100 > 100 > 100 0.49/−1.44 12.25 91.36

§IC50 values were measured in human neuroblastoma (SK-N-SH) or HEK293 cells stably expressing human OCT1, 2, or 3 at different concentrations versus [131I]MIBG 
uptake. Non-radioactive (“cold”) counterparts were used in the competitive uptake assays to determine IC50 values. The results are presented as the mean ± SD for 
individual assays (n = 3). Asterisks on the chemical structures indicate the radiolabeling sites. The asterisk on the methyl group represents 11C-labeling, that on the 
fluoride atom represents 18F-labeling, and that on MIBG denotes 123/131I-labeling. The pKa values and LogP/LogD values at a pH of 7.4 were determined using Marvin 
JS (ChemAxon, version 23.11.0). The pKa values represent the strongest basic pKa* of the compound at a pH of 7.4. All the structures were drawn using ChemDraw 
(PerkinElmer version 19.0.1.28). TPSA, topological polar surface area values (Å2) were calculated using ChemDraw (PerkinElmer, version 19.0.1.28).
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major challenge in evaluating renal SNS function, as the overlapping 
uptake mechanisms between NET and OCTs hinder accurate signal 
interpretation [30]. This limitation is particularly relevant in primary 
hypertension, where sympathetic overactivity plays a key role in disease 
progression, and an accurate renal SNS assessment is critical for guiding 
treatment [31].

Beyond imaging, OCT-mediated uptake significantly affects [¹ ³¹I] 
MIBG therapy [32]. High hepatic and renal retention increases unnec
essary radiation exposure to normal tissues, while diverting the thera
peutic dose away from tumors, ultimately compromising treatment 
efficacy [33]. Given these limitations, developing tracers with enhanced 
NET selectivity while minimizing OCT-mediated interference is essen
tial. Our study systematically examined how structural modifications 
influence NET and OCT affinities, identifying key molecular de
terminants of selective tracer uptake.

4.2. Selection of an optimal substrate for competitive uptake studies

To establish a reliable competitive uptake assay, we evaluated [3H] 
NE, [3H]MPP⁺, and [131I]MIBG as potential substrates. [3H]NE, an 
endogenous NET ligand, was initially considered; however, its low OCT 
affinity limits its suitability for competitive studies. Conversely, [3H] 
MPP⁺, a well-known OCT substrate, exhibited low uptake in SK-N-SH 
cells.

Previous studies have shown that MPP⁺ interacts with OCTs via both 
orthosteric and allosteric mechanisms, complicating its use in compet
itive assays [34,35]. Orthosteric binding involves direct competition at 
the primary transporter site, whereas allosteric modulation induces 
conformational changes that alter OCT function [36]. The presence of 
both high- and low-affinity OCT binding sites further complicates 
interpretation. Our competitive uptake assays (Figure S1 of Supporting 
Information) confirmed these complexities as reported, leading us to 
select [131I]MIBG as the preferred substrate due to its high uptake across 
all cell lines and well-established clinical relevance.

4.3. Structural determinants of selectivity

Our competitive uptake studies demonstrated that monoamine- 
based tracers (e.g., NE, EPI, PHEN, HED) exhibit strong NET selec
tivity with minimal affinity for OCTs, whereas most guanidine-based 
tracers (e.g., MIBG, LMI1195, AF78) demonstrate varying degrees of 
OCT affinity (Fig. 2). Those findings suggest that chemical structure, 

