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ABSTRACT

Nitric oxide (NO), a regulator of diverse cardiovascular functions, modifies cardiac cell
viability through mechanisms that remain uncertain. Several pathways were studied to
understand these effects. The possibility that the protein p53 is involved in the cardiomyocyte
response to the NO donor s-nitrosoglutathione (GSNO) or the peroxynitrite donor 3morpholinosydnonimine (SIN-1) was explored. These donors induced a concentrationdependent increase of cell death in cultured embryonic chick cardiomyocytes. Expression of p53
protein was increased in response to GSNO, specifically in the nucleus. GSNO also caused
DNA damage, but pifithrin, an inhibitor of p53 transactivation activity, did not alter the extent of
this damage or cell death. Therefore, the role of increased nuclear p53 in response to NO and
NO-induced DNA damage may not be specifically operative in NO-induced cell death. The
action of GSNO also appears independent of mitochondrial pathways in cell death, as there was
no association of p53 with the mitochondria. Neither GSNO- or SIN-1-induced cell death was
altered by cyclosporin A, suggesting that permeability transition pore opening is not operative in
these modes of induction of death. In contrast to SIN-1, GSNO did not reduce mitochondrial
transmembrane potential, implying separate mechanisms of cell death. Immunocytochemistry
demonstrated increased amounts of nitrotyrosine in response to GSNO or SIN-1, confirmed by
Western blot following SIN-1. FeTPPS, an isomerase that converts peroxynitrite into the less
toxic nitrate, produced a significant reduction of SIN-1-induced cell death and cellular protein
nitration. FeTPPS did not reduce cell death from GSNO alone, but didfromthe combination of
GSNO and hydrogen peroxide, a condition which promotes the generation of peroxynitrite. In
summary, NO-induced cardiomyocyte cell death is due in part to the disruption of normal
cellular functions by nitration of key proteins. Peroxynitrite decomposition reduces protein
nitration and cell death, while p53 appears functions independent of the mitochondria or gene
transactivation and may act in other pathways, such as cell repair.
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1.0

INTRODUCTION

1.1

Cell death
Ironically, a critical component of the normal functioning and health of both the organs

and the organism as a whole is death at the cellular level. Comparable to the adage of 'survival
of thefittest,'the removal of dead or damaged cells ensures that only the healthiest cells
comprise the organ, and thus allows the organ to function at maximal capability. Conversely, if
damaged cells were allowed to accumulate, as in some disease states, the efficiency of the organ
would be reduced, potentially leading to harmful systemic effects of the whole organism. Cell
death also plays an important role in developmental stages and in remodeling, particularly in the
heart [1]. Thus, mechanisms have evolved to produce cell death and to serve these valuable
functions. Unfortunately, in some organs such as the heart, the loss of cells through cell death
impairs the function.
Cell death can occur by several mechanisms with different accompanying morphologies,
leading to a diverse set of classifications [2]. Historically, apoptosis and necrosis are two of the
most studied types of cell death, among others such as autophagy, excitotoxicity, and anoikis [2].
Necrosis involves the general, and oftentimes described as uncontrolled, destruction of the cell,
associated with ATP depletion and an inability of the cell to maintain equilibrium and membrane
integrity [3], with the release of intracellular contents into the local environment sufficient to
cause a local inflammatory response and damage. By contrast, apoptosis occurs in an ATPdependent manner, and follows a strict set of cellular execution programs that lead to controlled
degradation of the cell, without the inflammatory side effects of necrosis. It is further
subdivided into extrinsic receptor-mediated apoptosis and intrinsic mitochondria-mediated
apoptosis, capable of responding to different stimuli but converging to bring about the same
eventual outcome.
1

These cell death pathways play a crucial role in maintaining the health of the organism
throughout its lifetime. However, their activation at inappropriate times can consequently have
hugely deleterious effects. As these pathways are highly complex and tightly integrated with
one another, ongoing experimentation into the players and their roles is providing us with a
greater understanding of the intricacies that underlie this phenomenon.

1.2

Nitric oxide

1.2.1

What is nitric oxide?
Nitric oxide (NO) is an important messenger molecule that plays critical biochemical

roles and has a large impact on cellular functions. Consisting merely of an oxygen and nitrogen
atom, it is a small molecule and has no net charge, features that facilitate its ease of passing
through cell membranes [4]. Its multifunctional capabilities include its use in the macrophage
arsenal against host infection [5], production of vasodilation and modulation of vascular tone [6],
and of particular interest to this project, it is involved in both necrotic and apoptotic forms of cell
death in cardiac myocytes [7]. However, while an involvement in these and other processes has
been described, the diversity of mechanisms governing these actions are, in many cases,
incomplete and warrant further investigation.
The reactions involving NO are numerous, due in no small part to its many metabolite
derivatives (Table 1). NO can directly react with its targets, or it can be converted into a number
of other compounds, collectively known as reactive nitrogen species (RNS), each with their own
particular cellular effects and chemistries leading to a diverse set of cellular interactions that can
derive from NO. In general, the degree of oxidation of the nitrogen atom determines the species
and its associated chemistry. For example, it can take on the forms of nitroxyl anion (NO), NO,
nitrosonium cation (NO ), nitrite ( N O 2 ) , or nitrate ( N O 3 ) [8].
+
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Also of significance is the formation of peroxynitrite from the reaction of NO and
superoxide anion. This reaction occurs very rapidly [4], suggesting that this may be a dominant
species in oxidative environments. Peroxynitrite is a strong oxidizer of sulfhydryl groups [9], as
well as a nitrating agent of proteins and DNA [10, 11], all of which can have serious effects on
the cell. NO can also react with oxygen to form the strong nitrosylating agent nitrous anhydride,
N2O3,

which is a source of potently reactive nitrosonium ions (NO ) [12]. In activated
+

macrophages, it was found that approximately half of the synthesized NO was present as N2O3
and half was peroxynitrite [13]. Nitrite itself can also form the highly reactive nitrogen dioxide
radical, which is involved in nitration reactions [14]. As these RNS can have a wide range of
cellular targets, this demonstrates the complexity and diversity of NO chemistry and its
biological effects.

1.2.2

Nitric oxide synthesis
NO is synthesized in vivo by several different isoforms of nitric oxide synthase (NOS)

enzymes, each with different properties and cellular distributions [15]. These are commonly
known as NOS1 (neuronal), NOS2 (inducible), and NOS3 (endothelial). Accumulating research
also suggests that there may be a mitochondrial NOS (mtNOS) as well [16-18]. These enzymes
all catalyze the liberation of NO from L-arginine [19, 20]. NOS1, the first to be discovered, is
primarily, although not exclusively, found in neuronal cells [21-23], and has the requirement of
Ca and calmodulin for it to be constitutively active [24, 25]. NOS3 has predominantly been
2+

described in endothelial cells of blood vessels. It is also constitutively active and requires Ca

2+

and calmodulin [26], yet unlike NOS1, it can associate with the cell membrane to localize it to
that part of the cell, perhaps to optimize its extracellular release [27]. By contrast, NOS2 is
inducible by cytokines to cause a rapid increase in cellular NO levels [28, 29] and does not have
a requirement of Ca or calmodulin [30]. Interestingly, NO feeds back to negatively regulate
2+

3

the NOS enzymes and inhibit excessive NO production, which becomes cytotoxic at higher
levels [31].

1.2.3

Nitric oxide causes DNA damage
One of the consequences of heightened NO concentrations is damage to the DNA. A

number of mechanisms have been described to account for this observation. Primary amines
within the DNA bases are targets for nitrosylation by N2O3 [32]. These modified bases are then
prone to spontaneous hydrolytic deamination, resulting in errors in DNA repair or replication
[32-34], whereby cytosine is converted to uracil, guanine to xanthine, and adenine to
hypoxanthine [35]. As an important consequence of deamination, xanthine spontaneously
depurinates in DNA to leave an abasic site, which may be cleaved by endonucleases to give a
strand break [34]. The conversion of guanine to xanthine occurs more rapidly than any other
NO-induced base modification [32]. Peroxynitrite is also a major inducer of DNA damage, able
to induce DNA strand breaks more efficiently than NO itself [34]. Peroxynitrite can induce
depurinations and formation of abasic sites similarly to N 2 O 3 , but it also can cause this result via
nitration of guanine to yield 8-nitroguanine, which also spontaneously depurinates [36].
Furthermore, it can oxidize DNA bases into oxo-derivatives [37, 38], which themselves react
with peroxynitrite for further modification and degradation [39], or it can additionally target the
sugar backbone of the DNA strand to induce strand breaks [34, 40]. Similarly, nitroxyl anions
are also responsible for causing DNA breakage and base oxidation [41].

1.2.4

Nitric oxide modifies protein structure and function
The cellular effects of NO are also mediated by NO-induced modifications of proteins.

Cysteine residues are the predominant amino acids involved in these reactions, as they react
much more rapidly than other amino acids with NO [42]. RNS reactions via S-nitrosylation with
4

thiol groups leads to nitrosothiol (RSNO) formation. This is a spontaneous and reversible
reaction, although the specificity towards certain residues may be attributed to adjacent motif
sequences, or to subcellular distribution of NOS and local concentrations of NO [43]. Owing to
the reactivity of thiol groups on proteins, and their involvement in countless reactions,
modification at this point by NO plays a crucial role in protein function, in a manner that is
comparable to phosphorylation [43]. This property makes nitrosothiols valuable components to
processes like signaling and transcription regulation [44, 45]. For example, caspases contain a
reactive cysteine residue in their active site that can be nitrosylated to modulate the caspase
apoptotic signaling cascade [46].
Similarly, tyrosine residues are targets for nitration by the irreversible, non-enzymatic
addition of an N O 2 (nitro) group to one of the ortho carbons of their aromatic ring. This is not
the result of a single pathway, but rather is the end product of a variety of different reactions [47,
48]. The specificity of this reaction is generally dependent on the proximity of the protein to the
site of generation of the nitrating species [47], the local sequence [49], and the position and
degree of exposure of the tyrosine residue within the protein [49]. However, there are several
exceptions that have been observed [50, 51]. Tyrosine nitration also plays a role in modulating
protein function and signaling [52, 53], also acting as a marker or predictor of inflammatory
processes or diseases [48].
While cysteine and tyrosine residues are principal amino acid targets, NO also has
affinity for metal centers of proteins. As with amino acid modifications, alterations in the
structures of these metal centers by NO results in a change of their functions. Heme moieties of
several proteins strongly bind NO [54, 55]. For example, NO binding to the heme moiety of
soluble guanylate cyclase [56], cytochrome c oxidase [57], and cytochrome p450 [58, 59] causes
structural realignments that result in a modification of their activities. Non-heme metal centers

5

are also targets for NO, including metallothionein [60], superoxide dismutase [61], and aconitase
[62].

1.2.5

Nitric oxide and necrosis
Among the many processes that are under the influence of NO are those involved in

necrosis. Rather than necrosis being a largely uncontained and uncontrolled procedure, recent
data suggests that active mechanisms may indeed be involved, such as mitochondrial failure [63,
64]. Inhibition of ATP synthesis by NO leads to decreased ATP stores, which contributes to the
initiation of necrosis [65, 66]. The electron transport system is regulated at multiple points by
NO. Cytochrome c oxidase (CcOx), the terminal electron acceptor at complex IV, is a
significant target. CcOx can be reversibly inhibited by NO, which causes a congestion of the
electron transport chain [67]. NO competes with oxygen for binding to CcOx, so the physical
association of mtNOS with CcOx may allow forfine-tunedregulation without leading to
excessive or toxic NO concentrations [68]. Complexes I (NADH dehydrogenase), II (succinate
dehydrogenase), and III (cytochrome bcl) are also inhibited by NO to varying degrees [69, 70].
Cytochrome c is a target, as it contains a reactive thiol group which, when nitrosylated by NO,
reduces mitochondrial respiratory function [71]. Glycolysis is also dampened, whereby
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is inhibited by NO at its active site [72,
73]. NO also reduces aconitase activity and inhibit the Krebs cycle [74]. Combining respiration
inhibition with glucose deprivation following NO treatment resulted in total depletion of ATP
and 80-100% necrosis [75]. NO also activates poly(adenosine 5'-diphosphoribose) synthetase,
which catalyzes the addition of ADP-ribose on to nuclear proteins, thus leading to further
depletion of ATP stores [76]. With hindered capacity to synthesize new ATP, and reduced ATP
stores, normal cellular processes cannot operate properly, and necrotic death ensues.

6

In addition to energy modulation, NO modifies cysteine residues of caspases to inhibit
apoptosis and switch the mode of death to necrosis [77]. This effect occurred after prolonged
exposure to NO and was associated with a dramatic increase in poly ADP-ribose polymerase
(PARP) activity and subsequent ATP depletion in neonatal rat cardiomyocytes [78].
Interestingly, this PARP activation was a result of a preceding caspase activation earlier in the
response [78]. Inactivation of PARP retains ATP stores and favours the apoptotic response [79].
This demonstrates that NO-mediated necrosis is dependent, in part, on changes in energy
metabolism that ultimately lead to ATP depletion.

1.2.6

Nitric oxide and apoptosis

1.2.6.1 Nitric oxide induces mitochondrial-based apoptotic effects
The intrinsic apoptotic pathway involves the convergence of a wide range of signaling
pathways at the mitochondria, is regulated by Bcl-2 family proteins, and results in pro-apoptotic
factor release and caspase activation leading to degradation of the cell [80]. This pathway has
been observed in connection with NO in several different studies. One process where NO has
been implicated is in the regulation of the permeability transition pore (PTP). The PTP is
proposed to be composed of adenine nucleotide translocator (ANT) on the inner mitochondrial
membrane, voltage-dependent anion channel (VDAC) on the outer mitochondrial membrane,
and cyclophilin D in the matrix [81]. In some instances, NO has been observed to oxidize
critical thiols of ANT, resulting in a change in the interaction of ANT with ADP and ATP,
leading to the opening of the PTP [82, 83]. Upon PTP opening, ions equilibrate across the
membrane, leading to loss of mitochondrial membrane potential and cessation of the electron
transport chain's ATP production capacity [84, 85]. In addition, opening of the PTP provides a
non-specific channel for leakage of pro-apoptotic inducers into the cytosol, such as cytochrome
7

c, Smac/DIABLO, and AIF [86]. Regulation of the PTP is highly regulated by Bcl-2 family
proteins. It has been hypothesized that the equilibrium of anti- and pro-apoptotic Bcl-2 proteins
determines the cell fate, a rheostatic mechanism illustrated by the observation that anti-apoptotic
Bcl-2 proteins, via their BH3 domains, may sequester BH3-only pro-apoptotic proteins within
the mitochondrial membrane to prevent their apoptotic effects [87]. Both Bcl-2 and Bax interact
with ANT to modulate its function [88]. NO plays a role whereby it increases Bax expression
and promotes apoptosis mediated by the opening of the PTP, a process that was antagonized by
Bcl-2 protein [89]. Collectively, these observations suggest a role for NO whereby it induces
apoptosis through mechanisms that govern mitochondrial PTP opening.

1.2.6.2 Nitric oxide modifies extrinsic apoptotic pathway mechanisms
The extrinsic apoptotic pathway is engaged upon binding of ligands to their specific
death receptors, causing a recruitment of adapter proteins to the intracellular domain of the
receptor, leading to the activation of caspase-8 and the resultant caspase cascade [90]. While
NO did not activate these mechanisms alone, it was capable of inhibiting TNF-alpha-induced
TRADD recruitment, caspase-8 activation, and the resultant apoptosis [91]. Therefore, while it
doesn't appear that NO explicitly activates this system, this does demonstrate that the extrinsic
apoptotic pathways can be regulated by NO.

1.2.6.3 Nitric oxide modifies caspase activation
The caspases are a family of proteases that are involved in the degradation of the cell
during apoptosis [92]. They are generally divided into two categories: initiators and
executioners. In response to apoptotic signals, initiator caspases are responsible for cleaving the
executioner proenzymes into their active forms, which leads to a cascade of activation [92].
Initiator caspases respond to different stimuli, but culminate in the activation of the same
8

executioners. Active caspases participate in the destruction of the cell by inactivating proteins
that normally inhibit apoptosis, disassembling cytoskeletal structures, and deregulating proteins
by separating regulatory and catalytic domains [92].
The regulation of caspases by NO has not been adequately explained, as it has been
found to either promote or inhibit apoptosis in different situations. Inhibitory actions of NO
appear to center around the s-nitrosylation of a critical cysteine residue present in the caspase
active sites, which reduces the caspase's activity and diminishes the subsequent activation
cascade [93-96]. By contrast, NO donor drugs have been observed to induce apoptosis through
activation of caspase-3, -6, -8 and -9 [97, 98]. In neonatal rat cardiomyocytes, several NO
donors also induced apoptosis in association with caspase-3 activation [78], while in tubular
epithelial cells, caspase-8 inhibition reduced NO-induced apoptosis [99]. Caspase-1 is activated
in NO-induced thymocyte apoptosis [100]. These observations suggest that NO-mediated
caspase regulation is not as simple as it would first appear, as it apparently has a dependence on
cell type, NO concentration, and other factors to determine the eventual outcome.

