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ABSTRACT  We have previously described a very sensi-
tive and efficient bacteria? test designed to detect chemical
carcinogens as mutagens. Chloroacetaldehyde is mutagenic
in this system and is of interest because it is a possible me-
tabolite in mammals of the large volume industrial chemi-
cals 1,2-dichloroethane (ethylene dichloride)(3.5 billion kg/
yr, U.S.) and vinyl chloride (2.5 billion kg/yr, U.S.), and of the
antineoplastic agent cyclophosphamide. Chloroacetaldehyde
reverts a new Salmonella bacterial tester strain (TA100).
Chloroacetaldehyde is shown to be hundreds of times more
effective in reversion of TA100 than is chloroethanol (ethyl-
ene chlorohydrin&, a known metabolic precursor of chloro-
acetaldehyde and a possible metabolite of dichloroethane
and vinyl chloride, or than vinyl chloride, which is itself mu-
tagenic for TA100. Chloroethanol is shown to be activated by
rat (or human) liver homogenates to a more highly mutagenic
form with reversion .properties similar to chloroacetal-
dehyde. Reversion préperties of cyclophosphamide after in
vitro metabolic activation suggest that chloroacetaldehyde is
not the active mutagenic form of this antineoplastic drug.

We have previously described a rapid, sensitive bacterial test
designed to detect chemical carcinogens as mutagens (1-7).
The test utilizes a special set of histidine mutants of Salmo-
nella typhimurium for reversion, and a rat (or human) mi-
crosomal system for metabolic conversion of carcinogens to
their active forms. The standard bacterial tester strains have
been described in detail (1, 3, 5) and contain histidine mis-
sense (TA1535) or frameshift (TA1537, TA1538) mutations.
The strains also contain uorB and rfa (deep rough) muta-
tions which greatly increase their sensitivity to reversion by
a variety of carcinogens: uvrB causes loss of the excision re-
pair system and rfa causes loss of the lipopolysaccharide
permeability barrier. The compound to be tested, the bacte-
rial tester strain, and when required rat (or human) liver mi-
crosomal enzymes, are combined on a petri dish and after
incubation at 37° for 2 days histidine revertants are scored.

Hundreds of carcinogens and noncarcinogens have been
tested using the Salmonella /mammalian-microsome bacte-
rial test system in this laboratory (1-13) and in many labora-
tories throughout the world. We (J.M. and B.N.A.) are cur-
rently preparing a comipilation of these results, and so far
about 85% of the known carcinogens tested have been de-
tected as mutagens in the test, and very few (<10%) noncar-
cinogens (many close relatives of carcinogens have been test-
ed) are positive. This and other evidence showing that a high
percentage of carcinogens are mutagens is most easily ex-
plained if carcinogens cause cancer by somatic mutation (4).
We believe there is a high probability that chemicals found
to be mutagens in the Salmonella test will turn out to be car-
cinogens.

3190

We have recently introduced two new tester strains
(TA100 and TA98) which were constructed by transferring
to our standard tester strains TA1535 and TA1538 respec-
tively, a resistance transfer factor (R factor), pKM101 (7).
The new tester strains are greatly enhanced in sensitivity to
reversion with a variety of potent carcinogens such as the
fungal toxin aflatoxin, 7,12-dimethylbenz(a)anthracene,
benzo(a)pyrene, and others, and also can be used to detect a
variety of carcinogens and mutagens not detected by our
standard tester strains.

RESULTS AND DISCUSSION

Chloroacetaldehyde. A compound of unusual interest
that was positive on the new strain TA100 was chloroacetal-
dehyde. Fig. 1A shows that, at the levels tested, chloroacetal-
dehyde is quite effective in reverting TA100, but does not
revert TA1535. [We find at higher concentrations a slight
activity of chloroacetaldehyde in reverting TA1535; weak
activity has been found independently (14-17).] Chloroacet-
aldehyde is relatively specific for TA100, and does not sig-
nificantly revert the other R factor tester strain, TA98
(TA1538 containing the pKM101 plasmid), or our other
standard tester strains.

