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ABSTRACT. Concentration-dependent induction of cytochrome P4501A (CYPlA) and intracellular porphy- 

rin accumulation were observed following treatment of chicken embryo hepatocyte (CEH) cultures with 2,3,7,8- 

tetrachlorodibenzo-p-dioxin (TCDD), 2,3,7,8-tetrachlorodibenzofuran (TCDF), 3,3’,4,4’-tetrachlorobiphenyl 

(PCB 77, IUPAC nomenclature), 2,3’,4,4’,5-pentachlorobiphenyl (PCB 118), 3,3’,4,4’,5-pentachlorobiphenyl 

(PCB 126), 3,3’,4,4’,5,5’-hexachlorobiphenyl (PCB 169), and a commercial mixture of PCBs (Aroclor 1254). 

For these halogenated aromatic hydrocarbons (HAHs), or mixture, maximal CYPlA activity [measured as 

ethoxyresorufin-O-deethylase (EROD) activity] and immunodetectable protein were observed at concentrations 

just prior to, or coincident with, the concentrations at which porphyrin accumulation became evident. Both 

immunodetectable CYPlA protein and catalytic activity decreased at high concentrations of these compounds, 

but the rate and extent of decrease of immunodetectable CYPlA protein varied. Time-course studies with PCB 

77 indicated a decrease in potency and an increase in maximal CYPlA induction between 24 and 48 hr of 

exposure which may indicate in vitro metabolism of this HAH. Intracellular accumulation of total porphyrins 

without CYPlA induction, was observed for 2,2’,5,5’-tetrachlorobiphenyl (PCB 52), 2,2’,6,6’-tetra- 

chlorobiphenyl (PCB 54), 2,2’,3,5’,6-pentachlorobiphenyl (PCB 95), 2,2’,4,5,5’-pentachlorobiphenyl 

(PCB lOl), 2,2’,3,3’,6,6’-hexachlorobiphenyl (PCB 136), and 2,2’,4,4’,5,5’-hexachlorobiphenyl (PCB 

153). Overall, these results are consistent with a role for CYPlA induction and/or Ah receptor activation in 

porphyrin accumulation mediated by HAHs with a planar configuration, whereas those that are not planar may 

mediate porphyrin accumulation by a mechanism not involving induction of CYPlA. Cop&ht 0 1997 
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HAHs§ are widespread environmental contaminants that 

have been shown to elicit a wide range of toxic and bio- 

chemical effects in both laboratory animals and wildlife 

[l-6]. To assess indirectly the toxicological potency of these 
compounds and their mixtures, the biochemical endpoint 
that has received the most attention is measurement of 
CYPlA catalytic activity. Although CYPlA induction is 
not a toxic endpoint per se [3, 7, 81, there have been many 
studies that have shown a strong correlation between 
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CYPlA induction and the appearance of HAH-mediated 
toxic effects (reviewed in Ref. 9). 

Although CYPlA induction is the biochemical endpoint 
most commonly measured to assess the toxic potency of 
HAHs, deregulation of the heme biosynthetic pathway has 
also been associated with HAH exposure [lo]. Recent stud- 
ies with rodents have suggested the involvement of 
CYPlA2 in HAH-mediated porphyrin accumulation [l l- 
141. Multiple CYPlA forms have also been identified in 
chickens [15, 161, and evidence suggests that, similar to 
rodents, one or more of these forms plays a role in HAH- 
mediated porphyrin accumulation [17]. Studies to date in 
our laboratory (unpublished results) indicate that me- 
thoxyresorufin-O-deethylase activity, which is associated 
with CYPlA2 induction in rodents, was not elevated in 
CEH cultures treated with porphyrinogenic concentrations 
of TCDD. Despite this inability to specifically detect 
CYPlA2 catalytic activity, CEH cultures are sensitive to 

disruption of the heme biosynthetic pathway, resulting in 
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measurable porphyrin accumulation. In contrast, rat and 
human hepatocytes and established mammalian liver cell 
lines appear to be refractory to porphyrin accumulation 
after HAH exposure in vitro [12, 181. Thus, with the CEH 
culture system, it is possible to investigate the inter- 
relationships between HAH-mediated CYPlA induction 
and porphyrin accumulation. 

Studies by Kawanishi et al. [19] and Sassa et al. [20] 
suggested that coplanarity, in conjunction with pura and 
meta chlorine substitution, were necessary for PCB- 
mediated porphyrinogenic activity in cultured CEHs. The 
coplanar PCBs, 77 and 169, were found to be the most 
active, while non-coplanar PCBs, such as 52, 54, 136, and 
153, which have 2,2’-ortho chlorine substituents were not 
effective in stimulating porphyrin accumulation. Although 
structural properties were correlated with the abilities of the 
various PCBs tested to mediate porphyrin accumulation, 
these results were based on single PCB concentrations of 
either 2 kg/mL medium [19] or 0.5 pg/mL medium [20]. 

