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Summary. Metomidate [(R)-1-(1-phenylethyl)-1H-imida-
zole-5-carboxylic acid methyl ester] (MTO,1, Fig. 1) is
a potent and selective inhibitor of the cytochrome P-450 en-
zyme system in the adrenal cortex. Labelled in the 4-position
with radioiodine, (R)-4-[131I]iodometomidate,2, [131I]IMTO
has been evaluated byin-vitro studies and alsoex-vivo in rats.
[131I]IMTO was synthesized by oxidative radioiododestanny-
lation using a suitable precursor which was prepared by
a new stereoselective synthesis. Optimization of the labelling
reaction was performed by systematic variation of the most
important reaction parameters.Under optimum reaction condi-
tions, a labelling yield of 95% was obtained.In-vitro-stability
of the tracer was studied over 8 days, indicating slow deiodi-
nation (0.27%/h). Displacement studies using [131I]IMTO and
rat adrenal membranes revealed the structural requirements
for high affinity binding, namely an intact ester group and
(R)-configuration of the radioligand. Pharmacokinetic studies
in rats showed fast accumulation of [131I]IMTO in the adrenals
(approx. 10% ID/g tissue) with an activity plateau for 2 hours.
Metabolic degradation was indicated by a steady increase of
renal activity up to 4 hours post injection. Based on target
to non-target ratios the highest contrast for imaging of the
adrenals was observed between 30 and 60 min post injection
of [131I]IMTO. We conclude that SPECT using [123I]IMTO
will be a promising method for the characterization of adrenal
incidentalomas.

Introduction

Clinically silent masses at the site of the adrenals, so-called
incidentalomas, are detected accidentally in approximately
2% of abdominal CT-scans [1, 2]. The majority of inci-
dentalomas consist of benign hormonally inactive adreno-
cortical adenoma, or of metastasis from other tumours,
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Fig. 1. Derivates of metomidate.

cysts, lipomas and pheochromocytomas. Adrenocortical car-
cinoma (ACC) is a rare but highly malignant neoplasm with
poor prognosis. The incidence is approximately 1–2 per
million population per year [3] leading to 0.2% of cancer
deaths [4].

The available radiocholesterol analogs for adrenal scinti-
graphy, [131I]iodomethyl-norcholesterol (NP-59) [5] and
[75Se]selenomethyl-norcholesterol (Scintadren ) [6] have
been especially useful for functional evaluation of benign
adrenal disease [1]. However, the very slow accumulation
of these tracers requires labelling with a long-lived isotope
that leads to a high radiation exposure, and needs patient
compliance for several days.

Adrenocortical enzyme inhibitors achieved wide ap-
plication for the treatment of hypercortisolism [7, 8]. Re-
ports indicated, that inhibitors of the cytochrome P-450
linked 11β-hydroxylase enzyme system bind with high
affinity to adrenocortical tissue at the site of enzyme
production [9, 10]. As a consequence, several radiola-
belled derivatives have been evaluated for medical ap-
plication, radiolabelled metyrapone being the most thor-
oughly investigated ligand [11–21]. Since a few years,
attention has been focused on etomidate (ETO,3), which
was described as the most potent inhibitor of steroid
11β-hydroxylation [22]. ETO is a short-acting hypnotic
drug used clinically as an anesthetic, which reportedly pro-
duced low levels of plasma cortisol in patients receiving
long-term infusion to sustain hypnotic activity [23–25]. In-
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deed, it was demonstrated that ETO interacts selectively
with the mitochondrial cytochrome P-450 species result-
ing in an inhibition of steroid 11β-hydroxylase, responsible
for the synthesis of cortisol and aldosterone in the adrenal
cortex [26].

The first labelled derivative, [11C]MTO was introduced
by Bergström and co-workers [27] showing excellent selec-
tivity and high adrenal uptake in Rhesus monkey with PET.
Clinical data on the differential diagnosis of lesions of the
adrenals with PET have also been reported [28]. [11C]MTO
visualizes non-necrotic adrenocortical carcinoma and their
metastases with high contrast, but due to the limitations
posed by C-11, labelling with longer-lived isotopes was sug-
gested [29]. Consequently, 2-[18F]fluoro-ETO ([18F]FETO)
was recently introduced as a radiotracer for PET [30, 31].

In order to extend the application of the highly specific
ligand MTO, it was the aim of this study to develop (R)-
4-[123I]iodometomidate ([123I]IMTO) as a tracer for SPECT.
For characterization of the radiotracer we used the longer-
lived and inexpensive I-131 as a label.

