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Summary. Mitozolomide is one of the most effective drugs 
against Lewis lung carcinoma in the mouse. Two IP doses 
of 40 mg/kg (days 6 and 15 after IM transplantation of 
3LL) or four doses of 20 mg/kg given at various intervals 
(starting from day 6) increased survival time by 100%. A 
single IP dose of 80 mg/kg was toxic, and 10 mg/kg was 
ineffective even when this dose was given on eight occa- 
sions. 

The pharmacokinetics of mitozolomide was investigat- 
ed in 3LL-bearing mice by HPLC assay. Peak drug levels 
were achieved in tumor 15 min after IP treatment, after 
which they declined according to first-order kinetics, with 
a half-life of 80-100 min (the same as in plasma). No 
dose-dependent kinetics was observed. 

Flow cytometry studies showed an accumulation of 
3LL cells in G2M 24 h after drug treatment. This cell cycle 
perturbation was reversed 96 h after the inactive dose of 
10 mg/kg, but not after the effective dose of 40 mg/kg. 

Introduction 

Mitozolomide (NSC 353451) or 8-carbamoyl-3-(2-chloro- 
ethyl)-imidazo-[5,1-d]-l,2,3,5-tetrazin-4(3H)-one (Fig. 1), 
is a new compound with high antitumor activity against 
several experimental tumors [8, 14]. It has completed 
phase I evaluation and is now undergoing a phase II 
study. 

Its wide spectrum of activity, its similarity to chloro- 
ethylnitrosoureas in the formation of DNA-interstrand 
cross-links [6] and its reported cross-resistance with nitro- 
soureas [5] are consistent with a mechanism of action in- 
volving the formation of a chloroethyltriazene (MCTIC). 
Furthermore, in preliminary studies mitozolomide and 
MCTIC have shown similar cytokinetic effects on 3LL 
cells [10]. It has been postulated that carbamoylating activ- 
ity could to some extent be responsible for the bone mar- 
row toxicity of nitrosoureas [11]; therefore, mitozolomide, 
which does not form carbamoylating species [9], may offer 
advantages. 

Studies on the antineoplastic, pharmacokinetic, and 
pharmacodynamic properties of this anticancer agent 
should provide useful information for setting up rational, 
safe, clinical studies. 

In this paper we show evidence that the dosage sche- 
dule is crucial for the antitumor activity and toxicity of mi- 
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Fig. !- Chemical structure of mitozolomide 

tozolomide. In addition, tumor drug concentrations and 
flow cytometry studies after active or inactive drug doses 
are reported. 

Materials and methods 

Drug. Mitozolomide was kindly supplied by Prof. M.F.G. 
Stevens, Aston University, Birmingham, UK. 

Animals and tumor. C57B1/6 male mice (20+2 g body 
weight) obtained from Charles River, Italy, were used for 
these experiments. Mice each received an IM transplant of 
105 cells/0.1 ml body weight of Lewis lung carcinoma 
(3LL), which was maintained in the same strain of mice by 
IM transplant every 2 weeks. 

Antitumor activity. For evaluation of antitumor activity, 
mice bearing IM 3LL were treated IP with mitozolomide 
dissolved in dimethylsulfoxide (DMSO):saline (0.5:9.5). 
At 21 days after tumor transplantation, a group of mice 
was killed and primary tumor and metastasis weights were 
recorded. In other experiments only survival time was re- 
corded. 

