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enzymes. 

INTRODUCTION 

The metabolic activation of the secondary carcinogen 
NDMA is generally accepted to be initiated by a 
cytochrome (cyt.) P-450 dependent oxidative dealky- 
lation. This should lead to equimolar yields of for- 
maldehyde and alkylating species, provided no fur- 
ther intermediate metabolic step exists [I, 21. 

It has been shown by earlier studies that after 
induction of the microsomal monooxygenase system 
with phenobarbital (PB), 3-methylcholanthrene, or 
~lychlorinated biphenyls, a depressed alkylation 
rate of biopolymers was observed when ~~4C~N~MA 
was applicated in viuo or incubated in microsoma1 
systems [3,4J. The interpretation of these results on 
the basis of the above-mentioned activation mech- 
anism proved difficult to reconcile with the assump- 
tion that N~MA-demethylase activity is increased 
after induction as is normal for other eyt. P-450 
dependent demethy~ation reactions. 

The discussion of this problem led to the speeu- 
lation that the cause of the lowered alkylation rate 
of biopolymers may be a further oxidative demethyl- 
ation of the second methyl group of NDMA by the 
induced cyt. P-450 [3]. A subsequent oxidative 
dealkylation of both alkyl groups is well known from 
tertiary amines, e.g. SKF 525-A or aminopyrine 
[5,6]. NHMM or MDH are possible substrates for 
this second hydroxylation step. In an earlier paper, 
Hoch-Ligeti et al. [7] discussed the possible 
demethylation of monomethylnitrosamine to non- 
carcinogenic breakdown products. However, this 
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Abstract-The carcinogen nitrosoacetoxymethylmethylamine (NAMM)$ was incubated with mouse 
liver microsomes. The decomposition rate of NAMM and the formation of methanol were determined. 
After addition of an NADPH-regenerating system, formaldehyde formation resulting from metabolic 
degradation of the methyl group of NAMM was measured. The results suggest that NAMM is rapidly 
hydrolyzed by unspecific esterases to nitrosohydroxymethylmethylamine (NHMM). NHMM decomposes 
according to the activation mechanism of nitrosodimethylamine (NDMA). The formation of methanol 
proceeds with an even lower velocity. This indicates that intermediate breakdown productvrobably 
NHMM or methyidiazohydroxide (MDH)-possess a distinct stability. Oxidative demethylation of 
NHMM or MDH was not detectable. The methanol formed is oxidised to formaldehyde by microsomal 

reaction seems quite unlikely, since Druckrey et al. 
[8] have reported that monomethylnitrosamine is 
stable only at -70”. Although precise half-life times 
of these unstable reactive intermediates are not 
known Bartsch (in [9]) reported that the half-life of 
methylating intermediates formed from NDMA by 
liver microsomal monooxygenases was measured to 
be in the order of seconds in aqueous media. How- 
ever, the stability of these compounds in the aprotic 
environment of lipoid membranes has not yet been 
dete~ined. A certain stability is however a pre- 
requisite of any metabolic reaction. It is also impor- 
tant in reference to a sufficiently stable transport 
form which is able to penetrate the nuclear mem- 
brane for the alkylation of genetic material. 

Althou~ it seems to be clear now [l@-121 that 
after pretreatment of the animals with microsomal 
inducers, NDMA is demethylated with lower 
activity-a phenomenon which is explained by the 
existence of different forms of cyt. P-450 or by an 
altered nature of the microsoma1 m~mbran~we 
have tried to reveal if the presumed oxidative 
demethylation of NHMM or MDH is demonstrable. 

As NHMM could not be synthesized, we used its 
derivative NAMM which has the same oxidation 
state. NAMM was additionally labelled (‘“C) at the 
methyl group, thus enabling us to distinguish 
between labelled 14CH20 formed from the methy 
group and the unlabelled CHzO from the methylene 
group. 

MATERIALS AND METHODS 

Chemicals. Chemicals were obtained from the fol- 
lowing sources: [r4ClNAMM and NAMM were syn- 
thesized described 
ji4C]methyla%ne a”r$%!H@H were obtain!c&!~~ 
Amersham Buchler (Braunschweig, West Ger- 
many); 5J-dimethyl-1,3-cyclohexanedione (Dime- 
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done), Merck (Darmstadt, West Germany); isocit- 
rate dehydrogenase EC 1.1.1.42 and disodium salt 
of NADP, Boehringer (Mannheim, West Germany); 
trisodium-D,L-isocitrate, Serva (Heidelberg, West 
Germany); all other chemicals were of reagent grade 
and were commercially available. 

Preparation of microsomes. Female NMRI mice 
were used, weighing 22-25 g. For induction of cyt. 
P-450, mice were pretreated with 0.1% PB in the 
drinking water for 5 days. 

