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Abstract

5-Iodo-2'-deoxyuridine or iodoxuridine (IUdR), an analogue of thymidine, is

taken up by the proliferating cells during DNA synthesis. Radioiodinated IUdR is a

potential therapeutic agent since radiohalogenated thymidine analogues are used for in-

vivo tumour targeting and Auger electrons from radionuclides such as I and I are

very effective in cell destruction when internalised.

125IUdR was prepared and studied for its suitability as an in-vivo tumour therapy

agent. 125IUdR was prepared both by direct iodination of 2'-deoxyuridine and

iododemercuration of 5-chloromercury-2'-deoxyuridine. Radioiodination yields were

between 60-80% at pH 7. Iododemercuration was preferred since with direct iodination

poor yields were observed when high specific activity product was desired and also the

purification procedure was lengthier. The identity of 125IUdR was established by

comparison of TLC and HPLC patterns with those of authentic IUdR. The purified

125IUdR had radiochemical purity > 95% and was stable for 20 days at 4°C and for a

week at 23°C and 37°C. Bio-uptake of l25IUdR was studied by injecting the tracer in

tumour bearing mice (Sarcoma S-180). The uptake in tumour cells was 4.28 ± 2.7% per

* Supported by TUBITAK (the Turkish Scientific and Technical Research Council) (contracts
No SBAG-AYD-119) and Research Foundation of Ege University (contracts No 96 NBE 001).
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gram at 3 h and 1.48 ± 0.19% at 24 h post injection. In-vivo deiodination of the product

was observed as seen by the uptake of the activity in the thyroid. About 40% the activity

from all other organs was excreted in 70 h. The optimum time for injection of the tracer

for therapy was studied by observing the delay in tumour growth and survival rate in

mice injected at 0,3,9 and 12 days after tumour induction. Injection of the tracer on the

third day was found to be the most beneficial for retardation of tumour growth, while

injection of the activity on the zeroth and ninth day had no effect.

1. INTRODUCTION

Spectacular advances have been witnessed in recent times in the fields such as

molecular biology, biochemistry etc. leading to better understanding of the disease

processes which, in turn, has lead to more efficacious treatment modalities. This is true

in the field of oncology too, a major area of research throughout the world, where the

treatment of cancer is constantly changing and moving to molecular levels. 'Targeted

delivery' is becoming a reality now, thanks to the various target seeking molecules such

as specific monoclonal antibodies or receptor binding peptides. In cancer treatment such

target specific molecules and novel delivery systems are able to deliver chemotherapeutic

drugs or radioisotopes at the specific tumour site, with decreased toxicity to other

proliferating tissues (gut, bone marrow). For treatment of cancer, one of the routes that

has been studied avidly is the use of an agent that will be taken up inside the cancer cells

and several chemotherapeutic and antiviral agents are based on such molecules.

One such group of agents is the halogenated pyrimidine nucleosides which are

used for studying the metabolic pathways of pyrimidine incorporation into the DNA of

cells and for measuring cell proliferation. 5-Iodo-2'deoxyuridine (IUdR) is a thymidine
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analogue in which 5-methyl group of thymidine is replaced by iodine. Since the methyl

group and iodine atom have similar Van der Waal radii, this substitution gives a

compound that behaves remarkably like thymidine. Earlier studies have demonstrated

substantial incorporation of radiolabeled IUdR into DNA of tumour and proliferating

tissues [1]. As a thymidine analogue, IUdR is initially taken into the cell, phosphorylated

and incorporated in DNA, where it is retained by the cell or it's progeny. Radiolabeled

IUdR, such as 125IUdR, has been used in-vitro for monitoring proliferation, migration and

death of normal and neoplastic cells as well as for evaluation of the effectiveness of

various chemotherapeutic or radiotherapeutic procedures. 125IUdR is preferred for such

studies over 3H or 14C labeled thymidine [2]. Use of radiohalogenated thymidine

analogues for in-vivo tumour targeting in recent times and therapeutic effect achieved by

Auger electron emitting radionuclides such as 123I and I25I within proliferating cells, have

revived interest in radioiodinated IUdR as a potential therapeutic agent [3,4]. Moreover,

radioisotopes such as 123I and I31I can facilitate tumour imaging also [5]. Auger electrons

which deposit a sizeable energy at the site have been considered for tumour therapy [6]. If

internalised into the DNA of the cell, such Auger electrons would be ideal for therapy.

