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The hepatotoxicity of CB was studied in the

Sprague-Dawley rat and rainbow trout. In rats, an ip

dosage of 9.8 mmol/kg CB (= LD10) produced evidence of

liver toxicity over a 72 hr time course.

Sulfobromophthalein (BSP) retention maximized 3-16 hr post

treatment and normalized after 72 hr whereas plasma alanine

aminotransferase activity (ALT) and morphological evidence

of damage maximized about 48 hr after dosing. Maximum

covalent binding to liver protein (3.07 nmol/mg) had

occurred by 24 hr and approximately 36% of the administered

dose had appeared in the urine by 48 hr. In contrast to

the rat, trout were relatively refractory to liver necro-

sis. Covalent binding in trout was approximately one-

fourth that seen in the rat over a similar time course, and

less than one percent of a given dose of CB was excreted in

the urine.



Rat liver and plasma CB concentrations were propor-

tionally increased over the dosage range of 2.0-14.7

mmol/kg, but marked centrolobular necrosis and rat eleva-

tions were seen only at the highest dosages (9.8 and 14.7

mmol/kg). Liver concentration of CB in the rat was two and

one-half times that seen in the trout. All doses of CB

depressed glutathione (GSH) to between 30 and 40% of

control rats by four hr. GSH levels remained depressed

through eight hr after 9.8 or 14.7 mmol/kg. Trout GSH was

depressed only 20% by a dosage of 9.8 mmol/kg and the reco-

very to control GSH levels was much slower than in the rat.

Control levels of GSH in the rat liver were about three

times that in the trout. Both species were equally suscep-

tible to GSH depletion by diethyl maleate (DEM).

In rats, covalent binding was dose related up to 9.8

mmol/kg. The highest dosage of CB had binding equal to the

4.9 mmol/kg dosage. This decrease in binding was not due

to P450 depression or necrotic liver cells. Pretreatment

studies with phenobarbital (Pb), $- naphthoflavone (BNF),

and DEM indicated that there was no correlation between

covalent binding or GSH content and liver necrosis in

either trout or rats. The relative refractoriness of trout

to liver necrosis was apparently not due to less absorption

or metabolism of the toxicant. The necrosis seen in each

species appears to be associated with a P450 isozyme that

is inducible by Pb, but not BNF; thus, indicating that the

type of CB metabolite may be important in the liver toxi-

city.
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PERSPECTIVES

The stumbling way in which even the ablest of scien-

tists in every generation have had to fight through

thickets of erroneous observations, misleading generaliza-

tions, inadequate formulations, and unconscious prejudice

is rarely appreciated by those who obtain their scientific

knowledge from textbooks (James Bryant Conant, 1951).

Education makes for inequality; the inequality of

individuality, the inequality of success, the glorious ine-

quality of talent, of genious; for inequality, not

mediocrity, individual superiority, not standardization, is

the measure of the progress of the world (F.E. Schelling,

1929).

The steps of faith fall upon the seeming void and find

the rock beneath (Charles Wilson, 1967).

Do not deceive yourselves. If any one of you thinks

he is wise by the standards of this age, he should become a

"fool" so that he may become wise (1 Corinthians 3:18).

It's not the critic that counts, not the man who

points out how the strong man stumbled or whether the doer

of deeds could have done them better. The credit belongs

to the man who is actually.in the arena, whose face is

marred by dust and sweat and blood; who strives valiantly;

who errs, and often comes up short again and again; who

knows the great enthusiasms, the great devotions, and

spends himself in a worthy cause; and who, if at best,



knows in the end the triumph of higher treatment and high

achievement; and who at worst, if he fails, at least fails

while daring greatly so that his soul shall never be with

those cold and timid ones who know neither victory nor

defeat (Theodore Roosevelt).

To live fully is to live freely, to take each day and

make it all your own (Author unknown).
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HEPATOTOXICITY OF MONOCHLOROBENZENE IN

RATS AND RAINBOW TROUT

I. GENERAL INTRODUCTION

The chlorinated benzenes represent an important class

of environmental compounds because of their high production

and varied industrial uses. The total annual production of

chlorobenzenes is around 450 million pounds (EPA, 1980).

Most of the production is of mono- and dichlorobenzenes.

Monochlorobenzene (CB) consumption in the 1960's was mainly

as an intermediate in the production of phenol (60%) and

DDT (25%) (Hancock, 1975). However, the pattern of con-

sumption has changed in recent years to that of a solvent

in herbicide formulations and as an intermediate in the

production of o-chloronitrobenzene and p-chloronitrobenzene.

Both of these derivatives are used as dye intermediates and

p-chloronitrobenzene is also used to produce p-nitrophenol

(Hancock, 1975). The National Occupational Hazard Survey

(NIOSH, 1979) estimates that over one million people may be

exposed to CB in the workplace; however, the Occupational

Safety and Health Administration (1979) has reported only

two cases in which CB was detected at levels near or equal

to the threshold limit value (TLV) in air samples taken

from companies using CB. The TLV for CB in the workroom

air is 75 ppm (ACGIH, 1971). CB has been detected in

several effluent, discharge, and waste water samples,

(Erisman and Gordon, 1975; Ware and West, 1977; Ember,
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1980; EPA, 1980) as well as in drinking water samples (EPA,

1975; Shakelford and Keith, 1976).

CB has a moderate potential for bioconcentration (Lu

and Metcalf, 1975; Metcalf, 1977) and recently has been

shown to cause liver toxicity in rainbow trout after either

acute or chronic exposure (Dalich et al., 1982). CB has

also been shown to cause centrolobular necrosis in rats and

mice 24-48 hr after a single ip injection (Oesch et al.,

1973; Reid et al., 1973). Since CB has been proposed to

cause hepatotoxicity via an active metabolite (Brodie et

al., 1971; Reid et al., 1973), knowledge of the metabolic

pathway of CB (Figure 1) is important in understanding the

mechanism of CB liver toxicity. CB is metabolized by the

cytochrome P-450 mixed function monooxygenase (MFO) system

to 3-chlorobenzene oxide or 4- chlorobenzene oxide (Selander

et al., 1975a, 1975b). The 3-chlorobenzene oxide either

conjugates with glutathione (GSH), isomerizes to

2-chlorophenol or goes to 2,3-dihydro-2,3-dihydroxy

chlorobenzene via epoxide hydrase and finally forms

3-chlorocatechol with dehydrogenation (Spencer and

Williams, 1950; Selander et al., 1975a). The

4-chlorobenzene oxide either conjugates with GSH to give

the 4-chlorophenyl mercapturic acid (Smith et al., 1950;

Azouz et al., 1952; Park and Williams, 1955; Williams,

1959; Williams et al., 1975), rearranges to 4-chlorophenol

(Smith et al., 1950; Spencer and Williams, 1950; Selander

et al., 1975a) or is converted to the dihydrodiol by
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epoxide hydrase and lastly to 4-chlorocatechol via enzyme

dehydrogenation (Azouz et al., 1952; Smith et al., 1950;

Williams, 1959; Williams et al., 1975). CB also forms a

3-chlorophenol via a direct oxidation pathway (Oesch et

al., 1973; Selander et al., 1975a).

Within 24 hr approximately 33% of the compound is

excreted in the urine (Oesch et al., 1973); the major meta-

bolites being mercapturic acids and conjugates of

4-chlorocatechol (Lindsay Smith et al., 1972; Oesch et al.,

1973). Unchanged CB (21-30%) has been reported to be eli-

minated in expired air of rabbits (Azouz et al., 1952) and

rats (Sullivan et al., 1983).

Since bromobenzene (BB) and CB both cause centrolobular

necrosis and are both monohalogenated benzenes, the mechan-

ism of hepatotoxicity of CB has been deduced by assuming a

similar mechanism as for BB. The critical pathway leading

to liver damage from BB appears to be activation to a puta-

tive 3,4-epoxide via the MFO system (Brodie, et al., 1971;

Jollow, et al., 1974; Lau, et al., 1980). A possible

protective effect is provided by hepatocellular GSH in that

covalent binding of the putative BB metabolite to GSH leads

to depletion of the tripeptide early in the course of

events and prior to observable damage to the hepatocyte

(Reid and Krishna, 1973; Jollow, at al., 1974). Subsequent

covalent association of the excess metabolite with critical

cellular proteins is assumed to be the cause of cell death

(Reid and Krishna, 1973; Jollow, at al., 1974; Lau and
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Zannoni, 1981). The pathogenesis of the hepatic lesion in

rodents following a single dose of BB. is characterized by

depletion of cytoplasmic glycogen in centrolobular hepato-

cytes at 12-16 hr followed by centrolobular necrosis which

is first seen at 24 hr and maximizing at 48 hr (Koch-Weser

et al., 1953; Reid et al., 1971a).

The severity of liver necrosis in mammals exposed to

either BB or CB has been reported to be increased by

pretreatment with phenobarbital (Pb). Pb also accelerates

the appearance of the lesion-presumably by increasing the

rate of formation of the toxic epoxide (Brodie, et al.,

1971; Reid et al., 1971a; Reid et al., 1973). Also,

pretreatment with diethylmaleate (DEM) similarly enhances

the toxicity of BB. Presumably DEM decreases the available

GSH, thereby allowing more of the toxic epoxide to react

with cellular macromolecules (Brodie, et al., 1971; Reid et

al., 1971a; Reid and Krishna, 1973; Jollow, et al., 1974).

However, pretreatment with 3-methylcholanthrene (MC),

another MFO inducer, has been reported to decrease liver

toxicity in rats treated with CB and BB (Reid et al.,

1971b; Oesch et al., 1973; Zampaglione et al., 1973).

Interestingly, MC pretreatment did not block BB necro-

sis in mice (Reid et al., 1971b). MC and S- naphthoflavone

(BNF) have been shown to preferentially increase the for-

mation of a 2,3-epoxide over the 3,4-epoxide from BB (Lau

and Zannoni, 1979). The 2,3-epoxide has been postulated to

be non-hepatotoxic in both BB and CB, (Zampaglione et al.,



6

1973; Selander et al. 1975a) and recently Lau et al.,

(1980) have shown, with inbred stains, that mice with twice

the capacity to generate the 3,4-epoxide developed necrosis

90% of the time, while those mice with lower metabolic

function were free of necrosis 80% of the time after BB

treatment. The 3,4-epoxide is more reactive, binding cova-

lently to microsomal proteins (histidinyl residues),

whereas the BB 2,3-epoxide is more stable, leaving the

microsomes and binding covalently to soluble proteins

(cysteinyl residues) (Lau and Zannoni, 1981). These

results are in contrast to that reported by Selander et

al., (1975a) for CB. These authors reported that none of

the 2,3-epoxide of CB entered the cytosol from the microso-

mes, suggesting that the 2,3-epoxide never has the oppor-

tunity to interact with critical macromolecules. These

authors also reported that the two epoxides have comparable

activity. Pretreatment with the P-450 inhibitors SKF525A,

pyrazole, and piperonyl butoxide (Reid et al., 1971a; Reid

and Krishna, 1973; Zampaglione et al., 1973) prevented the

development of the hepatic lesion after BB or CB treatment.

These pretreatment studies have provided strong evidence

for a 3,4-epoxide metabolite causing the liver damage.

Perhaps the strongest evidence for the role of covalent

binding in the mechanism of hepatotoxicity of BB is the

autoradiographic studies done by Brodie et al., (1971).

