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Pharmacokinetics and metabolite analysis of radioiodinated
5-iodo-4'-thio-2'-deoxyuridine (ITdU), a potential tumor cell
proliferation-imaging agent, were investigated in rodents. Meth-
ods: Blood and urine metabolites of radiolabeled ITdU were
analyzed by thin-layer chromatography in rats. Tissue fraction-
ation studies in mice were also performed to investigate the
incorporation of '251-ITdU into DNA. Results: The blood distri-
bution study suggested the influx of 125I-ITdU into rat peripheral
blood cells. The blood metabolism of 125|-ITdU in vitro was
negligible. Plasma analysis at 60 min after injection showed that
50% of the radioactivity was intact ?%-ITdU. The plasma clear-
ance of 125|-ITdU showed a biexponential function with half-lives
of 0.2 and 29.5 min, representing 94.2% and 5.8% of plasma
125]-ITdU concentration, respectively. '?51-ITdU was excreted in
urine 86% intact at 3.5 h after injection. Extraction of the tissues
demonstrated that >70% of the activity in the duodenum,
spleen, and thymus was incorporated into DNA at 8 h after
injection. On the other hand, <8% of the activity in the liver was
in the DNA fraction at that time. Conclusion: These data dem-
onstrate that '?%-ITdU is less susceptible against catabolism
and readily incorporated into DNA in proliferating tissues.
Therefore, 1251-ITdU may be useful in measuring DNA synthesis
with SPECT.
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The noninvasive evaluation of tumor proliferation activ-
ity by imaging methods will provide information that is
useful in patient management. For example, detection of the
most rapidly growing regions of the tumor would be useful
for planning the radiation fields of radiotherapy and for
identifying a suitable portion for biopsy. Such methods
would also permit an early and accurate determination of
therapeutic effects, which are difficult to identify by CT- or
MRI-based anatomic evaluation or FDG PET—based mea-
surement of glucose metabolism. In particular, these meth-
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ods will be useful for an early assessment of the therapeutic
effects of anticancer agents that may have strong side ef-
fects. To realize these clinical applications, many attempts
to develop proliferation imaging tracers have been made
using radiolabeled thymidine and its C-5 radiohal ogenated
analogs for PET and SPECT imaging (1-3). However, a
major disadvantage of these radiolabeled nucleoside ana-
logsisthat they are rapidly catabolized in vivo. This catab-
olism results in low tissue utilization of the labeled nucleo-
sides and high background blood levels of the circulating
radiolabeled metabolite.

To overcome this catabolism problem, we attempted the
introduction of the “4’'-thio strategy” as a drug design using
a practical radioiodine-labeled nucleoside for proliferation
imaging (4). The 5-1%5-iodo-4'-thio-2'-deoxyuridine (*21-
ITdU), which is a 4'-thio derivative of 5-125|-iodo-2'-de-
oxyuridine, exhibited a high resistance to the glycosidic
bond cleavage reaction provoked by thymidine phosphory-
lase. Despite this 4’-thio substitution, 12I-I TdU sustained its
affinity for nucleoside kinases. Compared with that of
5-125]-jodo-2’ -deoxyuridine, the derivative showed higher in
vivo stability against deiodination and more rapid DNA
incorporation of 1%]-ITdU and realized a selective and sig-
nificant uptake of radioactivity in the proliferating organs.
However, due to the rapid blood clearance of 1-ITdU, the
specific uptake in the proliferating organs needs to be gen-
erally improved. Therefore, to obtain information contrib-
uting to a clear understanding of 12%|-1TdU and its disad-
vantages, we further examined the in vivo pharmacokinetics
and the metabolism of 1-ITdU in rodents. Herein, we also
discuss the characteristics and improvement of the 12]-
ITdU method used for proliferation imaging.

