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Abstract
The freshwater turtle, Trachemys scripta elegans, utilizes various biochemical adaptations
to survive anoxia-reoxygenation cycles without apparent tissue damage. This thesis
focused on changes in the expression and regulation of selected enzymes and proteins
involved in antioxidant and anti-apoptotic defense in turtle tissues in response to anoxic
submergence and reoxygenation recovery. Western blotting showed that levels of the
antioxidant enzyme, manganese superoxide dismutase (Mn SOD), were significantly
higher (P<0.05) in heart and skeletal muscle during anoxia. Among four isozymes of
glutathione S-transferase (GST), GST K1 expression level was enhanced in kidney, liver
and muscle during anoxia, but remained stable in heart. GSTT1, GSTP1 and GSTM3 were
elevated in a tissue-specific manner. Anoxia-induced upregulation of the transcription
factor, Nrf2, coupled with translocation of Nrf2 into the nucleus in anoxia, indicated that
Nrf2 is probably involved in activating downstream antioxidant genes such as GST.
Analysis of antiapoptotic proteins (Bcl-XL, Bcel-2 and Mcl-1) also showed enhanced
expression in selected tissues during anoxia exposure whereas the pro-apoptotic protein,
Bad, was suppressed via phosphorylation during anoxia in muscle. Levels of bcl-xI mRNA
were also quantified to assess the relationship between bel-x1 gene and Bcl-XL protein
expression under anoxia. The results indicate that enhancement of antioxidant and
anti-apoptotic defenses is an important adaptive mechanism for effectively dealing with

low oxygen and oxidative stresses over cycles of anoxia/reoxygenation in turtles.
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Chapter 1

General Introduction
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Environmental stress resulting from variations in oxygen availability

Living animals are constantly faced with various environmental stresses that
challenge normal life, such as oxygen limitation, oxidative, very low or high
temperatures, water limitation and food restriction (Storey and Storey, 1990). Of these,
oxygen variation in the environment is the one that many animals commonly experience,
caused either by variations in environmental oxygen supply (e.g. ice-locked ponds, lakes
with hypoxic or anoxic water, O, depleted sediments) that deny organisms access to
oxygen for extended periods of the time or by animal behaviors that interrupt the supply
of oxygen (e.g. breathhold diving by lung-breathing animals, aerial exposure of
gill-breathers) (Storey, 1996).

Oxygen depletion, leading to hypoxia and then anoxia is rapidly lethal for many
species. In humans and most other mammals, oxygen depletion rapidly interrupts ATP
production by mitochondria and thereby disrupts the many ATP-utilizing processes in
cells. Perhaps the most dramatic effect is the quick loss of membrane potential difference
due to a disruption of the normal balance between the opposing rates of ATP-dependent
ion pumps versus ATP-independent ion channels (Hochachka and Lutz, 2001; Storey,
2007). This loss of membrane potential difference then results in the breakdown of
critical transmembrane ion gradients, a rise in intracellular Ca®* concentrations, a release
of excitatory neurotransmitters, and the triggering of multiple dangerous effects on
physiological functions including nerve transmission and muscle contraction leading

ultimately to death (Fraser ef al., 2001).
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On the other hand, excess oxygen, or hyperoxia, can result in an overproduction
of reactive oxygen species (ROS) by the mitochondrial respiratory chain and other
reactions. ROS species including hydrogen peroxide, superoxide, hydroxyl ion and
peroxynitrite are highly reactive and can cause damage to cellular macromolecules
(nucleic acids, protein and lipids), resulting in metabolic injury or even cell death to
animals. Programmed cell death, or apoptosis, is a distinct genetic and biochemical
pathway of cell suicide that is essential for normal organismal homeostasis (Danial and
Korsmeyer, 2004). A variety of key events in apoptosis focus on mitochondria, such as
changes in electron transport, release of cytochrome c, and altered mitochondrial
oxidation-reduction state (Takahashi er al., 2004). It has been shown that ROS can
_directly stimulate the opening of the mitochondrial membrane transition pore and cause
mitochondrial depolarization and cytochrome c leakage, which triggers mitochondria-
mediated apoptosis (Kang ef al., 2002). Furthermore, when ROS production exceeds the
antioxidant buffering capacity of a cell, tissue or organ, oxidative stress could occur
(Crawford et al., 2000). Oxidative stress has been linked to a variety of pathological
conditions including ischemic heart attack, stroke and neurodegenerative diseases in
humans (Hermes-Lima et al., 2001).

Hence, to survive environmental stresses such as hypoxia/anoxia and oxidative
stress, animals have developed adaptations to deal with the challenges presented by

oxygen at physiological, biochemical, and gene levels.
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Adaptations to natural hypoxia/anoxia

Although human metabolism is highly oxygen-dependent, many organisms can
live without oxygen for extended periods of time, functioning as facultative anaerobes.
Several molecular mechanisms are known that contribute to natural hypoxia/anoxia
tolerance and these occur widely across phylogeny. These are: (a) accumulation of large
glycogen reserves by organs, (b) strategies for buffering or excreting end products to
minimize the acidosis that is a consequence of fermentative metabolism, (c) alternative
routes of anaerobic carbohydrate catabolism with higher ATP yields compared with
glycolysis ending in lactate, (d) good antioxidant defenses to minimize oxidative injury
when oxygen is reintroduced, (¢) strong metabolic rate suppression to lower ATP needs
during anaerobiosis, and (f) enhanced expression of selected genes whose protein
products aid anoxia survival (Storey, 2004).

Of these mechanisms, metabolic rate depression has perhaps the greatest impact
because it reduces cellular demand for ATP to a level that matches the reduced ATP
supply from fermentative pathways of ATP synthesis. This is especially true in some
anoxia tolerant vertebrates. For example, freshwater turtles survive long periods of
anoxic submergence by lowering their metabolic rate to about 10%-15% of the
corresponding aerobic rates at the same temperature (Jackson, 1968). As illustrated in
Figure 1.1 for the painted turtle (Chrysemys picta bellii) this results in survival times as
long as 3 months or more in cold water and is the key to the winter survival underwater

by this species (Jackson, 2000). The molecular basis of metabolic rate depression is a
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controlled and coordinated reduction in ATP turnover that matches rates of
ATP-producing and ATP-consuming processes (Buck and Pamenter, 2006) as well as a
reprioritization of ATP use to sustain key cell functions and shut down many nonessential
processes while anaerobic (Hochachka and Lutz, 2001). In most cases, the reduced
metabolic rate is achieved not only at physiological and biochemical levels (e.g. reduced
rates of heart beat and ventilation; coordinated suppression of the activities of ion-motive
ATPases and ion channels) but also at the gene/protein expression level where rates of
transcription, translation and protein degradation are strongly suppressed during anoxia
(Storey, 2007).

Interestingly, however, despite the strong overall suppression of gene expression
in anoxic states, anoxia tolerant animals show increased expression of selected genes and
the synthesis of specific proteins. Indeed, selective gene expression in response to
hypoxia/anoxia enables cells or animals to adapt to the low oxygen condition. These
genes and their protein products may act as part of defensive or adaptational mechanisms
for cells and animals that deal with hypoxia/anoxia. In mammals, hypoxic treatment leads
to the accumulation of hypoxia-inducible factor-1 alpha (HIF-lalpha) which in turn is
responsible for the activation of multiple genes (Chavez ef al., 2000). Milton et al. (2006)
found that gene transcription of neuroglobin was upregulated by anoxia in the brain of
red-eared slider turtles, which may protect turtle neurons from anoxic insult. Hypoxic
regulation of genes that are involved in apoptosis resistance has also been reported;

increased transcriptional activity of apoptosis inhibitory protein IAP-2 was seen in rat

5
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kidney proximal tubule cells treated by severe hypoxia (Dong et al, 2001). The
molecular mechanisms that govern transcriptional activation under stress conditions are
likely mediate by the activation of selected transcription factors which bind to stress
response elements present in the promoter region of genes under the transcription factor’s
control. In addition, posttranscriptional and posttranslational modification, such as
increased stability of selected transcripts and proteins, and suppressed protein
degradation rate could also result in the upregulation of specific protein products in
stressed cells or tissues. Studies of the regulation of anoxia-induced gene expression in
anoxia tolerant turtles, the red-eared slider turtles, are part of the focus of my research
project.
Adaptive responses to oxidative stress

Potential risks from oxidative stress often accompany hypoxia/anoxia since a
burst of ROS is generated when oxygen is reintroduced in the post-hypoxic/anoxic
reperfusion phase. Specifically, the electron carriers of the mitochondrial respiratory
chain become reduced during hypoxia or anoxia events (Hermes-Lima et al., 2001). The
subsequent reintroduction of oxygen after hypoxia/anoxia rapidly reoxidizes these
reduced carriers and then causes oxidative stress in cells with an overproduction of ROS
(Ruuge et al., 1991). Hence, hypoxia/anoxia tolerant animals should have well-developed
antioxidant defenses for dealing with oxidative stress during natural transitions from low
to high oxygen availability. In general, two strategies are used. The first is the

maintenance of high constitutive antioxidant enzyme systems. For example, studies with

6
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the anoxia tolerant goldfish (Carassius auratus) revealed activities of
glutathione-dependent antioxidant enzymes such as glutathione S-transferase (GST) and
glutathione reductase (GR) that were substantially higher in liver of the goldfish as
compared with the activities in other lower vertebrate species (Lushchak ef al., 2001;
Hermes-Lima et al, 2001). Willmore and Storey (1997a) examined the effect of
anoxia/reoxygenation on the antioxidant systems of anoxia tolerant freshwater turtles and
found that antioxidant enzyme activities in turtles were frequently in the range of those
found in mammals and very much higher than in other cold-blooded lower vertebrates.
The second strategy is anoxia/reperfusion-induced enhancement of antioxidant enzymes
(Storey, 2007). This has been demonstrated in a variety of lower vertebrates such as
leopard frogs and garter snakes. For example, anoxia/recovery treatment resulted in
significant enhancements in the activities of muscle and heart catalase and brain GST in
leopard frogs (Rana pipiens) (Hermes-Lima et al., 2001). Hence, these selective changes
to antioxidant defenses might help to minimize oxidative damage during transitions
between low and high tissue oxygenation states. Indeed, the use of exogenous
antioxidants or the enhanced expression of antioxidant enzymes has been shown to have
protective effects in minimizing reoxygenation injuries in human and other mammals
(Weisbrot-Lefkowitz et al., 1998; He et al., 2006; Kowluru ef al., 2006).

In addition to adjustments of antioxidant defenses to deal with oxidative stress,
adaptive responses against cell death are also significant since cycles of hypoxia/anoxia

and reperfusion coupled with oxidative stress can lead to severe cell damage and
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apoptosis, as introduced before. Substantial evidence has demonstrated that
overexpression of antiapoptotic Bcl-2 family members increases cellular resistance to
many different death stimuli including oxidative stress and DNA damage in mammals
(Jang and Surh, 2004; Saitoh et al., 2003; Yanada et al., 2004). Moreover, studies in our
lab on antiapoptotic defenses in wood frogs (Rana sylvatica) showed induced expression
of several antiapoptotic Bcl-2 family proteins such as Bcl-2, Bcl-X; by oxidative stress
during cycles of freeze/thaw in selected frog tissues. In the present thesis, I explore
antiapoptotic systems in anoxia tolerant turtles.
Model animal

The red-eared slider turtle, Trachemys scripta elegans, exhibits a remarkable
ability to endure prolonged periods of anoxia and is widely used as a model for the study
of natural anoxia tolerance and anoxia/reoxygenation survival. Red-eared slider turtles
are found throughout the United States east of the Rocky Mountains and into southern
Canada (Ernst, 1990). At warm acclimation temperatures (20-25°C), sliders can survive
12-24 h of anoxic submergence, whereas at cold-acclimation temperatures (0-5°C) they
can recover physiological functions following 3-4 months of anoxia (Ultsch, 1989). The
behavioral responses of T. s. elegans to anoxia during months-long winter hibernation at
the bottom of ice-locked lakes and rivers display a comatose-like state (Lutz and Nilsson,
1997b). Indeed, such behavior during prolonged winter hibernation without oxygen
accompanies a profound ~90% reduction in whole-turtle metabolic rate that greatly slows

metabolic fuel use (Jackson, 1968; Jackson, 2000). Another adaptation that is peculiar to

8
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turtles and aids long term anoxia survival is the utilization of bone and shell to store
lactate and to buffer the acidity associated with lactate accumulation, thus enabling
extremely high concentrations of this glycolytic end product to build up (Jackson, 2000).
Previous studies on turtle adaptations to these stresses mainly focused on
physiological and biochemical responses. Physiological adaptations include changes in
ventilation and heart rate, alterations in blood composition, altered affinity of hemoglobin
for oxygen and so on. Biochemical changes can involve metabolic adjustments such as
metabolic rate depression, storage of high reserves of fermentable fuel (glycogen) in all
organs, stress-induced modifications of key enzyme activities, etc. (Lutz and Storey,
1997). Recent studies have begun to address stress-induced gene expression that supports
anoxia and oxidative stress survival in anoxia tolerant turtles. DNA array screening to
assess anoxia-responsive gene expression in brain of 7. s. elegans showed about 3% of
genes was strongly upregulated although expression of the majority of genes was
unaltered or suppressed during anoxia (Willmore ef al., 2001). Several studies have also
revealed some specific genes that are upregulated during anoxia or/and the following
aerobic recovery in tissues of red-eared slider turtles (Cai and Storey, 1996; Milton ef al.
2006; Prentice et al, 2004; Willmore et al., 2001; Storey, 2007). The continual
expression of selected genes and synthesis of new proteins in an animal is thought to be
important for metabolic regulation and adaptation (Hawkins, 1991).
This thesis focuses on the changes at the gene and protein levels of selected

transcription factors, antioxidant-related enzymes, and anti- or pro- apoptotic proteins in
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response to anoxia exposure in red-eared slider turtle tissues. In particular, I focus on
protein expression of antioxidant and antiapoptotic defenses during anoxia and recovery
in heart, liver, kidney and muscle of 7. s. elegans.
Heart

The heart of red-eared slider turtles is often used as a good model system to
examine anoxia/reoxygenation survival adaptations. The cycle of anoxia and
reoxygenation in turtle heart is similar to ischemia/reperfusion situation in mammals that
is known to occur during heart attack and failure. The turtle heart is very resistant to
anoxia, and isolated heart preparations continue to contract under total anoxia for periods
of up to 4 hours (Wasser et al., 1990). During prolonged anoxic diving, the heart of the
turtle continues to function in order to transport metabolites and waste products among
tissues, but cardiac output is greatly reduced in concert with the reduction in
whole-animal metabolic rate and the subsequent decreased demand for blood flow
(Stecyk and Farrell, 2007). In addition to these physiological adjustments of heart during
anoxia, several studies with turtle heart have suggested that transcription of selected
genes and gene products that allow the heart to cope with these stresses is also necessary.
For example, a cDNA library made from heart of anoxia-treated red-eared sliders showed
that two mitochondrially-encoded genes, cytochrome ¢ oxidase subunit 1 (COX1) and
subunit 5 of NADH-ubiquinone oxidoreductase (NDS5), were upregulated in response to
anoxia (Cai and Storey, 1996; Storey, 2007). Furthermore, studies on anoxia-induced

gene expression in the heart of another anoxia tolerant turtle, the painted turtle (C. p.

