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Abstract-The commercial polybrominated biphenyl (PBB) mixture, Firemaster BP-6, is a mixed inducer of 
hepatic drug-metabolizing enzymes in the rat. Its effects resemble those of a combination ofthe phenobarbital 
and 3-methylcholanthrene classes of inducers. 2,3,6,7-Tetrabromonaphthalene (TBN) was studied as a 
prototype ofthe brominated naphthalenes which are present as minor contaminants of Firemaster BP-6. TBN 
is an isostere of 2,3.7,8-tetrachlorodibenzo-p-dioxin (TCDD), the most potent known inducer of the 3- 
methylcholanthrene class. TBN is a 3-methylcholanthrene-type inducer; however, it is lo4 times less potent 
than TCDD and it is only slightly more potent than Firemaster. The relatively low potency of TBN does not 
appear to be due to metabolism, since comparable amounts of TBN and Firemaster were found in the liver at 
equivalent doses. In contrast to TBN, the predominant component, 2,4,5,2’,4’.5’-hexabromobiphenyl 
(HBB), is a pure phenobarbital-type inducer. The no effect level for the effects of a single dose of Firemaster 
or 2,4,5,2’,4’,5’-HBB on hepatic microsomal enzymes was 8 pmoles/kg (4.7 mg/kg of Firemaster). When 
Firemaster was given chronically 5 days a week for 15-30 days, changes in hepatic enzymes occurred with 
doses as low as 0.3 mg/kg/day. Using liver enzyme activities as an index of hepatic change, a 30.day recovery 
study showed that the liver does recover partially after exposure ceases. The degree of recovery correlates 
with a decrease in the concentration of PBBs in the liver as PBBs are redistributed from the liver to the fat. 
Porphyria was not observed during the chronic experiment. but gross hepatic porphyria developed in the 
Firemaster-treated rats during the recovery period. 

A commercial mixture of polybrominated biphenyls 
(PBBs) was manufactured and sold for use as a fire 
retardant under the trade name Firemaster BP-6. In 
1973, accidental contamination of animal feed by this 
PBB mixture resulted in serious contamination of live- 
stock and subsequent exposure of farm families in the 
State of Michigan [ 11. PBBs produce a number of toxic 
effects when fed chronically to experimental animals, 
including thymic atrophy, microscopic alterations in 
the liver, and immunological changes 121. 

Firemaster also induces a wide spectrum of hepatic 
mixed function oxidases, including those induced by 
the phenobarbital class of inducers (cytochrome P- 
450-dependent enzymes) and those induced by the 3- 
methylcholanthrene (3-MC) class of inducers (cyto- 
chrome P-448.dependent) [ 3 1. A similar mixed-type of 
induction has been found with the commercial mixtures 
of polychlorinated biphenyls (PCBs) 141. However, 
individual PCB isomers belong to one of two classes of 
inducers, resembling either phenobarbital or 3-MC, or 
they may be inactive [ 5 I. It is of considerable interest to 
identify the component(s) of Firemaster which are 
responsible for the 3-MC-type induction, since the 
relative toxicities of PCBs, halogenated dibenzo-p- 
dioxins and dibenzofurans have been correlated with 
their capacity to induce a cytochrome P-448dependent 
enzyme, aryl hydrocarbon hydroxylase [ 6,71. 

Extrapolating from studies with PCB isomers 
[ 5,8,9 I, we would predict that biphenyls which contain 
halogens in three or more of the meta- and para- 
positions, but no substitutions in the ortho positions, 
will be 3-MC-type inducers, and that these isomers (e.g. 
3,4,3’,4’-; 3,4,5,3’,4’-; and 3,4,5,3’,4’,5’-) will be much 
more toxic than other isomers. The major component 
(56% of the mixture) of Firemaster is 2,4,5,2’,4’,5’- 
hexabromobiphenyl (HBB) [ 10,111. A number of 
brominated biphenyls and other minor components 
were identified, but none of the potentially more toxic 
PBB isomers have been found. 

Commercial PCB mixtures are contaminated with 
ppm levels of chlorinated dibenzofurans [ 121. Certain 
of the halogenated dibenzofurans and dibenzo-p-diox- 
ins are extremely potent inducers of cytochrome P-448 
16,131. The most potent ofthese, 2,3,7$tetrachlorodi- 
benzo-p-dioxin (TCDD), is 30,000 times more potent 
than 3-MC [ 141. Therefore, even ppm concentrations 
of halogenated dibenzofurans could contribute 3-MC- 
type component to the inductive effects of PCB or PBB 
mixtures. However, neither brominated dibenzofurans 
nor dibenzo-p-dioxins have been found in Firemaster 
PB-6 at a detection limit of 0.05 ppm [ 101. 

Firemaster does contain approximately 200 ppm of 
brominated naphthalenes (penta- and hexa-isomers) 
[ 101. The inductive effects of the halogenated naphthal- 
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Br~mi~a~ed bip~enyls, diben~ofur~ns, and 
naph~halene~ 
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(56% of FF-I) 

Fig. I. Structures of brominated biphenyls and r&ted 

com~unds. 

enes have not been studied; however, naphthalene halo- 
genated in the 2,3,6,7-positions (Fig. 1) would be an 
approximate isostereomer of TCDD and might con- 
ceivably react with the same receptar. Morever. a num- 
ber of penta- and hexachlorodibenzo-p-dioxins are 
known to be potent inducers of cytochrome P-448 [6]. 
The toxicology of the halogenated naphthalenes has not 
been studied systematically, but the early literature 
suggests that commercial mixtures of polychlor~nated 
naphthalenes cause chloracne in man. x-disease in cat- 
tle, chick edema, and fatty liver and acute yellow 
atrophy of the liver in a number of species 115 I. These 
symptoms are similar to those of TCDD poisoning 
I 161. Therefore, these compounds might conceivably 
be the com~n~nts of Firemaster responsible for the 3- 
MC-type induction and much of the toxicity. 