MATERIALS AND METHODS

Radiochemicals

Carrier-free sodium 1%I|-iodide was purchased from Amersham
Bioscience. 1%1-1TdU was prepared from 5-trimethylstannyl-4'-
thio-2'-deoxyuridine by an electrophilic substitution reaction using
iodine as an oxidant (4). Regrettably, this reaction dramatically
lowered the specific activity of the final radiolabeled compound
due to the resultant isotopic dilution. However, in this study, the
specific activity sufficed for the evaluation. Briefly, sodium 129]-
iodide and iodine (in the same molar concentration as that of the
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trimethylstannyl-precursor) were added to a reaction vial contain-
ing MeOH. The trimethylstannyl-precursor solution was added to
the vial and alowed to stand for 2 h at room temperature. The
labeling reaction was terminated by the addition of sodium met-
abisulfite, and the MeOH was evaporated. The labeled compound
was purified by means of high-performance liquid chromatography
(HPLC) on an ODS-80 column (4.5 X 250 mm; Toyo-soda, Co.,
Ltd.). A MeOH/H,O/trifluoroacetic acid solution (30:70:0.1) was
used as the mobile phase, under a flow rate of 0.8 mL/min. The
radioactive fraction, eluted with a retention time corresponding to
that of the authentic sample, was collected. The HPLC solvent of
the collected fraction was then evaporated by heating, and the
purified radioiodinated compound was dissolved using sterile sa-
line. For calculations of specific activity, standard solutions of
unlabeled compounds were used to compare the area under ultra-
violet absorption. The labeling yield of 1%I-ITdU was approxi-
mately 20%, with a radiochemical purity of >99%. The resultant
1251 TdU solution was preserved in a refrigerator. Under this
condition, the rate of decomposition of 1231-ITdU was <3%/wK.

Metabolism of 1251-ITdU in Blood In Vitro

Seven-week-old male Sprague-Dawley rats (n = 5) were pur-
chased from Japan SLC, Inc., and held for 1 wk before the study.
All procedures were performed in accordance with the institutional
guidelines (Guidelines for Animal Experiments, Fukui Medical
University). Blood was obtained from the jugular vein of each rat
using a heparinized 2.5-mL disposable syringe (Terumo Co. Ltd.)
under thiopental sodium anesthesia ([RAVONAL] Tanabe; 30
mg/kg via peritoneal cavity injection). 1%I-1TdU (55.5 kBg; radio-
chemical purity, 97%; specific activity, 27.4 MBg/pmol) was
mixed into 1.5 mL of fresh, heparinized rat blood (1.3 nmol/mL).
Blood samples were incubated at 37°C, and 0.2-mL aliquots were
removed and transferred to precooled Eppendorf tubes at 1, 5, 10,
30, and 60 min of incubation. Continuously, whole blood was
removed up to avolume of 20 pL and its radioactivity was counted
by an auto-well gamma counter (ARC-300; Aloka). Residual
blood was centrifuged at 12,000 rpm for 5 min at 4°C, and plasma
was removed. Twenty microliters of plasmawere collected and its
radioactivity was counted by an auto-well gamma counter (ARC-
300). Then, 30 L of the plasma sample were treated with a 5-fold
volume (w/v) of ice-cold 10% trichloroacetic acid (TCA), after
which it was centrifuged at 12,000 rpm for 5 min. Three microli-
ters of the supernatant were applied to a silica gel plate (Sil60
F254; Merck) with the standards for the nucleoside. The resultant
metabolites were then separated from the parent compound, 231-
ITdU, by a thin-layer chromatography (TLC) method using a
solvent system consisting of chloroform/isopropyl acohol (3:1).
TLC plates were analyzed with a bicimaging analyzer (BAS-2500;
Fuji Photo Film Co.) and compared with standards of 1TdU,
5-iodouracil (1U), and the sodium 1231-iodide.

Blood cell radioactivity distribution ratio was calculated as
follows:

Blood distribution ratio = 100 — Cp X (100 — H)/Cw,

where Cw and Cp are the radioactivity concentration in whole
blood and in plasma, respectively. Cw and Cp were measured as
described above. Sample hematocrit, H, was measured as follows:
In brief, a small amount of whole blood was collected by a
heparinized hematocrit-capillary tube (Terumo Co. Ltd.), one end
of which was sealed by a Terumo seal. The capillary tube was then
centrifuged at 12,000 rpm for 5 min (model-3100; Kubota). Af-
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terward, hematocrit was calculated by a hematocrit reader (Kub-
ota).

