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Abstract. Positron emission tomography (PET) imaging
of tumor hypoxia provides valuable information for cancer
treatment planning. Two types of PET tracers, nitroimidazole
compounds and [*%*Cu] copper-diacetyl-bis[N(4)-methylthio-
semicarbazone] (Cu-ATSM), have been used for imaging
hypoxic tumors. High accumulation of these tracers in
tumors was shown to predict poor prognosis. Both similar
and different intratumoral distributions of these PET tracers
have been reported with some studies questioning the depen-
dence of the Cu-ATSM accumulation on hypoxia. In the
present study, we compared the intratumoral distribution and
cellular uptake of 1-(5-fluoro-5-deoxy-a-D-arabinofuranosyl)-
2-nitroimidazole (FAZA) and Cu-ATSM. Intratumoral
distributions of FAZA and Cu-ATSM compared by double
tracer autoradiography in xenografts of 8 cancer cell lines
and 3 cancer tissue originated spheroids (CTOSs) showed that
only a limited overlap was observed between the regions with
high levels of FAZA and Cu-ATSM accumulation in all the
xenografts. Immunohistochemistry in the regions enriched
with FAZA and Cu-ATSM in xenografts demonstrated that
pimonidazole adducts were in regions that accumulated high
levels of FAZA, while HIF-1a was in areas enriched with
either tracer. In addition, we examined the cellular uptake of
FAZA and Cu-ATSM at different levels of oxygen concentra-
tion in 4 cell lines and revealed that cellular uptake of FAZA
was increased with the decrease of oxygen concentration
from 20 to 2 and from 2 to 1%, while the Cu-ATSM uptake
increased with the decrease of oxygen concentration from 20
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to 2%, but did not increase with the decrease from 2 to 1%.
Our findings indicate that intratumoral distributions of FAZA
and Cu-ATSM were essentially non-overlapping and although
hypoxia affects the buildup of both tracers, the accumulation
of Cu-ATSM occurred at milder hypoxia compared to the
conditions required for the accumulation of FAZA. Therefore,
accumulation levels of FAZA and Cu-ATSM may be consid-
ered as independent biomarkers.

Introduction

Cancer biology has made a significant progress in identifying
molecules involved in mechanisms of carcinogenesis and
malignant progression. This has led to the development of
a new generation of therapeutics that target such molecules.
In spite of this progress, cancer treatments often fail to bring
cure to many patients who develop resistance to the therapy
and therefore suffer from metastases and/or recurrences. The
success of a treatment depends, at least in part, on a detailed
understanding of unique characteristics of cancer in each
individual patient. In addition to the analysis of biomarkers
in blood and tumor samples, positron emission tomography
(PET) and other imaging techniques provide valuable infor-
mation about properties of each cancer and facilitate treatment
planning.

Recently, the role of the tumor microenvironment in cancer
has become a focus of numerous studies. Among factors
affecting the microenvironment, hypoxia is attracting major
attention. Hypoxia is known to cause cancer therapy resistance
by activating prosurvival reactions, upregulating angiogenesis,
stimulating metabolic adaptations and promoting tumor inva-
sion and formation of metastases. Some of these effects are
mediated by the HIF-1a activation, while in case of the radia-
tion therapy the lack of oxygen itself also plays an important
part by reducing the generation of free radicals (1-3).

Two classes of PET tracers have been tried for
tumor hypoxia imaging in humans. One class comprises
nitroimidazole compounds such as 1H-1-(3-['®F]-fluoro-
2-hydroxy-propyl)-2-nitro-imidazole (FMISO) and
1-(5-fluoro-5-deoxy-a-D-arabinofuranosyl)-2-nitroimidazole
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(FAZA), while the other is represented by [¢%*Cu] copper-
diacetyl-bis[N(4)-methylthiosemicarbazone)] (Cu-ATSM).
Accumulation of both classes of PET tracers inside tumors has
been reported to predict prognosis in cancer patients (4-7). The
intratumoral distribution of Cu-ATSM has been compared to
that of FMISO or FAZA previously (8-11) and both similarities
and differences have been reported. In the present study, we
analyzed intratumoral distributions of FAZA and Cu-ATSM
in xenograft tumors induced by cancer cell lines of various
origin and cancer tissue originated spheroids (CTOSs). CTOS
xenografts are reported to closely mimic properties of original
tumors (12). We have also compared the cellular uptake of the
two tracers by several cell lines in order to elucidate possible
reasons for differences in the accumulation of FAZA and
Cu-ATSM.

