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ABSTRACT. Nitroimidazoles labeled with technetium-99m are being investigated as non-invasive markers of
tumor hypoxia. They are bioreductive compounds that require enzymatic reduction for retention in hypoxic
cells, but little is known about the cellular factors affecting their accumulation in hypoxic cells. If the absolute
accumulation of hypoxia markers is affected by enzyme levels, an inaccurate assessment of the hypoxic cell
fraction in tumors may occur. BRU59-21, 99mTc-oxo[[3,3,9,9-tetramethyl-6-[(2-nitro-1H-imidazol-1-yl)methyl]
5-oxa-4,8-diazadioximato]-(3-)-N,N9,N0,N-] technetium (V), a technetium-99m-nitroimidazole that is being
studied as a potential marker of tumor hypoxia, was used in the present study to evaluate the effect of
NADPH:cytochrome P450 reductase (EC 1.6.2.4) levels on BRU59-21 accumulation and metabolism.
Metabolism of BRU59-21 in hypoxic cellular lysates derived from Chinese hamster ovary cells overexpressing
NADPH:cytochrome P450 reductase was 8-fold greater than in control cells. This effect required the presence
of exogenous NADPH. The increased metabolism of BRU59-21 in lysates overexpressing NADPH:cytochrome
P450 reductase was inhibited at 4° and by the addition of NADPH:cytochrome P450 reductase inhibitors. The
addition of inhibitors of other nitroreductase enzymes had no effect on BRU59-21 metabolism in these lysates.
When the accumulation and metabolism of BRU59-21 were studied in stirred suspension cultures, it was found
that cells overexpressing NADPH:cytochrome P450 reductase exhibited about a 3-fold increase in both the
hypoxic metabolism and the accumulation of BRU59-21. These findings suggest that NADPH:cytochrome P450
reductase is an important enzyme in BRU59-21 metabolism in model systems of tumor hypoxia. BIOCHEM
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Clinical investigations have revealed that tumor hypoxia is
a limitation for the local control of some solid tumors by
radiation [1]. Recent evidence also suggests that hypoxic
tumors may predict a more aggressive and metastatic
phenotype [2–4]. In light of these findings, there has been
considerable interest in developing techniques to assess the
oxygenation status of individual tumors. A routine mea-
surement of tumor hypoxia would be a useful diagnostic
tool, as it would allow the selection of patients who could
benefit from adjuvant therapies to treat these resistant
tumors. Among the techniques available to assess tumor
hypoxia is the use of nitroimidazole compounds, which are
selectively metabolized and retained in hypoxic cells.
When labeled with gamma- or positron-emitting radioiso-
topes, these compounds may allow the non-invasive assess-

ment of tumor hypoxia using nuclear medicine imaging
techniques [5, 6].

BRU59-21 (Fig. 1) is a nitroimidazole labeled with
99mTc,§ which was synthesized as a marker for imaging
hypoxic regions in tumors and in heart disease [7]. This
compound is retained selectively in hypoxic cells, and has
been investigated in murine tumor models, where it was
found to have properties that support its usefulness for the
assessment of tumor hypoxia [8].

Quantitation of the extent of hypoxia requires that
nitroimidazole binding be primarily dependent on the
oxygen concentration in the tumor cells. Since tumor cells
may vary in their nitroreductase levels [9], it has been
suggested that enzyme levels within hypoxic cells may also
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affect the accumulation of the hypoxia marker [10]. Thus,
increased nitroimidazole binding within tumors might be
dependent not only on the oxygen concentration in the
tumor, but also on the nitroreductase levels in the hypoxic
tumor cell population.

Several enzymes, including P450 reductase (EC 1.6.2.4),
b5 reductase (EC 1.6.2.2), xanthine oxidase (EC 1.1.3.22),
and DTD (EC 1.6.99.2), may be involved in the metabo-
lism of bioreductive drugs [11]. P450 reductase has been
shown to be involved in the reduction of the nitroimidazole
misonidazole [11], and DTD is believed to play a role in
misonidazole reduction and binding [12]. Transfection of
P450 reductase or DTD into COS-1 cells resulted in an
increased binding rate of 2-nitroimidazoles to cellular
macromolecules, but there was a much greater effect ob-
served with P450 reductase [13].

To date, there have been limited reports on the effect of
nitroreductase levels on the accumulation and metabolism
of nitroimidazole hypoxic cell markers. Purified xanthine
oxidase was found to reduce both [18F]FMISO [14] and the
99mTc-nitroimidazole BMS181321 (Ballinger JR, unpub-
lished data), but it has also been reported that P450
reductase is a major enzyme involved in the reduction of a
fluorinated 2-nitroimidazole hypoxia probe [15].

In the present investigation, the role of P450 reductase in
the hypoxic accumulation and metabolism of BRU59-21
was studied in clones transfected with human P450 reduc-
tase. This is believed to be a more direct means of assessing
the role of this enzyme in drug metabolism, since it will
minimize the possibility that other factors, in addition to
P450 reductase levels, affect drug metabolism. As well,
previous investigations were performed at much higher drug
concentrations (mM) than those used with 99mTc-labeled
compounds. The high specific activity of 99mTc enables the
use of compounds labeled with this isotope at very low
(pM) drug concentrations [16]. The effect of nitroreductase
levels on the accumulation of these compounds when
present at low drug concentrations is not known. In the
present study, the role of P450 reductase on the hypoxic
accumulation and metabolism of BRU59-21 was deter-

mined in transfected CHO cells that overexpress human
P450 reductase.

MATERIALS AND METHODS
Chemicals and Reagents

The ligand BRU59 (Bracco Research) was a gift from Drs.
K. Linder and A. Nunn of Bracco Research. The reaction of
the ligand with 99mTc-pertechnetate to form BRU59-21
has been reported previously [8]. In brief, 0.4 mg of the
ligand was dissolved in 0.8 mL of isotonic saline, and 0.1
mL of 99mTc-pertechnetate (185 MBq) was added. A 0.1
mL aliquot of stannous DTPA (Techneplex, Squibb Diag-
nostics), which was reconstituted with 4 mL of saline, was
added to the ligand and pertechnetate mixture. The forma-
tion of BRU59-21 was complete within 10 min at room
temperature, with greater than 90% of the radioactivity
associated with the ligand as measured by thin-layer chro-
matography [8]. For cellular lysate studies, the sample was
purified by ethanol elution through a C18 solid phase
extraction cartridge (Waters Corp.) to separate the labeled
drug from any impurities and free ligand. Ethyl acetate,
a-MEM, fetal bovine serum, NADPH, NADH, 29-AMP,
DPIC, pHMB, PTU, DCPIP, and dicumarol were obtained
from the Sigma Chemical Co.

