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University of Washington
Abstract

Differential Response and Susceptibility to Oxidative Stress in
Mouse Lung Fibroblasts Heterozygous for
Phospholipid Hydroperoxide Glutathione Peroxidase (GPx4)

Michael Robert Garry

Chair of Supervisory Committee:
Professor Elaine M. Faustman
Department of Environmental and Occupational Health Sciences

Phospholipid hydroperoxide glutathione peroxidase (GPx4) is a member of the
family of selenium dependent enzymes that catalyze the reduction of cell
membrane-bound phospholipid hydroperoxides in situ and thus, protects against
membrane damage. The research described in this dissertation focused on

1) characterization of GPx4 activity levels in GPx4" mice and cells from those
mice, 2) development of a cell culture model that provides a physiologically
relevant basis for evaluating the roles of GPx4 and the mechanisms of its actions,
and 3) investigation of the relative susceptibility to toxicant-induced oxidative
stress using this model. It was demonstrated that a GPx4”" genotype is embryonic
lethal, but that GPx4"" mice survive and appear phenotypically normal. GPx4
activity is significantly lower in testis and liver tissue from GPx4™" mice than
GPx4™* mice. Cultured lung fibroblasts (LFs) from adult GPx4™" mice had
approximately 50% GPx4 activity of GPx4"* LFs, and were significantly more
susceptible to HpO», cadmium, and cumene hydroperoxide-induced cytotoxicity.
GPx4"" LFs had lower mitochondrial membrane potential, greater cardiolipin
oxidation, and lower amounts of reduced thiols relative to GPx4™"* LFs, but were
more resistant to further decrements in these endpoints following phospholipid

hydroperoxide treatment. After treatment with CdCl, GPx4*/LFs had a



decreased survival response compared to GPx4+/+ LFs. Specifically, a GPx4+/
genotype was associated with increased morphological evidence of stress,
decreased Akt activation, and increased caspase 3 activation. GPx4™ cells
exhibited decreased p38 and JNK activation, but the overall survival response, as
measured by the ratio of survival pathway activation (Akt) to stress pathway
activation (p38 and JNK), was attenuated in GPx4" LFs. GPx4™" cells also
exhibited diminished accumulation of high molecular weight poly-ubiquitinated
proteins than GPx4*"* cells in response to CdCl, treatment. The GPx4" mouse
appears to provide a useful model for studying susceptibility to chemically induced
oxidative stress, particularly where lipid peroxidation is a primary mediator of
cellular injury. Furthermore, GPx4"" LFs provide a useful model for understanding
the mechanisms by which GPx4 protects against oxidative injury and mediates

cellular functions in the face of chemical insult.
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Chapter 1 — Introduction

Glutathione Peroxidases

Glutathione peroxidases are the primary mammalian antioxidant enzymes that
scavenge and reduce hydrogen peroxide and lipid peroxides, thereby protecting
cells from oxidative damage (Takebe et al. 2002). Glutathione peroxidases
catalyze the reduction of hydroperoxides as a component of the glutathione redox
cycle, using glutathione or other thiols (e.g., cysteine, thioredoxin) as reducing
substrates in conjunction with glutathione reductase and NADPH. There are both
selenium-dependent and selenium-independent enzymes with glutathione
peroxidase activity. The selenium-dependent glutathione peroxidases are
characterized by the presence of a highly homologous region with a so-called

catalytic triad of selenocysteine, glutamine, and tryptophan at the active site.

Four selenium-dependent glutathione peroxidases have been identified: GPx1,
GPx2, GPx3, and GPx4. The first three are tetramers comprised of four identical
subunits. They primarily reduce small hydroperoxide substrates such as hydrogen
peroxide (H,0,) and nonesterified lipid peroxides. Classical, or cytosolic
glutathione peroxidase (cGPx or GPx1), is ubiquitous throughout the body and is
typically present at the highest levels among the glutathione peroxidases, with the
notable exception being the testis, where GPx4 predominates (Dreher e al. 1997).
Gastrointestinal glutathione peroxidase (GI-GPx or GPx2), also cytosolic, was first
identified in cells of the rat gastrointestinal epithelium (Chu and Esworthy 1995),
but has also been identified in human liver and gall bladder, as well as
gastrointestinal cells (Komatsu et al. 2001). Plasma glutathione peroxidase (pGPx
or GPx3), an extracellular form, has been identified in pigs, rats, mice, and humans.
In humans, it is most highly expressed in the kidney proximal tubular cells (Avissar
et al. 1994), but has also been identified in lung epithelial cells (Avissar er al.
1996).



Unlike the other members of the family, phospholipid hydroperoxide glutathione
peroxidase (PHGPx or GPx4) is a 20 to 23kDa monomeric protein (Takebe et al.
2002; Ursini et al. 1985). Although GPx4 is less than 40% homologous with
GPx1, like all members of the selenium-dependent glutathione peroxidases it is
highly homologous at the active site (Lei et al. 1995). GPx4 is unique among the
glutathione peroxidases in that it has a high specific affinity for larger, membrane
bound substrates such as phospholipid and cholesterol hydroperoxides and can
directly reduce membrane bound hydroperoxides in situ. Sequence comparisons
with the tetrameric forms of glutathione peroxidase show a lack of conservation in
regions corresponding to the arginine residues presumed to bind glutathione, and in
contact sites between the individual subunits of the tetramers. These differences
may, in large part, explain the monomeric nature and unique substrate specificity of
GPx4 (Brigelius-Flohe ez al. 1994). The lack of strongly hydrophilic arginine
residues may impact GPx4 in two ways. First, the greater hydrophobicity that
would accompany the lack of arginine residues, along with the associated alteration
in tertiary structure, could improve substrate specificity for larger, hydrophobic
organic molecules such as phospholipid and cholesterol hydroperoxides. Second,
the increased hydrophobicity could also improve the molecule’s ability to insinuate
itself within biological membranes where in situ reduction of membrane bound

hydroperoxides is possible.

Other enzymes have been shown to also have glutathione peroxidase activity,
including several glutathione S-transferases (human GSTs Al-1, T1-1, M1-1, A2-2,
and A4-4) (Hurst e al. 1998), selenoprotein P, catalase, and the peroxiredoxins, but
with lower specific activity than members of the GPx family. In addition, a
selenium-independent, extracellular glutathione peroxidase is localized to the

epididymis, and is bound to sperm predominantly in the acrosomal region (Vernet
et al. 1999),



Phospholipid Hydroperoxide Glutathione Peroxidase

GPx4 has been identified and cloned in several animal species, including humans
(Esworthy et al. 1994), rats (Imai et al. 1995; Pushpa-Rekha er al. 1995), mice
(Borchert et al. 1999; Knopp et al. 1999; Nam et al. 1997), pigs (Brigelius-Flohe et
al. 1994; Sunde et al. 1993), and chickens (Kong er al. 2003). In addition,
homologues have been identified in several plant species, including spinach
(Sugimoto et al. 1997), and the orange Citrus sinensis (Holland er al. 1993),
although the plant version is selenium-independent. In mammals, GPx4 is present
in all tissues, but is most highly expressed in testis, and in sperm (Roveri ez al.
1994) where it converts into a structural protein in the mitochondrial capsule during
spermatogenesis (Ursini ez al. 1999). It is expressed in an age-dependent manner in
testis and in a stage-specific manner in developing spermatocytes (Maiorino et al.
1998; Nam et al. 1998). Testis GPx4 is indirectly induced by testosterone and
appears to play an important role in spermatogenesis (Maiorino et al. 1998).
Decreased GPx4 levels of both the enzymatically active form (Imai et al. 2001) and
the inactive structural form (Flohe ez al. 2002) in humans spermatocytes have been

correlated with lower sperm quality and fertility.

Its unique substrate specificity and membrane localization highlights the role of
GPx4 in protecting cellular membranes against the ongoing potential for lipid
peroxidation. Lipid peroxidation is initiated when reactive oxygen species (ROS),
such as the hydroxyl radical react with unsaturated lipids. There are many sources
of these ROS within the cell, including normal cellular processes such as oxidative
phosphorylation and NAD(P)H oxidases, and following xenobiotic exposure and
metabolism by cytochrome P450 oxidases. The consequences of lipid peroxidation
include further reaction with other cellular macromolecules, disruption of

membrane integrity, suppression of mitochondrial respiration, and eventually cell
death.



Phospholipase A2 has the ability to terminate lipid peroxidation by excising
oxidized fatty acids from membrane phospholipids, so they can be released from
the membranes and reduced by GPx1 or other glutathione peroxidases (Maiorino et
al. 1991; Thomas et al. 1990). However, this process is not as efficient or effective
as the protection afforded by GPx4, which directly reduces phospholipid
hydroperoxides in situ without the need to remove the damaged fatty acids.
Although GPx1 levels are approximately 500-fold higher than GPx4 levels in the
rat liver, the rate-limiting step for GPx1 reduction of the lipid peroxides is the
activity of phospholipase A2 (Antunes et al. 1995). A kinetic model predicts that
nearly 100% of phospholipid hydroperoxide reduction is accomplished via GPx4 in
rat liver (Antunes et al. 1995).

Three forms of GPx4 have been described: a 20 kDa cytosolic form, a 23 kDa
mitochondrially targeted form (Arai e al. 1999), and a sperm nucleus-specific form
(Borchert et al. 2003; Pfeifer ef al. 2001). Except for the mitochondrial targeting
leader sequence required for translocation of the long form into the mitochondrion,
the two forms are identical. After translocation, mitochondrial GPx4 sheds its
leader sequence to yield a 20 kDa protein identical to cytosolic GPx4 (Arai ef al.
1996). In situ and fractionation studies have shown that mitochondrial GPx4 is
localized to the contact space between the inner and outer mitochondrial membrane
(Imai and Nakagawa 2003). In this location it can directly reduce membrane-

bound hydroperoxides and terminate lipid peroxidation.

The protective role of GPx4 against xenobiotic and ROS-induced injury has been
demonstrated in numerous overexpression studies in several cell types (Imai and
Nakagawa 2003). Overexpression of GPx4 in guinea pig cell line 104C1 protected
against phospholipid hydroperoxide induced dissipation of mitochondrial
membrane potential (Yagi et al. 1998). Rat basophilic leukemia cells (RBL cells)

transfected with the long form, but not the short form of GPx4, were protected



against KCN-induced dissipation of mitochondrial membrane potential and cell
death. (Arai et al. 1999). Overexpression of GPx4 also protects RBL cells against
apoptosis induced by hypoglycemia (Arai et al. 1999), staurosporine, etoposide,
cycloheximide, actinomycin D, 2-deoxyglucose, and UV irradiation (Nomura ef al.
1999). GPx4 overexpression afforded protection from arsenite-induced ROS
production and apoptosis in human epidermoid carcinoma A431 cells (Huang ez al.
2002).

GPx4 Heterozygous Knockout as a Model for Understanding GPx4
Function and Role in Protection from Oxidative Stress

Overexpression studies provide a useful tool in understanding the mechanisms by
which antioxidant enzymes function and in elucidating their role in cellular
defenses. However, overexpression of an enzyme to non-physiological levels may
produce responses that are not easily interpretable or relevant to phenotypes that
might not occur naturally. The more relevant model, especially for an enzyme
typically associated with a protective role, is one in which expression is diminished
or absent. This is particularly the case when genetic polymorphisms exist that are
also associated with reduced expression. This premise is the basis for the research

described in this dissertation.

In order to study the role of GPx4 under physiologically relevant conditions, the
initial intent was to develop both a transgenic mouse model with a GPx4 null allele
(GPx4™"), and a mouse model with a heterozygous genotype (GPx4™"). However,
as reported in Chapter 2 of this dissertation, as well as by other groups (Imai et al.
2003; Yant ez al. 2003), the GPx4"" genotype is embryonic lethal. The
observations of Yant et al. (Yant ez al. 2003) suggest that GPx4 null embryos
exhibit morphological abnormalities between 6.5 and 7.5 days post coitum (dpc)
and are resorbed by 8.0 to 8.5 dpc. The mechanism of embryonic lethality is

uncertain. Yant and colleagues (Yant ez al. 2003) found no evidence of differences



in either cellular proliferation or the number of apoptotic cells in GPx4 null
embryos at 7.5 dpc relative to wild-type embryos. In addition to its antioxidant
role, the authors suggest a critical role in cell signaling could play a part.
Overexpression of GPx4 in rat basophile leukemia cells inhibits 2-deoxyglucose
induced cytochrome c release and cardiolipin oxidation (Nomura et al. 2000).

Imai et al. (Imai et al. 2003) reported that the GPx4 null genotype in their mice
resulted in embryonic death during early gastrulation, between 7.5 and 8.5 dpc.
Immunohistochemical analysis showed that GPx4 was first detected in the
embryonic ectoderm and the yolk sac membrane at 7.5 dpc in GPx4*"* and GPx4*"
embryos, but was absent in the GPx4” embryos. Thus, timing of expression of

GPx4 coincided with the timing of embryonic death in GPx4” embryos.

Partial GPx4 expression, as with the GPx4"" genotype, appears to be adequate for
normal development, while complete lack of GPx4 is embryonic lethal. Oxidative
stress is recognized as an important mechanism in teratogenesis (Vismara et al.
2001; Wells ez al. 1997). Apoptotic cell death represents an early event in the
teratogenic process of many teratogens (Mirkes et al. 2000). Glutathione and GPx1
are protective against chemically-induced teratogenesis. In rodents, glutathione
depletion adversely affects fetal growth and increases the number of dead and
malformed embryos (Hales and Brown 1991) and increases susceptibility to
chemically induced teratogenesis (Harris et al. 1987, Saillenfait ef al. 1993). GPx1
depletion induced by selenium deficiency increases susceptibility to phenytoin-
induced teratogenesis in mice (Ozolins et al. 1996). Furthermore, knockout of the
glutamate cysteine ligase catalytic subunit , resulting in a complete lack of
glutathione synthesis, is embryonic lethal (Dalton et al. 2000). Glutathione
supplementation, on the other hand, is protective (Faustman-Watts et al. 1986; Slott
and Hales 1987). Thus, it is possible that increased oxidative stress during a
critical stage of development could explain the embryonic lethality of the GPx4”

genotype.



Mice with a heterozygous genotype (GPx4"") develop normally. Thus, the focus of
the research described in this dissertation was to 1) characterize the GPx4 activity
levels of GPx4" mice and cells from those mice, 2) develop a cell culture model
that provides a physiologically relevant basis for evaluating the roles of GPx4 and
the mechanisms of its actions, and 3) investigate the relative susceptibility to

toxicant-induced oxidative stress using this model.

As described in Chapter 2 of this dissertation, lung fibroblasts isolated from adult
mice were cultured and propagated as a model for evaluating susceptibility to
chemically-induced cytotoxicity, oxidative stress, and the underlying mechanisms
that mediate differential susceptibility conferred by GPx4 genotype. Lung
fibroblasts from GPx4"" mice have approximately 50% of the GPx4 activity of
lung fibroblasts from GPx4"* mice, and exhibit genotype associated differential
responses to cadmium, H,O,, and cumene hydroperoxide, and phospholipid
hydroperoxide exposure. Because of the differential responses of wild type and
GPx4 heterozygous lung fibroblasts, along with the physiologically relevant
differences in GPx4 activity, adult lung fibroblast cells were considered an
appropriate model for evaluating the underlying mechanisms potentially mediating

the differential susceptibility conferred by GPx4 genotype.

Cadmium as a Model Compound for Characterizing GPx4 Genotype-
Associated Differential Susceptibility to Oxidative Stress

Cadmium is a naturally occurring ubiquitous metal constituting 10 to 100 ug/kg of
the earth’s crust (ATSDR 1999). The average soil cadmium concentration in the
United States is about 250 pug/kg, but varies greatly geographically. Cadmium is
not usually present in the environment as a pure metal, but as complex oxides,
sulfides, and carbonates. Cadmium concentrations in most drinking water supplies

in the United States are less than 1 pg/L, well below the drinking water standard of



50 ug/L. Levels in drinking water, however, may vary greatly depending on local

conditions.