1.2.6.4 Nitric oxide modifies cGMP signaling
cGMP is an important messenger molecule for many cellular pathways, as its principal
targets include cGMP-dependent protein kinases, phosphodiesterases, and cGMP-regulated ion
channels, where the regulation of each results in a large influence on downstream processes
[101]. A large proportion of NO-induced cGMP-dependent effects are initiated by its binding to
soluble guanylate cyclase (sGC) and the subsequent generation of cGMP [102].
The interaction of NO and the cGMP pathway with apoptotic mechanisms remains
controversial, as it has been shown to demonstrate both pro- and anti-apoptotic effects. A role of
cGMP in pro-apoptotic pathways, in some models, is evident by the observation of sGC
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inhibition reducing apoptosis [103-105]. Protein kinase G (PKG) also appears to have a role in
this mode of death, as its inhibition also reduces apoptosis levels [103, 105].
By contrast, NO prevented apoptosis in a manner that was dependent on cGMP formation
[106-109]. cGMP has been tied to increased Bcl-2 expression [110], which interacts with other
members of the Bcl-2 family of proteins to induce anti-apoptotic effects. NO-induced cGMP
production led to inhibition of cytochrome c release from the mitochondria [111] and caspase
activation [112]. cGMP also inhibited mitochondrial permeability transition pore opening [113].
An involvement of the Akt survival pathway has also been suggested to mediate the cGMPdependent anti-apoptotic effects of NO [114, 115]. These results clearly demonstrate the
complexity behind NO and cGMP in modulating cell survival.

1.2.7

Relationship of NO to the cardiovascular system
The complexities of NO that have been outlined here allow for NO to play an important

role in the health and function of the heart and cardiovascular system. It is an endothelialderived relaxing factor, capable of modulating vascular tone [116]. Through regulation of
calcium movement, it is involved in modulating excitation-contraction (EC) coupling during
systole, and myocyte relengthening during diastole [117]. These effects can influence the
contractile response of the myocyte to stimulation. Furthermore, NOS isoforms are involved in
neuronal regulation of the heart, where pre-synaptic NO aids in acetylcholine release [118] and
post-synaptic NO amplifies the neurotransmitter's effect [119]. Disruption of NOS function or
localization during some cardiac diseases can greatly affect any of these processes. For example,
atherosclerosis and hypertension are associated with decreased NO production in the vascular
endothelium, resulting in a diminished vasodilation capacity [120, 121]. By contrast, in response
to myocardial infarction or other heart diseases, elevated cytokine levels cause increased NO
production, contributing to cardiomyocyte apoptosis and heart failure [122-124]. In heart
10

transplants, NO synthesized by myocardium or immune cells induces tissue damage and
apoptosis during rejection [125]. The importance in gaining a complete understanding of the
underlying apoptotic mechanisms is realized as cardiomyocytes are believed to be terminally
differentiated, and so any degree of myocyte loss has an impact on heart function or viability.
Specifically, abnormal nitration/nitrosylation of cardiac proteins is important in several
pathways and may be a factor in cardiac dysfunction [126, 127]. A proteomic approach revealed
that, in response to oxidative stress or aging, a significant amount of mitochondrial protein
nitration was associated with altered protein functions in pathways such as energy production,
antioxidant defence, and apoptosis [128, 129]. Complexes of the electron transport system are
prone to tyrosine nitration, resulting in their inhibition and a breakdown of cellular ATP
production [130]. Creatine kinase, involved in energy regulation and ATP trafficking, is also
inhibited by nitration, which leads to decreased contractile force generation [131, 132].
Similarly, nitration of sarcoplasmic reticulum Ca -ATPase [133] and alpha-actinin [134]
2+

contribute to depressed contractile ability, and may contribute to heart failure. In autoimmune
myocarditis, although specific proteins have not entirely been identified, increased NOS2
expression and concomitant accumulation of nitrated proteins has been observed [135].
Similarly, non-specific protein nitration has been observed in heart failure [136] and ischemiareperfusion injury [137]. Taken together, these observations demonstrate the critical importance
of NO in cardiovascular regulation, and that cardiac protein nitration may be an underlying basis
for cardiac dysfunction.
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1.3

Tumor Suppressor p53

1.3.1

Whatisp53?
The protein p53 is a tumor suppressor which acts to inhibit the cell cycle, induce

apoptosis, and regulate DNA repair [138-140]. These effects are brought about through a
symphony of concerted actions, by-products of p53's multifunctional abilities to
transcriptionally activate specific genes, repress other genes, and to influence its targets through
transcription-independent processes. In addition, a number of proteins have been identified that
play a part in modifying p53's activity, thus establishing a large regulatory network involved in
carrying out these cellular outcomes.
The activity of p53 can be regulated by a number of modifications by a variety of
enzymes, including phosphorylation, ubiquitination, acetylation, methylation, sumoylation, and
neddylation. Multiple forms of regulation means that p53 can respond to several different
stimuli. Phosphorylation interferes with the binding of p53 inhibitors (eg. Mdm2), resulting in a
stabilized, active p53 [141]. Ubiquitination of p53 targets it for degradation at the proteasome
[142]. Acetylation of p53 by its coactivator, p300, leads to increased sequence-specific DNA
binding [143]. Lysine methylation of p53 results in heightened stability [144]. Sumoylation
involves the addition of SUMO-1 (small ubiquitin-like modifier) molecules, and possibly acts to
enhance p53 transcriptional activity [145]. Conversely, neddylation of p53 is the attachment of
another ubiquitin-like protein, Nedd8, to lysine residues resulting in an inhibition of
transcriptional activity [146]. Turnover of p53 protein is quite rapid, on the order of a few
minutes, and it is likely a combination of increased transcription and post-translational
stabilization which both contribute to increases in p53 protein [147, 148].
Trafficking of p53 to the nucleus is dependent on microtubules and the dynein motor
protein complex [149-151]. It appears that the chaperone hsp90 complexes with p53, and
12

through association with other immunophilins, links p53 to dynactin of the motor complex [151,
152]. Once at the nuclear pore, the complexes enter the nucleus via an importin-dependent
mechanism [152]. It has also been described that p53-binding protein 1 (53BP1) associates with
both p53 and the 8 kDa light chain of dynein, the latter association which when interrupted
results in reduced nuclear accumulation of p53 [150]. Hsp70 may play a role in trafficking p53
to the mitochondria [153], where it has been proposed to interact with mitochondrial membrane
proteins to induce the formation of pores and leakage of pro-apoptotic factors [154].

1.3.2

Negative regulators of p53
The first regulator of p53 to be discovered was the negative regulator Mdm2 (murine

double minute 2), which was found to physically associate with p53 and to inhibit its
transactivation activity [155]. In addition to this inhibitory action, Mdm2 also possesses E3
ubiquitin ligase activity [156, 157], where it transfers an activated ubiquitin molecule to p53 at
several C-terminal lysine residues, thus targeting it for cytosolic degradation by the proteasome
[158]. These functions of Mdm2 allow it to participate in a negative feedback loop on p53, in
that p53 initially transactivates Mdm2 expression [159], only to be deactivated by it shortly
thereafter. To counter these inhibitory actions, Mdm2 can become phosphorylated at its p53binding site, thereby reducing its affinity for p53 [160].
Mdm4, or MdmX (Mdm2-related protein) also inhibits p53-mediated transcription [161].
Like Mdm2, Mdm4 also appears to inhibit p53 transcriptional activity, although it is uncertain
whether it contributes directly to p53 inhibition, or merely serves to stabilize the Mdm2-p53
interaction [162]. As Mdm4 does not have ubiquitin ligase activity, it may alternatively function
to bind to p53 and protect it from Mdm2-mediated nuclear export and degradation [163, 164].
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1.3.3

Positive regulators of p53
There are many proteins that participate in the positive regulation of p53. ATM (ataxia-

telangiectasia mutated) protein kinase is a nuclear protein of the phosphatidylinositol-3 kinaselike protein family, and is activated in response to DNA damage [165]. It is one of the kinases
capable of phosphorylating p53 at serine 15, resulting in activation and stabilization of p53
[166]. This post-translational modification results in a disruption of the p53-Mdm2/Mdm4
interaction, freeing p53 of that inhibitory constraint [141]. Furthermore, ATM has been shown
to phosphorylate Mdm2 prior to p53 accumulation in response to DNA damage [167].
Chk2 is another serine/threonine kinase that is involved in radiation-induced apoptosis.
It has been proposed to phosphorylate p53 in response to DNA damage at serine 20, which is
nearby to the Mdm2 binding site [168]. Phosphorylation here also interferes with the p53-Mdm2
interaction, thereby leading to stabilization of p53 in its active form [168].
Casein kinase (CKII) also phosphorylates p53 in response to DNA damage. It
phosphorylates p53 at serine 389, yet interestingly, does so in response to UV radiation but not
gamma radiation [169]. This implies that CKII is activated in response to UV, but a separate
pathway is at work to govern the cellular response to gamma radiation. Mutating the serine to an
alanine residue resulted in partially decreased DNA binding [170], and decreased p53
transcriptional activity and apoptosis following UV, but not gamma irradiation [171].
pl9Arf (pl4Arf in human) regulates p53 through binding to active p53-DNA complexes,
leading to their stabilization [172]. In addition, pl9Arf interacts with Mdm2 via its N-terminal
domain [173]. This results in the retention of Mdm2 within the nucleolus away from p53 [174],
as well a blockage of its ubiquitin ligase activity [175]. Both actions result in an attenuation of
Mdm2's inhibitory effects on p53.
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1.3.4

p53 causes apoptosis via transcriptional regulation
One of the main functions of p53 is transcriptional activation of apoptotic control genes

[139]. In fact, many mutant p53 isoforms found in tumors have an impaired ability to carry out
this function, leading to their inability to execute the apoptotic program [176]. This derives from
its binding to specific DNA sequences via its DNA-binding domain [177]. Mutations in this
domain prevent proper structural conformation and subsequent sequence recognition. The
significance of p53's integrity to normal apoptotic function was confirmed by the discovery of
small peptides and compounds which modify the mutated form into apparent wild-type
conformation and rescue its ability to induce apoptosis [178].
A number of genes, in both the intrinsic and extrinsic apoptotic pathways, have been
identified as being downstream targets of p53 [139]. The intrinsic pathway is thought to be the
main mechanism behind p53-mediated apoptosis, with the extrinsic pathway serving to enhance
the response [179].
In the intrinsic pathway, the main p53-transcriptionally-controlled genes belong to the
Bcl-2 family. Expression of the proapoptotic protein Bax (Bcl-2-associated X) is increased in
p53-dependent apoptosis [180], and contains a p53 binding site in its promoter for direct
transcriptional activation by p53 [181]. A number of Bcl-2 homology 3 (BH3)-domain proteins
also contain p53 binding sites within their promoters and are transcriptionally controlled by p53.
Significantly, these include Noxa [182], PUMA (p53 upregulated modulator of apoptosis) [183],
and Bid (BH3 interacting domain death agonist) [184]. Noxa localizes to the mitochondria,
dependent on its BH3 domain, where it associates with anti-apoptotic Bcl-2, Bcl-xL, and Mcl-1
to sequester them from bound pro-apoptotic proteins and promote mitochondrial permeability
transition, cytochrome c release, and caspase activation[182]. PUMA also localizes to the
mitochondria and promotes apoptosis through association and sequestration of other BH3domain-containing proteins, especially with Bcl-2 [183]. Proapoptotic Bid protein becomes
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active following cleavage by active caspase 8 and post-translational myristoylation, at which
point it inserts into the outer mitochondrial membrane and activates Bax and Bak via their BH3
domains to initiate the mitochondrial death response, thus serving as a linker of the intrinsic and
extrinsic pathways [184].
The extrinsic pathway also contains gene targets that are susceptible to activation by p53.
The gene sequence for Fas/CD95 contains a p53-binding site and has been shown to be
responsive to p53 [185]. Activation of the Fas protein, a membrane-spanning death receptor, by
circulating Fas ligand initiates the formation of the death-inducing signaling complex (DISC),
which ultimately recruits and activates caspase 8. Another transcriptionally regulated gene
codes for KILLER/DR5, a death receptor with specificity for tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL), which also induces apoptosis [186].
In addition to affecting gene regulation of proteins within the intrinsic or extrinsic
apoptotic pathways, p53 can also activate genes encoding proteins involved in apoptosis in other
ways. Of note is the gene for Apaf-1 (apoptotic protease-activating factor 1), which, once bound
to cytochrome c in the cytosol, mediates caspase-9 autocatalytic activation and propagation of
the caspase cascade [187]. As well, caspase-6 is also a transactivation target of p53, the furthestknown downstream point of genetic regulation by p53, which may serve to lower the threshold
required to induce death [188]. PERP (p53 apoptosis effector related to Pmp22) is found on the
plasma membrane, and its expression, regulated by p53, leads to fibroblast cell death [189].
PIDD (p53-induced protein with death domain) is another protein under transcriptional control
by p53 [190]. This protein, along with RAIDD, participates in a protein complex termed the
PIDDosome, resulting in activation of caspase-2 [191]. It is believed that p53DINPl (p53dependent damage-inducible nuclear protein 1) is a part of a protein complex that is responsible
for p53 Ser46 phosphorylation and its activation, and so is involved in a regulatory positive
feedback loop with p53 [192]. The protein p53AIPl (p53-regulated apoptosis-inducing protein
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1) is suggested to play a part in disruption of mitochondrial transmembrane potential leading to
apoptosis as a result of its p53-dependent transcription [193]. The gene coding for ferredoxin
reductase was observed in colon cancer cells to be transcribed in a p53-dependent manner, with
the protein localizing to mitochondria and inhibiting oncotic growth, implying a role for p53 in
oxidative stress and redox regulation [194]. Furthermore, deficient ferredoxin reductase resulted
in attenuated apoptosis [194]. Finally, p53 increases the expression of PTEN (phosphatase and
tensin homolog) [195]. PTEN functions to inhibit the PI kinase pathway by dephosphorylating
3

phosphoinositides, thus reducing the antiapoptotic ability of this pathway [196].
Besides activating transcription of its genetic targets, p53 also functions to repress a
number of genes as well. Histone deacetylases also physically associate with p53, mediated by
mSin3a [197], and binds within certain promoter sequences to block transcription by modifying
the histones, creating a configuration of chromatin where transcription is not favoured [198].
Survivin belongs to the IAP family (inhibitor of apoptosis), and its expression is repressed by
p53 [199, 200], possibly through a similar mechanism, or alternately/additionally by blocking
transcription factor E2F-mediated gene activation [199]. Histone deacetylation and p53
activation also appear to be involved in c-myc transcriptional repression, leading to cell cycle
arrest [201]. There is a hypothesis that p53 is involved in a negative feedback loop in response
to nitric oxide, whereby high NO leads to DNA damage and an increase in p53 expression,
followed by p53 repressing expression of the NOS2 gene and production of NO [202].
Taken together, p53 is a major regulator of genes involved in cellular health and survival,
with it being capable of moderating the genetic responses at a number of different positions in
the apoptosis pathways.
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1.3.5

p53 mediates apoptosis through transcription-independent events
Beyond all of these transcription-dependent events that p53 mediates, there are also an

increasing number of transcription-independent mechanisms contributing to p53-mediated cell
death. While the transcriptional effects of p53 take place in the nucleus, p53 found in the
mitochondrial and cytosolic compartments are nonetheless active participants in propagating the
death signal.
p53 is an activator of the intrinsic mitochondrial apoptotic pathway, with multiple points
of impact within that mechanism. This hypothesis was first put forward with the observation
that p53 was observed to translocate to the mitochondria during p53-dependent apoptosis [203,
204]. It was observed to rapidly accumulate in the mitochondrial fraction within 1 hour of
activation, and this preceded mitochondrial membrane depolarization, cytochrome c release, and
caspase 3 activation [203]. Further support of a transcription-independent apoptosis pathway
came when the targeting of p53 to the mitochondria, which bypasses nuclear import and p53dependent gene activation, was found to be sufficient to induce apoptosis [203, 205, 206]. A
polymorphic variant of p53, with a proline at codon 72, was found to have a diminished ability
to relocate to mitochondria, and concomitantly, this variant also showed reduced apoptotic
abilities [207]. This effect can be compared to another p53 polymorphism, with arginine at
codon 72, where mitochondrial translocation occurs unhampered, resulting in cytochrome c
release and apoptosis [207]. Furthermore, by targeting both variants to the mitochondria,
through the use of a mitochondrial leader sequence, differences in apoptosis were equalized, thus
showing convincingly the importance of this particular amino acid location in proper p53
function [207].
p53's non-transcriptional mechanisms revolve around interactions with Bcl-2 family
members. Members of this family can be classified as being either antiapoptotic proteins (eg.
Bcl-2, Bcl-xL) or proapoptotic proteins, of which they can be further separated into multi18

domain (BH 1,2,3,4) proteins (eg. Bax, Bak) or BH3-only proteins (eg. Bad, Noxa, PUMA)
[208]. It is hypothesized that the equilibrium of anti- and pro-apoptotic proteins determines the
cell fate, a rheostatic mechanism illustrated by the observation that antiapoptotic Bcl-2 proteins,
via their BH3 domains, may sequester proapoptotic BH3-only proteins within the mitochondrial
membrane to prevent their effects [87]. Generally, the BH3 proteins activate Bax or Bak to
induce mitochondrial permeabilization, whereas Bcl-2 and Bcl-xL bind to the BH3 proteins to
prevent that action [209]. In this complex regulatory network, Noxa interacts with Bcl-xL and
Mcl-1 [182], suggesting that Noxa may also tie up these proteins away from their pro-apoptotic
partners to promote apoptosis. Bcl-xL can also inhibit Bad, similarly to Bak [210].
p53 can form inhibitory complexes with some of these anti-apoptotic proteins, via their
BH3 domains, thus sequestering them away from their pro-apoptotic binding partners and acting
as a "derepressor" of their pro-apoptotic functions [205]. As this binding also occurs at p53's
DNA binding domain, this interaction exemplifies how a missense mutation in this particular
region of p53 can affect both transcription-dependent and -independent mechanisms. Once
expressed (transcriptionally activated by p53), pro-apoptotic PUMA disrupts the association of
p53 with Bcl-xL by binding to Bcl-xL itself, which frees p53 to exert its other transcriptionindependent activities [211]. Under normal conditions, most p53 was found to be trypsin
digestion-sensitive, indicative of an association with the outer mitochondrial membrane with
Bcl-2 or Bcl-xL, while a small amount was found within the matrix itself, perhaps in a complex
with mitochondrial import protein mt hsp70 protein [204]. Also, p53 directly interacts with and
activates the pro-apoptotic Bak by displacing its anti-apoptotic partner Mcl-1, resulting in Bak's
oligomerization within the mitochondrial membrane, leading to membrane permeabilization and
cytochrome c release [212]. Bax is bound and activated by p53, causing its mitochondrial
membrane integration [213]. Upon activation, Bax changes from being monomelic and
cytosolic or having a loose association with the mitochondria, to being found predominantly
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inserted into the mitochondrial membrane in an oligomeric form, a process inhibited by Bax's
association with Bcl-2 [214]. This oligomeric Bax channel then mediates release of cytochrome
c and other apoptogenic factors from within the mitochondria [215, 216]. Alternately, some
studies have implicated an interaction for Bax with the transition pore, where Bax induced
VDAC opening in artificial liposomes [217, 218], and inhibitors of mitochondrial permeability
transition were sufficient to inhibit this opening [219].
These examples demonstrate many different ways by which p53 can regulate apoptosis
by transcription-independent mechanisms. When taken with the multitude of transcriptiondependent effects, it is clear that p53 is a critical component of the cell's death pathways.