Cells

The CHO-VC (vector control) and CHO-FpT-27 (P450
reductase overexpressing transfectant) cell lines used in this
study were provided by Dr. A. C. Sartorelli of Yale
University. The CHO-FpT-27 cells were established by
transfection of human P450 reductase cDNA into a CHO
cell line deficient in dihydrofolate reductase (CHO-k1/
dhfr2) as described previously [17]. The cells were grown in
monolayer cultures at 37° in a-MEM containing 10% fetal
bovine serum (growth medium). CHO-AA8-4 cells were
obtained originally from Dr. L. H. Thompson of Lawrence
Livermore Laboratories and grown in suspension cultures in
growth medium at 37°.

Preparation of Cellular Lysates

The preparation of cellular lysates has been described
previously [18]. Briefly, exponentially growing cells were
trypsinized from monolayer cultures. Following centrifuga-
tion, cell pellets were washed in ice-cold hypotonic buffer
(10 mM HEPES/potassium hydroxide, pH 7.4, 1.5 mM
magnesium chloride, 10 mM potassium chloride, 0.05 mM
DTT). Cells were suspended in 1.5 mL of buffer and were
lysed by exposure to three 10-sec ultrasound pulses at 10-sec
intervals using a Vibra Cell Sonicator (Sonics and Materi-
als). The suspensions were allowed to stand on ice for a
further 10 min and then were centrifuged for 15 min at
7800 g. The lysate was removed and stored at 270°. The
protein concentration of the cellular lysates was determined
using the Bradford method [19] with BSA as the standard.

FIG. 1. Structure of BRU59-21.
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Measurement of Enzyme Activities

Methods for the determination of enzyme activities in
cellular lysates have been described previously. P450 reduc-
tase activity was measured as the NADPH-dependent
reduction of cytochrome c in the presence of KCN [18], b5

reductase activity was measured as the pHMB-inhibitable
NADH-dependent reduction of cytochrome c [20], and
DTD activity was measured as the dicumarol-inhibitable
NADPH-dependent reduction of DCPIP [21]. All assays
were performed at room temperature. The relative concen-
tration of NAD(P)H in the CHO-VC and CHO-FpT-27
cells was measured in cell suspensions using flow cytometric
analysis of the autofluorescence of NAD(P)H as described
previously [22].

Lysate Incubations

Incubations were performed in 4-mL glass vials (Bayer
Corp.) at 37°. The incubation mixture consisted of 0.1 mL
of cellular lysate (;1 mg/mL protein concentration), 0.2
mL of buffer (0.2 M phosphate buffer, pH 7.4), 0.1 mL of
either NADPH (1 mM) or NADH (1 mM), and an
inhibitor: either 29-AMP (25 mM), DPIC (1.2 mM),
pHMB (0.1 mM), PTU (60 mM), or dicumarol (10 mM).
Argon was passed over the liquid surface for 13 min and
bubbled in the liquid for an additional 2 min. The reaction
was initiated by the addition of 0.1 mL of BRU59-21 (final
activity ; 4 MBq/mL) to the reaction vials, and the
mixture was bubbled with argon for another minute. Sam-
ples were removed as a function of time without disturbing
the oxygenation status of the vial. The samples were added
to a mixture consisting of 2 mL ethyl acetate and 2 mL PBS,
vortexed, and centrifuged at 200 g for 30 sec to separate the
phases. The percent of total radioactivity extractable into
ethyl acetate was determined by counting both phases in an
automatic g-well counter (Picker-Pace 1, Picker Corp.).

Initial experiments using an HPLC apparatus (System
Gold model 125, Beckman Instruments Inc.) with a re-
verse-phase C18 column (Ultrasphere ODS, 4.6 3 250 mm,
Beckman) and radioactivity detector set for 99mTc (model
171, Beckman) were performed to determine whether ethyl
acetate extraction values were able to quantify the fraction
of radioactivity attributed to BRU59-21. BRU59-21 was
incubated in hypoxic suspension cultures of CHO-AA8-4
cells for 4 hr. The extracellular medium was isolated, passed
through a centrifugal filter (10,000 NMWL, Ultrafree-MC,
Millipore, .90% radioactivity recovery) to remove serum
protein, and then analyzed by HPLC using a 40/60 (v/v)
solvent mixture of acetonitrile and ammonium acetate
buffer (0.1 M, pH 4.6) at a flow rate of 1 mL/min.

Drug Accumulation in Suspension Cultures

Exponentially growing cells were trypsinized from mono-
layer cultures, centrifuged, and resuspended in fresh growth
medium at a concentration of 1 3 106 cells/mL. Glass vials

containing 10 mL of the stirred cell suspension were placed
in a water bath at 37° as described previously [23]. The cells
were equilibrated for 30 min with a continual flow of a
pre-humidified gas mixture of 95% air plus 5% CO2

(aerobic exposure) or 95% N2 plus 5% CO2 (,10 ppm O2,
hypoxic exposure). BRU59-21 was added to each vial at a
final activity of approximately 0.25 MBq/mL and at a total
drug concentration (BRU59 1 BRU59-21) of approxi-
mately 0.2 mM. The concentration of labeled drug
(BRU59-21) was approximately 50 pM.

