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Abbreviations : 

PAH, polycyclic aromatic hydrocarbons; 

BP; benzo (a)pyrene; - 

1 tetrahydrobenzo(a)pyrene; - 

BA, benz (a) - anthracene; 

BA 1,2-diol, (+) -- tr'ins-1,2-dihydroxy-1,2-dihydrobenz (2) anthracene; 
. . 

' '. 
BA 3,4-diol, (+)trans-3,4-dihydroxy-3,4-dihydrobenz(a)anthracene; -- - \. 

BA 5,6-.dial, (,+)trans-5,6-dihydroxy-5,6-dihydrobenz(~)anthracene; -- 

1 . . ,  
tetrahydrobenz (A) anthracene; 

BA 1,2-diol-3,4-epoxfde I, (~)trans-1~,2a-dihydroxy-3a,4a-epoxy-1,2,3,4- -- 

tetrahydrobenz (a) - anthracene; 

. . BA 8;9-diol-l0,ll-epoxide I, (+)trans-8B,9a-dihydroxy-l0a,11a-epoxy-8,9,10,11- -- 

tetrahydrobenz (a) - anthracene; 

BA 8,9-dio'l-10,ll-epoxide 11, (+) -- trans-8f3,9a-dihydroxy-lOB, 116-epoxy-8,9,10,11- 

I t etrahydrobenz (a)-anthracene; - . 

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



Abbreviations (continued) : 

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

(+)trans-5;6-dihydroxy-5,6-dihydro-DMBA; -- DMBA 8,9-diol, (+)trans -- 8,9-dihydroxy- 
. . 

8,9-dihydro-DMBA; DMBA 8,9-diol-10,ll-epoxide (+)trans-8B,9a-dihydroxy-lOa,lOa- -- :.:% . 
. . 

epoxy-8,9,10,11-tetrahydro-DMBA; 1-CH3-, 2-CH3-, 2-CH3, and 5-CH3-DMBA, either 



I n t r o d u c t i o n  . ' 

Current  in format ion  i n d i c a t e s  t h a t  p o l y c y c l i c  a romat ic  hydrocarbons (PAH) 

e x e r t  t h e i r  t o x i c ,  mutagenic and ca rc inogen ic  a c t i v i t i e s  a f t e r  t hey  have been .. 

metabo l i ca l ly  a c t i v a t e d  by t a r g e t  c e l l s  t o  r e a c t i v e  epoxides (1,  11, 14,  23, 30). 

The r e s u l t s  ob ta ined  from -- i n  v ivo  and -- i n  v i t r o  b inding  (3,' 6 ,  1 7 , .  22, 24, 27, 40 ) ,  

mutagenic i ty  (,12, 26, 41, 42) ,  metabolism (30, 38, 39, 49),  and c a r c i n o g e n i c i t y  

(4, 18-'20, 32-34) s t u d i e s  have l e d  t o  t h e  conclus ion  t h a t  BP-7,8-diol is a 

proximate ca rc inogen ic  me tabo l i t e  of BP, and t h e  BP-dio1'-epoxide is  an u l t i m a t e  

carc inogenic  m e t a b o l i t e  of BP. Recent r e s u l t s  concerning t h e  s t r o n g  

c a r c i n o g e n i c i t y  of  BP-7B, 8a-diol-9a, l0a-epoxide i n  newborn mice (16) and i n  

mouse s k i n  ( 3 6 )  s t r o n g l y  i n d i c a t e  t h a t  i t  i s  t h e  u l t i m a t e  ca rc inogen ic  
. . 

m e t a b o l i t e  of BP. 

