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toxic properties (6). Studies of its distribution showed
The hypothesis was tested that an ultimate carcino- that far less of HMBA than DMBA reached the mam-

gen of 7-hydroxymethyl-12-methylbenz[a]anthracene mary gland and other fatty tissue (7). This was in accor-
(HMBA), a major metabolite of 7,12-dimethylbenz[a]- dance with the finding of its lower carcinogenicity for
anthracene (DMBA), is a benzylic carbonium ion gen- mammary tissue.
erated from an exceptionally reactive aralkylating me- The hypothesis was tested that a highly reactive car-tabolite, such as an electrophilic sulfate ester. In con- bonium ion intermediate is an ultimate carcinogen offormity with this hypothesis, sarcomas were rapidly

HMBA. The hypothesis states that HMBA, a major me-induced in rats following repeated subcutaneous in-
tabolite of DMBA, is metabolically activated by formingjection of HMBA (67%) or its electrophilic sulfate ester,
an aralkylating metabolite, bearing a good leavingsodium 7-sulfooxymethyl-12-methylbenz[a]anthracene
group (e.g, sulfate ester), which would be expected to(SMBA) (100%). It would appear from the results sum-
generate a highly reactive benzylic carbonium ion inmarized here that the search for a carcinogenic metab-
an SN1 reaction. The carbonium ion would be expectedolite of DMBA has been successful. In addition, an aral-
to react with critical nucleophiles to initiate a chain ofkylating electrophilic mutagen and carcinogen has
cellular events which result in cancer (5,8). However,been prepared from HMBA, which is itself either an
the data could also be accounted for by assuming anultimate carcinogen or a direct precursor of an ulti-
SN2 reaction.mate carcinogen, i.e., a benzylic carbonium ion. q 1997

In support of the aralkylating metabolite hypothesis,Academic Press

HMBA and related compounds were shown to induce
sarcomata at the site of repeated s.c. injection: 7-iodo-
methyl-, 7-bromomethyl-, 7-chloromethyl-, 7-benzoyl-

Previous experiments have established that 7,12- oxymethyl-, 7-acetoxymethyl-, and 7-formyl-12-meth-
dimethylbenz[a]anthracene (DMBA) is metabolized ylBA. Only DMBA and HMBA induced breast cancer
to 7-hydroxymethyl-12-methylbenz[a]anthracene in addition to subcutaneous sarcomas. The high degree
(HMBA) in rat liver homogenates (1,2,3) and in rat of complete carcinogenicity of the most active com-
mammary gland (3). The metabolite was also found to pounds, considered together with their chemical struc-
be a potent complete carcinogen (4,5). In 1967, Flesher ture, suggested that conversion to highly reactive elec-
et al. suggested that mammary cancer induced by trophilic metabolites or electrophilic intermediates
DMBA in female Sprague-Dawley rats was mediated must occur in vivo (5,8).
by HMBA (2). Earlier, Boyland et al. had suggested Buu-Hoi et al. studied 14 halogenated aralkylating
that HMBA might play a role in carcinogenesis by derivatives for their actions on DNA template activity
DMBA, but commented that this is not certain (4). This in a DNA-dependent RNA polymerase system. They
was the first instance of a hydrocarbon metabolite reported that a perfect correlation exists between the
which demonstrated strong complete carcinogenic and inhibitory effect of the aralkylating derivatives on RNA

synthesis and the carcinogenic potencies of the corre-
sponding non-halogenated hydrocarbons. The halo-

1 A preliminary report of this work was presented at an AACR methyl aralkylating derivatives were considered to be
meeting. Amer. Assoc. Cancer Research, Abstract 900, Vol. 37 (1996) closely related to the active forms of the parent com-p. 130.

pounds, and to be able to easily generate benzylic car-2 Corresponding author. Fax: /1 606 3231981. E-mail:jwflesh@
pop.uky.edu. bonium ions, in support of the hypothesis (9).
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checked for purity by HPLC, then made up to the desired concentra-Further support for the hypothesis of aralkylating
tion (0.2 mmol/0.1ml) in 9/1 sesame oil/DMSO and stored in darkmetabolites as electrophilic mutagens and ultimate
bottles until used for injection. The metabolites were administeredcarcinogens of HMBA was provided by the observation by subcutaneous injection (dorsal subcutis) of 0.2 mmol, 3 times per