Cadmium exposure has been associated with mutagenic, carcinogenic, teratogenic
and neurotoxic endpoints (Chang 1996) (Filipic et al. 2006) (Goering et al. 1994).
Outside of occupational settings, the most significant sources of human exposure to
cadmium are the diet and cigarette smoke (Satarug et al. 2003; Satarug and Moore
2004). Inhalation exposure to cadmium has been associated with airway
inflammation (Kirschvink et al. 2006), pulmonary edema (Beton et al. 1966),
emphysema (Davison ef al. 1988; Leduc et al. 1993), and cancer (Stayner et al.
1992; Takenaka et al. 1983; Thun et al. 1985). Lung cancer has been observed in
workers exposed to high concentrations of cadmium oxide dust and fumes together
with other exposures in the smelter setting (Thun ez al. 1985). Urinary cadmium
data available for a subset of this population suggested high cadmium exposure.
However, other risk factors in the study population limit determination of a causal
relationship with cadmium (i.e., smoking and prior inhalation exposure to arsenic
during prior operation of the facility as an arsenic smelter). There was also a
significant and dose-related increase in lung cancer in inhalation investigations
with Wistar rats exposed to cadmium chloride aerosol (Takenaka et al. 1983).
Cadmium and cadmium compounds were listed as “‘known to be human
carcinogens” in the 11™

Program (NTP 2005).

Report on Carcinogens by the National Toxicology

Oxidative stress and lipid peroxidation play a significant role in cadmium induced
toxic responses (Lopez et al. 2006) (Huang et al. 2006) (Elbekai and El-Kadi 2005)
(Watjen and Beyersmann 2004) (Alvarez et al. 2004). Cadmium exposure has
been shown to generate reactive oxygen species through the depletion of
glutathione and protein-bound sulthydryl groups leading to lipid peroxidation and

apoptosis (Stohs et al. 2001). Cadmium induces superoxide anion and hydrogen



peroxide production in both a human tumor cell line and bovine aorta endothelial
cells (Szuster-Ciesielska ez al. 2000). Although this could be a result of cadmium-
induced glutathione depletion, cadmium exposure also results in decreased
synthesis of the antioxidant enzymes superoxide dismutase, peroxidase, and
catalase (Waisberg et al. 2003). A combination of depleted glutathione levels and
reduced levels of these antioxidant enzymes, is generally regarded as the primary

mechanism by which cadmium induces lipid peroxidation (Waisberg et al. 2003).

Another mechanism by which cadmium may indirectly increase cellular levels of
ROS is through depletion of metallothionein. Metallothionein is a cysteine rich
protein that protects cells from the toxic effects of metals with thiol binding
capacity by binding and sequestering these metals (Simpkins 2000). Although
cadmium itself is not redox active, cadmium may displace redox active metals such
as iron and copper from metallothionein or other cellular proteins (Ercal et al.
2001, Filipic et al. 2006). These redox active metals can then participate in Fenton

reactions to produce hydroxyl radicals.

GPx4 appears to play some role in mediating cadmium-induced toxicity. Mussels
(Perna perna) exposed to 200ug/L cadmium in water for 12 hours exhibit
significantly increased malonaldehyde levels, indicating lipid peroxidation, and this
effect was associated with GPx4 depletion (de Almeida et al. 2004).
Saccharomyces cerevisiae overexpressing a yeast GPx4 homologue is resistant to
lipid peroxidation and cadmium-induced cell death (Avery ef al. 2004). And
finally, as described in Chapter 2 of this dissertation, a GPx4"" genotype confers

increased susceptibility to cadmium-induced cell death in mouse lung fibroblasts.

Thus, cadmium is a relevant and interesting model compound to evaluate GPx4
function because 1) cadmium is abundant in the environment and an important
public health concern, 2) cadmium toxicity involves lipid peroxidation, which is

modulated by GPx4 activity, and 3) there is evidence to suggest GPx4 plays a role
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in protection against cadmium-induced toxicity. As such, cadmium was the model
compound used in the research described in Chapter 3 of this dissertation involving
mechanistic aspects of the differential susceptibility conferred by GPx4*"

genotype, specifically cell signaling and post-translational modification.

Mechanistic Aspects of GPx4 Function: MAPK Stress Signaling,
Apoptotic, and Survival Pathways

Cadmium-induced cytoxicity is associated with oxidative stress and apoptotic cell
death in a number of cell types (Bagchi er al. 2000; Hansen et al. 2006; Jimi et al.
2004, Stohs et al. 2001). Further, the apoptosis observed following cadmium
exposure is mediated, at least in part, by activation of p38 and c-Jun NH,-terminal
kinase (JNK) mitogen-activated protein kinases (MAPK) stress signaling pathways
(Chuang et al. 2000; Kim ez al. 2005; Lag et al. 2005). There are three main
MAPK signaling pathways, each involving a series of three serine/threonine
kinases that are activated by phosphorylation and successively activate their
downstream target by phosphorylating it. Thus, each MAPK molecule is
phosphorylated and activated by its specific MAPK kinase (MAPKK), and each
MAPKK is phosphoylated and activated by its specific MAPKK kinase
(MAPKKK) (Takeda et al. 2003). MAPKKK can be activated by a variety of
stress or survival signals, including UV radiation, growth factors, cytokines,
osmotic stress, ROS, and chemical exposures. The p38 and JNK pathways are
typically associated with cell stress, inflammation, and apoptosis. A third pathway,
the extracellular signal-regulated kinases (ERK), is typically associated with cell

survival and proliferation and is primarily activated by growth factors (Lag et al.
2005).

Akt, also known as protein kinase B, is another serine/threonine kinase activated by
extracellular stimuli, such as growth factors, cytokines, ROS and chemical

exposures. The Akt signaling pathway, typically associated with a survival
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response and cell proliferation, is activated through a phosphoinositide 3-kinase
pathway initiated by receptor tyrosine kinase and G-protein signaling (Cantley
2002; Misra et al. 2003). Akt activation can be either induced or attenuated in
response to cadmium exposure, depending on dose and duration of exposure
(Konishi ez al. 1997; Murata et al. 2003; Yu et al. 2005). More specifically, Akt
activation can be transiently increased following cadmium exposure, followed by

dephosphorylation and diminished signaling with prolonged exposure.

Various studies have demonstrated evidence to support a critical role of MAPKSs in
Cd-induced cell cycle arrest (Chao and Yang 2001), cytotoxicity (Rockwell et al.
2004) and apoptosis (Kefaloyianni ez al. 2005; Lag et al. 2005) (Kim et al. 2005)
(Jonak et al. 2004). The roles of p38 and JNK in cadmium-induced apoptosis have
predominately been reported to involve caspase-3 dependent mechanisms
(Kefaloyianni et al. 2005; Kim and Sharma 2004, 2006; Lee ez al. 2005; Papadakis
et al. 2006), although a caspase-3 independent pathway has also been reported for

mouse neuronal cells following cadmium exposure (Rockwell et al. 2004).

GPx4 overexpression protects against apoptosis induced by a number of chemical
agents that cause oxidative stress. One mechanism by which GPx4 affords this
protection may involve its ability to suppress specific apoptotic signals. For
example, overexpression of GPx4 suppresses the release of cytochrome c,

caspase 3 cleavage, adenine nucleotide translocase (ANT) inactivation and
apoptosis induced by 2-deoxyglucose in RBL2H3 cells (Imai and Nakagawa 2003;
Nomura er al. 1999). Akt inhibits apoptosis, at least in part, by preventing
cytochrome c release (Kennedy et al. 1999) and directly inhibiting caspase 9
activation (Cardone et al. 1998). Both the JNK (Papadakis et al. 2006; Tournier et
al. 2000) and p38 (Yoshino et al. 2001) pathways also modulate the mitochondrial
death pathway through regulation of cytochrome c release and caspase 3 activation.

Thus, as described in Chapter 3 of this dissertation, the response of these stress



12

signaling and survival pathways in response to cadmium exposure was evaluated in
relation to GPx4 genotype. The relationship of these stress signaling pathways to

cadmium toxicity and GPx4 function is depicted in Figure 1.1.

Mechanistic Aspects of GPx4 Function: Ubiquitin Proteosomal
System

Degradation and turnover of cellular proteins is a highly regulated process, the
correct function of which is important for regulation of normat cellular function.
The ubiquitin proteasomal system (UPS) is the primary mechanism by which cells
package and remove damaged proteins and regulate protein turnover. Dysfunction
in the system is associated with pathological states, including cancers and
neurodegenerative diseases (Ciechanover and Brundin 2003; Ciechanover and
Schwartz 2002). Degradation of proteins by the UPS involves two general steps.
First, multiple ubiquitin molecules conjugate to protein substrates. Second, the
“tagged” ubiquitin-conjugated proteins are degraded by the 26S proteasome
complex and the ubiquitin molecules are released for reuse. Damaged proteins may
be recognized by the system for ubiquitination by misfolding or other
conformational changes such as might occur with oxidative damage. UPS is also
involved in normal cell cycle progression, with ubiquitin ligases identified that
regulate turnover of important cell cycle proteins such as p27Kipl, p21Cipl,
p57Kip2, and cyclin E (Lim and Elenitoba-Johnson 2004). The Cullen-containing
SCF E3 ubiquitin ligase family regulates cell proliferation through degradation of
critical regulators such as cyclins, CDK inhibitors and transcription factors

(Willems et al. 2004).

A dysfunctional UPS can lead to the accumulation of damaged proteins and lead to
cytotoxicity. UPS perturbation may play a role in cadmium-induced oxidative
stress and cytotoxicity. Gene expression studies from our laboratory of cadmium-

treated mouse embronic fibroblast cells using microarray analysis indicate that
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cadmium disrupted the UPS, especially Ubiquitin ligases such as the multi-function
ligase/hydrolase UCH-L1 (unpublished data). Cadmium-mediated oxidative stress
has been linked to the accumulation of high molecular weight polyubiquitinated
protein conjugates (HMW-Ub) (Figueiredo-Pereira et al. 1997). Mouse HT4
neuroblastoma cells expressing a dominant negative ubiquitin are sensitive to
cadmium-induced oxidative injury and cell death (Tsirigotis er al. 2001).
Subcytotoxic doses of cadmium (25uM and below) were associated with increased
levels of ubiquitinated proteins in HT4 cells, while cytotoxic doses (50uM and
above) led to an attenuated UPS response (Figueiredo-Pereira et al. 1998). Thus,
diminished function of the UPS system accompanies increased levels of oxidative

stress induced cytotoxicity.

Cadmium is known to oxidize and bind protein thiols (Stohs er al. 2001). The UPS
would normally remove these oxidized proteins. As discussed in Chapter 2 of this
dissertation, protein thiols are oxidized in GPx4"" lung fibroblasts relative to wild-
type cells under baseline conditions. It is possible then, that a GPx4*" genotype
would predispose towards an attenuated UPS response following cadmium
exposure, as reported for cytotoxic doses of cadmium in HT4 cells (Figueiredo-
Pereira et al. 1998), because the already elevated levels of oxidized protein thiols
places the UPS nearer to a saturated state. Thus, UPS function provides an

attractive target for examining the role in GPx4 in cadmium-induced toxicity.

The remainder of this dissertation is focused on the research conducted with the
overall goals of characterizing the GPx4 status of GPx4"* and GPx4™" mice and
the lung fibroblasts from those mice, and the differential susceptibility to
chemically induced stress in these cells, with an emphasis on cadmium exposure.
Chapter 2 describes the knockout mouse model, GPx4 activity in various tissues,
and differential susceptibility to various chemical agents. Chapter 3 describes

studies related to mechanistic aspects of the GPx4 lung fibroblast model, focusing
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on differential responses of p38, INK, Akt, caspase-3, and UPS following cadmium
exposure. Chapter 4 summarizes the results, provides overall conclusions and
interpretation, and places the results in context of the overall field of GPx4

research.
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Figure 1.1 — Stress signaling, apoptotic, and survival pathways associated with
cadmium toxicity.

The apoptosis observed following cadmium exposure is mediated by activation of
p38 and c-Jun NH,-terminal kinase (JNK) mitogen-activated protein kinases
(MAPK) stress signaling pathways. MAPK signaling pathways involve a series of
three serine/threonine kinases that are activated by phosphorylation and
successively activate their downstream target by phosphorylating it. Both the p38
and JNK pathways can be activated by reactive oxygen species (ROS) through
activation of upstream kinases, including apoptosis signaling kinase-1 (ASK1).
The p38 and JNK pathways are typically associated with cell stress, inflammation,
and apoptosis. The roles of p38 and JNK in cadmium-induced apoptosis have
predominately been reported to involve caspase-3 dependent mechanisms, and INK
can induce cytochrome ¢ release by negatively regulating the anti-apoptotic factor
Bcl-2. Akt, also known as protein kinase B, is another serine/threonine kinase
activated by extracellular stimuli, such as growth factors, cytokines, ROS and
chemical exposures, and is typically associated with a survival response and cell
proliferation. Akt can inhibit apoptosis in at least three ways: 1) As a negative
regulator of Bad, a pro-apoptotic member of the Bcl family, thus inhibiting
cytochrome c release, 2) As a negative regulator of ASK1, thereby inhibiting the
p38 and JNK signaling pathways, and 3) by directly inhibiting caspase-9 activation.
Akt is redox sensitive; reduced glutathione and glutaredoxin levels are associated
with Akt oxidation and inactivation. Cadmium can both activate and inhibit the
Akt pathway, depending on conditions. GPx4 suppresses the release of
cytochrome c, caspase 3 cleavage, and apoptosis.
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Figure 1.2 — Ubiquitin proteasomal system and the effects of cadmium toxicity.
Cadmium (Cd) can bind and oxidize protein thiols directly, or induce lipid
peroxidation, leading to production of reactive oxygen species (ROS) and oxidation
of protein thiols. Reduced levels of GPx4 are also associated with oxidation of
protein thiols. Protein oxidation causes conformational changes and unfolding.
Damaged proteins may be recognized by the ubiquitin proteasomal system (UPS)
for ubiquitination by misfolding or other conformational changes such as might
occur with oxidative damage. Degradation of proteins by the UPS involves two
general steps: first, multiple ubiquitin molecules conjugate to protein substrates;
second, the “tagged” ubiquitin-conjugated proteins are degraded by the 26S
proteasome complex and the ubiquitin molecules are released for reuse.



