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ABSTRACT

Azoxyalkanes are isomerie with nitrosodialkylamines and
could be similar in their biochemical and biological actions. To
compare the structure-activity relations in the two series, the
tumorigenic activities of four azoxyalkanes, azoxymethane,
azoxyethane, Z-ethyl-O,A/,/V-azoxymethane, and Z-methyl-
O,A/,A/-azoxyethane, were compared in male F344 rats by p.o.
administration of 0.54 mw and 0.135 DIM solutions in drinking
water. In most cases, treatment lasted 30 weeks, but at the
higher dose of the two ethylazoxy compounds, 24 weeks of
treatment were sufficient. Most of the animals died with tumors
that could be attributed to the treatments. The two ethylazoxy
compounds caused much earlier death from tumors than the
corresponding methylazoxy compounds. All four compounds
induced a high incidence of liver neoplasms, which were mainly
hepatocellular; the two ethylazoxy compounds also induced a
large number of hemangiosarcomas in the liver. At both dose
levels, azoxyethane induced tumors of the esophagus and nasal
cavity, tumors that were not seen in any other group. Other
tumors appearing in significant incidence were in the colon and
ileum, induced by azoxymethane and Z-ethyl-O,A/,W-azoxy-
methane, and kidney tumors induced by azoxymethane and Z-
methyl-O,W,A/-azoxyethane. In F344 rats, azoxyethane was sim

ilar in carcinogenic activity to its isomer nitrosodiethylamine,
whereas azoxymethane was much less potent than nitrosodi-

methylamine and induced quite different tumors. These results
suggest that the biochemical activation of azoxyalkanes is dif
ferent from the analogous nitrosodialkylamines.

INTRODUCTION

MAM4 has long been known as a compound that induces

adenocarcinomas of the colon in rats and has been considered
an intermediate in the activation of symmetrical dimethylhydra-
zine, through azomethane, to the proximate carcinogen methyl-

azoxymethanol (5). Azoxyalkanes are isomerie with nitrosamines
and, as with the latter, current theory proposes that both types
of carcinogen act through formation of alkyldiazonium ions,
which alkylate DNA in appropriate target cells (Chart 1). The
conversion of azoxyalkanes to alkyldiazonium derivatives might
be the reverse of one method of preparation by alkylation of an
alkyldiazotate (12). In spite of the structural similarities, there are
sharp differences in biological effect between MAM and NDMA.
Both induce liver tumors in rats, but continuous treatment with
MAM also induces neoplasms of the intestine (mainly colon) and
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kidney, which similar treatment with NDMA never does (11). To
explore the differences between azoxyalkanes and nitrosamines,
we used the asymmetry present in azoxyalkanes because of the
oxygen atom to study the effect of the replacement of methyl-
by ethyl- on the carcinogenic effectiveness of the azoxyalkanes

in rats. The structures of the azoxyalkanes examined are in
Chart 2.

MATERIALS AND METHODS

Chemicals

MAM. This compound was prepared from sym-dimethylhydrazine as
described by Horisberger and Matsumoto (6): exact mass, M+ 74.0483;

required for C2H6N2O = 74.0479.

The azoxyalkanes, other than methylazoxymethane, were prepared
by alkylation of the appropriate alkyldiazotates, as follows.

EAM. A partial solution of 17.2 g (0.176 mol) of potassium methane-
diazotate (13) in 176 ml of hexamethylphosphoramide (12) was cooled
to 5Â°under a stream of nitrogen. Ethyl iodide (24 ml, 0.3 mol) was added

to give an homogeneous solution. The solution was stirred at 25Â°for 4

hr. The reaction flask was equipped with a short-path distillation appa
ratus and heated to 50Â°under vacuum (10 mm Hg). The volatile com

ponents, which contained only small amounts of hexamethylphosphor
amide, were collected in a dry ice:acetone-cooled receiver. The distillate

was diluted with 20 ml of mÃ©thylÃ¨nechloride, dried over anhydrous
sodium sulfate, and filtered, and the solvent was removed by distillation
at 1 atmosphere. Fractional distillation of the crude product was carried
out 2 times to give 3.2 g (21%) of EAM: b.p. 104-106Â° at 1 atmosphere,

