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ABSTRACT

l-(4-Iodo-5-nitroimidazolyl)-2-hydroxy-3-methoxypropane (4-I-5-NHMP) has

been synthesized and radiolabelled with I for use as an j_n vivo marker of

tumor hypoxia. 4-I-5-NHMP was found to be a potent radiosensitizer of hypoxic

EMT-6 cells in culture, being 5-10 times more potent than misonidazole (MISO).

The oxygen enhancement ratio (O.E.R.) for these cells at 10% survival was

2.85. Cytotoxicity studies with cultured EMT-6 cells produced 50% growth

inhibition at 0.07 mM, a toxicity about 50 x greater than MISO toxicity under

identical conditions. However, studies of the uptake of ^M-labelled

4-I-5-NHMP in both aerobic and hypoxic EMT-6 cells showed no metabolic

dependent or hypoxia-specific uptake of the radiolabel. HPLC examination of

the culture medium indicated that rapid metabolic deiodination took place in

both oxygenated and hypoxic cell cultures, and that nit'o-reduction occured

under hypoxic conditions. These data suggest that a deiodinated metabolite of

4-I-5-NHMP, rather than the parent compound, is the radiosensitizing species.

In scintigraphic studies, uptake of radioiodide by the thyroid was consistent

with rapid in vivo deiodination after i.v. injection of 4- I-5-NHMP into a

normal Spraque-Dawloy rat or into f^DgFj mice baaring sub-cutaneous

implanted Lewis lung carcinomas.
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INTR0DUCTI0N

The effect of cellular oxygen concentration at the time of radiotherapy on

the curability of human cancers was first reported by Gray et al1. Thorn!inson

and Gray^ showed that specific histologic features, and in particular,

necrosis, may correlate with the presence of treatment-resistant hypoxic cells.

Several techniques for overcoming the radioresistance of hypoxic tumor cells to

low LET irradiation have been investigated, one of which is the use of

oxygen-mimetic, electron-affinic chemicals such as nitroimidazoles in

combination with radiotherapy^'^'^. Misonidazole (MISO), a 2-nitroimidazole,

has been widely studied in experimental radiation oncology as an hypoxic cell

radiosensitizer, but the total drug dosage which can be tolerated (12 gm c)

is limited by neurotoxicity . These clinical investigations were based on

both tissue culture and in vivo experiments which address mechanisms of

radiosensitization, mechanisms of drug cytotoxicity, drug metabolism,

pharmacokinetics, and the selection of superior compounds for clinical

application7'8'9-10.

The hypoxic cell radiosensiti/er, MISO, becomes bound to components of

hypoxic cells when metabolized by mammalian cells*1'-' jl3,14 Preliminary

distribution studies in tumor-bearing mice have indicated that except for

liver, the amount of C from C-M1S0 retained in tumor tissue after

clearance of the unmetabolized drug was greater than that retained in other

tissues . It was consequently suggested that the tumorrtissue ratios of

MISO adducts might be large enough for detection of hypoxic regions within

neoplasms by non-invasive procedures of nuclear medicine* after the drug was

labelled with an appropriate gamma-emitting radionuclide . Several studies

describing the synthesis, toxicity, sensitizing potenrv specificity of uptake
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by hypoxic cells, biological activity and whole-body distribution of

2-nitroimidazoles labelled with radioisotopes of bromine and iodine have been

sported 1 7' 1 8' 1 9' 2 0.

The radioiodinated nitroimidazoles tested to date have had undesirably high

1ipophilicity or have b^en susceptible to j_n vivo dehalogenation. In an effort

to circumvent these properties we have synthesized l-(4-iodo-5-nitro-

imidazolyl)-2-hydroxy-3-methoxypropane (4-I-5NHMP) and have tested it as a

marker for hypoxic cells in vitro and vn vivo.

MATERIALS AND METHODS

All reagents and solvents were; reagent grade and used without further

purification. Thin-layer chromatocjraphic (TLC) analysis was carried out on

silica gel micro plates (Whatman MK6F) using chloroform:methanol=4:1.

