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Temozolomide 2S an imidazotetrazinone with 
antineoplastic properties. It is structurally related to 
dacarbazine. Temozolomide was not .metabolized in vitro by 
liver fractions. Chemical decomposition appears to play an 
important réle in its in vitro and in vivo disposition. In 
contrast, 3-methylbenzotriazinone, a structural analogue, 
was metabolized by hepatic microsomes to afford benzo- 
triazinone and a hydrophilic metabolite. The cytotoxicity 
of temozolomide, dacarbazine, 5-[3-(hydroxy-methyl-3- 
methyl-triazen-1-yl]imidazole-5-carboxamide (HMMTIC) and 
3-monomethyl-(triazen-1-yl) imidazole-4-carboxamide (MTIC) 
were investigated in TLX5 murine lymphoma cells. Unlike 
dacarbazine, which Wass NOL. ctOxIC, . MIIC;, HMMTIC and 
temozolomide were cytotoxic in the absence of microsomes. 
Dacarbazine was only cytotoxic in the presence of 
microsomes. The formation of MTIC from dacarbazine, HMMTIC 
and temozolomide was determined by reversed phase high 
performance liquid chromatography in mixtures incubated 
under conditions identical to those described before. MTIC 
was generated chemically from temozolomide and MHMMTIC 
metabolically from dacarbazine. Using [!4C]temozolomide, 
it was found that, in mice, the major route of excretion of 
the. drug is .via the kidneys. An acidic metabolite 
(metabolite I) was found in the urine of mice which had 
received temozolomide but its identity has not been 
established. 1H NMR, UV and chemical analyses revealed 
that Metabolite I possesses an intact NNN linkage and the 
site of metabolism is at the N; methyl group. A further 
acidic metabolite (metabolite II) was found in the urine of 
patients. Metabolite II was unambiguously identified as 
the 8-carboxylic acid derivative of temozolomide. In vitro 
cytotoxicity assay showed that only metabolite I is 
cytotoxic but not metabolite I. Pharmacokinetic studies of 
temozolomide and MTIC in vivo were performed on mice 
bearing TLX5 tumour. Temozolomide was eliminated from the 
plasma monophasically with a t,,, of 0O.7hr. MTIC was 
identified as a product of decomposition. MTIC was 
eliminated rapidly with a tiye2 of 2min. Though 
temozolomide shares many biochemical and biological 
similarities with clinically used dacarbazine, the results 
obtained in this study show that it differs markedly in its 
pharmacokinetic properties from dacarbazine, as 
temozolomide produced relatively sustained plasma levels 
which were reflected by drug concentrations in the tumour. 

Keywords: imidazotetrazinones, triazenes, metabolism, 
pharmacokinetics, cytotoxicity.
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1 Introduction 

1.1 General 

Modern cancer chemotherapy started with the initial 

clinical trials of antifolates, steroids and alkylating 

agents in the 1940's (Pratt and Ruddon, 1979; Mihich, 

1981). Since then, many new therapeutic agents have 

emerged from the laboratories and gone into the clinic. 

However, no single agent used to date in the clinic is 

completely devoid of deleterious side-effects on patients. 

This is because most of these drugs are antiproliferative 

agents and they cause indiscrimate toxicity to rapidly 

dividing cells by interfering with cell division. Hence, 

normal tissues with rapidly growing cells such as_ bone 

marrow, cells lining the oropharynx and gastrointestinal 

tract, hair follicles and the gonads are susceptible to 

this toxicity, usually at high. doses. However, the nature 

of side effects varies considerably between drugs (Pratt 

and Ruddon, 1979). In order to improve the therapeutic 

benefit and decrease the toxicity of cancer chemotherapy in 

patients, there is an urgent need to develop new agents and 

drug delivery systems with high selectivity for tumour 

cells. Mihich (1981) outlined the following strategies and 

approaches upon which the development of new drug entities 

with improved selectivity towards tumour cells is based: 

a) A better understanding of the biology and biochemistry 

of tumour cells so that new targets can be identified. 

This may lead to the discovery of new types of drugs which 

can act selectively upon these newly identified targets.
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b) The development of new analogues of existing active 

agents which might possess more favourable pharmacological 

properties than the parent compounds. 

c) The development of new agents and treatments which can 

augment the physiological response of the host to malignant 

growth, thus constituting an indirect action against the 

tumours. 

This thesis is concerned with the comparative 

metabolic evaluation of Clinically related agents, a 

3,3-dimethyltriazene in clinical use and a novel 

imidazotetrazinone. Therefore, in this section the 

development and pharmacology of these two classes of 

antitumour agents are reviewed. 

1.2.1 Development of dacarbazine (DTIC) 
  

DTIC is an imidazotriazene which was developed in 1962 

by Shealy and co-workers at Southern Research Institute as 

a structural analogue of 5-amino-imidazole-4-carboxamide 

(AIC), an intermediate in purine biosynthesis (Shealy et 

al, 1962a,b)(fig.1). At that time, most of the known 

inhibitors of this pathway were analogues of the naturally 

occurring purines or pyrimidines (Montgomery, 1959).
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Fig.1 De novo biosynthesis of purine nucleotides 

In an attempt pe! synthesize 2-azahypoxanthine, Shealy 

et abl (1901): utilized the: method by Woolley and Shaw 

(1951), which involved the treatment of AIC with nitrous 

acid. The initial product of the diazotization reaction as 

observed by Shealy et al (1961) was 

diazoimidazole-4-carboxamide (diazoIC), which undergoes 

intramolecular cyclization to yield 2-azahypoxanthine. In 

vitro and in vivo screenings revealed that diazoIC was 

active against a panel of murine tumours, But ~ of 

insufficient activity to render the compound potentially 

useful for the treatment of human cancers. Therefore, the 

research for more stable and more active derivatives led to 

the synthesis of reaction products of diazoIC with 

aliphatic amines and most notably 5-(3,3-dimethyl- 

triazen-l-yl)imidazole-4-carboxamide (DTIC).
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Fig.2 Synthesis of dialkylimidazotriazenes 

DTIC has been shown to undergo photolytic decomposition. 

Such a reaction can lead to the formation of at least.’5 

different imidazoles (Horton and Stevens, 1981a,b) (figs) 

and one of these products was diazoIC (Horton and 

Stevens,1981 a,b and Shealy et al,1962a).
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1.2.2 Metabolism and pharmacokinetics of DTIC and related 

1-aryl-3,3-dimethyltriazenes 
  

Though diazoIC was found to be a product of the 

light-catalyzed decomposition of DTIC, it is now accepted 

that the generation of this species cannot be responsible 

for the antineoplastic activity of DTIC in vivo (reviewed 

by Stevens, 1983). The monomethyl analogue of DTIC, MTIC, 

was found to be as active in vivo as DTIC, even though MTIC 
  

was much more labile than DTIC (Shealy et al, 1962a).° This 

observation was important in elucidating the metabolism and 

mechanism of action of DTIC. DTIC undergoes oxidative 

demethylation in vitro and in vivo to give, presumably, 
  

MTIC, which decomposes leading to the formation of 2 ALC 

(reviewed by Newell et al, 1987; Gescher and Threadgill, 

1987; Stevens, 1983). Indeed, AIC has been identified as 

the major urinary metabolite of DTIC in man and also as a 

product of metabolism of DTIC in vitro in incubations with 
  

mouse liver microsomes (Hill, 1975) and with human and 

animal tumour tissues (Gerulath and Loo, 1972; Mizumo and 

Humphrey, 1972). In living cells, the production of 

reactive species, such as MTIC, leads to the interaction of 

the reactive species with bionucleophiles, for example, 

nucleic acids. This is exemplified by a study conducted by 

Meers et al (1986) in which following a single i.p. 

injection of [14c]-methyl-DTIC to rats, the highest levels 

of methylation of DNA were found in the liver and kidneys, 

which are known to be most actively engaged in the 

metabolism of dialkyltriazenes (Preussmann et al, 1970; 

Kolar, 1984). It has been suggested that the methylation
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of DNA, “in particular .in* the «0°. > position. of guanine 

residues, is thought to be responsible for the cytotoxic 

activity of MTIC (Gibson et al, 1986a; Meers et al, 1984; 

Montgomery, 1976; Tisdale, 1987; Lunn and Harris, 1988). 

Further evidence to support the contention that DTIC 

undergoes oxidative demethylation was the identification of 

5-[3-(hydroxymethyl)-3-methyltriazen-1-yl]imidazole-4- 

carboxamide (HMMTIC) as an urinary metabolite in rats 

(Kolar et al 1980) (fig.4). Surprisingly, this metabolite 

was found to be more stable than MTIC in polar solvents, an 

observation which has led to the hypothesis that HMMTIC 

might act as a relatively stable transport carrier of MTIC 

to the target tissues (Kolar et al, 1980). 

The pharmacokinetics of DTIC have been studied in both 

patients and in animals (Breithaupt et al, 1982; Skibba et 

al,°1969; Loo et al, .1968a,b). The data obtained in the 

early studies revealed that the disappearance of DTIC in 

plasma could be described by a two compartment model (Loo 

et al,1968a). In dogs, after an intravenous injection of 

DTIC at 20mg/kg (400mg/m?), the plasma clearance of the 

drug was relatively fast with a t,,, of approximately 

36min. The cumulative excretion of parent drug in 6hr was 

only 17% of the injected dose (Loo et al, 1968a,b).
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When the drug was administered intravenously to patients at 

doses ranging from 133 to 270 mg/m?, the disappearance of 

DTIC from the plasma was similar to that seen in dogs: the 

plasma ©,,3'. wae 35: min. In patients, the cumulative 

urinary excretion of DTIC in 6hr was 43%. This data seems 

to suggest that DTIC undergoes extensive degradation in the 

body and probably more so in dogs than in humans (Loo et 

al, 1969). This contention was supported by the 

observation that at least one biotransformation product of 

DTIC was detected by chromatography in the urine of dogs 

and patients who had received the drug. The nature of the 

metabolite(s) was tentatively elucidated using the 

Bratton-Marshall reagent (Bratton and Marshall, 1939). 

This colorimetric reaction involves the interaction of 

N-(napth-1-yl)ethylenediamine (NEDA) with diazoIC. Since 

the metabolite reacted with the reagent, it could possess 

an intact 5-diazo-imidazole moiety. 

H NCHaCHeaNHe 

Fig.5 Structure of NEDA 

When the drug was administered orally to patients at doses 

ranging from 30 to 260mg/m2, the plasma t,,, of
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DTIC was 111 min. The sustained level of. the drug. in 

plasma andthe variable cumulative excretion of DTIC in 

urine led to the suggestion that gastrointestinal 

absorption of DTIC was slow, incomplete and erratic (Loo et 

al, 1968). These findings were in disagreement with the 

results obtained from another study conducted by Skibba et 

al, 1969 (a), in which it was found that an acceptable 

plasma level of DTIC was obtained after oral 

administration. After an oral dose of 4.5mg/kg, 

2.4+0.9yg/ml and 2.0+0.8yg/ml were present in the plasma 

after 30 and 60min respectively. In the same patients 

given the same intravenous dose, the plasma levels of DTIC 

were 3.3+1.3pg/ml after 30 min and 2.2+1.0pg/ml oe 60 

min. The authors concluded that multiple daily dose 

therapy by oral route could be used. 

Breithaupt et al (1982) utilized a more sensitive HPLC 

method to measure the concentration of DTIC and its major 

metabolite, AIC in the plasma. The pharmacokinetic data 

were in broad agreement with those obtained earlier from 

the studies using relatively less specific colorimetric 

analytical methods. (Householder and Loo, 1969, 1971; Loo 

eat al, 1968, 1971,.1976. and Skibba et-al, 1969). 

DTIC has shown good activity against certain murine 

tumours in vivo but has very limited therapeutic 
  

application in the clinic (reviewed by Comis, 1976; 

Spassova and.  Golvinsky, 1985). On the basis: of a 

preliminary pharmacokinetic study of DTIC and its putative 

active metabolite, MTIC, in rodents and patients, Rutty et 

al (1980) suggested that lack of clinical activity of DTIC



-39- 

may be at least in part due to poorer N-demethylation of 

the drug to MTIC in man than in rodents. 

Interestingly, though DTIC is the only triazene used 

in the clinic, most studies of the metabolism and mechanism 

of the antineoplastic action of dimethyltriazenes have been 

carried out using substituted dimethylphenyltriazenes 

rather than DIsc. Dialkylaryltriazenes are known 

carcinogens (Preussmann et al, 1969 ab, 1970; Druckery, 

1973) and the dimethylaryltriazenes have demonstrated 

pronounced antitumour activity against murine leukaemias 

and sarcomas (Clarke et al, 1955; Burchenal et al, 1:956:). 

In the original in vitro metabolic study, Preussman, Von. 
  

Hodenberg and Hengy (1969a), chose sixteen 

dialkylaryltriazenes as substrates to investigate the in 

vitro biotransformation by microsomal enzymes prepared from 
  

rat livers. The potent carcinogens 3,3-dimethyl 

-l-phenyltriazene, 3,3-dimethy-1-(pyrid-3-yl)triazene and 

several other triazenes were shown to undergo oxidative 

dealkylation to form the corresponding aldehydes (fig.5). 

In the case of 3,3,dimethyl- 1-phenyltriazene, aniline was 

formed as a metabolite. The authors suggested that 

3-methyl-1-phenyltriazene was formed as an intermediate 

product. In a later study conducted by Pool (1979a), 

incubation of four haloaryldimethyltriazenes and 

unsubstituted | 3,3,dimethyl-1-phenyltriazene with 

microsomes showed that 3,3,dimethyl-1-phenyltriazene 

yielded the lowest whilst 3,3,dimethyl-1-(2,4,6- 

trichlorophenyl)triazene yielded the highest extent of 

oxidative N-demethylation. Furthermore, there was some
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tentative evidence to suggest that haloaryl- 

monomethyltriazenes might undergo further oxidative 

N-demethylation. 

Direct identification of a monomethyltriazene as a 

_metabolite of 1-aryl-3,3,dimethyltriazene by comparative 

chromatography has only been reported once in the 

literature (Farina et al, 1982 and 1983). Metabolites with 

the same retention times and mass spectral fragmentations 

as the authentic synthetic compounds, 

1-(4-acetyl-phenyl)-3-methyltriazene and 4-amino- 

acetophenone, were found as metabolites of 

1-(4-acetyl-phenyl)-3,3-dimethyltriazene in vivo in the 
  

plasma of mice and in vitro in incubations with 9,000g 
  

fractions of mouse liver homogenate (Farina et al, 1982 and 

1983). Isolation of 3-acetyl-3,methyl-1-phenyl-triazene 

in incubations of 3,3-dimethyl-1-phenyltriazene with rat 

liver microsomes provided further indirect evidence that 

dimethyltriazenes undergo N-demethylation to the 

corresponding monomethyltriazenes. The formation of this 

N-acyltriazene may involve the monomethyltriazene as a 

metabolic intermediate which is subsequent ly -acetylated 

(Pool, 1979b).
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Subcutaneous administration of [4c] 

3,3,dimethyl-l-phenyltriazene to rats resulted in the 

exhalation of 14CO, which accounted for 40% of the injected 

radioactivity, and the formation of 7-[14C]methylguanine 

and other alkylated DNA and RNA bases (Kleihues et al, 

1976'): These results are consistent with the 

interpretation that dimethylphenyltriazenes are metabolized 

by oxidative N-demethylation to form alkylating agents; it 

has been observed previously by Preussman and Hodenberg 

(1970) that monomethyltriazenes are powerful alkylating 

agents, capable of methylating bionucleophiles, such as 

nucleic acids in the absence of drug-metabolizing enzymes. 

Stevens (1983) suggested that this methylation reaction 

proceeds via an SN, reaction mechanism and not via a "free" 

“methyl carbonium ion as frequently quoted in papers. In 

the intact animal, the release of formaldehyde as a result 

of the initial oxidation would be expected to enter the one 

carbon pool and the labelled carbon atom can be 

incorporated into various intermediary products including 

purine bases, amino acids and CO, (Kriiger et al, 1970; 

Kleihues et al, 1976). 7-[14c methyl]guanine adducts were 

found in various organs such as the brain and the spleen of 

animals exposed to labelled dimethylphenyltriazene and 

these tissues, distal to. the..sites of metabolizing 

activity, are presumably unable to catalyze N-demethylation 

(Kleihues et al, 1976). The authors suggested that 

dimethyltriazenes may be metabolized to a stable transport 

form which subsequently undergoes chemical decomposition to 

generate the monomethyltriazene. The immediate metabolic
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precursors of i-axyl-3<methylewleazenes: the 

3-(hydroxymethyl)-3-methyltriazenes have been synthesized 

(Gescher et al, 1978; Juilliad et al, 1980) but have not 

been identified as metabolites of aryldimethyltriazenes. 

Kolar and cCarubelli (1979) isolated and identified 

1-[3-methyl-1-(2,4,6-trichlorophenyl)-triazen-1-yl]-methyl- 

B-D-glucuronic acid as a metabolite in the urine of rats 

which had ) received 1-(2,4,6-trichlorophenyl)-3,3- 

dimethyltriazene. The authors suggested that this 

glucuronide might be one of the transport forms of the 

triazene capable of carrying monomethyltriazene to the 

target tissue where enzymic hydrolysis takes place to 

release the methylating agent and formaldehyde. 

I CHs t : Pe 

os — eee 
| Cc Cl | Cc tot H 

H 

H 

4- (2, 4, 6-trichloro-pheny1) - : (i-methy1-3- (2, 4, 6-trichlorapheny1) -2-triazano] 

3, B-dimethyltriazene 
aethyl P70 Sicopyrsnostouron'’ scid 

Fig.7 Formation of the B-glucuronic acid metabolite 

from 1-(2,4,6-trichlorophenyl)3,3-dimethyl- 

triazene
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1.2.3 Structure activity relationships for imidazo- and 
  

related aryl- dialkyltriazenes 
  

Structure activity analyses on imidazo- and phenyl- 

triazenes demonstrate that at least one methyl group at the 

N,; position is necessary for antitumour activity (Audette 

et al, 1963; Connors et al, 1965; Hano et al, 1965; Shealy 

et al, 1968; Hansch et al, 1972; Hatheway et al, 1978; 

Wilman and Goddard, 1980). In a series Or 

3,3,dialkylimidazoletriazenes, the dimethyl derivative 

possessed the highest antitumour effect against Ehlrich 

solid carcinoma in mice (Hano et al, 1965). An increase in 

the chain length of the 2 alkyl groups in the N; position 

resulted in a decrease in antitumour activity. In another 

series of triazenes with differing alkyl groups, it was 

shown that at least one methyl group was necessary to exert 

the greatest antitumour activity (Hansch et al, 1972’). 

Varying the chain length of the second alkyl group did not 

result in a significant difference in antitumour activity 

(Shealy et al, 1968). 

Similar results were obtained a series of 

dialkylphenyltriazenes (Hatheway et al, 1978; Audette et 

al, 1963; Connors et al, 1973). Of the series of compounds 

investigated, only those which could be metabolized in vivo 
  

to an 1-aryl-3-monomethyltriazene possessed antitumour 

properties (Connors et al, 1973; Wilman and Goddard, 1980). 

This may explain the inactivity of a methyl-tert-butyl 

triazene as the tert-butyl substituent has no alpha-CH 

group amenable to metabolic oxidation and therefore cannot 

be metabolized to a monomethyltriazene. The nature of the
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substituent in the phenyl ring had little effect on the 

overall antitumour activity at least against the TLX5 

lymphoma and 11210 leukaemia in mice (Lin and Loo, 1972; 

Connors et al, 1973; Audette et al, 1963). 

1.2.4 Antitumour activity of DTIC on experimental tumour 
  

models 

The int¥oduction: of.. DTIC: into: clinical trials: .was 

based on its activity against i.p. implanted leukaemia 

L1210 in mice. DTIC was found to be active against L1210 

and the cell lines of L1210 which were resistant to 

antimetabolites, fOr examples, havoc souite. 

6-mercaptopurine and 6-thioguanine. The treatment of mice 

bearing leukaemia POLS: .0r a 5-fluorouracil-resistant 

variant of P815 resulted in a number of cures (reviewed by 

Venditti, 1976; Montgomery, 1976). These results seem to 

suggest that the mechanisms of antitumour activity of DTIC 

are different from that of antimetabolites. in; adaLeion., 

DTIC was also active against solid tumours, such as sarcoma 

180 and adenocarcinoma 755 and lymphosarcoma P1798 but only 

slightly effective against B16 melanoma, Lewis lung 

carcinoma and Ridgway osteogenic sarcoma and against Walker 

256 carcinoma in rats.
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1.3. Development of imidazotetrazinones 

The imidazotetrazinones are a group of new antitumour 

agents, which are structurally similar to the 

3,3,dialkyltriazenylimidazoles. Amongst them, the lead 

compound, mitozolomide (CCRG 81010, M&B 39565, 

5 ark Oe ea on loréethy .Jamidaco[Ss224)-1,213,5% 

tetrazin-4(3H)one) displays potent antitumour activity 

against a broad spectrum of murine tumours (Hickman et al, 

1985) and human xenografts (Fodstad et al, 1985). The drug 

completed phase I clinical evaluation in 1985 (Newlands et 

al,1985) and phase II trials in 1988 (Gundersen et al, 

1987; Harding et al, 1988; Van Oosterom et al, 1989). The 

3-methyl analogue of mitozolomide, temozolomide (CCRG 

81045, M&B 39831:, 6 cabhandy ls mebiy loumidazo-Ps, 14874 

1,2,3,5-tetrazin-4(3H)-one) began phase el Clinical 

evaluation in the United Kingdom in 1987. 

tn’ the following sections, the i) synthesis. ii) 

chemical decomposition iii) metabolism and pharmacokinetics 

and iv) biological and clinical evaluations of these 

compounds are reviewed.



-47- 

CONH2 

SN 
| 

ae 
0 

A Compound 

CH2CHeCl mitozolomide 

CHS temozolomide 

CH2CH3 ethazolastone 

Fig.8 Structures of mitozolomide, temozolomide and 
ethazolastone’



-48- 

1358 Chemical synthesis and properties of 
  

imidazotetrazinones 
  

The rationale of the synthesis of imidazotetrazinones 

stemmed from detailed chemical studies on molecules bearing 

NNN: . Linkages-" in «cyClic.or acyelic . structures. or in 

bicyclic heterocycles with bridgehead nitrogen atoms 

(Stevens, et al, 1984). sg Tae was found that 

1,2,3-benzotriazin-4(3H)-one undergoes ring-opening in the 

presence of aqueous alkali to yield anthranilic acid 

(Finger's reaction)(fig.8). Although the 1,2,3-triazinones 

can decompose to give a variety of products, dominated by 

cleavage of the «1,@a;° 2,3: or..3,4. Bonds, anticumour 

activity is not exhibited by these compounds (Stevens et 

al, 1984; reviewed by Stevens, 1987, fig.9).
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In accordance with anew general synthetic route 

devised by Ege and Gilbert (1979): a series of 

8-carbamoyl-3-substituted-imidazo[5,1-d]-1,2,3,5-tetrazin- 

4(3H)ones could be prepared by reacting 

5-diazoimidazole-4-carboxamide with aryl and alkyl 

isocyanates. On the basis of the chemistry of 1,2,3 and 

1,2,4-triazines, Stevens et al (1984) predicted that 

incorporation of an extra heteroatom in a bicyclic 

1,2,3,5-tetrazine would induce lability in four different 

bonds. namely 2, 8a; .2.3%;: 3,4 and. 4,5: {fig.9) o Tt .was 

suggested that such fragmentations might generate a cascade 

of reactive products, some of which are known to possess 

antitumour activity. For example, cleavage of the 2,3 and 

4,5 bonds in mitozolomide would generate diazoimidazole and 

2-chloroethyl isocyanate respectively; the latter species 

has been shown to play a rdle in modulating the biological 

activity of the nitrosourea BCNU against TLX5 lymphoma in 

mice (Gibson and Hickman, 1982). However, hydrolytic 

attack at the C, position, with subsequent cleavage of the 

3,4 or 4,5 bonds would liberate MCTIC. which is a potent 

antitumour agent in its own right (Shealey et al, 1975; 

Stevens et “al, 19647. Stone, 1961). There has been some 

evidence to substantiate the existence of both 

decomposition routes for mitozolomide (Stevens et al, 1984; 

Stone, 1981).
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Indeed, the nature and the route of decomposition of 

mitozolomide and its 3-methyl and 3-ethyl analogues were 

extremely sensitive to the reaction conditions (Baig and 

Stevens, 1987; Baig, 1986). 