NMR (CDCI3), Â¿1.50(t, 3H), Â¿3.18(s, 3H), Â¿4.21(q, 2H); IR (film) 2980,
2940,1515,1440,1380,1320,1255,1130,1060 cm-'; UV, Abflog Â«),

214 nm (3.88); MS, m/z (%), 88 (M+, 15), 73 (6), 71 (20), 60 (100), 59
(52), 58 (6), 43 (70), 42 (18), 32 (12), 31 (16). Exact mass: M+ = 88.0648;

required for CsHsNzO = 88.0635.
MAE. A/-Ethyl-p-toluenesulfonamide was prepared by the standard

Hinsberg method from ethylamine and p-toluenesulfonyl chloride: m.p.
63-64Â° [lit (14) 63Â°].

N-Ethyl-N-nitroso-p-toluenesulfonamide. A solution of 43.5 g (0.22
mol) of W-ethyl-p-toluenesulfonamide in 240 ml of glacial acetic acid was
cooled to 5Â°.A solution of 22.8 g (0.33 mol) of sodium nitrite in 150 ml

of water was added dropwise, and the resulting mixture was stirred at
5Â°for 2 hr (1). Cold water (900 ml) was added, and the yellow crystalline

product was collected by filtration. The product was washed with water,
followed by ice-cold 0.1 N sodium hydroxide to remove traces of unni-
trosated material: yield, 45.14 g (90%); m.p. 39-41 Â°;NMR (CDCI3) 01.06

(t, 3H), 62.48 (s, 3H), Â¿3.02(q, 2H), Â¿7.69(q, 4H).
MAE. A solution of 45 g (0.197 mol) of A/-ethyl-A/-nitroso-p-toluene-

sulfonamide in 400 ml of ether was added dropwise at a rapid rate to a
solution of 8.58 g (0.22 mol) of potassium metal in 20 ml of absolute
ethanol and 100 ml of anhydrous ether at 0Â°.The potassium salt was

collected by vacuum filtration, washed with ether, and dried under
vacuum giving 17.8 g (81%) of Z-potassium ethane diazotate. A partial

solution of 17 g (0.15 mol) of the diazotate in 150 ml of hexamethylphos
phoramide was cooled to 0Â°under nitrogen, followed by the dropwise

addition of 14.1 ml (0.226 mol) of methyl iodide. The resulting solution
was kept at 5Â° overnight. After the volatile components have been
collected in a cold trap under vacuum (60Â°at 10 mm Hg), the material
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NITROSAMINE

N
I
NO

AZOXYALKANE

R,CH2-N = N-CH2R2

I

0

R,CH2-N = N-OH
or

R2CH2-N = N-OH

Alkylation of Cellular
Macromolecules

(DNA, RNA, Protein)

Chart 1. Possible activation of azoxyalkanes and nitrosamines.

CH3CH2.
N = N

CH3

-CH2CH3
N = N

.AI.Nazoxyemane
(EAEI

Z-ethyl-OÃ/.N-azoxymethane
IEAM)

CH3 â€¢ CH3CH2-

maintained behind a barrier. The rats were 7 to 8 weeks old at the
beginning of treatment and were housed 4 to a plastic cage with wire
mesh bottom; they were given Wayne sterilizable laboratory meal ad
libitum. On each of 5 days a week, each cage of rats were given 80 ml
of a solution of one of the azoxyalkanes (Chart 2), almost all of which
was consumed during the next 24 hr, with little or no spillage. On the
remaining 2 days of each week, the animals were given tap water ad
libitum to rectify any water deficiency they had incurred. Each of the 4
azoxyalkanes was administered at 2 concentrations to groups of 20 rats
as shown in Table 1. The solutions were prepared in neutral deionized
water once a week. At the end of each treatment, usually 30 weeks, the
animals were allowed to die naturally, or they were killed when moribund
and thoroughly necropsied, all lesions and major organs and tissues
being fixed in formalin, embedded in paraffin, sectioned, and stained with
hematoxylin-eosin for histological examination. Particular attention was

paid to the lower gastroinestinal tract, especially the colon, and a gut roll
was prepared in most cases; the nasal cavities were also carefully
examined at necropsy. No special group of untreated controls was
included with this study, but results from a contemporary group of
untreated male rats are shown in the tables. Several of these animals
survived to 130 weeks and were then killed.

