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METHODS

Agents studied. The isonrerically pure chlorobiphenyls were purchased from Analabs
Inc., adivision of New Lngland Nuclear, Boston, Mass., and werc used without further
purification. Since it was important to study only the effects of position and degree of
chlorination, biphenyl (Eastman Organic Chemicals, Rochester, New York) was used
as the “control™ agent. The biphenyt was purified by preparative thin-)
graphy on 20 x 100 cnu sidica gel plates conted with Merck silica gel F-254 n-Heptane
was cmployed as the developing solvent. The material was ctutcd and recrystallized
from aquecous methanol (Hutzinger er al., 1971).

The ugents were dissolved in warm peanut oil by continuous stirring until solution
was effected. The solution was adjusted with additional oil to a final concentration of
17.5 mg/mi. No solubility problems were encountered with the exception of 3,4,3',4'-
tetrachlorobiphenyl, as was previously noted (Johnstone e al., 1974). This tetrachloro-
biphenyl was adminisicred as a warm (approx. 37°C) solution.

Animal trearment. The unimals used were young male Wistar rats (BioBrecding
Laboratories) weighing 65-85 g at the beginning of the experiment. Each treatment
group, composed of six animals, was housed threc to a cage on hardwood shavings, and
was provided food and water ad libitm. The agents were administered ata dosage of 50
mg/kg ip in u volume of 0.15-0.25 mi of peanut oil solution. Control animals (n = 18)
were given purified biphenyl in peanut oil at the same concentration and in the same
volume of sotvent. Groups of biphenyl-treated animals were tested at intervals during
the investigations to ensure reproducibility of the assay procedures. The animals were
given daily doses for 3 consecutive days and killed 96 hr afier the last injection (Schwark
end Ecobichon, 1967; Johnstone er al., 1974).

Tissue preparation. The animals were killed by cervical dislocation, quickly opened,
and the livers were excised, Wﬂlh!d lnd pllced in chilled 50-ml beakers in crushed ice.
All subsequent steps of tissue h and ifugation were carried out at
0-4°C. A 5.0-g sample of liver was minced finely with scissors and was washed twice with
cold 1.15% KC to remove trapped blood. The minced tissue was completely homo-
genized with 20 mt of 1.15% KCl solution by 10 strokes of a loose-fitting, motor-driven
Teflon pestle in a 50-m! Potter-Elvehjem glass homogenizer. The homogenate (25 mi)
was centrifuged at 4°C for 242,000g-min (12,000g for 20 min) in a Sorvall RC2-B
centrifuge. The postmitochondrial supernate was carefully removed, stored in crushed
ice, and used within 2 hr of preparation.

Assays. The nucleic acid (DNA and RNA) content of the hepatic homogenate prior
10 centrifugation was determincd on an aliguot of homogcenate from cach animal using
the method of Schneider (1957) as described previously (Johnstone ef al., 1974).

Protein concentrations of the 242,000g-min supernate were determined by the method
of Ilartrec{1972), using bovine serum albunnn ror the preplrluon of a standard curve.

‘I he mixed function oxidases {p-ni hylase and aniline hydroxylase)
were assayed by the methods of Netter and Sexdel (1964) and Kato and Gillette (1965),
respectively. The reaction mixlur:s contained 0.5 ml of homogenate, 50 umol of
glucose-6-phosphate, 1.0 unit of gl 6-phosph dehydrog 100 umol of
nicotinamide, 1.0 pmol NADP, substme (501m|ol of p-nitroanisole ot 15 smol of
nailine) and sufficient 0.05 a1 Tris buffer pH 7.4 to yield a inal volume of 4.0 ml. For the
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aniline hydroxylase assay, 25 pmol of MgCly were added. Incubations were carricd out
for 10 and 20 win at 37°C with continuous shaking in a DubnofT metabolic shaker;
the reactions were stopped by the addition of 2.0 mi of 209, TCA. Initial rates of
product formation were cateulated from the rectangulac hyperbola plotted for the two
incubation intervals,

Nonspeeific carboxylesterase activity was determined on aliquots of the postmito-
chondrial supernatant fraction by a spectrophotometric techniyue which consisted of
a continuous monitor at 322 nm of the formation of free alpha-naphthol from 1 x 10-*
M alpha-naphthyl acctate at pH 7.4 «und 37°C (Ecobichon, 1970).

