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Summary. Using flow cytometry and conventional 
spectrofluorimetry we have previously shown that 
chloroethylnitrosoureas (CNUs) can exhibit marked in- 
hibition of cellular enzymes catalysing hydrolysis of 
fluorescein diacetate (FDA). More potent inhibition was 
seen for the carbamoylating CNUs, whereas alkylating 
agents were largely inactive. We now report results ob- 
tained with the developmental imidazotetrazines 
mitozolomide and temozolomide in comparison with 
BCNU, the novel alkylating agents clomesome and 
cyclodisone, and the active mitozolomide metabonate 
MCTIC. Inhibition of EMT6 mouse mammary-tumour 
esterases was seen for mitozolomide and temozolomide, 
and activity against purified porcine carboxylesterase was 
demonstrated. Flow cytometric analysis showed that in- 
hibition occurred across the entire EMT6 cell population, 
with no evidence of a subpopulation resistant to enzyme 
inhibition. Inhibitory potency for the imidazotetrazines 
was much weaker than for BCNU. With EMT6 cells, 150 
values from flow cytometry were 9 . 7 x 1 0 - 3 M  and 
1.5 • 10-3M for mitozolomide and temozolomide com- 
pared with 3.7x 10-4M for BCNU. These were higher 
than the IDs0 values for in vitro antitumour activity (MTT 
assay), 8.5x 10 -6M in the case of mitozolomide and 
1.2 x 10 -5 Mfor  BCNU, but similar to that of 5.6 x 10-4M 
for the less toxic temozolomide. MCTIC and cyclodisone 
showed very low activity, but significant inhibition was 
seen for clomesome. The results are consistent with the 
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Abbreviations. Drugs: ACNU, 1-(2-chloroethyl)-3-(4-amino-2-me- 
thylpyrimidine-5yl)methyl-l-nitrosourea; BCNU, 1,3-bis(2-chlo- 
roethyl)-2-nitrosourea; cis-2-OH CCNU, 1-(2-chloroethyl)-3-(cis- 
2-hydroxycyclohexyt)-l-nitrosourea; chlorozotocin, 1-(2-chloro- 
ethyl)-3-(o-2-glucopyranosyl)-l-nitrosourea; clomesome, 2-chlo- 
roethyl(methylsulphonyl)methanesulphonate; CNU, chloroethyl- 
nitrosourea; cyclodisone, 1,5,2,4-dioxadithiepane-2,2,4,4-tetrox- 
ide; MCTIC, 5-[3-(2-chloroethyl)triazen-l-yl]imidazole-4-carbox- 
amide; mitozolomide, 8-carbamoyl-3-(2-chloroethyl)imidazo[5,1- 
dJ-1,2,3,5-tetrazin-4(3H)-one; MTIC, 5-(3-methyltriazen-l-yl)imi- 
dazole-4-carboxamide; temozolomide, 8-carbamoyl-3-methyl- 
imidazo[5,I-d/-1,2,3,5-tetrazin-4(3H)-one. Others: ATase, O6-al- 
kylguanine DNA alkyltransferase; DMSO, dimethylsulphoxide; 
FDA, fluorescein diacetate; MTT, 3-4-5 dimethylthiazol-2-5 
diphenyl tetrazolium bromide; PBS, phosphate-buffered saline 
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view that the imidazotetrazines do not exhibit major car- 
bamoylating ability, although significant effects are seen 
at cytotoxic concentrations of temozolomide. In addition, 
the potential for the generation of carbamoylating species 
at the enzyme active site cannot be ruled out. 

Introduction 

The imidazotetrazines mitozolomide and temozolomide 
are undergoing phase II trials in Europe. Interest in them 
has resulted from their novel structure and chemistry [23] 
as well as their encouraging antitumour activity in animal 
model systems [15, 24].  The antitumour effect of 
mitozolomide is thought to be caused by chloroethylation 
and cross-linking of DNA, as occurs with the CNUs [1, 8 -  
10]. The overall shared mechanism of action of mito- 
zolomide with CNUs is indicated by their cross-resistance 
in cell lines and in vivo tumours, including those dem- 
onstrated to exhibit relatively high levels of the DNA 
repair protein O6-alkyl guanine DNA alkyltransferase 
(ATase) [8, 9, 15, 18, 29]. Some, albeit probably not com- 
plete, commonality of mechanism of action with these 
agents has also been proposed for temozolomide [13, 24]. 
Differences in DNA sequence specificity and reaction 
products between CNUs and mitozolomide have been 
demonstrated [11, 14], but the significance for antitumour 
selectivity remains unclear. 

