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The metabolism and the pharmacokinetics of the antitumour 

agents, HMM (2,4,6-Tris(dimethylamino]-1,3,5-triazine) and NMF 
(N-methylformamide) was investigated. An attempt was made to 

discover a pharmacokinetic or metabolic explanation for the 

pharmacological activities and toxicities of these compounds. 

HMM was studied in-vitro and the disposition of NMF was investi- 

gated in-vivo. 

The kinetic properties of the metabolism of HMM was com- 

pared with those of a series of derivatives of HMM and with 

those of AP (l-phenyl-2,3-dimethylamino-pyrazolon-5). The 

rate of N-demethylation of HMM and N-desmethyl derivatives, 

seemed to be related to their lipophilicities and also to their 

antitumour activity. HEM (2,4,6-Tris[diethylamino]-1,3,5- 
triazine) was readily dealkylated. However, even though it is 

more lipophilic than HMM, it is devoid of antitumour activity. 

TetraMM (2,4-Bis|methylamino] -6-dimeth lamino-1,3,5- 

triazine) and TriMM (god Grr i@bactiylaminol-4,S}8-trlasiae) 

are demethylated at a rate slower than that for HMM and PMM 

(2, 4-Bis[dimethylamino] -6-methylamino-1,3,5-triazine), which 

may partly explain the long plasma elimination half-lives of 

the HMM metabolites, TetraMM and TriMM, compared to those of 

HMM and PMM. 

The fate of N-alkylformamides in-vivo was studied by 

determining the plasma disposition and urinary excretion of 

these compounds in mice and patients. From the resulting 

plasma concentration-time profiles, pharmacokinetic parameters 

were evaluated which showed that NMF exhibited good oral bio- 

availability in both mice and patients. After administration 

to mice of equimolar doses of two closely related derivatives 

of NMF, DMF (N,N-dimethylformamide) and NEF (N-ethylformamide) , 

the area under the plasma concentration-time curves for these 

agents were significantly lower than that for NMF. These 

results suggest that the marginal antitumour acitvity of DMF 

and NEF compared to the dramatic activity of NMF, may have a 

pharmacokinetic basis. : 

A comparison of the urinary excretion of 1“c-methyl- 

labelled NMF (14¢c-NMF) with that of unlabelled NMF indicates 

that only 26.4% of drug was excreted unchanged and 50% as an 

unidentified metabolite of NMF, probably a conjugate of a 

hydroxylated derivative of NMF. 

The plasma disposition of NMF and DMF in mice, within 24 

hours after administration, could not be described by a linear 

pharmacokinetic model and appeared to be dependent on the dose 

administered. However, after 60 hours after administration of 

14c-_NMF, radioactivity was eliminated from the plasma with a 

half-life of 71.1 hours. 

Key words: N-alkylmelamines, N-alkylformamides, metabolic 

N-dealkylation, enzyme kinetics, pharmacokinetics. 
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PREFACE 

This study compares some biochemical and 

pharmacological properties of the N-methyl-containing 

antitumour agents, HMM and NMF, with those of their 

inactive derivatives, e.g. HEM, NEF and DMF. The 

metabolism of N-methyl agents which are capable of 

N-demethylation but are not themselves cytotoxic anti- 

tumour agents was also investigated. 

The thesis is organised into two parts. Part 

one (the N-alkylmelamines) is concerned with the in- 

vitro metabolism of HMM and some closely related deriva- 

tives, and AP. The enzymes which catalyse the N-demethylation 

of the N-alkylmelamines and AP were characterised by deter- 

mining the enzyme kinetic constants, Km and Vmax. The 

effect of several xenobiotics on the in-vitro metabolism 

of N-methyl-containing compounds was also investigated. 

Part two (the N-alkylformamides) deals with the metabolic 

fate in-vivo of NMF and that of related derivatives, in mice 

and in patients. 

- xvi -
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PART ONE 

The fN-alkylmelamines



SECTION 1 

INTRODUCTION



Lol The Discovery of Hexamethylmelamine (NSC 13875). 

Interest in developing chemotherapeutic agents 

to treat advanced stages of cancer has grown since 1946 

when Gilman and Philips (1946) demonstrated that the use 

of nitrogen mustards represented a significant advance in 

the management of lymphoid tumour. 

In the 1950s investigations were performed into the 

possible use of a series of melamine derivatives, synthesised 

From cyanuric chloride (Kaiser et al., 1951) and employed 

in the production of synthetic resins and fibres. There is 

a structural similarity between these melamines and the 

aziridium ion formed on hydrolysis of the nitrogen mustards 

(fig. 1a) and this suggested possible antitumour activity 

For the derivatives. When triethylenemelamine (fig. 1b) 

was found to be active, a search for analogues led to the 

discovery of hexamethylmelamine (fig. 1c).
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Lae Antimtumour Activity of Hexamethylmelamine 
and Pentamethylmelamine in Animals 

Hexamethylmelamine (HMM) has shown significant 

activity against the Dunning leukaemia of the rat, the mouse 

adenocarcinoma 755 (Venditti, 1975) and the M5076/A 

reticulum cell sarcoma (Brindley et al., 19826). HMM is 

also active against human lung tumours grown in mice 

deprived of T-lymphocytes (Mitchley et al., 1975), and the 

ADJ/PC6A plasmacytoma undergoes complete regression when 

treated with this agent, even when well established (Mitchley 

eb aly, 1975). 

Marginal activity of HMM has been demonstrated 

against the mouse sarcoma 180 (Buckley et al., 1952) and the 

Walker 256 carcinoma (Hendry et al., 1951). 

Venditti (1975) reported the inactivity of HMM 

as judged by the National Cancer Institute (NCI) screen of 

P388 leukaemia, Lewis lung carcinoma and 816 melanoma. By 

1975, HMM was the only non-hormonal agent missed by this 

screening method (Venditti, 1975). 

Pentamethylmelamine (PMM), the N-demethylated 

derivative of HMM, is slightly less effective against the 

mouse sarcoma 180 compared with HMM (Lake et al., 1975), 

but has similar activity in several human tumours grown in 

immune-deprived mice (Clinical Brochure, National Cancer 

Institute, 1978 ; Connors et al., 1977) and in the M5076/A 

reticulum cell sarcoma (Hahn, 1980). However the therapeutic 

index of HMM against the ADJ/PC6A plasmacytoma is superior 

to that of PMM (Rutty and Connors, 1977).



1.3 Clinical Pharmacology of HMM and PMM 

Clinical trials of HMM employed as a single agent, 

or in combination with other chemotherapeutic agents, 

demonstrated activity in human tumours of the lung (Takita 

and Didolkar, 1974; Stolinsky and Bateman, 1973; Wampler 

et al., 1972; Bergevin et al., 1973; Wilson and de le Garza, 

1965), ovary (Bergevin et al.,1973; Wilson and de la Garza, 

1965; Wharton et al., 1979; Bonomi et al., 1979; Johnson 

Bt als, 1988* golis €t at... 1979; :Omure 2981; Vogt St 81. 

1979b) and Hodkins disease and non-Hodkins lymphoma (Borden 

et @b.,° 39772; 

The poor water solubility of HMM (Cumber and Ross, 

1977) renders it unsuitable for parenteral use and it is 

administered orally in the clinic. The reduced bioavail- 

ability of HMM (D'Incalci et al., 1978) when given orally, 

must be due to first pass metabolism by the liver because 

HMM is well absorbed from the gut (Ames et al., 1979). The 

plasma concentration of HMM only represented a small per- 

centage of the plasma concentration of total radioactivity 

when radio-labelled HMM was administered orally to man 

(Ames et al., 1979). 

The major dose-limiting toxicity symptoms of HMM 

are gastrointestinal, neurological and haematopoietic 

(Hahn, 1980). Phase two investigations Rave shown that 

the average tolerated dose is 8 mg/Kg/day for 21 days 

(Bergevin et al., 1973). The mechanism by which HMM causes 

nausea and vomiting is not known but it is probably a 

central effect, rather than local irritation, because it



usually occurs several days after treatment (Wilson et al., 

1969). Takita and Didolkar(1974) have reported the onset 

of gastrointestinal toxicity two to three days after drug 

administration. At therapeutic doses, HMM produced mild to 

moderate marrow toxicity which was reversible (Legha et 

Oo. bos 

Because of the increased water solubility of PMM 

(Cumber and Ross, 1977) and its similar activity against 

some murine tumours compared to HMM, PMM has undergone phase 

one clinical investigations which however, have so far 

Failed to demonstrate complete or partial responses in man 

(Smith .et @i.2, 1980; Ihde et al., °1980;.Casper et al., 19a0; 

Lichtenfield et al., 1980). In these reports, the major dose- 

limiting toxicity was reported to be nausea and vomiting.



1.4 Mode of Action of HMM 

1.4.1 Mechanisms Not Involving Metabolism of HMM 

The structural similarity of HMM compared to 

triethylenemelamine (TEM), led to the postulation that HMM 

acts as an alkylating agent (Wilson and de la Garza, 1965: 

Nadkarni et al., 1954). However, the following evidence 

supports the view that HMM does not act by this mechanism: 

(1) Neither HMM nor its demethylated metabolites react 

positively with 4,nitrobenzylpyridine (NBP) (De Milo and 

Borkovec, 1968); an in-vitro test reagent demonstrating 

alkylating activity (La Breque et al., 1968). 

(2) The required dose of HMM necessary for the effective 

treatment of human tumours is two hundred times higher than 

that for TEM. Also, the LD59 of HMM in rats and mice is one 

hundred fold greater than that of TEM (Philips and Thiersch, 

1950). This suggests the possibility that the toxicity and 

cytotoxicity of HMM is brought about by a different mechanism 

tToetheas ot PEM. 

(3) Some human tumours refractory to alkylating agents have 

been reported to be sensitive to HMM when this drug was used 

as a secondary treatment (Takita and Didolkar, 1974; Vogl et 

al., 1979b;Stolinsky and Bateman, 1973; Wampler et al., 1972). 

Recent reports have however cast doubt on this finding (Bolis 

et al., 1979; Omura, 1981) and HMM employed as a secondary 

agent may not be as effective as first thought; which indi- 

cates cross-resistance between alkylating agents and HMM.



There is some evidence that diamino-dihydro-s- 

triazenes act as folic acid antagonists (Baker and Ashton, 

1972) and HMM may act in a similar manner. However HMM 

did not inhibit dihydrofolate reductase in-vitro (Worzalla 

et al., 1974b;Borkovec and De Milo, 1967), which would 

disprove this hypothesis. 

HMM (107M) inhibited the in-vitro incorporation 

of radioactive thymidine and uridine into DNA and RNA 

(Heere and Donnely, 1971). This has been interpreted as 

evidence that HMM inhibits DNA and RNA synthesis. HMM also 

exhibited a greater inhibition of uptake of RNA and DNA 

precursors into Ehrlich Ascites cells, than protein pre- 

cursors (Heere and Donnely, 1971). This is interesting 

Since some alkylating agents have also demonstrated this 

property (Heere and Donnelly, 1971).



1.4.2 Metabolism of HMM 

Sa 4elee Evidence for Metabolic Activity 

That metabolic activation of HMM is required to 

elicit its antitumour activity has been shown in the 

following investigations: 

(1) HMM is directly cytotoxic in-vitro only after prolonged 

exposure to cells (Rutty and Abel, 1980; Bateman et al., 

Lgsos- DO" lncealet et @24, 1980). 

(2) HMM, as well as its demethylated derivatives PMM and 

tetramethylmelamine (TetraMM), requires activation in-vitro 

to give an increase in survival time in the bioassay described 

by Rutty and Connors (1977). 

These results suggest that intermediates of HMM 

metabolism are the cytotoxic species responsible for the 

antitumour activity of HMM. These reactive intermediates 

may interfere with a biochemical pathway, or pathways, e.g. 

C1-unit metabolism, in a way as yet unknown. It is possible 

that they react directly with tumour tissue macromolecules. 

HMM- (Ames et.al. ;, 1981; Garattini et. al.; 296.1) 

and PMM (Ames et al., 1981) are activated by liver (Ames 

et al.., 1961;-Garattini et 6i., 1961) and tumour CGarettini 

et al., 1981) microsomal preparations to reactive inter- 

mediates which covalently bind to microsomal macromolecules. 

Covalent binding of metabolites of HMM to tissue macro- 

molecules of liver and tumour was also shown in-vivo (Rutty 

Gt-el., 1978; Garattini.et.el., 1981)... The Binding was. not 

solely due to formaldehyde, released during the 

demethylation of HMM, because both ring and methyl-labelled 

HMM were used in some of these investigations (Ames et al., 

L9Gis"Rutty at ala, 1978). 
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deh elise Isolation and Identification of HMM Metabolites 

Since metabolism of HMM is thought to be important 

for its mode of action, many investigations have been per- 

formed concerning its metabolism in-vitro and in-vivo. 

HMM undergoes extensive demethylation, most 

certainly in the liver (Rutty et al., 1978), and a number 

of demethylated metabolites have been isolated in the urine 

of rats, rabbits, mice and man, after HMM administration 

(Ames et al., 1979; Worzalla et al., 1974b;Rutty et al., 

L976s* Worzalia-et.al., 1975< Bryen et ei... LSGba, 

After administration of HMM to rats, the 

alkylmelamine appeared to be rapidly metabolised because the 

unchanged drug could not be detected in the urine (Worzalla 

et al., 1973). Ames et al. (1979) found demethylated 

metabolites of PMM in human urine a few minutes after admini- 

stration of PMM, and the presence of unchanged drug in human 

urine was also undetectable (Ihde et al., 1981). HMM and 

PMM appear therefore to be eliminated from the body mainly 

by metabolism. 

Four major metabolites were isolated in the urine 

of rats after administration of HMM; n@ 4, nOtrimethylmelamine 

(TriMM), N2,N4dimethylmelamine, monomethylmelamine and 

melamine (Worzalla et al., 1974b). The two major metabolites 

detected in human plasma were PMM and TetraMM (Broggini et 

al., 1981). TriMM and DMM were also identified in small 

amounts (Benvenuto et al., 1981). 

After administration of HMM or PMM to mice, the 

area under the plasma concentration-time profiles of TetraMM 

and TriMM have been seven to ten fold greater than those of 

the parent compound (Broggini et al., 1981). This persistence 
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of demethylated metabolites in the plasma was also shown 

for TriMM after PMM administration to the rabbit (Ames et 

al., 1979), and may be partly explained by the slow 

demethylation rate of TetraMM and TriMM as compared to 

HMM and PMM. Differences in the rates of N-demethylation 

have also been shown in-vitro (Rutty and Connors, 1977; 

Broggini et al., 1981), but these investigations used only 

one substrate concentration. 

It was therefore considered that a detailed study 

of the demethylation of HMM and some of its demethylated 

metabolites, was relevant in order to support or refute the 

hypothesis that the long plasma elimination half-life of 

TetraMM and TriMM, as compared to HMM and PMM, reflect 

differences in the affinities of the differently methylated 

melamines by the metabolising enzymes. 

After administration of +4c-ring-labelled HMM, 89% 

and 79% of the total radioactivity could be recovered in the 

urine after 72 hours in man and rats respectively (Worzalla 

et al., 1974b). The radioactivity was still attached to the 

unchanged ring moiety which shows how stable the s-triazene 

Ting is. However, when TEM was administered to rats 72 to 

88% was recovered as cyanuric acid in the urine (Nadkarni 

et al., 1954). Only a small percentage of radioactivity was 

Found as Looe in the breath of rats, after administration of 

TEM labelled in the ethylenimino moiety (Smith et al., 1958). 

However, when HMM was labelled in the methyl moiety and 

administered to rats (Worzalla et al., 1973) and mice 

(Gescher and Raymont, 1981) 24% to 33% of total radioactivity 
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could be recovered as exhaled Flies This evidence clearly 

indicates a different metabolic pathway for HMM compared to 

TEM. 

HMM appears to undergo oxidative N-demethylation 

by a similar pathway in humans, rats and house flies 

(ilorzella et. al., 197hb; Chang et°al., 1964>Chang et ala, 

1968) as indicated by the appearance of identical 

demethylated metabolites after HMM administration. The 

proposed metabolic scheme (fig.2) suggests preferential 

demethylation of N-dimethyl moieties. 

The demethylation of HMM is thought to proceed via 

a C-hydroxylation to N-hydroxymethylpentamethylmelamine (HMPMM) 

which subsequently decomposes to PMM with the concomitant 

loss of formaldehyde (De Milo and Borkovec, 1968). 

Succeeding demethylations yield melamines with four, three 

two or one methyl groups). 

Metabolically generated N-hydroxymethyl compounds 

have been thought to be transient species which readily 

rearrange to eliminate formaldehyde (Testa and Jenner, 1976). 

However Gescher et al. (1979) have demonstrated appreciable 

stability of N-hydroxymethyl metabolites of some N-methyl- 

containing xenobiotics, including HMM and PMM, and have 

identified HMPMM as an in-vitro metabolite by high pressure 

liguid chromatography and gas chromatography-mass 

spectrometry. 

The stability of some carbinolamines suggests that 

they may escape breakdown in the liver and go to extrahepatic 
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tissues,which may have toxicological consequences for the 

host (Gescher et al., 1979). However, direct evidence 

for the present of HMPMM in body fluids is lacking. Rutty 

and Connors (1977) have shown that TetraMM, TriMM, 

dimethylmelamine, monomethylmelamine and melamine are 

considerably less active against the ADJ/PC6A plasmacytoma 

when compared to the activity of HMM and PMM. They concluded 

that melamines require four or more N-methyl groups in the 

molecule for activity against this tumour system. 

Lake et al. (1975) also found that toxicity and 

antitumour activity were reduced as the number of N- methyl 

groups in the melamine molecule decreased but at equitoxic 

doses the N-methyl melamines demonstrated comparable anti- 

tumour activity. 

Whereas the metabolism of HMM and PMM in-vivo 

involves an activation step, probably due to the formation 

of methylols, metabolic generation of melamines with less 

than five methyl groups, from HMM or PMM, appears to 

represent a deactivation pathway. 
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1.4.2.3 Mechanism of Action af HMPMM 

HMPMM is a major in-vitro metabolite of HMM 

(Gescher et al., 1980) and is highly cytotoxic when incubated 

with murine (Rutty and Abel, 1980) and human (Bateman et al., 

1979; Otincalci et, aly,-1980). tumour ceil: iinhes.* The 

toxicity of HMPMM to cultured L1210 leukaemia and Walker 256 

carcinoma appears to be solely due to formaldehyde, whereas 

in the ADJ/PC6A plasmacytoma it seems to act differently 

(Rutty and Abel, 1980). The cytotoxicity of HMPMM to L1210 

leukaemia and Walker 256 carcinoma can be reversed with 

semicarbazide which traps formaldehyde; however this is not 

the case for the cytotoxicity of HMPMM to ADJ/PC6A 

plasmacytoma (Rutty and Abel, 1980). 

It is possible that the methylols act by a 

mechanism analogous to alkylating agents; i.e. these inter- 

mediates of HMM may react covalently with nucleophilic 

centres of proteins and nucleic acids. Chemically, N- 

hydroxymethyl compounds are characterised by their ability 

to aminomethylate nucleophiles (Weitzel et al., 1964) and 

HMPMM has shown the capacity to aminomethylate PMM (Borkovec 

and De Milo, 1967). 

Some antitumour agents which are thought to be 

alkylating agents have the ability to covalently bind to DNA 

and form interstrand cross-links (Ewig and Kohn, 1977) when 

assayed by the alkaline elution assay pioneered by Kohn, 

et al., 1979). However, when HMM was metabolised by a liver 

metabolising system, and assayed by the alkaline elution 
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technique, neither HMM metabolites (Ross et al., 1981) nor 

direct addition of HMPMM (Muindi, 1981) could demonstrate 

DNA-DNA cross-linking activity. Although both formaldehyde 

and HMPMM produced extensive DNA-protein cross-linking in 

L1210 leukaemia cells (Muindi et 1981), it appears that the 

mode of action of HMPMM is not attributable to DNA cross- 

Lip kang’. 
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1 se eet The Enzyme System Catalysing the Metabolism 
of the N-alkylmelamines 

The N-demethylation of HMM is catalysed by a 

microsomal enzyme system and requires the presence of 

NADPH and molecular oxygen (Rutty and Connors, 1977; 

Ames: et-al., I987; Garattini ‘et <)., 1981).* Inhibitors, 

e.g. SKF525A and carbon monoxide, and inducers, e.g. 

phenobarbitone, of cytochrome P450-dependent drug 

metabolism, also influence the demethylation of HMM: 

phenobarbitone markedly stimulated the in-vivo (Worzalla 

et al., 1972; Gescher and Raymont, 1981) and in-vitro 

(Worzalla et al., 1972; Ames et al., 1981) metabolism of 

HMM, whilst SKF525A and carbon monoxide inhibited both 

HMM and PMM metabolism in-vitro (Ames et al., 1981). 

The enzyme system catalysing the metabolism of 

HMM is therefore believed to involve the cytochrome P450- 

dependent monooxygenases of the liver. 

In view of the importance of metabolism for the 

activity of HMM, it was considered relevant to attempt to 

Further characterise the hepatic enzymes which catalyse the 

metabolism of HMM and its desmethyl metabolites. 
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t.3 Aims and Scope of the Present Investigation 

HMM is active against a number of murine and human 

tumours. Its mode of action is not well understood, but it 

appears that metabolic activation is required to elicit its 

antitumour activity. The metabolic pathway which HMM 

undergoes is oxidative N-demethylation. Many drugs with N- 

methyl moieties, e.g. aminopyrine (Gram et al., 1968) and 

imipramine (Bickel and Baggiotini, 1966) are metabolised 

in this way. However, these compounds unlike HMM, are not 

antineoplastic agents. If one assumes that this biotrans- 

formation is important for the antitumour activity of HMM, 

one can postulate either of two explanations: 

(1) HMM and aminopyrine (AP) undergo identical N- 

demethylations to different products; relatively stable 

methylols in the case of HMM, which may be the ultimate 

cytotoxic species in-vivo, and formaldehyde in the case of 

AP, which is rapidly metabolised to formate and carbon 

dioxide. 