The conjugation of sulfobromophthalein (BSP) with reduced glutathione (GSH)
was measured using an atiquot of the supernatant fraction which had been dinlyzed
overnight at 4°C against 0.1 M sodium pyrophosphate buffer pH 8.2. The method of
Goldstein and Combes (1966) was used; the rate of conjugate formation was manitored
Tor 1 min at 37°C and pH 8.2 as described previously (Johnstone ct al., 1975).

Lnzymalic activities were presented as nanomoles (O-demethylase and hydroxylase)
of product formed or as micromoles (carboxylesterase) of substrate changed per minute
in the total weight of fresh liver per 100 g of body wt, The activity of the BSP-GSH
conjugating enzyme was expressed in the same way but in terms of micrograms of
conjugate formed per minute.

Statistical significance of the various parameters measured in treated and control
groups was analyzed by Student’s 1 test for two sampie means based on independent
samples. Significance was assessed at the §% level, p < 0.05.

RESULTS
10 was cssential, before studying the effects of chlorination, to determine what effect
the biphenyl sucleus had on hepatic enzymes. Table 1 shows the results of the ip

TARLE t

TiE E1TECTS OF INTRAVERITONEALLY ADMIMSIERED PEAnyT On, COMMERCIAL WiPhENYL,
AND PUrIFIED Biengnyl IDissOLVED IN Peasut Qi oN ENZYME ACTIVITIES OF RaT Liver®

Acnwlcs (m Io(al wi off:csh hvu/lOO g bndy \v!)'

(‘nmmcrcm Punﬁcd
1 uzymc Vehicle biphenyl bipheny!

215 £387 19564190

p-! N\\roumwle O- dumelhyinsc
Aaitine hydroxylose 3528 £ 1028 9731 151
Curboxylesterase A 3367 1 S5 23¢ 22 247
NSP-GSH conjugating cnzyme 5 0109 144+ 19 R

* '} he aninmals rectived S0 mg of biphenyl kg (0.15-0.25 mi of sohution) for 3 consceur  days and
were killed 96 he alter the Inst injection. Vehicle-ueated animnls received peanut oil on the saie volume
basis Twelve animals were treaied with vehicle, 11 with conunercial Liphenyt, and 18 with purificd
Giphenyl

*“The netivities of O-demethylase and aniline hydiorylase are expressed as nanomoles of product
formedituinute, Carboxylesterase activity is v\pressed as micromoles of sllbsln(c hydrelyzed, annuie.
while the BSP- GSH cnnulg'mng enzyaie activity ig exy s micrograms of formedf
minute. Activities are presented in terms of the total liver:100 ¢ of body wt,

« Vaducs are stimtistically different from vehucke-treated control values at p < 0.05.
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administration of vehicle (peanut oil), mercially available biphenyl and purified
bipheny! on the activities of hepatic O-demcthylase, aniline hydroxylase, carboxyl-
csterase, and BSP-GSH conjugating enzyme. Treatment with unpurified biphenyl
resulted in statistically significant (p < 0.05) increases in activities of three of the en-
zymes over vatues observed in vehicle-treated controls. In conirast, chromatographically
purificd biphenyl caused a significant increase only in the BSP- GSH conjugating
enzyme uctivity. Since relatively pure compounds were to be investigated, the values
for the purificd biphenyl adiministered in peanut oil were used as control data.

TABLE 2

CHANGES IN LIVER WLIGHT, DNA, AND RNA FOLLOWING INTRAPERITONEAL ADMINISTRATION
OF PURE CHLOROBITHENYLS TO RATS"

Liver weight
/100 g body DNA RNA
Agent wt. (mg/g) (mg/mg DNA)
Biphenyl $33£025 395+049 399011
Monochhro:
2- 5102012 326+026 6.76+0.19%
- 529+018 3621007 5901019
4. 552+046 3.73:£024 5.5230.13%
Dichloro:
490+ 020 4264036 44840.4"
5581038 3394020 42231017
5.39+£037 3194033 6.50+0.34°
5274018 3.36+02) 4.5810.24"
Trichloro:
574+ 046 294+0.21° 6.64+0.28°
5294030 3311+029 5901052
5204018 3.8£022 560+0.24
6.28+4062* 278+030° 5964034
5.19+029 353+02) 5801029
Tetrachloro:

§94£038 329%£012 4764019
§374045 367£08 4323033
$23£062 3.53:+057 3871040
2,525~ 5.19+034 33582021 4334026
3434 6591036 3274027 4501052

Higher congeners:
23,42.5- 548+0.2] 3511021 594+£027°
24,5245 617+0.14 3651021 4333014
246246 547+045 321+029 6204025
234,523 45 560£035 2.56+0.10° 73331027

* Values presented are the mean £SD of 13 biphenyl-treated (control) and 6 chlorobiphenyl-treated
animals per group. Values arc based on wet wi of tissue.
* Values arc significantly different from control values, p < 0.08,

The influences of each chlorobipheny! on (1) liver weight in terms of 100 g body wt,
{2) DNA and, (3) RNA content of whole homogenates (20 %, w/v) arc presented with the
tesults for control, biphenyl-treated animals in Table 2. Statistically significant (p <
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0.05) increases in liver weight were obscrved for only a very few agents (2,5,4"-trichloro-,
k A -tetrachloro-, and 2,4,5,2°,4°, 5 -hexachlorobiphenyls). All agents tested causcd
areduction in DNA content, which suggested increased ceitutar size, though these were
only signifienntly diffcrent from biphenyl-treated controls in a few instances (Table 2),
Increascid RNA concentrations were obscived with all of the chiorobipheny) agents
tested though significant increascs were observed only for some of the agents.

The inft of hlorobiphenyls on the hepatic O-demethylase, hydroxylase,
carboxylesterase, and BSP-GSH conjugating cnzyme activitics are compared in Table
3 with the cffects following treatment with purified biphenyl. No significant chianges in
microsomal O-demethylase were noted, though microsomal aniline hydroxylase
Activities were cignil‘umtly increased over control values. Carboxylesterase aclivil,‘
was significuntly {p < 0.05) i § followi with the htorobi-
phenyls. No significant (p > 0.05) differences \vcrc observed for BSP-GSH conjugating
enzyme Retivity between biphenyl- and the chtorobiphenyi-treated animals. -

TABLE 3
ELC1S OF ACUTE INTRAPERITONEAL ADMINISTRATION OF BIPHENYL AND
MONOCILORORIPHENYLS ON HEPATIC ENZYME ACTiviTY

Activities (in loiul wi of fresh h\cr/lOO [3 budy wi)*
OD‘ AH ( E use
Treatment ” (nmol/min) (amol{min) (pmolfmin) {ug/min)

Diphenyl 18 19564 19.1 9734157 23621247 88109
2-Chilorobiphenyl 6 18484172 188.3+304% 09241351 7541
3-Chlorobiphenyl 6 19364281 22584553 3BI74643 9Bt 1S
4-Chlorobiphenyl 6 2334423235 1681 +37.4" 1062+245 98416

* Values presented are the meun 48D of the number of animals per group.

* Values are ignificnutly different from vnlnes nl!lllned feom biphenyl-ireated animals, p < 0.05.

* The cnzymes il i include » (OD), aniline hydroxylase (AH),
car (CE), and sulf; i i ji chzyme (BSP).

Figure | shows the influence of a series of isomerically pure dichlorobiphenyls on
hepatic O-demethylase, aniline hydroxylase, carboxylesterase, and BSP-GSH conju-
gating enzyme activitics in comparison with the effect produced by purified biphenyl.
Statistically significant {p < 0.05) increases in the activitics of the mixed function oxi-
dascs (O-demcethylase and hydroxylase) were observed only with 4,4'-dichlorobiphenyl,
whereas carboxylesterase activity was markedly increased by 2,2'-, 2,4"- as well as by
4,4"-dichiorobiphenyl. The BSP-GSH conjugatingenzyme was increased only following,
trealment with 2,2'- and 4,4"-dichlorobiphenyl. No enhancement of activily was
abscrved following treatinent with 3,3-dichlorobiphenyl; the activities of alt four
hepatic enzymes were lower than those of control, biphenyi-treated animals.