In addition to the spontaneous formation of chloro- 
ethylating species in aqueous solution, CNUs also form 
organic isocyanates that carbamoylate cellular proteins 
[1, 3]. Although carbamoylation does not appear to be a 
major requirement for antitumour activity, differences in 
the degree of resistance between carbamoylating and non- 
carbamoylating analogues in the Mer + vs Mer-  cell lines 
[7] as well as in these transfected with the bacterial ATase 
gene [2, 17-19] suggest that carbamoylation does play 
some role in cytotoxicity. Mitozotomide and temo- 
zolomide have a theoretical ability to form isocyanates 
and may do so under certain conditions [23, 24]. However, 
compared with BCNU, mitozolomide exhibited only 
modest inhibition of glutathione reductase, gamma- 
glutamyl transpeptidase and chymotrypsin [16]. Since 
these enzymes are sensitive to inhibition by carbamoylat- 
ing agents, it was concluded that such species were not 
formed under physiological conditions. DNA damage by 
mitozolomide is thought to be mediated by the 
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chloroethylating metabonate MCTIC [8, 23], whereas 
temozolomide may spontaneously release MTIC, which is 
the demethylated and putative active metabolite of dacar- 
bazine [24]. 

We have recently reported a novel flow cytoen- 
zymological assay to measure inhibition of cellular 
esterases by CNUs and derived isocyanates [4, 5]. Using a 
wide range of derivatives, we showed a correlation be- 
tween chemical carbamoylating potential and enzyme in- 
hibition. Alkylating agents were largely inactive, suggest- 
ing the possibility that this technique may provide a 
measure of intracellular carbamoylation of a particular 
protein target. An important feature of the flow cytometric 
assay is the ability to identify heterogeneous subpopula- 
tions. This paper presents flow cytometric results obtained 
with mitozolomide, MCTIC and temozolomide. These 
were compared with the potent carbamoylating agent 
BCNU and the developmental non-carbamoylating agents 
clomesome and cyclodisone [9-13]. Selected agents were 
also tested against purified esterase. To ensure that the ef- 
fects could be related to concentrations causing cyto- 
toxicity, the in vitro antitumour effects of mitozolomide, 
temozolomide, chlorozotocin and BCNU were determined 
in EMT6 cells by MTT dye reduction assay [25]. 

M a t e r i a l s  and m e t h o d s  

Cells. EMT6/CCVJAC, a mouse mammary-tumour cell 
line, is grown in monolayer culture [21]. After 2 days 
growth, cells were harvested in log phase by trypsinization. 
Single-cell suspensions (106 cells/ml) were prepared in 
Eagle's minimal essential medium with Earle's salts and 
10% (new born) calf serum for flow cytometric assay, or in 
phosphate-buffered saline (Dulbecco "A ' ,  PBS; Sigma) in 
the case of conventional spectrofluorimetry. 

Reagents. The fluorogenic esterase substrate FDA (Koch 
Light) was prepared as a stock solution in 0.012 M acetone 
(grade A). This was diluted with PBS immediately before 
use to give a concentration of 2 p~M. Partially purified por- 
cine liver carboxylesterase (E.C.3.1.1.1.) was obtained as a 
suspension from Sigma; it was diluted to 1 p~g/ml with 
PBS immediately before use. 

Drug structures are shown in Fig. 1. BCNU and 
clomesome were obtained from the United States Nation- 
al Cancer Institute. Mitozolomide, temozolomide and 
MCTIC were kindly provided by the CRC Experimental 
Chemotherapy Research Group (Aston University, Bir- 
mingham, UK). Stock solutions of BCNU in ethanol 
(grade A) and of mitozolomide, MCTIC, clomesome and 
cyclodisone in DMSO were diluted with PBS immediately 
before their addition to cells, maintaining final solvent 
concentrations of 0.5% (v/v) for ethanol and 2.5% (v/v) for 
DMSO. Temozolomide was dissolved directly in PBS just 
prior to use. 