In Vivo Kinetics of '25|-ITdU in Rats

In vivo metabolism of %5[-ITdU was studied in 7-wk-old
Sprague-Dawley rats (n = 5). The rats were anesthetized by
intraperitoneal cavity administration of thiopental sodium (30
mg/kg via peritoneal cavity injection), and the jugular vein was
exposed by surgery for blood sampling. 1%I-ITdU (668 kBgq;
radiochemical purity, 98%; specific activity, 98.9 MBg/pmol) was
injected via the tail vain (6.94 nmol per head). Then, 150 pL of
blood samples were collected periodicaly (at 1, 5, 10, 15, 30, 60,
120, and 180 min) viathe jugular vein using a heparinized 1.0-mL
disposable tuberculin syringe (Terumo). Twenty microliters of
each blood sample were removed and its radioactivity was counted
with an auto-well gamma counter (ARC-300). To evaluate the
blood cell radioactivity distribution ratio, the hematocrit was also
measured as described above. Residual withdrawn blood was
centrifuged at 12,000 rpm for 5 min at 4°C and plasma was
removed. Twenty microliters of plasma were collected and its
radioactivity was counted with an auto-well gamma counter
(ARC-300). Thirty microliters of plasma sample were then treated
with a 5-fold volume (w/v) of ice-cold 10% TCA and centrifuged
at 12,000 rpm for 5 min. Three microliters of the supernatant were
applied to asilicagel plate (Sil60 F254; Merck) with standards for
the nucleoside, and analysis was conducted as described above.

Urine samples were collected 3.5 h after injection by puncture
of the urinary bladder using a 1.0-mL disposable syringe, and the
radioactivity in the sample was counted with an auto-well gamma
counter (ARC-300). Urine samples were treated with a 5-fold
volume (w/v) of ice-cold 10% TCA and centrifuged at 12,000 rpm
for 5 min. Three microliters of the supernatant were applied to a
silicagel plate (Sil60 F254) with standards for the nucleoside, and
analysis was conducted as described above.

Pharmacokinetic parameters of intact 1251-ITdU were calculated
to fit a 2-compartment fast-intravenous-dose model by using a
standard Marquardt—Levenberg least-squares algorithm written in
BASIC programming language (5).

Mouse Tissue Fractionation

Nine-week-old C57BL/6 mice were purchased from Japan SLC,
Inc., and held for 1 wk before the study. In areview of the previous
literature, we observed that specific and significant visualization of
the proliferating organ requires a greater washout and clearance of
the exchangeable fraction from background tissues. Recently, it
was reported that the background activity of 5-125|-iodo-2’'-de-
oxyuridine was greatly reduced by perioral administration of
KCIO4 and Kl (6). Therefore, to improve the clearance of back-
ground activity in this study, K1 (0.2 g/L) and KCIO, (2 g/L) were
given in drinking water for 24 h before the experiment. A saline
solution (0.05 mL) containing 2 nmol (0.19 MBq) 2I-ITdU (ra-
diochemical purity, 98%,; specific activity, 98.9 MBg/pmol) was
administered as a bolus through the tail vein. The mice werekilled
by blood removal from the heart under ether anesthesia at prede-
signed intervalsof 2, 8, and 18 h. Three animalswerekilled at each
time point. The thymus, spleen, liver, and first 5 cm of duodenum
distal to the pyloric valve were removed. Tissue extraction using a
quantitative acid extraction technique was performed on separate
small molecules, RNA, DNA, and macromolecules as described
previously (4). In brief, whole tissues were homogenized in 1 mL
of ice-cold 0.2N HCIO, using a Polytron homogenizer (PT1200;
Kinematica Inc.). After being cooled on ice for 10 min, the
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TABLE 1

