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Abstract-A mixed-jiunction compound (I-278) combining 2-nitroimidazole and chloroethylnitro- 
sourea has been shown to be greater than 2-fold more toxic to hypoxic HeLa-MR cells than to cells 
similarly exposed under aerobic conditions, consistent with chemosensitization of nitrosourea toxicity 
by the 2-nitroimidazole Misonidazole (MISO). H owever, in the case of I-278, the enhancement 
resultedfrom micromolar concentrations of P-nitroimidazole as opposed to the millimolar quantities 
required for a similar enhancement by MISO. These experiments provide evidence (1) that the 
enhanced hypoxic toxicity of I-278 is not attributable to additional, independent hypoxic cell killing 
by the nitroimidazole group and (2) that the interaction between the two functions under hypoxic 
conditions results in increased crosslink formation typical of chemosensitization. The data strongly 
suggest that the chemosensitizing efjciency of nitroimidaroles can be dramatically improved by 
covalent linkage to a chloroethylating species. 

INTRODUCTION 
As DESCRIBED in a previous report [l], mixed- 
function compounds which combine a 2-nitroimi- 
dazole and a chloroethylating nitrosourea function- 
ality (NI-CENU), are preferentially toxic towards 
hypoxic HeLa-MR cells (Fig. 1). A comparison of 
the doses of one such compound I-278 (structure 
shown in Fig. 2)) required to reduce cell survival to 
0.01 under aerobic or hypoxic conditions revealed 
the compound to be greater than 2-fold more toxic 
in the absence of oxygen. Interestingly, the magni- 
tude of enhancement was very similar to that typ- 
ically observed when the 2-nitroimidazole, Misoni- 
dazole (MISO; 1.0 mM) was used to sensitize 
HeLa-MR cells to another chloroethylating nitro- 
sourea, 1-( P-chloroethyl)-3-cyclohexyl- 1 -nitrosou- 
rea (CCNU) [2], which generates the same alkylat- 
ing intermediates as the NI-CENU. However, in 
the current experiments only micromolar quantities 
of 2-nitroimidazole were required to produce this 
effect when administered as part of the mixed- 
function compound. If, as previously suggested, the 
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enhanced activity of I-278 in hypoxia represents an 
interaction btween the two functions as occurs in 
chemosensitization the results suggest a possible 
advantage for the development and use of mixed- 
function chemosensitizing agents. However, as the 
preferential hypoxic toxicity of I-278 could be 
attributable to effects other than an interaction 
between’ the nitroimidazole and chloroethylating 
moieties (chemosensitization), experiments were 
designed to clarify the nature of the effect. These 
experiments provide evidence (1) that the enhanced 
hypoxic toxicity of I-278 is not attributable to 
additional, independent hypoxic cell killing by the 
nitroimidazole group; (2) that the interaction 
between the two functions under hypoxic conditions 
results in increased crosslink formation typical of 
chemosensitization and (3) strongly suggest that the 
chemosensitizing efficiency of nitroimidazoles can 
be dramatically improved by covalent linkage to a 
chloroethylating species. 

MATERIALS AND METHODS 

Drugs 
The structures of the NI-CENU compounds and 

the oxazolidinone derivative are shown in Fig. 2. 
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Fig. 1. Dose-response curves for HeLa-MR cells exposed 
to l-278 for 4 h under aerobic (open symbols) or hypoxic 
(closed symbols) conditions. The dose enhancement factors 

under hypoxic conditions are between 2.2 and 2.4. 

The synthesis of these compounds has been 
described previously [3]. The compounds were 
initially dissolved in 100% dimethyl sulfoxide and 
diluted in culture medium at the initiation of cell 
treatment. Misonidazole was graciously provided 
by Dr. V. Narayanan of the Developmental Thera- 
peutics program, DCT, NCI. MIS0 was dissolved 
directly in culture medium at the desired concen- 
trations. 

Cell line and drug treatments 
HeLa-MR cells were used for these studies. Cells 

were maintained in exponential growth in BME 
medium supplemented with 10% fetal bovine serum 
and gentamycin (50 kg/ml). Cultures were incu- 

bated at 37°C in an atmosphere of97% sir/3% CO, 
and transferred at weekly intervals. All cultures 
were determined to be Mycoplasma free. 

