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University of Washington
Abstract

An Investigation Of Cellular Responses To Tetrafluoroethylcysteine-induced
Mitochondrial Dysfunction

Han Kiat Ho
Chair of the Supervislory Committee:
Professor Sidney D. Nelson
Department of Medicinal Chemistry
Several disease states and chemical-induced toxicities are mediated through an early
mitochondrial dysfunction. A better understanding of the molecular and biochemical
events that transpire during such mitochondrial damage will help improve accuracy in
preclinical screening of drug toxicities, and also in identifying potential drug targets
for disease modulation. The studies described hereiﬁ employ S5-(1,1,2,2,-
tetrafluoroethyl)-L-cysteine (TFEC), a major metabolite of tetrafluoroethylene (TFE),
which covalently adducts a select subset of mitochondrial proteins, and causes
mitochondrial stress. Results of these studies revealed that eérly mitochondrial
changes, including the inhibition kof the TCA cycle and ATP production, trigger a
series of biochemical events that transcend organellar boundaries. The immediate
impact of TFEC on the mitochondria is discussed 'in Chapter 2. The subsequent
cascade of events are relayed through various signal transduction pathways that affect
nuclear transcriptional responses and the induction of a number of cytosolic heat
shock proteins (HSPs) as described in Chapter 3. An unexpected oxidative stress
response, related to the activation of the Nrf2 transcriptional pathway was discovered
and is described in Chapter 4. A further link between oxidative stress and a prior ER

stress response is discussed. Finally, Chapter 5 speculates about a possible role for a



critical TFEC adduct and explores new routes of toxicity based on other observations.
Overall, the results support an important role for mitochondrial dysfunction in the
initiation, progression and outcome of some chemical-induced toxicities. Multiple
signaling pathways cén emerge from a focal subcellular lesion, leading to a plethora of
targeted cellular responses in various organelles. Future investigations are suggested to
better characterize these responses for identifying potential toxicity biomarkers, and/or

potential drug targets.
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Chapter 1

An Investigation Of Cellular Responses To Tetrafluoroethylcysteine-
Induced Mitochondrial Dysfunction

1.1  Introduction: The critical roles of mitochondria in eukaryotes

The mitochondrion is a eukaryotic organelle critical for cellular viability in most
eukaryotic cells. It is a double-membraned organelle consisting of a phospholipid-rich
outer membrane and an inner membrane. The inner membrane is folded into cristae
(Figure 1.1), enclosing the mitochondrial matrix within. Each mitochondrion carries
genetic material (mtDNA) that is distinctively different from the nuclear DNA of its
host cell. More intriguingly, it contains its own machinery for protein synthesis and is
responsible for the expression of 13 unique mitochondrial proteins in humans. These
discoveries, among others, have led many to propose that mitochondria trace their
evolutionary origin to prokaryotes that became incorporated with pseudoeukaryotes,
with subsequent selection for a symbiotic relationship between the two organisms
(Scheffler 1999).

Today, the mitochondrion is known for its role in harnessing the energy necessary to
sustain most cellular activities. This energy, stored in the form of adenosine
triphosphate (ATP), is derived from a cascade of biochemical events centered in the
mitochondria through the transfer of high-energy phosphates. The electrochemical
potential across the inner mitochondrial membrane, the relay of electrons through a
stretch of protein complexes, as well as a redox potential generated by reduced
nicotinamide adenine dinucleotide (NADH) and reduced flavin adenine dinucleotide
(FADH,) formation through the tricarboxylic acid (TCA) cycle, and fatty acid f3-
oxidation within the mitochondrial matrix, cooperatively provide the precursors and

chemical environment for ATP synthesis.
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However, within the last decade, other physiological roles for mitochondria have also

gained much attention. Mitochondria has been shown to be an important organelle for
maintaining intracellular calcium homeostasis. This regulation is critical in many
signal transduction pathways where calcium is the second messenger (Duchen 2000,
2004). This, together with the discovery of a mitochondrial signaling pathway for the
ubiquitous programmed cell death mechanism, apoptosis, expanded the current
understanding of the major function of mitochondria as an energy source. Members of
the BCL-2 family including BAX, BAK and BID, provide important and early triggers
for mitochondrial membrane perturbations, resulting in the opening of a mitochondrial
permeability transition pore (MPTP) and the subsequent release of cytochrome ¢ for
caspases activation. These biochemical changes systematically drive the execution of
apoptotic as well as necrotic processes. The manifestation of this cell death pathway
involves both physiological and pathological stimLili, a common but relatively new

observation in many fields of cell biology.

Clearly, mitochondria influence both “er and death” events in most organisms:
oxidative phosphorylation providing the sustenance for cellular activities, and
apoptotic signaling regulating growth and termination. Undoubtedly, such highly
polarized activities have to be kept in a fine balance to ensure optimal survival for the
entire organism. Thus, dysfunction of this organelle can have detrimental outcomes.
Mitochondrial disturbances have been implicated in a number of disease states
including Parkinson’s disease, Alzheimer’s disease (AD), cardiomyopathies, diabetes,

as well as a number of organ specific drug-induced toxicities.

1.1.1 Mitochondria: Maintenance of cellular bioenergetics

The first recognized of the mitochondria is as the powerhouse of the cell, harnessing
energy in the form of ATP to 'dn've‘metabolic activities. The entirety of bioenergetics
is highly complex and involves a number of intertwining biochemical processes. The
mitochondrial matrix contains the all-important tricarboxylic acid cycle (TCA or

Krebs cycle). This process was first proposed by Krebs in 1937, and is now one of the
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most well-studied metabolic pathways in the cell (Scheffler 1999). It comprises eight

sequential catalytic steps. For ease of discussion, the cycle is conveniently described
as commencing, with the entry of acetyl-Coenzyme A (CoA), generated by the
reaction of the multi-enzyme complex, pyruvate dehydrogenase (Figure 1.2). Acetyl-
CoA is the key substrate, wherein the acetyl group condenses with oxaloacetate to
form citrate. Subsequent metabolic steps in the cycle involve dedicated enzymes
including aconitase, isocitrate dehydrogenése, o-ketoglutarate dehydrogenase
- (0KGDH), succinyl-CoA synthase, succinate dehydrogenase, fumarase and malate
dehydrogenase. Details of the catalytic reactions are further illustrated as shown in
Figure 1.2. These enzymes operate by relaying a 4-6 carbon substrate through each
enzyme complex, eventually converting one molecule of citrate to oxaloacetate
through each completed cycle. The important products generated from the cycle
include reduced pyridine nucleotides, namely NADH, FADH, as well as guanosine
triphosphate (GTP). NADH and FADH; are both reducing equivalents needed to drive
the electron transport chain on the mitochondrial inner membrane (to be discussed
later). Of equal importance is the fact that cycle intermediates generated in the process
are also esséntial precursors for a number of biochemical processes. For example,
succinyl-CoA is necessary for the biosynthesis of heme, and a-ketoglutarate is drained
off and transaminated to form glutamate, a non-essential amino acid (Scheffler 1999).
Intuitively, the plurality of the enzymatic steps involved in the cycle suggests that the
overall efficiency of the process can be regulated at several different stages. From a
toxicological point of view, it also implies that there are multiple ways in which this
physiological process can be disrupted. One obvious consequence of TCA cycle
interference is a depletion of the reducing equivalents (e.g. NADH), necessary for the

electron transport chain (ETC).

The ETC on the inner mitochondrial membrane culminates in reducing equivalents for
ATP synthesis, through oxidative phosphorylation of adenosine diphosphate (ADP). It
consists of four macromolecular protein complexes: NADH-coenzyme Q reductase

(Complex I), succinate-coenzyme Q reductase (Complex II), coenzyme Q-cytochrome
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¢ reductase (Complex III or bci-complex) and cytochrome ¢ oxidase (Complex IV)

(Figure 1.3). Electrons from NADH and FADHj are released and traverse along this
chain on the protein complexes, successively reducing and oxidizing each complex as
electrons move to their final acceptor, molecular oxygen. This electron relay converts
chemical energy to pump protons kinetically across the inner mitochondrial membrane
in order to build up a concentration gradient. Ultimately, protons will flow back into
the mitochondrial matrix through ATP synthase (also known as Compléx V) to
catalyze the formation of ATP from ADP and pyrophosphate (Pi). This electron

transport system is more commonly referred to as Mitchell’s chemiosmotic theory.

Another significant source of reducing equivalents in the mitochondria for ATP
synthesis is lipid catabolism. After hydrolysis of cholesterol esters and phospholipids
in the cytosol, fatty acids translocate into the mitochondria and covalently bind to
coenzyme A, forming acyl-CoAs. Here, the hydrocarbon chain in fatty acids
undergoes two-carbon reduction through a B-oxidation process involving 4 enzymatic
steps: elimination of hydrogen from the o and P carbons, hydration, oxidation and
cleavage (Figure 1.4). This results in the formation of acetyl CoA (which subsequently
enters the TCA cycle), as well as NADH and FADH,. The fatty acid, which is now
two carbons shorter, will undergo successive {3-oxidations to yield more acetyl-CoA
and reducing equivalents. Because of the multi-cyclic oxidation for each substrate,
each molecule of fatty acid yields a significantly higher energy (3233 KJ/mol) than
sugars (2937 KJ/mol) and is therefore, an important source of energy for cellular

processes (Garrett and Grisham 1995).

The generation of ATP is vital for mdst cellular processes. For example, proper
folding of new proteins requires the activity of molecular chaperones, like HSP70,
which possess an ATPase domain. A lack of sufficient ATP may result in a
pathological accumulation of unfolded translated proteins. In the ER, this phenomenon
is referred to as the unfolded protein response (UPR). For this reason, perturbation of

the mitochondrial TCA cycle and/or ETC can lead to a detrimental outcome in the
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host cell or tissue. The wide plethora of mechanisms by which these disturbances

occur, as well as their consequences, will be more comprehensively discussed in a

later section.

1.1.2 Mitochondria: A storehouse for messengers of death

In the past decade, there has been a surge of biochemical research focusing on the
critical roles of mitochondria in cell physiology, apart from ATP synthesis. Much of
this work originated from studies describing the participation of mitochondria in cell
death processes, encompassing both apoptosis and necrosis (Desagher and Martinou
2000; Green and Reed 1998; Halestrap et al. 2000; Orrenius 2004; Robertson and
Orrenius 2002; Van Loo et al. 2002). The word “apoptosis”, first coined in 1972, is an
energy-dependent form of cell death that is manifested as a series of ordered
biochemical changes that progress in a well-defined chronological fashion (Kerr et al.
1972). Taking a very simplistic overview of these pathways, apoptosis is a highly
regulated cell death mechanism with the purpose of rémoving aged, unwanted or
dysfunctional cells, without causing excessive disturbance to neighboring cells or
tissues. This process transcends different stages of an organism’s life cycle. For
example, in primate embryonic tissue, apoptosis is essential for the proper formation
of interdigital spaces. In healthy individuals, it supports the maintenance of immune
responses, whereby unselected B and T-cells are continually removed to help maintain
homeostasis (Gewies 2003). More applicable to this dissertation, apoptosis is a major -
mechanism for removal of damaged cells from tissue. Morphologically, apoptosis is
manifested by cell shrinkage, chromatin condensation, internucleosomal DNA
fragmentation, and the formation of buds on the plasma membrane, which eventually
break off into tiny apoptotic bodies. For this purpose, apoptosis is also referred to as a
programmed cell death (Kaufmann and Hengartner 2001). This is unlike necrosis, a
rapid cell death process with uncontrolled cellular swelling and subsequent lysis,
which often results in the release of cellular contents including proteases that leads to

more extensive damage and inflammatory reaction (Figure 1.5).
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It is well known that cell death can arise through the disruption of mitochondrial

oxidative phosphorylation (Duchen 2004; Leist et al. 1997; Lieberthal et al. 1998).
Interference of ATP synthesis in mitochondria can lead to global cellular energy
depletion and inhibition of ATP-dependent biochemical processes. Additionally,
decreased production of ATP to 10-25% of physiological concentrations can switch
the mechanism of cell death from apoptosis to necrosis (Lieberthal ez al. 1998). ATP
depletion is also a key “trigger” that activates cell death pathways (Leist et al. 1997).
Mitochondria can influence cell death in other ways by participating in the signaling
events involved in apoptosis and necrosis. Release of mitochondrial proteins caused
by specific signals can result in the execution of either/or both of these forms of cell
death (Green and Reed 1998). |

1.1.3 Mitochondria and apoptosis

A myriad of insults can trigger the activation of apoptosis in cells: DNA damage, UV
irradiation, growth factor withdrawal and chemotherapeutic drugs are some examples.
There are two major pathways for apoptosis that are currently established: a receptor-
mediated pathway and a mitochondrial pathway (Hengartner 2000; Kaufmann and
Hengartner 2001; Zimmermann et al. 2001) (Figure 1.6). The receptor-mediated -
pathway involves the binding of specific ligands to cell surface receptors generally
termed “death receptors” (DR). This family of receptors includes Fas and tumor
necrosis factor-o. receptor (TNFR), which are expressed in various tissue types. Their
respective ligands, FasL and TNFq, are inducible proteins that are part of a battery of
responses to immune-mediated reactions and inflammation. The association of such
ligands to their surface receptors stimulates the recruitment of receptor death domains
(DD), thus forming an activated death-inducing signaling complex (DISC)
(Zimmermann et al. 2001) that subsequently hydrolyzes and activates an apoptosis-

specific cysteine protease, caspase-8 (Figure 1.6).

Caspase-8 belongs to a family of intracellular cysteine proteases that target specific

peptides by cleaving off the C-terminal end of aspartate residues. Caspases can be
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classified into two major classes: the initiator caspases, including caspase-2, -8 and -9,

that hydrolyze other downstream procaspases into active forms. The downstream
caspases, also known as “executioners” (caspase-3, -6 and-7), are ultimately
responsible for the biochemical and morphological manifestations of apoptosis by
~ cleaving more than 100 different protein substrates, many of which have known
functions in propagating cell death (Fischer et al. 2003). In receptor-mediated
apoptosis, caspase-8 turns on the apoptotic machinery by cleaving pro-caspase-3. The
activation of caspase-3 is, in fact, one of the traditional hallmark indicators of

apoptosis.

The second major pathway for apoptotic cell death is the mitochondrial-dependent
pathway. This pathway has been well-studied in recent years, but the complexity of its
regulatory mechanisms seems to increase as new information surfaces. To date, many
aspects of the pathway are not well understood. It is commbn to trace the origin of the
mitochondrial pathway from the participation of the BCL2 family of proteins. The
BCL2 family of proteins can be classified as pro-apoptotic (é.g. BAX, BAK, BID,
BAD) or anti-apoptotic (e.g. BCL2, BCL-xL). Both classes possess at least one BCL2
homology domain (BH1-BH4) (Desagher and Martinou 2000; Gross et al. 1999). In
an unstimulated state, these proteins are predominantly localized to the cytosol or on
the outer surface of the mitochondrial membrane. Upon receipt of a death signal, pro-
apoptotic members like BAX undergo rapid translocation from the cytosol to the
mitochondria, presumably through conformational changes that result in an insertion
of the otherwise buried hydrophobic C-terminus 09 helix of the protein into the outer
‘mitochondrial membrane (Degli Esposti and Dive 2003; Hsu ez al. 1997, Putcha et al.
1999; Wolter et al. 1997; Zhang et al. 1998). This binding has been demonstrated in a
number of studies to be a critical trigger for the subsequent release of important
intramitochondrial proteins (e.g. cytochrome c) to the cytosol, as well as the opening
of the permeability transition pore (Degli Esposti and Dive 2003; Finucane et al. 1999;
Pastorino ef al. 1999; Robertson and Orrenius 2000).
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The release of cytochrome ¢ from the intermembranal spaces results in the formation

~of an activated multimeric complex in the cytosol, which also includes Apafl,
ATP/dATP and procaspase-9. This activated complex (a.k.a apoptosome) cleaves the
pro-domain of caspase-9, which in turn activates downstream caspése-3 to elicit their
proteolytic activities (Jiang and Wang 2004; Robertson and Orrenius 2000; Zou et al.
1999). Within the past few years, other intramitochondrial proteins released through
this process have been discovered. The flavoprotein, apoptosis inducing factor (AIF),
and endonuclease G, translocate to the nucleus and are responsible for some of the
nuclear changes, including chromatin condensation and DNA fragmentation (van
Gurp et al. 2003; Van Loo et al. 2002). Smac/DIABLO and Omi/HtrA2 are released
into the cytosol where they sequester inhibitors of apoptosis proteins (IAPs). IAPs
antagonize the proteolytic action of caspases under basal conditions. Thus, when
mitochondrial Smac/DIABLO and Omi/HtrA2 are released, they block the inhibitory
action of IAPs on caspases (Hengartner 2000; van Gurp et al. 2003; Van Loo et al.
2002). Thus, this serves as an intrinsic mechanism to amplify/propagate the apoptotic

machinery.

A pivotal part of the execution of the mitochondrial pathway of cell death is the
opening of the mitochondrial permeability transition pore (MPTP). It is a multimeric
protein complex that forms a channel wide enough to enable the release of molecules
< 1500 Da from the mitochondrial matrix to the cytosolic spaces (Desagher and
Martinou 2000; Kim et al. 2003). This channel spans across the inner and outer
mitochondrial membrane and is comprised of a voltage dependent anionic channel
(VDAC) on the outer membrane, the adenine nucleotide translocase (ANT) on the
inner membrane, and cyclophilin D in the matrix. There are also specific binding
pockets for interaction with BCL2 and hexokinase (Figure 1.7). After an external
trigger, such as BAX translocation, increased éytosolic redistribution of intracellular
calcium and other physiological changes, the channel opens, facilitating an influx of
ions and a depolarization of the inner membrane (loss of A¥y). This increases the

osmotic potential of the mitochondrial matrix, resulting in matrix swelling and the
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release of intramitochondrial proteins (Desagher and Martinou 2000). This

phenomenon is more commonly referred to as the mitochondrial permeability
transition (MPT). A prolonged MPT can block ATP synthesis and is therefore

implicated as an important event in necrotic cell death.

While BAX translocation, cytochrome c release and MPT are well-characterized and
are crucial for activating the mitochondrial pathway of cell death, their inter-
relationships are not clear. There are many hypotheses about how BAX translocation
results in the release of cytochrome c. Some groups have reported that BAX
undergoes oligomerization at the outer mitochondrial membrane to form channels in
the lipid membrane that promote the release of cytochrome ¢ (Antonsson et al. 2000;
Antonsson et al. 2001; Mikhailov et al. 2003; Scorrano and Korsmeyer 2003). Others
have invoked an initial binding of BAX to the MPTP resulting in its opening and the
consequences of mitochondrial swelling and permeabilization, such as the release of
cytochrome ¢ and other small molecules through non-specific pores on the outer
mitochondrial membrane (Desagher and Martinou 2000; Marzo et al. 1998). Another
proposed mechanism involves the truncated form of a BCL2 protein, BID (tBID), that
decreases the stability of the lipid membrane, thereby promoting the formation of lipid
pores (Desagher and Martinou 2000; Scorrano and Korsmeyer 2003). More recent
evidence suggests that cytochrome c interacts with membrane phospholipids and can
be released through oxidation of cardiolipin by reactive oxygen/nitrogen species
(ROS/RNS) or binding with tBID (Kagan ez al. 2004; Orrenius 2004).

Another dimension of complexity emerges from the cross-regulatory actions of the
pro- and anti-apoptotic members of BCL2. It is known that anti-apoptotic BCL-xL and
BCL2 can mitigate the effects of BAX on mitochondria through both direct and
indirect mechanisms. Overexpression of BCL2 and BCL-xL have been shown to
prevent BAX translocation (Murphy et al. 2000; Robertson et al. 1997) possibly by
heterodimerization of BAX with BCL2/BCLxL (Antonawich et al. 1998; Mikhailov et
al. 2001; Oltvai et al. 1993), or by modulation of protein phosphorylation of BCL2



10
and subsequent signaling events (Ganju and Eastman 2002). Finally, regulation of

apoptosis by BCL2 can occur downstream of cytochrome c release. For example,
BCL-xL has been shown to form a ternary inhibitory complex with Apaf-1 and

caspase-9 that prevents the activation of effector caspases (Pan et al. 1998).

While mitochondrial and the death receptor mediated pathways are in some ways
distinct, significant cross-talk occurs between the two pathways in the execution of
apoptosis. The activation of caspase-8 through the death receptor pathway has been
shown to stimulate mitochondrial changes through’the proteolytic cleavage of BID.
Truncated BID (tBID) subsequently translocates to the outer mitochondrial membrane
to mediate cytochrome c release in a manner similar to BAX. This process can also be
inhibited by BCL2 (Jiang and Wang 2004; Luo ef al. 1998; Zimmermann et al. 2001).
Additionally, it has been shown that t-BID can bind BAX to trigger the latter’s
oligomerization (Eskes et al. 2000). Hence, mitochondrial pathways may serve in
parallel to perpetuate and amplify apoptotic signals originating from the receptor-

mediated pathway (Jiang and Wang 2004).

Although this section has focused more on apoptosis, it should be noted that necrosis
can also result from similar mitochondrial perturbations and often have common
initiating events (Kim et al. 2003; Raffray and Cohen 1997). For example, cytochrome
¢ release from the mitochondria does not necessarily lead to apoptosis. HepG2 cells
treated with the pro-oxidant menadione underwent cytochrome c release and necrosis
(Samali er al. 1999). Moreover, early BAX translocation in acetaminophen-treated
mice, did not lead to the activation of downstream caspases (El-Hassan ez al. 2003).
Features of both apoptosis and necrosis have also been observed in other experimental
models where apoptosis is initiated but not executed, and necrosis ensues (Pierce et al.
2002; Raffray and Cohen 1997). Lemasters and coworkers has done extensive work in
characterizing MPT as a critical bifurcation point between necrosis and apoptosis. A
widespread or prolonged MPT will dramatically decrease membrane potential such

that ATP synthesis is suppressed. Under such circumstances, necrosis will prevail. On
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the other hand, a transient MPT will maintain ATP synthesis to drive apoptosis to

completion (Kim ez al. 2003). Thus, mitochondrial dysfunction is strongly implicated

in cell death caused by both apoptotic and necrotic mechanisms.

1.1.4 Mitochondrial dysfunction in diseases and chemical toxicities

As it has been clearly illustrated in the earlier sections that mitochondria play crucial
roles in both “life” (ATP synthesis) and “death” (apoptosis and necrosis) events, one
can presume that disruption of these activities would have seﬁous and detrimental
consequences to the well-being of the host cell/tissue. A representative list of several

of these mitochondrial dysfunctions is shown in Table 1.1 and are discussed below.

The TCA cycle is the primary reaction pathway for the generation of NADH/FADH,
~ in the mitochondria, and is easily disrupted because inhibition at any point in the cycle
can halt the overall procéss. For example, small doses of arsenite (NaAsO;) are
sufficient to trap sulfydryl groups of the lipoyl moieties in pyruvate and cKGDH
complexes (Chacin et al. 1979). Fluoroacetate (a.k.a. Cdmpound 1080), a compound
derived from certain South African plants was used as a rddenticide during World War
II and has been shown to be a specific inhibitor of aconitase. It is metabolized to
fluorocitrate and is irreversibly bound to aconitase as a pseudo-substrate. When
accumulated in humans through accidental exposure, it can cause cardiac arrhythmias
and fibrillation (Boelsterli 2003). In later chapters, we will also demonstrate how
TFEC is a selective inhibitor of aconitase and aKGDH, and how this inhibition is

important in the initiation of mitochondrial dysfunction.

Also in the mitochondrial matrix, metabolism of fatty acids can be disrupted by a
number of NSAIDs (non-steroidal anti-inflammatory drugs) and pentenoate
(Krahenbuhl 2001). For example, valproic acid is desaturated by P450, conjugated
with, CoA and forms an intermediate that can directly inhibit enzymes in the (-
oxidation pathway. Damage may ensue with further depletion of CoA (Boelsterli
2003; Fromenty and Pessayre 1995; Krahenbuhl 2001). The R enantiomers of
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ibuprofen and flurbiprofen are also known to form thioester linkages with CoA,

inhibiting B-oxidation and causing microvesicular steatosis (Browne et al. 1999).

The mitochondrial membranes are another important site for eliciting targeted
mitochondrial dysfunction. Two components are key: the ETC and the MPTP. The
cardiolipin-rich mitochondrial inner membrane attracts a number of hydrophobic
xenobiotics where binding and inhibition of the various complexes of the ETC
(Complex I-V) can occur. The pesticide rotenone is a classical inhibitor of Complex I.
It blocks the flow of electrons down the ETC and thereby increases the release of ROS
leading to apoptosis (Darrouzet et al. 1998; Li et al. 2003). The toxin cyanide binds to
ferric heme iron in Complex IV and blocks its redox cycling capacity. This directly
inhibits ATP synthesis in Complex V. Another drug, doxorubicin, used as a
chemotherapeutic agent, has high affinity for cardiolipin (Goormaghtigh ez al. 1983).
It accumulates at the inner mitochondrial membrane and undergoes rapid redox
cycling at Complex I (between the semiquinone radical and quinone) that reduces

molecular to superoxide anion (Boelsterli 2003).

These actions not only serve to reduce ATP production and arrest other ATP-
dependent metabolic activities, but more importantly, they provide an alternative route
where excessive buildup of electrons along the ETC is dissipated as ROS through a
direct interaction with localized molecular oxygen. Although most nucleated cells are
equipped with the necessary antioxidants (glutathione, thioredoxin, vitamins A, C and
E) and other detoxification enzymes (catalase, superoxide dismutases and glutathione
peroxidases), these protective mechanisms can be overwhelmed with heightened ROS
production (Halliwell and Gutteridge 1999). The detrimental consequences of ROS
arise because of the inherent reactivity of ROS towards various endogenous molecules
that can culminate in cellular dysfunction through lipid peroxidation, oxidation of
protein thiols with subsequent disruption of protein folding and function, and DNA
damage as shown in Figure 1.8 (Cotran et al. 1999). Mitochondrial DNA (mtDNA) is

susceptible to ROS-mediated damage, not only because of its proximity to the site of
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ROS production, but also because of the lack of protein histones that can protect DNA

from ROS damage. Hence, deletions in mtDNA and its depletion can aggravate the
reduction in ATP synthesis because several subunits of the mitochondrial complexes
are mitochondrially-encoded (e.g. cytochrome c¢ oxidase subunits). Finally, ROS is an
important trigger that facilitates opening of the MPTP and exacerbates downstream
processes of membrane depolarization, mitochondrial swelling and apoptosis/necrosis

as described earlier.

Apart from these major routes of mitochondrial dysfunction, other significant
pathways include inhibition of phosphorylation (e.g., by oligomycin), which directly
inhibits ATP synthase, and uncoupling in the ETC (e.g., by pentachlorophenol) which
shuttles protons back into the mitochondrial matrix, bypassing ATP synthase.
Ionophores like valinomycin and nigericin permeabilize the mitochondrial inner
membrane such that it becomes leaky to various ions necessary for maintenance of
mitochondrial energetics. Some transport inhibitors block the export of ATP or import
of precursors for ATP generation (e.g., N-ethylmaleimide, atractyloside and
bongkrekic acid). Some of these agents, like bongkrekic acid, can inhibit the MPTP
thus blocking apoptosis. It also has been reported that pathogenesis of salicylate-
induced Reye’s syndrome involves modulation of the MPTP (Trost and Lemasters
1997).

In addition to chemically-induced mitochondrial dysfunction, similar dysfunction
occurs in several disease states. Neurological disorders like Parkinsonism and
Alzheimer’s are intricately linked to early mitochondrial changes, resulting in a
protracted degeneration of normal cellular function. Parkinsonism is a result of
progressive loss of dopaminergic neurons in the substantia nigra of the brain. A
mitochondrial involvement in its pathophysiology was first observed when 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MTPT) was found to cause Parkinson-like
behavior in drug users (Gerlach et al. 1991; Scheffler 1999). MTPT was later found to
be metabolized by monoamine oxidases (MAQ) to 1-methyl-4-phenylpyridinium
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(MPP"), which readily inhibits Complex I in these neurons (Chiba et al. 1985; Gerlach

et al. 1991; Krueger et al. 1990; Nicklas et al. 1985). Similarly, the pesticide,
rotenone, blocks Complex I, and has beeh used on occasion as a chemical model for
Parkinsonism (Darrouzet et al. 1998; Jenner 2001; Tada-Oikawa er al. 2003).
Rotenone has been shown to increase the release of ROS and effect MPT and caspase-
driven apoptosis following Complex I inhibition (Isenberg and Klaunig 2000; Li e? al.
2003; Pei et al. 2003; Tada-Oikawa et al. 2003). Some evidence suggests that ATP
depletion might not be as critical as the release of ROS in the pathogenesis of
Parkinsonism (Jenner 2001; Sherer et al. 2002). BAX upregulation and BCL2
inhibition was observed in MPP*-administered mice, with subsequent activation of the

mitochondrial apoptosis pathway (Vila et al. 2001).