We originally tested chloroacetaldehyde because of its
known unique reactions with nucleotides, which have been
extensively studied in connection with its use as a fluorescent
label (18-21). It is known to react specifically with the N-1
and N€ nitrogens of adenosine and the N-3 and N* nitrogens
of cytidine to form a highly fluorescent cyclic derivative. It
has been used extensively for fluorescent labeling of a vari-
ety of adenine and cytosine containing compounds, includ-
ing single-stranded DNA. The mutagenic activity of chlo-
roacetaldehyde reported here strongly suggests it can also
react with chromosomal DNA, possibly at exposed single-
stranded regions such as the replication fork, or in regions of
the DNA undergoing recombinational repair.

Chloroacetaldehyde has also become of interest recently
as a possible metabolic product of the large volume indus-
trial chemical, and human carcinogen vinyl chloride (15-17,
22-25). It is also a possible active metabolite of several wide-
ly used chemicals and we discuss this in relation to its muta-
genicity.

1,2-Dichloroethane (ethylene dichloride) is metabolized
in mammals to chloroacetic acid, probably through chlo-
roethanol and chloroacetaldehyde (26, 27). It is an extremely
toxic chemical produced industrially in enormous quantities
[about 8.5 X 10° kg in 1974 in the U.S. (28) and about 20 X
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FIG. 1. Reversion of TA100 and TA1535 with (A) chloroacet-
aldehyde, (B) chloroethanol, (C) vinyl chloride, and (D) cyclophos-
phamide. Procedures were as described previously (ref. 3 and
Table 1). S-9 (150 ul per plate) obtained from phenobarbital-in-
duced rats (4) was added for vinyl chloride activation; S-9 ob-
tained from Aroclor-induced rats (12) was added for chloroethanol
(150 ul S-9 per plate) and cyclophosphamide (300 ul S-9 per plate)
activation. O, TA1535; A, TA1538; O, TA100; @, TA100 + S-9; m,
TA1535 + S-9.

10° tons worldwide (29)]. It is used primarily in the manu-
facture of vinyl chloride and other industrial chemicals, but
is also used in large amounts as a lead scavenging agent in
gasoline (over 100 million kg in 1970), in various solvent ap-
plications, and as a component. of fumigants for grain, up-
holstery, and carpets (30).

In Table 1 the reversion of TA100 with chloroacetal-
dehyde is compared directly to reversion with two other
metabolic products of dichloroethane, i.e., chloroethanol and
chloroacetic acid. Although dichloroethane and chloroethan-
ol are weakly mutagenic in bacteria without metabolic acti-
vation as previously shown (31-35)%, on a molar basis chlo-
roacetaldehyde is hundreds of times more effective in re-
verting TA100. In similar assays chloroacetic acid was inac-

§ Dichloroethane has also been reported quite mutagenic in Droso-
phila (36, 37).
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Table 1. Reversion of TA100 with 1,2-dichloroethane,
vinyl chloride, and several possible metabolites

Revertant colonies

ug per plate per umol
Dichloroethane* 1.3 x 10* 25 0.19
Chloroacetaldehyde 30 285 746
Chloroethanol 2.1 x 10* 159 0.6
Chloroacetic acid 1.0 x 10° 0 —
Vinyl chloride 7.4 x 103 128 1.0

Results are from linear dose-response curves after subtracting spon-
taneous background revertants (approximately 150 per plate). Re-
version was determined on petri plates by incorporating mutagen
and bacteria directly into an agar overlay as previously described
(3); no microsomes were used. For vinyl chloride, TA100 was ex-
posed on petri plates in desiccators for various times to a vinyl
chloride atmosphere (20% v/v) (15). Revertant colonies were scored
after incubation of the petri plates for 48 hr at 37°. All chemicals
were of the highest purity available: vinyl chloride (99.9% pure) was
from Union Carbide; vacuum distilled chloroacetaldehyde was a
gift of Nelson Leonard; 1,2-dichloroethane and chloroethanol were

from Aldrich.
* Dichloroethane is an extremely weak mutagen, and reproducible
dose-response curves were not obtained; results reported are

averages from several experiments.

tive. The metabolites were also tested on the complete set of
tester strains (TA1535, TA1537, TA1538, TA98) and except
for the expected weak reversion of TA1535 with chloroetha-
nol and chloroacetaldehyde, the other strains were not re-
verted. Attempts to activate dichloroethane to a more muta-
genic form using the standard rat liver S-9 Mix (4, 12) for
activation were unsuccessful. This could be related to the
relatively inefficient conversion of chloroethanol to chloro-
acetaldehyde in the in vitro system (Fig. 1B), or to other un-
determined factors. We are currently optimizing our rat
liver activation system for the metabolic conversion of this
and a variety of other alkyl halides such as carbon tetrachlo-
ride and the results of these experiments will be published
elsewhere.