Mitozolomide was unstable in boiling methanol or 

ethanol and yielded 2-azahypoxanthine and 

N-(2-chloroethyl)carbamates. The mechanism of 

decomposition is thought to involve the initial attack at 

C, to generate hemiacetals; loss of a proton from this 

intermediate leads is cleavage of the 4,5 bond to produce 

the unstable triazenes. The formation of 2-azahypoxanthine 

and the carbamates is probably achieved via intramolecular 

cyclization with subsequent loss of the isocyanate moiety 

(f2A9:241)% In contrast, both the 3-methyl and 3-ethyl 

analogues were more stable in boiling methanol than 

mitozolomide; after 10 days, 2-azahypoxanthine (80%) and a 

colourless solid (20%) were obtained; the latter was 

identified as 5-amino-1-methoxycarbamoylimidazole-4- 

carboxamide. Therefore, there are apparent differences in 

the chemistry of mitozolomide and its 3-alkyl derivatives. 

Evidence obtained in the investigation by Baig and Stevens 

(1987) suggests that in the presence of nucleophiles 

containing oxygen or nitrogen atoms, mitozolomide undergoes 

Hission: of the 94,5 bond whereas 3-methyl and 3-ethyl 

analogues also undergo fragmentations at the 3,4 bond to a 

Minor extent.
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When mitozolomide and its 3-alkyl homologues were 

boiled in water, the main product was AIC (Baig and 

Stevens, 1987). The rate of decomposition of mitozolomide 

was greatly influenced by pH: mitozolomide, temozolomide 

and the 3-ethyl analogue were stable in warm concentrated 

sulphuric acid. However, at higher values of pH, for 

example in an aqueous 5% sodium carbonate solution, these 3 

compounds undergo ring-opening to give the corresponding 

linear triazene (Baig and Stevens, 1987; Stevens et al, 

1984). At physiological pHs, for instance, in phosphate 

buffer (0.2M, pH F.4) at 37°C, mitozolomide and 

temozolomide undergo decomposition with a tj,,/, 0.9 and 

1.24hr respectively (Goddard, 1985, Slack et al, 1986; 

Slack and Goddard, 1986). The slightly greater stability 

of temozolomide when compared with mitozolomide was also 

observed in physiological fluids (Goddard, 1985). AIC and 

N-(hydroxyethyl)-AIC have-been tentatively identified by 

HPLC and TLC as 2 of the principal decomposition products 

of mitozolomide (Goddard, 1985).
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1.3.2 Metabolism and pharmacokinetics of mitozolomide 
  

The pharmacokinetic properties of mitozolomide have 

been studied in both mice and humans (Goddard et al, 1985; 

Goddard, 1985, Newlands et al, 1985; Slack et al, 1985.) 

Measurement of plasma drug concentrations, in the phase I 

trial of mitozolomide, using HPLC (Slack and Goddard, 

1985), yielded a monophasic elimination profile with a 

plasma t,,. of between 1 and 1.3hr after administration of 

toe Grug “be: @ is tine infusion; and. the: drug: was 

undetectable 1i2hr after administration. The plasma t,,/, 

was in broad agreement with that predicted from animal 

studies (Goddard et al, 1985; Newlands et al, 1985; Slack 

et al, 1985). There was no evidence of dose sdvectsecy in 

the pharmacokinetics of mitozolomide over the range of 

doses examined (8 to 153 mg/m2). Mitozolomide was well 

absorbed after oral administration, with a mean 

bioavailability of 95%. 

The drug shares certain biochemical and biological 

similarities with the nitrosoureas BCNU and CCNU (Gibson et 

al, 1984 a,b; 1985). However, relatively sustained levels 

of mitozolomide were found in the plasma when compared with 

those of BCNU and CCNU (Goddard et al, 1985; Levin, 1979, 

1981). The pharmacokinetic differences observed between 

these nitrosoureas and mitozolomide may be of therapeutic 

importance in that they may indicate a pharmacokinetic 

advantage over the nitrosoureas if they reflect similarly 

sustained tumour concentrations i oddard et al, 1985). 

Brindley et al (1986) have demonstrated that when mice 

bearing ROS osteosarcoma received mitozolomide by the i.p.
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route, the drug was rapidly and extensively distributed 

into tissues including the tumour. 

The in vivo metabolism of mitozolomide has_ been 

studied in mice (Goddard, 1985) but no metabolic studies 

have yet been conducted in patients. in that... stuay; 

mitozolomide radiolabelled in either the imidazole ring or 

the chloroethyl moiety was injected into mice 

intraperitoneally. It was found that kidneys were the 

major organs of drug excretion for both labelled materials, 

urinary excretion accounted for 58 and 88% of the injected 

radioactivity. The urine of mice obtained 12hr after the 

administration of the drug was analyzed by TLC 

autoradiography. Four principal bands were apparent in the 

case of the urine from the mice which _ received material 

radiolabelled in the imidazole ring: they were 

mitozolomide, AIC, N-(2-hydroxyethyl)-AIC and an unknown 

urinary product. Six main bands were seen in the 

autoradiogram of the urine obtained from the mice treated 

with [14c]chloroethyl-mitozolomide, one of them was 

identified as mitozolomide. No attempt was made to 

identify and characterize the other urinary products. None 

of these unidentified urinary products were found in the 

autoradiogram obtained in a parallel drug decomposition 

study. 

Some radioactivity (6. 5-228 of the injected 

radioactivity) derived from mitozolomide labelled 14C in 

the imidazole ring and the chloroethyl moiety was found in 

the faeces. This finding suggests the possibility of 

biliary excretion; but since administration of the drug was
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by the i.p. route, a general diffusion of the drug into 

the gastro-intestinal tract is an alternative possibility. 

Therefore, the chemical nature of the faecal radioactivity 

remains speculative. The amount of carbon dioxide exhaled 

was relatively insignificant, 5% after administration of 

[14C]chloroethyl-mitozolomide and 1.8% after receiving 

material labelled in the imidazole ring. 

In addition, there is some evidence to suggest that 

metabolism is an important determinant of the rate of 

deactivation of mitozolomide. It has been shown that 

pretreatment of mice with ‘phenobarbital reduces the 

activity of mitozolomide against the KHT sarcoma (Workman 

and Lee, 1984). Furthermore, the plasma AUC of 

mitozolomide determined in mice, which had been pretreated 

with phenobarbital, was significantly smaller than that in 

control animals (Brindley et al, 1986).
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Lee Antitumour activity and clinical property of 
  

imidazotetrazinones   

1.3.3.1 Antitumour evaluation of mitozolomide 
  

Mitozolomide demonstrated potent antitumour activity 

against a broad spectrum of murine tumours (Hickman et al, 

1985). In animal screening models, mitozolomide at single 

doses between 20 and 40 mg/kg elicited curative activity 

against L1210 and P388 leukaemias irrespective of the route 

of tumour implantation and drug administration. Potent 

antitumour activity was also observed against the TLX5 

lymphoma (s.c.) and B16 melanoma (i.p.) and various solid 

tumour models, for examples, Lewis lung carcinoma, colon 38 

carcinoma (Hickman et al, 1985). These results suggested 

that mitozolomide is one of the most potent compounds 

screened against the "old" National Cancer Institute murine 

tumour penal (Geran: et.al, I972y- When the antitumour 

activity of mitozolomide was compared with that of other 

widely studied agents in these animal models, it was shown 

that it was equally active with cis-platinum, BCNU, 

cyclophosphamide and adriamycin and more active than DTIC 

(Hickman et al, 1985). 

In cross resistance studies, mitozolomide was inactive 

against L1210 leukaemia made resistant to BCNU and against 

a TLX5 lymphoma resistant to dimethyltriazenes such as 

DTC. However, mice bearing the L1210 Leukaemia with 

derived resistance to cyclophosphamide retained their 

sensitivity to mitozolomide. 

Fodstad et al (1985) investigated the antitumour
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activity of mitozolomide against several human tumour lines 

which were grown as xenograft. In bhatt report, 

mitozolomide displayed pronounced antitumour activity 

against xenografts from human sarcomas, melanomas and colon 

cancers. It was, therefore, suggested that mitozolomide 

might eliei clinical responses in these types of cancer 

(Fodstad et al, 1985).
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1.3.3.2 Clinical investigation on mitozolomide 
  

In the phasé..-I= clingeal trial of mitozolomide 

(Newlands et al, 1985), it was found that the dose-limiting 

toxicity was thrombocytopenia at doses greater than 

115mg/m?, and recovery from the thrombocytopenia was 

delayed for up to 8 weeks. This observation was similar to 

that made with the nitrosoureas (Schein, 1981). 

Similar haematogical adverse reactions were also 

encountered in the phase II clinical trials (Harding et al, 

1988, Gundersen et al, 1987). However, mitozolomide was 

active against malignant melanomas and seemed to have a 

response rate comparable to those of the most active 

established drugs (Gundersen et al, 1987). The apparent 

nature of selective toxicity towards the bone marrow has 

led to the suggestion that mitozolomide might be used in 

conjunction with bone marrow transplantation; the rationale 

being that after aspiration of bone marrow, the patient 

could be treated with high doses of the drug before 

re-infusion of the bone marrow. (Gundersen et al, 1987) 

1.3.3.3 Antitumour activity of temozolomide 
  

A number of 3-alkyl analogues of mitozolomide were 

screened against murine tumours in vivo (Stevens et al, 

1987). Amongst them, only the 3-methyl, temozolomide, and 

3-bromoethyl analogues showed antitumour activity. 

Compounds with an increase in carbon chain length were 

almost devoid of any activity. THis ts a result 

reminescent of the structure activity relationships amongst 

the alkyaryltriazenes (Audette et al, 1973; Connors et al,



i 

1976) (see section 1.2.3). 

Temozolomide was active against L1210, P388 

leukaemias, the M5076 reticulum cell sarcoma, B16 melanoma 

and ADJ/PC6A plasmacytoma. In contrast to mitozolomide, 

which displayed optimal activity ona single dose schedule, 

temozolomide was most active ona divided dose schedule. 

Temozolomide has demonstrated cross resistance to a P388 

line resistant to mitozolomide and an 411210 cell line 

resistant to DTIC, (Stevens et.al, © 1987). Therefore, 

temozolomide might act via a mechanism similar to that by 

which DTIC exerts its effect.
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1.3.4 Mode of action of imidazotetrazinones 
  

One of the objectives of this project is to elucidate 

the mechanism of action of temozolomide (see section 1.4). 

In the following section of the thesis, the findings 

obtained from the biochemical mechanistic studies conducted 

previously on the imidazotetrazinones are reviewed. 

Most of the earlier work on elucidating the mode of 

action of imidazotetrazinones was centred on the lead 

compound, mitozolomide. The generation of 2-chloroethyl 

isocyanate by cleavage of the 2,3 and 4,5 bonds in 

mitozolomide is theoretically possible (section 1.3.1). 

However, evidence accrued from both biochemical and 

mechanistic chemical studies on mitozolomide have suggested 

that the antitumour activity of mitozolomide may be 

mediated via MCTIC, by cleavage of the 3,4 or 4,5 bonds 

(Finger's reaction, section 1.3.1) (Stevens et al, 1984; 

Lowe et al, 1985,a,b; Baig and Stevens, 1987; Horgan and 

Tisdale, 1984, 1985; Gibson et al, 1984 a,b, 1985; Hickman 

et. ai, 11985)’. 

MCTIC is a chloroethylating agent which is capable of 

alkylating nucleophiles such as DNA via an SN, mechanism 

(Shealey et al, 1975). There are a variety of potential 

sites for alkylation. Amongst them, the O® position of 

guanine residues of DNA is of particular biological 

interest. There is cumulative evidence that O& alkylation 

plays a r6dle in carcinogenicity and mutagenesis (Singer, 

1979; Rajewsky, 1982; Guttenplan, 1974; Goth and Rajewsky, 

1974). Alkylation of O®& guanine is a arocmubagents lesion 

leading to the misreading of the genetic code. This is
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because guanine alkylated at O® is read as adenine and 

consequently, a GC-AT single point mutation occurs. In 

addition, Kohn (1977) proposed that the mechanism by which 

chloroethylating agents kill tumour cells might be due to- 

their ability to cross-link DNA. It is postulated that 

initial chloroethylation occurs at the O& position of 

guanine followed by intramolecular reaction of the 

chloroethyl group at the O® with N! position of guanine. 

This is accompanied by the completion of the interstrand 

link to the N3 position of the complementary cytosine 

residues (fig.13). This type of cross-linking has been 

observed in DNA treated with the nitrosourea BCNU (Tong et 

al, 1982) and in murine 11210 leukaemia cells treated with 

mitozolomide and MCTIC (Gibson et al; 1984a). In the 

latter study, it was demonstrated that mitozolomide and 

MCTIC possessed similar cytotoxicity towards L1210 cells, 

and at equitoxic concentration, similar levels of DNA 

interstrand cross-linking were also observed. These 

results suggest that mitozolomide is cytotoxic to 41210 

leukaemic cells as a result of DNA interstrand cross-link 

formation, probably via MCTIC, which is generated upon 

chemical decomposition. DNA cross-linking and cytoxicity 

of mitozolomide was further studied by examining its
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effect on cell viability and cellular DNA integrity of two 

cell lines, IMR-90 (Mert) and Sv-40 transformed (VA-13, 

Mer-) embryo cells. These two cell lines differ in their 

response to chloroethylnitrosoureas (Erickson et al, 1980), 

possibly because of a difference in their ability to repair 

the OS-alkyl guanine lesion due to the presence of a repair 

enzyme, O&-alkylguanine DNA-alkyltransferase (Olsson et al, 

1980; Harris et al 1983; Hora et al, 1983). It has been 

demonstrated that the removal of an Os 

chloroethyl-monoadduct by a Mer+ cell would prevent 

subsequent cross-linking and therefore enhance the survival 

of the cells which possess this enzyme in abundance. 

Gibson et al (1984b) demonstrated a similar differential 

response in the same cell lines with both mitozolomide and 

MCTIC. Mitozolomide and MCTIC were 5 to 6 fold more toxic 

to VA-13 cells than to IMR-90 cells, as measured by their 

ability. to.<form. colonies. The level of formation of. 

DNA-protein cross-links was similar in both cell lines for 

each drug examined, suggesting that drug penetration and 

intracellular drug reactivity were similar in both cell 

types. Both mitozolomide and MCTIC produced insignificant 

levels of DNA interstrand cross-links in the Mer* cell line 

even at a concentration that gave more than 1.5 log cell 

kill whereas a large degree of interstrand cross-links were 

found in the Mer- cell line. The interstrand cross-link 

formation in the Mer- cell line was concentration dependent 

and" a linear correlation between the formation of 

cross-linking and log cell kill was observed. However, no 

such correlation was obtained with the Mer+ cell line. It 

Aston University Library & Information Seivices 

Aston Triangle Birmingham B4 7ET England
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was suggested that mitozolomide might produce a 

chloroethyldiazo species analogous to 

chloroethylnitrosoureas, previously implicated in the 

formation of chloroethyl-DNA adducts leading to">.. the 

formation of interstrand cross-links (Erickson et al, 

1980b; Mehta ..ét al, . 1981). These results led to the 

suggestion that DNA interstrand cross-link formation might 

be a common mechanism for the cytotoxicity in vitro of 

mitozolomide and MCTIC. 

The importance of DNA-interstrand cross-links in 

causing cell death has been questioned by Gibson et al 

(1986). Using a series of alkyltriazenylimidazoles against 

HT-29 colon carcinoma cells (Mert) and BE colon cells 

(Mer-), it was found that chloroethyl and monomethyl 

analogues of this series of imidazotriazenes produced a 

differential toxicity between Mer+ and Mer- cell lines; 

however, unlike chloroethyl analogues, monomethyltriazenes 

were unable to cross link. It was, therefore, argued that 

monoalkylation of guanine of DNA at the O§ position is 

sufficient to account for the differential cytotoxicity. 

Tisdale (1987) investigated the rdle of alkylation at 

O& position of guanine in the mechanism of cytotoxicity of 

imidazotetrazinones, mitozolomide, temozolomide and the 

3-ethyl analogue of mitozolomide. The results of that 

study suggest that mitozolomide and temozolomide are 

similar to the nitrosoureas and triazenes because 

cytotoxicity was correlated with alkylation of 0&8 of 

guanine. It was postulated that in the case of 

temozolomide, cytotoxicity is probably mediated via the
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formation .of MTIC . (Tisdale, 1987;.Stevens et.al, . 1987; 

Stevens, 1987). Furthermore, distinct from mitozolomide 

and its 3-ethyl analogue, temozolomide promotes erythroid 

differentiation in K562 erythroleukaemia cells (Tisdale, 

1985) after exposure to the drug for 3 days. In addition, 

the concentration of 5-methylcytosine in the DNA of 

temozolomide treated cells decreased 3 days after beginning 

of treatment and was directly proportional to the number of 

haemoglobin producing cells. These results suggest that a 

methylating agent is more effective than chloroethylating 

agent in altering gene expression. 

Upon chemical decomposition, the antitumour 

nitrosoureas, such as BCNU, can liberate isocyanates 

(Seo 20S}: The organic isocyanate moieties generated are 

characterized by the ability to carbamoylate intracellular 

proteins (Schein, 1981; Mitchell and Schein, 1986; Schmall 

et al, 1973; Wheelar, 1974), mainly at amino acids at sites 

such as E amino groups of lysine or arginine. - The 

production of isocyanates might be of minor importance in 

the cytoxicity of nitrosoureas. This is because 

nitrosoureas such as ACNU and Bai dcecocacit despite 

negligible carbamoylating properties, possess excellent 

antitumour activity (Panasci et al, 1975; Anderson et al, 

L975; reviewed by Mitchell and Schein, 1986). 

Interestingly, Gibson and Hickman (1982) showed that 

isocyanates generated from B8CNU and CCNU might be 

responsible for the cytotoxicity of nitrosoureas towards 

TLX5 lymphoma. Horgan and Tisdale (1984) studied the 

potential carbomoylating property of mitozolomide by
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comparing its effect with that of BCNU and of 2-chlorethyl 

isocyanate on enzymes known to be inhibited by 

carbamoylation. The enzymes examined were glutathione 

reductase, gamma-glutamylpeptidase and alpha-chymotrypsin. 

At equitoxic concentration of mitozolomide and BCNU, BCNU 

and 2-chloroethyl isocyanate produced complete inhibition 

of activity of glutathione reductase in intact TLX5 cells 

within 2hr. In contrast, mitozolomide, MCTIC and 

chlorambucil did not show any significant inhibitory effect 

on Gieyas activity even after 24hr incubation. Similar 

differential effects of mitozolomide and BCNU on the 

activity of gamma-glutamyltranspeptidase and chymotrypsin 

was observed. These results suggest that the generation of 

isocyanate is unlikely to occur during decomposition of 

mitozolomide. Intriguingly, using a novel flow 

cytoenzymological method, Dive et al (1987) demonstrated 

that mitozolomide might possess some carbamoylating 

activity. This data is in disagreement with that obtained 

by Horgan and Tisdale (1984). 

McKeage and Roberts (1989) recently reported that 

mitozolomide might have the potential to enhance radiation 

damage.
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Recently, two derivatives of pyrazolotetrazine were 

synthesized as prodrugs analogous to the light-sensitive 

antineoplastic agents DTIC and BIC (Cheng et al, 1986). In 

contrast to the imidazotetrazine series, it was found that 

only the chloroethyl analogue displayed antineoplastic 

activity whereas the methyl analogue was inactive. This 

observation suggests that the chloroethyl analogue is 

active per se. 

ae Hee cet 

ae ee 

Fig.15 Structures of pyrazolotetrazinones
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1.4 Aims and objectives 
  

As part of a programme to develop imidazo[5,1-d]- 

1,2,3,5-tetrazin-4(3H)ones as potential anticancer drugs, 

the work described in this thesis is concerned with the 

pharmacokinetic and metabolic aspects of one such compound, 

temozolomide. The. overall .aim of this: project is as 

follows:- 

i) The stability, cytotoxicity in vitro and 

disposition in vivo of temozolomide are compared with those 

Of DLC. an established Lt ina drug, which is 

structurally related to temozolomide (see section 1.3). It 

is thought that a better understanding of the relative 

stability, cytotoxicity and biodisposition of temozolomide 

as compared with those of an existing drug might assist 

with the planning of the details pertinent to its clinical 

trials. Moreover, the results obtained from these studies 

might help to provide an indication of potential 

therapeutic advantages associated with the administration 

of temozolomide in comparison to therapy with DTIC. 

ii) The biotransformation of aryltetrazinones and 

aryltriazinones is virtually unknown (see section dS .35)r: 

Therefore, in this thesis, the metabolism of two such 

compounds, temozolomide and 3-methylbenzotriazinone is 

investigated. In particular, the hypothesis is tested that 

the N-methyl moiety attached to the triazene part of the 

molecule is susceptible to oxidation catalyzed by mixed 

function oxygenases. It is considered that this part of 

the study constitutes a contribution towards the general 

knowledge of how chemicals are metabolized. A better
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understanding of the metabolic pathways, which novel drugs 

might undergo, will perhaps help, in the future, to 

predict, within limits, the metabolism of newly designed 

drug molecules. 

Even though the metabolism of temozolomide is unknown, 

it is unlikely that the drug requires metabolic activation 

to exert its antineoplastic activity, because it is likely 

to undergo chemical decomposition to generate MTIC, the 

putative Cytotoxic species (see section Seas 

Nevertheless, potential metabolism of temozolomide to 

deactivation products might be an important determinant in 

the antitumour activity, toxicity and clinical usefulness 

Qf. fhis drug. The. work we in this thesis can be 

divided into two parts i) in vitro studies and ii) in vivo 
  

investigations. Initial experiments are focussed on the i) 

the nature and rate of in vitro ‘decomposition of 

temozolomide in comparison with that of its putative 

metabonate, MTIC, and that of DTIC ii) the disposition and 

cytotoxicity of temozolomide in comparison with those of 

MTIC, HMMTIC and DTIC in the presence and pena of drug 

metabolizing enzymes and the amount of MTIC generated 

either metabolically or chemically will be quantified. The 

results obtained from these experiments may provide 

preliminary data i) to indicate if temozolomide possesses 

therapeutic advantages over DTIC and ii) to support or 

refute the hypothesis that imidazotriazenes, such as DTIC, 

HMMTIC and MTIC share the same mechanism of action as 

temozolomide. 

Using [14C methyl]temozolomide, the in vivo metabolism
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of temozolomide in mice is investigated in order to 

identify i) the major route of excretion and ii) the nature 

of potential biotransformation products of the drug. The 

metabolism is also studied in patients using unlabelled 

temozolomide. 

The in vivo pharmacokinetics of temozolomide and DTIC 

are investigated in mice bearing a murine lymphoma. The 

results obtained from these studies are considered to 

provide further information to ascertain whether 

temozolomide might possess any pharmacokinetic and hence 

therapeutic advantages over DTIC. 

3-Methylbenzotriazinone resembles temozolomide in 

structure, but is devoid of antitumour activity (see 

section 1.3.2). Since it is chemically stable (Stevens 

M.F.G., personnal communication), it is useful as a model 

compound to study the metabolic fate of molecules bearing 

NNN linkages in a cyclic arrangement. In this part of the 

study, the hypothesis is tested that this model compound 

undergoes similar metabolism in vitro as temozolomide.
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2.1 Materials 

2.1.1 Chemicals 

All the purchased chemicals were of analytical grade 

and the solvents were of HPLC grade. 

Acetylacetone, acetonitrile, ammonium acetate, benzoic 

acid, DMSO, ethylacetate, magnesium chloride hexahydrate, 

methanol potassium dihydrogen orthophosphate, potassium 

iodide, sodium acetate trihydrate, trichloroacetic acid 

were obtained from British Drug House (BDH), Atherstone, 

Warwickshire, United Kingdom. 

Anthranilic acid, sulphanilic acid, napthoresorcinol, 

methylamine solution (40% w/v in water) iodine crystal, 

DMSO-d, were obtained from Aldrich Chemical Company, 

Gillingham, Dorset, United Kingdom. 

Bovine serum albumin, heparin, hydrogen peroxide (30%) 

solution, NADPH, trizma base, chloroplatinic acid were 

obtained from Sigma Chemical Company, Poole, Dorset, United 

Kihedom: 

Acetic acid and chloroform were obtained from May and 

Baker Ltd., Dagenham, United Kingdom. 

RPMI 1640 with 25mmol hepes and glutamine, donor horse 

serum were obtained from Gibco Laboratories, Paisley, 

Scotland, United Kingdom. 

S-Methyl-L-cysteine was obtained from Fluka Chemicals, 

Glossop, Derbyshire, United Kingdom. 

Beckman Redissolve E.P. scintillation gel was obtained 

from Beckman RIIC Ltd., High Wycombe, United Kingdom. 

Optiphase MP scintillation gel was obtained from FSA
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Laboratory Supplies, Loughborugh, Leicestershire, United 

Kingdom. 

Fluothane was purchased from ICI, Macclesfield, U.K. 

5-[3-(Hydroxymethyl)-3-methyltriazen-1-yl]imidazole-5- 

carboxamide (HMMTIC) was synthesized by Drs. Keith Vaughan 

and Ronald LaFrance at St. Mary's University, Halifax, 

Canada. 