1 
' S i n c e  diol-epoxides may be  r e s p o n s i b l e  f o r  t h e  c a r c i n o g e n i c i t y  of PAH 

o t h e r  t han  BP, we have undertaken t h e . t e s t i n g  of d i o l s  and diol-epoxides a s  

w e l l  a s  o t h e r  d e r i v a t i v e s  of PAH f o r  s k i n  tumor - in i t i a t i on  i n  a  two-stage 

system of tumorigenesis .  I n  a d d i t i o n ,  s i n c e  a c t i v a t i o n  of methylated PAH may 

involve  t h e  s ide-cha in  methyl group, t h e  s k i n  tumor - in i t i a t i ng  a c t i v i t y  of 

v a r i o u s  s ide-cha in  d e r i v a t i v e s  of methylated PAH a r e  being determined. I 
S p e c i f i c a l l y ,  i n  t h i s  r e p o r t  we a r e  comparing t h e . s k i n  tumor i n i t i a t i o n  of 

. v a r t o u s  d e r i v a t i v e s  of a nonmethylated PAH, BA a s  w e l l  a s  a  methylated PAH, 

DMBA. The d a t a  sugges t s  t h a t  "bay reg ion"  diol-epoxides may be impor tan t  i n  

BA and DMBA c a r c i n o g e n i c i t y  i n  mice which is suppor t ive  of t h e  theo ry  proposed 

by J e r i n a  and co-workers which p r e d i c t s  t h a t  .dial-epoxides i n  t h e  "bay reg ion"  I 
are t h e  major de te rminants  of PAH c a r c i n o g e n i c i t y  (13, 15) .  A "bay region" 

occurs  i n  a  PAH when an angu la r ly  fused  benzo r i n g  is  p resen t  (13).  The "bay 
. . 



reg ions"  of BP, BA and DMBA a r e  shown i n  F igure  1. 

M a t e r i a l s  and Methods 

Chemicals. BA was purchased from Aldrich Chemical Co., Milwaukee, 

Wisconsin and DMBA from Sigma Chemical Co . , St .  Louis ,  Missour i ,  w i t h  bo th  

be ing  more than  99% pure. ' TPA was ob.tained from D r .  P e t e r  Borcher t ,  Un ive r s i t y  . . 
. . 

of  fii.nnesota, Minneapolis,  Minnesota. The DMBA and BA d i o l s  and diol-epoxides 

were syn thes i zed  and p u r i f i e d  as previous ly  descr ibed  (8, 1 0 ) .  The DMBA . ' , 

and BA.dio1-epoxides were a p p l i e d  t o p i c a l l y  i n  t e t r ahydro fu ran  ( d i s t i l l e d  

ove r  LiA1H4 and s t o r e d  over  sodium w i r e ) .  T h e  fo l lowing  compounds were 

syn thes i zed  by t h e  method desc r ibed  i n  t h e  c i t e d  r e fe rence :  7-OHM-12MJ3A ( 2 ) ,  
L .._ 

7-OHM-12-MBA-5,6-oxl̂ de .(:31), 7-CHO-12-MBA.(29);.12-CHO-7-MBA (29) ,  7,12-diCHoBA 

I (29) , 7-BrME-12-MBA (2) , and 12-BrMe-7-MBA (29) . The 1-, 2-, 5 - ,  and 11-f l u o r o  ' 

DMBA, t h e  I-, 2-, and 5-CH3DMBA 'and t h e  1-, 2-, 3-, 4-, 5 - ,  9-, and 10-OHDMBA 

were generous. g i f t s  from Pro fes so r  M. Newman,: Ohio S t a t e  Un ive r s i t y ,  Columbus, 

Ohio. The above compounds. p l u s  DMBA and BA were a p p l i e d  t o p i c a l l y  i n  spec t ro-  

q u a l i t y  ace tone .  I n  some c a s e s  o t h e r  r e a c t i v e  compounds such as 7-OHM-12-MBA-5, 

&oxide and the.Bromo d e r i v a t i v e s  of.DMBA were a p p l i e d  i n  t e t r ahydro fu ran .  

A l l  hydrocarbons 'were c o n s i s t e n t l y  prepared under yel low l i g h t  immediately 
' 

be fo re  use.. The mice were t r e a t e d  t o p i c a l l y  w i t h  t h e  above compounds under 

subdued l i g h t  with,  t h e  t ime l a p s e  between p r e p a r a t i o n  of t h e  above s o l u t i o n s  

and animal  t r e a t e d  be ing  l e s s  t han  one-half hour.  TPA was prepared  i n  s t o c k  

so lu t fons .  and kept  i n  a f r e e z e r  u n t i l  use.  Mice r ece ived  tw ice  weekly 

a p p l f c a t i o n s  of 10  pg of TPA 1 week a f t e r  t rea tment .  



