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Young adult male Sprague-Dawley rats were given 30 prnol/kg 
body weight [14C]methylamine hydrochloride and 700 1-'mol/ 
kg body weight sodium nilrite by oral gavage. DNA isolated 
from the stomach and from the first 15 cm of the smaß in
testine was methylated, containing 7-methylguanine (7mG) at 
a Ievel of one 7mG molecule per 5x106 and lx107 nucleotides, 
respectively. No 7mG was found fn the liver at a Iimit of 
detection of one 7mG molecule per 2xl0S nucleotides. ln a se
cond experiment, the excised stomachs were incubated with 
deoxyribonuclease before the isolation of the DNA in order 
to degrade DNA in the Iumen and in the uppermost lining 
ceUs. This treatment resulted in a 30% decrease in the yield of 
DNA and a 90% reduction in the Ievei of 7mG formation. 
The results show that nitrosation of a primary alkylamine 
yields a precursor of an alkylating agent which has a long 
enough lifetime to diffuse towards and react with intracellular 
DNA. A correlation of DNA methylation in the stomach 
with the corresponding tumor formation by the methylating 
carcinogen N-methyi-N '-nitro-N-nitroso-guanidine was used 
to estimate the roJe of DNA darnage resulting from en
dogenous nitrosation of dietary methylamine in man. 1t was 
concluded that the risk resulting from this single amine must 
be negligible bot that a similar evaluation of other primary 
amines is required before the over-aU role of primary amine 
nitrosation in the etiology of human gastric cancer can be 
assessed. 

Introducdon 

The generation of N-nitroso-compounds from secondary 
amines (1) or from amides (2) and nitrite (3,4) under acidic 
conditions could represent an important mechanism for the in 
vivo fonnation of carcinogens in the stomach. The nitrosa
tion of primary aüphatic amines (5) is known to the ehernist 
as a deamination reaction because it Ieads to chemically 
unstable products which spontaneously hydrolyze to 
alcohols. Although the intermediates could also react with 
cellular nucleophiles such as protein, RNA and DNA, and 
although mutagenic effects to microorganisms have been 
reported (6- 8), the interest of toxicologists in the nitrosation 
products of primary aliphatic amines has been negligible in 
comparison to secondary amines, probably because it was 
assumed that the reaction products were not stable enough to 
reach intraceUular macromolecules in vivo. 

Methylamine is by far the most widespread primary amine 
in the diet and is found above all in fish (9) and in vegetables 
(10). Forthis reason, and because the techniques for deter-

* Abbrevialions: 7mG, 7-methylguanine. 
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mining DNA methylations have been previously established 
in this Iabaratory (11, 12), methylamine was selected as a test 
compound. After oral administration of [14C]methylamine 
and nitrite at high dose Ievels to rats, DNA was isolated from 
the stomach, the small intestine and the Iiver, and the Ievel of 
formation of 7-methylguanine (7mG)• was determined. Bas
ed on the knowledge of the kinetics of DNA methylation by 
methylamine and nitritein vitro (12), the experimental data 
were extrapoJated to the concentrations expected in a human 
stomach. Upon comparison with another direct-acting 
alkylating carcinogen, N-methyl-N' -nitro-N-nitroso
guanidine, a tumorigenic risk resulting from the intake of 
methylamine and nitritewas estimated. 