Experimental

Reagents and materials

Solvents, reagents, ETO, metyrapone, ketoconazole, and de-
oxycorticosterone were purchased from commercial sources
in the highest purity available.1H-NMR spectra were
recorded on a Bruker AM 400 spectrometer in CDCl3 using
the residual solvent peak as internal reference [δ(CHCl3) =
7.24]. Chemical shifts,δ, are given in parts per million.
A Metrohm 702 SM Titrino instrument was used as an
autotitrator. Analytical HPLC was performed on a Jasco
System (PU-980 pump, UV 975 and RI 930) using a Chira-
cel OD-H column, 0.46× 25 cm. Optical rotations were
measured at 20◦C on a Perkin–Elmer 341 polarimeter in
a 1 dm cell.[α]D values are given in 10−1 deg cm2 g−1.

N.c.a. [123I]NaI and [131I]NaI in 0.02 N NaOH were pur-
chased from Research Center Karlsruhe, Germany and Ny-
comed Amersham Buchler, Germany, respectively.

GF 52 glass fiber filters wereobtained from Schleicher &
Schuell, Germany.

Chemistry

For the synthesis of a suitable precursor5 and standard
4 a new stereoselective synthesis was developed, which
is based on coupling of two building blocks (Fig. 2). The
racemic alcohol7 was chloroacetylated and the correspond-
ing racemic ester8 resolved enzymatically in a biphasic
system using lipase SAM II [32]. Alcohol (R)-7 and the
ester (S)-8 were separated and the latter saponified yield-
ing the desired alcohol (S)-7. The most crucial step of
the synthesis was the coupling of the alcohol (S)-7 with
methyl 1H-imidazole-5-carboxylate using the Mitsunobu-
reaction [33, 34] at low temperature yielding IMTO4.
Similar, (S)-MTO was preparedfrom (R)-1-phenylethanol.
Finally, the exchange of iodine for the trimethylstannyl sub-
stituent was catalysed by a palladium complex and furnished
the precursor5.

Fig. 2. Synthetic route to IMTO4 and the stannylated precursor5.

(R,S)-1-(4-Iodophenyl)ethyl chloroacetate (R,S)-8

Dry pyridine (6.0 mL) and chloroacetic anhydride (6.2 g,
36.26 mmol) were added to a stirred solution of (R,S)-1-(4-
iodophenyl)ethanol (5.95 g, 24.0 mmol) in dry dichlorome-
thane (100 mL) at 0◦C under an atmosphere of argon. When
the reaction was finished (2 h), water (40 mL) and concen-
trated hydrochloric acid (3.6 mL) were added. After stir-
ring for 10 min, the organic phase was separated and the
aqueous phase was extracted with dichloromethane (3×
15 mL). The combined organic phases were washed with
water (50 mL) and a saturated solution of sodium hydrogen
carbonate (25 mL), dried (sodium sulfate) and evaporated
under reduced pressure. Theresidue was purified by flash
chromatography (hexane-dichloromethane 3: 2) on silica
gel and bulb to bulb distillation (0.1 mm Hg/105◦C) to give
(R,S)-1-(4-iodophenyl)ethyl chloroacetate (7.09 g, 91%) as
a colourless liquid, which crystallised spontaneously; mp
50–51◦C. 1H-NMR 1.54 (3H, d, CH3CH), 4.03 (2H, d,
CH2Cl), 5.90 (1H, q, CH3CH), 7.08 (2H, d, 2× Harom), 7.68
(2H, d, 2× Harom).

Enzymatic hydrolysis of (R,S)-1-(4-Iodophenyl)ethyl
chloroacetate (R,S)-8

Racemic 1-(4-iodophenyl)ethyl chloroacetate (0.835 g,
2.57 mmol), t-butyl methyl ether (4 mL), phosphate buffer
(50 mmol, sterile, 17 mL) and lipase SAM II (96 mg) were
stirred vigorously at room temperature. The pH was kept
constant at 7.0 by addition of 0.5 N sodium hydroxide using
an autotitrator.

98% of the calculated amount of base were consumed in
2.6 h. The reaction was stopped after another 14 h by ad-
justing the pH to about 2.0 using 2 N hydrochloric acid.
Water (100 mL) was added and ester and alcohol were ex-
tracted with dichloromethane (3×200 mL). The combined
organic layers were washed with water and a saturated so-
lution of sodium hydrogen carbonate (50 mL each), dried
(sodium sulfate), and evaporated under reduced pressure to
leave a residue which was purified by flash chromatography
(hexane-dichloromethane 3: 2 for chloroacetate, hexane-
dichloromethane 1: 2 for alcohol) on silica gel to give (S)-
1-(4-iodophenyl)ethyl chloroacetate (0.367 g, 44%,[α]20

D =
−82.57 (c 2.57 in acetone), ee= 98% and[α]20

D = −35.68
(c 2.04 in acetone) after chemical hydrolysis as a liquid
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and (R)-alcohol (0.393 g, 43%, ee 98%;[α]20
D = +35.92 (c

1.96 in acetone) before crystallisation from petroleum ether
(40–60◦C)-dichloromethane, afterwards[α]20

D = +35.95 (c
2.05 in acetone); mp 48–49◦C as a crystalline solid.

