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Abstract

The neutrophil oxidative burst during inflammation is a main source of oxidants in vivo. As a
result of neutrophil activation, the inflammatory oxidants produced include H2O2 and
chlorinated oxidants (HOCl and chloramines). These oxidants have been linked to endothelial
dysfunction, a key component of various inflammatory diseases such as cancer, atherosclerosis
and obesity.

The relevance of chloramines to inflammatory disease is an area of great interest. Some
chloramines have been shown to traverse membranes and are cytotoxic, reacting with a number
of cell components, with particular preference for Cys and Met residues. Understanding which
cellular targets are preferentially oxidised by chloramines could provide important clues as to
how endothelial dysfunction might be mediated in the context of inflammation. The aim of this
thesis was to explore the cellular thiol targets HOCl and cell-permeable chloramines (glycine
chloramine, GlyCl; and monochloramine, NH2Cl) in an endothelial cell model. Specifically, the
focus was to investigate each oxidant‘s effects on cells grown in culture, with treatment exposure
kept to a minimum in order to specifically identify early protein thiol modifications which could
be involved in the determination of cell fate and/or antioxidant protection.

Peroxiredoxins (Prxs, a family of thiol proteins known to detoxify cells against H2O2) in both
endothelial cells and erythrocytes were shown to react with chloramines and HOCl, but
accumulated in a different redox state than that seen with H2O2. Instead of becoming inactivated
due to hyperoxidation, as observed with H2O2, Prxs were reversibly oxidised to disulfides and
thus remained catalytically active following chloramine or HOCl treatment, suggesting that these
enzymes may be important in detoxifying cells against chlorinated compounds. In addition, this
study provided some evidence that Prx redox status could be involved in (or at least related to)
cell viability in an endothelial model.

This study has also identified novel proteins which specifically underwent thiol redox
modifications in cells briefly exposed to cell-permeable chlorinated oxidants. The twodimensional SDS-PAGE approach used illustrated that many proteins underwent thiol oxidation
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following treatment, and a subset of these proteins were selected and identified by mass
spectrometry. Many of the proteins identified by this method are known to participate in
antioxidant protection of cells and/or in apoptotic cell signalling, which makes them worthy of
further exploration.

Finally, haem oxygenase-1 (HO-1), another important antioxidant enzyme with strong links to
inflammatory disease, was shown to be highly induced in cells exposed to low doses of NH 2Cl.
Surprisingly, nuclear translocation of nuclear factor erythroid-2-related factor 2, one of the major
transcription factors known to induce HO-1 expression, could not be detected. The highly
sensitive HO-1 expression in response to chloramine treatment, in addition to its known roles in
protecting cells against inflammatory tissue injury, mean that HO-1 is likely involved in
protecting cells against oxidative injury during inflammation.

This study has explored a number of thiol proteins which undergo redox modification in
response to exposure to chlorinated oxidants. The identification and characterisation of these
targets helps to understand the inflammatory condition and the roles specific to the various
chlorinated oxidants. Further understanding of the processes involved in inflammatory disease
will assist in directing future studies toward the development of therapeutics for preventing
inflammatory tissue damage.
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Introduction

Understanding the tissue damage which results from inflammation is an area of great interest and
importance. Many diseases such as atherosclerosis involve a heightened inflammatory response
which actually contributes to the pathophysiological disease state. Increasingly, the damage to
cells and tissues during inflammation has been associated with increased oxidative stress as a
direct result of the body‘s inflammatory response. Oxidants which are intended by the body‘s
immune system to defend against invading pathogens are readily able to react with the body‘s
own cells during inflammation. This can lead to negative side effects and even contribute to the
disease pathology in tissues during inflammation, especially when the inflammatory response
becomes chronic.

This thesis is focused on the mechanisms of oxidative stress induced by hydrogen peroxide and
chlorinated oxidants, which are generated as a result of neutrophil activation as part of the
inflammatory response. In particular, the aim was to understand the major cellular targets (with
particular interest in thiol targets) of these oxidants in an endothelial model. Identification of
these targets will enable better understanding of the cellular systems which might protect from
and/or contribute to endothelial damage during inflammation, and provide insight for future
therapeutic development.

1.1

ROS, Inflammation & Disease

1.1.1

ROS and Oxidative stress

Reactive oxygen species (ROS) are constantly produced during normal physiological conditions
and consist of a variety of oxidative molecules derived from O2 (including hydrogen peroxide,
H2O2, superoxide, •O2-, and the hydroxyl radical •OH). ROS are capable of modifying
macromolecules including lipids, proteins and DNA, which are susceptible to oxidative
modification; this is often accompanied by either reversible or irreversible dysfunction of the
target. Under normal homeostatic conditions, the level of ROS produced– as a result of normal
aerobic respiration, for instance – is balanced by the activity of various endogenous antioxidant
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systems. However, an imbalance in ROS production and scavenging in favour of ROS
production results in a condition referred to as oxidative stress.

Increasingly, this cellular redox imbalance (or lack of redox homeostasis) has been associated
with a number of pathological conditions and diseases. When the level of ROS increases, cellular
defences against oxidative damage include a variety of enzymatic (e.g. catalases and glutathione
peroxidases, GPx) and non-enzymatic (e.g. glutathione, GSH, and ascorbate) strategies. These
may scavenge ROS directly or simply repair/replace damaged molecules. The level of ROS
produced has the potential to be beneficial or harmful to cells, depending on the degree of
imbalance; despite the potential damaging effects of macromolecular oxidation, it has been
repeatedly suggested that low levels of ROS produced may be responsible for activating
signalling cascades which help cells respond to various physiological stresses (from xenobiotic or
electrophilic stimuli, for example).

There are several main cellular sources of endogenously-produced ROS, including the
mitochondrial electron transport chain (of which Complexes I and III are responsible for
electron ‗leakage‘, reducing O2 to •O2- at the mitochondrial membrane) and enzymatic sources
such as NADPH oxidases (NOXs), which reduce O2 to •O2- at the cell membrane, with reducing
equivalents from NADPH (reviewed in [2; 13; 14]). Phagocytic NOX2 is one of the most wellstudied members of this widely-distributed family of flavoprotein peroxidase enzymes. The
components of the NOX2 enzyme assemble at the phagosome membrane and this activated
complex is responsible for the hallmark ‗oxidative burst‘ of activated neutrophils (reviewed in
[15]; further discussed in Section 1.1.2.1).