1.3.6

p53 causes cell cycle arrest
The apoptotic response mediated by p53 runs in parallel to the cell cycle arrest response,

and each process can slow or block the other. Excessive amounts of cell cycle inhibitors can
prevent the apoptotic machinery from functioning properly, and likewise, high levels of
apoptotic products can interfere with the cell cycle regulation and lead to apoptosis.
Cell cycle inhibitors p21 and 14-3-3a are two of the major mediators of cell cycle arrest
whose actions must importantly be prevented for the apoptotic program to take priority [139].
p21(Wafl/Cipl) is an inhibitor of cyclin-dependent kinases, capable of preventing
phosphorylation of Rb and blocking the cell's transition from G l to S phase [220]. It is
transcriptionally activated by p53 [221] and is regarded as the main mediator of p53's cell cycle
control [222]. p21 also binds to proliferating-cell nuclear antigen (PCNA), which inhibits DNA
polymerase [223]. p21 can also cause G2 arrest by inhibiting Cdc2 through a number of
proposed mechanisms [224].
14-3-3 proteins are chaperones that are mainly cytosolic, but can interact with
phosphoserine residues on other proteins to carry them into the nucleus, or to sequester them in
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the cytosol [225]. The expression of the 14-3-3o~ isoform is upregulated by p53 in response to
gamma radiation and DNA damage, resulting in an arrest at the G2/M checkpoint [226]. The
increase in 14-3-3a following DNA damage results in its binding to the Cdc2-cyclin Bl complex
and retaining it within the cytosol, thus preventing its activation and the initiation of mitosis,
resulting in arrest in G2[224].

1.3.7

p53 regulates DNA repair
In addition to regulating apoptosis or halting the cell cycle, p53 also participates in the

regulation of DNA repair [227]. For its roles in DNA repair and eliminating the cell if the
damage is too great to overcome, it has earned the title of "guardian of the genome" [228]. It is
quickly activated in response to many DNA damaging agents [138]. The transcription of DDB2
and XPC, two factors involved in the removal of cyclobutane pyrimidine dimers and pyrimidine
6-4 pyrimidine photoproducts following UV or oxidative DNA damage, are regulated by p53
[227]. Also, p53 associates with XPB and XPD proteins, which are also involved in nucleotide
excision repair [229]. It can bind directly to the DNA in some types of damage to recruit the
cell's repair machinery to the site [140], including p300 which acetylates histones and causes
chromatin relaxation [230]. Similarly, mismatch repair proteins [227] and base excision repair
proteins [231] activate p53. Homologous recombination is inhibited by p53 binding to Rad51
[232], the binding of which also stimulates an intrinsic 3' to 5' exonuclease activity of p53,
allowing it to directly function in DNA proofreading and base excision repair [233]. If DNA
strand breaks are left unrepaired, p53-dependent apoptosis is often initiated [227]. As is evident,
p53 definitely earns its reputation for its contributions to maintaining the integrity of the
genome.
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1.4

Nitric oxide induces p53-dependent mechanisms
NO generation wasfirstshown to cause p53 accumulation in macrophages and pancreatic

cells, and was prevented by an NOS2 inhibitor that stopped NO production and apoptosis [234].
It was also shown that p53 represses the expression of NOS2, providing a mechanism for a
negative feedback loop acting to reduce NO-induced damage [235]. Concomitantly, p53
knockout mice were found to have greatly increased NOS2 and NO synthesis under basal
conditions [236]. Introduction of antisense p53 RNA resulted in a down-regulation of p53
following NO treatment or NOS2 induction, which was associated with decreased DNA
fragmentation, further indicating the importance of p53 in NO-induced apoptosis [237].
Seemingly paradoxically, cytokines or low concentrations of NO administered to macrophages
prior to a larger lethal NO dose imparted a modest resistance to cell death and blocked p53
accumulation [238].
A number of effects of NO as it relates to p53 expression have been described. Increased
p53 levels are mainly mediated by a decrease in p53 protein turnover rate, caused by
stabilization of the protein and decreased degradation [239]. A significant contributor to this
effect is how NO causes a decrease of Mdm2 protein [239], and also modifies a critical cysteine
residue of Mdm2 that disrupts p53 binding [240]. As Mdm2 targets p53 for cytosolic
degradation by the proteasome, these actions help enable p53 to accumulate. Similarly, SIN-1
caused p38 MAP kinase phosphorylation, which upregulated pl9ARF and its association with
Mdm2, leading to the separation of Mdm2 from p53 [241]. In some models, p38 also
phosphorylates serine 15 of p53 to cause its activation, a process dependent on P I 3 K [242, 243].
Inhibition of PI3K switched the mode of death from apoptosis to necrosis, implicating P I 3 K
signaling in NO-dependent apoptosis [243]. Impaired cytoplasmic shuttling, leading to p53
stabilization, is also a result of NO-induced p53 post-translational modifications [244, 245].
Interestingly, these changes include a distinct p53 phosphorylation pattern that is different from
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those elicited by UV light, gamma irradiation, or adriamycin, suggesting an overlap and
convergence of kinase signaling pathways on p53 [246]. An important note is that high
concentrations of NO resulted in impaired DNA binding and function of p53 caused by nitration
of key residues [247, 248].
Cellular effects caused by NO-mediated p53 induction have been observed in numerous
pathways. In particular, the mitochondrial apoptotic pathways have been implicated. Downregulation of Bcl-xL was specifically observed, prior to cytochrome c release and caspase
activation [249]. As Bcl-xL exerts anti-apoptotic effects by binding to and sequestering proapoptotic BH3-only proteins, its down-regulation allows those proteins to exert their apoptotic
functions. Similarly, pro-apoptotic BH3 proteins PUMA and Noxa are also up-regulated by p53
in response to NO [250]. NO-induced p53 accumulation and caspase activation are ATPdependent processes, as the mode of death of ATP-starved cells changed from apoptosis to
necrosis [249]. Similarly, an effect on cell cycle control has been described, whereby NO upregulates p21 expression through p53 activation, resulting in cell cycle arrest [251, 252]. p21
also feeds back to enhance p53 accumulation by activating pl9ARJ7, causing deactivation of
Mdm2 [253].
These examples all serve to demonstrate the complexity of effects induced by NOinduced p53 activation. Many of these mechanisms occur concurrently and are in equilibrium
with each other, making it complicated to define specific actions. In addition to the effects listed
here, the functions of p53, in all likelihood, include many of those described previously but have
not yet been studied in terms of a response to NO.
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Tables
Table 1: Nitric oxide and relevant derivatives

NAME

CHEMICAL FORMULA

Nitric oxide
Nitroxyl
Nitrite
Nitrate
Nitrosonium
Nitrous anhydride
Peroxynitrite
Nitrogen dioxide
s-Nitrosothiol (in
general)

NO
NO"
N0 "
N0 "
NO
2

3

+

N2O3

ONOO
N0
2

R-S-NO (R-S = protein thiol)
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2.0

AIM, HYPOTHESES, AND RATIONALE

The specific aim of this study is to gain a more thorough understanding of the complexities of
nitric oxide signaling mechanisms and how it participates in the cell death of cardiomyocytes.

The hypotheses for this study and their rationales are as follows:

1. I hypothesize that NO will induce cardiomyocyte cell death with associated DNA
damage, occurring in a p5 3-dependent and a mitochondria-dependent manner. In
situations of high NO concentrations, NO has been shown to induce DNA damage and
cause death of the cell. As p53 is highly involved in the maintenance of an intact
genome, through regulation of cell death machinery or DNA repair mechanisms, it may
be involved in mediating the cell death response to NO. Also, as the mitochondria are
involved in apoptotic signalling, NO may act through this channel to bring about cell
death, perhaps in an interaction with p53.

2. I hypothesize that NO-induced cell death will occur through the formation of the reactive
nitrogen species, peroxynitrite, and will be reduced by isomerization of peroxynitrite to
nitrate. Peroxynitrite is far more reactive than NO itself. Therefore, instead of NO,
peroxynitrite may be the species that is responsible for causing cell death. As nitrate
does not have nearly as highly damaging effects as peroxynitrite, the conversion of
peroxynitrite to nitrate should reduce the damaging effects of NO treatment.

3. I hypothesize that protein tyrosine nitration, specifically associated with the
mitochondria, is a component of NO- and peroxynitrite-induced cell death. Furthermore,
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I hypothesize that conversion of peroxynitrite to nitrate, by the isomerase FeTPPS, will
reduce the amount of protein tyrosine nitration and cell death. The nitrosylation/nitration
of proteins has been proposed to be a general method of regulation of proteins, akin to
phosphorylation. As such, modifications of key components of the cell death pathways
may be important mechanisms. Also, as the mitochondria play a significant role in
mediating certain forms of apoptosis, modification of mitochondrial proteins may be
important to NO-induced cell death. If protein tyrosine nitration is due to peroxynitrite
formation, conversion of peroxynitrite to nitrate should reduce the amount of
peroxynitrite, tyrosine nitration, and concomitantly, the amount of cell death.
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3.0

EXPERIMENTAL MATERIALS AND METHODS

3.1

Materials
Unless otherwise stated, all chemicals were purchasedfromSigma Chemical Co. (St.

Louis, MO, USA). Culture media, fetal calf serum, antibiotic-antimycotic were obtained from
Gibco (Burlington, ON, Canada). The MTT assay kit was obtainedfromPromega (Madison,
WI, USA). Piflthrin (506134) was purchasedfromVWR (Mississauga, ON, Canada). Antimouse HRP and anti-rabbit HRP antibodies were purchased from New England Biolabs
(Pickering, ON, Canada). FeTPPS was purchasedfromCalbiochem (San Diego, CA, USA).
Anti-p53 antibodies (WBB08) were purchasedfromCalbiochem (San Diego, CA, USA). Anticytochrome c antibodies (65981 A) were purchased from BD Pharmingen (San Jose, CA, USA).
Anti-nitrotyrosine antibodies (06-284) were from Upstate (Temecula, CA, USA).
Chemiluminescent reagents were purchasedfromAmersham Biosciences (Piscataway, NJ,
USA). DePsipher™ stain was purchasedfromTrevigen Inc. (Gaithersburg, MD, USA).
Chemiluminescent film was from Kodak (Rochester, NY, USA).

3.2

Embryonic chick cardiomyocyte culture
Embryonic chick ventricular cardiomyocytes were cultured using previously described

methods [254]. Brown hatching eggs were obtained from Coastline Chicks (Abbotsford, BC,
Canada) and kept in an automatic egg incubator at 37°C for 7 days. Following this incubation
time, chick embryos were removed and their hearts excised in a sterile tissue culture hood. The
atria were separated from the ventricles, and ventricles minced into roughly 1 mm pieces. The
minced tissue was then suspended in disaggregation medium and mixed for 7 minutes in a 37°C
water bath. Disaggregation medium was composed of 0.005% trypsin, 0.1% bovine serum
albumin, and DNAse (l.lxlO Dornase units) in DMS8 salt solution (116 mM NaCl, 5.4 mM
5

27

KC1, 0.4 mM NaH P0 -H 0, 0.75 mM Na P0 -7H 0, 5.5 mM glucose in water). Following the
2

4

2

2

4

2

first digestion step, the medium, which contained red blood cells and cellular debris, was
discarded and replaced with fresh medium. In the 4 subsequent digestion steps, replacement
with fresh disaggregation medium was preceded by removal of the current aliquot of medium
from the digestate and its addition to 818A medium to stop the digestion process. 818A medium
was composed of 73% DBSK (116 mM NaCl, 0.8 mM MgS0 , 0.9 mM NaH P0 , 5.5 mM
4

2

4

dextrose, 1.8 mM CaCl , 26 mM NaHC0 ), 20% medium 199, 6% fetal calf serum, and 1%
2

3

antibiotic-antimycotic (10,000 mg/ml streptomycin sulfate, 10,000 U/ml penicillin G sodium,
and 25 ug/ml amphotericin B). When the digestions were complete, the cells were pelleted by
centrifugation at 1000 x g for 3 minutes. The supernatant was discarded and the pellets were
resuspended in 818A medium. The cells were then counted on a haemocytometer and plated
into culture dishes. Cells were plated at approximately 3.0 x 10 cells per 65 mm culture dish, or
6

0.5 x 10 cells per 35 mm culture dish with coverslip for microscopy. MTT wells were plated at
6

a density of 30,000 cells/50 ul. The cells were then maintained at 37°C and 5%> C 0 for 72
2

hours prior to experimentation. This protocol was approved by the University Committee on
Use of Animals for Research

3.3

MTT Assay
The MTT assay, an index of cell viability, is based on the ability of viable cells to reduce

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) from a water-soluble
yellow dye to a dark blue insoluble formazan product [167]. Cardiomyocytes, seeded in
multiwell microtitre plates and incubated at 37°C for 72 h, were administered treatment and
returned to the incubator for a further 24 h. MTT dye was added to each well for thefinal4 h of
the experiment. Solubilization solution was added to stop the reactions, and complete
solubilization was allowed to occur overnight in a humidified chamber at 25°C. As the
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absorbance curve of the MTT dye exhibits a linear portion ranging from 570 nm to 655 nm, the
absorbance was determined at 570 nm on a multiwell plate reader (Dynatech MR5000,
Chantilly, Virginia, USA) using BioLinx 2.2 data capture software (Dynatech Laboratories Inc,
Chantilly, Virginia, USA) [255]. Background absorbance of medium in the absence of cells was
subtracted. All samples were assayed in duplicate and the mean for each experiment was
calculated.

3.4

Western Blots
Following the treatment course, medium was removed from the culture dishes and briefly

centrifuged to pellet any cellular debris or detached cells. For whole cell lysates, RIPA buffer
(150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8)
was added to the dishes and the cells were scraped into solution. The lysate was then used to
resuspend the pellet, and then transferred to Eppendorf tubes and passed through a 26G syringe
10 times. Aliquots were removed for protein concentration determination, utilizing BioRad
Protein Assay (BioRad, Hercules, California, USA), prior to the addition of 3X gel loading
buffer (0.5M Tris-HCl pH6.8, 15% (3-mercaptoethanol, 30% glycerol, 6% (w/v) SDS, 0.05
bromophenol blue in distilled water). Samples were then boiled for 5 minutes and stored at 4°C.
For cellfractionationexperiments, cells were harvested in hypotonic buffer (10 mM TrisHCl pH 7.4, 25 mM NaF, 2 mM Na V0 , 1 mM ZnCl , 10 mM (3-glycerol-phosphate, 10 mM
3

4

2

tetrasodium pyrophosphate), and passaged through a 26G syringe 10 times. For
mitochondrial/cytosolic separations, samples were centrifuged at 600 x g for 10 minutes at 4°C
to remove cell debris and nuclei. The supernatant was kept and further centrifuged at 15000 x g
for 5 minutes at 4°C to separate the mitochondria (pellet) from the cytosol (supernatant). The
mitochondrial pellet was resuspended in RIPA buffer. For nuclear/cytosolic separations,
samples were centrifuged at 600 x g for 10 minutes at 4°C to separate nuclei (pellet) from
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cytosol (supernatant). The nuclear pellet was then resuspended in RIPA buffer. Aliquots of
each sample were removed for protein concentration determination prior to the addition of 3X
gel loading buffer and boiling.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate the proteins.
Appropriate percentage lower, resolving gels and upper, stacking gels were cast using mini
Protean II gel assemblies (BioRad). Equal amounts of protein were added to each well, and the
gel was allowed to run. Initially, a voltage of 100 mV was applied while the gels entered the
stacking gel, following which the voltage was increased to 200 mV once the proteins had entered
the resolving gel. The gel was run until sufficient separation of molecular weight markers
(BioRad Precision Plus) was observed. The gels were then equilibrated in blotting buffer (150
mM Tris pH 8.3, 200 mM glycine, 20% methanol) for 30 minutes prior to transfer to
nitrocellulose membrane (BioRad). Transfer occurred overnight at 55 mV and 200 mA at 4°C.
Following transfer, the membranes were blocked in 5%> milk in 0.1 % TBST for 1 hour. The
membranes were then washed 3 times in 0.1%> TBST prior to the addition of primary antibodies,
which were then allowed to react for 1-2 hours. Membranes were washed again, 3 times,
following this and prior to the addition of secondary antibodies, which were allowed to react for
1 hour. Antibodies were diluted to a concentration of 1:1000, according to manufacturer
instructions. After 3finalwashes, the proteins were visualized on Kodak X-Omat photographic
paper using a chemiluminescent detection kit. Western blots were scanned to computer using
Hewlett Packard Precisionscan Pro 3.1 software, and subjected to densitometry using Scion
Image 4.0.2.

