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ABSTRACT

Mitomycin C and its methylated analogue porfiromycin (Por) have
significant potential as adjuncts to regimens presently used for treating
solid tumors because of their preferential toxicity to cells existing in an
hypoxic environment. An understanding of the factors producing the
differential activity of these drugs under aerobic and hypoxic conditions
would facilitate the development of new agents of this class. Previous
studies have focused on the enzymes that reductively activate the mito-
mycins and on the interaction of these drugs with DNA; none of these
studies has fully explained the differences in cytotoxicity observed under
hypoxic and aerobic conditions. The present investigation demonstrates
that the rate of Por uptake is directly correlated with cytotoxicity under
both aerobic and hypoxic conditions. Uptake of Por into hypoxic cells is
more rapid than into aerobic cells at equal drug concentrations. Hypoxic
cells also accumulate drug in concentrations well in excess of those in
the extracellular medium; this is apparently a reflection of drug seques
tration in these cells. This sequestration of Por, which affects the rate
and extent of uptake in hypoxic cells, does not take place in aerobic cells.
The failure of aerobic cells to sequester drug is evidenced by the very
rapid efflux of Por from these cells upon removal of extracellular Por
and by the fact that aerobic cells attain a state of equilibrium between
the intracellular and extracellular drug concentrations. The findings
demonstrate that differences in the uptake and retention of Por are
associated with the preferential toxicity of Por to hypoxic cells.

INTRODUCTION

As part of a program aimed at the development of new
treatment regimens designed for solid tumors, work in our
laboratories has examined drugs toxic to hypoxic tumor cells,
which can limit the control of solid tumors after treatment with
X-rays or with many chemotherapeutic regimens (1, 2). Re
cently, we reported (3) that Por,3 an vY-methyl analogue of MC,

has greater selective toxicity towards hypoxic cells in culture
than does MC. Por, like MC, is toxic to hypoxic cells in vivo
and, in addition, produces supraadditive cytotoxicity when com
bined with X-rays in the treatment of EMT6 tumors in vivo (3).

The further development of even more effective MC-like
drugs requires an understanding of the phenomena underlying
the preferential cytotoxicity of these agents in hypoxia. Studies
on the enzymatic activation of MC by EMT6 cells have dem
onstrated that the differences in cytotoxicity under aerobic and
hypoxic conditions are not completely explained by differences
in the activity of the enzymes which have been identified as
being involved in the activation/reduction of this drug, by
differences in the generation of reactive electrophiles, or by
differences in the generation of oxygen radicals (4, 5). These
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findings indicate either that all enzymatic pathways for the
bioreduction or metabolism of MC are not yet known or that
other factors, such as differences in drug transport or differences
in intracellular pH, are important in determining the toxicity
of MC to cells under different conditions of oxygÃ©nation.

The availability of Por with a tritiated methyl group on its
aziridinyl ring has allowed examination of Por transport in
EMT6 cells. The rates of uptake of the radiolabel under aerobic
and hypoxic conditions were found to be directly correlated
with the cytotoxicity of the drug.

MATERIALS AND METHODS

Por and [3H]Por (36 mCi/mmol) were gifts from Dr. T. W. Doyle of

Bristol Laboratories (Wallingford, CT). The label on the aziridinyl ring
methyl group of Por stays with the active moiety of this drug once the
molecule has been reduced to a reactive electrophile (6).

EMT6 mouse mammary tumor cells were used for all experiments
and were maintained by alternate passage in vivo and in vitro as
described previously (7). Cytotoxicity was measured using exponentially
growing cells plated in glass bottles in Waymouth's medium supple

mented with 15% FBS and antibiotics. Aerobic cultures were incubated
in an atmosphere of 95% air-5% CO2. To produce radiobiological
hypoxia, cultures were gassed with 95% N2-5% CO2 for 2 h before
addition of drug (3, 4, 7). Por was added in a small volume of 70%
ethanol. All experiments included control cultures treated with equiv
alent volumes of ethanol and incubated under aerobic or hypoxic
conditions along with experimental cultures; the plating efficiencies for
these controls were 86.2 Â±5.0 and 79.0 Â±3.4, respectively. Cell viability
was assessed by colony formation as described elsewhere (7, 8), and
surviving fractions were calculated using the appropriate vehicle-treated
controls.