WDISAg [BLUOSESI0IY ulinbian

ulejoud Ve ™~

vXdO % UONEpPIXO @c_u_oE: uoneuninbign

co;m.b_xo

PO

uonepixo

sopndad

PXdD 4 uolnepixolad
: <“«——— pdq <€«— PO




17

Chapter 2 - Sensitivity of Mouse Lung Fibroblasts
Heterozygous for GPx4 to Oxidative Stress

Summary of Chapter 2

Phospholipid hydroperoxide glutathione peroxidase (GPx4) is a member of the
family of selenium dependent enzymes that catalyze the reduction of cell
membrane-bound phospholipid hydroperoxides in situ and thus, protects against
membrane damage. Overexpression of GPx4 protects cultured cells from
phosphatidylcholine hydroperoxide (PCOOH)-induced loss of mitochondrial
membrane potential and blocks cell death induced by treatment with various
apoptotic agents. We have generated mice that are heterozygous for a GPx4 null
allele (GPx4""); the homozygous null genotype is embryonic lethal. We report that
cultured lung fibroblasts (LFs) isolated from adult GPx4"" mice had approximately
50% of the GPx4 activity of LFs from GPx4"* mice, and were si gnificantly more

susceptible to H2O2, cadmium, and cumene hydroperoxide-induced cytotoxicity,

as measured by neutral red assay. Both GPx4"* and GPx4"" LFs were susceptible
to PCOOH-induced cytotoxicity at a high PCOOH concentration. We also found
that GPx4*" LFs have lower mitochondrial membrane potential, greater cardiolipin
oxidation, and lower amounts of reduced thiols relative to GPx4*"* LFs, but are
more resistant than GPx4"* LFs to further decrements in these endpoints following
PCOOH treatment. These results suggest that adult lung fibroblasts deficient in
GPx4 may have upregulated compensatory mechanisms to deal with the highly

oxidized environment in which they developed.
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Introduction

Phospholipid hydroperoxide glutathione peroxidase (PHGPx or GPx4) is a member
of the family of selenium-dependent enzymes that catalyze the reduction of
hydroperoxides, using glutathione or other thiols (e.g., cysteine, thioredoxin) as
reducing substrates (Takebe ef al. 2002). Three of the four members of the family,
classical or cellular glutathione peroxidase (cGPx or GPx1), gastrointestinal
glutathione peroxidase (GI-GPx or GPx2), and plasma glutathione peroxidase
(pGPx or GPx3), are tetramers and primarily reduce small hydroperoxide substrates
such as H,O, and nonesterified lipid peroxides. GPx4 is unique among the
glutathione peroxidases in that it is monomeric, has a high specific affinity for
larger, membrane bound substrates such as phospholipid and cholesterol
hydroperoxides, can associate with cellular membranes, and directly reduces
membrane bound hydroperoxides in situ. Other enzymes have been shown to also
have glutathione peroxidase activity, including several glutathione S-transferases
(GSTAI-1, GSTT1-1, GSTM1-1, GSTA2-2, and GSTA4-4), selenoprotein P,

catalase, and the peroxiredoxins, but with lower specific activity than members of
the GPx family.

GPx4 has been identified and cloned in several animal and plant species, including
humans (Esworthy et al. 1994), rats (Imai ez al. 1995; Pushpa-Rekha et al. 1995),
mice (Borchert er al. 1999; Knopp et al. 1999; Nam ez al. 1997), pigs (Brigelius-
Flohe et al. 1994; Sunde e al. 1993), chickens (Kong ez al. 2003), spinach
(Sugimoto et al. 1997), and the orange Cirrus sinensis (Holland et al. 1993),
although the plant version is selenium independent. In mammals, it is present in all
tissues, but is most highly expressed in testis and sperm (Roveri et al. 1994) where
it converts into a structural protein in the mitochondrial capsule during
spermatogenesis (Ursini er al. 1999). It is expressed in an age-dependent manner in
testis and in a stage-specific manner in developing spermatocytes (Maiorino et al.

1998; Nam et al. 1998). Testis GPx4 is indirectly induced by testosterone and
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appears to play an important role in spermatogenesis (Maiorino et al. 1998).
Decreased GPx4 levels of both the enzymatically active form (Imai et al. 2001) and
the inactive structural form (Flohe et al. 2002) in humans spermatocytes have been

correlated with lower sperm quality.

Its unique substrate specificity and membrane localization highlights the role of
GPx4 in protecting cellular membranes against the ongoing potential for lipid
peroxidation. Lipid peroxidation is initiated when reactive oxygen species (ROS),
such as the hydroxyl radical react with unsaturated lipids. There are many sources
of these ROS within the cell, including normal cellular processes such as oxidative
phosphorylation and NAD(P)H oxidases, and following xenobiotic exposure and
metabolism by cytochrome p450 oxidases. The consequences of lipid peroxidation
include further reaction with other cellular macromolecules, disruption of

membrane integrity, suppression of mitochondrial respiration, and eventually cell
death.

Three forms of GPx4 have been described: a 20 kDa cytosolic form, a 23 kDa
mitochondrially targeted form (Arai et al. 1999), and a sperm nucleus-specific form
(Pfeifer er al. 2001). Except for the mitochondrial targeting leader sequence
required for translocation of the long form into the mitochondrion, the two forms
are identical. After translocation, mitochondrial GPx4 sheds its leader sequence to
yield a 20 kDa protein identical to cytosolic GPx4 (Arai et al. 1996). In situ and
fractionation studies have shown that mitochondrial GPx4 is localized to the
contact space between the inner and outer mitochondrial membrane (Imai and
Nakagawa 2003). In this location it can directly reduce membrane-bound
hydroperoxides and terminate lipid peroxidation. Overexpression of GPx4 in
guinea pig cell line 104C1 protected against phospholipid hydroperoxide induced
dissipation of mitochondrial membrane potential (Yagi et al. 1998). Furthermore,

Arai et al. (Arai er al. 1999) demonstrated that rat basophilic leukemia cells (RBL
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cells) transfected with the long form, but not the short form of GPx4, were
protected against KCN-induced dissipation of mitochondrial membrane potential
and cell death. Overexpression of GPx4 also protects RBLs against apoptosis
induced by hypoglycemia (Arai et al. 1999), staurosporine, etoposide,
cycloheximide, actinomycin D, 2-deoxyglucose, and UV irradiation (Nomura et al.
1999). Overexpression of GPx4 afforded protection from arsenite-induced ROS

production and apoptosis in human epidermoid carcinoma A431 cells (Huang et al.
2002).

Until recently, evidence for the role of GPx4 in the protection against xenobiotic
and ROS-induced injury has come from studies of cells overexpressing GPx4
(reviewed by Imai and Nakagawa (Imai and Nakagawa 2003)). Overexpression
studies provide a useful tool in understanding the mechanisms by which antioxidant
enzymes function and in elucidating their role in cellular defenses. However,
overexpression of an enzyme to non-physiological levels may produce responses
that are not easily interpretable or relevant to phenotypes that could occur naturally.
In order to study the role of GPx4 under more physiologically relevant conditions
we set out to develop a transgenic mouse model homozygous for a GPx4 null allele
(GPx4™"). We report here, as have others (Imai e al. 2003; Yant et al. 2003) that
the GPx4™" genotype is embryonic lethal. However, mice with a heterozygous
genotype (GPx4™") develop normally. We therefore isolated and cultured lung
fibroblast cells from adult wild type (GPx4™) and GPx4™" mice and characterized
their response to xenobiotic-induced oxidative stress. Specifically, response to four
ROS generating chemicals (cadmium, cumene hydroperoxide, phosphatidyl choline
hydroperoxide, and H,0,) that produce lipid peroxidation was assessed. The
results from our study suggest that reduced expression of GPx4 confers increased

susceptibility to toxicant exposure at expression levels that are physiologically

relevant.
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Materials and Methods

Reagents

Cumene hydroperoxide (CuOOH), cadmium chloride, sodium deoxycholate (DC),
glutathione (GSH), glutathione reductase (GRx), NADPH, soybean lipoxidase
(type IV), neutral red (NR) and 1,2-dilinoleoyl-3-phosphatidylcholine (PC) were
purchased from Sigma (St. Louis, MO, USA). Mitotracker red (MTR), mitotracker
green (MTG), monobromobimane (MBB), and nonylacridine orange (NAO) were
purchased from Molecular Probes (Eugene, OR). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS) and penicillin-streptomycin liquid
(PenStrep) were purchased from Gibco BRL (Grand Island, NY). Sep-Pak C18

columns were purchased from Waters (Milford, MA).

Construction of the targeting vector

GPx4 genomic clones were isolated from a 129/SVJ phage mouse genomic library
(Stratagene, La Jolla, CA, Cat. # 946309) by screening with a mouse cDNA clone
that we previously isolated and characterized (Knopp et al. 1999). The sequence
and genomic structure was determined (Figure 2.1). The targeting vector,
constructed from the genomic clone, was designed to replace part of exon 1, intron
1 and part of exon 2 with lacZ and Neomycin resistance genes. Upon targeted
recombination, the two flanking thymidine kinase (TK) genes from the vector were
eliminated. The targeting vector was constructed by cloning an Afl II-Eag I
genomic fragment (1.8 kb) into the Nhel site, and an Eco RI-Eco RI (5.5 kb)
fragment into the Spe 1 site of the plasmid nNeoZTK?2 (Figure 2.1A), which was
kindly provided by Dr. Richard Palmiter of the University of Washington. The

wild type and targeted alleles are shown in Figure 2.1A.

GPx4 targeting in mouse embryonal stem (ES) cells
The linearized targeting vector DNA was introduced into ES cells (passage 14

129/Sv) by electroporation. Homologous recombinants were selected for neomycin
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resistance using G-418 200 pg/ml) for 10 days, and with ganciclovir (2 mM) during
the first four days of G-418 selection. Targeted cells were detected by PCR
amplification and subsequently verified by Southern blot analysis, as described
below. Targeted ES cells from two independent clones were injected into
C57BL/6 mouse blastocysts and two lines of chimaeric mice were generated that

transmitted the targeted GPx4 gene through the germ-line.

Animals

Since the initial germ-line chimeras, the line has been bred back to C57BL/6 for six
generations. Thus, the mice are on a predominantly C57BL/6 background (>98%).
Lung fibroblasts from wild-type siblings were used as controls. All work was
carried out following the Institutional Animal Care and Use Committee guidelines
within an Association for Assessment and Accreditation of Laboratory Animal

Care approved specific pathogen-free facility.

Genotyping

DNA was extracted by digestion of cells or tissues with proteinase K followed by
purification on “Qiam spin columns” (Qiagen, Valencia, CA) according to the
protocol provided by the manufacturer. Rapid screening of ES cells and mouse
tissues was performed by PCR amplification using the primer pairs PrSF
(promoter) and I-1R (intron 1), specific for wild-type, and PrSF and NZTKlacZR
(in the lac Z gene) which amplified only the fragment from the targeted allele
(Figure 2.1A and C). The primer sequences were: Pr5F: 5’-tccacagccctccaacgegte-
3"; I-1R: 5'- ctaggtggaggagtctcaagg-3"; NZTKlacZR: 5'-tagaggatccccgggtaccaage-
3’. The amplification conditions were: an initial denaturation at 94°C for 2
minutes, followed by 30 cycles of 10 sec at 94°C and 20 sec at 66°C, and a final
step of 2 min at 72°C.
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Southern blot analysis was performed on genomic DNA from mice or ES cells in
order to confirm targeting. DNA was digested with Hind III and electrophoresed
on agarose gels. A radiolabeled probe of 396 bp from the promoter region

(Figure 2.1 A bottom panel) was used to detect the ~14 kb Hind III fragment of wild
type and the ~6 kb fragment of the targeted GPx4 gene (Figure 2.1B).

Tissue and Macrophage Isolation and Preparation

Testes, liver, and lung tissues from GPx4"* and GPx4"" mice were frozen in liquid
nitrogen immediately after the animals were sacrificed. The tissues were
subsequently frozen at —80 °C until analysis. Peritoneal macrophages were isolated
from mice immediately after euthanization by injecting 10 ml of sterile PBS into
the peritoneal cavity with an 18 gauge needle, gently massaging the peritoneum
(with the needle still inserted), then slowly withdrawing the PBS with macrophages
into the syringe. The macrophages were centrifuged at 900xG for 10 minutes at
4°C, and the PBS was aspirated away from the pelleted cells, which were then
stored in sample assay buffer (0.25 M sucrose, 20 mM tris-HCI (pH 7.4), 0.1%
Triton X-100 (v/v)) at —80 °C until analysis.

Lung Fibroblast Isolation and Culture

Freshly dissected lung tissue was macerated in medium (DMEM supplemented
with 10% FBS (v/v), 100 pg/ml streptomycin, 100 units/ml penicillin, and 2 mM L-
glutamine) on 100mm tissue culture plates using sterile razor blades. The resulting
slurry was mixed with 10ml of medium, and cells and tissue fragments were
allowed to adhere to 100 mm tissue culture plates. Plates were incubated for 7-10
days at 37 °C in a humidified atmosphere of 95% air/5% CO,. Fibroblasts which
migrated out of the tissue fragments were trypsinized and diluted into 10 plates for
further experimentation. All experiments were conducted on cells in passage two

through seven.
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GPx4 Activity Assay

Tissues analyzed for GPx4 activity were homogenized in assay buffer on ice using
a Polytron tissue grinder (Brinkmann, Westbury, NY) followed by three 10-second
bursts of sonication, also on ice. Macrophages and fibroblasts were lysed in the
same buffer using only sonication. Following homogenation/sonication, samples
were centrifuged at 10,000xG for 10 minutes, and the supernatant was transferred
to a clean tube for PHGPx activity analysis. Phosphatidylcholine hydroperoxides
(PCOOH) were prepared by enzymatic oxidation of PC with soybean lipoxidase as
described by Roveri et al. (Roveri et al. 1994). PC was dispersed in a concentrated
DC reaction buffer (0.9 mM PC, 9 mM DC, and 0.2 M tris-HCI). An additional 0.2
M tris-HCI was added to bring the final concentrations to 0.3 mM PC, 3 mM DC,
and 0.2 M tris-HCl. After initiation of peroxidation by addition of 0.7 mg
lipoxidase, the reaction was allowed to continue for 30 minutes at room
temperature with continual stirring. Sep Pak C-18 cartridges (Waters) were washed
with one bed volume of methanol, equilibrated with two volumes of dH,0, and
loaded with the PC reaction mixture containing PCOOH. The cartridge was
washed with 10 volumes of dH,0, and the PCOOH eluted in two volumes of
methanol. PCOOH was stored for no longer than one month, under argon gas, at —
80C. The concentration of PCOOH was determined spectrophotometrically before

each experiment using the extinction coefficient of 25,000 M'cm™ at 234 nm.

GPx4 activity was measured indirectly by following the oxidation of NADPH in
the presence of GSH reductase, which catalyzes the reduction of oxidized GSH, as
described by Maiorino et al. (Maiorino et al. 1998). Briefly, sample was mixed
with 0.25 M tris-HCl (pH 7.4), 2.5 mM sodium azide, 0.1 mM NADPH, 12.5 mM
EDTA, 2.5 mM GSH, 0.1% Triton X-100 (v/v) and 0.3 units of glutathione
reductase, to a final volume of 500 ul. After pre-incubation of the reaction mixture
at 37 °C for 10 minutes, the reaction was started with the addition of 25 nmoles of

PCOOH. The oxidation of NADPH was recorded spectrophotometrically at 340
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nm, and activity was expressed as micromoles of NADPH oxidized per minute per
milligram protein in the sample. Protein was determined using a kit from BioRad

(Hercules, CA) based on a modified Bradford method.

Neutral Red Cytotoxicity Assays

Lung fibroblast cells were concentrated to 500,000 cells per milliliter and plated on
30mm tissue culture plates (four islands of 25,000 cells each). After 12 hours, cells
were treated with the indicated chemical for 6 hours (or 21 hours for the 24 hour
treatment). At that time, treatment media was replaced with fresh media containing
0.005% NR (w/v) and cells were incubated for an additional three hours. Cells
were washed in PBS, then cell-bound NR was eluted with 200 milliliters of 0.05%
acetic acid in 50% ethanol. NR absorbance was recorded at 540nm on a 96-well

plate reader.

Confocal Laser Cytometry

Lung fibroblast cells were plated at medium density (20,000 cells per well) on 2-
well tissue culture plates with cover slip bottoms (Nunc Cat#178565,
Intermountain Scientific, Kaysville, UT) and grown for 2 days with the media
and conditions described above. Cells were exposed to PCOOH in media for 2
hours. During the final 20 minutes of treatment, the following vital stains were
added to the treatment media, depending on the endpoint measured: 200nM MTR
and 200nM MTG to measure mitochondrial membrane potential and mitochondrial
mass, respectively, 2.2 mM MBB to measure reduced thiols, or 0.5 mM NAO to
measure cardiolipin oxidation status. Plates were then washed in PBS, and fresh
media with 20 mM HEPES and 2.2 mM probenacid. Fluorescent images were
recorded on 6 randomly selected fields from each plate using confocal microscopy

and image analysis (ACAS Ultima Laser Cytometer, Meridian Instruments,

Okemos, MI).
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Statistical analysis

All results are expressed as the mean + standard error from three independent
experiments. Enzyme activity data was analyzed for statistical differences by -
Student’s t-test using Excel software (Microsoft Corporation, Redmond, WA).
Genotype associated differences in cytotoxicity were analyzed using two-way
analysis of variance (ANOVA) followed by the Bonferroni multiple comparison
post-test using Prism software (Version 3.0.3, GraphPad Software Inc., San Diego,
CA). All other data were analyzed using one-way ANOVA followed by either the
Bonferroni (for normally distributed data) or Dunn’s (for data not normally
distributed) multiple comparison post-test using Prism software. A p-value of less

than 0.05 was considered statistically significant.