1.1.2

Oxidative stress during inflammation

1.1.2.1 The neutrophil oxidative burst
Neutrophil recruitment to a site of inflammation is one of the body‘s first responses to
pathogenic or other inflammatory stimuli. Neutrophils are the most abundant leukocytes in
humans and provide an important defence in terms of bacterial phagocytosis and killing.
Bacterial killing by neutrophils has been shown to include both oxidative and non-oxidative
mechanisms [16; 17], and in recent years the oxidative killing has generated much scientific
attention.
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As mentioned in Section 1.1.1, the NOX2 complex assembles on the phagosome membrane of
activated neutrophils, resulting in the characteristic oxidative (or respiratory) burst which is at
least partly responsible for the neutrophil‘s bactericidal capacity. This is illustrated in patients
with chronic granulomatous disease (CGD), who have inactive NOX2 resulting in a failure to
produce a respiratory burst. Neutrophils from patients with CGD are ineffective at clearing
infection, and these patients consequently suffer severe chronic infections which are often lifethreatening [18; 19]. Study of patients with this exceedingly rare disease has highlighted the
importance of NADPH oxidase function in the inflammatory response.

Although important for the bactericidal activity of the neutrophil, NOX2-derived oxidants are
also reactive with the body‘s own cells. The collection of inflammatory oxidants generated as a
result of the neutrophil oxidative burst is responsible for contributing to inflammatory tissue
damage. In fact, many diseases (such as cancer, diabetes and atherosclerosis) and their associated
pathologies have strong links to the heightened ROS production during chronic inflammation
(discussed in Section 1.1.5). The specific effects of the various oxidants produced are still not
fully understood, but depend on the particular oxidant‘s local concentration, specific reactivity,
targets, cell permeability and possible diffusion distances. These oxidants are discussed below.

1.1.2.2 Hydrogen Peroxide (H2O2)
In addition to the mitochondrial electron transport chain, a number of enzymes (including
NOXs), are endogenous sources of superoxide radicals. Superoxide readily dismutates (with or
without the assistance of superoxide dismutases) in cells to generate H2O2, a molecule which has
important roles in cell signalling (reviewed in [20; 21]).

Unlike superoxide, H2O2 is readily membrane-permeable and although it is a 2-electron oxidant,
is not particularly reactive with most biological molecules. H2O2 does appear to favourably react
with thiol residues and in particular those which are in the anionic thiolate form (Cys-S-, refer to
Section 1.2.1) at physiological pH (i.e. have a low pKa). Included among the thiol protein targets
of H2O2 which have been identified are protein tyrosine phosphatases (PTPs) and Prxs [22].

Catalases (Equation 1.1), glutathione peroxidases (GPxs) (Equation 1.2) and Prxs (further
discussed in Section 1.3) are the main cellular antioxidants responsible for scavenging
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intracellular H2O2, and appear to scavenge H2O2 at similar rates [9]. Unfortunately, attempts to
understand precisely how H2O2 functions in signalling cascades have been hampered by a lack of
sensitive and specific probes to accurately detect H2O2 within the cell environment; increasingly,
however, H2O2 is considered to mediate cell signalling events by reacting locally with specific
targets. Although methodologies to investigate these local reactions within the cell have yet to be
perfected, there is a strong focus on attempting to understand where H2O2 is produced and what
its specific targets are in proximity to the site(s) of production.

Catalase

2H2 O2 →

2H2 O O2

2GSH H2 O2 → GSSG 2H2 O

(1.1)

(1.2)

1.1.2.3 Hypochlorous acid (HOCl)
Myeloperoxidase (MPO) is a neutrophil enzyme which catalyses the reaction of H2O2 with Br-,
Cl- or SCN- to generate hypohalous acids (HOBr, HOCl or HOSCN, respectively) [13-17]
(Equation 1.3 and Figure 1.1). Of these oxidants, HOCl has received the most attention and has
been suggested to be responsible for much of the bactericidal effects of neutrophil activation
[23].

-

H2

→

O

-

H2 O

(1.3)

=Cl, Br, I, SCN

Neutrophils are present in the blood at 2-4 × 106 cells/ml, and can accumulate to much higher
numbers at inflammatory sites [24]; in vitro studies have shown that stimulated neutrophils (at
normal physiological cell concentrations) are capable of steady generation of hypochlorous acid
(HOCl) which amounts to 100 μM produced in under an hour [25]. It has been estimated that as
much as 45% of the H2O2 consumed by Myeloperoxidase (MPO) is converted to HOCl [26].

Chapter 1: Introduction

5

At physiological pH, HOCl consists of roughly equal concentrations of HOCl and OCl- (pKa ~
7.5) [27], but for simplicity this thesis refers to these compounds collectively as HOCl.
Myeloperoxidase is the only mammalian peroxidase known to catalyse the reaction of H2O2 with
Cl- to generate HOCl (Equation 1.3), and the formation of this compound is favoured due to
high plasma concentrations of Cl- [26].

HOCl is therefore a major reactive compound produced by neutrophils. It is both cell-permeable
and highly reactive with a range of substrates [28-30], making it the neutrophil‘s most effective
bactericidal oxidant. While the high reactivity of HOCl makes it an idea antimicrobial agent, this
oxidant also reacts readily with targets in host cells, making it a potentially damaging oxidant [3133]. This cell-permeable oxidant is capable of inducing cell death and growth arrest in a number
of cells types [34], as well as activating mitogen-activated protein kinase (MAPK) pathways[35],
inactivating glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [36] and inducing thiol
oxidation [37; 38] and apoptosis [34], among other events. Because of its reactivity, HOCl is not

Figure 1.1 Oxidants produced as a result of NOX2 assembly in the activated
neutrophil.
H2O2, HOCl and chloramines are produced as a result of NOX2 assembly and the resultant
generation of superoxide. (Figure has been adapted from [2])
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generally expected to accumulate under physiological conditions; instead, it is believed to react
with biological targets, and potentially result in the accumulation of secondary, less reactive (but
nevertheless oxidising) species such as chloramines [39] (further discussed below).

1.1.2.4 Chloramines
Taurine, or 2-aminoethanesulfonic acid, is an organic acid derivative of cysteine, present in high
concentrations in neutrophils. In fact, taurine is the most abundant free amino acid in
neutrophils (measured at concentrations up to 50 mM), accounting for ~75% of all free acids in
these cells [40; 41]. In stimulated neutrophils, taurine is released and reacts with HOCl to
produce taurine chloramine (TauCl; Figure 1.2 A). It has been suggested that this reaction could
detoxify against the harmful effects of released HOCl due to the relative unreactivity of the
chloramine [41].

Chloramines other than TauCl are undoubtedly generated during inflammation[39] (reviewed in
[42]); excess HOCl produced as a result of the oxidative burst may react directly with other
amines (Equation 1.4). In this thesis, a strong focus was placed on the moderately permeably
glycine chloramine [43] (GlyCl; Figure 1.2 B) and highly cell-permeable monochloramine [44]
(NH2Cl; Figure 1.2 C), generated from the reactions of HOCl with glycine and ammonium,
respectively. These compounds have both been associated with a number of biochemical events
in treated cells.