Drug concentrations in tumor. Tumor levels of  mitozolo- 
mide were determined in mice bearing 15-day-old IM 3LL 
(average tumor weight 2.2_ 0.2 g) after single IP doses of 
10, 20 or 40 mg/kg. At 5, 15, 30, 60, 120, 240, 360, and 
1440 min after injection, four animals per point at each 
dose level were killed by decapitation and tumors were re- 
moved and frozen at - 2 0  °C until use. Tumors were ho- 
mogenized in 5 vol. distilled water, and 0.5 ml homogenate 
was used. After extraction with ethyl acetate the samples 
were analyzed by HPLC with spectrophotometric 
detection according to Slack et al. [12]. Recovery of the 
extraction was 85%, and sensitivity was 0.05 Ixg/g. 
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Flow cytometry analysb. The tumors  were removed  and 
washed in a petr i  dish with PBS, after which fragments  
were minced with scissors to separate  the vegetative part ,  
which was used for cell analysis,  f rom the necrot ic  part.  
Tumor  fragments  were forced through a 18G × 11/2 needle 
and  resuspended in Hank ' s  solut ion main ta ined  at 4 °C. 
The cells were s ta ined with p rop id ium iod ide  (P.I.) (Cal- 
b iochem Behring, U S ) b y  a d d i n g 3  ml P.I. solut ion (50 Ixg/ 
ml in 0.1% sodium citrate plus 30 lxl Non ide t  P40) to 
200-300  p.l cell suspension p l u s  30 pJ R N A s e  (1 m g / m l )  
(Calb iochem Behring, US), which was s tored at room tem- 
pera ture  before  the D N A  analysis.  Fresh leukocytes f rom 
C57B1/6 mice, s ta ined as 3LL cells, were used as s tandard.  
F low cytometry analysis  was per formed  us ing  a 30L Cy- 
tof luorograph  (Ortho Instruments,  US). The coefficient  of  
var ia t ion (CV) of  the s tandard  was between 1.5% and 2.5%, 
and that  for the G0-G1 phase peak  of  3LL cells was 
4%-6%. At least 50 000 cells were measured;  cell cycle 
analysis  was per formed  using the previously  descr ibed 
method  on a HP85 computer  [3]. The A / B  ratio is the rat io 
between the d ip lo id  normal  cells, A (channels  35-45) ,  and  
the te t raploid  tumor  cells, B (channels 70-170) .  

Pharmacokinetic analysis. The areas under  the drug con- 
centra t ion versus t ime curves (AUC) were calculated by 
t rapezo ida l  integrat ion.  El iminat ion  half-life was calculat-  
ed by regression analysis.  

Results 

The ant i tumor  and ant imetas ta t ic  activity of  mi tozo lomide  
is i l lustrated in Table 1. A single dose of  10 m g / k g  was vir- 
tual ly inactive,  and  80 m g / k g  was toxic. Ant i tumor  activi- 
ty was observed at doses of  20 and,  par t icular ly ,  40 mg/kg .  
Both doses had  considerable  ant imetasta t ic  activity, all the 
animals  being apparen t ly  free of  metastases. Giving 
20 m g / k g  four t imes at different  intervals resulted in more  
than  90% reduct ion of  tumor  weight, with all the animals  
apparen t ly  free of  metastases.  

Table 2 shows the effect of  different  dosage schedules 
on the survival t ime of  3LL-bear ing mice. A single IP dose 
of  8 0 m g / k g  was toxic ( T / C x  100=76),  but  when the 
same total  amount  was given in f ract ionated doses survival 
t ime was much p ro longed  and there were no toxic  deaths. 

Table 2. Effect of different treatment schedules of mitozolomide 
on survival time of 3LL-bearing mice 

Treatment IP T/C x 100 a 
(mg/kg) (day) 

80 × 1 (10) 76 
40 x 2(6,7) 117 
40 x 2 (6, 15) 204 
20 × 4 (6, 7, 8, 9) 198 
20 x 4 (6, 9, 12, 15) 219 
20 x 4(6, 10, 14, 18) 200 
10 × 8(6-13)  158 
10 × 8(6,9, 12, 15, 18,21,24,27) 113 
20 x 5 (6, 9, 12, 15, 18) 209 
20 × 6(6,9, 12, 15, 18,21) 177 
20 × 7 (6, 9, 12, 15, 18, 21, 24) 149 
20 × 8 (6, 9, 12, 15, 18, 21, 24, 27) 128 

Mitozolomide was dissolved in DMSO: saline (0.5:9.5) 
3LL was transplanted IM (105 cells/0.1 ml/mouse) 
" T/C, median survival time of treated mice/median survival time 

of control mice × 100 
Median survival time of control mice was 24 days 

The highest T / C  × 100 values were found with two doses 
of  40 m g / k g  with an interval  of  9 days (but not  when given 
on successive days) or four doses of  20 mg /kg ,  either given 
every day or with 3- or 4-day intervals. Activity was low 
after eight doses of  10 mg/kg .  

When the total  amount  of  drug adminis tered  was in- 
creased there was a progressive decrease in activity due to 
toxici ty until  a total  dose of  160 m g / k g  (8 doses of  20 m g /  
kg) was reached.  Five doses of  20 m g / k g  seem to be still 
active and not  yet toxic. 