Labeled BB was found to be covalently bound and con-

centrated in the necrotic centrolobular region of the hepa-
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tocytes. Pretreatment studies with inducers and inhibitors

of P-450 have correlated covalent binding and liver damage

(Reid et al., 1971a; Reid et al., 1973; Reid and Krishna,

1973; Zampaglione et al., 1973; Lau and Zannoni, 1979) and

pretreatment with DEM has been reported to correlate liver

damage with decreased GSH and increased covalent binding

(Reid et al., 1973). However, a number of discrepencies are

apparent in the work with BB. When Pb was used as the

inducer of P-450, covalent binding was increased only two

to three fold after six hr in rats and mice given non-

hepatotoxic doses of BB (Reid et al., 1973). However, in

subsequent studies (Reid and Krishna, 1973), mice given

hepatotoxic doses of BB had 20 fold increases in covalent

binding after five hr, and only a 25% increase following a

non-hepatotoxic dose of BB. Rats pretreated after a non-

hepatotoxic dose of BB or CB were reported to have a two to

four fold increase in binding after six hr (Reid and

Krishna, 1973). Lau and Zannoni (1981) have also reported

a two fold increase in covalent binding with Pb pretreated

rats given BB. Thus, the only marked increase in covalent

binding after Pb pretreatment has been the study done with

mice. In order for a small non-hepatotoxic dose of BB to

cause the massive liver necrosis seen with Pb pretreatment,

one would expect an appreciable increase in covalent

binding if this event is critical to the destruction of

hepatocytes. The effects of CB on GSH and pretreatment

studies with DEM and CB have not been reported. Covalent
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binding studies with CB are extremely limited and have only

been done on rats. When comparing the results of covalent

binding and the sensitivity to necrosis, it becomes

apparent that there are significant differences in the

hepatotoxic response. Thus, an extrapolation of results

from mice given BB to rats given CB seems inappropriate and

raises some questions as to the similarity between the two

chemicals mechanism of hepatotoxicity.

Although similar mechanisms have been assumed to be at

work for both agents, differences in the excretion and

metabolism of CB and BB have been observed. Azouz, et al.,

(1952) have reported that in rabbits given either CB or BB

orally, four times more CB than BB was lost in the expired

air. Moreover, more BB was excreted in the urine. The

difference in renal excretion of the two chemicals

apparently was due to greater glucuronide and sulfate con-

jugation with BB (Azouz, et al., 1952). Other differences

include a quinol metabolite detected in the urine of CB

treated rabbits (Lindsey Smith et al., 1972) and a m-

phenolic metabolite in suspensions of rat liver microsomes

exposed in vitro to CB (Daly et al., 1968; Oesch et al.,

1973; Lau and Zannoni, 1979). Experiments with the MFO

inducers Pb and MC have also demonstrated differences in

metabolism of BB and CB in rat liver microsomal suspen-

sions. Following Pb induction, the ratio of o to 2-pheno-

lic metabolites was unchanged for BB but doubled in the

case of CB (Selander et al., 1975a; Lau and Zannoni, 1979;
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Hetu, et al., 1983). Induction with MC increased the ratio

11 to 35 fold for BB (Lau and Zannoni, 1979; Hetu, et al.,

1983) and only about seven times for CB (Selander, et al.,

1975a). Finally, Oesch et al., (1973) reported complete

protection against CB liver necrosis with a relatively

small decrease in the rate of CB metabolism. This finding

is unexpected if the 3,4-epoxide is the sole initiator of

liver cell destruction. Since research on the hepato-

toxicity of CB has been limited, I chose to first charac-

terize the hepatotoxicity of CB in rats and compare these

results to that published on BB. The temporal and dose

response effects of CB were studied by following the struc-

tural (alanine aminotransferase, ALT, activity), biochemi-

cal (covalent binding to liver protein and GSH depletion),

functional (bromosulfphlalein, BSP, retention), and morpho-

logical changes after treatment with CB. Also liver,

plasma, and urine concentrations of CB were measured

following treatment.

Earlier work has shown that CB causes changes in the

integrity of the liver in rainbow trout (Dalich et al.,

1982). A comparative approach to the study of hepatotoxi-

cants like BB and carbon tetrachloride (CCL4) have been

valuable in the elucidation of their underlying mechanisms

(Mitchell et al., 1971; Chopra et al., 1972; Diaz Gomez et

al., 1975). William Van Der Kloot (1967) has aptly sum-

merized the goal of comparative research--"The goal of com-

parative study is to take advantage of the diversity of
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form and function to increase our knowledge of general

principles." The selection of the rainbow trout for a com-

parative study really originated from research done by

Kaufman and Larson (1981). These authors studied the tem-

poral relationships among different indicators of hepato-

cellular damage in the transected, hypothermic rat treated

with CCL4. The results demonstrated a differential

influence upon the developing effects of CC14. Thus, I

reasoned that a species which had an environmental and eco-

nomic importance, and was naturally "hypothermic" may be

ideal as a tool to study the basic mechanisms of hepato-

toxicity.

Normally, the approach to toxicological research has

been to use a species which is extremely sensitive to the

response under investigation. However, by using a species

(trout) which is relatively refractory to the response and

comparing the biochemical, enzymatic, and histological

changes to that seen with a sensitive species (rat), one

may gain insights into the mechanism of hepatotoxicity.

The trout has been shown to be capable of metabolizing

xenobiotics (Buhler and Rasmusson, 1968; Chambers and

Yarbrough, 1976; Sieber and Adamson, 1977), and more

specifically, generating epoxides (Chan et al., 1967;

Stanton and Khan, 1975; Breger et al., 1981; Williams and

Buhler, 1983). Trout are extremely sensitive to the car-

cinogenic effects of naturally occurring aflatox ns (Ayres

et al., 1971; Sinnhuber et al., 1974; Hendricks et al.,
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1980; Schoenhard et al., 1981), cyclopropenoid fatty acids

(Lee et al., 1980; Sinnhuber et al., 1976; Hendricks et al.,

1980) and nitrosamines (Grieco et al., 1978). Recently

trout have been shown to be quite sensitive to the renal

toxicity of the aminoglycoside antibiotics (Svec et al.,

1982) and the hepatotoxicity of pyrrolizidine alkaloids

(Hendricks et al., 1981).

Although the amount of P-450 in trout is only about

one-third that of the rat, the rainbow trout has been shown

to metabolize aflatoxin (Williams and Buhler, 1983), and

the pyrrolizidine alkaloids (Hendricks et al., 1981) at a

rate equal to or greater than the rat. Trout also have

been shown to covalently bind metabolic products of afla-

toxin (Williams and Buhler, 1983) and benzo(a)pyrene

(Ahokas et al., 1977; 1979) to DNA. The MFO system of the

trout liver has some unique properties which could be

important in the study of hepatotoxicity. Whereas mammals

respond to Pb treatment with a marked proliferation of

liver smooth endoplasmic reticulum and an increase in

cytochrome P-450 and NADPH-P-450 reductase, fish are

refractory to such treatment (Buhler and Rasmusson, 1968).

However, fish are sensitive to the induction of aryl hydro-

carbon hydroxylase by polycyclic aromatic hydrocarbons like

MC and BNF (Bend et al., 1978; Statham et al., 1978;

Elcombe and Lech, 1979; James and Bend, 1980).

The fish P-450(s) which are induced have the substrate

specificity and sensitivity to inhibitors in vitro (Ahokas
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et al., 1976; Ahokas et al, 1977; Williams and Buhler,

1982) seen with mammals after MC induction. However, the

hypochromic shift in the CO-reduced difference spectra seen

in mammals after MC induction is lacking (Williams and

Buhler, 1982). These similarities to the P-448 like form

of P-450 seen in mammals may be important in the response

of trout to xenobiotics. Williams and Buhler (1983) have

suggested that the extreme sensitivity of the rainbow trout

to aflatoxin may be attributed to a particular form of

P-450 in trout. Likewise, the refractoriness of trout to

hepatocyte necrosis could be a result of the form of P-450

seen with trout. In rats, MC induction has been shown to

protect that species from the hepatotoxicity of BB (Reid et

al., 1971b). This protection has been theorized to be due

to an alternate metabolic pattern seen with MC induction

leading to a less toxic epoxide and also to an increase in

epoxide hydrase, an enzyme system responsible for

detoxifying epoxide intermediates (Zampaglione et al.,

1973). Rainbow trout have liver GSH-transferase and

epoxide hydrase activities equivalent to that reported for

rats (Stott and Sinnuber, 1978; Wino et al., 1979;

Pacifici et al., 1981). Thus, compared with the rat, fish

have some unique differences and similarities in the enzyme

systems which are important in the activation and detoxifi-

cation of xenobiotics. Since the rainbow trout and rat

have similarities and differences in their response to

toxicants, and due to the recognized differences in their
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MFO systems, I have utilized the rainbow trout as a com-

parative species to study the basic mechanisms underlying

the hepatotoxicity of CB. Since little data was available

concerning effects of agents on liver concentrations of GSH

or to covalent binding of hepatotoxicants to liver protein

in the trout, I have studied the temporal effects of CB on

these variables. I further have evaluated the effect of

pretreatment with DEM, Pb or BNF on liver damage (ALT acti-

vity and histopathologic evaluation), absorption of CB into

the liver, urinary or biliary excretion, and covalent

binding of CB in each species. The objectives of the

present research thesis were to answer the following

questions.

i) Are the biochemical, functional, enzymic, and morpho-

logical responses in rats treated with CB the same as

those reported for BB?

2) How do these responses compare to that reported in rain-

bow trout?

3) Is covalent binding to liver proteins and GSH depletion

correlated to liver necrosis in rats or trout treated

with CB?

4) Why are trout generally refractory to liver necrosis

when treated with CB?
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II. TEMPORAL AND DOSE-RESPONSE FEATURES

OF MONOCHLOROBENZENE HEPATOTOXICITY

IN RATS

INTRODUCTION

The simple halogenated aromatic hydrocarbons,
.

monobromobenzene (BB) and monochlorobenzene (CB) have been

shown to cause hepatotoxicity in mammalian species by many

investigators (Koch-Weser, et al, 1953; Brodie et al.,

1971; Mitchell, et al., 1971; Reid, et al., 1971a, 1973;

Oesch, et al., 1973; Reid and Krishna, 1973; Jollow, et

al., 1974). Dalich, et al., (1982) also demonstrated this

property of CB in rainbow trout. Mechanistic investiga-

tions of the hepatotoxicity have been more directed toward

BB rather than CB. The critical pathway leading to liver

aamage from BB appears to be activation to a putative 3,4-

epoxide via the microsomal mixed function monooxygenase

(MFO) system (Brodie, et al., 1971; Jollow, et al., 1974;.

Lau, et al., 1980). A protective effect is provided by

hepatocellular glutathione (GSH) in that covalent binding

of the putative BB metabolite to GSH leads to depletion of

the tripeptide early in the course of events and prior to

observable damage to the hepatocyte (Reid and Krishna,

1973; Jollow, et al., 1974). Subsequent covalent asso-

ciation of the excess metabolite with critical cellular

proteins is assumed to be the cause of cell death (Reid and

Krishna, 1973; Jollow, et al., 1974; Lau and Zannoni,
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1981).

The severity of liver necrosis in mammals exposed to

either BB or CB has been reported to be increased by

pretreatment with phenobarbital (Pb). Pb apparently

increases the rate of formation of the toxic epoxide

(Brodie, et al., 1971; Reid, et al., 1971a). Also,

pretreatment with diethylmaleate (DEM) similarly enhances

the toxicity. Presumably, DEM decreases the available GSR,

thereby allowing more of the toxic epoxide to react with

cellular macromolecules (Brodie, et al., 1971; Reid, et

al., 1971a; Reid and Krishna, 1973; Jollow, et al., 1974).

Although similar mechanisms have been assumed to be at

work for both agents some differences in the excretion and

metabolism of CB and BB have been observed. Azouz, et al.,

(1952) have reported that in rabbits given either CB or BB

orally, four times more CB than BB was lost in the expired

air. Of a given dose, a greater percentage of BB was

excreted in the urine as conjugates than was observed in

the case of CB. The difference in renal excretion

apparently was due to greater glucuronide and sulfate con-

jugation with BB (Azouz, et al., 1952). Other differences

include a quinol metabolite detected in the urine of CB

treated rabbits (Lindsey Smith, et al., 1972) and a m-

phenolic metabolite in suspensions of rat liver microsomes

exposed in vitro to CB (Daly, et al., 1968; Oesch, et al.,

1973; Lau and Zannoni, 1979).