(S)-1-(4-Iodophenyl)ethanol (S)-7

(S)-1-(4-iodophenyl)ethyl chloroacetate(S)-8 (0.340 g,
1.05 mmol) was dissolved in methanol/sodium methoxide
(17 mL, obtained by dissolving 69 mg of sodium in 30 cm3

of dry methanol). After 1 h, water (few drops) was added
and the solution was concentrated under reduced pressure.
Water (30 mL) and dichloromethane (15 mL) were added.
The organic layer was separated and the aqueous one was
extracted with dichloromethane (2×15 mL). The combined
organic layers were dried (sodium sulfate) and evaporated to
leave a residue, which was purified by flash chromatography
(hexane-dichloromethane 1: 2) to give(S)-7 (0.240 g, 92%,
ee≥ 98%) as a crystalline solid.

(R)-(+)-Methyl 1-[1-(4-iodophenyl)ethyl]-
1H-imidazole-5-carboxylate 4

A solution of (S)-alcohol(S)-7 (1.98 g, 7.98 mmol, ee>
98%) in dry THF (14.5 mL) was added dropwise to a stirred
solution of methyl 1H-imidazole-5-carboxylate (1.008 g,
7.98 mmol) and triphenylphosphane (2.503 g, 9.43 mmol) in
dry THF (22.0 mL) in an atmosphere of argon at−30 ◦C.
Then, a solution of di-t-butyl azodicarboxylate (2.204 g,
9.57 mmol) in dry THF (14.5 mL) was added and the stirred
reaction mixture was allowed to warm up from−30◦C to
0 ◦C within 2.5 hr. No alcohol could by detected by TLC
(diethyl ether-diisopropylamine 10: 1). The reaction mix-
ture was concentrated under reduced pressure. The residue
was mixed with diethyl ether (36 mL) and stirred for 2 h.
The crystals (triphenylphosphaneoxide and hydrazo ester)
were collected and washed with diethyl ether (3×15 mL).
The filtrate was evaporated under reduced pressure to leave
a residue, which was purified by flash chromatography
(hexane-diethyl ether-diisopropylamine 50: 30 : 1) on silica
gel to give IMTO4 (1.91 g, 67%, ee 99%);[α]20

D = +76.0
(c 1.09 in acetone).1H-NMR 1.81 (3H, d, CH3CH), 3.77
(3H, s, OCH3), 6.26 (1H, q, CH3CH), 6.88 (2H, d, 2×
Harom), 7.63 (2H, d, 2× Harom), 7.73 (1H, s, Hhetarom), 7.75
(1H, d, Hhetarom).

(R)-(+)-Methyl 1-[1-(4-trimethylstannylphenyl)ethyl]-
1H-imidazole-5-carboxylate 5

Hexamethylditin (0.645 g. 3.2 mmol, 6.5 mL of a solu-
tion of 1.0 g hexamethylditin in 10 mL of dry toluene),
tetrakis(triphenylphosphane)palladium (58 mg, 5 mol %)
and triethylamine (1.6 mL, 11.6 mmol) were added to
a stirred solution of IMTO4 (0.368 g, 1.03 mmol, ee> 98%)
in an atmosphere of argon and refluxed (bath temperature
135◦C) for 17 hr. The cooled solution was concentrated
under reduced pressure and the residue was purified by flash
chromatography (hexane-diethyl ether-diisopropylamine
60 : 30 : 1) on silica gel to give5 (0.377 g, 96%) as a crys-
talline solid mp 77–79◦C (from hexane);[α]20

D = +82.09
(c 2.06 in acetone).

1H-NMR 0.25 (9 H, s,(CH3)3Sn,117/119Sn satellites), 1.82
(3H, d, CH3CH), 3.77 (3H, s, OCH3), 6.30 (1H, q, CH3CH),
7.13 (2H, d, 2× Harom, 117/119Sn satellites), 7.43 (2H, d, 2×
Harom, 117/119Sn satellites), 7.71 (1H, s, Hhetarom), 7.74 (1H s,
Hhetarom).

(R)-(+)-Methyl 1-[1-phenylethyl]-
1H-imidazole-5-carboxylate (MTO, 1)

A solution of ETO (0.10 g, 0.405 mmol) in dry methanol/

sodium methoxide (5 mL, 1 M) was kept for 5 h at room
temperature. After neutralisation with acetic acid, the
solution was concentrated under reduced pressure, di-
luted with water (2 mL) and extracted three times with
ethyl acetate. The combined organic layers were dried
(MgSO4) and concentrated under reduced pressure to leave
a residue, which was purified by flash chromatography
(diethylether/diisopropylamine 10/1) on silica gel to give
MTO (0.066 g, 71%) as a viscous oil;[α]20

D = +77.09 (c 1.1,
acetone), spectroscopically identical with an authentic sam-
ple of 1.