10
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marginata) revealed a substantial number of anoxia-responsive genes including genes for
antioxidant enzymes that were upregulated in response to anoxia exposure (Storey,
2006a). This result indicates that anoxia could also activate certain antioxidant genes that
would deal with potential problems that arise when oxygen returns and metabolic
functions increase rapidly again. Such upregulation of antioxidant genes during anoxia
may constitute anticipatory adjustments that avoid reperfusion injuries during
reoxygenation.
Other tissues

Induction of gene expression by anoxia and reoxygenation also occurs in other
tissues of anoxia tolerant turtles. Mitochondrially-encoded genes were also anoxia
responsive in liver of red-eared sliders including cytb encoding cytochrome b and nad4
encoding subunit 4 of ND (Willmore et al., 2001). The mitochondrial genes (cox! and
nd5) that were upregulated in turtle heart were also anoxia responsive in skeletal muscle
and kidney of T. s. elegans (Storey, 2007). The reason for mitochondrial gene
up-regulation in anoxic turtle remains to be explored. Notably, however, stress-induced
gene expression does not follow set patterns in every turtle tissue but is stress-, tissue-
and species-specific (Crawford et al., 2000). This is reasonable as different tissues have
different physiological functions. For example, it has been shown that the liver of
red-eared slider turtles is particularly important to anoxia tolerance because it is the tissue
that has the main stores of glycogen and releases glucose into the blood to supply the fuel

to all other organs during anoxic submergence. Turtle tissues such as heart and skeletal
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muscle rely heavily on liver-derived glucose when their own glycogen was depleted
during anoxia (Warren et al., 2006). Therefore, one would expect that organ-specific
changes in activities or/and levels of selected glycolytic enzymes during anoxia in 7. s.
elegans. Indeed, previous experiments have shown organ-specific changes in the kinetic
properties of enzymes such as glycogen phosphorylase and phosphofructokinase in
tissues of T. s. elegans (Brooks and Storey, 1988; Mehrani and Storey, 1995).

Objectives and hypothesis

Chapter 2.  Antioxidant regulation during anoxia and aerobic recovery

The tissues of the red-eared slider turtle, T. s. elegans, are subjected to low
oxygen tensions during breath hold diving and this can even progress to full anoxia
during winter hibernation under water. Not only are adaptations needed to support
anaerobic survival but other mechanisms are needed when oxygen is reintroduced to limit
damage from ROS generation in the reoxygenation phase when normal antioxidant
defenses may be overwhelmed. Hence, adaptive changes in antioxidant defenses may be
key for anoxia tolerant turtles to survive anoxia and oxidative stress during recovery.
Hypothesis: Anoxia/reoxygenation survival involves adaptations of antioxidant defense
systems by upregulating selected genes encoding antioxidant enzymes under the control
of a transcription factor such as Nrf2.

Chapter 2 tested this hypothesis by evaluating changes in the protein levels of key
antioxidant enzymes, manganese-dependent superoxide dismutase (Mn SOD) and several

isozymes of glutathione-S-transferase (GST), in selected tissues of anoxia tolerant turtles
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using Western blotting. Furthermore, the involvement of the Nrf2 transcription factor in
the expression of antioxidant genes was evaluated by quantifying changes in Nrf2 protein
levels and the subcellular distribution of Nrf2 between cytoplasmic and nuclear
compartments.

Chapter 3. Anti-apoptotic regulation during anoxia/recovery

When dealing with possible anoxia and reperfusion injuries, antioxidant defenses
alone are not sufficient. Both oxygen deprivation (hypoxia/anoxia) and ischemia
(hypoperfusion of tissues) have been demonstrated to trigger apoptosis in nontolerant
species. Presumably, anoxia tolerant species would have mechanisms to prevent cell
death under such circumstances. Hence, 1 predicted that the suppression of
stress-mediated apoptosis would be another adaptive mechanism displayed by anoxia
tolerant turtles in order to maintain cell and organ during anaerobiosis.

Hypothesis: Apoptosis is suppressed during anoxia/recovery via altered expression of
anti-apoptotic and pro-apoptotic proteins in turtle tissues.

Chapter 3 uses Western blotting to analyze the relative levels of three main
proteins that have anti-apoptotic functions (Bcl-Xi, Bcl-2, Mcl-1) in red-eared slider
tissues. The proapoptotic protein, Bad, was also examined. Transcript levels of bcl-xI
were also quantified via RT-PCR in heart to determine whether gene regulation was
responsible for anoxia-responsive changes in Bcl-Xy protein levels.

Cause and Effect versus Correlation Studies

My research studies were done on tissues isolated from live animals subjected to

13
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whole animal 'stress’. I was not able to do either genetic manipulations (overexpression
of a gene, use of RNAI etc.) or use cell lines. The genome sequence of the turtle is
virtually unknown, so sophisticated genomic/proteomic analysis is not yet possible for
this genera.

What I could accomplish is to measure the relative levels of some proteins and some
message RNAs in the turtle comparing control and stress and correlated these changes
with the stress in the context of what is known for the pathways in other organisms
(mammals, C. elegans, Drosophila etc.) In most cases we have to argue from "analogy"
-- comparing the stress of anoxia in turtles where it is natural to the deleterious effects of
anoxia on other systems.

In this context, I have tried to draw inferences, which I refer to as "cause and
effect” but always with the caveat of not being able to active manipulate my experimental
organisms to prove causality. In many cases the reader may put in their own

interpretations and think of my work as correlative only.
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Figure 1.1. Duration of anoxic submergence at various temperatures from which painted
turtles (Chrysemys picta bellii) have been observed to recover fully. Data are obtained

from Jackson (2000).
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Chapter 2
Expression of the antioxidant enzymes glutathione
S-transferases and manganese superoxide

dismutase in red-eared slider turtles
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Introduction

Anoxia tolerant turtles routinely experience cycles of breathhold diving and aerial
breathing during their life. These species can also experience long term submergence for
weeks or months during winter hibernation underwater. During prolonged diving under
hypoxic or anoxic water, blood oxygen content drops to near zero values (Jackson, 1968).
When aerial breathing is restarted, blood oxygen rapidly returns to normoxic levels
within the first 10 min of aerobic recovery from anoxia (Willmore and Storey, 1997a).
Therefore, tissues of anoxia tolerant turtles experience high natural variation in oxygen
availability from anoxia to the following aerial recovery. This situation of
deoxygenation-reoxygenation is similar to the states of ischemia-reperfusion that can
occur in mammals and lead to serious tissue injury during heart attack or stroke. In the
mammalian situation, much of the damage is actually due to oxidative stress arising from
an overproduction of reactive oxygen species (ROS) during oxygen reperfusion after
ischemia. ROS such as superoxide, hydrogen peroxide, and hydroxyl radical attack
biological macromolecules including lipids (peroxidation of unsaturated fatty acids in
membranes), proteins (denaturation), carbohydrates and nucleic acids (Blokhida et al.,
2003). Anoxia tolerant turtles, however, are able to survive anoxia/reoxygenation cycles
without apparent tissue damage. Hence, anoxia tolerant turtles would predictably have
efficient antioxidant defenses that deal effectively with the potential for oxidative stress
when oxygen is reintroduced to their tissues after extended periods of anaerobic

submergence. Indeed, previous studies on antioxidant defenses of anoxia tolerant turtles
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in our lab indicated that turtle organs displayed high constitutive antioxidant enzyme
activities during anoxia or/and reoxygenation (Willmore and Storey, 1997a). Furthermore,
other studies from our lab using cDNA microarray screening to search for
anoxia-responsive genes in turtles revealed up-regulation of several genes associated with
antioxidant defense during anoxia exposure including gstm5 & a2, gpxI & 4, sodl and
prxl (Storey, 2006b). Therefore, one of the underlying molecular mechanisms that
increase and/or maintain high antioxidant enzyme systems against ROS in turtles could
be induction or up-regulation of important antioxidant genes such as glutathione
S-transferases (GSTs) and superoxide dismutase (SOD) as responses to stress conditions.

The glutathione S-transferases (GSTs) are an important family of antioxidant
enzymes that catalyze the nucleophilic addition of the thiol of reduced glutathione to a
variety of electrophiles (Rushmore and Pickett, 1993). A large number of cytosolic GST
isozymes have been purified from mammalian tissues and, on the basis of their primary
structures, these have been assigned to five separate families designated class alpha, mu,
pi, sigma, and theta GST (Hayes and Pulford, 1995). Evidence suggests that GSTs are
inducible following exposure to various stresses such as chemical inducers and oxidative
stress (Hayes and Pulford, 1995).

SOD functions efficiently to catalyze the dismutation of the superoxide free radical
anions produced in various metabolic processes resulting in the formation of oxygen and
hydrogen peroxide molecules (02" + Oy + 2H' — H,0, + 0,) (McCord and Fridovich,

1969). There are two main types of SOD: copper-zinc SOD (CuZn SOD) in cytoplasm
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and manganese SOD (Mn SOD) residing in mitochondria (Fridovich, 1995). Of these,
mitochondrial Mn SOD should be very important to antioxidant defense of anoxia
tolerant turtles since mitochondria are known targets of ROS in ischemia/reperfusion
situations. Prolonged anoxia results in the accumulation of reducing equivalents in the
cytochrome chain of mitochondria in turtle tissues, and when aerobic recovery starts,
ROS are mainly formed from the mitochondria, where electrons are available from the
cytochrome chain (Willmore and Storey, 1997a). It has been shown that a stress-induced
increase in turtle heart Mn SOD activity occurred during reoxygenation (Willmore and
Storey, 1997a).

Regulation of antioxidant enzymes at the transcriptional level is an essential strategy
taken to deal with a burst of ROS production and is under the control of specific
transcription factors that alter the expression of antioxidant genes in response to oxidative
stress. Early experiments suggest that the antioxidant response element (ARE) is an
enhancer sequence that mediates transcriptional activation of genes in cells exposed to
oxidative stress (Nguyen et al., 2003). Nuclear factor-erythroid 2 (Nrf2) belongs to the
Cap ‘n’ Collar (CNC) family of basic leucine zipper (bZip) transcription factors that can
mediate transcriptional activation of antioxidant enzymes via binding to the ARE
(Cullinan and Diehl, 2006). This evolutionarily conserved Nrf2/ARE pathway has been
found to up-regulate expression of many antioxidant genes under oxidative stress in a
variety of organisms. A hypothetical model of the Nrf2/ARE signaling pathway states that

in unstressed cells, Nrf2-mediated transcription is inhibited because Nrf2 is maintained in

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a latent cytoplasmic complex by virtue of its binding to the Bric-a-Brac, Tramtrack and
Broad Complex (BTB) protein, Keapl (Itoh et al., 1999). Following induction of an
oxidative insult, Nrf2 dissociates from the Nrf2/Keap1 cytoplasmic complex resulting in
the entry of Nrf2 into the nucleus (Motohashi and Yamamoto, 2004). Once inside the
nucleus, Nrf2 has been shown to dimerize with other bZip transcription factors (i.e. Maf;
Jun, etc.) and then bind to the ARE to activate the transcription of downstream
antioxidant genes that are known to respond to oxidative stress such as the genes for
GSTs, heme oxygenase 1 (HO-1) and SOD (Hayes ef al., 1999; Chanas et al., 2002.).
This model of Nrf2/ARE pathway is summarized in Figure 2.1.

Anoxia tolerant turtles need to deal with the potentially harmful oxidative stress
caused by ROS during the anoxia/recovery process. Key antioxidant enzymes that are
maintained at high activities and/or enhanced during anoxia and/or recovery act as an
important part of the antioxidant defense in anoxia tolerant turtles. Thus, I hypothesized
that the expression of GSTs and Mn SOD genes would be enhanced in turtle organs
during the anoxia/recovery process in order to help minimize oxidative stress-induced
damage. In addition, I hypothesized that the Nrf2/ARE pathway would be the signal
transduction mechanism involved in the up-regulation of these antioxidant genes.

The studies in this chapter examine the regulation of protein expression of GST
isozymes and Mn SOD in selected tissues of anoxia tolerant turtles. In order to assess
whether GSTs and Mn SOD were regulated via the ARE/Nrf2 pathway, the protein

expression and translocation of the Nrf2 transcription factor were also studied.
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Figure 2.1. Mechanisms of Nrf2 signaling in coordinated activation of ARE-
mediated gene expression. Transcriptional activation of ARE-mediated antioxidant
defense genes is largely dependent on activation and translocation of Nrf2. The
cytoskeleton-associated protein Keap 1 represses Nrf2 and causes localization of Nrf2 in
the cytoplasm under normal conditions. ROS produced by oxidative stress release Nrf2
from Keap 1 inhibition and promote nuclear translocation of Nrf2. In the nucleus, Nrf2
heterodimerizes with other family member, binds to the antioxidant response element
(ARE) and thereby leads to the expression of genes encoding antioxidant defense proteins.

Figure adapted from Giudice et al., 2006.
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Materials and Methods
Animals

Animal source: Adult red eared slider turtles, (Trachemys scripta elegans), were
purchased from Wards Natural Science, Mississauga, ON and maintained in large tanks
of dechlorinated water at 7°C for at least 3 weeks prior to experimentation. Animals were
17-26 centimeters shell length, 11-15 centimeters shell width (0.5 kilograms) and fed
Wardley Reptile Ten Floating Food Stick (New Jersey, U.S.A.) ad libitum. Turtles were
provided with a basking platform but no heat lamp. Just prior to experimentation, turtles
were transferred a few at a time to the lab in large, covered plastic containers (2 turtles
per box, no water added) and were placed in the 5°C fridge for 2 h before

experimentation.

Animal treatments: Aerobic control turtles were maintained at 5°C for 2 hours prior to
being killed by rapid decapitation. The shells were opened and internal tissues were
quickly excised and immediately frozen in liquid nitrogen. Samples were stored at -80°C
until use.

