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Abstract: The endothelin (ET) axis plays a major role in cardiovascular diseases and a number of human cancers. This 

review summarizes the work that has been published in the past ten years using labeled endothelin receptor ligands for the 

visualization of endothelin receptor expression in vivo. 
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INTRODUCTION 

 The field of molecular imaging is a relatively young dis-
cipline in diagnostic medicine, which uses techniques of 
established methods, such as magnetic resonance imaging 
(MRI) [1], single photon emission computed tomography 
(SPECT) and positron emission tomography (PET) [2], to-
gether with newly developing technologies, such as the opti-
cal imaging procedures fluorescence reflectance imaging 
(FRI) and fluorescence mediated tomography (FMT) [3], in 
order to visualize key biological processes in vivo. All these 
techniques are in development and all exhibit assets and 
drawbacks. One thing they all have in common is the need 
for the appropriate “contrast agent”. In case of scintigraphic 
methods the use of radiopharmaceuticals is essential, MRI, 
especially functional MRI (fMRI), utilizes gadolinium-
chelates or iron oxide contrast agents to enhance contrast to 
noise ratios (CNRs) and optical imaging techniques apply 
fluorescent probes adressing the process under investigation.  

THE ENDOTHELIN AXIS 

 In 1985 Kristine Hickey and her colleagues published the 
discovery and characterization of a vasoactive polypeptide 
produced by cultured endothelial cells of bovine origin [4]. 
The peptide was found to have potent vasoconstricting prop-
erties and its action on bovine, porcine and canine coronary 
artery preparations was highly dependent on extracellular 
Ca

2+
-levels. Three years later, in 1988, Yanagisawa et al. 

described the structure and the special activation process of 
the peptide and named it endothelin [5]. 
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 Three isoforms of the 21 amino acid protein exist (ET-1, 
ET-2 and ET-3), which are characterized by a single -helix 
and two intramolecular disulfide bridges (Fig. 1). ET-1 ex-
cretion is regulated intracellularly by ET-1 genes which en-
code the mRNA for the 212 amino acid precursor protein 
prepro-ET-1. Several growth factors and cytokines trigger 
the biosynthesis of prepro-ET-1, e.g. angiotensin II, interleu-
kin-1 and -2, vasopressin, transforming growth factor 

 (TGF- ), tumor necrosis factor  (TNF- ) and lipoproteins 
such as oxidized low-density lipoprotein (oxLDL) and high-
density lipoprotein (HDL). Additionally, extrinsic factors 
including shear stress, hypoxia or ischemia may contribute to 
an increased prepro-ET-1 production. Prepro-ET-1 is then 
cleaved by a furin-like enzyme to yield big-ET-1, a 38-
amino acid peptide, which in turn is processed by endo-
thelin-converting-enzyme-1 (ECE-1), producing mature ET-
1 (Fig. 2) [6-8]. Antagonizing effects are found with nitric 
oxide (NO), prostacyclines or atrial natriuretic peptide 
(ANP), all interfering via second messengers cGMP or 
cAMP. Endothelins mediate their effects by activation of 
two different G-protein coupled receptor subtypes (ETAR 
and ETBR). 

 While ETARs are primarily located on vascular smooth 
muscle cells and are responsible for vasoconstriction and cell 
proliferation, ETBRs are located on smooth muscle cells and 
vascular endothelial cells, causing vasodilation by the release 
of nitric oxide and prostacyclin and are responsible for the 
clearance of ET-1 from plasma in lung tissue [9]. The affini-
ties of ET-1 and ET-2 to ETAR are about a hundred fold 
higher than the affinity of ET-3. The affinity to ETBR, how-
ever, is equal for all three isoforms [6-8, 10, 11]. 

 This system of the three endothelin peptides and the two 
endothelin receptors is referred to as the endothelin axis [12]. 
While the concentrations of ET-1 and ET-3 in human plasma 
is relatively low in the healthy organism (pg/ml) and ET-2 
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concentrations are below detection, plasma levels of ET-1 
are elevated in many cardiovascular diseases. Consequently, 
ET receptor antagonists are used in the treatment of these 
diseases, and a number of different peptidic and non peptidic 

ligands, both selective and unselective, have been developed 
to improve efficacy [13-17]. 

 But not only its influence on the cardiovascular system 
arouses interest in the endothelin system, it also plays an 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). The structures of the three isopeptides ET-1, -2 and -3. The modified residues in ET-2 and ET-3 are highlighted in grey color. Only 

in mouse ET-2 Ser4 is replaced by Asn4. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Biosynthesis pathway of endothelin-1. Several trigger signals are capable of stimulating ET-1 synthesis (angiotensin II, vasopressin, 

thrombin etc.), starting with activation of the prepro-ET-1 gene. The prepro-ET-1 peptide is cleaved by a furin-like enzyme to yield big-ET-1 

intermediates. These in turn are processed by endothelin-converting-enzyme (ECE), producing mature ET-1. The peptides interact with the 

two G-protein coupled receptors ETAR and ETBR, of which ETAR is located primarily on (vascular) smooth muscle cells and is selective for 