In the present study. we examined the effects of the 
commercial mixture, Firemaster W-6, 2,4,5,2,4’S’- 
HBB, and 2,3,6,7-tetrabromonaphthalene (TBN) (Fig. 
I) on hepatic microsomal enzymes to characterize the 
type of induction produced by each, to determine the 
relative potency, and to determine whether brominated 
naphthalenes account for the 3-MC component of the 
mixed-type induction seen with the commercial mix- 
ture. In addition, we examined the effects of Firemaster 
and 2,4,5,2’.4’.5’-HBB on hepatic microsomai en- 
zymes during a 30&y exposure period, and at the end 
of a 30-day recovery period to determine a subchronic 
no effect level and evaluate the ability of the animal to 
recover from short-term exposure, 

METHODS 

Acute animaE experiments. One-month-old female 
rats (Charles River, Fischer strain) (four per group) 
were injected i.p. with single doses of 1.8, 8, 40, 200 
and lOOO~moles/kg of Firemaster FF- 1 or 2,4.- 
5,2’.4’.5’-HBB in corn oil and decapitated 4 days later. 
The volume injected was 0.5 ml/ 100 g body weight. In 
one experiment, rats were injected with two daily doses 
of TBN (a total dose of 1.8, 6.25, 25, 100 and 
400 ~moles/kg~ in a volume of 2 ml/ 100 g body weight 
and killed 3 days after the second dose because of the 
relative insolubility of TBN in corn oil and its biologi- 
cal inactivity at low doses. 

HBB and FF- 1 were dissolved in corn oil with heat. 
TBN was dissolved in acetone, corn oil added, and the 
acetone removed under a stream of nitrogen. The aver- 
age molecular weight of FF- I was calculated from the 

per cent bromine (73.2%) determined by neutron acti- 
vation. The value was corrected for 1.3% silica. These 
calculations yielded an average molecular weight of 
577 (5.4 bromines/biphenyl~ but must be considered 
approximate since they assume that the r~m~~nin~ 
98.7% of the material is brominated biphenyl. 

Chronic animal experiments. Chronic doses ofO.03, 
0.3.3 and 30 mg/kg of FF- 1 or 0.16, 1.6 and 16 mg/kg 
of 2,4,5.2’.4’.5’-HBB were given p.o. in 0.2 ml of corn 
oil 5 days per week for 30days to 7-to X-week old 
female Fischer (F 344/N f rats obtained from the NCI- 
Fort Detrick breeding colony. Three rats from each 
treatment group were decapitated at each of four time 
points: 14 days 19 doses). 3 i days (22 doses). 46 days 
(22 doses plus a 15day recovery period) and 64 days 
(22 doses plus a 33.day recovery period). A few ani- 
mals were kiifed at the 60.day recovery period {high 
dose only). The dose of HBB was chosen to represent 
the amount of this isomer in FF- 1 at each of the three 
highest dose levels. 

Chemicals. Firemaster FF- 1 (lot no. FF- 13 I2-FT) 
is a commercial mixture of brominated biphenyls ob- 
tained from the Michigan Chemical Co., St. Louis, MI. 
which consists of Firemaster BP-6 to which 1.3% 
silicate @lo-gard) was added as an anticaking agent. 
FF- 1 is the formula which was involved in the accident 
in Michigan. It was analyzed by has-~hromato~raphy- 
mass spectrometry as described previously 1 101. and 
found to contain 56% 2,4.5,2’,4’.5’-hexabromobi- 
phenyl in the fraction which eluted on the gas chroma- 
tograph. 2.4.~.~‘.4’.5’~Hexabromobiphen~~l (> 99 per 
cent pure) was purified from Firemaster BP-6 by re- 
peated recrystallizations in either tetrahydrofuran-me- 
thanol mixtures or carbon tetrachloride. Sample purity 
was determined by gas chromatography (g.c.) on OV., 
101 (270’). The impurity was < 1%2.?,4,5.2’.4’,5’- 
heptabromobiphenyi. 

A preliminary report on the method of synthesis of 
TBN was presented at the 17 5th National ACS meeting 
(March 197X) 1 171. Full details will be presented 
separately. TBN was greater than 99 per cent pure, as 
determined by g.c. (OV- 10 1) interfaced with a mass 
spectrometer. The only impurity (< 1 per cent) was a 
pentabr~mon~phthaiene isomer. The methods em- 
ployed for the synthesis of this compound preclude 
contamination by any oxygenated species (dibenzofur- 
am. dibenzo-p-dioxins. phenols). 

Analrses, Bromine analysis of tissues by neutron 
activation was performed after a 4-hr irradiation at 
l.S x 10’” niom?-see, with monitored decay. and a 
400~set count on an Ortec 24% Ge (ii) detector cou- 
pled to a computerized ND 6603 MCA system. Stand- 
ards consisted of six 1.2 pg bromine liquid solutions 
and six National Bureau of Standards standard refer- 
ence materials containing approximately 1 ,ug bromine 
each. The approximate sensitivity to bromine was I pg 
bromine/sample and accuracy was + 2 per cent. He- 
patic aryl hydrocarbon hydroxylase (AHH) 1 14 i and 
am~nopyrine ~~~-deme~lylase activities I I&J were as- 
sayed in 9OOQg supernatant fractions as described 
previously. Microsomes were prepared by CaCl, pre- 
cipitation 1 191 and stored for 24-48 hr at -2W’ for 
determination of cytochrome P-450. Microsomal cvto- 
chrome P-450 f 201 and ethyl isocyanide (EtNC )diifcr- 
ence spectra 12 1 i were determined in an Aminco DW-2 
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Fig. 2. Time course of induction of liver enzymes. One- 
month-old female rats were injected i.p. with a single dose of 
FF-f and killed at the times indicated. Values represent 

means & S.E. (N = 4). 

spectrophotometer. The EtNC difference spectrum was 
obtained in 0.1 M potassium phosphate buffer at pH 
1.4 by the addition of a saturating concentration of 
1.1 mM EtNC to dithionine reduced microsomes. Tis- 
sue porphyrins were determined by the method of 
Abritti and DeMatteis (12f. 

Histology. Pieces af liver samples were fixed in 
buffered neutral 10% formalin for histophathologic 
examination, sectioned 6 pm thick, and stained with 
hematoxylin and eosin. Frozen sections of formalin 
fixed liver tissues were also stained with oil red 0 to 
identify and assess the accumulation of neutral lipid. 