Mitochondrial dysfunction also has been implicated in the etiology of Alzheimer’s
disease which is pathologically linked to a premature death of cholinergic neurons in
the brain. Though the exact mechanism for AD onset is highly complex, one well-
characterized triggering factor is the formation of amyloid plaques through
accumulation of the amyloid B peptide (ABP) (Scheffler 1999). APP has been
proposed to inhibit the activity of mitochondrial ETC complexes and Krebs cycle
enzymes, and induce the MPT (Abramov et al. 2004). These plaques can also increase
formation of ROS, which increases the rate of mtDNA mutation (Abramov et al. 2004,
Aliev et al. 2003; Aliev et al. 2002). Others have reportéd elevated mtDNA mutation
and an associated deficiency in mitochondrially-encoded cytochrome c oxidase
activity in AD patients (Aliev et al. 2002; Castellani et al. 2002; Cottrell et al. 2002).
The significance of each of these mitochondrial disturbances to the clinical outcome of

AD is yet to be determined.

Contrary to inhibition of mitochondrial function, excessive stimulation of specific
mitochondrial activities can have adverse effects on the integrity of the mitochondria
and the whole cell, as well. Altered cell signaling within the mitochondria has been

- shown to prolong the lifespan of cells, propagating neoplastic behavior. For example,
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the anti-apoptotic protein BCL2 was first discovered to be overexpressed in follicular

B-cell lymphoma (Andersen et al. 2005; Gross et al. 1999; Oltvai et al. 1993). Its
cytoprotective activity represses programmed cell death, hence becoming pro-
oncogenic. In the past decade, anti-sense oligonucleotides of BCL2 and BCL-xL, as
well as small molecule antagonists, have been investigated as potential
chemotherapeutic agents to treat many types of cancer (including chronic lymphocytic
leukemia, multiple myeloma and non-small-cell lung carcinoma (Andersen et al.
2005). ’Studies are in progress to induce the expression of BAX, a BCL2 member
whose expression is silenced in some cancer types, through DNA manipulation (Roth
and Reed 2002).

1.2 Tetrafluoroethylcysteine (TFEC)

Tetrafluoroethylene (TFE, Figure 1.9) is an industrial gas used as a precursor for
synthesizing the polymer, TEFLON™. Due to the popularity of this product as an
“anti-stick” coating agent, TFE is ranked among the most widely used industrial
chemicals. While the polymerized form of the gas is extremely inert and hence,
perceived to be relatively safe, TFE itself is mildly hazardous. A study conducted by
the National Toxicology Program revealed that long-term exposure (2 years) resulted
in significant increased incidences of renal tubule and hepatocellular neoplasms in
both mice and rats (NTP 1997). Another potential concern about the safety issues of
handling and exposure to TFE came from studies which demonstrated TFE-induced
kidney tubular damage, and its likely link to the metabolism of TFE to its GSH
conjugates (Odum and Green 1984). A number of follow-up studies identified the
toxic species as a reactive intermediate derived from tetrafluoroethylcysteine (TFEC,
Figure 1.9), the penultimate metabolite of a TFE-GSH conjugate (Commandeur e? al.
1989). TFEC metabolism and the current understanding of the mechanism of its

toxicity will be highlighted in this section.
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1.2.1 Metabolism of TFEC

The major metabolite of TFE is tctraﬂuoroethylcystéine (TFEC), generated through
multi-step sequential metabolism of the GSH conjugate of TFE. Presumably, this
involves an initial glutathione S-transferase (GST) mediated reaction. GSTs are Phase
IT xenobiotics metabolizing enzymes found in almost all cells in cytosol, microsomes
and mitochondria. P450-mediated oxidation, though a common metabolic route for
other related haloalkenes (e.g., perchloroethylene), has not been shown to play a major
role in TFE metabolism. The first complete metabolism study in vitro that
demonstrated the processing of TFE to a single addition product, S-(1,1,2,2-
tetrafluoroethyl)glutathione was performed in 1984 (Odum and Green 1984). Using an
in vivo rat model, they also identified cysteinylglycine and cysteine conjugates in rat
bile, indicating that subsequent processing of the glutathione conjugate occurred
rapidly. This enzymatic processing likely is catalyzed by the enzymes Y-
glutamyltransferase (GGT) and aminopeptidase M (a.k.a cysteinylglycine dipeptidase
or DP), respectively (Figure 1.10). The relevance of this metabolic pathway to toxicity
was confirmed through studies showing that the cysteine conjugates are responsible

for most, if not all, of the toxicity seen with TFE (Anders and Dekant 1998).

1.2.2 Toxicity of TFEC

Glutathione conjugation has been known for years to be an important route for
detoxification of xenobiotics. Electrophilic intermediates formed by bioactivation are
often detoxified by high levels of intracellular GSH (about 2 mM). Additionally, GSH
itself participates in the maintenance of cellular redox potential by reducing ROS with
concomitant oxidation to the disulfide GSSG. Surprisingly, GSH or cysteine
conjugates generated from a number of haloalkenes, are found to be highly toxic.
Dichlorovinylcysteine (DCVC), the major cysteine conjugate of trichloroethylene, was
shown to be responsible for aplastic anemia caused by trichloroethylene (Anders and
‘Dekant 1998; Dekant 2001). A number of other cysteine conjugates, including

pentachlorobutadienylcysteine and chlorotrifluoroethylcysteine were found to cause
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severe nephrotoxicity after administration to mice and rats (Anders 2004). TFEC is

another classical example of this unusual bioactivation reaction.

A link between TFEC and the nephrotoxic effects of TFE in rats was suggested by
large increases in plasma urea and urine output after administration of either
compound (Odum and Green 1984)l. TFEC-mediated -nephrotoxicity and mild
hepatotoxicity were observed by others as well (Lock and Ishmael 1998). The first
cross-species comparison of TFEC toxicity between mice and rats was carried out, and
nephrotoxicity occurred in both species, whereas hepatotoxicity in mice was limited to
elevated cell proliferation (Keller ez al. 2000). Several other studies corroborated these
results by demonstrating subcellular and biochemical perturbations in cells after TFEC
treatment. Increase in free cytosolic calcium after exposure of rat. renal proximal
tubules to TFEC was observed in addition to lipid peroxidation that was determined to
be inconsequential to the outcome of TFEC toxicity (Groves et al. 1990, 1991). In
contrast, calcium-dependent calpain activation was found to play a significant role in
TFEC-mediated renal cell death (Waters et al. 1997).

The formation of the ultimate toxic metabolite of TFEC, as well as the other
haloalkene cysteihe conjugates is catalyzed by B-lyases (EC 4.4.1.13). These enzymes
catalyze the cleavage of the C-S bond in cysteine S-conjugates to an unstable thiolate
intermediate plus aminoacrylate, which quickly decomposes into pyruvate and
ammonia (Cooper et al. 2002b; Park er al. 1999). TFEC releases a thiolate
intermediate that undergoes favorable rearrangement into difluorothionoacetylfluoride
(DFTAF). This species readily binds to lysine residues of renal proteins through a
condensation reaction resulting in the formation of the thioacetamide adduct,
difluorothionoacetylysine (DFTAL) (Hayden et al. 1991b) (Figure 1.11).

The importance of DFTAL adducts to the toxicity of TFEC has been demonstrated
consistently over the years. The use of the -lyase selective inhibitor, aminooxyacetic

acid (AOAA) reversed the toxicity and/or associated functional loss in mitochondria
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(Hayden and Stevens 1990). AOAA also blocked covalent binding of the reactive

metabolite to renal proteins and blocked cell death after TFEC (Groves et al. 1993).
However, only partial recovery with similar treatment in rats and human renal tubular
cells was observed (Lock and Ishmael 1998; McGoldrick ez al. 2003). Taken together,
the findings support protein-adduct formation as a critical determinant in cell death
after TFEC treatment, although the extent of its involvement may vary from system to

system.

1.2.3 TFEC adducts specific mitochondrial proteins

Protein modification can impact cellular survival in a number of ways: The most direct
effect is the defunctionalization of the adducted protein. Subsequently, this change
may trigger signaling pathways, resulting in activation of the apoptotic cascade. The
modified protein also might be recognized by cellular defense mechanisms to mount
an inflammatory and/or immune response in attempts to remove damaged proteins or
cells from the tissue/organ. For these reasons, protein modification (as well as
oxidative stress) is often a primary consideration by molecular toxicologists when

studying the mechanism of toxicity of a new compound.

The foundation for the role of covalent binding in toxicity can be traced back to the
work of James and Elizabeth Miller who demonstrated that covalent modification of
DNA and proteins by metabolites of carcinogenic dyes resulted in carcinogenesis
(Miller and Miller 1981). Subsequently, metabolites of acetaminophen and
bromobenzene were found to covalently bind to hepatic proteins, and binding was
highest in necrotic areas of the liver (Brodie 1971, Jollow 1973). This binding
phenomenon was later incorporated into a “Critical Target Hypothesis” where
modification of selective proteins might have more significant detrimental impact to
the cells than others. A comparison that supports this hypothesis comes from
investigations of acetaminophen (APAP) and its regioisomer, 3-hydroxyacetanilide
(AMAP). Both compounds are bioactivated by cytochrome P450 into quinoneimines

and quinones, but only APAP is hepatotoxic. Two-dimensional gel electrophoresis of
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liver proteins from mice treated with either APAP or AMAP showed that AMAP

reactive metabolite adduct mainly cytosolic proteins, whereas APAP modified
proteins in the mitochondria as well as the cytosol (Qiu er al. 1998, 2001).
Consequently, significantly higher calcium dysregulation and protein thiol arylation
and oxidation occur after APAP treatment as compared with what occurs after AMAP
treatment (Tirmenstein and Nelson 1989, 1990). Hence, these mitochondrial targets
could be pivotal to the manifestation of toxicity, likely triggering mitochondrial

dysfunction as an early event as described in the previous sections.

Protein adducts to TFEC metabolite(s) were demonstrated to form in a B-lyase
dependent reaction in kidney mitochondria of rats administered with >*S-radiolabelled
TFEC (Hayden and Stevens 1990). Subsequently, an antibody generated against
halothane protein adducts (Satoh et al. 1985) which has high structural resemblance to
DFTAL adducts was found to cross-react with DFTAL-bound renal proteins and
binding could be localized to the mitochondrial fraction (Hayden e al. 1991a). The
same antibody was used to narrow the localization of the adducts to the inner and
outer membrane compartment of the mitochondria and six major adducts were
isolated. Through the use of automated Edman sequencing of the major bands in these
fractions resolved by SDS-PAGE, three adducts were identified as HSP60,
mitochondrial HSP70 (a.k.a. mortalin, thSP’70) and aspartate aminotransferase
(AST) (Bruschi ez al. 1993). Further efforts led to the identification of E2 and E3
subunits of oKGDH, and aconitase (Table 1.2) (Bruschi er al. 1998; James et al.
2002).

In order to establish that adduction of these proteins is critical to TFEC-mediated
toxicity, the functional consequences of the adduction must be determined. An in vivo
model was used to show that atKGDH activity was inhibited in kidneys of rats after a
nephrotoxic dose of TFEC, and this inhibition correlated with various indices of renal
failure such as blood urea nitrogen (BUN) and urinary glucose output (Bruschi et al.

1998). Presumably, this effect is due to the role of ’KGDH as the rate-limiting step in
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the TCA cycle (Huang er al. 2003a). Inhibition of oKGDH would deplete

mitochondria of NADH necessary for oxidative phosphorylation. Separately, the
inhibition of ’KGDH in PC12 cells after TFEC treatment was reported (Park et al.
1999). Additionally, the inhibition of aconitase by TFEC treatment was observed. The
extent of inhibition of aconitase was greater than that of aKGDH, not only in rat

kidneys, but also in a transgenic mouse hepatocyte cell line, TAMH, as shown in
Figure 1.13 (James ez al. 2002; Wu ez al. 1994),

The significance of DFTAL adducted HSP60 and mtHSP70 in TFEC-mediated
toxicity has also been studied extensively. Both of these proteins are important stress
proteins that respond to mitochondrial damage. They have the ability to associate with
the hydrophobic, exposed region of newly synthesized or misfolded polypeptides to
mediate the proper refolding process to generate functionally active proteins. HSP60
was shown to interact with DFTAL modified cKGDH after TFEC treatment using
reciprocal immunoprecipitation techniques (Bruschi er al. 1998). Subsequently,
mtHSP70 was found to co-purify with protein disulfide isomerase and a high
molecular weight cysteine-S conjugate [-lyase, most likely to be AST (the minor
DFTAL protein adduct) in TFEC-treated rat kidheys (Cooper et al. 2001). Taken
together, these findings support the working hypothesis that specific mitochondrial
stress proteins are recruited in an attempt to- “rescue” DFTAL modified proteins
(Table 1.2).

Up to this point, it has been found that DFTAL adducts are all located in the
mitochondria. This observation is unexpected given the fact that B-lyase activity is
ubiquitously expressed in different compartments (cytosol and mitochondria) of most
cell types. Nine mammalian cysteine S-conjugate [3-lyases are currently known,
including cytosolic kynureninase, glutamine transaminase and mitochondrial
branched-chain aminotransferase among others (Cooper ez al. 2002a). Mitochondrial
AST has been determined to be another enzyme with cysteine S-conjugate P-lyase

activity, and 15-20% of the B-lyase activity toward TFEC was found to be catalyzed
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by AST (Cooper et al. 2002b). Furthermore, processing of TFEC by AST lead to

thioacylation and inactivation of the enzyme (Cooper et al. 2002b; Park et al. 1999).
Overall, the cumulative evidence has led to a proposed scheme of events wherein
TFEC is taken into mitochondria and bioactivated specifically by AST. The reaction
inactivates AST and also releases electrophilic DFTAF which binds to other proximal
key TCA enzymes. It is possible that there is a direct substrate channeling effect from
AST to oKGDH and/or aconitase since mitochondrial AST is localized on the inner
mitochondrial membrane as part of the malate-aspartate shuttle that connects to the
TCA cycle. Subsequently, HSP60 and mtHSP70 are recruited in a futile attempt to
salvage damaged mitochondrial proteins (Figure 1.12) (James et al. 2002). The
possibility remains to be tested that DFTAF migration occurs from the initial

aconitase, ’KGDH and AST adducts to HSP60 and mtHSP70.

1.2.4 TFEC as a model for mitochondrial dysfunction

From the prior section, it appears that TFEC selectively adducts mitochondrial
proteins. This adduction is important to the subsequent toxicity since aminooxyacetic
acid restores cell viability after treatment with toxicologically relevant concentrations -
of TFEC (Groves et al. 1993). Because initial reactions of TFEC occur selectively in
the mitochondria and can be precisely defined, TFEC is a potentially important model
compound to investigate the mechanistic details of mitochondrial dysfunction caused
by chemicals. Therefore, we conducted a number of experiments with TFEC to

address mechanisms of cytotoxicity caused by this mitochondrial toxin.

Primarily, these studies were conducted in vitro with a well-characterized TAMH cell
line. This cell line was derived from a long-term culture of the hepatocytes of
transgenic mice overexpressing transforming growth factor-o. (Wu ez al. 1994). 1t is
highly appropriate for toxicological studies for a number of reasons. Firstly, it
maintains a number of P450 phenotypes including 2E1 and 3A4 (Bruschi et al.,
unpublished data) which drives the bioactivation reaction of a number of toxicants.

For example, it reproduces the in vivo toxicity of acetaminophen (Pierce ez al. 2002),
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unlike other commercially available hepatocyte cell lines. Secondly, TAMH cells can

be cultured under serum-free conditions, which helps evade complications of non-
specific protein binding in toxicokinetics studies. More importantly, the cell line can
undergo successive passaging with minimal change to its cell type specific
differentiation. This creates a consistent model to aid comparative studies with drug

effects performed at different times.

A time-dependent increase in fluoride concentration confirmed the bioactivation of
TFEC in TAMH cells (Chapter 2, Figure 2.1). A necrotic pattern of cell death was
observed by light microscopy after treatment of TAMH cells with concentrations of
TFEC that cause necrosis in kidney cells in rats treated with TFEC (Figure 1.13). It
was also demonstrated that the same pattern of protein adduction occurs in TAMH
cells as in rat kidneys, based on studies with anti-TFA polyclonal antibodies.
Immunoreactive bands that match the molecular weights of aconitase, the E2 and E3
subunits of cKGDH, AST, HSP60 and mtHSP70 were all detected in TFEC treated
lysates of TAMH cells (James et al. 2002). Moreover, these DFTAL adducts were
almost completely absent in cells that were pretreated with AOAA (Figure 1.14,
Bruschi ez al., unpublished data). Similar AOAA treatment also blocked cytotoxicity
(complete recovery observed after 125 uM TFEC treatment for 24 h) as determined by
MTT viability (Chapter 2, Figure 2.2). Overall, there is convincing evidence to
support that the B-lyase mediated protein binding and toxicity is a major pathway in

TAMH cells, treated with TFEC in parallel with what occurs in vivo in rats and mice.

In the subsequent chapters, we examine in greater depth, the biochemical
consequences of TFEC adduction within the mitochondria, as well as the propagation
of the injury to other organelles and cellular response to the injury. Chapter 2 focuses
on the early mitochondrial perturbations, with particular emphasis on the pathway and
possible signaling events leading to apoptosis and necrosis after TFEC treatment. The
use of DNA microarrays as a tool to examine global gene expression helped us

generate and test hypotheses regarding the involvement of an extramitochondrial heat
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shock response (Chapter 3) and an Nrf2-mediated antioxidant response (Chapter 4).

Finally, Chapter 5 proposes the existence of a TFEC adduct critical for initiating cell
death and explores other possible mechanisms for toxicity as a result of most recent

findings.
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Figure 1.1 Mitochondrial structure. Two mitochondrial membranes create four
distinct regions called the mitochondrial outer membrane, intermembranal spaces,
mitochondrial inner membrane and the mitochondrial matrix. Flgure taken from
Fawcett, A Textbook of Histology, 12" Edition, 1994.
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Figure 1.2 Krebs cycle. Acetyl CoA, derived from B-oxidation of fatty acids or
glycolysis through pyruvate dehydrogenase, enters the cycle at (1) citrate synthase.
Sequential metabolism of citrate to oxaloacetate involves multiple enzymes connected
in series: (2) aconitase, (3) isocitrate dehydrogenase, (4) o-ketoglutarate
dehydrogenase, (5) succinyl-CoA synthetase, (6) succinate dehydrogenase, (7)
fumarase, and (8) malate dehydrogenase. Figure taken from Sheffler, Mitochondria,
1999.
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Figure 1.3 The electron transport chain (ETC). The ETC reoxidizes reduced
NADH and FADH, while releasing free energy in the form of electrons and protons. It
is organized into 4 major protein complexes: Complex I (NADH-Coenzyme Q
reductase) transfers two electrons from NADH to Coenzyme Q (ubiquinol) via a flavin
mononucleotide (FMN) intermediate. Complex II (succinate-Coenzyme Q reductase
or succinate dehydrogenase) reduces FAD to FADH, and transfers the electrons
directly to ubiquinol (reduced Coenzyme Q). Complex III (Coenzyme Q-cytochrome ¢
reductase) passes electrons from ubiquinol to cytochrome c¢. Complex IV (cytochrome
¢ oxidase) accepts electrons from cytochrome ¢ and mediates a 4-electron reduction of
molecular oxygen to water. These processes are accompanied with the generation of
protons from Complex I, I and IV, which are pumped across the mitochondrial inner
membrane to establish an electrochemical gradient that drives ATP synthase
(Complex V): Figure taken from Garrett and Grisham, Biochemistry, 1995.
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carbon length. Figure taken from Garrett and Grisham, Biochemistry, 1995.
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Figure 1.5 Hallmarks of the apoptotic and necrotic cell death processes.
Apoptosis includes cellular shrinking, chromatin condensation and margination at the
nuclear periphery with the eventual formation of membrane-bound apoptotic bodies
that contain organelles, cytosol and nuclear fragments and are phagocytosed without
triggering inflammatory processes. The necrotic cell swells, becomes leaky and finally
is disrupted and releases its contents into the surrounding tissue resulting in
inflammation. Figure taken from Gewies, 2003.
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Figure 1.6. Pathways in apoptosis. Two major pathways exist in apoptosis: Death
receptor pathway (extrinsic pathway) as well as the mitochondrial pathway (intrinsic
pathway). Major events in the death receptor pathway involve ligand binding to the
cell surface receptor, which results in sequential binding of death domains and
procaspase-8. Caspase-8 in turn activates caspase-3 mediated proteolysis, and BID,
which relays a secondary apoptotic signal to the mitochondria. The mitochondrial
pathway involves the release of cytochrome ¢ and the formation of the apoptosome
complex in the cytosol which activates procaspase-9. This complex subsequently
converges with the death receptor pathway at the activation of caspase-3. Other
regulatory factors like AIF and Diablo/SMAC are also released from the mitochondria
to amplify the apoptotic responses. Figure taken from Kaufmann, 2001.
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Figure 1.7.  Mitochondrial permeability transition pore (MPTP). This channel
spans across the outer and inner mitochondrial membrane, forming a hydrophilic pore
in the center. It is formed with the association of the voltage-dependent anion channel
(VDAC) in the outer membrane, adenine nucleotide translocase (ANT) in the inner
membrane and cyclophilin D in the matrix. Other associated proteins include
hexokinase (HK), creatine kinase (CK) and benzodiazepine receptor (BPR). Opening
of the pore allows free movement of solutes <1500 Da to traverse across into the
cytosolic spaces, a phenomenon more commonly termed the mitochondrial
permeability transition (MPT). A prolonged opening of the pore can result in
mitochondrial swelling and a rupturing of outer membrane, resulting in the collapse of
A%, and a loss of cytochrome ¢ and other mitochondrial proteins. Opening of the pore
can be modulated by an influx of calcium, ROS and binding of pro-apoptotic BAX to
the outer membrane. Bongkrekic acid and cyclosporin A can block MPT by binding
and inhibiting the pore at ANT and cyclophilin D respectively. Figure taken from
Desagher and Martinou, 2000.
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Figure 1.8.  Consequences of ROS in the cell. Reactive oxygen species can be
generated as a by-product in many cellular metabolic processes including ETC,
peroxisomal activities, cytosolic enzymatic activities as well as microsomal P450 and
NADPH-dependent oxidases. One electron reduction of molecular oxygen yields
superoxide, which can be further reduced to hydrogen peroxide and hydroxyl radical,
before terminal reduction to water. When these ROS are not adequately removed or
quenched by glutathione peroxidases and other endogenous antioxidants, ROS can
result in lipid peroxidation and protein and DNA damage. Figure taken from Robbins
Pathologic Basis of Disease, 1989.
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Table 1.1 Principle mechanisms for mitochondrial dysfunction in diseases
and drug toxicities. Table adapted and modified from Krahenbuhl, 2001.

Principle Mechanism : ’ Examples
Inhibition of the electron transport Rotenone, Parkinson’s disease,
chain ‘ Alzheimer’s disease ‘
Uncoupling of oxidative Pentachlorophenol, amiodarone,
phosphorylation tacrine
Mitochondrial permeability transition | Salicylates, valproic acid
Inhibition of fatty acid metabolism Valproic acid
Inhibition of TCA cycle Arsenite, fluorocitrate
Modulation of mitochondrial DNA Nucleoside analogs, alcohol
Inhibition of apoptosis Follicular B-cell lymphoma
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Figure 1.10. Metabolism of TFE to TFEC. Glutathione (GSH) is added to TFEC by
glutathione S-transferase (GST) forming the TFE-glutathione adduct (TFE-GS). The
TFE-GS adduct is further metabolized by y-glutamyltranspeptidase (y-GTP) forming a
TFE-cysteinylglycine conjugate, which is processed by cysteinylglycine dipeptidase
(DP) to TFEC.
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Table 1.2 Identification of DFTAL adducts after TFEC treatment
_ Protein modified Function Localization Reference
. . Mitochondrial (Bruschi et al.
mtHSP70 (mortalin) Stress protein matrix 11993)
. Mitochondrial (Bruschi er al.
HSP60 Stress protein matrix 11993)
Dihydrolipoamide Mitochondrial | (Bruschi et al.
dehydrogenase (E30) TCA cycle matrix 1998)
subunit (-KGDH)
Dihydrolipoamide . . .
dehydrogenase (E3) TCA cycle ?nd;t:iihondnal (fggis)chl et al.
subunit (BCKDK)
Lipoamide . . .
succinyltransferase (E20) | TCA cycle X;t%c;‘(hondnal (llgg.és)chl et al
subunit (a-KGDH)
Aspartate Intermediary Mitochondrial | (Bruschi ez al.
aminotransferase (AST) metabolism membrane 1993)

. Mitochondrial (James et al.
Aconitase TCA cycle matrix 2002)
L-arginine:glycine Intermediary Mitochondrial Brusch_1 etal.,

Y . . unpublished
amidinotransferase metabolism matrix

observation
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Figure 1.12. Proposed mechanism of DFTAL adduct formation in the
mitochondria. Transport of the protoxicant TFEC (R) into the rrlitochondrio%by an
unidentified transporter (1) results in the formation of reactive intermediate (R™) and
is proposed to be undertaken primayily by native, homodimeric mitochondrial AST
(2). Mitochondrial AST-generated R*" is removed to other proximal targets, €.g., the o
KGDH complex (3) and bilobular monomeric aconitase (4), by inherent substrate
channeling between these components. Secondarily, DFTAL-induced conformational
alterations in target proteins signal the recruitment of mitochondrial stress proteins
HSP60 and HSP70 for downstream repair processes. The relative positions of the
mitochondrial outer membrane (OM), inner membrane (IM), and matrix are indicated.
Figure and text adapted and modified from James et. al., 2002.
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Figure 1.13. Early TFEC-induced alterations to mitochondrial function. (A)
Cellular morphology by light microscopy of TFEC-induced cytotoxicity in TAMH
cultures exposed to saline vehicle (control) or 100 or 200 uM TFEC for 12 h. Non-
adherent and dead cells were observed as smaller, light-colored, spheres out of the
plane of focus for all TFEC treatments whereas adjacent healthier cells remained in
the culture monolayer (300X magnification). (B) Quantitative evaluation of cell
viabilities in TAMH cultures exposed to TFEC (0-200 uM) for 12 h using Live/Dead
assay (Molecular Probes). Treatments with differing designations were statistically
distinct (a-e¢, 0.05 > p < 0.001). (C) Relative time course and extent of aconitase
inhibition in vitro with respect to another confirmed TFEC target, the cKGDH
complex. Aconitase activities in TAMH cultures ranged from control values of 7.98
umol of cis-aconitate consumed min™ (mg of protein)’ (£0.0003 umol min" mg?,
SD; n = 3 independent experiments) to 2.06 pmol of cis-aconitate min™ mg™ in
cultures treated with 250 uM TFEC for 30 h (n = 2). «KGDH activities ranged from a
maximum of 0.397 pmol of NADH produced min™ (mg of protein)’ to a minimum of
0.153 pmol of NADH produced min’* mg™ (values are the average of two independent
determinations). Figure and text adapted and modified from James ez al., 2002.
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Figure 1.14. Inhibition of DFTAL adduct formation by AOAA. Total lysates of
TFEC-treated (125 uM) TAMH cells were probed with anti-TFA polyclonal antibody.
A progressive increase in adduct formation is observed over 6-24 h. Aminooxyacetic
acid (AOAA) at 500 uM effectively prevented adduct formation. Figure taken from
Bruschi e al., unpublished data.
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Chapter 2

Mitochondrial Changes: From Early Apoptotic Signals To Secondary
Necrosis

2.1  Introduction

Previously, our lab characterized biochemical changes following TFEC exposure in
vitro using a TGFo-overexpressing mouse hepatocyte cell line (TAMH) and observed
dose- and time-dependent inhibition for both aconitase and aKGDH protein target
activities which closely resembled comparable mitochondrial deficits in these enzymes
in vivo (James et al. 2002; Wu et al. 1994). Protein binding could be decreased by co-
administration of the B-lyase inhibitor, AOAA (as discussed in Chapter 1). This
demonstrated that the TAMH cell line contains sufficient TFEC bioactivation
capability to reproduce important aspects of the nephrotoxicity of TFEC at
toxicologically relevant doses (James et al. 2002; Pierce et al. 2000; Pierce et al.
2002). The studies reported in this chapter confirm the bioactivation of TFEC in
TAMH cells with the release of fluoride (Figure 2.1), as well as demonstrating a
complete restoration of viability of the cells by the coadministration of AOAA (Figure
2.2). Additional experiments were carried out to investigate specific mitochondrial
changes that occurred in TAMH cells after the initial binding of a TFEC reactive
metabolite to mitochondrial proteins. Since the initiating lesions of TFEC originate
within the mitochondria, it is our hypothesis that early mitochondrial changes play an

important role in the progression of cellular injury.

