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ABST~CT 

1,2-Dichlorobenzene (1,2-DCB) is a potent hepatotoxicant 

in the Fischer-344 (F344) rat. Phenobarbital (PB), a known 

inducer of cytochrome P-450, enhanced the metabolism and 

covalent binding of 1,2-DCB in F344 rat liver microsomes. 

Identification of 2, 3-dichlorophenol, 3, 4-dichlorophenol and 

dichlorobenzene dihydrodiol indicated the formation of 

dichlorobenzene epoxides in PB induced microsomes. Moreover, 

modulation of microsomal metabolism and covalent binding 

using glutathione, trichloropropene oxide, ascorbic acid and 

superoxide dismutase implicated quinones as the major 

covalent binding species of 1,2-DCB. These findings indicate 

that 1,2-DCB is activated by cytochrome P-450 to reactive 

intermediates that may initiate hepatocellular injury. 

The hepatotoxicity of 1,2-DCB was also studied in normal 

F344 rats administered methyl palmitate (MP) to inhibit 

Kupffer cell function or superoxide dismutase (conjugated to 

polyethylene glycol, i.e. PEG-SOD) to scavenge superoxide 

anions. Both agents markedly reduced the severity of 1,2-DCB 

induced liver injury in normal rats. However, MP and PEG

SOD did not inhibit the PB potentiated hepatotoxicity of 

1,2-DCB. In summary, the data presented in this dissertation 

strongly support a role for Kupffer cell derived superoxide 



15 

anions in the hepatotoxicity of 1,2-DCB in normal F344 rats. 

Since sprague-Dawley (SD) rats are less susceptible to 

the hepatotoxicity of 1,2-DCB than F344 rats, markers of 

oxidant injury were assessed in both strains of rats 

following administration of 1,2-DCB. 1,2-DCB treatment did 

not deplete hepatic vitamin E in F344 or SD rats. However, 

1,2-DCB treated F344 rats exhibited greater ethane 

exhalation than SD rats, at a time when differences in GSH 

depletion between the two strains were most prominent and 

prior to the initial appearance of toxicity in F344 rats. 

The results further confirmed the involvement of oxidative 

injury in the hepatotoxicity of 1,2-DCB. It is concluded 

that two key events are involved in the hepatotoxicity of 

1,2-DCB (1) metabolism of 1,2-DCB by cytochrome P-450 to 

reactive intermediates that initiate cell injury (2) 

oxidative injury induced by Kupffer cell derived active 

oxygen species, that contributes to the progression of the 

injury. 
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CHAPTER 1 

INTRODUCTION 

The significance of 1,2-Dichlorobenzene as an Environmental 

contaminant and a Hepatotoxicant 

Public concern over contamination of air, water and food 

supplies by man made chemicals is growing rapidly. This 

increased public awareness has led to a large-scale effort 

both by national agencies such as the united states 

Environmental Protection Agency (U.S. EPA), and 

international agencies such as the World Health organization 

(WHO) to minimize and prevent the occurence of such 

contamination and to better understand the threat to human 

health caused by various chemicals found within the 

environment. Dichlorobenzenes are major environmental 

contaminants with potential risks for human health. This was 

emphasized when a WHO task group on "Environmental Health 

criteria for Chlorobenzenes Other than Hexachlorobenzenes" 

met in 1990 at the Institute d'Hygiene et d'Epidemiologie 

Brussels, Belgium to evaluate the risk for human health and 

the environment from exposure to these chemicals (WHO., 

1990) 

During the period of 1980 83 the annual global 
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production of chlorobenzenes was estimated to be 568 x 106 

kg (WHO., 1990). The USA contributed 50 % of the total 

global production. Among the dichlorobenzenes, 1,2-DCB 

accounted for 22 x 106 kg. 1,2-DCB is produced along with 

other isomers by the catalytic chlorination of benzene with 

ferric chloride serving as the catalyst (Hardie, 1964). The 

products are further purified by fractional distillation. 

1,2-DCB is a colorless liquid with a relatively strong odor. 

The odor threshold for 1,2-DCB is 0.001-0.002 mg /litre. It 

has a melting point of -17°C, a boiling point of 180.5° C, 

a density of 1.3048 g/cm3 at 20°C (Weast, 1986). The 

solubility of 1,2-DCB in water is 6.2 X 10-4 mol/litre. 

The environmental contamination by 1,2-DCB occurs 

primarily during its manufacturing process (US EPA, 1985). 

The estimated loss of this chemical to the environment 

during manufacture was 30 x 103 kg in relation to total 1983 

production (22 x 106). It also contaminates the environment 

because of the dispersive nature of its uses. 1,2-DCB is 

used as a precursor or carrier in the synthesis of chemicals 

e.g. 3,4-dichloroaniline, toluene diisocyanate; as a solvent 

for organic compounds and non-ferrous metal oxides; as an 

intermediate in the production of dyes; as a fumigant and 

insecticide; as a degreaser in production of hides and wool; 

in metal polishes; in industrial odor control; and in 
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cleaners for drains (Hawley, 1971). 

The importance of industrial uses of 1,2-DCB as a source 

for its introduction into the environment is demonstrated by 

air and water sampling data from a number of sites within 

the United states. The maximum level of 1,2-DCB in ambient 

air samples from Houston, Texas was found to be 86 ng/m3• In 

contrast, peak concentration of 1,2-DCB in samples taken 

from industrial sites in New Jersey was 46,780 ng/m3 

(Bozzelli and Kebbekus, 1979,). The mean concentration of 

1,2-DCB in air samples taken from an industrially produced 

cloud over Henderson, Nevada was 10,291 ng/m3 (Wojinski et 

al., 1979). In a survey of industrial waste water in the USA 

1,2-DCB levels were the highest at a mean value of 141 ~g/L, 

followed by 1,4-DCB at 79 ~g/L and 1,3-DCB at 21 ~g/L 

(Neptune, 1980). In water, 1,2-DCB is considered moderately 

persistent with half-lives ranging from 1 day in rivers to 

10 days in lakes and 100 days in ground waters. 1,2-DCB 

could become a threat to human health because of its 

persistence in ground water, when such sources are used as 

drinking water supplies. 

Human exposure to 1,2-DCB has been confirmed by its 

presence in breath, blood and breast milk. Wallace (1986) 

has detected 0.08 - 0.1 ~g/m3 of 1,2-DCB in the breath of 

201 residents of Los Angeles. Bristol et al. (1982) found 
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blood levels of 1,2-DCB to be between 1-4 ~g/litre both in 

the residents of the Love Canal area and laboratory 

volunteers. However, 1,2-DCB was detected more frequently 

(25%) in the residents of the Love Canal area than among the 

control population (17%). Important evidence for human 

exposure to 1,2-DCB is also available from analysis of human 

breast milk. Jan (1983) has reported the presence of 9 (5-

12) J.1.g/kg of 1, 2-DCB in the breast milk of women in a 

Yugoslavian hospital. In a Canadian National Survey, among 

the general population, breast milk contained 2.9 J.1.g/kg of 

1,2-DCB, whereas among the Canadian indigenous population 

8.1 ~g/kg of 1,2-DCB was detected in breast milk. These data 

indicate the additional risks involved in the exposure of 

child bearing age women to 1,2-DCB. 

Information on the health effects of human exposure to 

1,2-DCB are limited, and these cases are mostly reports of 

haematological disorders after exposure to mixtures of 

chlorobenzene containing mainly 1,2-DCB. Moreover, data on 

actual dose/time relationships are not available. For 

example, Girard et al. (1969) have reported acute 

myeloblastic leukemia in 2 female workers after repeated 

exposure over a year to a mixture of DCBs containing 

primarily 1,2-DCB. Two cases of chronic lymphoid leukemia 

have also been reported after inhalation exposure of 10 and 
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16 years, respectively (Girard etal, 1969). Moreover, an 

increase in chromosomal abberations were observed in the 

peripheral leukocytes of laboratory workers exposed to 1,2-

DCB vapor (4 days, 8h/day, exposure level not available) 

compared to unexposed laboratory workers. However, in 

experimental animals (in male or female F344 rats or B6C3F1 

mice) 1,2-DCB has not shown any carcinogenecity. Shimizu et 

al (1983) also could not detect any mutagenecity against S. 

typhirium by 1,2-DCB. 

In animal studies the most prominent acute toxicity of 

1,2-DCB is hepatotoxicity (Cameron et al., 1937; Brodie et 

al., 1971; stine et al., 1991). Cameron et ale (1937) first 

demonstrated that 1,2-DCB cause necrosis of hepatocytes in 

the centrilobular region. Later, Brodie et al (1971) 

reported the potentiation of 1,2-DCB hepatotoxicity in rats 

treated with phenobarbital (PB), and proposed that metabolic 

activation may playa role in its toxicity. Reid and Krishna 

(1973) were able to provide additional evidence supporting 

this hypothesis. They correlated the production of 

hepatotoxicity with in vivo covalent binding of 14C- 1 ,2-DCB 

equivalents to hepatic protein. since these early studies on 

the hepatotoxicity of 1,2-DCB, it has received little 

attention as an hepatotoxicant for number of years. It is 

only recently that a systematic comparison of the 
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hepatotoxicity of all three isomers of dichlorobenzene were 

undertaken. These studies established 1,2-DCB as the most 

potent hepatotoxic isomer (Stine et al., 1991). 

The mechanism by which 1,2-DCB causes hepatocellular 

injury has been under investigation. For many chemicals the 

mechanism of hepatotoxicity involves metabolic activation of 

the parent compound to biologically reactive metabolites 

(Guengerich and Liebler, 1985). Available data strongly 

suggest that similar to many other chemicals metabolic 

activation is required for the hepatotoxicity of 1,2-DCB 

(stine et al., 1991). However, the specific reactive 

intermediates of this chemical have not been identified. A 

discussion of metabolic activation of halogenated benzenes 

using bromobenzene (BB) as a model has been included here to 

help predict possible pathways of bioactivation of 1,2-DCB. 

Although, the role of metabolic activation in the initiation 

of chemical-induced liver injury is well established, the 

mechanism by which this initial injury progresses to 

hepatocellular necrosis remains poorly understood. 

Therefore, the possible contribution of addi tional 

mechanisms to the progression of 1,2-DCB hepatotoxicity 

should be considered. The role of oxidant injury and 

parenchymal non-parenchymal cellular interactions in 

chemical induced hepatotoxicities have been dicussed here, 
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as these could be potential mechanisms contributing to the 

hepatotoxicity of 1,2-DCB. 

The Role of Metabolic Activation in Chemical-Induced Liver 

Injury: Epolrides vs Quinones in the Bioactivation of 

Halogenated Benzenes 

The primary mechanism of halogenated benzene-induced 

liver injury has long been believed to be the covalent 

binding of reactive epoxides to hepatocellular 

macromolecules (Brodie et al., 1971; Reid and Krishna, 1973; 

Lau et al., 1984). Supportive evidence for this model has 

originated from extensive studies using bromobenzene (BB). 

Over the years five major strategies have been used to 

identify the reactive intermediates involved in the covalent 

binding and toxicity of BB. (1) correlation of changes in 

metabolism and hepatotoxicity of BB under conditions known 

to potentiate or inhibit toxicity; (2) Comparison of the 

kinetics of binding to kinetics of primary metabolism; (3) 

Evaluation of covalent binding and metabolism of BB in the 

presence of chemical and enzymic agents with known 

functions; (4) Evaluation of the relative oxidation state 

of the reactive metabolites bound to proteins by using 

3H/14C dual labeled BB; (5) Identification of the specific 

protein adducts of BB metabolites. 
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The early studies focused on the postulated metabolic 

activation of BB to 2,3- and 3,4-- epoxides by hepatic 

cytochrome P-450 and the possible relationship of these 

epoxides to hepatotoxicity. The hepatotoxic me~abolite was 

believed to be the 3,4-epoxide not the 2,3-epoxide (Jollow 

et al., 1974). This theory was supported by the fact 

phenobarbital (PB) which potentiates BB liver injury, 

increased the formation of 4-bromophenol (4-BP) (Brodie et 

al., 1971). This is a product of the rearrangement of the 

3,4-epoxide. In contrast, 3-methylcholanthrene (3MC) 

increased the formation of 2-bromophenol (2-BP), a product 

of the rearrangement of 2,3-epoxide. 3-MC also protected 

against BB-induced hepatotoxicity (Jollow et al., 1974; 

Zampaglione et al., 1973). Moreover, BB caused hepatic 

necrosis only in a strain of mice which exhibited the 

formation of 3,4-epoxide and not in a strain of mice which 

formed 2,3-epoxide (Lau et al., 1980). 

This proposed role of epoxides in the covalent binding 

and hepatotoxicity of BB was universally accepted for number 

of years until Hesse et al., (1980) provided evidence that 

the major covalent binding species may be a product of BP 

and not an epoxide. The first piece of evidence was obtained 

by comparing the kinetics of binding to kinetics of primary 

metabolism of BB. As reported by Hesse et al (1980), 
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formation of 4-BP apparently came to an end after 30 - 40 

min, yet the protein binding continued for 80 - 90 min. If 

epoxides are the maj or binding species, then the kinetics of 

primary metabolism of BB, i.e. formation of epoxides and 

phenols, should correlate to the kinetics of binding. Since 

the time course of binding was not consistent with that of 

the primary metabolism, it appeared that reactive species 

other than epoxides, presumably secondary metabolites such 

as quinones, may playa major role in the covalent binding 

of BB. 

Secondary metabolites of BB could be formed by two major 

routes (Lau and Monks, 1988). One is the dehydrogenation of 

dihydrodiol to catechol catalyzed by the cytosolic enzyme 

dihydrodiol dehydrogenase. The other is the P-450 mediated 

metabolism of phenols to catechols and then to quinones. 

The lack of a cytosolic enzyme dihydrodiol dehydrogenase in 

the microsomal preparations used by Hesse et al. (1980) 

should rule out the first possibility. To investigate the 

formation of secondary metabolites from phenols, BB was 

incubated with UDP-glucuronic acid and UDP-N

acetylglucoseamine (Hesse et al., 1980). It was postulated 

that glucuronidation of the BP should prevent the secondary 

metabolite mediated covalent binding of BB. As expected the 

4-BP availability was lowered and a corresponding 60 - 70 % 
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decrease in binding was also observed (Hesse et al., 1980). 

These studies were followed by the work of Lau et al. (1984) 

using ascorbic acid, superoxide dismutase or catechol-O

methyl transferase to investigate the nature of the 

secondary metabolites generated from BP. Combination of 

catechol O-methyltransferase and S-adenosyl-L-methionine 

inhibited CVB of BP by 62% and lead to the accumulation of 

methylated 4-bromocatechol (4-BC). They concluded that 

bromocatechol (BC) was an intermediate between BP and the 

ultimate binding species. Ascorbic acid, a strong reducing 

agent, induced the CVB of 4-BP by 90 %. If bromoquinones 

(BQ) are the ultimate secondary metabolites of BP binding to 

protein, then ascorbic acid should be able to inhibit the 

CVB and cause the accumulation of catechols. Lau et al. 