Figure 2 summnrizes the influence of a group of isomerically pure trichlorobiphenyls
on the hepatic cnzymes as compared to the activities detected in biphenyl-treated
animals, On the basis of O-demethylase activity, significant increases were observed
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196, 1. The effects of pretreatment of )oung male rats with hiphenyl and a serics of isomerically pure
dic il on Impuhc, t (ODN), aniline & (AH), carboxyl-
emerase (¢ ) halei h j yme (BSP) activities. Animals were
tented by ip m)v.rllon for 3 consecutive dnys and weve killed and assayed 96 hr afier the Inst i uumlon.
Activilicsare exp f product i OD and AH), micr
hydrolyrediminule (CT?), or a< micrograms of conjugate formed/minute (BSP), based on the total weight
of fresh liver/100 g body wi. The values (Ixars) represent the mean enzym ctivities £SD (lines) of
JA control biphenyl-treated animals and G animals per treated group. The asterisk (*) indicates values
statistically diffeient (p < 0.05) from the biphenyl-treated comrols.

only following treatment with 2,5,4'- and 2,4,4'-trichlorobiphenyt. The response of
microsomal uniline hydroxylasc activity was somewhat different; significant increases
were observed following treatment with all but 2,5,3-trichlorobiphenyl. Significant
increnses in carboxylesteruse and BSP-GSH conjugating enzyme activities were ob-
scrved with all ngents tested though the most marked response was observed for 2,5,4'-
and 2,4,4"-trichlorobiphenyl.

The effeets of a series of tetrachlorobiphenyls on the various hepaticenzyme activitics
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as compared to those of biphenyl are shown in Fig. 3. While all the agents tested causcd
significant (p < 0.05) increascs in hepatic carboxylesterase activity, the most marked
cffects were observed with 2,4,2',4'- and 2,6,2',6'-tetrachlorobiphenyl. In contrast, the
mixed function oxidase, O-demethylase, was markedly incrcused by 2,4,2',4’- and
3,4,3",4"-tetrachlorobiphenyl. A small though significant incrcase was observed in the
activity of the latter enzyme following treatment with 2,6,2°,6"tetrachlorobiphenyl.
Aswas obscrved in I'lg 2 lnlhne hydroxylasc responded somewhal differently following
treat with Is. Whilc significant induction was obscrved with
2,6,2',6'- and 2,3,2',%"-tetrachlorobiphenyl, the most marked increases were observed
with the 2,4,2, nd 3,4,3 4" isomcers. Significant (p < 0.05) increases in the BSP-
GS1I conjugating enzyme were observed only with 2,4,2'.4"-, 34,2/ 4> 34,3' 4"-, und
2,3,2,3"-tctrachlorobiphenyl.
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Is on hepatic p-ni (1), aniline hydroxstuse (AH),
i (CE), and sulfol Jein-glutathi ing enzyme (ISP} uctivines,

Fur other details, see Fig. 1.
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Figure 4 summarizes the influence of treatment with a pentachloro-, two hexichloro-,
amd un oclachlorobiphenyl on hepatic enzymes compared to the activitics detected in
biphenyl-treated rats. With the exception of 2,4,6,2,4',6"-hexachlorobiphenyl, all of
the agents tested caused significant mcrcnscs in the four enzymatic functions assaycd.
In contiast, 24,6,2,4°,6"h hlorobiphenyl tr resulted in significant (p <
0.05) increases in anitine hydroxylase and carboxylesterase activitics whereas (he 0-
demethylase and BSP- GSH conjugating enzyme activitics were aot significantty diffes-
ent from aetivities in biphenyl-treated animals.

DISCUSSION

it
T

The ability of ¢ ial chlor yl mi 10 aiter hepatic function by
ultrastructural changes and induction of a variety of hepatic enzymes which act on
biotrunsfornution, hus been well documented (Nishizumi, 1970; Vos and Beems, 1971 ;
Fujita et ul., 1971, Villeneuve ef al., 1971 ; Kimbrough er al., 1972; Bickers ef al., 1972;
Litterst et al., 1972; Bruckner et al., 1973; Hansell and Ecobichon, 1974), The hetero-
gencity of these mixtures has hindered toxicologic cvaluation and has raised several
pertinent guestions. Do dichlorobiphenyls produce the same cﬂ'ccls as tetra- or hexa-
chlorobiphenyls ? Do all isomers of the same degree of chlori produce
toxicologic responses 7 Are the pathologic and toxicologic alterations observed duc to
the biphenyl nuclews, 1o the position(s) occupied by individual chlorine atoms or to the
number of chlorines present m the structure? Are hepatic enzymes other than those

d with the endopl affected by these agents? It is now known
that not all chlorobiphenyl congeners possess the same physicochemical and pharma-
cologic propertics (Johnstonc ef al., 1974). A high priority has been suggested for
studics using individual pure compounds (Hammond et /., 1972), though to date such
studies have been limited (Vujita ef al., 1971; Vos and Notenboom-Ram, 1973; Chen
etal., 1973).