3.5

Comet Assay
Comet assays were used to evaluate the extent of DNA damage [256]. Blank microscope

slides were coated with agarose 24 h before experimentation. Molten 1
%
> agarose (500 mg in 50
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ml PBS) was added drop-wise to the top of the slides and allowed to solidify overnight at 25° C.
Cultured cardiomyocytes were drained of medium and incubated for 10 minutes with 0.005%
trypsin in PBS at 37° C. Cells were harvested by gently scraping and combining with fresh
medium, following which they were pelleted by brief centrifugation and resuspended in 400 pi
of PBS. The cell suspension was combined with molten 1% low melting point agarose (500 mg
in 50 ml distilled water), which had cooled to approximately 37° C, in a ratio of 10 pi cell
suspension (-10,000 cells) to 75 pi agarose, and added drop-wise on top of the base agarose
layer on the slides. After 10 min at 4° C to allow for solidification, the slides were immersed in
lysing solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100, 10% DMSO, pH
10) and kept at 4° C for 2 h. Following lysis, the slides were gently placed side-by-side in a
horizontal electrophoresis tank (BioRad) for 20 minutes in alkaline electrophoresis buffer (0.3 N
NaOH, 1 mM EDTA, pH 13). Electrophoresis was then begun at 24V, 300 mA for 30 minutes.
Following this, the slides were carefully removedfromthe buffer and drained on paper towels.
They were then covered drop-wise with neutralization buffer (0.4 M Tris, pH 7.5), left to sit for
5 min, and then drained. This was repeated twice. Ethidium bromide (80 ul, 2 ug/ml) was used
to stain the slides for 5 min. Slides were destained in distilled water for 30 min prior to covering
with a glass coverslip. Slides were viewed through a Zeiss IM35 inverted epifluorescent
microscope. Representative cells were photographed and scanned into a computer to allow for
detailed measurement and analysis of the comets using CometScore software (TriTek
Corporation, Virginia, USA). Comet tail length was measured in pixelsfromthe trailing edge of
the cell to the end of the tail, and the amount of DNA at each pixel was assumed proportional to
the pixel intensity.
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3.6

Microscopy - DePsipher™ Staining
Cardiomyocytes, cultured and treated directly on to glass coverslips, were visualized

using a DePsipher™ (Trevigen) staining kit to examine mitochondrial membrane potential,
according to the manufacturer's protocols. Coverslips were transferred to small weigh boats and
DePsipher™ solution (1 ug/ml 5,5',6,6'-tetrachloro-l,l',3,3'tetraethylbenzimidazolylcarbocyanine iodide), prepared in prewarmed IX reaction buffer, was
pipetted on to each coverslip. The coverslips were incubated for 15 min at 37°C in a 5% C 0

2

incubator prior to being washed 3 times with prewarmed IX reaction buffer supplemented with
2% stabilizer solution. The coverslips were air-dried, set on microscope slides, and viewed on a
Zeiss IM35 inverted epifluorescent microscope. Cells with healthy mitochondrial potentials
display red aggregates of dye, while disrupted potentials are characterized by the green
monomelic form of the dye. Representative photographs were taken and scanned into a
computer.

3.7

Microscopy - Wright Giemsa Staining
Cardiomyocytes were plated and grown on cover slips. To examine basic cell

morphology, a modified Wright Giemsa staining kit, Diff-Quik, (Harleco, Kansas City, USA)
was used to visualize the cells. After treatment, coverslips were removed from the culture
dishes, dipped for 15 seconds in 10% methanol fixative, followed sequentially by 15 seconds in
eosin and methylene blue stains, and a final wash with distilled water. After air-drying, the
coverslips were mounted on glass slides and viewed under white light on a Zeiss IM35 inverted
microscope.
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3.8

Microscopy - Immunocvtochemi stry
Immunocytochemical techniques were followed to visualize the cellular distribution of

p53, as described [257]. Cells, grown on coverslips, were fixed with 3.7% paraformaldehyde
and permeabilized with 1% Triton X-100. They were then washed with stabilization buffer ((50
mM imidazol, 50 mM KC1, 50 pM M g C l H 0 , 0.5 mM EGTA, 100 uM EDTA, 37% w/v
2

2

glycerol, 0.007% v/v mercaptoethanol)) followed by 1% glutaraldehyde in stabilization buffer.
Cells were washed in 1 mg/ml sodium borohydride in PBS, rinsed with PBS, and then incubated
with anti-p53 antibodies in PBS for lh, followed by anti-rabbit-FITC antibodies for lh.
Coverslips were then rinsed with PBS, mounted on slides, and viewed under fluorescent light.

3.9

Griess Assay
The Griess assay was used to quantitate the amount of nitrite in solution, as an indicator

of NO released from the indicated treatments. Cell free culture medium was incubated for 24 h
at 37°C and 5% C02, following treatments. Aliquots (100 pi) of samples or N02 standards
were combined with 50 pi 1% sulphanilamide and 50 pi 0.1% N'N-naphthylethylenediamine in
duplicate wells of a 96-well plate. The absorbance was read at 570 nm after 10 minutes, and
concentrations of nitrite determined by comparison to the N02 standard curve.

3.10

Data Analysis
Data is presented as mean ± SEM, unless otherwise stated. Hypothesis testing was by

analysis of variance (ANOVA). The null hypothesis was rejected if the probability of a Type I
error was less than 5% (p<0.05).
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4.0

RESULTS

4.1

GSNO releases NO
The Griess reaction was used to initially verify that GSNO releases NO into solution in

our model system. Indeed, GSNO produced an increase of the NO metabolite, nitrite ( N O 2 ) , in
the medium (Figure 1). Following 24 h in cell-free medium, 0.1 mM GSNO yielded 3.4±1.8 pM
nitrite, while 1.0 mM GSNO resulted in 31.0±9.3 uM nitrite. Controls contained 13.8±14.8 uM
nitrite.

4.2

GSNO induces cell death
GSNO-induced cell death was examined by MTT assay. GSNO induced a significant

concentration-dependent reduction in MTT absorbance (Figure 2 inset). As evident by the
significant linear relationship between MTT absorbance and cell number in these cells [254],
GSNO produced a statistically significant (p<0.05) concentration-dependent increase in cell
death (Figure 2), with approximately 100% cell death after treatment with 10 mM for 24 h.
Statistically significant (p<0.01) changes in cell death were found specifically at concentrations
of 1.0 and 10 mM GSNO.

4.3

GSNO causes morphological changes
Cell morphology was assessed by the use of a modified Wright Giemsa stain. Control

cells appeared healthy, showing a standard triangular shape characteristic of cardiomyocytes,
with large round nuclei and compact nucleoli (Figure 3 A). Following 24 h treatment of 0.1 mM
GSNO, it was evident that the cells were becoming damaged, as the nuclei showed signs of
disruption, granular bodies formed in the cytosol, and the cell began to lose its shape (Figure
3B). After 1.0 mM GSNO, the nuclei showed extensive damage and degradation (Figure 3C).
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4.4

GSNO causes an increase in p53 expression
To determine whether GSNO would increase cellular p53 protein expression, cells were

treated with GSNO for 1 hr. Whole cell lysates showed an increase in p53 by 1.3±0.5 fold
compared to control after 0.001 mM, 1.6±0.2 fold after 0.01 mM, 1.3±0.2 fold after 0.1 mM
(pO.Ol), 1.0±0.2 fold after 1.0 mM, and 1.1±0.6 fold after 10 mM (Figure 4).
The time course of the effect of GSNO on p53 expression showed an apparent maximal
increase within 4 h and a return to baseline levels thereafter (Figure 5). GSNO concentration of
0.1 mM produced an increase of 1.6 fold at 4 h following treatment. GSNO at 1.0 mM also
caused an average increase at 4 h of 1.6±0.04 (p<0.01). After 24 h 1.0 mM GSNO, a minor but
highly statistically significant (p<0.01) increase of p53 expression was still present. As 0.01 mM
GSNO was associated with a 1.6±0.2 (p<0.05) fold increase over baseline after only 1 h, lower
concentrations of GSNO appear to induce increased p53 expression more rapidly than higher
concentrations.

4.5

GSNO does not produce p53 translocation from cytosol to mitochondria
The potential translocation of p53 from the cytosol to the mitochondria was examined by

Western blotting. The cytosol fractions of p53 were increased following 1 h and 4 h treatments
of 0.1 mM GSNO, with a 1.8±0.5 fold increase at 1 h and 1.8±0.6 fold increase at 4 h compared
to control (Figure 6). In comparison, the mitochondrial fraction had very low levels of p53 and
there was no change induced by NO. Instead, there was a small non-significant decrease of
0.8±0.2 fold after 1 h and 0.8±0.3 fold after 4 h. Thus, there was no evidence that GSNO caused
p53 to translocate to the mitochondria.
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4.6

GSNO does not cause major cytochrome c release from mitochondria
Cytochrome c release from mitochondria was evaluated as a marker of mitochondria-

dependent apoptosis. Palmitate induced the release of cytochrome c from the mitochondria into
the cytosol, as previously observed [258], with an approximately 2.6-fold increase in the cytosol
and a 0.5-fold decrease in the mitochondria. By comparison, 1.0 mM GSNO caused a small 1.4fold increase of cytochrome c in cytosol and 0.8-fold decrease in mitochondria (Figure 7).

4.7

GSNO does not cause a change in mitochondrial potential
Reduction of mitochondrial membrane potential (A*P ) is associated with loss of
m

mitochondrial function and apoptosis [259, 260]. Fluorescent microscopic examination of the
amount of red and green fluorescence of DePsipher dye assesses the overall state of
mitochondrial A¥

m

in a population of cells [261]. Where the A^m is reduced, the dye remains in

its monomeric form and fluoresces green, whereas normal A T facilitates the aggregation and
ra

accumulation of the dye within the mitochondria where it fluoresces red/orange [262]. GSNO, 1
mM, did not induce a significant change of red/orange and green fluorescence, indicating that
NO-induced cell death does not occur via a mechanism involving A^m disruption (Figure 8).
Comparatively, treatment with ceramide as a positive control [263] resulted in a complete
absence of red/orange polymer, indicating loss of A^m.

4.8

Cyclosporin A does not reduce GSNO-induced cell death
Cyclosporin A inhibits mitochondrial permeability transition pore (PTP) opening by

binding to the cyclophilin component of the pore [260]. Cells were co-treated with cyclosporin
A and a range of concentrations of GSNO, from 0.001 mM to 1.0 mM, to evaluate the
involvement of the PTP in NO-induced death. Cyclosporin A, at concentrations that have been
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established to inhibit mitochondria-dependent apoptosis in these cells [258], had no significant
effect on the amount of cell death (Figure 9). This suggests that the PTP is not involved in this
mode of death, and further supports no mitochondrial involvement in NO-induced cell death.

4.9

GSNO causes nuclear p53 accumulation
The translocation of p53 from the cytosol into the nucleus was evaluated in response to

GSNO. Expression of p53 in the nucleus increased dramatically in response to 1.0 mM GSNO
concentration, by a factor of approximately 2.9-fold (Figure 10A, B). Furthermore,
immunocytochemistry with p53-specific antibodies demonstrated an increased amount of p53,
mainly localized centrally within the cell, which may correlate with the nuclear compartment
(Figure 10C, D).

4.10

p53 inhibition does not reduce GSNO-induced cell death
To determine whether p53 was operative in NO-induced cell death, we used the p53

inhibitor pifithrin [264]. The concentration of piflthrin was selected for its ability to reduce cell
death in cardiomyocytes [265], as well as neural [266] and hepatic cells [267] and also because
lower concentrations are less effective and higher ones possess cytotoxicity [265]. Pifithrin
treatment did not significantly alter the cell death induced by GSNO at concentrations of 0.1 mM
and 1.0 mM (Figure 11 A), suggesting that NO-induced cell death is independent of p53's
transactivation ability.
Microscopic examination of the cells also demonstrated that 1.0 mM GSNO induced a
loss of cellular and nuclear integrity, which was not prevented by co-treatment with pifithrin
(Figure 1 IB). By contrast, adriamycin, which is known to induce cell death through a p53dependent pathway [265], caused a dramatic change in cellular morphology which was
prevented by co-treatment with pifithrin (Figure 12A).
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4.11

Pifithrin does not reduce GSNO-induced DNA fragmentation
The comet assay was employed to quantitatively analyze the amount of DNA

fragmentation. In this assay, damaged DNA can be differentiated from genomic DNA by
microscopic visualization following electrophoresis and ethidium bromide staining. We found
that 0.01 mM and 1.0 mM GSNO for 24 h, respectively, caused 23.2±3.6% and 31.7±4.1% of
total DNA to appear in the comet tails, representing 2.1±0.3 and 2.6±0.5 fold changes compared
to control (Figure 13). These results were each significantly different from control (p<0.01).
Control cells had 10.8±2.1% DNA fragmentation, consistent with the amount of cell death that
has previously been demonstrated with a variety of methodologies by this stage of cell culture
[177, 254, 268]. In combination with 0.01 mM and 1.0 mM GSNO, pifithrin respectively
showed 22.5±3.0% and 28.7±3.4% total DNA in the comet tails, representing 1.9±0.3 and
2.3±0.2 fold more DNA in the tail. Compared to cells that received NO but not pifithrin
treatments, these results were not statistically different. However, they remained significantly
(p<0.01) different from cells treated with only pifithrin. Based on these results, GSNO causes a
concentration-dependent increase in DNA damage that is unaffected by this inhibitor of p53.
By contrast, adriamycin induced an increase in DNA fragmentation that was observable
by comet assay, from 10.8±2.1% to 30.6±11.7% of total DNA in the tail, which was clearly
reduced by pifithrin treatment down to 12.5±3.0%> (Figure 12B,C).

4.12

SIN-1 causes nitrite accumulation in solution
The Griess reaction was also used to evaluate NO release from SIN-1, and to quantitate

the amount of nitrite in solution. After a 24 h incubation in cell-free medium, 0.5 mM SIN-1
yielded 177.7±21.6 uM nitrite, representing an approximately 13-fold increase above the
13.8±14.8 uM found in the control (Figure 14).
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4.13

SIN-1 induces cell death
SIN-1 induced a significant (p<0.001) concentration-dependent reduction in

cardiomyocyte viability, as assessed by the MTT assay (Figure 15). Nearly 100% of cells were
killed with 1.0 mM SIN-1 for 24 h, and 0.5 mM resulted in 55.2±5.2% cell death, which
approximates the EC50 for these cells. This is comparable to previous work in adult rat
ventricular cells that determined that the EC50 in that system to be 0.25 mM [269]. For this
reason, we utilized the concentration of 0.5 mM to examine the cellular response in further
experiments.

4.14

SIN-l-induced cell death is increased by H?Q?
We have previously shown that H 2 O 2 enhances cell death in response to the NO donor

sodium nitroprusside [254]. In order to determine whether the generation of oxidative free
radicals by H 2 O 2 would also accentuate SFN-1-induced cell death, we co-treated cells with SIN-1
and

H2O2

(Figure 16). The combination of 100 pM H 2 0 plus 0.5 mM SIN-1 significantly
2

(p<0.01) increased the amount of cell death caused by SIN-1 alone from 50.8±6.8%, to
96.6±1.8%. The lower concentration of 10 uM H 2 O 2 in combination with SIN-1 increased the
cell death to 56.3±10.9%, although this was not a statistically significantly increase.

H2O2

alone

at the low concentration of 10 pM induced 11.1±6.0% cell death, while 100 uM caused
77.0±7.6% cell death.
The Griess reaction was used to evaluate nitrite levels following treatment with the
combination of SIN-1 and
SIN-I/H2O2

H2O2,

to examine whether the increase in cell death following the

combination was due to heightened NO levels (Figure 18). Co-treatment of 0.5 mM

SIN-1 with 100 pM H 2 O 2 did not significantly alter NO concentrations in the medium, as it
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produced 179.8±17.8 uM nitrite, compared to treatment of 0.5 mM SIN-1 alone, which produced
177.8±17.8 uM nitrite.