Preparative thin-layer chromatocjraphy (PTLC) was performed using Whatman siln.a

<jel plate1. (MKOl 40A) developed with chloroform:methanol=4:1. High pressure

li(jiii(i i liroma i (xjr'tiph ic (HPI C ) a n a l y s i s w a s c a r r i e d o u t u s i n g a W a t e r s H P L C

system with a <. 18 reverse phase column eluted with 20% methanol in water at a

flow rate of 2.0 ml min . Radioactivity in HPLC eluants was measured using a

Nal(Tl) crystal flow detector in series with a UV detector. Silica gel for

flash chromatography (Merck 9385; 20-40 microns) was eluted under pressure with

methanol:chloroform-5:95. The H nuclear magnetic resonance (PMR) spectra

were measured in DMS0-D6, on a Brucker AM300 Spectrometer. Ultraviolet

absorption spectra were recorded on a Unicam SP 1800 spectrophotometer usinq

water as solvent. Mass spectra were obtained with a Hewlett-Packard 5995A gas

chromatograph -mass spectrometer using the DIP mode. All melting points are

uncorrected.
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Synthesis

4,5-Di-iodoimidazole was prepared using a modification of the method of

Pauley . Imidazole (20g) was dissolved in water (900 mL) which contained

concentrated NH4OH (2.0 mL). Iodine (40 g) was added in 10 g portions, with

24h between additions. The precipitate which formed was filtered and washed

with a saturated solution of potasium iodide, then redissolved in ethanol

(200 mL). The crude iodoimidazole was reprecipitated from the ethanol by adding

cold water. After filtering and washing with water the precipitate was air

dried. This produced 29 g of a crude mixture of iodinated imidazoles.

Di-iodoimidazole was separated from the crude mixture using flash column

chromatography.

4(5)-Iodo-5(4)-nitroimidazole was prepared using the method of Hoffer

e_t a_l . Di-iodoimidazole (5 g) was dissolved in a mixture of concentrated

sulfuric acid (12 mL) and concentrated nitric acid (12 mL) at 0°C. The

mixture was allowed to warm to room temperature and was stirred overnight. A

precipitate was formed by pouring t.he nitrating solution over 1.5 volumas of

ice/water. After washing the filtrate with saturated aqueous potassium iodide

the iodo-nitroimidazole was recrystalized from ethanol and water. Yield 45% and

mp. 280°C compared with another published report of 281°C23.

1 (5-lodo-4-nitroimidazOlyl)-2-hydroxy-3-methoxypropane (5-I-4-NHMP) was

synthesized by reacting 1,2-epoxy-3-methoxypropane with 4(5)-iodo-5(4)-

nit.roimidazole in the presence of potassium carbonate in refluxing ethanol,

using the coupling method reported by Beaman et al . The product was

recrystallzed from ethanol after purification by flash column chromatography.

Yield 70%; MS(DIP, El, 70eV) 327.10 (M-t,8.3). This me! hod produced two isomers

which were determined to be l-(4- iodo-5-nitroimidazoly: ' 7-!i.ydroxy~3~
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methoxypropane (4-I-5-NHMP) and l-(5-iodo-4-nitroimidazolyl)-2-hydroxy-3-

methoxypropane (5-1-4-NHMPj by PMR 25,26 j^ese isomers were separated using

flash column chromatography, and purified by fractional crystallization and

were investigated separately. PMR(DMSO-D6) 4-I-5-NHPH: 8.00 (s,lH, ring

proton), 5.28 (d,lH,-OH), 4.56 (dd,lH,NCH2), 4.21 (dd,lH,NCH2), 3.89

(m,lH,CH-0H), 3.33 (m,2H, CH2-0-), 3.28 (s,3H, 0CH3); mp 121-122°C,

lit26 mp 121-122°C; UV max 324 nm. PMR(DMS0-D6) 5-I-4-NHPH: 8.05 (s,lH,

ring proton), 5.38 (d,lH,-OH), 4.22 (dd,lH,NCH2), 4.03 (dd,lH,NCH2), 3.97

(m,lH,CH-0H), 3.35 (m,2H, CH2O), 3.32 (s,3H, OCH3); mp 146-148°C, lit
26

mp 143-144°C.