ET-1. Activation of this receptor subtype induces vessel contraction, cell migration and tissue proliferation. ETBR is found on both endothe-

lial cells and (vascular) smooth muscle cells causing vessel relaxation by the release of nitric oxide and prostacyclin. In addition, ETBRs are 

responsible for the clearance of ET peptides in lung tissue. 
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important role in the pathophysiology of certain human can-
cer types [12, 18-20]. Recent data suggest that endothelins, 
especially ET-1, are highly relevant for the progression of a 
variety of tumor types including prostatic [21], breast [22, 
23] and ovarian carcinoma [24, 25], Karposi’s sarcoma, [26] 
melanoma [27]

 
and lung malignancies [28, 29]. Endothelins 

play a role as paracrine as well as autocrine factors, promot-
ing tumor growth by inducing cell proliferation and angio-
genesis and by inhibiting apoptosis. ET-1 acts by activating 
downstream signaling pathways, starting with the activation 
of phospholipase C (PLC) which acts on calcium metabolism 
and activates protein kinase C (PKC). PKC regulates the 
mitogenic activity of surrounding cells (by activating mito-
gen activated protein kinase MAPK), affects the apoptotic 
pathway (by exerting influence on phosphorylation path-
ways) and promotes neovascularisation (by amplifiying the 
transcription of growth-related genes or increasing vascular 
endothelial growth factor VEGF production) [30, 31]. 

 In addition, the endothelin axis participates in diabetes 
[32, 33], arthritis [34], chronic kidney diseases [35] and is 
discussed as a relevant factor in fibrotic diseases such as 
systemic sclerosis [36]. In summary, whenever the endo-
thelin axis is dysregulated, severe diseases may develop. 
Consequently, it is easy to understand why many scientific 
research groups have become interested in imaging ap-
proaches to visualize the endothelin axis in vivo. 

PEPTIDIC LIGANDS 

 The first radioligands targeting endothelin receptors were 
the iodine-125-labeled peptide [

125
I]ET-1 [37, 38], the ETBR 

selective [
125

I]BQ3020 [39, 40] and the short linear peptide 
[

125
I]PD 151242 [41, 42], but these have not been discussed 

for in vivo imaging applications. However, since these pep-

tides were long and extensively used as ligands for studying 
endothelin receptors in vitro and ex vivo, it is perspicuous 
that labeling endothelin derived peptides with radionuclides 
suitable for in vivo imaging techniques was the method of 
choice. Short peptides possessing the Leu-Asp-Ile-Ile-Trp 
amino acid sequence of mammalian endothelin peptides at 
the C-terminus and different amino acid residues at the N-
terminus were found to be highly affine to endothelin recep-
tors [43, 44]. First attempts for in vivo imaging of endothelin 
receptors in atherosclerotic plaques were made by labeling a 
so derived short peptide with the most prominent -emitting 
nuclide for SPECT and planar scintigraphy technetium-99m 
(

99m
Tc). The peptide used, Asp-Gly-Gly-Cys-Gly-Cys-Phe-

(D-Trp)-Leu-Asp-lle-Ile-Trp, is an endothelin derivative 
with an N-terminus capable of chelating a metal (Fig. 3A) 
and an affinity to the ETA receptor of 370 nM [45, 46]. Jo-
hannsen and colleagues [47] found that reaction of the pep-
tide with a [

99
Tc]-gluconate precursor resulted in the forma-

tion of two separable metal complexes with presumably con-
trarily oriented peptide side chains and 1:2 stochiometry 
(Fig. 3B,C). Analogously labeling the peptide with 

99m
Tc 

was achieved with > 95% radiochemical yield. The labeled 
peptide was then used in a model of experimental atheroscle-
rosis in New Zealand White rabbits [48]. Animals underwent 
balloon denudation of the right iliac artery and the infrarenal 
aorta and were fed a high cholesterol diet for six weeks to 
induce plaque formation. Fifteen minutes after intraveneous 
administration of 74 MBq of the labeled peptide planar scin-
tigraphy revealed a high accumulation of radioactivity in 
heart, liver, lung and kidneys. In addition, a rapid renal ex-
cretion was confirmed by a high amount of radioactivity in 
the bladder. The lesions induced in the infrarenal aorta could 
clearly be visualized (Fig. 4), consistent with the pathologi-
cal expression of endothelin receptors on proliferated neoin-

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). A) Structure of the first synthetic peptidic ligand targeting the endothelin receptors. The cystein residues Csy4 and Cys6 chelate the 

metal ion, the residues Leu9 to Trp13 are identical to the C-terminus of endothelins 1-3 of mammalian origin and are responsible for receptor 

binding. B) + C) Proposed chelate arrangements of the two cysteinyl residues around the metal center with parallel (B) and anti-parallel (C) 

orientation of the peptide chain [45, 47]. 
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timal smooth muscle cells. A correlation to the amount of 
macrophages or the size of the lesion, however, was not pos-
sible. 

 In contrast to 
125

I, the iodine isotope 
123

I possesses a 
higher decay -energy (159 keV vs. 27 - 35 keV) that is suit-
able for in vivo SPECT imaging. Just like the heavier isotope 
123

I can be provided as the anion in saline or alkali solution 
and thus can be introduced into tyrosine residues of peptides 
and proteins by electrophilic aromatic addition. Gibson et al. 
labeled ET-1 with 

123
I using this method (Fig. 5A). They 

measured the biodistribution of [
123

I]ET-1 in comparison to 
the 

125
I-labeled isotopomer [

125
I]ET-1 in rat and rhesus mon-

key by planar scintigraphy and found a high accumulation of 
the tracer in lung, liver and kidneys [49]. The application of 
a non-specific endothelin receptor antagonist (L-749329 
[50]) prior to radiotracer administration caused a dose-
dependent decrease in tracer uptake in lung and liver. In con-
trast to ex vivo examinations with [

125
I]ET-1 a decrease in 

kidney uptake was not observed in vivo using [
123

I]ET-1 and 
L-749329.  