Results

Targeted disruption of the GPx4 gene in the mouse

Two independent targeted ES clones (1-1 and 27-4) were identified as homologous
recombinants by PCR amplification and verified by Southern blot analysis

(Figure 2.1). The targeted ES cells were injected into mouse blastocysts and
generated two lines of chimaeric mice that transmitted the targeted GPx4 gene
through the germ-line to the F1 generation. GPx4" males were backcrossed to
wild-type C57B1/6 females for 6 generations. The GPx4"" mice were fertile and
had no behavioral or gross morphological abnormalities. Backcrosses of line 27-4
yielded 70 males and 66 females; 67 were +/+ and 69 were +/-. Backcrosses of line
1-1 yielded 45 males and 39 females; 42 were +/+ and 42 were +/-. However,
intercrosses of heterozygous males to females and vise versa from both lines 1-1

and 27-4 yielded 21 +/+ and 33 +/- but no -/- progeny.

We next investigated whether GPx4”™ mice died during embryonic development.
We examined 16 embryos at E10.5 and 6 at E12. None of the normal embryos

were homozygous null (-/-) animals. Of the 16 E10.5 embryos, two were in
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advanced stages of resorption (no recognizable embryonic structures) and one was
delayed (about E7). The rest appeared morphologically normal. Of the 6 at E12,
two were in an advanced stage of resorption and four were morphologically
normal. Therefore, expression of the mouse GPx4 gene is essential during early

embryonic development.

GPx4 activity was lower in testis, liver, and LFs from GPx4"" mice relative to
wild-type mice.

In order to determine if GPx4"" mice had lower GPx4 activity relative to wild-type
mice, we determined GPx4 activity in selected tissues. GPx4 has previously been
shown to be most highly expressed in testicular tissue (Roveri et al. 1994), thus it
was hypothesized that any genotype related differences would be most apparent in
testis. As indicated in Figure 2.2A, GPx4 activity was indeed 37% lower in testis
from heterozygous mice relative to wild-type mice (40.2+3.0 and 64.1+2.7
nmol/min/mg-protein, respectively; p<0.001). Genotype associated differences
were less apparent in other tissues examined. Although GPx4 activity was 22%
lower in liver tissue from GPx4"" compared to wild-type mice (11.5+0.8 and
14.7+1.3; p<0.01), the differences for lung tissue (9.7+0.6 and 11.0+1.4) or
peritoneal macrophages (5.1+0.6 and 7.3+1.5) were not statistically significant, as

shown in Figure 2.2B.

After determining that some tissues from the GPx4"" genotype could impart a
detectible difference in enzymatic activity compared to wild-type, we next cultured
cells from these mice in order to study the role of GPx4 in maintaining cellular
redox status and mediating susceptibility to oxidative stress. We isolated lung
fibroblasts (LFs) from adult mice and propagated cells representative of the two
genotypes. Figure 2.3 shows enzyme activity levels from the cultured LFs.
Although whole lung extract did not show genotype associated differences, GPx4
activity was significantly lower in GPx4"" cultured LFs relative to GPx4"* LFs

(2.3+0.2 and 4.540.2 nmol/min/mg-protein, respectively; p<0.001).
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GPx4*" LFs are more susceptible to some forms of chemically induced
cytotoxicity, but not to PCOOH.

We hypothesized that the lower GPx4 activity in the GPx4*" LFs would result in
increased susceptibility to oxidative stress, particularly that induced by PCOOH, a
specific substrate of GPx4. In order to test this hypothesis, we exposed cultured
LFs to PCOOH for 9 hours and measured cytotoxicity using the neutral red assay.
Neutral red is actively taken up into live cells in an ATP-dependent manner; dead
cells do not accumulate the stain. The amount of neutral red present after a three-
hour incubation followed by subsequent washing off of unincorporated stain is

directly proportional to cell viability.

Surprisingly, there were no relevant genotype-related differences in susceptibility
to PCOOH treatment (Figure 2.4). Viability differed between genotypes only at 1
uM PCOOH (p<0.05), but the difference was small and viability was greater than
the controls for both wild type and heterozygote cells. Viability significantly
decreased compared to the same genotype control only at the highest PCOOH
concentration (200 uM). PCOOH concentrations in the range of 5 to 50 uM can
clearly impact cellular function, as indicated by the short-term effect on
mitochondrial function (described below). However, a longer-term effect on

viability at this concentration range was not apparent.

Exposure to three other chemicals that can induce oxidative stress and lipid
peroxidation severely impacted cell viability. Heterozygous LFs began to exhibit
significant cytotoxicity at the lowest concentration of H,O, tested (25 uM),
whereas wild type cells were not impacted until the 200 uM treatment

(Figure 2.5A). The response was significantly different between the two genotypes
at every concentration tested except the highest (400 uM). Results were similar for
the other two chemicals tested. Wild type cells were more resistant to cadmium-

induced cytotoxicity at concentrations between 75 and 200 uM (Figure 2.5B). The
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response to cumene hydroperoxide exposure was less clear (Figure 2.5C).
Although GPx4+/- cells were more susceptible to cumene hydroperoxide at 25 and

50 uM, wild type cells exhibited greater cytotoxicity at 75 uM.

Mitochondrial function and redox status are impacted in GPx4™" LFs.

It has previously been demonstrated that overexpression of GPx4 protects against a
PCOOH-induced reduction in mitochondrial membrane potential (Yagi et al.

1998). We therefore hypothesized that GPx4*" LFs, with 50% the GPx4 activity of
wild type cells, would be more susceptible to PCOOH-induced effects on the
mitochondria and overall redox status. To test this, we exposed cultured LFs to 0,
5, or 50 uM PCOOH for two hours, then measured mitochondrial membrane
potential with MTR and MTG, cardiolipin oxidation using NAO, and reduced thiol

status using MBB, coupled with fluorescent analytical cytometry.

MTR and MTG passively diffuse through plasma membranes and are selectively
retained in mitochondria. They fluoresce upon oxidation and contain a thiol-
reactive chloromethyl moiety responsible for their retention in mitochondria and
fixation in the fluorescent state. MTR uptake is dependent on mitochondrial
membrane potential. MTG uptake is reported to be membrane potential
independent (Metivier et al. 1998). Therefore the ratio of red (from MTR) to green
(from MTG) fluorescence indicates mitochondrial membrane potential, corrected
for mitochondrial number. A GPx4"" genotype is associated with lower
mitochondrial membrane potential relative to untreated wild-type LFs (Figure 2.6B
and A, respectively). As expected, PCOOH induced a loss of mitochondrial
membrane potential in wild-type LFs (Figure 2.6A, C, and E), as indicated by a
downward shift in the red to green fluorescence ratio after a 2-hour treatment with
PCOOH. GPx4™" cells, however, were resistant to PCOOH-induced loss of

membrane potential (Figure 2.6B, D, and F). In fact, mitochondrial membrane
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potential was slightly increased in GPx4™" LFs following 5uM PCOOH treatment
(Figure 2.6D).

MBB passively diffuses through plasma membranes into the cytoplasm and forms
blue fluorescent adducts with reduced glutathione, other low molecular weight
thiols, and thiol-containing proteins. MBB is non-fluorescent until its alkylating
group has reacted with a reduced thiol. Thus, the magnitude of blue fluorescence is
stoichiometrically related to the number of reduced thiols present in the cell.
Without treatment, GPx4"" LFs have lower levels of reduced thiols than wild-type
cells, as indicated by lower MBB blue fluorescence (Figure 2.7B and A,
respectively). Although PCOOH treatment induced a shift towards lower MBB
fluorescence in wild-type cells (Figure 2.7A, C, and E), indicating treatment
associated thiol oxidation, less of a shift occurred in GPx4™" cells (Figure 2.7B, D,

and F), suggesting a lower sensitivity than wild-type cells to further PCOOH-

induced thiol oxidation.

NAO is a cell permeant stain with high affinity for acidic phospholipids, especially
cardiolipin. The two phosphate groups of a cardiolipin molecule form a dimer with
the quaternary amine of NAO with 1:1 stoichiometry, increasing its affinity for
cardiolipin. Upon binding a reduced cardiolipin molecule, NAO fluoresces in both
red and green. NAO uptake and fluorescence is not dependent on mitochondrial
membrane potential (Kirkland e al. 2002). GPx4™* LFs had a hi gher cardiolipin
content than GPx4™" LFs without treatment (Fi gure 2.8A and B, respectively).
Although PCOOH treatment resulted in cardiolipin oxidation in both wild-type
(Figure 2.8A, C, and E) and GPx4"" LFs (Figure 2.8B, D, and F), as indicated by a
downward shift in the distribution of NAO red fluorescence, wild-type LFs were
more highly impacted. After a 2-hour 50uM PCOOH treatment, cardiolipin was

more oxidized in wild-type cells than heterozygous cells (Figure 2.8E and F).
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Discussion

Partial GPx4 expression, as with the GPx4™" genotype, appears to be adequate for
normal development, while complete lack of GPx4 is embryonic lethal. Is this
lethality due to the loss of antioxidant function of GPx4 or some other factor?
Oxidative stress is recognized as an important mechanism in teratogenesis
(Vismara et al. 2001; Wells et al. 1997). Apoptotic cell death represents an early
event in the teratogenic process of many teratogens (Mirkes et al. 2000).
Glutathione and GPx1 are protective against chemically-induced teratogenesis. In
rodents, glutathione depletion adversely affects fetal growth and increases the
number of dead and malformed embryos (Hales and Brown 1991) and increases
susceptibility to chemically induced teratogenesis (Harris et al. 1987; Saillenfait et
al. 1993). GPx1 depletion induced by selenium deficiency increases susceptibility
to phenytoin-induced teratogenesis in mice (Ozolins et al. 1996). Furthermore,
knockout of the glutamate cysteine ligase catalytic subunit , resulting in a complete
lack of glutathione synthesis, is embryonic lethal (Dalton et al. 2000). Glutathione
supplementation, on the other hand, is protective (Faustman-Watts et al. 1986; Slott
and Hales 1987). Thus, it is possible that increased oxidative stress during a
critical stage of development could explain the embryonic lethality of the GPx4”
genotype. However, the importance of GPx4 beyond its role as an antioxidant has
already been demonstrated for both spermatogenesis (Ursini e al. 1999) and
inflammatory responses (Imai ez al. 1998; Sakamoto ez al. 2000). Similarly, there
may also be an as yet unidentified function important for embryogenesis.
Therefore, a function other than antioxidant protection cannot be ruled out as an

explanation for the requirement of GPx4 for embryonic survival.

Mitochondrial membranes are particularly enriched in the diglycerophospholipid
cardiolipin. Cardiolipin is relatively rich in unsaturated fatty acids, making it
inherently susceptible to lipid peroxidation. In addition, cardiolipin associates with

adenine nucleotide translocase (ANT), a component of the permeability transition
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pore (PTP), and is required for its function (Hoffman et al. 1994) ANT regulates
PTP opening and subsequent release of cytochrome ¢, a pro-apoptotic event
(Halestrap ez al. 1997, Vieira et al. 2000) although recent evidence suggests that
ANT function is not essential for mitochondrial permeability transition (Kokoszka
et al. 2004). The molecular weight and function of ANT can be altered under
oxidative conditions and its susceptibility to oxidation depends on conformation,
which is affected by the cardiolipin binding state (Hoffman ez al. 1994).
Overexpression of GPx4 suppresses the release of cytochrome C, caspase-3
cleavage, ANT inactivation and apoptosis induced by 2-deoxyglucose in RBL2H3
cells (Imai and Nakagawa 2003; Nomura et al. 1999). This inhibition is associated
with reduced cardiolipin oxidation. Moreover, cytochrome ¢ has a high affinity for
cardiolipin and this affinity is lost upon cardiolipin peroxidation (Nomura et al.
2000; Schlame et al. 2000). Thus, inhibition of the pro-apoptotic signal through
the mitochondrial pathway could, in part, account for the anti-apoptotic protection

afforded by GPx4 overexpression.

Our results indicate that a GPx4™" genotype is associated with lower mitochondrial
membrane potential, lower amounts of reduced thiols, and more cardiolipin
oxidation relative to wild-type. Although similar endpoints have been measured in
cell lines overexpressing GPx4, this is the first report of the impact on these
parameters in cells from animals underexpressing GPx4. Taken together, our
results indicate that a heterozygous genotype, with lower GPx4, activity would be
associated with greater susceptibility to oxidative stress. Surprisingly, we found
that GPx4*" LFs had lower susceptibility to PCOOH-induced oxidative stress than
GPx4™"* LFs as indicated by a resistance to further decrements in these endpoints
following a 2-hour PCOOH treatment. This resistance could not be explained by
the presence of differential levels of either extracellular GPx4 activity (no GPx4
activity was detected in the culture media of either genotype, data not shown) or

extracellular glutathione. As with intracellular reduced thiols, extracellular reduced
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glutathione was lower in the culture media of untreated heterozygous LFs than wild

type LFs (data not shown).

Although this resistance appears to contradict the protection afforded a transformed
guinea pig fetal fibroblast cell line (104C1) transfected with GPx4 reported by Yagi
et al. (Yagi ef al. 1998), in fact closer analysis shows a similarity. As we showed in
our experiments, Yagi et al (Yagi e al. 1996) demonstrated that a high
concentration of PCOOH induces cell death in wild type cells. The parental guinea
pig 104C1 cells used in similar studies by this group (Sun et al. 1997) have GPx4
activity (4.5 mU/mg protein, where 1 U =1 mM NADPH consumed/min) which is
similar to the LFs we derived from GPx4 +/+ mice (Figure 2.3). And as with our
mouse lung fibroblast cells, the wild type guinea pig 104C1 cells were susceptible
to cell death at a high concentration of PCOOH (300 uM). The fact that 104C1
cells transfected with GPx4 were resistant to cytotoxicity is not relevant to our
experiments because our LFs do not have the same level of activity as the
transfected 104C1 cells (Sun et al. 1997, Yagi et al. 1996). Furthermore, it is
difficult to directly compare susceptibility because Yagi and colleagues used only
one treatment concentration. In addition, unlike the fetal cell line used in the
overexpression studies by Yagi and colleagues, the lung fibroblasts lines used in
our experiments were derived from adult animals. As a result, other compensatory
mechanisms may have been upregulated in the highly oxidized environment in
which they differentiated. By comparison with a PCOOH treatment concentration
within the range of concentrations used in our study, Kaneko et al. (Kaneko et al.
2000) exposed cultured human umbilical vein endothelial cells to 100 uM PCOOH
with only minimal toxicity (approximately 80% survival after 14 hrs). This same
group has shown that the peroxidized free fatty acid components of

phosphatidylcholine are much more toxic than the parent peroxidized phospholipid
(Kaneko et al. 1994).
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Peroxiredoxins and GSTs are two examples of alternative enzyme classes with low
activity towards phospholipids hydroperoxides. For example, peroxiredoxin 6 has
activity towards phospholipids hydroperoxides and is found in all major
mammalian organs, but is particularly highly expressed in the lung (Manevich and
Fisher 2005). Purified human GSTs of alpha, mu, and theta class exhibit
glutathione peroxidase activity towards phospholipids hydroperoxides, albeit with
much lower specific activity than GPx4 (Hurst er al. 1998). Furthermore, the
relatively small genotype related differences in GPx4 activity we found in liver and
kidney might be explained by the high GST content in these tissues. It is possible
that other antioxidant enzymes, even with low or no specific activity towards
phospholipids hydroperoxides, may compensate for increased production of
reactive oxygen species when GPx4 levels are reduced. Although levels of one
candidate, superoxide dismutase 2 (SOD2), were the same in GPx4 heterozygous
LFs than wild type LFs (data not shown). By the same token, GPx4 knockout
embryos may survive to a specific stage in development through the protection
afforded by another antioxidant enzyme that is downregulated during some critical
stage of development coinciding with the timing of embryonic lethality of GPx4
homozygous knockouts. Alpha class GSTs have phospholipid hydroperoxide
activity (Yang et al. 2001), and what they lack in specific activity relative to GPx4
may be compensated by the higher concentrations present. While GST alpha is
expressed in most tissues during embryonic development (Raijmakers et al. 2001),
the specific timing of expression is unknown. Another candidate, peroxiredoxin 1,
is downregulated in murine interdigital cells at embryonic day 13.5, when these
cells commit to apoptotic death (Shan et al. 2005), while peroxiredoxin 6 is present

in the early stage bovine embryos but downregulated by the 16-cell stage (Leyens
et al. 2004).

