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There is growing interest in the development of com
pounds (hypoxia-selective cytotoxins; HSCs) which are 
selectively toxic to the (hypoxic) cell populations which 
exist at very low oxygen concentrations in solid tumors, 
and which appear to limit the effectiveness of both 
radiotherapy and conventional chemotherapy.1 We report 
here that nitrobenzyl mustard quaternary salts are a new 
class of HSCs which show very high hypoxic selectivities 
in vitro. 

Examples of this class of HSCs and their proposed 
mechanism of action are shown in Scheme I. The one-
electron reduction of nitroaromatic compounds by cellular 
enzymes to give the nitro radical anions is controlled 
primarily by the reduction potential of the compound, 
and can occur in both oxygenated and hypoxic cells. In 
the former, reoxidation by molecular oxygen can regenerate 
the parent compound. However, in the absence of oxygen, 
fragmentation of the initial radical anion can occur, 
generating, from iV^iV-bis(2-chloroethyl)-iV-methyl-iV-(2-
nitrobenzyl)ammonium chloride (1), a benzyl radical and 
releasing the reactive nitrogen mustard mechlorethamine 
(4). The proposed mechanism is supported by much 
published evidence that closely related nitrobenzyl halides 
and nitrobenzyl quaternary ammonium salts do fragment 
following one electron reduction,2 and that the nitro radical 
anions derived from such compounds are readily reoxidized 
by oxygen in vitro.3 

This design for HSCs has a number of advantages. The 
cationic charge on the quaternary salt ensures a high degree 
of deactivation of the mustard and excellent water 
solubility for the compound. The large positive Hammett 
substituent parameter (a0,p) of the benzyl quaternary 
function (expected to be similar to the value of +0.67 
reported4 for CH2N+(Me)3) equates to a calculated6,6 

reduction potential of-330 mV for the 4-isomer (3), while 
cyclic voltammetry measurements (Table I) indicate a 
value of-350 mV. These estimates fall within the window 
(-300 to -450 mV) suggested5 as desirable for HSCs. A 
possible disadvantage is that the charge may slow the rate 
of cellular uptake of the compounds. 

Fragmentation of the prodrug following one-electron 
reduction then releases a reactive aliphatic mustard of 
well-defined chemistry. Mechlorethamine not only shows 
activity against noncycling cells7 but also has a half-life 
sufficiently long (ca. 15 min)8 that it would be expected 
to back-diffuse to surrounding tumor cells at higher oxygen 
concentration.9 The rates of the fragmentation reaction 
can be controlled over several orders of magnitude by 
appropriate structural changes (in a series of nitrobenzyl 
halides),10 allowing in principle for this fragmentation to 
be competitive with the back-oxidation process at par
ticular oxygen concentrations. 
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Table I. Cytotoxicity of Benzyl Quaternary Mustard Derivatives 
1-3 and Mechlorethamine (4) 

no. 

1 
2 
3 
4 

£(De«0 

-320 
-370 
-350 

IC60* 
2.7 ± 1.3 

20.9 ± 2.8 
6.1 ± 1.7 
0.0022 ± 0.001 

HF" 

300 ±70 
ND/ 
2900 ± 810 
28 ± 8 

C10" 
8.0 

>50 
6.0 

air/N2 
ratio" 

200 
g 
8-9 

° Half-wave potentials (£(1/2) values) were measured by cyclic 
voltammetry for aqueous solutions of approximately 0.1 mM con
centration, containing 0.1 mM NaClO4 as electrolyte. £(1) values 
were then estimated from a linear correlation equation (correlation 
coefficient r2 = 0.93) established between measured £(1/2) and 
known16 £(1) values for a series of 10 nitro aromatic compounds. 
These had £(1) values covering a range from -175 to -530 mV. 
b Growth inhibition assay. IC6O

 = concentration of drug (mM) for 
50% inhibition of growth of AA8 cells, under aerobic conditions, 
18-h exposure.c HF (hypersensitivity factor) = ICiso(AA8)/ICso(UV4). 
d Clonogenic assay, using stirred suspensions of UV4 cells. Cu> = 
concentration of drug (mM) to give 10% cell survival, under aerobic 
conditions, 1-h exposure. * Ratio = Cio(aerobic)/Cio(hypoxic) for UV4 
cells. 'Not done. * Nontoxic at 50 mM under both aerobic and hypoxic 
conditions. 