Uptake and efflux of Por were measured using single-cell suspensions
in Waymouth's medium supplemented with 15% FBS. These suspen

sions were prepared from cells which had been grown in monolayer
culture and allowed to recover from trypsinization for 2 h at 37Â°Cin

an atmosphere of 95% air-5% CO2. Five-mi aliquots containing 2.5 x
1C)'1total cells were placed in glass scintillation vials and gassed through

rubber serum stoppers with 95% N2-5% CO2 or 95% air-5% CO2 for 2
h at 37Â°C.[3H]Por was added without compromising the hypoxia. After

various time intervals, 0.3-ml aliquots were removed, and cell-associ
ated radioactivity was measured by centrifugation through oil (sili
cone:mineral oil, 84:16, v/v) into 0.5 N perchloric acid. Radiolabel in
the cell pellet was ascertained by scintillation spectrometry in Ultrafluor
(National Diagnostics, Somervifle, NJ). At the end of the 2-h uptake
period, cells were washed twice with warm medium equilibrated with
95% air-5% CO2 and resuspended in medium to the original concentra
tion of 5 x 10* cells/ml. Cell-associated [3H]Por was then measured as

a function of time after resuspension, using the techniques described
above. Throughout the entire procedure, cells were shaken to prevent
reattachment. For technical reasons, uptake and efflux studies were
performed using suspension cultures. The cytotoxicity of Por is similar
for EMT6 cells in monolayer and in suspension cultures. Calculation
of the intracellular concentration of Por used the following parameters:
5.45 nmol = 1.78 Â±0.14 x IO6cpm and cell volume = 2.2 pi.

Samples for autoradiography (1 ml of cell suspension at 5 x 10s

cells/ml) were taken at the end of the uptake period (2 h after addition
of [3H]Por) and at the end of the efflux period (4.5 h after addition of
pHJPor) and were placed in 5 ml of ice-cold 70% ethanol. Cells were
washed once in 70% ethanol, fixed on ice for 0.5 h, concentrated by
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centrifugaciÃ³n to a 0.5 nil volume, dropped onto slides, and allowed to
air dry. Autoradiography was performed by a modification of the
dipping technique (9) using Eastman Kodak NTB2 Nuclear Track
Emulsion. Autoradiographs were exposed for 6 wk at -10Â°Cin sealed,

light-tight, plastic slide boxes containing silica gel desiccant and were
then developed with Eastman Kodak D-19, fixed with Kodak acid fixer,
and stained with hematoxylin:eosin. Slides were randomized and scored
"blind." For each slide, a minimum of 100 cells was examined, and the

number of grains overlying each cell was determined. Background was
assessed by counting grains on cells not treated with [3H]Por and on
unoccupied areas of the slides which held cells treated with [3H]Por.

RESULTS

Under both aerobic and hypoxic conditions the rates of
uptake of Por increased with increasing concentrations of the
radii (labeled drug (Table 1). The uptake consisted of two phases:
a rapid phase which occurred within 2 min and a relatively slow
phase which occurred at longer times (Figs. 1 and 2). Uptake
occurring during the rapid phase was inhibited by about 25 to
30% when the experiments were performed at 0Â°C,whereas the
slower uptake was completely abolished at 0Â°C.The rapidly

associating Por was blocked approximately 25% by excess
unlabeled Por. The oxygÃ©nation state of the cells did not
influence the rapid uptake of Por. These findings suggest that
the rapid Por uptake represents primarily nonspecific binding
of the drug. To achieve comparable rates of uptake during the
slow phase, a 10-fold lower concentration of Por was needed in
hypoxia than was required in air (Table 1). This difference in
drug concentration approximated the difference in Por levels
needed to achieve equivalent cytotoxicities in monolayers under
aerobic and hypoxic conditions (Fig. 3).

Table 1 Rates of Por uptake into EMT6 cells in air and in hypoxia

ConditionAirHypoxiaConcentration(MM)310200.23Rate(cpm/h/1.5x 10scells)01203001100801000

" Rates were calculated from the slow phase of uptake in Figs. 1 and 2.

TIME (hours)

Fig. 1. Uptake and efflux of Por in EMT6 cells under aerobic conditions.
Five-mi aliquots of single-cell suspensions containing 5 X 10* cells/ml were
gassed with 95% air-5% CO2 for 2 h before addition of [3H]Por. Aliquots were

removed at the indicated times and centrifuged through oil into perchloric acid.
The 'II label in the cell pellet was measured. Two h after addition of Por, cells
were washed with warm medium, resuspended in fresh medium at S x IO5
cells/ml, and then assayed for [3H]Por at different times as described above. â€¢,3

//M: I I, 10 pM; â€¢.20 f/M Por. Points, mean of 3 to 4 independent determinations;
bars, SE (n > 3).

TIME (hours)

Fig. 2. Uptake and efflux of Por in EMT6 cells under hypoxic conditions.
Experiments were performed as described in Fig. 1, except that cells were gassed
with 95% N2-5% CO2 for 2 h before addition of drug and during the uptake
period. A, 0.2 MM;â€¢,3 MMPor. Points, mean of 3 to 4 independent determinations;
bars, SE (n > 3).