Materials and methods

FAZA and Cu-ATSM. [®F]FAZA was synthesized at the
National Institute of Radiological Sciences facility using the
method reported earlier (14). The specific radioactivity was
>300 GBg/umol and the radiochemical purity was over 95%.
%4Cu (50-90 GBg/umol) was produced at the National Institute
of Radiological Sciences facility and [**Cu]Cu-ATSM was
synthesized as described previously (13). The radiochemical
purity was over 95% as determined by silica gel thin layer
chromatography.

CTOSs and cell lines. We used such CTOSs as C45, OMLC-147
and OMLC-145 derived from patients with a moderately differ-
entiated colon adenocarcinoma, lung squamous cell carcinoma
and atypical lung adenocarcinoma, correspondingly, that were
prepared and maintained as previously described (12,15). The
study protocol was approved by the Ethics Committees of
both the Osaka Medical Center for Cancer and Cardiovascular
Diseases and the National Institute of Radiological Sciences.
The CTOSs were cultured in StemPro human embryonic stem
cells medium (Gibco, Carlsbad, CA, USA) supplemented
with 8 ng/ml basic fibroblast growth factor (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA), 0.1 mM
[-mercaptoethanol (Wako, Osaka, Japan), 50 U/ml penicillin,
and 50 pg/ml streptomycin (Gibco) in a non-treated dish (Iwaki,
Tokyo, Japan) in a humidified atmosphere of 95% air/5% CO,
at 37°C. The human cancer cell lines HT29 (HTB-38; colon
adenocarcinoma), HCT116 (CCL-247; colon carcinoma),
H441 (HTB-174; papillary adenocarcinoma), H520 (HTB-182;
squamous cell carcinoma), A549 (CCL-185; lung carcinoma),
HCC1954 (CRL-2338; ductal carcinoma), MCF7 (HTB-22;
mammary gland adenocarcinoma) and U87MG (HTB-14;
glioblastoma) were obtained from the American Type Culture
Collection (ATCC). They were cultured in Dulbecco's
modified Eagle's medium (DMEM 11995-065; Invitrogen)
supplemented with 10% fetal bovine serum and antibiotics.

Xenograft tumors. All animal experiments and proce-
dures complied with the Animal Treatment Regulations of
the National Institute of Radiological Sciences in Japan.
Approximately 1,000 C45 CTOSs, 100 OMLC-145 CTOSs
or 100 OMLC-147 CTOSs were suspended in 50 ul of
Matrigel growth factor reduced (GFR) (BD Biosciences,
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Bedford, MA, USA) and transplanted subcutaneously into
the flanks of NOD/scid mice (NOD.CB17-Prkdc®*i/J; Charles
River Japan, Yokohama, Japan). Cells of the cancer cell lines
(2-4x10° cells/inoculate) were transplanted subcutaneously into
nude mice (BALB/c Slc-nu/nu; Japan SLC, Inc, Hamamatsu,
Japan). H520 cells were suspended in 50 ul of Matrigel
(BD Biosciences) and the others were suspended in 50 ul of
phosphate-buffered saline (PBS). For each CTOS or cell line,
3-5 tumor-bearing mice were prepared and used for further
experiments once the tumor diameter reached 10-15 mm. This
usually occurred 3-6 weeks after the transplantation.

Double-tracer autoradiography. Each mouse was admin-
istered 20 MBq ['*FIFAZA, 0.2 MBq [**Cu]Cu-ATSM and
15 mg of pimonidazole (Hypoxyprobe-1 kit; Hypoxyprobe,
Inc., Burlington, MA, USA) intravenously. Two hours later,
mice were sacrificed and tumors were removed. The excised
tumors were immediately embedded in the optimal cutting
temperature compound (Sakura Finetech, Tokyo, Japan) and
frozen in hexan (Wako) pre-cooled with dry ice. Each tumor
was sectioned, the cut surfaces were flattened using a cryostat
(Leica CM1950; Leica, Wetzlar, Germany) and subjected
to double-tracer autoradiography. ['*F]JFAZA images were
acquired over 15 min by exposing the frozen sections to an
imaging plate (BAS-IP MS 2025E; Fujifilm, Tokyo, Japan) in a
freezer. Then, the imaging plate was scanned by a bio-imaging
analyzer (FLA7000; Fujifilm). Following an interval of
30 h necessary for '8F decay after the first exposure, [**Cu]
Cu-ATSM images were acquired over a 3-day period and the
imaging plate was scanned thereafter.

