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SUMMARY 

A number of highly purified polychlorinated biphenyl (PCB) isomers and 
congeners were synthesized and administered to male Wistar rats at dosage 
levels of 30 and 150 pmol • kg -1. The effects of this in vivo treatment on the 
drug-metabolizing enzymes were determined by measuring the microsomal 
benzo[a]pyrene (B[a]P) hydroxylase, dimethylaminoantipyrine (DMAP) 
N-demethylase and NADPH-cytochrome c reductase enzyme activities, the 
cytochrome bs content and the relative peak intensities and spectral shifts of 
the reduced microsomal cytochrome P-450 : CO and ethylisocyanide (EIC) 
binding difference spectra. The results were compared to the effects of 
administering phenobarbitone (PB), 3-methylcholanthrene (MC) and PB plus 
MC (coadministered) to the test animals. The synthetic PCB congeners used 
in this study included 3,4,4',5-tetrachlorobiphenyl (TCBP-1), 2,3',4,4'-tetra- 
chlorobiphenyl (TCBP-2), 2,3',4,4',5'-pentachlorobiphenyl (PCBP-1), 2,3,4,- 
4',5-pentachlorobiphenyl (PCBP-2), 2,3,3',4,4',5-hexachlorobiphenyl (HCBP- 
1), 2,3,3',4',5,6-hexachlorobiphenyl (HCBP-2), 2,3,3',5,5',6-hexachlorobi- 
phenyl (HCBP-3), 2,2',3,5,5',6-hexachlorobiphenyl (HCBP-4) and 2,3,3',4,- 
5,5'-hexachlorobiphenyl (HCBP-5) and were used to reappraise the structure- 

*To whom reprint requests should be sent. 

Abbreviations: B[a]P, benzo[a]pyrene; CO, carbon monoxide; DMAP, dimethylamino- 
antipyrene; EC, electron capture; EIC, ethylisocyanide; GLC, gas-liquid chromatography; 
HCBP-1, 2,3,3',4,4',5-hexachlorobiphenyl; HCBP-2, 2,3,3',4',5,6-hexachlorobiphenyl; 
HCBP-3, 2,3,3',5,5'-hexachlorobiphenyl; HCBP-4, 2,2',3,5,5',6-hexachlorobiphenyl; 
HCBP-5, 2,3,3',4,5,5'-hexachlorobiphenyl; MC, 3-methylcholanthrene; PB, phenobar- 
bitone, PCB, polychlorinated biphenyl; PCBP-1, 2,3',4,4',5-pentachlorobiphenyl; PCBP- 
2, 2,3,4,4",5-pentachlorobiphenyl, PMR, proton magnetic resonance, TCBP-1, 3,4,4',5- 
tetrachlorobiphenyl, TCBP-2, 2,3",4,4'-tetrachlorobiphenyl; TCDF, 2,3,7,8-tetrachloro- 
dibenzofuran; TLC, thin layer chromatography. 
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activity rules for PCBs as hepatic microsomal enzyme inducers. The results 
suggested that  (a} PCBs which induce MC or mixed-type activity must be 
substi tuted at both para positions, at least two meta  positions but not  
necessarily on the same phenyl ring and can also contain one or tho  chloro 
substituent; (b) due to the considerable structural diversity of the PB-type 
inducers the rules for induction of  this activity by PCB congeners are not  
readily defined. 