Tumor Experiments. Female CD1 mice were purchased from Charles 

River Farms, North Wilmington, Massachusetts. Mice, 7 to 9 weeks old, were 

shaved with surgical clippers 2 days before treatment and only those in the . 
. 

resting phase of the hair cycle were used. In the tumor experiments groups 

of 30 animals received a single topical application of the test compound, 

followed 1 week 1ater.b~ twice weekly applications of TPA. . The incidence of 

both papillomas and carcinomas was recorded weekly and papillomas and carcinomas 

were removed'.at random for histological verification. 

Results and .Discussion 

Carcinogeni,city of BA Derivatives. Shown in Table 1 are the skin-tumor- 
. . 

initiating activities of BA and the 1,2-, 3,4-, 5,6-, 8,9- and 10,ll-diols 

I. 

of BA. 1.t is quite'gvident that BA 3,4-diol was the most active tumor initiator 

when compared with BA and its other diols. After 26 weeks of promotion with 

TPA, BA.3,4-diol had induced tumors in 85% of the animals, with an average of 

4.7 papillomas per mouse, whereas BA induced tumors in 57% of the animals, 
. . 

. ' . with approximately .one paptlloma per mouse. The 1,2- and 8,9-diols, of BA had 

weak tumor-initia.ting 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 
I 

when compared with BA, its tumor-initiating activity is less impressive when 

compared with BP at a dose of 0.2 pmole (Table 1). 

The incidence of skin tumors in female CD1 mice after a single topical 

application of BA, BA.3,4-diol-1,2-epoxide I, BA 1,2-diol-3,4-epoxide I, 

BA l0,ll-diol-8,9-epoxide I, BA 8,9-diol-l0,ll-epoxide I, or BA 8,9-diol-10,ll- 

epoxide 1.1, followed by twice weekly applications of TPh, is shown in Table 2. 

BA 3,4-diol-1,2-epoxide I was found to be approximately five times more active 



t han .  BA. This  should b e  noted a s  a' f i r s t  example of a r e a c t i v e  i n t e r m e d i a t e  

of  a PAH being more a c t i v e  a s  a tumor i n i t i a t o r  on mouse s k i n  than  t h e  

pa ren t  hydrocarbon. ,BA,8,9-diol-l0,ll-epoxide I had weak t u m o r - i n i t i a t i n g  

a c t i v i t y  i n  mouse s k i n ,  whereas t h e  o t h e r  d i o l  epoxides were extremely weak 

i n  . t h i s  regard .  . . 

Wood -- et a l .  r e c e n t l y  r epo r t ed  t h a t  BA 3,4-diol-1,2-epoxides, i n  which 

t h e  epoxide forms p a r t  of t h e  "bay region" were.more mutagenic t o  b a c t e r i a l  

c e l l s  than  were t h e  o t h e r  d i o l  epoxides (44, 46) .  Wood -- e t  a l .  a l s o  r epo r t ed  

t h a t  BA-3,4-dio1,was more tumorigenic toward mice than  were BA o r - t h e  f o u r  

o t h e r  p o s s i b l e '  t r a n s  d i o l s  of BA .(45). I n  ou r  s t u d i e s  w e  found t h a t  bo th  t h e  

3,4-dihydrodiol  and t h e  3,4-diol-1,2-epoxide of BA a r e  much s t r o n g e r  s k i n  

tumor i n i t i a t o r s  t han  BA o r  t h e  o t h e r  p o s s i b l e  d i o l s  and d i o l  epoxides of 

BA ('37) .' I n  a d d f t i o n  w e  r e@or ted  t h a t  BA 3,4-diol  was a po ten t  mutagen i n  

mammalian c e l l s  (37).  . ' 

.I't should b e  emphasized t h a t  i n  most -- i n  v ivo  animal tumorigenic  models, 
. . .  

