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a b s t r a c t
SunitinibÒ (SU11248) is a highly potent tyrosine kinase inhibitor targeting vascular endothelial growth
factor receptor (VEGFR). Radiolabeled inhibitors of RTKs might be useful tools for monitoring RTKs levels
in tumour tissue giving valuable information for anti-angiogenic therapy. We report here the synthesis of
a 125I-labeled derivative of sunitinibÒ and its ﬁrst radiopharmaceutical characterization.
The non-radioactive reference compound 5-iodo-sunitinib 4 was prepared by Knoevenagel condensation of 5-iodo-oxindole with the corresponding substituted 5-formyl-1H-pyrrole. In a competition binding assay against VEGFR-2 a binding constant (Kd) of 16 nM for 4 was found. The ability of 4 to inhibit
tyrosine kinase activity was demonstrated on RTK expressing cells suggesting this radiotracer as a useful
tool for monitoring VEGFR expression. 5-[125I]lodo-sunitinib, [125I]-4 was obtained via destannylation of
the corresponding tributylstannyl precursor with [125I]NaI in the presence of H2O2 in high radiochemical
yield (>95%) and radiochemical purity (<98%) after HPLC puriﬁcation. Determination of human plasma
protein binding at time intervals of 0; 1; 2; 4 and 24 h suggested a low non-speciﬁc binding of 5-10%.
Preliminary biodistribution studies of [125I]-4 in healthy CD-1 mice showed a relatively high uptake in
VEGFR-2 rich tissues like kidney and lung followed by rapid washout (9.6 and 9.7; 4.5 and 3.8% ID/g of
kidney and lung at 1 and 4 h, respectively).
Ó 2012 Elsevier Ltd. All rights reserved.

The vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) have been well validated targets for
treatment of cancer due to their important roles in the growth
and nutrition of tumours. The receptor tyrosine kinases (RTKs) of
both growth factors have been found to be overexpressed in melanoma and glioma cells and by participating in the transmission
of signals for proliferation, migration and differentiation between
tumour and endothelial cells and they are considered as master
switches in tumour angiogenesis.1
The increasing number of targeted tumor therapies includes
treatment with inhibitors of RTKs and is accompanied with a more
sensitive need for dose optimization and monitoring therapeutic
response. Direct non-invasive molecular imaging of tumour vascularization and angiogenic processes in vitro would facilitate the
selection of patients and help to evaluate the efﬁcacy of anti-angiogenic therapies.2–4 Radionuclide-based imaging technologies, like
PET and SPECT, are progressively affecting the clinical diagnosis
and treatment of cancer. A reliable and accurate in vivo quantitative method to determine the levels of VEGFR-expression would
⇑ Corresponding author. Tel.: +49 351 260 2760; fax: +49 351 260 2915.
E-mail address: t.kniess@hzdr.de (T. Kniess).
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help to develop a customized VEGFR-targeted cancer therapy. Consequently small molecule RTK inhibitors have been radiolabeled
with positron emitters (ﬂuorine-18, carbon-11) and SPECT radioisotopes (technetium-99m, iodine-123) as radioactive probes for
imaging RTK expression.5 Recent efforts employing the 4-anilinoquinazoline scaffold (characteristic of EGFR tyrosine kinase inhibitors) included the development of 11C-PAQ.6 Immunohistochemical analysis of receptor expression in different xenograft models
has indicated that the radiotracer uptake in tumour correlated well
with variations in the VEGFR-2 expression. Other 11C-labeled compounds for this target, based upon anindole-maleimide core have
been published. However in spite of the encouraging in vitro results, the radiolabeled lead tracer failed to accumulate in VEGFR2 overexpressing tumors.7 Dual receptor probes for VEGF/PDGF
tyrosine kinase, radiolabeled with carbon-11 or ﬂuorine-18 were
prepared as well, by but the evaluation of their potential as PET
angiogenic probes is still underway.8,9 Similarly to radiotracers
developed for EGFR tyrosine kinase10–13, radiotracers targeting
VEGFR tyrosine kinase have not proved yet to be useful for clinical
applications despite promising in vitro evaluations and systematic
studies to determine optimal properties for imaging this target are
still warranted.5
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Among the known radioiodo-demetallation reactions, the radioiodo-destannylation is the most favoured method due to theease
of preparation and chemical stability of stannyl precursors.17,18
Since stannyl precursors are well established for the radioiodination of various aromatic compounds we investigated the preparation of a trialkylstannyl analogue of 5-iodo-sunitinib. Initially the
iodinated compound 4 was treated with hexabutylditin in the
presence of catalytic amount of Pd(PPh3)2Cl2. However, in our case
the palladium-(0) catalyzed cross-coupling reaction did not afford
the desired 5-tributylstannylated sunitinib derivative, but a complex mixture of products that was impossible to purify. To overcome this drawback we decided to synthesize an alternative
starting compound, 5-bromo-sunitinib 5, that is available by Knoevenagel condensation of 5-bromoindoline-2-one 2b with the aldehyde 3 (Scheme 2) and could be obtained in 96% yield. The
palladium-(0) catalyzed stannylation of the aryl bromide, 5-bromo-sunitinib 5 with hexabutylditin proceeded in dioxan at reﬂux
temperature for 17 h. 5-Tributylstannylated radiolabeling precursor 6 was formed and could be isolated after puriﬁcation by column chromatography in 41% yield (Scheme 2).
The exocyclic double bond on 3-position of the oxindole as
found in molecules of sunitinib type can show an E/Z isomerism
that is expressed for instance in the appearance of two different
signals in the UV-detection of HPLC analysis. This behaviour has already been referred for semaxanibÒ (SU5416), a similar molecule,
by Sistla et al. who found that in solid state the compound only exists in the Z-conﬁguration, whereas a dissolution and exposure to
light results in the formation of an E-isomer, which in the dark is
converted back to the Z isomer.19 It was documented, that up to
22% E-isomer of SU5416 can be formed and that in strong acidic
and strong basic HPLC eluent systems the isomerization is suppressed. Similar properties should be expected for sunitinibÒ, however we could not ﬁnd any hint for this in the literature. The ﬁrst
indication was given during setting up a HPLC method for the analytical characterization of 5-iodo-sunitinib 4, where by the appearance of a second signal the formation of the E-isomer of 4 was
suspected. This occurred after handling the dissolved compound
for some hours at daylight and was unattached by the pH-value
of the HPLC eluent in opposite to the ﬁndings of Sistla et al. To clarify this phenomenon, anticipating future radiolabeling experiments—since two radiolabeled isomers should be expected as
well—we have collected the fractions corresponding to these two
peaks in separate vials and investigated them by mass spectrometry. For both fractions the same mass signal of ESI-MS m/z = 507.43
(M+H) was found (data not shown).
In addition the isomerization of 5-iodo-sunitinib 4 was conﬁrmed by 1H NMR experiments; a sample of 4 was dissolved in
deuterated DMSO, and the 1H NMR spectrum was taken from the
fresh dissolved solution. The vinyl proton of the Z-isomer was detected at 8.22 ppm whereas the aromatic protons of H-4 and H-6