(1984) demonstrated that this reducing agent can inhibit 90 

% of the 4-BP mediated covalent binding and increase the 

accumulation of 4-BC. In summary, investigation into 

chemical reactivity of BB derived metabolites using the 

chemical and enzymic agents discussed above strongly 

supported a major role for secondary metabolites such as 

quinones in the covalent binding of this halobenzene. 

Further investigation into the relative contribution of 

epoxides and quinones towards the covalent binding of BB 

required the use of a different approach. Preparation of 
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3H/14C dual labeled BB by Hanzlik and coworkers allowed them 

to assess the relative oxidation state of the reactive 

metabolite(s) by monitoring the 3H/14C ratio of the 

covalently bound adducts (Buben et al., 1988). Since 

Covalent binding of a BB epoxide does not involve breaking 

of C-H bonds (3H/14C = 1.0) and dehydration of the initial 

epoxide adduct could only lead to loss of at the most one 

hydrogen. The 3H/14C ratio would be 0.8. However, the 

formation of a quinone from BB could result in 3H/14C ratios 

of 0.5 or lower because of the loss of up to three hydrogens 

during reaction with protein nucleophiles and 

rearomatization process. The 3H/14C ratio for aqueous 

soluble metabolites of BB was 1.0 and that for covalent 

binding adduct was only 0.5. The low 3H/14C ratio implies 

extensive loss of tritium from BB during covalent binding 

which indicates quinones as a major covalent binding 

material. 

The experimental findings disscussed above provide 

important information towards our understanding of the 

relative importance of epoxides and quinones in the CVB of 

BB. However, it is only recently that the first conclusive 

evidence of the alkylation of protein by BB epoxides was 

reported. Weller and Hanzlik (1991) have demonstrated that 

acid hydrosylates of hepatic proteins from animals 
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pretreated with PB and then exposed to BB cOntain s- (0-

bromophenyl) cysteine, S- (m-bromophenyl) cysteine, and S- (p

bromophenyl) cysteine. These adducts derived from BB 

epoxides account for only 0.5 % of the total covalent 

binding material. Whereas, adducts derived from quinone 

metabolites accounted for 10 -15 times greater fraction of 

the total binding. Both the epoxide and quinone adducts 

identified so far have been limited to protein sulfur 

nucleophiles. Yet, the adduct formation in this fraction 

appears to represent the findings reported previously with 

total protein binding. Identification of quinones to be the 

major covalent binding species has introduced a new 

dimension to the mechanism of metabolic activation of 

halobenzenes. However, this is not to say that the degree of 

covalent binding of qui nones is equal to the degree of 

toxicity. Although Hesse et aI, (1980) demonstrated that the 

majority of the covalent binding of BB could be attributed 

to secondary metabolites generated from 4-BP, administration 

of 4-BP to rats has failed to cause hepatocellular necrosis 

(Monks et al., 1982). Therefore, in spite of the smaller 

quantity of epoxides bound to proteins, a role for this 

reactive species in the initiation of hepatocelullar injury 

should not be ruled out. Moreover, a small quantity of an 

epoxide binding to a functionally critical macromolecule may 
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be more important for the ini tiation of hepatocellular 

inj ury than a large quanti ty of quinones binding non

specifically to variety of macromolecules. Therefore, the 

relative importance of epoxides and quinones in halogenated 

benzene-induced hepatocellular injury is yet an unresolved 

issue and requires further investigation. 

The Role of Active Oxygen species and Lipid Peroxidation in 

Chemical Induced Liver Injury 

Evidence is accumulating that oxidative injury plays a 

major role in liver injury caused by xenobiotics. This 

mechanism has been demonstrated for number of xenobiotics 

including bromobenzene, acetaminophen, diquat and paraquat 

(Farber et al., 1990; Thomas and Aust, 1986). The active 

oxygen species responsible for the oxidative injury can be 

generated either within the parenchymal cells or by 

extraparenchymal sources (as discussed later in this 

chapter). An important source of active oxygen species in 

parenchymal hepatocytes is the biotransformation of 

xenobiotics by the mixed function oxygenase (MFO) system. 

Active oxygen species generated by MFO system include 

superoxide (°2-), hydrogen peroxide (H202 > , singlet oxygen 

(02*) and a hydroxyl-like radical (White and Coon, 1980). 

These active oxygen species may directly cause tissue injury 
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or contribute to the activation of xenobiotics such as 

bromobenzene as discussed in the previous section. 

Alternatively, active oxygen species may be generated from 

quinone intermediates of xenobiotics by redox cycling e.g. 

diquat, paraquat and benzo(a) pyrene quinone (Trush and 

Kensler, 1991; Thomas and Aust, 1986). Quinones enter redox 

cycles via one electron reduction to semiquinones. This 

reaction is catalyzed by NADPH cytochromes P-450 reductase. 

The semiquinones can react with molecular oxygen to 

regenerate the parent quinone and form 02-. 

02- generated by various mechanisms can undergo reactions 

which lead to the formation of the highly reactive species 

OH". These reactions include: 

° -2 

divided as: 

Fe3
+ + ° -2 

Fe2+ + H202 

--------------> + HO" + HO-

--------------> Fe2+ + 02 

--------------> Fe3+ + HO" + HO-

As shown above hydroxyl radicals can be produced by 

interaction of superoxide anions and hydrogen peroxide with 

iron ions as catalysts (Thomas and Aust, 1986). 

Recently, there is also increasing evidence supporting a 

role for NO in tissue injury. Palmer et al. (1988) first 

provided evidence that L-arginine is a precursor for the 
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synthesis of NO by vascular endothelial cells. The synthesis 

of NO from L-arginine is catalyzed by a Ca+ dependent enzyme 

called NO synthase (Moncada and Palmer, 1990). NO can react 

with both 02 or 02-' Reaction of NO with 02 forms N02, which 

in turn forms nitrite (N02-) and nitrate (N03-) in aqueous 

solution. Moreover, toxicity of NO may rely on its reactions 

with °2-, 

formation 

When NO reacts with 

of peroxynitrite 

° -2 it can lead to the 

anion. Protonation of 

peroxyni tri te can result in the formation of potent oxidants 

OHo and N02°. 
The reactive species of oxygen discussed above have been 

proposed to mediate toxicity by inducing oxidative damage to 

membranes, protein or DNA (Halliwell and Gutteridge, 1989). 

Among these the most widely investigated mechanism is the 

peroxidation of membrane lipids by active oxygen species 

(Halliwell and Gutteridge, 1989). For example Hydroxyl 

radicals can initiate lipid peroxidation of polyunsaturated 

lipids by abstracting a hydrogen atom from a methylene 

carbon in the fatty acid side chain. Removal of a hydrogen 

atom produces a carbon centred radical (Lo). Under aerobic 

conditions this new radical preferentially undergoes 

molecular rearrangement, followed by reaction with 02 to 

give a peroxyl radical (Farber et al., 1990). These peroxyl 

radicals contribute to the propagation of the chain reaction 
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by abstracting a hydrogen atom from adjacent fatty acid side 

chains. This sequence is termed lipid peroxidation, and is 

one of the best known manifestations of oxidative cell 

injury. Lipid peroxidation in cell membranes causes 

disruption of membrane functioning, decreases fluidi ty , 

inactivates membrane-bound receptors and enzymes, alters 

permeability to ions such as Ca2+ and eventually leads to 

cell death (Halliwell and Gutteridge, 1989). 

The occurrence of lipid peroxidation in biological 

tissues can be determined by monitoring the products of this 

process (Halliwell and Gutteridge, 1989). Lipid radicals, 

lipid peroxyl radicals and lipid hydroperoxides have 

conj ugated diene double bond structures and therefore can be 

measured by UV detection at 254 nm. Lipid hydroperoxides 

can also decompose by reacting with iron or copper ions, 

heme, and certain iron proteins such as hemoglobin and 

myoglobin. Decomposition of lipid hydroperoxide by this 

mechanism leads to the formation of hydrocarbon gases and 

aldehydes. Measurement of malondialdehyde (MDA) formation 

using the thiobarbituric (TBA) assay is the most frequently 

used method for the detection of lipid peroxidation in 

biological samples. End points such as conjugated dienes and 

malondialdehyde can be conveniently used in in vitro 

experiments under properly controlled conditions. The 
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primary disadvantage of using these end points in an in vivo 

study is that the animals have to be terminated or undergo 

invasive procedures to collect tissue samples. In contrast, 

detection of volatile hydrocarbons is a non-invasive 

technique that can be used to monitor lipid peroxidation in 

a live animal. Moreover, unl ike other products of lipid 

peroxidation, volatile hydrocarbons are not metabolized. 

Therefore, exhalation of volatile hydrocarbons provide 

reliable end point for monitoring the extent of lipid 

peroxidation in vivo. 

Formation of active oxygen species does not always lead 

to lipid peroxidation or tissue injury, because biological 

systems have developed several protective mechanisms against 

these harmful intermediates. Cell damage only occurs when 

these protective measures have been exhausted (Sies, 1991) 

The protective measures include: antioxidants, such as 

vitamin E, glutathione and ascorbic acid (also a reducing 

agent) and antioxidant enzymes, such as superoxide dismutase 

(SOD), catalase (CAT), and glutathione peroxidase. 

Glutathione is a tripeptide present in high 

concentrations in many tissues. It plays an important 

defensive role against oxidative injury (Boobis et al., 

1989). The cellular concentration of glutathione in most 

mammalian cells is exceeds 4 roM. Glutathione reductase 
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functions to maintain GSH in its reduced form (GSH). The 

synthesis of GSH in mammalian cells requires cysteine, the 

supply of which can be limiting. The protective mechanism of 

GSH against oxidant injury involves the enzyme GSH 

peroxidase. In the presence of GSH it functions to decompose 

HzOz and organic peroxides to water or an organic alcohol 

(ROH) by conversion of GSH to GSSG. GSSG can be rapidly 

reduced back to GSH by NADPH-dependent GSSG reductase. 

However, during oxidative stress the rate of GSH oxidation 

to GSSG could exceed the capacity of GSSG reductase. 

Therefore, depletion of GSH can be an indicator of active 

oxygen species induced tissue injury (Boobis et al., 1989). 

vitamin E can also protect biological membranes against 

an insult by active oxygen species. Once peroxidation of 

lipid membranes is initiated by active oxygen species 

vitamin E can react with LOO' to act as a chain breaking 

antioxidant (Burton and Ingold, 1989) 

LOO' + VitE-OH ------> LOOH + VitE-O' 

Recent stUdies indicate that GSH and vitamin E provide 

complementary protection against oxidative injury. Using an 

in vitro system McCay et al (1989) has shown that depletion 

of tocopherol during peroxidation of microsomal lipids can 

be inhibited by the addition of GSH. In addition, GSH was 

unable to inhibit lipid peroxidation when vitamin E 
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deficient microsomes were used in these experiments. 

Moreover, in isolated hepatocytes, compounds inducing 

oxidative stress could deplete vitamin E only when cellular 

GSH was substantially depleted (Pascoe et al., 1987). Thus 

far, in vivo studies have not established a similar 

realtionship between hepatic GSH and vitamin E in chemical 

induced toxicities (Warren and Reed, 1991). 

Cells also contain antioxidant enzymes with specific 

functions to protect against oxidative insult (Beckman and 

Freeman, 1986). These antioxidant enzymes include superoxide 

dismutase and catalase. Superoxide dismutase is primarily an 

intracellular enzyme, and it exists in the mitochondria as 

an Mn-containing enzyme and in the cytoplasm as an CuZn-

containing enzyme. only trace amounts of this enzyme have 

been found in the extracellular space (Marklund, 1984). 

Superoxide dismutase catalyzes the degradation of superoxide 

anion by a dismutation step: 

2H + 20-
2 ----soo---> 

While catalase, a hemoprotein present in peroxisomes 

catalyzes the degradation of H202 via: 

----CAT---> 

Removal of 02 and/or H202 will terminate a series of chain 

reactions leading to the formation of OH". Therefore, SOD 

and/or CAT should inhibit the OH" mediated toxicities. 
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Moreover, the specificity of these antioxidant enzymes 

towards active oxygen species facilitates their use as tools 

to investigate the role of oxidant injury in cytotoxicity. 

A blockade of cytotoxicity by those enzymes usually suggests 

a role for active oxygen species in such toxicity. 

The Role of Parenchymal and Non-parenchymal Cellular 

Interactions in Chemical-Induced ~iver Injury: Hepatocytes 

and Rupffer Cells 

For many years mechanistic studies into chemical- induced 

liver injury only focused on the parenchymal cells. Yet, in 

addition to parenchymal hepatocytes, the liver comprises of 

several non-parenchymal cell populations including duct 

epithelial, hepatic macrophages, sinusoidal endothelial 

cells, fat storing ito cells and Pit cells (Blouin, 1977). 

During recent years it has become increasingly clear that 

interaction of parenchymal and non-parenchymal cells may 

contribute significantly to chemical-induced liver injury. 

This discussion will focus on the interaction of hepatocytes 

and the resident macrophages of the liver Le. Kupffer 

cells. Kupffer cells represent about 10 % of the total cell 

population of the liver and represent one of the largest 

populations of fixed macrophages in the body. Majority of 

the Kupffer cells are located in the periportal region 
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(43%), while midzonal and centrilobular regions contain 28% 

and 29% respectively (Jones and Summerfield, 1988). The 

primary function of Kupffer cells is to phagocytise 

particulate material such as bacteria, in addition they also 

secrete number of biologically active molecules important 

for both physiological and pathological processes in the 

liver. 

In the normal liver Kupffer cells function as a defensive 

system to protect hepatocytes against harmful biologically 

and immunologically active material that enter the liver. 

For example, frog hepatitis virus is not toxic to 

hepatocytes in the normal liver but they become vulnerable 

to this viral toxin when Kupffer cells are damaged (Kirn et 

al. , 1983). Kupffer cells are also important for the 

regulation of normal metabolism in the hepatocytes. 

Conditioned media from Kupffer cells can produce a two fold 

increase in the rate of protein synthesis of hepatocytes. 

The same conditioned media enhance phosphorylase activity 

and stimulate the out put of glucose by hepatocytes. These 

effects on hepatocyte metabolism appear to be mediated by 

prostaglandins (PGE2 and PGD2), released by the Kupffer 

cells (Van Berkel et al., 1989). 