[®FJFAZA and [**Cu]Cu-ATSM distributions were visu-
alized using Multi Gauge software (Fujifilm). In each tumor
section, the highest photostimulated luminescent region was
designated as 100%, while the background was adopted as 0%.
This 0 to 100% range was subsequently divided into a 32-part
colored gradient ranging from dark blue (0) to red (100%)
and the image was then saved in a true color TIFF format.
The high photostimulated luminescent regions (75 to 100%)
in each image were selected and painted yellow (['*FIFAZA)
or blue ([**Cu]Cu-ATSM) using Adobe Photoshop (Adobe
Systems Inc., San Jose, CA, USA). Images of identical tissue
samples were merged and areas demonstrating high levels of
both [®FJFAZA and [**Cu]Cu-ATSM accumulation appeared
green, indicating overlapped tracer distribution.

The area of regions enriched with ["|F]FAZA (yellow),
[**Cu]Cu-ATSM (blue) or both tracers (green) was measured
using WinRoof software (Mitani corporation, Fukui, Japan),
and the extent of the overlap was calculated as the percentage
of the overlapped area divided by the area exhibiting high
levels of accumulation of FAZA or Cu-ATSM as follows:

Overlap ratio = Area in green (Fig. 2C or F)/(Area in
yellow (Fig. 2A or D) + Area in blue (Fig. 2B or E) - Area in
green) x 100 (%)

Immunohistochemical (IHC) staining. For CTOSs C45,
OMLC-145 and OMLC-147, as well as for cell lines HT29,
HCT116, H441 and H520, 2-3 frozen samples previously
analyzed with double-tracer autoradiography were thawed,
fixed in 10% neutral-buffered formalin and embedded in
paraffin. Four micrometer thick sections were prepared from
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Table I. Regional overlap between the areas of high accumula-
tion of Cu-ATSM and FAZA.

Transplanted cell/CTOS Overlap ratio

HT29 1.33+0.74
HCT116 4.99+2.52
H441 2.29+1.75
H520 2.76x1.51
C45 15.32+4.74
OMLC-147 3.81+2.28
OMLC-145 4.71+2.82
n=4-5

the region within 50 gm of the surface that was autoradio-
graphed previously. After deparaffinization and rehydration,
sections were treated with the 3% hydrogen peroxide, followed
by heating in citrate buffer, pH 6.0, for IHC staining.
Nonspecific binding was prevented using a protein-blocking
agent (Dako, Glostrup, Denmark).

For pimonidazole adduct staining, the sections were incu-
bated in 1:50 diluted hypoxyprobe Mab-1 (Hypoxyprobe-1
kit; Hypoxyprobe, Inc.) for 1 h at room temperature. Sections
were then incubated with polyclonal rabbit anti-mouse immu-
noglobulins/HRP (Dako). To stain for HIF-1a., an anti-HIF-1a
antibody (clone EP1215Y; Merck Millipore, Darmstadt,
Germany) was used as the primary antibody at a 1:100 dilution
and EnVision+ System- HRP Labelled Polymer Anti-Rabbit
(Dako) was used as the secondary antibody. Peroxidase color
visualization was carried out using DAB solution and coun-
terstaining was performed using Mayer hematoxylin solution.
Images of sections with pimonidazole or HIF-1a staining of
C45 and OMLC-147 tumors were acquired with a microscope
(BX50 microscope; Olympus, Tokyo, Japan) equipped with
an image tiling system (e-Tiling; Mitani Corporation) that
enabled acquisition of the whole tumor section image.

Six to nine photomicrographs of the HIF-1a- and pimoni-
dazole-stained samples were obtained for each CTOS- or cell
line-induced tumor focusing on regions (0.44x0.32 mm) with
high accumulation of FAZA or Cu-ATSM (BX50 microscope;
Olympus). Staining was evaluated using the WinROOF image
analysis software (Mitani Corporation) and expressed as the
ratio (%) of the stained area to the whole area of the image.

