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ABSTRACT 

Isoniazid (INH) is an antimicrobial used around the world in the treatment and 

chemoprophylaxis of tuberculosis. Hepatotoxicity is a well-recognized adverse effect of 

INH therapy. Metabolites of INH, namely hydrazine (HD) and acetylhydrazine (AcHD), 

are believed to be responsible for this hepatotoxicity. Studies were initiated to test the 

hypothesis that HD and not AcHD administration results in alterations in hepatic lipid 

homeostasis. In adult male C57B1/6J mice doses up to 300 mg AcHD/kg, p.o. did not 

produce liver damage. In contrast, exposure to HD resulted in time- and dose-dependent 

decreases in plasma cholesterol as well as lipid accumulation leading to liver damage. 

Hepatic gene expression profiles were determined after administration of HD or AcHD 

(100 mg/kg, po). The expression of genes involved in lipid synthesis, transport and 

metabolism, as well as genes associated with necrosis were altered by HD In contrast, 

AcHD produced fewer changes and did not result in the differential expression of genes 

involved in lipid accumulation or necrosis. Several of the genes changed by HD exposure 

are regulated by PPARa. The involvement of PPARa in HD-mediated steatosis was 

investigated in PPARa-deficient mice. Administration of HD to these mice induced 

greater hepatic lipid accumulation and macrovesicular degeneration than did its 

administration to wild-type mice. This is consistent with the role of PPARa in removing 

lipids from liver. The pathology and the microarray data suggest that the PPARa-

deficient mice are less capable of meeting the demands of HD-mediated increases in 
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hepatic lipid presentation. In the wild-type animals, PPARa is activated in response to 

HD-induced increases in fatty acids. Consequently, these mice are better able to 

compensate for the lipid accumulation. This is the first demonstration of a critical role 

for PPARa in response to HD-induced steatosis. 
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CHAPTER 1: 

INTRODUCTION 

HYDRAZINE : PRODUCTION AND USES 

Hydrazine (HD) is a simple, water-soluble chemical composed of two nitrogen atoms and 

four hydrogen atoms (H2N-NH2). The commercial applications of HD and its salts are 

numerous. Among these applications are as a fuel for rockets and spacecraft, explosives, 

a corrosion inhibitor in the treatment of boiler water, a bleaching agent for cotton, a 

polymerization catalyst, a scavenger for gases, and a reducing agent in nuclear fuel 

reprocessing, photographic film processing, and in protein/nucleic acid degradations 

(hydrazinolysis) (Toth, 2000; Choudhary and Hansen, 1998; ATSDR, 1997). HD is also 

a precursor/intermediate in the synthesis of pharmaceuticals, agrochemicals, pesticides, 

and herbicides, as well as in the manufacture of plastics, such as vinyl flooring and 

automotive foam cushioning (ATSDR, 1997; Choudhary and Hansen, 1998). 

Commercial production is carried out by Raschig synthesis, the combining of sodium 

hypochlorite and excess ammonia followed by flash boiling in the recovery of the final 

product. Alternatively, HD, a weak base, can be made via a reaction between urea and 

hypochlorite (von Burg and Stout, 1991). The U.S. production capacity for HD was 

estimated to be about 38 million pounds in 1984 (ATSDR, 1997). Due to confusion on 

reporting methods of HD production statistics (HD, HD derivatives, etc.), the amount 

produced globally is unknown. Furthermore, military secrecy has hampered the reporting 

of actual production figures (Toth, 2000). 
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HUMAN EXPOSURE TO HYDRAZINE 

During World War II it was determined that HD (as a hydrate) was a critical component 

of the German V-2 rockets (Longmate, 1985) and as the propellant in rocket aircraft. This 

was the first military use of HD hydrate as a fuel (Toth, 2000). Human exposure steadily 

increased as the military demand for HD skyrocketed. In 1964, 73% of the HD 

consumption in the United States was for its application as an aerospace propellant and 

emergency fuel (ATSDR, 1997). With such military and industrial applications, the 

release of HD into the environment has occurred through various processes. The 

environmental fate of HD and its derivatives is largely unknown, but most reports point 

to significant atmospheric emission during manufacture and processing. Between 1981 

and 1982 it has been estimated that approximately 60,000 U.S. workers were potentially 

exposed to HD, mainly in the workplace, at military complexes, or at hazardous waste 

sites where contamination was a factor. Typically, workers at HD processing facilities 

wear respiratory and skin protective equipment. Studies have shown that levels of HD 

outside the masks at a rocket propellant handling facility to be between 0.29 - 2.59 

mg/m^ and at levels below the detection limit of 0.013 mg/m^ within the masks (WHO 

Working Group, 1987). An estimated 16,452 pounds of HD was discharged to the air in 

the United States in 1993 (ATSDR, 1997). HD, however, is rapidly degraded in air 

through reactions with ozone, hydroxyl radicals and nitrogen dioxide. Nevertheless, in 

1997, the American Conference of Governmental Industrial Hygienists recommended the 

threshold limit for occupational exposure to HD in the air be set to 0.013 mg/m^. Indeed, 

the U.S. Environmental Protection Agency considers HD to be a hazardous air pollutant 
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and, along with the lARC, has classified it has a Group B2 carcinogen (U.S. EPA, 1999; 

lARC, 1999) 

Aquatic release of HD may also occur during manufacture, processing, use or disposal. 

HD is infinitely soluble in water resulting in possible contamination of drinking water. 

Boiler steam containing HD has been used to clean dishes and to keep food warm. 

However, HD is rapidly oxidized and degraded in water and poses no significant threat to 

human consumption (ATSDR, 1997). 

Small amounts of HD (23-43 ng/cigarette) have been found in tobacco smoke (lARC 

Monograph, 1974). Maleic hydrazide, used as sucker control in the cultivation of 

tobacco, can be metabolized by the plant to several products including HD. One study 

showed that samples of this herbicide contained 0.16-260 mg HD per gram of maleic 

hydrazide (Toth, 2000). HD is also a product of nitrogen fixation by the tobacco plant 

itself, as well as by certain algae and bacteria. Thus, people who smoke or chew tobacco 

and those in contact with secondhand smoke may be exposed to greater than ambient HD 

levels. 

Several epidemiological studies have focused on the relationship between occupational 

exposure to HD and several cancers, but to date none of the data are conclusive (Morris, 

1995; Wald, 1984). Case reports, however, indicate that occupational exposures to HD 

result in a wide range of physical complaints including skin and eye irritation, lethargy. 
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conjunctivitis, tremors, nausea, vomiting, difficulties in cognitive tasks, and psychiatric 

disturbances. 

During the late 1960s, animal studies on the toxicity of HD suggested that it inhibited 

glyconeogenesis, the process whereby hepatic glycogen is generated from lactate and 

amino acids, or other non-carbohydrate sources. In dogs, an early indication of a toxic 

effect of HD was an elevation of blood lactate and pyruvate, as well as an inhibitory 

effect on the citric acid cycle, specifically on a-ketoglutarate oxidation (Fortney, 1966; 

Fortney, 1967). The mechanism of action attributed to HD in this physiological process 

was inhibition of pyridoxal phosphate enzymes, such as glutamic decarboxylase and y-

aminobutyrate transaminase (Floyd, 1980). HD was later shown to be an inhibitor of 

hepatic phosphoenolpyruvate carboxykinase (PEPCK) activity (Ray et al, 1970). 

PEPCK catalyzes the rate-limiting step of gluconeogenesis and hence regulates blood 

glucose levels and fatty acid mobilization. However, before these results were published, 

Joseph Gold, M.D., in an attempt to increase survival and quality of life of cancer 

patients, theorized that tumors grew by shunting metabolic energy away from normal 

physiological processes, such as gluconeogenesis, resulting in cachexia and anorexia, the 

muscle wasting and weight loss associated with advanced disease. Thus, by limiting the 

ability to obtain glucose, tumor growth could theorhetically be arrested. In a series of 

experiments Gold reported that in rats HD sulfate inhibited the growth of experimental 

tumors (Walker 256), by specifically inhibiting PEPCK (Gold 1971, 1973). 

Subsequently, after administering the compound to 158 cancer patients Gold was the first 
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to propose HD sulfate as a treatment (Gold, 1975). The results published in the journal 

Oncology indicated that only 84 of the 158 patients were evaluated, with 70% of the 

cases showing subjective improvement and 17% objectively improved. However, Gold 

did concede that after the additon of HD sulfate there was improvement in the reminaing 

patients only if they had concurrent or prior anticancer therapy (Gold, 1975). 

As a result of these early studies, HD has been investigated as a cancer treatment for 

more than 30 years. HD and its salts have been used in the treatment of neoplasms 

including those arising from breast, colon, liver, lung, kidney, ovary, pancreas, and 

uterus, as well as malignant lymphomas. Patients typically have received 30 - 180 mg up 

to 10 g or more HD per day (Toth, 2000). In response to increased interest in using this 

treatment, the National Cancer Institute in 1993 sponsored 3 randomized clinical trials 

consisting of 600 cancer patients receiving either HD sulfate or placebo. The endpoints 

studied were increased survival, weight gain, and overall improvement in the quality of 

life. Results of these trials did not show any improvement in these parameters. 

Moreover, a number of side effects, including sensory and motor neuropathy, were 

reported (Malozowski, 1999). Of the three trials, one was prematurely halted due to 

increased mortality in the treatment group. Such studies have not deterred the self-

medication with HD sulfate as evidenced by cases of poisonings and the number of HD-

related web sites claiming increases in weight, improved well-being and increased 

survival for cancer patients (Nagappan and Tiddel, 2000; Hainer et ai, 2000). HD sulfate 

is commercially and readily available in the United States, but it has not be shown to be 
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effective in relieving symptoms of cachexia in cancer patients. Its use as an anticancer 

agent has not been approved by the U.S. Food and Drug Administration (FDA). 

HD is a metabolite of FDA-approved drugs, including the hypotensive agent hydralazine 

and isoniazid (isonicotinic acid hydrazine, ENH), used in the treatment and 

chemoprophylaxis of tuberculosis. Analysis of urine and blood samples suggests that 

patients taking hydralazine (10-50 mg 4X daily) or INH (5-400 mg/kg daily) may be 

exposed to toxic levels of HD (Blair et al, 1985). EMH-induced hepatotoxicity and 

peripheral neuropathy are prevalent manifestations in tuberculosis patients. The 

incidence varies between 0.8 - 36% and mortality has been reported in a number of cases 

(Walubo, 1998; Sarich, 1998; Stuart and Grayson, 1999). 

The wide ranging utilization of HD in the commercial, pharmaceutical, and military 

sectors has prompted numerous investigations into its impact on human physiology. It 

has deleterious effects on many organ systems and biochemical processes. What follows 

is an overview of the metabolic profile and pathological effects of HD on organ systems 

and biochemical processes, as well as the statement of the problem to be addressed in this 

dissertation. 

THE TOXICITY OF HYDRAZINE 

Multiple exposures to HD in humans, whether in the workplace or from medicinal use, 

have resulted in hepatic, renal, and gastrointestinal damage, as well as convulsions and 
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coma. There have also been reports of death associated with self-medication with 

hydrazine sulfate (Hainer et al, 2000). There is no information on the chronic effects of 

HD in humans. From animal studies, HD is characterized as a hepatotoxicant, 

neurotoxicant, mutagen, and carcinogen (Choudhary and Hansen, 1998). 

GENOTOXICITY 

In rats, mice and guinea pigs, HD has been shown to induce the rapid formation of N -

and 0^-methylguanine adducts in hepatic DNA (WHO, 1987; Leakakos and Shank, 1994; 

Fitzgerald and Shank, 1996). In addition to DNA adducts, HD has also produced sister 

chromatid exchange (SCE), transformation, and unscheduled DNA synthesis (UDS) 

(Speit et al, 1980). The DNA-damaging effects of HD are suggested to be mediated 

through the generation of oxidative stress and reactive species (Speit et al, 1980; Noda 

et al, 1986; Choudhary and Hansen, 1998), including free radicals and formaldehyde 

hydrazone (Lambert and Shank, 1988). In a study by Sasaki and co-workers, the alkaline 

single cell gel electrophoresis (SGC) assay was used to test the in vivo genotoxicity of 

HD. In mice, an oral dose of HD induced DNA damage in stomach, colon, liver, bladder, 

and brain, whereas an i.p. dose produced DNA damage in the lung, stomach, and liver 

(Sasaki, 1998). This study indicated that the route of administration is crucial in 

evaluating the genotoxicity of HD and HD derivatives. 

HD has been shown in vitro to induce single-strand DNA breaks in the rat liver. 

Furthermore, HD can induce gene mutations and chromosomal aberrations in plants. 



23 

phage (p 80, bacteria, fungi, Drosophila melanogaster, and in mammalian cells (mouse, 

rat and hamster) (WHO, 1987). HD also produces DNA damage in human cells, human 

teratoma cells, mouse lymphoma cells, and in several bacterial strains. 

CARCINOGENICITY 

According to the Tenth Annual Report on Carcinogens published by the National 

Toxicology Program, HD is "reasonably anticipated to be a human carcinogen" (NTP, 

2002). The evidence to support this statement comes from studies with laboratory 

animals, as there is a paucity of information on the carcinogenicity of HD in humans. In 

mice, orally administered HD produced hepatomas, hepatocarcinomas, mammary and 

pulmonary adenomas, and adenocarcinomas. After i.p. injections, HD induced 

pulmonary adenomas, leukemias, and reticulum cell sarcomas in mice (ATSDR, 1997; 

lARC, 1999). When HD added to the drinking water, mice developed anaplastic 

adenomas and adenocarcinomas, whereas rats developed adenocarcinomas, carcinomas 

and spindle cell sarcomas. Although inadequate in their scope, several studies have 

demonstrated that there are dose related increases of hepatocarcinomas and lung tumors 

in mice following chronic oral gavage with HD (lARC, 1987). Results with both routes 

of administration reveal consistency between the genotoxicity and carcinogenicity of HD. 

Inhalational studies in mice revealed that HD induced alveolarogenic carcinomas and 

lymphosarcomas of the spleen (NTP, 2002). After chronic and intermittent exposure to 

HD vapors, rats and hamsters develop benign nasal polyps, squamous metaplasia. 
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hyperplasia and neoplasia of the nose, malignant nasal epithelia tumors, amyloidosis and 

thyroid adenomas (WHO, 1987; EPA\ Von burg and Stout, 1991; Choudhary and 

Hansen, 1998). There is inadequate evidence for the carcinogenicity of HD and HD 

sulfate in humans (lARC, 1987). 

TOXICITY TO THE NERVOUS SYSTEM 

Disturbances to the peripheral nervous system (PNS) and central nervous system (CNS) 

have been documented after sufficient absorption of HD by any route. Experimental 

animals injected with as little as 25 mg HD/kg become comatose and die, some animals 

experienced convulsions (Hein and Weber, 1984). In one study with murine dorsal root 

ganglia neurons, it was demonstrated that HD caused greater cell death than INH, 

AcINH, AcHD, or DiAcHD (Sanfeliu, et al., 1999). In humans, peripheral sensorimotor 

neuropathy is the most common complaint of chronic INH usage (Sanfeliu et al, 1999). 

This tingling in the hands and feet occurs in 2 - 20% of patients receiving the drug daily, 

depending on the dose (Schmued et al, 1996; Sanfeliu, et al., 1999). Moreover, HD 

causes a similar polyneuritic syndrome in humans as seen with INH, consisting of 

hypesthesias of the hands, paresthesias of the arms and legs, and sensorimotor 

abnormalities (Kisby G, 2000; WHO, 1987; Choudhary and Hansen, 1998). 

Chronic INH use, or overuse, induces side effects in the central nervous system (CNS) as 

well, such as convulsions, hepatic encephalopathy, opitc neuritis and atrophy, memory 

impairment, and psychosis. Dose-dependent lethal occurrences of CNS toxicity after 
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INH exposure have been reported in rabbits (Hein and Weber, 1984). HD-induced CNS 

toxicity has been reported in birds, frogs, rats, mice, rabbits, cats, dogs, and monkeys 

(Hein and Weber, 1984). 

The mechanism of HD- or INH-induced PNS and CNS toxicity is not entirely clear, 

however, the convulsions and peripheral neuropathies that result from exposure to either 

compound can be prevented or inhibited by administration of pyridoxine, a free form of 

Vitamin Be. Pyridoxine uses pyridoxal 5'-phosphate as a cofactor, which has been 

determined to be sequestered by HD to form pyridoxal phosphate-hydrazone (Cornish, 

1969). Pyridoxal 5'-phosphate deficiency can lead to general decreases in the activity of 

pyridoxal phosphate-requiring enzymes, including GABA (gamma aminobutyric acid) 

aminotransferase (GABA-T) (Kenyon, 1999). HD is a potent inhibitor of GABA-T, the 

first enzyme in the degradative pathway for the major inhibitory neurotransmitter GABA 

in the brain (Barbaccia et al, 1996; WHO, 1987; Perry et al, 1981). GABAergic 

inhibition plays an important role in limiting the overall excitability of principal neurons 

in the brain, thus alterations in the level of GABA can influence seizure activity. 

Interestingly, in animal studies, HD also causes a dose-dependent increase in 2-

aminoadipate, a reported glial toxicant that can induce limbic seizures and convulsions 

(Nicholls, 2001). 

Another adverse effect characterized after HD administration in animals is 

hyperammonemia (Floyd, 1980). Ammonia, chemically similar to HD, has been detected 
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in the urine of rats after a single dose of HD (Preece, 1991). The significance of this 

effect can be related to the incidence of convulsions and seizures in both laboratory 

animals and humans exposed to acute high or chronic dose of HD. Ammonia is normally 

incorporated into urea via the hepatic urea cycle. However, if this process is disturbed, 

for example during hepatic failure, excess ammonia can accumulate in the blood, and the 

brain. In experimental animals and in patients with hepatic encephalopathy, a 

neuropsychiatric abnormality associated with liver dysfunction (including HD-induced 

hepatotoxicity), the rate of uptake of ammonia into the brain is significantly increased 

(Jalan, 2002; Von Burg and Stout, 1991). This processes is entirely dependent upon 

glutamine synthesis, catalyzed by glutamine synthetase (Desjardins et al, 2001). The 

only known precursor of glutamine is glutamate, which acts as an excitatory 

neurotransmitter in the brain. Increased levels of ammonia in the brain can lead to an 

imbalance between the synthesis and release of glutamine, which can result in osmotic 

and biochemical stress in astrocytes, as well as alterations in the initiation, propagation 

and maintenance of epileptic activity (Cooper, 2001; Netopilova et al, 2002) 

HEPATOTOXICTY 

A major adverse effect of both INH and HD is hepatotoxicity (Woo et al, 1992; Jenner 

and Timbrell, 1995; Sarich et al., 1996; Walubo et al., 1998). Between 0.8-23% of 

individuals on INH therapy report some form of hepatic dysfunction, ranging from 

elevated liver enzymes to hepatic failure, and even death (Stuart and Grayson, 1999). 

INH and HD are biotransformed but the hepatotoxic product(s) have not been definitively 
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elucidated. In humans, the primary route of INH metabolism is acetylation via hepatic N-

acetyltransferase 2 (NAT2) (Grant et al., 1997; Weber, 1999; Huang et al., 2003) (Figure 

1). INH and acetyl-INH can be hydrolyzed by an amidohydrolase or amidase to generate 

HD (Sarich et al, 1999). HD is also a substrate for NAT2 forming acetyl HD (AcHD). 

Both HD and AcHD have been implicated as the toxic species in INH-related 

hepatotoxicity. AcHD has been proposed to be a substrate for cytochrome P450-

dependent metabolic activation to yield A^-hydroxy-AcHD (Timbrell et al, 1980) and 

possibly other reactive intermediates that can participate in covalent binding with 

macromolecules (Woodward and Timbrell, 1984; Jenner and Timbrell, 1995). 

Bioactivation seems a necessary step for AcHD related hepatic necrosis and requires 

induction of cytochrome P450 (Bahri et al, 1981; Jenner and Timbrell, 1995). AcHD can 

participate in other reactions, including a second acetylation event to yield 

diacetylhydrazine (DiAcHD), a reported detoxification product (Lauterburg et al, 1985; 

Preece, et al, 1991). AcHD itself can be hydrolyzed to generate HD indirectly (Sarich et 

al, 1999). Other biotransformation reactions of HD yield ammonia, pyruvate hydrazone, 

and 2-oxoglutarate hydrazone (Preece, et al, 1991) and a putative cytochrome 

P450/FMO-mediated oxidation reaction to generate reactive intermediates that can 

participate in covalent binding with macromolecules (Jenner and Timbrell, 1995). 

As early as 1908, HD had been known to induce the destruction of hepatocytes and the 

accumulation of fat (steatosis) in the liver (Trout, 1964). Steatosis occurs when the 

balance between lipid (fatty acid) influx and efflux is perturbed. Influx processes include 
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de novo synthesis and uptake of free fatty acids (FFA) into the liver, whereas efflux 

includes degradation of stored lipids and transport out of the liver in the form of 

lipoproteins (Figure 2). Lipogenesis and lipolysis are reciprocally regulated so that both 

are not active simultaneously. 

A single injection of HD was demonstrated to produce a rapid periportal and mid-zonal 

accumulation of lipid in rat hepatocytes with concomitant cellular necrosis (Amenta and 

Johnson, 1962). Several mechanisms responsible for HD-mediated steatosis have been 

suggested including increased mobilization of free fatty acids (FFA) from adipose tissue 

to liver, increased synthesis of hepatic triglycerides, and/or decreased secretion of 

lipoproteins from liver to plasma. An increase in the rate of FFA transport to the liver 

was observed in rats after HD administration (Trout, 1964, 1965). Amenta and 

Dominquez (1965) showed that a sub-cutaneous adminstration of HD resulted in an 

increase in total plasma non-esterified fatty acid (NEFA) flux followed by an increase in 

the transport of plasma NEFA into the liver. Plasma NEFA, also referred to as free fatty 

acids, is the portion of the total FA pool that circulates in prepration for metabolic 

requirements. Once in the liver, those NEFA become substrates for oxidation or are 

rapidly incorporated (esterified) into complex lipids (e.g. triacylglycerols, phospholipids, 

glycolipids, and cholesterol esters). A time-dependent rise in hepatic triacylglycerol 

content has been reported after HD administration, and is proposed to be due to an 

increase in the activity of enzymes involved in triacylglycerol production (Lamb and 

Banks, 1979; Timbrell, 1982; Marshall et al, 1983). HD was not believed to retard the 
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hepatic secretion of of triacylglycerols into the blood (Trout, 1964), however, such an 

inhibition was seen following an i.v. dose of HD in rats, but without deficits in 

lipoprotein synthesis (Clark, 1970). 

Hepatic steatosis is associated with a state of oxidative stress and necrosis (Seki et al, 

2002; Clarke, 2001; Robertson et al, 2001, Diehl, 2002; Pessayer et al, 2001). A 

potential cellular consequence of lipid accumulation is peroxidation, the oxidative 

degradation of lipids via the abstraction of hydrogen from fatty acid moieties. Such an 

event can lead to the formation of toxic reactive aldehyde byproducts and downstream 

effects such as impaired membrane integrity, mitochondrial and sarcoplasmic reticulum 

dysfunction, and altered calcium homeostasis. In addition to lipid changes, HD toxicity 

is reported to include oxidative stress in the form of glutathione reduction and ATP 

depletion (Timbrell, 1982; Jenner and Timbrell, 1995; Karbowski et al, 1997), the 

production of reactive oxygen species and free radicals (Choudhary and Hansen, 1998; 

Walubo et al 1998; Teranishi et al, 1999) and lipid peroxidation (Hussain and Fraizer, 

2002). The precise mechanism(s) of HD-mediated hepatic lipid accumulation has yet to 

be fully identified, but HD appears to have a broad influence over the complex process of 

hepatic lipid homeostasis. 
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Figure 1.2. Fatty acid synthesis and degradation in the hepatocyte. Adipose tissue (and 
muscle) releases free fatty acids into the plasma, from which it is extracted by the 
hepatocyte. Free fatty acids are also synthesized within the liver from complex lipids 
such as triglycerides. Free fatty acids are oxidized in mitochondria, peroxisomes, and 
microsomes in the production of cellular energy. Trigylcerides are also degraded into free 
fatty acids as well as lend themselves to the formation lipid droplets. For export, 
triglycerides are complexed with very low density lipoproteins. 
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Statement of the Problem 

Research Objectives 

The hypothesis tested by the experiments presented in this dissertation was that 

acetylation is protective against HD-mediated hepatic lipid accumulation. Three major 

research objectives were developed to test this hypothesis, and are outlined below. 