Submergence anoxia was imposed by submerging turtles for 20 hours at 5°C in
sealed tanks of 40 L deoxygenated water that had been previously bubbled with 100%
nitrogen gas for at least 6 hours. Tanks were held in incubators set to 5°C + 1°C. A wire
mesh was fitted about 10 cm below the water line so that turtles could not surface during
the deep hypoxia episode. Bubbling with gas was not continued during the experiment.

At the end of anoxia treatment, turtles were killed and dissected as above.
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Another group of turtles was treated to anoxia exposure as above and then
transferred to boxes (two per box) with aerated water (~ Smm) on the bottom and allowed

to recover from anoxia exposure for 5 hours at 5°C. Recovered turtles were then killed

and dissected the same way.

Western blotting analysis of MnSOD, GSTK1, GSTT1, GSTP1, GSTM3, and Nrf2
Western blotting was used to examine the levels of MnSOD, GST isoforms and
Nrf2 protein in tissue samples from control, 20 h anoxic at 5°C, and 5 h recovered turtles.

Tissue extracts and quantification of protein: Samples of frozen turtle tissues were

weighted (~500 mg) and crushed with a mortar and pestle under liquid nitrogen. Soluble
protein was extracted by homogenizing in 1 ml of ice-cold buffer containing 20 mM Hepes,
200 mM NacCl, 0.1 mM EDTA, 10 mM NaF, ImM Na3VO4, 10 mM B-glycerophosphate
and 1 pl of Sigma protease inhibitor using a Polytron homogenizer. A few crystals of
phenylmethylsulfonyl fluoride (PMSF) were added immediately prior to homogenization.
Samples were centrifuged at 11,000 rpm for 5 min at 4°C in a Biofuge 15 (Baxter Canlab);
supernatant was collected.

Protein concentrations in tissue extracts were determined using the Coomassie blue
dye-binding method with the BioRad prepared reagent and bovine serum albumin as the
standard (Bradford, 1976). The BioRad reagent was diluted 5-fold with distilled water and
tissue extracts were diluted 1:60 (v:v). For assay, 10 ul protein samples were added to 190

ul of the diluted reagent in 96-well microplate wells followed by mixing and 5 min
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incubation at room temperature (RT) for color development. Absorbance at 595 nm was

then measured and protein concentration was determined from a pre-programmed standard

curve using BioLinx 2.0 software.

One-dimensional SDS-Polyacrylamide Gel Electrophoresis: In the aim of fixing

the final protein concentration of blue homogenates at 5 pg/pl, the concentration of crude
white protein extracts were first adjusted to 10 ug/ul and then mixed 1:1 (v:v) with 2x
SDS-PAGE sample buffer containing 100 mM Tris-HCI (pH 6.8), 4% w/v lauryl sulphate
(SDS), 20% v/v glycerol, 10% v/v B-mercaptoethanol and 0.2% w/v bromophenol blue and
boiled for 5 min. Equal amounts of protein from control, anoxic and recovered samples
(15-75 png depending on the experiment) were then loaded into each well of 10 or 12% SDS
polyacrylamide gels. Kaleidoscope prestained molecular mass markers (Bio-Rad) were
also loaded in one well to estimate the size and positions of sample proteins on the gel.
Based on the subunit molecular mass of the protein of interest, proteins were separated
using the discontinuous buffer system of Laemmli (1970). Electrophoretic separation was
generally carried out in 1X running buffer (3.03 g Tris base, 14.4 g glycine and 1 g SDS per
liter, pH ~8.3) at 180 V for ~50 min at RT using the BioRad Mini-PROTEAN 3 System.
After electrophoresis, proteins were transferred onto polyvinylidene difluoride (PVDF)
membranes (Immobilon-P Transfer Membrane, Millipore Corp., Bedford, MA) by wet
transfer with pre-chilled transfer buffer containing 25 mM Tris (pH 8.5), 192 mM glycine,

and 20% v/v methanol at 4°C for 100 min at 70V.

Immunoblotting and protein visualization: To prevent non-specific binding, PVDF
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membranes were blocked with 5% non-fat milk in TBST (20 mM Tris, pH 7.5, 150 mM
NacCl, 0.05% Tween-20) for 30 min at RT. The blots were washed with TBST (5 min x 3)
and then incubated with 5 ml TBST buffer containing primary antibody against the
protein of interest on a shaking platform at 4°C overnight. The primary antibodies used
were rabbit anti-MnSOD at 1:5000 v:v (Stressgen Biotechnologies), rabbit anti-GSTP1,
anti-GSTK1, anti-GSTT1, and anti-GSTM3 polyclonal antibodies (gifts from Dr. John
Hayes, Biomedical Research Centre, University of Dundee) at 1:1000 v:v and rabbit
anti-Nrf2 polyclonal antibody at 1:3000 v:v (Santa Cruz Biotechnology). After incubation
with primary antibody, blots were washed with TBST (5 min x 3) and then incubated at
room temperature for 2 h with a 1:2000 v/v dilution of secondary antibody, anti-rabbit
IgG conjugated to horseradish peroxidase (Cell Signaling). The target protein on the
PVDF membrane was detected using an enhanced chemiluminescence (ECL) system
(Pierce). The membrane was scanned using ChemiGenius Bio Imaging System (SynGene,
Frederick, MD) and the resulting image was analyzed with the associated Gene Tools
software. To confirm equal loading in each lane of the blot, total protein on the PVDF
membrane was then visualized by staining for 30 min with Coomassie blue solution
(0.25% w/v Coomassie Brilliant Blue R, 50 % v/v methanol and 7.5% v/v acetic acid)
followed by destaining for 10 min with destain solution (20% distilled water, 20% acetic
acid, 60% methanol).

Quantification: Band intensities for the immunoreactive proteins of interest in aerobic

control, anoxic and recovered samples were quantified using GeneTools. Intensities of
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several Coomassie blue stained “standard” bands (that did not change in intensity between
experimental groups) were also quantified in each lane. Normalized band intensities were
then determined as the ratio of immunoreactive band intensity versus Coomassie blue band
intensity and mean values £+ SEM (n=3~5) were calculated for each group. Statistical
analysis used the Student’s t-test to compare normalized experimental and control values;
P<0.05 was accepted as significantly different. Data were then plotted as histograms. Error
bars shown on the final histograms are SEM values for control, anoxic and recovered trials,

respectively.

Analysis of Nrf2 Protein Expression in Nuclear and Cytoplasmic Fractions
Since transcription factors are known to move inside the nucleus where they activate
downstream genes, nuclear and cytoplasmic fractions were separated to compare the
distribution and translocation of the transcription factor Nrf2 in cytoplasm and nucleus
under control, anoxia and recovered conditions.
Briefly, frozen tissues were broken up in liquid nitrogen. Samples were weighed
(~0.5 g) and added to 1 ml of 1X homogenization buffer containing 10 mM HEPES, pH 7.9,
10 mM KCl, 10 mM EDTA, 1 mM DTT and 10 pl protease inhibitor cocktail (1 mM PMSF,
0.015% w/v aprotinin, 10 pM leupeptin, 1 pM pepstatin, 1 mM NaF). Samples were
homogenized with gentle piston strokes using a Dounce homogenizer and centrifuged at
10,000 x g for 10 min at 4°C. The supernatant representing the cytoplasmic extract was

removed into a sterile Eppendorf tube and stored in a freezer at -80°C. The nuclear pellet
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was resuspended in 150 pl of 1X extraction buffer containing 20 mM HEPES, pH 7.9, 0.4
M NaCl, 1 mM EDTA, 10 % v/v glycerol, 0.15 mM DTT and 1.5 pl of protease inhibitor
cocktail. This resuspension was incubated on ice with gently shaking for 1 h followed by
centrifuging at 10,000 rpm for 10 min at 4°C. The second supernatant was saved as the
nuclear extract and stored at -80°C. Protein concentration in both the nuclear and
cytoplasmic fraction was determined by the Bio-Rad protein assay. Nrf2 protein content in

cytoplasmic and nuclear fractions was then assessed using Western blotting, as above.

Results
Mn SOD protein levels in tissues of 7. s. elegans

Mn SOD protein levels were assessed via Western blotting in four tissues of 5°C
aerobic control, 20 h anoxic at 5°C and 5 h recovered T. s. elegans (Figure 2.2). The
polyclonal human antibody crossreacted with turtle Mn SOD showing a single protein
band of ~25 kDa (the expected molecular weight) on immunoblots. Fig. 2.2A shows the
full Western blot of Mn SOD protein levels in white muscle (n=5 independent samples
from each condition) of adult red-eared slider turtles and Figure 2.2B shows
representative cropped blots for the four tissues assessed (n=5 for each condition). Data
for multiple trials are summarized in the histogram (Figure 2.2C). During anoxia, Mn
SOD protein content was significantly higher (P<0.05) in both heart and muscle, by 1.70-
and 1.17-fold, respectively, as compared with the corresponding control levels. However,

levels reverted to control values after recovery. Mn SOD protein levels did not change
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significantly in either liver or kidney during anoxia or recovery states.

Western blotting analysis of GST isoforms in 7. s. elegans

GST K1 protein levels in tissues of T. s. elegans: The effect of 20 h anoxia and 5 h

aerobic recovery on GST K1 protein levels was evaluated by Western blotting. The
anti-GST K1 polyclonal antibody cross-reacted with a major band on the blots at a
molecular weight of ~31 kDa, which is typical for GST K1 enzyme in mammals. Figure
2.3 shows GST K1 protein levels in four tissues of anoxia-tolerant turtles. Figure 2.3A
shows a full blot for kidney (n=4 independent samples from each condition) with a
protein standard lane whereas Figure 2.3B shows representative cropped blots for each
tissue (n=4 for each condition). GST K1 protein content increased significantly in kidney,
liver and muscle during anoxia, but remained stable in heart (Figure 2.3C). In kidney,
GST K1 rose by 2-fold during anoxia (P<0.01) and then returned to control levels during
recovery. Liver and muscle showed similar results, GSTK1 increasing significantly
(P<0.01) by 1.85-fold and 2-fold, respectively, during anoxia and then decreasing to near
control levels during recovery.

GST P1 protein levels in tissues of 7. s. elegans: Western blotting was also used to assess

the responses of other GST isoforms to anoxia-recovery. Figure 2.4 reveals the results for
GST P1 protein contents in four tissues of turtles. In kidney and heart expression of GST
P1 protein did not change over the course of anoxia-recovery. However, in skeletal

muscle, protein levels increased significantly (P<0.05) by 1.56-fold under anoxic
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conditions and remained high during recovery. In liver, protein content remained stable
during anoxia, but was reduced significantly (P<0.05) during aerobic recovery.

GST T1 protein levels in tissues of 7. s. elegans: GST T1 protein expression levels in

four tissues are shown in Figure 2.5. The levels of GST T1 protein increased significantly

(P<0.05) by 1.58-fold in liver during anoxia and returned to control levels after anoxia. A
similar trend was seen in heart, where protein content also increased significantly (P<0.05)
by 1.43-fold during anoxia, but was reduced again during aerobic recovery. GST T1

protein levels in muscle were elevated significantly during anoxia by 1.34-fold and

increased further to 1.55-fold higher than controls during recovery. Expression levels of
GST T1 remained stable in kidney under all three conditions.

GST M3 protein levels in tissues of T s. elegans: GST M3 levels showed no

change in kidney or liver during anoxia or recovery (Figure 2.6). In heart, protein content
was significantly reduced (P<0.05) by 60% during anoxia but rose significantly by
1.57-fold in recovery compared with control. In muscle, GST M3 increased significantly

by 2-fold during anoxia and then returned to control levels during recovery.

Nrf2 expression analysis in 7. s. elegans

Western blotting analysis of Nrf2 in turtle tissues revealed that organ-specific
changes in the content of the 57 kDa Nrf2 protein occurred under anoxia and/or recovery
from anoxia (Figure 2.7). Nrf2 protein levels increased significantly (P<0.05) in heart

during both anoxia and recovery by 1.50-fold, and 1.85-fold respectively (Figure 2.7B).
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In kidney, levels of the protein decreased to 58% (P<0.05) of the control value during
anoxia but then rebounded following aerobic recovery. Levels of Nrf2 protein were

unaffected by anoxia/recovery in liver. Nrf2 protein was not detected in turtle muscle.

Analysis of nuclear translocation of Nrf2 in liver, kidney, and heart

Transcription factors are active in the nucleus and, therefore, changes in the
distribution of the Nrf2 transcription factor between cytoplasmic and nuclear
compartments imply stress-induced changes in Nrf2 function. In liver, the amount of Nrf2
in the nuclear fraction increased by 1.97-fold (P<0.05) during anoxia and, oppositely,
decreased by 80% (P<0.05) in the anoxic cytoplasmic fraction (Figure 2.8 A and B).
These results indicate that the 57 kDa Nrf2 may have a new distribution in turtle liver
cells as a response to anoxia and translocate from the cytoplasm into nucleus during
anoxia. In kidney, however, the relative levels of Nrf2 protein were unaltered in both the
nucleus and cytoplasm during anoxia (Figure 2.9 A and B). Nrf2 protein levels in the
nuclear fraction from heart were significantly increased by 1.65-fold during anoxia as
compared with controls (P<0.05) but the amount of cytoplasmic Nrf2 remained largely

stable between control and anoxic samples (Figure 2.10 A and B).
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Figure 2.2. Mn SOD protein expression in four tissues of red-eared slider turtles. (A)
A full western blot for white muscle showing the Mn SOD protein band at ~25 kDa in
control (C), 20 h anoxic at 5°C (S), and 5 h aerobic recovery (R) samples. This
demonstrates that only a single cross-reacting band was present. (B) Representative
Western blots showing Mn SOD protein band in four tissues from control, anoxic and
recovery turtles. (C) Histograms showing the relative Mn SOD protein levels in anoxia
tolerant turtle tissues. Data are mean + S.E.M., n= 5 independent trials. * - Values for
anoxic or recovery samples are significantly different from the corresponding control

values using the two-tailed Student’s #-test, P < 0.05.
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Figure 2.2 continued