Small molecule tyrosine kinase inhibitors based on the indoline-2-one type like semaxanibÒ (SU5416), TSU68Ò (SU6668) and
sunitinibÒ (SU11248) have shown high inhibition values for VEGFR
and PDGFR or both (Scheme 1). The 5-ﬂuoro-substituted derivative
sunitinibÒ was approved in 2006 as a chemotherapeutic drug for
treatment of renal cell carcinoma (RCC) and gastrointestinal stromal tumours (GIST).
Efforts to design radiolabeled VEGFR RTK inhibitors also pursued the radiolabeling of known inhibitors or their analogues. For
example, the radiosynthesis of 18F-sunitinib by radioﬂuorination of
the corresponding nitro-precursor has been described, however, as
far as we know no radiopharmacological data were provided up to
now.14 We have contributed to this topic by the development of
the ﬂuorine-18 radiolabeled VEGFR inhibitor 18F-SU5205 as a possible radiotracer for imaging VEGFR-RTKs, but the tracer failed to
show a speciﬁc uptake in tumors.15
Our aim with ongoing studies was to focus on the oxindole
structure of sunitinibÒ owing to its high cellular activity against
VEGF and PDGF (IC50 = 0.08 lmol) and to search for an alternative
labeling position and for an alternative radioisotope respectively.
The chemical structure gives less possibility for further nucleophilic attack with [18F]ﬂuorine, hence we came to the decision to
develop an iodinated derivative of sunitinibÒ, as the well-established radioisotopes of iodine (123I, 124I and 125I) could lead to potential useful radiotracers for SPECT and/or PET.
The present paper describes the synthesis of N-[2-(diethylamino)ethyl]-5-[(Z)-(5-iodo-1,2-dihydro-2-oxo-3H-indole-3-ylidine)methyl]-2,4-dimethyl-1H-pyrrole-3-carboxamide 4 (5-iodosunitinib) and the radiosynthesis of its 125I-radiolabeled analogue
125
I-4 and reports its preliminary radiopharmacological evaluation.
The nonradioactive compound N-[2-(diethylamino)ethyl]-5[(Z)-(5-iodo-1,2-dihydro-2-oxo-3H-indole-3-ylidine)methyl]-2,4dimethyl-1H-pyrrole-3-carboxamide 4 (5-iodo-sunitinib) was synthesized for biological evaluation studies and used as reference for
the optimization of HPLC elution conditions. The synthetic route
proceeded according to a published procedure for the synthesis
of sunitinibÒ, where a substituted indoline-2-one (oxindole)
is reacted with an aldehyde by a Knoevenagel condensation
(Scheme 2).1 The 5-iodo-indoline-2-one 2a, was prepared by oxidation of commercially available 5-iodoindole 1a with pyridiniumbromide perbromide (PBPB) in acetic acid following a
recently published procedure.16 The aldehyde, N-[2-(diethylamino)ethyl]-2,4-dimethyl-5-formyl-1H-pyrrole-3-carboxamide
3, synthesized as described in the literature1 was reacted with the
starting oxindole 2a in the presence of piperidine in ethanol affording 5-iodo-sunitinib 4 in 76% yield, a compound that has not been
described so far (Scheme 2).
Electrophilic radioiodinations on non-activated aromatic systems are usually performed by means of various demetallation
techniques that require organometallic compounds as precursors.
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Scheme 1. Structures of the RTK inhibitors based on indoline-2-one.
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Figure 1. 1H NMR-spectra of 4 in DMSO-d before (upper part) and after exposure of light (lower part)

appeared at 7.41 ppm and 7.42 ppm respectively (Fig. 1, upper
part). After exposure to light for 24 hours the 1H NMR of the same
sample was again recorded. In Fig. 1(lower part) is the appearance
of new signals originating from the E-isomer demonstrated. So for
example at 7.89 ppm the vinyl-proton, at 7.48 ppm the H-6 proton
and at 7.36 ppm the H-4 proton of the E-isomer of 5-iodo-sunitinib
4 can be found.