BCL2 pro- and anti-apoptotic proteins are positioned near the apex of the hierarchy of
events in mitochondrial-mediated cell death mechanism(s). Although they are
predominantly cytosolic, members of this family, e.g. BAX, are rapidly translocated to
the mitochondrial outer membrane to activate other downstream processes in
promoting apoptosis. This involves the mitochondrial pathway for apoptosis, as

opposed to the receptor-mediated pathway represented e.g. by TNFo. BAX



41
subcellular translocation was assessed in TFEC-mediated cytotoxicity using stable

transfectants of the parental TAMH cell line either overexpressing the BAX
dimerization partner, BCL-xL (TAMH-BCL-xL) or, overexpressing an empty vector
control (Takehara ez al. 2001; Tzung et al. 1997). Since BCL-XL represents the ‘
predominant anti-apoptotic BCL-2 family member observed ‘in mouse hepatocytes,
these stable lines are most suited to examine BAX translocation following TFEC
treatment (Tzung ei al. 1997). Events following BAX translocation usually include the
release of cytochrome ¢ from the mitochondria, and the activation of caspases.
However, variations to this pathway have been reported, and the impact on subsequent
cell viability may also differ. Thus, the role of these downstream mitochondrial events
was investigated in the same system, as was the relationship between activation of
BAX and upstream mitogen-activated protein kinases (MAPK) stress signaling
pathways, and possible receptor-mediated apoptotic pathways. Parts of this chapter

were previously published in Biochemical Pharmacology (Ho et al. 2005a). |

2.2  Materials and Methods

2.2.1 Cell culture

Serum-free cell culture of the TAMH line between passages 21-35 was undertaken as
previously described (Pierce et al. 2002; Wu ef al. 1994). Details regarding the stable
TAMH-BCL-XL cell line have been previously reported (Tzung et al. 2001). All
chemicals were obtained from Sigma (St. Louis, MO) unless otherwise stated. Briefly,
cells were grown in serum free Dulbecco’s modified Eagle’s medium/Ham’s F12
(Im)itrogen, Carlsbad, CA) supplemented with 5 pg/mL insulin, 5 pg/mL transferrin, 5
ng/mL selenium (Collaborative Biomedical Products, Boston, MA), 100 nM
dexamethasone, 10 mM nicotinamide and 0.1% v/v gentamicin (Invitrogen).
Maintenance of the stable transfectant TAMH-BCL-xL line and the null vector
control, TAMH-Vc, were with additional supplementation of 400 ug/mL G418 sulfate
(Invitrogen). Cultures were maintained in a humidified incubator with 5% carbon

dioxide/95% air at 37°C and passaged at 70-90% confluence.
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2.2.2 Dosing and harvesting of cells

Cultures were treated at confluence by replacement of growth medium with fresh
medium containing 250 uM of freely soluble TFEC. TFEC was synthesized according
to procedures previously described (Adams 2003; Hayden and Stevens 1990). To
-provide sufficient material for immunoblot assays, TAMH-Vc or TAMH-BCL-xL
cultures were grown in larger 150 cm? tissue culture flasks (cf. 25 or 75 cm?). During
harvesting, medium was aspirated and cells washed twice with ice-cold PBS. Two
hundred uL of lysis buffer containing 20 mM Tris, 0.25 mM sucrose, 1 uM
dithiothreitol (DTT), and protease inhibitor cocktail (Roche, Switzerland) were added
to each dish. Cells were scraped off using a rubber policeman and kept at 0°C prior to
generation of whole-cell lysates by sonication with an ultrasonic probe tip (Series
4710, Cole-Palmer, Vernon Hills, IL). For immunoblots examining BAX translocation
and cytochrome c release, isolation of TAMH-Vc or TAMH-BCL-XL subcellular

fractions was carried out prior to sonication as detailed below.

2.2.3 Fluoride release assay

Cells were grown on T150 dishes to confluence and treated with TFEC (250 uM) for
0, 2, 4 or 6 h, after which cell culture medium was harvested. A 1 mL sample was
transferred to a microcentrifuge tube and dried using a Jouan RC 1022 SpeedVac
(Thermo Electron Corp., Waltham, MA). The dried medium was re-dissolved in 100
Wl of cell culture medium to generate a 10-fold concentrate for fluoride analysis.
Fluoride concentration was determined by voltametric analysis using fluoride
electrodes, according to method previously described (Castillo er al. 2001) in

~ collaboration with Dr. Evan Kharasch, University of Washington.

2.2.4 Subcellular fraction isolation
Mitochondria-enriched fractions were isolated with slight modifications to the
protocol described previously (Single et al. 1998). Briefly, the harvested cells were

pelleted using a bench top microcentrifuge. Supernatant was removed and the pellet
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was lysed in 100 UL (per million cells) of digitonin lysis buffer (75 mM NaCl, 1 mM

NaH,PO4, 8 mM Na,HPO4, 250 mM sucrose, 200 pug/mL digitonin, and protease
inhibitor cocktail) with gentle but thorough resuspension for 10 min. The lysate was
centrifuged at 13,000 g for 5 min at 4°C. The resultant supernatant was collected as
the cytosolic fraction. The pellet was then resuspended with a fresh volume of
digitonin lysis buffer, sonicated for 5 s, and centrifuged at 13,000 g for 5 min at 4°C.
The supernatant contained the mitochondria-enriched fraction. The purity of sub-
cellular fractions was confirmed by immunoblotting with antisera to mitochondrially-
located VDAC or cytosolic glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as

described below.

2.2.5 Immunoblotting

All fractions collected were assayed for protein concentration using a BCA protein
assay kit (Pierce, Rockford, IL). Sample proteins (30-50 pg) were resolved by
denaturing electrophoresis using 15% SDS-PAGE (Mini-PROTEAN II, Bio-Rad
Laboratoﬁes, Hercules, CA) and transferred to nitrocellulose membranes for 1 h at 15
V using Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad). Immunodetection was by
chemiluminescence (SuperSignal ULTRA, Pierce) using specific antibodies diluted in
PBS with 0.05% (v/v) Tween 20 and 5% (w/v) powdered milk. Anti-ATF3, ‘anti-
VDAC and anti-BCL-xL were from Santa Cruz Biotechnology; anti-Hsp70i (1:1,000)
from Stressgen (Victoria, BC); anti-BAX and anti-cytochrome ¢ from BD Bioscience
(San Jose, CA); anti-p38 from Cell Signaling Technology (Beverly, MA) and anti-
GAPDH (1:2,500) was made in-house (Dietze et al. 1997). Secondary anti-mouse and
anti-rabbit horseradish peroxidase conjugated secondary antibodies (Pierce) were used
at 1:20,000 dilution. All antibodies were used at 1:2,000 dilution unless otherwise

stated.
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2.2.6 Densitometric analysis
Nitrocellulose membranes and X-ray films were analyzed after immunoblotting using
Bio-Rad ChemiDoc and the Quantity One Version 4.3.0 program (Bio-Rad). The

bands were cropped and their optical densities were quantified.

2.2.7 Immunocytochemistry

Cells were grown on 2 and 4-well chambered slides (Labtek II, Nalgene, Rochester,
NY). Cultures were dosed as described above. After treatment, medium was aspirated
and cells were stained with 500 nM MitoTracker™ Red (Invitrogen) for 20 min,
washed twice with Hank’s buffered saline solution (BSS) and fixed with 3.7% (v/v)
paraformaldehyde (EMS, Hatfield, PA) in Hank’s BSS for 20 min at room
temperature. Ice-cold acetone was added and the mixture was allowed to stand for 5
min to permeabilize the plasma membrane. Non-specific binding was blocked by
soaking the chambers overnight in PBS with 10% fetal bovine serum (FBS) at 4°C.
Immunostaining was with anti-BAX (Invitrogen) and AlexaFluor 488-conjugated anti-
mouse IgG (Invitrogen) for 2 h incubation each (dilutions between 1:50 and 1:200).
Saponin (0.2%; w/v) was added with the immunostaining reagents to enhance
antibody accessibility. Slides were mounted with Fluoromount G (Southern
Biotechnologies, Birmingham, AL) and examined using a Nikon Diaphot 200
fluorescence microscope (Nikon, Melville, NY) with 40X magnification. The images
were captured with a Princeton Instruments MicroMax CCD (Molecular Devices,

Sunnyvale, CA).

2.2,8 Viability assay using MTT

Cells were seeded and grown to confluence on 96-well plates (approximately 10,000
cells in each well). After TFEC treatment, 50 uL. MTT dye (2.5 mg/mL in PBS) was
added per well with another 200 uL. HEPES-buffered growth medium and incubated at
37°C in the dark for 3-4 h. The dye solution was then aspirated and 25 pL of
Sorenson’s buffer (0.1 M glycine, 0.1 M NaCl equilibrated to pH 10.5 with 0.1 M
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NaOH) and 200 pL of dimethylsulfoxide (DMSO) were added immediately to each

well. The plates were read at 560 nm using a microtiter plate reader (Molecular

Devices) as previously described (Plumb et al. 1989).

2.2,9 Cytotoxicity assay using LDH release

Lactate dehydrogenase (LDH) release was determined quantitatively using microtiter
plate modifications of standard iodonitrotetrazolium chloride (INT)- coupled
colorimetric methods (Decker and Lohmann-Matthes 1988). Briefly, cells grown on
96-well plates were subjected to respective TFEC doses made up in 100 uL of growth
medium. At the end of treatment, 20 UL of freshly prepared lactate solution (36
mg/mL in Tris.Cl 10 mM, pH 8.5), 20 uL of INT solution (2 mg/mL in PBS) and 20
UL of NAD" solution (3 mg/mL with 13.5 U/mL of diaphorase in PBS containing
0.03% BSA and 1.2% sucrose) were added to each well. The mixture was incubated
for 10-30 min at ambient temperature with periodic shaking of the plate. Reactions
were quenched with a solution of aminooxoacetic acid (AOAA, 16.6 mg/mL in PBS).
The plates were read at 490 nm on a microtiter plate reader. The data were converted
into an arbitrary unit of absorbance/time (per min) before they were expressed as a

ratio of non-treated control.

2.2.10 Caspase activation assays

Caspase activation was determined by incubating 30-60 ug of homogenized cell
lysates at 37°C in 100 uL of caspase assay buffer (50 mM PIPES, pH 7.4, 100 mM
NaCl, 1 mM EDTA, 10% w/v sucrose, 0.1% w/v CHAPS, and 10 mM DTT) with 20
UM fluorogenic caspase substrates: Ac-DEVD-AMC, Ac-VDVAD-AMC, Ac-VEID-
AMC, Ac-IETD-AMC, LEHD-AMC (Axxora, San Diego, CA). Fluorescence was
monitored on a Packard Fluorocount (PerkinElmer, Boston, MA) microplate
fluorometer with an excitation wavelength of 360 nm and an emission of 460 nm. Data
are presented as pmol of AMC hydrolyzed/ug lysate protein/microtiter plate

incubation time. The levels of activation were compared against a positive control
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treated with 200 nM actinomycin-D and 5 ng/mL TNFa for 8 h (TNFo was added 1 h

after addition of actinomycin-D).

2.2.11 Calpain activation assays

Calpain activation was determined using the same methodology as described for
caspases with slight modification. Briefly, 30-60 ug of homogenized cell lysates were
incubated at 37°C in 100 pL of caspase assay buffer (see above) with 20 uM
fluorogenic calpain substrate, Suc-LLVY-AMC (Axxora). Fluorescence from the
hydrolyzed products was determined on the plate reader as described previously. Data
are presented as pmol of AMC hydrolyzed/pug lysate protein/microtiter plate
incubation time. The specificity of activation was determined by inhibiting the
hydrolysis using calpain inhibitors, 100 uM of the peptides ALLM or ALLN (Roche),
made from a 10 mM stock in DMSO.

2.2.12 Phosphoprotein analysis

TAMH cells were treated with TFEC (200 uM) for 1, 2 or 4 h, and processed for
phosphoprotein analysis according to the procedure provided by the manufacturer of
the assay kit (Biosource, Camarillo, CA). Briefly, treated cells were rinsed with ice-
cold PBS and harvested by scraping. They were lysed with the proprietary NP40 cell
lysis buffer (Biosource) supplemented with 1 mM PMSF and protease inhibitor
cocktail (Roche) for 30 min on ice. The lysates were then spun down at 13,000 g for
10 min at 4 °C. The clear supernatant was removed for phosphorylation analysis on the
Bioplex system (Luminex Corp., Austin ,TX) using AKT, JNK1/2, p38 3-plex

antibody beads (Biosource).

2.2.13 Death receptor pathway analysis

TAMH cells were grown on 6-well plates to confluence, and were treated with TFEC
(250 uM) for 4 and 8 h. Cell culture medium was harvested after respective treatments
and processed for death receptor analysis according to the procedure provided by the

manufacturer of the assay kit (Biosource). The samples were assayed for the release of
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TNFR-I, TNFR-II and DRS5 (Death receptor 3-plex, Biosource) on the Bioplex system

as described for phosphoprotein analysis above.

2.3  Results

2.3.1 Release of fluoride during B-lyase mediated metabolism of TFEC

‘To assess fB-lyase mediated metabolism of TFEC in TAMH cells, release of fluoride
was measured. TAMH cells were treated with 250 uM TFEC, and fluoride
concentration in the cell culture medium was determined from 0-6 h. A linear increase
in fluoride concentration over the duration of TFEC incubation was observed (Figure
2.1). A detectable level of fluoride concentration at 0 h was likely due to degradation

of the TFEC stock solution during prolonged storage (i.e. more than a week at 4 °C).

2.3.2 Cytoprotective effect of AOAA on TFEC toxicity

Subsequently, a specific P-lyase inhibitor, aminooxyacetic acid (AOAA), was
coadministered with cytotoxic doses of TFEC (125 to 250 uM). At 24 h after
treatment with TFEC (125 uM), coihcubation with 500 pM of AOAA were
completely protected from loss of viability as assessed using the MTT assay. Cell
viability was restored to 80% of controls in the presence of TFEC (250 uM) and
AOAA (500 uM) compared to 20% in the absence of AOAA (Figure 2.2).

2.3.3 Effect of TFEC on BAX cytosolic and mitochondrial localization '

Immunoblot analyses of TAMH cultures treated with TFEC (250 uM, 0-8 h) revealed
a shift in a 21 kDa immunoreactive BAX species from the cytosol to mitochondria at 4
h and 8 h post-treatment (Fig. 2.3A). Although some BAX localization to
mitochondria in the control samples was observed, there was nonetheless, a prominént
increase in BAX-specific band intensity and mitochondrial translocation with TFEC
treatment. In particular, TFEC-specific increases were much more pronounced in the
null vector line (TAMH-Vc) in comparison to the TAMH line stably overexpressing
BCL-xL (TAMH-BCL-xL; Fig. 2.3A cf. Fig. 2.3B). In addition, densitometric
analyses confirmed that TAMH-BCL-xL cultures overexpressed BCL-xL at
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approximately 8-fold higher levels in comparison to the null vector line (Fig. 2.3C and

2.3D). Consistent with previous reports, an approximately 60 kDa BAX-
immunoreactive species that matches previously reported BAX oligomerization
products was observed (Mikhailov et al. 2003; Mikhailov et al. 2001) (data not

presented). The exact composition of any BAX oligomers have yet to be determined.

2.3.4 Immunocytochemical determination of BAX translocation in TAMH-Ve¢
and TAMH-BCL-XL cultures

Independent confirmation of immunoblot assays for BAX intracellular movement in
vitro following TFEC treatments was by immunocytochemistry (Fig. 2.4).
Mitotracker ™™ Red was used as a mitochondrial specific marker, and BAX was
localized by immunostaining with polyclonal anti-BAX primary antibodies and
AlexaFluor‘488-conjugated secondary antibodies (refer to Experimental Procedures).
Punctate red staining of mitochondria was evident from 2 h to 6 h of TFEC treatment
of TAMH-Vc cultures, which transformed to an orange coloration (merging of
AlexaFluor 488 and Mitotracker™ Red staining). Merged staining was at its most
intense in cultures treated for 2 h (Fig. 2.4; left panels). FITC-immunostained
cytosolic BAX was simultaneously reduced in intensity. Vanishing green and
increased colocalization of Mitotracker™ Red and BAX staining (orange merged
image) clearly demonstrated that BAX translocated to mitochondria during the course
of TFEC treatment in TAMH-Vc cultures, thereby, validating the immunoblot data of
Fig. 2.4. Additionally, a small fraction of BAX in the mitochondria of 0 h samples was
detected (Fig. 2.4), suggesting that a minor proportion of the total BAX ’population is
constitutively located on the mitochondrial membrane, consistent with the immunoblot
data of Fig. 2.3. In addition, later stage TFEC-treated cultures appeared altered with
respect to morphology, and were comparatively low in confluence, indicating a loss of
cellular adhesion during the progression of TFEC-induced cellular injury (Fig. 2.4; 4 h
and 6 h panels of TAMH-Vc).
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In comparison, TAMH-BCL-xXL cultures displayed little overt morphological change

from 2 h to 6 h of TFEC treatment (Fig. 2.4; lower right panels). Qualitatively,
AlexaFluor 488 labeling (i.e. green fluorescence) and cytosolic BAX localization
remained intense throughout the course of TFEC exposure in TAMH-BCL-xL
overexpressing cultures consistent with a failure to activate cytosolic BAX and its

subsequent translocation to mitochondria.

2.3.5 Cytochrome c release following BAX translocation

Cytochrome c release was also examined by Western blot assay. Cytochrome ¢, which
was localized exclusively within mitochondria, was released into the cytosol 8 h after
TFEC treatment of TAMH-Vc cells (Fig. 2.5A). These data support a well-established
model in apoptosis of early BAX translocation to the mitochondria followed by
subsequent cytochrome c release into the cytosol. On the other hand, TAMH-BCL-xL
cells did not show significant change in the mitochondrial localization of cytochrome

c for up to 8 h after TFEC treatment (Fig. 2.5B).

2.3.6 Inhibition of cell death with BCL-xL overexpression

Stable transfectant TAMH-Vc and TAMH-BCL-XL cell lines were compared to the
parental TAMH line for TFEC-induced toxicity using cell viability and cytotoxicity
assays. An MTT assay was used to assess 24 h survival of cells following continuous
TFEC exposure (0-600 uM). BCL-XL overexpression maintained cell viability with
remarkable cytoprotection evident, even in the presence of high TFEC concentrations
(400-600 uM; Fig. 2.6). Cellular viability was still about 55% after 8 h exposure to
600 uM TFEC. On the other hand, TAMH-Vc and parental TAMH lines showed
progressive cell killing from TFEC concentrations ranging from 200 uM to 600 uM.
Nearly complete cytotoxicity was observed at 600 uM TFEC in the TAMH-Vc¢ and
TAMH parental cells where cell viability was less than 20% (Fig. 2.6). Since the MTT
viability assay relies on active mitochondrial respiration, these results may be
confounded by TFEC-mediated mitochondrial dysfunction. Thus, an alternative

measure of toxicity was employed.
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Complementary results were obtained for cytotoxicity measured as a function of
intracellular LDH released into the culture medium due to plasma membrane rupture
(Fig. 2.7). This assay was performed at 8 h TFEC treatment in order to avoid
confounding effects of protease digestion ’of released LDH, which contributes to a
short half-life in the culture medium (approximately 9 h in the medium'). Consistent
with the MTT data, both parental TAMH and TAMH-Vc¢ cultures showed proportional
increases in LDH release, which doubled between 200-400 uM TFEC concentrations.
In contrast, LDH release remained at basal levels in BCL-XxL overexpressing cells
exposed to TFEC concentrations up to 400 uM. However, at TFEC concentrations of
600 uM, LDH release was similar in all 3 cell lines. A likely explanation for this
discrepancy with results of the MTT assay is that inhibition of mitochondrial function
by TFEC accentuates the differences between BCL-xL overexpressed and the control
cell lines in the MTT assay. Nonetheless, BCL-xL effectively blocked cell death
induced by high concentrations of TFEC using two independent methods of

assessment.

2.3.7 BCL-xL mediated prevention of TFEC-induced proteotoxicity

The impact of BCL-xL overexpression on other determinants of cellular survival was
also examined. Induction of cytosolic HSP70i represents a robust marker for cellular
stress and protein damage (Kregel 2002). In addition, ATF3 (activating transcription
factor-3) has also been established as a transcriptional repressor that is highly induced
in cells treated with numerous chemicals and stressors (Hai et al. 1999; Pierce et al.
2002; Zhang et al. 2002). The levels of expression of HSP70i and ATF3 were
examined by immunoblot in both TAMH-BCL-xL and TAMH-Vc lines in a
pulse/chase type of experiment (Fig. 2.8). Cultures were exposed to vehicle or TFEC
(400 uM) for 4 h, and then were allowed to recover in the presence of fresh growth
medium for an additional 8 h (i.e. total time of 12 h) prior to preparation of cell lysates

and subsequent analysis. ATF3 was observed to be strongly induced after TFEC

! Information taken from Promega Technical Bulletin No. 306, Version 5/03
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treatment (Fig. 2.8, right lanes). Interestingly, the expression level of ATF3 was

similar for both TFEC-treated TAMH-BCL-xL. and TAMH-Vc¢ cell lines. HSP70i
levels were also strongly upregulated after TFEC exposure but only in TAMH-Vc
cultures (Fig. 2.8). In comparison, neither ATF3 nor HSP70i could be detected in
TAMH-BCL-xL and TAMH-Vc cultures in the absence of added TFEC (Fig. 2.8, left
lanes). Hence, BCL-xL overexpression suppressed TFEC-mediated increases in
HSP70i but not ATF3.

2.3.8 Caspase activity assays

Based on the observations of early mitochondrial changes, BAX translocation and
cytochrome c release, the contribution of various caspase activities in the mechanism
of TFEC-mediated TAMH cell killing was investigated. Caspases are known as
downstream effectors of “classical” apoptosis in response to the release of cytochrome
¢ and apoptosome formation in the cytosol. Five key caspases, including the
“initiators” (caspase-2, -8 and -9) and the “executioners” (caspase-3/7, -6) were
investigated using hydrolysis of directed tetrapeptide/pentapeptide fluorogenic
substrates (Fig. 2.9). For all of the caspase activities studied, only modest activation
(at most <10% of positive control levels) were observed with TFEC-treatment at any
of the time points examined (Fig. 2.9). Caspase 3/7 activities in the BCL-xL
overexpressing cell line were even below detection limits. Furthermore, activities
generally appeared diminished in TAMH-BCL-xL versus TAMH-Vc or TAMH lines
(Fig. 2.9). However, the levels of activity were minor in comparison to levels of
caspase activities after TNFo/actinomycin-D treatment as a positive control for

apoptosis (Fig. 2.9).

2.3.9 Calpain activity assays

The lack of significant caspase activation across the three cell lines prompted us to
examine alternative intracellular proteolytic activities. Calpains are another class of
cysteine proteases that show increased activities during necrotic as well as apoptotic

cell death (Wang 2000). Increases in calpain activity were monitored by the hydrolysis
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of the specific fluorogenic calpain substrate (Suc-LLVY-AMC) after treatment of all

three cell lines with 250 uM TFEC for 0-8 h. As shown in Figure 2.10, a progressive
increase in calpain activity was observed in TAMH-Vc cells, and the activity peaked
after 6 h treatment (absolute activity 86.5 + 8.1 pmol hydrolyzed product per hour).
This reflects an approximate 2-fold increase in basal calpain activity (p<0.05). On the
other hand, the activation seen in BCL-xL cells in comparison was insignificant from
0-6 h (p>0.05) with a modest increase observed after 8 h (i.e. 69.5 + 9.3) (p<0.05).
There was a statistical difference between activities in the two cells lines at early time
points after TFEC treatment as determined by an unpaired t-test (i.e. 2 and 4 h;
p<0.05), indicating either a delayed response or attenuation of calpain activation in
TAMH-BCL—xL cells. Specificity of this assay was determined by reversal of calpain
mediated hydrolysis using the calpain inhibitors acetyl-L-leucyl-L-leucyl-L-
methioninal and acetyl-L-leucyl-L-leucyl-L-norleucinal (ALLM and ALLN). A 100
MM inhibitor concentration inhibited calpain activity-to less than 20 % of the non-
inhibitor treated samples. Overall, these results suggest that calpains rather than -

caspases are the proteases activated in TAMH cells after TFEC treatment.

2.3.10 Phosphorylation of stress-activated protein kinases

Phosphorylation of a group of stress-activated protein kinases after treatment with
TFEC was investigated in an attempt to relate the proteotoxic mitochondrial effects to
earlier signal transduction events. Using a newly established platform (i.e. Bioplex
system), phosphorylation of AKT, JNK1/2 and p38 were quantified and expressed as a
ratio of their respective total protein levels. As shown in Figure 2.11, a dramatic
increase in phosphorylation of p38 (more than 5-fold) was observed 4 h after TFEC
treatment. The same conditions produced a slight increase in JNK1/2 phosphorylation
(approx. 1.5-fold) and basal pertubations for AKT. Since the Bioplex system is not
widely reported in the literature, we validated our findings of the phosphorylation of
p38 with a traditional immunoblot assay. As shown in Figure 2.12, the same
treatments demonstrated similar phosphorylation trends as observed using the Bioplex

assay system. Polyclonal antibodies against p38 phosphorylated at Thr180 and Tyr182
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were used, and revealed increased phosphorylation (approx. 4-fold) compared to

controls, 4 h after TFEC treatment (Figure 2.11).

2.3.11 Death receptor assays

Separately, to rule out the role of a receptor-mediated pathway in the early apoptotic
signaling, release of death receptors were measured by the Bioplex System. The
secretion of death receptors, including TNF-R1, TNF-R2 and DR5 by injured cells to
the extracellular medium is an indication of receptor-mediated apoptosis. No
significant increases in the release of these three receptors after either 4 or 8 h
treatment with 250 uM TFEC (Figure 2.13) was detected. Cells treated with
TNFo/actinomycin D was used as a positive control for the release of death receptors

(data not shown).

2.4 Discussion

In recent years, several studies in molecular toxicology have focused on BCL-2
proteins as central to early events in drug-induced cytotoxicity. Among them, pro-
apoptotic BAX is probably one of the best studied members. BAX is known to be
constitutively expressed in the cytosol and found to relocate to the mitochondrial
membrane upon induction of cellular injury by many factors (Hsu et al. 1997; Wolter
et al. 1997, Zhang et al. 1998). BAX evokes an early response, which initiates
downstream mitochondrial changes predisposing to apoptosis. The precise
mechanism(s) of BAX activation and function are not yet known, and there are
different schools of thought as to how its subcellular migration confers a pro-apoptotic
character. Some studies have reported that BAX enables the release of several
effectors of apoptosis like AIF, cytochrome ¢, and SMAC/DIABLO, by creating a
channel in the mitochondrial membrane (Eskes ez al. 2000). Others have provided
evidence for homodimerization and oligomerization (Antonsson et al. 2001,
Mikhailov et al. 2001) with anti-apoptotic members, like BCL-xL, to inhibit the
latter’s cytoprotective actions (Antonawich et al. 1998; Oltvai et al. 1993; Shangary

and Johnson 2002). In general agreement with these studies, our immunoblot and
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immunocytochemical studies suggest that BAX translocation is an early event in

TFEC-induced cytotoxicity occurring within 2 h of treatment of TAMH cells with
TFEC (Fig 2.3).