Radioiabelling Procedure

The "melt method"2' was used to introduce radioiodine by halogen exchange.

Na12^I (30 MBq; no-carrier-added) in ethanol (20 uL) was dried in a

Reacti-vial (Pierce) and unlabelled 4-I-5-NHMP (1 mg) and pivalic acid (10 mg)

were added to the vial, which was then sealed and heated (155 °C) for 30

minutes. After cooling, the residue was dissolved in ethanol (0.1 mL) and the

final radiolabelled product was purified on PTLC. Radiolabelling yields were

determined by HPLC. Elution times for the isomers were 14.7 min and 20 min at 2

mL min" . The radiochemical purity of the final product, as determined by

HPLC, was greater than 95% and did not change with time (48 hours).

Partition Coefficient (P)

Test compounds (50 ug mL"^) were dissolved in 0.05 M phosphate buffer (pH

7.4) and shaken for three hours with equal volumes of water and octanol. The

concentration of sensitizer in the aqueous phase before and after octanol
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partitioning was determined by UV analysis at 324 nm, with reference to a

calibration curve (Beer's plot) for the compounds over a concentration rangi* of

5-50 ug mL~*. Partition coefficients were calculated as ratios of

concentration in octanol to concentration in aqueous phase.

Protein Binding (%PB)

Test compounds (50 ug mL"^) were incubated under aerobic conditions for

1 h at 37°C with normal human serum albumin (Connaught) diluted to 5% w/v

with tris-buffered saline. Ultrafiltration (Amicon.YMT filters) at 2000 x g for

20 minutes was used to separate free drug from protein-bound drug. The

absorbance at 324 nm was used to determine drug concentration in the filtrate.

Radiolabelled compound wa^ aiso used to determine protein binding. In this case

the radioactivity in the filtrate was used to calculate drug binding.

Measurement of Tumor Cell Adduct Formation

Murine EMT-6 fibrosarcoma cells were cultured as monolayers and transferred

twice weekly in Waymouth's medium complete with 10% fetal calf serum. Cells

grown to near confluence on 150 cm^ flask were trypsinized, centrifuged and

resuspended in Spinner minimal essential medium (MEM) (Mg6 and Ca*- free)

which contained 7% fetal calf serum. Cells (5 x 10° cells mL~*) were

transferred to glass chambers designed to allow for control of cell culture

temperature and oxygen tension in the gas phase . The cell suspensions were

gassed (1L min ) with humidified mixtures of 95% air plus 5% CO2 or with

95% ultra-pure nitrogen (oxygen content less than 5 ppm) plus 5% CC>2.

Solutions of sensitizer in sterile water were prepared at 20-50 x the final

desired concentration and were added in small volume, ... the cell suspensions
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in the chambers. At various times, samples of the cells were removed through

the sampling port and added to 10 volumes of cold 5% trichloroacetic acid to

precipitate the macromolecular fraction. Samples were maintained on ice until

they were filtered through cellulose acetate filters (Sartorius; pore size 0.45

um), held in a Millipore sampling manifold, to collect the macromolecular

fraction. Filters were washed twice with cold 5% TCA, placed in scintillation

vials and the I activity was determined with a gamma-counter (Beckman

Model 8000). Samples of medium were analyzed by TLC (at various times during

the incubation) for intact radioiodinated sensitiser. HPLC analyses were

performed on the media after the incubation was complete. Samples of media were

passed through ultrafilters (Amicon, YMT filters) to remove cells and protein

prior to HPLC analysis.