0.5 1.0 1.5

Time (hours)

2.0

Fig. 3. Time course of Por toxicity to EMT6 cells under aerobic (open symbols)
and hypoxic (closed symbols) conditions. Surviving fractions were determined by
cloning at various times after addition of Por. Cells were made radiobiologically
hypoxic by exposure to 95% N2-5% CO2 for 2 h before addition of drug. O, air,
3 MMPor; D, air, 10 MMPor, A, air, 20 MMPor; â€¢,hypoxia, 0.2 /JM Por, Y,
hypoxia, 1 MMPor; â€¢hypoxia, 2 MMPor; A, hypoxia, 3 n\i Por. Points, mean of
2 to 4 independent determinations; bars, SE (n â€¢3).

Uptake of Por by well-oxygenated cells increased linearly
throughout the 2-h incubations with 3 or 10 /Â¿MPor, but
plateaued within l h at 20 /<\i (Fig. 1). Under hypoxic condi
tions, the rate of uptake with 3 MMPor, the maximum level of
drug tested (Fig. 2), was constant for at least 2 h. With 3 ^M
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Por in hypoxia, the cell-associated Por at 2 h (corrected for
nonspecifically bound Por) was approximately twice the peak
level obtained with 20 fi\\ Por in aerated cells. The maximum
level of cell-associated Por attained in well-oxygenated cells at
20 MMwas the same as the extracellular concentration, implying
an equilibrium between extracellular and intracellular drug (Fig.
1). In contrast, Por levels in hypoxic cells were well above the
concentrations of drug in the medium, suggesting the existence
of a process causing intracellular concentration of Por in these
cells.

The survival of cells treated with Por decreased exponentially
with time at all concentrations of Por tested, under both aerobic
and hypoxic conditions (Fig. 3). In these experiments, a linear
increase in drug uptake translated into an exponential increase
in drug toxicity. This finding implies that each incremental
amount of Por taken into a cell had the same probability of
causing a cytotoxic lesion, and the same probability of killing a
cell. For aerobic incubations with 20 fiM Por, drug uptake
plateaued after 1 h, consistent with the attainment of equilib
rium between internal and external drug; cell survival continued
to decrease between 1 and 2 h, indicating that active drug was
still available to cause toxic damage.

After measuring the uptake of radiolabeled Por for 2 h in
either air or hypoxia, cells were washed to remove the medium
containing Por and were incubated in drug-free medium under
aerobic conditions. At intervals, aliquots were removed to assess
the amount of Por that remained associated with the cells. Cells
initially exposed to Por under either hypoxic or aerobic condi
tions were incubated in air for efflux studies, because this
protocol mimicked that normally used for cytotoxicity studies.
Por taken up into aerobic cells during the slow phase effluxed
rapidly from the cells, and drug levels fell to a level equivalent
to that which had become rapidly associated with the cells (Fig.
1). In contrast, Por effluxed slowly from cells exposed to this
agent in hypoxia (Fig. 2), and intracellular drug levels remained
elevated at 2.5 h after the wash period (the longest time tested).

Aliquots of the cell suspensions used to assess uptake and
efflux were fixed in ethanol at the ends of the uptake period (2
h after drug addition) and efflux period (2.5 h after extracellular
drug removal) and examined autoradiographically for tightly
bound drug. Again, cell-associated radiolabel increased with
increasing concentrations of Por under both aerobic and hy
poxic conditions (Fig. 4). Approximately a 10-fold difference
in the concentration was needed to give equivalent grain counts
under aerobic and hypoxic conditions. Interestingly, at all of
the concentrations of Por and under all atmospheric conditions
tested, the grain counts per cell were equivalent when cells were
fixed at the end of uptake and at the end of efflux, suggesting
that the free and sequestered drug may be removed by the
fixation and processing preceding the autoradiography. Grains
were distributed relatively uniformly over the cells.

DISCUSSION

MC and Por are bioreductive alkylating agents which are
preferentially toxic to hypoxic cells in vitro (3, 7). Early studies
have shown that the cytotoxicity of the mitomycin antibiotics
requires an intracellular enzymatic bioreduction, which pro
duces reactive electrophiles that are capable of cross-linking
DNA (10). In mammalian cells, the bioreductive activation of
MC appears to require NADPH and to be inhibited by oxygen
(11). MC and Por do produce DNA cross-links in EMT6 cells
in air; however, treatments at the same concentration and time
will produce many more DNA cross-links in hypoxia than in
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Fig. 4. Por tightly associated with EMT6 cells determined on cells fixed at
the end of uptake and efflux in air and hypoxia. Cells were fixed for autoradiog
raphy in 70% ethanol at the 2- and 4.5 li intervals of the experiments depicted in
Figs. 1 and 2. Columns, mean of 2 to 4 independent determinations; bars, SE (n
> 3 determinations). Control, cells not treated with | '11jl'or. D, grains associated
with celts; D. background over cell-sized areas of slide, determined on the same
slides as grain counts over cells.

air (12). These findings led us to postulate that the toxicity of
the mitomycin antibiotics to hypoxic cells occurs through the
cross-linking of DNA, while cytotoxicity in air is less because
Oj scavenges the electrons needed for the reduction of the drugs
to cross-linking agents (5).