Duplicate 0.3-mL aliquots were removed from the vials as
a function of time after incubation with BRU59-21. The
aliquots were added to 1 mL of isotonic saline at 4° and
centrifuged at 10,000 g for 3 min in a microcentrifuge tube.
The aqueous growth medium and the saline were aspirated,
0.5 mL of saline was passed over the pellet, the residual
saline was removed, and the tube tip containing the cell
pellet was clipped and counted in the g-well counter. From
these counts, the ratio of radioactivity that would be found
in 0.1 mL of packed cells (Cin), which was found to contain
approximately 6 3 107 cells using a Constable tube as
described previously [24], was determined. The amount of
radioactivity in an equal volume of growth medium (Cout)
was calculated, and the cellular accumulation was expressed
in the form of the ratio Cin/Cout.

Metabolism in Suspension Cultures

The chemical form of the radioactivity in the medium of
the stirred cell suspension cultures was investigated. A 0.3
mL sample was removed from the vial and centrifuged at
10,000 g for 3 min at room temperature. A 0.1 mL aliquot
of the supernatant was vortexed in a mixture containing 2
mL ethyl acetate and 2 mL PBS at room temperature and
centrifuged at 200 g for 30 sec to separate the phases. The
phases were transferred into individual tubes and counted
in the g-well counter, and the percent of total counts
extractable into the organic phase was determined.

HPLC analysis of the extracellular medium at the con-
clusion of the experiment was performed as described
previously [8]. Briefly, 0.9 mL supernatant aliquots were
passed through a centrifugal filter and analyzed by HPLC
with a radioisotope detector set for 99mTc. A solvent system
consisting of a 40/60 (v/v) mixture of acetonitrile and
ammonium acetate buffer (0.1 M, pH 4.6) at a flow rate of
1 mL/min was used. The form of the radioactivity inside the
cells was not determined in the present study.

Statistics

Data are presented as the means 6 SEM of three or more
independent experiments. Student’s t-test was used to
determine the significance of differences, with a value of
P # 0.05 considered significant.
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RESULTS
Measurement of Enzyme Activity in Transfected Cells

The activities of nitroreductase enzymes implicated in the
bioreductive metabolism of nitroimidazoles were deter-
mined in the CHO-VC and CHO-FpT-27 cell lines (Table
1). The CHO-FpT-27 cell line exhibited 5-fold higher
P450 reductase activity than the CHO-VC cell line,
whereas the activities of b5 reductase and DTD were not
significantly different between the two cell lines, consistent
with previous investigations [17]. Neither of these cell lines
contain detectable levels of xanthine oxidase or xanthine
dehydrogenase [17]. As well, these cell lines did not differ
in NAD(P)H levels as determined by flow cytometry
analysis (data not shown).

Measurement of BRU59-21 Metabolism Rate

To develop a simple and rapid measurement of BRU59-21
metabolism, the validity of using ethyl acetate extraction
measurements to quantify the metabolism of BRU59-21
was investigated. BRU59-21 was incubated in suspension
cultures of CHO-AA8-4 cells under hypoxic conditions for
4 hr. The extracellular medium was isolated, passed through
a centrifugal filter to remove serum protein, and analyzed by
HPLC. Two distinct peaks were observed (data not shown)
and isolated. The more lipophilic peak (retention time 5 8
min) corresponded to BRU59-21, and the more hydrophilic
peak (retention time 5 4 min) was believed to correspond
to free pertechnetate.

Mixtures of the isolated peaks, containing known ratios
of the drug and hydrophilic product, were extracted into
ethyl acetate, and the percent of total radioactivity extract-
able into ethyl acetate was plotted versus the percent of
total drug in the mixtures (Fig. 2). When the mixture
contained only BRU59-21, 92% of the radioactivity was
extractable into ethyl acetate. This value is consistent with
the lipophilicity of BRU59-21 and with previous investi-
gations [8]. Decreasing the amount of BRU59-21 and
increasing the amount of hydrophilic product in the mix-
ture resulted in a linear decrease in the percent of total
radioactivity that was extractable into ethyl acetate. When
the mixture consisted only of the hydrophilic product, 20%
of the radioactivity was extractable into ethyl acetate.

The ability of ethyl acetate extraction to predict the
fraction of parent drug in the radioactive mixture was
confirmed by comparing the predicted fraction of

BRU59-21 as determined by ethyl acetate extraction values
with the values obtained by HPLC analysis. The radioac-
tivity was isolated from cellular lysates, and samples were
analyzed by ethyl acetate extraction and HPLC. It was
found that the values for the fraction of BRU59-21 in the
lysates predicted through ethyl acetate extraction were
consistent with the values obtained through HPLC analysis
(data not shown). These results indicated that using the
percent of total radioactivity that is ethyl acetate-extract-
able as a measure of BRU59-21 metabolism in cellular
lysates is valid.

Metabolism of BRU59-21 in Lysates Derived from
Transfected Cells

To determine whether P450 reductase is important in the
hypoxic metabolism of BRU59-21, the rate of metabolism
of BRU59-21 in hypoxic lysates derived from vector-
control cells and cells overexpressing P450 reductase was
examined. The incubation mixture was supplemented with
NADPH (1 mM), and the reaction was initiated by the
addition of purified BRU59-21. In lysates derived from
vector-control cells (CHO-VC), BRU59-21 was metabo-
lized at a rate of 2 fmol/min/mg of lysate protein (Fig. 3). In
contrast, lysates derived from CHO-FpT-27 cells, which
overexpress P450 reductase, showed an 8-fold increase in
BRU59-21 metabolism, suggesting that this enzyme is
involved in the hypoxic metabolism of BRU59-21.

The enhanced metabolism of BRU59-21 in CHO-

TABLE 1. Nitroreductase activities of vector-transfected
control (CHO-VC) and human P450 reductase cDNA-
transfected (CHO-FpT-27) cell clones

Cell line

Enzyme activity (nmol/min/mg protein)

P450 reductase b5 Reductase DTD

CHO-VC 2.6 6 0.4 58.2 6 8.3 16.9 6 2.8
CHO-FpT-27 12.0 6 0.8 63.9 6 4.8 15.3 6 2.2

Values are the means 6 SEM of three or more independent experiments.

