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Abbreviations:

PAH,'polycyclié aromatic hydrocarbons;

BP, benzo(a)pyrene;

BP-7,8-diol, (i)££§E§f7,8—dihydroxy—7,8-dihydrobenzo(g)pyrene;
BP-78,8a-diol-9%a, 1l0a—epoxide, (i)trans—78,8a—dihydroxy—9a,lOa—epoxy—7,8,9,10—
tétraﬁydrobeﬁzo(g)pyrene; - |

BA, benz(g)aﬁtﬁracene;_

BA 1,2-diol, (i)£g§2§fl,Z;dihydroxy—l,2—dihydrobenz(g)anth;acene;

BA 3,4-diol, Qt)££§3§fj,4—dihydroxy—$,4—dihydrobenz(g)anthracene;

BA 5,6-diol, Qt}££§g§f5,6-dihydroxy—5,6—dihydroBenz(g)anthracene;

BA 8,9-diol, ki)gzégng,9;dihydroxy—8,9—dihydrobenz(g)anthracene;

BA lO,ll—diol,'(i)EzéggflO,ll—dihydroxy—lO,ll—dihydrobenz(g)anthracgne;

BA 3,4—diolél,2—epdxide I, (+)trans-3a,4B-dihydroxy-1la, 2a-epoxy-1,2, 3,4~
tetrahydrobeﬁz(g)anthracene;

‘BA 1,2-diol-3,4~epoxide I, (+) trans-18,20-dihydroxy-3a, 4a-epoxy-1,2,3,4-
tetrahydroBénz(é)énthracene; A '
BA_8;9—diol—10,114époxidé I, (+)trans-8B,9a-dihydroxy-10a,llo-epoxy-8,9,10,11-
tetrahydrobenz(g)anthracgne§ .

BA 8,9;diol—10,ll—epoxide 11, (i)gzggéfSB,9a—dih§droxy—lOB,llB—epqu—8,9;lO,ll—
tetrah&drobenz(gQanthracene;'

DMBA, 7,12-dimethylbenz(a)anthracene;

7-0HM-12-MBA, 7—hydroxymethyl—lZ—methylbené[a]anthracene; 7-0HM-12-MBA-5, 6-oxide,
'7—hydroxymethylle—methylbenz[a]anthracene—S,6—oxide; 7—Cﬁ0—12—MBA, 7-formyl-12-
A methylbenz[a]an;hracene; 12—CH6—7—MBA, 1é—formy1—7—methy1benz[ajanthracene;
7,12-diCHOBA, 7,lZ—diformylbenz[a]—anthfacene; 7-BRME-12-MBA, 7-bromomethyl-12-

methylbenz[a]anthracene; 12-BRME-7~-MBA, 12—bromomethyl—7—methylbenz[a]anthracene;
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Abbreviations (continued):

1-, 2-, 3-, 4-, 5-, 9- and 10-PHDMBA, various phenols of DMBA; DMBA 5,6-diol,

(j)ggggng;6fdihydfoxy—5,6-dihydro;DMBA; DMBA 8,9-diol, (#)trans 8,9-dihydroxy-
8,9—dihydro*DMBA;leBA 8,9-dio1-10,11-epoxide (+)trans-88,9a-dihydroxy-10a,10a-
epoxy-8,9,10,11-tetrahydro-DMBA; 1-CH,-, 2-CH '

2-CH,, and 5-CH -DMBA, either

3 3
1-, 2 or 5, 7,12-trimethylbenz(a)anthracene; 1-, 2-, 5-, and 11-f1-DMBA,

1-, 2-, 5- and 11-fluoro-DMBA; TPA, 12-O-tetradecanoyl-phorbol-13-acetate.
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Introduction

Current information indicatés thaf polycyclic aromatic hydrocarbons (PAH)
'exértAtheir foxic, mutagenic and caréinogenic activitie; after they have been
metabolically activéted by target cells to reactive epoxides (1, 11, 14, 23, 30).
The results obtained from in vivo and in vitro bindiﬁg (3, 6, ‘17,.‘ 22, 24, 27, 40),
mufagenicity (12, 26, 41, 42), metabolism (30, 38, 39, 49), and carcinogenicity
(4, 18-20, 32—34) studies have led to the conclusion that BP;7,8¥diol is a
- proximate carcinogenic metabolite of BP, and the BP-diol—epdxide is an pltimate
carcinogenic ﬁetabolite of BP. Recent results concerning-fhe strong
carcinogenicity of BP—78,8&-diol—9a,10a—epoxide in newborn mice (16) and in
ﬁouse skin (36) sprongiy indicate that it is the ultimate carcinogenic |
metabolite of BP.

