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ABSTRACT We have previously described a very sensi-
tive and efficient bactcria?lcst 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 12-dichloroethanc (ethylene dichloride)(3.5 billion kg/
yr, U.S.) ana vinyl chloride (2.5 billion kg/yr, U.8.), and of the
anlincoplastic agent eyclophosphamide. Chloroacctaldchyde
reverts a new Salmonella bacterial tester strain (TA100).
Chloroacetaldchyde is shown to be hundreds of titnes more
effective in reversion of TA100 than is chloroethanal (ethyl-
ene chlomhydrin‘}, a known metabolic precursor of chloro-
acctaldehyde and a possible metabolite of dichlorocthane
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 mutagenie
form with reversion properties similar to chloroacetal-

dehyde. Reversion properties of cyclophosphamide after in
vitrn metahalic activation suggert that shlzroazs eoldoL.d.

..................... By e

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 huraan) mi-
erosomal 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) multations,
The strains also contain uvrB and rfa (decep 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, arc combined on a petri dish and after
incubation at 37* for 2 days histidine revertants are scored.
Hundreds of earcinagens and nencarcinogens have heen
wsted using the Selmonctin / mammalian-microsome bacte-
rial test systew in this laboratory (1-13) and in muny lalora-
tories throughout the world. We (J M. and B.N.A.) are cur-
rently preparing a compilation of these results, and so far

about 85% of the knewn 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-
od) are positive. This and other evidence showing that a high
pereentage 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 Sulmonclia test will turn out to be car-
cinogens,

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), pKMI10L (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 shawe that at the layele tamrod, chlorszzotl
dehyde is quite effective in reverting TA100, but does not
revert TA1555. [We find at higher concentrations a slight
actlvity of chloroacataldehyde 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, TA9S
(TA1538 containing the pKMIC] plasmid), or our other
standard tester strains.

We originally tested chloroacetaldebyde 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 NC nitrogens of adenosine and the N-3 and N4 nitrogens
of cytidine to form a highly fluorescent cyvclic 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-
roazetaldehvde reparted here steangly sugeests it can alo
react with ehreapas~mal DNAL posaibly at eapased single-
stranded regions such as the replication fork, or in regions of
the DNA underuoing recompinautional repair

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

1,2-Dichlorocthane {ethylene dichloride) is metabolized
in mammaly to chloreacetic acid, probably through chlo-
rocthanol and chioreacetaldehyde (26, 27), It is an extremely
toxic ehemical produced industrially in enormous quantities

{about 3.5 X 10" kg in 1974 in the U.S. (28) and about 20 X
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Fig, 1. Reversion of TAL00 and TA1535 with (A) chlorvacet-
aldehyde, (13) chioroethanol, (C) vinyl chioride, and (D) evelophos.
phamide. Procedures were as deseribed previously (ref. 3 and
Tahle 1). §-9 (150 ul per plate) obtained {rom phenobarhital-in.
duced rats (4) was added for vinyl chloride activation; 3-8 ob.
tained from Aroclor-induced rats (12) was added for ehloroethanol
(150 gl 8-9 per plate) and eyclophosphamide (300 ul 5-0 per plate)
activation, 0, TA1535; a, TA1L38; 0, TAI00; @, TAL00 + S-0: |,
TA1535 + 8.9.

10° tons worldwide {29)]. 1t is used primarily in the manu-
fucture of vinyl chloride and other industrial chemicals, but
is also used in large amounts as a lead scavenging agent in
gasaline (over 100 million kg in 1970}, in various salvent ap-
pheations, awd as a eompanent of fumigants for grain, up-
holstery, and carpets (30)

In Table 1 the reversion of TA100 with chloroacetal-
dehyde is compared direetly to reversion with twa ather
metabalic products of dichloroethane, i.e., chlorocthanol and
chloreacetic acid. Although dick'orocthane and chloroethan-
ol are weakly mutagenic in bacteria without metabolic acti-
vation as previously shown (31-33)', on a molar basis chilo-
roacetaldehyde is hundreds of times more effective in re-
verting TATOO, In similar assays ehloroacetic acid was inac-

¥ Dichlorocthane Bas alse been reported quite mutagenic in Proso-
phila (36, 87).