RESULTS 

We used AHH activity, aminopyrine ~-demethyl~e 
activity, cytochrome P-450 and alterations in the EtNC 
difference spectrum to differentiate between 3-MC- and 
phenobarbital-type inducers [ 23 1. Phenobarbital-type 
inducers increase aminopyrine N-demethylase and cy- 
tochrome P-450 but do not alter the I,, of the CO 
difference spectrum. Only minimal (bfold) induction 
of AHH occurs with this class of inducers in our 
laboratory [S]. In contrast, 3-MC-type inducers in- 
crease AHH X- to SO-fold. shift the d,, of the CO 
difference spectrum to 448 nm, and increase the EtNC 
ratios, but decrease ~inopyrine ~-deme~ylasc 
activity. 

In a pre~imin~y experiment, ~nducr~on of AHH, 
aminopyrine N-demethyiase and cytochrome P-450 
were shown to be maximal 4 days after a single dose of 
50 mg/kg of FF- 1 (Fig. 2). In subsequent experiments, 
rats were killed at this time. 

Figure 3 compares the dose-response curves for the 
effects of FF- 1 and 2,4,5,2’,4’,5’-HBB. FF- 1 is a mixed 
inducer. It increases both AHH and aminopyrine iV- 
demethylase activities, shifts the peak of the CO differ- 
ence spectrum and alters the ratio of the 455:430 nm 
peaks of the EtNC difference spectrum. Maximum 

Fig. 3. Comparative doseresponse curves for 2,4.5,2’,4’,5’-EiBB and FF-1 on the induction of AHH, 
~inopyr~c ~~erne~hy~~e, cytochrome P-450, and the 4551430 spectra of reduced micrasomes. Une- 
month-old female rats were ;liected i.p. with siagle doses of HBE or FF- 1 and k&d 4 days later. Each point 
represents the mean + S.E. (N = 4). Key: (a) significantly greater than controls (P < 0.05); (b) effect of FF- 
I significantly greater than effect of corresponding dose of 2,4,5,2’.4’,5’-HBB (P < 0.05); and (c) effect of 

2,4,5,2’,4’,5’-HBB si~n~~c~tly greater than effect of corresponding dose of FF- I. 
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Fig. 4. Comp~ison of the carbon monoxide (top) and ethyl 
isocyanide difference spectra of reduced microsomes for 
control, FF-I- and 2,4,5,2’,4’,5’-HBB-treated rats. One- 
month-old female rats were killed 4 days after a single i.p. 
dose of 1 mmole/kg of FF-1 or 2,4,5,2’,4’,5’-HBB. Each 
difference spectrum represents a single rat. The EtNC differ- 
ence spectra were determined in 0.1 M phosphate (pH 7.4) in 
the presence of 1.1 mM EtNC in a DW-2 spectrophotometer. 

7 induction of AHH and the alteration in the spectral 
characteristics of cytochrome P-450 occur chieffy at 
higher doses. A dose of 1 mmole/kg (58.5 n&kg) of 
FF- 1 shifts the peak of the CO difference spectrum to 
448.4 nm and alters the ratio of the EtNC peaks (Figs. 
3 and 4). In contrast. aminopyrine N-demethylase is 
increased maximally at a lower dose (0.2 mmole/kg). A 
further increase in dose results in suppression of N- 
demethylase activity. 2,4,5,2’,4’,5’-HBB, on the other 
hand, resembles phenobarbital as an inducer. It in- 
creases aminopyrine N-demethylase. but produces only 
a slight increase in AHH and does not alter the spectral 
characteristics of cytochrome P-450. 

Liver weight was increased 35 per cent by the highest 
dose of HBB; FF-1 produced a 78 per cent increase 
(Table 1). Neither compound affected body weight. 
Analysis of the livers of these animals for bromine 
indicates that equal amounts of PBBs were present in 
the liver of rats treated with 0.2 mmole/kg of FF- 1 or 
2,4,5,2’,4’,5’-HBB (Table 1). At the high dose. the 
amount of PBBs was higher in the FF- l-treated 
animals. 

Figure 5 shows the dose-response curves for the 
effects of 2,3,6,7-TBN. TBN induced cytochrome P- 
448, as evidenced by a shift in the CO-difference 
spectrum to 448.5 nm, a 48.fold increase in AHH. a 
reversal of the EtNC ratios (Fig. 6). and a decrease in 
aminopyrine ~-demethylase. TBN is approximately 
lo-fold more potent than FF- 1; m~imum effects were 
seen at 100 pmoles/kg (44.4 mg/kg). The approximate 
EDGE was 40 ,umoles/kg ( 18 mg/kg). Equimolar doses 
of FF-1 and TBN produced comparable increases in 
AHH, but only FF- 1 induced N-demethylase (Table 2). 
The concentration of bromine in the liver of the two 

200- AI-M Ammopyrme N-demethylase 

1000 -’ 

pmol / kg 

Fig. 5. Dose response for 2,3,6,7-TBN on AHH. aminopyrine N-demethylase, cytochrome P-450, and the 
455/430 nm ratios of the ethyl isocyanide difference spectra at reduced microsomes. One-month-old female 
rats were injected i.p. with 2 daily doses ofTBN (the total amount shown) and killed 3 days after the last dose. 
Each point represents the mean + S.E. (N = 4). Key: (a) significantly greater than controls (P < 0.05): and 

(b) significantly less than controls (P < 0.05). 
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Table 1. Amount of bromine in FF- 1- and HBB-treated livers 

Hepatic PBBs * 
Liver weight (nmoles/g) 

Controls 4.0 + 0.2 
HBB (40 pmoleslkg) 4.2 & 0.1 ND+ 
FF- 1 (40 pmolesikg) 4.4 & 0.1 ND 
HBB (200 pmoleslkg) 5.4 + 0.z 89 2 23 
FF- 1 (200 pmoles/kg) 4.9 * 2.93 90+31 
HBB (1000 pmoles/kg) 5.2 f 0.1% 306?51 
FF- 1 (1000 pmoles/kg) 7.1 + 0.6$ 938 + 241 

* Total tissue bromine was determined by neutron activa- 
tion. Calculated nmoles/g on the basis of the per cent bromine 
in the compound administered. The average bromine in the 
liver of the controls was (5.6 pg/g) subtracted from each 
group. Sensitivity was approximately 2 pglg and accu- 
racy t 2 per cent. 

t ND = not determined. 
$ Significantly greater than controls, P < 0.05, Student’s t- 

test. 

groups was approximately equivalent. Body weight was 
not affected by this dose of TBN. 