particularly the presence of guanidine functional groups as well as lip
ophilicity, strongly influences OCT affinity. For instance, MIBG exhibi
ted broad transporter interaction, with IC50 values of 5.6 ± 0.7 µM 
(NET), 8.6 ± 1.6 µM (OCT1), 17.7 ± 3.0 µM (OCT2), and 23.7 
± 10.7 µM (OCT3). This dual affinity profile is likely driven by its 
moderate lipophilicity (logP 1.69) and strong guanidine charge, allow
ing interactions with both NET and OCT transporters. Similarly, 
LMI1195, with its meta-bromide substitution, exhibited high NET af
finity but also demonstrated significant OCT uptake, suggesting that 
guanidine-containing tracers tend to engage both transporter families. 
Notably, PHPG, despite containing a guanidine moiety, demonstrates 
poor OCT affinity. This is likely due to its pronounced hydrophilicity, 
which restricts its engagement with the hydrophobic regions of OCT 
transporters and diminishes the essential van der Waals and π-π stacking 
interactions needed for optimal transporter binding [15,36–38]. Com
pounds with high hydrophilicity typically exhibit restricted membrane 
permeability and reduced interactions with hydrophobic regions [36, 
38]. This may impede their efficacy in transport or retention inside cells 
expressing OCTs, resulting in impaired uptake or binding affinity. 
Although PHPG exhibits high NET affinity (IC50 ≈ 2.7 µM) and negli
gible OCT interaction, its para-hydroxyl substituent complicates 18F 
radiolabeling and limits radiochemical yield. PHPG shows sustained 
myocardial retention in vivo but slower uptake kinetics, reflecting its 
high polarity (LogD ≈ −0.6) [39]. By comparison, AF78 can be radio
labeled under standard 18 F conditions and shows workable myocardial 
kinetics; however, head-to-head in-vivo evaluations are needed before 
any practical advantages can be concluded.

To further clarify the physicochemical basis of these observations, 
we analyzed the correlations between molecular properties and inhibi
tory potency (Figures S2 and S3 in Supporting Information). These an
alyses revealed that higher logP values were linked to stronger hOCT1 
inhibition, while lower pKa values enhanced inhibitory potency, 
particularly in the AF78 analogs. Notably, the TPSA showed only a weak 
correlation with inhibitory potency, which helps explain the unique case 
of AF78(OH), which loses its affinity for both NET and OCTs despite 
structural similarities to other guanidine compounds. Together, these 
correlations provide quantitative support for our observation that 
chemical structure, especially the presence of guanidine groups and 
lipophilicity, significantly influences OCT affinity.

However, the preference of guanidine-containing tracers for OCTs 
may be attributed to their stronger positive charge at physiological pH, 
allowing them to engage in stronger electrostatic interactions with 

Fig. 2. Transport affinities of exemplary tracers for NET and OCT1–3, represented by arrow thickness. Thicker arrows indicate higher transport affinity. Blue and 
green moieties highlight shared functional groups, as detailed in Table 2. HED, due to its hydrophilic meta-hydroxyl group, exhibits selective affinity for NET only. In 
contrast, MIBG shows comparable affinities for both NET and OCTs, as its lipophilic meta-iodide substitution offsets the polarity of the guanidine moiety. Our new 
tracer, AF78, retains strong NET selectivity despite the addition of a 3-fluoropropoxyl group for efficient radiolabeling. However, its meta-iodide analog, AF78(I), 
demonstrates exclusive affinity for OCTs and lacks NET transport.
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negatively charged residues in the OCT transport cavity. Previous 
structural analyses of OCT1–3 have identified key residues, such as 
Asp474 in OCT1, Glu448 in OCT2, and Asp475 in OCT3, that contribute 
to substrate recognition through ionic interactions and hydrogen 
bonding. These negatively charged residues form part of the outward- 
facing binding pocket, stabilizing cationic substrates as they pass 
through the transporter [40,41].

In addition to electrostatic forces, lipophilicity and molecular size 
influence OCT affinity. Larger, more polarizable guanidine-containing 
tracers, such as MIBG and LMI1195, may exhibit stronger binding to 
OCTs due to enhanced Van der Waals interactions and π-stacking with 
aromatic residues (e.g., Phe160 and Trp218 in OCT3). Conversely, 
monoamine-based tracers, such as HED and PHEN, possess lower charge 
densities and reduced hydrophobicity, leading to weaker OCT in
teractions and preferential NET transport [42].

Furthermore, recent cryo-EM structures of hOCT1 suggest that OCTs 
contain multiple binding pockets with varying substrate affinities [43]. 
The presence of a low-affinity site with a higher capacity may contribute 
to the high-capacity, low-affinity nature of OCT transport, enabling 
these transporters to efficiently sequester guanidine-containing com
pounds. This functional divergence between NET and OCTs underscores 
the importance of precisely tuning the charge distribution, hydrogen 
bonding potential, and steric bulk to optimize the selectivity of 
NET-targeting tracers.