Experiments with the MFO inducers Pb and
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3-methylcholanthrene (MC) have also demonstrated differen-

ces in metabolism of BB and CB in rat liver microsomal

suspensions. Following Pb induction the ratio of o to p-

phenolic metabolites was unchanged for BB but doubled in

the case of CB (Selander, et al., 1975a; Lau and Zannoni,

1979; Hetu, et al., 1983). Induction with MC increased the

ratio 11 to 35 fold for BB (Lau and Zannoni, 1979; Hetu, et

al., 1983) and only about seven fold for CB (Selander, et

al., 1975a).

Due to its wider industrial use, CB is present to a

greater extent in the environment than is BB. Because of

this and its potential for toxicity and bioaccumulation in

man and aquatic species (Lu and Metcalf, 1975; Metcalf,

1977; Dalich, et al., 1982), CB has been designated as a

chemical of environmental concern (EPA, 1978). Compared

with the literature on BB, relatively little data are

available on the dose-response and temporal characteristics

of the biochemical, functional, and morphological effects

of CB on the livers of experimental animals. I have

studied these aspects of CB hepatotoxicity and compared my

results with the literature on BB in an attempt to better

understand the relevance of reported differences in metabo-

lism and excretion to the expression of toxicity for these

simple aromatic compounds.
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MATERIALS AND METHODS

Chemicals - Monochlorobenzene, reagent grade (boiling range
20

130-132°C, d
4

1.104) was obtained from Matheson, Coleman

and Bell, Inc., Norwood, Oh., and used without further

purification. High performance liquid chromatography uti-

lizing a reverse-phase microbondapak C18 column for separa-

tion of chlorobenzene and chlorophenol isomers revealed

over 98% purity and only a single major peak from this

material eluted in an identical fashion to authentic CB

standard. 14C -CB (53.7 mCi/mmol) was purchased from New

England Nuclear Corp., Boston, Mass., and diluted to the

desired activity with cold carrier CB. The LSC fluor and

digestant were Dimilume -30® and Soluene-100, (Packard

Inst. Div., Downers Grove, Ill.). Glutathione (GSH)

standard was purchased from Sigma Chemical Co., St. Louis,

Mo. The sulfobromophthalein (BSP) employed was

Bromsulphaleins from Hynson, Westcott & Dunning, Inc.,

Baltimore, Md. USP grade corn oil, used as the delivery

vehicle for the CB, was obtained from Huger Chemical Co.,

Irvington, N.J.

Animals - Male Sprague-Dawley rats of the Simonsen

Laboratories (Gilroy, Cal.) strain weighing 75-125 g (five

to six weeks old) were used throughout the study. They

were housed four or five per cage in suspended stainless

steel cages with mesh fronts and bottoms under a 12 hr
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light:12 hr dark cycle and at 22 + 1°C. Unless otherwise

specified, animals were fasted for 24 hr prior to the

administration of CB or the corn oil vehicle. The rats

were allowed free access to water throughout the experi-

ments. Termination of the animal was by cervical disloca-

tion and blood samples were quickly taken from the abdomi-

nal vena cava prior to removal of the liver for study.

Dosage - The acute ip LD50 of CB dissolved in corn oil was

estimated by the method of Well (1952) to be 14.7 mmol/kg

(95% CL = 9.6 - 20.9 mmol/kg) or 1.5 ml/kg, following the

administration of 7.6, 10.7, 15.0, and 21.0 and 29.4

mmol/kg to groups of fasted rats. The temporal studies on

plasma alanine aminotransferase (ALT), method of Wroblewski

and LaDue (1956), and BSP retention (30 min atter 50 mg/kg

BSP was injected via the tail vein), method of Richterich,

(1969), were conducted. at a dosage of 9.8 mmol/kg (1.0

ml/kg) CB, which was an estimated LD10. For dose-response

studies on morphological effects, GSH depletion, cytochrome

P-450, and covalent binding of 14C-CB, the dosages ranged

from 2.0 mmol/kg to 14.7 mmol/kg.

For histopathologic evaluation, 2mm-thick liver samples

were fixed in ice-cold buffered formalin and embedded in

paraffin. Thin (6 IA) sections were stained with haematoxy-

lin and eosin. Some samples were also fixed and stained

with osmium tetraoxide to detect possible fatty change.
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GSH in liver homogenates was estimated by the fluoro-

metric method of Hissin and Hilf (1976) at either four or

eight hr after CB administration. Previous work had

revealed a nadir for GSH depletion at eight hr following

9.8 mmol/kg CB (Dalich and Larson, 1981). Cytochrome P-450

in microsomes from the liver of treated and control rats

was assayed by the method of Omura and Sato (1964) using an

Aminco DW2a spectrophotometer. The plasma and liver con-

tent and covalent binding of 14C-CB in the liver was esti-

mated following the administration of 10 pCi per rat in the

appropriate dosage of cold carrier CB dissolved in corn

oil. The treated animals were placed individually in

stainless steel metabolism cages for the collection of

urine. A 100 pl aliquant of urine or plasma was counted in

10 ml of Dimulume-300. Livers were homogenized under ice

in an equal volume of 0.1 M phosphate buffer (pH = 8.0)

containing 0.005 M EDTA. A volume of homogenate equivalent

to 150 mg of liver was digested in two ml of Soluene -100®

at 31°C in closed scintillation counting vials for four hr.

After complete digestion, 15 ml of Dimilume-30e was added

to the vials. Recovery of 14C-CB added just prior to homo-

genization of livers from untreated rats was quantitative.

The amount of 14C-CB covalently bound to the liver tissue

was estimated following repeated extraction with trich-

loroacetic acid (10%), methanol (80%) and chloroform-

methanol (2:1) as described by Jollow et al., 1974. The
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resultant protein pellet was dissolved in one and one-half

ml of 1 N NaOH. Radioactivity in one ml aliquants was

counted in 15 ml Dimilume-30. Protein content of the

remaining residue of redissolved protein pellet was assayed

by the method of Lowry, et al., (1951).
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RESULTS

TEMPORAL STUDIES

The time course for plasma ALT activity after acute

administration of 9.8 mmol/kg CB showed significant eleva-

tions (P < .05) in treated animals at each time interval

(Figure, 2). The maximum rise in activity to about seven

times that of control was seen after 48 hr; by 72 hr enzyme

activity had returned to about twice the level of controls.

Similarily, plasma BSP retention (Figure 3) was elevated

(P < .05) at each time investigated. BSP retention had

essentially maximized at four to five times that of

controls by three hr post treatment and plasma con-

centrations remained relatively stable with only minor

changes through 16 hr. A progressive decline in retention

toward control values was seen after 16 hr, but even after

72 hr the retention of BSP in the plasma was significantly

elevated over controls.

Maximal liver concentrations of 14C-CB had been reached

by two hr after administration of the toxicant (Table 1).

The radioactivity measured in the liver represented parent

compound and metabolites. The hepatic concentration of the

14C-CB declined steadily after two hr. Plasma concen-

trations declined between two and four hr post treatment

but were elevated again at eight hr, probably reflecting

the appearance of metabolites (Table 1).
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Figure 2. Temporal pattern of plasma ALT activity in rats

receiving corn oil or Chlorobenzene (9.8 mmol/kg, ip).

Values are the mean + SE of the number of animals in

parentheses. Asterisks indicate significant difference (p

< 0.05) from the pooled controls (Student's t-test).
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Figure 3. Temporal pattern of BSP retention in rats

receiving corn oil or Chlorobenzene (9.8 mmol/kg, ip).

Blood was drawn 30 min after each rat received 50 mg/kg BSP

iv. Values are the mean + SE of the number of animals in

parentheses. Asterisks denote mean plasma BSP con-

centrations that are significantly different (p < 0.05) from

controls (Student's t-test).
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Table 1. Temporal Relationships Among Plasma and Liver Concentrations,
Covalent Binding to Liver Protein, and Urinary Excretion of
Chlorobenzene (CB)a in Male Rats

Time (hr)
After Dose

Plasma Conc. Liver Conc.

(1.149/ma)b
(ug/g)b

Covalent Binding
(nmol/mg liver
protein)b

Urinary Excretion
(% dose)

2 92.8 ± 2.9 787 ± 71 0.31 ± 0.03 < 1

4 83.4 ± 4.2 514 ± 26 0.60 ± 0.05 1.2

8 96.7 ± 7.3 386 ± 28 0.90 ± 0.05 5.4

16 70.6 ± 10.9 285 ± 39 1.44 ± 0.10 15.3

24 47.1 ± 6.4 145 ± 6 3.07 ± 0.41 28.2

32 35.0 ± 3.0 100 ± 8 2.17 ± 0.25 33.0

48 18.4 ± 0.8 91 ± 10 1.35 ± 0.06 36.1

a CB given ip at a dosage of 9.8 enrol /kg containing 10 pCi of 14C-CB.

b Values given are the mean ± SE of five to six animals calculated
on the basis of 14C-CB derived radioactivity present
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Measurable covalent binding to liver protein had

occurred by two hr after CB treatment (Table 1). The

amount of binding increased steadily through 24 hr at

which time morphologic damage was becoming evident.

Urinary excretion of labeled compound amounted to 36%

of the administered dose with about three-fourths of the

excreted material appearing within 24 hr (Table 1).

Extraction of the urine with n-hexane (Zampaglione, et al.,

1973) revealed no parent compound.

Liver wt to body wt ratios (Figure 4) were increased in

treated animals to about one and one-half times that of

controls by 24 hr after dosing and remained so through 72

hr. In association with these changes, the progressive

development of a hepatic lesion around the central veins

was seen (Figure 5). After 24 hr centrolobular hepatocytes

showed signs of cloudy swelling and hydropic change and

there were small loci of necrotic cells around central

veins as evidenced by the pynotic nuclei (Figure 5b). By

48 hr there were large areas of coagulative necrosis and

bridging between adjacent lobules (Figure 5c). In addi-

tion, there was extensive hydropic degeneration of hepato-

cytes peripheral to the necrotic cells. Seventy-two hr

after CB treatment (Figure 5d) there was less necrosis evi-

dent. Hydropic degeneration still was prominent, however,

around the central veins. Whether the rat from which this

illustration (Figure 5d) suffered the same extent of damage
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Figure 4. Liver wt/body wt ratios of rats treated with

corn oil or Chlorobenzene (9.8 mmol/kg, ip). Values are the

mean of at least five animals.
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Figure 5a. Control liver section from rat given corn oil,

2.0 ml/kg 24 hr previously. (H & E X 128).

Figure 5b. Liver section taken from large median lobe of a

rat 24 hr after treatment with Chlorobenzene, 9.8 mmol/kg

ip. There is cellular swelling, loss of staining and mild

necrosis around the central veins. (H & E X 128).

Figure 5c. Extensive coagulative necrosis with bridging be-

tween lobules, typical of the response seen in the livers of

rats 48 hr after Chlorobenzene treatment, 9.8 mmol/kg ip.

(H & E X 128).

Figure 5d. At 72 hr after a dose of 9.8 mmol/kg

Chlorobenzene the livers of treated rats were typified by

balloon and hydropically degenerated cells in the centrolo-

bular areas. Dilated sinusoids and less extensive necrosis

than usually seen at 48 hr was also typical. (H & E X 128).
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FIGURE 5
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Figure 6. Dose effects of CB on plasma ALT activity 48 hr

after ip administration. Values are the mean + SE of the

number of animals in parentheses. Asterisks indicate

significant difference (p < 0.05) from controls (Student's

t-test).
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at 48 hr as illustrated in Figure 5c is obviously unknown.

This was not an isolated incident, however, because when

the experiment was repeated in four groups of rats at

separate times, each liver examined at 48 hr appeared as

illustrated in Figure 5c while all of those taken at 72 hr

were similar to the one shown in Figure 5b.

There was no evidence of fatty change at any time

interval.

DOSE RESPONSE STUDIES

The dose-response relationships for elevations in

plasma ALT 48 hr after CB are illustrated in Figure 6.