Yant et al. (Yant ez al. 2003) have also reported that a GPx4 homozygous knockout

is embryonic lethal in their transgenic mouse model. Embryonic fibroblasts (EFs)
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derived from GPx4™" mice had reduced levels of GPx4 mRNA and protein, were
more susceptible to tert-butyl peroxide and H,O,-induced cell death, and had lower
colony formation following UV radiation and paraquat treatment, relative to wild-
type EFs (Ran er al. 2003; Yant et al. 2003). The relative sensitivity of GPx4"*
and GPx4™" cells to 100 uM and 200 uM H,0; was similar for the Yant et al. (Yant
et al. 2003) EFs and our LFs (approximately 30 to 40 percent in heterozygous cells
relative to wild type cells). However, at 400 uM H,0; survival was very low (25 to
30 percent of controls) for both our heterozygous and wild type LFs, whereas
survival in the Yant et al. heterozygous EFs was approximately one-third that of
wild type cells at this concentration. In fact, survival appeared to be the same in
heterozygous EFs at all concentrations of H,O, tested (100 to 800 uM), whereas

wild type survival decreased with increasing H,O» concentrations.

The observations of Yant et al. (Yant ef al. 2003) suggest that GPx4 null embryos
exhibit morphological abnormalities between 6.5 and 7.5 days post coitum (dpc)
and are resorbed by 8.0 to 8.5 dpc. The mechanism of embryonic lethality is
uncertain. Yant and colleagues (Yant ef al. 2003) found no evidence of differences
in either cellular proliferation or the number of apoptotic cells in GPx4 null
embryos at 7.5 dpc relative to wild-type embryos. In addition to its antioxidant
role, the authors suggest a critical role in cell signaling could play a part.
Overexpression of GPx4 in rat basophile leukemia cells inhibits 2-deoxyglucose
induced cytochrome c release and cardiolipin oxidation (Nomura et al. 2000).

Imai et al. (Imai et al. 2003) reported that the GPx4 null genotype in their mice
resulted in embryonic death during early gastrulation, between 7.5 and 8.5 dpc.
Immunohistochemical analysis showed that GPx4 was first detected in the
embryonic ectoderm and the yolk sac membrane at 7.5 dpc in GPx4** and GPx4""
embryos, but was absent in the GPx4” embryos. Thus, timing of expression of

GPx4 coincided with the timing of embryonic death in GPx4” embryos.
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We also report differences in GPx4 activity in tissues from adult GPx4*"* and
GPx4*" mice. Most noteworthy are the 37% reduction in activity in testes tissue
and 22% reduction in liver tissue. This is similar to the 36% and 24% reductions
reported by Scimeca et al. (Scimeca et al. 2005) for testes and liver tissue,
respectively. Two reports provide evidence that genotypic and/or phenotypic
differences in GPx4 exist in human populations, and that these differences may be
associated with disease outcomes. Imai et al. (Imai et al. 2001) reported that
decreased levels of GPx4 in spermatozoa of infertile Japanese males were
associated with oligoasthenozoospermia, a condition characterized by abnormally
low sperm count and motility. GPx4 deficient spermatozoa were characterized by
morphological abnormalities in their mitochondria, and reduced mitochondrial
membrane potential compared to spermatozoa from fertile males. In another study,
Villette and colleagues (Villette et al. 2002) described a T/C single nucleotide
polymorphism at position 718 of the GPx4 gene in the region corresponding to the
3’UTR in a group of Scottish volunteers. Although there were no significant
differences in GPx4 activity, the C/C718 variant was associated with significantly
higher levels of 5-lipoxygenase metabolites, suggesting that the polymorphism may
impart functional differences in the modulation of inflammatory processes.
Considering the embryonic lethality of the GPx4” genotype, the heterozygous null
model that gives reduced expression is likely to more closely mimic the condition
in human populations, and provide the means to understand the potential role of

GPx4 in human disease and the underlying mechanisms of action.
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Figure 2.1 - Targeted disruption of GPx4 in the mouse.

Targeted disruption of GPx4 in the mouse. (A) Strategy for-homologous
recombination between the wild type GPx4 gene and the targeting vector to
produce the targeted allele in which part of exon 1, introns 1 and part of exon 2 are
replaced by vector sequences containing the B-galactosidase (LacZ) and neomycin
resistance (NeoR) genes. Targeted recombination deleted the two herpes simplex
virus thymidine kinase (HSVTK) genes that flank the lacZ and NeoR genes in the
vector. The horizontal solid arrows denote primers used in genotyping mouse
tissues by PCR amplification. Solid boxes represent exons and thin lines represent
introns GPx4. The double-headed arrow represents the probe used in Southern blot
analysis. X’s represent sites of homologous recombination. A, Afl II; H, Hind 111,
E, Eag I, R, EcoR 1. (B) Autoradiograph of Southern blot used to detect the wild-
type and targeted alleles. Genomic DNA was digested with Hind III and
electrophoresed on a 1% agarose gel. The probe indicated in (A) was used to detect
the ~14 kb and ~6 kb fragments generated from the wild type and the targeted
alleles, respectively. The GPx4 genotypes are indicated above the lanes.

(C) Detection of the wild type and targeted alleles by PCR amplification. The top
panel shows a photograph of an agarose gel on which DNA fragments (375 bp)
amplified by primer pair PrSF and NZTK (see A), specific for the targeted allele,
were resolved. Bottom panel; DNA fragments (300 bp), amplified from the same
mice as in the top panel, by primer pair PrSF and I-1R (see A), specific for the wild
type allele, are shown. The GPx4 genotypes are indicated above the lanes. M,
molecular weight marker. Note that only GPx4"™* and GPx4™" mice were detected.
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Figure 2.2 — GPx4 activity in selected tissues from GPx4*"* and GPx4"" mice.
GPx4 activity in selected tissues from GPx4"" and GPx4"" mice (mean + SEM).
Whole tissue extracts were isolated from frozen testes, liver, and lung from GPx4™"*
and GPx4"" mice. Peritoneal macrophages extracts were prepared from fresh cells.
Extracts were assayed for GPx4 activity as described in Methods. Sample sizes
ranged from 4 (for peritoneal macrophages) to 15 (for testicular tissue). (A). GPx4
activity was approximately 40% lower in testes from GPx4"" mice relative to the
GPx4™ mice. (B). GPx4 activity was approximately 20% lower in liver from
GPx4"" mice relative to the GPx4™* mice. There were no significant genotype

related differences in GPx4 activity in lung tissue or peritoneal macrophages.
(*p<0.05;**p<0.001).
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Figure 2.3 — GPx4 activity in cultured lung fibroblast cells from GPx4"* and
GPx4"" mice.

GPx4 activity in cultured lung fibroblast cells from GPx4™* and GPx4"" mice
(mean + SEM). Fibroblast cells were grown out from freshly isolated lung tissue
from GPx4™* and GPx4"" mice, as described in Methods. Cell extracts were
assayed for GPx4 activity as described in Methods. GPx4 activity was
approximately 50% lower in GPx4"" cells relative to GPx4™* cells. (*p<0.001).
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Figure 2.4 - Cytotoxicity in cultured lung fibroblasts from GPx4*"* and GPx4""
mice.

Cytotoxicity in early passage lung fibroblasts was assessed using neutral red, as
described in Methods. Results are expressed as the percent change from the control
and represent the combined data from at least three independent experiments (mean
+SD ). Cells from both genotypes were sensitive to PCOOH-induced cytotoxicity
only at 200 uM PCOOH (*p<0.05; **p<0.001). A genotype-associated difference
in cytotoxicity was observed only at 1 pM PCOOH (#p<0.05), but the difference
was small and survival was not significantly different that than the controls for
either genotype.
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Figure 2.5 — Cytotoxicity in cultured lung fibroblasts from GPx4*"* and GPx4™"
mice.

Cytotoxicity in early passage lung fibroblasts was assessed using neutral red, as
described in Methods. Results are expressed as the percent change from the control
and represent the combined data from at least three independent experiments (mean
+SD). (A). GPx4"" LFs were more sensitive to HyO-induced cytotoxicity than
GPx4™* LFs. (B). GPx4"" LFs were more sensitive to cadmium-induced
cytotoxicity than GPx4™* LFs. (C). GPx4"" LFs were more sensitive to cumene
hydroperoxide (CuOOH)-induced cytotoxicity than GPx4"* LFs. Significant
differences from same genotype control are indicated (*p<0.05; **p<0.001).
Significant differences from GPx4™* genotype cells at same concentration are
indicated (#p<0.05; #p<0.001).
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Figure 2.6 - Mitochondrial membrane potential in lung fibroblasts treated
with PCOOH.

Cells were incubated for 2 hours with the indicated concentration of PCOOH. For
the final 20 minutes of treatment, Mitotrackers red (MTR) and green (MTG) were
added to the culture medium. Images were recorded of 6 randomly selected fields
from each plate. Red and green fluorescence were quantified in each cell of all
images recorded. The ratio of red (from MTR) to green (from MTG) fluorescence
indicates mitochondrial membrane potential corrected for mitochondrial number.
Results are expressed as distributions of red/green fluorescence for all values
recorded. A shift downward in the red/green ratio (i.e., to the left along the x-axis)
indicates a lower mitochondrial membrane potential. A GPx4*" genotype is
associated with lower mitochondrial membrane potential relative to wild-type cells
in cultured LFs without treatment (Figure 2.6B and A, respectively). PCOOH
induced a loss of mitochondrial membrane potential in wild-type LFs (Figure 2.6A,
C, and E), as indicated by a downward shift in red to green fluorescence after a 2-
hour treatment with PCOOH. GPx4™ cells, however, were resistant to PCOOH-
induced loss of membrane potential (Figure 6B, D, and F); mitochondrial
membrane potential was slightly increased in GPx4"" LFs following SuM PCOOH
treatment (Figure 2.6D). Results are combined from two separate experiments.

(* significantly different than same genotype control at p<0.05 (*) or p<0.001 (**);

+ significantly different than GPx4"* genotype cells at same concentration at
p<0.001).
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Figure 2.7 — Reduced thiol status in lung fibroblasts treated with PCOOH.
Cells were incubated for 2 hours with the indicated concentration of PCOOH. For
the final 20 minutes of treatment, MBB was added to the culture medium. Images
were recorded of 6 randomly selected fields from each plate. Blue fluorescence
was quantified in each cell of all images recorded. Results are expressed as
distributions of blue fluorescence for all values recorded. A shift downward in blue
fluorescence (i.e., to the left along the x-axis) indicates lower amounts of reduced
thiols. Without treatment, GPx4™" LFs have lower levels of reduced thiols than
wild-type cells, as indicated by lower MBB blue fluorescence (Figure 2.7B and A,
respectively). PCOOH treatment induced a shift towards lower MBB fluorescence
in wild-type cells (Figure 2.7A, C, and E), indicating treatment associated thiol
oxidation. Less of a shift occurred in GPx4™" cells (B, D, and F), suggesting a
lower sensitivity relative to wild-type cells to further PCOOH-induced thiol
oxidation. Results are combined from two separate experiments. (* significantly
different than same genotype control at p<0.05 (*) or p<0.001(**); + significantly
different than GPx4""* genotype cells at same concentration at p<0.001).
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Figure 2.8 - PCOOH treatment induces cardiolipin oxidation in both GPx4""
and GPx4™"* cultured lung fibroblasts.

Cells were incubated for 2 hours with the indicated concentration of PCOOH. For
the final 20 minutes of treatment, nonyl acridine orange (NAO) was added to the
culture medium. Images were recorded of 6 randomly selected fields from each
plate. Red fluorescence was quantified in each cell of all images recorded. Results
are expressed as distributions of red fluorescence for all values recorded. A shift
downward in red fluorescence (i.e., to the left along the x-axis) indicates lower
cardiolipin content (i.e., a greater degree of cardiolipin oxidation). GPx4"* LFs
had higher cardiolipin content than GPx4™" LFs without treatment (A and B,
respectively). PCOOH treatment resulted in cardiolipin oxidation in both wild-type
(A, C, and E) and GPx4"" LFs (B, D, and F), as indicated by a downward shift in
the distribution of red fluorescence. Wild-type LFs were more highly impacted
than GPx4™" LFs, shown as a greater downward shift in red fluorescence with
PCOOH treatment. After a 2-hour S50uM PCOOH treatment, wild-type cells had a
lower cardiolipin content than GPx4™" cells (E and F). Results are combined from
two separate experiments. (** significantly different than same genotype control at

p<0.001; # significantly different than GPx4*"* genotype cells at same concentration
at p<0.001).
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Chapter 3 — Differential modulation of stress and
ubiquitination signaling pathways by cadmium in cultured
mouse lung fibroblasts heterozygous for GPx4

Summary of Chapter 3

Cadmium is a widely dispersed environmental and occupational toxicant and has
been associated with mutagenic, carcinogenic, teratogenic and neurotoxic
endpoints. Inhalation exposure to cadmium has been associated with airway
inflammation, pulmonary edema, emphysema, and cancer. Cadmium causes
oxidative stress in cells by formation of reactive oxygen species (ROS), induction
of lipid peroxidation, binding to protein thiols, and alteration of intracellular
glutathione status. Oxidative stress can lead to structural changes in proteins,
ubiquitination of the damaged proteins, and subsequent proteolysis of the ubiquitin-
tagged proteins. In mouse neuronal cells and yeast, cadmium has been shown to
affect the ubiquitin-proteasome pathway (UPS) through an accumulation of
ubiquitinated proteins. Glutathione peroxidase 4 (GPx4) is a member of the family
of selenium dependent enzymes that catalyze the reduction of peroxides. GPx4
specifically reduces mitochondrial membrane-bound phospholipid hydroperoxides
in situ and thus, protects against membrane peroxidative damage. Mouse lung
fibroblasts deficient in GPx4 have increased susceptibility to cadmium-induced
cytotoxicity. In the present study cultured mouse lung fibroblasts from wild-type
(+/+4) and GPx4 heterozygous (+/-) mice were exposed to cadmium chloride
(CdCl,), and cell extracts were analyzed for stress (p38, JNK), survival (Akt),
apoptotic (caspase 3) and proteosomal (ubiquitin-conjugated proteins) pathway
activation by Western blot analyses. A differential response was observed between
the two genotypes for each of the endpoints measured. Levels of phosphorylated
p38 and INK were increased following CdCl, treatment in GPx4™* cells, but less
so in GPx4™" cells. Phosphorylated Akt levels, though decreased slightly,

4+/+

remained high in GPx4™" cells, but dropped to only 10% or less of control in
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GPx4*" cells. However, GPx4™" cells exhibited an attenuated survival response, as
measured by the ratio of survival pathway activation (Akt) to stress pathway
activation (p38 and INK). GPx4™" cells also exhibited a higher level of caspase-3
activation and diminished accumulation of high molecular weight poly-

ubiquitinated proteins than GPx4*"*

cells in response to CdCl, treatment. These
results implicate the involvement of survival and stress signaling pathways and the
ubiquitin proteasomal system in cadmium-induced cytotoxicity, and the potential
involvement of these pathways in the differential susceptibility to cadmium-
induced stress in cells deficient in GPx4. Efforts are currently underway to identify
specific targets of cadmium-induced ubiquitination to further elucidate the key

players in this susceptibility.
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Introduction

Cadmium is a widely dispersed environmental and occupational toxicant and has
been associated with mutagenic, carcinogenic, teratogenic and neurotoxic endpoints
(Chang 1996) (Filipic ez al. 2006) (Goering et al. 1994). Outside of occupational
settings, the most significant sources of human exposure to cadmium are the diet
and cigarette smoke (Satarug et al. 2003; Satarug and Moore 2004). Inhalation
exposure to cadmium has been associated with airway inflammation (Kirschvink ez
al. 2006), pulmonary edema (Beton et al. 1966), emphysema (Davison et al. 1988;
Leduc et al. 1993), and cancer (Stayner et al. 1992; Takenaka et al. 1983; Thun e?
al. 1985). Exposure to cadmium is linked with numerous detrimental molecular
events including cytotoxicity (Son et al. 2001), increased reactive oxygen species
(ROS) (Lopez et al. 2006) (Alvarez et al. 2004), lipid peroxidation (Lopez et al.
2006), DNA damage (Fernandez ez al. 2003), and apoptosis (Watjen and
Beyersmann 2004). These responses have been observed in numerous cell types, at
various exposure levels. However, their underlying mechanisms have yet to be

fully characterized.