(2) Different enzymes located in different tissues and 

different cell compartments, catalyse the biotransformation 

of antineoplastic as well as non-antineoplastic N-methyl 

compounds; or these compounds react with the enzymes in 

different ways. Even though one of the products of these 

enzyme reactions is the same, i.e. formaldehyde which is a 

cytotoxic species, its differential formation may make its 

precursors, the N-methyl drugs, cytotoxic agents in some 

cases (HMM) and innocuous chemicals in others (AP). 
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In order to distinquish between these two possi- 

bilities an attempt was made to characterise the hepatic 

enzymes which metabolise HMM, its metabolites, and for 

comparison, AP. Such investigations were thought to reveal 

differences in the affinities of the metabolising enzymes 

for the substrates. The metabolism of HMM in the liver may 

be completely unimportant as a bioactivation step and its 

metabolism in the tumour cell may be the important event, 

leading to the actual antineoplastic species. However, very 

little is known about the enzymes which metabolise HMM in 

tumour tissues and the enzyme levels appear to be low 

(Garattini et al., 1981). It was therefore decided to 

investigate the hepatic HMM metabolising system and conclusions 

might be applicable to the enzyme system which may metabolise 

HMM in the tumour. 

HMM is active against the ADJ/PC6A plasmacytoma 

whereas hexaethylmelamine (HEM) is devoid of antitumour 

activity in this tumour model (Rutty and Connors, 1977). 

The N-de-ethylation of HEM was investigated by characterising 

the enzymes responsible for its metabolism, in an attempt to 

explain the fact that N-methyl moieties are required in the 

melamine molecule for antitumour activity. 

As previously mentioned in section (1.4.2.2), 

another rationale for studying the demethylation of HMM and 

its desmethyl metabolites was to explain the long plasma 

elimination half-life of TetraMM and TriMM as compared to 

HMM and PMM. 
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There have been examples in the literature which 

show that different N-methyl-containing xenobiotics undergo 

N-demethylation by pathways which are characterised by 

particular features. For example, the N-demethylation of 

the carcinogen dimethylaminoazobenzene was dependent on the 

endogenous compound glutathione (GSH), whereas the 

N-demethylation of AP was not influenced by GSH (Levine and 

Finkelstein, b979)s One of the many roles of, hepatic GSH is 

to detoxify potentially harmful electrophilic compounds 

(Chasseaud, 1976). It also acts as an intra-cellular reductant 

and has the capacity to: 

(1) Provide the reducing capacity for some enzyme reactions, 

e.g. it is a coenzyme of enzymes such as formaldehyde 

dehydrogenase and GSH peroxidase, and 

(2) Protect proteins and cell membranes by reacting with 

peroxides and radicals which may be generated during 

xenobiotic metabolism. 

In order to characterise HMM metabolising enzymes 

with respect to their dependence on GSH, the experimental 

conditions described by Levine and Finkelstein (1970) were 

used and the metabolism of HMM was compared with that of AP. 

The antitumour agent adriamycin also reduces 

hepatic GSH levels (Doroshaw et al., 1979). Since HMM has 

been used in conjunction with adriamycin in the treatment of 

ovarian cancer (Vogl et al., 1979) it was considered 

Televant to investigate whether adriamycin influences the 

metabolism of HMM. 
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The N-demethylation of the carcinogen dimethyl- 

nitrosamine, and AP has been shown to be influenced by the 

presence of organic solvents (Argus et al., 1980; Kawalek 

and Andrews, 1980). Therefore the influence of organic 

solvents on the metabolism of HMM and AP was investigated 

to further characterise differences in the metabolism of 

N-methyl containing compounds; differences, which in some 

way may provide explanations for the fact that HMM is bio- 

activated by oxidative N-demethylation whereas AP appears 

to be detoxified by this process. 
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SECTION 2 

MATERIALS



Cae Substrates and their Derivatives Employed in the 
In-Vitro Investigations 

The compounds listed below were synthesised in our 

laboratories. 

The following melamine derivatives were prepared 

according to the methods of Thurston et al. (1951) and Paget 

and Hammer (1958) by Dr. R. J. Simmonds, Prof. M. F. G. 

Stevens and Mme &. Pe: Lanedon. 

2,4,6-Tris (dimethylamino)-1,3,5-triazine 

2,4-Bis(dimethylamino)-6-methylamino-1,3,5-triazine 

2-Amino-4,6-bis(dimethylamino)-1,3,5-triazine 

2,4-Bis(methylamino)-6-dimethylamino-1,3,5-triazine 

2,4,6-Tris(methylamino)-1,3,5-triazine 

2,4,6-Tris(diethylamino)-1,3,5-triazine 

3-(4-Carboxymethylphenyl)-1,l-dimethyltriazene was prepared 

by Prof. M. F. G Stevens according to the method of Connors 

et al. (1976) by treatment of the appropriate aryldiazonium 

salt with aqueous dimethylamine. 

2,4-Bis(dimethylamino)-6-trimethyl-1,3,5-triazinium chloride 

was synthesided. by Prof. M. F. G. Stevens according to the 

methods of Dovlatiom et.al. .Gl977)-. 

3-0-[2,4-Bis(dimethylamino)-1,3,5-triazin-6-yl]-D-glucopyranose 

was synthesised according to a novel synthesis (Simmonds et al., 

1982) by reacting the protected sugar with 2-Chloro-4,6- 

bis(dimethylamino)-1,3,5-triazine. 
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232 Miscellaneous Chemicals 

Aminopyrine 

dimethylsulphoxide 

dioxane 

folin's reagent 

paraformaldehyde and 

trichloracetic acid were obtained from BDH Chemicals Limited, 

Atherstone, United Kingdom. 

Bovine serum albumin (BSA) 

diethylmaleate 

glucose-6-phosphate (G7879) 

glucose-6-phosphate dehydrogenase (G68878) 

methyliodide 

nicotinamide adenine dinucleotide phosphate (NQ505) and 

reduced glutathione were purchased from Sigma Company Limited, 

Poole, United Kingdom. 

Packing materials for the GC columns were obtained from 

Phase Separations Limited, Queensferry, United Kingdom. 

Adriamycin was a gift from Dr. S. Chahwallah, University of 

Aston in Birmingham, United Kingdom. 
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Ze 3 Animals 

Animals were obtained from Bantin and Kingman 

Limited, Hull, U.K. In order to avoid stress they were held 

for at least one week in an animal house to acclimatize. 

They were fed on Heygates Modified 418 breeding 

diet ad lipitums 

2.4 Buffer solutions and reagents 

Magnesium free Earle's medium (Earle, 1943) consisted of: 

NaHCO,, 2.29 3? 

NaCl, 6.89 

D-Glucose, 1.09 

Bol, O69 

NaH,PO, , O.14g 

and was made up to 1L with distilled water and the pH 

adjusted to 7.4. 

Nash reagent (Nash, 1953) contained: 

Ammonium acetate, 112.5g 

acetylacetone, 1.5ml 

ecetic shid? 2.25m1 

and distilled water made up to 250ml 

Lowry reagent (Lowry, 1951) consisted of the following 

solutions: 

2% Na,CO.. 10 Ho0 in 0.1M NadH 
Cg 2 

1% CuSO). 5 HO and 

2% K or Na tartrate. 
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SEG) LON 

METHODS



aos Estimation of Initial Velocity by Colourimetry 

Brees Preparation of Microsomes 

Male Balb C mice (20-259) were used throughout the initial 

velocity measurements. The animals were killed by cervical 

dislocation and the livers were removed between 9 and 11 a.m. 

and rinsed in cold 0.25M sucrose solution. The livers were 

weighed after blotting with filter paper. One part of liver 

was then homogenised with four parts of O.25M sucrose 

solution in a glass homogeniser with a teflon pestel. The 

resultant homogenate was then centifuged in a M.5.E. 

Superspeed 50 ultracentrifuge at a rotor speed equivalent 

to 9000g and at a temperature of 0-4°C for 20 minutes. The 

resultant supernatent was decanted and this fraction was 

centrifuged for a further 90 minutes at a rotor speed 

equivalent to 105,000g. The supernatent obtained after this 

centrifugation was discarded and the microsomal pellet 

Temaining was resuspended in Earle's medium to yield a 

microsomal concentration equivalent to 200mg of liver in 

OSS. Mase 

Seale Enzyme Concentration 

The microsomal pellet contains the proteins which catalyse 

xenobiotic hydroxylation reactions. O.1 ml of the microsomal 

suspension was diluted with 5 ml distilled water. 1 ml of 

this solution was assayed for protein aereent according to 

the method of Lowry et al. (1951). Absorbances were read 

using a Beckman Acta V spectrophotometer or Cecil C.E£.5095 

spectrophotometer, against control samples without protein, 

at 750 nm. Concentrations were calculated from a standard 

curve using BSA as the protein source (fig. 3). 
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The sensitivity of the assay described in 

section (2.1) is determined by the rate of demethylation 

of substrate and the extinction coefficient of the 

formaldehyde chromagen formed in the Hantzsch reaction. 

This limitation in sensitivity usually necessitates the 

use of a microsomal concentration equivalent to about 

250 mg liver in the incubation (Poland and Nebert, 1973). 

In the present investigation a microsomal concentration of 

about 200 mg liver was used in the incubation throughout 

the in-vitro studies. 

Investigators have used between one and four 

mg protein per ml although less than 2 mg has been 

recommended (Fouts, 1970). A protein concentration 

of 1-2 mg per ml was used throughout this investigation. 

The rate of N-demethylation of HMM was estimated 

at different enzyme concentrations to ensure linearity 

between the oxyaenation rate of substrate Vy) “and the: concen— 

tration of microsomal protein. The specific activity of 

the enzyme source (nmol product formed per mg protein per 

minute) has to be independent of microsomal concentration 

in order to ensure that the following conditions are met: 

(1) The method being employed to follow the reaction rate 

truly reflects the velocity of the conversion of substrate 

to product, at all enzyme concentrations used. 

(2) The concentration of the substrate and any required co- 

factor is greatly in excess of the enzyme concentration. 

(Zeffren and Hall, 1973). 
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Soke Assay Conditions 

Suid Dak Cofactors 

The reaction mixtures consisted of 0.5 ml micro- 

somal suspension and Q.1 ml of the following cofactors 

dissolved in Earle's medium: 

NADP, (400nm) ; MoCl,, (5mM); glucose - 6 - phosphate, (4mM); 

which generate O.4mM NADPH. The glucose -6- phosphate 

solution also contained 15 units per ml glucose -6- phosphate 

dehydrogenase. The figures in parenthesis indicate the final 

concentration in the incubation mixture. 

3a 4 ae Substrate concentration 

The experimental conditions were worked out under 

which the rate of demethylation of HMM and AP (nmol 

formaldehyde formed per mg protein) was linear with time. 

Initial velocity was then estimated on variation of substrate 

concentration. Substrate concentrations suggested for 

studies of this kind vary from + - 3 times Km (Wilkinson, 

1961) and 1/5 - 5 times Km (Cleland, 1967). The Km was 

approximated in the present study by plotting initial velocity 

against substrate concentration and estimating substrate 

concentration at one half the observed maximum velocity. 

If only a short range of concentrations are used it 

may be difficult to detect the true shape of the kinetic curve 

(Eek; Lo 707s The lower limits of substrate concentration 

were set by the sensitivity of the analytical assay. The upper 

limit of substrate concentration was dependent on the solubility 

of substrate in the incubation mixture. Because of the 

lipophilic nature of the melamines, their solubility in the 

ee



agueous system was limited, and at concentrations above 5mM, 

problems in achieving an even distribution in the assay 

medium arose. 

Substrate concentrations in the present study varied 

between 0.02 mM and 5 mM.. noNoNtNY-Tetramethylmelamine 

(TMM) was dissolved in dimethylsulphoxide, and 

heptamethylmelamine and the glucose derivative of TMM were 

dissolved in distilled water. All other substrates were 

dissolved in acetone. 

O.1 ml of the substrate solution was added to the 

reaction mixture which was then made up to a volume of 2.5 ml 

with Earle's medium. The reaction mixture was incubated at 

37°C with shaking at a constant speed, in open 25 ml glass 

beakers. The shaking rate of the incubator effects the even 

distribution of the substrate and a high shaking rate was 

used to improve the oxygen supply for the monooxygenase 

reaction. 

see =



3.1.4 Estimation of Formaldehyde by the Nash Colourimetric 

Assay 

The reaction was initiated by addition of substrate 

and terminated after 20 minutes by addition of O.5 ml 20% 

trichloracetic acid solution. The mixture containing 

trichloracetic acid was transferred to glass centrifuge tubes 

(15 ml) and spun at approximately 1500g for 10 minutes in a 

M.S.E. Minor or Haereus Christ Labofuge 6000 bench centrifuge 

to remove precipitated proteins. 

Formaldehyde produced during the demethylation 

reaction was measured according to the method of Werringloer 

(1978) which was itself an adaptation of the method intro- 

duced by Nash (1953) and is based on the Hantzsch reaction. 

2ml of the resultant supernatent was added to imi of Nash 

reagent and heated at 60°c for 10 minutes. The chromaphore 

obtained was analysed for optical density ina Beckman Acta 

V or Cecil CE 5095 spectrophotometer at a wavelength of 4i2nm, 

and formaldehyde concentration was estimated by comparing the 

optical density against a formaldehyde standard curve. 

Standard solutions were prepared by dissolving 

paraformaldehyde in 1M NaOH solution (lm1l) and adjusting to a 

Final volume of 100ml with distilled water. Formaldehyde 

solutions were prepared by dilution of standard solutions 

with Earle's medium, and calibration curves were constructed 

from absorbance values corrected using control values 

without added formaldehyde, using linear regression 

analysis, e.g. fig. (4). 
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See Estimation of Initial Velocity by Gas Chromatography. 

The microsomes were prepared and the incubation was 

performed as described in sections (3.1 to 3.1.3.2). 

ee « 1 Extraction of N-alkylmelamines from the Incubation 

Mixtures. 

+, fae«d N-methylmelamines 

The reaction mixtures were initiated by addition of 

O.lml of substrate and terminated with 0O.5ml, 1M sodium 

hydroxide solution. Incubations treated in this way were 

added to Astell roll-bottles (15ml) which contained leml 

diethylether and were sealed with silicone stoppers and 

agitated by spinning on an Astell roll-bottle apparatus for 

30 minutes at a temperature of approximately Ger. 10m. of 

the ether fraction was decanted into glass Quickfit tubes (15m1) 

containing anhydrous magnesium sulphate and left for 60 minutes 

at 42C to remove any contaminating water in the solvent. 6ml 

aliquots of the dried ether was then evaporated using a Buchi 

rotor evaporator. Q.1ml distilled, dried acetone, containing 

the internal standard, was added to the remaining residue. The 

internal standards employed were HEM in the case of HMM and 

PMM, and HMM in the case of HEM. 

Jetek aes Ee 

The extraction was performed as described above (sectio 

3.2.1.1) except that diethylether was replaced by ethylacetate. 

ap eee Recovery of the N-alkylmelamines 

25 to 100 pm of the substrate under examination was 

added to the incubation mixtures containing O.5ml 1M NaOH and 

extracted as described in section (3.2.1). These samples were 

compared to standard solutions and the recovery of the 
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substrate from the incubation mixture was calculated. 

Jenene Gas Chromatographic Conditions 

N-alkylmelamines and their dealkylated metabolites 

were quantified from samples of incubation mixtures by a gas 

chromatographic assay similar to that described by D'Incalci 

et aba (1979), 

Analysis was performed on a Pye-Unicam 204 gas 

chromatograph fitted with a flame ionization detector. The 

column used was a glass tube 2m long and of 3mm internal 

diameter packed with Chromosorb W-AWDMCS, 100-120 mesh and 

coated with 3% OV17. Columns were conditioned for at least 

24 hours at 250°C with a carrier gas flow rate of 40 ml/ 

minute. The operating conditions were as follows: 

column oven temperature: P1OeC 

injector port temperature: 250°C 

detector temperature: 250°C 

During analysis, nitrogen was used as the carrier 

gas at a flow rate of 30ml/minute. Air and hydrogen flow 

rates were 300 and 30ml per minute respectively. 

pil i eae



Seo Estimation of the Kinetic Constants 

Bre Spel. Plotting Methods 

The kinetic parameters Km and Vmax can be defined 

as follous: 

1) Vmax (maximum velocity constant), is the maximum velocity 

of the reaction which is approachable as the enzyme approaches 

saturation by the substrate, and it reflects the breakdown of 

the enzyme-substrate complex after insertion of oxygen. 

2). 246m @Michdelis constant) ..15 the reciprocal arrinivy oF 

the enzyme for the substrate in respect to a specific metabolic 

pathway of the substrate employed. It also describes the ease 

with which the enzyme-substrate complex is formed and the 

substrate concentration for which eh) observed oxygenation 

velocity is one half the maximum velocity. 

Numerical values for the kinetic constants Km and 

Vmax were obtained from pairs of values of initial velocity 

and substrate concentration, by graphical methods. Three 

linear plotting methods derived from the Michaelis-Menten 

equation (1913) were used to estimate the kinetic constants: 

1) Lineweaver-Burke; 1/v against 1/S (Lineweaver and Burke, 

1934) 

2) Hanes; S/v against S (Hanes,1932) 

3) Hofstee; vagainst v/S (Hofstee, 1959) 

Intercepts and slopes were calculated from linear 

regression analysis of each experiment using the experimental 

points on the linear portions of the curve obtained. The 

relationships between intercepts, slopes and kinetic constants 

are shown in fig. (5). 
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The Lineweaver-Burke plot is the most commonly 

used, but it does possess inherent disadvantages which are 

discussed by Dowd and Riggs (1965). The main disadvantage 

is that experimental points may be concentrated towards the 

left hand side of the graph and values of initial velocity 

at low concentrations, which often cannot be determined with 

the required accuracy, have such an important influence on 

the shape of the curve. An attempt was made in the present 

investigation to reduce these errors by varying the concen- 

tration of substrate accordingly and putting more experimental 

weight on values for initial velocity at lower concentrations. 

Paree Validity of Kinetic Analysis 

These in-vitro investigations were not aimed at 

measuring absolute values for the kinetic constants but were 

thought to reflect differences in the affinity of the 

metabolising enzymes for closely related substrates. 

Measurement of formaldehyde formed from the 

demethylation reaction does not distinguish between different 

methyl moieties in reactions of xenobiotics with more then 

one methyl group. AP for example, can theoretically generate 

three moles of formaldehyde and therefore at least three 

compounds may serve as substrate for demethylation, each 

possessing distinguishable kinetic constants (Archakov et al., 

ay ce 

Measuring the rate of disappearance of substrate 

also lacks sensitivity. The most sensitive method of 

measuring drug oxidations is by determining the rate of 

formation of oxygenated substrate (Lenk, 1976). 
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If this metabolite is unstable, e.g. HMPMM, the decompo- 

sition product, e.g. PMM, can be measured. 

In the present investigation kinetic constants 

were obtained from the following methods and the values 

were compared: 

1) measurement of total formaldehyde produced during the 

reaction by a spectrophotometric determination, 

2) measurement of the disappearance of substrate and 

appearance of demethylated product by gas chromatography. 

38



a Product Inhibition 

The following experiments were performed,in an 

attempt to assess 

on the metabolism 

1) the effect of 

2) *ethe etrect, oF 

3) ~the: effect’ of 

TetraMM. 

Initial 

the effect of the N-demethylated product 

of the parent substrate: 

addition of PMM on the metabolism of HMM, 

addition of TetraMM on the metabolism of PMM, 

addition of TriMM on the metabolism of 

velocity measurements were performed by the 

GC assay according to the method described in section(2.1). 

The substrate concentrations in the incubation were 50 pM for 

all the methylmelamines employed. 
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5.15 Effect ofGSH-depleting Agents and Polar Solvents 

on the Metabolism of N-methyl-containing Xenobiotics. 

Dao ik Preparation of the 9000g supernatent 

Livers were excised from male Cha/ca mice (20-25) 

and the supernatent obtained, after centrifuging at 9000g 

according to section (3.1.1) was used as the enzyme source. 

50D sine Enzyme Concentration 

A quantity of 90009 supernatent equivalent to 

200mg liver was used for each in-vitro incubation. 

5. ome Pretreatment of mice with GSH-depleting agents. 

One hour before excision of the liver, mice were 

injected intraperitoneally (IP) with methyliodide (75mg/Kg) 

or diethylmaleate (0.7m1/Kg) suspended in arachis Lis oF 

adriamycin (30mg/Kg) dissolved in 0.9% saline. 

3.964 In-vitro Addition of Methyliodide. 

100 pM methyliodide was added to the incubation 

mixture immediately before the addition of substrate. 

Jotee Pretreatment of mice with Polar Solvents 

16 hours prior to the excision of the liver, mice 

were injected IP with 0.1 ml acetone or dioxane (30mmole/kg) 

in 0.9% saline. 

325.6 In-vitro Addition of Polar Solvents 

100p™ acetone or dioxane was added to the incubation 

mixture immediately before the addition of substrate. 
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So Comparison of Mean Data 

Data was analysed using the two-tailed t-test for 

independent means, and comparisons were not considered 

significant when the two-tailed probability (p) was greater 

than. Oats. 
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4.1 Properties of the Analytical Methods Used to 

Determine the N-demethylation of HMM. 

In order to determine the enzymatic kinetic 

constants for HMM and its derivatives it was necessary to 

establish that the enzyme-catalysed reaction was linear with 

time. Fig. (6) shows that the rate of production of 

formaldehyde during the metabolism of 2mM HMM and 2mM AP was 

linear with time after 20 minutes. 

It is also required that the rate of formaldehyde 

production is linear with microsomal protein concentration. 

Fig.(7) shows that the rate of formaldehyde produced during 

the N-demethylation of 2mM HMM was directly proportional to 

microsomal concentration up to 2.1 mg microsomal protein per 

ml. 

Fig.(8) shows that the addition of microsomes to 

standard formaldehyde solutions did not significantly change 

the extent to which it reacted with Nash reagent. 

The limits of sensitivity of the Nash assay for 

formaldehyde, as described by Werringloer (1978), see 

section (2.1.4), were found to be between 20-25 pM. 

In addition to measuring the rate at which N-methyl 

compounds were metabolised by estimating the formation of the 

metabolite formaldehyde and its precursors, the disappearance 

of substrate and appearance of desmethyl metabolites was 

measured by GC. Calibration curves for HMM, PMM, HEM and 

TetraMM were constructed from standard solutions containing 

these agents. The calibration curves proved to be straight 

lines (r°?0.99), passing through the origin. Examples of 
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calibration curves of HMM and HEM from one experiment are 

shown: in fig. G9). 

Fig. (10) shows the chromatogram obtained after 

injection of a standard solution containing HMM, PMM, TetraMM 

TriMM and Hexaethylmelamine (HEM). Retention times were 

Quay eehy. 2ef, Se0Zand 3.7 minutes rebpectively. Extracts 

from liver microsomal preparations, with and without the 

addition of HMM, PMM and HEM are shown in figs. (11A-B). The 

retention times of HMM and derivatives were identical to 

those of known samples shown in fig. (10). 

