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Abstract 

1,2-Dichlorobenzene (1,2-DCB), an industrial solvent, is a potent 

hepatotoxicant in Fischer-344 (F-344) rats. Bioactivation of 1,2-DCB by 

cytochrome P450 enzymes in the liver and subsequent activation of Kupffer cells 

(KG), the resident liver macrophages, are required for the development and 

progression of liver damage. The mechanisms by which KC cells become 

activated in chemical induced liver injury are unknown. The studies described in 

this dissertation utilized 1,2-DCB as a model hepatotoxicant to test the 

hypothesis that KC activation following 1,2-DCB induced liver injury is triggered 

by molecular and cellular events in hepatocytes that lead to the expression of 

proteins known to activate inflammatory cells. The administration of 1,2-DCB 

(3.6mmol/kg, i.p.) to F-344 rats or incubation of 1,2-DCB (3.6 umol) with primary 

cultured hepatocytes of F-344 rats produces an intracellular oxidative stress as 

assessed by the production of glutathione disulfide. The binding activity of 

transcription factors associated with oxidative stress (AP-1, EpRE and NF-kB) 

were also enhanced in F-344 rat hepatocytes by 2 to 6 hr of incubation with 1,2-

DCB. After 12 hr of incubation with 1,2-DCB, the production and release of CINC 

was 2.2-fold greater in F-344 rat hepatocytes than control cells. The mRNA 

expression of the chemokine MIF was also increased by 1,2-DCB in F-344 rat 

hepatocytes. In contrast, these molecular and cellular events were delayed or 

significantly reduced in the hepatocytes of the Sprague-Dawley rat, which is 

much less sensitive to 1,2-DCB induced hepatotoxicity. Furthermore, KC 



13 

incubated with conditioned media from F-344 rat hepatocytes treated with 1,2-

DCB for 24 hr showed enhanced NF-kB binding activity. Interestingly, the 

receptor for CINC, CXC Receptor 2, was expressed on KC as determined by 

immunohistochemical analysis. These data suggest that hepatocellular oxidative 

stress may trigger a cascade of molecular processes in hepatocytes that promote 

the expression and release of oxidant sensitive chemokines. These products 

signal the activation of KC and the upregulation of the inflammatory response 

leading to the progression of 1,2-DCB induced liver damage. 
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Chapter 1 

Introduction 

Significance of Chemical Induced Liver Injury. 

The major limitation to the use of pharmaceutical agents by humans are 

their adverse effects. Prior to approval of pharmaceuticals for human use 

organizations including the Food and Drug Administration (FDA) in the United 

States assess the toxic potential of drugs primarily based on animal data. This 

process has accounted for the dismissal of the well known teratogen thalidomide 

by the FDA in the early 1960s among other potentially toxic drugs to humans. 

Therefore, obtaining animal data that best represent and predict how compounds 

perform in humans is crucial for producing safe and effective pharmaceutical 

agents. 

In the past few years, liver injury has been one of the most common 

adverse effect of drugs as determined by an FDA Working Group and the 

American Association for the Study of Liver Disease (Clinical White Paper, 

2000). Drug-induced hepatotoxicity has had dramatic effects on preventing new 

pharmaceuticals from being marketed and causing approved drugs to be 

withdrawn from the market or their use substantially limited and restricted. For 

example, troglitazone, the first marketed member of a new class of oral agents 

for type II diabetes mellitus, was voluntarily withdrawn from the US market by the 

manufacturer in March 2000 following recommendations from the FDA. 

Troglitazone was found to produce an idiosyncratic adverse effect of acute liver 
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injury as determined by the Acute Liver Failure Study Group (Murphy, et a!., 

2000). This liver injury progressed to fulminant hepatic failure in at least 43 

patients (Krische, 2000). The death of 28 of the 43 patients was associated with 

troglitazone-induced hepatotoxicity. The risk of drug mediated liver damage has 

affected the use and marketing of several other compounds in the late 1990's 

that include trovafloxacin (1999), tolcapone (1998), tosartan (1998) and 

bromfenac (1998) among others (Clinical White Paper, 2000). These 

pharmaceuticals were never marketed, withdrawn from the market, or 

significantly restricted in their clinical use, even though they are effective in 

treating debilitating diseases. 

Preclinical testing of medicinals in in vitro and in vivo models of 

hepatotoxicity helps identify compounds that are hepatotoxic and pose a 

potential hazard to humans. Unfortunately, these models were not able to 

anticipate the response of severe liver injury in humans for troglitazone and the 

other compounds previously mentioned. In 1997 a study that reviewed 28 

compounds in development by Rhone-Poulenc Rorer between 1988 and 1994 

documents the capacity for current animal models to predict liver injury in 

humans (Ballet, 1997). Of the 28 compounds in development, 10 produced liver 

effects in animals. Seven of the 10 drugs that caused liver effects in animals 

were tested in humans and only one of the seven produced liver abnormalities in 

human clinical trials. Of the 18 compounds that did not produce liver effects in 

animals 15 were tested in humans. Five of the 15 drugs produced liver effects in 
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human clinical trials, which led to the termination of two of these five compounds. 

These results indicate that a significant number of lead compounds in 

development may produce liver effects in humans that are negative in preclinical 

screens for hepatotoxicity. A more recent survey also indicates that the current 

models and experimental designs used to elucidate the hepatotoxic potential of 

new compounds may not be accurate predictors of chemical mediated liver 

damage in humans (Olsen eta!., 2000). Therefore, the efficacy of preclinical 

screening models of hepatotoxicity should be reassessed. New or modified 

animal models may need to be developed and implemented to better predict 

chemical induced liver injury in humans. 

Studying the mechanisms of chemical induced liver injury will provide 

better models to determine the hepatotoxic potential of drugs. Ballet (1997) 

suggests that investigating the processes and pathways involved in liver injury 

may lead to mechanistically based screening models that include toxicologically 

relevant biochemical endpoints. Potent hepatotoxicants must be utilized as 

model compounds to elucidate the mechanisms of chemical induced liver injury. 

Such chemicals include the pharmaceutical agent acetaminophen (Jollow etai, 

1973; Laskin and Pilaro, 1986) and industrial compounds such as carbon 

tetrachloride (Recknagel etaL, 1989), cadmium chloride (Dudley etal., 1985), 

ethanol (Scheig, 1970; Thumrian, 1998) and 1,2-dlchlorobenzene (Stine etal., 

1991). The research described herin will use 1,2-dichlorobenzene to determine 

the molecular and cellular mechanisms of chemical induced liver injury. 
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1,2-Dichlorobenzene is an excellent model compound of liver injury as it 

has negligible effects on extrahepatic tissues following acute administration in 

rodents and it undergoes oxidative hepatic metabolism that is common to many 

hepatotoxicants. The results of this research provide a better understanding of 

the mechanism(s) of 1,2-dichlorobenzene induced liver injury and may lead to 

improved animal and/or in vitro models of hepatotoxicity that will enhance the 

safety assessment of drugs in human populations. 

1.2-Dichlorobenzene: A Model Compound of Chemical Induced Liver Injury and 

an Environmental Hazard. 

1,2-Dichlorobenzene (1,2-DCB) is an industrial solvent. The use of 1,2-

DCB in industry is primarily as a chemical intermediate in the synthesis of 

agricultural herbicides such as propanil and diuron. This accounts for 90% of the 

1,2-DCB produced each year (US EPA, 1985). Other minor uses of 1,2-DCB are 

as a deodorizer, degreaser, coolant, insecticide for termites and solvent for 

waxes, paints and toluene diisocyanate processing. The chemical manufacture 

and synthesis of 1,2-DCB is achieved by direct chlorination of benzene. The 

production of 1,2-DCB has decreased since the 1970*s from 54.6 X 10® pounds 

in 1975 to 43 million pounds in 1991. However, the demand for this chlorinated 

benzene in the last 5 years has been steady at 35 million pounds for 1995 and 

1996 and 36 million pounds for 2000 (CMR, 1996). 1,2-DCB is a colorless liquid 

that has the following physical and chemical properties; melting point -17° C; 



18 

boiling point 180.5° C; vapor pressure 1.47 mm Hg at 25° C; specific gravity 1.31 

g/L at 20° C; solubility 0.14 g/L of water at 20° C. 

The manufacture and use of 1,2-DCB has resulted in Its release and 

discharge into the environment. An analysis of sediment cores from Lake Ontario 

suggest that the presence and persistence of 1,2-DCB dates to before the 1940's 

(EPA TCRI, 1998). As reported in the EPA Toxic Chemical Release Inventory, 

240,000 pounds of 1,2-DCB were released to land and water between 1987 and 

1993 as a result of Its use as an intermediate in herbicide production (1998). 

Moreover, 1,2-DCB enters the water systems via its use as a deodorant in 

Industrial waste water and sewage facilities. However, the majority (71%) of 1,2-

DCB released to the environment is to land. The detection of 1,2-DCB in ground 

water indicates that the leaching of 1,2-DCB from land to ground water reserves 

may occur. The applications of 1,2-DCB as a solvent and its volatility allow it to 

escape into the atmosphere. A major release of 1,2-DCB into the environmental 

occurred In New Jersey where 46,780 ng/m^ of 1,2-DCB in air was reported at an 

industrial site (EPA TCRI, 1998). Detection of 1,2-DCB in ambient air and in rain 

water further documents the presence of this chlorinated benzene in the 

environment. 

The natural biodegradation of 1,2-DCB in the environment is slow. The 

biological half-life of 1,2-DCB is estimated to be 100 days in ground water and 24 

days in air (US EPA, 1985). Since this chlorinated benzene is found in the 

environment and is relatively resistant to decomposition, its potential exposure to 
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humans is of concern (Hawley, 1971). In fact, 1,2-DCB has been detected in the 

breath of 201 residents in Los Angeles, CA (Wallace, 1986). Blood 

concentrations ranging from 1 -4ug/L of 1,2-DCB were detected in residents of 

the Love Canal area in New York State (Bristol etaL, 1982). Metabolites of 1,2-

DCB have also been detected in the urine of employees in a manufacturing plant 

that processes 1,2-DCB (Kumagai and Matsunaga, 1995). The growing concern 

of the health effects of 1,2-DCB and other chlorinated benzenes in the eariy 

1980's led to a review of these chemicals by the United States Environmental 

Protection Agency (US EPA, 1985). In the "Health Assessment Document for 

Chlorinated Benzenes, Final Report" the EPA suggests that additional research 

is necessary to characterize the toxicity profiles of chlorinated benzenes to better 

understand their potential risk in humans (1985). 

Although the exposure of 1,2-DCB to humans has been observed, there is 

limited information on its health effects. Case reports have documented the 

presence of hematological disorders associated with 1,2-DCB exposure in 

humans. For example, Gadrat et al. (1962) reported an incident of hemolytic 

anemia in an 18-year old female following 6 months of exposure to a solvent 

containing 1,2-DCB. Another case report identifies 5 individuals developing 

luekemia type blood disorders that were associated with exposure to solutions 

that contained primarily 1,2-DCB (Girard et al., 1969). However, two year toxicity 

and carcinogenicity studies by the National Toxicology Program suggest that 1,2-

DCB is not a carcinogen and does not enhance the formation of lymphomas or 
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luekemias in male or female Fischer/N rats orB6C3Fi mice (1985). The 

concentration and time relationships for 1,2-DCB causing health effects in 

humans are unknown and have not been studied. 

In experimental laboratory animals the toxicity of 1,2-DCB has been 

investigated. Acute administration of 1,2-DCB via inhalation or intraperitoneal 

injection as well as chronic exposure by oral gavage produces significant liver 

injury in rats and mice (Hollingsworth etal., 1958; Brodie etal., 1971; NTP, 1985; 

Robinson etal., 1991; Stine etal., 1991). The hepatic damage produced by 1,2-

DCB occurs in the centrilobular region of the liver and is dose and time 

dependent. Hepatocellular damage, as assessed by alanine aminotransferase 

(ALT) activity in plasma, increased in male Fischer-344 (F-344) rats that received 

a single intraperitoneal injection of 1,2-DCB over the dosage range of 0.9 to 5.4 

mmol/kg at 24 h of treatment (Stine etal., 1991; Gunawardhana etal., 1993). A 

time course of 1,2-DCB induced liver injury using a moderately hepatotoxic dose 

of 3.6 mmol/kg shows that liver damage occurs by 16 h of 1,2-DCB treatment 

and ALT activity is maximal at 24 h. After 24 h, ALT activity gradually decreases 

and is reduced to control concentrations by 72 h (Stine et al., 1991; 

Gunawardhana etal., 1993). Histopathological findings reveal vacuolized and 

necrotic hepatocytes at 24 h of 1,2-DCB treatment indicative of early tissue 

damage (Gunawardhana etal., 1993). 

The mechanisms that cause liver injury and fulminant hepatocellular 

necrosis following 1,2-DCB administration in rodents are not completely 
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understand. However, work by Brodie in the 1970's pioneered the hypothesis 

that the biotransformation of halogenated benzenes by cytochrome P450 

enzymes in the liver may produce reactive and more toxic metabolites. Studies 

primarily with bromobenzene as well as 1,2-DCB determined that hepatic 

cytochrome P450 enzymes biotransformed these halobenzenes to reactive 

intermediate metabolites (Brodie etal., 1971). These reactive metabolites were 

electrophilic compounds that covalently bind to proteins in the liver. Covalent 

binding of active metabolites to proteins and other macromolecules can inhibit 

normal cellular processes, leading to cell death. This mechanism of liver injury 

has been suggested for 1,2-DCB. For example, chemical induction of 

cytochrome P450 enzymes by phenobarbital potentiated 1,2-DCB induced 

hepatotoxicity (Reid and Krishna, 1973). More recent structure activity studies 

reaffirm Brodie's hypothesis that associated liver injury with covalent binding. 

These studies demonstrate that 1,2-DCB is the most hepatotoxic isomer of the 

dichlorobenzenes and was associated with greater ^'^C-equivalents bound to 

protein as compared to 1,3-dichlorobenzene (1,3-DCB) and 

1,4-dichlorobenzene (1,4-DCB) (Stine etal., 1991). 1,3-DCB is 10-fold less 

hepatotoxic than 1,2-DCB while 1,4-DCB does not produce liver injury. 

There exists overwhelming evidence for the role of hepatic bioactivation 

and the formation of reactive intermediates in the development of 1,2-DCB 

induced liver injury. Primary evidence for this is that pretreatment of F-344 rats 

with 1-aminobenzotriazole or SKF-505, two known inhibitors of cytocrhome P450 
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enzymes, completely ameliorate the liver injury caused by 1,2-DCB (Stine et at., 

1991). The reactive intermediates formed by 1,2-DCB bioactivation deplete 

glutathione and covalently bind to proteins and other macromolecules (Den 

Besten etaL, 1992). This may cause initial injury to the hepatocyte. However, the 

covalent binding of ,2-DCB equivalents to hepatic proteins in a strain of rats 

less sensitive to 1,2-DCB, the Sprague-Dawley (SD) rats, is similar to that of F-

344 rats (Stine etaL, 1991; Gunawardhana etaL, 1993). F-344 rats are far more 

susceptible to 1,2-DCB-mediated liver injury than SD rats as peak liver injury 

occurs earlier (24 vs. 48 hr post 1,2-DCB) and is 2.5-fold greater in F-344 rats 

(Stine etaL, 1991). The reactive intermediates of 1,2-DCB that cause covalent 

binding are not clearly identified, but metabolite identification studies in Fischer-

344 (F-344) rats suggest the formation of epoxide and quinone type reactive 

intermediates (Hissink etaL, 1996b). Although the profile of 1,2-DCB metabolites 

formed in F-344 and SD rats is similar, F-344 rats may produce more quinones 

as secondary metabolites (Hissink etaL, 1996a: Hissink etaL, 1996b). Evidence 

for this is the fact that F-344 rats produce slightly more 2,3- and 3,4-

dichlorophenol (DCP) metabolites than the SD rat. These metabolites may 

undergo a second cytochrome P450 oxidative event to form quinone type 

metabolites of 1,2-DCB. At present, the capacity of either F-344 or SD rats to 

form such quinone metabolites is unknown. Since no differences in covalent 

binding of 1,2-DCB and/or its reactive intermediates to crucial cellular proteins 

have been observed between F-344 and SD rats, this mechanism of liver injury 
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may not entirely be responsible for 1,2-DCB induced hepatocellular damage. 

Therefore, the bioactivation of 1,2-DCB by cytochrome P450 enzymes in the liver 

may initiate injury while other mechanisms may play a role in the progression of 

this lesion to hepatocellular death and necrosis. 

The Role of Oxidative Stress in Chemical Induced Liver Injury. 

The role of oxidants and the imbalance of oxidant and antioxidant cellular 

pools have been associated with a variety of medical conditions that include 

inflammatory, ischemic, neurological and smoking related diseases. Biological 

systems are equipped with antioxidants to combat and counterbalance the 

effects of oxidants. However, in situations of an oxidative stress, concentrations 

of pro-oxidants are greater than endogenous antioxidant defenses (de Groot, 

1994). An oxidative stress may be achieved by increased oxidant concentrations 

that overwhelm antioxidants and/or by decreased and sequestered antioxidant 

concentrations. Even though the effects of oxidative stress on biological systems 

are continually being investigated, the ability of oxidants to directly damage 

cellular components is well documented. For example, reactive oxidants 

including superoxide anion (Oa ), hydrogen peroxide (H2O2) and the hydroxyl 

radical (OH ), among others, can lead to the oxidation of proteins, unsaturated 

fatty acids present in lipid membranes, and DNA. Such oxidations have been 

associated with loss of protein function, compromised plasma membrane 

integrity and mutations to DNA (Tribble et al., 1987). However, the effects of 
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oxidant molecules may depend on their site of formation. Extracellular or 

intracellular generation of oxidants and oxidative stress may have different 

functions on biological systems. 

