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Identification of highly toxic polychlorinated dibenzo- 
furans (PCDFs) in commercial PCBs has contributed to 
the belief that they play a major role in the PCB 
toxicity ( Bowes et ai.1975 ). However, Quanatitative 
Structure Activity Relationship (QSAR) studies have 
indicated that PCB congeners with chlorine substitution 
at both para and two or more meta positions resemble 
2,3,7,8-tetrachlorodibenzo-p-dioxin (T4CDD) in their 
biologic and toxic effects due to their coplanarity 
a n d  p a r t i c u l a r l y  3 , 3 ' , 4 , 4 ' - t e t r a  ( T a C B ) ,  3 , 3 ' , 4 , 4 ' , 5 -  
p e n t a  ( P s C B )  a n d  3 , 3 ' , 4 , 4 ' , 5 , 5 '  - h e x a c h l o r o b i p h e n y l  
( H e C B )  w e r e  i d e n t i f i e d  a s  t h e  m o s t  t o x i c  c o n g e n e r s  o f  
PCBs  ( S a f e  1 9 8 4  ) .  F o l l o w - u p  s t u d i e s  i n d i c a t e d  t h a t  
m o n o -  a n d  d i -  o r t h o  a n a l o g s  o f  t h e s e  c o p l a n a r  PCBs  a l s o  
possess comparable toxic potential because of their 
ability to induce 3-methylcholanthrene ( 3-MC )- type 
hepatic drug metabolizing enzymes ( Parkinson et 
al. 1983 ). The relative toxic potential of these PCB 
isomers in wild animals such as Forster's tern, marine 
mammals and Snapping turtle has been emphasized 
( H a r r i s  e t  a l .  1 9 8 5 ;  B r y a n  e t  a l .  1 9 8 7 ;  T a n a b e  1 9 8 8 ;  
K a n n a n  e t  a l .  1 9 8 8 a  ) .  Some  m e m b e r s  o f  t h e s e  t o x i c  
congeners were a l s o  identified and quantitated in 
commercial PCBs ( Huckins et al. 1980; Kannan et al. 
1987a, 1987b ). However, there is no serious effort to 
evaluate the toxic potential of these PCB congeners in 
commercial PCB mixtures. Hence an isomer-specific toxic 
evaluation was attempted in those mixtures to 
understand the chemical factors behind their toxicity. 

MATERIALS AND METHODS 

The following isomers of PCBs and PCDFs were selected 
for evaluating their toxic potential in Kanechlor and 
Aroclor mixtures because of their proven potency for 
inducing 3-MC-type enzymes : PCB isomers (IUPAC numbers 
in parenthesis): Mono-ortho coplanar PCBs - 2,3',4,4',5 
-PsCB (118), 2,3,3',4,4'-(PACE) (105), 2,3,3',4,4',5- 
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HeCB ( 1 5 6 ) ;  N o n - o r t b o  c o p l a n a r  PCBs - 3 , 3 ' , 4 , 4 ' - T 4 C B  
( 7 7 ) ,  3 , 3 ' , 4 , 4 ' , 5 - P s C B  ( 1 2 6 ) ,  3 , 3 ' , 4 , 4 ' , 5 , 5 ' - H e C B  ( 1 6 9 )  
PCDFs - 2 , 3 , 4 , 7 - T 4 C D F ,  2 , 3 , 7 , 8 - T 4 C D F ,  1 , 2 , 3 , 7 - T 4 C D F ,  
2 , 3 , 4 , 7 , 8 - P s C D F ,  1 , 2 , 3 , 7 , 8 - P s C D F ,  1 , 2 , 3 , 7 , 9 - P s C D F ,  1 , 2 ,  
4 , 7 , 8 - P s C D F ,  1 , 2 , 4 , 6 , 8 - P s C D F ,  2 , 3 , 4 , 6 , 7 , 8 - H e C D F ,  1 , 2 , 3 ,  
4 , 7 , 8 - H e C D F  a n d  1 , 2 , 3 , 6 , 7 , 8 - H e C D F .  