Benzotriazinone, N-hydroxymethyl-benzotriazinone, 

N-methyl-benzotriazinone, N-hydroxy-ethyl-benzotriazinone 

and 8-carbamoyl-3-ethylimidazo[5,1-d]-1,2,3,5-tetrazin- 

4(3H)-one (ethazolastone) were synthesized by Drs. Michael 

Threadgill and Ghouse Baig in the CRC Experimental 

Chemotherapy Group, Aston University. 

[14c]methyl labelled. and unlabelled _temozolomide and 

5-amino-imidazole-4-carboxamide were supplied by Dr. Chris 

Newton, May Baker Ltd, Dagenham, United Kingdom. 

2.1.2 Buffer solutions 

All the buffer solutions (0.1M) pH 1-2, hydrochloric 

acid buffer; pH 3-4, acid phthalate buffer: pH 45-6, 

neutralized phthalate buffer; pH 7-8, phosphate buffer; pH 

9-10, alkaline borate buffer) used in the chemical 

degradation experiments and in vitro metabolic studies were 
  

prepared in accordance with the United States Pharmacopoeia 

(USP) (The United States Pharmacopoeia, National Formulary, 

1985). 

Erythrocyte cell lysis buffer was prepared by 

dissolving ammonium chloride (7.50/11). in “Tris Sunfer 

(0.016M) and the pH was adjusted to 7.2 using HCl (Boyle et
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al, 1968). 

2.1.3 Animals 

CBA/CA (female) and Balb C (male) mice (18-25g) were 

obtained from Bantin and Kingman Ltd., Hull and were 

maintained in the university animal house for one week 

prior to use. Animals were fed on Heygates modified 41B 

breeding diet pellets and allowed access to water ad 

Libieum.
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2.1.4 Synthesis 

Bo dee 50, Synthesis of 3-methy1-2,3,dihydro-4-oxoimidazo 
  

[5,1-d]tetrazine-8-carboxylic acid 
  

To a solution of temozolomide (0.5g) in concentrated 

sulphuric acid (4m1), sodium nitrite (0.5g) in water (4ml) 

was added slowly at room temperature. The reaction mixture 

was then stirred at 35°C for 2.5hr and was then poured onto 

crushed ice. The solid was filtered off, washed well with 

water and dried in vacuo to give 
  

3-methyl-2,3,dihydro-4-oxoimidazo[5,1-d]tetrazine-8- 

carboxylic acid as a white powder. Cfiret crop. 0.260; 

second crop 0.23g) 93% yield. m/z, 195; DMSO-d,, 3.90ppm 

(38,9, CH,), 8.62ppm (1H; s,.H+6) 

2.1.4.2 Synthesis of S-methyl N-acetyl cysteine (methyl 
  

mercapturic acid) 
  

S-Methyl-L-cysteine (1g) was dissolved in ice cold 4N 

NaOH (28ml) and acetic anhydride (1.8 to 2.0ml) was added 

dropwise with vigorous stirring and continuous cooling in 

an ice bath. More ice cold 4N NaOH (14ml) was added 

followed by the addition of acetic anhydride (1.8 to 

2.0ml). After the mixture had been stirred for 5min, the 

solution was brought to pH1 by the addition of concentrated 

H,SO,. The solution was left overnight at 5°C and then 

shaken at least six times with portions of chloroform. the 

combined chloroform extracts were evaporated to dryness. 

The residue (yellow glue) was crystallized by trituration 

with petroleum ether (60-80°C) previously distilled
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containing a little ethanol and recrystallized from a 

mixture of ethylacetate and light petroleum ether 

(60-80°C). DMSO-d,, 1.85ppm (3H, @,.COCHS); 2.06ppm 

(3H; a, SCH), *2 ppm: ..(iH,g, Hs), 2-84ppm. (1H, ¢,H,),° 4.38pom 

(1H,multiplet,H,), 8.25ppm (1H,d,NH). 

2.1.4.3 Synthesis of 3-monomethyl(triazen-1-yl)imidazole- 
  

4-carboxamide (MTIC), 3,3,dimethyl-(triazen-1-yl) 

imidazole-4-carboxamide (DTIC) and 3-monomethyl 
  

(triazen-1-yl)imidazole-4-carboxamide (METIC) 

A solution of 5-amino-imidazole-4-carboxamide (4g) in 

1N HCl (32ml) was added dropwise to a solution of sodium 

nitrite = (1.88q) in .water  (46ml) At —=SeC to. G°C. A 

crystalline precipitate began to form after a small portion 

of the amino-imidazole solution had been added; after the 

addition of about 90% of the amino-imidazole solution, the 

reaction mixture turned pink. Addition was discontinued 

and the solid was removed by filtration, washed three times 

with 20ml portions. of water, dried in vacuo over 
  

phosphorous pentoxide overnight (m.p.207-210°C) decomposed 

explosively. I.R. spectrum was then compared with the 

published data (Shealy et al, 1961). Vax (Nujol) 2160cm™?- 

(Not). 

Ethylacetate (40ml) was mixed with aqueous methylamine 

(40% w/v aq solution. 40ml) (or methylamine hydrochloride) 

and stirred with some anhydrous potassium carbonate (20g) 

at 0O°C for at least 15min. The mixture was then filtered. 

Diazo-imidazole-4-carboxamide(1i1g) was suspended in 

ethylacetate/methylamine mixture (25ml) which was stirred
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at O°C for ihr. A white solid was then filtered and dried 

in vacuo or over dried silica gel at 5°C (70% yield). Vinax 

(Nujol), 3450cm-1, 3200cm-! (NH), 1680cm-1! (C=O); DMSO-d,, 

3,0ppm (3H,;s,;CH,), 7.5ppm .(1H,s;H-2),. 7.6ppm (4H, br, NH and 

NH,). DTIC and METIC were synthesized in a similar manner 

by using the corresponding alkylamine: dimethylamine and 

ethylamine, respectively. 

2.2 Weighings and measurement of volumes 

All weighings were performed on a Mettler AE163 

balance. Amounts over 100g, a Mettler PE360 balance was 

used. The balances were calibrated daily prior to use. 

Gilson pipetteman pipettes (maximum volumes of 0.25, 1 

and 5ml) were used in. the quantification of small volumes. 

Volumes of 0.02ml or less were measured using a Gilson 

microman positive displacement pipette. All pipettes were 

calibrated regularly by dispensing volumes of water at room 

temperature and weighing them.
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2.3 Measurement of pH 
  

All measurements of were performed on a H18520 bench 

pH meter with automatic temperature compensation facility 

(Hanna Instruments). 

2.4 Development of analytical methods 
  

2.4.1 HPLC analysis of temozolomide and its urinary 

metabolites 

HPLC assays were performed on a Waters Associates 

system comprising a Waters 840 Data and Chromatography 

Control Station, M710B WISP (autosampler), M510 solvent 

delivery systems anda lLamda max 480 variable wavelength 

detector. A Lichrosorb C18 RP select B column with a 

Lichrocart RP-18 pre-column were used. The HPLC analysis 

of temozolomide was based on the published method (Slack et 

al, 1986) with slight modifications. For”, in Vitro 

metabolism experiments, the mobile phase was 10% methanol 

in 0.5% acetic acid at a flow rate of 1.5ml/min. For in 

vivo urine analysis, the mobile phase was 5% methanol in 
  

0.5% acetic acid at a flow rate of 1ml/min and the total 

run time was 15min; a washing period (20min) with 40% 

methanol in 0.5% acetic acid was incorporated between each 

run, followed by an equilibration period (10min). 

Detection was achieved by UV detection at 325nm. Samples 

of urine or liver homogenates were acidified with 1N Hcl 

and extracted twice with ethylacetate (3ml). The organic 

extracts were then concentrated and Pe conatetcted with 

methanol (0.125ml), followed by 0.5% acetic acid (0.125ml).



-84- 

six points was constructed in each HPLC assay covering the 

required range for quantification, by spiking known amount 

of drug into either urine or liver homogenates. Each 

standard sample contained exactly 1% v/v DMSO in 1N HCl. 

Glass-distilled water was used throughout. 

4.4.1.2 Extraction efficiency of temozolomide and 
  

ethazolastone 

To determine the efficiency of the ethylacetate 

extraction, aliquots of ce, stock solution on. Orug 

-(10mg/ml) were added to a mixture of methanol (0.125ml) and 

0.5% acetic acid (0.125ml) to give a concentration of 

4mg/L. Tubes containing equal amounts of drug were 

prepared and extracted with ethylacetate twice and 

reconstituted with same proportion of methanol and 0.5% 

acetic acid. The peak heights were compared with the 

unextracted samples to evaluate the percentage of recovery. 

2.4.1.2 Reproducibility of the HPLC method 
  

The reproducibility of the HPLC assay was assessed by 

preparing six separate stock solutions of each of the 

following concentrations of temozolomide: 35mg/L, 5mg/L and 

0.2mg/L. Aliquots of these solutions (0.5ml) were prepared 

and analyzed as described in section 2.4.1. 

2.4.1.3 Reproducibility of the instrument 
  

The reproducibility of the instrument was established 

by six replicate injections from a single sample.
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2.4.2 HPLC analysis of MTIC, temozolomide, HMMTIC and DTIC 
  

HPLC analysis was performed on the system as described 

previously in Section 2.4.1 equipped with a- 0.02ml1 

injection loop. UV detection at 323nm was achieved for 

detection and quantification. 

For sample preparation, incubation mixtures, plasma or 

tumour homogenates were allowed to thaw slowly at room 

temperature. Before completely thawed, they were placed in 

an ice/water bath at 0-4°C. An aliquot of the sample 

(O0.1m1) was pipetted into a pre-chilled polypropylene 

centrifuge tube followed by the addition of cool 

acetonitrile or a mixture of acetonitrile and methanol 

containing the internal standard (0.2m1) and vigorously 

mixed with a vortex mixer. The precipitated protein was 

then removed by centrifugation at -20°C, 2,500rpm for 

10min. The clear supernatant was then analyzed by HPLC. 

MTIC and temozolomide were separated using a 12.5cm 

Lichrosorb C18 RP select B column with a PVDF guard column 

and amobile phase containing 5% acetonitrile in 0.05M 

ammonium acetate (pH 6.7) at a flow rate of 1.5ml/min. 

Hydroxyethylbenzotriazinone was used as an internal 

standard for quantifying the amount of “Mize and 

temozolomide present. 

Separation of MTIC, HMMTIC and DTIC was achieved using 

a 25cm . Lichrosorb Cis: RP .C,, column with “a FPYDF . guard 

column and a mobile phase containing 3.259% 

acetonitrile/1.75% methanol in 0.05M ammonium acetate with 

a flow rate of 1.5ml/min. Metronidazole was used as an
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internal standard to quantify the amount of MTIC, HMMTIC 

and DTIC present. 

2.4.2.1 Recovery after protein precipitation 
  

To determine the recovery of the compounds after 

protein precipitation, aliquots of the stock solutions of 

temozolomide, MTIC, DTIC and HMMTIC were added in ieee 

and phosphate buffer solutions (0-1ml) followed by the 

addition of cold acetonitrile to give a final concentration 

of 4mg/L. Equal concentration of the drug solutions were 

spiked in clear supernatant of plasma prepared by 

precipitating plasma protein with acetonitrile. The peak 

heights were compared to determine the percentage of 

recovery. 

2.4.2.2 Reproducibility of the HPLC method 
  

The reproducibility of the HPLC method was examined by 

preparing six separate solutions of each concentration of 

the following concentrations of MTIC, HMMTIC, DTIC and 

temozolomide: 20mg/L, 7.5mg/L and 5mg/L. Aliquots of these 

solutions were prepared and analyzed in an identical 

manner to that described in section 2.4.2. 

2.4.2.3 Reproducibility of the instrument and accuracy of 

manual injection 

The reproducibility of the instrument and accuracy of 

Manual injection was assessed by performing six replicate 

manual injections from a single sample.
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2.4.3 HPLC analysis of benzotriazinones 
  

Separation of benzotriazinone and 

3-methylbenzotriazinone was accomplished using a 12.5cm 

Lichrosorb C18 RP select B column on a Waters Associates 

system. The mobile phase system was 25% methanol and 75% 

water with a flow rate of 1.5ml/min. Quantification of the 

metabolites was determined by peak height ratio of the 

sample peaks to the internal standard (anthranilic acid) at 

284 nm. 

2.4.4 GC analysis of methyl isocyanate 
  

All analyses were performed on a Pye Unicam GC 

instrument. Methyl isocyanate was analyzed using the 

published method by Mraz and Turecek, 1987 for the 

determination of N-acetyl-S-(N-methylcarbamoyl)cysteine in 

urine. The GC analytical conditions were as follows: glass 

column (1.5m x 2mm) was’ packed with 5% KOH, 10% carbowax - 

20M and silanized chromsorb W 80-100 mesh; detector and 

injection temperature, 200°C; column temperature, 170°C. 

Nitrogen was used as the carrier gas (50ml/min). Detection 

was achieved by a nitrogen sensitive detector. Injection 

volume was 0.001iml. 

2.4.5 Thin layer chromatography 
  

Thin layer chromatographic separation of temozolomide 

and metabolite(s) was accomplished using plastic sheets 

coated with silicagel (Kieselgel 60 F254, 0.2mm). The 

samples were applied as lcm bands positioned 2cm above the
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plate. A minimum gap of 1 cm separated adjacent bands. 

Samples were applied using a Hamilton microsyringe and the 

solvent or urine was evaporated by applying cool air betwen 

successive applications to each band. For autoradiograms 

samples were applied such that an equivalent of 5,000 dpm 

of radioactivity was applied to each band. Chromatography 

was performed in a standard TLC tank with plates being run 

over a distance of 15cm. 

2.4.5.1 TLC solvent systems 
  

1) acetone:acetic acid:water (7:1:2) 

2) benzene:methanol:acetic acid (45:8:8) 

3) chloroform:methanol:acetic acid (3.5:1.5:1% v/v) 

4) butan-1l-ol:acetic acid:water (3:1:1) 

2.4.5.2 Spray reagents 

Pauly's reagent was used for detecting the presence of 

imidazole ring. 

solution(a): sulphanilic acid (1g) in concentrated 

HCl (10ml) and water( 50m1) 

solution(b): 5% aqueous sodium nitrite 

solution(c): 10% aqueous sodium carbonate 

The spray reagent was made up by mixing one part of 

solution (a) with one part solution (b). The mixture was 

allowed to stand for 5 minutes. Then 2 parts of solution 

(c) were added and the final mixture was allowed to cool at 

room temperature. 

Chloroplatinate reagent was used for detecting sulphur 

containing compounds.
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solution(a): 5% chloroplatinic acid in water 

solution(b): 10% aqueous potassium iodide 

Solution(a) (5ml) was mixed with solution (b) (45ml), 

then diluted to 100ml with water, followed by the addition 

of concentrated HCl (1 part to 10 parts). 

2.4.6 Mass spectral (MS) analysis 
  

Preliminary and routine mass spectral analyses were 

measured ons. a VG micromass 12B single focussing 

spectrometer in the Pharmaceutical Sciences Institute, 

Aston University by . Mrs. Karen Farrow. For. final 

structural determination, mass spectra were measured ona 

VG 11/250 mass spectrometer by Dr. Peter Farmer and Mr. 

John Lamb at the MRC Toxicology Unit, Carshalton using a 

direct insertion probe and data were processed using a VG 

70 SEQ data system. Isobutane was used as reagent gas in 

the chemical ionization mass spectral (CIMS) analysis. For 

electron impact method, mass spectra were measured at 70eV 

with an inlet temperature 230°C. For field 

desorption/chemical ionization (FDCI), sample was dissolved 

in the appropriate solvent, either water or methanol, and 

applied direct onto the probe filament. For fast atomic 

bombardment (FAB), sample was dissolved in the matrix which 

was either glycerol or thiodiglycol. The spectra were run 

at a scan rate of 3 sec/decade. 

2.4.7 Nuclear Magnetic Resonance (NMR) analysis 
  

Routine NMR analyses were performed on.a Varian EM360 

(60 MHz) spectrometer. High field NMR analyses were
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performed on Bruker (400 MHz) at the Department of 

Chemistry, University of Warwick by Dr. Oliver Howarth or 

Bruker AL 300 (300 MHz) by Dr. Michael Perry in the 

Pharmaceutical Sciences Institute of Aston University. The 

compounds were dissolved in DMSO-d, or D,0 prior to NMR 

analysis; the prepared solutions were always filtered via a 

glass wool plug in a pasteur pipette in order to remove 

particulate matters. All spectra were recorded at room 

temperature using 32768 data points over a 2994.012Hz sweep 

width and an acquition time of 5.472s. In case of the 

identification of metabolite II, the spectrum was obtained 

by collecting up to 48 FID's using 45° pulses with a 

relaxation delay of 0.2s between pulses. In case of the 

identification of metabolite I, the water signal was 

suppressed with continuous secondary irradiation. The 

spectrum was obtained by collecting a total of 2484 FID's 

using 45° pulses with a relaxation delay of 0.5s between 

pulses.



-91- 

2.4.8 Infra-red (IR) spectroscopic analysis 
  

IR spectroscopic analyses were performed on a Perkin 

Elmer double beam IR spectrometer. Samples were prepared 

by either suspending in Nujol solution or compressing with 

KBr powders. 

2.4.9 Ultraviolet (UV) spectroscopic analysis 
  

Ultraviolet spectroscopic analyses were performed on 

Diode array UV spectrometer (Hewlett Packard, HP 8451A) 

equipped with a microcomputer built in display screen and 

printer/plotter. 

2.5 In vitro stability studies 
  

2.5.1 Determination of the stability of temozolomide and 
  

MTIC by UV spectroscopy 
  

Decomposition studies were performed using a Diode array 

UV spectrometer as described in section 2.4.9. Samples 

were excluded from light and maintained at 37°C. Solutions 

of temozolomide, DTIC and MTIC were prepared in DMSO 

(10mg/ml). Aliquots (0.01ml) of the stock solutions were 

added to silica cuvettes (1cm path length) containing 0.1M 

buffer solutions (3ml) (section 2.1.2). The decrease in 

absorbance with time was measured at the maximum absorbance 

wavelength of the compound under investigation at 37°C. No 

‘measurable difference in pH of the samples was found before 

and after each experiment.
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2.5.2 In vitro investigation of the release of methyl 
  

isocyanate from temozolomide 
  

Temozolomide (approximately 20mM) in 0.2M phosphate 

buffer (pH8.0) was placed in aé_ tube. The tube was 

connected through a side arm containing a glass wool plug 

to a pasteur pipette which was immersed ina mixture of 

potassium hydroxide (3.3mg/ml) and propanol (6ml). The 

principle of this method is encapsulated in the following 

reaction scheme: 

CH,-N=C=O + CH,CH,CH,OH ----> CH,-NH-COO-CH,CH,CH, 

Fig.16 Principle of the analysis of methyl isocyanate 

The tube was placed in a water bath at 37°C and a slow 

stream of nitrogen was continuously bubbled through the 

drug solution to serve as an inert carrier gas for the 

released methyl isocyanate. After an incubation period of 

30min, the KOH/PrOH mixture (6ml) was removed from the 

receptor vessel and shaken thoroughly with saturated NaCl 

solution (6ml). The organic layer was then removed and 

analyzed by GC as described in section 2.4.4. Caracemide 

[N-acetyl-N-(methylcarbamoyloxy)-N-methylurea [NSC 253272], 

an antitumour agent capable of generating methyl isocyanate 

(Newman and Farquhar, 1987), was used as a positive 

control. DMSO, the solvent temozolomide was dissolved in, 

was used as a negative control.
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2.6 In vitro metabolism 
  

2.6.1 Preparation of liver homogenate and _ subcellular 
  

fractions for in vitro metabolic studies on 
  

temozolomide and 3-methylbenzotriazinone 
  

The mice were killed by cervical dislocation. Livers 

were excised and weighed at 9.00am. A homogenate (1g/m1) 

was made in ice cold phosphate buffer (pH 7.4,0.1M) using a 

coulab 563 homogenizer (speed 5) fitted with a_ teflon 

pestle. The resulting Suspension was centrifuged at 

10,000g for 10min in a MSE/Fison Hispin 21 Centrifuge at 

4°C. The 10,000g supernatant was used directly or further 

centrifuged at 100,000g for ihr to prepare microsomes. The 

pellets were resuspended in 0.1M phosphate buffer (1g of 

wet liver weight per ml of buffer solution). 

Glass scintillation vials (100ml) were used in the 

metabolic studies in vitro. Incubations using liver 

fractions were performed in phosphate buffer (5ml pH 7.4, 

0.1M) in the presence of 16.4ymole of MgCl,.6H,0, 2.4ymole 

of NADPH and 0.25ml (equivalent to 5-6mg of microsomal 

protein in the final incubation mixtures ) of the liver 

homogenate suspension. Reactions were initiated by 

addition of substrate dissolved in DMSO (0.04ml). The 

reaction mixtures were gently shaken at 37°C and exposed to 

atmospheric air. Aliquots of the reaction mixtures were 

taken at several time intervals, deproteinized by addition 

of 0.5ml of 1N HCl, which can also stabilize temozolomide. 

In case of the experiments on 3-methylbenzotriazinone, the
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ice. Control incubates contained liver inactivated by 

heating at 85-90°C for 15min. The pH of the incubation 

mixtures was measured before and after each experiment, and 

no change was observed. Disappearance of the substrate and 

appearance of the metabolites were compared 

chromatographically in experimental and control incubates. 

2.6.2 Protein determination 
  

The amount of protein present in the incubation medium 

was determined according to Lowry's method (1951). 

solution(a): sodium carbonate (2%w/w) in sodium 

hydroxide (0.1M) 

solution(b,) : copper sulphate(1% w/v) in water 

solution(b,) : sodium potassium tartrate (2% w/v) 

in water 

solution(b) : equal parts of b, and b, 

Folin's reagent: Folin and Ciocalteu's phenol 

reagent 2 diluted with equal 

volume of distilled water 

solution(c) solution(a) (500ml) and ~solution(b) 

(1iml1) 

Diluted microsomal suspension (1ml) was added to 

solution cC (5ml) and was then mixed thoroughly. After 

allowing to stand at room temperature for 10min, Folin's 

readent (0.5ml1) was added and the mixture was vortexed and 

allowed to stand for further -30min. The absorbance at 

750nm was measured. Bovine serum albumin was used for the
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preparation of standard solutions. 

2.6.3 Analysis for formaldehyde 
  

The amount of formaldehyde generated metabolically was 

quantified by the colorimetric procedure of Nash (1953) 

based on Hantzsch reaction. Aliquots (1ml) of incubation 

medium or formaldedhyde standard solutions was added to 

trichloroacetic acid (TCA) (12.5%,1.5ml). The mixture was 

mixed thoroughly and centrifuged at 4,000g for 20min. The 

clear supernatant was transferred to a test tube followed 

by the addition of Nash reagent (1ml), mixed well and 

heated for 10min at 60°C in a water bath. The reaction 

mixture was then allowed to cool and the absorbance was 

read at 414nm. The standard curve was. constructed using 

freshly prepared formaldehyde solution by dissolving 

paraformaldehyde in 1N NaOH. 

ies + 3 H20 

NH3 

Fig.17 Principle of Nash reaction
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2.7 Cell Culture 

2.7.1 Coulter counter settings   

All cell countings were performed on ZM counter 

(Coulter, Bedfordshire, United Kingdom). The settings were 

as follows: 

Current: 200 

Attenuation: 8 

Lower threshold: 10 

Upper threshold: 99.9 

2.7 .2¢luxk> cell: culture   

TLX5 murine lymphoma cells (2x105/ml) were injected 

into CBA/CA mice intraperitoneally, and cells were passaged 

each week. For in vitro culture, ascites cells (2x106/m1) 

were harvested from animals and rinsed with erythrocyte 

cell lysis buffer, as described in section 2.1.2. The 

cells were vortexed and centrifuged at 2000 rpm for 5min. 

The supernatant was decanted and the cell pellet was gently 

suspended to yield a cell density of 1x105 cells/ml in RPMI 

1640 medium supplemented with 17% horse serum. Cells were 

maintained at 37°C under an atmosphere of air with 10% CO). 

Cells were grown for at least 10 subcultures in order to 

obtain a steady doubling time * in “vitro. For all 
  

experiments, cells were taken from subcultures 10 to 20. 

The sterility of the culture medium was always controlled 

prior to use by incubating an aliquot (5ml) at 37°C for 72 

hours to assess for bacterial growth.



-97- 

2.7.3 Storage of cells in liquid Nitrogen 
  

Confluent cultures of cells were pelleted on a bench 

centrifuge at 2000 rpm for 5min. The supernatant was then 

carefully decanted and the pellet was gently resuspended to 

give a cell density of 2x106/ml in culture medium with 10% 

DMSO. Aliquots (imd)0f aches cel. suspensions wale 

transferred to cryogenic vials and cooled to -8°C for 7hr 

prior to immersion in liquid nitrogen. To reculture the 

banked cells, vials were rapidly thawed and the contents 

were seeded into culture flasks with an addition of 1ml 

culture medium. 