Blood Cell Incorporation In Vitro (n = 5)
1 min 5 min 10 min 15 min 30 min 60 min
15.2 = 3.1 142 =24 15.1 £33 13.9 =29 13924 13.8 £ 2.0

Data are expressed as percentage of whole blood radioactivity (mean = SD).

homogenates were centrifuged at 1,200g at 4°C for 10 min. The
acid-soluble fraction was removed, and the radioactivity was
counted using an auto-well gamma counter (ARC-300). The acid-
insoluble precipitate was resuspended in 2 mL of 0.66 mg/mL type
I ribonuclease (68 Kunitz U/mg; Sigma Chemical Co.) in 0.1
mol/L N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid),
pH 7.6, and incubated at 37°C for 30 min, after which 0.5 mL of
ice-cold 5N HCIO, was added. After cooling and centrifugation,
the supernatant fluid containing RNA was removed, and the ra-
dioactivity was determined. The remaining precipitate was resus-
pended in 1 mL of 1IN HCIO,4 and incubated at 90°C for 15 min.
After cooling and centrifugation, the supernatant containing DNA
hydrolysates was removed, and the radioactivity was determined.
The pellet was washed once with 1 mL of ice-cold 1N HCIO,. The
remaining proteins and lipids were solubilized by 1IN NaOH, and
the radioactivity was determined.

RESULTS

Metabolism of 125|-ITdU in Blood In Vitro

The radioactivity distribution of 25-ITdU in blood cells
was 14%-15% of that present in whole blood, and no
time-dependent change was observed (Table 1). Therefore,
the radioactivity was mainly distributed in the plasma. Dur-
ing the time period studied, ailmost al of the radioactivity in
plasma was found in the acid-soluble fraction. A typical
radiochromatogram after 60 min of incubation (Fig. 1) had
2 radioactive peaks (peaks A and C). Peaks A and C were
identified as free iodide and intact ITdU, respectively. The
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FIGURE 1. Typical radiochromatogram of plasma sample af-
ter 60 min of in vitro incubation with 1251-ITdU in rat blood. Peaks
A and C were characterized as '?5I-iodide and '?5I-ITdU, respec-
tively.
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control experiments indicated that the injected samples con-
tained around 3% of peak A. After 60 min of incubation, no
metabolism of 1%]-ITdU was observed.

In Vivo Kinetics of 23I-ITdU in Rats

The radioactivity distribution in blood cells at 1 min was
20% of that present in whole blood and increased dlightly
from 1 to 180 min (Table 2). In vivo, radioactivity was
mainly distributed in plasma. Almost all of the radioactivity
in plasma during the time period was found in the acid-
soluble fraction. A typical radiochromatogram of 30 min
after intravenous injection (Fig. 2A) showed 5 radioactive
peaks (peaks A-E). Peaks A and C were identified as free
125|-jodide and intact '51-ITdU, respectively. The other
peaks were not identified. There was no 1251-1U peak during
the time studied. Figure 3A shows the time course of the
total radioactivity and its components in the plasma after
intravenous injection of 51-1TdU (data are expressed as
mean + SD of 5 experiments). Plasmaradioactivity over the
first 60 min was predominantly due to 1%1-1TdU (Fig. 3A).
Fifty percent of the radioactivity in plasma at 60 min after
injection was intact 1%5-ITdU. After 120 min, free 1I-
iodide was predominant. Concentrations of free 125-iodide,
peaks B and E, gradually increased with time. The peak D
concentration did not change with time.

Thetotal radioactivity in the plasmaas afunction of time
after injection was characterized by an initia rapid decline
in the concentration of the isotope, followed by avery slow
elimination phase (Fig. 3A). The concentration of intact
125]-]TdU in plasma was well described by a classica
2-compartment model (Fig. 3B) in which there is a major
rapid distributive phase (A = 0.8 = 0.1; o = 225.0 = 0.2
h=1) and a much slower postdistributive phase (B = 0.1 +
0.0;3 =14 =*=0.1h"1) (A and B represent the mean = SD
of 5 experiments of 15]-ITdU plasma concentrations [nmol/
mL]; « and B represent the mean = SD of 5 experiments of
rate constants for A and B, respectively).

