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Introduction

Cellular molecular responses to focal tissue hypoxia are critical

to the development and prognosis of several clinical patholo-
gies, including cancer,[1] liver disease,[2] myocardial and periph-

eral vascular diseases,[3] diabetes[4] and arthritis.[5] In cancer,
electron-affinic, bioreductively activated oxygen-mimetics, par-
ticularly the 2-nitroimidazoles (2-NI ; azomycin) have been in-

vestigated as radiosensitizer adjuncts for X-ray radiotherapy of

radioresistant hypoxic cells[6–8] and as imaging diagnostics of

hypoxic tumor.[9–14] In general, these radiosensitizers have
failed to perform effectively as neo-adjuvants to radiation ther-

apy. In the case of nitroimidazoles, the narrow therapeutic
window and related dose-limiting toxicities have contributed
to their clinical ineffectiveness.[15] For imaging focal hypoxia,

however, the nitroimidazole-based radiotracers have been ef-
fective. Several PET tracers, including fluorine-18-fluoromisoni-
dazole ([18F]FMISO)[16] and fluorine-18-fluoroazomycin arabino-

Iodoglucoazomycin (I-GAZ; N-(2-iodo-3-(6-O-glucosyl)propyl)-2-
nitroimidazole), a non-glycosidic nitroimidazole–6-O-glucose

adduct, was synthesized, radioiodinated, and evaluated as
a substrate of glucose transporter 1 (GLUT1) for radiotheranos-

tic (therapy + diagnostic) management of hypoxic tumors. Nu-
cleophilic iodination of the nosylate synthon of I-GAZ followed

by deprotection afforded I-GAZ in 74 % overall yield. I-GAZ was
radioiodinated via ‘exchange’ labeling using [123/131I]iodide (50–

70 % RCY) and then purified by Sep-PakÏ (>96 % RCP). [131I]I-

GAZ was stable in 2 % ethanolic solution in sterile water for 14
days when stored at 5 8C. In cell culture, I-GAZ was found to

be nontoxic to EMT-6 cells at concentrations <0.5 mm, and
weakly radiosensitizing (SER 1.1 at 10 % survival of EMT-6 cells ;

1.2 at 0.1 % survival in MCF-7 cells). The hypoxic/normoxic

uptake ratio of [123I]I-GAZ in EMT-6 cells was 1.46 at 2 h, and
under normoxic conditions the uptake of [123I]I-GAZ by EMT-6
cells was unaltered in the presence of 5 mm glucose. The bio-

distribution of [131I]I-GAZ in EMT-6 tumor-bearing Balb/c mice
demonstrated rapid clearance from blood and extensive renal

and hepatic excretion. Tumor/blood and tumor/muscle ratios
reached ~3 and 8, respectively, at 4 h post-injection. Regres-

sion analysis of the first order polynomial plots of the blood
and tumor radioactivity concentrations supported a perfusion–
excretion model with low hypoxia-dependent binding. [131I]I-

GAZ was found to be stable in vivo, and did not deiodinate.

Figure 1. Structures of 2-NI (azomycin), FMISO, FAZA, IAZA, 6-NDBG, GAZ,
and F-GAZ.
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side ([18F]FAZA),[17, 18] and the SPECT agent iodine-123-iodoazo-
mycin arabinoside ([123I]IAZA)[19] have found extensive clinical

use in hypoxia detection in cancer imaging (Figure 1). Al-
though these agents have performed well enough to justify

their continued use in patient studies, all, without exception,
achieve relatively low target-background concentration ratios

and hence lead to low-contrast images.[12] Their performance
as imaging agents reflects their diffusion-based local delivery
to hypoxic cells (i.e. , pharmacokinetics) and to a lesser extent,

their oxygen-dependent binding rates (i.e. , electron affini-
ty).[7, 20–24] Their poor performance as in vivo radiosensitizers
when used in conjunction with X-ray treatment has been at-
tributed to their inability to achieve radiosensitizing concentra-

tions at dose-limiting neurotoxicities.[25] The consensus remains
that there is still a clinical need for more effective radiosensitiz-

ers.[26]

Approaches to obtaining more rapid, hypoxia-sensitive
uptake of electron-affinic nitroimidazole derivatives by hypoxic

cells have focused on exploitation of equilibrative and concen-
trative transmembrane transport proteins, including nucleoside

transporters,[23] amino-acid transporters[27] and glucose trans-
porters (GLUTs).[28–30] For example, the design of selected glu-

cose-C6-O-azomycin adducts[29, 30] was rationalized from the re-

ported GLUT1 transport of the corresponding C6-O-glucose–
NBD adduct, 6-NBDG.[31]