Z-melhyt-O.WÃ„-azoiiyemane
IMAM) (MAE)

Chart 2. Structures of 4 azoxyalkanes.

was dissolved in 20 ml of mÃ©thylÃ¨nechloride, filtered through a pad of
anhydrous magnesium sulfate, and fractionally distilled 2 times at 1
atmosphere to give 2.24 g (17%) of MAE: b.p. 108Â°at 1 atmosphere;

NMR (CDCI3) 61.28 (t, 3H), 63.41 (q, 2H), 64.05 (s, 3H); IR (film) 2975,
2940, 1510, 1420, 1380, 1265, 1105, 1015 cm-1; UV, Xftg (log e), 215

nm (3.864); MS, m/z (%), 88 (M+, 9), 87 (2), 73 (31), 71 (100), 58 (9), 56

(7), 46 (17), 45 (43), 44 (96), 43 (48), 42 (45), 32 (12), 31 (13). Exact
mass: M+ = 88.065; required for C3H8N20 = 88.0635.

EAE. A partial solution of 17 g (0.15 mol) of Z-potassium ethanediazo-
tate in 150 ml of hexamethylphosphoramide was cooled to 0Â°under

nitrogen followed by the dropwise addition of 12.8 ml (0.16 mol) of ethyl
iodide. The resulting solution was kept at 5Â° overnight. The volatile
components were vacuum distilled (80Â°,10 mm Hg) and collected in a

cold trap. The crude product was dissolved in 15 ml of mÃ©thylÃ¨ne
chloride, filtered through a pad of anhydrous magnesium sulfate, and
fractionally distilled at 1 atmosphere to give 1.99 g (13%) of EAE: b.p.
120Â°at 1 atmosphere; NMR (CDCI3) 61.49 (t, 3H) proximal CH3, 61.24

(t, 3H) distal CH3, 63.42 (q, 2H) distal CH2, 64.25 (q, 2H) proximal CH2;
IR (film) 2989, 2935, 1505, 1450, 1380, 1345, 1315, 260, 1045 cm'1;

UV, \%Â£(log Â«),216 (3.83); MS, m/z (%), 102 (M+, 17), 87 (51), 86 (12),
85 (100), 75 (6), 41 (20), 39 (5), 38 (6). Exact mass, M+ = 102.0786
required for CÃHioNzO,M+ = 102.0791.

Each of the azoxyalkanes was separated from the contaminating
nitrosamine by repeated fractional distillation. Chromatography on silica
gel with ether elution is also effective. Only azoxyalkane samples free of
nitrosamines detectable by NMR spectroscopy were used in these
experiments.

Proton magnetic resonance spectra were measured on a Vanan XL-
100 or a Perkin-Elmer R-12B spectrometer with CDCI3 as the solvent

containing 10% tetramethyl silane as the internal standard. The IR
spectra were obtained on a Perkin-Elmer 467 spectrometer. Low-reso

lution mass spectra were obtained on a Finnigan 330 mass spectrometer
equipped with a Finnigan 6000 MS data system. High-resolution spectra
were obtained from a VG Micromass ZAB-2F mass spectrometer

equipped with a VG 2000 data system. UV spectra were run as aqueous
solutions on a Beckman Acta MVI spectrophotometer.

Animal Treatments

The compounds were administered in drinking water to male F344
rats of the colony of the Frederick Cancer Research Facility, bred and

RESULTS

There were large differences in the rate of mortality from
tumors among several of the groups. The mortality rate from
induced tumors has been a measure of the potency of treatment
in dose-response studies with a number of carcinogenic nitros
amines. In Table 1, the mortality of the azoxyalkane-treated rats
is compared. Using the rate of death from induced tumors as a
criterion, it seems that both azoxyalkanes having an ethyl group
next to the nitrogen bearing an oxygen are much more potent
than the other 2 azoxyalkanes. At both dose rates, the former 2
compounds led to early death, and the mortality rates of the
groups of rats treated with the 2 compounds were similar.