FIG. 2. Standard curve of percent ethyl acetate-extractable
radioactivity versus mixtures containing various fractions of
BRU59-21 and the hydrophilic product. BRU59-21 was incu-
bated under hypoxic conditions for 4 hr in suspension cultures
of CHO-AA8-4 cells. The extracellular medium was isolated
and analyzed by HPLC. Two peaks were isolated, one corre-
sponding to BRU59-21 and the other to a hydrophilic product.
Mixtures containing various amounts of the parent compound
and hydrophilic product were made and extracted into a mixture
containing equal volumes of ethyl acetate and PBS. The percent
of total radioactivity extractable into the organic phase was
determined. Points represent independent determinations. The
equation of the line: y 5 0.72x 1 18.6, r 5 0.994.
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FpT-27 lysates did not occur under aerobic conditions (Fig.
3). As well, the hypoxic metabolism of BRU59-21 by
CHO-FpT-27 lysates was inhibited at 4°, suggesting that an
enzymatic process is required for the metabolism of the
drug. This effect was not statistically different from the
effect observed in aerobic lysates. The hypoxic metabolism
of BRU59-21 in CHO-FpT-27 lysates was dependent upon
the presence of NADPH and did not occur with the
addition of NADH (Fig. 3). The addition of both cofactors
did not show a statistically significant change in the
metabolism of the drug compared with incubations with
NADPH alone, showing that the presence of both cofactors
did not produce an additive effect on BRU59-21 metabo-
lism.

To further demonstrate that P450 reductase is involved
in the hypoxic metabolism of BRU59-21, the ability of
P450 reductase inhibitors to affect the metabolism of
BRU59-21 in cellular lysates was determined. 29-AMP is a
reversible inhibitor of P450 reductase that competes for the
NADPH binding site of the enzyme [25], and DPIC is an
irreversible inhibitor of P450 reductase that covalently
binds to the flavin mononucleotide binding site of the
enzyme [26–28]. Experiments were initially performed to
determine the concentrations of 29-AMP and DPIC needed
to inhibit the NADPH-dependent reduction of cytochrome
c (Fig. 4). Spectrophotometric analysis revealed that 29-
AMP was able to inhibit the NADPH-dependent reduction
of cytochrome c in a concentration-dependent manner, and
activity was inhibited by 85% at a 29-AMP concentration
of 25 mM (Fig. 4A). DPIC inhibition of P450 reductase
activity was also concentration-dependent, and at a con-

centration of 1.2 mM DPIC, P450 reductase activity was
inhibited by 80% (Fig. 4B).

The hypoxic metabolism of BRU59-21 was inhibited by
;80% by 29-AMP (25 mM) and by ;90% by DPIC (1.2
mM) when supported by NADPH (Fig. 5). Neither inhib-
itor had any effect on the NADH-dependent reduction of
cytochrome c (data not shown) or on the NADH reduction
of BRU59-21 in cellular lysates (Fig. 5).

To assess the possible role of other enzymes, the effects of
pHMB and PTU, inhibitors of b5 reductase [29, 30], and of
dicumarol, an inhibitor of DTD [21], on P450 reductase
activity and the hypoxic metabolism of BRU59-21 were
determined. The concentration of pHMB and PTU re-
quired to inhibit the activity of b5 reductase was determined
spectrophotometrically using lysates overexpressing b5 re-
ductase [31] (data not shown). It was found that none of the
inhibitors had any effect on P450 reductase activity in
CHO-FpT-27 lysates (data not shown). Consistent with
this finding, it was found that the addition of either pHMB
(0.12 mM), PTU (60 mM), or dicumarol (10 mM) had no
statistically significant effect on the hypoxic metabolism of
BRU59-21 in CHO-FpT-27 lysates supported by either
NADPH or NADH (Fig. 5). These results suggested that
the metabolism of BRU59-21 in CHO-FpT-27 hypoxic
lysates is due to P450 reductase and is not caused by b5

reductase or DTD.

Accumulation of BRU59-21 in Stirred Cell Suspensions

The effect of hypoxic or aerobic conditions on the accu-
mulation of BRU59-21 in CHO-VC and CHO-FpT-27
cells as a function of time from 0 to 4 hr was determined
(Fig. 6A). Aerobic cells of both cell types showed little
accumulation of radioactivity at 5 min with a Cin/Cout

value of ;3, and thereafter there was a small increase in

FIG. 3. Metabolism of BRU59-21 in CHO-VC and CHO-
FpT-27 cellular lysates. The conditions of the incubation mix-
ture are outlined on the figure. Samples were removed from the
incubation mixture over 4 hr, and the amount of radioactivity
extractable into ethyl acetate was determined. Using the stan-
dard curve shown in Fig. 2 and knowing the amount of
radioactivity added to the incubation mixture, the specific
activity of 99mTc, and the protein concentration present in the
lysates, the metabolism of BRU59-21 was expressed as femto-
moles per minute per milligram of lysate protein. Bars are the
means 6 SEM of three independent experiments.

FIG. 4. Effect of 2*-AMP and DPIC on P450 reductase activity.
P450 reductase activity was measured as the NADPH-depen-
dent reduction of cytochrome c in the presence of KCN. (A)
Effect of 2*-AMP, a reversible inhibitor of P450 reductase, on
enzyme activity. (B) Effect of DPIC, an irreversible inhibitor of
P450 reductase, on enzyme activity. Points are the means 6
SEM of three independent experiments.
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accumulated activity up to 4 hr due to evaporation of the
extracellular medium. There was no difference in the
aerobic accumulation of radioactivity between CHO-VC
and CHO-FpT-27 cells. Under hypoxic conditions, there
was a constant increase in accumulated activity in
CHO-VC cells, so that at 4 hr these cells had a Cin/Cout

value of 60, representing a 20-fold increase in accumulated
activity in hypoxic CHO-VC cells compared with aerobic
cells. CHO-FpT-27 cells also exhibited an increase in
accumulated radioactivity under hypoxic conditions. How-
ever, the increase was more rapid, and at 4 hr these cells
had a Cin/Cout value of 175, which represents a 60-fold
increase in accumulated activity compared with aerobic
cells, and a 3-fold increased hypoxic accumulation of
radioactivity compared with CHO-VC cells at 4 hr.