GLUTs are particularly attractive transport elements to sup-
port imaging and/or molecular radiotherapy (MRT) of hypoxia

because several GLUT subtypes, including GLUT1, are upregu-
lated in hypoxic cells.[32] The parent compound of the glucose-

C6-O-azomycin adduct series, N-(2-hydroxy-3-(6-O-glucosyl)-

propyl)-2-nitroimidazole (GAZ), was found to be nontoxic but
only weakly radiosensitizing to hypoxic cells in cell culture.[29]

The fluoro analogue, F-GAZ (N-(2-fluoro-3-(6-O-glucosyl)prop-
yl)-2-nitroimidazole; fluoroglucoazomycin), was weakly com-

petitive against [18F]FDG uptake in cell culture, and therefore
considered to accumulate independently of transport via
GLUT1. However in PET imaging studies, [18F]F-GAZ did delin-

eate hypoxic tumor in a murine model.[30] EMT-6 tumors, de-
spite rapid renal clearance kinetics of [18F]F-GAZ, exhibited pro-

longed retention of low levels radioactivity (~1 % ID/g at
60 min) after injection of carrier-added (100 mg kg¢1) doses.
This indicates that these compounds have potential for use as
adjunct therapeutics (i.e. , as radiosensitizers) for external beam

radiotherapy (XRT), or as molecular radiotherapeutics (MRT) to
supplement XRT if radiotherapeutic radionuclides were used in
place of fluorine-18.[30] The current work describes the synthe-

sis, radiolabeling chemistry, in vitro biology and in vivo biodis-

tribution of I-GAZ (N-(2-iodo-3-(6-O-glucosyl)propyl)-2-nitroimi-
dazole; iodoglucoazomycin). I-GAZ is more lipophilic than GAZ

and F-GAZ and was therefore expected to display altered phar-
macokinetics that could lead to improved uptake in target tis-
sues.

Results and Discussion

Chemistry and radiolabeling

As depicted in Scheme 1, synthesis of the target compound, I-
GAZ, was achieved starting from the advanced intermediate, 1,

which was previously synthesized in our laboratory.[29] Treat-

ment of nosylate 1 with sodium iodide in DMF followed by
in situ acetolysis of the resulting product using 0.1 m metha-

nolic sodium methoxide afforded I-GAZ in 74 % yield over two
steps. The structure of the target compound was confirmed

using 1H NMR, 13C NMR spectroscopies and high-resolution
mass spectrometry (HRMS).

Radioiodine exchange radiolabeling of cold I-GAZ was se-
lected as the preferred labeling method. A number of prelimi-
nary reactions with various solvents [acetonitrile, 1,2-dime-
thoxyethane (DME), dimethyl sulfoxide (DMSO), N,N-dimethyl-
formamide (DMF), methyl ethyl ketone (MEK)] , with and with-

out pivalic acid (data not shown) led to the selection of ex-
change radioiodination using pivalic acid melt conditions,[33]

followed by recovery and purification by Sep-PakÏ filtration,

to afford the labeled radiopharmaceutical in radiochemical
yields (RCY) of 50–70 % and radiochemical purities of 96–99 %.

The purification of [123/131I]I-GAZ by Sep-PakÏ filtration was
a priority given the simplicity of the method in comparison

with HPLC, particularly in light of contamination/decontamina-
tion of HPLC columns and equipment encountered when

using the longer-lived radioiodine isotopes (i.e. , iodine-131

t1/2~8.02 d) which make the ‘single use’ Sep-PakÏ technology
ideal for this work. However, for stability studies, both Sep-

PakÏ [131I]I-GAZ and HPLC-purified [131I]I-GAZ were used. They
were individually dissolved in 2 % EtOH in sterile water and

stored in the dark at 22 8C for 7 days. Periodic (24 h, 72 h, and
7 d) radio-TLC analyses revealed that the radiochemical purity

(RCP) of [131I]I-GAZ samples purified by either procedure re-

mained unchanged (Figure 2).

