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Abstract—A non-peptide-based isatin sulfonamide analog, WC-II-89, was synthesized and its inhibition toward recombinant
human caspase-3 and other caspases was determined. This compound showed high potency for inhibiting caspase-3 and -7, and high
selectivity against caspases-1, -6, and -8. [18F]WC-II-89 was synthesized via a nucleophilic substitution of the corresponding mesy-
late precursor in high yield and radiochemical purity. Biodistribution studies using [18F]WC-II-89 revealed higher uptake in liver and
spleen of cycloheximide-treated rats, an animal model of apoptosis, relative to control animals. Western blot analysis confirmed the
presence of activated caspase-3 in the liver and spleen of cycloheximide-treated animals. MicroPET imaging studies revealed a high
uptake of the radiotracer in the liver of a cycloheximide-treated rat relative to the untreated control. These data suggest that
[18F]WC-II-89 is a potential radiotracer for imaging caspase-3 activation in tissues undergoing apoptosis.
� 2006 Elsevier Ltd. All rights reserved.
Apoptosis, or programmed cell death, is critical for the
normal development and function of multicellular
organisms as a common and universal mechanism of cell
death.1 It is a conserved process that is mediated by the
activation of a series of cysteine aspartyl-specific prote-
ases termed caspases. The abnormal regulation of cellu-
lar death via apoptosis is believed to play a key role in a
variety of human diseases, such as ischemia-reperfusion
injury (stroke and myocardial infarction), cardiomyopa-
thy, neurodegeneration (Alzheimer’s Disease, Parkin-
son’s Disease, Huntington’s Disease, and ALS), sepsis,
Type I diabetes, fulminant liver disease, and allograft
rejection.2,3 In addition, the beneficial effect of many
drugs, especially antitumor drugs, can be attributed to
their activation of the apoptotic process.4–9 Therefore,
the development of a non-invasive imaging procedure
that can study the process of apoptosis in a variety of
disease states, and monitor the ability of a drug to either
induce or halt apoptosis, would be of tremendous value
to the research and clinical community.

Positron emission tomography (PET) and single
photon emission computed tomography (SPECT) are
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in vivo imaging techniques that measure the change
in tissue and cellular function at the molecular level.
The agents used so far for imaging apoptosis in vivo
are mostly based on Annexin V,10 which is a 36-kDa
protein that binds selectively with high affinity to exter-
nalized phosphatidylserine. Phosphatidylserine is nor-
mally found only on the interior of the cell
membrane but translocates to the exterior of the cell
membrane in the early stages of apoptosis. However,
since the externalization of phosphatidylserine also oc-
curs in necrosis, a further step, the propidium iodide
exclusion test,11 is required to discriminate between
apoptosis and necrosis in vitro. Although this test is
routinely used to distinguish apoptosis from necrosis
using ex vivo techniques such as flow cytometry, it can-
not be applied to in vivo techniques such as PET and
SPECT. In addition, the slow clearance of radiolabeled
Annexin V from blood generally requires imaging stud-
ies be conducted 4–6 h after administration of the radi-
otracer. Although this long time interval between
radiotracer injection and image acquisition is compati-
ble with the radionuclides used in SPECT imaging
studies, it is not suitable for the short half-life radio-
nuclides used in PET.

An alternative strategy for measuring and imaging cells
and tissues undergoing apoptosis is the use of antibodies
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directed toward enzymes that are intrinsic to the bio-
chemical pathways of apoptosis. The enzymes responsi-
ble for the regulation and execution of apoptosis are the
caspases, which exist as inactive zymogens (pro-caspas-
es) in the cytosol and become activated when cells re-
ceive an apoptotic signal. Caspases activated early in
the process of apoptosis are known as initiator caspases;
the function of the initiator caspases is to activate the
executioner caspases, which are responsible for the pro-
teolytic cleavage of proteins that are necessary for cellu-
lar function. The initiator caspases are caspases-6, -8,
and -9, and the executioner caspases are caspase-3 and
-7. Cellular apoptosis can be initiated via two different
pathways, extrinsic and intrinsic.11 Since the intrinsic
and extrinsic pathways involve the activation of cas-
pase-3, immunohistochemical staining for activated cas-
pase-3 provides an unambiguous method for measuring
and imaging apoptosis. Furthermore, small molecule
inhibitors of caspase-3 that can be radiolabeled with
either carbon-11 (t1/2 = 20.4 min) or fluorine-18 (t1/

2 = 110 min) have the potential for imaging apoptosis
with PET under a variety of pathological conditions.
This imaging procedure also has the capability to image
chemotherapy-induced apoptosis and capacity to pro-
vide an imaging-based procedure for measuring a posi-
tive response to treatment in cancer patients.