Under pathological conditions Kupffer cells can be 

"activated" and secrete a number of vasoactive and toxic 
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mediators (Dec]<:.er, 1990). Agents that are known to activate 

Kupffer cells include bacterial endotoxin 

(lipopolysaccharide, LPS), virus (e.g. sendai), phorbol 

esters(PMA), platelet activating factor (PAF), interferon-g 

(macrophage activating factor), tumor necrosis factor-a 

(TNF-a), etc. Among these the most well characterized 

activator is LPS. LPS can enter the liver through the portal 

circulation when the permeability of intestinal cells is 

altered. Uptake of LPS activates the Kupffer cells and leads 

to the production of cytokines like TNF-a, interferon alP, 

IL-1 or IL-6. TNF-a has autostimmulatory action towards 

Kupffer cells and triggers the further production of PGE2, 

IL-1 and IL-6. IL-6 in turn can induce hepatocytes to 

produce antinflamatory acute phase proteins. 

Another important characteristic of activated Kupffer 

cells is their ability to produce active oxygen species. 

Among these, °2" has been the most extensively investigated 

species. °2" is produced by the membrane-bound enzyme complex 

NADPH oxidase. NADPH oxidase catalyses the transfer of 

single electrons from NADPH in the cytosol to extracellular 

oxygen. The °2" thus released by the activated Kupffer cells 

in turn can participate in the formation of other active 

oxygen species as described in the previous section. Given 

the potential damage that active oxygen species can inflict 
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from 

activated Kupffer cells in hepatocellular injury has gained 

much attention. 

In vivo studies by Sipes et al., (1990) using SOD, CAT 

and Kupffer cell inhibitor methyl palmitate have shown that 

active oxygen species released by Kupffer cells is the 

primary mechanism responsible for the potentiation of CCl4 

hepatotoxicity by vitamin A. Modulation of ethane 

exhalation in animals treated with vitamin A and CCl4 by 

these same agents indicated that lipid peroxidation is an 

integral component of the tissue damage caused by Kupffer 

cell derived active oxygen species. The involvement of 

active oxygen species released from Kupffer cells in this 

model of hepatotoxicity was further demonstrated by the 

enhanced release of °2" by Kupffer cells isolated from 

vitamin A pretreated animals. 

In another model of hepatotoxicity, Laskin and Pilaro 

(1986) have shown the enhanced release of °2" by hepatic 

macrophages isolated from acetaminophen treated rats. 

Incubation of Kupffer cells t<1ith acetaminophen did not by 

itself produce superoxide anion release. In contrast, 

condi tioned medium from hepatocytes exposed to acetaminophen 

was able to elicit increased release of °2" by Kupffer cells. 

Such evidence suggest that Kupffer cell activation and °2" 
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release in the liver following acetaminophen treatment may 

be mediated by factors released from hepatocytes. O2- and 

toxic mediators released from activated Kupffer cells in 

turn may contribute to acetaminophen induced hepatic injury. 

Recent reports have also shown that activated Kupffer 

cells release NO and this reactive species can play a role 

in tissue injury. Gaillard et al., (1991) have reported that 

lipopolysaccharide activated rat Kupffer cells synthesize NO 

from L-arginine. Moreover, an L-arginine dependent process 

in Kupffer cells can inhibit protein synthesis in cocultured 

hepatocytes (Billiar et al., 1989). Isolated human 

hepatocytes and Kupffer cells also synthesize NO when 

exposed to ethanol (Goldin et al., 1992). In cocultures of 

these human hepatocytes and Kupffer cells, ethanol induces 

more NO production than by either cell type alone. 

In summary, evidence available so far strongly indicate 

that hepatocytes and Kupffer cells interact intimately in 

the pathogenesis of liver disease, including chemical

induced liver injury. However, involvement of Kupffer cells 

or other non-parenchymal cells has only been investigated 

for very small number of chemicals. Therefore, it will be 

important to investigate the role of Kupffer cells and other 

non-parenchymal cells in the toxicity of different groups of 

chemicals. This will help understand mechanisms that are 
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similar and/or different among various groups of chemicals. 



41 

STATEMENT OF PROBLEM 

For many chemicals the mechanism of hepatotoxicity 

involves metabolic activation of the parent compound to 

biologically reactive metabolites. A similar mechanism may 

initiate the hepatocellular injury caused by 1,2-DCB (Figure 

1). However, the mechanism by which this initial injury 

progresses to hepatocellular necrosis has not been resolved 

for any halogenated benzene compound. The studies presented 

in this dissertation were designed to test the hypothesis 

that: (1) Bioactivation by cytochrome P-450 is required for 

the initiation of 1,2-DCB induced liver injury in the rat, 

and that (2) oxidant injury caused by the release of active 

oxygen species from phagocytic cells contributes to the 

progression of this injury towards hepatocellular necrosis. 

This dissertation is divided into chapters as outlined below 

to address the problems stated in that hypothesis. 

Chapter 2. Fischer-344 rat liver microsomal metabolism and 

covalent binding of 1,2-dichlorobenzene. The hepatotoxicity 

of halogenated benzene compounds is known to involve the 

covalent binding of reactive intermediates generated by 

cytochrome P-450 to hepatocellular macromolecules. 1,2-DCB 

hepatotoxicity may involve a similar mechanism. 

Determination of 1, 2-DCB metabolism by monooxygenase pathway 
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is important for the elucidation of such mechanism. 

However, the specific reactive intermediates of this 

chemical have not been identified (Figure 1). Therefore, 

the microsomal metabolism of 1,2-DCB was investigated and 

the potential role of these metabolites in covalent binding 

was evaluated. 

Chapter 3. Modulation of l,2-dichlorobenzene hepatotoxicity 

in the Fischer-344 rat by an inhibitor of Kupffer cells and 

a scavenger of superoxide anions. Although the role of 

metabolic activation in the initiation of chemical-induced 

liver injury is well established, the mechanism by which 

this initial injury progresses to hepatocellular necrosis 

remains poorly understood (Figure 1). Therefore, the 

possible contribution of additional mechanisms to the 

progression of 1,2-DCB hepatotoxicity should be considered. 

Interstingly, a role for phagocytic cells in hepatocellular 

injury caused by variety of agents has been reported (REF). 

In this study, a role for Kupffer cell derived superoxide 

anions in the progression of 1,2-DCB induced liver injury 

has been investigated. 
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Chapter 4. The differential hepatotoxicity and oxidative 

stress induced by 1« 2-dichlorobenzene in Fischer-344 and 

Sprague-Dawley rats. SD rat tissue is less sensitive to 

oxidative stress induced injury than F344 rat tissue (Smith 

et al., 1985, He et al., 1991). Comparison of oxidative 

stress in F344 and SD rat should be a reliable model to 

investigate the role of oxidant injury in 1,2-DCB 

hepatotoxicity. Hepatic GSH, hepatic vitamin E and lipid 

peroxidation are indicators of oxidative stress that have 

been shown to intimately interact in the production of 

hepatocellular injury (Warren & Reed, 1991). To investigate 

the role of oxidant injury in the progression of 1,2-DCB 

hepatotoxicity, an extended time course study of this 

toxicity has been correlated to hepatic GSH, hepatic vitamin 

E and ethane exhalation in F344 and SD rats. 
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CHAPTER 2 

FISCHER-344 RAT LIVER MICROSOMAL METABOLISM AND COVALENT 

BINDING OF 1, 2-DICHLOROBENZENE: COMPARISON OF NORMAL AND 

PHENOBARBITAL INDUCED MICROSOMES 

The three isomers of dichlorobenzene (DCB), i.e. ortho 

(1,2-DCB), meta (1,3-DCB) and para (1,4-DCB), are major 

environmental contaminants. Previous studies have shown 

dramatic differences in the hepatotoxic potential of these 

DCB isomers in Fischer-344 rats (stine et al., 1991). Among 

the three isomers 1,2-DCB was the most potent 

hepatotoxicant. Biotransformation appears to playa key role 

in the initiation of the hepatic injury observed following 

1,2-DCB administration. As reported by stine et al., (1991), 

modulation of cytochrome P-450 activity with phenobarbital 

and SKF-525A potentiated or inhibited the hepatotoxicity of 

1,2-DCB in F-344 rats, respectively. 

The primary mechanism of aryl halide hepatotoxicity has 

long been believed to be the covalent binding of reactive 

intermediates generated by cytochrome P-450 to 

hepatocellular macromolecules (Brodie et al., 1971; Reid and 

Krishna, 1973; Lau et al., 1984). 1,2-DCB hepatotoxicity 

could be initiated by a similar mechanism. Determination of 
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1, 2-DCB metabolism by monooxygenase pathway is important for 

the elucidation of such mechanism. However, microsomal 

metabolism of 1,2-DCB has not been adequately investigated. 

Figure 2 illustrates the possible pathways of microsomal 

metabolism of 1,2-DCB. This metabolic scheme is based both 

on the structural characteristics of 1,2-DCB and the 

metabolites that have already been identified for other 

halogenated benzenes, particularly bromobenzene (BB). The 

purpose of the following investigation is to identify these 

proposed microsomal metabolites of 1,2-DCB and to 

investigate their potential role in covalent binding. 
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Figure 2. Proposed scheme for the microsomal metabolism of 
1,2-DCB. 
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MATERIALS AND ~mTHODS 

Chemicals 

14C- 1 ,2-Dichlorobenzene (14C- 1 ,2-DCB) specific activity 

11.5 mCi/mmol, glutathione (GSH), superoxide dismutase 

(SOD), L-ascorbic acid sodium salt, 3,3,3-trichloropropene 

oxide (TCPO), glucose-6-phosphate, glucose-6-phosphate 

dehydrogenase, NADP and trichloroacetic acid were purchased 

from Sigma Chemical Company (st. Louis, MO). Unlabeled 1,2-

dichlorobenzene (1,2-DCB), 2,3-dichlorophenol (2,3-DCP) and 

3,4-dichlorophenol (3, 4-DCP) were purchased from Aldrich 

Chemical Company Inc. (Milwaukee, WI). Phenobarbital (PB) 

was purchased from Mallinckrodt Inc. (Paris, KY). 3,4-

Dichlorocatechol (3,4-DCC) and 4,5-dichlorocatechol (4,5-

DCC) were purchased from Helix Biotech Corporation (Richmond 

, BC, Canada). 

Animals. 

Male, Fischer-344 (F344) rats, 9-10 week old, were 

purchased from Harlan Sprague-Dawley Inc., Indianapol is, IN. 

Animals were housed in hanging wire cages and maintained on 

a 12-hr light/dark cycle at approximately 22°C and 40 % 

humidity. Animals were allowed food (Wayne Lab-Blox) and 

\-later ad libi tum. 
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Pretreatment of Animals. 

Phenobarbital (PB), dissolved in 0.9 9., o NaCl, was 

administered ip at a dose of 80 mg/kg/day for 3 days. The 

injection volume was 2 ml/kg. 

Preparation of Rat Liver Microsomes. 

Microsomes from normal or PB treated rat livers were 

prepared by ultracentrifugation as described by Halpert et 

al. (1983). Protein concentrations were determined by the 

method of Lowry et al. (1951). Microsomal cytochrome P-450 

content was determined by the method of Omura and Sato 

(1964) . 

Microsomal Incubations. 

Microsomal incubations (1 ml) contained 1 mg of hepatic 

microsomal protein, a NADPH generating system (1 J,Lmol NADP+, 

20 J,Lmol glucose-6-phosphate and 2 units of glucose-6-

phosphate dehydrogenase), 30 J,Lmol MgCl2 , and 1 roM 1,2-DCB in 

100roM HEPES buffer (pH 7.4). Following a 3 minute 

preincubation period at 37°C, the reactions were initiated 

by the addition of glucose-6-phosphate. Incubations were 

performed in 4 ml (15 x 46 rom) glass sample vials sealed 

with Teflon lined screw caps. The sample vials were 

incubated at 37°C in a Dubnoff metabolic shaking incubator 
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(Precision Scientific Chicago, IL). These assay conditions 

were within the range of linearity for the formation of 

covalent binding adducts of 1,2-DCB. 

Purification of Radiolabeled 1,2-DCB. 

14C-1,2-DCB was purified by using a reverse phase HPLC 

system. A Spectra Physics SP 8700 solvent delivery system 

was used for the purification procedure. Separation was 

performed on a Zorbax C18 column (25 cm x 4.6 rom, i.d., 

Phenomenex). Mobile phase consisted of a linear gradient of 

65% acetonitrile, 35% water to 100% acetonitrile over 30 

min., at a flow rate of 1ml/min. Absorbance was monitored at 

254 nm using a waters Lambda Hax model 480 variable wave 

length detector. 14C-1,2-DCB eluting from the column was 

collected and assayed for purity both chemically (detection 

at 254 nm) and radiochemically (FLO-ONE f3 radioactive flow 

detector, Radiomatic Instruments). using the procedure 

described above 14C- 1 ,2-DCB was purified to > 99%. 

Quantification of Covalently Bound Adducts. 

To determine the covalent binding of 14C- 1 ,2-DCB 

equivalents to microsomal protein, the incubations (as 

described above) were carried out for 15 min and terminated 

by the addition of 100 ~l 33 % trichloroacetic acid (The 
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assay conditions were within the range of linearity for the 

formation of covalent binding adducts of 1, 2-DCB). To 

collect the precipitated microsomal protein the samples were 

centrifuged at 1400 g for 30 min. The supernatant was 

removed and stored at -70°C. The degree of covalent binding 

of dichlorobenzene equivalents to microsomal protein was 

determined by exhaustive solvent extraction of the protein 

pellet. For this purpose, 3 ml of a 10 % solution of 1,2-DCB 

(v/v in ethanol) was added to the precipitated protein, the 

tubes were shaken for 30 min, and the protein pelleted by 

centrifugation as just described. This procedure was 

repeated twice more and followed by washes with chloroform

ethanol (1:3) and methanol-diethyl ether (1:2). The 

methanol-ether washes were repeated until only background 

radioactivity was detected in aliquots of the wash solution. 

HPLC Analysis of HydrOltylated Metabolites of 1,2-DCB in 

Microsomal Incubations. 

The supernatant from microsomal incubations, upon 

precipitation of the protein, was used for the HPLC analysis 

of aqueous soluble metabolites. An aliquot (100 ~l) of the 

supernatant was injected onto a Ultracarb C18 column (25 cm 

x 4.6 mm, i.d., phenomenex) using a Spectra Physics SP 8700 

solvent delivery system. The mobile phase consisted of a 
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linear gradient of 45 % ACN, 55 % sodium acetate buffer (pH 

4.0) to 100 % ACN over 30 min and maintained at 100 % ACN 

for 10 min at a flow rate of 1 ml/min (Figure 3, system A). 

The separation of radiolabeled metabolites of 14C- 1 ,2-DCB was 

monitored by using a FLO-ONE p radio flowdetector 

(Radiomatic Instruments). Four hydroxylated metabolites of 

l,2-DCB were identified by co-elution of the radiolabeled 

peaks with authentic standards of 2,3-dichlorophenol (2,3-

DCP), 3,4-dichlorophenol (3,4-DCP), 3,4-dichlorocatechol 

(3,4-DCC) and 4,5-dichlorocatechol (4,5-DCC) monitored by a 

Spectroflow 757 absorbance detector. Retention times for 

3,4-DCC, 4,5-DCC, 2,3-DCP and 3,4-DCP were 8, 9, 15 and 18 

respectively (Figure 3, system A). 