Although both EROD and porphyrin concentration- 
response data were obtained for ten tetra- to hexa- 
chlorinated PCB congeners, including PCBs 52, 77, 101, 
126, 153, and 169, in a study by Rodman et al. [21], a 
limited number of concentrations were used, and in many 
cases full concentration-response data were probably not 
obtained. In addition, they found that maximal EROD and 
porphyrin responses occurred at similar concentrations for 
PCBs 77, 126, and 169. This differs from earlier studies 
conducted in our laboratory where maximal EROD activity 
generally coincided with the onset of porphyrin accumula- 
tion [22]. Furthermore, the CEHs used in the study by Rod- 
man and co-workers were cultured under different condi- 
tions, and exogenous ALA (heme precursor) was added to 
the medium. 

The present study was undertaken to thoroughly com- 
pare the CYPlA induction and porphyrinogenic properties 
of structurally different HAHs, and to relate these data to 
proposed mechanisms of action. Complete concentration- 
response data were obtained for EROD activity, immuno- 
detectable CYPlA protein, and intracellular porphyrin ac- 
cumulation. Previous studies in avian hepatocyte cultures 
have not characterized HAH-mediated CYPlA induction 
in terms of immunodetectable CYPlA protein, and, in 
most cases, exogenous ALA was added to the cell culture 
medium. In the present study, ALA was not added to the 
culture medium and the accumulated porphyrins were fur- 
ther characterized in terms of their specific types and ratios 
after 24- and 48-hr exposure periods. Finally, because some 
HAHs, such as PCB 77, are readily metabolized in viva, 
studies were conducted to evaluate the time-course of both 
CYPlA induction and porphyrin accumulation for PCB 77 
in CEH cultures. 

MATERIALS AND METHODS 
MateriaZs 

PCBs and TCDF were from Ultra Scientific (Kingstown, 
RI, U.S.A) and were stated to be at least 99% pure by the 

supplier. TCDD was provided by Dr. J. J. Ryan (Health 
Canada, Ottawa, Ontario, Canada). Postmitochondrial su- 
pernatants from livers of rats treated with Aroclor 1254 
were obtained from Molecular Toxicology (Annapolis, 
MD, U.S.A.) and were used to prepare microsome stan- 
dards for western blot experiments. Mouse MAb l-12-3 
prepared against scup (Stenotomus chrysops) cytochrome 
CYPlAl was a gift from Dr. J. J. Stegeman (Woods Hole 
Oceanographic Institution). All other reagents were from 
sources described previously [23]. 

Cell Culture, EROD, Porphyrin and Protein Assays 

Preparation, culture, HAH treatment, EROD, and total in- 
tracellular porphyrin assays of CEHs were carried out as 
described previously [23]. Briefly, after 19 days of egg incu- 
bation, CEH cultures were prepared in 48-well plates. The 
following day, the culture medium was replaced and the 
CEH cultures were treated with serial dilutions of each 
HAH or mixture for 24 or 48 hr (as indicated) without 
further medium replacement or HAH treatment. After the 
exposure period, the medium was removed, and the plates 
were rinsed and frozen at -80”. After thawing, EROD as- 
says were carried out in the cell culture plates, and the 
reaction product (resorufin) was measured with a fluores- 
cence plate reader (Cytofluor 2300, Millipore Ltd., Bedford, 
MA, U.S.A.). Following the EROD assay, porphyrins were 
extracted from the CEH cultures with 3 N HCl, and total 
porphyrins were measured with a fluorescence plate reader. 
Mean total cellular protein per well was determined on 
separate untreated plates using the fluorescamine protein 
assay modified for fluorescence plate readers [24]. For time- 
course experiments, cells were exposed to PCB 77 for vari- 
ous periods of time ranging from 2 to 48 hr prior to medium 
removal and freezing of the plates. Separate plates were 
prepared for HPLC analysis of porphyrin patterns as de- 
scribed previously [25]. Briefly, CEH cultures were treated 
with porphyrinogenic concentrations of each HAH or mix- 
ture (6 wells/concentration) for 24 or 48 hr (as indicated). 
The culture medium was discarded, and the plates were 
rinsed and frozen at -80”. After thawing, each well re- 
ceived 0.5 mL of 1:l acetonitrile:HCl, and the cell suspen- 
sion was sonicated for 2-3 set/well. The solubilized cells for 
each treatment were pooled, brought to 25 mL with dis- 
tilled water, and mixed. The samples were then loaded onto 
tC,s Sep-Paks (Millipore, Ltd.), eluted with 2.5 mL aceto- 
nitrile, and brought to dryness under nitrogen. The dried 
samples were resuspended in 100 p,L of concentrated HCl, 
mixed, and allowed to sit for 10 min. Then distilled water 
(900 pL) was added to each sample, followed by mixing and 
filtering through 0.45 km filters. The samples were ana- 
lyzed by HPLC with fluorescence detection using chro- 
matographic conditions similar to those described previ- 
ously [26]. 