| "Since dioi~epoxiées may be responsible for the'carcinogenicity of PAH
other than BP, we have undertaken the-testing of diols and diol-epoxides as
well as other derivatives of PAH for skin fumor—initiation in a two-stage
system of tumorigenesis. In addition, since activation of methylated PAH may
involve the side-chain methyl group, the skin tumor-initiating aétivity of
various side-chain derivatives of methylated PAH are being determined.
Specifically, in this report we are comparing the'skin tumor initiation of
various derivatives.of a nonmethylated PAH, BA as well as a methylated‘PAH,u
DMBA. The data suggests that "béy region' diol-epoxides may be important in
BA and DMBA-carcinogenicity in mice which is supportive of the tﬁeory proposed
by Jerina and co-workers which predicts that ‘diol-epoxides in the "bay region”
are.the major determinants of PAH carcinogenicity (13, 15). A "bay region"

occurs in a PAH when an angularly fused benzo ring is'present (13). The "bay




fegions" of BP, BA and DMBA are shown in Figure 1.

Materials and Methods

Chemicals. BA was purchased from Aldrich Chemical Co., Milwéukee,'
Wisconsin and DMBA‘f:om Sigma Chemical Co., St. Louis, Missouri, with both
being more than 99% pure. ' TPA was obtained frdm Dr. Peter Borchert, University
of Minnesota, Minneabolis, Minnesota. The bMBA and BA diols éna diol—epoxides
were synthesized and pgrified as previously described (8, 10). The DMBA -
and BA diol-epoxides were applied topically in tetrahydrbféran (distilled
over LiAlH, and ;tored over sodium wire). The following compounds were
synthesized by the method described in the cited reference: 7—0HM—12MBAA(2),
7—OHM—12—MBA—5,6z;xide~(Bl), 7-CHO-12-MBA* (29, 12-CHO~7-MBA (29), 7,12-diCHOBA
(29), 7-BxME-12-MBA (2), and 12-BrMe-7-MBA (29). The 1-, 2-, 5-, and 1l-fluoro

DMBA, the 1-, 2-, and 5-CH,DMBA and the 1-, 2-, 3-, 4—,.5-, 9-, and 10-OHDMBA

3
were generoﬁs gifts from Professor M. Newman, Ohio State University, Columbus,
Ohio. The above compounds. plus DMBA and BA ﬁere applied topically in spectro-
quality acethe. In some cases other reactive compounds such as 7-0OHM-12-MBA-5,
6-oxide and the Bromo derivatives of DMBA were applied in tetrahydrofuran.

"All hydrocarbons were consistently prepared under yellow light immediately
befofe use. Thé micé were treated topically with the above compounds under
subdued light with the time lapse between preparation of the above solutions
and ahimal treated being less than one-half hour. TPA was prepared in stock

solutions and kept in a freezer until use. Mice received twice weekly

applications of‘10 ug of TPA 1 week after treatment.




Tumor Experiments. Female CDl mice were purchased fromACh;rles
River Farms, North Wilmingtomn, Massacﬁusetts. Mice, 7 fo 9 weeks old, were
shaved with surgi;al'clippers 2 days before treatment and onlylthoée in the
resting'phase‘of tﬁe hair cycle were used.' In the tumor experimenté groups
»of430 animals received a single topical application of the test compound,
followed 1 week later by twice weekly applications of TPA. . The incidence of
both papillomas and carcinomas was recorded weekly aﬁd papillomas and cafcinomas

were removed at random for histological verification.

Results and Discussion

Carcinogeqicity of BA‘DeriQatives. Shown in Table 1 are thg skin-tumor-
initiating activities of BA and the 1,2-, 3,4-, 5,6—, 8,9~ and 10,l1l-diols
of BA. It is quitelevident thét BA 3,4-diol was the most active tumor initiator
when compared with BA and 1ts other diols.' After 26 weeks of prémotion with
TPA, BA‘3,4—didl had induced‘tumors in 85% of the animals, with an average of
4.7 papil}omas per mouse, whereas BA induced tumors in 57% of the animals,
with app;oxiﬁatelonne papilloma per mouse. The 1,2- and 8,9-diols of BA had
weak‘tumor—initiating activity, whereas the’other diols were extremely weak.
Although BA 3,4-diol at a dose level of 2 pmoles is a good tumor initiator.
when compared wiﬁh BA, ité tumor—initiating éctivity is lesé impressive when
compared with BP at a .dose of 0.2 pmole (Table 1).