4.15

FeTPPS reduces cell death caused by SIN-1 and SIN-1 / FLO?
To determine whether reduction in peroxynitrite would modify cell death, FeTPPS, a

peroxynitrite isomerase that converts peroxynitrite into the less toxic nitrate, was utilized [270].
The co-treatment of FeTPPS with SIN-1 showed a concentration-dependent reduction of the
amount of cell death induced by SIN-1 alone (Figure 17). A maximal reduction was observed
with FeTPPS at 50 uM, where it caused a significant (p<0.05) reduction of 1.0 mM SIN-1induced cell death, from 89.7±4.2% cell death down to 71.1±6.1%.
The observed increase in cell death of 0.5 mM SIN-1 in combination with 100 uM

H2O2

also decreased with the addition of FeTPPS (Figure 19). Both 50 uM and 20 uM FeTPPS
caused significant reductions of cell death induced by this combination. The concentration of 20
uM FeTPPS significantly (p<0.05) reduced the cell death from 96.6±1.8% to 81.2±6.8%. With
an even greater change, the concentration of 50 uM FeTPPS significantly (p<0.01) reduced the
amount of cell death from 96.6±1.8% to 60.9±7.3%. Varying FeTPPS concentrations also
tended to reduce cell death induced by the combination of 0.5 mM SIN-1 and 10 pM

H2O2,

but

this was not statistically significant.
FeTPPS alone did not alter nitrite concentration (control, 13.8±14.8 uM nitrite vs. 50 pM
FeTPPS, 8.7±0.5 uM nitrite). Furthermore, FeTPPS did not reduce SIN-l-induced nitrite levels
(167.4±18.4 uM), nor did it reduce nitrite from the combination of SIN-1 and H 0 (164.1±16.9
2

uM).
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4.16

FeTPPS reduces cell death induced by the combination of GSNO and FLO?
The amount of cell death induced by the combination of 100 uM

H2O2

with GSNO was

dramatically reduced by FeTPPS (Figure 20). GSNO at 0.1 mM in combination with 100 uM
H2O2

caused 57.1±15.3% cell death, which was significantly (p<0.05) reduced to 23.2±5.3% by

20 pM FeTPPS, and to 22.1±5.7% by 50 uM FeTPPS (p<0.05). The higher concentration of 1.0
mM GSNO in combination with 100 uM H 0 caused 99.2±0.7% cell death. This amount of
2

2

cell death was significantly (p<0.01) reduced by 10 uM FeTPPS to 66.6±7.5%. FeTPPS at the
concentration of 20 pM reduced it further to 53.7±4.6% (p<0.01), and 50 pM reduced it to
56.4±6.8% (pO.Ol).
When tested with GSNO alone, FeTPPS did not reduce cell death. The concentration of
0.1 mM GSNO induced 6.1±3.7% cell death and 1.0 mM GSNO caused 46.3±12.9% cell death.
FeTPPS did not significantly change either of these results.
Nitrite levels following GSNO,

H2O2,

and FeTPPS combinations were also measured

(Figure 18). GSNO alone produced 47.8±6.7 pM nitrite, while the inclusion of H 2 O 2 produced
an insignificant change to 55.2±3.4 pM. Whereas FeTPPS dramatically reduced the amount of
cell death following GSNO or GSNO/H2O2 treatments, it had no significant effect on the nitrite
levels, with 59.7±7.8 uM when included with GSNO alone, and 73.5±7.0 pM with GSNO/H 0 .
2

4.17

2

FeTPPS reduces fLO^induced cell death
FeTPPS also reduces H.202-induced cell death (Figure 21). Alone, 100 uM

H2O2

caused

74.3±6.9% cell death, but in combination with 10 pM FeTPPS, that amount decreased to
63.6±6.2%. A significant (p<0.05) reduction was observed with 20 pM FeTPPS, with a
reduction down to 53.5±6.6%. The highest concentration of FeTPPS, 50 pM, reduced the cell
death to 56.8±5.6%. The amount of cell death induced by 10 pM H 0 , 9.0±4.0%, was not
2

significantly altered by any concentration of FeTPPS tested.
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4.18

Pifithrin does not reduce SIN-1 -induced cell death
The effects of p53 inhibition by pifithrin on SIN-1-induced cell death were evaluated

(Figure 22). No concentration of pifithrin was able to significantly modify the 7.5±8.5% cell
death induced by 0.1 mM SIN-1. Also, 1.0 mM SIN-1 caused 100% cell death, which did not
change with any concentration of pifithrin.

4.19

Cyclosporin A does not reduce SIN-1 -induced cell death
The effect of the mitochondrial PTP blocker cyclosporin A on SIN-1-induced cell death

was also assessed (Figure 23). Similar to the results obtained with cyclosporin A in combination
with GSNO, our data indicates that cyclosporin A, at concentrations that were previously
established to reduce cell death in these cells by palmitate (which acts through a mitochondrial
pathway) [258], had no significant effect on the amount of cell death induced by SIN-1 over a
wide concentration range from 0.001 to 1.0 mM.

4.20

SIN-1 causes a reduction of mitochondrial transmembrane potential
Changes in A ^ m was evaluated by DePsipher dye to determine if SIN-1 causes cell death

via a mechanism that involves a reduction of the A f m (Figure 24). Untreated control cells were
found to possess high quantities of the orange aggregated dye, indicative of healthy, intact
mitochondrial transmembrane potential. Cells treated with 100 uM ceramide were used as a
positive control, as it has previously been demonstrated to produce a loss of A ^ m [263].
Treatment with 0.5 mM SIN-1 for 24 h caused a dramatic decrease in abundance of the orange
aggregates, as well as a concomitant increase in the green dye monomers, representative of
reduced A ^ m . By contrast, co-treatment of SIN-1 with 50 uM FeTPPS reduced the amount of
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green staining and partially restored the abundance of orange aggregates back towards control
levels.

4.21

Protein tyrosine nitration
The amount of whole cell protein nitration was examined by Western blotting using anti-

nitrotyrosine antibodies (Figure 25). Control samples demonstrated minimal amounts of
nitrotyrosine. However, 0.5 mM SIN-1 for 24 h showed a dramatically increased nitrotyrosine
signal. Also, 10 pM H 0 alone showed no bands, and in combination with SIN-1, did not
2

2

produce a major increase in the amount of nitrotyrosine formed by SIN-1 alone. FeTPPS was
associated with minimal nitrotyrosine banding, and it greatly diminished the intensity of both the
SIN-1 and SIN-1 plus H 0 nitrotyrosine signals.
2

2

Furthermore, the specific compartmentalization of protein tyrosine nitration was
examined by mitochondrial and cytosolic fractionation of cell lysates (Figure 26).
Cardiomyocytes were treated with SIN-1, 0.5 mM for 24 h and mitochondrial and cytosolic
subcellularfractionswere separated using methodology that we have shown isolates a relatively
pure mitochondrial preparation based on the presence of mitochondrial markers and the absence
of cytosolic ones [268]. Treatment with 0.5 mM SIN-1 for 24 h showed increased nitrotyrosine
content in both the cytosol and mitochondrial fractions, relative to the minimal amount of
banding in the control. It is noteworthy that the mitochondrial fraction primarily showed a
strong nitrotyrosine signal near the protein molecular weight of 75 kDa. Treatment with FeTPPS
had minimal effect on decreasing the SIN-1 signal in the cytosol but had more of an effect to
reduce nitrotyrosine signal when SIN-1 was combined with H 0 . In both fractions, FeTPPS
2

2

reduced the nitrotyrosine signals following SIN-1 plus H 0 treatment.
2

2

Protein tyrosine nitration was also assessed by immunocytochemistry (Figure 27).
Control cells demonstrated a basal amount of green nitrotyrosine fluorescence. Cardiomyocytes
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treated with 0.5 mM SIN-1 for 24 h displayed a diffuse green staining pattern that covered the
entire cells. This staining pattern may be indicative of membrane-associated nitration, as it
appeared to preclude any significant amount of intracellular staining or viewable morphological
characteristics, as noted by the absence of the normally distinguishable nucleus. On the other
hand, 24 h 1.0 mM GSNO treatment resulted in an increased amount of intense green staining,
indicative of augmented nitrotyrosine formation, while still being able to distinguish the nucleus
and a slightly shrunken morphology, as observed with the modified Wright Giemsa stain (Figure
3). Incubation with 50 pM FeTPPS reduced the basal control levels of nitrotyrosine to a
minimal amount. FeTPPS also reduced nitrotyrosine staining in SIN-1 and GSNO treatments.
In the SIN-1 plus FeTPPS cells, the diffuse green pattern was greatly diminished, and the
nucleus and other, apparently intracellular, nitrotyrosine residues were visible. However, there
still appeared to be increased nitrotyrosine staining, compared to the control. The GSNO plus
FeTPPS resulted in a lessening of the amount of green fluorescence induced by GSNO itself, but
there was not a total elimination of staining.
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Figures

Figure 1: S-nitrosoglutathione releases nitric oxide in solution
Nitrite in solution was used as an indicator of the presence of nitric oxide (NO) released from the
donor S-nitrosoglutathione (GSNO). Cell free culture medium was incubated for 24 h at 37°C
and 5% C O 2 in the presence or absence of 0.1 mM and 1.0 mM GSNO. A standard curve of
nitrite concentrations was prepared from 1.0 mM sodium nitrite, N a N 0 2 . Aliquots of samples
and standards (100 pi) were taken and combined with 50 pi 1% sulphanilamide and 50 pi 0.1%
N'N-naphthylethylenediamine (Griess reaction) in duplicate wells of a 96-well plate. The
absorbance was read at 570 nm after 10 minutes. Results are presented as the mean
concentration [uM] of nitrite, N O 2 " , in solution ± SEM for each concentration of GSNO. 1.0
mM GSNO (N=8), 0.1 mM GSNO (N=6) and control (N=8).
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Figure 2: S-nitrosoglutathione induces cell death
Cardiomyocytes were maintained in culture for 72 h in 96-well plates. The amount of cell death
following S-nitrosoglutathione (GSNO) treatment was examined by MTT assay. GSNO was
added in duplicate at concentrations of 0.001 mM (N=9), 0.01 mM (N=10), 0.1 mM (N=ll), 1.0
mM (N=l 1), and 10 mM (N=9) for 24 h. MTT dye (10 pi) was added to each well for the final 4
h of the experiment. The experiment was stopped with the addition of 100 pi solubilization
solution to each well and left to solubilize for 24 h. Absorbance was then measured at 570 nm.
Results are presented as mean percent change of cell death relative to control ± SEM (**p<0.01).
Inset: Mean corrected absorbance values ± SEM are shown (**p<0.01).
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Figure 3: S-nitrosoglutathione causes changes in cellular morphology
Cardiomyocytes were cultured directly on to glass coverslips and maintained for 72 h. Cells
were treated with 0.1 m M S-nitrosoglutathione (GSNO) (panel B), 1.0 m M G S N O (panel C), or
diluent (panel A ) for 24 h, prior to staining by a modified Wright Giemsa method. Coverslips
were dipped for 15 seconds each sequentially in 10% methanol, eosin, and methylene blue
solutions. Representative photomicrographs are shown.
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Figure 4: S-nitrosoglutathione causes an increase in p53 expression
Cardiomyocytes in culture for 72 h were treated with S-nitrosoglutathione (GSNO) or diluent for
1 h (N=3), and then harvested in RIPA buffer. Equal amounts of protein, assessed by the
Bradford assay, were loaded on to 12% S D S - P A G E gels, transferred to nitrocellulose
membranes, probed with p53-specific antibodies and HRP-conjugated secondary antibodies,
visualized on photographic fdm by chemiluminescence exposure, and subjected to densitometric
analysis. Panel A is a representative Western blot. Panel B shows graphical results presented as
mean fold change ± S E M compared to control (**p<0.01).
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Figure 5: S-nitrosoglutathione causes a time-dependent increase in p53 expression
Cardiomyocytes in culture for 72 h were treated with S-nitrosoglutathione (GSNO) or diluent for
the indicated times. Cells were harvested in RIPA buffer and equal amounts of protein, assessed
by the Bradford assay, were loaded on to a 12% SDS-PAGE gel, examined by Western blotting
and subjected to densitometric analysis. Results are presented as mean fold change ± SEM
compared to control (*p<0.05, **p<0.01). Panel A: control (N=3) vs. 0.001 mM GSNO, 1 h
(N=3). Panel B: control (N=3) vs. 0.01 mM GSNO, 1 h (N=3). Panel C: control (N=3) vs. 0.1
mM GSNO 1 h (N=3), 2 h (N=l), 4 h (N=l), 24 h (N=2). Panel D: control (N=3) vs. 1.0 mM
GSNO 1 h (N=3), 2 h (N=2), 4 h (N=2), 24 h (N=2).
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Figure 6: S-nitrosoglutathione causes no p53 translocation from cytosol to mitochondria
Cardiomyocytes were maintained in culture for 72 h. Cells were treated with 0.1 m M Snitrosoglutathione (GSNO) or diluent for the indicated times (N=3). Mitochondrial and
cytosolic fractions were obtained by differential centrifugation. Equal amounts of protein from
each fraction, assessed by the Bradford assay, were loaded on to a 12% S D S - P A G E gel,
examined by Western blotting with anti-p53 antibodies and subjected to densitometric analysis.
Panel A shows a representative Western blot. Panel B shows results presented as mean fold
change ± S E M .
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Figure 7: S-nitrosoglutathione causes no cytochrome c translocation from mitochondria to
cytosol
Cardiomyocytes were maintained in culture for 72 h. Cells were treated with either 500 u M
palmitate or 1 m M S-nitrosoglutathione (GSNO) for 24 h (N=l). Mitochondrial and cytosolic
fractions were obtained by differential centrifugation. Equal amounts of protein from each
fraction, assessed by the Bradford assay, were loaded on to a 12% S D S - P A G E gel, examined by
Western blotting with anti-cytochrome c antibodies and subjected to densitometric analysis.
Panel A shows a representative Western blot. Panel B shows results presented as mean fold
change relative to control.
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Figure 8: S-nitrosoglutathione does not alter mitochondrial membrane potential
Cardiomyocytes were plated directly on to glass coverslips and maintained in culture for 72 h.
Cells were treated with 1 m M S-nitrosoglutathione (GSNO) for 24 h, or 100 p M ceramide for 24
h as a positive control. Coverslips were stained with DePsipher™ to visualize mitochondrial
membrane potential. Red/orange aggregates indicate healthy mitochondria; green monomers
indicate reduced mitochondrial membrane potential. Representative cells are shown (N=3,
except N=2 for GSNO).
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Figure 9: Cyclosporin A does not affect S-nitrosoglutathione-induced cell death
Cardiomyocytes were maintained in culture for 72 h in 96-well plates. The amount of cell death
following S-nitrosoglutathione (GSNO), at the indicated concentrations, combined with
cyclosporin A 0.1 u M (lined), 1.0 u M (solid), or diluent (clear) was examined by M T T assay
(N=5). G S N O and cyclosporin A were added for 24 h, and each well was conducted in
duplicate. M T T dye (10 pi) was added to each well for the final 4 h of the experiment. The
experiment was stopped with the addition of 100 pi solubilization solution to each well and left
to solubilize for 24 h. Absorbance was then measured at 570 nm. Results are presented as mean
percent change of cell death relative to control ± S E M .
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Figure 10: S-nitrosoglutathione causes nuclear p53 accumulation
Panels A and B: Cardiomyocytes were maintained in culture for 72 h. Cells were treated with
diluent or S-nitrosoglutathione (GSNO) at the indicated concentrations for 24 h (N=l). Nuclear
and cytosolic fractions were obtained by differential centrifugation. Equal amounts of protein
from each fraction, assessed by the Bradford assay, were loaded on to a 12% S D S - P A G E gel,
examined by Western blotting, and subjected to densitometric analysis. Panel A shows a
representative Western blot. Panel B shows results presented as fold change relative to control.
Panels C and D: Cardiomyocytes, cultured directly on to glass coverslips, were treated with 1.0
m M G S N O or diluent for 24 h, and subjected to immunocytochemistry using anti-p53 antibodies
and FITC-conjugated secondary antibodies before viewing through an epifluorescent
microscope. Panel C shows a representative control cell. Panel D shows a representative cell
following treatment with 1.0 m M G S N O for 24 h.
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Figure 11: Pifithrin does not reduce S-nitrosoglutathione-induced cell death
Cardiomyocytes were maintained in culture for 72 h in 96-well plates. Panel A: The amount of
cell death following S-nitrosoglutathione (GSNO) at the indicated concentrations and pifithrin
treatment (N=9 for all treatments, except 0.1 pM pifithrin, N=8) was examined by MTT assay.
Each well on the plate was conducted in duplicate. MTT dye (10 pi) was added to each well for
the final 4 h of the experiment. The experiment was stopped with the addition of 100 pi
solubilization solution to each well and left to solubilize for 24 h. Absorbance was then
measured at 570 nm. Results are presented as mean percent change in cell death relative to
control ± SEM. Panel B: Cells were treated with 1.0 mM GSNO or GSNO plus 10 uM pifithrin,
and visualized by modified Wright-Giemsa staining. Representative cells are shown.
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Figure 12: Pifithrin reduces adriamycin-induced p53-dependent DNA and cellular damage
Cardiomyocytes were maintained in culture for 72 h. Panel A: Cells were treated with 5 pM
adriamycin or adriamycin plus 10 pM pifithrin for 24 h, and visualized by modified WrightGiemsa staining. Representative cells are shown. Panel B: Cells treated with 5 pM adriamycin,
10 pM pifithrin, or a combination of both for 24 h. The amount of DNA fragmentation was
analyzed by comet assay. Cells were treated with 5 pM adriamycin, 10 pM pifithrin, or a
combination of both for 24 h (N=3). Cells were embedded in agarose, permeabilized, subjected
to electrophoresis and stained with ethidium bromide. Representative cells of the indicated
treatments are shown. Panel C: Comet assay results are presented as % total DNA in the comet
tail ± SEM for the indicated treatments compared to controls.
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Figure 13: S-nitrosoglutathione causes D N A fragmentation that is not modified by pifithrin
Cardiomyocytes were maintained in culture for 72 h. The amount of D N A fragmentation was
analyzed by comet assay. Cells were treated with 0.01 m M (N=6) and 1.0 m M (N=6) Snitrosoglutathione (GSNO), or 10 p M pifithrin alone (N=5) or in combination with 0.01 m M
(N=6) and 1.0 m M G S N O (N=6) for 24 h. Cells were embedded in agarose, permeabilized,
subjected to electrophoresis and stained with ethidium bromide. Panel A shows representative
cells of the indicated treatments. Panel B depicts the results presented as mean fold change in %
D N A in comet tail, relative to control for the indicated treatments. Panel B Inset: Results are
presented as % total D N A in the comet tail for the indicated treatments compared to control.
Significant differences between N O and control/pifithrin are denoted (*p<0.05, **p<0.01).
There is no statistically significant difference between N O and NO/pifithrin treatments.
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Figure 14: 3-morpholinosydnonime releases nitric oxide in solution
Nitrite in solution was used as an indicator of the presence of nitric oxide (NO) released from the
donor 3-morpholinosydnonime (SIN-1). Cell free culture medium was incubated for 24 h in an
incubator set to 37°C and 5% C 0 in the presence or absence of 0.5 m M SIN-1. A standard
curve of nitrite concentrations was prepared from 1.0 m M sodium nitrite, NaNO^. Aliquots of
samples and standards (100 pi) were taken and combined with 50 pi 1% sulphanilamide and 50
pi 0.1% N'N-naphthylethylenediamine (Griess reaction) in duplicate wells of a 96-well plate.
The absorbance was read at 570 nm after 10 minutes. Results are presented as concentration
[uM] of nitrite, N0 ~, in solution ± S E M . Results for 1.0 m M S-nitrosoglutathione (GSNO) are
shown for comparison.
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Figure 15: 3-morpholinosvdnonime induces cell death
Cardiomyocytes were maintained in culture for 72 h in 96-well plates. The amount of cell death
following 3-morpholinosydnonime (SiN-1) treatment was examined by MTT assay (N=12).
SIN-1 was added at concentrations of 0.001 mM, 0.01 mM, 0.1 mM, 0.5 mM, and 10 mM for 24
h. MTT dye (10 pi) was added to each well for the final 4 h of the experiment. The experiment
was stopped with the addition of 100 pi solubilization solution to each well and left to solubilize
for 24 h. Absorbance was then measured at 570 nm. Results are presented as mean percent
change of cell death relative to control ± SEM. (*p<0.05, **p<0.01). Inset: Mean corrected
absorbance values ± SEM are shown.
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Figure 16: H?0? enhances 3-morpholinosydnonime -induced cell death
Cardiomyocytes were maintained in culture for 72 h in 96-well plates. The amount of cell death
following 0.5 m M 3-morpholinosydnonime (SIN-1) treatment in combination with 10 p M and
100 p M H 0 for 24 h was examined by M T T assay (N=9). M T T dye (10 pi) was added to each
well for the final 4 h of the experiment. The experiment was stopped with the addition of 100 pi
solubilization solution to each well and left to solubilize for 24 h. Absorbance was then
measured at 570 nm. Results are presented as mean percent change of cell death relative to
control ± S E M . *p<0.05, **p<0.01.
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Figure 17: FeTPPS reduces 3-morpholinosydnonime-induced cell death
Cardiomyocytes were maintained in culture for 72 h in 96-well plates. The amount of cell death
following 3-morpholinosydnonime (SIN-1) treatment alone and in combination with FeTPPS for
24 h was examined by M T T assay (N=9). M T T dye (10 pi) was added to each well for the final
4 h of the experiment. The experiment was stopped with the addition of 100 pi solubilization
solution to each well and left to solubilize for 24 h. Absorbance was then measured at 570 nm.
Results are presented as percent change of cell death relative to control (absence of SIN-1 and
FeTPPS), and are expressed as mean ± S E M . (*p<0.05).
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Figure 18: Nitrite in solution
Nitrite in solution was used as an indicator of the presence of nitric oxide (NO) released from the
indicated treatments. Cell free culture medium was incubated for 24 h at 37°C and 5% C O 2 ,
following treatment with the indicated combinations of 1.0 m M S-nitrosoglutathione (GSNO),
0.5 m M 3-morpholinosydnonime (SIN-1), 100 p M H 0 , and/or 50 p M FeTPPS (N=3).
Aliquots of samples and standards (100 pi) were taken and combined with 50 pi 1%
sulphanilamide and 50 pi 0.1% N'N-naphthylethylenediamine (Griess reaction) in duplicate
wells of a 96-well plate. The absorbance was read at 570 nm after 10 minutes. Results are
presented as concentration [uM] of nitrite, N 0 " , in solution ± S E M . Panel A : SIN-1 -mediated
changes in nitrite concentration. Panel B : GSNO-mediated changes in nitrite concentration.
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Figure 19: FeTPPS reduces 3-morpholinosvdnonirne/H?02-induced cell death
Cardiomyocytes were maintained in culture for 72 h in 96-well plates. The amount of cell death
following 3-morpholinosydnonime (SIN-1) and H 2 O 2 treatments alone and in combination with
FeTPPS for 24 h was examined by M T T assay (N=9). M T T dye (10 pi) was added to each well
for the final 4 h of the experiment. The experiment was stopped with the addition of 100 pi
solubilization solution to each well and left to solubilize for 24 h. Absorbance was then
measured at 570 nm. Absorbance was measured at 570 nm. Results are presented as mean
percent change of cell death relative to control ± S E M . Statistically significant differences
between FeTPPS and respective controls is denoted (*p<0.05, **p<0.01).
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Figure 20: FeTPPS reduces S-nitrosoglutathione + FbO^-induced cell death, but not Snitrosoglutathione-induced cell death
Cardiomyocytes were maintained in culture for 72 h in 96-well plates. The amount of cell death
following S-nitrosoglutathione (GSNO) and H 2 O 2 treatments alone and in combination with
FeTPPS for 24 h was examined by M T T assay (N=17 for control, N=8 for 0.1 m M and 1.0 m M
G S N O , N=14 for 100 u M H 0 , N=5 for both combinations of G S N O and H 0 ) . M T T dye (10
pi) was added to each well for the final 4 h of the experiment. The experiment was stopped with
the addition of 100 pi solubilization solution to each well and left to solubilize for 24 h.
Absorbance was then measured at 570 nm. Results are presented as mean percent change of cell
death relative to control ± S E M . Statistically significant changes induced by FeTPPS are
denoted (*p<0.05, **p<0.01).
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Figure 21: FeTPPS reduces H^CVindueed cell death
Cardiomyocytes were maintained in culture for 72 h in 96-well plates. The amount of cell death
following H 2 O 2 treatment alone and in combination with FeTPPS for 24 h was examined by
M T T assay (N=14). M T T dye (10 pi) was added to each well for the final 4 h of the experiment.
The experiment was stopped with the addition of 100 pi solubilization solution to each well and
left to solubilize for 24 h. Absorbance was then measured at 570 nm. Results are presented as
mean percent change of cell death relative to control ± S E M . Statistically significant changes
induced by FeTPPS are denoted (*p<0.05).
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Figure 22: Pifithrin does not affect 3-morpholinosvdnonirne-induced cell death
Cardiomyocytes were maintained in culture for 72 h in 96-well plates. The amount of cell death
following 0.1 m M and 1.0 m M 3-morpholinosydnonime (SIN-1) treatment alone and in
combination with pifithrin for 24 h was examined by M T T assay (N=2). M T T dye (10 pi) was
added to each well for the final 4 h of the experiment. The experiment was stopped with the
addition of 100 pi solubilization solution to each well and left to solubilize for 24 h. Absorbance
was then measured at 570 nm. Results are presented as mean percent change of cell death
relative to control ± S E M .
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Fitzurc 23: Cyclosporin A docs not reduce 3-morpholinosydnonimc-mduced cell doalh
Cardiomyocytes were maintained in culture for 72 h in 96-well plates. The amount of cell death
following 3-morpholinosydnonime (SIN-1) treatment alone or in combination with 0.1 p M or
1.0 u M cyclosporin A for 24 h was examined by M T T assay (N=12 for SIN-1 alone, N=5 for
SIN-1 and both concentrations of cyclosporin A ) . M T T dye (10 pi) was added to each well for
the final 4 h of the experiment. The experiment was stopped with the addition of 100 pi
solubilization solution to each well and left to solubilize for 24 h. Absorbance was then
measured at 570 nm. Results are presented as mean percent change of cell death relative to
control ± S E M .
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Figure 24: 3-morpholinosydnonime causes a reduction of mitochondrial transmembrane
potential
Cardiomyocytes were plated directly on to glass coverslips and maintained in culture for 72 h.
Cells were treated with 0.5 m M 3-morpholinosydnonime (SIN-1) with or without 50 p M
FeTPPS for 24 h, or 100 p M ceramide for 24 h as a positive control. Coverslips were stained
with DePsipher™ to visualize mitochondrial membrane potential. Red/orange aggregates
indicate healthy mitochondria; green monomers indicate reduced mitochondrial membrane
potential. Representative cells are shown (N=3).
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Figure 25: FeTPPS reduces 3-morpholinosvdnonime-induced protein nitration
Panel A - Cardiomyocytes in culture for 72 h were treated with 0.5 m M 3-morpholinosydnonime
(SIN-1) with and without 50 p M FeTPPS for 24 h. Panel B - Cardiomyocytes were treated with
the indicated combinations of 0.5 m M SIN-1, 10 p M H 0 , and/or 50 p M FeTPPS. Whole cell
lysates were collected in RIPA buffer. Equal amounts of protein, assessed by the Bradford
assay, were loaded on to 12% S D S - P A G E gels, transferred to nitrocellulose membranes, probed
with nitrotyrosine-specific antibodies and HRP-conjugated secondary antibodies, and visualized
on photographic film by chemiluminescence exposure.
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Figure 26: FeTPPS reduces 3-morpholinosvdnonirne-induced mitochondrial tyrosine nitration
Cardiomyocytes in culture for 72 h were treated with the indicated combinations of 0.5 m M 3morpholinosydnonime (SIN-1), 10 u M H 0 , and/or 50 u M FeTPPS for 24 h (N=2). Cytosolic
and mitochondrial fractions were obtained by differential centrifugation. Equal amounts of
protein, assessed by the Bradford assay, were loaded on to 12% S D S - P A G E gels, transferred to
nitrocellulose membranes, probed with nitrotyrosine-specific antibodies and HRP-conjugated
secondary antibodies, and visualized on photographic film by chemiluminescence exposure.
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Figure 27: FeTPPS reduces 3-morpholinosvdnonime- and S-nitrosoglutathione-induced tyrosine
nitration
Cardiomyocytes were cultured directly on to glass coverslips and maintained for 72 h. Cells
were then treated with the indicated combinations of 0.5 m M 3-morpholinosydnonime (SIN-1),
1.0 m M S-nitrosoglutathione (GSNO), and 50 u M FeTPPS for 24 h. Cells were permeabilized
and incubated with nitrotyrosine-specific antibodies and FITC-conjugated secondary antibodies
prior to viewing on an epifluorescent microscope. Representative photomicrographs are shown
for the indicated treatments.
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DISCUSSION