©)
Mn SOD Protein Expression in Turtle Tissues

2 *
* & Control
] .
E 15 . W Anoxic
c ORecovery
3
e 1
Q
S
s 0.5 A
K

0 - T T T

Liver Kidney Heart Muscle

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

32



Figure 2.3. GST K1 protein expression in tissues of red-eared slider turtles. (A) A
full western blot showing GST K1 protein band at ~31 kDa in kidney of control, 20 h
anoxic at 5°C and 5 h aerobic recovery turtles. Four independent samples are shown for
each condition: Control (C), lanes 2-5; Anoxic (A), lanes 6-9; Recovery (R) lanes 10-13.
A commercial protein ladder (L) from Bio-Rad Laboratories is shown in lane 1 and was
used to confirm that the anti-GST K1 antibody crossreacted with a band at the expected
size of ~31 kDa. (B) Representative Western blots showing GST K1 protein band in four
tissues from control, anoxic and recovered turtles. (C) Histograms showing the relative
GST Klprotein levels in anoxia tolerant turtle tissues. Data are mean + S.E.M., n=4
independent trials. * - Values for anoxic or recovered samples are significantly different

from the corresponding control values using the two-tailed Student’s z-test, P < 0.05.
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Figure 2.4. GST P1 protein expression in four tissues of red-eared slider turtles. (A)
Representative Western blots showing GST P1 protein band in tissues from control, 20 h
anoxic at 5°C, and 5 h aerobic recovery turtles. (B) Histograms showing the relative GST
P1 protein levels in turtle tissues. Data are mean + S.E.M., n= 4 independent trials. * -
Values for anoxic or recovery samples are significantly different from the corresponding

control values using the two-tailed Student’s ¢-test, P < 0.05.
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Figure 2.5. GST T1 protein expression in four tissues of red-eared slider turtles. (A)
Representative Western blots showing GST T1 protein band in tissues from control, 20 h
anoxic at 5°C and 5 h aerobic recovery turtles. (B) Histograms showing the relative GST
T1 protein levels in anoxia tolerant turtle tissues. Data are mean + S.EM., n=3
independent trials for muscle and n=4 for other tissues. * - Values for anoxic or recovery

samples are significantly different from the corresponding control values using the two-

tailed Student’s #-test, P < 0.05.
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Figure 2.6. GST M3 protein expression in four tissues of red-eared slider turtles. (A)
Representative Western blots showing GST M3 protein band in tissues from control, 20 h
anoxic at 5°C and 5 h aerobic recovery turtles. (B) Histograms showing the relative GST
M3 protein levels in anoxia tolerant turtle tissues. Data are mean + S.EM., n=4
independent trials. * - Values for anoxic or recovery samples are significantly different

from the corresponding control values using the two-tailed Student’s #-test, P < 0.05.
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Figure 2.7. Nrf2 protein expression in three tissues of red-eared slider turtles. (A)
Representative Western blots showing Nrf2 protein band at ~57 kDa in tissues from
control, 20h anoxic at 5°C and 5 h aerobic recovery turtles. (B) Histograms showing the
relative Nrf2 protein levels in anoxia tolerant turtle tissues. Data are mean + S EM., n =
3 independent trials for heart and n = 4 for other tissues. * - Values for anoxic or recovery
are significantly different from the corresponding control values using the two-tailed

Student’s z-test, P < 0.05.
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Figure 2.8. Nrf2 protein distributions between cytoplasmic and nuclear fractions of
liver in control and 20 h anoxic turtles. Relative protein levels of the anoxic
cytoplasmic fraction were compared with that of control cytoplasmic fraction and,
likewise, relative protein levels of the anoxic nuclear fraction were compared with that of
control nuclear fraction. (A) Representative Western blots showing detection of Nrf2
(~57 kDa) in nuclear and cytoplasmic extracts. (B) Histograms showing relative levels of
Nrf2 in cytoplasmic and nuclear fractions from liver. Data are means = SEM., n = 3
independent trials on different animals. *- Values for anoxic samples are significantly
different from the corresponding aerobic control values using the two-tailed Student’s #-

test, P < 0.05.
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Figure 2.9. Nrf2 protein distributions between cytoplasmic and nuclear fractions of
kidney in control and 20 h anoxic turtles. Relative protein levels of the anoxic
cytoplasmic fraction were compared with that of control cytoplasmic fraction and,
likewise, relative protein levels of the anoxic nuclear fraction were compared with the
control nuclear fraction. (A) Representative Western blots showing detection of Nrf2
(~57 kDa) in nuclear and cytoplasmic extracts. (B) Histograms showing relative levels of
Nrf2 in cytoplasmic and nuclear fractions from kidney. Data are means + S.EM., n = 4

independent trials on different animals.
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Figure 2.10. Nrf2 protein distributions between cytoplasmic and nuclear fractions of
heart in control and 20 h anoxic turtles. Relative protein levels of the anoxic
cytoplasmic fraction were compared with that of control cytoplasmic fraction and,
likewise, relative protein levels of the anoxic nuclear fraction were compared with the
control nuclear fraction. (A) Representative Western blots showing detection of Nrf2
(~57 kDa) in nuclear and cytoplasmic extracts. (B) Histograms showing relative levels of
Nrf2 in cytoplasmic and nuclear fractions from heart. Data are means + S.EM., n =4
independent trials on different animals. *- Values for anoxic samples are significantly
different from the corresponding control values using the two-tailed Student’s t-test, P <

0.05.
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Discussion

Anoxia-tolerant freshwater turtles such as T .s .elegans can survive hours-days of
hypoxic breath-hold diving in warm water and several months of hypoxic-anoxic
submergence during winter hibernation in cold water (Ultsch 1989). Blood gas analysis
has demonstrated that blood oxygen content drops to near 0 Torr by the end of the first
hour of anoxic submergence at 24 °C (Jackson 1969). This hypoxia/anoxia results in the
accumulation of reducing equivalents (NADH, FADH,) in the cytochrome chain of
mitochondria, and when aerobic breathing restarts, ROS are then overproduced from the
mitochondria, where excess electrons are available from the cytochrome chain (Willmore
and Storey, 1997a). So, anoxia-tolerant turtles need well-developed antioxidant defenses
that suit their lifestyle to prevent harmful actions of ROS. Importantly, previous evidence
suggested that the increase of ROS formation could also occur in organisms even under
hypoxia or anoxia conditions despite the low levels of oxygen (Halliwell and Gutteridge
1999). Palacios-Callender ef al. (2004) reported an observation of increased superoxide
generation in 3% O, (hypoxia) treated bovine cells. One possible explanation for this is
that the mitochondrial proton leak decreases with low oxygen levels, hence the
phosphorylation efficiency is increased, leading to higher superoxide production (Gnaiger
et al., 2000). Therefore, the antioxidant defense of turtles could be significant, not only
during the sudden reintroduction of oxygen into anoxic tissues with a transient burst of
free radicals, but also during potential oxidative stress encountered during the transition

into anoxia from normoxic conditions.
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Anoxia-tolerant species basically use two strategies for dealing with oxidative
stress: (1) high constitutive antioxidant defenses by antioxidant metabolites and enzymes,
and (2) anoxia-induced expression of genes encoding antioxidant enzymes (Storey, 2007).
While some evidence showed that the tissues of anoxia-tolerant turtles displayed high
constitutive antioxidant enzyme activities to prevent cellular damage caused by oxidative
stress (Willmore and Storey, 1997a), recent research in our lab has set out to determine
whether anoxia-induced antioxidant gene expression and adaptive adjustments also occur
in tissues of anoxia-tolerant turtles as responses to anoxia and reoxygenation. DNA array
screening to study anoxia-induced gene expression in hatchling painted turtles found that
various genes encoding enzymes of antioxidant defense, including isozymes of SOD,
glutathione peroxidase, GSTs and peroxiredoxin, were consistently up-regulated in turtle
heart and liver (Storey, 2007). Milton and Prentice (2007) also reported a significant
increase in SOD transcription during reoxygenation in turtle brain. Hence, accumulating
evidence suggests that adaptive regulation of genes encoding antioxidant enzymes plays a
positive role in the antioxidant defense of anoxia-tolerant turtles.

Glutathione S-transferases, a group of the most important antioxidant enzymes,
are able to catalyze the conjugation of reduced glutathione with various substrates
produced by oxidative stress. Once formed, the conjugates can then be exported from the
cell by ATP-dependent glutathione S-conjugated efflux pumps (Hayes and Pulford, 1995).
In the present chapter, the effect of 20 h anoxic exposure and 5 h aerobic recovery on the

regulation of expression of turtle GST isozymes, including GST K1, GST T1, GST P1
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and GST M3, was studied by Western blotting. The data for GSTs show that
organ-specific changes in the amount or classes of GST isozymes occurred under anoxia
and/or recovery from anoxia in turtle tissues. In many times, GST protein content was
significantly increased during the 20 h anoxia exposure. For example, turtle GST K1
protein levels (Figure 2.3 C) increase significantly by about 2-fold in kidney, liver and
muscle during anoxia whereas GST T1 levels rose significantly in turtle liver, heart and
muscle. Both GST P1 and GST M3 were specifically elevated in skeletal muscle under
anoxia. These data are consistent with the notion that GST isoforms are differentially
expressed in tissue-types in response to anoxia stress, possibly reflecting that individual
tissues have unique needs for protection against oxygen stress. Specifically, the
importance of GST protection to skeletal muscle is emphasized by the data since the
protein content of all four GST isozymes was elevated under anoxia in muscle. The
up-regulation of GSTs during anoxia itself is consistent with the notion that there is an
anticipatory upward adjustment of the turtle antioxidant defense system in preparation for
reoxygenation after anoxia. Furthermore, as mentioned above, evidence showed that
oxidative stress could occur in organisms even if the oxygen level is low (hypoxia or
anoxia). Therefore, anoxia-induced GST expression may also play a role in dealing with
the potential oxidative damage during anoxia in turtle tissues.

Other trends of anoxia-induced up-regulation of GSTs were also observed. In the
case of GST K1 in turtle heart, the protein level remained the same during anoxia and

recovery compared with control suggesting that induction of GST K1 isoform is not
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involved in anoxia/recovery antioxidant defense in turtle heart. It is possible that other
GST isozymes or antioxidants other than GST K1 are involved and serve to help improve
antioxidant defense of turtle heart since results showed there was a 1.43-fold
compensatory up-regulation of GST T1 during anoxia in turtle heart. GST P1 showed
up-regulated levels in skeletal muscle during anoxia and recovery. In other turtle tissues,
however, GST P1 ‘levels either remained unchanged or decreased after anoxia and
recovery treatments. GST P1 is highly efficient in the detoxification of electrophilic alpha,
beta-unsaturated carbonyl compounds produced by radical reactions, lipid peroxidation,
ionizing radiation, and drug metabolism (Berhane et al., 1994). Similar to GST P1, the
GST M3 isozyme was only elevated in anoxic muscle. Interestingly, in heart, protein
content of GST M3 was significantly reduced (by 60%) during anoxia but rose
significantly (by 1.57-fold) in recovery compared with controls. This suggests that turtle
heart GST M3 expression is induced by reoxygenation when more ROS is overproduced
rather than anoxia.

Notably, the data showed that each turtle GST enzyme showed different patterns
of response both between tissues and as compared with other enzyme family members in
the same tissue. Indeed, biological differences in GST induction based on organs, species,
age, sex and so on, have been observed previously in mammals. For example, Hayes and
Pulford (1995) reported that inducing agents frequently produced a greater increase in
GST levels in mouse stomach than in the liver. The different anoxia-induced expression

of GSTs in turtle tissues might be due to the different properties of tissues such as their
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respective physiological functions, their risk of exposure to oxidative damage, and the
balance between synthesis and degradation of proteins during “normal metabolism” (Sani
et al., 2006). Furthermore, GST isozymes display marked differences in their ability to
conjugate GSH with various electrophiles, which also display selectivity for particular
classes of GST isozymes. For instance, 4-hydroxynonenal is selective for GST A4,
whereas 1,2-dichloro-4-nitrobenzene (DCNB) is for GST M1 (Hayes and Pulford, 1995).
Hence, it could be speculated that different GST isozymes might be needed for removing
different oxidative breakdown products caused by oxidative stress in specific turtle
tissues.

Cellular defenses against oxidative stresses occurring during anoxia and
reoxygenation include both cytosolic and mitochondrial enzymatic antioxidants (JeZek
and Hlavata, 2005). Cytosolic antioxidant defenses include the glutathione S-transferases,
as discussed above. A primary mitochondrial antioxidant defenses against oxidative
damage is manganese superoxide dismutase (Mn SOD). Mn SOD provides the first line
of defense against ROS by dismutation of superoxide at the site of its synthesis. In this
study, protein levels of turtle Mn SOD were measured over the anoxia/recovery cycle to
see if the enzyme was induced by anoxia and recovery treatments. Western blotting
showed that Mn SOD protein content was significantly higher in turtle heart and muscle
during anoxia suggesting that anoxia is potent inducer of Mn SOD gene expression in
these organs. This again indicates that heart and muscle of anoxia-tolerant turtles increase

their antioxidant defenses as an anticipatory response in order to deal with the oxidative
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stress that follows prolonged anoxia. These results are consistent with previous evidence
showing the role of Mn SOD in mammals. Jones et al. (2003) reported that a three-fold
up-regulation of Mn SOD activity significantly attenuated myocardial necrosis following
induced ischemia/reperfusion in mice. Endurance training also induced Mn SOD
expression in rat skeletal muscles (Hollander et al., 1999). These studies indicate that Mn
SOD gene expression is activated by a number of stimuli. On the other hand, Mn SOD
protein levels did not change significantly in turtle liver and kidney during anoxia and
recovery. This may suggest that Mn SOD is not as critical in these organs as it is in
muscles and hearts. Alternatively, the constitutive activities of Mn SOD in these organs
might be sufficient to deal with any ROS production occurring over anoxia/recovery
cycles; further studies to assess Mn SOD activities in these tissues and compare the
activities with other organisms would be necessary to evaluate this possibility.

Gene structure analysis of 5°- flanking region of the rat GST Ya subunit gene and
the NAD(P)H: quinone reductase gene has demonstrated that a common regulatory
element located in the promoters of these antioxidant genes is the antioxidant response
element (ARE) (Rushmore ef al., 1991). The transcription factor, Nrf2, has been showed
to regulate the expression of ARE-containing genes during both basal and stress
conditions through translocation to the nucleus and binding to the ARE (Kobayashi et al.,
1999). Therefore, it is possible that the inducible regulation of GST and Mn SOD gene
expression found in turtle tissues may be correlated with the activation of Nrf2, along

with other potential transcription factors that regulate these genes.
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In this chapter I looked at Nrf2 relative expression levels during anoxia and
recovery and tested the translocation of Nrf2 during anoxia by studying the distribution
of the protein between cytoplasmic and nuclear fractions. The results for Nrf2 suggest the
possible involvement of Nrf2 / ARE pathway in the induction of GSTs and Mn SOD by
anoxia or/and recovery in turtles. Western blot analysis of Nrf2 revealed that levels of the
protein increased in heart during anoxia and recovery. This is correlated with the elevated
levels of Mn SOD and GST T1 protein in heart during anoxia. Furthermore, Nrf2 protein
levels in the nuclear fraction from heart were significantly increased during anoxia.
Combined with the observation of the up-regulated expression level of Nrf2 total protein
in heart, this further suggests that a high proportion of Nrf2 protein may move to the
nucleus, where Nrf2 could bind to ARE to promote more expression of its downstream
genes such as Mn SOD and GST TI. Levels of Nrf2 total protein were unaffected by
anoxia/recovery in liver. However, distribution analysis of Nrf2 in liver showed
significantly enhanced amount of Nrf2 in the nuclear fraction during anoxia and a
decreased amount in the anoxic cytoplasmic fraction. These results imply that Nrf2
protein translocated from liver cytoplasm to the nucleus during anoxia treatment.