2.7.4 Characterization of cell growth 
  

Cells (1 or 2x104/ml) were seeded into Nunc 24 

multiwell dishes with medium (2ml). Cells were counted 

every day for 6 days using a ZM coulter counter. A 

semi-logarithmic plot of cell number against time was 

constructed to characterize the pattern of growth of TLX5 

cel”: line’ in vitro; The doubling time of TLX5 murine 
  

lymphoma cells was between 12-14 hr.
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2.8 In vitroceytotoxicity assay 
  

2.8.1 Cell growth assay   

The effect of temozolomide and its metabolites and 

metabonates on cell growth was evaluated as follows: Cells 

(2x104/ml) were seeded in 24 multiwell dishes (Nunc). Drug 

solutions were made up in DMSO at different concentrations 

such that the final concentration of DMSO in the culture 

medium was always 0.2% (v/v). Cells were incubated and 

counted after 72hr exposure to the drugs. 

2.8.2 Clonogenic assay : 

The clonogenic assay in soft agar was performed 

according to Bill et al (1988) iain modifications. 

An aliquot of cell suspension (500/ml,2ml) was seeded into 

Nunc 35mm six multiwell dish containing RPMI 1640 medium 

supplemented with 17% horse serum (3ml) and 12% noble agar, 

the final agar concentration in the well was 0.36 and 0.4%. 

2.9 In vitro cytotoxicity assay including a liver 
  

microsomes 

Cells (4x104/ml) were incubated with temozolomide and 

liver microsomes fortified with co-factors (section 2.6.1) 

in RPMI medium with 17% horse serum. Reaction mixtures 

were gently shaken and gassed with sterile air with 10% CO, 

every 15-20min. The cells were washed 2 to 3 times with 

the culture medium to remove the drug, and plated out into 

24 multi-well dishes. Cells were counted as described 

above (section 2.7.4). The results were expressed as
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percentage of the respective Cositscilie which were in the 

presence or absence of micrsomes. The whole procedure was 

performed under aseptic conditions. The dissection 

instruments were sterilized by autoclaving. The sterility 

of the microsomal suspension was assessed after incubation 

with medium for 72hr. ‘Cyclophosphamide was used as 

positive control to validate that the liver homogenate 

fractions were metabolically active. 

2.10 In vitro metabolic studies of temozolomide, DTIC, MTIC 
  

and HMMTIC 

The experimental protocol was identical to that 

deact ibed for the in vitro cytotoxicity assay (section 

2.9). °° Aliquots. (0.5m1) of the incubation mixtures were 

taken, processed and analyzed as described in section 

Asher e. ; 

In case of the experiments using human microsomes, 

human livers were obtained from Dr. Kevin Chipman, 

Department of Biochemistry, University of Birmingham. The 

livers were stored at -20°C and used within one week.



-190- 

2.11 In vivo metabolic studies 
  

2.11.1 Metabolism and total excretion balance studies in 

mice   

2ehi.14.1° Quality " control «.:on the purity and specific 
  

radioactivity of [14C methyl ]temozolomide 
  

The HPLC method described in section 2.4.1 was 

employed to determine the purity and specific radioactivity 

of [14Cmethyl]temozolomide. 

[14c]Temozolomide (4mg ) was dissolved in DMSO 

(O° 25m). This solution was diluted (1.21000): 32 Wisth 

distilled water. The diluted solution (0.05ml) was 

injected onto the HPLC. 

For fraction collection, the HPLC eluent outlet from 

the U.V. detector was connected to a 211-Redirac fraction 

collector (LKB Bromma). Between 100-120 fractions 

(0.3-0.5ml per fraction) were collected. The radioactivity 

of each fraction was counted after the addition of 

Optiphase MP scintillant gel (2ml) using a 2000CA Tri-carb 

liquid scintillation analyzer (United Technologies 

Packard). The presence of the impurities was determined by 

HPLC (section 2.4.1) and by plotting the radioactivity 

measured against the fraction number. 

The purity of the lahelled drug was determined by 

collecting the fraction corresponding to [!4C]temozolomide 

detected by UV (325nm). The eluent was diluted with 

distilled water to which Optiphase MP scintillant gel was 

added for the determination of the radioactivity. Total
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radioactivity of the eluant was determined by disconnecting 

the column from the detector and injecting the diluted 

stock solution (0.05ml) onto the HPLC. The eluant over the 

ensuing 10min was collected and diluted to 10ml with 

distilled water. The diluted solution (2ml) was mixed with 

Optiphase scintillant gel (10-15ml) for the determination 

of the radioactivity. 

2411.12 Drug solution 

Samples of the stock solution of [14C]temozolomide 

(approximately 0.016ml) were diluted with a solution of 

unlabelled temozolomide in sterile normal saline (BP) 

immediately before administration to give a final 

concentration of drug 5mg/ml containing 40pCi/ml 

radioactivity. 

2.11.1.3 Experimental Protocol 
  

Six (Balb/C, male) mice were housed in metabolic cages 

in groups of 2 or individually at 24hr prior to dosing. 

Urine was collected as control. Mice received via the i.p. 

route unlabelled or [14C]temozolomide (40mg/kg, 6-8yCi per 

mouse) (injection volume 0.2ml, based on a 25g mouse). 

Dosing was performed at 9.00 am. Collection flasks were 

immersed in a solution of antifreeze (-5°C to -15°C) and 

HCl CIN, 0; 5m) was added to stabilize the 

imidazotetrazinones. Urine and faeces were collected at 8 

hourly intervals for 72hr. To study the excretion 

balance of radioactivity, air was drawn through by a pump, 

inlet air was filtered by calcium sulphate to remove
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moisture and soda lime to remove CO,. 1!4CO, was trapped by 

2 consecutive flasks with a mixture (20m1) of 

ethanolamine/ethoxyethanol (ita). The system was 

maintained airtight throughout the experimental period. 

Each dose formulation was subjected to quality control by 

scintillation counting. | 

The amount of temozolomide excreted in the urine was 

analyzed by HPLC method as described in section 2.2.1. 

Total radioactivity excreted in urine, faeces, breath and 

remaining in the carcasses was analyzed by scintillation 

counting. Counts obtained were corrected for quenching by 

the external standard ratio, external standard used was 

[4c] hexadecane (Amersham).
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2.11.1.4 Sample Preparation 
  

Prior to. scintillation counting, urine samples 

(0.05ml1) or samples of CO,(0.1ml) were diluted to 1ml with 

water, Optiphase MP scintillant (10ml) was added for 

counting. 

In the case of tissue and faeces, the following method 

of solubilization was employed for sample preparation: 

faeces or carcasses (which had been cut into smaller 

fragments) were weighed and mixed with twice the amount of 

water in a homogenizer bottle. The diluted samples were 

homogenized using a Sorval tissue homogenizer. Samples of 

tissue homogenates (0.05m1) were weighed into glass 

scintillation counting vials. Soluene iene solubilizer 

(1ml) (Packard Ltd., Caversham, U.K.) was added and the 

vials were heated to 50°C in an oven for 2hr. After the 

vials were completely cooled, propan-2-ol (0.2ml)° and 

hydrogen peroxide (0.2ml) were added to each vial. Once 

the effervescence had subsided, the vials were heated for a 

TeUrcoer 2ur at BoPc. After cooling, Beckman E.P. 

Redissolve scintillation fluid (10ml) was added to each 

vial. Samples were counted after 12hr to minimize 

chemoluminesce.
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2.11.2 In vivo murine metabolic studies at LD10 dose 
  

2.11.2.1 Preparation of suspension for oral dosing 
  

Temozolomide (225mg) was accurately weighed and 

immediately transferred to a mortar. The powder was then 

gradually ground into a paste with Tween 80 (0.5ml). 0.9% 

saline (4.5ml) was added to a pre-weighed bijoux pot. The 

sihaseniton was then transferred to a Universal container 

and vigorously agitated in order to attain homogeneity. 

2.11.2.2 Experimental protocol 
  

Each mouse received a dose of temozolomide equivalent 

to 450mg/kg (LD,, dose) by gastric intubation using a 

curved 18G dosing needle of length 1.5 inches fitted to a 

iml syringe. The dose was taken up into the syringe 

immediately prior to dosing and only after the suspension 

had been vigorously agitated. ; A control mouse was dosed 

with 10% Tween 80 in 0.9% sterile saline (the volume was 

based on a 20g mouse receiving a volume of 0.2ml). 

2.11.2.3 Urine collection 

After dosing, mice were housed ina cage and were 

provided with food and water ad libitum. Urine was 

collected over a i12hr period using a purpose-made urine 

contraption situated beneath the cage and direct from the 

mice which underwent cardiac puncture procedure for 

pharmacokinetic experiments.
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2.11.3 Pharmacokinetic and metabolic studies of patients 

2,414.31 EBiigibility of: patients 
  

Patients entering the studies were those who had 

progressive disease after all established therapies for 

that tumour have failed. The age of patients was between 

16-75 years. The performance status of patients was 

between 0-2 on WHO scale (or >60 on Karnofsky scale) and 

the expected survival time should be more than 2 months. 

The minimum haematological requirements were: white blood 

cells count was greater than 4,000/mm3 and platelets 

greater than 100,000/mm3. Normal hepatic and renal 

function as defined by standard liver function tests and 

urea and electrolytes and creatinine. Patients should be 

off all anticancer therapy for a least three weeks (6 weeks 

for nitrosoureas and mitomycin C) and had recovered from 

the toxic effects of prior treatment. 

2.11.3.2 Treatment of patients 
  

Temozolomide was administered to patients i.v. as 

bolous or orally. In. ‘case. 2: Of “i.v- bpolous . infusion, 

temozolomide was provided as a 30mg/ml solution in DMSO in 

sterile ampoules containing 120mg of the drug. Oral 

capsules containing 20mg, 50mg and 100mg were used for 

doses at 200 mg/m? or more. 

2.11.3.3 Collection of blood samples 
  

The following procedures were carried out by Dr. 

Charmaine Quarterman of Aston University. All syringes and
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tubes for the collection of blood samples were pre-cooled 

to 4°C. Blood samples (10ml)were taken via the Venflon, 

an intravenous cannula. Samples were immediately 

transferred to 10ml lithium-heparin tubes. After each 

sampling the cannula was kept patent by the introduction of 

Hepflush (1ml). Prior to subsequent sampling the first 2ml 

of blood was discarded to avoid the possibility of sample 

dilution or contamination. Whole blood or plasma samples 

were acidified with 1N HCl to stabilize temozolomide. The 

samples were then stored at -20°C prior to analysis. 

2.11.3.4 Collection of urine samples 
  

Urine was only collected from patients receiving 

temozolomide by the oral route. The collected urine was 

acidified with 1N HCl (20ml) and stored at -20°C prior to 

analysis. 

2.11.4 Enzymic hydrolysis of urinary metabolites 
  

Enzymic hydrolysis of urinary metabolites was 

performed using urine samples (1ml) diluted and adjusted to 

PH5 with 0.2M acetate buffer containing B-glucuronidase 

(10,000U) or sulphatase (300U). Samples were then 

incubated at 37°C for 17-24 hours.
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2.11.5 Colour test for the presence of glucuronides 

The eluent corresponding to the peak of metabolite I 

obtained on HPLC was collected. Napthorescorcinol crystals 

(approximately 2mg) and concentrated HCl (1ml) were added 

and heated for 3 min. The mixture was cooled. 

Ethylacetate (3ml) was added and the mixture was vortexed 

for <imat The organic layer was analyzed by U.V. 

spectroscopy (190-820nm). A purple coloration at 570nm 

would indictate the presence of glucuronides. 

OH 

R-Glu 

_ 0H 
naphthoresorcinol 

100C 

  

570n_a 

Fig.19 Principle of Tollen's reaction



~ Loos 

2.11.6 Isolation of metabolites 
  

2.11.6.1 Isolation of metabolite If 
  

Samples (200-300ml1) of acidified urine from the 

patient were continuously extracted for three days with 

ethylacetate (see fig.20). The ethylacetate extract was 

concentrated in vacuo and reconstituted with 0.5% acetic 

acid: CLOm1 7: Urinary pigments were removed using Cj, 

Sep-pak cartridges, pre-conditioned with methanol (2ml) and 

0.5% acetic acid (5ml). The crude extract was applied onto 

the cartridges and eluted initially with 0.5% acetic acid 

then 5% methanol: 95% acetic acid (0.5%) and eventually 50% 

methanol: 50% acetic acid (0.5%). fraction was 

analyzed by the HPLC method as described in section 2.4.1. 

Fractions containing metabolite II were pooled. Methanol 

was removed by rotary evaporation in vacuo and acetic acid 

was removed by freeze-drying. The residue were then 

dissolved in 0.5% acetic acid (between 1-3ml). Effective 

purification was achieved by repeated HPLC separations 

using two RP select B column (12.5cm and 25cm).
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2.11.6.2 Isolation of metabolite I 
  

Samples of acidified patient urine (200-400ml) were 

lyophilized by freeze-drying. The brown residues were 

reconstituted with 0.5% acetic acid (between 10-20ml) and 

extracted 7 to, 10: times with ethylacetate at room 

temperature. The ethylacetate extract was concentrated in 

vacuo and reconstituted with 0.5% acetic acid (100ml). 
  

Urinary pigments were removed by repeated solid phase 

extraction using C,, Sep-pak cartridges, which had been 

pre-conditioned as described previously. The crude extract 

was applied onto the cartridges and eluted initially with 

0.5% acetic acid, then 5% methanol in 0.5% acetic acid. 

The presence of the metabolite was confirmed by HPLC. The 

fractions containing the metabolite were pooled, 

freeze-dried and reconstituted with 0.5% acetic acid in 

preparation for further HPLC separation and purification as 

daseribed in ceo Bin Be dui 

The eluant from the HPLC containing the metabolite was 

freeze-dried ara the yellow oily isolate was further 

purified using an anionic exchange column. Dowex I. (Cl~, 

mesh size 100-200) was dissolved in HPLC grade water (5ml) 

and applied to a column (8cm). The resin was washed with 

in. BCL SOM. The anion on the resin was replaced by 

formate by equilibrating the resin with 20 bed volumes of 

1N ammonium formate solution. The column was then adjusted 

to pH6 using formate buffer (0.1N). To assure the 

equilibration, the pH of the eluent from the column was 

measured. 

The metabolite in formate buffer (1ml, pH6) was
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applied to the column. The column was sequentially washed 

with formate buffers (0.1M) with pH values of 6 to 3: 

firstly with buffer (10ml, pH6) followed by (10ml, pH5). 

Two fractions (5ml) of were collected from these two steps; 

finally washed with the buffer (100ml, pH4) and five 

fractions (2ml) were collected. Each fraction was analyzed 

by HPLC. The fractions containing the metabolite were 

pooled and freeze-dried. Ammonium formate was removed 

using a Dowex 50W (H+) cation exchange resin which had been 

pre-conditioned with HPLC grade water (20ml),then by 

reverse phase HPLC utilizing initially a 12.5cm followed by 

a 25cm RP select B columns. The mobile phase was 0.5% 

acetic acid. 

2.11.7 Methylation of Metabolite I 
  

2.11.7.1 Preparation of diazomethane 
  

The following procedures were performed under the 

supervision of Dr. Igor Linhart. Absolute alcohol (5ml) 

was added to a solution of potassium hydroxide (1g) in 

water (1.6ml) in a 100ml round bottom flask fitted with a 

dropping funnel and a condenser. The condenser was 

connected to two receiving flasks in series, the second of 

which contained ether (20ml). The inlet tube of the second 

receiver was placed below the surface of the ether, and 

both receivers were cooled to 0°C. 

The flask containing the alkali solution was heated in 

a water bath to 65°C, and a solution of Diazald (4.3g) 

(Aldrich) in ether (200ml) was added slowly through the
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dropping funnel. When the dropping funnel was empty, 

another portion of ether (20ml) was added slowly and the 

distillation was continued until the distilling ether was 

colourless. 

2.11.7.2 Methylation procedure 
  

The metabolite was dissolved in methanol (1ml) and 

this solution of diazomethane in ether was added. Excess 

amount of diazomethane ethereal mixture was added so that 

the colour of the resultant solution was yellow. A small 

amount of anhydrous calcium chloride was then added and the 

mixture was allowed to stand at 0°C for ihr until the 

solution was clear. The solution was then filtered through 

glass wool in a pasteur pipette. The organic solvents were 

removed in vacuo. The resultant residue was dissolved in 
  

the mobile phase for isolation by HPLC.
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2.12 In vivo pharmacokinetics of temozolomide and DTIC in 

tumour bearing mice 
  

2.12.1 Innoculation of mice with TLX5 lymphoma cells 

Cells were passaged as described in Rect ton. 2.9.-¢.. in 

this study, ascitic fluid (0.05ml) from a mouse was taken 

from the intra-peritoneal cavity. The fluid’ .was then 

diluted to 10mls with sterile saline in order to obtain the 

required cell density (2x106/ml) which was verified by 

counting the cells using a Coulter Counter ZM model. On 

Day 0 of each experiment, eleven CBA/CA female mice were 

-dnnoculated subcutaneously in the left hind leg with the 

final cell suspension (0.1ml). Under these conditions, a 

solid TLX5 tumour was developed at .the site of, the 

innoculation. The mice were then housed in the Animal Unit 

of the institute and provided with food and water ad 

Libs bum: 

  

Fig.21 Diagramatic representation showing the sites of(a) 
tumour innoculation and injection(b)
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2.12.2 Experimental protocol 
  

Mice were dosed intravenously via the tail vein with 

the drug solutions. A control mouse was dosed with 0.9% 

sterile saline, the -volume of which was based on a 20g 

mouse receiving a volume of 0.2ml. In case of the early 

time points, the animals were anaesthetized prior to dosing 

and immediately transferred to the operating theatre for 

cardiac puncture as described below. 

2:12.3 Collection of blood 
  

All blood samples were collected by cardiac puncture 

of the right ventricle. Approximately 7min prior to the 

sample being due, the appropriate mouse was anaesthetized 

using a_ Boyles Apparatus set to administer fluothane (4%) 

with an oxygen flow rate of 500cc/min and a nitrous oxide 

flow rate of 500cc/min. When the animal no longer responds 

to pressure applied to its hind foot pads with blunt 

forceps, the fluothane composition was reduced to 2%. 

Blood samples were collected at 0.08, 0.17, 0.33, 0.5, 1.0, 

1.5, 2.0, 2.5 and 3.0hr after administration of the drug. 

An area of skin covering the thoracic and abdominal 

regions were removed and a transverse cut was made along 

the right abdominal wall immediately below the diaphragm. 

Following this, a cut was made through the right anterior 

diaphragm. Whilst holding the sternum, a vertical cut was 

made along the centre of the thorax so that the heart 

became visible. A syringe (iml), previously rinsed with 

heparin solution (1000U/ml), was inserted into the right 

ventricle and the blood was slowly withdrawn. The mouse
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was killed by ai etocat ian of <its neck, Blood Sephae were 

immediately transferred to microfuge vials (1: 5mi.) 

previously rinsed with heparin solution (1000U/m1). 

Samples were then immediately centrifuged in a Minifuge at 

~20°C at 3500rpm for 2min. A known volume of plasma was 

removed and transferred to microfuge vials which were 

frozen at -20°C prior to analysis (section 2.4.2). 

2.12.4 Collection of tissues 
  

After dislocation of the neck, the tumour surrounding 

the muscle attached to the left femor were removed for 

analysis. Tissues were immediately transferred into a 

bijoux pots previously weighed and tared. Samples were 

then frozen at -20°C until analysis (2.4.2). 

2.12.5 Homogenization of tumour tissue 
  

Preliminary experiments were to determine the presence 

of MTIC in tumour tissue. Sample preparation procedure was 

performed according to that described by Hearse (1984). 

oper tissue (0.02-0.05g) was transferred to microfuge 

vials (1.5ml) which had been pre-cooled in liquid nitrogen. 

The tissue was then pulverized using the apparatus 

(Biomedix,2 West Avenue, Pinner, Middlesex) as illustrated 

tera. 22. The pulverized cold tissue from the previous 

preparative step was homogenized in ammonium acetate buffer 

(0.05M, pH6.7, 1ml). The tumour homogenate (0.1ml) was 

then used for analysis (ike Lae 2). Since MTIC was not 

detected in the tumour tissue, the subsequent experiments 

were designed solely to detect and quantify temozolomide.
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The sample preparation procedure was modified so as 

avoid potential degradation of temozolomide at 

temperature. This was achieved by adding 0.1N Hcl (0.5m1) 

to the tumour tissue. Tumour tissue (0.2-0.3g) in 0.1N HCl 

was then homogenized with distilled water (1.5ml). Tissue 

homogenate (0.25ml) was then extracted twice 

ethylacetate as described in section 2.4.1. 
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Centrifugal micro-homogeniser system. The 

drawings illustrate the polypropylene tube (a) in which 

pulvertsation, homogenisation, extraction and 

centrifugation of a tissue sample is accomplished. The 

polypropylene pestle (b), whichis moulded with the identical 

profile of the lower part of the tube is characterised bya 

hollow shaft with hexagonal core (c), a spin support bar hole 

(d) which is covered by removable rubber sleeve (e), a 

tapered shoulder (f) on the body of the pestle und a cutting 

step(g)atits tip. The pestle can be attached tua mundrel (h) 

via a hexagonal pin (i). 

Fig.22 Diagrams of the centrifugal micro-homogenizer 

system 

with
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2.12.6 Mathematical analysis of pharmacokinetic data 
  

The calculation of the pharmacokinetic parameters are 

described as follows: the rate constants for the 

elimination (k,;) were estimated from the gradients 

generated by linear regression analysis of log 

concentration versus time. The AUC values were estimated 

by trapeizoidal method from 0 to Ses Other 

pharmacokinetic parameters for the model were determined 

from the following equations: 

elimination t,,/2 = 0.693/k,, 

clearance (Cl) = dose/AUC 

volume of distribution (Vd) = Cl/k,., 

Fraction of MTIC generated from temozolomide (fm) was 

estimated by comparison of the AUC and clearance obtained 

for MTIC and temozolomide (Rowlands and Tozer, 1980; 

Gibaldi and Perrier, 1982) 

AUCwtrc/AUCtem = Em - Cleem/Cluric 

2.12.7 Statistical analysis 
  

The analysis of variance was used to test the degree 

of significance.
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3 Results and Discussion 
  

3.1 Analysis of temozolomide in biological fluids 
  

3.1.1 Development of an HPLC assay 
  

In order to study the metabolism and pharmacokinetics 

of temozolomide in vitro and in vivo, an HPLC method was 

used to detect and quantify temozolomide and metabolic 

species possessing an intact tetrazinone ring in biological 

fluids. The HPLC analysis was based on the published 

method developed by Slack et al (1986) with slight 

modifications. 

3.1.2 Validation of the method 
  

In this section of the thesis, the results of the 

experiments are discussed which were designed to establish 

the extraction efficiency, reproducibility, linearity and 

detection limits of the assay. 

The extraction efficiency was 58.4+2.3% (n=6) for 

temozolomide and 93.9+2.6% (n=6) for ethazolastone 

(expressed as percentage of temozolomide being extracted in 

ethylacetate + one standard deviation). The coefficients 

of variation (C.V.) obtained for inter-day and the 

within-day reproducibility of the analysis of temozolomide 

at 35mg/L, 5mg/L and 0.2mg/L were less than 10% , and the 

C.V. for replicate injections for a single sample was 

O..O2e.
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conc within day inter-day 

(mg/L) Cv: Givi: 

So. 35 1.82% 7.5% 

4.29 1.54% 6.8% 

0.25 3.67% 8.2% 

Table 3. Inter- and within-day reproducibility of 

temozolomide 

All the quoted values in table 3 are the means of six 

different determinations. The limit of detection of 

temozolomide was 0.2mg/L a plasma and liver homogenates 

and 0.5mg/L in urine with a_ signal-to-noise ratio of 

greater than 3.0. The calibration curve was linear between 

0.2mg/L to 40mg/L with the correlation coefficient greater 

than 0.99. A typical calibration curve is shown in fig.24. 

The results presented here suggest that this analysis can 

be used to quantify temozolomide reproducibly in biological 

media.
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Fig.23 HPLC chromatogram showing the separation of. 

temozolomide (i) and ethazolastone (ids. 
Mobile phase, 7% methanol in 0.5% acetic acid 
Detection wavelength, 325nm. Flow rate, i. 5ml/min
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Fig.24 Calibration curve for temozolomide using 

ethazolastone as the internal standard
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3.2 Analysis of the benzotriazinones 

3-Methylbenzotriazinone is a ‘structural analogue of 

temozolomide. In order to investigate its metabolism in 

vitro, an HPLC method was developed to detect and separate 

the parent substrate and its putative metabolites, namely 

benzotriazinone, hydroxymethyl- benzotriazinone. 

The benzotriazinones have a lamda,,, between 280 and 

286nm (see fig.26). Therefore, the wavelength 284nm was 

chosen to detect these compounds. Good separation was 

achieved with an isocratic reversed phase HPLC method which 

employed 75% water and 25% methanol. This method was also 

used for isolating the metabolites for subsequent mass 

spectral analyses. Due to its inherent. instability in 

aqueous solution, where it readily decomposed to 

benzotriazinone, hydroxymethylbenzotriazinone was not 

detected by this method. 