Hypoxic Cell Radiosensitization

The radiosensitizing activity of 1 -(4-iodo-5-nitroimidazolyl)-2-

hydroxy-3-methoxypropane (4-I-5-NHMP) was assayed using EMT-6 mouse

fibrosarcoma cells which were cultured and maintained as monolayers in HEM

supplemented with 10.5% fetal calf serum and antibiotics. Cells in logarithmic

growth in culture flasks were trypsinized and resuspended in Spinner MEM

(Ca2+ and Mg^+ free) to which 6.2% fetal calf serum and antibiotics were

added. Cell suspensions (10 cells mL ) were transferred to glass
po _ i

irradiation chambers'10 and made hypoxic by gassing at a rate of 1 L min l

for 60 minutes with ultra-pure nitrogen plus 5% CO2 or aerobic by gassing

with air and 5% C02- A 4-I-5-NHMP solution was prepared at 20-50 x the

desired final concentration in the culture medium and added to the cell

suspension 10 minutes prior to irradiation. The cell suspensions were
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irradiated at both 22°C and 37°C, with or without drug present, with

gamma-rays from a Cs irradiator. The average dose rate in the liquid

volume of the irradiation chamber was 1.4 Gy min , determined by Fricke

dosimetry. An aliquot of the cell suspension was removed through the vessel

sampling port after each dose fraction, diluted in complete MEM and plated in

MEM (5 mL) in 60 xI5 mm plastic petri dishes. Cultures were incubated at 37°C

for 6 days in a humidified air plus 5% CO2 atmosphere and then stained with

methylene blue prior to enumeration of colonies. Radiation survival curves were

constructed from surviving fractions determined at several doses of radiation.

Measurement of Drug Toxicity

Cytostatic toxicity of 4-I-5-NHMP towards murine EMT-6 fibrosarcoma cells

was measured using replicate culture samples containing approximately 10

cells. These were plated in 60 x 15 mm plastic dishes and incubated overnight,

a procedure which resulted in exponentially proliferating cultures. The medium

from these cultures was aspirated and replaced with warmed medium containing

differing concentrations of test drug. After 24 hours incubation in the

presence of the drug, the medium was removed from the cultures, cells were

trypsinized to remove them from the plastic dishes and total cell number per

petri dish was determined by Coulter counter measurements. Cell proliferation

data in the presence of sensitizer were expressed AS the fraction of the cell

increase observed in the control (absence of drug) .

RESULTS AND DISCUSSION

The procedure used for nitration of di-iodoimidazole was first reported to
9 9 or

produce 2- iodo-4(5) -ni troimidazole , but. subsequent woc/v has indicated
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that the correct structural assignment is 4(5)-iodo-5(4)-nitroimidazole.

Careful analysis of our PMR data support the assignment made by Dickens

et al . No 2-iodo-4-(5)-nitro-imidazole derivative was formed using this

synthesis. The coupling procedure for introducing the N-l side chain produced

two structural isomers. The structure of these two compounds was assigned on

the basis of mass spectrometry and PMR data. These data and the reported PMR

spectra for iodinated nitroimidazoles"' support the assignment of two

isomeric structures, l-(4-iodo-5-nitroimidazolyl)-2-hydroxy-3-methoxypropane

(4-I-5-NHMP) and l-(5-iodo-4-nitroimidazolyl)-2-hydroxy-3-methoxypropane

(5-I-4-NHMP), but are not in total agreement with PMR spectra reported for

these compounds .

In our analysis the N-CH2 protons appear as two separate well resolved

signals demonstrating both geminal coupling (J=13.7 Hz) and coupling to the

adjacent methine proton. In addtion, the N-CH2 protons are somewhat

deshielded by the 5-nitro group in 4-I-5-NMPH leading to a downfield shift of

these signals relative to the equivalent protons in 5-I-4-NMPH.

l-(4-iodo-5-nitroimidazoyl-2-hydroxy-3-methoxypropane (4-I-5-NHMP) was

selected for further study. The partition coefficient of 4-I-5-NHMP was foun'd

to be 1.97 +0.1 (n=12) compared to a value of 2.6 reported by Gupta et al^°

and the plasma protein binding was determined to be 17.2 + 5.7 (n=12) percent.