The technique used to treat cells under aerobic 
or hypoxic conditions has been described in detail 
previously [4]. For aerobic exposures exponentially 
growing HeLa-MR cells were suspended in 10 ml 
of BME at a concentration of l-2 X lo5 cells per 
ml and transferred to glass treatment vials. For 
hypoxic exposures the cells were injected into 10 ml 
of medium in treatment vials only after the medium 
in the vials had been gassed for 3 h with a 97% N,/ 
3% CO2 humidified gas mixture. Prior to being 
injected into the treatment vials at the conclusion 
of the 3 h gassing phase the cells were incubated 
for 10 min at a concentration of l-2 X 107/ml in 
a Hamilton gas-tight syringe at 37°C to deplete 
oxygen by consumption. 

To initiate drug exposure, various concentrations 
of the test compounds were diluted lOO-fold by 
injection into appropriate treatment vials. Cells 
were incubated in the presence of drug(s) for 4 h at 
37°C. At the conclusion of the exposure interval the 
cell suspensions were centrifuged, washed in drug- 
free medium and prepared for survival assay. 

Cell survival assay 
Survival was determined using a standard plating 

efficiency assay. Colony formation in treated and 
control groups was enumerated 12-14 days after 
plating and survival calculated as the ratio ofplating 
efficiency of treated groups to that for controls. 

Alkaline elution 
Determination of DNA interstrand crosslinking 

was done by alkaline elution essentially as described 
by Kohn et al. in a review of the technique [5]. Cells 
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Fig. 2. Structure and decomposition scheme for the mixed-function compounds I-278 and I-279, and the 
oxazolidinone derivative I-289. Both mixed-function compounds generate the same alkylating species. 
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were labelled with [14C]thymidine at 0.02 @i/ml 
for 48 h and for an additional 24 h in medium free 
of [14C]thymidine to establish the label in high 
molecular weight DNA. Reference cells were simi- 
larly labelled with [3H]thymidine. To allow 
adequate time for crosslink formation, the magni- 
tude of crosslinking was determined 16 h after drug 
treatment. This interval was slightly longer than 
the time required for maximal crosslink formation 
for cells treated with chloroethylating nitrosoureas. 
For elution assay, drug-treated cells and reference 
cells to be used as internal standards were combined 
and irradiated at 0°C with 4.0 Gy 250 kVp X-rays 
at a dose rate of 1.78 Gy/min. The cells were then 
lyzed on 0.8 pm polycarbonate filters with 1% 
sodium dodecyl sulfate, 0.020 M EDTA (pH lo), 
treated for 1 h with proteinase K (0.5 mg/ml) and 
eluted from the filter with 2% tetrapropylammon- 
ium hydroxide (pH 12.1) containing 0.02 M 
EDTA and 0.1% sodium dodecyl sulfate. Fractions 
(6 ml) were collected at hourly intervals for 6 h. 
Crosslink factors (CLF) were calculated for each 
group using the equation 

CLF = log C.fin&)flog V&i) 
whereJr,, f0 andf, are the fraction of DNA remain- 
ing on the filter for the irradiated alone group, 
the unirradiated control and the irradiated-drug 
treatment group, respectively, when 30% of the 
reference DNA was retained on the filter. 

RESULTS 
One possible explanation for the improved killing 

of hypoxic HeLa-MR cells by I-278 (Fig. 1) is that 
the nitroimidazole moiety itself is extremely toxic 
under hypoxic conditions, even at extremely low 
concentrations. If this were the case, the enhanced 
effectiveness could merely represent the cumulative 
toxicity of chlorethylation combined with hypoxic 
toxicity of the 2-nitroimidazole moiety, as opposed 
to a true chemosensitizing interaction. Further, if 
the P-nitroimidazole associated with I-278 was 
significantly more toxic than MIS0 toward hypoxic 
cells this might account for the apparent difference 
in chemosensitizing potency of the two nitroimi- 
dazoles. To examine these possibilities the aerobic 
and hypoxic toxicity of I-289, the 2-nitroimidazole 
oxazolidinone product generated upon the 
decomposition of I-278 to active alkylating species 
(Fig. 2), was determined. Exposure of HeLa-MR 
cells to doses of I-289 up to 1 .O mM for 4 h in air 
did not result in any measurable cell kill (data not 
shown). As is typical of P-nitroimidazoles, drug 
treatment in hypoxia did prove more effective, but 
survival after exposure to 0.1 mM was 
0.93 + 0.07, Since this dose is 4-5-fold higher 
than the nitroimidazole doses present in the I-278 
experiments, it is highly unlikely that the enhanced 

effect of this agent under hypoxic conditions rep- 
resents additive toxicity of its two functions. 