Chapter 2. The first objective was to compare the hepatotoxicity of HD and AcHD and 

to clarify the mechanism of HD-induced hepatic necrosis and lipid accumulation in the 

C57B1/6J mouse. The hypothesis being tested was that alterations in lipid transport and 

metabolism occur after HD and not AcHD administration. These studies reveal that HD 

exposure results in elevations in plasma alanine aminotransferase (ALT) levels, decreases 

circulating lipids and causes hepatic steatosis and necrosis. AcHD does not have an 

effect on circulating lipids, nor does it cause significant hepatotoxicity. It was 

determined by cDNA microarray data analysis that a sub-cytotoxic dose of HD causes 

perturbations in genes involved in lipid homeostasis, cell cycle control, and energy 

balance. When evaluated for effects on the expression of hepatic genes, AcHD produced 

changes in fewer genes and ESTs, none of which reflect a mechanism of hepatic lipid 

accumulation or damage. The findings with HD, however, demonstrate that, at high 

doses, HD elevates plasma ALT levels, decreases circulating lipids and induces hepatic 

steatosis and necrosis. Furthermore, HD induced changes in a greater number of hepatic 

transcripts, including genes involved in lipid synthesis, transport and metabolism, and 



oxidative stress. This is the first known investigation into the differential regulation of 

hepatic genes after HD exposure. 

Chapter 3. The second objective was to further understand the pathogenesis of HD-

mediated steatosis, by investigating the toxicity of HD in mice deficient for peroxisome 

proliferator activated receptor alpha (PPARa). The hypothesis being tested was that the 

presence of PPARa is critical in protecting the liver against HD-induced steatosis. 

PPARa-regulated genes are involved in lipid homeostasis, energy metabolism, cell cycle 

progression and cell survival. Defects in PPARa-inducible p-oxidation impact energy 

metabolism and are critical in the development of steatosis. cDNA microarray analysis 

of livers taken from mice lacking PPARa revealed that HD had an impact on genes 

involved in lipid transport, and fatty acid oxidation. Comparison of the hepatic changes 

induced by hydrazine in wild-type and deficient mice were consistent with a critical role 

for PPARa. This is the first known attempt to establish a link between PPARa and HD-

mediated steatosis. 

Chapter 4. This chapter contains a comprehensive summary of the results and a 

discussion of the significance of the findings. 
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CHAPTER 2 

HEPATIC CHANGES INDUCED BY HYDRAZINE AND ACETYL HYDRAZINE 

INTRODUCTION 

Human exposure to hydrazine (HD) and HD derivatives arise from environmental 

contamination, occupation, and medicinal use. HD is an intermediate in chemical 

syntheses, an aerospace propellant, and is found in tobacco smoke (Choudhary and 

Hansen, 1998). Additionally, HD is used as an unregulated supplemental therapy for 

advanced cancer. However, exposure most frequently occurs via approved therapeutic 

use of HD derivatives, such as isoniazid (INH), a tuberculostatic drug, and hydralazine, 

an antihypertensive agent. 

Hepatotoxicity is a major adverse effect of both INH and HD (Mitchell et al, 1975; 

Timbrell and Wright, 1984; Woo et al, 1992; Sarich et al, 1996; Stuart and Grayson, 

1999). Although 0.8-23% of individuals on ENH therapy report some form of hepatic 

dysfunction ranging from elevated liver enzymes to hepatic failure and even death (Stuart 

and Grayson, 1999), the hepatotoxic product(s) have not been definitively elucidated. In 

humans, the primary route of INH metabolism is acetylation via hepatic N-

acetyltransferase 2 (NAT2), using acetyl CoA as the cofactor (Weber, 1987). There is 

genetic variation in the rates at which individuals acetylate INH, but no definitive 

association has been made between acetylator status and INH-related hepatotoxicity 

(Mitchell et al, 1975; Timbrell and Wright, 1984). INH and acetyl-INH can be 
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hydrolyzed by an amidohydrolase or amidase to generate HD (Sarich et al, 1999). HD is 

a substrate for NAT forming AcHD (Weber, 1987). A second acetylation event yields 

diacetylHD (DiAcHD), a reported detoxification product (Lauterburg et al, 1985; Preece, 

et al, 1991). AcHD itself can be hydrolyzed to generate HD indirectly (Sarich et al, 

1999). Cytochrome P450/FMO-mediated oxidation reactions generate reactive 

intermediates from AcHD and HD that can participate in covalently binding to 

macromolecules (Jenner and Timbrell, 1995). Other biotransformation reactions of HD 

yield ammonia, pyruvate hydrazone, and 2-oxoglutarate hydrazone (Preece, et ah, 1991). 

Exposure of humans or animals to hydrazines can result in hepatic necrosis and steatosis 

(fatty liver) by unknown mechanisms (Mitchell et al., 1975; Scales and Timbrell, 1982; 

Lauterburg et al, 1985). AcHD and HD have been implicated as the hepatotoxic 

species. AcHD causes hepatic necrosis in rats following phenobarbital induction of P450 

(Bahri et al, 1981). HD hepatotoxicity in rodents includes increased hepatic 

triacylglycerol content (Lamb and Banks, 1979; Timbrell et al., 1982), elevated rates of 

free fatty acid (FFA) transport to the liver (Trout, 1964; Amenta and Dominguez, 1965), 

and inhibition of triglyceride secretion from the liver (Clark et al, 1970). There is also 

evidence of significant lipid accumulation within periportal and mid-zonal hepatocytes 

(Amenta and Johnson, 1962). In addition to hpid changes, exposure to HD causes 

oxidative stress (Hussain and Fraizer, 2002), glutathione reduction (Timbrell et al, 1982; 

Jenner and Timbrell, 1995), as well as the production of reactive oxygen species and free 

radicals, including lipid peroxides (Walubo et al. 1998). In rats pretreated with 
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phenobarbital, HD toxicity is diminished, with decreases in triglyceride accumulation and 

decreases in the depletion of glutathione and ATP (Jenner and Timbrell, 1994; Scales and 

Timbrell, 1982). In order to elucidate the mechanisms by which hydrazines induce 

hepatic injury, changes in gene expression and hepatic pathology were evaluated in the 

C57B1/6J mouse exposed to AcHD or HD. The hypothesis being tested was that HD 

produces greater liver damage than the acetylated derivative AcHD. 

EXPERIMENTAL PROCEDURES 

Animals and Treatments. Male C57B1/6J mice (approximately 8-10 weeks of age) were 

obtained from Jackson Laboratories, Inc. (Bar Harbor, ME). The animals were housed in 

cages with sawdust bedding and had free access to food (Teklad rodent laboratory chow, 

Madison, WI) and water. Animals were maintained on 12-hr light/dark cycle and 

acclimated to this environment for at least 7 days before dosing. Mice were given a 

single oral dose of HD, AcHD, or saline. HD was purchased from Sigma Chemical Co., 

(St. Louis, MO) and AcHD was purchased from Aldrich (Milwaukee, WI). 

Hepatotoxicity. Hepatotoxicity was assessed biochemically by measuring plasma alanine 

aminotransferase (ALT) activity, cholesterol and triglycerides. After exposure to the test 

compounds or vehicle, animals were euthanized with CO2. Blood was drawn from the 

inferior vena cava and collected in a heparinized syringe and transferred to a heparinized 

eppendorf tube, and plasma isolated. Plasma levels of ALT were determined using a 

diagnostic kit (Sigma Diagnostics, St. Louis, MO). Analyses for total plasma 

cholesterol were performed by the University Pathology Services and assays for 



37 

triglycerides were performed by Antech Diagnostics (Orange County, CA). The results 

are expressed as mean ± SEM with a minimum of 3 animals per group. Comparisons 

between multiple groups were conducted with a one-way analysis of variance followed 

by a post-hoc Student-Neuman-Keuls test. 

For histological assessment, livers were removed, and portions either fixed in 10% 

neutral-buffered formalin and embedded in paraffin or embedded in OCT media and 

slowly frozen at -80°C. Five |a,m thick sections were cut and then stained with 

hematoxylin-eosin (H&E) or Oil Red O for histological examination. To assess 

morphological changes, digital photomicrographs of the H&E stained sections were 

obtained. A magnification of 40X was selected for optimal vacuole visualization. To 

quantify lipid-droplets, digital photomicrographs of the Oil Red O stained sections were 

subject to image analysis (ImagePro Plus, Version 4.5.0.29, Media Cybernetics, Silver 

Spring, MD). The range of color for the lipid droplets (red) was selected based on the 

color cube method. Average numbers of droplets were determined for each liver section, 

from individual animals. A magnification of lOX was chosen for best coverage of lipid 

droplets. Means±SEM were calculated for each group (n=3). Comparisons between 

multiple groups were conducted with a one-way analysis of variance followed by a post-

hoc Dunn test. Data were considered significantly different at p < 0.05. 

Gene expression. Livers were removed from C57B1/6 mice (n=3) 24 hours after 

administration of either HD or AcHD (100 mg/kg, po) or saline, frozen in liquid nitrogen 

and stored at -80°C. Either total RNA (Trizol, Invitrogen, Carlsbad, CA) or PolyA'^RNA 
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(Midi kit, Qiagen, Valencia, CA) was isolated according to manufacturer's 

recommendations. The livers were individually analyzed by the Arizona Cancer Center 

(ACC)/Southwest Environmental Health Sciences Center (SWEHSC) Microarray Facility 

using a mouse cDNA microarray slide with 5184 genes plus expressed sequences tags 

(EST). Each cDNA is a single spot on the array. The gene sequences used to create the 

microarrays were cDNA clones produced by the IMAGE consortium. Each clone has 

been sequence-validated and provided by Research Genetics, Inc. The RNA from vehicle 

and treated animals was labeled with Cy3 or Cy5-labeled dCTP, respectively, in a first 

strand cDNA (reverse transcription) reaction. The fluorescently labeled probes were 

purified, mixed, and co-hybridized to the microarrays. Results were captured 

electronically on an Axon Instruments GenePix 4000 laser. Numerical and visual outputs 

of the raw microarray hybridization results were obtained with Axon Instruments' 

GenePix software. The gene expression intensities were first corrected with the local 

background, followed by intensity-dependent per-spot and per-chip normalization. The 

intensity of each gene was divided by its control channel value in each sample, then 

divided by the SO"' percentile of all measurements in that sample to correct for effects 

which arise from variation in the microarray technology, such as fluorescent dye balance, 

print quality, and scanner settings. The corrected and normalized data was interpreted as 

signal channel (Cy5) divided by the control channel (Cy3) using GeneSpring software 

Version 6.1 (Silicon Genetics, Redwood City, CA). Normalization was followed by 

restricting the gene list to show changes in expression of 2-fold up or down in all three 

animals. Expression ratios for each animal were used to determine mean±SEM for each 
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group. Sequences were annotated with UniGene. Functional annotations were done using 

UniGene and Entre-Gene Systems through the NCBI webpage 

(http://www.ncbi.nl m .n i h • gov/V Hierarchical clustering was performed using the relative 

gene expression ratios (Cy5/Cy3) to examine the relatedness among the expression 

pattern in the restricted dataset. The clustering algorithm calculated the standard 

correlation for each gene with every other gene in the set; the standard correlation 

measured the angular separation of expression vectors for two genes around zero. The 

minimum separation distance used was 0.001; the separation ratio, which determines how 

large the correlation difference between groups of clustered genes, was set at 0.5. The 

highest correlation was then determined and the two genes are paired, generating an 

average of their expression profiles. The new composite gene was compared with all the 

other unpaired genes, with a finite number of iterations performed until all the genes had 

been paired. 

Quantitative RT-PCR (qRT-PCR). The alterations in expression ratios of selected genes 

were verified by quantitative RT-PCR. RNA from treated and control livers used for 

microarray analysis was isolated using an Absolutely RNA RT-PCR Miniprep Kit 

(Stratagene). First strand cDNA was generated with 2 |Ag RNA using the PE-Biosystems 

Kit. The genes of interest were amplified using 5|ll cDNA with SYBR-PCR Master Mix 

(PE-Biosystems) and 1 fxM of each amplification primer (Table 2.1). Primers pairs were 

selected using GenBank or published literature. The temperatures, times and number of 

amplification cycles were determined based on the gene being verified. The fluorescence 
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resulting from SYBR Green binding to double stranded DNA was obtained for each 

annealing cycle (Cepheid Systems). Fluorescence (y-axis) was plotted against cycle 

number (x-axis) to generate the amplification curve. Threshold cycle (Ct) was calculated 

from the rate of change of the slope of the amplification curve (2nd derivative). The 

number of cycles needed to reach the log phase of amplification depends on the initial 

number of transcripts for a particular gene. Melting peak and curves were generated by 

the Cepheid Systems software. Standard curves were generated for each gene. Data are 

presented as the expression ratio (treated:exposed) and compared to the ratios obtained in 

the microarrays. Results were normalized to the histone 3.3 gene to standardize for 

sample variation. 

STATISTICS 

Results are given as means±SEM. Statistical analysis of the clinical chemistry data was 

performed by one-way anlysis of variance, followed by Student-Neuman Keuls test, or 

Dunn's test (SigmaStat, Jandel Scientific, San Rafael, CA). Analysis of gene expression 

data was performed with Microsoft EXCEL. 

RESULTS 

The hepatotoxicity of HD and AcHD was characterized in C57B1/6J mice. At the 24 

hour time point no significant changes in ALT activity (Figure 2.1), liver morphology 

(Figure 2.2), total cholesterol or triglyceride levels (Figure 2.3) were seen with AcHD, 

even at 300 mg/kg, the highest dose tested. In contrast, 300 mg HD/kg caused a 

significant increase in ALT levels (Figure 2.1) and histologic lesions including hepatic 
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necrosis and fatty infiltration. This hepatic fatty infiltration was observed as large, 

generally spherical to oval non-staining cytoplasmic vacuoles, known as macro vesicular 

degeneration. Oil Red O staining of these hepatocytes confirmed that the vacuoles 

contained neutral lipids (Figure 2.2). Lipid accumulation increased with the dose of HD 

(Figure 2.2). Further study at 300 mg HD/kg showed that ALT activity and the 

accumulation of hepatic lipids increased in a time-dependent manner. Minimal 

macrovesicular degeneration were evident after 4 hours exposure to 300 mgHD/kg, 

becoming marked by 16 hours (Figures 2.4 and 2.5). After 24 hours exposure to this 

dose, the presence of cytoplasmic vacuoles diminished, replaced by diffuse necrosis. 

Quantitation of lipid droplets showed a statistically significant increase at 2 hr (Figure 

2.5). From 2 to 8 hr, the accumulation of lipids continued to increase then remained 

relatively constant between 8 and 36 hr. The accumulation of hepatic lipids over time 

was accompanied by a decrease in plasma cholesterol (Figure 2.6). Cholesterol levels of 

the control animals were relatively constant over the time-course. These values were 

averaged for statitistical comparison against the treated groups. Control triglyceride 

levels varied over the three days of treatment, with only a significant decrease seen after 

72 hours of exposure to HD (Figure 2.7). 

Changes in hepatic gene expression were analyzed following exposure to a dose with no 

visible changes in hepatic morphology. Separate hybridizations using individual livers 

(n=3) were carried out for both HD and AcHD treatments at a subtoxic dose of 100 

mg/kg, po. The resulting data were restricted to show changes in expression of 2-fold up 
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or down in all three animals. There were compound-specific differences in the 

expression of hepatic genes following exposure to HD compared to AcHD. With AcHD, 

70 known genes were changed, with 5 over-expressed and 65 under-expressed. With HD 

there were 147 known genes with altered expression, 57 being over-expressed and 90 

under-expressed. Nineteen known genes were shared by both HD and AcHD exposure. 

Expression ratios of several genes obtained with microarray analysis were verified by 

quantitative RT-PCR (Table 2.2). Quantitative RT-PCR results generally correlated well 

with microarray results. 

To further examine patterns of gene expression after HD and AcHD exposure, a 

hierarchical clustering algorithm was applied to the restricted datasets. The output was a 

dendrogram, a tree representation of the data whose "leaves" are input patterns and 

whose "non-leaf nodes represent a hierarchy of groupings. Clusters were defined based 

on the general molecular functions and biological processes of the gene products. 

Clusters of the genes and ESTs altered by AcHD were anchored by 7 major nodes (A-G) 

enabling classification into functional categories including, oxidative stress response, 

immune signaling, and structural remodeling (Figure 2.8). Likewise, HD gene 

expression changes were linked by 7 major nodes (A-G) and classified into categories 

including necrosis, stress response, and lipid peroxidation (Figure 2.8). Dendrogram 

analysis of the common genes and ESTs between AcHD and HD revealed 3 major nodes 

(A-C) and were defined as plasma membrane stability, Ca^"^ binding/immune signaling, 

and differentiation (Figure 2.9). The information derived from the clusters were used to 
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generate tables of genes and their functions, along with expression ratios for AcHD 

(Table 2.3), HD (Table 2.4) and both treatment groups (Table 2.5). 

AcHD, but not HD, induced a decrease in expression of MapklO (MAP kinase 10) 

(0.44±0.03), c-Myc (myelocytomatosis oncogene) (0.36±0.06), as well as Hrasls (H-Ras 

like suppressor) (0.26+0.02) (Table 2.3). These three genes are members of cluster E 

defined as involving regeneration and proliferation (Figure 2.8). The expression of Mtl 

(metallothionein 1) was increased after AcHD exposure (15.60±3.81), and clustered with 

CldnS (claudin 8) (0.17±0.07) and Cklsfia (chemokine-like factor super family 2A) 

(0.36±0.07), and Pdcdll (programmed cell death protein 11) suggesting a response to 

oxidative stress (Table 2.3, Figure 2.8). 

Genes altered by HD included several involved in necrosis, lipid peroxidation/fatty acid 

(FA) synthesis, transport and metabolism, as well as inflammation and morphological 

changes (Table 2.4). Of particular interest were the steatotic-candidate genes. Steatotic 

mechanisms include increased mobilization of FA coupled with increased triglyceride 

synthesis or via decreased secretion of triglyceride-rich lipoproteins. Several lipid 

synthesis, transport and metabolism genes were upregulated in response to HD exposure 

in the mouse liver and clustered together (Figure 2.8). There were increases in levels of 

AgpatS (l-acylglycerol-3-phosphate O-acyltransferase 3), necessary for triglyceride 

biosynthesis (3.49±0.21), Mvd (mevalonate (diphospho) decarboxylase) 6.68±0.51, 

necessary for cholesterol biosynthesis, and in CypSl (Cytochrome P450, 51) (7.09±0.46), 
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an enzyme required in the synthesis of cholesterol from lanosterol. These genes 

clustered with Apoa5 (apolipoprotein A5) (3.17±0.19), which binds triglycerides. 

Hmgcsl (3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2), a key intermediate in 

acetyl CoA metabolism, was increased (3.41 ±0.05), as well as the expression of Ldlr 

(low density lipoprotein receptor) (3.04±0.20), which mediates the transfer of LDL, and 

Apoa4 (apolipoprotein A4) (13.62±0.71), a regulator of cholesterol absorption. 

Stress responses induced by HD were indicated by changes in several genes (Table 2.4). 

The greater than 2-fold increase in the level of genes such as HspbS (heat shock 27kDA 

protein 8) (2.63±0.29), Gstt2 (glutathione S-transferase, theta 2) (3.34±0.57), Atoxl 

(antioxidant protein 1) (2.67±0.24), Cbrl (carbonyl reductase 1) (3.12±0.31), mdRdhll 

(retinol dehydrogenase 11) (3.05±0.45) support a response to oxidative stress that may 

indicate lipid peroxidation (Figure 2.8). Protective measures against lipid accumulation 

and potential oxidative damage include FA oxidation and metabolism. In response to HD 

exposure, the levels of expression of FA oxidation genes, such as Cpt2 (carnitine 

palmitoyltransferase 2), a mitochondrial CoA transfer protein (2.32±0.12), and Cyp4al4 

(Cytochrome P450 4al4), involved in the microsomal co-FA oxidation pathway, 

(20.1±5.06) were increased. 

There is also evidence of HD-induced changes in expression of genes associated with 

necrosis. In response to HD exposure there was upregulation of proteases such as Ctsc 

(cathepsin C), Cpn (carboxypeptidase N), Tgm2 (transglutaminase 2), Mmp24 (matrix 
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metalloproteinase 24), and Psmc3 (proteasome 26S subunit, ATPase), and 

downregulation of protease inhibitors Serpinal2 (serine protease inhibitor) and Expi 

(extracellular proteinase inhibitor) (Table 2.4). Moreover, the levels of several ion 

transporters, such as Slc6al5 (0.26±0.05), Slcl2al (0.32±0.06), Slc6a2 (0.08+0.04), and 

Slc5a8 (0.21±0.10) were decreased. 

Genes whose expression were changed by both HD and AcHD included several involved 

in cholesterol biosynthesis, immune response and signal transduction (Table 2.5). There 

was a cluster with increased expression of Cyp51 (cytochrome P450, 51), Mvd 

(mevalonate (disphospho) decarboxylase), and Pcks9 (proprotein convertase 

substilisin/kexin type 9), genes involved in cholesterol biosynthesis and metabolism 

(Figure 2.9). In this cluster, genes with decreased expression included Ccml (cerebral 

cavernous malformations 1), a small GTPase regulator, Mip (major intrinsic protein eye 

fiber 1), a water/glycerol channel, Cd28 (Cd28 antigen), a T-cell surface glycoprotein, 

and Ren (reticulocalbin), a Ca^'^-binding protein of the endoplasmic reticulum. 

DISCUSSION 

Both HD and AcHD are implicated as hepatotoxic products of INH biotransformation 

(Mitchell et al., 1975; Lauterburg et al, 1985; Bahri et ai, 1981)). The hypothesis that 

HD induced greater liver damage than AcHD was tested in C57B1/6J mice. By all 

parameters, AcHD had significantly fewer effects than the same dose of HD. A single 

orally administered dose of AcHD did not result in liver damage (Figure 2.2). In 
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previous rodent studies where AcHD produced hepatotoxicity, induction of cytochrome 

P450 (CYP) mediated bioactivation was necessary (Timbrell et al, 1980). In contrast to 

AcHD, the same dose of HD resulted in hepatic macrovesicular degeneration, necrosis, 

and hepatic lipid accumulation (Figure 2.2). The HD-induced hepatotoxicity was 

progressive with time, starting with lipid accumulation at 2 hours and macrovesicular 

degeneration evident at 4 hours with resultant severe necrosis after 36 hours (Figures 2.4 

and 2.5). The decrease in plasma cholesterol after 8 hours exposure to HD suggests an 

increase in hepatic uptake (Figure 2.6). This is consistent with previous studies in isolated 

rat hepatocytes showing that HD does not induce lipid accumulation (Waterfield et al, 

1997) and that in vivo HD, but not AcHD, results in a mobilization of fatty acids (FA) 

from extrahepatic sources and hepatic lipid accumulation (Hussain and Fraizer, 2002; 

Sarich et al, 1996; Clark, et al, 1970; Trout, 1965). Therefore, it appears that increases 

in hepatic lipids proceeds cellular damage. 