There was a general increase in enzyme activity beginning

with the 4.9 mmol/kg dose. The two lower doses of CB

caused similar elevations in ALT activity to about three

times that of controls, while the largest dose of CB pro-

duced mean elevations of about five times control levels.

Dose effects of CB on liver glutathione (GSH) con-

centration and on covalent binding are illustrated in

Figure 7 and Table 2 respectively. Eight hr after admi-

nistration of CB, GSH levels were decreased in a dose

related manner. The liver of control rats contained

2434 + 65 (mean of 49 rats + SE) pg of GSH/g. At the

lowest dosage of CB, GSH levels were 95% of control values

while 4.9 mmol/kg, 9.8 mmol/kg, and 14.7 mmol/kg caused

decreases of GSH to 51%, 38%, and 36% of control respec-

tively. However, when GSH was measured at an earlier time
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Figure 7. Dose effects of Chlorobenzene on liver GSH.

Closed circles, 2.0 mmol/kg; open circles, 4.9 mmol/kg;

closed triangles, 9.8 mmol/kg; open triangles, 14.7 mmol/kg.

Values are the mean of at least three animals. Control

hepatic GSH: 2434 + 65 pg/g liver (mean + SE of 49 untreated

rats).
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Table 2. Relationship of Dosage of Chlorobenzene (CBa)
to Hepatic Microsomal Cytochrome P-450 Content
and to Covalent Binding to Liver Protein in Male
Rats 24 hr After Treatment

CB Dosage
(mmol/kg)

P-450
Contentb

Covalent
Bindingb

0

2.0

1.11 ± 0.12

0.56 ± 0.06*

0

0.75 ± 0.07

4.9 0.55c 1.59 ± 0.18

9.8 0.86 ± 0.10* 3.07 ± 0.41

14.7 0.68 ± 0.08* 1.63 ± 0.07

a CB was administered ip dissolved in corn oil and containing 10 PCi of
14c_cs.

b Values are expressed as nmol/mg protein, mean ± SE of three to five
animals sampled.

c The average of two animals

* Significantly lower than control, P < 0.05, one-tail Student's t-test.
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period, results were quite different. All dosages of CB

had caused depression of liver GBH to the apparent maximal

extent (31% of control) by four hr post treatment. A

graded increase in covalent binding of 14C-CB to liver pro-

tein 24 hr after treatment was seen between 2.0 and 9.8

mmol/kg (Table 2). At the high dosage of 14.7 mmol/kg (the

LD50), however, binding equivalent only to the 4.9 mmol/kg

dosage or about half the maximum binding was measured.

Microsomal cytochrome P-450 levels were depressed

30-50% by all dosages of CB at 24 hr after treatment

(Table 2). All dosages of CB increased the liver weight to

body weight ratio to approximately the same extent by 24

hr after administration (Table 3). At this time plasma and

liver concentrations of CB were generally dose-related.

The fraction of the dose of CB in the liver was essentially

constant at between 0.5 and 0.6% at all dosages. The frac-

tion of the dose of CB excreted in the urine by 24 hr

decreased as the dosage of CB increased. At the lowest

dosage of CB, 59% was excreted in the urine, whereas at the

highest dosage, only 19% was excreted in 24 hr (Table 3).

By 24 hr appreciable differences in liver damage among

the dosages of CB were not apparent by light microscopy.

Each dosage of CB caused mild cloudy swelling and hydropic

change around the central veins, but overt necrosis was

usually absent. When liver sections were examined 48 hr

after dosing, the two lower doses had caused extensive
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Table 3. Relationship of Dosage of Chlorobenzene (C8a) to
Plasma and Liver Concentrations, Liver Weight,
and Urinary Excretion in Male Rats 24 hr
After Treatment

CB Dosage
(mmol/kg)

Plasma Conc.

(pg/m1)13

Liver Conc.

(ig/g)b

Liver wt
(% of body wt)

Urinary Excretion
(% of dose)

0 3.5 ± 0.02

2 9.8 ± 0.8 35.2 ± 6.4 4.4 ± 0.08* 59

4.9 24.8 ± 1.9 70.2 ± 2.4 4.8 ± 0.13* 38

9.8 47.1 ± 6.4 145.0 ± 6.0 4.8 ± 0.09* 28

14.7 76.4 ± 6.0 182.0 ± 22.0 4.9 ± 0.14* 19

a As in TABLE 2

b As in TABLE 1

* Significantly greater (P < 0.05) than control, Student's t.



40

hydropic change throughout the liver with little or no

necrosis. Necrosis, as previously described (Figure 5) was

seen at the two highest dosages at 48 hr but not at 24 hr.

The extent of damage was somewhat greater at the 14.7

mmol/kg dosage.
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DISCUSSION

In my hands, several of the dose and time related

aspects of the expression of hepatotoxicity induced by CB

resemble closely those reported for BB. The time course

for the development of the centrolobular lesion (necrosis),

and the parallel elevations in plasma ALT activity are

similar to what has been reported by others using BB

(Koch-Weser, et al., 1953; Brodie, et al., 1971; Reid, et

al., 1971a; Reid, et al., 1973; Toranzo, et al., 1977;

Hetu, et al., 1983). In other regards CB appears to be

somewhat less hepatotoxic than BB. Lesions observed by me

at 9.8 mmol/kg CB have been described at 4.9 mmol/kg BB

(Reid, et al., 1971a; Reid and Krishna, 1973). However,

plasma ALT activity from the same dosage of the two com-

pounds appear to be of a similar magnitude (Toranzo, et

al., 1977; Hetu, et al., 1983). This is, of course, a

qualitive comparison; interlaboratory variation exists and

some studies seem to indicate that CB and BB are nearly

equipotent hepatotoxicants (Brodie, et al., 1971; Jollow,

et al., 1974).

Temporal BSP retention studies have not been reported

for CB or BB, although an increased BSP retention 48 hr

after dosing of rats with BB has been reported by

Koch-Weser, et al., (1953). Using a necrogenic dose of CB

I observed measureable functional damage (increased BSP

retention) as early as three hr after treatment. This also
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coincided with the first statistically significant eleva-

tions in plasma ALT activity. I have no evidence of

altered hepatic blood flow associated with CB administra-

tion at this early time, but such an effect cannot be ruled

out in the interpretation of the increased BSP retention.

Thus, functional evidence of hepatotoxicity in the form of

increased plasma ALT activity and BSP retention appears

very early in the time course of events for CB. Early BSP

retention occurs characteristically for another model hepa-

totoxicant, CC14, at about the same time (Maggio and

Fujimoto, 1966). However, the time course for

CC14 hepatotoxicity is much more compressed, with histo-

pathological damage maximizing at around 16 hr compared to

48 hr for CB and BB (Rouiller, 1964; Kaufman and Larson,

1981).

GSH depletion also occurred early in the time course of

CB hepatotoxicity. I have previously shown the nadir of

hepatocellular GSH to be by eight hr following CB admin-

istration (Dalich and Larson, 1980) and thus GSH depletion

could possibly have contributed to the observed BSP reten-

tion at the early time periods. Different from the

reported effects of BB, however, was that all doses of CB

employed were associated with lowering of GSH content to

the same apparent maximal extent, 31% of control. Jollow,

et al., (1974) have suggested that in order for liver

necrosis to develop in rats treated with BB, GSH levels
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must be reduced by 80%. This was only seen at doses of BB

greater than 5 mmol/kg. In my experiments with CB, the

maximum level of GSH depletion was 69%, which occurred even

at a dosage of 2.0 mmol/kg, and was accompanied by exten-

sive necrosis.

At the lower doses of CB, recovery, possibly due in

part to stimulation of GSH - synthetase activity (Meister,

1983), began soon after maximal GSH depletion. Nearly

complete recovery to control GSH content was achieved four

hr after depletion at 2.0 mmol/kg. The GSH content in

livers of rats treated with 4.9 mmol/kg was within 50% of

control values by that time. Since the GSH content

remained low through eight hr at the higher more damaging

dosages, this rapid recovery probably was important in

moderating the toxicity of these dosages. Earlier I have

reported that recovery of GSH at 9.8 mmol/kg was not evi-

dent before 18 hr after CB administration and complete

recovery to control values did not occur until about 21 hr

(Dalich and Larson, 1980). In contrast, the greatest GSH

depletion (15% of control) in rats treated with BB was seen

after five hr (Jollow, et al., 1974) and maximum depletion

of GSH was only seen at a dosage of 10 mmol/kg. However,

the dose response studies were done only at three hr after

BB treatment. Recovery of GSH to control values was at 25

hr (Jollow, et al., 1974). Based on these observations,

Jollow, et al., (1974) have suggested that the critical
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event preceding covalent binding is the depletion of GSH to

a threshold level. My results suggest that the degree of

depletion is not as important as the length of time over

which GSH is depleted.

The greater decrease in GSH levels seen at low doses of

CB compared to BB may reflect greater absorption of CB than

BB by the liver. At a dosage of 9.8 mmol/kg, I found more

than twice as much CB in the liver two hr after treatment

than was reported for a comparable dose of BB (Zampaglione,

et al., 1973). Thus, more CB may be metabolized to the

epoxide resulting in greater interaction with GSH. If this

were the case one might also expect CS to be the more

potent toxicant.

CB metabolites appeared in the urine rather rapidly and

the rate of urinary elimination increased progressively

through 24 hr. However, I only accounted for 36% of the

dose of CB by this route over 48 hr. Oesch, et al. (1973)

made a similar observation in their rats. Reid, et al.

(1971a) recovered over 90% of an administered dose of BB as

urinary metabolites in 24 hr. This would suggest a greater

fractional metabolism of BB than of CB. The vapor pressure

of CB is considerably greater than that of BB (Hansch and

Leo, 1979) which would tend to favor more excretion of CB

via respiration than for BB. Indeed, Azouz, et al. (1952)

and Sullivan, et al. (1983) have reported the greatest

amount of CB elimination in rabbits and rats, respectively,
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was via the lungs. While I did not conduct a complete

material-balance study, it is reasonable to assume a simi-

lar pattern in CB-treated rats. Although the phenolic

metabolites of CB, if not conjugated, would also be

somewhat volatile, it is unlikely that much metabolized CB

would escape through the lungs. Nearly all of the BB given

to rats is converted to the arene oxide, (Zampaglione, et

al., 1973; Gillette, 1974), leaving little parent compound

to be lost via the lungs. This would suggest that a lower

percentage of an administered dose of CB would be metabo-

lized relative to BB.

Gillette (1974) has suggested that there is a critical

dose of BB at which the proportion of the dose that becomes

covalently bound increases dramatically and liver necrosis

is manifested. This did not appear to be the case for CB.

I have shown that the proportion of the CB dose bound to

liver protein 24 hr after treatment remained relatively

constant up to 9.8 mmol/kg. Maximal binding to liver

protein from a necrogenic dosage of CB (9.8 mmol/kg)

occurred in advance of maximal histopathological damage, as

has been also reported for BB (Reid and Krishna, 1973).

The extent of binding was also similar to that observed by

Reid and Krishna (1973) for BB. However, while histopatho-

logic evidence of damage from CB was dose related over the

entire dosage range studied, covalent binding to liver pro-

tein was dose related only through the 9.8 mmol/kg dosage.
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Zampaglione, et al., (1973) have shown that BB metabo-

lism remains a first-order reaction even after administra-

tion of large toxic doses. If one takes the GSd depletion,

the urinary excretion rate, and the protein binding all as

indicators of metabolism, it would appear that, in contrast

to BB, the metabolism of CB is saturable at doses below the

£050. Since all dosages of CB decreased P-450 content to

approximately the same level, the binding did not reflect

diminished metabolism due to destruction of the cytochrome.

