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FOREWORD

The ACS Symposrum SeriEs was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
N CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

t is approximately twenty-five years since John Barnes and Peter Magee
discovered that dimethylnitrosamine was a carcinogen for the rat. Since
that time N-nitroso compounds have come to be among the most impor-
tant experimental mutagens and carcinogens for laboratory investigation.
Equally, if not more importantly, they have come to be viewed as one of
the most important classes of environmental carcinogens, and the potential
for endogenous formation from ubiquitous precursors has been recognized.
Their presence and the presence of their precursors in foods, water, air, and
industrial and agricultural products has led to frantic calls for legislative
and regulatory action, and a never-ending search for more sensitive and
specific methods of analysis.

The symposium upon which this volume is based was organized at a
turning point in nitrosamine research. Almost all types of commercial
products have been tested for volatile nitrosamines, and there have been
a number of outstanding accomplishments of combined university—gov-
ernment-private industry actions to lower or eliminate volatile nitrosa-
mines in those products found to be contaminated. However, there is still
a major gap of knowledge with regard to compounds that are not amenable
to analysis by gas chromatography, and this is clearly a frontier of current
research. There are also many important questions regarding chemistry,
mechanism of action, and relation to human disease whose answers lie in
the future of research in this field.

It is the purpose of this volume to summarize the current state of
knowledge of nitrosamine research with a chemical orientation, and to
help lead the way into the future.

RICHARD A. SCANLAN
Oregon State University
Corvallis, OR 97331

STEVEN R. TANNENBAUM
Massachusetts Institute of Technology
Cambridge, MA 02139

July 31, 1981
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Activation of Nitrosamines to Biological
Alkylating Agents

C. J. MICHEJDA, M. B. KROEGER-KOEPKE, S. R. KOEPKE,
and D. H. SIEH

Chemical Carcinogenesis Program, Frederick Cancer Research Center,
Frederick, MD 21701

N-Nitrosamines require metabolic activation to
generate the reactive species which result in tumor
induction. The most commonly accepted hypothesis
for this activation 1is the a-hydroxylation hypothe-
sis., Nitrosamines which have hydrogens on the alpha
carbons are hydroxylated in that position by a
mixed function oxygenase. The resultant a-hydroxy-
alkyl nitrosamine breaks down to an alkyldiazon-
ium ion and the corresponding carbonyl compound.
The diazonium ion alkylates a variety of nucleophiles
and releases molecular nitrogen. The determination
of the amount of molecular nitrogen provides a
measure of the extent of a-hydroxylation. This con-
cept was applied to the in vitro metabolism of
doubly [15N]-labeled dimethylnitrosamine (DMN) and
N-nitrosomethylaniline (NMA) by uninduced rat liver
S-9 (the postmitochondrial fraction). The amount
of total metabolism was determined by the measurement
of nitrosamine loss. It was found that measurement
of formaldehyde formation gave an artificially low
value of nitrosamine metabolism. The in vitro re-
sults indicated that about 34% of the DMN metabolism
proceeded by a a-hydroxylation, while only 19% of the
theoretical nitrogen was released by NMA. A similar
experiment in vivo, using [ 5N]-lal:’eled DMN showed
that about 667 of the metabolism proceeded by a-
hydroxylation.

Alternative pathways of activation of nitros-
amines, including B-hydroxylation followed by sul-
fate conjugation and the formation of alkoxydiazen-
ium ions are discussed. The formation of alkyldiazo-
nium ions from trialkyltriazenes is presented to show
that the formation of the putative ultimate carcino-
gens from nitrosamines can be studied in a system not
requiring metabolic activation.

0097-6156/81/0174-0003$05.00/0
© 1981 American Chemical Society



Publication Date: December 9, 1981 | doi: 10.1021/bk-1981-0174.ch001

4 N-NITROSO COMPOUNDS

In 1956 Magee and Barnes (1) reported that dimethylnitros-
amine (DMN) was a potent carcinogen in rats. This discovery
initiated a mighty outburst of research activity. There are
now thousands of papers dealing with the chemistry, metabolism,
mutagenicity, teratogenicity, and carcinogenicity of nitros-
amines and other N-nitroso compounds. There are several rea-
sons for this continuing interest. Practically all nitros-
amines are carcinogenic, making them the largest single chemi-
cal group which has that property. In fact, non-carcinogens
among them may provide important clues to what makes nitros-
amines carcinogenic. Nitrosamines are remarkably site speci-
fic; essentially all the organs are effected by one or another
nitrosamine (2). This makes nitrosamines excellent tools for
the study of mechanisms of chemical carcinogenesis. Perhaps
most importantly, nitrosamines can be and are formed in the
human environment. The reason for this is that the two precur-
sors to nitrosamines, nitrite and amines, are ubiquitous com-
ponents of the environmental mix. Moreover, nitrosamines can
be formed in the stomach by ingesting the precursor amines and
nitrite. Several chapters in this volume concern themselves
with environmental and dietary aspects of nitrosamines.

The first ten years of nitrosamine research, particularly
with respect to carcinogenesis, were summarized in an admirable
review by Magee and Barnes ( 3). Since that time an enormous
amount of work has been carried out on those substances. Some
of this work up to 1974 was reviewed by Magee, Montesano and
Preussmann (4). Recently, Lai and Arcos (5) provided a useful
synopsis of contemporary work on the bioactivation of some
selected dialkylnitrosamines.

Nitrosamines, in common with many other organic carcino-
gens, have to be metabolized before their carcinogenic potential
can be expressed. Thus, Magee (§) in 1956 showed that dimethyl-
nitrosamine (DMN) was cleared rapidly from the bodies of rats,
mice, and rabbits, with very little being excreted in the urine
or the feces. Dutton and Heath (7) reported that [14C]-DMN
was metabolized in rats and mice, with a major portion of l4c
appearing in expired carbon dioxide, with the rest of the radio-
activity being evenly distributed in the tissues. Only about
7% of the radioactivity was found in the urine. These workers
also postulated that the metabolism proceeded by a demethylation
reaction and concluded that the lesions produced by DMN were
the result of the interaction of metabolites of DMN with cellu-
lar components, rather than with the intact DMN. Since the
liver was the principal target of DMN, Magee and Vandekar (8)
used liver slices and subcellular fractions to study the in
vitro metabolism of DMN. They found that the metabolizing activ-
ity was localized in the microsomes and in the cytosol and that
it required molecular oxygen and the presence of NADPH, The
formation of formaldehyde from DMN was demonstrated by Brouwers
and Emmelot (9). The principal enzyme system responsible for
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DMN oxidative demethylation has been shown to be a liver mi-
crosome cytochrome P-450 monooxygenase (10). Lotlikar et
al. (11) found that a reconstituted enzyme system, consisting
of cytochrome P-450, NADPH-cytochrome P-450 reductase and
phosphatidyl choline was effective in catalyzing the demethy-
lation of DMN. The most commonly accepted mechanism for the
oxidative demethylation of DMN and, by extension, of other
dialkylnitrosamines is shown in Scheme 1.

Scheme 1
02
R-N-CH~R' —— 4 R =N=-CH-R'
I NADPH (.
NO enzyme NOI\OI:
R'CHO
R-N=N-0H o RNH-NO
~oH _/1
cellular
nucleophiles

The a-Hydroxylation Hypothesis

The ahove scheme satisfies much of the metabolic data;
however, some of it is speculative, and it is certainly incom-
plete. The evidence for the formation of the a-hydroxylated
intermediate is circumstantial. The acetate ester of a-
hydroxylated dimethylnitrosamine has been prepared (12,13)
and has been found to be a potent, directly acting carcinogen
(14). Other esters of a variety of a-hydroxylated nitros-
amines have also been prepared (15). While it has been
shown that DMN acetate is hydrolyzed to hydroxymethylmethyl-
nitrosamine by an esterase enzyme, it has been pointed out
that these derivatives of the a-hydroxylated nitrosamines
also dissociate to N-nitrosoimmonium ions (15, 16).

Wiessler (15) suggested that the nitrosoimmonium ion
could act as the electrophile which alkylates cellular nucleo-
philes.

OAc |C|H2
H3C\N/CH20AC H3C\;/CH2 Nu: Nu-CH3 + lil
I I N=0
NO N=0
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Gold and Linder (17) studied the esterase catalyzed hy-
drolysis of 2-(-)-acetoxymethyl-(l-phenylethyl)nitrosamine.
They found that the stereochemistry of l-phenylethanol pro-
duced in the reaction was the same as that observed in the
base catalyzed hydrolysis of the nitrosamine and also of
N-(1-phenylethyl)nitrosocarbamate. These results indicated
that the same diazotate was produced in all three reactions.
The fact that no irreversible inhibition of the enzymatic
hydrolysis of the nitrosamine was observed, while extensive
irreversible inhibition was obtained with the nitrosocarba-
mate, led these workers to conclude that the a-hydroxynitro-
samine produced by the hydrolysis had sufficient stability
to diffuse away from the active site of the enzyme.

Recently, the preparation of the first authentic a-
hydroxylated nitrosamines has been reported (18,19). N-
Butyl-N-hydroperoxymethylnitrosamine (20,21) was reduced with
with sodium bisulfite or deoxygenated with triphenylphos-
phine. The resulting, rather unstable product, was converted
to the a-acetoxy derivative with acetic anhydride and it
was shown to form formaldehyde and 1- and 2-butanol when
allowed to decompose in an aqueous medium.

All of these results support the a-hydroxylation hypo-
thesis, but they do not prove it. No a-hydroxy nitrosamine
or a derivative of one has ever been isolated as a metabolite
of any nitrosamine. Nevertheless, a-hydroxylation is an
attractive working hypothesis and it seems to account for
many observed facts, at least in the case of the simplest
nitrosamines. One of the salient features of Scheme 1 is
that the a-hydroxylated nitrosamines decompose non-enzymati-
cally to the unstable monoalkylnitrosamine, which then under-
goes a prototropic shift to the corresponding diazotic acid.
This substance (or its dissociation product, the alkyldiazo-
nium ion) is the electrophile that alkylates cellular nucleo-
philes. Many authors write the electrophile as the corres-
ponding carbenium ion. In most cases, this is incorrect;
carbenium ions such as methyl or ethyl are high energy molec-
ules and it is highly unlikely that they are formed in an
aqueous medium. Exceptions may exist for such stabilized
ions as benzyl or t-butyl, but not for primary, unstabilized
carbenium ions. In fact, it was shown that the alkylation
of hepatic DNA in rats by di-n-propylnitrosamine gave exclu-
sively 7-n-propylguanine, rather than 7-isopropylguanine,
which would have been predicted if free carbenium ions were
involved (22). The RNA from these livers, however, did show
that about 5% of the 7-propylguanine was the isopropyl isomer.

Whatever the true details of the metabolic pathway shown
in Scheme 1 might be, there are certain facts which are very
secure. Among these are that the nitrosamines are oxidatively
dealkylated, that electrophilic intermediates which alkylate
proteins and nucleic acids are formed, and that one of the
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products of the dealkylation is a carbonyl compound, formalde-
hyde in the case of DMN. One consequence of Scheme 1 is
that a-hydroxylation obligatorily results in the formation
of molecular nitrogen. The measurement of the released
nitrogen, in principle, allows an accurate determination of
the extent of a-hydroxylation. Magee 52_3_) was the first
to indicate the possibility of use of [ 5N]-labeled nitros-
amines in the measurement of the extent of a-hydroxylation.
In this work, Holsman, Haliday and Magee measured the forma-
tion in rats of 15N-1 gas. The animals were dosed with
doubly [15N]-labeled dimethylnitrosamine, while being main-
tained in a respiration chamber whose atmosphere was 507
oxygen and 50% sulfur hexafluoride. After 5 hrs, the rats
were killed and the expired gas was put through a set of
scrubbers and cold traps to remove 0Oy, CO, SFg, and other
condensibles. The residual gas, consisting largely of nitro-
gen, was analyzed by mass spectrometry. They found that a
ma jor portion of the DMN was metabolized by the a-hydroxyla-
tion pathway, since up to 90% of the total applied dose was
found in the expired nitrogen. These results, however, were
considered to be preliminary.

Cottrell et al (24) studied the in vitro metabolism of
[15N]-labeled dimethylnitrosamine. They found that the
10,000g supernatant fraction (usually called the S-10 frac-
tion) of rat liver homogenates produced labeled nitrogen at
the rate of 5% of the total metabolism of the nitrosamine as
measured by the production of formaldehyde and methanol.
These workers concluded that oa-hydroxylation was relatively
unimportant during in vitro metabolism. In stark contrast
to these results, Milstein and Guttenplan (25), using unlabe-
led dimethylnitrosamine, found that essentially 100% of the
microsome-catalyzed metabolism of DMN proceeded by a-hydroxy-
lation. Against the backdrop of these seemingly contra-
dictory results, we have undertaken a systematic examination
of both the in vivo and in vitro metabolism of [15N]-labeled
nitrosamines, These experiments are being carried out in
collaboration with Dr. P.N. Magee of the Fels Institute. In
the initial experiments we chose to concentrate on doubly
[15N]-labe1ed dimethylnitrosamine and N-nitroso-N-methylani-
line (NMA).

