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The endothelin subtype-A receptor (ET-A) is a promising
therapeutic target in cardiovascular disease. We sought to
determine the feasibility of an 18F-labeled ligand, 18F-(N-[[29-
[[(4,5-dimethyl-3-isoxazolyl)amino]sulfonyl]-4-(2-oxazolyl)[1,19-
biphenyl]-2-yl]methyl]-N,4-fluorobenzamide) (18F-FBzBMS), for
imaging ET-A in the healthy and injured rat heart. Methods:
Male Wistar rats were used for all experiments. The specificity
of cardiac 18F-FBzBMS uptake was determined in healthy ani-
mals (n 5 23) using pretreatment with various blocking agents
and doses. Myocardial infarction (MI) was induced by perma-
nent left coronary ligation in 32 animals. Autoradiography was
conducted to determine regional FBzBMS distribution relative
to tissue perfusion at various times after MI. Histology and im-
munohistochemistry were performed for validation. The feasi-
bility of in vivo detection of the tracer signal was tested using
dedicated small-animal PET (n 5 6). Results: At autoradiogra-
phy, intravenous pretreatment with the selective ET-A blocker
BMS-207940 reduced myocardial FBzBMS uptake by 93% 6
0.7%. Oral pretreatment with the clinical blocker bosentan re-
sulted in a dose-dependent partial blockade (5 mg/kg, 48% 6
6%; 50 mg/kg, 61% 6 7%; and 100 mg/kg, 88% 6 0.7%).
After MI, FBzBMS uptake was preserved in the infarct region
from day 1 to month 6, whereas the perfusion tracer 201Tl
showed a persistent defect (MI-to-remote ratios: 201Tl, 0.23 6
0.28, 0.39 6 0.07, 0.31 6 0.07, 0.24 6 0.12, 0.29 6 0.10, and
0.23 6 0.09; and FBzBMS, 0.94 6 0.28, 0.92 6 0.20, 0.88 6
0.13, 0.82 6 0.12, 0.80 6 0.11, and 0.84 6 0.08 at day 1, day 3,
week 1, month 1, month 2, and month 6, respectively) (P , 0.01
vs. 201Tl). Ex vivo analysis confirmed ET-A expression in the
infarct area, where the signal was partially colocalized with
CD31 expression on endothelial cells. In vivo small-animal
PET successfully confirmed specific uptake and blockade of
FBzBMS in healthy myocardium. Conclusion: Cardiac uptake
of the PET tracer 18F-FBzBMS is specific for ET-A expression in
rats, shows infarct-related alterations, and can be imaged non-
invasively. Further efforts to establish myocardial ET-A imaging
methodology are warranted, with the perspective of determin-
ing role, efficacy, and benefit of ET-A targeted drug treatment
in cardiovascular disease.
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Endothelins are potent vasoconstrictors that are released
by endothelial cells (1). Endothelin-1 is the predominant iso-
form relevant to the cardiovascular system, and stimulation of
the endothelin subtype-A receptor (ET-A) mediated by endo-
thelin-1 has effects beyond vascular tissue. These effects in-
clude positive myocardial inotropy, growth promotion of
cardiac fibroblasts, acceleration of cardiac hypertrophy, and
arrhythmogenesis in various pathologic conditions (2,3). In
experimental heart failure models, nonselective ET-A and en-
dothelin subtype-B receptor (ET-B) antagonism and selective
ET-A antagonism exerted beneficial effects on left ventricular
remodeling (4,5). In humans with end-stage heart failure, car-
diac tissue endothelin-1 levels and ET-A levels are increased
(6). Because recognition of the importance of the endothelin
system in heart failure is expanding, several clinical multicen-
ter trials with ET-A antagonist have been initiated. Results of
those trials, however, have been inconclusive and highlight the
need for further optimization of the therapeutic strategy with
regards to timing, dosage, and patient selection (2,7).