Animals were killed by decapitation. After bleed- 
ing, the livers were quickly removed, placed in 
ice-cold buffer I (0.25 M sucrose, 0.02 M Tris-HCl, 
5.5 mM EDTA, pH 7.5), cut into small pieces and 
homogenised in 4 vol. of buffer I. After removal of 
cell debris, nuclei and mitochondria by centrifuga- 
tion for 10 min at 500, 1000 and 10,000 rpm (Sorvall 
centrifuge, HB-4 rotor), the microsomal fraction was 
pelleted by centrifugation at 100,OOOg for 60min. 
The microsomal pellets were washed once with 
buffer II (0.12 M KC1 and 0.05 M Tris-HCl, pH 7..5), 
resedimented by centrifugation at 100,OOOg for 
60 min, and resuspended in buffer II to give a final 
protein concentration of 2 mgiml. Protein was deter- 
mined by the method of Lowry et al. [lS]. The 
concentration of cyt. P-450 was determined from the 
CO-difference spectra of dithionite reduced samples 
using an extinction coefficient of 91 mM-‘cm-’ 
between 450 and 490 nm. 

Microsomal incubations and determination of for- 
maldehyde. Microsomal incubations were performed 
in Eppendorf incubation tubes. The total incubation 
volume was 1 ml. The complete incubation medium 
contained 5 mM MgC12, 8 mM D,L-isocitrate, 1 mM 
NADP and 5 ~1 isocitrate dehydrogenase (20 mg/ml) 
in buffer II. In general, the microsomal protein con- 
tent was 2 mgiml. After 2 min of preincubation, the 
reaction mixture was started by addition of substrate. 
The Eppendorf incubation tubes were incubated at 
37” under air in an Eppendorf incubator. CHzO 
production was determined by measuring “‘CHzO 
which was precipitated as formaldemethone by the 
procedure of Frisell and McKenzie as modified by 
Paik and Kim [16], using 8 mg of CHzO as carrier. 
The precipitated formaldemethone was sucked over 
GFF-filters, washed once with ice-cold water. dried 
for 15 min and put into scintillation liquid (4 g PPO, 
50 mg POPOP in 1 1. of toluene). 

Determination of the half-life of NAMM. One 
milligram of NAMM was dissolved in 5 ml of a 
microsomal suspension (2 mg protein/ml). The mix- 
ture was stirred slightly at 37”. Aliquots of 200~1 
were taken at different time intervals and extracted 
with 2.0 ml dichloromethane. The identification and 
quantification of NAMM were performed by a gas 
chromatograph equipped with a Thermal Energy 
Analyser as described elsewhere 1171. 

Determination of the formation rate of methanol. 
2.5 mg of [lJC]NAMM (219@/mmole) was dis- 
solved in 0.5 ml Hz0 which was added to 10 ml of 
a suspension of microsomes (2 mg protein/ml). The 
mixture was stirred slightly at 37”. Aliquots of 1 ml 
were taken at different time intervals and extracted 
by 10 ml of dichloromethane. Under these condi- 
tions, NAMM does not remain in the water phase, 
while the labelled breakdown products NHMM, 

MDH and methanol are extracted according to their 
partition coefficients. The portion of extracted meth- 
anol was 24 * 1% (n = 4). which was determined in 
separate experiments. The alkylation of microsomal 
proteins, which was determined after exhaustive sol- 
vent extractions, was less than 0.5% of the applied 
dose of NAMM and was therefore neglected for 
quantitative calculations. The portion of NHMM 
and MDH which was extracted by dichloromethane 
could not be determined. In a first approach it is 
assumed that NHMM and MDH are completely 
extracted by the organic solvent. The radioactivity 
of the organic phases was determined. From these 
data it is possible to estimate the half-life of the sum 
of all 14C-labelled dichloromethane extractable com- 
pounds. As the portion of methanol is subtracted, 
the values represent the decomposition rate of the 
sum of the compounds NAMM, NHMM and MDH 
and are inversely proportional to the formation rate 
of methanol. For the calculation of the half-life, a 
linear regression line was fitted for logarithms of 
concentration vs time. A confidence interval for the 
half-life was derived through the usual confidence 
region around the fitted regression line. The half-life 
values are expressed as weighted mean with the 95% 
confidence region in parentheses. If NHMM and/or 
MDH are not completely extracted by dichlorome- 
thane, the half-life of the sum of labelled compounds 
has in reality a higher value than that calculated. 
Therefore, the calculated formation rate of methanol 
represents a minimal value. Liquid counting was 
performed on a Mark III counter [Nuclear (Chicago, 
IL)] with Packard Instagel@ as scintillation cocktail. 

