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Abstract

Mechanisms of drug-induced oxidative stress in the hepatocyte inflammation model
Doctor of Philosophy, 2008

Shahrzad Tafazoli

Department of Pharmaceutical Sciences

University of Toronto

Drug induced idiosyncratic agranulocytosis has been attributed to oxidation by hypochlorite
formed by bone marrow myeloperoxidase (MPO). Idiosyncratic liver toxicity could also involve
drug oxidative activation by cytochrome P450 (in hepatocytes) or MPO (in Kupffer cells or
infiltrating neutrophil/macrophages). Such drug reactive metabolites could cause cytotoxicity or
release “danger signals” that attract immune cells which release H,O, resulting from
nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase) activation. /n vivo
animal studies have shown that low level tissue inflammation markedly increased drug-induced
tissue toxicity which was prevented by immune cell inhibitors and increased by cell activators. It
is suggested that idiosyncratic drugs are much more toxic, taken during symptomless
inflammation periods. Furthermore, it is hypothesized that hepatocytes are much more
susceptible to some idiosyncratic drugs if they are exposed to hydrogen peroxide
(H20,)/myeloperoxidase or cytokines released by inflammatory cells. A hepatocyte
inflammation model, in which hepatocytes were exposed to a non-toxic H>O, generating system
and peroxidase, was found to be much more vulnerable to four idiosyncratic drugs e.g.,
troglitazone, isoniazid, hydralazine and amodiaquine. The molecular cytotoxic mechanisms for
this marked increase in cytotoxicity were investigated as follows: 1) A P450/H,0,-catalyzed
pathway not involving oxidative stress e.g., hydralazine and isoniazid; 2) A P450/H,0,-catalyzed
oxidative stress-mediated cytotoxic pathway e.g., hydrazine (an isoniazid metabolite) and

1



hydralazine; and 3) A peroxidase/H,0;-catalyzed oxidative stress-mediated cytotoxic pathway
e.g,, hydralazine, amodiaquine and troglitazone. Before cytotoxicity ensued, GSH oxidation,
protein carbonyl formation and often lipid peroxidation occurred followed by a decrease in
mitochondrial membrane potential indicating that oxidative stress was the molecular mechanism
of cytotoxicity. In summary, a H,O,-enhanced hepatocyte system in the presence and absence of
peroxidase may prove useful for a more robust screening of drugs for assessing the enhanced

drug toxicity risk associated with taking drugs during periods of inflammation.
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Chapter 1

General Introduction




This introduction covers four major topics. The first part introduces “Accelerated Cytotoxic
Mechanism Screening (ACMS)”, as a screening system to determine the molecular cytotoxic
mechanism of drugs or xenobiotics when they are incubated with freshly isolated hepatocytes
from Sprague-Dawley male rats. The second topic, deals with drug or xenobiotic-induced
reactive oxygen species (ROS), their sources of production within hepatocytes, the hepatocyte
defense mechanisms against ROS-mediated injuries and also ROS as mediators of oxidative
stress and lipid peroxidation. The theme of ROS-mediated oxidative stress is carried out
throughout all the chapters of the thesis. The third part of the introduction covers the role of
Kupffer cells and inflammation in mediating adverse drug reactions with a focus on idiosyncratic
drug reaction. This leads to the last part of the introduction which introduces the use of
hepatocytes in an in vitro inflammation model, which can be used as a tool for screening the

cytotoxic mechanism of some drugs known for idiosyncratic hepatotoxicity.

1.1 Isolated hepatocytes in studying drug-induced hepatotoxicity

The liver is the chief organ involved in the metabolism of xenobiotics. Xenobiotic compounds
are taken up by hepatocytes and metabolized to pharmacologically inactive, active or sometimes
toxic products. Liver parenchymal cells are richly endowed with drug-metabolizing enzymes
which are conveniently divided into two groups. Phase I reactions generally include oxidative,
reductive and hydrolytic processes. Oxidation is usually catalyzed by cytochrome P450-
dependent monooxygenases located in the endoplasmic reticulum (ER). Phase I reactions
provide the necessary functional group for Phase II reactions, which are generally conjugations
with sulfate or glucuronic acid (Guillouzo et al, 1993). The complexity of hepatic metabolic

processes makes it difficult to distinguish the primary effects of a compound. This explains why



many investigators have turned to simpler models than the whole animal for studying drug
metabolism and other liver functions. The most frequently used and simpler liver preparations
include isolated perfused organs, subcellular fractions and isolated hepatocytes.

Isolated hepatocytes and hepatocyte suspensions are a successful example of a cellular model
that is used routinely during the development of new drugs and in the investigation of metabolic
or toxic effects of xenobiotics (Castell et al, 2006; Davila and Morris, 1999; LeCluyse, 2001).
Primary hepatocytes represent a unique system since they are able to retain Phase I and 11
enzyme activities, as well as the inducibility of Phase I and II enzymes by xenobiotics (Davila

and Morris, 1999).

1.2 Accelerated cytotoxic mechanism screening (ACMS) with hepatocytes

The accelerated cytotoxicity mechanism screening (ACMS) method determines the molecular
cytotoxic mechanisms of drugs or xenobiotics when incubated for 2 hours with freshly isolated
hepatocytes from Sprague-Dawley male rats. ACMS is useful for identifying the hepatocyte
metabolizing enzymes by comparing the effects of specific inhibitors of metabolizing enzymes in
modulating the loss of cell viability caused by the drug/xenobiotic being investigated. This
functionomic approach is useful for understanding the molecular cytotoxic mechanism, e.g., the
effects of metabolizing enzyme inhibitors or substrates on the loss of cell viability induced by the
drug/xenobiotic were investigated. The following procedures have been used:

1) Determine the concentration of drug/xenobiotics required to induce a 50% loss of membrane
integrity (LDso) of freshly isolated rat hepatocytes in 2 hrs using the trypan blue exclusion assay.
A major assumption with ACMS was that high dose/short time (in vitro) exposure simulates low

dose/long time (in vivo) exposure. With 24 halobenzenes, it was found that the relative LDsg



concentration required to cause 50% cytotoxicity in 2 hrs determined with hepatocytes isolated
from phenobarbital-induced Sprague-Dawley rats correlated with hepatotoxicity in vivo at 24-54
h (Chan et al, 2007). Moreover, using these techniques the molecular hepatocytotoxic
mechanisms found in vitro for seven classes of xenobiotics/drugs were found to be similar to the
rat hepatotoxic mechanisms reported in vivo (O'Brien et al, 2004).

2) The effect on the cytotoxic effectiveness of xenobiotics by inhibiting or inducing
metabolizing enzymes which activate or detoxify the xenobiotic was then determined. In this
way, the major metabolic pathways and metabolizing enzymes of xenobiotics can be rapidly
identified. Although it is generally agreed that hepatocytes are the gold standard for hepatic drug
metabolism, ACMS techniques were used to show that the drug metabolic pathways at cytotoxic
drug concentrations in vitro in 2 hrs were similar to those that occur in vivo in 24-36 hrs (Chan et
al, 2007; O'Brien et al, 2004).

3) The hepatocyte molecular cytotoxic mechanism of xenobiotics is determined by following
the changes in bioenergetics (ATP, mitochondrial membrane potential, respiration, glycogen
depletion), oxidative stress (GSH/GSSG levels, lactate/pyruvate ratio, and ROS formation), and
electrophile stress (GSH conjugates, protein/DNA adducts). If oxidative stress caused the
cytotoxicity, then it should precede cytotoxicity and antioxidants, ROS scavengers or redox
therapy should prevent or delay the cytotoxicity. If not, then the oxidative stress likely occurred
as a secondary result of the cytotoxicity. If mitochondrial toxicity caused the cytotoxicity, then

glycolytic substrates should be protective and the membrane potential should be restored.



1.3 Biochemistry of Reactive Oxygen Species (ROS)

The term “free radical” describes a chemical species that has one or more unpaired
electrons. Oxygen readily reacts to form partially reduced species, which are generally short-
lived and highly reactive. Oxygen free radicals are products of many biological redox reactions.
ROS include radical species, such as 1) Superoxide anion (O,""), formed through one electron

reduction of Oy:

02 +e > 02._

2) Hydrogen peroxide (H,O;), which is the non radical oxidant (it has no unpaired electrons), is
formed by several metabolic reactions. For instance, the dismutation reaction of O," catalyzed by

superoxide dismutases (SOD), which has as an intermediate the hydroperoxyl radical (HO,"):

02._ + H+ —> HOz'

2H02.—) H202 + 02

3) The hydroxyl radical (OH") that can be formed from either the superoxide anion (Haber-

Weiss reaction) or from H,0,:

0, +H,0,— O, + OH + OH® (Haber-Weiss reaction)

Fe*" + H,0, — Fe** + OH™ + OH" (Fenton reaction)

Although other transition metal ions are capable of catalyzing this reaction, the iron-catalyzed

Fenton reaction is now considered to be the major mechanism by which the highly reactive



hydroxyl radical is generated in biological systems (Liochev, 1999). OH" is, perhaps, the most
toxic from of oxygen as it is highly reactive; therefore it reacts indiscriminately at, or close to,
the site of its formation with most molecules that it encounters (Yu, 1994). This is why this
radical is unlikely to function as a signaling molecule, while both O," and H,O,, which are less
reactive and therefore longer-lived, are more appropriate for intra- and even extracellular
signaling (Bright and Porter, 1975; Saran et al, 2000).

In addition to H,O,, some non-radical species also ascribed to ROS, are hypochlorous acid
(HOCl), a powerful antimicrobial agent, fatty acid hydroperoxides and reactive aldehydes

(Halliwell and Gutteridge, 1985).

1.4 Sources of ROS

ROS can be derived from numerous sources in vivo. These include autooxidation,
photochemical and enzymatic reactions, and may involve both endogenous compounds and
various xenobiotics. For example, quinones can undergo redox cycling, generating large amounts
of ROS without themselves being degraded (O'Brien, 1991). Enzymatic sources include NADPH
oxidases located on the cell membrane of polymorphonuclear cells, macrophages and endothelial
cells (Babior, 2000) and cytochrome P450 (CYP)-dependent oxygenases (Coon et al, 1992). The
proteolytic conversion of xanthine dehydrogenase to xanthine oxidase during the ischemic period
provides another enzymatic source for both O,* and H,O, (Parks et al, 1988), and has been
proposed to mediate deleterious processes in vivo (Yokoyama et al, 1990). Other endogenous

and exogenous sources of ROS are described below.



1.4.1 Mitochondrial sources of ROS

Perhaps the most important in vivo source of ROS is the mitochondrion (Boveris and
Cadenas, 1975; Loschen et al, 1971). The mitochondrial electron transport chain contains several
redox centers, which may leak electrons to molecular oxygen, serving as the primary source for
O," production in most tissues (Ott et al, 2007). Mitochondrial electron transport generates O,"
as an inevitable by-product and primary ROS at two complexes, Complex I and III (Brand et al,
2004; Cadenas and Davies, 2000). There is growing evidence that most of the O, generated by
intact mammalian mitochondria in vitro is produced by Complex I (NADH-coenzyme Q). This
O," production occurs primarily on the matrix side of the inner mitochondrial membrane (de
Vries, 1986). Significant O," production in Complex I was observed with succinate in the
absence of endogenous Complex I substrates. This ROS formation was due to reversed electron
transfer (Kushnareva et al, 2002; Liu et al, 2002b) and was inhibited by rotenone, an inhibitor of
Complex I (Lambert and Brand, 2004a; Lambert and Brand, 2004b). Complex III contributed to
O," generation by auto-oxidation of the ubisemiquinone anion radical (UQ"), in which one-
electron reduction of oxygen by UQ* causes O," formation. Complex III releases O," to both

sides of the inner membrane (Cadenas and Davies, 2000; Muller et al, 2004).

1.4.2 Cytochrome P450 enzymes

Another major source of ROS, especially in the liver, is a group of enzymes called the CYP
mixed function oxidases. These are membrane bound terminal oxidases present mainly in the
endoplasmic reticulum (ER) as components of a multi-enzyme system, which also includes the
flavin adenine dinucleotide/flavin mononucleotide (FAD/FMN)-containing NADPH-P450

reductase and cytochrome b5. They provide substrate oxidation reactions (oxidation,
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peroxidation, and/or reduction in O, and NADPH-dependent manner) of a structurally diverse
group of xenobiotics and endogenous substances (Ortiz de Montellano, 1995).

Active cytochromes (CYPs) produce ROS, namely O, and H,0,, that may arise in two
ways. The first possibility is the formation of ROS as intermediates in the CYP-mediated
catalytic cycle, where O; is reduced instead of being added to the substrate (Jezek and Hlavata,
2005). The second possibility is that an electron can escape to O, from flavins in the
NADPH:P450 reductase enzyme (Jezek and Hlavata, 2005). Therefore, CYPs should also be
considered as a significant source of ROS and intracellular signals, not only via participation in

metabolic pathways, but also via ROS-mediated signaling (Jezek and Hlavata, 2005).

1.4.3 Peroxisomes

Peroxisomes are subcellular, single, membrane-bound respirator organelles that are present in
virtually all eukaryotic cells, and carry out a wide range of essential functions, including /-
oxidation of fatty acids, biosynthesis of cholesterol, bile acids, and metabolism of ROS (van den
Bosch et al, 1992). Peroxisomes were characterized initially by the presence of several H,O,-
generating flavine oxidase, together with H,O,-degrading catalase (Singh, 1997). In contrast to
mitochondria, peroxisomal f-oxidation is not coupled with oxidative phosphorylation. Rather,
oxygen is stoichiometrically converted into H>O,, and peroxisomal oxidase activity has been
estimated to consume between 10-30% of the oxygen consumed by the liver (De Duve and
Baudhuin, 1966). Over 90% of oxygen consumed by mitochondrial cytochrome oxidase is
reduced by a 4¢”reduction to form H,O with the rest forming O,* . By contrast, the oxygen
consumed by peroxisomes is mostly converted to H,O, and a relatively small amount to O, with

no H,O formed (Singh, 1996). If catalase is not efficient then H,O, may escape from



peroxisomes. The morphological and biochemical changes that occur during peroxisomal
proliferation are thought to result from such an increase in the synthesis of H,O, with only a
small increase in H>O, degradation by catalase (Singh, 1996). This process can happen under
various other conditions. For example, during aging, peroxisomal ROS increases, while its

catalase function may decrease, so that peroxisomes may become a source of cytosolic ROS

(Singh, 1996).

1.4.4 Phagocytic NADPH oxidase

Activated macrophages and neutrophils can produce large amounts of O,*", H,O, and its
derivatives via the phagocyte isoform of NADPH oxidase. The enzyme is a heme-containing

protein complex illustrated schematically in Figurel.l:
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Figure 1.1 Structure of neutrophil NAD(P)H oxidase
The enzyme consists of the membrane-bound cytochrome bsss complex comprising gp91™™" and
p22°"°* the cytosolic proteins p47°™* and p67°™*, and a low-molecular weight G protein of the
rac family (Droge, 2002; Griendling et al, 2000).

phox

In an inflammatory response H,O, is produced by activated macrophages at an estimated rate
of 2-6 x 107" mol.h™" cell”" and may reach a concentration of 10-100 puM in the vicinity of these
cells (Keisari et al, 1983; Nathan and Root, 1977). The massive production of antimicrobial ROS
in an inflammatory environment is called the “respiratory burst” and plays an important role as a
first line of defense against environmental pathogens. Phagocytic NADPH oxidase becomes
activated upon translocation of cytosolic p47P", p67°" and a G protein of the rac family to the

membrane-bound cytochrome bssg complex. The cytochrome bssg complex carries a flavin-
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adenine dinucleotide (FAD) and two heme prosthetic groups that catalyze the NADPH-
dependent reduction of O, to from O,". The flavocytochrome bsss comprises two protein
subunits, the larger of the two is gp91™™* and the smaller is referred to as p22”"* (Griendling et
al, 2000; Lambeth et al, 2000; Shatwell and Segal, 1996). The physiological relevance of
NADPH oxidase as a defense enzyme is suggested by the observation that mice lacking the
NADPH oxidase components gp91°™* or p47 P™* exhibit reduced resistance to infection
(Dinauer et al, 1997). The activation of phagocytic NADPH oxidase can be induced by microbial
products such as bacterial lipopolysaccharide (LPS), lipoproteins, or by cytokines such as
interferon-y or interleukin-1p (Bonizzi et al, 2000).

The combined activities of NADPH oxidase and myeloperoxidase (MPO), in phagocytes
leads to the production of hypochlorous acid (HCIO), the strongest physiological oxidant and
antimicrobial agent (Hampton et al, 1998).

The major endogenous and exogenous sources of ROS have been summarized in Figure 1.2:
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Figure 1.2 Endogenous and exogenous sources of ROS production

ROS can be produced by both endogenous and exogenous sources. The endogenous sources of
ROS are peroxisomes (the H,O, detoxyfying process by catalase), mitochondrial electron
transport chain, cytochrome P450 and inflammatory cells. The exogenous sources of ROS are
radiation, and xenobiotics.
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1.5 ROS detoxification

ROS have been implicated in a variety of pathologies, including cancer, atherosclerosis,
chronic inflammatory processes, and multiple neurodegenerative diseases (Droge, 2002). In
addition, they play a regulatory role in cellular metabolic processes by activation of various
enzymatic cascades as well as several transcription factors (Khan and Wilson, 1995). Free
radicals and reactive non-radical species derived from radicals exist in biological cells and
tissues at low but measurable concentrations (Halliwell and Gutteridge, 2002). Low levels of
ROS can modulate gene expression, growth factor and second messenger signaling during
cellular activation (Droge, 2002; Remacle et al, 1995). Their concentrations are determined by
the balance between their rates of production and clearance by various antioxidant compounds
and enzymes. Antioxidants have been defined as substances that are able, at relatively low
concentrations, to compete with other oxidizable substrates and thus, to significantly delay or
inhibit the oxidation of these substrates (Halliwell and Gutteridge, 1985). These substances are
divided into enzymatic and non-enzymatic antioxidants. This definition includes the following
enzymes:

1) Superoxide dismutase (SOD) is one of the body’s most important defense mechanisms
against free-radical damage. There are three forms of SOD: the manganese containing SOD
(MnSOD) which is located in the mitochondrial matrix and the more ubiquitous SOD, containing
copper and zinc (CuZnSOD) located in the cytosol, the extracellular space and the mitochondtial
inner membrane (Fridovich, 1995). The third form and the so-called extracellular SOD

(ECSOD) is present on the surface of the cells and also contains a copper-zinc prosthetic group

(Fridovich, 1995). SOD catalyzes the dismutation of O," to form H,O, as shown below:
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2) Glutathione peroxidase (GPx) with six isoenzymes (GPx-1 - GPx-6), is a selenium-
dependent enzyme and is located in the cytoplasm and mitochondria (Lei et al, 2007). GPx-1 is
the most abundant selenoperoxidase and is ubiquitously expressed in almost all tissues (Cheng et
al, 1997; Cheng et al, 1998). All GPx isoenzymes use GSH to catalyze the reduction of H,O, and

lipid hydroperoxides (Lei et al, 2007):

P

H,0,+ 2GSH —F% 5 GSSG +2 H,0

3) Catalase is a heme-containing enzyme located in peroxisomes which metabolizes H,O, to

form water and oxygen, but unlike GPx cannot metabolize lipid peroxides (Singh, 1997).
Catalase
2H202 —_— 2H20 + 02

The body is also equipped with numerous non-enzymatic endogenous antioxidants such as a-
tocopherol (vitamin E), B-carotene, ascorbate (vitamin C), and glutathione (GSH). GSH is an
endogenous tripeptide (glutamyl-cysteinyl-glycine) that serves as a cofactor for an enzyme called
glutathione-S-transferase, which catalyzes the enzymatic conjugation and biotransformation of
xenobiotics.

The schematic shown in Figure 1.3 summarizes pathways involved in ROS production and

detoxification:
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Figure 1.3 Pathways of ROS production and clearance (modified from (Hayes and
McLellan, 1999)

LPO: lipoxygenases; PHS: prostaglandin H synthase; G-6-P: glucose-6-phosphate. Under normal
conditions, ROS are cleared from the cell by the action of superoxide dismutase (SOD), catalase,
or glutathione (GSH) peroxidase. The main damage to cells results from the ROS-induced
alteration of macromolecules such as polyunsaturated fatty acids in membrane lipids, essential
proteins, and DNA. Additionally, oxidative stress and ROS can originate from xenobiotic
bioactivation by prostaglandin H synthases (PHSs) and lipoxygenases (LPOs) or microsomal
P450s which can oxidize xenobiotics to free radical intermediates that react directly or indirectly
with oxygen to produce reactive oxygen species and oxidative stress.
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1.6 ROS-induced injury

1.6.1 Oxidative stress

Oxidative stress occurs when the concentration of ROS generated exceeds the antioxidant
capability of the cell. In other words, oxidative stress describes various deleterious processes
resulting from an imbalance between the excessive formation of ROS and limited antioxidant
defenses. Whilst small fluctuations in the steady-state concentration of these oxidants may
actually play a role in intracellular signaling (Droge, 2002), uncontrolled increases in the
concentration of these oxidants lead to free radical-mediated chain reactions which
indiscriminately target proteins (Stadtman and Levine, 2000), lipid (Rubbo et al, 1994) and DNA
(Richter et al, 1988). Oxidative stress plays an important role in many human diseases or
complications associated with atherosclerosis (Cook, 2006), diabetes mellitus (Brownlee, 2005),
Parkinson’s (Gandhi and Wood, 2005) and Alzheimer’s disease (Hajieva and Behl, 2006),

ischemia-reperfusion injury (Hayashi et al, 2004) and carcinogenesis (Valko et al, 2006).

1.6.2 Lipid peroxidation

Lipid peroxidation in tissues and in tissue fractions represents a degradation process which is
the consequence of the production and the propagation of free radical reactions primarily
involving membrane polyunsaturated fatty acids (PUFA) (Poli et al, 1987; Slater, 2008). Highly
reactive free radicals (R*) derived from some chemical agents are capable of abstracting
hydrogen atoms from PUFA on phospholipid membranes, resulting in the formation of a lipid
radical (PUFA®). Reaction with oxygen yields the corresponding peroxy radical (PUFAOQO®) and

chain propagation ensues, leading ultimately to degradation of the lipid to a range of products
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including aldehydes or gases such as ethane and pentane as shown in Figure 1.4 (Cheeseman,
2008).

The peroxidative breakdown of PUFA has been implicated in the pathogenesis of many types of
liver injury in which free radical intermediates are produced in excess of local defense
mechanisms. It involves hepatic damage induced by several toxic substances such as carbon
tetrachloride (Comporti et al, 1965), trichlorobromomethane (Slater, 2008), chloroform (Ekstrom

and Hogberg, 1980) and halothane (Tomasi et al, 1983).

17



Chain Propagation

R\ , PUFA PUFA
> _ % _ pUFAOO® _\___ . PUFAOOH + PUFA'
RH

PUFA’

Scission, fission or rearrangment
Lipid degradation products
(e.g., aldehydes, ethane, pentane)

Figure 1.4 Schematic diagram of the process of lipid peroxidation

R’: reactive free radicals; RH: drug/xenobiotics; PUFA: polyunsaturated fatty acids; PUFA®:
lipid radical; PUFAOQ": lipid peroxy radical

R® derived form xenobiotics starts a chain reaction by abstracting hydrogen atoms from PUFA,
which leads to the formation of PUFA® and its subsequent reaction with oxygen to yield the
corresponding PUFAOO® and the chain propagation. This ultimatedly results in the degradation

of lipid to a wide variety of products including aldehydes and gases such as ethane and pentane
(Cheeseman, 2008).
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1.6.3 Role of Kupffer cells and other inflammatory cells in mediating hepatic injury

The liver consists of the hepatic parenchyma and non-parenchymal cells including sinusoidal
endothelial cells, Ito cells, and the hepatic macrophages known as the Kupffer cells. The
sinusoidal endothelial cells and the sinusoidal space form a barrier, which serves to divide the
liver into functional compartments. Kupffer cells are able to traverse this barrier and are able to
pass in and out of the hepatic space facilitating their signaling functions (Roberts et al, 2007).
Central to this signaling role is the ability of Kupffer cells to respond to local changes by the
release of cytokines and other signaling molecules such as ROS. This activation appears to
modulate acute hepatocyte injury as well as chronic liver responses (Roberts et al, 2007).
Inhibition of Kupffer cell function or depletion of Kupffer cells appears to protect against liver
injury from the alkylating agent melphalan (Kresse et al, 2005), the mycotoxin fumonissin B,

(He et al, 2005), and the industrial chemical thioacetamide (Andres et al, 2003).