Mono-chloramines are readily generated by the non-enzymatic reaction of HOCl with free
amines [23; 45](Equation 1.4):

HOCl

R-NH2 →

R-NHCl H2 O

(1.4)

While chloramines are less reactive than HOCl, they do retain the capacity to oxidise biological
targets. In contrast to HOCl, chloramines tend to be long-lived [39] and react more selectively
with sulfhydryls and thioethers [10; 46; 47]; these traits have led to the speculation that
chloramines could be involved in cell signalling cascades (in response to inflammation, for
instance), and/or the control of redox couples ([48]; reviewed in [42]).
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Figure 1.2 Structure of the chloramines investigated in this thesis.

Monochloramine derivatives are also able to react with excess HOCl to generated dichloramines
(Equation 1.5), which are more highly oxidising (and mutagenic) species than monochloramines
[49]. However, for the purposes of this thesis, attention has been devoted solely to the study of
mono-chloramines; these are herein referred to simply as ‗chloramines‘.

RNHCl

HCl →

RHCl2 H2 O

(1.5)

Although TauCl itself is reported to be cell impermeable in most cell types [45], TauCl treatment
in full culture medium has been shown to mediate various effects on cells, including oxidative
damage and increased cell signalling via various pathways. Many of these events are undoubtedly
mediated by oxidants other than TauCl due to the generation of other oxidants from the
reactions of TauCl with medium components. This could potentially include other chloramines
generated by transchlorination reactions [50], whereby the ‗R‘ group of one amine can be
exchanged for another (Reaction 1.6), but the complexity of the medium reaction mixture makes
it impossible to determine definitively which oxidant(s) is/are present, let alone what oxidant(s)
is/are mediating which cellular event(s).

R -

- H2 ↔

R1 -NH2

-

(1.6)
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A minority of studies have investigated the effects of exogenous TauCl on cells treated in buffer
lacking thiol scavengers and free amines, and some biological effects have been attributed to this
chloramine specifically. This includes activation of extracellular signal-regulated kinase (ERK) via
the epidermal growth factor (EGF) receptor [51] (Table 1.1).

Various chloramines have been shown to modulate a number of cellular processes through such
mechanisms as the interference of MAPK pathways [51], reduction in levels of inducible nitric
oxide synthase (iNOS) expression and nitric oxide (NO) production [52; 53], inhibition of
tumour necrosis factor-α (TNFα) [53; 54], activation/translocation of nuclear factor-erythroid2related factor 2 (Nrf2) [55], and interference with nuclear factor kappa-B (NF-κB) signalling
pathways [36; 56-59] (Table 1.1).

Though it has been clearly demonstrated that transchlorination from one N-monochloramine to
another amine or amino group occurs readily [45; 50; 60; 61], this phenomenon is often
unaddressed in the literature, making it difficult to determine the specific effects of the various
chlorinated species. Many studies applying exogenous chloramine (or HOCl) treatment to cells
have used full culture medium. This means that the exact compound (or combination of
compounds) responsible for any observed changes is speculative (but could admittedly be of
biological relevance in the context of inflammation). There is nevertheless a lack of information
regarding the specific effects of exogenous chloramines on living cells and tissues.

1.1.3

Erythrocytes and oxidative stress

Once erythrocytes are mature, neither haem nor haemoglobin is newly synthesised [62].
Haemoglobin is highly susceptible to autoxidation in these O2-carrying cells, generating
methaemoglobin and superoxide radicals from the reduction of O2 [63; 64]; this has been shown
to contribute much of the endogenously-generated H2O2 in these cells [65]. Therefore, to inhibit
this oxidative event over the course of the erythrocyte‘s 120-day life, a reducing cell environment
must be maintained to inhibit oxidation of its proteins, and this is accomplished by high cellular
levels of antioxidant enzymes, such as peroxiredoxin 2 (Prx 2).
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Table 1.1 Some chloramines, their properties and demonstrated effects on cells.
N-Compound

N-Cl
derivative
Taurine
chloramine
(Also:
taurine
monochloramine,
TauCl)

Charge

Glycine

Glycine
chloramine
(Also:
glycine
monochloramine,
GlyCl)

Ammonium
+
(NH4 )

Monochloramine
(Also:
ammonia
chloramine,
NH2Cl)

Taurine

Cell
permeability
Very low

Toxicity

Anionic

Slowly
permeable

Medium

Uncharged

High (rapid)

High

Anionic

Low

Known cellular
#
effects
↑ Generation of
pro-inflammatory
cytokines (NO,
prostaglandins,
TNF-α, etc.)
↑Expression of
COX-2
↓activity of NF-κB
and AP-1
↑ HO-1 activity
↑ Nrf2 activation
↑ERK activation
(via EGF receptor)
↓Caspase
activation &
phosphatidyl-serine
exposure
(↓apoptosis)
↓ GAPDH activity
↓ NF-κB activation
(via Met ox'n of
IκBα)
↓ERK activation
↑Apoptosis (JNKdependent); ↑
caspase activation
↓TNF-α-induced
adhesion molecule
(e.g. ICAM-1)
expression
↑ NF-κB activation
Arrest of cell cycle
↑Endothelial
permeability

Ref.
[29; 44;
45; 52;
53; 55;
59; 6672]

[36; 43;
50; 73]

[43-45;
56; 66;
74; 75]

#

Cellular effects were investigated in a number of studies, some of which treated cells in full media, which
cannot control for the generation of other chloramines or unknown oxidative compounds

Low et al [65] demonstrated that haemoglobin autoxidation contributed to endogenous oxidation
of Prx2, the third most abundant protein in the erythrocyte. Mice lacking this key antioxidant
enzyme have been shown to develop haemolytic anaemia [76], which illustrates the negative
repercussions of oxidative stress in the erythrocyte.
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In addition, oxidative injury during inflammation could be very relevant in erythrocytes due to
their co-existence in the bloodstream with activated neutrophils. Their exposure to locally high
concentrations of oxidants produced by the phagocytes could put them at risk of oxidative
damage and diminished function.

1.1.4

Endothelial cells, inflammation and oxidative stress

The endothelium is a particularly vulnerable tissue when it comes to oxidative injury from
inflammation. In fact, endothelial cells have for a long time been known to play an important
role in the inflammatory response, involving cross-talk between endothelial and immune cells
(for example, via cytokines – including interleukins – and their receptors; reviewed in [77]). In
spite of this, endothelial dysfunction is known to occur in various disease states in which
inflammation appears to contribute to the disease pathologies, as seen in patients with
cardiovascular diseases (reviewed in [78] and [79]).