Numerous studies have demonstrated the significant role of oxidative stress in
cadmium related toxic responses (Lopez et al. 2006) (Huang et al. 2006) (Elbekai
and El-Kadi 2005) (Watjen and Beyersmann 2004) (Alvarez et al. 2004).
Cadmium exposure has been shown to generate reactive oxygen species through
the depletion of glutathione and protein-bound sulthydroxyl groups leading to lipid
peroxidation and apoptosis (Stohs ez al. 2001). In addition, cadmium-induced
apoptosis is attenuated with the addition of antioxidants, further supporting a role
for oxidative stress in cadmium toxicity (Poliandri et al. 2003). One of the main
signaling pathways involved in both the stress response and apoptosis is the
mitogen-activated protein kinase pathway (MAPK). Key players in this cascade
are the stress-activated kinases p38 MAPK and SAPK/JNK, whose activation

modulate cell growth and apoptotic response to stress (Torres and Forman 2003).
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MAPK-mediated signaling pathways are involved in cadmium-induced cell cycle
arrest (Chao and Yang 2001), cytotoxicity (Rockwell et al. 2004) and apoptosis
(Kefaloyianni et al. 2005; Lag et al. 2005) (Kim et al. 2005) (Jonak et al. 2004).
Both phosphorylated p38 and JNK levels were increased in rat lung primary
alveolar type 2 cells and Clara cells following 10uM cadmium acetate. Levels
increased within 15 minutes to 2 hours and remained elevated for as long as 12
hours (Lag et al. 2005). On the other hand, p38 activation is blocked in rat
basophile leukemia cells that overexpress GPx4 and are resistant to oxidative stress
induced cytotoxicity (Sakamoto et al. 2002). The roles of p38 and JNK in
cadmium-induced apoptosis have predominately been reported to involve caspase-3
dependent mechanisms (Kefaloyianni et al. 2005; Kim and Sharma 2004, 2006;
Lee et al. 2005; Papadakis ez al. 2006), although a caspase-3 independent pathway
has also been reported for mouse neuronal cells following cadmium exposure

(Rockwell et al. 2004).

The ubiquitin proteasomal system (UPS) may also play a role in cadmium-induced
oxidative stress and cytotoxicity. The UPS regulates cellular proteins such as p53
and p21, key proteins involved in cell cycle regulation, cellular stress responses and
apoptosis (Naujokat and Hoffmann 2002). A dysfunctional UPS can lead to the
accumulation of damaged proteins and lead to cytotoxicity. Cadmium-mediated
oxidative stress has been linked to the accumulation of high molecular weight
polyubiquitinated protein conjugates (HMW-Ub) (Figueiredo-Pereira et al. 1997).
In addition, defects in the UPS have been shown to sensitize cells to cadmium

(Tsirigotis et al. 2001).

Glutathione peroxidase 4 (GPx4), also known as phospholipid hydroperoxide
glutathione peroxidase, is a member of the family of selenium dependent enzymes
that catalyze the reduction of peroxides using glutathione or other thiols (e.g.,

cysteine, thioredoxin) as reducing agents (Imai and Nakagawa 2003; Takebe ez al.
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2002). GPx4 has a high specific affinity for larger, membrane bound substrates
such as phospholipid and cholesterol hydroperoxides, can associate with cellular
membranes, and directly reduces membrane bound hydroperoxides in situ, thus
protecting against membrane damage. Studies using mice heterozygous for GPx4
demonstrated that it plays a critical role in antioxidant defense (Garry et al. 2006;
Yant ez al. 2003). Embryonic fibroblasts heterozygous for GPx4 (GPx4™") exhibit
an increased sensitivity to oxidative stress induced by t-butyl hydroperoxide (t-
BuOOH) (Ran et al. 2003) and mice that over-express GPx4 showed protection
against t-BuOOH and diquat-induced apoptosis (Ran et al. 2004). Lung
fibroblasts (LFs) from adult GPx4"" mice have increased sensitivity to cadmium
and hydrogen peroxide-induced cytotoxicity, and exhibit constitutively lower
reduced thiol levels and increased cardiolipin oxidation relative to LFs from
GPx4™" mice, as described in Chapter 2 and elsewhere (Garry ez al. 2006). In the
present study, we investigate the role of oxidative stress and the UPS in the
differential susceptibility to cadmium-induced toxicity in GPx4™ LFs. We
demonstrate differential cadmium-induced stress and apoptotic signaling responses
associated with the GPx4"" genotype, along with alterations in the ubiquitin

proteosomal pathway.

Materials and Methods

Reagents

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS) and
penicillin-streptomycin liquid (PenStrep) were purchased from Gibco BRL (Grand
Island, NY). Cadmium chloride (CdCl,) and neutral red (NR) were purchased from
Sigma (St. Louis, MO, USA).

Lung Fibroblast Isolation and Culture
Generation of the transgenic GPx4"" mice and lung fibroblast cell isolation was

previously described in Chapter 2 and elsewhere (Garry ef al. 2006). Briefly,
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freshly dissected lung tissue was macerated with sterile razor blades in 100mm
tissue culture plates with 1 ml of medium (DMEM supplemented with 10% FBS
(v/v), 100 pg/ml streptomycin, 100 units/ml penicillin, and 2 mM L-glutamine).
The resulting slurry was mixed with 10ml of medium and cells and tissue
fragments were allowed to adhere to tissue culture plates. The plates were
incubated for 7-10 days at 37°C in a humidified atmosphere of 95% air/5% CO..
Fibroblasts that migrated out of the tissue fragments were trypsinized and diluted
into 10 plates for further passage, experimentation, and/or storage at -80°C. All

experiments were conducted on cells in passage two through seven.

Neutral Red Cytotoxicity Assays

The neutral red cytoxicity assay was conducted as described previously in Chapter
2 and elsewhere (Garry et al. 2006). Briefly, lung fibroblast cells were
concentrated to 500,000 cells per milliliter and plated on 30mm tissue culture plates
(four islands of 25,000 cells each) and allowed to attach and stabilize for 12 hours.
Cells were then treated with CdCl; for 6 hours, at which point treatment media was
replaced with fresh media containing 0.005% NR (w/v) and cells were incubated
for an additional three hours. Cells were washed in PBS, and then cell-bound NR
was eluted with 200 milliliters of 0.05% acetic acid in 50% ethanol. NR

absorbance was recorded at 540nm on a 96-well plate reader.

Cultured Lung Fibroblast Treatment, Harvest, and Protein Determination
Serial dilutions were prepared from a stock solution of CdCl, and added to culture
medium at the indicated concentrations. Cadmium containing medium was added
directly to the tissue culture plates to initiate exposures. Cell morphology was
recorded at the beginning of the exposures and at the stated time intervals. At the
appropriate time points, cultured cells were rinsed twice with ice-cold phosphate
buffered saline (PBS). Cell lysis buffer (Cell Signaling Technology Inc, Beverly,

MA) was added to each dish and cells were scraped with a rubber policeman.
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Harvested cells were subjected to three successive freeze thaw cycles using liquid
nitrogen, and cell lysates were centrifuged at 16,000 x g for 15 min at 4°C.
Supernatant fractions were transferred to clean tubes and stored at -80°C until
assayed after an aliquot was removed for protein determination using a
commercially available kit (Protein Assay kit, Bio-Rad Laboratories, Hercules,

CA) with bovine serum albumin as a standard.

Cell Morphology and Imaging

All cultures were viewed with a Nikon inverted microscope equipped with phase-
contrast optics (Nikon, Tokyo, Japan) to qualitatively assess general appearance
and viability. At least three fields of view were photographed for each treatment
and time point, and the experiments were replicated at least three times. Images
were captured and digitized using a Coolsnap Camera (Roper Scientific
Incorporated, Duluth, GA). The digitized image was processed using Photoshop
Elements 1.0.1 (Adobe Systems Incorporated, San Jose, CA).

Western Blot Analysis

Western blot analyses were performed according to previously described methods
(Yu et al., 2001, Sidhu et al., 2004). Gels were transferred to PVDF membranes
(Millipore, Billerica, MA) using a vertical transfer apparatus (Bio-Rad
Laboratories, Hercules, CA). Membranes were rinsed briefly in Tris buffered
saline, pH 7.6 (TBS), blocked with 5% nonfat dried milk in TBS with 0.1% Tween-
20 (TTBS) for 20 min and rinsed again with TTBS. Membranes were then
incubated overnight with primary antibody followed by four washes with TTBS.
The primary antibodies included phosphor-p38 MAPK and non-phosphorylated
p38, phospho-SAPK/INK, phospho-Akt and non-phosphorylated Akt, cleaved
caspase-3 and uncleaved caspase-3, and high molecular weight polyubiquitin (Cell
Signaling, Inc, Beverly, MA). B-Actin (Santa Cruz Biotechnology, Inc. Santa Cruz,

CA) was also analyzed to corroborate other measures of protein loading. After
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hybridization with relevant secondary antibodies conjugated to horseradish
peroxidase, the resulting immuno-complex was detected with the ECL detection
reagent (Amersham Biosciences Corp, Piscataway, NJ) followed by exposure to X-
ray films. The resulting films were scanned using HP Scanjet 5400C scanner
equipped with Precisionscan Pro 3.1 software and the TIF image data were
analyzed. Band density was analyzed using ImagelJ software (Version 1.33, NIH

public domain software, http://rsb.info.nih.gov/ij/). To normalize data across blots,

blot background was subtracted from the signal for each sample. Data are

presented as fold change relative to control.

Statistical analysis

All results are expressed as the mean + standard error from three independent
experiments. Genotype associated differences in cytotoxicity and stress signaling
response were analyzed using two-way analysis of variance (ANOVA) followed by
the Bonferroni multiple comparison post-test. In addition, differences between
wild-type and heterozygous LFs in the dose-response patterns of stress signaling
proteins were examined using non-linear regression and an F test. All other data
were analyzed using one-way ANOVA followed by either the Bonferroni (for
normally distributed data), or a Kruskal-Wallis test followed by Dunn’s multiple
comparison post-test (for data not normally distributed). For statistical analysis,
densitometry data were division-normalized by average signal density for all
samples on a given blot. All statistical analyses were performed using Prism
software (Version 3.0.3, GraphPad Software Inc., San Diego, CA). A p-value of

less than 0.05 was considered statistically significant.

Results

GPx4""* and GPx4"" LFs exhibit differential cytotoxicity in response to cadmium
exposure

We previously reported that GPx4*~ LFs, which have approximately 50% the GPx4

activity of wild-type LFs, are more susceptible to cadmium-induced cytotoxicity
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than wild-type LFs, as determined by neutral red assay (Garry et al. 2006). While
both GPx4*"* and GPx4™" cells showed similar sensitivity to 6-hour treatment to
CdCl; at concentrations up to SOuM (approximately 65% viability), their respective
sensitivities began to diverge thereafter (Figure 3.1). Treatment with 100uM CdCl,
revealed a significant difference in susceptibility between the two genotypes
(p<0.001), with GPx4*"* LFs exhibiting 50% viability (p<0.001) and GPx4"" LFs
having only 28% viability (p<0.001). This difference continued with all
succeeding dose levels up to 400uM, at which point LFs of both genotypes

exhibited nearly 0% survival.

The qualitative effects on cell morphology and attachment observed by phase-
contrast microscopy following CdCl, treatment were consistent with the quantitave
cytotoxicity results of the neutral red assays (Figure 3.2). Differences between
wild-type (first row) and heterozygous cells (second row) were not readily apparent
for up to 8 hours of 50uM CdClI, treatment. After 24 hours of treatment, cell
attachment was greatly diminished in wild-type cells, but there were still a
substantial fraction of cells present. Among the heterozygous cells there were few
if any cells still attached after 24 hours of treatment with S0uM CdCl,. With
100uM CdCl,, however, differences in response between the two genotypes were

apparent earlier. GPx4*"”

LFs exhibit apoptotic characteristics, including cell
rounding and pyknosis, by 8 hours of treatment. By 24 hours most cells were no
longer adhering to the plate, and these cells that remained were pyknotic. GPx4™"
LFs begin to show morphological signs of stress as soon as 4 hours of treatment
with 100uM CdCl,, with most cells appearing pyknotic by 8 hours and no cells

adhering after 24 hours.

A GPx4*" genotype is associated with diminished activation of stress signaling
MAPK pathways in response to CdCl; treatment

In order to determine whether differences in MAPK pathway responses are

associated with the differential susceptibility of GPx4™ LFs to cadmium-induced
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cytotoxicity, we evaluated the phosphorylation status of two stress signaling
MAPK pathways, p38 and JNK. P38 is activated through dual phosphorylation at
Thr180/Tyr182. This activation is induced by a number of intra- and extracellular
stresses, including cadmium (Lag ez al. 2005; Wenk et al. 2004). Phosphorylated
p38 MAPK levels increased following a 4-hour treatment with CdCl, in GPx4"*
and GPx4"" cells (p<0.05) (Figure 3.3A). For GPx4""* LFs, the increases were
approximately 20- and 35-fold compared to controls at 4 hours with 50uM and
100uM CdCl,, respectively. A similar pattern was observed when cells were
treated with 50puM for increasing periods of time (Figure 3.3B). Phoshorylated p38
MAPK levels were increased 7, 21, and 24-fold following 2, 4, and 6 hours of
treatment, respectively, over same genotype and time period controls in GPx4**
LFs (p<0.05), whereas levels in GPx4"" LFs were only 5, 10, and 8-fold that found
controls (p<0.05).