Isolation of 3,4-Dichlorobenzene Dihydrodiol for Mass 

Spectral Analysis. 

An Aliquot (100 1-£1) of the supernatant from a 1 ml 

incubation mixture containing PB induced microsomes (1 

mg/ml) and l,2-DCB, was injected onto a Ultracarb 7 C18 

column (25 cm x 4.6 mm, i. d., Phenomenex). The mobile phase 

consisted of a linear gradient of 70% water, 30% 

acetonitrile to 100% acetonitrile over 30 min and maintained 

at 100% acetonitrile for 10 min., at a flow rate of 1ml/min 

(Figure 3, system B) . 
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Figure 3. separation of the authentic standards of 
hydroxylated metabolites of l,2-DCB by high performance 
liquid chromatography. 
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Under these conditions the major peak eluted at 7 min and 

was well separated from other unidentified polar peaks. 

This major peak was collected from three separate injections 

and pooled into one sample. This pooled sample was subjected 

to lyophilization. The residue was redissolved in 1 ml of 

acetonitrile and lyophilized again. Once dried the sample 

was taken up in 0.5 ml of acetonitrile and concentrated to 

a volume of 50 ul under nitrogen. 1 ~l of this sample was 

converted to its corresponding TMS derivative by allowing it 

to react with 40 ~l of BSTFA (Pierce) in the presence of 10 

~l of pyridine. 

Varian 3400 gas 

spectrometer set 

The TMS deri vati ve was analyzed by an 

chromatograph/Finnegan MAT 90 mass 

in the electron ionization mode. The 

accelerating voltage was 5 kV, electron energy was 70 eV, 

and ion source temperature was 250°C. Samples of 1 ~l were 

injected into the gas chromatograph equipped with a Supelco 

DB-5 capillary column. The oven temperature was programmed 

from 50 to 300°C at 10°C/min; the injector temperature was 

260°C. Helium was used as the carrier gas at a flow rate of 

2 ml/min. Under these conditions, the TMS derivative of the 

unknown metabolite had a retention time of 16.10 min. 

statistical analysis 

statistical differences were determined by analysis of 



variance (ANOVA) followed by Newman 
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Keuls test. 

Differences were considered significant at p < 0.05. 
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RESULTS 

Covalent binding of 14C- 1 ,2-DCB equivalents to PB induced 

microsomes was greater than the binding to control 

microsomes (table 1). For both control and PB induced 

microsomes this covalent binding required the presence of 

NADPH in the incubation mixture. Indicating the formation of 

covalent binding species by monooxygenase pathway. To 

further investigate the nature of possible reactive 

intermediates, different agents with known functions were 

used to modulate the covalent binding of 1, 2-DCB to PB 

induced microsomes (table 1). Inclusion of GSH in the 

inCUbation mixture inhibited the covalent binding of 1,2-DCB 

by 67 % in PB induced microsomes. TCPO a known inhibitor of 

epoxide hydrolase was able to inhibit 57 % of the covalent 

binding in these microsomes. Ascorbic acid, a reducing 

agent, and SOD (40 ~g/ml), a scavenger of superoxide anion, 

inhibited it by 33 % and 16 % respectively. 

The formation of aqueous soluble metabolites from 1, 2-DCB 

in the PB induced microsomes was also 2 fold higher than in 

the control microsomes (table 2). The total aqueous soluble 

metabolite formation was further evaluated using the 

different chemical and enzymic agents described above (table 

2). Among these agents, only TCPO exhibited a pronounced 

effect, it inhibited the total aqueous soluble metabolite 
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formation by 50 %. GSH and ascorbate inhibited the total 

metabolism by 18 % and 26 % respectively. SOD had no effect 

on the metabolism of 1,2-DCB. 

Analysis of the aqueous fraction from microsomal 

incubations using a reversed phase HPLC system identified 

2,3-DCP, 3,4-DCP, 3,4-DCC and 4,5-DCC as minor metabolites 

by coelution with authentic standards (Figure 4.1 thru 4.8) . 

In PB induced microsomes a 2 fold increase was observed for 

both 2,3- & 3, 4-DCP compared to the control microsomes 

(table 3). Formation of dichlorocatechol exhibited a 7 fold 

increase in the PB induced microsomes (table 3). The most 

dramatic difference between the two preparations was 

presented as a large increase of a peak with a polarity 

greater than either dichlorophenols or dichlorocatechols. 

GC-MS analysis of this maj or peak from HPLC separation 

identified dichlorodihydrodiol as a major metabolite (figure 

5). Moreover, in the presence of TCPO profound changes were 

observed in the HPLC profile of these individual 

metabolites. It completely blocked the formation of 

dichlorodihydrodiol and caused a 7 fold increase in both 

2,3- and 3,4- dichlorophenol formation (Figure 4.6). 

Changes caused by GSH in the profile of these metabolites 

were unremarkable (Figure 4.5). This vlaS in contrast to the 

remarkable protection provided by GSH against the covalent 
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binding. However, the appearance of an un)mown peak was 

observed in the presence of GSH, a possible conjugated 

metabolite. 



Table 1 

Covalent Binding of 14C-1,2-DCB to Microsomal Protein 

Treatment Incubation Conditions Covalent Binding 
nmol/mg pr./15 min 

Control - NADPH 0.03 ± 0.01 

+ NADPH 2.95 ± 0.33 

- NADPH 0.08 ± 0.01 

+ NADPH 4.30 ± 0.44 

Phenobarbital 
NADPH + GSH (1 mM) 1.41 ± 0.04 

NADPH + TCPO (2 mM) 1.87 ± 0.11 

NADPH + Ascorbate (2 mM) 2.88 ± 0.42 

NADPH + SOD (40 ug/ml) 3.63 ± 0.14 

statistical analysis by ANOVA followed by Newman-Keuls test 

* Significantly different (p < 0.05) from blank 
** Significantly different (p < 0.05) from blank and 

control 
*** Significantly different from all other PB groups 

* 

** 

*** 

*** 

*** 

*** 
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Treatment 

Control 

Phenobarbital 

Table 2 

Metabolism of 1,2-DCB in Control 
and Phenobarbital Induced Microsomes 

Incubation Conditions Total Aqueous 
Soluble 
Metabolites 
nmol/mg pr./15 

- NADPH 0.0 

+ NADPH 9.36 

- NADPH 0.0 

+ NADPH 19.29 

NADPH + GSH (1 roM) 15.89 

NADPH + TCPO (2 roM) 9.08 

NADPH + Ascorbate (2mM) 14.19 

NADPH + SOD (40 ug/ml) 19.30 

60 

min 
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Figure 4.1. HPLC radiochromatogram showing the metabolism of 
14C- 1 ,2-DCB by control F344 rat liver microsomes in the 
absence of NADPH. Hetabolites were separated by HPLC solvent 
system A. 1, 2-DCB (lrnM, 1J,£Ci) was incubated with 1mg/ml 
microsomal protein. The metabolites were identified by 
comparison to the UV absorbance of non-labeled reference 
compounds and quantified using a radiochromatogram flow 
detector. 
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Figure 4.2. HPLC radiochromatograms showing the metabolism 
of 14C-l,2-DCB by control F344 rat liver microsomes in the 
presence of NADPH. Metabolites were separated by HPLC 
solvent system A. 1,2-DCB (lmM, l~ci) was incubated with 
Imgjml microsomal protein. The metabolites were identified 
by comparison to the UV absorbance of non-labeled reference 
compounds and quantified using a radiochromatogram flow 
detector. 
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Figur.e 4.3. HPLC radiochromatogram showing the metabolism of 
14C- 1 ,2-DCB by phenobarbital (PB) induced F344 rat liver 
microsomes in the absence of NADPH. Metabolites were 
separated by HPLC solvent system A. 1,2-DCB (lmM, l~Ci) was 
incubated with Img/ml microsomal protein. The metabolites 
were identified by comparison to the UV absorbance of non
labeled reference compounds and quantified using a 
radiochromatogram flow detector. 
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Figure 4.4. HPLC radiochromatogram showing the metabolism of 
14C- 1 ,2-DCB by phenobarbital (PB) induced F344 rat liver 
microsomes in the presence of NADPH. Metabolites were 
separated by HPLC solvent system A. 1,2-DCB (lmM, l~Ci) was 
incubated with Img/ml microsomal protein. The metabolites 
were identified by comparison to the UV absorbance of non
labeled reference compounds and quantified using a 
radiochromatogram flow detector. 



o 
ltl .... 
CD 

B 
III 

~ 
:: 
11. 
(J 

,J ~Jv... 
o 5 10 

65 

PHENOLS 

I I 
J0\~ J'\ A '" A-", tJ\ ~'" tv. A 
15 20 25 30 35 40 45 

Time (min) 

Figure 4.5. HPLC radiochromatogram showing the metabolism of 
14C- 1 ,2-DCB by phenobarbital (PB) induced F344 rat liver 
microsomes in the presence of NADPH and GSH. Metabolites 
were separated by HPLC solvent system A. 1,2-DCB (lmM, l~Ci) 
was incubated with Img/ml microsomal protein. The 
metabolites were identified by comparison to the UV 
absorbance of non-labeled reference compounds and quantified 
using a radiochromatogram flmtl detector. 
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Figure 4.6. HPLC radiochromatogram showing the metabolism of 
14C- 1 ,2-DCB by phenobarbital (PB) induced F344 rat liver 
microsomes in the presence of NADPH and TCPO. Metabolites 
were separated by HPLC solvent system A. 1,2-DCB (lmM, 1J,LCi) 
~.,as incubated wi th 1mg/ml microsomal protein. The 
metabolites were identified by comparison to the UV 
absorbance of non-labeled reference compounds and quantified 
using a radiochromatogram flow detector. 
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Figure 4.7. HPLC radiochromatogram showing the metabolism of 
14C- 1 ,2-DCB by phenobarbital (PB) induced F344 rat liver 
microsomes in the presence of NADPH and ascorbic acid. 
Metabolites were separated by HPLC solvent system A. 1,2-DCB 
(ImM, I~Ci) was incubated with Img/ml microsomal protein. 
The metabolites were identified by comparison to the UV 
absorbance of non-labeled reference compounds and quantified 
using a radiochromatogram flow detector. 
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Figure 4.8. HPLC radiochromatogram shO'tV'ing the metabolism of 
14C- 1 ,2-DCB by phenobarbital (PB) induced F344 rat liver 
microsomes in the presence of NADPH and superoxide 
dismutase. Metabolites were separated by HPLC solvent system 
A. 1,2-DCB (lmM, IMCi) was incubated with Img/ml microsomal 
protein. The metabolites were identified by comparison to 
the UV absorbance of non-labeled reference compounds and 
quantified using a radiochromatogram flow detector. 
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Figure 5. Mass spectrum of the TMS derivative of 
dichlorobenzene dihydrodiol. Dichlorobenzene dihydrodiol was 
isolated from an incubation containing microsomes from 
phenobarbital (PB) treated rats. 
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Table 3 

Microsomal Metabolites of 1,2-DCB Identified by HPLC 

Aqueous Soluble Control PB induced 
metabolites mics. mics. 

nmol/mg Pr./15 NADPH NADPH GSH TCPO Ascob SOD 
min Only only 1mM 2mM 2mM 40ug 

/ml 

Dichlorobenzene 
dihydrodiol 3.90 12.52 10.82 0.10 10.42 13.7 

3,4- & 4,5-
Dichlorocatechol 0.18 1.29 0.36 0.62 loll 0.90 

2,3-
Dichlorophenol 0.64 1.44 0.60 4.71 0.94 1.19 

3,4-
Dichlorophenol 0.74 1.86 1.17 4.33 1.91 2.26 
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DISCUSSION 

consistent with the previously reported potentiation of 

1,2-DCB hepatotoxicity by PB, metabolism and covalent 

binding of 1,2-DCB in PB induced microsomes was found to be 

greater than in the control microsomes. Identification of 

2,3- & 3,4-DCP in the aqueous fraction suggest the 

involvement of both 3,4- & 4,5- epoxides as precursors. 

Enhanced formation of dichlorophenols in PB induced 

microsomes may be a result of the induction of P-450 

mediating the formation of epoxides. HPLC separation of 

aqueous soluble metabolites from incubations using PB 

induced microsomes and subsequent GC-MS analysis identified 

a DCB dihydrodiol as a major metabolite. The presence of a 

dihydrodiol in the aqueous fraction also indicate the 

formation of a precursor DCB epoxide, and stongly implicates 

the epoxide as a major metabolite of 1,2-DCB in microsomes. 

To determine if epoxides contribute to the covalent 

binding of 1,2-DCB to the microsomal proteins, an inhibitor 

of epoxide hydrolase was used (Oesch et al., 1973). 

Inhibition of epoxide hydrolase by TCPO would increase the 

accumulation of DCB epoxide and thus be expected to increase 

covalent binding. contrary to expectations the covalent 

binding was inhibited by TCPO. This was not due to a lack of 
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inhibition of epoxide hydrolase by TCPO, since DCB 

dihydrodiol was not present in the supernatant of these 

incubations containing TCPO. Moreover, in the presence of 

TCPO there was a 7 fold increase in both 2,3- and 3,4-DCP. 

Both the inhibition of covalent binding and the enhanced 

formation of dichlorophenols could be explained by an 

additional function of TCPO reported by Shimada and Sato 

(1979). TCPO was shown to inhibit monooxygenase activity 

apparently with greater affinity towards PB inducible 

isoforms of cytochrome P-450 and was also found to inhibit 

the covalent binding of 2,4,2 I ,4 - tetrachlorobiphenyl to PB 

induced microsomes. Moreover, Schoor and Srivastava (1984) 

have observed the accumulation of phenolic metabolites 

benzo-a-pyrene in the presence of TCPO. Thus, TCPO could be 

inhibi ting the further oxidation of dichlorophenols to 

dichlorocatechols and dichloroquinones by cytochrome P-450, 

thereby leading to the accumulation of dichlorophenols while 

inhibiting the dichloroquinone mediated covalent binding. 

supportive evidence for quinone mediated covalent binding 

was also derived by using ascorbic acid and SOD. These two 

agents together accounted for the inhibition of nearly 50 % 

of the covalent binding. Since ascorbic acid can reduce 

semiquinones and quinones to catechols, inhibition of 

covalent binding by this reagent indicate that the binding 
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species is most likely a quinone metabolite(s) formed by 

oxidation of a catechol(s) either directly by cytochrome p-

450 or by superoxide anion (Nishikimi, 1975; Deamer et al., 

1971). The small inhibitory effect of SOD may imply 

compartmentalization of the reaction, i.e. the site of °2_ 

generation in microsomes may not be readily accesible to SOD 

(Debey and Balny, 1973). 