N N 
OAs CcHe0H 

0 O 

a b 

: NHe2 

: 
0 

COOH 

Fig.25 Structures of the benzotriazinones 

a) 3-methylbenzotriazinone, b) hydroxymethyl- 
bbenzotriazinone, c) benzotriazinone 
a) antranilic acid (internal standard) 
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Fig.27 HPLC chromatograms showing the separation of 

the benzotriazinones i) benzotriazinone, 

ii) internal standard, iii) 3-methyl- 

benzotriazinone. Mobile phase, 25% methanol and 

75% water. Detection wavelength, 284nm. Flow rate, 

1.5ml/min
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3.3 Analysis of MTIC, HMMTIC, DTIC and temozolomide in 
  

biological fluids 
  

One of the objectives of this thesis is to study the 

mechanism of action of temozolomide (see section 1.4). It 

is postulated that temozolomide is a stable prodrug of MTIC 

(see section 1.3.4). However, direct identification of 

MTIC as an intermediate product of chemical degradation of 

temozolomide has not yet been accomplished by 

chromatographic means. In order to study the disposition 

of temozolomide and DTIC in vitro and in vivo, two HPLC 

methods were developed to allow simultaneous separation, 

detection and quantitation of MTIC, temozolomide, HMMTIC 

and DTIC. 

Initial experiments were conducted to establish the 

relative stability of temozolomide, MTIC and DTIC at 

different pH values in order to choose suitable conditions 

under which the labile imidazotriazenes and tetrazinone can 

be analyzed with sufficient stability. The stability of 

temozolomide and its putative metabonate, MTIC, was 

monitored by diode-array UV spectrometry (section 2.5.1) 

and HPLC (seetcton:..2. €.1):; Fig. 26-. shows. .@:, plot of 

degradation constant (kob) versus pH. It is shown that the 

degradation of temozolomide and MTIC was pH-dependent. At 

37°C, temozolomide was relatively stable at acidic to 

neutral pH (1-7). The rate of degradation increased in an 

exponential manner when the pH exceeded 8. MTIC exhibited 

a triphasic log kob-pH profile at 37°C. In a solution of 

low pH, the drug was extremely unstable, half-life was less 

than 2min. As the pH increased, the rate of degradation of
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MTIC decreased, MTIC was seen to be relatively stable at 

alkaline pH. Previous studies (Horton, 1982) have shown 

that DTIC was stable under acidic and alkaline conditions 

in the absence of light. The results presented here 

indicate that a pH value between 6 to 7 is optimum for the 

analyses of temozolomide, DTIC and MTLC: .: In. “the actual 

analyses, 0.05M ammonium acetate buffer adjusted to pH 6.7 

was used.
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A C,g, reversed-phase column has been used previously 

to detect temozolomide (Slack et al, 1986; Goddard, 1985) 

(see section 3.1) and DTIC (Fiore et al, 1985). Farina et 

al (1982, 1985) also successfully separated dimethyl and 

monomethyl triazenes using this column chemistry. In 

preliminary experiments, the peaks corresponding to’ the 

respective triazenes and tetrazinone were resolved using a 

Cig RP-select B aetund (12.5cem). Since MTIC, temozolomide, 

HMMTIC and DTIC all possess a lamda,,, in the region of 

320nm, @ wavelength 323nm was _ chosen for detection 

(figs.29&30).
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Fig.30 UV spectra of a) DTIC, b) HMMTIC
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Fig. 31 shows a plot of capacity factor (k') versus the 

percentage of acetonitrile present in the mobile phase. 

Methanol was not used as the organic solvent because 

preliminary experiments have shown that temozolomide is not 

stable in the presence of methanol at this pH. It was shown 

that MTIC, temozolomide and DTIC were resolved using 

acetonitrile (5-8%) in ammonium acetate buffer (0.05M, pH 

6.7 ya However, under these conditions, the peaks 

corresponding to MTIC and HMMTIC were not resolved. Since 

MTIC and HMMTIC were sufficiently retained on the column as 

characterized by their capacity factor (k'= 5), a longer 

column was chosen to increase the theoretical plates in 

order to achieve increased resolution (Bombaugh, 1978). In 

order to achieve this goal, a 25cm column was used to 

optimize the separation of MTIC, HMMTIC and DTIC (fig.34).
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Fig.32 HPLC chromatograms showing the separation of 

i) temozolomide, 14) eric, t24) internal standard 

Mobile phase, 5% acetonitrile in 0.05M ammonium 

acetate. Detection wavelength, 323nm. Flow rate, 

1.5ml/min
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Fig.34 HPLC chromatogram showing the separation of 

i) MTIC, ii) HMMTIC, iii) DTIC using a 25cm 

Lichrosorb RP C,g, column : 

1] iv 

il | 

            u 
Berges) HPLC chromatogram showing the separation of 

Py TTC. 4,4.) HMMTIC, dit DTIC. iv) hydroxyethyl - -~ 
benzotriazinone. Detection wavelength, 323nm. 
Flow rate, 1.5ml/min
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For accurate quantitative analysis, the addition of an 

internal standard is desirable. Ideally, the standard 

should be a substance not present endogenously in the 

biological fluids and structurally similar to the compounds 

under examination. In . the case of the analysis of 

temozolomide and MTIC, 3-hydroxyethylbenzotriazinone was 

chosen as the internal standard. This compound was, 

however, not suitable as an internal standard for the 

analysis of DTIC and its metabolites because under these 

conditions, 3-hydroxyethylbenzotriazinone was retained on 

the column, thus increasing the total time for analysis to 

exceed 35min (fig.35). Therefore, an alternative internal 

standard was looked for. METIC and ethazolastone (the 

ethyl analogues of MTIC and temozolomide) were unsuitable 

because they co-eluted with DTIC and MTIC. Metronidazole 

is an antimicrobial agent, structurally similar to the 

imidazotriazenes (see fig.33) and has a_ lamda,,, at 277nm 

(B.F., ° 1980). Fig.36a&b show the separation of MTIC, 

HMMTIC, metronidazole and DTIC using 5% acetonitrile or 5% 

methanol as organic solvent. Using 5% acetonitrile as an 

organic solvent, the peaks of MTIC, HMMTIC, metronidazole 

and DTIC were not well resolved, whereas 5% methanol gave a 

ae resolution of these four component peaks but poor 

peak shape. Often, optimal separation can be achieved by a 

binary organic solvent mixtures (Major, 1976; Krstulovic 

and Brown, 1982). Therefore, by varying the amount of 

acetonitrile and methanol in the organic solvent in the 

mobile phase, an optimal separation of these four component 

peaks could be achieved. Fig.37 shows the separation of
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MTIC, HMMTIC, metronidazole and DTIC using different 

proportion of acetonitrile and methanol in the mobile 

phase. Optimal separation was achieved WIth i107 5% 

methanol, 3.75% acetonitrile and 95% ammonium acetate 

Butter. (0: 05M) pH..6.7) .
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Fig.36 HPLC chromatogram showing the separation of a 

MTIC, ii) HMMTIC, iii) metronidazole, iv) DTIC 

using a) 5% MeCN in ammonium acetate (0.05M) 

b) 5% MeOH in ammonium acetate (0.05M) 

Detection wavelength, 323nm. Flow rate, 1.5ml/min
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Fig.37 HPLC chromatograms showing the separation 

of i) MTIC, ii) ‘HMMTIC,.iii}) metronidazote 
iv) DTIC using a) 1% MeCN/4% MeOH in ammonium 
acetate (0.05M), b) 3.25% MeCN/ 1.75% MeOH 
in ammonium acetate (0.05M). Detection wavelength, 
323nm. Flow rate, 1.5ml/min
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Fig.38 HPLC chromatogram showing the Separation 

of i) MTIC, ii):HMMTIC, iii) metronidazole 
iv) DTIC using 1.25% MeOH/ 3.75% MeCN in ammonium 
acetate (0.05M). Detection wavelenqth: 323nm 
Flow rate: 1.5ml/min
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In order to separate temozolomide and the 

imidazotriazenes from the plasma and to render them 

amenable to analysis by HPLC, a protein-precipitation 

procedure was incorporated in the sample preparation stage. 

The method used was similar to that used by Farina et al 

(1982, 1985) for the analysis of labile dimethyl and 

monomethyl triazenes. Protein precipitation was achieved 

by the addition of ice cold acetonitrile (0.2ml) containing 

the internal standard whilst in the case of the analysis of 

MTIC, HMMTIC and DTIC, an aliquot (0.2ml) of a mixture of 

ice cold acetonitrile and methanol (65:35) containing the 

internal standard was added to precipitate protein. Table 

4 shows the percentage recovery of the drugs after protein 

precipitation. The individual percentages of recovery was 

between 80 to 90%. 

Drugs Percentage Recovery (%) 

temozolomide 93+10% (n=6) 

DTIC 90+7% (n=6) 

MTIC 96+9% (n=6) 

HMMTIC 94+8% (n=6) 

Table 4. Percentage recovery of temozolomide, DTIC 

MTIC and HMMTIC after protein precipitation
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mo... verify.” that... drug was not adsorbed onto the 

precipitated proteins, the percentage of recovery of the 

drugs after protein precipitation was compared with those 

standards prepared by the addition of derivatives to a 

centrifuged plasma-acetonitrile or acetonitrile/methanol 

mixtures. The results obtained showed that adsorption did 

not OScur: 

3.3.1 Validation of the analytical methods 
  

The reproducibility of the analytical assays was 

determined by analyzing each compound at concentrations of 

20mg/L, 10mg/L and 2.5mg/L. The results are tabulated in 

table 5.



ala = 

mg/L Coefficient of Varation 

Drugs conc within-day between-day 

temozolomide 20.26 12% 12% 

POS 4.6% 8% 

203 9.4% 10% 

MILEC 20.44 16% 15% 

10.22 11% 113% 

2.5.0 14% 18% 

DPic 20 113% 10% 

10 8% 10% 

c0 113% 13% 

HMMTIC 20 «3 13% 14% 

£0: 15 10% 7% 

Zee 15% 17% 

Table 5. Inter- and within day reproducibility of 

temozolomide, DTIC, MTIC and HMMTIC
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The coefficient of variation for replicate injections 

from a single sample for temozolomide, MTIC, DTIC and 

HMMTIC were, respectively, 2, 4, 4 and 5% of the mean 

(n=6). The high values of coefficient of variation derived 

from temozolomide, HMMTIC, MTIC could possibly be due to 

their inherent instability. 

Examples of the calibration curves of temozolomide, 

MTIC, HMMTIC and DTIC are shown in figs. 39840. In every 

case, the correlation coefficient for a fit to a straight 

line was greater than 0.98.
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The limits of detection of the compounds under 

examination was established by serially diluting a tata iés 

of the drug in plasma and assaying the diluted samples with 

the LM480 detector at maximum sensitivity. The results are 

shown in table 6. 

drugs conc (mg/L) ng on column 

temozolomide O.2 4 

MITC 0425 5 

DIELC O52 4 

HMMTIC O23 6 

Table 6. Limits of detection of temozolomide, DTIC, 

MTIC and HMMTIC 

As shown above, in general, the minimum concentration 

that could be detected was between 0.2 to 0.3mg/L witha 

signal to noise ratio of greater than 3. This corresponds 

to 4 to 6ng on column. 

The principal problems associated with the development 

of the quantitative assay was the inherent instability of 

the compounds in biological media. The problem was largely 

overcome by keeping the time for analysis to a minimum. In 

the case of temozolomide and MTIC, the retention times were 

3 and 5min respectively. HMMTIC and MTIC had the retention 

times of 6 and 8min respectively. To increase stability, 

the samples were processed in ice/water and stored at -20°C 

after sample preparation. ‘In all analyses, the samples 

were manually injected onto the HPLC column instead of
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using the autosampler, which was not equipped with a 

refrigeration unit. Fig. 41 shows that temozolomide, 

MTIC, HMMTIC and DTIC were stable even 8hr after sample 

preparation at -20°C. The HPLC methods described in this 

section are specific, reproducible and sensitive for the 

analysis of temozolomide and labile imidazotriazenes such 

as MTIC and HMMTIC. The total run time for both analysis 

was 20min and the component peaks were sufficiently 

resolved. 
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Fig.41 Stability of temozolomide (a), MTIC ( a), 
HMMTIC’ ( ¢), DEIC. (q@) at -20°C after 
sample preparation (n=2)
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3.4 Stability of temozolomide and MTIC in biological media 
  

The stability of temozolomide and its metabonate, MTIC 

was monitored by diode array UV spectrometry or HPLC as 

described in the methods and materials section (2.4.1). 

Figs 42 and 43, show the degradation at 37180 or 

temozolomide and MTIC in phosphate buffer (pH 7.4, 0.1M), 

RPMI supplemented with 17% horse serum, the tissue culture 

medium for TLX5 cells and human plasma. In _ phosphate 

buffer, temozolomide decomposed according to first order 

kinetics which was ay by regression analysis 

(fig.42). The apparent t,,, of temozolomide in phosphate 

buffer was 100min. The degradation of temozolomide in 

tissue culture medium and human plasma deviates slightly 

from first order kinetics. In both cases, the residual 

points were not randomly scattered along the regression 

line. This: result indicates’ that .there jis «a. (greater 

standard error of the estimate along the regression lines 

of y (percentage of temozolomide remaining) and on x (time) 

of these two media when compared with that phosphate 

buffer. Since the calculated correlation coefficient was 

greater than 0.98, the data obtained were treated 

mathematically as if they followed first order kinetics. 

The apparent t,,2 thus calculated were 50min for tissue 

culture medium and 30min for human plasma. The tj ,2 of 

MTIC computed in this study was 2min for both phosphate 

buffer and tissue culture medium.
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Figs.44 and 45 show the UV spectra of temozolomide and 

MTIC. The spectra were recorded in the dark, the one of 

temozolomide at pH10 (fig.44) and the one of MTIC at pH7.5 

(fig.45). On«<the. basis: of .what: is known. about “the 

chemsitry of imidazotetrazinones (Stevens et al, 1984; Baig 

and Stevens, 1987) and of the arylalkyltriazenes (Vaughan 

and Stevens, 1978), one can assume that the degradation 

end-product of both compounds is AIC. AIC peaseckee a UV 

lamda,,, at 270nm. Such a maximal wavelength is observed 

in the solutions of both degraded temozolomide and MTIC 

(figs.44 ands 453) < In the case of temozolomide, 

decomposition occurs rapidly at alkaline pH (fig.44). 

During decomposition, the lamda,,, of temozolomide appears 

to undergo a_ slight shift to 324nm. Also the position of 

the isobestic point changes during degradation of 

temozolomide. It has been outlined previously in the 

introduction that chemical experiments have suggested the 

intermediary of MTIC in the decomposition of temozolomide 

(see also section 3.8). MTIC has a UV lamda,,, at 320nm 

(fig.29). The shift in wavelength by 4nm observed in the 

spectra of temozolomide during decomposition is consistent 

with the interpretation that the spectrometer records the 

absorption of a mixture of temozolomide and MTIC during 

temozolomide decomposition and that the resultant spectrum 

is the envelope of the spectra of both compounds at rapidly 

changing concentration ratio.
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3.5 Comparison of the in vitro cytotoxicity of temozolomide 
  

and its metabonates, MTIC and AIC 
  

In this part of the thesis, the in vitro cytotoxicity 

of the putative metabonates of temozolomide is described. 

Fig.47 shows the growth curve of TLX5 murine lymphoma cell 

in vitro at different initial seeding cell densities. The 

doubling time calculated from the growth curve was between 

14+2hr. Fig.48 shows the effect of continuous exposure for 

72hr to temozolomide, MTIC and AIC on TLX5 cell growth. In 

fig.48, temozolomide, MTIC are shown to inhibit cell growth 

in a dose-dependent manner. The LOE; obtained 

graphically, of temozolomide and MTIC were 5.8+1.7mg/L 

(30+6pM) and 12.5+4mg/L (75+24yM) respectively. AIC had 

little effect on cell growth. One possible explanation for 

the difference in cytotoxicity between MTIC and 

temozolomide is that MTIC is even more labile than 

temozolomide, t,,. is 2min at 379°C in tissue culture 

medium, compared with 50min for temozolomide.
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3.6 Comparative in vitro metabolism of temozolomide and 
  

3-methylbenzotriazinone 
  

3.6.1 Introduction 

The in vitro biotransformation of aryltetrazinone and 

aryltriazinone is virtually unknown (see section 1.4). In 

this section of the thesis, the in vitro metabolism of 

temozolomide and its structural analogue, 

3-methylbenzotriazinone is discussed. In particular, the 

hypothesis is tested that the N-methyl group undergoes 

metabolism to the corresponding stable N-hydroxymethyl 

derivative. It is well-documented that N-methyl compounds 

are metabolized by oxidation of the methyl group to 

generate a carbinolamine (reviewed by Ross, 1982; Overton 

et at, «19857. The monomethyltriazene, ~ derived from the 

metabolism of 1-(4-acetyl-phenyl)-3,3- dimethyltriazene has 

been shown to undergo further metabolism when incubated 

with 9,000g supernatant fortified with co-factors (Farina 

et al 1962, 1985) (see fig.49). It was speculated that the 

monohydroxymethyltriazene might be a metabolite but this 

species has not been identified. Farina et al (1982) 

suggested that such a species may be a candidate for the 

"truly ultimate selective toxic species". The cytotoxicity 

of such a species can be explained by that certain 

N-(hydroxymethyl)-amines and -amides can form potentially 

electrophilic imines or iminium ions (reviewed by Overton 

et al, 1985, see section 328.2) and therefore, can react 

with nucleophiles present in target tissues, for example, 

tumour tissue. Both temozolomide . and 

3-methylbenzotriazinone are structural analogues of a
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monomethyltriazene arranged ina stable cyclic form. It 

is, therefore, of interest to investigate the in. . vitro 

biotransformation of these two compounds in order to 

support or refute the hypothesis that N-hydroxymethyl 

derivative is formed.
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Fig.49 Proposed metabolic pathway of 1-(4-acetyl-phenyl)- 
3,3-dimethyltriazene
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3.6.2 Results 

Microsomes, 10,000g post-mitochondrial cytosolic 

fraction and whole liver homogenate were used to 

investigate the in vitro metabolic fate of temozolomide. 
  

The disappearance of the substrate with time was measured 

by reversed phase HPLC as described in section 2.4.1. ec 

was found that there was no difference between degradation 

rate of temozolomide in the presence or absence of viable 

liver preparations (figs.51, 52 and 53). The disappearance 

of the substrate due to chemical degradation was shown in a 

parallel study in which the disappearance of the substrate 

in the mixtures containing phosphate buffer with or without 

deactivated liver preparations were compared. Using this 

HPLC assay, the degradation end-product, AIC, could not be 

detected because the incubation mixture was deproteinized 

and quenched by acid prior to extraction, therefore AIC 

would remain in the aqueous phase during the extraction 

process.
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Fig.50 HPLC chromatogram showing the degradation of 

temozolomide in the presence of liver microsomes 

fortified with NADPH after a) Omin, b) 20min 

incubation
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Fig.51 Time course of disappearance of temozolomide in 
the presence of a) viable microsomes (++), 
b) boiled microsomes (-»), c) in phosphate 
buffer (-e) at 37°C (n=4).° C.V- of each data 

point was less than 10%
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The production of formaldehyde during 

N-demethylation is conveniently measured by the 

colorimetric procedure described by Nash (1953). int: tuts 

study 7. it was impossible to measure the amount of 

formaldehyde found during the in vitro metabolism of 

temozolomide possibly because MTIC and diazoIC interfered 

with the the Nash reagent in that they yielded a yellow 

colour solution. A speculative mechanism by which triazene 

could react with Nash reagent has been proposed by M.D. 

Threadgill (personnal communication) and outlined in 

fia .54, 

CONHea 
at H robes: 
N ee 

2 NOE CHS : 

NH 

0 0 0 OH 

Bieely Ms RtG CH EtO CH3 3 

CH3 

CONH. 9 4 ae 

ce OEt OEt 

Fig.54 Proposed chemical reaction of MTIC with Nash 
reagent (Dr.. M.D. Threadgill)



Loo = 

Under conditions identical to those described in the 

case of temozolomide, the incubation | of 

3-methylbenzotriazinone with microsomes fortified with 

co-factors produced two metabolites. One of them had the 

retention time identical to that of benzotriazinone (5min). 

Figs.57 shows the generation of this metabolite over 60min 

incubation time. The identity of this metabolite was 

confirmed by comparison with authentic benzotriazinone 

using CIMS analysis (fig.59). Benzotriazinone possesses a 

molecular weight of 147, as shown by the molecular ion 

MH+148. The fragment m/z 120 indicates a loss of 28 mass 

unit from the molecular ion MH+t148; probably as a result of 

the cleavage of the triazinone ring leading to the loss of © 

cC=0 (fig.59). A metabolite, with a retention time of 

1.8min was also found in the incubation mixtures. it.is 

apparent that its formation is enzymically catalyzed 

because the metabolite was not present in the incubations 

with deactivated microsomes. The identity of this 

metabolite was elucidated by collecting the eluent from the 

HPLC for CIMS analysis. As shown in fig.60, the metabolite 

gave a fragment ion with the highest intensity value 123 

identical to benzoic acid. The presence of the fragment 

ion m/z 106 indicates the loss of a hydroxy group, 

presumably from the carboxylic acid group. Benzoic acid 

had a retention time of 8.5min using the same HPLC method, 

suggesting this metabolite is not benzoic acid. The ion 

m/z 123 might be a stable fragment of the metabolite on the 

CIMS. High field NMR analysis was attempted but failed to 

give an interpretable spectrum due to insufficient
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material. No further attempt was made to characterize this 

metabolite. In all in vitro incubations, other metabolites 
  

were not identified when the pH of the incubation mixtures 

were adjusted to pH 2-3 and re-extracted after the initial 

extraction at pH 7.4 had been performed. This result 

implies the absence of phenolic metabolites which may have 

been ionized at pH 7.4 and thus may not have been removed 

during the first extraction. The metabolite with a 

retention time of 1.8min was not extractable into the 

ethylacetate layer under the acidic condition (fig.56).
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hich 
tik: 

Fig.55 HPLC chromatograms of a) a mixture of standards 

of benzotriazinones, and of extracts of 

suspensions of fortified microsomes with 

3-methylbenzotriazinone after b) Smin and 

c) 10min incubation 
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Fig.56 HPLC chromatograms of a) an acidic extract of an 

incubation of 3-methylbenzotriazinone and b) 

an incubation of 3-methylbenzotriazinone in the 

presence of deactivated microsomes
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Fig.57 Time course of the metabolic formation of a 
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3.6.3 Discussion 

In this study, it was found that temozolomide is not 

metabolized in vitro by liver fractions and that chemical 

degradation plays a vital réle in the in vitro fate of the   

drug. In contrast, under incubation conditions as_ the 

those described for temozolomide, 3-methylbenzotriazinone 

was metabolized in vitro by microsomal enzymes to afford 

benzotriazinone, presumably via the Teaeaio intermedate 

hydroxymethylbenzotriazinone (fig.61),. Preliminary 

experiments have shown that authentic 

hydroxymethylbenzotriazinone was not stable in aqueous 

medium and readily decomposes to form benzotriazinone. 

Therefore, it is conceivable that the hydroxymethyl species 

generated as a result of initial hydroxylation of the 

methyl carbon undergoes the same reaction in vitro. The 

mechanism possibly involves the transfer of the hydroxyl 

proton to the carbonyl oxygen via a six membered cyclic 

transition state resulting in the elimination of 

formaldehyde (fig.61), a mechanism which has been proposed 

previously by Ross et al (1983) and Tanaka et al (1972).
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3.7.1 In vitro cytotoxicity bioassay in the presence of 

liver microsomes 
  

The in vitro cytotoxicity bioassay used in this study 

was a modification of that devised by Dolfini et al (1973) 

and Horspool (1988) (see section 2.9). This bioassay is 

designed to test if a compound undergoes bioactivation 

mediated by the liver mixed function oxygenases. In this 

case, the bioassay was performed using temozolomide, DTIC, 

HMMTIC and MTIC as substrates. Fig.62a shows the results 

of the cytotoxicity bioassay of temozolomide in the 

presence of microsomes. Cyclophosphamide was used as the 

positive control in all experiments. It was shown that an 

incubation of the cells with temozolomide and microsomes 

did not result in a significant difference in inhibitory 

effect on cell growth when compared with the the cells 

incubated without microsomes. Cyclophosphamide was 

activated by microsomes causing a decrease in cell number 

by  §O7+7% (fig.62):. Incubating temozolomide with the 

10,000g supernatant resulted in a significant decrease in 

cytotoxicity when compared with cells treated with the drug 

in the absence of the 10,000g supernatant (fig.63). The 

likely explanation for the decrease in cytotoxicity is that 

the toxic metabolites of cyclophosphamide and temozolomide 

are inactivated by glutathione or proteins in the cytosolic 

fraction. The results presented here show unambiguously 

that temozolomide does not undergo metabolism in vitro by 

liver fractions to generate a more cytotoxic species. 