Noninvasive imaging of cardiac ET-A expression may be
a promising means not only to understanding the dynamic
process of ventricular remodeling after myocardial infarction
but also to optimizing ET-A antagonist therapy. Recently, syn-
thesis and initial in vivo application of the 18F-labeled ET-A
antagonist 18F-(N-[[29-[[(4,5-dimethyl-3-isoxazolyl)amino]
sulfonyl]-4-(2-oxazolyl)[1,19-biphenyl]-2-yl]methyl]-N,4-
fluorobenzamide) (18F-FBzBMS) have been reported (8). The
aim of this study was to determine the feasibility of using this
molecular imaging agent to study cardiac ET-A expression in rats.

MATERIALS AND METHODS

Animals
The protocols were approved by the Johns Hopkins Animal

Care and Use Committee and conformed to the Guide for the Care
and Use of Laboratory Animals (9).
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Sixty-one male Wistar rats, weighing 250–350 g, were used for
experiments. The rats were anesthetized using 1%–3% isoflurane
and mechanical ventilation.

In a subgroup of 32 animals, myocardial infarction was induced
using permanent coronary ligation. Left thoracotomy was per-
formed to expose the heart. A 7-0 polypropylene suture was
passed through the myocardium beneath the proximal portion of
the left coronary artery, and the snare was ligated to occlude the
left coronary artery (10). The success of coronary occlusion was
confirmed by regional cyanosis of the myocardial surface. Then,
the chest was closed, and the animals were allowed to recover. The
rats were given intramuscular buprenorphine (0.5 mg/kg) twice
within 24 h for postoperative analgesia.

Biodistribution and Autoradiography
18F-FBzBMS was synthesized as previously described (8). The

following 6 groups of healthy rats were studied: group 1, controls
without pretreatment before tracer injection (n 5 5); group 2,
intravenous pretreatment with the specific ET-A antagonist BMS-
207940 (2 mg/kg), for complete blockage of ET-A (n 5 4); groups
3, 4, and 5, oral pretreatment with the nonspecific, clinically approved
ET-A and ET-B antagonist bosentan at doses of 5, 50, and 100 mg/kg
(n 5 3 per dose), respectively; and group 6, oral pretreatment with
the angiotensin receptor antagonist valsartan (50 mg/kg) (n 5 5).
Fifteen minutes after the pretreatment, 18F-FBzBMS (37 MBq) was
injected via the tail vein. Ninety minutes after tracer injection,
the rats were euthanized. Blood was collected, and organs (heart,
lung, liver, kidney, skeletal muscle) were quickly removed for
g-counting (Wizard automatic g-counter; Perkin Elmer). Hearts
were then subjected to autoradiography as described below.

Dual-tracer autoradiography was performed for simultaneous
assessment of regional myocardial perfusion with 201Tl chloride
and 18F-FBzBMS uptake (11,12). The rat model of permanent
coronary occlusion was studied using groups of animals after 1
d (n 5 5), 3 d (n 5 5), 1 wk (n 5 7), 1 mo (n 5 6), 2 mo (n 5 4,)
and 6 mo (n 5 4). 18F-FBzBMS (111 MBq) was injected via the
tail vein. After an uptake phase of 90 min, a small dose of 201Tl
chloride (0.74 MBq) was injected. Animals were then sacrificed,
and the heart was removed, rinsed, frozen, and sliced into 20-mm
short-axis sections, which were used for autoradiography and his-
tologic analysis. Using a digital autoradiography system (Cyclone
Plus Phosphor Imager; Perkin Elmer), we exposed the first slice
within 1–2 h of sacrifice for 30 min, for visualization of 18F-
FBzBMS distribution. After 2 d to allow for complete decay of
18F, a second slice was exposed for 2 wk, for visualization of 201Tl
distribution (13). Region-of-interest analysis of digital images was
performed to determine activity ratios for the remote area relative
to the infarct area.