 The positron emitting nuclide 
18

F is widely used for la-
beling small molecules and peptides for in vivo imaging ap-

proaches using PET. Johnstrøm et al. used a variation of the 
Bolton-Hunter reagent [51], N-succinimidyl-4-[

18
F]fluoro-

benzoate ([
18

F]SFB, Fig. 5D) for the labeling of the endo-
thelin-B-receptor selective peptidic agonist BQ3020 [52, 53]. 
BQ3020 is an acetyl-protected, truncated ET-1 derivative 
devoid of an N-terminal pentapeptide and the two cystein 
residues Cys11 and Cys15, which are replaced by alanine 
(acetyl-(ala

11,15
)-endothelin-1(6-21)). The 

125
I-labeled deriva-

tive of this peptide is prevalently used for in vitro and ex vivo 
studies analogously to [

125
I]ET-1 [40, 54]. The active ester 

[
18

F]SFB reacts with the amino group of Lys4 of BQ3020, 
yielding the radiolabeled peptide (Fig. 5B) in about 3% total 
radiochemical yield after a 4 hour synthesis. In vitro charac-
terization of the tracer using human lung, kidney and heart 
confirmed a single subnanomolar affinity and ETB               

selectivity. Visualization of tracer binding was possible by 
autoradiography with normal and diseased human tissue, 
revealing a high level of binding to ETB receptors in lung 
and kidney medulla, whereas kidney cortex and heart 
showed lower levels of ETB receptor expression. Addition-
ally, in atherosclerotic coronary arteries, high levels of ETB 
receptor densities were found to colocalize with macro-
phages. In vivo biodistribution experiments were carried out 
in New Zealand White rabbits with a microPET P4 imaging 
system. High levels of [

18
F]BQ3020 binding were found in 

lung, liver, and kidney. In the kidneys, a heterogeneous dis-
tribution of radioactivity was observed, confirming the re-
sults from the autoradiographical examinations. The ETA-
rich myocardium could not be visualized with this tracer, as 
expected for an ETB selective substance [55]. 

 In a similar manner the radiolabeling of ET-1 itself was 
realized by Johnstrøm et al. [56]. Radiochemical purities of 
the labeled product [

18
F]ET-1 were > 95% with a specific 

activity of 220-370 GBq/ mol. The obtained radiochemical 
yield was 6% after a total synthesis and purification time of 
3  hours. Dynamic PET data of [

18
F]ET-1 in male Sprague-

Dawley rats demonstrated that the radioligand rapidly accu-
mulated in the lung, kidney, and liver which is consistent 
with receptor localization. However, the visualized receptor 
density in the heart was unexpectedly low compared to that 
predicted from in vitro investigations. The tracer binding in 
lungs could not be displaced by the ETBR selective antago-
nist BQ788 in agreement with a proposed rapid internaliza-
tion of ET-1 (and [

18
F]ET-1) by ETBRs. In contrast, predos-

ing with BQ788 significantly reduced the amount of 
[

18
F]ET-1 in the ETBR-rich lung and kidneys, and the ETAR-

rich heart could be visualized by small animal PET studies. 
In summary, the data suggest that [

18
F]ET-1 uptake by 

ETBRs in the lung and kidneys reduces the amount of tracer 
available for binding to receptors of the heart in the chosen 
animal model [57].

 

NON-PEPTIDIC LIGANDS 

 Due to their rapid metabolism in the gastrointestinal tract 
and their short duration of action the clinical use of peptidic 
antagonists is quite limited. Thus, in addition to the men-
tioned peptidic endothelin receptor ligands a number of non-
peptidic receptor antagonists, both selective and non-
selective, have been developed [58]. The large majority of 
these compounds is ETAR selective; only a few reports about 
non-peptidic antagonists with ETBR selectivity have been 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Left lateral scintigram of a rabbit after balloon denudation 

of the right iliac artery and the infrarenal aorta and after six weeks 

of a high cholesterol diet. The neointimal lesions located in the 

infrarenal aorta (arrow) were imaged in vivo 15 min after injection. 

Accumulation of the Tc-99m-endothelin derivative is also apparent 

in the heart, liver and kidneys (reprinted with permission from El-

sevier B.V. [48]). 
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published [59, 60]. The main drawback for the clinical use of 
these drugs is their liver-toxicity, which probably is caused 
by an impaired bile excretion [61-63]. Fig. (6) shows a num-
ber of structures of endothelin receptor antagonists. Three of 
these, Bosentan [64], Enrasentan [65] and Tezosentan [66] 
are mixed endothelin receptor ligands with a less than 100-
fold selectivity for ETAR. Edonentan, on the other hand, has 
an ETAR selectivity of > 80.000-fold vs. ETBR and, in addi-
tion, is extremely potent with a Ki-value of 10 pM for ETAR 
[67]. 

