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SUMMARY - T r i t i a t e d  TCDD was i n c u b a t e d  with i so la ted  r a t  he pa t oc y t e s  a nd  
the  r e s u l t i n g  i n c u b a t i o n  mix tu r e  s u b j e c t e d  to h igh  pe r fo rmance  l iqu id  ch ro -  
m a t o g r a p h y  (HPLC).  The  major  peak  of r ad ioac t iv i t y  no t  c o r r e s p o n d i n g  to 
TCDD was i n c u b a t e d  with ~ - g l u c u r o n i d a s e .  The p r o d u c t s  of th is  r eac t ion  
were de r i va t i z ed  with d iazomethane  and  again  sub j e c t e d  to HPLC. Two of the  
rad ioac t ive  metabol i tes  i so la ted  b y  th is  p r o c e d u r e  were f o u n d  to co-migra te  
with a u t h e n t i c  1 - m e t h o x y - 2 , 3 , 7 , 8 - t e t r a e h l o r o d i b e n z o - ~ - d i o x i n  a nd  8 -me thoxy-  
2 , 3 , 7 - t r i c h l o r o d i b e n z o - E - d i o x i n .  The  i d e n t i t y  of these  metabol i tes  was also 
conf i rmed by  gas 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 .  

Materials  
Midland,  MI. 

INTRODUCTION 
Because  of i ts  ex t reme tox ic i ty  a nd  occas ional  p r e s e n c e  in  the  e n v i r o n -  

ment ,  2 , 3 , 7 , 8 - t e t r a c h l o r o d i b e n z o - p _ - d i o x i n  (TCDD) is a compound abou t  which 

the re  is c o n s i d e r a b l e  pub l ic  hea l th  c o n c e r n .  Recen t  s t ud i e s  have  p r o v i d e d  

ev idence  t ha t  TCDD is metabol ized  both  in  v ivo and  in  v i t ro  to more po la r  

metabol i t es ,  some of which a p p e a r  to be  g l u c u r o n i d e s  (1 -6 ) .  Iden t i f i ca t ion  of 

these  metabol i tes  may be of va lue  in  d e t e r m i n i n g  the  mechanism of tox ic i ty  of 

TCDD. An impor t an t  q u e s t i o n  is w h e t h e r  the  va r i ous  toxic ef fects  of TCDD 

are  the  r e s u l t  of the  act ion of the  p a r e n t  compound ,  a metabol i te  or metabo-  

l i t es ,  or  bo th .  Iden t i f i ca t ion  followed b y  s y n t h e s i s  of su f f i c i en t  q u a n t i t i e s  of 

the  metabol i tes  of TCDD will faci l i ta te  a n s w e r i n g  th i s  q u e s t i o n .  In  th is  com- 

mun ica t i on ,  we r e p o r t  the  iden t i f i ca t ion  of two metabol i tes  of TCDD formed 

u p o n  i n c u b a t i o n  with i so la ted  r a t  h e p a t o c y t e s .  

MATERIALS AND METHODS 

- Unl@belled TCDD was a g i f t  from the Dow Chemical  Co . ,  
[1,6-VH]TCDD with a specif ic  ac t iv i ty  of 50.5 Ci/mmole was 
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Figure I-A; High performance liquid chromatography, using a preparative 
Ultrasphere-ODS .~olumn, of methanol extracts of an incubation containing rat  
hepatocytes and -H-TCDD. The incubation and chromatographic procedures 
are described in Materials and Methods. B; Fractions (21-24 rain) of Fig. 1-A 
were combined, reduced in volume and incubated with [3-glucuronidase. The 
resul tant  incubation was then subject to HPLC as described in Fig. 1-A and 
Materials and Methods. 

ob t a ined  from ICN Pharmaceu t ica l ,  I n c . ,  C leve land ,  OH, a nd  p u r i f i e d  as 
p r e v i o u s l y  d e s c r i b e d  (6) .  The  radiochemical  p u r i t y  of the  p u r i f i e d  [VH]TCDD 
was g r e a t e r  t han  99.6%, as j u d g e d  by  h igh  pe r fo rmance  l iqu id  c h r o m a t o g r a p h y  
(HPLC).  