The incidence of skin tumors in female CDl mice after a single tdpical
application of BA, BA'3,4—diol—l,2—epoxiAe I, BA 1,2—di§1—3,4—epoxide I,
BA 10,11~diol-8,9-epoxide I, BA 8,9-diol-10,ll-epoxide I, or BA 8,9—diol—10,1l—
epoxide II, folidwed by twice weekly applications of TPA, is shown in Table 2.

BA 3,4-diol-1,2-epoxide I was found to be approximately five times more active
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than BA. This should be noted as a first example of a reactive intermediate
of a PAH being more active as a tumor initiator on mouse skin than the
parent hydrocarbon. BA 8,9-diol-10,ll-epoxide I had weak tumqr—initiating
activity iﬁ mouSeAékin, whereas the other diol epoxides were extremely weak
in this regard.

AWood et al. recently reported:that BA 3,4-diol-1,2-~epoxides, in which
the epoxide forms part of the "bay region'" were more mutégenic to bacterial
~cells than were the other diol époxides (44}'46). Wood et al. also reported.
thaf BA-3,4~diol was mére»tumorigenic toward mice than were BA'or-the four
"other possiblé'££§E§.diols of BA (45). In our studies we found fhat both the
3,4-dihydrodiol and the 3,4—diol—1,2—epoxidelof BA are‘much sﬁrongér skin

tumor initiators than BA or the other possible diols and diol epoxides of
BA (37). In addition we reported that BA-3,4—diol was a potent mutagen in
mammalian cells (37).

‘It should be empﬁasiéed that in most in vivo animal tumorigenic models,
as well as ih'igigiEEQ.Céll transformation systems, BA is-generally considered
to.be noncarcinogenic (35). Previously we reported that, although not a
complete skin éarcinogeﬁ, BA is a weak tumor initiator in a two-stage tumorigenic
system (35).

Carcinogenicity of DMBA Derivatives. The skin tumor-initiating activities

éf various substituted derivatives of DMBA are shown in Table 3. Both 7-OHM-12MBA
and 12—0HM~ZMBA were found to be strong tumor-initiators but_léss active than
DMBA. ‘7BrME—12—MBA,'12BrMe—7—MBA, and 7CHO-12-MBA were'also strong tumor-
initiators but once.again less so than DMBA. -12-CHO-7-MBA ‘and 7,12-diCHO-BA

were less active than 7-CHO-12-MBA, whereas 7-0HM-12-MBA-5,6-oxide was found

to be essentially inactive (Table 3). It is of interest to point out that

o



7-CHO-12-MBA was found to be nearly as potent as DMBA in producing céncer
in the rat whereas; as stated above, 7-CHO-12-MBA was found ﬁo_have strong
skin tumo;—initiating activity although of a les§er degree tﬁan DMBA. In
addition{‘Pataki and ﬁuggins (28) stated that wheﬁ‘two or three me;hyl groups
were added to BA; iﬂ poéitions 6, 7, 8 and 12 (any cbmbination),'the
resulting pfoduct# were equally'carcinogeniC'in the rét. However, we found
that 6,8-dimeth§l BA as well as 3,9-dimethyl BA and 5,7-dimethyl BA had very
weak skin tumor initiating activity when compafed to DMBA (Tablé'4).

Direct eyidencé for determining the importance of the "bay region"

. diol-epoxide of DMBA is difficult because of the hindrahée of.the side chain
methyl groups during synthesis; Héwever, the influence on cafcinogenicity
of the addition.dfrmethyl:and fluoro groups in the bay fcgion wogld provide
indirect-evidence. " Table 4 shows that either'a methyl or fluoro addition
to the 1,2 and 5 positions almoét"completely destroyed the skin tumof—initiating

'éctivigy whereas a flﬁoro addition to position 9 and 11 did not. .Harvey and
Dunne (9)'re¢ent1y reported that DMBA fluorinated at positions 1 and 2 also
drastically reduced the sarcomagenic .activity of DMBA when injected into rats

.-although fluorination at position il did not. These results suggest that,
indeed, the béy region of DMBA is involved in the metabolic activatioh of

DMBA into a‘carcinogen.‘ In addition, our data, implicate the 5 position in
such an activation. Moschel et al. (25) have recently presented fluorescence
data which implicates the bay region diol-epoxide of DMBA in the interaction

of DMBA'with cellular DNA. 1In addition, binding of DMBA to cells in culture
analyzed by LH20 chromatégraphy also suggests that a bay region diol epoxide

is involved in DMBA binding (7).