In recent years, it has become apparent that the perils of oxidants and 

oxidative stress is not limited to overt cytotoxicity and tissue damage, but extend 

to cell response and tissue function. Superoxide anion as well as H2O2 have 

been shown to play key roles in activating a number of signal transduction 

pathways that enhance transcription and translation of various redox sensitive 

genes. The mechanism(s) by which oxidants regulate these cellular pathways is 

unknown. However, the redox cycling of cysteinyl residues on many signal 

transduction proteins by O2" has been considered a plausible mechanism by 

which oxidants activate signaling proteins (Thannickal and Fanburg, 2000). For 

example, the activation of kinases and transcription factors has been associated 

with oxidative stress. The modulation of the transcription factors activator protein 

1 (AP-1) and nuclear factor kappa B (NF-kB) by oxidative stress has been the 

most studied. Oxidant induced or associated enhancement of AP-1 and NF-kB 

activity may be mediated by activation (i.e. phosphorylation) of upstream proteins 

(e.g. kinases) that regulate their function (Flohe eta!., 1997; Aw, 1999; Gius et 

al., 1999). 

The role of AP-1 and NF-kB in chemical induced liver damage is largely 

unknown, but may activate pathways associated with apoptosis, tissue repair or 

inflammatory events. For chemicals that cause an inflammatory response the 
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upregulation of NF-kB may be important as it can promote the transcription of 

genes for cytokines, adhesion molecules and other regulators of the immune 

system (Baldwin, 1996; Flohe etal., 1997). AP-1, a dimeric protein complex 

made up of Fos and Jun family proteins, may also promote the expression of 

genes involved in inflammatory processes as well as a multitude of other genes 

that function in cell growth and arrest (Wisdom, 1999). Protein products of these 

genes may function to activated macrophages and enhance the recruitment of 

neutrophils and other immune cells that may lead to an inflammatory response. 

Therefore, the enhanced binding activity of AP-1 and NF-kB may contribute to 

the inflammatory cascade of events during chemical induced liver injury. 

Chemicals known to be hepatotoxic and to induce an oxidative stress enhance 

transcriptional activity of AP-1 and NF-kB in hepatocytes. These include H2O2 

(Dalton etal., 1999), cadmium (Beyersmann and Hechtenberg, 1997), ethanol 

(Kono etal., 2000) and carbon tetrachloride (Gruebele etal., 1996) among 

others. 

Xenobiotics have been proposed to increase oxidants in biological 

systems, in the liver, a number of chemicals have been shown to increase the 

concentrations of oxidants and compromise the redox potential in this tissue. For 

example, the hepatotoxicants diquat, carbon tetrachloride and cadmium have 

been shown to enhance the formation of oxidants, which is associated with liver 

injury (Smith etal., 1985; Gruebele etal., 1996; Beyersmann and Hechtenberg, 

1997). A likely mechanism for increased oxidant production by chemicals is 
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disruption of the electron transport chain (e.g., cadmium) (Dudley etal., 1985; 

Beyersmann and Hechtenberg, 1997). Moreover, the cytochrome P450 (Cyt 

P450) enzyme system may lead to oxidant production directly as a result of 

bioactivation (e.g. carbon tetrachloride) to generate radical intermediates or 

indirectly by forming reactive quinone intermediates (Casarett and DouH's, 1980; 

O'Brien, 1991). Quinone metabolites may be reduced to a semiquinone radical 

by NADPH cytochrome P450 reductase (NCPR) that then reduces molecular 

oxygen to O2' and the quinone is regenerated. This futile redox cycling of the 

quinone results in continuous O2' formation and increased oxidant concentrations 

(O'Brien, 1991). The production of O2" leads to the more reactive OH- following 

an electron reduction cascade involving iron (Fe) described as the Fenton 

reaction (Arthur, 1988; de Groot, 1994). The Haber-Weiss reaction may also give 

rise to OH* via interaction of O2" and H2O2. The formation of O2" in hepatocytes 

has been observed by xenobiotics with a capacity to redox cycle as in the case of 

menadione, diquat, and benzo(a)pyrene (Smith, etal., 1985; Gant etal., 1988; 

O'Brien, 1991). The toxicity of halogenated benzenes has also been suggested 

to be dependent on their biotransformation to quinone metabolites (Den Besten 

etal., 1994; Rietjens etal., 1997). This process may generate an oxidative stress 

within the hepatocyte. The formation of reactive oxygen species from the 

bioactivation of a chemical to a quinone is schematically represented on the next 

page. 
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X = xenobiotic 
Q = quinone 
HQ- = semiquinone 

Reactive species of oxygen are also produced during homeostasis. The 

leakage of electrons from the electron transport chain is estimated to form 0.1 mM 

of Oz per minute in myocardial tissue (McCord, 2000). This accidental production 

of oxygen radicals has led to the evolution of protective mechanisms in biological 

systems to combat increased oxidant concentrations. Water soluble and lipid 

permeable molecules such as ascorbic acid and a-tocopherol, respectively, 

neutralize oxidants by becoming oxidized to less reactive species (de Groot, 

1994). Another class of antioxidants are the enzymes superoxide dismutase 

(SOD) and catalase (CAT). Three isoforms of SOD enzymes exist and are 

localized within the mitochondria, cytosol and extracellular space (McCord and 

Marecki, 1997). This enzyme utilizes two molecules of O2" to form one molecule 

of H2O2 and oxygen. Although this reaction produces H2O2, another reactive 

oxygen species, CAT can consume H2O2. CAT converts two molecules of H2O2 

to water and molecular oxygen. CAT is also present in the cytosol and in 

peroxisomes (McCord and Marecki, 1997). SOD and CAT have been shown to 

Cyt P450 
X + O2 Q + HjO 

NCPR 
NADPH + Q > HQ-

HQ- + O, 0-£ + Q 

Fe3+ + O,- O2 Fe2+ 

Fe2+ + H-Oj OH- + OH-
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prevent or reverse oxidative stress generated by ischennia-reperfusion (Bilzer et 

al., 1999) and xenobiotics (Gunawardhana etal., 1993). Moreover, in an in vitro 

model of oxidative stress (i.e. O2 generation via hypoxanthine and xanthine 

oxidase) treatment of hepatocytes with SOD and CAT reduced cytotoxicity and 

the rise in intracellular calcium concentrations, effects associated with reactive 

oxygen species (Murata etal., 1994). 

Glutathione (GSH) is another endogenous antioxidant that occurs in all 

tissues of biological systems. GSH is made up of three amino acids (glycine, 

cysteine and glutamate) and its synthesis is limited and dependent on cysteine 

concentrations. Although GSH has multiple functions as a coenzyme and in 

amino acid transport among others, its predominately known as an antioxidant 

and for its detoxification of electrophilic compounds generated by drug 

biotransformation (Lauterburg, 1991). The liver plays a major role in elimination 

and removal of toxic compounds and contains the greatest concentrations of 

GSH that reach lOmM (Kaplowitz etal., 1985). GSH plays a key role in 

detoxification by two main mechanisms. The first is m.ediated by conjugation of 

GSH to electrophiles by glutathione transferase enzymes. This reaction usually 

yields an unreactive metabolite that is exported from the liver. The second 

mechanism neutralizes peroxide species including H2O2 by oxidizing GSH to 

glutathione disulfide (GSSG). This reaction may or may not require glutathione 

peroxidase (GSH Px) as a catalyst. In contrast to GSH conjugation which results 

in loss of GSH and excretion of cysteine, GSSG can be converted back to GSH 
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by glutathione reductase (GSH Red). This pathway, which utilizes NADPH as a 

cofactor, is illustrated below. 

NADPH 

Jer GSH Red 
GSH 
^ GSH Px 

HgOg, Lipid Peroxides 

During homeostasis the ratio of GSH to GSSG is 100:1 (Lautenberg, 1991). In 

situations of oxidative stress this ratio may be reduced as the production of 

GSSG increases while GSH concentrations decrease. Recent studies suggest 

that the redox status of GSH is critical for redox-regulated signal transduction, 

regulation of apoptosis and inflammation (Gius efa/., 1999). Cellular 

concentrations of GSH and GSSG have been proposed to play key regulatory 

roles in the activities of AP-1 and NF-kB under oxidative conditions (Rahman and 

MacNee, 2000). 

In the liver, GSSG that is not enzymatically converted back to GSH within 

the hepatocyte but is secreted and effluxed in to bile. Therefore, elevated biliary 

concentrations of GSSG are an excellent index of hepatocellular oxidative stress 

(Madhu et al., 1992). For example, the herbicide diquat, a potent redox cycler 

that produces Oi and subsequently H2O2, increases GSSG concentrations in 

bile as early as 10 min after treatment (Smith etal., 1985). Interestingly, the 

production of GSSG by diquat is 4 fold greater in F-344 rats as compared to SD 

GSSG 
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rats. This parallels the liver injury in the rat strains as F-344 rats are more 

sensitive to diquat induced hepatotoxicity than SD rats (Gupta etal., 1994). 

The role of GSH in 1,2-DCB mediated liver injury has been documented. 

Chemical depletion of GSH by pretreatment of rats with phorone potentiates 1,2-

DCB induced liver injury (Gunawardhana etal., 1993). Moreover, addition of 

GSH to microsomal incubations in vitro markedly decreases the covalent binding 

of 1,2-DCB metabolites to microsomal proteins (Hissink etal., 1996a). GSH 

conjugates with electrophilic metabolites of 1,2-DCB. Indeed, mercapturic acid 

metabolites of 1,2-DCB have been detected in the urine of rats treated with 1,2-

DCB (Hissink etal., 1996a: Hissink etal., 1996b). This conjugation accounts for 

the decreased hepatic concentrations of GSH following treatment of rats with 1,2-

DCB. Gunawardhana (1992) demonstrated that GSH liver concentrations 

decreased within 5 hr of 1,2-DCB administration in F-344 rats and were lowest at 

8 hr. In SD rats, the rate of GSH decline was slower than that of F-344 rats but 

decreased to similar concentrations at 12 hr. Despite these differences in the rate 

of GSH depletion between F-344 and SD rats, differences in the conjugation of 

GSH to 1,2-DCB metabolites between these rat strains has not been identified 

(Den Besten etal., 1992; Hissink etal., 1996a; Hissink etal., 1996b). Therefore, 

other routes of GSH consumption may explain the advanced rate of GSH decline 

in the F-344 rat. The question remains if oxidative stress contributes to 

decreased GSH concentrations in the liver of rats treated with 1,2-DCB. 
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Intercellular Communication Between Hepatocvtes and Kupffer Cells in Chemical 

Induced Liver Injury. 

The population of cells that predominantly are targets of chemical induced 

liver injury ise the parenchymal cells, hepatocytes. Earlier work examining the 

mechanisms of chemical induced liver injury focused on the ability of hepatocytes 

to biotransform and bioactivate xenobiotics to more toxic metabolites that led to 

their susceptibility and damage. However, nearly a decade ago Sipes and 

colleagues were investigating the mechanisms by which vitamin A pretreatment 

potentiated carbon tetrachloride induced liver injury and could not associate this 

enhanced liver injury to the greater bioactivation of carbon tetrachloride. They 

discovered that activation of Kupffer cells (KC) as a result of hypervitaminosis A 

is responsible for the observed potentiation of carbon tetrachloride induced liver 

injury (Sipes etal., 1989; ElSisi etal., 1993). This finding supported those 

previously reported by Laskin and Pilaro (1986) that KC (and other inflammatory 

cells) contribute actively to chemical induced liver injury. In fact, inhibition of KC 

function provides dramatic protection from necrosis caused by a variety of 

hepatotoxic chemicals (Laskin and Pedino, 1995). 

Kupffer cells (KC) are the resident macrophages of the liver and account 

for 13.5% of the cell population in this organ (Wardle, 1987). KC are localized 

within the sinusoids of the liver and are adjacent to the fenestrated endothelium. 

They are distributed throughout the liver but concentrate in the peri-portal region 

as 43% of KC reside in this zone while the other 28% and 29% exist in mid-zonal 
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and centrilobular regions, respectively (Jones and Summerfield, 1988). This 

strategic position allows them to clear the portal blood of bacteria, endotoxin, 

viruses, degraded lipids and proteins and foreign molecules (Wardle, 1987). 

Therefore, KC function to protect hepatocytes as well as other cells throughout 

the body from harmful products absorbed through the mesenteric circulation. The 

mechanisms by which KC offer this defense from foreign matter are by removal 

from the systemic circulation via phagocytosis or by direct killing using cytotoxic 

products, among others. Indeed, KC have been shown to produce and secrete a 

number of cytotoxic proteins and reactive oxygen and nitrogen species. For 

example, upon stimulation with lipopolysaccharide (LPS) or phorbol-12-myristate-

13-acetate, KC synthesize reactive oxygen and nitrogen species (McCloskey et 

al., 1992). The production of Oz is achieved in KC by membrane bound NADPH 

oxidase while nitric oxide (NO) is generated from L-arginine via inducible nitric 

oxide synthase (De Bleser etai, 1994). Reactive oxygen and nitrogen species 

assist KC to inactivate and destroy foreign organisms and particles. 

The mechanisms by which KC contribute to chemical induced liver injury 

have been examined in length. Treatment of experimental animals with different 

hepatotoxicants such as acetaminophen, endotoxin, carbon tetrachloride, allyl 

alcohol or galactosamine increases the number of KC and other macrophages in 

the liver (Laskin and Pedino, 1995). The localization of these cells prevails in the 

regions of injury. KC isolated from animals treated with hepatotoxicants display 

enhanced activity and function. For example, these cells are larger, vacuolized, 
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exhibit increased phagocytic, chemotactic and cytotoxic activity and have 

increased production and release of oxidants (i.e. O2" and NO), proteolytic 

enzymes, growth factors and cytokines (Laskin and Pedino, 1995). Oxidants and 

proteolytic enzymes have been shown to damage hepatocellular membranes and 

likely account for the increased peroxidation of lipid membranes observed 

following hepatotoxicant exposure (Spiteller, 1996). KC derived cytokines such 

as tumor necrosis factor alpha (TNF-a) may also contribute to toxicity as it can 

lead to mitochondrial disruption in hepatocytes (Beyaert and Fiers, 1994; Diehl, 

2000). The production and release of chemokines by KC such as cytokine 

induced neutrophil chemoattractant factor (CINC) and macrophage inflammatory 

protein-2 have been shown to recruit neutrophils to the liver, which further 

exacerbates the inflammatory cascade (Thurman, 1998). In addition to TNF-a 

and CINC, KC treated with H2O2 or LPS in vitro also produce and secrete 

interleukin-ip and lnterleukin-6, among other cytokines (Hisama et al., 1996; 

Yoshioka et al., 1998). Collectively, the activation of KC initiates an inflammatory 

process that triggers the recruitment of neutrophils and monocytes to the liver 

that, in turn, produce oxidants and cytotoxic proteins that propagate 

hepatocellular injury. 

A role for KC in 1,2-DCB induced hepatotoxicity has been established. 

Chemical inhibition of KC activity by methyl palmitate or gadolinium chloride 

(GdCb) was found to decrease the toxicity of 1,2-DCB by nearly 80% in male F-

344 rats (Gunawardhana etal., 1993; Hoglen etal., 1998). Gunawardhana etal. 
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(1992) further demonstrated that KC isolated from F-344 rats 24 hr following 1,2-

DCB administration produced significantly more superoxide anion than KC from 

control rats. In other studies, scavenging of superoxide anion with SOD markedly 

decreased the hepatotoxicity associated with 1,2-DCB (Gunawardhana et al., 

1993). The production of superoxide anion by activated KC may lead to the 

formation of hydrogen peroxide and the more toxic hydroxy! radical, both of 

which produce oxidative stress. Collectively, these results suggest that KC are 

important in 1,2-DCB-mediated liver injury, and that KC-derived superoxide anion 

may, in part, participate in toxicity via the induction of oxidative stress. Hoglen et 

al. (1998) found that lipid peroxidation, a major consequence of oxidative stress, 

was present in livers of 1,2-DCB treated F-344 rats that was KC dependent. 

Intermediate products of lipid peroxidation that include conjugated dienes and 4-

hydroxynonenal were found to be increased in livers of F-344 rats by 16 and 24 

hr of 1,2-DCB administration. These increases in conjugated dienes and 4-

hydroxynonenal associated with 1,2-DCB were inhibited with GdCb pretreatment. 

Therefore, the mechanisms by which KC are involved in the degradation of 

hepatocelullar lipid membranes is by the formation and release of oxidants. 

These events of KC activation and subsequent lipid peroxidation correlate with 

liver injury. Moreover, studies in F-344 rats following 24 hr of 1,2-DCB treatment 

demonstrated increased numbers and volume of KC as well as the presence of 

neutrophils in centrilobular regions of the liver, the areas most susceptible to 1,2-

DCB mediated hepatocellular necrosis (data not published). The available data 
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on 1,2-DCB and other hepatotoxicants suggest that KC significantly contribute to 

the progression of liver injury. The progression leads to hepatocellular necrosis 

by an inflammatory response resulting from KC activation and the subsequent 

recruitment of other inflammatory cells to the liver. 

Although it is clear that KC play a key role in chemical induced 

hepatotoxicity, the mechanism(s) that prime KC and lead to their activation 

following chemical exposure is unknown and remains to be characterized. 