In vitro evaluations of I-GAZ

Previous investigations of this class of halo-glucose–nitroimida-

zole adducts showed that these compounds were weakly cyto-

Scheme 1. Synthesis of I-GAZ and [123/131I]I-GAZ: a) 1. NaI, DMF, 60 8C, 3 h; 2. 0.1 m NaOCH3, CH3OH/CH2Cl2, 74 % (two steps) ; b) pivalic acid melt, Na[123/131I]
exchange.
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toxic, with inhibitory concentrations (IC50) in the 0.5 mm range

and with low uptake under cell culture conditions.[29, 30] I-GAZ

toxicity was similarly apparent at concentrations of 0.5 mm
and greater, as shown (Figure 3). This was in line with the long-

standing concept that nitroimidazoles have a preferential tox-
icity toward hypoxic rather than normoxic cells, and that this

toxicity arises through the formation of several bioreduced in-
termediates of the nitro moiety.[34–38]

In vitro radiosensitization

In vitro radiosensitizer potency may be expressed as the sensi-
tizer enhancement ratio (SER). In vitro SERs are often deter-

mined at relatively high concentrations (i.e. , 1 mm),[39] but the
toxicity of the putative radiosensitizer must be considered

when conducting these experiments. For I-GAZ, it was deter-
mined that a concentration of 0.5 mm could be used with min-
imal cytotoxicity. The radiosensitization (SER~1.1) induced by

I-GAZ at this concentration would appear to preclude effective
in vivo radiosensitization. In the current work, normoxic/hypox-

ic SER data for EMT-6 cells could only be measured at the 10 %
cell survival levels, which would be too high for meaningful in-

terpretation or application using in vivo models. Lower surviv-
ing fractions, say <1 %, would have required high radiation

doses that the radiation source available for this work could
not deliver within a reasonable time frame. Nonetheless, the
oxygen enhancement ratio (OER) measured at the 10 % survival
dose was ~3, thereby validating the experiment procedure
(Figure 4).

Data for MCF-7 cells indicated an OER of ~2.3, and a SER of
~1.2 at an I-GAZ concentration of 0.5 mm (Table 1). Target SERs

of 1.5–1.8 have been reported for several 2-nitroimidazoles in

cell culture, for radiosensitizer concentrations of 1.6 mm.[7]

Figure 2. A) A TLC radiochromatogram depicts the first elution of a Sep-
PakÏ cartridge loaded with the radioiodination reaction mixture following
deprotection of crude [131I]I-GAZ, and B) the inset depicts a TLC radiochro-
matogram of the second elution of the same Sep-PakÏ cartridge. C) TLC ra-
diochromatogram for a sample of purified [131I]I-GAZ after 14 days storage in
2 % ethanolic sterile water for injection at 22 8C.

Figure 3. Cytotoxicity of I-GAZ against EMT-6 and MCF-7 cells incubated in
air (with 5 % CO2). Plotted survival data are normalized to cell numbers in
wells containing no I-GAZ, i.e. , 100 % cell survival.

Figure 4. Radiosensitization of A) EMT-6 and B) MCF-7 cells in vitro by I-GAZ
(0.5 mm). Data are plotted as percentages of the normalized surviving frac-
tion; error bars depict 1 standard deviation (n = 4 for controls, i.e. , no radia-
tion; n = 3 for irradiated cultures). Vertical drop-lines point to radiation
doses (Gy) for the respective survival level (10 and 1 % for EMT-6 and MCF-7,
respectively) for each treatment (air, nitrogen, nitrogen with I-GAZ) were
used to calculate OER and SER for each cell line.
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Clearly, determination of the radiosensitization properties and
sensitization efficiency of I-GAZ in vitro and in vivo, including

measurement of its in vivo intratumor concentrations would

be required.

In vitro I-GAZ–GLUT interaction

The glucose–nitroimidazole adduct family of radiosensitizers
was initially designed to be transported into cells by GLUT pro-
teins.[28] Studies of F-GAZ competition with [18F]FDG indicated

that F-GAZ is a weak competitor for transport, especially in the

presence of physiological concentrations of glucose in cell cul-
ture.[29]

In the current work, [123I]I-GAZ and [18F]FDG were incubated
in vitro in EMT-6 cell culture to provide further clarification of

the I-GAZ-GLUT interaction, this time using glucose at either
physiological or decreased (nominally zero, as no glucose was

included in the culture medium during the experiments) con-

centrations as the competitive substrate (Figure 5).