Cellular uptake of FAZA and Cu-ATSM.HT29,HCT116,H441
and H520 cells were plated on 12-well cell culture dishes (BD
Falcon, Franklin Lakes, NJ, USA) and cultured for 16-24 h to
reach ~50% confluence. Culture medium was then replaced
with the solution containing [*F]JFAZA (80 kBg/ml of DMEM
containing 10% fetal calf serum and antibiotics, 0.8 ml/well)
or [**Cu]Cu-ATSM (20 kBg/ml) and culture dishes were
placed in a multi-gas incubator (Personal CO, Multi Gas
Incubator APM-30D; Astec, Fukuoka, Japan) equipped with
an N, generator (NGS-40; Juji Field, Inc., Tokyo, Japan) and
incubated for 2 h, with the O, concentration in the incubator
set at 20, 2 or 1%. After the incubation, the cells were rinsed
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twice with ice-cold PBS and lysed with 0.2 M NaOH. The
radioactivity and the protein concentration of the lysate were
measured using a gamma counter (Aloka, Tokyo, Japan) and
the DC protein assay (Bio-Rad, Hercules, CA, USA), respec-
tively. Fraction of the radioactivity taken up by the cells in a
well in relation to the total radioactivity added to a well was
calculated and normalized to 0.1 mg protein, as the amount of
protein found in a well was around 0.1 mg in most cases.

Statistical analysis. The significance of differences between
the groups was determined using the Student's t-test.
P-values >0.05 were considered significant.

Results

Regional overlap of FAZA and Cu-ATSM in xenografts.
Representative 32-color autoradiographs of the [SFIFAZA
and [**Cu]Cu-ATSM distributions in the CTOS and cell line
xenografts are shown in Fig. 1A and B, respectively. The
patterns of intratumoral distributions of the two tracers varied
in xenografts of all the CTOSs and cell lines tested. In most
cases, high levels of Cu-ATSM were observed peripherally,
whereas FAZA accumulated predominantly around the center
of tumors.

In Fig. 2, the regions of high FAZA or Cu-ATSM accu-
mulation in the sections of C45 and OMLC-147 xenografts
from Fig. 1A were highlighted in yellow (Fig. 2A and D) and
blue (Fig. 2B and E), respectively, and the extent of their overlap
was assessed by merging the two images (Fig. 2C and F).
Only a limited overlap between the areas of high FAZA and
Cu-ATSM accumulation was observed as illustrated by areas
in merged green color (Fig. 2C and F). The overlap ratios calcu-
lated for the 3 CTOS and 4 cell line xenografts are presented
in Table I. These ratios were generally low (<5%) except in the
case of CTOS C45, where the ratio comprised 15.3%.

Pimonidazole adducts and HIF-1a in areas of high accu-
mulation of FAZA or Cu-ATSM. We compared intratumoral
distributions of FAZA and Cu-ATSM with the staining
for pimonidazole adducts and HIF-1a in the neighboring
sections of CTOS C45 and OMLC-147 xenografts (Fig. 3).
Pimonidazole and HIF-1a showed distinct staining patterns
with some overlap. Most of the pimonidazole staining was
found in the area of high FAZA accumulation, while the
HIF-1a signal overlapped with both the areas enriched in
FAZA and Cu-ATSM.

The extent of staining for pimonidazole adducts and HIF-1a.
in areas of high FAZA and Cu-ATSM accumulation was then
compared in several xenografts. Representative images of immu-
nohistochemical staining for 3 CTOSs and 4 cell lines are shown
in Fig. 4 and overlap ratios of areas stained for pimonidazole and
HIF-1a and areas of high FAZA and Cu-ATSM accumulation
are given in the Table II. In all the xenografts tested, moderate
to intensive staining for pimonidazole adducts was observed in
regions enriched with FAZA, while only minimal staining was
detected in areas of high Cu-ATSM accumulation. Significant
differences of the ratios of pimonidazole stained areas between
the regions enriched with FAZA and Cu-ATSM were observed
in all cell lines and CTOSs. In contrast, HIF-1a positive staining
generally did not discriminate between regions enriched with
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A (45 OMLC-147