Recently, cytokines such as TNF-a and CINC have been shown to activate KC 

and neutrophils, respectively, in the setting of liver injury (Spitzer and Zhang, 

1996; Horbach etal., 1997; Dong etal., 1998a; Yamada etal., 1999). The 

production of cytokines and chemokines by paranchymal or non-paranchymal 

cells of the liver may then be a trigger for KC activation. Although the capacity for 

hepatocytes to produce and secrete cytokines and chemokines is low when 

compared to hepatic macrophages and endothelial cells, they have been shown 

to produce and secrete TNF-a and CINC following exposure to hydrogen 

peroxide (Spitzer and Zhang, 1996; Horbach etaL, 1997; Dong etaL, 1998a) and 

heavy metals (Dong etaL, 1998b), respectively. The release of CINC or TNF-a 

by hepatocytes into the hepatic sinusoids may recruit and activate neighboring 

inflammatory cells (i.e. KC and neutrophils). Therefore, cytokine and chemokine 

expression in hepatocytes may be a mechanism by which inflammatory cells (i.e. 

KC and neutrophils) are primed and/or activated. This suggests that hepatocytes 

may play a pivotal role in 1,2-DCB induced liver injury and chemical mediated 
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hepatotoxiclty as a whole. However, the factors that trigger and cause 

hepatocytes to release such signaling proteins is unknown. 
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Statement of Problem 

Chemical induced hepatocellular injury Is dependent upon multiple factors 

that include bioactivation, oxidative stress and cell-cell interactions. KC activation 

is required for the progression of hepatotoxicity for a number of hepatotoxicants 

including 1,2-DCB. To date, no plausible mechanism has been described to 

explain the processes by which KC and other inflammatory cells become 

activated during chemical mediated liver damage. The studies described in this 

dissertation utilized 1,2-DCB as a model compound to gain a better 

understanding of the mechanism(s) involved in KC activation during chemical 

induced liver injury. Figure 1 represents a proposed model of the mechanisms of 

1,2-DCB induced liver injury. The hypothesis of this project is that KC activation 

following 1,2-DCB induced liver injury is triggered by molecular and cellular 

events in hepatocytes that lead to the expression of proteins known to activate 

inflammatory cells. These molecular and cellular events include oxidative stress, 

the activation of redox sensitive transcription factors and production of cytokines 

and chemokines in hepatocytes, which may play key roles in 1,2-DCB mediated 

hepatotoxicity. This dissertation is organized into chapters that discuss the 

research of this project as defined by the hypothesis. These chapters are listed 

below as follows: 

Chapter 2. Determine if 1.2-DCB induces hepatocellular oxidative stress in rats 

using in vivo and in vitro models of liver iniurv. 



Chapter 3. Determine the activation of redox sensitive signaling pathways and 

cvtokine/chemokine expression in hepatocvtes following 1.2-DCB exposure. 

Chapter 4. Determine if products generated from 1.2-DCB treated hepatocvtes 

activate KC. 

1,2-DCB 

Cytokines 
Chemokines ...• 

^ 9 

Bioactivation Phase 
1,2-OCB 

Reactive Intermediates 

Oxidative Stress 

I? 
Transcription Factors 

I 
Kupffer Cell Activation Progression Phase 

Inflammatory Cell 
Recruitment 

Altered/Compromised 
Hepatocyte 

Hepatocellular 
Necrosis 

Figure 1: Proposed Model of 1.2-DCB Induced Hepatotoxicitv. 
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Chapter 2 

Introduction 

Determine if 1.2-DCB Induces Hepatocellular Oxidative Stress in Rats Using In 

Vivo and In Vitro Models of Liver Injury. 

The bioactivation of halogenated benzenes to reactive intermediates has 

been shown to be an essential step in the development of liver injury associated 

with this class of chemicals (Den Besten etai, 1994). For example, the 

bioactivation of 1,2-DCB by hepatic cytochrome P450 enzymes may yield 

epoxide and quinone type reactive intermediates in F-344 rats. These reactive 

metabolites may contribute to liver injury by covalent binding to functional 

proteins and/or generating an oxidative stress (Rietjens et al., 1997). While both 

epoxide and quinone type reactive intermediates are capable of covalent binding, 

only quinones with redox-cycling potential can produce oxidative stress. 

Covalent binding of ^'^C-l ,2-DCB equivalents to liver proteins has been 

demonstrated in rats (Stine etai, 1991; Hissink etaL, 1996a). Covalent binding 

leads to injury by inhibiting or disrupting the activity of crucial cellular 

macromolecules. However, covalent binding may play a minor role in 1,2-DCB 

induced hepatocellular necrosis. Evidence for this is the fact that the extent of 

covalent binding between F-344 and SD rats was similar. F-344 rats are more 

sensitive to 1,2-DCB induced liver damage than SD rats (Stine etai., 1991; 

Gunawardhana etai., 1993). 
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The induction of oxidative stress within hepatocytes by 1,2-DCB reactive 

intermediates has yet to be determined but may have profound consequences. 

The effects of hepatocellular oxidative stress include direct damage to cellular 

components and/or activation of specific signaling pathways. Therefore, this 

chapter determined if 1,2-DCB produces oxidative stress in hepatocytes. 

Hepatocellular oxidative stress was determined using an established in vivo 

model of 1,2-DCB induced liver injury. An in vitro model was developed to 

directly measure oxidative stress in hepatocytes. Specifically, alterations in the 

concentrations of GSSG in bile and isolated hepatocytes were compared in both 

F-344 and SD rats after 1,2-DCB administration. GSSG is the oxidized product 

of GSH and efflux of GSSG into the bile is an excellent marker for hepatocellular 

oxidative stress (Madhu etai., 1992). 

An extracellular oxidative stress is known to occur following 1,2-DCB 

treatment, as this is due to KC derived reactive oxygen species. The presence of 

a hepatocellular oxidative event may then be a result of KC activation. To 

decipher the role of KC activity versus 1,2-DCB bioactivation (via cytochrome P-

450 pathways) as the mechanism(s) of 1,2-DCB mediated oxidative stress these 

processes were chemically modulated. Lastly, the extent of lipid peroxidation in 

both rat strains was compared as possible consequences of oxidative stress in 

this model. 
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Materials and Methods 

Chemicals. 

1,2-Dlchlorobenzene (HPLC grade) was purchased from Aldrich Chemical 

Company Inc. (Milwaukee, Wl). All other chemicals were purchased from Sigma 

Chemical Company (St. Louis, MO) unless otherwise stated in the text. 

Animals. 

Male F-344 (161-190 g, 8-9 wks old) and SD (175-199 g, 8-9 wks old) rats 

were purchased from Harlan Sprague-Dawley Inc. (Indianapolis, IN). The 

animals were housed in hanging wire cages with free access to food (Harian 

Teklan 4% mouse/rat diet, Harian Teklan, Indianapolis, IN) and tap water. All 

animals were allowed at least one week of acclimation prior to use. 

Bile Duct Cannulations. 

Rats were anesthetized with 2 - 2.5 ml/kg (i.p.) of a 50% (w/v) urethane 

solution. Following anesthesia, a small vertical incision was made in the 

peritonium and the common bile duct was cannulated using PE-10 polyethylene 

tubing (Clay Adams, Parsipanny, NJ) as described by Jaeschke (1992). Animal 

body temperature was maintained between 35.5 and 36.5° C using a heating pad 

and lamp. Once a continuous flow of bile was achieved, bile was collected on ice 

in pre-weighed vials containing 0.5 ml of 2.5% perchloric acid (PCA) to prevent 

spontaneous oxidation of GSH. After a 30 min collection of bile, either com oil 

vehicle (Mazola) or 1,2-DCB (3.6 mmol/kg, in com oil) was administered into the 

peritoneal cavity, and bile was collected in 30 min intervals thereafter for 5 hr. 
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For the time periods beyond 5 hr, bile duct catheterization was performed 4.5 hr 

after administration of vehicle or 1,2-DCB and then bile was collected as 

described. All samples were stored at -80° C until analysis. In other studies, 1-

aminobenzotriazole (ABT, 50mg/kg, i.p.) or gadolinium chloride (GdCIa, 10mg/kg, 

i.v.) in saline was administered to F-344 rats 1 or 24 hr, respectively, prior to the 

administration of 1,2-DCB. Control animals received saline pretreatment. Bile 

duct catheterization was then performed as previously described, and bile was 

collected from 0 to 5 hr post 1,2-DCB administration. The dose of 3.6 mmol/kg 

produces moderate liver injury in F-344 rats 24 hr following treatment while 

minimal injury is observed in SD rats (Gunawardhana et al., 1993). 

Isolation of Primary Cultured Hepatocvtes From Rats. 

Hepatocytes were isolated from rats using a two step in situ liver perfusion 

as previously described by McQueen etal. (1989). Briefly, animals were 

anesthetized with phenobarbitol (50mg/ml) and the portal vein was exposed. 

Hank's Balanced Salt Solution (Life Technologies, Grand Island, NY) was 

perfused through the portal vein for 4 min at 40ml/min followed by Williams 

Medium E (WME: Life Technologies, Grand Island, NY) containing 0.25mg/ml 

collagenase B (Boehringer Mannheim, Mannheim, Germany) for 6.5 min at 

20ml/min. The liver was removed from the animal and massaged through guaze 

to obtain a suspension of cells. The resulting hepatic cell suspension was 

centrifuged (4 min at 500 rpm). The pelleted hepatocytes were resuspended in 

WME supplemented with 10% fetal bovine serum (Hyclone, Logan, UT) and the 
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concentration of cells was determine. Approximately 2X10® cells were plated 

onto T-25 tissue culture flasks (Falcon, Plymouth, UK) and allowed to adhere. 

After 2 hr, the medium was replaced with serum free-WME and the hepatocyte 

monolayers were ready for treatment. 

Treatment of Primary Cultured Hepatocvtes. 

For dose response and time course studies hepatocytes were exposed to 

1,2-DCB (0-20 umol in dimethyl sulfoxide; DMSO) or DMSO vehicle for 0 to 13 hr 

at 37° C, 5% C02:95% air. Dosing solutions were placed in a glass boat that was 

positioned at the neck of a sealed T-25 flask. 1,2-DCB was allowed to vaporize 

in the flask and allowed to partition from the gas phase into the culture medium 

(Younis et a!., 2000). At selected times, cells and media were harvested for 

determination of lactate dehydrogenase (LDH) activity, an indicator of toxicity. 

LDH activity was assessed using a LDH en2:ymatic kit (Sigma Chemical 

Company, St. Louis, MO) 

For determination of GSH and GSSG concentrations, hepatocytes were 

exposed to either DMSO, 1,2-DCB (3.6 umol in DMSO), 1,4-dichlorobenzene 

(1,4-DCB: 3.6 umol in DMSO) or L-buthionine sulfonic acid (BSO: 2 mM) as 

described above at 0, 1, 3.5 or 6.5 hr. The cells were harvested in 1 ml 3.5% 

PCA and kept frozen at -80° C until analysis. In other studies, hepatocyte 

monolayers were treated with catalase (4800 U/ml) concurrently with 1,2-DCB or 

DMSO exposure. 
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Determination of GSH and GSSG. 

GSH and GSSG were derlvatlzed and analyzed using a method described 

by Fariss and Reed (1987). Briefly, 50 jil of internal standard, y-glutamyl 

glutamate (1 mM), 50 (li of bathophenanthrolinedisulfonic acid (10 mM) and 100 

111 of 70% PGA were added to 0.5 ml of bile or hepatocyte suspension harvested 

in PCA. This mixture was frozen at -80° 0 for 1.5 hr. Samples were then thawed 

and centrifuged at 14,000 rpm for 5 min. To a 0.5 ml aliquot, 50 |il of thiol 

stabilizer [iodonic acid (1M) in bromocresol purple (0.2 mM)] and 0.48 ml of base 

solution (2 M potassium hydroxide in 2.4 M potassium bicarbonate) were added. 

After a 10 min incubation at room temperature (25° C) in the dark, 1 ml of 1% 

fluorodinitrobenzene in ethanol was added. The samples were stored at 4° 0 in 

the dark for 24 hr and then filtered (0.22 p.m) prior to HPLG analysis. GSH and 

GSSG standards ranging from 0 to 8 nM were prepared and analyzed along with 

the bile and hepatocyte samples. 

Samples were analyzed on a Beckman System Gold HPLG system (San 

Ramon, CA) using a reverse phase amino column (Rainin, Wobum, MA) with 

ultraviolet detection set at 395 nm and 1 ml/min flow rate. The mobile phase 

consisted of 80% methanol in water and 0.5 M ammonium acetate containing 

64% methanol in water. A gradient was utilized to elute GSH and GSSG as 

described by Fariss and Reed (1987). 
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Determination of Hepatic Conjugated Dienes. 

F-344 and SD rats were administered 1,2-DCB (3.6 mmol/kg, i.p., in com 

oil) or corn oil vehicle and killed at 3 or 12 hr following treatment via CO2 

inhalation. To determine conjugated diene formation, rat liver (1 g) was harvested 

and immediately homogenized in 2 ml EDTA (3 mM)/sucrose (0.3 mM) solution 

(Recknagel and Ghoshal, 1966). An aliquot (0.7 ml) of the homogenate was 

added to 2 ml of 2:1 chloroformrmethanol solution and vortexed. Following 

centrifugation (10 min @3000 rpm) the bottom organic phase was collected and 

analyzed for conjugated dienes and phospholipid phosphate. 

For conjugated diene determination 0.5 ml of the organic phase was dried 

under N2 and reconstituted in 1 ml hexane. Samples were vortexed for 1 min 

and kept on ice until analysis. To measure conjugated dienes, samples were 

placed in quartz cuvettes and read at 233 nm. For determination of phospholipid 

phosphate, 0.1 ml of the organic phase was dried under N2 and reconstituted in 

0.5 ml of 70% PCA. Samples were then heated at 130° C for 3 hr and allowed to 

cool. Following addition of 4.1 ml water, 0.2 ml ammonium molybdate (0.05 g/ml) 

and 0.2 ml Fiske Subbarrow reagent (1-amino-2-naphthol-4-sulfonic acid), 

samples and standards (0-500 nmol) were reheated at 110° C for 10 min. 

Samples and standards were allowed to cool and absorbance was read at 820 

nm. Conjugated diene levels are expressed as optical density at 233 nm per 

nmol phospholipid phosphate (PO4"). A Beckman DU-7 spectrophotometer was 

used for all spectrophotometric analyses. 
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Statistical Analysis. 

The data are expressed as mean ± standard error of the mean (SEM). To 

compare F-344 and SD rat strains with respect to 1,2-DCB and com oil 

treatments the data were analyzed using RM Two-Way Analysis of Variance 

followed by Student Newman-Kuels or Bonferroni's post-hoc tests. For other 

studies, One-Way Analysis of Variance was performed followed by a post-hoc 

test as described above. Differences were considered significant if p < 0.05. All 

statistical analyses were performed using SigmaStat Statistical Software for 

Windows, Version 1.0 (Jandel Scientific, San Rafael, CA). 
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Results 

Biliary GSSG and GSH Concentrations in F-344 and SD Rats. 

GSSG and GSH concentrations were determined in bile of F-344 and SD 

rats to characterize the role of oxidative stress in 1,2-DGB induced hepatotoxicity 

(Figure 2A, B). Cumulative biliary GSSG concentrations in F-344 rats increased 

as early as 1 hr after 1,2-DCB administration. Over the 9 hr time course, the area 

under the curve (AUC) for GSSG in 1,2-DCB treated F-344 rats was 5.7-fold 

greater than control rats (148.4 ± 4.3 vs. 26.2 ±1.7 nmol/kg, Table 1). As in the 

F-344 rat, biliary GSSG concentrations in the SD rat also increased following 1,2-

DCB administration. At 9 hr, the AUC for GSSG in SD rats administered 1,2-

DCB was 4.9-fold greater than control rats (52.9 ± 3.8 vs. 10.9 ± 0.4 nmol/kg). 

The difference in AUC for GSSG between 1,2-DCB and corn oil treated animals 

was 3-fold greater in F-344 as compared to SD rats (122 vs. 42 nmol/kg, Table 

1). To compare the extent of 1,2-DCB mediated oxidative stress between F-344 

and SD rats, GSSG concentrations of 1,2-DCB treated animals were 

standardized against those of control rats. Oxidative stress was greater in F-344 

rats since there was 3-fold more GSSG (Figure 2C: 18.0 ± 1.2 vs. 6.0 ± 1.2 

nmol/mln/kg) In the bile of F-344 rats as compared to SD rats 9 hr following 1,2-

DCB treatment. 

Cumulative biliary GSH concentrations concomitantly decreased in both 

rat strains. In F-344 rats, 1,2-DCB treatment reduced cumulative biliary GSH 

concentrations by more than 50% of control rats at 9 hr of treatment (Figure 2B; 
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4.7 ± 0.2 vs. 10.2 ± 0.3 nmol/min/kg). Moreover, AUG for GSH was 44% lower in 

1,2-DCB treated animals than in control rats (51.6 ± 2.8 vs. 92.3 ± 2.5 nmol/kg). 

In 1,2-DCB treated SD rats, cumulative biliary GSH concentrations decreased by 

44% at 9 hr of treatment when compared to control rats (2.2 ± 0.4 vs. 3.9 ± 0.2 

nmol/min/kg), and the AUG for GSH was 35% less than control rats (25.6 ± 2.8 

vs. 39.6 ± 2.2 nmol/kg). Concentrations of biliary GSH in control F-344 rats were 

significantly greater than that of control SD rats. This may be explained by 

greater y-glutamyltransferase activity in the biliary tract of SD rats and is not 

reflective of the hepatic concentrations of GSH (Jaeschke and Benzick, 1992). 