These values are higher than those for MISO but very similar to those for

IAZR19 (Table 1), and fall within the range thought to be necessary for

effective radiosensitizers.

The radiosensitization of EMT-6 cells by 0.1, 0.? and 0.5 mM 4-I-5-NHMP is

shown in Figure 1. Sensitizing enhancement ratio studies (at 10% survival

level; O.E.R. 2.85) show 4-I-5-NHMP to be 5 to 10 timrs :;ore potent as a
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hypoxic cell radiosensitizer than misonidazole (MISO). The single electron

reduction potential of 441 mV reported for this compound would suggest thai

4-I-5-NHMP should be a less potent sensitizer than MISO; this unexpectedly high

potency may be due to the relatively high toxicity of 4-I-5-NHMP.

The concentration of 4-I-5-NHMP required to inhibit EMT-6 cell

proliferation in vitro to 50% of untreated controls was 0.07 mM (lit26

0.48 mM). 4-I-5-NHMP is therefore approximately 50 times more toxic than MISO

(3.9 mM for 50% inhibition) and 1.4 times more toxic than IAZR19 (Table 1).

incubation studies using a mixture of 4-131I-5-NHMP and 5-131I-4-NHMP

in aerobic and hypoxic EMI-6 cultures showed a small uptake of radioactivity

after 15 and 30 minutes of incubation. At longer incubation times the amount of

radioactivity remained low and eventually decreased slightly. TLC analysis of

the culture medium revealed that these compounds were being de-iodinated by

EMi-6 cells (Figure 2) under both aerobic and hypoxic conditions. Little

dehalogenation was seen under either aerobic or hypoxic conditions when the

incubation medium contained no cells, confirming the occurence of metabolic

deiodination. The radiochemical purity remained greater than 88% during these

control studies. Similar results were obtained using 4- M-5-NHMP alone.

Analysis of the medium by HPLC failed to detect either 1-(2-hydroxy-3-methoxy)

5-nitroimidazole (4-NHMP) or l-(2,3-dihydroxypropyl)-5-nitroimidazole

(desmethyl-5-NHMP), the compounds expected to be formed by metabolic

de-iodination or de-iodination with 0-demethylation. 0-Demethylation is a

major biotransformation reaction for Br-KlSO in this system .

lhe chemical and radiochemical stability, low 1ipophilicity (partion

coefficient) and moderate protein binding of 4-J- 5-NHMP indicated that this

compound might be useful as a marker of hypoxic cell' 'ory little
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radioactivity was incorporated into the cells, indicating that the

radiosensitizing properties of 4-I-5-NHMP might be due to a de-iodinated

metabolite which is produced in the cell. Surprisingly, the simple

dehalogenated products l-(2-hydroxy-3-methoxypropyl)-5-nitroimidazole (4-NHMP)

and l-(2,3-dihydroxypropyl)-5-nitroimidazole (demethyl-4-NHMP) were not

detected in the culture medium. This suggests that either dehalogenation takes

place immediately after or during adduct formation, or that the metabolic

pathway is more complex. Such a complex pathway might involve elimination or

reduction of the nitro group simultaneously with dehalogenation. Although a

reduction pathway would be plausible in hypoxic cultures, it is unlikley to

exist under aerobic conditions, because the first reduction intermediate (nitro

radical anion) is known to be stripped of its electron by molecular oxygen-* .

Stratford et al c studied the sensitizing properties of an isomeric pair

of imidazoles with similar substitution patterns. In their studies

4-iodo-5-nitro-1-methylimidazole and 5-iodo-4-nit.ro-l-methyl imidazole had

C j g values (concentration to produce sensitizing enhanced ratio of 1.6)

values of 2.8 xlO"^ mol dm""* and 1.0 xlO'4 mol dm respectively,

indicating that the 4-nitro compounds are more effective sensitizers than

5-nitro compounds, but both are less effective than 2-r,itro compounds. Gupta

et a l " report almost equal radiosensitizing potency for the two isomers

(5-I-4-NHMP and 4-I-5-NHMP) despite a 2.5 x greater cytotoxicity, a 3-fold

higher partition coefficient and a 56 mV greater single electron reduction

potential for 5-I-*-NHMP.