(S)-(-)-Methyl 1-[1-phenylethyl]-
1H-imidazole-5-carboxylate (S-MTO, S-1)

(R)-(+)-1-Phenylethanol (0.244 g, 2 mmol, ee 99% by
HPLC) was transformed into (S)-MTO using the Mitsunobu
reaction under the conditions described above; flash chro-
matography (hexane/diethylether/diisopropylamine 60/
30/1) gave 0.237 g (51%) of viscous product;[α]20

D =
−78.36 (c 2.075, acetone); ee 99%, spectroscopically iden-
tical with an authentic sample of the (R)-(+) enantiomer of
MTO.

(R)-1-(1-Phenylethyl)-1H-imidazole-5-carboxylic acid
(MTO-acid, 6)
6 was obtained by hydrolysis of ETO in approx. 10 N NaOH
solution as previously described [23]: mp 156.3 ◦C; [α]20

D =
+62.8 (c 1.0 in water).

Radiosynthesis of [123/131I]IMTO

Labelling is performed in a sealed conical vial containing
30µg of the stannylated precursor in 30µL ethanol and
[123/131I]NaI in 0.02 N NaOH. To initiate the reaction 6µL
1 N HCl and 10µL chloramine-T (1.5 mg/mL) were added.
The reaction was allowed to proceed at room temperature for
1 min and quenched by the addition of 6µL 1 N NaOH.

For HPLC-determination of the specific activity of radio-
labelled IMTO a calibration curve (linear regression analysis
of mass from solutions of known IMTO-concentrations ver-
sus peak area of UV-absorption) was plotted. Due to the
low detection limit (1.5 ng, 4 pmol) of IMTO at 254 nm this
wavelength was chosen without recording a UV spectrum.

HPLC system

Radio-HPLC was performed on a system consisting of
a Shimadzu pump (LC-10AT) and a Shimadzu UV/vis
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detector (SPD-10A) with a wavelength of 254 nm. Sam-
ple injection was accomplished by a Rheodyne-Injector-
block (7725i). For measurement of radioactivity the outlet
of the UV detector was connected to a NaI(Tl) scintilla-
tion detector (Berthold LB 1200) and the recorded data
was processed by a software system (Shimadzu Class-VP).
Purification and quality control of [131I]IMTO was per-
formed using a C18 phase (Nucleosil 100-7 250×4.6 mm,
CS Chromatographie Service, Langerwehe, Germany), elu-
ent: CH3OH/H2O/diethylamine 60/40/0.2 v/v/v, flow:
1.5 mL/min. Capacity factor of [131I]IMTO: k′ = 6.8.

Formulation

The [131I]IMTO containing HPLC fraction was evaporated
to dryness at room temperature under reduced pressure.
Heating during this step should be strictly avoided in order
to suppress deiodination and to maintain high radiochem-
ical purity. For i.v.-injection, the residue was redissolved
in a suitable volume of saline and passed through a sterile
0.22µm Millipore filter into a sterile vial.

In-vitro stability

To the HPLC eluate containing [131I]IMTO different amounts
of ascorbic acid were added, because for this antioxi-
dant a stabilizing effect on [131I]MIBG-solutions was de-
scribed [35]. The product was formulated as before and
stored for one week at+4 ◦C. Aliquots (100µL) were exam-
ined at daily intervals for free iodide using HPLC-analysis.

Binding assay

Whole adrenals from adult male Wistar rats were ho-
mogenized in 100 parts of homogenisation buffer (10 mM
K2HPO4/10 mM HEPES, pH 7.1, 4◦C) with a glass/teflon
homogenizer (Potter-type). The homogenate was centrifuged
at 35000× g for 10 min at 4◦C, the pellet was resus-
pended in 100 parts fresh buffer and centrifuged again.
Membranes were washed twice (the first washing step in-
cluded a 10 min warming to 37◦C) and stored as aliquots
at −80◦C. For binding experiments, a sufficient quantity of
suspension was thawed, diluted in incubation buffer (10 mM
K2HPO4/10 mM HEPES, 150 mM NaCl, pH 7.1) and cen-
trifuged once more.

Glass vials containing 0.5 ml of incubation buffer,
20000–40000 cpm [131I]IMTO together with 2 nM IMTO
as carrier (i.e. 1 pmol/vial, resulting in a specific activ-
ity of 330–660 GBq/mmol), and the adrenal membrane
suspension corresponding to 0.06 mg tissue/vial, were im-
mersed in a 23◦C water bath for 20–30 minutes. After
incubation, membranes with bound radioligand were iso-
lated by filtration through glass fibre filters (presoaked in
buffer), followed by 2×4 mL washings with buffer, then
filters were measured in a gamma-counter. Compounds to
be evaluated as competitive inhibitors of [131I]IMTO bind-
ing were incubated at 0.01–100 nM concentrations. ETO
carrier (10µM) was used to determine non-specific bind-
ing. Inhibition data were fitted by non-linear, least squares
regression analysis (Origin, Microcal, Inc.) to the formula
B(x) = Bo × ICnH

50 /(ICnH
50 + xnH) +NB, where Bo is total

binding in the absence of inhibitor,nH the Hill coefficient,
x the inhibitor concentration, and NB is non-specific bind-
ing. From theseIC50 values,K i values were obtained by
the equation:K i = IC50/(1+ L/KD), whereL is 2 nM (the
concentration of the radioligand) andKD is 7.4 nM.