These findings highlight the importance of optimizing functional 

groups to balance NET specificity and OCT avoidance in tracer design. 
By strategically modifying charge distribution and molecular size, novel 
tracers could be developed to enhance imaging contrast and reduce non- 
specific uptake, ultimately improving diagnostic accuracy and thera
peutic efficacy in NET-targeted applications.

4.4. AF78, its structural modifications and OCT affinity

AF78 was designed as a PET radiotracer with enhanced NET selec
tivity and reduced OCT interaction [13,15,16]. While keeping the gua
nidine moiety that is responsible for NET affinity (IC50 = 9.9 ± 4.9 µM in 
SK-N-SH cells), the replacement of iodide or bromide from MIBG and 
LMI1195 with much less lipophilic fluoride, AF78 showed reduced OCT 
affinity. For instance, reduced OCT1 affinity for AF78 (IC50 = 33.4 
± 6.8 µM) compared favorably to MIBG (IC50 = 8.6 ± 1.6 µM) and 
LMI1195 (IC50 = 4.7 ± 1.9 µM)

Further structural modifications of AF78 on the meta-position of the 
benzene ring, including AF78(I) and AF78(OH), revealed a clear 
structure-activity relationship. AF78(I) exhibited increased OCT1 af
finity (IC50 = 10.3 ± 3.8 µM), likely due to the larger size and lip
ophilicity of iodine, which enhances interactions with OCT binding sites 
(Fig. 2). In contrast, by replacing fluoride with a polar hydroxyl group, 
AF78(OH) displayed a substantial loss of both NET and OCT affinity, 
suggesting that substituent polarity and hydrogen bonding capacity are 
not favored in OCT transporter recognition. These findings indicate that 

Fig. 3. (A) Coronal dynamic PET images of the chest illustrate [18F]AF78 uptake in a non-human primate, comparing an untreated healthy subject (top) with a 
subject pretreated with the NET-specific inhibitor desipramine (DMI, 1 mg/kg, IV) (bottom). (B) Quantified heart-to-blood and liver-to-blood ratios of [18F]AF78 at 
10–60 min post-injection, with and without DMI pretreatment. A significant decrease in cardiac uptake with DMI pretreatment (***P < 0.0005, n = 4) highlights the 
NET-mediated uptake of [18F]AF78. Conversely, hepatic uptake was not affected by DMI, supporting an OCT-mediated transport mechanism in liver. Crucially, these 
specific PET imaging panels and data were newly reconstructed from from the original raw list-mode data of the same cohort described in [16], and were processed 
and analyzed independently of all previously published datasets.
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modifications at the meta-position can be strategically utilized to fine- 
tune NET/OCT selectivity. Guanidine moiety in combination with 
small fluorine substitution enhances NET specificity, whereas bulkier, 
more lipophilic groups (e.g. iodine) increase OCT affinity. This rational 
approach to tracer design provides a framework for developing next- 
generation PET tracers with improved selectivity for SNS imaging and 
neuroendocrine tumor detection [7].

4.5. PET imaging evidence supporting dual-pathway mechanisms

In this study, dynamic PET imaging with [18F]AF78 demonstrated 
distinct uptake patterns between the heart and liver (Fig. 3). While the 
raw in vivo PET data originates from the previously published cohort 
[16], the images presented here were re-processed and independently 
reevaluated specifically to support and contextualize the present 
mechanistic interpretation. In untreated control non-human primates, 
significant tracer uptake was observed in both organs, with cardiac SUV 
reaching 1.46 ± 0.18 at 60 min post-injection. This high cardiac accu
mulation aligns with the known function of NET as the primary trans
porter responsible for NE reuptake in the heart. Pretreatment with the 
NET-specific inhibitor DMI markedly reduced cardiac signal signifi
cantly, while liver uptake remained unchanged. The selective blockade 
of cardiac uptake by DMI (approximately 69 % reduction) confirms the 
NET specificity of [18F]AF78, corroborating in vitro competitive uptake 
findings. In contrast, the persistent hepatic uptake observed despite NET 
inhibition suggests that additional transport pathways are involved. 
Given the cationic guanidine structure of AF78 and its analogs, together 
with the well-documented high expression of OCTs in hepatocytes, the 
hepatic accumulation pattern observed in vivo is most likely attribut
able, at least in part, to OCT-mediated transport. This interpretation is 
consistent with our in vitro findings demonstrating measurable affinity 
toward OCTs; however, it does not conclusively prove OCT involvement. 
Contributions from other hepatic uptake or metabolic mechanisms, such 
as those mediated by organic anion or polyspecific cation transporters, 
cannot be excluded.