To check the possibility that the effects of bromi- 
nated naphthalenes are potentiated by the presence of 
brominated biphenyls, we added TBN to 2,4,5,2’,4’,5’- 
HBB and compared the effects of the mixture with those 
of FF- 1 and HBB alone (Table 3). The concentration of 
TBN chosen was approximately equal to the concentra- 
tion of brominated naphthalenes in FF- 1 (200 ppm). 
When 200 ppm TBN was added to 2,4,5,2’,4’,5’-HBB, 
the effects of the mixture resemble those of HBB alone, 
but differed from those of FF-1. 

Wavelenath (nm) 

Fig. 6. Carbon monoxide (top) and ethyl isocyanide differ- 
ence spectra of reduced microsomes from TBN- or FF-l- 
treated rats. One-month-old female rats were treated with 2 
daily doses (i.p.) totaling 0.4 mmole/kg and killed 3 days 
after the last dose. Each difference spectrum represents a 
single rat. The EtNC difference spectra were determined in 

0.1 M phosphate with 1.1 mM EtNC at pH 7.4. 

Liver histopathology. In rats given single doses of 
0.4 or 1.0 mmole/kg of Firemaster FF- 1, we observed 
moderate swelling of hepatocytes with hydropic degen- 
eration in the liver. as denoted by vacuoles with rough 

Table 2. Comparison of FF- 1 and TBN * 

Aminopyrine 
Treatment N-demethylase 

AHH 
(nmoles/g/30 min) 

Cytochrome Liver concn 
P-450 EtNC Liver wt PBB or TBNt 

(nmoles/g/min) 455:430 ratio (9) (nmoles/g) 

Control 4.7 & 0.2 3.1 + 0.2 0.95 f 0.07 0.57 + 0.06 3.4 + 0.0 1 
FF- 1 13.6 & 1.4$ 139 f 20$ 3.59 + 0.29$ 0.8 1 t 0.03$ 4.5 2 0.3 133 rl 56 
TBN 3.6 +_ 0.2$ 143 + 2Qf: 2.24 + 0.19 1.29 & 0.06$ 4.6 & 0.3$. 85 + 24 

* Rats were injected with 2 daily doses of 0.2 mmole/kg of FF- 1 or TBN in 2 ml of corn oil/ 100 g body wt, and killed 3 days 
after the last dose. Values represent means _t S.E. 

t Determined by neutron activation. 
$ Significantly different from controls, P < 0.05, Student’s t-test. 

Table 3. Evaluation of the possible additive effects of PBBs and TBN * 

Aminopyrine Cytochrome 
N-demethylase AHH P-450 EtNC 

Treatment Dose (mnoles/g/30 min) (nmoles/g/min) (mnoles/mg protein) 455:430 ratio 

Control 2.7 + 0.4 3.5 & 0.6 0.83 k 0.14 0.5 1 rf- 0.0 1 
FF- 1 1 mmole/kg 7.2 f 0.5+ 149 & 2 2.83 + 0.19t 0.71 ? 0.08t 
HBB 1 mmole/kg 10.2 * 1.2t 16 + 3t 2.60 t 0.26t 0.49 * 0.02 
HBB + TBN 1 mmole/kg 

+ 0.26 pmole/kg 10.5 & 1.4t 15 f 3t 2.60 ? 0. lot 0.50 + 0.04 
TBN 0.26 pmolelkg 1.8 & 0.5 4.7 &- 0.3 0.77 + 0.06 0.47 ? 0.03 
TBN 0.2 mmole/kg 2.2 & 0.3 57.2 + llt 1.83 + 0.23t 0.77 * 0.07t 

* Rats were injected with 1 dose (2 ml/ 100 g body weight) and killed 4 days later. Values represent means + S.E. 
i- Significantly different from controls, P < 0.05, Student’s t-test. 
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Table 4. Histological changes in the livers of rats 4 days after a single dose of Firemaster PI-- 1 
2,4,5,2’.4’.5’~hexabromobiphenyI (HBB) and 2,3,6.7-tetrabromonaphthalene (TBN) * 

Compound 
Dose 

(mmoIes/kg) 

Firemaster FF- 1 

Firemaster FF- 1 
Firemaster FF- 1 
HBB 

HBB 0.2 

HBB 0.4 
Combined HBB 1.0 

and TBN 0.00026 

Firemaster FF- 1 0.4 

TBN 

TBN 

1.0 

0.2 
0.04 
1.0 

0.4 

0.1 

Hepatic changes 

Moderate swelling of hepatocytes. marked fatty infilL 
tration (+ + +) around central vein, lipid globules 
moderate to large, hydropic degeneration. 
Slight swelling of hepatocytes 
Apparently normal 
Slight to moderate swelling of hepatocytes, slight 
increase in number of fine lipid globules around ten- 
tral vein. 
Slight swelling of hepatocytes but some of them ap- 
peared apparently normal. 
Apparently normal. 
Slight to moderate swelling of hepatocytes. slight 
increase in number of fine lipid globules around cen- 
tral vein. 
Slight to moderate swelling of hepatocytes. occasional 
hydropic degeneration. moderate fatty infiltration 
(++) with fine globules around central vein. 
Slight swelling of hepatocytes. slight fatty increase in 
number offine lipid globules (+ ). occasional hydropic 
degeneration. 
Apparently normal 

* Rats were identical to those in Figs. 3-5 and Tables 1-3. 

internal edges with a few cytoplasmic strands protrud- 
ing in the middle (Table 4). Some hepatocytes con- 
tained large vacuoles with smooth borders, denoting 
moderate to marked fatty infiltration. These cells, 
which were located primarily around the central veins, 
contained fine to large oil red 0 positive neutral lipid 
globules. Occasionally, hyalinization was observed in 
the cytoplasm of a few hepatocytes. In a few cases, there 
was a marked increase in mitotic activity. The chroma- 
tin material of dividing cells appeared clumped together 
or was undergoing karyolysis. There were no obvious 
alterations in the livers of rats at lower doses. 

Hepatocytes of rats given 0.2 to 1.0 mmole/kg of 
HBB showed slight to moderate swelling and increased 
mitotic activity. Hydropic degeneration was not ob- 
served. At lower doses, livers appeared normal. Hepa- 
tocytes of rats given 0.4 mmole/kg of TBN showed 
slight swelling of the hepatocytes. slight fatty infiltra- 
tion, and occasional hydropic degeneration. On oil red 
0 stain, the neutral lipid droplets were fine to medium 
in size, and were iocated primarily around the central 
veins. When 1 mmole/kg of HBB was given in combi- 
nation with 200 ppm of TBN, the hepatic changes were 
similar to HBB alone. The marked fatty infiltration seen 
with 1 mmole/kg of FF-I was not reproduced by this 
combination. 