Very few in. vivo scintigraphic studies of the whole-body biodistribution

and tumor uptake of radiolabelled nitroimidazole radiosensitizers have been

reported to date. Tubis et al^'"^ demonstrated the uptake of a
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iOiI-labe11ed derivative of metronidazole by amebic liver abscesses using j_n

vivo scintigraphy, without reference to the affinity of these compounds for

hypoxic tissues. 4-Bromomisomdazole (4-Br-MISO) has been radiolabelled with

cBr, and its radiosensitizing properties, metabolic debromination and

metabolic O-demethylation i_n vivo in tumor-bearing mice have been demonstrated

1/j . Highly 1ipophilie iodinated derivatives [l-(4-iodophenoxypropyl)-

2-nitroimidazole; IPENI] of the radiosensitizer l-(2-phenoxyethyl)- 2-nitro-

imadazole have also been labelled with * *I and studied in tumor-bearing

mice. IPENI was resistant to dehalogenation i_n \QVO, but because of its high

1ipophi1icity it could not be adequately evaluated as a radiosensitizer in

vitro . The synthesis of * F-labelled l-(2-nitro-l-imidazolyl)-3-fluoro-

2-propanol, which has potential as a hypoxic cell marker using positron

emission tomography (PET), has been reported . Recently,

1-(5'-iodo-5'-deoxyribofuranosyl)-2-nitroimidazole has been synthesized and

radiolabelled with 131^9,20^ j ^ e radiosensitizing properties and uptake in

hypoxic cells in vitro, and the in vivo biodistribution of this compound have

been investigated. Although it is a potent radiosensitizer with only moderate

cytotoxicity, dehalogenation «f the sugar moity precluded sucessful in vivo

application.

The j_n vivo whole-body biodistribution of an i.v. injection (tail vein) of

4-[xJiI)-5-NHMP in a male Sprague-Dawley rat showed a general, almost uniform

soft tissue distribution, with a gradual redistribution of actvity to the

stomach and thyroid (within three hours). No other tissue was highlighted in

thf- scintigrams, suggesting that deiodination was ra;.-id and complete. Similar

distribution patterns were observed in B2O5F1 mice bearing subcutaneous,

implanted lewis i ung carcinomas. Further in vivo st •.•-:• t.;. evaluate tn.i
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compound as a scintigraphic indicator of tissue hypoxia were not warranted

because of this deiodination. Symptoms of neurotoxicity were apparent in this

preliminary investigation.

Rapid deiodination of 4-I-5-NHMP is in keeping with earlier observations

with 4-8^Br-MIS0^ which also underwent extensive metabolic debromination

of the imidazole ring. This rapid de(radio)halogenation is an important factor

which limits the usefulness of these compounds as in vivo markers for hypoxic

cells. An examination of the relative reactivities of the three carbon atoms in

the imidazole ring30 suggests that halogenation at the 2-position v/ould

provide compounds which would be more stable chemically and perhaps more

resistant to biological degradation. However, their sensitizing properties and

efficiency as hypoxic cell markers would have to be established.
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P value

%PB

50%

SER

toxicity

(10% survival)

Properties

5-I-NHMP

1.97 + 0.

17.2 ± 5.

0.071 mM

5 to 10*

TABLE 1

of radiosensitizers

1

7

MISO19

0.43

<1

3.9 mM

1.0

IAZR19

2.1 ± 0.3

20.5 ± 1.6

0.17mM

5 to 10

relative to MISO
SER - sensitization enhancement ratio
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Figure 1. Radiosensitization of hypoxic murine E"MT-6 fibrosarcoma cells
in tissue culture by addition of 0.1, 0.2, or 0.5 mM 5-I-4-NHMP.

Figure 2. Metabolic dehalogenation of 5-I-4-NHMP by murine EMT-6
fibrosarcoma cells in vitro.
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