Materials and methods 

Chemieals and apparatus 

All chemieals without specified distributor were purchased in the highest puri
ty available from E. Merck GmbH (Darmstadt, FRG). 7mG, sodium 
dodecylate and deoxyribonuclease I from bovine pancrease (E.C.3.1.21.1.) 
were purchased from the Sigma Chemical Company (St. Louis, MO). 
['fC)Methylamine hydrochloride (mol. wt. 67.5) with a specific activity of 
53.9 (experiment I) or 51.8 (experiment II) mCi/mmol, dissolved in ethanol 
(100 I'Ci/ml), was obtained from New England Nuclear (Boston, MA). The 
radiochemical purity was 990Jo, as determined by t.l.c. on cellulose F254 
(Merck, Darmstadt, FRG) using methanol:diethyl ether:l N hydrochloric 
acid:water (10 + 10 + J + 3) as the solvent system and ninhydrin reagent for 
detection. The ethanol from the original ['fC)methylamine hydrochloride 
solution was evaporated under a slow stream or nitrogen and the salt was re
dissolved in distilled water to give a stock solution with a specific activity of 
200 I'Cilml (experiment I) or 396 JLCi/ml (experiment II). DNA from 
previous in vivo experiments with ('tc]dimethylnitrosamine (carrying the Iabel 
mainly in form of a ['4C]methyl group in the 7(N)-position of guanine) was 
used as radiolabelled DNA in control experiment I. This DNA had a specific 
activity of 2430 d.p.m./mg and was dissolved in 14 mM phosphate buffer 
pH 6.8 at a concentration of 0.8 mg/ml. Hydroxyapatite came from Bio-Rad 
Laboratories, Richmond, CA (DNA grade Bio-Gel HTP, batches selected for 
high yields; experiment I and control experiment I) and from Calbiochem
Behring, San Diego, CA (experiment II). L-15 (Leibovitz) medium (lx) with 
L-glutamine was obtained from Gibco AG, Basel, Switzerland. Dialysis tub· 
ing (Visking type 20(32, mol. wt. exclusion of 12 000-14 000 DaJtons; 
diameter 17 nun) was obtained from Union Carbide (Chicago, IL). Radioac
tivity measurements were carried out in 10 ml of Insta-Gel (Packard In
struments, Downers Grove, IL) in a liquid scintillation counter, model 
Packard Tri Carb 460 CD. H .p.l.c. analysis of the DNA purine bases was per
formed on a reverse-phase JLBondapak Cl8column, 300x4 nun (experiment I) 
or 300x7.8 mm (experiment II; Waters Associates, Millford, MA) equipped 
with two h.p.l.c. pumps (model LC Pump 410 from Kontron, Zürich, 
Switzerland) controlled by a Kontron Programmer 200 to generate a linear 
gradient of two eluants. 

Animals and treatments 
General. Young adult male rats (Sprague-Dawley derived SIV-50, 
200-300 g; lvanovas, Kissleg, FRG) were housed in macrolone cages with 
free aa::ess to tap water and food (Laboratory chow no. 343, Klingental 
Mühle AG, Kaiseraugst, Switzerland) for an acclimatisation period of I week. 
Food was removed 16 h before the administration of the test compounds 
which were always given by gavage between 09.00 and 10.00 in a maximum 
volume of 2 ml per animal. Stock solutions of I mg sodium nitrite per ml 
distiiJed water were freshly prepared for each experiment. In experiments I 
and II, each animal was given I ml of [14C]methylamine hydrochloridestock 
solution immediately foflowed by I ml of the sodium nilrite stock solution. In 
control experiment I, the rats received 1.1 S ml of radioactive DNA solution, 
while control experiment II was performed with untreated animals. Thirty 
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Table 1. Fonnation of 7 mG in DNA isolated from stomach, smaU 
intestine and liver of rats 30 rnin after successive oral administration of 
[ltC]methylamine and sodium nitrite 

Experiment No. II 

Animal No./weight (g) 11214 2/196 3/169 4/234 5/219 
Methylamine dose 
(pmol/kg) 19 16 41 30 28 
(109 d.p.m.['CC]/kg) 2.3 1.9 4.3 3.9 3.7 

Sodium nitrite dase 
(mrnol/kg) 0.68 0.71 1.21 0.70 0.73 

DNase treatment of 
starnach and small 
intestine + + 

DNA Spec. Activity 
(d.p.m./mg) 
Starnach 1013 1092 2215 24 15 
Small lntestine 5526 4816 5600 108 69 
Li ver 169 134 302 no data no data 

Formation of 7mG 
(7mG-index8

) 

Starnach 0.14 <0.65 0.58 0.016 0.023 
Small lntestine 0.05 0.09 0.25 0.062 0.035 
Li ver <0.02 <0.02 <0.005 no data no data 