The  n o n - o r t h o  c h l o r i n e  s u b s t i t u t e d  c o p l a n a r  PCBs w e r e  
s e p a r a t e d  f r o m  o t h e r  PCB i s o m e r s  u s i n g  c a r b o n  
c h r o m a t o g r a p h y  f o l l o w e d  b y  h i g h - r e s o l u t i o n  g a s  
c h r o m a t o g r a p h y  (HR/GC/ECD)  a n d  g a s  c h r o m a t o g r a p h y / m a s s  
s p e c t r o m e t r y  (GCMS) a n a l y s e s  ( c o l u m n :  0 . 2 5  mm i d  x 25 m 
c h e m i c a l l y  b o n d e d  O r - 1 7 0 1 ;  Gas  c h r o m a t o g r a p h :  S h i m a d z u  
GC-9A e q u i p p e d  w i t h  e Z N i  ECD; M a s s  s p e c t r o m e t e r  : 
S h i m a d z u  GC-MS-OP 1 0 0 0 ,  E I  m o d e ,  MID s c a n  f o r  M + a n d  
[M+2] § i o n s ) .  T h i s  m e t h o d  a n d  q u a n t i t a t i o n  p r o c e d u r e s  
a r e  d e s c r i b e d  i n  d e t a i l  e l s e w h e r e  ( T a n a b e  e t a l .  1 9 8 7 b ;  
K a n n a n  e t  a l .  1 9 8 7 a ,  1 9 8 7 b  ) .  The  m o n o - o r t h o  c o p l a n a r  
PCBs w e r e  q u a n t i t a t e d  u s i n g  GC/MS a s  a p a r t  o f  t h e  PCB 
a n a l y s i s  a f t e r  T a n a b e  e t a l .  ( 1 9 8 7 c ) .  PCDF i s o m e r s  w e r e  
d e t e r m i n e d  f o l l o w i n g  c l e a n - u p  i n  s i l i c a  g e l ,  a l u m i n a ,  
HPLC a n d  m a s s  s p e c i f i c  d e t e c t i o n  o f  M + a n d  [M+2] + i o n s  
u s i n g  S h i m a d z u  GC-MS-OP 1 0 0 0 .  The  i s o m e r - s p e c i f i c  d e t e r  
m i n a t i o n  o f  PCDFs i n  c o m m e r c i a l  PCBs was  d e t a i l e d  i n  
W a k i m o t o  e t a l .  ( 1 9 8 8 ) .  K a n e c h l o r s  3 0 0 ,  4 0 0 ,  5 0 0 ,  600 
a n d  A r o c l o r  1 2 4 2 , 1 2 4 8 , 1 2 5 4 , 1 2 6 0  w e r e  i n v e s t i g a t e d  f o r  
t h e  p r e s e n t  s t u d y .  

RESULTS AND DISCUSSION 

I t  i s  i n c r e a s i n g l y  e v i d e n t  t h a t  t h e  b i o l o g i c  a n d  t o x i c  
a c t i v i t i e s  o f  PCBs d e p e n d  on t h e  s t r u c t u r e .  The  l a t e r a l  
s u b s t i t u t i o n  o f  c h l o r i n e  i n  v i c i n a l  m e t a  a n d  p a r a  p o s i -  
t i o n s  o f  t h e  b i p h e n y l  r i n g s  c r e a t e s  s t r u c t u r e s  w i t h  

o 
c o p l a n a r i t y  w h i c h  c a n  l i e  w i t h i n  a r e c t a n g l e  o f  3x lO  A 
s o  a s  t o  b i n d ,  a s  d o e s  2 , 3 , 7 , 8 - T 4 C D D ,  t o  a c y t o s o l i c  
p r o t e i n  , t h e  Ah r e c e p t o r  a n d  e v o k e  a t o x i c  r e s p o n s e  a t  
t h e  t a r g e t  s i t e .  C o n s i d e r a b l e  e v i d e n c e  s u g g e s t  t h a t  
s u c h  i s o s t e r e o m e r s  o f  2 , 3 , 7 , 8 L T 4 C D D  e l i c i t  t o x i c  a n d  
b i o l o g i c  r e s p o n s e s  t y p i c a l  o f  2 , 3 , 7 , 8 - T 4 C D D  i n c l u d i n g  
b o d y  w e i g h t  l o s s ,  t h y m i c  a t r o p h y ,  r e p r o d u c t i v e  t o x i c i t y  
t e r a t o g e n i c i t y ,  i m m u n o t o x i c i t y  ( S a f e  1 9 8 4 ,  1986  ) .  