I25I has been shown to emit, in all, 19 Auger and conversion electrons per decay, with

energies ranging from 15 eV to 24 keV. Of these, 14 electrons have average energies of

200 eV or less. The range of these electrons in unit density matter is about 1 to 1.5 nm.

Such a burst of low energy electrons results in a highly localised energy deposition of ~

109 Rads per decay around the decay site as the molecules within 20 nm sphere are

irradiated by these electrons [7]. Experiments have shown that the decay of this isotope in

DNA of a mammalian cell leads to the breakage of DNA double strand [8]. In-vitro

studies showed a steep exponential reduction in cell survival with no shoulder (absence of

repair), resulting in high relative biological effectiveness (RBE) values of 7 to 8 and
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oxygen enhancement ratio of - 1.4 [9]. In contrast, 125I decay within cellular cytoplasm,

at plasma membrane or outside the cell, produces no extra lethal effect and resulting cell

culture curves resemble those observed with X rays [10].

IUdR derivatives such as radioiodinated 5-(2-iodovinyl)2'-fluro-2-deoxyuridine

(IVFRU) have been shown to be metabolically trapped in tumour cells and has been used

as a non-invasive tool to monitor the gene expression [11] in human gene therapy which

is gaining importance [12]. Nuclear Medicine is expected to play an important role as a

non-invasive imaging system and gene targeted radiotherapy is a new approach emerging

for treatment of cancer wherein gene therapy and targeted radiotherapy are merged [13].

Radioiodinated IVFRU and similar derivatives [14,15] are agents for such studies and the

current work would help in developing such radioiodinated nucleoside analogues.

2. MATERIALS AND METHODS

Na1 5I (specific activity 555-629 MBq/p.g) was obtained from Dupont Inc., USA.

2'-Deoxyuridine (UdR), 5-iodo-2'-deoxyuridine (IUdR), iodogen, chloramine T,

chemicals for DNA isolation such as Nonidit-P40, DNAase free RNAase, ethydium

bromide, sodium dodecylsulphate (SDS), trichloroacetic acid etc. were purchased from

Sigma Chemicals Co., U.S.A. Buffer salts, mercuric acetate, sodium chloride, palladous

chloride, sodium metabisulphite etc. were obtained from Sarabhai Chemicals Co., India.

Silica gel 254 and pre-coated TLC plates were from E. Merck. Electrophoresis paper

(Whatman No.3) was from Whatman International Ltd, U.K., Dowex-2 was from Dow

Chemicals Co., USA, Sephadex G-10 was from Pharmacia Co., Sweden. HPLC system

and the Bondapak C-l 8 column used were from M/s Waters (India) Ltd.
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Phosphate buffers (0.5 and 0.05 M) pH 2 and 7 were freshly prepared. PBS

(0.05 M Phosphate buffer, 1% NaCl, pH 7), citrate buffer (0.05 M, pH 6), TKM-1 buffer

(10 mM each of Tris, KC1, MgCl2 and EDTA, pH 7), TKM-2 buffer (TKM-1 buffer with

0.4 M NaCl) and TBA buffer (10 mM each of Tris, boric acid, EDTA) were also

prepared. 2 mg/mL solution of IUdR was prepared in 0.05 M Phosphate buffer, pH 7.

Glass tubes were coated with 50 \ig iodogen (1 mg/mL solution in CHC13)> dried and

stored at -20° C.

2.1. Preparation of 125IUdR

2.1.1. Direct Radioiodination of 2 -deoxyuridine (UdR)

Direct iodination of UdR was carried out using iodogen as oxidant. 30 \xL of

0.5 M phosphate buffer, 10uL (50 \ig) of UdR solution and appropriate amount of

Na125I were added to an iodogen coated tube and mixed. The radioiodination reaction was

studied by varying the reaction parameters such as pH (2 and 7), temperature (25 °C, 37°C

and 65°C), reaction time (5 and 15 min.) and specific activities (1.9 and 19 MBq/|j.g).