Although nativé BAX resides in the cytosol, a small amount was constitutively present
in the outer mitochondrial membrane, in agreemént with other studies (Figs. 2.3 and
2.4) (Putcha et al. 1999). The physiological significance of this constitutive
mitochondrial BAX could imply that an equilibrium exists between the pro-apoptotic
and anti-apoptotic BCL-2 proteins such that when BAX is in excess, some can be
distributed to the mitochondrial membrane (Chao and Korsmeyer 1998; Oltvai et al.
1993). This is supported by our data with the BCL-xL overexpressed TAMH cell line,
which had a significantly lower content of BAX in the mitochondria, even though the

overall expression level of BAX was not altered (Figs. 2.3 and 2.4).

Numerous reports confirm a role for anti-apoptotic BCL-2 members in inhibiting BAX
activation, notably at the level of its translocation to the mitochondria (Finucane et al.
1999; Ganju and Eastman 2002; Murphy et al. 2000). In particular, it has been
reported that BCL-xL, but not BCL-2, is the major anti-apoptotic protein in
hepatocytes (Takehara et al. 2001; Tzung et al. 1997). As a result, the effects of BCL-
xL overexpfession on TFEC cytotoxicity was determined in the TAMH cell line and
were found to inhibit BAX translocation and maintained near complete cell viability to
all but unrealistically high concentration of TFEC (i.e. > 400 uM). Furthermore, this
study also indicated that BCL-xL overexpression prevented the release of cytochrome
¢, supporting the proposition that BAX translocation is, at least in part, required for

cytochrome c release during TFEC-induced cytotoxicity.

Interestingly, some of our findings deviate from expectations, based on current
understanding of the BAX-mediated cell death pathway. Results here demonstrate that
TFEC-induced BAX expression and translocation promote the subsequent release of

cytochrome ¢ (see Chapter 1 for in-depth discussion). However, this resulted in only
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limited caspase activation. On the other hand, activation of an alternative cysteine

protease, calpain, was detected, and éalpain activation was inhibited by BCL-xL
overexpression. Calpain activation is driven by intracellular calcium mobilization and
its proteolytic activities can proceed even in an ATP-independent fashion. Our current
findings are consistent with a recent report of a role for calpain in TFEC-mediated
kidney cell injury (Schnellmann and Williams 1998). These results, in addition to
prior morphological evidence, strongly support necrosis as the dominant pathway for
TFEC-mediated cytotoxicity (Bruschi et al. 1998). Therefore, we hypothesize that the
covalent modification of intramitochondrial targets by TFEC initiates intracellular
stress signaling pathways (e.g. p38 MAPK), which facilitates the early mitochondrial
manifestation of apoptosis. However, inhibition of critical TCA cycle enzymes
through DFTAL adduct formation (especially that of aconitase and o kKGDH) rapidly
depletes cellular ATP levels, shifting the mechanism of cell death from apoptosis to
~ secondary necrosis. Further evidence to support this hypothesis will be presented in
- Chapter 4 where ATP depletion and mobilization of intracellular calcium supports the

activation of calpains.

An important aspect yet to be addressed is the origin of the early apoptotic signaling.
Some signal transduction pathways that trigger BAX translocation and other early
mitochondrial apoptotic responses have been established, even though mechanistic
details are still poorly understood. For example, ionizing radiation-induced DNA
damage activates the tumor suppressor gene, p53, which increases the expression of
BCL2 proteins, such as BAX, and also leads to permeabilization of the mitochondrial
membrane (Brady and Gil-Gomez 1998; Chipuk et al. 2004). Some members of the
MAPK family have also been shown to participate in the activation of apoptosis: For
example, c-Jun NH2-terminal kinase (JNK), activated by several environmental
stresses, activates BAX, and causes cytochrome ¢ release and cell death (Lee er al.
2005a; Lei er al. 2002). Another member, p38, also activates BAX translocation
during both nitric oxide and cyanide- induced apoptosis (Ghatan ez al. 2000; Shou et
al. 2003).
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Aside from the stress-activated protein kinase pathway, receptor-mediated pathways
of apoptosis may lc:ad to cytochrome c release. This occurs through an increased
expression of the soluble, extracellular death receptdrs and subsequent binding by
specific ligands, leading to the activation of caspase-8 (as further described in Chapter
1). Caspase-8 in turn cleaves BID to generate an activated truncated BID (tBID) that
translocates to the mitochondrial outer membrane (Zimmermann ez al. 2001). The
effects of BID translocation parallel that of BAX leading to subsequent mitochondrial
effects (Jiang and Wang 2004; Luo et al. 1998; Orrenius 2004). However, the lack of
caspase-8 activation (Figure 2.9) and the absence of death receptor release into the
extracellular medium (Figure 2.13), exclude such a possibility in TFEC-mediated

mitochondrial dysfunction.

Hence, the role of possible upstream signal transduction pathways was investigated
using a representative set of stress-activated protein kinases, including AKT, JNK and
p38 MAPK. Results from both the Bioplex system and immunoblot assays confirmed
a selective activation of the p38 MAPK pathway (Fig 2.11 and 2.12). However, the
mechanism of p38 participation in the mitochondrial pathway of apoptosis is not clear.
Presumably, p38 catalyzes phosphorylation of critical amino acids on BAX, resulting
in global conformational changes such that BAX undergoes translocation to the

mitochondrial outer membrane (Shou ef al. 2003).

HSP70i induction was used in these studies as an indicator of TFEC-induced protein
damage in TAMH cells (Fig. 2.8). Increased BCL-xL levels resulted in a lack of
observable HSP70i induction following TFEC treatment. This finding is consistent
with the prominent role that the HSP70 family plays in the recognition of protein
native state. In particular, the highly inducible HSP70i isoform is known to confer
cytoprotective effects in response to many stressors by limiting excessive protein
aggregation and misfolding (Beere and Green 2001; Kabakov et al. 2002). An

alternative term “proteotoxicity”, first coined by Hightower in 1991, adequately .
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describes such loss of protein homeostasis (Hightower 1991). The literature also

defines additional roles for HSP70i including inhibition of specific apoptotic steps
such as JNK activation and apoptosome corriplex formation (Beere and Green 2001;
Salminen et al. 1997). Elevated HSP70i levels in our studies are viewed as indicative
of TFEC-mediated proteotoxicity in both TAMH and TAMH-Vc¢ cultures. Therefore,
the most likely interpretation for the lack of HSP70i upregulation in BCL-xL
overexpressing cells is a reduction in proteotoxic damage caused by TFEC (Fig. 2.8).
Nonetheless, further work is required to provide a direct mechanistic link between
BCL-xL overexpression and HSP70i regulation. ‘Of relevance, similar observations
have also been reported with BCL-xL-mediated protection from heat shock
(Robertson ez al. 1997). This subject will be more comprehensively discussed in
Chapter 3.

Analogous to these findings with HSP70i, increased levels of expression of stress—
responsive ATF3 following TFEC treatment of TAMH cells were observed (both with
and without BCL-xL overexpression). ATF3 belongs to a family of transcription
factors that contain the basic region-leucine zipper (bZip) DNA binding domain (Hai
et al. 1999). Induction of the azf3 gene appears as an early response to several forms of
cellular stress, including liver dysfunction (Allen-Jennings et al. 2002). Increased
transcriptional upregulation of the atf3 gene in TAMH cells after TFEC treatment was
confirmed by both microarray analyses and quantitative RT-PCR (Hu et al.,
manuscript in preparation). Since BCL-xL overexpressioh does not directly alter the
expression of TFEC-induced ATF3 upregulation, the observed cytoprotective effects
of BCL-xL must either be downstream from ATF3, or through a mechanism that is
independent of the ATF3-mediated stress response. More recently, studies have
revealed that ATF3 serves an integral role in the endoplasmic reticulum (ER) stress
response (Jiang er al. 2004; Zhang et al. 2001). Subsequent investigations have also
confirmed the transcriptional (gaddl53, gadd34, gadd45) and translational
upregulation (Gadd153) of some established ATF3-regulated ER dependent stress

response genes (Chapter 4). Taken together, these findingé suggest an early ER stress
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response associated with TFEC-induced mitochondrial events, that are not inhibited by

BCL-xL overexpression. Further investigations of the interrelationship(s) among these

two proteins will be necessary to address these questions.

The effects of BCL-xL on TFEC-treated TAMH cells extend beyond modulation of
early events of cell death as exemplified by BAX translocation, HSP70i induction and
cytochrome c¢ release. Our results also revealed that BCL-xL overexpression has an
important and reproducible function in determining the overall level of cell survival to
chemical insult. TAMH-BCL-xL cells were less susceptible to TFEC-induced cell
death as compared to both the parental TAMH and the TAMH-Vc¢ cell lines. The
possibility remains that this cytoprotective effect of BCL-XxL on chemically-mediated
necrotic damage may translate into an effective chemo-preventative therapeutic

strategy.

In summary, a cytoprotective action of BCL-xL on BAX-mediated toxicity has been
demonstrated in TFEC-induced cell death. BAX activation appears as an early event in
TFEC-induced cell death and our findings may open new avenues for the design of
BCL-xL. mimetics in the treatment of adverse effects from other compounds,
previously considered necrotic in mechanism, but similarly acting through a BAX

pathway.
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Figure 2.1 Metabolism of TFEC by B-lyase. TFEC undergoes rapid
defluorination after the formation of the thiolate intermediate from a B-lyase cleavage.
Subsequent protein adduction by DFTAL will release another fluoride ion.. Hence, a
quantification of fluoride is an indirect indication of B-lyase mediated metabolism of
TFEC. Results confirm a time-dependent linear increase in fluoride concentration after

incubation of TAMH cells with TFEC (250 uM) for 0-6 h. A detectable level of
fluoride concentration at 0 h was likely due to degradation of the TFEC stock solution
during prolonged storage (i.e. more than a week at 4 °C). :
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Figure 2.2. Cytoprotective effect of AOAA on TFEC toxicity. TAMH cells were
treated with 125-250 uM of TFEC for 24 h, with or without AOAA (0.5 mM)
administration. AOAA completely blocked TFEC toxicity at 125 uM, as determined
by MTT viability assay. More than 6-fold increase in viability was observed at 250
MM TFEC treatment. (* denote statistically significant differences between AOAA
treated and non-treated samples).
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Figure 2.3 Immunoblot assay for BAX following TFEC treatment of TAMH-
Yc and TAMH-BCL-XL cells. (A) TAMH-Vc cells were treated with 250 uM TFEC
for 0, 4 and 8 h. Subcellular fractions of cytosol and mitochondria were separated and
immunoblotted with monoclonal anti-BAX. Polyclonal anti-GAPDH and anti-VDAC
were employed as loading controls for cytosol and mitochondria, respectively. (B)
TAMH-BCL-XL cells were treated and immunoblotted in the same manner as for
TAMH-Vc cells above. (C) Total cell lysates from TAMH-Vc and TAMH-BCL-xL
cells treated with 250 uM of TFEC for 0, 4 and 8 h immunoblotted with polyclonal
anti BCL-xL to confirm the extent of its overexpression in TAMH-BCL-xL cells as
compared to TAMH-Vc cells. (D) Densitometric analysis of BCL-XL. expression in
TAMH-Vc¢ and TAMH-BCL-XL cells, displayed as a ratio of GAPDH to BCL-xL for
each treatment time point.
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Figure 2.4 Immunocytochemical detection of BAX localization. TAMH-Vc (left
panel) and TAMH-BCL-xL cells were treated with 250 uM TFEC for 2, 4 and 6 h.
Mitochondria were stained with MitoTracker™ Red and BAX with AlexaFluor 488-
conjugated anti-mouse antibodies. The cells were fixed on a slide and viewed with a
fluorescent microscope. Movement of BAX from the cytosol to mitochondria was
observed with a progressive decrease in green and corresponding increases in
orange/yellow — indicative of dye-merging between FITC and MitoTracker Red.
(Arrows indicate cells having advanced necrotic morphology).

TAMH-BCL-xL



63

cytosol ~ mitochondria

0 4 8 0 4 8

VDAC

GAPDH

cytosol mitochondria
0 4 8 0 4 8

Figure 2.5 Immunoblot assay for cytochrome c release following TFEC
treatment of TAMH-Vc and TAMH-BCL-xL cells. (A) TAMH-V¢ cells were
treated with 250 uM TFEC for 0, 4 and 8 h. Subcellular fractions of cytosol and
mitochondria were separated and immunoblotted with monoclonal anti-cytochrome c.
Polyclonal anti-GAPDH and anti-VDAC were employed as loading controls for
cytosol and mitochondria, respectively. (B) TAMH-BCL-XL cells were treated and
immunoblotted in the same manner as for TAMH-Vc¢ cells above. (Arrow indicates a
significant release of cytochrome c into the cytosol of TFEC treated TAMH-Vc cells).
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Figure 2.6 Viability of TFEC-treated TAMH, TAMH-V¢ and TAMH-BCL-XL
cells. Cells were treated with 200, 400 or 600 uM TFEC for 12 h in total. Viability
was measured by MTT assay. Results are expressed as a percentage of viable cells in
the untreated controls with +/- SD. (* indicates statistical difference between the
TAMH-BCL-xL and TAMH-Vc and * indicates difference between TAMH-BCL-xL
with TAMH by unpaired t-test, p<0.05).
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Figure 2.7 Cytotoxicity of TFEC-treated TAMH, TAMH-Vc and TAMH-
BCL-xL cells. Cells were treated with 200, 400 or 600 uM of TFEC for 8 h in total.
Cytotoxicity was measured by the cumulative release of LDH into the culture media.
Results are expressed as the number of fold increase in LDH activity (n=8) vs.
untreated cells (number of fold activity = 1). (* indicates statistical difference between
the TAMH-BCL-xL and TAMH-V¢ and * indicates difference between TAMH-BCL-
xL with TAMH by unpaired t-test, p<0.05).
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Figure 2.8 Effects of TFEC treatment on HSP70i and ATF3 expression,
TAMH-Vc and TAMH-BCL-XL cells were treated with TFEC (400 pM) for 4 h
followed by incubation in standard growth medium not containing TFEC for a further
8 h (12 h in total). Immunoblot assays were performed using 20 ug total cell lysate

protein loaded onto each lane and blotted with polyclonal anti-ATF3 and monoclonal
anti-HSP70i.
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Figure 2.9 Caspase activity assays for TFEC treated TAMH, TAMH-Vc¢ and
TAMH-BCL-XL cells. Cells were treated with 250 mM of TFEC for 2, 4, 6 and 8 h.
Caspase activities were quantified by the amount of specific fluorogenic caspase-
substrates hydrolyzed (pmol of AMC substrates) per pg total lysate protein per minute
of incubation for the assay with +/- SD (n=3). These values were compared against an
actinomycin-D/TNF- treated positive control for 8 h. The substrates used were (A)
Ac-DEVD-AMC for caspase-3/7; (B) Ac-VDVAD-AMC for caspase-2; (C) Ac-
VEID-AMC for caspase-6; (D) Ac-IETD-AMC for caspase-8; (E) Ac-LEHD-AMC
for caspase-9. :
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Figure 2.10  Calpain activity assays for TFEC treated TAMH-V¢ and TAMH-
BCL-xL cells. Cells were treated with 250 mM of TFEC for 2, 4, 6 and 8 h. Calpain
activity was quantified by the amount of specific fluorogenic calpain substrate
hydrolyzed (pmol of Suc-LLVY-AMC) per ug total lysate protein per minute of
incubation for the assay with +/- SD (n=3). Specific calpain inhibitors, ALLM and
ALLM were coadmininstered in parallel experiments to demonstrate the selectivity of
the activation. (* indicates statistical difference between the two cell lines by unpaired
t-test, p<0.05)
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Figure 2.11  Phosphorylation of stress-activated protein kinases by Bioplex™
system. TAMH cells were treated with TFEC (200 uM) for 1, 2 or 4 h. The cell
lysates were then subjected to a mouse 3-plex phosphorylation analysis. The results of
protein kinase phosphorylation is expressed as an average of the ratio of
phosphorylated protein to their respective total protein levels (n = 2). The 3 stress-
activated protein kinases examined include (A) AKT, (B) JNK, (C) p38.
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Figure 2.12 Immunoblot analysis of p38 phosphorylation following TFEC
treatment. TAMH cells were treated with TFEC (200 uM) for 1, 2 or 4 h. The cell
lysates were separated by SDS-PAGE and probed with anti-phospho-p38 polyclonal
antibody. Monoclonal anti-B-actin was employed as a loading control.
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Figure 2.13  Quantifying release of death receptors by Bioplex™ system, TAMH
cells were treated with TFEC (250 uM) for 4 and 8 h. The cell culture medium after
treatment were harvested and subjected to a 3-plex death receptor analysis on the
BioplexTM system. The release of death receptors: (A) TNF-R1, (B) TNF-R2 and (C)
DRS5 is expressed as relative fluorescence unit (RFU).
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Chapter 3

Extramitochondrial Responses: Selective Induction Of Cytosolic Heat
Shock Proteins

3.1  Introduction

Although biochemical pathways affected by mitochondrial dysfunction have been well
studied in several systems, there remain many effects that are not completely
understood. For example, it is not clear how mitochondrial lesions evoke a
communication with the nucleus to induce transcription of nuclear-encoded response
genes. This phenomenon, often referred to as mitochondria-to-nucleus retrograde
signaling, is analogous to the RTG system in yeast (Butow 2002; Butow and Avadhani
2004). Earlier work has identified cytochrome b; an integral part of Complex III of the
electron transport chain, as a likely mammalian equivalent of RTG3 in yeast through
homology matching by RT-PCR (Adams 2003). In a more recent report, further
evidence for a mitochondria-to-nucleus signaling was demonstrated with altered
nuclear gene expression (such as depletion of cathepsin and BCL2 mRNAs) and
phenotypic changes following mitochondrial dysfunction and mtDNA damage
(Biswas et al. 2005). Further data were presented to support a role for calcium
dysregulation in initiating this stress signaling. Clearly, events culminating in cell
death resulting from “mitochondrial diseases” involve organelles other than the
mitochondria, either directly or tangentially, and the extramitochondrial responses
may either protect the cells or propagate the injury. Thus, we were interested in
investigating the generalized cellular responses to mitochondrial damage in an attempt
to identify signature events and also, to pinpoint potential subcellular targets that

might be exploited for therapy against such pathologies.

To work towards this objective, TFEC was used as a toxicant that is known to elicit

intramitochondrial stress as an initiating event in cytotoxicity. As described in Chapter
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2, a mouse hepatocyte cell line (TAMH) was used as a model for TFEC-induced

cytotoxicity (James et al. 2002; Pierce et al. 2002; Wu et al. 1994). The goals of the _'
studies reported in this chapter were to identify early transcriptional and translational

changes that might be crucial in the manifestation and progression of cytotoxicity.

3.2 Materials and Methods
3.2.1 Cell culture

Serum-free cell culture of the TAMH line was cultured as described in Chapter 2.

3.2.2 RNA isolation

Cells were grown to confluence in 150 cm? tissue culture dishes in quadruplicate for
each sample, and treated with 200 uM TFEC for 2, 4 and 6 h. At the end of respective
treatments, cells were harvested by scraping with a rubber policeman. The resultant
cell pellets were spun down and washed once with Dulbecco’s PBS (Invitrogen).
Immediately, 1 mL of Trizol reagent (Invitrogen) per 107 cells was added for cell
lysis. After vortexing, the lysate .was passed through 22G needles 10 times to ensure
complete lysis. Quickly, 0.2 mL of chloroform was added to every 1 mL of cell lysate
and vortexed vigorously for 15 s (1 mL aliquots of lysates were measured out into
microcentrifuge tubes). The tubes were left to stand for 2-3 min before spinning at
10,000 rpm for 15 min at 4°C. Gently, 0.5 mL of aqueous phase was transferred to a
fresh tube, and an equivolume of 70% ethanol was added. This resulting mix was
loaded onto an RNeasy column (Qiagen, Valencia, CA) and purified total RNA was

extracted according to the manufacturer’s protocol.

3.2.3 Microarray analysis procedures

Gene expression analyses were performed using the Amersham, Codelink 10K mouse
array (Amersham Biosciences, Piscataway, NJ) according to manufacturer’s protocols.
Briefly, total RNA from each sample was quantified before first and second strand
cDNA synthesis. The resulting double-stranded cDNA was purified with a QIAquick
spin column (Qiagen). After drying the cDNA in a SpeedVac concentrator, cRNA was
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synthesized by in vitro transcription (IVT) and purified using the RNeasy kit (Qiagen).

The quality of the cRNA was evaluated using an Agilent 2100 Bioanalyzer (Agilent,
Palo Alto, CA) and samples with A260:A280 ratio of 1.8-2.1 were used for
subsequent microarray analysis. Each 10 pg of cRNA sample was hybridized onto
Codelink microarray slides and incubated for 18 h at 37 °C. At the end of incubation,
the arrays were washed with 0.75X TNT buffer (0.1 M Tris-HCI pH 7.6, 0.15 M NaCl,
0.05 % Tween-20) at 46°C for 1 h and incubated with streptavidin-Alexa 647
(Molecular Probes, Eugene, OR) working solution at 25°C for 30 min to label the
fluorogenic probe. The arrays were scanned with an Axon GenePix 4000B fluorescent
scanner and the GenePix Pro imaging software (Axon Instruments, Foster City, CA).
Fluorescent intensity of each spot in the image was determined using ImaGene™ 5

(Biodiscovery, Marina del Rey, .CA) for spot finding and analysis.

3.2.4 Quantitative RT-PCR

Quantitative RT-PCR was carried out using an ABI Prism 7700 Sequence detection
system (Applied Biosystems, Foster City, CA) with SYBR Green dye as the
fluorogenic probe. The thermal cycling condition comprised an initial denaturation
step at 95 °C for 10 min, followed by 40 cycles at 95 °C for 20 s and 62 °C for 60 s.
The gene-specific sequences of the primer pairs and probes used in the assays were as
follows: HSP25 (NM_013560): forward primer, TGTCCCTGGACGTCAACCACTT;
reverse primer, ACCTGGAGGGAGCGTGTATTTC. HO-1 (NM_010442): forward

primer, GCACAGGGTGACAGAAGAGGCTA; reverse primer,
ATCTGTGAGGGACTCTGGTCTTTGT. HSP40 (NM_006145): forward primer,
GGGACCAGACCTCGAACAACAT; reverse primer,
ACCACAGAGAGCCTCCCGAA. HSPIO5S (NM_006644): forward primer,
GAGGCAAGGATGAGAAATACAACCACG; reverse . primer,
CAATTCCTTGACCTTCGCTCTGAT. HSP60 (X53584): forward primer,
AAGCTGAACGAGCGACTTGCTAA; reverse primer,

GCTGCTCTTGTAGCATTGAGAGCA. mtHSP70 (NM_010481): forward primer,
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CAGCGCTCATTGAAACTCTTC; reverse primer,
GTGCCAGAACTTCCAGAACCTTC. HSP70i (M12573). forward primer,
TCCTATGCCTTCAACATGAAGAGC; reverse primer,

GAGATGACCTCCTGGCACTTGTC. GAPDH (NM_008084): forward primer,
TCCTGCACCACCAACTGCTT; reverse primer, GAGGGGCCATCCACAGTCTT.

3.2.5 Statistical analysis and data normalization

Statistical analysis and data normalization were carried out with Bioconductor
software (Harvard University, Boston, MA). The foreground spot intensities from all
the bioarrays used for the experiment were normalized as a group using quantile
normalization as described previously (Bolstad et al. 2003). Heat maps of selected
HSP expression profiles were generated using GeneSifter software (VizXlabs, Seattle,
WA).

3.2.6 Subcellular fraction isolation

Mitochondrial-enriched fractions were isolated as described in Chapter 2.

3.2.7 Immunoblotting

All fractions collected were assayed for protein concentration using the BCA protein
assay kit (Pierce Chemical Co., Rockford, IL). Each 30-50 pg of sample proteins were
resolved by denaturing electrophoresis using 8-15% SDS-PAGE (Mini-PROTEAN I,
Bio-Rad Laboratories, Hercules, CA) and transferred to nitrocellulose membranes for
1 h at 15 V using Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad). Immunodetection
was by chemiluminescence (SuperSignal ULTRA, Pierce, Rockford, IL) using
spécific antibodies diluted in PBS with 0.05% (v/v) Tween 20 and 5% (w/v) powdered
milk. Anti-HSP25, anti-HO-1, anti-HSP40, anti-HSP60, anti-HSP70i and anti-grp75
were from Stressgen (Victoria, BC); anti-HSP105 was from Santa Cruz and anti-
GAPDH (1:2500) was made in-house (Dietze et al. 1997). Secondary anti-mouse and

anti-rabbit horseradish peroxidase conjugated secondary antibodies (Pierce) were used
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at 1:20,000 dilution. All antibodies were used at 1:2,000 dilution unless otherwise

stated.

3.2.8 DEAE-sepharose column purification of HSP25

Cells were grown to confluence in fifteen T150 dishes and treated with TFEC (6 h,
250 uM). Whole cells were washed in ice-cold PBS and harvested by scraping. The
cells were pelleted in microcentrifuge tubes and lysed in 4.5 mL of lysis buffer with
sonication (as described in Chapter 2). The resulting cell lysates were centrifuged at
14,000 rpm for 15 min and supernatant was applied to a 2 x 10 cm column composed
of diethylaminoethyl (DEAE)-sepharose fast-flow resin (Sigma) was used in a 2 x 10
cm column, pre-equilibrated with buffer containing 20 mM Tris, 0.1 mM EDTA, 2
mM DTT and 0.1% CHAPS. After adding the sample, equilibration buffer was passed
through with a continuous gradient from O to 1 M NaCl (total volume of 400 mL),
maintained at a flow rate of 1 mL/min. Eighty fractions were collected (approx. S mL
each). Every third fraction was screened for HSP25 by Western blot and the fraction

with the highest concentration of the HSP25 was subjected to subsequent analysis.

3.2.9 HSP2S silencing by siRNA

Cells were grown on 6-well plates to 60-70% confluence before transfection with
siRNA (small interfering RNAs). Custom-made siRNA designed for silencing HSP25
(Accession number: NM_013560) expression was obtained from Santa Cruz. Various
volumes (4-8 uL) of 10 uM siRNA were added to 80 pL of transfection medium
(OptiMEM, Invitrogen) and incubated at room temperature for S min. Separately,
transfection reagent (4-8 uL; Dharmafect4, Dharmacon, Chicago, IL) was incubated
with transfection medium (80 L) for the same duration. The two tubes were mixed
gently and incubated at room temperature for 20 min. Immediately following this
incubation period, TAMH cells were washed with transfection medium. Six hundred
and forty MWL of transfection medium were added to the siRNA/transfection reagent
mix and the entire volume was added onto the cells. After incubation at 37 °C for 6 h,

800 UL of normal growth medium (DMEM/F12) was added to each well. Incubation
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was continued for 24 h and thereafter, medilim was replaced with fresh grow7th
medium and cells were incubated for another 24 h. Cells were harvested by
trypsinization and subjected to immunoblot analysis for evaluation of transfection
efficiency. Cells with an optimum siRNA/transfection reagent ratio for gene silencing

were treated with TFEC. TFEC was administered 30 h after the initial transfection. A

scrambled siRNA sequence was used as a negative control (Ambion, Austin, TX)

3.2.10 Viability assays by MTT

Cells were seeded and grown to confluence on 96-well plates. After TFEC treatment,
the MTT assay was performed as previously described in Chapter 2. For heat shock
experiments, 96-well plates were suspended in a shaking water bath maintained at 43
°C for 1 h. TFEC was administered 12 h after the initial heat shock. Hemin
pretreatment involved incubation of TAMH cells with hemin (20 pM) for 1 h. Hemin
was removed and TFEC treatment was administered at 4 h after the initial hemin

pretreatment.

3.3  Results

3.3.1 Microarray analysis of TFEC treated TAMH cells

To assess genomic responses to TFEC-induced intramitochondrial damage, microarray
analysis was performed on TFEC-treated TAMH cells over a period of 2-6 h. A total
of 67, 179 and 303 genes were differentially regulated (> 2 fold or < 0.5 fold) at 2, 4
and 6 h, respectively (Table 3.1). Briefly, a large number of genes relating to
homeostatic stress responses, apoptosis, metabolism, transporters and transcriptional
regulation were upregulated, while genes associated with cell cycling and immune

response were down-regulated after TFEC treatment (Table 3.2).