Recently, we reported the synthesis of a number of non-
peptide-based isatin sulfonamide analogs,12 many of
which displayed nanomolar potency for inhibiting cas-
pase-3 and caspase-7, while exhibiting a low potency
for inhibiting the initiator caspases, caspase-1, -6, and
-8. In this letter, we describe the synthesis of a new isatin
sulfonamide analog, WC-II-89, that is suitable for
radiolabeling with fluorine-18, and the biodistribution
of [18F]WC-II-89 in an animal model of apoptosis. We
also report the first microPET imaging study directly
measuring caspase-3 activation in tissues undergoing
apoptosis using [18F]WC-II-89.

The synthesis of WC-II-89 and its precursor for 18F-la-
beling, 10, is shown in the Scheme 1. O-Alkylation of
methyl 4-hydroxybenzoate 1 was achieved by conversion
to the corresponding sodium salt (sodium hydride in
THF at 0 �C) followed by addition of 1-bromo-2-fluoroe-
thane to give compound 2, which was reduced by LiAlH4

in ether to afford the alcohol, 3. The hydroxyl group of 3
was then converted to the corresponding bromo analog 4
via treatment with CBr4 and Ph3P in CH2Cl2. 1-(2-
Bromoethoxy)-4-(bromomethyl)benzene 6 was obtained
by bromination of 5 with NBS in CCl4. The N-Boc group
of 7 was removed with TFA and the secondary amine was
coupled with 5-chlorosulfonylisatin in THF using trieth-
ylamine as an acid scavenger to produce 5-(2-phenoxy-
methyl-pyrrolidine-sulfonyl)-1H-2,3-dione, 8. The isatin
nitrogen was alkylated by treatment of 8 with sodium hy-
dride in DMF at 0 �C followed by addition of 4 or 6 to
give compounds WC-II-89 and 9, respectively. Com-
pound 9 was then heated to reflux with silver methanesul-
fonate in acetonitrile to generate the precursor 10.13

Inhibition of recombinant human caspase-3 and other
caspases by WC-II-89 was assessed using a fluorescent
product, 7-amino-4-methylcoumarin (7-AMC), as previ-
ously reported.12 The IC50 values from the enzyme as-
says are shown in Table 1. WC-II-89 shows high
potency for inhibiting caspase-3 and -7, with IC50 values
at least 150-fold higher versus the initiator caspases-1,
-6, and -8. This caspase-inhibitory profile suggests that
WC-II-89 is a potential radiotracer for imaging apopto-
sis with PET when labeled with fluorine-18.

Starting from 10, the [18F]WC-II-89 was synthesized by
the nucleophilic substitution of the mesylate group with
[18F]fluoride ion using the radiochemical procedure out-
lined in the Scheme.14 The incorporation yield was more
than 70% and the synthesis time was less than 100 min.
[18F]WC-II-89 was confirmed by the co-elution with
non-radioactive standard WC-II-89 on an analytical
HPLC system. The radiochemical purity of [18F]WC-
II-89 was 99% and the specific activity was determined
as �1500 mCi/lmol at the end of synthesis.15

The evaluation of [18F]WC-II-89 as a radiotracer for
imaging caspase-3 activation was determined using a
well-characterized animal model of chemically induced
apoptosis.16,17 This model, which uses the protein syn-
thesis inhibitor, cycloheximide (CHX), was previously
used in the evaluation of radiolabeled Annexin V ana-
logs.18 Tissue morphology and TUNEL staining studies
have shown that cycloheximide induces apoptosis in rat
liver in both a dose-dependent and time-dependent man-
ner. Within 3 h of treatment with 1.5, 3, or 10 mg of
cycloheximide per kilogram of body weight, apoptosis
was induced in rat liver.16,17 Therefore, we chose 3 h
treatment of 5 mg/kg to induce the maximum apoptosis
in rat liver, expecting a high level of caspase-3
activation.