as w e l l  as i n ' i n  -- v i t r o  c e l l  t r ans fo rma t ion  systems, BA is  g e n e r a l l y  cons idered  

t o  b e  noncarcinogenic (35). Previous ly  we r e p o r t e d  t h a t ,  a l though n o t  a 

complete s k i n  carcinogen,  BA is. a weak tumor i n i t i a t o r  i n  a two-stage tumorigenic  

system (35% .' 
c a r c i n o g e n i c i t y  of DMBA Der iva t ives .  The s k i n  t u m o r - i n i t i a t i n g  a c t i v i t i e s  

of v a r i o u s  s u b s t i t u t e d  d e r i v a t i v e s  o f  DMBA a r e  shown i n  Table 3. Both 7-OHM-12MBA 

and 12-OHM-.7MBA were found t o  be  s t r o n g  tumor - in i t i a to r s  b u t  less a c t i v e  than  

DMBA. ' 7BrME-12-MBA, ' 1 2 ~ r ~ e - 7 - M B ~ ,  and ~CHO-12-MBA were a l s o  s t r o n g  tumor- 

i ' n f t i ' a to r s  b u t  once aga in  less s o  than  DMBA. .12-CHO-7-MBA'and 7,12-diCHO-BA 

were l e s s  a c t i v e  than  7-CHO-12-MBA, whereas 7-OHM-12-MBA-5,6-oxide w a s  found- 

t o  b e  e s s e n t i a l l y  i n a c t i v e  (Table 3 ) .  It i s  of i n t e r e s t  t o  p o i n t  o u t  t h a t  



7-CHO-12-MBA was found t o  be  n e a r l y  as po ten t  a s  DMBA i n  producing cancer  

i n  t h e  r a t  whereas,  as s t a t e d  above, 7-CHO-12-MBA was found t o  have s t r o n g  

s k i n  tumor - in i t i a t i ng  a c t i v i t y  a l though of a  l e s s e r  degree  than  DMBA. In .  

a d d i t i o n , . P a t a k i  and Huggins (28) s t a t e d  t h a t  when two o r  t h r e e  methyl groups 
. . 

were added t o  BA, i n  p o s i t i o n s  6,  7 ,  8 and 12  (any combinat ion) ,  . t h e  

r e s u l t i n g  products  were equa l ly  c a r c i n o g e n i c - i n  t h e  r a t .  However, we found 

t h a t  6,8-dimethyl BA as w e l l  as 3,9-dimethyl BA and 5,7-dimethyl BA had  very  

.weak s k i n  tumor i n i t i a t i n g  a c t i v i t y  when compared t o  DMBA (Table 4) .  

~ i r e c t  evidence f o r  de te rmining  t h e  importance of t h e  "bay region" 

diol-epoxide of DMBA is d i f f i c u l t  because of t h e  h indrance  of t h e  s i d e  cha in  

methyl groups dur ing  s y n t h e s i s .  However, t h e  i n f l u e n c e  on c a r c i n o g e n i c i t y  

of t h e  addi t . ion ,df meth.yl:  and f l u o r o  groups i n  t h e  bay r c g i o n  would provide 

i n d i r e c t  evidence. ' Table 4 shows t h a t  e i t h e r . a  methyl o r  f l u o r o  a d d i t i o n  

t o  t h e  1,.2 and 5 p o s i t i o n s  almost  .completely des t royed  t h e  s k i n  tumor - in i t i a t i ng  

a c t i v i t y  whereas a  f l u o r o  a d d i t i o n . t o  p o s i t i o n  9 and 11 d i d  no t .  Harvey and 

Dunne (9) . r e c e n t l y  r epo r t ed  t h a t  DMBA ' f luor ina ted  a t  p o s i t i o n s  1 and 2  a l s o  

d r a s t i c a l l y  reduced t h e  s a r c o m a g e n i c ~ . a c t i v i t y  of DMBA when i n j e c t e d  i n t o  r a t s  

-al though.  f l uo r ina t2on  a t  p o s i t i o n  11 did  riot. These r e s u l t s  sugges t  t h a t ,  

indeed,  t h e  bay r eg ion  of DMBA is involved  i n  t h e  me tabo l i c  a c t i v a t i o n  of 

DMBA i n t o  a carcinogen.  I n  a d d i t i o n ,  our  da t a ,  i m p l i c a t e  t h e  5  p o s i t i o n  i n  

such a n  a c t i v a t i o n .  Moschel -- et  a l .  (25) 'have r e c e n t l y  p re sen ted  f luo rescence  

d a t a  wh'ich i m p l i c a t e s  t h e  bay r e g i o n  diol-epoxide of  DMBA i n  t h e  i n t e r a c t i o n  

of  DMBAwith cellular.DNA. I n  a d d i t i o n ,  b inding  of DMBA t o  c e l l s  i n  c u l t u r e  

analyze 'd 'by LH20 chromatography a l s o  ' suggests  t h a t  a bay r e g i o n ' d i o l  epoxide 

is  involved  i n  DMBA h ind ing  (7) .  . . 