T h u s ,  i t  h a s  b e e n  e n c o u r a g e d  i n  r e c e n t  y e a r s  t h a t  t h e  
r e l a t i v e  t o x i c i t y  o f  t h i s  g r o u p  o f  c h e m i c a l s  c a n  b e  
u n d e r s t o o d  b y  e x p r e s s i n g  t h e i r  t o x i c  p o t e n t i a l  i n  t e r m s  
o f  2 , 3 , 7 , B - T 4 C D D  t o x i c  e q u i v a l e n t s  ( S a f e  1987 ) .  S u b -  
s e q u e n t l y ,  2 , 3 , 7 , 8 - T 4 C D D  T o x i c i t y  E q u i v a l e n c e  F a c t o r s  
( T E F s )  h a v e  b e e n  d e v e l o p e d  f o r  s e v e r a l  PCDFs a n d  PCDDs 
b a s e d  on human c a r c i n o g e n i c i t y ,  l o n g - t e r m  a n i m a l  
s t u d i e s ,  r e p r o d u c t i v e  e f f e c t s ,  i n  v i t r o  b i o a s s a y  e t c .  
( B e l l i n  a n d  B a r n e s  1987  ) .  H o w e v e r ,  no  s u c h  c o m p a r a b l e  
a c u t e  o r  c h r o n i c  t o x i c i t y  s t u d i e s  a r e  a v a i l a b l e  f o r  
m o n o -  a n d  n o n - o r t h o  c o p l a n a r  PCBs .  F o r t u n a t e l y  m o s t  o f  
t h e s e  s t e r e o i s o m e r s  h a d  b e e n  t e s t e d  i n  a common e x p e r i -  
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m e n t a l  s y s t e m  a n d  e x c e l l e n t  c o r r e l a t i o n s  w e r e  o b t a i n e d  
b e t w e e n  toxicity-AHH induction a n d  in vitro-in vivo 
effects (Safe 1987). Based on such studies 2,3,7,8- 
T4CDD toxic equivalents can be calculated for those PCB 
isomers also. Logically, the concentrations of such 
m e t a b o l i c a l l y  s t a b l e ,  b i o l o g i c a l l y  a c c u m u l a t i v e  PCB 
c o n g e n e r s  a r e  t a k e n  i n t o  c o n s i d e r a t i o n  i n  s u c h  c a l c u -  
l a t i o n s  ( T a n a b e  e t  a l  1 9 8 7 a ;  K a n n a n  e t  a l  1 9 8 8 b ) .  T h u s ,  
t h e  t o x i c  e q u i v a l e n t s  a r e  c a l c u l a t e d  a s  2 , 3 , 7 , 8 - T 4 C D D  
t o x i c  e q u i v a l e n t s  = r e l a t i v e  p o t e n c y  o f  i n d u c t i o n  f o r  
AHH and EROD x concentrations i n  commercial PCB 
preparations. 

Table i. Relative potency of induction for aryl 
hydrocarbon hydroxylase (AHH) and ethoxy resorufin ~- 
deethylase (EROD) in rat hepatoma E-4-1IE cell lines by 
PCDFs, Mono- and Non-ortho coplanar PCBs. 