Support for this are the findings of Gunawardhana (1992) that demonstrate 

similar concentrations of GSH in the livers of control F-344 and SD rats over a 24 

hrtime period. 

Effect of ABT on 1.2-DCB Mediated Oxidative Stress in F-344 Rats. 

To determine the role of cytochrome P-450 enzymes in 1,2-DGB induced 

oxidative stress, biliary GSH and GSSG concentrations were determined in 1,2-

DGB treated F-344 rats pretreated with ABT, a non-competitive inhibitor of 

cytochrome P-450 enzyme activity. Pretreatment with ABT completely blocked 

the increase in biliary GSSG as well as the concomitant decrease in biliary GSH 

caused by 1,2-DGB treatment (Figure 3). ABT alone did not alter the 

concentrations of biliary GSSG or GSH in control rats (data not shown). 
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Effect of GdCIrt on 1.2-DCB Mediated Oxidative Stress in F-344 Rats. 

To determine if KC contribute to 1,2-DCB Induced increases in biliary 

GSSG, F-344 rats were pretreated with GdCb, an inhibitor of KG function. 

Cumulative biliary GSSG concentrations In F-344 rats pretreated with GdCIa and 

then exposed to 1,2-DCB did not significantly differ from 1,2-DCB treated F-344 

rats receiving saline vehicle instead of GdCb (Figure 4). Moreover, GdCIa 

pretreatment did not alter the biliary excretion of GSH or GSSG following 1,2-

DCB treatment. 

Formation of DIene Conjugates in Liver of F-344 and SD rats. 

Hepatic conjugated diene formation was measured to assess the 

consequences of oxidative stress, if any, that may have resulted from GSH 

depletion. Within 3 hr of 1,2-DCB treatment a significant increase in conjugated 

diene formation was observed in F-344 rats and was elevated for up to 12 hr 

(Figure 5). In 1,2-DCB treated SD rats, no significant increases in conjugated 

dienes were observed. 

Cvtotoxicitv in Hepatocvtes Isolated From Naive F-344 and SD Rats Following 

Incubation With 1.2-DCB. 

The cytotoxicity of 1,2-DCB was characterized using concentration 

response and time course studies. Elevations in extracellular LDH activity (i.e. 

that was released into the media of the hepatocyte culture) was determined as a 

marker of cytotoxicity. These studies suggest that the cytotoxicity of 1,2-DCB In 

hepatocytes of F-344 and SD rats was similar. Maximal LDH activity occurred by 
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13 hr at exposure levels of 1,2-DCB above 12 umol for hepatocytes obtained 

fronn both F-344 and SD rats (Figure 6). From this dose response curve the LC50 

for 1,2-DCB was calculated as 6.5 ± 0.32 umol and 7.4 ± 0.38 umol in F-344 and 

SD hepatocytes, respectively. Time course studies assessing the toxicity of 1,2-

DCB revealed that little if any cell death occurred at concentrations of 1,2-DCB 

below 7.1 umol during 1 to 6.5 hr of incubation (Figure 7). 

Concentrations of GSH and GSSG in Hepatocvtes Isolated From Naive F-344 

and SD Rats Following Incubation With 1.2-DCB. 

To determine if 1,2-DCB induces oxidative stress within hepatocytes these 

cells were incubated with 1,2-DCB (3.6 umol) for up to 6.5 hr. The concentration 

of GSSG in hepatocytes was determined as a marker of oxidative status. The 

dose of 3.6 umol of 1,2-DCB was chosen because it produced little, if any, 

cytotoxicity during 0 to 6.5 hr of 1,2-DCB treatment. In these studies, formation 

of GSSG significantly increased in F-344 rat hepatocytes 1 hr after 1,2-DCB 

exposure rising 13% above DMSO control (Figure 8A; 40.5 ±1.1 vs. 34.3 ± 0.9 

nmol/10® cells). GSSG concentrations remained elevated at 3.5 and 6.5 hr. No 

increases in GSSG were observed in SD rat hepatocytes incubated with 1,2-

DCB. The concentrations of GSH in hepatocytes significantly decreased 

following 6.5 hr of incubation with 1,2-DCB in both F-344 and SD rats by 22% 

and 9 %, respectively, (Figure 8B). 

Pretreatment of F-344 rat hepatocytes with catalase inhibited the increase 

in GSSG concentrations associated with 1,2-DCB but did not alter the reductions 



in GSH (Figure 9). Moreover, BSO and 1,4-DCB treatment did not produce 

elevated GSSG concentrations. BSO did decrease GSH concentrations. 
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Figure 2: Biliary GSH and GSSG in F-344 and SD Rats Following 1.2-DCB 
Administration. (A) GSSG, (B) GSH, (C) Treated — Control. Anesthetized rats 
were administered either 1,2-DCB (3.6mmol/kg i.p) or com oil vehicle and bile 
was collected at the times indicated. GSH and GSSG concentrations were 
determined by an HPLC method using a UV detector (395 nm). Data expressed 
as mean +/- SEM. N=4 for F-344 rats and N=3 for SD rats. *Significant difference 
from SD (CO); **Significant difference from F-344 (CO) and SD (1,2-DCB); 
^Significant difference from SD. 



o 
Treated < Control 

(nmol/min/kg) 

i 

0) (A 

o o (/> (0 
J? 5 o ^ 

o o 
(A (A 

w 

Cumlative GSH 
(nmol/min/kg) 

Cumlative GSSG 
(nmol/min/kg) 

(0 (A 
(A W 

U) 



54 

Corn Oil 1,2-DCB 
Percent 
Change 

Absolute 
Difference 

GSSG 
Fischer-344 26.2 ± 0.7 148.4 ±4.8 +570 122 

(nmol/kg) Sprague-Dawley 10.9 ±0.4 52.9 ± 3.8 +490 42 

GSH 
Flscher-344 92.3 ± 2.5 51.6 ±2.8 -44 41 

(nmol/kg) Sprague-Dawley 36.6 ± 2.2 25.6 ± 2.8 -35 11 

Table 1: Area Under the Curve of Biliary GSH and GSSG in F-344 and SD Rats 
Following 1.2-DCB Administration. Rats were administered either 1,2-DCB 
(3.6mmol/kg i.p) or com oil vehicle and bile was collected for 9 hours. Absolute 
difference refers to the absolute difference in values between corn oil and 1,2-
DCB. Data expressed as mean +/- SEM. N=4 for F-344 rats and N=3 for SD rats. 
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Figure 3: Biliary GSSG and GSH in F-344 Rats Pretreated with 1 -
Aminobenzotriazole Prior to 1.2-DCB Treatment. F-344 rats were pretreated with 
ABT (50mg/kg, ip) 1 hr prior to 1,2-DCB (3.6mmol/kg, ip) administration and bile 
was collected at the times indicated. Data expressed as mean +/- SEM. N=3. 
*Significant difference from 1,2-DCB/ABT. 
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Figure 4: Biliary GSSG and GSH in F-344 Rats Pretreated with Gadolinium 
Chloride Prior to 1.2-DCB Treatment. F-344 rats were pretreated with GdCb 
(lOmg/kg, iv) 24 hr prior to 1,2-DCB (3.6mmol/kg, ip) administration and bile was 
collected at the times indicated. Data expressed as mean +/- SEM. N=3. 
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3HR 12 HR 

Figure 5: Concentrations of Hepatic Conjugated Dienes Following Administration 
of 1.2-DCB. F-344 and SD rats were administered 1,2-DCB (3.6mmol/kg, i.p.) or 
com oil vehicle. At 3 or 12 hr the livers were analyzed for conjugated dienes. 
Data expressed as mean +/- SEM of control values subtracted from treated 
values. N=4 for F-344 and SD rats. *Significant difference from control; 
**Significant difference from control and SD. 
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Figure 6: Cytotoxicity Dose Response Relationship for 1.2-DCB in Isolated 
Hepatocvtes of F-344 and SD Rats. Hepatocytes isolated from naiye F-344 and 
SD rats were maintained in monolayer cultures for 2 hr then incubated with 1,2-
DCB (0 —20 umol) or DMSO for 13 hr. Cytotoxicity was assessed by the percent 
of LDH released in the media from that of total LDH (i.e. media and 
hepatocellular LDH concentrations). Data expressed as mean +/- SEM. N=3 for 
F-344 rats and N=4 for SD rats. 
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Figure 7: Cytotoxicity Time Course Relationship for 1.2-DCB in Isolated 
Hepatocvtes of F-344 and SD Rats. Hepatocytes Isolated from naive (A) F-344 
and (B) SD rats were maintained in monolayer cultures for 2 hr then incubated 
with 1,2-DCB (3-12 umol) or DMSO for various lengths of time (1.5 — 13 hr). 
Cytotoxicity was assessed by the percent of LDH released in the media from that 
of total LDH (i.e. media and hepatocellular LDH concentrations). Data expressed 
as mean +/- SEM. N=3 for F-344 rats and N=4 for SD rats. 
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Figure 8: GSH and GSSG Concentrations in Isolated Hepatocvtes Foliowinq 
Incubation With 1.2-DCB. Hepatocytes isolated from naive F-344 and SD rats 
were maintained in monolayer cultures for 2 hrthen incubated with 1,2-DCB (3.6 
umol) or DMSO for 1, 3.5 or 6.5 hr. (A) GSSG and (B) GSH concentrations were 
determined by an HPLC method using a UV detector (395 nm). Data expressed 
as mean +/- SEM. N=3 for F-344 rats and N=4 for SD rats. *Significant difference 
from F-344 (DMSO). **Significant difference from F-344 (DMSO) and SD (1,2-
DCB). 
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Figure 9: Modulation of Oxidative Stress in F-344 Rat Hepatocytes Following 
Incubation With 1.2-006. Hepatocytes isolated from naive F-344 rats were 
maintained in monolayer cultures for 2 hr then incubated with 1,2-DOB (3.6 
umol), 1,4-DCB (3.6 umoi), BSO (2mM), DMSO vehicle or received no treatment 
for 1 -6.5 hr. Catalase (4800U/ml) was concomitantly incubated with 1,2-DCB and 
DMSO treated cells. Data expressed as mean H-/- SEM. N=4. *Significantly 
different from control groups. **Significantly different from all groups. 
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Discussion 

1,2-DCB is more hepatotoxic in F-344 rats than in SD rats. Peak liver 

injury is achieved earlier (24 vs. 48 hr) and is 2-fold greater in F-344 rats (Stine et 

al., 1991; Gunawardhana etal., 1993). The reason for the enhanced 

susceptibility of the F-344 rat (as compared to the SD rat) to 1,2-DCB induced 

hepatotoxicity are largely unknown. Even though the hepatic bioactivation of 1,2-

DCB to reactive intermediates is crucial for its toxicity, there are no major 

differences in the formation of these metabolites or covalent binding between F-

344 and SD rats (Gunawardhana etal., 1993). It has been proposed that 

catechols and quinones may also be formed from phenolic metabolites of 1,2-

DCB and may contribute to its toxicity (Hissink et al., 1996a; Hissink et al., 

1996b). At present, the capacity of either F-344 or SD rats to form these 

metabolites is unknown. 

Although the reactive intermediates of 1,2-DCB are not clearly identified, it 

is evident that GSH plays a crucial role in protecting the liver from their toxic 

effects. It has been shown that hepatic GSH concentrations are reduced 

following 1,2-DCB treatment in rats. As reported by Gunawardhana etal. (1992), 

hepatic GSH concentrations are consumed in both F-344 and SD rats following 

1,2-DCB administration. Nearly complete depletion of hepatic GSH was observed 

in both rat strains by 12 hr after 1,2-DCB treatment in vivo. In the F-344 rat, 

hepatic GSH was depleted at a faster rate than in the SD rat. The conjugation of 

GSH to 1,2-DCB and the formation of mercapturic acid metabolites has been 
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observed in rats (Hissink etal., 1996b). Therefore, the enhanced rate of GSH 

consumption in the F-344 rat as compared to the SD rat may be due to greater 

conjugation in this rat strain. However, no differences in GSH conjugation to 1,2-

DCB metabolites were observed between F-344 and SD rats in in vitro studies 

(Hissink eta!., 1996a). Whether or not the more rapid depletion of GSH in the F-

344 rat contributes to the enhanced toxicity of 1,2-DCB in this rat strain is 

unknown. 

In addition to conjugation, the rapid depletion of GSH may also be due to 

oxidative stress. Under oxidative conditions, GSH may be oxidized to GSSG 

enzymatically or non-enzymatically to detoxify hydrogen peroxide and lipid 

hydroperoxides (de Groot, 1994). Therefore, the elevation of GSSG in tissue has 

been used as a marker for oxidative stress (Halliwell and Chirico, 1993). 

Evidence obtained from the studies reported here suggests the presence of an 

oxidative stress in the liver following 1,2-DCB treatment that is greater in F-344 

than in SD rats. For example, hepatocytes of F-344 rats incubated with 1,2-DGB 

produced more GSSG than those of SD rats. In addition, more GSSG was 

exported into the bile of F-344 rats than SD rats. This greater presence of biliary 

GSSG (i.e. greater oxidative stress) in F-344 rats as compared to SD rats 

correlates with the more rapid loss of GSH in the liver during the first 5 hr of 1,2-

DGB treatment in the F-344 rats. 

Oxidative stress can result in a number of deleterious consequences for 

the hepatocyte. These include the consumption of endogenous antioxidants, 
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oxidation of proteins and DNA and lipid peroxidation, among others (de Groot, 

1994). Evidence that the livers of F-344 rats were compromised by this elevated 

oxidative stress (as compared to livers of SD rats) was obtained in the studies 

that investigated lipid peroxidation. Formation of diene conjugates in the livers 

occurred to a greater extent in F-344 rats following 3 and 12 hr of 1,2-DCB 

treatment. Similarly, substantially more ethane, a volatile end product of lipid 

peroxidation, was exhaled by F-344 than SD rats following 3 hr of 1,2-DCB 

treatment (Gunawardhana, 1992). This peroxidation of lipids is likely a result of 

the early oxidative burst that occurs in hepatocytes with 1 hr of 1,2-DGB 

treatment. The results of these studies with respect to enhanced GSSG 

formation and elevated oxidative stress in F-344 rats are in agreement with 

studies perfomned with the herbicide diquat. Following diquat administration, 

Gupta et al. (1994) found that F-344 rats excreted more GSSG into bile than SD 

rats. The production of GSSG is due to the formation of superoxide anion by 

diquat and its subsequent conversion to hydrogen peroxide by superoxide 

dismutase. Furthermore, as in our studies, they found elevations in lipid 

peroxidation only in the F-344 rat, which is more susceptible to diquat induced 

liver damage than SD rats. Collectively, our results along with those of Gupta et 

al. (1994) suggest that one functional consequence of oxidative stress is the 

oxidation of lipid membranes, particularly in the F-344 rat. How lipid peroxidation 

and other repercussions of oxidative stress predispose the liver to subsequent 

injury (i.e. necrosis) remains to be established. 
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An interesting finding in our study was that primary cultures of F-344 and 

SD rat hepatocytes did not display differential cytotoxicity when incubated with 

1,2-DCB. Release of LDH into the media was the same for both rat strains, even 

though hepatocytes from F-344 rats produced much more GSSG. An 

explanation for this lack of correlation between in vitro and in vivo results is that 

additional factors contribute to the in vivo hepatotoxicity of 1,2-DCB. A number 

of investigators have shown that KC play a key role in chemical induced liver 

injury (Laskin and Pilaro, 1986; Sipes eta!., 1989; Decker, 1990). These cells 

can release a number of cytotoxic factors including reactive oxygen species, 

cytokines and bioactive lipids (Laskin and Pedino, 1995). Evidence for the role of 

KC in 1,2-DCB induced hepatotoxicy include the findings that KC from F-344 rats 

release superoxide anion 24 hrfollowing 1,2-DCB treatment (Hoglen eta!., 1998) 

and that scavenging superoxide anion with superoxide dismutase attenuates the 

hepatic injury caused by 1,2-DCB (Gunawardhana eta!., 1993). Moreover, 

chemical inhibition of KC activity with methyl palmitate or GdCIa attenuates 1,2-

DCB hepatotoxicity (Gunawardhana etal., 1993; Hoglen eta!., 1998). These 

data suggest that KC generate an oxidative stress by producing reactive oxygen 

species, in part, responsible for the hepatocellular necrosis caused by 1,2-DCB. 

Evidence for tissue damage by KC is the formation of 4-hydroxynonenal (4-

HNE), a marker of lipid peroxidation, following 1,2-DCB treatment that is blocked 

by GdCb. The localization of 4-HNE in the liver is exclusive to the centrilobular 

regions, which are the sites susceptible to 1,2-DCB induced damage. In addition, 
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activated KC can promote the recruitment of other inflammatory cells to the liver, 

which further exacerbate this tissue injury. 

To test if KC contribute to the early increase in biliary GSSG (i.e. oxidative 

stress), KC function was inhibited by pretreatment with GdCla. GdCb 

pretreatment did not inhibit the 1,2-DCB induced fonnation of GSSG suggesting 

that the early increases in GSSG are KC independent. In contrast, inhibition of 

cytochrome P-450 enzymes by pretreatment with ABT completely eliminated 1,2-

DCB induced biliary GSSG excretion and restored the amount of biliary GSH in 

F-344 rats. This indicates that the bioactivation of 1,2-DCB is required to achieve 

elevated biliary GSSG concentrations. Therefore, two oxidative events occur as a 

result of 1,2-DCB administration. The first, as investigated in this chapter, is the 

oxidative insult occurring from bioactivation of the compound by hepatocytes as 

evidenced by increases in GSSG. The second occurs from KC release of 

superoxide anion. The results indicate that bioactivation mediated oxidative 

stress does not lead to overt necrosis, but rather, compromises the ability of 

hepatocytes to protect themselves from the consequences of KC activation. 