For validation, histologic tissue analysis was performed. Short-
axis slices were stained with hematoxylin and eosin to determine
scar localization and extent. Additionally, immunohistochemical
staining and immunofluorescence microscopy were performed in
rat hearts 1 wk after infarction, using standard techniques. Sheep
polyclonal anti–ET-A antibody (Abcam) and mouse monoclonal
anti–rat CD31 antibody (Milipore) were used as primary antibod-
ies for staining.

In Vivo PET
A dedicated small-animal PET scanner (eXplore VISTA; GE

Healthcare) and small-animal CT scanner (X-SPECT/CT; Gamma
Medica) were used. Healthy rats were imaged without pretreat-

ment (n 5 3) and after oral pretreatment with bosentan (100 mg/kg;
n5 3). Static PET scans were acquired for 30 min, after an uptake
phase of 1 h after injection of 37 MBq of 18F-FBzBMS. A CT scan
was acquired immediately after the PET scan as a reference for
localization of the heart.

Statistical Analysis
All results are expressed as mean6 SD. Statistical analysis was

performed with StatMate III (ATMS Co., Ltd.). Multiple-group
comparisons were made using the Kruskal–Wallis test, followed
by the Dunn multiple-contrast hypothesis test to identify differ-
ences between each set of groups. A P value of less than 0.05 was
considered statistically significant.

RESULTS

18F-FBzBMS Specificity and Effects of Medication

At autoradiography, 18F-FBzBMS uptake in healthy rats
was homogeneous throughout the left ventricular wall. Bio-
distribution studies showed that radiotracer activity at 90 min
after tracer injection was 0.039% 6 005%, 0.014% 6 001%,
0.043% 6 012%, 0.085% 6 013%, 0.992% 6 302%, and
0.008% 6 0.001% injected dose per gram for heart, blood,
lung, kidney, liver, and skeletal muscle, respectively.

After intravenous pretreatment with the specific ET-A
antagonist BMS-207940, organ uptake was 0.018%6 004%,
0.104% 6 028%, 0.029% 6 009%, 0.045% 6 010%,
0.977% 6 169%, and 0.012% 6 0.003% injected dose per
gram for heart, blood, lung, kidney, liver, and skeletal mus-
cle, respectively. A significant decrease, compared with the
unblocked state, was observed for the heart (P , 0.01) and
kidneys (P , 0.05), whereas a significant increase occurred
in the blood (P , 0.001). Overall, the ratio of heart to blood
radioactivity was reduced by 93%6 1%, confirming the high
specificity of cardiac uptake (Fig. 1A and 1B).

Additionally, oral medication with bosentan reduced
the ratio of heart to blood 18F-FBzBMS uptake in a dose-
dependent manner (5 mg/kg, 48%6 6%; 50 mg/kg, 61%6
7%; and 100 mg/kg, 88% 6 0.7%), whereas there was no
reduction by pretreatment with oral valsartan as an angio-
tensin receptor blocker, which does not have direct effects
on the ET (Fig. 1B).

Regional 18F-FBzBMS Distribution After
Myocardial Infarction

201Tl autoradiography of myocardial perfusion showed
a regional defect, which corresponded to the histologically
defined infarct area (Fig. 2). On the other hand, 18F-
FBzBMS uptake was clearly present within the 201Tl de-
fect. This uptake was observed in the infarct area at all time
points, from day 1 to month 6. The remote–to–infarct area
ratio was significantly higher for 18F-FBzBMS than for
201Tl (201Tl: 0.23 6 0.28, 0.39 6 0.07, 0.31 6 0.07, 0.24 6
0.12, 0.29 6 0.10, and 0.23 6 0.09, at day 1, day 3, week 1,
month 1, month 2, and month 6, respectively; and 18F-
FBzBMS: 0.94 6 0.28, 0.92 6 0.20, 0.88 6 0.13, 0.82 6
0.12, 0.80 6 0.11, and 0.84 6 0.08 at day 1, day 3, week 1,
month 1, month 2, and month 6, respectively) (P , 0.01
18F-FBzBMS vs. 201Tl).
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ET-A expression in the infarct area was confirmed by
immunohistochemical staining (Fig. 3). Although the ET-A
signal in nondamaged remote myocardium comes mostly
from diffuse, mild ET-A expression on myocytes and other
cells, multiple labeling colocalized a large fraction of the
ET-A signal within the infarct area (where viable myocytes
are mostly absent) to vascular cells expressing the endothe-
lial marker CD31.