Table 5 shows the relative skin tumor-initiating activities of the



various derivatives of DﬁBA. The. 1-, 2-, 3-, 4- and 5-0H DMBA were found

not. to have skin tumor-initiating activity whereas the 9 and 10-0H DMBA

had weak activity. Tbe 5,6- and 8,9-diols of DMBA were also found to be
inactive and #he (+)DMBA 88,9a—diol—10a,1la—epoxide, a non-bay region &iol—
epoxide, had only Qeak skin tumor—initiéting activity. The difficulflsyntﬁesis '
-of‘the bay region diol of DMBA has been recently achieved (uﬁpublished results).
'Iw~the.early.stages of an ongoing tumor experiment, DMBA 3,4-diol Has
approximately 10 times the skin tumdr—initiating aétivity as DMBA (Table 5).
Lack of fumorigenicity of DMBA 8,9-diol and DMBA 8B;§a-diol—10a,lla—epoxide,

the fesulté céncérning the fluoro and methyl substifution of DMBA, the'extreme
.potencj of ﬁMBA 3,4-diol in initiating skin tumors plus studies on binding

of DMBA to cellular DNA after metabolism (7, 25) strongly implicates the "bay
region" diol-epoxide of DMBA in its carcinogenic activity. The results in

| tﬁis report plus those recently published (4, 5, 12, 13, 15, 16, 18421,A26,
32-34, 36, 37, 43-46, 48) provide evidence that "bay region” diolfepoxides

are involved in BP, BA chrysene,_7—methylbenz(a)anthracene, dibenz (a,h)anthracene
and DMBA cafcinogenicity and mutagenicity. - Again, this data supports the

theory proposed by Jerina and co—workefs,.which predicts that diol-epoxides

in the "bay region" are'thé principle determinants of PAH carciﬁogenicitj

(13, 15).
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' " Table 1 o
SkinA—fumor—iniﬁaﬁng'ocfiviAﬁesA of BP, BA, ohd BA dihydrodiols aofter TPA tumor promotion

All the BA compounds were applied at a dose of 2 pmoles, whereas BP was given at
0.2 pmole. Each of these treatments was followed 1 week later by twice weekly applications
of 10 pg of TPA. ‘ : S

Mice with tumors

Aot A s

" No. of - . Papillomas/mouse cr:b (%) at= )
~ Initiator mice™ . 15wk - _-26 wk 15 wk - 26wk

BP . - 29 2.0 5.3 0 92
BA S 30 0.7 - 1.2 37 57
~ BA1,2-dihydrodiol " 30 ‘ 0.2 0.4 3 'f " 33, ,
BA 3, 4-dihydrodiol - 28 3.2 . 47 8 - 8
BA 5, 6~dihydrodiol 9 0.1 0.2 0. 14

BA 8,9-dihydrodiol 30 0.2 08 18 46

BA 10,11-dihydrodiol © . 29 01 - 02 10 14
BA confrol-‘i A 30 0 - 0 0. 4 o
TPA control< | ‘ 29 0 " 0.1 | 0 , 6

gSurviving at the 26th week after Vpromoﬁon.

P‘Tofol number of papillomas divided by the total number of sx.Jrvi-vir;g rﬁice.
S?ercénfcge of survivi nQ mice with papillomas. |
gTreal‘ed oncé with 2 pmoles of BA, not followed by promoﬁon'.

—e-Tre_cfea with TPA only, twice weekly for 26 weeks.
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Skin-tumor-initiating activities of BA and BA diol epoxides after TPA tumor promotion |

All the compounds were applied at a dose of 2 umoles and were followed 1 week later by twice

wéekly applicdﬁons of 10 pg of TPA.

=

No. of

Papillomas/mouse ot:‘l?'

Mice with tumors

(%) at

Initiator - ) mice™ 15 wk | v.2;6.wk ' ]5lwk : 2t6.wk .
BA 30 0.5 1.0 38 52
' BA 1,2-diol-3, 4-epoxide | | 28 0 0 0 0
BA 3,4-diol-1, 2-epoxide 1 27 4.2 5.0 100 - 100
BA 8,9-diol-10, 1 1-epoxide I 2 0.3 0.6 25 40
BA 8,9-diol-10, 1 1-epoxide 1l 28 0 0.2 0 20
BA io,n-dionl'-8,9-epox'.de41 29 0.1 0.2 - 7 17

gSurviving at the 26th week after promotion.