Clearly, the hepatocytes of F-344 rats are more compromised than those of SD 

rats following 1,2-DCB exposure (i.e. eariier loss of GSH, greater intracellular 

oxidative stress and enhanced peroxidative damage). It is likely that these 

compromised hepatocytes of the F-344 rat release factors that result in activation 

of KC and a more substantial inflammatory response. The increase in lipid 

peroxidation following oxidative stress may also have a function in activating 



70 

inflammatory cells since lipid degradation products (i.e. aldehydes) have been 

shown to be chemoattractants (Di Mauro etai, 1995; Muller etai, 1996). 

In summary, data from these and previously reported studies demonstrate 

that 1,2-DCB undergoes P-450 dependent bioactivation in both F-344 and SD 

rats. However, this bioactivation induces an early oxidative stress that is greater 

in F-344 rats than in SD rats. This early oxidative stress appears to compromise 

the hepatocytes of F-344 rats. Further studies designed to examine the role of 

1,2-DCB induced oxidative stress in the mechanisms of KC activation will help 

elucidate the underlying mechanisms of 1,2-DCB induced liver damage. 
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Chapter 3 

Introduction 

Determine the Activation of Redox Sensitive Signaling Pathways and 

Cvtokine/Chemokine Expression in Hepatocvtes Following 1.2-DCB Exposure. 

1,2-DCB produces an intracellular oxidative stress that requires the 

bloactlvatlon of 1,2-DCB as demonstrated in Chapter 2. Evidence for an 

intracellular oxidative event Is secretion of glutathione disulfide (GSSG) in the 

bile of F-344 rats as soon as 1 hr following 1,2-DCB treatment. This oxidative 

event is also observed in vitro in hepatocytes isolated from F-344 rats. The 

concentrations of GSSG increase by 1 hr of Incubation with 1,2-DCB In F-344 but 

not In SD rat hepatocytes. It appears that this hepatocellular oxidative stress 

does not lead to cellular injury or cytotoxicity as the viability of F-344 and SD rat 

hepatocytes incubated with 1,2-DCB Is similar. The role of hepatocellular 

oxidative stress in 1,2-DCB induced hepatotoxicity is unknown. 

An extracellular oxidative stress also occurs following 1,2-DCB 

administration in F-344 rats. This oxidative stress is a later event and results from 

activation of Kupffer cells (KC). KC contribute greatly to the hepatotoxicity of 1,2-

DCB. Inhibition of KC activity by gadolinium chloride (GdCIa) or methyl palmitate 

decreased 1,2-DCB mediated elevations In alanine aminotransferase activity 

(Gunawardhana etal., 1993; Hoglen etal., 1998). Moreover, KC Isolated from 

1,2-DCB treated F-344 rats produce exaggerated amounts of superoxide anion 

(Hoglen etal., 1998). This correlates with the formation of conjugated dienes and 
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4-hydroxynonenal in livers of F-344 rats 16 and 24 hr following 1,2-DCB 

administration (Hoglen etal., 1998). KC inhibition with GdCb reduced these 

markers of lipid peroxidation induced by 1,2-DCB suggesting that KC derived 

reactive oxygen species and subsequent peroxidation of lipid membranes may 

be a mechanism by which these cells contribute to the progression of 

hepatocellular necrosis. Collectively, these findings for 1,2-DCB as well as those 

of other hepatotoxicants (e.g. carbon tetrachloride, hypervitaminosis A, cadmium 

and acetaminophen) document the role of KC in chemical induced liver injury 

(Laskin and Pilaro, 1986; Sipes etal., 1989; Decker, 1990; Laskin and Pendino, 

1995). However, the mechanism(s) of KC activation in these models remains to 

be characterized. 

The relationship between the hepatocellular and extracellular oxidative 

phases generated by 1,2-DCB may be to activate KC. Oxidative stress and 

altered GSH concentrations may tum on a number of signaling pathways in 

hepatocytes (Flohe eta!., 1997; Gius etal., 1999). For example, redox 

imbalances may lead to the transcription and translation of genes in hepatocytes 

whose products (e.g. cytokines/chemokines) ultimately result in the activation of 

KC and the subsequent inflammatory cascade. Recently, cytokines such as 

tumor necrosis factor a (TNF-a) and cytokine induced neutrophil chemoattractant 

(CINC) factor have been shown to activate KC and neutrophils, respectively, in 

the setting of liver injury (Spitzer and Zhang, 1996; Horbach etal., 1997; Dong et 

al., 1998a; Yamada etal., 1999). The production of cytokines and chemokines by 
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paranchymal or non-paranchymal cells of the liver may then be a trigger for KC 

activation. Although the capacity for hepatocytes to produce and secrete 

cytokines and chemokines is low as compared to macrophages and endothelial 

cells, hepatocytes have been shown to produce and secrete TNF-a and CINC 

following exposure to hydrogen peroxide (Horbach etal., 1997) and heavy 

metals (Dong etal., 1998b), respectively. Local release of small amounts of 

these mediators by compromised hepatocytes could stimulate KC, which in turn, 

auguments the further production and release of these and other factors 

responsible for the inflammatory response. The processes that mediate 

cytokine/chemokine production and release in hepatocytes is unclear but may 

involve oxidative stress (Horbach etal., 1997). 

In vitro and in vivo models of 1,2-DCB induced oxidative stress utilizing 

primary cultured hepatocytes were established to study the molecular and 

cellular consequences of 1,2-DCB exposure. The binding activities of the 

transcription factors activator protein-1 (AP-1), nuclear factor kappa B (NF-KB) 

and the electrophile response element (EpRE) were determined In 1,2-DCB 

treated hepatocytes to examine if they may enhance the transcription of redox 

sensitive genes. The protein expression of the chemokines CINC and TNF-a 

were investigated. Because the oxidative stress produced by 1,2-DCB in F-344 

rats is greater than in SD rats, these studies were performed in hepatocytes of 

both rat strains to determine the importance of oxidative stress and 

transcritpional factor activation during 1,2-DCB induced hepatotoxicity. The 
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results of this study provide a mechanism by which hepatocytes may activate KG 

and the subsequent inflammatory cascade that is responsible for 1,2-DCB 

induced hepatotoxicity. 
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Materials and Methods 

The chemicals used in the following experiments were described in 

Chapter 2. The F-344 and SD rats used for these studies along with the isolation 

of hepatocytes from these animals are also described in the previous chapter. 

Treatment of Primary Cultured Heoatocvtes. 

The monolayers of hepatocytes (2x10® cells) were incubated with 1,2-

DCB (3.6 or 7.1 umol dissolved in DMSO) or DMSO vehicle at 37° C, 5% 

C02;95% air. Dosing solutions were placed in a glass boat that was positioned at 

the neck of a sealed T-25 flask. 1,2-DCB was allowed to vaporize in the flask and 

allowed to partition from the gas phase into the culture medium (Younis etal., 

2000). At 0.5, 1 and 2 hr cells were harvested for assay of JNK phosphorylation 

activity. Determination of transcription factor binding activity was assessed 2, 4 

and 6 hr following 1,2-DCB treatment. The methods of these procedures are 

described later in this section. 

The production and release of cytokines was determined by hepatocytes 

after 12 and 24 hr of incubation with 1,2-DCB (3.6 umol) or DMSO. Other 

treatment groups included BSO (2mM dissolved in WME) and 1,4-

dichlorobenzene (1,4-DCB: 3.6 umol in DMSO). The hepatocytes were scraped 

with lysis buffer (0.5 ml) and stored at 4° C. Each treatment group sample 

consisted of three pooled flasks totaling 6X10® cells. In other studies, F-344 rats 

were treated with 1,2-DCB (3.6mmol/kg, i.p.) or com oil vehicle (2ml/kg) in vivo 

for 6 hr and then hepatocytes were isolated from these animals. Following 
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adherence to the flasks these hepatocytes were incubated with WME for 12 or 24 

hr and media and cell lysates were harvested for analyses as described above. 

For gene expression analysis, hepatocytes were incubated with 1,2-DCB 

(3.6 umol in DMSO) or DMSO for 6 or 12 hr. Forty million hepatocytes were 

harvested per treatment group in cold PBS. The cells were centrifuged (4° C, 5 

min at 500 rpm) and the pellet was snap frozen in liquid nitrogen and stored at -

80° C for RNA extraction. 

Determination of Nuclear Transcription Factor Binding Activity. 

NF-KB, AP-1 and EpRE binding activity was determined using the 

electrophoretic mobility shift assay (EMSA) as described by Dignam et al. (1983). 

Briefly, hepatocytes (2X10® cells) were lysed by homogenization and nuclei 

were collected at 2000 x g. Nuclear proteins were extracted by incubation with 

buffer for 1 hr on ice and the protein concentration was determined using 

Coomassie Plus Protein Assay Reagent (Pierce, Rockford, IL.). Five pg nuclear 

protein extract was incubated with double-stranded, [^^P]-labeled oligonucleotide 

in extraction buffer. After 0.5 hr, the reaction mixture was loaded on 5% 

nondenaturing polyacrylamide gels. Gels were dried and exposed to Kodak X-

OMAT film for autoradiography. The following oligonucleotides (double 

stranded) were used: AP-1: 5'-CgCTTgATgAgTCAgCCgGAA-3', NF-KB: 5'-

AgTTgAggggACTTTCCCAggC-3', EpRE: 5'-TTTCTgCTTAgTCATTgTCTT-3'. 

The sequence for the EpRE is a promoter region in the rat quinone reductase 
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(RNQOi) gene that contains an EpRE sequence. Bands were quantified using a 

phosphoimager. 

Determination of JNK. 

JNK was determined by the method of Hibi eta!., (1993). F-344 rat 

hepatocytes were treated with 1,2-DCB or DMSO for 0.5 to 2 hr as previously 

described and cytosolic proteins were harvested following homogenization of the 

cells. JNK was precipitated from the cytosolic fraction with a GST-c-Jun (1-79) 

fusion protein. This complex was incubated with [^^P]-labeled oligonucleotide 

and the reaction mixture was loaded on 10% polyacrylamide gels. The gels were 

dried and exposed to Kodak X-OMAT film for autoradiography. Bands were 

quantified using a phosphoimager as previously described. 

Determination of TNF-a and CINC. 

CINC and TNF-a were determined in hepatocytes incubated with 1,2-DCB 

or DMSO vehicle using Westem Blot analysis as previously described (Stamer et 

al., 1994). Hepatocyte conditioned media from all treatment and nontreatment 

groups were collected and concentrated for proteins using Centriplus Filter 

Systems YM-3 (Millipore, Bedford, CT). Protein concentrations of concentrated 

media and from cell lysates were determined using Coomassie Plus Protein 

Assay Reagent (Pierce, Rockford, IL.). Ten ug of protein per sample was loaded 

onto a 12.5% polyacrylamide gel for separation and transferred to a nitrocellulose 

membrane. The membrane was incubated with rabbit monoclonal antibody 

against rat CINC-1 protein (Peptide International, Louisville, KY) or rabbit 
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polyclonal antibody against mouse TNF-a (Genzyme, Cambridge, MA). 

Following a washing period, goat anti-rabbit horseraddish peroxidase antibody 

(Amersham Life Science, Arlington Heights, IL.) was incubated with the 

membranes. Finally, the membrane was incubated with substrate and 

immunoreactive proteins were visualized using autoradiography. 

cDNA Gene Expression Arrays. 

Gene expression was determined using the Atlas Rat cDNA Expression 

Array (Clontech, Palo Alto, OA). Briefly, mRNA was extracted from hepatocytes 

and transcribed to labeled cDNA probes using the Atlas Pure RNA Labeling 

System (Clontech, Palo Alto, CA). The cDNA probes were hybridized with nylon 

gene arrays at 67° C overnight and then rinsed with a washing solution to 

remove non-specific binding. The membranes were exposed to Kodak X-OMAT 

film for 24 to 96 hr for autoradiography. Membranes were also analyzed using a 

phosphoimager. 

Statistical Analysis. 

The data are expressed as mean ± standard error of the mean (SEM). To 

compare F-344 and SD rat strains with respect to 1,2-DCB and DMSO 

treatments the data were analyzed using Two-Way Analysis of Variance followed 

by Bonferroni's post-hoc test. Differences were considered significant if p < 0.05. 

All statistical analyses were performed using SigmaStat Statistical Software for 

Windows, Version 1.0 (Jandel Scientific, San Rafael, CA). 
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Results 

Activation of AP-1. NF-KB and EPRE Transcription Factors in Hepatocvtes. 

To determine the molecular consequences of 1,2-DCB induced oxidative 

stress the binding activity of AP-1, NF-KB and EpRE were examined. The binding 

activity of these transcription factors in F-344 and SD rats is presented in Figures 

10 and 11, respectively. Enhanced binding activity of AP-1 occurred in F-344 rat 

hepatocytes by 2 hr of incubation with 1,2-DCB (Figure 10A). This rise in binding 

activity increased with the time and dose of 1,2-DCB. The binding activity of AP-1 

in F-344 rat hepatocytes was greatest by 6 hr where it was 3.7-fold and 4.6-fold 

greater than control for the 3.6 and 7.1 umol doses of 1,2-DCB, respectively 

(Table 2). In SD rat hepatocytes, enhanced AP-1 binding activity also occurred 

by 2 hr of incubation with 1,2-DCB, but had reached a plateau between 4 and 6 

hr (Figure 11 A). At these times, AP-1 binding activity was 2.5-3.3 fold greater 

than control for both doses of 1,2-DCB (Table 2). 

The binding activity of NF-KB also was Increased above control by 2 hr for 

both of the doses used for 1,2-DCB in F-344 rats (Figure 10B). By 4 hr, NF-KB 

binding activity decreased but was still above control. Maximal binding activity for 

NF-kB was at 6 hr following incubation with 1,2-DCB as it reached nearly 3-fold 

greater than control. In contrast, SD rat hepatocytes had no increases in NF-kB 

binding activity by 2 hr of 1,2-DCB incubation (Figure 11B). The binding activity 

of NF-KB In SD rat hepatocytes did increase by 1.4 to 1.6-fold above DMSO 

control after 4 to 6 hr of 1,2-DCB incubation (Table 2). 



80 

Enhanced DNA binding activity of EpRE to RNQOi was observed in F-344 

rat hepatocytes following incubation with 1,2-DCB and was similar to that of NF-

kB (Figure 10C). Binding of RNQO1 increased by 4.0 and 2.8-fold above control 

after 6 hr of 3.6 and 7.1 umol of 1,2-DCB treatment, respectively (Table 2). For 

SD rat hepatocytes RNQO1 increased by 1.7 and 1.6-fold following 2 hr of 

incubation with 3.6 and 7.1 umol of 1,2-DCB, respectively (Figure 11C, Table 2). 

This level of activity was maintained over the 6 hr time course. 

To compare the relative transcription factor binding activity between F-344 

and SD rats, the values in Table 2 of F-344 rats were standardized to SD rat 

values. As shown in Figure 12, F-344 rat hepatocytes had greater NF-kB and 

RNQO1 binding activity than that of SD rat hepatocytes after 2 and 6 hr of 1,2-

DCB (3.6 and 7.1 umol) treatment. The binding activity of AP-1 was greater in F-

344 rat hepatocytes as compared to SD rat hepatocytes only following 6 hr of 

incubation with 7.1 umol 1,2-DCB (Figure 12B). 

Enhanced c-Jun Phosphorylation by JNK. 

Since the binding activity of AP-1 was increased, the activity of JNK, an 

upstream regulator of AP-1, was examined in hepatocytes treated with 1,2-DCB. 

The activity of JNK was similar in F-344 and SD rat hepatocytes following 1,2-

DCB treatment (Figure 13). The phosphorylation activity of JNK increased as 

early as 0.5 hr after 1,2-DCB (3.6 umol) exposure by 1.5 and 2.1-fold in F-344 

and SD hepatocytes, respectively, as compared to control (Table 3). JNK activity 

was greatest by 1 and 2 hr of 1,2-DCB (3.6 and 7.1 umol) treatment for both rat 
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strains. No differences in JNK phosporylation activity were observed between F-

344 and SD rats (Figure 14). 

Protein Expression of CINC. 