Chloroethanol, itself an industrial chemical, is a likely
metabolic product of dichloroethane and precursor of chlo-
roacetaldehyde. It is known to be metabolized in vivo (38)
and in vitro to chloroacetaldehyde by rat (38) or human (39)
liver alcohol dehydrogenase. We have examined the rever-
sion of TA100 and TA1535 with chloroethanol, and Fig. 1B
shows that in the presence of rat liver microsomes, chlo-
roethanol is activated to a form which shows clear activity
on TA100 and a very slight activity for TA1535%. Similar re-
sults were obtained for TA100 using human liver extracts.
Fig. 1B also shows that chloroethanol, at higher concentra-
tions, is weakly mutagenic directly (without microsomes) for
TA100 and shows a trace of activity for TA1535, as pre-
viously reported (31, 33, 34). In contrast to the microsomal
activation, we have not been able to show any clear muta-
genic effect on incubating these amounts of chloroethanol
with horse liver alcohol dehydrogenase and NAD, and other
enzymes in our S-9 homogenate could be involved (40-42).
Exogenously added NADP, normally present in our S-9 Mix,
was not necessary for the S-9 activation. The enhanced re-
version of TA100 relative to TA1535 after metabolic activa-
tion could suggest that chloroacetaldehyde, which has simi-

# Malaveille, et al. (16) have independently shown the weak (ap-
proximately 2-fold) enhancement in reversion of TA1530 (one of
our Salmonella tester strains similar to TA1535) with chloroetha-
nol after in vitro metabolic activation.
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lar specificity in reversion of TA100 (Fig. 1A), is the active
metabolite.

Vinyl Chloride, a major industrial chemical and a carcin-
ogen in humans and rodents (43-45), has been recently re-
ported mutagenic in yeast (46), and Salmonella (15-17, 22),
and chromosome breaks have been observed in humans ex-
posed to high doses of vinyl chloride (47, 48). Vinyl chloride
is metabolized in rats, and it appears likely that a metabolite
is the active mutagenic or carcinogenic form (15-17, 22-25).

Two of the metabolites of dichloroethane (chloroacetal-
dehyde and chloroethanol) are also suggested metabolites of
vinyl chloride (15, 16, 22-25). Another proposed active me-
tabolite of vinyl chloride, chloroethylene oxide (22, 23), also
has been recently shown to be quite mutagenic in the Sal-
monella test (16, 17) and in a recent study both chloroacet-
aldehyde and chloroethylene oxide have been implicated as
likely in vitro metabolites of vinyl chloride (23).

Vinyl chloride itself has been shown to be mutagenic in
the presence of the S-9 microsomal fraction by Rannug et al.
(22) and later by Bartsch et al. (15). Bartsch et al. also re-
ported considerable mutagenic activity in the absence of mi-
crosomes. We find that most of the mutagenic activity of
vinyl chloride (Table 1, Fig. 1C) is direct activity, not re-
quiring activation with rat liver homogenates (S-9 Mix)3. So
far the cause of the reported differences in direct and micro-
somally activated mutagenesis with vinyl chloride is not
clear. It is also not clear whether the mutagenic activity of
vinyl chloride in the absence of microsomes is due to a possi-
ble bacterial activation. One argument against chloroacetal-
dehyde being involved in the mutagenic activity of vinyl
chloride is the equal activity of vinyl chloride against tester
strains TA100 and TA1535 (compare Fig. 1C with Fig. 1A).
On the other hand we see so little metabolic activation of
vinyl chloride with the S-9 Mix that this argument may not
be pertinent. We are also uncertain about the involvement
of chloroacetaldehyde as an active mutagenic form of vinyl
chloride because of the relatively inefficient metabolic acti-
vation of chloroethanol (Fig. 1B) in our system. An alterna-
tive metabolic intermediate between vinyl chloride and
chloroacetaldehyde is chloroethylene oxide, which is known
to rearrange spontaneously to chloroacetaldehyde (49). The
mutagenicity of both chloroethylene oxide and chloroacetal-
dehyde suggest that one or both of these forms may be the
true active carcinogenic form of vinyl chloride.