Table 3 reports  tumor  levels o f  mi tozolomide  after a 
single IP dose of  10, 20, or 40 m g / k g  to 3LL-bear ing mice. 
Peak levels were obta ined  15 min after inject ion and were 
3.6, 7.2 and 14.9 Ixg/g, respectively. The d i sappearance  of  
the drug was monoexponen t ia l ,  with half-lives in the range 
of  8 0 - 1 0 0 m i n .  The corresponding A U C  values were 
473.5, 931.2 and 1623.0 ixg/g x min respectively. 

Figure 2 shows the D N A  pat tern of  3LL before  ( a - e )  
and  24, 48, 72, 96, and  168 h after a single inactive dose of  
10 m g / k g  ( f - j )  or single active dose 40 m g / k g  ( k - o )  o f m i -  

Table 1. Antitumor activity of different doses of mitozolomide in 3LL-bearing mice 

Dose Tumor weight Weight inhibition Mice free of 
mg/kg inhibition of metastases metastases 

(%) (%) (%) 

10 × 1 (14) 6 53 0 

20 × 1 (14) 24 100 100 

20 × 1 (10) 37 99 88 

40 x 1 (14) 57 100 100 

80 x 1 (10) toxic toxic toxic 

20 x 4(6,9,12,15) 99 100 100 

20 × 4(6,10,14,18) 98 100 100 

Mitozolomide was dissolved in DMSO:saline (0.5:9.5) and injected IP. Autopsy was performed 23 days 
after tumor transplantation: mean control tumor weight was 10.059 _+ 0.49 g; mean weight of control 
metastases was 40.6 + 7.9 rag. Figures in parentheses give the day(s) of treatment 
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Table 3. Distribution of mitozolomide in tumor of mice bearing 
IM 3LL 

Dose Tumor peak Tumor AUC 5 ~ 360 min Half-life 
(mg/kg) IP level (p.g/g) ~tg/g x rain (min) 

10 3.57 (15 min) 473.5 91.4 
_ 0.04 ___ 75.7 

20 7.22 (15 min) 931.2 106.0 
+ 0.56 _+ 141.7 

40 14.92 (15 min) 1623.0 83.7 
+2.31 + 185.6 

Mice bearing IM 3LL (105 cells/0.1 ml body weight) were given 
the drug IP 14 days after tumor inoculm 

tozolomide in mice bearing 10-day-old IM 3LL. From left 
to right, in each histogram the following peaks are seen: 
after a variable shoulder of nuclear debris, the first repre- 
sents the G0-G1 peak of normal diploid cells present in the 
tumor overlapping with the mouse leukocytes used as 
standard; the second peak represents the G0-G1 peak of 
the tetraploid 3LL tumor cells; the third, less prominent, 
peak represents the tumor cells in G2M phase of the cell 
cycle, and between the G1 and G2M peaks are cells in S 
phase, which is further divided into early (SE), middle 
(SM), and late (SL) phase. 

As shown in Fig. 2, only 24 h after 10 mg/kg mitozolo- 
mide there was an accumulation of cells in SL-G2M 
(43.8%, as against 20% in controls), with a proportional de- 
crease of cells in G1 phase (15.4%, as against 41.2% for 
controls) (Fig. 2 f). 

The effect of treatment on cell cycle phase distribution 
was more evident after 48 h (Fig. 2g), with 13.2%, and 
42.6% of cells in G1 and SL-G2M, respectively. After 72 h 
(Fig. 2h) the accumulation of cells in SL-G2M was still 
marked (42.1% as against 23.6% for the controls), but the 
percentage of cells in G1 phase was 23.8%, as against 
42.5% for controls. 

The cell cycle returned to the normal pattern, also seen 
in controls by 96 h (Fig. 2i) and 168 h (Fig. 2j) after treat- 
ment. 

At 40 mg/kg mitozolomide caused a decrease of the 
percentage of cells in G1 phase of the cycle 24 h after 
treatment, which was similar to that following 10 mg/kg 
but with an accumulation of cells in SL-G2M also involv- 
ing the SE and SM phases (Fig. 2k). After 48 h the block of 
cells in SL-G2M appeared more evident, with a corre- 
sponding decrease of cells in G1 phase. The A/B ratios of 
0.5, 4.2, and 9.6, respectively, at 72, 96 and 168 h of treat- 
ment indicate that the number of cancer cells was strongly 
reduced compared with the normal population; therefore, 
as shown in Fig. 2 m - o ,  no analysis of cell cycle phase 
distribution was possible. 

Discussion 

The present paper confirms in the 3LL model the high an- 
titumoral potency described for mitozolomide in other 
experimental tumors [8]. As already observed for other 
drugs in this model [2], mitozolomide inhibited lung me- 
tastases more than the primary tumor. 