1.7 Inflammation and adverse drug reactions (ADRs)

Drugs have been estimated to account for one-third to one-half of acute liver failures. Of
these, about 80% of drug toxicities are predictable ADRs resulting from drug—drug interactions,
dosages too high for a susceptible patient, and direct toxicity by drug/metabolites or simple
pharmacokinetics for the susceptible patient.

Individual susceptibility plays an important role in determining whether or not a person
develops an untoward drug reaction. Among the potential determinants of susceptibility are age,
gender, co-existing disease, co-exposure to other xenobiotic agents, nutritional status, tissue
reserve capacity, and drug metabolism differences. In addition, recent evidence from

experimental models suggests that an episode of inflammation during drug treatment predisposes
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animals to tissue injury (Buchweitz et al, 2002; Luyendyk et al, 2002). This raises the possibility
that the presence or absence of inflammation is another susceptibility factor for drug toxicity in
humans. This observation presents at least two challenges: The first challenge is to define the
role of inflammation in drug toxicity. The second challenge, is to develop models or methods to
predict which drugs or drug candidates have the potential to cause toxicity through interaction
with inflammation. This knowledge could allow identification of individuals who are susceptible
and a better understanding of the confluence of events required for this type of adverse response.
Inflammatory episodes are common in people and animals and are precipitated by numerous
stimuli such as bacteria, viruses and exposure to toxins produced by microorganisms. Moreover,
episodes of inflammation can be precipitated by the mammalian gastrointestinal (GI) tract. In
particular, endotoxin or its lipopolysacharide (LPS) component released from Gram- negative
bacteria can translocate across the intestinal mucosa into portal venous circulation (Roth et al,
1997). The cell walls of Gram-negative bacteria contain and release a biologically active
component of endotoxin. The rate of LPS translocation and magnitude of exposure can be
modulated by disturbance of the gastrointestinal tract or liver, dietary changes (e.g., protein-
deficient diets), alcohol consumption, surgical trauma and other conditions (Roth et al, 1997).
Before drug-induced liver injury occurs in vivo, an inflammatory response usually occurs and
cells other than hepatocytes (e.g., Kupffer cells) become activated. Immune cells (e.g.,
neutrophils and macrophages) also infiltrate the liver. Numerous studies with animals have
shown that a modest inflammatory response enhanced tissue susceptibility to xenobiotics.
Therefore, it was hypothesized that commonplace inflammation episodes during drug therapy
decreased the threshold for drug toxicity and, thereby, markedly increased the individual’s

susceptibility to some drugs (Roth et al, 1997). Kupfter cells, and resident liver macrophages
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normally play a role in protecting hepatocytes from xenobiotics by phagocytozing incoming
particles and releasing cytoprotective cytokines (Roberts et al, 2007). Kupffer cell inhibitors,
e.g., gadolinium chloride, also prevented hepatotoxicity induced by some hepatotoxic drugs,
whereas Kupffer cell activators, e.g., retinol or LPS, markedly enhanced hepatotoxicity induced
by acetaminophen, allyl alcohol, diethyldithiocarbamate, halobenzenes, and CCls (Buchweitz et
al, 2002; Roth et al, 2003).

It is generally thought that most hepatotoxins are activated by oxidation catalysed by the
endoplasmic reticular (ER) mixed function oxidase activity consisting of hepatocyte P450,
NADPH, P450 reductase and oxygen. However, peroxidase and H,O, can also oxidatively
activate some drugs. Whilst there is little peroxidase activity in hepatocytes, myeloperoxidase
was located by immunochemistry in Kupffer cells that are resident macrophages of the human
and rodent liver (Brown et al, 2001). Furthermore neutrophil infiltration of the liver in response
to inflammation can result in a 50 to 100-fold increase in hepatic myeloperoxidase activity (Kato
et al, 2000). Indeed, peroxidase activity is a useful marker for measuring neutrophil/macrophage
infiltration as well as the hepatic inflammatory response. Eosinophil infiltration (e.g., following
a parasite infection) can also cause a marked increase in liver eosinophil peroxidase activity
(Gharib et al, 1999). During the inflammatory response H,O, was also formed by activation of
the NADPH oxidase in the infiltrated cells. It is therefore reasonable to suggest that the large
increase in drug liver susceptibility could also be attributed to peroxidase catalysed drug
oxidation to form reactive pro-oxidant radicals that are toxic to hepatocytes. Drug-induced tissue
toxicity is often preceded by infiltration of the tissues by neutrophils, e.g., indomethacin-induced

kidney toxicity. This results in a marked increase in hepatic oxygen radicals generated by
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neutrophils and a sevenfold increase in hepatic myeloperoxidase activity (Basivireddy et al,

2004).

1.8 Idiosyncratic drug reactions (IDRs) and in vitro hepatocyte inflammation model

IDRs occur in less than 0.1% of the general population but account for approximately 14,000
deaths in North America annually. More than 75% of cases of IDRs result in liver transplantation
or death (Ostapowicz et al, 2002). IDRs appear to be independent of dose, and the onset of injury
varies relative to the onset of drug treatment. Each year new drugs have to be withdrawn from
the market or their use is severely restricted because they are found to be associated with a risk
of idiosyncratic toxicity.

There are two conventional hypotheses to explain IDRs. One is that the reactions occur as a
consequence of drug metabolism polymorphisms, which result in different levels of toxic drug
metabolites among patients (Williams and Park, 2003). The other one argues that they arise from
a specific immune response to a hapten formed by a drug or its metabolites (Pirmohamed et al,
2002). However, convincing evidence for this hypothesis is lacking for the majority of drugs
associated with idiosyncratic toxicity. It is equally plausible that other unrecognized events
render tissues susceptible to toxicity during drug therapy. Unfortunately, the mechanisms of
idiosyncratic reactions are poorly understood despite the large number of drugs associated with
these reactions. One of the most common targets of idiosyncratic drug toxicity is the liver.

In order to simulate the marked increase of drug-induced hepatotoxicity caused by
inflammation in vivo, and assess the potential in vivo hepatotoxicity risk of various drugs, we
used an in vitro hepatocyte screening system. In this system, glucose and glucose oxidase were

used for the continuous infusion of H,O,, in the absence and presence of horseradish peroxidase
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(HRP). HRP was used to effect in situ activation of drugs and to simulate myeloperoxidase.
Although HRP and myeloperoxidase are not homologous in structure, the catalytically active
amino acid residues are positioned in a similar manner (Welinder, 1985) and the metabolites
produced are qualitatively similar (Eastmond et al, 1986). HRP belongs to the heme-containing
plant analogue peroxidases which contain an iron(III)protoporphyrin prosthetic group at their
catalytic site (O'Brien, 2000). The H,O, acts by increasing the oxidation state of the ferric ion
which then oxidizes the peroxidase substrates. Furthermore, HRP is a mannose-terminated
glycoprotein (Clarke and Shannon, 1976), and is believed to be taken up by fluid-phase
endocytosis by hepatocytes (Scharschmidt et al, 1986; Straus, 1981).

Using this model, we were able to mimic the products formed by the inflammatory immune

cells and study the mechanism of inflammation-enhanced drug-induced cytotoxicity.

1.9 Hypotheses

Hypothesis 1: Drugs such as troglitazone, isoniazid, hydralazine and amodiaquine, developed
for chronic use, cause oxidative stress when oxidized by H>O; or peroxidase/H>O; to phenoxyl,
hydrazyl or semiquinone radicals. In the absence of peroxidase/H,0;, these drugs are much less

cytotoxic and the cytotoxicity mechanisms do not involve oxidative stress.

Hypothesis 2: Drugs or xenobiotic radicals can increase cell vulnerability to inflammation by

increasing H,O, formation or by decreasing cellular resistance to H,O,.
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1.10 Organization of thesis chapters

As discussed previously, a modest inflammatory response can enhance tissue sensitivity to a
variety of chemicals. These observations have led to the hypothesis that inflammation during
therapy may decrease the threshold for toxicity and render an individual susceptible to a reaction
that might not otherwise occur, or if it occurred might not be serious. To date there are no
predictive models to assess the potential of new drug candidates to cause idiosyncratic toxicities.

In the following chapters, the in vitro mechanism and toxicity of known idiosyncratic drugs
in a hepatocyte inflammation model were investigated, in order to correlate their clinical
toxicological profile with their in vitro metabolic and toxicological profile. Using this in vitro
hepatocyte screening method in Chapter 2, the antioxidant and pro-oxidant activities of 6 vitamin
E analogues (2,2,5,7,8-pentamethyl-6-hydroxychromane (PMC), Trolox C, a-tocopherol, y-
tocopherol, 6-tocopherol) as well as the idiosyncratic drug, troglitazone were compared.
Troglitazone was first introduced to the market in 1997 for the treatment of insulin-resistant
diabetes. Shortly after its approval, reports of the liver toxicity were received, resulting in a black
box warning which ultimately led to the withdrawal of the drug in March 2000 (Gale, 2001).

In Chapter 3, attention is focused on the anti-tuberculosis drug, isoniazid, which was
associated with a high incidence of hepatic injury and received a black box warning in 1969
(Black et al, 1975). In the in vitro hepatocyte inflammation model, we assessed the involvement
of hydrazine, a major isoniazid metabolite, by studying the molecular mechanism of isoniazid-
induced cytotoxicity.

In Chapter 4, the cytotoxic mechanism of hydralazine, an antihypertensive drug, in the

hepatocyte inflammation model was investigated. Hydralazine long-term use has also been
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associated with incidences of hepatitis and an autoimmune syndrome resembling systemic lupus
erythematosus (Cameron and Ramsay, 1984; Itoh et al, 1981).

In Chapter 5, the cytotoxic mechanisms of an antimalarial drug, amodiaquine, was
investigated. Amodiaquine use had been associated with life-threatening agranulocytosis and
hepatotoxicity in about 1 in 2000 patients (Rwagacondo et al, 2003).

Finally, in Chapter 6, a conclusion and summary highlights the findings of this thesis research
and identify H,O,, a cellular mediator of inflammation, with peroxidase as potential risk factors

for the manifestation of adverse drug reactions, especially the reactions associated with IDRs.
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Chapter 2

Pro-oxidant and Antioxidant Activity of Vitamin E Analogues and
Troglitazone

Shahrzad Tafazoli, James S. Wright and Peter J. O’Brien

Reproduced with permission from Chemical Research in Toxicology 2005, 18: 1567-1574.
Copyright 2005 American Chemical Society
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2.1 Abstract

The order of antioxidant effectiveness of low concentrations of vitamin E analogues, in
preventing cumene hydroperoxide-induced hepatocyte lipid peroxidation and cytotoxicity, was
2,2,5,7,8-pentamethyl-6-hydroxychromane (PMC) > troglitazone > Trolox C > a-tocopherol > y-
tocopherol > 6-tocopherol. However, vitamin E analogues, including troglitazone at higher
concentrations, induced microsomal lipid peroxidation when oxidized to phenoxyl radicals by
peroxidase/H,0O,. Ascorbate or glutathione (GSH) was also co-oxidized, and GSH co-oxidation
by vitamin E analogues phenoxyl radicals was also accompanied by extensive oxygen uptake
and oxygen activation. When oxidized by non-toxic concentrations of peroxidase/H,0,, vitamin
E analogues except PMC also caused hepatocyte cytotoxicity, lipid peroxidation, and GSH
oxidation. The pro-oxidant order of vitamin E analogues in catalyzing hepatocyte cytotoxicity,
lipid peroxidation, and GSH oxidation was troglitazone > Trolox C > d-tocopherol > y-
tocopherol > a-tocopherol > PMC. A similar order of effectiveness was found for GSH co-
oxidation or microsomal lipid peroxidation but not for ascorbate co-oxidation. Except for
troglitazone, the toxic pro-oxidant activity of vitamin E analogues was therefore inversely
proportional to their antioxidant activity. The high troglitazone pro-oxidant activity could be a
contributing factor to its hepatotoxicity. We have also derived equations for three-parameter
structure-activity relationships (SARs), which described the correlation between antioxidant and
pro-oxidant activity of vitamin E analogues and their lipophilicity (log P), ionization potential

(Enomo), and dipole moment.
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2.2 Introduction

Phenolics are one of the major groups of nonessential dietary components that have been
associated with the inhibition of atherosclerosis and cancer (Decker, 1997). They are chemical
compounds characterized by at least one aromatic ring bearing one or more hydroxyl groups.
Tocopherols are a class of lipophilic, phenolic compounds of plant origin. The major tocopherol
found in mammalian tissue is a-tocopherol. Vitamin E (a-tocopherol) is the major lipid soluble
antioxidant of lipoproteins and biomembranes, and its antioxidant activity relies on its
effectiveness at donating hydrogen from the hydroxyl group of the chromanol ring to reactive
chain-propagating radicals, to yield a phenoxyl radical (PhO®). Electron spin resonance (ESR)
studies showed that PhO*® oxidized ascorbate (AscH,) and other biomolecules to radicals
(Sharma and Buettner, 1993). However, under some specific conditions, the PhO® of vitamin E
exerted pro-oxidant activity, e.g., lipoprotein oxidation (Bowry et al, 1995). Furthermore, a
recent meta-analysis study of more than 135,000 participants in 19 published randomized,
controlled clinical trials has reported increased mortality among adult patients with chronic
diseases taking high dose vitamin E supplementation of >400 U/day for at least a year. The
pooled risk difference for high dosage vitamin E trials reported was 34 per 10,000 patients
(Miller et al, 2005).

Trolox C, a phenolic antioxidant originally designed for food preservation, has a chromane
structure similar to a.-tocopherol but without the polyisoprenoid hydrophobic tail (Figure 2.1).
Trolox C is the most hydrophilic vitamin E analogue (Metodiewa et al, 1999) and has been
studied chemically for its stabilizing radical-trapping activity (Davies et al, 1988).

PMC (2,2,5,7,8-pentamethyl-6-hydroxy chromane) is a vitamin E analogue in which the

phytyl chain is replaced by a methyl group. PMC is less hydrophilic than Trolox C but is more
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hydrophilic than other a-tocopherol derivatives and has potent radical scavenging activity
(Suzuki and Packer, 1993).

Troglitazone, a 2,4-thiazolidinedione with a chromane structure similar to a-tocopherol, was
introduced to the market in 1997 for the treatment of type II diabetes. However, approximately
1.9% of patients developed severe hepatic problems with elevated serum transaminase activities.
In some severe cases, troglitazone caused fulminant hepatic failures leading to death. Because of
numerous reports of liver failure including severe hepatotoxicity and idiosyncratic liver failure,
troglitazone was withdrawn from the market in 2002. However, the hepatotoxic mechanisms of
troglitazone are unknown (Smith, 2003).

Previously, we showed that phenols and dietary polyphenolics (flavonoids) with a phenolic B
ring were metabolized by peroxidase and catalytic amounts of H,0O, to form pro-oxidant PhO®,
which catalyzed the co-oxidation of AscH,, GSH, or reduced nicotinamide adenine dinucleotide
(NADH). Reactive oxygen species (ROS) were formed when GSH or NADH was co-oxidized
(Galati et al, 2002a; O'Brien, 1988). Electron paramagnetic resonance (EPR) studies were used
to show that etoposide, a phenolic anticancer drug, was oxidized by myeloperoxidase/H,O, in
HL-60 cells to PhO®, which caused oxidative stress toxicity by oxidizing GSH and protein thiols
(not phospholipids) and enhancing etoposide-induced topoisomerase II-DNA covalent complex
formation (Kagan et al, 2001). The PhO® formed when HL-60 cells were incubated with phenol
caused oxidation of intracellular GSH, AscH,, and phospholipids (Ritov et al, 1996). However,
although PhO® formed from the vitamin E analogue PMC oxidized AscH, to
semidehydroascorbate (Asc”) radicals, intracellular GSH, protein thiols, and phospholipids were

not oxidized (Kagan et al, 2003).
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Recently, we have shown that indole-acetic acid derivatives or NSAID drug-induced
cytotoxicity towards hepatocytes was markedly increased by non-cytotoxic concentrations of
peroxidase/H,O; as a result of GSH oxidation and lipid peroxidation (Galati et al, 2002b;
Tafazoli and O'Brien, 2004). In this study, we have shown that in a cell-free system, vitamin E
analogues and particularly troglitazone but not PMC, when oxidized to PhO® by
peroxidase/H,0O,, induced microsomal lipid peroxidation as well as GSH and AscH, oxidation.
Furthermore, these vitamin E analogues also caused hepatocyte cytotoxicity and lipid
peroxidation and GSH oxidation when oxidized by non-toxic concentrations of peroxidase/H,O,.
The order of toxic effectiveness was troglitazone > Trolox C > d-tocopherol > y-tocopherol > a-
tocopherol > PMC. The order of antioxidant and cytoprotective activity of lower concentrations
of vitamin E analogues at preventing hepatocyte oxidative stress, however, was inversely related
to their pro-oxidant activity with the exception of troglitazone. However, troglitazone had the
most pro-oxidant activity, was the most toxic of the tocopherol analogues, but was also an

effective antioxidant.
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Figure 2.1 Structures of the vitamin E analogues used
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2.3 Material and methods

2.3.1 Chemicals

a-Tocopherol, 6-tocopherol, PMC, Trolox C, glucose (G), glucose oxidase (GO), peroxidase
from horseradish [EC 1.11.1.7; donor, hydrogen peroxide oxidoreductase, horseradish
peroxidase (HRP)], hydrogen peroxide (H,0,), butylated hydroxyanisole (BHA), B-nicotinamide
adenine dinucleotide (reduced form, B-NADH), L-ascorbic acid, thiobarbituric acid,
trichloroacetic acid, 2,4-dinitrofluorobenzene, iodoacetic acid, glutathione (reduced form, GSH),
and cumene hydroperoxide were purchased from Sigma-Aldrich Canada (Oakville, Ontario).
Collagenase (from Clostridium histoloticum) and 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) were purchased from Boehringer-Mannheim (Montreal,
Canada). Troglitazone was purchased from Toronto Research Chemicals. y-Tocopherol was

kindly provided by Dr. K. U. Ingold who received the material as a gift from Henkel Corporation

(Chicago, U.S.A).

2.3.2 Determination of NADH co-oxidation

To determine the rate of NADH co-oxidation by vitamin E analogue PhO®, the reaction
mixtures contained 1 mL of 0.1 M Tris-HCl buffer, pH 7.4 [containing 2 mM diethylenetriamine
penta-acetic acid (DETAPAC)], 10 uM vitamin E analogue, 100 uM NADH, 100 uM H,0,, and
0.01 uM HRP. The rate of NADH oxidation was then measured at 340 nm using a Pharmacia

Biotech Ultrospec 1000 (England).
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2.3.3 Determination of AscH, co-oxidation

To determine the rate of AscH, co-oxidation by vitamin E analogue PhO?®, the reaction
mixture contained 1 mL of 0.1 M Tris-HCI buffer, pH 7.4 (containing 2 mM DETAPAC), 10
puM vitamin E analogue, 50 uM AscH,, 50 uM H,0,, and 0.01 uM HRP. The rate of AscH;

oxidation was then measured at 266 nm using a Pharmacia Biotech Ultrospec 1000 (England).

2.3.4 Determination of oxygen uptake and GSH co-oxidation

Oxygen consumption was measured in a 2 mL reaction chamber using a Clarke type electrode
(Yellow Springs, U.S.A) at room temperature (20 °C). GSH (400 uM), H,O, (100 uM), and
vitamin E analogue (100 uM) were added to the chamber containing 0.1 Tris-HCI buffer, pH 7.4

(containing 2 mM DETAPAC). The reaction was initiated by the addition of 0.1 uM peroxidase.

2.3.5 Microsomal preparation

Adult male Sprague-Dawley rats, 250-300 g, were anesthetized by sodium pentobarbital (60
mg/kg body). Livers were removed under sterile conditions and perfused with KCl solution
(1.18% w/v, 4 °C). Hepatic microsomes were prepared by differential centrifugation as
previously described (Dallner, 1978). The microsomal pellet was suspended and homogenized in
sterile potassium phosphate buffer:KCl solution [50 mM KH,PO4 and 0.23% (w/v) KCIl, pH 7.4]
before storage at -70 °C. Microsomal protein was measured by the method of Joly et al. (Joly et
al, 1975). Care and treatment of the rats were in compliance with the guidelines of the Canadian
Council on Animal care, and the protocol was approved by the University of Toronto Animal

Care Committee.
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2.3.6 Isolation of hepatocytes and cytotoxicity determination

Hepatocytes were obtained by collagenase perfusion of the liver of male Sprague-Dawley rats
Charles River Laboratories, Montréal, Canada) as described previously (Moldeus et al, 1978).
Approximately 85-90% of the hepatocytes excluded trypan blue. Cells were suspended at a
density of 10° cells/mL in round-bottomed flasks in a water bath maintained at 37 °C in Krebs-
Henseleit buffer, pH 7.4, and supplemented with 12.5 mM HEPES under an atmosphere of 95
0,:5% COa,. Cell viability was determined by measuring the exclusion of trypan blue (final
concentration 0.1% w/v). Hepatocytes were preincubated for 30 min prior to the addition of
chemicals. Stock solutions of chemicals were prepared fresh prior to use. Hepatocyte
cytotoxicity was determined by the trypan blue exclusion test (Moldeus et al, 1978) as the
percentage of cells that take up trypan blue at 2 h following the addition of the vitamin E

analogues to the hepatocytes.

2.3.7 Determination of microsomal or hepatocyte lipid peroxidation

Microsomal lipid peroxidation was determined by measuring the amount of thiobarbituric acid
reactive substances (TBARS) at 532 nm, formed during the decomposition of lipid
hydroperoxides using a Pharmacia Biotech Ultrospec 1000. Briefly, the reaction mixture
contained 1 mL of 0.1 M potassium phosphate buffer (containing 2 mM DETAPAC),
microsomes (1 mg/mL protein), 100 uM vitamin E derivative, 0.1 uM HRP, 0.5 U/mL glucose
oxidase, and 10 mM glucose. Glucose and glucose oxidase were added as a H,O, generator
system. The test tubes containing the reaction mixture were then incubated at 37 °C in a water
bath with agitation. At different time points, each test tube was treated with 250 ul
trichloroacetic acid (70% w/v) and 1 mL thiobarbituric acid (0.8% w/v). The suspension was
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then boiled for 20 min and read at 532 nm. Alternatively, hepatocyte lipid peroxidation was
measured by treating 1 mL aliquots of hepatocyte suspension (10° cell/mL) with trichloroacetic

acid (70% w/v) and thiobarbituric acid (0.8% w/v) as described (Smith et al, 1982).

2.3.8 HPLC analysis of hepatocyte GSH/glutathione disulfide (GSSG)

Hepatocyte GSH and GSSG contents were measured by HPLC analysis of deproteinized
samples (5% metaphosphoric acid), after derivatization with iodoacetic acid and 2,4-
dinitrofluorobenzene, by high-performance liquid chromatography (HPLC), using a C18u
Bondapak NH, column (Waters Associates, Mildford, MA, U.S.A) (Reed et al, 1980). GSH and
GSSG were used as external standards. A Waters 6000A solvent delivery system equipped with
a model 600 solvent programmer, a Wisp 710 automatic injector, and a Data Module were used

for analysis.

2.3.9 Structure-Activity Relationships (SAR)

SAR equations were derived using Hansch analysis (Hansch et al, 1968), which correlates
physicochemical parameters of the vitamin E analogues with their antioxidant and pro-oxidant
activities, measured as the amount of lipid peroxidation at 1 h when cells treated with 20 and 100
uM chemicals, respectively (Log lipid peroxidation (LPO) , mM). This type of analysis requires
that a congeneric class of compounds (i.e., compounds with a common substructure) be used in
derivation of the SAR equation. The analyses were carried out using log P (lipophilicity),
representing the octanol/water partition coefficient of the vitamin E analogues, ionization
potential (Egomo), which is comparable to the ease of oxidation or redox potential of the

compound, as well as dipole moment. These parameters were derived using MOPAC 2002 in
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BioMedCAche 6.1.1 (Fujitsu, U.S.A) after structures were optimized using PM3 Hamiltonian
parameters (Table 2.1). The statistical parameters used in the present study validating the SAR
equation are as follows: n, the number of observations on which the equation is based; ,
correlation coefficient; s, standard error of the estimate; and p, statistical significance. The most

significant SAR equations are those that contained higher r*, F ratio, and p < 0.05.