The CB dosage which produced the most extensive necro-

sis (14.7 mmol/kg) resulted in protein binding that was

equivalent to that resulting from a minimally necrogenic

dosage (4.9 mmol/kg) and only half that of the 9.8 mmol/kg

dosage. Since the covalent binding of radioactive CB meta-

bolite to liver protein was measured about 24 hr before

the fully developed histologic lesion was observed, it does

not necessarily reflect lost binding due to removal of dead

hepatocytes. Moreover, if the cells were not yet necrotic

but nevertheless incapable of binding CB metabolite, a

causal role for binding in the necrosis would be

questionable.

Thus, my observations have demonstrated little corre-

lation among histopathologic or functional damage, CB meta-

bolism, and protein binding. Nevertheless, CB is quan-

titatively similar to BB in terms of GSH depletion, binding

to cellular protein, and cytochrome P450 destruction (Hetu,
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et al., 1983). CB also produces qualitatively similar

hepatic lesions over a similar time course to BB and is

essentially equipotent with that agent. While the net

toxicological outcome appears essentially the same for the

two agents, my observations suggest some mechanistic dif-

ferences for the toxicities of CB and BB.
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III. A COMPARATIVE STUDY OF THE HEPATOTOXICITY

OF MONOCHLOROBENZENE IN THE RAINBOW TROUT

(SALMO GAIRDNERI)

AND THE SPRAGUE-DAWLEY RAT

INTRODUCTION

Because of its use as a starter material in the chemi-

cal industry and hence its appearance in waste water,

monochlorobenzene (CB) has been designated as a chemical of

environmental concern by the EPA (1978). CE has been shown

to have a high potential for bioaccumulation and toxicity

In aquatic species (Lu and Metcalf, 1975; Metcalf, 1977)

and recently has been shown to cause liver damage in rain-

bow trout exposed to the chemical via the water (Dalich et

al., 1982). Relative to the far less economically impor-

tant compound, bromobenzene (BB), little has been published

with regard to potential toxic mechanisms for CB.

A comparative approach to the study or toxicity of

hepatotoxicants has often been valuable in the elucidation

of their underlying mechanisms. Rainbow trout have been

shown to be extremely sensitive to a variety of car-

cinogenic compounds such as aflatoxin (Ayres et al., 1971;

Sinnhuber et al., 1977; Hendricks et al., 1980), nitrosa-

mines (Grieco et al., 1978), cyclopropenoid fatty acids

(Lee et al., 1968; Sinnhuber et al., 1976; Hendricks et

al., 1980), and the hepatotoxic effects of pyrrolizidine

(Senecio) alkaloids (Hendricks et al., 1981). They have
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been shown to be sensitive as well to the nephrotoxic

effects of aminoglycoside antibiotics (Svec et al., 1982).

Trout are able to metabolize aflatoxin, (Williams and

Buhler, 1983), pyrrolizidine alkaloids (Hendricks et al.,

1981) and benzo(a)pyrene (Pedersen et al., 1974) through

the hepatic microsomal mixed function oxygenase (MFO)

system at rates comparable to rodents. Thus, the trout,

among other fish species, has been advocated as an alter-

native model for use in carcinogenic studies (Sinnhuber et

al., 1977).

Recent work with CB (Dalich et al., 1982) and

CC14 (Racicot et al., 1975; Pfeifer et al., 1977; Gingerich

et al., 1978) in rainbow trout has shown that those chemi-

cals cause functional and enzymatic changes in the liver

similar to those reported for rodents (Magio and Fujimoto,

1966; Plaa, 1968; Dalich and Larson, 1984; Kaufman and

Larson, 1981). Even so, liver damage as measured by histo-

logical evaluation of liver sections, was seen to be less

predictable in the trout than in the rat. When necrosis

was evident following CB, however, it developed more

rapidly in fish than in the rat (Dalich and Larson, 1980;

Dalich et al., 1982). Interestingly, the lethal dose-

response curves for CB are virtually the same in both spe-

cies (Dalich et al., 1982).

CB is assumed to follow a mechanistic course for hepa-

totoxicity similar to that of BB. Activation of the parent

molecule to a reactive epoxide via the MFO enzymes is
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postulated to be followed by arylation of critical cellular

protein (Brodie et al., 1971; Reid et al., 1971a; Reid et

al., 1973; Reid and Krishna, 1973). Reaction with reduced

glutathione (GSH) in route to mercapturic acid formation

serves to blunt the toxic attack until GSH has been

depleted. Prior depletion of GSH with diethylmaleate (DEM)

seems to enhance the toxic potency of BB in rodents (Reid

et al., 1973; Jollow et al., 1974). The severity of liver

necrosis in mammals exposed to either BB or CB has been

reported to be increased by pretreatment with phenobarbital

(Pb) (Brodie et al., 1971). However, pretreatment with

3-methylcholanthrene (MC) has been reported to decrease

liver toxicity in rats treated with CB or BB (Reid et al.,

1971b; Oesch et al., 1973; Zampaglione et al., 1973; Lau et

al., 1980).

Due to the similarities and differences in the response

to toxicants of rainbow trout compared to rats, and due to

the recognized differences in the MFO system of the two

species (Ahokas et al., 1976, 1977; Ahokas et al., 1979;

Elcombe and Lech, 1979; Williams and Buhler, 1982, 1983;

Williams et al., 1983) it was of importance to me to study

the hepatotoxicity of CB in the rainbow trout. Since

little data was available concerning effects of agents on

liver concentrations of GSH or to covalent binding of hepa-

totoxicants to liver protein in the trout, I have under-

taken a comparative evaluation of the temporal effects of

CB in these regards in both species. Thus, I have uti-
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lized the similarities and differences of the rainbow trout

and the rat to evaluate the proposed mechanism of hepato-

toxicity of CB in view of the relative refractoriness of

the trout to the necrogenic action of the compound.
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MATERIALS AND METHODS

Chemicals - Reagent grade monochlorobenzene (CB),

(boiling range 54-55°C, d40 1.104) and diethylmaleate (DEM)

were obtained from Matheson, Coleman and Bell, Inc.,

Norwood, Oh., and used without further purification.

Analysis of the CB by high performance liquid chroma-

tography [reverse-phase microbondapak C18 column optimized

for separation of chlorinated benzenes and phenols]

revealed less than 1% contamination by other derivatives

when compared to an authentic CB standard.

14C-03 (Sp. Act., 53.7 mCi /mmol) was purchased from New

England Nuclear Corp. and diluted to the desired activity

with cold carrier CB. Plasma alanine aminotransterase

(ALT) activity was measured by the method of Wroblewski and

LaDue (1956) using Worthington Reagent at 25°C.

a-napthoflavone (BNF) and glutathione (GSH) were obtained

from Sigma Chemical Co. USP grade corn oil, used as the

delivery vehicle for the CB and BAP, was from Ruger

Chemical Co., Irvington, N.J.

Animals - Male Sprague-Dawley rats of the Simonsen

(Gilroy, Cal.) strain weighing 75-150 g (five to six wk

old) were used throughout the study. They were housed four

or five per cage in suspended stainless steel cages with

mesh fronts and bottoms under a 12 hr light:12 hr dark

lighting schedule and at 22 ± 1°C. All animals were fasted

for 24 hr prior to experiments and allowed tree access to
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water throughout the experiments. Termination of the ani-

mals was by cervical dislocation and blood samples were

drawn from the abdominal vena cava prior to removal of the

liver for study.

Rainbow trout, Salmo gairdneri, (75-200 g) of the Mt.

Shasta strain were obtained and maintained as previously

described (Dalich et al., 1982). Trout were fasted for

24 hr prior to all experiments. They were terminated by

cervical dislocation and blood samples were drawn from the

caudal vein prior to removal of the livers.

Dosage

Since previous work had shown that the 48 hr lethality

dose-response curves for CB in rats and trout were essen-

tially superimposable (Dalich and Larson, 1981; Dalich et

al., 1982), a standard marginally lethal working dosage of

9.8 mmol/kg (1.0 ml/kg, an approximate LD10) dissolved in

corn oil was administered ip to both species. The dilution

was such that a total volume of 0.2 ml of the solution per

100 g body wt was administered. In studies on the

influence of prior MFO induction or GSH depletion some

adjustment of the CB dosage to rats was necessary. Since

9.8 mmol/kg produced extensive necrosis in the livers of

rats but not trout, the dosage to rats was reduced to 2

mmol/kg in experiments involving MFO induction with Pb in

order to assess possible enhancement of the necrogenic

effects. It was also found that prior administration of

the GSh depleter DEM markedly enhanced the lethality of CB
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in rats. Thus, a reduction of the dosage to 4.9 mmol/kg

was required. In those studies both rats and fish received

undiluted DEM at a dosage of 0.6 ml/kg ip 30 min prior to

the administration of CB. The time was based upon the

time-course of GSH depletion following DEM alone in both

species.

Both rats and trout received the MFO inducer, BNF,

dissolved in corn oil at a dosage of 100 mg/kg ip 72 hr

prior to CB administration. Rats were also pretreated with

Pb (80 mg/kg ip in saline for four days prior to CB

treatment). Pb has been demonstrated repeatedly to be

ineffective as a MFO inducer in trout (e.g. Elcombe and

Lech, 1979).

The liver and plasma content, urinary or biiiary elim-

ination, and covalent binding of 14C-CB to liver protein

was estimated following the administration of 10 MCi /rat or

fish in the appropriate dosage of cold-carrier CB.

Temporal Studies: At intervals from 0.5 to 48 hr

atter CB treatment, groups of from four to six rats or

trout were killed by cervical dislocation and blood samples

and livers quickly obtained. Urinary excretion of labeled

CB was followed in treated rats placed in stainless steel

metabolism cages over the 48 hr period following CB treat-

ments. Extraction of pooled urine samples with two volumes

of heptane revealed negligible amounts of unmetabolized

CB. A 100 pl aliquant of urine or plasma was counted in 10

ml of Dimilume -30® liquid scintillation fluid (Packard
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Instruments Division, United Technologies, Inc. Downers

Grove, Ill.). Preliminary urinary excretion experiments

with catheterized fish indicated that less than .1% of the

dose was excreted via the kidney. In trout, gall bladders

were removed at the appropriate times and 10 pl of bile was

counted in 10 ml Dimilume-300. Extraction of the bile with

two volumes of heptane revealed no parent compound.

Livers were homogenized under ice in an equal volume

of 0.1 M phosphate buffer (pH = 8.0) containing 0.005 M

EDTA. A volume of homogenate equivalent to 150 mg of liver

was digested in two ml of Soluene-100 (Packard Instrument)

at 31°C in closed scintillation counting vials. After

complete digestion, 15 ml of Dimilume-30e was added to

vials for counting. The amount of 14C-CB covalently bound

to liver protein was estimated following exhaustive extrac-

tion with trichloroacetic acid (10%), methanol (80%), and

chloroform-methanol as described by Joilow et al. (1974).

The resultant pellet was dissolved in one and one-half ml

of 1 N NaCH. Radioactivity in one ml aliquants was counted

in 15 ml Dimilume-300. Protein content of the remaining

residue of redissolved protein pellet was assayed by the

method of Lowry et al. (1951).

The GSH content of the liver homogenates was estimated

by the fluorometric method of Hissin and Hilf (1976).

For histopathologic evaluation, 2 mm thick liver

slices were fixed in buffered formalin (ph = 7.0) for rats

and Bouin's fixative for trout. The fixed liver slices
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were then embedded in paraffin and 6 p sections were cut

and stained with hemotoxylin and eosin for evaluation by

light microscopy.

Subacute study: Since trout were found to absorb less

CB than rats, a subacute experiment was carried out to see

if this was the cause of the general resistance to liver

necrosis. Trout were given CB (9.8 mmol/kg, ip) on the

first day, followed by 4.9 mmol/kg, (ip) on the next two

days. Fish were then sacrificed 48 hr after the last

injection for measurement of the described variables.
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RESULTS

Temporal Studies

Maximum liver concentrations of CB were about two and

one-half times greater in the rat than the trout (Table 4).

The rat had the greatest amount of CB in the liver at the

earliest time measured (two hr), while the trout did not

reach maximum concentrations until four hr after treatment.