Chemicals 
R e l a t i v e  p o t e n c y  o f  i n d u c t i o n *  

AHH EROD 

PCDFs  
2 , 3 , 4 , 7  
2 , 3 , 7 , 8  
1 , 2 , 3 , 7  
2 , 3 , 4 , 7 , 8  
1 , 2 , 3 , 7 , 8  
1 , 2 , 3 , 7 , 9  
1,2,4,7,8 
1,2,4,6,8 
2,3,4,6,7,8 
1,2,3,4,7,8 
1,2,3,6,7,8 
Non-ortho 
coplanar PCBs 
3,3',4,4' 
3,3',4,4',5 
3,3',4,4',5,5' 
M o n o - o r t h o  
coplanar PCBs 
2 , 3 ' , 4 , 4 ' , 5  
2 , 3 , 3 ' , 4 , 4 '  

2 , 3 , 3 ' , 4 , 4 ' , 5  

4 . 0  x 10 -3 

1 . 8  x 10 - I  
2 . 6  x i0  -8 

2 . 8  x 10 - I  
2 . 9  x I0  -2 
8 . 4  x 10 .4 
6 . 5  X 10 . 4  
7 . 2  X 10 . 6  
1 .0  x I0  - I  

2 . 0  x I0 - I  
4 . 8  x I0  -2 

2 . 1  x lO -3 
3 . 0  x lO - I  

1 . 2  x lO -3 

6 . 0  x i0  -B 
8 . 2  x 10 .4 

3 . 4  x I0  - s  

1 . 3  x i 0  - 2  
9 . 5  x I 0  - I  
3 . 0  x i 0  - e  

1 . 5  
6 . 1  x 10 - 3  
2 . 2  x I 0  -3  
1 . 3  x 10 - 3  
1 . 6  x 10 - s  
3 . 3  x 10 -~  
5 . 0  x i0  - l  
1 . 6  x lO - I  

2 .1  x lO -3 

7 . 6  x i0-: 
7.9 x 10 -3 

2 . 1  x i0 -5 
1 . 6  x 10 -3 

2 . 1  x lO -4 

R e l a t i v e  
i n d u c t i o n  

p o t e n c y  o f  ECso (T4CDD) 

E C s o  ( s e l e c t e d  i s o m e r )  

* V a l u e s  d e r i v e d  f r o m  S a f e  ( 1 9 8 6 ,  1 9 8 7 ) .  

As  i n  T a b l e  1 t h e  r e l a t i v e  p o t e n c y  o f  i n d u c t i o n  f o r  AHH 
a n d  EROD c a n  b e  c a l c u l a t e d  f r o m  t h e  a v a i l a b l e  ECso  d a t a  
f o r  t h o s e  e n z y m e s .  S u b s e q u e n t l y ,  2 , 3 , 7 , 8 - T 4 C D D  t o x i c  
e q u i v a l e n t s  c a n  b e  c a l c u l a t e d  f o r  a n y  s p e c i f i c  t o x i c  
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isomer with a potential for inducing those enzymes as 
in Table 2 and 3. Isomer-specific determination of 
Kanechlors and Aroclors has enabled us to calculate 
toxic equivalents for individual toxic isomers in those 
mixtures. It is obvious from these tables that inspite 
of the presence of highly toxic PCDF impurities such as 
2,3,7,8-substituted PCDFs in commercial PCBs coplanar 
PCBs as a group dominate the "toxic equivalents". This 
is because of the large difference in the concentra- 
tions of PCDF isomers and mono- and non-ortbo coplanar 
PCBs in PCB mixtures. From the total sum of the TEFs, 
the percentage of individual toxic contribution of 
coplanar PCBs can be expressed in comparison to total 
PCDFs. Coplanar 3,3',4,4',5-PsCB, 2,3,3',4,4'-PsCB and 
3,3',4,4'-T4CB emerge as important PCB isomers with 
high toxic potential (Table 4). Their toxic potential 
i s  g r e a t l y  h i g h e r  t h a n  t h e  p o t e n t i a l  o f  a l l  PCDFs 
t o g e t h e r .  