Chronic studies, When 3 or 30 mg of FF-1 was 
administered chronically. aminopyrine N-demethylase 
activity and cytochrome P-450 reached a maximum at 
15 days (Figs. 7 and 8). Aminopyrine N-demethylase 
activity was significantly lower at day 30 (22 doses) 
than at day 15 (9 doses) although tissue levels rose with 
continued administration (see Table 6). At an interme- 
diate dose (3 mg/kg), AHH activity rose throughout 
the 30.day treatment period, but at the high dose. 
activity was maximum earlier (15 days) (Fig. 9). In- 
duction of these two enzymes occurred with doses as 

low as 0.3 mg/kg and was maximum with 30 mg/kg 
(Figs. 7-9). HBB accounted for most of the phenobar- 
bital-type induction seen with FF- 1, but not the 3-MC- 
type induction. The induction of AHH, aminopyrine N- 
demethylase and cytochrome P-450 was significantly 
less at 30 days than at I5 days despite continuous 
administration. Reversal of the EtNC ratios occurred 
only with the high dose of FF-1. and the cytochrome 
remained in this form even 30 days after dosing ceased. 

Recovery of AHH activity, N-demethylase activity, 
and cytochrome P-450 was incomplete 30 days after 
the last dose (Figs. 7-9). Recovery was least at the high 

tmnopyrine N-Demethylase 

15 30 45 60 days 15 30 45 60 *oys 

EC0”WY recovery 

Fig. 7. Chronic administration of FF-I and 2,4,5,2’.4’.5’- 
HBB on aminopyrine N-demethylase activity. Female rats 
were dosed orally 5 days/week for 30 days with designated 
doses of FF-I or HBB. Groups of three rats per treatment 
group were killed at 14 and 3 1 days, and after 15 and 33 days 
of recovery. Values represent means. Key: (a) significantly 

different from control. 
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Fig. 8. Effects of chronic administration of FF-1 and 2,4,- 
5,2’,4’,5’-HBB on hepatic cytochrome P-450. Conditions are 
described in Fig. 7. Key: (a) significantly different from 

control. 

dose (O-37 per cent for FF- I and 16-47 per cent for 
HBB), but was generally greater at lower doses (5C80 
per cent). Since dose-response curves generaily yield a 
linear response when activity is plotted versus the log of 
the dose, we plotted mean AHH activity for each 
treatment group versus the log of the concentration of 
PBBs in the liver (Fig. 10). Values from the single dose 
studies, the chronic study, the 30-day dosing period, 
and the 30-day recovery period were plotted. A good 
correlation (> 0.99) was obtained for activity versus 
tissue concentration, indicating that the activity of 
AHH correlates with the tissue concentration of Fire- 
master during recovery. 

Liver porphyrin concentrations in the female rats are 
shown in Table 5. Very little change in hepatic porphy- 
rins occurred during the 30-day feeding period or the 
30.day recovery period. After a 60.day recovery pe- 
riod, female rats dosed with the high dose of FF- 1 were 

250 - 

l X)c!uys chhronic 
A 3ocby recovery 
Osmgledose 

200- FF-I 

loo- / 

150- 

30- ~6 

20- 

IO- . 

IO loo I 

Liver P66 cone. (nmol / g I 
30 

AHH activity vs hepatic PBB concentration. The 
mean (2 SE.) AHH activity from each treatment group with 
FF- 1 or HBB at 30 days, the 30.day recovery period (top 2 
doses) or single dose (top 2 doses) is plotted versus the mean 
PBB concentration in the liver for each treatment group. 
AHH values are taken from Figs. 3 and 8, and PBB values 

from Tables 1 and 6. 

grossly porph~ic. A simiI~ly dosed group of male rats 
showed no alteration in hepatic porphyrins at identical 
time points. 

The concentration of bromine in the liver and fat of 
rats dosed chronically with HBB or FF- 1 is shown in 
Table 6. The concentration in fat did not decrease 
during the recovery period. In contrast, the concentra- 
tion in the liver decreased 75 per cent during the 30-day 
recovery period, and an additional 75 per cent after 60 
days. HBB and FF-1 appear to be distributed and 
stored in a comparable manner. The amount of PBB in 
the livers of the high dose FF- 1 group was exception- 
ally high with respect to other groups. 

Analysis of tissues for PBBs by neutron activation is 
compared with values obtained by g.c. analysis in Table 
7. Gas chromatography values averaged higher (25 per 
cent) than neutron activation values. However, g.c. 

a treatment stopped 

0 
15 30 45 60 days 15 30 45 6Odoys 

M 
recovery recovery 

Fig. 9. Effects of chronic administration of FF- 1 and 2,4,5,2,4’S’-HBB on AHH activity. Conditions are 
described in Fig. 7. Key: (a) significantly different from control. 
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Table 5. Liver porphyrins in female rats treated chronically with FF- 1 or 2.4.5.2’.4’.5’-HBB * 
-_.- -___.-.. _-_____ __I_.- 

Porphyrin Porphyrin 
@g/g wet wt liver) (jig/g wet wt liver) 

---___ 
Treatment ll-day 3 l-day 15day 33-day Wday 
(mg/kg/day) treatment treatment recovery recovery recovery 

Controls 1.77 : 0.1 I 1.57 i 0.07 1.59 f 0.06 1.53 i_ 0.06 1.38 + 0.05 
HBB, 0.168 1.99 i 0.09 1.87 i 0.07+ 1.64 2 0.15 1.54 i 0.07 
HBB, 1.68 2.40 rt 0. IO+ 2.17 r 0.16+ 1.79 i: 0.13 1.70 5 0.08 
HBB, 16.8 3.07 I 0.341 2.01 i 0.061 2.40 i 0.27.1 1.56 + 0.08 1.36 f 0.03 
FF-I, 0.03 1.95 ?: 0.22 1.94 j- 0.101 1.68 rt: 0.15 1.52 i 0.07 
FF-1, 0.3 1.89 2 0.09 I.88 2 0.09+ 1.77 4 0.19 1.47 i_ 0.06 
FF-I, 3.0 3.1 1 + 0.26-b 2.64 5 0.14+ 2.19 +- 0.16+ 1.78 + 0.06+ 
FF-I, 30.0 2.93 r 0.163- 2.72 + 0.061 3.37 :k 0.13+ 3.69 * 0.2s+ 188 ” 75t 

~- 
* Female rats were dosed orally 5 days/week for 30 days with FF- 1 or HBB. Groups of three rats per 

treatment group were killed at 14 days, 3 1 days and after a recovery period of 15, 33 and 64 days. Values 
represent the means 2 SE. for three rats. 

t Significantly different from controls, P < 0.05, Student’s t-test. 

