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EDITORIAL

Second Generation Hypoxia Imaging Agents

he contribution by Moore et al.

(1) comes from the same labora-
tory that first proposed hypoxia
imaging in 1979 (2) and describes im-
aging of both nontreated and photo-
dynamic therapy (PDT) treated
prostate tumors in rats with iodoazo-
mycin arabinoside ('ZI-IAZA). Tu-
mor perfusion in these same tumors
was measured with ®™Tc-HMPAO.
Part of the clinical interest in PDT
involves the development of tech-
niques for the treatment of human
prostatic adenocarcinomas (3). This
therapy results in membrane damage
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dependent upon the concentration of
the photosensitizing drug, the acti-
vating light source and the intracellu-
lar concentration of oxygen (4). If
there is insufficient oxygen present,
singlet oxygen ('0,) cannot be pro-
duced, and the desired disruption of
mitochondrial oxidative phosphory-
lation, membrane leakiness, lysoso-
mal autolysis and endothelial cell
damage are not achieved. One limita-
tion of PDT is that it results in for-
mation of a hypoxic cell fraction
within the tumor being treated,
which is then resistant to further
PDT treatment. Previous work from
these authors demonstrated that
PDT-induced tumor ischemia was
dependent upon the light dose used
and the time of observation after the
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treatment (3). The microvasculature
was the most sensitive target for PDT
and the consequential events after
PDT include blood stasis, tumor tis-
sue ischemia and secondary tumor
cell hypoxic death. Therefore, mea-
surement of oxygenation status and
perfusion within the tumor should be
useful in monitoring the potential
success of PDT. An iodinated azo-
mycin nucleoside hypoxic cell
marker that displayed greater sensi-
tivity to O, levels, thus allowing for
closer monitoring of the progress of
PDT in tumors, would be a valuable
contribution.

The report concludes that
IAZA and other iodinated azomycin
nucleosides show promise for moni-
toring tumor oxygenation status, in
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particular the effectiveness of inter-
stitial PDT treatments where perfu-
sion-shutdown is a major mechanism
of tumor response. The results dem-
onstrate that PDT-induced ischemia
could be monitored with 'ZI-IAZA
and loss of tumor perfusion could be
verified with ™Tc-HMPAO. Unfor-
tunately, a light dose-dependent
change in marker uptake was not ob-
served in the study with either '2I-
IAZA or ®™Tc-HMPAO. As pointed
out by the authors, previous studies
with *H-MISO as the hypoxic cell
marker showed a 2.4 greater increase
(compare to 1.53 for 'ZI-IAZA) of
retained drug in PDT-treated tumors
compared to untreated controls (3).
Further, the tumor-to-brain ratios of
bound *H-misonidazole (*H-MISO)
in both control and PDT-treated tu-
mors were larger than those mea-
sured in the study with 'PI-IAZA.
More importantly, these ratios dis-
played a light dose dependency.

The iodinated azomycin nucleo-
sides are a new and interesting class
of hypoxic cell markers, that appear
to have an affinity for the membrane
transporter of nucleosides in vivo.
Their octanol-water partition coeffi-
cients are reported in the range of 2
to 6, which allows them to cross bi-
ological membranes more easily than
MISO and fluoromisonidazole
(FMISO) and consequently increase
their concentration in hypoxic tissue
(5,6). The advantages as well as com-
plications of this difference in mem-
brane transport are discussed below.
The other feature of hypoxic cell
markers, their single electron reduc-
tion potential, is responsible for the
0O,-dependent formation of reactive
intermediates  forming  covalent
bonds within hypoxic tissue. This is
the process that results in their selec-
tive trapping and will require further
development within the iodinated
azomycin nucleoside class of hy-
poxic cell markers. This is suggested
by the inability of ZI-IAZA to detect
a light dose-dependent change in up-
take in the PDT study.

The partition coefficient and re-
duction potential of 2-nitroimida-
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zoles are responsible, respectively,
for their ability to cross biological
membranes and undergo bioreduc-
tion, resulting in trapping within hy-
poxic tissue. Any efforts to improve
on these compounds as hypoxia im-
aging agents has to address changes
in these two physical properties. In-
creasing the lipophilicity could have
the undesired effect of increasing
nonspecific binding and decreasing
body clearance. Alteration of the ni-
tro reduction potential may result in
a molecule possessing enhanced sen-
sitivity to the residual O, concentra-
tion in tissues. There is no simple
prediction of which direction the re-
duction potential should be altered.
Radiopharmaceutical developments
should look at changes in both direc-
tions.