Corrected for 
individual doses of 
reagents administeredb; 
mean ±S.O.: 
Starnach 12.8 ± 4.4 (animals 1 and 3) 1.3 ± 0.4 (4 and 5) 
Small lntestine 7.0 ± 3.7(animals 1-3) 3.0 ± 1.5 (4 and 5) 

8 7mG-index = ~ol 7mG/mol nucleotide 
bCalculated according to 7mG-index divided by the methylamine dose 
(mmol/kg) and divided by the square of the sodium nitrite dose (mmol2/kg2) 

minutes (experiment I and II) or 5 min (control experiment I) after the ad· 
ministration of the appropriate solutions the animals were killed by an ether 
averdose. Organs were excised, cut lengthwise, washed twice in -50 ml 0.9C1Jo 
NaCI solution, and DNA was isolated either immediately or after additional 
treatments as indicatecl below. 
Experiment I. Three rats were treated with [ltC]methylamine hydrochloride 
and nilrite at the dose Ievels given in Table I. After 30 min the stomachs, up
per small intestines (15 cm) and livers were excised and the methylation of 
DNA was detennined as described below. Two untreated rats were used as 
controls for radioactivity background. 
Contro/ experiments. (l) Two rats were gavaged with radiolabelled DNA 
(2230 d.p.m. 14C; 0.92 mg) and killed after 5 min. Stomachs were washed as 
indicated above and DNA was isolated. (II) The freshly excised stomachs of 
si.x untreated rats were cut along the lesser curvature and turned inside out. 
Three stomachs were incubated for 26, 39 and 45 minutes at 37°C in L-15 cell 
culture medium. Three stomachs were incubated in 10 ml L-15 medium con
taining 25 units/ml DNase I at 37°C for the same periods of time. All 
stomachs were washed three times with 0.9CIJo NaCI and minced. The yield of 
DNA was determined by spectroscopy before the hydroxyapatite step and was 
round ta be 2.4, 4.1 and 4.0 mg/g starnach after incubation with DNase, 
whereas the respective controls yielded 4.9, 6.1 and 4.7 mg/g organ. 

Experiment II. Two rats were treated with I'4C)methylamine hydrochloride 
and nitrite at the dose Ievels given in Table I (animals 4 and 5). The excised 
stomachs and small intestines were incubated at 37°C for 30 min in 10 ml 
L-15 medium containing 25 units DNase/ml before the isolation of 
chromatin. The stomachs were prepared as described for the control experi
ment IJ. The small intestines were sliced along their whole length but they 
preserved their original shape during DNase incubation. The DNA of the 
stomachs and the small intestines of two rats used as controls rar radioactivity 
background were isolated without addition of DNase to the L-15 medium, in 
order to assess the effectiveness of the DNase treatrnent. 

Isolation of chromatin, DNA and purine bases 
Organs were minced and homogenized in the cold in a Patter-Eivehjem·type 
homogenizer in 3-4 volumes 75 mM Na Cl, 10 mM EDT A, 10 mM 
Tris/HCI pH 7 .8, and DNA was isolated according to a method previously 
described in detail (13). ln short, crude chromatinwas prepared by precipita-
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tion with a non-ionic detergent and the pellets were homogenized and depra
teinated by phenol/chloroform/isoamyl alcohol and extracted with ether. The 
crude DNA was purified by hydraxyapatite adsorptian chramatography, 
dialysed against 0.2 M NaCl and precipitated with ethanol. The dried residue 
was redissolvecl in a 14 mM phosphate buffer, pH 6.8. The specific activity of 
the DNA was detennined by counting the ('4C]radioactivity and measuring 
the amount by u.v.-spectroscapy, assuming an absorption of20 far asolution 
of 1 mg DNA/ml. DNA was hydro1yzed with 0.1 N HCI for 1 h at 70°C to 
Ii berate the purines, and unlabelled 7mG was added as standard. This mi.xture 
was loaded on an h.p.l.c. reverse-phase ~tBondapak CIS column and eluted 
for 20 min with 10 mM ammanium phosphate pH 4.0/1% methanol, follow
ed by a linear gradient to IOOOJo methanol over 40 min. The flow rate was 
1.2 ml/min for the analytical column (experiment I, anirnals I and 2) and 
3.5 ml/min for the semipreparative calumn (all other analyses). 