lmmunoblotting 

Previously treated and frozen CEH cultures (6 wells/treat- 
ment) were solubilized and pooled on ice in sample treat- 



CYPlA Endpoints in Chicken Embryo Hepatocytes 

ment buffer [0.25 M Tris-HCl, pH 6.8, 40% (v/v) glycerol, 
4% sodium dodecyl sulfate, 0.008% bromophenol blue, and 
5% (v/v) P-mercaptoethanol] to a final concentration of 
1.5 kg total protein/FL based on the mean total protein 
concentration determined for plates of untreated cells. 
Then the samples were boiled for 5 min to ensure complete 
solubilization and to inactivate proteases. Based on the 
original western blot method developed by Towbin et al. 
[27], 10 p,L of the solubilized cells was separated on sodium 
dodecyl sulfate-polyacrylamide gels (SDS-PAGE, 9% 
acrylamide) and electrophoretically transferred to Rad-Free 
membranes (Schleicher & Schuell, Keene, NH, U.S.A.). 
Aliquots of the same preparation of Aroclor 1254-induced 
rat liver microsomes, solubilized in sample treatment buffer 
as per CEH samples, were used as standards for all blots. 
Immunodetection of CYPlA was performed using MAb 
l-12-3, which recognizes CYPlA in all taxonomic groups 
of vertebrates examined so far [28, 291. The secondary an- 
tibody was a goat anti-mouse IgG linked to alkaline phos- 
phatase. Immunoreactive proteins were detected by chemi- 
luminescence (Rad-Free, Schleicher & Schuell), and the 
light intensities of the immunoreactive protein bands were 
quantified by video imaging densitometry (UVP Gel Docu- 
mentation System 7500, San Gabriel, CA, U.S.A.). 

RESULTS AND DISCUSSION 

In mammals and birds, previous studies suggest that regu- 
lation of CYPlA induction by HAHs is mediated by bind- 
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ing of these compounds to an intracellular protein, the Ah 

(Aromatic hydrocarbon) receptor [3, 301. The planar 
HAHs, TCDD and TCDF, bind with higher affinities to 
Ah receptor than the non-ortho substituted PCBs. In mam- 
mals, the ortho substituted PCBs are much less, if at all, 

effective at receptor binding. 
Based on these structural requirements, the HAHs stud- 

ied can be divided into three groups, as indicated in Figs. 1, 
2, and 3. The first group consists of the classical Ah recep- 

tor ligands, TCDD and TCDF (Fig. 1). These two com- 

pounds were the most potent inducers of EROD activity 
tested, with 70 and 34% increases in enzyme activity above 
basal activities observed at 0.001 nM concentrations of 

TCDD and TCDF, respectively (Table 1). At the same 
concentration, immunodetectable CYPlA protein concen- 
trations were increased by 61 and 86% above basal levels 

for TCDD and TCDF, respectively. Porphyrin accumula- 

tions exceeding 50 pmol/mg protein were observed in he- 
patocytes dosed with 30 nM or greater TCDD and 10 nM 
or greater TCDF (Table 1). HPLC analysis revealed that 
uroporphyrin and heptacarboxylporphyrin accounted for 
>95% of the total porphyrins produced in hepatocytes 
treated with a 1000 nM concentration of these HAHs after 
either 24- or 48-hr exposure periods (Fig. 4, top row). 