Table 2.1 Physico-chemical parameters used to derive SAR for vitamin E analogues
pro-oxidant and antioxidant activity

Vitamin E Enomo (eV) Log P Dipole Moment (D)
Analogues

1 a-Tocopherol -8.37 9.60 0.87

2 y-Tocopherol -8.42 9.13 1.01

3 8-Tocopherol -8.49 8.67 1.31

4 PMC -8.30 3.78 0.85

5 TroloxC -8.60 3.23 1.43

6 Troglitazone -8.49 4.87 1.90

Enomo: ionization potential; log P: lipophilicity. These parameters were derived using MOPAC
2002 in BioMedCAche 6.1.1 (Fujitsu, U.S.A) after structures were optimized using PM3
Hamiltonian parameters.
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2.3.10 Statistical analysis

Statistical significance of difference between control and treatment groups in these studies was
determined using one-way analysis of variance (ANOVA). Results represent the means +
standard errors of mean (SEM) of triplicate samples. The minimal level of significance chosen

was p < 0.05.
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2.4 Results

The pro-oxidant activity of the PhO® formed by the peroxidase-catalyzed oxidation of the
following vitamin E derivatives, a-tocopherol, y-tocopherol, 8-tocopherol, PMC, troglitazone,
and Trolox C, has been compared. As shown in Table 2.2, vitamin E analogues at concentrations
as low as 20 uM inhibited cumene hydroperoxide-induced hepatocyte lipid peroxidation and
cytotoxicity. The order of antioxidant activity of vitamin E analogues was PMC > troglitazone >

Trolox C > a-tocopherol > y-tocopherol > 6-tocopherol.

Table 2.2 Antioxidant activity of low concentrations of vitamin E analogues

Addition Hepatocyte Lipid Cytotoxicity
peroxidation (%Trypan blue
(M) uptake)
Incubation time (min) 60 120
Control (only hepatocytes) 0.096 £ 0.005 201
+ Cumene hydroperoxide 90 uM 1.89 £ 0.1 85+4
+ 8-Tocopherol 20 pM 1.54 £0.08 72+5
+y-Tocopherol 20 uM 1.35+0.08" 55+3
+ a-Tocopherol 20 uM 1.12+0.06° 50 +2"
+ Trolox C 20 uM 0.64 = 0.05° 47+2"
+ Troglitazone 20 uM 0.32+0.02" 45+ 1°
+PMC 20 uM 0.21+0.01" 33+2°

The results shown represent the average of three separate experiments = S.D.
p <0.05 compared to cumene hydroperoxide-treated hepatocytes.
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Vitamin E analogues contain the chromane ring of vitamin E, which can be oxidized to a PhO*
in the presence of a peroxidase/H,0, system (Kagan et al, 2003). Previously, our laboratory
showed that the PhO® of other phenols co-oxidized GSH and AscH, (Galati et al, 2002a; O'Brien,
1988). As shown in Table 2.3, addition of catalytic amounts of vitamin E analogues resulted in a
marked increase in the oxidation of GSH or AscH; by peroxidase/H,0O, at pH 7.4. At pH 7.4,
AscH; or GSH alone was slowly oxidized by HRP/H,0O,. GSH oxidation but not AscH, co-
oxidation was accompanied by extensive oxygen uptake (Table 2.3). H,O, formed by GSH co-
oxidation contributed to the peroxidase reaction as only catalytic amounts of H,O, were required
to oxidize GSH (results not shown). The order of effectiveness of vitamin E analogues in
catalyzing GSH or AscH, co-oxidation was troglitazone > Trolox C > 3-tocopherol > y-
tocopherol > a-tocopherol. PMC was best at catalyzing AscH, oxidation and poorest at
catalyzing GSH oxidation. No NADH oxidation occurred with the vitamin E analogues in the
absence or presence of peroxidase/H,Os.

To assess whether the pro-oxidant activity of the PhO® of vitamin E analogues could result in
lipid peroxidation, rat microsomes were incubated with vitamin E analogues in the presence of
peroxidase and H,O; (generated by glucose/glucose oxidase). As shown in Table 2.3, lipid
peroxidation was induced by vitamin E analogues at pH 7.4 and little lipid peroxidation occurred
in the absence of vitamin E analogues. No malondialdehyde formation was detected when
vitamin E derivatives were incubated with microsomes in the absence of glucose/glucose
oxidase/HRP system. The order of efficiency of vitamin E analogues in catalyzing microsomal
lipid peroxidation was troglitazone > Trolox C > 5-tocopherol > y-tocopherol > a-tocopherol >

PMC.
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Table 2.3 Pro-oxidant activity of vitamin E analogues

Addition Ascorbate NADH Microsomal GSH:0,
oxidation oxidation Lipid (uM min™)
(k x 10° min™) (k x 10° min™) Peroxidation

(uM)

60 min
Control 62+3 23+1 0.16 + 0.01 )
+ Troglitazone 713+ 38" 24+ 1 0.91+0.06 25+1
+ Trolox C 224+ 117 27+ 1 0.74 + 0.05° 23+1"
+ 8-Tocopherol 1256 26+ 1 0.48 £ 0.05" 18417
+y-Tocopherol 1175 24+ 1 0.39 +0.04° 15+1"
+ a-Tocopherol 101 +5 24+ 1 0.31 +0.03" 12+1"

+ PMC 762 £ 35" 26+ 1 0.18 +0.01 71

The results shown represent the average of three separate experiments + S.D.
* p <0.05 compared to control (buffer only)

As shown in Table 2.4, incubation of Trolox C, a-tocopherol, troglitazone, d-tocopherol, or -
tocopherol with isolated rat hepatocytes in the presence of peroxidase/H,O; system resulted in
cytotoxicity and lipid peroxidation. The antioxidant, BHA was cytoprotecitve and it also
prevented lipid peroxidation. However, PMC in the presence of peroxidase/H,O; did not induce
lipid peroxidation and was not cytotoxic. The peroxidase/H,O, system alone was not cytotoxic
and did not induce lipid peroxidation at the concentrations used. Trolox C, a-tocopherol, y-
tocopherol, 6-tocopherol, and troglitazone but not PMC caused hepatocyte GSH depletion in the

peroxidase/H,0O; system, and GSH was oxidized to GSSG.
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Table 2.4 Cytotoxic effects of vitamin E analogues pro-oxidant radicals

Addition Cytotoxicity Hepatocyte Hepatocyte

(% trypan Lipid Peroxidation GSH and GSSG

blue uptake) (M) (nmol/10° cells)
GSH GSSG

Incubation time (min) 120 60

Control (only hepatocytes) 21 +1 0.18 £ 0.01 52+£2 2+1
+ H,0O, generating system + HRP 251 0.24+0.01 44 +£2 8+2

+ Troglitazone 100 uM 35+£2 0.28 +0.01 47 +2 2+1
+ H,0, generating system + HRP 63+3" 0.64 + 0.03" 210+1° 2142

+ Trolox C 100 uM 24+ 1 0.22 £0.01 51+3 3+1
+ H,0, generating system + HRP 54+3° 0.50 +0.02" 3842 18+3°
+ BHA 50 uM 23+17 0.21+0.01" 492" 9+1"

+ 0-Tocopherol 100 uM 26+2 0.19+0.01 50+3 3+1
+ H,0, generating system + HRP 59+3° 0.42+0.02" 33+2°  16+3"

+ y-Tocopherol 100 uM 27+2 0.17+0.01 49 +2 3+£2
+ H,0, generating system + HRP 58 +3" 0.35+0.02" 3542 15+3

+ a-Tocopherol 100 uM 242 0.16 £ 0.01 50+2 2+1
+ H,0, generating system + HRP 4742 0.29 £0.01 38+ 1 12+1

+ PMC 100 uM 23+1 0.19 £0.01 49+ 2 2+1

+ H,0, generating system + HRP 27+2 0.21 £0.02 43+ 1 7+1

The results shown represent the average of three separate experiments + S.D.
P 0.05 compared to H,O, generating system/HRP.
p < 0.05 compared to vitamin E analogue + H,O, generating system/HRP.
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As shown in Table 2.5, we also derived three-parameter SAR equations (Eqs 1 and 2) to
describe the correlation between the antioxidant and the pro-oxidant activity of vitamin E

analogues and their lipophilicity (log P), ionization potential (Enomo), and dipole moment.

Table 2.5 SAR models derived for vitamin E analogues pro-oxidant and antioxidant
activity

SAR equation n £ P29

Antioxidant activity (Eq. 1)

Log LPO (mM) =-22.693 — (2.642 * Egomo) + (0.103 * Log P) 6 0990 0974 0.056 63.1 0.016
—(0.372 * Dipole moment)

Pro-oxidant activity (Eq. 2)

Log LPO (mM) =-10.970 - (1.186 * Egomo) + (0.0162 * LogP) 6 0975 0.939 0.063 26.5 0.037
+ (0.403 * Dipole moment)

n: number of abservations; s: standard error of the estimate, which is the sum of squared
differecens between observed and calculated values; °: correlation coefficient; 2¥": adjusted P,
which takes into account the number of independent variables used to derive the relationship; F:
F-value, an overall indicator of significance; p: statistical signifiance

In Figure 2.2a, the experimental values for antioxidant activity of vitamin E analogues (Log
lipid peroxidation (Log LPO)) were plotted against the values calculated by Eq 1. Similarly,
Figure 2.2b shows the experimental Log LPO values for pro-oxidant activity of vitamin E

analogues verses their calculated values using Eq 2.
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Figure 2.2a Calculated versus experimental log LPO values (antioxidant activity) for
hepatocytes treated with vitamin E analogues

The line represents Eq. (1):

Log LPO (mM) =-22.693 — (2.642 * Egomo) + (0.103 * Log P) — (0.372 * Dipole moment)
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Figure 2.2b Calculated versus experimental log LPO values (pro-oxidant activity) for
hepatocytes treated with vitamin E analogues

The line represents Eq. (2):

Log LPO (mM) =-10.970 - (1.186 * Egomo) + (0.0162 * Log P) + (0.403 * Dipole moment)
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2.5 Discussion

While there have been several studies comparing the antioxidant activity of tocopherol
analogues towards liposomes or phospholipids (Arai et al, 1995; Fukuzawa et al, 1982; Sheu et
al, 1999), this is the first report comparing the antioxidant activity of tocopherol analogues and
cytoprotective activity of tocopherol analogues toward freshly isolated intact cells undergoing
lipid peroxidation. The order of antioxidant and cytoprotective effectiveness toward isolated
hepatocytes found for tocopherol analogues was PMC > troglitazone > Trolox C > a-tocopherol
> y-tocopherol > 6-tocopherol.

Other investigations have reported that the relative antioxidant activities of tocopherols
against the phosphatidylcholine liposomal membrane oxidation induced by Fe(II)-AscH, were
o > [3 >y > &-tocopherols (Fukuzawa et al, 1982). Pretreatment of rats with a-tocopherol for 3
days, decreased hepatic necrosis induced by ischemia reperfusion (Marubayashi et al, 1986).

It was also shown that the a-tocopherol analogue, PMC, in which the phytyl chain is replaced
by a methyl group, was more hydrophilic (log P 4.6) than a-tocopherol (log P 12.1) but not
Trolox C (log P 3.2) (Kitazawa et al, 1997). PMC was also reported to have more potent radical
scavenging activity toward iron-induced lipid peroxidation in rat brain homogenates than o.-
tocopherol (Sheu et al, 1999). An antioxidant order of effectiveness of PMC > a-tocopherol >
Trolox C was also reported for preventing phosphatidylcholine peroxidation catalyzed by iron or
lipoxygenase (Arai et al, 1995). However, Trolox C was found to be more effective than a.-

tocopherol in preventing pro-oxidant cytotoxicity induced by ultraviolet (UV) irradiation, AscH,,

or gallic acid (Satoh et al, 1997).
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PMC was also shown to be highly effective at preventing carbon tetrachloride-induced
hepatotoxicity in vivo (Hsiao et al, 2001). PMC, therefore, appears to be a promising therapeutic
alternative to a-tocopherol. The high lipophilicity of a-tocopherol and its relatively slow cellular
uptake (Ingold et al, 1987) severely limit its clinical usefulness, especially in emergency. Trolox
C was also more effective than a-tocopherol in protecting rat hearts ex vivo against global
ischaemia (Sagach et al, 2002).

Previously, we described evidence indicating that peroxidase enzymes catalyzed the one-
electron oxidation of phenolics, aniline compounds, NSAIDs, or indole-acetic acid (IAA)
derivatives by H,O, to form highly reactive free radicals, which catalyzed the co-oxidation of
NADH, GSH and AscH; resulting in ROS formation occurring during NADH or GSH co-
oxidation but not AscH, (Galati et al, 2002b; Galati et al, 2002a; O'Brien, 1988; Tafazoli and
O'Brien, 2004). The results presented here showed that vitamin E analogues catalyzed the co-
oxidation of GSH and AscH; but not NADH, and also resulted in hepatocyte cytotoxicity and
lipid peroxidation.

HRP/H,0, also catalyzed the one-electron oxidation of PMC, Trolox C, and a-tocopherol
(Nakamura, 1991), and the rate constants for the rate-determining step, (i.e., peroxidase
compound II-catalyzed PhO® formation) decreased in the following order: PMC > Trolox C
>> a-tocopherol (Nakamura, 1991). This was similar to the order of effectiveness of these
vitamin E analogues for catalyzing AscH, co-oxidation when oxidized by HRP/H,0, (Table 2.2)
and could partly reflect their redox potential as Eyomo values for PMC, a-tocopherol, 6-
tocopherol, and y-tocopherol have been reported as -8.31, -8.33, -8.35, and -8.39 (eV),
respectively (Lien et al, 1999). As we have also shown with the SAR Eq 1, the higher the Egomo,

the better the antioxidant activity (Table 2.5).
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The following equations explain the co-oxidation of AscH, catalyzed by the PhO® of vitamin
E analogues. Peroxidase catalyzed a one-electron oxidation of phenolics (PhOH) to form PhO*
(Eq. (1)), which oxidized ascorbate (AscH,) to semidehydroascorbate radicals (Eq. (2)), which

then disproportionate to form dehydroascorbate and ascorbate (Eq.(3)).

PhOH + H,0, Peroxidage o phO'+H,0 (1)
PhO'+ AscH, ———— PhOH + AscH (2)

AscH + AscH —— > AscH, + Asc  (3)

The lack of NADH co-oxidation with vitamin E analogues, troglitazone, Trolox C, and PMC
in the peroxidase/H,O, reaction system may be partly explained by the lower reactivity of the
vitamin E PhO® as a result of their lower one-electron redox potential of 110 mV (Aruoma et al,
1990), as compared to 282 mV for NAD*/NADH (Schafer and Buettner, 2001), whereas the one-
electron redox potential of phenolics, e.g., etoposide that catalyzes NADH co-oxidation, was in
the range of 250-600 mV (Galati et al, 2002a; O'Brien, 1988). However, in the cell reduced
nicotinamide adenine dinucleotide phosphate (NADPH):P450 reductase can catalyze NADPH
oxidation by PMC PhO® radicals (Goldman et al, 1997).

Microsomal lipid peroxidation was also induced by vitamin E analogues but not PMC in the
presence of peroxidase/H,0,, which can be attributed to the pro-oxidant activity of vitamin E
analogues PhO°. Hepatocyte lipid peroxidation was also induced by these vitamin E analogues
resulting in cytotoxicity as both cytotoxicity and lipid peroxidation were inhibited by the

antioxidant butylated hydroxylanisole (BHA). Other investigators also showed that low-density
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lipoprotein lipid peroxidation was also induced by a-tocopherol when oxidized by
myeloperoxidase/H,0, (Kalyanaraman et al, 1995; Santanam and Parthasarathy, 1995).

GSH was also oxidized to GSSG when vitamin E analogues, Trolox C, a-tocopherol, y-
tocopherol, -tocopherol, and troglitazone were incubated with peroxidase/H,O,. GSH co-
oxidation by the studied vitamin E analogues PhO® was also accompanied by extensive oxygen
uptake. Hepatocyte GSH was also partly oxidized by these analogues.

PMC PhO’ radicals co-oxidized AscH, but unlike other analogues were poor at co-oxidizing
GSH or inducing lipid peroxidation with peroxidase/H,O, and caused little cytotoxicity. Other
investigations have also shown that PMC PhO’s did not oxidize intracellular GSH and protein
sulthydryls in HL-60 cells and did not induce lipid peroxidation but did oxidize intracellular
AscH; (Kagan et al, 2000; Kagan et al, 2003). EPR and UV spectroscopy studies showed that
PMC (292 nm) was first oxidized to a short-lived PhO® which subsequently formed an ortho-
quinone (274 nm). Ascorbate prevented PMC disappearance and PhO® appearance indicating that
AscH, co-oxidation to Asc® involved the PhO* (Kagan et al, 2003).

Pulse radiolysis research (O'Brien, 1988) suggests the following equations, which could
explain how PhO*-catalyzed GSH co-oxidation caused superoxide radical anion and H,O,

formation:
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Peroxidase

PhOH + H,0, —— — PhO + H,0
PhO+GSH —— PhOH+GS
GS+GS ——» GSSG
GSSG+0, ——» GSSG+0,

20.2_+ 2H+ —— H202 + 02

In our study, the relative GSH and/or lipid peroxidation activity of the vitamin E analogues
oxidized by H,O,/peroxidase in a cell-free system seemed to be similar to their relative
hepatocyte GSH oxidation and/or lipid peroxidation activity. The order of pro-oxidant activity
and cytotoxic effectiveness of the vitamin E analogues when oxidized by H,O,/peroxidase was
troglitazone > Trolox C > d-tocopherol > y-tocopherol > a-tocopherol > PMC.

However, the order of antioxidant and cytoprotective activity at much lower concentrations of
vitamin E analogues was inversely proportional to the pro-oxidant order of effectiveness found at
higher concentrations with the exception of troglitazone. The antioxidant activity of vitamin E
analogues seems to correlate with their estimated bond dissociation energy (BDE) values, which
have been calculated as follows: 77 kcal/mol for a-tocopherol, PMC, or troglitazone; 79
kcal/mol for y-tocopherol; and 81 kcal/mol for 6-tocopherol, respectively (calculated by Wright
et al., unpublished data). The higher the BDE values are, the less effective the antioxidant
activity is. This suggests that the relative antioxidant and pro-oxidant activities of the vitamin E
analogues studied may be associated with their O-H bond dissociation enthalpy (Wright et al,
2001). Other investigators have also shown that the pro-oxidant activity of other PhO® generated
by lactoperoxidase/H,0, in oxidizing NAD(P)H or GSH was inversely related to their

antioxidant ability for quenching 1,1-diphenyl-2-picrylhydrazyl radicals (Ueda et al, 2001).
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We have also derived SAR equations, which revealed that the most cytotoxic vitamin E
analogues had the highest dipole moments and the lowest Egomo. However, for antioxidant
activity, it was the opposite where the best antioxidant had the lowest dipole moments and the
highest Egomo. Log P also correlated with cytoprotection and antioxidant activity, as the more
hydrophilic analogues were better antioxidants.

In conclusion, our results showed that pro-oxidant radicals of vitamin E analogues caused
intracellular lipid peroxidation, GSH oxidation, and cytotoxicity, which were prevented by an
antioxidant. The cytotoxic pro-oxidant activity of the vitamin E analogues was inversely
proportional to their antioxidant activity. PMC was the most effective antioxidant with the lowest
pro-oxidant activity and could have therapeutic advantages over the others. Troglitazone at low
concentrations was an effective antioxidant; however, at higher concentrations, troglitazone was
the most effective pro-oxidant with the highest pro-oxidant activity and caused the most
hepatocyte cytotoxicity suggesting that the troglitazone hepatotoxicity could also involve other
mechanisms, which require further research. It is possible that the 2,4-thiazolidione moiety of
troglitazone could contribute to its hepatotoxicity, as rosiglitazone and pioglitazone in the clinic
were much less hepatotoxic and did not contain the phenolic tocopherol moiety (Tafazoli et al,
2005a). Pro-oxidant PhO* formed by troglitazone could partly explain the life-threatening
hepatotoxicity found in some patients, which resulted in the withdrawal of troglitazone from the

market place.
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Chapter 3

Role of Hydrazine in Isoniazid-Induced Hepatotoxicity in a Hepatocyte
Inflammation Model

Shahrzad Tafazoli, Mariam Mashregi and Peter J. O’Brien

Reprinted from Toxicology and Applied Pharmacology 229(1): 94-101., Copyright (2008)
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3.1 Abstract

Isoniazid is an anti-tuberculosis drug that can cause hepatotoxicity in 20% of the patients and
often is associated with an inflammatory response. Isoniazid toxicity in isolated rat hepatocytes,
was prevented by 1-aminobenzotriazole, a non-selective P450 inhibitor or by bis-p-nitrophenyl
phosphate (BNPP), an esterase inhibitor. Hepatocytes when exposed to non-toxic levels of H,O,
(to simulate H,O, formation by inflammatory cells), became twice as sensitive to isoniazid
toxicity and cytotoxicity was prevented by P450 and esterase inhibition. Hydrazine, the
metabolite formed by the amidase-catalyzed hydrolysis of isoniazid, was 16-fold more cytotoxic
with a non-toxic H,O,-generating system. The acetylhydrazine metabolite was found to be much
less cytotoxic than hydrazine in the presence of the H,O, generating system. Hydrazine,
therefore, seems to be the isoniazid reactive metabolite in this inflammation model. The
molecular mechanism of hydrazine-induced cytotoxicity was attributed to oxidative stress as
reactive oxygen species (ROS) and protein carbonyl formation occurred before the onset of
hepatocyte toxicity. Hydrazine toxicity also involved significant endogenous H,O, production
which caused lysosomal membrane damage and led to a collapse in the mitochondrial membrane
potential. These results implicated H,O,, a cellular mediator of inflammation, as a potential risk
factor for the manifestation of adverse drug reactions, particularly those caused by hydrazine

containing drugs.
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3.2 Introduction

Isoniazid (isonicotinic acid hydrazide) introduced in the 1950s, is still the most active agent
against Bacillus tuberculosis and is used both for the treatment and the prophylaxis of
tuberculosis. Currently there are 8 million new patients per year receiving treatment with
isoniazid, which is the most cost-effective treatment for tuberculosis. Despite the therapeutic
benefits of this drug, daily isoniazid administration is also associated with mild elevations of
plasma liver enzyme activities in 20% of patients and severe hepatotoxicity in 1-2% of patients
(Garibaldi et al, 1972; Scharer and Smith, 1969). Isoniazid use has also been associated with
several cases of systemic lupus erythematosus (Dhand et al, 1987; Zingale et al, 1963). Long-
term therapy with hydralazine, another hydrazine containing drug or isoniazid can trigger
systemic lupus erythematosus with an incidence during the first year of 5-8% for hydralazine or
less than 1% for isoniazid (Rubin, 2005). Hydralazine-induced lupus is an autoimmune disease
attributed to hydralazine oxidation by monocytes and neutrophils to form reactive metabolites
that bind covalently to proteins, thus making the protein “foreign” and leading to an immune
response against this hapten (Uetrecht, 2005).

Isoniazid induced lung tumors in mice (Maru and Bhide, 1982; Toth and Shubik, 1966) , and
caused chromosome aberrations and sister chromatid exchanges when incubated with cultured
rodent cells (MacRae and Stich, 1979). Isoniazid-induced unscheduled DNA synthesis and
chromosome aberrations in these cells were also increased by transition metals (Whiting et al,
1979; Zetterberg and Bostrom, 1981) . Isoniazid received a black box warning in 1969 (Black et
al, 1975).