Cyclophosphamide (also called Endoxan, or Cytoxan) is
used extensively as an antineoplastic agent, and is also a
known carcinogen (50); its mutagenic activity (51-53) re-
quires metabolic conversion to an active form. Several meta-
bolic products of cyclophosphamide are known, but the
exact nature of the active form is still uncertain. It has re-
cently been suggested, largely on hypothetical grounds, that
chloroacetaldehyde could be the active product (54). We
have compared directly the reversion of TA100 and TA1535

$ We have used liver microsomes from both phenobarbital- and
Aroclor-induced rats. Attempts to obtain more significant activa-
tion of vinyl chloride as a mutagen in liquid suspensions in sealed
vials using the standard S-9 Mix, purified rat liver microsomes, or
using S-9 Mix from which small molecules (i.e., glutathione) were
removed by passage through a Sephadex G-50 column were all
unsuccessful, as were attempts to add liver alcohol dehydrogenase
and NAD to the standard S-9 Mix.
Note Added in Proof. In more recent experiments on the mutagen-
icity of vinyl chloride we have been able to obtain a 2-fold increase
over the direct activity adding 40 ul of S-9 (Aroclor-induced rat
liver) to the 0.5 ml of S-9 Mix. This microsomal dependent activity
is about the same fot both TA1535 and TA100 and thus does not
appear to be due to chloroacetaldehyde.
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with cyclophosphamide before and after activation with rat
liver S-9 Mix and the results are shown in Fig, 1D. Cyclo-
phosphamide is clearly mutagenic for both tester strains
after metabolic conversion, but there is no preference for
TA100. We conclude that the primary mutagenic metabo-
lite of cyclophosphamide in vitro is not chloroacetaldehyde.
Other possibilities are the known metabolite, aldophospham-
ide (55), or nitrogen mustard itself. We have previously
shown that a close relative of nitrogen mustard, bis-2-chlo-
roethylamine, reverts TA1535 and TA100 to a similar de-
gree (7), and thus has reversion properties similar to activat-
ed cyclophosphamide.

In view of the accumulating evidence of the correlation
between mutagenicity and carcinogenicity, we believe that
the mutagenic activity of chloroacetaldehyde indicates it has
a high probability of being a carcinogen. We are not aware
of any studies on the carcinogenicity of chloroacetaldehyde.
However, in an extensive study dealing with its toxicity,
Lawrence et al. (56) report changes of respiratory epitheli-
um in lungs of rats exposed to chloroacetaldehyde that are
suggestive of a pre-malignant condition.

The likely involvement of chloroacetaldehyde in the me-
tabolism of dichloroethane and chloroethanol indicates the
carcinogenicity of these industrial chemicals should be thor-
oughly examined. Though dichloroethane is produced in bil-
lions of kg/yr it is not unique among large industrial chemi-
cals in never having been thoroughly tested for carcinoge-
nicity’. Carcinogenicity studies with chloroethanol (59, 60)
are somewhat conflicting and are by no means definitive.

Angiosarcoma, the rare form of liver cancer associated
with human exposure to vinyl chloride might also be found
in workers exposed to dichloroethane or chloroethanol if
chloroacetaldehyde is actually the active carcinogenic form
of all three chemicals.

For information prior to publication and criticisms we thank: C.
Ramel, H. Bartsch, P. J. Gehring, E. Weisburger, N. Leonard, N.
Loprieno, F. Mukai, and H. S. Rosenkranz. This work was support-
ed by ERDA Contract AT(04-3) 34 P.A. 156. J. McCann was sup-
ported by a post-doctoral fellowship from the California Division of
the American Cancer Society.

1. Ames, B. N. (1971) in Chemical Mutagens: Principles and
Methods for Their Detection, ed. Hollaender, A. (Plenum
Press, New York), Vol. 1, pp. 267-282.