Biodistribution of [131I]IMTO

Biodistribution studies were performed according to the Na-
tional Institutes of Health principles of laboratory animal
care [36] and Austrian national law, approved by local gov-
ernment (Permit No. VI/4-TVG-41).

[131I]IMTO with a radiochemical purity> 99% and
a specific activity of 1.0 GBq/µmol was used. The radio-
tracer (0.5–1.1 MBq) was injected into the tail vein of
Wistar rats (female, 180–220 gram). Groups of four rats
were bled and sacrificed under ether anesthesia at speci-
fied times (10, 30, 60, 120 minutes, 4, 6, 18 and 24 hours)
post injection. Blood and twelve organs, namely heart, lung,
liver, jejunum, caecum, large intestine, stomach, spleen,
kidneys, adrenals, ovaries, and thyroid were excised and
weighed. The radioactivity was measured at constant geom-
etry using a gamma-counter with a NaI(Tl)-crystal. Results
were expressed as percentage of injected dose per organ
(%ID/organ) and per gram of tissue (%ID/g) [37].

Toxicology

The toxicology study of IMTO was performed by BSL
Bioservice, Planegg, Germany and followed internationally
accepted guidelines and recommendations. 5 male and 5 fe-
male mice were treated in a single exposition with 2.0µg/kg
bw of IMTO by intravenous injection. This dosing regime
ensured a dosage per animal which is the 100-fold of the
expected dosage in clinical use. A careful examination was
made once a day. At the end of the observation period the
animals were sacrificed and necroscopy was carried out to
record gross pathological changes.

Additionally, a reverse mutation assay using bacteria
(Ames-test) was performed with a maximum of 100µg/

plate, corresponding to the 100-fold clinical dose.

Results and discussion

Radiosynthesis

The radiosynthesis of [131I]IMTO via an oxidative ra-
dioiododestannylation reaction was optimized with regard
to the most important reaction parameters. Highest radio-
chemical yields of 95% were obtained with very small
amounts of chloramine-T (> 1.0µg) and the stannylated
precursor (Fig. 3) and enabling a clean HPLC-separation
using analytical columns. Even 1.0µg of the stannylated
precursor were sufficient for obtaining high RCY; opti-
mal RCY were obtained by the use of 30µg of the tin
compound. The labelling should be performed at a pH
of 0.5–2.0 (Table 1) within a very short reaction time of
> 30 s at room temperature. Most investigated oxidizing
agents provided high radiochemical yields, except for a mix-
ture of the enzymes lactoperoxidase and glucose oxidase
(25%–30% RCY). Chloramine-T and potassium iodate
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Fig. 3. Effect of the amount of precursor on the RCY of [131I]IMTO;
pH = 1, 15µg Chloramine-T, 3 min at RT,n = 3.

Table 1. Effect of pH on RCY of [131I]IMTO; 30 µg precursor, 15µg
Chloramine-T, 1 min RT,n = 3.

pH RCY [%]

0.0 43.8± 8.4
0.5 94.7± 3.3
1.0 95.1± 2.8
1.5 95.3± 2.4
2.0 92.7± 2.9
3.0 51.7±13.1
4.0 1.9± 0.8

(95% RCY) were slightly superior compared to Iodogen
and peracetic acid (85%–90% RCY). Finally we chose
chloramine-T for labelling because potassium iodate is a po-
tential source of iodide carrier. The observed specific ac-
tivities of 50 GBq/µmol ([123I]IMTO) and 1.0 GBq/µmol
([131I]IMTO) and the radiochemical purity> 97% were suf-
ficiently high for the performance ofin-vitro and in-vivo
studies.

In-vitro stability

HPLC-analysis of formulated [131I]IMTO ( n = 2) demon-
strated a linear and considerable loss of radioiodine with
time (0.27% per hour). Addition of 2 mg of ascorbic acid
(n = 2) had no significant stabilizing effect, while the add-
ition of 10 mg of ascorbic acid (n = 1) surprisingly in-
creased deiodination considerably. However,in-vitro studies
with [131I]IMTO showed only a slight increase of back-
ground activity over time.

Radioligand binding

Typical displacement curves are presented in Fig. 4. The cal-
culated IC50 values are listed in Table 2 and indicate the

Fig. 4. Inhibition of specific [131I]IMTO binding by ETO (circles),
MTO (squares), 11-deoxycorticosterone (triangles), and free acid (di-
amonds), data pooled from 4–11 experiments.