The mechanism of isoniazid-induced hepatotoxicity is unknown. Most of the previous

research has focused on a rat model with the hypothesis that acetylhydrazine, a metabolite of
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isoniazid, is the cause of the hepatotoxicity (Mitchell et al, 1976; Nelson et al, 1976). However,
there is more recent evidence in animals and humans suggesting that hydrazine is the metabolite
predominately responsible for isoniazid-induced hepatotoxicity (Noda et al, 1983; Woo et al,
1992). A positive correlation between plasma hydrazine levels and severity of isoniazid-induced
hepatic necrosis, steatosis and elevated plasma triglycerides was obtained in rabbits (Sarich et al,
1996). Hydrazine was also found in the urine and plasma of patients following treatment with
isoniazid or hydralazine (Timbrell and Harland, 1979). Evidence for the role of hydrazine in
isoniazid-induced hepatotoxicity in rabbits was that administration of an amidase inhibitor
prevented hepatotoxicity and hepatic triglyceride accumulation and markedly decreased plasma
hydrazine and triglyceride levels (Sarich et al, 1999). Hydrazine has also been shown to be
hepatotoxic when administered to rats (Yard and McKennis, 1955) and sublethal doses of
hydrazine induced fatty liver in monkeys and rats (Amenta and Johnston, 1963; Dominguez et al,
1962). Hydrazine can be formed from isoniazid through two different pathways: 1) a direct
pathway which involves amidase-catalyzed hydrolysis of isoniazid or 2) an indirect pathway of
amidase-catalyzed hydrolysis of acetylhydrazine.

Recent evidence from experimental models suggests that an episode of inflammation during
drug treatment predisposes animals to tissue injury (Buchweitz et al, 2002; Luyendyk et al,
2002). The hepatotoxicities of allyl alcohol and aflatoxin B1 in rats were augmented by liver
inflammation following co-exposure to LPS (Roth et al, 1997). The hepatocellular necrosis in
most of the patients also involved an inflammatory response with a hepatic infiltration of
lymphocytes and plasma cells with some eosinophils and neutrophils (Mitchell et al, 1976).
However, these infiltrates are more likely the consequence rather than the cause of toxicity.

Instead, resident Kupffer cells, stellate cells and hepatocytes, also have NADPH oxidase activity
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that form H,O, when activated (Bataller et al, 2003; De Minicis and Brenner, 2007; Diaz-Cruz et
al, 2007; Reinehr et al, 2005). Furthermore, studies also showed that apocynin, an NADPH
oxidase inhibitor, suppressed oxidative stress and inflammatory injuries in rat liver during
hypercholesterolaemia (Lu et al, 2007). Hepatocytes were therefore exposed to a low non-toxic
continuous infusion of H>O, in the absence and presence of peroxidase. In this way, hepatocyte
vulnerability to isoniazid in the presence of activated immune cells could be simulated. We have
previously used this H,O, hepatocyte inflammation model, with and without peroxidase, to study
the hepatotoxicity of tolcapone (Tafazoli et al, 2005a), troglitazone (Tafazoli et al, 2005b) and
carbonyl agents (O'Brien et al, 2007). In this model, troglitazone, tolcapone and some carbonyl
agents were shown to be much more cytotoxic, whereas other agents such as 2,2,5,7,8-
pentamethyl-6-hydroxychromane (PMC), a vitamin E analogue, tribromoethanol (Avertin®), an
anesthetic and acetylsalicylic acid (Aspirin®) toxicities were not affected (O'Brien et al, 2007;

Tafazoli et al, 2005a; Tafazoli et al, 2005b).
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3.3 Materials and methods

3.3.1 Chemicals

Isoniazid, 1-aminobenzotriazole, glucose, glucose oxidase (Type II, 15,000-25,000 U/g
solid), peroxidase from horseradish (EC 1.11.1.7; HRP), 2',7'-dichlorofluorescein diacetate
(DCFD-DA), rhodamine 123, deferoxamine mesylate, leupeptin hydrochloride, chloroquine
diphosphate salt, methylamine, 4-Hydroxy-2,2,6,6-tetramethylpiperidene-1-oxyl (TEMPOL),
dinitrophenylhydrazine (DNPH), bis-p-nitrophenylphosphate (BNPP), hydrazine hydrate, and

acetylhydrazine were purchased from Sigma-Aldrich Corp. (Oakville, Ontario, Canada).

3.3.2 Animal treatment and hepatocyte preparation

Male Sprague-Dawley rats weighing 275-300 g (Charles River Laboratories, Montréal,
Canada) were housed in ventilated plastic cages over PWI 8-16 hardwood bedding. There were
12 air changes per hour, 12-h light photoperiod (lights on at 0800 h) and an environmental
temperature of 21-23 °C with a 50-60% relative humidity. The animals were fed with a normal
standard chow diet and water ad /ibitum. Care and treatment of the rats were in compliance with
the guidelines of the Canadian Council on Animal care, and the protocol was approved by the
University of Toronto Animal Care Committee. Hepatocytes were isolated from rats by
collagenase perfusion of the liver as described by (Moldeus et al, 1978). Isolated hepatocytes
(10 mL, 10° cells/mL) were suspended in Krebs—Henseleit buffer (pH 7.4) containing 12.5 mM
HEPES in continually rotating 50 mL round bottom flasks, under an atmosphere of 95% O, and
5% CO; in a 37 °C water bath for 30 min. Glucose (10 mM)/glucose oxidase (0.5 U/mL; H,O,

generating system) was used to generate H,O,.
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3.3.3 Cell viability

Hepatocyte viability was assessed microscopically by plasma membrane disruption as
determined by the trypan blue (0.1%, w/v) exclusion test (Moldeus et al, 1978). Hepatocyte
viability was determined every 30 min during the first hour and then at 2 and 3 h incubation. The

hepatocytes used were at least 85-95% viable before their use.

3.3.4 H,0, generating system

When H,0; was added to hepatocytes, most of the HO, was metabolized by catalase within
seconds (Ou and Wolff, 1996). Therefore, a H,O, generating system was employed by adding
glucose 10 mM to the hepatocyte suspension followed by glucose oxidase (0.5 U/mL). This
glucose/glucose oxidase system continuously supplied H,O; to the hepatocytes over the

experimental period without affecting GSH levels.

3.3.5 H,O, measurement

H,0, was measured in hepatocytes by taking aliquots at 30, 90 and 180 min using the FOX 1
reagent (ferrous oxidation of xylenol orange). The FOX 1 reagent consisted of 25 mM sulfuric
acid, 250 uM ferrous ammonium sulfate, 100 uM xylenol orange and 0.1 M sorbitol. At the
given time intervals 50 pL of hepatocytes (1.0 x 10° cells/mL) were added to 950 pL FOX1
reagent and incubated for 30 min at room temperature. The absorbance of the samples was read
at 560 nm and the concentration of H,O, was determined using the extinction coefficient of

2.67x10°M ' em™ ' (Ou and Wolff, 1996).
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3.3.6 Protein carbonylation assay

Total protein-bound carbonyl content was measured by derivatizing the carbonyl adducts with
DNPH at 30, 90 and 180 min. Briefly an aliquot of the suspension of cells (0.5 mL, 0.5 x 10°
cells) was added to an equivalent volume (0.5 mL) of 0.1% DNPH (w/v) in 2.0 N HCI and
allowed to incubate for 1 h at room temperature. This reaction was terminated and total cellular
protein precipitated by the addition of an equivalent 1.0 mL volume of 20% TCA (w/v). Cellular
protein was rapidly pelleted by centrifugation at 50 x g, and the supernatant was discarded.
Excess unincorporated DNPH was extracted three times using an excess volume (0.5 mL) of
ethanol:ethyl acetate (1:1) solution. Following the extraction, the recovered cellular protein was
dried under a stream of nitrogen and solubilized in 1 mL of Tris-buffered 8.0 M guanidine-HCI,
pH 7.2. The resulting solubilized hydrazones were measured at 366—370 nm. The concentration
of 2,4-DNPH derivatized protein carbonyls was determined using the extinction coefficient of

22,000 M ' ecm™ ' (Hartley et al, 1997).

3.3.7 ROS formation

The rate of hepatocyte ROS generation was determined by adding dichlorofluorescein-
diacetate (DCFH-DA) to the hepatocyte incubation. DCFH-DA penetrates hepatocytes and
becomes hydrolyzed to form non-fluorescent dichlorofluorescein. Dichlorofluorescein then
reacts with ROS to form the highly fluorescent dichlorofluorescein that effluxes the cell (LeBel
et al, 1992). Aliquots (1 mL) were withdrawn at 30, 90 and 180 min after incubation. These
samples were then centrifuged for 1 min at 50 x g. The cells were resuspended in 1 mL of
Krebs—Henseleit media containing 1.6 pM DCFD-DA. The cells were incubated at 37 °C for

10 min. The fluorescence intensity of dichlorofluorescein was measured using a Shimadzu
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RF5000U fluorescence spectrophotometer (U.S.A.). Excitation and emission wavelengths were

500 and 520 nm, respectively (LeBel et al, 1992).

3.3.8 Mitochondrial membrane potential assay

The uptake and retention of the cationic fluorescent dye, rhodamine 123, has been used for
the estimation of mitochondrial membrane potential. This assay is based on the fact that
rhodamine 123 accumulates selectively in the mitochondria by facilitated diffusion. However,
when the mitochondrial potential is decreased, the amount of rhodamine 123 that enters the
mitochondria is decreased as there is no facilitated diffusion. Thus the amount of rhodamine 123
in the supernatant is increased and the amount in the pellet is decreased. Samples (500 puL) were
taken from the cell suspension incubated at 37 °C at 30, 90 and 180 min, and centrifuged at
50 x g for 1 min. The cell pellet was then resuspended in 2 mL of fresh incubation medium
containing 1.5 pM rhodamine 123 and incubated at 37 °C in a thermostatic bath for 10 min with
gentle shaking. Hepatocytes were separated by centrifugation and the amount of rhodamine 123
appearing in the incubation medium was measured fluorimetrically using Shimadzu RF5000U
fluorescence spectrophotometer set at 490 nm excitation and 520 nm emission wavelengths. The
capacity of mitochondria to take up the rhodamine 123 was calculated as the difference in

fluorescence intensity between control and treated cells (Andersson et al, 1987).

3.3.9 Statistical analysis

Statistical analysis was preformed by a one-way ANOVA (analysis of variance) test and

significance was assessed by employing Tukey's post hoc test.
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3.4 Results

As shown in Figure 3.1, incubation of isolated hepatocytes with 10 mM isoniazid induced a
50% loss in hepatocyte viability in 2 h as measured by the trypan blue exclusion assay (LCs). To
determine the molecular mechanism for the toxicity, different compounds were added to the
incubation medium to determine their ability to modulate the toxic response. For this purpose the

LCs of isoniazid (10 mM) was selected.
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Figure 3. 1 Isoniazid-induced cytotoxicity towards isolated rat hepatocytes
Refer to Materials and Methods for a description of experiments performed.
Means + SE for three separate experiments are given.

" Significant as compared to control (p < 0.05).
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As shown in Table 3.1, the presence of BNPP, an amidase inhibitor (Buch et al, 1969),
markedly decreased isoniazid cytotoxicity suggesting that hydrazine formed by the amidase-
catalyzed hydrolysis of isoniazid contributed to cytotoxicity. Furthermore, 1-aminobenzotriazole,
a non-selective P450 inhibitor was also cytoprotective, indicating a role for P450 in isoniazid
toxicity. On the other hand, there was about a 2-fold increase in isoniazid toxicity if a non-toxic
(did not affect cell viability or GSH levels significantly) H,O, generating system, to simulate
inflammation, was added at 1 h (to allow for isoniazid bioactivation), i.e., 6 mM isoniazid now
caused the same degree of cytotoxicity as 10 mM isoniazid without the H,O, generating system.
Addition of 1-aminobenzotriazole, before the H,O, generating system, also prevented toxicity
suggesting a role for P450/H,0; in the increased isoniazid hepatotoxicity. Addition of BNPP to
the hepatocytes prior to the H,O, generating system, also decreased isoniazid toxicity indicating
that metabolism of isoniazid to hydrazine was necessary for toxicity. In the absence of isoniazid,
none of the modulators at the doses used, affected hepatocyte viability.

A marked increase in isoniazid-induced protein carbonyl formation occurred with the addition
of a H,O, generating system, whereas isoniazid in the absence of the H,O, generating system did
not enhance protein carbonylation. P450 inhibition and BNPP both resulted in a marked decrease
in protein carbonylation induced by isoniazid and H,O; generating system. Endogenous H,O,
levels, as measured using the FOX 1 reagent, was also markedly increased by isoniazid and the
non-toxic H,O, generating system, but did not increase in the absence of isoniazid or the H,O,
generating system. Inhibition of amidase with BNPP or inhibition of P450 by 1-

aminobenzotriazole prevented the increase in isoniazid toxicity by the H,O, generating system.
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Table 3.1 Bioactivation of isoniazid in the hepatocyte inflammation model

Addition Cytotoxicity Protein Endogenous
(%Trypan carbonylation H,O0,
blue uptake) (nmoles/10° formation
cells) (nmoles/10°
cells)
Incubation time (min) 60 120 180 90 90
Control (only hepatocytes) 18 £2 21 1 26+3 8.45+0.42 6.96 +£0.32
+ H,0, generating system 24 +2 29+2 34+2 9.36 £ 0.45 8.26 £ 0.41
+HRP 0.1 uM 23+3 33£3 38£2 9.84 £0.51 8.47+£0.37
+ Isoniazid 10 mM 42 + 3¢ 57 £4° 78 +5° 10.3£0.35 8.91+0.43°
+BNPP* | mM 272" 34+3" 4915 9.06 + 0.32 8.86 +0.39
+ 1-Aminobenzotriazole* 100 pM 26 £3”  31+2" 44123 8.86 £ 0.41 8.66 £ 0.32
+ H,0; generating system 47+3 667 83+6 11.29 £0.49 9.83 £0.57
+HRP 0.1 pM 49 £ 4 63£5 88t 4 11.85£0.56 10.01 £0.61
+ Isoniazid* 10 mM + H,O, generating system 88 +7° 100” 100” 33.4+12° 22.09+1.1°
+ BNPP** 1 mM 514 62 £ 4° 74 £ 6° 16.28 £0.8° 13.47 £0.57°
+ Isoniazid 6 mM 20+3 332 3912 9.13£0.41 843104
+ H,0, generating system 36 +£2 46+ 4 51 +3%¢ 10.71 £ 0.34 9.63 £0.48
+ Isoniazid* 6 mM + H,0, generating system 42+3 58+47 12+6° 24.56 £ 1¢ 16.74 +0.75¢
+ 1-Aminobenzotriazole** 100 uM 29+2 36 £3° 49 £ 5° 14.16 £0.7° 11.4+0.59°
+ BNPP** | mM 31£3 39+£2° 53+3° 12.04 £0.8° 10.52+0.4°

H,0, generating system: Glucose 10 mM and glucose oxidase 0.5 U/mL; BNPP: Bis-p-nitrophenyl phosphate

(esterase inhibitor); 1-Aminobenzotriazole: non-selective P450 inhibitor; HRP: Horseradish peroxidase
* Hepatocytes were pre-incubated with BNPP or aminobenzotriazole or isoniazid for 60 min prior to the addition of

other agents.

** Hepatocytes were pre-incubated with BNPP or aminobenzotriazole along with isoniazid for 60 min prior to the

addition of H,O, generating system.

Refer to Materials and Methods for a description of experiments performed.

Means =+ SE for three separate experiments are given.

“ Significant as compared to control (p < 0.05).

»Significant as compared to isoniazid 10 mM alone (p < 0.05).

¢ Significant as compared to isoniazid 10 mM + H,0, generating system (p < 0.05).

“Significant as compared to isoniazid 6 mM alone (p < 0.05).

“Significant as compared to isoniazid* 6 mM + H,0, generating system (p < 0.05).
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As shown in Figure 3.2, hydrazine toxicity towards isolated rat hepatocytes was

concentration-dependent and about 8 mM hydrazine was required to cause 50% hepatocyte

cytotoxicity in 2 h (LCs).
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Figure 3.2 Hydrazine-induced cytotoxicity towards isolated rat hepatocytes
Refer to Materials and Methods for a description of experiments performed.
Means + SE for three separate experiments are given.

" Significant as compared to control (p < 0.05).
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Summarized in Table 3.2, two of the major isoniazid metabolites, hydrazine and
acetylhydrazine, were next tested in the hepatocyte inflammation model. Hydrazine toxicity in
the presence of a non-toxic H,O; generating system was markedly increased and cytotoxicity
was also concentration-dependent. Hydrazine LCs in the absence of the H>O, generating system
was 8 mM, and in the presence of the H,O, generating system it was 0.5 mM, a 16-fold increase.
Hepatocyte oxidative stress was also markedly increased and was accompanied by significant
endogenous ROS and H,O, formation as well as protein carbonylation. P450 inhibition by 1-
aminobenzotriazole and the ROS scavenger, TEMPOL both prevented hydrazine toxicity, and
ROS formation as well as protein carbonylation. Hepatocyte viability in the absence of hydrazine

was not affected by any of the modulators at the doses shown.
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Table 3.2 Contribution of hydrazine to isoniazid-induced toxicity in the hepatocyte

inflammation model

Addition Cytotoxicity Protein Endogenous ROS
(%Trypan carbonylation H,0, formation
blue uptake) (nmoles/106 formation (Fluorescent
cells) (nmoles/10° Intensity)
cells)
Incubation time (min) 60 120 180 90 90 90
Control (only hepatocytes) 17 +1 22+1 27+2 8.34+£0.46 7.01 £0.23 102+9
+ H,0, generating system 23+2 29+2 33+1 8.86 £ 0.53 8.13+£0.32 123 £ 11
+HRP 0.1 uM 25+1 3242 36+2 9.07 £0.58 8.53+0.39 Interferencet
+ Hydrazine 8 mM 36+3"  57+4°  68+5° 12.4 +£0.53¢ 14.6 £ 0.68° 167 + 14°
+ H,0,; generating system 100” 100° 100 46.37+2.1° 37.02+1.8" 391 + 16"
+ Hydrazine 2 mM 29+2 3341 37+£2 8.45+0.42 7.67 £0.31 108 £7
+ H,0, generating system 58+4°  78+6° 100° 36.9 £1.5° 30.71 £ 1.5¢ 352+9°¢
+ Hydrazine 0.5 mM 22+1 27+3 32+1 8.37+0.36 741104 1137
+ H,0, generating system 39+57  56+57  76+5¢ 2831+14¢ 21.64 +0.9¢ 321 +15¢
+ 1-Aminobenzotriazole*100 uM 25+2°  34+4° 46%3° 11.07 £0.5° 16.45+0.7° 257+ 18°
+ TEMPOL 200 uM 2743 37+6¢  51+4 12304 147+0.6 216+ 13
+HRP 0.1 uM 413 597 797 27.09+£1.7 2242+ 1.1 Interferencet
+ Acetylhydrazine 5 mM 36+2° 5415 7161 11.97 +0.58¢ 10.59 £0.5 121 + 14
+ H,0, generating system 37+4 57+3 74+£5 12.09 + 0.54 10.71 £ 0.7 1298

1 Due to oxidation of 2',7'-dichlorofluorescin by peroxidase
* Hepatocytes were pre-incubated with aminobenzotriazole, for 60 min prior to the addition of other agents

H,0, generating system: Glucose 10 mM and glucose oxidase 0.5 U/mL; 1-Aminobenzotriazole: non-selective P450

inhibitor; TEMPOL: 4-Hydroxy-2,2,6,6-tetramethylpiperidene-1-oxyl (ROS scavenger)
Refer to Materials and Methods for a description of experiments performed.
Means =+ SE for three separate experiments are given.
“ Significant as compared to control (P < 0.05).

b Significant as compared to hydrazine 8 mM alone (P < 0.05).
“Significant as compared to hydrazine 2 mM alone (P < 0.05).
‘{Signiﬁcant as compared to hydrazine 0.5 mM alone (P < 0.05).
/ Significant as compared to hydrazine 0.5 mM + H,0, generating system (P < 0.05).

65



Acetylhydrazine cytotoxicity was not increased by the H,O, generating system, even if
hepatocytes were pre-incubated with acetylhydrazine for 60 min prior to the addition of H,O»
generating system (results not shown). Furthermore, inhibition of amidase by BNPP did not
affect acetylhydrazine cytotoxicity in the presence of H,O, generating system, indicating that
acetylhydrazine did not undergo deacetylation to form hydrazine (results not shown).

As shown in Figure 3.3, hydrazine toxicity in the inflammation model involved lysosomal
membrane damage as deferoxamine, an iron chelator was cytoprotective as well as methylamine
and chloroquine, lysosomotropic agents. The hepatocyte lysosomal protease inhibitor leupeptin

also prevented hydrazine-induced cytotoxicity in the inflammation model.
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Figure 3.3 Hydrazine-induced toxicity in the hepatocyte inflammation model
involves lysosomal labilization and mitochondrial toxicity

H,0O; generating system: Glucose 10 mM and glucose oxidase 0.5 U/mL; Deferoxamine:
iron chelator; Leupeptin: protease inhibitor; Chloroquine and methylamine:
lysosomotropic agents

Refer to Materials and Methods for a description of experiments performed.

Means + SE for three separate experiments are given.

" Significant as compared to H,O, generating system (p < 0.05).

**Signiﬁcant as compared to hydrazine 0.5 mM + H,O, generating system (p < 0.05).
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Furthermore, hydrazine induced a rapid decline of mitochondrial membrane potential which
was prevented by deferoxamine, methylamine, chloroquine and leupeptin indicating that
hydrazine-induced collapse in mitochondrial membrane potential was a consequence of

lysosomal damage (Figure 3.4).
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Figure 3.4 Prevention of hydrazine-induced mitochondrial membrane collapse by
lysosomotropic agents, iron chelators and protease inhibitors

H,0, generating system: Glucose 10 mM and glucose oxidase 0.5 U/mL; Deferoxamine: iron
chelator; Leupeptin: protease inhibitor; Chloroquine and methylamine: lysosomotropic agents
Refer to Materials and Methods for a description of experiments performed.

Means + SE for three separate experiments are given.

" Significant as compared to H,O, generating system (P < 0.05).

“Significant as compared to hydrazine 0.5 mM + H,O, generating system (P < 0.05).
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3.5 Discussion

Previously we introduced an inflammation hepatocyte model for screening candidate drugs
for idiosyncratic drug reaction hepatotoxicity potential (Tafazoli et al, 2005a; Tafazoli and
O'Brien, 2005). Instead of co-culturing the hepatocytes with Kupffer cells and activating the
Kupffer cells with LPS (Tukov et al, 2006), we have selected to use a slow H,O, generating
system (glucose/glucose oxidase) that simulates ROS generation by immune cells in the liver
that are activated during inflammation. Hepatocyte GSH levels, protein carbonylation and cell
viability were not affected by the H,O, generating system. However, it was found that the
hepatotoxicity of several drugs e.g., tolcapone or troglitazone that caused idiosyncratic drug
reaction hepatotoxicity and were withdrawn or received a black box warning, were markedly
increased by this non-toxic slow infusion of H,O, (Tafazoli et al, 2005a; Tafazoli et al, 2005b).

In this study, we showed that isoniazid cytotoxicity increased by a 2-fold factor in the
hepatocyte inflammation model only when isoniazid was pre-incubated with hepatocytes for 1 h
prior to the H,O, addition. This pre-incubation time allowed for the metabolism of isoniazid to
its toxic metabolites. BNPP, an amidase inhibitor, prevented isoniazid toxicity both in the
absence and presence of the H,O, generating system, indicating the role of amidase in isoniazid
toxicity by catalyzing isoniazid hydrolysis to the more toxic hydrazine. Furthermore, toxicity
was preceded by a significant increase in endogenous H,O, production and protein carbonyl
formation. The isoniazid metabolites hydrazine and acetylhydrazine were then tested using the
hepatocyte inflammation model. Hydrazine toxicity was found to be increased 16-fold in the
presence of H,O,. BNPP administration also prevented in vivo acetylisoniazid-induced
hepatotoxicity which was attributed to the prevention of acetylisoniazid hydrolysis to

acetylhydrazine, the suspected isoniazid-derived hepatotoxin at that time (Mitchell et al, 1975).
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However, in our hepatocyte inflammation model, acetylhydrazine toxicity was not increased in
the presence of the H,O, generating system. Previously it was reported that BNPP acts as a
potent amidase inhibitor in vitro, inhibiting the conversion of isoniazid to hydrazine catalyzed by
rat hepatic microsomes (Sendo et al, 1984). Therefore, the prevention of isoniazid-induced
toxicity in our hepatocyte model with BNPP would provide evidence that the mechanism for the
protection is likely due to inhibition of hydrazine formation.