After extraction of the N-alkylmelamines from 

incubation mixtures, the recoveries of the respective agents 

were HMM 90.8 * 4.7% (n=9), PMM 89.4 = 7.5% (n=19), 

I+
 

TetramM 89.5 * 6.0% (n=10), HEM 76.6 Lee 5%Cn=5 ys 
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Fig. eine Gas chromatograms of extracts from 

liver microsomal incubations without 

substrate (1), and after addition of 

HMM, 5Onm (II) and PMM, 50pm ChE). 

Samples were prepared according to 

gectian-(5.2,1).. 2feaks (ey; Ch). tc) 

and (d) correspond to retention times 

of HMM, PMM, TetraMM and TriMM 

respectively. 
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a Properties of the Enzymatic N-demethylation of HMM 

xe ob Kinetic Parameters Characterising the N-demethylation 

of HMM and its Derivatives. 

Figs. (12A-H)show the double-reciprocal plots 

obtained from the kinetic analysis of the enzymatic N- 

demethylation of HMM and its N-desmethyl metabolites; and for 

comparison, the plot for AP is also shown. 

The Lineweaver-Burke plots obtained from the 

determination of formaldehyde produced during the demethylation 

reaction were curvilinear, concave-downwards; whereas those 

plots obtained from determining substrate disappearance or the 

appearance of desmethyl metabolite by GC were linear (figs. 

12, A,B,G- and H). 

The linear portions of the double-reciprocal plots 

consisting of values for substrate concentrations above 50 pM, 

in the case of the formaldehyde determinations, were applied 

to compute apparent Michaelis constants. Two other plotting 

methods according to Hofstee (1959) and Hanes (1932) 

G@escribed in section 2.3.1) were also employed to calculate 

the kinetic constants from both assays. A comparison of 

these different plotting methods is shown in fig.(13) using 

PMM as an example. 

The kinetic parameters derived from the plots in 

fig.(13)are shown in table (1). The values obtained by the 

three different methods were not substantially different 

From each other. 

The kinetic parameters determined from the colouri- 

metric and GC assays are shown in tables @) and G)respectively 

where each individual constant is the mean of values computed 

by the three methods. 
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20 

v/s 

and Hofstee respectively. 

describing the metabolism of 

PMM obtained from pairs of initial 

velocity (v) and substrate concen- 

tration (S) in a single experiment 

with hepatic microsomes. 

13B and 13C correspond Pinos. « Loa, 

30 40 

to plots by Hanes, Lineweaver-Burk 

Initial velocity is expressed as 

mmoles HCHO formed per minute per mg microsomal protein. 
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TABLE 1 

A Comparison of the Plotting Methods Used to Determine 

the Kinetic Parameters for PMM 

  

Plotting Method Kinetic Parameter 

  

KAm Vmax 

Hofstee (1959) 0.24 4.27 

Lineweaver-Burk (1934) Dog 3587 

Hanes (1932) 238 a5 

  

Values were obtained from one experiment 
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TABLE 2 

Apparent 4, and Mica se Values for the N-alkylmelamines and 

AP Determined by the Colourimetric Assay 

  

  

  

Ke Vmax (nmol 
Substrate (mM) Formaldehyde Formed n 

per mg microsomal 
protein per minute) 

HMM O.0e > .@,08: 2.67. 0.80 5 

PMM 2s S008 = &e25-: 0206 5 

TetraMM O/93. "Seaooo. Boat ae 3 

TMM Gees 0s S18. Seago 4 

TRIMM ie. 0 2.9 = 0.9 7 

AP Geo 0,40 - 2? 2.5 & 0.67 5 

HeptaMM yell) Le 2 

Glucose-TMM NOT MEASURABLE 

n = number of experiments 

8 a



TABLE: 3 

Apparent he and Via Values for N-alkylmelamines Determined 
ax 

by the GC Assay 

  

Vv s (nmol 

  

e. parent substrate 
Substrate (mM) metabolised or n 

product appearance 
per mg microsomal 
protein per minute) 

HMM 

HMM disappearance hoa... 0.02 ice = 0.08 4 

PMM appearance tee") -0 09 6.5 > 1.9 4 

PMM 

PMM disappearance Osis 0.01 Boat 145 4 

TetraMM appearance 0.18 = 0.15 Gib 26.2 4 

HEM 

HEM disappearance 0.15 = 0.05 529 3 145 4 

nm = number of experiments 

  

= 69.5



The apparent Vmax values obtained from the GC 

analysis (table 3) were consistently higher than those values 

calculated from the colourimetric assay (table 2) whereas 

the Km values obtained from the two methods were similar. 

The apparent Km values for HMM and its N-desmethyl 

metabolites in table (2) show that a reduction in the number 

of N-methyl groups in the melamine molecule results in a 

decreased affinity of the enzymes for the substrates. The 

Km values for HMM and its N-demethylated metabolites were 

significantly different from each other (p< Q.02). 

It is however worth noting that in the order HMM, 

PMM and TetraMM, the decrease in affinity of the mouse liver 

enzymes for the substrates is accompanied by an increase in 

maximal velocity (table 2). 

HMM is only sparingly aqueous soluble (Cumber and 

Ross, 1977) making it unsuitable for parental administration. 

A search for analogues of HMM with enhanced water solubility 

led to the synthesis of HeptaMM (2,4-Bis(dimethylamino)-6- 

trimethyl-1,3,5-trazinium chloride) and a glucose derivative 

of TMM (3-0-[2,4-Bis(dimethylamino)-1,3,5-trizin-6-yl]-D- 

glucopyranose), see (fig.14). 

An attempt was made to follow their in-vitro N- 

demethylation by estimating formaldehyde production and 

calculating their respective kinetic constants (table 2). 

The affinity of the demethylating enzyme for HeptaMM was 

considerably lower than that for the other melamine 

derivatives studied as shown by a comparison of Km values 

(table 2); and the Vmax value was the smallest in the series. 
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Fig. 14 Chemical structures of the water soluble melamine 

derivatives, HeptaMM (I) and 3-0-(2,4-Bis(dimethylamino) 

-1,3,5-triazin-6-yl)-D-glucopyranose (II). 
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Kinetic constants could not be calculated for the glucose 

derivative because even at high substrate concentrations 

(2mM), levels of formaldehyde produced during the incubation 

were near the detection limits of the assay. 

It therefore appears that an increase in water 

solubility of a substrate results in a decreased affinity 

of the demethylating enzyme for that substrate in-vitro. 

Replacing the N-methyl groups in the HMM molecule 

with N-ethyl moieties results in a loss of activity against 

the tumour models which are sensitive to HMM (see section 1.5). 

In order to see whether this difference may be explained by 

markedly different rates of metabolism, the N-dealkylation of 

HEM and HMM was determined by measuring substrate disappearance 

by GC and the kinetic parameters obtained are shown in table (3). 

Km and Vmax values for HEM were not significantly different 

from the constants for HMM (p< 0.07). 
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Heese Inhibition of N-alkylmelamine Dealkylation by 

Substrate and Metabolites. 

A plot of initial velocity of metabolic formaldehyde 

generation against substrate concentration (fig. 15) revealed 

that HMM appeared to inhibit its own metabolism in-vitro at 

substrate concentrations above 0.5 mM. This inhibitory effect 

at high HMM substrate concentrations was also shown when 

substrate disappearance was determined by GC analysis (fig.16). 

However AP and the N-demethylated metabolites of HMM did not 

appear to possess this ability to inhibit their own metabolism 

(figs tS). 

This inhibitory effect may also be due to 

N-demethylated metabolites interfering with the enzymatic 

demethylation of the parent substrate. In order to verify 

this hypothesis,the effect of PMM, TetraMM and TriMM on the 

in-vitro demethylation of HMM, PMM and TetraMM respectively 

was determined by measuring the disappearance of substrate 

by GC with and without addition of demethylated metabolite. 

Fig-<(17)}shows that PMM inhibited the demethylation of HMM bie 

54% (p<:> 0.005) and TriMM inhibited the metabolism of TetraMM 

by 44% (p< 0.04). TetraMM seemed to inhibit PMM metabolism 

but this was not significant. (All the above Se tetas 

were 50M). 

The inhibition of the metabolism of HMM may thus 

be due partly to the influence of N-demethylated metabolites 

formed during the in-vitro metabolism of HMM. 
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Fig. 17 The effect of addition of desmethyl derivatives on 

the in-vitro metabolism of HMM, PMM and TetraMM in 

liver microsomal preparations. (a) (open bars) 

indicate control values and (b) (hatched bars) 

indicate values obtained after addition of the 

second substrate. Initial velocity values (v) were 

determined by measuring substrate disappearance by 

GC and represent the means (= s.d.) of three 

experiments. All substrate concentrations were 

20pM. 
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be2ee Effect of Agents which Deplete the Liver of GSH, 

on the N-demethylation of HMM and Other N-methyl- 

Gontaining Xenobiotics 

It is probable that metabolism renders the HMM 

molecule an antineoplastic species (see section 1.5), and 

there may be a specific difference between the N-demethylation 

of cytotoxic N-methyl-containing agents as compared to the 

N-demethylation of non-cytoxic N-methyl-containing xenobiotics 

such as AP. 

As part of an effort to test the validity of this 

hypothesis, the effect of the depletion of hepatic GSH on 

the metabolism of various N-methyl-containing compounds was 

investigated (see section 1.5). 

Fig.(18) shows that the administration of 75mg/Kg 

methyliodide 1 hour before the animals were killed and the 

livers excised, led to a significant decrease in the 

metabolic generation of formaldehyde from HMM in-vitro. The 

N-demethylation of HMM using a 9000g liver preparation was 

reduced to 32% when livers from methyliodide pretreated 

mice were used as the enzyme source. The N-demethylation of 

PMM, and carboxymethylphenyldimethyltriazene (CMPDT) was 

also inhibited, by 36 and 33% respectively (fig.19). 

The in-vitro metabolismof dimethylaniline (fig.19) 

and AP (fig.18) was however not significantly changed after 

methyliodide pretreatment nor was this inhibitory effect 

observed when HMM, PMM and AP were metabolised using isolated 

liver microsomes (fig.20). 
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in-vitro metabolism of HMM, PMM and AP. (a) (open 

bars) indicates control values and (b) (hatched 
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animals. Colourimetric determination of 

formaldehyde as a metabolite of HMM, PMM and AP was 

obtained with liver microsomes. Numbers in 

brackets represent the number of experiments. 

The concentration of HMM, PMM and AP in the micro- 

somal metabolising mixture was 2mM, 0.5mM and 4mM 

respectively. 
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Adriamycin (Doroshaw et al., 1979) and 

diethylmaleate (Levine and Finkelstein, 1979) also deplete 

hepatic GSH pools (see section 1.5); but fig.(21) shows 

that the rate of N-demethylation of HMM, PMM and AP was not 

appreciably altered when a 9000g liver preparation from mice 

pretreated with these GSH-depleting agents was used, and 

compared with liver preparations derived from mice pretreated 

with physiological saline. 

In order to ascertain that the inhibitory effect of 

“methyliodide on the N-demethylation of HMM was due to the GSH 

depletion and was not a direct effect of methyliodide, the 

influence of the addition of methyliodide to the HMM metabolism 

mixture was studied. 

On addition to microsomal incubation mixtures 

containing 50HM HMM, 100M methyliodide decreased the rate 

of the in-vitro metabolism by 36% (fig.22). 

It therefore appears likely that the inhibitory 

effect on N-demethylation by methyliodide is not mediated 

via GSH. If GSH was capable of modulating the rate of HMM 

metabolism, its addition to microsomal incubations should 

have an effect which is contrary to the effect of depleting 

hepatic GSH levels on the metabolism in 9000g liver fractions. 

Fig.(23) shows the effect of the addition of different 

concentrations of GSH to microsomal incubations containing 

2mM HMM or AP. After addition of 10 mM GSH, AP demethylation 

was increased by 31% (p < 0.02), whereas HMM metabolism was 

not significantly changed. 
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4.2.4 Effects of Polar Solvents. 

The influence of the organic solvents dioxane and 

acetone on the metabolism of HMM and AP was investigated to 

further characterise differences in the metabolism of these 

N-methyl-containing compounds (see section v5). The #N- 

demethylation of HMM, PMM and AP was compared using a liver 

microsomal metabolising system obtained from mice pretreated 

with dioxane and acetone and as a control experiment, saline 

(Pig. 2h). 

The metabolism of these compounds was also investi- 

gated after addition of the polar solvents to metabolism 

mixtures where liver microsomes were obtained from untreated 

mice (fig.25). Fig.(25) revealed no considerable difference 

in the in-vitro metabolism of the N-methyl-containing 

compounds under investigation. However, the demethylation 

of the substrates was enhanced, most markedly for HMM, when 

microsomes were used from mice pretreated with dioxane and 

acetone, (fig.24). 
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in-vitro metabolism of HMM, PMM and AP. (a) (hatched 

bars) indicates control values and (b and c) (open 
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animals treated with dioxane and acetone respectively. 

Colourimetric determination of formaldehyde as a 
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of two experiments. 

The concentration of HMM, PMM and AP in the microsomal 
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in-vitro metabolism of HMM, PMM and AP. (a) 
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with liver microsomes. Values are the means 
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The concentration of HMM, PMM and AP in the micro- 

somal metabolising incubation was 2mM, O.5mM and 

4mM respectively. 
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SECTION 5 

DISCUSSION



ek Factors Influencing the Shape of the Double- 

Reciprocal Plots 

The double reciprocal plots obtained from the 

kinetic analysis of the metabolism of HMM, its 

N-demethylated metabolites and AP are curvilinear,concave 

downwards. This shape has also been reported for other 

oxidative N-demethylations,e.g. the Lineweaver-Burk plots 

For the demethylation of AP (Pederson and Aust, 1970; 

Poland and Nebert, 1972), and ethylmorphine (Hayes, et al., 

1973 ) by rat liver microsomes were shown to be non-linear 

and revealed two distinct phases from which different Km 

values were calculated. 

In general, a linear double-reciprocal plot is 

obtained if the enzyme substrate interaction obeys 

Michtedieenanteh kinetics (Segal, 1975). However, the 

Michaelis-Menten theory of enzyme kinetics considers only 

one substrate interacting with one enzyme to form the 

enzyme-substrate complex (Michaelis and Menten, 1913); and it 

is most probable that some enzyme-catalysed reactions 

involve more than one participating enzyme. 

Therefore, one possible reason for obtaining 

non-linear double-reciprocal plots is the presence of 

multiple enzymes in the liver preparation which catalyse 

the demethylation of the substrate. Different forms of 

cytochrome P-450 are known to be present in the liver 

microsomes (Kuntzman et al, 1969, Mannering et al., 1969, 

Nebert and Gielen,1972) and it is therefore possible that 
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the observed non-linearity of the Lineweaver-Burk plots is 

due to the fact that more than one enzyme is involved in 

catalysing the N-demethylation of HMM and its derivatives. 

Indeed, the curvature of the Lineweaver-Burk plot is 

described by Dixon and Webb (1958) as characteristic of a 

reaction catalysed by two distinct enzymes with different 

Km values. Therefore, if the enzymes interact with the 

substrate with different affinities, deviations from 

Michaelis-Menten kinetics would be expected. 

A further explanation for the observed non-linear 

double-reciprocal plots is that products generated during 

the N-demethylation reaction may act themselves as substrates 

for the enzyme(s). Although the desmethyl products of HMM 

metabolism may interfere with the demethylation of HMM 

itself, to produce the non-linearity, the curvature of the 

double-reciprocal plots at high substrate concentrations was 

explained by most authors as an indication for the presence 

of a second enzyme acting on the same substrate in the 

microsomal fraction (Lenk, 1976). 

Most drugs are not metabolised by a single 

specific oxygenation reaction but a variety of distinct 

oxygenations, each generating a defined derivative of the 

substrate, and primary oxidative products may be further 

metabolised. 

HMM, its N-demethylated metabolites (see fig. 2) 

and AP (see fig. 26) are metabolised by successive 

demethylations, e.g. AP is N-demethylated as shown overleaf: 

Bey



formaldehyde Formaldehyde 

AP 4-monomethylaminoantipyrine aminoantipyrine 

The colourimetric assay used to quantify the 

N-demethylation reaction, measures the formation of 

formaldehyde or N-hyroxymethyl compounds which can also be 

generated by metabolites of HMM and AP. A more specific 

analytical technique was also employed; the GC measurement of 

parent compound, which is metabolised during the reaction. 

The appearance of specific demethylated products 

was also measured by GC, but this is a less appropriate 

method to be employed in the enzyme-kinetic analysis of the 

methylmelamines, because these products were further N- 

demethylated. 

The Lineweaver-Burk plots obtained by measuring 

formaldehyde were non-linear whereas the double-reciprocal 

plots derived from the GC assay were considered to be linear 

(figs. 12A and B). This discrepancy can be explained by the 

fact that the GC analysis was conducted using a smaller range 

of substrate concentrations; high substrate concentrations 

could not be used to measure substrate disappearance because 

the proportion metabolised was too small to quantify 

accurately, compared with the amount of substrate unmetabolised 

which was analytically quantified. 

It can be assumed that the products of the 

oxidative metabolism of HMM react with the enzyme at the 

een



same site as the parent compound w;ith different affinities 

and therefore they may compete with each other for the 

enzyme site. Indeed, inhibition of substrate demethylation 

by the product appeared to be occurring during the metabolism 

of HMM and also to a lesser extent during the metabolism of 

PMM and TetraMM (fig. 17). It is, of course, possible that 

HMM inhibited its own metabolism at substrate concentrations 

above O.5mM (figs. 15 and 16) by saturating the enzyme site 

Uith Which-1t anteracts. 

In accordance with these findings, Bast and 

Noordhoek (198la) have described the competitive inhibition 

of the metabolism of AP by 4-monomethylaminoantipyrine and 

aminoantipyrine in-vitro. It has also been shown that HMM 

inhibited the microsomal O-demethylation of p-nitroanisole 

(Green and Gescher, 1980). 
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bee Interpretation of the Kinetic Constants 

It is worth repeating that formaldehyde is a 

metabolite not only of HMM, but also its N-demethylated 

metabolites; PMM, TetraMM and TriMM. Therefore the 

measurement of formaldehyde as a metabolite of HMM, for 

example, does not allow for the calculation of specific 

kinetic constants because the rates of discrete oxidations 

are not measured, but instead the total product of a series 

of N-demethylations. However, the present study was not 

concerned with the calculation of absolute kinetic values 

but with relative values in order to compare the in-vitro 

N-demethylation of a series of closely related substances. 

The kinetic constants were calculated from three 

different plotting methods (fig. 13). The Lineweaver-Burk 

plot (Lineweaver and Burk, 1934) has inherent dis- 

advantages described in section (2.3.1), but it is more 

sensitive than the Hanes plot (Hanes,1932) for detecting 

changes in the shape of the curve. The method of 

(Hofstee, 1959) gives a more uniform distribution of the 

points (fig. 13) and where kinetic data reveal deviations 

From a straight line, the Hofstee procedure of plotting 

experimental data is superior over the former methods 

because kinetic constants of more than one participating 

enzyme can be evaluated more accurately (Lenk, 1976). 

Kinetic constants were evaluated from linear 

portions of the different plotting methods as described in 

section (2.3.1). In the present investigation sufficient 

tan «



data was only available to calculate the kinetic parameters 

from the linear part of the curve at high substrate concentra- 

tions (figs. 12A-F). 

The present investigation was designed to character- 

ise the N-demethylation of HMM using microsomes from the mouse 

liver and to compare it with the demethylation of a model 

drug, AP, by hepatic microsomes from the mouse and other 

species. The non-linear double-reciprocal plots described 

for the metabolism of AP in mouse liver microsomes (fig.12E) 

was also obtained by other investigators using rat liver 

microsomes (Pederson and Aust, 1970; Poland and Nebert, 

19723 

Bast and Noordhoek (1981b) calculated kinetic 

parameters by estimating formaldehyde formation during the 

in-vitro demethylation of AP essentially according to the 

assay conditions described in section (2.1), but using rat 

liver microsomes. They obtained a linear Lineweaver-Burk 

plot using substrate concentrations between O.2mM and 

3.33mM. In the present investigation, linear Lineweaver-Burk 

Hanes and Hofstee plots were obtained using AP concentrations 

between 0.2 and &4&mM. The kinetic constants calculated from 

mouse and rat liver preparations (Table 4) for AP and those 

obtained for the N-demethylation of HMM and its demethylated 

metabolites (Table 2) were of the same order of magnitude. 

The kinetic constants evaluated from the 

colourimetric assay for formaldehyde (Table 2) were also not 

markedly different from those parameters obtained from the 

GC assay (Table 3). This is in accordance with the view 

that HMM and PMM are not metabolised in-vitro by routes 
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TABLE 4& 

A Comparison of the Apparent Kinetic Constants Determined for 

AP Using Liver Microsomes Obtained from the Rat or the Mouse 

  

  

Vmax 
Liver (nmoles formaldehyde (eo 
Microsomal Km (mM) per mg microsomal n 
Preparation protein per minute 

Mouse (see 
Table 2) 2. 0. 2.5 *-9.75"? 8 

Rat (Bast and 
Noordhoek, 1981b) 0.491 + o.oaaS®) 97.29 + 9.9566)? 3 

  

(a) = Km and Vmax i Standard deviation of the mean) 

(b) = Km and Vmax Cs Standard error of the Mean) 

(c) = number of experiments 
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other than N-demethylation to the desmethyl metabolites and 

formaldehyde (Ames, et al., 1979; Worzalla et al., 1974(b); 

Rutty et al., 1978; Worzalla et al., 1973; Bryan et al., 

1968). Bast and Noordhoek @981lb)estimated the kinetic 

constants for the metabolism of AP by determining 

formaldehyde production, using acolourimetric assay and also 

by measuring the formation of metabolites of AP by high 

pressure liquid chromatography. These authors found that the 

Vmax value calculated from the formation of 

monomethylaminoantipyrine and aminoantipyrine was similar to 

that obtained from the colourimetric assay, but the apparent 

4m value was appreciably higher. They concluded that the 

different Km values were obtained because AP was metabolised 

by routes other than N-demethylation and that the high 

pressure liquid chromatography assay underestimated the 

production of formaldehyde. The different metabolic path- 

ways of AP have been well described in Tats by Goromaru 

et al., (1981)and are summarised in fig. (26). 