INTRODUCTION 

Commercial PCBs are complex mixtures of chlorinated biphenyl isomers 
and congeners [1,2] which readily induce the hepatic drug-metabolizing 
enzymes. The spectral, enzymic and electrophoretic properties of hepatic 
microsomal monooxygenases induced by Aroclor 1254, a widely-used 
commercial PCB, are consistent with a pattern of mixed induction which can 
be simulated, for example, by coadministering the cytochrome P-450 
inducer, PB, with the cytochrome P-448 inducer, MC [3--9]. It has been 
proposed that  the duality of the biochemical response to Aroclor 1254 and 
other commercial PCB mixtures is dependent  on the presence of individual 
chlorinated biphenyls some of which induce cytochrome P-450 and some 
of which induce cytochrome P-448. In support of this proposal, several 
reports described the identification of individual PCB isomers and con- 
geners as inducers of the microsomal monooxygenases [10--18] and their 
categorisation into PB-type or MC-type inducers [10--12,17,18]. From 
these studies on individual chlorinated biphenyls as microsomal mono- 
oxygenase inducers, the following structure-activity rules were suggested: 
{1) PCBs chlorinated in the ortho and para positions of both phenyl rings 
are PB-type inducers of cytochrome P-450-dependent monooxygenases; 
further chlorine substitution of  PB-type inducers can alter the quantitative 
but not  the qualitative effects of the inducer; (2} PCBs chlorinated in only 
the meta  and para positions of both phenyl rings are MC-type inducers of  
cytochrome P-448-dependent monooxygenases; the addition of  ortho 
chlorine substituents to MC-type inducers completely eliminates this 
activity; (3) PCBs chlorinated in only one phenyl ring and the lower chlori- 
nated isomers and congeners are either weak or inactive as microsomal 
enzyme inducers. 

A number of reports [13,14] would appear to  contradict the observations 
noted above. However, it has been pointed out that  some of  these incon- 
sistencies may be due to 2,3,7,8-tetrachlorodibenzofuran, a potent  inducer 
of cytochrome P-448, which may be present as a trace impurity in certain 
individual PCB preparations [19]. More recent studies with highly purified 
PCB isomers and congeners have shown that,  in contrast to rule (2), certain 
compounds chlorinated in the meta  and para positions of  both rings and at 
only one ortho position are mixed (PB+MC)- type  inducers [20,21]. 
Similarly, in contrast to rule {1), 2,2' ,3,3' ,5,5'-hexachlorobiphenyl, an isomer 
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with no para chloro substituents,  was shown to be a PB-type inducer 
[22,23] .  

It has been suggested that  the toxici ty of  several classes of  halogenated 
aromatic hydrocarbons is associated with those specific compounds  which 
induce cy tochrome P-448-dependent  microsomal monooxygenases  [10,18].  
Therefore, the establishment of  a structure-activity relationship for PCBs 
may assist in the identification of  the more toxic PCB isomers and con- 
geners. The relatively high toxici ty of  the possible MC-type inducers defined 
in rule (2) (namely 3,3 ' ,4,4 '- tetrachlorobiphenyl,  3,3' ,4,4' ,5-pentachlorobi- 
phenyl and 3,3 ' ,4,4 ' ,5,5 '-hexachlorobiphenyl)  has been confirmed in previous 
studies [15,16,24] .  In addition, some of  the individual PCBs identified as 
mixed-type inducers also exhibited unusually high toxicity.  For example 
2,3,3 ' ,4,4 '-pentachlorobiphenyl and HCBP-1 were hepatotoxic  to rats 
[ 16,25] and the former also inhibited reproduction in chickens [ 26]. 

In view of  the inconsistencies ment ioned above and the predictive utility 
of  the microsomal enzyme induction assay, a s tudy was undertaken to 
further clarify the structural features that determine the activity of  PCBs as 
microsomal enzyme inducers. 