Biodistribution of radioactivity (BR)

BR in tissues of Balb/c mice bearing implanted EMT-6 tumors
was determined periodically over 24 h following a bolus intra-

venous (i.v.) injection of [131I]I-GAZ. In general, the
data depict low penetration into soft tissues

(muscle, adipose tissue, pancreas and spleen), and
rapid entry into the hepatobiliary (liver, gall bladder

and intestines) and renal (kidney) excretory organs.
Radioactivity levels in stomach and thyroid remained

low throughout the study period. Tumor radioactivi-
ty was intermediate between non-excretory and ex-

cretory tissues. In terms of total uptake and clear-

ance over time, these data support a model of low
extravascular distribution, rapid renal clearance at-

tributable to the high hydrophilicity of I-GAZ, and
extensive hepatobiliary clearance commensurate

with its high molecular weight. Fluctuations in gall bladder ra-
dioactivity and persistent small intestine radioactivity may be
an indication of enterohepatic recycling of [131I]I-GAZ and/or

metabolites (see the Supporting Information for detailed data).
Comparisons of concentrations in tumor/blood and tumor/

muscle are indicative of hypoxia-specific uptake and retention
of radioactivity in hypoxic tumor, and in turn, the possibility of

using [123/131I]I-GAZ as a tumor hypoxia imaging and in situ
MRT agent (Figure 6).

Tumor, blood and muscle uptake of [131I]I-GAZ in EMT-6
tumor-bearing Balb/c mice are compared with published data
for [125I]IAZA,[18F]FAZA[40] and [18F]F-GAZ in the same tumor

model in Table 2 and Figure 7 ([125I]IAZA only). All parameters
measured (%ID/g, T/B and T/M) were less favorable for the

GAZ derivatives than for their respective radiofluorinated/radi-
oiodinated azomycin nucleoside analogues. These comparisons

would appear to mitigate against the use of labeled I-GAZ in

hypoxia imaging, even though the tumor/muscle ratios (i.e. ,
tissue background) appear to be favorable.

Clinical data from patient tumors imaged with [18F]FMISO
have shown that a positive or flat slope in the immediate post-

distribution phase of the tumor radioactivity/time curve was
a better prognosticator of tumor intractability (i.e. , the pres-

Table 1. Summary of I-GAZ toxicity, radiosensitization, and cell uptake in cell culture.

Cell
line

IC50

[mm]
OER

(survival [%])[a]

SER
(survival [%])[b]

N2/air I-GAZ
uptake ratio[c]

Glucose inhibition
of I-GAZ uptake [%][d]

EMT-6 >1 ~3 (10) 1.1 (10) 1.46 6
MCF-7 >1 2.3 (0.1) 1.2 (0.1) ND ND

[a] Determined at 0.5 mm I-GAZ. [b] pmol [123I]I-GAZ per 106 cells in 2 h incubations
under nitrogen or air ; the corresponding value for [123I]IAZA was 5.35. [c] [123I]I-GAZ
uptake in the presence of 5 mm (glucose / no glucose) Õ 100, determined after 60 min
incubation; data are standardized per mg protein. The corresponding value for
[18F]FDG under these conditions was 38 % inhibition. [d] ND: not determined.

Figure 5. Uptake of [123I]I-GAZ by EMT-6 cells in cell culture in the presence
(5 mm) or absence of glucose. Uptake of [18F]FDG is shown for comparison.
Data are the mean�SD, n = 3; error bars depict one SD.

Figure 6. Relative concentration ratios of radioactivity in tumor, blood and
muscle in Balb/c mice bearing implanted EMT-6 tumors, following bolus i.v.
injection of [131I]I-GAZ. Data are the mean�SD, n = 3; error bars depict one
SD.
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ence of hypoxic cells) than the standardized absolute uptake
of the tracer (e.g. , standard uptake value, SUVmax).

[39] In the

case of [131I]I-GAZ evaluation in mice, concentrations of radio-

tracer in EMT-6 tumor were 2–3 times higher than blood radio-
activity in the 1–4 h window after injection, representing

about one percent of the injected dose. However, regression
analysis of the first-order polynomial plots of the blood and

tumor radioactivity concentrations indicated that the clearance
of [131I]I-GAZ from both tissues followed a similar time course

(Figure 8), i.e. , a perfusion–excretion model with
minimal hypoxia-dependent binding. With only
a negative slope for the tumor radioactivity profile
throughout the study, the Eschmann analysis, if ap-

plicable to this animal model, would indicate that in
this animal model, IGAZ is not a strong diagnostic of

tumor hypoxia.