The in vitro experiments, using the S-9 fraction from
livers of uninduced Fisher 344 rats, was complicated by the
fact that it became apparent that formaldehyde production was
a poor measure of the extent of metabolism. The reason for
that was that the S-9 fraction apparently catalyzed the oxi-
dation of formaldehyde to formate. Consequently, determin-
ation of formaldehyde in an S-9 catalyzed reaction consistent-
ly gave low values of nitrosamine metabolism. Many workers
use semicarbazide to suppress formaldehyde loss. We found,
however, that semicarbazide is not a neutral bystander,
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because it itself acts as a substrate for the S-9 enzymes,
giving molecular nitrogen as a product. The difficulties
with semicarbazide as a formaldehyde protector in S-9 cata-
lyzed reactions were also independently noted by Savenije-
Chapel and Noordhoek (26). Since formaldehyde formation was
inadequate as an indicator of metabolism, we chose to follow
the metabolism by determining substrate loss. This is an
inherently imprecise measurement because the amount of total
metabolism is small. Nevertheless, we found that with appro-
priate sample pre-treatment, reasonably reproducible data
could be obtained. The S-9 catalyzed reactions were carried
out in calibrated flasks. The reaction atmosphere was oxygen
containing a precisely known amount of neon. After one hour
reaction, the gas was transferred by means of a Toepler pump
into a bulb, the contents of which were analyzed on a mass
spectrometer. The instrument was calibrated against precisely
known mixtures of 15N-15N and neon in oxygen. By knowing
the total amount of gas in the reaction mixture, the absolute
amount of 15N-15N evolved during the reaction could be cal-
culated. The reaction mixture itself was assayed at the
start of the reaction and after one hour by high pressure
liquid chromatography (hplc). In order to get reproducible
results in the hplc experiment it was necessary to filter
the reaction mixture through a membrane ultrafilter, which
excluded the high molecular weiﬁht materials., The results
of these experiments on doubly [ 5N]-labe1ed DMN and NMA are
presented in Table I.

Table I.
Analysis of Metabolism of [15N]-Labeled
DMN and NMA by the S-9 Fraction?
Substrate Substrate Lost HCOH Detected 15N-15N-Produced
(u moles/g (1 moles/g (u moles/g
liver/hr) liver/hr) liver/hr)
DMN 0.732 + .184(5)  0.169 + .050(6) 0.240 + .031(4)
NMA 1,570 + .173(5) 0.039 + .010(4) 0.296 + .074(3)

@Results expressed as the average + standard deviation (num-
ber of observations)

These results indicate that in the in vitro reaction, the
a-hydroxylation pathway accounts for about 34% of the metabo-
lism of DMN and about 19% of the metabolism of NMA, when
uninduced Fisher 344 rat liver S-9 is used. Thus, our data
for DMN fall roughly in-between the two previously published
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values (24,25). The data also clearly indicate that the
formaldehyde assay gives erroneous results for the total
amount of metabolism, when the S-9 fraction is used as the
oxidation catalyst.

The present data give us no indication of what the
other pathways of DMN metabolism might be. Other pathways,
including denitrosation and reduction of the NO group to the
unsymmetrical hydrazine have been reported (27).

The in vivo metabolism of [15N]-labeled DMN was carried
out by a method similar to the one developed by Holsman,
Haliday and Magee (23). A rat was injected IP with 276 u
mole/kg of doubly [15N]-labeled DMN and was placed in a
respiration chamber equipped with a collapsible top. The
chamber was charged with an atmosphere of SFg, oxygen and a
known amount of neon as an internal standard. The entire
sgstem was calibrated with precisely known mixtures of 15N~
13y, neon, and oxygen. After 6 hrs, the rat was killed by
an injection of chloroform into the chamber and the gas in
the chamber was pumped through a series of traps to remove
the condensible gases. The residual gas was analyzed by
mass spectrometry. This in vivo experiment was carried out
at the Fels Institute by Ms. Cecilia Chu and Dr. Magee. The
gas analysis was carried out at Frederick. The results are
presented in Table II.

Table II.
Analysis of the in vivo Metabolism
of [15N]-Labeled DMN

moles@ of 15N-DMN moles of 15N-15N % of metabolism
injected per rat evolvedb x 105 resulting in
x 105 15§8-15N

3.04 1.81 60

4.03 3.18 79

4,03 2.08 52

4,14 3.08 74

Average + SD = 66 + 12

dEach animal received an equimolar dose of 276 umole/kg. This
dose was determined by Magee to be metabolized completely
within 6 hrs.

bThe determination was made using neon as an internal standard.

It is clear from the results in Table II that a-hydroxylation
accounts for a major part of the metabolism of DMN in vivo.
The percentage is a little lower than the preliminary values
obtained by Halsman, Haliday and Magee (23), but it is
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interesting to note that this pathway is more important in
vivo that in vitro by about a factor of two.

The a-hydroxylation reaction of cyclic nitrosamines has
been shown to be a significant metabolic pathway in several
studies (28-33). 1Its likely importance in determining carcin-
ogenicity was demonstrated by the finding that deuteration
of DMN lowered its carcinogenicity (34) and that 3,3,5,5-
tetradeuteronitrosomorpholine was less carcinogenic than its
protio-analog (35).

The data in Table I indicate that only 19% of nitrogen
was released during the in vitro metabolism of N-nitroso-N-
methylaniline (NMA). Control experiments showed that phenyl-
ring hydroxylation was negligible under those conditions.
It is possible that some of this nitrosamine was degraded by
denitrosation and some may have been reduced to l-methyl-l-
phenylhydrazine. If, however, demethylation of NMA occured,
the product of this reaction would have been the phenyldia-
zonium ion. The aromatic diazonium ions are substantially
more stable than their alkyl analogs, hence, it is not auto-
matically certain that the phenyldiazonium ion would release
molecular nitrogen. In fact, it is.known that aromatic dia-
zonium ions enter into azo coupling reactions with nucleic
acid bases (36). We found that addition of phenol after the
S-9 catalyzed oxidation of NMA was quenched, resulted in the
formation of a detectable amount of 4-~hydroxyazobenzene.
Thus, it appears that the extent of a-hydroxylation of NMA
may be higher than the value of 19% 15N-15N would indicate.

PhN,* +©>-on —_— Ph-N-N-@—OH

As was stated above, the putative alkylating intermediate
which results from the a-hydroxylation of dialkylnitrosamines
is the alkyldiazonium ion. These 1ions can be generated
chemically by the reaction of primary amines with nitrosating
agents, but that reaction is difficult to carry out cleanly
in the presence of biological materials. However, N-nitroso-
N-alkylureas, N-alkyl-nitrosamides and N-nitroso-N-alkylcar-
bamates, have been shown to decompose non-enzymatically to
alkyldiazonium ions (37).

0
- Il
ﬁ c|> X-C-2
R-N-C-2+X — R-rll/-c-z—ézk-u-n-o‘
I
NO ojN X ln+

R - N,¥ + on”
Z = NHp, NHR', NR'y, OR', R'
X~ = nucleophile
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These nitrosated amides, in contrast to the nitrosamines, do
not require metabolic activation in order to alkylate cellular
nucleophilic targets. Thus, many of these substances are
directly acting mutagens and also carcinogens (38).

We have recently developed a general method of prepara-
tion of the heretofore relatively unknown trialkyltriazenes
(39). These substances are readily prepared by reaction of
a Grignard reagent or an alkyllithium with an alkyl azide,
followed by the reaction of the intermediate dialkyltriazene
with base, and alkylation of the resulting triazenyl anion
with an alkyl halide.

RN3 + R'Li(or R'MgBr) ——a R-N=N-NHR' ———p R-N=N-N-R'

R"X
R"\ / R'l
N-N=N-R' + R-N=N-N
R” R'

These trialkyltriazenes were found to be very acid sensitive,
decomposing with evolution of nitrogen. Representative tria-
zenes were tested in the Ames assay for mutagenicity. They
were found to be directly acting mutagens (40). The mutagenic
activity was correlatable with the expected reactivities of
the alkyldiazonium ions produced by the decomposition of
the triazenes. Thus, for example, 3-benzyl-l,3-dimethyltria-
zene A was about three orders of magnitude more mutagenic
than its isomer, 1l-benzyl-3,3-dimethyltriazene B. Triazene
A, on decomposition, would yield the methyldiazonium ion,

_CHyPh _CHj
CH3 - N = N = N_ PhCHp - N = N = N[
CH3 CHj
A B
+ + +
CH3N2 PhCHZNZ (PhCHz )

while triazene B would form the benzyldiazonium ion (or the
benzyl cation, since the diazonium ion would be unstable
relative to the stabilized carbenium ion). Interestingly,
triazenes which gave rise to the n-butyldiazonium ion were
less mutagenic than triazene A. The reason for this is that
the n-butyldiazonium ion has several reaction paths open to
it (rearrangement to the more stable 2-butyl cation followed
by elimination to form butenes, etc.) and hence, 1less is
available for reaction with the genetic material of the
bacterium. It is significant in this regard that Mochizuki

11
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et al. (19) found that the trapping of the alkyldiazonium ion
with thiophenolate anion was much more efficient from N-me-
thyl-N-(hydroxymethyl)nitrosamine (which gives the methyldia-
zonium ion) than from N-n-butyl-N-(hydroxymethyl)nitrosamine
(which gives the n-butyldiazonium ion).

The trialkyltriazenes are essentially protected diazo-
nium ions. They decompose cleanly and quantitatively to the
diazonium ions and the corresponding amines over a wide pH
range (4l1). Good kinetic data were obtained over the range of
PH 6.9 - 8.3. In more acid solutions, the reactions are too
rapid to measure by conventional kinetics. The decomposition
reaction is subject to general acid catalysis. Thus, the
trialkyltriazenes will be a useful tool for the study of the
reactive intermediates produced by the metabolism of dialkyl-
nitrosamines.

Alternative Pathways of Nitrosamine Activation

Although the a-hydroxylation hypothesis has been given
considerable support, it is clear that nitrosamines with
alkyl side chains longer than methyl present additional
possibilities for biological activation. It was stated ear-
lier that even the a-hydroxylation hypothesis is based on
considerable circumstantial evidence. This means that the
other possible pathways are even more speculative, and hence,
much more research needs to be carried out before some of the
ideas advanced below will gain acceptance, or be put to rest.

It is known that nitrosamines with side-chains longer
than methyl are metabolically hydroxylated on virtually every
carbon. For example, the urinary metabolites in the rat of
di-n-butylnitrosamine include the glucuronides of the follow-
ing hydroxylated nitrosamines (42).

CiHg C4Hg C4Hg
ON-N ON-N ON-N
Cc-C-C-C Cc-C-C-C C-C-C-C-OH
on on

In this particular instance, w and w-l1 hydroxylation, which
is then followed by further oxidation and chain degradation,
are the principal reactions (43). In the case of di-n-pro-
pylnitrosamine both a- and B-oxidation occur, with the latter
being about 15% of the former (44). The a-hydroxylation leads
to the formation of the n-propyldiazonium ion (22), while
the g-hydroxylation results, at least in part, in oxidation
to N-propyl-N-(2-oxopropyl)nitrosamine. Krliger and Bertrum
(45) suggested that this product can be cleaved to methyl-
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propylnitrosamine, which allows the formation of a methyla-
ting agent by subsequent a-hydroxylation of the propyl moiety.
Recently, Singer et al. (46) studied the rat urinary metabo-
lites of a series of N-methyl-N-alkylnitrosamines with alkyl-
chain lengths from C; to Cj4. The principal metabolite
of nitrosamines with odd-numbered chains was N-methyl-N-
(2-carboxyethyl)nitrosamine. The even-numbered chain nitros-
amines also gave some nitrosamino acids (major components
were N-nitrososarcosine and N-methyl-N-(3-carboxypropyl)nitro
samine. The striking feature, however, was that the even-
numbered chain nitrosamines gave considerable amounts of
of N-methyl-N-(2-oxopropyl)nitrosamine, while the odd gave
relatively small amounts. Since the even-numbered chain
nitrosamines are bladder carcinogens in the rat (47), Singer
et al, suggested that N-methyl-N-(2-oxopropyl)nitrosamine
might be the proximate carcinogen in the bladder. That hypo-
thesis is being tested.