Due to the lack of information concerning the inhibitory properties of the new synthesized 5-iodo-sunitinib 4 the compound was
submitted to a comprehensive test system for screening compounds against large number of human kinases, KINOMEscanTM.
This system is based on a competition binding assay that quantitatively measures the ability of a compound to compete with an
immobilized, active-site directed ligand. The assay is performed
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by combining three components: DNA-tagged kinase; immobilized
ligand and the test compound. The ability of the test compound to
compete with the immobilized ligand is measured via quantitative
PCR of the DNA tag.20
For testing 5-iodo-sunitinib 4 against VEGFR-2 an 11-point 3fold serial dilution of 4 was prepared in 100% DMSO at 100 ﬁnal
test concentration and subsequently diluted to 1 in the assay (ﬁnal DMSO concentration = 2.5%). The binding constant (Kd) was calculated from a standard dose-response curve using the Hill
equation. Curves were ﬁtted using a non-linear least square ﬁt
with the Levenberg-Marquardt algorithm. Fig. 2 displays the curve
image for 5-iodo-sunitinib 4, the amount of kinase measured by
qPCR (y-axis) is plotted against the concentration of 4 in nM in
log 10 scale (x-axis). In a duplicated experimental determination
a Kd value of 16 nM for 5-iodo-sunitinib 4 for the inhibition of VEGFR-2 was found. This Kd value is adequately low to justify classiﬁcation of 4 as an inhibitor of VEGFR-2, as for the lead compound
sunitinib a Ki value of 9 nM has been published.21
The ability of 4 to inhibit cell proliferation, a mandatory prerequisite for further studies on RTK expressing cells was evaluated by
MTT assay in two VEGFR expressing cell lines, primary endothelial
HAEC and cancer HT29 cells in comparison with the sunitinibÒ.
This assay measures the amount of MTT reduced by a mitochondrial enzyme and assumes that it is proportional to the cell viability. The potency to inhibit cell proliferation was assessed by
determination of the IC50, the concentration needed to inhibit cell
proliferation by 50%, determined through dose response curves
achieved from percentage of cell proliferation plotted against the
corresponding compound concentration. IC50 values are presented
in Table 1.
These data reﬂect not only the compound potency to inhibit the
tyrosine kinase activity but also its ability to cross the cell membrane. As expected, results indicated that the halogenated compound is able to reduce the cell proliferation demonstrating is
ability to both hampering the kinase activity and to penetrate into
the cell. Nevertheless the IC50 values analysis in comparison with
the parent compound show that its potency as inhibitor is lower
than that of sunitinibÒ. These ﬁndings, in both cell lines are in
agreement with the VEGFR-2 competition binding studies. Even
so, the in vitro biological evaluation of the novel compound 4 as
VEGFR-2 is promising and prompted us to study its in vivo pharmacokinetics proﬁle.
The radioiodination of the stannylated precursor 6 with
[125I]NaI was carried out in analogy to a described procedure by
Veach et al.22 Using aqueous 30% hydrogen peroxide-acetic acid
as the oxidant system, the radioiodinated compound N-[2(diethylamino)ethyl]-5-[(Z)-(5-[125I]iodo-1,2-dihydro-2-oxo-3Hindole-3-ylidine)methyl]-2,4-dimethyl-1H-pyrrole-3-carboxamide
[125I]-4 was obtained in a radiochemical yield higher than 95%
(Scheme 3). [125I]-4 has been puriﬁed by RP-HPLC with simultaneous UV and radioactivity detection using a gradient of metha-

Figure 2. Curve of inhibition of 5-iodo-sunitinib 4 against VEGFR-2, x-axis: amount
of VEGFR-2 measured by qPCR, y-axis: concentration of 4 [nM] in log 10 scale.

Table 1
Inhibition of cell proliferation
Inhibition of cell proliferation IC50 (lM)