4 ,5 -Dich lo rogua iaco l  was p r e p a r e d  as d e s c r i b e d  p r e v i o u s l y  (7) .  1-Methoxy-  
2 , 3 , 7 , 8 - t e t r a c h l o r o d i b e n z o - ~ - d i o x i n  (1-MeO-TCDD),  2 - m e t h o x y - l , 3 , 7 , 8 - t e t r a -  
c h l o r o d i b e n z o - E - d i o x i n  (2-MeO-TCDD),  a nd  8 -me thoxy-  2 , 3 , 7 - t r i c h l o r o d i b e n z o -  E- 
dioxin (8-MeO-t r iCDD) were s y n t h e s i z e d  by  c o n d e n s a t i o n  of 4 , 5 - d i c h l o r o -  
catechol  (8) with 1 , 2 , 4 - t r i c h l o r o - 6 - m e t h o x y - 5 - n i t r o b e n z e n e  (9) ,  with 1 , 2 , 4 -  
t r i c h l o r o - 3 - m e t h o x y - 6 - n i t r o b e n z e n e  (9 ) ,  and  with 1 , 4 - d i c h l o r o - 2 - m e t h o x y - 5 -  
n i t r o b e n z e n e  (10) ,  r e s p e c t i v e l y ,  as d e s c r i b e d  by  Gray et al. (11) .  

I n c u b a t i o n s  - Hepatocytes  were i sola ted  from 150-200 g,  male,  S p r a g u e -  
Dawley r a t s  (Blue  Sp ruce  Farms ,  Al tamont ,  NY) as d e s c r i b e d  ea r l i e r  (6) .  
Cell v i ab i l i t y :  was c o n s i s t e n t l y  g r e a t e r  t han  90% as d~ te rmined  b y  t r y p a n  b lue  
exc lus ion .  A typ ica l  i n c u b a t i o n  mix tu r ~  c on t a i ne d  [VH]TCDD (0 .3  pmoles, 40 
x 10 v dpm) and  hepa tocy t e s  (2-4  x 10 v ce l l s /ml)  in 10 ml of Jok l ik-modi f ied  
minimum es sen t i a l  medium c o n t a i n i n g  25 ram Hepes ,  pH 7.45,  a nd  30% t r e a t e d  
horse  se rum ( G r a n d  I s l a n d  Biological Co. ,  G r a nd  I s l a n d ,  NY). I n c u b a t i o n s  
were ca r r i ed  out  u n d e r  an O2/CO 2 (95 :5 ,  v / v )  a tmosphere  at 37 ° for  8 h o u r s .  
The c e l l - f r e e  s u p e r n a t a n t  obtair~ed upon  c e n t r i f u g a t i o n  of the i n c u b a t i o n  
mix tu re  at 600 x g for  20 min was lyophi l ized  to  d r y n e s s  and  e x t r a c t e d  with 
four  10-ml po r t ions  of methanol .  The combined methanol ic  e x t r a c t s  were 
evapo ra t ed  u n d e r  a n i t r o g e n  s t ream,  d i sso lved  in a small volume of wa te r ,  
and  t hen  s u b j e c t e d  to HPLC as d e s c r i b e d  below. U n d e r  these  chromato-  
g raph ic  cond i t i ons ,  unmetabo l i zed  TCDD was f ound  to e lute  from the  column 
with a r e t e n t i o n  time of 44 rain. The f r ac t ions  c o r r e s p o n d i n g  to the  rad io -  
act ive  peak  e l u t i n g  with a r e t e n t i o n  time of 22 min were col lected (F ig .  l - A ) .  
The combined f r ac t ions  were e v a p o r a t e d  u n d e r  a n i t r o g e n  s t ream a nd  d i sso lved  
in a small amount  of water  (0 .1 ml) .  The solut ion of metabol l tes  was then  
i n c u b a t e d  with bov ine  l i ve r  ~ - g l u c u r o n i d a s e  (Sigma Chemical Co . ,  St .  Louis ,  
MO; 1000 u n i t s / m l )  in  1 ml of 0.02 M potass ium aceta te  b u f f e r ,  pH 5 .0 ,  at 37 ° 
for  20 h r  in the  p r e s e n c e  of a sco rba t e  (1 mM). The  r e s u l t i n g  i n c u b a t i o n  
mix tu re  was e x t r a c t e d  th ree  times with 1-ml po r t ions  of e thy l  ace ta te .  The  
combined e thy l  aceta te  e x t r a c t s  were d r i ed  ove r  a n h y d r o u s  sodium su l fa te ,  
r eac ted  with d iazomethane  and  sub j ec t e d  to f u r t h e r  HPLC as d e s c r i b e d  below. 