For the reasons outlined above,one would also 

expect the GC assay to underestimate the production of 

formaldehyde from HMM and PMM because formaldehyde is also 

produced from their metabolites. However the Umax values 

for HMM and PMM were not lower than those obtained from the 

colourimetric assay which suggests that formaldehyde, 

measured colourimetrically, is derived mainly from the 

N-demethylation of HMM to PMM, with HMM as substrate, and 

PMM to TetraMM when PMM is used as the substrate; rather 

i, ee



worj 
uayxey 

ST 
a
w
a
y
s
 

T
e
d
I
t
w
a
y
s
 

ayy 

“
(
T
8
6
T
)
 

‘*Te 
3a 

N
r
e
w
o
r
o
O
y
 

*
a
u
t
c
A
d
t
g
u
e
o
u
t
w
e
t
T
A
y
a
c
e
-
4
 

pue 
a
u
t
z
A
d
t
y
u
B
o
u
t
T
w
e
T
A
w
I
o
O
y
-
+
4
 

T
o
A
d
t
T
q
u
e
o
U
T
W
e
T
A
Y
Z
a
U
T
p
-
4
 

‘
-
T
A
Y
y
a
w
A
x
o
r
p
A
y
-
¢
 

f
a
u
t
c
A
d
t
q
y
u
e
o
u
t
w
e
-
4
 

‘
a
u
t
z
A
d
t
y
u
e
o
u
t
w
e
A
Y
y
y
a
w
o
u
o
W
-
»
 

$
y
u
a
s
a
a
d
a
a
 

CIN} 
Bus 

-¢A): 
-*OnT) 

 
 

 
 

 
 

 
 

 
 

 
 

‘CIII) 
(
I
I
)
 

‘
S
a
q
n
g
o
n
a
3
s
 

T
e
o
t
w
a
y
g
 

*yer 
ayy 

UT 
(I) 

dy 
go 

S
A
e
m
y
z
e
d
 

o
t
T
o
q
e
y
a
w
 

92 
*6T4 

a
 

oA 
Al 

H9 
HO 

eH) 
neo: 

NW 
OH 

NW 
OCHOH 

Ud—N~ 
| 

Ud—N~ 
Ud—N™ 

Oulas 
| 

N-H 
QO. 

T
i
c
k
 

pa 
| 

oa 
\S93° 

OHO 
Be 

: 
€ 

“HO 
: 

a
 

, 
“Ho 

, 

. 
H 

a 
Uden 

2" 
4d-N 

he 
Ud-N 

ee 
Oo 

N
H
 

oMDH? 
OS 

N
U
E
 

own 
O- 

Me 
AE 

mIcH 
\Y"H 

Ill 
I] 

I



than from further metabolism of the respective metabolites. 

A reduction in the number of methyl groups in the 

melamine molecule lead to a decreased affinity of the 

demethylating enzymes for the substrate (section 4.2.1). 

Rutty and Connors (1977) also observed a relationship 

between the degree of demethylation, measured as the amount 

of formaldehyde produced in one hour, in rat liver micro- 

somes and the number of methyl moieties in the melamine ring. 

They also found a correlation between the ability of the 

methylmelamines to undergo demethylation and their antitumour 

activities against the ADJ/PC6A plasmacytoma in mice. 

The toxicity of HMM and its N-demethylated meta- 

bolites to the ADJ/PC6A plasmacytoma cells in-vitro was also 

shown to be directly related to the number of methyl groups 

in the melamine molecule (Rutty and Abel, 1980). However 

this finding cannot be interpreted in the light of the 

bioactivation of HMM to antineoplastic species, because one 

would assume that N-demethylation does not occur under these 

assay conditions, i.e. there was probably no metabolism of 

the substrates by the tumour cells. The same authors found 

no correlation between in-vitro cytotoxicity and antitumour 

activity, e.g. HMM, HEM and HeptaMM were equally toxic to 

ADJ/PC6A cells in-vitro but only HMM was effective in 

inhibiting the growth of the tumour in-vivo (Rutty and Abel, 

7780) ~ 

If one assumes that the HMM oxidising enzymes in 
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the tumour cell are similar in their biochemical 

characteristics to the hepatic oxygenases investigated in 

this study, the reduction of antitumour activity of 

TetraMM and TriMM as compared to HMM and PMM may be due to 

insufficient rates of metabolic transformation of the 

methylmelamines to electrophyllic N-hydroxymethyl derivatives 

or formaldehyde. 

However, the accessability of the enzyme for the 

substrate in-vivo is very likely to be different from that 

in-vitro and therefore caution must be exercised when 

kinetic parameters obtained with cell fractions in-vitro are 

used to discuss the metabolism of a drug in-vivo. 

It is also worth noting that plasma levels of HMM 

and PMM in mice after administration of ‘therapeutic! doses 

ofthe drug. (broogini et als, 1981); did not.appraach 

concentrations equivalent to the Km values obtained in-vitro 

using mouse liver microsomes (table 2). It should be 

emphasised, therefore, that the apparent Km values can only 

be interpreted as indicating a trend in demethylation rates 

rather than reflecting the substrate concentration at the 

enzyme site in-vivo. 

Ebel et al. (1978) suggested that the binding of a 

substrate to cytochrome P-450 is related to the solubility 

of the substrate in the microsomal fraction. The 

lipophilic nature of a substrate may therefore represent the 

extent to which it can interact with the lipid enviroment of 

the enzyme site. It is interesting in this context that 
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Johnson and Torres (1976) found the in-vitro 

N-demethylation of certain N-methylmelamines to be higher 

in molecules with high partition coefficients. 

The lipophilicity of the methylmelamines is 

reduced by removing the non-polar methyl groups, e.g. the 

octanol: water partition coefficient of PMM is less than 

one fifth of that of HMM but more than four times that of 

the coefficient of TMM (Cumber and Ross, 1977). 

The reduced affinity of the oxidising enzymes for 

the methylmelamines containing less than five methyl groups 

(table 2) appears therefore to be related to the decreased 

lipophilic nature of the substrates compared to HMM and 

PMM. Also, the addition of polar substituents to the 

melamine molecule, e.g. in the case of HeptaMM and the 

glucose derivative of TMM (see fig. 14), increases the 

aqueous solubility and reduces the enzyme affinity for these 

substrates even more (table 2). 

Rutty and Connors (1977) observed that in general, 

the water soluble derivatives of HMM do not readily 

demethylate and are correspondingly poor antitumour agents. 

It is probable that N-demethylation and lipophilicity are 

related to antineoplastic activity in this class of 

compounds. However HEM has only marginal activity against 

the ADJ/PC6A plasmacytoma in-vivo (Rutty and Connors, 1977) 

and yet was metabolised at a similar rate in-vitro compared 

with HMM (table 3). Substitution of methyl moieties in the 

HMM molecule with ethyl groups imparts increased 
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lipophilicity and therefore one would assume that the rate 

of metabolism would be at least comparable to HMM if 

lipophilicity is related to de-ethylation in-vitro. However 

this in contrast with the in-vitro metabolism observed by 

Rutty and Connors (1977) who found that the molecule under- 

goes de-alkylation to a much smaller extent than HMM. These 

authors estimated acetaldehyde formation as an index of HEM 

metabolism by a colourimetric assay whereas in the present 

study the disappearance of parent compound was measured by 

GC. It is possible that HEM is metabolised by liver 

microsomes to a precursor of acetaldehyde, e.g. 

N-hydroxyethylpentaethylmelamine, which does not decompose 

completely under the assay conditions described for this 

colourimetric determination (Stotz, 1943). It is also 

possible that the different rates of dealkylation of HEM were 

observed because of the species from which liver microsomes 

were obtained, i.e. Rutty and Connors (1977) employed liver 

microsomes from the rat whereas mouse liver microsomes were 

used in the present investigation. 

Broggini et al. (1981) observed that the rate of 

demethylation of HMM and PMM were essentially the same 

whereas that for TetraMM was much slower. Similar findings 

were observed in the present study where apparent Km values 

For TetraMM and TriMM were higher than those for HMM and PMM 

(table 2). This may partly account for the long plasma 

elimination half-lives of TetraMM and TriMM as metabolites of 

HMM and PMM (Broggini et al., 1981), e.g. the low affinities 
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of the mixed function oxidases for TetraMM and TriMM may 

result in their elimination via hepatic metabolism being 

much less prominent than that for HMM and PMM. 

n°.N°,N* .N*-Tetramethylmelamine (TMM) could not be 

detected in the urine of humans, rats (Worzalla et al., 1973) 

and house flies (Chang et al., 1968) after administration of 

HMM. This finding supports the view of Worzalla et al. 

(1973, 19748) and Johnson and Torres (1976) that N-dimethyl 

groups in the melamine ring are preferentially demethylated 

compared to N-monomethyl groups as illustrated in fig. (2). 

Results from the present investigation suggest that the 

N-demethylating enzymes exhibit a greater affinity (i.e. lowe 

Km value; see table 2) for dimethyl-substituted tertiary 

amines (e.g. TMM, Km = QO.21) than for monomethyl-substituted 

secondary amines (e.g. TetraMM, Km = 0.91). Also, the Km 

values for PMM and TMM are similar and they both possess 

two N-dimethyl moieties; although it should be noted that 

the Vmax values for the two homologues were signifcantly 

different (p«0.0005). That TMM could not be detected as a 

metabolite of HMM in the plasma may be attributable to the 

decreased affinity of the metabolising enzymes for monomethyl 

substituents compared to dimethyl substituents. However, 

recent evidence (Columbo et al., 1982) has demonstrated the 

presence of TMM in the bile, urine and faeces of rats which 

were given HMM, although TetraMM accounted for a greater 

proportion of the total dose of HMM administered compared to 

heat fon TMM. 
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Sa3 Factors Affecting the In-Vitro Metabolism of HMM 

The administration of 75 mg/Kg methyliodide, which 

depleted mouse livers of glutathione (GSH) to 22% of the 

normal levels (Brindley et al., 1982b), led to a decrease in 

the metabolic generation of formaldehyde in a 9,000g liver 

preparation with HMM, PMM and 3,4-(Carboxymethylphenyl)-1,1- 

dimethyltriazine (CMPDT) as substrates (figs. 18 and 19). A 

reduction in HMM metabolism after methyliodide pretreatment 

was also observed when N-demethylation was assayed by GC 

(Brindley et al., 1982b). However, this effect was not 

observed with isolated microsomes (fig. 20) nor when mice 

were pretreated with diethylmaleate or adriamycin which like 

methyliodide, deplete hepatic GSH pools (Levine and 

Finkelstein, 1979: Doroshaw et al., 1979); (fig. 21).. There 

was also no significant effect of methyliodide administration 

on the in-vivo disposition of HMM (Brindley et al., 1982b)and 

furthermore, the influence of pretreatment with methyliodide 

on the in-vitro metabolism of HMM and PMM was not eliminated 

by protecting animals with cysteine which is a precursor of 

GSH (Brindley<et el. , 19682b), 

It is therefore unlikely that the depletion of 

hepatic GSH pools was responsible for the reduction in HMM 

N-demethylation. Further evidence for this hypothesis was 

obtained when HMM metabolism was found to be unaffected by 

the addition of GSH to microsomal incubations (fig. 23) and 

addition of methyliodide decreased the metabolism of HMM 

using a similar liver preparation (fig. 22). So it is 

possible that methyliodide either inhibits HMM demethylation 
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directly or affects an as yet unidentified cytosolic 

modulator of HMM metabolism in-vitro. 

In contrast with the metabolism of HMM, the 

pretreatment of mice with methyliodide did not influence 

the in-vitro N-demethylation of AP (fig. 18). However AP 

metabolism was increased after the addition of GSH to 

microsomal incubations (fig. 23). It may therefore be 

postulated that methyliodide influences a particular feature 

of the N-demethylation of HMM and not the biotransformation 

of other N-methyl-containing drugs. One might also 

speculate that this factor may be associated with the 

cytotoxic mode of action of HMM. 

In order to characterise the activity of the 

demethylase responsible for the demethylation of another 

N-methyl agent, dimethylnitrosamine, and to explain its 

mutagenic and carcinogenic effects, the in-vitro metabolism 

of dimethylnitrosamine was studied by several authors using 

liver fractions from mice and rats (table 5). Hepatic 

dimethylnitrosamine demethylase activity was enhanced in 

9,0009 and microsomal liver preparations from animals 

pretreated with dioxane and acetone. HMM, PMM and AP 

demethylase activities were also increased in liver 

microsomal preparations obtained from mice pretreated with 

these polar solvents (fig. 24). The highest increase for 

all three substrates was obtained with dioxane which is in 

agreement with Argus et al. (1980) who found that 

dimethylnitrosamine demethylase activity was enhanced to a 

of



TABLE 5A 

The Effect of Polar Solvents on the In-Vitro Metabolism 

of AP and Dimethylnitrosamine (DMN) by Other Authors 

  

  

  

Author Liver Substrate Effect on (c) Solvent 
Preparation Demethylation 

Kawalek 9000 g (rat) AP ~ acetone, (a) 

etal. dioxane 

(1980) 

Argus 9000 g (rat) DMN - acetone, (a) 

et. el. dioxane 

(1980) 

9000 g (rat) DMN + acetone ,(b) 
dioxane 

Haag microsomal DMN + acetone, (b) 

et al. Cee 

(1980) . 

Sipes microsomal DMN + acetone, (b) 

(1976) (mouse) 

(a) = in-vitro addition of polar solvents to the metabolising 

incubation 

(b) = pretreatment of animals with polar solvents prior to 

excision of livers 

(c) = induction (+) or repression (-) 
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TABLE 5B 

The Effect of Polar Solvents on the In-vitro Metabolism of 

HMM, PMM and AP in Liver Microsomal Preparations 

  

Substrate Effect on Demethylation (c) Solvent 
  

  

HMM - acetone, (a) 
- dioxane 

PMM - acetone, (a) 
- dioxane 

AP ~ acetone, (a) 
dioxane 

HMM + acetone, (b) 
++ dioxane 

PMM + acetone, (b) 
+ dioxane 

AP + acetone, (b) 
+ dioxane 

(a): in-vitro addition of polar solvents to the metabolising 

incubation 

(b): pretreatment of animals with polar solvents prior to 

excision of livers 

(c): induction (+) or repression (-) 
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greater extent by dioxane than other solvents. It is 

therefore possible that acetone and dioxane influence 

enzymatic pathways responsible for the metabolism of both 

HMM and dimethylnitrosamine. The molecular mechanisms by 

which the polar solvents induce microsomal mixed function 

oxygenases is unknown. However Venkatesan et al. (1971) 

proposed that the chemical agents may modify the conformation 

of proteins which regulate the synthesis of enzymes 

responsible for N-demethylation. 

A stimulatory effect of acetone on the microsomal 

hydroxylation of aniline has been reported by Anders (1969). 

It was speculated in this case that the enhancement of the 

hydroxylase by acetone could be brought about by exposing new 

active sites on the enzyme by modifying the spatial 

configuration of the resultant microsomes or by interfering 

with specific functional groups. 

Both AP and dimethylnitrosamine metabolism was 

reduced after addition of these polar solvents toa, 9 Uae 

preparation (table 5) and this inhibition of the in-vitro 

metabolism, after addition of these agents to incubations, 

may be due to a direct destructive effect on the participat- 

ing enzymes. However, the in-vitro addition of acetone and 

dioxane failed to produce a marked effect on the demethylation 

of HMM and AP (fig. 25) in a liver microsomal preparation. 

In conclusion, it appears from the present 

investigation of the methylmelamines that the major 

in-vitro metabolites of HMM and PMM are PMM and TetraMM 
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respectively, since it was concluded that formaldehyde is 

mainly derived from the first demethylation step of the 

metabolism of HMM and PMM. Further evidence supported the 

view that the lipophilicity and rates of demethylation of 

the methylmelamines are related to antineoplastic activity 

and that water soluable derivatives of HMM do not readily 

demethylate and are not effective antitumour agents. 

The relatively slow demethylation rates of TetraMM 

and TriMM as compared to HMM and PMM may explain the long 

plasma elimination half-lives of TetraMM and TriMM in-vivo. 

Differences in the metabolism of HMM compared with 

AP were only found when the compounds were N-demethylated in 

9,000g liver fractions obtained from mice pretreated with 

methyliodide and when GSH was added to microsomal incubations. 

Other factors unique to the metabolism of HMM were not found 

and it is possible that other oxidising systems are present 

in-vivo which metabolise N-methyl-containing xenobiotics to 

cytotoxic or alternatively to innocuous chemicals, i.e. HMM 

and AP may be metabolised by pathways different from the 

cytochrome P-450 monooxygenases described in section (1.4.2.4). 

It has been recently demonstrated (Sivarajah et al., 

1982) that the microsomal fraction of ram seminal vesicles, 

fortified with arachidonic acid, catalysed the dealkylation 

of various N-methyl compounds including AP and dimethylaniline, 

at rates comparable to those reported for rat liver microsomes 

containing NADPH. It appears that oxidising agents are 

formed during the synthesis of prostaglandins from 
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arachidonic acid which have the capacity to cause oxidative 

substrate dealkylation. This also might be a potential 

mechanism by which the methylmelamines are N-demethylated. 

This enzyme system does not readily dealkylate S-alkyl and 

O-alkyl containing compounds and is not inhibited by 

SKF525A and metyrapone which is in contrast to the cytochrome 

P-450-dependent monooxygenases. The mechanism by which the 

protaglandin synthetase-dependent metabolising system 

catalyses the N-demethylation of N-methyl-containing 

compounds is therefore likely to be different from that of 

the cytochrome P-450-dependent system. Further investiga- 

tions of the type described in the present study, with the 

latter metabolising system, may reveal differences in the 

metabolism of HMM on the one hand and AP on the other. 
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PART TWO 

The f-alkylformamides



SECTION 6 

INTRODUCTION



Geu Antitumour Activity of the N-alkylformamides. 

N,N-dimethylformamide (DMF) is used as an 

organic solvent in industry for the manufacture of 

polyacrylnitrile fibres. In 1953 a series of formamide 

derivatives, including DMF, was evaluated for potential 

antitumour activity against the mouse sarcoma 180 by Clarke 

et al. (1953). N-methylformamide (NMF) was found to be the 

most potent inhibitor of tumour growth whilst formamide 

and diethylformamide showed only marginal activity (Clarke 

et al., 1953). DMF, Neethylformamide (NEF) and thioformamide 

were all found to be inactive (Clarke et al., 1953). The 

chemical structures of DMF, NMF and NEF are shown in fig.(27). 

This structure-activity relationship was also described by 

Furst et al. (1955) who found NMF and to a lesser extent 

formamide, to be active against Enrlich ascites cell tumour; 

whilst DMF revealed only marginal activity. 

Recently, NMF was shown to be the only formamide 

derivative to have significant activity against three murine 

tumours; namely, mouse sarcoma 180, M5076/A murine reticulum cell 

sarcoma and TLX5 murine lymphoma (Gescher et al., 1982). 

Formamide also demonstrated some activity, but not against 

the TLX5 murine lymphoma, whereas NEF was inactive against 

all three tumour models (Gescher et al., 1982). 

That substitution of an ethyl group in the 

Formamide molecule leads to such a marked reduction in anti- 

tumour activity is of particular interest for the present 
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investigation. The comparable in-vitro toxicities of NMF 

and NEF (Gescher et al., 1982) suggests the possibility 

that NMF may be bioactivated in-vivo to a product or 

products not formed from NEF, or in insufficient quantities. 

It was therefore considered relevant to compare the plasma 

disposition and urinary excretion of NMF and its metabolites 

with those of other inactive formamide derivatives, including 

NEF. 
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Gree The Hepatotoxicity of NMF 

DMF is hepatotoxic in animals (Maxfield et al., 

1982; Massman, 1956; Ungar et al., 1976) and in man (Potter, 

1973). Both NMF and DMF have produced detectable liver 

injury in rete: (Lundberg: et. ai., 1981); and in a clinical 

investigation, NMF was found to cause reversible liver 

damage in all five patients under study (Myers et al., 1956). 

Toxicity in man was also manifested as nausea and vomiting, 

and was apparently a systemic effect rather than local 

irritation (Myers et al., 1956). 

Hepatoxicity was considered an unacceptable side 

effect and interest in the clinical use and pharmacology 

of NMF disappeared. However, NMF does not appear to be 

myelosuppressive(Newman et al., 1981, and Langdon et al., 

unpublished) to mice and dogs, and since it is active 

against a number of murine tumours, it reemerged as a 

candidate for further clinical evaluation. 

To compliment the phase one clinical trials 

currently being performed in London and Amsterdam, a 

pharmacokinetic investigation of NMF was undertaken as part 

of the present work in order to provide information which 

would allow the rational use of NMP in the clinical studies. 
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6.3 Mode of Action of NMF 

The mechanism by which NMF exerts its antitumour 

activity is unknown. NMF and formamide, like amides in 

general, are relatively stable compounds compared to other 

antineoplastic agents such as the alkyltriazenes; the 

possibility of direct chemical reaction with tissue 

macromolecules would thus seem unlikely for NMF. 

Some antitumour agents act as metabolic 

antagonists e.g. methotrexate, which interferes with Cj,-unit 

metabolism by the inhibition of dihydrofolate reductase. 

However, NMF does not appear to act by this mechanism since 

neither folic acid nor citrovorum factor administration was 

able to block the tumour inhibition or the toxicity of NMF 

inamice (Glarke et alw,. 19535). 

Early studies suggested that NMF interferes with 

nucleic acid base synthesis (Clarke et al., 1953; and 

Skipper et al., 1955) although it also appears to stimulate 

INGORpOTAtion OF formate: into nucleic acid’ in the liver 

(Barclay and Garfinkel, 1954). 

NMF does not appear to act in the same way as 

procarbazine and dimethyltriazenes which are also N-methyl- 

containing antitumour agents. The activity of NMF against 

a TLEX5 lymphoma made resistant to these drugs (TLX5R) was not 

Significantly different from the activity shown against a 

TLX5 lymphoma which was sensitive to these agents (TLX5S), 

(Gescher et al., 1982). 
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6.4 The Metabolism of NMF 

NMF may require metabolic activation to elicit its 

cytotoxic effect, however evidence to support this hypothesis 

is lacking. Barnes and Ranta (1972) presented evidence for 

the in-vitro N-demethylation NMF and DMF by a liver 

metabolising system. However, recent evidence (Gescher et al., 

1982) casts doubt on these findings because the assay 

procedure employed was thought not to be sensitive enough to 

measure the low levels of formaldehyde reported in the study 

of Barnes and Ranta (1972). 