Scheme I 

1 : 2-NO2 - H - NO2 

2:3-NO2
 k<5i^J2 

Me I 

Cl 

4 : mechlorethamine 

Compounds 1 and 3 and the 3-nitro analogue 2 were 
prepared from the corresponding nitrobenzyl chlorides 
by displacement with iV-methyldiethanolamine and chlo-
rination with SOCI2. 1 and 3 have previously been 
prepared and tested for activity against experimental 
rodent tumors,11 with the weak activity found for the 
4-nitro isomer (3) being attributed to release of mechlor
ethamine via nucleophilic displacement (e.g., by thiols). 
The hypoxic selectivity of the compounds was not con
sidered. 

We have evaluated the cytotoxicity and hypoxic selec
tivity of compounds 1-3 in cultures of Chinese hamster 
ovary cells (Table I). The 3-isomer 2 showed by far the 
lowest cytotoxicity, using either the AA8 subline in growth 
inhibition assays or the UV4 cell line in clonogenic assays. 
The greater potencies of the 2- and 4-isomers 1 and 3 
support the proposed mechanism of action, since the 
radical anions of 3-nitrobenzyl halides are known to 
fragment more than 103 times more slowly than the 2- or 
4-nitro isomers.10 The release of mechlorethamine from 
1 following incubation with hypoxic EMT6 cells has been 
confirmed by trapping the released mustard with diethyl 
dithiocarbamate and HPLC analysis of the adduct.12 

The selectivity of 1 for hypoxic cells was also assessed 
by determining clonogenic survival after exposure for 1 h 
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Figure 1. Survival of UV4 cells (stirred suspension at 106 cells/ 
mL in a-MEM containing 5% fetal bovine serum) exposed to 
compound 1 for 1 h under aerobic (open symbols) or hypoxic 
(filled symbols) conditions. Different symbol shapes refer to 
separate experiments. 

in stirred suspensions of UV4 cells gassed continuously 
with 5% CO2 or N2 (Figure I).13 The concentration of 1 
required to reduce survival to 10% of controls (C10) was 
200-fold less under hypoxic than aerobic conditions, 
showing the benzyl quaternary mustard (1) to be one of 
the most hypoxia-selective mono-bioreductive agents yet 
reported. This property is not restricted to repair-deficient 
cell lines, since recent studies show that the compound 
has pronounced hypoxic selectivity (> 100-fold) with EMT6 
mouse mammary carcinoma cells in similar assays,12 

although mechlorethamine itself shows no significant 
selectivity with these cells (ca. 1.3-fold; unpublished data, 
this laboratory). The marked difference in hypoxic 
selectivity between 1 and 3 could be due to different 
rates of fragmentation (the half-life of the radical anion 
derived from 2-nitrobenzyl chloride is about half that 
derived from the 4-isomer),10 or to differences in rates of 
enzymic reduction. 

The UV4 cell line, which is defective in DNA cross-link 
repair,14 is hypersensitive to DNA cross-linking agents, as 
shown by the HF value (ratio of IC50 values in the wild-
type AA8 and UV4 lines) of 28 for mechlorethamine (Table 
I). The high HF values also shown by 1 and 3 suggest that 
the mechanism of cytotoxicity is via DNA alkylation. The 
fact that these HF values are much higher than that of 
mechlorethamine (a typical cross-linking agent) may be 
due to limited cellular uptake of these fully-cationic 
compounds (possibly by a saturable, transport-mediated 
process). This would serve to exaggerate the ratio, since 
very high extracellular drug levels might be needed to 
attain a cytotoxic intracellular concentration in the repair-
competent cells. Studies of drug uptake of these com
pounds are in progress. 

The high selectivity of 1 for hypoxic cells suggests that 
it is not activated primarily by nucleophilic displacement 
by thiols, as was originally proposed.11 In fact, the 
compounds proved surprisingly stable in the presence of 
thiols; a solution of 1 exposed to a large excess of diethyl 
dithiocarbamate in HEPES buffer at pH 7.5 for 2 days at 

37 0C showed only traces of reaction, as monitored by 
HPLC. Further, use of an enzymic assay for GSH16 

demonstrated little depletion (ca. 10%) of GSH in AA8 
cells incubated with 1 at 2 mM under hypoxic conditions 
for 2.5 h. 

Further chemical development and in vivo biological 
studies of compounds of this class are in progress. 
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