The amount of CINC protein was significantly enhanced in F-344 rat 

hepatocyte media following Incubation with 1,2-DCB (3.6 umol) for 12 and 24 hr 

(Figure 15A). As compared to DMSO vehicle control, these increases were 2.2 

and 1.6-fold for the 12 and 24 hrtime points, respectively (Table 4). Hepatocyte 

cell lysates also had greater amounts of CINC protein following 12 hr of 

incubation with 1,2-DCB. There were no elevations in CINC release in media or 

cell lysates of 1,4-DCB or BSO treated hepatocytes (Table 5). In SD rat 

hepatocytes, there were no increases in CINC in media following incubation with 

1,2-DCB for 12 hr as compared to DMSO control (Figure 15B). By 24 hr there 

was a 1.5-fold increase in CINC in both the media and cell lysate of SD rat 

hepatocytes incubated with 1,2-DCB as compared to control (Table 6). These 

elevations in CINC in SD rat hepatocytes were not significantly different from 

control. Comparing the relative increases in CINC above control between F-344 

and SD rat hepatocytes revealed that the elevations in this protein were 

significantly greater in F-344 than in SD rat hepatocytes following incubation with 

1,2-DCB for 12 hr (Table 6). The protein expression of CINC in naive 

hepatocytes of F-344 and SD rats was not different from that of DMSO treated 

hepatocytes (data not shown). 
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Enhanced release of CINC from hepatocytes was also observed In in vivo 

studies with 1,2-DCB. In these experiments, 1,2-DCB (3.6 mmol/kg) or com oil 

vehicle were administered to F-344 rats for 6 hr and then hepatocytes were 

isolated and incubated for 12 and 24 hr with no additional treatment. Hepatocytes 

from 1,2-DCB treated F-344 rats produced 1.7-fold more CINC in media than 

control by 24 hr of incubation (Figure 15C, Table 4). In hepatocyte cell lysates 

there was a 1.4 and a 2.1-fold increase in CINC than com oil control. 

Protein Expression of TNF-a. 

The protein levels of TNF-a were not altered in F-344 rat hepatocytes 

following 12 and 24 hr of incubation with 1,2-DCB (Table 4). When 1,2-DCB was 

administered in vivo elevations in TNF-a were also not observed in hepatocytes. 

Gene Expression Arrays. 

Gene expression analysis was determined in F-344 and SD rat 

hepatocytes at 6 and 12 hr following incubation with 1,2-DCB (3.6 umol) using 

the Atlas cDNA Rat Expression Array (Figure 16). In regard to genes involved in 

inflammatory processes, the mRNA expression of macrophage migration 

inhibitory factor (MIF) was enhanced in F-344 but not in SD rat hepatocytes 

following 1,2-DCB treatment as compared to DMSO control (Table 7). The 

elevated expression of MIF was apparent at 6hr of treatment and was greatest at 

12 hr in F-344 rats. The mRNA for TNF-a did not change in SD hepatocytes with 

treatment, but was slightly decreased in F-344 rat hepatocytes following 6 hr of 

1,2-DCB exposure as compared to control. The receptor for interluekin-4 and the 
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interferon regulatory factor were also increased in F-344 rat hepatocytes by 12 hr 

of 1,2-DCB, while no elevations were observed for SD hepatocytes. The 

signaling molecules mitogen activated protein kinase 1 (MARK 1), c-myc, protein 

kinase C (RKC), p53 and p38 all had increased mRNA gene expression by 12 hr 

of 1,2-DCB exposure in F-344 rat hepatocytes. No alterations in the expression 

of these genes were observed in SD rat hepatocytes. Hepatocytes from both rat 

strains had enhanced expression of c-jun mRNA following 6 and 12 hr of 

incubation with 1,2-DCB. This expression of c-jun was greater in F-344 

hepatocytes at 12 hr of treatment. The mRNA expression of the redox sensitive 

genes NF-kB pi05 subunit, GSH reductase and the cytosolic isoform of 

superoxide dismutase (SOD-1) were increased in 1,2-DCB treated F-344 

hepatocytes but not in SD hepatocytes. The mRNA for inhibitory kB alpha chain 

(IkB-a) was elevated at 6 and 12 hr following incubation of F-344 rat hepatocytes 

with 1,2-DCB. An increase of this mRNA in SD rat hepatocytes was only 

apparent at 12 hr. 
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Figure 10: Transcription Factor Binding Activity in Monolayers of Hepatocvtes 
Isolated Fronn F-344 Rats Following Incubation With 1.2-DCB. Hepatocytes 
isolated from naive male F-344 rats were maintained in monolayer cultures for 2 
hr then incubated with 1,2-DCB or DMSO. The transcription factors were 
assessed using EMSA. Hepatocytes were exposed to DMSO® or 1,2-DCB (3.6'^ 
and umol) for various lengths of time (2-6 hr). (A) AP-1, (B) NF-KB, (C) 
RNQO1. FP=Free Probe. 
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Figure 11: Transcription Factor Binding Activity in Monolayers of Hepatocvtes 
Isolated From SD Rats FoUowing Incubation With 1.2-DCB. Hepatocytes isolated 
from naive male SD rats were maintained in monolayer cultures for 2 hrthen 
incubated with 1,2-DCB or DMSO. The transcription factors were assessed using 
EMSA. Hepatocytes were exposed to DMSO® or 1,2-DCB (3.6" and 7.1umol) 
for various lengths of time (2-6 hr). (A) AP-1, (B) NF-KB, (C) RNQOI. FP=Free 
Probe. 
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F-344 S D  

AP-1 NF-kB RNQO1 AP-1 NF-kB RNQO1 

2HR 
1.6 ± 0.4® 2.1 ± 0.3® 2.9 ± 0.4® 
1.8 ±0.5" 2.7 ±0.6" 2.3 ±0.5" 

1.5 ±0.2® 1.2 ±0.4® 1.7 ±0.4® 
2.3 ±0.4" 1.2 ±0.3" 1.6 ±0.2" 

4HR 
2.6 ±0.2® 1.5 ±0.4® 2.0 ±0.4® 
3.2 ± 1.0" 2.0 ± 0.7" 1.7 ± 0.7^ 

2.5 ±0.4® 1.6 ±0.8® 1.6 ±0.2® 
3.3 ±0.6" 1.5 ±0.8" 1.6 ±0.2" 

6HR 
3.7 ± 1.0® 2.9 ± 0.4® 4.0 ± 1.3® 
4.6 ± 1.1" 2.7 ± 0.5" 2.8 ± 0.3" 

2.8±1.0® 1.5±1.0® 1.7±0.3® 
2.5 ±0.6" 1.4 ±0.7" 1.7 ±0.3" 

Table 2: Transcription Factor Binding Activity in Monolayers of Hepatocvtes 
Incubated With 1.2-DCB. Hepatocytes isolated from naive male F-344 and SD 
rats were maintained in monolayer cultures for 2 hr then incubated with 1,2-DCB 
or DMSO. The transcription factors were assessed using EMSA. Hepatocytes 
were exposed to DMSO or 1,2-DCB (3.6^ and 7.1" umol) for various lengths of 
time (2-6 hr). Data expressed as fold increase (mean ± SEM) of 1,2-DCB above 
DMSO control. N=4 for SD and F-344 rat hepatocytes. 



89 

A. 
1,2-DCB 3.6 umol 

IZI32HR 
[IIN]4HR 

6HR 

O CO 

AP-1 NF-kB RNQ01 

B. 

3n 
1,2-DCB 7.1 umol 

[=12 HR 
nnn4HR 

AP-1 NF-kB RNQ01 
Figure 12: Comparison of Transcription Factor Binding Activity Between F-344 
and SD Rat Hepatocvtes Following Incubation With 1.2-DCB. Hepatocytes 
isolated from naive male F-344 and SD rats were maintained in monolayer 
cultures for 2 hr then incubated with 1,2-DCB in DMSO. The transcription factors 
were assessed using EMSA. Hepatocytes were exposed to DMSO or 1,2-DCB 
(3.6 and 7.1 umol) for various lengths of time (2-6 hr). Data represents fold 
increase of F-344 above SD rat hepatocytes exposed to 1,2-DCB (A) 3.6 (B) 7.1 
umol. 
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Figure 13: JNK Phosphorylation Activity in Monolayers of Hepatocvtes Following 
Incubation With 1.2-DCB. Hepatocytes isolated from naive male F-344 and SD 
rats were maintained in monolayer cultures for 2 hr then incubated with 1,2-DCB 
in DMSO. JNK phosphorylation activity was determined using GST-c-jun 0-79) 
to precipitate JNK. Hepatocytes were exposed to DMSO® or 1,2-DCB (3.6 and 
7.1° umol) for various lengths of time (0.5 - 2 hr). (A) F-344 (B) SD. 
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F-344 SD 

0.5 HR 
1.5 ±0.4® 2.1 ±0.5® 
2.7 ±0.5^^ 1.7 ±0.6'^ 

1  H R  
3.1 ±0.1® 4.4 ±1.0® 
3.4 ± 0.5^^ 3.9 ± 0.5'' 

2HR 
3.0 ± 0.2® 2.8 ± 0.8® 
3.4 ± 0.5^^ 4.0 ± 2.0"" 

Table 3: JNK Phosphorylation Activity in Monolayers of Hepatocvtes Following 
Incubation With 1.2-DCB. Hepatocytes isolated from naive male F-344 and SD 
rats were maintained in monolayer cultures for 2 hrthen incubated with 1,2-DCB 
in DMSO. JNK phosphorylation activity was determined using GST-c-jun (1-79) 
to precipitate JNK. Hepatocytes were exposed to DMSO and 1,2-DCB (3.6® and 
7.1umol) for various lengths of time (0.5 - 2 hr). Data represents fold increase of 
1,2-DCB above DMSO control. Data expressed as mean ± SEM. N=3. 
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• 1,2-DCB 3.6 umol 
• 1,2-DCB 7.1 umol 

0.5 HR 1 HR 2HR 

Figure 14: Comparison of JNK Phosphorylation Activity Between F-344 and SD 
Rat Hepatocvtess Following Incubation With 1.2-DCB. Hepatocytes isolated from 
naTve male F-344 and SD rats were maintained in monolayer cultures for 2 hr 
then incubated with 1,2-DCB in DMSO. JNK phosphorylation activity was 
determined using GST-c-jun (1-79) to precipitate JNK. Hepatocytes were 
exposed to DMSO and 1,2-DCB (3.6'^ and 7.1^ umol) for various lengths of time 
(0.5 - 2 hr). Data represents fold increase of F-344 above SD rat hepatocytes 
exposed to 1,2-DCB. 
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Figure 15: CINC Protein Expression in Monolayers of Hepatocytes Following 
Incubation With 1.2-DCB. Hepatocytes isolated from naive male (A) F-344 and 
(B) SD rats were maintained in monolayer cultures for 2 hrthen incubated with 
1,2-DCB (3.6 umol in DMSO) or DMSO for 12 and 24 hr. (C) F-344 rats were 
administered 1,2-DCB (3.6mmol/kg) or com oil vehicle in vivo for 6hr and then 
hepatocytes were isolated and incubated for 12 and 24 hr. CINC was determined 
by Western blot analysis and visualized by chemiluminesence. M=media. C=cell 
lysate. 
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CINC TNF-a 
MEDIA CELLS MEDIA CELLS 

in vitro 
12 HR 2.2 ± 0.2 1.6 ± 0.4 1.0±0.2 1.1 ±0.2 

in vitro 
24 HR 1.8±0.2 1.2 + 0.3 1.1 ±0.3 1.0 ±0.2 

in vivo 
12 HR 0.9 ±0.4 1.4 ±0.1 1.0 ±0.4 0.8 ±0.2 

in vivo 
24 HR 1.7 ±0.3 2.1 ±0.6 1.3±0.8 1.4±0.3 

Table 4: CINC and TNF-a Protein Expression in Monolayers of F-344 Rat 
Hepatocytes Following 1.2-DCB Treatment. Hepatocytes Isolated from naive 
male F-344 rats were maintained in monolayer cultures for 2 hr and incubated 
with DMSO or 1,2-DCB (3.6 umol) for 12 and 24 hr. F-344 rats were also 
administered 1,2-DCB (3.6mmol/kg) or com oil yehicle in vivo for 6hr. 
Hepatocytes from these animals were then isolated and incubated for 12 and 24 
hr. Media and cell lysates were harvested for CINC and TNF-a protein 
expression. Data represents fold increase of 1,2-DCB above control. Data 
expressed as mean +/- SEM. N=3-4. 
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12 HR 24 HR 
MEDIA CELLS MEDIA CELLS 

1,2-DCB 2.2 ±0.2 1.6 ±0.4 1.8 ±0.2 1.2 ±0.3 

BSO 0.9 ±0.1 0.7 ±0.1 0.8 ±0.1 0.8 ±0.1 

1,4-DCB ND ND 
0.9 ±0.2 1.1 ±0.2 

Table 5: CINC Protein Expression in Monolayers of F-344 Rat Hepatocytes 
Following Incubation With 1.2-DCB. 1.4-DCB or BSO. Hepatocytes isolated from 
naive male F-344 rats were maintained in monolayer cultures for 2 hr. 
Hepatocytes were then incubated with 1,2-DCB (3.6 umol), 1,4-DCB (3.6 umol) 
or BSO (2mM) for 12 and 24 hr. Media and cell lysates were harvested for CINC 
protein expression. Data represents fold increase of treatment group above 
control. Data expressed as mean +/- SEM. N=3-4. 
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12 HR 24 HR 

MEDIA CELLS MEDIA CELLS 

F-344 2.2 ±0.2^ 1.6 ±0.4 1.8 ±0.2'' 1.2 ±0.3 

SD 0.9 ±0.1 1.3 ±0.1 1.5 ±0.1 1.5 ±0.2 

Table 6: CINC Protein Expression in Monolayers of Hepatocvtes Following 
Incubation With 1.2-DCB. Hepatocytes isolated from naive male F-344 and SD 
rats were maintained in monolayer cultures for 2 hr and incubated with DMSO or 
1,2-DCB (3.6 umol) for 12 and 24 hr. Media and cell lysates were harvested for 
CINC protein expression. Data represents fold increase of 1,2-DCB above 
control. ^Denotes significant difference from control. ''Denotes significant 
difference from SD. Data expressed as mean +/- SEM. N=3-4. 
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Figure 16: Gene Expression Analysis in Monolayers of Hepatocvtes Following 
Incubation With 1 .Z-DCB. Hepatocytes isolated from naive male F-344 and SD 
rats were maintained in monolayer cultures for 2 hr and incubated with DMSO or 
1,2-DCB (3.6 umol) for 6 and 12 hr. Atlas cDNA Rat Expression Arrays by 
Clontech were used as mentioned in the Materials and Methods section. The 
boxed regions localize MIF gene expression. 
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Table 7: Gene Expression Analysis in Monolayers of Hepatocvtes Following 
Incubation With 1.2-DCB. Hepatocytes isolated from naive male F-344 and SD 
rats were maintained In monolayer cultures for 2 hr and incubated with DMSO or 
1,2-DCB (3.6 umol) for 6 and 12 hr. Atlas cDNA Rat Expression Arrays by 
Clontech were used as mentioned in the Materials and Methods section. Only 
genes of interest are represented in the table. The data is represented as 
decreased (-), no change (=), mild (-(-) or moderate (++) increases of mRNA 
expression above control. Impressions of relative expression between F-344 and 
SD rats are presented. 
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Gene 
SD F-344 Strain Gene 6 hr 12 hr 6 hr 12 hr Comparison 

p53 = = = + F-344 
c-myc z= — = + F-344 

Jim D + = + = — 

c-jun + + + ++ F-344 

MAPKl + F-344 

p21 = =s = + F-344 

p38 — =: = + F-344 

NF-kB pl05 — = + ++ F-344 

I-kB alpha chain = + + + — 

PKC (delta) = = = + F-344 

GSH Reductase = = = + F-344 

SOD-1 = 
- + F-344 

iNOS + + - + " 

TNF-alpha = = 
-

= — 

TNF receptor 1 + ss - + — 

IL-4 receptor = =s = + F-344 

INF regulatory factor = 
- + F-344 

MIF = + ++ F-344 

Fas antigen precursor = = + F-344 

Bcl-x = =: = + F-344 

BAX — - + F-344 

HSP70 + + + SD 
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Discussion 

Two oxidative events are associated with 1,2-DCB induced liver injury. 

Gunawardhana et al. (1993) first identified an extracellular oxidative stress that 

was due to activation of hepatic macrophages (i.e. KG) that resulted in 

production of reactive oxygen species. In Chapter 2 an Intracellular oxidative 

event was Identified within hepatocytes and occurs prior to extracellular oxidative 

stress. This hepatocellular oxidative stress is due to the bioactivation of 1,2-DCB 

to reactive Intemnediates and is independent of KG function. Interestingly, the 

extent of these oxidative events in F-344 and SD rats parallel their sensitivity to 

1,2-DGB Induced hepatotoxicity. F-344 rats, which are more susceptible to 1,2-

DCB mediated liver injury than SD rats, develop more hepatocellular and 

extracellular oxidative stress. Therefore, investigating the susceptibility of F-344 

rats to chemical induced liver injury as compared to SD rats may reveal the role 

of these oxidative stresses in tissue damage. 

The consequences of extracellular oxidative stress as a result of KG 

activation following 1,2-DCB administration is associated the progression of 1,2-

DCB induced liver injury to hepatocellular necrosis (Gunawardhana etal., 1993). 

However, the role of hepatocellular oxidative stress Is less clear. This intracellular 

redox imabalance may lead to a number of cellular and molecular effects in the 

hepatocyte that range from overt cytotoxicity to gene transcription and 

translation. Indeed, the results of this study demonstrate enhanced binding 

activity of transcription factors In hepatocytes following 1,2-DCB exposure. The 
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nuclear translocations of NF-KB and AP-1 were increased in both F-344 and SD 

rat hepatocytes following incubation with subtoxic concentrations of 1,2-DCB. 

The binding activity of NF-kB was approximately 2-fold greater in F-344 than SD 

rat hepatocytes. There were no apparent differences in AP-1 binding activity 

between the rat strains. This is consistent with the activity of JNK phosporylation 

since it increased to a similar extent in both F-344 and SD rat hepatocytes 

incubated with 1,2-DCB. The activation of transcription factors appears to be 

redox dependent since they occur following the development of oxidative stress 

as demonstrated in the previous chapter. Therefore, the enhanced binding 

activity of NF-kB in F-344 rat hepatocytes as compared to SD cells may be due 

to the greater production of oxidative stress in this strain. 