Proc. Nat, Acad, Sci. USA 72 (1975) 3191

Table 1, Reversion of TAT00 with 1,2-dichloracthane,
vinyl chiloride, and several possible metabolites

Roevertant colunice

it per plate  per ol
Dichlorocthane* 1.3 x 10° 25 . 0.19
Chloroacetaldehyde 30 285 746
Chloroethanol 2.1 x 10* 159 0.6
Chioroaectie acid 1.0 x 100 0 —_

Vinv! chlorigde 7.4 x 100 12K 1.0

e st are fram hineasy die erespomse curves alter subtracting sponn-
Conone Dae oo d rovertands Capprocimatels 153 per platet e
ver e e dotornnned oo petng plates o avcetporitigg it n
and Taeternndatect s et L e e ey e ey e Ik o
CH, e e i wens vaed Bor v cbilande. TATRE w0
provd ot petri plates o dearccaturs for vatious times tooa vl
chloride atmasphere (200 v v 015), Hevertant colomies were st ored
alter incubation of the petn plates Jor In e ac 3750 AL Chenteal-
wele of the highest punity svadable: v ehloride U899 pure) was
froms Union Carlnde, sacuum distlied cidoroacetnddehyede was a
gift of Nelson Leonard. 12-dichloroethane and chloroethanol were
from Aldnieh
* Dichlorocthane is an extremelys woeak mutagen. and reproducible
dore-response carves were not sbtamed. resalts reported are
averages lrom several expenments,

tive, The metubolites were also tested on the complete set of
tester strajus (TA1535, TATS37, TA1338, TA9S) and except
for the expected weak reversion of TA1335 with cldaroctha-
nol and chloroscetaldehyvde, the other strains were not re-
verted. Altempts to activate dichloroethane to a more muta-
genie forn uang the standard rat iver §-9 Mix (4, 12) for
activation were unsuccessful, This could be related to the
relatively inefficient conversion of chloroethanol to ehloro-
aceuddebyade in the in tare vy (P 1), at b aiier s
determined [actors, 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 tetruchlo-
ride and the results of these experiments will be publhshed
elsewhere.

Chloroethanol, itself an industrial chemical, is a likely
metabalic product of dichlorocthane and precarsor of chlo-
roacetaldehyde, It is known te be metabolized in vico (38)
and mn vitro to chloroacetaldehvde by vat {38) or human (39)
liver aleohol dehydrogenase We have examined the rever-
sion of TA100 and TAL1335 with chloracthanol, and Fig, 1B
shows that in the presence of rac liver microsomes, chlo-
rocthanol is activated to a form which shows clear activity
on TA100 and a very shght activity for TA15355. Similar re-
sults were obtained for TAT00 uang human liver extracts.,
Fig 1B also shows that chlorecthanot, at higher concentra-
tions, is weakly mutageme directly (without microsomes) for
TALOO and shows a trace of activity for TAI535, as pre-
viowsly reported (31, 33, 34). In contrast to the microsomal
activation, we have not been able to show any clear muta-
genie effect on ineubating these amounts of chloroethunol
with horse liver aleohol debydrogenase and NAD, wad ather
enzymes in our 5-9 homogenate could be invalved (10-42).
Exogenously added NADP, normally present in om 8-9 Mix,
was nol pecessiany tor the 329 acavation, The eohaneed re-
version of TAT00 relative to TA1385 aflter metabuolic activa-
tion could suggent that chloroacetaldehyde, which has simi-

1
Malaveille, ef al (16) have independently shawn the weal (ap-
prosimately 2okl enhancement snoreversion of TALIS0 (e of
our Salmeonelly tester stragos sinndar 1aCTA1B35) with ehlonoetla-
nal aller in eitre metabalic activation
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lar specificity m reversion of TA100 (Fig. 1A), is the active
metabolite,

Vinyl Chloride, a major industriad chemical and a earein-
ogen in humans and rodents (13-45), has been recently re-
ported mutagenic in yeast (46). and Salmonella (15-17, 22),
and chromusomne breaks bave 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 o metabolite
is the active mutayenie or carcinogenic form (15-17, 22-25).

