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Abstract-The uptake and incorporation of S-carbamoyl-3-(2-chloroethyl)(6-’”C-imidazo)[5,l-d]- 
1,2,3,5-tetrazin-4-(3H)-one (Mitozolomide) into TLX5 mouse lymphoma cells has been studied in uitro. 
Uptake was rapid, reaching a cell/medium distribution of approximately unity in 1 min at 37” and 10 min 
at 4”, directly proportional to drug concentration and was unaffected by metabolic inhibitors. These 
results are consistent with a simple diffusion mechanism. No difference in uptake was observed between 
drug sensitive and resistant TLX5 lymphoma cells. 

Cellular radioactivity was found to be progressively accumulated into acid-insoluble material. Acid 
hydrolysis of this precipitate followed by hplc analysis of the DNA and RNA bases showed that the 
radioactivity was associated solely with adenine and guanine bases. Mitozolomide was unstable in tissue 
culture medium and over a 24 hr period about 80% of the drug was converted into 5-aminoimidazole- 
4-carboxamide (AIC). Non-radioactive AIC suppressed the incorporation of radioactivity into nucleic 
acids, but had no effects on the initial rate of uptake of mitozolomide into the cell. These results suggest 
that the radioactivity in nucleic acids arises as a result of salvage of AIC, formed by intracellular 
decomposition of mitozolomide. 

8 - Carbamoyl - 3 - (2 - chloroethyl)imidazo[5,1 - d] - 
1,2,3,5-tetrazin-4(3H)-one (Mitozolomide; CCRG 
81010; M and B 39565; NSC 353451) (I) is a new 
antitumour agent, which exhibits essentially curative 
activity against a broad spectrum of murine tumours, 
L1210 and P388 leukaemia, TLXS lymphoma, Lewis 
lung carcinoma, PC6A plasmacytoma, colon 38 car- 
cinoma and the lung LX1 human tumour xenograft 
[ 11. Mitozolomide undergoes decomposition in aque- 
ous solution to yield a reactive species with potential 
antitumour activity. The rate of decomposition is pH 
dependent [2]. In phosphate buffer (pH 7.4) the half- 
life is 98 min at 28”; it is stable in 2N-sulphuric acid, 
but undergoes accelerated decomposition in 5% 
aqueous sodium carbonate to give the mono- 
chloroethyltriazene MCTIC+ [2]. * This agent has 
been suggested speculatively as being responsible for 
the antitumour activity of BCTIC [3] and is possibly 
also the mediator of the antitumour activity of mito- 
zolomide, probably by chloroethylation of DNA 
[4,5]. No evidence has been obtained for car- 
bamoylation reactions by mitozolomide in vitro [6], 
which could occur through an alternative decom- 
position pathway. 

The TLXS lymphoma with induced resistance to 
triazenes (TLXRT) shows cross-resistance to mito- 
zolomide suggesting a similar cytotoxic action [7]. 
One mechanism by which resistance may be acquired 

* Abbreviations: +MCTIC, 5-[3-(2-chloroethyl)triazen- 
1-yl]-imidazole-4-carboxamide; BCTIC, 5-[3,3-bis(2- 
chloroethyl)-triazen-l-y1 imidazole-4-carboxamide. 

is through an impaired transport of the drug by 
resistant cells. This mechanism is usually confined 
to those drugs whose uptake is carrier mediated. 
Mitozolomide is a lipid soluble molecule and its 
transport may be expected to be by simple diffusion 
into the cell. 

The present experiments using [6-14C]mito- 
zolomide have been performed to determine the 
mechanism of uptake of the drug by sensitive and 
resistant TLXS lymphoma cells and to determine the 
intracellular fate of the radioactive label. 