that HMBA underwent reaction with calf thymus DNA week for 20 doses. The initial dose was administered when the rats
were 30 days of age. All animals were weighed once each week andin the presence, but not in the absence, of a 3 *-phos-
examined for the presence of tumors. Twenty to fifty days after thephoadenosine-5*phosphosulphate (PAPS) generating
appearance of a palpable tumor, the animal was sacrificed and allsystem (10). However, owing to the complexity of the
grossly pathological tissue was removed, fixed in 10% neutral forma-

cytosolic enzyme system and its possible capacity for lin, and prepared for microscopic examination. Tumor-negative ani-
generating a phosphate ester, the biosynthesis of 7- mals were observed for 52 weeks prior to autopsy (5).
hydroxymethyl sulfate ester (SMBA) was not clearly
established. Nevertheless, a reaction between HMBA RESULTS
and DNA did appear to be partially dependent on the
presence of sulfate ion (10). Subsequently, Watabe et As shown in Fig. 1, HMBA and SMBA induced sarco-
al. convincingly demonstrated that sulfotransferase ac- mas at the site of repeated subcutaneous injection, in
tivity in rat liver cytosols fortified with HMBA and a remarkably short time. SMBA was more rapid in
PAPS catalyzes the synthesis of the electrophilic muta- inducing sarcomas at the site of subcutaneous injection
gen, SMBA (11). They have repeatedly emphasized the than HMBA, but by 32 weeks both compounds had
importance of this pathway in carcinogenesis of HMBA induced sarcomas in a high percentage of the animals
(11-14). Furthermore, both HMBA and SMBA gave the tested. No tumors were found in a control group given
same aralkyl-DNA covalently bound products in vitro sesame oil:DMSO (9:1) alone or in an untreated control
and in vivo (12,15). group. Under these conditions, SMBA is at least as

These observations strongly support the aralkylating potent as HMBA.
metabolite hypothesis, but do not establish whether A total dose of 4 mmol SMBA administered at the
SMBA, an exceptionally reactive electrophilic muta- site of subcutaneous injection in female Sprague Daw-
gen, is a potent ultimate carcinogen. The present study ley rats was the same total dose of DMBA administered
was undertaken to determine whether the electrophilic by Surh et al. (17) and the resulting incidence of sarco-
mutagen SMBA is a potent ultimate carcinogen. In ad- mas were similar, suggesting that SMBA could mediate
dition, the experiments in this report were undertaken most, if not all, of the complete carcinogenicity of
to determine the role of SMBA in the metabolic activa- DMBA by subcutaneous injection. It appears that the
tion and carcinogenicity of HMBA. strong toxicity of SMBA noted by Surh et al. (17) was

alleviated by dividing the total dose into 20 doses. We
found no evidence of SMBA toxicity under these condi-MATERIALS AND METHODS
tions.

Chemicals. 7-Hydroxymethyl-12-methylbenz[a]anthracene
(HMBA) was prepared as previously described by Flesher et al. with DISCUSSION
m.p.160-27C (2). Analysis of purity yeilded a single peak on reverse-
phase HPLC with 9:1 methanol:water elution (RtÅ0.43min) and sin- It is now generally accepted that electrophilic hy-
gle spot on reverse-phase TLC on Whatman KC 18 plates in 9:1 droxymethyl sulfate ester metabolites play a role inmethanol:water (RfÅ10.6).

mutagenesis and carcinogenesis by some polynuclear7-Sulfooxymethyl-12-methylbenz[a]anthracene (SMBA) was pre-
aromatic hydrocarbons (18-22). Additionally, recentpared from HMBA and sulfuric acid by the dicyclohexylcarbodiimine

method essentially as described for the synthesis of the electrophilic work identified 1-sulfooxymethylpyrene as an electro-
sulfuric acid ester of 6-hydroxymethylbenzo[a]pyrene (16). The sulfu- philic mutagen and ultimate carcinogen (23). We define
ric acid ester of 7-hydroxymethyl-12-methylbenz[a]anthracene was the ultimate carcinogens, or activated forms of PAH,neutralized with methanolic NaOH and isolated as a sodium salt by

as exceptionally reactive electrophilic metabolites, orthe addition of 10 volumes of dry ether to a solution of the compound
in dimethylformamide:ethanol (1:1) to precipitate the product. The reactive intermediates, that are capable of forming co-
product was collected by centrifugation and dried under reduced valent bonds with critical cellular components and
pressure. Purity was greater than 96% by reverse phase HPLC causing cancer in whole animals. An ultimate carcin-
(methanol:water, 9:1), retention time 3.4 min and gave essentially a ogen is an activated metabolite of a proximate car-single spot (Rf 0.86) by reverse phase TLC carried out on Whatman