5.1

GSNO
S-nitrosoglutathione (GSNO) is one of the most commonly used nitric oxide donors. It

plays a natural role in intracellular transport and storage of NO [271]. GSNO, C10H16N4O7S, has
a molecular weight of 336.32 g/ml and consists of an NO group covalently bound to a
glutathione molecule via a thiol group. At pH 7.4 and 37°C, and in the absence of any metal ioncatalyzed decomposition, GSNO releases NO with a second order rate constant of 3x10" dm
4

3

mol" s" [272]. GSNO is relatively stable in the dark and absence of metal ions, with a half life
1

1

of 2.8 h in solution [273]. However, metal ions catalyze the cleavage of the N-S bond, with the
release of nitrosonium cations and subsequent transfer of an electron from an electron donor
yielding NO [272].
The cellular effects of GSNO are mainly attributed to S-transnitrosylation reactions
(involving the transfer of the nitrosonium ion NO*) which occur rapidly, faster than free NO
release [274-276]. The importance of transnitrosylation is demonstrated by the observation that
the biological effects of GSNO do not correlate with the release of free NO into solution [277].
This was observable in our results, where 1.0 mM GSNO and 0.5 mM SEN-1 caused
approximately equivalent amounts of cell death, yet 1.0 mM GSNO resulted in much less nitrite
in solution than SIN-1 caused, as measured by the Griess assay, suggesting mechanisms other
than free NO-mediated mechanisms, such as transnitrosylations. The s-nitrosothiols serve as a
reservoir of NO that can release free NO, which itself can react with a vast set of cellular targets.
It has been suggested that this release of NO may depend on thiols and the formation of
disulphide linkages to displace the NO from the GSNO [278]. While the precise mechanisms
governing the release of NO from nitrosothiols are not fully understood, it has been established
that metal ions can efficiently catalyze the conversion [271, 279]. As most culture media contain
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transition metal ions, this pathway may represent the formation of the majority of NO in solution
[279].
S-transnitrosylation reactions involve the transfer of an NO (nitroso) group from an snitrosothiol to a thiol, which can have important consequences to the cell if this involves the
modification of a critical residue or leads to altered protein activity [280]. A general mechanism
for s-transnitrosylation reactions has been described (Figure 28) [274]. The recipient thiol group
undergoes deprotonation to yield a negatively charged thiolate anion. This nucleophilic thiolate
anion then reacts with the electrophilic nitrogen atom of the GSNO, which results in heterolytic
cleavage of the N-S bond and displaces the parent thiol compound of the NO donor. Following
protonation of this thiol, the overall result of the reaction is a transfer of the NO group from one
thiol to the other. The rate of reaction between the two species will depend on numerous factors,
such as pH, nucleophilicity, stability of the compounds, and local environmental conditions [274,
275, 281]. The functional consequences of the nitrosylation events will depend precisely on the
identity of the proteins involved. It has been proposed that with some proteins, this form of
modification may represent a regulatory mechanism comparable to phosphorylation [282].

5.2

SIN-1
3-Morpholinosydnonimine (SIN-1), is water-soluble, has a molecular formula of

C6H10N4O2,

and molecular weight of 170.08 g/mol. In solution, SIN-1 decomposes to liberate

NO and generate superoxide anion (0 ) [283]. A mechanism for this decomposition has been
2

proposed, whereby the sydnonimine ring is cleaved, followed by a single electron transfer to O2
to form 0 ~, and then a final intramolecular recombination liberates NO (Figure 29) [284].
2

NO and O2" can rapidly react to form peroxynitrite, a far more potent oxidant and
nitrosylating agent than NO itself. The reaction between NO and O2" is spontaneous and occurs
near the diffusion limit, meaning that the reaction between the two components is heavily
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favoured and only limited by the rate of diffusion between the two. This reaction has a rate
constant of (6.7±0.9) x 10 M" s" [285]. At pH 7.4, peroxynitrite is protonated and has a half9

1

1

life of 1.9 sec, decomposing to form a strong oxidant comparable to hydroxyl radical [286].
Protein thiols are significant targets of peroxynitrite, as the formation of s-nitrosothiols at
low peroxynitrite concentrations plays a role in cellular signaling mechanisms [287]. However,
peroxynitrite will also react with C O 2 or metalloproteins [288]. The mechanism for thiol
nitrosylation by peroxynitrite is similar to that proposed for GSNO, whereby the protein thiol
attacks the nitrogen of peroxynitrite, causing the elimination of HOO" and subsequent
protonation to form H 2 O 2 (Figure 30) [287].
In addition, free NO is derived exclusively through the decomposition of these resultant
s-nitrosothiol products [287]. Peroxynitrite can also oxidize protein thiols by a mechanism that
involves binding of the thiol to the terminal peroxynitrite oxygen, with the concomitant
elimination of nitrite (Figure 31) [9]. Cytotoxic effects of high peroxynitrite concentrations can
occur through non-specific thiol oxidation or nitrosylation [9] or the liberation of excessive NO
and its subsequent effects [287].

5.3

Griess reaction results
The Griess assay is a method used to quantitate the amount of nitrite present in a sample.

It provides an estimate of total NO, although it does not take into account the amount of nitrate
present. Therefore, it is useful as a relative comparator between samples [289], but does not
provide absolute NO data. Under acidic conditions, N O 2 " forms the strong nitrosating agent
NO , which reacts with sulphanilamide to form a diazonium ion, which then reacts with N,N'+

naphthylethylenediamine to form a red azo product that can be detected spectrophotometrically
at 595 nm (Figure 32) [289].
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We utilized the Griess assay to demonstrate that these NO donors do indeed release NO,
as they caused an accumulation of nitrite in cell-free solution. Treatment with 0.1 mM GSNO
for 24 h resulted in 3.3±1.8 uM nitrite, whereas treatment with 1.0 mM resulted in 31.0±9.3 uM
nitrite. Given that there is a 10-fold difference of GSNO concentrations between these two
treatments, the 10-fold difference of measured nitrite between them is as would be expected.
However, as the molar ratio of NO should be 1 molecule NO per molecule of GSNO, one might
expect the resultant nitrite levels to more closely approach the concentrations of GSNO, ie. 0.1
mM or 1.0 mM. A possible reason for the discrepancy among our results is the formation of
nitrate in addition to nitrite. More generally, however, as GSNO primarily loses its NO through
transnitrosylation reactions, and our experiments were conducted in cell-free media but with in
the presence of fetal calf serum to mimic culture conditions, it is possible that a significant
proportion of NO was present as s-nitrosylated serum proteins.
Similarly to GSNO, the molar ratio of NO should also be 1 molecule NO per molecule
SIN-1. Therefore, one might expect to find 0.5 mM SIN-1 to yield 0.5 mM nitrite. We found
0.5 mM SIN-1 for 24 h resulted in 177.0±21.6 pM nitrite in cell-free solution. Comparatively,
while the concentration of 1.0 mM GSNO was higher than the concentration of SIN-1, SIN-1
caused a much greater increase in nitrite concentration. Once again, the presence of nitrate may
skew these results away from representing the total amount of NO present. The neutral pH 7.4
of our experiments may also factor into the rate of SIN-1 decay, as its decomposition involves
base-mediated sydnonimine ring cleavage [284]. Isomerization of the protonated form of
peroxynitrite (peroxynitrous acid) results in the dominant accumulation of nitrate at low pH, as
under these conditions, this isomerization occurs more rapidly than decomposition into nitrite
[290]. However, when the pH is higher than 7.0 and total peroxynitrite concentration is greater
than 0.1 mM, conversion to nitrite increasingly becomes the major pathway of peroxynitrite
decomposition [290]. Whereas GSNO primarily decays by transnitrosylation, SIN-1 freely
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releases superoxide anion and NO with concomitant peroxynitrite decomposition, independently
of a binding partner for a transnitrosylation. This may factor into explaining the greater amount
of nitrite measured in solution due to SIN-1 compared to GSNO.
Physiologically, basal NO levels, synthesized mainly by NOS3 in the endothelial cells, is
on the order of 100 nM [291, 292], approximately 1000-fold less than the concentrations
provided by the NO donors in these experiments. However, following myocardial infarction,
plasma NO levels have been found much higher, on the order of 100 pM [293]. Therefore, the
concentrations used here approximate NO levels in pathologic states.