 The first non-peptidic ligand to be modified for imaging 
purposes was PD 156707. This compound belongs to the 
group of butenolide antagonists that were extracted out of a 
> 150.000 compound library at Parke-Davis Pharmaceutical 
Research Laboratories and displayed competitive antago-
nism with IC50 values of 0.31 nM and 420 nM for the ETA 
and ETB receptor, respectively [68, 69]. A modification of 

the trimethoxyaryl moiety with a short spacer and a phenoxy 
group permitted radiolabeling with [

125
I]-iodide, which was 

accomplished by a collaboration of Amersham International 
plc (now part of GE Healthcare) and the Clinical Pharma-
cology Unit at the University of Cambridge School of Clini-
cal Medicine, resulting in the dedicated radiopharmaceutical 
[

125
I]PD 164333 (Fig. 7A) [70]. In vitro saturation binding 

assays revealed that the radioligand bound with high affnity 
to a single population of receptors in human aorta, left ven-
tricular myocardium and kidney. Kinetic experiments 
showed that binding was reversible and competition binding 
assays with unlabeled PD 164333 and [

125
I]ET-1 indicated a 

retained affinity and selectivity for ETAR. In healthy human 
tissue, autoradiography examinations provided evidence that 
the tracer predominantly bound to vascular structures in 
brain, kidney, myocardium and lung. In coronary arteries 
containing advanced atherosclerotic lesions, [

125
I]PD 164333 

binding was mainly localized to the medial layer, with little 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Structures and labeling sites of the peptidic ligands [125
I]ET-1 and [

123
I]ET-1 (A), the ETBR selective compound [

18
F]BQ3020 (B) 

and [
18

F]ET-1 (C). Grey residues indicate the sites of modification. Radioactive iodine is introduced by electrophilic substitution of the phe-

nol function of Tyr13 using [
123

I]NaI or [
125

I]NaI and chloroamine-T as oxidant (A). BQ3020 (B) lacks the cystin bridges and an N-terminal 

pentapeptide, Cys11 and Cys15 are replaced by alanine. For introducing the PET radionuclide fluorine-18 the Bolton-Hunter-type reagent 

N-succinimidyl-4-[
18

F]fluorobenzoate, [
18

F]SFB (D) has been used, which selectively forms an amide bond with the -amino group of Lys4 

of BQ3020 (B) or Lys9 of ET-derived peptides (C). 
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tracer binding to the intimal layer (Fig 7B). Similarly, in 
saphenous veins used for bypass grafting, highest tracer ac-
cumulation was detected in the vascular smooth muscle cells 
of the medial layer with little or no activity present in the 
proliferated smooth muscle of the occlusive lesions (Fig 7C). 
The obtained results propelled the possibility of using this 
tracer for in vitro and in vivo imaging experiments into the 
center of interest. Two years later, in 2000, the same group 
published the synthesis of the first non-peptidic endothelin 
receptor radioligand for PET based on the PD 156707 lead 
structure. They realized the radiolabeling with the positron 

emitting nuclide carbon-11 via 
11

C-methylation of the phe-
noxy precursor derivative PD 169390 using [

11
C]methyl io-

dide, resulting in [
11

C]PD 156707, the authentically radiola-
beled isotopomer (Fig. 8) [52]. However, the use of this 
compound for in vivo imaging has not been described, 
maybe due to the relatively low specific activity of the 
preparation (< 20 GBq/ mol) which may not be suitable for 
endothelin receptor imaging. 

 In the same year the group of Robert F. Dannals at Johns 
Hopkins Medical Institution in cooperation with Merck Re-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). Structures of typical (selective and non-selective) endothelin receptor antagonists (neutral forms), which have been or are currently 

evaluated in clinical trials. Recurring motifs are a multiaromatic backbone and either a (hetero)aromatic sulfonamide or a carboxylic acid. 

Bosentan, Enrasentan and Tezosentan are orally available mixed ETAR/ETBR antagonists. Bosentan is already approved for use in pulmo-

nary arterial hypertension (PAH) patients in the United States and the European Union. Sitaxentan has been approved for PAH patients in the 

European Union, in Canada and in Australia but not yet in the United States. Atrasentan is a bioavailable receptor antagonist with long last-

ing action and has been investigated for the treatment of hormone-refractory prostate cancer.  
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search Laboratories reported about the synthesis of a PET 
radioligand for endothelin receptors based on a lead structure 
related to Enrasentan, namely L 753037 (Fig. 9) [71]. This 
ligand had been developed by Banyu Pharmaceutical and 
was further processed jointly by Merck and Banyu. L 
753037, as Enrasentan, is a highly affine but non-selective 
endothelin receptor ligand with affinities of Ki = 34 pM 
(ETAR) and Ki = 104 pM (ETBR) [72]. The radiosynthetic 
method that was used for tracer preparation is similar to the 
one described above. The 