Purification was attempted by Dowex-2 anion exchange resin as free iodide was

envisaged to be the main impurity and by gel filtration over a Sephadex G-10 column

(30x2 cm) using 0.05 M citrate buffer (pH 6) as eluent. The yield of the reaction as well

as the radiochemical purity of the fractions were determined by paper electrophoresis

using Whatman chromatography paper No.3 in 0.05 M phosphate buffer for 1.5 h at 10

V/cm. The identity of the purified 125IUdR was established by comparison of migration in

silica TLC (85% CHC13 + 15% CH3OH solvent system), with an authentic sample of

IUdR.
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2.1.2. Indirect Radioiodination

2.1.2.1. Preparation of 5-chloromercury-2'deoxyuridine

5-chloromercury-2'deoxyuridine was synthesised as reported [16]. In short,

equimolar quantities of UdR and mercuric acetate were dissolved in water. Controlled

heating of the reaction mixture was carried out at 50°C with stirring for 3 h. After slight

cooling, solid sodium chloride was added in portions till the solution became clear. The

solution was refrigerated overnight when precipitation was observed. The precipitate was

washed with water : ethanol (1:1) and air-dried. The compound was characterised by

300 MHz ' H NMR spectroscopy which was recorded on a Varian VXR 300 S

spectrometer.

2.1.2.2. Radioiodination by iododemercuration

The CIHgUdR derivative was dissolved in distilled water by slight heating at

40°C to get a concentration of 1 mg/mL. 10 uL (10 p.g) was used for radioiodination. The

reaction was carried out at pH 6.0 using chloramine-T as the oxidising agent. Na12SI (19

to 185 MBq) was used and the reaction was carried out for 1 minute. 100 }xg sodium

metabisulphite was added to terminate the reaction. The radioiodinated product was

diluted to 1 mL and free iodide was separated by adding a small amount of Dowex 2

resin. The reaction yield and radiochemical purity were determined by paper

electrophoresis. The purified iodinated product was evaluated by using TLC as described

earlier. Quality control was carried out by injecting the sample in a HPLC system using

Bondapak C-18 column and eluted with a mixture of methanol: water (60:40) at a flow

rate of 1 mL/min.
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2.2. Stability studies

The radioiodinated IUdR was diluted to 3.7 MBq/mL with PBS pH 7.5, aliquoted

and stored at 4°C, ambient temperature and at 37°C. The radiochemical purity of the

aliquots stored at different temperature was determined over a period of 3 weeks using

paper electrophoresis as well as TLC.

2.3. In-vivo studies in tumour bearing animals

Sarcoma S-180 tumour cells were injected intraperitoneally (106 cells/mouse) in 6

to 8 weeks old Swiss mice. The animals were maintained till the tumour development

was apparent. 2 p.Ci (-70 KBq) of 125IUdR was injected intraperitoneally into each

animal. Time dependent pharmacokinetic studies were carried out at 3, 24, 48 and 70 h.

post injection. Ascitic fluid was drained out to the extent possible prior to sacrificing the

animals. Activity distribution in different organs was determined by excising the organs

and counting them in a flat geometry Nal(Tl) counter. For determining the activity

associated with the tumour cells, the cells from the ascitic fluid were separated and

washed with PBS, centrifuged and counted for radioactivity. The washing and

centrifugation steps were repeated till the supernatant was free of any radioactivity.

2.3.1. DNA isolation

Procedures from molecular cloning protocols [17] were followed for the isolation

of DNA molecules from the tumour cells. About 1 g of the cells from the ascitic fluid was

suspended in 5 mL TKM-1 buffer. 125 uL of Nonidit-P-40 was added and mixed by

inversion, centrifuged at 2200 rpm for 10 min. Supernatant was poured off and the

nuclear pellet was washed with 5 mL TKM-1 buffer and centrifuged as before. The pellet

was re-suspended in high salt TKM-2 buffer, 125 uL of 10% SDS was added, mixed and

incubated for 10 min at 55°C. 0.3 mL of 6 M NaCl solution was added and centrifuged at
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15000 rpm for 5 min. The supernatant containing DNA was saved and two volumes of

100% chilled ethanol was added and mixed. White thread like precipitate of DNA was

obtained which was centrifuged and washed with prechilled ethanol and finally with PBS.