In Vivo PET
18F-FBzBMS uptake was robustly detected in healthy

hearts in vivo, using small-animal PET and CT (Fig. 4).
Consistent with autoradiography, cardiac uptake was abol-
ished by pretreatment with oral bosentan, confirming the
specificity of 18F-FBzBMS for visualization of ET receptor
expression.

DISCUSSION

This study demonstrates the feasibility of measuring
cardiac ET-A expression using the PET tracer 18F-
FBzBMS. Homogeneous distribution of the tracer signal
was observed in healthy myocardium, and pretreatment
with ET-A antagonists specifically reduced tracer uptake.
After permanent coronary occlusion, tracer uptake in the
hypoperfused infarct area was preserved and validated by
histologic proof of ET-A expression.
Like the adrenergic and renin–angiotensin–aldosterone

systems, the endothelin system is amenable to clinical phar-

macologic blockade and seems to play an important role in
the development and progression of cardiovascular disease.
It therefore also constitutes an attractive target for molecu-
lar imaging. Upregulation of tissue and plasma endothelin
levels has been reported in heart failure patients (6,14).
Experimental work first confirmed that pharmacologic
blockade can be beneficial. Shimoyama et al. used the clin-
ically approved nonselective ET-A and ET-B antagonist
bosentan in a dog model of chronic heart failure and found
improved overall left ventricular function associated with
reduced systemic vascular resistance after short-term treat-
ment (15). Long-term treatment with either selective ET-A or
nonselective ET-A and ET-B antagonists also prevented left
ventricular remodeling in rat heart failure models (4,5,16,17).
Mulder et al. showed an incremental effect of long-term ET-
A antagonist treatment on top of angiotensin-converting en-
zyme inhibitor medication, for improving hemodynamics
and survival in a rat model of myocardial infarction (18).
Although these experimental studies suggested a beneficial
effect, long-term endothelin system blockade has not yet
been conclusively established in the clinical setting, despite
several clinical trials (2). The Research on Endothelin An-
tagonism in Chronic Heart Failure (REACH-1) trial demon-
strated a reduction of death and an improvement of heart
failure with bosentan (500 mg twice daily), although an el-
evation of liver enzymes was observed (19). A subsequent
trial with smaller doses to prevent liver damage failed to

FIGURE 1. (A) Autoradiographic short-axis images of 18F-
FBzBMS in healthy rat hearts with and without ET-A antagonist

BMS-207940 pretreatment. (B) Effects of medication on cardiac
18F-FBzBMS uptake. *P , 0.001 vs. control. mg/kgw 5 mg per

kg of body weight.

FIGURE 2. (A) Representative autoradiographic short-axis images
of 18F-FBzBMS at different time points after permanent left coronary

occlusion. (B) Time course of ratio of infarct myocardial uptake to

remote myocardial uptake for 18F-FBzBMS after permanent left cor-

onary occlusion. 18F-FBzBMS uptake was preserved in infarct re-
gion from day 1 to month 6, whereas perfusion tracer 201Tl showed

persistent defect. *P , 0.001 vs 201Tl.
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demonstrate similar beneficial effects (20). More recently, the
EndothelinA Receptor Antagonist Trial in Heart Failure
demonstrated no significant improvement of left ventricular
function or mortality in any dose using the selective ET-A
antagonist darusentan in chronic heart failure patients (7).
These results emphasize the need for an improved under-
standing of the role of endothelin system activation in
patients with heart failure. They may also serve as a back-
ground for potential future applications of molecular imaging
to monitor the efficacy of blockade and thereby optimize the
therapeutic dose individually while minimizing the risk of
side effects. A recent experimental study, for example,
showed that, when selective ET-A antagonist was started in
the early phase within 3 h of myocardial infarction in rats,
a deleterious effect was observed on left ventricular remod-
eling. Infarct expansion occurred via reduced collagen de-
posit and matrix metalloproteinase activation, highlighting
the significance of timing of antagonist treatment (21).