Metabolism of BRU59-21 in Stirred Suspension
Cultures

The extractability into ethyl acetate of the radioactive
material remaining in the supernatant of cellular aliquots
under the same conditions as described above was also
investigated (Fig. 6B). For aerobic CHO-VC and CHO-
FpT-27 cells, over 90% of the radioactivity was initially

extractable into ethyl acetate, and this value is consistent
with the high lipophilicity of the drug. The fraction of
radioactivity that was extractable into ethyl acetate when
exposure occurred under aerobic conditions did not change
appreciably over the time course of the experiment. In
contrast, the percent of activity extractable into ethyl
acetate decreased over time for hypoxic CHO-VC cells,
and at 4 hr only ;70% of the activity was extractable into
ethyl acetate. Supernatants from CHO-FpT-27 hypoxic
cells also showed a greater decrease in the amount of
radioactivity extractable into ethyl acetate, since only
;50% of the radioactivity was extractable into ethyl
acetate at 4 hr. This finding is consistent with increased
hypoxic metabolism of BRU59-21 in cells overexpressing
P450 reductase.

The extracellular medium of BRU59-21 incubations was
further investigated by HPLC (Fig. 7). After 4 hr, 90% of
the radioactivity in the supernatant of aerobic CHO-VC
and CHO-FpT-27 cells was the parent compound. In
contrast, incubation for 4 hr under hypoxic conditions
resulted in a substantial loss of the parent compound, such
that it constituted only ;65% and ;50% of the total peak
area in CHO-VC and CHO-FpT-27 cells, respectively. The
remainder of the radioactivity was attributed to the hydro-
philic metabolite. The differences in the amount of
BRU59-21 remaining in the supernatant at the conclusion
of the experiment between CHO-VC and CHO-FpT-27
cells are consistent with increased hypoxic metabolism of
BRU59-21 in cells overexpressing P450 reductase. As well,
it was found that using either ethyl acetate extraction

FIG. 5. Hypoxic metabolism of BRU59-21 in cellular lysates
derived from CHO-FpT-27 cells in the presence of enzyme
inhibitors. All determinations were performed under hypoxic
conditions at 37°. Control conditions represent the metabolism
of BRU59-21 in the absence of inhibitors. Incubations were
performed with the addition of NADPH (1 mM, black bars) or
NADH (1 mM, grey bars). Inhibitors were added before the
addition of BRU59-21. 2*-AMP and DPIC are P450 reductase
inhibitors, pHMB and PTU are b5 reductase inhibitors, and
dicumarol is a DTD inhibitor. Inhibitor concentrations are
shown on the graph. After the addition of BRU59-21, samples
were removed from the incubation mixture over 4 hr, and the
amount of radioactivity extractable into ethyl acetate was deter-
mined. Using the standard curve shown in Fig. 2 and knowing
the amount of radioactivity added to the incubation mixture, the
specific activity of 99mTc, and the protein concentration present
in the lysates, the metabolism of BRU59-21 was expressed as
femtomoles per minute per milligram of lysate protein. Bars are
the means 6 SEM of three independent experiments.

FIG. 6. Accumulation and metabolism of BRU59-21 in
CHO-VC and CHO-FpT-27 cells. Cells were equilibrated for
30 min under aerobic or hypoxic conditions before the addition
of BRU59-21. (A) The accumulation of BRU59-21 is ex-
pressed by the ratio Cin/Cout after the addition of BRU59-21.
Symbols: aerobic CHO-VC (M), hypoxic CHO-VC (f), aero-
bic CHO-FpT-27 (E), and hypoxic CHO-FpT-27 (F) cells.
Points are the means 6 SEM of three independent experiments.
(B) Metabolism of BRU59-21 as measured by the percent of
total counts in the external medium that partitioned into ethyl
acetate versus PBS as a function of time after the addition of
BRU59-21. Symbols are the same as in panel A. Points are the
means 6 SEM of three independent experiments.
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values or HPLC analysis gave consistent values for the
fraction of BRU59-21 in the external medium (data not
shown).

DISCUSSION

The use of nitroimidazoles, which are selectively metabo-
lized and retained in hypoxic cells, has been advocated as a
means of measuring tumor hypoxia [32]. Assessment of
tumor hypoxia requires that the cellular accumulation of
these compounds be dependent on the oxygen concentra-
tion of the cell. Studies using 99mTc-labeled nitroimidazoles
indicate that binding of the drug to cells is oxygen-
dependent [8, 33]. However, quantitative measurements of
tumor hypoxia require that the degree of drug accumulation
be dependent only on oxygen concentration, and not on
cellular factors needed for nitroimidazole accumulation.

Although considerable evidence suggests that the reduc-
tion and binding of 2-nitroimidazoles is dependent on
bioreductive enzyme levels in the cell [11, 13, 15], little is
known about the effect of enzyme levels on the accumula-
tion and metabolism of 99mTc-nitroimidazoles. The high
specific activity of 99mTc-nitroimidazoles enables the use of
these compounds at very low (pM) drug concentrations
[16], and it is possible that at such low drug concentrations,
enzyme levels are not limiting, and the extent of drug
accumulation is not affected.

The present study was conducted in cells that differed
only in their P450 reductase levels [17]. This is considered
a more direct approach for assessing the role of the enzyme
in the accumulation of the drug, since the cells are of a
common origin, presumably differing only in their P450

reductase levels. This reduces the possibility that any
observed effect is due to genetic heterogeneity among the
cells. The CHO-FpT-27 cell line, which overexpresses
P450 reductase, appeared to differ from the vector-control
cell line (CHO-VC) only in the activity of this enzyme.
There was no difference in the levels of DTD or b5

reductase between the two cell lines. However, the cells
differed in the absolute values for enzyme activity obtained
for P450 reductase as compared with previously published
values [17]. It has been shown that temperature and
phosphate buffer concentration can substantially increase
P450 reductase activity [34]. However, altering both of
these parameters had little effect on the activity of P450
reductase measured in the present study (data not shown).
These quantitative differences in enzyme activity do not
affect interpretation of the results in our study, since
CHO-FpT-27 cells still show a highly significant increase
in P450 reductase activity compared with control cells.