The foregoing data suggest that metabolic oxidation of
nitrosamines at carbons other than the a-carbon may be impor-
tant in the activation of 1longer chain nitrosamines. The
problem of B-hydroxylated nitrosamines is discussed in a sep-
arate chapter (by R. Loeppky). However, it is worth pointing
out that substitution of the B-carbon by a group which is
capable of acting as a leaving group is an activation process.
We have pointed out (48,49) that tosylates of B-hydroxylated
nitrosamines solvolyze extremely rapidly, owing to the neigh-
boring group effect of the N-nitroso group. The reaction pro-
ceeds through the intermediate formation of an oxadiazolium
ion which can be isolated when the tosylate is warmed in a non-
nucleophilic solvent.

CH OTs OAc
PN hoae I

CHy _ + OTs~ CH
N
| — | l —_— I
N N N
S N
No o A

The B-hydroxylated nitrosamines do not appear to be very
mutagenic in the Ames assay, with or without S-9 activation
(50). We have found, on the other hand, that their tosylate
derivatives are potent directly acting mutagens (51), and
that the oxadiazolium ion in the above equation has essential-
ly the same dose-response behavior in the mutagenicity assay
as the parent tosylate. It is interesting to note that the
next higher homolog, N-methyl-N-(3-tosyloxypropyl)nitrosamine
is not a directly acting mutagen (51).

Tosylate derivatives are not usually found in nature,
but sulfate derivatives of alcohols are common (52). They
are formed by the reaction of an alcohol with sulfate,
catalyzed by a sulfotransferase enzyme.

0

13
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CHj OH sulfo- |[CHj 0503
NN, $0,~ +ATP NN
| transferase |

NO
CH3\+ 50,
)
N\o

We have found that the chemical sulfation of N-methyl-N-
(2-hydroxyethyl)nitrosamine resulted in the direct formation
of the oxadiazolium ion.

The reactions of the oxadiazolium ions with nucleophiles
such as thiophenols, guanine, and guanosine resulted in
methylation of the nucleophiles (53). Thus, the formation
of the oxadiazolium ion creates an electrophilic species not

unlike the nitrosoimmonium ions suggested by Wiessler (15).

The acyclic analogs of oxadiazolium ions have been known
for many years (54). They are prepared by the reaction of
trialkyloxonium tetrafluoroborates (the Meerwein reagent), or
of alkyl halides catalyzed by silver perchlorate, with di-
alkylnitrosamines. We have found that "Magic Methyl or Ethyl”
(methyl or ethyl fluorosulfonates) are particularly useful
for alkylation of the nitrosamine oxygen.

FSO3-
CH3\ _~CHj3 CHyCl19 CH3\+/CH3
Iil + Et0SO,F —_— ﬁ
N N
N\
o “oEt

The resulting alkoxydiazenium fluorosulfonates are stable,
highly hygroscopic, crystalline solids, which are freely
soluble in organic solvents, such as dichloromethane (in
contrast, the fluoroborate salts are relatively insoluble).

We have studied the reactions of the alkoxydiazenium
salts with a variety of nucleophiles in various media. The
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reaction in aprotic solvents is relatively straightforward,
but the result was completely unexpected. The following
examples illustrate this dramatically.

Et
Yo cHy
-/
N-N\+ + ArSH
Et \ ArSCH3 + 2ArSEt
N=0 N=0
CHy 2 | I
0o Et N+ N
l/ Ef CH; Ef Et
N=N+ + ArsH c1

\ O
Et Ar = C1

It would appear that all the alkyl groups on both alkoxydiaze-
nium ions become randomized. The product distribution is
statistical, that is, since both diazenium ions have two
ethyl groups and one methyl group, the ratio (ethyl/methyl)
of the thioethers formed is precisely 2:1. The by-products
of these reactions are the corresponding nitrosamines, diethyl
and methylethyl, formed in a 1:2 ratio, respectively. The
overall yield is high (virtually quantitative). Thus, this
reaction offers the possibility of interconversion of nitros-
amines (eg. diethyl to methylethyl) but also raises the
possibility of activation of nitrosamines to become alkylating
agents, by a totally non-oxidative route. Thus, one can
imagine that a dialkylnitrosamine would react with S-adenosyl-
methionine, catalyzed by an appropriate methyltransferase,
to give an alkoxydiazenium ion, which could alkylate cellular
nucleophiles and regenerate the nitrosamine. The cycle could
then be repeated. Unfortunately, at the present time, there
is no evidence that nitrosamines are O-alkylated in vivo and
consequently, this particular mechanism of nitrosamine activ-
ation must be considered totally speculative. Druckrey et
al. (55 found that administration of N-ethoxyiminomorpho-
linium tetrafluoroborate, by SC injection to rats, produced
only local sarcomas at the site of injection. Evidently the
parent N-nitrosomorpholine was not released in sufficiently
high doses to produce the hepatic tumors characteristic of
that nitrosamine.

We have recently reported the carcinogenicity in rats of
the isomers, N-nitroso-2,3-dehydropiperidine (NDP-2A) and N-
nitroso-3,4~dehydropiperidine (NDP-3A)(§_). We found that
the 3A-isomer rearranged to the 2p-isomer in vivo, a reaction
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which occurs readily by base catalysis (57). This study,
however, did not identify the proximate carcinogen responsible
for the development of the 1liver and esophageal tumors
observed. In an attempt to find some likely candidates for
the proximate carcinogen, we tried to prepare the epoxide of
NDP-4A by reaction with m-chloroperbenzoic acid and also with
iodosobenzene. This reaction took an entirely unexpected
course, because the principal product turned out to be 3-
nitro-2, 3-dehydropiperidine (58). This product was also

formed by a light-catalyzed photooxygenation of NDP-2A. This
substance, however, is not formed during the rat-liver micro-

@ N0z
n + ] —
| N
NO |

H
DNP-2A

some catalyzed oxidation of NDP-2A and, hence, it is an un-
likely candidate for the proximate carcinogen. The microsomal
oxidation, however, did result in the formation of a metabo-
lite, which was identified to be 4-hydroxy-2,3-dehydropiperi-
dine.

OH
@ microsomes (Ij
* |

NO |
NO

The interesting aspect of this oxidation is that it is a
vinylogous a-hydroxylation, and it offers the possibility that
the following rearrangement could occur.

OH
AN
D=0l _ O
N N OH N
| | I
NO NO N\
OH

This reaction has not yet been demonstrated in this system,
but examples of similar allylic rearrangements are well known.

The purpose of the discussion of alternative pathways
of nitrosamine activation (alternative to the a-hydroxylation
hypothesis) is to demonstrate how fundamental organic chemis-
try may help classical metabolism studies to provide clues
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to the behavior of carcinogens in biological systems. Fre-
quently, the carcinogenically significant metabolites are
too unstable or too reactive to be detected as urinary meta-
bolites., Thus, it is important to be able to assess the
chemical transformations of carcinogens within the context of
metabolism. Living systems are remarkable in the richness of
their chemistry. This makes it difficult, in fact, to dismiss
the metabolic importance of any chemical reaction a priori.
In this brief chapter, we have ignored a large number of
reactions of nitrosamines which may have metabolic signifi-
cance. Some of these are discussed in other chapters. Many
of them, however, are waiting to be discovered.
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Chemical and Biochemical Transformations of
8-0Oxidized Nitrosamines
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and WAYNE McKINLEY
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The chemical and biochemical properties of B-oxi-
dized nitrosamines (alkylnitrosamines bearing oxy-
gen functionality at the carbon B to the NNO group)
is reviewed and new findings are presented with re-
spect to the role that these compounds play both
in the area of environmental carcinogenesis and the
biochemical mechanisms underlying the carcinogeni-
city of nitrosamines. A review of the effect of
structural features on the relative rates of the
base induced retroaldol like fragmentation of B-hy-
droxynitrosamines is presented. This reaction pro-
duces a smaller nitrosamine and an aldehyde or ke-
tone. A similar transformation of PB-ketonitrosa-
mines has been found to be a general, and more ra-
pid reaction which is complicated by condensation
reactions of reactants and products. The various
hypotheses relating to biochemical alkyl chain
shortening of nitrosamines are reviewed and the pos-
sible role of B-oxidized nitrosamines is discussed.
Preliminary evidence pointing to the existence of

a new retroaldol like fragmentation of B-hydroxy-
nitrosamines is presented.

During the past several years much of our attention has been
directed at elucidating the chemical and biochemical properties of
B-oxidized nitrosamines in relation to their possible role in en-
vironmental carcinogenesis.-'é We shall define a B-oxidized ni-
trosamine as one which bears oxygen functionality at the carbon
beta to the nitrosamino nitrogen. This paper is principally
directed at the chemical and biochemical properties of B-hydroxy-
and B-ketonitrosamines. PB-Oxidized nitrosamines are found in the
environmentl and as metabolites of alkyl nitrosamines containing
no oxygen functionality.l‘l§ N-Nitrosodiethanolamine (NDE1A) has
been found to occur in large concentrations in fluids used in the

0097-6156,/81/0174-0021$05.00/0
© 1981 American Chemical Society
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machining of metals as well as in cosmetics and other sub-
stances.3,19-22 3-Hydroxy-N-nitrosopyrrolidine has been found in
cooked bacon.gg Recently the Chinese have reported that 3-(iso-
pentylnitrosamino)-2-butanone is found in the mold and pickling
brine of certain Chinese foods and is believed to be a potent
esophogeal carcinogen responsible for an unusually high cancer
incidence in certain parts of China.24 Other examples of envi-
ronmentally prevalent B-oxidized nitrosamines have been given in
our other publications.="2

There have been a number of reports demonstrating that B-
hydroxy and B-ketonitrosamines are common metabolites from dialkyl
and heterocyclic nitrosamines. Examples include the B-hydroxy
and B-keto derivatives of dipropylnitrosamine (all gotent pan-
creatic carcinogens in Syrian golden hampsters);—’ =2 and the
B-hydroxy derivatives of dieth lnitrosaminefg dibutylnitros-
amine, Bentylnitrosamine,l_ Hrnitrosopyrrolidine,lé N-nitroso-
morpholine and other unsymmetrical compounds. N-Nitroso-3-
hydroxypyrrolidine has even been found as a metabolite of N,N'-
dinitrosopiperazine.gé

It is obvious that an understanding of the chemical and bio-
chemical properties of these compounds will not only aid in the
elucidation of their role in nitrosamine carcinogenesis but is
also necessary for devising artifact free methods for their de-
termination in environmental samples and the development of pos-
sible schemes for preventing their formation and possible chemical
transformation to other hazardous materials. This paper reviews
briefly the organochemical properties of B-oxidized nitrosamines.
The principal subject of this work, however, is the role that B-
oxidized nitrosamines play in biochemical chain shortening and it
is shown that there is a biochemical retroaldol like cleavage
reaction of B-hydroxynitrosamines.

Organochemical Properties of B-Oxidized Nitrosamines.

D. Seebach and his coworkers have employed nitrgosamines
creatively in a number of synthetic transformations.-—'—l Among
these is a synthesis for B-hydroxynitrosamines by condensation of
o-lithionitrosamine with an appropriate aldehyde or ketone. This
transformation is effectively the reverse of the reaction shown
in equation 1. In 1974 we discovered that B-hydroxynitrosamines

/f/;»s\{/ B ’N\‘f >
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undergo the fragmentation reaction shown in equation 1.1 while
our work was ongoing Seebach published several papers containing
evidence that his condensation reactigg of nitrosamines with
aldehydes and ketones was reversible.2%-30 ye have conducted
kinetic studies of the cleavage of a number of B-hydroxynitros-
amines in order to correlate the rate of the transformation with
the structural properties of these compounds.gfg There are two
principal features which control the rates of this retroaldol like
cleavage reaction of B-hydroxynitrosamines. The reaction becomes
faster as the stability of the incipient carbonyl product in-
creases. Thus, tertiary nitrosaminoalcohols cleave faster than
their secondary counterparts and the primary nitrosaminoalcohols
are very slow to react. A compound substituted with aromatic
groups at the B-carbon cleaves more rapidly than its alphatic
counterpart. This is because the tertiary nitrosaminoalcohols
give rise to the thermodynamically more stable ketones whereas
the other nitrosaminoalcohols give rise to the less stable alde-

-hydes. The second feature of the transformation which controls

the rate is the stability of the incipient o-nitrosaminocarbanion.
For example, substitution of hydrogen at the o-carbon by an alkyl
group reduces the rate of the cleavage reaction as one would an-
ticipate from the decreased stability of the carbanion formed in
the reaction. The most striking feature resulting from carbanion
stability, however, is the control which the orientation of the
N-NO group exerts on the rate of the transformation. When the NO
bond is oriented syn to the alcohol function the compound cleaves
at a rate 300-500 times greater than its corresponding anti isomer.
It has been postulated that the syn nitiosaminocarbanion is much
more stable than its anti counterpart.é— We have demonstrated
that the retroaldol like cleavage reaction of B-hydroxynitros-
amines exhibit a rate range of 103.4-3