Results 
Experiment I 
Table I shows that the treatment of rats with [14C]methyl
amine and nitrite resulted in radiolabelled DNA of the Ii ver, 
stomach and upper small intestine. However, this radio
activity does not necessarily represent DNA methylations; it is 
also possible that biosynthetic incorporation of radioactivity 
occurred because radiolabelled methylarnine is degradable to 
nucleic acid precursors of the carbon-1 pool. In order to dif
ferentiale between the various possible sources, DNA was 
depurinated with acid and the purine-bases were separated by 
h.p.l.c. Figure I shows, as an example, the DNA isolated 
from the small intestine of rat No. 3. Only a minute fraction 
of the total radioactivity eluted together with 7mG, the main 
part co-eluting with the natural purine bases and with 
apurinic acid. Upon conversion of the radioactivity of the 
7mG fraction to the corresponding number of methyl groups, 
a 7-methylguanine index (7mG-index = J.LillOl 7-methyl
guanine/mol nucleotide} was calculated for each individual 
DNA sample and is given in Table I. Fora comparison bet
ween different animals these values had to be normalized to 
the exact doses of methylamine and nitrite administered to 
each individual rat. For this purpose, the 7mG-index was 
divided by the dose of methylamine and by the second power 
of the dose of nitrite according to the equation derived for the 
reaction kinetics in vitro (12}. On the basis of average doses of 
0.03 mmol methylamine and 0. 7 mrnol nitrite per kg body 
weight, only one molecule 7mG was formed per 5xl06 deox
yribonucleotides isolated from the stomach, one 7mG per 107 

nucleotides in the small intestine. No 7mG was detectable at 
all in liver DNA at a Iimit of detection of one molecule 
7-methylguanine per 2x10S nucleotides (animal 3; semipre
parative h.p.l.c. column}. 

Since 7mG is a natural constituent of tRNA it is important 
to exclude the possibility that tRNA contamination in the 
DNA samples could have given rise to the observed radioac
tivity coeluting with 7mG. The negative data shown for the 
Ii ver provide an intemal control that this potentially confoun
ding process is not Operating in our experiments. 

The DNA isolated from stomach and small intestine could 
have originated in part from dead lining cells in the gastro
intestinallumen at the time of the formation of the alkylating 
agent. This DNA fraction would have been more readily 
methylated than intracellular DNA, leading to an over
estimate of DNA damage. Therefore, conditions for washing 
the organs and for enzymatic degradation of extracellular 
DNA were examined in two control experiments. 

Control experiments 
(I} Radiolabelled DNA which was gavaged 5 rnin before 
sacrifice was completely removed by washing the organs twice 
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Fig. 1. H.,p.l.c. elution profile·of:acid-hydrolyzed DNA isolated from the 
small intesiine of rat No. 'l,in exl)!:timent I. Top.chart; Optical density 
profile at 260nm, showing elution re~ons for guanine,(Gua'), adenine 
(Ade), 7mG adCf~ as. i.micibelled staitdard, and apurini4:; acid (ApA). 
Bottom chart: 14(;: r:adioaciivity profile. 