Comparison of changes in hepatic gene expression induced by HD and AcHD provides 

insight into a mechanism leading to steatosis and necrosis. Such an alteration requires 

that expression patterns associated with primary changes resulting from the chemical be 

separated from those occurring as a response to cell damage. This was accomplished by 

using doses that did not include pathological changes {I.e. 100 mg/kg). A greater number 

of hepatic genes were changed in mice exposed to HD compared to AcHD. While each 

compound produced unique expression profiles, there were genes that were common to 

the two treatment groups (Table 2.5). Both compounds resulted in the increased 
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expression of Cyp51, Mvd, and Pcks9, involved in cholesterol homeostasis. These genes 

clustered with others involved in cytoskeletal protein cross-linking and signal 

transduction (Figure 2.9) and suggest that both compounds may affect cholesterol 

homeostasis in plasma membrane dynamics, such as lipid microdomain stability. 

Although cholesterol biosynthesis might contribute to hepatic lipid accumulation, this 

seems unlikely since only HD induced that pathology but both compounds cause changes 

in expression of this set of genes. However, HD uniquely influences the expression of 

other steatotic candidate genes responsible for lipid transport, synthesis and metabolism. 

The regulation of hepatic lipid homeostatis involves greater export, storage, and 

oxidation (Koteish and Diehl, 2001). Lipid export from the liver is mediated by secretion 

of VLDL (very low-density lipoprotein). VLDL exports mostly triglycerides from the 

liver to the circulation for distribution to peripheral cells (Lamarche et al, 1999; 

Cantafora and Blotta, 1996). Inhibition of this process is a potential mechanism of 

hepatic steatosis. Although HD inhibits the secretion of triglyceride in rats, there is no 

deficiency in lipoprotein synthesis (Clark et al, 1970). A decrease in plasma 

triglycerides was seen only after 72 hours of exposure to the toxic dose of HD suggesting 

a later inhibtion of VLDL secretion. The microarray data after 24 hours of a subtoxic 

dose show HD-mediated alterations in genes involved in lipoprotein metabolism with a 

cluster including Apoa4, Ldlr, and ClqtnfS (Table 2.4). These three genes are involved 

in regulating HDL and LDL levels. Ldlr, critical in controlling hepatic cholesterol 

homeostasis, mediates the hepatic uptake of the cholesterol rich lipoprotein LDL 
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(Hylemon, et ah, 2001). CIqtnf3, homolgous to adiponectin, is suggested to play a role in 

regulating LDL particles (Hulthe et al, 2003), whereas the transfer of cholesteryl esters 

between HDL and LDL within the hepatocyte is reportedly mediated by Apoa4 (Stan et 

al, 2003). 

Lipids not targeted for secretion are stored as esterified FA (triglycerides and cholesteryl 

esters) within the liver. These stored neutral lipids become substrates for oxidation, 

necessary for the production of acetyl CoA and CO2, FA oxidation occurs mainly in 

mitochondria and peroxisomes (P-oxidation) and, to a lesser extent, microsomes (co-

oxidation). The coordination of these three oxidation systems is carried out by 

peroxisome proliferator-activated receptor a (PPARa), a member of the nuclear hormone 

receptor superfamily. Other PPAR isoforms are (3/5 and y. The a and y isoforms are 

preferentially activated by FA, particularly arachidonic acid, and its metabolites, and 

hypolipidemic drugs, such as fibrates and thiazolidinediones (Forman et al, 1997). 

PPARa (and PPAR6) have been shown to induce FA catabolism in metabolically active 

tissues, such as liver and muscle) (Lee, 2003). Once activated, typically by ligand 

binding, PPARs heterodimerize with RXR and induce the transcription of genes that 

contain a PPRE (peroxisome proliferator response element) within their promoters. HD 

altered the expression of three PPARy-regulated genes, Retn, an adipocytokine, Inhbe, an 

adipocyte-specific growth factor, and Ldlr, the low-density lipoprotein receptor (Patel, et 

al., 2003; Kobayashi, et al, 2003; Akiyama, et al, 2002). Although generally described 
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as being necessary for lipid storage and differentiation of adipocytes rather than 

hepatocytes, PPARy has been shown to be highly upregulated in steatotic liver and livers 

of obese and diabetic rodents exposed to thiazolidinediones (Gavilova, et al, 2003; 

Boelsterli and Bedoucha, 2002). 

There is evidence that the liver responds to HD-mediated increases in lipids by raising 

transcript levels of PPARa-activated genes including Cpt2, Hmgcsl, Apoa5, and 

Cyp4al4 (Vu-Dac et al, 2003; Le May et al, 2000; Anderson et al, 2002). Cpt2 and 

Hmgcsl are important in the regulation of hepatic FA oxidation and ketogenesis (Madsen 

et al, 1999). Cpt2, located in the inner mitochondrial membrane, generates substrates 

(palmitoyl CoA) for P-oxidation, whereas Hmgcs2 controls the conversion of acetyl-CoA 

(produced by P-oxidation) to ketones (acetoacetate). Hence the induction of both Cpt2 

and Hmgcs2 is a means of removing excess FA. Similarly, an increase in Apoa5 is 

suggested to provide protection against lipid overload by transporting lipids (mostly 

triglyceride) from HDL and enhancing the breakdown of triglyceride-rich lipoproteins by 

activating lipoprotein lipase (van der Vliet et al, 2001). Despite these processes to 

handle hepatic lipids, accumulation of lipids can overwhelm or disrupt mitochondrial and 

peroxisomal p-oxidation pathways. Cyp4al4 is responsible for microsomal co-oxidation 

of FA, a relatively minor oxidative pathway, that is induced under conditions of steatosis 

(Reddy, 2001). Steatosis is associated with a state of oxidative stress and necrosis. A 

potential cellular consequence of steatosis is peroxidation that can lead to the formation 
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of toxic reactive aldehyde by-products and downstream effects such as impaired 

membrane integrity, mitochondrial and sarcoplasmic reticulum dysfunction, and altered 

calcium homeostasis. Omega-oxidation of FA can lead to the generation of H2O2 and 

potentially toxic dicarboxylic acids (Rao and Reddy, 2001). Upregulation of Cyp4al4 

suggests failure of the p-oxidation pathway that can result in increased lipid accumulation 

and lipid peroxidative events. After exposure to HD, there were alterations in hepatic 

genes involved in oxidative stress response or necrosis, such as those encoding molecular 

chaperones (HspbS, Slcy, DnajblO, Odfl), electrophile scavengers (GsttZ), proteases 

{Cts, Cpn, and Mmp24), and ion transporters {Slc25al3, Slc6al5, Slcllal, and Slc6a2) 

(Table 2.4). 

The coordination of lipid sensors is a strategy to address disturbances in lipid 

homeostasis and potential peroxidation, hi addition to the PPARa- and y-regulated gene 

battery, the microarray data revealed a number of other lipid related genes altered by HD. 

Several of these are regulated by the transcription factor SREBP (sterol regulatory 

element binding protein). SREBP is a membrane-bound precursor that undergoes 

proteolytic cleavage before entering the nucleus to direct the regulation of genes 

containing an SRE (sterol regulatory element) within their promoters. Cellular 

cholesterol and FA homeostasis are regulated by three SREBP isoforms, SREBP-la, 

SREBP-Ic (both involved in FA and glucose/insulin metabolism), and SREBP-2 

(involved in cholesterol synthesis). A set of SREBP regulated genes were changed by 
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HD (Hmgcsl, Ldlr, Cyp51, Mvd, Agpat3, Pcsk9, and Rdhll) (Table 2.4) (Horton 2002; 

Kasus-Jacobi et al, 2003; Maxwell et al., 2003). 

In summary, these results show that AcHD does not produce the same hepatic 

pathophysiology or gene expression changes seen with HD. The data confirm that HD 

facilitates hepatic accumulation of fatty acids. The data further indicate that HD 

orchestrates PPAR and SREBP transcriptional responses in the development of steatotic 

sequelae in the liver. The hepatotoxicity and hepatic gene expression profiles observed 

after exposure to HD are indicative of a process where the production and intracellular 

transport of hepatic lipids is favored over the removal of FA or FA metabolites. 

Although the extent that each of these processes contributes to the hepatotoxicity of HD 

is not yet clear, the current work provides significant insights into the mechanism of HD-

mediated steatosis. 
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Figure 2.1. Plasma ALT activity 24 hours after oral exposure to HD or AcHD. Male 
C57B1/6J mice were give an oral dose of either HD or AcHD. Twenty-four hours later 
blood was collected, centrifuged and assayed for alanine aminotransferase. The results 
are presented mean±SEM. Comparisons between multiple groups were conducted with a 
one-way analysis of variance followed by a post-hoc Student-Neuman-Keuls test.*P<0.05 
as compared to control. 
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Figure 2.2. Histological assessment of livers taken from C57B1/6J mice 24 hours after 
oral exposure to HD and AcHD. Photomicrographs of hematoxylin and eosin-stained 
paraffin sections (A: 1-5; 40X magnification) and of Oil Red 0-stained frozen sections 
(B:l-5; lOX magnification). 1, saline; 2, 100 mg/kg HD; 300 mg/kg HD; 4, 100 mg/kg 
AcHD; 5, 300 mg/kg AcHD. 
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Figure 2.3. Plasma cholesterol and triglyceride levels 24 hours after exposure to AcHD. 
Male C57B1/6J mice were give an oral dose of AcHD. Blood was collected, centrifuged 
and assayed for total cholesterol (A) and triglycerides (B). The results are means±SEM 
(n=3 animals). Comparisons between multiple groups were conducted with a one-way 
analysis of variance followed by a post-hoc Student-Neuman-Keuls test. There was no 
statistical significance between the groups. 
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Figure 2.4. Histological assessment of the time course of HD mediated lipid 
accumulation in the C57B1/6J liver. Adult mice were given a single oral dose of 300 
mg/kg HD, sacrificed and livers collected over a period of 72 hours. (A: 1-12, 
hematoxylin and eosin-stained liver sections; B:l-12, Oil Red O-stained liver sections). 1, 
Saline; 2, 0 hrs; 3, 2 hrs; 4, 4 hrs; 5, 6 hrs; 6, 8 hrs; 7, 10 hrs; 8, 12 hrs; 9, 16 hrs; 10, 24 
hrs; 11, 36 hrs; 12, 72 hrs. 
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Figure 2.5. Hepatic lipid droplets in C57B1/6J mice after a time course of HD exposure. 
Separate sections of liver were analyzed for lipid droplets using computer software 
described in the materials and methods section. Droplets were counted and are presented 
as means±SEM. Comparisons were made with a one-way analysis of variance followed 
by a post-hoc Dunn test. Data were considered significantly different at *P<0.05 
compared to saline. 
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Figure 2.6. Plasma cholesterol levels during the time-course of HD hepatotoxicity. Male 
C57B1/6J mice were give an oral dose of 300 mg HD/kg for a time course of 0 to 72 
hours. Blood was collected, centrifuged and assayed for total cholesterol. The results are 
means±SEM (n=3 animals). Comparisons between multiple groups were conducted with 
a one-way analysis of variance followed by a post-hoc Student-Neuman-Keuls test. 
P<0.05 as compared to averaged saline control. C, control The baseline total cholesterol 

value for male C57B1/6J mouse is 101±21.3 mg/dL. 
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Figure 2.7. Plasma triglyceride levels during the time-course of HD hepatotoxicity. Male 
C57B1/6J mice were give an oral dose of 300 mg HD/kg for a time course of 0 to 72 
hours. Blood was collected, centrifuged and assayed for triglycerides. The results are 
means±SEM (n=3 animals). Comparisons between multiple groups were conducted with 
a one-way analysis of variance followed by a post-hoc Student-Neuman-Keuls test. 
P<0.05 as compared to time-matched saline control. The baseline triglyceride level for 

male C57B1/6J mice is 91.5±23.2 mg/dL. 
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Figure 2.8. Hierarchical cluster analysis of C57B1/6J mouse liver transcripts 24 hours 
after exposure to HD or AcHD. Cluster analysis was performed on the genes and ESTs 
changed by HD (A) and by AcHD (B) described in the text as reflecting a two-fold 
increase (red) or decrease (green). Each column represents an individual liver. To 
categorizes the changes in hepatic genes in response to exposure, a standard correlation 
was performed on the data set, which measured the angular separation of expression 
vectors for 2 genes around zero. Numbers represent the stability of the cluster, as 
described in the text. Clustering was performed and visualized with GeneSpring software 
(Silicon Genetics, Redwood City, CA). Database mining for gene product function was 
conducted with UniGene and Entrez-Gene systems (NCBI), with clusters defined based 
on the functions of the resident genes. 
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Figure 2.9. Hierarchical cluster analysis of the common transcripts changed after HD and 
AcHD in C57B1/6J mouse liver 24hours after exposure. Cluster analysis was performed 
on the genes and ESTs changed by HD and AcHD described in the text as reflecting a 
two-fold increase (red) or decrease (green). To categorizes the changes in hepatic genes 
in response to exposure, a standard correlation was performed on the data set, which 
measured the angular separation of expression vectors for 2 genes around zero. 
Clustering was performed and visualized with GeneSpring software (Silicon Genetics, 
Redwood City, CA). Database mining for gene product function was conducted with 
UniGene and Entrez-Gene systems (NCBI), with clusters defined based on the functions 
of the resident genes. Each column represents one animal, n=3 for HD, n=3 for AcHD. 
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Table 2.1. Primer sequences used for quantitative RT-PCR^in the verification of 
microarray data. 
Gene RefSeq Forward Primer (5'-3') Reverse Primer (5'-3') 

ApoaS NM_080434 CCAAAAGTCAGTTCCACCCT ACGATGAAGGAGGGCTTCTA 
Cpt2 NM_009949 rOTCTTCCAAGCACTTCTGO TGGATAGGCTGCAATGTCTC 
Cyp4al4 NM_007822 AACCTCTGTCACATGGGACCA GGATAGAGCCTCAGGGCCTC 
Esrl NM_007956 ACCGTGTCCTGGACAAGATC GTCATAGAGGGGCACAACGT 
Grinl NM_008169 rCAAGAGACGTAGGTCCTCCA CTCAGCTCTCCCTATGACGG 
Hmgcs2 NM_008256 ATCCCACCCACAGCAGTAAA CTCTTCACAGGGGAGCTCTG 
Hoxb6 NM_008269 rCAATGGTAGATTCGCTGTCC GGCTCCTCTTCTTCCTTCTAGG 
Krtl-10 XM_283025 CCATGTCTGTTCTATACAGC CCTGCCCCTTAAGGTCCTCG 
Ldlr NM_010700 ATGAGGTTCCTGTCCATCTTCTTC TGCCACATCGTCCTCCAGGCTGAC 
Polg NM_017462 TTTTTATTCCCATCACCTTA AAAGTCCTCCTAACGGAAG 

^ Quantitative RT-PCR reactions for HD treated anima s were carried out according to 
manufacturers instructions for AmpliTaq Gold and the Cepheid SmartCycler v. 1.2 
(Cepheid Systems, Sunnyvale, CA) as described in the Materials and Methods section. 
RefSeq, Reference Sequence ID of gene transcript as supplied by NCBI. 



Table 2.2 Hepatic expression changes of genes following exposure to acetylhydrazine. 

Gene SourceSeq Functional Process Expression Ratio Node 

Lipid synthesis, metabolism, and intracellular trafficking 0.044 

Fgll4 U66204 FGF receptor binding 0.23+0.05 
Mglap AK018719 Calcium ion binding 0.27±0.04 
Mybph U68267 Cell adhesion 0.31±0.06 
Xtrp3sl AJ428067 Na"^:neurotransmitter symporter 0.34±0.05 
Apls3 BC054111 Intracellular trafficking 0.39+0.03 
Pcsk9 BC038085 Cholesterol metabolism 2.49±0.32 
Mvd BC008526 Cholesterol biosynthesis 4.18±0.76 
Ccml AF310134 GTPase regulator 5.88±0.44 

Cellular stress response 0.032 
CldnS BC003868 Tight junction 0.17±0.07 
Pdcdll AK003899 Apoptosis 0.27±0.03 
Cklfsf2a BC049747 Cytokine 0.36±0.07 
Mtl AKO18727 NO-mediated signal transduction 15.60±3.81 

Nucleic acid processing and repair/cell cycle 0.023 
Fgl2 AK036402 C3^olysis 0.16±0.01 
Lrrnl D45913 Protein-protein interaction 0.16±0.01 
Uspl5 AF468037 Ubiquitin-specific protease 0.18±0.00 
Trip 13 BAB26861 ATP binding 0.24±0.03 
Phf6 BC043127 Transcription factor 0.29±0.02 
Cugbpl AK014492 RNA processing 0.33±0.04 
Atp2al BC004088 Ca^"^transporting ATPase 0.34±0.03 
Vav2 U37017 Guanyl-nucleotide exchange 0.35±0.03 

factor 
Ube2j2 AK076265 Ubiquitin protein ligase 0.36±0.02 
Polg U53584 DNA replication 0.38±0.03 
Anln BC032164 C5l;okinesis 0.39±0.02 
Zfp334 BC040388 DNA binding 0.41±0.03 
Zic4 D78174 DNA binding 0.43±0.02 
Cd79b J03857 Antigen binding 0.45±0.01 
Stxbpl D45903 Protein transporter 0.44±0.04 
Pilra AJ400844 Protein binding 2.87±0.31 
CypSl AF166266 Cholesterol biosynthesis 3.13±0.57 

Inflammation and immune regulation 0.023 
Mip AK053490 Water channel 0.12±0.03 
Rnc D13003 Calcium ion binding 0.15±0.02 
Dill X80903 Ca^'*'-binding 0.24±0.06 
Lepr U52915 Adipocytokine receptor 0.26±0.06 
Ltc4s U27195 Leukotriene metabolism 0.28±0.08 



Ian3 AA197670 Immune response 0.31 ±0.05 
SemaSa X97817 Axon guidance 0.34±0.06 
Odfl X79446 Microtubule formation 0.35±0.05 
EfnbB AK048305 Axon guidance 0.32±0.09 
Mcmdcl AKO18494 DNA replication 0.39±0.05 

Regeneration and proliferation 0.015 

Vps54 AF424699 Protein sorting 0.22±0.01 
Hrasls AK039471 Ras protein signal transduction 0.26±0.02 
Lck AK088001 Protein tyrosine kinase 0.25±0.05 
Peal5 L31958 Apoptosis regulator 0.29+0.02 
Dlx5 AF072452 Transcription factor 0.30±0.05 
Spnb2 AF017112 Actin binding 0.31+0.05 
Itk L00619 Protein tyrosine kinase 0.34±0.06 
Ccl22 AF052505 C54okine 0.35±0.05 
Myc X01023 Transcription factor 0.36±0.06 
Kcnn4 AK010943 Calcium activated K^ channel 0.39±0.04 
Hemgn AF269248 Hematopoiesis 0.36±0.08 
Igh4 D78344 Antigen binding 0.39±0.06 
Zfp91 AKO 12081 DNA binding 0.43±0.02 
MapklO L35236 MAP kinase 0.44±0.03 

Immune signaling 0.025 
Hoxb6 BC016893 Myelomonocytic differentiation 0.10±0.03 
Mtap6 Y14754 Microtubule associated complex 0.17±0.06 
Cd28 AK030812 Immune response 0.21 ±0.07 
McptS X68805 Endopeptidase 0.28±0.01 
JcamB AJ300304 Cell adhesion 0.24±0.07 
Colllal D38162 Cell adhesion 0.29±0.09 
PikScg AJ249280 PI3K pathway 0.30±0.09 
Tnik AK039113 Small GTPase regulator 0.32±0.07 
Lgals 1 X66532 Sugar binding 3.50±1.06 
Structural remodeling 

SpockS ECO 17601 Endopeptidase inhibitor 0.04±0.04 0.253 
NeddS D10918 Protein catabolism 0.08±0.07 
Scn3a L42337 Cation channel 0.18±0.11 
Gripl AB051561 Scaffolding protein 0.19±0.07 0.072 
Kif22 BC003427 Microtubule motor activity 0.23±0.09 
Odf2 AF034105 Cytoskeletal structure 0.16±0.08 0.057 
Kif4 D12646 Microtubule associated complex 0.19±0.07 
Arts AJ295722 Post-translational modification 0.22±0.09 
Known genes altered in male C57B1/6J mice after an oral dose of AcHD (100 mg/kg). 
Twenty-four hours later, livers were removed and RNA isolated for microarray analysis. 
Results are expressed as the average ratio from 3 individual livers of the signal channel 
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(Cy5) and the control channel (Cy3) for each transcript ±SEM based on a restricted set of 
2-fold increase or decrease in expression in all three animals. The node value represents 
the stability of the cluster, as described in the text. Clustering was performed and 
visualized with GeneSpring software (Silicon Genetics, Redwood City, CA). Database 
mining for gene product function was conducted with UniGene and Entrez-Gene systems 
(NCBI), with clusters defined based on the functions of the resident genes. SourceSeq, 
Source Sequence, reference sequence ID of protein product as supplied by NCBI. 
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Table 2.3. Hepatic expression changes of genes following exposure to hydrazine. 