RESULTS AND DISCUSSION 

It is known from investigations of the chemical 
stability of NAMM that the ester group can be 
hydrolytically cleaved both by water and by unspe- 
cific esterases [17]. The half-life in water is about 
35 hr at 37”. whereas the half-life in serum is much 
shorter (about 3.5min) due to the esterases. In 
blood, the velocity of decomposition is even twice 
as fast than in serum. Roller et al. [18] determined 
a half life of 40.4min at 21” for the degradation by 
hog liver esterase at pH 7.0. 

The hydrolytic cleavage leads to NHMM, which 
according to the proposed activation mechanism of 
NDMA decomposes to CH20 and methyldiazohy- 
droxide (MDH), which is probably the proximate 
alkylating agent (see also Fig. 4). 

The half-life of NAMM was determined in liver 
microsomes as described in Materials and Methods. 
It was found to be 1.2 min (0.9-1.3), which indicates 
a rather rapid breakdown corresponding with that 
in blood and demonstrates a relatively high esteratic 
activity in microsomes. (Fig. 1, linear regression line 

1). 
The formation rate of methanol was slower com- 

pared with the degradation rate of NAMM (Fig. 1, 
linear regression line II). Methanol was formed with 
a half-life of 11.3 min (5.4-16.3). Obviously the 
formation rate of methanol does not proceed sim- 
ultaneously with the degradation rate of NAMM. 
This implicates that intermediate breakdown 
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Fig. 1. Determinations of the half-lifes of NAMM (I) and of the sum of the compounds NAMM, 
NHMM and MDH (II) in mouse liver microsomes (2 mg protein/ml). I and II are linear regression lines 
of the logarithms of concentration on time. As described in Materials and Methods, II is inversely 

proportional to the formation rate of methanol. 
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Fig. 2. (a) NADPH-dependent formaldehyde formation from the r4C-labelled methyl group of NAMM 
in mouse liver microsomes. The concentration of [‘%]NAMM was 0.75 mM. (b) Time course of 
formaldehyde formation from the 14C-labelled methyl group of NAMM. The incubation mixture 
contained 2 mg of protein/ml and an NADPH-regenerating system. The concentration of [14C]NAMM 

was 0.75 mM. 
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Table 1. 14CH20 formation from both [“CJNAMM and [“C]mrthanol in liver microsomes from either control or PB- 
pretreated mice. 

nmole CI-I@img protein/In (n = 4) 
NAMM Methanol 

Concentration (mM) 0.188 0.375 0.75 il. 188 0.375 0.75 
Control 
microsomes 7.01 t 0.24 11.51 + 0.48 17.11 t 2.1 5.27 rt: O.h3 9.13 I 1.44 14.X sf: 2.0 
PEGinduced 
microsomes 3.33 2 0, I4 6.27 rt 0.29 IO.07 1. 1 .Oh I.73 t 0.2 38) IO.87 9‘93 t 0. I9 
Per cent inhibition -52.5 -4s.s -41.1 -67.2 -sx.3 -33.0 

The concentrations of microsomal cytochromes were: 0.98 -C 0.14 nmole cyt. P-450img protein, 0.53 + 0.11 nmole cyt. 
bS/mg protein for control microsomes; and 2.2 + 0.2 nmoie cyt. P-4501mg protein. I.04 2 0.09 nmole cyt. bSmg protein 
for PB-jnduced microsomes. 

products-probably NHMM or MDH-possess a 
certain stability in the order of some minutes in the 
microsomes. These results lead to the conclusion 
that NHMM or MDH is the transport form which 
is able to penetrate the nuclear membrane to a~ky~ate 
DNA. Recently Cold and Linder [19] have also 
found out that enzymatically formed a-hydroxyni- 
trosamines might be sufficiently stable to diffuse 
away from the site of their formation before further 
decomposition and therefore may be considered as 
“transportable” metabolites. This distinct but limited 
stability of N~MM or MDH is a prerequisite for any 
possible metabolic reaction. In order to ascertain if 
the methyl group of NHMM or MDH can be oxi- 
datively demethy~ated by the microsomal mono- 
oxygenase system, [‘4C]NAMM--labelled at the 
methyl group-was incubated with liver microsomes 
and increasing concentrations of NADPH. An oxi- 
dative deaikylation of NAMM itself seems unlikely 
in view of its rather high iustabil~ty in the 
microsomes. 

The dependence of %H&.3 formation on increas- 
ing concentrations of NADPH is shown in Fig. 2a. 
Figure 2b demonstrates the time dependent rJCH20 
formation from [~~C~N~MM with liver microsomes 
and an NADP~-regenerating system. Thus we can 
conclude from these data that CHzO is generated 
from the methyl group of NAMM. This metabolic 
process seems to be catalyzed by the microsomal 
mixed-function oxidase system. 