The DNA precipitate was resuspended in 1 mL PBS with 10 mg/mL of DNAase free

RNAase and incubated at 37°C for 3 h. 9 M KOH solution was added to the resuspended

DNA precipitate to obtain the final concentration of KOH as 1M. The suspension was

further incubated for 2 h at 37°C. RNA hydrolysate was extracted twice with chloroform :

phenol (1:1 v/v). DNA in aqueous phase was precipitated with five volumes of prechilled

10 % trichloroacetic acid. The DNA pellet was washed and counted for radioactivity.

DNA samples were loaded on agarose gel electrophoresis. 0.8% Agarose was

prepared by dissolving it in TBE buffer with heating. Ethidium bromide (0.5 (ig/mL) was

added to visualise DNA. Xylenecynol and bromophenol blue were used as tracking dyes.

2.3.2. Efficacy studies of locoregional administration of 125IUdR

Twenty five animals of the same strain, weight and age were grouped into five

sets. All were inoculated intraperitoneally with Sarcoma S-180 cells at the same time.

One group was kept as control and the rest received I25IUdR intraperitoneally (70

kBq/animal) on zeroth (Io), third (I3), ninth (I9) and twelfth (I12) day after inoculation. All

the animals were maintained in the same environment and keenly observed for tumour

growth, changes in the physical activities and time of survival. The abdominal

circumference was taken as a measure of tumour growth. The period for which the

animals survived after induction of tumour was noted for all the animals.
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3. RESULTS AND DISCUSSION

3.1. Preparation ofJ25 IUdR

3.1.1. Direct radioiodination of UdR

Direct iodination of UdR has been reported using several oxidising agents such as

chloramine-T, iodobeads, nitric acid etc. under acidic conditions [18]. Table I gives the

results of the present studies at different reaction conditions of temperature, time and

pH. Analysis of the fractions by electrophoresis often resulted in three peaks, one

corresponding to free iodide which moved towards the anode, the second staying at the

point of spotting and a third fraction which also migrated towards anode to a lesser extent

(Fig. 1). The species that stayed at the point of spotting in electrophoresis, moved with Rf

of 0.53, on TLC and was found to be identical to that of iodoxuridine. Contrary to the

TABLE I: RESULTS OF DIRECT RADIOIODINATION OF 2-DEOXYURIDINE

UNDER DIFFERENT REACTION CONDITIONS

Reaction conditions

pH

7

2

7

2

7

7

7

2

Time (min) Temperature (°C)

5

5

15

15

5

15

15

15

65

65

65

65

37

37

25

25

% Activity with the peaks after paper
electrophoresis

point of spotting

80

2-3

72

6

47

59

38

4

charged
species

10

11

14

21

2

free iodide

7

85

11

85

25

11

35

85
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, 125 TFig.l : Paper electrophoresis pattern of the radioiodinated deoxyuridine ( IUdR)

reaction mixture; Sample reaction mixture - direct iodination at 1.8-1.9 MBq/|ig

30

reported results, it is seen that at pH 2, the yield was very poor irrespective of the reaction

temperature, advocating the use of pH 7 for the reaction. At pH 7, the yield was low

(-38%) when the reaction was carried out at room temperature. The yield improved on

heating the reaction mixture to 37°C or 65°C. However, increasing the reaction time from

5 to 15 min resulted in inferior quality product. When the reaction time was prolonged,

the proportion of the unwanted charged species increased. Hence, direct iodination for

further experiments were carried out at 65°C for 5 min. When radioiodination was carried

out using smaller amounts of uridine to obtain high specific activity product, the yield

decreased drastically and large fractions of activity were found to be present as the

unusable charged species and free iodide. A certain minimum amount of UdR (-50 jig) is

perhaps required for the reaction to proceed as also suggested by earlier workers [18].
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125,
TABLE -II: BIODISTRIBUTION OF "3IUdR IN TUMOUR BEARING MICE

Organ

Ascites fluid- total

per gram

Tumour cells*-per gram

Blood

Liver

Intestines

Kidneys

Stomach

Heart

Lungs

Bone*

Muscles*

Spleen

Thyroid

% Injected dose/organ, mean

3 h p.i.