Gene SourceSeq Functional process Expression Ratio Node 
Lipid peroxidation/FA synthesis, transport and metabolism 

Bcl6 BC052315 Transcriptional repressor 0.24±0.06 0.026 
Spredl AB063495 Inactivation of MAPK 0.29±0.07 
Butrl AF269232 Bioactive lipid receptor 0.33±0.04 
ClqtnfS AK029352 Adipocyte function/FA oxidation 0.41±0.03 
Nox4 AF261944 O2" -generating NADPH oxidase 0.46±0.02 
Cpt2 U01163 Long chain fatty acid oxidation 2.32+0.12 
Got2 J02622 Plasma fatty acid binding protein 2.52±0.25 
Ldlr Z19521 Cholesterol transport 3.04±0.20 
Hmgcs2 AK004865 Acetyl CoA metabolism 3.41 ±0.05 
Apoa4 M13966 Cholesterol transport 13.62±0.71 
Cyp4al4 Y11638 Fatty acid metabolism 20.07±5.06 
Adcyapl AB010149 Lipid metabolism regulator 0.14±0.02 0.030 
Pip Ml 5422 Protein-lipid interaction 0.41±0.06 
Rbp4 AK008765 Cytosolic fatty acid binding 2.29+0.25 
Atoxl BC027632 Copper delivery 2.67±0.24 
HspbS AK005052 Heat shock protein 2.63±0.29 
Apoa5 AK050280 Triglyceride transport 3.17±0.19 
Cbrl U31966 Carbonyl reductase (NADPH) 3.12±0.31 
Rdhll AY039032 Aldehyde dehydrogenase 3.05±0.45 
Agpat3 AK075715 Triacylglycerol biosynthesis 3.49+0.21 
Gstt2 U48419 Electrophile scavenger 3.34±0.57 
Pcsk9 BC038085 Cholesterol metabolism 3.94±0.53 
Mvd BC008526 Cholesterol biosynthesis 6.68±0.51 
Cyp51 AF166266 Cholesterol biosynthesis 7.09±0.46 
Necrosis 
Slc6al5 AY149280 Sodium:neurotransmitter 0.26±0.05 0.026 

symporter 
Ctso AK034490 Cysteine proteinase 0.29±0.03 
Serpinal2 AK014589 Endopeptidase inhibitor 0.37±0.01 
Slcl2al U61381 Cation;chloride symporter 0.32±0.06 
Erf BC063092 Transcriptional repressor 0.42±0.02 
Strap AF096285 Negative regulation of TGF-p 2.13±0.01 
Actn4 AJ289242 Actin binding 2.18±0.01 
Tgm2 AK080224 Cysteine-type endopeptidase 2.19±0.06 
Mmp24 AJO10262 Metalloendopeptidase 2.25±0.08 
Slc25al3 AFl64632 Mitochondrial solute carrier 2.27±0.11 

protein 
Psmc3 D49686 Protein catabolism 2.27±0.13 
Tm4sf4 BC010814 Cell adhesion 2.51±0.06 
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Expi BC010986 Endopeptidase inhibitor 0.39±0.05 0.030 
Sfrp2 U88567 Transmembrane receptor 0.42±0.01 
Cpn AF326477 Carboxypeptidase 2.42±0.11 
Ctsc AK049406 Cysteine-type peptidase 3.17±0.45 

Inflammation/ endothelial cell injury 
Krtl-10 AK076508 Cytoskeletal organization 0.16+0.04 0.022 
Atp2al BC004088 Ca^'^-transporting ATPase 0.16±0.05 
Rhbdl4 BC054784 Serine-type endopeptidase 0.19±0.05 
Jagl BC058675 Cell communication 0.25±0.05 
Hoxb6 BC016893 Myelomonocytic differentiation 0.22±0.08 
Ptger4 D13458 Prostaglandin EP4 receptor 0.25±0.09 
Rabl3 AK002303 Tight junction 0.29±0.06 
Mmrn AKO14984 Coagulation cascade 0.32±0.07 
Retn AF510100 Adipocytokine 0.33±0.08 
Fga BC005467 Platelet aggregation 2.42±0.06 0.026 
Itih2 X70392 Serine-type endopeptidase 

inhibitor 
2.64±0.22 

Fgf23 AF263536 Fibroblast growth factor 0.13±0.02 0.030 
Cdhl6 AFO16271 Cell adhesion 2.45±0.07 
Gng5 BC010725 Small GTPase regulator 2.49±0.19 
Ikbkg AF069542 NFkB mediated inflammatory 

response 

2.65±0.46 

C3 K02782 Complement activation 2.92±0.25 
Ifrgl5 AK032697 Interferon response 3.39+0.42 
Ccml AF310134 Small GTPase regulator 8.66±1.15 
Cell structure/plasma membrane failure 

Tcofl AF001794 Regulation of microtubules 0.28±0.05 0.026 
Ctso AK034490 Cysteine proteinase 0.29±0.03 
Colllal D38162 Cell adhesion 0.36±0.05 
Anxa5 AJ230108 Phospholipid binding 2.68±0.38 
Mip AK053490 Water channel 0.23±0.02 0.030 
Pacsin2 AF128535 Endocytosis 2.46±0.07 
Kif4 D12646 Microtubule motor 0.14±0.07 0.039 
Esrl AK036627 Steroid hormone receptor 0.16±0.09 
Efna2 U14752 Receptor tyrosine kinase 0.21±0.11 
Edg2 AH006409 Bioactive lipid receptor 0.22±0.11 
Pla2glb AF162712 Phospholipid degradation 0.24±0.09 
Guca2 M95175 Guanylate cyclase activator 0.15±0.07 0.182 
Dnajc3 BC013766 Protein kinase inhibitor 0.15±0.08 
Ndst2 X75885 HS proteoglycan biosynthesis 0.17±0.24 
Regeneration/proliferation 

Foxdl L38607 Microtubule-based movement 0.20±0.01 0.026 
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Ren D13003 Ca^"^-binding 0.25±0.02 
Tiegl AF049879 Transcriptional repressor 0.26±0.04 
Pnoc AK045893 Neuropeptide signaling 0.26±0.07 
Sh3bpl X87671 GTPase activator 0.31±0.06 
Ckm X03233 Phosphocreatine metabolism 0.25±0.12 
EiGb M98036 Translation initiation 0.34±0.04 
Ptpre U35368 Protein phosphatase 0.37±0.06 
Ampd2 BC049119 Purine nucleotide metabolism 2.20±0.08 
Rdx X60672 Apical protein localization 2.21±0.10 
Chordcl AK003259 Zinc ion binding 2.43+0.14 
Inhbe U96386 Growth factor 2.50+0.09 
Hs2stl BC025443 Heparin metabolism 2.47±0.21 
Gfm BCO13093 Translation elongation factor 2.66+0.15 
Ubqlnl BC026847 Post-translational modification 2.66±0.19 
Arfgef2 AK029778 Vesicle trafficking 3.11±0.37 
Eyal U61110 Protein dephosphorylation 3.52±0.15 
Hoxb5 M26283 Transcription factor 0.15±0.03 0.030 
Ecgfl AB060274 Chemotaxis 0.38±0.04 
Upp2 AY152393 Nucleoside metabolism 0.38±0.05 
Ccndl S78355 Regulation of mitotic re-entry 0.42±0.03 
Scly AK036750 Selenium delivery 2.15±0.08 
DnajblO AB028858 Molecular chaperone 2.29±0.11 
Copzl AB037370 Intracellular protein transport 2.38±0.16 
Histlhlc M25365 Nucleosome assembly 2.66±0.19 
Psat AK049855 L-serine biosynthesis 2.99±0.12 
Smarca4 BC060229 Nucleosome assembly 3.23±0.14 
Vangll AF481860 Cell polarity 5.74±1.11 
Pik3cg AJ249280 PI3K pathway -0.29±0.09 0.037 
Rorl AK049369 Receptor tyrosine kinase 0.19±0.05 
Nck2 AK051665 Regulation of EGF receptor 

activity 
0.26+0.05 

Cd28 AK030812 T-cell surface glycoprotein 0.27±0.04 
Gpr56 BC034678 Neuropeptide signaling 0.36±0.11 

Stress response 

Odfl X79446 Small heat shock protein 0.20+0.01 0.026 
Statl AK082706 Transcription factor 0.28±0.04 
Pkia BC048244 Protein kinase inhibitor 0.29±0.04 
Ms4al AK080148 Defense response 0.33±0.04 
Duspl X61940 MAP kinase phosphatase 0.35±0.01 
Dnb5 AK082651 Sugar porter 0.39±0.01 
Map4kl BC005433 Small GTPase regulator 0.40±0.01 
Fzd9 AF033585 Wnt receptor signaling 0.37±0.04 
H2-0b AF027865 Antigen processing/presentation 0.43±0.01 
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Arhgdib AK002516 GDP dissociation inhibitor 0.42±0.03 
Lpp AK045288 Focal cell adhesion 2.23±0.06 
Hpxn ECO 11246 Acute phase response 2.69±0.24 
H2-Aa BC019721 Antigen processing/presentation 0.27±0.03 0.030 
Slc6a2 AY188506 S odium: neurotransmitter 

symporter 
0.08±0.04 0.039 

Lck AK088001 Lymphocyte protein tyrosine 
kinase 

0.15±0.06 

Dill BC065063 Ca^^-binding 0.20±0.06 
Pfkfb2 BC051014 Glycolytic flux 0.22±0.07 
Itk L00619 T-cell tyrosine protein kinase 0.22+0.09 
Slc5a8 BC017691 Iodide transporter 0.21±0.10 
Foxnl X81593 Transcription factor 0.26±0.08 
Fuk AY223865 Carbohydrate metabolism 0.23±0.12 
Ccnbl BC011478 G2/M specific cell cycle 

regulation 
0.23±0.13 

Aplpl L04358 Heparin binding 0.29±0.13 
Amyl V00719 Carbohydrate metabolism 0.16±0.04 0.047 
Hao3 BC027754 Glycolate oxidase 0.23±0.06 
Fhl2 U77040 Transcriptional regulation 0.25±0.12 
Sin AK009809 Ca^'^-ATPase regulation 0.32±0.06 
Capn6 BC052167 Cysteine-type endopeptidase 0.33±0.08 
Neud4 U48238 Transcriptional regulation 0.36±0.06 
Irgl AK036446 Immune response 0.35±0.08 
Nucleic acid processing and repair 
Cugbpl AI323372 mRNA processing 0.31±0.07 0.026 
Hnrpal D86729 RNA processing 2.09±0.04 
Xpot AK014235 tRNA binding 2.27±0.06 
Msh5 AF146227 Mismatch repair 2.38±0.08 
Lrrc3 AK043535 Signal transduction 2.39±0.08 
HdaclO BC064018 Histone deacetylase 0.27±0.07 0.047 
Polg U53584 DNA replication 0.31±0.08 
Capn6 BC052167 Cysteine-type endopeptidase 0.33±0.08 
Lrrnl D45913 Protein-protein interaction 0.09±0.04 
Dril U60335 Transcriptional regulation 0.27±0.09 
Cotll AK007994 Actin binding 0.29±0.11 
Sprr2a AK007633 Regulation of cell shape 0.32±0.08 
A list of the known genes altered in male C57B1/6J mice after an oral dose of HD (100 
mg/kg). Twenty-four hours later, livers were removed and RNA isolated for microarray 
analysis. Results are expressed as the average ratio from 3 individual livers of the signal 
channel (Cy5) and the control channel (Cy3) for each transcript ±SEM based on a 
restricted set of 2-fold increase or decrease in expression in all three animals. Annotations 
were done using UniGene and Entrez-Gene (NCBI). The node value represents the 
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stability of the cluster, as described in the text. Clustering was performed and visualized 
with GeneSpring software (Silicon Genetics, Redwood City, CA). Database mining for 
gene product function was conducted with UniGene and Entrez-Gene systems (NCBI), 
with clusters defined based on the functions of the resident genes. SourceSeq, Source 
Sequence, reference sequence ID of protein product as supplied by NCBI. 
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Table 2.4. Common expression changes in hepatic genes after HD and AcHD exposure. 

Gene Source Seq Functional process HD AcHD 
Expression Ratio 

Node 

Plasma membrane stability 

Ca binding/immune signaling 
T—T": TTTT. Atp2al BC004088 Ca^"^transporting ATPase 
Cugbpl AKO14492 RNA processing 
Dill X80903 Ca^-'-binding 
Itk L00619 Protein tyrosine kinase 
Lck AK088001 Protein tyrosine kinase 
Lrnnl D45913 Protein-protein 

interaction 
Odfl X79446 Microtubule formation 
Polg U53584 DNA replication 

0.058 
Ccml AF310134 Small GTPase regulator 8.67±1.15 5.88±0.44 
Cd28 AK030812 Immune response 0.27±0.04 0.21±0.07 
Cyp51 AF166266 Cholesterol biosynthesis 7.09±0.46 3.13±0.57 
Mip AK053490 Water channel 0.23±0.02 0.12±0.03 
Mvd BC008526 Cholesterol biosynthesis 6.68±0.51 4.18±0.76 
Pcsk9 BC038085 Cholesterol metabolism 3.94±0.53 2.49±0.32 
Ren D13003 Calcium binding 0.25±0.02 0.15±0.02 

0.088 
0.16±0.05 
0.31 ±0.07 
0.20±0.07 
0.22±0.09 
0.15±0.06 
0.10±0.04 

0.20±0.01 
0.31±0.10 

0.34±0.03 
0.33±0.04 
0.24±0.06 
0.34±0.06 
0.25±0.05 
0.16±0.01 

0.35±0.05 
0.38±0.03 

Differentiation 0.012 
Hoxb6 BCO16893 

Kif4 
Colllal 
Pik3cg 

D12646 
D38162 
AJ249280 

Myelomonocytic 
differentiation 
Microtubule motor 
Cell adhesion 
PI3K pathway 

0.22±0.08 0.10±0.03 

0.14±0.07 
0.36±0.05 
-0.30±0.09 

0.19±0.07 
0.29+0.09 
0.30±0.09 

A list of common known genes altered in male C57B1/6J mice after an oral dose of 
AcHD or HD. Male C57B1/6J mice were give either an oral dose (100 mg/kg) of HD or 
acetyl HD. Twenty-four hours later, livers were removed and RNA isolated for 
microarray analysis. Results are expressed as the average ratio from 3 individual livers 
of the signal channel (Cy5) and the control channel (Cy3) for each transcript ±SEM, 
based on a restricted set of 2-fold increase or decrease in expression. SourceSeq, Source 
Sequence, reference sequence ID of protein product as supplied by NCBI. 
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Table 2.5. Quantitative RT-PCR analysis of hepatic mRNA following HD exposure. 

Gene cDNA microarray qRT-PCR 
Grinl 0.21±0.14 0.52±0.17 
Krtl-10 0.16±0.04 0.49±0.31 
Esrl 0.16±0.09 0.45±0.17 
Hoxb6 0.22+0.08 0.58±0.39 
Apoa5 3.17±0.19 3.52±0.96 
Ldlr 3.04±0.19 3.18±2.36 
Hmgcs2 3.49±0.21 3.19±0.23 
Cpt2 2.33±0.12 4.66±3.04 
Cyp4al4 20.07±5.06 13.82±4.52 

Quantitative RT-PCR analysis of hepatic mRNA. Comparison of the gene expression fold 
changes derived from cDNA microarray analysis and quantitative RT-PCR analysis for 
HD treated animals as described in the Materials and Methods section. Data presented as 
averages±SEM. 
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CHAPTER 3 

THE ROLE OF PPAR ALPHA IN HYDRAZINE MEDIATED STEATOSIS 

INTRODUCTION 

Although both hydrazine (HD) and acetylhydrazine (AcHD) are implicated as 

hepatotoxicants, only HD is associated with pathological changes in lipid homeostasis 

(Timbrell, et al, 1980). In rodents, HD hepatopathogenesis includes increased hepatic 

triacylglycerol content (Lamb and Banks, 1979; Timbrell et al., 1982), elevated rates of 

free fatty acid (FFA) transport to the liver (Trout, 1964; Amenta and Dominguez, 1965), 

and inhibition of triglyceride secretion from the liver (Clark et al., 1970). There is also 

evidence of significant lipid accumulation within periportal and mid-zonal hepatocytes 

(Amenta and Johnson, 1962). One consequence of lipid accumulation is the potential for 

excess lipid peroxidation. In addition to lipid changes, HD toxicity is reported to include 

oxidative stress (Antosiewicz et al. 2002; Hussain and Fraizer, 2002), glutathione 

reduction (Timbrell, 1982; Jenner and Timbrell, 1995), and the production of reactive 

oxygen species and free radicals, including lipid peroxides (Walubo et al. 1998). 

The precise mechanism of HD induced hepatic lipid accumulation (steatosis) remains 

unclear. Steatosis can occur when the influx of fatty acids into the liver outweighs the 

efflux. Influx processes include de novo synthesis and uptake of FFA into the liver; 

whereas, the efflux of fatty acids and complex lipids include degradative oxidation and 

transport out of the liver within lipoprotein complexes. Previous studies in the C57B1/6J 
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mouse have demonstrated that HD exposure causes moderate decreases in plasma 

cholesterol, but significant hepatic steatosis {see Chapter 2). It also results in alterations 

in the expression of genes involved in lipid synthesis, transport and metabolism, several 

of which are regulated by peroxisome proliferator-activated receptor a (PPARa) 

(Richards, et al, 2003). In the liver, PPARa modulates fatty acid oxidation and the 

detoxification of several xenobiotics by regulating the expression of genes involved in 

fatty acid uptake, the activation of acyl CoA esters, [3- and co-oxidation and ketone body 

synthesis (Desvergne and Wahli, 1999). Defects in PPARa-inducible (3-oxidation impact 

energy metabolism and are critical in the development of steatosis (Rao and Reddy, 

2001). To elucidate the pathogenesis of HD-mediated steatosis the toxicity of HD was 

investigated in mice deficient for PPARa. The hypothesis being tested was that the 

presence of PPARa is critical in protecting the liver against HD-induced steatosis. 

EXPERIMENTAL PROCEDURES 

Animals and Treatments. Male PPARa-deficient mice bred on to a B6, 129S4 genetic 

background and maintained on a 129S4/SvJae background (129S4/SvJae - Ppara"""^"™^) 

were purchased from Jackson Laboratories, Inc. (Bar Harbor, ME). The mice are 

homozygous for the targeted disruption of the ligand-binding domain, resulting in an 

unstable truncated transcript. Wild-type male 129/Sl mice (129Sl/SvImJ 

(129S3/SvImJ)) were used as controls. Deficient and wild-type animals received a single 

oral dose of either 100 or 300 mg/kg HD (St. Louis, MO), or saline. These doses were 
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previously shown to be subtoxic (100 mg/kg) or hepatotoxic (300 mg/kg) to C57B1/6J 

mice (Richards et al, 2003). 

Histology. For biochemical assessment of liver injury, blood from the abdominal aorta 

was collected 24 hours after the dosing. Serum alanine aminotransferase (ALT) and total 

cholesterol determinations were performed by the University Pathology Services and 

assays for triglycerides were performed by Antech Diagnostics (Orange County, CA). 

The results are expressed as mean±SEM. Comparisons between multiple groups were 

conducted with a one-way analysis of variance followed by a post-hoc Student-Neuman-

Keuls test. 

Livers were removed, and portions either fixed in 10% neutral-buffered formalin and 

embedded in paraffin, or embedded in OCT media and slowly frozen at -80°C. Five |im 

thick sections were cut then stained with hematoxylin-eosin (H&E) or Oil Red O (ORO) 

for histological examination. To assess morphological changes, digital photomicrographs 

of the H&E stained sections were obtained. A magnification of 40X was selected for 

optimal vacuole assessment. To quantify lipid-droplets digital photomicrographs of the 

ORO stained sections were subject to image analysis (ImagePro Plus, Version 4.5.0.29, 

Media Cybernetics, Silver Spring, MD). The range of color for the lipid droplets (red) 

was selected based on the color cube method. Average numbers of droplets were 

determined for each entire image of liver section, for individual animals from each group. 

A magnification of lOX was chosen for best coverage of lipid droplets. Mean±SEM 
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were calculated for each group (n=3). Comparisons between multiple groups were 

conducted with a one-way analysis of variance followed by a post-hoc Student-Neuman-

Keuls test (wild-type) and by a Dunn test (deficient). Data were considered significantly 

different at p < 0.05. 

Gene expression. Total RNA from livers treated with 100 mg/kg hydrazine was isolated 

using the Trizol method. Approximately 100 mg frozen tissue was dissolved in 1 ml 

Trizol (Invitrogen, Carlsbad, CA) and briefly homogenized. After adding 200 |il 

choloform and mixing for 15 seconds, the suspension was centrifuged at 12,500 rpm for 

15 minutes at 4°C. The aqueous phase was combined with 500 |a,l isopropanol to 

precipitate the RNA, followed by centrifugation at 13,000 rpm for 8 minutes at 4°C. The 

pellet was washed twice with ice cold 70% ethanol. The air dried pellet was dissolved in 

50 |j,l RNAase-free water. A second precipitation step was performed, followed by 

purification with an RNeasy mini column (Qiagen, Valencia, CA). Three livers per 

group were individually analyzed by the Arizona Cancer Center (ACC)/Southwest 

Environmental Health Sciences Center (SWEHSC) Microarray Facility using a mouse 

cDNA microarray slide with 5184 genes plus expressed sequences tags (EST). Each 

cDNA is a single spot on the array. The gene sequences used to create the microarrays 

were cDNA clones produced by the IMAGE consortium. Each clone has been sequence-

validated and provided by Research Genetics, Inc. The PolyA"^ RNA from vehicle and 

treated animals was labeled with Cy3 or Cy5-labeled dCTP, respectively, in a first strand 
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cDNA (reverse transcription) reaction. The fluorescently labeled probes were purified, 

mixed, and co-hybridized to the microarrays. Results were captured electronically on an 

Axon Instruments GenePix 4000 laser. Numerical and visual outputs of the raw 

microarray hybridization results were obtained with Axon Instruments' GenePix 

software. The gene expression intensities were first corrected with the local background, 

followed by intensity-dependent per-spot and per-chip normalization. The intensity of 

each gene was divided by its control channel value in each sample, then divided by the 

50'"^ percentile of all measurements in that sample to correct for effects which arise from 

variation in the microarray technology, such as fluorescent dye balance, print quality, and 

scanner settings. The corrected and normalized data were interpreted as signal channel 

(Cy5) divided by the control channel (Cy3) using GeneSpring software Version 6.1 

(Silicon Genetics, Redwood City, CA). Normalization was followed by restricting the 

gene list to show changes in expression of 2-fold up or down in all three animals. 

Analysis was on genes flagged as being either present or marginal. Expression ratios for 

each animal were used to determine mean±SEM for each group. Sequences were 

annotated with UniGene. Functional annotations were done using UniGene and Entre-

Gene Systems through the NCBI webpage (http://www.ncbi.nlm.nih.gov/). Hierarchical 

clustering was performed using the relative gene expression ratios (Cy5/Cy3) to examine 

the relatedness among the expression pattern in the restricted dataset. The clustering 

algorithm calculated the standard correlation for each gene with every other gene in the 

set; the standard correlation measured the angular separation of expression vectors for 

two genes around zero. The minimum separation distance used was 0.001; the separation 

http://www.ncbi.nlm.nih.gov/
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ratio, which determines how large the correlation difference between groups of clustered 

genes, was set at 0.5. The highest correlation was then determined and the two genes are 

paired, generating an average of their expression profiles. The new composite gene was 

compared with all the other unpaired genes, with a finite number of iterations performed 

until all the genes had been paired. Numerical values assigned to nodes represent the 

stability of the cluster, where values below 0.001 or above 0.5 reflect poor reliability. 

Quantitative RT-PCR (qRT-PCR). The alterations in expression ratios of selected genes 

were verified by quantitative RT-PCR. RNA from treated and control livers used for 

microarray analysis was isolated using an Absolutely RNA RT-PCR Miniprep Kit 

(Stratagene, LaJolla, CA). First strand cDNA was generated with 2 pig RNA using the 

PE-Biosystems Kit (Applied Biosystems, Foster City, CA). The genes of interest were 

amplified using 5)li1 cDNA with SYBR-PCR Master Mix (Applied Biosystems, Foster 

City, CA) and 1 |J-M of each amplification primer (Table 3.1). Primers pairs were 

selected using GenBank or published literature. The temperatures, times and number of 

amplification cycles were determined based on the gene being verified. The fluorescence 

resulting from SYBR Green binding to double stranded DNA was obtained for each 

annealing cycle (Cepheid Systems, Sunnyvale, CA). Fluorescence (y-axis) was plotted 

against cycle number (x-axis) to generate the amplification curve. Threshold cycle (Ct) 

was calculated from the rate of change of the slope of the amplification curve (2nd 

derivative). The number of cycles needed to reach the log phase of amplification 

depends on the initial number of transcripts for a particular gene. Melting peak and 
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curves were generated by the Cepheid Systems software. Standard curves were 

generated for each gene. Data are presented as the expression ratio (treated:exposed) and 

compared to the ratios obtained in the microarrays. Results were normalized to the 

histone 3.3 gene to standardize for sample variation. 

STATISTICS 

Results are given as means±SEM. Statistical analysis of the clinical chemistry data was 

performed by one-way anlysis of variance, followed by Student-Neuman Keuls test, or 

Dunn's test (SigmaStat, Jandel Scientific, San Rafael, CA). Analysis of gene expression 

data was performed with Microsoft EXCEL. 

RESULTS 

The toxic effect of hydrazine to the livers of wild-type and PPARa-deficient mice was 

assessed by several parameters. Plasma ALT levels were unchanged with exposure to 100 

mg/kg HD, but showed a statistically significant increase at 300 mg/kg HD (p<0.05) after 

24 hours of exposure in both wild-type and PPARa-deficient mice (Figure 3.1). 