Among the early stress responses detected, the most significant were upregulation of a
number of genes belonging to the heat shock protein superfamily. More than two-fold
increases were observed for HSP70i (denoted as HSP68 and HSP68A on the array),
HSP40 (HSP40B1 and HSP40B9), HSP25, HSP86 and HSPI105 4 h after treatment
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with TFEC (Figure 3.1A). The most highly upregulated gene was HSP70i, whose

expression increased by 19.6 and 35.7-fold at 4 and 6 h, respectively. Heme
oxygenase-1 (HO-1) also demonstrated a dramatic induction of 17.2-, 29.4- and 31.0-
fold vs. control cells at 2, 4 and 6 h, respectively (Table 3.3). More importantly, this
HSP regulation profile is unique to TFEC, as other known hepatotoxicants treated at
concentrations that caused approximately the same extent of lethality in TAMH cells
(including acetaminophen, rotenone, diquat and flutamide), do not yield a similar
pattern (Figure 3.1). As shown in the heat-map of nine representative hsp gene
expression profiles, TFEC (4 and 6 h) treated cells clustered closely together (Figure
3.1).

3.3.2 Quantitative RT-PCR analysis of heat shock proteins

To validate the upregulation of these Asp transcripts, quantitative real-time PCR was
performed on selected HSPs. As clearly demonstrated in Figure 3.2, we have
confirmed the transcriptional upregulation of HO-I (or HSP32), HSP70i, HSP25,
HSP40 and HSPI0S5. In contrast, mitochondrial HSP60 and mtHSP70 both showed a

lack of induction at any time point examined.

3.3.3 Immunoblot analyses of heat shock protein expression

Confirmatory Western blots were performed to determine if increased protein
expression paralleled transcriptibnal upregulation. Accordingly, TAMH cells were
treated with 250 pM TFEC and total cell lysates were probed with specific
antibodies/antisera to heat shock proteins of interest using standard procedures as
described in Materials and Methods. We observed a significant upregulation of
HSP70i from 2- 8 h (Fig. 3.3A). Microsomal HO-l also showed a time-dependent
induction. However, levels of HSP40 and HSP105 did not show any significant
increase despite obvious transcriptional changes. Other ER-bound and mitochondrial
HSPs did not manifest TFEC-dependent induction.
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A novel immunoreactive band against HSP25 was observed that was inducible after

continued incubation with TFEC. This protein had a MW of approximately 50 kDa,
suggestive of a dimer of HSP25. Interestingly, it was non-dissociable, even under an
extreme denaturing and reducing environment using high concentrations of DTT (up
to 500 mM) and B-mercaptoethanol (up to 2 M) as shown in Figure 3.3B. When cell
lysates were partially purified with DEAE-sepharose column, the 50 kDa band became
more sensitive to DTT (100 and 200 mM) and Tris(2-carboxyethyl)phosphine (TCEP;
1 and 10- mM) reducing conditions. At 10 mM TCEP, the band completely dissociated
into its corresponding monomer at 25 kDa (Figure 3.3C). The subcellular localization
of HSP25 was determined by probing cytosolic and mitochondrial fractions of TAMH
cells treated for O,‘ 4 and 8 h with TFEC. As shown in Figure 3.3D, the 25 kDa
immunoreactive band decreased in the cytosol with a corresponding increase in the
mitochondria after 4 and 8 h. The higher molecular weight bands were only apparent
after treatment with TFEC, and were localized in both compartments. However, the
apparent dimer decreased in the cytosol with a concomitant increase in mitochondria
over time (Figure 3.3D). Minute quantities of GAPDH was detected in the
mitochondrial fraction at 8 h treatment with TFEC. This could be due to
contamination of mitochondria fraction with cytoslic material during fraction

subcellular fraction isolation.

3.3.4 HSP2S silencing by siRNA

To provide evidence for the formation of an HSP25 dimer, the gene was silenced by
siRNA. Effective gene silencing was achieved with 4 uL of siRNA (10 mM) plus 6
UL of transfection reagent for each well in a 6-well dish. The efficiency of the
silencing was approximately 85% 48 h after initial transfection (Figure 3.4A). Cells
treated under these conditions were subsequently treated with TFEC. At 8 h post-
treatment (250 uM), HSP2S protein expression was reduced to about 25% of control.
Likewise, the expression of the apparent dimer was reduced to 20% of control, with
little change in expression level of HSP25 in either untransfected or scrambled siRNA

transfected cells (Figure 3.4B).
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To determine the functional impact of a reduced HSP25 expression by gene silencing,
MTT viability assay was performed on TFEC (250 and 500 uM for 8 h) treated
TAMH cells with prior vehicle transfection or HSP25 siRNA transfection. However,

no significant change in viability was observed between them (Figure 3.4C).

3.3.5 Heat shock pretreatment of TAMH cells

The functional significance of the apparently coordinated upregulation of heat shock
proteins was evaluated using a “gain-of-function” approach. A mild heat shock
pretreatment can be used to non-selectively induce HSP without causing lethality in
host cells, a phenomenon also known as heat shock preconditioning (De Maio 1999;
Kregel 2002; Ritossa 1996). Since HSP response is cell-type dependent, the heat
shock response in TAMH cultured cells was examined using an initial 43 °C/30 min
incubation, and HSP expression at various timepoints after the initiation of the
temperature shock was then assessed by Western analysis. As shown in Figure 3.5,
HSP70i, HSP40, HSP25 and HSP105 were all upregulated between 4-16 h after heat
shock pretreatment. The mitochondrial levels of HSPs including mtHSP70 (a.k.a.
grp75) and HSP60 were mildly upregulated relative to cytosolic HSP responses. In
separate experiments, the expression of these HSPs was optimized by changing the
duration of heat shock (15 min to 3 h) as well as varying the temperature (37 to 45 °C)
(data not shown). These results helped us establish the optimum conditions for heat
shock in TAMH cells at 42-43 °C for 30-60 min, and the maximum induction of HSPs

occurred between 4-16 h after the initial heat shock.

3.3.6 Cytoprotective effects of heat shock pretreatment on TFEC-induced
toxicity

TAMH cells were incubated with TFEC (250 pM) for 0-12 h after an initial heat
shock treatment. Cellular viability was assessed using MTT assay. Results
demonstrated a significant increase in viability of TAMH cells at 8 and 12 h after

TFEC treatment. Cells treated with higher doses of TFEC (500 uM) showed improved
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survival after heat shock, although a complete reversal to control cell viability was not

apparent (Figure 3.6).

3.3.7 Cytoprotective effect of heme oxygehase-l induction

Since HO-1 is the most strongly upregulated gene observed based on microarray
analysis, its potential role in cytoprotection was investigated in a separate “gain-of-
function” experiment. Hemin was administered to induce the expression of HO-1. A
concentration of 20 uM for 1 h was sufficient to induce HO-1 expression over a period
of 48 h with peak levels occurring between 8-24 h (Figure 3.7A). Based on this
information, TAMH cells were pretreated with hemin 4 h prior to various TFEC doses
and incubated for 4, 8 and 24 h. No significant protection occurred after 4 and 8 h.
After 24 h, more than 3-fold improvement in viability was observed. However, this
protection did not occur after incubation with supratoxicological concentrations of
TFEC (400 and 600 uM) (Figure 3.7B).

To evaluate if the apparent cytoprotective effect of hemin at 24 h post-TFEC
administration is due to the enzymatic role of HO-1, we inhibited the catalytic activity
of HO-1 with tin protoporphyrin-IX (SnPP). Treatment with SnPP (20 uM) caused a
modest, but significant increase in toxicity after 6 h and 24 h treatment with TFEC
(Figure 3.8).

3.3.8 Delayed induction of ferritin by hemin pretreatment

One important consequence of heme oxygenase endogenous activity is the metabolism
of heme and the release of free iron, which then induces ferritin expression. The extent
of ferritin induction has been shown to correlate with the cytoprotective effect,
potentially resulting from its antioxidant potential (Gonzales et al. 2002; Otterbein and
Choi 2000). Hence, ferritin induction was measured by immunoblot assay after
administration of hemin (20 uM), just as in the preconditioning experiment with

TFEC shown in Figure 3.7. A time-dependent increase in ferritin expression over the



82
entire incubation period of 0-48 h was observed (Figure 3.9). The most pronounced

increase was at 24 h.

3.4  Discussion

In this study, TFEC was used to induce mitochondrially-directed subcellular damage
in an attempt to investigate the early genomic responses to mitochondrial dysfunction.
Microarray analysis of TAMH cells treated with TFEC showed time-dependent
increases in gene expression over the first 6 h. Apart from genes known to inhibit cell
cycling, signal transduction, transcriptional regulation and metabolism, TFEC
demonstrated a robust induction of heat shock proteins that was different from what
was observed after incubation of TAMH cells with other cytotoxicants. This result is
consistent with the hypothesis that heat shock response is an important cellular
defense mechanism in the face of intramitochondrial dysfunction (Sammut and
Harrison 2003).

- Heat shock proteins are now recognized as a superfamily of stress proteins, first
observed in 1962 during transient heat shock experiments with Drosophila
melanogaster (De Maio 1999; Kregel 2002; Ritossa 1996). Subsequent work has
shown that HSP induction is responsive to a broad range of endogenous and
exogenous cell stressors. Most HSPs have well-defined subcellular localization. For
example, HSP60 is predominantly mitochondrial, HSP70i is cytosolic and GRP78 is
ER-bound. A generalized, but not exclusive role, for heat shock proteins is to bind
exposed hydrophobic regions of unfolded, misfolded or modified proteins in order to
help attain/restore biological function. HSP70 is the most.  well-characterized
-chaperone for its binding of nascent, transported and misfolded proteins together with
the co-chaperones HSP40 and GrpE. Refolding processes requiring these HSPs are
energy-dependent and require ATP hydrolysis to avoid kinetically trapped
intermediates (De Maio 1999),
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TFEC treatment of TAMH cells resulted in dramatic inductions of HSP70i, HO-1,

HSP40, HSP25, and HSP105 within the first 4 h of treatment as confirmed by both
microarray and RT-PCR. Corresponding increases in protein expression were also
observed for HSP70i and HO-1 over the first 8 h. Although we did not observe
commensurate evidence of protein upregulation for HSPs other than HSP70i and HO-
1 by Western blot analyses, this -couid suggest a delayed translational effect in
comparison to HSP70i and HO-1, and/or the existence of multi-modal signaling
pathways in the regulation of specific HSP isoforms. Somewhat surprising was the
observation that cytosolic HSPs (with the exception of microsomal HO-1) were the
most highly upregulated, even though TFEC damage originates withinv the
mitochondrial matrix. While other ER and mitochondrial HSPs are known to be
inducible after other kinds of stress (Maniratanachote et al. 2005; Schafler et al.
2002), TFEC did not demonstrate similar responses. The expression profile was also
different from the pattem commonly observed after a mild temperature shock, where
HSP60 and HSP105 are significantly upregulated (Figure 3.5).

The underlying significance of this unexpected cytosolic HSP response is not clear.
However, it can be assumed that there is an early signaling event from the
mitochondria that is directed towards the cytosol (as well as other subcellular
compartments) where transcription factors become activated, leading to the induction
of cytosolic stress proteins. Evidence for such events will be reported in Chapter 4
which shows that the cytosolic “cap-and-collar” transcription factor, Nrf2, is rapidly
activated (within 1 h) after TFEC treatment to mediate an antioxidant response.
Induction of ATF3 also supports the conclusion that other ER-driven transcriptional
changes are a consequence of intramitochondrial damage (Chapter 2 and 4). Hence,
early mitochondrial injury rapidly generates secondary responses that affect the rest of
the cell.

Accordingly, experiments were carried out to determine if the specific induction of

cytosolic HSPs confers protection from TFEC damage. Mild heat shock pretreatment
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caused upregulation of several HSPs in TAMH cells and was found to improve cell

viability after TFEC treatment. However, a complete reversal of TFEC toxicity by pre-
emptive HSP induction was not observed, most likely because the HSPs induced did
not reside in the mitochondria. As it is known that the majority of the mitochondrial
proteins are synthesized in the cytoplasm and transported into the mitochondria in an
unfolded state, where mitochondria-accessible chaperones (including HSP60 and
HSP10) will then mediate the folding process from within (Schafler et al. 2002), it is
unlikely that elevations in cytosolic HSPs can greatly affect mitochondrial protein
lesions. Nonetheless, the increased viability observed indicates that the elevations in
cytosolic HSPs might play some role in the progression of cellular injury. It is also
possible that heat shock induce other non-HSP stress responses that confer
cytoprotection. An interesting future investigation would be to subject TAMH cells to
low levels of TFEC to mimic heat shock preconditioning, before exposing them to

toxic concentrations for determination of possible cytoprotection.

There are a few possible mechanisms to explain this cytoprotection. For example,
there is evidence that nonspecific hydrophobic interactions of HSP70i (the major HSP
induced during heat shock) with other proteins may have effects beyond restoration of
protein damage. The promiscuity of HSPs to bind various proteins, likely participates
in modulating other cell signaling events including apoptosis (Garrido er al. 2001).
Studies on HSP70i have provided evidence for its inhibition of JNK, which would
lead to a disruption of some early signaling events in apoptosis (Mosser et al. 1997).
Other studies have demonstrated binding of HSP70i to Apafl, thus inhibiting the
formation of the apoptosome and subsequent activation of caspases (Beere et al.
2000). Similarly, HSP70 association with AIF blocks apoptosis, as well as interference
with the balance between BAX/BCL-2 in favor of cellular survival, further prevent the
activation of BAX and decreasing its translocation to the outer mitochondrial
membrane (Gotoh et al. 2004; Ravagnan et al. 2002; Zhou et al. 2003).
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Additjonally, induction of HO-1 by hemin pretreatment provided a delayed

cytoprotection at 24 h post-treatment. HO-1 is known to be intricately linked to
cytoprotection from oxidative stress (Chen et al. 2000; Otterbein and Choi 2000;
Shimizu et al. 2000). It catalyzes the rate-limiting step of heme degradation to
biliverdin, carbon monoxide and ferrous iron as by-products. Each of these by-
products may contribute to the antioxidant potential of HO-1. Firstly,
biliverdin/bilirubin can undergo redox cycling that, when coupled to ROS, biliverdin
reductase and NADPH/NADP’, functions as a free radical scavenger. As such,
bilirubin has been shown to be a potent antioxidant in the brain, with activity
equivalent to o-tocopherol (Stocker er al. 1987). Secondly, physiological
concentrations of carbon monoxide provide anti-inflammatory activity (Otterbein ez
al. 2000). Thirdly, free ferrous iron released from heme is rapidly sequestered by an
intracellular iron storage protein, ferritin (Otterbein and Choi 2000). This binding
prevents the generation of the highly toxic hydroxyl radical through the free-iron
mediated Fenton reaction (Halliwell and Gutteridge 1999). Therefore, release of free
iron from HO-1 catalysis of heme degradation, counter-intuitively, creates antioxidant

potential through ferritin induction.

- The mechanism of the HO-1 mediated cytoprotective effect on TFEC was further
investigated with a selective inhibitor, tin protoporphyrin-IX (SnPP). Increased
cytotoxicity was observed after SnPP coadministration, and suggests that the
cytoprotective action of HO-1, albeit delayed, is closely related to its endogenous
enzymatic function in heme degradation. Furthermore, induction of ferritin by the
release of free iron might be contributing to the delayed cytoprotection. This can be
rationalized from our results showing significantly increased ferritin levels only 24 h
after hemin treatment. Delayed induction of ferritin occurred 6 h after hemin treatment
in rat brain as well (Gonzales et al. 2002). It is possible that early release of ferrous
iron potentiates the toxicity of TFEC transiently, before a threshold concentration of
intracellular ferritin is reached to sequester the iron. Thus, HO-1 induction by TFEC

treatment is playing a greater role in modulating downstream stress and apoptotic



86
processes. The modest effects of HO-1 induction on cytoprotection suggests that

oxidative stress does not play a major role in the cytotoxicity caused by TFEC (for
further discussion, see Chapter 4). This is consistent with previous studies which
showed that blocking lipid peroxidation did not affect cell survival toward TFEC
(Groves et al. 1991).

Another interesting result from the investigation was the observation of a 50 kDa
protein that was recoghized by an antibody to HSP25, and was only preseﬁt after
TFEC treatment. This band was responsive to specific HSP25 silencing by siRNA,
indicating that it is most likely a HSP25 dimer by its apparent molecular weight. It
was reported that under highly oxidative conditions, native HSP25 formed a dimer
through a disulfide bridge linking the monomers (Zavialov et al. 1998). By employing
a redox immunoblotting technique, it was suggested that this HSP25 dimer played a
role in maintaining cellular thiol status. HSP25 is known to interact with GSH/GSSG
to preserve oxidative balance (Arrigo 2001; Zavialov et al. 1998). More recently,
substitution of Cysl41 by alanine in murine HSP25 was found to inhibit dimer
formation, and also decreased the cytoprotective activity of the protein after treatment
of transfected 1929 cells with hydrogen peroxide (Diaz-Latoud ez al. 2005). This
mechanism is even more attractive, taking into account the high inducibility and
cellular abundance of HSP25 after specific stress events (Ehrnsperger 1997). Hence,
our observation of the formation of an apparent HSP25 dimer could be a cellular
response to oxidative stress. This raises the possibility that TFEC pretreatment may
induce cross-tolerance to purely oxidative insults (e.g. HyO;) if TFEC-mediated
induction of HSP25 dimer is a real and functional corollary. Evidence of redox
disturbances in TAMH cells after TFEC treatment are depletion of NAD(P)H and
increase in intracellular hydrogen peroxide 4-6 h post-treatment (see Chapter 4).
However, the situation is more complex because, contrary to earlier reports, the
apparent dimer formed in TAMH cells after TFEC treatment is resistant to standard
protein denaturing and reducing environments (high DTT and B-mercaptoethanol

concentrations etc.) (Diaz-Latoud er al. 2005). It was however dissociable when a
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partially purified sample was applied to the extreme reducing conditions of 10 mM

TCEP. This finding suggests that the apparent dimer was likely held together by
strong disulfide bonds that were either well-protected by neighboring peptides, and/or
have undergone further oxidation that rendered the dimer resistant to reduction with |
DTT or B-mercaptoethanol. Mass spectrometric characterization of this dimer will be

necessary to further confirm these postulations.

Furthermore, there appear to be two separate pools of HSP25 within the cells:
cytosolic and mitochondrial. Cytosol-to-mitochondria subcellular relocalization of
HSP25 after treatment with TFEC suggests that there is some pathophysiological role
of HSP25 in the mitochondria. In recent years, a few groups have described HSP25
relocalization and cytoprotective roles within the mitochondria in various cell lines
(Downs et al. 1999; He and Lemasters 2003; Samali et al. 2001). For example, its was
demonstrated that mitochondrial HSP25 can block mitochondrial cytochrome c release
and inhibit apoptosis (Samali et al. 2001). Independently, the suppression of the
mitochondrial permeability transition by HSP25 was observed (He and Lemasters
2003). Therefore, it is reasonable to hypothesize that the observed mitochondrial
accumulation of HSP25 could constitute an important cellular response to limit the
progression of mitochondrial injury after TFEC treatment. However, a ‘minimal
change in viability as observed after HSP25 gene silencing in TFEC treated TAMH
cells may also suggest that multiple stress proteins are involved in the process

simultaneously.

Overall, this study provides compelling evidence for preferential cytosolic heat shock
protein upregulation in response to specific intramitochondrial damage mediated by
TFEC. While the signaling events linking the mitochondrial lesions to cytosolic
responses are not well understood, the induction may play a role in limiting the

progression of this chemical-induced cellular injury.
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Table 3.1 Microarray analyses of TFEC treated TAMH cells. TAMH cells
were treated with 200 mM TFEC for 2, 4, and 6 h. Gene expressions were normalized
by their respective vehicle treated controls and displayed as a function of fold changes.
Total number of genes significantly upregulated (at least 2 fold greater than control) or

down-regulated (at least 2-fold lesser than control) at respective time points are
tabulated as shown.

Treatment (h) 2-fold increase 2-fold decrease Total
2 47 20 67
4 105 74 179
6 153 150 303
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Table 3.2 A representative list of genes with significant changes in their
expression levels. Genes that are significantly upregulated or down-regulated (i.e.

greater than 2-fold change) were categorized by their biological function. Genes that
were down-regulated are displayed in shaded boxes.

Fold Induction
Apoptosis 2h 4h 6h
BCL2-associated anthogene 3 (BAG3) 1.3 2.0 2.9
CCAAT/enhancer binding protein (C/EBP) 2.0 1.9 2.3
Programmed cell death 2 (PDCD2) 1.6 25 | 2.2

Cell cycling
V-Maf oncogene family, protein K (MAF-K) 2.2 4.7
Cyclin-dependent kinase inhibitor 1A (CDKNI1A) 2.2 2.6
Protein tyrosine phosphatase (PTPN16)

DNA maintenance/repair
Transformed mouse 3T3 cell double minute (MDM?2)
ml RS

Growth
Growth differentiation factor 15 (GDF15) 19.7
Vascular endothelial growth factor (VEGF)

Nucl




Table 3.2 (continued)
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Fold Induction

Immune response

2h 4h

6h

Metabolism .

Glutathione S-transferase-02 (GSTA2) 9.2 26.4 40.8
Aldehyde oxidase 1 (AOX1) 1.9 3.1 4.0
Cytochrome P450 3A13 (CYP3A13) 1.3 2.1 2.8
Glutathione S-transferase-04 (GSTA4) 2.0 2.6 2.8
Glutathione S-transferase-a3 (GSTA3) 1.5 2.0 24

Stress response
Heat shock protein 68 (HSP68 or HSP70) 1.7 19.6 35.7
Heme oxygenase-1 (HO-1) 17.2 29.4 31.0
DNA-damage inducible transcript 3 (DDIT3 or
GADD153) 3.6 10.4 13.5
Myeloid differentiation response gene (MYD116 or
GADD34) 1.8 7.0 10.8
Arsenite inducible RNA association protein (AIRAP) 2.5 5.9 9.7
Growth arrest and DNA-damage inducible 450,
(GADD45A) 3.8 7.0 9.2
Growth arrest and DNA-damage inducible 45y
(GADD45G) 2.0 4.3 9.2
Heat shock protein 105 (HSP105) 1.3 3.5 4.8
Heat shock protein 25 (HSP25) 14 34 4.7
Glutamate cysteine ligase, regulatory subunit (GCLM) 2.7 4.0 4.5
DNAJ homolog B1 (HSP40B1) 1.2 3.2 4.1
DNAJ homolog B9 (HSP40B9) 1.9 | 32 4.0
N-Myc downstream regulated-like (NDRL) 1.8 3.0 3.2
Glutamate cysteine ligase, catalytic subunit (GCLC) 3.0 3.9 3.2
Thioredoxin reductase 1 (TXNRDI1) 2.9 3.2 3.2
Oxidative stress induced gene (STAP or A170) 2.0 2.5 2.5
Heat shock protein 86-1 (HSP86-1) 1.3 2.0 2.5
N-Myc downstream regulated 1 (NDR1) 1.7 2.0 2.3
Glutathione reductase 1 (GSR) 14 1.7 2.3
Crystallin, alpha ¢ (CRYAC) | 1.2 1.9 2.1




Table 3.2 (continued)
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Fold Induction

Transcriptional control 2h 4h 6h
Activating transcription factor 3 (ATF3) 2.9 8.3 11.5
Four and a half LIM domains 2 (FHL2) 1.7 3.0 3.1
TG interacting factor (TGIF) 2.3 2.3 2.7
Inhibitor of kappa light polypeptide gene enhancer
(IKBKG) 1.2 2.0 2.6
Peroxisome proliferator activated receptor gamma
(PPARY) ' , 1.3 2.2 24
Cellular repressor of E1A-stimulated genes (CREG) 1.5 1.9 24
Kruppel-like factor 5 (KLF5)
Krox-20 family containing zinc finger (KROX20)

Transporters

Cationic amino acid transporter (SLC7A11) 5.4 11.5 15.1
Glutamate/neutral amino acid transporter (SLC1A4) 34 8.8 10.4
Activators of dibasic and neutral amino acid transport

(SLC3A2) 1.8 2.9 3.9

ATP-binding cassette, subfamily ¢ (ABCC2) 2.0 34 3.6

Organic cation transporter (SLC22A5) 1.9 2.5 3.3

Solute carrier family 20, member 1 (SLC 20A1) 1.5 2.5 2.5

Cationic amino acid transporter (SLC 7A5)
| Monocarboxylic a
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Table 3.3 Microarray analyses of de novo TFEC-inducible #Zsp genes.
_ Analyses were performed on TAMH cultures treated with 200 uM TFEC for 2, 4 or 6
h. Results have been expressed as a normalized ratio of the gene expression in the
TFEC-treated samples against aqueous vehicle treated controls. Selected highly
expressed HSP genes are listed according to fold induction at 6 h.

Fold Induction

Gene name 2h 4h 6h
HSP68 (or HSP70i) 1.7 19.6 35.7
Heme oxygenase-1 17.2 294 31.0
HSP 105 1.3 3.5 4.8
HSP25 14 34 4.7
HSP68A 1.3 1.9 4.6
HSP40B1 1.2 3.2 4.1
HSP40B9 1.9 3.2 4.0
HSP86 1.3 2.0 2.5
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M12573 (HSP70 or HSP68)
NM_010442 (HO-1)
NM_013559 (HSP105)

M12571 (HSP70 or HSP68)
NM_013560 (HSP250r Hspb1)
NM_018808 (HSP40 or Dnajb1)
NM_013760 (HSP40 or Dnajb9)
NM_030704 (HSP25 or Hspbs)
NM_010480 (HSP90 or Hspca)

Figure 3.1 Heat map display of the 8 TFEC-inducible HSPs. Genes with > 2
fold upregulation are shaded in red. Intensity of the shading is proportional to the
magnitude of mRNA induction. Responses were compared with other known
hepatotoxicant treatments including rotenone (1 pM), acetaminophen (5 mM), diquat
(20 uM) and flutamide (75 uM) dosed for 4, 8 and 24 h. The expression profiles were
compared and clustered by similarity using the GeneSifter software. Red shading

denotes upregulation, green shading denotes down regulation and black shading
denotes genes with no significant change in expression level.
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Real time quantitative RT-PCR for selected genes. Genes were
validated with real-time quantitative RT-PCR using SYBR Green fluorogenic probes.
Results are expressed as a normalized ratio using the housekeeping gene GAPDH as
reference. Each profile is displayed as a separate graph including HSP25, HSP40,
HSP70i, mtHSP70, HSP60, HSP 105 and HO-1. Each data point is the taken as the
average of 3 replicates with SEM displayed as the y-error bars.
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Figure 3.3A Immunoblot assay for various HSPs following TFEC treatment of
TAMH cells. TAMH cells were treated with 250 uM TFEC for 0, 2, 4, 6 and 8 h.
Total cell lysates were blotted with polyclonal anti-HSP25, anti-HSP40, anti-HSP60,
anti-HSP70i, anti-HO-1, anti-mtHSP70, anti-HSP105, anti-grp78 and anti-
calreticulin. Loading control was anti-3-actin.
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DTT treated lysates (mM) B-ME treated lysates (M)
0 100 200 500 0 0.5 1.0 2.0

HSP25 dimer

HSP25 monomer

~ Figure 3.3B Immunoblot assay for various HSPs following TFEC treatment of
TAMH cells. TAMH cells treated with TFEC (250 uM) for 6 h were incubated with
different concentrations of DTT (100, 250, 500 mM) and -mercaptoethanol (0.5, 1, 2
M) before SDS-PAGE and Western blot analysis with polyclonal anti-HSP25.
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Figure 3.3C Immunoblot assay for various HSPs following TFEC treatment of
TAMH cells. Samples of TAMH cells treated with TFEC (6 h, 250 uM) were purified
on a DEAE-sepharose column. The fraction positive for HSP25 was applied for DTT
(100 and 200 mM) and TCEP (1 and 10 mM) incubations (20 min at 95 °C) before
SDS-PAGE and Western Blot analysis with polyclonal anti-HSP25.
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Figure 3.3D Immunoblot assay for various HSPs following TFEC treatment of
TAMH cells. TAMH cells were subsequently treated with TFEC for 0, 4 and 8 h.
Mitochondrial and cytosolic fractions were blotted with polyclonal anti-HSP25.
Polyclonal anti-GAPDH and anti-VDAC were used as loading controls for cytosol and
mitochondria respectively. Intensity of each HSP25 band is quantified by densitometry
and displayed as a graph below the blot.
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Conditions 1 2 3 4 5 6
HSP25

B-actin

Amount remaining 100 45 41 38 14 22
(% control)

Figure 3.4A  Silencing of HSP25 by siRNA. TAMH cells were transfected with
different ratios of siRNA-to-transfection reagent for 48 h. These conditions were: 1.
Untransfected control; 2. 4 pL siRNA, 4 pL transfection reagent; 3. 6 WL siRNA, 4 uL
transfection reagent; 4. 8 uL siRNA, 4 uL transfection reagent; 5. 4 uL siRNA, 6 uL
transfection reagent; 6. 4 UL siRNA, 8 uL transfection reagent. HSP25 protein
expression was monitored by immunoblot assay using specific polyclonal anti-HSP25
antibodies. HSP25 protein levels are expressed as a normalized ratio of the respective
B-actin levels.
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Figure 3.4B  Silencing of HSP25 by siRNA. TAMH cells were transfected with
condition § as described earlier. At 30 h post-transfection, TFEC (250 uM) was
administered and immunoblot assay was performed on cell lysates that were subjected
to 8 h treatment with TFEC. Lane 1 and 4 are untransfected cells, 2 and 5 are cells
transfected with the negative control siRNA, and 3 and 6 are transfected with HSP25
siRNA. Lane 1-3 are untreated cells and 4-6 are cells treated with TFEC. The relative
protein levels and HSP25 monomer and the apparent dimer are expressed as a
normalized ratio of the -actin loading control.