MATERIALS AND METHODS 

Synthesis and purification o f  PCB isomers and congeners. 3,4-Dichloro- 
aniline, 3,5-dichloroaniline, 2,5-dichloroaniline, 2,4-dichloroaniline, 4-chlo- 
roaniline, 1,2,3,4-tetrachlorobenzene, 1,2,4,5-tetrachlorobenzene and 
1,2,3-trichlorobenzene were purchased from the Aldrich Chemical Co. and 
isoamyl nitrite was obtained from Eastman Organic Chemicals. The TCBP-1, 
PCBP-1, PCBP-2, HCBP-1, HCBP-2, HCBP-3, HCBP-4 and HCBP-5 were syn- 
thesized by  the Cadogan coupling [27] of  the appropriate chlorinated aniline 
(10--15 mmol) in excess of  the chlorinated benzene (200--300 mmol) in the 
presence of  isoamyl nitrite (20 mmol) as summarized in Table I. The 
reactions were carried out  at 120--130°C for at least 18 h with rapid stirring. 
The excess chlorinated benzene was removed in vacuo and the crude reaction 
products  were purified by column chromatography on alumina/Florisil and 
by thin-layer chromatography (TLC) as described [21].  The purified PCB 
congeners were crystallized from methanol and their structures confirmed by 
220 or 60 MHz proton magnetic resonance (PMR) spectroscopy (in deutero- 
chloroform or deuteroacetone solvents respectively) and mass spectrometry.  
The spectroscopic data are summarized in Table I. The coupling reactions to 
give PCBP-2, HCBP-1, HCBP-2, HCBP-3, HCBP-4 and HCBP-5 gave only a 
single major PCB reaction product .  TCBP-1 and PCBP-1 were each separated 
from one other  major reaction product ,  namely 2,3,4,4'-tetrachloro- 
biphenyl and 2,2 ' ,3,4,4 '-pentachlorobiphenyl,  respectively, by repeated TLC 
as previously reported [21]. 2,3 ' ,4,4 '-Tetrachlorobiphenyl (TCBP-2) was 
synthesized as described [25].  The gas-liquid chromatographic (GLC) 
purities were determined using a Hewlett-Packard model 5710 chromato- 
graph equipped with a 63Ni electron capture (EC) or flame ionization 
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detector  using an 0.6 cm X 1.2 M glass column packed with 3% OV 101 on 
Ultrabonded Carbowax 20M, 80--100 mesh (RFR Corp). 

Biochemicals. Cytochrome c {horse heart, type III), NADP*, NADPH, 
~-D-glucose-6-phosphate, ~-D-glucose-6-phosphate dehydrogenase {Baker's 
yeast), MC, B[a]P and EIC were purchased from Sigma Chemical Co; DMAP 
from Aldrich Chemical Co; carbon monoxide (CO) (research purity} from 
Matheson and sodium phenobarbitone from the Ontario Veterinary College, 
Guelph. [3H]B[a]P was obtained from New England Nuclear Co. and 
purified by Florisil column chromatography using petroleum ether (30-- 
60°C): methylene chloride (99 : 1, v/v) as eluant. 

Animal  treatment and isolation o f  microsomes. One-month-old male 
Wistar rats, average weight 100 g, were housed in wire cages and allowed 
free access to Purina Rat Chow and water. The PCB isomers and congeners 
were dissolved in corn oil and dosages of 30 u m o l -  kg -1 (low dose) and 
150 p m o l .  kg -1 (high dose) were administered to four or five animals at 
each dose level by intraperitoneal injection on days 1 and 3. The animals 
were killed by cervical dislocation on day 6. PB (400 umol • kg -1) dissolved 
in isotonic saline and MC (100 p m o l -  kg -1) dissolved in corn oil were 
administered individually as well as coadministered to animals on days 1 
and 2 and the animals killed on day 3. Animals injected with a corresponding 
volume of  vehicle (0.5 ml corn oil) served as controls which, along with 
PB-, MC- and/or  PB + MC-treated rats, were included in each experiment and 
no significant variation was observed from week to week. All animals were 
fasted over the last 24 h to lower liver glycogen levels. 

The rat livers were cleared of  blood by perfusing via the hepatic portal 
vein with ice-cold isotonic saline supplemented with EDTA (0.1 mM). The 
blanched livers were transferred to pre-weighed, ice-cold solutions of sucrose- 
EDTA (0.25 M -0.1 mM) and the liver weights determined. The microsomal 
fraction was collected as a 100 000 X g pellet by further centrifugation of a 
10 000 X g supernatant from the liver homogenate essentially as described 
[28]. 

Assays. In all assays the final concentration of microsomal protein was 
1.0 mg • ml -~ as determined by the method of Lowry et al. [29]. The cyto- 
chrome P-450 content  was determined by the method of  Omura and Sato 
[30], from the CO-difference spectrum of dithionite-reduced microsomes 
using an extinction coefficient of  91 cm -1 - mM -~ between Amax and A490. 
The EIC-difference spectrum was determined in a similar manner to the 
CO-difference spectrum except that EIC was added to the sample cuvette 
(final concentration 4.5 mM) instead of  CO. The absence of a peak at 
420 nm in the difference spectrum between carbonmonoxyhaemoglobin and 
oxyhaemoglobin (determined by bubbling CO through the sample cuvette 
using oxidised microsomes) indicated that  the microsomes used in this study 
were essentially free from haemoglobin contamination.  The concentration 
of cytochrome bs was determined from the difference spectrum between 
NADH-reduced microsomes and oxidised microsomes [31] using the 
corrected extinction coefficient of 185 cm -1 • mM -1 [30]. All spectra were 
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recorded on a Cary 118C spectrophotometer  with a repetitive scan acces- 
sory. Holmium oxide was used to calibrate all spectra. In all cases, identical 
peak maxima from at least four of  the five animals were recorded, hence, 
these results are expressed as the mode value. 