Increased inflammation (measured as an increase in high sensitivity C-reactive protein (hsCRP), a
widely-used biomarker for inflammation) has been positively associated with disease outcome
and morbidity/mortality in clinical studies of various inflammatory diseases (reviewed in [80]).
Increasingly, the persistent production of oxidants by low-grade inflammation appears to
contribute to the negative pathologies associated with inflammatory diseases, including
endothelial dysfunction and damage. This likely occurs due to a level of oxidant production
which overwhelms the cells‘ endogenous antioxidant systems.

1.1.5

Inflammation and disease

Increasingly, evidence suggests that chronic low-grade inflammation can lead to and exacerbate
various disease pathologies. Diseases such as atherosclerosis [81; 82], diabetes [83], arthritis [84],
obesity [85] and cancer [86] have been linked to inflammation and the associated generation of
ROS. The roles of inflammation in atherosclerosis and diabetes – two diseases with strong
inflammatory components – are discussed briefly below.

1.1.5.1 Atherosclerosis
Many adverse cardiovascular events are a result of an underlying vascular pathology known as
atherosclerosis; these include coronary artery disease, stroke, and peripheral arterial disease.
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Atherosclerosis is a chronic inflammatory disease characterised by the formation of an atheroma
– a fibrous plaque which forms in the intima of a major artery – which can eventually lead to
complete occlusion of the artery, depriving organs of blood and oxygen, and thereby cause one
of the above-mentioned adverse events.

Briefly, atherosclerosis involves activation of the endothelium, followed by endothelial adhesion
of recruited leukocytes in response to cytokines expressed on the endothelial membrane.
Subsequently, leukocytes penetrate into the subendothelium; accrual of low density lipoproteins
(LDL) in this space leads to the accumulation of oxidised LDL (oxLDL) and foam cell
formation when macrophages take up this oxidised molecule. The formation of a plaque rich in
lipids from these foam cells is followed by migration and proliferation of smooth muscle cells,
which form a fibrous cap over the plaque (Figure 1.3). The result is a hardened artery, often with
a decreased lumen and continued expression of inflammatory molecules which leads to further
recruitment and infiltration of immunoinflammatory cells.

The role of inflammation in atherosclerosis is both highly reported and accepted in the scientific
community. Inflammation has been described as ―fundamental‖ [87] and even ―central‖ [82] to
all stages of the disease, which involves an ongoing inflammatory response. (Many other reviews
have also been published on this concept [88-93]). In addition, the endothelium itself is directly
involved in the disease [82]; early stages of atherosclerosis are understood to be initiated by
endothelial activation and production of pro-inflammatory cytokines, chemokines and adhesion
molecules. A number of key events which contribute to the disease pathology appear to be
mediated by the membrane expression of these molecules, the roles of which have been
elucidated using mouse models of experimental atherosclerosis (reviewed in [82]). Studies have
employed these mouse models (apolipoprotein E (apoE) or LDL receptor knockout mice)
crossed with mice deficient in cytokines or cytokine receptors to generate double mutants; this
has enabled investigators to pinpoint the roles of inflammatory cytokines in various stages of
atherosclerotic disease. It has become clear that endothelial cell cytokine expression is important
for a number of events including: alterations in endothelial cell-cell adhesion allowing the
transmigration of leukocytes to the subendothelium [94]; expression of adhesion molecules and
chemokines which are important for adhesion of leukocytes to the endothelium [95]; and
modulation of both coagulation and fibrinolysis [96-99], among other events [82], all of which
seem to play a role in disease initiation and/or progression.
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While the role of inflammation in atherosclerosis is now widely recognised, the roles of specific
oxidants which would be generated as a result of the chronic inflammatory condition are less
well defined. Nevertheless, it has been shown that oxidation of LDL by HOCl, for instance, is
associated with the formation of the pro-atherogenic foam cell clusters [100; 101]. In addition,
high-density lipoprotein (HDL) can become modified by HOCl in such a way that it fails to
protect against the formation of an atherosclerotic plaque [42].

More broadly, atherosclerosis has been positively associated with a number of biomarkers for
oxidative stress, including F2-isoprostanes [102-104], 4-hydroxy-2-nonenal [101; 105; 106], and 3chlorotyrosine [107; 108] (reviewed in [109]). The detection of these oxidation products
(especially the latter) in human atherosclerotic lesions has led to speculation that indeed, MPOderived oxidants (Section 1.1.2.3) could be responsible for oxidising LDL, generating the
atherogenic molecule [108].

NADPH oxidase activity has also been implicated in atherosclerosis [110] (reviewed in [111]).
Increased expression of NADPH oxidase subunits has been reported in human atherosclerotic
arteries [112], and knockout mouse studies have shown that mutations in an NADPH oxidase
subunit in mouse models of experimental atherosclerosis have a protective, anti-atherogenic
effect on vascular cells [113; 114].
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Figure 1.3 Scheme of atherosclerotic plaque development.

Activation of the endothelium leads to the expression of chemokines and adhesion molecules
which bind and result in transmigration of leukocytes from the bloodstream to the
subendothelium. Accumulation of oxidised low-density lipoprotein (LDL) and leukocytes in the
subendothelium leads to formation of foam cells and a lipid-rich plaque. Migration and
proliferation of smooth muscle cells (SMCs) lead to the formation of a fibrous cap.

Nitric oxide also plays a key role in maintaining vascular function. Endothelial-derived NO
promotes vasodilatation, prevents both leukocyte adhesion and oxidation of LDL, and inhibits
proliferation of vascular smooth muscle cells, all of which protect against atherosclerosis. Thus, a
decrease in NO (for example via dysfunction of endothelial NO synthase, eNOS) is strongly
linked with endothelial dysfunction, vascular disease pathologies and atherosclerosis (reviewed in
[111; 115]. Increased ROS are suspected to play an important role in leading to NO depletion
during inflammation. The eNOS enzyme can become uncoupled by ROS (thereby depleting
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production of NO), and in addition superoxide (produced by xanthine oxidase or NADPH
oxidase, for example) may directly react with NO, forming the cytotoxic compound
peroxynitrite, which can also induce eNOS uncoupling (reviewed in [115]).

1.1.5.2 Type 2 diabetes
Aside from being an independent risk factor for the development of atherosclerosis, diabetes
itself is a condition of heightened ROS production and inflammation. Unlike Type 1 diabetes –
an autoimmune disease in which the islet antigens are targeted and destroyed by the immune
system – Type 2 diabetes is a condition characterised by chronic hyperglycaemia, leading to the

Figure 1.4 Role of ROS in Diabetes-induced atherosclerosis.