JNK is activated through dual phosphorylation at Thr183/Tyr185. Cadmium has
been shown to activate both INK1 (p45) and INK2 (p54) isoforms (Chuang et al.
2000), and induce the transcription factor c-jun (Jin and Ringertz 1990; Zhou et al.
1999), a target of INK activation. Similar to p38, JNK was phosphorylated in both
GPx4*"* and GPx4*" LFs following a 4 hour CdCl, treatment, and this activation
was about 50% in GPx4™" compared to GPx4™" cells (p<0.001) (Figure 3.4A).
However, unlike with p38, JNK induction was greater with 50uM than 100pM
CdCl, (p<0.01). Interestingly, both GPx4*" and GPx4"™" LFs exhibited a 6 to 7-
fold increase in JNK phosphorylation following 2 hours of treatment (p<0.05), but
thereafter the responses diverged (Figure 3.4B). In wild-type LFs, JNK activation
increased to a 15-fold induction at 4 hours and remained at that level through at
least 6 hours (p<0.05). In contrast, GPx4™" LFs exhibited only a 9-fold induction
at 4 hours (p<0.001), and then decreased back to a 6-fold induction at 6 hours
(p<0.05).
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Phosphorylated Akt levels remained high GPx4*"* LFs following cadmium
exposure, but decreased in GPx4"" LFs

The Akt signaling pathway is an important anti-apoptotic factor in promoting cell
survival in the face of endogenous and exogenous stresses (Franke et al. 2003).
Akt can be activated by a number of stressors, including cadmium (Konishi e? al.
1997; Yu et al. 2005). This activation is dependent upon phosphorylation at
Serd73 or Thr308. In order to evaluate whether the Akt signaling status might play
a role in the decreased survival of GPx4™" LFs in the face of cadmium exposure,
we examined Akt phosphorylation status. In wild-type cells, phosphorylated Akt
levels were not significantly different than controls after 4 hours treatment with
50uM CdCl; or 100uM CdCl, (Figure 3.5A). The time course also does not show a
significant difference than controls after 2, 4, and 6 hours treatment with S0uM
CdCl, (Figure 3.5B). In contrast, phosphorylated Akt levels in GPx4"" cells
dropped precipitously to only 15 and 10% of control after 4 hour treatment with
50uM and 100uM CdCl,, respectively (p<0.001) (Figure 3.5A). This decrease was
observed at the earliest time point (2 hours) and continued through at least 6 hours

for the S0uM exposure level (p<0.001) (Figure 3.5B).

We also examined the relative stress to survival signaling balance by dividing p-
p38 and p-JNK levels by p-Akt levels and evaluating fold changes from controls
(Figures 3.6 and 3.7). When viewed in this way, GPx4"" LFs exhibit an increased
stress/survival ratio response for both p38 (p<0.05) (Figures 3.6A and 3.7A) and
JNK (p<0.05) (Figures 3.6B and 3.7B).

Cadmium-induced elevation of cleaved caspase-3 was more pronounced GPx4*"
than GPx4"" LFs

One mechanism by which Akt may modulate cell survival is through its ability to
phosphorylate and thereby inactive caspase-9 (Cantley and Neel 1999; Franke et al.
2003). Caspase-9 is an initiator caspase in the mitochondrial regulated apoptotic

pathway regulated by cytochrome c release from the mitochondria, and an activator
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of the downstream effector caspase-3. Cadmium can induce cytochrome c release,
caspase-9 activation, and caspase 3 activation followed by apoptotic cell death
(Kondoh er al. 2002). GPx4 overexpression suppresses cytochrome c release,
caspase-3 cleavage, and apoptosis induced by 2-deoxyglucose in RBL2H3 cells
(Imai and Nakagawa 2003; Nomura et al. 1999). Therefore, we evaluated whether
caspase 3 may play a role in the differential susceptibility of GPx4*"* and GPx4™"
LFs to cadmium-induced cytotoxicity by measuring the levels of the p17 and p19
cleavage products of caspase-3. After 4 hours of treatment, cleaved caspase-3
levels were not significantly increased in GPx4™"* cells with either 50uM or 100pM
CdCl, (Figure 3.8A). Only after 6 hours treatment did the 2.5-fold increased levels
reach significance (p<0.05) (Figure 3.8B). In contrast, cleaved caspase 3 levels
were increased 3-fold in GPx4™" cells after a 4 hour treatment with 50uM CdCl,
(p<0.05), but were reduced back to control levels with 100pM CdCl, (Figure 3.8A).
The 4 hour increase at SOuM was sustained through at least 6 hours (p<0.05)
(Figure 3.8B).

Cadmium was associated with an accumulation of high molecular weight
ubiquitinated proteins in GPx4™* LFs, but not GPx4"" LFs

Cadmium exposure is associated with disruption of the ubiquitin proteosome
degradation system, which is important for a wide array of cellular functions,
including stress response and regulatory protein turnover. The effect differs
depending on the dose. Treatment of a mouse neuronal cell line with a sub-
cytotoxic dose of cadmium resulted in accumulation of ubiquitinated proteins,
whereas cytotoxic doses were not accompanied by such an accumulation
(Figueiredo-Pereira et al. 1998). Therefore, we examined extracts from cadmium
treated GPx4"" and GPx4"" LFs for levels of high molecular weight
polyubiquitinated (HMW-Ub) proteins that would be destined for recognition,
degradation, and disposal by the 26S proteosome. Wild-type cells showed a 1.5 to

1.7-fold increase in HMW-Ub compared to control cells after 4 hours treatment
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with CdCl; at both 50 and 100uM (p<0.01) (Figure 3.9A). A similar increase was
observed after 2, 4, and 6 hours treatment with 50uM CdCl, (p<0.01) (Figure

3.9B). No such increase was observed in GPx4"" cells.

Discussion

Cadmium-induced cytoxicity is associated with oxidative stress and apoptotic cell
death in a number of cell types (Bagchi et al. 2000; Hansen et al. 2006; Jimi et al.
2004, Stohs et al. 2001). Further, the apoptosis observed following cadmium
exposure is mediated, at least in part, by activation of p38 and JNK MAPK stress
signaling pathways (Chuang et al. 2000; Kim ez al. 2005; Lag et al. 2005). The
Akt signaling pathway typically associated with a survival response and cell
proliferation. Akt activation can be either induced or attenuated in response to
cadmium exposure, depending on dose and duration of exposure (Konishi et al.
1997; Murata et al. 2003; Yu et al. 2005). More specifically, Akt activation can be
transiently increased following cadmium exposure followed by dephosphorylation
and diminished signaling with prolonged exposure. Indeed, LFs from our mice
exhibit significant cadmium-induced cytotoxicity, with increased susceptibility in
cells from mice heterozygous for GPx4. The differential susceptibility is evident
beginning at CdCl, concentrations of 50pM and above following a 6-hour
treatment (Figure 3.1). The morphological changes observed in these cells
following 50uM and 100uM CdCl, treatment are consistent with this pattern:
evidence of apoptosis occurs earlier and appears more prevalent in GPx4

heterozygous cells (Figure 3.2).

Based on the increased cadmium-induced cytotoxicity observed in GPx4"" LFs,
and the known relationship between cadmium and MAPK signaling pathways, one
might also expect increased activation of the p38 and JNK MAPK stress pathways
stress signaling pathways and decreased activation of the Akt survival pathway in

GPx4™" LFs relative to GPx4"™* LFs. This relationship held true for Akt, but the
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opposite pattern occurred for both stress pathways. GPx4"" cells actually had an
attenuated response for both p38 and JNK. While the mechanism behind this
differential signaling response is not at present known, the increased cytoxicity in
heterozygous cells despite reduced stress signaling could be explained by the
relative stress-to-survival signaling occurring. Although GPx4*" LFs exhibited
somewhat diminished p38 and JNK phosphorylation, Akt phosphorylation was
diminished to a greater extent in GPx4"" cells. When viewed as a ratio of stress to
survival signaling (Figures 3.6 and 3.7), however, the result is consistent with the
relative sensitivity of these two cell strains as reflected by the cytotoxicity assay
and morphological changes. GPx4*" LFs exhibit an increased stress/survival ratio
response for both p38 (p<0.05) (Figures 3.6A and 3.7A) and JNK (p<0.05) (Figures
3.6B and 3.7B).

GPx4 overexpression protects against apoptosis induced by a number of chemical
agents that cause oxidative stress. One mechanism by which GPx4 affords this
protection may involve its ability to suppress specific apoptotic signals, cytochrome
¢ release from the mitochondria and caspase-3 cleavage, by protecting against
oxidation of cardiolipin in the mitochondrial membrane (Imai and Nakagawa 2003;
Nomura et al. 1999). Akt also plays a role in maintaining cytochrome c¢ in the
mitochondria and in diminishing the response to cytochrome ¢ when it is released
(Franke et al. 2003; Kennedy et al. 1999). Akt phosphorylates and inactivates
caspase-9 (Cantley and Neel 1999; Cardone et al. 1998), which is itself activated
by cytochrome c release and is an upstream regulator of caspase-3 cleavage. Akt is
redox sensitive and its function is regulated by cellular levels of glutathione and
glutaredoxin (Murata et al. 2003). Glutaredoxin overexpression protects Akt from
H;0;-induced oxidation and subsequent dephosphorylation, and apoptosis. This
protection is diminished, however, by cadmium (Murata et al. 2003). It is therefore
plausible that GPx4 affords protection from oxidation of Akt in the mitochondria,

as it does for mitochondrial cardiolipin, providing an additional mechanism by
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which cytochrome c release is avoided. Our finding that reduced levels of GPx4

are associated with an attenuated Akt response is consistent with this hypothesis.

Another aspect of the apparent role of Akt in the increased susceptibility of GPx4
deficient cells to oxidative stress that warrants additional investigation is the
demonstrated role of Akt in development. In two transgenic mouse systems
whereby a constitutively active or a kinase deficient Akt was specifically expressed
in the heart, Akt was shown to regulate organ growth and ultimate size (Shioi et al.
2002). Akt is a downstream target in the phosphoinositide 3-kinase (PI3K)
pathway, which has been shown to regulate cell and organ growth in Drosophila
(Weinkove and Leevers 2000). Could an Akt~GPx4 interaction be involved in the
embryonic lethality in the GPx4 null genotype? Clearly, the redox sensitivity and
modulation of Akt, and the role of this sensitivity in regulating cytochrome c
release from the mitochondria(Kennedy et al. 1999; Kennedy et al. 1997), provide
an intriguing overlap with GPx4 in terms of cellular location and function. Further
research is necessary to examine the possible role of the Akt signaling pathway,
and its redox sensitivity, in the mechanisms of embryolethality of the GPx4 null

genotype.

Our finding that a GPx4*" genotype is also associated with diminished function of
the UPS may also point to an important interaction between GPx4 and Akt. Akt is
a negative regulator of the protein kinase glycogen synthase kinase 3 (GSK3),
which is itself a constitutively active negative regulator of cyclin D and c-myc, two
proteins that positively regulate the UPS and are important in cell proliferation
(Cantley 2002). Thus, activation of Akt will deactivate GSK3. Without GSK3,
cyclin D and c-myc will be activated and will upregulate the UPS, resulting in
increased ubiquitination of and turnover of damaged proteins. Our results are
consistent with this pathway. However, while cells of both genotypes had

increased levels of HMW-Ub following 4 hours of treatment with 50uM and
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100uM CdCl,, the response was attenuated in GPx4"" LFs (Figure 3.9A).
Similarly, HMW-UDb levels were consistently lower in GPx4"" cells relative to
GPx4*"* cells with 2, 4, and 6 hours treatment with 50uM CdCl, (Figure 3.9B). It
is unknown whether the attenuated UPS response is part of the mechanism that
mediates differential cytotoxicity in GPx4 deficient cells, or simply a by product of
increased levels of oxidative stress leading to inhibition of enzymes necessary for
UPS function. Similar to our findings, Figueiredo-Pereira and colleagues reported
that subcytotoxic doses of cadmium (25uM and below) were associated with
increased levels of ubiquitinated proteins in HT4 cells, while cytotoxic doses
(50uM and above) led to an attenuated UPS response (Figueiredo-Pereira et al.
1998). Thus, diminished function of the UPS system accompanies increased levels
of oxidative stress induced cytotoxicity. Whether this diminished function is a
necessary step in the pathway that ultimately leads to cell death in the cadmium-
induced cytotoxicity must be further studied. It is possible that cadmium exerts and
effect on the UPS by impacting function of enzymes in the UPS. Gene expression
studies from our laboratory of cadmium-treated mouse embronic fibroblast cells
using microarray analysis indicate that cadmium disrupted levels of ubiquitin
ligases such as the multi-function ligase/hydrolase UCH-L1 (unpublished data).
Finally, elucidation of the specific targets of ubiquitination in this pathway is

necessary to understand the underlying mechanism, and the role of GPx4.
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Figure 3.1 — CdCl;-induced cytotoxicity in cultured lung fibroblasts.
CdCl,-induced cytotoxicity in cultured LFs from GPx4** and GPx4"" mice (from
Garry et. al. 2006). Cytotoxicity was assessed using neutral red, as described in
Methods, in early passage lung fibroblasts. Results are expressed as the percent
change from the control and represent the combined data from at least three
independent experiments (mean + SD). Treatment with S0uM CdCl, was
associated with a 30-35% decrease in viability for both GPx4™* and GPx4"" LFs.
GPx4"" LFs were more sensitive to cadmium induced cytotoxicity than GPx4™"*
LFs. Susceptibility to cadmium-induced cytotoxicity begins to diverge at CdCl,
concentrations greater than S0uM, with significant genotype associated
differerences beginning at 100uM. Significant differences from same genotype
control are indicated (*p<0.05; **p<0.001). Significant differences from GPx4"*
genotype cells at same concentration are indicated (#p<0.05; #p<0.001).
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Figure 3.2 - Morphological changes in GPx4"* and GPx4"" lung fibroblasts.
Typical phase-contrast photography showing morphological changes in GPx4™*
and GPx4"" LFs treated with 50uM and 100uM CdCl,. LFs were seeded at a
density of 2 x 10° cells per 100mm tissue culture plate and allowed to grow until 70
to 80% confluence before initiation of treatment with CdCl,. The first and second
rows of panels show GPx4*"* and GPx4*" LFs, respectively, treated with SOUM
CdCl; for the indicated time periods. The third and fourth rows show GPx4™* and
GPx4"" LFs, respectively, treated with 100uM CdCl,. At least three fields of view
were photographed for each treatment and time point, and the experiments were
replicated at least three times.
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Figure 3.3 - Effect of CdCl, treatment on p38 activation in GPx4™* and
GPx4"" lung fibroblasts.

Effect of CdCl, treatment on p38 activation in GPx4™"* and GPx4"" LFs at the
indicated concentrations and time points. The levels of phosphorylated p-38 (p-
p38), indicating activation, and total p-38, as an indicator of total protein loading,
were measured by Western blot analysis as described in Methods. Bar graph
results are presented as a mean + SE (n=3) of the fold change from control.
Representative blots are shown and are consistent with the results between
replicates. (A). p38 activation after 4 hours treatment with the indicated
concentrations of CdCl,. (B). p38 activation at the indicated time points after
treatment with 50uM CdCl,. Bars not sharing a letter notation differ significantly
at p<0.05 based on the results of an ANOVA followed by a Bonferroni multiple
comparison test. Bars without a letter “a” differ significantly from same genotype
control (p<0.05). Dose-response curves differ significantly between genotypes as
modeled using non-linear regression (p<0.05).
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Figure 3.4 - Effect of CdCl, treatment on JNK activation in GPx4"* and
GPx4"" lung fibroblasts.

Effect of CdCl, treatment on JNK activation in GPx4™" and GPx4*" LFs after
treatment with SOuM and 100uM CdCl, at the indicated concentrations and time
points. The levels of phosphorylated INK (p-JNK), indicating activation, were
measured by Western blot analysis as described in Methods. Both p-JNK1 (p46)
and p-JNK2 (p54) were detected. Bar graph results are presented as a mean + SE
(n=3) of the fold change from control for p54; relative responses were identical
when p46 was analyzed. Representative blots are shown and are consistent with
the results between replicates. (A). INK activation after 4 hours treatment with the
indicated concentrations of CdCl,. (B). JNK activation at the indicated time points
after treatment with S0uM CdCl,. Bars not sharing a letter notation differ
significantly at p<0.05 based on the results of an ANOVA followed by a
Bonferroni multiple comparison test. Bars without a letter “a” differ significantly
from same genotype control (p<0.05). Dose-response curves differ significantly
between genotypes as modeled using non-linear regression (p<0.05).
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Figure 3.5 — Effect of CdCl, treatment on Akt phosphorylation in GPx4"* and
GPx4"" lung fibroblasts.