DMF appears to be rapidly demethylated in-vivo, 

since after administration to animals, only small amounts 

appear unchanged in the urine (Massman, 1956). DMF is 

metabolised to NMF and formamide in rats and dogs in-vivo 

(Kimmerle and Eben, 1975) and NMF is metabolised to formamide 

in mice (Gescher et al., 1982). Whether formamide is still 

Further metabolised to ammonia and formate has yet to be 

determined. 

The presence of formamide (Kimmerle and Eben., 1975) 

and NMF (Barnes and Ranta, 1972 and Kimmerle and Eben, 1975) 

in the urine after administration of DMF to rats, and the 

appearance of formamide (Gescher et al., 1982) and formaldehyde 

(Brindley et al., in press) in the urine and plasma of mice 

after administration of NMF, suggests that both DMF and NMF are 

demethylated in-vivo probably by the mixed function oxidases 

of the liver as shown in fig. (28). 

Scailter et al. (1981) found NMF to be much more 

toxic to rats than DMF and the latter to be more toxic than 

formamide. It was therefore considered that the in-vivo 

Production of NMF from DMF wWaS an activation reaction whilst 

- 103 -



the metabolism of NMF to formamide was an inactivation 

reaction. However, this does not explain the difference 

in the cytotoxicity of these of these agents. The dispo- 

sition of DMF and NMF in mice was compared in the present 

investigation, in an attempt to reveal differences in the 

matabolism and distribution of these molecules. These 

differences were thought to give some insight into the 

mechanism by which these agents cause hepatotoxicity. 
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6.5 Aims and Scope of the Investigation 

Geodon Aims of Pharmacokinetic Analysis 

New drugs can be registered for use in the 

United Kingdom and United States only if pertinent 

pharmacokinetic parameters of the drug are submitted. 

Therefore,a pharmacokinetic investigation of NMF was per- 

formed in order to complement the phase one clinical 

evaluations. 

According to Dost (1968) pharmacokinetics are 

concerned with; "practical information derived from the 

observation of concentration time curves of a drug and 

metabolites within the compartments of the body as a whole 

and, in particular, the blood and urine." 

The practical information obtained from such an 

investigation may be used to evaluate two important aspects 

of drug distribution within the organism: 

(1) Bioavailability: the primary proof of pharmacological 

or chemotherapeutic availability of a drug at the site of 

action is the magnitude and duration of the biological 

response. However, a second indication of availability is 

the appearance of the drug and its metabolites in the blood, 

tissues and excreta of the organism. ‘In this investigation 

the bioavailability of NMF was compared after administration 

by different routes. 

(2) Dose dependency: repeated administration of the drug, 

or alteration of the dose administered, may influence 

metabolising and transport mechanisms associated with the 

disposition of the drug within the body. The plasma 
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disposition of NMF was investigated in both man and in the 

mouse after repeated administration of NMF and when NMF was 

administered at different doses. 
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Bevece Pharmacokinetics in the Mouse 

A comparison was made between the active antitumour 

agent, NMF and the less active or inactive formamide 

derivatives; DMF, NEF, and dimethylthioformamide (DMSF) 

(see fig. 27) by investigating the plasma disposition and the 

urinary appearance of the parent compound and its metabolites 

after administration of the alkylformamide to mice. This 

pharmacokinetic study was considered to provide information 

to explain the marked decrease in antitumour activity brought 

about by small changes in the formamide molecule. 

The pharmacokinetic study was also thought to shed 

light on the metabolic pathway of the N-alkylformamides. 

Further information concerning the metabolism of the 

formamide derivatives may give an insight into the possible 

mechanisms of cytotoxicity and hepatotoxicity. 

In a different project an attempt was also made to 

follow the distribution of NMF into various tissues in order 

to locate any accumulation of the drug. These tissue 

distribution studies were conducted by Mr. T. Barlow as part 

of his research towards the degree of M.Sc. 
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G52 Pre-clinical Investigations 

In order to obtain information which may facilitate 

the rational use of NMF in the clinical investigations, 

several aspects of its disposition in the mouse were studied. 

(1) The bioavailability of NMF after intraperitoneal (IP), 

oral (PO) or intramuscular (IM) administration was investiga- 

ted because, in the antitumour tests NMF was administered IP 

whereas in the clinic NMF may be given orally as well as IV or 

IM. If the systemic availability of NMF after PO administra- 

tion is not significantly different from that after IV 

administration, then it may be possible to administer the drug 

orally which will facilitate patient compliance. 

(2) Repeated administration of high doses of NMF was 

required for optimal antitumour activity in mouse tumour 

models (Gescher et al., 1982 ) and it is possible that to 

be effective in patients, NMF may have to be given in high 

doses on a multidose schedule. The plasma disposition of 

NMF after repeated administration of the drug was investiga- 

ted in order to see any alterations in the pharmacology of 

NMF,e.g. plasma accumulation. 

(3) The presence of tumour may effect the pharmacology of 

NMF and therefore the plasma disposition of the drug was 

compared when mice were implanted with TLX5 lymphoma and the 

M5076/A reticulum cell sarcoma. 
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6.5.4. Clinical Investigations 

As part of the phase one clinical investigations, 

samples of plasma and urine from patients receiving NMF were 

assayed for parent drug and metabolites in order to follow 

the plasma disposition and urinary excretion of the drug in 

man. 

The bioavailability of NMF in man was compared to 

that Ot mice. 
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SECTION 7 

MATERIALS



Vee. Substrates and their Derivatives Employed in 

the In-vivo Investigations 

The following compounds were purchased from 

Aldrich Chemical Co.Ltd., Gillingham, United Kingdom. 

N,N-dimethylformamide 

N,N-dimethylthioformamide 

formamide 

N-methylformamide. 

N-ethylformamide was prepared according to the 

method of Saegusa et al. (1969) by Mr. N. E. Gate. 

Labelled nv, *c-(Methyl)-formamide was synthesised 

by Dr. M. D. Threadgill by the reaction of 14 methylamine 

hydrochloride with ethylformate in methanol and in the 

presence of anhydrous sodium carbonate according to a novel 

synthesis (Threadgill M. D., unpublished). 
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Pee Miscellaneous Chemicals 

NE 260 Micellar scintillant was purchased from 

New England Nuclear, West Germany. 

aly n-Hexadecane was purchased from Amersham 

International plc., Amersham, United Kingdom. 

Tetramethylurea and Phenobarbitone was obtained 

from Sigma Ge. Etd., Poole; United fingdoem. 

Packing material for the GC columns was obtained 

from Phase Separations Limited, Queensferry, United Kingdom. 

Tan Animals 

Mice were obtained from the same supplier and 

fed on the same diet as described in section (2.3). 
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SECTION 8 

METHODS



Bian Drug Administration 

Male Cbha/ca or female BDF4 mice (20-25q9) were used 

throughout this in-vivo investigation. Female Cbha/ca mice 

were used only for a comparative investigation. The 

N-alkylformamides under study were administered to animals, in 

solution, in 0.9% sterile saline. Gillette, sterile syringes 

(lm1) fitted with a 26 gauge disposable needle were used for 

all routes of administration except oral gavage. Immediately 

prior to drug administration,the animals were weighed and the 

dosage calculated on a mg/Kg basis. An injection volume of 

100p1 was used throughout the in-vivo study. 

For IV injection, the test animals were kept in an 

adjustable restraining apparatus, made from a 500ml poly- 

propylene syringe, with openings permitting access to the tail. 

The site of injection was a caudal vein which was the mast 

dilated after gentle massaging of the tail. The injection 

was considered to be successful by the following criteria: 

(1) ease of plunger movement, 

(2) bleeding at the injection site after the needle was 

removed. 

400 mg /4g (which is one half of the LDj, in Balb C 

mice on a single IP administration), 80 mg/Kg or 14.3 mg/Kg 

NMF was administered to animals in this way. 

Oral administration was achieved using a Gillette, 

sterile syringe (1 ml) fitted with a feeding needle. The 

needle was inserted through the animals! mouth, into the 

Oesophagus and downwards towards the stomach where the 

contents of the syringe were expelled. 

400 or 80 mg/Kg NMF was administered in this way. 
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For intraperitoneal (IP) administration, the 

drug was injected into the peritoneal cavity of the 

animals, ensuring that sub-cutaneous administration was 

avoided. The different N-alkylformamides were administered 

IP atthe .tollowiing doses: 

- Lls: «



  

  

N-alkylformamide Dose 

mg/Kg nmoles/Kg 

DMF 1400 19 ee 

496.4 6.8 

Boa t<e56 

NMF 400 6.8 

80 1 oou 

14.3 0.24 

44 ; 
C-methylformamide 400 6.8 

14 0.24 

NEF a9 ik 6.8 

DMSF 400 4.5 

200 | 

100 ‘Fal 

  

2 ae.



When 400 mg/Kg 14 oy was administered IP, 

the aniection selution comtained 5 or iS H Curies of radio- 

aetivity.. 
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8.2 Sampling of Body Fluids 

Gretel. Blood 

Single blood samples were collected from animals 

at least seven times after administration. Initially, 

samples were taken frequently and as time progressed, samples 

were taken at longer intervals; sample intervals ranged from 

0.04 to 30 hours for the measurement of concentrations of 

parent drug by GC , and from 0.25 to 192 hours to determine 

levels of radioactivity after administration of 14c_\MF. 

Animals were anaesthetised using a mixture of 

halothane, nitrous oxide and oxygen distributed by a 

BOC Boyles apparatus. In control experiments mice were 

used without anaesthesia. 

When blood was obtained by cardiac puncture, 

animals were anaesthetised and the heart exposed. Gillette, 

sterile syringes (1ml) fitted with 26 gauge needles, con- 

taining approximately 50y1 heparin solution, were used to take 

between 0.5 ml and 1 ml of blood. Blood samples were 

centrifuged in polypropylene microfuge tubes in a Beckman 

microfuge for three minutes to separate the plasma 

fraction. 

For blood sampling from the tail,a method was used 

which was similar to that described by Noney et al. (1975). 

Animals were anaesthetised and, prior to the first sample 

collection, the tip of the tail was cut off with a scalpel to 

allow bleeding. At the sample time the tail was gently 

stroked in the direction of the apex. 2O0pl of blood was with- 

drawn at each sample time using Bilbate heparinsed glass 
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capillary tubes. The tubes were heat-sealed at one end and 

centrifuged in a Hawksley haematocrit for three minutes to 

separate the plasma. (The animals' total blood volume is 

between 2 ml and 3 ml; together not more than 10% of the 

total volume was withdrawn in 12 hours). 
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Besee Urine 

Animals were kept in Jencons metabolic cages 

which were adapted to provide an improved access to drinking 

water for the animal. The urine was collected in a small 

flask and removed from this vessel with a pasteur pipette. 

Then the volume of the urine sample was measured. Samples 

were taken at 12 hourly intervals up to 96 hours after drug 

administration. 

In order to minimise the risk of evaporative 

losses of drug and metabolites with the urine, in some 

cases 10 ml aliquots of distilled water was used to wash the 

collection funnels of the metabolic cages and thus flush 

parent drug and metabolites into the collection flask. Urine 

was collected after these washings at 2 to 4 hour intervals 

during the first 12 hours and again 24, 48 and 72 hours after 

drug administration. 

In order to investigate the effect of phenobarbitone 

on the urinary excretion of NMF, mice were administered 

50 mg/Kg phenobarbitone in 0.9% saline IP on four consecutive 

days (Conney et al., 1960). Control animals received saline 

only. 

24 hours after the final administration, the mice 

then received 400 mg/Kg NMF IP and the urine from these 

animals was collected as above, up to 24 hours after adminis- 

tration without washing the metabolic cages. 
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oso GC. Analysis 

Beane Preparation of Samples 

100p1 of the plasma obtained by cardiac puncture 

was added to 500ul of acetone containing the internal 

standard, in polypropylene microfuge tubes. Alternatively, 

10ul of the plasma obtained from the tail vein was removed 

from the collection capillaries using a glass syringe (25p1) 

and added to 5O0p1 of acetone containing the internal standard. 

The tubes containing the plasma-acetone mixture were 

centrifuged in a Beckman microfuge for one minute. lul 

to eul of the resultant supernatent was injected into the 

injection port of the GO using a glass syringe (101). 

100p1 of urine was added to 200p1 or 500u1 of 

acetone containing internal standard. The samples were then 

prepared in the same manner as the plasma-acetone mixtures, 

described above. 

Plasma and urine samples collected from patients 

were kept frozen and allowed to thaw at room temperature when 

required. 100p1 of the plasma or urine sample was added 

to 200p1 of acetone with the internal standard and centrifuged 

as in the case of the samples obtained from mice. 
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Gated Standard Solutions 

Tetramethylurea (TMU) was employed as the internal 

standard throughout the investigations. 

Standard curves were prepared from solutions of 

the alkylformamide under investigation together with plasma 

or urine collected prior to drug administration. 

Alkylformamides and TMU were dissolved in acetone and the 

resultant precipitate was removed by centrifugation in the 

manner described in section (8.3.1). 

To examine the influence of biological fluids aon 

the analytical determination, standards were also prepared 

where plasma and urine was replaced by acetone. 

N-alkylformamide concentrations were in the range of 1.25 

to 100pg/m1. 

The coefficient of variation for the estimation of 

NMF concentrations in plasma samples was determined in the 

following manner: A male Cbha/ca mouse was administered 

400 mg/Kg NMF IP and 1 ml of blood was obtained by cardiac 

puncture and plasma samples were prepared as described in 

section (8.3.1). 10 samples of plasma were treated with 

acetone containing TMU for GC analysis. Peak height ratios 

were calculated (peak height NMF: peak height TMU) and 

coefficient of variation calculated from: 

standard deviation from the mean 100 
: : x 

mean peak height ratio 
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8.303 GC Conditions 

The N-alkylformamides and formamide were quantified 

from plasma and urine samples by a gas chromatographic assay 

similar to that described by Kimmerle and Eben (1975). 

Analysis was performed on a Pye-Unicam 204 GC fitted with a 

nitrogen detector. The column used was a glass tube 1.5 m 

long and of 3 mm internal diameter packed with 100 to 200 

mesh chromasorb W17 AWDMCS and coated with 8% carbowax 20M 

and 2% KOH. The columns were conditioned for at least 24 

hours at 2109C with a carrier gas flow rate of 50ml/minute. 

The operating temperatures were as follows: 

Column oven: 190°C 

Injector port: 200°C 

Detector port: 250°C 

During analysis, nitrogen was used as the carrier 

gas at a flow rate of 4&4Oml/minute. Air and hydrogen flow 

rates respectively were 240 and 10 ml/minute. 
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8.4 Measurement of Labelled Compounds 

10u1 of plasma, obtained after administration 

of 14 O_NME, as described for the unlabelled drug, was added 

to scintillation vials containing 5 ml of NE 260 micellar 

scintillant. In the case of urine collected from mice after 

administration of labelled NMF, 1 ml was added to 

scintillation vials containing 10 ml of NE 260 micellar 

scintillant. 

These samples were shaken using a vortex mixer 

and radioactivity was counted in a Packard Tricarb 2660 

scintillation counter using the external standardization 

mode. 

To prepare a quench curve for this analytical 

procedure, 5yl of 14 C-labelled n-hexadecane of known 

activity was added to 10 scintillation vials. Increasing 

volumes (0-800p1) of chloroform, the quenching agent, were 

then added. Counting efficiency, which is defined as the 

ratio of the observed counts per minute to the disinteg- 

rations per minute, of the prepared samples was determined 

from its count rate using the calibration (quench) curve 

(fig.29). External standard ratio (ESR) values were between 

0.48 and 0.67 and the counting efficiency was between 85 and 

95%. 
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o.5 Tumour Implantation 

The TLX5 lymphoma and M5076/A reticulum cell 

sarcoma were maintained by subcutaneous passage in the 

flanks of male Cbha/ca and female BDF, mice respectively. 

The tumour obtained from these mice was gently 

homogenised in 0.9% saline to produce a suspension. 

7 
10° TLX5 lymphoma cells obtained from the routine passage 

as ascites, were innoculated subcutaneously in the inguinal 

region of male Cha/ca mice; or or M5076/A reticulum cell 

sarcoma cells were implanted into the rear left leg of 

BOF, female mice. 
4 

The first dose of NMF was administered 24 hours 

after implantation. 

Tumours were implanted by Mr. S. P. Langdon or 

Moe Dee Bhunbis 
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8.6 Repeated administration of NMF 

400 mg/Kg NMF was administered IP to male Cbha/ca 

mice with or without TLX5 lymphoma, on three consecutive days. 

At least nine plasma samples were obtained after administra- 

tion of the third dose. 

In the case of the BDF4 mice bearing the M5076/A 

reticulum cell sarcoma, altogether 2 g was administered IP 

either on five consecutive days (400 mg/Kg each dose) or 

during 17 days, every other day (220 mg/Kg each dose). At 

least seven plasma samples were obtained after administration 

of the first and final dose. 
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6.7 Clinical Study 

200, 600° or 1200 mg/m* NMF was administered IV 

as a bolus injection or as an infusion in 0.9% saline over 

30 or 60 minutes, or orally, in which case the drug was 

diluted in fruit juice and was drunk over a period of 15 

to 30 minutes. 

5 ml blood samples were taken, up to 24 hours 

after administration and serum or plasma was separated from 

these samples. Urine was collected every 6 hours, up to a 

maximum of 120 hours. 

300 mg/m* NMF was also infused IV repeatedly on 

Five consecutive days. In these patients, plasma samples 

were obtained immediately after the first and then after the 

final dose. 

All samples were frozen at -20°C and transported 

with dry ice. This work was supervised by Dr. E. Newlands 

at the Charing Gross Hospital, London, and Dr. G. MceVie at 

the Netherlands Cancer Institute, Plesmanlaan, Amsterdam. 

In order to compare the amount of NMF given to 

man émg/m=) with that which was administered to mice (mg/Kg); 

S00, 600 and 1200 mo/m* is approximately equivalent to 

Jie, Laue. ANG 26.6 mosh. 

For the bioavailability studies, patients received 

an IV dose of 300 mg/m< (A... 5 26 8 Moe ee Eas, ao mg/m* 

(MoM. -and Leth.) om 1200 mg/m* C.D. Snag. 0.) ME. AT ter 8 

rest period of 14 days, these patients then were given the 

Same dose of NMF but orally, rather than IV. 
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8.8 Estimation of Pharmacokinetic Parameters 

Plasma concentration of drug, metabolites or 

radioactivity was plotted against time after administration. 

The area under the plasma concentration-time curve (AUC) was 

estimated by the trapezoidal rule (Gibaldi and Perier, 1975) 

from the first sampling time and up to 24 hours after drug 

administration, unless otherwise stated. 

Bioavailability was calculated using mean AUC data 

from ene. Tatler: 

AUC If,PO or IM 
AUC IV , described by Wagner (1975). 

Apparent elimination half-life (t+) was calculated 

from the equation: 

td = 1n.2 / k', where k' is the apparent elimina- 

tion rate constant given by the slope of In. blood 

concentration multiplied by time. 

Lines of best fit and standard error of the slope 

of that line were calculated by least squares regression 

analysis based on a first-order elimination kinetics. Half- 

lives were only calculated from plasma concentration time 

profiles when the percentage error of the slope, obtained 

from a semi-logarithmic plot, was less than 10%. 

The clearance of the drug from the plasma was 

calculated by the following method: 

Clearance(c) = D/ AUC (ml. hr"). 

where D is the dose of NMF administered and AUC is the area 

under the plasma concentration-time profile. 

The rate constant of elimination for urinary 

excretion was determined from: 

t UT. Ls. ok 
(U,-U) = U, 

ee ee 

2 (Gladtke and Hattingberg 1979).



The quantity of NMF excreted, U is substracted in 

each case from the initial dose, Uy. The quantity, U,-U 
1 

remaining in the body is obtained and plotted logarith- 

mically against time, t, on a linear scale. A declining 

straight line is obtained with a slope of “Ko if the elimi- 

Nation furs a linear kinetic model. 
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8.9 The In-vitro Metabolism of DMSF 

2 mM aor 20 mM DMSF was incubated for one hour using 

a 9,000 g liver metabolising system (described in 

geotions cso. Lyatid: 2.5.2). 

1O0p1 samples were collected up to one hour after 

addition of the substrate. At the same time, samples were 

taken from control incubations containing no liver fraction. 

5Op1 or 100p1 of acetone containing internal 

standard (30p9/m1 TMU) was added to these samples which were 

then centrifuged and the resultant supernatent assayed for 

DMF as a metabolite of DMSF, by GC. 
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oy Assay Sensitivity 

Calibration curves for the estimation of N- 

alkylformamides and formamide in body fluids by GC were 

obtained by plotting peak-height ratios against the concentra- 

tion of the compounds in standard solutions. The correlation 

coefficient (r) of the calibration curves used in each Badal 

was greater than Q.99. 

THe LnLoo- Of deteotion tom NMP oNER. DME, DMSE 

and formamide were: 

Li pg/ml, ae ee So Ho/ml, t- t02 Hasty ode 77 po/m1 and 

550.20 pg/m1 respectively. 

The reproducibility of the GC assay in the determi- 

nation of NMF and DMF was examined by analysing peak-height 

ratios for at least five samples containing either 25 Ho/ml 

NMF or DMF, or 300pg9/m1 NMF, in plasma. The coefficient of 

variation for 25pg/mL and 300pQ/m1 NMF was 4.2 and 3.9% 

respectively whilst that for DMF was 3.4%. 

When radioactivity was counted after administration 

of 15pCi labelled NMF (equivalent to 400mg/Kg), the limits of 

detection were between 0.6119 and Lug NMF equivalents per ml. 

After injection of DMF, NMF, formamide and DMSF 

(all 5Opg/m1) with 30pg9/m1 TMU the chromatogram, as shown in 

fig. (30) was obtained. Retention times were 1.1, 2.1, 3.1, 

4.0 and 1.4 minutes respectively. 

Fig.(31) shows the chromatogram of TMU and NEF: 

the latter had a retention time of 2.0 minutes. 

Fig.(32) shows the gas chromatograms of plasma and 
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Figé 30 
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injection 

Time 

Ee 1 l 3 

0 2 4 6 
RETENTION TIME (MINUTES) 

Gas chromatogram of a standard solution of the 

N-alkylformamides by nitrogen-phosphorus 

detection. “DMF (a), TMU -(b), NMF (c), 

formamide (d) and DMSF (e) were dissolved in 

acetone to give a final concentration of 

30pG/ml. 
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aia Shik Gas chromatogram of a standard solution containing 
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Fig 32 Gas chromatograms of mouse (I) and patient (C.R.) (II) 

plasma (on the left) and urine (on the right), before 

administration of drug. (a) corresponds to the 

internal standard (TMU). Samples were prepared and 

treated according to section (8.3.1). 
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urine samples from a mouse and one patient (C.R.) who had 

not received any drug and where 30p9/m1 and Spg/m1 TMU was 

added respectively. 