Flow cytometry. All studies were, carried out with the 
Cambridge MRC dual-laser flow cytometer [26-28] using 
procedures previously described in detail [4-6]. Briefly, 
fluorescein produced by intracellular esterase hydrolysis 
of FDA was excited at 488 nm, giving rise to green/yellow 
fluorescence which was collected between 515 and 560 nm. 
The flow cytometer was set to trigger on 90 ~ light scatter, 
an indirect measure of cell size, and to record green 
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Fig. 1. Structures of mitozolomide, temozolomide, MCTIC, 
cyclodisone, clomesome and BCNU 

fluorescence together with time (from the computer clock). 
This was done for each of 50,000 cells continuously 
sampled over a 5-min reaction period at a constant flow 
rate of about 170 cells/s. All procedures were carried out 
at room temperature (20 ~176 Putative inhibitor solu- 
tions were added to cell samples (0.15 ml at 10 6 cells/ml in 
medium) 1 h before the reaction was initiated by the addi- 
tion of FDA (2 ~tM, 0.3 ml). Appropriate, untreated con- 
trol samples were included at regular intervals during the 
experiment. Data were analysed as the medians of eight se- 
quential fluorescence vs frequency histograms. Enzyme 
reaction progress curves were plotted (e.g. Fig. 3) and ini- 
tial velocities were determined by least-squares linear 
regression analysis. Comparison of the initial velocities for 
control vs inhibited reactions enabled the calculation of 
the percentage of activity remaining at various inhibitor 
concentrations (e.g. Fig. 4). Values of I50 (the inhibitor 
concentration producing 50% inhibition) were generated 
from the dose-response data by probit analysis using the 
GLIM statistical programs of The Royal Statistical Society 
of Great Britain. 

Conventional speetrofluorimetry. Parallel experiments were 
carried out with intact cells, cell sonicates and purified 
esterase using an MPF-4 spectrofluorimeter (Perkin- 
Elmer) with monochromators set at 490 and 520 nm for 
excitation and emission, respectively, as previously 
described in detail [4-6]. Inhibitor preincubations, en- 
zyme reactions and data analysis were carried out essen- 
tially as outlined above. Prior to assay of enzyme activity 
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Fig. 2. Three-dimensional displays of green fluorescence vs time 
vs 90 ~ light scatter for untreated log-phase EMT6 mouse mam- 
mary tumour cells (panel A ) and those pretreated with 5 x 10-3M 
temozolomide for 1 h at 20 ~ -22~ (panel B). Green fluorescence 
is due to fluorescein released from FDA (1 lxM) by intracellular 
esterases, whereas 90 ~ light scatter is related to cell size and shape. 
Both parameters are expressed in arbitrary units (channel num- 
ber) and time is measured in seconds. Scales are linear. Results are 
from a typical experiment 

agents were incubated at 20 ~ - 2 2 ~  with cells (106/ml) or 
purif ied enzyme (0.5 ~tg/ml) for a per iod of  1 h. 

In vitro cytotoxicity. The MTT assay [25] was used to assess 
the cytotoxici ty of  mi tozolomide  and temozolomide  
against EMT6 cells as compared  with that of  potent  and 
weak carbamoyla t ing  agents B C N U  and chlorozotocin,  
respectively. Opt ical  densi ty due to conversion of  MTT to 
formazan by dehydrogenases  of  viable cells was measured.  
Cells (6x  102) in medium (200 ~tl) were incubated in 
microwell  plates for 3 days in the presence of  test sub- 
stances at 1 0 - 6 - 3 . 3 x 1 0 - 3 M .  MTT was then added  
(0.5 mg/ml )  and,  after a further 4 to 6-h incubat ion,  the 
resulting optical  densi ty was compared  with that of  un- 
treated controls  using a Titertek Mult iscan MCC/340  
automated plate reader.  