The increased hepatocyte susceptibility to hydrazine by the H,O, generating system could
result from catalase and superoxide dismutase inactivation by hydrazine (Hussain and Frazier,
2002), as there was a significant increase in endogenous H,O, levels as measured by FOX 1
reagent. Previously, it was shown that in red blood cells, catalase was inactivated by
phenylhydrazine, another hydrazine with a similar structure, but only if H,O, was present
(Cohen and Hochstein, 1964). In vitro catalase experiments showed that the inactivation
mechanism involved the catalase-catalyzed oxidation of phenylhydrazine by H,O; to a radical
cation, phenyl radical and other oxidation products which resulted in a 6-coordination of a
phenyl residue to the catalase prosthetic heme iron (Ortiz de Montellano and Kerr, 1983).

Furthermore, previous evidence also showed that in rabbits, isoniazid-induced hepatocellular
damage correlated with plasma hydrazine levels but not with isoniazid or acetylhydrazine levels
(Sarich et al, 1996). Administration of BNPP, 30 min before the administration of isoniazid, to
rabbits also prevented the elevation of plasma liver enzymes as well as hepatic and plasma
triglyceride levels but decreased plasma hydrazine levels (Sarich et al, 1999).

1-Aminobenzotriazole, a non-selective P450 inhibitor, prevented isoniazid and hydrazine-
induced cytotoxicities in the presence of H,O,, suggesting a role for P450/H,O, or oxidative

activation of P450 metabolites by H,O, for isoniazid and hydrazine hepatotoxicities. The
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microsomal P450/H,0, system has been shown to catalyze the oxidative metabolism of other
oxidisable substrates such as catechols and phenylenediamines (Anari et al, 1997). Isoniazid
oxidation was catalyzed by a microsomal cytochrome P450 system to form reactive free radical
metabolites that were trapped by spin-trapping agents (Albano and Tomasi, 1987). Hydrazine
metabolism by rat hepatocytes was also increased in P450-induced hepatocytes (phenobarbital)
and hydrazine metabolism was decreased by P450 inhibitors, e.g., metyrapone and piperonyl
butoxide (Timbrell et al, 1982).

An abnormal endogenous production of H,O,, has been shown to result in a rapid decrease in
cell viability preceded by the loss of lysosomal integrity, as judged by the relocalization of
acridine orange, a lysosomotropic weak base (Zdolsek et al, 1993). Influx of H,O, into the
lysosomal apparatus initiates processes through a primary interaction with lysosomal ferrous iron
resulting in the formation of hydroxyl radicals which lead to disruption of lysosomal normal
stability and leakage of hydrolytic enzymes (Starke et al, 1985; Zdolsek et al, 1993). A marked
increase in endogenous H,O, formation by hydrazine also caused lysosomal labilization as the
lysosomotropic agents, chloroquine and methylamine, the iron chelator, deferoxamine, as well as
leupeptin, a protease inhibitor, all prevented hydrazine toxicity in the inflammation model. There
was also a significant collapse in mitochondrial membrane potential which was inhibited by the
lysosomotropic agents, methylamine and chloroquine as well as leupeptin and deferoxamine.
This suggests that the lysosomal damage contributed to mitochondrial toxicity.

In summary our results showed that hydrazine is the likely metabolite involved in the
cytotoxic mechanism of isoniazid since inhibition of the amidase that catalyzes the hydrolysis of
isoniazid to hydrazine prevented isoniazid-induced hepatocyte cytotoxicity. Furthermore, a non-

toxic H,O, generating system to simulate the ROS formation by immune cells increased
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isoniazid cytotoxicity by two fold whereas hydrazine cytotoxicity was increased 16-fold whilst
acetylhydrazine cytotoxicity was not affected. The molecular cytotoxic mechanism likely
involved lysosomal permeabilization and mitochondrial membrane collapse. The cytotoxic
mechanism also involved extensive oxidative stress as endogenous ROS and H,0, as well as
protein carbonylation were markedly increased and ROS scavengers that prevented ROS
formation also prevented the ensuing cytotoxicity. ROS formation may also arise from the

reduction of oxygen by hydrazinyl radicals formed by hydrazine oxidation.
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Chapter 4

Accelerated Cytotoxic Mechanism Screening of Hydralazine Using an In vitro
Hepatocyte Inflammatory Cell Peroxidase Model

Shahrzad Tafazoli, and Peter J. O’Brien

Reproduced with permission from Chemical Research in Toxicology 2008, 21: 904-910.
Copyright 2008 American Chemical Society

74



4.1 Abstract

Long-term treatment of hypertensive disorders with hydralazine has resulted in some patients
developing hepatitis and lupus erythematosus, an autoimmune syndrome. The concentration of
hydralazine required to cause 50% cytotoxicity in 2 h (LCsg) toward isolated rat hepatocytes was
found to be 8 mM. Cytotoxicity was delayed by the P450 inhibitor, 1-aminobenzotriazole,
suggesting that P450 catalyzed the formation of toxic metabolites from hydralazine. No
hydralazine-induced oxidative stress was apparent as there was little effect on hepatocyte lipid
peroxidation, protein carbonyl formation, intracellular H,O,, or hepatocyte GSH levels and no
effect of butylated hydroxyanisole (BHA) on cytotoxicity. Drug-induced hepatotoxicity in vivo
has often been attributed to infiltrating inflammatory cells, for example, neutrophils or resident
Kupffer cells whose NADPH oxidase generates H,O,, when activated. The effect of a non-toxic
continuous infusion of H,O; on hydralazine cytotoxicity was investigated. It was found that
H,0, increased hepatocyte susceptibility to hydralazine 4-fold (LCs, 2 mM). Cytotoxicity was
still prevented by the P450 inhibitor but now involved some oxidative stress as shown by
increased protein carbonyls, endogenous H,O,, and GSH oxidation. Lipid peroxidation was not
increased, and cytotoxicity was not inhibited by BHA. Cytotoxicity, however, was inhibited by
4-hydroxy-2,2,6,6-tetramethylpiperidene-1-oxyl (TEMPOL), a ROS scavenger. Because
neutrophils or Kupffer cells release myeloperoxidase on activation, the effect of adding
peroxidase to the hepatocytes exposed to H,O, on hydralazine cytotoxicity was also investigated.
It was found that peroxidase/H,0, increased hepatocyte susceptibility to hydralazine 80-fold
(LCso, 0.1 mM). Furthermore, cytotoxicity occurred following extensive oxidative stress that
included lipid peroxidation, and cytotoxicity that was now prevented by the antioxidant BHA.

These results indicate that three cytotoxic pathways exist for hydralazine: a P450-catalyzed
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pathway not involving oxidative stress, a P450/H,0,-catalyzed oxidative stress-mediated
cytotoxic pathway not involving lipid peroxidation, and a peroxidase/H,O,-catalyzed lipid

peroxidation-mediated cytotoxic pathway.
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4.2 Introduction

Hydralazine, an aromatic hydrazine derivative, has been in clinical use since 1950 for the
long-term treatment of hypertensive disorders. Associated with hydralazine exposure is the
development of hepatitis with confluent centrilobular necrosis (Itoh et al, 1981; Murata et al,
2007). Circulating autoantibodies reacting with liver CYP1A2 have been found in patients with
dihydralazine-induced hepatitis (Bourdi et al, 1992). An autoimmune syndrome resembling
systemic lupus erythematosus occurred between 2 and 40 months after the start of hydralazine
administration and was dose-related (Cameron and Ramsay, 1984). The reactive metabolites
causing hydralazine side effects are not known, and various reactive metabolites have been
proposed by different investigators (Hofstra et al, 1991; Hofstra and Uetrecht, 1993; Sinha, 1983;
Wong et al, 1988; Yamamoto and Kawanishi, 1991).

Hydralazine has also been shown to induce DNA fragmentation and DNA repair in isolated
rat hepatocytes (Martelli et al, 1995), but no other cytotoxic molecular mechanism studies have
been carried out. There have also been reports of hydralazine mutagenicity found in bacterial test
systems (Parodi et al, 1981) and a modest increase in lung tumors in mice (Toth, 1978).
Hydralazine has also been shown to undergo autoxidation at an alkaline pH catalyzed by the
transition metals Cu(II) or Fe(III), to form phthalazine and nitrogen-centered hydralazyl radical
intermediates, which caused site-specific DNA damage (Sinha, 1983; Yamamoto and Kawanishi,
1991). Leukocyte myeloperoxidase (MPO), H,O,, and chloride ion catalyzed hypochlorite
formation, which oxidized hydralazine to phthlazine (Hofstra and Uetrecht, 1993). A reactive
intermediate was trapped with N-acetyl cysteine, and the adduct was identified as 1-
phthalazylmercapturic acid. The reactive intermediate proposed was the diazonium salt formed

from the diazene intermediate in the phthalazine product pathway (Hofstra and Uetrecht, 1993).
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Electron spin resonance studies were also used to show that liver microsomes/NADPH catalyzed
hydralazine to phthalazine via a radical pathway catalyzed by P450 (LaCagnin et al, 1986).
Mitochondrial pyruvate dehydrogenase also catalyzed oxidation of the pyruvate hydralazine
hydrazone to form a CO," radical (Wong et al, 1988).

Idiosyncratic adverse drug reactions, although rare, can be a cause for removal of the drug
from the market. Liver injury has been induced in rats if the rats were cotreated with
lipopolysaccharide (LPS) when the drug for example, ranitidine or trovafloxacin, was
administered (Deng et al, 2007; Shaw et al, 2007). An immune cell-mediated cytotoxic
mechanism has been proposed in which cytokines, for example, tumor necrosis factor-a and
cytotoxic proteases, were released by the drug and/or LPS(Deng et al, 2007; Shaw et al, 2007).
Liver gene expression in rats showed that the hemostatic system, hypoxia, as well as infiltrated
neutrophils could also be critical mediators of LPS/ranitidine-induced liver injury(Luyendyk et
al, 2006). Neutrophil activation by cytokines, chemokines, and microbial products results in a
massive increase in superoxide radicals and H,O, formation, probably for host defense against
invading microorganisms (Quinn et al, 2006). LPS also increased cellular NADPH oxidase
transcription, resulting in superoxide radical and H,O, formation (Kawahara et al, 2005).
Kupfter cells resident in the liver contain high NADPH oxidase activity (Quinn et al, 2006), and
Kupffer cells contribute to drug hepatotoxicity (Tafazoli and O'Brien, 2005).

To find a more robust in vitro screening method for assessing the potential hepatotoxicity risk
of hydralazine, hepatocyte susceptibility to hydralazine was also investigated when hepatocytes
were exposed to a low non-toxic continuous infusion of H,O, in the absence or presence of
peroxidase such as could be released by activated immune cells. In this way, hepatocyte

vulnerability to hydralazine in the presence of H,O, generated by oxidative stress or NADPH
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oxidase of activated immune cells could be simulated. We have previously used this H,O,-
enhanced hepatocyte cytotoxicity model, with or without peroxidase, to study the hepatotoxcity
of tolcapone (Tafazoli et al, 2005a), troglitazone (Tafazoli et al, 2005b), and carbonyl agents
(O'Brien et al, 2007). In this model, troglitazone, tolcapone, and some carbonyl agents were
shown to be much more cytotoxic, whereas other agents such as 2,2,5,7,8-pentamethyl-6-
hydroxychromane (PMC), a vitamin E analogue, tribromoethanol (avertin), an anesthetic, and
acetylsalicylic acid (aspirin) were not affected (O'Brien et al, 2007; Tafazoli et al, 2005a;

Tafazoli et al, 2005b; Tafazoli and O'Brien, 2005).
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4.3 Material and methods

4.3.1 Chemicals

Hydralazine hydrochloride, catalase, sodium azide, 1-aminobenzotriazole, 6-n-propyl-
thiouracil (PTU), horseradish peroxidase (EC 1.11.1.7; HRP), myeloperoxidase (MPO), 4-
hydroxy-2,2,6,6-tetramethylpiperidene-1-oxyl (TEMPOL), gallic acid, butylated hydroxyanisole
(BHA), 2',4'-dinitrofluorobenzene (DNFB), thiobarbituric acid, trichloroacetic acid (TCA),
iodoacetic acid, glucose, glucose oxidase, 2',7'-dichlorofluorescein diacetate (DCFD-DA), and
dinitrophenylhydrazine (DNPH) were purchased from Sigma Aldrich Corp. (Oakville, Ont.,

Canada).

4.3.2 Animal treatment and hepatocyte preparation

Male Sprague—Dawley rats weighing 275-300 g (Charles River Laboratories, Montréal,
Canada) were housed in ventilated plastic cages over PWI 8—16 hardwood bedding. There were
12 air changes per hour, 12 h light photoperiod (lights on at 0800 h), and an environmental
temperature of 21-23 °C with 50-60% relative humidity. The animals were fed a normal
standard chow diet and water ad libitum. Care and treatment of the rats were in compliance with
the guidelines of the Canadian Council on Animal care, and the protocol was approved by the
University of Toronto Animal Care Committee. Hepatocytes were isolated from rats by
collagenase perfusion of the liver as described by Moldeus et al. (Moldeus et al, 1978). Isolated
hepatocytes (10 mL, 10° cells/mL) were suspended in Krebs—Henseleit buffer (pH 7.4)

containing 12.5 mM HEPES in continually rotating 50 mL round-bottom flasks, under an
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atmosphere of 95% O, and 5% CO; in a 37 °C water bath for 30 min. Stock solutions of

chemicals were made in double-distilled water or dimethylsulfoxide (DMSO).

4.3.3 Cell viability

Hepatocyte viability was assessed microscopically by plasma membrane disruption as
determined by the Trypan blue (0.1%, w/v) exclusion test (Moldeus et al, 1978). Hepatocyte
viability was determined every 30 min during the first hour and then at 2 and 3 h of incubation.

Only cell preparations with viabilities of 85-95% were used.

4.3.4 H,0, generating system

When H,0; was added to hepatocytes, most of the HO, was metabolized by catalase within
seconds (Ou and Wolff, 1996). Therefore, a HO, generating system (Antunes and Cadenas,
2001) was employed by adding 10 mM glucose to the hepatocyte suspension followed by
glucose oxidase (0.5 U/mL). The rate of oxygen uptake and hydrogen peroxide formation was
verified using an oxygen electrode to monitor the release of oxygen with catalase. This
glucose/glucose oxidase system continuously supplied H,O, to the hepatocytes over the

experimental period, without affecting GSH levels.

4.3.5 Hepatocyte lipid peroxidation

Lipid peroxidation was determined by measuring the amount of thiobarbituric acid reactive
substances (TBARS) at 532 nm, formed during the decomposition of lipid hydroperoxides using
a Pharmacia Biotech Ultrospec 1000. At different time points, each test tube containing 1 mL

aliquots of hepatocyte suspension (10° cell/mL) was treated with 250 pL of TCA (70% w/v) and
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1 mL of thiobarbituric acid (0.8% w/v). The suspension was then boiled for 20 min and read at
532 nm as previously described (Smith et al, 1982). An extinction coefficient of 156 mM ' cm™'

was used to determine the concentration of malondialdehyde produced.
4.3.6 Cellular GSH and oxidized glutathione (GSSG) content

GSH and GSSG were measured by HPLC analysis of deproteinized samples (25% meta-
phosphoric acid) after derivatization with iodoacetic acid and DNFB as per the method outlined
(Reed et al, 1980). A Waters HPLC system (model 150 pumps, WISP 710B autoinjector, and
model 410 UV—vis detector) equipped with a Waters pBondapak NH; (10 pm) 3.9 mm X 300

mm column was used. Detection was carried out using UV absorption at 364 nm.

4.3.7 H,O, measurement

H,0, levels in hepatocytes were measured by taking samples at 15, 30, 60, and 120 min using
the FOX 1 reagent (ferrous oxidation of xylenol orange). The FOX 1 reagent consisted of 25 mM
sulfuric acid, 250 uM ferrous ammonium sulfate, 100 uM xylenol orange, and 0.1 M sorbitol. At
the given time intervals, 50 pL of hepatocytes (1.0 x 10° cells/mL) was added to 950 pL of FOX
1 reagent and incubated for 30 min at room temperature. The absorbance of the samples was read
at 560 nm, and the concentration of H;O, was determined using the extinction coefficient of 2.67

x 10°M ™' cm™' (Ou and Wolff, 1996).
4.3.8 Protein carbonylation assay

The total protein-bound carbonyl content was measured by derivatizing the protein carbonyl

adducts with DNPH. Briefly, an aliquot of the suspension of cells (0.5 mL, 0.5 x 10° cells) at 30,
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60, and 120 min was added to an equivalent volume (0.5 mL) of 0.1% DNPH (w/v) in 2.0 N HCI
and allowed to incubate for 1 h at room temperature. This reaction was terminated and the total
cellular protein precipitated by the addition of an equivalent of 1.0 mL volume of 20% TCA
(w/v). Cellular protein was pelleted by centrifugation at 50 x g, and the supernatant was
discarded. Excess unincorporated DNPH was extracted three times using an excess volume (0.5
mL) of ethanol:ethyl acetate (1:1) solution. Following extraction, the recovered cellular protein
was dried under a stream of nitrogen and dissolved in 1 mL of Tris-buffered 8.0 M guanidine—
HCI, pH 7.2. The resulting solubilized hydrazones were measured at 366—370 nm. The
concentration of 2,4-DNPH derivatized protein carbonyls was determined using an extinction

coefficient of 22000 M cmfl(Hartley et al, 1997).

4.3.9 Statistical analysis

Statistical analysis was preformed by a one-way ANOVA (analysis of variance) test, and

significance was assessed by employing Tukey’s posthoc test.
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4.4 Results

As shown in Table 4.1, incubation of isolated hepatocytes with 8 mM hydralazine induced a
50% loss in hepatocyte viability in 2 h (LCsg) as measured by the trypan blue exclusion assay.
Hepatocyte susceptibility to hydralazine was also concentration-dependent and increased as the
concentration of hydralazine increased. 1-Aminobenzotriazole, a P450 inhibitor, delayed
hydralazine cytotoxicity; however, BHA, an antioxidant, did not affect hydralazine-induced
cytotoxicity. Furthermore, H,O, markedly increased hepatocyte cytotoxicity induced by 4 or 1
mM hydralazine. The H,O, was generated at a rate that caused little cytotoxicity toward control
hepatocytes. Hepatocyte susceptibility to hydralazine in the presence of HO, was enhanced as
the dose of hydralazine increased. Hydralazine cytotoxicity was also increased a further 2-fold
when hepatocytes were preincubated with hydralazine for 60 min prior to addition of the H,O»
generating system to allow for hydralazine bioactivation. Moreover, P450 inhibition by 1-
aminobenzotriazole delayed toxicity, suggesting a role for P450 in H,O,-enhanced hydralazine
cytotoxicity. The superoxide scavenger, TEMPOL, delayed cytotoxicity, but the antioxidant

BHA was not cytoprotective.

84



Table 4.1 Hydralazine-induced toxicity in the presence and absence of hepatocyte H,O;
oxidative stress model

Addition Cytotoxicity
(%Trypan blue uptake)

Incubation time (min) 60 120 180

Control (only hepatocytes) 18 +2 21+1 26+ 1
+ Hydralazine 8 mM 42 +2° 51 +3¢ 68 £ 5¢
+ 1-Aminobenzotriazole* 100 uM 28+ 1° 37+2° 48 + 3°

+ BHA 50 uM 4343 53+2 70 + 4
+ Hydralazine 4 mM 30 + 2 38 +2° 44 + 2
+ H,0, generating system 36+ 1 59 £ 4¢ 74 £ 5¢
+ 1-Aminobenzotriazole* 100 uM 25+ 1¢ 39 +3¢ 53 +3¢

+ BHA 50 uM 3742 57+2 78+ 4
+ TEMPOL 200 uM 27 +2° 36+ 21 53 +4¢

+ Hydralazine* 4 mM + H,0, generating system 86 + 6° 100° 100°
+ Hydralazine 1 mM 28 £ 1¢ 33+2° 37+ 1¢
+ H,0, generating system 39 £2° 48 + 3¢ 64 +4°

+ Hydralazine* 1 mM + H,0, generating system 57 +5°¢ 78 + 7¢ 100°
+ H,0O, generating system 24 +£2 2012 34+2

H,0O, generating system: Glucose 10 mM and glucose oxidase 0.5 U/mL; BHA (butylated
hydroxyanisole): antioxidant; 1-Aminobenzotriazole: P450 inhibitor; TEMPOL: 4-Hydroxy-
2,2,6, 6-tetramethylpiperidene-1-oxyl (ROS scavenger)

Refer to Materials and Methods for a description of experiments performed.

* Hepatocytes were pre-incubated with aminobenzotriazole or hydralazine for 60 min prior to the
addition of other agents.

Means + SE for three separate experiments are given.

“ Significant as compared to control (P < 0.05).

? Significant as compared to Hydralazine 8 mM alone (P < 0.05).

“Significant as compared to Hydralazine 4 mM alone (P < 0.05).

“Significant as compared to Hydralazine 4 mM + H,O, generating system (P < 0.05).

¢ Significant as compared to Hydralazine 1 mM alone (P < 0.05).
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As shown in Table 4.2, hydralazine cytotoxicity was not accompanied by oxidative stress as
measured by lipid peroxidation, protein carbonylation, or increased H,O, levels. Moreover,
hydralazine cytotoxicity in the presence of a H,O, generating system increased protein
carbonylation and intracellular H,O, levels, which were partly prevented by TEMPOL but not
BHA. Cytotoxicity did not result in lipid peroxidation. Pre-incubation of hepatocytes with
hydralazine for 60 min prior to addition of the H,O, generating system further increased protein

carbonyl formation and endogenous H,O; levels.
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Table 4.2 Oxidative stress induced by P450/H,0,-catalyzed hydralazine oxidation in the
hepatocyte H,O, oxidative stress model

Addition Lipid Protein Endogenous
peroxidation carbonylation H,0;
(uM) (nmoles/10° measurement
hepatocytes) (nmoles/10°
cells)
Incubation time (min) 90 90 120
Control (only hepatocytes) 0.16 £ 0.05 8.16 £0.39 74 +£0.31
+ Hydralazine 8 mM 0.19£0.07 9.56 £0.34 7.6 £0.29
+ Hydralazine 4 mM 0.15+0.05 8.28 +0.43 7.8+0.28
+ H,0, generating system 0.20 +£0.07 12.6 £ 0.6" 14.1+ 0.5°
+ 1-Aminobenzotriazole* 100 uM 0.18 +0.06 8.17 +0.49 9.98 +0.22
+BHA 50 uM 0.21 £0.06 12.47 £ 0.41 13.76 + 0.34
+ TEMPOL 200 uM 0.23 £ 0.05 9.31 +0.36" 10.42 £ 0.3
+ Hydralazine*4 mM + H,O, generating system  0.21 + 0.08 19.7 £ 0.82° 18.3 £ 0.65¢
+ H,0, generating system 0.26 £ 0.06 8.54 £0.42 8.1+0.32

H,0, generating system: Glucose 10 mM and glucose oxidase 0.5 U/mL; 1-Aminobenzotriazole:
P450 inhibitor; BHA (butylated hydroxyanisole): antioxidant; TEMPOL: 4-Hydroxy-2,2,6, 6-

tetramethylpiperidene-1-oxyl (ROS scavenger)

* Hepatocytes were pre-incubated with aminobenzotriazole or hydralazine for 60 min prior to the

addition of other agents.

Refer to Materials and Methods for a description of experiments performed.

1-Aminobenzotriazole: P450 inhibitor

Means + SE for three separate experiments are given.

“ Significant as compared to Hydralazine 4 mM alone (P < 0.05).
*Significant as compared to Hydralazine 4 mM + H,0, generating system (P < 0.05).
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As shown in Figure 4.1a, only a small amount of hepatocyte GSH was depleted by
hydralazine at this concentration. H,O,, however, increased hepatocyte GSH depletion by
hydralazine. This effect was greater, and hydralazine caused about 50% GSH depletion within 30
min if the hepatocytes were preincubated with hydralazine 60 min before the addition of H,O,
generating system. Furthermore, the P450 inhibitor 1-aminobenzotriazole inhibited the GSH

depletion (Figure 4.1a).
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Figure 4.1a Hepatocyte GSH depletion by hydralazine/H,0O; generating system

H,O, generating system consisted of glucose 10 mM and glucose oxidase 0.5 U/mL. The
concentration of other chemicals used was as follows: 1-aminobenzotriazole 100 uM (P450
inhibitor). Refer to Materials and Methods for a description of experiments performed.