"b'Tofal number of papillomas divided by‘ the total number of surviving mice.”

£ Percentage of surviving mice with papillomas.
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Table 3

Tumor—initiating ability of various 7- and 12-substituted derivatives of pMBAY

' b No; of Time of . Papillomas/ Mice with Tumors

- Hydrocarbon .~ Dose mice€ 1st tumor mouse® ) f
DMBA . 10 29 - 8 4.50 . 90
7-OHM-12-MBA-5,6-o0xide 200 ‘31 24 0.10 10
7-OHM-12-MBA-5,6-oxide 400 30 15 . 0.17 17
7-CHO-12-MBA . 740 28 | 9 - 6.10 s
12-CHO-7-MBA 740 28 11 0.75 ‘ 54
7,12-diCHOBA 704 . 30 15 . 0.75 o 52
7-BRME-12-MBA 600 30 7 : 6.80 96
12-BRME-7-MBA - - 600 29 7 7.0 87
7-OHM-12-MBA 400 29 12 1.80 48
12—0HM;7—MBA 200 29 , 9 - -1.73 ' 73

aThirty mice were used per experiment and all mice were promoted one week after initia-
tion with twice weekly applications of 10 pg TPA for 30 weeks.

bDoses of all hydrocarbons are expressed in nmoles.

“Number of mice surviving at the 30th week.

dTime to appearance of first.tumor in weeks.

®Total number of papillomas divided by total number of surviving mice.

fPercent of surviving mice with papillomas.
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Table 4

Skin tumor-initiating activities of various fluoro and méthyl substituted
DMBA after TPA promotion?

' No. of Papillomas Mice with
DMBA and Derivative - miceP per mouse® tumors (%)
Control 30 _ 0 : 0
(ouly DMBA initiation)® '

Control £ 29 0.1 6
(only TPA promotion) _ .
DMBA | ' ,A 28 9 . 100
1-CH ;DMBA o 30 ©0.03 | 3
2-CH ,DMBA 30 - 0.10 . 7
5~CH ,DMBA o 29 " 0.40 34
1-£1 DMBA - 30 . 0.03 | .3
2-£1 DMBA 29 | 0.10 10
5-f1 DMBA : 28 | 0.20 15
11-f1 DMBA 29 . 8.2 '4,‘ 100
6,8-dimethyl BA 29 | 0.7 © 40
3,9-dimethyl BA 29 1 0.07 . 3
5,7-dimethyl BA E 28 . 0.03 3

aDMBA‘and DMBA ‘derivatives were applied at a dose of 200 nmoles and were
followed one week later by twice weekly applications of 10 pg of TPA.

bSurviving at the 30th week after promotion.

‘CTotal number of paéillomas divided by total number ﬁf surviving mice.
dPefcentage of surviving mice with tumors.

®These mice were only initiated with 200 nmoles of DMBA.

fThese mice were oﬁly promoted twice weekly with 10 pg of TPA for 30 weeks.
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Table 5

Skin tumor-initiating activities of various derivatives of DMBA
after TPA promotion?® '

No. of Papillomas " Mice with
DMBA and Derivatives miceb per mouse® tumors (‘Z)d
Control ' | A e 30 0 | 0 |
(only DMBA initiationm) :
Control £ ; . 29 - O.i ' 6
(only TPA promotion)
DMBA - ~ 28 '8.86 100
1-OH A f 29 4 0.10 10
2-0H 30 0.07 o 7
3-0H o o , 30 | | 0.14 - _ _14 '
4-0H 28 0.17 14
5-OH | 29 0.10 10
9-0H | | 30 . 0.40 ' 24
10-0H . 30 B | S 0.47 30
3,4-diol% 30 3.3 , 80
5,6-diol ‘ 29 0.10 10
8,9-diol 29 0.21 o 18
8,9-diol-10,11-epoxide 28 0.30. 20

"%The DMBA and DMBA derivatives were applied topically at a dose of 200
nmoles and were followed one week later by twice weekly applications
of 10 ug of TPA.

bSurviving at the 20th week affer promotibn.

“Total number of papillomaé divided by total number of sprviving mice.
dPgrcentage of surviving mice with tﬁmors;

®These mice were only initiated with 200 nmoles of DMBA.

fThese mice were oniy promoted twice weekly with 10 ug of TPA for 30 weeks.

gTumor‘response after 9 weeks of promotion for 100 nmoles of DMBA-3,4~diol.
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