Results  

Flow cytometry 

At a concentrat ion of  5 x 10 -3 M for 1 h, both mitozolo- 
mide and temozolomide  exhibited significant inhibi t ion of  
esterases in cultured EMT6 mouse mammary- tumour  cells. 
Figure 2 shows a three-dimensional  display of  green 
fluorescence vs t ime vs 90 ~ light scatter for untreated con- 
trol cells (panel A) compared  with those pretreated for 1 h 
with 5 x 10 3 M temozolomide  (panel B). It can be seen 
that for control  cells the frequency contours traverse the 
three-dimensional  data  space, and inhibi t ion is clearly 
demonst ra ted  for the temozolomide- t rea ted  sample. No  
popula t ional  heterogeneity is indica ted  in either case; in 
part icular,  there is no evidence of  a subpopula t ion  resis- 
tant to esterase inhibi t ion by temozolomide.  In addit ion,  
neither the accumulat ion of  fluorescein nor  temozolomide  
treatment  appeared  to effect cell size, as indicated by the 
lack of  change in 90 ~ light scatter;  this held true for all 
other compounds .  

Figure 3 shows typical  enzyme-react ion progress cur- 
ves for the hydrolysis  of  F D A  by esterases of  intact EMT6 
mouse mammary- tumour  cells t reated with mitozolomide,  
M C T I C  and BCNU,  as compared  with vehicle controls. 
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Fig. 3. Enzyme-reaction progress curves for the hydrolysis of 
FDA in control and inhibited samples of EMT6 cells. Agents were 
incubated with cells (106/ml) for 1 h prior to assay of esterase ac- 
tivity with 1 lxM FDA, all at 20 ~ -22~ 0 ,  control (2.5% DMSO 
or 0.5% ethanol); �9 5 x 1 0 - 3 M  MCTIC; A, 5x10-3M 
mitozolomide; zX, 5 x 10 -4 M BCNU. Results are from a typical 
experiment measured by flow cytometry. Each point represents 
the mean of duplicate values 

There was no significant difference in the enzyme activity 
for cells exposed to 2.5% DMSO or 0.5% ethanol  with 
respect to that seen in the absence of  these drug vehicles. 

A compar ison of  the inhibi tory potency of  the various 
agents is given in the form of  dose-response curves (Fig. 4) 
and  I50 values (Table 1). It can be seen that  mi tozolomide 
is about  26-fold less potent  than BCNU,  whereas 
temozolomide  has only 4-fold lower potency. The percent-  
age of  esterase activity remaining at an inhibi tor  con- 
centrat ion of  5 x 10 -3 M i s  also given in Table 1, since the 
I50 values for M C T I C  and cyclodisone were not ap- 
p roached  in the concentrat ion range studied. Only 23% in- 
hibit ion occurred with 5 x 10 -3 M MCTIC,  whereas 35%, 
84% and 100% inhibi t ion were seen at this concentrat ion of  
mi tozolomide,  t emozolomide  and BCNU,  respectively. At 
the same concentrat ion,  31% inhibi t ion was seen with 
clomesome,  and only 13% with cyclodisone.  In addit ion,  
various other alkylat ing agents such as mustine, mel- 
phalan,  chlorozotocin,  methyl methanesulphonate ,  cyclo- 
phosphamide  and cisplatin also showed minimal  effect [6]. 

Conventional spectrofluorimetry 

The inhibi tory activities of  mi tozolomide,  temozolomide,  
M C T I C  and B C N U  were determined by spectrofluori-  
metry using intact EMT6 cells and cell sonicates (Table 1). 
For  all drugs there was little difference in activity in the 
presence vs absence of  an intact  cell membrane.  The 
results confi rm the order  of  inhibi tory potency found by 
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Table 1. Summary of the inhibitory effects of mitozolamide, temozolamide, MTCIC, BCNU, clamesame and cyclodisone on FDA hydro- 
lysis measured by flow cytometry and conventional spectrofluorimetry 

D r u g  Flow cy tomet ry :  Spec t ro f luor imet ry :  

In tac t  E M T 6  cells Intact  E M T 6  cells E M T 6  cell sonicate  Pur i f ied  porc ine  l iver  
carboxyles terase  

I50 a % Act iv i ty  Is0 a % Act iv i ty  15~ a % Act iv i ty  Is0 a % Act iv i ty  
( M )  r e m a i n i n g  at  ( M )  r e m a i n i n g  at (M)  r e m a i n i n g  at (M)  r e m a i n i n g  at 