The highest concentrations of CB represented 2.5% and 0.3%

of the administered dose at those times in the rat and

trout respectively. As was seen with liver concentrations,

plasma levels of CB were greater in the rat than the fish

(Table 4). The peak of plasma CB concentrations in the

trout was delayed until four hr after dosing. In both spe-

cies, initial peak concentrations in the plasma were

followed by a brief decline and subsequent elevation that

possibly reflected the appearance of metabolites.

Approximately 36% of the administered dose of CB was

excreted in the urine of the rat as metabolites. No parent

compound was detected. In contrast, the trout excreted

less than .1% via the urine and approximately 0.5% in the

bile over the 48 hr period (data not shown).

The extent of covalent binding of CB to liver protein

is also presented in Table 4. Liver protein concentrations

were no different in each species. Binding to cellular

protein was evident in the rat by two hr, reaching a maxi-

mum of over 3000 pmol/mg protein by 24 hr after dosing. In

the trout, the first measurable binding was seen eight hr
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Table 4. Comparison of Plasma and Liver Concentrations and
Binding to Liver Protein of Chlorobenzene in Male Sprague-
Dawley Rats and Rainbow Trout over a 48-hour Time Course
Following Intraperitoneal Administrationa.

Plasma Conc. Liver Conc. Protein Binding
(11g/m1)13 (pg/g)b (pmol/mg)

Time(h) Rat Trout Rat Trout Rat Trout

2 93+ 3 19+2 787+71 280+24 310+ 34
4 83+ 4 3074 513+26 294+53 596+ 45
8 977 7 2073 385+28 199+27 9007 47 331+ 20

16 71+11 29+7 284+39 154+20 1440+ 98 774+241
24 47+11 8+2 145+ 6 101+38 3070+410 743+239
32 35+ 3 12+1 100+ 8 72+ 5 2165+245 569+_ 107

48 18+ 1 --- 91+10 13457 60 ---

a) Computed from 14 C-chlorobenzene (14C-CB) derived
radioactivity in the tissue following the ip administra-
tion of 10 4Ci 14C-CB in a dosage of 9.8 mmol/kg
(1.0 ml/xg) cold carrier CB dissolved in corn oil; total
injection volume = 0.2 ml /100 g b.wt.

b) The values represent the mean + S.E. of at least five
rats and four trout per time interval and represent the

14total -C-CB.
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after dosing and the magnitude was similar to that seen two

hr after dosing in the rat. As in the rat, maximum binding

in the trout was seen 16 24 hr post treatment, but the

peak binding in the rat was about four times that of the

trout.

Rats had liver GSH levels about three times that of

trout (2434 + 65 pg/g, N = 49 vs 869 + 30 pg/g, N = 27

respectively). Both species were susceptible to GSri deple-

tion by DEM (Figure 8). In the rat, maximum depletion of

GSH following DEM occurred more rapidly than in the fish,

but ultimately, GSH levels in the fish fell to approximate-

ly 18% of control compared to 30% in the rat at the time

of maximal effect. The rats also recovered from GSH deple-

tion much more rapidly than did the trout (Fig. 8). Eight

hr after treatment, the rats had GSH levels over 105% of

control; at that time the trout had GSH levels that were

still only about 40% of control.

When GSH levels were measured after CB treatment

(Figure 9), the rat was affected to a greater degree.

Eight hr after treatment, GSH levels in the rat were maxi-

mally depressed and remained so for another eight hr. Over

the next eight hr, GSH levels rose to 160% of control

values and remained elevated until at least 72 hr post

treatment. The fish was also maximally depressed after

eight hr, but the degree of depression was much less (20%

vs 55%) than the rat. In contrast to the rat, the trout

began a slow recovery of GSH, starting after eight hr and
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Figure 8. The effect of diethylmateate (DEM) treatment on

the glutathione (GSH) content of rat and trout livers. Both

rats and trout received undiluted DEM ip at a dosage of 0.6

ml/kg. Each point represents the mean of four or five rats

and five trout. Control GSH concentrations in the livers

were 2434 + 65 (S.E.) pg /g for 49 rats and 869 + 30 (S.E.)

pg/g for 27 trout.
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Figure 9. The effect of chlorobenzene (CB) treatment on

the glutathione (GSH) content of rat and trout livers. Both

rats and trout received 9.8 mmol/kg (1.0 ml/kg) of CB

dissolved in corn oil ip. Each point represents the mean of

five animals for each species. For control GSH values see

Figure 8 and text.
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continuing through 42 hr after dosing when GSH levels were

about 130% of control.

Pretreatment Studies

Pretreatment regimens with Pb and DEM markedly

enhanced the lethal effects of CB in rats, as did DEM in

trout. This necessitated halving the standard test dose of

CB in the rats; moreover, the CB dosage to rats was further

reduced in the case of Pb pretreatment in order to obtain a

clearer indication of the anticipated enhancement of hepa-

totoxicity (Brodie et al., 1971; Reid et al., 1971a; Reid

et al., 1973). While Pb pretreatment exerted no appre-

ciable effect on the plasma or liver contents of CB at

eight or 24 hr, the rate of urinary excretion of 14C-CB

derived material was increased (Table 5). Since it is

generally accepted that Pb is ineffective at inducing MFD

activity in rainbow trout, a comparable study in this spe-

cies was not performed.

Pb pretreatment enhanced the hepatotoxicity of CB to

rats significantly. The plasma ALT activity was increased

to more than tour and 12 fold at eight and 24 hr respec-

tively over that from rats treated with CB alone (Table 6).

This effect was seen in Pb-induced rats at a dosage of 2

mmol CB/Kg and was much greater than ALT activity seen

after a dosage of 9.8 mmol/kg CB in non-induced rats

(Dalich and Larson, 1980). In contrast to the increase in

ALT activity, the irreversible binding of 14C-CB to liver

protein was only increased by about 60% and 40% at eight
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Table 5. Influence of Pretreatment with Phenobarbital (Pb), Diethylmaleate
(DEM), or a-Naphthoflavone (BNF) on Plasma, Liver, and Urine or Bile

Concentrations of Chlorobenzene (CB) in Rats and Trout at Eight and 24

Hours Following Acute Exposure.

CB
Dosagea
(mmol/kg)

Pre-
Treatmentb

Plasmas
conc.

(pg/m1)
8hr 24hr

Livers
conc.
(pg/g)

8hr 24hr

Urined
(% of

Dose)
8hr 24hr

Bilec
conc.
(11g/m1)

8hr 24hr

-Rat-

2.0 none 32+ 2 10+1 97+ 7 40+ 8 29 54 _ _

2.0 Pb 26+ 5 11+1 67+10 32+ 3 68 77

4.9 none 79+ 1 34+3 236+ 6 112+11 11 40

4.9 DEM 112+23 47+2 311+34 161+21 8 17

4.9 SNP 64+ 4 16+3 261+35 82+22 28 39

-Trout-

9.8 none 20+3 8+2 199+27 101+38 -- 581+220 1093+147

9.8 DEM 18T2 14;3 182+18 140+23 -- 580+158 412+86*

9.8 BEE 28+3 15+2 276+27 134+10 -- -- 1527+228* 2428+366*

a) 10 ud. 14C-CB delivered ip in cold carrier CB at the indicated dosage and
dissolved in corn oil (see Table 1).

b) Pb (rats only), 80 mg/kg ip in saline daily for 4 days, CB administered

24 hr after last Pb dose; DEM, 0.6 m1 /kg ip undiluted to both rats and

trout 30 min prior to CB administration; BNF, 100 mg/kg ip dissolved in

corn oil (0.1 m1/100g body weight) to both rats and trout 72 hr prior

to CB.

c) Values are the mean + S.E. of at least five rats and four trout
computed as CB from I4C-C8 derived activity but also include CB

metabolites.

d) Urinary excretion in rats computed on the basis of % of administered
radioactivity in pooled cumulative urine samples from four to five rats

at each time period.

* Significantly different from the non-pretreatment group (P < 0.05,

Student's t).



Table 6. Effect of Phenobarbital (Pb), Diethylmaleate (DEM), or
B-Naphthoflavone (BNF) Pretreatment on Plasma Alanine Aminotrans-
ferase (ALT) Activity and Irreversible Binding of Chlorobenzene
(CB) to Liver Proteins in Rats and Trout at Eight and 24 Hours

After Chlorobenzene Treatment

CB ALT

Dosagea Pre- (U/L)c

(mmol/kg) Treatmentb 8hr 24hr

Protein Binding
(pmol/mg)c

8hr 24hr

-Rat-

2.0 none 39+ 5 104+ 31 703+114 590+ 39

2.0 Pb 176+ 7* 1349+425* 1137+136 820+ 88

4.9 none 54+ 5 60+ 8 1226+ 53 1721+145

4.9 DEM 94+10* 106+ 44 1233+ 41 847+138*

4.9 BNF 20+ 1* 52+ 11 879+136 440+ 25*

-Trout-

9.8 none 31+6 36+ 7 331+ 70 743+239

9.8 DEM 29+7 68+30 734+112* 2024+850

9.8 BNF 46+6 22+ 2* 439+ 50 824+200

a,b) See Table 5
c) Values are the means+ S.E.

trout.

of at least five rats and four

66

Control ALT activities in rats and trout receiving corn oil only
were 40 + 4 (N = 4) and 13 + 2 U/L (N = 5) respectively. ALT acti-
vities following corn oil and Pb in the rat were 27 + 2 U/L (N = 4);
after DEM, 63 + 12 (N = 5) and 19 + 3 (N = 3) in rats and trout
respectively; and after BNF, 22 + 3 (N = 4) and 10 + 2 (N = 5) in
rats and trout respectively.

* Significantly different from the respective non-pretreated group
(P < 0.05, Student's t)
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and 24 hr respectively in Pb treated rats (Table 6). These

apparent increases were associated with large variances and

were not statistically significant (P > 0.05).

Histopathologic examination corroborated the increased

hepatotoxicity of CB following Pb pretreatment. At 48 hr

after CB administration large necrotic areas oriented

centrally in the lobule but with bridging between lobules

was the standard response to 2 mmol/kg of CB in the Pb-

induced rats. This was greater than the damage seen 48 hr

after 9.8 mmol/kg in the non-induced animals, again

suggesting a four to five fold increase in toxicity without

an increase in liver CB content (Table 5) and only a

moderate increase in protein binding of CB. Moreover, the

damage (in terms of either plasma ALT or morphologic

change) at 4.9 mmol/kg in the rat was less than in Pb

pretreated rats receiving only 2.0 mmol/kg. CB-protein

binding, on the other hand, was equivalent at eight hr and

twice as great at 24 hr after treatment at 4.9 mmol/kg com-

pared to the Pb-pretreated animals (Table 6).

In rats, DEM pretreatment resulted in somewhat

increased plasma and liver CB concentrations at both

measurement times relative to non-pretreated animals at a

CB dosage of 4.9 mmol/kg (Table 5). However, as shown in

Table 5, the 24 hr urinary excretion of CB-derived material

was halved. No differences in plasma or liver CB content

were noted among control and DEM pretreated trout but the

appearance of metabolites in bile was also halved 24 nr
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after administration (Table 5).

Pretreatment with DEM did not increase the extent of

CB protein binding at eight hr in rats receiving 4.9

mmol/kg and at 24 hr the binding was only half as great as

in non-pretreated animals (Table 6). In trout, however,

DEM pretreatment resulted in doubling of the protein

binding at eight hr and nearly tripling it at 24 hr (Table

6). Thus, DEM pretreated trout eventually exhibited

CB-protein binding in the liver that approached that seen

in rats receiving the same dosage of CB (Table 4).

Nevertheless, in neither rats nor trout was there an

increase in CB hepatotoxicity following DEM pretreatment as

evidenced by histopathological evaluation. Furthermore,

ALT activity was not significantly elevated (P > 0.05) over

non-pretreated rats or trout except in rats at the eight hr

sampling time. Neither did DEM by itself produce an

increase in plasma ALT activity over that seen in untreated

controls (Table 6).