11
C-labeled counterpart of 

L 753037 was synthesized by methylation of the phenoxy 
precursor using [

11
C]methyl iodide under basic conditions 

(tetrabutylammonium hydroxide in DMF at 80°C). The ra-
diochemical yield, however, was low (  5%, decay cor-
rected) probably due to the formation of byproducts. Specific 
activities reached with this radiolabeling method were 
around 90 GBq/ mol after a short time for preparation and 
purification (17 minutes). Just a year later the first results of 
ex vivo dissection studies and in vivo imaging experiments 

with this radioligand were reported [73]. Ex vivo biodistribu-
tion data obtained after intravenous injection of 7.4 MBq of 
the tracer into CD-1 mice showed that uptake in liver, kid-
neys and the lung was predominant (  60% ID/gram) at early 
time points. Two hours after injection tracer accumulation in 
the lung still was 41% of the peak activity and uptakes in 
liver and kidneys were reduced to 27% and 19%, respec-
tively. In contrast, the uptake in the heart remained nearly 
constant for this period of time at  5.6% ID/gram. Dynamic 
in vivo PET experiments were conducted in a male beagle 
dog. The results show a high accumulation of the tracer in 
the wall of the dog heart at 55–95 min after injection (Fig. 9 
A) and a significant reduction in binding (P < 0.001) after 
administration of the selective ETAR inhibitor L 753164 (1.0 
mg/kg; Fig. 9B). 

 In 2001 the radiosynthesis of an 
18

F-labeled analogue of 
the moderately ETAR-selective (  90:1) antagonist SB 
209670 was reported. Peter Johnstrøm and Anthony P. Dav-

 

 

 

 

 

 

 

 

 

 

Fig. (7). A) Structure of [
125

I]PD 164333, synthesized by Davenport et al. as the first non-peptidic endothelin receptor antagonist for molecu-

lar imaging purposes. In vitro evaluation of this tracer revealed high affinity and selectivity for ETAR. B) Autoradiography on human coro-

nary arteries containing advanced atherosclerotic lesions, tracer binding was mainly found on the medial layer, with little tracer binding to 

the intimal layer. C) In saphenous veins used for bypass grafting, highest tracer accumulation was detected in the vascular smooth muscle 

cells of the medial layer with little or no binding present on the proliferated smooth muscle of the occlusive lesion (reprinted with permission 

from Macmillan Publishers Ltd. [70]). 

 

 

 

 

 

 

 

Fig. (8). Radiosynthesis of [
11

C]PD 156707, realized by methylation of the phenoxy precursor PD 169390 with [
11

C]CH3I [52]. 



Non-Invasive Approaches to Visualize the Endothelin Axis Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 14    1587 

enport from Cambridge presented a three step radiolabeling 
procedure [74]. In the first step the radiolabeling synthon 
[

18
F]fluoropropylbromide was generated by nucleophilic 

substitution reaction of [
18

F]fluoride and 1,3-dibromopro-
pane. In the second step the radiolabeling of the phenoxy 
precursor was performed. The third step removed the ester 
protective groups (Fig. 10). The overall radiochemical yield 
for this sophisticated reaction procedure was 15% (decay 
corrected), the radiochemical purity of the isolated ligand 
was 99% and the specific activity of the preparation was 100 
- 150 GBq/ mol. Three years later the in vitro and in vivo 
evaluation of this radiotracer was described [75]. In vitro 
experiments with sections of human tissue indicated that 
[

18
F]SB 209670 binds predominantly to ETARs in the human 

heart and kidney. Dynamic PET data was collected from two 
experiments with Sprague-Dawley rats using a microPET P4 
scanner. The highest tracer uptake was found in the liver, 

where radioactivity counts peaked at early time points (2.5 
min) and a subsequent increase of counts in regions inferior 
to the liver, indicating a high degree of liver and bile me-
tabolism and excretion via the small intestine. However, a 
detectable tracer uptake in the heart wall of the animal was 
also delineated (Fig. 11), suggesting a binding of the ligand 
to myocardial ETARs. 

 Another radioligand based on the already mentioned lead 
structure of PD 156707 was introduced in 2006. Our group 
was able to radioiodinate the phenoxy precursor compound 
PD 169390 with [

123
I]iodide and [

125
I]iodide in the presence 

of chloroamine-T in excellent radiochemical yields (70% - 
90%) and high specific activities (8.6 TBq/ mol for the 

123
I 

derivative) [76]. SPECT imaging with the 
123

I derivative was 
possible but despite the good in vitro affinity of the non-
radioactive counterpart (Ki = 1.0 nM towards ETAR, selec-
tivity  1300:1) to murine myocardial membranes an in vivo 

 

 

 

 

 

 

 

Fig. (9). Structure of [
11

C]L 753037, an unselective endothelin receptor antagonist. The first in vivo PET imaging experiments with this ra-

diotracer were conducted in a male beagle dog. The results show high accumulation of [
11

C]L 753037 in the wall of the heart at 55–95 min 

after injection (Fig. 9A) and a significant reduction in binding (P < 0.001) after administration of the selective ETAR inhibitor L 753164 (Fig. 

9B, reprinted with permission from The Journal of Nuclear Medicine [73]). 

 

 

 

 

 

 

 

 

 

Fig. (10). Scheme of the three step radiolabeling procedure developed by Johnstrøm et al. for the synthesis of [
18

F]SB 209670. The first step 

requires the synthesis of [
18

F]fluoropropylbromide. This radiolabeling synthon is separately purified and reconstituted. The next step is the 

labeling of the phenoxy precursor compound with the radiolabeling synthon, followed by a final deprotection of the ester protective groups 

[75]. 
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binding to endothelin receptors in mice could not be con-
firmed. Also, biodistribution studies in wild-type mice were 
not able to define specific binding.  