Table 6. Bromine content of tissues from female rats dosed chronically with FF- 1 or 2,4.5,2’,4’,5’-HBB * 

Bromine content of fat &g/g) Bromine content of liver tug/g) 

Treatment 30.Day 
(mg~g) treatment 

HBB, 0.168 
HBB, 1.68 
HBB, 16.8 
FF- 1, 0.03 
FF-I, 0.3 
FF-1, 3.0 
FF-I. 30 
(Controls) 

----.- 
7.6 & 0.2 

42.0 it 1.4 
52Oir61 
8.9 4 3.5 
9.2 i 1.1 
83 + 6 

1014 + 87 
(2.3 + 0.7)+ 

30.Day 
recovery 

14.4 i_ 5.9 
44.6 & 1.3 
334 i 48 
22.8 ? 6.7 

6.Yk 0.3 
62.2 ‘- 8.6 
1075 i_ 123 
(2.4 i 0.9)t 

1 S-Day 
treatment 

2.0 ? 0.6 
4.0 + 0.7 

57.6 i 4.6 
1.8 + 1.3 
0.4 _t 0.2 
24+ 14 

215 & 14 
(5.6 t 0.7)f 

30-Day 
treatment 

30.Day 
recovery 

64-Day 
recovery 

2.4 2 0.4 
10.1 t 1.3 
81.6 _t 7.2 

3.4 i 0.7 
2.1 + 1.3 

16.2 rt 3.1 
500 rf 46 
(3.9 ?r 1.0)1‘ 

0.6 + 1.0 
1.9 + 0.3 

18.1 + 1.0 8.9 Lt 3.6 
0.7 i 1.0 
2.9 t 1.5 
4.1 + 2.0 
119+ 22 34.3 t 4.3 
(5.1 ? 0.7)? (4.9 rt 0.3)+ 

* Determined by neutron activation. Values represent means f S.E. 
t Control values were subtracted from treatment values. 

Table 7. Comparison of neutron activation and gas chromatographic analysis of PBB in tissues of 
female rats dosed orally with 30 mg/kg/day of FF-I * 

PRR tppm) 
Tissue Animal Neutron Gas Hexa-Hepta- 
analyzed treatment activation chromatograhpy ratio+ 

--- --.--. _. 
Fat 30-Day treatment 1329 2500 4.6 

1596 1700 4.4 
33-Day< recovery 1786 1700 5.3 

1410 : 900 8.9 
Liver 30-Day treatment 721 1000 3.2 

777 660 2.4 
3 3-Day recovery 228 310 9.4 

139 155 12.6 
Control 

tissue $ 
6.5 ppm FF- 1 6.8 1.3 

* Values represent individual samples. Two portions of liver and fat were taken from each of four 
animals. One was analyzed by neutron activation and the other by gas chromatography. The 
treatment of the rats is described in Fig. 7. 

t Ratio of 2,4,5,2’,4’,5’-HBB to 2.4.5,2’.3’,4’.5’-heptabromobiphenyl found in the gas chromato- 
graphic analysis of the tissue. 
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values are based on the major hexa-peak. The ratio of 
the hexa- to the hepta-peak is higher in tissue than in the 
standard, introducting some error into these estimates. 
This difference in peak ratios is even greater after a 30. 
day recovery period. 

DISCUSSION 

Firemaster BP-6 has been shown to be a mixed-type 
inducer, resembling a mixture of the two classical 
inducers, phenobarbital and 3-MC I31. Since the com- 
pletion of this work, Moore et al. 124, 251 have re- 
ported that the major components of Firemaster, 2,4,- 
5,2’,4’,5’-HBB and 2,3,4,5,2’,4’,5’-heptabromobi- 
phenyl, which together comprise 83 per cent of this 
mixture, are phenobarbital-type inducers. Our work 
confirms their finding with the 2,4,5,2’.4’.5’-isomer, 
even at very high doses and after chronic exposure. 
These findings were not unexpected, since the corre- 
sponding PCB isomer is a phenobarbital-type inducer 
[ 5 1. Relative rates of metabolism or distribution do not 
explain the differences between the effects of 2,4,- 
5,2’,4’,5’-HBB and Firemaster, since the concentration 
of PBB in the liver is comparable at equimolar doses. A 
disproportionately high concentration of PBBs was 
found in the livers of animals dosed with the high dose 
of Firemaster, but this was probably secondary to the 
accumulation of fat in these livers, since PBBs accumu- 
late preferentially in fat. HBB does not produce a 
comparable increase in the amount of fat in the liver. 

The present study is the first to examine the effects of 
the halogenated naphthalenes as inducers of the liver 
mixed-function oxidases. 2,3,6,7_Tetrabromonaphthal- 
ene (TBN) is an approximate isostere of TCDD; there- 
fore we would expect that it might interact with the 
same receptor. Like TCDD, it is a rigid, planar mole- 
cule. The distance between the lateral halogens is con- 
siderably shorter for TBN (8.06 A) than for TCDD 
(10 A); however, bromine is more ionic than chlorine, 
and the additional electrostatic attraction could add to 
the potency of TBN. This seems to be the case in the 
guinea pig, where TBN has been shown recently to be 
100 times less toxic than TCDD, but at least 100 times 
more toxic than the corresponding tetrachloronaphthal- 
ene 1261. 