Examination of liver sections showed a dose-dependent toxicity (Figure 3.3, A, 1-3 and 

B,l-3) characterized by the presence of large intracytoplasmic vacuoles that have a clear 

appearance with H&E staining. This hepatic fatty change is referred to as macrovesicular 

degeneration. These changes were dramatically greater in the deficient mice compared to 

wild-type animals. Liver sections were stained with Oil Red O in order to visualize fat 

globules as red-colored deposits confirming that the vacuoles contained neutral lipids. 
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specifically triacylglycerols and cholesterol esters. The fat content was greater in the 

livers of the deficient strain versus the wild-type (Figure 3.2, A,4-6 and B,4-6). 

Following exposure to HD, the number of lipid droplets was markedly greater in the 

PPARa-deficient mice. Quantitative analysis of the lipid droplets revealed that although 

both wild-type and deficient mice accumulated lipids at both the low and high dose of 

HD, the deficient mice had significantly greater number of lipid droplets (Figure 3.4). A 

dose of 300 mg HD/kg resulted in 3433±765 droplets in animals lacking 

PPARa compared to 412±52 in wild-type mice. 

Both plasma total cholesterol and triglycerides (Figure 3.3) were significantly decreased 

in the deficient mice exposed to 100 mg/kg and 300 mg/kg HD compared to saline 

ip<0.05). For the wild-type animals, the decrease for total cholesterol was 

significant(p<0.05) only for the higher dose of 300 mg/kg. 

In order to address the importance of PPARa in HD-induced lipid accumulation, hepatic 

gene expression profiles were generated for both the wild-type and deficient strains 24 

hours after exposure to the dose of 100 mg/kg. There were differential patterns of hepatic 

gene expression in wild-type compared to PPARa-deficient mice. Results were 

considered significant if the expression ratios represented a 2-fold induction or repression 

compared to controls in all 3 animals per group. Based on these criteria, there were 74 

genes and ESTs changed, of which 11 were up-regulated, and 63 down-regulated in the 
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PPARa-deficient mice. For the wild-type animals there were 113 genes and ESTs 

changed, 37 genes being up-regulated and 76 down-regulated. Expression ratios of 

selected genes obtained with microarray analysis were verified by quantitative RT-PCR 

(Table 3.3). Quantitative RT-PCR results generally correlated well with microarray 

results. To further examine patterns of gene expression after HD exposure in the wild-

type and PPARa-deficient animals, an unsupervised hierarchical clustering algorithm 

was applied to the restricted datasets. The output was a dendrogram, a tree representation 

of the data whose "leaves" are input patterns and whose "non-leaf nodes represent a 

hierarchy of groupings. Clusters were defined based on the general molecular functions 

and biological processes of the gene products. Clusters of the genes and ESTs altered by 

HD exposure in the wild-type animals were anchored by 4 major nodes that provided for 

classification into functional categories (A-D) including fatty acid/triglyceride synthesis, 

fatty acid P-oxidation/lipid transport, JNK signal transduction, and fatty acid co-

oxidation/lipid peroxidation (Figure 3.5, Table 3.4). Similar functional groupings were 

made for the deficient animals, with clusters linked by 5 major nodes (A-E), given the 

headings of lipid transport and metabolism, extracellular matrix remodling, triglyceride 

clearance, regulation of cell death, and regulation of cell metabolism (Figure 3.6, Table 

3.5). 

The expression ratios of a subset of genes was altered by HD exposure in both strains. 

These included genes involved in lipid synthesis, metabolism, and transport, however, the 
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wild-type mice exhibit stronger induction of Apoa4 (apolipoprotein A4) and AgpatS (1-

acylglycerol-3-phosphate 0-acyltransferase 3), 4.24±0.07 and 7.78±0.07, respectively 

(Table 3.6). 

Lipid related genes dependent on the activation of PPARa gene were differentially 

regulated in wild-type and PPARa-deficient mice. For example, fatty acid oxidation 

genes Ehhadh (enoyl-Coenzyme A, hydratase/3-hydroxyacyl Coenzyme A 

dehydrogenase) and Cyp4al4 (cytochrome P450, 4al4) were increased 7- and 9-fold, 

respectively, in the wild-type livers, but were not statistically changed in the deficient 

(0.60±0.04 and 1.12±0.15). ApoaS (apolipoprotein A5) was increased nearly 3-fold in 

the wild-type livers (2.74±0.32), but the expression was not statistically significant in the 

deficient mice (2.17±0.27). Similarly, there was a 3-fold increase (3.32±0.43) in Hmgcsl 

(3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2) transcripts in the wild-type 

animals, but the expression was relatively unchanged in the PPARa-deficient animals 

(1.61±0.11). In constrast, Lpl (lipoprotein lipase), was decreased in the PPARa-deficient 

animals (0.21 ±0.07), but relatively unchanged in the wild-type (1.19±0.79). 

In the wild-type livers, the expression of genes associated with hepatoprotective 

processes were increased, compared to levels in the deficient mice. For example, Mtl 

(metallothionein 1) and Gsstl (glutathione S-transferase, theta 2), members of Group A, 

were increased (8.15±0.10) and (2.63±0.25), respectively, in the wild-type livers. 
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Futhermore, there were decreases in Nox4 (0.25±0.11), a superoxide generating NADP 

oxidase, and in Ggtl (0.28±011), gamma-glutamyltransferase 1, a component of the 

glutathione metabolic pathway. 

DISCUSSION 

The objective of this study was to investigate the involvement of PPARa in the 

pathogenesis of HD-mediated hepatic steatosis. PPARa belongs to the nuclear hormone 

receptor superfamily of peroxisome proliferator-activated receptors (PPAR). The a 

isoform is preferentially activated by fatty acids, particularly arachidonic acid, and its 

metabolites, as well as hypolipidemic drugs, such as fibrates (Forman et al, 1997). Once 

activated, PPARa is known to regulate the expression of genes involved in fatty acid 

uptake, the activation of acyl CoA esters, mitochondrial/peroxisomal P-oxidation and 

ketone body synthesis (Desvergne and Wahli, 1999), processes necessary for proper lipid 

homeostasis. Comparison of the hepatic changes induced by HD in wild-type and 

deficient mice were consistent with a critical role for PPARa. These data support the 

hypothesis that the presence of a functional PPARa is protective against HD-induced 

hepatic steatosis. 

In rodents, hepatic lipid accumulation is a hallmark of HD exposure. HD hepatotoxicity 

in rats involves increased lipogenesis (Lamb and Banks, 1979) and alterations in hepatic 

and circulating lipids (Trout, 1964; Amenta and Dominguez, 1965; Clark et al., 1970). In 



C57B1/6J and 129S1 mice, HD induced a dose-dependent hepatic macrovesicular 

steatosis and necrosis (Figure 3.2) (Richards et al, 2003). Both of these strains contain 

functional PPARa. The concomitant decreases in circulating cholesterol in these mice 

in response to exposure suggests that HD facilitates the presentation of lipoproteins to the 

liver, such as mobilization of fatty acids (from storage depots such as adipose tissue and 

muscle) which are then presented to the receptor as endogenous ligands. 

Fatty acid catabolic mechanisms are severely impaired in PPARa-deficient mice. 

Compared with the wild-type animals the same dose of HD resulted in a more severe 

macrovesicular degeneration, with larger cytoplasmic vacuoles, greater hepatic lipid 

accumulation, and marked decreases in plasma lipids (Figures 3.2-4). In addition to 

hepatic accumulation of lipids, HD induces changes in the expression of genes associated 

with lipid homeostasis. In both wild-type and PPARa-deficient mouse livers, these 

included genes involved in lipid synthesis, lipid transport and lipid metabolism (Table 

3.5). Four other lipid-related genes that are regulated by PPARa (ApoaS, Cyp4al4, 

Hmgcsl, and Ehhadh) showed expression changes only in wild-type mice. Additional 

PPARa-regulated genes that were not included on the microarray chip may be altered by 

HD exposure. 

Stored fatty acids become substrates for peroxisomal and mitochondrial P-oxidation, and, 

to a lesser extent, microsomal co-oxidation (Reddy et al, 2001). Despite these normal 
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oxidative processes, situations that overwhelm or disrupt the ability to handle hepatic 

lipids, can result in accumulation that leads to peroxidative and necrotic events. The 

microarry evidence that HD increases the transcript levels of Ehhadh, Hmgcsl, ApoaS, 

and Cyp4al4 in the wild-type mice suggests a response to remove accumulated lipids via 

genes regulated by the activation of PPARa. The product of Ehhadh, known as L-

specific bifunctional protein, is a peroxisomal enzyme that catalyzes the conversion of 3-

hydroxyacyl-CoA to 3-ketoacyl-CoA, the penultimate step to Acetyl CoA and Acyl-CoA 

generation. Hmgcs2 expression controls the conversion of Acetyl-CoA to ketones 

(acetoacetate), and is the rate-limiting step in ketogenesis (Madsen et ai, 1999). The 

production of ketones is directly correlated to an increase in fatty acid delivery to the 

liver. Another response to an increase in hepatic fatty acid delivery is the recruitment of 

apolipoprotiens, such as ApoaS. This apolipoprotein is suggested to provide protection 

against lipid overload by transporting lipids (mostly triglyceride) and enhancing the 

breakdown of triglyceride-rich lipoproteins (van der Vliet et ai, 2001). Moreover, in the 

event of lipid accumulation, the microsomal fatty acid oxidation pathway is recruited 

(Reddy, 2001). In the wild-type mice, HD exposure resulted in the strong induction of 

Cyp4al4, a member of this pathway, and an indicator of PPARa-activation. Microsomal 

co-fatty acid oxidation can, however, lead to the generation of H2O2 and potentially toxic 

dicarboxylic acids (Rao and Reddy, 2001). The microarray data suggest that the wild-

type mice can respond to oxidation by-products by increasing the transcription of genes 
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involved in redox-regulation and reducing oxidative stress, such as decreases in Nox4 and 

Ggtl coupled with increases in the levels of Mtl, Hspel, and Gsttl. 

In contrast to the other PPARa-regulated transcripts, Lpl (lipoprotein lipase) was 

unchanged in the wild-type, but down-regulated in the deficient mice after HD exposure. 

In regulating plasma levels of triglyceride and HDL, Lpl catalyzes the lipolysis of 

triglyceride into free fatty acids and glycerol (Cantafora and Blotta, 1996; Merkel et al, 

2002). However, mRNA levels of Lpl are not normally detected in adult mouse liver 

(Semenkovich et al, 1989). During hepatic regeneration in the adult rat, there are 

increases in the levels of Lpl mRNA and hepatic Lpl activity, which suggests endogenous 

re-expression in response to cellular need (Sabugal et al, 1996). Hepatic expression of 

Lpl is generally a response to stress, particularly in response to tumor necrosis factor 

(TNF) and tumor implantation (Merkel et al, 2002), and is only partially controlled by 

PPARa. 

Thus, the expression changes in PPARa-activated genes accompanied by other 

alterations in lipid transport, synthesis, and metabolism genes provide a basis for the less 

severe HD-induced hepatotoxicity observed in in the wild-type as compared to the 

PPARa-deficient mice. 



In summary, both the wild-type and deficient strains exhibit HD-induced hepatic 

steatosis. However, the pathology and the microarray data suggest that the PPARa-

deficient mice are less capable of meeting the demands of HD-mediated increases in 

hepatic lipid presentation. In the wild-type animals, PPARa is activated in response to 

HD-induced increases in fatty acids. Consequently, these mice are better able to 

compensate for the lipid accumulation. This is the first demonstration of a critical role 

for PPARa in response to HD-induced steatosis. 
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Figure 3.1. Plasma ALT activity 24 hours after HD exposure in wild-type and PPARa-

deficient mice. Male wild-type (solid) and PPARa-deficient (shaded) mice were give an 
oral dose of hydrazine, control animals received saline. Twenty-four hours later blood 
was collected, centrifuged and assayed for alanine aminotransferase activity (ALT). The 
results are presented as means±SEM. *P<0.05 compared to saline controls. 
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Figure 3.2. Total cholesterol and triglyceride levels 24 hours after HD exposure in wild-
type and PPARa-deficient mice. Male wild-type (solid) and PPARa-deficient (shaded) 
mice were give an oral dose of hydrazine. Control animals received saline. Twenty-four 
hours later blood was collected, centrifuged and assayed for (A) total cholesterol and (B) 
triglycerides. The results are presented as means±SEM *, # P<0.05 compared to saline 
controls. Baseline values for total cholesterol and triglycerides for the genetic background 
strain (129Sl/SvImJ) are 130±31.8 and 99.2±22.6, respectively. 
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PPARa-deflcient 

Figure 3.3. Histological assessment of livers from wild-type (A) and PPARa-deficient 
(B) mice 24 hours after HD exposure. Photomicrographs of H&E-stained paraffin-
embedded sections (A 1-3; Bl-3) (40X magnification) and ORO-stained frozen sections 
(A4-6; B4-6) (lOX magnification). 1,4: Saline; 2,5:100 mg/kg; 3,6: 300 mg/kg. 
Arrowheads indicate c5l:oplasmic vacuoles. 
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Figure 3.4. Hepatic lipid droplets in wild-type and PPARa-deficient mice 24 hours after 
HD exposure. Separate sections of liver for wild-type (A) and PPARa-deficient (B) 
animal were analyzed for lipid droplets using computer software described in the 
materials and methods section. Droplets were counted and are presented as means±SEM. 
Comparisons were made with a one-way analysis of variance followed by a post-hoc 
Student-Neuman-Keuls test (wild-type) and by a Dunn test (deficient). Data were 
considered significantly different at *P < 0.05 compared to saline controls. 
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Figure 3.5. Hierarchical cluster analysis of hepatic transcripts altered in wild-type mice 
after an oral dose of HD. Cluster analysis was performed on the genes and ESTs changed 
by AcHD as described in the text as reflecting a two-fold increase (red) or decrease 
(green). Each column represents an individual liver. To categorize the changes in hepatic 
genes in response to exposure, a standard correlation was performed on the data set, 
which measured the angular separation of expression vectors for 2 genes around zero. 
Numbers represent the stability of the cluster, as described in the text. Clustering was 
performed and visualized with GeneSpring software (Silicon Genetics, Redwood City, 
CA). Database mining for gene product function was conducted with UniGene and 
Entrez-Gene systems (NCBI), with clusters defined based on the functions of the resident 
genes. 
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Figure 3.6. Hierarchical clustering of hepatic transcripts altered in PPARa-deficient mice 
after an oral dose of HD. Cluster analysis was performed on the genes and ESTs changed 
by AcHD as described in the text as reflecting a two-fold increase (red) or decrease 
(green). Each column represents an individual liver. To categorizes the changes in hepatic 
genes in response to exposure, a standard correlation was performed on the data set, 
which measured the angular separation of expression vectors for 2 genes around zero. 
Numbers represent the stability of the cluster, as described in the text. Clustering was 
performed and visualized with GeneSpring software (Silicon Genetics, Redwood City, 
CA). Database mining for gene product function was conducted with UniGene and 
Entrez-Gene systems (NCBI), with clusters defined based on the functions of the resident 
genes. 
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Table 3.1. Primer sequences used for quantitative RT-PCR^ in the verification of 
microarray data. 
Gene RefSeq Forward Primer (5'-3') Reverse Primer (5'-3') 
ApoaS 
Cyp4al4 
Hmgcs2 

NM_080434 
NM_007822 
NM_008256 

CCAAAAGTCAGTTCCACCCT 
AACCTCTGTCACATGGGACCA 
ATCCCACCCACAGCAGTAAA 

ACGATGAAGGAGGGCTTCTA 
GGATAGAGCCTCAGGGCCTC 
CTCTTCACAGGGGAGCTCTG 

Quantitative RT-PCR reactions for hydrazine treated wild-type animals were carried out 
according to manufacturers instructions for AmpliTaq Gold and the Cepheid SmartCycler 
v. 1.2 (Cepheid Systems, Sunnyvale, CA) as described in the Materials and Methods 
section. RefSeq, Reference Sequence ID of gene transcript as supplied by NCBI. 
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Table 3.2. Quantitative RT-PCR analysis of hepatic mRNA following hydrazine 
exposure. 

Gene cDNA microarray qRT-PCR 
ApoaS 2.74±0.32 4.13±1.03 
Cyp4al4 9.91±2.56 62.4±5.02 
Hmgcs2 3.32±0.43 21.8+8.12 

Quantitative RT-PCR Analysis of Hepatic mRNA. Comparison of the gene expression 
fold changes derived from cDNA microarray analysis and quantitative RT-PCR analysis 
for hydrazine treated wild-type animals as described in the Materials and Methods 
section. Data presented as averages±SEM. 
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Table 3.3. Hepatic genes altered in wild-type mice after exposure to hydrazine. 
Gene SourceSeq Functional process Expression ratio Node 
A. Fatty acid and triglyceride synthesis/Regulation of endocytosis/ 0.062 
Carbohydrate metabolism 
Ren D13003 Ca^"^ binding 0.11 ±0.01 
Statl AK082706 Transcription factor 0.13±0.01 
Mip AK053490 Water/glycerol channel 0.13±0.02 
Ifngr2 BC055745 Cytokine receptor 0.18±0.01 
Hoxb6 BC016893 Organogenesis 0.18±0.04 
Pfkfb2 BC051014 Glycolytic flux 0.19±0.01 
Ptpra M36033 Protein tyrosine phosphatase 0.20±0.02 
Peal 5 L31958 Regulation of apoptosis 0.20±0.03 
Itk L00619 Protein 0.21±0.03 

serine/threonine/tyrosine kinase 
Chrnal AK029177 ACh receptor 0.22±0.02 
Chdl L10410 Chromatin 0.26±0.03 

assembly/disassembly 
Pip Ml 5442 Nerve ensheathment 0.32±0.02 
Ccnbl BC011478 Cell cycle regulation 0.27±0.07 
Glbl M57734 Carbohydrate metabolism 0.34±0.04 
Histlhld AK054269 Nucleosome assembly 0.40±0.05 
Fbxl3a AK080863 Uncharacterized 0.44±0.02 
Clptml D67067 Transmembrane protein 2.13±0.04 
Hspel AK088121 Heat shock protein 2.25±0.08 
PsmbS AF060091 Ubiquitin-dependent protein 2.22±0.13 

catabolism 
Glul AY044241 Glutamate-ammonia ligase 2.33±0.09 
Slc34al U22465 Na'^-dependent phosphate 2.37±0.19 

transporter 
Rpll5 AKO10931 Protein biosynthesis 2.46±0.13 
Rpll2 L04280 Protein biosynthesis 2.38±0.38 
Cdc34 BC039160 Cytokinesis 2.51±0.16 
Eno3 BC013460 Carbohydrate metabolism 2.68±0.12 
RabSc AK089199 Regulation of endocytosis 2.70±0.13 
Yifl AK077329 Vesicle biosynthesis 2.72±0.27 
Slc39al4 BC021530 Zinc transporter 2.78±0.44 
Flotl U90435 Lipid raft component 2.94±0.35 
Aplbl Y07919 Endocytosis 2.97±0.76 
Gale BC027438 Carbohydrate metabolism 3.07+0.29 
Gstt2 U48419 Glutathione metabolism 3.27±0.29 
Hmgcs2 AK004865 Acetyl-CoA metabolism 3.32±0.43 
Ccml AF310134 Small GTPase regulator 4.09±0.63 
Agpat3 AK075715 Lipid transport/metabolism 4.24±0.07 
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Mvd BC008526 Cholesterol biosynthesis 4.50±0.82 
Mtl AKO18727 Zinc ion homeostasis 10.08±2.37 

B. Fatty acid P-oxidation/Lipid transport 0.103 

Lrrnl D45913 Protein-protein interaction 0.07±0.02 
Sema5a X97817 Axon guidance 0.09±0.04 
Dlx5 AF072452 axonogenesis 0.11 ±0.05 
Hoxd9 BC019150 Organogenesis 0.16±0.06 
Pnoc AK045893 Neuropeptide signaling 0.19±0.10 
Styx U34973 Protein 0.20±0.04 

tyrosine/serine/threonine 
phosphatase 

Apls3 BC05411 Vesicular trafficking 0.20±0.06 
Ctbp2 AB033123 L-serine biosynthesis 0.22±0.07 
M113 AK033338 Chromatin modification 0.22±0.13 
Tbcldl U33005 GTPase activator 0.27±0.07 
RFWDl BC008598 Post-translational modification 0.27±0.12 
Abcal AK045442 Cholesterol 0.29±0.06 

metabolism/transport 
Cd24a M58661 Defense response 0.28±0.08 
Stxbpl D45903 Protein transporter 0.28±0.10 
Ggtl U30509 Glutathione 0.28±0.11 

biosynthesis/metabolism 
Dip3b AY 113706 Signal transduction 0.31±0.11 
H2-Aa BCO19721 Defense/immune response 0.32±0.04 
ApoaS AK050280 Triglyceride binding 2.74±0.32 
Aqpll AK075757 Mitochondrial porin 3.08±0.47 
Fkbpll AK003331 Protein folding 4.24±2.00 
Prkarlb BCO 11424 Cell proliferation 5.85±1.78 
Ehhadh BCO 16899 Fatty acid beta oxidation 6.48+1.18 
Apoa4 Ml 3966 Lipid binding 7.78±0.66 
C. JNK signal transduction 0.065 
Lck AK088001 Protein serine/threonine kinase 0.12±0.07 
Ckm X03233 Phosphocreatine metabolism 0.26±0.07 
Mybph U68267 Cell adhesion/muscle 0.20±0.06 

contraction 
Dhfr AK031241 Nucleotide biosynthesis 0.39±0.09 
Dio2 AF096875 Thyroid hormone catabolism 0.39±0.08 
AdcyV U12919 Cyclic AMP biosynthesis 0.20±0.04 
MapklO L35236 JNK signal transduction 0.26±0.11 
Art5 AJ295722 Protein amino acid ADP- 0.18±0.07 

ribosylation 

D. Fatty acid co-oxidation/lipid peroxidation 0.347 

Cyp4al4 Y11638 Microsomal co-fatty acid 9.91±2.56 
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oxidation 
Nox4 AF261944 O2 'generating NADP oxidase 
Ltc4s U27195 Leukotriene 

0.25±0.11 
0.15±0.14 

biosynthesis/metabolism 
Fgl2 AK036402 Cytolysis 
Colllal D38162 Proteoglycan metabolism 

0.01 ±0.04 
0.03±0.16 

A list of the known genes altered in male wild-type mice after an oral dose of HD (100 
mg/kg). Twenty-four hours later, livers were removed and RNA isolated for microarray 
analysis. Results are expressed as the average ratio from 3 individual livers of the signal 
channel (Cy5) and the control channel (Cy3) for each transcript ±SEM based on a 
restricted set of 2-fold increase or decrease in expression in all three animals. Annotations 
were done using UniGene and Entrez-Gene (NCBI). The node value represents the 
stability of the cluster, as described in the text. Clustering was performed and visualized 
with GeneSpring software (Silicon Genetics, Redwood City, CA). Database mining for 
gene product function was conducted with UniGene and Entrez-Gene systems (NCBI), 
with clusters defined based on the functions of the resident genes. SourceSeq, Source 
Sequence, reference sequence ID of protein product as supplied by NCBI. 
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Table 3.4. Hepatic genes altered in PPARa-deficient mice after exposure to hydrazine. 