Data for the second group of HAHs-the non-ortho sub- 
stituted PCBs, PCB 118, and Aroclor 1254-are shown in 
Fig. 2. PCB 118, which has an ortho chlorine substituent, 
has been included in this group since a weak affinity for the 
Ah receptor has been demonstrated in rat hepatic cytosol 
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FIG. 1. Concentration-response data for intracellular EROD activity (0, pmol resorufin/min/mg protein), total porphyrin 
accumulation (A, pmoYmg protein), and immunodetectable CYPlA protein (bars, sample intensity/standard intensity, same 
relative scale for all plots and figures-not shown) for the planar HAHs, TCDD and TCDF. CEH cultures were exposed for a 
period of 24 hr to either TCDD or TCDF prior to biochemical analysis. For EROD and porphyrin data, each symbol represents 
the mean response of 3 wells, and for CYPlA protein, each bar represents the mean concentration of at least 2 determinations 
of the same sample (pool of 6 wells). Data prior to axis break indicate responses observed for control (DMSO-treated) 
hepatocytes and bars indicate standard error. 
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were exposed for a period of 24 hr to the HAHs or mixture shown prior to biochemical analysis. A typical western blot for samples 
prepared from PCB 77-treated CEH cultures and probed with MAb 1-12-3 is also shown (bottom, right). Symbols, units, and scale 
for immunodetectable CYPlA protein are as described in the legend of Fig. 1. 
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TABLE 1. Summary and comparison of the CYPlA induction and porphyrinogenic potencies of the HAHs and HAIi mixture 

Lowest 
concentration 

resulting in 
EROD activity 

HAH induction 

Planar HAHs: 24hr exposure period (Fig. 1) 

Lowest 
concentration 

resulting in 
CYF’lA protein 

induction 

Lowest 
concentration 

resulting in 
porphyrin 

accumulation 

Lowest 
concentration 

resulting in 
inhibition of 
induced or 

basal EROD 
activity 

TCDD O.OOl~nM 0.001 nM 30 nM 3nM 
TCDF 0.001 nM 0.001 nM IOnM 3nM 

Non-ortho substituted PCBs, PCB 118 and Aroclor 1254: 24-hr exposure period (Fig. 2) 
PCB 77 0.1 nM 0.01 nM 
PCB 118 3nM 3nM 
PCB 126 0.003 nM 0.03 nM 
PCB 169 0.1 nM 1nM 
Aroclor 12.54 0.01 pg/mL 0.001 pg/mL 

Ortho substituted PCBs: 48-hr exposure period (Fig. 3) 
PCB 52 NR NR 
PCB 54 NR NR 
PCB 95 NR NR 
PCB 101 NR NR 
PCB 136 NR NR 
PCB 153 NR NR 

30 nM 
100 nM 

10nM 
30 nM 

0.1 p,g/mL 

30 nM 
300 nM 

3nM 
30 nM 

0.3 p.g/mL 

10,000 nM 
1,000 nM 
3,000 nM 
3,000 nM 
3,000 nM 
1,000 nM 

100 nM 
3nM 

300 nM 
300 nM 

30 nM 
3,000 nM 

PCB 77: Time-Course (Fig. 5) 
PCB 77: 2 hr NR NR 
PCB 77: 6 hr 0.1 nM 1 nM 
PCB 77: 17 hr 0.1 nM ~0.1 nM 
PCB 77~24 hr 0.1 nM GO.1 nM 
PCB 77: 48 hr 0.3 nM 0.1 nM 

NR 
NR 

30 nM 
30 nM 
10 nM 

NR 
100 nM 
30 nM 

100 nM 
300 nM 

The lowest experimental concentrations resulting in EROD activity induction, immunodetectable CYPlA protem induction, intracellular porphyrin accumulation. and inhibition 

of induced or basal EROD activity are shown for each HAH or mixture tested. The HAHs are grouped according to structure and/or CEH EU It we exposure period, as indicated. 
Concentrations were estimated to the nearest data pomt with the following criteria: the lowest concentration resulting in EROD activity induction showed at least a 25% increase 

in activity above the basal activity; the lowest concentration resulcmg in CYPlA protein inductmn showed at least a 50% increase in CYPlA protein above the basal level; the 

lowest concentmtxm resulting in porphyrin accumulation showed at least a 50 pmol/mg protem mcrease in total porphyrin concentration above basal level; and rhe lowest 

concentration resulting m inhibition of induced or basal EROD activity showed at least a 15% decrease in activity from peak or basal EROD activity. 

NR = no response. 

[3 11. Aroclor 1254, a commercial mixture of PCBs, includes 
both non-or&o and ortho substituted congeners. Similar to 
the responses observed for TCDD and TCDF, all of the 
PCBs and the PCB mixture in the second group induced 
EROD activity and immunodetectable CYPlA protein. 
Typical concentration-response data for immunodetectable 
CYPlA in CEH cultures exposed to PCB 77 for 24 hr are 
shown in Fig. 2 (bottom, right). PCB 126 was the most 
potent inducer of EROD activity (Table 1). Porphyrin ac- 
cumulation exceeding 50 pmol/mg protein was observed for 
HAHs in the second group at concentrations equal to or 
exceeding 10 nM and was maintained at the highest con- 
centration of all PCBs, but declined at the highest concen- 
tration of Aroclor 1254. The cause of this decline is not 
known. Treatment of CEH cultures with PCBs 77 or 118 
consistently resulted in the accumulation of the highest 
concentrations of total intracellular porphyrins for this 
group of HAHs. As with TCDD and TCDF, uroporphyrin 
and heptacarboxylpo~hyrin accounted for >95% of the 
total porphyrins that accumulated in CEH cultures treated 