Unlike temozolomide, DTIC requires metabolism to exert 

its antineoplastic activity in vitro. In the absence of
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microsomes, DTIC was not toxic but in their presence, DTIC 

brought about a significant decrease in cell growth ina 

concentration-dependent manner (fig.62). In addition, like 

cyclophosphamide, the cytotoxicity of DTIC towards TLX5 

cells was an NADPH-dependent reaction (fig.65). This 

result strongly suggests the involvement of hepatic mixed 

function oxygenases (MFO) in the bioactivation of DTIC and 

cyclophosphamide (fig.64) because during MFO reaction, 

reducing equivalents derived from NADPH and Ht are required 

to catalyze the hydroxylation reaction (Gibson and Skett, 

1986). The metabolites of DTIC, namely HMMTIC and MTIC do 

not require metabolic activation to exert their 

antineoplastic action in vitro. These results seem to 

suggest HMMTIC is either active itself or may be a stable 

prodrug of MTIC- that is, upon chemical decomposition, MTIC 

is generated with the concomitant release of sprnbicstede 

(see sections 1.2.2 and 3.8). As outlined earlier, Farina 

et al (1982 and 1986) suggested that 

1-(4-acetyl-phenyl)-3-methyltriazene was metabolized and 

possibly bioactivated by liver monoxygenases. On the basis 

of the results obtained in this study, it seems that the 

hypothesis postulated by Farina et al (1982,1986) does not 

hold true for the monomethyltriazene, i.e. MTIC, used in 

this study.
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-184- 

3.7.2 In vitro cytotoxicity of formaldehyde towards TLX5 
  

cells 
  

The oxidative metabolism of N-methyl compounds leads 

ultimately to the generation of formaldehyde. Formaldehyde 

is mutagenic (Rapoport, 1946; Auerbach et al, 1977) and 

carcinogenic (Nature, 1979; Swenberg et AL," 1980) 

Furthermore, it has been shown that formaldehyde is 

cytotoxic in vitro towards the murine L1210 leukaemia, 
  

causes DNA strand-breaks and DNA-protein cross links (Ross 

et. al, 1980). The metabolically-generated release of 

formaldehyde has been implicated in the antitumour activity 

of some N-methyl antineoplastic agents (Rutty and Connors, 

BOT]: Rutty and Abel, 1960)... it was, therefore, thought 

that the increase in cytotoxicity of DTIC observed in the 

presence of microsomes and co-factors may be at least in 

part due to the production of formaldehyde generated as the 

product of the oxidation of one of the N-methyl groups. In 

order to test this hypothesis, the cytotoxicity of 

formaldehyde towards TLX5 cells was evaluated. The 

experimental protocol was identical to that conducted in 

eection 3.7.23 Formaldehyde was generated in situ by 

treatment of paraformaldehyde with NaOH. The concentration 

of formaldehyde present was pcraniiesea by using a 

colorimetric method based on that by Nash (1953)(see 

section 2.6.3). As seen in fig.66, the growth of cells was 

not affected by exposure to formaldehyde up to 132pM: this 

is a concentration higher than that would be theoretically 

achievable when 20-25% of DTIC at 80mg/L was metabolized. 

This result suggests that formaldehyde does not cause the
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3.7.3 Discussion 

The use of this in vitro model system provides some 

useful information of cytotoxicity of drugs which require 

metabolic activation by hepatic mixed function oxygenases. 

However, the use of this in vitro model is open to 
  

criticism because there are often other metabolic processes 

in vivo which are not present in vitro. In the present 
  

study, it is clearly demonstrated that temozolomide, MTIC 

and HMMTIC do not require bioaseivation to exert their 

antineoplastic activity in vitro. SPic, ine: contrast, is 

metabolically activated to a cytotoxic species in vitro. 

In addition, the cytotoxicity of DTIC, when incubated with 

hepatic microsomes, cannot be accounted for by the 

production of formaldehyde. It has been postulated HMMTIC 

and MTIC are the products of metabolism of DTIC (see 

introduction 1.2.2). Therefore, it is.likely that these 

metabolites are produced in vitro. Since HMMTIC and MTIC 

are cytotoxic species in their own right, it could be via 

either one or both of these compounds DTIC exerts its 

cytotoxicity in vitro. The result obtained in this study 

concerning DTIC broadly concurs with that obtained by 

Metelmann and Von Hoff (1983). In that study, the authors 

used L1210, B16 and human malignant melanoma cells to 

evaluate the cytotoxicity DTac in the presence of 

microsomes as determined by colony formation. In the 

presence of microsomes and co-factors, it was found that 

DTIC caused a decrease in formation of colonies by more 

than 10% (L1210), 11% (B16) and 26% (human malignant
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melanoma) at a concentration ipg/ml. Light was apparently 

not excluded in that study. It seems that DTIC appears to 

be more cytotoxic towards these cells than TLX5 cells or 

alternatively “the observed cytotoxicity is a composite 

effect of microsomal activation and light, which was 

excluded in the work described here. The results described 

above suggest that temozolomide exerts its antineoplastic 

activity via MTIC, and the identification of this species 

was attempted to support this contention.
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3.8 In vitro metabolism studies 
  

In this part of the thesis, the hypothesis was tested, 

by HPLC methods (see section 2.4.2), that MTIC is 

responsible for the in vitro cytotoxicity of DTIC and 

temozolomide. Fig.67 shows the HPLC chromatogram of an 

extract of the products of the microsomal incubation of 

temozolomide. One of the peaks was unchanged temozolomide. 

In addition, a peak had a retention time identical to that 

of authentic MTIC was present on the chromatogram. MTIC 

was also found in the incubations omitting microsomes. 

Figs.68a&b show the time course of: degradation of 

temozolomide and production of MTIC. The leas, of 

temozolomide obtained in this study was in agreement with 

that obtained in the chemical stability studies (see 

section 3.4). The AUC, calculated by trapezoidal rule, of 

temozolomide (20mg/L)in the presence. and absence of 

microsomes were 990+97 and 1026+30 mg.min/L respectively. 

The AUC of MTIC produced over 60min incubation time were 

67+9 mg.min/L in the presence of microsomes and 73+10 

mg.min/L in the absence of microsomes. Since ‘the rate of 

degradation of temozolomide, and the AUC of temozolomide 

and generated MTIC were identical under both conditions, 

the generation of MTIC from temozolomide seems to be 

chemically mediated.
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Fig.67 HPLC chromatograms of a microsomal incubation 

a) omitting, b) in the presence of temozolomide 

(20mg/L), c) of an incubation of temozolomide 

in the absence of microsomes. i) temozolomide, 

ii) MTIC and iii) internal standard 
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Analysis of microsomal incubation mixtures of DTIC 

afforded three peaks (fig.69), one of which co-eluted with 

unchanged DTIC. Another two co-eluted with HMMTIC and 

MTIC. The production of these metabolites was dependent 

upon the presence of O, and NADPH. Fig.70 shows the time 

course for the production of MTIC using mouse and human 

microsomes. The AUC of MTIC produced from DTIC (40mg/L) 

were li+2 mg.min/L/mg of microsomal protein (108+19 

mg.min/L) and 7+1 mg.min/L/mg of microsomal protein (78+6 

mg.min/L) respectively in mouse and human microsomal 

incubations. The data presented here indicates that mouse 

microsomal enzymes might be more efficient in catalyzing 

N-demethylation in comparison with human preparations. 

Certainly, more experiments are required to support this 

contention. Nevertheless, these results are broadly in 

agreement with the in vivo data obtained by Rutty et al 

(1981).
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Fig.69 HPLC chromatograms of a microsomal incubation 
a) omitting, b) in the presence of DTIC (iii) 
(40mg/L) showing the presence of HMMTIC (ii) 
and MTIC (i)
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Incubation HMMTIC in tissue culture medium afforded 

two peaks which co-eluted with MTIC and HMMTIC. Fig.72b 

shows the time course of production of MTIC from HMMTIC and 

fig.72a shows the degradation of MHMMTIC. The 6, ,2.~0f 

HMMTIC in tissue culture medium was 16+2min.
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The metabolism of MTIC was also studied in the 

presence and absence of microsomes. The disappearance of 

the substrate in microsomal incubations was monitored up to 

20min and compared with -that in incubations without 

microsomes. MTIC readily decomposed in the incubation 

medium with a t,,, 5.5+0.5min and no MTIC was detectable 

after 15min (fig.73). The rate of degradation of MTIC in 

the presence of viable microsomes was not significantly 

different from that in the absence of viable microsomes. 

In addition, the AUC of MTIC (20mg/L) in the presence and 

absence of microsomes were respectively 129.2+4 and 125+10 

mg.min/L. These results show that MTIC is not a substrate 

for metabolism in vitro.
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3.8.1 Investigation of the release methyl isocyanate from 

temozolomide 

As outlined in the introduction, cleavage of the 2,3 

and. 4,5 . Beads: of temozolomide would generate methyl 

isocyanate, which has been implicated in the cytotoxicity 

of: nitrosoureas, such as CCNU and BCNU towards TLX5 

lymphoma cells (Gibson and Hickman, 197-9%).2 Methyl 

isocyanate has been postulated as a reactive hepatotoxic 

intermediate of experimental antitumour agent 

N-methylformamide in mouse hepatocytes (Shaw et al, 1988 

and Shaw, 1988), presumably by its ability to carbamoylate 

intracellular proteins. Its glutathione conjugate, 

a 
—e 

COOH 

COOH 

a S- (N-methylcarbamoy1) glutathione 

“py sHCN=C—0 

b N-methyl formamide © Methyl isocyanate 

Fig.74 Structure of a) S-(N-methyl-carbamoy1) - 
glutathione, b) N-methylformamide and c) methyl 
isocyanate
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S-(N-methylcarbamoyl)glutathione, has been synthesized 

(Threadgill ef 2a, 1987; Han “et 31,728 preparation). It 

was found that this conjugate was cytotoxic towards TLX5 

cells and hepatocytes, perhaps due to its ability to 

liberate methyl isocyanate (Han et al). Segal et al (1989) 

have shown that methyl isocyanate can form methylcarbamoyl 

adducts with adenine and cytosine; moreover, the reaction 

of methyl isocyanate with calf thymus DNA yielded N* 

methylcarbamoyl adduct with cytosine (Segal et al, 1989). 

In view of the potent toxicity of methyl isocyanate, the 

hypothesis was tested if methyl isocyanate is generated 

chemically from temozolomide. The experimental set-up was 

a modification of that reported by Newman and Farquhar 

(1987). Methyl isocyanate was derivatized and measured as 

N-methyl propyl carbamate by GC. | 

Experiments were conducted using caracemide 

(NSC-253272), a compound known to generate methyl 

isocyanate (Newman and Farquhar, 1987) as a positive 

CONnELO 1. 

i i ; G i 
ee —> Se ee cage eel 

a a! H 

eC + 

caracemide (NSC-253272) 
3HC—N—C—O 

Fig.75 Proposed chemical generation of methyl isocyanate 
from caracemide (NSC-253272)
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Indeed, after incubating with phosphate buffer for 

30min, methyl isocyanate was formed from caracemide (20mM). 

The concentration of substrate used in these experiments 

was high in order to increase the detectability of reactive 

methyl isocyanate. Under identical incubation conditions, 

temozolomide did not liberate methyl isocyante (fig.76). 

The results presented here establish that methyl isocyanate 

is unlikely to be a product of the chemical degradation of 

temozolomide.
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  UraS 
Fig.76 GC chromatograms of an incubation of a) DMSO 

b) caracemide (20mM) and c) temozolomide (20mM) 
The arrow indicates the presence of a carbamoylat- 
ing species
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3:8. 2... Discussion 

The formation of MTIC from DTIC, temozolomide and 

HMMTIC was determined in mixtures incubated for periods of 

60min under conditions identical to those used in the 

bioassay (section 2.7 and 3.7). 

The results presented here establish that MTIC 1 

formed from DTIC, temozolomide and HMMTIC. In the case of 

DTIC, MTIC is. formed only in. the presence of viable 

microsomes fortified with co-factors whilst in the case of 

temozolomide or HMMTIC, MTIC is liberated by chemical 

degradation. The AUC for temozolomide and MTIC either in 

the presence and absence of microsomes were not 

significantly different, tngtdating that the release of 

MTIC was a chemical process. It has been postulated that 

temozolomide is a stable prodrug of labile 

monomethyltriazene MTIC (Stevens, et al, 1987). Indeed, 

this study leaves no doubt that MTIC is generated from 

temozolomide upon chemical degradation. In addition, 

methyl isocyanate is unlikely to be a product of chemical 

degradation; this result is congruent with the biochemical 

studies conducted on mitozolomide (Horgan and Tisdale, 

1984). ay -theac. study, it was shown that glutathione 

reductase, chymotrypsin and gamma-glutamyltranspeptidase 

were not inhibited by mitozolomide, suggesting an absence 

of carbamoylating species. The extent of generation of 

MTIC either chemically from temozolomide or metabolically 

from DTIC corresponds to the degree of cytotoxicity seen 

with the equivalent amount of MTIC incubated on its own 

(fig.77). Furthermore, MTIC is not a substrate for further
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metabolic activation. One can therefore argue that it is 

via MTICc. that temozolomide and DTIC exert their 

cytotoxicity at .least in vitro. However, there is no 

correlation between the extent of MTIC formed from HMMTIC 

with its in vitro cytotoxicity, -indicating that MTIC alone 

cannot be accounted for the cytotoxicity of HMMTIC in 

vitro. It has been suggested by some workers that 

N-(hydroxymethy1 ) compounds may be the ultimate or 

proximate cytotoxic metabolites of dimethyltriazenes 

(Vaughan et al, 1984). Certain N-(hydroxymethyl)-amines 

and -amides related to N-(hydroxymethyl)-N- methyltriazenes 

have the ability to form potentially toxic electrophilic 

imines or iminium ions either themselves or. after 

conjugation (reviewed by Overton et al, L985) (tig. 78). 

The difference between the cytotoxicity of 

hydroxymethyl-methyltriazenes and monomethyltriazenes may 

be due to that hydroxymethyl-methyltriazenes, in theory, 

are capable of forming an iminium ion (Soloway et al, 1983; 

Hemens et al, 1984)). However, there is no previous 

evidence to suggest the formation of an iminium ion from 

the hydroxymethy-methyltriazenes can occur under 

physiological conditions. However, it has been shown that 

such a reactive moiety is formed during chemical reactions 

of acetate and benzoate esters of 

N-(hydroxymethyl)-methyltriazenes (Hemens et at)... 1984) 

(fig.79). :
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3.9 Studies of the metabolism of temozolomide in vivo 
  

Temozolomide does not undergo metabolism when 

incubated in vitro with liver fractions. Instead, chemical 

decomposition seems to play an important rdéle in its in 

vitro cytotoxicity towards TLX5 cells (see sections 3.6, 

3.7 and 3.8). The preparation of subcellular fractions, 

such as microsomes or 10,000g supernatant, used in the in 

vitro metabolic studies bears little resemblance to the 
  

physiological conditions in vivo in intact animals. In 
  

order to test the hypothesis that temozolomide is also 

metabolically inert in vivo, metabolism studies were 

carried out in patients who entered the phase I clinical 

study and in mice using [1!4C]methyl labelled and unlabelled 

temozolomide. The studies were designed to identify i) the 

major route of excretion and ii) the nature of potential 

biotransformation of the drug. The amount of radioactivity 

was auanti ited by scintillation counting and the amount of 

unchanged drug excreted in urine was measured by the HPLC 

method described in section 2.4.1. 

3.9.1 Excretion of drug-derived radioactivity 
  

Fig.80 shows the time-course of the cumulative 

excretion of drug-derived radioactivity in the urine and in 

expired air. Fig.81 shows the time-course of the 

cumulative excretion of unchanged teneecionide in urine 

over * a périod of /2hr. The majority of the dose was 

eliminated in the first 16hr (figs.80 and 81). Renal 

‘excretion was the major route of elimination and accounted 

for 52+7% of the injected radioactivity and 39+6% was due
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to the unchanged drug (fig.82). The percentage of the dose 

expired as 14CO, was 30+9%. In addition, a small amount of 

radioactivity was also detected in the faeces (3+3%) and 

the carcass (8+2%).
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3.9.2. Characterization of urinary metabolites 
  

In order to gain insight into the chemical nature of 

possible biotransformation products, urine samples obtained 

from mice and patients were analyzed by HPLC, TLC and 

combined HPLC/radiochromatography. Fig.83c shows the HPLC 

chromatogram of an ethylacetate extract of a urine sample 

from amouse, which had received a single i.p. dose of 

temozolomide (40mg/Kg). Fig.83b shows the chromatogram of 

the same sample omitting the internal standard. Fig.83a 

shows the HPLC chromatogram of an ethylacetate extract of a 

urine sample collected 24hr prior to administration of the 

drug. As shown in fig.83b&c, temozolomide was identified 

in the urine on the basis of chromatographic retention 

time. In addition, its UV absorbance at four wavelengths 

(280, 300, 320 and 350nm) was indistinguishable from that 

of authentic temozolomide. There were no other peaks found 

in the extract. However, a major urinary product was 

detected on THC autoradiography and 

HPLC/radiochromatography. This urinary product had a 

retention. time~ of 1.8min  (fig.84).. Since it . was “not 

detected using the UV detector at 325nm, a wavelength near 

to the lamda,,, of temozolomide, it is unlikely that this 

compound closely resembles temozolomide in structure.



oLe~ 

ts
 

    
  

        Ll 
Fig.83 HPLC chromatograms of an ethylacetate extract of a urine sample a) collected 24hr prior to drug administration, b) collected 24hr after dosing omitting the internal standard c) with the internal standard. i) temozolomide, ii) internal standard. Mobile phase, 5% methanol in 0.5% acetic acid (15min) followed by washing Period (20min) with 40% methanol in 0.5% acetic acid. Detection wavelength, 325nm. Flow rate, ~ Iml/min 
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An alternative explanation for the inability to detect this 

compound at 325nm may be that the concentration of this 

product was well below the detection limit (0.5mg/L). 

Horton (1983) has shown that monomethyltriazenes can 

interact with glutathione and speculated that the ultimate 

end-product is S-methylglutathione (fig.85). Temozolomide, 

upon chemical decomposition, generates MTIC (section 

3.7.1). Therefore, S-methyl-N-acetyl-cysteine is a likely 

candidate for the material found in the urine. The 

synthesis of this compound was attempted initially by 

reacting S-methyl-cysteine with excess acetic anhydride at 

room temperature for 3 days in the presence of pyridine. 

This synthetic route was not satisfactory in that it was 

difficult to separate the product from pyridine during the 

purification stage. Thomson et al (1963) synthesized 

S-ethyl mercapturate as a potential urinary metabolite of 

bromoethane. In accordance with the method used by Thomson 

et. al (1963), S-methy-N-acetyl-cysteine was synthesized by 

reacting S-methyl-cysteine with excess acetic anhydride in 

the presence of 4N NaOH. Fig.86 shows the high field NMR 

spectrum of S-methyl-N-acetyl-cysteine. A .singlet at 

1.85ppm, with an integration value equivalent to 3 protons, 

indicates the presence of an acetyl group. 

0 

a Ss Gly 

G1luNH 

Fig.85 Structure of S-methylglutathione
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TLC analysis using solvent system butanol/acetic acid/water 

(3:1:1) indicated that the unidentified urinary product did 

not possess the same chromatographic property as 

N-acetyl-S-methyl-cysteine (table 7). Due to insufficient 

material present in urine, further characterization of this 

urinary product was not attempted. 

Compounds R.F. value 

N-acety1l-S-methyl- 033 

cysteine 

S-methyl-cysteine 0.49 

temozolomide 0.39 

unidentified product 0.24 

Table 7. RE values for the standard S-methyl-N-acetyl- 

cysteine, S-methyl-cysteine, temozolomide and 

the urinary product 

Metabolic studies were also carried out in mice 

receiving temozolomide at the LD,,. Fig.87 shows the HPLC 

chromatogram of an extract of pooled urine of 12 mice which 

had received temozolomide (450mg/Kg) via p.o. route. Two 

peaks were identified: one of them had a retention time 

identical to temozolomide (3.4min)and the other one had the 

Same retention time (1.8min) as the unidentified product 

found by radiodetection in the urine of a mouse which had 

received [?4C]methyl temozolomide (40mg/Kg) via i.p. 

route. This metabolite was isolated and purified by HPLC 

for subsequent CIMS and FABMS analyses. Mass spectral
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analyses performed by Dr. Peter Farmer and Mr. John Lamb 

failed to give any interpretable spectra in an attempt to 

reveal the identity of this urinary product, possibly due 

to the presence of impurities and the compound is not 

amenable to mass spectral analysis. The relative UV 

absorbance of this metabolite at four wavelengths (280, 

SOP: 320 and ~350nm): was almost identical:.to “that of 

temozolomide. This result suggests that: this urinary 

product has an intact triazene or tetrazinone structure.
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      a ee   
Fig.87 HPLC chromatogram of a pooled urine extract of 

12 mice which had received LD,, dose of 
temozolomide via p.o. route i) urinary product 
ii) temozolomide. Mobile phase, 5% methanol in 
0.5% acetic acid, followed by a washing period 
as described in ean. Os i Detection wavelength, 325nm. Flow rate, 1im/min
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Subsequent isolation and purification of this product 

were carried out using patients' urine samples because a 

larger yield could be obtained from this source. Fig.88 

shows the HPLC chromatogram of an ethylacetate extract of a 

urine sample of a patient who had received temozolomide at 

700mg/m2 via p.o. route. Three peaks were identified on 

the HPLC chromatogram: in addition to temozolomide and the 

unidentified urinary product found in mice, a peak with a 

retention time, 8min, was present in the chromatogram. 

Further experiments were designed to prove that the 

peaks which had the retention times 1.8 and 8min found in 

the HPLC chromatogram were genuine metabolites. Firstly, 

as shown in fig.89a, they were not present in the urine 

sample of the same patient prior to drug administration, 

and after the administration of dexamethasone and 

metoclopramide. Secondly, they were not present in urine 

samples collected from normal volunteers (fig.89c&d). 

Thirdly, they were not formed when temozolomide was 

incubated with urine for 12hr (fig.90); hence, they were 

not products of the chemical degradation of temozolomide.
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iii     
Fig.88 HPLC chromatogram of an ethylacetate extract of 

a urine sample of a patient (v.S.), who had 

received 700mg/m? of temozolomide via p.o. route 

i) metabolite I, ii) temozolomide, _ 

iii) metabolite II Mobile phase, 5% methanol 

in 0.5% acetic acid, followed by a washing period 

as described in fig.83. 

Detection wavelength, 325nm. Flow rate, ml/min
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Fig.89 HPLC chromatograms of an ethylacetate extract of 
a urine sample of a) a patient (V.S.) prior to 
temozolomide treatment and after receiving 
dexamethasone (8mg) and metoclopramide (100mg), 
b) after administration of temozolomide at 
700mg/m#*,c,d). of 2 healthy subjects (F.K, D.G.)
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Fig.90 HPLC chromatogram showing the degradation of 

temozolomide after 12hr incubation with urine at 
31°C
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Fig.91 shows the effect of differing pH values on the 

extraction efficiency of these metabolites, designated as 

metabolite I (1.8min) and metabolite II (8min). It is 

shown that as the pH value of urine sample was increased 

from 2 to 4, the peak height of metabolite II decreased but 

the extraction efficiency of metabolite I was not affected. 

The peaks corresponding to both metabolites completely 

disappeared from the ethylacetate extract when the pH of 

the aqueous phase was increased from 2 to 6. This 

observation is presumably due to ionization of the 

metabolites in the aqueous phase and not degradation 

because the peaks re-appeared in the ethylacetate extract 

when pH of the aqueous phase was re-acidified (pH2). This 

result shows unambiguously that both metabolites were 

acidic in nature. In view of the extraction efficiency at 

different pH values obtained in this study, the approximate 

pKa values were assigned to metabolite II and I which were 

respectively in the region of 3 and 4.5. Furthermore, when 

‘the urine was pre-treated with 4N NaOH, temozolomide 

together with its metabolites disappeared from the 

ethylacetate extract, suggesting that these ‘metabolites 

behave chemically like temozolomide, which is unstable 

under alkaline conditions (fig.44 and see section 3.3). In 

addition, their UV absorbances at four wavelengths was 

identical to that of temozolomide. The results obtained 

from the chemical and chromatographic studies suggest 

strongly that the metabolites possess an intact tetrazinone 

ring. In addition, small amounts of these two metabolites 

were also found in the plasma of the same patient following
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Fig.92 HPLC chromatograms of a) an acidic extract of a 
patient's urine (V.S.) b) after pre-treatment with 
4N NaOH for 2min at room temperature and the 
aqueous layer was re-acidified for solvent 
extraction and analyzed by HPLC
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3.92: 1 2. EsSotation ana. structrual characterization of 
  

metabolite II 

The metabolism Or rilmazafone, a novel 

iH=1,,2,4-triazoylyl benzophenone derivative, has been 

studied in the monkey (fig.93, Koike, et al, 1988). It was 

found that the drug undergoes ring cyclization as a result 

of desglycylation and successive N-demethylation in the 

carboxamide group (fig.93). Hydrolysis of the carboxamide 

group led to the formation of a carboxylic acid derivative. 