Gene SourceSeq Functional process Expression Ratio Node 
A. Lipid transport and metabolism 0.011 
Apoa4 M13966 Lipid binding 2.35±0.09 
Yifl AK077329 Vesicle biosynthesis 2.43±0.20 
Agpat3 AK075715 Lipid transport/metabolism 2.69±0.15 
Ccml AF310134 Small GTPase regulator 3.13±0.43 

0.003 
Statl AK082706 Transcription factor 0.16±0.02 
Arnt2 BC054546 AhR nuclear translocator 0.38±0.02 

0.005 
Mbdl AF072240 DNA methylation 0.44±0.03 
B. Extracellular matrix remodeling/cholesterol (nuclear) biosynthesis 0.025 
Colllal D38162 Proteoglycan metabolism 0.20±0.07 
Nox4 AF261944 O2" generating NADP oxidase 0.23±0.06 
Bin AK041860 ECM structural component 0.24±0.05 
Spag5 BC052672 Metallopeptidase 0.28±0.07 
Rgsl2 BC040396 Protein targeting 0.29±0.07 
M113 AK033338 Chromatin modification 0.40±0.06 
Mvd BC008526 Cholesterol biosynthesis 3.58±0.66 
C. Triglyceride clearance/regeneration and proliferation 0.05 
HoxbS M26283 Organogenesis 0.11 ±0.05 
Ccl22 AF052505 Chemokine 0.14+0.05 
SemaSa X97817 Axon guidance 0.15±0.04 
Zfp57 BC052028 Nucleic acid binding 0.20±0.07 
Hoxd9 BC019150 Organogenesis 0.21 ±0.04 
Lpl AH001996 Lipoprotein lipase 0.21±0.07 
Styx U34973 T yrosine/serine/threonine 0.22±0.07 

phosphatase 
Ftpra M36033 Protein tyrosine phosphatase 0.23±0.05 
Thbd X14432 Sugar binding 0.24±0.05 
Glbl M57734 Carbohydrate metabolism 0.26±0.06 
Chrnal AK029177 Synaptic transmission 0.28±0.07 
HoxdlO BCO13463 Organogenesis 0.28±0.08 
Tpp2 X81323 Aminopeptidase 0.29±0.08 
Stxbpl D45903 Protein transporter 0.30±0.05 
Arf3 BC014778 Protein transport 0.33±0.09 
Arrdc3 AK084951 Thioredoxin binding protein 5.20±1.27 
D. Regulation of cell death 0.147 
Fgl2 AK036402 C34olysis 0.06±0.06 
McptS X68805 Serine-type endopeptidase 0.10±0.01 
Dlx5 AF072452 Morphogenesis 0.12±0.09 
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Peal5 L31958 Regulation of apoptosis 
Lepr U52915 Regulation of metabolism 
Rockl U58512 Cell migration 

0.13+0.02 
0.15±0.15 
0.20±0.01 

E. Regulation of cellular metabolism 0.278 
Lrrnl D45913 Protein-protein interaction 
Hoxb6 BCO16893 Organogenesis 
Adcyapl BC057344 Regulation of lipid/carbohydrate 

0.05±0.03 
0.05±0.08 
0.06±0.05 

metabolism 
Expi BC010986 Endopeptidase inhibitor 
Ren D13003 Ca^+binding 
Pfk;fb2 BC051014 Glycolytic flux 
Upp2 AY152393 Nucleoside metabolism 

0.08±0.09 
0.10±0.12 
0.10±0.14 
0.23±0.12 

A list of the known genes altered in male PPARa-deficient mice after an oral dose of HD 
(100 mg/kg). Twenty-four hours later, livers were removed and RNA isolated for 
microarray analysis. Results are expressed as the average ratio from 3 individual livers 
of the signal channel (Cy5) and the control channel (Cy3) for each transcript ±SEM based 
on a restricted set of 2-fold increase or decrease in expression in all three animals. 
Annotations were done using UniGene and Entrez-Gene (NCBI). The node value 
represents the stability of the cluster, as described in the text. Clustering was performed 
and visualized with GeneSpring software (Silicon Genetics, Redwood City, CA). 
Database mining for gene product function was conducted with UniGene and Entrez-
Gene systems (NCBI), with clusters defined based on the functions of the resident genes. 
SourceSeq, Source Sequence, reference sequence ID of protein product as supplied by 
NCBI. 
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Table 3.5. Expression changes in hepatic genes common to both wild-type and deficient 
mice after exposure to hydrazine. 
Gene Functional Process Expression Ratio 

Wild-tvpe PPARa-deficient 
Yifl Vesicle biosynthesis 2.72±0.27 2.43±0.20 
Agpat3 Lipid transport/metabolism 4.24±0.07 2.69±0.25 
Apoa4 Lipid binding 7.78±0.07 2.35±0.16 
Ccml Small GTPase regulator 4.09±0.66 3.13±0.43 
Statl Transcription factor 0.13±0.63 0.16±0.02 
Mvd Cholesterol biosynthesis 4.50±0.01 3.58±0.66 
M113 Chromatin modification 0.22±0.82 0.40±0.06 
Colllal Proteoglycan metabolism 0.03±0.13 0.10±0.03 
Nox4 O2" generating NADP oxidase 0.25±0.16 0.28±0.07 
Hoxd9 Organogenesis 0.16±0.11 0.21 ±0.04 
Sema5a Axon guidance 0.09±0.04 0.15±0.04 
Chrnal ACh receptor 0.22±0.04 0.28±0.07 
Stxbpl Protein transporter 0.28±0.02 0.30±0.05 
Styx Protein tyrosine/serine/threonine 0.20±0.10 0.22±0.07 

phosphatase 
Glbl Carbohydrate metabolism 0.34±0.04 0.26±0.06 
Ptpra Protein tyrosine phosphatase 0.20±0.02 0.23±0.05 
Peal5 Regulation of apoptosis 0.20±0.03 0.13±0.17 
Fgl2 Cytolysis 0.01 ±0.02 0.06±0.06 
Dlx5 Axonogenesis 0.11 ±0.05 0.12±0.09 
Hoxb6 Organogenesis 0.18±0.04 0.05±0.08 
Ren Ca binding 0.11 ±0.01 0.10±0.12 
Lrrnl Protein-protein interaction 0.07±0.02 0.05±0.03 
Lck Protein serine/threonine kinase 0.12±0.07 0.10±0.08 
Pfkfb2 Glycolytic flux 0.19±0.01 0.10±0.14 

A list of the known genes altered in male wild-type and PPARa-deficient mice after an 
oral dose of HD (100 mg/kg). Twenty-four hours later, livers were removed and RNA 
isolated for microarray analysis. Results are expressed as the average ratio from 3 
individual livers of the signal channel (Cy5) and the control channel (Cy3) for each 
transcript ±SEM based on a restricted set of 2-fold increase or decrease in expression in 
all three animals. Annotations were done using UniGene and Entrez-Gene (NCBI). The 
node value represents the stability of the cluster, as described in the text. Clustering was 
performed and visualized with GeneSpring software (Silicon Genetics, Redwood City, 
CA). Database mining for gene product function was conducted with UniGene and 
Entrez-Gene systems (NCBI), with clusters defined based on the functions of the resident 
genes. SourceSeq, Source Sequence, reference sequence ID of protein product as supplied 
by NCBI. 
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Table 3.6. Comparison of hepatic gene changes in wild-type and PPARa-deficient mice 
after oral exposure to hydrazine. 

Expression Ratio 
Gene Functional Process Wild-type PPARa-deficient 

Fatty acid oxidation 
Ehhadh P-oxidation 6.48±1.18 0.60±0.04* 

Cyp4al4 co-oxidation 9.91±2.56 1.12±0.15* 

Cholesterol and triglyceride synthesis 
Agpat3 Triacylglycerol biosynthesis 4.24±0.07 2.69±0.15 
Hmgcs2 Acetyl CoA metabolism 3.32±0.43 1.61±0.11* 
Mvd Cholesterol biosynthesis 4.50±0.82 3.58±0.66 
Lipid transport and metabolism 
Apoa4 Cholesterol transport 7.78±0.66 2.35±0.09 
ApoaS Triglyceride transport 2.74±0.30 2.17±0.27 
Abcal Cholesterol transport 0.29±0.06 0.23±0.12 
Lpl Triglyceride clearance 1.19±0.79* 0.21 ±0.07 
Response to oxidative stress 
Statl Signal transduction 0.13±0.01 0.16±0.02 
Mip Water/glycerol channel 0.13±0.02 0.13±0.02 
Nox4 O2 generating NADPH 0.25+0.11 0.28±0.07 
Ggtl Glutathione metabolism 0.28±0.11 0.37±0.12* 
Hspel Molecular chaperone 2.25±0.08 1.69±0.25* 
Psmb5 Proteasome protease 2.22±0.13 1.72±0.30* 
Slc39al4 Zinc binding 2.37±0.19 1.97±0.60* 
Aqpll Mitochondrial porin 3.08±0.47 1.64±0.12* 
Gstt2 Electrophile scavenger 3.27±0.29 1.74±0.15* 
Mtl Zinc binding 10.08±2.37 4.09±1.18* 
Regulation of endocytosis 
Yifl Vesicular trafficking 2.72±0.27 2.43±0.20 
Aplbl Regulation of endocytosis 2.97±0.44 1.75±0.21* 
RabSc Regulation of endycytosis 2.70±0.13 1.90±0.86* 
Flotl Lipid raft component 2.94±0.35 2.07±0.17* 
Regeneration/proliferation 
Dlx5 Morphogenesis 0.11 ±0.05 0.12±0.05 
Glul Glutamate-ammonia ligase 2.33±0.09 1.86±0.21* 
Cd34a Cytokinesis 2.51±0.16 1.85±0.19* 
Enol3 Carbohydrate metabolism 2.68±0.12 1.45±0.15* 
Gale Carbohydrate metabolism 3.07±0.29 1.73±0.31* 
Pfkfb2 Glycolytic flux 0.19±0.01 0.10±0.14 
Rpll2 Protein biosynthesis 2.38±0.22 1.66±0.23* 
Rpll5 Protein biosynthesis 2.46±0.13 1.71±0.09* 
Glbl Carbohydrate metabolism 0.34±0.04 0.26±0.06 
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HoxbS Organogenesis 
Hoxb6 Organogenesis 
Hoxd9 Organogenesis 
HoxdlO Organogenesis 

0.01±0.10* 
0.18±0.04 
0.16±0.04 
0.40±0.12* 

0.11 ±0.05 
0.05±0.08 
0.21 ±0.04 
0.28±0.08 

Lipid-related and stress-related genes altered by HD exposure. Wild-type and PPARa-
deficient mice were give a single oral dose of 100 mg/kg HD. Twenty-four hours later, 
livers were removed and RNA isolated for microarray analysis. Results are expressed as 
the average ratio from 3 individual livers of the signal channel (Cy5) and the control 
channel (Cy3) for each transcript±SEM based on a restricted set of 2-fold increase or 
decrease in expression in all three animals. Annotations were from UniGene (NCBI). 

PPARa-regulated genes are shown italicized. *no significant change in expression 

between treated and untreated samples. 
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CHAPTER 4 

SUMMARY 

Hydrazine (HD) and acetylhydrazine (AcHD), metabolites of the antituberculosis drug 

isoniazid (INH), are implicated in INH-induced liver damage. This research project 

investigated the mechanism(s) of HD and AcHD hepatotoxicity. The methods, results, 

and conclusions of this research are presented in the preceeding chapters. The following 

is a summary of the most important findings which support the hypothesis that 

acetylation is protective against HD-induced steatosis. The data have also led to a better 

understanding of the mechanism of hepatic steatosis and introduced the involvement of 

peroxisome proiferator activated receptor alpha (PPARa) in HD-induced hepatotoxicity. 

The hepatotoxicity of AcHD and HD were compared in adult male C57B1/6J mice with a 

range of oral doses (0-300 mg/kg) (Chapter 2). There was no evidence of liver damage 

following exposure to AcHD at any of the doses administered. Plasma alanine 

aminotransferase (ALT) activity, a marker of hepatic necrosis, was relatively unchanged 

compared to vehicle control. Circulating lipids, in the form of total cholesterol and 

triglycerides, were also not affected by AcHD exposure. Furthermore, differences in 

hepatic structural features between control and AcHD exposed animals were not 

apparent. These results support studies that link AcHD hepatotoxicity with the pre-

treatment of animals with cytochrome P450 inducers such as phenobarbital (Timbrell, et 

al, 1980; Bahri et al, 1981). In contrast, 24 hours after a single oral dose of HD (300 

mg/kg) there was a small but significant increase in plasma ALT acitivty (P=0.00000106) 
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and histopathological evidence toxicity. The histological changes in the liver after HD 

exposure were characterized as macrovesicular degeneration and steatosis, in which 

intracytoplasmic lipid-filled vacuoles displace the nuclei. This is a feature of aberrant 

hepatic lipid metabolism demonstrated in several rodent studies (Amenta and Johnson, 

1962; Amenta and Dominquez, 1965; Trout, 1964, 1965; Lamb and Banks, 1979; 

Timbrell, 1982; Marshall et al, 1983). Exposure to 300 mg HD/kg over a period of 3 

days demonstrated increases in plasma ALT activity, decreases in plasma cholesterol, and 

gradual accumulation of hepatic lipids, culminating in severe hepatocellular necrosis. 

Interestingly, in rats pretreated with phenobarbital, HD toxicity is diminished, with 

decreases in hepatic triglyceride accumulation and in the depletion of hepatic glutathione 

and ATP (Jenner and Timbrell, 1994; Scales and Timbrell, 1982). This suggests that HD 

is detoxified by a P450 isozyme, possibly Cyp2b or Cyp2c family members, or by 

Cyp2el (Jenner and Timbrell, 1994). In support of these studies, HD-induced 

hepatoxicity is amplified in Cyp2el knockout mice (Appendix A). Several mechanisms 

leading to pathological hepatic lipid accumulation have been proposed, yet none have 

been clearly identified. 

To address this paucity of information, studies were implemented to establish a 

relationship between histopathologic changes seen in the liver and changes in hepatic 

gene expression after exposure to HD and AcHD. Profiles of the differential regulation 

of hepatic genes were generated from cDNA microarray data analysis following a single 
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oral dose of HD or AcHD (100 mg/kg). This lower dose was selected to avoid 

pathological effects seen with the higher dose, particularly with HD. More genes were 

changed with HD than with AcHD. The genes altered by AcHD exposure included those 

involved in reponses to stress, such as induction of metallothionein 1 (Mtl). Mtl is a 

stress sensor that is regulated by various stress conditions including glucocorticoids, 

hormones, oxidative stress, and metal ions, such as zinc and copper (Lichtlen and 

Schaffner, 2001). Increased expression of Mtl in AcHD treated mice may be an indirect 

effect mediated by one or more of these physiological stressors. Mtl has been shown to 

protect cells from apoptosis induced by metals or oxidative stress (Shimoda et al, 2003). 

Moreover, AcHD exposure decreased the expression of several genes involved in cell 

growth and INK signal transdution, such as c-Myc, Vav2, MapklO, possibly representing 

a hepatoprotective response. Although AcHD exposure did result in the differential 

regulation of genes involved in lipid synthesis, there was no corresponding pathology and 

it was concluded to be a general cellular response, perhaps to mild perturbations in 

plasma membrane dynamics. The general cellular stress induced by AcHD could perhaps 

be monitored with clinical endpoints, such as glucose, leptin, or circulating 

glucocorticoids. 

In constrast to the lack of toxicity seen with AcHD, oral HD altered the expression of 

genes that were classified as steatotic candidates, such as those involved in hepatic lipid 

accumulation and hepatic necrosis. Several of those candidate genes were identified as 

regulated by PPARa, known to be involved in hepatic lipid homeostasis and (3- and co-
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fatty acid oxidation. Changes in PPARa-regulated hepatic genes, such as ApoaS, 

Cyp4al4, and Hadhsc were seen with oral (Chapter 2) and intraperitoneally administered 

HD (Appendix C). To futher investigate the involvement of PPARa in HD-induced 

hepatic steatosis, an experiment was designed to address the pathology and gene 

expression using mice deficient for this receptor. After a single oral dose of HD (300 

mg/kg) there were significiant increases in ALT activity in both the deficient and 

genetically matched wild-type mice used as controls. The histopathological changes with 

this dose for the wild-type mice included moderate vacuolization. Although circulating 

triglyceride levels were unchanged, total cholesterol was decreased in the wild-type mice 

(P=0.0223413). Correspondingly, there was moderate lipid accumulation in the livers 24 

hours after exposure. In the PPARa-deficient mice, however, there was marked 

macrovesicular degeneration, indicated by large cytoplasmic vacuoles, displaced nuclei, 

and dramatic lipid accumulation. These histological features were coupled with 

decreases in both total cholesterol (P=0.00144179) and triglyceride (P=0.000324389) 

levels. Baseline values for total cholesterol and triglycerides for the genetic background 

strain (129Sl/SvlinJ) are 130±31.8 and 99.2±22.6, respectively. PPARa-deficient mice 

are characterized as hypercholesteremic (139±27) with high corresponding HDL levels 

(96±24) (Peters et al, 1997) and elevated concentration of plasma NEFA (Patel et al, 

2001). Taken together these histopathological results suggest that the deficient animals, 

without functional PPARa, are incapable of handling the excess lipid accumulation 

mediated by HD exposure. The hepatic gene expression profiles of wild-type and 
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PPARa-deficient mice generated at the subtoxic dose (100 mg/kg) support these 

findings. The wild-type mice exhibited strong induction of genes regulated by PPARa. 

These genes, such as Apoa5, Ehhadh, and Cyp4al4 coordinate signals to remove 

accumulating lipids, thereby preventing downstream pathological effects such as steatosis 

and necrosis. The livers of the deficient mice, unable to coordinate such protective 

signals, are subject to lipid accumulation and the potential of oxidative/peroxidative 

events. The inclusion of lipid peroxidation assays to monitor levels of lipid peroxides 

and their by-products (e.g. malondialdehyde and 4-hydroxyalkenals) would support to 

this assumption. 

Additionally, it may be necessary to determine whether HDL (high density lipoprotein) 

or LDL (low-density lipoprotein) is the component of total cholesterol decreased after 

HD exposure in C57B1/6J, PPARa-deficient, and 129S1 mice. This could further clarify 

the mechanism of hepatic lipid accumulation. LDL transports cholesterol to peripheral 

tissues, where it regulates de novo synthesis. HDL shuttles that cholesterol released from 

dying cells and during membrane turnover. Changes in lipoprotein fractions can be 

correlated with liver damage. For example, a decrease in HDL is often associated with 

an increase in LDL and plasma triglycerides. HD was shown to inhibit the hepatic 

secretion of triacyglycerol in rats, but with no deficits in lipoprotein synthesis (Clark, 

1970). However, an increased flux of free fatty acids to the liver drives triglyceride 

production and increases triglyceride-rich lipoprotein production (Kwiterovich, 2000). 
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Overall, the studies presented in this dissertation indicate that HD, but not AcHD, 

exposure results in perturbations in hepatic lipid homeostatis in the development of 

steatosis. The regulation of hepatic lipid homeostasis is complex (Figure 4.1). De novo 

fatty acid synthesis, occurring predominantly in the endoplasmic reticulum and golgi 

apparatus, and hepatic lipid extraction from the blood, is balanced by P-oxidative 

processes occurring in the peroxisome and mitochondria to offset potential pathological 

lipid accumulation (Hyelemon et ah, 2001; Koteish and Diehl, 2001; Rao and Reddy, 

2001). From transcript profiling and database mining, HD, compared to AcHD, affects 

more genes associated with peroxisomes, mitochondria, and microsomes/endoplasmic 

reticulum (Figure 4.2). HD in particular increases the levels of genes involved in the 

processes of [3- and co-fatty acid oxidation (Cpt2, Cyp4al4, Ehhadh), lipid synthesis 

{AgpatS, Hmgcs2, Mvd) and lipid transport (Apoa4, Apoa5, Ldlr). There were also 

changes to genes involved in endocytosis and necrosis (see Chapters 2 and 3). Several of 

these genes and physiological processes are regulated by PPARa. Genes involved in 

mitochondrial functions were not altered after HD exposure in the PPARa-deficient 

mice, but showed changes in C57B1/6 and 129S1 livers (Figure 4.3). The overall trends 

in histopathology and gene expression are similar between the C57B1/6J and 129S1 mice, 

although there are genetic differences between these two inbred strains that can account 

for specific differences in the levels of expression for a particular gene. For example, 

there is a 10-fold higher level of Apoa4 mRNA in the livers of the 129 strain compared 

with C57B1/6 (Reue et al, 1993). A more detailed comparison with less stringency placed 
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on the microarray data analysis, such as looking for changes in 2 out of 3 animals, or in 

changes reflecting 1.5-fold increases or decreases in gene expression may reveal greater 

similarities. 

HD (NH2NH2) is not expected to be a peroxisome proliferator in mouse liver. 

Peroxisome proliferators (PP), are chemicals that directly interact with the ligand 

binding domain of PPARa. Classic PPs, although structurally diverse, are similar in 

structure to endogenous long-chain fatty acids, consisting of a carboxylic acid group and 

a large hydrophobic domain (Vanden Heuvel, 1999). Examples of PPs include 

hypolipidemic fibrates, leukotriene antagonists, phthalate ester plasticizers, and 

herbicides (Forman et al, 1997; Desvergne and Wahli, 1999; Vanden Heuvel, 1999; 

Macdonald et al, 2001). PPs exert pleiotropic effects on liver increasing peroxisomes in 

parenchymal cells and overall liver size. There was no histological evidence of 

peroxisome proliferation in mice receiving HD, and there were only modest increases in 

liver weights and liver-to-body weight ratios of the 4 strains of mice exposed to HD 

(Figure 4.4). Animals given 300 mg HD/kg for 24 hours exhibit decreases in total body 

weight (7 - 9%). Based on the microarray results in C57B1/6J mouse brain after HD 

exposure (Appendix B), the weight loss may be due to central effects. For example, the 

downregulation of the leptin receptor (Lepr) (0.23±0.05) in brain may lead to leptin 

resistance/leptin receptor dysregulation and subsequent disturbances in food intake 

(Havel, 2001; Martin et al, 2000). Additionally, Apoa4, the mRNA of which is 

upregulated in the livers of mice treated with HD (Chapters 2 and 3), is reported to be a 



short-term satiety signal (Stan et al., 2003; Tso et al, 1999). Further investigation is 

needed into the decreased expression in brain, yet increased expression in liver of 

PPARa-regulated genes. Gene expression analysis of brains removed from PPARa-

deficient mice after exposure to HD may yield insight into possible central effects of the 

weight loss. 

The histopathological and gene expression changes produced after exposure does suggest 

that HD facilitates the mobilization of fatty acids (from storage depots such as adipose 

tissue and muscle) which are then presented to the receptor as endogenous ligands. There 

may be mechanistic differerences between exogenous and endogenous ligands in the 

activation of PPARa. More experiments are necessary to determine which endogenous 

ligands HD is responsible for presenting to PPARa. For example, natural ligands for this 

receptor include unsaturated fatty acids, such as arachidonic acid and several of its 

metabolites, the eicosanoids (Forman et al, 1997; Desvergne and Wahli, 1999). It may 

also prove interesting if HD is shown to interfere with acetyl CoA pools within the liver. 