with 3000 nM of the PCBs, or 3 p,g/mL Aroclor 1254, for 
either 24~ or 48.hr exposure periods (Fig. 4, middle row). 
The pattern of porphyrin accumulation observed for PCB 
77 and Aroclor 1254 is in agreement with previous data 
obtained for these compounds using similar cell culture 
conditions [32]. 

The final group of HAHs consists of the or& substituted 
PCBs (Fig. 3). PCBs 52, 54, 95, 101, 136, and 153 elicited 
in~acellular porphyrin accumulation in the absence of el- 
evated EROD activity after treatment of cultured CEHs for 
a 24-hr exposure period (data not shown). These results 
differ from those of Rodman et at. [21] who reported PCB 
1530mediated EROD induction and a lack of intracellular 
porphyrin accumulation for PCB 52 after CEH cultures 
were exposed for 18-20 hr to these PCBs. The graphs 
shown in Fig. 3 illustrate the EROD activity and porphyrin 
accumulation responses for the or&o substituted PCBs after 
a 48-hr exposure period. Even after 48 hr, EROD activity 
was not elevated above basal levels and tended to decrease 
below basal levels at high PCB concentrations (Table I). 
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FIG. 4. HPLC porphyrin profile data for CEH cultures exposed to various HAHs. Porphyrins were extracted from CEH as 
described in Materials and Methods after either 17 (PCB 77 only), 24, or 48 hr of exposure to the indicated concentration of 
each of the HAHs or mixture tested. Data for each porphyrin are expressed as a percentage of the total porphyrins extracted. 

Furthermore, no induction of immunodetectab~e CYPlA 
protein was observed after either t4- or 4%hr exposure 
times (data not shown). Although total intracellular por- 
phyrin accumulation was apparent after a 24-hr exposure 

period (data not shown), the magnitude of this response 
was amplified 3- to 30-fold after the 48-hr exposure period 
(Fig. 3). Porphyrin accumulation occurred at PCB concen- 
trations equal to or exceeding 1000 nM-at least lo-fold 
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higher than those that resulted in porphyrin accumulation 
in the first two groups (Table 1). A decrease in accumula- 
tion, similar to that observed for Aroclor 1254, was ob- 

served at the highest concentrations of PCBs 95, 136, and 
153. 

HPLC analysis revealed that after a 24-hr exposure pe- 

riod, 10,000 nM concentrations of each of the ortho substi- 
tuted PCBs, except PCB 153, resulted in a porphyrin profile 
dominated by protoporphyrin (Fig. 4, bottom row). How- 
ever, after a 48-hr exposure period, uroporphyrin and hep- 

tacarboxylporphyrin accounted for >75% of the total accu- 
mulated porphyrins, with heptacarboxylporphyrin contrib- 

uting a higher percentage relative to uroporphyrin than was 
observed for the first two groups of HAHs and PCB mix- 

ture. The observed decrease in protoporphyrin accumula- 
tion between the 24- and 48-hr exposure periods (Fig. 4, 

bottom row) can be possibly explained by the tendency of 
this porphyrin to aggregate at a specific rate constant into 

non-fluorescent dimers in aqueous solutions [33]. Because 
the culture medium was serum-free, it is unlikely that pro- 
toporphyrin was released into the medium [34]. This was 
confirmed by HPLC analysis (data not shown). Treatment 

of CEH with PCB 153 resulted in a porphyrin profile that 
was intermediate between that observed for the other or&o 

substituted PCBs and the first two groups of HAHs and 
PCB mixture (Fig. 4, bottom row). Previous studies with 

the ortho substituted PCBs, 2,2’,3,3’,4,4’-hexachlorobi- 

phenyl (PCB 128), 2,2’,4,4’,6,6’-hexachlorobiphenyl 
(PCB 155), and PCB 153 in CEH cultures, using culture 

conditions similar to those reported here, indicated that the 
porphyrin profiles observed for these compounds were not 
substantially different from those obtained for PCB 77 after 

a 24-hr exposure period [32]. Reasons for this discrepancy 
are not known. 