The present study supports the feasibility of 18F-
FBzBMS for imaging ET-A in the rat heart by use of
autoradiography, biodistribution studies, and in vivo im-
aging in the unblocked and blocked states. The results are
in line with a prior publication by Mathews et al. (8), in
which biodistribution in mice and in vivo kinetics in
a monkey were reported. Our study expands on the prior
work by focusing on the heart as the imaging target and
by analyzing the effect of myocardial infarction on 18F-
FBzBMS uptake. For this purpose, we chose a model of
permanent left coronary occlusion. This model results in
death of myocytes and development of transmural scar-
ring in the area supplied by the occluded artery. Accord-
ingly, most of the ET-A signal in the infarct area comes
from nonmyocyte cells and colocalizes with endothelial
cells, suggesting that ET-A may play a role in vessel for-
mation as part of scar development. Some of the signal
also localized to nonendothelial cells, suggesting a contri-
bution of other cell types to the signal. This signal prob-
ably comes from inflammatory cells or fibroblasts, which
can be found in the infarct region and which are known to
express ET-A, albeit at a lower level than does the neo-
vasculature (22,23).

The latter observation also highlights a limitation of
molecular myocardial imaging, namely that the tissue
signal is not cell-specific but represents a mixture of signals
coming from all cell types that are present in the respective
region. The ET-A signal from the infarct area was similar in
strength when compared with noninfarcted remote myo-
cardium, with ratios being close to 1. Yet, at immunohis-
tochemistry, we observed a strong ET-A signal coming
from vessels in the infarct region, which seems to be
contradictory to the lack of regional autoradiographic
signal increase. This discrepancy is best explained by the
absence of viable myocytes in the infarct region. Myocytes
express ET-A at a basic level (3,24) and constitute most of
the imaging signal in the remote and healthy myocardium.
In the infarct region, however, myocytes are mostly absent,

FIGURE 3. (A) Autoradiography shows regional uptake of ET-A –

targeted tracer 18F-FBzBMS (red, middle) in infarct region (charac-
terized by thin wall on histologic hematoxylin and eosin stain), which

is comparable to remote myocardium and more pronounced than

regional perfusion tracer uptake (green, left). (B) Immunohistochem-

istry of representative sections from remote (left) and infarct region
(right) show diffuse mild brown stain of viable myocytes and vessels

in remote region, whereas there is strong signal from vessels and

absent signal from vacuolar nonviable tissue in infarct region. Con-
trol images without primary antibody confirm absence of specific

signal (brown) in both regions. (C) Multiple labeling immunofluores-

cence imaging of representative section from infarct region demon-

strates colocalization of ET-A with endothelial marker CD-31 in large
fraction of cells. Presence of ET-A signal in some areas that are not

matched to CD-31 indicates existence of small fraction of additional

ET-A–positive (probably inflammatory) cells.
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and all signal comes from the smaller number of activated
endothelial cells, which show strong ET-A expression. The
average ET-A imaging signal in the infarct tissue was thus
comparable to remote myocardium.
However, the mild ET-A imaging signal from the infarct

region is not consistent with the intense upregulation that
has been reported for other biologic markers (13). The mild
elevation of 18F-FBzBMS signal above perfusion in the
infarct area also persisted over time and did not show a peak
in the early phase after infarction—a finding that is again
different from the results of prior work using other tracers
(13). This finding suggests that ET-A may not play a dom-
inant role in the early healing phase after infarction and that
its overall role may be limited after permanent occlusion.
More work, including other models of ischemic and