Conclusions

The synthesis of unlabeled and radioiodinated I-

GAZ, which were readily obtained through iodina-
tion and then deprotection of the versatile synthon

1-a/b-d-(1,2,3,4-tetra-O-acetyl)-6-O-(9-[2-nitro-1H-imidazolyl]-
8R/S-O-(4-nitrobenzenesulfonyloxy)propyl)glucopyranose (ace-

tylglucoazomycin nosylate; Ac-GAZ-Ns) are reported. The ra-
diolabeled product,[131I]I-GAZ, was stable for at least 14 days

when kept in 2 % ethanol in sterile water at 22 8C.
In vitro studies showed that I-GAZ is a relatively weak radio-

sensitizer when tested at its in vitro IC50 concentration
(0.5 mm), especially against EMT-6 cells (SER 1.1 at 10 % surviv-

al). The SER for MCF-7 cells was ~1.2 at 1 % survival. In cell cul-

ture (EMT-6 cells),[131I]I-GAZ uptake was almost 50 % higher
under hypoxia than under air, demonstrating hypoxia-depen-

dent binding, but cellular uptake of [131I]I-GAZ was virtually in-
dependent of the presence or absence of glucose, indicating

that transport by GLUT was not an important factor in its
uptake. In summary, the in vitro data provide evidence of I-

Table 2. Comparison of tumor uptake (%ID/g), tumor/muscle (T/M) and tumor/blood
(T/B) ratios from biodistribution studies in a murine tumor (EMT-6) model.

Hypoxia
radiotracer

[Ref.] t [h]
post-injection

# Animals Uptake
[%ID/g]

T/M T/B

[18F]FAZA [40] 3 8 1.38�0.62[a] 7.1�2.9 9.8�0.1
[125I]IAZA [33] 4 6 2.08�1.24[a] 8.7 4.6�0.5
[125I]IAZA [33] 24 6 0.21�0.05[a] 10.3 5.6�1.1

[18F]F-GAZ [30] 1 4 1.11�0.16 2.2�0.3 1.2�0.1
[131I]I-GAZ [this work] 1 3 1.14�0.19 6.1�3.0 1.5�0.2
[131I]I-GAZ [this work] 4 3 0.24�0.06 11.4�2.7 3.2�0.9
[131I]I-GAZ [this work] 24 3 0.03�0.00 1.7�0.8 1.2�0.4

[a] Mean �SD; other values are �SEM.

Figure 7. Biodistribution in EMT-6 tumor-bearing Balb/c mice. Radioactivity
uptake and clearance over time for A) [125I]IAZA (n = 6 for each time interval)
and B) [131I]I-GAZ (n = 3 for each time interval) following bolus i.v. injection
into Balb/c mice bearing implanted EMT-6 tumors. Error bars represent one
standard deviation. [125I]IAZA data are adapted from Mannan et al.[33]

Figure 8. Analysis of clearance of radioactivity from blood (*) and tumor (*)
over a 24 h period following i.v. injection of [131I]I-GAZ in EMT-6 tumor-bear-
ing Balb/c mice. The superimposed black lines essentially represent the first-
order polynomial regression (r2>0.99) for blood (solid line) and tumor
(dashed). Red and blue lines represent the predicted and 95 % confidence
limits. Analysis was done using SigmaPlot 12; “confidence band” refers to
the region of uncertainties in the predicted values over a range of values for
the independent variable; prediction band refers to the region of uncertain-
ties in predicting the response for a single additional observation at each
point within a range of independent variable values. The independent varia-
ble values used to compute the confidence bands are the same values used
to create the fit curve (Systat Software, Inc.).
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GAZ bioreduction leading to higher toxicity and increased re-
tention in hypoxic cells, as would be expected for 2-nitroimida-

zoles. However, I-GAZ was only a weak radiosensitizer of EMT-6
and MCF-7 cells under the prescribed experimental conditions.

The independence of cell uptake on the presence or absence
of glucose in the culture medium was taken as evidence that I-

GAZ uptake is not GLUT-mediated.
In vivo biodistribution studies of [131I]I-GAZ in Balb/c mice

with implanted EMT-6 tumors provided evidence for rapid

clearance from blood, extensive renal but predominantly hep-
atic excretion, and stability against deiodination. Tumor/blood
ratios exceeded unity within 30 min, and rose to ~3 at 4 h,
whereas tumor/muscle ratios rose from ~3 over the first h, to
~8 at 4 h post-injection. Analysis of temporal blood and tumor
radioactivity after injection revealed quantitative similarities be-

tween the two sets of data (Figure 8).