In kidney, Nrf2 protein content decreased to 58% of the control value during
anoxia. The subcellular distribution of Nrf2 protein in kidney was unaltered in both the
nucleus and cytoplasm during anoxia. Hence, taken together, it is possible that other
molecular pathways may be involved in the regulation of the anoxia-responsive

expression of GSTs and Mn SOD in kidney. Indeed, previous experiments found that an
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NF-Kb-like element located in the region of GST P1 promoter appeared to be responsible
for regulation of GST P1 expression in human breast adenocarcinoma (MCF7) cells
(Hayes and Pulford, 1995). Hussain et al. (2004) observed pS53-dependent up-regulation
of MnSOD transcription in some cell lines. Thus, it could not be ruled out that other
cis-acting elements in promoter regions of these genes and other transcription factors
might be responsible for the regulation of antioxidant responsiveness to oxidative stress
in turtle kidney.

In conclusion, these results demonstrated that some GST isozymes were
upregulated at the protein level in multiple tissues during anoxia/recovery in
anoxia-tolerant turtles. Mn SOD levels were also elevated in heart and muscle during
anoxia exposure. The upregulated antioxidant enzymes during anoxia and/or recovery
may contribute to minimizing the danger of damage by ROS during transitions between
anoxic and aerobic states. In addition, Nrf2 data showed the enhanced level of Nrf2
protein in heart during anoxia/recovery and the translocation of Nrf2 to nucleus in heart
and liver. These suggest that the control of GST and Mn SOD expression during
anoxia/recovery may be under the regulation of the Nrf2 transcription factor regulating
gene expression via the ARE. Further work remains to be done to clarify the precise

mechanism of the Nrf2/ARE pathway in turtle tissues.
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Chapter 3
Expression of Bcl-2 family proteins and

antiapoptotic defense in red-eared slider turtles
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Introduction
Apoptosis is a highly controlled process that involves the activation of a genetically
determined programmed cell suicide resulting in a morphologically distinct type of cell
death characterized by cell shrinkage, nuclear condensation, DNA fragmentation,
membrane reorganization, and blebbing (Kerr ez al., 1972). There is growing evidence
that the induction and regulation of apoptosis is oxygen-dependent, at least in some cases.
For example, McClintock et al. (2002) observed increased cell death with a decrease in
the mitochondrial membrane potential during oxygen deprivation in cultured rat
fibroblasts. Magherini ef al. (2007) reported that hydrogen peroxide (oxidative stress)
induced apoptosis in exponentially growing yeast cells. Thus, both oxygen deprivation
(hypoxia or anoxia) and oxidative stress can induce apoptosis in a variety of cell types.
Anoxia tolerant turtles naturally encounter high variation in oxygen availability
during hypoxic/anoxic diving or hibernation followed by aerial surfacing, which has
parallels to ischemia/reperfusion in nontolerant organisms, as discussed in Chapter two.
In nontolerant organisms, such anoxia leads to a disruption of ATP production by cellular
respiration in mitochondria, which ultimately results in cell death (Brunelle and Chandel,
2002). In addition, oxygen reperfusion causes an overproduction of ROS that has been
shown to be inducers or secondary messages of apoptosis (Skulachev, 2000). Therefore,
in order to survive natural cycles of anoxia/reperfusion, anoxia tolerant turtles should
have regulatory mechanisms that could suppress or override the triggering of apoptosis.

The promotion or inhibition of cell death is regulated by conserved apoptosis
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pathways. To date, two major pathways have been identified by which cells can initiate
and execute the cell death process: the death receptor pathway and the mitochondrial
pathway (Gupta, 2001). The mitochondrial pathway of apoptosis is regulated by the Bcl-2
(B cell leukemia/lymphoma protein 2) family of proteins that is comprised of both
antiapoptotic members (such as Bcl-X;, Bcl-2 and Mcl-1) and proapoptotic members
(such as Bad, Bax, and Bak) (Vander and Thompson, 1999). Studies suggest that the
complex expression balance and interaction of anti- and pro-apoptotic proteins of the
Bcl-2 family regulates the mitochondrial pathway of apoptosis in cells (Gross et al.
1999).

Antiapoptotic members of Bcl-2 family such as Bcl-2, Bcl-Xp and Mcl-1 reside in
the mitochondrial outer membrane and stop cell death by preventing the loss of outer
mitochondrial membrane integrity (Janumyan et al., 2003; Kluck ef al., 1997). Evidence
shows that enhanced expression of anti-apoptotic proteins could limit apoptosis in cells.
For instance, Piret et al. (2005) found that overexpression of myeloid cell factor-1 (Mcl-1)
protects hypoxic cells against ters-butyl hydroperoxide-induced apoptosis. The
over-expression of Bcl-Xi also prevented apoptosis due to oxygen deprivation in rat
fibroblasts by inhibiting the release of cytochrome ¢ from the mitochondria (McClintock
et al., 2002). In addition to modulating the levels of Bcl-2 family members in response to
death signals, the function of these proteins can be also regulated by post-translational
modification such as phosphorylation. For example, Huang and Cidlowski (2002)

reported that the ability of Bcl-2 to inhibit steroid-induced cell death depends on the
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phosphorylation status of Bcl-2. Dephosphorylation of Bcl-2 was observed during the
induction of apoptosis (Horiuchi ef al., 1997) whereas phosphorylation of Bcl-2 at S70
was associated with enhanced antiapoptotic activity in cells (Deng et al., 2004).

Proapoptotic members such as Bad are located in the cytosol and act as sensors of
cellular stress and stimuli (Opferman and Korsmeyer, 2003). Bad protein contains 23
serines and 10 threonines within 204 amino acids, and among them, serine 112, 136, and
155 have been identified as phosphorylation sites (Tan ef al., 2000; Merighi et al., 2007).
In living cells, Bad is phosphorylated by survival factor signaling pathways, including
protein kinase A (PKA), protein kinase B (Akt), mitogen-activated protein kinases
(MAPKSs), or P21-activated kinase (PAK) (Cowan, 2004). Previous data have suggested
that phosphorylation of Ser-112 and Ser-136 results in Bad sequestration by cytosolic
14-3-3-family proteins, and thus blocks the apoptotic potentials of Bad by preventing its
binding to Bcl-X and Bcl-2 on the outer membrane of mitochondria (Figure 3.1) (Hirai
and Wang, 2001; Merighi et al., 2007). Once activated by death signaling, Bad is
dephosphorylated by calcineurin (PP-2B) or protein phosphatase 1 alpha and relocates to
the mitochondrial surface where it forms heterodimers with Bcl-X; and Bcl-2, reverses
their death repressor activity and initiates mitochondrial apoptosis (Figure 3.1) (Hasan et
al., 2006).

Tissues of adult red-eared slider turtles (7. s. elegans), experience
anoxia/reoxygenation without initiating apoptosis. Hence, I hypothesized that altered

expression of the anti-apoptotic proteins, Bcl-Xi, Bel-2 and Mcl-1, and the pro-apoptotic
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protein, Bad, may be involved in the adaptive strategy against apoptosis during anoxia
and recovery in turtle tissues.

The present chapter uses Western blotting to measure the relative expression
levels of antiapoptotic members of Bcl-2 protein family including Bel-Xp, Bcl-2 and
Mcl-1, and examines changes in the amounts of phospho-Bad Ser 112 in selected tissues
of control, 20 h anoxic and 5 h recovered red-eared slider turtles. In addition, a partial
bcl-xI cDNA sequence was amplified and used to quantify transcript levels in turtle heart
by RT-PCR. The results suggest that the enhanced expression of anti-apoptotic proteins
and the suppression of pro-apoptotic proteins occurs in selected tissues during anoxia
and/or recovery and may contribute to the anti-apoptotic defense and cell survival in

anoxia tolerant turtles.

Materials and Methods

Animals

Adult red eared slider turtles, T s. elegans, were treated as described in Chapter 2.

Semi-Quantitative RT-PCR analysis of Bcl-xL gene expression

Total RNA Isolation: To prevent RNAase contamination, all materials and

solutions used for RNA isolation were treated with 0.1% v/v diethylpyrocarbonate
(DEPC) at room temperature (RT, ~21°C) for 12 h and subsequently autoclaved. Frozen

tissue samples of ~100 mg were weighed and then homogenized in 1 ml of Trizol™
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reagent (Invitrogen) using a Polytron PT1000. After sitting for S min at RT, 200 pl of
chloroform was added and mixed for 30 s by votex, followed by a further 5 min
incubation at RT. Samples were then centrifuged at 11,000 rpm for 15 min at 4°C. The
upper aqueous layer containing total RNA was removed and transferred to a
DEPC-treated 1.5 ml Eppendorf tube containing 500 pl isopropanol. After gentle shaking,
the RNA was precipitated at RT for 10 min. The samples were centrifuged at 11,000 rpm
for 15 min to pellet the RNA, the supernatant was discarded and 1 ml of 70% ethanol was
used to remove lingering chemicals from the RNA pellet. After centrifugation at 11,000
rpm for 5 min, the supernatant was removed and the final RNA pellet was air-dried for 15
min at RT and then resuspended in 35 pl DEPC-treated water. The quality and quantity
of total RNA was judged based from measurements of absorbances at 260 nm and 280
nm (GeneQuant).

In addition, all RNA samples were assessed using 1% agarose gel electrophoresis
with ethidium bromide staining to check for the integrity of 18S and 28S ribosomal RNA
(rRNA) bands. Briefly, RNA samples were mixed with loading buffer containing 40%
w/v sucrose, 0.25% w/v bromophenol blue and 0.25% w/v xylene cyanol FF. Samples
were loaded onto 1% agarose TAE gels (1% w/v agarose, 40 mM Tris-acetate, 1 mM
EDTA, pH 8.3, 0.0005% v/v EtBr) with 1X TAE running buffer (40 mM Tris-acetate, 1
mM EDTA, pH 8.3) and separated by electrophoresis at 90 V for 45 min. RNA bands was
visualized using the UV transilluminator function of the SynGene. High quality of RNA

sampled was confirmed by detecting the presence of sharp and distinct 28S and 18S
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rRNA bands. RNA samples were stored at -80°C until further use.

First Strand cDNA synthesis: Samples containing 20 pug total RNA were diluted with

DEPC water to 10 ul final volume and then 1 pl of 200 ng/ul oligo-dT
(O’-TTTTTTTTTTTTTTTTTITTTTTV-3"; V=A or G or C)(Sigma Genosys) was added
to each. Sample were then placed in a 68°C water bath for 5 min to denature RNA
secondary structure. The mixture was then snap cooled on ice and then 4 pl 5X first
strand buffer, 2 pl 0.1 M DTT, 1 pl 10 mM dNTPs and 1 pl M-MLV Reverse
Transcriptase (all reagents from Invitrogen) were added; final total volume was 19 pl.
The mixture was incubated at 40°C for 60 min and then the cDNA stock was stored at
-20°C. Serial dilutions (10, 107, 107, 10, and 10°) of the ¢cDNA stock were prepared in
DEPC-treated water and then these were used for PCR amplification.

PCR amplification: Gene specific primers for turtle Bcl-xL were designed based

on a consensus sequence of Bel-xL derived from the chicken, frog, pig, and rat sequences
obtained from NCBI Genbank. Sequences were imported into DNAMAN 4.11 (Lynnon
Biosoft) and a multiple sequence alignment was used to identify highly conserved regions
of consensus sequence. These were then imported into the Primer Designer program
(v.3.0, Scientific and Educational Software) and used to generate both forward and
reverse gene-specific primers for Bcl-xL. The nucleotide sequences of the Bcl-xL primer
pairs were: Forward: 5’-GGATACAGCTGGAGTC-3’
Reverse: 5’- ACTACCTGCTCAAAGCTCTG-3".

The housekeeping gene B-actin was amplified as an internal control; the primers used for
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this were: Forward: 5’-CACCAACTGGGACGACATGG-3’

Reverse 5’-GTCGGCCAGCTCGTAGCTCT-3".
All primers were synthesized by Sigma Genosys and were aliquoted into 300 pmol/pl
stocks in DEPC-treated water and stored at -20°C.

For each set of cDNA serial dilutions, two separate PCR reactions were
performed, one to evaluate the quantity of the cDNA of interest (Bc/-xL) and the other to
evaluate the quantity of the housekeeping gene, B-actin. A tube with reaction mix and
B-actin primers but with no cDNA was also used as a negative control. The PCR reaction
in a 25 pL final volume contained 14 pL of sterile water, 5 uL of diluted cDNA, 1.25 pL
30 nmol/ml forward and reverse primer mixture (1:1), 2.5 pL of 10X PCR buffer
(Invitrogen), 1.25 pL of 50 mM MgCl,, 0.5 pL of 10 mM dNTPs and 0.5 pL of Tag
Polymerase (prepared by the lab of Dr. W. Willmore, Carleton University). The PCR
reaction was started with an initial step of 4 min at 94°C followed by 32 cycles of 30 sec
at 94°C, 30 sec at 57°C, and 30 sec at 72°C; the final step was 72°C for 7 min. Reactions
were performed in a Mastercycler gradient PCR machine (Eppendorf) or an iCycler PCR
machine (BioRad). The resulting PCR products were run on 1% agarose/ethidium
bromide gels prepared as above, and the single specific cDNA bands of interest at the
right position were visualized and quantified using the SynGene.

Quantification: The intensity of the most dilute PCR product that was visible was chosen
for quantification purposes to make sure that the products had not become saturated during

PCR amplification. This ensures that the final intensity of PCR products chosen for
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measuring relative levels of mRNA were proportional to the original amount of mRNA in
tissue samples. Quantification of band intensities was performed with the SynGene and the
GeneTools program (Syngene, MD, USA). Band intensities for Bcl-xL and B-actin were
quantified for all samples and the ratio was Bcl-xL / B-actin was calculated. Mean
normalized band intensities for control, anoxic and recovered samples were then calculated
followed by significance testing using the Student’s t-test with P<0.05 accepted as
significantly different.