nonischemic myocardial damage, is necessary to elucidate
the contribution of ET-A to myocardial biology. Our pre-
liminary results should be seen as a stimulus to implement
molecular imaging in such studies. Heart-specific ET-A
knockout mice have been developed recently (24,25) and
may offer a good model for further detailed assessment of
18F-FBzBMS and its usefulness to study disease mecha-
nisms. In those animals, in which only cardiomyocytes are
deficient of ET-A, further insights into the endothelial cell–
specific signal in the infarct area may be obtained, but such
work clearly exceeds the frame of our present study.
Several tracers have previously been introduced for PET

of endothelin receptors. 11C-L-753,037, for example, is
a nonselective tracer of ET-A and ET-B (26). It has been
used to successfully visualize myocardium in mice and
dogs. ET-A–selective blockade led to a significant reduc-
tion of tracer accumulation in the heart but not in the lungs,
suggesting that cardiac uptake is predominately mediated
by ET-A (27). An 18F-labeled nonselective tracer for ET-A
and ET-B was introduced by Johnström et al. (28), and the
same group later described a specific tracer for ET-B, 18F-
BQ3020, which showed binding in the lung and kidneys but
not in the heart (29). Our agent, 18F-FBzBMS, has advan-
tages for imaging of the heart in that it combines the longer
half-life of 18F with a selectivity for ET-A as the relevant
endothelin receptor in cardiac tissue.

Some limitations of the present study should be empha-
sized: our study focused on a reliable definition of signal
strength, receptor specificity, and regional distribution of
18F-FBzBMS in myocardium. First, most of the results
were thus obtained using autoradiography and other ex vivo
techniques. In vivo PET was performed in only a small
subset of animals for proof of principle. Clearly, additional
studies with an in vivo PET assay will be necessary to
optimize imaging protocols, to clarify the feasibility of
analysis of dynamic tracer kinetics, and to determine the
in vivo course of ET-A expression after myocardial infarc-
tion. Furthermore, the influence of uptake on surrounding
organs, including high liver and lung uptake, needs to be
determined in more detail in subsequent studies. High liver
uptake may, for example, interfere with imaging of regional
myocardial tissue in the inferior wall because of scatter or
reconstruction artifacts. Our study and prior work by Math-
ews et al. (8) give some support to the usefulness of re-
gional myocardial imaging because they show regionally
homogeneous uptake in healthy conditions, but feasibility
for infarct imaging has not yet been proven. Second, the
exact cell types responsible for the tracer uptake have not
yet been identified. Although relatively strong ET-A ex-
pression on neovasculature is found in the infarct area
at immunohistologic characterization, further experiments
using micoautoradiography or fluorescent analogs of 18F-
FBzBMS need to be considered. Third, we did not perform
in vivo imaging in our infarct model because of expected
complications due to partial-volume effects resulting from
wall thinning after permanent occlusion. We also did not
implement more sophisticated approaches for modeling of
dynamic imaging data. We believe that the development of
such approaches is best achieved in larger animals, for
which prior work with 18F-FBzBMS has already suggested
that kinetics can be accurately determined (8). Last, po-
tential interspecies differences and issues related to per-
manent coronary occlusion need to be considered for
translation to other animal models. But the present study
should be seen as a first step toward a broader implemen-
tation of ET-A imaging in preclinical cardiac imaging
studies.

FIGURE 4. In vivo 18F-FBzBMS PET and

CT images in healthy rats. Images without

blocking show regionally homogeneous
myocardial uptake, without adverse effects

by adjacent organs such as lungs and liver.

Images after pretreatment with oral bosen-

tan effectively abolish cardiac 18F-FBzBMS
uptake. %ID 5 percentage injected dose.
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CONCLUSION

This proof-of-concept study supports the feasibility of
the specific ET-A antagonist 18F-FBzBMS for imaging of
endothelin receptors in the rat heart. Results provide a ra-
tionale for subsequent studies to evaluate the potential of
ET-A–targeted molecular imaging for studying the dynamic
repair process after myocardial damage, for monitoring the
efficacy of endothelin blockade, and for optimizing medi-
cation dose and timing individually.
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