The chemistry of the ubiquitous NDElA in basic solution has
been studied extensively because the metalworking fluids in which
this material is frequently found are alkaline. In the presence
of alkoxide bases in alcohol solvents NDEIA undergoes the retro-
aldol like cleavage reaction exceedingly slowly.ﬁ Another puz-
zling feature of the retroaldol cleavage of both NDE1lA and methyl-
ethanolnitrosamine is that the reaction appears to only gg to
about 10% completion and then side transformations occur.= In
the case of NDElA the prevalent side transformations involve the
conversion of NDElA into 2-hydroxyethylvinylnitrosamine and N-
nitrosomorpholine. 2-Hydroxyethylmethylnitrosamine is converted
into methylvinylnitrosamine after its cleavage reaction stops.
Extensive kinetic studies have shown that the retroaldol cleavage
reaction of these primary nitrosaminoalcohols is reversible under
the conditions of the study and the equilibrium lies far to the
side of the hydroxynitrosamines. The most interesting feature
to arise from this study however, was the finding that the for-
maldehyde produced in the cleavage reaction catalyzgs the de-
hydration of the nitrosaminoalcohol (see scheme 1).2 We have
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Scheme 1. A mechanism for the formaldehyde catalyzed dehydration of
B-hydroxynitrosamines.
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also sought to establish whether these chemical transformations
might occur during the inadvertent employment of NDE1A in metal-
working fluids. A side benefit of these studies has been the de-
velopment of an efficient method for the analysis of subnanogram
levels of nitrosamine in metalworking fluids and other similar
matrices through the utilization of an extre%ely simple cleanup
procedure involving an ionic exchange resin.-—

Michejda and his collaborators have demonstrated a property
of B-hydroxynitrosamines which is important with respect to their
rossible biochemical role.34 These workers demonstrated that
tosylate derivatives of several B-hydroxynitrosamines were ex-
tremely reactive compounds and underwent sovolysis reactions by
virtue of neighboring group participation. The nitrosamino oxygen
affects the displacement of the tosyloxy group. The resulting
positively charged heterocycle is avery efficient alkylating agent.

B-Ketonitrosamines are very reactive substances. Hydrogens
attached to the carbon situated between the nitrogen and the ke-
tone function have an acidity at least comparable with those found
in the similar position in B-dicarbonyl compounds. Seebach and
collaborators have sought to prepare these compounds by the conden-
sation reaction of esters for other acyl derivatives with o-metalo-
nitrosamines.26-28 In several cases Seebach reports the isolation
of double condensation products and often the yields of the B-keto-
nitrosamines are low. Kruger showed that treatment of 2-oxo-
propylpropylnitrosamine with KOH in alcohol resulted in the pro-
duction of methylpropylnitrosamine.é§ This retro-Claisen-like
transformation and other chemical properties of fB-ketonitrosamines
have been under study in our laboratory. 2-Phenyl-2-oxoethyl-
methylnitrosamine is cleaved by potassium hydroxide in ethanol at
20° to potassium benzoate and dimethylnitrosamine. However, some
of the dimethylnitrosamine which is formed condenses with the
unreactive B-ketonitrosamine to give a bis-nitrosaminoalcohol as
shown in equation 2. The nitrosaminoalcohol product is also found

lfO
e M\en,

KOH/EtOH

O o O

to be formed when Seebach and collaborators condensed lithiodi-
methylnitrosamine with methyl benzoate. 27 Preliminary experiments
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have been performed in our laboratory to compare the cleavage
rates of B-ketonitrosamine shown in equation 2 and its derived
alcohol. The B-ketonitrosamine undergoes a much more rapid
cleavage than the alcohol at 50° but it also enters into other
transformations which have not yet been fully elucidated by our
work.

Biochemical Properties and Physiological Roles of B-Oxidized Ni-
trosamines in Relation to their Carcinogenesis.

The hydroxylation of the alkyl chain of the nitrosamine sig-
nificantly increases the water solubility of the compound. It
enhances its chances for excretion, and also provides a site which
can be conjugated with glucuronic acid, sulfate or other water
solubilizing substances which are commonly used by mammalian or-
ganisms to facilitate excretion and detoxification. The smaller
hydroxynitrosamines are completely miscible in water and several
studies have shown that NDE1lA applied to_the skin of a rat is
largely excreted unchanged in the urine.==°22 Qutside of this
rather obvious hypothesis there has been no general agreement as
to the role which B-oxidized nitrosamines might play in nitros-
amine carcinogenesis. Schoental3? and Mansonl4 have suggested
that these compounds might be effective crosslinking agents for
nucleic acids and induced tumor formation in this way. In gen-
eral, the B-hydroxy and keto derivatives of alkyl and hetero-
cyclic nitrosamines possess a carcinogenicity that is comparable
with that of their unoxidized precursors and are sometimes more
carcinogenic. Michejda§5 has proposed that the conjugation of
B-hydroxynitrosamines with sulfate by means of the enzyme sul-
fatase could result in very effective alkylating agents via
neighboring group participation as has been shown in his chemical
studies (see scheme 3). Although this hypothesis has great merit,
most of the speculation on the biological function of B-oxidized
nitrosamines has focussed on their possible role in chain shorten-
ing reactions.

Between 1971 and 1976 Kriiger published his results which are
summarized in scheme 2.7,13,25,46 Kriiger demonstrated that di-
propylnitrosamine which was labeled at the alpha carbon incor-
porated this labeled carbon as a methyl group in rat liver RNA.Z
This is an unexpected finding since the established mechanism of
nitrosamine carcinogenesis involves enzymatic o-hydroxylation fol-
lowed by the decomposition of this unstable species to a carbonyl
compound and an alkylating species (a diazonium ion or a carbo-
cation). In the case of dipropylnitrosamine the expected alkyl-
ating agent would be the n-propyl group or the rearranged iso-
propyl group and the other product of the decomposition is ex-
pected to be propanal. Kruger showed that 2-hydroxypropylpropyl-
nitrosamine was a_metabolite of dipropylnitrosamine and that this
labeled substancel3 or its derived ketone“6 gave similar results;
methylation of the purine bases in rat liver RNA. All of Kriger's
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Scheme 2. A summary of Kriiger'’s in vivo experiments on the incorporation of
radiolabeled carbons into rat liver RNA upon the administration of the compound
shown. The position of /\ indicates the labeled carbon (see text for references).

/\{:O\/\ ‘/zo\/\
j\{zo\/\ /3\‘/20\/\ H,

NO
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experiments were conducted in vivo, but Preussmann and co-work-
ers38 showed that the rat liver $-9000 fraction gave rise to ex-
tensive methylation of the trapping agent 3,4-dichlorothiophenol
in in vitro experiments when a variety of dialkylnitrosamines
were used. Thus, dipropylnitrosamine produced greater than 907
methylation and only a small amount of propylation. Methyl-t-
butylnitrosamine, which is not carcinogenic, did not produce any
alkylated 3,4-dichlorothiophenol derivatives. Grandjean and
Althoffl2 reported that 2-hydroxypropylnitrosamine, 2-oxopropyl-
propylnitrosamine and methylpropylnitrosamine were all urinary
metabolites of dipropylnitrosamine in Syrian golden hampsters.

As a hypothesis to explain his observations, Krﬁgerl§ pro-
posed (as is shown in scheme 3 along with other hypothesis) that
the derived B-ketonitrosamine underwent a cleavage reaction to
yield a methylalkylnitrosamine and a carboxylic acid derivative,
in analogy to fatty acid metabolism.

Another chain shortening mechanism has been offered by Okada
and colleagueslh and Preussmann and Blattmann.2 This mechanism
stems from these workers studies of the metabolic transformations
of dibutylnitrosamine and the bladder carcinogen, 4-hydroxybutyl-
butylnitrosamine. In this case the 4-hydroxy group of the alkyl
chain is oxidized to a carboxylic acid and the resulting compound
undergoes chain shortening by the established fatty acid degra-
dation pathway. Thus, two carbons would be removed as acetyl-CoA
and the remaining B-carbon would be transformed to a carboxylic
acid function. Decarboxylation of this B-oxidized nitrosamine
would give a methylalkylnitrosamine leading to methylated products
via the established mechanism of nitrosamine carcinogenesis.
Preussmann and Blattmann? examined the in vitro metabolism of a
homologous series of dialkylnitrosamines beginning with diethyl
and going to dipentyl and showed that w-hydroxylation (hydroxyla-
tion at the terminal carbon atom) occurred in every case. Taken
all together the results of Okada, Preussmann and Blattmann
strongly suggest that chain shortening of dialkyl nitrosamines
does occur via terminal oxidation and degradation in analogy to or
by the fatty acid pathway. It is important to remember, however,
this is somewhat different from the hypothesis of Kruger.
Blattmann has also suggested an alternative pathway which involves
a terminal oxidation of the chain after B-hydroxylation and has
presented data for the metabolism of 2-hydroxybutylbutylnitros-
amine indicating that this does occur.2

Another mechanism for chain shortening has been advanced by
Eisenbrand.22 Like Kruger's hypothesis Eisenbrand's involves a
B-ketonitrosamine. Eisenbrand proposes that this compound would
undergo hydroxylation at the o' position and subsequent decompo-
sition to yield a diazohydroxide. The resulting B-ketodiazo-
hydroxide would undergo cleavage of Cy-Cg bond with acyl transfer

to the diazohydroxide oxygen. This process would give rise to
either a methyldiazonium ion or diazomethane as shown in scheme 3.
Support for Eisenbrand's hypothesis comes from his studies on

N-nitrosoureas where this type of transformation is observed.
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We have proposed that chain shortening of B-hydroxynitros-
amines could be accomplished if there were a biochemical retro-
aldol cleavage analogous to the reaction which occurs when B-
hydroxynitrosamines are treated with a strong base.2 This hy-
pothesis is outlined in schemes 3 and 4. According to our hy-
pothesis (scheme 4) dipropylnitrosamine first would be B-hydroxy-
lated by an appropriate enzyme system. This substrate would then
be enzymatically converted to methylpropylnitrosamine and propanol
by a biochemical retroaldol cleavage. a-Hydroxylation of methyl-
propylnitrosamine at the propyl a-carbon would give rise to a
active methylating species. Blattman and Preussmann®? have shown
that acetaldehyde is a product of the in vitro metabolism of 2-
hydroxybutylbutylnitrosamine and this experiment supports our
hypothesis.

There is good reason why all of these hypothesis should be
seriously considered as viable alternative mechanisms for the
carcinogenic action of B-oxidized nitrosamines. It is a well
known fact of organic chemistry that there is little evidence for
carbocation centers adjacent to hydroxyl or keto bearing carbons.
With few exceptions rearrangement of the carbon skeleton or, in
the case of the hydroxyl moiety hydride migration, accompanies
attempts to generate the carbocation. This property results from
the resonance stabilization of the resulting ion via the un-
shared pairs on the oxygen atom. NDElA and bis-2-hydroxypropyl-
nitrosamine are examples of carcinogenic nitrosamines which would
not be expected to be a carcinogenic on the basis of the proposed
mechanism of nitrosamine carcinogenesis, because as is shown in
scheme 5 rearrangement should take place to produce carbonyl com-
pounds. It is possible that B-keto nitrosamines could be acyl-
ating agents. This analysis assumes that the diazonium ion pro-
duced in the decomposition of the a-hydroxynitrosamines has a
negligible life time. For some nitrosamines this is very likely
a poor assumption, since McGarrity and Smyth have recently shown
the methyldiazonium ion to have a half life of approximately 330
milliseconds in water at pH 7.5 at 25°,40  Another interesting
point to come from the work of McGarrity and Smyth is the finding
that the methyldiazonium ion has a relatively high acidity with
the pKa = 10. This suggests, particularly for B-ketodiazonium
ions, that diazo compounds could be easily produced by a deproton-
ation of the alpha-carbon. This would greatly add to the life-
time of the proximate carcinogen. Lijinsky and co-workers?! have
shown that dimethylnitrosamine does not alkylate via a diazo com-
pound, but this hypothesis should be reexamined with respect to
B-ketonitrosamines.
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Sgheme 3. Hpypothetical metabolic transformations of 2-hydroxypropylmethyl-
nitrosamine with the name of the originator of each hypothesis. Nameless hypoth-
eses are by the authors.
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Scheme 5. Transformation expected to spontaneously follow enzymatic
o-hydroxylation of a B-hydroxynitrosamine.
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The Discovery of the Biochemical Retroaldol Cleavage of B-

Hydroxynitrosamines.