Sequencing confirmation: RT-PCR products were sequenced by the Ontario

Genomics Innovation Centre (Ottawa, ON). Sequences were verified as encoding Bel-xL

using the program BLASTN (http://www.ncbi.nlm.nih.gov/blast) at NCBI.

Western blotting

Western blotting was carried out as described in Chapter 2 with aliquots of tissue
extracts containing 20-75 pg of soluble protein loaded into wells of 12% SDS-PAGE gels,
followed by electrophoresis and transfer to PVDF membranes. Membranes were blocked
and washed as described previously and then incubated overnight at 4°C with primary
antibody diluted in 1X TBST. The primary antibodies used were rabbit polyclonal
antibodies raised against phospho-Stat3 (Tyr705) diluted 1:1000, phospho-Stat3 (Ser727)
diluted 1:1000, Bcl-2 diluted 1:500, phospho-Bel-2 (Ser70) diluted 1:1000, Bel-xL
diluted 1:300, Mcl-1 diluted 1:1000 and phospho-Bad (Ser112) diluted 1: 500 (Cell

Signaling Technologies). Secondary antibody (1:2000 v/v dilution) incubations were
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carried out for 2 hours at RT and followed by 3 X 5§ min washes in 1X TBST. Blots were
developed using the enhanced chemiluminescence assay and scanned and analyzed using

the SynGene.

Results
c¢DNA cloning of bcl-xI from T. s. elegans

Using RT-PCR and primers derived from the consensus sequence of bcl-xI from
chicken, pigs and house mice, a PCR product of 243 bp was retrieved from total RNA
prepared from skeletal muscle of 7. 5. elegans. The nucleotide sequence of the turtle
bel-xI fragment and its deduced amino acid sequence are shown in Figure 3.2. The cDNA
sequence was verified as encoding bcl-x/ using the program BLASN at NCBI. The
deduced amino acid sequence was also verified to be Bcl-X| protein by using the
program BLASTP at the same site. Figure 3.3 A shows the 235 nucleotide partial cDNA
sequence of turtle bcl-x/ aligned with the corresponding regions of the chicken, pig and
mouse nucleotide sequences whose full size coding sequences (CDs) are 690, 702 and
702 nucleotides, respectively. Hence, the turtle sequence represents ~33% of the CDs of
the other species. The homology tree in Figure 3.3 B shows that adult turtle bcl-x/ shares
79% nucleotide identity with the chicken sequence and 66% identity with the pig and
mouse sequences over the amplified region.

Figure 3.4 A shows the translated partial amino acid sequence of turtle Bcl-Xp

protein aligned with the sequences for the chicken, pig and mouse proteins. The full
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Bcl-X sequence has 229 residues in chicken, 233 residues in pig and 233 residues in
mouse whereas the amplified portion of turtle Bcl-Xi. encoded 78 amino acids,
corresponding to ~34% of the full sequence. The homology tree (Figure 3.4B) shows that
the deduced amino acid sequence of the adult turtle Bcl-Xi protein shared 68% identity

with chicken Bcl-X; and was 57% identical to the mammalian sequences.

Transcript levels of bcl-xl in the heart of T s. elegans

The effect of 20 h anoxia and 5 h recovery on bcl-x! transcript levels was assessed
in turtle heart by semi-quantitative RT-PCR. The housekeeping gene p-actin was
amplified as an internal control together with the corresponding gene of interest. Figure
3.5 A shows bcl-xI mRNA expression in heart together with expression levels of g-actin.
PCR was conducted using 5 dilutions of cDNA prepared from heart mRNA from control,
anoxic and recovered turtles using either bc/-x/ primers or g-actin primers. Transcript
levels of bcl-x! were then normalized against g-actin amplified from the same samples.
Figure 3.5 B shows the results from quantifying the bands for three independent trials in
turtle heart. The 10 dilution was chosen to quantify the relative levels of PCR products
(representing relative mRNA levels) in the control, anoxia and recovery samples. The
result showed that transcript levels were significantly decreased by 63% in turtle heart
during anoxia compared with the control and then returned to control levels during

recovery.
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Western blotting analysis of Bcl-Xy, protein levels in turtle heart and muscle

Bcl-X protein expression was measured by Western blotting in the heart and
white muscle of aerobic control, anoxic (20 h at 5°C) and aerobic recovered (5 h at 5°C)
turtles. The Bcl- X1, antibody cross-reacted with a major band at the expected molecular
weight of ~30 kDa. Figure 3.6 shows that in heart, Bcl-X|, content increased significantly
(P<0.05) by 1.57-fold after 20 h anoxia and returned control levels during the aerobic
recovery. Bcl-Xi protein levels remained unchanged during anoxia and recovery in

skeletal white muscle.

Western blotting analysis of Bcl-2 and phospho-Bcl-2 (ser70) protein levels

Total Bcl-2 protein, as well as the amount of phospho-Bcl-2 phosphorylated on
Ser 70, was measured via Western blotting in extracts of liver, kidney, heart and muscle
from control, anoxic and recovered turtles (Figure 3.7A and Figure 3.8A). The anti-Bcl-2
and anti-phospho-Bcl-2 (Ser70) polyclonal antibodies cross-reacted with a major band at
the expected molecular weight of the protein (~30 kDa). Figure 3.7 B shows that the total
amount of Bcl-2 protein did not change during anoxia in liver but it decreased
significantly (P<0.05) during recovery by 45%. Despite the unchanged total Bcl-2 protein
content during anoxia, the level of phosphorylated Bcl-2 (Ser70) in liver rose by
3.45-fold during anoxia (P<0.05 compared with control) (Figure 3.8 B). After aerobic
recovery, however, the level of phospho-Bcl-2 protein in liver was strongly reduced to

just 37% of the control (P<0.05). In heart, anoxia treatment did not affect total Bcl-2
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content, but recovery caused a significant decrease in the total amount of Bcl-2 protein by
47%. For phospho-Bcl-2 protein expressed in heart, there was no significant difference
during anoxia and recovery compared with control. In muscle, the total amount of Bcl-2
protein rose significantly (P<0.05) during anoxia by 2.13-fold, but then returned the
control level after recovery. A similar expression pattern of phospho-Bcl-2 was observed
in muscle where the level of phospho-Bcl-2 increased by 2.99-fold during anoxia (P<0.05)

and then returned to control levels during recovery.

Western blotting analysis of Mcl-1 protein levels in 7. s. elegans

The effects of anoxia and recovery on the protein content of another Bcl-2 family
member, Mcl-1, were examined in liver, kidney, heart and muscle of anoxia tolerant
turtles (Figure 3.9). Initial studies showed that the antibodies crossreacted with only a
single band at the expected molecular weight of ~40 kDa for the protein. In liver, Mcl-1
content remained unchanged during anoxia and recovery. Mcl-1 protein showed an
interesting expression pattern in kidney by decreasing to 54% of the control level during
anoxia followed by increasing strongly by 2.65-fold (P<0.05) during aerobic recovery. In
heart, the amount of Mcl-1 protein rose significantly (P<0.05) during anoxia by 2.13-fold,
and remained elevated after recovery. Skeletal muscle protein levels of Mcl-1 were also
elevated strongly (P<0.05) by 3.09-fold during anoxia and then returned to near control

levels after aerobic recovery.
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Phospho-Bad (Ser 112) protein levels in 1. s. elegans

Western blotting was performed to assess phospho-Bad (Ser112) content in some
tissues of turtles (Figure 3.10). Although antibody for total Bad protein was tested, it did
not crossreact with the turtle protein in any tissue; only the antibody recognizing the
phosphorylated peptide (typically a highly conserved sequence) was detectable in turtle
extracts. In muscle, the anti-pBad (Serll2) antibody detecting the specific
phosphopeptide showed a 1.31-fold (P < 0.05) increase in the amount of phosphorylation
at Ser 112 during anoxia exposure. However levels of pBad (Ser 112) in liver decreased
significantly during anoxia and recovery by 37% and 43%, respectively, compared with
controls. Similarly, in kidney, the content of phosphorylated Bad (Ser 112) decreased

significantly to 58% (P<0.05) of the control value during anoxia and then rose up to 71%

of the control after 5 h recovery.
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Figure 3.1 In living cells, Bad is phospohrylated by survival factor signaling pathways,
which including protein kinase A (PKA), protein Kinase B (Akt), mitogen-activated
protein kinases (MAPKSs), or P21-activated kinase (PAK). Phosphorylation then results in
Bad sequestration by cytosolic 14-3-3-family proteins, and thus blocks the apoptotic
potentials of Bad by preventing its binding to Bcl-X; and Bel-2 on the outer membrane of
mitochondria. Once activated by death signaling, Bad is dephosphorylated by calcineurin
(PP-2B) or protein phosphatase 1 alpha and relocate to the mitochondrial surface where it
forms heterodimers with Bel-X; and Bcl-2, reverses their death repressor activity and
initiates mitochondrial apoptosis.

Figure adapted from Cowan, 2004.
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Figure 3.2 Partially amplified bcl-xI cDNA sequence and deduced amino acid sequence
of Bcl-Xy from white skeletal muscle of red-eared slider turtles (7. s. elegans).
Nucleotides and amino acids are numbered on the left. A single open reading frame was

predicted from the nucleotide sequence and coded for a polypeptide with 78 residues.
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Figure 3.3 (A) The cDNA sequence of bcl-xI from red-eared slider turtle (7. s. elegans)
aligned with nucleotide sequences of chicken (Gallus gallus), pig (Sus scrofa) and house
mouse (Mus musculus) (Genbank accession numbers: NM_001025304, AF216205 and
NM_009743, respectively). Dashes (-) represent nucleotides in the chicken, pig and
house mouse sequences that are identical with the turtle sequence; spacer dots are
inserted when nucleotides are not present in all sequences. (B) Homology tree of partial

turtle, chicken, pig and house mouse nucleotide sequences showing the percent identities.
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Figure 3.4 (A) Bcl-Xy partial amino acid sequence from red-eared slider turtle (7. s.
elegans) aligned with chicken (Gallus gallus), pig (Sus scrofa) and house mouse (Mus
musculus) sequences (Genbank accession numbers: NP 001020475, NP_999450 and
NP_033873, respectively). A highly conserved amino acid region in the turtle sequence,
the BH3 domain, is indicated in bold underline. Dashes (-) represent amino acids in the
chicken, pig and house mouse sequences that are identical with the turtle sequence;
spacer dots are inserted when amino acids are not present in all sequences. (B) Homology
tree of partial turtle, chicken, pigs and house mice amino acid sequences showing the

percent identities.
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Figure 3.5 Analysis of bcl-x/ transcript levels in red-eared slider turtle heart by RT-PCR.

(A) Representative RT-PCR of bcl-x/, relative to B-399 in a serial dilution of heart cDNA
from control, anoxic and recovery samples. (B) Relative bcl-x/ mRNA levels in heart of
turtles from three conditions: control (5°C), anoxia (20 h at 5°C) and aerobic recovery (5
h at 5°C after 20 h anoxia) as determined by RT-PCR. The 107 dilution was quantified
for the histogram. Histogram shows mean + SEM, n=3 independent determinations. *-
Values for anoxic samples are significantly different from the corresponding control

values using the two-tailed Student’s #-test, P < 0.05.
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Figure 3.6 Western blots analysis of Bcl-Xyi, protein content in heart and skeletal muscle
of red-eared slider turtles from three conditions: control (5°C acclimated), anoxia (20 h at
5°C) and aerobic recovery (5 h at 5°C after 20 h anoxia). (A) Representative Western
blots showing the Bcl-X; protein band at ~30 kDa in tissues of control, anoxic and
recovered turtles. Protein bands were normalized against Coomassie stained bands. (B)
Histograms showing the relative Bcl-X protein levels in turtle tissues. Data are mean +
SEM, n= 4 independent trials. * - Values for anoxic samples are significantly different

from the corresponding control values using the two-tailed Student’s 7-test, P < 0.05.
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Figure 3.7 Bcl-2 protein expression in three tissues of red-eared slider turtles. (A)
Representative Western blots showing the Bcl-2 protein band at ~30 kDa in tissues of
control, anoxic and recovered turtles. Protein bands were normalized against Coomassie
stained bands. (B) Histograms showing the relative Bcl-2 protein levels in turtle tissues.
Data are mean + SEM, n= 4 independent trials for liver and muscle and n=3 for heart. * -
Values for anoxic or recovery samples are significantly different from the corresponding

control values using the two-tailed Student’s ¢-test, P < 0.05.
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Figure 3.8 Protein expression of phospho-Bcl-2 (Ser70) in three tissues of red-eared
slider turtles. (A) Representative Western blots showing the phospho-Bcl-2 (Ser70)
protein band at ~30 kDa in tissues of control, anoxic and recovered turtles. Protein bands
were normalized against Coomassie stained bands. (B) Histograms showing the relative
phospho-Bcl-2 (Ser70) protein levels in turtle tissues. Data are mean + SEM, n= 3
independent trials. * - Values for anoxic or recovery samples are significantly different

from the corresponding control values using the two-tailed Student’s ¢-test, P < 0.05.
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Figure 3.9 Mcl-1 protein expression in four tissues of red-eared slider turtles. (A)
Representative Western blots showing the Mcl-1 protein band at ~40 kDa in tissues of
control, anoxic and recovered turtles. Protein bands were normalized against Coomassie
stained bands. (B) Histograms showing the relative Mcl-1 protein levels in turtle tissues.
Data are mean + SEM, n= 4 independent trials for liver and kidney and n=3 for heart and
skeletal muscle. * - Values for anoxic or recovery samples are significantly different from

the corresponding control values using the two-tailed Student’s ¢-test, P < 0.05.
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Figure 3.10 Protein expression of phospho-Bad (Ser112) in three tissues of red-eared
slider turtles. (A) Representative Western blots showing the phospho-Bad (Ser112)
protein band at ~30 kDa in tissues of control, anoxic and recovered turtles. Protein bands
were normalized against Coomassie stained bands. (B) Histograms showing the relative
phospho-Bad (Ser112) protein levels in turtle tissues. Data are mean + SEM, n= 4
independent trials. * - Values for anoxic or recovery samples are significantly different

from the corresponding control values using the two-tailed Student’s ¢-test, P < 0.05.
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Discussion

Apoptosis can be induced by a wide array of death signals such as anoxia and
oxidative stress in species that are not tolerant of these stresses. However, tissues of
anoxia tolerant turtles undergo repeated bouts of anoxia and reoxygenation without
encountering apparent injury and apoptosis. The mechanisms underlying antiapoptotic
regulation in anoxia tolerant turtles during anoxia and the following aerobic recovery
were unknown prior to the present study. Studies of mechanisms of apoptotic regulation
in mammals have suggested that modulation of the levels of Bcl-2 family members plays
an important role in controlling cell fate. For example, according to Parsadanian et al.
(1998), Bcl-X overexpression was neuroprotective with substantially enhanced neuron
survival in the hippocampus of hypoxia-ischemia treated mice. Saitoh et al. (2003)
reported that up-regulation of Bcl-2 protein prevented hypoxia/reoxygenation-induced
cell death in rat fibroblastic cells. Thus, growing evidence has suggested that enhanced
protein expression of antiapoptotic members of Bcl-2 protein family delays or blocks
apoptosis in a variety of cells in response to stress stimuli. On the other hand,
loss-of-function analysis revealed that Bcl-2-deficient mice displayed apoptosis of
lymphocytes and developmental renal cell death (Veis et al., 1993). Apoptotic stimuli,
such as DNA damage, lead to increased expression of proapoptotic family members
(Petros et al., 2004). Furthermore, covalent modification by protein phosphorylation
alters anti or pro apoptotic activities and interactions of Bcl-2 family proteins. For

example, it has been shown that phosphorylation of the proapoptotic protein Bad at serine
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112 results in its sequestration in the cytosol which prevents it from interacting with
Bcl-X;, and Bcl-2 at the mitochondrial membrane, and thus inhibits the proapoptotic
actions of the Bad protein (Zha et al., 1996; Tan et al., 2000).