10 mm

B HT29: colorectal adenocarcinoma HCT116: colorectal carcinoma

A549: lung carcinoma HCC1954: ductal carcinoma

MCF7: adenocarcinoma

U87: glioblastoma

Left: [13F]FAZA 10 mm
Right: [3*Cu]Cu-ATSM

Figure 1. Comparison of intratumoral distribution of Cu-ATSM and FAZA. Representative autoradiographs show the distribution of ["*FJFAZA (left) and
[¢*Cu]Cu-ATSM (right) in sectioned CTOS xenografts in a 32-color format (A) and cell line xenografts (B). Mice were intravenously administered 20 MBq
[*F]JFAZA and 0.2 MBq [**Cu]Cu-ATSM and sacrificed 2 h later. The levels of '*F and **C radioactivity were measured over 15-min and 3-day periods,

correspondingly.

FAZA or Cu-ATSM (Fig. 4; Table II). There was a trend for the =~ mulation, however this difference was notable only in H520 and

HIF-1a signal to overlap more with areas of high FAZA accu- OMLC-147 xenografts.
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Figure 2. A limited overlap between areas enriched with FAZA and Cu-ATSM. Regions displaying high levels of accumulated FAZA (A and D) and
Cu-ATSM (B and E) in sections of the C45 (upper panels) and OMLC-147 (lower panels) xenografts from Figure 1 were painted yellow and blue, respectively,
and then merged to determine their regional overlap (C and F).

OMLC-147

Figure 3. Comparison between the accumulation of the PET tracers FAZA (A) and Cu-ATSM (B) and immunohistochemical staining for pimonidazole
adducts (C) and HIF-1a (D) in sections of C45 and OMLC-147 xenografts.

Table II. Immunohistochemical staining for pimonidazole and HIF-1a in areas of high accumulation of Cu-ATSM and FAZA.

HT29 HCT116 H441 H520 C45 OMLC-147 OMLC-145

Pimonidazole positive (%)
Area of high FAZA 1220489 11.97+698  13.1+8.83  8.03+6.73 19.86+12.87 23.48+9.94  17.98+5.67
accumulation
Area of high Cu-ATSM 0.93+0.73* 0.7320.10* 0.05£0.07* 0.04+0.03*  0.36+0.32*  0.15+0.24* 0.05+0.05*
accumulation

HIF-1a positive (%)
Area of high FAZA 1.65+3.04 0.23+0.04 322+231 2.62+0.89 6.67+7.18 12.9+4 .42 1.57+0.88
accumulation
Area of high Cu-ATSM 0.58+0.59 0.20+0.08 1.75«1.10 1.57+0.87* 6.19+£2.39 2.88+2.28" 0.90+0.81
accumulation

n=6-9. *Significantly different from the corresponding value in the area of the high accumulation of FAZA.
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Figure 4. Examples of immunohistochemical staining for pimonidazole adducts (upper panels) and HIF-1a (lower panels) in regions of high FAZA (left panels)
or Cu-ATSM (right panels) accumulation in CTOS (A) and cell line (B) xenografts.
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Figure 5. Uptake of FAZA (left panel) and Cu-ATSM (right panel) in conditions of 20, 2 and 1% oxygen concentrations in the cell culture chamber (triplicate

study; “P<0.05, indicates a significant difference), n=3.

Relationship between the cellular uptake of FAZA and
Cu-ATSM and oxygen concentration. Under normoxic condi-
tions, the cellular uptake of FAZA normalized to 0.1 mg
protein (an average amount present in each well) comprised
0.2-1.0% of the total radioactivity added to a well, while for
Cu-ATSM this parameter was 10-20%. When the oxygen

concentration in the incubator was lowered from 20 to 2%, the
cellular uptake of both FAZA and Cu-ATSM was significantly
enhanced in all cell lines tested (Fig. 5). The FAZA uptake
was further increased by the reduction of oxygen concentration
from 2 to 1%. At the same time, the latter treatment generally
did not cause any further alterations in the Cu-ATSM uptake.
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Moreover, the uptake of Cu-ATSM by HT29 cells at 1% O,
was significantly lower than that at 2% O, (Fig. 5).