Means * SE for three separate experiments are given.

" Significant as compared to H,O, generating system (P < 0.05).

" Significant as compared to hydralazine 4 mM + H,O, generating system (P < 0.05).
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Figure 4.1b Hepatocyte GSSG formation by hydralazine/H,0, generating system
H,0O, generating system consisted of glucose 10 mM and glucose oxidase 0.5 U/mL.
Refer to Materials and Methods for a description of experiments performed.

Means + SE for three separate experiments are given.
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As shown in Table 4.3, if hepatocytes were incubated with hydralazine in the presence of a
non-toxic amount of H,O, and MPO or HRP, only 100 uM hydralazine was required to cause
50% cytotoxicity in 2 h (LCsg). Furthermore, this cytotoxicity was delayed by PTU, a peroxidase
inhibitor, the antioxidant BHA, as well as the ROS scavengers, TEMPOL and gallic acid. In the

absence of hydralazine, none of the modulators at the doses used affected hepatocyte viability.
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Table 4.3 Hydralazine-induced toxicity in the peroxidase oxidative stress-enhanced model

Addition Cytotoxicity
(%Trypan blue uptake)

Incubation time (min) 60 120 180
Control (only hepatocytes) 17 £1 21+£2 2512
+ H,0O, generating system + HRP 0.1 uM 23+2 262 31£2
+ H,0, generating system + MPO 0.05 uM 26+ 1 29+1 32+1
+ Hydralazine 1 mM 31+£1° 34+2° 44 +£2°
+ H,0, generating system + MPO 0.05 uM 100 100 100
+ H,0O; generating system + HRP 0.1 uM 100° 100” 100”
+ Hydralazine 500 uM 26+ 1° 30£1¢ 34+ 1¢
+ H,0, generating system + HRP 0.1 uM 57 +5° 81 +6° 100¢
+ Hydralazine 100 uM 23+1 27+1 301
+ H,0, generating system + MPO 0.05 uM 41 +3¢ 53+ 6° 81 + 57
+ H,0O, generating system + HRP 0.1 uM 38 +2¢ 58 49 74 + 47
+ 1-Aminobenzotriazole* 100 uM 32+1 41 +2° 59 + 3¢
+PTU 5 uM 27+ 1° 47 + 3¢ 58 £3°¢
+ Gallic Acid 150 uM 25+£2° 39+ 1° 53+£3°
+ BHA 50 uM 30+ 1 43 + 4° 52+£2°¢
+ TEMPOL 200 uM 31+£2 44 +2° 49 +2°

H,0, generating system: Glucose 10 mM and glucose oxidase 0.5 U/mL; MPO:
Myeloperoxidase; HRP: Horseradish peroxidase; PTU: 6-n-Propyl-thiouracil (peroxidase
inhibitor); BHA (butylated hydroxyanisole): Antioxidants; Gallic acid and TEMPOL: 4-
Hydroxy-2,2,6, 6-tetramethylpiperidene-1-oxyl (ROS scavenger); 1-Aminobenzotriazole: P450
inhibitor

* Hepatocytes were pre-incubated with aminobenzotriazole or hydralazine for 60 min prior to the
addition of other agents.

Refer to Materials and Methods for a description of experiments performed.

Means = SE for three separate experiments are given.

“ Significant as compared to control (P < 0.05).

» Significant as compared to Hydralazine 1 mM alone (P < 0.05).

“Significant as compared to Hydralazine 500 uM alone (P < 0.05).

d Significant as compared to Hydralazine 100 uM alone (P < 0.05).

¢ Significant as compared to Hydralazine 100 uM + H,0, generating system + HRP 0.1 uM
(P <0.05).
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With peroxidase present, there was a marked increase in lipid peroxidation, protein carbonyl

formation, and endogenous H,O, levels before cytotoxicity ensued (Table 4.4). These oxidative

stress biomarkers were also delayed by the peroxidase inhibitor PTU and antioxidant BHA or

ROS scavengers TEMPOL and gallic acid.

Table 4.4 Oxidative stress induced by peroxidase/H,0,-catalyzed hydralazine oxidation
in the hepatocyte peroxidase oxidative stress model

Addition Lipid Protein EndogenousH,0,
peroxidation carbonylation measurement
(uM) (nmoles/10° cells)  (nmoles/10° cells)
Incubation time (min) 90 90 120

Control (only hepatocytes) 0.16 £0.05 8.16+0.39 7.4 £0.31
+ H,0, generating system + HRP 0.1 uM 0.37 £0.06 8.671+0.47 8.4+0.31
+ H,0, generating system + MPO 0.05 uM 0.23+£0.03 8.58+0.43 8.7+ 0.30
+ Hydralazine 100 uM 0.14 £ 0.06 8.09 £0.47 7.5+£0.30
+ H,0, generating system + MPO 0.05 uM 1.31 £ 0.07° 32.7+14° 29.4+0.1°
+ H,0, generating system + HRP 0.1 uM 1.87 £0.12¢ 38.5+1.3° 23.2+0.1°
+PTU 5 uM 0.74 +0.04" 12.7 £0.53 11.3+0.7°
+ Gallic Acid 150 pM 0.57 +0.06" 14.8 +0.75 143 +0.8"
+ BHA 50 uM 0.54 +0.05" 13.6 £ 0.66 12.7+0.6"
+ TEMPOL 200 pM 0.74 £ 0.03 14.1 £0.79° 13.9+0.7°

H,0; generating system: Glucose 10 mM and glucose oxidase 0.5 U/mL; MPO: Myeloperoxidase;
HRP: Horseradish peroxidase; PTU: 6-n-Propyl-thiouracil (peroxidase inhibitor); BHA (butylated
hydroxyanisole): Antioxidants; Gallic acid and TEMPOL: 4-Hydroxy-2,2,6, 6-tetramethylpiperidene-1-

oxyl (ROS scavenger)

Refer to Materials and Methods for a description of experiments performed.

Means + SE for three separate experiments are given.

“ Significant as compared to Hydralazine 100 uM alone (P < 0.05).

¢ Significant as compared to Hydralazine 100 uM + H,0, generating system + HRP 0.1 uM
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As shown in Figure 4.2a, the hepatocyte GSH depletion that occurred with hydralazine and
the H,O, generating system/peroxidase was extensive and was accompanied by GSSG formation
even though hydralazine concentration was only 100 uM (Figure 4.2b). Furthermore, PTU and
BHA delayed both GSH depletion and GSSG formation. In the absence of hydralazine, the

peroxidase and H,O, generating system did not affect hepatocyte viability or GSH levels.
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Figure 4.2a Hepatocyte GSH oxidation by hydralazine/H,0; generating system +
peroxidase

H,0; generating system consisted of glucose 10 mM and glucose oxidase 0.5 U/mL. The
concentration of other chemicals used was as follows: PTU 10 uM (peroxidase inhibitor) and
BHA 50 uM (antioxidant).

Refer to Materials and Methods for a description of experiments performed.

Means * SE for three separate experiments are given.

’ Significant as compared to H,O, generating system + HRP 0.1 uM (P < 0.05).

** Significant as compared to hydralazine 100 uM + H,O, generating system + HRP 0.1 uM
(P <0.05).
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Figure 4.2b Hepatocyte GSSG formation by peroxidase catalyzed hydralazine oxidation
H,0O, generating system consisted of glucose 10 mM and glucose oxidase 0.5 U/mL. The
concentration of other chemicals used was as follows: PTU 10 uM (peroxidase inhibitor) and

BHA 50 uM (antioxidant)

Refer to Materials and Methods for a description of experiments performed.

Means + SE for three separate experiments are given.

’ Significant as compared to H,O, generating system + HRP 0.1 uM (P < 0.05).
" Significant as compared to hydralazine 100 pM + H,0, generating system + HRP 0.1 uM

(P < 0.05).

96



4.5 Discussion

Hydralazine cytotoxicity toward isolated rat hepatocytes was delayed by the P450 inhibitor,
I-aminobenzotriazole, but oxidative stress was not induced and cytotoxicity was not prevented
by the antioxidant BHA. However, hydralazine was 2-fold more cytotoxic toward hepatocytes
exposed to non-toxic levels of H,O, and was 4-fold more toxic if the hepatocytes were
preincubated with hydralazine prior to the addition of the H,O, generating system. This suggests
that a reactive metabolite compromised the hepatocytes resistance to H,O; or that H,O,
oxidatively activated the hydralazine P450-catalyzed metabolites formed or that P450/H,0,
catalyzed hydralazine oxidation to reactive metabolites (Anari et al, 1997). Furthermore, 1-
aminobenzotriazole, a nonselective P450 inhibitor (Ortiz de Montellano and Mathews, 1981),
prevented hydralazine-induced toxicity and suggested a role for P450 in the H,O;-enhanced
bioactivation of hydralazine. Furthermore, hydralazine toxicity in the presence of H,O, was
accompanied by some protein carbonylation, GSH depletion with GSSG formation, and an
increase in intracellular H,O, levels. There was also no lipid peroxidation, and BHA did not
prevent cytotoxicity. Cytotoxicity was, however, prevented by TEMPOL, a superoxide
scavenger and superoxide dismutase mimic, suggesting that reactive oxygen species (ROS)
caused the cytotoxicity.

When hydralazine was incubated with hepatocytes and peroxidase/H,0,, toxicity was
increased up to 80-fold and extensive lipid peroxidation and GSH oxidation occurred. Lipid
peroxidation was likely induced by hydralazyl radicals or diimines that were formed when
hydralazine underwent a one-electron oxidation catalyzed by H,O,/peroxidase (Sinha, 1983;
Yamamoto and Kawanishi, 1991). Moreover, the antioxidant BHA inhibited both lipid

peroxidation and hydralazine cytotoxicity, suggesting that lipid peroxidation was a major

97



contributor to hydralazine-induced cytotoxicity. Cytotoxicity was also prevented by ROS
scavengers or a peroxidase inhibitor.

The lipid peroxidation induced by the peroxidase/H>O, can be readily explained as we
previously showed that peroxidase enzymes and H,O; caused the one-electron oxidation of
phenolics, aniline compounds, nonsteroidal anti-inflammatory drugs, indoleacetic acid
derivatives, or vitamin E analogues to form highly reactive free radicals, which co-oxidized
ascorbate, NADH, or GSH or unsaturated fatty acids. When hepatocytes were present,
hepatocyte lipid peroxidation, ROS formation, and GSH oxidation to GSSG ensued (Galati et al,
2002a; O'Brien, 1988; Tafazoli et al, 2005a; Tafazoli et al, 2005b; Tafazoli and O'Brien, 2005).

It is not likely that the large increase in hydralazine cytotoxicity by peroxidase/H,O, was due
to catalase inactivation as high concentrations of hydralazine (about 2.5 M) were required to
inhibit catalase activity by 50% in cultured fibroblasts (Weglarz et al, 1989). It was also shown
that 1 mM phenylhydrazine caused a 20% catalase inactivation in red blood cells, as long as
H,0, was present (Cohen and Hochstein, 1964). Liver catalase experiments also showed that the
inactivation mechanism involved a catalase-catalyzed oxidation of phenylhydrazine by H,O, to a
phenyl radical, which forms an iron—phenyl complex with catalase (Ortiz de Montellano and
Kerr, 1983).

Hydralazine markedly increased hepatocyte endogenous H,O; levels in the presence of
H,O,/peroxidase. Other investigators showed that hydralazine or phenelzine added to human red
blood cells increased endogenous H,O, levels (Runge-Morris and Novak, 1993). While
oxyhemoglobin or reduced transition metals could be a source of the H,O, (Cohen and
Hochstein, 1964; Yamamoto and Kawanishi, 1991), it is more likely that the hydralazyl radicals

and diimine oxidation products reacted with oxygen to form H,O; as was shown for the
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peroxidase-catalyzed oxidation of hydralazine or phenylhydralazine (Misra and Fridovich, 1976;
Yamamoto and Kawanishi, 1991).

MPO was more effective than HRP at increasing hydralazine toxicity as only 0.05 pM MPO
(half-of HRP required) was required to cause about 50% hepatocyte death in 2 h and toxicity was
also accompanied by protein carbonylation and significant H,O, formation. MPO/H,O,/chloride
unlike HRP forms hypochlorite, which could also contribute to MPO-catalyzed hydralazine
cytotoxicity. The lupus erythematosus side effect of hydralazine could involve activation by
hypochlorite generated by neutrophils MPO/H,0,/chloride (Hofstra et al, 1991; Hofstra and
Uetrecht, 1993).

Our results demonstrate that a non-toxic exposure to H,O, markedly increased hepatocyte
susceptibility to hydralazine, much like the conditions by which asymptomatic inflammation
increases drug-induced hepatotoxicity. These results implicate H>O,, a cellular mediator of
inflammation, as a potential risk factor for the manifestation of adverse drug reactions,
particularly those caused by oxidizable hydrazine-containing drugs. In summary, H,O,-enhanced
hepatocyte system in the presence and absence of peroxidase may prove useful for a more robust
screening of drugs for assessing toxicity risk potential associated with inflammation. The
cytotoxic molecular mechanism involved was dependent on the hydralazine metabolic activation
mechanism and involved oxidative stress if H,O, was present. The presence of MPO markedly

increased both oxidative stress and cytotoxicity.
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5.1 Abstract

Amodiaquine is an antimalarial drug, however associated with its use are life-threatening
agranulocytosis and hepatotoxicity in about 1 in 2000 patients, which is usually associated with
an inflammatory response. It was found that the LCs (2h) of amodiaquine towards isolated rat
hepatocytes was 1 mM. The cytotoxic mechanism involved protein carbonylation as well as
P450 activation to a reactive metabolite. The cytotoxicity, however, was not reactive oxygen
species (ROS)-mediated, as ROS scavengers did not prevent cytotoxicity or protein
carbonylation, and it was not accompanied by glutathione (GSH) oxidation or intracellular H,O,
formation. On the other hand, the cytotoxicity could be attributed to quinoneimine metabolite
formation which formed GSH conjugates as GSH depleted hepatocytes were much more
susceptible to amodiaquine. Furthermore, when a non-toxic H,O, generating system and
peroxidase was used to mimic the products formed by inflammatory immune cells, only 15 uM
amodiaquine was required to cause 50% cell death. In the absence of amodiaquine, hepatocyte
viability and glutathione (GSH) levels were not affected by the H,O, generating system with or
without peroxidase. The toxic mechanism of amodiaquine in this hepatocyte H,O,/peroxidase
model involved oxidative stress, as cytotoxicity was accompanied by GSH oxidation, decreased
mitochondrial membrane potential and protein carbonyl formation which were inhibited by ROS
scavengers, 4-hydroxy-2,2,6,6-tetramethylpiperidene-1-oxyl (TEMPOL) or mannitol suggesting
a role for a semiquinoneimine radical and ROS in the amodiaquine-H,O,-mediated cytotoxic

mechanism.
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5.2 Introduction

Malaria kills between 1 and 2 million people every year especially in Africa. There are few
effective antimalarial drugs and most of Africa still relies on chloroquine because of its low cost,
wide spread availability, and good oral tolerance. Chloroquine however, can no longer be relied
upon for the treatment of Plasmodium falciparum malaria because of the development of
resistance (Wernsdorfer, 1983). Amodiaquine, a chloroquine derivative and a 4-aminoquinoline,
was synthesized in the late 1940s and is used in the prophylaxis and treatment of malaria,
especially against chloroquine-resistant isolates of Plasmodium falciparum (Bepler et al, 1959).
However, amodiaquine use has been associated with hepatotoxicity (Larrey et al, 1986; Neftel et
al, 1986), agranulocytosis (Rhodes et al, 1986) and aplastic anemia (Hatton et al, 1986;
Rwagacondo et al, 2003). Adverse drug reactions are more common with prophylaxis compared
with treatment; so much so, that the drug has now been withdrawn from prophylactic use
(Olliaro et al, 1996). The risk of each of these adverse effects is estimated to be 1:15,500 for
hepatotoxicity, 1:2100 for agranulocytosis and 1:30,000 for aplastic anemia (Hatton et al, 1986;
Rwagacondo et al, 2003). A liver biopsy of patients with amodiaquine-induced hepatitis showed
mild hepatocyte necrosis, inflammatory infiltration, cholestasis and portal fibrosis (Larrey et al,
1986).

Amodiaquine is rapidly absorbed and extensively metabolized upon oral administration. The
main metabolite of amodiaquine is N-desethylamodiaquine with other minor metabolites being
2-hydroxydesethylamodiaquine and N-bisdesethylamodiquine (Churchill et al, 1985; Mount et
al, 1986). CYP2C8 was the main hepatic isoform that was involved in the clearance of
amodiaquine and its hepatic metabolism to N-desethylamodiaquine (Li et al, 2002).

Amodiaquine is readily oxidized to a quinoneimine that reacts rapidly and directly with proteins,
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forming thio-ether conjugates (Maggs et al, 1987). This facile oxidation is a consequence of the
presence of a p-hydroxyaniline moiety adjacent to an aromatic nucleus in the amodiaquine
molecule (Maggs et al, 1987).

Studies showed a high incidence of anti-amodiaquine antibodies in patients suffering adverse
reactions from amodiaquine (Maggs et al, 1988). Specific IgG anti-amodiaquine antibodies were
detected in the serum from five patients who exhibited serious adverse reaction after
amodiaquine administration at a weekly dose of 400 mg, for several weeks, but not in volunteers
who had not received the drug (Christie et al, 1989).

In order to find a more robust in vitro screening method for assessing the potential
hepatotoxicity risk of amodiaquine, hepatocyte susceptibility to amodiaquine was investigated
where hepatocytes were exposed to a low non-toxic continuous infusion of H,O, in the absence
or presence of peroxidase such as could be released by activated immune cells. In this way,
hepatocyte vulnerability to amodiaquine in the presence of H,O, formed during NADPH oxidase
activation of immune cells could be simulated. Hepatocyte injury in the liver induced by a
variety of hepatotoxins in vivo, has been partly attributed to cytokines released from resident
macrophages or infiltrating neutrophils activated by inflammation. The NADPH oxidase of these
cells produced large amounts of ROS during an inflammatory response. Recent evidence from
experimental models suggests that an episode of inflammation during drug treatment predisposes
animals to tissue injury (Buchweitz et al, 2002; Luyendyk et al, 2006). The hepatotoxicities of
allyl alcohol and aflatoxin B1 in rats were augmented by liver inflammation following co-
exposure to LPS (Buchweitz et al, 2002; Roth et al, 1997). We have previously used this H,O,-
enhanced hepatocyte cytotoxicity model, with and without peroxidase, to study the

hepatotoxicity of tolcapone (Tafazoli et al, 2005a), troglitazone (Tafazoli et al, 2005b), isoniazid
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(Tafazoli et al, 2008), hydralazine (Tafazoli and O'Brien, 2008) and some carbonyl agents
(O'Brien et al, 2007) which were shown to be much more cytotoxic. Other agents such as
2,2,5,7,8-pentamethyl-6-hydroxychromane (PMC, a vitamin E analogue), tribromoethanol
(Avertin®), an anesthetic and acetylsalicylic acid (Aspirin®), though were not affected (O'Brien

et al, 2007; Tafazoli et al, 2005a; Tafazoli et al, 2005b).
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5.3 Material and methods

5.3.1 Chemicals

Amodiaquine dihydrochloride dihydrate, 1-aminobenzotriazole, 6-n-propyl-thiouracil (PTU),
peroxidase from horseradish (EC 1.11.1.7; HRP), 4-hydroxy-2,2,6,6-tetramethylpiperidene-1-
oxyl (TEMPOL), butylated hydroxyanisole (BHA), mannitol, 3-amino-1,2,4-triazole, 3,3'-
Methylenebis(4-hydroxycoumarin) (dicumarol), 1-bromoheptane, borneol, 2',4'-
dinitrofluorobenzene (DNFB), thiobarbituric acid, trichloroacetic acid (TCA), iodoacetic acid,
glucose, glucose oxidase, dinitrophenylhydrazine (DNPH), were purchased from Sigma—Aldrich

Corp. (Oakville, Ont., Canada).

5.3.2 Animal treatment and hepatocyte preparation

Male Sprague—Dawley rats weighing 275-300 g (Charles River Laboratories, Montréal,
Canada) were housed in ventilated plastic cages over PWI 8-16 hardwood bedding. There were
12 air changes per hour, 12-h light photoperiod (lights on at 0800 h) and an environmental
temperature of 21-23 °C with a 50-60% relative humidity. The animals were fed a normal
standard chow diet and water ad /ibitum. Care and treatment of the rats were in compliance with
the guidelines of the Canadian Council on Animal care, and the protocol was approved by the
University of Toronto Animal Care Committee. Hepatocytes were isolated from rats by
collagenase perfusion of the liver as described by Moldeus et al. (Moldeus et al, 1978). Isolated
hepatocytes (10 mL, 10° cells/mL) were suspended in Krebs—Henseleit buffer (pH 7.4)
containing 12.5 mM HEPES in continually rotating 50 mL round bottom flasks, under an

atmosphere of 95% O, and 5% CO; in a 37 °C water bath for 30 min.
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5.3.3 Cell viability

Hepatocyte viability was assessed microscopically by plasma membrane intactness as
determined by the trypan blue (0.1%, w/v) exclusion test (Moldeus et al, 1978). Hepatocyte
viability was determined every 30 min during the first hour and then at 2 and 3 h incubation.

Only cell preparations with viability of 85-95% were used.

5.3.4 Preparation of the enzyme-inhibited hepatocytes

P450-inhibited hepatocytes were prepared by adding the nonspecific suicide inhibitor of

CYP450s, 1-aminobenzotriazole (Balani et al, 2002) to hepatocytes 1 hr prior to the other agents.

GSH-depleted hepatocytes were obtained by preincubating hepatocytes with 1-bromoheptane
(200 uM), 30 min before the start of the experiment as previously described (Khan and O'Brien,
1991).

For NAD(P)H/quinone oxidoreductase (NQO)-inhibited hepatocytes, cells were preincubated

with 20 uM dicumarol for 15 min prior to the addition of other agents (Preusch et al, 1991).

Glucuronidation-inhibited hepatocytes were obtained by incubating cell with 500 uM borneol

for 15 min prior to the addition of other agents (Gregus et al, 1983; Kretz-Rommel and
Boelsterli, 1993).

Peroxidase activity was inhibited by 6-n-propyl-thiouracil (PTU) (Lee et al, 1990) by

incubating it with hepatocytes for 15 min along with HRP, prior to the start of the experiment.

Catalase activity was inhibited by preincubating hepatocytes with 500 uM 3-Amino-1,2,4-

triazole 30 min prior to the addition of other agents (Boutin et al, 1989).
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Stock solutions of all chemicals were made in water, dimethylsulfoxide (DMSO), or

methanol.

5.3.5 H,0; generating system

When H,O; was added as a bolus dose to hepatocytes, most of the HO, was metabolized by
catalase within seconds (Ou and Wolff, 1996). Therefore, a H,O, generating system (Antunes
and Cadenas, 2001) was employed by adding glucose 10 mM to the hepatocyte suspension
followed by glucose oxidase (0.5 U/mL). The rate of oxygen uptake and H,O, formation was
verified using an oxygen electrode to monitor the release of oxygen with catalase (Tafazoli and
O'Brien, 2004). This glucose/glucose oxidase system continuously supplied H,O, during the

experimental period, without affecting GSH levels or cell viability.

5.3.6 Cellular GSH and oxidized glutathione (GSSG) content

GSH and GSSG were measured by HPLC analysis of deproteinized samples (25% meta-
phosphoric acid) after derivatization with iodoacetic acid and DNFB as per the method outlined
by Reed ef al. (Reed et al, 1980). A Waters HPLC system (Model 150 pumps, WISP 710B auto
injector and model 410 UV-vis detector) equipped with waters pBondapak®™ NH, (10 pm)

3.9 x 300 mm column was used and detection was followed at 364 nm.