Using three different cell lines with different degrees of
sensitivity to MC in hypoxia, it was demonstrated that the
levels of NADPH-cytochrome c reducÃase,DT-diaphorase, and

xanthine oxidase did not correlate with the amount of toxicity
produced by MC in hypoxic cells (4, 5). These results suggest
that an enzyme system(s) other than those yet studied is in
volved in the bioactivation and/or metabolism of MC (4). In
addition, other factors, such as differences in drug transport
and/or changes in intracellular pH (12), might well be involved
in modulating the cytotoxicity of the mitomycin antibiotics
under aerobic and hypoxic conditions.

Transport studies with the MC analogue, Por, were per
formed to explore further the reasons for the preferential tox
icity of MC and Por to hypoxic cells. Drug uptake increased
linearly for 2 h at most concentrations tested, but plateaued
within an hour during aerobic incubations with 20 pM Por. In
hypoxia at 3 /Â¿MPor, uptake continued with no diminution of
rate for up to 2 h, even though the resulting level of cell-
associated drug was higher than that obtained with 20 ^M Por
in air. The rate of drug uptake increased with increasing con
centrations of Por under both aerobic and hypoxic conditions,
but the concentrations at which equivalent rates of uptake were
observed differed by a factor of approximately 10 in hypoxia
and in air. Such 10-fold differences in drug concentration are
also needed to give similar cytotoxicities and similar amounts
of tightly bound drug in hypoxia and in air.

A possible explanation for the faster rates of Por uptake and
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the concomitant preferential cytotoxicity under hypoxic con
ditions is that in hypoxia the drug is reduced more rapidly than
in air to an alkylating species that binds cuvaient ly to biological
nucleophiles. The binding of significant amounts of drug to
cellular nucleophiles would prevent the equilibration of drug
between cells and medium and would result in a cellular con
centration of Por (free and bound) above that in the medium.
At equivalent concentrations in air and in hypoxia, the rate of
formation of alkylating species in aerobic cells would be ex
pected to be reduced by oxidation-reduction cycling (trapping
by oxygen of the electron needed by Por for the formation of a
reactive alkylating species), with a resultant lowering of drug
uptake rates. The uptake rates we observed at equivalent cyto-
toxic concentrations in air and in hypoxia are compatible with
this mechanism. However, if oxidation-reduction cycling were
the sole explanation for the reduced uptake, alkylation, and
cytotoxicity in air, equilibrium between the external and the
internal drug concentrations should not have occurred in air.
The data demonstrate, on the contrary, that the uptake of Por
by aerobic cells plateaus, in contrast to the continued linear
uptake observed with an equivalent cytotoxic concentration of
Por in hypoxic cells. These findings therefore suggest that the
formation of a ligand which is covalently bound or very tightly
associated with cellular components and which is stable during
fixation had little or no effect on drug uptake. If the increased
rate of uptake in hypoxic cells results from alkylation of cellular
nucleophiles, then cellular nucleophiles must not be alkylated
to a major extent in air, and there must be in hypoxia a pool of
bound drug which is readily lost during fixation of the cells. An
alternative possibility is that under hypoxic conditions a large
proportion of the Por taken into the cells became sequestered
by an undefined mechanism that allows the intracellular con
centration of drug to rise to levels above those found in the
extracellular medium, and that this process does not occur in
air. The slow efflux rates under hypoxia suggest that the drug
sequestered under hypoxic conditions is not rapidly released
from the intracellular compartment(s), even when the cells are
subsequently exposed to air. As yet, we have not identified the
mechanism of drug sequestration under hypoxic conditions.

The relationship between the preferential toxicity of drugs to
hypoxic cells and drug uptake has been observed for nitroimi-
dazole radiosensitizers (13). Differences in drug efflux from
aerobic cells which had been previously treated with drug in air
or in hypoxia have not been observed previously. However, a
slow uptake of drug followed by extremely rapid efflux in air
has been recently observed with Adriamycin (14). In this in
stance, the efflux rate appears to be a factor important in
regulating the cytotoxicity of this anthracycline to different cell
lines (14). Furthermore, efflux of Adriamycin appears to be an

active process (14). Such a mechanism may also occur for Por;
this may be difficult to demonstrate, because inhibitors of an
active efflux process may also interfere with the activity of the
enzymes metabolizing Por and MC.

From these investigations, it appears that the uptake and
efflux of Por are directly related to the preferential toxicity of
the drug for hypoxic EMT6 cells. The faster rates of uptake
observed under hypoxic conditions were accompanied by a
substantially slower rate of drug efflux, which appears to reflect
sequestration of drug.
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