5 x  10-3 m 5 x  10-3 m 5 x  1 0 - 3 m  5 x l 0  3rn 

Mitozol-  9 . 7 x 1 0  -3 65 9 . 6 x 1 0  -3 63 9 . 5 x 1 0  -3 68 < 5 x 1 0  3 t4 
amide  (6.2 x 1 0 - 3 - 1 . 5  x 1 0  -z) ( 3 . 1 x 1 0  3 - 2 . 9 x 1 0 - 3 )  (5.5 x 1 0 - 3 - 1 . 6  x 1 0  -2) 

M T C I C  > 5 x 10 -~ 77 N D  N D  N D  N D  > 5  x 10 -3 89 

T e m o z o l -  1.5 x 10 .3 16 4.6 x 10 4 2 4.2 • 10 -4 3 N D  N D  
am ide  (1 .0-2 .1  x 10 -3) (3 .6 -6 .0  x 10 -4) (3 .2 -5 .6  x 10 -4) 

B C N U  3.7 x 10 4 0 5 . 0 x  10 -5 0 9 . 2 x  10 -5 0 < 2 x 1 0  -6 0 
(2 .9 -4 .7  x 10 -4) (3 .1 -8 .2  x 10 -5) (8.1 x I0 -5-1 .1  x 10 4) 

C l o m e s o m e  > 5 x 10 -3 69 N D  N D  N D  N D  N D  N D  

Cyclodisone  > 10 -2 87 N D  N D  N D  N D  N D  N D  

Agents  were  incubated  wi th  cells (5 x 106/ml) or  e n z y m e  (0.5 Ixg/ml)  for  a per iod  of  
20 ~ - 2 2  ~ C. Results  are  m e a n  va lues  f r o m  at least two expe r imen t s  

95% conf idence  l imits  are  shown  in pa ren theses  
ND,  not  done  

flow cytometry;  for example,  t emozolomide  was 9-fold 
less active than BCNU. Figure 5 shows the dose-response 
curves obtained for MCTIC,  mi tozolomide and BCNU in- 
hibit ion of  purif ied porcine liver carboxylesterase.  
M C T I C  was almost  inactive, whereas mi tozolomide in- 
hibi ted the esterase by 60% at a concentrat ion of  10 .3 M. 
At the same concentra t ion the activity was total ly in- 
hibited by BCNU. 

Chemosensitivity 
Figure 6 shows the comparat ive  cytotoxicities of  
mitozolomide,  temozolomide,  B C N U  and chlorozotocin 
against  EMT6 cells in vitro, as de termined using the MTT 
tetrazolium dye-reduct ion assay. The respective IDh0 
values derived from these data  are also shown. It can be 
seen that t emozolomide  is considerably less cytotoxic than 
mitozolomide.  

1 h pr ior  to assay of  esterase act ivi ty  at 1 g M  F D A ,  all at 

Discussion 

The object of  this study was to investigate the abil i ty of  the 
developmenta l  imidazotetrazines mi tozolomide and 
temozolomide  to inhibit  the hydrolysis  of  F D A  by 
esterases of  EMT6 mouse mammary- turnout  cells. Our 
previous studies with a wide range of  CNUs  have shown 
that those compounds  known to be more strongly car- 
bamoylat ing,  as def ined mainly by chemical  assay, also 
produce  a more potent  inhibi t ion of  cellular esterases [6]. 

Results presented in this paper  show that both 
mi tozolomide and temozolomide  can inhibit  EMT6 mouse 
mammary- tumour  esterases, as measured by both flow 
cytometry and convent ional  spectrofluorimetry.  The 
results obta ined with the two techniques were quanti tat ive- 
ly similar. In addi t ion,  the use of  flow cytometry enabled 
us to demonstra te  inhibi t ion across the entire popula t ion  
of  log-phase EMT6 cells, with no evidence of  a subpopula-  
t ion resistant to enzyme inhibition. More complex and 
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Fig. 4. Dose-response curves for the inhibitory effects of BCNU 
(O), temozolomide (A), mitozolomide (A) and MCTIC ( ~ )  on 
the hydrolysis of FDA by EMT6 cells measured by flow 
cytometry. Agents were incubated with cells (106/ml) for 1 h prior 
to assay of esterase activity with 1 IxM FDA, all at 20 ~ -22~ 
Each point represents the mean of 2 -  14 repeat experiments 
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Fig. 5. Dose-response curves for the inhibitory effects of BCNU 
( I ) ,  mitozolomide (/',) and MCTIC (A) on the hydrolysis of 
FDA by purified porcine liver carboxylesterase. Agents were in- 
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activity by conventional spectrofluorimetry, all at 20 ~  22~ For 
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periments; for mitozolomide and MCTIC, each point represents 
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heterogeneous behaviour has recently been seen for mouse 
bone marrow (C. Dive et al., unpublished data). 