Ana ly t i ca l  Methods - HPLC was pe r fo rmed  on a Waters Associa tes  i n s t r u -  
ment  (Milford,  MA) f i t t ed  with a so lven t  g r a d i e n t  sys tem con t ro l l e r .  For  
isolat ion of the  g l u c u r o n i d e  metabol i tes  of TCDD (Fig .  1-A and  l - B ) ,  a p r e p a r -  
at ive Altex U l t r a s p h e r e - O D S  column (Beckman,  Be r ke l e y ,  CA; 10.0 m m x  25 
cm) was u sed .  The  column was e lu t ed  with a 30-min l inea r  g r a d i e n t  from 
water  to methanol .  The  flow ra te  was 3 ml/min and  3-ml f r ac t ions  were col- 
lec ted .  For  isolat ion and  ana lys i s  of the  ag lycones  a nd  me thy la t ed  ag lycones  
(Fig .  2-A and  2 -B) ,  an ana ly t i ca l  Al tex U l t r a s p h e r e - O D S  column (4 .6  mm x 25 
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Figure 2. High performance liquid chromatography of the combined f ract ions  
cor responding  to Peak II in Fig. I-B us ing  an analytical  Ul t rasphere-ODS 
column. Fract ions cor responding  to Peak II in Fig. I-B were combined, 
evapora ted  unde r  a n i t rogen  stream to d ryness  and the res idue  was dissolved 
in methanol (0.2 ml). An aliquot of the methanolic solution was examined by  
HPLC (A).  The remaining methanolic solution was t r ea ted  with a large excess 
of diazomethane at room tempera ture  for 20 h r  in a sealed vial and subjec ted  
to HPLC (B) .  The chromatographic  conditions were descr ibed  in Materials 
and Methods. 

cm) was u s e d .  T h e  co lumn was e l u t e d  w i th  a 20-min  l i n e a r  g r a d i e n t  f rom 80% 
m e t h a n o l  in  w a t e r  to 100% m e t h a n o l .  T h e  flow r a t e  was  1.5 m l / m i n  a n d  0 . 7 5 - m l  
f r a c t i o n s  w e r e  c o l l e c t e d .  T h e  m e t h a n o l  a n d  w a t e r  u s e d  fo r  HPLC w e r e  a c i d i f i e d  
b y  a d d i n g  0 .2  ml of 88% formic  ac id  to 1000 ml of e a c h  s o l v e n t  p r i o r  to u s e .  
A l i q u o t s  of t h e  f r a c t i o n s  f rom HPLC w e r e  d i s s o l v e d  in  ACS s c i n t i l l a t i o n  c o c k t a i l  
( A m e r s h a m  C o r p . ,  A r l i n g t o n  H e i g h t s ,  IL) a n d  c o u n t e d  on  a P a c k a r d  Model 460 
a u t o m a t i c  s c i n t i l l a t i o n  c o u n t e r  e q u i p p e d  w i th  an  a u t o m a t i c  e x t e r n a l  s t a n d a r d .  