Under diabetic condition, hyperglycaemic induction of ROS production occurs via glycation
reactions and the mitochondrial electron transport chain. In addition, the products of glycation
reactions (advanced glycosylation end products, AGEs) induce ROS formation via the NADPH
oxidases. An inflammatory response is initiated as a combination of the resultant endothelial
dysfunction, production of growth factors, induction of signalling pathways and endothelial
membrane expression of adhesion molecules (Figure has been adapted from [7]). ↑ Denotes an
increase in a process while ↓ shows processes which decrease.
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deterioration of islet β-cells which leads to a drop in insulin production. Regardless of disease
type, however, a patient with diabetes suffers chronic hyperglycaemia, and this hyperglycaemia
has been shown to induce a condition of oxidative stress leading to inflammation [116] (reviewed
in [7; 117]).

As with atherosclerosis, increased levels of biomarkers of oxidative stress have been associated
with diabetes, including F2-isoprostanes [102-104]. In addition, increased levels of protein-Sglutathionylation [118], protein carbonylation (reviewed in [119]) and glutathione oxidation [120]
(also reviewed in [121] and [122]) have been detected in humans and animal models with this
condition.

The negative physiological effects of chronic hyperglycaemia in diabetes have now been strongly
associated with increased generation of ROS. High concentrations of glucose inundate a number
of metabolic pathways (including the involvement of glycation reactions and/or the
mitochondrial electron transport chain), and each of these pathways results in higher levels of
ROS production (reviewed in [7; 117; 123]). In addition, glycation reactions lead to the formation
of advanced glycosylation end products (AGEs), which are known to activate NADPH oxidases
(as is insulin). The net result of this oxidant production is not only suspected to result in further
damage to pancreatic β cells (thereby worsening the condition), but also to induce the
production of pro-inflammatory cytokines in vascular endothelial cells. The activation of proinflammatory pathways is likely to explain the link between diabetes and the associated increased
risk of developing atherosclerosis in these patients (reviewed in [7]).

1.2

Thiol proteins

Two common reversibly oxidisable residues exist in proteins: methionine (Met, containing a
thioether [RSR‘] group) and cysteine (Cys, containing a thiol [SH] group). In addition, the less
common selenocysteine residue can undergo reversible oxidation. Of these oxidisable residues,
Cys has been most well-studied in the literature, and also forms the basis of this thesis.
Therefore, this section will focus on Cys residues in protein and their involvement in redox
homeostasis.
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Ten to 20% of all Cys residues are estimated to be susceptible to oxidative modification,
consisting of between 2.1 and 4.2 × 105 cysteines in the human proteome [124]. This
susceptibility depends largely on the pKa of the thiol at physiological pH; most intracellular thiol
residues have a pKa of ~8.5, making them highly protonated and poorly reactive under normal
physiological conditions [2; 124; 125]. Conversely, readily oxidisable Cys residues generally have a
low pKa; these residues exist mainly in the thiolate (deprotonated, Cys-S-) form and are more
highly reactive in the physiological setting.

1.2.1

Redox chemistry of thiol residues

In the most reduced form, Cys residues are in the sulfhydryl (SH) state. Reversible two-electron
oxidation of thiol groups generates the sulfenate (-SO-) oxidation states, which can either
stabilise (by forming a sulfenic acid) or react with nearby thiols to generate disulfides (-SS-).

Figure 1.5 Redox modifications of thiol residues.

In its most reduced sulfhydryl form, a thiol may be oxidised by H2O2 to generate a sulfenic acid,
which may be resolved by the reversible formation of a disulfide or a cyclic sulfenamide.
Alternatively, further oxidation of the sulfenic acid generates the (generally) irreversible sulfinic and
sulfonic acids; hyperoxidation of the disulfide can generate the thiosulfinate or thiosulfonate
residues. Thiols may also be redox modified by NO (to generate the nitrosothiol), or undergo
glutathionylation by oxidation by glutathione disulfide. Figure is from [6].

Chapter 1: Introduction

17

Other reversible oxidative modifications of these residues include S-glutathionylation and Snitrosylation, while the sulfinate (-SO2-) and sulfonate (-SO3-) forms are generally considered to
be irreversibly oxidised. (There are, however, exceptions to this as seen with the reduction of
peroxiredoxin-SO2- by sulfiredoxin (refer to Section 1.3)). The possible transitions between the
reduced and oxidised forms of protein thiols are outlined in Figure 1.5.

1.2.2

Thiols: redox switches and antioxidants

It has become evident that a wide variety of proteins undergo redox modification as a means to
control cellular function, protein localisation and/or activity (reviewed in [6; 124; 126]). Due to
the various types of modifications which can occur, as well as the potential for redox
modification of multiple residues within a single protein, a complex range of thiol-dependent
regulatory changes are possible. Functionally, proteins containing redox-sensitive thiols are
responsible (and essential) for a wide range of cellular processes, from signal transduction (e.g.
protein tyrosine phosphatase-1B, (PTP-1B), SH2-containing PTP (SHP2) and PTEN) [127], to
receptor activation (e.g. N-methyl-D-aspartate (NMDA) and EGF receptors)[128; 129], and
transcription factor activity (DNA binding and gene expression; e.g. NFκB, Activator protein 1
(AP1), tumour suppressor p53, SP-1) [130-133].

Enzymes containing active site thiols which are susceptible to reversible oxidative modification
have become recognised as ‗redox switches‘; proteins may undergo changes in function akin to
an ―on-off‘ mechanism which switches depending on the oxidation state of their active site thiol
residue (reviewed in [6; 134]). Classes of enzymes which depend on cysteines in their active sites
include caspases, kinases, phosphatases and proteases [124], and many of these have been shown
to be under this type of redox control. For instance, the activities of PTP-1B [127], GAPDH
[135], caspase-3 [136] and Prxs [137] (refer also to Section 1.3) have been shown to be regulated
by reversible oxidation of their active site cysteine residues.

Some antioxidant systems exploit the reactivity of oxidants with thiol residues. To protect cells
against unwanted oxidative insult (to DNA, for example), these antioxidant molecules mop up
intracellular ROS by undergoing reversible oxidation of one or more thiol residues through
direct reaction with the target oxidant(s). One of the most well-known examples of this involves
the tripeptide glutathione (GSH, discussed further in Section 1.2.2.1), which becomes oxidised
by ROS and is reduced mainly via the glutathione reductase system (GR; Figure 1.6). Other
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examples include the ubiquitous enzymes which make up the Prx enzyme family (Section 1.3)
and the thioredoxins, as well as cysteine proteases [138; 139].

Although H2O2 is the primary oxidant which has been studied in the context of oxidative thiol
modifications, it has become evident that other oxidants may modulate cellular processes via
similar reactions. MPO-derived oxidants (refer to Section 1.1.2) including HOCl and
chloramines, for instance, have been shown to reversibly oxidise thiol residues [11; 140-142].