Importantly, this divergent response to NET inhibition highlights the 
need to consider off-target pathways when interpreting radiotracer 
biodistribution, particularly in abdominal imaging where hepatic ac
tivity may obscure adjacent structures of interest. Moreover, these ob
servations have implications for quantitative kinetic modeling. 
Traditional compartmental models for NET-targeting tracers often as
sume a single, specific uptake mechanism; such models may introduce 
bias when applied to tracers exhibiting dual-pathway kinetics involving 
both NET and OCT transport. Therefore, incorporating potential OCT 
contributions into kinetic and pharmacokinetic analyses will be impor
tant for accurately characterizing [18F]AF78 and related analogs in both 
preclinical and clinical studies.

It should be noted that, although cardiac uptake of [18F]AF78 was 
markedly reduced by DMI pretreatment, these data do not quantitatively 
separate the relative contributions of NET and OCTs to in vivo tracer 
distribution. Recent work by López Quiñones et al. [44] demonstrated 
that cardiac uptake of [123I]MIBG in mice is predominantly mediated by 
OCT3, suggesting that OCTs can substantially contribute to myocardial 
accumulation of guanidine-based tracers in rodents. However, strong 
species differences exist in the cardiac expression profiles of these 
transporters. In rodents, OCT3 represents a major pathway for cardiac 
uptake, whereas in humans and non-human primates, NET is the 
dominant transporter. Our previous work has shown that in rats, cardiac 
uptake could be blocked only by the broad-spectrum inhibitor phenox
ybenzamine [13], but not by desipramine alone, whereas in NHPs, 
desipramine pretreatment alone significantly reduced cardiac [18F] 
AF78 uptake by approximately 69 %.

Taken together, these findings indicate that NET-mediated neuronal 
uptake contributes the majority of cardiac [18F]AF78 accumulation in 
NHPs, with OCT3 involvement likely minimal under physiological 
conditions. Although AF78 and MIBG share a guanidine 

pharmacophore, AF78 exhibits substantially lower OCT3 affinity in vitro 
(IC50 = 88.6 ± 21.7 µM vs. 23.7 ± 10.7 µM for MIBG), further sup
porting this interpretation. Nevertheless, partial OCT3-mediated trans
port in vivo cannot be excluded. Future studies employing OCT-specific 
inhibitors or knockout models will be necessary to delineate the precise 
contributions of each transporter to the cardiac kinetics and retention of 
AF78.

5. Conclusion and future directions

The present study offers preliminary mechanistic observations on 
how structural modifications may influence the relative balance be
tween NET and OCTs. These results are primarily based on in vitro as
says supported by preclinical data, and should therefore be interpreted 
as indicative rather than definitive. Our findings highlight that NET 
affinity can be tuned through strategic functional group modifications, 
while minimizing OCT-mediated non-specific uptake remains a critical 
challenge in tracer design. Monoamine-based tracers (e.g., HED, PHEN, 
EPI) demonstrated strong NET selectivity with minimal OCT interaction, 
while guanidine-containing tracers (e.g., MIBG, LMI1195, AF78) dis
played mixed NET/OCT affinity, consistent with their in vivo hepatic 
uptake despite NET blockade. Overall, these findings serve as a basis for 
further structural refinement and in-vivo validation, which are currently 
ongoing to better define transporter contributions and improve tracer 
specificity for cardiac sympathetic imaging.
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