With due consideration to the forgoing we have taken up ex-
periments to demonstrate whether or not our hypothesis relating
to a biochemical retroaldol cleavage of B-hydroxynitrosamines has
any validity. As a result of our research on the base induced
fragmentation of B-hydroxynitrosamines we chose four substrates
to investigate this possibility. All of these compounds have been
shown to undergo the base induced cleavage with the facility and
we reasoned that a biochemical cleavage of these compounds would
likely have a similar transition state to the organochemical
transformation. Each of the four nitrosamines shown in scheme 6
were incubated with the S-9000 fraction obtained from male Wistar
rat livers at 37°. With each of these compounds we were able to
detect the formation of a dimethylnitrosamine and the correspond-
ing aldehyde or ketone. No transformation was observed when
boiled or acid denatured S-9000 fraction was used in the incuba-
tion. The principal means by which these transformations were
detected utilized HPLC chromatography of the aqueous mixture de-
rived from the incubation experiments after the precipitation of
the protein and centrifigation. These incubation mixtures were
also extracted with methylene chloride and the dimethylnitros-
amine product was detected by GLC as well. The carbonyl fragments
were detected both by HPLC and by the formation of their 2,4-
dinitrophenylhydrazones and HPLC analysis according to the pro-
cedures of Farrellyég or modifications thereof. The 2,4-dinitro-
phenylhydrazone of formaldehyde was also detected in these experi-
ments. The rats were preinduced with phenobarbitol but controlled
experiments demonstrated that this preinduction had no effect on
the biochemical cleavage reaction which we are observing.

While we have anticipated that a number of the hypothetical
transformations discussed above would occur our experiments are
not far enough along to deliniate these at this time. We did
make one very interesting observation which is_anticipated from
the work which has appeared in the literature.l® There is also
oxidation of the secondary nitrosaminoalcohols to their corres-
ponding ketones. This oxidation appears to compete with the
cleavage reaction and the competition depends upon the experi-
mental conditions and the substrate structure. Thus, 2-hydroxy-
propylmethylnitrosamine is converted both into dimethylnitrosamine
and the B-oxo derivative. The B-oxo derivative in this case is
formed to a greater extent than dimethylnitrosamine at its maxi-
mum concentration. On the other hand 2-hydroxy-2-phenyethyl-
methylnitrosamine undergoes much more extensive cleavage than f-
oxidation. Considering that these are in vitro experiments the
conversion of the nitrosamines to simpler nitrosamines by the
retroaldol type cleavage appears to be a reasonably efficient
process. In the case of the 2-hydroxy-2-methylpropylmethylnitros-
amine a 97 yield of dimethylnitrosamine was detected at its maxi-
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Scheme 6. A summary of some data on the biochemical retroaldol-like fragmen-
tation of four B-hydroxynitrosamines.

OBSERVATIONS
OH NO RAT LIVER NO ?

| | " |
C - CH-N-CH &CH -N-CH. + R,C\R2
R, |l22 2 3 a7 3 3 1

R, R2 Maximum %X Conversion
H,C— H— 1.59%
HC— HC— 9.50%
HCs H— 2.83%
HCm HCem =1.00%’
- (solubility limit)
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mum concentration. The phenyl compounds are not appreciably solu-
ble in the aqueous incubation mixture and dimethylsulfoxide had

to be added in order to incorporate them into the S-9000 mixture.
There is some evidence which suggests that dimethylsulfoxide
inhibits the nitrosamine metabolizing enzymes and,6 the lower con-
versions in these cases may reflect this problem.=* The yield of
acetaldehyde from 2-hydroxypropylmethylnitrosamine was approxi-
mately 70% that of dimethylnitrosamine at the maximum yield of

the nitrosamine. If the NADPH generating system was omitted from
the S-9000 mixture cleavage was observed although at somewhat re-
duced yields and no oxidation to the B-keto compound was observed.
This suggests that dimethylnitrosamine may be arising by oxidative
routes as well as the retroaldol cleavage reaction which is not

an oxidative transformation.

The course of these transformations has been studied as a
function of several variables including time, protein concentra-
tion, and substrate concentration. In general the following
observations have been made. The dimethylnitrosamine concentra-
tion maximizes between 60 and 120 minutes incubation time. The
maximum differs somewhat depending upon the substrate. The keto
compound yield also goes through a maximum at around a 120
minutes for the 2-hydroxypropylmethylnitrosamine. These data as
well as similar results on yield versus protein concentration
demonstrate that these nitrosamines are being further metabolized
by the S-9000 mixture. The secondary and tertiary nitrosamino-
alcohols behave differently as one increases the protein concen-
tration. In the case of 2-hydroxypropylmethylnitrosamine the
yield of dimethylnitrosamine reached a maximum at approximately
16 mg/mL protein then decreased. There was very little production
of dimethylnitrosamine between 0 and 4 mg/mL protein. On the
other hand the yield of the B-oxocompound increased steadily as
the protein concentration was increased. With the tertiary ni-
trosaminoalcohol the yield of dimethylnitrosamine was quite small
between 0 and 16 mg/mL of protein and then increased very rapidly
between 16-32 mg/mL protein. The product, acetone, was shown to
also be increasing in parallel with the nitrosamine. (Even though
acetone is a component of our reaction mixture via contamination
of the NADP its concentration is clearly seen to increase by our
HPLC studies). A general feature of the cleavage reaction is that
relatively little cleavage takes place at protein concentrations
below 8 mg/mL. The concentration of substrate also influences
the yield of cleavage products. In all cases we observed a maxi-
mum in the yield showing that additional substrate apparently in-
hibits the enzyme systems giving rise to the cleavage reaction.

These results support our hypothesis that there is a retro-
aldol like cleavage of B-hydroxynitrosamines which occurs in
biological systems. Our results agree with the data of Kruger,
Preussmann, and Blattmann. The fact that the tertiary nitros-
aminoalcohols undergo the cleavage as well as their secondary
counterparts demonstrates that oxidation to a ketone is not a
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requirement for the cleavage. Our data to date do not disprove
any of the other hypothesis with respect to the chain shortening
or roles of B-oxidized nitrosamines in nitrosamine carcinogenesis.
It is obvious that further experiments will be required to put
the existence of this transformation on a firmer foundation.
Labeling studies will be particularly useful in this regard.

We were very surprised at the facility of this transformation
and we had anticipated that a demonstration of its existence would
be more difficult than it has been. This reaction appears to be
a new type of biochemical transformation.
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Mechanisms of Alkylation of DNA by
N-Nitrosodialkylamines
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Isolated rat liver fractions metabolize N-nitrosodi-
propylamine to yield both l-propanol and 2-propanol,
providing evidence for a reaction sequence, initia-
ted by formation of the a-hydroxynitrosamine, that
leads to the formation of carbonium ions. Adminis-
tration of N-nitrosodipropylamine to rats, however,
leads to formation of 7-propylguanine but not 7-
isopropylguanine in hepatic DNA. Thus in the intact
cell, the reaction sequence is intercepted by
nucleophilic sites in DNA before a carbocation is
formed. Rat liver microsomes also metabolize N-
nitrosodipropylamine by two consecutive B-oxidation
reactions to yield N-nitroso-2-oxopropylpropylamine.
The latter aggnt leads to production of 7-methyl-
guanine and O -methylguanine in hepatic DNA follow-
ing its administration to rats. Rats administered
N-nitrosodipropylamine, N-nitroso-2-hydroxypropyl-
propylamine, or N-nitroso-2-oxopropylpropylamine
excrete the B-glucuronide of N-nitroso-2-hydroxy-
propylpropylamine as the major urinary product.
Neither N-nitrosomethylpropylamine nor N-nitrosodi-
methylamine is detected in any of the in vitro in-
cubation mixtures or in the urines. The mechanism of
methylation of rat liver DNA by nitrosodipropyl-
amine therefore remains unclear.

Nitrosamines require metabolic activation in order to produce
a chemical species that will alkylate nucleophilic sites on a bio-
molecule such as DNA (1, 2). The crucial initial step in the
formation of this alkylating agent is microsomal a-hydroxylation
of the nitrosamine as shown in Figure 1. The a-hydroxynitrosamine
(II) so formed, spontaneously cleaves to yield an aldehyde frag-
ment and an alkyldiazohydroxide (III). In this hypothetical
scheme, the diazohydroxide loses a mole of water to produce either

0097-6156/81/0174-0039$05.00/0
© 1981 American Chemical Society
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Figure 1. Reaction scheme for production of alkylating agent following micro-
somal metabolism of N-nitrosodialkylamine (3).
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a diazoalkane (IV), or an alkyl diazonium ion (V) and ultimately
an alkyl carbonium ion (VI). The diazoalkane or the cationic
species may then react with water to form alcohols, or with cel-
lular nucleophiles to form alkylated products.

Experiments by Lijinsky and coworkers (4,5) with nitrosamines
labeled with deuterium atoms have shown that alkylation of nucleic
acids does not proceed via formation of the diazoalkane. There
is, however, only indirect evidence, based on an analysis of
minor alkylation products, for participation of carbonium ion
intermediates in the alkylation of DNA by nitrosamines (5). We
have endeavoured to provide more direct evidence for the produc-
tion of carbonium ions by the oxidative metabolism of nitros-
amines. We have made use of the well characterized property of
primary alkyl cations to rearrange by either a hydride or an
alkyl shift to form a more stable secondary or tertiary ion (6,7).
If a carbonium ion is the ultimate alkylating agent produced by
metabolism of N-nitrosodipropylamine (NDPA), products contain-
ing an isopropyl group will be formed in addition to those
containing an n-propyl group. Thus, in the presence of isolated
rat liver preparations in vitro, with water as the nucleophile,
NDPA should lead to production of 2-propanol, while direct ad-
ministration of NDPA to rats, should lead to formation of bases
containing isopropyl groups in hepatic nucleic acids.

Analysis of reaction mixtures for l-propanol and 2-propanol
following incubation of NDPA with various rat liver fractions in
the presence of an NADPH-generating system is shown in Table I
(8). Presence of microsomes leads to production of both alcohols,
but there was no propanol formed with either the soluble enzyme
fraction or with microsomes incubated with SKF-525A (an inhibitor
of cytochrome P450-dependent oxidations). The combined yield of
propanols from 280 pmoles of NDPA was 6.1 umoles and 28.5 umoles
for the microsomal pellet and the 9000 g supernatant respectively.
The difference in the ratio of 1- to 2-propanol in the two rat
liver fractions may be due to differences in the chemical com-
position of the reaction mixtures (9). Subsequent experiments
have shown that these ratios are quite reproducible. For com-
parison, Table I also shows formation of propanols following
base catalyzed decomposition of N-propyl-N-nitrosourea. As
expected (10,11), both propanol isomers were formed, the total
yield in this case being almost quantitative.

Formation of both 2-propanol and l-propanol following meta-
bolism of NDPA by rat liver fractions in vitro with water as the
nucleophile, indicates that the propyl cation is indeed formed as
shown in Figure 1.

ext, four male Sprague-Dawley rats were administered NDPA-
[2,3-"H] by intraperitoneal injection (12). After 12 hours, the
animals were sacrificed, and RNA and DNA were isolated from the
combined livers by standard procedures. Following addition of
unlabeled, authentic 7-propylguanine and 7-isopropylguanine as
markers, the nucleic acids were hydrolyzed in perchloric acid at
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Table I

Analysis of l-propanol and 2-propanol obtained by
incubation of N-nitrosodi-n-propylamine (NDPA) with
rat liver fractions and incubation of N-propyl-N-
nitrosourea (PNU) in 0.1 M tris buffer, pH 7.4 at

37°%. (3.
Proportion of 1- and 2- forms
in propanol mixture (%)
Systema l1-propanol 2-propanol
NDPA + 105,000 g pellet 61 39
NDPA + 9,000 g supernatant 82 18
NDPA + 105,000 g supernatant ND ND
NDPA + 105,000 g pellet + ND ND
SKF 525A
PNU + buffer 61 39

ND = none detected

Reaction mixtures contained the following components in a final
volume of 20 ml: 15 ml of rat liver fraction prepared from a 25%
(wv) liver homogenate; 0.1 M Tris buffer, pH 7.4; 61.5 mM MgClzg
2.1 mM NADP; 21.8 mM glucose-6-phosphate; and 50 units of
glucose-6-phosphate dehydrogenase. 0.28 mmole of N-nitrosodi-
propylamine were added to start the reaction. After 90 min., the
reaction was terminated by adding 20 ml of 20% ZnSO, followed by
20 ml of sat. Ba(OH),. Following removal of the precipitate by
centrifugation, the sSupernatant was distilled at atmospheric pres-
sure through a short path micro-distillation head. The distillate
which was collected on ice was analyzed for propanmal, 2-propanol
andopropanol by gas chromatography with 2m Porapak-N column at
135°. Product identities were confirmed by gas chromatography-
mass spectrometry.
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100°. The chromatographic profile of the DNA hydrolysate using a
reverse phase column is shown in Figure 2. The 7-propylguanine
isomers were separated from each other and from the major bases
and 7-methylguanine which eluted close to the solvent front. When
radioactivity in chromatographic fractions was measured, it was
clear that the DNA hydrolysate contained 7- propylguanine but no
7-isopropylguanine (Figure 2). The RNA hydrolysate did contain a
small quantity of 7-isopropylguanine, but the amount represented
less than 5% of the 7-propylguanine that was present.