cinogen.KC 18 plates in methanol:water (9:1).
An example of a hydroxymethyl hydrocarbon that isDetermination of complete carcinogenicity. Groups of twelve, 23

activated to one or more DNA reactive electrophilicday old Female Sprague Dawley rats, purchased from Harlan
metabolites or reactive intermediates is HMBA, a ma-Sprague-Dawley (Indianapolis, IN), were acclimatized to the animal

room for 1 week prior to the experiments. All animals were housed in jor metabolite of DMBA. Previous studies on the muta-
cages with wood chips for bedding, 3 rats per cage, in a temperature- genicity and carcinogenicity of known or potential me-
controlled animal room with an alternating light-dark cycle of 12 tabolites of HMBA and their covalent binding to DNAhours while given Purina rat chow and tap water ad libitum. One

strongly support the hypothesis that an ultimate car-control group was administered sesame oil:DMSO alone (9:1). The
other control group was untreated. The metabolites to be tested were cinogen of HMBA is an aralkylating metabolite capable
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FIG. 1. By 52 weeks, a total dose of 4mmol SMBA induced sarcomas at the site of injection in 12 out of 12 rats with an average induction
time of 29 weeks. A total dose of 4mmol HMBA induced sarcomas in only 9 out of 12 rats with an average induction time of 30 weeks.
Neither the vehicle (9:1 sesame oil:DMSO) treated, nor the untreated control group had sarcoma induced at the site of s.c. injection.

of generating a benzylic carbonium ion (5,10-15,24). epoxide to the terminal benzo ring to form a diol epox-
ide metabolite of HMBA as the ultimate carcinogenSee Scheme 1.

That SMBA is an exceptionally reactive electrophilic (25-27).
Recently, Surh et al. (17) compared the carcinogenicitymutagen and potent ultimate carcinogen has been

firmly established. SMBA was more potent than the of HMBA and SMBA with DMBA. They found that al-
though SMBA was an exceptionally reactive electrophilicstrong carcinogen HMBA by repeated subcutaneous in-

jection in female Sprague-Dawley rats. Therefore, we mutagen it did not appear to be more carcinogenic than
HMBA or DMBA. This is not surprising as it is unlikelyconclude that SMBA is an exceptionally reactive acti-

vated metabolite of HMBA that accounts for most, if that highly polar metabolites such as HMBA and SMBA,
administered to a test animal, could penetrate cell mem-not all, of the complete carcinogenicity of HMBA in a

very satisfactory manner in this tumor model. Since branes as readily and rapidly as DMBA. Furthermore,
Surh et al. offered several reasons for the apparent rela-HMBA is a major metabolite of DMBA and SMBA is a

major metabolite of HMBA, it seems likely that SMBA tive weakness of the aralkylating metabolite, SMBA, as
an ultimate carcinogen (17):also accounts for at least a small fraction of the com-

plete carcinogenicity of DMBA.
1) It was difficult to test more than very low levelsHowever, it has been suggested that HMBA also

of SMBA because it was highly toxic, andcould be activated, in vivo, by addition of water to an
2) It was likely that the SMBA was rapidly hy-epoxide to form a dihydrodihydroxy metabolite as a

drolyzed to HMBA.proximate carcinogen followed by addition of a second

In addition, Harvey has offered the hypothesis that the
apparent relative weakness of hydroxymethyl sulfate
esters as ultimate carcinogens may be accounted for by
their exceptional chemical reactivity that is responsible
for their rapid intracellular destruction by indiscrimi-
nate reactions with proteins and other cellular nucleo-
philes (28). However, it should be noted that if excep-
tional chemical reactivity destroys most of the hydroxy-
methyl sulfate ester, then the carcinogenic dose is
much smaller than the administered dose. It seems
likely therefore, that the incidence of tumors induced
by the actual carcinogenic dose of the exceptionally re-
active 7-hydroxymethyl sulfate ester, was far less than

SCHEME 1. Scheme for the metabolic activation and carcinoge- the administered dose. If this is the case, then the aral-nicity for HMBA, and possibly DMBA. The carbocation shown has
kylating metabolite, SMBA, is also an exceptionallyseveral resonance structures which may be relevant to the carcinoge-

nicity of the compound. potent ultimate carcinogen.
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The carcinogenicity studies of Surh et al. (17) indi- Some evidence supports the hypothesis that a diol
epoxide metabolite could account for the carcinogeniccate that most, if not all, of the complete carcinogenic

activity and toxicity of HMBA is caused by SMBA. This activity of DMBA. The trans-3,4-dihydrodiol metabo-
lite induced papillomas in the two stage mouse skinfollows from the fact that SMBA was comparable to