Not only is this cofactor the common intermediate in the oxidation of fatty acids and a 

precursor for the biosynthesis of fatty acids, ketones and steroids, it is the acetylating 

agent for AA-acetyltransferase. HD may be inhibiting its own detoxification to 

acetyhydrazine by depleting available acetyl CoA. 
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Although the characterization of HD-mediated disturbances in hepatic lipid homeostasis 

at the microscopic and genetic levels has been presented in this disseration, there are still 

many questions to be adressed. Collectively the evidence has lead to a clearer 

understanding of the mechanism of HD-induced hepatic steatosis. It would be ideal to 

study the effects of HD hepatotoxicity in mice that overexpress the NAT isoform 

reportedly involved in its detoxification. This would solidify the hypothesis of a 

protective effect of acetylation against HD-induced steatosis. Moreover the research has 

introduced the involvement of PPARa in HD-induced hepatotoxicity, a novel mechanism 

that awaits futher investigation. 
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Figure 4.1. Hepatic metabolic pathways affected by HD. Items in red are those 
differentially regulated in livers of mice exposed to hydrazine. Abbreviations: 3KT2,3-
ketothiolase 2,; ACADS, acyl-Coenzyme A dehydrogenase, short chain, ACS, acyl CoA 
synthetase, Apoa4, apolipoprotein A4; ApoaS, apolipoprotein A5; CETP, cholesteryl 
ester transfer protein; CPTI/II, carnitine palmitoyltransferase I, II; EHHADH, enoyl-
Coenzyme A, hydratase/3-hydroxyacyl Coenzyme A dehydrogenase; FFA, free fatty 
acids, FA-CoA, fatty acyl CoA, HADHA, hydroxyacyl-Coenzyme A dehydrogenase/3-
ketoacyl-Coenzyme A thiolase/enoyl-Coenzyme A hydratase (trifunctional protein), 
alpha subunit; HDL, high-density lipoprotein LDL, low-density lipoprotein, LDLR, low-
density lipoprotein receptor,; MFO, mixed function oxidase; MVD mevalonate 
(diphospho) decarboxylase; PPARa, peroxisome proliferator activated receptor alpha; 
SCP2, sterol carrier protein 2; SR-Bl, scavenger receptor class B type 1; SREBP, sterol 
regulator element binding protein; Genes highlighted in red are differentially expressed 
by HD or AcHD in C57B1/6J, PPARa-deficient and 129S1 mouse livers. 



115 

C57B1/6J 

B Mitoclioiuhia 
• Pn-oxistHnr 

n G«lgi 

• ER/intaosomr 
• Nuclfus 
Q Meinbi'sine 
• C^toi>la$m 
• Exti'acelliilai' 
• SR 
• ITiikiiowii 

AcHD HD 

Figure 4.2 A comparison of the cellular components influenced by AcHD and HD 
exposure in C57B1/6J mouse livers. Classification is based on Gene Ontology terms 
provided by MGI (Mouse Genome Informatics) and accessed through the NCBI website 
www.ncbi.nlm.nih.gov/UniGene/ 
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Figure 4.3 Cellular components influenced by HD exposure in the livers of the three 
mouse strains studied. Classification is based on Gene Ontology terms provided by MGI 
(Mouse Genome Informatics) and accessed through the NCBI website 
w WW. ncbi. nlm. nih. gov/U niGene/ 



117 

Liver weight 

1.5 -1 

If 1.0 -

« 0.5 

Saliiie 100 ing HD kg 300 ing HD/kg 

•C57B1/6J 

H129S1 

Liver-to-bo(l>' weight ratios 

* •  ̂  

kisssli gsJW 

Iswswil fjajti 

PPARa -/-

^Cyp2el -/-

Saliiie 100 itig HD/kg 300 ing HD kg 

Figure 4.4. Liver weight and liver-to-body weight ratios of 4 mouse strains after exposure 
to HD. Adult mice received either saline, 100 mg or 300 mg HD/kg, p.o.. Twenty-four 
hours later livers were removed, rinsed and weighed. Ratios are given as g liver per g 
body weight. Comparisons between multiple groups were conducted with a one-way 
analysis of variance followed by a post-hoc Student-Neuman-Keuls test. Data are 
presented as mean±SEM.*, P<0.05 compared to saline controls. 
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APPENDIX A 

THE ROLE OF CYP2E1 IN THE PATHOGENESIS OF HD-INDUCED STEATOSIS 

OVERVIEW 

INH is reported to have a biphasic effect (induction and inhibition) on CYP2E1, an 

isoform involved in the pathogenesis of alcoholic liver injury through free radical and 

acetaldehyde generation, adduct formation and lipid peroxidation (Zand et al, 1997; 

Lieber, 1997; Desta et al, 2001). Induction of Cyp2el activity by INH has been shown 

to increase the toxicity of HD in vivo, increasing lipid accumulation compared with 

control mice (Jenner and Timbrell, 1994). Previous studies demonstrated that C57B1/6J 

mice and 129S1 mice exposed to HD (100 mg/kg) for 24 hours exhibited increased 

expression of hepatic genes involved in lipid transport and metabolism, including Apoa4, 

Apoa5, Ehhadh, Hmgcs2, and Cyp4al4. At a higher oral dose (300 mg/kg) these animals 

presented with significant hepatic steatosis and macrovesicular degeneration (Richards et 

al, 2004). In CypleV^' mice with non-alcoholic steatohepatitis, hepatic Cyp4al4 

transcripts were upregulated, and the protein may act as a catalytic substitute for Cyp2el 

in hepatic lipid peroxidation (Leclercq et al, 2001). To further elucidate the mechanism 

of hepatic steatosis and to investigate the importance of Cyp2el, the hepatotoxicy of HD 

was compared in wild-type and Cyp2el knockout mice. The hypothesis being tested was 

that the presence of Cyplel is necessary for the bioactivation of HD and subsequent 

effects on lipid metabolism and hepatic steatosis. 
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EXPERIMENTAL PROCEDURES 

Animals and treatments. Male Cyp2er^" knockout mice were obtained from a colony 

maintained by Dr. Patricia Hoyer, University of Arizona. Wild-type male 129/Sl mice 

(129Sl/SvImJ (129S3/SvImJ)) were used as controls. One group of knockout animals 

(n=3) and one group of wild-t5T3e animals (n=3) received a single oral dose of either 100 

or 300 mg HD/kg (Sigma, St. Louis, MO). Control animals received saline. 

Histological procedures and biochemical measurements. Twenty-four hours after HD 

exposure, 3 animals of each group were sacrificed. Livers were removed, and a portion 

fixed in 10% neutral-buffered formalin and embedded in paraffin. Five |am thick sections 

were cut then stained with hematoxylin-eosin for histological examination. Another 

portion of the liver was embedded in OCT media and slowly frozen at -80°C. Tissue 

samples were cut into 5 |a,m sections, stained with Oil Red O and examined with light 

microscopy. For biochemical assessment of liver injury, blood sampling from the 

abdominal aorta was also collected 24 hours after the dosing. Serum alanine 

aminotransferase (ALT) and total cholesterol determinations were performed by the 

University Pathology Services and total triglycerides assays were performed by Antech 

Diagnostics (Orange County, CA). 

Quantitative RT-PCR (qRT-PCR). The alterations in expression ratios of selected genes 

(Table C.l) were verified by quantitative RT-PCR as described in Chapters 2 and 3. 
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STATISTICS 

Results are given as means±SEM. Statistical analysis of the clinical chemistry data was 

performed by one-way anlysis of variance, followed by Student-Neuman Keuls test, or 

Dunn's test (SigmaStat, Jandel Scientific, San Rafael, CA). Analysis of gene expression 

data was performed with Microsoft EXCEL. 

RESULTS 

The toxic effect of HD to the livers of wild-type and Cyp2er^" mice was assessed by 

several parameters. Plasma ALT levels were unchanged with exposure to 100 mg/kg HD, 

but showed a statistically significant increase at 300 mg/kg HD (p<0.05) after 24 hours 

of exposure in both wild-type and Cyp2er'" mice (Figure A.l). Exposure to HD 

significantly decreased total plasma cholesterol levels in both animal strains, with a 

greater depression with the knockout mice (Figure A.2, A). Similarly, at the higher dose 

triglyceride levels were significantly decreased in both strains, but more dramatic for the 

knockout mice (Figure A.2, B). 

Liver histopathological findings include an increase in hepatic lipids and the presence of 

cytoplasmic vacuoles after doses of 100 and 300 mg HD/kg, in addition to prominent 

accumulation of sinusoidal red blood cells at 300 mg HD/kg indicative of endothelial cell 

damage. There was no evidence of an inflammatory response. The HD-induced increase 

in hepatic lipids was confirmed by Oil Red O staining which detects neutral lipids as red 
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droplets. These changes were more dramatic in the knockout compared to wild-type 

animals. 

Quantitative RT-PCR detected an 11-fold (11.6±1.9) increase in the expression of 

Cyp4al4 in the livers of Cyp2er^' mice exposed to HD (100 mg/kg, po). 

DISCUSSION 

In this study the Cyplel knockout mouse was used to investigate the possible 

contribution of the P450 isozyme in the pathogenesis of HD-mediated hepatotoxicity. 

Associated with ethanol induced hepatic injury Cyp2el is known to oxidize ethanol to 

acetylaldehye coupled with the production of hydroxyl radical (Lieber, 1997). Cyp2el is 

also involved in lipid metabolism and ketone utilization under conditions of starvation, 

diabetes, and obesity, as well as to catalyze peroxidation of endogenous lipids (Leclercq 

et ai, 2000). There was a significant difference between wild type and Cyp2er^" mice 

after a dose of 300 mg HD/kg. The knockout animals exhibited increases in serum 

alanine aminotransferase activity, hemorrhagic lesions, hepatic vacuolation, greater 

hepatic lipid accumulation, and significant decreases in circulating cholesterol and 

triglycerides than wild-type mice. INH induces and inhibits Cyp2el (Lieber, 1997; Desta 

et ai, 2001). Induction of Cyp2el by INH has been shown to increase the toxicity of HD 

in vivo, increasing hepatic lipid accumulation (Jenner and Timbrell, 1994). HD 

pretreatment induced Cyp2el activity, reduced the activities of Cyplal/la2 and Cyp2bl 

while increasing toxicity (Delaney and Timbrell, 1995). Pretreatment of rats with 
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phenobarbital decreases hepatic triglyceride accumulation and minimizes glutathione and 

ATP depletion after HD exposure (Jenner and Timbrell, 1994). Phenobarbital is known 

to induce the activity of Cyp2b family members and, to some extent, Cyp2c isoforms 

(Czekaj, 2000) 

In Cyp2er'" mice with non-alcoholic steatohepatitis (NASH), Cyp4al0 and Cyp4al4 

were upregulated (Leclercq et ah, 2000). Similarly, in Cyp2er'' mice exposed to HD, 

the expression of Cyp4al4 was enhanced. The data suggest that Cyp2el contributes to 

the hepatic responses induced by HD. Further studies are needed to clarify the role of 

Cyp2el in HD-induced steatosis. 
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Figure A.l. Plasma ALT activity 24 hours after exposure to HD in wild-type and Cyp2er 
mice. Male wild-type (solid) and Cyp2er'" (checkered) mice were give an oral dose of 

HD. Twenty-four hours later blood was collected, centrifuged and assayed for alanine 
aminotransferase. The results are presented as mean±SEM. Comparisons between 
multiple groups were conducted with a one-way analysis of variance followed by a post-
hoc Dunn's. *P<0.05 as compared to saline control. 
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Figure A. 2. Total cholesterol and triglyceride levels 24 hours after HD exposure in wild-
type and Cyp2er'" mice. Male wild-type (solid) and Cyp2er''" (checkered) mice were 
give an oral dose of HD. Control animals received saline. Twenty-four hours later blood 
was collected, centrifuged and assayed for (A) total cholesterol and (B) triglycerides. The 
results are presented as means±SEM Comparisons between multiple groups were 
conducted with a one-way analysis of variance followed by a post-hoc Student-Newman-
Keuls' test. P<0.05 as compared to control. * P<0.05 as compared to saline controls. 
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Cyp2el 

Figure A.3. Histological assessment of livers from Cyp2el knockout mice 24 hours after 
HD exposure. Photomicrographs of H&E-stained paraffin-embedded sections (1-3) (40X 
magnification) and ORO-stained frozen sections (4-6) (20X magnification). 1,4: Saline; 
2,5:100 mg/kg; 3,6: 300 mg/kg. 
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APPENDIX B 

TRANSCRIPT PROFILING OF MOUSE BRAIN AFTER HYDRAZINE EXPOSURE 

OVERVIEW 

In humans, chronic INK use induces adverse effects including convulsions, hepatic 

encephalopathy, opitc neuritis and atrophy, memory impairment, and psychosis 

(Schroder, 2000 ). An overdose of INK can result in potentially fatal metabolic acidosis 

(Sanfeliu et ai, 1999; Watkins et al, 1990). Several animal studies have examined the 

effects of INH on the central nervous system (CNS). Dose-dependent lethal occurrences 

of CNS toxicity after INH exposure have been reported in rabbits (Hein and Weber, 

1984). INH is known to interfere with the vitamers of B6, namely pyridoxine, pyridoxal, 

and pyridoxamine, which are interconverted with 5'-phosphates to generate coenzymes 

necessary for a number of physiological systems, including neurotransmission (Schroder, 

2000; McCormick and Chen, 1999; Ebadi et al, 1990). 

The dog is the most sensitive species to INH-induced CNS effects (Schroder, 2000). The 

clinical signs seen in humans are similar to those seen in the dog. These include, 

reduction in food intake, occasional vomiting, CNS stimulation, muscular 

twitching/jerking, ataxia, and convulsions (Noel et al, 1967). Dogs do not possess the 

ability to acetylate INH due to the complete absence of NAT genes (Trepanier et al, 

1997). Since the major route of INH metabolism is via hepatic A^-acetyltransferase 2 

(NAT2), the CNS effects of INH in the dog may be due to secondary metabolites such as 
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HD, a hydrolysis product of INH, which has been shown to sequester pyridoxal 5'-

phosphate to form pyridoxal phosphate-hydrazone (Cornish, 1969). Pyridoxal 5'-

phosphate is used by pyridoxine for its cofactor to mediate the activity of several 

enzymes, including GABA (gamma aminobutyric acid) aminotransferase (GABA-T) 

(Kenyon, 1999). GABA-T, the first enzyme in the degradative pathway for the major 

inhibitory neurotransmitter GABA in the brain, is dramatically inhibited by HD 

(Barbaccia e? a/., 1996; WHO, 1987; Perry e? a/., 1981). 

The present study addressed changes in gene expression in brains of mice exposed to a 

HD. Based on a study by Sasaki and co-workers, in which two routes of administration 

were utililzed in HD genotoxicity studies (Sasaski et ai, 1998), the transcript profiling of 

the C57B1/6J mouse brain employed both i.p and p.o. administration In addition to tissue 

specific differences in gene expression after HD exposure, considerably more genes and 

ESTs were changed with the oral dose (159) as compared to the i.p. dose (13). 

EXPERIMENTAL PROCEDURES 

RNA preparation and cDNA microarray data analysis were performed as described in 

Chapters 2. 

For histological assessment, another group of animals were given an oral or ip dose of 

HD. Control animals received saline. Brains were removed and cut sagitally. One half of 

the brain was fixed in 10% neutral-buffered formalin and embedded in paraffin. Five |J.m 
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thick sections were cut then stained with hematoxylin-eosin (H&E) for histological 

examination. 

Real time quantitative PCR (RT-PCR). The alterations in expression ratios of selected 

genes were verified by quantitative RT-PCR as described in Chapters 2 and 3. 

RESULTS 

The toxicity of HD was investigated in the C57B1/6J mouse brain. Histological sections 

revealed no signs of toxicity after either an oral or i.p. dose of HD (100 mg/kg). Separate 

hybridizations using individual brains (n=3) were carried out for both oral and i.p. 

adiministration of HD (100 mg/kg). Results were considered significant if the expression 

ratios represented a 2-fold induction or repression compared to controls. Expression 

ratios of several genes were verified by quantitative RT-PCR and correlated generally 

well with the microarray results (Table B.2). The i.p. dose resulted in the differential 

expression of 13 genes and ESTs, 7 of which were over-expressed and 6 under-expressed 

(Table B.3). Considerably more genes and ESTs were altered after the oral dose of HD, 

with 157 under-expressed but only 2 over-expressed (Table B.4). To further examine 

patterns of gene expression after HD exposure, hierarchical clustering algorithms were 

applied to the restricted datasets. The output was a dendrogram, a tree representation of 

the data whose "leaves" are input patterns and whose "non-leaf nodes represent a 

hierarchy of groupings. Cluster analysis permitted the grouping of the genes altered by 

the i.p. dose into 3 major nodes (Figure B.l). Based based on the functions of the resident 
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genes tables were generated reflecting clustering partners and expression ratios (Table 

B.3) Genes altered after the oral dose were anchored by 8 major nodes (Figure B.2, 

Table B.4). There were route specific changes in gene expression, but in comparison 

there were 7 common genes that were differentially expressed by both routes of HD 

administration (Table B.5). 

After exposure to the oral dose, there were decreases in the levels of several genes 

involved in lipid metabolism and transport, such Prkcq (Protein kinase C, theta) 

(0.26±0.04), Lipc (triacylglycerol lipase) (0.26±0.05), Ponl (paraoxonase 1) (0.18±0.09), 

Abcal (ATP-binding cassette, sub-family A, member 1) (0.30±0.06), Soatl (sterol, O-

acytransferase 1) (0.31±0.07), Acox2 (acyl-Coenzyme A oxidase 2, branched chain) 

(0.31±0.07), Apod (Apolioprotein C-I) (0.34±0.09), and ApoaS (Apolipoprotein A5) 

(0.41±0.06). There was also repression of genes involved in neurotransmission, 

including Chrnal (cholinergic receptor, nicotinic, alpha polypeptide 1) (0.36±0.05), Fnta 

(farnesyltransferase, CAAX box, alpha) (0.39±0.00); Homerl (homer, neuronal 

immediate early gene 1) (0.30±0.04), Agrn (agrin) (0.33±0.12), PpplrMb (Protein 

phosphatase 1, regulatory (inhibitor) subunit 14B) (0.33±0.08), and Cacnaldl (calcium 

channe, voltage-dependent, alpha2/delta subunit 1) (0.42±0.03). Oral HD also resulted in 

the decreased expression of genes involved in immune function and organogenesis, 

including several homeobox transcription factors The two transcripts overexpressed in 

response to oral HD were an uncharacterized protein Krtcapl (keratinocytes associated 

protein 2), and an unknown product. 
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DISCUSSION 

In this study, the neurotoxicity of HD was investigated in the C57B1/6J mouse exposed to 

either an oral or i.p. dose. It has been demonstrated that HD caused greater death of 

murine dorsal root ganglia neurons and a hybrid neuronal cell line than INH, AcINH, 

AcHD, or DiAcHD (Sanfeliu, et al., 1999). Experimental animals injected with 25 mg 

HD/kg become comatose and die, with some animals experiencing convulsions (Hein and 

Weber, 1984). HD-induced CNS toxicity has been reported in birds, frogs, rats, mice, 

rabbits, cats, dogs, and monkeys (Hein and Weber, 1984). HD has been shown to 

dramatically inhibit GABA-T, the first enzyme in the degradative pathway for the major 

inhibitory neurotransmitter GABA in the brain, (Barbaccia et al., 1996; WHO, 1987; 

Perry et al, 1981). GABAergic inhibition plays an important role in limiting the overall 

excitability of principal neurons in the brain, thus alterations in the level of GABA can 

influence seizure activity. 

The present study employed microarray data analysis to assess changes in brain 

transcripts after either the oral or intraperitoneal route of administration. There were 

fewer genes and ESTs changed after the i.p. dose. Although Cdnkla clustered alone, 

(Table B.3, Figure B.l), the increased expression of Ddit3 and Cdnkla (also known as 

p21) indicates cell cycle arrest. The specific cells espressing these genes remains to be 

determined, however, p21 has been shown to be expressed during the differentiation of 

oligodendrocyte progenitor cells, myelinating cells of the CNS (Ghiani et al, 1999; 
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Zezula, et al, 2001), in the choroid plexus and in neurons of the hippocampus, anterior 

cingulate and frontal cortex after global ischemia (Van Lookeren and Gill, 1998). 

The oral route produced changes in a greater number of genes. This dose and route of HD 

was shown to increase DNA damage in mouse brain but with no observable 

histopathology (Sasaski et al, 1998). No structural changes were seen in the H&E 

stained saggital sections after the oral dose of HD in the C57B1/6J mouse brain. However, 

different staining techniques may have revealed subtle myelinopathies. On the other 

hand, the mouse may not be the ideal model to study HD induced myelinopathies. There 

is one report of INH-induced neuropathy in mice deficient for a modified LDL receptor 

(Naba et al, 2000). Without histopathological evidence it is difficult to assign 

significance to the gene expression changes, but there were alterations to several 

transcriptions involved in lipid transport and metabolism, including those which are 

regulated by PPARa {Acox2, Apod, ApoaS, and Soatl). In comparison, the mouse liver 

expresses high levels of PPARa. HD induces the expression of several hepatic PPARa-

regulated genes (Richards et al, 2003; Richards et al, 2004). PPARa expression has 

been demonstrated in rodent brain and increased expression of PPARa-regulated genes 

are seen after treatement with clofibrate (Cristiano et al, 2001; Cullingford et al, 2002). 

However, the PPARa-regulated genes altered in the brain after the oral administration of 

HD were decreased. This suggests that brain may possess different regulatory 
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mechanisms for PPARa-mediated gene transcription than seen in the liver. Evaluation of 

the expression of these genes in PPARa-deficient mice may help clarify these results. 
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Table B.l. Primer sequences used for quantitative RT-PCR^ 
Gene GenBank Forward Primer Reverse Primer 

Accession (5'-3') (5'-3') 
ApoaS AI046360 CCAAAAGTCAGTTCCACCCT ACGATGAAGGAGGGCTTCTA 
Esrl AUO18232 ACCGTGTCCTGGACAAGATC GTCATAGAGGGGCACAACGT 
Hoxb6 NM_008269 TCAATGGTAGATTCGCTGTCC GGCTCCTCTTCTTCCTTCTAGG 
Krtl-10 XM_283025 CCATGTCTGTTCTATACAGC CCTGCCCCTTAAGGTCCTCG 
Ddit3 X67083 ACCTCCTGTCTGTCTCTCCG TCCTGGTCTACCCTCAGTCC 
Ponl U32684 ATTGGCACTGTGTTCCACAA GCAGAGATCACTGTGGTAGGC 
Lipc AI256194 AGTGGTGAGGTTCTATGCCC CTGCTCAAGTTCAAGTGGGA 
Cdknla AW048937 TCCCGTGGACAGTGAGCAGTTG GACACACAGAGTGAGGGCTAAG 
Abcal X75926 ACATCCTCGTCCATTAAGCC AACTCTGGCACACTCATTGC 

^ Quantitative RT-PCR reactions for HD treated animals were carried out according to 
manufacturers instructions for AmpliTaq Gold and the Cepheid SmartCycler v. 1.2 
(Cepheid Systems, Sunnyvale, CA) as described in the Materials and Methods section. 
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Table B.2. Quantitative RT-PCR analysis of whole brain mRNA following HD exposure. 
Gene Route cDNA qRT-PCR 
ApoaS po 0.41 ±0.06 0.23±0.23 
Esrl 0.23±0.04 0.58±0.10 
Hoxb6 0.26±0.03 0.27±0.19 
Krtl-10 0.36±0.02 0.46±0.18 
Abcal 0.30±0.07 0.42±0.11 
Ddit3 ip 3.51±0.42 1.79±0.23 
Ponl 0.28±0.07 0.39±0.01 
Lipc 0.26±0.05 0.71±0.22 
Cdknla 6.58±2.38 2.18±0.09 
Quantitative RT-PCR Analysis of whole brain mRNA. Comparison of the gene 
expression fold changes derived from cDNA microarray analysis and quantitative RT-
PCR analysis for HD treated animals as described in the Materials and Methods section. 
Data presented as mean±SEM. 
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A 0 031 A Cell cycle arrest 

B 0.029 B Steroid and lipid metabolism 

C 0 024 C Cell cycle arrest/ 
cellular metabolism 

Figure B.l. Hierarchical cluster analysis of C57B1/6J mouse brain transcripts 24 hours 
after intraperitoneal exposure to HD. Cluster analysis was performed on the genes and 
ESTs changed by an i.p. dose of HD (100 mg/kg) described in the text as reflecting a 
two-fold increase (red) or decrease (green). 
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Figure B.2. Hierarchical cluster analysis of C57B1/6J mouse brain 24 hours after oral 
exposure to HD. Cluster analysis was performed on the genes and ESTs changed by an 
oral dose of HD (100 mg/kg) described in the text as reflecting a two-fold increase (red) 
or decrease (green). 