At both dose rates, the relative responses of the rats to the 4
azoxyalkanes were similar; that is, the 2 ethylazoxy compounds
(EAE and EAM) caused more rapid death from tumors induced
than did the 2 methylazoxy compounds (MAM and MAE). Indeed,
the rats treated with even the lower dose of the 2 ethylazoxy
compounds were all dead when most rats given the higher dose
of the 2 methylazoxy compounds were still alive. These differ
ences seem clear-cut, since in almost all cases liver tumors were

the cause of death of the treated rats.
Table 2 shows the numbers of animals with various types of

tumor at death. Neoplasms of the liver were common in all of
the treated animals, hepatocellular carcinomas and neoplastia
nodules being the most prevalent, but hemangiosarcomas were
very common in the rats given the ethylazoxy compounds;
rupture of these vascular tumors was responsible for the early
death of these animals. At the higher dose rates of the 2
ethylazoxy compounds, the hemangiosarcomas of the liver com
monly metastasized to the lungs, as has been observed with
this tumor induced by several nitrosamines (9, 10).

The other treatment-related tumors were in the kidney, colon,
ileum, esophagus, and nasal cavity. These tumors appeared only
in certain of these treated groups, and not in other groups,
although all of the animals were examined in the same manner,
special attention being given to the esophagus, lower gastroin
testinal tract, and the nasal cavities. Kidney tumors were found
in only 2 groups, those treated with the high dose of MAM and
MAE; there were no kidney tumors in the corresponding lower-
dose groups of either compound. The kidney tumors were mainly
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Table 1

Survival ot male F344 rats given azoxyalkanes in drinking water

CompoundMethylazoxymethaneEthylazoxymethaneMethylazoxyethaneEthylazoxyethaneConcentration(mg/lrter)4010481248125514Totaldose(mg)120(1.6f30

(0.4)115(1.3)36

(0.4)144(1.6)36

(0.4)132(1.3)42

(0.4)Wkof

treatment3030243030302430No.

of survivors atwk02020202020202020102020202020202020202020202020202020302020020202002040202019192013501720916208601419015190705149188011111190050610010

Untreated 20 20 20 20 20 20 20 20 20 20 17
8 Numbers in parentheses, mmol.

Table 2

Tumors in rats treated with azoxyalkanes

No. of animals with tumors of

Liver

CompoundMethylazoxymethaneEthylazoxymethaneMethylazoxyethaneEthylazoxyethaneUntreatedTotal16172020101220202Carcinomas131112176818140Neoplastianodules350046002Heman-

Lung MÃ©tastases
giosarco- of hemangiosar-

mas comasKidney332012221814010920012601100070000Esophagus00000014150Colon805500000lleiim008310000Nasalcavity00010015170OthertumorsW(b)(c)(d)(e)(t)(g)(h)(Â¡)

* (a), one lung adenocarcinoma, 10 leukemia, 4 pituitary adenomas/carcinomas, one neurosarcoma of liver with lung metastasis, one squamous cell carcinoma of ear,