To characterize further a possible cyt, P-450 
dependent hydroxylation of the methyl group of 
possibly NHMM or MDH, an enhancement of the 
‘-‘CH70 formation was attempted by using liver 
micr~somes from PB-pretreated animals. Table 1 
demonstrates that PB pretreatment inhibited ‘%HzO 
formation instead of inducing it, as had been 
expected. This result was unusual in view of other 
cyt. P-450 dependent demethylation reactions which 
are enhanced by PB-iaduction, e.g. dealkylation of 
aminopyrjne. 

It was first shown by Orme-Johnson and Ziegler 
[ZO] that components of the microsomal fraction can 
oxidise methanol to formaldehyde in the presence 
of NADPH and 02, Since methanol is a metabolic 
product of NAMM [IS] and therefore CH20 can 
arise from CH30H under these conditions of incu- 
bation, r4C-labelled methanol was incubated in 
equivalent doses as [%jNAMM and “CH20 was 

measured. The same result as obtained in the experi- 
ment with NAMM-an inhibiting effect after PB- 
induction-was observed (Table 1). Thus, this 
experiment suggests the possibility that the CHzO 
may come from methanol. There have been conflict- 
ing opinions on the enzyme mechanism of alcohol 
oxidation. Initially, the group of Lieber has shown 
that hepatic micsosomes oxidize various alcohols and 
that the microsomal ethanol-oxidizing system 
(MEOS) has characteristics (requirement for 
NADPH, dioxygen and partial inhibition by CO) 
which resemble those commonly found among 
microsomal monooxygenase systems [21,22]. 
Although some authors attributed the MEOS- 
activity to catalase-contaminating microsomes [23], 
to catalase plus alcohol-dehydrogenase (ADH) ]24]. 
or to unidenti~ed enzymes [ZS], others describe a 
major part of the METS-activity to a catalase-and 
ADH-independent pathway 122,261. Actuailv, a 
number of workers observed ethanol oxidation’in a 
purified reconstitution monooxygenase system 
I;;, Z3!, whereas others have failed to observe it 

From our results in which PB-pretreatment does 
not enhance CH20 farmation we are unable tc) 
deduce which enzyme mechanism is involved in 
methanol oxidation. Further support for the assump- 
tion that CH20 may be formed from methanol and 
not from oxidative demethy~ation of NHMM or 
MDH comes from the comparison of Lineweaver 
and Burk plots of CH20 formation either from 
NAMM or methanol. Lineweaver and Burk plots of 
CH20 formation either from NAMM or methanol 
are nearly identical (Fig. 3). The Km values were 
0.71 r 0.21mM (n = 4) for NAMM and 0.90 rt: 
0.35 mM (n = 4) for methanol. In addition the V,,, 
values were of the same order of magnitude. The 
V,, values were 0.49 I 0.07 nmote CHzOimgimin 
(n = 4) for NAMM and 0.5 r?z 0.05 nmole CH&/ 
m~min (n = 4) for methanol. These results suggest 
that the measured CH20 comes from methanof 
rather than from oxidative demethy~ation of NHI~~ 
or MDH. 

Recent studies have shown that nitrite is a metab- 
olic product wher. nitrosamines are incubated with 
liver microsomes and NADPH [31]. Incubation of 
NAMM under the same conditions did not produce 
any detectabie amounts of nitrite over various 
periods of time. This result indicates that the intact 
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Fig. 3. Lineweaver and Burk plots for the determination of K,,, and V,,,,. values for both [VJNAMM 
and [‘4C]methanol in mouse liver microsomes. 

nitrosamine molecule is necessary for the metabolic 
formation of nitrite. Therefore we can exclude that 
nitrite is formed from the metabolites NHMM or 
MDH. 

Finally, it should be mentioned that NAMM is 
probably not a metabolic product of NDMA. When 
i4C-labelled NDMA was applied (10 mg/kg i.p.), 
NAMM was not found in the blood of rats after 

various periods of time (the detection limit for 
NAMM was 15 pg). 

In summary, the data show that the hydrolytic 
degradation of NAMM by esterases is a rapid pro- 
cess, while the formation of methanol is slower. For- 
maldehyde is formed by oxidation of methanol in 
the presence of microsomal enzymes, NADPH and 
dioxygen (Fig. 4). There is experimental evidence 

'kH,-N=N-OH H20 l "CHs-OH + NZ + Ha0 

I 

nieroroaa1 CnlymCI 
02 . NADPH 

"CH20 

Fig. 4. Metabolic scheme of nitrosoacetoxymethylmethylamine. 



2772 K. E. APPEL. N. FRANK and M. WIESSL~R 

for a distinct stability of NHMM or MDH or of both, 
which is in the order of a few minutes in the micro- 
somes. This stability is probably sufficient for reach- 
ing the genetic material. It is probably not sufficient 
to make the experimental proof that NHMM or 
MDH can act as substrates of a cyt. P-450 dependent 
demethyiation reaction. 
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