in salioe. No t~dioacti.vit:y was detectable in the DNA isolated 
from the stomach. Based .on the. Iimit of detection of 2.4 
d.p:m./mgDNA this'meansthata ITlaxirnum ofO.lOJo ofthe 
lurninal .DNA :c.<;m'ld. h~ve remained i:tt tb~ stomach duiing the 
washing ,prpce<J~te .. Oll .In otder to also remove th·e DNA 
sticking. to the .. mucus, sto:mach~ were in~ubatec:l with DNase. 
Theyieid of'DNA was.thereby·:reduced' b~ -300Jo. 
Experiment 11 
The methy.latton of UNA after oral admiilisJration of P4CJ~ 
methylamioe. ·~ydrochl'orid.e ,and sodium nittite was det~riJlin
ed in~ storna.ch anö sm.a.u irtt~tine·. As opposed to the pro
cedure used in experinfentl, the argans of the treated animals 
were incubated with DNase f;or 3Q min whereas tw.o controls 
wete kept irt tb~ L-15 medium without DNase. The yield of 
purified- ONA wa;s reduceä significantly for the stomachs 
(p < 0.05) from 1..02' ·'± 0~01. to 0~.13 ± 0.09 mg/g Organ 
u,pon DNase·dlges:titJii~ whereas~ Qö. dH'f'etence was seeni·n th~ 
DNA yield fr9in th~ smail ihtestin·es (l.J8 versus 1.2'~ mg/g 
organ). This hrck of a;n effect c.o.uld ha\'e been due- to the 
lower exposure, of the mucosa of the small intestines tp 
DNas.e, beea:us~ tl\'is o.rgan could no.t be tumed inside öut as 
for t~:t~~:~tdJ'Il~CJts .. 

The resol($· öf the methylatitm of DNA are shown in the 
last two ·columns: of Table I nmimals No. 4 and 5). A com
parisoo w.itb. fhe tesult's of expeJ:itnent I ,shows. that DNase 
treatment ohhestomachs reducedthe le;vel of DNA methyla-

In vivo DNA melhyfation by methylamine and rotrite 

tion frOJTI J2~8 to 1.3, Le., ~y:a f~ctor of IQ,. whil~the yjeld of 
DNA. was· reduced ~Y -300'/o. In the small intestines, 
methylation was reduced. from 1:0 to 3.0, or by·S:7% (p for a 
on~-sid«< t-test = o. q), whlle the yield of DNA aJ~er DNase 
treatment was not significant~y reduced. 

Discu.ssion 
The rate, of formation of nitrosamines from secondary 
amlries:änd Qilr;i(e·in ·vitro at a given pH is proppt:ti()nal to the 
coneentta~igp. Qf the anrlne a.hd to the. secon'd po.wer öf the 
concentration of nitrite. (14). It i$ a func:tion of the\ pHand of 
the basidty of the amine and ·can be modulated by the 
p(e~rice Qf ca(aly.sts ~r inhibitors in the teäctJ(:)ii mi,xtüre .. 
Bet.~ü$e primary a:liph·atic antin~ Iead to chemiqally ünsta:ble 
pro·duds, it isrriore difficult to determinethe rate'constant k. 
For this reason we have recently de.terrilined a Value k 1 by 
measutirig tbe fortnati6r) oJ 7mG jn ONA :Ptcs'ent in the 
aqueQ\lS r~cfion mixture (12) to satisfy th·e.equation 

,.anol 7mG/mol nucleotide = k 1X[amineltotalx[nitriteJ2total (1) 

The values determined for k 1 (or methylamine were 4xJ06 

rvr- :Lat pH 4 and lxi ()'& M-3 ~t pi·L2. 'usihg k I = 4x 106 

M - 3 and the molar concentrations of rea:ctants calculated on 
the basis of a stomach volume of 10 ml!kg rat:, 7mG-indices 
of 35, 32 and 240 were calcuiated [öl' anim~s. No. 1 to 3 (ex
periment I) arid of59 and 60 för experhtf~ht ll. th~e·7mG in
dic;es a.ctually measured in vivo were.,, however, only 0.14 and 
0.58 in experiment I arid 0.016 and 0.023· .in experi'ment II 
(which mcluded in~ubating the störfiachs with öNase). This 
means ~hat the methylation of DNA in viviJ (experiment I) 
was· ~t least 330 times 1o.wer than after an .in vitra incübation 
of DNA with the reactarits, and DNase tr~tment :reduced 
thi's level .by a further .factor of ten .. As~urhing that this 
cellular prot~tion is prim~rily dependent on the ,physico
chemical nature of the alkylatingspecies (e;g., rate of absorp
tion into the lining cells and iti~.O the nucleus; bydr:olytic 
stability) and less infl.uenced by spe~j~s-specific differences of 
the·,g~tric anatomy, the·exteni of DNA methylation can also 
be estimated for humans. Assuming .a pH Qf .2, a maximal 
con~erttr~tiQn .af l mM tllethylärttirt_e (frörn 200 g sqüt~)(9) 
and :i m.M rotrite (:lS), anc;J u~(ng~ equatfon ()) with ·k I = 106 