MATERIALS AND METHODS 

5-(Methyl-3H)thymidine (sp. act. 5Ci mmol-i) 
[1,2-3H] polethylene glycol (sp. act. 0.25 mCi/ 
156.3 mg) 3H water (sp. act. 0.09 mCi mmol-I) and 
U-14C-n-hexadecane (sp. act. 45 mCi mmol-‘) were 
purchased from Amersham International, Bucks. [6- 
14C]Mitozolomide (sp. act. 3.41 mCi mmol-‘) was 
supplied by May and Baker Ltd. (Dagenham, U.K.). 
5-Aminoimidazole-4carboxamide was purchased 
from BDH Chemicals Ltd. (Poole. U.K.) and other 
reagents from Sigma Chemical Co. (Poole, Dorset, 
U.K.). Tissue culture medium was from Gibco 
Europe (Paisley, Scotland, U.K.) 

Transport studies. TLXS mouse lymphoma cells 
were passaged in the ascitic form in CBA/CA mice. 
For transport studies cells were removed in 0.9% 
NaCl and erythrocyte contamination was removed 
by washing with 0.016M Tris, HCl, pH 7.2. con- 
taining 7.5 g NH&l/l [S]. Cells were resuspended in 
RPM1 1640 at a concentration of 2 x lo7 cells/ml and 
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equilibrated for 10 min in a shaking water bath at 
37” or in ice-water at 4”, under an atmosphere of 
10% CO2 in air. Uptake was initiated by the addition 
of mitozolomide (14.08 &i/ml) in DMSO. At spe- 
cified time points samples (200 ~1 in triplicate) were 
removed to an Eppendorf tube which contained 
100 $ of a silicon oil: corn oil (10: 3) mixture and 
SO@ of 98% formic acid. After centrifugation 
(9000g) for 1 min the tube was frozen in liquid 
nitrogen, cut at the oil/acid boundary and the radio- 
activity was determined in Fiso Fluor (Fisons Phar- 
maceutical, Loughborough, U.K.). The oil layer 
contained radioactivity from the extracellular sol- 
ution and the acid layer contained the intracellular 
radioactivity. To establish the volume of the cells 
a 1 ml sample of cell suspension was treated with 
polyethylene glycol and a further sample with [3H]- 
HzO. Once equilibrium had been established the 
samples were treated as above. 

Fiso-Fluor scintillation fluid for scintillation 
detection. 

The decomposition of [6-‘“Clmitozolomide and 
the production of [6”C] AIC was determined by the 
hplc method of Slack et al. [lo]. The eluant from the 
column was collected for quantitation. 

RESULTS 

Cell-medium distribution ratio. Cells were pre- 
pared as for transport studies and treated with a 
range of drug concentrations. Once equilibrium had 
been achieved (15 min) 200~1 portions were pro- 
cessed in triplicate as for transport studies. Cell 
volume was determined as above. 

Incorporation of [6-‘4C-imidazo] mitozolomide 
into acid prec~pitab~e material. TLX5 mouse lym- 
phoma cells were suspended in RPM1 1640 medium 
containin 10% foetal calf serum at a concentration 
of 2 x 10 Q cells/ml in the presence of [6-r4C] mito- 
zolomide (14.08 @/ml) at 37” under an atmosphere 
of 5% CO2 in air. At appropriate times samples 
(1 ml) were removed, sedimented by centrifugation, 
washed with 0.9% NaCl and treated with 0.2N 
HCIOl (500 ~1). The acid-insoluble material, after 
centrifugation, was taken up in Fiso-Fluor scin- 
tillation fluid (Fisons Pharmaceutical, Lough- 
borough, U.K.) and the radioactivity was deter- 
mined in a Packard, ‘Tri-Carb’ scintillation spec- 
trometer. The ability of the cells to synthesize DNA 
was monitored by following the incorporation of 5- 
(methyl-~~)thymid~ne as previously described [6]. 
The effect of .5-amino-imidazole-4-carboxamide on 
the initial uptake of mitozolomide and on the associ- 
ation of label with nucleic acids over a 4 hr period 
was also determined. 