Normalized ratio of
HSP25 band to p-actin
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Figure 3.4C  Silencing of HSP25 by siRNA. MTT viability was performed on cells
treated with vehicle or TFEC (250 and 500 pM) for 8 h, administered at 30 h post-
transfection with either vehicle or condition 5. Results are expressed as a percentage
of viable cells in the untreated controls with +/- SD (n=6).
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Figure 3.5 Immunoblot assay for various HSPs after heat shock pretreatment
of TAMH cells. TAMH cells were shocked at 43°C for 30 min and replaced into the
37°C CO; incubator before they were harvested at 4, 8, 16, 24 and 48 h. They were
blotted with a representative list of HSPs including HSP25, HSP40, HSP60, HSP70i,
mtHSP70 and HSP105. The loading control was f-actin.
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- Figure 3.6 MTT viability assay of heat shocked TAMH cells after various
durations of TFEC (250 pM) treatment. (A) Cells were heat shocked at 43 °C for 1
h, pre-incubated for another 11, 15, 19 h and treated for 12, 8 and 4 h respectively. (B)
Viability was measured by MTT assay. Results are expressed as a percentage of viable
cells in the untreated controls with +/- SD (n=6). (* denotes a statistically significant
difference between control and heat shock cells with p<0.05).
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Figure 3.7 Effect of hemin pretreatment on TFEC-induced -cytotoxicity.
TAMH cells were treated with hemin (20 uM) for 1 h and fresh medium was replaced
thereafter. (A) Cells were harvested at 2, 4, 8, 24 and 48 h and expression of HO-1
was monitored by Western blot using polyclonal anti-HO-1 antibody. Loading control
was B-actin. (B) Cells were subsequently treated with TFEC (200-600 uM) for 4, 8
and 24 h respectively. Cell viability was monitored by MTT. Results are expressed as
a percentage of viable cells in the untreated controls with +/- SD (n=6). (* denotes a
statistically significant difference between control and heat shock cells with p<0.05).
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Figure 3.8 Effect of SnPP on TFEC-induced cytotoxicity. Cells were treated
with TFEC (200 uM) for 6 and 24 h, with or without SnPP (20 uM) coadministration.
Cell viability was monitored by MTT. Results are expressed as a percentage of viable
cells in the untreated controls with +/- SD (n=6). (* denotes a statistically significant
difference between control and heat shock cells with p<0.05).
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Figure 3.9 Induction of ferritin by hemin pretreatment. TAMH cells were:
treated with hemin (20 uM) for 1 h and the expression of ferritin was monitored by
immunoblot assay using a goat polyclonal ferritin antibody.
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Chapter 4

The Oxidative Stress Response In TFEC-induced Cytotoxicity

4.1 Introduction

Oxidative stress occurs commonly in chemical-induced cellular injury. It is often the
result of : (1) an increase in ROS/RNS production; and/or (2) a decrease in cellular
antioxidants. These changes can occur through direct and indirect mechanisms. Some
compounds can be metabolized to free radicals directly, like the reductive
dehalogenation of carbon tetrachloride by P450 enzymes to generate a radical that
causes lipid peroxidation. Other compounds can form ROS through redox recycling.
For example, the pesticides paraquat and diquat are known to be enzymatically
reduced into radical anions by P450 reductases. The radical anions can then be
reoxidized by reaction with molecular oxygen to form superoxide anion (Halliwell and
Gutteridge 1999). ROS/RNS generation can also occur via the inhibition of some
biochemical pathways like the ETC. For example, rotenone binds to Complex I and
inhibits electron flow down the electrochemical gradient such that there is a local

buildup of electrons to react directly with oxygen (as discussed in Chapter 1).

On the 6ther hand, drugs and other chemicals caﬁ cause decreases in antioxidants in
cells and tissues. Many compounds can be metabolized to electrophilic intermediates
that can react with sulfydryl-containing antioxidants such as GSH and thioredoxin. If a
large or sustained dose of such chemical is administered, it can overwhelm the ability
of the cells to supply these protective factors, resulting in a depletion of these thiol-
containing antioxidants. A classical example is the depletion of GSH by a reactive
metabolite of the drug, acetaminophen. Acetaminophen is metabolized to its
electrophilic reactive intermediate, N-acetyl-p-quinoneimine (NAPQI) that reacts with
GSH, to both form GSH conjugates and oxidize GSH to GSSG (Chen et al. 1999;
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Dahlin et al. 1984). Both reactions can cause oxidative stress that contributes to the

hepatotoxicity caused by large doses of acetaminophen.

The current consensus on the mechanism of TFEC toxicity involves bioactivation of
TFEC by cysteine S-conjugate 3-lyase to an unstable DFTAL intermediate (Cooper et
al. 2002a; James et al. 2002). This reactive electrophilic species covalently modifies a
very small, but well-defined group of intramitochondrial proteins including aconitase,
0oKGDH subunits, AST, HSP60 and HSP70 (Bruschi er al. 1998; Bruschi ez al. 1993;
James et al. 2002). As discussed in Chapter 2, it is generally accepted that these
binding events are the initiating lesions in the mitochondrial dysfunction, necrotic cell
death and tissue damage produced by TFEC. However, it is not obvious if oxidative
stress is participating as a parallel or intervening pathway to exacerbate the toxicity.
Rick Schnellmann’s group has shown that inhibition of lipid peroxidation in proximal
renal tubular cells incubated with TFEC, did not increase cell survival, suggesting that
oxidative stress as measured by lipid peroxidation is not an important contributory
factor to toxicity (Groves et al. 1991). However, at the time these studies were

initiated, conclusive evidence was not available.

Currently, there is a renewed interest in the role of oxidative stress in TFEC toxicity.
A recently characterized transcription factor, Nrf2, has been found to be a key
transcriptional activator for genes possessing the antioxidant response element (ARE)
in their promoter region. This include GSTs, ferritin, glutamylcysteine ligase subunits
(GCLc, GCLm) glutathione reductase, heme oxygenase-1 (HO-1) and NADPH-
dependent quinone oxidoreductase (NQOI), and many others are still being
discovered (Alam et al. 1999; Jaiswal 2004; Numazawa and Yoshida 2004; Sakurai et
al. 2005; Wild et al. 1999). These effector genes have ubiquitous roles in coding for
enzymes that protect cells from reactive metabolite of xenobiotics that can cause
oxidative stress in cells. Hence, there is intense interest in understanding the role of
Nrf2 in chemoprevention and detoxification processes (Lee and Johnson 2004; Zhang

and Gordon 2004). Some groups are also re-visiting other well-studied cytotoxicants
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to determine how Nrf2 may participate in their mechanism of toxicity. For example,

enhanced hepatotoxicity of acetaminophen was recently shown in Nrf2 knockout mice,
and the hepatic activation of Nrf2 by acetaminophen was also demonstrated (Chan et
al. 2001; Goldring et al. 2004).

Previously, it has been shown that the reactive metabolite of TFEC, DFTAF, forms
adducts with aconitase and «KGDH that leads to inhibition of these two TCA cycle
enzymes (Chapter 1). TCA cycle inhibition, specifically the depletion of NADH, can
attenuate the transhydrogenation of NADPH (Garrett and Grisham 1995; Rydstrom
1977). NADP/NADPH coupling to GSH/GSSG makes this an important determinant
for the overall redox status of the host cell. Through this association, it is likely that a
decreased antioxidant potential may arise from TCA inhibition. Moreover, studies
with the TCA cycle inhibitor, sodium arsenite (NaAsQO,), have recently demonstrated

an oxidative stress response (Lee ef al. 2005b; Pourahmad et al. 2005).

Thus, the studies reported in this chapter represent a logical continuation of those in
Chapter 3 that use global gene expression profiles to identify cellular and biochemical
responses to help assess the involvement of oxidative stress in cytotoxicity caused by
TFEC in TAMH cells. Parts of this chapter were previously published in Toxicological
Sciences (Ho et al. 2005b).

4.2  Materials and Methods

4.2.1 Cell culture

Serum-free cell culture of the TAMH line between passages 21-35 was undertaken as
previously described in Chapter 2. For glucose-free experiments, cells were grown and
subsequently treated in Dulbecco’s modified Eagle’s medium, with or without
glucose. Hepa-1 cells overexpressing GCL were developed and maintained as
previously described (Botta et al. 2004). Mouse embryonic fibroblast wild-type
(MEF-WT), Nrfl knock-out (MEF-Nrfl-/-) and Nrf2 knock-out (MEF-Nrf2-/-) cell

lines were developed by Dr. Jeff Chan (University of California, San Francisco) and
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made available through Dr. Terry Kavanagh (University of Washington). The cell

lines were maintained according to protocols described previously (Leung et al. 2003).

4.2.2 Microarray analysis procedures
TAMH cells were grown on 150 cm? tissue culture dishes before they were subjected
to various treatments for RNA isolation and microarray analyses as described

previously (Chapter 3).

4.2.3 Quantitative RT-PCR

The method for real time RT-PCR was described in Chapter 3. The gene-specific
sequences of the primer pairs and probes used in the assays are as follows: GCLc
(U85498): forward primer, ATGTGGACACCCGATGCAGTATT; reverse primer,

TGTCTTGCTTGTAGTCAGGATGGTTT; probe,
CCTAAAGCTAATTAAGAAGAGAGC. GCLm (NM_008129):. forward primer,
GCCACCAGATTTGACTGCCTTT; reverse primer,

CAGGGATGCTTTCTTGAAGAGCTT; probe, TCTGAGGCAAGTTTCCA. GSTA3
(NM_010356): forward primer, AGGAACAAACCAGGAACCGTTACTT; reverse
primer, CAGCGCTCCTCAGCCTGTT; probe, TCTTCAACACCTTTTCAAAGG.
GSTAZ2 (NM_008182): forward primer, GTATTATGTCCCCCAGACCAAAGAG;
© reverse primer, CTGTTGCCCACAAGGTAGTCTTGT. GAPDH (NM_008084):
forward primer, TCCTGCACCACCAACTGCTT; reverse primer,
GAGGGGCCATCCACAGTCTT; | probe,
CACTCATGACCACAGTCCATGCCATCAC. GSTA2 was analyzed by SYBR green

instead of TagMan and no probe was needed.

4.2.4 Isolation of cytosolic/nuclear fractions

Nuclear and cytosolic fractions were isolated with slight modifications to the protocol
described previously (Buckley et al. 2003). Briefly, the harvested cells were pelleted
and resuspended in 475 uL of cytosolic éxtraction buffer (10 mM Tris-base, 60 mM
KCl, 1 mM EDTA, 1 mM DTT, protease inhibitor cocktail) and kept on ice for 10
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min. Subsequently, 25 UL of 10 % v/v Igepal CA-630 was added to the cell

suspension and mixed with gentle pipetting for 10-15 s. This mixture was spun at
12,000 g for 5 min at 4°C. The resultant supernatant was removed as the cytosolic
fraction. The pellet which contained the nuclear-enriched fraction was then
resuspended again in nuclear extraction buffer (20 mM Tris-base, 400 mM NaCl, 1.5
mM MgCl,, 1.5 mM EDTA, 1 mM DTT, 25% v/v glycerol, protease inhibitor
cocktail). Independent verification of the relative purity of subcellular fractions was by

immunoblot (as described below).

4.2.5 Immunoblot procedures

All the fractions collected were assayed for protein concentration using the BCA
protein assay kit (Pierce Chemical Co., Rockford, IL). Proteins (30-50 pg) were
resolved by denaturing electrophoresis, SDS-PAGE (Mini-PROTEAN II; Bio-Rad
Laboratories, Hercules, CA) and transferred to nitrocellulose membranes for 1 h at 15
V using Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad). Immunodetection was by
chemiluminescence (SuperSignal ULTRA; Pierce, | Rockford, IL) using specific
antibodies diluted in PBS with 0.05% v/v Tween 20 and 5% w/v powdered milk. Anti-
Nrf2 (1:1,000), anti-Nrf1, anti-Gadd153, anti-Gadd34 and anti-Histone-H1 were from
Santa Cruz Biotechnology (San Diego CA), anti-HO-1 from Stressgen (Victoria, BC,
Canada), and anti-GAPDH was developed in-house (Dietze et al. 1997). Secondary
anti-mouse and anti-rabbit horseradish peroxidase conjugated secondary antibodies
(Pierce) were used at 1:20,000 dilution. All primary antibodies were used at 1:2,000
dilution unless otherwise stated. Densitometric analyses were performed on selected
immunoblots using Bio-Rad ChemiDoc and the Quantity One Version 4.3.0 program
(Bio-Rad).

4.2.,6 Immunocytochemistry
Immunocytochemical staining of TAMH cells was performed exactly as described in
Chapter 2. Immunostaining was with anti-Nrf2 and anti-rabbit fluorescein

isothiocyanate (FITC) conjugated IgG (Molecular Probes) in the presence of saponin
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(0.2% wi/v) to enhance antibody accessibility. Nuclear staining was performed by

incubating 4’,6-diamidine-2’-phenylindoledihydrochloride (DAPI) at 0.5 ug/mL in
PBS for 5 min. Cells were washed extensively with PBS before being mounted with
Fluoromount G (Southern Biotechnologies, Birmingham, AL), and were examined
using a Nikon Eclipse fluorescence microscope (Nikon, Melville, NY) with 40X

lenses. Images were then processed with Q-Imaging software (Burnaby, BC, Canada).

4.2.7 Spectrofluorometric analyses of hydrogen peroxide formation and free
cytosolic calcium

Cells were grown on 6-well dishes and treated with TFEC as indicated. Cells were
then incubated with either 10 uM dihydro-dichlorofluorescein-diacetate (H,DCFDA)
for measuring intracellular hydrogen peroxide, or 2 uM Indo-1 AM for measuring
intracellular calcium. Cells were rinsed, harvested and re-suspended in 1 mL Hanks’
BSS. Fluorescence was monitored using a SLM-Aminco 8100 spectrofluorometer
(Spectronic Instruments, Rochester, NY), at 468 nm (excitation A) and 528 nm
(emission A) for H,DCFDA. Indo-1 detection and calcium quantification required a
ratiometric analysis using the following equation:

Ratio = [absorbance (320 nm excitation A, 405 nm emission A) / absorbance (355 nm

excitation A, 475 nm emission A)].

4.2.8 Viability assay by MTT

Cell viability was determined using 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-
tetrazolium bromide (MTT) to assess cell viability according to protocols previously
described (Chapter 2). Experiments investigating the impact of antioxidants on TFEC
toxicity were with Trolox (1 mM) and t-butylhydroperoxide (TBHP) was used as a

positive control to induce oxidative stress.

4.2.9 ATP depletion assay
Intracellular ATP levels were measured by its activity using the CellTiter-Glo

Luminescent Cell Viability Assay (Promega, Madison, WI) according to the
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manufacturer’s protocol. Briefly, cells were treated with 250 uM TFEC for 0-8 h on

96-well plates. After incubation, an equivolume of the luminescent substrate and lysis
buffer mix from the assay kit was added. The mixture. was transferred to an opaque
96-well plate and luminescence was read and analyzed with PlateLumino (Phenix,
Hayward, CA).

4.2.10 Flow cytometry

Flow cytometry methods were adopted from a previously described procedure (Botta
et al. 2004). Briefly, cells were grown on 12-well dishes and treated for the time
periods indicated. All cells were harvested, re-suspended and incubated in
nonylacridine orange (NAO, Molecular Probes; 2 uM; 488 nm excitation A, 530 nm
emission A), as a measure of mitochondrial cardiolipin content; with
monochlorobimane (4 puM; 351-362 nm excitation A, 450 nm A) for reduced
glutathione (GSH) content, or with hydroethidine for superoxide (Molecular Probes; 5
MUM; 488 nm excitation A, 590 nm emission A). Diethylmaleate (DEM) was used as a
positive control for GSH depletion (125 uM; 4 h). After staining for 30 min at 37 °C in
the dark, the cells were examined by flow cytometry (Epics Elite, Beckman-Coulter
Corp, Miami, FL) for the intensity of fluorescence. The PMTs were gated for live cells
using propidium iodide (2 uM) added just before acquisition. NAD(P)H redox status
was also monitored concurrently with a UV-excited blue autofluorescence (351-362
nm excitation A, 450 nm emission A). Data from at least ‘5,000 cells were collected in

list mode, and processed with MPlus Software (Phoenix Flow Systems, San Diego,
CA).

43  Results

4.3.1 Ihduction of oxidative stress-related genes

Microarray analyses were performed on TAMH cells treated with 200 uM TFEC for
2,4 and 6 h using a 10K mouse oligonucleotide array (Codelink). Here, we highlight a
group of oxidative stress related genes that were highly upregulated in a time-

dependent fashion, with the expression level increasing from 2 to 6 h treatment with
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TFEC. These genes included heme oxygenase-1 (HO-1), GST-alpha isoforms, GCL

subunits, glutathione reductase and thioredoxin reductase (Table 4.1). Heme
oxygenase-1 was the most upregulated gene in the entire array as measured at 4 h of
TFEC treatment (29.4 fold higher than control cells). The mRNA expression of GCL
subunits, GSTA2 and GSTA3 were validated by quantitative RT-PCR (Table 4.2).
These confirmatory data demonstrate a good correlation with the microarray analyses.
For example, GSTAZ2, the most highly upregulated of the 4 genes validated (26.4 fold
induction at 4 h with microarray), was also the most highly expressed by RT-PCR
(111.5 fold induction at 6 h). |

4.3.2 Nrf2 induction and translocation is an early event in TFEC toxicity

Many of the oxidative stress related genes identified in these studies share an
antioxidant response element (ARE) in their promoter sequences. Consequently, Nrf2
expression was assessed using Western blot analyses following treatment with 200
MM of TFEC for 0-6 h. An almost negligible level of Nrf2 protein was observed in
control cells, but the level increased markedly after only 2 h of TFEC treatment
(Figure 4.1A). Higher doses of TFEC (250 uM) produced similar induction at 6 h but
with a lower absolute amount of Nrf2 induced (Figure 4.1A). Furthermore, Western
blot analyses demonstrated a dramatic protein induction at 6 h treatment, which is
completely reversed by the specific protein synthesis inhibitor, cycloheximide (Figure
4.1B). Similar cycloheximide-dependent inhibition of expression was also observed
with HO-1 (Figure 4.1C). |

Determination of Nrf2 translocation from the cytosol to the nucleus was used as a
functional correlate for Nrf2 induction. As shown in Figure 4.2, cytosolic Nrf2 levels
increased in a time-dependent manner from 0-2 h and thereafter, decreased. |
Meanwhile, nuclear Nrf2 reached a maximum at about 1 h and remained at that level.
This translocation was also specific for Nrf2 since the highly homologous Nrfl did not
display any change in expression level or subcellular distribution following TFEC

treatment (Figure 4.2). Likewise, complementary immunocytochemical staining of



115
Nrf2 and fluorescence microscopy demonstrated the translocation with a distinct

nuclear staining pattern after similar treatment (Figure 4.3). Thus, these data clearly
indicate that Nrf2 is rapidly mobilized from the cytosol to the nucleus in response to

TFEC treatment, consistent with the induction of ARE-controlled genes.

4.3.3 Lack of an early phase oxidative stress in TFEC toxicity

Nrf2 activation and the upregulation of effector ARE genes suggest that TFEC might
act by an oxidative stress mechanism. GSH depletion, oxidation of membrane
cardiolipin, levels of reduced pyridine nucleotides (NAD(P)H), and intracellular
hydrogen peroxide/superoxide formation were examined as indicators of cellular
redox perturbations. Using flow cytometric measurements with a thiol-reactive dye,
monochlorobimane, no significant change was observed in cellular concentrations of
GSH from 0-6 h treatment with 250 uM TFEC (Figure 4.4A). A supratoxicological
dose of TFEC (400 uM) caused a decrease (approx. 20%) in reduced GSH that was
not as pronounced as the decrease (approx. 80%) caused by diethylmaleate (Figure
4.4A). Likewise, there was little change in membrane cardiolipin oxidation as
measured by NAO staining and flow cytometry, nor any significant increase in
intracellular hydrogen peroxide or superoxide formation within the first 2 h (Figure
4.4B, 4.4C, 4.4D). NAD(P)H levels, as detected by UV-excited autofluorescence,
were significantly reduced at 4 and 6 h (Figure 4.4E). The reduction is time-dependent
such that cells after 6 h of treatment had approximately 50% lower levels of reduced
pyridine dinucleotides in comparison to controls. Arguably, it is still possible that
oxidative stress was transient and/or below our detection limits. Hence, the
significance of any low-level oxidative stress was investigated by looking at the
cytoprotective action of an antioxidant, as well as the transgenic overexpression of
GCL subunits. An effective dose of Trolox (1 mM) failed to reverse the toxicity of
TFEC (250 uM) as demonstrated with the MTT viability assay (Figure 4.4F).
Likewise, Hepa-1 cells overexpressing GCL subunits (i.e. CR17) did not alter the
dose-dependent profile of TFEC toxicity (Figure 4.4G).
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4.3.4 Cellular calcium dysregulation

ER stress is known to result in non-physiological mobilizations of calcium from this
compartment. Therefore, intracellular calcium was measured spectrofluorometrically
using the ratiometric UV-excitable dye, Indo-1 AM which fluoresces strongly at 405
nm with high cytosolic calcium concentrations, and at 475 nm with low
concentrations. Ratiometric analysis also corrects for differential dye-loading between
samples. The results show an increasing intracellular calcium concentration with time
following TFEC treatment (Figure 4.5A). Significant increases were observed after 4
and 6 h with ratios of 0.57 and 0.72, respectively. These values were comparable to
those found with calcium ionophore, A23187 (100 nM) treated cells (0.85) as a
positive control indicative of calcium dysregulation from more generalized ER stress

following TFEC exposure.

4.3.5 Depletion of intracellular ATP

Changes to cellular ATP levels are expected as a consequence of TFEC-mediated
inhibition of the TCA cycle and were investigated using a commercially available
luminescent procedure (CellTiter-Glo Luminescent Cell Viability Assay, Promega).
There was a rapid depletion of intracellular ATP within the first 2 h of TFEC
treatment (to approx. 50% of starting levels). By 8 h, the levels were reduced even

further to less than 20% of control levels (Figure 4.5A).

To further determine the importance of intracellular ATP to subsequent cell signaling,
TAMH cells were preinéubated in glucose-free or high-glucose (4,500 mg/L) medium
before subjecting them to cytotoxic concentrations of TFEC (250 uM) for an
additional 24 h. Our results show that cells survived significantly longer in the
presence of high glucose medium (Figure 4.5B) and this was associated with the
maintenance of cellular ATP content (approx. 4-fold higher) by glucose

supplementation (Figure 4.5C).
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4.3.6 Induction of ER stress response genes

Activation of Nrf2 in the absence of oxidative stress suggests involvement of another
signaling pathway known to occur at the level of the ER (Cullinan ez al. 2003; Liu et
al. 2005). Our microarray analyses have indicated a strong link to ER stress with an
early and pronounced upregulation of a number of ER-stress response genes (Table
4.3). This list includes genes encoding for four ER resident proteins (Gadd153,
Gaddd45, Gadd34, Atf3) as well as cytosolic proteins that have been well-established to
be induced in response to ER stress (i.e. Ndrl). At least one of these genes was shown
here to be upregulated at the protein level (Gadd153) while Gadd34 did not show any
increase in protein level despite significant transcriptional changes (Figure 4.6 and
Table 4.3). Western blot analyses for both Hsp70i and Atf3 showed that Atf3 is
strongly upregulated temporally from 4 to 8 h after the initiation of TFEC treatment,
whereas Hsp70i levels remained high even at 20 h (Figure 4.7).

4.3.7 Effect of Nrf2-/- in TFEC toxicity

The role of Nrf2 transcriptional activation of ARE genes to TFEC-induced
cytotoxicity was examined with the use of mouse embryonic fibroblasts (MEF), and
transgenic cells either with Nrfl or Nrf2 knock-out (Nrf1-/- or Nrf2-/-). The basal level
of Nrf2 protein expression in all 3 lines was determined by Western blot as shown in
Figure 4.8. By treating these cell lines with TFEC at various concentrations for 24 h, it
was observed that Nrf2-/- fibroblasts were significantly less viable than either the WT
or the NrfI-/- fibroblasts. Nrfl-/- did not display any change in toxicity profile versus
the WT fibroblasts (Figure 4.9).

4.4  Discussion

The work presented here has shown that despite a highly focused mitochondrial origin
of subcellular damage, signal transduction of the initial chemical insult caused by
TFEC rapidly expands to affect other organelles such as the ER. We previously

demonstrated that the initial damage to mitochondrial proteins results in the
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translocation of cytosolic BAX to the outer mitochondrial membrane (Chapter 2). This

translocation is pivotal to the activation of subsequent mitochondrial effects including
a mitochondrial permeability transition (MPT) (James et al. 2002), and the release of
cytochrome c into the cytosol where it mediates downstream proteolysis (Chapter 2).
Gene expression profiling has now revealed a previously undetected early induction of
ARE responsive genes including heme oxygenase-1, GCL, thioredoxin reductase and
GSTs during TFEC cytotoxicity. Subsequent RT-PCR has confirmed this high level of
HO-1 induction (Chapter 3) as well as the induction of GCL subunits and GST-alpha
isoforms. Further independent microarray studies using the same samples but run on a
different platform (NIA 15K mouse cDNA array) have also shown that many of the
same genes were upregulated as well as other oxidative stress related genes, including
various ferritin subunits and GST-pi (Hu et al., manuscript in preparation). This was a
surprising observation since previous reports had indicated that the level of oxidative
stress in TFEC-mediated cell death was absent or minimal, and inconsequential to
toxicity (Groves et al. 1991). To establish a link from the initial mitochondrial protein
binding events to the upregulation of these genes, we considered the possible role of a

predominant and well-characterized transcription factor; Nrf2.

Nrf2 is an important stress-responsive transcription factor of the “cap-and-collar” B-
leucine zipper family, that is activated during oxidative stress (Nguyen et al. 2003). It
regulates the expression of a number of Phase II enzymes (e.g. NQO1, GSTs) and
antioxidant proteins (e.g. GCL, HO-1, thioredoxin). This process is driven by the
association of Nrf2 to the ARE consensus sequence (5’-TGACnnnGCA-3’) on the
promoter region of these genes (Itoh et al. 2004; Jaiswal 2004; Lee and Johnson 2004;
Numazawa and Yoshida 2004). Recent reports continue to identify new downstream
effector genes for Nrf2, including thioredoxin reductase and MafG (Katsuoka et al.
2005; Sakurai er al. 2005).

At present, the mechanisms of Nrf2 upstream activation are not completely

understood. A few independent, yet not mutually exclusive, theories have emerged in
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this respect. Nrf2 has been shown to be constitutively expressed and localized in the

cytosol, and maintained in a repressed state by complexing with the actin-associating
protein, Keapl. This heterodimerization confines most of Nrf2 to the cytoskeleton and
away from the nucleus. Keapl has a cysteine-rich surface which is subject to oxidation
in cases of oxidative and nitrosative stress, and to thiol adduction in cases of reaction
with electrophiles. This apparently results in global conformational changes to Keapl
thereby, leading to the liberation of Nrf2. The monomeric Nrf2 is then available to
translocate to the nucleus. In this manner, Keapl acts as a redox-sensor that
upregulates ARE antioxidant responses through Nrf2 (Itoh er al. 2004; Itoh et al.
2003; Kang et al. 2004; Levonen et al. 2004; Zhang and Hannink 2003). More
recently, it has also been suggested that oxidation of selective cysteines on Keapl
might not change its affinity to Nrf2, but rather result in self-ubiquitination, and hence,

releasing Nrf2 to transmigrate (Eggler et al. 2005).