HMBA in several tests. A single 0.01 mmol/g body test and lung adenomas in new born mice (32,26). How-
ever, potent tumor-initiating activity of the trans-3,4-weight i.p. dose of HMBA induced hepatomas in 94%

of male B6C3F1 mice whereas for the same dose of dihydrodiol metabolite, in the absence of evidence for
a metabolite with strong promoting activity, cannot ac-SMBA the incidence was 58%. At 0.0025 mmol/g body

weight, the incidence of hepatomas was 42% and 39%, count for the complete carcinogenic activity of DMBA.
Furthermore, the diol-epoxide mechanism is not de-respectively. SMBA was comparable to HMBA, at three

sub-carcinogenic dose levels in the two stage mouse rived from carcinogenicity tests of a bay-region dihy-
drodiolepoxide derivative that could account for most, ifskin model, and, at two dose levels, in inducing sarco-

mas at the site of s.c. injection in female Sprague-Daw- not all, of the strong complete carcinogenicity of DMBA.
Nevertheless, one or both of these alternative mecha-ley rats, but SMBA was more active than HMBA in

inducing lung adenomas in female A/J mice. A total nisms may account for most of the metabolic activation
and complete carcinogenicity of DMBA.dose of 4 mmol divided into two doses each of either

HMBA or SMBA induced sarcomas at the site of injec- The results of the present study, taken together with
the results of previous investigations, strongly supporttion in only 2 of 12 female Sprague-Dawley rats at 16

months. Because SMBA was not, generally, more po- the aralkylating metabolite hypothesis of Flesher and
Sydnor for HMBA outlined above. Aralkylating hydro-tent than HMBA or the extremely powerful carcinogen

DMBA, Surh et al. reasoned that the exceptionally re- carbons are a class of exceptionally reactive DNA dam-
aging agents that are mutagenic, carcinogenic, and te-active electrophilic mutagen SMBA does not appear to

play a role in carcinogenesis by either HMBA or DMBA. ratogenic. When proximate carcinogens are activated
in vivo to aralkylating metabolites, ultimate carcino-To further support this view the authors cited evidence

for the rival diol-epoxide theory. They concluded that gens are formed. Thus, aralkylating hydrocarbons are
models for ultimate carcinogens. Clearly, SMBA hasbased on these studies, and the results in their paper,

DMBA appears to be activated in vivo to a DNA-bind- been identified as an ultimate electrophilic and carcino-
genic form of HMBA and possibly DMBA. Further stud-ing and presumed carcinogenic species, most probably

DMBA-3,4-dihydrodiol-1,2-epoxide, without metabo- ies are necessary to identify clearly the ultimate elec-
trophilic and carcinogenic forms of DMBA. Also, com-lism to the 7-hydroxymethyl derivative.

An opposing view is that more than one mechanism parative studies are needed to determine the relative
potency of the potential diol epoxide metabolites andmay be responsible for the metabolic activation and

carcinogenicity of DMBA. Also, recent theoretical work SMBA as prime candidates for the most potent ulti-
mate carcinogen of DMBA. In this regard, the hypothe-from this laboratory predict that dihydrodiol epoxide

metabolites may be relatively unimportant in the meta- sis that SMBA could account for most, if not all, of
the complete carcinogenicity of HMBA/DMBA could bebolic activation and carcinogenicity of a majority of

PAH (29,30). disproved, if it could be shown that some other electro-
philic mutagen and ultimate carcinogen accounts forAlthough the data in the present report indicates

that, SMBA accounts for the complete carcinogenicity far more of the complete carcinogenicity of HMBA/
DMBA than SMBA.of HMBA in a very satisfactory manner, it must be

admitted that at the moment, SMBA may account for
only a small fraction of the complete carcinogenicity of CONCLUSIONS
DMBA. Therefore, DMBA also could be activated, in
vivo, to a DNA reactive and carcinogenic electrophile The present paper records our and others efforts to

gain an understanding of the nature of the ultimateeither by one-electron oxidation to a benzylic carbo-
nium ion and/or by a series of enzymatic addition reac- carcinogen of HMBA which presumably influences the

flow of genetic information coded in the base sequencetions to form a terminal ring triol benzylic carbonium
ion, without the intervening process of metabolism to of DNA. The direction taken by the series of investiga-