All other assays were performed as described [28]. The rate of  oxidative 
N-demethylation of  DMAP was measured by quantifying the production of 
formaldehyde. The formaldehyde,  trapped as the semicarbazone, was 
developed in double-strength Nash reagent. The rate of B[a]P hydroxylat ion 
was measured radiometrically by quantifying the base-soluble metabolites 
following hexane-extraction of  the unreacted B[a]P. The activity of 
NADPH-cytochrome P-450 reductase was measured by the rate of the 
reduction of  cytochrome c. To prolong the linearity of  the cytochrome c 
reduction, samples with high NADPH-cytochrome P-450 reductase activity 
were diluted to a final microsomal protein concentration of  0.2 mg - m1-1. 

The statistical significance between the sample means of  control and 
treated groups for each parameter studied was analyzed by the Student 's  
t-test at the 1% level of  significance (P < 0.01). 

RESULTS 

The effects PB, MC and their coadministration (PB + MC). Induction of 
cyochromes P-450 by PB was characterized by (a) a proliferation of  the 
endoplasmic reticulum (as indicated by an increase in the mg microsomal 
protein g liver-I), (b) an increase in the activity of  DMAP N-demethylase 
(X2.3), B[a]P hydroxylase (X3.0) and NADPH-cytochrome c reductase 
(X2.3), (c) an increase in the concentration of  cytochrome bs and P-450 
with the absorption maximum of the latter occurring at 450.0 nm and (d) 
an EIC-difference spectrum displaying two peaks at 428.0 and 455.0 nm 
with a 455 : 428 nm peak height ratio of about 0.7. These features are 
shown in Table II. 

In contrast,  induction of  cytochromes P-448 by MC was characterized by 
(a) no significant proliferation of  the endoplasmic reticulum and no increase 
in the activity of  DMAP N-demethylase or NADPH-cytochrome c reductase, 
(b) a large increase in the activity of B[a]P hydroxylase (X14), (c) an 
increase in the concentration of cytochrome bs and P-450 with the absorp- 
tion maximum of the latter shifted 2 nm downfield to 448.0 nm and (d) 
an EIC-difference spectrum with peak maxima at 429.6 and 452.0 nm and 
a 455 : 428 nm peak height ratio of  1.9. 

In all cases the coadministration of  PB and MC resulted in increases in 
enzymic activity and cytochrome concentration which were greater than the 
corresponding increases evoked by either PB or MC alone. Following the 
coadministration of PB and MC, the CO-difference spectrum showed maxi- 
mum absorbance at 448.5 nm, whilst the EIC-difference spectrum showed 
two peaks at 428.5 and 452.0 nm with a 4 5 5 .  428 nm peak height ratio of 
1.2. The spectral shifts elicited by the coadministration of PB and MC were 
slightly less than those evoked by the administration of MC alone. In general, 
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Fig. I. The PCB isomers and congeners used in this study. 

the qualitative spectral characteristics displayed by PB + MC- induced micro- 
somes were intermediate between PB- and MC-induced microsomes. 

It was shown elsewhere that the inducing effects of  PB could be dupli- 
cated with 2,2',4,4'-tetrachlorobiphenyl whilst 3,3',4,4'-tetrachlorobiphenyl 
could simulate the inducing effects of  MC [21] .  This is an important obser- 
vation since 2,2',4,4'-tetrachlorobiphenyl and 3,3',4,4'-tetrachlorobiphenyl 
are the simplest isomers satisfying structure-activity rules (1) and (2), 
respectively (Introduction). Therefore, for PCBs, 2,2',4,4'-tetrachloro- 
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biphenyl is a p ro to type  PB-type inducer and 3,3 ' ,4,4 '- tetrachlorobiphenyl a 
p ro to type  MC-type inducer. 