The additional effectiveness of I-278 in hypoxic 
cells is therefore suggestive ofan interaction between 
the two functional moieties consistent with chemo- 
sensitization. As chemosensitization has been 
associated with an increased frequency of inter- 
strand crosslinks detectable in the DNA of treated 
cells [6-g], the magnitude of crosslinking in 
HeLa-MR cells exposed to I-278 under aerobic and 
hypoxic conditions was compared. Representative 
alkaline elution profiles are shown in Fig. 3. The 
formation of interstrand crosslinks was evident in 
the DNA of cells treated with I-278 under aerobic 
or hypoxic conditions, but additional crosslinks 
(CLFJCLF,,, = 1.68 + 0.10) were formed in 
HeLa-MR cells treated in the absence of oxygen. 
In a related experiment (data not shown) exposure 
of HeLa-MR cells to 50 ~_LM I-278 under hypoxic 
conditions resulted in CLF equivalent to that 
induced by an aerobic exposure to 100 ELM I- 
278. The increase in CLF associated with hypoxic 
exposure to I-278 is therefore similar in magni- 
tude to the corresponding enhancement of cyto- 
toxicity. In contrast, additional crosslinks were 
not observed (CLF,,/CLF,,, = 0.81 +- 0.08) 
(Fig. 4) in hypoxic cells treated with a related 
imidazole-nitrosourea (no nitro-group) com- 
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Fig. 3. Representative DNA alkaline elution projile for HeLa-MR 
cells exposed to I-278 under aerobic and hypoxir conditions, providing 
evidence of crosslink formation in cells treated aerobica& (0) and 
additional crosslinks in cells exposed in hypoxia (a). Cells were 

hamestedfor crosslink analysis 16 h after drug treatment. 
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Fig. 4. Typical DNA alkaline e&ion pro& for HeLa-.IIR cells 
exposed to I-279. Although DNA crosslinks were detected, similar levels 
were evident in the DNA of cells treated under either aerobic or hypoxic 
conditions. Alkaline elution was performed 20 h after the completion of 

exposure. 

pound (I-279, Fig. 2), which did not exhibit any 
enhanced hypoxic toxicity (Fig. 5B). This com- 
pound generates the same chloroethylating spec- 
ies as I-278 (Fig. 2), h as a similar half-life (Carmi- 
nati et al., unpublished) and is as toxic as I-278 in 
cells exposed in air (Fig. 5A). 

The ability of the nitroimidazole moiety of I-278 
to enhance the toxicity of the nitrosourea function 
at very low concentrations could result either from 
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its direct linkage to the alkylating agent or its 
potency as a chemosensitizer. To evaluate this latter 
possibility, attempts were made to enhance the 
toxicity of I-279 with concentrations of I-289 com- 
parable to those encountered in the I-278 experi- 
ments. As shown in Fig. 6b, the hypoxic toxicity of 
I-279 was not enhanced by combination with either 
10 or 100 FM I-289 nor was the frequency of 
crosslinks increased (data not shown). Figure 6A 
also provides evidence that the toxicity of I-279 
could indeed be enhanced by an effective chemosen- 
sitizing nitroimidazole, in this case MISO. Further 
evidence of the lack of sensitizing effectiveness of 
micromolar doses of I-289 was provided by experi- 
ments in which doses as high as 100 PM also failed 
to enhance CCNU toxicity (data not shown). These 
experiments suggest that the nitroimidazole group 
liberated by the decomposition of I-278 is not a 
highly effective sensitizing agent capable ofinducing 
large DEFs at micromolar concentrations and, 
therefore, the large preferential hypoxic toxicity of 
I-278 is not due to the exquisite chemosensitizing 
potency of the nitroimidazole function per se. 

DISCUSSION 
Exposure of cells to mixed-function nitro- 

imidazole-chloroethylnitrosourea (NI-CENU) com- 
pounds under hypoxic conditions results in enhanced 
cytotoxicity relative to comparable aerobic 
exposures. While similar in expression to chemo- 
sensitization ofnitrosoureas by MISO, the enhance- 
ments observed with the NI-CENUs occur at much 
lower nitroimidazole concentrations. These exper- 
iments provide evidence that the large preferential 
hypoxic toxicity observed with the NI-CENU can- 
not be accounted for merely on the basis of the toxic 
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Fig. 5. A. Comparison of the cytotoxicity of I-278 and I-279 to HeLa-MR cells exposed for 4 h under aerobic 
conditions. B. Dose-response curves for HeLa-MR cells exposedfor 4 h to I-279 under aerobic (open) or hypoxic 

(closed) conditions, demonstrating lack of preferential hypoxic toxicity. 
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Fig. 6. A. Enhancement of the toxic+ of I-279 b co-iruubation with 1.0 mM MISOfor 4 h under hypoxic 
conditions (i.e. chcmosensitization). B. Lack of chemosensitization by 10 (A) or 100 (A) pM doses of 1-289. 