Effect of CdCl, treatment on Akt phosphorylation in GPx4™* and GPx4*" LFs at
the indicated concentrations and time points. The levels of phosphorylated Akt
(p-Akt), indicating activation, and total Akt, as an indicator of total protein loading,
were measured by Western blot analysis as described in Methods. Bar graph
results are presented as a mean + SE (n=3) of the fold change from control.
Representative blots are shown and are consistent with the results between
replicates. (A). Akt activation after 4 hours treatment with the indicated
concentrations of CdCl,. (B). Akt activation at the indicated time points after
treatment with S0uM CdCl,. Bars not sharing a letter notation differ significantly
at p<0.05 based on the results of an ANOVA followed by a Bonferroni multiple
comparison test. Bars without a letter “a” differ significantly from same genotype
control (p<0.01). Dose-response curves differ significantly between genotypes as
modeled using non-linear regression (p<0.001).



Fold Change from Gontrol

Akt 3
GPx4 genotype +/+ ++ ++ +/- +/- +/-
CdCl; (uM) 0 50 100 0 50 100
B

Fold Change from Control

GPx4 genotype +/+ ++ ++ +/- +/- +-
Time (hrs) 2 4 6 2 4 6



66

Figure 3.6 — Effect of S0uM and 100uM Cd(l, treatment on the ratios of p38
and JNK activation to Akt activation

Effect of CdCl, treatment on the ratios of p38 and JNK activation to Akt activation
in GPx4 +/+ and +/- LFs after treatment with SOuM and 100uM CdCl, for 4 hours.
The levels of phosphorylated p38 (p-p38) and JNK (p-JNK) were normalized to the
level of phosphorylated Akt (p-Akt) as an indicator of the relative amount of stress
to survival signaling. Bar graph results are presented as a mean + SE (n=3) of the
ratio of fold change from control for stress signal (p-p38 or p-JNK) divided by the
survival signal (p-Akt). (A). Ratio of fold change p38 activation to Akt activation
with the indicated concentrations of CdCl,. (B). Ratio of fold change JNK
activation to Akt activation with the indicated concentrations of CdCl,. Bars not
sharing a letter notation differ significantly at p<0.05 based on the results of an
ANOVA followed by a Bonferroni multiple comparison test. Bars without a letter
“a” differ significantly from same genotype control (p<0.05). Dose-response

curves differ significantly between genotypes as modeled using non-linear
regression (p<0.05).
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Figure 3.7 — Effect of four-hour CdCl, treatment on the ratios of p38 and JNK
activation to Akt activation

Effect of CdCl, treatment on the ratios of p38 and JNK activation to Akt activation
in GPx4 +/+ and +/- LFs after treatment with 50uM CdCl, at the indicated time
points. The levels of phosphorylated p38 (p-p38) and JNK (p-JNK) were
normalized to the level of phosphorylated Akt (p-Akt) as an indicator of the relative
amount of stress to survival signaling. Bar graph results are presented as a mean +
SE (n=3) of the ratio of fold change from control for stress signal (p-p38 or p-JNK)
divided by the survival signal (p-Akt). (A). Ratio of fold change p38 activation to
Akt activation at the indicated time points. (B). Ratio of fold change JNK
activation to Akt activation at the indicated time points. Bars not sharing a letter
notation differ significantly at p<0.05 based on the results of an ANOVA followed
by a Bonferroni multiple comparison test. Bars without a letter “a” differ
significantly from same genotype control (p<0.05). Dose-response curves differ
significantly between genotypes as modeled using non-linear regression (p<0.05).
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Figure 3.8 - Effect of CdCl, treatment on caspase-3 cleavage in GPx4"* and
GPx4"" lung fibroblasts.

Effect of CdCl, treatment on caspase-3 cleavage in GPx4"* and GPx4*" LFs at the
indicated concentrations and time points. The levels of cleaved caspase-3,
indicating activation, and uncleaved Caspase-3, as an indicator of total protein
loading, were measured by Western blot analysis as described in Methods. Both
the p17 and p19 subunits of cleaved caspase-3 are detected with the cleaved
caspase-3 antibody. Bar graph results are presented as a mean + SE (n=3) of the
fold change from control. Representative blots are shown and are consistent with
the results between replicates. (A). Caspase-3 activation after 4 hours treatment
with the indicated concentrations of CdCl,. (B). Caspase-3 activation at the
indicated time points after treatment with 50uM CdCl,. Bars not sharing a letter
notation differ significantly at p<0.05 based on the results of an ANOVA followed
by a Bonferroni multiple comparison test. Bars without a letter “a” differ
significantly from same genotype control (p<0.05). Dose-response curves differ
significantly between genotypes as modeled using non-linear regression (p<0.01).
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Figure 3.9 - Effect of CdCl, treatment on post-translational modification with
high molecular weight polyubiquitin.

Effect of CdCl, treatment on post-translational modification with high molecular
weight polyubiquitin (HMW-Ub) at the indicated concentrations and time points.
The levels of HMW-Ub were measured by Western blot analysis as described in
Methods. Bar graph results are presented as a mean + SE (n=3) of the fold change
from control. Representative blots are shown and are consistent with the results
between replicates. (A). HMW-UD levels after 4 hours treatment with the indicated
concentrations of CdCl,. (B). HMW-Ub levels at the indicated time points after
treatment with 5S0uM CdCl,. Bars not sharing a letter notation differ significantly
at p<0.05 based on the results of an ANOVA followed by a Bonferroni multiple
comparison test. Bars without a letter “a” differ significantly from same genotype
control (p<0.05). Dose-response curves differ significantly between genotypes as
modeled using non-linear regression (p<0.001).
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Chapter 4 — Discussion and Conclusions

Summary of Findings

The focus of the research described in this dissertation was to 1) characterize the
GPx4 activity levels of GPx4" mice and cells from those mice, 2) develop a cell
culture model that provides a physiologically relevant basis for evaluating the roles
of GPx4 and the mechanisms of its actions, and 3) investigate the relative

susceptibility to toxicant-induced oxidative stress using this model.

It was demonstrated that a GPx4”" genotype is embryonic lethal, but that GPx4™"
mice survive and appear phenotypically normal. GPx4 activity is significantly
lower in testis and liver tissue from GPx4"" mice than GPx4*"* mice. Cultured LFs
isolated from adult GPx4™" mice had approximately 50% of the GPx4 activity of

LFs from GPx4™* mice, and were significantly more susceptible to HpO2,

cadmium, and cumene hydroperoxide-induced cytotoxicity. In addition, GPx4™"
LFs have lower mitochondrial membrane potential, greater cardiolipin oxidation,
and lower amounts of reduced thiols relative to GPx4"* LFs, but are more resistant
than GPx4""" LFs to further decrements in these endpoints following PCOOH

freatment.

After treatment with CdCl, GPx4*/ LFs had a decreased survival response

compared to GPx4+/+ LFs. Specifically, a GPx4*/- genotype was associated with
increased morphological evidence of stress, decreased Akt activation, and increased
caspase 3 activation. GPx4"" cells did exhibit decreased p38 and INK activation,
but the overall survival response, as measured by the ratio of survival pathway
activation (Akt) to stress pathway activation (p38 and JNK), was attenuated in the
GPx4 heterozygous cells. GPx4™ cells also exhibited diminished accumulation of

high molecular weight poly-ubiquitinated proteins than GPx4™" cells in response to

CdCl; treatment.
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Based on the research described in this dissertation, the GPx4"" mouse appears to
provide a useful model for studying susceptibility to chemically induced oxidative
stress, particularly where lipid peroxidation is a primary mediator of cellular injury.
Furthermore, the lung fibroblast cells used in this research provide a useful model
for understanding the mechanisms by which GPx4 protects against oxidative injury

and mediates cellular functions in the face of chemical insult.

Although the research described in this dissertation focused on differential response
to cadmium, an important environmental and public health concern, the results of
the cytotoxicity experiments described in Chapter 2, not surprisingly, suggest agent
specificity in the patterns of response to different oxidants. Additional studies
aimed at furthering our understanding of the role that GPx4 plays in modulating
response to other agents of public health concern would be useful. In particular,
GPx4*" LFs may provide a useful model for understanding susceptibility to lung
toxicants of environmental concern. For example, ozone exposure results in
reactive oxygen species generation and airway epithelial injury (Pryor et al. 2006;
Voter et al. 2001), and there is some evidence of a correlation between ozone
exposure and respiratory tract neoplasms (Pereira et al. 2005). Furthermore, both
children and the elderly are more susceptible to ozone-induced lung injury than
young and middle-aged adults (Servais et al. 2005). Ozone induces GPx1, as well
as other major antioxidant enzymes such as SOD and catalase (Servais et al. 2005),

but the effect of ozone on GPx4 is unknown.

Future Research Efforts Using the GPx4"" Lung Fibroblast Model
One intriguing finding in this research was that, although GPx4*" lung fibroblasts
had lower mitochondrial membrane potential, lower amounts of reduced thiols, and
more cardiolipin oxidation than GPx4""* lung fibroblasts, they were more
resistance to further decrements in these endpoints following a 2-hour PCOOH

treatment. This resistance could not be explained by the presence of differential
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levels of either extracellular GPx4 activity or extracellular glutathione. This is a
surprising finding considering that PCOOH is a specific substrate of GPx4. One
potential explanation for this resistance is that other enzymes with peroxidase
activity towards PCOOH have been upregulated. For example, peroxiredoxin 6 has
activity towards phospholipid hydroperoxides and is found in all major mammalian
organs, but is particularly highly expressed in the lung (Manevich and Fisher
2005). Purified human GSTs of alpha, mu, and theta class exhibit glutathione
peroxidase activity towards phospholipids hydroperoxides, albeit with much lower
specific activity than GPx4 (Hurst ef al. 1998). It is possible that other antioxidant
enzymes, even with low or no specific activity towards phospholipids
hydroperoxides, may compensate for increased production of reactive oxygen
species when GPx4 levels are reduced. Thus, an important area of future research
must focus on the relative expression of other enzymes that could compensate for
diminished GPx4 activity. Although there are obvious challenges in identifying
candidate enzymes among many possibilities, perhaps the most appropriate first
step is DNA microarray analysis to evaluate global gene expression patterns both

with and without chemical insult.

Considering the differential stress and survival signaling responses in GPx4™" and
wild-type cells, further research in this area is warranted. Of particular interest are
the redox sensitive aspects of these pathways. Akt is redox sensitive and its
function is regulated by cellular levels of glutathione and glutaredoxin, which
protects Akt from H,0,-induced oxidation and apoptosis (Murata et al. 2003). This
protection is diminished, however, by cadmium (Murata ez al. 2003). Akt plays a
role in maintaining cytochrome ¢ in the mitochondria and in diminishing the
response to cytochrome ¢ when it is released (Franke et al. 2003; Kennedy et al.
1999). Akt also plays a role in embryonic development, regulating organ growth
and ultimate size (Shioi et al. 2002). The redox sensitivity and modulation of Akt,

and the role of this sensitivity in regulating cytochrome c release from the
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mitochondria(Kennedy et al. 1999; Kennedy et al. 1997), provide an intriguing
overlap with GPx4 in terms of cellular location and function. Further research to
examine the possible role of the Akt signaling pathway, and its redox sensitivity, in

the mechanisms of embryolethality of the GPx4 null genotype is also warranted.

MAPK signaling pathways are also redox sensitive. Apoptosis signal-regulating
kinase 1 (ASK1) is a redox sensitive MAPKKK that activates both the p38 and
JNK signaling cascades (Takeda et al. 2003). ASK1 can be activated either
directly by ROS or through a receptor-mediated mechanism involving the tumor
necrosis factor (TNF) receptor. Although p38 and JNK activation are not ASK1
dependent, sustained activation of these pathways by H,O, and TNF is reduced in
mouse embryonic fibroblasts with an ASK” a genotype (Takeda ez al. 2003). Thus,
ASKI1 is alikely target of further research to characterize the mechanisms of GPx4

function.

Finally, the finding that diminished function of the UPS system accompanies
increased levels of cadmium-induced cytotoxicity is consistent with the findings of
others (Figueiredo-Pereira et al. 1998). Whether this diminished function is a
necessary step in the pathway that ultimately leads to cell death in the cadmium-
induced cytotoxicity must be further studied. It is possible that cadmium exerts and
effect on the UPS by impacting function of enzymes in the UPS. Gene expression
studies from our laboratory of cadmium-treated mouse embronic fibroblast cells
using microarray analysis indicate that cadmium disrupted levels of ubiquitin
ligases such as the multi-function ligase/hydrolase UCH-L1 (unpublished data). In
addition, elucidation of the specific targets of ubiquitination in this pathway is

necessary to understand the underlying mechanism, and the role of GPx4.

Relevance of GPx4 to Public Health and Susceptibility to Disease
Considering the embryonic lethality of the GPx4" genotype, the heterozygous null

model that gives reduced expression of GPx4 is likely to more closely mimic the
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genetic and phenotypic variation present in human populations, and provide the
means to understand the potential role of GPx4 in human disease and the

underlying mechanisms of action.

In fact, reduced expression of GPx4 has been associated with male infertility in two
separate human populations. Imai and colleagues analyzed sperm from 73 infertile
patients and 31 fertile controls (Imai er al. 2001). Although 66 of the infertile
males expressed GPx4 at levels similar to the fertile controls, 7 individuals had
between an 80 and 90% reduction in GPx4 expression. Further, motility in sperm
from GPx4-deficient infertile males was significantly reduced compared to both
fertile males and GPx4-sufficient infertile males. Foresta and colleagues measured
rescued GPx4 activity in sperm from 75 infertile men and 37 fertile controls
(Foresta et al. 2002). GPx4 activity was 50% lower in the infertile group relative to
the controls, and nearly 70% lower in sperm from patients diagnosed with
asthenozooospermia compared to the fertile controls. The reduced activity was also
associated with decrements in morphology and motility. Despite these findings, it
is unknown whether reduced GPx4 levels are a cause or a result of the sperm
dysfunction. GPx4 is a necessary structural component of sperm, comprising as
much as 50% of the capsule material (Ursini ef al. 1999). Degradation of GPx4
could be a non-specific by-product of the damage to sperm integrity associated
with the unknown primary cause of the infertility. Nevertheless, a putative role for

GPx4 deficiency in sperm dysfunction is plausible and should be further evaluated.

Twenty-three polymorphisms were identified in the GPx4 coding and flanking
regions of genomic DNA from 43 infertile men and 21 control males, including
single nucleotide polymorphisms (SNPs), insertions, and deletions (Maiorino ef al.
2003). None were associated with infertility in the study population as a whole.
However, any association between a polymorphism and a specific condition was

likely undetectable in this heterogeneous population that included eight separate
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diagnoses and 20 individuals identified with idiopathic infertility. Nevertheless,
one sequence variation, Ala93-Thr, identified in a patient with cryptorchidsm is

homologous to a porcine gpx4 mutation associated with decreased GPx4 activity.

GPx4 may play a role in protection from other pathological states as well. GPx4
overexpression in cancer cell lines appears to confer protection against markers of
disease progression. For example, overexpression of GPx4 in pancreatic cancer
cell lines was associated with 95% lower tumor growth in mice injected with the
cells (Liu er al. 2006). Overexpression of GPx4 in a human dermal fibroblast cell
line completely inhibited UV A-induced expression of interstitial collagenase
matrix metalloproteinase (MMP-1), the most important metalloproteinase in
degradation of the dermal extracellular matrix in photoaging and may be important
in dermal epithelial carcinoma formation (Wenk et al. 2004). Furthermore, these
cells produce lower levels of malondialdehyde, a by-product of lipid peroxidation,

upon treatment with UVA (Dissemond et al. 2003).
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