 The highly selective ETAR antagonist Atrasentan [77] 
(ABT 627) was selected as a lead structure for 

11
C-labeling 

by the Johns Hopkins group in cooperation with Abbott 
Laboratories in 2006 [78]. They used the drug itself – sup-
plied by Abbott – as the starting material for their synthetic 
approach (Fig. 12). A desmethylation reaction was applied to 
provide the phenoxy precursor compound, which in turn was 
re-methylated with [

11
C]methyl iodide by the same method 

as described above for L 753037. After an average time for 
radiosynthesis, HPLC purification and formulation of only 
26 min they obtained the tracer, [

11
C]ABT 627, in a radio-

chemical yield of 14% based on [
11

C]methyl iodide. The 
average specific activity was 245.2 GBq/ mol at the end of 
synthesis with a radiochemical purity of > 96%. The synthe-
sized radiotracer was evaluated by ex vivo biodistribution 
studies in CD-1 mice. [

11
C]ABT 627 showed highest uptake 

in the liver, kidneys and lungs. No significant binding was 
observed in mouse brain or heart, suggesting a rapid metabo-
lism of the tracer in vivo. However, PET imaging experi-
ments in a baboon were able to confirm specific binding of 
the radiotracer in heart and lung tissue. Time–activity curves 
(Fig. 13) derived from these studies showed an about 50% 
reduction in signal intensity after preinjection of 0.39 mg/kg 
of unlabeled Atrasentan for the myocardium and the lung at 

 

 

 

 

 

 

 

 

Fig. (11). Coronal image of a rat after administration of 51 MBq of 

[
18

F]SB 209670 (average data 31 - 120 minutes). The heart wall is 

clearly visible (white arrow), together with a high signal intensity in 

liver and intestine (reprinted with permission from Lippincott Wil-

liams & Wilkins [75]). 

 

 

 

 

 

 

 

Fig. (12). Synthetic route for [
11

C]Atrasentan ([
11

C]ABT 627). The desmethylation of ABT 627 with trimethylsilyl iodide, generated in situ 

from trimethylsilyl chloride and sodium iodide, yields the phenoxy precursor compound, which in turn was re-methylated by reaction with 

[
11

C]methyl iodide in DMF using tetrabutylammonium hydroxide as base [78]. 

 

 

 

 

 

 

 

 

Fig. (13). Time-activity-curves of the myocardium and the lungs generated by in vivo PET imaging studies with one baboon. The red curves 

show baseline values after administration of  460 MBq of [
11

C]ABT 627, the blue curve displays the values after preinjection of 0.39 mg/kg 

unlabeled ABT 627. After 65 minutes a reduction in tissue activity of  50% can be observed (reprinted with permission from Elsevier B.V. 

[78]). 



Non-Invasive Approaches to Visualize the Endothelin Axis Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 14    1589 

65 min p.i.. The authors concluded that the radiotracer bound 
to ET receptors, although they admitted that further studies 
were needed for confirmation. 

 A further approach towards an 
18

F-fluorinated PET radio-
ligand was described by our group in 2007 [79a]. The lead 
compound PD 156707 was modified to enable radiofluorina-
tion with the [18F]K(Kryptofix 2.2.2)F complex. For that 
purpose we synthesized a tosylate precursor derivative by 
multistep organic synthesis. Substitution with [

18
F]fluoride 

was carried out with an average radiochemical yield of 22% 
(n = 12, decay corrected) and a radiochemical purity of 99% 
(Fig. 14). The non-radioactive reference compound was 
evaluated in vitro and displayed a high affinity and selectiv-
ity for ETAR (Ki = 1.1 nM, selectivity vs. ETBR = 220:1) in 
mouse myocardial membranes. In spite of these encouraging 
results the specific activities of the [

18
F]fluoroethoxy-PD 

156707 preparations were very variable and did not exceed 
60 GBq/ mol. However, a visualization of myocardial tracer 
uptake as evidence for receptor binding was possible, al-
though a major hepatobiliary route of excretion together with 
a rapid metabolism into polar radiometabolites complicated 
the interpretation of imaging data [79b]. 

 In 2008 Mathews and colleague presented a project 
which emerged from a cooperation with Bristol-Myers 
Squibb (BMS). Five years ago BMS had developed the very 
highly affine and selective ETAR antagonist Edonentan or 
BMS-207940 (Ki = 10 pM, selectivity vs. ETBR = 80000:1) 
[67], and they provided valuable precursor derivatives for 
this work. Modifications of the original antagonist yielded 
precursor compounds for radiolabeling with [

18
F]fluoride as 

well as [
11

C]methyl iodide (Fig. 15) [80]. The radiomethyla-
tion procedure was conducted as described in earlier publica-

 

 

 

 

 

 

Fig. (14). Radiofluorination of a designated tosylate precursor for [
18

F]fluoroethoxy-PD 156707. Substitution with [
18

F]fluoride was carried 

out with an average radiochemical yield of 22% (n = 12, decay corrected) and a radiochemical purity of 99 %. The specific activities were 

variable and did not exceed 60 GBq/ mol [79]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (15). Pathways to the radiolabeled BMS 207940 derivatives [11
C]BMS-5p and [