2. Ames, B. N. (1972) in Mutagenic Effects of Environmental
Contaminants, eds. Sutton, E. & Harris, M. (Academic Press,
New York), pp. 57-66.

3. Ames, B. N, Lee, F. D. & Durston, W. E. (1973) Proc. Nat.
Acad. Sci. USA 70, 782-786.

4. Ames, B. N., Durston, W. E., Yamasaki, E. & Lee, F. D.
(19783) Proc. Nat. Acad. Sci. USA 70, 2281-2285.

5. McCann, ]J. & Ames, B. N. (1975) Ann. N.Y. Acad. Sci., in
press.

6. Durston, W. E. & Ames, B. N. (1974) Proc. Nat. Acad. Sci.
USA 71, 737-741.

7. McCann, J., Spingarn, N. E., Kobori, ]J. & Ames, B. N. (1975)
Proc. Nat. Acad. Sci. USA 72, 979-983.

8. Ames, B. N, Sims, P. & Grover, P. L. (1972) Science 176, 47-
49.

9. Ames, B. N, Gurney, E. G., Miller, J. A. & Bartsch, H. (1972)
Proc. Nat. Acad. Sci. USA 69, 3128-3132.

YA carcinogenicity study with dichloroethane in rodents is current-
ly in progress at the National Cancer Institute (E. Weisburger,
personal communication). The close relative of dichloroethane,
1,2-dibromoethane, which was detected over 4 years ago as a mu-
tagen in Salmonella (1) and in other systems, was recently re-
ported carcinogenic (57, 58).



10.
11.
12.
18.

14.
15.

16.

17.
18.
19.
20.

21.
22

32.

£8

Genetics: McCann et al.

Ames, B. N. & Whitfield, H. J., Jr. (1966) Cold Spﬂng Harbor
Symp. Quant. Biol. 31, 221-225.

Creech, H. J., Preston, R. K., Peck, R. M., O’Connell, A. P. &
Ames, B. N. (1972) J. Med. Chem. 15, 739-746.

Kier, L. D., Yamasaki, E. & Ames, B. N. (1974) Proc. Nat.
Acad. Sci. USA 71, 4159-4168.

Ames, B. N, Kammen, H. O. & Yamasaki, E. (1975) Proc.
Nat. Acad. Sci. USA, 72, 2423-2427.

Mukai, F. H. & Hawryluk, L. (1973) Mutat. Res. 21, 228.
Bartsch, H., Malaveille, C. & Montesano, R. (1975) Int. ].
Cancer 15, 429-437.

Malaveille, C., Bartsch, H., Barbin, A., Camus, A. M., Montes-
ano, R., Croisy, A. & Jacquignon, P. (1975) Biochem. Biophys.
Res. Commun. 63, 363-370.

Rannug, U., Gothe, R. & Wachtmeister, C. A. (1975) Chem-
Biol. Interact., in press.

Kochetkov, N. K., Shibaev, V. N. & Kost, A. A. (1971) Tetra-
hedron Lett. 22, 1993-1996.

Barrio, J. R., Secrist, J. A., IIl & Leonard, N. J. (1972) Bio-
chem. Biophys. Res. Commun. 46, 597-604.

Leonard, N. J. & Tolman, G. L. (1975) “Conference on the
Chemistry, Biology and Clinical Uses of Nucleoside Analogs,
Sept. 1974,” Ann. N.Y. Acad. Sci. 225, 43-59.

Lee, C. H. & Wetmur, J. G. (1973) Biochem. Biophys. Res.
Commun. 50, 879-885.

Rannug, U, Iohansson A., Ramel, C. & Wachtmeister, C. A.
(1974) Ambto 3,194-197.

Gothe, R., Calleman, C. J., Ehrenberg, L. & Wachtmeister, C.
A. (1974) Ambio 3, 234-236.

Hefner, R. E., Jr., Watanabe, P. G. & Gehring, P. J. (1975)
Ann. N.Y. Acad. Sci. 246, 135-149.

Van Duuren, B. L. (1975) Ann. N.Y. Acad. Sci. 246, 258-267.

Yllner, S. (1971) Acta Pharmacol. Toxicol. 30, 257-265.