BNF pretreatment had negligible effects on the eight

or 24 hr plasma or liver CB content compared to non-

pretreated animals of either species (Table 5). However,

while there was apparently only a negligible effect on

total 24 hr urinary excretion of CB in the rat more metabo-

lite appeared in the urine earlier as evidenced by the

excretion at eight hr (Table 5). Biliary excretion

increased in the trout after BNF approximately two and one-

half fold (Table 5). Nevertheless, the total biliary
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excretion of CB metabolites accounted for only a small

fraction (less than 0.5%) of the total administered dose by

24 hr in BNF pretreated trout. This is in contrast to

nearly 40% excreted in the urine of rats.

Binding of 14C-CB to liver protein was markedly dimin-

ished in BNF pretreated rats compared to those which had

received the same dosage of CB alone (Table 6). Although

BNF pretreatment had apparently enhanced the metabolism of

CB in trout (as reflected by the biliary excretion, Table

5) it did not result in significantly enhanced protein

binding of metabolites (Table 6). Hepatotoxicity was not

materially influenced by BNF pretreatment. Plasma ALT

activity in both species remained at or below no-treatment

control levels at all times following CB (Table 6) and the

necrogenic effects were neither enhanced nor diminished by

prior treatment with BNF.

Subacute Study

In fish treated with multiple doses of CB, plasma and

liver concentrations were the same 48 hr after the last

dose as seen 32 hr after a single injection of CB (Table

4). Covalent binding was to 1266 + 228 pmol/mg or one and

one-half times the maximum binding reported after a single

injection (Table 4). Since maximum binding was seen 16-24

hr after single doses, this degree of covalent binding 48

hr after the first dose of CB is probably much less than

the maximum binding actually attained with multiple dosing.

The subacute dosing schedule resulted in no apparent necro-
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genic effects in the trout liver when evaluated by light

microscopy.
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DISCUSSION

In mammals the hepatotoxicity of the monohalogenated

benzene compounds has been postulated to center around GSH

depletion and covalent binding to liver proteins (Brodie et

al., 1971; Reid et al., 1973; Reid and Krishna, 1973;

Jollow et al., 1974; Lau and Zannoni, 1981). My results

in this comparative study suggest that for CB at least,

this may be a somewhat over simplified view. The trout in

this study were observed to have GSH concentrations in the

liver approximately one-third those of the rat. This tri-

peptide was readily depleted by DEM in both species to a

comparable degree. The recovery from depletion by both DEM

and CB is much slower in the trout than in the rat,

suggesting a decreased ability of the fish to resynthesize

GSH. Recently, I have presented evidence that the length

of time over which hepatocellular GSH is depressed may be

an important determinant in the binding to protein and

cytotoxicity of CB in rats (Dalich and Larson, 1984).

Since liver GSH in the trout was depressed over a much

longer time course by either CB alone or DEM pretreatment,

this species might be expected to be more sensitive to CB

hepatotoxicity if GSH depletion and binding of metabolic

intermediates to cellular protein is critical. But in my

experiments with CB, rainbow trout remained somewhat

resistant to liver necrosis, although other indications of

liver toxicity, such as ALT activity, were comparable to

what is seen in the rat. Similar observations have been
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reported for CC14 in trout (Gingerich et al., 1978;

Pfeifer, 1979).

GSH was depressed approximately 40% as much in the

trout as the rat by CB. This would suggest poorer absorp-

tion of the toxicant into the liver, altered metabolism of

CB, or both. Either possibility could help explain the

relative refractoriness of trout to liver necrosis. There

did appear to be less and slower absorption of CB into the

liver in the trout compared to the rat following ip admi-

nistration. The maximum concentrations of CB in the livers

of trout were about one-half those in the rat and they were

achieved later. In rats exposed to CB via inhalation, CB

has been shown to concentrate in fat more than in any other

tissue (Sullivan et al., 1983). Trout have a greater

amount of fat in the peritoneal cavity than does the rat.

Trout also possess a pyloric cecum which presents a large

surface area in the peritoneal cavity as a potential

absorptive and sequestering site (Fange and Grove, 1979).

Further experiments have revealed that, in the trout, six

times more CB is found in the pyloric cecum than in the

liver 24 hr after an ip injection of CB (data not shown).

Thus, the decreased and delayed absorption into the liver

may be due in part to accumulation into peritoneal fat and

pyloric cecum.

Other factors could also contribute to the observed

differences in CB content in the livers of the two species.

Differences in hepatic perfusion because of the lower blood
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pressure in the trout as well as differences in intrahepa-

tic flow patterns due to the architectural arrangements of

hepatocytes (Gingerich, 1982) could influence the uptake of

the toxicant.

Although there appeared to be less absorption of CB

into the liver of trout, which may explain the smaller

decrease in GSH levels, this in itself does not adequately

explain the lack of consistent necrosis seen in trout.

Several trout did develop hepatic lesions with liver con-

centrations which were no different from apparently unaf-

fected trout. In subacute studies, liver concentrations

were attained which were similar to those found in rats;

yet no liver damage was observed.

A second explanation for the lower degree of GSH

depletion by CB and the relative refractoriness to liver

necrosis in trout may be the amount or type of metabolites

generated. Covalent binding and GSH depletion may be used

as an indication of metabolism, since, at least with BB,

the parent compound is inert (Gillette, 1974). After a

single ip injection of CB, I observed approximately four

times the amount of maximum covalent binding in the rat as

was seen in the trout. This would be somewhat expected in

view of the fact that trout possess roughly one-third of

the MFO activity seen in rats (Elcombe and Lech, 1979).

However, the amount of P-450 may not be absolutely critical

since aflatoxin and the pyrrolizidine alkaloids, which also

are felt to act via an epoxide metabolite, are hepatotoxic
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in this same fish species (Sinnhuber et al., 1977;

Hendricks et al., 1981). Moreover, mice are more suscep-

tible to CB hepatotoxicity yet contain hepatic MFO levels

less than that of the rat (Reid and Krishna, 1973; Shelton

and Weber, 1981). Thus, the nature of the metabolite

generated may be more important.

The MFO system in trout I employed is characterized

by a cytochrome P-448 type enzyme that is similar to the

P-448 found in rat microsomes (Williams and Buhler, 1983;

1984). In the rat, P-448 induction with MC has been shown

to decrease the liver necrosis caused by CB (Reid et al.,

1971b). It has been suggested that, for CB and BB, an

alternative 2,3-epoxide is produced which is less hepato-

toxic than the 3,4-epoxide produced by native and Pb

induced microsomes (Zampaglione et al., 1973; Selander et

al., 1975a; Lau and Zannoni, 1979; Lau et al., 1980). Thus,

if the trout has an enzyme system similar to P-448 of the

rat, it may be that less toxic metabolites are generated

and this could explain the general lack of necrosis seen.

BNF pretreatment, which induces a P-448 type MFO in trout

(Williams and Buhler, 1983), led to an increase in biliary

metabolites in trout, yet did not increase covalent binding

or necrosis. In vitro metabolism of CB by trout and rat

microsomes is currently being investigated to further exa-

mine this hypothesis.

Pretreatment studies designed to further investigate

the role of covalent binding, absorption, and excretion of
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CB in the rat confirmed the reported enhancement of liver

necrosis and metabolism of CB by Pb (Brodie et al., 1971;

Reid et al., 1973; Reid and Krishna, 1973). Interestingly,

in rats, Pb did not appreciably increase covalent binding

of CB at either eight or 24 hr, although it did increase

urinary excretion by about 42% after 24 hr. These results

are similar to those reported by others for rats treated

with either BB or CB (Reid et al., 1971a; Reid et al.,

1973; Reid and Krishna, 1973).

In contrast to the foregoing discussion were my

observations with regard to covalent binding after DEM. As

with GSH depletion, covalent binding has been used as an

indication of xenobiotic metabolism in the liver. DEM

pretreatment has been reported to enhance the liver necro-

sis and covalent binding of BB in mice (Reid et al., 1973)

and the necrosis in rats (Jollow et al., 1974).

Presumably, this results from decreased GSH levels which

allows excess toxic metabolites to attack liver proteins.

In the present study I did not see any enhancement of

liver damage or covalent binding by CB in the rat following

DEM pretreatment. However, in the trout, DEM pretreatment

did lead to a significant increase in covalent binding,

still without an accompanying development of liver necro-

sis. Moreover, irreversible protein binding of CB com-

parable to that in the rat was observed in subacute stud-

ies. Thus, it would appear that the less consistant necro-

sis seen in trout is not totally explained by the smaller
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degree of GSH depletion or metabolism seen in the trout.

In summary, I have shown, using rats and trout, that

there is little correlation between total protein binding

or prior GSH depletion and liver necrosis in the case of CB

hepatotoxicity. In the rat, DEM pretreatment did not

enhance covalent binding or necrosis while in the trout,

binding to liver protein was increased but hepatotoxicity

was not. In Tables 7 and 8 I have compiled and ranked the

data from 20 individual trout according to morphological

damage (Table 7A), plasma ALT (Table 7B), or CB-protein

binding (Table 8). The fish which sustained the greatest

morphologic damage displayed only nominal elevations in ALT

activity at the worst. They also were characterized by

lower than average binding to liver protein. In contrast,

the livers from fish which contained CB bound to protein in

excess of that associated with extensive necrosis in the

rat were essentially undamaged. Further, the development

of the hepatic lesion in the rat and trout appears to be

associated with a P-450 isozyme which is similar to the Pb-

induced P-450 of the rat since the BNF induced isozyme

(P-448) does not appear to be responsible in either species.

Thus, although GSH depletion and total covalent binding to

liver protein may be indicators of metabolism of CB, it

does not appear from these studies that they are directly

causal to the hepatic lesion in either trout or rats.
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Table 7. Relationships of Chlorobenzene (CB) - Induced
Liver Damage to Protein Binding in Individual Rainbow Trout

Fish
No.

Histo
Grade'

ALT
(U/L)

CB Binding
(pmoles/mg) DEM

-A-

127 +++ 58 621 no
130 +++ 32 418 no
126 ++ 28 647 no
101 ++ 26 396 no

-B-

133 + 153 3891 yes
142 + 95 452 no
121 + 89 3730 no
132 + 62 646 yes
111 + 58 701 yes
127 +++ 58 621 no
141 + 43 863 no
104 + 42 1090 yes
144 + 42 782 no

1 Histopath Grading: -, No Discernible Change
+, Apparent Glycogen Depletion

++, Cloudy Swelling and Hydropic Change
+++, Pericentral Necrosis



Table 8.
Binding

Relationships of Chlorobenzene (CB) Protein
to Liver Damage in Individual Rainbow Trout

Fish CB Binding Histo ALT
No. (pmoles/mg) Grade' (U/L) DEM BNF

133 3891 + 153 yes
121 3730 + 89
131 3058 + 27 yes
136 1502 + 23 yes
109 1090 + 29 yes
135 1052 + 28 yes
112 999 + 15 yes
113 988 + 51 yes
129 923 36
141 863 + 43
144 782 + 42
128 271 + 23
111 701 + 58 yes

78

1 See Table 7
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IV. SUMMARY AND CONCLUSIONS

CB appears to be quantitatively similar to BB in terms

of GSH depletion, binding to cellular protein, and

cytochrome P-450 destruction. CB also produces a hepatic

lesion over a similar time course as that seen in animals

treated with BB and is essentially equipotent with BB. In

fact, when ALT activity and histopathology are used as

indications of liver toxicity, the two chemicals appear to

respond to various doses in a like manner and in rats

pretreated with Pb, the classic enhancement of liver necro-

sis and ALT activity is seen. Also, in rats pretreated

with BNF, there is the expected decline of ALT activity and

covalent binding.

Thus, one could be led to conclude tnat the two chemi-

cals are mechanistically the same. However, a more careful

examination of the temporal and dose responses to CB, as

well as pretreatment experiments, raise some important

questions concerning the hepatotoxic mechanism of these

compounds and other related chemicals.