Experimental Section

General synthesis methods : Solvents used in reactions were puri-
fied before use by successive passage through columns of alumina
and copper under an argon atmosphere. All reagents were pur-
chased from commercial sources, and were used without further
purification unless noted otherwise. All reactions were carried out
under a positive pressure argon atmosphere and monitored by
TLC on Silica Gel G-25 UV254 (0.25 mm) unless stated otherwise. TLC
spots were detected under UV light and/or by charring with a solu-
tion of anisaldehyde in EtOH, acetic acid and H2SO4. Column chro-
matography was performed on Silica Gel 60 (40–60 mm). The ratio
between silica gel and crude product ranged from 100:1 to 20:1
(w/w). Organic solutions were concentrated under vacuum at
<50 8C. 1H and 13C NMR spectra were recorded at 700 and
176 MHz, respectively. 1H and 13C NMR chemical shifts are refer-
enced to CD3OD (d= 3.35 and 4.78 for 1H, 48.9 for 13C). 1H NMR
data are reported as though they are first order and the peak as-
signments were made on the basis of 2D-NMR (1H-1H COSY and
HMQC) experiments. ESI-MS spectra were obtained on samples
suspended in CH3OH with added NaCl. Atomic numbering for I-
GAZ is shown in Figure 9.

6-O-[9-(2-Nitro-1H-imidazolyl)-8-R/S-iodopropyl]-a/b-d-glucopyr-
anose, I-GAZ : NaI (21.18 mg, 0.14 mmol) was added to a solution
of compound 1[29] (50 mg, 0.07 mmol) in DMF (3 mL), and the reac-
tion mixture was heated at 60 8C for 3 h. The reaction was
quenched with H2O (10 mL) and the product was extracted into
EtOAc (10 mL). The organic layer was dried using Na2SO4, filtered,
and the solvent was removed under reduced pressure. To a solution

of the crude product in CH2Cl2 (3 mL), 0.1 m methanolic NaOCH3

(3 mL) was added and the solution stirred at 22 8C for 20 min. The
reaction mixture was neutralized with Amberlite IR-120 H+ resin,
filtered, and the solvent was removed. The impure product was
purified by column chromatography (10:1, v/v, CH2Cl2/CH3OH) to
give I-GAZ (24.2 mg, 74 % over two steps) as an amorphous solid:
Rf, 0.55 (10:1 CH2Cl2/CH3OH); 1H NMR (CDOD3): dH = 7.74 (d, J =
1.0 Hz, H-4a/b, R/S Im), 7.19 (d, J = 1.1 Hz, H-5a/b, R/S Im), 5.12 (d, J =
3.7 Hz, H-1b, R/S), 4.49 (d, J = 7.8 Hz, H-1a, R/S), 4.27 (tt, J = 5.5, 1.9 Hz,
H-9a/b, R/S, H-9’

a/b, R/S), 4.06 (td, J = 5.5, 2.7 Hz, H-8a/b, R/S, H-8’
a/b, R/S),

3.93 (ddd, J = 10.0, 4.8, 2.4 Hz, H-4b, R/S), 3.85 (dd, J = 11.0, 2.0 Hz, H-
6aa/b, R/S), 3.78–3.77 (m,H-5b, R/S), 3.73 (dd, J = 11.0, 5.6 Hz, H-6ba/b, R/S),
3.67 (t, J = 9.3 Hz, H-4a, R/S), 3.46–3.42 (m, H-5a, R/S)), 3.40–3.34 (m, H-
2b, R/S, H-3a/b, R/S, H-7a/b, R/S, H-7’

a/b, R/S), 3.16–3.12 ppm (m, H-2a, R/S) ;
13C NMR (176 MHz): dC = 143.50 and 143.41 (C2 Im), 126.17 and
126.02 (C4 Im), 125.04 and 124.96 (C5 Im), 98.18 (C1a), 93.97 (C1b),
78.05 (C2b), 76.96 (C5a), 76.19 (C2a), 74.84 (C4a), 73.72 (C3a), 72.07
(C4b), 71.83 (C3b), 71.65 (C5b), 71.12 (C6), 69.56 and 69.49 (C7),
53.16 and 53.10 (C9), 25.08 and 24.90 ppm (C8); HRMS (ESI) calcd
for [M + Na]+ C12H18 IN3O8Na: 482.0035, found: 482.003.