The effects o f  selected PCB isomers and congeners. The results presented 
in Table II indicate that  the PCB isomers and congeners tested were either 
PB-type, MC-type or mixed (PB + MC)-type inducers. The PB-type inducers 
included TCBP-2, HCBP-2 and HCBP-3. Pretreatment  with these PCB 
isomers resulted in an increase in the concentrat ion of  cy tochrome bs and 
P-450. Although increased in magnitude, the peak maxima of  the CO- 
difference spectrum (450.0 nm) and the EIC-difference spectrum (428.0 and 
455.0 nm) as well as the relative peak height ratio of  the latter (455 : 428 
0.5--0.7) were essentially unaltered compared to  control  values. The 2- to 
3-fold increase in cy tochrome P-450 concentrat ion observed following 
pretreatment  with TCBP-2, HCBP-2 and HCBP-3 at the high dose level 
(150 ~mol • kg -1) was accompanied by comparable increases in the activity 
of  DMAP N-demethylase,  B[a]P hydroxylase and NADPH-cytochrome c 
reductase. The effects of  TCBP-2 confirmed earlier reports that this isomer 
is a PB-type inducer [12].  

HCBP-2, -3 and -4 all share a common structural feature: namely, a 
2,3,5,6-tetrachloro subst i tut ion pattern in one ring and one meta substi- 
tuen t  in the other. Despite five of  the six chlorine atoms being in identical 
positions, the posit ion of  the sixth chlorine greatly affected the po tency  
with which these hexachlorobiphenyls induced cy tochrome P-450. The 
sixth chlorine appears in the para, rneta and ortho position in the lesser 
subst i tuted ring of  HCBP-2, HCBP-3 and HCBP-4, respectively. HCBP-2 was 
a more po ten t  inducer of  cy tochrome P-450 than HCBP-3. This was particu- 
larly evident from their effects at the low dose level. However,  HCBP-4 was 
either a non-inducer or a very weak PB-type inducer of  cy tochrome P-450. 

TCBP-1 was found to be a MC-type inducer. In addition to an increase in 
its intensity, the Soret peak of  the CO-difference spectrum was shifted 
1.6 nm from 450 nm to 448.4 nm when TCBP-1 was administered at the 
high dose level. In the EIC-d~fference spectrum, both  bathochromic and 
hypsochromic shifts were detected in the 428 nm and 455 nm peaks, 
respectively. Although neither DMAP N-demethylase nor NADPH-cyto- 
chrome c reductase activity was increased, the activity of  B[a]P hydroxylase 
was enhanced 7.6- and 13-fold by TCBP-1 at the low and high dose, respec- 
tively. To date, only three PCB isomers (3,3' ,4,4'-tetra, 3,3' ,4,4' ,5-penta- and 
3,3 ' ,4,4 ' ,5,5 ' -hexachlorobiphenyl)  have been identified a s  strictly MC-type 
inducers. The results obtained for TCBP-1 indicated the existence of  a 
fourth,  pure MC-type inducer. It should be noted  that,  in accordance with 
rule (2) (Introduction),  all pure MC-type inducers identified contain only 
meta and para substi tuents but,  in contrast  to the same rule, these positions 
need not  be occupied in both  phenyl rings as the results for TCBP-1 indicate. 

It has been shown previously that,  in contrast  to  rule (2), the addition of  
a single ortho subst i tuent  to  each of  the three PCBs identified as MC-type 
inducers (namely 3,3',4,4'-tetra-, 3,3 ' ,4,4 ' ,5-penta and 3,3' ,4,4' ,5,5'-hexa- 
chlorobiphenyl)  did not  abolish the MC-type effects with one exception 
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TABLE III 

PCB ISOMERS AND CONGENERS WHICH INDUCE HEPATIC CYTOCHROME P-448 
DEPENDENT M O N O O X Y G E N A S E S  - -  IDENTIFICATION IN COMMERCIAL MIX- 
TURES AND ENVIRONMENTAL SAMPLES 