5.4

GSNO induces cardiac cell death
We found that NO, derived from GSNO, induced a concentration-dependent induction of

cardiomyocyte cell death. NO-induced cell death in cardiomyocytes is well recognized [103,
122, 254, 294], although under some circumstances NO can inhibit cell death [96]. The duality
of the role played by NO in cell death - in its promotion or inhibition - is well known and has
been attributed to the cellular concentration of NO and its interactions within the intracellular
environment with other biological molecules, such as superoxide anions [295-301]. Our results
have consistently shown that treatment with NO alone, from GSNO, is capable of causing cell
death in cardiomyocytes.

5.5

SIN-1 induces cardiac cell death
We also found that SIN-1 induced a concentration-dependent increase in cardiomyocyte

cell death. The majority of the cellular effects elicited by SIN-1 are believed to occur by the
formation of peroxynitrite from the NO and superoxide anions that it generates [302, 303].
However, NO and superoxide anions may also exert toxic effects independent of each other or of
peroxynitrite formation [304, 305]. As NO and superoxide are released in such close proximity
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and they spontaneously react very quickly to produce peroxynitrite [284], this suggests that the
observed cell death following SIN-1 treatment is likely due to peroxynitrite formation.
Peroxynitrite has been recognized as being capable of eliciting toxic cellular effects due to its
potency as an oxidant and nitrosylating agent that can react with a multitude of cellular targets
[306]. Our results have repeatedly demonstrated that SIN-1 is capable of causing cardiomyocyte
cell death, which is likely due to peroxynitrite formation.

5.6

H?Q? enhances GSNO-induced cell death
The NO donor sodium nitroprusside produces cell death through a mechanism that

involves

H2O2

formation, and low concentrations of exogenous H 2 0 can enhance this cell death
2

[254]. Caspase activation induced by DET A/NO, an NO donor that also results in formation of
reactive oxygen species, also mediates its effects via H 2 O 2 production [255]. These observations
suggest that increased IT2O2 concentrations may enhance NO-induced cell death.
Indeed, our observations demonstrate that H 2 O 2 accentuates GSNO-induced cell death.
This may occur, in part, by an increased formation of peroxynitrite [307]. Increased
peroxynitrite concentration has been associated with toxicity and cell death in numerous studies
[308-310]. Under normal circumstances,

H2O2

decomposes to form water and O 2 . However,

alteration of the normal functioning of the mitochondrial electron transport system, perhaps
through NO-mediated modification, generates excessive superoxide anions from 0 [311].
2

Furthermore, a reversible NO-induced modification of cytochrome oxidase O 2 consumption also
causes accumulation of reactive oxygen species (ROS) [312]. Together, these lead to increased
superoxide anion concentrations, which could react with the NO generated from GSNO to form
peroxynitrite and elicit greater cell damage.
While the addition of H 02 caused a significant increase of GSNO- and SIN-1-induced
2

cell death, H 2 0 treatments alone also induced a significant amount of cell death compared to the
2
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controls. ROS themselves are also highly reactive, and while they function in a controlled
manner as signaling molecules at low concentrations, there are numerous ways in which their
overproduction can adversely affect the health of the cell [313, 314]. Lipids, proteins, and DNA
are all potential targets for ROS-dependent oxidative damage [315]. While the increased ROS
concentration may augment the NO-based effects, it cannot be ruled out, at this point, that

H2O2

and NO elicit harmful cellular effects by independent, additive pathways.

5.1

FeTPPS
FeTPPS (5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrinato

iron (III) chloride) is a

useful peroxynitrite scavenger. It is water-soluble, with the molecular formula
C44H28ClFeN40i2S4 and molecular weight 1024.3 g/mol. It has been used to catalyze the
isomerization of peroxynitrite to nitrate, resulting in a reduction of the damaging effects of
peroxynitrite [316].
A general catalytic mechanism for iron (Ill)-porphyrins-mediated peroxynitrite
isomerization has been proposed (Figure 33) [270, 317]. Peroxynitrite covalently binds via its
distal oxygen atom to the Fe(III) center of the porphyrin ring. The peroxynitrite 0-0 bond then
+

undergoes spontaneous homolysis, resulting in the production of a free nitrogen dioxide radical
and the formation of an Fe(IV)=0 bond [270]. The Fe(IV) center is quickly reduced by the
newly generated radical, as it either regenerates the original Fe(III)-peroxynitrite intermediate
through reformation of the 0-0 bond, or recombines with the double-bonded O to form a new
N-O bond, which readily decomposes to form nitrate, NO3" [270].
This ability of FeTPPS to effectively remove peroxynitrite from solution reduces the
harmful effects elicited by peroxynitrite. In macrophages, FeTPPS has an EC50 for
cytoprotection against peroxynitrite of 5 p M [316]. At a concentration of 300 pM, FeTPPS
displayed toxic effects in a fibroblast blood-brain model, but lower concentrations demonstrated
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that it reduced peroxynitrite-induced loss of integrity [318]. It also improves the viability of NOtreated cells, perhaps through a reduction of nitrotyrosine formation [303, 316, 318-320].
Importantly, FeTPPS has displayed beneficial effects in heart models, demonstrated by an
improvement in cytokine-induced (NO-mediated) myocardial dysfunction [319], reduction of
endotoxin-induced inhibition of myocardial contractile function [321], and a normalization of
peroxynitrite-mediated increased left ventricular end diastolic pressure in hyperlipidemic rats
[322].

5.8

FeTPPS reduces SIN-1-induced and GSNO plus H 0?-induced cell death
7

We used FeTPPS to reduce the amount of peroxynitrite in solution following treatments,
and examined the effects on the cardiomyocytes in culture. We found that FeTPPS significantly
reduced the amount of cell death induced by SIN-1. However, there was not a total elimination
of cell death. Higher concentrations of FeTPPS alone reduced cell viability, so it would be
difficult to differentiate between these toxic effects elicited by FeTPPS itself, and any further
reduction in peroxynitrite-mediated death associated with increased availability of FeTPPS.
However, the results from lower concentrations of FeTPPS substantiate the hypothesis that a
reduction of peroxynitrite, by its conversion to nitrate, is sufficient to reduce the amount of cell
death. Additionally, it may be suggested that there exists the possibility that SIN-1-induced
toxicity is not mediated by peroxynitrite alone.
Possible reactions of the NO and superoxide anions released from SIN-1 with various
cellular targets, independently of each other, may account for some toxic effects [284].
Interestingly, it has been proposed that when SIN-1 is administered in the presence of electron
acceptors, the superoxide anions react with those, rather than NO, to produce O 2 , thus resulting
in an accumulation of NO rather than the formation of peroxynitrite [284]. In this case, the
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FeTPPS would have a minimal effect on the cell, being specifically reactive with peroxynitrite
and not NO.
The proposal that NO and superoxide exerting independent effects is supported by our
results combining SIN-1 with H 2 O 2 and FeTPPS. The increased oxidative environment formed
by the H 2 O 2 would presumably contain a higher superoxide anion concentration, which would
encourage a greater formation of peroxynitrite from NO. An increased peroxynitrite
concentration could explain the greater reduction of cell death following FeTPPS in combination
with SIN-1 and H 0 , compared to its combination with SIN-1 alone. As FeTPPS is unable to
2

2

completely reduce SIN-l-induced cell death, this suggests that in our model system, SIN-1 may
produce a significant amount of NO in addition to peroxynitrite. This may possibly be mediated
by components of the medium, possibly the fetal calf serum, providing a source of electron
acceptors to facilitate the accumulation of NO rather than peroxynitrite [284].
The effect of FeTPPS on cell death induced by GSNO was also examined. While
FeTPPS had no effect on GSNO-induced cell death, it did show a reduction upon the inclusion
of H 2 O 2 with GSNO. Again, this is likely explained by the interplay between ROS and NO. As
GSNO is strictly an NO donor, increasing the oxidative environment with H 2 O 2 could lead to the
formation of peroxynitrite from the NO, which would then be isomerized by FeTPPS to reduce
its toxic effects.

5.9

FeTPPS reduces H?O induced cell death
r

Our results also provide evidence to show that FeTPPS can significantly reduce H 022

induced cell death, in the absence of any exogenously provided NO. Nitric oxide synthase
enzymes produce basal levels of NO endogenously as a part of normal cellular function and
signaling pathways [323, 324]. I speculate that this basal amount of NO produced naturally by
the cell would react to form peroxynitrite, owing to the presence of fF^-induced ROS. As
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such, a part of the observed H 0 -induced cell death may be due to effects caused by
2

2

peroxynitrite. Our observation that FeTPPS is capable of reducing H 0 -induced cell death
2

2

supports this proposal.

5.10

GSNO produces an increase in p53 expression in the cell
Our study demonstrates that cellular p53 protein levels increase in response to NO, an

effect that is associated with an increase in cell death. The role of p53 in response to cellular
damage is either to induce repair and ensure cell viability or to commit the cell to death [227,
325]. When required, the normally low basal level dramatically accumulates due to the
inhibition of its cytosolic degradation [326, 327]. We consistently demonstrated an overall
increased expression of p53 in whole cell lysates in cardiomyocytes which is consistent with
other studies performed in heart models [294, 328], as well as in a variety of different cell types
[234, 241, 249, 329-333]. More specifically, NO caused a significant increase at lower
concentrations, whereas higher concentrations showed a slight increase which was not
statistically significant. Interestingly, these increased amounts of p53 are associated with
minimal amounts of cell death, in contrast to the higher concentrations with less of an expression
increase but a corresponding dramatic increase in death. This observation argues for a role for
p53 in reducing the harmful effects of NO on cell viability. Similarly, it may be interpreted that
the toxic effects of higher NO concentrations occur by mechanisms that are not governable by
p53, and so no significant increase in p53 expression is found under those conditions.

5.11

GSNO produces an accumulation of p53 in the nucleus
We examined the subcellular compartmentalization of the p53 response and found that

NO induced a significant accumulation of p53 in the nucleus. The notion of p53 in the nucleus
developed from the initial observation that p53 possessed DNA-binding capability [177]. This
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concept evolved into one of the now-understood functions of p53 as that of a transcription factor,
to induce the expression of several specific p53-dependent genes within the nucleus. Among the
multitude of genes under its regulation are the pro-apoptotic factors Bax [180], PUMA [183],
Bid [184], and Apaf-1 [187], any one of which could contribute to NO-induced loss of cell
viability. Nuclear import of p53 is mediated by the binding of its nuclear localization signal to
the importin complex at the nuclear pore [334]. In addition to this influx, the accumulation of
p53 in the nucleus following NO treatment is likely due to a combination of both a promotion of
nuclear retention via NO-induced p53 phosphorylation and inhibition of Mdm2-mediated p53
nuclear export [245, 335]. The positive regulators of p53, ATM kinase and pl9APJF, do not
regulate the NO-mediated p53 increase [239]. While nuclear translocation and accumulation of
p53 have previously been observed in response to various stimuli [336, 337], to our knowledge,
this is not a well-described component of the response of cardiomyocytes to NO.

5.12

NO-induced cell death was not altered by pifithrin
Pifithrin is a reversible inhibitor of p53's transcriptional activity, and therefore, p53-

dependent apoptosis [264]. While pifithrin may have an effect at other cellular sites, it is a
potent inhibitor of p53-mediated transcriptional control [338]. The concentration of pifithrin
was selected for its ability to reduce cell death in cardiomyocytes, as lower concentrations were
less effective and higher ones demonstrated cytotoxicity [265]. Similar concentration effects
were found in neural [266] and hepatic cells [267].
This is the first study to examine p53 inhibition with pifithrin in cardiomyocytes
subjected to NO. We verified the efficacy of pifithrin in this model where it diminished
adriamycin-induced cellular apoptotic morphology and DNA fragmentation, as adriamycin
induces apoptosis in a p53-dependent mechanism [265]. However, we repeatedly found that
pifithrin caused no change in the amount of cell death induced by NO, nor did it alter NO85

induced DNA damage. Numerous studies using various stimuli describe a reduction in cell
death following p53 inhibition with pifithrin [266, 339, 340]. This variation in response to
pifithrin may be caused by a limited specificity of its binding target.
While the nuclear accumulation mechanisms of p53 remain intact in response to GSNO,
our data demonstrates that pifithrin does not reduce the amount of NO-induced cell death, caused
by either GSNO or SIN-1, and so this mechanism appears independent of p53's activity.
Conversely, the opposite has also been found to be true, where pifithrin reduced both p53dependent apoptosis and the amount of p53 in the nucleus [339]. However, this study was
performed in rat hepatocytes utilizing LPS to induce apoptosis, so both of these factors may
account for the differences in the findings. In our study, we consistently found that pifithrin did
not reduce GSNO-induced or SIN-l-induced cell death, as measured by MTT assay, nor did it
reduce the amount of DNA fragmentation caused by NO treatment. These results suggest that
gene transactivation by p53 is not involved in the maintenance of cell viability, despite its
increased nuclear presence in response to NO.
By comparison, Y-box-binding protein YB1 physically interacts with p53 within the
nucleus to inhibit transactivation of pro-death genes and cell death through a selective regulation
of p53-dependent genes [331]. Our results may be interpreted to indicate that the cellular
response to NO-induced cell damage is to recruit p53 to the nucleus, while YB1, or NO itself,
may modify p53's ability to sufficiently handle and reduce the cell's stress appropriately, in a
manner that is comparable to the actions of pifithrin.

5.13

GSNO induces DNA fragmentation
Utilizing the comet assay, we observed increased DNA fragmentation in response to NO.

The comet assay has been repeatedly validated as an indicator of DNA damage as it reliably
demonstrates DNA fragmentation [341, 342]. Our finding of NO-induced DNA fragmentation
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can be supported by other data [234]. DNA strand breaks occur in a concentration-dependent
manner in response to the NO donor SNP, in single cell suspensions from organs isolated from
mice [343]. Our results suggest that NO-induced cell death was associated with an increase in
p53 expression in whole cell lysates and in particular, an accumulation of p53 in the nucleus.
Increased p53 expression inhibits DNA synthesis and the cell cycle following DNA damage
induced by gamma radiation or actinomycin D [138].
Through the use of the comet assay, we observed an increase of DNA damage in
response to increasing concentrations of NO. Our results are consistent with other studies using
a variety of cell types that showed NO causes DNA damage [344-347] and inhibits repair [348].
Specifically, this result was observed in cardiomyocytes [103, 294, 349]. NO induces DNA
damage by various mechanisms, such as by modification of the sugar backbone or of the DNA
bases [34], resulting in strand breaks or increased susceptibility to cleavage by endonucleases
[350]. As well, the interaction of NO with superoxide ions forms peroxynitrite, which is a more
potent inducer of DNA strand breaks than NO itself [34]. Damaged DNA has been shown to
increase p53 expression, with an increased regulation of DNA repair among its numerous roles
[138, 234, 235,328,351].

5.14

GSNO-induced DNA damage is not altered by pifithrin
Here we are introducing the novelfindingthat inhibition of p53 through the use of

pifithrin is not sufficient to significantly reduce the amount of cell death observed in
cardiomyocytes following NO treatment, nor does it change the amount of damaged DNA
induced by NO. If p53 were involved in modulating DNA repair following NO exposure, then
the inhibition by pifithrin would prevent any p5 3-dependent "repair gene" transcription.
Therefore, by blocking the transcription of repair genes, there would be a deficiency of repair
machinery that could act to reduce the damage, and so DNA damage may accumulate and be
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greater than if NO were administered in the absence of pifithrin. However, the inclusion of
pifithrin in the treatments did not reduce death or increase DNA damage. This suggests that the
repair of the observed DNA damage by NO occurs independently of p53-dependent
transcription. Alternately, p53 may still be involved in regulating DNA repair through
transcription-independent mechanisms, such as directly binding to damage sites to recruit repair
proteins or to initiate repair itself [140]. These mechanisms could potentially function even in
the presence of pifithrin, and therefore pifithrin would not affect the amount of DNA damage
present or its rate of repair.