A time course for the uptake of 4.4mM [6J4C]- 
mitozolomide into TLXS mouse lymphoma cells sen- 
sitive (TLXS) and resistant (TLXRT) to the drug is 
shown in Fig. 1. Initial uptake is approximately linear 
and a steady-state level is reached within 1 min at 
37” and 10 min at 4”. There is no significant difference 
between the equilibrium values attained in sensitive 
and resistant cell lines indicating that at least in uitro 
differential uptake does not contribute to resistance. 
The cell/medium drug distribution ratio remains con- 
stant at approximately 1.3 for 60 min. Evidence that 
uptake is nonsaturabie comes from the linear 
relationship between the initial rate of cellular 
uptake of the drug and the extracellular con- 
centration (Fig. 2) and the observation that the cell/ 
medium distribution ratio remains essentially con- 
stant at extracellular mitozolomide concentrations 
ranging from 0.1 to 2.0 mM. 

The effect of metabolic inhibitors (dinitrophenol, 
sodium cyanide, sodium fluoride and oligomycin) on 
the transport of mitozolomide is shown in Table 1. 
There is no effect on either transport into the cell or 
on the cell/medium distribution ratio, showing no 
active accumulation of the drug. These results pro- 
vide strong evidence that influx of intact mito- 
zolomide is by a simple diffusion mechanism. 

Cellular radioactivity slowly becomes associated 
with macromolecules. The kinetics of incorporation 

Determination of radioactivity incorporation into 
ade~~ne and guanine bases. TLXS mouse lymphoma 
cells at a concentration of 2 X lo6 cells/ml were incu- 
bated in RPM1 1640 medium (50ml) with mito- 
zolomide 0.1408 &i/ml for 5 hr. The cells were 
sedimented by centrifugation, washed with 0.9% 
NaCl and treated with 0.2 N HC104 (2 ml). The acid- 
insoluble material was washed twice with ice-cold 
distilled water and lyophilized. The lyophilized mat- 
erial was heated to 80” in 1 ml 1 N HCI for 1 hr. The 
resulting acid hydrolysate was separated by reverse 
phase chromatography on a 5 pm Cia analytical 
column eluted with 3-10% acetonitrile in phosphate 
buffer (25 mM KHzP04 + 0.5 M diethylamine, pH 
3.5) over 40 min at a flow rate of 0.5 mljmin. The 
method was based on that of Tong et al. 191. The 
eluant was monitored with a Waters LC Spec- 
trometer and a coincidence ES1 Nuclear Analyser 
(Rotheroe and Mitchell Nuclear Division, Ruislip, 

Fig. 1, Uptake of mitozolomide into T’LXS (closed symbols) 
and TLXRT (open symbols) mouse ascites cells at 37” 

U.K.). The eluant was collected and dissolved in (+ 0) and 4” (V V). 
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Fig. 2. Relationship between the initial rate of uptake and 
the extracellular concentration of mitozolomide in TLXS 

cells. 

(Fig. 3) show an initial lag period of 2 hr followed 
by an exponential incorporation over the next 3 hr. 
Incorporation was only monitored for 5 hr owing to 
loss of cell viability after this time, as measured 
by (methyl 3H)thymidine incorporation into acid- 
insoluble material. The rate of incorporation of [6- 
14C]mitozolomide into acid-insoluble material, cal- 
culated after the time-lag is 21 pmole/hr/106 cells. 
Mitozolomide is unstable in aqueous solution and 
undergoes decomposition to yield 5-amino-imi- 
dazole4-carboxamide (AIC) [2]. The half-life for 
this decomposition in RPM1 1640 tissue culture 
medium (pH 7.2) is 104min. Over a 24 hr period 
about 80% of the mitozolomide in the medium 
decomposes to AIC (Fig. 4) which is then available 
for de novo purine synthesis. 

The radioactivity associated with acid-insoluble 
material is found to be incorporated solely into 
nucleic acids. Using hplc analysis of the hydrolysed 
nucleic acids and UV and radioactivity detectors in 
series the radioactivity appears coincident with UV 
peaks identifiable as adenine and guanine (Fig. 5). 
All of the radioactivity associated with the acid- 
insoluble material is found solely in adenine and 
guanine bases, presumably as a result of salvage of 
AIC. 