The biodistribution results of [18F]WC-II-89 in normal
and cycloheximide-treated male Sprague–Dawley rats19

are shown in Table 2 and Figure 1. In general, the initial
uptake was higher for CHX-treated rats than control
rats. However, the difference between control and treat-
ed rats was reduced with time with the exception of the
liver and spleen. At 1 h after injection (Fig. 1), the up-
take in liver and spleen for the treated rats was 94 and
184% higher than the control animals at 1-h post-iv
injection of the radiotracer. The increase in uptake of
[18F]WC-II-89 in the cycloheximide-treated versus con-
trol animals is consistent with chemically induced apop-
tosis and caspase-3 activation. Since the isatin analogs
are competitive inhibitors of caspase-3,12 [18F]WC-II-
89 binds to the activated form of caspase-3 in tissues
undergoing apoptosis, which explains the slower wash-
out of radioactivity from the liver and spleen of the
cycloheximide-treated animals. The results of the biodis-
tribution study also revealed a very low uptake of radio-
activity in bone, indicating that defluorination is not a
concern with this radiotracer. The result of the biodistri-
bution study implies that [18F]WC-II-89 is a potential
PET radiotracer for imaging caspase-mediated
apoptosis.

Western blot studies were carried out to measure cas-
pase-3 levels in control and cycloheximide-treated rats20
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Table 1. Inhibition of WC-II-89 for caspases-1, -3, -6, -7, and -8

IC50 (nM)

Caspase-1 Caspase-3 Caspase-6 Caspase-7 Caspase-8

>50,000 9.7 ± 1.3 3700 ± 390 23.5 ± 3.5 > 50,000
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in order to correlate caspase-3 activity to the biodistri-
bution results. Western blot analysis of spleen, liver,
and fat for both control and treated rats is shown in Fig-
ure 2. The level of cleaved caspase-3 in the spleen and
liver of the treated rats is much higher than that of the
control animals, which is consistent with cyclohexi-
mide-induced apoptosis. There was no cleaved cas-
pase-3 in the Western blot of the fat tissues from both
control and treated rats. The results of the Western blot
studies correlate very well to the biodistribution data of
liver, spleen, and fat at 1-h post-iv injection of the radi-
otracer as shown in Figure 1. The good correlation
between caspase-3 activity and biodistribution of
[18F]WC-II-89 in the cycloheximide-treated rats
establishes the basis for imaging apoptosis using
[18F]WC-II-89.

The microPET images of the liver region at 10–60 min
post-iv injection of [18F]WC-II-89 are shown in Figure
3.21 The animal receiving a 3 h pre-treatment of cyclo-
heximide displayed a higher uptake of [18F]WC-II-89
in the liver versus the control animal. Figure 4 shows
the tissue–time activity curves from the microPET imag-
ing study. Although the early imaging frames (0–3 min)
suggest there is approximately a 20% increase in blood



Table 2. Biodistribution of [18F]WC-II-89 in normal and cycloheximide-treated (5 mg/kg, 3 h pre-treated) male Sprague–Dawley rats (200–250 g)a