Table .5 shows t h e  r e l a t i v e  s k i n  tumor - in i t i a t i ng  a c t i v i t i e s  of t h e  



var ious  de r iva t ives  of DMBA. The. 1-, 2-, 3-, 4- and 5-OH DMBA were found 

not. t o  have sk in  tumor- in i t ia t ing  a c t i v i t y  whereas t h e  9 and 10-OH .DMBA 

had weak a c t i v i t y .  Tbe 5,6- .and 8,9-diols  of DMBA were a l s o  found t o  b e  

i n a c t i v e  and th.e (+)DMBA - 8BY9a-diol-lOa, lla-epoxide, a  non-bay region d io l -  ' 

epoxide, had only weak s k i n  tumor- in i t ia t ing  a c t i v i t y .  The d i f f i c u l t  s y n t h e s i s  

of t h e  bay region d i o l  of DMBA has been r e c e n t l y  achieved (unpublished r e s u l t s ) .  

I ~ t h e  e a r l y  s t a g e s  of an ongoing tumor experiment, DMBA 3,4-diol has  

approximatel l  10 times t h e  s k i n  tumor- in i t ia t ing  a c t i v i t y  a s .  DMBA (Table 5) .  

Lack of tumorigenici ty of DMBA . 8,9-diol and DNBA 8~,9a-dio l -10a ,  l la-epoxide,  

t h e  r e s u l t s  concerning t h e  f l u o r o  and methyl s u b s t i t u t i o n  of DMBA, the 'ext reme 

potency of DMBA 3,4-diol i n  i n i t i a t i n g  s k i n  tutnars p lus  s t u d i e s  on b inding 

of DMBA t o  c e l l u l a r  DNA af ter .metabol ism (7,  25) s t rong ly  impl ica tes  t h e  "bay 

region" diol-epoxide of DMBA i n  i t s  carcinogenic a c t i v i t y .  The r e s u l t s  i n  
L 

t h i s  r e p o r t  p lus  those  r e c e n t l y  published (4, 5 ,  12,  13, 15,  16,  18-21, 26, 

32-34, 36, 37,'43-46, 48 )  provide evidence t h a t  "bay region" diol-epoxides . . 

a r e  involved i n  BP., BA chrysene, 7-methylbenz(a)anthracene, dibenz(a,h)anthracene 
. . 

and DMBA carcinogenicity and mutagenicity. . Again, t h i s  d a t a  suppor ts  t h e  

theory  propos.ed by J e r i n a  and co-workers, which p r e d i c t s  t h a t  diol-epoxides 

i n  th.e "bay region" a r e  t h e  p r i n c i p l e  determinants of PAH ca rc inogen ic i ty  
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Table 1 

Skin-tumor-ini tiating aetivi ties' of BPI BA, and BA di h~drodiols after TPA tumor promotion 
. . . . .  

All the BA compounds were applied at a dose of 2 pmoles, whereas BP was given at 
0.2 pnole. Each of these treatments was followed 1 week later by twice weekly applications 
of 1 0 pg of TPA. 

M ice  with tumors- 

a 
Initiator r n i c r  15 wk 26 wk 15wk  : '26.wk 

B A 

BA 1 ,2-di hydrodiol .+... 

BA 3,4-di hydrodf ol 

BA 5,6-di hydrodiol 

BA 8,9-dihydrodiol . 

BA 1 0, l l  -di hydrodiol . . 

d BA control- 
e TPA control- 

a 
-Surviving at the 26th week after promotion. 

b . .. 
-Total number of divided by the total number of surviving mice. ; 

. . 
. . . .  C 

-Percentage of surviving mice with papillomas. . . 

d 
-Treated once with 2 pmoles of BA, not followed by promotion. . . . .  . 

e 
-Treated with TPA only, twice weekly for 26 weeks. 