If this were correct it would be expected that co- 
addition of AIC and [6-14C]mitozolomide to TLXS 
mouse lymphoma cells would decrease the incor- 
poration of radioactivity into nucleic acids. This was 
found to be the case (Fig. 6). Incubation of TLX5 
cells with AIC and [6-14C]mitozolomide for 4 hr pro- 
duces approximately the same decrease in incor- 
poration of radiolabel as an equivalent experiment 
in which radioactive and non-labelled mitozolomide 

Table 1. Effect of metabolic inhibitors, on the uptake of 
mitozolomide 

CPM/lo” cells 

Temperature 37” 4” 
Control 1453 1474 
1 mM DNP 1491 1552 
1 mM NaCN 1358 1402 
20 mM NaF 1436 1456 
0.1 mM Oligomycin 1561 1456 

Fig. 3. Incorporation of [6-‘%]mitozolomide into acid- 
insoluble material. 

are co-administered (Fig. 6). Also AIC does not 
compete with the initial uptake of mitozolomide into 
TLXS cells. 

DISCUSSION 

The present experiments provide evidence that the 
uptake of mitozolomide into sensitive and resistant 
TLXS lymphoma cells in vitro occurs by a passive 
diffusion process. The drug is not accumulated 
against a concentration gradient and is unaffected by 
the presence of metabolic inhibitors. No difference 
is observed in the initial rate of transport or in the 
saturation levels attained between drug sensitive and 
resistant cells and therefore differences in sensitivity 
must reflect intracellular reactions. 

Mitozolomide undergoes decomposition in aque- 

Fig. 4. Production of [‘“Cl AIC form [6-Wlmitozolomide 
in RPM1 1640 tissue culture medium at 37”. 
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Fig. 5. Hplc traces of hydrolysed nucleic acids from TLX5 cells treated with [6-‘4C]mitozolomide using 
U.V. and radioactive detectors. 

Fig. 6. Effect of mitozolomide (0) and AX (0) on the 
incorporation of [6-*% imidazo] mitozolomide into acid- 

insoluble material. 

ous solution to give the monochloroethyltriazene 
MCTIC (IV) (Fig. 7) both mitozolomide and 
MCTIC produce DNA interstrand cross-links and 
this has been suggested as being responsible for their 
cytotoxic effects [4,5]. The initial reaction in the 
formation of DNA interstrand cross-links is the for- 
mation of chloroethyl-DNA adducts, as occurs in 
cells treated with chloroethylnitrosoureas [9]. In the 
present studies the radioactive label is in the imi- 
dazole ring of mitozolomide and two possible inter- 
actions with DNA could take place: (1) Covalent 
binding of the intact molecule of MCTIC to DNA 
bases. (2) Incorporation of AIC into the purines of 
nucleic acids via the ribotide formed as a result of 
salvage by adenine phosphoribosyl transferase 
(APRT) (Fig. 8) [ll, 121. 

The cellular radioactivity associated with the acid- 
insolubule material has been shown to be incor- 
porated into nucleic acids. Acid hydrolysis of the 
isolated nucleic acids followed by hplc analysis of the 
individual bases showed radioactivity from [6-14C]- 
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Fig. 7. Decomposition of mitozolomide (I) in aqueous 
solutions. 

mitozolomide to be associated solely with adenine 
and guanine and not with any modified bases. This 
shows that incorporation of radiolabel into macro- 
molecules does not arise as a result of a covalent 
adduct between mitozolomide and nucleic acids. 

The lag-period for incorporation of radioactivity 
into nucleic acids arises for the time required for 
decomposition of mitozolomide into AIC (Fig. 4). 
The half-life for decomposition in medium RPM1 
1640, pH 7.2 at 3P is 104min. Thus it is not until 
2 hr after the addition of mitozolomide that the cells 
are exposed to sufficient amounts of [2-i4C1AIC for 
the inco~oration into nucleic acids to be detectable. 
Unlabelled AIC competes with [6-i4C]mitozolomide 
for incorporation of radioactivity into nucleic acids 
thus confirming the de novo pathway of 
incorporation. 

In view of the instability of mitozolomide in 
aqueous solutions at alkaline pH, care must be exer- 
cised in following the in vivo fate of labelled mito- 
zolomide. The above studies provide confirmatory 
evidence for the route of breakdown of the molecule 
in the cell and suggest that mitozolomide is a trans- 
port form of the highly reactive triazene MCTIC. 
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