To assess the role of P450 reductase in the hypoxic
metabolism of BRU59-21, cellular lysates of the P450
reductase-overexpressing and vector-control cells were pre-
pared. Then the drug was incubated in the lysate mixture,
which was supplemented with exogenous cofactor
(NADPH or NADH). It was found that in hypoxic cellular
lysates, overexpression of P450 reductase resulted in an
8-fold increase in BRU59-21 metabolism, and little metab-
olism of BRU59-21 was observed under aerobic conditions.
These findings imply that the metabolism of BRU59-21 is
hypoxia-specific and is an enzymatic process in which P450
reductase is an important enzyme.

Although the metabolism of BRU59-21 was reduced
over 8-fold, there was not complete inhibition of
BRU59-21 metabolism under air or at 4°. Control experi-
ments performed without lysate, but under hypoxic condi-
tions and with the addition of cofactor, indicated that there
was some decrease in the amount of radioactivity extract-
able into ethyl acetate (data not shown). This indicates
that the metabolism of BRU59-21 observed under aerobic
conditions and at 4° is a result of background activity
inherent in the assay and not indicative of true metabolism
of the compound by cellular lysates.

The hypoxic metabolism of BRU59-21 in lysates over-
expressing P450 reductase was dependent on the presence
of NADPH. No increase in metabolism was observed with
the addition of NADH, and the addition of both cofactors
did not result in increased metabolism of BRU59-21 over
NADPH alone. Since P450 reductase activity is dependent
on the presence of NADPH, this finding further implicates
P450 reductase in the hypoxic metabolism of BRU59-21
and suggests that metabolism of BRU59-21 may be limited
by NADPH concentration.

To examine the role of P450 reductase in the hypoxic
metabolism of BRU59-21 further, the effect of enzyme
inhibitors on BRU59-21 metabolism was investigated. 29-
AMP and DPIC, inhibitors of P450 reductase [25–28],
decreased the hypoxic metabolism of BRU59-21 in CHO-
FpT-27 lysates in the presence of NADPH, using inhibitor

FIG. 7. HPLC analysis of the extracellular medium of cells after
a 4-hr incubation with BRU59-21 under aerobic and hypoxic
conditions. CHO-VC cells (black bars) and CHO-FpT-27 cells
(grey bars) were incubated with BRU59-21 in suspension
cultures under (A) aerobic and (B) hypoxic conditions. The
extracellular medium was isolated, filtered, and analyzed by
HPLC with a radioactivity detector set for 99mTc. Two distinct
peaks were observed, and the data were plotted as the percent
radioactivity under each of these peaks. Bars are the means 6
SEM of four independent experiments.
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concentrations similar to those described previously [35].
To assess the possible role of other enzymes, the effects of
inhibitors of b5 reductase and DTD on the metabolism of
BRU59-21 were determined. The hypoxic metabolism of
BRU59-21 was not inhibited by pHMB or PTU, inhibitors
of b5 reductase [29, 30], or by the addition of dicumarol, an
inhibitor of DTD [21]. These findings suggest that b5

reductase and DTD are not involved in the hypoxic
metabolism of BRU59-21 in lysates overexpressing P450
reductase.

The accumulation of BRU59-21 in suspensions of CHO-
FpT-27 and CHO-VC cells was studied. The accumulation
of BRU59-21 in both cell lines was hypoxia-specific, with
cells overexpressing P450 reductase exhibiting 3-fold
higher accumulation at 4 hr than vector-control cells. This
finding shows that P450 reductase is important in the
hypoxic accumulation of BRU59-21 in stirred suspension
cultures and is consistent with the lysate results.

Previous studies investigating the accumulation of
BRU59-21 in CHO-AA8-4 cells found a lower overall
accumulation as compared with the present results from the
P450 reductase-overexpressing cells [8]. The P450 reduc-
tase activity in CHO-AA8-4 cells (8 nmol/min/mg) is
lower than the activity in CHO-FpT-27 cells (data not
shown). Therefore, differences in the P450 reductase levels
between the CHO-AA8-4 cells and the transfected cells
used in the current study may account for these differences
in the overall accumulation of BRU59-21. However, since
the CHO-AA8-4 and CHO transfected cells are not of a
common origin, the possibility that other genetic factors
contributed to these differences in accumulation cannot be
discounted.

The metabolism of BRU59-21 in the stirred suspension
cultures of CHO-FpT-27 and CHO-VC cells was also
investigated. Metabolism of BRU59-21 was hypoxia-spe-
cific, with cells overexpressing P450 reductase exhibiting
increased metabolism compared with vector-control cells.

An area of active research in our laboratory is the
identification of the products of BRU59-21 metabolism.
Radiochemical reduction of BRU59-21 followed by HPLC
analysis suggests that the hydrophilic product detected in
our experimental system is free pertechnetate.* This sug-
gests that BRU59-21 is unstable following reduction, lead-
ing to the release of pertechnetate from the compound.
This may require that time be given for the washout of free
radioactivity from the tumor before images are obtained. It
should be noted, however, that the products of BRU59-21
metabolism that are retained in hypoxic cells have not been
characterized. It is known that ;50% of the radioactivity
accumulated in cells is retained after removing hypoxic
cells from BRU59-21 exposure (Ballinger JR, unpublished
data), indicating that there is significant trapping of me-
tabolites. Additional investigation into these findings will

allow further assessment of the use of BRU59-21 as a
marker of tumor hypoxia.

The production of 99mTcO4 as a metabolite of BRU59-21
bioreduction is thought to arise via reduction of the nitro
group to form nitroso and/or hydroxylamine compounds
known to be highly reactive with cellular macromolecules
[6]. It is possible that the reduced nitroimidazole can react
intramolecularly with the chelating moiety, contributing to
the release of technetium. It has been shown previously
that the hypoxic selective accumulation does not occur for
a BRU59-21 analogue lacking the nitroimidazole [8]. This
suggests that the redox center is the nitroimidazole. This is
of some concern, since 99mTc-HL91, which also binds
under bioreductive conditions selectively to hypoxic cells,
lacks a nitroimidazole as a reduction site. It has been
postulated that 99mTc in HL91 may be in a dioxo form
rather than the mono-oxo form assumed for BRU59-21
[36], and reduction might be at the metal center itself.
Further work will be required to confirm both the role of
nitroreduction in the selective accumulation of BRU59-21
and the possible role of the metal center itself in metabo-
lism of the drug.