tions discussed was greatly influenced by three factors.HMBA. RamaKrishna et al., have reported that 3-
methylcholanthrene-induced rat liver microsomes acti- One was the assumption that an intermediary carcino-

genic metabolite between the procarcinogen DMBAvated DMBA mainly by one-electron oxidation to form
DMBA-DNA adducts involving the 12-methyl group, and the ultimate carcinogen must exist. The second

assumes that this intermediary complete carcinogenwhereas adducts bound to DNA through the 7-methyl
group were not detected (31). However, one-electron could be isolated, identified, and synthesized. The third

assumes that the ultimate carcinogen would be excep-oxidation cannot account for the formation, DNA bind-
ing, mutagenicity or carcinogenicity data for either tionally DNA reactive and that metabolic precursors of

the ultimate carcinogen possess no intrinsic carcino-HMBA or SMBA.
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Cancer Congress: Abstracts (Cumley, R. W. and McCay, J. E.,genic activity because they are not themselves excep-
Eds.), p. 60, The University of Texas Printing Division, Houston.tionally DNA reactive. Before the intermediary com-

9. Buu-Hoi, N. P., Croisy-Delcey, M., Jacquignon, P., Chayet, C.,plete carcinogen could be accepted as a point of depar-
Daudel, P., Gachelin, F., and Jacquier, A. (1974) in Chemical

ture for a more extensive search for the ultimate Carcinogenesis (Ts’o, P. O. P. and DiPaolo, J. A., Eds.), Part A,
carcinogen, its carcinogenicity had to be established Chapter 5, Dekker, New York.
beyond doubt. This was accomplished in previous stud- 10. Flesher, J. W., and Tay, L. K. (1978) Res. Commun. Chem. Path.

and Pharm. 22, 345–355.ies and confirmed in the present study. It was further
11. Watabe, T., Ishizuka, T., Isobe, M., and Ozawa, N. (1982) Scienceshown that the lower mammary carcinogenicity follow-

215, 403–405.ing oral administration was due to lower concentra-
12. Watabe, T., Fujieda, T., Hiratsuka, A., Ishizuka, T., Hakamata,tions in tissues. Having established HMBA as a general

Y., and Ogura, K. (1985) Biochem. Pharmacol. 34, 3002–3005.
complete carcinogen and devised a method for its syn- 13. Watabe, T., Ishizuka, T., Ozawa, N., and Isobe, M. (1982) Bio-
thesis, it was possible to go to the next stage of investi- chem. Pharmacol. 31, 2542–2544.
gation and inquire into the nature of the ultimate car- 14. Watabe, T., Ishizuka, T., Hakamata, Y., Aizawa, T., and Isobe,

M. (1983) Biochem. Pharmacol. 32, 2120–2122.cinogen. This was done in terms of selective synthesis
15. Surh, Y.-J., Lai, C.-C., Miller, J. A., and Miller, E. C. (1987) Bio-of aralkylating derivatives related to HMBA. It was

chem. Biophys. Res. Commun. 144, 576–582.possible to show that tumors were indeed rapidly
16. Surh, Y.-J., Liem, A., Miller, E. C., and Miller, J. A. (1989) Carci-formed when aralkylating ester and halide derivatives

nogenesis 10, 1519–1528.of HMBA were tested. In the present study, the expec-
17. Surh, Y.-J., Liem, A., Miller, E. C., and Miller, J. A. (1991) Carci-tation that the aralkylating metabolite, SMBA, would nogenesis 12, 339–347.

be a potent ultimate carcinogen was fully realized. It 18. Surh, Y.-J., and Miller, J. A. (1994) Chem.-Biol. Interact. 92,
would appear from the results summarized here that 351–362.
the search for a carcinogenic metabolite of DMBA has 19. Watabe, T., Ogura, K., Satsukawa, M., Okuda, H., and Hirat-

suka, A. (1994) Chem.-Biol. Interact. 92, 87–105.been successful. In addition, an exceptionally reactive
20. Czich, A., Bartsch, I., Dogra, S., Hornhardt, S., and Glatt, H. R.electrophilic ester, SMBA, has been synthesized, as an

(1994) Chem.-Biol. Interact. 92, 119–128.activated form of HMBA, which is either itself an ulti-
21. Ogura, K., Satsukawa, M., Okuda, H., Hiratsuka, A., and Wa-mate carcinogen or a direct precursor of an ultimate

tabe, T. (1994) Chem.-Biol. Interact. 92, 129–144.carcinogen of HMBA and possibly DMBA.
22. Glatt, H., Werle-Schneider, G., Enders, N., Monnerjahn, S.,
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