As predicted, 2,3,6,7-TBN is a 3-MC-type inducer 
in the rat. However, it is lo4 times less potent than 
TCDD and only slightly more potent than Firemaster 
itself. Although this isomer is not found in Firemaster, 
it should be the most potent of the brominated na- 
phthalenes if structure-activity studies with chlori- 
nated dibenzo-p-dioxins [ 61 are applicable. The penta 
or hexabromonaphthalenes found in Firemaster could 
be more active than the 2,3,6,7-tetra-isomer if they are 
more resistant to metabolism. However, we found com- 
parable amounts of TBN and Firemaster in the liver at 
equimolar doses. Therefore, it seems unlikely that rapid 
metabolism could explain the low potency of TBN. It 
should be noted that the tissue analyses were based on 
the amount of total bromine in the liver and could 
include metabolites. When 200 ppm of TBN was added 
to 2,4,5,2’,4’,5’-HBB, the effects were comparable to 
HBB alone. The HBB isomer did not potentiate the 
effects of this dose of TBN. Therefore, it seems unlikely 
that the 200 ppm of brominated naphthalenes present 

in Firemaster account for the 3-MC-type induction 
seen with Firemaster, although the penta- and the hexa- 
isomers found in Firemaster have not been tested. The 
relatively low potency of TBN with respect to TCDD is 
probably a reflection of lower affinity for the receptor 
because of the shorter distance between the lateral 
halogens. 

Poland and Glover [ 8 I have hypothesized that the 
TCDD receptor is a planar rectangle, 3 x 10 A (a 
calculation which does not include the van der Waals 
radii of the halogens), and requires halogens in three of 
its four corners for finding. Biphenyls which are halo- 
genated similarly but unsubstituted in the ortho-posi- 
tion (3,4,5,3’,4’,5’-hexa-; 3,4,3’,4’-tetra 15, 81; and 3; 
4,5,3’,4’-pentachlorobiphenyls 191) apparently interact 
with the same receptor but are 10’ to lo4 times less 
potent than TCDD, presumably because there is an 
energy barrier to rotation 1271 which must be overcome 
for the biphenyl rings to assume a coplanar configura- 
tion. This energy barrier is minimal for biphenyl, but 
will be increased considerably by the addition of even 
one ortho-substituent 1271. X-ray crystallographic 
measurements have demonstrated that some biphenyls 
can achieve coplanarity [ 2&3 11. The only biphenyls 
which have been shown to achieve coplanarity either in 
their own crystalline lattice or when cocrystallized with 
selected compounds are those which have no ortho- 
substituents. A requirement for planarity would explain 
the findings that ortho-substituted biphenyls, e.g. 2; 
4,3’,4’-tetra- 181, 2,3,4,2’,3’,4’-hexa- 151, and 2,3,4,- 
5,3’,4’,5’-heptachlorobiphenyls 151, are inactive as 3- 
MC-type inducers. Morever, when the biphenyl rings 
are fixed in a rigid planar structure, e.g. 2,3,6,7-tetra- 
chlorobiphenylene, the potency is much greater than 
that of the corresponding biphenyl, and is, in fact, 
equivalent to that of TCDD 181. 

PCB isomers which are 3-MC-type inducers and 
isotereomers ofTCDD (e.g. 3,4,5,3’,4’,5’-hexachloro-) 
have been shown to produce a spectrum of toxicologi- 
cal changes similar to those of TCDD, while 2,4,- 
5,2’,4’,5’-hexachlorobiphenyl does not 16, 7,321. In 
the present study, liver histopathology also showed 
differences between the effects of single doses of Fire- 
master and HBB, indicating a difference in the hepato- 
toxicity of the two compounds. Only the Firemaster- 
treated animals showed hydropic degeneration and a 
substantial increase in fat. On the other hand, both 
compounds produce swelling of the hepatocytes con- 
sistent with increases in hepatic enzymes. It is difficult 
to assess the effects of TBN since limitations in solubil- 
ity, the amount of compound, and the low toxicity 
prevented us from achieving a toxic dose, but hydropic 
degeneration was occasionally seen in the high dose 
animals. The pathological changes seen in the animals 
dosed chronically with Firemaster and HBB [ 21 are to 
be reported elsewhere. These changes (a decrease in 
body weight, atrophy of the thymus, and massive fatty 
infiltration of the liver) were not observed with 2,4,- 
5.2’.4’.5’-HBB. 

In the chronic study, minimal changes in liver en- 
zymes were seen with doses of Firemaster as low as 
0.3 mg/kg/day, while maximum effects were seen with 
30 mg/kg/day. Recovery of hepatic enzymes from the 
effects of PBBs correlated with the disappearance of the 
compounds from the liver. PBBs probably redistribute 
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from the liver into other tissues such as fat, since PBB 
levels in fat remain relatively constant during the recov- 
ery period. It is important that the liver did recover 
partially during the redistribution of these compounds 
into other tissues despite the fact that the amount in fat 
remained constant. 

Chronic administration of PC& hexachloroben- 
zene and TCDD produces hepatie porphyria 133-35 1. 
With each of these compounds, there is a lag period of 
1-4 months before the porphyria develaps. Several 
authors have hypothesized that the lag period reflects 
the time required for tissue levels to reach a critical level 
i 36 1. In this experiment, porphyria developed 60 days 
after the last dose of Firemaster, despite the fact that 
liver PBB levels decreased by 93 per cent during this 
period. The lag period and the massive amounts of 
porphyrin in the liver at 60days indicate that PBBs 
produce a porphyria resembling the classical hexachlo- 
robenzene-induced porphyria. A longer dosage period 
will be required to fully assess the dose-related porphy- 
rogenic potential of FF- 1. 

It is important to identify the components of Fire- 
master responsible for the 3-MC-type induction, since 
presumably these compounds will also be the most 
toxic 16, I, 321. Our work indicates that brominated 
naphthalenes are 3-MC-type inducers. However, their 
potency is so low that the presence of 200 ppm of 
brominated naphthalenes in Firemaster is probably 
bjolo~i~ally insignificant, although the penta- and hexa- 
isomers have not been tested. 3,4,5.3’.4’.5’-HBB is a 3- 
MC-type inducer 181. 3,4,3’,4’-Tetra-and 3,4.5,3’.4’- 
pentabromobiphenyls and brominated dibenzofurans 
would undoubtedly be active, since the corresponding 
chlorinated analogs are 3-MC-type inducers f 5, 8. 13 1. 
However, none of these compounds has been found in 
Firemaster I 10, I 11. Several unsymmetrical PBB iso- 
mers (2.4,5.3’,4’.5’- and 2,4,5,3’,4’-) which contain one 
3,4- or 3,4,5ring, have been found in Firemaster 1111. 
Recent work by Dannan et al. [371 indicates that the 
2,4~5”3’,~,5’-hexabromo-isomer is a mixed inducer. 
However, this is difficult to reconcile with findings that 
similar unsymmetrical PCB isomers containing only 
one such ring (e.g. 2,3,4.5,3’,4’,5’-hepta~hiorobiphenyl 
I5 I or ~,4,3’,~-tetra~hlorobiphenyls [ 81) are uot mixed 
inducers. Early evidence indicated that 2,4,.5,2’,4’,5’- 
hexachlorobiphenyl was a mixed inducer, but the mixed 
induction was later shown to be the result of ppm levels 
of 2,3,7,8-te~achlorodibenzofuran in the PCB isomer 
[ 381. Alternatively, metabolism via debromination in 
the ortho-position might explain the results reported for 
the 2.4.5,3’,4’,5’-isomer. 