Since the results of our experiments with isolated rat liver
fractions supported a reaction sequence initiated by microsomal
oxidation of the nitrosamine leading to formation of a carbonium
ion, the results of the animal experiment suggested that in the
intact hepatocyte, one of the earlier electrophilic intermediates
(II, III or V, Figure 1) is intercepted by nucleophilic sites in
DNA (exemplified here by the N7 position of guanine) before a
carbocation is formed.

In 1971, Kruger showed that, in addition to formation of 7-
propylguanine, administration of NDPA to rats leads to production
of 7-methylguanine in hepatic nucleic acids (13). Kruger sub-
sequently showed that 7-methylguanine is actually the major alkyl-
ation product in hepatic nucleic acids when NDPA or its B-hydroxy
or B-oxo derivatives are administered to rats (14,15). As a pos-
sible mechanism to explain the methylating activity of NDPA
therefore, Kruger suggested that the nitrosamine is metabolized
by two consecutive B-oxidation reactions to yield first N-nitroso-
2-hydroxypropylpropylamine (NHPPA), and then N-nitroso-2-oxo-
propylpropylamine (NOPPA). Cleavage of the acyl fragment in NOPPA
would yield N -nitrosomethylpropylamine (NMPA), which then could
act as a methylating agent.

We have confirmed and extended Kruger's observations on the
methylating properties of NOPPA (16). We first synthesized NOPPA-
[1,3-3H] by tritium exchange as described by Kriger and Bertram
(15). We were particularly careful to show that the tritiated
nitrosamine contained no N-nitrosodimethylamine (NDMA) and no
NMPA as contaminants. Three male albino Sprague-Dawley rats,
average weight 145 g, were administered NOPPA-[1,3-3H] (310 mg/23
mCi/kg body weight) intraperitoneally. After 12 hours, DNA was
prepared from the pooled livers by standard methods. Following
hydrolysis of the DNA in 0.1 N HCl at 70° for 30 minutes, the
hydrolysate was chromatographed on a Sephadex G-10 column eluted
with 0.05 M ammonium formate, pH 6.8, containing 0.02% sodium
azide. When fractions were counted for radioactivity, we were
able to show the presence of both 7-methylguanine and 06-
methylguanine in the DNA hydrolysate. The ratio of 06-methy1-
guanine: 7-methylguanine was 0.07, which is similar to the ratio
of 0.12 for these bases found by Nicoll et al. (17) at the same
time following administration of NDMA at a comparable dose The
ratio of 06-methylguanine: N7-methylguanine has been shown by
Lawley (5) to depend on the reactivity of the methylating agent.
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Figure 2. Chromatographic profile of DNA hydrolysate from rat liver 12 h after

application of 133 mg/18.5 mCi/kg N-[2,3-*H]-nitrosodipropylamine. Key: O, A;

®, CPM. Conditions included: column, 30-cm p-Bondapak-Cl18; eluant, 3%

methanol/0.05M ammonium formate (pH 3.5); flow rate, 1 mL/min; and sample,

10 mg hydrolyzed DNA containing unlabeled 7-propylguanine (41 pg/mg DNA)

and 7-isopropylguanine (34 pg/mg DNA), which was injected five times in five
equal portions (12).
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Our result, therefore, suggests that the methylating agent formed
from NOPPA is similar in reactivity to that formed from NDMA, and
would support the hypothesis of Kruger (13) that NMPA may be the
methylating agent formed from NOPPA.

Further experiments on the metabolism of NDPA by rat liver
fractions have also provided support for the B-oxidation mechanism
of Kruger. In addition to the products of a-oxidation, we have
isolated and characterized NHPPA as a major product of the micro-
somal oxidation of NDPA (18). We have also shown that NHPPA is
further oxidized to NOPPA by microsomal preparations from rat
liver (18). Finally, with NOPPA as substrate, we have shown that
metabolism takes place principally by reduction with the micro-
somal or soluble fraction of rat liver to yield NHPPA, although
microsomal a-oxidation also takes place to some extent (19).

In recent experiments on the metabolism of NDPA, NHPPA and
NOPPA in vivo in rats (20) we have shown that the major urinary
excretion product in each case is the B-glucuronide of NHPPA
(Table II).

Table II

Analysis of nitrosamines in urine of rats collected for
24 hours following administration of 0.59 umoles/kg
NDPA, NHPPA or NOPPA. Results are presented as the mean
+ S.E.M. for 3 separate experiments, each using the com-
bined urine from two rats. (20).

Nitrosamine Urinary Products (% Administered Dose)
Administered NDPA NHPPA NOPPA NHPPT
NDPA 0.08 £ 0,02 0.10 £ 0.03  trace’ 5.1+ 0.3
NHPPA - 1.73 + 1.33 trace 79.3 = 4.6
NOPPA - 0.23 + 0.13 0.17 £ 0,03 49.7 7.1

8After exhaustive hydrolysis with bovine liver B-glucuronidase.

bTrace = <(0,01% administered dose.

These results and also the presence of small amounts of uncon-
jugated NHPPA following administration of NDPA or NOPPA, confirm
our experimental resylts using rat liver fractions in vitro.
According to Kruger's original hypothesis to explain methyl-
ation of rat liver DNA following administration of NDPA, NMPA
should be formed from NOPPA, NOPPA is converted into NMPA in a
base-catalyzed, non-enzymatic reaction, but this takes place only
at high pH (16). We observed no detectable reaction at physio-
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logical pH at 37° even after 16 hours (16). We have been unable
to detect NMPA in rat urine (20) or rat liver (Leung and Archer,
unpublished results) following intraperitoneal or subcutaneous
administration of NDPA, NHPPA or NOPPA. In an extensive search
we have also found no evidence of NMPA formation following in-
cubation of NDPA, NHPPA or NOPPA with rat liver slices or any
subcellular fraction of rat liver (16, Leung and Archer, unpub-
lished results). It is, of course, possible that we have not in-
vestigated appropriate conditions that would allow us to detect
such an enzyme. The mechanism whereby NDPA acts to methylate DNA
in the rat therefore remains unclear.
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The Metabolism of Cyclic Nitrosamines

STEPHEN S. HECHT, G. DAVID McCOY, CHI-HONG B. CHEN,
and DIETRICH HOFFMANN

Naylor Dana Institute for Disease Prevention, American Health Foundation,
Valhalla, NY 10595

Investigations of the in vitro and in vivo metabo-
lism of the cyclic nitrosamines N-nitrosopyrroli-
dine, N'-nitrosonornicotine, N-nitrosopiperidine,
N-nitrosohexamethyleneimine, N-nitrosomorpholine,
and related compounds are reviewed. Each of these
compounds undergoes metabolic a-hydroxylation lead-
ing to electrophilic diazohydroxide intermediates
which may act as ultimate carcinogens. Metabolism
by PB-hydroxylation has been established for N-ni-
trosopyrrolidine, N'-nitrosonornicotine, N-nitroso-
hexamethyleneimine, N-nitrosomorpholine, and 2,6-
dimethyl-N-nitrosomorpholine.With the possible ex-
ception of 2,6-dimethyl-N-nitrosomorpholine, avail-
able evidence suggests that B-hydroxylation is not
a major activation pathway . <Y -Hydroxylation has
been observed in those cases where it is possible,
namely with N-nitrosopiperidine and N-nitrosohexa-
methyleneimine. Its role in carcinogen activation
has not been established. The general patterns of
cyclic nitrosamine metabolism in laboratory animals
have been established, but little data are avail-
able on the carcinogen-DNA adducts formed from
these compounds or on the mechanisms of their organ
specificity.

Cyclic nitrosamines are among the most potent and environ-
mentally significant nitrosamine carcinogens. Like the acyclic
nitrosamines, metabolism is necessary for their carcinogenicity.
Elucidation of the specific metabolic pathways of cyclic nitros-
amine activation and detoxification is a challenging problem, and
considerable progress has been achieved in recent years. In this
chapter, we will review metabolic studies on N-nitrosopyrrolidine
(NPYR), N'-nitrosonornicotine (NNN), N-nitrosopiperidine (NPIP),
N-nitrosohexamethyleneimine (NHEX), N-nitrosomorpholine (NMOR),

0097-6156/81/0174-0049$06.75/0
© 1981 American Chemical Society
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and related compounds and will consider the relationship of
metabolic pathways to carcinogenicity and mutagenicity in those
cases where data are available. Studies on cyclic nitrosamine
metabolism in vivo and in vitro are summarized in Tables I and
II.

NPIP

N=0
NHEX NMOR

Q O

N-Nitrosopyrrolidine (NPYR)

NPYR occurs in processed meats and, most commonly, in cooked
bacon (1-3). NPYR is one of the principal volatile nitrosamines
detected in mainstream and sidestream cigarette smoke (4 5) It
induces hepatocellular carcinomas in rats, even at re1at1ve1y low
doses, and tumors of the nasal cavity and trachea in Syrian
golden hamsters (6,7,8).

The metabolism of NPYR is summarized in Figure 1. a-Hy-
droxylation (2 or 5.position) leads to the unstable intermediates
1 and 4; decomposition of 4 gives &4-hydroxybutyraldehyde [6].
The latter, which exists predominantly as the cyclic hemiacetal

1, has been detected as a hepatic microsomal metabolite in rats,

hamsters, and humans and from lung microsomes in rats (9-13).
The role of 1 and 4 as intermediates in the formation of 6 and 7
is supported by studies of the hydrolysis of 2-acetoxyNPYR and
4-(N-carbethoxy-N-nitrosamino)butanal, which both gave high
yields of 7 (9,14). In microsomal incubationms, 6 can be readily
quantified as its 2 4—d1n1tropheny1hydrazone derivative 15).
The latter has also been detected in the urine of rats treated
with NPYR (9).

Post-microsomal supernatants convert 6 and 7 to 8, 9, and
10; 9 is generally the major metabolite observed from NPYR under
these conditions (12,13). Compounds 8 and 9, as well as succinic
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Figure 1.
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Metabolism of N-nitrosopyrrolidine in the rat.
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semialdehyde, have been detected as urinary metabolites of NPYR
(16). Metabolism of 9 leads to COp, which is the major metabo-
lite of NPYR in the rat (9,16,17,18

The hepatic microsomal a-hydroxylase activity for NPYR is
inducible in rats by pretreatment with Aroclor, and in hamsters
by pretreatment with Aroclor, 3-methylcholanthrene, phenobarbi-
tal, and ethanol (10,15,19). In contrast, pretreatment of rats
with 3-methylcholanthrene or phenobarbital causes no change or a
slight decrease in microsomal NPYR a~hydroxylase activity (19).

3-HydroxyNPYR [2] has been identified as a urinary metabol-
ite of NPYR in the rat (up to 1% of the dose), but was not detec-
ted when NPYR was incubated with subcellular fractions from rat
liver and lung (13, 20). It has been proposed that further meta-
bolism of 2 leads to d1methylam1ne [5], another urinary metabol-
ite of NPYR. 2-Pyrrolidinone [3] has also been detected in the
urine of rats treated with NPYR. Its origin has not been con-
<(:1u§ive1y established, but it may form from pyrrolidinone-2-oxime
16).

Current evidence favors a-hydroxylation as a major activa-
tion pathway for NPYR. The model compounds, 2-acetoxyNPYR and
4-(N-carbethoxy-N-nitrosamino)butanal are both highly mutagenic
towards S. typhimurium without enzymatic activation (21, 22).
This activity is probably a result of conversion to the electro-
philic diazohydroxide 1, or to the corresponding carbonium ion.
Inducers which increase the rates of microsomal a-hydroxylation
of NPYR also increase its mutagenicity toward S. txgh:.munum 10,
19) and, in the case of ethanol, its carcinogenicity toward
Syrian golden hamsters (8). In addition, 2,5-dimethylNPYR 1is
less carcinogenic than NPYR (23). This observation may support
the role of a-hydroxylation in the activation of NPYR but is lim-
ited by the fact that different enzymes may catalyze the hydroxy-
lation of secondary and tertiary a-carbon atoms, as described
below for NNN. 3-HydroxyNPYR is less carcinogenic in rats than
is NPYR, which indicates that this metabolite is a product of
detoxification (24).