PCB Congener Type of Identification a Refs. 
Inducer 

Commercial Human 
Mixtures T i s s u e  

3,3',4,4'-Tetrachlorobiphenyl MC x/ 
3,4,4',5-Tetrachlorobiphenyl MC 
3,3',4,4',5-Pentachlorobiphenyl MC ND 
2,3,4,4',5-Pentachlorobiphenyl Mixed ND 
2,3',4,4',5'-Pentachlorobiphenyl Mixed ND 
2,3,3 ',4,4 '-Pentachlorobiphenyl Mixed x/ 
2,3',4,4',5-Pentachlorobiphenyl Mixed ~/ 
2,3,3',4,4',5-Hexachlorobiphenyl Mixed x/ 
3,3',4,4',5,5'-Hexachlorobiphenyl MC x/ 
2,3,3 ',4,4',5'-Hexachlorobiphenyl Mixed ND 
2,3,3',4,4',5,5'-Heptachlorobiphenyl Mixed x/ 

ND 1,2,34 
ND 1 
ND 12 
ND This p a p e r  

ND This p a p e r  

x/ 1,2,40-42 
x/ 1,2,40-- 42 
x/ 1,2,40 ~42 
ND 34 
ND 21 
x/ 2,20 

a ND, not detected. 

[21] .  In addi t ion  to  re ta ining the i r  MC-type charac te r ,  these PCBs also 
acqui red  PB- type  proper t ies  and were classified, the re fo re ,  as m ix ed - ty p e  
inducers .  I t  was o f  in teres t  to  tes t  w h e th e r  TCBP-1,  the  newly  ident i f ied  
pure  MC-type  inducer ,  would  retain its MC-type  charac te r  and acquire  
PB- type  proper t ies  u p o n  add i t ion  o f  a single ortho subs t i tuent .  Subs t i tu t ion  
o f  TCBP-1 in one  ortho posi t ion  gives on ly  tw o  possible congeners ,  PCBP-1 
and PCBP-2. Bo th  PCBP-1 and PCBP-2 were fo u n d  to  be m ix ed - ty p e  
inducers .  Tha t  is, b o t h  pen t ach lo rob ip h en y l s  el ici ted MC-type  effects ,  such 
as a large increase in B [a ]P  h y d r o x y l a s e  act ivi ty ,  and PB- type  effects ,  such 
as a 2- to  3-fold increase in DMAP N-demethy lase  and N A D P H - c y t o c h r o m e  c 
reductase  act ivi ty .  The  quant i ta t ive  and qual i ta t ive changes in b o t h  the  CO- 
and EIC-di f ference  spec t ra  closely resembled  those  observed  fol lowing the  
coadmin i s t r a t ion  o f  PB and MC. Al though b o t h  p en t ach lo ro b ip h en y l s  were 
m i x e d - t y p e  inducers ,  PCBP-2 was f o u n d  to  be more  p o t e n t  than  PCBP-1. I t  
was shown  previously  tha t  t he  mixed - ty p e  inducer ,  2 ,3 ,3 ' ,4 ,4 ' -pen tach loro-  
b iphenyl ,  was a more  p o t e n t  i nduce r  o f  MC-type character is t ics  t han  PCBP-1 
and tha t ,  whilst HCBP-1 was also a m ix ed - ty p e  inducer ,  2 ,3 ' ,4 ,4 ' ,5 ,5 ' -hexa-  
c h l o r o b i p h e n y l  was an appa ren t  PB- type  induce r  [ 21].  Based on these results 
and those  ob ta ined  with PCBP-1 and PCBP-2, it  appears  tha t  isomers with 
the  single ortho subs t i tuen t  ad jacent  to  a chloro  subs t i tuen t  (i.e. the  2,3,4- 
or  2 ,3 ,4 ,5-subs t i tu t ion  pa t t e rn )  are more  p o t e n t  inducers  o f  ?,~,C-type 
character is t ics  than  isomers  with the  single ortho subs t i tuen t  adjacent  to  a 
hyd roge n  (i.e. the  2,4- or 2,4,5- subs t i tu t ion  pa t te rn) .  
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Pretreatment  with HCBP-5 at the high dose level resulted in increases in 
cy tochrome P-450 (×1.3), DMAP N-demethylase (×1.4) and NADPH- 
cy tochrome c reductase (×1.2). These effects, together with the qualitative 
aspects of  the spectral data, suggested that  HCBP-5 is a weak PB-type 
inducer. 