The urine samples collected at 3.5 h after injection were
also analyzed by TLC. The following data are expressed as
mean = SD of 5 experiments. During the 3.5-h period after
injection, 51.5% * 6.1% of the injected radioactivity was
excreted by the kidneys. A typical radiochromatogram (Fig.
2B) had 2 radioactive peaks (peaks UA and UC). Peak UC
wasidentified asintact °1-1 TdU. Peak UA (14.2% = 2.1%)
might be free 1?l-iodide but was not identified. Urine ra-
dioactivity over the 3.5 h was predominantly due to 12|-

1673



TABLE 2

Blood Cell Incorporation After Intravenous Injection of '25|-ITdU (n = 5)
1 min 5 min 10 min 15 min 30 min 60 min 120 min 180 min
19.0 + 4.6 19.1 £1.2 214+ 3.0 212 +4.2 23.8 = 3.3 229 + 31 283+ 1.6 281 +53

Data are expressed as percentage of whole blood radioactivity (mean = SD).

ITdU (85.5% =+ 2.1%). There was no ?-1U peak in the
urine or in the blood.

Mouse Biodistribution and Tissue Fractionation

The time-course study of the tissue fractionation of
highly proliferating tissues showed that >70% of the radio-
activity was distributed in the DNA fraction a 8 h after
injection in these tissues (Fig. 4A—4C). However, a signif-
icant amount of acid-soluble radioactivity remained at 2 h
after injection. The duodenum showed the most rapid in-
corporation into DNA, followed by that in the thymus and
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that in the spleen. The lowest proliferating organ, the liver,
showed no incorporation into the DNA at 8 h after injection
(Fig. 4D). However, >50% of the radioactivity was distrib-
uted in the DNA fraction at 18 h after injection (Fig. 4D).
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FIGURE 2. (A) Typical radiochromatogram of plasma sample = FIGURE 3. (A) Plasma levels of '25|-ITdU and its radioactive

30 min after intravenous injection of '25I-ITdU in rats. Peaks A
and C were characterized as '?5l-iodide and 125|-ITdU, respec-
tively. Peaks B, D, and E were not identified. There was no
125]-|U peak. (B) Typical radiochromatogram of urine sample
3.5 h after injection of 125|-ITdU in rats. Peak UC was charac-
terized as 125|-ITdU. Peak UA was not identified. There was no
125]-|U peak in urine.
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metabolites in rats in vivo after intravenous injection of 25|-ITdU.
Data are expressed as mean = SD of 5 experiments. (B) Plasma
clearance curve of ?5-[TdU. Data were fitted, using standard
Marquardet-Levenberg least-squares algorithm written in BA-
SIC programming language, to biexponential curves. Half-life
and fraction cleared in each component were 0.2 min (94.2%)
and 29.5 min (5.8%), respectively.
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FIGURE 4. Time-dependent radioactivity distribution in each fraction in organs of mice. Data are expressed as mean + SD of 3

experiments. (A) Duodenum. (B) Thymus. (C) Spleen. (D) Liver.