Table 2. Displacement of [131I]IMTO by test compounds.

Ligand IC50-values (nM) (n)

(R)-Metomidate (MTO,1) 3.69±1.92 (6)
(S)-MTO, S-1 492±2.81 (4)
(R)-IMTO, 4 8.98±3.72 (15)
(R)-Etomidate (ETO,3) 1.08±0.42 (11)
MTO-acid6 123 000±41 000 (3)
Metyrapone 1160±790 (5)
Ketoconazole 710±490 (6)
Deoxycorticosterone 890±330 (5)

structural requirements for high affinity binding. The intact
ester function was essential for binding, cleavage of the ester
resulted in deactivation, the free acid (MTO-acid) was prac-
tically inactive (IC50 = 123µM). (R)-configuration of the
chiral C-atom increased specifity, (S)-configuration resulted
in a much lower affinity (IC50 = 492 nM). Limited modifi-
cation of the ester was well tolerated (MTO:IC50 = 3.7 nM;
ETO: IC50 = 1.1 nM). Substitution with iodine resulted in
a slight loss of affinity (IMTO:IC50 = 9.0 nM). Metyrapone
and ketoconazole, two clinically used inhibitors of hypercor-
tisolism, showed micromolar activity (IC50 = 1.2µM and
0.71µM, respectively) when tested with this assay. TheIC50

value of deoxycorticosterone, the natural substrate, indi-
cated similar inhibitory potency.

Biodistribution of [131I]IMTO

[131I]IMTO showed high specific uptake in the adrenals, ap-
prox. 10% ID/g tissue, with a radioactivity plateau lasting
for at least two hours (Fig. 5). The radiotracer is eliminated
by hepatobiliary and renal excretion, indicated by increas-
ing radioactivity in the intestinal tract and in the kidneys.
Renal activity is attributed to [131I]IMTO-acid, which results
from enzymatic cleavage of the methyl ester. The renal ac-
tivity reached a maximum 4 hours post injection, namely
11% of the injected dose. Uptake values two hours post in-
jection expressed as a percentage of the administered dose
are: liver 3.7±1.8%, jejunum 12.3±2.9%, stomach 1.1±
0.2%, kidneys 5.3±4.8%, blood 15.2±4.5%, and lung
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Fig. 5. Distribution of [131I]IMTO in rats.

Table 3. Target/non-target ratios obtained with [131I]IMTO.

Organ 10 30 60 120 (min)

Adrenal/Kidney 7.7 5.7 4.7 2.9
Adrenal/Liver 8.4 13.9 19.7 15.5
Adrenal/Jejunum 9.8 7.2 5.7 5.5
Adrenal/Blood 11.3 11.1 10.7 9.0

1.5±0.3%. Organs such as heart, caecum, large intestine,
spleen, ovaries, and the thyroid, accumulated less than 1 per-
cent of the injected dose. The elimination of the radiotracer
from organs and whole body is described by an effective
half-time of 19.9 hours. 36.2% of the radioactive dose is
retained in the body 24 hours after injection. Whole-body
elimination of radioactivity indicated a slow release caused
mainly by metabolization and deiodination of the radio-
tracer.

Based on calculations of the target-to-non-target concen-
tration ratios the highest contrast for imaging of the adrenals
is observed up to 2 hours post injection (Table 3).

Toxicology

The IMTO-dosages of 2µg/kg bw caused no compound-
related mortality either in the five female or in the five
male animals within 14 days post-dose. All animals survived
throughout the test period showing normal food intake and
weight gain. No weight loss was recorded. At necroscopy
no evidence of gross pathology of organs was found. In the
Ames-tests no signs of mutagenicity were observed.

Conclusions

The selective P-450c11 inhibitor MTO was labelled with
I-131 and I-123 in high yield and purity. The required pre-

cursor and standard compounds were synthesized by a new
stereoselective synthesis.

[131I]IMTO served as a selective radioligand for the char-
acterization of structurally modified MTO derivatives and
related compounds. The high binding potency of MTO was
shown to reside exclusively in the R-isomer, the ester group
being essential for binding. Compounds used clinically to
block the adrenal biosynthesis of cortisol were shown to
displace [131I]IMTO binding. Evaluation of thein-vivo kinet-
ics of [131I]IMTO revealed specific adrenal uptake offering
highest contrast for adrenal imaging within two hours after
administration. During this period there is no interference of
renal activity; on the contrary, renal activity might facilitate
adrenal localization. The results of this study indicate that
rapid and selective adrenal uptake of [131I]IMTO is based
on specific binding to adrenocortical tissue. The excellent
characteristics of the radiotracer encourage us to evaluate
[123I]IMTO for adrenal scintigraphy in a patient study in the
near future.