DISCUSSION 

A complete  assessment of  the effect  of  structure on the activity of  chlori- 
nated biphenyls as microsomal monooxygenase  enzyme inducers would 
require the synthesis and testing of  all 209 possible congeners. This formid- 
able task would also have to account  for the in vivo formation of  PCB 
metabolites,  particularly from the lower chlorinated congeners (e.g. PCB-1 
and PCB-2 in Fig. 1) and their possible role in the induction process. The 
PCBs used in this s tudy were highly purified isomers and congeners con- 
taining a minimum of four  chloro substituents (i.e. PCB-1 ; x + y > 4). These 
more highly chlorinated compounds  are not  readily metabolized [32] and 
this obviates the need for identifying, synthesizing and ult imately testing 
their metabolites.  In light of  various exceptions to those structure-activity 
correlations described in Introduct ion,  this s tudy was designed to reap- 
praise the proposed prerequisites (i.e. ortho, meta and para substi tut ion 
patterns} for  rat hepatic microsomal enzyme induction. 

Structure-activity rules: PB-type inducers. It has been suggested that  
PB-type inducers require ortho and para chloro substi tuents on both  phenyl 
rings (Introduct ion,  rule (1)). The structural requirement for bothpara substi- 
tuents was tested by evaluating the effects of  a series of  three hexachloro- 
biphenyl isomers, HCBP-1, HCBP-2 and HCBP-3, as microsomal enzyme 
inducers. We have previously reported that  HCBP-1 {with two para substi- 
tuents) was a mixed-type inducer and it is apparent from the results that  
pret reatment  of  rats with either HCBP-2 (with one para substi tuent) or 
HCBP-3 {with no para substituents) resulted in a PB-type enhancement  of  
hepatic microsomal B[a]P hydroxylase and DMAP N-demethylase activities 
and cy tochrome P-450 content ,  pA fourth isomer devoid of  para substituents,  
HCBP-4, exhibited only marginal PB-type activity. These data and previous 
results reported for 2,2 ' ,3,3 ' ,5,5 ' -hexachlorobiphenyl [22,23] demonstrate  
that  para chloro subst i tut ion of  biphenyl is not  a structural requirement for 
PB-type induction.  

Previously we have shown tha t  a number  of  PCB congeners subst i tuted at 
only one ortho position (e.g. HCBP-1) were inducers of  PB-type microsomal 
enzyme activities [20,21].  It has also been reported that  administration of  
4,4 '-dichlorobiphenyl to rats resulted in proliferation of  hepatic smooth  
endoplasmic reticulum and increases in hepatic microsomal aniline hydroxy-  
lase and p-nitroanisole-O-demethylase activities [33].  These data and others 
[17,33] suggested that  PCB congener(s) wi thout  any ortho chloro substi- 
tuents  can be PB-type inducers. It is possible that  the activity observed for 
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4,4 '-dichlorobiphenyl may be associated with one or more of  its metabolites.  
However,  in the rat the major metaboli tes of  4,4 '-dichlorobiphenyl axe 4,4'- 
dichloro-3-biphenylol and 4'-chloro-4-biphenylol [32],  bo th  of  which lack 
or tho  substituents.  Furthermore,  3,3'-dichlorobiphenyl is also a weak PB- 
type  inducer [11,17] .  Due to such variability it is apparent that  the precise 
structural requirements for PCBs as PB-type inducers of  microsomal enzyme 
activities cannot  be readily defined. 

S t ruc ture -ac t i v i t y  rules: M C - t y p e  inducers.  It was originally proposed that 
MC-type inducers require only para substi tution and meta  substi tution on 
both  phenyl  rings (Introduct ion,  rule (2)). However,  the  requirements for  
m e t a  substi tution have also not  been unequivocally established. It has 
previously been shown that  all mixed or MC-type inducers were substi tuted 
at one or two meta  positions on both  phenyl  rings. TCBP-1, PCBP-1 and 
PCBP-2 also contain 2 met a - s ubs t i t u t ed  chloro groups but  these are now 
located on the same phenyl ring. The enzyme induction results clearly show 
that TCBP-1 is a pure MC-type inducer and PCBP-1 and PCBP-2 axe both  
mixed-type inducers. It has previously been shown that TCBP-2 was a PB- 
type  inducer [12];  this was confirmed in the present s tudy and suggested 
that  PCB isomers and congeners with MC-type activity must contain at least 
2 me ta  chloro substituents,  but  not  necessarily on the same ring. 