The function of NF-KB to promote the transcription of genes involved in 

immune response, inflammation and oxidative stress entails that it may play an 

important role in 1,2-DCB Induced hepatotoxicity. For example, NF-kB has been 

shown to regulate the transcription of cytokines/chemokines following oxidative 

insults that Include CINC and TNF-a (Horbach eta!., 1997). Enhanced 

expression of CINC or TNF-a has been observed in hepatocytes treated with 

ethanol (Spitzerand Zhang, 1996; Yamada etai, 1999), acetaminophen 

(Horbach etaL, 1997), cadmium and hydrogen peroxide (Dong etai, 1998a). 

The cytokines/chemokines mentioned above function, at least in part, to activate 

inflammatory cells. For example, TNF-a can prime KC for activation and CINC 

enhances neutrophil migration and reactive oxygen specie production (Thomton 
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etal., 1992; Beyaert and Fiers, 1994). Indeed, the data presented here 

demonstrate enhanced production of CINC by F-344 rat hepatocytes and Its 

release into media following 1,2-DCB treatment. In contrast, the marginal 

increases in CINC in SD rat hepatocytes incubated with 1,2-DCB, were not 

significantly different from control. The release of CINC from hepatocytes of F-

344 rats incubated with 1,2-DCB occurred earlier and to a greater extent than in 

SD rat hepatocytes. No changes in the protein expression of TNF-a were found. 

This production and release of CINC was not observed with 1,4-dichlorobenzene 

(a nonhepatotoxic isomer of dichlorobenzene) or with L-buthionine sulfoxamine 

(a glutathione depleter). This suggests that CINC production is likely due to an 

oxidative stress caused by 1,2-DCB rather than depletion of glutathione or 

solvent effects. The transcription of CINC is regulated by NF-kB, a redox 

sensitive transcription factor (Ohtsuka etaL, 1996, Lakshminarayanan etal., 

1998). Therefore the increase in NF-KB binding activity that occurs in F-344 rat 

hepatocytes within 2 to 6 hr of incubation with 1,2-DCB may account for the 

enhanced protein expression of CINC by 12 and 24 hr. The greater production of 

CINC in F-344 as compared to SD rat hepatocytes following 1,2-DCB treatment 

may be due to the enhanced binding activity of NF-kB in this rat strain. This 

cascade of molecular events in F-344 rat hepatocytes are linked to the initial 

intracellular oxidative stress as they occur chronologically after this redox event. 

Gene array analysis found enhanced mRNA expression of MIF in F-344 

rat hepatocytes but not in SD cells following 1,2-DCB treatment. MIF is a 
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cytokine that has several functions in inflammation that include neutrophil 

priming, enhanced macrophage phagocytosis and killing of parasites and 

counter-regulation of glucocorticoid induced cytokine suppression (Swope and 

Lolis, 1999). Given the roles of CINC and MIF in inflammation it is plausible that 

they may trigger the activation of KC and the recruitment of migrating neutrophils 

to the liver following 1,2-DCB administration. The production of cytokines and 

chemokines by F-344 rat hepatocytes may lend to and provide an explanation for 

the enhanced upregulation of an inflammatory response associated with 1,2-DCB 

in this rat strain as compared to SD rats. 

An interesting finding in this study was the enhanced binding activity of 

EpRE to the promoter region of the RNQO1 gene. EpRE promotes the 

transcription of phase II enzymes involved in the detoxification of electrophilic 

xenobiotics (Wilkinson and Clapper, 1997). The enhanced binding activity of 

EpRE to the RNQO1 gene in 1,2-DCB treated rat hepatocytes draws attention to 

the bioactivation of 1,2-DCB by the cytochrome P-450 enzymes and subsequent 

formation of reactive intermediates, especially quinones. Although quinones 

have not been identified as metabolites of 1,2-DCB, they may be formed as 

secondary metabolites and an upregulation of the transcription of the RNQO1 

gene may be an indirect measure of their formation. The presence of quinones 

may also explain the increase in GSSG observed in Chapter 2 given that they 

can redox-cycle to generate reactive oxygen species. The enhanced production 

of GSSG in F-344 rats as compared to SD rats is consistent with RNQO1 binding 
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activity as it is 2-folcl greater in F-344 rats. This suggests that the bioactivation of 

1,2-DCB in F-344 rats generates electrophilic metabolites of 1,2-DCB (e.g. 

quinones) that activate EpRE. 

The findings of this study also support the usefulness and validity of 

isolated hepatocytes as a reliable in vitro model to determine molecular 

endpoints of chemical induced liver injury. The production and release of CINC 

by hepatocytes following in vitro or in vivo exposure to 1,2-DCB suggests that the 

in vitro model mimics similar in vivo pathways and processes. Moreover, the 

increased mRNA expression of GSH reductase and SOD-1 corresponds with the 

oxidation of GSSG and oxidative stress that occurs following 1,2-DCB treatment 

in vivo and in vitro. Consistency also exists within the in vitro model as the 

enhanced activity of JNK, AP-1 and NF-kB correlates with gene array studies 

showing upregulation of c-jun, MAPK 1, NF-kB p105 and inhibitory kB (IkB) alpha 

chain mRNA expression. Collectively, these data indicate that hepatocytes 

isolated from naive animals may represent and predict molecular pathways that 

contribute to chemical induced liver Injury in in vivo models. However, the model 

of isolated hepatocytes may not represent liver injury that is due to multiple cell 

types. 

In summary, data from these studies demonstrate that 1,2-DCB 

upregulates the binding activity of the transcription factors AP-1, NF-KB and 

EpRE. The activation of these transcription factors, in most part, is greater in F-

344 rats and may promote the transcription and ensuing translation of 
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cytokines/chemokines in hepatocytes that function to activate KC. The enhanced 

mRNA expression of MIF and protein expression of CINC in F-344 rat 

hepatocytes may play key roles in the activation of KC and the subsequent 

inflammatory cascade responsible for the progression of 1,2-DCB induced liver 

damage. 
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Chapter 4 

Introduction 

Determine if Products Generated From 1.2-DCB Treated Hepatocytes Activate 

Kupffer Cells. 

Kupffer cells (KC), the resident macrophages of the liver, play a critical 

role in chemical-induced liver injury. The activation of KC is followed by the 

recruitment and infiltration of other Inflammatory cells to the liver, such as 

neutrophils, and the subsequent development of an inflammatory response 

(Laskin and Pedino, 1995). This inflammatory event results in the progression of 

chemical-induced liver injury to hepatocellular necrosis. Activated KC and 

neutrophils release factors that are directly toxic to hepatocytes such as reactive 

oxygen species and TNF-a. This inflammatory cascade of events ultimately 

results in the majority of hepatic injury caused by exposure to chemicals that 

include acetaminophen (Laskin etal., 1995), cadmium (Kuester, 2001) and 1,2-

DCB (Gunawardhana etal., 1993; Hoglen etal., 1998) among others. Thus, 

understanding the factors that influence KC activity in chemical-induced liver 

injury is vital to understanding how liver injury progresses following initial damage 

to the hepatocyte. The mechanisms by which KC become primed, activated and 

generate inflammatory events following chemical exposure in vivo is unknown. 

1,2-DCB is a good model compound to study the mechanism(s) of KC 

activation in the setting of chemical Induced liver injury because the role of these 

cells in 1,2-DCB induced hepatotoxicity is well characterized (Gunawardhana et 
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a/., 1993; Hoglen eta!., 1998). For example, 1,2-DCB administration results in 

the production of reactive oxygen species by KC of F-344 rats (Hoglen et al., 

1998). This generates an extracellular oxidative burst that results in deleterious 

effects to the hepatocyte. For example, reactive oxygen species attack 

unsaturated fatty acids to produce conjugated dienes and 4-hydroxynonenal. 

These products of lipid peroxidation are observed at 16 and 24 hr following 1,2-

DCB treatment in F-344 rats. Pretreatment of rats with gadolinium chloride, a KC 

inhibitor, reduces the 1,2-DCB induced formation of these lipid peroxidation 

products. It also dramatically reduces 1,2-DCB induced hepatotoxicity implicating 

the activity of KC in this process (Gunawardhana etal., 1993; Hoglen etal., 

1998). Moreover, studies indicate that the number of KC are increased in the 

liver, in particular the centrilobular regions, following 16 and 24 hr of 1,2-DCB 

treatment (unpublished data). 

A mechanism that may contribute to the activation of KC following 1,2-

DCB administration is the release of chemokines from hepatocytes. As 

demonstrated in the previous chapters, 1,2-DCB produces hepatocellular 

oxidative stress that may turn on a number of molecular and cellular pathways in 

cells. These lead to the production and release of cytokine induced neutrophil 

chemoattractant factor (CINC) protein and mRNA gene expression of 

macrophage migration inhibitory factor (MIF). The major functions of these 

chemokines are to enhance the activity of inflammatory cells. CINC (Baggiolini et 

al., 1989; Zeilhofer and Schorr, 2000) and MIF (Metz and Bucala, 1997; Swope 
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and Lolis, 1999) are known to enhance neutrophil migration while MIF can 

activate macrophage phagocytosis. Enhanced formation and release of these 

immunomodulatory proteins from hepatocytes may activate KC as well as 

promote the infiltration of neutrophils. However, the capacity for CINC or MIF to 

activate KC is unknown. The experiments In this chapter are directed at the 

hypothesis that factors released by compromised hepatocytes upregulate KC 

activity. Modulation of NF-kB binding activity and nitric oxide production are used 

as markers of KC function. Because CINC may be one of the mediators released 

from hepatocytes, studies are also directed at demonstrating the presence of the 

CXC Receptor 2 (CXCR2) receptor on KC. CINC serves as a ligand for this 

receptor (Petering etai, 1999). This mechanism of KC activation has not been 

defined in the literature in the setting of chemical induced liver injury. 
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Materials and Methods 

The chemicals used in the following experiments were described in 

Chapter 2. The F-344 rats used for these studies along with the isolation of 

hepatocytes from these animals are also described in Chapter 2. 

Treatment of Primary Cultured Hepatocvtes. 

To determine if hepatocytes released factors that modulate KC, 

hepatocytes were incubated at 37° C for 24 hr with 1,2-DCB (3.6 umol in DMSO) 

In an atmosphere of 5% C02:95% air. Other hepatocyte incubations received no 

treatment while some received only DMSO vehicle. After 24 hr of incubation, 

conditioned media from these cells was harvested and centrifuged (5 min at 37° 

C). The supernatant (2 ml) was then incubated with KC. 

Isolation and Treatment of Primary Cultured Kupffer Cells From F-344 Rats. 

KC were isolated as previously described by Hoglen etal. (1998). Briefly, 

male F-344 rats were anesthetized with phenobarbital (50mg/kg, i.p.). The liver 

was then perfused with Geyes Balanced Salt Solution (GBSS) for 4 min (20 

ml/min) at 37° C. This was followed by perfusion of an enzyme digest containing 

47.9U/ml collogenase type 2 (Worthington Biomedical Corp., Lakewood, NJ) and 

1.3mg/ml protease dissolved in GBSS for 7.5min (20ml/min). The liver was then 

han/ested, sliced with a razor and incubated in 90 ml of an enzyme digest 

(32.5U/ml collogenase type 2, 0.6mg/ml protease and Dnase 111 ug/ml) for 30 

min at 37° C. Following centrifugation (SOOrpm for 5min) non-paranchymal cells 

were harvested by collecting the supernatant and then concentrated by 
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centrifugation at 2000rpm for 10 min. The pelleted non-paranchymal ceils 

including KC were collected in a syringe and loaded on to an elutriator (Beckman 

J6-C equipped with a JE 5.0 rotor/Sanderson cell) at 2500rpm and 22°C. KC 

were elutriated with GBSS containing 0.1% BSA once the flow rate surpassed 33 

nnl/min. The cells in the fraction were centrifuged (2000rpm for lOmin) and the 

pellet was resuspended in RPMI containing 10% bovine calf serum. KC were 

plated on 6 well plates at a density of 2 X 10® cells/well and incubated as 

described above for24hr. KC were pretreated with lipopolysaccharide (LPS) at 

10Ong/mi or control for 24 hr and then incubated with hepatocyte conditioned 

media (2ml/well) from 1,2-DCB, DMSO treated or control hepatocytes. After 24 hr 

of incubation, media was harvested for detennination of nitrite concentration and 

cells were harvested for nuclear proteins to determine NF-kB binding activity. 

Determination of NF-kB Transcription Factor Binding Activity. 

NF-KB binding activity was determined using the electrophoretic mobility 

shift analysis as described by Dignam et al. (1983). Briefly, KC (8-12 X 10® cells) 

were lysed by homogenization and nuclei were collected at 2000 x g. Nuclear 

proteins were extracted by Incubation with buffer for 1 hr on ice and the protein 

concentration was determined using Coomassie Plus Protein Assay Reagent 

(Pierce, Rockford, IL.). Two pg nuclear protein extract was incubated with 

double-stranded, [^^P]-labeled oligonucleotide in extraction buffer. In some 

experiments cold NF-kB oligonucleotide was also incubated with the reactions. 

After 0.5 hr, the reaction mixture was loaded on 5% nondenaturing 
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polyacrylamide gels. Gels were dried and exposed to Kodak X-OMAT film for 

autoradiography. The following oligo (double stranded) for NF-kb was used: 5'-

AgTTgAggggACTTTCCCAggC-3'. Bands were quantified using a 

phosphoimager. 

Determination of CXC Receptor 2. 

KC were isolated from F-344 rats as previously mentioned and plated onto 1cm 

coverslips in 6 well plates. Immunohistochemistry was performed as described 

by Fujino et al. (2000). Briefly, the cells were fixed onto to cover slips using 

methanol/acetone (7:3) and blocked with 2%BSA in PBS. The cover slips were 

then incubated with mouse monoclonal anti-human CXC Receptor 2 (CXCR2) 

primary antibody (1 ;500: Biosource International, Santa Cruz, CA) overnight at 

4°C. Following a wash with PBS, anti-rabbit biotinylated secondary antibody 

(1:500) was placed on the cover slips for 1 hr and then Cy-5 flourescent antibody 

conjugated to streptoavin (1:500) was incubated for an additional 1 hr at room 

temperature. The cover slips were fixed to slides and stored at 4°C in the dark 

until analysis. Confocal microscopy was used for visualization. 

Determination of Nitrite. 

Nitrite was measured in KC media as a marker of nitric oxide by the 

method of Green etal. (1982). Briefly, in a 96-well plate 90ul of sulfanilamide and 

90ul of N-1-naphylethylenediamine were added to 90ul of sample or NO 

standards (1-15umo!). The samples and standards were read at 570nm using a 

Dynatech MR5000 Plate Reader (Dynatech Laboratories, Chantilly, VA). 
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Results 

Enhanced NF-kB Binding Activity in Kupffer Cells. 

KC isolated fronn F-344 rats had enhanced NF-kB binding activity when 

incubated with conditioned media from 1,2-DCB treated hepatocytes as 

compared to DMSO or no treatment (Figure 17). This increase in NF-kB was 2.3 

to 6.8 fold greater in KC that were incubated with conditioned media of 1,2-DCB 

treated hepatocytes as compared to those that received DMSO (Table 8). The 

positive control, LPS (lOOng), enhanced NF-kB binding activity in KC. This 

response by LPS was greater than that achieved by conditioned media from 

hepatocytes incubated with 1,2-DCB. LPS, even at lower doses (1 ng), did not 

potentiate the NF-KB binding activity mediated by conditioned media from 1,2-

DCB treated hepatocytes (data not shown). The band representing NF-kB was 

competitively inhibited with addition of excess (25-fold) unlabeled NF-kB 

oligonucleotide. 

Expression of CXC Receptor 2 in Kupffer Cells. 

The CXCR2 was determined to be expressed by naive KC isolated from 

F-344 rats by immunohistochemical analysis. The labeling for CXCR2 was only 

observed when fixed KC were incubated with primary antibody (Figure 18). The 

background labeling of the secondary antibodies was minimal. 