1.2.2.1 Glutathione
One of the most well-known cellular thiol antioxidants is reduced glutathione, a tripeptide which
overcomes the limitations of its high pKa (~8.8) by its high intracellular concentration (known to

Figure 1.6 Redox control of glutathione.
Control of GSH:GSSG ratio is under the enzymatic control of various enzymes. Depletion of
cellular GSH by conjugation to electrophilic substrates (E) is accomplished by glutathione-Stransferases (GST). Glutathione peroxidases (GPx) catalyze the reduction of hydrogen peroxide
with reducing equivalents from GSH, while the reduction of the oxidation product glutathione
disulfide (GSSG) by glutathione reductase (GR) employs reducing equivalents from NADPH. Thiol
proteins (P) can become S-glutathionylated; reduction of these is accomplished enzymatically by
glutaredoxin (Grx). Inset shows the structure of reduced GSH.
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occur in millimolar concentrations inside cells [143-145]). GSH and its primary oxidation
product glutathione disulfide (GSSG) are maintained in non-equilibrium under physiological
conditions [124], and a decrease in the ratio of GSH:GSSG is often measured and interpreted as
an indication of increased oxidative stress.

Although GSH reacts slowly with H2O2 (k = 0.9 M-1s-1) [144], its reactivities with MPO-derived
oxidants such as HOCl and chloramines are substantially higher (3 × 107 and 100-700 M-1s-1,
respectively) [10; 11]. This makes GSH a likely candidate for protecting cells against the
endogenous generation of oxidants during inflammation.

In addition to reacting directly with oxidants, GSH acts in co-operation with a system of
antioxidant enzymes as shown in Figure 1.6. Reduced GSH reacts with oxidants such as H2O2 to
generate the disulfide, GSSG, in a reaction catalysed by glutathione peroxidase (GPx); the
reduction of GSSG to GSH is catalysed by GR. In addition, GSSG can participate in redox
regulation of other proteins by S-glutathionylation of susceptible thiol residues, and this reaction
is reversible by glutaredoxin (Grx). Finally, GSH levels may be depleted inside cells in the
presence of electrophilic agents, which may become glutathionylated and subsequently exported;
this process involves the activity of glutathione-S-transferase.

Therefore, GSH has important roles in cells, both as an antioxidant to directly scavenge oxidants
and through its participation in redox-regulatory pathways.

1.3

Peroxiredoxins (Prxs)

The Prx family has attracted recent attention in terms of the potential antioxidant and redox
signalling functions of these thiol enzymes. In humans, the family of Prxs consists of 6 members
(Prxs 1 through 6) [22; 146-148]; these proteins are ubiquitous and highly expressed, even under
normal physiological conditions. Along with a conserved molecular structure which increases
their rate of oxidation, Prxs rely on a conserved low-pKa thiol residue at the active site to
catalyse the reduction of peroxides (including hydrogen peroxide, organic hydroperoxides and
peroxynitrite). Whereas H2O2 reacts with GSH with a rate constant of only 0.9 M-1 s-1 [144], the
rate constant for the reaction of H2O2 with Prx2 has been estimated at 1.3 × 107 M-1 sec-1 [9].
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2-Cys Prxs: Structure and catalytic mechanism

Peroxiredoxins are classified into 3 types, depending on the number of conserved cysteines and
mode of catalytic activity: typical 2-cysteine; atypical 2-cysteine; and 1-cysteine. All three types
involve a common mechanism in which a conserved cysteine residue becomes oxidised by
attacking the substrate, generating the cysteine sulfenic acid (Cys-SOH). The resolution of the
Cys-SOH, however, differs between the three classes. Typical 2-Cys Prxs are obligate
homodimers; they undergo resolution of the peroxidatic Cys-SOH (generally near residue 50) of
one monomer by the C-terminal Cys (near residue 170) of an adjacent monomer, forming an
intermolecular disulfide. Atypical 2-Cys Prxs undergo this same condensation reaction but the
disulfide forms between the peroxidatic and resolving Cys of the same subunit; these are
therefore functionally monomeric. On the other hand, in 1-Cys Prxs the Cys-SOH forms a
disulfide with a small molecule thiol (such as GSH) or other protein thiol (the catalytic
mechanisms of these isoforms are reviewed in [22; 149]. For the purposes of this thesis, this
section will focus on the typical 2-Cys Prxs (1-4), which are the focus of Chapters 3 and 4.

Although Prxs 1-4 share a catalytic mechanism but differ in their intracellular localisations. Prxs
1 and 2 are primarily cytosolic (Prx1 has been shown to undergo nuclear translocation [150]),
while Prx3 is confined to the mitochondria and Prx4 is localised to several organelles: the
endoplasmic reticulum, lysosomes, and in proximity to mitochondria [151-153]. The catalytic
mechanism of typical 2-Cys Prxs in the reduction of peroxides involves attack of the substrate by
the active-site cysteine (the peroxidatic Cys), oxidising the residue to a sulfenic acid (-SOH). This
sulfenic acid residue is resolved by attack from a second cysteine residue (the resolving Cys), on
an adjacent monomer; this results in the formation of a disulfide-linked homodimer [22] (Figure
1.7). The thioredoxin system in most cells is capable of rapidly recycling the disulfide-linked Prxs
back to the reduced form, making this system an efficient peroxide detoxification system.
Alternatively, in the presence of high peroxide concentrations, the peroxidatic sulfenic acid may
become hyperoxidised to a sulfinic or sulfonic acid before resolution by the resolving cysteine.
This hyperoxidation of Prxs appears to occur only in situations where Prxs are actively cycling, as
erythrocytes with low TrxR activity show very little propensity for Prx2 hyperoxidation [65]. This
inactivation was long thought irreversible before it was determined that sulfiredoxin is capable of
slowly reducing the hyperoxidised form to the active, reduced thiol form of the enzyme [154;
155], though hyperoxidation to the sulfonic acid is generally considered irreversible [156-158].
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Reactivity of 2-Cys Prx

Prx oxidation status has been proposed as a potential sensor or indicator of in vivo oxidative
stress, and the sensitivity of Prxs to oxidation by H2O2 in a variety of cell types has been
investigated [65; 148; 159-161]. Human erythrocyte Prx2 reacts extremely rapidly with H2O2,
with a rate constant of ~107M-1s-1, similar to the rates for catalases and glutathione peroxidases
[9], and far greater than that for the reaction of GSH with H2O2 (Table 1.2)

1.3.2.1 Reactivity with MPO-derived oxidants
Generally, thiols react more quickly with chloramines (102 to 103 times faster) than with
peroxides [9; 47; 48; 144]. Because of their low pKa thiol active sites and high reactivities with
H2O2, Prxs are likely candidates for reaction with cell-permeable MPO-derived oxidants such as

Figure 1.7 The catalytic cycle of typical 2-cys peroxiredoxins.