M- ~. a 7mO..:index of 4:X10 -·~ can be calculated :for the in 
vitro reaction. Correcting this result with a rnintmuili in
tracellular protection factot of 330 as caleul~t~ Jr:om the 
above cornparison of in vitro: and in vivo data, a 7m·a.:index 
of 1.2x:l0- 5 can be expected on av.erage in the· DNAisolated 
from a:human stomach. This .. means that onlya:bö.ut.every 7th 
cell would carry orte 7-methyla~ed gl)anirieJ'Ilbleculefr:om this 
soutc~ in i~ diploid $et of ONA. 

It is tempting hereto relate this Ievel ofDNA darnage to an 
expected lnduction of stomach tumors,. Such a ~orrelation 
might be possible fot rats where both ~rcinQg~njdty data 
arid leyels ofDNA methylation are available after adr.ninistra
tiort :of 'the. w~U~known carcinogen N-methyJ.:N:.oitroso-N'
nitroguanidine (MNNG). This. agent Hbetate.s nitr:osated 
methyiamine under alkali or thiol C<Jtalysis (16), i :e., th~ same 
ptoximate carcinogen as the one generated in th~ present ex~~ 
perimenl's. It can therefore be assumed that the·relative, abun
dance ofthe various DNA methylation products is the saine, 
so that th~e:möst prevailing, 7mG, can be Us!!d a.s a market of 
darn~ge ~ven if other lesions might be more critical. In Jact, 
7mG was the .only methylated base detectable at all "in our ex.-
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periments because of the extremely low total methylation 
Ievel. 

It has been reported (17) that a single oral dose of 0.1 mmol 
MNNG/kg body weight in guinea pigs resulted in the forma
tion of 2.8 mmol 7mG/mol guaninein the stomach after 2 h. 
This result matches quite weil with that of a study on rats 
(18), where an alkylation of 2 mmol 7mG/mol guaninewas 
detennined after a total dose of 0.37 mmol MNNG/kg body 
weight. This could indicate that guinea pigs and rats do not 
differ appreciably with respect to the initial DNA damage. 
Because the conditions used in reference 17 were closer to 
those of the present study, these data were further used to 
calculate that a dose of - 8 pmol MNNG/kg body weight 
would cause the same DNA darnage as was estimated above 
for methylamine and nitritein a human stomach. This dose is 
about 1 million times lower than the daily dose required to in
duce a tumor in half the animals treated life-long in a car
cinogenicity study (19). A daily human intake of the amounts 
of methylamine and nitrite assumed above (high, but not im
possible Ievels) could therefore be responsible for a life-time 
risk for one additional tumor per 106 people (extrapolated 
along the 'one-particle curve'; reference 20). This incidence is 
many orders of magnitude below the epidemiologically 
observed incidence of stomach cancer. Such an estimation of 
a human risk remains tentative as long as we do not know 
more about the persistence and repair of the most critical 
alkylation products, the cumulative effects from chronic ex
posure, and the probabilities of subsequent stages in tumor 
forrnation. Nevertheless, the gap between the actual gastric 
tumor incidence and the consequences from endogenaus 
nitrosation of methylamine is so large that modulatory in
fluences are unlikely to invalidate our comparison. Further
more, our assessment thus far has not taken into account that 
the DNA in the stem cells at the bottom of the gastric crypts, 
probably the most sensitive population for cancerous 
transformation, will be methylated to a lesser extent than the 
average DNA molecules isolated from the whole organ. 

On the other hand, this calculation was based only on the 
intake of methylamine. Many more primary amines are in
gested with. our diet, all of which potentially give rise to 
alkylating nitrosation products. The most important biogenic 
amines should be investigated along these lines before we can 
conclude that the endogenaus nitrosation of primary arnines 
as a class does not represent an essential contribution to 
gastric tumor formation. 
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