A d d i t i o n a l l y ,  we h a v e  c o m p a r e d  t h e  T4CDD e q u i v a l e n t s  o f  
three Aroclors obtained through our approach with 
similar equivalents obtained through a direct measure- 
ment of those PCB mixtures in in vitro bioassay 
(Sawyer et al. 1984). The results are shown in Table 5. 
It is interesting to note that not only the values are 
comparable (with due consideration given to experimen- 
tal variations encounter in bioassay systems) but the 
noted induction of AHH and EHOD by those Aroclor mix- 
tures arise exclusively from coplanar PCBs. The toxic 
contribution by PCDF inpurities seems to be relatively 
minimal. Sawyer et al. (1984) have observed in their in 
vitro bioassay that AHH/EROD induction potencies of KC- 
400 and AR-1248 and KC-500 and AR-1254 were comparable 
w h i l e  A R - 1 2 4 2  a n d  A R - 1 0 1 6  w e r e  n o t  i n  s p i t e  o f  t h e i r  
s i m i l a r i t y  i n  c h l o r i n e  c o n t e n t s .  T h i s  d i f f e r e n c e  i n  
a c t i v i t y  was  i n t e r p r e t e d  on t h e  d i f f e r e n c e  i n  t h e  
distribution of individual PCBs in those mixtures 
(Albro and Parker 1979). Indeed, high concentrations 
of coplanar PCBs in Aroclor 1242 might be a major 
factor behind this induction (Table 3). On a similar 
line but in a different study Vos et al. (1980) had 
c o n c l u d e d  a f t e r  f i n d i n g  d e p r e s s i n g  e f f e c t  o f  
3 , 3 ' , 4 , 4 ' , 5 , 5 ' - H ~ C B  on c e l l - m e d i a t e d  i m m u n i t y  i n  y o u n g  
r a t s  a n d  i n  a d u l t  g u i n e a  p i g s  a f t e r  p e r i n a t a l  m a t e r n a l  
e x p o s u r e  t h a t  t h e  m i x t u r e  o f  s t e r e o i s o m e r s  o f  T4CDD 
w e r e  r e s p o n s i b l e  f o r  c o m m e r c i a l  PCB t o x i c i t y .  

T h u s ,  i t  a p p e a r s  t h a t  t h e  t o x i c i t y  o f  c o m m e r c i a l  PCBs 
a r i s e  m o s t l y  o u t  o f  t h e  p r e s e n c e  o f  3 , 3 ' , 4 , 4 ' 5 - P s C B ,  
2 , 3 , 3 ' , 4 , 4 ' - P s C B ,  3 , 3 ' , 4 , 4 ' - T 4 C B  a n d  n o t  much d u e  t o  
PCDF i m p u r i t i e s .  H o w e v e r ,  i t  i s  n o t  c l e a r  w h e t h e r  a n y  
a d d i t i v e  o r  a n t o g o n i s t i c  i n t e r a c t i o n s  a r e  i n v o l v e d  
a m o n g  t h e s e  t o x i c  i s o m e r s  i n  t h e i r  t o x i c  m a n i f e s t a t i o n .  
W h i l e  t h e  s t u d y  o f  B r a d l a w  a n d  C a s t e r l i n e  ( 1 9 7 9 )  i s  
s u g g e s t i v e  o f  a d d i t i v e  e f f e c t s ,  a r e c e n t  s t u d y  
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( Haake et al. 1987 ) points to the other direction. 

We have recently demonstrated that indeed mono- and 
non-ortho coplanar PCBs persist in the environment and 
accumulate to such levels in environmental animals to 
cause possible interference in their reproductive 
physiology. It was also shown that the principal source 
of coplanar PCB contamination to those forms are from 
c o m m e r c i a l  PCBs ( T a n a b e  1 9 8 7 a ,  1 9 8 8 ;  K a n n a n  e t  a l .  
1 9 8 8 a  ) .  Our  r e c e n t  a n a l y s i s  o f  ' Y u s h o  s a m p l e s '  a l s o  
s u g g e s t  t h a t  c o p l a n a r  PCBs c o u l d  h a v e  b e e n  o n e  o f  
t h e  c a u s a t i v e  f a c t o r s  b e h i n d  t h a t  PCB p o i s o n i n g .  

Acknowledgement: We thank S.Watanabe, Ehime University 
for useful discussions. 
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