Table B.3. Gene expression changes in whole brain following intraperitoneal 
administration of hydrazine. 
Gene SourceSeq Functional Process Expression Ratio Node 
A. Cell cycle arrest 0.031 
Cdknla AK007630 Cell cycle arrest 6.58±2.38 
B. Steroid and lipid metabolism 0.029 
Lipc BC021841 Triacylclygerol lipase 
Cyp2a4 M19319 steroid 15a-hydroxylase 

0.20±0.07 
0.27±0.04 

Ponl U32684 Cholesterol metabolism 0.28±0.07 
C. Cell cycle arrest/cellular metabolism 0.024 
Lepr U52915 Regulation of metabolism 0.33±G.03 
Pah X51942 Phenylalanine metabolism 0.38±0.02 
Myd 116 X51829 Cell differentiation 2.33±0.22 
Histlhlc M25365 Nucleosome assembly 2.66±0.17 
Slc3a2 AK090046 Carbohydrate metabolism 3.13±0.53 
Ddit3 BC013718 Cell cycle arrest 3.51±0.42 
Known genes altered in male C57B1/6J mice after an i.p. dose of hydrazine (HD) (100 
mg/kg). Twenty-four hours later, brains were removed and RNA isolated for microarray 
analysis. Results are expressed as the average ratio from 3 individual livers of the signal 
channel (Cy5) and the control channel (Cy3) for each transcript ±SEM based on a 
restricted set of 2-fold increase or decrease in expression in all three animals. The node 
value represents the stability of the cluster, as described in the text. Clustering was 
performed and visualized with GeneSpring software (Silicon Genetics, Redwood City, 
CA). Database mining for gene product function was conducted with UniGene and 
Entrez-Gene systems (NCBI), with clusters defined based on the functions of the resident 
genes. 
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Table B.4. Gene expression changes of whole brain following an oral exposure to 
hydrazine. 
Gene SourceSeq Functional process Expression Ratio Node 
A. Defense/immune response 0.032 
Otxl AK042975 Homeobox TF 0.20±0.02 
Lepr U52915 Regulation of metabolism 0.23±0.05 
Hoxb6 BC016893 Myelomonocytic differentiation 0.26±0.03 
Prkcq D11091 Diacylglycerol binding 0.26±0.04 
SiatSd X86000 Carbohydrate metabolism 0.27±0.07 
Hoxd9 BC019150 Homeobox TF 0.28±0.04 
Mip AK053490 Water channel 0.31±0.03 
Cdh4 D14888 Cell adhesion/axon extension 0.31±0.06 
Satbl U05202 Histone methylation 0.31±0.07 
Vpreb3 AK008794 Immune response 0.31 ±0.08 
Pah X51942 Phenylalanine metabolism 0.32±0.03 
Tff3 D38410 uncharacterized 0.33±0.04 
Cd28 AK030812 Immune response 0.33±0.06 
Ppplrl4b X97490 Glutamate receptor signaling 0.33±0.08 
Tcra AK050577 Defense response 0.33±0.12 
HmxS AJ009935 Homeobox TF 0.34±0.04 
Trim25 AL022677 Cell growth/maintenance 0.34±0.09 
Aicda AF132979 mRNA processing 0.35±0.05 
Krtl-10 AK076508 Cytoskeletal organization 0.36±0.02 
Atp2al BC004088 Ca^^transporting ATPase 0.36±0.09 
Ifngr2 BC055745 Defense response 0.37±0.03 
Ccrll AY072938 Immune response 0.38±0.03 
Krtcap2 AK002479 uncharacterized 2.34±0.16 
B. Lipoprotein metabolism/proteolysis 0.027 
McptS X68805 Endopeptidase 0.23+0.07 
Prlpk AK005411 Uncharacterized 0.24±0.10 
Odfl X79446 Microtubule formation 0.33±0.09 
Apod AK011358 Lipoprotein metabolism 0.34±0.09 
Polg U53584 DNA replication 0.34±0.09 
Psmb9 D44461 Ubiquitin-dependent protein 0.35±0.08 

catabolism 
C. Lipid/steroid transport and signaling 0.013 
Cyp2b9 AH000038 Oxidoreductase 0.18±0.02 
Sox2 U31967 Cell fate 0.18±0.08 
Ctfl U18366 Cytokine 0.21±0.09 
Esrl AK036627 Steroid hormone receptor 0.23±0.04 
Upklb AK08310 Membrane permeability 0.23±0.04 
HoxdlO BCO13463 Homeobox TF 0.23±0.05 
St6gall AK084124 Protein glycosylation 0.26±0.04 



Cdc25b S93521 M phase of cell cycle 0.28±0.04 
Trim24 S78221 Cell growth/maintenance 0.29±0.09 
Vav2 U37017 Guanyl-nucleotide exchange 

factor 
0.31±0.03 

Madh3 AK048626 TGFP receptor signaling 0.33±0.02 

Agrn BC058651 ACh receptor regulator 0.33±0.12 
Btk L08967 IKB kinase/NFKB cascade 0.41 ±0.05 

Chdl L10410 Chromatin assembly 0.44±0.02 
ApoaS AK050280 Triglyceride transport 0.41±0.06 
D. Lipid transport and neurotransmission 0.032 
Itk L00619 T-cell tyrosine protein kinase 0.13±0.01 
Butr AF269232 Bioactive lipid receptor 0.16±0.04 
Cyp3a25 AF204959 testosterone 6p-hydroxylase 0.23±0.04 

Pkia BC048244 Protein kinase inhibitor 0.25±0.02 
Pfkfb2 BC051014 Glycolytic flux 0.27±0.06 
Homer 1 ABO 19478 Metabotropic glutamate 

receptor signaling 
0.30±0.04 

Cyp2a4 M19319 steroid 15 alpha-hydroxylase 0.30±0.06 
Abcal AK045442 Cholesterol transport 0.30±0.07 
Histlhld AK054269 Nucleosome assembly 0.30±0.09 
Evx2 M93128 Homeobox TF 0.34±0.01 
Cebpb X62600 Neuron differentiation 0.34±0.04 
Fnta AK010744 ACh receptor regulator 0.39±0.00 
Fgfl2 BC030485 Cell-cell signaling/neurogenesis 0.39±0.03 
Igfals AK004926 Cell adhesion 0.38±0.05 
Sirtl AF214646 Chromatin silencing 0.39±0.05 
Arf4 AK081686 Protein transport 0.43±0.01 
Cacna2dl U73487 Voltage-gated ion channel 0.42±0.03 
Prrxl X59725 Homeobox TF 0.44±0.01 
Kel AF252870 Endopeptidase 0.46±0.01 
E. Cell cycle regulation and lipid metabolism 0.038 
Sntb2 AK040423 Calmodulin binding 0.16±0.06 
Fgl2 AK036402 cytolysis 0.18±0.08 
Fgfr4 X59927 Fibroblast growth factor 

receptor 
0.21±0.07 

Adn Ml 1768 endopeptidase 0.25±0.05 
Myc X01023 Cell cycle regulation 0.25±0.07 
Gprl4 AF441863 urotensin II receptor 0.26±0.04 
Lipc BC021841 Triacylglycerol lipase 0.26±0.05 
Slc28a2 AK080957 Purine nucleoside transport 0.29±0.06 
Soatl L42293 Cholesterol metabolism 0.31±0.07 
Acox2 AJ238492 Fatty acid oxidation 0.31±0.07 
Nck2 AK051665 Cell migration 0.31±0.08 
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Serpinb2 XI6490 Endopeptidase inhibitor 0.33+0.06 
T X51683 Transcription factor 0.34±0.07 
Chrnal AK029177 nACh receptor ion channel 0.36±0.05 
Vps54 AF424699 Intracellular trafficking 0.36±0.05 
Pik3r4 AK008703 Signal transduction 0.37±0.05 
Add3 BC037116 Calmodulin binding 0.37±0.05 
Irgl AK036446 Immune response 0.40±0.04 
F. Cell cycle regulation and cholesterol metabolism 0.042 
Ponl U32684 Cholesterol metabolism 0.18±0.10 
Proc D10445 Endopeptidase 0.21±0.08 
Crkl AK048641 Cell cycle regulation 0.28±0.13 
G. Transcriptional regulation 0.054 
Slc25a5 AK003467 Mitochondrial ADP/ATP 0.21 ±0.11 

carrier 
Tcfcp213 AK002633 Transcription factor 0.27±0.11 
Dril U60335 Transcriptional regulation 0.27±0.13 
H. Chromatin dynamics and Ca"^^ binding 0.16 
Hrc API 58597 Structural molecule -0.04±0.12 
HdaclO BC064018 Histone deacetylation 0.05±0.11 
Known genes altered in the male C57B1/6J mouse brain after an oral dose of hydrazine 
(HD) (100 mg/kg). Twenty-four hours later, brains were removed and RNA isolated for 
microarray analysis. Results are expressed as the average ratio from 3 individual livers 
of the signal channel (Cy5) and the control channel (Cy3) for each transcript ±SEM based 
on a restricted set of 2-fold increase or decrease in expression in all three animals. The 
node value represents the stability of the cluster, as described in the text. Clustering was 
performed and visualized with GeneSpring software (Silicon Genetics, Redwood City, 
CA). Database mining for gene product function was conducted with UniGene and 
Entrez-Gene systems (NCBI), with clusters defined based on thefunctions of the resident 
genes. 
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Table B.5. Expression changes in whole brain genes common to intraperitoneal and oral 
routes of hydrazine administration. 
Gene SourceSeq Functional Process p.o. 
Lipc BC021841 Triacylclygerol lipase 0.20±0.07 0.26±0.05 
Lepr U52915 Regulation of metabolism 0.33±0.03 0.23±0.05 
Pah X51942 Phenylalanine metabolism 0.38±0.02 0.32±0.03 
Cyp2a4 M19319 steroid 15 alpha-hydroxylase 0.27±0.04 0.30±0.06 
Ponl U32684 Cholesterol metabolism 0.28±0.07 0.18±0.10 
A list of common known genes altered in male C57B1/6J mice after an intraperitoneal or 
oral dose of hydrazine (HD). Male C57B1/6J mice were give either an oral dose (100 
mg/kg) or i.p. dose (100 mg/kg) HD. Twenty-four hours later, brains were removed and 
RNA isolated for microarray analysis. Results are expressed as the average ratio from 3 
individual livers of the signal channel (Cy5) and the control channel (Cy3) for each 
transcript ±SEM, based on a restricted set of 2-fold increase or decrease in expression. 
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APPENDIX C 

TRANSCRIPT PROFILING OF MOUSE LIVER AFTER INTRAPERITONEAL 
ADMINISTRATION OF HYDRAZINE 

OVERVIEW 

After i.p. injections, HD induces pulmonary adenomas, leukemias, and reticulum cell 

sarcomas in mice, however, orally administered HD produces hepatomas, 

hepatocarcinomas, mammary and pulmonary adenomas, and adenocarcinomas (ATSDR, 

1997; lARC, 1999). Consistent with this evidence, Sasaki and colleagues found 

differences in the genotoxicity of HD and HD derivatives between intraperitoneal {i.p.) 

and oral administration to male CD-I mice (Sasaski et al, 1998). Three and 24 hours 

after i.p. administration, HD (100 mg/kg) caused DNA damage in the stomach, liver, and 

lung, whereas by the oral route the same dose produced DNA damage in stomach, colon, 

liver, bladder, lung, and brain. The present study addressed changes in gene expression 

in livers of mice exposed to 100 mg HD/kg via the i.p. route. Toxicological data from the 

oral adminstration of HD are presented in Chapter 2. The results of cDNA microarray 

analysis revealed the differential expression of 92 genes and ESTs the livers of C57B1/6J 

mice 24 hours after a single i.p. dose of HD. 

EXPERIMENTAL PROCEDURES 

RNA preparation and cDNA microarray data analysis were performed as described in 

Chapters 2. 
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Real time quantitative PGR (RT-PCR). The alterations in expression ratios of selected 

genes (Table C.l) were verified by quantitative RT-PCR as described in Chapters 2 and 

3. 

RESULTS 

Separate hybridizations using individual livers (n=3) were carried out for oral i.p. 

adiministration of HD (100 mg/kg). The results of microarry data analysis were the 

differential expression of 92 genes and ESTs. Changes reflect a 2-fold increase or 

decrease were considered significant. To further examine patterns of gene expression 

after HD exposure, hierarchical clustering algorithms were applied to the restricted 

datasets (as described in Chapters 2 and 3). Cluster analysis permitted the grouping of the 

genes altered by the i.p. dose into 7 major nodes (Figure C.l). Based based on the 

functions of the resident genes tables were generated reflecting clustering partners and 

expression ratios (Table C.3). The headings A-G correspond to the 7 major nodes, are 

were defined generally as lipid transport/metabolism and carbohydrate metabolism, cell 

adhesion and growth, cell cycle control and hemostasis, apoptosis, nucleoc54oplasmic 

transport, steroid biosynthesis and T-cell migration, and omega fatty acid oxidation. 

Many of the genes differentially expressed are specifically involved in apoptosis, cell 

cycle regulation, and nucleic acid processing. Fsp27 (fat specific gene 27) and Cdknla 

(cyclin-dependent kinase inhibitor lA (p21)), two strongly induced genes, showed 

increases of 36.4±26.0 and 13.8±2.55, respectively. The transciption of Pold4 
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(polymerase (DNA-directed), delta 4 (pl2)) was also increased (2.31±0.23) whereas 

Unc84a (Unc84 homolog A) was decreased 0.25±0.03. HD exposure decreased the 

expression of both Tceal (transcription elongation factor A (SII), 2) (0.25±0.05) and 

TceaS (transcription elongation factor A (SII), 3) (0.20±0.07). 

Several genes involved in lipid transport were increased following HD administration. 

Abcal (ATP-binding cassette, sub-family A (ABCl), member 1) transcripts were 

enhanced (2.65±0.32), as well as ApoaS (apolipoprotein A5) (2.59±0.26) and Apoa4 

(apolipoprotein A4) (6.68±1.34). There were decreases in the expression of Abca2 

(ATP-binding cassette, sub-family A (ABCl), member 2) (0.33±0.03) and Ttr 

(transthyretin) (0.25±0.05). Two fatty acid oxidation genes had opposite responses to 

HD exposure. Whereas, Hadhsc (L-3-hydroxyacyl-CoA dehydrogenase, short chain) was 

decreased (0.42±0.04), Cyp4al4 (cytochrome P450, 4al4) was induced over 10-fold 

(11.3±3.47). 

DISCUSSION 

In this study, the hepatotoxicity of HD given as an intraperitoneal {i.p.) dose was 

investigated in the C57B1/6J mouse. Studies have compared the differences in the route 

of administration of HD, with the oral route producing DNA damage in stomach, colon, 

liver, bladder, lung, and brain, but i.p. administration yeiding DNA damage to stomach, 

liver, and lung (ATSDR, 1997; Sasaski et ai, 1998; lARC, 1999). The present study was 

conducted to evaluate gene expression changes in mouse liver 24 hours after an i.p. dose 
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of HD. Several of the genes changed were involved in apoptosis, cell cycle regulation, 

and transcriptional regulation. Fsp27 was first characterized as an adipocyte specific 

gene, but has since been shown to possess a CIDE (cell-death-inducing DNA-

fragmentation-factor (DFF45)-like effector) (Liang et al. 2003; Danesch et al., 1992). 

Moreover, the increase in p21 {Cdnkla) and decrease in Unc84a transcripts strongly 

suggest disruptions in the cell cycle within the liver following the i.p. administration of 

HD. The decreases in the levels of two transcription elongation genes, Tcea2 and TceaS, 

also imply perturbations in RNA processing. Taken together the changes in the 

expression of these genes support studies that HD is genotoxic to the liver (WHO, 1987; 

Leakakos and Shank, 1994; Fitzgerald and Shank, 1996; Sasaski et al, 1998) 

After an oral dose, HD induces hepatic steatosis and the transcription of PPAR-

(peroxisome proliferator activated receptor) regulated genes in C57B1/6J mice (Richards 

et al, 2003). Although hepatic histopathology was not examined to confirm steatosis, a 

similar trend, namely increases in PPARa-regulated genes Apoa5 and Cyp4al4, was seen 

after the i.p. administration of HD. Apoa5 is involved in the transport of triglycerides to 

off-set potential lipid accumulation, whereas Cyp4al4 functions in the microsomal co-

fatty acid oxidation pathway. This pathway is recruited when the mitochondrial and 

peroxisomal pathways are overwhelmed or disturbed (Rao and Reddy, 2001). The 

downregulation of Hadhsc, a contributor of mitochondrial fatty acid oxidation, suggests 

just such an impairment. Interestingly, Fsp27 and Adn, which were respectively 
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upregulated and downregulated by i.p. HD administration are reportedly regulated by 

PPARyCYue? a/., 2003). 

In summary, i.p. administration of HD results in the differential expression of hepatic 

genes involved in apoptosis, cell cycle regulation, and transcriptional processes. Oral 

exposure of HD results in a greater number of changes in hepatic gene expression, 

compared to the i.p. route. This difference between the two routes of exposure can be 

attributed to the difference in bioavailability of HD. Following the i.p. administration HD 

would move directly into the liver via the portal circulation before being systemic 

distribution. Therefore, after i.p. administration HD is possibly undergoing detoxification 

reactions within the liver to products that do not influence the transcriptional regulation 

of hepatic genes. 
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Figure C.l. Hierarchical cluster analysis of C57B1/6J mouse liver transcripts 24 hours 
after intraperitoneal exposure to HD. Cluster analysis was performed on the genes and 
ESTs changed by an oral dose of hydrazine (100 mg/kg) described in the text as 
reflecting a two-fold increase (red) or decrease (green). 
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Table C.l. Primer sequences used for quantitative RT-PCR'' in the verification of 
microarray data. 
Gene RefSeq Forward Primer Reverse Primer 

(5'-3') (5'-3') 
Fsp27 NM_178373 ATTCTGAGTCACCCAGGCC AAATGAGAACAAGAGAGGCAGC 

Cdknla NM_007669 TTATTGAGCACCAGCTTTGG GACTGTCTACCCTTAGCCCG 

Tiegl NM_013692 GGGAAAGTGTGGTGAGGTTT GCTCTCATCGCTGACCTGTA 

Ttr NM_013697 CATACTCCTACAGCACCACG AGAATGCTTCACGGCATCTTCC 

Gamt NM_010255 CCTACACTGCCTGATGGTC AGTGTGCCAGGTCTCTTCA 

^ Quantitative RT-PCR reactions for hydrazine treated animals were carried out according 
to manufacturers' instructions for AmpliTaq Gold and the Cepheid SmartCycler v. 1.2 
(Cepheid Systems, Sunnyvale, CA) as described in the Materials and Methods section. 
RefSeq, Reference Sequence ID of gene transcript as supplied by NCBI. 
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Table C.2. Quantitative RT-PCR analysis of hepatic mRNA following hydrazine 
exposure. 
Gene cDNA qRT-PCR 
Fsp27 36.4±26.0 19.8±6.14 
Cdknla 13.8±2.55 5.09±1.33 
Tiegl 3.93±1.61 2.73±0.44 
Ttr 0.25±0.05 0.56±0.15 
Gamt 0.19±0.06 0.38+0.00 
Quantitative RT-PCR Analysis of hepatic mRNA. Comparison of the gene expression 
fold changes derived from cDNA microarray analysis and quantitative RT-PCR analysis 
for hydrazine treated animals as described in the Materials and Methods section. Data 
presented as averages±SEM. 



Table C.3. Gene expression changes in liver following an intraperitoneal exposure to 
hydrazine. 
Gene SourceSeq Functional process Expression Node 

Ratio 
A. Lipid transport and metabolism/carbohydrate metabolism 0.026 
Abcal AK045442 Cholesterol transport/metabolism 2.65±0.32 
Fn3k AJ404616 Fructosamine metabolism 0.30±0.02 
Abca2 X75927 Lipid exporter 0.33±0.03 
Hadhsc D29639 Mitochondrial fatty acid oxidation 0.42±0.04 
Cryll BC004074 Lipid transport 0.29±0.02 
Pgm3 AK036561 Carbohydrate metabolism 5.33±0.20 
Cyp3a25 AF204959 Oxidoreductase 0.37±0.01 
Glbl M57734 Carbohydrate metabolism 0.29±0.05 
Tcea2 D86081 Transcription elongation 0.25±0.05 
Apoa4 M13966 Lipid binding 6.68±1.34 
Adcyapl BC057344 Lipid/carbohydrate metabolism 0.34±0.07 
Usmg5 AJ290947 Uncharacterized 0.39±0.06 
Ttr D89076 Retinol/steroid binding 0.25±0.05 
Hbb-bhl AKO12684 Oxygen transport 0.39±0.05 
B. Cell adhesion and growth 
Ampd2 BC049119 Purine nucleotide metabolism 4.67±1.63 0.044 
Adn M11768 Serine-type endopeptidase 0.29±0.09 
Synpo AK034012 Actin binding 3.81±1.08 
Lgalsl X66532 Heterophilic cell adhesion 0.30±0.07 
Tiegl AF049879 Transcriptional regulation 3.93±1.61 
Cmll AF163314 Negative regulation of cell 0.19±0.05 

adhesion 
Gamtl AH005589 Methyltransferase 0.19±0.06 
Tubdl AF081568 Microtubule based movement 0.24±0.08 
Tcea3 BCO10807 Transcription elongation 0.20±0.07 
C. Cell cycle control and hemostasis 0.035 
Fgb BC031715 Blood coagulation 4.59±0.95 
Cdknla AK007630 Cell cycle arrest 13.8±2.55 
Unc84a BC047928 Cell cycle control 0.25±0.03 
Pam U79523 Peptide metabolism 0.39±0.04 
Hbb-y AKO 12501 Oxygen transport 0.30±0.04 
D. Apoptosis 0.009 
Fsp27 AK080133 Induction of apoptosis 36.4±26.0 
Upp2 AY152393 Nucleoside metabolism 0.23±0.13 
E. Nucleocytoplasmic transport 0.046 
Slc25alO AF188712 Mitochondrial transport 2.27±0.16 
Aldol BC050896 Glycolysis 2.94±0.24 
Pold4 AKO 10477 DNA replication 2.31±0.23 
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ApoaS AK050280 Triglyceride binding 2.59±0.26 
Bscl2 AF069954 Uncharacterized 0.24±0.04 
Psatl AK049855 L-serine biosynthesis 8.49±1.34 
H2-0b AF027865 Defense response 0.25±0.02 
Nup50 BC059239 Mitochondrial outer 2.37±0.16 

membrane/nucleocytoplasmic 
transport 

Mybbpla BC048858 rRNA gene transcription 2.84+0.39 
Hes6 AK076135 T ranscription co-factor 0.20±0.05 
F. Steroid biosynthesis and T-cell migration 0.041 
Cth AY083352 Amino acid metabolism 0.33±0.09 
Akrlc6 D45850 Steroid biosynthesis/metabolism 0.25±0.08 
Akrlc20 AK012162 Aldo-keto reductase 0.23±0.10 
Cxcll2 LI2029 Regulation of T-cell migration 0.25±0.11 
G. Omega fatty acid oxidation 0.024 
Cyp4al4 Y11638 Microsomal (O-fatty acid oxidation 11.3±3.47 
Csad AK005015 Taurine metabolism 0.25±0.10 
List of known genes altered 24 hours after exposure to an intraperitoneal dose of 
hydrazine (100 mg/kg). 
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