E l e c t r o n - i m p a c t  mass  s p e c t r a  w e r e  o b t a i n e d  u s i n g  a F i n n e g a n  Model 4000 
G C - m a s s  s p e c t r o m e t e r  f i t t e d  w i th  a 30-m f u s e d  s i l ica  c a p i l l a r y  co lumn ( J  & W 
S c i e n t i f i c ,  I n c . ,  R a n c h o  C o r d o v a ,  CA) c o a t e d  wi th  SE-30.  Helium g as  was 
u s e d  as  t h e  c a r r i e r  a t  a flow r a t e  of 5 m l / m i n .  T h e  i n i t i a l  co lumn t e m p e r a t u r e  
of 50 ° was  m a i n t a i n e d  f o r  30 sec  a f t e r  i n j e c t i o n .  T h e r e a f t e r  t h e  co lumn 
t e m p e r a t u r e  was i n c r e a s e d  to 255 ° a t  a r a t e  of  20° / ra in .  T h e  e l u t i o n  of com- 
p o u n d s  was d e t e c t e d  b y  m o n i t o r i n g  t h e  t o t a l  ion c u r r e n t .  T h e  mass  s p e c t r o -  
m e t e r  was  o p e r a t e d  a t  a f i l a m e n t  c u r r e n t  of 50 ~A a n d  a t  70 eV. 

RESULTS AND DISCUSSION 

A t y p i c a l  HPLC e l u t i o n  p r o f i l e  of t h e  r a d i o a c t i v i t y  in  t h e  c e l l - f r e e  s u p e r -  

n a t a n t  f rom t h e  i n c u b a t i o n  of [3H]TCDD wi th  r a t  h e p a t o c y t e s  is  s h o w n  in F ig .  

1-A.  F r a c t i o n s  c o r r e s p o n d i n g  to t h e  m e t a b o l i t e ( s )  of TCDD (21 -24  ra in)  f rom 

s e v e r a l  i n c u b a t i o n s  w e r e  c o m b i n e d  a n d  s u b j e c t e d  to e n z y m a t i c  h y d r o l y s i s  

u s i n g  ~ - g l u c u r o n i d a s e .  A p p r o x i m a t e l y  60% of t h e  t o t a l  r a d i o a c t i v i t y  in  t h e s e  

c o m b i n e d  f r a c t i o n s  cou ld  b e  e x t r a c t e d  w i th  e t h y l  a c e t a t e  a f t e r  ~ - g l u c u r o n i d a s e  

t r e a t m e n t .  HPLC of t h e  e t h y l  a c e t a t e  e x t r a c t s  s h o w e d  t h a t  ~ - g l u c u r o n i d a s e  

t r e a t m e n t  y i e l d e d  a t  l e a s t  two r a d i o a c t i v e  p r o d u c t s  ( F i g .  l - B ) .  

T h e  c o m p o u n d s  4 , 5 - d i c h l o r o c a t e c h o l  a n d  4 , 5 - d i c h l o r o g u a i a e o l  a r e  p o t e n t i a l  

m e t a b o l i t e s  of TCDD.  U n d e r  t h e  c h r o m a t o g r a p h i c  c o n d i t i o n s  d e s c r i b e d  in  F ig .  

1, 4 , 5 - d i e h l o r o c a t e c h o l  a n d  4 , 5 - d i c h l o r o g u a i a c o l  e l u t e d  f rom t h e  co lumn a t  

r e t e n t i o n  t imes of 26 .4  a n d  27 .8  min ,  r e s p e c t i v e l y .  H o w e v e r ,  t r e a t m e n t  of 
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the combined f r ac t ions  c o r r e s p o n d i n g  to Peak I,  F ig .  1-B (25-30 mi n ) ,  with 

excess  d iazomethane  a f fo rded  p r o d u c t s  which were less  polar  ( l o n g e r  r e t e n t i o n  

t imes) t han  1 , 2 - d i c h l o r o - 4 , 5 - d i m e t h o x y b e n z e n e  which is the p r o d u c t  of diazo- 

methane  t r e a t m e n t  of the catechol  as well as the guaiacol .  Because  of l imited 

amounts  of mater ia l ,  the i d e n t i t y  of the  metabol i tes  p r e s e n t  in  Peak I ,  F ig .  

l - B ,  was no t  p u r s u e d  f u r t h e r .  