Nrf2 activation also has been shown to be mediated through phosphorylation by
mitogen-activated protein kinases (MAPKs), protein kinase C (atypical isoform) and
phosphoinositol-3-kinase (PI3K) (Nakaso et al. 2003; Nguyen et al. 2003; Numazawa
et al. 2003; Yu et al. 2000). Further upstream kinases may also play a role in these
events. In addition, it has been proposed that Nrf2 can be activated through a redox-
independent pathway. This involves a prior ER stress that induces an ER-specific
protein kinase, termed PERK, which can directly phosphorylate Nrf2 (Cullinan and
Diehl 2004; Cullinan et al. 2003).

From the studies reported here, TFEC can be seen to induce some Phase II enzymes
and antioxidant responsive genes in TAMH cells, and this is likely a consequence of
early Nrf2 induction. This phenomenon has not been previously reported for TFEC or
other halogenated aliphatics. To establish mechanistic links to the activation of Nrf2,
we examined numerous indicators of cellular oxidative stress, but the overall lack of
any significant changes in these parameters suggests that classical oxidative stress

does not contribute significantly to TFEC-mediated cytotoxicity in TAMH cells.
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These findings are consistent with previously reported in vivo findings (Groves et al.

1991). While this does not rule out a role for Keapl in the regulation of Nrf2
translocation, it does imply that redox changes related to GSH status or ROS
production are not pivotal in the activation pathway. In future studies it will be of
interest to examine the possibility of Keapl modification following transient, low-
- level oxidative stress or reactions with electrophilic reactive metabolites using highly

sensitive mass spectrometry techniques.

One of the earliest effects of TFEC observed was a rapid depletion of intracellular
ATP. TFEC-mediated modification and inhibition of mitochondrial aconitase and
oKGDH activities (both important enzymes in the TCA cycle) might result in a
localized intramitochondrial oxidative stress leading to the rapid inhibition of ATP
production- an important determinant of the commitment to necrosis or apoptosis
. (Leist et al. 1997, Leist et al. 1999). Intracellular ATP concentrations are critical for
cell viability, and marked ATP depletion (15-25% of control) has been hypothesized
to switch the cell death mechanism from apoptosis to necrosis (Lieberthal ez al. 1998).
In fact, our previous studies with TFEC have shown that despite mitochondrial
changes supporting apoptosis (e.g. cytochrome c release), activation of pro-apoptotic
caspases does not occur. Rather, energy-independent cysteine proteases, like calpains,
replace caspases as the major enzymes catalyzing proteolysis (Chapter 2). The present
work provides direct evidence for an immediate loss of ATP that is consistent with the
décay of early apoptotic signals into a secondary necrosis. More importantly, we have
also demonstrated that replenishment of ATP by glucose supplementation significantly
restored cell viability. Even though depletion of ATP in glucose supplemented cells
was still significant, it appears that a higher basal level was sufficient to “cushion”
some of the damage produced by TFEC. These data confirm the importance of low

intracellular ATP levels on critical downstream energy-dependent processes.

The lack of clear evidence for a generalized cellular oxidative stress, coupled to

significant ATP depletion, implicates an alternative pathway for the activation of Nrf2
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in this cell death model. One possibility is an ER-stress mediated Nrf2 induction. An

ER resident protein kinase, PERK, is known to directly phosphorylate Nrf2 and trigger
dissociation from Keapl without the involvement of ROS (Cullinan et al. 2003).
PERK itself is strongly activated as part of the unfolded protein response (UPR) and
has been shown to be critical for cell survival during ER stress (Cullinan and Diehl
2004). A recent study has also reported that ER stress stimulated HO-1 induction
occurs through Nrf2 binding to ARE, consistent with our findings (Liu ez al. 2005).
Furthermore, regulation of calcium homeostasis appears to be important during Nrf2
activation (Lee et al. 2003), and recently, a selective calmodulin/CaMK inhibitor,
KNO3, was shown to block Nrf2 activation of ARE gene induction in HepG2 cells
treated with diallyl trisulfide (Chen ez al. 2004).

The role of ER stress in TFEC-induced cytotoxicity is not well-studied, but there are
scattered reports which suggest that this might be a significant and under-appreciated
phenomenon. For example, a role for calpains in renal cell death following TFEC
treatment has been demonstrated (Schnellmann and Williams 1998), in agreement
with our previous work using TAMH cells (Chapter 2). Of particular significance,
calpain activation was blocked by overexpression of anti-apoptotic BCL-xL (Chapter
2). These studies provided additional evidence for ER stress coupled with induction of
specific ER stress proteins in TFEC-induced cytotoxicity. For example, Atf3 is
recognized as an important stress responsive ER-bound transcription factor that has
been shown to induce Gadd153 (Wolfgang et al. 1997). Accordingly, Gadd153 is
another ER stress responsive gene shown to be strongly induced by TFEC. Since
covalent binding precedes all other events, these findings suggest that ER stress occurs
as a result of some.prior mitochondrial dysfunction. Because a strong link has already
been made between ATP depletion and calcium release from the ER (Harriman et al.
2002), we hypothesize that interruption of mitochondrial function causes a rapid
depletion of intracellular ATP by TFEC, which leads to ER calcium release and an
unfolded protein response (UPR) which is an energy-dependent process (Figure 4.10).
It is also possible that ATP depletion directly inhibits Ca-ATPase such that calcium is
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released from ER stores. Our ongoing efforts will include attempts to detect activation

of PERK, as well as other calcium-dependent signaling pathways, in Nrf2

phosphorylation and activation.

Overall, to the best of our knowledge, this is the first evidence of Nrf2 activation in
halogenated aliphatics-induced cytotoxicity. The apparent lack of oxidative stress,
despite clear transcriptional upregulation of classical antioxidant response genes,
suggests that a pathway independent of classical oxidative stress might be involved in
this mitochondrially-initiated pathway of toxicity. A strong ER response following
ATP deprivation provides important clues to support further investigations of ER

stress mediated Nrf2 activation.
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Table 4.1. Microarray analyses of de novo TFEC-inducible and ARE
responsive genes. Analyses were performed on TAMH cultures treated with 200 uM
TFEC for 2, 4 or 6 h. Results have been expressed as a normalized ratio of gene
expression in the TFEC-treated samples vs. aqueous vehicle treated controls. Selected
ARE-possessing and highly expressed genes are listed and ranked among all genes
according to fold induction at 4 h.

Fold induction
Rank Gene name 2h 4h 6h
1 Heme oxygenase (Decycling) 1 17.2 294 31.0
2 Glutathione S-transferase, (GSTA2) 9.2 26.4 40.8
26  Glutamate cysteine ligase, regulatory subunit 2.6 4.0 4.5
29  Glutamate cysteine ligase, catalytic subunit 3.0 3.9 3.2
40  Thioredoxin reductase 1 (TXNRD1) 2.9 3.2 3.2
73  Glutathione S-transferase, (GSTA4) 2.0 2.6 2.8
77  Oxidative stress induced gene (STAP or 2.0 25 2.5
A170)

126  Glutathione S-transferase, (GSTA3) 1.5 2.0 2.4
211  Glutathione reductase 1 (GSR) 1.4 1.7 2.3
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Table 4.2. RT-PCR analyses of ARE responsive genes. Selected genes shown to
be upregulated by microarray analyses were validated with real-time quantitative RT-
PCR using TagMan (for GSTA3, GCLC and GCLM) and SYBR Green (for GSTA2)
fluorogenic probes. Results are expressed as a normalized ratio using the
housekeeping gene GAPDH as reference. Standard deviation for each data point is
shown in parentheses. All expression levels show a statistically significant difference
as compared to their respective untreated controls (0.001<p<0.05).

Ratio of (gene/GAPDH) mRNA

expression
Gene name Oh 2h 4h 6h
Glutathione S-transferase, (GSTA2) 0.002 0.026 0.122 0.223

(0.000) (0.000) (0.003) (0.016)

Glutamate cysteine ligase, regulatory subunit  0.130  0.383  0.572  0.702
(0.005) (0.079) (0.022) (0.000)

Glutamate cysteine ligase, catalytic subunit 0.199 0.527 0.740 0.800
(0.002) (0.045) (0.108) (0.083)

Glutathione S-transferase; (GSTA3) 0.110 0294 0418 0455
(0.001) (0.026) (0.063) (0.048)
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Table 4.3. Microarray analyses of TFEC-mediated induction of ER stress
response genes. Microarray experiments were performed on TAMH cultures treated
with 200 uM TFEC for 2, 4 or 6 h. Results have been expressed as a normalized ratio
of gene expression in the TFEC-treated samples vs. aqueous vehicle treated controls.
Selected genes previously known to play prominent roles in the mammalian ER stress
response are listed and ranked among all genes based on fold induction at 4 h.

Fold induction
Rank Gene name 2h 4h 6h
6  DNA-damage inducible transcript 3 3.6 10.4 13.5
(DDIT3 or GADD153)
10 Activating transcription factor 3 (ATF3) 2.9 8.3 11.5
12 Growth arrest and DNA-damage inducible 3.8 7.0 9.2
450
(GADDA45a)
13 Myeloid differentiation primary response 1.8 7.0 10.8
gene 116 (MYD116 or GADD34)
23 Growth arrest and DNA-damage inducible 2.0 4.3 9.2
45y
(GADD45g)
124 N-Myc downstream regulated 1 (NDR1) 1.7 2.0 2.3
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Figure 4.1.  Confirmation of Nrf2 induction following TFEC treatment by
immunoblot assay. (A) TAMH cells were treated with 200 or 250 uM TFEC for 0 to
6 h. Whole cell lysates were resolved by SDS-PAGE and immunoblotted with
polyclonal antibodies to Nrf2. Monoclonal antibodies to f—actin were employed as
loading control. (B,C) TAMH cell lysates were treated with 250 uM TFEC, in the
presence or absence of cycloheximide (10 pug/mL) and immunoblotted for Nrf2 or
HO-1 using polyclonal antisera. Nrf2 expression was quantified by densitometric
analyses as displayed below each sub-figure.
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Figure 4.2.  Subcellular distribution of Nrf2 in response to TFEC treatment.
TAMH cultures were treated with 200 uM TFEC for 0, 0.5, 1, 2, 4 and 6 h.
Subcellular fractions of cytosol and nuclei were separated by standard centrifugation
procedures, resolved by SDS-PAGE, and subsequently immunoblotted with
polyclonal anti-sera to Nrf2 and to Nrfl. Expression of Nrfl and Nrf2 were quantified
by densitometric analyses as shown below the immunoblots.
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Figure 4.3. . Immunocytochemical detection of Nrf2 subcellular localization.
TAMH cells were treated with 200 WM for O to 4 h. Nuclei were stained with DAPI
and Nrf2 with FITC-conjugated anti-rabbit antibody. The cells were fixed to slides
with paraformaldehyde and viewed using fluorescence microscopy. Movement of
Nrf2 from the cytosol to the nucleus was observed as decreased cytosolic staining of
FITC-conjugated secondary antibody at both 1 h and 4 h, and increasing co-
localization of FITC green dye with blue DAPI-stained nuclei (indicated by solid
white arrowheads). Nuclear condensation of treated cells at 4 h is also shown (black
arrowheads).
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Figure 4.4.  Detection of oxidative stress in TFEC toxicity. TAMH cells were
treated with 250 uM TFEC for 0 to 6 h and subjected to the following analyses: (A)
Cellular reduced GSH levels as determined by flow cytometry using MCB staining.
DEM (125 uM, 4 h) was administered as a positive control for GSH depletion. (B)
Mitochondrial membrane cardiolipin oxidation as measured by flow cytometry using
NAO staining. A higher dose of TFEC beyond the toxicological range (400 uM) at 4 h
was used to confirm a lack of response. (C) Hydrogen peroxide release was
determined spectrofluorometrically using DCFDA staining. (D) Superoxide was
determined by oxidation of hydroethidine (5 uM) using flow cytometry. (E) NAD(P)H
was measured by flow cytometry using UV excitable autofluorescence. (F) The effect
of the antioxidant, Trolox (1 mM) was investigated by MTT viability using TFEC
(250 uM) for 24 h. Positive control was with t-butylhydroperoxide (TBHP, 500 uM, 3
h). (G) Wild-type Hepa-1 cells (HV) and GCL subunits-overexpressing cells (CR17)
were dosed with up to 1 mM TFEC for 24 h. Cell viability was assayed by MTT. (*
indicates a statistically significant difference from control cells as determined by
unpaired #-test, p < 0.05). ‘
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Figure 4.5. Changes in intracellular calcium and ATP levels. (A) TAMH cells
were treated with 250 uM TFEC for 0 to 8 h for ATP measurement. Results are
expressed on the left as a percentage of the luminescence detected in comparison to
control cells (solid symbols). Intracellular calcium was  measured
spectrofluorometrically using Indo-1 AM staining of TAMH cells treated with 250
uM TFEC for 0 to 6 h. Results are expressed as a ratio of the fluorescence detected at
405 nm and 475 nm as indicated (open symbols). (* and # indicate a statistically
significant difference from respective control cultures for intracellular ATP and
calcium respectively, as determined by unpaired t-test, P < 0.05). (B) TAMH cells
were treated with 250 uM TFEC for 24 h in glucose-free or high glucose DMEM
medium. Viability was measured by MTT assay. Results are expressed as a percentage
of viable cells in the untreated controls with +/- SD (n=6). (* indicates a statistically
significant difference between glucose-free and high glucose treatment, p<0.05). (C)
Intracellular ATP content in glucose-free or glucose-supplemented medium. TAMH
cells were treated with 250 pM TFEC for 24 h in glucose-free or high glucose DMEM
medium. Raw ATP levels are quantified in relative luminescence units (RLU). These
values are subsequently expressed as a percentage of the luminescence detected in
comparison to glucose-free incubated control cells.
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Figure 4.6. Immunoblot assay for Gadd153 and Gadd34 protein following
TFEC treatment. TAMH cells were treated with 200 or 250 uM TFEC for 0 to 6 h.
Whole cell lysates were resolved by SDS-PAGE and immunoblotted with polyclonal
anti-Gadd153 and anti-Gadd34. Equal loading between lanes was confirmed by
reprobing blots with monoclonal f—actin antibody.
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Figure 4.7. Immunoblot analysis for Atf3 and HSP70i protein expression
following TFEC treatment. TAMH cultures were treated with 200 or 250 uM TFEC
for 0 to 4 h. Cells treated at 200 uM were replaced with fresh medium at 4 h and kept
for a total of 8 and 20 h. Whole cell lysates were resolved by SDS-PAGE and

immunoblotted with polyclonal antibodies to Atf3 and monoclonal antibodies to
HSP70i.
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Figure 4.8 Immunoblot analysis for Nrf2 in MEFs. The constitutive expression

of Nrf2 was compared in MEF-WT, -Nrfl-/- and Nrf2-/- using polyclonal anti-Nrf2
antibody.
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Figure 4.9 Cell viability assay for TFEC toxicity in MEFs. Wildtype, Nrfl-/-
and Nrf2-/- MEF were treated with TFEC (0-1000 pM) for 24 h. Cell viability was
measured by MTT. Results are expressed as a percentage of viable cells in the
untreated controls with +/- SD (n=6). (* indicates a statistically significant difference
between glucose-free and high glucose treatment, p<0.05).
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Figure 4.10. Proposed events leading to Nrf2 activation in TFEC toxicity. TFEC
is taken into the mitochondria and metabolized by B-lyase activities to generate a
reactive intermediate (DFTAL) that readily binds lysine residues of neighboring
proteins. Specific binding to the TCA enzymes 0 KGDH and aconitase result in a
depletion of TCA function and NAD(P)H production. Reduced NAD(P)H may
suppress the electron transport chain (ETC) and bioenergetics as exemplified by
intracellular ATP depletion (refer to Figure 5). This “ATP stress” can lead to ER
changes through two possible pathways: (1) inhibition of ER-resident calcium-ATPase
pumps and release of ER calcium into the cytosol where it can activate subsequent
signaling pathways; and/or, (2) direct stimulation of the UPR and other ER protein
kinases. Both pathways have previously been shown to activate Nrf2 transcription
activities.
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Chapter §

Is There A Critical Target? Searching For Answers And Future Studies

5.1 Introduction _
Thus far, we have examined the biochemical pathways and consequences of TFEC-
induced toxicity, primarily in a well-characterized mouse hepatocyte cell line, TAMH.
The data gathered from Chapter 2 confirmed the role of an early mitochondrial
dysfunction in effecting downstream mitochondrial changes, leading ultimately to a
secondary necrosis. We also learned that early mitochondrial perturbations rapidly |
dissipated to other organelles, resulting in a generalized cellular stress response,
involving both cytosolic (HSPs) and ER (e.g. ATF3 and Gadd153) stress proteins. We
have considered a dual mechanism of toxicity, implicating both protein modification
and oxidative stress. However, the lack of a convincing early oxidative stress as
described in Chapter 4, likely suggests that oxidative stress, if any, is a consequence of
earlier biochemical changes, rather than an initiation event for cytotoxicity. Therefore,
despite a highly coordinated induction of ARE genes (including HO-1, GCL, GST-
alpha etc.) through the Nrf2 pathway (Chapter 4), a direct and early link to oxidative

damage was absent.

In light of these recent findings, it is plausible that mitochondrial dysfunction in
TFEC-treated TAMH cells is primarily, if not exclusively, dependent on an early
modification of mitochondrial proteins, including AST, aconitase, aKGDH, HSP60
and mtHSP70 (Bruschi ez al. 1998; Bruschi er al. 1993; James et al. 2002). A widely
accepted paradigm for protein modification in toxicology is the existence of some
critical target(s). The hypothesis is that damage to these critical targets initiates
pathways that lead to toxiéity (Chapter 1). Therefore, this possibility was considered
as a mechanism in TFEC-induced cytotoxicity. In Chapter 1, the targets were
reviewed and a model for mitochondrial damage was proposed. Briefly, aspartate

aminotransferase (AST) was proposed as a likely candidate for P-lyase scission of
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TFEC to generate the electrophilic, DFTAF (Cooper et al. 2002b). This intermediate

readily adducts the lysine groups of mitochondrial proteins in its vicinity, including
aconitase and OKGDH, whose resulting functional deficits have already been
characterized (Bruschi et al. 1998; James et al. 2002). Mitochondrial stress proteins,
HSP60 and mtHSP70 were also adducted, possibly as part of a battery of
mitochondrial stress responses to alleviate protein damage. Furthermore, mtHSP70 co-
immunoprecipitated with a high molecular weight mitochondrial B-lyase which may
partially explain its adduction by DFTAF (Cooper et al. 2001). A pertinent question to
address is whether adduction of some of these targets has more extensive toxicological
consequences. Mitochondrial aconitase and KGDH being key enzymes in the TCA
cycle, were considered important targets to focus upon. The conversion of o-
ketoglutarate to succinyl-CoA by aKGDH is the rate-limiting step in the TCA cycle
(Huang et al. 2003a). Thus, it is conceivable that adduction by TFEC could have a
direct and’ detrimental impact on cell bioenergetics and downstream processes.
Furthermore, a novel role of aconitase has been shown in the maintenance of mtDNA
stability in yeast (Chen et al. 2005). Hence, adduction of aconitase may contribute to
mtDNA instability, in addition to its role in ATP synthesis. This mechanism may

exacerbate, or even be the major determinant for TFEC-induced toxicity.

Therefore, it was of interest to investigate if aconitase and/or aKGDH were critical
targets in TFEC-induced cytotoxicity. An attempt was made to compare the
toxicological profile of TFEC with known TCA cycle inhibitors of aconitase and
oKGDH: sodium fluorocitrate and sodium arsenite respectively, using microarray
clustering analysis and toxicity assays. In addition, some unresolved questions from
earlier studies (Chapters 2 to 4) are addressed, to provide a better understanding of

mechanisms of TFEC-mediated cytotoxicity.
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5.2 Materials and Methods

5.2.1 Cell culture

Serum-free cell culture of the TAMH line between passages 21-35 was undertaken as
previously described in Chapter 2. The human hepatocarcinoma cell line, HepG2/C3A
(ATCC, Manassas, VA) was maintained in F12 nutrient mixture (Invitrogen)
supplemented with 5% FBS, 50 U/mL penicillin and 50 pg/mL streptomycin

(Invitrogen). Medium was replaced every third day.

5.2.2 Stable transfection

Keapl/FLAG mammalian expression vector was obtained as a gift from Dr. Dan
Liebler (Vanderbilt University, Nashville, TN). Transfection in TAMH cells was
carried out according to methods described previously (Sekhar et al. 2003). Briefly,
cells grown in 6-well dishes were transfected with 4 ug of plasmid with lipofectamine
(Invitrogen) in Opti-MEM medium (Invitrogen). Twenty-four hours after the initial
transfection, cells were trypsinized and passed into 35 mm dishes with standard
TAMH cell growth medium (see Chapter 2 for description) enriched with G418 (1000
pg/mL). Individual clones were isolated and expanded. These clones were
subsequently maintained in 500 pg/mL G418 and screened for successful transfection
using an anti-FLAG antibody (Sigma) for detection of Keapl/FLLAG protein by
Western blot.

5.2.3 Microarray analysis procedures

HepG2/C3A cells were grown on 150 cm? tissue culture dishes before they were
subjected to various treatments for RNA isolation and microarray analyses according
to the method described in Chapter 3. Affymetrix Human Genome U133A version 2.0

arrays (Affymetrix, Santa Clara, CA) were used for microarray analysis.

5.2.4 Immunoblot procedures °
All the fractions collected were assayed for protein concentration using the BCA

protein assay kit (Pierce Chemical Co., Rockford, IL). Each 30-50 pg of sample
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proteins were resolved by denaturing electrophoresis, SDS-PAGE (Mini-PROTEAN

II; Bio-Rad Laboratories, Hercules, CA) and transferred to nitrocellulose membrane
for 1 h at 15 V using Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad).
Immunodetection was by chemiluminescence (SuperSignal ULTRA; Pierce,
Rockford, IL) using specific antibodies diluted in PBS with 0.05% v/v Tween 20 and
5% wiv powdered milk. Anti-FLAG and anti-B-actin (1:20,000) were from Sigma,
anti-GCLc and anti-GCLm were gifts from Dr. Terry Kavanagh, University of
Washington, anti-MnSOD was from Stressgen and another similar antibody was made
available through Dr, Naoyuki Taniguchi, Osaka University, Japan. Anti-mouse and
anti-rabbit horseradish peroxidase conjugated secondary antibodies (Pierce) were used
at 1:20,000 dilutions. All primary antibodies were used at 1:2,000 dilutions unless

otherwise stated.

5.2.5 Viability assay by MTT
Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) viability assay according to protocols as described

previously (Chapter 2).

5.2.6 SOD activity assays

Total and MnSOD activities were determined using a colorimetric SOD determination
kit (Sigma). The method is based upon the reduction of 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium salt (WST-l.) into a formazan dye
by reaction with superoxide, performed according to manufacturer’s instruction.
MnSOD specific activities were measured with the addition of 1 mM KCN to the cell

lysates to inhibit cytosolic SOD activities.

5.2.7 Assessment of mtDNA damage in Saccharomyces cerevisiae
Mitochondrial dysfunction and mutation was assessed using a color colony method as
described previously (Kim et al. 2002). This assay was performed by our collaborator,

Dr. Ron Butow, University of Texas Southwestern Medical Center, Dallas, TX.
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Briefly, ade mutant colonies were treated with various concentrations of TFEC for 72

h. Pictures of the resultant colonies were taken to evaluate the extent of discoloration
as an indicator of mitochondrial dysfunction and mutation. Furthermore, petite
colonies after each treatment were scored, tested and expressed as a percentage of total
colonies formed (i.e. petite frequency), acdording to methods described previously
(Chen and Clark-Walker 1993).

5.3  Results

5.3.1 Microarray analysis of TFEC treated HepG2/C3A cells

HepG2/C3A cells were employed aé a human equivalent of the murine TAMH cell
line used previously as described in Chapters 2-4. Microarray analyses were
conducted on these cells treated with aqueous vehicle, TFEC (150 pM) or the specific
aconitase inhibitor, sodium fluorocitrate (1 mM) at their respective LDsg (24 h). RNAs |
were isolated at 6 and 24 post-treatment respectively. This microarray e){periment was
part of a larger scale toxicogenomics study which involved establishing the gene
expression profile of HepG2/C3A cells treated with a number of well-characterized
mitochondrial toxicants including flutamide, antimycin A and rotenone. When
clustering analysis was performed on these samples, it was observed that the gene
expression profile of TFEC treated cells resembled most closely that of sodium

fluorocitrate (data not shown).

When examining exclusively the top 600 most differentially regulated genes in each
treatment (i.e. 300 most up-regulated and 300 most down-regulated genes), a
significant number of genes that were strongly induced in TFEC-treated TAMH cells
(Chapter 3 and 4) were correspondingly up-regulated in the human HepG2/C3A cells.
Major genes involved in heat shock, oxidative stress and ER stress response were
highly induced (Table 5.1). Examples include various isoforms of HSP70, HSP40 and
HSPI105 of the heat shock protein family; heme oxygenase-1, GCL subunits and
thioredoxin reductase of the oxidative stress responsive genes; as well as ATF3, ATF4

and Gadd45B of the ER-stress responsive genes. It was also observed that 191 of the
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600 differentially expressed genes after TFEC treatment were identical to those

differentially expressed after fluorocitrate treatment. These similarities were
particularly significant among genes regulating stress response, transcriptional control,
metabolism, growth ahd differentiation. A representative subset of these genes is
displayed in Table 5.2.

5.3.2 Comparison of cellular responses: TFEC vs. tKGDH inhibitors

To investigate if the binding and inhibition of 0’ KGDH by DFTAF is an important
initiating event in TFEC-mediated cytotoxicity, cellular responses to TFEC treatment
were compared against classical oKGDH inhibitors (sodium arsenite and o-
ketomethylvaleric acid, a.k.a. KMV). A number of studies (Table 5.3) have shown that
both arsenite and KMV cause necrosis through a mitochondrial pathway, just as in
TFEC-induced cytotoxicity, including initiation of the mitochondrial membrane
permeability transition (MPT) and the release of cytochrome c¢ to the cytosol.
Conflicting results were obtained for the activation of caspases by KMV, as well as
the major role of oxidative stress in arsenite-induced toxicity. A significant Nrf2
induction and activation was also observed after arsenite treatment as after TFEC

treatment (Chapter 4).

Separately, toxicity of TFEC in TAMH was compared against fluorocitrate and KMV
using an MTT viability assay. At 24 h treatment, LDsy of fluorocitrate was
approximately 1000 uM (Figure 5.1A). KMV did not display any significant toxicity
even up to 2 mM treatment (Figure 5.1B). On the other hand, TFEC at 250 uM
reduced viability to approximately 30% while previous data demonstrated an LDsq of
125 uM (Figure 2.2).

5.3.3 Effects of TFEC on mitochondrial DNA in yeast
In view of a recent literature report of a novel role for aconitase in the maintenance of
mitochondrial DNA (mtDNA) stability (Chen et al. 2005), the possible indirect effect

of TFEC to destabilize mtDNA through inhibition of aconitase was examined.
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Saccharomyces cerevisiae ade2 mutant cultures were exposed to varying

concentrations of TFEC. These cells produce red colonies, which decolorizes (i.e.
turns to white) during mitochondrial dysfunction and mutagenesis. A progressive loss
of mitochondrial DNA and function was observed with increasing TFEC
concentrations (up to 1 an), as shown with the dose-dependent discoloration of the
yeast cultures (Figure 5.2). Colonies turned completely white between 500 and 1000
uM. Effects of the treatment on mtDNA were also assessed by the formation of
structurally abnormal petite cells. These cells have either a partial or complete loss of
mtDNA and were incapable of oxidative phosphorylation. A quantitation of petite
frequency is shown in Figure 5.3. Notably, a mediocre but significant increase in

petite cells was observed between 250 to 500 uM TFEC (i.e. from 4 to 7 %).