Although GSH was found to be a potent inhibitor of the 

covalent binding, it had minimal effects on the formation of 

dichlorodihydrodiol. If GSH was to inhibit covalent binding 

by conjugating to the epoxides this should have resulted in 

the decreased formation of dihydrodiol. Such dIscrepancy 

between the effect of GSH on dihydrodiol metabolites and 

covalent binding would strongly suggest that this 

nucleophilic agent inhibits the covalent binding of 1,2-DCB 

by trapping metabolites other than DCB epoxides. The 

apparent lack of reactivity of GSH with DCB epoxides is also 

consistent with the requirement of cytosolic glutathione-S

transferase for conjugation of bromobenzene (BB) epoxides to 

GSH (Monk'.s et al., 1982). Moreover, GSH was also found to 

inhibit covalent binding of BB and dibromobenzene (DBB) 

without affecting the formation of dihydrodiol metabolites. 

Most importantly, Slaughter et al., (1992) have identified 

the majority of the N-acetylcysteine adducts of 1,2-DBB 
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metabolites to be originating from quinones. Therefore, GSH 

is most likely inhibiting the covalent binding of 1,2-DCB by 

trapping quinone metabolites. 

Taken together data from covalent binding and metabolism 

studies presented here strongly suggest that both epoxides 

and quinones are major metabolites of 1,2-DCB in PB induced 

microsomes (Figure 6). However, quinones appear to be the 

major reactive intermediates of 1,2-DCB binding to 

microsomal proteins. The differential role of epoxides and 

quinones in covalent binding and its implications towards 

hepatotoxicity is yet unresolved for most halobenzenes. For 

example the major covalent binding species of 

trichlorobenzene and pentachlorobenzene in vitro were found 

to be quinones, yet only trichlorobenzene has demonstrated 

hepatocellular necrosis in vivo (Den Besten et al., 1991). 

These results suggest that metabolites other than quinones, 

such as epoxides, have a major role in the hepatotoxicity of 

these chemicals. Alternatively, covalent binding of reactive 

intermediates may be the event initiating the hepatotoxicity· 

of halogenated benzenes, but the progression of this initial 

injury towards hepatocellular necrosis may require the 

involvement of addition~l mechanisms other than metabolic 

activation (Figure 6). 
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Figure 6. Model for the mechanism of 1,2-DCB hepatotoxicity 
II. 
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CHAPTER 3 

MODULATION OF 1, 2-DICHLOROBENZENE HEPATOTOXICITY IN THE 

FISCHER-344 RAT BY AN INHIBITOR OF KUPFFER CELLS AND A 

SCAVENGER OF SUPEROXIDE ANIONS: COMPARISON OF NORMAL AND 

PHENOBARBITAL PRETREATED RATS 

Previous investigations into the differential 

hepatotoxicity of DCB isomers indicated that metabolic 

activation may not be the only mechanism responsible for the 

hepatotoxicity of 1,2-DCB. Among the three isomers, 1,2-DCB 

was the most potent hepatotoxicant, 1,3-DCB was mildly 

hepatotoxic and 1, 4-DCB did not produce hepatotoxicity. 

Results, from metabolism and covalent binding studies 

indicate that the lack of hepatotoxicity of 1,4-DCB is due 

to its limited biotransformation (stine et al., 1991). 

However, differences in hepatic distribution, depletion of 

non-protein sulfurhydryls or in vivo covalent binding to 

hepatic proteins could not adequately explain the 

differential hepatotoxicity of 1, 2-DCB and 1, 3-DCB (Stine et 

al., 1991). The purpose of this study was to further 

investigate mechanisms other than metabolic activation that 

may contribute to 1,2-DCB induced liver injury in the F344 

rat. 
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Bioactivation by cytochrome P-450 is known to be the 

event by which many chemicals initiate liver injury 

(Guengerich and Liebler, 1985). Formation of reactive 

intermediates following cytochrome P-450 metabolism may very 

well be the mechanism initiating liver injury following 

exposure to 1,2-DCB in the rat. However, the mechanisms 

responsible for the progression of this initial injury 

towards hepatocellular necrosis have yet to be defined. 

Interestingly, a role for phagocytic cells in hepatocellular 

injury caused by variety of agents has been reported (Sipes 

et al., 1989; Laskin, 1989; Shiratori et al., 1990). 

Phagocytic cells are a major component of the non

parenchymal cells of the liver (Bouwens et al., 1986). 

Therefore, it is possible that resident phagocytic cells of 

the liver, i.e. Kupffer cells, may play a role in the 

progression of 1,2-DCB hepatotoxicity. 

It is now known that activated phagocytic cells can 

release superoxide anions (Matsuo et al., 1985; Funatsu et 

al., 1989; Mobley et al., 1991). Superoxide anion, in the 

presence of hydrogen peroxide and metal catalysts, could be 

a precursor to the more toxic species of hydroxyl radical 

(Thomas and Aust, 1986). These reactive species of oxygen 

have been proposed to mediate toxicity by inducing oxidative 

damage to membranes, protein or DNA. It is hypothesized that 
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reactive oxygen species released from phagocytic cells 

contribute to the progression of 1,2-DCB hepatotoxicity. 

The work reported here investigates a possible role for 

Kupffer cell derived superoxide anions in the hepatotoxicity 

of 1,2-DCB. 
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l~TERIALS AND METHODS 

Chemicals 

Polyethylene Glycol-Superoxide Dismutase (PEG-SOD) and 

Methyl Palmi tate (MP, Palmi tic Acid methyl Ester) were 

purchased from Sigma Chemical Company (st. Louis, MO). 1,2-

dichlorobenzene (1,2-DCB) was purchased from Aldrich 

Chemical Company Inc. (Milwaukee, WI) and the purity was > 

99% as determined by NMR analysis (Appendix A). Sodium 

phenobarbital (PB) was purchased from Mallinckrodt Inc. 

(Paris, KY). 

Animals 

Male, Fischer-344 (F344) rats, 9-10 week old, were 

purchased from Harlan Sprague-Dawley Inc., Indianapolis, IN. 

Animals were housed in hanging wire cages and maintained on 

a 12-hr light/dark cycle at approximately 22·C and 40% 

humidity. Animals were allowed food (Wayne Lab-Blox) and 

water ad libitum. 

Pretreatment of Animals 

To consume superoxide anion, PEG-SOD was administered 

i.v., at a dose of 10,000 IU/Kg, either 2 hr before or 2 hr 

after the administration of 1,2-DCB. A dose of 10,000 IU/kg 
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was selected based on previous dose response studies by EI 

sisi (1987) designed for the inhibition of oxidant injury 

caused by vitamin A activated Kupffer cells. In addition, a 

dose of 20,000 IUjkg was administered i.v., 2 hr after 1,2-

DCB to another group of rats. This form of SOD was selected 

because the coupling of it to PEG greatly prolongs the half 

life of SOD by preventing degradation by proteolytic enzymes 

and reducing excretion (Greenwald, R. A., 1990). 

To inhibit the activity of Kupffer cells and other 

phagocytic cells, methyl palmitate (MP), dissolved in 0.2% 

Tween-20 in 5% Dextrose, was administered i.v. to rats. A 

dose of 300mgjKg was administered on the first day, followed 

by daily doses of 150mgjKg administered for the next three 

days (Cowper et al., 1990). 1,2-DCB was administered 24 

hours after the last dose of MP. 

To induce cytochrome P-450, phenobarbital (PB), dissolved 

in 0.9% NaCI, was administered daily for three days (80 

mgjkgjday, ip). The injection volume was 2 mljkg. Rats were 

administered 1,2-DCB 24 hr after the last dose of PB. 

Intraperitoneal Administration of l,2-DCB 

The dosing solutions were prepared on the day they were 

used. Appropriate amounts of 1,2-DCB were dissolved in corn 

oil (MazolaR ) to prepare dosing solutions so that each 
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animal received 2 ml/kg of the respective dosing solutions 

via intraperitoneal injection. All animals were dosed 

between 10 AM and 12 PM. 

Parameters of Hepatotoxicity: Plasma Alanine 

Aminotransferase (ALT) Activity and Liver Histopathology 

Animals were subjected to euthanasia 24 hr after the 

administration of 1,2-DCB. Blood samples were obtained from 

the inferior vena cava and the livers were removed. Plasma 

was prepared by centrifugation at 1500 g for 15 minutes. 

ALT activity in the plasma was assayed using a commercial 

kit (#59-UV) purchased from sigma Chemical Comapny (st. 

Louis, MO). Results are reported as U/L plasma. For 

morphological examination thin slices were prepared from the 

left lobe of the liver. These were immediately fixed in 10% 

buffered formalin and imbedded in parafin. Tissue sections 

were then processed and stained with hematoxylin and eosin. 

Liver histopathology was evaluated by light microscopy. 

statistical Analysis 

statistical differences were determined by analysis of 

variance (ANOVA) followed by Newman Keuls test. 

Differences were considered significant at p < 0.05. 
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RESULTS 

The data presented in this chapter investigated the 

hypothesis that the release of reactive oxygen species from 

resident phagocytic cells of the liver, i.e. Kupffer cells, 

contributes to the progression of 1, 2-DCB induced 

hepatocellular necrosis. For this purpose the effect of a 

known inhibitor of Kupffer cell activity, MP, on 1,2-DCB 

induced hepatotoxicity was assessed (Figure 7). MP by itself 

did not cause any 1 i ver inj ury • Most importantly, MP 

provided remarkable protection against 1,2-DCB 

hepatotoxicity. It decreased ALT activities by 80% in 1,2-

DCB treated animals compared to the animals given 1,2-DCB 

and MP vehicle. That this decrease in ALT acti vi ty was 

indicative of reduced hepatic injury was clearly 

demonstrated by morphological examination of liver sections 

obtained from the same animals (Figure 8.1 thru 8.4). 

Evaluation of these liver sections at the light microscopic 

level revealed dramatic reductions in the extent of 1,2-DCB 

induced hepatocellular necrosis (Figure 8.3). 

In the liver, activated Kupffer cells are known to be a 

major source of superoxide anions. PEG-SOD, a scavenger of 

superoxide anion with a long half life ( > 16 hr) in plasma 

and extracellular space (Beauchamp et al., 1983; Pyatak et 
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al., 1980; McCord and Wong, 1979), was used in this study to 

determine a role for superoxide anion in the hepatotoxicity 

of 1,2-DCB. Intravenous administration of PEG-SOD 2 hr 

before or 2 hr after 1,2-DCB conferred considerable 

protection from the hepatotoxicity induced by this 

halobenzene (Table 4). At a dose of 10,000 IU/]{g, PEG-SOD 

caused a 70% decrease in plasma ALT activities and at a dose 

of 20,000 IU/kg, caused a 78% decrease. Moreover, 

histopathological evaluation of liver sections taken from 

these animals confirmed the protection provided by PEG-SOD 

against hepatocellular necrosis induced by 1,2-DCB (Figure 

8 .4). These results from both PEG-SOD and MP studies support 

the hypothesis that reactive species of oxygen released from 

phagocytic cells play major a role in 1,2-DCB 

hepatotoxicity. 

Once MP and PEG-SOD were shown to inhibit 1,2-DCB 

hepatotoxici ty in normal rats, the protective effect of 

these two agents on the hepatotoxicity of 1,2-DCB in PB 

pretreated rats 't'las investigated. consistent with the 

previous findings PB pretreatment greatly increased the 

liver injury induced by a low dose (0.9 mmol/kg) of 1,2-DCB 

(Figure 9). In these animals the histopathology of the liver 

mostly invol ved mild to moderate necrosis and extensive 

vacuolization of hepatocytes in the centrilobular region 
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(Figure 10). This potentiation of 1,2-DCB hepatotoxicity by 

PB pretreatment was not inhibited by PEG-SOD administered 2 

hr before or after 1,2-DCB (Table 5). Although PEG-SOD 

appeared to cause a reduction in plasma ALT activities, the 

reduction was not statistically significant (P > 0.05). In 

addition, histopathology of liver sections from animals 

given PEG-SOD (and PB + 1,2-DCB) showed a similar degree of 

vacuolization in the centrilobular region to that in the 

absence of this antioxidant (animals given only PB + 1,2-

DCB) (Figure 10). Moreover, MP did not protect PB pretreated 

rats from 1,2-DCB hepatotoxicity (Figure 9). In fact, MP 

appeared to increase the severity of 1,2-DCB induced hepatic 

injury in PB-treated rats. Animals given both PB and MP 

prior to 1,2-DCB exhibited greater degree of necrosis in the 

centrilobular region compared to animals given only PB and 

1,2-DCB (Figure 10). Consistent with this observation, the 

mean ALT activity for animals given both PB and MP prior to 

1,2-DCB was three fold greater than in animals given only PB 

and 1,2-DCB (Figure 9). However, these differences in ALT 

activities were not statistically significant (p > 0.05). 

The lack of statistical significance may be due to the large 

variation in response caused by two low responders ( < 100 

ALT U/L) in the group of animals given only PB and 1,2-DCB. 

MP itself in the absence of 1,2-DCB did not demonstrate any 
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liver injury in PB pretreated animals (Figure 9). 



86 

7000 (n = 9) 

6000 

'J 5000 '-.... 
::> 
'-./ 

~ 4000 
« 
0 3000 E (n = 14) 
(f) 

0 
([ 2000 * 

1000 
(n = 3) (n = 4) 

0 
Corn Oil Corn Oil 1,2DCB 1,2DCB 

+ + + 
MP MP Veh MP 

Figure 7. Plasma ALT activities 24 hr after administration 
of 1,2-DCB (3.6 mmol/kg, ip) to F344 rats pretreated with 
either methyl palmi tate (MP) or methyl palmitate vehicle (MP 
Veh). 1,2-DCB was administered 24 hr after the last dose of 
MP or MP vehicle. Data expressed as the mean ± SE. n = 
Number of animals in each group. Asteris]{ (*) indicates 
statistically significant difference (P < 0.05) from all 
other treatment groups using ANOVA followed by Newman-Keuls 
test. 