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

Vinyl chloride itself has been shown to be mutagenic in
the presence of the §-9 microsomd] fraction by Rannug et al.
(22) and later by Bartsch et al. (15). Bartsch ¢t al. also re-
ported considerable mutagenie activity in the absenee of mi-
crosomes. We find that most of the mutagenic activity of
vinyl chlonide (Table 1, Fig. 1C) is direet activity, not re-
quiring activation with rat liver homogenates (§-9 Mix)¥. So
far the cause of the reported diflerences in direct and micro-
somally activated mutagenesis with vinyl chloride is not
clear. 1t is also not elear whether the mutagenic activity of
vinyl chloride in the absence of microsomes is due to a possi-
ble bacterial activation Qne argument against chloroacetal-
dehyde being involved in the mutagenic activity of vinyl
chlaride is the equal activity of vinyl chluride against tester
strains TAL100 and TAL333 (compare Fig 1C with Fig. 1A),
On the other hand we sce so little metabolic activation of
vinyl chloride with the §-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 chlorocthanol (Fig. 13) in our system. An alterna-
tive metabolic intermediate Letween vinyl chloride and
chloroacetaldehyde is chlorocthylene oxide, which is known
to rearrange spontancously to chloraacetaldehyde (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 ehloride.

Cyclophosphamide (also called Endoxan, or Cytoxan) is
used extensively as an antineoplustic agent, and is also a
known carcinogen (30); its mutagenic activity (31-53) re-
quires metabolic conversion to an active form. Several meta-
bolic produets of cyclophosphamide are known, but the
exact nature of the active form is still uneertain, It has re-
contly heen suggested, Lireely on hypothetion! gronnds, that
cloonectaddeivde could be the aetive product (54) We
has e compared directly the reversum of TATOO and TA 1555
F\We have wed Diver merosomes Liom Luth phencbartatal- and

Arocloranduced rats. Attempty to obtum inore sigmilicant activa-
tion of vinyl ehloride as o inntagen in liguid suspensions in sealed
vials wsing the standard 8-9 Mz, purified rat liver iicrosoines, or
usityg 840 Mix from which small molecules (i e, glutathione) were
rermoved by passage through o Sephadex G250 column were all

unsiiceessful, as were attempts 1o add liver aleohol dehydrogenase

and NAD o the standard $-9 Mix.
Note Added in Proof. In more recent experiments on the mutagen-
icity of vinyl ehloride we have been able to obtain a 2-fold increase
aver the direet acbivity adding -0 @l of §-9 (Aroclor-induced rat
liver) to the 0.5 ml of 8.9 Aix Thus microsomal dependent activity
is about the same for bath TA1535 and TAL00 and thus does not
appene to be due to ehloroacctaldehyde,

I'roc. Nat, Acad. Scl. USA 72 (1975)

with eyclophasphamide before and after activation with rat
liver §-9 Mix and the results are shown in Fig, 1. Cyclo-
phesphamide is clearly muntagenie for both tester strains
alter metabolic conversion, but there is no pn‘f('ruucu far
TALOO. We conelude that the pritnary mutagenic metabo-
lite of eyclophasphamide in vitro is nut chloroacetaldehyde.
Other possibilities are the known metabolite, aldophospham-
ide (35), or nitrogen mustard itself. We have previously
shown that a close relative of niteogen mustard, lis-2-chlo-
rocthylimine, reverts TA1535 and TAL00 to a similar de-
gree (7), and thus has reversion properties similar to activat-
ed eyclophosphamide,

In view of the scenmulating evidenee of the cerrelation
between mutagemeity and carcinogenicity, we believe that
the mutagenie activity of chloroacetaldehyde indicates it has
a ligh probability of being a carcinogen. We are not aware
of any studivs on the carcinogenieity of chloroucetaldehyde.
However, in an extensive study dealing with its toxicity,
Lawreuce et al. (56) repart changes of respiratory epitheli-
um in lungs of rals exposed to chlorvacetaldehyde that are
suggestive of a pre-malignant condition.

The likely involvement of chloroacetaldehyde in the me-
tabolism of dichloroethane and chloroethano! indicates the
curcinogenicity of these industrial chemieals should be thor-
oughly examined. Though dichlorocthane 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™. Careinogenicity studies with ehloroethanol (59, 60)
are somewhat conflicting and are by no means definitive,

Angiosareoma, the rare forin of liver cancer associated
with human eaposure to vinyl chlonde might also be found
in workers eaposed to dichloroethune or chloroethanol it
chloro.wctul(lchyd(: is ac‘lnu”_\' the active carcinngonie frarm
of all three chemicals.
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