5.15

GSNO does not induce cell death through the mitochondrial death pathway
Mitochondrial fractionation studies were performed using differential centrifugation

techniques. These methods have been shown to yield highly enriched mitochondrial fractions
with minimal contamination with other organelles, as assessed by electron microscopy or
enzyme activity assays [352, 353]. We have also demonstrated that the mitochondrial fractions
contained abundant cytochrome c, which was lacking in the cytosolic components, and no
detectable amount of the cytosolic marker PI-3 kinase [268].
We show that in cardiomyocytes, NO-induced cell death is unlikely to be mediated
through a mitochondrial pathway. We consistently found only a minimal level of p53 associated
with mitochondria, with no significant increase within mitochondrial fractions following NO
treatment. Data in other cell types indicates that p53 translocates to the mitochondria during
p53-dependent apoptosis [203, 204, 354-356]. Furthermore, it was determined that the specific
targeting of p53 to the mitochondria, thus by-passing its nuclear import and gene transactivation
activity, is sufficient to induce apoptosis [203]. Mitochondrial translocation is dependent
specifically on the amino acid present at the codon 72 locus. Mutant p53 containing a proline at
this position shows diminished ability to relocate, in addition to hindered apoptotic ability [207].
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By comparison, arginine substitution at this location enables free and spontaneous translocation
and promotes apoptosis [207]. These results implicate a p53 mitochondrial translocation as
being a significant transcription-independent component of the cell death circuitry, separate from
the transcriptional control mechanisms associated with p53's nuclear translocation. However,
this mitochondrial translocation ability has not been examined in NO-treated cardiomyocytes,
and as such, our findings suggest that translocation of p53 to mitochondria is not active in the
heart in response to NO.
Furthermore, NO did not induce cytochrome c release from the mitochondria, a key step
in the apoptosis process. Release of cytochrome c, from the inner mitochondrial membrane into
the cytosol, is a central step in the apoptotic response. Once in the cytosol, it aids in the
activation of caspase-9, thus initiating the caspase cascade leading towards the death of the cell
[357]. NO has previously been recognized to induce such translocation [78, 358-361]. Of
particular significance, in macrophages, NO-induced cytochrome c relocation depends upon p53
accumulation [249]. In contrast to this observation, we show here that the cardiomyocyte
response does not appear to include a cytochrome c release accompanying p53 accumulation as a
major role in responding to NO. However, our results suggest that there may be a minor release
of cytochrome c from the mitochondria following NO treatment. Conversely, a number of
studies suggest that cytochrome c release is inhibited following NO treatment [66, 111, 298, 362,
363]. These varying observations suggest that the cytochrome c release is not a general response
to NO and it depends on the cell type and environmental conditions.
Contrary to studies in various model systems that demonstrated that NO-induced cell
death may include an associated mitochondrial depolarization [364-367], we found that NO did
not cause a reduction of the A Y m . Additionally, inhibition of the mitochondrial PTP with
cyclosporin A conferred no significant protection from the effects of NO. Loss of A T m is
thought to occur by the opening of the mitochondrial PTP, a large conductance channel that

facilitates leakage of pro-apoptotic factors and dissipation of the electrochemical gradient [368],
though the point of modification by NO on this process is uncertain. In previous studies
conducted in cardiomyocytes, NO did not induce a mitochondrial depolarization either, but,
interestingly, prevented it from occurring altogether when administered ahead of
ischemia/reperfusion, or H 2 O 2 [369-371]. However, the protective effect of NO observed in
these studies was reflected in the increased viability of the cells studied. By contrast, our data
clearly demonstrates a negative effect of NO on cardiomyocyte viability through a mechanism
independent of changes in A*J/ . The role of a "mitochondrial apoptosis-induced channel,"
m

separate from the permeability transition pore, has also been proposed as a means of cytochrome
c release from mitochondria without a loss of membrane integrity or depolarization [372], which
may help to explain the minor leakage of cytochrome c separate from a loss of mitochondrial
potential in our study.
In perfused heart studies, NO induced cytochrome c release and mitochondrial PTP
opening as rapidly as 10 minutes following treatment [360]. However, their study administered
the NO by perfusing the heart, whereas our experiment involved treating cell cultures in
medium. This difference in NO delivery and model system may account for the differing results.
Other experiments also suggest that NO induces caspase-mediated apoptosis dependent on
mitochondrial PTP opening and cytochrome c release [361]. Importantly, however, is that these
conclusions were drawn based on studies with isolated mitochondria, a model system that is
without any of the additional interactions that occur within the cellular context of our study.
Differing observations between these and our study is most likely a result of the diversity of
models used in the investigations.
Taken together, our findings that NO does not translocate to mitochondria, does not alter
mitochondrial transmembrane potential, does not induce a large loss of cytochrome c into the
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cytosol, coupled with the inability of cyclosporin A to alter NO-induced cell death strongly
suggest that NO reduces cell viability through a mechanism independent of the mitochondria.

516

SIN-1 causes a reduction of mitochondrial transmembrane potential
While GSNO was found to have no significant effect on ANPm, SIN-l-induced cell death

was associated with a reduced potential, as shown by DePsipher staining. This difference is
likely due to the nature of the donors, as SIN-1 produces peroxynitrite, whereas GSNO releases
NO or participates in transnitrosylation reactions. High NO concentrations, resulting in the
formation of peroxynitrite, have been found to lead to irreversible damage to complex V (ATP
synthase) of the electron transport system and promote apoptosis [373]. Similarly, exogenously
provided peroxynitrite resulted in inhibition of complexes I, II, and V, minor inhibition of
complex IV, and no significant inhibition of complex III [130]. By contrast, NO caused
reversible inhibition of the respiratory chain at complexes III and IV, leading to depletion of
cellular ATP stores and apoptosis [67, 374]. Depletion of cellular ATP reduces the ability of the
mitochondria to maintain a A ^ m [280]. As NO affects ATP production in a reversible manner,
the concentrations of GSNO we used may not have been sufficient to induce a noticeable
reduction of A ^ m , whereas the irreversible effects of peroxynitrite, from SIN-1, did.
While we did not specifically measure mitochondrial proteins involved in apoptosis, I
speculate that their involvement may be possible in SIN-l-induced cell death. In conjunction
with the increase in p53 expression, Bax expression is increased by a p53-dependent mechanism
[89], while its and p53's breakdown by the 26S proteasome is inhibited [375]. A role for Bax in
our results is suggested by recent studies that have elucidated compounds that block
mitochondrial channels formed by Bax insertion and oligomerization, and whose use in
ischemia-induced apoptosis models has revealed a prevention of cytochrome c release,
maintenance of A^P™, and reduction in apoptosis [376]. Therefore, our results may be interpreted
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as NO is causing p53 accumulation, and peroxynitrite may lead to increased Bax production and
insertion into the mitochondrial membrane, thus causing a loss of A ^ m and death of the cell.

5.17

NO increases cellular protein tyrosine nitration
NO modifies tyrosine residues of proteins by nitration, the covalent addition of an - N O 2

group to one of the ortho carbons of the aromatic ring [377]. Western blotting for nitrotyrosine
residues demonstrated that there was an increased amount of nitrotyrosine following SIN-1 or
GSNO treatment. Increasing amounts of data suggest that protein nitration may be an additional
form of cell signaling, comparable to mechanisms such as phosphorylation, especially if the
modified residue is critical to the function of the protein [378]. Thefindingof an enzyme
"denitrase" activity, to reverse the nitration signal, further supports this theory [379]. Whereas
specificity for phosphorylation is usually conferred by a specific peptide sequence, there does
not appear to be a consensus sequence for nitration, but rather it may depend on the local
environment of the particular tyrosine residue, and its overall position on the protein (ie. on the
surface or buried) [377]. Evidence suggests that the tyrosine is initially oxidized through free
radical reactions to form a tyrosine phenoxyl radical, followed by its reaction with a nitrogen
dioxide radical formedfromthe breakdown of peroxynitrite [48], as peroxynitrite itself does not
favourably react with tyrosine directly [380]. Alternate mechanisms suggest that the initial
tyrosine radical can readily bind to NO to form a nitroso intermediate which can subsequently be
oxidized to form nitrotyrosine [381], or that nitronium ions ( N 0 2 * ) react with the tyrosine ring to
directly form nitrotyrosine [10].
Our results suggest that some key proteins involved in cell viability, both in the cytosol
and mitochondria, are modified by tyrosine nitration, leading to cell death. Furthermore, there
also appears to be a significant accumulation of nitrotyrosine staining in the cell membrane
following SIN-1 administration. As a proposal for future investigation, a literature search for
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proteins with a molecular weight of approximately 75-200 (as implied by Figure 25) that may
possibly play a role in cell death, and which may be subject to modification by NO, briefly
includes proteins such as APAF-1 (apoptotic protease activating factor-1), CARP-1 (cell cycle
and apoptosis regulator protein 1), DAPK-1 (death-associated protein kinase 1), MEKK-5
(mitogen-activated protein kinase kinase kinase 5), pi60 ROCK-1 (Rho-associated protein
kinase 1), a-actinin-1, -2, and -3, and SERCA-1, -2, -3 (sarcoplasmic-endoplasmic reticulum
calcium ATPase-1, -2, -3).
While our results show general tyrosine nitration, several proteins have previously been
identified as being targets for modification by NO [378]. Additionally, peroxynitrite causes
tyrosine nitration of proteins associated with membranes [382]. Some proteins have already
been specifically identified as tyrosine nitration targets. Signaling pathways can be altered, as
ERK1/2 becomes activated following nitration [383], whereas

NF-KB

becomes inactivated

following nitration [384]. Co-factor-dependent PKC activity also is inhibited by peroxynitrite induced protein tyrosine nitration [385]. Complex I of the electron transport system displays a
high degree of tyrosine nitration [130], whose inhibition may contribute to the observed loss of
A Y m . Cytochrome c is also a target for nitration, following which it catalyzes the nitration of
nearby proteins [386]. Importantly, tyrosine nitration by peroxynitrite has also been observed on
p53, leading to a decrease in DNA-binding ability and perhaps playing a role in carcinogenesis
[247, 248]. This supports our previous suggestion that p53 in the nucleus may be unable to
modify transcription, due to a modification by NO. Undoubtedly, the list of known proteins that
undergo tyrosine nitration, and its effect on function, will continue to increase.

5.18

Limitations of the study
Several limitations of this study should be kept in mind. For this study, we utilized

embryonic chick cardiomyocytes in culture. While an examination of this study in a more
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clinically comparable model system would be favourable in order to confidently extrapolate the
results, the avian model possesses a high degree of homology with other vertebrates [387] and is
therefore a suitable system for exploring the mechanisms of cell death, with potential application
to other species. Secondly, mitochondrial AT™ was visualized by DePsipher staining, and the
effects of NO qualitatively described. However, we have demonstrated that the DePsipher
staining of intact cells correlates well with detailed FACS analysis of DePsipher evaluation of
AT'm [263]. Thirdly, we used only the MTT assay to evaluate cell death. NO-induced cell death
can occur through multiple mechanisms of cell death [255]. It is not immediately obvious
whether the cell death we observed was apoptotic or necrotic, or a combination of both.
Cytochrome c, a useful marker of apoptosis, was found in the cytosol in only minor amounts.
However, assessment of cell death by MTT permits an assessment of total cell death so that cell
death from apoptosis and necrosis are combined. Further examination of cell death pathways
(eg. caspase activation, ATP synthesis) would be valuable in ascertaining if NO indeed kills by
apoptosis or necrosis. Fourthly, we used the agent FeTPPS and did not measure cellular
peroxynitrite concentrations. However, the ability of FeTPPS to catalyze the isomerization of
peroxynitrite to nitrate is well documented [316] and its ability to reduce the damaging effects of
peroxynitrite well recognized [303, 316, 318-320]. FeTPPS did not completely prevent cell
death induced by SIN-1, in part due to the inherent cellular toxicity of this agent. Fifthly,
another concern is that the mode of action of pifithrin on p53 remains poorly characterized. In
addition to inhibiting p53-dependent gene transcription, it is also a potent aryl hydrocarbon
receptor (AhR) agonist [338]. However, p53-mediated transcriptional control occurs by an AhRindependent mechanism [338], and therefore these observations do not represent the same
pathway. Pifithrin has also been shown to suppress heat shock and glucocorticoid receptor
signaling [388]. These results demonstrate that pifithrin has additional, potentially unidentified
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cellular targets that are independent of p53 and could possibly play a role in the regulation of
NO-induced cell death.

5.19

Summary
In summary, this research has contributed valuable insight into the mechanisms behind

NO-induced cell death in cardiomyocytes. The effect of NO is dependent on the type of NO
donor used. GSNO-derived NO was found to induce cell death in cardiomyocytes by
mechanisms that appear to be independent of the mitochondria (eg. no p53/mitochondria
association, no change in A^m, cyclosporin A-insensitive, and minor cytochrome c release). In
response to NO, p53 was found to increase in a concentration-dependent manner; such that lower
NO was associated with higher p53 levels, and vice-versa. However, DNA damage increased
with NO concentration. Inhibition of p53's gene transactivation activity by the inhibitor pifithrin
was not able to reduce NO-induced cell death, nor did it play a role in modulating the extent of
NO-induced DNA damage. However, in response to NO, p53 still accumulated in or
translocated into the nucleus. Therefore, it seems as though p53 plays a role within the nucleus
in the NO-induced death response that is independent of initiating transcription of important
genes or significantly reducing DNA damage.
Peroxynitrite also induced cardiomyocyte cell death when provided by SIN-1, or by its
generation from the combination of GSNO and

H2O2,

demonstrated by the reduction in cell

death afforded by the peroxynitrite isomerase FeTPPS. SIN-1-induced cell death was not
affected by pifithrin either, suggesting that it also occurs by mechanisms independent of p53
transactivation.

H2O2

caused an increase in GSNO-induced cell death possibly as an additive

effect, or due to a higher toxicity of peroxynitrite. However, GSNO alone caused cell death
independent of peroxynitrite formation. In contrast to GSNO, SIN-1 was capable of inducing a
loss of A ^ m , suggesting that NO and peroxynitrite induce cell death through different
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mechanisms. Immunocytochemistry also suggests that GSNO and SIN-1 cause differing effects,
where both donors caused significant protein nitration, but with different cellular distributions.
It is likely that these protein nitration reactions modify the target proteins' functions, and in so
doing, modulate key mechanisms governing cell survival, leading to NO-induced cell death.
The following proposal speculates on a unifying explanation for my results. Normal NO
metabolism results in the formation of basal peroxynitrite. At these low concentrations,
peroxynitrite does not induce toxic cellular effects. At higher concentrations, it causes cell
death. Peroxynitrite may do this by the nitration of key regulatory proteins, especially
mitochondrial proteins, resulting in a loss of mitochondrial integrity, A T , and cell death.
m

Similarly, under conditions that do not favour peroxynitrite formation, higher concentrations of
NO cause the nitration of a different subset of proteins, which again influence the health of the
cell. Low concentrations of NO cause a rapid increase in p53 protein, perhaps in an effort to
protect the cell from NO-induced damage. Comparatively, higher concentrations of NO do not
induce as large an increase of p53 expression, possibly indicating that high NO may overwhelm
the protective abilities of p53. NO-induced cell death does not occur through an association of
p53 with mitochondria, nor does it induce mitochondrial apoptotic mechanisms, such as release
of cytochrome c or loss of A ^ V By contrast, NO causes the accumulation of p53 within the
nucleus where further regulation of nuclear functions may inhibit p53's DNA binding, yet p53
may still directly participate in low level DNA repair independently of its gene transactivation
capacity. The recruitment of p53 into the nucleus may be in response to NO-induced DNA
damage, which occurs through several previously noted mechanisms, as a result of NO's
naturally reactive chemistry. However, despite this recruitment, it appears that it is insufficient
to combat the NO-induced DNA damage. Alternately, p53 may play a role separate from DNA
damage regulation. In addition to effects caused by NO itself, enhanced production of
peroxynitrite, that occurs when ROS derivedfromexcess hydrogen peroxide reacts with NO
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provided by an NO donor such as GSNO or even SIN-1, enhances cell death. Therefore, the
modification of key proteins by nitration, as a result of heightened NO or peroxynitrite
concentrations may result in the alteration of normal cellular processes that leads to NO-induced
cell death.
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Figures

Figure 28: S-transnitrosylation mechanism
The thiol group of the nitro-group recipient (Ri-S-H) undergoes deprotonation to yield a
negatively charged thiolate anion. This nucleophilic thiolate anion then attacks the electrophilic
nitrogen atom of the NO donor (R -S-N=0), which results in heterolytic cleavage of the N-S
bond and displaces the parent thiol compound of the NO donor. Following protonation of this
thiol, the overall result of the reaction is a transfer of the NO group from one thiol to the other.
Figure adapted from [274].
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Figure 29: 3-morpholinosvdnonime decomposition mechanism
In solution, the sydnonimine ring of 3-morpholinosydnonime (SIN-1) is cleaved, followed by a
single electron transfer to O2 to form CV. The resulting reaction intermediate (SIN-1 **)
undergoes afinalintramolecular recombination, which liberates NO. Figure adapted from [284].

o

OH

-

/

1

SN-tA

Ca

o

NO
<VQ

N-N=CH-CN
SIN-1C

sn-r

99

Figure 30: S-transnitrosylation by peroxynitrite
The thiol group of the nitrosylation target (R-S-H) undergoes deprotonation to yield a negatively
charged thiolate anion. This nucleophilic thiolate anion then attacks the electrophilic nitrogen
atom of protonated peroxynitrite (0=N-0-0-H), which results in heterolytic cleavage of the N-0
bond and transfer of the NO group to the thiol. Hydrogen peroxide is also formed following
protonation. Figure adapted from [287].
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Figure 31: Thiol oxidation by peroxynitrite
The thiol group undergoes deprotonation to yield a negatively charged thiolate anion. The
thiolate anion then attacks the terminal oxygen atom of peroxynitrite, with the concomitant
elimination of nitrite and formation of a hydroxylated thiol. Figure adapted from [9].
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Figure 32: The Griess reaction
The Griess reaction measures nitrite, NO2" concentration. Under acidic conditions, NO2" forms
the strong nitrosating agent, nitrosonium cation NO , which reacts with sulphanilamide to form a
diazonium ion, which reacts with N,N'-naphthylethylenediamine to form a red azo product that
can be detected spectrophotometrically at 595 nm. Figure adaptedfrom[389].
+
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Figure 33: FeTPPS-mediated peroxynitrite isomerization
Peroxynitrite covalently binds via its distal oxygen atom to the Fe (III) center of the porphyrin
ring of FeTPPS. The peroxynitrite O-O bond then undergoes spontaneous homo lysis, resulting
in the production of a free nitrogen dioxide radical and the formation of an Fe(IV)=0 bond. The
Fe(IV) center is quickly reduced by the newly generated radical, as it either regenerates the
original Fe(III)-peroxynitrite intermediate through reformation of the 0-0 bond, or recombines
with the double-bonded O to form a new N-O bond, which readily decomposes to form nitrate,
N0 " [270]. Figure adapted from [270].
+
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