one neurosarcoma of eye, one thyroid carcinoma, one testis mesothehoma. one testis carcinoma, one adrenal cortex carcinoma, one bladder fibrous polyp; (b), one liver
cholangiocarcinoma. one liver cholangioma. 16 leukemias. 4 pituitary adenomas/carcinomas, 8 testis adenomas/carcinomas, 6 adrenal pheochromocytomas. 2 thyroid
carcinomas, one thymus lymphosarcoma, one pancreas islet cell adenoma, one breast fibroadenoma. 2 neurosarcomas of liver; (c). one carcinoma of cecum, one
duodenum carcinoma, one liver neurosarcoma; (d) one lung hemangiosarcoma, one lung carcinoma. 7 liver neurosarcomas, 3 erythrocytic leukemias, 2 zymbal gland
carcinomas, 3 testis mesotheliomas, one carcinoma of head, one adrenal cortex carcinoma, one harderian gland carcinoma; (e), one lung sarcoma, one forestomach
papilloma, one colon neurosarcoma, 16 leukemias (5 erythrocytic), 3 mesotheliomas, 6 pituitary adenomas/carcinomas, 3 neurosarcomas, 6 testis adenomas/carcinomas,
2 skin carcinomas, one s.c. trichoepithelial carcinoma, one preputial gland carcinoma, one liver neurosarcoma, one brain astrocytoma, 2 adrenal pheochromocytomas, 2
thyroid adenomas, one adrenal cortex carcinoma, one pancreas islet cell carcinoma; (f), 6 pituitary adenomas/carcinomas, 17 leukemias, 10 testis adenomas/carcinomas,
3 pancreas acinar ceN carcinomas, 2 testis mesotheliomas, one pancreas islet cell carcinoma, one thyroid adenoma, one neurosarcoma; (g), one forestomach papilloma,
one brain ependymoma, one epiglottis carcinoma, one bladder polyp; (h), 7 liver neurosarcomas, one tongue papilloma, 2 erythrocytic leukemias, one thyroid adenoma,
one bladder transitional cell carcinoma, one tunica vaginalis mesothelial sarcoma; (i), 14 pituitary adenomas/carcinomas, 12 leukemias, 16 testis adenomas/carcinomas,
one lung adenocarcinoma, one osteogenic sarcoma, one colon neurosarcoma, one zymbal gland carcinoma, one malignant lymphoma, one brain astrocytoma, 2
parathyroid adenomas, 4 thyroid adenomas/carcinomas, one pancreas acinar cell adenoma, 3 pancreas islet cell adenomas/carcinomas, 8 adrenal pheochromocytomas.
one adrenal cortex carcinoma, one mammary carcinoma.

interstitial cell sarcomas, with some neurosarcomas and one or
2 leiomyosarcomas (which have been referred to by others as
renal mesenchymal tumors). Adenocarcinomas and adenomas
of the colon were found only in the higher-dose group of MAM,

but not in the lower dose of this compound, and in the rats
treated with both dose rates of EAM; the latter groups died
much more rapidly than did rats given either dose rate of MAM.
Tumors of the ileum were seen in the group given the high dose
of EAM, but 3 animals given the lower dose of this compound
had the same tumor. Most of the rats given either dose of EAE
had tumors of the esophagus, mainly papillomas with a few
carcinomas, and tumors of the nasal cavity, which were mainly
squamous cell carcinomas or adenocarcinomas, with very few
olfactory carcinomas. Tumors of the esophagus and nasal cavity
were completely absent from rats given the other 3 azoxy

alkanes. The leukemias were mostly monocytic leukemias typical
of untreated F344 rats, but there were a number of erythrocytic
leukemias in several of the treated groups, and this tumor is
highly unusual in these rats.

DISCUSSION

Azoxymethane has been studied as a probable intermediate
in the action of 1,2-dimethylhydrazine as a carcinogen, and there
has been evidence that this is so in the work of Fiala (4,5). When
given to rats by s.c. injection, dimethylhydrazine at higher doses
induces a similar tumor spectrum, in the liver and colon, as MAM
(2). The next step in activation of MAM has been assumed to be
oxidation of the methyl group distal to the nitrogen carrying the
oxygen with formation of methylazoxymethanol which, as the
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glycoside, is the carcinogenic agent cycasin in Cycad nuts (7).
Oxidation of this alcohol to the aldehyde, as proposed by Zedeck
ef al. (15), followed by elimination of formaldehyde, would give
rise to a methyldiazonium product, which could alkylate nucleic
acids or other macromolecules and cause a neoplastic transfor
mation in those cells in which this reaction occurs. The same
methyldiazonium derivative would be formed from NDMA and
other methylnitrosoalkylamines or from methylnitrosamides,
such as nitrosomethylurea, by nonenzymic reactions. The en
zymes responsible for the activation of azoxyalkanes or nitros-
amines are not completely known, although mixed-function oxi