Radiolabeling : I-GAZ was radioiodinated by halogen (123/131I) ex-
change under pivalic acid melt conditions (Scheme 1). In a typical
reaction, solutions of I-GAZ (100 mg) in EtOH (50 mL) and pivalic
acid (1 mg in 50 mL EtOH) were added to a pre-warmed V-vial
(heating block; 40 8C) containing Na[131I]I (185 MBq) in methanolic
NaOH (100 mL CH3OH and 2 mL aqueous 0.05 n NaOH). The solvent
was evaporated under a gentle stream of argon gas to bring the
melt to dryness (~27 min). An additional portion of dry EtOH
(100 mL) was added to the vial, and the solvent was again removed
under argon. Complete removal of residual traces of water in the
reaction mixture was achieved using a high vacuum pump. Anhy-
drous acetonitrile (CH3CN; 100 mL) was added to the vial, which
was then capped and placed on the pre-heated block heater
(100 8C). The reaction was allowed to proceed at this temperature
for 2 h, after which the vial was removed from the block heater
and cooled to 30 8C. The solvent was removed under a flow of
argon, the residue was dissolved in sterile water for injection
(SWFI; 200 mL Õ 2), and withdrawn into a syringe. A C18 Sep-PakÏ
cartridge, preconditioned by flushing with EtOH (2 mL) followed by
SWFI (10 mL), and then air-dried by flushing with air (10 mL), was
attached to this syringe and the reaction mixture was pushed
slowly onto the cartridge; the wash was collected in a vial (iodide
vial). The syringe was removed and the cartridge was flushed with
SWFI (4 mL) to remove unreacted sodium [131I]iodide, which was
also collected in the ‘iodide vial’ (total 56 MBq). Finally, the car-
tridge was eluted with 5 % EtOH in SWFI (2 mL) to afford the pure
radiopharmaceutical, which was collected in a clean pre-evacuated
sterile vial. A typical reaction afforded 100 MBq of radiodinated I-
GAZ (recovered radiochemical yield; rRCY; 54 %) with a radiochemi-
cal purity (RCP)>96 % by TLC. TLC radiochromatograms of the
‘iodide’ and ‘product’ solutions are shown in Figure 1. [123I]IAZA
was prepared by radioiodide exchange with IAZA using a literature
technique.[33]

Cytotoxicity : Exponentially-growing murine EMT-6 and human
MCF-7 cell cultures (American Type Culture Collection; ATCC; USA)
were trypsinized, collected and diluted in the appropriate medium
to a cell concentration of 8 Õ 103 cells per mL. Cells (8 Õ 102 cells in
100 mL) were seeded into 96-well plates and incubated (24 h;
37 8C) under either 5 % CO2 in air, or under nitrogen. I-GAZ was dis-
solved at the desired concentrations in growth medium, and the
resulting I-GAZ solutions (100 mL) were added to the cell-contain-
ing wells. Hypoxic conditions under nitrogen were created by suc-

Figure 9. The structure of I-GAZ and atom assignments used for chemical
and spectral data.
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cessive evacuation/refill cycles with high purity nitrogen. In con-
trols (hypoxic and aerobic), medium (100 mL) replaced the test-
compound solution. After a 72 h incubation, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT, 50 mL of 1 mg mL¢1

solution) was added to each well, and after a 4 h incubation the
supernatant was removed and DMSO (150 mL) was added to each
well to dissolve the formazan crystals. The well-plates were shaken
for 30 min to ensure complete extraction, then scanned at 540 nm
using an ELISA reader. Survival curves (Figure 2) were generated
from net (test minus control) optical density data.

Radiosensitization : Human MCF-7 and murine EMT-6 cells (300 000
cells in 3 mL DMEM/F12 medium per T60 glass Petri dish) were in-
cubated (37 8C, 20 h) under 5 % CO2 in air. I-GAZ (stock solution
10 mm in 95 % EtOH) was then added to achieve a concentration
of 100 mm, and incubation was continued for 24 h. Dishes were as-
signed to either the control (normoxic) or hypoxic groups. Those
in the hypoxic group were de-gassed to hypoxia by six consecutive
vacuum/nitrogen (high purity) fill cycles in a vacuum chamber. The
Petri dishes (hypoxic and normoxic controls) were then incubated
for 30 min on an oscillating shaker at 37 8C (60 cycles/min) and irra-
diated in a 6 8Co g-irradiator to 0 (control), 4, 8, 16 and 32 Gy in
either N2 (hypoxic sub-group) or air (normoxic sub-group up to
8 Gy) chambers. The cells were sequentially washed with PBS, tryp-
sinized (500 mL), quenched with fresh medium (4.5 mL), plated in
medium at densities ranging from 100 to 15 000 cells per 5 mL
medium (normoxic cells; 100 and 5000 cells per 5 mL medium for
hypoxic cells), and then incubated (37 8C; 5 % CO2 in air). After 10
to 14 days, cells were stained with methylene blue or crystal violet
in EtOH, then clones were counted and surviving fractions calculat-
ed. Data are shown in Figure 3.