Table 4 

Plasma ALT ActivitiesO in F344 Rats Administered PEG-SOD to 
Modulate 1,2-DCB Hepatotoxicity 

Treatment ALT (U/L) b 

No Treatment 41 ± 18 (8)C 

Corn oil 19 ± 1 (3) 

Corn oil + Saline (iv) 37 ± 6 (3) 

Corn oil + PEG-SOD (20,000 34 ± 4 (3) 
IU/kg, iv) 

1,2-DCB (3.6 mmol/kg, ip) 3455 ± 584 (8) 

1,2-DCB (3.6 mmol/kg, ip) + 3485 ± 717 (18) 
Saline (iv) 

1,2-DCB (3.6 mmol/kg, ip) + 1000 ± 370 (11) *d 
PEG-SOD (10,000 IU/kg, iv) 2hr 
before DCB 

1,2-DCB (3.6 mmol/kg, ip) + 943 ± 373 (17)* 
PEG-SOD (10,000 IU/kg, iv) 2hr 
after DCB 

1,2-DCB (3.6 mmol/kg, ip) + 770 ± 577 (7)* 
PEG-SOD (20,000 IU/kg, iv) 2hr 
after DCB 

a Plasma ALT (U/L) activities were determined 24 hr after ip 
administration of 1,2-DCB. 

b Data presented as the mean ± S.E •• 
c Number of animals for each treatment group is given in 

parenthesis. 
d Asteriks (*) indicate statistically significant difference (p< 

0.05) from all other treatment groups using ANOVA followed by 
Newman-Keuls test. 
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Figure 8.1. Histological evaluation (H & E stain, original 
magnification at 110 x) of F344 rat liver following 
administration of corn oil. The liver is histologically 
normal, a portal tract is present on the right and a central 
vein (CV) is seen to the left of center. 
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Figure 8.2. Histological evaluation (H & E stain, original 
magnification at 110 x) of F344 rat liver following 
administration of 1,2-DCB (3.6 mmol/kg, ip). Animals were 
killed 24 hr after 1,2-DCB. The liver exhibits confluent 
necrosis of hepatocytes surrounding a central vein (left of 
center) and a peripheral rim of hepatocytes showing 
vacuolization which is probably due to both ballooning 
degeneration and fatty change (arrows). The periportal 
hepatocytes on the right appear normal. 
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Figure 8.3. Histological evaluation (H & E stain, original 
magnification at 110 x) of F344 rat liver following 
pretreatment with methyl palmitate (MP) and administration 
of 1,2-DCB (3.6 mmol/kg, ip). Animals were killed 24 hr 
after 1,2-DCB. The liver only shows areas of focal necrosis 
and single cell necrosis around the central vein (arrows). 
Fatty change and ballooning degeneration are not seen and 
the hepatocytes in midzonal and periportal regions are 
normal. 
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Figure 8.4. Histological evaluation (H & E stain, original 
magnification at 110 x) of F344 rat liver following 
pretreatment with PEG-SOD and administration of 1,2-DCB (3.6 
mmol/kg, ip). Animals were killed 24 hr after 1,2-DCB. The 
liver exhibits focal necrosis of hepatocytes within the 
centrilobular region (arrows) and mild vacuolization. 
Hepatocytes in midzonal and periportal regions are normal. 
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Figure 9. Plasma ALT activities 24 hr after administration 
of 1,2-DCB (0.9 mmol/kg, ip) to F344 rats pretreated with 
phenobarbital (PB) and methyl palmitate (MP) or methyl 
palmitate vehicle (MP Veh). Data expressed as the mean ± SE. 
n = Number of animals in each group. 



Table 5 

Plasma ALT ActivitiesO in Phenobarbital (PB) Pretreated F344 
Rats Administered PEG-SOD to Modulate 1,2-DCB Hepatotoxicity 

Treatment Plasma ALT activity (U/L) b 

Saline + Corn oil 28 ± 1 (6)C 

PB + Corn Oil 31 ± 2 (6) 

Saline + 1,2-DCB (0.9 mmol/kg) 42 ± 6 (6) 

PB + 1,2-DCB (0.9 mmol/kg) 3100 ± 795 (10) *d 

PB + 1,2-DCB (0.9 mmol/kg) + 1842 ± 782 (6) * 
PEG-SOD (10,000 IU/kg) 2 hr 
before DCB 

PB + 1,2-DCB (0.9 mmol/kg) + 1620 ± 527 (5) * 
PEG-SOD (20,000 IU/kg) 2 hr 
after DCB 

a Plasma ALT (U/L) activities were determined 24 hr after 
ip administration of 1,2-DCB. 

b Data presented as the mean ± S.E.M. 
c Number of animals for each treatment group is given 

in parenthesis. 
d Asterisk (*) indicate statistically significant difference 

(p < 0.05) from the control groups using ANOVA followed by 
Newman-Keuls test. 
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Figure 10.1. Histological evaluation (H & E stain, original 
photograph at 110 x) of F344 rat liver following 
pretreatment with phenobarbital and administration of 1,2-
DCB (0.9 mmol/kg, ip). Animals were killed 24 hr after 1,2-
DCB, The liver exhibits extensive vacuolization (arrows) of 
hepatocytes surrounding a central vein (CV). 
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Figure 10.2. Histological evaluation (H & E stain, original 
photograph at 110 x) of F344 rat liver following methyl 
palmitate and phenobarbital pretreatment and administration 
of 1,2-DCB (0.9 mmol/kg, ip). Animals were killed 24 hr 
after 1,2-DCB. The liver exhibits confluent necrosis of 
hepatocytes of the centrilobular region (arrows). 
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Figure 10.3. Histological evaluation (H & E stain, original 
photograph at 110 x) of F344 rat liver following PEG-SOD and 
phenobarbital pretreatment and administration of 1,2-DCB 
(0.9 mmol/kg, ip). Animals were killed 24 hr after 1,2-DCB. 
The liver exhibits vacuolization of hepatocytes in the 
centrilobular region (arrows) 
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DISCUSSION 

Over the past few years it has become increasingly clear 

that Kupffer cells and other non-parenchymal cells of the 

liver may contribute significantly to chemical-induced 

hepatotoxicity. Kupffer cells represent one of the largest 

population of fixed macrophages in the body (Jones and 

Summerfield, 1988). These cells serve to phagocytize cells 

and other particulate material that enter the hepatic 

sinusoids. They also secrete a number of vasoactive and 

toxic mediators invol ved in the host defense mechanisms 

(Decker, 1990) • A role for Kupffer cells in the 

hepatotoxici ty of number of agents has been documented. 

Immunohistochemical studies have shown an enhanced 

proliferation of Kupffer cells prior to the appearance of 

liver injury in galactosamine treated animals (Jonker et 

al., 1990). Shiratori et al., (1990) have provided evidence 

suggesting that reactive species of oxygen released from 

hepatic macrophages contribute to galactosamine toxicity. 

Endotoxin, which may mediate galactosamine hepatotoxicity, 

has been shown to activate Kupffer cells. Kupffer cells are 

also activated following administration of acetaminophen, a 

chemical frequently used by humans (Laskin and Pilaro, 

1986). Recently, Sipes et al., (1989) have demonstrated that 



105 

activation of Kupffer cells is the major mechanism by which 

vitamin A potentiates CCl4 induced liver injury. 

considering the demonstrated role for Kupffer cells in 

the development of chemical-induced liver injury, activation 

of Kupffer cells could be an important mechanism 

contributing to the progression of 1,2-DCB hepatotoxicity. 

Here, MP was used to alter Kupffer cell activity in vivo to 

investigate the role of these phagocytic cells in 1,2-DCB 

induced liver injury. Di Luzio and Blickens (1966) have 

demonstrated that iv administered MP can cause a dramatic 

reduction in the intravascular clearance of colloidal 

carbon, a parameter often used to monitor the function of 

Kupffer cells (Triarhou & del Cerro, 1985; Matsuo et al., 

1985). Moreover, using in vitro techniques Cowper et al., 

(1990) have recently shown that MP can inhibit Kupffer cell 

activity. In this study, MP has been succesfully used to 

protect against the extensive hepatocellular necrosis caused 

by 1,2-DCB. These findings strongly support an important 

role for Kupffer cells in the hepatotoxicity of this 

halobenzene. 

Kupffer cells have been shown to release superoxide 

anions upon activation by chemicals (Matsuo et al., 1985; 

Funatsu et al., 1989; Mobley et al., 1991). It is possibile 

that superoxide anions released from activated Kupffer cells 
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function as mediators of 1,2-DCB hepatotoxicity in the F344 

rat. Although superoxide anion by itself may not cause 

toxicity, this species of oxygen can form the highly toxic 

hydroxyl radical in the presence of hydrogen peroxide and 

metal catalysts. Therefore, PEG-SOD was used to remove 

superoxide anions that may be released from activated 

Kupffer cells in 1,2-DCB treated animals. The major 

advantage of using PEG-SOD in this animal model is its long 

half life (16 hr or longer) in plasma and extracellular 

fluid (Beauchamp et al., 1983; Pyatak et al., 1980; McCord 

and Wong, 1979). This characteristic of PEG-SOD facilitates 

the in vivo investigation of reactive oxygen species 

released from one cell type (Kupffer cells) to damage 

another cell type (hepatocytes). Therefore, the inhibition 

of 1,2-DCB hepatotoxicity by PEG-SOD, as reported here 

indicates that the major source of oxygen radicals 

responsible for this injury is of non-parenchymal cell 

origin. This conclusion is consistent with the dramatic 

reduction of 1, 2-DCB hepatotoxicity by MP, which, because of 

its inhibition of Kupffer cell function, reduces this source 

of superoxide anions. Taken together, the results obtained 

from the MP and PEG-SOD studies provide strong evidence that 

reactive oxygen species released from Kupffer cells 

contributes to the progression of 1,2-DCB-induced liver 
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injury. 

Previous studies by stine et al (1991) have shown that 

phenobarbital can potentiate the hepatotoxicity of 1,2-DCB 

and data presented in chapter 2 show that metabolism and 

covalent binding of 1,2-DCB in PB induced microsomes is 

greater than in microsomes prepared from normal rats. It was 

postulated that enhanced formation of reactive metabolites 

due to the induction of microsomal enzymes is the maj or 

cause of this enhanced liver injury in PB pretreated rats, 

and Kupffer cell derived active oxygen species may only play 

a minor role in the potentiation of toxicity. Data from 

studies using both MP and PEG-SOD in PB pretreated animals 

appears to support the proposed hypothesis. The Kupffer cell 

inhibi tor MP did not provide any protection against PB 

potentiated 1,2-DCB hepatotoxicity. In fact, PB potentiated 

1,2-DCB hepatotoxicity appears to be greater in animals 

treated with MP than with MP vehicle. Reportedly, 

phenobarbital can be metabolized by macrophages 

(Wickramasinghe et al., 1991). Inhibition of macrophages of 

the liver by MP, therefore, may allow more PB available to 

the hepatocytes to cause greater potentiation of 1,2-DCB 

toxicity. Interestingly, the degree of inhibition of 1,2-DCB 

hepatotoxicity achieved by PEG-SOD in PB pretreated animals 

was also clearly less than that in normal rats. These data 
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suggest that reactive oxygen species released from Kupffer 

cells may only play a relatively minor role in PB 

potentiated toxicity of 1,2-DCB. However, a role for non

parenchymal cells in PB potentiated toxici ty cannot be 

entirely ruled out. Laskin et ale (1988) have observed the 

infiltration of mononuclear cells to the liver following 

three days of treatment with PB. These cells were 

morphologically and functionally different from the resident 

Kupffer cells in the normal rat. Thus, the mechanism of non

parenchymal cell involvement in PB treated rats could also 

be different from tha·t in the normal rats. 

Here, findings have been presented supporting the 

hypothesis that reactive oxygen species released from 

Kupffer cells are intimately associated with the 

hepatotoxicity of 1,2-DCB in normal F344 rats. Moreover, 

preliminary studies have shown 10 fold greater superoxide 

anion release by Kupffer cells isolated from 1, 2-DCB treated 

animals than by cells isolated from untreated animals 

(Appendix B). The protection provided by PEG-SOD given 2 hr 

after 1,2-DCB also suggest that the release of reactive 

oxygen species by Kupffer cells is a mechanism that occurs 

following initial metabolic activation and may contribute to 

the progression of the injury. Coupled with the previous 

work showing that metabolic activation is required for 1,2-
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DCB hepatotoxicity; it appears that two key events are 

involved in the toxicity of this chemical: 

(1) Metabolism of 1,2-DCB by cytochrome P-450 to reactive 

intermediates that initiate cell injury 

(2) Release of reactive oxygen species by Kupffer cells 

that cause the injury to progress 
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CHAPTER 4 

THE DIFFERENTIAL HEPATOTOXICITY AND OXIDATIVE STRESS INDUCED 

BY 1,2-DICHLOROBENZENE IN FISCHER-344 AND SPRAGUE-DAWLEY 

RATS 

In the previous chapter data were presented supporting a 

role for Kupffer cell derived active oxygen species in 1,2-

dichlorobenzene (1,2-DCB) hepatotoxicity in Fischer-344 

(F344) rats. Because of these results it was suggested that 

the release of active oxygen species following exposure to 

1,2-DCB may contribute to the progression of liver injury by 

causing oxidative stress. One way of investigating this 

possibility is to compare parameters of oxidative stress in 

F344 rats to that in a species/strain of animals less 

sensitive to 1,2-DCB toxicity. 

sprague-Dawley (SD) rats, similar to F344 rats, are among 

the most freqently used strains of rats in toxicological 

research. Reportedly, SD rat tissue is less sensitive to 

oxidative stress induced injury than F344 rat tissue (smith 

et al., 1985, He et al., 1991). Therefore, comparison of 

oxidative stress in F344 and SD rat should provide 

information on the role of oxidant injury in 1, 2-DCB 

hepatotoxicity. Hepatic GSH, hepatic vitamin E and lipid 
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peroxidation are indicators of oxidative stress that have 

been shown to interact in the production of hepatocellular 

injury (Warren & Reed, 1991). To investigate the role of 

oxidant injury in the progression of 1,2-DCB hepatotoxicity 

in F344 and SD rats, an extended time course study of this 

toxicity has been correlated to the concentration of hepatic 

GSH and vitamin E and to ethane exhalation. 
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lmTERIALS AND 1-1ETHODS 

Chemicals. 

1,2-dichlorobenzene (1.,2-DCB) was purchased from Aldrich 

Chemical Company Inc. (Milwaukee, WI). Glutathione (GSH), 

glutathione-S-transferase (GST), 1-chloro-2,4-dinitrobenzene 

(CDNB), sodium dodecyl sulfate (SDS) and S-tocopherol were 

purchased from Sigma Chemical Company (st. Louis, MO). 

a-Tocopherol was a gift from Hankel Fine Chemical Company. 

(Lagrange,IL). 

Animals. 

Male, Fischer-344 (F344) and Sprague-Dawley (SO) rats, 

9-10 week old, were purchased from Harlan sprague-Dawley 

Inc., Indianapolis, IN. Animals were housed in hanging wire 

cages and maintained on a 12-hr light/dark cycle at 

approximately 22·C and 40% humidity. Animals were allowed 

food (Wayne Lab-Blox) and water ad libitum. 

Intraperitoneal Administration of 1,2-DCB. 

The dosing solutions were prepared on the day they were 

used. An appropriate amount of 1,2-DCB was dissolved in corn 

oil (MazolaR) to prepare a 3.6 mmol/kg dosing solution. Each 

animal received 2 ml/kg of the solution via intraperitoneal 
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(ip) injection. All animals were dosed between 10 AM and 12 

PM. 

Parameters of Hepatotoxicity: Plasma Alanine 

Aminotransferase (ALT) Activity and Liver Histopathology 

Animals were killed 24 hours after the administration of 

1,2-DCB and blood samples were removed from the inferior 

vena cava. Plasma was prepared by centrifugation at 1500 g 

for 10 minutes. ALT activity in the plasma was assayed using 

a commercial kit (#59-UV) purchased from Sigma Chemical 

Company (st. Louis, MO). Results are reported as U/L plasma. 