dases are thought to be involved.
It is in this context that the present results of chronic toxicity

testing of the 4 azoxyalkanes must be viewed. A comparison of
the carcinogenic effect of MAM in F344 rats with the isomerie
NDMA shows that the latter is a much more potent carcinogen.
In comparison with the treatment with MAM in which no animals
died before Week 40, all but one of the rats given a total dose
of 1.3 mmol of NDMA in 30 weeks died before Week 40 (9); liver
neoplasms were the main cause of death in both cases. Fur
thermore, few hemangiosarcomas were induced by MAM,
whereas those tumors were the principal cause of death by
NDMA, which induced very few hepatocellular carcinomas (9).
No tumors of the colon or kidney were seen in the rats treated
with NDMA, although it is known that this compound reaches
these organs and methylates nucleic acids quite extensively in
kidney, but to only a very small extent in intestine (8). Although
it is possible that physical chemical differences such as lipophil-

icity might be responsible for these profound differences in
carcinogenic activity, it seems more likely that different enzymes
activate NDMA and its isomer MAM.

EAE has been tested by Druckrey ef al. (3), who reported only
s.c. tumors in rats when the compound was given by s.c.
injection. In our experiment, EAE was a very potent carcinogen,
causing early death of the rats with tumors of the liver, esopha
gus, and nasal cavity within 30 weeks at the higher dose, and in
a year at the lower dose. Most of the animals had both hepato
cellular carcinomas and hemangiosarcomas of the liver, as well
as esophageal and nasal cavity tumors; at the lower dose, all of
these tumors were usually present in the animals, but they
survived longer. The effect of EAE was very similar to that of a
similar dose, 1 mmol, of its isomer NDEA in F344 rats, with the
exception that no nasal cavity tumors were observed in the latter
(9). The mortality rate from tumors of the liver and esophagus in
rats given NDEA was very similar to that of the rats given 1.3
mmol of EAE. Therefore, it could be concluded that both of these
compounds are metabolized and activated in rats in a like man
ner, presumably giving rise to similar ethylating agents which
alkylate cellular macromolecules in liver and esophagus.

However, in considering the carcinogenic effect of the asym
metric azoxyalkanes, EAM and MAE, there are differences which
are hard to reconcile with simple formation of one or more
alkylating agents which alkylate DNA in target organs. For, while
EAM is similar in potency to EAE in inducing liver tumors which

.kill the animals, the spectrum of tumors induced is quite different.
The death rates of the rats treated with EAM were very similar
to the comparable groups treated with EAE at both dose levels,
and, in all cases, most of the animals died with hepatocellular
carcinomas and hemangiosarcomas of the liver. However, in the
case of EAM, a significant number of animals also had tumors

of the colon or ileum, which were not seen in animals receiving
EAE, but there were no tumors of the esophagus and nasal
cavity which were so common in rats given the latter compound.
These results suggest that the initial activation depends on the
structure of the intact molecule, whether or not conversion to
alkyldiazonium ions which alkylate DNA follows. This is empha
sized by the comparison with MAE, which is a less potent
carcinogen than EAM, taking a much longer time to kill the
animals with tumors, and very comparable with MAM. Although
MAE induces liver neoplasms in half of the animals and kidney
tumors in one-third of them (similar to MAM), it induced no
tumors of the esophagus or nasal cavity. In contrast, nitroso-
methylethylamine, isomerie with MAE and EAM, induces the
same tumors as its analogues nitrosodimethylamine and nitro-

sodiethylamine (9).
Our results suggest that the particular structure of these 4

azoxyalkanes is not of great importance in inducing liver tumors
in rats. On the other hand, it appears that a methyl group adjacent
to the nitrogen bearing the oxygen facilitates induction of kidney
tumors, while a methyl group at the opposite nitrogen atom
predisposes to induction of colon and ileum tumors in rats. The
fact that EAE gives rise to tumors of the esophagus and nasal
cavity, whereas the other 3 compounds do not, suggests that
this structure has an affinity for the target cells in those organs
and that the mechanism of induction of tumors therein might not
be explained by examination of its metabolism and activation in
the rat liver.
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