Hypoxia dependent uptake in vitro : In a separate experiment,
[131I]I-GAZ or [131I]IAZA were incubated with EMT-6 cells (106 mL) in
culture medium under either air (with 5 % CO2) or nitrogen (hypox-
ic conditions were created by successive evacuation/refill cycles
with high purity nitrogen). After 2 h, the cell incubates were treat-
ed with trichloroacetic acid (TCA) and the precipitate (bound
tracer) was recovered on a fiber filter bed, washed with cold water
(2 Õ 1 mL) and radioassayed using a g-counter. Radioactivity uptake
data (cpm per well) was transposed for expression as pmol per 106

cells.

In vitro cell uptake of [123I]I-GAZ : EMT-6 cells (obtained from Dr.
David Murray, Cross Cancer Institute, University of Alberta) were
cultured at 37 8C in a humidified atmosphere of 5 % (v/v) CO2,
using DMEM/F12 medium supplemented with 10 % fetal bovine
serum (FBS), 2 mm l-glutamine and 1 % antibiotic/antimycotic (In-
vitrogen, Burlington, ON, Canada). Cell growth medium was
changed every second day and cells were tested against mycoplas-
ma contamination. Exponentially growing cells were sub-cultured
into 12-well plates (Corning, Lowell, MA, USA) 24 h before the radi-
otracer uptake experiment at a density that gave rise to >85 %
confluence on the experimental day. Before the experiment, the
growth medium was removed and the cells were washed once
with Krebs–Ringer buffer (120 mm NaCl, 25 mm NaHCO3, 4 mm KCl,
1.2 mm KH2PO4, 2.5 mm MgSO4, 70 mm CaCl2, pH 7.4). The cells
were subsequently incubated in Krebs–Ringer buffer for 1 h before
radiotracer incubation was started. The radiotracer [123I]I-GAZ was
diluted in either Krebs–Ringer buffer with or without addition of
5 mm glucose to ~500 kBq per mL buffer solution. Cells were incu-
bated with [123I]I-GAZ containing buffer solution at 37 8C for 1 min
up to 90 min. Radiotracer uptake was stopped at dedicated time
points by washing the cells with ice-cold Krebs–Ringer buffer
twice. Cells were lysed with 5 % (TCA) at 37 8C for 5 min and trans-

ferred into scintillation vials. The cell lysate was counted in a g-
counter (Wallac 1480 Wizard-3, PerkinElmer, Canada). Protein levels
were quantified using the BCA protein assay kit (Pierce, Rockford,
IL, USA) according to the manufacturer’s recommendations; bovine
serum albumin was used as the protein standard. Cell uptake
levels were normalized to percent of the total added amount of ra-
dioactivity corresponding to exposure dose (% ED) per mg protein
(Figure 4).

Biodistribution of [131I]I-GAZ in subcutaneous EMT-6 tumors
bearing Balb/c mice : The animal experiments were carried out in
accordance with guidelines of the Canadian Council on Animal
Care (CCAC), and were approved by the local animal care commit-
tee of the Cross Cancer Institute. Murine EMT-6 cells (5 Õ 106 cells in
100 mL PBS) were injected into the upper left flank of female Balb/
c mice (20–24 g, Charles River, Canada). The biodistribution experi-
ment was performed after allowing 8 to 11 days for the tumors to
grow. The EMT-6 tumors analyzed in this study reached final sizes
of 171.5�9.8 mg (n = 15). After intravenous (i.v.) injection of [131I]I-
GAZ (170–190 kBq in 100 mL saline) into the tail vein of isoflurane
anesthetized mice, the animals were allowed to regain conscious-
ness until sacrifice. Animals were euthanized in a CO2 chamber at
5, 30, 60 min and at 4 and 24 h post-injection, and then rapidly dis-
sected. Organs of interest (blood, heart, lung, liver, kidneys, gall
bladder, spleen, stomach, duodenum, small and large intestines,
pancreas, right femur, muscle, ovaries, brain, fat, thyroid and
tumors) were collected and weighed. Radioactivity in all tissue
samples was measured in a g-counter and results were analyzed as
percentage of injected dose per gram (%ID/g) of tissue (Table 1).
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