Time-course data for PCB 77 are shown in Fig. 5 and 

Table 1. CEH cultures were maintained in PCB 77streated 
medium for various periods of time and assayed for EROD 
activity, immunodetectable CYPlA protein, porphyrin ac- 

cumulation, and porphyrin composition as described in Ma- 
terials and Methods. EROD activity and immunodetectable 

CYPlA protein were detected as early as 6 hr after PCB 77 
treatment, whereas porphyrin accumulation was first ob- 

served at 17 hr after PCB 77 treatment. HPLC analysis of 
extracts prepared from PCB 77-treated CEH cultures indi- 
cated that uroporphyrin and heptacarboxylporphyrin ac- 
counted for >98% of the total porphyrins produced in an 
approximate 70%:30% ratio, respectively, for exposure time 
periods of 17, 24, and 48 hr (Fig. 4). Maximal responses for 
EROD activity, immunodetectable CYPlA, and total por- 
phyrin accumulation increased with increasing time of PCB 
77 exposure. For both EROD activity and immunodetect- 
able CYPlA data, the lowest experimental concentrations 
required to elicit a response were higher at 48 hr than at 24 
hr of PCB 77 exposure (Table 1). In contrast, the lowest 
experimental concentration required for porphyrin accu- 
mulation was lower at 48 hr than at 24 hr (Table 1). This 

shift suggests that as time of exposure of CEHs to PCB 77 
increased, the potency of this HAH to induce CYPlA de- 
creased. Alternatively, the CEH cultures may have become 

less sensitive to the CYPlA-inducing effects of PCB 77. 
This shift also coincides with the greatest change in maxi- 

mal EROD activity and immunodetectable CYPlA pro- 
tein. 

One possible explanation for this “curve-shift” phenom- 
enon is intracellular metabolism of PCB 77. The graph in 

Fig. 5 (bottom, right) illustrates the change in immunode- 
tectable CYPlA concentration as a function of PCB 77 

concentration between 24 and 48 hr of exposure. At a 
concentration of 0.1 nM PCB 77, there was a 64% decrease 
in the amount of immunodetectable CYPlA protein over 

this 24-hr time period. This would correspond to a CEH 
CYPlA half-life of approximately 17 hr, which is consid- 

erably shorter than the 38-hr half-life reported for CYPlA 

in Aroclor 1254-treated rat liver [35, 361. Experiments to 
directly measure the turnover rates for CEH CYPlA pro- 
tein will be needed to confirm the short half-life suggested 
by these data. Nevertheless, the decline in CYPlA protein 
at the 0.1 nM concentration, combined with the observa- 

tion that at PCB 77 concentrations greater than 0.1 nM the 
content of immunodetectable CYPlA protein continued to 

increase throughout the 48-hr period, suggests that substan- 
tial metabolism of PCB 77 was occurring at the lower con- 

centration. At the higher concentrations, the metabolic 
capacity may have been exceeded, allowing the retention of 

inducer in amounts sufficient for continued activation of 
CYPlA transcription. Direct evidence for PCB 77 metabo- 
lism by cultured CEHs has been documented by Lambrecht 

et al. [37]. They observed that 29% of PCB 77 was con- 
verted to water-soluble metabolites following a 24-hr incu- 
bation with CEH cultures (initial concentration of PCB 77: 
34 or 100 nM). Studies to further clarify the mechanisms 

underlying the time-dependent changes in CYPlA concen- 
tration-response curves are currently underway in our labo- 
ratory. At this time, it is important to note that the relative 

potency of an HAH may depend on the duration of expo- 
sure. 

Another interesting feature of the EROD time-course 

study for PCB 77 was the observation that high concentra- 
tions of this PCB did not induce EROD activity at any time 
point. The lack of EROD induction at high concentrations 
was apparent as early as 6 hr after dosing, the same time 
when induction at the lower concentrations was first ob- 
served (Fig. 5). To date, in this laboratory, all PCBs, diox- 
ins, furans, and extracts that have EROD-inducing capa- 
bilities have shown a decrease in EROD activity at high 
concentrations of inducer, such that a bell-shaped concen- 
tration-response curve is observed [22, 38, 391. Although 
the mechanism resulting in decreased EROD activity is not 
understood completely, this phenomenon has been docu- 
mented previously in both in vivo and in vitro systems [21, 
401. Determination of esterase activities of CEH cultures 
suggested that the viability of the hepatocytes treated with 
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high concentrations of TCDD, TCDF, or other HAHs was 
not compromised (data not shown). As demonstrated to 
some extent in the present study and by others [37,41,42], 
decreased CYPlA protein may contribute to the observed 
decrease in the catalytic activity of this enzyme at high 

concentrations of inducers. Interestingly, in the present 

study and in a study by Hahn and Chandran 1431, the 
extent of the decrease of immunodetectable CYPIA pro- 

tein may be congener,spec~fic. For example, in the present 
study, the EROD concentration-response curves for TCDF 

and PCB 169 had a pattern that was very similar to that 
obtained for immunodetectable CYPlA protein for these 