Table 2 
. . 

Skin-tumor-initiating activities . . of BA and BA diol epoxides after TPA tumor promotion ' .  
. . 

All the compounds were applied at adore of 2 prnoles and were followed 1 week laier by twice 

weekly applications of 10 pg of TPA. 

. .  .. 

Mice with tumors 
. . b .  

Papil lomas/mouse at:- 
C ("Xi) at :- 

No. of . . % .  . . .  . 
a 

Initiator . mice- 15wk 26 wk ' 15wk . 26 wk 

a 
-Surviving at the 26th week after promotion. 

b 
-Total number of papillomas divided by'the total number of surviving mice..' 

C 
-Percentage of surviving mice with papillomas. i .  

. . 



Table 3 

a Tumor-initiating ability of various 7- and 12-substituted derivatives of DMBA 

b No. of Time of . d  ~apillomas! Mice with Tumors 
~~drocarbon .- Dose miceC 1st tumor mous.ee (2) f 

DMBA 10 29 ' 8 4.50 90 

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

b~oses of all hydrocarbons are expressed in nmoles. 

'Plumber of mice surviving at the 30th week. 

d~ime to appearance of first ' tumor in weeks. 

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

f~ercent of surviving mice with papillomas. 



Table 4 

Skin tumor - in i t i a t i ng  a c t i v i t i e s  of v a r i o u s  f l u o r o  and methyl s u b s t i t u t e d  
DMBA a f t e r  TPA promotiona 

No. of Papi l lomas Mice w i t h  
DMBA and Der iva t ive  miceb p e r  mouseC tumors (%) 

Contro l  30 
(urlly DPBA t n ~ t i a t i o n )  

Cont ro l  
(on ly  TPA promotion) 

f  

DMBA 

5-CH3DMBA 

1 - f l  DMBA -.;.. . . 

.2 - f l  DMBA 

5 - f l  DMBA 

11- f l  DMBA 29 8.2 100 

a 
DMBA'and DMBA d e r i v a t i v e s  were app l i ed  a t  a  dose of 200 nmoles and were 
followed one week l a t e r  by twice  weekly a p p l i c a t i o n s  of 10  p g  of TPA. 

b ~ u r v i v i n g  a t  t h e  30th week a f t e r  promotion. 

C T o t a l  number of papi l lomas d iv ided  by t o t a l  number of s u r v i v i n g  mice. . 

d 
Percentage  of s u r v i v i n g  mice wi th  tumors. 

e These mice were only  i n i t i a t e d  wi th  200 nmoles of DMBA. 

f ~ h e s e  mice were only  promoted twice  weekly w i t h  10  vg of TPA f o r  30 weeks. 



Table 5 

Skin tumor - in i t i a t i ng  a c t i v i t i e s  of  v a r i o u s  d e r i v a t i v e s  of DMBA 
a f t e r  TPA promotiona 

No. of Papi l lomas Mice w i t h  
DMBA and Der iva t ives  miceb per mouseC tumors (%) 

Contro l  e 30 
(only  DMBA i n i t f a t i o n )  

Cont ro l  
(on ly  TPA promotion) 

f  

DMBA . 28 8.86 

a 
The DMBA and DMBA d e r i v a t i v e s  were a p p l i e d  t o p i c a l l y  a t  a dose of 200 
nmoles and were fol lowed one week l a t e r  by twice weekly a p p l i c a t i o n s  
of 1 0  pg of TPA. 

b ~ u r v i v i n g  a t  t h e  20th  week a f f e r  

C 
T o t a l  number of papi l lomas d iv ided  by t o t a l  number of s u r v i v i n g  mice. 

d  
Percentage  of su rv iv ing  mice w i t h  tumors. 

e 
These mice were only  i n i t i a t e d  w i t h  200 nmoles of DMBA. 

f ~ h e s e  mice were only  promoted twice  weekly wi th  1 0  ug o f  TPA f o r  30 weeks. 

g ~ u m o r  'response a f t e r  9 weeks of  promotion f o r  100 nmoles of DMBA-3,4-diol. 



BP. . . BA DMBA 
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