REFERENCES 

I. A. E, Dunekel, J. Am. wt. met. Ass. 167, 838 (f975f. 
2. J. A. Moore, M. I. Luster. B. N. Gupta and E. E. 

McDonnell, Seventeenth Annual Meeting of the Society 
of Toxicology (Abstr.). San Francisco, CA, March 12- 16 
197%. 

3. J. G. Dent. K. J. Netter and J. E. Gibson, Toxic. uppi. 
Phnrmac. 38. 237 (1976). 

4. A. P. Alvares, D. R. Bickers and A. Kappas, Proc. natn. 
Ad. sci. u.x.4. 70, 1321 (19731. 

5. J. A. Goldstein, P. ~~i~kn~an. H. Bergman. J. 0, Mc- 
Kinney and M. P. Walker, Chem. Biol. Interact. 17, 69 
(1977). 

6. A. Poland and E. Clover, M&c. Phnmza. 9.736 ( 1 Y 7 3 ). 
7. J. D. McKinney. K. Chae. B. N. Gupta. J. A. Moore and 

J. A. Goldstein. Toxic. appl. Pharmac. 36. 65 (1976). 
8. A. Poland and E. Clover. Moiec. Pharmac. t3. 924 

(1977). 
9. H. Yoshimura, S. Yoshihara. N. Ozawa and M. Mikii, 

Ann. N.Y. Acad. Sci., Conference of Health Effects of 
Halogenated Aromatic Hydrocarbons, 320. 179 ( 1979). 

IO. J. R. I/ass. E. E. McConnell and D. J. Harvan.Agr. Food 
Chem. 26.94 (1978). 

11. R. W. Moore, G. A. Dannan and S. D. Aust, Btociicitrl. 
b~ophys. Res. C~rn?~~~~. 84, 936 (1978). 

12. G. W. Bowes, M. J. Mulvihill. B. R. T. Simonett. A. L. 
Burlinghame and R. S. Risebron~h. Nature, Lo&. 256. 
350 (1975). 

13. A. Poland, E. Glover and A. S. Kende../. b&l. Chem. 25 1, 
4936 (1976). 

14. A. Poland and E. Clover. Molec, Pharmac. 10. 349 
i 19743. 

15. V. A. Bri~kma~ and H. G. M. Reymer.J. Chro-omat. 127. 
203 (197X). 

16. R. D. Kimbrou~h, CRC Crit. Rev. Toxic. 2.445 i 1974). 
17. L. A. Levy, One hundred and seventy-~fth A CS Nationa! 

Meeting (Abstr.). Anaheim, CA, March 13.- 17, 1978. 
18. J. R. Fouts. Toxic. appt Pharmac. 16. 48 (1970). 
19. D. L. Cinti, P. Moldeus and J. B. Schenkman. Biochern. 

Pharmac. 21. 3249 (1972). 
20. 7. Omura and R. Sato,J. biol. Chem. 239.2370 ( 1964). 
2 1. N. E. Sladek and G, J. Mannering, ~~~~e~. b~o&vs. Res. 

Commutz. 23. 668 (1966). 
22. Cl. Abritti and E. DeMatteis, C/rem. Biol. Interact. 4. 28 1 

(197 l-72). 
23. A. l-i. Conney, Pharmuc. Rev. 19, 317 (1967). 
24. R. W. Moore, S. D. Sleight and S. D. Aust. Toxic. appl, 

Phannac. 44, 309 (1978). 
25. R. W. Mowre and S. D. Aust, ~eve~~~e~i~ Atmuai Meet- 

ing o~the Socie@ o~Toxjco~o~ (Abstr.). San E;tancisco. 
CA, March 12-16 1978. 

26. E. E. McConnell and J. D. McKinney, Serenle~nih 
Annual .Meeting of the Society ofToxicology (A bstr.1 San 
Francisco. CA. March 12-16, 1978. 

27. 0. Bastiansen. H. M. Seip and J. E. Boggs. in Pers~cti~les 
in Structural Chemists (Eds. J. D. Dunitz and J. A. 
Ibers) Vol. IV, p. 1 to. John Wiley, New York (1971). 

28. J. Trotter, Acta crysrailogr. 14. I I35 (196 I). 
29. D. H. Saunder. f+oc. N. Sot. A188, 31 (1947~. 
30. J. Toussaint, Acfa cqstailogr. 1. 43 (1948). 
3 i. J. N. Van Niekerk and D. H. Saunder, Acra cr~smllogr. 

1.44 (1948). 
32. M. Biocca, J. A. Moore. B. N. Gupta and J. D. Mc- 

Kinney, Proc. ~atjoIza~ Conference oti Po~~,cb~orj~?at~d 
~~p~e~~i~s, 67. Environmental Protection Agency. Wash- 
ington, DC (SPA-560-~6-75-004~ (1976). 

33. J. A. Goldstein, P. Hickman and D. J. Jue. Toxic. appi. 
Pharmac. 27, 437 (1974). 

34. R. K. Qckner and R. Schmid. Nature, Land. 189. 499 
(1961). 

35. J. A. Goldstein, P. Hickman and H. Bergman,Fe& Proc. 
Fedn Am. Sacs exp. Biol. 35, 708 (1976). 

36. G. N. Elder, J. 0. Evans and S. A. Matlin, C/in. Sri. 
molec. Med. 5 I, 7 1 ( 1976). 

37. G. A. Dannan. L. C. Besaw and S. D. Aust. Biochem. 
biophys. Res. Commun. 85, 450 (1978). 

38. J. A. Goldstein, J. R. Hass, P. Linko and D. J. Harvan 
Dnrg iMe?&. Dispos. 6. 258 (1978). 