The effect of different doses of CB on liver GSH are

in contrast to that reported for BB. Jollow et al., (1974)

have suggested that the critical event preceding covalent

binding and necrosis is the depletion of GSH to a threshold

level. These authors suggest that the lower doses of BB

are not hepatotoxic since there is an ample amount of GSH

available to detoxify the reactive epoxide. However, in my
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experiments with CB, lower doses of CB depleted GSH to the

same extent as the higher doses, although the length of

time the GSH stayed depressed was less at the lower doses.

This seems interesting since nearly all of a given dose of

BB is believed to be metabolized and over 90% is excreted

by the kidneys within 24 hr (Zampaglione et al., 1973).

Only 36% of a given dose of CB is accounted for by this

route. Thus, a lower percentage of an administered dose of

CB is metabolized relative to BB. Yet, CB is quan-

titatively similar to BB in GSH depletion, covalent binding

and cytochrome P-450 destruction. This suggests that the

CB epoxide generated by hepatic metabolism is more reactive

than that of BB. Since the epoxide is extremely difficult

to isolate, it would be difficult to compare the reactivity

of the CB and BB epoxides. However, it would be

interesting to study in vitro covalent binding of the two

compounds as a comparative tool of reactivity. It would

also be interesting to study the dose effects of CB on the

liver GSH system in order to establish if the dose effects

I saw were due to a dose related depression of GSH synthe-

sis.

Further, pretreatment experiments with DEM were in

contrast to that reported for BB. Covalent binding not

only was not increased with DEM pretreatment but was

actually decreased after 24 hr and there was no indication

of an enhancement of the liver damage. This is

unexplainable if GSH depletion and covalent binding are the
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key events leading to liver necrosis with these compounds.

DEM pretreatment did lead to a marked increase in the death

of animals. This appeared to be a result of CNS

depression. DEM is not without effects on animals. In my

experiments, DEM pretreatment significantly decreased the

urinary excretion of CB, without a decrease in the liver

concentrations. Whether this is a result of some effect on

the kidneys or an effect on metabolism of CB is unknown.

Since covalent binding was significantly decreased by DEM

pretreatment, a metabolic effect is suggested. DEM has

been shown to both increase and decrease the metabolism of

certain substrates, (Anders et al., 1978) and to decrease

the hepatotoxicity of carbon tetrachloride (Suarez at al.,

1981), so it is possible that in my experiments DEM blocked

the metabolism of CB. However, DEM has been shown to have

no effect on the metabolism of BB (Jollow et al., 1974).

The effects of CB on covalent binding in the rat are

also markedly different from that reported for BB.

Gillette (1974) has suggested that there is a critical dose

of BB at which the amount of covalent binding increases

dramatically, i.e., overwhelms the GSH system leaving reac-

tive epoxide available to attack critical proteins.

Zampaglione et al., (1973) have also shown that BB metabo-

lism remains a first-order reaction even after administra-

tion of large toxic doses. This does not appear to be the

case for CB. Covalent binding increases proportionally

with the dose of CB until a dose of 14.7 mmol/kg. At the
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highest dose, covalent binding was equivalent to that seen

with 4.9 mmol/kg. Thus, CB metabolism apears to be

saturable. Sullivan et al., (1983) have also suggested

saturation of CB metabolism with increasing dose. Since

all dosages of CB decreased P-450 content to approximately

the same level, the binding did not reflect diminished

metabolism due to destruction of the cytochrome. Also,

absorption into the liver was not affected since liver con-

centrations maintained a constant percentage of each dose.

Finally, this decrease in binding is not a reflection of

hepatocyte destruction since covalent binding was measured

24 hr before the full development of the hepatic lesion.

In response, then, to the first objective of this research,

BB and CB appear to be similar in functional, enzymatic,

and morphological responses to these chemicals. However,

there appear to be major differences in the effect CB has

on GSH and covalent binding and the morphological and

biochemical responses to pretreatment with the GSH

depleter, DEM, are not the same.

Trout and rats respond similarly to acute ip admin-

istration of CB in several aspects. The dose lethality

curve is almost superimposable in each specie; the

L050 being 14.6 mmol/kg and 17.7 mmol/kg for rats and trout

respectively. The monohalogenated benzene compounds do not

bind to nucleic acids in rats (Reid and Krishna, 1973) or

trout (data not shown). This has been assumed to explain

why these compounds are not carcinogenic. Lixe the rat,
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trout are readily depleted of liver GSH when treated with

DEM and when animals are pretreated with BNF or DEM there

is no enhancement of the hepatic lesion. In both species,

DEM pretreatment appears to depress metabolism while BNF

appears to stimulate metabolism. In rats pretreated with

BNF, covalent binding is actually decreased. This would

indicate that in both species the MFO isozyme which is

induced by BNF is not responsible for the hepatic lesion.

This would agree with the results of Reid et al., (1971b).

These authors have reported that rats pretreated with MC

are protected from liver necrosis, presumably by altering

the metabolic pathway of CB to a less toxic epoxide and

also by inducing the enzyme epoxide hydrase. Epoxide

hydrase plays an important role in the detoxification of

monohalogenated compounds. Interestingly, however, mice

were not protected by MC pretreatment (Reid et al., 1971b).

Also, Williams and Buhler (1983) have postulated that the

BNF induced form of trout P-450 is not responsible for the

hepatotoxicity seen with aflotoxin.

Although the trout and rat respond similarly to func-

tional and enzymic indicators of liver necrosis, the patho-

genesis of the hepatic lesion is not the same. The rat

consistently develops centrolobuler necrosis when given CB.

This lesion is dose related and appears to maximize at

about 48 hr. Liver wt/body wt ratios are increased in the

rat at about 16 hr and maximize by 24 hr. The percent

liver wt of body wt seen in the trout is one fourth that
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seen in the rat and is not affected by CB treatment. The

trout is basically refractory to the centrolobular necrosis

seen in rats, although when the trout is affected the

lesion appears more rapidly. CB also is absorbed to a

greater degree in the rat than the trout. This may be due

to the architectural difference of the liver or perhaps to

absorption into peritoneal fat and pyloric ceceum in the

trout. CB is excreted mainly by the kidneys and lungs

(Sullivan et al., 1983) in rats, whereas in the trout

little is excreted by the kidneys.

Although trout respond to DEM depletion of GSH like

rats, the amount of GSH found in the liver of trout is only

about one-third that of the rat. The degree of depletion

of GSH in trout treated with CB is much less than that seen

in rats. Also, in trout treated with either DEM or CB the

time required to return to control levels of GSH is much

longer. This suggests either an effect on GSH synthesis

or a less efficient GSH system in the trout.

Covalent binding of CB to trout liver protein is

approximately one-fourtn that in the rat over a similar

time course. Unlike that seen in the rat, covalent binding

is increased in trout pretreated with DEM. Thus, there

appears to be some basic similarities between the response

to CB in rats and trout. However, major differences in the

absorption, excretion and the biochemical and morphological

responses to CB were seen in trout compared to rats.

Since the trout is relatively refractory to liver
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necrosis caused by CB in rats, the trout can be used as a

tool to study the basic mechanisms of this toxicity. Also,

trout appear to have less capability to resynthesize GSH

than the rat. Thus, if GSH depression is a significant

prerequisite to liver necrosis, then one would expect the

trout to be more susceptible than the rat to liver damage.

In both species, prior depletion of GSM by DEM had no

affect on enhancement of liver necrosis. This certainly

raises the question of the role of GSH as a protector of

cell damage. However, the effect of DEM on CB metabolism

is suggested in the rat and it may be that the native P-450

isozyme of trout does not metabolize CB to a toxic inter-

mediate. Studies in both these areas are thus warranted.

The present work raises some major questions con-

cerning the role of covalent binding in the development of

the hepatic lesion. The CB dosage in rats which produced

the most extensive necrosis resulted in protein binding

that was equivalent to that resulting trom a minimally

necrogenic dosage and only half that of the working 9.8

mmol/kg dosage. Since liver necrosis was seen at the 14.7

mmol/kg dosage, there was obviously ample covalent binding

taking place (assuming covalent binding is a critical event

leading to necrosis). The lower binding was not due to an

increased destruction or inhibition of P-450 and since

binding was measured 24 hr prior to maximum damage, it was

not the result of removal of dead hepatocytes. Moreover,

if the cells were not yet necrotic but nevertheless incapa-
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ble of binding CB metabolite, a causal role for binding in

the necrosis would be questionable. In rats pretreated

with Pb there was a 12 fold increase in ALT activity and

marked enhancement of liver necrosis, yet there was only a

60% and 40% increase in binding at eight and 24 hr respec-

tively. This degree of binding was less than that seen at

the 4.9 mmol/kg dosage - a dosage which caused minimal

liver damage. A review of the literature shows that the

degree of increased binding seen with Pb pretreatment is

similar in rats and mice to that reported here. In one

study (Reid and Krishna, 1973), mice given a toxic dosage

of BB following Pb pretreatment, had covalent binding

increased 20 fold. This seems questionable since none of

my animals given a toxic dose of CB could even survive

pretreatment with Pb. This appeared to be due to death by

CN5 depression. Yet, the study by Reid and Krishna (1973)

has been the basis for assuming covalent binding is criti-

cal to liver necrosis. Even the large increase in ALT

activity seen by Pb pretreatment suggest that Pb has other

effects besides P-450 induction. The ALT activity asso-

ciated with CB necrosis is only one-tenth that seen with

Pb pretreatment studies. Finally, in DEM pretreatment stu-

dies in the rat, covalent binding was actually decreased

after 24 hr.

In trout, the lack of necrosis provided an excellent

tool to study covalent binding. I saw binding in trout
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comparable to that seen in the rat which caused necrosis.

Yet, in both the DEM pretreatment and subacute studies

there was no necrosis seen. This was not due to less

absorption of CB into the liver or less metabolism of CB.

Individual fish which sustained the greatest morphological

damage displayed lower than average binding to liver pro-

tein.

In contrast, the livers from fish which contained CB

bound to protein in excess of that associated with exten-

sive necrosis in the rat were essentially undamaged. Thus,

although GSH depletion and total covalent binding to liver

protein may be indicators of metabolism of CB, it does not

appear from these studies that they are directly causal to

the hepatic lesion in either trout or rats.

Rainbow trout are rather refractory to the hepatic

lesion often described for monohalogenated and aliphatic

hydrocarbons. This does not appear to be due to a

decreased absorption of the toxicant into the liver since

several trout that did develop the lesion had liver con-

centrations which were no different from apparently unaf-

fected trout. In subacute studies, liver concentrations

were attained which were similar to those found in rats;

yet no liver damage was observed. It would be interesting

to give trout CB either undiluted or via the oral route

and see if the parameters measured were different.

The refractoriness of CB to trout does not appear to
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be the result of less metabolism since BNF pretreatment

increased benzy(a)pyrene hydroxylase activity of trout 400%

(data not shown) and increased biliary excretion of metabo-

lites. Also, DEM pretreatment and subacute studies

increased covalent binding to levels comparable to the rat

without accompanying liver damage. Thus, the nature of the

metabolite generated may be more important. The develop-

ment of the lesion in the rat and trout appears to be asso-

ciated with a P-450 isozyzme which is similar to the Pb-

induced P-450 of the rat since BNF induced isozyme (P-448)

does not appear to be responsible for necrosis in either

species. The trout may naturally metabolize CB to a non-

toxic 2,3-epoxide. Thus, BNF induced trout may just

increase this route. Since trout cannot be induced by Pb,

the 3,4-epoxide would be difficult to increase.

Experiments with trout and rat microsomes and purified

forms of P-450 could be designed to measure the amount and

nature of CB metabolites formed. Pretreatment of trout

with DEM and BNF prior to these experiments would give an

indication of these compounds effect on metabolism. Also,

the determination of biliary metabolites in trout given CB

alone and pretreated would give added information on the

metabolism of CB in trout.
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