For morphological examination thin slices were taken from 

the left lobe and immediately fixed in 10% buffered 

formalin. Tissue sections were stained with hematoxylin and 

eosin. Histological alterations were evaluated by light 

microscopy. 

Determination of Hepatic GSH Levels. 

This assay has been adopted from the method reported by 

Crowley et al. (1975). To determine GSH levels, liver tissue 

was homogenized in 5% TCA/I0 roM EDTA solution. Aliquots of 

homogenized tissue were centrifuged to obtain the 

supernatant. Phosphate buffer (0.2 M, pH 6.5) was first 

added to the supernatant, followed by appropriate amounts of 
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GST (2 units/ml) and 1. 2 roM CONB. After a 20 min incubation 

at 37 DC absorbance was measured at 340 nm. Absorbance values 

for samples were compared to values from GSH standards. The 

conjugation of GSH and CONB forming S-(2,4-dinitrophenyl) -

glutathione is catalyzed by GST and is therefore specific 

for GSH. 

Determination of Hepatic vitamin E Levels. 

Extraction Procedure: vitamin E (a-Tocopherol) was extracted 

from liver tissue using a modification of the method of 

Burton et ale (1985). A 10% homogenate of the liver tissue 

was prepared in 0.9% NaCI. An aliquot of this homogenate was 

mixed with equal volumes of 60 roM SOS and ethanol. 

6-Tocopherol was added to this preparation as an internal 

standard. The sample was then extracted twice with hexane. 

The two hexane layers from these extractions were mixed and 

evaporated under N2 • Finally the sample was redissolved in 

MeOH for HPLC analysis. 

HPLC Procedure: Aliquots of samples were injected on to a 

Spherisorb 00S-2 column (4.6 x 250 mm). The mobile phase 

contained 98% MeOH/2% IN sodium acetate (pH 4.25), at a flow 

rate of 1.5ml/min. a-Tocopherol and 6-tocopherol were 

detected with an ESA Coulochem model 5100 A electro chemical 

detector. 
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Calculation of a-Tocopherol Levels: A standard curve was 

prepared using ratios of Area of a-tocopherol/Area of 6-

tocopherol obtained with HPLC measurement of known amounts 

of a-tocopherol and 6-tocopherol. Comparison of these ratios 

from a standard curve to similar ratios obtained from tissue 

extractions was used to determine nmol/g values of hepatic 

a-tocopherol. 

Determination of Ethane Exhalation 

Collection of Exhaled Ethane: The system for collection of 

exhaled ethane consisted of a sealed dessicator (2-liter) 

with an inlet connected to a tank of hydrocarbon free air 

and a outlet connected to a charcoal trap held in a dry ice

containing Dewar-flask to adsorb exhaled ethane. A charcoal 

trap was also attached to the pathway of the inlet to 

prevent any ethane from entering the sealed dessicator. The 

coconut charcoal (Alltech) used in this system was purified 

before use by heating at 300°C overnight and heating under 

vaccum for one hour. To el iminate any contamination by 

ambient air, the system was flushed (200 ml/min) for 30 min 

with hydrocarbon free air and blank samples were collected 

for 30 min. For the determination of exhaled ethane, F344 

and SD rats were dosed with either 1,2-DCB (3.6 mmol/kg) or 

corn oil, and immediately placed in the dessicators. The 
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dessicators were then sealed with glass plates containing 

inlets and outlets and secured airtight using silicone 

grease and held in place with two C clamps. The system was 

again flushed (200 ml/min) with hydrocarbon free air for 30 

min before collecting samples. The exhaled ethane was 

adsorbed onto coconut charcoal (0.5 g) contained in glass 

tubes, and the tubes were surrounded by dry ice. The tubes 

were replaced at 30 min, 60 min, 90 min, 120 min, 150 min 

and 180 min with tubes containing new charcoal. After each 

collection the charcoal was emptied into screw cap glass 

tubes (13.2 ml internal volume) with Teflon lined silicone 

septa. 

Analysis of Exhaled Ethane: Ethane analysis was carried out 

in a Hewlett-Packard 5890 series II gas chromatograph (Palo 

Alto, CA) attached to a Hewlett-Packard 3396A intergrator 

and equipped with a flame ionization detector. For sample 

analysis, the tubes containing charcoal were first placed in 

a heating bloc, maintained at 240°C for 4 min. Two ml of the 

headspace was then wi thdra'\V'n using a gas tight syringe and 

applied onto a J & W scientific Phase GSQ 30 rom x 0.53 mm ID 

column maintained at 40°C. The flow rate of helium carrier 

was 5 ml/min. Under these conditions the retention time for 

ethane was 4.5 min. A standard curve '\V'as prepared for 

quantification by injecting known amounts of pure ethane 
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statistical Analysis 

118 

statistical differences were determined by analysis of 

variance (ANOVA) followed by Newman-Keuls test. Differences 

were considered significant at p < 0.05. 
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RESULTS 

The hepatotoxicity of 1,2-DCB in F344 and SD rats 'tl1as 

compared at doses of 0.9, 1. 8 , 3 . 6, 4 . 5 and 5.4 mmol/kg 

(Figure 12). To determine the extent of hepatotoxicity, 

plasma ALT activities were monitored 24 hr following 1,2-

DCB. F344 rats demonstrated a dose dependent increase in ALT 

activity, whereas, SD rats were resistant to 1,2-DCB induced 

elevations in ALT activity. A dose which produced 

intermediary toxicity (3.6 mmol/kg) was then selected to 

conduct an extended time course study of hepatotoxicity 

induced by 1,2-DCB in F344 and SD rats. For this purpose, 

plasma ALT activities and histopathology were monitored at 

2.5, 5, 8, 12, 24 and 36 hr post dosing. 

Initial elevations of plasma ALT activities in 1,2-DCB 

treated F344 rats were observed at 12 hr post exposure 

(Figure 13.1). Histological examination of liver sections 

from these animals showed vacuolized hepatocytes in the 

centrilobular region, an indication of early tissue damage 

(Figure 14.3). At 24 hr post dosing, F344 rats exhibited 

peak levels of plasma ALT activities (Figure 13.2). At this 

time extensive hepatocellular necrosis was observed in the 

centrilobular region (Figure 14.4). In contrast, in the SD 

rat initial liver injury was only observed at 24 hr post 
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1,2-DCB and was comparable to that observed in the F344 rat 

at 12 hr (Figure 13.1 and 14.4). Plasma ALT activities in 

the SD rat at 24 hr were 50 fold less than in the F344 rat 

(Figure 13.2). By 36 hr, ALT activities in F344 rats had 

decreased to below peak levels, but they were still much 

higher than those of the SD rat (Figure 13.2). 

consistent with these differences in hepatotoxicity, 

differences were also observed for the depletion of hepatic 

GSH by 1,2-DCB in F344 and SD rats (Figure 15.1 and 15.2). 

Prior to 12 hr post dosing, the depletion of hepatic GSH by 

1,2-DCB in F344 rats was significantly (p < 0.05) greater 

than that in SD rats. At 2.5, 5 and 8 hr, hepatic GSH was 

depleted to 62%, 73% and 88% of the control levels, 

respectively, in 1,2-DCB treated F344 rats. In contrast, 

hepatic GSH was depleted to only 39%, 29% and 63% of the 

control levels, respectively, in the SD rat. However, at 12 

hr post 1,2-DCB the hepatic GSH was depleted to a similar 

extent in both strains. Hepatic GSH levels in the F344 rat 

had returned to control levels by 24 hr, but were still 

reduced in the SD rat (Figure 15.1). At 36 hr post 1,2-DCB, 

GSH levels had increased to above control levels in both 

F344 and SD rats (Figure 15.2). The two strains demonstrated 

similar circadian rhythms of hepatic GSH levels in corn oil 

treated control animals (Figure 15.1 and 15.2). 
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Determination of hepatic vitamin E revealed the presence 

of significantly (p < 0.05) higher levels of this 

antioxidant in F344 rats compared to SD rats at 0 hr and 24 

hr following corn oil treatment (Figure 16). Most 

interestingly, at 5 hr after corn oil the hepatic vitamin E 

levels in SD rats were higher (p < 0.05) than in F344 rats 

(Figure 16). Moreover, at this time the hepatic vitamin E 

concentration in corn oil treated F344 rats was lower than 

in all other treatment groups of this strain. However, no 

depletion of hepatic vitamin E was observed at 5, 12 and 24 

hr in F344 or SD rats subsequent to 1,2-DCB exposure (Figure 

17) • To investigate possible differences in circadian 

rhythms that may be responsible for the observed strain 

differences in vitamin E at 5 hr following corn oil, hepatic 

vitamin E was monitored at 10 am, 4 pm and 10 pm in 

untreated animals (Figure 17). consistent with data from 

treated animals, untreated F344 rat liver contained higher 

levels of vitamin E at 10 am and 10 pm compared to the SD 

rat. Although not statistically significant, at 4 pm F344 

rat liver contained less vitamin E compared to 10 am and 10 

pm. Moreover, the levels were not significantly different (p 

> 0.05) from the SD rat (Figure 17). Hepatic vitamin E 

levels in the F344 rat appear to exhibit small diurnal 

variations. These variations were not observed in the SD 
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rat. 

Exhalation of ethane from animals was monitored for 

three hours post dosing of F344 and SD rats with 1,2-DCB to 

assess lipid peroxidation (Figure 18). This time period was 

selected to determine if lipid peroxidation could occur 

prior to evidence of hepatotoxicity. Collection of ethane 

followed a 30 minute flushing of the chamber with 

hydrocarbon free air. In F344 rats 1,2-DCB caused a time 

dependent increase in ethane exhalation (Figure 18). 1,2-DCB 

caused greater ethane exhalation in the F344 rat than in the 

SD rat. The strain difference in ethane exhalation observed 

during the first three hours post dosing was consistent with 

the differences in toxicity demonstrated by the same animals 

at 24 hr post dosing. 
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Figure 12. Dose-response comparison of plasma ALT activities 
24 hr after administration (ip) of 1,2-DCB to F344 and SD 
rats. Data expressed as the mean ± S.E. of three to six 
animals per group. 
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Figure 13.1. Time course of plasma ALT activities in F344 
and SD rats administered 1,2-DCB (3.6 mmol/kg, ip). Data 
expressed as the mean ± S.E. of three to four animals per 
group. 
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Figure 13.2. Time course of plasma ALT activities in F344 
and SO rats administered 1,2-DCB (3.6 mmol/kg, ip). Data 
expressed as the mean ± S.E. of three to four animals per 
group. 
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Figure 14.1. Histological evaluation of F344 and pO rat 
liver at 0 hr following corn oil (H & E stain, original 
magnification at 110 x). A. Liver from a F344 rat at 0 hr 
after administration of corn oil. B. Liver from a SO rat at 
o hr after administration of corn oil. The livers are 
histologically normal, a portal tract is present on the 
right and a central vein is seen to the left of center. 
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Figure 14.2. Histological evaluation of F344 and SD rat 
liver at 8 hr following 1,2-DCB (H & E stain, original 
magnification at 110 x). A. Liver from a F344 rat at 8 hr 
after 1,2-DCB (3.6 mmol/kg, ip). The liver exhibits dark 
(eosinophilic) staining of hepatocytes surrounding a central 
vein (left of center). The periportal hepatocytes on the 
right appear normal. B. Liver from a SD rat at 8 hr after 
1,2-DCB (3.6 mmol/kg, ip). The liver is histologically 
normal. 
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Figure 14.3. Histological evaluation of F344 and SD rat 
liver at 12 hr following 1, 2-DCB (H & E stain, original 
magnification at 110 x). A. Liver from a F344 rat at 12 hr 
after 1,2-DCB (3.6 mmol/)cg, ip). The liver exhibits 
vacuolized hepatocytes surrounding a central vein (left of 
center). The periportal hepatocytes on the right appear 
normal. B. Liver from a SD rat at 12 hr after 1,2-DCB (3.6 
mmol/kg, ip). The liver is histologically normal. 
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Figure 14.4. Histological evaluation of F344 and SO rat 
liver at 24 hr following 1,2-0CB (H & E stain, original 
magnification at 110 x). A. Liver from a F344 rat at 24 hr 
after 1,2-0CB (3.6 mmol/kg, ip). The liver exhibits 
confluent necrosis of hepatocytes surrounding a central vein 
(left of center). The periportal hepatocytes on the right 
appear normal. B. Liver from a SO rat at 24 hr after 1,2-0CB 
(3.6 mmol/kg, ip). The liver exhibits dark (eosinophilic) 
staining, focal necrosis and single cell necrosis of 
hepatocytes surrounding a central vein. 
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Figure 15.1. Time course of GSH depletion by l,2-DCB (3.6 
mmol/kg, ip) in F344 and SD rats. Data expressed as the mean 
± S.E. of three to four animals. Data analyzed by ANOVA 
followed by Newman-Keuls test. * indicates significant 
difference of l,2-DCB treated Sprague-Da~'lley rats from corn 
oil treated Sprague-Dawley rats (p< 0.05). -/,* indicates 
significant difference of l,2-DCB treated F-344 rats from 
l,2-DCB treated sprague-Dawley rats. *** indicates 
significant difference of 1, 2-DCB trated F-344 rats from 
1,2-DCB treated Sprague-Dawley rats and corn oil treated F-
344 rats. 
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Figure 15.2. Time course of GSH depletion by 1,2-DCB (3.6 
mmol/kg, ip) in F344 and SD rats. Data expressed as the mean 
± S. E. of three to four animals. Data analyzed by ANOVA 
followed by Newman-Keuls test. * indicates significant 
difference of 1,2-DCB treated SD rats from corn oil treated 
SD rats, ** indicates significant difference of 1,2-DCB 
treated F-344 rats from 1, 2-DCB treated SD rats, *-It** 
indicates significant differences of 1,2-DCB treated F-344 
rats from corn oil treated F-344 rats. 
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Figure 16. Hepatic vitamin E (a-Tocopherol) concentrations 
at the indicated times after administration of 1,2-DCB (3.6 
mmol/kg ip.) to F344 and SD rats. Data expressed as the mean 
± S.E. of three to four animals. Data analyzed by ANOVA 
followed by Newman-Keuls test. * indicates siginificant 
difference of the mean for 1,2-DCB treated F344 rats from 
the means of all other groups of F344 rats at the indicated 
time. ** indicates significant differences of F344 rats from 
the SD rats at the indicated time. *** indicates significant 
differences of SD rats at the indicated time from all other 
groups of SD and F344 rats. 
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Figure 17. Hepatic vitamin E (a-Tocopherol) concentrations 
at the indicated times in F344 and SD rats. Data expressed 
as the mean ± S.E. of three animals. Data analyzed by ANOVA 
followed by Newman-Keuls test. * indicates significant 
differences of F344 rats from SD rats at the indicated time. 
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Figure 18. Cumulative increase in ethane exhalation produced 
by 1,2-DCB (3.6 mmol/kg, ip) in F344 and SD rats. Data 
expressed as the mean ± S. E. of four to six animals. 
Analysis of data by ANOVA showed a significant (p < 0.05) 
difference between F344 and SD rats. 
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DISCUSSION 

The differential hepatoxicity of 1,2-DCB in F344 and SD 

rats demonstrates three important characteristics: (1) the 

time of initial injury in the F344 rat was at 12 hr post 

dosing, whereas in the SD rat it was at 24 hr, (2) the time 

of peak injury was found to be at 24 hr in the F344 rat, but 

not in the SD rat, (3) the magnitude of injury at 24 hr was 

greater in the F344 rat than in the SD rat. These 

observations emphasize the importance of investigating an 

extended time course of toxicity and related events in 

mechanistic studies. The early appearance of toxicity in the 

F344 rat following 1,2-DCB indicates that events occuring 

prior to 12 hr are contributing to the ini tiation and 

progression of the injury. Pretreatment with phenobarbital 

and SKF-525A has shown the importance of P-450 mediated 

bioactivation in the initiation of 1, 2-DCB hepatotoxicity in 

the F344 rat. Yet, the protection provided by PEG-SOD 2 hr 

after 1,2-DCB strongly suggest an important role for 

oxidative injury in the progression of 1,2-DCB 

hepatotoxicity in this strain of rats. Therefore, comparison 

of oxidative stress between the two strains of rats, can be 

used to investigate the role of oxidative injury in the 

progression of this toxicity. Greater oxidative stress in 
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the F344 rat compared to the SD rat should provide strong 

support for the hypothesis that oxidative injury plays a 

major role in the progression of 1,2-DCB hepatotoxicity in 

the F344 rat. 