Although it appears that P450 reductase is involved in
the hypoxic metabolism and accumulation of BRU59-21,
the possibility that other enzymes may contribute to the
metabolism of this drug cannot be discounted. The cells
used in the present study have also been transfected with
rat DTD [37] and human b5 reductase [31]. Overexpression
of these enzymes resulted in increased hypoxic sensitivity to
mitomycin C. However, the hypoxic accumulation of
BRU59-21 in these cells was not increased compared with
that in the vector-control cells (data not shown). This
finding is consistent with the results using lysates overex-
pressing P450 reductase, which found that inhibitors of b5

reductase and DTD had no effect on the hypoxic metabo-
lism of BRU59-21.

Other cellular factors may also affect the accumulation of
hypoxic markers. For instance, drug accumulation can be
affected by known mechanisms of drug resistance, such as
P-glycoprotein. However, it has been shown that the
accumulation of the 99mTc-nitroimidazole BMS181321 is
not dependent on P-glycoprotein [38], suggesting that this
method of drug resistance may not affect the accumulation
of this class of hypoxic markers. Nitroimidazole binding
may also be affected by concentration gradients between
blood vessels and necrotic regions that exist for nutrients
other than oxygen. Specifically, low glucose concentrations
have been shown to inhibit binding of misonidazole to
tumor cells in vitro [39]. However, the effects of these
cellular factors on 99mTc-nitroimidazole binding, at the
very low drug concentrations used, have not been deter-
mined.

To further understand the role of P450 reductase in
affecting the use of BRU59-21 as a hypoxic cell marker,
isogenic tumors in mice might be developed that differ only
in their P450 reductase levels. Through this approach, one
would be able to discern whether increased P450 reductase

* Dr. Xiuguo Zhang, Ontario Cancer Institute, personal communication.
Cited with permission.
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levels result in increased measures of hypoxic cell fraction
as determined by nuclear medicine imaging. If hypoxic
marker binding in these isogenic tumors is strongly affected
by P450 reductase, then BRU59-21 may not be able to
provide quantitative measurements of tumor hypoxia. In
this case, BRU59-21 may be most useful as a method of
monitoring oxygenation within the same tumor over the
course of therapy. Using such an approach, the tumor
would act as the point of reference for drug accumulation
and subsequently tumor oxygenation. By monitoring the
changes in marker binding throughout the course of ther-
apy in comparison with the initial accumulation, marker
binding would reflect changes in oxygenation within the
particular tumor irrespective of nitroreductase levels in the
tumor.

In conclusion, the present study indicates that P450
reductase is involved in the hypoxic accumulation and
metabolism of BRU59-21 in some models of tumor hyp-
oxia, and further studies on the effect of nitroreductase
levels on the use of BRU59-21 and other compounds as
markers of tumor hypoxia are warranted.
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1. Höckel M, Schlenger K, Mitze M, Schaffer U and Vaupel P,
Hypoxia and radiation response in human tumors. Semin
Radiat Oncol 6: 3–9, 1996.

2. Brizel DM, Scully SP, Harrelson JM, Layfield LJ, Bean JM,
Prosnitz LR and Dewhirst MW, Tumor oxygenation predicts
for the likelihood of distant metastases in human soft tissue
sarcoma. Cancer Res 56: 941–943, 1996.

3. Graeber TG, Osmanian C, Jacks T, Housman DE, Koch CJ,
Lowe SW and Giaccia AJ, Hypoxia-mediated selection of
cells with diminished apoptotic potential in solid tumors.
Nature 379: 88–91, 1996.

4. Reynolds TY, Rockwell S and Glazer PM, Genetic instability
induced by the tumor microenvironment. Cancer Res 56:
5754–5757, 1996.

5. Chapman JD, Engelhardt EL, Stobbe CC, Schneider RF and
Hanks GE, Measuring hypoxia and predicting tumor radiore-
sistance with nuclear medicine assays. Radiother Oncol 46:
229–237, 1998.

6. Nunn A, Linder K and Strauss HW, Nitroimidazoles and
imaging hypoxia. Eur J Nucl Med 22: 265–280, 1995.

7. Wedeking P, Yost F, Wen M, Patel B, Eaton S, Romero V and
Linder KE, Comparison of the biologic activity of the isomers
of the Tc-99m-nitroimidazole complex BMS-194796. J Nucl
Med 36: 17P, 1995.

8. Melo T, Duncan J, Ballinger JR and Rauth AM, BRU59-21,
a second-generation technetium-99m-labeled 2-nitroimidaz-
ole for imaging hypoxia in tumors. J Nucl Med 41: 169–176,
2000.

9. Fitzsimmons SA, Workman P, Grever M, Paull K, Camalier R

and Lewis AD, Reductase enzyme expression across the
National Cancer Institute Tumor cell line panel: Correlation
with sensitivity to mitomycin C and EO9. J Natl Cancer Inst
88: 259–269, 1996.

10. Koch CJ, Giandomenico AR and Iyengar CWL, Bioreductive
metabolism of AF-2 [2-(2-furyl)-3-(5-nitro-2-furyl)acrylam-
ide] combined with 2-nitroimidazoles: Implications for use as
hypoxic cell markers. Biochem Pharmacol 46: 1029–1036,
1993.

11. Workman P, Bioreductive mechanisms, Int J Radiat Oncol Biol
Phys 22: 631–637, 1992.

12. Cobb LM, Nolan J and Hackler T, Retention of misonidazole
in normal and malignant tissues: Interplay of hypoxia and
reductases. Int J Radiat Oncol Biol Phys 22: 655–659, 1992.

13. Joseph P, Jaiswal AK, Stobbe CC and Chapman JD, The role
of specific reductases in the intracellular activation and
binding of 2-nitroimidazoles. Int J Radiat Oncol Biol Phys 29:
351–355, 1994.

14. Prekeges JL, Rasey JS, Grunbaum Z and Krohn KH, Reduc-
tion of fluoromisonidazole, a new imaging agent for hypoxia.
Biochem Pharmacol 42: 2387–2395, 1991.