Peroxiredoxins undergo oxidation of the peroxidatic cysteine to a sulfenic acid, which results in the
formation of disulfide-linked homodimers. The dimer is rapidly reduced by the thioredoxin system.
In the presence of high amounts of H2O2, however, the peroxidatic cysteine becomes
hyperoxidised to the sulfinic or sulfonic acid form; sulfiredoxin slowly reduces the sulfinic form
back to the catalytically active reduced (thiol) form.

Chapter 1: Introduction

22

HOCl and chloramines (refer to Section 1.1.2) [47; 48]. However, Prxs are unusual thiol proteins
in that they are far more selective for peroxides than for chloramines (Table 1.2).

Table 1.2 Second-order rate constants for the reaction of H2O2 and chloramines
with GSH and Prx2.
-1 -1

k (M s )
GSH

Prx2
[9]
1.3×107

[5]

H2O2

1

NH2Cl

1×10

GlyCl

2.3×10

2 [10]

8

TauCl

1.2×10

2 [10]

3

HOCl

3×10

3

1.5×10

7 [11]

4

N.D.

Table is from [12], as are values lacking references. N.D. = value not determined.

Recently, it was shown that erythrocyte Prx2 is oxidised by exogenous addition of chloramines,
and that purified Prx2 reacts with chlorinated oxidants [12]. However, very little investigation has
explored the ability of the various Prxs to react with non-peroxyl groups or other oxidants; nor
whether Prxs might behave differently inside living cells than expected from the rate constants.

1.3.3

Peroxiredoxins and disease

The 2-Cys Prxs (Prxs 1-4 in humans) have been shown to be oxidised in cells under a variety of
stresses (including oxidative stress and shear stress), and are overexpressed and/or detected in
the oxidised form in various disease states. Many of these diseases are at least partially
characterised by a heightened inflammatory response. For example, Prx1 is up-regulated in lungs
as a results of hyperoxia-induced oxidative stress [162-167], and both Prxs 1 and 2 are upregulated in mouse testis following ionising radiation [168]. Up-regulation of 2-Cys Prxs has also
been observed in relation to cancer [165; 169; 170] , atherosclerosis [171; 172] , Alzheimer‘s
disease [173] and Parkinson‘s disease [174] (reviewed in [3]).

Although it is not yet clear exactly what the processes are which lead to Prx overexpression,
overexpression of these enzymes appears to have a protective antioxidant effect. One of the
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transcription factors known to induce Prx1 expression (as well as several other key antioxidant
enzymes) is Nrf2, which is discussed below (Section 1.4.1.1).

Models of Prx deficiency have shown that Prxs have non-redundant functions in vivo, and have
highlighted various disease pathologies which have resulted in these models. For instance, mice
deficient in Prx1 [175; 176] and Prx2 [76] have been shown to develop haemolytic anaemia; the
Prx1-/- mice were reported to have decreased lifespan and also develop various malignant
tumours while Prx2 deficient mice suffer enlarge spleens (splenomegaly). Increased sensitivity to
oxidative stress has also been demonstrated in mouse models of Prx3 [177; 178] and Prx6 [179181] deficiencies.

1.4

Haem oxygenase 1

1.4.1

Induction of haem oxygenase-1 (HO-1)

HO-1 (otherwise known as inducible haem oxygenase) is considered one of the main genes
under Nrf2 transcriptional control, and is an enzyme with strong links to inflammatory disease
[182-184]. Unlike HO-2, which is non-inducible and constitutively expressed, HO-1 is inducible
by an increasingly wide range of stimuli (reviewed in [185]). Various signal transduction pathways
and transcription factors have been implicated in the upregulation of HO-1, including members
of the MAPK signalling cascades [186; 187] and regulatory element binding of various proteins
including early growth response-1 (EGR-1) [188], NF-κB [187], and AP-1[189; 190](reviewed in
[3]). Studies have uncovered a multitude of ways in which HO-1 appears to be regulated under
varying cellular stresses and in different cell types, highlighting the complexity of the HO-1
response (refer to Chapter 6 for further discussion of HO-1 expression). Nrf2 is nevertheless the
most well-studied transcription factor involved in HO-1 expression (reviewed in [3; 191]), and is
discussed below.

1.4.1.1 Nuclear factor-erythroid-2-related factor 2 (Nrf2)
Nrf2 is a basic leucine zipper transcription factor which is usually bound to its repressor, Kelchlike ECH-associated protein 1 (Keap1), which targets it for ubiquitination and proteasomal
degradation. Upon stimulation (usually involving oxidant- or electrophile-mediated modification
of specific cysteine residues on Keap1), Nrf2 is released, allowing its translocation to the nucleus,
where it can bind to the antioxidant responsive element or electrophile responsive element (ARE
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or EpRE, respectively; cis-acting elements) in the regulatory region of various genes encoding
phase II detoxification enzymes and antioxidant proteins (reviewed in [3; 8]). Thus, Nrf2 has a
protective effect in cells by regulating endogenous defences, and has been shown to have an
important role in both intracellular redox signalling and protection against carcinogens (reviewed
in [192-194]).

1.4.1.2 Targets of Nrf2
Many phase II drug-detoxification enzymes and antioxidant enzymes are expressed constitutively
at low levels to protect cells against oxidative damage. Upon cellular stimulation with a variety of
compounds (such as oxidants, electrophiles, or phenolic compounds), Nrf2 is activated and
binds to the ARE of various genes, inducing transcription and cellular accumulation of the
enzymes. Nrf2 has been shown to have a role in both the constitutive and inducible expression
of these protective antioxidant enzymes, which include Prxs, haem oxygenase-1 (HO-1),
NAD(P)H:quinone oxidoreductase, glutathione-S-transferase, glutathione peroxidase and
thioredoxin (reviewed in [83]).

1.4.2

HO-1 enzymatic activity

HO-1 is a microsomal enzyme which catalyses the breakdown of free haem into biliverdin, iron
(Fe2+) and carbon monoxide (CO) (Figure 1.8). This enzyme spans the ER membrane [195] and
its induction and activity have been shown to have important anti-oxidant, anti-apoptotic, and
anti-inflammatory activities both in vitro and in vivo (discussed below) .

1.4.2.1 HO-1 as an antioxidant
HO-1 induction in various human cell types has been shown to defend against oxidative stress
induced by a wide range of stimuli, and in a range of pathological conditions. Cells exposed to
various stimuli including haemin [196], cigarette smoke [197; 198], lipopolysaccharide [199],
TauCl [55; 72] and nitric oxide (reviewed in [185]), have been determined to have heightened
levels of HO-1 expression.