18
F]FBz-BMS [80]. In case of the radiomethylation to 

[
11

C]BMS-5p a deprotection step was necessary to remove the methoxymethyl (MOM) ether from the sulfonamide group. The harsh reaction 

conditions of the radiofluorination procedure rendered a further deprotection step unnecessary. 
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tions, using [
11

C]methyl iodide and tetrabutylammonium 
hydroxide in DMF. Radiofluorination was accomplished by 
reaction of the p-nitroaryl precursor with the [18F]-
K(Kryptofix 2.2.2)F complex in DMSO at 180°C. The 
methylated radioligand [

11
C]BMS-5p was prepared in 36 

minutes with a radiochemical yield of  1.5% (uncorrected 
for decay) and a specific activity of only around 1.0 
GBq/ mol at the end of synthesis. The low specific activity 
was assigned to an incomplete deprotection of the precursor 
after radiolabeling. [

18
F]FBz-BMS was obtained in 130 min 

with an average radiochemical yield of 0.54% (uncorrected 
for decay) and a specific activity of 12.9 GBq/ mol at the 
end of synthesis. The radiochemical purity of the radio-
ligands was greater than 99% in both cases. Despite the low 
radiochemical yields enough radiotracer for biological 
evaluation could be produced. Biodistribution studies in 
mice showed that for both radioligands the highest uptake 
was found in liver, lungs, kidneys and heart. Radioactivity in 
liver and kidneys washed out over time, uptake in lungs and 
heart remained relatively stable. In vivo PET imaging in a 
baboon using both radioligands confirmed the utility of these 
compounds for delineating ETARs. Competition studies with 
Edonentan (BMS 207940) at 1.0 mg/kg revealed a reduction 
of radioactivity in the myocardium of 85% for both 

[
18

F]FBz-BMS and [
11

C]BMS-5p (Fig. 16). 

 Table 1 summarizes the radiotracers which have been 
used for in vivo imaging of endothelin receptors so far. The 
displayed affinities and specificities are mainly extracted 
from different publications describing the non-labeled 
ligands and their pharmacological profile. 

 Optical imaging can be an attractive alternative to scinti-
graphic imaging techniques. It is relatively inexpensive, free 
of ionizing radiation hazards and isotope decay, and applica-
ble for tomographic (FMT) and surface-weighted (FRI) de-
tection methods. These techniques allow the detection of 
molecules in picomolar concentrations, which is comparable 
to conventional scintigraphic imaging techniques [3, 81-84]. 
As well as high signal to noise ratios (SNRs), imaging in the 
near infrared range (  = 650 nm - 950 nm) shows very effi-
cient tissue penetration as the absorption by water and he-
moglobin is relatively low (‘diagnostic window’, Fig. 17A). 
In 2007 our group presented the first endothelin receptor 
ligand modified for optical imaging based on the ETAR se-
lective PD 156707 lead structure [85]. A derivative of PD 
156707 with a polyethylene glycol (PEG) spacer group con-
taining an amino functionality was synthesized and labeled 
with a fluorescent dye without changing the ETA binding 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (16). PET-images of a baboon 40-90 minutes after administration of  290 MBq of [11
C]BMS-5p (A) or  160 MBq of [

18
F]FBz-BMS 

(B). The wall of the left ventricle is clearly visible, together with some intensity in the lungs. Region of interest (ROI) analysis of the myo-

cardium shows that [
11

C]BMS-5p reached equilibrium earlier (baseline, C) than [
18

F]FBz-BMS (baseline, D), but both radioligands showed 

85% specific binding at 85 min after injection as shown by preinjection of 1 mg/kg of Edonentan (BMS-207940). Reprinted with permission 

from The Journal of Nuclear Medicine [80]. 
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motif. The conjugation of the fluorescent dye active ester 
(Cy 5.5 NHS-ester) was accomplished by reaction of the two 
compounds in bicarbonate buffer / DMSO at room tempera-
ture. Yields were usually around 70%, determined by HPLC 
methods. The Cy 5.5-labeled ligand (Fig. 17B) was used in 
in vitro binding assays of human cancer cells where binding 
of the photoprobe could be directly analyzed by fluorescence 
microscopy. Blocking of the signal was possible with an 
ETAR specific antibody or with unlabeled ligand, confirming 
target specific binding of the probe. In addition, the biodis-
tribution behaviour of the fluorescent probe was evaluated in 
wild-type BL6 mice using FRI (Fig. 18) [86]. Here, a high 
signal intensity was found in lung, liver and kidney at early 
time points. While the signal in the kidneys rapidly de-
creased, signal intensities in lung increased up to 24 hours 
and the intensity in the liver was nearly constant over this 

period of time. The specific in vivo binding of the probe was 
confirmed by predosing experiments, where especially the 
signal intensity in the heart could be decreased by up to 50%, 
emphasizing the high ratio of ETAR present in myocardial 
tissue. An accumulation of the tracer was found in the lung 
at later time points (24 h – 48 h), where predosing had no 
effect anymore and a high degree of internalization was pro-
posed. 

OUTLOOK 

 Despite promising preclinical (animal) experiments with 
radiolabeled or optical tracers and encouraging experiments 
with human tissue sections an early and straightforward 
transfer of the described imaging probes to clinical applica-
tions is not attainable in the near future. The drawbacks are, 
indeed, very similar in all molecular imaging approaches. 