Although clear inhibition o f  enzyme activity was seen 
for mitozolomide and temozolomide, they were less active 
than BCNU, especially mitozolomide. Similar inhibition 
in intact cells and sonicated preparations indicated that 
cellular influx of  either drug does not appear to be a limit- 
ing factor. The chloroethylating metabonate of  
mitozolomide, MCTIC,  was less inhibitory than 
mitozolomide as measured by flow cytometry, and this dif- 
ference was even greater when determined by convention- 
al spectrofluorimetry. Inhibition of  purified porcine liver 
carboxylesterase was demonstrated for mitozolomide, and 
this was again greater than that for MCTIC but less than 
that for BCNU. 

The I50 values for the two imidazotetrazines, as deter- 
mined by flow cytometry, are broadly similar to those we 
obtained for cis-2-OH C C N U  and A C N U  [61. The latter 
CNUs are believed to undergo intramolecular car- 
bamoylation, resulting in only weak carbamoylation at 
cellular targets. Previous studies on the inhibition of  the 
carbamoylating agent-sensitive enzymes chymotrypsin, 
glutathione reductase and gamma-glutamyl transpeptidase 
by mitozolomide suggest the absence of  a carbamoylating 
species [16]. Although mitozolomide failed to inhibit 
purified chymotrypsin significantly at 1 raM, we observed 
about 60% inhibition of  purified carboxylesterase at this 
drug concentration. Throughout the present studies, cells 
or purified enzyme were incubated with the various agents 
for the fixed exposure time of  1 h at 20 ~ -22~  This was 
previously shown to give close to maximal inhibition by 
BCNU without compromising cell viability [5] and was 
subsequently used to screen a variety of  CNUs,  
isocyanates and alkylating agents. Extensive breakdown 
of  the imidazotetrazines and BCNU occurs under these in- 
cubation conditions [8, 22, 24]. 

The greater inhibitory effects of  mitozolomide as op- 
posed to MCTIC against esterases suggests that the parent 
drug itself or some other intermediate species may be 
responsible. It , is possible that mitozolomide and 
temozolomide might be capable of  generating a car- 
bamoylating species under conditions occurring at or close 
to the active site of  the enzyme. Although the activity is 
weak compared with that of  more potent carbamoylating 
agents such as BCNU, it would nevertheless be interesting 
to elucidate the mechanism; at this stage, the possibility of  
carbamoylation cannot be ruled out. The likelihood that 
inhibition of  cellular esterases is sensitive to carbamoylat- 
ing but not alkylating agents was supported by our pre- 
vious studies using a wide range of  compounds [5, 6]. 
However, although MCTIC and cyclodisone showed very 
low activity, the inhibition obtained with clomesome, 
comparable with that for cis-2-OH CCNU,  suggests that 
alternative mechanisms of  inhibition may occur. However, 
it should be emphasized that the inhibition of  esterase ac- 
tivity seen for temozolomide is considerably more potent 
than that for ciomesome. 

Using the MTT dye reduction assay, the concentra- 
tions required for in vitro cytotoxicity were determined for 
mitozolomide, temozolomide, chlorozotocin and BCNU, 
such that these could be related to those giving rise to en- 
zyme inhibition. As expected from their M e r -  status, 
EMT6 cells were quite sensitive to these agents [20], but 
temozolomide (lacking the cross-linking chloroethyl 

group) exhibited lower potency [13, 24]. In view of  the 
non-pharmacological  concentrations required for inhibi- 
tion of  esterase activity by mitozolomide, it is unlikely that 
this is of  major significance. However, concentrations of  
temozolomide causing enzyme inhibition and cytotoxicity 
were quite similar, and its pharmacological relevance can- 
not be ruled out. In addition, the possibility exists that 
other enzyme systems might be identified for which in- 
hibitory potency may be much greater. 
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