Figs.(33A-D) show the gas chromatograms of urine 

and plasma samples after administration of NMF to one mouse 

and one patient (C.R.), and after administration of DMF, 

NEF and DMSF to mice. Retention times of these 

alkylformamides were identical to those from standard 

solutions shown in figs.(30) and (31). 
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Fig. 33A Gas chromatograms of mouse plasma (I) and urine (II) 

after IP administration of 400 mg/Kg NMF. Plasma 

and urine samples were obtained 2 hours and 6 hours 

after drug administration respectively, and treated 

G@ccouding td section <8.3.7); Peaks (a), (b) and 

(c) correspond to TMU (30 Ho/ml), NMF and formamide 

PeESpectively. 
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Gas chromatograms of plasma (I) and urine (ITI) samples 

obtained from one mouse after IP administration of 

496.4 mg/Kg DMF. Plasma and urine samples were 

obtained two hours and six hours after drug adminis- 

tration respectively. Peaks (a), (b), (c) and (qd) 

correspond to DMF, TMU (30 pg/ml), NMF and formamide 

PespeeLively. 
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Fig. 33D 
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Gas chromatograms of mouse plasma obtained two hours 

after IP administration of 100 mg/Kg DMSF (I) and 

591 mofag NEF (it). Peaks (Ca). Cb)... Cc) and (Cd) 

correspond to DMF, TMU (30 pg/ml), DMSF and NEF 

respectively. 
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ore Plasma Disposition of NMF 

D ata dk Bioavailability of NMF 

When NMF was administered IV, orally (see fig.34) 

or IM (see fig. 35), the disappearance of the drug from the 

plasma did not substantially differ from the plasma 

disposition after IP administration (see fig.36). A compari- 

son of the plasma concentration-time profiles after adminis- 

tration of NMF by the routes described above is shown in 

F206. (27) 

Area under the plasma concentration-time curves (AUC) 

was calculated up to 24 hours after administration of 400 mg/Kg 

NMF (table 6) and were only significantly different when IM 

was compared to IP administration (p¢<0.03). The 

bioavailability (systemic availability) of NMF was calculated 

from the AUC values shown in table (6) and>was: 1.01, 1.10 

and 1.36 after oral, IP and IM administration respectively 

(table 14). Bioavailability of NMF after oral administration 

of 80 mg/Kg was 0.76. 
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Fig. 34A Effect of dose on the plasma disposition of NMF 

after IV administration of 400mg/Kg (0), 80mg/Kg 

(@) or 14.3 mg/Kg (O) NMF. Plasma concentrations 

are plotted logarithmically against time. Values 

are the mean eo SS...) of at least tour mice’. 

- 140a -



are 348 

500 

400— 

300— E | 
| 200 

1004 ATT 

ge + 
ao 

N
M
E
 
r
e
 

oT.
 

o
H
 

  
  

J 
¢ 
° 
eo 

g 
i - 

= 10“ + 

ad 

: f ] T T T } 
9 4 8 12 16 20 24 

Time After Administration 

Effect of dose on the plasma disposition after oral 

administration of 400 mg/Kg (0) and 80 mg/Kg (8) 

NMF. Plasma concentrations are plotted 

logarithmically against time. Values are the 

mean (~ s.d.) of three to eight mice. 
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TABLE 6 

AUC Values Calculated up to 24 hours, except where marked- 

  

  

  

  

(a) NMF 

Route dose AUC(g.hr.m1~*) n 
(mg/Kg) 

IV 4O0 5325 * 1270 5 

IV 80 1399 = 276 4 

Iv* 14.3 5240-—. 90 4 

IP 4o0 5B4e 2.983 5 

Po Loo 5360 * 1117 8 

PO 80 1058. ** 291 3 

IM 4OO 7254 ~ 705 4 

IP (cardiac puncture) 400 2522 t+ 749 4 

* denotes AUC values calculated up to 9 hours 

(b) 7 *C-NMF 

IP 400 6339 = 556 6 

IP" 14 4.2.5: 668 6 

IP (non-anaesthet- 
ised) 400 5551.5 + 231.0 3 

** denotes AUC values calculated up to 12 hours 

  

(c) NEF 4oOo G16 = 2 420 4 

  

n = number of experiments 
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Ose e Pharmacokinetic Model Describing NMF piendal t¥on 

The plasma disposition of unlabelled NMF as 

measured by GC was compared to that of 140 (methyl)- labelled 

MF (14c-NMF) in order to ascertain how much of the total 

radioactivity measured could be accounted for as 

unmetabolised NMF. Fig. (36) shows that the plasma concentra- 

tion-time profile, up to 24 hours after administration of 

l4c_NMF is very similar to that of unlabelled NMF. AUC values 

were not significantly different from each other (see table 6; 

Dd Ge eh 

GC estimation of NMF in plasma samples, collected 

more than 24 hours after NMF administration, was unreliable 

because plasma levels were near or below the detection limit 

of the assay. However radioactive species derived from 

14c0_NMF were measurable in the plasma for 192 hours after 

drug administration (fig. 38). 

The disposition of radioactivity beyond 24 hours 

can be described by a curve which appears to exhibit first- 

order kinetics with at least two exponential components 

(fig. 38). The decline of radioactivity in the plasma with 

time after 60 hours after drug administration was considered 

to be linear (r°?0.99) and may well represent the elimination 

of NMF and/or its metabolites. The elimination half-life 

(tt) was determined to be 71.1 + 8.8 hours 

(hel. =00.0p81 +:p.n032 he). 

Fig. (39) shows the plasma radioactivity concentra- 

tion-time profile after IP administration of a low dose of 
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Plasma disposition of radioactivity after IP 

administration of 400 mg/Kg -*C-NMF. Plasma 

concentrations are plotted logarithmically against 

time. Values are the mean (2 s.d.) of six 

experiments; the values without error bars are the 

mean of three experiments. (----- ) indicates the 

line obtained by linear regression analysis of 

points beyond 60 hours after drug accumulation, 

(tt = 71.1 hours). 
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14 o_NMF (14mg/Kg). The initial concave-downward curvature 

exhibited at 400mg/Kg (fig. 36) is not apparent at this dose. 

The decline in radioactivity (expressed as equivalents of 

NMF) in the plasma after the peak concentration was reached 

Cone hour after administration) and up to 9 hours after 

administration, was considered to be linear (r°?0.99). The 

elimination half-life computed for this line was 

2.1 + 0.2 hours and the elimination constant, Kel. was 

0.34 * g.o4nr-). 

Plasma radioactivity after 12 hours after adminis- 

tration of 14mg/Kg 14 _NME could not be measured reliably 

since levels were close to the detection limits. The plasma 

concentration of radioactivity shown at 25 hours after 

administration in fig. (39), was determined from a sample 

obtained by cardiac puncture; iets a larger sample volume 

could be analysed (see section 8.2). 

The graphs obtained by plotting plasma NMF concentra- 

tion against time after IV, IM and oral administration of 

4O0 mg/Kg exhibit an apparent concave-downward curvature 

(figs. 34 and 35) similar to that shown in fig. (36) after IP 

administration. However this curvature was less noticable 

when NMF was administered IP and plasma samples were 

collected by cardiac puncture (fig. 40); the AUC value calcula- 

ted from this curve was also significantly different fram 

that value obtained by the tail-bleeding method (see table 6; 

pe0.001). The method of collecting blood samples from mice 

therefore seemed to influence the model describing the plasma 

=a8? &



ella: oe 

204 

10“ is 

w l 
1 ss ee
 

Pl
as

ma
 

Co
nc
en
tr
at
io
n 

pa
7a
 

i 

/
   

  we Soy ee ae ee ee 
0 4 8 12 16 20 26 28 

Time After Administration, nours 

Plasma disposition of radioactivity after IP 

administration of 14 mg/Kg 1A NME. Plasma 

concentrations are plotted logarithmically against 

time. Concentrations of radioactivity are 

expressed as NMF equivalents. Values are the 

mean (= s.d.) of six experiments except the point 

measured after 25 hours which is the mean of three 

mice, (tt within 12 hours = 2.1 hours). 
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obtained by the cardiac puncture technigue (see 

section 6.2.1). Plasma concentrations are plotted 
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from one determination. 
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disposition profile of NMF. 

The calculation of half-lives from these curves 

within 24 hours after drug administration would seem 

inappropriate since true elimination half-lives may only be 

estimated when linear kinetics prevail. The time required 

for plasma levels to decline from peak levels to 50% after 

oral, IM and IP administration of 400 mg/Kg NMF were ll, 12 

and 10 hours respectively and 9 hours after oral administra- 

tion of 80 mg/Kg (table 7). 

Plasma clearance may be calculated irrespective of 

the model describing the kinetics of NMF (section 8.8) and 

values are given in table (8). The plasma clearance of NMF 

is significantly higher after administration of 14.3 mg/Kg NMF 

(3.3 21.4 ml/hr; peO.03) compared to the values obtained for 

4OO0 and 80 mg/Kg NMF (1.51 * 0.29 ml/hr and 1.54 * 0.15 ml/hr 

respectively). 

The plasma concentration-time profile obtained from 

mice which were not anaesthetised (fig. 41) is not signifi- 

cantly different from that obtained from anaesthetised mice 

(table 6) which demonstrates that the mechanisms which 

govern the plasma disposition of NMF are not affected by the 

constituents of the anaesthetic. It should be noted that 

halothane is known to be hepatotoxic in man (Bruce, 1972) 

and mice are exposed to it at each time point. 

The plasma concentration-time profile obtained 

from female Cbha/ca mice was virtually superimposable on that 

obtained from male mice after administration of 400 mg/Kg 

NMF IP, and the AUC values (table 6) were not significantly 

different (p» 0.1), (see figs. 36 and 68). 
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TABLE 7 

The Decline from Peak Concentration Values to 50 per cent 

of that Value 

  

  

art ceeaeies Dose. (mg/g? tT ane ey ae 

Oral 400 ll 

IM 4O0 te 

IP 400 10 

Oral 80 o 

  

eet oly =



TABLE 8 

  

Plasma Clearance of NMF (Administered IV) 

  

Dose (mg/Kg) Clearance (ml/hr.) 

4oo HST = 0.29 

+ 

80 Leb Gee. 8.25 

tho aad Pea 

  

Clearance values were calculated according to section (8.8). 
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Os Ci Influence of Repeated Administration on the Plasma 

Disposition of NMF 

In order to maintain a plasma concentration of NMF 

which was effective against murine tumours sensitive to NMF, 

it was necessary to administer the drug repeatedly (Gescher 

et al., 1982). Repeated administration of NMF may influence 

its disposition. Multiple dosing could for example result in 

induction or inhibition of its own metabolism. 

In order to evaluate such changes in the disposition, 

400 mg/Kg NMF was administered IP on three consecutive days 

and the plasma concentration-time profile was obtained after 

the final injection, (fig. 42). The shape of the curve was 

similar to that obtained after a single 1P injection of 

400 mg/Kg NMF (fig. 36) and there is no significant 

difference between their AUC values (table 9)(p?0.2). 

A similar experiment was performed using mice 

implanted with the TLX5 lymphoma and the resultant plasma 

concentration-time profile is shown in fig. (43). AUC values 

(table 9) calculated from figs. (42) and (43) were virtually 

identical. 

The presence of tumour does not therefore appear to 

influence the plasma disposition of NMF and an additional 

experiment was carried out in order to verify this hypothesis. 

Tumour-bearing mice were administered with a single dose of 

400 mg/Kg NMF and the plasma concentration-time profile 

obtained (fig. 44) was virtually superimposable on that in 

Fig. (36), up to 12 hours after administration. A comparison 

of AUC values up to 24 hours after administration (tables 5, 

6 and 9)reveal no significant difference (p°Q.5). 
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TABLE 3? 

Repeated Administration of NMF 

AUC values calculated up to 24 hours except 
  

  

Route Tumour Schedule Dose AUC n Day plasma 
type (mg/Kg) sample 

taken 

IP (1) Qo1Dx03 + 4oo 9907 =e 3 

IP No tumour QO1Dx03 4OO 6SGie~ 9100. 5 3 

IP (x) QO1DxXo91 4oo 6595. ich..°6 1 

TP: (2) QolDxo5 4oo pao2 * 93 4 l 

IP" (2) Qo1lpx05 + 4oo Paany os sak & 5 

IP (2) QozDx09~=s«.220 es i 1 

IP (2) QozDx09 220 tipo st As eG 17 

  

* denotes AUC values calculated up to 7 hours 

n = number of experiments 

(1) 

(2) 

QO1DxX03 

TLAS 

il 

QO1Dx05 

QO2Dx05 

lymphoma 

M5076/A reticulum cell sarcoma 

NMF administered every day for three consecutive 

days 

NMF administered every day for five consecutive 

days 

NMF administered every other day for 17 days 
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Repeated administration of NMF resulted in a more 

variable plasma concentration of the drug than that obtained 

after a single dose, at the 24 hour sample-time, (figs. 42 

and 43). This was speculated to be due in part, to the 

known hepatotoxity of NMF (Lundberg, et al., 1981 and 

Myers, et al., 1956) which may cause a change in the ability 

of the liver to clear the drug. Therefore livers were 

removed from these mice and inspected for gross manifesta- 

tions of damage. The appearance of the liver surface of 

some animals which had received multiple dosing was dis- 

coloured, which may be an indication of hepatic necrosis. 

In a further attempt to evaluate the effect of 

repeated administration of NMF, mice were implanted with the 

M5076/A reticulum cell sarcoma and received 400 mg/Kg NMF IP 

on five consecutive days. Another group of mice was adminis- 

tered 220 mg/Kg NMF every other day for 17 days which was 

more effective against the tumour than the former schedule, 

(Langdon, S. P., unpublished). A comparison of the two 

schedules was made by obtaining plasma concentration-time 

profiles up to seven hours after administration of the first 

and. final: 4njections. (fig..<45). 

When the low dose was given over a longer period, 

the AUC values calculated from the plasma concentration-time 

profiles after the first and final administration, were 

significantly different (table 9; p¢O.002). However AUC 

values obtained after administration of the high dose on 

day 1 were not significantly different from those obtained 
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Effect of repeated administration of NMF on the 

plasma disposition of NMF. 2 g NMF was administered 

IP over five consecutive days (square symbols) or 

17 alternate days (circle symbols). Plasma samples 

were obtained from female BDF, mice implanted with 

the M5076/A reticulum cell sarcoma (io cells), 

after the first (open symbols) and final administra- 

tion (closed symbols). Values are the mean 

(>°-sid.s) of at least Four mice. 
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efter the final day (table 93 p>» 0.5). 

It is therefore possible that the significant 

plasma accumulation of NMF is responsible for the increased 

efficacy of the low dose schedule. 

- 161 -



Cee Plasma Disposition of NEF 

A number of murine tumours are sensitive to NMF 

whereas NEF is without activity against these experimental 

tumour models (see section 6.1). To see whether there is a 

pharmacokinetic basis for this difference between the two 

agents which may account for the structural requirement for 

activity, the plasma disposition of NEF was studied. 

Fig. (46) shows the plasma concentration-time 

PEoOtiie of NERY Up to .24 hours arter cdminustnation.. [ne 

apparent concave-downward curvature, previously described 

after NMF administration(fig. 36) was also observed for NEF. 

However a comparison of AUC values (table 6) reveals a marked 

difference between the profiles of the two agents and this 

difference is statistically significant (p*0.0005). The peak 

plasma levels of both NMF and NEF were reached after two 

hours but the peak concentration of NEF was less than half 

that of NMF. 

This difference in systemic availability between 

NMF and NEF might indicate a pharmacokinetic explanation for 

the requirement of N-methyl moieties in the molecule for 

antitumour activity: i.e., it is possible that NEF is not an 

antineoplastic agent because it does not reach the tumour 

site at sufficient concentrations. 
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Plasma disposition of NEF after IP administration 

of 591 mg/Kg NEF. Plasma concentrations are plotted 

logarithmically against time. Values are the mean 

(2 s.d.) of four mice. 

A comparison of the plasma disposition of NMF and 

NEF at equimolar doses is shown in fig. (67). 
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944 Plasma Disposition of DMF 

DMF is only marginally active against some tumour 

models which are sensitive to NMF (see section 6.1). The 

plasma disposition of DMF was compared to that of NMF for the 

same reasons outlined for NEF (section 9.3). 

Plasma concentration-time profiles were obtained 

for DMF after IP administration of 1400, 496 and 99 mg/Ka. 

These lower doses are comparable with doses given in the case 

of NMF,i.e. equimolar (see section &.1). 

Plasma concentrations of DMF could be reliably 

measured only up to 12 and 5.5 hours after administration 

of 496 and 99 mg/Kg respectively, whereas it could be quanti- 

fied up to 16 hours after administration of 1400 mg/Kg. 

The apparent concave-downward shape of the curve 

observed for the plasma concentration-time profile after NMF 

administration (fig. 36) was particularly marked for the two 

high doses of DMF (fig. 47). 

The plasma concentration of the DMF metabolite NM, 

was also measured after administration of the three DMF doses 

and the resultant plasma concentration-time curves are shown 

in fig. (48). A comparison of these curves up to 12 hours 

after administration reveals that the profiles for the two 

higher doses are similar whereas that of the low dose is 

appreciably smaller. 

The AUC values calculated from the NMF profiles in 

Fig. (48) after administration of the two high doses of DMF 

(table 10) are not significantly different (p?0.5) which 
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TABLE 10 

  

  

AUC Values After Administration of DMF 

Dose AUC 4 Calculated up 
(mg/Kg) (yg-hr.ml to (hours) 

+ 

DMF appearance 1400 9197 - 1604 12 

NMF appearance 1400 Bisa 1a0 12 
NMF appearance 1400 ies one 2k 

+ 

DMF appearance 496.4 2434 - 361 B 4 

NMF appearance 496.4 p09 =. 296 12 

DMF appearance BU 195, eo: Oat 5.5 

NMF appearance OSs 95 = Ba 9 
  

number af experiments 
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Effect of dose on the plasma disposition of DMF 

after IP administration of 1400 mg/Kg (QO), 

496.4 mg/Kg (M) or 99.3 mg/Kg OMF (0). Plasma 

concentrations are plotted logarithmically against 

time. Values are the mean (~ s.d.) of at least 

three mice or in the case of points without error 

bars, the concentration from one determination. 
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error bars the concentration from one determination. 
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indicates that the concentration of NMF influences the 

mechanisms by which it is removed from the plasma. 

- 168 -



O55 Plasma Disposition of DMSF 

DMF and its thio derivative dimethylthioformamide 

(DMSF), fig. (27) are both inactive against the M5076/A 

reticulum cell sarcoma at a dose of 400 mg/Kg but DMSF is 

considerably more toxic. The LD for DMF and DMSF is 1220 
50 

and 260 mg/Kg/day respectively, after IP administration to 

BDF, female mice every other day for 17 days. (Langdon et al. 

unpublished). 

The plasma disposition of DMSF was compared to that 

of DMF in order to test the hypothesis that there is a 

pharmacokinetic basis for the difference in toxicity between 

these two closely related agents. 

Plasma concentration-time profiles of DMSF are 

shown in fig. (49) after IP administration of 400, 200 and 

100 mg/Kg DMSF. 

As stated above DMSF proved to be appreciably more 

toxic than DMF and all animals died between 12 and 24 hours 

after administration of 400 mg/Kg DMSF. 

Plasma concentrations of DMSF and its metabolite 

DMF, could be reliably quantified up to 24 and 8 hours after 

administration of 200 and 100 mg/Kg DMSF respectively. 

The appearance af DMF as a metabolite in the plasma 

after administration of DMSF (fig. 50) is most probably the 

consequence of a metabolic desulphuration (Gorrod, 1978) and 

the toxicological effect observed with DMSF may be produced 

via a release of a reactive form of sulphur. 

In order to see whether DMSF was metabolised 

in-vitro it was incubated with a liver microsomal metabolis- 

ing system and the resultant supernatent was assayed for DMF 
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Effect of dose on the plasma disposition of DMSF 
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Effect of dose on the plasma disposition of DMF as a 

metabolite of DMSF, after administration of 

4OO mg/Kg (QO), 200 mg/Kg (@™), or 100 mg/Kg (O) 
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by GC (see section 8.9). The presence of DMF as a metabolite 

of DMSF was detected, but there was no appreciable 

difference from control samples. 

o Li lowe



9.6 Excretion of NMF and its Metabolite Formamide, 

into the Urine. 

In order to study the elimination of NMF from the 

animals under investigation , parent drug and its metabolite 

formamide were assayed in urine samples which had been 

collected, including frequent washing of the metabolic cages, 

as described in section (8.2.2). Fig.(51) shows that 75.2 2 

7.2% of the radioactivity injected with NMF was excreted into 

the urine within 24 hours. 

Only 26.4 = 3.8% of the dose appeared in the urine 

as unchanged NMF and less than 2% as formamide (not shown in 

fFig.51) as measured by GC. 

Within the same time-span only 12.6 = 5.0% of the 

dose was recovered as unchanged NMF from urine obtained 

without washing of the metabolic cages (see section 8.2.2), 

and less than 2% as formamide (fig.52). 

What was identified as formamide by chromatography 

may be N-hydroxymethylformamide (see fig.28) which 

decomposed to formamide under the conditions of the GC 

analysis, (Ross, D., personal communication). 

53.0 7 4.7% of the total radioactivity was excreted 

into the urine within 12 hours (fig. 53) and the elimination 

within this period appears to be exponential (P°?0.99). The 

rate constant of elimination, Ke was obtained from mean 

values of the quantity of NMF excreted (as described in 

section 8.8) and it was 0.4 haha 
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Figs cot Cumulative urinary excretion of NMF measured by 
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Values are expressed as % of the dose administered 

and are the mean (= g.d.) of at least five 

experiments. There were no measurable levels of 

unchanged NMF in the urine after 24 hours. 
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Cumulative urinary excretion of NMF (@) and 

Formamide (O) after IP administration of 

400 mg/Kg NMF where samples were obtained without 

washing the metabolic cages. Values are expressed 

as % of the dose administered and are the mean 

Ce s.d.) of three determinations. There are no 

measurable levels of unchanged NMF or formamide 
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Determination of the rate constant of elimination 
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Phenobarbitone is known to influence the in-vivo 

and in-vitro metabolism of certain N-methyl-containing drugs 

(Testa and Jenner, 1976) e.g. HMM (see section 1.4.2.4). 