5.3.7 H,O, measurement

H,0, was measured in hepatocytes by taking samples at 15, 30 and 60 and 120 min and
adding the FOX 1 reagent (ferrous oxidation of xylenol orange). The FOX 1 reagent consisted of

25 mM sulfuric acid, 250 uM ferrous ammonium sulfate, 100 uM xylenol orange and 0.1 M
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sorbitol. At the given time intervals 50 puL of hepatocytes (1.0 x 10° cells/mL) were added to
950 uL FOX 1 reagent and incubated for 30 min at room temperature. The absorbance of the
samples were read at 560 nm and the concentration of H,O, was determined using the extinction

coefficient of 2.67 x 10° M .cm™ (Ou and Wolff, 1996).
5.3.8 Protein carbonylation assay

Total protein-bound carbonyl content was measured by derivatizing the carbonyl adducts with
dinitrophenylhydrazine (DNPH). Briefly an aliquot of the suspension of cells (0.5 mL, 0.5 x 10°
cells) was added to an equivalent volume (0.5 mL) of 0.1% DNPH (w/v) in 2.0N HCI and
allowed to incubate for an hour at room temperature with vortexing every 15 min. This reaction
was terminated and total cellular protein precipitated by the addition of an equivalent 1.0 mL
volume of 20% TCA (w/v). Cellular protein was rapidly pelleted by centrifugation at
10,000 rpm, and the supernatant was discarded. Excess unincorporated DNPH was extracted
three times using an excess volume (0.5 mL) of ethanol:ethyl acetate (1:1) solution. Following
the extraction, the recovered cellular protein was dried under a stream of nitrogen and solubilized
in 1 mL of Tris-buffered 8.0 M guanidine—HCI, pH 7.2. The resulting solubilized hydrazones
were measured at 366—370 nm. The concentration of 2,4-DNPH derivatized protein carbonyls

was determined using an extinction coefficient of 22000 M™'.cm™ (Hartley et al, 1997).
5.3.9 Mitochondrial membrane potential assay

The uptake and retention of the cationic fluorescent dye, rhodamine 123, has been used for
the estimation of mitochondrial membrane potential. This assay is based on the fact that

rhodamine 123 accumulates selectively in the mitochondria by facilitated diffusion. However,
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when the mitochondrial potential is decreased, the amount of rhodamine 123 that enters the
mitochondria is decreased as there is no facilitated diffusion. Thus the amount of rhodamine 123
in the supernatant is increased and the amount in the pellet is decreased. Samples (500 pL) were
taken from the cell suspension incubated at 37 °C, and centrifuged at 1000 rpm for 1 min. The
cell pellet was then resuspended in 2 mL of fresh incubation medium containing 1.5 pM
rhodamine 123 and incubated at 37 °C in a thermostatic bath for 10 min with gentle shaking.
Hepatocytes were separated by centrifugation and the amount of rhodamine 123 appearing in the
incubation medium was measured fluorimeterically using a Shimadzu RF5000U fluorescence
spectrophotometer set at 490 nm excitation and 520 nm emission wavelengths. The capacity of
mitochondria to take up the rhodamine 123 was calculated as the difference in fluorescence

intensity between control and treated cells (Andersson et al, 1987).

5.3.10 Statistical analysis

Statistical analysis was preformed by a one-way ANOVA (analysis of variance) test and

significance was assessed by employing Tukey's post hoc test.

109



5.4 Results

As shown in Figure 5.1, amodiaquine toxicity towards isolated rat hepatocytes was
concentration-dependent with 1 mM amodiaquine causing about 50% death in two hours (LCs)
as measured by the trypan blue exclusion assay To determine the molecular cytotoxic
mechanism, different compounds were added to the incubation medium to determine their ability

to modulate the toxic response. For this purpose the LCsy of amodiaquine (1 mM) was selected.
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Figure 5.1 Dose response of amodiaquine-induced cytotoxicity towards isolated rat
hepatocytes

Refer to Materials and Methods for a description of experiments performed.

Means + SE for three separate experiments are given.

" Significant as compared to control (P < 0.05).
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As shown in Figure 5.2, the non-selective P450 inhibitor (Balani et al, 2002) , 1-
aminobenzotriazole delayed amodiaquine toxicity suggesting a role for P450 in activating
amodiaquine to a toxic metabolite. On the other hand, dicumarol, a NAD(P)H/quinone
oxidoreductase (NQO) inhibitor (Preusch et al, 1991), borneol, a glucuronidation inhibitor
(Gregus et al, 1983; Kretz-Rommel and Boelsterli, 1993) and GSH depletion by bromoheptane
(Gregus et al, 1983; Kaderlik et al, 1994; Khan and O'Brien, 1991) all resulted in a significant
increase in amodiaquine-induced cytotoxicity. ROS scavengers, TEMPOL and mannitol, and

antioxidants BHA and quercetin, however, did not affect cytotoxicity (results not shown).
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Figure 5.2 Modulating amodiaquine-induced cytotoxicity by chelators, NQO, P450 or
glucuronidation inhibitors and GSH depletion

Refer to Materials and Methods for a description of experiments performed.

Dicumarol: a NAD(P)H/quinone oxidoreductase (NQO) inhibitor; 1-Aminobenzotriazole: P450
inhibitor; GSH-depleted hepatocytes were prepared by pre-incubation of hepatocytes for 30 min
with 200 uM bromoheptane before the addition of other agents.

Means + SE for three separate experiments are given.

" Significant as compared to control (P < 0.05).

" Significant as compared to amodiaquine-treated hepatocytes (P < 0.05).
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As summarized in Figure 5.3, amodiaquine cytotoxicity was accompanied by a decrease in
the mitochondrial membrane potential which was partly prevented by the P450 inhibitor, 1-
aminobenzotriazole. NQO, GSH depletion and glucuronidation inhibition all increased
amodiaquine toxicity. ROS scavengers did not have an effect in preventing the decrease in the

mitochondrial membrane potential (results not shown).
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Figure 5.3 Modulating amodiaquine-induced mitochondrial membrane potential collapse
by NQO, P450 or glucuronidation inhibitors and GSH depletion

Refer to Materials and Methods for a description of experiments performed.

Dicumarol: a NAD(P)H/quinone oxidoreductase (NQO) inhibitor; GSH-depleted hepatocytes
were prepared by pre-incubation of hepatocytes for 30 min with 200 uM bromoheptane before
the addition of other agents; 1-Aminobenzotriazole: P450 inhibitor

Means + SE for three separate experiments are given.

" Significant as compared to control (P < 0.05).

" Significant as compared to amodiaquine-treated hepatocytes (P < 0.05).
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As shown in Figure 5.4, protein carbonylation was markedly increased by the glucuronidation
inhibitor, GSH depletion or NQO inhibition. Protein carbonylation by amodiaquine, however,

was not delayed by the ROS scavengers TEMPOL and mannitol (results not shown).
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Time (30 min)

Figure 5.4 Modulating amodiaquine-induced protein carbonylation by NQO, P450 or
glucuronidation inhibitors and GSH depletion

Refer to Materials and Methods for a description of experiments performed.

Dicumarol: a NAD(P)H/quinone oxidoreductase (NQO) inhibitor; GSH-depleted hepatocytes
were prepared by pre-incubation of hepatocytes for 30 min with 200 uM bromoheptane before
the addition of other agents; 1-Aminobenzotriazole: P450 inhibitor

Means + SE for three separate experiments are given.

" Significant as compared to control (P < 0.05).

" Significant as compared to amodiaquine-treated hepatocytes (P < 0.05).
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As shown in Table 5.1, the HO,-enhanced hepatocyte model in the absence of peroxidase did
not affect amodiaquine cytotoxicity. However, when peroxidase was added, only 15 uM
amodiaquine was required to cause about 50% cell death in two hours (LCsp) representing a 66-
fold increase in toxicity. Amodiaquine toxicity in the presence of the HO, generating system
and peroxidase was also dependent on the amodiaquine concentration. Hepatocyte viability in
the absence of amodiaquine was not affected by H,O, generating system in the presence or
absence of peroxidase. Amodiaquine cytotoxicity was delayed by PTU, a peroxidase inhibitor,
suggesting that peroxidase was required for the oxidative stress-induced amodiaquine toxicity.
The ROS scavengers TEMPOL and mannitol both delayed amodiaquine-induced cytotoxicity
with peroxidase and the H,O, generating system. Furthermore, catalase inactivation with 3-
amino-1,2,4-triazole resulted in a significant increase in hepatocyte susceptibility to
amodiaquine. The antioxidants BHA and quercetin or P450 inhibition by 1-aminobenzotriazole,
however, did not affect amodiaquine-induced toxicity in this hepatocyte cytotoxicity model
(results not shown). In the absence of amodiaquine, none of the modulators at the doses used,

affected hepatocyte viability.
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Table 5.1 Amodiaquine-induced cytotoxicity in the hepatocyte inflammation model

Addition Cytotoxicity
(%Trypan blue uptake)
Incubation time (min) 60 120 180
Control (only hepatocytes) 17 £2 21 +1 26£3
+ H,0, generating system 24 +£2 27+2 31+£1
+HRP 0.1 uM 23+3 29+ 1 33+2
HRP 0.1 uM* + H,0, generating system 25+2 312 35+1
+ Amodiaquine 1 mM 44 + 5° 56 + 3¢ 75£5¢
+ H,0O, generating system 46+ 4 51£3 79+ 6
+HRP 0.1 pM 100 100 100
+ Amodiaquine 100 pM 20+ 1 25+2 29+1
+ H,0, generating system 22+£2 25+3 3212
+HRP 0.1 uM 68 £7° 100° 100°
+ Amodiaquine 15 uM 202 231 251
+ H,0, generating system + HRP 0.1 pM 38 +2¢ 57+ 6 78 + 54
+PTU 10 uM 29+2 34 £2° 48 + 4°
+ TEMPOL 200 uM 27 +2° 37+2° 56 £ 4°
+ Mannitol 50 mM 25+1° 33+2° 47 + 3¢
+ Dicumarol 20 uM 37+£3 56+4 776
+ Borneol 500 uM 3612 54+5 81+4
+ 3-Amino-1,2,4-triazole 500 uM 66 £ 5° 83 +5° 100°
+1-Bromoheptane 200 uM 79+ 7¢ 92+7° 100°
HRP 0.1 uM* + H,0, generating system + Amodiaquine 15 uM 65+ 5¢ 81 + 6 1007

* Hepatocytes were preincubated with HRP for 30 min prior to the addition of other agents.

H,0, generating system: Glucose 10 mM and glucose oxidase 0.5 U/mL; HRP: Horseradish peroxidase;
PTU: 6-n-Propyl-thiouracil (peroxidase inhibitor); TEMPOL: 4-hydroxy-2,2,6,6-tetramethylpiperidene-1-
oxyl (ROS scavenger). Dicumarol: a NAD(P)H/quinone oxidoreductase (NQO) inhibitor; 1-
Bromoheptane: GSH depletor

Refer to Materials and Methods for a description of experiments performed.

Means + SE for three separate experiments are given.

“ Significant as compared to control (P < 0.05).

»Significant as compared to amodiaquine 1 mM (P < 0.05).

“Significant as compared to amodiaquine 100 uM .

“Significant as compared to amodiaquine 15 puM .

¢Significant as compared to amodiaquine 15 uM + H,O, generating system + HRP 0.1 uM (P < 0.05).
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As shown in Table 5.2, 15 uM amodiaquine in the presence of the H,O, generating system and
peroxidase, induced mitochondrial toxicity as shown by a marked decrease in mitochondrial
membrane potential within the first 30 min which was restored by the peroxidase inhibitor PTU
(Lee et al, 1990) and the ROS scavenger mannitol. GSH depletion and catalase inhibition by 3-
amino-1,2,4-triazole both further increased the collapse in mitochondrial potential. Furthermore,
amodiaquine-induced protein carbonylation was significantly increased in the presence of the
H,0,; generating system and peroxidase before cytotoxicity ensued. Peroxidase inhibition was
effective at inhibiting protein carbonyl formation by amodiaquine in the presence of peroxidase
and H,O; generating system. Protein carbonylation was significantly increased when GSH
depleted hepatocytes were used. The ROS scavenger mannitol or the catalase inactivator 3-
amino-benzo-1,2,4-triazole, however, did not delay amodiaquine-induced protein carbonylation
(Table 5.2).

Moreover, as shown in Table 5.2, amodiaquine toxicity with H,O, generating system and
peroxidase, resulted in a marked increase in the intracellular H,O, levels which was delayed by
PTU or mannitol and was increased in GSH depleted or catalase inhibited hepatocytes.
Furthermore, pre-incubation of hepatocytes with HRP for 30 min prior to addition of the H,O,

generating system and amodiaquine, further increased cytotoxicity.
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Table 5.2 Oxidative stress induced by peroxidase/H,0,-catalyzed amodiaquine oxidation in

a hepatocyte inflammation model

Addition % Mitochondrial Protein Cellular H,0,
membrane carbonylation measurement
potential (nmoles/10° (nmoles/10°
cells) cells)
Incubation time (min) 30 30 60
Control (only hepatocytes) 100 8.23 +0.31 7.6 £0.36
+ H,0, generating system + HRP 0.1 uM 97+3 8.69 £ 041 8.4+ 0.31
+ Amodiaquine 1 mM 89+4 11.74 £0.53° 7.7+£0.29
+ H,0, generating system + HRP 0.1 pM 63 +5° 38.1+ 1.6 283+0.1°
+ Amodiaquine 100 pM 96+ 2 8.18+0.41 7.5£0.30
+ H,0, generating system + HRP 0.1 uM 79 + 4° 332+ 1.3° 21.2+0.1°
+ Amodiaquine 15 uM 98 +2 8.07 £ 0.44 7.4+0.33
+ H,0, generating system + HRP 0.1 uM 84 + 3¢ 26.7 + 1.4 18.7 £ 0.96*
+PTU 10 uM 94 £2° 12.6 £ 0.63° 10.3+0.7°
+ Mannitol 50 mM 93 + 3¢ 272+0.9 13.6 £ 0.47°
+ Dicumarol 20 uM 863 27.1+0.37° 182+£0.5
+ Bromoheptane 200 uM 74 +2° 36.3.+0.31° 24.6 + 0.42°
+ 3-Amino-1,2,4-triazole 500 uM 91 £3°¢ 28.7+£0.26 87.4£5.1°
+ Borneol 500 uM 84 +3 26.3+£0.27 19.4 £0.82

H,0, generating system: Glucose 10 mM and glucose oxidase 0.5 U/mL; HRP: Horseradish peroxidase;
PTU: 6-n-Propyl-thiouracil (peroxidase inhibitor); TEMPOL: 4-hydroxy-2,2,6,6-tetramethylpiperidene-1-
oxyl (ROS scavenger). Dicumarol: a NAD(P)H/quinone oxidoreductase (NQO) inhibitor

Refer to Materials and Methods for a description of experiments performed.

Means =+ SE for three separate experiments are given.

“ Significant as compared to control (P < 0.05).

» Significant as compared to amodiaquine 1 mM + H,O, generating system (P < 0.05).

“Significant as compared to amodiaquine 100 uM + H,0, generating system (P < 0.05).

“Significant as compared to amodiaquine 15 pM (P < 0.05).

¢Significant as compared to amodiaquine 15 uM + H,O, generating system + HRP 0.1 uM (P < 0.05).
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As shown in Figure 5.5a, incubation of hepatocytes with amodiaquine and the H,O»
generating system/peroxidase caused a time-dependent decrease in hepatocyte GSH levels, with
about 65% GSH depletion occurring after 30 min of incubation that was further inhibited by the
peroxidase inhibitor PTU. Moreover, GSH depletion was accompanied by significant GSSG
formation (Figure 5.5b) indicating that GSH depletion was mainly due to its oxidation to GSSG.
The peroxidase inhibitor, PTU also diminished GSSG formation. In the absence of amodiaquine,

the peroxidase and H,O, generating system did not affect hepatocyte GSH levels.
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Figure 5.5a Hepatocyte GSH oxidation by amodiaquine catalyzed by H,0O, generating
system/peroxidase

H,0O, generating system consisted of glucose 10 mM and glucose oxidase 0.5 U/mL. The
concentration of other chemicals used was as follows: PTU 10 uM (peroxidase inhibitor)

Refer to Materials and Methods for a description of experiments performed.

Means * SE for three separate experiments are given.

" Significant as compared to H,O, generating system + HRP 0.1 uM (P < 0.05).

" Significant as compared to amodiaquine 15 pM + H,O, generating system + HRP 0.1 uM
(P <0.05).
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Figure 5.5b Hepatocyte GSSG formation by peroxidase catalyzed hydralazine oxidation
H,0, generating system consisted of glucose 10 mM and glucose oxidase 0.5 U/mL. The
concentration of other chemicals used was as follows: PTU 10 uM (peroxidase inhibitor)

Refer to Materials and Methods for a description of experiments performed.

Means * SE for three separate experiments are given.

" Significant as compared to H,O, generating system + HRP 0.1 uM (P < 0.05).

" Significant as compared to amodiaquine 15 pM + H,O, generating system + HRP 0.1 uM
(P <0.05).

123



5.5 Discussion

In this study, amodiaquine cytotoxicity towards isolated rat hepatocytes was found to be
concentration-dependent and a cytotoxic amodiaquine metabolite was generated by P450-
catalyzed amodiaquine oxidation. The amodiaquine oxidation product also formed GSH
conjugates as amodiaquine caused a decrease in GSH levels without GSSG formation (Figure 5.5
a,b) and GSH depleted hepatocytes were more susceptible to toxicity. This was attributed to the
formation of the electrophilic metabolite quinoneimine which was detoxified by the reaction with
GSH.

In rats, amodiaquine is excreted in the bile exclusively as the 5 -thioether conjugates which
suggest that amodiaquine undergoes extensive bioactivation in vivo to form amodiaquine
quinoneimine or semiquinoneimine with subsequent conjugate addition of glutathione resulting
in glutathione depletion (Harrison et al, 1992; Maggs et al, 1988). Covalent binding to tissue
proteins and glutathione conjugates of amodiaquine have been detected in rat bile as well
(Harrison et al, 1992). Enzyme inhibition studies using ketoconazole, a P450 inhibitor, resulted
in a significant decrease in the excretion of thioether metabolites in rat bile (Harrison et al,

1992).

Toxicity, however, was not oxidative stress-mediated as it was not prevented by the
antioxidants BHA and quercetin or the ROS scavenger mannitol, and was accompanied by little
GSH depletion, intracellular H,O; increase and low mitochondrial toxicity. This can be partly
due to amodiaquine acting as an antioxidant, as only 30 uM amodiaquine was required to cause a
50% inhibition in tert-butylhydroperoxide-induced lipid peroxidation in isolated rat hepatocytes

(results not shown).
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The two electron reduction pathway catalyzed by DT-diaphorase was considered to be non-
toxic as DT-diaphorase inactivated hepatocytes were much more susceptible to amodiaquine
cytotoxicity indicating that a quinoneimine was involved in amodiaquine-mediated cytotoxic
mechanism. If the DT-diaphorase was inhibited, the ability of the cells to reduce quinoneimine to
amodiaquine was prevented. NQO inhibition by dicumarol also increased amodiaquine-induced
protein carbonylation and further increased the collapse in mitochondrial membrane potential.
ROS scavengers however, were not protective against protein carbonylation and mitochondrial
toxicity, suggesting that the quinoneimine was responsible for protein oxidation and caused
mitochondrial toxicity.

Furthermore, hepatocyte glucuronidation has been shown to be readily inhibited by borneol
(Kretz-Rommel and Boelsterli, 1993). When hepatocytes were pretreated with borneol,
amodiaquine toxicity significantly increased, which suggests that glucuronidation is involved in
the detoxification pathway. Furthermore, the reactive metabolite likely conjugated GSH since
GSH depleted hepatocytes were more susceptible to amodiaquine toxicity. Amodiaquine
metabolism by glucuronidation has not yet been demonstrated.

In previous studies, peroxidase enzymes and H,O, were shown to catalyze a one-electron
oxidation of phenolics, aniline compounds, non-steroidal anti-inflammatory drugs (NSAIDs),
indole-acetic acid derivatives, troglitazone and other vitamin E analogues to form highly reactive
free radicals which co-oxidized ascorbate, NADH, GSH or unsaturated fatty acids. A continuous
H,0O, generating system and peroxidase was used which was not cytotoxic and did not cause
GSH depletion or oxidation at the concentrations used but became markedly cytotoxic towards
hepatocytes in the presence of a low non-toxic dose of NSAIDs, troglitazone and phenolics.

Furthermore, hepatocyte lipid peroxidation, ROS formation and GSH oxidation to GSSG ensued

125



(Galati et al, 2002b; Galati et al, 2002a; Tafazoli et al, 2005a; Tafazoli and O'Brien, 2004;
Tafazoli and O'Brien, 2005).

Amodiaquine also showed a concentration-dependent toxicity towards hepatocytes in the
presence of a H,O, generating system and peroxidase. Hepatocyte susceptibility to amodiaquine
was increased by a factor of 66 when peroxidase and a non-toxic H,O, generating system were
added to the isolated hepatocytes compared to control hepatocytes without H,O, and peroxidase.
The cytotoxicity further increased once hepatocytes were pre-incubated with HRP for 30 min,
prior to the addition of amodiaquine and the H,O, generating system. This pre-incubation likely
allowed HRP to be internalized by hepatocytes via endocytosis as previously shown
(Scharschmidt et al, 1986; Straus, 1981). The hepatocyte cytotoxic mechanism involved
oxidative stress as cytotoxicity was preceded by a significant collapse in mitochondrial
membrane potential, GSH oxidation, and protein carbonyl formation which were prevented by
the ROS scavenger, mannitol and the peroxidase inhibitor, PTU. BHA, completely prevents lipid
peroxidation but is poor at scavenging ROS (Robak and Gryglewski, 1988). However, BHA was
not cytoprotective and no malondialdehyde formation was observed (results not shown), which
suggests that lipid peroxidaton was not involved in amodiaquine-induced cytotoxicity and that
membrane phospholipids were not significant cytotoxic targets for the cytotoxic
semiquinoneimine radical.

Moreover, amodiaquine in the presence of peroxidase/H,O, generating system markedly
increased endogenous H,O, formation suggesting that peroxidase catalyzed amodiaquine
oxidation to semiquinoneimine radicals which reacted with oxygen to form H>O,. When
hepatocyte catalase was inactivated with 3-amino-1,2,4-triazole, cytotoxicity and intracellular

H,O, formation markedly increased which suggests that cytotoxicity was due to ROS formation.
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Primaquine, another antimalarial drug, has been shown to cause oxidative stress in erythrocytes
following its reduction and subsequent autooxidation to from H,O,, which led to hemolysis in
glucose-6-phosphate deficient individuals (Agarwal et al, 1988). The increased hepatocyte
susceptibility to amodiaquine by the H,O, generating system could also partly result from
catalase inactivation by amodiaquine as there was a significant increase in endogenous H,O,
levels. Following single and multiple dose amodiaquine treatment, activities of superoxide
dismutase and glutathione peroxidase were increased 30% and 133% respectively, while catalase
activity was decreased by 45% (Farombi, 2000).

Hepatocyte NQO inhibition with dicumarol did not affect amodiaquine toxicity in the
presence of H,O, and peroxidase indicating that the hepatocyte GSH oxidation was more likely
due to semiquinoneimine radical formation which caused GSH oxidation. Protein carbonylation,
also could be associated with protein oxidation by semiquinoneimine radicals and not ROS, as
the ROS scavenger, mannitol and catalase inhibitor 3-amino-1,2,4-triazole did not affect protein
carbonylation. Mannitol, however, restored mitochondrial membrane potential, suggesting that
the collapse in mitochondrial membrane potential was ROS-mediated.

In summary, our results showed that amodiaquine toxicity towards isolated rat hepatocytes
involved two distinct pathways: a non-oxidative stress pathway involving P450-catalyzed
amodiaquine oxidation to a quinoneimine metabolite which caused protein carbonylation,
mitochondrial membrane potential collapse and formed conjugates with GSH. The second
pathway, however, was oxidative stress-mediated and involved peroxidase-catalyzed oxidation
of amodiaquine to semiquinoneimine radicals which caused GSH oxidation, protein

carbonylation and mitochondrial toxicity.
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In conclusion, a non-toxic exposure to H,O,/peroxidase markedly increased hepatocyte
susceptibility to amodiaquine, much like the conditions of asymptomatic inflammation which
enhanced drug-induced cytotoxicity (Buchweitz et al, 2002; Roth et al, 1997). Therefore, the
peroxidase/H»O, hepatocyte system seems to be useful for screening drugs for any hepatotoxicity

potential that may be associated with inflammation.
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Chapter 6

General Conclusions and Summary
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6.1 Hypotheses revisited

6.1.1 Hypothesis 1: Drugs such as troglitazone, isoniazid, hydralazine and amodiaquine
developed for chronic use, cause oxidative stress when oxidized by H,O, or peroxidase/H,0; to
phenoxyl, hydrazyl or semiquinone radicals. In the absence of peroxidase/H,0,, these drugs are

much less cytotoxic and the cytotoxicity mechanisms do not involve oxidative stress.