16.48 ±5.4

2.79 ± 0.35

4.28 ± 2.7

7.37 ±0.57

2.65 ± 0.49

3.36 ± 0.75

0.91 ±0.1

10.55 ±1.5

0.22 ±0.01

0.78 ±0.16

5.07 ±0.4

15.7 ±3.8

0.31 ±0.11

7.0 ± 0.97

24 h p.i.

6.16 ±0.23

1.03 ±0.27

1.48 ±0.19

2.83 ± 0.56

1.33 ±0.28

1.67 ±0.25

0.39 ± 0.08

4.2 ±1.08

0.07 ± 0.02

0.22 ± 0.06

2.3 ± 0.6

6.85 ±2.3

0.07 ± 0.02

12.89 ±0.37

± SD, n=3

48 h p.i.

5.73 ± 0.76

0.77 ± 0.2

2.47 ± 0.7

1.22 ±0.17

0.78 ± 0.06

0.86 ±0.10

0.26 ± 0.03

2.03 ± 0.79

0.04 ± 0.00

0.15 ±0.02

1.8 ±0.24

2.7 ±1.23

0.04 ± 0.01

13.0 ±0.1

* tumour cells collected from the ascitic fluid were centrifuged and washed. As there was
substantial variation in amount of ascitic fluid collected, its composition w.r.t. cell
density etc., it was deemed best to express the activity in tumour cells as injected dose/g.

# bone and muscle activity was estimated by assuming bone as 10% of body weight,
muscle to be 40 % of body weight, and using femur and thigh muscles as samples.
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TABLE III: EFFICACY OF 12sIUdR INJECTION : MAXIMUM ABDOMINAL

CIRCUMFERENCE (cm) AS A MEASURE OF TUMOUR SIZE

Day®

Zero

Third

Nine

Twelve

Sixteen

Twenty

Control

7.4 ± 0.2

7.5 ± 0.2

8.3 ± 0.4

8.8 ±0.5

9.4 ±0.4

10.8*

Io group

#

7.4 ± 0.2

7.7 ± 0.2

7.5 ± 0.1

8.5 ± 0.3

8.9 ± 0.5 *

I3 group

#

#

7.7 ± 0.2

7.9 ±0.2

8.1 ±0.3

9.0 ± 0.3

I9

#

#

#

7.

7.

8.

group

7 ±0.3

7 ±0.3

3*

I.

#

#

#

#

8.

*

2 group

8 ±0.3

® number of days between induction of tumour and injection of 125IUdR

n = 5 in each group, # - circumference same as in the control group, but here 'n' varies

depending on the total animals that are untreated at that time.

* all animals died between 15 to 20 days from control group and I12 group; Io group-two

died in 17-18 days, I9 group- four died between 15-18 days, I3 group-all survived up

to 23 days.

Hence, for higher specific activities, a large amount of Na125I (in the right proportions as

required) should be used with higher amount (-50 pig) of UdR.

Ion exchange using Dowex-2 resin could adsorb most of the free iodide but only

part of the charged, damaged radiolabelled product could be removed by this method. On

gel filtration over Sephadex G-10, the unwanted species was eluted first (10-12 mL)

followed by 125IUdR (26-29 mL) and free iodide was eluted at the end (43-44 mL).

125IUdR peak fractions had 90-92% radiochemical purity as estimated by paper

electrophoresis.
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3.1.2. Radioiodination by iododemercuration

A very low concentration (~10'7 M) of IUdR can damage mammalian tissue

culture cells [19] and hence it is essential to prepare very high specific activity tracer.