5-Iodo-sunitinib 4
SunitinibÒ

HAEC

HT29

1.12 ± 0.07
0.10 ± 0.07

1.81 ± 0.03
0.33 ± 0.02

nol/0.1% TFA as eluent (see Supplementary data). The
radiochemical purity exceeded 98% as determined by HPLC. The
identity of radiolabeled compound [125I]-4 was conﬁrmed by coelution with reference compound 4. During the radiolabeling and
HPLC puriﬁcation procedures the exposure of the reactants and
the isolated product to light was avoided as far as possible to ensure that the Z-isomer of [125I]-4 was the radiochemical species
predominantly present and this isomer was used for the following
radiopharmaceutical investigation.
Targeting of the intracellular TK domain requires radiotracer
penetration into cells. Log D values of 1–3 are considered optimal
values to cross the cellular membrane by passive diffusion and
reach the target tissue. Low lipophilicity may result in decreased
membrane penetration while very high lipophilicity may result
in trapping of the drug inside the membrane and increased nonspeciﬁc binding. In molecular imaging, this type of non-speciﬁc
binding results in accumulation of radioactivity in the blood pool
and low signal/noise ratios in target tissues. The radiolabeled compound [125I]-4 shows an estimated Log D value of 2.25 falling well
within the optimal range.
Protein binding affects the tissue distribution and blood clearance of any compound and its uptake by the target organ. The extent of this non-speciﬁc binding at various time intervals has been
estimated in vitro by incubation of radiolabeled [125I]-4 in fresh
human serum at 4 °C and 37 °C (see Supplementary data).
Although this method should not be used for an accurate measuring of full protein binding since some disruption of the binding can
occur during ethanol precipitation–extraction it can provide an
useful prediction of protein binding and also allows to determine
the stability in human serum. Data from these studies suggested
a low percentage of [125I]-4 bound to the plasmatic proteins (5–
10%) indicating a low non-speciﬁc binding. By HPLC analysis only
the radiolabeled compound was detected in the supernatant, demonstrating its high in vitro stability in human serum. High radiochemical stability of [125I]-4 in saline solution (with 1% Tween20) was also found up to 24 h when kept in the dark at 37 °C.
Since liver is a major organ of metabolization, samples of mice
liver homogenate were incubated with the radiolabeled compound
up to 1 h and were analysed by HPLC. In addition to the radiolabeled [125I]-4 (tr = 22.7 min) a more polar radiolabeled compound
(tr = 11.3 min) was detected in the HPLC radiochromatogram (data
not shown). This probably corresponds to the N-desethyl metabolite as metabolism studies with the analogous inactive ﬂuorinated
compound sunitinibÒ, have revealed. It was found that metabolization of sunitinib by liver enzymes, particularly CYP3A4, results in
the formation of N-desethyl-sunitinib (SU12662) a still active
metabolite, by desalkylation of the basic chain.23
Preliminary biodistribution studies of [125I]-4 were carried out
in healthy CD-1 female mice at 1 h and 4 h after administration
(a.a.) to evaluate the preferential uptake and clearance in most relevant organs. Data from these studies expressed as the percentage
of injected dose per g organ is shown in Figure 3, indicating a rapid
clearance from most organs including blood and a relative high
in vivo stability. A relatively high uptake in VEGFR-2 rich tissues
(kidney and lung) was observed. The total urinary radioactivity
was excreted as a radiochemical species with the same retention
time as free radioiodine as demonstrated by HPLC analysis of
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samples collected at sacriﬁce time, revealing some in vivo deiodination. On the other hand, the in vivo instability of radioiodinated
compounds is commonly reﬂected by a high amount of radioactivity accumulation in the thyroid, however the low thyroid levels
found (4 and 2.3%ID/g at 1 and 4 h respectively) indicate that the
compound is relatively stable in vivo up to 4 h.
The search for radiotracers towards VEGFR expression and for
monitoring in vivo processes involved with tumor proliferation
and angiogenesis, suggested us the development of a radiolabeled
derivative of sunitinibÒ. We focused on the labeling with radioiodine, because the number of its radioisotopes available for the
clinic (123I, 124I and 125I) could offer the utilization as potential radiotracer for SPECT and PET as well. Additionally application of latest
18
F labeling techniques like [18F]Selectﬂuor bis(triﬂate)24 to the
stannylated precursor 6 or utilization of a palladium-based electrophilic ﬂuorination reagent as published recently by Lee et al.25
could give access to an isotopic 18F-labeled sunitinibÒ.
The novel 5-iodo-sunitinib 4 was synthesized and identiﬁed as
VEGFR-2 inhibitor having a Kd value of 16 nM. The corresponding
radiolabeled analogue 5-[125I]iodo-sunitinib [125I]-4 was obtained
in high radiochemical yield (>95%) and radiochemical purity
(>98%). Liphophilicity of [125I]-4 was found to be 2.25. Determination of human plasma protein binding suggested a low non-speciﬁc
binding of 5-10%. Biodistribution studies in healthy mice showed a
relatively high uptake of [125I]-4 in VEGFR-2 rich tissue like kidney
and lung, its high stability in human serum and urine samples suggests that the tracer is not signiﬁcantly metabolized. In summary
these preliminary pharmacological data suggest that a radioiodin-

ated sunitinib may act as promising radiotracer for imaging angiogenic processes and the results encourage further radiolabeling
experiments with the PET radioisotope 124I for in vivo imaging of
VEGFR expressing tumours.
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