DISCUSSION

Thisin vitro metabolism study showed that 1%1-1TdU was
not catabolized in rat blood, a result that is in accordance
with the previously obtained in vitro enzymatic degradation
assay (4). The in vivo blood metabolite analysis also
showed a high stability of %1-ITdU over the first distribu-
tion phase. There was no 125]-1U formation. Moreover, urine
metabolite analysis showed that urine radioactivity over the
3.5 h was predominantly due to *%1-ITdU (86%). These data
support the high stability of the glycosidic bond of 125]-
ITdU in vivo in rats. From these results, we considered that
the in vitro glycosidic bond stability data would directly
apply to the in vivo condition. However, the percentage of
a small number of metabolites (<0.1% injected dose per
milliliter of plasma), which might be mainly due to 1%I-
iodide, increased with time in the second slow-clearance
phase in plasma. This small increase of metabolite concen-
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tration in plasma cannot be ignored due to the relatively
slow clearance of metabolites. Because radioiodinated I TdU
might be the only chemical entity known to undergo meta-
bolic trapping in proliferating tissues, the elevated back-
ground levels produced by slow clearance of metabolites
might result in the masking of radioiodinated ITdU uptake
during scintigraphic evaluation. Therefore, the prolonged
retention of radioiodinated ITdU or acceleration of metab-
olite elimination would be very useful in the application of
radioiodinated ITdU as a practical diagnostic agent. The
mechanism of or enzymes responsible for the metabolite
production are unknown. Therefore, it is difficult to design
chemically modified ITdU analogs that would be resistant to
this metabolism, though such an approach seems promising.
Ancther practical approach to prolong the retention of ra-
diociodinated ITdU is to combine it with competitive inhib-
itors of tubular radiociodinated ITdU secretion, such as ci-
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metidine. Lu et al. (7) and Borbath et a. (8) showed that
cimetidine, an inhibitor of the organic cation secretory sys-
tem, inhibited the secretion of 5-76Br-bromo-2’-fluoro-2’'-
deoxyuridine and increased the standardized uptake valuein
the proliferating organ without affecting incorporation into
DNA. Approaches for the acceleration of metabolite elim-
ination are difficult, given that 3 metabolites remain uniden-
tified. If the radiolabeled metabolite is mainly free 1%-
iodine, perioral administration of KCIO, and KI might be
effective for reducing the background levels. Dupertuis et
al. pointed out that gastric secretion and intestinal reabsorp-
tion of free radioiodine have been shown to constitute an
iodine reservoir that competes with and can delay renal
elimination (6). They showed that stomach secretion and
whole-body retention of free radioiodide were markedly
reduced 4 h after injection in mice that were preadminis-
tered KCIO, and Kl (6). In any case, further validation
studies of organic cation inhibitor combinations or acceler-
ation of metabolite elimination should be conducted to
potentiate radioiodinated I TdU as a practical imaging agent.

The biologic activity of ITdU is dependent on an ability
to interact with the intracellular metabolic pathways of the
pyrimidine metabolism. This necessitates transport across
membranes into the cell cytoplasm. Findings in our study
suggested that influx of ?5]-1TdU into rat periphera blood
cellswas evident in vitro and in vivo. These data indicated
that the nucleoside transport mechanism appeared to remain
unaffected by structural modification at the 4’-thio substi-
tution.

In accordance with findings in our previous in vitro cell
fractionation studies, the time-course study of the tissue
fractionation also showed that >70% of the radioactivity
was distributed in the DNA fraction in proliferating tissues
a 8 h after injection. These in vivo data indicate that
proliferating tissue accumulations of 25|-1TdU reflect the
tissue DNA synthesis activity. The low-proliferating organ,
the liver, did not show any DNA incorporation at 8 h after
injection. However, >50% of the radioactivity was distrib-
uted in the DNA fraction at 18 h after injection. The
radioactivity accumulations in the liver at 18 h after injec-
tion were 100 times lower than those in the duodenum (data
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not shown). Therefore, these low levels of DNA-incorpo-
rated activity might derive from background DNA synthe-
ses, such as unscheduled DNA synthesis or mitochondrial
DNA synthesis.

Nevertheless, this study provides some useful informa-
tion related to the in vivo behavior of radioiodine-labeled
ITdU in rodents; however, one must take into account that
metabolism in humans, especialy in human tumors, can be
significantly different due to differences in species. There-
fore, imaging human tumor with 123-1ITdU and SPECT
needs to be done to better understand this as a tumor
proliferation imaging agent.

CONCLUSION

Pharmacokinetics and metabolite analysis of radioiodi-
nated ITdU were investigated in rodents. 131-1TdU is less
susceptible against catabolism and readily incorporated into
DNA in proliferating tissues in vivo. Therefore, radioiodi-
nated 1 TdU may be of usein measuring DNA synthesiswith
SPECT and PET. Further validation studies to potentiate
radioiodinated 1TdU as a practical imaging agent are war-
ranted.
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