The  f r ac t i ons  c o r r e s p o n d i n g  to Peak I I ,  F ig .  1-B (34-37 rain) ,  were 

found  to con ta in  at  leas t  two metabol i tes  when examined  by  HPLC u s i n g  an 

ana ly t i ca l  U l t r a s p h e r e - O D S  column (F ig .  2 -A) .  Diazomethane t r e a t m e n t  of the 

f r ac t ions  c o r r e s p o n d i n g  to Peak I I ,  F ig .  l - B ,  r e s u l t e d  in  the e lu t ion  prof i le  

of r ad ioac t iv i ty  shown in Fig.  2-B.  The  f r ac t ions  c o r r e s p o n d i n g  to Peak A 

and  to Peak B, Fig .  2-B,  were combined s e p a r a t e l y  a nd  e v a p o r a t e d  to d r y -  

n e s s .  The  r e s i d u e s  were d i s so lved  in small amounts  of acetone and  sub j e c t e d  

to 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  (GC-MS).  

The gas chromatogram of the f r ac t ions  c p r r e s p o n d i n g  to Peak A revea led  

a s ing le  peak  with a r e t e n t i o n  time of 11.5 min.  The  mass spec t rum ind i ca t ed  

the compound con t a ined  t h r ee  ch lor ine  atoms and  one methoxy g roup  (F ig .  

3 -A) .  The  gas ch romatograph ic  r e t e n t i o n  time and  mass spe c t r a  was cons i s -  

t en t  with a u t h e n t i c  8-MeO-tr iCDD (Fig .  3 -B) .  F u r t h e r m o r e ,  the rad ioac t ive  

Peak A, Fig .  2-B,  was found  to co-migra te  with s y n t h e t i d  8-MeO-tr iCDD when 

examined  b y  ana ly t i ca l  HPLC. 

Us ing  the  same gas ch romatograph ic  cond i t i ons ,  the f r ac t i ons  c o r r e s -  

p o n d i n g  to Peak B, Fig .  2-B,  a f fo rded  a s ingle  peak  with a r e t e n t i o n  time of 

14.7 rain. The mass spec t rum ind i ca t ed  the  me thy la t ed  metabol i te  con t a ined  

four  ch lor ine  atoms and  one methoxy g roup  (F ig .  3 - C) .  The  two poss ib le  

isomeric methoxy d e r i v a t i v e s  of TCDD, 1-MeO-TCDD and  2-MeO-TCDD, were 

s y n t h e s i z e d  and  examined u s i n g  GC-MS. Us ing  the gas ch romatograph ic  

condi t ions  d e s c r i b e d  in  Fig.  3-C,  these  two methoxy d e r i v a t i v e s  of TCDD 

were no t  s e p a r a t e d .  However ,  bo th  had  a r e t e n t i o n  time iden t i ca l  to t ha t  of 

the metabol i te  d e s c r i b e d  in Fig.  3-C.  The  mass spe c t r a  of these  two methoxy 

de r i va t i ve s  of TCDD are  qu i te  s imilar ,  the only  major d i f fe rence  b e i n g  in the 
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Figure 3. Mass spectra of methylated metabolites and authentic methoxy deriva- 
tives of TCDD. A; Peak A, Fig. 2-B, B; authentic 8-methoxy-2,3,7- t r ichloro-  
dibenzo-~-dioxin,  C; Peak B, Fig. 2-B, D; authentic 1-methoxy-2,3 ,7 ,8- te t ra-  
chlorodibenzo-~-dioxin, E; authentic 2-methoxy- l ,3 ,7 ,8- te t rachlorodibenzo-~-  
dioxin. See Material and Methods for analytical methods. 

i n t e n s i t y  of the  f r a g m e n t  ion c l u s t e r s  ( m / e  335; M + CH3) r e l a t i v e  to the  

molecu la r  ion c l u s t e r s  (F ig .  3-D and  3 -E) .  The  mass s p e c t r u m  of the  

m e t h y l a t e d  metabol i te  (F ig .  3 -C)  was c o n s i s t e n t  wi th  tha t  of  1-MeO-TCDD. 