HAHs (Figs. 1 and 2). For TCDD and PCB 126, immuno- 
detectable CYPlA remained elevated while EROD activity 

declined at high concentrations (Figs. 1 and 2). For other 
HAHs, such as PCBs 118 and 77, there was some decline in 
immunodetectable CYPlA protein at high concentrations, 

but not to the same extent as the decrease in EROD activ- 
ity observed at the same concentrations (Fig. 2). In the 
study by Hahn and Chandran 1431 using a fish hepatoma 

cell line, decreases in EROD activity were observed at high 

concentrations of TCDD, TCDF, and various PCBs tested, 

but a coincident decline in immunodetectable CYPlA was 

observed only for TCDD and TCDF. These data suggest 
multiple mechanisms for the decline in EROD activity at 
high concentrations of inducers. 

Not only did the rate and extent of decrease of immu- 
nodetectable CYPlA protein vary with the specific HAH 

tested, but maximal EROD activity or immunodetectable 
CYPlA also appeared to be congener-specific (Figs. 1 and 

2). The mechanism(s) responsible for establishing conge- 
ner-specific maximal EROD activity or immunodetectable 

CYPlA protein is not understood. Furthermore, for risk 

assessment studies, variable maxima are problematic, as re- 
liable estimates of the relative potencies of the various 
HAHs cannot be obtained using standard statistical meth- 

ods. 
The concentrations of TCDD, TCDF, non-or&o substi- 

tuted PCBs, PCB 118 and Aroclor 1254 that resulted in 
inhibition of EROD activity were very similar to the con- 
centrations that resulted in the onset of porphyrin accumu- 
lation (Table l), consistent with a possible relationship 
between porphyrin accumulation and CYPlA induction 
and/or inhibition. Although there are likely three phenom- 
ena at work, namely (a) induction of CYPlA, (b) interac- 
tion of HAHs with induced CYPlA, and (c) induction of 
ALAS, several reports have suggested an important role for 
CYPlA in porphyrin accumulation after exposure to 
HAHs. In rodents, studies by Jacobs et al. [l l] and Sinclair 
et al. 1121 indicated that CYPlA2, rather than CYPlAl, is 
associated with uroporphyinogen oxidation and probably 
has a role in HAH-mediated porphyria. In contrast to mam- 
mals, the CYPlA subfamily in birds has not been as well 
characterized. Early work by Sinclair et al. [17] showed that 
oxidation of uroporphyrinogen (and hence uroporphyrin 
accumulation) involved a 3-methylcholanthrene-inducible 
form of I’450 in chick embryo liver extracts. Recently, two 

TCDD-inducible CYPlA forms have been identified in 
chickens [15, 161. The catalytic activities (AHH, EROD) 
and tissue-specific expression (liver, kidney, heart) of form 
“TCDD,,,” are like those of mammalian CYPl Al. Cata- 
lytically and immunochemically, the other chick form, 
“TCDD,,” (Rifkind’s nomenclature) resembles mamma* 

lian CYPlA2 more than CYPlAl (151. However, these 
apparent relationships are complicated by recent evidence 

suggesting that these two chick CYPlA forms are not ex- 
clusively orthologous to either of the mammalian CYPlA 

forms [44]. More to the point, it is not yet known whether 
one or both of these chick CYPlA forms can catalyze uro# 
porphyrinogen oxidation. With regard to the identity of the 

form(s) measured in the present study, the N-terminal se- 
quence of Rifkind’s TCDD,,, is identical to Sinclair’s 
“P450MC” [45], which is recognized by MAb 1-12-3 
[29]. The ability of MAb l-12-3 to recognize the TCDD,, 

form has not been tested. Thus, it is likely that the EROD 
and western blot assays used in this study both detected 

TCDD,,,; whether TCDD,, was also being measured in 
the western blots (TCDD,,, and TCDD,, have nearly 

the same molecular weight) is unknown. 

The mechanism by which HAHs interact with CYPlA2 
to cause porphyrin accumulation in rodents is not clear. 