Nitrite Production bv Kupffer Cells 

The concentration of nitrite was decreased in hepatocytes treated with 

1,2-DCB as compared to DMSO control by 6-fold (0.66 ± 0.08 vs. 3.99 ± 0.31 
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nmol, Figure 19A). The difference in nitrite concentrations in media before and 

after incubation with KC was calculated to determine the amount of nitrite 

produced by KC (Figure 19B). KC produced marginal amounts of nitrite prior to 

treatment. KC incubated with conditioned media from 1,2-DCB treated 

hepatocytes had increased nitrite concentrations in their media after 24 hr. In 

contrast, the amount of nitrite had decreased in the media of KC that were 

incubated with conditioned media from DMSO treated hepatocytes. This analysis 

illustrates an increase in nitrite concentrations in the media of KC treated with 

conditioned media of 1,2-DCB treated hepatocytes as compared to control KC 

and those incubated with conditioned media of DMSO treated hepatocytes. 
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Figure 17: NF-kB Binding Activity bv KC Incubated With Conditioned Media From 
Hepatocvtes Treated With 1.2-DCB. Hepatocytes isolated from naive F-344 rats 
were maintained in monolayer cultures for 2 hr and then incubated with DMSO or 
1,2-DCB (3.6 umol In DMSO) for 24 hr. Conditioned media from these 
hepatocytes was harvested and immediately incubated with KC pretreated with 
LPS (lOOng) or vehicle for 24 hr. The transcription factor NF-kB was assessed in 
KC using EMSA. N=4. 
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Animal Fold 
Number Induction 

1 6.8 

2 3.1 

3 2.3 

4 6.2 

Table 8: Enhanced NF-kB Binding Activity by KC Incubated With Conditioned 
Media From Hepatocytes Treated With 1.2-DCB. Hepatocytes isolated from 
naive F-344 rats were maintained in monolayer cultures for 2 hr and then 
incubated with DMSO or 1,2-DCB (3.6 umol in DMSO) for 24 hr. Conditioned 
media from these hepatocytes were harvested and immediately incubated with 
KC for 24 hr. The transcription factor NF-kB was assessed in KC using EMSA. 
Data expressed as fold induction of NF-kB in KC incubated with conditioned 
media from 1,2-DCB treated hepatocytes above DMSO treated hepatocytes for 
each individual experiment. N=4. 
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Figure 18: CXC Receptor 2 Protein Expression bv KC. KC were isolated from 
naive F-344 rats and fixed to coverslips with methanol/acetone. (A) KC were 
incubated with 2% bovine serum albumin or (B) primary CXCR2 antibody 
(dissolved in 2% bovine serum albumin) and visualized with Cy-5 secondary 
antibody using Confocal microscopy. N=3. 
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Figure 19: Nitrite Concentrations in KC Incubated With Conditioned Media From 
Heoatocvtes Treated With 1.2-DCB. Hepatocytes isolated from naive F-344 rats 
were maintained in monolayer cultures for 2 hr and then incubated with DMSO or 
1,2-DCB (3.6 umol in DMSO) for 24 hr. Conditioned media from these 
hepatocytes was harvested and immediately incubated with KC for 24 hr. Nitrite 
was assayed in (A) hepatocyte media and is represented as the mean ± SEM. 
The same media was analyzed for nitrite after incubation with (B) KC. These data 
are represented as the difference in nitrite concentrations before and after 
incubation with KC. Nitrite was determined spectrophotometrically. N=3. 
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Discussion 

An inflammatory response is known to contribute to the pathogenesis of 

liver injury and disease. Several models of hepatocellular injury demonstrate that 

activation of the resident inflammatory cells of the liver, KG, is crucial for the 

development of hepatocellular necrosis. Evidence for this is based on studies 

that show reductions in hepatocellular damage following pretreatment of rodents 

with chemical inhibitors of KG activity and function. For example, liver injury 

caused by ischemia/reperfusion (Jaeschke and Benzick, 1992) bile duct ligation 

(Maher eta!., 1998) and xenobiotics (Laskin and Pedino, 1995) is dramatically 

decreased by gadolinium chloride or methyl malmitate, two known inhibitors of 

KG activity. Although KG are capable of producing a number of cytotoxic 

molecules that include reactive oxygen and nitrogen species and cytotoxic 

proteins such as TNFa to damage the hepatocyte, fulminant liver injury often 

requires the recruitment of other inflammatory cells (Laskin and Pedino, 1995). 

The infiltration of neutrophils, in particular, is observed in necrotic regions of the 

liver during chemical induced hepatotoxicity. The cooperative activities of KG and 

nuetrophils lead to a cascade of events that produce an inflammatory response 

in the liver that is responsible for hepatotoxicity. 

The factors that contribute to KG activation and neutrophil recruitment 

have been investigated. In regard to the later, the release of the chemokine GING 

by KG, stellate cells or hepatocytes may trigger neutrophil migration to the liver 

(Hisama eta!., 1996; Maher etal., 1998; Dong etal., 1998a). KG activated during 
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ischemia/reperfusion injury v/ere shown to generate CINC that enhanced the 

migration of neutrophils (Hisama eta!., 1996). As reported in Chapters, the 

hepatoxicant 1,2-DCB induces the release of CINC from hepatocytes. This 

production of CINC by hepatocytes, which has also been observed following 

acetaminophen and hydrogen peroxide treatment, is marginal compared to that 

produced by KC (Horbach eta!., 1997). Therefore, the ability for paranchymal 

cells to activate neutrophils by CINC may be low. Interestingly, stellate cells have 

been shown to constitutively produce and release CINC with no required stimulis 

(Maher eta!., 1998). The role of CINC during homeostatic conditions in the liver 

is unknown. 

However, the results described herin demonstrate the expression of CXC 

receptor 2 (CXCR2) protein by KC. CXCR2 is one of 4 receptors in the CXC 

receptor family whose ligands include chemokines that contain the CXC motif 

(Petering eta!., 1999). While the expression of CXCR1 is exclusive to 

nuetrophils, CXCR2 is also expressed by monocytes (Saccani etal., 2000). The 

expression of CXCR2 by KC suggests that CINC and/or other proteins In Its class 

may be able to modulate KC function. The fenestrated endothelium of the liver 

facilitates the flow of CINC or other factors released from hepatocytes to access 

KC. Given the proximity of KC and hepatocytes in the liver, release of low levels 

of CINC protein by hepatocytes may be sufficient to signal KC activation. 

Although the release of CINC by hepatocytes is moderate, the activation of KC 

may require the release of a milue of cytokines and chemokines. It appears that 
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macrophage activation results from multiple cytokines and chemokines (Maher et 

al., 1998). 

Data presented in this chapter demonstrate that factors released from 

hepatocytes following exposure to 1,2-DCB in vitro enhance KC activation. 

Enhanced NF-kB binding activity in KC is observed following incubation of these 

cells with 1,2-DCB hepatocyte conditioned media. NF-kB activity is a hallmark of 

KC activation as it is increased with LPS (Okada etaf., 2000), TNF-a (Tran etai., 

1995), ethanol (Tsukamoto eta!., 1999) and among other stimuli known to 

activate KC. Pretreatment of KC with LPS did not potentiate NF-kB binding 

activity observed with 1,2-DCB. This suggests that conditioned media from 

hepatocytes incubated with 1,2-DCB contains factors that enhance the binding 

activity of NF-kB to DNA in KC. One of these products released from hepatocytes 

may be CINC. As shown in Appendix A, addition of recombinant CINC protein to 

conditioned media of hepatocytes incubated with DMSO also enhanced NF-kB 

binding activity in KC while immuno-precipitation of CINC from conditioned media 

of 1,2-DCB treated hepatocytes reduced NF-kB binding activity Induced by 1,2-

DCB. Since NF-kB enhances the transcription of a number of genes associated 

with inflammation such as TNF-a, CINC, interleukln-6, and interferon beta among 

others, the production of these proteins may be increased by these KC (Baldwin, 

1996). Maher (1995) demonstrated the enhanced release of CINC from KC when 

incubated with conditioned media from ethanol treated hepatocytes. Therefore, 

the activation of KC by hepatocyte derived substances may lead to the 



124 

production of immunomodulatory factors by KC that initiate the inflammatory 

response. 

The inflammatory response generated by KC and neutrophils contributes 

to hepatocellular injury, in part, by release of reactive oxygen and nitrogen 

species. The increase in nitrite production in KC media following incubation with 

conditioned media from hepatocytes incubated with 1,2-DCB suggests the 

formation of nitric oxide by KC. The formation and release of nitric oxide by KC 

may be due to enhanced binding activity of NF-kB in these cells. NF-kB may 

promote the expression of inducible nitric oxide synthase that catalyzes the 

formation of nitric oxide (Ishiyama etai, 2000). The nitric oxide produced by KC 

may react with superoxide anion, known to be released by KC following 1,2-DCB 

treatment. This reaction forms the reactive peroxynitrite anion, which may 

contribute to the lipid peroxidation observed following treatment of F-344 rats 

with 1,2-DCB (Hoglen eta!., 1998). 

In summary, this work is novel in that it demonstrates the role of 

hepatocytes to signal and regulate KC activity. Previous work studying chemical 

induced liver injury and the mechanisms of KC activity have represented 

hepatocytes as a passive cell vulnerable to events independent of its activity. In 

contrast, this research demonstrates that hepatocyte derived factors may trigger 

KC activity and the subsequent cascade of inflammatory events that leads to the 

progression of hepatocellular injury. Additional work should focus to determine 

and identify the factors released from hepatocytes that are involved in KC 
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activity. There is likely frequent communication between hepatocytes and KC 

during chemical induced liver damage. This communication is highly complex 

and involves multiple factors that collectively mediate a response such as 

activation of KC and death of hepatocytes. 



126 

Chapter 5 

Conclusion 

The Molecular and Cellular Mechanisms of 1.2-Dichlorobenzene Induced Liver 

Injury in Fischer-344 and Spraaue-Dawlev Rats. 

The studies presented in this dissertation support the hypothesis that 

mediators released from hepatocytes contribute to the activation of KC In the 

process of 1,2-DCB induced liver injury. A model of the mechanism of 1,2-DCB 

induced hepatotoxicity is illustrated in Figure 20. The data presented in the 

previous chapters demonstrate the role of hepatocellular oxidative stress in 1,2-

DCB induced hepatotoxicty. Evidence for this is the oxidation of GSH to GSSG 

and the inhibition of enhanced GSSG production by the antioxidant catalase. 

This oxidative event occurs prior to and is independent of the oxidative phase 

associated with KC activation. Intracellular oxidative stress leads to the activation 

of molecular and cellular pathways in hepatocytes that include enhanced 

phosphorylation activity of kinases and nuclear translocation of transcription 

factors. The enhanced phosphorylation of c-jun by JNK in F-344 rat hepatocytes 

occurs within 0.5 hr of incubation with 1,2-DCB. This likely contributes to the 

elevated binding activity of the AP-1 transcription factor in these cells which 

occurred within 2 hr of 1,2-DCB treatment (Dalton etal., 1999). Increases in the 

binding activity of NF-kB and EpRE transcription factors were also observed in F-

344 rat hepatocytes following 2 hr of incubation with 1,2-DCB. These molecular 

events were followed by the increased release of the chemokine CINC into 
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Figure 20: Current Model of 1.2-DCB Induced Hepatotoxicitv. 

media and by the enhanced expression of MIF by F-344 rat hepatocytes 

incubated with 1,2-DCB. The production of these chemokines in hepatocytes 

may be due to the earlier activation of NF-kB as it can promote the transcription 

of CINC (Ohtsuka etal., 1996) and MIF(Metz and Bucala, 1997). CINC is a 

known chemoattractant for neutrophils. The release of these chemokines may 

play a key role in the activation of inflammatory cells. 

The finding that CXCR2, a receptor for CINC, was expressed in KC 

suggests that CINC may signal KC and regulate their activity as it does in 
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neutrophils. In fact, KC displayed enhanced NF-kB binding upon incubation with 

conditioned media obtained from F-344 rat hepatocytes incubated with 1,2-DCB. 

One factor that may contribute to the upregulation of NF-kB could be CINC. 

Although the role of CINC In KC activation is unknown, it is plausible that one or 

a combination of factors generated by hepatocytes following incubation with 1,2-

DCB may activate KC. KC activation in the setting of chemical Induced liver injury 

is responsible for inflammatory events that lead to the progression of liver lesions 

to fulminant hepatic necrosis (Laskin and Pedino, 1995). As a result of the data 

presented here a contributing mechanism to the activation of inflammatory cells 

following chemical induced liver injury may by the release of chemokines by 

hepatocytes. 

The comparison of the molecular and cellular processes mediated by 1,2-

DCB in hepatocytes of F-344 and SD rats provides important evidence for these 

events that occur during chemical induced liver injury (Figure 21). For example, 

the extent of oxidative stress was greater in F-344 than SD rats. The subsequent 

enhanced binding activity of AP-1 and NF-kB was also greater in F-344 rat 

hepatocytes incubated with 1,2-DCB. Moreover, the production and release of 

CINC and gene expression of MIF in F-344 rat hepatocytes was greater than SD 

rat hepatocytes incubated with 1,2-DCB. Enhanced expression of redox sensitive 

genes such as SOD, GSH reductase, MAPK1 and p38 occurs in F-344 rat 

hepatocytes following incubation with 1,2-DCB but not in SD rat hepatocytes. 
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Figure 21: Molecular and Cellular Effects Following 1.2-DCB Treatment. 

These comparative studies between F-344 and SD rats suggest that the initial 

oxidative stress in F-344 rat hepatocytes may be responsible for the molecular 

and cellular processes observed in this rat strain. Therefore, these events likely 

contribute to the mechanisms of 1,2-DCB induced hepatotoxicity. The reasons 

for 1,2-DCB inducing a greater oxidative stress in F-344 rats as compared to SD 

rats may explain, in part, the differences in susceptibility between these strains. 

Collectively, these data are consistent with the proposed mechanism of 1,2-DCB 

induced liver injury where compromised hepatocytes signal the activation of 

inflammatory cells and the ensuing inflammatory response. 

In addition to 1,2-DCB, there exist a number of other compounds whose 

toxic effects vary greatly between F-344 and SD rats that include carbon 
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tetrachloride (Steup etal., 1991), dlquat (Gupta eta!., 1994), cadmium (Kuester, 

2001) and pharmaceutical agents such as acetaminophen (Newton etal., 1983). 

Therefore, results presented herein may provide a plausible explanation for the 

enhanced susceptibility of F-344 rats to chemical induced hepatotoxicity as a 

whole. Understanding the genetic variations between F-344 and SD rats that are 

responsible for their varying sensitivity to chemical mediated injury may lend to 

the recognition of specific human populations that may have greater susceptibility 

to chemical induced liver toxicity. Since F-344 and SD rats are extensively used 

to assess and predict the human response to xenobiotics, this work may be used 

to help determine which animal model best represents humans and even specific 

human subpopulations 

The mechanisms of chemical induced liver injury are complex. They 

involve the culmination of a number of processes that include bioactivation, 

oxidative stress, intracellular signaling, gene expression and intercellular 

communication of multiple cell types as indicated by the results of this work with 

1,2-DCB. However, the available in vitro hepatocyte and in vivo animal models of 

chemical induced liver injury commonly only use gross pathological markers as 

indicators of injury. For example, the cytotoxicity of 1,2-DCB in hepatocytes was 

similar for F-344 and SD rats, while in vivo findings demonstrate the marked 

sensitivity of F-344 rats to 1,2-DCB induced liver damage. However, when early 

molecular biomarkers of chemical induced liver injury were compared a 

concordance between the in vitro and in vivo models was observed. For 
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example, the production of GSSG and the extent of oxidative stress caused by 

1,2-DCB in animals were similar to that found in isolated hepatocytes. Moreover, 

the release of CINC from hepatocytes was observed In both the in vitro and the 

in vivo model of 1,2-DCB induced liver injury. These correlations between in vitro 

and in vivo models suggest that molecular biomarkers in hepatocyte test systems 

may be used to better predict the effect of compounds on the liver in vivo. As In 

the case of 1,2-DCB, the release of LDH into media in hepatocytes was a poor 

predictor of the liver response in animals, while the release of CINC correlated 

well with liver injury in vivo and the differences in susceptibility between F-344 

and SD rats. Therefore, appropriate endpoints must be used as predictors of liver 

injury. The findings of this research suggest that molecular endpoints may be 

better biomarkers of chemical induced liver injury since they precede hepatocyte 

cell death and take into consideration the role of subsequent cell-cell interactions. 

The results from this dissertation extend the list of unanswered questions 

posed by chemical induced liver injury and suggest future directions for research. 

The concept that parenchymal cells may trigger inflammatory events that 

eventually lead to their death suggests that they are active players in 

inflammatory processes. Determining the key events that trigger this response by 

hepatocytes may predict the inflammatory events that subsequently take place. 

The threshold of oxidative stress that is required to activate molecular signaling 

in hepatocytes must be determined as it may be a crucial indicator of 

susceptibility to chemical induced liver damage. These questions may be 
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answered using specific oxidants, antioxidants and inhibitors of key signaling 

pathways in hepatocytes. It would also be fruitful to determine the cause of 

hepatocellular oxidative stress. Although the oxidative stress that occurs in 

hepatocytes is dependent on bioactivation, the specific reactive intermediates of 

1,2-DCB responsible for this are unknown. The relative formation of these 

metabolites between F-344 and SD rats may provide further insight on the role of 

bioactivation in 1,2-DCB induced hepatotoxicity. 

Finally, the results of this research may contribute to human safety in 

regard to chemical induced liver damage. The F-344 rat represents an animal 

model with an inherent susceptibility to chemical induced hepatotoxicity. 

Certainly, there are Individuals within the human population that, because of 

genetic reasons, are more susceptible to chemical induced liver injury. Such 

individuals may over express particular isoforms of cytochrome P450, under 

express detoxification enzymes, be deficient In antioxidants and/or over express 

key signaling molecules. Therefore, a better understanding of how these traits 

operate in animal models will further our knowledge of the critical factors involved 

in chemical induced liver injury in human populations. A better understanding of 

the critical events in liver injury may also result in more selective therapeutic 

agents that can disrupt the sequence of events that result in cell death. 
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Appendix A 

Figure 22: Modulation of NF-kB Binding Activity in Kupffer Cells bv CINC. 
Hepatocytes isolated from naive F-344 rats were maintained in monolayer 
cultures for 2 hr and then incubated with DMSO or 1,2-DCB (3.6 umol in DMSO) 
for 24 hr. Conditioned media from DMSO treated hepatocytes was harvested and 
CINC recombinant protein (RP: 8 ng/ml) was added to the media and then 
immediately Incubated with KC for 24 hr. Conditioned media from 1,2-DCB 
treated hepatocytes was harvested and the CINC protein from this media was 
immuno-precipitated (IP) using an antibody. Then the media was immediately 
incubated with KC for 24 hr. The transcription factor NF-kB was assessed in KC 
using EMSA. FP = Free Probe. N=1. 
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