The structure of this metabolite was fully elucidated by 

EIMS. Given that temozolomide possesses a functional group 

similar to rilmazafone and that dimethylmitozolomide has 

been shown to undergo N-demethylation in the carboxamide 

functional group (Horspool, 1988; Horspool et. al, 1989; 

fig.94), it is conceivable that one of the metabolites 

found in the patient's urine is the carboxylic acid 

derivative of temozolomide. This metabolite was 

synthesized by acid hydrolysis of temozolomide using a 

mixture of concentrated H,SO, and HNO, prepared in situ as 

described in section 2.1.4.1. Metabolite II has a HPLC 

retention time (fig.95) and a TLC Rf value identical to 

those of the synthetic 3-methyl-2,3,dihydro- 

4-oxoimidazo[5,1-d]tetrazine-8-carboxylic acid. Using TLC 

solvent systems (see section 2.4.5.1) acetone/acetic 

acid/water (2212) and benzene/methanol/acetic acid 

(45:8:8), the Rf values were respectively 0.6 and 0.07. On 

the basis of the chromatographic properties discussed so 

far, it is likely that metabolite II is the carboxylic acid 

derivative of temozolomide.
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Fig.93 Structures of rilmazafone and its metabolites
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Fig.94 Proposed metabolic pathway of dimethylmitozolomide
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Fig.95 HPLC chromatograms of an ethylacetate extract of 
a) a patient's urine (V.S.) and b) of the 
authentic 3-methyl-2,3-dihydro-4-oxoimidazo 
[5,1-d]tetrazine-8-carboxylic acid
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The isolation and purification of this metabolite were 

achieved by solvent extraction, solid-phase extraction and 

repeated HPLC purifications as described in section 

Rivcryd: Metabolite II was extracted into ethylacetate 

with an extraction efficiency of 64.3+12.5% (n=6); 

therefore, this metabolite seems to be amenable to 

continuous solvent extraction using the apparatus as 

described in fig.20. Fig.96 and 97 show that temozolomide 

and metabolite II were completely removed from urine 

following continuous extraction with ethylacetate for 72hr. 

The absence of metabolite I in the ethylacetate extract 

could possibly be due to its instability in boiling 

ethylacetate. Metabolite II was subsequently purified by 

passage through C,;, sep-pak cartridges; it was eluted with 

a mixture of methanol and 0.5% acetic acid (50:50). The 

metabolite was isolated and further purified by HPLC (see 

section 2.11.6.1). The procedures described above yielded 

a pure sample, which was confirmed by the presence of a 

Single peak on HPLC utilizing UV detection at 205 and 325nm 

(fig.98).
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Fig.96 HPLC chromatogram of the ethylacetate layer of a 
urine sample (200-300ml) after 72hr continuous 
extraction
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Fig.97 HPLC chromatogram of the urine layer after 72hr 
continuous extraction
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Fig.98 HPLC chromatogram of metabolite II isolated from 

urine detected at UV at a) 325nm and b) 205nm
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The structure of the isolated material was elucidated 

by high field 'H NMR and high resolution MS. HPLC was 

performed on the isolate before and after MS and NMR 

analyses to ensure it did not undergo decomposition. 

Figs.99 and 100a show the high field ‘!H NMR- spectra of 

temozolomide and the authentic carboxylic acid derivative. 

In the NMR spectrum of temozolomide, the singlets at 3.9ppm 

and 8.8ppm correspond to the N-methyl and the imidazole 

protons respectively; and the doublet at 7.8ppm indicates 

the presence of the carboxamide protons. Unlike the NMR 

spectrum of temozolomide, only the singlets at 3.9 and 

7.8ppm were present in the spectrum of the carboxylic acid 

derivative. Hig: 100b shows the NMR spectrum of 

metabolite II. Metabolite II has an NMR spectrum identical 

to the synthetic analogue.
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|i   
Fig.99 High field 1H NMR spectrum of temozolomide 

i) N-methyl signal, ii) carboxamide signals, 

iii) imidazole proton signal
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Fig.100 High field 'H NMR spectra of a) the authentic 

3-methyl-2,3-dihydro-4-oxoimidazo[5,1-d] 
tetrazine-8-carboxylic acid and b) metabolite II 

i) N-methyl signal, ii) imidazole proton signal
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The identity of the metabolite was confirmed by EIMS. 

Fig.101 shows the EIMS of temozolomide and fig.102a shows 

the EIMS of the authentic carboxylic acid derivative of the 

drug. Both temozolomide and the carboxylic acid derivative 

undergo ring cleavage yielding the fragment ions m/z 137 

and 138 respectively indicating the loss of C,H3;NO. In 

addition, in the case of the carboxylic acid derivative, a 

minor fragment ion, m/z 151, indicates the loss of COOH. 

Metabolite II isolated from the patients' urine has a mass 

spectral fragmentation pattern identical to that of the 

synthetic derivative. Compounds possessing an NNN linkage 

have a characteristic U.V. lamda,,, in the region of 320nm 

(see section 3.3). The UV spectral analysis of metabolite 

II indicates the presence of such a linkage in the molecule 

(fig.103, see section 3.3). The results obtained in this 

study characterize unambiguously the structrue of 

metabolite II as the carboxylic acid derivative of 

temozolomide.
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3.9 32.2). tsolation and structural characterization of 
  

metabolite I 

Initial isolation and purification procedures of 

metabolite I were achieved by repeated solvent extraction 

with ethylacetate at room temperature, solid phase 

extraction and isolation by HPLC. Although the extraction 

efficiency for this metabolite was poor (20.4+2.4%; n=6), 

its recovery after solvent extraction as described in 

section Os dike ac ee good (>70%). Following this 

procedure, the metabolite was purified using C,, sep-pak 

cartridges and acetic acid (0.5%) as eluting solvent and 

yielded the metabolite and a trace amount of temozolomide 

as impurity. Metabolite I was subsequently separated from 

temozolomide by means of semi-preparative HPLC as described 

in. section 2.11.6.2. 

Listed in the following section are the 

physicochemical properties of metabolite I, which are 

reminescent of a conjugate, perhaps a glucuronide: i) it is 

mildly acidic with a pKa value of approximately 4.5, which 

is near to the values of other glucuronides reported in the 

literature (Dutton, 1966) ii) it can be extracted into 

ethylacetate only with low efficiency as compared to the 

extraction efficiency of temozolomide and metabolite i: 

iii) it is very water soluble, whereas temozolomide has a 

low water solubility (Slack, ycPut. personnal 

communication). In addition, UV analysis at four 

wavelengths and chemical reaction with alkali (see section 

3.9.2) reveal that metabolite I probably possesses an 

intact tetrazinone ring. Furthermore, metabolite I gives
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an orange colour reaction on the TLC with Pauly's reagent. 

This result indicates tentatively the presence of an 

imidazole ring in the molecule (fig.104). A positive 

colorimetric test with Tollen's reagent (napthoresorcinol) 

lent further support to the suggestion that it may bea 

glucuronide (fig.105). Glucuronides, in general, are 

susceptible to acid hydrolysis (Dutton, 1966). As shown in 

fig.106, metabolite I decomposed in boiling concentrated 

HCl; however, there is no evidence of the appearance of 

other peaks indicating the presence of product. .of 

hydrolysis in the HPLC chromagram. This result might 

reflect the instability of the aglycone in acid, if indeed 

there was a glucuronide. The metabolite was resistant to 

hydrolysis by glucuronidase/sulphatase (fig.107). 

diazotized sulphanilic acid 

CONHe2 

On a NHe 
H 

Na+ 

Fig.104 Principle of Pauly's reaction
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Fig.105 UV spectra of an ethylacetate extract of an acidic 
incubation of napthoresorcinol with 
a) temozolomide and b) with metabolite I showing 
an absorbance at 570nm



eo 

Fig.106 HPLC chromatogram of metabolite I a) before and 

b) after acid hydrolysis
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Fig.107 HPLC chromatogram of an ethylacetate extract of 

patient's urine a) before and b) after the 
treatment with glucuronidase and sulphatase
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Some N-glucuronides have been known to be resistant to 

enzymic hydrolysis (Dutton, 1966) and it is conceivable 

that glucuronidation might have occurred at the carboxamide 

group. An example of this type of glucuronide is that of 

meprobamate, which - is a ocentrally acting analgesic 

(Yamamoto et a1, 1962; fig: 108). It. was. found that 

N-glucuronidation occurred in the carbamate group (-OCONH2) 

of the molecule (Yamamoto et. al, L962.) 

ee ne eda a eine 00H 

~ CaHC2HC CH2O0CONH2 <——~ WHCoHCCHC CH20CONH : H+/H20 

Meprobamate H 

QOH 

Fig.108 Structures of meprobamate and its glucuronic acid 

metabolite
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If N-glucuronidation did occur in temozolomide, one 

should, in theory, be able to elucidate the structure of 

this molecule using EIMS after derivatization or "soft" 

ionization mass spectrometry, such as, CIMS, FDCI and 

FABMS ; the latter has been used successfully to 

characterize a number of glucuronides, for examples, those 

of doxylamine, indomethacin and ketoprofen (Lay et al, 

1986; Van Breemen et al, 1988). However, none of these 

modes of mass spectral analysis gave an interpretable and 

satisfactory spectrum. The possible explanations for the 

lack of mass spectral features may be due to the 

instability and poor volatility. In order to increase its 

volatility and to increase the retention time on the HPLC 

column for further purification, the acidic group was 

derivatized with diazomethane generated in situ by reacting 

N-methyl-N-nitroso-p-toluenesulphonamide (Diazald) with 

potassium hydroxide (see section 2.11.7.1). Metabolite I 

is not amenable to derivatization by this method. Fig.109 

shows that the metabolite decomposes during derivatization 

yielding more than one derivatized products.
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Fig.109 HPLC chromatograms of metabolite I a) before and 
b) after derivatizing with diazomethane
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Further purification steps were necessary in order to 

obtain a purer sample of metabolite I to elucidate its 

structure by high field NMR and UV spectroscopy. As 

discussed in section 3.9.2, metabolite I is mildly acidic. 

It is, therefore, possible to take advantage of this 

property to purify it by ion exchange chromatography. Such 

a purification procedure allows the ionized metabolite, due 

to a change in pH, to be selectively retained on the column 

by ionic interaction with the sorbent. A Dowex (Cl-) resin 

was used and equilibrated with a counter ion with a lower 

selectivity. In this case, formate counter ion was chosen 

in order to allow the ionized metabolite to displace the 

counter ion with minimum competition for the charged 

sorbent. Figs.110-112 show the effect of pH of the formate 

buffer solutions on the elution of metabolite I from the 

anionic column. When the pH was above 4, the metabolite 

was retained on the column, presumably because it was 

ionized. As seen in fig.111b and 112a, metabolite I was 

completely eluted from the column as the pH was decreased 

presumably it was mainly in its unionized form. The 

collected eluent was then passed through a Dowex cationic 

exchange column to remove the majority of the formate salt. 

The eluent collected from the cationic column was 

freeze-dried and analyzed by high field 'H NMR. As shown in 

fig.113, the resultant isolate consisted mainly of ammonium 

formate: a broad signal at 7.37ppm indicates the presence 

of an ammonium ion and the proton signal at 2.5ppm is due 

to formate proton. The ammonium formate present in the 

extract was finally removed by repeated HPLC purification
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Fig. i120 HPLC chromatograms of the eluents from the 
anionic exchange column at pH a,b) 6 and c,d) 5
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Fig.111 HPLC chromatograms of eluents from the anionic 

column at pH a) 5 and b) 4
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Fig.112 HPLC chromatograms of eluents from the anionic 

column at pH a) 4 and b) 3
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Fig.113 High field 1H NMR of the freeze dried extract 
collected from the anionic and cationic exchange 
columns
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Fig.114 HPLC chromatogram of metabolite I eluted with 
0.5% acetic acid using a 12.5cm RP select B 

column
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Fig.115 HPLC chromatogram of metabolite I eluted with 

P select B column 
0.5% acetic acid using a 25cm R
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Fig.116 HPLC chromatogram of metabolite I after repeated 
HPLC purification detected by UV at a) 325nm and 
b) 205nm
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Fig.117 shows the high field NMR spectrum of 

metabolite I. HPLC analysis was performed before and after 

NMR analysis to ascertain that the metabolite did not 

decompose. The salient features of the NMR spectrum of 

metabolite I was compared with those of temozolomide 

(fig.99 and section 3.9.2.1) and on this basis interpreted 

as follows: a singlet at 8.09ppm which indicates the 

presence of the imidazole proton; a doublet at 7.3ppm 

represents the protons in the carboxamide group (fig.118). 

The absence of the temozolomide N-methyl protons at 3.9ppm 

shows unambiguously that metabolism had occurred at this 

position of thd temozolomide molecule. In addation,; “a 

number of aliphatic protons were also present between 

0.86-1.69ppm: proton signals between 0.86-0:.9 and 

1.02-1.09ppm, which represents the equivalent Gt 

(J=7.4Hz) and 4 protons (J=6.98Hz) respectively; three 

Singlets at 1.13 (1H), 1.22(1H) and 1.69ppm (6H) were also 

present. Since the metabolite co-eluted with the 

radiolabelled urinary product found in mice, one could 

speculate that it retains a carbon atom in the N, position, 

possibly” in the form. of '-N~CH,-% If the molecule was 

conjugated at this position, the carbon atom would become a 

prochiral centre thus rendering the methylene protons 

non-equivalent (Williams and Fleming, 1980). Under these 

circumstances, the presence of the two protons would be 

split due to mutual coupling and coupling possibly with the 

conjugation molecule.
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The fact that most of the proton signals are further 

upfield relative to the N-methyl protons (3.9ppm) suqdeete 

that the methylene protons, if there are any, are 

positioned adjacent to an electron-donating group. There 

is no firm evidence that metabolite I is a glucuronide 

because of the absence of B-anomeric protons which usually 

occur between 5-6ppm (Wilson and Nicholson, 1988). 

Furthermore, the lack of proton signals corresponding to 

the ®B-D-glucuronyl moiety between 3-4ppm (Verweij and 

Kientz, 1981; Gallice et al, 1985; Monti, et al, 1985; 

Nicholson and Wilson, 1987; Wilson and Nicholson,. 1988) 

provides further evidence that metabolite I is not a 

glucuronide. Fig.118 shows that metabolite I possesses a 

UV absorbance (lamda,,., = 322mm) almost identical to that 

of metabolite II and temozolomide. These results show 

unambiguously that metabolite I is a metabolic derivative 

of temozolomide with an intact imidazotetrazinone ring.
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3.9.3 Investigation of the cytotoxicity of metabolite I and 
  

II towards TLX5 cells.   

As discussed in section 3.7.1, temozolomide does not 

require metabolic activation by microsomes to exert its 

cytotoxicity in vitro. Metabolite I and II are only formed 

in vivo, perhaps their formation is catalyzed by 

non-hepatic enzymes. Here, the hypothesis is tested that 

metabolites I and II are cytotoxic towards TLX5 lymphoma 

cells. Fig.119 shows the effect of metabolite I on the 

growth of TLX5 lymphoma cells. The concentration of the 

metabolite was determined by HPLC using temozolomide as the 

standard. Assuming that metabolite I has the same 

extinction coefficient as temozolomide, the concentration 

calculated should be a reflection of the approximate amount 

of the metabolite present. As shown in fig.120, metabolite 

I is not toxic towards TLX5 cells at concentrations of up 

to 20mg temozolomide equivalent/L. In contrast, metabolite 

II has an ICs, almost identical to that of temozolomide 

(fig. 120. and..1 Ze};
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Fig.119 Cytotoxicity of temozolomidemand metabolite II® 

against TLX5 lymphoma cells (n=4 + 1 S.D.)
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3.9.4. Discussion 

In this study, renal excretion was found to be the 

major route of elimination of unchanged temozolomide and 

its metabolites. A major urinary product, with a retention 

time 1.8min, was identified by HPLC and 

HPLC/radiochromatography in the urine of mice which had 

received temozolomide at 40mg/Kg and LDjo. The same 

metabolite was also found in the urine of patients. An 

additional metabolite, with a retention time of 8min, was 

found only in patient's urine. 

Metabolite II was fully characterized as the 

carboxylic acid derivative of temozolomide generated 

probably by hydrolysis of the carboxamide group. This type 

of metabolic hydrolysis is not well-documented, only a few 

examples have been reported in the literature. The first 

example of a drug which undergoes primary amide hydrolysis 

was metopimazine, a phenothiazine derivative used primarily 

as an antiemetic (£ig.121, Testa and Jenner, 1978). Most 

recent examples are Rilmazafone (Koike et al, 1988; section 

3.9.2.1), and Ly195448 (Ho et al, 1988; Engineer et al, 

1988). The former is a novel triazoylyl benzophenone 

derivative, which possesses potential benzodiazepine 

properties. LY195448 is a benzamide derivative, which has 

been shown to possess broad spectrum antitumour activity in 

animals and is synergistic with several known anticancer 

drugs, for examples, 5-fluorouracil and doxorubicin. The 

absence of metabolite II in mouse urine might indicate that 

there is a species -.difference in the metabolism of 

temozolomide at the carboxamide group. Unlike the
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Fig.121 Structures of metopimazine and LY195448
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carboxylic acid derivative of mitozolomide (Horspool, 

1988), the carboxylic acid derivative of temozolomide has 

been shown here to possess pronounced antineoplastic 

activity in vitro with almost the same ICs) as the parent 

compound. This is an interesting observation because at 

physiological pH the acid (pKa~3) is ionized to form a 

carboxylate ion which decreases the ability of the molecule 

to diffuse across membranes. If* She initiation - of 

cytotoxicity is via attack at an intracellular target, one 

might expect to see decreased cytotoxicity in an ionisable 

derivative of temozolomide. In this case, the cytotoxicity 

of metabolite II is almost comparable to that observed with 

temozolomide. One might, therefore, argue that’ the 

cytotoxicity of metabolite II may be mediated via the cell 

membranes. Certainly, more experiments are required to 

support this contention. 

The structure of metabolite I was not fully 

elucidated. However, 1H NMR and UV spectroscopy reveal 

some important features of this molecule: a UV lamda,,, at 

328nm indicates the presence of an NNN linkage in the 

molecule; the presence of the imidazole and carboxamide 

protons indicates that the metabolite has an unchanged 

imidazocarboxamide structure; the absence of the N-methyl 

signal on the NMR spectrum indicates that the site of 

metabolism at in this position of the molecule. One could 

Speculate that temozolomide undergoes N-methyl. oxidation 

perhaps catalyzed by non-hepataic enzymes, because this 

metabolite was not found in metabolism experiments in vitro 

using liver fractions (section 3.6). The formation of
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14CO, in the breath of mice which had received 

[14c-methyl ]temozolomide might result from oxidative 

N-demethylation and chemical degradation of temozolomide. 

The synthesis of N-desmethyl temozolomide has not been 

achieved using the synthetic route as described in section 

$e Ses dL (Baig,;: 3G. G:, personnal communication). Since 

metabolite co-eluted with a urinary product found in the 

study using labelled material, it is likely that it still 

retains the methyl carbon in the molecule, probably as 

-NCH,-. It is, therefore, conceivable that metabolite I is 

conjugated via this methylene group to an endogenous 

‘molecule which renders it acidic and water soluble. 

However, the lack of signals of the B-anomeric protons and 

the glucuronic acid protons on the +H NMR and the 

resistance to hydrolysis by B-glucuronidase indicate that 

metabolite I is not a glucuronide. Since metabolite is not 

enzymically hydrolyzed by sulphatase, it is unlikely to be 

a sulphate conjugate. Metabolite I is also probably not a 

taurine conjugate which has the characteristic proton 

Signals at 1.5 and 3.5ppm (Case, 1973). The lack of proton 

Sigueas at. 1,8) °2-2.6 and 4.4ppm also indicate the 

metabolite is not a mercapturate (Nicholson et al, 1985; 

Kestell et al, 1986; Nicholson and Wilson, 1987; and see 

Cia. 66). Conjugation with some other unusual endogenous 

molecules cannot be ruled out. Unlike metabolite II, 

metabolite I is not cytotoxic in vitro towards TLX5 
  

lymphoma cells. The lack of cytotoxicity of this compound 

might be attributed to the absence of an intact N-methyl 

group as shown by !H NMR. Structure-activity analysis of a
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number of dialkyl phenyl- or imidazo- triazenes has 

revealed the importance of at ones one methyl group in the 

N; position for antitumour activity (see introduction 

section 1.2.3). The results obtained in this study appear 

to be consistent with these findings. The small amount of 

radioactivity found in faeces might be indicative of 

biliary excretion; however, since the drug was administered 

via the.i.p.,..xsoute, it is possible that the drug diffused 

into the gastrointestinal tract. Hence, the chemical 

nature of the faecal radioactivity remains speculative. 

Temozolomide has been shown to react readily with _ calf 

thymus DNA (Bull and Tisdale, 1987). Therefore, the 

radioactivity found in the carcasses could possibly be due 

to alkylation of intracellular targets via the formation of 

the reactive MTIC.
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3.10 Murine pharmacokinetics in vivo 
  

Pharmacokinetics of temozolomide in vivo has’ been 
  

performed previously in mice (Goddard, 1985; Slack et al, 

1986) at doses of 10mg/Kg and 20mg/Kg via the i.p. route. 

In that study, only the parent compound was analyzed and 

MTIC could not be detected because of its instability in 

the mobile phase used in that study (see section.2.4.1). 

The pharmacokinetic evaluation accompanying the phase I 

clinical trial commenced in 1987 with a starting dose of 

50mg/m2 given by i.v. infusion and higher doses, given by 

the p.o. route (Slack ‘et al, 1989). As discussed in 

section 3.8.2, it has been demonstrated that temozolomide 

undergoes chemical decomposition to liberate the MTIC. In 

order to test the hypothesis that chemical decomposition is 

an important route of disposition of temozolomide and that 

MTIC is generated in vivo, experiments were designed to 

examine the. pharmacokinetics of temozolomide and its 

metabonate, MTIC, in plasma and tumour’ tissue. In 

addition, the in vivo pharmacokinetics of MTIC at the same 

dose are also investigated in order to compare with that of 

temozolomide. In vivo screening studies using transplanted 
  

S.c. TLX5 lymphoma had demonstrated that temozolomide had 

an optimal antitumour and therapeutic activity at a dose of’ 

40mg/Kg (Stevens et al, 1987). On the basis of this 

information, the pharmacokinetics of temozolomide in CBA/CA 

mice bearing TLX5 tumour implanted s.c. was conducted at 

this dose. Unlike in the previous study (Goddard, 1985), 

here temozolomide was administered to mice via i.v. route 

in order to ensure that all the administered drug entered
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the body, hence providing a realistic profile of the 

distribution of drug in plasma and tumour. 

The individual experimental data are tabulated in 

Appendices II, III, IV and the pooled results are tabulated 

in tables 8 and 9. 

Figs.122b&c show the HPLC chromatograms of the plasma 

samples collected after 5 and 10min of drug adminstration. 

Two peaks were identified in the plasma with retention 

times identical to those of temozolomide and MTIC, they 

were not found in the plasma of a mouse receiving DMSO in 

normal saline only (fig.122a). Fig.123 shows a semi-log 

plot of plasma concentration of temozolomide and MTIC 

versus time. The correlation coefficient for the line were 

0.96+0.03 (n=4). On the basis of these results, the data 

was described by a simple one-compartment open model. This 

model assumes instantaneous distribution of the dose 

throughout a single compartment where the levels of drug 

decline in an exponential manner, indicating that the 

elimination follows first order kinetics (Rowland and 

Tozer, 1981; Gibaldi and Perrier, 1980). Temozolomide had 

an elimination t,,, of 0.66+0.07hr, which is consistent 

with that obtained for the decomposition of the drug in 

plasma in vitro (see section 3.4). The drug was rapidly 

distributed to the tumour tissue with the maximum 

concentration, 54.3+23.7mg/Kg, achieved 15min after drug 

administration (fig.128). The AUC of temozolomide in the 

tumour was almost comparable to that achieved in plasma, 

with the values respectively 72.04+16.01 mg.hr/Kg and 

64.93+11.85 mg.hr/L (fig.128). The maximum concentration
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Fig.122 HPLC chromatograms of a sample of plasma of a 

mouse which had received a) DMSO/normal saline, 

b) temozolomide 5min and c) 10min after 

drug administration
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of MTIC, 5.14+3.46mg/L, was achieved 5min after the 

administration of temozolomide, but MTIC was not detected 

in the tumour, possibly due to its extreme lability and 

reactivity towards nucleophiles. The AUC of MTIC in the 

plasma was 2.9+0.9mg.hr/L.. By comparison of the AUC and 

clearance values obtained for temozolomide and MTIC, it was 

found that 19.6+6.2% of temozolomide was converted to MTIC. 