Similar to the mechanism of induction for CYPlAI, the 
Ah receptor is believed to play a role in induction of 
CYPlA2. Studies by Hahn et al. [46] showed that the por- 
phyrinogenic HAH, hexaclorobenzene, bound to the Ah 
receptor and induced both CYPlAl and CYPlA2 in the 

rat. A study by Voorman and Aust [14] demonstrated that 
certain po~hyrinogenic HAHs with the capacity to in- 

duce CYPlA2 also bind to the cytochrome and inhibit its 
catalytic activity. This selective binding was observed for 

various HAHs including TCDD, PCB 77, and PCB 126. 
Further studies are required to establish an association be- 
tween porphyrin accumulation and ligand-CYPlA2 inter- 

actions. 
The PCB 77 time-course study indicated that total in- 

tracellular porphyrin accumulation lagged behind the onset 
of EROD induction by about 11 hr, such that porphyrin 
accumulation first became evident after approximately 17 
hr of PCB 77 exposure, Previous reports have suggested that 
the induction of CYPIAZ lags behind the time required for 
CYPlAl induction. For example, Sinclair et al. [12] found 
that the maximum amount of immunodetectable CYPlA2 
protein was not observed until 3 days after maximal 
CYPlAl protein and EROD activity were observed in 
mouse hepatocytes treated with PCB 169. Similar data were 
obtained by Hahn et al. [46] in experiments conducted on 
hexachlorobenzene-treated rats. While both CYPlAl and 
CYPlA2 were induced after 12 or more hours of treatment, 
CYPlAl reached maximal levels after 1-7 days, whereas 
CYPlA2 reached maximal levels after 5-7 days. 

Although previous studies and the present work indicate 
a biochemical association between CYPlA induction and 
porphyrin accumulation in CEH cultures exposed to 
TCDD, TCDF, non-o&o substituted PC.%, PCB 118 and 
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Aroclor 1254, it is less clear what mechanism results in 
porphyrin accumulation in CEH treated with ortho substi- 
tuted PCBs that do not induce CYPlA. Previous studies 
have shown that PB, 2-propyl-2-isopropylacetamide [18], 
and (-)-enantiomers of two ortho substituted PCBs [47] also 
cause uroporphyrin accumulation in the absence of EROD 
induction. These investigators suggested that a mechanism 
involving induction of a cytochrome(s) P450 different than 
CYPlA2 may be involved. Treatment of rats with ortho 
substituted PCBs results in the induction of various types of 
cytochromes P450 and often is dominated by PB-type in- 
duction (reviewed in Ref. 48). In cultured CEHs, PB-type 
compounds induce cytochromes CYP2H1/2, which are im- 
munochemically related to CYP2B1/2-the two major 
forms of P450 induced by PB in the rat (reviewed in Ref. 
48). Although a review by Sinclair and Sinclair [45] states 
that nonplanar halogenated biphenyls are CYP2H1/2 in- 
ducers in cultured CEHs, this conclusion was based on data 
for a single compound, 2,3’,4,4’,5-pentabromobiphenyl 
(the brominated analogue of PCB 118), which induced not 
only a 50-kDa protein with associated benzphetamine de- 
methylase (PB-type) activity, but also a 57-kDa protein 
with associated EROD activity [42]. The combination of 
these limited data with the observation in the present study 
that the composition and relative proportion of the various 
porphyrins produced after treatment of CEH cultures with 
ortho substituted PCBs were different than those observed 
after treatment of the hepatocyte cultures with TCDD, 
TCDF, non-ortho substituted PCBs, PCB 118, or Aroclor 
1254 provides further evidence that a different mechanism 
is responsible for porphyrin accumulation mediated by ortho 
substituted PCBs. However, the concentrations of the ortho 
substituted PCBs required to elicit intracellular porphyrin 
accumulation were, in all cases, greater than the concen- 
trations required for inhibition of basal EROD activity by 
these compounds, with the exception of PCB 153 (Table 
1). Thus, an alternative possible mechanism for ortho sub- 
stituted PCB-mediated porphyrin accumulation may in- 
volve interaction of these PCBs with constitutively ex- 
pressed (basal) CYPlA. Studies are underway in our labo- 
ratory using specific P450 inhibitors to further evaluate the 
possible involvement of CYP2H1/2 induction and/or con- 
stitutive CYPlA in ortho substituted PCB-mediated por- 
phyrin accumulation in CEH cultures. 

In conclusion, our results are consistent with a role for 
CYPlA induction and/or Ah receptor activation in por- 
phyrin accumulation mediated by HAHs with a planar con- 
figuration, whereas those that are not planar may mediate 
porphyrin accumulation by a mechanism not involving in- 
duction of CYPlA. Furthermore, because CEH cultures are 
responsive to both P450 induction and disruption of the 
heme biosynthetic pathway, this system provides an ideal 
model for mechanistic studies to further evaluate the inter- 
relationships of these HAH-sensitive biochemical end- 
points. 
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