If a-hydroxylation of NPYR is its mechanism of activation,
one would expect the formation of carcinogen-DNA adducts contain-
ing a 4-oxobutyl- or related residue. Adducts have been isolated
from the liver RNA of NPYR treated rats, but their structures
have not been determined (25). Carcinogen DNA adducts have also
been isolated from cultured human esophagus, colon, and bronchus
(26, 27, 28).

These studies on NPYR are typical of the state of the art in
cyclic nitrosamine metabolism and activation. The major meta-
bolic pathways have been rather well characterized, but data on
the relationship of these pathways to carcinogenesis are limit-
ed. This 1is especially true of the organospecific effects of
NPYR and the other cyclic nitrosamines. For example, the main
target organs for NPYR in the Syrian golden hamster are the
trachea and nasal cavity rather than the liver. This is in spite
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of the fact that electrophilic agents are generated in the ham-
ster liver by a-hydroxylation. To understand the reasons for
this, more work is necessary on target organ metabolism of NPYR
and on the formation and persistence of specific DNA adducts.

N'-Nitrosonornicotine (NNN)

NNN is formally a derivative of NPYR, but the pyridine ring
has a marked effect on its metabolism and carcinogenicity. NNN
induces lung adenomas in mice, esophageal and nasal cavity tumors
in rats, and tracheal and nasal cavity tumors in Syrian golden
hamsters (29, 30, 31). Its tumorigenic activity in Syrian golden
hamsters is only slightly less than that of NPYR (8). NNN is
important because of its relatively high concentrations in
mainstream and sidestream tobacco smoke and in unburned tobacco
(32). The occurrence and carcinogenicity of NNN and related
tobacco specific nitrosamines is reviewed in another chapter of
this volume.

The metabolism of NNN in the F-344 rat is summarized in
Figure 2. Liver microsomal a-hydroxylation of NNN leads to
2'-hydroxyNNN [2] and 5'-hydroxyNNN [5]. These unstable
intermediates open to diazohydroxides 8 and 9 which undergo

solvolysis to keto alcohol 10 and lactol 12. T In addition, 2
gives rise to myosmine [7]. The chemistry of the intermediates 2,
5, 8, and 9 has been established through studies of the
corresponding model compounds, 2'-acetoxyNNN, 5'-acetoxyNNN, and
4=(N-carbethoxy-N-nitrosamino)-1-(3-pyridyl)-1l-butanone (14).
Keto alcohol 10 and lactol 12 can be assayed in microsomal
incubations as their corresponding 2,4-dinitrophenylhydrazone
derivatives (33, 34).a-Hydroxylation of NNN has also been
demonstrated in human and Syrian golden hamster liver microsomes
(11, 35). Species differences in rates of 2'-, and
5'-hydroxylation and in their inducibility have been observed.
In the rat, 2'-hydroxylation but not 5'-hydroxylation is induced
by pretreatment with phenobarbital or 3-methylcholanthrene
whereas in the Syrian golden hamster 5'-hydroxylation is induced
by  phenobarbital but 2'-hydroxylation is unchanged by
pretreatments (35). Evidently, different enzymes catalyze the
2'- and 5'-hydroxylations of NNN and the distribution of these
enzymes differs in the livers of rats and hamsters. There may
also be differences in distribution between organs of a given
species. For example, in preliminary studies, we have observed
that in cultured rat esophagus, a target organ, 2'-hydroxylation
is the major metabolic pathway, in contrast to results obtained
in liver, a non-target organ for NNN.

B-Hydroxylation of NNN by rat liver microsomes to give
3'~hydroxyNNN [3] and 4'-hydroxyNNN [4] has also been observed,
but the rates are lower than those of a-hydroxylation (36). An-
other microsomal metabolite of NNN is NNN-1-N-oxide [1] (36).
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The rates of formation of these metabolites in liver microsomes
from Aroclor pretreated rats is summarized in Table III.

Table III. Rates of Formation of NNN Metabolites by F-344
Rat Liver Microsomes®

rate, nmol

min -1 (mg of
product source protein)~!

4=-hydroxy-1=(3=-pyridyl)- 2'-hydroxylation 0.40+0.02
1-butanone [10]

3'-hydroxy-N'-nitroso- 3'-hydroxylation <0.01
nornicotine [3]

4'-hydroxy-N'-nitroso- 4'-hydroxylation <0.01
nornicotine [4]

5-(3-pyridyl)=-2-hydroxy- 5'-hydroxylation 0.76+0.02
tetrahydrofuran [12]

N'-nitrosonornicotine N-oxidation 0.57

1-N-oxide [1]

3Liver microsomes from Aroclor 1254 pretreated rats were used.
See Figure 2.

In intact cell systems or in vivo, the primary products of
a—hydroxylatlon, 10 and 12, have not been detected. The princi-
pal urinary metabolites of NNN resulting from a-hydroxylation are
keto acid 13 from 2'-hydroxylation and hydroxy acid 15 from 5'-
hydroxylation. Trace amounts of 7, 14, and 16 have e also been
detected as urinary metabolites (34). The interrelationships of
these metabolites as shown in Figure 2 have been confirmed by ad-
ministration of each metabolite to F-344 rats (37). The other
metabolites which are routinely observed in the urine are NNN-1-
N-oxide [1] and 5-(3-pyridyl)-2-pyrrolidinone [norcotinine, 6].
The B-hydroxy derivatives 3 and 4 were also detected in the urine
of NNN treated rats, but at less than 0.1% of the dose (36). An
HPLC trace of the urinary metabolites of NNN is shown in n Figure
3. Urine is the major route of excretion (80-90% of the dose) of
NNN and its metabolites in the F-344 rat in contrast to NPYR
which appears primarily as COZ (70%) after a dose of 16 mg/kg
(17). This is because the major urinary metabolite of NNN, hy-
droxy acid 15, is not metabolized further, in contrast to é-hy-
droxybutyric acid [9, Figure 1] which is converted to CO;. In
addition, a significant portion of NNN is excreted as NNN-1-N-
oxide [1], a pathway not open to NPYR.

The effects of deuterium substitution on the rates of a-hy-
droxylation of NNN have been measured. The results obtained in
vitro, with rat liver microsomes, showed only a small deuterium
isotope effect of 1.2 for 2'-hydroxylation, whereas a significant
effect of 2.4-2.7 was observed for 5'-hydroxylation (33). Analo-
gous results were obtained in vivo when the urinary metabolites
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Figure 3. High pressure liquid chromatographic analysis of the urinary metabolites

of 2’-"C-N’-nitrosonornicotine in the rat after a dose of 300 mg/kg (37). Peaks
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resulting from a-hydroxylation of NNN and [2',5',5'-DINNN were
compared. In addition, urinary excretion of NNN-1-N-oxide was
greater from [2',5',5'-DINNN than from NNN. Thus, in comparing
the carcinogenicity of NNN and [2',5',5'-DINNN one will have to
take into account both the increased rates of N-oxidation and
the decreased rates of 5'-hydroxylation. Bioassays of deuterated
NNN derivatives are currently in progress.

The ability of NNN to damage mammalian DNA has been demon-—
strated by its activity in the hepatocyte primary culture DNA
repair assay (38). 1In contrast, NNN did not bind to exogenous
DNA in the presence of rat liver microsomes (39). Binding of
NNN-2'-14C and its metabolites to various tissues of mice has
been observed by whole body autoradiography (40, 41). After 24
hours, the highest levels were in the nasal cavity, bronchi,
esophagus, and salivary glands as well as in the pigmented tis-
sues. In Syrian golden hamsters, the highest levels of binding
to the trichloroacetic acid insoluble materials, 1 hour after ad-
ministration of NNN, were found in liver, lung, kidney, and
adrenals (42).

a-Hydroxylation may be the major pathway leading to DNA
binding of NNN. Both &4-(N-carbethoxy-N-nitrosamino)-1-(3-pyri-
dyl)-l-butanone, a model compound for diazohydroxide 8, and 5'-
acetoxyNNN, a model compound for 5'-hydroxyNNN [5] were highly
mutagenic toward S. typhimurium without activation; lower activ-
ity was observed for the unstable 2'-acetoxyNNN (14, 34). These
results indicate that diazohydroxides such as 8 and 9 can damage
bacterial DNA. However, the structures of the DNA adducts formed
from NNN have not yet been determined. The low rates of forma-
tion of 3'-hydroxyNNN and 4'-hydroxyNNN in vitro and in vivo sug-
gest a minor role for these metabolites in the activation of
NNN. NNN-1-N-oxide may also be a detoxification product of NNN,
since it is excreted mainly unchanged after administration to
F-344 rats (37). Since NNN effects primarily the esophagus and
nasal cavity in rats, and the trachea and nasal cavity in ham-
sters, further studies are necessary to determine the basis for
its organospecificity.

N-Nitrosopiperidine (NPIP) and Related Compounds

NPIP induces esophageal and nasal cavity tumors in the rat,
forestomach, liver and lung tumors in the mouse, and tracheal
tumors in the Syrian golden hamster (43, 44, 45). 1Its potent
carcinogenicity is indicated by the fact that a single dose of
only 22 mg/kg was sufficient to induce tumors in 20% of Syrian
golden hamsters (ﬂ). The environmental occurrence of NPIP ap-
pears to be less frequent than that of NPYR, but it has been de-
tected in food (3, 44).

Only limited metabolic studies have been carried out on
NPIP. It undergoes a-hydroxylation by rat liver microsomes to
give 5-hydroxypentanal, a process analogous to the formation of
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4-hydroxybutanal from NPYR (46). 4-HydroxyNPIP has also been
identified as a metabolite of NPIP formed by rat liver micro-
somes (47). 1In the Udenfriend system, N-nitroso-4-piperidone was
observed (47,48). No studies have been reported on the metabo-
lism of NPIP in the rat esophagus, a target organ.

The related unsaturated compounds, N-nitroso-1,2,3,6-tetra-
hydropyridine and N-nitroso-1,2,3,4-tetrahydropyridine, have been
tested for carcinogenicity and both were potent esophageal car-
cinogens, as is nitrosopiperidine. However, N-nitroso-1,2,3,6-
tetrahydropyridine also produced liver tumors, whereas N-nitro-
so-1,2,3 ,4-tetrahydropyridine also gave tumors of the forestomach
and oropharynx. The difference in tumor spectrum between the
two unsaturated isomers may be related to differences in metabo-
lism. N-Nitroso-1,2,3,6-tetrahydropyridine isomerized to N-nitro-
so-1,2,3,4-tetrahydropyridine in vivo, but the reverse reaction
was not observed (49).

N-Nitrosohexamethyleneimine (NHEX)

NHEX is a potent carcinogen which induces tumors of the
liver and esophagus in rats, and tumors of the trachea in Syrian
golden hamsters (50, 51). It has not been detected in the envi-
ronment.

Metabolism of NHEX-14C in the rat results in dose dependent
formation of 14002, with 45% exhaled after a dose of 8 mg/kg NHEX
but only 4% after 576 mg/kg (17). Similar results were obtained
for NPYR and nitrosoheptamethyleneimine. At doses of 8-12 mg/kg
NHEX, 33-37% of the radioactivity was excreted in the urine (1_7,
52). Urinary metabolites of NHEX were € -caprolactam, € -amino-
caproic acid, and €-aminocaprohydroxamic acid (52). The forma-
tion of €-caprolactam is analogous to results with NPYR and NNN,
in which 2-pyrrolidinone and norcotinine were observed as urinary
metabolites. Caprolactam did not originate from hexamethylene-
imine, a product of denitrosation.

Analysis of the products formed from NHEX in vitro using rat
liver microsomes and postmitochondrial supernatant resulted in
the identification of 3-hydroxyNHEX from p-hydroxylation and
4=hydroxyNHEX from y-hydroxylation. The ratio of 4-hydroxyNHEX to
3-hydroxyNHEX was 3 to 1. Both conformeric forms of each of
these metabolites were detected (53). From in vitro data which
are available so far for NPYR, NNN, NPIP, and NHEX, it does ap-
pear that the rates of a- and Yy-hydroxylation (when possible),
exceed those of B-hydroxylation.

The 1liver RNA isolated from rats treated with l4C-NHEX
yielded 1,6-hexanediol upon hydrolysis with acid (54). This re-
sult indicates that NHEX underwent metabolic a-hydroxylation to
give an adduct that may have been formed at 0° of guanine. The
initially formed adduct would have been expected to be a 6-oxo-
hexyl derivative; reduction of the adduct must have occurred in
order to produce the observed 1,6-hexanediol.
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N-Nitrosomorpholine (NMOR)

NMOR is a potent hepatocarcinogen in the rat and induces
tracheal and nasal cavity tumors in the Syrian golden hamster
(43, 44, 45). It is formed readily from nitrite and morpholine
in vitro and administration of these precursors to rodents causes
tumors indicative of NMOR formation in vivo (44, 55, 56). NMOR
has been detected in crankcase emissions of diesel engines and in
factories engaged in rubber and tire manufacturing (57, 58).