When MTIC was given to mice at 40mg/Kg by the i.v. route, 

the drug rapidly disappeared from the plasma with an AUC of 

0.9+0.2mg.hr/L, which is significantly less than that of 

MTIC generated from temozolomide (figs.124 and 125). MTIC 

was not detected in the plasma beyond 15min after drug 

administration and in the tumour at any time point. 

Fig.126a&b show that there is no observable degradation of 

MTIC in normal saline for up to 3hr when the prepared 

solution was stored on ice. In addition, Metabolite I was 

detected in the tumour (fig.127).
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Fig.124 HPLC chromatograms of a sample of plasma of a 

mouse which had received MTIC a) 5min 

and b) 10min after drug administration
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Fig.125 In vivo plasma pharmacokinetics of MTIC after a single i.v. bolus injection at 40mg/Kg (n=4 animals + 1 §.D.) t
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Fig.127 HPLC chromatograms of a) a sample of tumour of 

‘a mouse received DMSO/normal saline, b) 5min 
and c) 10min after the administration of 
temozolomide
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Fig.128 In vivo tumour and plasma pharmacokinetics of 

Eemozolomide after a single i.v. bolus injection 

at 40mg/Kg (n=4 animals + 1 S:< Diss)
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3.10.1 Discussion 

Following i.v. administration, the pharmacokinetics 

of temozolomide in mice could be described by a single one 

compartment open model. This observation is supported by 

the lack” o£f:-:an apparent distribution phase and its 

elimination follows first order kinetics. The volume of 

distribution calculated is less than the total body water 

(0.018-0.025L for mice) (Goddard, 1985; Curry, 1982). The 

elimination t,,/,2 was 0.66+0.07hr which is comparable to 

that obtained in vitro decomposition in plasma (section 

3.4). This’ result is consistent with the interpretation 

that chemical decomposition is an important route for the 

elimination of temozolomide in vivo and that MTIC is 

probably formed as an intermediary of this process. 

Indeed, MTIC is” detected in plasma with a maximum 

concentration, 5.14+3.46mg/L, achieved 5min immediately 

‘after the administration of temozolomide. A plot of plasma 

concentration of MTIC versus time is linear and parallel to 

that of temozolomide (fig.124). This observation probably 

reflects a quicker elimination of MTIC from the plasma than 

that of temozolomide (Gibaldi and Perrier, 1980; Rowland 

and Tozer, 1981). When MTIC was given to mice at 40mg/Kg 

via i.v. route, it eliminates readily from the plasma with 

an elimination t,,2 less than 2min. This result is 

congruent with that found in vitro gegraaacton studies (see 

Section 3.4), suggesting that chemical decomposition plays 

an important réle in its elimination in vivo. 
  

Since temozolomide produced similar screening results 

to those obtained with DTIC (Stevens et al, 1987), it is of
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interest to compare the pharmacokinetics of temozolomide 

with that seen for DTIC. As discussed at the beginning of 

this section, the kinetics of temozolomide can be described 

by a single compartment model with a peak plasma 

concentration of 73.45+14.72mg/L and an elimination tj,/2 of 

just over half an hour. Lm Both animals and man 

(Breithaupt et al, 1982; Skibba et al, 1969; Loo et al, 

1968a&b), the kinetics of DTIC can best be described by a 

two-compartment model with a rapid distribution phase 

preceding a slower elimination phase. Following a single 

i.v. bolus injection of DTIC at 40mg/Kg, a dose used 

throughout the present kinetic studies, the plasma t,/2 of 

DTIC was 12.7min in mice (Rutty et al, 1980). The peak 

plasma concentration of MTIC generated metabolically in 

mice was equivalent to 7.98mg/L (Rutty et al, 1980), which 

is similar to that obtained in this study with 

temozolomide, 5.14+3.46mg/L. Temozolomide may possess 

distinct pharmacokinetic advantages over DTIC: temozolomide 

produces relatively sustained levels of the parent drug in 

plasma when compared with DTIC. In addition, the plasma 

kinetics of temozolomide also reflect a similarly high 

tumour concentration as observed in this study (fig.127). 

TLX5 lymphoma cells cannot bioactivate and metabolize DTIC 

(see section 3.7). Therefore, in the case of DTIC, the 

exposure of the tumour to MTIC is solely dependent upon the 

labile metabolites in circulation such as MTIC and HMMTIC. 

Unlike DTIC, temozolomide is capable of generating MTIC in 

situ upon chemical decomposition (see section 3.7.1 and 

Pa Bt MTIC and HMMTIC have a tji,2 of 2 and 16min
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respectively (see section 3.4 and 3.8). When MTIC_ was 

given at 40mg/Kg via i.v. route to mice, the plasma AUC 

calculated was significantly less than that generated from 

temozolomide. One can, therefore, argue that the metabolic 

generation of HMMTIC and MTIC may not produce the 

comparable levels of MTIC in tumour in comparison with that 

produced from temozolomide. In addition, unlike DTIC (Loo 

et al, 1968), temozolomide possesses excellent 

bioavailability when given by p.o. route (Goddard, 1985; 

Slack et al, 1986; Slack et al, 1989).
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Dose tiye2 Cpmax AUC vd Cr £m 

(mg/Kg) (hr) (mg/L) (mg.hr/L)  (L) (L/hr) 

40 0.66 73.45 64.93 0.0098 0.0011 0.196 

Oe Fees 7 Ld «SD +0.002 +0.002 +0.062 

Table 8 Summary of the pharmacokinetic parameters 

of temozolomide in CBA/CA mice 

Dose tive Cpmax AUC vd Ci 

(mg/Kg) (hr) (mg/L) (mg.hr/L)  (L) (L/hr) 

40 0.26 18.70 0.088 0.033 0.85 

+0.006 +3.57 +0.16 40.011 +0.12 

Table 9 Summary of the pharmacokinetic parameters 

of MTIC in CBA/CA mice
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4 General Discussion 
  

The aim of the present study is concerned with the 

elucidation of the pharmacokinetic properties and the 

metabolism of an imidazotetrazinone, temozolomide (section 

1.4). The results obtained in the previous sections will 

now be discussed in a broader context with a view to. 

elucidating its mode of action. Fig.128 depicts the 

proposed pathways of metabolic and chemical decomposition 

for DTIC and temozolomide. Integral to this scheme is the 

generation of MTIC from temozolomide and DTIC, which seems 

to be important in the mechanism of cytotoxic action of 

these two antineoplastic agents. Temozolomide has been 

postulated to be a stable prodrug of MTIC in that MTIC 

should be generated upon chemical decomposition of 

temozolomide (section 1.3.1 and 1.3.4). The mechanism of 

decomposition of temozolomide is thought to involve an 

initial nucleophilic attack at C, to generate the linear 

monomethyltriazene MTIC which is also a metabolite of DTIC 

(sections 1.3.1 and 1.3.4). The results obtained in the in 

vitro and in. vivo metabolic and pharmacokinetic studies 

(sections 3.8 and 3.10) leave no doubt about the suggestion 

MTIC is generated chemically from temozolomide. In vivo 
  

screening data shows that temozolomide possesses comparable 

and, in some cases, superior antitumour activity to DTIC 

(Langdon et al, 1985a&b; Stevens et al, 1987). The 

biochemical study conducted by Tisdale (1985) has shown 

that temozolomide, like monomethyltriazene, can induce cell 

differentiation in human leukaemia line K562. Furthermore, 

a, Tine. of sthe; .~Li2d6 leukaemia, which has been made
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resistant to DTIC, is also resistant to temozolomide 

(Stevens et al, 1987). The results obtained in these 

studies suggest some commonality of mechanism of action 

shared by these two agents. DTIC is only active in the 

presence of microsomes and cofactors with the concomitant 

generation of MTIC (sections 3.7 and 3.8.1). Temozolomide, 

under physiological conditions, decomposes chemically to 

MTIC (sections 3.8 and 3.10), which is cytotoxic in its own 

tignt: (section: 3.5): Like the monomethyltriazenes (Gibson 

et al, 1986a,b), methylation of O&-guanine may be an 

important lesion caused by temozolomide in vitro (Tisdale, 

1986; Bull and Tisdale, 1987; Catapano et al, 1987). It 

is, therefore, conceivable that it is via MTIC, that 

temozolomide and DTIC exert their cytotoxicity (sections 

3. af ob HONG vs. Oe) s Temozolomide and MTIC do not undergo 

biotransformation (sections 3.6 and 3 .8)% Instead, 

chemical decomposition plays an important rdle in their 

  

disposition in vitro and in vivo (section 3.8 and 3.9). In 

contrast, their structural analogues 

3-methylbenzotriazinone (section 3.6) and 

1-(4-acetyl-phenyl)-3-methyltriazene (Farina et al, 1982) 

are metabolized in vitro by liver fractions. This is an 

interesting observation because the metabolic fate of these 

monomethyltriazenes apparently differs considerably 

depending on the presence of either an imidazole ring or a 

phenyl ring in position 1 of the triazene linkage, even 

though the ring system does not appear to’ -arfect 

Significantly the antitumour activity of certain 

dialkylaryltriazenes (Audette et al, 1973; Connors et al,
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1976). It has been suggested that the generation of a 

monomethyltriazene could not account for the selective 

cytotoxicity exerted by a dimethyltriazene (Hickman, 1978; 

Gescher et al, 1980). Farina et al (1982) hypothesized 

that the genuine selective cytotoxic species could bea 

stable hydroxymethyltriazene which, in theory, can forma 

potentially electrophilic imine or iminium ion (Overton et 

al, 1986; sections 3.8.2; fig.78) and therefore might react 

with nucleophiles present in the biophase. However, the 

results obtained in sections 3.6 and 3.8 show that such a 

hypothesis does not hold true for the monomethyltriazenes 

examined in this gran MTIC is not metabolized to form the 

corresponding stable hydroxymethyltriazene derivative and 

neither does temozolomide, its stable prodrug, undergo such 

a biotransformation in vitro. The results obtained in the 

structure-activity analysis of the 3-alkyl-substituted 

imidazotetrazinones resemble those obtained with 

aryldialkyltriazenes (section 1.2.3) in that only the 

3-methyl analogue or in the case of the dialkyltriazenes, 

only compounds which can be metabolically converted toa 

monomethyltriazene, displayed antieumour %* activity: 

Ethazolastone and diethyltriazenes and compounds with a 

higher number of carbon atoms in the alkyl chain are 

inactive. Though there is good evidence to suggest that 

the different pharmacological activities of dimethyl- 

triazenes and diethyltriazenes could, at least in part, be 

due to different metabolism (Farina et al, 1986), Lt ta, 

difficult. to explain the lack. of antitumour activity of 

ethazolastone (CCRG a2049) 7° the: 3-etnye analogue of
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temozolomide, by means of the concept of metabolism 

proposed by Farina et al (1986). Ethazolastone is not 

metabolized by hepatic post-mitochondrial supernatant 

(fig.129). In addition, analogous to temozolomide (section 

3.8 and 3.9), ethazolastone, should, in theory, be able to 

undergo ring-opening to afford the corresponding linear 

monoethyltriazene, which is also an alkylating agent. It 

has been postulated by several authors that the difference 

in biological activity of the methyl and ethyl analogues of 

imidazotetrazinones and imidazo- or aryl- triazenes could 

possibly be attributed to biochemical difference between 

the monomethyl and monoethyl analogues (Gibson et al, 

1986a&b; Bull and Tisdale, 1987; Tisdale, 1985a,b, 1987, 

1988, 1989). It was postulated that the selective toxicity 

of the monomethyltriazene may be a direct consequence of 

its ability to cause a lethal DNA lesion by 0®-methylation 

and the lack of antitumour activity of monoethyltriazene 

may be explained by its inability to cause a DNA-damaging 

lesion (Gibson et al, °1986a,5). The importance of 

alkylation of the imidazotetrazinones at the O®-position in 

determining cytotoxicity has also been postulated by 

Tisdale and co-worker (Tisdale, 1987; Bull and Tisdale, 

1987); and the lack of cytotoxicity of ethazolastone may 

suggest that the ethyl analogue may produce an alternative 

cytotoxic lesion (Tisdale, 1987; Bull and Tisdale, 1987). 

Furthermore, contrary to the observation made by Gescher et 

al Ci9olL), Horton (1983) also found that a 

monomethyltriazene can be selectively cytotoxic towards 

_ TLX5S . sensitive line but “not the <resistant line. The
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results obtained in this study in conjunction with those 

obtained in the biochemical mechanistic studies (Bull and 

Tisdale, 1987; Gibsons et al, 1986a&b; Tisdale, 1985a&b, 

1987, 1988, 1989) are consistent with the postulation that 

generation of. a monomethyltriazene is an important 

determinant for selective cytotoxicity of temozolomide and 

DTIC. Although there is overwhelming evidence to suggest 

the involvement of a monomethyltriazene in the antitumour 

activity of dimethyltriazenes, there are some examples 

published in the literature which show that under certain 

circumstances, some dimethyltriazenes are active per se 

without metabolic activation (Giraldi et al, 1981; Sava et 

al, 1982; Farina et al, 1985; Sava et al, 1988). Indeed, 

DTIC has been used in local therapy in patients with 

advanced malignant melanoma and soft tissue sarcoma of the 

extremities and tumour Peereeeton has been observed (Aigner 

et al, 1983). Recently, Saunders et al (1986) suggested 

that metabolism plays little ré6le in the cytotoxic action 

of DTIC towards Chinese hamster ovary cells in vitro. It 
  

was found that in the dark, DTIC can decompose to form 

2-azahypoxanthine which is usually formed via the 

light-catalyzed pathway (see section teete st 

2-Azahypoxanthine also posseses growth inhibitory 

properties. It was, therefore, postulated by these authors 

that the growth inhibition by DTIC could be due to the 

accumulation of 2-azahypoxanthine (Saunders et al, 1986). 

The results obtained in sections 3.7.1 and 3.8 show 

unambiguously that the Ganecuyltriseene DTIC ie mot 

cytotoxic towards TLX5 cells in the absence of microsomes.
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In the presence of microsomes, DTIC brings about a 

significant decrease in cell growth which correlates with 

the extent of MTIC generated by metabolism (sections 3.7 

and. 318). The metabolism of DTIC also appears to _ be 

species dependent (sections 3.7.1 and 3.8). Using mouse 

and human microsomes, it was found that there was a 

measurable difference in the extent of MTIC formed 

metabolically from DTIC. This result is in agreement with 

the in vivo data obtained by Rutty et al (1981). As 
  

discussed before, if the generation of MTIC is an essential 

determinant for antitumour activity of temozolomide and 

DISC cat appears that temozolomide might provide a 

pharmacokinetic advantage over DTIC in that the generation 

of MTIC is not metabolically mediated (section 3.8 and 

3.9). In the in vivo pharmacokinetic study, an attempt was 

made to determine whether temozolomide possesses such a 

pharmacokinetic advantage over DTIC. The kinetics of the 

drug can best be described by an one-compartment open model 

which assumes instantaneous distribution of the dose 

throughout the whole body (section 392109" Indeed, 

temozolomide is extensively distributed into the tumour 

(se@etion 3.10). Temozolomide can chemically decompose in 

situ to form MTIC in vitro and in vivo (sections 3.8 and 
    

3.10). Though MTIC has not been detected in tumour, it is 

possible to simulate the theoretical levels of MTIC which 

could be achieved after administration of temozolomide in 

plasma and tumour (£1G. 7350). The individual values in 

fig.130 are computed using the fm value experimentally 

obtained in section 3.10. This model is based on the
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assumption that temozolomide can decompose chemically in 

situ inside the tumour to form MTIC as observed in the 

  

plasma (section 3.10). As discussed in section 3.10.1, 

unlike temozolomide, DTIC require metabolic activation to 

generate MTIC. The exposure of the tumour to MTIC is 

dependent on circulating levels of MTIC or its precursor, 

HMMTIC. When MTIC was given to mice via the i.v. route at 

40mg/Kg (section 3.10), the plasma AUC was significantly 

less than that for MTIC generated from temozolomide. 

Hence, it is unlikely that metabolic generation from DTIC 

may produce the levels of MTIC produced from temozolomide. 

Most importantly, patients are less efficient in 

metabolizing DTIC to MTIC than mice (section 3.8, Rutty et 

ar, . 1980, + ape Tig.t3ij% It as. therefore likely an 

advantage in administering temozolomide to the patients 

because predictable levels of MTIC can be attained. In the 

phase I clinical evaluation of temozolomide conducted 

between 1987-1989, it was found that the dose limiting 

toxicities in patients were myelosuppression, in particular 

thrombocytopenia, nausea, vomiting, gastro-intestinal 

disturbances and in one case alopecia (Newlands et al, 

1989; Slack. og cas and C..Ps Quarterman, personnal 

communication); the maximum tolerated dose (MTD) was 

750mg/m?. Temozolomide was also given to patients at day x 

5 schedule with a starting dose of 150mg/m? (Quarterman, 

C.P., personnal communication).
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Although temozolomide is metabolically inert in vitro 
  

(section 3.6) in the presence of hepatic fractions, under 

physiological conditions the drug has been shown to undergo 

metabolism to afford two metabolites (section 3.9). One of 

these metabolites (metabolite II) has been identified 

unambiguously as_ the 8-carboxylic acid derivative of 

temozolomide (section 3.9.2.1). The structure of the other 

acidic and water soluble metabolite has not been fully 

elucidated. However, the interpretation of the 1H NMR 

spectrum suggests that the site of metabolism is at the 

N-methyl group (section 3.9.2.2). In addition, the 

metabolism of temozolomide appears to be species dependent 

because neCsbaltite II was only found in patients' plasma 

and urine but not in the urine of mice. Unlike metabolite 

II, which has a ICs, comparable to that of temozolomide, 

metabolite I is devoid of cytotoxic activity in vitro 

(SecEion. 3.9.33)... This “result is aim accordance with the 

contention, as previously discussed in this section, that 

the N-methyl group is important for cytotoxicity, because 

metabolite I does not possess an iHeace N-methyl moiety. 

In conclusion, the results presented in this thesis 

have helped to elucidate the mode Of. action of 

imidazotetrazinones and imidazotriazenes by means of 

metabolism and pharmacokinetics. It has been previously 

proposed (Stevens et al, 1987 and Langdon et al, 1985ak&b) 

that temozolomide may be a clinical alternative to. DTIC.2n 

that the active Species is generated by chemical 

decomposition. in: this studay,.. .it has been shown that 

temozolomide is, indeed, a stable pro-drug of MTIC; and the
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use of such a stable tetrazinone ring to deliver a 

chemically labile monomethyltriazene seems to be an 

attractive approach in drug design in that the generation 

of the active species is chemically mediated and hence 

bypassing metabolism. The results obtained from the 

metabolism studies of temozolomide and 3-methyl- 

benzotriazinone constitute a contribution towards how 

chemicals possessing the NNN linkage can be metabolized. 

Indeed, the in vitro metabolism of these two structurally 

similar compounds differ considerably when an imidazole 

ring is substituted by a phenyl ring. Furthermore, the 

metabolism of temozolomide to metabolite I which is 

presumably a deactivation product may be an important 

determinant in the  antitumour activity, toxicity and 

clinical usefulness of the drug.
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Data for the correlation between cytotoxicity and AUC of 
  

MTIC generated from temozolomide, DTIC, HMMTIC in vitro 
  

Substrate 
(conc) 

MTIC (act) 

(20mg/L) 

MTIC (deact) 

(20mg/L) 

MTIC (act) 

(10mg/L) 

MTIC (act) 

(Smg/L) 

HMMTIC (deact) 

(20mg/L) 

HMMTIC (deact) 

(10mg/L) 

DTIC (act) 

—(80mg/L) 

DIIC fact} 

(40mg/L) 

DTIC (act) 

(20mg/L) 

Temozolomide 

(deact ) (20mg/L) 

Temozolomide 
(act) (20mg/L) 

Temozolomide 

(deact ) (10mg/L) 

Temozolomide 
(act) (10mg/L) 

act: in the presence of activated microsomes 

% control(cell number) 

42+8 

36+6 

5545 

69+10 

20+5 

44+1 

49+3 

62+8 

69+6 

53+5 

52+4 

76+6 

75+3 

deact: without microsomes 

AUCwrre 

(mg.min/L) 

129.2+4.1 

125.3+10.1 

48.5+10.5 

20.6+1.3 

23.8+8.6 

5.8+0.6 

130.1+8.9. 

108+18.6 

69.8+24.9 

73.3410 

66.7+9.4 

26.441 

24.1+4.3
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Appendix II 

In vivo pharmacokinetics of temozolomide at 40mg/Kg 
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TRAPEZDIL GUC ‘eg hriL : 52,1287 

MOLTMUM PLASMA COHE, : A769 

CLEBRANCE Libr) : 9.0199 
(ASSUMING Fel & TRAFEDSIGEL auc} 

VOLUME OF DISTRIBUTION ©L) : 6.9119 
{ASSURING Fe} & TRAPEZCIEAL auc) : 

N.9. - ASSUMED SINGLE COMPARTMENT MaDe. 

ELIMINATION HALE LIFE thr} 2 0.5979 

ELIMINATICN RATE CONSTANT i/hr} =) “1.1594 

R : -0.9724 

KINETIC PARAMETERS DERIVED FOR HTIC 

TRAPEZGIDAL AUC (ag.h/1) 2.0434 

CLEARANCE OF METABOLITE {1h} 6.0439 
(SEE FILE MCBXPKI/CO8) 

FRACTION OF DRUG CONVERTED T2 METABOLITE 0.1391 
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Appendix III 
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TUMOUR CONCENTRATION 
MEAN 

TIME CONC LN CONC TRAP 
(hr) (mg/Kg) (mg/Kg) AUC 

0.17 S2nfat 3.489 2.508 
0.33 36.337 a. 593 5.528 
0.50 37.660 3.629 6.290 
0.75 29.268 3.376 8.366 
1.00 22.310 3.105 6.447 
1.50 21.370 3.062 10.920 
2.00 13.610 2.611 8.745 
2.50 4.295 1.457 4.476 
3.00 a. 936 1-711 2.458 

55.73723 -AUC(TRAP)
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TUMOUR CONCENTRATION 
MEAN 

TIME CONC LN CONC’ TRAP 
(hr) (mg/Kg) (mg/Kg) AUC 

0.17 36.367 3.594 2.494 
0.33 91.341 4.515 10.217 
0.50 af. 761 3.631 10.974 
0.75 32.749 3.489 8.814 
1.00 24.222 3s. ia7 seg 
1.50 29.638 3.389 13.465 
2.00 12.368 Zn OLS 10.502 
2.50 Lite 0.562 3554 
3.00 0.500 -0.693 0.564 

67.6802 -AUC( TRAP)
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TUMOUR CONCENTRATION 
MEAN 

TIME CONC LN CONC TRAP (hr) (mg/Kg) (mg/Kg) AUC 

0.17 57.306 4.048 3.786 0.33 55.450 4.015 9.020 0.50 39.931 3.687 8.107 0.75 47.754 3.866 10.961 1.00 26.062 3.260 93227 1.50 17.873 2.883 10.984 2.00 14.191 2.653 8.016 2.50 10.953 2.394 6.286 3.00 6.495 1 Mea a 8 GGS 

70.74904 ~AUC( TRAP)
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MEAN 
TIME CONC LN CONC TRAP 
(hr) mg/Kg mg/Kg AUC 

93.83594
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Appendix IV 

In vivo pharmacokinetics of MTIC 
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MOSK MEAN 

TIME CONC LN CONC =o T¥ap TINS CGN 

nr) (BG. agiL: AUC hr} fegsby 

9.09 th.e% 2.844 nog ae 

a O.430 -0, ay ae er 1,17 a 45h 

O.7SSS -ALCI TRAP) 

¥INETIC PARAMETERS DERIVES FOR TEMOZGLOMIDE 

TRAPEZOIDAL SUC fac hr/L) = 0.7895 

MATIMUM PLESMS CONC, iag/L} =. 15.6700 

CLEARANCE =iL/hr) = 0.9357 

CASSUMING F=1 & TRAPEZOIDAL AUC) 

VOLUME GF DISTRIBUTION (L) = §.9392 

[ASSUMING F={ & TRAPEZOIDAL AUC} 

NB, - ASSUMED SINGLE COMPARTMENT MGDEL 

ELIMINATION HALF LIFE thri = 6,290 

CLIMIMATION RATE CONSTANT if/nr} = -23,.9499 

R = 1.0600
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VOLUME OF DISTRISUTION {L) 

CASSUMING Fe} & TRAPEZOIDAL AUC] 

4.3. - ASSUMED SINGLE COMPARTMENT MODEL 

ELIMIKATION HALF LIFE (hr? “ 9.9290 

-23.9686 
ELIMINATION RATE CONSTANT (i/hr) 

x = -1 0006
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