In this study, consistent with the differential 

hepatotoxicity of 1,2-DCB in F344 and SD rats, differences 

were observed for GSH depletion between the two strains, and 

were most prominent at the earliest time points. The rapid 

depletion of hepatic GSH in F344 rats at very early time 

points could be critical to the early appearance of liver 

damage in this strain of rats and subsequent large strain 

differences in hepatocellular damage at later time points. 

Rapid depletion of hepatic GSH below a critical threshhold 

level ( < 20% of control GSH levels) has been associated 

with hepatocellular injury (Younes and Siegers, 1981). The 

observed differences in GSH depletion indicate either 

differences in the production of a reactive interrnediate(s) 

capable of conjugating to GSH and/or differences in 

susceptibility to oxidative stress. Depletion of hepatic GSH 

by 1,2-DCB in the F344 rat appears not to be entirely due to 

conjugation with reactive metabolites of 1,2-DCB. In a 

previous study rapid increases in the covalent binding of 

1,2-DCB to hepatic proteins in the F344 rat viaS only 

observed at 8 hr post dosing (stine et al., 1991). Prior to 
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4 hr post 1,2-DCB the covalent binding was close to the 

control levels (Stine et al., 1991). In contrast, as shown 

here, by 5 hr post dosing hepatic GSH levels had already 

decreased to 20% of the control levels. Differences in the 

time profile of GSH depletion and covalent binding suggest 

that mechanisms other than metabolic activation are involved 

in the depletion of GSH. Reportedly, F344 rat is more 

susceptible to oxidant injury than the SD rat. He et al. 

(1990) have found F344 rat lungs to be more susceptible to 

H20 2 induced injury than SD rat lungs. lwlost importantly, 

diquat has been reported to cause four fold greater biliary 

excretion of oxidized glutathione in the F344 rat compared 

to the SD rat (smith et al., 1985). Moreover, PEG-SOD, a 

scavenger of active oxygen species, was able to protect 

against the hepatocellular necrosis caused by 1,2-DCB in the 

highly sensitive F344 rat. Therefore, oxidatve injury 

should be considered an important mechanism contributing to 

the greater depletion of GSH in 1,2-DCB treated F344 rats. 

To further investigate the susceptibility of F344 rats to 

oxidant injury, hepatic vitamin E levels were determined in 

control and 1,2-DCB treated animals. vitamin E is known to 

protect biological tissue against oxidant injury. 

Therefore, depletion of hepatic vitamin E could be 
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indicative of oxidant injury to the liver. However, no 

depletion of vitamin E levels was observed at 5, 12 and 24 

hr in F344 or SD rats subsequent to 1,2-DCB exposure. 

Recently Warren and Reed (1991) have also reported that 

there was no depletion of hepatic vitamin E one day after 

exposure to CCI4, a compound which induces oxidative stress 

in the liver. They have suggested that depletion of hepatic 

vitamin E may not be observed as an immediate consequence of 

oxidative injury and that hepatic vitamin E levels may not 

be directly correlated to the extent of GSH depletion. 

Alternatively, in the presence of oxidative stress GSH may 

not only be consumed to detoxify active oxygen species but 

also to regenerate vitamin E in cellular membranes (McCay et 

al., 1989; Scholz et al., 1989). Under these conditions we 

may only observe GSH depletion but not vitamin E depletion. 

The differences in vitamin E levels found in F344 and SD 

rats at 5 hr post corn oil or 1,2-DCB is an interesting 

observation. Data from untreated animals show that normal 

circadian rhythms are not responsible for the differences in 

vitamin E levels exhibited by the treated animals. It has 

been reported that commercially available corn oil contains 

vitamin E and that following administration of such corn oil 

plasma vitamin E levels increase in the SD rat. Similar 

increases in plasma vitamin E levels have been observed in 
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humans following intake of vitamin E. Therefore, observed 

increases in hepatic vitamin E in the SD rat could be a 

result of the normal uptake of vitamin E by the tissues. A 

possible deficiency in this uptake process in the F344 rat 

and its toxicological implications need to be further 

investigated. However, data available so far do not show any 

direct linlc between tissue vitamin E levels and 1,2-DCB 

induced hepatotoxicity. 

Occurence of oxidative injury can also be determined by 

measuring products of lipid peroxidation. To gain additional 

evidence towards a role for oxidative stress in the 

hepatotoxicity of 1,2-DCB, the occurence of lipid 

peroxidation ,.,as compared in F344 and SD rats. In this 

study ethane exhalation was used as an in vivo marker for 

lipid peroxidation. Ethane exhalation ~.,as monitored for 

first three hours post 1,2-DCB, when differences in hepatic 

GSH between the two strains were most prominent. Enhanced 

ethane exhalation prior to the initial observation of 

toxicity strongly suggests that lipid peroxidation is a 

causative mechanism of cell injury in this model. Moreover, 

the time profile of differences in lipid peroxidation 

paralled the time period which exhibited differences in GSH 

depletion. The results suggest that differences in oxidative 

injury may contribute to the greater depletion of GSH in the 



144 

F344 rat. The significantly greater ethane exhalation 

observed in F344 rats compared to SO rats also clearly 

demonstrates that oxidant injury plays an important role in 

the progression of 1,2-0CB induced injury in the F344 rat. 

These results further confirm that F344 rat is more 

susceptible to oxidative injury than the SO rat. 
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CHAPTER 5 

SUMMARY: THE ROLE OF METABOLIC ACTIVATION AND OXIDANT INJURY 

IN THE HEPATOXICITY OF 1,2-DICHLOROBENZENE IN THE RAT 

The data presented in this dissertation support the 

hypothesis that: Bioactivation by cytochrome P-450 is 

required for the initiation of 1,2-DCB induced liver injury 

in the rat, and that oxidant injury caused by the release of 

reactive oxygen species from phagocytic cells contributes to 

the progression of this injury towards hepatocellular 

necrosis (Figure 19). In summary: (1) PB induction of P-450 

enzymes increased the microsomal metabolism and covalent 

binding of 1,2-DCB. Identification of 2,3-dichlorophenol, 

3, 4-dichloropheLol and dichlorobenzene dihydrodiol indicated 

the formation of dichlorobenzene epoxides in PB induced 

microsomes. Moreover, modulation of microsomal metabolism 

and covalent binding with GSH, TCPO, ascorbic acid or SOD 

implicated quinones as the maj or covalent binding species of 

1,2-DCB. (2) The ability of MP or PEG-SOD to ameliorate 1,2-

DCB hepatic injury provided evidence that reactive oxygen 

species released from Kupffer cells contributes to the 

progression of 1,2-DCB induced liver injury in non-PB 

treated F344 rats. In contrast, the lack of a significant 
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inhibition of the PB potentiated hepatotoxicity by both PEG

SOD and MP suggests that reactive oxygen species released 

from a non-parenchymal source were not as crucial to the 

1,2-DCB hepatotoxicity in the PB pretreated rats as in the 

normal rats. Coupled with results from microsomal studies, 

these data indicate that enhanced metabolic activation and 

covalent binding as the major mechanism of PB potentiated 

hepatotoxicity of 1,2-DCB. (3) Rapid depletion of GSH below 

critical threshold levels « 20% of control levels) was 

observed prior to initial appearance of toxicity in 1,2-DCB 

treated F344 rats. SD rats, a strain of rats much less 

sensitive to 1,2-DCB hepatotoxicity, exhibited significantly 

slower depletion of GSH. (4) 1,2-DCB treated F344 rats 

exhibited greater lipid peroxidation than SD rats, at a time 

when differences in GSH depletion between the two strains 

were most prominent and prior to the initial appearance of 

toxicity. These results support a role for oxidative injury 

in the differential depletion of GSH and further confirmed 

the involvement of oxidative injury in the hepatotoxicity of 

1,2-DCB. 

The primary mechanism of aryl halide hepatotoxicity has 

long been believed to be the covalent binding of reactive 

intermediates generated by cytochrome P-450 to 

hepatocellular macromolecules (Brodie et al., 1973). Data 
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from previous in vivo toxicity studies have suggested a 

similar mechanism of activation for 1,2-DCB (stine et al., 

1991). However, microsomal metabolites of 1,2-DCB were not 

identified. One of the objectives of this research project 

was to identify microsomal metabolites of 1,2-DCB were to 

investigate their potential role in covalent binding. 

consistent with the potentiation of 1,2-DCB hepatotoxicity 

by PB, microsomal metabolism and covalent binding of 1,2-DCB 

were enhanced by PB induction of P-450 enzymes. Although 

these microsomal metabolism studies implicated 

dichlorobenzene epoxides as major primary metabolites of 

1,2 -DCB, modulation of covalent binding with chemical probes 

implicated dichloroquinones as the major covalent binding 

species. One of the chemical probes, TCPO, inhibited the 

covalent binding of 1,2-DCB and increased the formation of 

dichlorophenol in PB induced microsomes. Although TCPO is 

known to inhibit epoxide hydrolase, it has also been shown 

to inhibit the activity of P-450 isozymes, particularly 

those induced by PB (Shimada and Sato, 1979). Therefore, the 

increase in dichlorophenol formation in the presence of TCPO 

suggests that it inhibits covalent binding by inhibiting the 

P-450 mediated conversion of phenols to quinones. Supportive 

evidence for this explanation can be obtained from the 

studies of Oesch et al., (1973). They were able to decrease 
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the in vivo formation of chlorocatechols and inhibit the in 

vivo hepatotoxicity of chlorobenzene with cyclohexene oxide, 

a chemical with functions similar to TCPO. Chlorocatechols 

are precursors to chloroquinones. Therefore, quinones may 

also be the major covalent binding species in vivo and 

contribute to the hepatotoxicity of chlorinated compounds, 

including 1,2-DCB. 

Metabolic activation, however, appears not the only 

mechanism responsible for 1,2-DCB hepatotoxicity. This was 

apparent in previous investigations into the differential 

hepatotoxicity of 1,2-DCB and 1,3-DCB (Stine et al., 1991). 

Differences in hepatic distribution, depletion of non

protein sulfhydryls or in vivo covalent binding to hepatic 

proteins did not reflect the differential hepatotoxicity of 

1,2- and 1,3-DCB (stine et al., 1991). Results presented in 

this dissertation clearly show that the release of active 

oxygen species from Kupffer cells is an additional mechanism 

contributing to the hepatotoxicity of 1,2-DCB. A role for 

active oxygen species mediated injury is also supported by 

the increased lipid peroxidation observed in 1, 2-DCB treated 

F344 rats, which is indicative of the occurence of oxidative 

injury. However, Kupffer cells may not be the only hepatic 

non-parenchymal or phagocytic cell population that 

contributes to the active oxygen species mediated injury. 
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Although MP is a known inhibitor of Kupffer cell activity, 

an inhibitory effect towards other phagocytic cells by this 

agent cannot be ruled out. Therefore, interaction of Kupffer 

cells with other phagocytic cells should also be considered 

as a possible mechanism contributing to this model of 

hepatotoxici ty. Further studies using isolated Kupffer cells 

and co-cultures of Kupffer cells and hepatocytes should be 

helpful in understanding the complex intercellular 

interactions that playa role in the progression of l,2-DCB 

induced hepatocellular necrosis. 

The findings from this research project introduces new 

and interesting areas of research into the mechanism of 

hepatotoxicity caused by 1,2-dichlorobenzene. Such areas of 

research would include (1) mechanisms involved in the 

activation of Kupffer cells by l,2-DCB and (2) The 

relationship between metabolic activation of 1,2-DCB in the 

hepatocyte to the generation of reactive oxygen species by 

Kupffer cells. The protection provided by PEG-SOD 

administered after exposure to 1,2-DCB also indicate 

important therapeutic implications of these findings in 

situations where individuals have been exposed to chemicals 

with similar mechanisms of toxicity. Most importantly the 

results presented here provides the first evidence to show 

that Kupffer cell derived superoxide anions play a role in 
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the hepatotoxicity of a halogenated benzene. It introduces 

a new dimension to the mechanism of halogenated benzene

induced liver injury. 
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APPENDIX A 

Purity of 1,2-Dichlorobenzene Determined by NMR Analysis 
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Figure A. Proton NMR (500 MHz) spectra of (A) 1,2-DCB (B) 
1,3-DCB and (C) 1,4-DCB. 
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APPENDIX B 

Release of Superoxide Anions by Kupffer Cells Isolated from 
Corn oil and 1,2-Dichlorobenzene Treated Fischer-344 Rats 

Superoxide production by individual Kupffer cells was 
measured using the procedure described by DiGregorio et al. 
(1987) and Mobley et al. (1991). Briefly, the reduction of 
nitroblue tetrazolium to diformazan was used as an indicator 
of superoxide anion release. Diformazan production by 
individual Kupffer cells was quantified by using a digital 
image analysis system (Bioquant). 
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Figure B. Diformazan production by Kupffer cells isolated 
from Fischer-344 rats 24 hr after ip administration of Corn 
oil or 1,2-DCB (3.6 mmol/kg). Production of diformazan by 
these Kupffer cells was also measured after the addition of 
phorbol esters (PMA). 
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