Dotted lines have been redrawn from Fig. 6A. 

properties of the nitroimidazole. Rather, the data, 
particularly the crosslink data, suggest that the 
enhanced hypoxic cytotoxicity is a manifestation 
of chemosensitization. The results are therefore 
compatible with the hypothesis that the mixed- 
function combination provides an advantage favor- 
ing a chemosensitizing interaction at unusually low 
nitroimidazole concentrations. 

The actual mechanism for this advantage is cur- 
rently not clear. It could be argued that the 
enhanced hypoxic toxicity is the result of spatial co- 
operativity with the active alkylating moiety and 
chemosensitizing intermediate being liberated 
proximal to each other and an ultimate target, 
presumably DNA. This was indeed one of the 
initial rationales for the design of these agents. 
Alternatively, the advantage could be attributable 
to improved intracellular accumulation of the 
chemosensitizing intermediate resulting from its 
linkage with the more lipophilic nitrosourea. This 
later possibility certainly cannot be ruled out by the 
experiments described in this report. However, it 
seems unlikely that the enhanced hypoxic toxicity 
of I-278 could be entirely accounted for by improved 
nitroimidazole uptake. Based upon in vitro uptake 
data for MIS0 [lo, 111, the peak intracellular 
concentration of nitroimidazole associated with a 
1.0 mM exposure to MIS0 would be expected 
to be -300 l.r,M. Assuming that the intracellular 
NI-CENU concentrations rapidly approach extra- 
cellular levels as has been suggested for lipophilic 
CENUs [ 121, the highest intracellular nitroimi- 
dazole (I-289) concentration expected following 
exposure to I-278 at the concentrations used in 
the current experiments would be approx. 30 PM. 
Therefore, I-289 would have to be an order of 

magnitude more potent than MIS0 to produce 
equi-effective chemosensitization at these relative 
intracellular concentrations. This approximation is 
actually conservative. It assumes that I-278 
behaves as other lipophilic nitrosoureas achieving a 
1: 1 ratio of intracellular/extracellular nitroimi- 
dazole concentration. For ratios less than 1.0, the 
difference in chemosensitizing potency between I- 
278 and MIS0 would be even more pronounced. 
Considering the data presented here and our pre- 
vious experience with other P-nitroimidazole 
chemosensitizing agents such a dramatic difference 
seems unlikely. Obviously this will have to be 
examined further with the availability of labelled 
compounds. However, even if the increased 
efficiency of the mixed-function NI-CENUs is due 
merely to enhanced intracellular delivery of the 
nitroimidazole function, it represents a potentially 
significant improvement in the design of drugs for 
use in a chemosensitizing strategy. 

While the mechanism of action of the NI-CENU 
mixed-function compounds is not established, it 
does, however, differ significantly from that of the 
aziridine-nitroimidazole compound RSU-1069 and 
related analogs introduced by Adams et al. [ 131. 
RSU-1069 is toxic to cells under aerobic and 
hypoxic conditions, but is significantly more toxic 
to cells in the absence ofoxygen [ 13, 141. It has been 
suggested that this differential toxicity is related to 
the monofunctional action of the aziridine group in 
the presence of oxygen and the drug’s bifunctional 
nature upon reduction of the nitro-group in hypoxia 
[ 141. Presumably an intact molecule is required for 
bifunctional activity. In contrast, in the case of the 
NI-CENUs, the alkylating moiety is itself bifunc- 
tional. Furthermore, the NI-CENU must dissociate 
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into two distinct molecules in order to generate the 
alkylating intermediates. Presumably the activity of 
these agents involves an interaction between the 
two compounds liberated upon decomposition of 
the parent compound. 

Although the mechanism of action of the 
NI-CENU compounds is not well established, the 
experience with these compounds and that with the 
alkylating nitroimidazoles in the RSU-1069 series 

opment of mixed-function drugs for radiation and/ 
or chemotherapy. With further refinements, these 
compounds may evolve to offer significant advan- 
tage over conventionally used agents and sensitiz- 
ation protocols. 
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