Table 1. Non-Peptidic Endothelin Receptor Radioligands and Corresponding Affinity Values Synthesized Up to Date 
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The complexity of the biological processes involved in the 
monitored pathophysiology has still to be elucidated, espe-
cially concerning target expression and target processing at 
different states of the disease. Also, the applicability of pre-
clinical models and their interpretation for a later clinical 
transfer is controversially discussed. The endothelin axis, 
however, is a prominent target for further in vivo imaging 
approaches. Its dysregulation is related to a number of severe 
diseases and a visualization of its nature using state-of-the-
art molecular imaging techniques is a great (pre)clinical 
challenge. For a deeper insight into the subcellular processes 
affecting the endothelin axis a more elaborate tracer selec-
tion and tracer utilization is necessary. The ETBR, for in-
stance, is often discussed as a better target for predicting the 
progression of cancer cells (e.g. melanoma [30]), because it 
mediates cell adhesion, migration and invasiveness due to an 
increase of 3- and 2 1-integrin expression and matrix 

metalloproteinase (MMP) activation. A selective imaging of 
ETAR and ETBR in the same experiment, e.g. using different 
radioactive nuclei, would therefore be very helpful to under-
stand their different influence on certain pathophysiologies. 

 To develop and synthesize small non-peptidic radio-
ligands for the endothelin receptors, such as those presented 
in this review, is the most promising approach for a future 
translation into clinical applications. In this context, the set-
ting up of GCP (good clinical practice)-compliant proce-
dures and the permissions from ethical and public authorities 
for clinical tests are major obstacles researchers and clini-
cians have to deal with. Also, as shown in this review, the 
design of imaging probes by simply attaching a radioisotope 
to a known ligand molecule is not instantaneously leading to 
a feasible in vivo radiopharmaceutical for use in the clinics. 
Most often an unfavourable biodistribution or limited stabil-
ity are the restraining factors. Among these, the lipophilicity, 

 

 

 

 

 

 

 

 

 

Fig. (17). A) The ‘diagnostic window’ of near infrared fluorescence (NIRF) imaging. The absorption of hemoglobin (Hb), oxidized hemo-

globin (HbO2) and water (H2O) are at a minimum at wavelenghts between 650 nm and 950 nm. B) Structure of the developed endothelin 

receptor affine fluorescent photoprobe based on PD 156707 [85]. The ligand was modified by assembling of a short polyethylene glycol 

spacer with an amino residue, which reacted with the active ester of the fluorochrome, yielding a receptor ligand with an amide-bound Cy 5.5 

dye. 

 

 

 

 

 

 

 

Fig. (18). Fluorescence reflectance imaging (FRI) measurements of murine heart (left) and lung (right) after intraveneous injection of a fluo-

rescent endothelin receptor imaging probe based on PD 156707 with  and without predosing with PD 156707  (wild type CD1 mice, n = 6-

8). Signal intensities are expressed as the photon counts per mg of wet tissue weight (pc/mg, mean ± sem). Stars indicate significant differ-

ences in intensities (* p  0.01, ** p  0.005, *** p  0.0001, note the difference in scale). Between 30 min and 5 h there is a highly specific 

signal in heart tissue. Lung values rise constantly values rise constantly from 10 min to 5 h in non predosed animals while predosing led to 

consistent signal intensity up to 5 h. After one day the tracer has accumulated in lung tissue and predosing had no effect, indicating a high 

degree of internalization in this organ [86].  
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which usually is expressed by the logP or logD value, repre-
sents an important factor that determines the in vivo behav-
iour of (radio)pharmaceuticals. On one hand a high lipophil-
icity of drugs is necessary to reach specific target organs. For 
example, for passive penetration of neutral molecules into 
the central nervous system by crossing the blood brain bar-
rier a logD-value of 2.5-2.7 is suggested [87]. On the other 
hand Obach et al. observed a positive correlation between 
lipophilicity and plasma protein binding of a drug [88]. 
Therefore, the distribution of a lipophilic (ra-
dio)pharmaceutical is limited due to high plasma protein 
binding. Additionally, renal clearance decreases with in-
crease in lipophilicity [89]. Consequently, the fine-tuning of 
tracer lipophilicity is one of the most challenging tasks for 
the future. This, of course, is applicable for all new tracer 
compounds, not only for those targeted at the endothelin 
axis. 

 The use of optical imaging techniques for in vitro imag-
ing approaches is a widespread and customary method. New 
technologies for in vivo molecular imaging applications like 
FRI and FMT are currently developed to enter clinical prac-
tice. It has been shown in numerical simulations as well as in 
clinical investigations that FMT technology can be scaled up 
for human use [90]. Besides tomographic imaging modali-
ties, one could also envision a combination of endoscopic or 
laparoscopic devices with optical fibers for fluorochrome 
detection. Moreover, handheld scanning devices may be use-
ful tools to screen for superficial fluorochrome detection. 
Our group has successfully shown, that labeling a small mo-
lecular, non-peptidic endothelin receptor ligand with a fluo-
rescent dye is possible and does not impair its binding char-
acteristics. A future use of such modified ligands will enable 
the evaluation of the endothelin axis in vivo. 
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