Heppel, L. A. & Porterfield, V. T. (1948) J. Biol. Chem. 176,

763-769.

Chem. Eng. News (1975) May 5, p. 29.

McConnell, G., Ferguson, D. M. & Pearson, C. R. (1975) En-
deavour 34, 13-18.

Chemical Economics Handbook (1972) (Stanford Research
Institute, Menlo Park, Calif.).

Rosenkranz, S., Carr, H. S. & Rosenkranz, H. S. (1974) Mutat.
Res. 26, 367-370.

Brem, H., Stein, A. B. & Rosenkranz, H. S. (1974) Cancer Res.
34, 2576-2579.

Voogd, C. E. (1973) Mutat. Res. 21, 52.

Voogd, C. E., Jacobs, J. J. J. A. A. & van der Stel, J. J. (1972)
Mutat. Res. 16, 413-416.

49.

Sl
52.

57.

58.

59.

Proc. Nat. Acad. Sci. USA 72 (1975) 38193

Voogd, C. E. & van der Vet, P. (1969) Experientia 25, 85-86.
Shakarnis, V. F. (1969) Genetika 5, 89-95.

Rapoport, I. A. (1960) Akad. Nauk. SSSR. Dokl. Biol. Sci. 134,
745-747.

Johnson, M. K. (1967) Biochem. Pharmacol. 16, 185-199.
Blair, A. H. & Vallee, B. L. (1966) Biochemistry 5, 2026-2034.
Teschke, R., Hasumura, Y. & Lieber, C. S (1974) Arch. Bio-
chem. Biophys. 163, 404-415.

Vatsis, K. P., Kowalchyk, J. A. & Schulman, M. P. (1974) Bio-
chem. Biophys. Res. Commun. 61, 258-264.

Carter E. A. & Isselbacher, K. J. (1972)Lab Invest. 27, 283

Vlola P. L., Bigotti, A. & Cuputo, A. (1971) Cancer Res. 31,

516-522.
Ma]tom, C. & Lefemine, G. (1974) Environm. Res. 7, 387-

Creech, J. L. & Johnson, M. N. (1974) J. Occup. Med. 186,
150-151.

Loprieno, N., Barale, R., Baroncelli, S., Bauer, C., Bronzetti,
G., Cammellini, A., Cercignani, G., Corsi, C., Gervasi, G.,
Leporini, C., Nieri, R., Rossi, A. M., Stretti, G. & Turchi, G.
(1975) Mytat. Res., in press. '
Funes-Cravioto, F., Lambert, B., Lindsten, J., Ehrenberg, L.,
Natarajan, A. T. & Osterman-Golkar, S. (1975) Lancet Feb.
22, p. 459.

Ducatman, A., Hirschhorn, K. & Selikoff, 1. J. (1975) Mutat.
Res. 31, 163-168.

Zief, M. & Schramm, C. H. (1964) Chem. Ind. 16, 660-661.
Schmihl, D. (1967) Dtsch. Med. Wochenschr. 92, 1150-1152.
Siebert, D. (1973) Mutat. Res. 17, 307-314.

Siebert, D. & Simon, U. (1973) Mutat. Res. 19, 65-72.
Ellenberger, J. & Mohn, G. (1975) Arch. Toxikol., 33, 225
240

Whitehouse, M. W., Beck, F. J. & Kacena, A. (1974) Agents
Actions 4, 34-43.

Jones, A. R. (1973) Drug Metab. Rev. 2, 71-100.

Lawrence, W. H., Dillingham, E. O., Turner, J. E. & Autian,
J. (1972) J. Pharm. Sci. 61, 19-25.

Powers, M. B, Voelker, R. W., Page, N. P., Weisburger, E. K.
& Kraybill, H. F. (1975) 14th Ann. Mtg. Soc. of Toxicol.,
paper no. 123, p. 99.

Olson, W. A., Habermann, R. T., Weisburger, E. K., Ward, J.
M. & Weisburger, J. H. (1978) J. Nat. Canc. Inst. 51, 1993
1995.

Mason, M. M,, Cate, C. C. & Baker, J. (1971) Clin. Toxicol. 4,
185-204.

Ambrose, A. M. (1950) A.M.A. Arch. Ind. Hyg. Occup. Med.
2, 591-597.