Bcl-Xy, protein belongs to the antiapoptotic members of the Bcl-2 protein family,
which protect cells against a broad range of apoptotic stimuli. In this chapter, the bcl-x/
gene sequence from 7. s. elegans white muscle was partially cloned. Analysis of the
bcl-xI nucleotide and putative amino acid sequences demonstrated that turtle bc/-x/ shares
high identity with the isoform from chicken (79% nucleotide identity and 68% amino
acid identity), but relatively low identity with mammalian species such as house mouse
and pig (66% nucleotide identity and 57% amino acid identity).

Previous structural analysis of the Bcl-2 family in mammals has demonstrated
that the Bcl-X¢ protein contains regions of similarity to other Bcl-2 family proteins,
termed Bcl-2 homology (BH) 1-4 domains (Danial and Korsmeyer, 2004). BH domains
are short alpha-helix motifs which mediate protein:protein interactions between Bcl-2
family proteins and are important for apoptosis regulation (Gross et al., 1999). Indeed,
the structure of a mammalian Bcl-X; monomer revealed that its BH1, BH2, and BH3
domains were in close proximity and created a hydrophobic pocket which could
accommodate a BH3 domain of a proapoptotic member such as Bad (Muchmore et al.,
1996; Danial and Korsmeyer, 2004). Unfortunately, the amplified fragment of turtle
Bcl-Xp did not include the BH1, BH2 or BH4 domains so it was impossible to tell if

these domains were different in the anoxia tolerant turtle. Nevertheless, the BH3
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conserved domain was identified with the sequence LREAGDEFEL (Figure 3.4A, in
bold underline) when the partial turtle B¢l-X;, amino acid sequence was compared to
Bcl-X1. sequences from mammals. The amino acid sequence alignment of Bcl-Xy, shows
that the BH3 domain of turtle Bcl-Xp is strictly conserved without amino acids
substitutions as compared with the mammalian sequence and with only one difference
compared with chicken. Therefore, the highly conserved BH3 region in turtle Bel-X; may
exert the same biological functions as it does in other species, in that the BH3 region of
Bel-Xp is mainly responsible for mediating interactions with proapoptotic proteins
(Petros et al., 2004).

Signaling pathways that regulate apoptosis can directly alter the expression of
Bcl-2 family members at both the transcriptional and translational levels (Adams and
Cooper, 2007). Our results for relative RT-PCR and Western blots show that mRNA
expression levels and protein levels of Bel-Xy are differently regulated in heart of anoxia
tolerant turtles. Specifically, in heart, Bcl-X;, protein levels increased during anoxia by
1.41-fold over controls and returned to control levels following recovery. Therefore,
elevated Bcl-xL levels may play a role to protect turtle heart cells, rising during anoxia to
help prevent cells from undergoing apoptosis. Interestingly, Bcl-Xy transcript levels in
heart decreased significantly during anoxia and, hence, did not correlate with the elevated
Bcel-X. protein levels. These data provide evidence that mRNA expression is not
necessarily coordinately regulated with protein levels and that the protein level of Bel-Xi

could be controlled by posttranscriptional or posttranslational regulation in heart in
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response to anoxic treatment. Specifically, in addition to mRNA substrate availability,
mRNA stability also contributes to the expression pattern of a gene. The more stable the
mRNA, the greater the number of proteins produced from any one transcript. Moreover,
net protein content is governed by the rates of both protein synthesis and protein
degradation and it is possible that reduced degradation of selected proteins could enhance
their net levels in anoxia (Storey and Storey, 2004). Indeed, studies have shown that
compared with controls, the half-life of the labile protein pool increased by 40% in when
hepatocytes of anoxia-tolerant painted turtles (C. p. bellii) were exposed to anoxia (Land
and Hochachka, 1994; Storey and Storey, 2004). Another likely mechanism that could
account for the elevation of Bcl-X|, protein levels in turtle heart in anoxia was suggested
by a recent paper that showed that bcl-x/ mRNA contains an internal ribosome entry site
(IRES) (Yoon et al., 2006). Stress conditions typically halt the translation of most mRNA
species, those that are processed by so-called cap-dependent translation but about 3-5%
of cell proteins possess an IRES that allows their continued translation under
energy-limiting conditions (Holcik and Sonenberg, 2005). A number of well-known
stress responsive proteins contain an IRES including HIF-lalpha, GRP78, and XIAP
(another anti-apoptosis protein). Thus, the presence of an IRES in bcl-xI mRNA probably
ensures its enhanced translation in anoxia and suggests its probable importance for
apoptosis inhibition and sustained viability under anoxia. Expression levels of Bcl-Xi
were also measured in white muscle of control, anoxia and recovery turtles. Protein

content remained constant during anoxia and recovery in muscle indicating that Bcl-X¢
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may not be as important to antiapoptotic defense in skeletal muscle.

Mcl-1 is another antiapoptotic Bcl-2 family member that acts as an important
molecule in apoptosis control, promoting cell survival by interfering at an early stage in a
cascade of events leading to release of cytochrome ¢ from mitochondria (Michels ef al.,
2005). The localization of Mcl-1 in the outer mitochondrial membrane is consistent with
its role in controlling key mitochondrial events during apoptosis (Yang et al., 1995). In
this chapter, Western blotting showed that the protein content of Mcl-1 increased
significantly during anoxia and returned to control levels during recovery in heart and
skeletal muscle of anoxia tolerant turtles. Indeed, maintenance or overexpression of
Mcl-1 levels blocks apoptosis in a wide range of cell types (Adams and Cooper, 2007).
Meanwhile, loss of Mcl-1 has been shown to play a key role in apoptosis induced by
various death stimuli such as UV irradiation and viral infection (Nijhawan et al., 2003;
Rahmani et al., 2005). Hence, our data are consistent with the notion that the elevated
levels of Mcl-1 possibly provide hearts and muscles of anoxia tolerant turtles with
anti-apoptotic defense in response to anoxia. Mcl-1Different expression patterns of Mcl-1
were observed in liver and kidney. Liver showed unchanged levels of Mcl-1. Perhaps
other antiapoptotic members may compensate for the stable levels of Mcl-1 in turtle liver.
Alternatively, maintenance of Mcl-1 levels in turtle liver may be already sufficient to
protect liver cells from anoxia-induced apoptosis. In kidney, Mcl-1 decreased by 46%
during anoxia followed by a significant increase above control levels during recovery.

Mcl-1 is rapidly degraded in response to cell death signals and is immediately re-induced
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by survival stimuli (Fang and Yen, 2006) and this may be what occurred in turtle kidney,
re-oxidation triggering a rapid resynthesis of the protein. Adams and Copper (2007)
observed that rapid turnover of Mcl-1 couples translation to cell survival and apoptosis.
Thus, the rapid change of Mcl-1 levels during anoxia and recovery in turtle kidney may
suggest that there was a transition of overall environment from apoptosis to cell survival,
although evidence shows that down-regulation of Mcl-1 alone is not sufficient to disrupt
mitochondrial integrity and promote apoptosis (Fritsch ez al., 2007).

The amount of Bcl-2 protein and its relative phosphorylation state, as judged by
phospho-Bcl-2 (Ser70) content, showed different patterns (Figure 3.7 and Figure 3.8) in
the three organs tested (liver, heart and skeletal muscle). In heart, the data indicate that
both the total content and phosphorylation state of Bcl-2 were unchanged. Total Bcl-2
levels remained stable in liver during anoxia but the amount of phosphoprotein increased
during anoxia. A similar expression pattern was seen in muscle, in which both the overall
Bcl-2 protein and its phosphorylated form were up-regulated during anoxia.
Over-expression of Bcl-2 has been shown to enhance survival of mammalian cells in
response to various stimuli (Figueroa ef al., 2001; Mastrangelo et al., 2000). Furthermore,
emerging evidence suggests that phosphorylation of Bcl-2 enforces its antiapoptotic
function, which may affect its capacity for dimerization with other proapoptotic proteins
and/or its stability (Huang and Cidlowski, 2002). Hence, enhanced levels of
phospho-Bcl-2 (Ser70) in both muscle and liver may be necessary to allow this protein to

inhibit anoxia-induced apoptosis. By contrast, the opposite expression pattern was

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



observed in liver during aerobic recovery with reduced protein levels of both the total
Bcl-2 protein and its phosphorylated form. Hence, it is possible that other antiapoptotic
signaling pathways and antiapoptotic molecules such as NF-kappa B or the cellular
inhibitor of apoptosis (cIAP) might be activated and enhanced during recovery to
promote liver cell survival (Kim et al., 2007; Chua et al., 2007).

Bad, a proapoptotic member of the Bcl-2 family, is a critical regulatory
component of the intrinsic cell death machinery that exerts its death-promoting effect
upon heterodimerization with the antiapoptotic proteins Bcl-2 and Bcl-X, (Schiirmann et
al., 2000). Phosphorylation of Bad at different residues blocks its apoptotic activity
modulated through different mechanisms. For example, phosphorylation of Ser 112 and
Ser 136 leads to sequestering of Bad by cytosolic 14-3-3-family proteins whereas
phosphorylation at Ser 155 leads to a conformational change in the Bad protein that
blocks its binding to Bcl-X|, (Hirai and Wang, 2001). Phospho-Bad (Ser112) content was
measured in three tissues of anoxia tolerant turtles but antibodies recognizing
phospho-Bad (Ser 136) and phospho-Bad (Ser155) did not crossreact with the turtle
protein. In muscle, phosphorylation at the Ser 112 site increased strongly during anoxia
(Figure 3.10), which suggests that the action of the proapoptotic protein Bad is
suppressed in muscle by the enhanced phosphorylation during anoxia. When combined
with the data showing elevated expression levels of antiapoptotic proteins such as Mcl-1
and Bcl-2 in muscle during anoxia, this suggests an overall balance in favor of

anti-apoptotic signaling in the muscle of the anoxia tolerant turtle. By contrast,
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anoxia/recovery had opposite effects on the phosphorylation state of Bad in liver and
kidney; the content of phospho-Bad Ser 112 being reduced during anoxia and recovery.
Hence, pro-apoptotic signaling could be enhanced in liver and kidney during anoxia and
recovery but further study of the changes in the ratios of Bad and other antiapoptotic
proteins levels is required to determine whether cells will be protected from apoptosis in
anoxia or might die from it.

The expression of several pro-survival and/or apoptotic genes is an important
aspect of cell fate regulation. The overall data in this chapter for members of Bcl-2
protein family (Bcl-Xp, Mcl-1, Bcl-2 and p-Bad) show that anti- and pro-apoptotic
proteins do have their own, tissue-specific response patterns in anoxia tolerant turtles.
Indeed, it has also been determined from analysis of the phenotype of bcl-2-/- knockout
mice that different cell types may have their own specific apoptosis regulation. These
mice develop normally, with apoptosis occurring only in some tissues and organs and not
in others (Veis et al., 1993; Kamada et al., 1995). Furthermore, the ratio between the
anti-apoptotic proteins and the pro-apoptotic proteins dictates the sensitivity of a cell to a
death signal (Gross et al., 1999; Zha et al., 1996). For example, a previous study found
that the ratio of mRNA for the expression of the proapoptotic gene Bax and the
antiapoptotic gene Bcl-2 increased significantly in the human oviduct tissue in cells
undergoing apoptosis (Briton-Jones ez al., 2006).

In conclusion, the current study provides evidence that potent anti-apoptotic

proteins in the Bcl-2 family (Bcl-X;, Mcl-1, Bcl-2) may play a positive role in the
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response to anoxia and/or recovery with increased expression in selected tissues of anoxia
tolerant 7. s. elegans. In addition, the enhanced phosphorylation of Bad protein at the
serine 112 site in muscle possibly reflects the pro-apoptotic activity of Bad is inhibited in
muscle during anoxia. Overall, these results suggest that cellular mechanisms of
apoptosis were suppressed during anoxia or aerobic recovery. Future studies should
examine the responses of other anti- and pro-apoptotic proteins in turtle organs under
oxygen stress as well as investigate the actual changes in the ratio of anti- and

pro-apoptotic protein expression levels.
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The red-eared slider turtle (Trachemys scripta elegans) has been extensively used
as a good model in which to study the adaptations needed by vertebrate organs for anoxia
tolerance and for dealing with hypoxia/reoxygenation (Storey, 2007; Willmore et al.,
2001; Willmore and Storey, 1997a). This turtle is able to survive submerged under water
all winter in water in that may be ice-covered without oxygen for several months and
little or no ability to take oxygen from the water across various body surfaces. Moreover,
after prolonged hypoxic/anoxic submergence, the resumption of aerial breathing results in
a sudden reintroduction of oxygen into the turtle body which could create a potential
danger of ROS overproduction and oxidative damage to tissues. Therefore, a natural life
style of repeated bouts of deoxygenation and reoxygenation makes red-eared slider turtles
face at least two serious consequences for cells and tissues: (1) Oxidative damage caused
by oxidative stress could occur when turtle tissues undergo cycles of hypoxia/anoxia and
reoxygenation, (2) Apoptosis is often triggered by oxygen deprivation and oxidative
stress. Turtles must have developed effective ways to deal with these stresses.