15. Aboagye EO, Lewis AD, Tracy M and Workman P, Biore-
ductive metabolism of the novel fluorinated 2-nitroimidazole
hypoxia probe N-(2-hydroxy-3,3,3-trifluoropropyl)-2-(2-ni-
troimidazolyl) acetamide (SR-4544). Biochem Pharmacol 54:
1217–1224, 1997.

16. Melo T, Hua HA, Ballinger JR and Rauth AM, Modifying the
in vitro accumulation of BMS181321, a technetium-99m-
nitroimidazole, with unlabelled nitroaromatics. Biochem Phar-
macol 54: 685–693, 1997.

17. Belcourt MF, Hodnick WF, Rockwell S and Sartorelli AC,
Differential toxicity of mitomycin C and porfiromycin to
aerobic and hypoxic Chinese hamster ovary cells overexpress-
ing human NADPH:cytochrome c (P-450) reductase. Proc
Natl Acad Sci USA 93: 456–460, 1996.

18. Patterson AV, Barham HM, Chinje EC, Adams GE, Harris
AL and Stratford IJ, Importance of P450 reductase activity in
determining sensitivity of breast tumor cells to the bioreduc-
tive drug tirapazamine (SR4233). Br J Cancer 72: 1144–1150,
1995.

19. Bradford MM, A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the princi-
ple of protein-dye binding. Anal Biochem 72: 248–254, 1976.

20. Barham HM, Inglis R, Chinje EC and Stratford IJ, Develop-
ment and validation of a spectrophotometric assay for mea-
suring the activity of NADH:cytochrome b5 reductase in
human tumour cells. Br J Cancer 74: 1188–1193, 1996.

21. Misra V, Klamut HJ and Rauth AM, Transfection of COS-1
cells with DT-diaphorase cDNA: Role of a base change at
position 609. Br J Cancer 77: 1236–1240, 1998.

22. Thorell B, Flow-cytometric analysis of cellular endogenous
fluorescence simultaneously with emission from exogenous
fluorochromes, light scatter and absorption. Cytometry 2:
39–43, 1981.

23. Whillans DW and Rauth AM, An experimental and analyt-
ical study of oxygen depletion in stirred cell suspensions.
Radiat Res 84: 97–114, 1980.

24. Taylor YC and Rauth AM, Differences in the toxicity and
metabolism of the 2-nitroimidazole misonidazole (Ro–07–
0582) in HeLa and Chinese hamster ovary cells. Cancer Res
38: 2745–2752, 1978.

25. Segura-Aguilar J, Cortes-Vizcaino V, Llombart-Bosch A,
Ernster L, Monsalve E and Romero FJ, The levels of quinone
reductases, superoxide dismutase and glutathione-related en-
zymatic activities in diethylstilbestrol-induced carcinogenesis
in the kidney of male Syrian golden hamsters. Carcinogenesis
11: 1727–1732, 1990.

26. Tew DG, Inhibition of cytochrome P450 reductase by the

Role of P450 Reductase in BRU59-21 Metabolism 633



diphenyliodonium cation. Kinetic analysis and covalent mod-
ifications. Biochemistry 32: 10209–10215, 1993.

27. O’Donnell VB, Smith GC and Jones OT, Involvement of
phenyl radicals in iodonium inhibition of flavoenzymes. Mol
Pharmacol 46: 778–785, 1994.

28. McGuire JJ, Anderson DJ, McDonald BJ, Narayanasami R
and Bennett BM, Inhibition of NADPH-cytochrome P450
reductase and glyceryl trinitrate biotransformation by diphe-
nyleneiodonium sulfate. Biochem Pharmacol 56: 881–893,
1998.

29. Lostanlen D, Vieira de Barros A, Leroux A and Kaplan JC,
Soluble NADH-cytochrome b5 reductase from rabbit liver
cytosol: Partial purification and characterization. Biochim
Biophys Acta 526: 42–51, 1978.

30. Lee E and Kariya K, Propylthiouracil, a selective inhibitor of
NADH-cytochrome b5 reductase. FEBS Lett 209: 49–51,
1986.

31. Belcourt MF, Hodnick WF, Rockwell S and Sartorelli AC,
The intracellular location of NADH:cytochrome b5 reductase
modulates the cytotoxicity of the mitomycins to Chinese
hamster ovary cells. J Biol Chem 273: 8875–8881, 1998.

32. Chapman JD, Hypoxic sensitizers—implications for radiation
therapy. N Engl J Med 301: 1429–1432, 1979.

33. Ballinger JR, Wan Min Kee J and Rauth AM, In vitro and in
vivo evaluation of technetium-99m-labeled 2-nitroimidazole

(BMS181321) as a marker of tumor hypoxia. J Nucl Med 37:
1023–1031, 1996.

34. Yasukochi Y and Masters BSS, Some properties of a deter-
gent-solubilized NADPH-cytochrome c (cytochrome P-450)
reductase purified by biospecific affinity chromatography.
J Biol Chem 251: 5337–5344, 1976.

35. Barham HM and Stratford IJ, Enzymology of the reduction of
the novel fused pyrazine mono-N-oxide bioreductive drug:
RB90740 roles for P450 reductase and cytochrome b5 reduc-
tase. Biochem Pharmacol 51: 829–837, 1996.

36. Brauers G, Archer CM and Burke JF, The chemical charac-
terization of the tumour imaging agent 99mTc-HL91. Eur
J Nucl Med 24: 943, 1997.

37. Belcourt MF, Hodnick WF, Rockwell S and Sartorelli AC,
Bioactivation of mitomycin antibiotics by aerobic and hy-
poxic Chinese hamster ovary cells overexpressing DT-diaph-
orase. Biochem Pharmacol 51: 1669–1678, 1996.

38. Cowan DSM, Melo T, Park L, Ballinger JR and Rauth AM,
BMS181321 accumulation in human and rodent cells: The
role of P-glycoprotein. Br J Cancer 74 (Suppl 27): S264–
S266, 1996.

39. Ling L and Sutherland RM, Modulation of the hypoxic
toxicity and binding of misonidazole by glucose. Br J Cancer
54: 911–917, 1986.

634 T. Melo et al.