Discussion

FAZA is a second generation nitroimidazole PET tracer for
hypoxia imaging with faster clearance from non-target tissues
compared to the first generation PET tracer FMISO (14).
Sharing the same mechanism of accumulation into hypoxic
cells, FAZA and pimonidazole, a commonly used hypoxia
marker in histochemical studies, have been reported to show
similar intratumoral distributions (11,16). This observation has
been confirmed in the present study (Fig.4). Hypoxia-dependent
accumulation of nitroimidazole PET tracers has also been
demonstrated by pO, polarography (16,17).

Cu-ATSM was designed to release Cu ions inside the cell,
which would bind to cellular components and remain in the
intracellular compartments under over-reduced conditions
but not in normal conditions due to the finely tuned redox
potential of the Cu-bis-thiosemicarbazone complex (18). Using
xenocybrid cells and a free metal responsive reporter gene,
Donnelly et al elegantly demonstrated that the impaired elec-
tron transfer chain (ETC) elevates intracellular NADH leading
to the reduction of Cu-ATSM, release of Cu ions and increased
accumulation in intact cells (19). Yoshii ez al also reported that
the intracellular accumulation of radioactive Cu after the addi-
tion of [**Cu]Cu-ATSM to the culture medium is dependent on
the increased cellular NADH and NADPH (20). A study using
a dog model showed the accumulation of Cu radioactivity
in the viable but ischemic region after a Cu-ATSM injec-
tion (21,22). According to another study, stroke-like lesions
in a patient with mitochondrial encephalomyopathy, lactic
acidosis and stroke-like episodes could be clearly visualized
using Cu-ATSM (23). Collectively, these studies proved the
ability of Cu-ATSM to detect over-reduced conditions in vivo.
During hypoxia, the lack of oxygen decreases the electron flow
through ETC and causes buildup of NADPH and/or NADH
that, in turn, leads to the release and intracellular accumulation
of Cu ions from Cu-ATSM. Accordingly, the accumulation of
Cu after the administration of Cu-ATSM has been regarded as
a marker of hypoxia.

The ability of nitroimidazole compounds and Cu-ATSM
to predict prognosis (4-7) has been attributed to their
hypoxia-dependent accumulation in tumors. However, several
recent studies have noted differential intratumoral distribu-
tions of Cu-ATSM and nitroimidazole compounds and
raised questions on whether Cu-ATSM accumulation is truly
hypoxia-dependent (10,11). In the present study, we detected
a very limited overlap between areas of high accumulation
of FAZA and Cu-ATSM in xenografts derived from human
cancer cell lines of different origins and several CTOSs in
which intratumoral distribution of PET tracers is similar to
that observed in clinical studies (24). The extent of the regional
overlap detected by us (Figs. 1-3; Table I) was even less than
the recently reported overlap between areas of high FDG and
Cu-ATSM accumulation that ranged from 1.4% for HT29
cell line to 26.0% for C45 CTOS (24). Therefore, our results,
as well as data from other studies, suggest that intratumoral
distributions of FAZA and Cu-ATSM are generally different
and non-overlapping.
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How could these two PET tracers, both designed to
accumulate into hypoxic tissues, show different intra-
tumoral distribution? Noticing the cell line-dependent
temporal changes in intratumoral distribution of Cu-ATSM,
Valtorta et al proposed that early distribution of Cu-ATSM
(2 h after administration) is still influenced by perfusion
and late distribution (24 h after administration) reflects the
hypoxia dependency (10). Hueting et al argued that Cu-ATSM
is unstable in vivo and the distribution reflects the behavior
of Cu-ion, based on the similarity found between the tissue
distribution patterns of Cu-ATSM and Cu-acetate (25).
Both explain the different intratumoral distribution of nitro-
imidazole compounds and Cu-ATSM. We have no direct
evidence to oppose these rationales, however, considering
that Cu-pyruvaldehyde-di(N4-methylthiosemicabazone)
(Cu-PTSM), a PET perfusion tracer which has similar struc-
ture to Cu-ATSM with higher redox potential and more easily
releases Cu-ion, showed different intratumoral distribution at
early time-point (10 min after administration) (26) and different
tissue distribution (1-30 min after administration) (18) from
Cu-ATSM, the influence of perfusion to the early distribution
of Cu-ATSM may be minor and the early distribution may
represent the inherent behavior of Cu-ATSM. The stability of
Cu-ATSM, reported as 60% stayed in intact form after 30 min
incubation with mouse brain homogenates and 90% with
mouse blood (27) and the rapid clearance of Cu-ATSM from
circulation, as reported only 3% ID/g remained in blood at
1 min after injection in mice (27), would also support that the
early distribution mainly reflects the behavior of Cu-ATSM
with released Cu-ion playing smaller part. The late distribution
is more likely to be influenced by the released Cu-ion from
the degraded complex. We then conceived another possible
cause for the different intratumoral distribution between
nitroimidazole compounds and Cu-ATSM. When we looked at
staining patterns of pimonidazole and HIF-la in comparison
to intratumoral distributions of FAZA and Cu-ATSM, we
found that pimonidazole staining was mostly found in regions
demonstrating high FAZA accumulation, while it was gener-
ally absent in the areas enriched with Cu-ATSM. In contrast,
we observed that HIF-1a staining was found in areas enriched
with either of the two PET tracers used. Pimonidazole was
reported to make adducts during hypoxia because of the lack
of oxygen, such as in conditions when its pressure is less
than 10 mmHg, while HIF-1a presence is thought to reflect a
biological response to hypoxia (28). Only a partial overlap of
these markers has been reported previously (29-31) and this
was also confirmed in the present study (Fig. 4). Pimonidazole
adducts tended to be located in areas more distant from the
vessels and closer to necrotic regions compared to HIF-1a
signals (31). This may mean that pimonidazole adducts are
formed in areas more severely affected by hypoxia compared
to HIF-1a positive regions. On the basis of this observation, we
hypothesized that Cu-ATSM may accumulate in regions with
milder hypoxia compared to areas enriched with FAZA.