Acknowledgment. The authors gratefully acknowledge the excellent
cooperation of Dr. Peter Angelberger and his staff at the Austrian
Research Centers, Seibersdorf when performing the biodistribution
studies. This work was supported by the Österreichische Nationalbank,
Jubiläumsfondsproject No. 8680. Part of this work was performed
within the framework of COST Action B12.

References

1. Kloos, R. T., Gross, M. D., Francis, I. R., Korobkin, M., Shapi-
ro, B.: Incidentally discovered adrenal masses. Endocrin. Rev.16,
460 (1995).

2. Allolio, B.: Adrenal Incidentalomas. In:Contemporary En-
docrinology: Adrenal Disorders. (Margois, A. N., Chrousos, G. P.,
eds.) Humana Press Inc., Totawa, New Jersey (2001) pp. 249–261.

3. Dackiw, A. P., Lee, J. E., Gagel, R. F., Evans, D. B.: Adrenal cor-
tical carcinoma. World J. Surg.25, 914 (2001).

4. Wajchenberg, B., Albergaria, P. M., Medonca, B., Latronico, A.,
Campos, C. P., Ferreira, A. V., Zerbini, M., Liberman, B., Car-
los, G. G., Kirschner, M.: Adrenocortical carcinoma: clinical and
laboratory observations. Cancer88, 711 (2000).

5. Basmadjian, G. P., Hetzel, K. R., Ice, R. D., Beierwaltes, W. H.:
Synthesis of a new adrenal cortex imaging agent 6β-[131I]-
iodomethyl-19-norcholest-5(10)en-3ß-ol (NP-59). J. Labelled
Compds. Radiopharm.11, 427 (1975).

6. Sakar, S. D., Ice, R. D., Beierwaltes, W. H., Gill, S. P., Balanchan-
dran, S., Basmadjian, G. P.: Selenium-75-19-selenocholesterol –
a new adrenal scanning agent with high concentration in the
adrenal cortex. J. Nucl. Med.17, 212 (1976).

7. Temple, T. F., Liddle, G. W.: Inhibitors of adrenal steroid biosyn-
thesis. Ann. Rev. Pharmacol.10, 199 (1970).

8. Gower, D. B.: Modifiers of steroid-hormone metabolism: A re-
view of their chemistry, biochemistry and clinical application.
J. Steroid Biochem.5, 501 (1974).

9. Williamson, D. G., O’Donnell, V. J.: The interaction of metopirone
with adrenal mitochondrial cytochrome P-450. A mechanism for
the inhibition of adrenal steroid 11β-hydroxylation. Biochemistry
8, 1306 (1969).

10. Satre, M., Vignais, P. V.: Steroid 11β-hydroxylation in beef
adrenal cortex mitochondria. Binding affinity and capacity of spe-
cific [14C]-steroids and for [3H]metyrapol, an inhibitor for the
11β-hydroxylation reaction. Biochem.13, 2201 (1974).

11. Wieland, D. M., Ice, R. D., Beierwaltes, W. H.: Synthesis of radio-
labeled enzyme inhibitors of the adrenal cortex. J. Nucl. Med.17,
525 (1976).

12. Beierwaltes, W. H., Wieland, D. M., Ice, R. D., Seabold, J. E.,
Sarkar, S. D., Gill, S. P., Mosley, S. T.: Localization of radiola-
beled enzyme inhibitors in the adrenal gland. J. Nucl. Med.17,
998 (1976).



[123/131I ]Iodometomidate as a radioligand for functional diagnosis 303

13. Napoli, J. L., Counsell, R. E.: New inhibitors of steroid 11β-
hydroxylase. Structure-activity relationship studies of metyra-
pone-like compounds. J. Med. Chem.,20, 762 (1977).

14. Beierwaltes, W. H., Wieland, D. M., Mosley, S. T., Swanson, D. P.,
Sarkar, S. D., Freitas, J. E., Thrall, J. H, Herwig, K. R.: Imaging
the adrenal glands with radiolabeled inhibitors of enzymes: con-
cise communication. J. Nucl. Med.19, 200 (1978).

15. Beierwaltes, W. H., Wieland, D. M., Yu, T., Swanson, D. P., Mos-
ley, S. T.: Adrenal imaging agents: rationale, synthesis formula-
tion, and metabolism. Semin. Nucl. Med.8, 5 (1978).

16. Zolle, I., Robien, W., Bergmann, H., Höfer, R.:123(131) I-Metyra-
pone for imaging of the adrenal cortex. In:Radioaktive Isotope
in Klinik und Forschung. (Höfer, R., Bergmann, H., eds.) Verlag
H. Egermann, Vienna (1982) Vol. 15(2), pp. 589–595.

17. Robien, W., Zolle, I.: Synthesis of radioiodinated metyrapone –
a potential adrenal imaging agent. Int. J. Appl. Radiot. Isot.34,
907 (1983).