As described in the Introduction section, a modest inflammatory response can enhance tissue
sensitivity to a variety of chemicals. Using immunohistochemistry, myeloperoxidase and its
oxidation products were located in Kupffer cells of the human liver (Brown et al, 2001). H,O, is
also formed by the activation of NADPH oxidase in the infiltrating cells during the inflammatory
response. Furtheremore, it has been shown that inactivating neutrophils, macrophages or Kupffer
cells prevents drug-induced hepatotoxicity (Buchweitz et al, 2002; Roth et al, 1997; Roth et al,
2003).

It is therefore reasonable to suggest that the large increase in liver susceptibility to drugs
could be attributed to the H,O, and/or peroxidases of the infiltrated cells or the resident Kupffer
cells that catalyze the oxidation of drugs (or their P450 metabolites) to form reactive pro-oxidant
radicals that are toxic to hepatocytes.

In this study, we used peroxidase activity as a useful inflammation marker for measuring the
hepatic inflammatory response. Previously we described evidence indicating that peroxidase
enzymes catalyzed the one-electron oxidation of phenolics, non-steroidal anti-inflammatory
drugs (NSAIDs), phenothiazines or anticancer indole-3-acetic acid (IAA) derivatives, in the
presence of H,O,, to form highly reactive free radicals which catalyzed the co-oxidation of

NADH, GSH and ascorbate. Reactive oxygen species formation was shown to occur during
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NADH or GSH co-oxidation but not ascorbate co-oxidation (Eghbal et al, 2004; Galati et al,
2002b; Tafazoli and O'Brien, 2004).

It was also found that addition of H,O; or peroxidase/H,O, to the hepatocytes to simulate an
inflammatory episode markedly increased drug-induced cytotoxicity. These drugs when used in
the clinic were associated with idiosyncratic liver toxicity and included troglitazone, isoniazid,
hydralazine and amodiaquine (Chapters 2-5). However, addition of H>O, or peroxidase/H,O,

did not increase the cytotoxicity of drugs or xenobiotics that did not cause liver toxicity, e.g.,
tribromoethanol (Avertin®), an anesthetic and acetylsalicylic acid (Aspirin®) (Tafazoli et al,
2005a) (the complete list of drugs that did not form cytotoxic pro-oxidant radicals in the
hepatocyte inflammation model has been summarized in Table Al.1 (Appendix I). These results
were obtained using an in vitro hepatocyte inflammation model, in which a continuous infusion
of H,O, was created by using glucose and glucose oxidase, in the presence or absence of HRP,
as a model peroxidase.

In Chapter 2, the cytotoxicity of troglitazone, an a-tocopherol derivative, was compared with
other a-tocopherol analogues. Even though a-tocopherol was found to be a good antioxidant, its
phenoxyl radical at higher concentrations had undesirable pro-oxidant activity (Witting et al,
1999). Troglitazone was much more effective at inducing hepatocyte lipid peroxidation, GSH
oxidation, and cytotoxicity when oxidized by peroxidase/H,O, suggesting that the phenoxyl
radical of troglitazone was much more pro-oxidant and hepatotoxic than a-tocopherol. The
phenoxyl radical reactive metabolite mechanism would explain why other thiazolidinedione
drugs such as rosiglitazone and pioglitazone, which have no phenoxyl radical-forming chroman
ring, were not hepatotoxic. This research also showed that troglitazone cytotoxicity increased 2.5

fold by peroxidase/H,0O,. Livers from troglitazone affected patients also had inflammatory
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infiltrates containing neutrophils so it is likely that peroxidase/H,O; activity was increased in the
liver of these patients (Fukano et al, 2000). Type 2 diabetes is also likely an inflammatory
disease, as a recent prospective study showed that inflammation biomarkers could be used to
predict the development of type 2 diabetes in a cohort of >27,000 U.S. women (Pradhan et al,
2001). It is not known whether patients with more advanced inflammation, e.g., those with
vascular and circulatory injury, were more susceptible to troglitazone hepatotoxicity.

In Chapter 3, isoniazid-induced cytotoxicity in the hepatocyte inflammation model involved
its major metabolite hydrazine. Hydrazine was shown to be 16-fold more toxic in the presence of
a non-toxic H,O,-generating system but hepatocyte susceptibility was not further increased with
added peroxidase. Acetylhydrazine, which was previously suggested as the toxic metabolite of
isoniazid was much less cytotoxic than hydrazine in this model. The molecular cytotoxic
mechanism of hydrazine-induced toxicity involved hydrazine activation by P450/H,O, to a
reactive metabolite much likely a hydrazyl radical. Cytotoxicity was also shown to be oxidative
stress-mediated, as ROS and protein carbonyltion occurred before the hepatocyte toxicity
ensued. Isoniazid toxicity in the inflammation model was independent from peroxidase, as added
exogenous peroxidase did not affect cytotoxicity.

Chapter 4 introduced two cytotoxic mechanisms for hydralazine. Using the hepatocyte
inflammation model, we found that hydralazine caused cytotoxicity by a P450/H,0,-catalyzed
oxidative stress-mediated cytotoxic pathway (in the absence of peroxidase) or a
peroxidase/H,O,-catalyzed cytotoxic mechanism, once peroxidase was added to the system. The
peroxidase-mediated pathway most likely involved hydralazyl radicals and it involved extensive

oxidative stress.
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Chapter 5 further tested this hypothesis with amodiaquine. It was shown that a H,O,
generating system did not affect hepatocyte susceptibility to amodiaquine but susceptibility to
amodiaquine increased 66-fold upon addition of peroxidase. Amodiaquine toxicity in the
inflammation model also involved extensive oxidative stress and the formation of a
semiquinoneimine reactive metabolite which oxidized GSH, resulted in an increase in

mitochondrial membrane potential and formed protein carbonylation.

6.1.2 Hypothesis 2: Drugs or xenobiotic radicals can increase cell vulnerability to inflammation
by increasing H>O, formation or by decreasing cellular resistance to H>O,.

Under normal conditions, the combined activities of catalase and glutathione peroxidase
handle H,O, whilst maintaining normal GSH/GSSG ratio. The GSH/GSSG ratio, in turn, is
dependent on the activity of glutathione reductase and the supply of NADPH from the hexose
monophosphate shunt (Cochrane, 1991). Using the in vitro hepatocyte inflammation model, it
was shown that the non-cytotoxic H,O, generating system used did not affect the GSH/GSSG or
the mitochondrial potential. However, addition of some of the tested drugs was accompanied by
a significant increase in the endogenous H,O, levels which decreased the GSH/GSSG ratio and
the mitochondrial potential. The source of the endogenous H,0O, is not known and could result
from drug radicals or the inhibition of mitochondrial respiration. This oxidative stress can result
in multiple damaging effects on cell metabolism, function, and structure. H>O,-induced single-
strand breaks of DNA have been suggested to lead to activation of poly(ADP-ribose) polymerase
resulting in depletion of nicotinamide adenine dinucleotide (NAD) (Schraufstatter et al, 1986),
an essential cofactor in glycolysis. It has also been shown that H,O, toxicity is dependent on

cellular sources of iron (Starke and Farber, 1985), thus suggesting that damage is directly
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inflicted by hydroxyl radicals generated from H,O, through a Fenton reaction which is
dependent on the availability of transition metals such as iron or copper in reduced form. The
hydroxyl radical reacts site-specifically at diffusion controlled rates with most biomolecules and
thus the cellular disposition of H>O, and reactive iron is of great importance in oxidative stress-
induced cellular pathology (Starke and Farber, 1985). This can lead to lysosomal membrane
damage since secondary lysosomes are likely sites for the formation of hydroxyl radicals by
Fenton reactions due to the availability of loosely bound reduced and reactive iron.

Hydrazine-induced toxicity was accompanied by a significant increase in production of H,O,
which resulted in lysosomal membrane damage and led to a collapse in mitochondrial membrane
potential (Chapter 3). The significant increase in endogenous H>O, formation could result from
hydralazyl radicals and diimine oxidation products reacted with oxygen to form H,O, (Misra and
Fridovich, 1976; Yamamoto and Kawanishi, 1991) (Chapter 4) or in case of amodiaquine,
peroxidase-catalyzed amodiaquine oxidation to semiquinoneimine radicals which reacted with
oxygen to form H,O, (Moridani et al, 2003; O'Brien, 1991) (Chapter 5). Increased H,O,
formation occurred in all cases before cytotoxicity ensued.

Furthermore, it was shown that peroxidase/H,O, or P450/H,0,-catalyzed oxidation of
hydralazine, hydrazine (isoniazid metabolite) and amodiaquine all resulted in a significant
decrease in mitochondrial membrane potential as an indicator of mitochondrial toxicity due to
oxidative stress. However, non-toxic, low level H,O, generating system or peroxidase/H,O, by
itself did not affect mitochondrial membrane potential, suggesting that the collapse in
mitochondrial membrane potential was ROS-mediated. This could be due to a pro-oxidant drug
radical or high toxic levels of H,O,-mediated peroxidation of the phospholipid cardiolipin which

results in the mitochondrial permeabilization and release of cytochrome ¢ and other pro-
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apoptotic factors into the cytosol (Goldman et al, 1999; Kagan et al, 2005; Tyurina et al, 2006)
which can trigger caspase activation and apoptosis-mediated cell death (Orrenius, 2007).
The schematic in Figure 6.1 depicts a summary of our results that answer the two hypotheses

raised in Chapter 1.
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Figure 6.1 Schematic of drug-induced oxidative stress in the hepatocyte inflammation
model. This illustration shows that the idiosyncratic drugs researched in the chapters of this
thesis (Troglitazone, Isoniazid, Hydralazine and Amodiaquine) can be activated by the immune
cell products such as H,O, and peroxidase to pro-oxidant radicals which can cause oxidative
stress in hepatocytes (Hypothesis 1, H1). The mechanism of the drug-induced oxidative stress
involved mitochondrial toxicity, lipid peroxidation, ROS formation or lysosomal damage. The
lysosomal damage led to the decreased cellular resistance to H,O»-induced cytotoxicity via
Fenton reaction and ROS formation (Hypothesis 2, H2).
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6.2. Future directions

6.2.1 An in vivo animal inflammation model

Using an in vitro or an in vivo animal model may clarify mechanisms to minimize injury or to
determine if alternative drug candidates that do not have similar potential for toxicity would be
better utilized. The ultimate goal will be to design an animal model that could predict
idiosyncratic reactions to detect potential problems early in drug development and could be used
to help design appropriate human clinical trials. Clearly, further exploration and validation are
needed to determine how universally applicable the hypothesis is and whether predictive animal
models are plausible. Such studies should include the use of a wide variety of drugs from
numerous pharmacologic classes that have various propensities to cause idiosyncratic reactions
in people.

A preliminary in vivo animal study was carried out in which tert-butyl hydroperoxide (z-
BHP) was used to assess the effect of inflammation on increased hydrazine-induced
hepatotoxicity. t~-BHP, is a short chain analog of lipid hydroperoxide which is not removed by
catalase and has therefore often been used as a model to investigate the mechanism of cell injury
initiated by acute oxidative stress (Hwang et al, 1996, Joyeux et al, 1990). It has been shown by
other laboratories that treatment of rats with ~-BHP caused liver necrosis with inflammatory cell
(neutrophils) infiltration, serum liver enzyme elevation, and liver GSH oxidation (Hwang et al,
1996; Joyeux et al, 1990). Based on these findings, --BHP seemed to be a good candidate for an
oxidative stress model which is also associated with inflammation. On the other hand, the
chemical hydrazine has been chosen as it is a known hepatotoxin and also a major and minor

metabolite of isoniazid and hydralazine, respectively (Timbrell et al, 1982; Timbrell and
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Harland, 1979). Furthermore, the cytotoxic mechanism of hydrazine has already been studied in
the hepatocyte inflammation model, as described in Chapter 3. The procedure and results of this
preliminary experiment has been summarized in Appendix II.

In summary, the results from these preliminary experiments clearly showed that an otherwise
non-toxic dose of hydrazine when administered simultaneously or after a non-toxic dose of -
BHP caused a significant elevation in serum alanine aminotranferease (ALT) and aspartate
aminotransferase (AST) levels, as an indicator of hepatotoxicity. Furthermore, pretreatment of
rats with non-toxic doses of ~-BHP, prior to the non-toxic administration of hydrazine caused a
significant decrease in the liver tissue GSH levels when compared to hydrazine or +~-BHP alone.
Further research could determine the mechanism by which toxicity may be occurring by
measuring the following indicators of oxidative stress or cell susceptibility to oxidative stress:
protein nitrotyrosine residues in liver homogenate, protein carbonyls or Fo-isoprostanes as an
oxidative damage marker.

These preliminary results are a small step towards a bigger study required to show that the
administration of non-injurious concentrations of an inflammagen (e.g., LPS) or cytokines can
markedly increase hepatocyte susceptibility to some drugs or xenobiotics thereby confirming a

role for inflammation in oxidative stress-induced hepatotoxicity.

6.2.2 Limitations and knowledge gaps

Using an in vitro or an in vivo animal model may clarify mechanisms to minimize drug side
effects or toxicity to determine if alternative drug candidates are likely to be safer. The ultimate
goal will be to design an animal model that could predict idiosyncratic reactions to detect

potential problems early in drug development and could be used to help design appropriate
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human clinical trials. For example, a rat model of endotoxin-induced mild acute inflammation
will delineate the impact of inflammation or oxidative stress at increasing drug-induced
hepatotoxicity. To test this, the development of liver injury will be evaluated in rats co-treated
with doses of LPS/ inflammagen and the tested drug, which were non-injurious when given
alone.

Clearly, further exploration and validation are needed to determine how universally applicable
the hypothesis is and whether predictive animal models are plausible. It needs to be established
whether oxidative stress-enhanced drug toxicity also correlates with the hepatotoxicity of these
drugs that cause idiosyncratic hepatoxicity.

However, although systemic exposure to LPS within a few hours of a xenobiotic agent
appears to cause a potentiated response, LPS exposure one or two days earlier is more likely to
produce tolerance to the potentially toxic agent (Calcamuggi et al, 1992). For example, people
experiencing chronic inflammation might be less, rather than more, susceptible to drug
idiosyncrasy due to development of tolerance. Similarly, people with bacterial infections might
develop tolerance to LPS exposure before administration of an antibiotic, and this might
temporarily reduce the potential for idiosyncratic responses to antibiotic drugs.

The role of polymorphism or inborn errors of metabolism may also be important as risk
factors for idiosyncratic reactions. These include genes that encode for or control the expression
of inflammatory factors such as cytokines, reactive oxygen species, lipid mediators, proteases,
adhesion molecules or Toll-like receptors. Such genes are expected to control the magnitude of
the pro-inflammatory response to a particular amount of LPS or other inflammatory stimuli.
Other genes that would be expected to have important influences are those that determine target

cell sensitivity to inflammatory factors. As examples, genes controlling hepatocellular
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glutathione or other antioxidants, and signal transduction might fall into this category. If this
connection proves to be correct, then genetic differences would render some people more likely
than others to develop an idiosyncratic response from the same exposure to drug and
inflammagen. Looking to the future, genotypic analysis could be used to identify at-risk
individuals before drug therapy is initiated.

Furthermore, the focus of this study was on hepatic idiosyncratic reactions, since the liver is
the most frequent drug target. Numerous other organ targets exist (skin in case of skin rashes or
bone marrow associated agranulocytois), and consideration should be given to the possibility that
modest, concurrent inflammation may also underlie their involvement in idiosyncrasy.

By broadening our thinking regarding the basis for drug idiosyncrasy, doors may open to
increase our understanding of toxicity mechanisms and to find ways for predicting or avoiding

such untoward reactions to otherwise useful drugs.
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Appendix I: List of Drugs that did not Form Cytotoxic Radicals in the
Hepatocyte Inflammation Model
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The toxicity of the following drugs did not increase in the presence of a H,O, generating
system with or without peroxidase. This could be because 1) these drugs are not oxidized to
radicals by peroxidase/H,O, or P450/H,0,; 2) rapid Phase II drug metabolism; 3) radicals
readily dimerize or disproportionate; 4) radicals formed are strong antioxidants or 4) the radicals
formed are reduced by P450 reductases. More research is required to further determine the

mechanism(s) involved.

Table AI.1 List of the drugs that did not form cytotoxic pro-oxidant radicals in the
hepatocyte inflammation model

Name of the drugs tested Therapeutic use Dose range tested
Tribromoethanol (Avertin®) Anesthetic 0.1 -1 mM
Acetylsalicylic acid (Aspirin®) Analgesic 1-5mM
Ranitidine (Zantac®) Antacid 0.5-2mM
Naproxen (Naprosyn®, Aleve®) Antipyretic/Analgesic 0.3-3mM
Ciglitazone Antidiabetic 0.1-1mM
Pioglitazone (Actos®) Antidiabetic 0.1 -1 mM
Leflunomide (Arava®) Anti-arthritic 0.1 -1 mM

Hepatocytes (10° cells/mL) were preincubated at 37°C for 30 min in Krebs-Henseleit buffer (pH 7.4). Hepatocytes
were treated with different concentrations of drugs and were then exposed to non-toxic H,O, generating system (10
mM glucose and 0.5 U/mL glucose oxidase), in the presence and absence of 0.1 uM horseradish peroxidase (HRP)
to mimic an inflammatory response. Cell viability was determined by trypan blue uptake.
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Figure AI.1 Structure of the drugs that did not form cytotoxic pro-oxidant radicals in the

hepatocyte inflammation model
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Appendix II: A Preliminary In vivo Rat Study
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The following in vivo animal study was carried out using -BHP to assess the effect of

inflammation on increased hydrazine-induced hepatotoxicity:

All. 1 Animal treatment

Male Sprague-Dawley rats (200 + 10g) were fed standard chow and housed in clear plastic
cages. Care and treatment of the rats were in compliance with the guidelines of the Canadian
Council on Animal Care, and the protocol was approved by the University of Toronto Animal
Care Committee. The following environmental conditions applied throughout the course of the
study; 12 h light/day cycle (lights on at 05:00 h), and an ambient temperature of 21-23 °C with a
50—-60% relative humidity. The animals were allowed to acclimatize for 1 week and were fed a
diet of standard rat chow and given water ad libitum. After 1 week the animals were randomized
and divided equally into five groups of three animals each: Group A (control) received vehicle
(0.9% saline solution) only. Group B was given 0.05 mmol/kg ~-BHP (dissolved in 0.9% saline)
intraperitoneally (i.p.). Group C was injected i.p. with 10 mg/kg hydrazine hydrate (dissolved in
water). Group D was co-treated with ~-BHP and hydrazine and Group E was given +~-BHP 2
hours before hydrazine administration. Animal were then anesthetized 18 hrs later by CO,
inhalation as described (Liu et al, 2002a) and the blood samples were collected from abdominal
aorta and plasma was separated by centrifugation and was aliquoted for storage at -20 °C for

later analysis. A small portion of liver was removed for the GSH assay.
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All 2 Hepatotoxicity assessments

The hepatic enzymes, aspartate aminotransferase (AST) and alanine aminotransferase (ALT),
were used as the markers for early acute hepatic damage. The serum activities of AST and ALT
were determined spectrophotometrically using Infinity-ALT reagent from Thermo Electron

Corp. (Louisville, U.S.A) (Reitman and Frankel, 1957), as summarized in Figures AIl.1 and 2.

AIL3 GSH assay

Reduced GSH was determined as described by the method of Hissin and Hilf (Hissin and
Hilf, 1976). Briefly, the liver sample was homogenized in 1 mL of 0.2 M phosphate buffer (pH
8), and the mixture was centrifuged at 12,000 x g for 30 min. A supernatant (0.5 mL) was mixed
with 0.5 mL of 4% 5-sulfosalicylic acid, kept 5 min at 4 °C, and centrifuged again at 3000 x g
for 10 min. The supernatant obtained (0.5 mL) was mixed with 2 mL of 0.2 M phosphate buffer
and 10 mL of 10 mM Ellman’s reagent, 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB). The
absorbance was measured at 412 nm. The procedure is based on the reaction of the thiol with
DTNB to give the mixed disulfide and 2-nitro-5-thiobenzoic acid (TNB) which is quantified by
the absorbance of the dianion (TNB?) at 412 nm. The molar absorption coefficient of purified
TNB” at 412 nm (14,150 M em™) was used to calculate the concentration of GSH (Riddles et

al, 1979). The results are shown in Figure AIl.3.

All4 Statistical analysis

Statistical analysis was performed by one-way ANOVA.
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Figure AIL.1 Hydroperoxide oxidative stress increased hydrazine-induced hepatotoxicity in
vivo (using ALT as a biomarker)

Hepatotoxicity was followed by increased serum alanine aminotransferase (ALT) activity
assayed spectrophotometrically using Infinity-ALT reagent. The animals were randomized and
divided equally into five groups of three animals and the i.p. treatments were as follows: Group
A (control): vehicle (0.9% saline solution) only; Group B: 0.05 mmol/kg +~-BHP (dissolved in
0.9% saline); Group C: 10 mg/kg hydrazine hydrate (dissolved in water); Group D: Co-
treatment with ~-BHP and hydrazine; Group E: Pretreatment with 0.05 mmol/kg -BHP 2 hours
before 10 mg/kg hydrazine. *Significant as compared to animals treated with vehicle only

(P <0.05). Means + SE of 3 animals were used.
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Figrue AIL.2 Hydroperoxide oxidative stress increased hydrazine-induced hepatotoxicity in
vivo (using AST as a biomarker)

Hepatotoxicity was followed by increased serum aspartate aminotransferase (AST) activity
assayed spectrophotometrically using Infinity-AST reagent. The animals were randomized and
divided equally into five groups of three animals and the i.p. treatments were as follows: Group
A (control): vehicle (0.9% saline solution) only; Group B: 0.05 mmol/kg +-BHP (dissolved in
0.9% saline); Group C: 10 mg/kg hydrazine hydrate (dissolved in water); Group D: Co-
treatment with --BHP and hydrazine; Group E: Pretreatment with 0.05 mmol/kg ~-BHP 2 hours
before 10 mg/kg hydrazine. *Significant as compared to animals treated with vehicle only

(P <0.05). Means + SE of 3 animals were used.
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Figure AIL3 Effects of #-BHP and hydrazine co-treatment on hepatic levels of GSH (ug/mg
protein)

The concentration of GSH was calculated by using the extinction coefficient of 14,150 M cm™
following the addition of DTNB (Ellman’s reagent). The animals were randomized and divided
equally into five groups of three animals and the intraperitoneally treatments were as follows:
Group A (control): vehicle (0.9% saline solution) only; Group B: 0.05 mmol/kg +~-BHP
(dissolved in 0.9% saline); Group C: 10 mg/kg hydrazine hydrate (dissolved in water); Group
D: Co-treatment with ~-BHP and hydrazine; Group E: Pretreatment with 0.05 mmol/kg +-BHP 2
hours before 10 mg/kg hydrazine. *Significant as compared to animals treated with vehicle only
(P <0.05). Means + SE of 3 animals were used.
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Appendix I11: The Cytotoxic Pathways of the Idiocyncratic Drugs Researched
in the Thesis Chapters

170



O 0 o\ OH
S% CYP3A4 O O
S
HO NH —— > —X
@) NH
O
Troglitazone o
Troglitazone quinone
A Gs
HRP/H,0, C
GSH
CAscH'
AscH, ().2_—> H202
O @)
S—< 02
NH
O

Phenoxy radical

Figure AIIL.1 Proposed troglitazone-induced toxicity in the hepatocyte inflammation model
(Chapter 2)
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Figure AIIL.2 Proposed mechanism of isoniazid cytotoxicity in the inflammation model:
Role of hydrazine (Chapter 3)
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Figure AIIL3 Hydralazine-induced oxidative stress in the hepatocyte peroxidase
inflammation model (Chapter 4)
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Figure AIIL.4 Proposed mechanism of amodiaquine-induced cytotoxicity in the hepatocyte
inflammation model (Chapter 5)
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