Studies of the molecular adaptations for hypoxia/anoxia and oxidative stress in
red-eared slider turtles have suggested that stress-responsive gene expression may play an
important role in the survival of these natural stresses. The first study to explore
anoxia-induced gene expression in turtles used differential screening of a red-eared slider
turtle heart cDNA library to identify several mitochondrial genes that were
anoxia-upregulated (Cai and Storey, 1996). This study indicated that new types of

transcripts or proteins may be produced to support turtle anoxia survival. The current
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thesis further analyzed the biochemical adaptations at gene and protein levels via modern
molecular biology techniques and highlighted multiple molecular adaptations to anoxia
and oxidative stress in turtles including changes in gene expression, changes in protein
levels, and altered subcellular localization of transcription factors.

The genes and proteins that were studied in my thesis belong to two general
categories: those involved in antioxidant defense that deal with oxidative stress during
anoxia/reoxygenation (Chapter two) and those involved in antiapoptotic defense to
prevent cell death as a result of anoxia or oxidative stresses (Chapter three). Techniques
of molecular biology including Western blotting and Semi-quantitative RT-PCR were
used to examine the expression levels of multiple genes and proteins with key roles in
antioxidant and antiapoptotic defenses (e.g. GSTs, Bcl-2 family proteins). In addition, the
subcellular localization of a stress-induced transcription factor (Nrf2) in response to
anoxia was also studied. Overall, the work presented demonstrated that differential
expression of genes was involved in antioxidant and antiapoptotic defenses of the
red-eared slider turtle. Furthermore, the results indicating the translocation of Nrf2 under
anoxia exposure provided insights into the use of transcription factors to activate the
transcription of certain downstream genes, whose protein products support natural stress

survival in anoxia tolerant turtles.

Antioxidant gene regulation in the red-eared slider turtle

The protein expression of mitochondrial superoxide dismutase (Mn SOD) was
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upregulated both in heart and muscle of anoxia-exposed turtles whereas its expression did
not change in liver and kidney under anoxia exposure. Because of its mitochondrial
location, Mn SOD is believed to be the principal defense against the toxicity of Oy
generated by the oxidative phosphorylation in the mitochondrial matrix (Martin, 2006).
Hypoxia/anoxia and reoxygenation may disturb the ability of the cell to sequester O, in
the mitochondrial matrix, and once the O level is beyond the capacity of the available
Mn SOD activity, it may move out into the cytosol where the main oxidative damage is
initiated (Park et al., 1998). Overexpression of the Mn SOD gene to enhance Mn SOD
protein levels would then alleviate this problem. Elevated amounts of Mn SOD in turtle
heart and muscle would offer a means of increasing the catalytic capacity for the
dismutation of superoxide radicals that can leak from the electron transport chain of
mitochondria during anoxia. Moreover, the generation of ROS is accelerated as an
oxidative burst during reoxygenation since this stimulates the conversion of
dehydrogenases to oxidases and the introduction of excess O, into the cytoplasm (Park et
al., 1998). Therefore, the upregulation of Mn SOD during anoxia in turtle tissues could
also serve as an anticipatory preparation and provide a rapid Mn SOD protein pool for
decreasing the potential damage due to oxidative stress during reoxygenation.

Another group of antioxidant enzymes, four GST isozymes (GSTK1, GSTPI,
GSTT1 and GSTM3), were identified in turtle tissues. The results for GSTs provide
evidence that organ-specific changes in the amount or classes of GST isozymes occur

under anoxia and/or recovery from anoxia in turtle tissues. Not every GST protein was
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detected in every tissue, and each enzyme showed different patterns of response both
between tissues and as compared with other family members in the same tissue. For
instance, the protein levels of GSTK1 in kidney increased significantly during anoxia but
GSTT1 levels remained stable. Increased levels of GSTs in selected tissues suggest the
need for higher GST protein availability to maintain or enhance capacity for detoxifying
oxidative damage products that accumulate during transitions between anoxic and aerobic
states in organs. Furthermore, it has been shown that red-eared slider turtles rely upon
high constitutive activities of antioxidant enzymes to deal with oxidative stress (Willmore
and Storey, 1997b). Therefore, even though some GST levels were reduced or remained
stable during anoxia and/or recovery in some turtle tissues, it is likely that the remaining
levels would still be sufficient to protect turtle tissues from damage caused by ROS.
Remarkably, however, my data showed that protein contents of Mn SOD and all
four GST isozymes were elevated under anoxia and/or reoxygenation in the skeletal
muscle of the turtles. This might be explained by the muscle’s need to minimize ROS
production and resist muscle disuse atrophy during prolonged anoxic hibernation when
the skeletal muscle of turtles would be largely inactive. In mammals and some frogs,
muscle inactivity can result in atrophy, characterized by a reduction in muscle fibre
cross-sectional area and a concomitant loss of muscle strength (Hudson and Franklin,
2002). It has been reported that disused skeletal muscle is particularly susceptible to
oxidative damage as ROS escape into intracellular spaces from mitochondrial membranes

(Kondo ef al., 1994). ROS have a significant degenerative effect on muscle fibers,
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damaging muscle proteins and lipids and causing them to be degraded (Kondo et al.,
1991). Thus, given the fact that anoxia tolerant turtles experience a dramatic reduction in
skeletal muscle activity during winter hibernation, the upregulation of antioxidant
enzymes such as Mn SOD and GSTs in turtle muscles provides a potent mechanism for
reducing the production of ROS and limiting the potential for muscle disuse atrophy
during anoxia/reoxygenation.

The stress-induced expression of antioxidant genes including GSTs and Mn SOD
is commonly regulated by the transcription factor Nrf2. My data provide some evidence
that Nrf2 might be responsible for the upregulation of GST and Mn SOD proteins in
turtle tissues under anoxia, although it cannot exclude the involvement of other
transcription factors or mechanisms of transcriptional regulation. The activation of Nrf2
under anoxia was supported by my data showing that more Nrf2 protein translocated to
the nucleus from the cytoplasm under anoxic conditions compared with the aerobic
control situation, particularly in liver and heart. This suggested the Nrf2 may be activated
and involved in regulating antioxidant defense during anoxia/reoxygenation but further

study is still needed to fully explore this regulatory mechanism.

Antiapoptotic gene regulation in the red-eared slider turtle
In the natural life of the red-eared slider, turtle organs are exposed to the dual
challenges of oxygen-depleted environments resulting from breath-hold diving or

prolonged hibernation under water and to oxidative environments resulting from the
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generation of ROS particularly during aerobic recovery from anoxia when blood flow,
oxygen delivery and oxygen consumption increase rapidly. Both anoxia and oxidative
stress are known to induce mitochondria-dependent apoptosis in cells or tissues. Hence
anoxia tolerant turtles need good antiapoptotic defense during anoxia and reoxygenation.
In Chapter 3, the mitochondrial pathway of apoptosis was studied by analyzing
mitochondrial proteins of the Bcl-2 family that have anti-apoptotic (Bcl-X;, Bcl-2 and
Mcl-1) versus pro-apoptotic (Bad) functions.

Data for Bcl-X; showed that its mRNA levels decreased in heart under anoxia, but
oppositely, its protein levels increased. This shows a lack of correlation between the
mRNA and protein levels of a gene in anoxia tolerant turtles. In general, the availability
of mRNA transcripts should be a primary determinant of protein levels. However, protein
levels are also influenced by other regulatory mechanisms such as post-transcriptional
processing of mRNA, differential mRNA stability, posttranslational modification of
proteins, suppression of protein degradation, etc. (Storey and Storey, 2004). Indeed, under
some unusual physiological conditions such as cellular stress (e.g. hypoxia, heat shock
and oxidative stress) and apoptosis, regulation at the posttranslational level rather than
the mRNA level allows for an immediate and rapid response to environmental changes
(Holcik and Sonenberg, 2005). Furthermore, the evidence of the presence of an internal
ribosome entry site (IRES) in bcl-x] mRNA may also explain the upregulated Bel-Xp
levels during anoxia in turtle heart. IRES-mediated protein translation during stress is

controlled by the mechanism that ribosomes could selectively recruit certain mRNAs
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through their IRES (Holcik and Sonenberg, 2005). Indeed, IRES-mediated protein
translation occurs predominantly during apoptosis (Holcik and Sonenberg, 2005). Hence,
it is likely that IRES-mediated translation is responsible for the enhanced levels of
Bcl-Xy, protein in anoxic turtle heart.

The data for other Bel-2 family proteins showed organ-specific responses during
anoxia and reoxygenation. Skeletal muscle showed enhanced expression of Bcl-2,
phospho-Bcl-2 (Ser 70), Mcl-1 and phospho-Bad (Ser 112) proteins. Up-regulation
and/or enhanced phosphorylation of these proteins is reported to protect cells or tissues
from undergoing apoptosis (Piret et al., 2005; Shimizu et al.; Huang et al., 2002). Hence,
my data suggests that antiapoptosis signals may dominate during anoxia and/or
reoxygenation to promote cell survival in muscle. In heart, although Bcl-2 was
down-regulated during anoxia, the up-regulation Mcl-1 in this organ might protect heart
cells from apoptosis during anoxia/reoxygenation. The decreased levels of antiapoptotic
proteins, Bcl-2 in liver and Mcl-1 in kidney as well as reduced levels of phospho-Bad
(Ser 112) in both organs, indicates that anoxia/reoxygenation might trigger apoptotic
signals in liver and kidney. However, it has been shown that cell fate decisions are
influenced by the ratio between the antiapoptotic proteins and the proapoptotic proteins.
Thus, further studies with levels of proapoptotic proteins in liver and kidney are
necessary in order to test the possibility that proapoptotic signals are also decreased

coordinately with these reduced antiapoptotic proteins in liver and kidney.
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Outlook

The data presented in this thesis show that adaptive regulation of antioxidant and
antiapoptotic defenses occurs in turtle tissues since selected genes/proteins are
differentially expressed as a response to anoxia/reoxygenation in a tissue-specific manner.
In addition, A ROS-sensitive transcription factor Nrf2 was activated during anoxia in
selected tissues, which was also supported by elevated levels of antioxidant proteins that
are known to be downstream targets of Nrf2.

Although this thesis demonstrated the differential expression of antioxidant and
antiapoptotic genes and proteins in selected tissues of red-eared slider turtles, many
questions remain unanswered. I demonstrated by Western blotting the translocation of
Nrf2 from cytoplasm to nucleus during anoxia in some turtle tissues as well as the
increased expression of proteins such as GST and Mn SOD whose genes are known
targets of Nrf2. But transcript levels of GST and Mn SOD should also be analyzed via
PCR in order to confirm whether or not the upregulation of these proteins is due to
Nrf2-mediated transcriptional activation since other factors such as an anoxia-induced
suppression of protein degradation could also contribute to the increased protein levels.
Moreover, the antioxidant response element (ARE) is a cis-acting DNA regulatory
element to which the activated Nrf2 binds and then starts the expression of antioxidant
genes. Thus, further analyses of the binding activity of Nrf2 to the ARE promoter in
control, anoxic and recovered turtles using electrophoretic mobility shift assay (EMSA)

technology will be necessary in order to determine if the binding of Nrf2 with the ARE
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increases during anoxia/reoxygenation and thereby stimulates ARE-dependent gene
transcription.

This thesis also suggested that enhanced antiapoptotic defense plays a role in
anoxia/reoxygenation tolerance in muscle. However, in liver and kidney, levels of various
antiapoptotic proteins such as Bcl-2 and Mcl-1 strongly decreased. Therefore, it will be
interesting to test the expression of other related proteins in antiapoptotic defense in these
organs to determine if other antiapoptotic proteins such as NF-xB or cIAP are elevated to
supplement the antiapoptotic response of Bcl-2 family proteins regulated via the
mitochondrial pathway.

The activities of transcription factors are significant to regulating the expression
of groups of proteins that protect cells from various stresses. Studies to date have shown
that the transcription factor NF-kB, which can be activated by more than 150 different
extracellular signals, may function generally as a central regulator of stress responses,
since many forms of stressful conditions (e.g. irradiation, oxidative stress,
ischemia/reperfusion, apoptosis, exposure to certain chemicals, etc.) all lead to NF-xB
activation (Li and Stark, 2002). Multiple genes are transcriptionally upregulated by
NF-xB including antiapoptotic genes such as cIAP proteins and Bc¢l-2 family members
(Wang et al.,, 1996; Wang et al., 1999), and these have a close connection with
antiapoptotic adaptations seen in the turtle during anoxia/reoxygenation stress. Therefore,
it will be very meaningful to study the activation of NF-xB and identify the genes that are

downstream targets of NF-kB during anoxia/reoxygenation in organs of red-eared slider
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turtles. This further study would lead to a better understanding of molecular adaptations

of anoxia tolerant turtles under natural anoxia and reoxygenation exposures.
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Appendix 1.

Antibodies tried in Western blotting but which did not cross-react with the

corresponding proteins in red-eared slider turtle tissues

Proteins of

. Primary antibodies tried Source
interest
GSTT2 Rabbit anti-GST T2 polyclonal antibody Gift from Dr. John Hayes,
University of Dundee
GST Al Rabbit anti-GST A1 polyclonal antibody Gift from Dr. John Hayes,
University of Dundee
GST A3 Rabbit anti-GST A3 polyclonal antibody Gift from Dr. John Hayes,
University of Dundee
GSTAS Rabbit anti-GST A5 polyclonal antibody Gift from Dr. John Hayes,
University of Dundee
GST M5 Rabbit anti-GSTMS5 polyclonal antibody Gift from Dr. John Hayes,
University of Dundee
MafG Rabbit anti-MafG polyclonal antibody Biotechnology, Santa Cruz,
CA
phospho Rabbit anti-phospho c-Jun (Ser63) Cell Signaling, Technology,
c-Jun (Ser63) polyclonal antibody Inc. Beverly, MA

Heme
oxygenase 1

Bad

phospho-Bad
(Ser136)

phospho-Bad
(Serl55)

Rabbit anti-HO-1 polyclonal antibody

Rabbit anti-Bad polycolonal antibody

Rabbit  anti-phospho-Bad  (Ser136)
polyclonal antibody
Rabbit  anti-phospho-Bad  (Serl55)
polyclonal antibody

Stressgen, Ann Arbor, MI

Cell Signaling, Technology,
Inc. Beverly, MA

Cell Signaling, Technology,
Inc. Beverly, MA

Cell Signaling, Technology,
Inc. Beverly, MA
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