In order to see whether the metabolism of NMF was 

affected by phenobarbitone in-vivo, mice were pretreated with 

the agent (see section 8.2.2) and the urinary excretion of 

NMF, and its metabolite formamide was assayed by GC from 

urine samples obtained without washing the metabolic cages. 

Table (11) shows the amount of unchanged NMF and 

formamide excreted into the urine within 24 hours after 

administration of 400 mg/Kg NMF to mice pretreated with 

phenobarbitone and control animals which received saline. A 

comparison of treated and control animals did not reveal a 

marked difference in the recovery of NMF or formamide, which 

indicates that the mechanisms responsible for the in-vivo 

metabolism of NMF are not affected by phenobarbitone. 
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TABLE 34 

Phenobarbitone-treated Mice (urinary excretion) 

Percentage of the total dose recovered within 24 hours after 

administration of NMF (400 mg/Kg) 

  

  

Control Treated Compound assayed 

Mouse 1 Mouse 2 

1a6 ven Pe NMF 

esa 4.0 260 Formamide 

  

Each value represents the mean of duplicate determinations 

from one experiment. 
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Oe. Excretion of DMF and its Metabolites into the 

Urine. 

DMF, NMF and formamide were assayed by GC from 

urine samples collected without washing the metabolic cages 

to minimize evaporative losses. The excretion of DMF and 

its N-demethylated metabolite NMF, is shown in fig.(54). 

DMF appears to be rapidly metabolised since only 

2.4% of the initial dose is excreted as unchanged drug 

within 24 hours, whereas 11.0% was recovered as the metabolite 

NMF within the same time-span (fig.54). The observation that 

DMF is rapidly metabolised in-vivo, is in agreement with the 

Findings of Massman (1956). It is worth repeating that the 

compound which was chromatographically identified as NMF may 

have been N-hydroxymethyl-N-methylformamide, (see fig. 28) 

Since this decomposed to NMF under the GC conditions, 

(Ross, D., personal communication). 

Less than 1% of the dose was recovered as formamide 

Cor N-hydroxymethylformamide) and this is not shown in 

Fite C54 ds 
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ac Clinical Investigations 

Plasma samples were obtained from patients who 

received 300, 600 or 1200 mg/m* NMF as part of a phase I 

Clinical investigation. (see section 8.7 for the equivalent 

dose given to mice). 

Four patients (see table 12) received 300 mg/m* NMF, 

IV on five consecutive days and heparinised plasma samples 

were collected up to 24 hours after the previous injection 

and then one hour after each administration of successive 

days. The plasma concentration of NMF after repeated admini- 

stration is shown in fig. (55). Within 97 hours, after 

administration of NMF, the peak plasma levels of unchanged 

drug, (see fig. 55), were not markedly different from each 

other. According to D'Incaleci (1982) who conducted analogous 

investigations with etoposide, this indicates that plasma 

accumulation of NMF is not occurring over this five day period. 

These patients also received the same dose orally 

(see table 12), one week after the final IV administration 

and a comparison of the plasma concentration-time profiles is 

shown in fig.(56). The oral bioavailability, calculated 

from the AUC values in table (13) was 1.3. 

Unlike those patients receiving the low dose, 

(300 mg/m), only two of the patients who were given 600 mo/m* 

and 1200 mo/m- (table 12) IV, were subsequently administered 

the drug orally. 

However, bioavailability was calculated from plasma 

samples obtained from these patients, and mean AUC values are 

shown in table (13). Mean bioavailability was 1.6 and 1.2 

after oral administration of 600 and 1200 mg/m* Tespectively. 

- 180 -



TABLE A 2 

Details of Patients who Received NMF During the 

Phase I Clinical Investigations 

  

  

  

  

  

Dose Patient Patient 
(mg/m) Initials LLinig Protocol Sex 

300 E.S. N 2 Female 

L.G. N 2 female 

A.H. N 2 male 

Mec4c N 2 Female 

600 M.M. C 6 female 

I. li. C 6 male 

Jd ke. N J Female 

A.V. N 3 Female 

Bek. N 2 female 

G.H. N 4 Female 

Eric N 5 Female 

1200 ws D. C 6 male 

DSi C 6 male 

ul. P. N sl Female 

Vee C 6 Female 

N: Netherlands Cancer Institute, Amsterdam, (Plasma samples) 
C: Charing Cross Hospital, London, (Serum samples) 

li Single: dose by 
2: Five consecutive daily IV doses, 14 day rest period, then 

Single PO treatment 
Five consecutive daily IV treatments 

Single oral dose 
Five consecutive daily oral treatments 

Single IV dose followed by a single oral dose after a 

14 day rest period 

n
u
r
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Effect of IV administration of five consecutive daily 

doses of 300 mg/m> NMF in patients. Plasma samples 

were obtained one hour (peak) and 24 hours (trough) 

after injection. Plasma concentrations from the 

first dose are shown in fig. (56). Plasma concentra- 

tions are plotted logarithmically against time. 

Values are the mean (+ s.d.) of four patients 

CE25., LuGe yp Aafey Bree Med) Cees. table tas 
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TABLE: 13 

Pharmacokinetic Parameters of NMF in Patients 

  

  

Patient Dose 9 Route AUC ca Bioavail- Half-life 

(mg/m) (ugehr.ml ) ability (hours) 

Ea oe 300 IV 5 3.a6 
O05 

300 PO fo. 4 

eels 300 Iv 5 lla 
159. 

300 PO E239 

Aah 300 Iv a7. 2G Goo> 

a3 

300 PO t2Us8 5s ow 

Mie Zr. 300 IV B28 Sy cl 
de 35 

300 PO Ss tH. 58 

M.M. 600 Iv E28 38 
Uses 

600 PO 93° .0 

Tue 600 ey 63765 
Zio 

600 Pa Pan 9 

dade 1200 IV 35 bie 
soa: 

1200 PO Be oso 

DSB 1200 IV 163.9 
He62 

1200 PO Od eal 

obey 600 IV Zui se eS 52533, 

Ae 600 Iv 29 7/ ek 

Gi Re 600 TeV Zoe. 5 

Ge hs 600 PO ZB S 7s 

W.P. 1200 TV BAS) <7) 7.80 

VeKe 1200 Iv 359.4 
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The oral bioavailability at all dose administered 

in this investigation was therefore similar to that observed 

in mice (see section 9.2.1). 

An attempt was made to derive the elimination 

half-life of NMF from the plasma concentration-time profiles 

of individual patients, based on first-order elimination 

kinetics (see section 8.8). Peak plasma concentrations of 

NMF were reached between one and two hours after IV or PO 

administration (fig. 57) of the drug, and the disappearance 

of NMF from the plasma, after reaching peak levels, in some 

patients, was consistent with a linear kinetic model. 

Elimination half-lives of NMF were between 6.9 and 13.3 

hours (table 13). 

600 mg/m< NMF was given orally to one patient 

(see table 12) on five consecutive days, and plasma samples 

were taken up to three hours after administration of the 

First and after the final dose; from which plasma concen- 

tration-time profiles were obtained. Fig.(58) shows the 

virtually identical NMF plasma levels after the first and 

Fifth daily, oral doses of the five day course; indicating 

no drug accumulation in the plasma (D'Incalci et al., 1982). 

AUC values within three hours after administration of the 

First and final dose were not significantly different (21.9 

and 21.2yheml respectively). 

After IV administration of 600 ma/m* NMF to three 

patients d.b.. WU. end. G8.) ona 1.6 = t.2%.0F the total 

dose was recovered from the urine as unchanged drug within 
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24 hours (fig.59). Formamide was detectable as a metabolite 

of NMF, but it could not be accurately measured because urine 

concentrations of the drug were near or below the detection 

limits of formaldehyde in the GC assay. 
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SECTION 10 

DISCUSSION



Oe Bioavailability of NMF 

For a drug to be active in a certain tissue it 

must reach that tissue in amounts which are able to elicit 

a pharmacological response. Studies of the bioavailability 

of a drug are usually performed to discover the quantity of 

it reaching the biophase, i.e. the biological environment 

of the drug target, after different modes of administration. 

The bioavailability of NMF was determined with this concept 

in mind. 

It is important to understand that the relevance 

of such a study, used for the interpretation of the anti- 

tumour activity of drugs, is dependent on two assumptions: 

(1) The chemotherapeutic activity of the drug is related 

to the amount of drug at the tumour site. The application 

of this concept has been reviewed by Wagner (1975). 

(2) The amount of NMF at the target site is proportional 

to the concentration of the drug in the plasma. 

The high water and lipid solubility of NMF 

(Mukundrai, 1981) presumably renders this agent able to 

fulfill the second assumption; there is also preliminary 

evidence that radioactivity injected with 19 O_INMF distributes 

rapidly and efficiently into tissues (Barlow T., 1982). 

The results of the investigation of the systemic 

availability of NMF presented in section (9.2.1) show that 

NMF is bioavailable after oral, IP and IM administration of 

the drug, (table 14). The systemic availability of NMF after 

different routes of administration is illustrated in fig.(37). 
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TABLE 14 Bioavailability of NMF in the Mouse 

  

Route of 

Dose (mg/Kg) administration Bioavailability 

  

400 iv 

400 IM 

400 PO 

80 PO 
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NMF is also bioavailable after oral adminis- 

tration of the drug to man (section 9.8) which suggests that 

no appreciable first pass metabolism of NMF occurs in mice 

or man when administered by this route. Peak plasma concen- 

trevione or. NM -te four patients. (£.5., 0.6., AsH. . and :M.2.) 

were not significantly different (p» 0.5) when 300 mg/m 

was administered either as a 30 minute infusion or as an 

oral dosage form ingested over 15 to 30 minutes; and peak 

plasma levels were reached within the same time span (1.25 

hours) after NMF was administered by these routes (fig.56). 

This suggests that NMF is rapidly and completely absorbed 

From the gastrointestinal tract after oral administration. 

Patients appear to prefer to take NMF orally 

(McVie, G.: personal communication) and the oral preparation 

is easier to formulate compared to the IV dosage form, 

because it does not require sterilisation. 

These factors together with the good bioavailability 

of the drug, renders the oral administration of NMF in future 

Clinical evaluations possible. One obvious advantage of the 

oral dosage form is the probability that patients will be 

able to take the drug at home with a reasonable chance of 

compliance. 
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10.2 Pharmacokinetic Model Describing the Plasma 

Disposition of NMF and DMF 

The plasma disposition profile of radioactivity 

during the first 24 hours after administration of 14 _AME is 

virtually superimposable on that of unlabelled NMF (fig.60), 

which suggests that only a small amount of metabolite(s) is 

present in the plasma during this time. However, fig (51) 

shows the presence of a large quantity of, as yet, unidentified 

metabolite(s) in the urine of mice after NMF administration. 

This suggests that the metabolites, whatever their chemical 

nature, are rapidly eliminated from the plasma into the urine 

after their formation. If this hypothesis is accurate, one 

could argue that the metabolites of NMF, formed in the liver 

or extrahepatically, are cleared from the plasma before they 

reach the tissues in sufficient concentrations to elicit a 

biological response. Therefore, one might conclude that these 

metabolites, which appear with the urine, are probably 

deactivation products of NMF and not its ultimate anti- 

neoplastic species. However, one cannot discard the 

possibility that the bioactivation which is important for 

the antitumour activity of NMF, occurs in the tumour. 

The rapid disappearance of the metabolites from the 

plasma into the urine could mean that they are conjugates of 

hydroxylated derivatives of NMF with glucuronic acid, sulphate 

or GSH (see structures below). 

be



R,-OHC H : 1 £ Mt 3° 2 ace 3 we: 
a \ \ 

H H ~ 

R Ry = Glucuronide or sulphate 

‘ Ro = Glucuronide or sulphate 

H cen EAC R3 = Glucuronide or GSH 

oe 

These possible intermediates of the metabolism of 

NMF would be extremely polar and therefore easily excreted by 

the kidney. 

The plasma concentration-time curves of unlabelled 

NMF within 24 hours after administration of IP (fig.60), IV 

Cfide 346A), oral (fig. .348).. and -IM. (fig. 357 goses of 

4OO0 mg/Kg, exhibit a concave downward curvature when plotted 

semilogarithmically. Fig. (37) shows that the slope of the 

plasma disposition profiles obtained on administration of NMF 

via different routes are very similar. This shape was not 

obvious when blood samples were collected by cardiac puncture 

(fig. 40) and was not a result of the anaesthetic employed 

(fig. 41). When blood samples were collected by the method of 

cardiac puncture it was necessary to use one animal for each 

experimental value rather than one mouse providing enough 

samples for a whole profile. Plasma concentrations obtained 

from studies using many animals may distort or conceal the 

actual pharmacokinetic pattern of a drug as compared to when 

plasma disposition profiles were determined more accurately 

using one animal. 
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There are precedents for this in the literature, 

e.g. Bazare et al. (1981) found that the plasma concentration- 

time curve for 2,4,5-trichlorophenoxyacetic acid revealed a 

"cyclic decay pattern" when blood samples were obtained by 

tail-bleeding of mice whereas the "cyclic pattern" was not 

observed when repeated sampling from individual animals was 

employed, and a single straight line fitted the mean data. 

Repeated sampling from the same animal presumably 

provides a more valid indication of the true pharmacokinetic 

pattern of the drug. It also appears to be a more accurate 

method because standard deviations of the mean of plasma 

concentration values obtained by cardiac puncture (fig. 40) 

were larger than those obtained by tail bleeding at 

comparable sampling times (fig. 36). 

A mathematical treatment of the plasma concentra- 

tion data seemed to be inappropriate because the plasma 

disposition of NMF does not appear to fit a linear kinetic 

model, (see section 9.2.2). In order to verify the non- 

linearity, the data was treated in the following manner as 

suggested by Wagner (1973). Plasma concentration values were 

plotted as a function of time using Cartesian rather than 

semilogarithmic co-ordinates (figs. 61 and 62), and the NMF 

concentration during some periods of the disposition appear 

tO Tit @ straight Line. this indicates, according to 

Wagner (1973), that NMF may be eliminated at a fixed rate 

independent of its concentration in the plasma, i.e. zero- 

order kinetics. Such non-linear kinetics can be associated 
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with the saturation of the pathways by which a drug is 

distributed within or eliminated from the body, e.g. uptake 

into the tissues or hepatic (or extrahepatic) metabolism 

(Wagner, 1973). 

In a further attempt to characterise the apparent 

non-linearity of the model describing the disposition of 

NMF, the plasma concentration values obtained within 24 hours 

after oral administration of 400 mg/Kg and 80 mg/Kg NMF 

(fig. 348) and IV administration of 400 mg/Kg, 80 mg/Kg and 

14.3 mg/Kg NMF (fig. 34A) were divided by the dose and the 

ratios plotted as a function of time (fig. 63). 

The profile thus obtained for the low dose of NMF 

after IV administration was appreciably different from the 

profiles obtained for the two higher doses. However, genuine 

non-linearity should lead to a more marked discrepancy of the 

profiles (Wagner, 1973). Indeed, after IV or oral adminis- 

tration of the two higher doses of NMF, the resultant curves 

obtained on dividing plasma concentration by the dose are not 

conspicuously different from each other; a fact which most 

certainly does not support the evidence of non-linear 

kinetics governing the plasma disposition of NMF. 

The plasma clearance of NMF calculated from the 

AUC values (see section 8.8) after IV administration of the 

two high doses of NMF were virtually identical (table 8), i.e. 

the clearance of NMF was apparently not dependent on the 

dose. However, after IV administration of the low dose of 

NMF, the clearance value obtained (table 8) was significantly 

- 199 -



CA) 

(B) 

Pel Clie 63 

  

  

  

  

  

ai 
tine a 

5 1 i #4, ia 

g 08 4 Yeo 3 = 8 4 = 

5| ’ \ Sie 
ee 06 > o 
6| 2 oka 4 ° 
Clee ] a 

fo. 3 
un =< 
o re \ 

Q2 4 4 

Ole 
° 

o 

0 4 8 42 16 20 24 

h 

time after administration 

2. 

fm 
14 Fant 

~  eOBL a? 
Bi er Ne 

Osea Ese 

ci 043 
2 

3 
re 
ev 

ot. 
31.2 Q2 

9 
E Oo 
wa 
o 
a 

ae ° 

Gis. 4 8 12 16 20 24 

Plots of NMF 

against time 

of 400 mg/Kg 

NMF. 

in oS. 

Values 

(62 

hn 

time after administration 

plasma concentration divided by the dose 

after IV (A) or oral (8B) administration 

(0), 80 mg/Kg (0) or 14.3 mg/Kg () 

are identical with the mean values shown 

and 34). 

- 200 -



higher compared to the higher doses (p¢0.03). Again, 

these facts do not unequivocally support the evidence for 

a non-linear, (dose-dependent) kinetic model describing 

the plasma disposition of NMF. 

When a low dose of 14 _NMF was administered IP, a 

plasma concentration of total radioactivity-time profile was 

obtained which appeared to be linear within 12 hours after 

administration, with a half-life of 2.1 hours (see fig.39). 

The plasma disposition profiles obtained in some patients who 

received comparable low doses of NMF, were also considered to 

fit a linear kinetic model, up to 24 hours after administra- 

tion (fig. 57) and the elimination half-lives were in the 

order of 8 hours (table 13). 

The mean plasma concentration values, obtained after 

administration of the low doses of NMF to patients, were 

divided by the dose and plotted as a function of time 

(fig. 64). The resultant profiles were not markedly different 

which suggests that the plasma disposition of NMF at these 

low doses may be independent of the dose administered. 

The doses administered to patients (see section 8.7) 

were far below the tumour effective doses in mice, which 

revealed apparent non-linear disposition profiles. OQne 

might therefore speculate that higher doses of NMF may also 

lead to concave-downward shaped plasma concentration-time 

curves in patients. It is relevant in this context that so 

far, the drug given at these low doses did not appear to 

elicit an antitumour effect in patients (McVie G. and 

Newlands E., personal communications). 
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So, in summary, the evidence obtained in mice 

suggests that NMF may be eliminated from the plasma by 

processes which involve non-linear kinetics; however, further 

studies are required to unequivocally establish non-linearity 

of the pharmacokinetics of NMF. E.g., the plasma concentra- 

tion of NMF has to be determined as a function of time after 

administration of a large number of different doses and the 

resultant profiles should give 4 more clear picture. 

The plasma concentration data obtained for DMF was 

treated in a similar manner to that described for NMF, in 

order to investigate the kinetic model which describes the 

plasma concentration-time profile for this methyl anologue of 

NMF which is devoid of appreciable antitumour activity. Again, 

the mean plasma concentration-time curves plotted on a Cartesian 

scale reveal apparently linear sections (fig. 65) which 

indicates zero-order kinetics most conspicuously at the two 

high doses. 

When the DMF plasma concentration values were 

divided by the dose and the ratios plotted as a function of 

time (fig. 66) the resultant curves were clearly not 

Superimposable; indicating that ang ose i is almost 

certainly involved in the kinetic model which describes the 

plasma disposition of DMF at these dose levels. 

This observation is in contrast with the finding 

that in the case of the plasma disposition of NMF at 

equimolar doses (6.8 and 1.36 mmoles/Kg) non-linearity was 

not unambiguously recognised by treating plasma concentration 
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data in this way (fig.63). That the plasma disposition of 

DMF is more justifiably described by a non-linear model than 

that of NMF may be attributed to the difference in their 

lipophilicities (Hansch, 1979). In a review of pharmaco- 

kinetic data, Wagner (1973) has shown that non-linearities 

can be due to reabsorption of a drug in the kidney. Since DMF 

is more lipophilic than NMF (Hansch, 1979) it is possible that 

the renal clearance of DMF is relatively slower because of an 

increased reabsorption across the lipoid surface of the kidney 

tubule. Clearance of DMF would be enhanced by its metabolism 

to the more polar NMF which is cleared more rapidly. It is 

interesting in this context to compare the urinary excretion of 

DMF with that of NMF. The amount of parent drug and respective 

metabolites recovered in the urine, as a percentage of the total 

dose administered, within 12 hours after administration of DMF 

(fig.54) is markedly different from that of NMF (fig.52). 

However, the cumulative excretion of NMF and DMF and their 

respective metabolites up to 24 hours after administration of 

the parent drug was virtually the same. 

Therefore, it is conceivable that the different rates 

of excretion of these drugs, within 12 hours after administra- 

tion, is involved in the marked non-linearity of the kinetics 

describing:.the plasma disposition of DMF, compared to the 

model in the case of NMF, where the evidence is more equivocal. 

The plasma protein binding of NMF and DMF could 

also theoretically effect their plasma disposition, and 
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Kruger-Thiemer (1968) has published a mathematical model 

which describes non-linear kinetics in terms of protein 

binding with reference to some sulphonamides which show a 

high degree of binding to plasma proteins. 

However preliminary evidence from an in-vitro assay 

(Gescher A., unpublished) did not demonstrate protein binding 

of NMF and Meyer and Guttman (1968) have suggested that only 

in the case of highly bound agents will binding be 

important. It is probably unlikely that DMF would be bound 

to plasma proteins sufficiently in order to explain the more 

marked non-linearity of its plasma disposition compared to 

that of NMF. 

The analysis of the plasma after administration of 

DMF shows that DMF is metabolised in-vivo to its 

N-demethylated metabolite, NMF (fig. 48). The plasma dis- 

position of NMF as a metabolite of DMF, was very similar, 

within 12 hours after administration of 1400 and 496 mg/Kg 

DMF whereas the plasma concentration of NMF after administra- 

tion of 99.3 mg/Kg DMF is markedly lower than that of the 

higher doses. AUC values calculated from the plasma 

concentration of the metabolite, NMF, versus time curve up 

to 12 hours after administration of DMF (table 10) were not 

Significantly different in the case of the two high doses 

and the peak plasma concentrations of NMF were virtually 

identical (mean values were 107.3 * 25.4 pg/ml and 108 + 

18.6 pg/ml). 

The plasma concentration of metabolite clearly 

indicates a non-proportional dependence on the dose of DMF, 

i.e. dose-dependency, indicating that an enzymatic or 
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transport process involved in the disposition of DMF, probably 

its N-methyl hydroxylation in the liver, becomes saturated at 

high plasma concentrations of the agent. 

However, the kinetic model describing the dis- 

position processes of the metabolite NMF after administration 

of the low dose of DMF, appears to be linear. A comparison of 

AUC values obtained after administration of 496 and 99.3 mg/Kg 

DMF and normalised for the dose, reveal a markedly similarity; 

they were 709 and 875 ug.hrm1~? respectively, which indicates 

that at these low doses of DMF the disposition of the 

metabolite in the plasma is proportional to the dose. 