In our experiments in cell cultures, the Cu-ATSM uptake
at 20% oxygen was more than tenfold higher than that of
FAZA (Fig. 5). However, the increase in the Cu-ATSM uptake
caused by the reduction in oxygen concentration from 20% to
1% was smaller than in the case of FAZA. As discussed by
Donnelly et al (19), Cu-ATSM is more lipophilic than FAZA
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and may enter the cells and stay within the cells even in the
absence of reducing conditions as long as Cu-ATSM continued
to be present in the cell culture medium. Notably, two quick
washes with PBS could not remove non-reduced Cu-ATSM
from the cells. Another striking difference between Cu-ATSM
and FAZA was the dynamics of their uptake behavior upon
the decrease of the oxygen concentration in the chamber from
2 to 1% (Fig. 5). The FAZA uptake was augmented when the
oxygen concentration was reduced from 20 to 2 and from 2 to
1%. As in the case with FAZA, the Cu-ATSM uptake increased
with the decrease in oxygen concentration from 20 to 2%,
however, it did not increase any further upon the reduction
from 2 to 1% or even decreased slightly in the case of HT29
cell line. In our setting, it took up to 20 min for the chamber
oxygen concentration to gradually reach the designated level,
so the cells were exposed sequentially to normoxic, mild
hypoxic and severe hypoxic conditions throughout the course
of the experiment. We did not have means to determine the
oxygen concentration inside the cells, but it is plausible that
with the decrease of the designated oxygen concentration in
the chamber the cells were exposed to severe hypoxia and
the intracellular oxygen concentration dropped. The lack of
enhancement of the Cu-ATSM uptake with the change of the
oxygen concentration in the chamber from 2 to 1% (Fig. 5)
may indicate that the level of oxygen concentration needed
for the reduction of Cu-ATSM in cancer cells is higher than
that of FAZA. Lewis et al reported that the cellular uptake of
Cu-ATSM started to increase at lower oxygen concentration
than FMISO (27), which contradicts our result. In their experi-
ments, cellular uptake of Cu-ATSM was measured in cell
suspension and that of FMISO in monolayer culture. Because
of the difference in the experimental setting, it would be diffi-
cult to directly compare their results to ours. Our observation
suggests that Cu-ATSM may be a marker of mild hypoxia,
while FAZA accumulates predominantly in cells that endured
more profound hypoxic episodes.

By a combination of in vivo and in vitro studies, we
revealed the possibility that hypoxia affects accumulation
of both Cu-ATSM and FAZA in cancer cells, although the
buildup of Cu-ATSM occurs mainly during milder hypoxia,
whereas FAZA is enriched in regions that underwent more
severe hypoxic episodes. We propose that accumulation levels
of FAZA and Cu-ATSM should be considered as independent
biomarkers.
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