I-MeO-TCDD and 2-MeO-TCDD can be separated using an analytical HPLC 

column. The  r e t e n t i o n  t imes of 1-MeO-TCDD and  2-MeO-TCDD are  21.5 and 

22.8 min,  r e s p e c t i v e l y ,  when the  column is e l u t e d  as d e s c r i b e d  in F ig .  2. 

The  r a d i o a c t i v e  Peak B,  F ig .  2 -B,  was found  to c o - m i g r a t e  wi th  1-MeO- 

TCDD. 

T h u s ,  1 - h y d r o x y - 2 , 3 , 7 , 8 - t e t r a c h l o r o d i b e n z o - ~ - d i o x i n  and  8 - h y d r o x y -  2 ,3 ,  

7 - t r i c h l o r o d i b e n z o - ~ - d i o x i n  h a v e  been  i den t i f i ed  as metabo l i t es  of TCDD r e s u l t -  

ing  from incuba t i on  with  i so la ted  r a t  h e p a t o c y t e s .  

A c k n o w l e d g e m e n t s  - Th is  work  was s u p p o r t e d  in p a r t  by  NIEHS Gran t  
ES02693 and  a Pha rmaceu t i ca l  M a n u f a c t u r e r s  Assoc .  Founda t i on  r e s e a r c h  
s t a r t e r  g r a n t .  The  t e c h n i c a l  a s s i s t a n c e  of Mess r s .  Ear l  L. White,  J o h n  M. 
Chep len  and William B i t t n e r  is g r a t e f u l l y  a c k n o w l e d g e d .  

345 



Vol. I05, No. I, 1982 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

REFERENCES 

1. Ramsey, J. C. ,  Hefner,  d. G., Karbowski, R. J . ,  Braun,  W. H. ,  and 
Gehrin~, P. J. (1979) Toxicol. Appl. Pharmacol. ,  48, A162 

2. Poiger, H. ,  and Schlatter ,  C. (1979) Nature (London),  281, 706-707 
3. Guenthner ,  T. M., Fysh,  J. M., and Nebert ,  D. W. (1979) Pharma- 

cology, 19, 12-22 
4. Olson, J. R. ,  Gasiewicz, T. A. ,  and Neal, R. A (1980) Toxicol. Appl. 

Pharmacol. ,  56, 78-85 
5. Olson, J. R. ,  Gudzinowicz, M., and Neal, R. A. (1981) Toxicologist, 1, 

69 
6. Neal, R. A. ,  Olson, J. R. ,  Gasiewicz, T. A. ,  and Gudzinowicz, M. 

(1981) in Toxic01oKy of Halogenated Hydrocarbons ;  Health and Ecological 
Effects (M. A. Q. Kahn, and R. H. Stanton, e d s . ) ,  Pergamon Press ,  
Inc . ,  Elmsford, NY, pp 259-270 

7. Mate]l, M. (1955) Acta Chem. Scand. ,  9, 1017-1019 
8. Willst~tter, R. ,  and Mffller, H. E. ( 1 9 1 1 ) B e r .  Dtsch. Chem. Ges. ,  44, 

2182-2191 
9. Hffffer, E. J. E. (1921) Rec. Tray .  Chim., 40, 451-476; Chem. Abstr .  

(1921) 15, 3636-3637 
Goi, M., and Konishi, K. (1954) J. Soc. Org. Synthet .  Chem. Japan,  
12, 189-191; Chem. Abstr .  (1957)51 ,  1884d. 
Gray, A. P . ,  Cepa, S. P . ,  Solomon, I. J . ,  and Aniline, O. ( 1 9 7 6 ) J .  
Org. Chem., 41, 2435-2437 

10. 

11. 

346 