The most helpful way of modifying
how a nitroimidazole crosses mem-
branes is also difficult to predict. The
nucleoside derivative may be con-
trasted to FMISO. FMISO exhibits a
single mode of uptake by diffusion
into cells followed by selective reten-
tion in hypoxic tissue. IAZA exhibits
dual mode uptake. In addition to dif-
fusion followed by reduction in hy-
poxic tissue, its uptake also involves
selective membrane transport of nu-
cleosides. FMISO uptake in nor-
moxic tissue, other than kidney and
liver, rapidly equilibrates with plasma
drug. Selective retention in hypoxic
tissue cannot be imaged until 2 hr or
later postinjection. The equilibration
of FMISO with plasma has been mea-
sured in our laboratory in nonmalig-
nant tissues; the mean FMISO ratio
from over 1000 samples was 1.035, and
90% of the ratios fell below 1.31 (7).
From these data, we conservatively
estimate that hypoxia is inferred by a
tumor-to-plasma ratio value of =1.4 at
2 hr or more postinjection. The uptake
of IAZA and other iodinated azomycin
nucleosides are not likely to fit these
empirical observations due to the sec-
ond mechanism of uptake, selective
membrane transport of nucleosides
(5), which varies from tissue to tissue,
independent of its oxygen status. This
dual mode of uptake may make quan-
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FIGURE 1. Schematic representation

of IVM.

titative interpretation of azomycin nu-
cleosides as hypoxic cell markers
more complicated.

We have also been interested in
the development of an iodinated de-
rivative of MISO as well as other hy-
poxic cell markers that possess
greater sensitivity toward varying
levels of O, concentrations in tissues.
Our efforts to develop an iodinated
derivative of MISO have resulted in
the synthesis and evaluation of io-
dovinylmisonidazole (IVM, (1)) (Fig.
1), which has been labeled with both
B! and '] and tested in vitro and in
vivo (mice and dogs) as a hypoxia
imaging agent. [IVM was compared to
FMISO and exhibited similar oxygen
dependency of binding in both tumor
cells and rat myocytes. Electron af-
finity, i.e., the reduction potential of
the nitro group of the nitroimidazole,
should not be significantly different
between IVM and FMISO. This was
proven by the data showing that the
O, level which inhibited binding of
the two drugs was similar. In spite of
IVM’s increased lipophilicity (oc-
tanol-water partition coefficient of
2.52 versus 0.40 for FMISO), non-
specific protein building was negligi-
ble and deiodination in vivo was not
a problem (8).

Our recent research has focused
on development of hypoxic cell
markers exhibiting more rapid oxy-
gen-sensitive bioreduction, than the
two or more hours optimal for
FMISO. Our goal is a hypoxia imag-
ing agent that can be used in patients
with acute ischemia and mild isch-
emia in the myocardium. Such an
agent could also be useful in exhibit-
ing a light dose-dependent change in
marker uptake in PDT. An oxygen
concentration of 1000 ppm is suffi-
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cient to inhibit binding of FMISO and
IVM by 50% relative to anoxic tis-
sue. In order to achieve binding at
higher O, concentrations, the oxy-
gen-dependency of binding must be
altered by modifying the nitro reduc-
tion potential. Binding takes place
only in hypoxic tissue because in
normoxic tissue, O, is a better elec-
tron acceptor and promotes back re-
action to parent drug. In the intracel-
lular space, the initial fast reaction
between R-NO, and electrons from
electron transport to give the one
electron reduction product, R-NO,™,
is probably not oxygen-dependent
and will not be altered by changes in
the reduction potential of the nitro
group. The reoxidation step of the
futile cycle, however, is probably ox-
ygen-dependent and will change with
changes in the reduction potential of
the nitro group. Once a molecule is
reduced to the two electron product,
it is locked into the remainder of a
metabolic path which leads to trap-
ping within hypoxic tissue.
Alteration of the reduction poten-
tial of the nitro group of nitroimida-
zoles can be achieved via introduc-
tion of electron-withdrawing or

electron-donating groups to the ni-
troimidazole ring. Introduction of a
hydroxymethyl (electron-donating)
or a carboxylic acid-ester (electron-
withdrawing) group on the ring
would also affect lipophilicity. Our
experience with FMISO and IVM
does not indicate any beneficial effect
to increasing the partition coefficient.
Increasing the partition coefficient
may even cause whole-body clear-
ance of the drug to decrease, which
might require imaging at even later
times postinjection.

Future improvements in hypoxic
cell markers based on 2-nitroimida-
zoles need to focus on alteration of
the reduction potential of the nitro
group to achieve sensitivity to higher
oxygen levels. This modification,
coupled with changes in lipophilicity,
may result in development of new
hypoxia imaging agents that exhibit
more rapid oxygen-sensitive biore-
duction and more favorable whole-
body clearance.

Joseph E. Biskupiak
Kenneth A. Krohn
University of Washington
Seattle, Washington
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