The schedule of treatment used was crucial in deter- 
mining activity: a total dose of 80 mg/kg, which was too 
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Fig. 2. Flow cytometry DNA histograms of 3LL without mitozolo- 
mide treatment (controls) and at intervals (24, 48, 72, 96 and 
168 h) after rnitozolomide (10 or 40 mg/kg IP) 

toxic to show any activity when given as a single dose, 
gave a good increase in survival time without toxic deaths 
when split into two or four doses. However, the decrease 
in toxicity parallels the decrease in activity, and 10 mg/kg, 
which was inactive as a single dose, had no activity even 
when given repeatedly up to a total dose of 80 mg/kg. 

Studies on the distribution of mitozolomide in Lewis 
lung tumors showed that, at least in the range of doses uti- 
lized, kinetics were not dose-dependent, since the AUC va- 
lues were proportional to the dose and similar half-lives 
were found for each dose. This is in agreement with previ- 
ous observations in humans, in which similar half-lives 
were found in plasma for doses ranging from 8 to 115 mg/  
m 2 [13]. 

The half-life of mitozolomide in 3LL tumor was similar 
to that in plasma (data not presented; [1]), and approxi- 
mately the same as when the drug was incubated at 37 °C 
in  plasma (data not reported) or in buffer solution at 
pH 7.4 [14]. This suggests that the drug undergoes spon- 
taneous chemical decomposition and is not significantly 
metabolized by enzymatic systems. Since the half-life is 
relatively short (<  2 h) no drug accumulation occurs when 
repeated daily doses are given to mice. 

Considering that the dose of 10 mg/kg is not active, 
our data indicate that tumor peak levels of mitozolomide 
above 4 Ixg/g or AUC greater than 500 lxg/g x min are 
needed to obtain antitumor activity against mouse 3LL. 

Using two doses, one completely inactive in inhibiting 
tumor weight gain (10 mg/kg) and one which gives more 
than 50% inhibition (40 mg/kg), we detected interesting 
differences in cell cycle perturbation, which might help ex- 
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pla in  the different  activity. After  a first b lock  of  cells in 
SL-G2M phases observed with both doses, after 10 m g / k g  
there was a gradual  return of  cells in cycle, and  96 h after 
t rea tment  no differences could be found  between controls  
and  t rea ted  populat ions .  

With  the higher dose the block became irreversible,  
with a sharp decrease in the cancer  cell popu la t ion  in the 
D N A  histogram. 

Though no studies are avai lable  on the mechanism of  
repai r  of  mi tozo lomide- induced  D N A  damage  [6, 7], it is 
poss ible  that  the t ransa lkyla t ion  of  the chloroethyl  moiety 
f rom 06-guanine to a cyst ine-containing pro te in  may  oc- 
cur, as a l ready descr ibed for chloroethylni t rosoureas  [4]. 
This is a reasonable  hypothesis ,  since both chloroethylni-  
t rosoureas  and mi tozolomide ,  in spite of  their  different  
chemical  propert ies ,  can p roduce  the same alkylat ing spe- 
cies [9, 15] (Le., chloroethyldiazohydroxides) .  It is there- 
fore conceivable  that  the levels of  06-guanine-alkyl t rans-  
ferase in the 3LL cells are sufficiently high to remove the 
06-guanine adducts  formed after the inactive dose o f  
10mg/kg .  When  higher  doses are used (e.g., 4 0 m g / k g ) ,  
06-guanine a lkyl t ransferase  is perhaps  sa turated so that  
DNA damage  persists,  thus eventual ly leading to cell 
death.  

On the basis of  these considerat ions  we bel ieve that  the 
use of  flow cytometry  for evaluat ion of  repai r  of  mitozolo-  
mide- induced  D N A  damage,  as de termined by  res torat ion 
o f  cell cycle progress ion after drug t reatment ,  could  prove  
useful in selection o f  human tumors  possible  deficient  in 
06-guanine a lkyl t ransferase  (or any other enzyme p lay ing  
an impor tan t  role in D N A  repair)  and  thus suscept ible  to 
the drug 's  action. 

We are current ly  using this app roach  to test different  
cell lines or p r imary  cultures der ived from human  tumors,  
and  the results so far indicate  that  even though a large pro-  
por t ion  of  human  cancer  cells appear  to recover  efficiently 
f rom mi tozo lomide- induced  cell cycle per turbat ion ,  there 
are some in which the effects appear  irreversible.  
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