Other reports [10,12] and the data presented in this paper show that all 
mixed or MC-type inducers are subst i tuted at bo th  para positions and the 
loss of  these substi tuents results in the loss of  MC activity. HCBP-5 is an 
isomer of  HCBP-1, a strong mixed-type inducer, in which one of  the para 
(C-4') chloro substi tuents of  the latter compound  has been shifted to C-5' 
to give HCBP-5. This shift of  a chloro substi tuent  from a para to a meta  
position results in the complete  loss of  MC-type activity and supports the 
structural requirements of  2 para chloro substituents for this activity. 

The recent identification of  several mixed-type inducers [20,21],  e.g. 
HCBP-1, indicated that  chloro substi tution at one or tho  position did not  
abolish the MC-type activity of  these PCB congeners which were also subst- 
tu ted  in both  para posit ion and at least two meta  positions. Presumably, the 
steric properties of  only one or tho  chloro substi tuent  are not  sufficient to 
hinder the formation of a coplanar PCB moiety  which is isosteric with 
2,3,7,8-tetrachlorodibenzo-p-dioxin and binds to the cytosol  receptor  
protein involved in the initiation of  microsomal monooxygenase  enzyme 
induction [34].  The effects of  2 or tho  chloro substituents might be expected 
to have a more pronounced effect  on the population of  the planar con- 
formers and, hence, on their activity as MC-type inducers. Previous reports in 
the literature suggested that  PCBs subst i tuted in at least one meta  and para 
position on each phenyl ring and at 2 or tho  positions were strictly PB-type 
inducers as evidenced by the activity of  the 2,2' ,3,3' ,4,4'- and 2,2' ,4,4' ,5,5'- 
hexachlorobiphenyl  isomers [10,11].  Contradictory reports have suggested 
that these isomers also possess MC-type activity [13,14].  A subsequent  
reinvestigation of  the activity of  2,2 ' ,4,4 ' ,5,5 '-hexachlorobiphenyl as a 
microsomal enzyme inducer has shown that the MC-type activity of  a 99% 
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pure commercial sample (prepared by the Ullman coupling method) was due 
to contamination with the highly active 2,3,7,8-tetrachlorodibenzofuran 
(TCDF) [19]. This result explains the apparent MC-type activity noted for 
this PCB isomer. Two papers have also reported that 2,2',3,3',4,4'-hexa- 
chlorobiphenyl and 2,2',3,4,4',5'-hexachlorobiphenyl were also mixed-type 
inducers after a 6-day [13] and a 90-day treatment regimen [14]. Since both 
isomers were synthesized by Ullman coupling procedures it is possible that 
these preparations may have also contained TCDF-like impurities; however, 
these apparent inconsistencies require further investigation. 

By combining these data it is now possible to more accurately define the 
structure-activity rules for PCB isomers and congeners as hepatic microsomal 
monooxygenase enzyme inducers as follows: (1) PCBs which induce 
MC-type activity must be substituted at both para positions, at least two 
m e t a  positions (but not necessarily on different phenyl rings) and can also 
contain one or tho  substituent; (2) due to considerable diversity, the 
structure-activity rules for the induction of PB-type activity cannot be 
strictly defined. 

Table III summarizes all the PCBs expected to exhibit MC-type activity 
based on the above guidelines and a number of these isomers and congeners 
have been identified in commercial PCBs [1,2] and in humans (blood, 
adipose tissue and breast milk) [35--37]. Clearly, further testing is required 
to substantiate the correlation between the toxicity of these chemicals and 
their activities as inducers of cytochrome P-448-dependent monooxygenases. 
This may be significant in terms of human health since a comparison 
between the composition of the commercial PCB mixtures and the mixture 
of PCBs in humans revealed a preferential retention of the mixed-type 
inducers in human and animal tissues [35--37]. 
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