18. Hays, S. J., Tobes, M. C., Gildersleeve, D. L., Wieland, D. M., and
Beierwaltes, W. H.: Structure-activity relationship study of the in-
hibition of adrenal cortical 11β-hydroxylase by new metyrapone
analogues. J. Med. Chem.27, 15 (1984).

19. Zolle, I., Halldin, Ch., Yu, J., Berger, M.: [11C]-2-Methoxy-
phenylmetyrapone for PET. J. Labelled Compds. Radiopharm.32,
547 (1993).

20. Yu, J., Mertens, J., Rakias, F., Zolle, I.: Synthesis of radio-2-iodo-
phenylmetyrapone using Cu(I)-assisted nucleophilic exchange la-
belling: Study of the reaction kinetics. Nucl. Med. Biol.22, 257
(1995).

21. Schirbel, A., Coenen, H. H.; Comparison of non-isotopic ex-
change methods for n.c.a. labelling of 2-iodophenyl-metyrapone.
Nucl. Med. Biol.22, 1075 (1995).

22. Engelhardt, D.: Steroid biosynthesis inhibitors in Cushing’s syn-
drome. Clin Investig.72, 481 (1994).

23. Godefroi, E. F., Janssen, P. A. J., Van der Eycken, C. A. M., Van
Heertum, A. H. M. T., Niemegeers, C. J. E.: DL-1-(1-Arylalkyl)-
imidazole-5-carboxylate esters. A novel type of hypnotic agents.
J. Med. Chem.8, 220 (1965).

24. Fellows, I. W., Byrne, A. J., Allison, S. P.: Adrenocortical suppres-
sion with etomidate. The Lancet 54 (1983).

25. Allolio, B., Stuttmann, R., Fischer, H., Leonhard, W., Winkel-
man, W.: Long-term etomidate and adrenocortical suppression.
The Lancet 626 (1983).

26. van den Bossche, H., Willemsens, G., Cools, W., Bellens, D.: Ef-
fects of etomidate on steroid biosynthesis in subcellular fractions
of bovine adrenals. Biochem. Pharmacology33, 3861 (1984).

27. Bergström, M., Bonasera, T. A., Lu, L., Bergström, E., Back-
lin, C., Juhlin, C., Långström, B.:In vitro and in vivo primate
evaluation of carbon-11-etomidate and carbon-11-metomidate as
potential tracers for PET imaging of the adrenal cortex and its
tumors. J. Nucl. Med.39, 982 (1998).

28. Bergström, M., Juhlin, C., Bonasera, T. A., Sundin, A., Rastad, J.,
Åkerström, G., Långström B.: PET imaging of adrenal cortical tu-
mors with the 11β-hydroxylase tracer 11C-metomidate. J. Nucl.
Med. 41, 275 (2000).

29. Khan, T. S., Sundin, A., Juhlin, C., Långström, B., Bergström, M.,
Eriksson, B.:11C-metomidate PET imaging of adrenocortical can-
cer. Eur. J. Nucl. Med.30, 403 (2003).

30. Wadsak, W., Mitterhauser, M.: Synthesis of [18F]FETO, a novel
potential 11β-hydroxylase inhibitor. J. Label. Compds. Radio-
pharm.46, 379 (2003).

31. Mitterhauser M, Wadsak, W., Wabnegger, L., Sieghart, W., Viern-
stein, H., Kletter, K., Dudczak, R.:in vivo andin vitro evaluation
of [18F]FETO with respect to the adrenocortical and GABAergic
system in rats. Eur. J. Nucl. Mol. Imaging30, 1398 (2003).

32. Laumen, K., Schneider, M. P.: A highly selective ester hydrolase
from Pseudomonas Sp. for the enzymatic preparation of enan-
tiomerically pure secondary alcohols; Chiral auxiliaries in organic
synthesis. J. Chem. Soc. Chem. Commun. 598 (1988).

33. Mitsunobu, O.: The use of diethyl azodicarboxylate and triph-
enylphosphine in synthesis and transformation of natural prod-
ucts. Synthesis 1 (1981).

34. Botta, M., Summa, V., Trapassi, G., Monteagudo, E., Corelli, F.:
Stereospecific synthesis of 1-alkylimidazole derivativesvia Mit-
sunobu reactions. Tetrahedron: Asymmetry5, 181 (1994).

35. Wafelman, A. R., Konings, M. C. P., Hoefnagel, C. A., Maes,
R. A. A., Beijnen, J. H.: Synthesis, radiolabelling and stability of
radioiodinated m-iodobenzylguadinine, a review. Appl. Radiat.
Isot.45, 997 (1994).

36. Guide for the care and use of laboratory animals. NIH publica-
tion No. 8, Government Printing Office, Washington, DC (1985)
pp. 5–23.

37. Schirbel, A., Kvaternik, H., Hammerschmidt, F., Berger, M. L.,
Zolle, I.: in vivo evaluation of new labelled derivatives of etomidate
for adrenal imaging. J. Nucl. Med.44(Suppl. 5), 154P (2003).