5 min 1 h 2 h

Blood Control 2.70 ± 0.21 0.112 ± 0.010 0.063 ±0.007

Treated 3.66 ± 0.40 0.165 ± 0.012 *** 0.074 ± 0.004 ns

Lung Control 1.42 ± 0.34 0.178 ± 0.032 0.081 ± 0.012

Treated 2.08 ± 0.23 0.229 ± 0.026 * 0.115 ± 0.016 *

Liver Control 3.13 ± 0.26 0.378 ± 0.059 0.156 ± 0.015

Treated 4.02 ± 0.45 0.733 ± 0.118 *** 0.219 ± 0.026 *

Spleen Control 1.14 ± 0.08 0.150 ± 0.048 0.058 ± 0.010

Treated 2.24 ± 0.41 0.427 ± 0.052 *** 0.107 ± 0.026 *

Thymus Control 0.231 ± 0.070 0.093 ± 0.012 0.043 ± 0.003

Treated 0.382 ± 0.104 0.123 ± 0.020 * 0.063 ± 0.007 *

Kidney Control 1.245 ± 0.136 0.534 ± 0.073 0.178 ± 0.037

Treated 1.184 ± 0.082 0.547 ± 0.048 ns 0.230 ± 0.047 ns

Muscle Control 0.143 ± 0.009 0.077 ± 0.008 0.033 ± 0.004

Treated 0.094 ± 0.000 0.104 ± 0.018 ** 0.064 ± 0.002 ***

Fat Control 0.119 ± 0.022 0.149 ± 0.019 0.071 ± 0.008

Treated 0.087 ± 0.028 0.143 ± 0.014 ns 0.086 ± 0.014 ns

Bone Control 0.445 ± 0.036 0.132 ± 0.018 0.154 ± 0.056

Treated 0.661 ± 0.059 0.116 ± 0.009 ns 0.128 ± 0.027 ns

a Student’s t-test, p > 0.05; not significant (ns); *p < 0.05; **p < 0.01; ***p < 0.001.
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flow to the cycloheximide-treated liver, the higher peak
accumulation of [18F]WC-II-89 in the treated rat liver
versus the control animal is consistent with drug-in-
duced caspase-3 activation. The normal rat liver also
displayed a faster washout of radioactivity than the
cycloheximide-treated liver, which is consistent with
drug-induced caspase-3 activation versus differences in
Figure 2. Western blot study of control and treated (5 mg/kg, 3 h pre-treate
blood flow. Caspase-3 activation in the cycloheximide-
treated versus control animal was also confirmed by
Western blot analysis of the rat livers following comple-
tion of the microPET imaging study (data not shown).
The treated:control ratios from the microPET study
(Fig. 4 inset) are also identical with the 2-fold increase
in uptake of [18F]WC-II-89 observed in the biodistribu-
tion study (Fig. 1).

To summarize, radiotracers for imaging apoptosis have
been traditionally based on radiolabeled Annexin V,
some of which have gone to clinical trials.10 Although
some of these studies have been encouraging, Annexin
V cannot distinguish apoptosis and necrosis in vivo
since externalized-phosphatidylserine occurs in both
pathways of cellular death. Therefore, there is a need
to develop radiotracers that are specific for imaging cell
death via apoptosis (programmed cell death) using
PET.18 Since the activation of the executioner caspases,
caspase-3 and -7, occurs late in apoptosis, radiolabeled
inhibitors of caspase-3 and -7 represent a novel strategy
for discerning programmed cell death from necrosis. A
previous study reported the synthesis and carbon-11
radiolabeling of an isatin analog having a modest poten-
cy for inhibiting caspase-3.22 However, no in vivo data
were reported in this meeting abstract, and the selectiv-
d) male Sprague–Dawley rats (200–250 g).



Figure 3. Whole-body MicroPET images of [18F]WC-II-89 distribution in a control rat (left) and cycloheximide-treated rat (right). Images were

summed from 10 to 60 min after iv injection of �150 lCi [18F]WC-II-89.

Figure 4. Tissue time–activity curves (mean percentage of injected dose

per cube centimeter) of rat liver. Cycloheximide-treated rat (s);

control rat (h). Inset graph shows the ratio of the liver uptake of the

cycloheximide-treated versus control liver.
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ity of this compound for caspase-3 versus other caspases
was not mentioned. Our group previously reported the
synthesis and in vitro potency of a number of isatin-
based analogs having a high potency for inhibiting the
executioner caspases, caspase-3 and -7, relative to casp-
ases-1, -6, and -8.12 In this letter, we have shown that
WC-II-89 binds to caspase-3 and -7 with high affinity
and specificity versus caspases-1, -6, and -8. Biodistribu-
tion studies of [18F]WC-II-89 revealed a higher uptake in
the liver and spleen of rats treated with cycloheximide, a
well-established murine model of chemically induced
apoptosis. Western blot analysis confirmed this uptake
was related to caspase-3 activation. Our results have
demonstrated for the first time that apoptosis can be
measured and imaged by PET using 18F-labeled cas-
pase-3 inhibitors such as [18F]WC-II-89. We are current-
ly evaluating [18F]WC-II-89 in additional animal models
of apoptosis.
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was then placed in the scanner and, following a transmis-
sion scan, was injected with �150 lCi [18F]WC-II-89 for a
one hour dynamic imaging session. MicroPET images
were reconstructed with OSEM-2D data analysis software
package (Siemens/CTI, Knoxville, TN).
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