In order to confirm that the plasma disposition of 

NMF and DMF is consistent with a model by which metabolic 

clearance exhibits Michaelis-Menten kinetics, i.e. that the 

processes involved are saturable at high doses, more plasma 

concentration studies after several doses of the drug are 

required. When NMF or DMF are administered at several dose 

levels and drug and metabolite(s) are measured in the urine, 

then the amount of metabolite(s) excreted can be plotted as a 

percentage of the total urinary excretion against the dose. 

If one obtains a proportional decrease in the amount of 

metabolite excreted, as a percentage of the total urinary 

drug species when the dose is increased, then Michaelis- 

Menten kinetics might be applicable in describing the plasma 

disposition, (Wagner, 1973). 

Further evidence for Michaelis-Menten kinetics can 
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be obtained by calculating the area under the metabolite 

concentration-time curve from plasma samples after administra- 

tion of the drug. AUC values are plotted as a function of the 

dose and if the resultant plot is non-linear then this would 

also suggest that the plasma disposition is governed by 

Michaelis-Menten kinetics, (Workman, 1980a). 
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BU oat Comparison of the Plasma Disposition of NMF, DMF 

and NEF with Their Antitumour Activity and 

Toxicities. 

The lack of antitumour activity of DMF and NEF 

compared to the activity of NMF, may have a pharmacokinetic 

explanation (see section 9.3). In fig. (67) the plasma con- 

centration-time profiles after IP administration of these 

alkylformamides at equimolar doses are compared. The AUC 

values of DMF and NEF are significantly lower than those of 

NMF. 

If one assumes that the concentration of parent 

drug in the plasma reflects the amount of drug or active 

metabolites reaching the target site, it may be speculated 

that NEF and DMF are not antitumour agents because they do 

not reach sufficient concentrations in the biophase. This 

hypothesis may be verified by measuring drug levels in the 

tumour tissue as a function of time. Preliminary studies 

have indeed shown that levels of radioactivity in the murine 

TLX5 lymphoma were similar to amounts in other tissues,e.Qg. 

kidney, heart and lungs, within 8 hours after administration 

of 4OOmg/Kg 140_NMF; a markedly higher tissue concentration 

of radioactivity was observed in the liver (Barlow T., 1982). 

There is evidence that toxicity in-vivo is related 

to the pharmacokinetic behaviour of some drugs (e.Q. 

nitroimidazoles), which in turn, is dependent aon their 

lipophilicities (Workman, 1980a). Also, in a series of 
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related drug molecules, different lipophilicities are likely 

to result in predictably different AUC values (Workman 

19805). The more lipophilic nature of DMF and NEF compared 

with NMF (Hansch,1979) may cause their affinities for 

tissues to be higher than that in the case of NMF, and 

thereby lead to an increased volume of distribution compared 

to that obtained with NMF. 

Since DMF is metabolised in-vivo to a species which 

on GC analysis appears to be NMF, one would expect that if a 

sufficient plasma concentration of NMF, as a metabolite of 

DMF, could be achieved, then antitumour activity could be 

elicited which is comparable to that of NMF itself. In order 

to achieve comparable plasma concentrations of the metabolite 

NMF, which elicit an antitumour response, a sufficiently high 

dose of DMF would be required. 

The AUC and peak concentration values of the 

metabolite NMF within 24 hours after administration of 

1400 mg/Kg DMF was not dissimilar to the AUC and peak plasma 

concentration levels of NMF within the same time span, 

achieved after administration of 80 mg/Kg of genuine NMF 

(see tables 6 and 10). Therefore,it is possible to 

speculate that if the plasma concentrations of NMF are related 

with antitumour activity, the high dose of DMF and the low 

dose of NMF might have comparable activities against tumour 

models sensitive to NMF because the plasma levels of NMF are 

similar. 

In a separate series of experiments (Langdon et al., 

unpublished) an optimal antitumour dose of 1000 mg/Kg 
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(13.7 mmoles/Kg) DMF showed marginal activity against the 

M5076/A reticulum cell sarcoma but had no activity against 

the TLX5 lymphoma. Also, doses as low as 50 mg/Kg (0.9 

mmoles/kg) NMF were marginally active against the M5076/A 

reticulum cell sarcoma but was not active against the TLX5 

lymphoma. Therefore, low plasma concentrations of NMF, when 

produced as a metabolite of DMF seem to manifest an anti- 

tumour response similar to that of a low dose of genuine NMF 

in the same tumour model. 

However, DMF did not elicit a clear antitumour 

response andit is possible that the compound analytically 

determined as NMF, after administration of DMF is really N- 

hydroxy-N-methylformamide which is stable in a physiological 

environment but decomposes on the GC column (Ross D., personal 

communication). This compound is inactive against the tumours 

described above (Langdon S. P. et al., unpublished) and it is 

likely to be reasonably stable in the plasma. Therefore the 

potential active breakdown product NMF, may not reach the 

target site, i.e. the tumour, in quantities sufficient for 

activity when N-hydroxymethyl-N-methylformamide is injected 

into the animal. 

If the compound corresponding to NMF on the GC 

analysis of plasma samples after administration of DMF, is 

actually the inactive N-hydroxymethyl-N-methylformamide and 

not genuine NMF, then the marginal activity of DMF may be due 

to parent compound. It is also possible that the marginal 
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activity of DMF is mediated via a hitherto undetected 

metabolite of DMF rather than by NMF. 

This hypothesis does not of course, account for 

the inactivity of DMF against the TLX5 lymphoma. 

Alternatively, NMF which is metabolically gener- 

ated from DMF in-vivo, may reach the tumour in sufficient 

concentration but the homologue DMF, may competitively 

occupy the receptor sites for NMF in the tumour tissue. 

Therefore, if DMF itself is completely without activity, 

injection of DMF will not elicit an antitumour effect. 

It is worth noting in this context that ina 

toxicological study of OMF, Lundberg et al., (1981, 1982) 

also suggested that the N-demethylation of DMF to NMF was 

inhibited at high DMF concentrations. 

The hepatotoxicity of NMF has been investigated by 

a number of authors (see section 6.3). NMF was shown to 

be more hepatotoxic than DMF in rats and the latter compound 

was more hepatotoxic than formamide (Lundberg, 1981 and 

Scailter, 1981). Lundberg et al., (1982) suggested that 

the hepatotoxicity of DMF is due to metabolically generated 

NMF rather than the unchanged agent itself. The concentra- 

tion of radioactivity after injection of 14 _NMF in the 

liver of mice was three times the concentration achieved in 

other tissues (Barlow T., 1982) which is congrous with the 

view of Lundberg (1982). 
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The mortality in rats was higher after administra- 

tion of NMF compared to that after administration of DMF 

and this lethal effect of DMF was greater in male compared 

to female rats (Scailter, 1981); Eben and Kimmerle (1976) 

have shown DMF to be more rapidly metabolised in male rats 

than female rats which supports the hypothesis that DMF is 

metabolically toxified, especially in male animals. 

However, Scailter (1981) found no marked difference 

in the metabolism of DMF to NMF in either sex of the rat and 

in the present investigation the plasma disposition of NMF 

was similar after administration of NMF to male or female 

mice (figs. 36 and 68; tables 6 and 7). 

The argument tentatively put forward relating the 

difference in antitumour activity between DMF and NMF to 

plasma concentration could also be adopted to explain the 

difference in general toxicity and hepatotoxicity exhibited 

by tiene agents; a lower tissue exposure of the animals to 

DMF as compared to NMF on administration of equimolar doses 

of these alkylformamides may make DMF the apparently less 

noxious agent even though both compounds may be inherently 

equitoxic in-vitro. 

However, a direct correlation between the anti- 

tumour activity of DMF and NMF and their general toxicity 

cannot be assumed because the therapeutic index of NMF is 
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appreciably larger than that of DMF, i.e. a comparison of 

the antitumour activity of 1000 mg/Kg DMF and 50 mg/Kg NMF 

against the M5076/A reticulum cell sarcoma, reveals that NMF 

is 20 times more effective than DMF in reducing tumour 

volume whereas NMF (LD, = 300 mg/kg/day) is only four fold 

more toxic than DMF (LDE, = 1220 mg/Kg/day), (Langdon et al.; 

unpublished). 
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10.4 Repeated Administration of NMF 

It is not known whether the long elimination half- 

life of radioactivity which was observed beyond 24 hours after 

administration of NMF (fig. 38) represents the elimination of 

either parent drug or of metabolites, because unlabelled NMF 

could not be measured reliably during this late disposition 

phase. So, in effect, even though it appears that the radio- 

activity was attached to metabolites of NMF it is impossible 

to confirm that NMF was not present in these plasma samples 

because of the variable detection limit of NMF on GC analysis. 

In an attempt to improve the analytical method in 

this respect, the concentration of NMF in solution was 

attempted using ion-exchange chromatography but without 

success as the resin did not retain NMF. The high octanol: 

water partition coefficient of NMF (Mukundrai, 1981) and its 

potential metabolites, N-hydroxymethylformamide and formamide, 

prevents efficient extraction into organic solvents, and 

freeze-drying of samples seemed to be unsuitable because of 

the high volatility of NMF and DMF. 

The radiolabelled species which was eliminated from 

the plasma after 24 hours after administration with a long 

half-life of 71.1 hours, may therefore represent the plasma 

elimination of NMF or more likely that of its metabolites. 

Due to this long elimination half-life of radioactivity, 

repeated administration of NMF at frequent intervals can be 

assumed to lead to drug or metabolite accumulation. 

= ia s



However, accumulation of NMF, as indicated by a 

significant increase in AUC values on repeated administra- 

tion, was not observed after three (figs. 42 and 43) or five 

(fig. 45) consecutive daily injections of 400 mg/Kg NMF to 

mice, nor was such accumulation observed in patients 

receiving five daily doses of 300 mg/m EV. @fias’ 6S). 07 

600 mg/m orally (fig. 58). Accumulation was however 

observed in mice after the final dose of a regime consisting 

of nine injections of 220 mg/Kg every other day for 17 days. 

Although NMF did not show accumulation in the plasma 

on five daily administrations of 400 mg/Ko, measurement of 

hepatic levels of radioactivity after the fifth of five 

daily injections of this dose of 140_NMF appeared to lead to 

accumulation of radioactive species (Barlow T., 1582). 

Repeated administration of high doses of NMF was 

required for optimal antitumour activity against murine 

tumour models (Gescher, et al.,. 1982) .kengdon et al., 

(unpublished) showed that administration of altogether 

2g NMF over 17 days, was more effective in reducing tumour 

volume than administration of the same dose within five days. 

It is interesting that in the present study only the former 

but not the latter schedule resulted in plasma accumulation. 

This finding is puzzling because if the plasma disposition of 

NMF obeys non-linear kinetics one would expect the high dose 

régime to result in plasma accumulation of NMF rather than 

the same total dose given over a longer period. In 

accordance with this view, Workman (1980a) suggested that the 
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AUC for a single large dose of misonidazole would consider- 

ably exceed that for the same dose given in several smaller 

Fractions because the plasma disposition of misonidazole 

exhibited saturable (non-linear) kinetics. 

One might speculate that prolonged levels of NMF 

or its metabolite(s) for a certain period of time, are 

important for achieving optimal antitumour activity,e.g. it 

is possible that only if NMF reaches a certain plasma level, 

and reaches this level frequently over a long period, that 

enough drug or metabolite(s) penetrate the tumour. This 

would suggest experiments where levels of the drug and 

metabolite(s) are measured in the tumour after administration 

of different doses of NMF and thus the critical concentration 

in the tissue necessary for antineoplastic activity may be 

derived by relating the dose to its effect in parallel 

experiments. 
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10.5 The Toxicity of DMSF 

De Matteis and Seawright (1973) have shown that 

carbon disulphide is converted to carbon dioxide by the rat 

in-vivo, indicating that desulphuration takes place as shown 

below: 

C85 ee) 

The appearance of DMF in the plasma of mice as a 

metabolite of DMSF (fig. 50) shows that DMSF also undergoes 

metabolic desulphuration in-vivo, whereas this metabolic 

biotransformation reaction could not be detected in-vitro, 

using a mouse liver microsomal preparation (see section 8.9). 

Carbon disulphide was however shown to be metabolised in-vitro 

to a sulphur product which became covalently bound to liver 

microsomes (De Matteis, 1974). The nature of this bound 

material was suggested to be hydrodisulphide by Catignani and 

Neal (1975) and may represent the toxic metabolite of carbon 

disulphide. 

Other metabolic desulphurations are well established, 

e.g. phenylthiourea is converted to phenylurea in-vivo (Smith 

and Williams, 1961) and thiopentone is metabolised in-vitro to 

phenobarbitone (Winters et al., 1955) as shown overleaf: 
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However, the details of the enzyme-catalysed reactions 

shown above have not been fully investigated, nor has the 

chemical nature of the metabolite containing the sulphur atom 

been eludidated (Gorrod, 1978). 

Some other sulphur-containing compounds are known to 

have noxious properties,e.g. the toxicity of thiohippuric acid, 

dithiopiperazine and ethylhippurate seemed to be proportional 

to the amount of sulphur in these molecules, and the symptoms 

of intoxication were similar to those described after injection 

of certain sulphides or hydrogen sulphide inhalation 

(Supniewski, 1926). It is interesting in this context that 

hydrogen sulphide can be formed from thioamides by alkaline 

hydrolysis in-vitro (Hickinbottom, 1957) and therefore 
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hydrogen sulphide may be produced in-vivo From the 

desulphuration of DMSF. The toxicity of hydrogen sulphide 

is thought to be manifested by the release of a sulphide ion 

(Gorrod, 1978) and it is possible that on hydrolysis of DMSF 

in-vivo, the oxygenated analogue is formed with the 

concomitant loss of sulphur in the form of the sulphide ion 

(oo, It is thought that the systemic toxicity of the 

sulphide ion is produced by the inhibition of cytochrome 

oxidase in the same manner as cyanide elicits its toxic 

effect (Baselt, 1978). The toxicity of DMSF may therefore 

be associated with the formation of a sulphide ion as shown 

below: 
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10.6 Urinary Excretion of NMF and DMF 

Of the 75.2% of the radiolabel excreted into the 

urine within 24 hours after administration of tO OME, only 

26.4% was NMF and less than 2% formamide (fig. 51). Less 

than 2% of the total dose of NMF was excreted as unchanged 

drug within 24 hours after administration of 600 mg/m NMF to 

three patients (fig. 59). It is probable that in analogy to 

the excretion in mice, metabolites of as yet unknown structure 

were excreted with the urine in these patients. 

It is important to identify these urinary meta- 

bolites which may give a clue as to the chemical nature of 

the mops bahy cali. y activated drug, if indeed NMF requires 

activation. One urinary metabolite of NMF has be on 

characterised as a stable precursor of formaldehyde, possibly 

N-hydroxymethylformamide (Brindley, et al., 1982b). However, 

preliminary studies (Langdon, et al., unpublished) show that 

this species does not possess the antitumour efficacy of NMF 

and therefore does not appear to be an active metabolite of 

NMF. 

NMF may be metabolised to N-hydroxymethylformamide 

and formamide by the following scheme: (see fig. 28) 
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It is puzzling that N-methyl hydroxylation of NMF 

was not detected in-vitro (Gescher, et al., 1982) and that 

phenobarbitone pretreatment did not markedly change the amount 

of NMF or formamide excreted into the urine (see section 9.6). 

The evidence above would suggest that a cytochrome P-450-dependent 

enzyme is not involved in the process determining the rate at 

which NMF is disposed in the body. 

So there is the possibility that NMF is not 

metabolised by the mixed function oxidase system of the liver 

which is generally associated with N-demethylation reactions 

(Testa and Jenner, 1976). Other speculative metabolites which 

may be formed are briefly described in section (10.2). 

Over 50% of NMF excreted with the urine was 

apparently lost by. evaporation in the metabolic cages when 

they were not washed frequently prior to the collection of 

urine samples (figs. 51 and 52). After administration of DMF, 

the urine was assayed for unchanged drug and metabolites 

without washing the cages and therefore one may assume that 

similar evaporative losses occurred. The percentage excreted 

as unchanged drug may well have been around 5-10% of the total 

dose and the amount of its metabolite NMF (or N-hydroxymethyl- 

N-methylformamide) around 20-30%; whereas only 11% of NMF and 

less than 3% of unchanged drug was actually recovered (fig. 54). 

The presence of NMF (or N-hydroxymethyl-N-methyl 

formamide) in the urine, in relatively large amounts 

- 225 -



compared with that of unchanged drug, suggests that DMF is 

metabolised to a much greater extent than NMF is metabolised 

to formamide (or N-hydroxymethylformamide) which has implica- 

tions discussed in section (10.2), i.e. the non-linear plasma 

disposition of NMF and DMF is probably due to the saturation 

of metabolising-enzymes and therefore the more obvious dose- 

dependent kinetics exhibited by DMF compared to NMF may be due 

to the fact that DMF is eliminated by metabolism to a greater 

extent than NMF. 

In summary, there appears to be good bioavailability 

of NMF on oral administration in both mice and man. 

NMF and DMF are eliminated mainly by metabolism and 

therefore saturation of, as yet unknown, metabolic pathways is 

the most likely explanation for the non-linear (dose-dependent ) 

kinetics observed with NMF but particularly marked with DMF. 

The N-methyl hydroxylation of these agents is 

probably not catalysed by the mixed function oxygenases of the 

liver which is in contrast with the hypothesis of Barnes and 

Ranta (1972) and Kimmerle and Eben (1975). 

The lack of antitumour activity of DMF and NEF and 

the reduced hepatotoxicity of DMF compared to that observed for 

NMF, is possibly due to differences in plasma levels of these 

agents which may be related to differences in their relative 

lipophilicities. 

NMF appears to have only a low tendency to 

accumulate in the plasma after repeated administration of 
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the drug but it is not impossible that some of its 

metabolites, perhaps conjugates of N-hydroxymethylformamide, 

accumulate. 
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SECTION 11 

COMPARISON OF THE METABOLISM AND 

PHARMACOKINETICS OF N-ALKYLMELAMINES 

AND N-ALKYLFQRMAMIDES



Whereas HMM undergoes N-demethylation in-vitro by 

liver microsomes (Ames et al., 1981) and tumour cells 

(Garattini et al., 1981), there is no ene li lect evidence for 

the metabolism of NMF in liver cells or liver preparations 

(Gescher et al., 1982). However both HMM (section 1.4.2.2) 

and NMF (section 6.4) are known to undergo oxidation on the 

N-methyl carbon in-vivo. In the case of HMM this leads to 

N-demethylated metabolites via N-hydroxymethyl intermediates 

(section 1.4.2.2) and in the case of NMF, metabolism 

presumably results in the formation of N-hydroxymethylformamide 

which is identified as formamide on GC analysis (section 10.2). 

The major route of elimination of HMM appears to be 

via metabolism, i.e. HMM is rapidly metabolised in-vivo to 

demethylated metabolites and no unchanged HMM could be detected 

in the urine of rats (Worzalla et al., 1973) and only small 

quantities of HMM (less than 1%) were found in the plasma 

(Ames et al., 1979) and urine (Ames et al., 1979; Colombo 

et al., 1982) of man. NMF is also eliminated by metabolism 

to what appears to be its N-demethylated product, but to a 

lesser extent than HMM in mice. Over 26% of unchanged NMF 

was recovered in the urine of mice whereas only 1.6% was 

recovered as unchanged drug in patients (section 10.6). The 

rapid metabolism of HMM, presumaby in the liver, may explain 

the reduced and variable oral bioavailability of HMM in man 

(D'Incalci et al., 1978) compared to the good oral bioavail- 

ability of NMF in both mice and patients (section 10.1). 

HMM appears to require oxidative metabolism by 

the hepatic mixed function oxidases (section 1.4.2.4) or 

tumour enzymes (Garattini et al., 1981) in order to elicit 
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its antitumour effect (section 1.4.2.1) whereas it is not 

known whether NMF requires metabolic activation for anti- 

tumour activity and the cytochrome P-450-dependent 

monooxygenases of the liver may not be responsible for its 

metabolism (section 10.2). It is possible that NMF under- 

goes oxidative N-demethylation in extrahepatic tissues or 

that it is catalysed by as yet unrecognised enzymes. 

If the metabolic biotransformation of HMM and NMF 

is required for antitumour activity it is important to 

explain why other N-methyl-containing agents, e.g. AP and 

certain N-methyl derivatives of HMM and NMF, are inactive. 

The lack of antitumour activity of methylmelamines with 

four or less methyl groups in the molecule (section 1.4.2.2) 

may be attributable to the reduced affinity of the 

demethylating enzymes for these agents (section 4.2.). It 

was hypothesised in section (1.5) that HMM and AP may 

undergo demethylation to different products, i.e. relatively 

stable cytotoxic methylol intermediates in the case of HMM 

(section 1.4.2.3), and formaldehyde, which is rapidly 

metabolised to formic acid and carbon dioxide, in the case 

of AP. 

However the above hypothesis does not explain the 

lack of antitumour activity of DMF compared with that of 

NMF since this agent is metabolised in-vivo to what appears 

to be NMF (section 9.4). In an attempt to explain the lack 

of antitumour activity of DMF, HEM and other agents, 

compared to NMF and HMM, the plasma disposition of HMM, NM, 

NEF, DMF, and HEM was looked at. The AUC value for NMF 
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(section 9.2.2) and that for HMM (Broggini et al., 1981) are 

markedly higher compared to those for their inactive 

derivatives NEF and DMF (section 10.3) and HEM (Brindley 

et al., 1982b) after administration of equivalent doses. 

The replacement of N-methyl groups in the molecules of HMM 

and NMF with ethyl moieties renders the resulting species 

inactive against murine tumours which are sensitive to HMM 

(section 1.5) and NMF (section 6.1) respectively. The 

observed difference in systemic availability suggests a 

pharmacokinetic basis for the lack of antitumour eet 

of DMF, NEF and HEM, i.e. these agents may not reach the 

tumour site at sufficient concentrations necessary to 

elicit an antitumour response. 

The difference in plasma levels of these agents 

may be due to their relative lipophilicities. Substitution 

of the methyl moiety in the HMM and NMF molecules with ethyl 

groups imparts increased lipophilicity (Cumber and Ross, 

1977; Threadgill M. D., Personal communication) and 

addition of a methyl group in the NMF molecule also 

increases lipophilicity (Hansch, 1979). It is possible that 

HEM and NEF, and DMF, exhibit an increased tissue affinity 

compared to HMM. and NMF, respectively which results in a 

greater apparent volume of distribution for the inactive 

derivatives. 
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