Hence, indirect radioiodination method was resorted to obtain a product with high

specific activity by using a minimum quantity of IUdR. Radiolabelling by demetallation

is common [20] and 125IUdR can be synthesised by demercuration [21] or destannylation

of suitable derivatives [22]. 5-Chloromercuri-2'-deoxyuridine (CIHgUdR) was

synthesised. The yield of the CIHgUdR was ~ 60 %. The product was characterised by *H

NMR. (D2O, 5 ppm) : 2.39 (2H, broad triplet, J = 6.4 Hz) C2'-H2 , 3.71-3.86 (2H,

multiplet) C5'-H2,4.05 (1H, dd, J = 3.6 Hz, 8.0 Hz) C3'-H, 4.45 (1H, dd, J = 4.7 Hz, 8.0

Hz) C4'-H, 6.28 (1H, t, J = 6.6 Hz) Cl'-H, 7.71 (1H, s) C6-H.

The radioiodination yield ranged between 70 to 75% when Na125I activity used

was between 18 to 185 MBq. Dowex-2 purification alone was sufficient to remove the

unreacted iodide and the radiochemical purity of the purified product was 93 to 98%. On

TLC, 90 % of the activity was associated with the peak at Rf 0.53 which was identical

with the migration of cold, authentic IUdR. The purified I25IUdR gave a single

radioactive peak on HPLC with a retention time of 4.5 min in methanol:water (60:40)

solvent system at a flow rate of 1 mL/min establishing the purity of the product. This

product was used for animal experiments.

3.2. Stability studies

125IUdR prepared by both the methods were stable for at least three weeks at 4°C.

The radiochemical purity decreased marginally from 94 to 90% when stored for 20 days

at 4°C. Even the fraction which was stored at ambient temperature (25°C) and at 37°C

had radiochemical purity >90% after 12 and 9 days, respectively.
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3.3. In-vivo studies with 125IUdR

IUdR, if injected intravenously, is expected to be ineffective due to its high in-

vivo instability. Moreover its uptake by actively proliferating normal cell systems (gut,

bone marrow) would result in consequent toxicity to normal tissues. By locoregional

administration of the tracer, these problems could be reduced [23 ].

3.3.1. Biodistribution

The uptake of 125IUdR at 3, 24 and 48 h p.i in different organs is shown in Table

II. Activity in blood was found to decrease considerably within 48 h, while thyroid

uptake increased from 7 to 13% over the same period. Uptake of activity, by bone was

observed. While 4.28 ± 2.7 % of the activity was seen with the tumour cells at 3 h p.i. the

reduced activity (-2%) remained associated with the tumour cells upto 48 h p.i. Activity

in ascites has less significance since all the ascitic fluid could not be taken out and also

since the injection was intraperitoneal, this will only depict the activity that has been

transported away from the site. Isolated DNA, as identified by the green fluorescence of

marker xylenecynol, remained at point of spotting on agarose gel electrophoresis. Even

after 48 h p.i., 86 ± 4% (n = 5) of tumour cell radioactivity was found with DNA,

indicating that once inside the cell, 125IUdR is retained by DNA.

3.3.2. Efficacy studies of locoregional administration of125 IUdR

Effect of single dose injection at different stages of tumour growth is shown in

Table III. The animals injected with activity on the same day as the injection of the

Sarcoma cells, had slightly better survival than the control. However, this is theoretical

since the onset of tumour cannot be predicted on the first day. However, even a single

dose of 70 kBq/animal was effective in animals treated on the third day, as the growth of

tumour was delayed and all the animals of I3 group survived for a longer period than the
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control animals. Even in I9 group, tumour regression seemed encouraging although the

survival rates were not. Toxic dose determination needs validation through a separate set

of experiments. Nearly all animals from I12 group died at the same time with the control

group animals except one which died a day earlier. The results from I12 indicate that

125IUdR therapy may be ineffective and may even be toxic at fully grown stage of

tumour.

In conclusion, 125IUdR is a promising therapeutic agent when injected

locoregionally. High specific activity product prepared by the iododemetallation is

preferable to reduce the amount of IUdR needed for injection, which otherwise will be

toxic to the healthy cells. The therapeutic effect of 125IUdR on the Sarcoma S-180 tumour

is encouraging and further studies on dose variations are under way. The effects of

125IUdR on other tumour models, especially that of the brain are reported to be

encouraging [23,24] and will therefore constitute a subject of future study.
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