The hepatic enzynes, p-nitroanisol 0 d hylasc and aniline llydloxylusc, that
were investigated in this study werc sclected as repr ive of endopl.
bound enzymes showing characteristic type I and type 1I spectral chlnges involving
substrate interaction with cytochrome P450 (Remmcr ef al., 1966; Schenkman ef al.,

1967) Hcpnhc carboxyl were selected as les of localized

ly in the endoplasmi iculum though a smnll quantity ol‘ cytoplasmic
enrymc may be present duc to a posmblc solubilization of the membrane-bound
enzyme (Schwark and Lcobichon, 1968 gquist and A i 1971; Chow

and Ecobichon, 1973). The enzymc whlch ulnlyzc: the conjugation of BSP with GSH
is & soluble cytoplasmic enzyme (Combes and Stakelum, 1961). The administration of
such well-known inducing agents as phenobasbital and DDT results in markedly
enhanced uctivitics of cach of these enzymes (Conncy, 1967; Schwark and Ecobichon,
1968, Johnstone ¢f al., 1974),

As was shown (Table 1), biphenyl significantly increased the activity of BSP-GSH
conjugating cnzyme. Compared to the enzyme activity in biphenyl-treated animals,

there were no statistically significant (p > 0.05) difTerences observed following treat- ;,

ment with manochlorobiphenyls but, with the exception of 2,4'- and 3,3-di-, 2,5,2",5'-, O

and 2,6,2',6"tctra-, and 2,4,6,2',4',6"-hexachiorobiphenyls, all of the chlorobiphenyl 3
-
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studics using individual pure compounds (Hammond et /., 1972), though to date such
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The hepatic enzynes, p-nitroanisol 0 d hylasc and aniline llydloxylusc, that
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such well-known inducing agents as phenobasbital and DDT results in markedly
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As was shown (Table 1), biphenyl significantly increased the activity of BSP-GSH
conjugating cnzyme. Compared to the enzyme activity in biphenyl-treated animals,

there were no statistically significant (p > 0.05) difTerences observed following treat- ;,

ment with manochlorobiphenyls but, with the exception of 2,4'- and 3,3-di-, 2,5,2",5'-, O

and 2,6,2',6"tctra-, and 2,4,6,2',4',6"-hexachiorobiphenyls, all of the chlorobiphenyl 3
-
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4 hl

prescnce of a different hydroxylation for highly d agents having
isoluted unsubstituted positions. The rate of hydroxylation for the latter is much jower
than that obscrved for chlorobiphenyls with unsubstituted vicinal carbons. When
24.5,2',4',5-hexuchlorobiphenyl was given to rats it was slowly converted and excreted
as a monohydroxy derivativc, substituted at either the 3- or 6-position. The cxact
structure awaits confirmation. The inability to rapidly hydroxylate low chlorine-
containing agents chlorinated in the 4- and/or 4'-positions and those highly chiorinated
agents with isolated unsubstituted positions would contribute markedly to their
persistence in animals and result in more marked induction of hepatic enzymes and
other toxic cffects. These picces of evidence are supported by the hepatic enzyme
induction studies herein, the most marked induction being observed with chlorobi-
phenyls substituted in the 4- and/or 4'-positions.

To conclude by answering the questions raised nrher, i( wnuld appear lhll for

.

enzymes closcly associated with the hepatic endopl r the i
enzyme activity was Imkcd not to the blphl:nyl nucleus but to the position of chlorine
ion on the b 1 structure. I of the same degree of chiorination did

nol produce (he :ame toxic cffects, and dichlorobiphenyls may be quite similar to
ding on whether chlori subsmuuon occurs at the critical
fi ion. For y less

4- and 4'-posllwns lhercby mlerl'enng with bi

lized in the hepatocyte (i.e., carboxyl and the BSP-GSH
cmuuculm; cnryme). the position of the chl atoms ap of less importance;
enzyme induction was stimulated by biphenyl though enk d effects were observed

when once or more chlorine atoms were present.
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