5.3.4 Post-translational modification of GCL by TFEC

The expression of GCL subunits after TFEC (250 uM, 0-8 h) treatment was monitored
by immunoblot assays. As shown in Figure 5.4A, minimal increase in expression was
observed for native GCLC and GCLM at 73 and 30 kDa, respectively. Conversely, an
unknown band of approximately 130-140 kDa increased in intensity in a time-
dependent manner with TFEC treatment. This band was immunoreactive to both
polyclonal GCLC and GCLM antibodies, suggesting that it could be a heterodimer,
comprised of both GCL subunits. Additional information about this band was obtained
by the co-administration of the specific protein synthesis inhibitor, cycloheximide (10
ug/mL). After treatment for 6 h with TFEC in the presence of cycloheximide, the
immunoreactive band at 130-140 kDa was still formed (Figure 5.4B).

5.3.5 Effects of TFEC on MnSOD expression and activity

The expression of another oxidative stress responsive enzyme, mitochondrial
manganese superoxide dismutase (MnSOD), was monitored after TFEC treatment for
0-8 h. By immunoblot analysis, it was dempnstrated that a high molecular weight band
(at 40-45 kDa), suggestive of a dimer of MnSOD (native protein at 22 kDa),

progressively increased with increasing duration of TFEC treatment. The use of a
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different MnSOD-specific antibody (obtained as kind gift from Dr. Naoyuki

Taniguchi, Osaka University, Japan) gave the same result (Figure 5.5).

The activity of MnSOD was subsequently measured to determine the functional
significance of the apparent dimer. Total SOD and MnSOD specific activities were
quantified using a colorimetric method (Sigma product no. 19160). It was shown that
the increase in the MnSOD “dimer” did not alter MnSOD or total SOD activities
(Figure 5.6).

5.3.6 Stable transfection of Keapl and impact on TFEC-induced cytotoxicity

Other than the ER-stress mediated Nrf2 induction hypothesized in Chapter 4, Nrf2
activation may also be triggered by direct alkylation of the cytosolic Nrf2 Tepresssor,
Keapl protein, leading to a poésible conformational change in this protein (Dietz et al.
2005; Dinkova-Kostova et al. 2001; Hong et al. 2005). To investigate this possibility,
Keapl/FLAG plasmid was transfected into TAMH cells. Clonal selection for positive
stable transfectants was by immunoblot assay using anti-FLAG antibody. Of the 5
clones screened, only Clone 2.2 was positive for Keapl/FLAG expression (Figure
5.8). This clone was subsequently expanded and exposed to 0, 50, 250 or 500 uM
TFEC for 24 h. Using the MTT viability assay, it was revealed that Keapl/FLAG
overexpression potentiated the toxicity of TFEC. At a TFEC concentration of 50 uM,
viability of these cells decreased from approximately 100% to 60 % (Figure 5.9).
‘Statistically significant decreases in viability were also observed at higher

concentrations, albeit less pronounced.

To detect direct binding of TFEC to Keapl, TFEC treated Keapl/FLAG
overexpressing TAMH cells were immunoprecipitated with anti-FLAG antibody and
subsequently immunoblotted with the DFTAL cross-reactive antibody, anti-TFA
(Satoh er al. 1985). However, no DFTAL adducts were observed (data not shown).
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5.4 Discussion

The direct functional impact of TFEC binding to the TCA cycle enzymes, aconitase
and aKGDH, has already been established. Previous studies in murine TAMH cells
(James et al. 2002) and PC12 cells (Park et al. 1999) have demonstrated inhibition of
enzymatic function for both enzymes. Results of studies reported in this dissertation
also described reduction of mitochondrial NADH production, as well as a generalized
depletion of intracellular ATP (Chapter 4). Here, we provide further evidence
supporting the hypothesis that major cellular responses to TFEC treatment exhibit
remarkable congruence with chemically-induced inhibition of both aconitase and

oKDGH by alternative procedures.

Cytotoxicity caused by TFEC was also reproduced in a human HepG2/C3A cell line,
(LDsg of 150 uM at 24 h, data not shown). A large number of genes that were strongly
induced in the TAMH cells after TFEC treatment were correspondingly induced in
C3A cells, e.g. HSP70, HSP40, HO-1, ATF3 and GCL subunits. More importantly, it
was shown that the generalized gene expression profile overlapped significantly with
that for the specific aconitase inhibitor, sodium fluorocitrate. Approximately one-third
of the most differentially expressed genes were common betweén the two treatments.
This high homology in genomic response strongly suggests that inhibition of aconitase

is an important mechanism of TFEC-induced cytotoxicity.

While the primary role of mitochondrial aconitase in the TCA cycle is undisputable,
some recent findings expanded our current understanding of its physiological role(s).
In a February 2005 issue of Science, a novel function for yeast aconitase in the
maintenance and packaging of mtDNA was reported (Chen et al. 2005). It was shown
that aconitase, along with about twenty other mitochondrial proteins (including
mitochondrial HSP60), associated directly with the mtDNA. This action was observed
to be surprisingly independent of the catalytic role of aconitase within the TCA cycle

Hence, it became logical to question if the binding of aconitase by DFTAF may
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indirectly disrupt mtDNA packaging, leading to mitochondrial dysfunction.

Accordingly, studies described herein supported an increase in mtDNA loss and
mitochondrial dysfunction in yeast after treatment with toxicological doses of TFEC.
However, this finding is still inconclusive because the bioactivation of TFEC in yeast
might differ from the mammalian system. Thus, future studies using mammalian
models will be necessary to evaluate the relevance of this observation. Nonetheless, it
is suggestive that mtDNA instability may be another mechanism contributing to
TFEC-mediated mitochondrial toxicity. By inference, the multiple physiological

impact aconitase has on the cell can render it a critical target for toxicity.

Apart from aconitase, another important adducted protein to consider is cdKGDH.
Even though earlier studies have demonstrated that the extent of inhibition of
aconitase was greater than for t)KGDH, the status of tKGDH as the rate-limiting step
in the TCA cycle qualify this enzyme as a likely critical lesion resulting in toxicity. A
number of neurodegenerative diseases have been associated with an early loss of
oKGDH function (Huang et al. 2003b). For example, the earliest metabolic
consequences of Wernicke-Korsakoff syndrome, which occur during thiamine
deficiency, have been traced to the loss of aKGDH function (Desjardins and
Butterworth 2005). In Alzheimers’ disease, a reduction of ’KGDH enzymatic activi'ty
correlated well with the extent of disease severity (Mastrogiacomo et al. 1993). Thus,

the toxicological impact of ’KGDH inhibition needs to be considered.

Arsenite binds and inhibits ) KXGDH by covalently modifying the lipoic acid moiety of
the enzyme complex (Chacin et al. 1979). A survey of current literature has revealed a
number of important similarities with TFEC. Firstly, both compounds result in a rapid
depletion of ATP as a direct consequence of TCA cycle inhibition (Pourahmad er al.
2005). There is also clear involvement of a mitochondrial cell death pathway
involving the membrane permeability transition and release of cytochrome c¢
(Bustamante et al. 2005; Scholz ez al. 2005). Even more convincingly, despite an early

mitochondrial apoptotic signaling, necrosis ensued in both chemical-induced toxicities
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(Scholz er al. 2005). Additionally, a competitive inhibitor of oKGDH, o-

ketomethylvaleric acid (KMYV), exhibited similar patterns of mitochondrial changes

-and necrotic cell death (Huang et al. 2003a; Huang ez al. 2003b).

To put these comparative studies between TFEC and the various TCA cycle inhibitors
(fluorocitrate, arsenite and KMV) into perspective, it is clear that the cellular
responses in TFEC-induced toxicity is intricately linked to the effects of TCA cycle
inhibition. A close resemblance between TFEC-induced toxicity and toxicity caused
by both aconitase and atKGDH inhibitors implicates these enzymes in the mechanism
of initiation of TFEC-induced toxicity. Moreover, preliminary studies demonstrated
that fluorocitrate (LDsg approx. 1000 uM at 24 h) and KMV (LDsy > 2 mM at 24 h)
are both significantly less toxic than TFEC (LDsp approx. 125 pM at 24 h) in TAMH
cells, suggesting that inhibition of either enzyme alone is insufficient to reproduce the
full complement of effects observed in TFEC-induced toxicity. Another interesting
observation is that TCA cycle inhibition, caused by aconitase inhibition can be
overcome by supplementation of o-ketoglutarate through transamination of glutamate
via the ancilliary TCA cycle enzyme, AST. This alternative source of TCA cycle
substrates helps sustain the production of NADH, bypassing the need for aconitase
(Tretter and Adam-Vizi 2000). Therefore, this leads to the possibility that the binding
and inhibition of AST by DFTAF may reinforce the blockade of the TCA cycle,
thereby exacerbating mitochondrial dysfunction. Thus, the overall toxicity of TFEC
might be due to inhibition of multiple and functionally interdependent critical targets,
including aconitase, ’KGDH and AST. The combined inhibition of all three enzymes
effectively shuts down most NADH biosynthesis, triggering a rapid onset of ATP
depletion and subsequent necrosis. A detailed analysis of their relative contribution
would require specific silencing of individual enzymes and this is achievable with

currently available technologies.

One other outstanding issue that remains to be addressed is post-translational

modification of proteins after TFEC treatment. In Chapter 3, we discussed the
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formation of a HSP25 dimer that was apparently resilient to standard reducing

conditions (100 mM DTT). Interestingly, this phenomenon was observed in a few
other instances. For example, it was observed that GCL subunits appear to
heterodimerize to a 130-140 kDa complex (Figure 5.4). The molecular weight of this
immunoreactive band matched a 138 kDa band (Davis et al. 1973), as well as a 2:1
heterotrimer (GCLM:GCLC), a biologically active GCL assembly that has previously
been reported (Fraser et al. 2002). Furthermore, another oxidative stress response
protein, MnSOD, formed an immunoreactive band that migrated at the expected
homodimer mass (Figure 5.5). Just like the HSP25 dimer, the apparent MnSOD dimer
and GCL trimer were resistant to standard reducing conditions (Figure 5.4A and 5.5).
There was also a lack of clear functional correlations attributed to these complexes,
since there was no significant change in intracellular GSH levels (Chapter 4) or
MnSQOD activity (Figure 5.6). Thus, it is not ceftain if this phenomenon has any
biological significance. However, the uniqueness of this behavior makes TFEC a
candidate toxicant to investigate the mechanism of formation of some novel protein
complexes. Interestingly, another stress protein, calreticulin, is known to exist as a
functional dimer (Jorgensen et al. 2003). Upon treatment of TAMH cells with TFEC,
it was observed that calreticulin formed an apparent dimer that was resistant to
standard DTT reducing conditions (Figure 5.7). The formation of this band over time
also was consistent with the effects observed for the formation of both GCL and
HSP25 multimers which were resistant to reducing conditions. Further
characterization of these complexes will be necessary to verify their composition. The
exact molecular mechanism for this occurrence is currently unknown, and also would
require further investigation through a combination of protein purification and mass

spectrometric analyses.

The final aspect of this discussion will address other possible molecuiar pathways
regulating the activation of a Nrf2 response in TFEC-induced cytotoxicity. Results
reported in Chapter 4 support an ER stress-mediated phosphorylation and activation of

Nrf2. This mechanism obviates the need for an early oxidative stress as the stimulus.
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An alternative explanation for an oxidative-stress independent route could be a direct

alkylation of the cytosolic Nrf2 repressor, Keapl (Dietz et al. 2005; Dinkova-Kostova
et al. 2001; Hong et al. 2005). Just as with the oxidation of reactive thiols on the
surface of Keapl, covalent modification with an electrophilic species could result in
global conformational changes in Keapl, thereby liberating Nrf2 to undergo nuclear
translocation. Through this mechanism, metabolic activation of TFEC would be
sufficient for mediating downstream Nrf2 responses. This could account for a more
rapidly acting Nrf2 activation pathway than if the activation cascade has to go through
a prior redox perturbation. However, the lack of Keapl modification (data not shown)
by DFTAL rendered this an unlikely mechanistic route. Nonetheless, it is possible that
Keapl might play a modulatory role in Nrf2 activation and its subsequent
cytoprotective effects, since TAMH cells stably transfected with Keapl/FLAG
potentiated the toxicity of TFEC (Figure 5.9). The increase in Keapl expression in the
cytosol most likely limited the availability of Nrf2 to translocate to the nucleus.
Ultimately, cytoprotective effects of antioxidant responses would be significantly
attenuated. A confirmation of this postulation would require assessment of the various

Nrf2-responsive genes under these conditions.

5.5  Future directions/conclusions

The heterogeneity of cellular pathways and responses in mitochondrial dysfunction
has confounded our understanding of the subject. Even with the use of a highly
selective mitochondrial toxicant, TFEC, the subsequent biochemical changes and
modulation of regulatory pathways are multi-faceted and complex. However, our
research has provided new information which adds to our knowledge of this particular

chemical-induced mitochondrial damage.

Metabolic activation of TFEC through a B-lyase mediated pathway is the initiating
event in cytotoxicity. Studies described in Chapter 2 conclusively demonstrated that
DFTAL covalent modification of the TCA cycle enzymes by the reactive metabolite

formed, DFTAF, likely activated a signaling pathway that initiated in mitochondria



149
and propagated more generally through the cell. These signals primed the cell for a

classical apoptosis, which eventually decayed into a secondary necrosis. More
intuitively, these findings have re-affirmed the concept that intracellular ATP is an
important biological “rheostat” that determines the route for toxicity and cell death (a
higher ATP level favoring apoptosis and low level favoring necrosis). vFurthermore, it
was revealed that despite a mitochondrial origin for toxicity, subcellular changes

rapidly implicated other cellular components including the ER and cytosol.

The use of microarray as a preliminary tool helped identify the major extra-
mitochondrial responses, including heat shock response (Chapter 3) and the oxidative
stress response (Chapter 4). The induction of cytosolic HSPs supported the notion of
an early, exported signal that radiated out from the mitochondria. Such induction may
be cytoprotective by inhibition of downstream signaling processes. For example, a
generalized heat shock protein induction was shown to be cytoprotective. However,
protein-specific contributions have yet to be characterized. In addition, some of the
| specific protein responses should be investigated using siRNA against specific genes,

e.g. HO-1, HSP70i and GCL, the most strongly up-regulated of the genes.

Global gene expression profiling has also led to the discovery of a major role for the
stress-mediated transcription factor, Nrf2, in TFEC-mediated toxicity. Interestingly,
evidence argued against an early oxidative stress, a well-established stimulus for the
activation of the Nrf2 pathway. Instead, indirect evidence has suggested another route
for Nrf2 activation through an ER stress response. While this hypothesis has to be
tested more rigorously in the future, it is clear that mitochondrial damage is intricately
linked to an ER response with upregulation of ER stress genes and ER calcium
mobilizations (Chapter 4). Furthermore, crosstalk between these organelles may be
more than just physiological. Recent studies using electron microscopic tomography
have provided images of an intimate physical contact between the ER and the

mitochondria. It has been suggested that this close interaction facilitates their
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communication, e.g., the exportation of calcium signals (Mannella 2000; Mannella ez

al. 1998).

In conclusion, the investigation of TFEC-induced cyfotoxicity has provided us with a
useful tool to study biochemical changes in response to mitochondrial dysfunction.
The research work described here is a good illustration of the use of genomic tools
(i.e. microarray technology) to guide subsequent functional characterization of
selected protein changes and responses. It is our hope that some aspects of this
research will trigger new ideas, which may help identify novel targets and strategies

against related mitochondrial pathologies.
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Table 5.1 Microarray analyses of de novo TFEC-inducible genes in
HepG2/C3A cells. Analyses were performed on HepG2/C3A human hepatocarcinoma
cells treated with 150 uM TFEC for 6 and 24 h. Results have been expressed as a
normalized ratio of the gene expression in the TFEC-treated samples against aqueous
vehicle treated controls. At the time of this writing, information for data analyses was
only available for the 300 most highly inducible genes for each treatment. Thus, genes
whose expression did not fall within this category are currently denoted as
“unavailable”. Three major functional categories of gene changes are displayed here:
(A) heat shock protein genes, (B) oxidative stress responsive genes and (C) ER stress
responsive genes. Within each category, the genes are listed according to the fold
induction at 24 h treatment.

A
Fold Induction
Heat Shock Protein Genes 6h 24 h
Heat shock protein 22 kDa (HPBS) 4.4 87.3
Heat shock protein 70 kDa (HSPAG6) Unavailable 78.5
Heat shock protein 70 kDa (HSPA1B) 6.2 52.6
Heat shock protein 70 kDa (HSPA1A) 7.6 49.9
Heme oxygenase-1 17.1 38.1
DnalB4 (HSP40) 10.8 24.2
DnalB1 (HSP40) 2.9 12.9
DnaJB9 (HSP40) 4.6 8.2
DnaJB2 (HSP40) 2.7 Unavailable
DnaJC3 (HSP40) Unavailable 6.6
Heat shock protein 105kDa/110kDa (HSPH1) Unavailable 11.7
B
: Fold Induction
Oxidative Stress Responsive Genes 6 h 24 h
Metallothionein 1X (MT1X) 2.8 ’ 41.4
Heme oxygenase-1 17.1 38.1
Metallothionein 1E (MT1E) 33 24.1
Metallothionein 1G MT1G) 34 22.1
Glutamate cysteine ligase (GCLM) 59 18.4
Metallothionein 1H (MT1H) Unavailable 18.4
Metallothionein 1F (MT1F) Unavailable 13.0
Glutamate cysteine ligase (GCLC) 4.6 Unavailable
Thioredoxin reductase (TXNRD1) 3.5 7.4
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Table 5.1 (continued)

C
Fold Induction
ER Stress Responsive Genes 6h 24h
Growth arrest and DNA-damage inducible B Unavailable 42.6
(Gadd45B)
Activating transcription factor 3 (ATF3) 9.8 9.6
Stanniocalcin 2 (STC2) 3.3 Unavailable

Activating transcription factor 4 (ATF4) 27 Unavailable
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Table 5.2 A comparison of gene expression profile of TFEC and
fluorocitrate. Analyses were performed on HepG2/C3A human hepatocarcinoma
cells treated with either 150 uM TFEC or 1 mM sodium fluorocitrate for 6 and 24 h.
Results have been expressed as a normalized ratio of the gene expression in the TFEC-
treated samples against aqueous vehicle treated controls. A representative list of the
commonly up- or down-regulated genes between the two treatments is shown in the
table. Gene expression whose data was not available at the time of this writing is
denoted as unavailable, “U”.

Fold Induction
- TFEC Fluorocitrate
Common up- or down-regulated genes 6h 24 h 6h 24 h
Apoptosis
Survivin (BIRCS) 0.31 0.07 U 0.31
Caspase recruitment domain, 10 3.98 U 3.43 U
(CARD10)
Cell cycling
Cyclin B1 0.27 U 0.40 0.30
Cyclin E2 0.23 U 0.33 U
Growth and differentiation
Early growth response 1 (EGR1) - 2.95 14.17 593 18.70
Kruppel-like factor 5 (KLF5) U 7.61 U 4.70
Kruppel-like factor 6 (KLF6) 4.69 11.15 5.04 9.68
Immediate early response (IERS) U 13.52 U 8.66
Growth differentiation factor 15 (GDF15) 6.23 U 3.01 3.08
Immune response
Chemokine ligand 2 (XCL1) 271 U 4.62 U
Interleukin 11 (IL11) 4.02 61.36 U 7.30
Interleukin 8 (IL8) U 8.21 3.64 6.48
Metabolism and transporters
Aldehyde dehydrogenase 8, 0.05 U 0.34 U
A1(ALDHS8ALI)
ATP-binding cassette, G5 (ABCGS) U 0.09 U 0.15
Cytochrome P450, 1A1 (CYP1A1) 0.08 U 0.33 37.81
Cytochrome P450, 39A1 (CYP39A1) U 0.14 U 0.16
Solute carrier, 1A4 (SLC1A4) 3.50 U 4.52 U
Solute carrier. 2A2 (SLC2A2) U 0.02 U 0.29
Solute carrier, 2A3 (SLC2A3) 0.27 8) 0.29 U

Sulfotransferase, 1E1 (SULT1E1) 0.25 0.05 U 0.15
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Fold Induction
TFEC Fluorocitrate
Common up- or down-regulated genes 6h 24h 6 h 24h
Stress response :
Dna)B1 (HSP40B1) 3.03 9.76 U 5.04
Growth arrest and DNA damage 45 U 42.65 10.09 24.58
(Gadd45B)
HSP70 (A1A) 7.59 12.93 0.17 20.26
HSP70 A1B 6.15 52.64 0.11 30.58
Metallothionein 1E (MT1E) 3.27 24.13 0.41 3.34
Metallothionein 1F (MT1F) U 12.97 0.38 3.22
Metallothionein 1X (MT1X) 2.80 41.43 0.30 5.17
Stanniocalcin 2 (STC2) 3.32 U 8.79 U
Thioredoxin reductase 1 (TXNRD1) 3.46 7.38 U 3.15
Transcriptional control
Activating transcription factor 3 (ATF3) 9.77 9.59 47.83 25.30
Activating transcription factor 4 (ATF4) 272 U 2.90 U
: v-Fos U 125.88 3.02 41.24
MDM1 0.22 U 0.44 U
MAPK-activated protein kinase 2. 3.62 U 2.96 U
(MAPKAPK)
v-jun (JUN) U 18.42 2.75 37.14
v-maf homolog f (MAFF) 6.30 13.60 3.96 4.98
v-maf homolog g (MAFG) 3.67 U 3.38 U
BACH transcription factor 1 (BACHI) U 11.17 U 3.27
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A comparison of major cellular responses: TFEC vs. aKGDH

inhibitors. The major cellular responses during TFEC mediated cytotoxicity in
TAMH cells was compared against well-characterized KGDH inhibitors: sodium
arsenite and o-ketomethylvaleric acid (KMV). Information for comparison was taken
from our investigation (Chapters 2 to 4) as well as current literature (PubMed search).

Event

TFEC

oKGDH inhibitors

Differences:
Early oxidative
stress

Caspase(s)
activation

Minimal ROS increase within
the first 2 h of TFEC
treatment (Chapter 4).

Minimal caspase activation is
observed (Chapter 2).

Arsenite generates ROS in
Wistar rats. Ascorbic acid and
a-tocopherol co-administration
reduce lipid peroxidation and
inhibit  arsenite = mediated
toxicity (Ramanathan er al
2003).

Caspase-3 activation is
observed in KMV-treated
PC12 cells (Huang et al
2003a).
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Event TFEC 0KGDH inhibitors
Similarities:

Necrotic cell Early apoptotic  signaling | Arsenite and KMV both induced
death decayed rapidly into  a | necrotic cell death through a

Membrane
permeability
transition (MPT)

Cytochrome ¢
release

Caspase(s)
activation

ATP depletion

Activation of
Nrf2

HO-1 induction

Early oxidative
stress

Effects of BCL-
xL.

secondary necrosis (Chapter
2).

Inhibitor of MPT, bongkrekic
acid, effectively inhibited
TFEC induced-cell  death
(James et al. 2002).

Cytochrome c released into the
cytosol at 8 h post-treatment
with TFEC (Chapter 2).

Minimal cas'pase activation
was observed (Chapter 2).

TFEC induced rapid ATP
depletion (Chapter 4).

TFEC induced an early Nrf2
expression and nuclear
translocation (Chapter 4).
TFEC strongly induced HO-1
expression (Chapter 3).

Minimal ROS increase within

| the first 2 h of TFEC treatment

(Chapter 4).

BCL-xL overexpression
prevented BAX translocation
and cell death (Chapter 2).

mitochondrial pathway (Huang
et al. 2003a; Scholz et al. 2005).
Arsenite induced MPT
(Bustamante et al. 2005; Scholz
et al. 2005). Cyclosporin A
blocked KMV-induced cell death
(Huang et al. 2003a).

Arsenite and KMV  both
stimulated cytochrome c release
from mitochondria (Bustamante
et al. 2005; Huang et al. 2003a).
Arsenite  triggered  caspase-
independent necrosis (Scholz et
al. 2005).

Arsenite-induced  cytotoxicity
was reversed with ATP
generators fructose, xylitol and
glutamine (Pourahmad ez al.
2005).

Arsenite induced Nrf2 activation
in cultured keratinocytes (Pi et
al. 2003).

Arsenite induced HO-1
expression in vascular smooth
muscle cells (Lee et al. 2005b).
Toxicity of arsenite in rat
hepatocytes was not reversed

with ROS scavengers
(Pourahmad et al. 2005). KMV-
mediated changes were not

linked to ROS formation in
PC12 cells (Huang et al. 2003a).
BCL-xL overexpression
prevented cell death in arsenite
treated BJAB cells (Scholz et al.
2005).
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Figure 5.1 MTT viability assay of fluorocitrate- and KMV-treated TAMH
cells. The viability of TAMH cells after (A) fluorocitrate (0-1000 uM) and (B) KMV
(0-2000 uM) treatments for 24 h were assayed by MTT. Results are expressed as a
percentage of viable cells in the untreated controls with +/- SD (n=6).
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Figure 5.2 Effects of TFEC on yeast mitochondria. TFEC (0-1000 uM) was
added to the growth medium containing the Saccharomyces cerevisiae ade2 mutant.
The mixture was plated and incubated at 37 °C for 5 days. Pictures were taken at the
end of incubation and the colonies were evaluated. Red colonies indicate fully
functional mitochondria and white colonies had significant mitochondrial damage and
mtDNA mutation. ' '
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Figure 5.3 Effects of TFEC on the increase in petite frequency in yeast. The
same yeast strain used for color colony assay (Figure 5.2) was treated with TFEC (0-
1000 uM) for 5 days. Petite colonies were tested and confirmed by growth in glucose-
containing medium, and expressed as a percentage of total colonies.
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Figure 5.4A Effects of TFEC treatment on GCL expression. TAMH cells were
treated with 250 uM TFEC for 0-8 h. Total cell lysates were subjected to immunoblot
assay using polyclonal anti-GCL-C and anti-GCL-M antibodies. The black arrow

indicates an increase in expression of an uncharacterized band with increasing
duration of TFEC treatment.
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Figure 5.4B Effects of TFEC treatment on GCL expression. TAMH cells with or
without TFEC treatment (250 uM, 6 h) were co-administered with or without
cycloheximide (CHX, 10 ug/mL). The resulting cell lysates were subjected to similar
immunoblot assay as in (A). A common band was formed with antibodies against both

subunits of GCL and is denoted as an apparent heterodimer. Monoclonal anti-f3-actin
was used as the loading control.
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Figure 5.5 Effects of TFEC treatment on MnSOD expression. TAMH cells
were treated with 250 uM TFEC for 0-8 h. Total cell lysates were subjected to
immunoblot assay using polyclonal anti-MnSOD antibodies. Immunoblots were
obtained using two different antibodies: Top panel with polyclonal MnSOD from
Stressgen and bottom panel with polyclonal MnSOD developed by Prof
Taniguchi/Prof Suzuki from Osaka University. Monoclonal anti-B-actin was used as
the loading control.
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Figure 5.6 Total and MnSOD activity assays. TAMH cells were treated with 250
mM TFEC for 0-8 h. Total cell lysates were subjected to total SOD and MnSOD
activity assays using SOD determination kit from Sigma. Results are expressed as an
arbitrary unit derived from the absorbance measurements with +/- SD (n=3).
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Figure 5.7 Effects of TFEC treatment on calreticulin expression. TAMH cells
were treated with 250 uM TFEC for 0-8 h. Total cell lysates were subjected to
immunoblot assay using polyclonal anti-calreticulin antibodies. Monoclonal anti-f3-
actin was used as the loading control. Blot was obtained as a longer exposure of the
same membrane used in Figure 3.3.
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Figure 5.8 Stable transfection of Keapl/FLAG in TAMH cells. TAMH cells
were transfected with Keapl/FLAG plasmid. Clones were isolated and expanded in
the presence of 1000 pg/mL G418 as the selection antibiotics. Five clones were
harvested for immunoblot assay using polyclonal anti-FLAG antibody. Native
Keapl/FLAG has an apparent molecular weight of approximately 70 kDa. Clone 2.2
appeared to be successfully transfected.
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Figure 5.9 MTT viability assay of TFEC treated TAMH cells with Keapl
stable transfection. TAMH control cell line or TAMH stably transfected with
Keapl/FLAG (Clone 2.2) were subjected to various concentrations of TFEC for 24 h.
The viability of the cells after respective treatments were assayed by MTT. Results are
expressed as a percentage of viable cells in the untreated controls with +/- SD (n=6).
(* denotes a statistically significant difference between control and Keapl/FLAG
stably transfected cells with p<0.05).
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