The metabolism of NMOR in the rat is outlined in Figure 4.
a-Hydroxylation yields the unstable intermediates 1 and 4; the
latter hydrolyzes to (2-hydroxyethoxy)acetaldehyde [7] which has
been identified as a liver microsomal metabolite by isolation of
the corresponding 2,4-dinitrophenylhydrazone (59). (2-Hydroxy-
ethoxy)acetaldehyde, which exists predoml.nantly as the cyclic
hemiacetal 8, was not detected in the urine of rats gavaged with
125 mg/kg NMOR. However, (2-hydroxyethoxy)acetic acid was a major
urinary metabolite (16% of the dose). These transformations are
analogous to those observed with NPYR and NNN.

B-Hydroxylation of NMOR to give 2-hydroxyNMOR [2] has been
observed in incubations with rat liver microsomes -(60) 2-Hy-
droxyNMOR was not detected as a urinary metabolite, but N-nitro-
o-2-(hydroxyethy1)glycme [9] which can be formed by oxidation
of 2 or 5, was detected in the urine of rats treated with NMOR
(59 60). The other major urinary metabolite of NMOR is N-nitro-
sodiethanolamine (12 %) (59, 60, 61). As in the case of NNN, the
major in vivo metabolites of NMOR are apparently resistant to
further « degradatlon, which explains the relat1ve1y high (81%)
percentage of activity from l4c-NMOR found in urine. Two other
metabolic processes have been observed for NMOR in vitro; forma-
tion of nitrite in the presence of rat liver microsomes and an
NADPH generating system and reduction to N-aminomorpholine under
anaerobic conditions (62, 63). The occurrence of these pathways
in vivo has not been reported

" Deuterium substitution in the a-positions of NMOR signifi-
cantly decreases its carcinogenicity and mutagenicity. Thus,
3,3,5,5-tetradeuteroNMOR induced fewer liver tumors in Sprague-
Dawley rats than did NMOR and was less mutagenic toward S. typhi-
murium TA1535 than was NMOR (64, 65). To establish a metabolic
basis for these observations, the urinary metabolites of rats
treated with equivalent doses of NMOR and 3,3,5,5-tetradeutero-
NMOR were compared. Figure 5 shows gas-liquid chromatograms of
the silylated 24 hour urinary metabolites of NMOR and its a-tet-
radeutero derivative. Peak A, resulting from a-hydroxylation,
was diminished significantly in 3,3,5,5-tetradeuteroNMOR. The
ratio of its concentration in the urine of the NMOR treated ani-
mals to that in the urine of the animals treated with 3,3,5,5-
tetradeuteroNMOR was 5. However, peaks B and C, from ring cleav-
age and B-hydroxylation, did not change in the metabolism of the
a-tetradeutero derivative. These results provide strong evi-
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dence that a-hydroxylation is the primary activation process for
NMOR. DNA and RNA adducts are formed in the livers of rats
treated withl4C-NMOR. However, with the possible exception of
7-(2-hydroxyethyl)guanine, the structures of these adducts have
not been determined (61).

The carcinogenicity and metabolism of N-nitroso-2,6-di-
methylmorpholine (NDMMOR) have been studied. This compound
induces respiratory tract and pancreatic tumors in Syrian golden
hamsters and tumors of the esophagus in F-344 rats (45, 66,
67). The induction of pancreatic tumors in hamsters is apparently
Telated to its metabolic conversion via B-hydroxylation to N-ni-
troso(2-hydroxypropyl-2-oxopropyl)amine and N-nitroso-bis=(2-hy-
droxypropyl)amine, which are pancreatic carcinogens in this
species (68). 1Its carcinogenicity to the rat esophagus may be
mediated through a-hydroxylation since 3,3,5,5-tetradeuteroNDMMOR
was apparently less carcinogenic than NDMMOR, but 2,6-dideutero-
NDMMOR was more active than NDMMOR (69).

Conclusions

As is evident from Tables I and II, most of the metabolic
studies on cyclic nitrosamines have been carried out during the
past six years. These studies have led to a reasonable under-
standing of the general pattern of cyclic nitrosamine metabo-
lism. Metabolites resulting from a—hydroxylation, B—hydroxyla-
t1on, and y-hydroxylation have been identified in vitro and in
vivo and methods have been developed to study the effects of
modifiers on these pathways. 1In certain cases, these metabolic
studies have provided leads to the nature of the ultimate car-
cinogens of cyclic nitrosamines which appear to result primarily
from a-hydroxylation. However, further studies on ‘target organ
metabolism of cyclic nitrosamines are necessary if a meaningful
relationship between metabolism and organospecificity is to be
developed.

In contrast, little is known about the DNA adducts formed
from cyclic nitrosamines. Early studies indicated methylation of
DNA by certain cyclic nitrosamines but these were not confirmed
(25, 71, 72). Adducts from NPYR and NMOR have been detected but
remain mostly uncharacterized (25, 61). The nature of the
carcinogen-DNA adducts from cyclic nitrosamines must be clarified
if we are to advance in our understanding of their mechanisms of
action. This may require more sensitive methods than have been
employed previously. We do know from studies on other nitroso
compounds that differences in rates of DNA repair of specific
carcinogen-DNA adducts are at least partially responsible for the
organospecificity of these compounds (73). The metabolic studies
described in this chapter provide the foundation for further work
on characterization of DNA adducts.

Another area which needs further investigation is the role
of specific forms of cytochrome P-450 in the metabolism of cyclic
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(and acyclic) nitrosamines. Several studies described in this
chapter indicate that different forms of cytochrome P-450 cata-
lyze particular hydroxylation reactions for a given nitrosamine
substrate and that the distribution of these forms is species and
organ dependent. This may be a significant lead to a better
understanding of the organ-specificity of cyclic nitrosamines
which may depend both on target tissue metabolism and rates of
repair of specific carcinogen-DNA adducts.
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Effects of Structure on the Carcinogenic
Behavior of Nitrosamines

JOHN S. WISHNOK

Department of Nutrition and Food Science, Massachusetts Institute of Technology,
Cambridge, MA 02139

We have developed a quantitative structure-activity
model for the variations in potency among the
nitrosamines and, more recently, a related model
for the variation in target organ for a smaller
set of nitrosamines., We are currently developing
a model for interspecies variation in suscepti-
bility toward carcinogenic nitrosamines. The
model for organ selectivity requires terms for
the parent nitrosamine as well as for the hypo-
thesized metabolites while the model for potency
variations contains terms only for the unmeta-
bolized parent compound.

All of the quantitative models are implicitly
dose-dependent. This is of particular importance
with respect to interspecies comparisons since

it may be possible for the relative suscepti-
bility of species to reverse on going from higher
to lower doses.

Several research groups are currently investigating the
application of quantitative structure-activity relationships to
various problems in nitrosamine carcinogenesis. One approach is
to use pattern recognition techniques to separate large sets of
compounds into carcinogenic or noncarcinogenic clusters in multi-
dimensional space. These methods appear promising as a means of
rapid non-biological pre-screening of new compounds for carcino-
genic potential.

Our approach is to examine small, closely-related series of
nitrosamines and to develop structure-activity models based on
molecular descriptors which are explicitly meaningful with respect
to the organic chemistry and biochemistry of the compounds. The
forms of these models can then often be interpreted in terms of
the mechanisms through which these compounds exert their car-
cinogenic effects.
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Introduction

The simple assumption, that a compound containing the NNO
functionality is carcinogenic, may be correct as often as about
3 times out of 4 (1). 1In addition, with few exceptions, e.g.,

H (2) or HOCH, (3), virtually any alkyl or aryl group - substi-
tuted or unsubstituted, cyclic or acyclic - can be attached to
the two remaining nitrogen valences to give an isolatable com-
pound (4). The nitrosamines consequently constitute one of the
most extensive classes of known chemical carcinogens. Most
nitrosamines are reasonably easy to synthesize and this, along
with their potential importance as environmental carcinogens (5-
7» has lead to the evaluation of nearly 300 of these compounds
for carcinogenicity in a number of different animal species (8-
10).

The potency of the carcinogenic nitrosamines has been found
to vary by over a thousand-fold (8), and most of them are selec-
tive toward specific target organs (8). In an empirical sense,
then, the nitrosamines are useful and versatile laboratory car-
cinogens. On a more subjective level, however, is the question
of why a given structural variation leads to a variation in
potency or target organ. Equally intriguing is the question of
why different animal species are more or less susceptible to
carcinogenesis by a given nitrosamine or why the target organs
are sometimes different for different species.

We, (11, 12), along with several other research groups (13-
17), have been attempting to answer some of these questions
through the use of quantitative biological structure-activity
analyses.

As summarized in a recent report in Chemical and Engineering
News (1), much of the current work in this area is being done
in the area of structure-potency variationsamong large groups of
N-nitroso compounds using empirical and semi-empirical molecular
descriptors such as most of those shown in Table I. The objec-
tive in these investigations is primarily to be able to evaluate
the likelihood that a given compound is carcinogenic or not.

An alternative viewpoint for structure-activity investiga-
tions is to utilize quantitative models as probes into the mechan-
ism of action of the set of compounds being studied. 1In this
case it is most useful if the molecular descriptors are explicitly
meaningful in terms of chemical reactivity or physiological
behavior, e.g., distribution of the compound in an organism (see
Table II). 1In a previous symposium, (18), we described our
application of this approach toward the development of a quanti-
tative structure-potency expression, equation 1,

log (1/Dsg) = 1.74 - 0.267% + 0.927 + 0.59¢0*
n =21 s = 0.31 R2 = 0.84

(1
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Table I a
A Sampling of Molecular Descriptors

Physicochemical descriptors Geometrical descriptors

Molecular weight
Density
Melting point
. Boiling point
Logarithm of partition
coefficient b
Molecular refractivity

Topological descriptors

Atom and bond fragments
Substructures (atom groups)
Substructure environment
Number of carbon atoms
Number of rings (in poly-
cyclic compounds)
Molecular connectivity
(extent of branching)

Molecular volume
Molecular shape

Molecular surface area
Substructure shape

Taft steric parameter
Verloop sterimol constants

Electronic descriptors

Hammett-Taft sigma constantsb

Electron density

m-Bond reactivity
Electron polarizability
Dielectric constant
Dipole moments
Ionization potential
Electron affinity

aDagani; @)

bThese ""complex" descriptors could be placed in other categories
as well.

which modeled the variations in carcinogenicity, as the molecular
structure changed, for a series of 29 nitrosamines (11).

We recently reported a structure-activity model for varia-
tions in target organs (12) and are currently examining the pos-
sible application of thesquantitative structure-activity approach
to the problem of species-to-species differences in susceptibility
toward nitrosamine carcinogenesis (19). These two topics will be
discussed in the remainder of this presentation.

Methods

Our basic methods have been detailed in previous reports
(11, 12). In summary, however, our approach is basically the
same as that used by Hansch and co-workers (20-22). A set of
compounds, which can reasonably be expected to elicit their
carcinogenic response via the same general mechanism, is chosen,
and their relative biological activities, along with a set of
molecular descriptors, is entered into a computer. The computer,
using the relative biological response as the dependent variable,
then performs stepwise multiple regression anayses (23) to select
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Table II
Molecular Descriptors and Statistical Terms for Multiple
Regression Analyses

Dso: Median tumorigenic dose, i.e., the total molar dose of a
compound required to induce tumors in 50% of the test
animals.

ok: Taft electronic parameter. The o* parameter reflects the
electron-withdrawing or electron-donating ability of a
given substituent. Increasing o* reflects increasing
electronegativity.

E : Taft steric parameter. E_reflects the effective volume
of a substituent in the viginity of a reactive center on
a molecule.

mse Relative partition coefficient. = = log K - log Kp
where K is the water-octanol or water-hexane partition
coefficient for the compound of interest and K_ is the
corresponding partition coefficient for the pagent mem—
ber of the series (N-nitrosodimethylamine in this case).

m_,m,: Relative w's for the metabolites of the short (s) and
long (&) side chains of a given nitrosamine.

s: Standard error of the estimate. S is an absolute indi-
cator of the reliability of the calculated value of the
dependent variable.

RZ: Multiple correlation coefficient. R? indicates the per-
centage of the variability of the relative biological
response that can be accounted for by the selected inde-
pendent variables.

which of the molecular descriptors can be correlated with the
relative biological response. The result of this type of analysis
is an equation which quantitatively models the relative biological
response in terms of the molecular descriptors.

We generally try to use as few descriptors as possible
and to re<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>