Not only is HO-1-dependent haem degradation likely to be important for mediating the
cytoprotective effects of this enzyme, but its products biliverdin/bilirubin and CO (Figure 1.8)
also have important roles in maintaining cell homeostasis. Low levels of bilirubin (which can
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result from low HO-1 activity) have been linked to an increased risk for coronary artery disease
[200-203]. CO also has various cytoprotective roles, presumably through inhibition of NADPH
oxidase assembly [55] and/or indirect modulation of MAPK signalling cascades. Although the
precise mechanisms are still unknown, CO has been shown to decrease the MAPK-dependent
expression of various pro-inflammatory cytokines (including interleukin-6 (IL-6) and TNF-α),
and to inhibit apoptosis, proliferation and thrombosis (reviewed in [185]).

1.4.3

Role of HO- 1 in endothelial cells

1.4.3.1 Role of HO-1 in models of vascular disease
Studies using mice have been important in understanding the role of HO-1 in the context of
disease, as well as the control of HO-1 expression under these conditions. Of interest, a number

Figure 1.8 Products of the enzymatic haem degradation by haem oxygenase.

Chapter 1: Introduction

26

of mutant models were developed which have highlighted an important role for HO-1 in the
prevention of atherosclerosis (reviewed in [204]). Mice were protected against experimental
atherosclerosis by haemin-induced HO-1 expression [205] or adenoviral vector-delivered HO-1
[206; 207]. In addition, various studies have shown an inverse relationship between HO-1
expression and the thickening of the intima (a negative result of inflammation in damaged blood
vessels) following vascular injury [208-211]. Two cases of human HO-1 deficiency have been
documented to date [212-214], and these have illustrated both a strong similarity to deficient
mouse phenotypes of the deficiency (including iron deposition in liver and kidney, anaemia,
growth retardation and severe inflammation), and the critical role of this enzyme in maintaining
homeostasis.

1.4.3.2 Roles in atherosclerosis and associated disease pathologies
HO-1 activity in endothelial cells has been strongly linked to vascular protection and the
prevention of cardiovascular disease [215]. Recently, Current Drug Targets published a series of
reviews which summarised the role of HO-1 enzyme in a host of inflammatory conditions,
including lung disease [216], liver inflammation [217], and cancer [192]. HO-1 also has strong
links to diabetes; specific polymorphisms in the promoter region of the HMOX1 gene (which
encodes HO-1) are correlated with a higher incidence of diabetes [218].

The induction of HO-1 under these conditions of inflammation is considered a protective event,
since modulation of its expression has protective effects on cells and animals when increased and
these effects are reversed if HO-1 protein or activity levels are decreased or inhibited. For this
reason, HO-1 has become an enzyme of great interest as a potential drug target for inflammatory
diseases. In macrophages, these anti-inflammatory effects are thought to be mediated by the coordinated suppression of pro-inflammatory cytokines and induction of anti-inflammatory
cytokines (reviewed in [3]; Figure 1.9).

1.4.4

Effect of MPO-derived oxidants on HO- 1 expression

The induction of HO-1 by MPO-derived oxidants has received some attention. Both TauCl and
HOCl have been reported to induce an Nrf2-dependent increase in HO-1 mRNA and protein
levels [55; 72; 219; 220]. Many questions remain unanswered regarding the activation of this
system by chlorinated oxidants, as the studies mentioned above employed prolonged oxidant
treatments in cell culture medium, with high doses of oxidant. Concentrations of TauCl of at
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Figure 1.9 Activation of HO-1 and the downstream effects on inflammation.
Pro-oxidant and pro-inflammatory pathways activate signalling cascades (e.g. MAPK pathways)
which in turn initiate the transcription and activation of HO-1. The products of HO-1-induced haem
degradation inhibit chronic inflammation both by inducing anti-inflammatory cytokines and
inhibiting proinflammatory cytokines. (Figure is adapted from [3])

least 500 μM were applied, while HOCl was generally applied at concentrations in excess of 100
μM (though Wei et al [221] did report effects at 24 h with doses of HOCl down to 10 μM), and
treatments were sustained for at least 1 h, and up to 24 h. Therefore, although there has been
some indication that the Nrf2-HO-1 system is activated in response to inflammatory oxidants,
the conclusions which can be drawn from these studies are limited. Further study of this system
in the context of inflammation is required.
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Aims of the thesis

It is widely accepted that inflammation plays a key role in mediating some of the disease
pathologies which characterise conditions like atherosclerosis. Heightened levels of inflammation
are associated with increased levels of ROS, as a result of MPO activity in activated neutrophils.
Although there is some evidence for the involvement of chloramines in various cell signalling
cascades, the specific intracellular targets of MPO-derived oxidants (while assumed to be thiolbased) are still largely unknown. Understanding how oxidants such as HOCl and chloramines act
in cells to induce signalling cascades, apoptosis or antioxidant responses will be key to advancing
our knowledge of inflammation toward potential therapies to protect against these oxidants‘
negative effects. To help elucidate these areas, this thesis employs primarily an endothelial model
system relevant to the inflammatory condition.

Because HOCl and chloramines are known to readily react with thiol residues, thiol proteins are
a particular focus of this thesis. Peroxiredoxins and GSH are abundant antioxidant systems
responsible for protecting cells against oxidative stress, and redox status of these enzymes is
explored in cells treated with chlorinated oxidants. In addition, a proteomic analysis is used to
uncover novel thiol targets of these oxidants, which could be relevant in antioxidant and/or
signalling functions under conditions of inflammation.

HO-1 is another antioxidant system with strong links to inflammation, but limited studies have
explored its activation in the context of inflammatory oxidants. HO-1 activation is also
investigated using the endothelial model here in response to chloramine-induced oxidative stress.

Thus, the general aims of this thesis are to:

1) Explore the redox effects of HOCl and chloramines on endogenous thiol
antioxidants (Peroxiredoxins and GSH);
2) Identify specific proteins which undergo reversible thiol oxidation upon
treatment with HOCl and chloramines; and
3) Investigate the effect of exogenous addition of chloramine on Nrf2 activation
and HO-1 transcription.

Chapter 2.

2.1

Methods

Materials

A list of materials used in the thesis is presented in Table 2.1.

Table 2.1 Materials used in the thesis
Cell Culture
Medium 199
Minimum Essential Medium (MEM, 10X)
Minimum Essential Medium alpha (MEM-α)
HyClone Cosmic Calf Serum (NZ origin)
Penicillin-Streptomycin liquid
Sodium bicarbonate 7.5% solution
TrypLE® Express trypsin replacement
Endothelial Cell Growth Supplement
Heparin
Fungizone

Supplier
Gibco-BRL (Invitrogen)
Gibco-BRL (Invitrogen)
Gibco-BRL (Invitrogen)
Global Science & Technology Ltd
Gibco-BRL (Invitrogen)
Gibco-BRL (Invitrogen)
Gibco-BRL (Invitrogen)
Sigma-Aldrich
CP Pharmaceuticals Ltd.
Invitrogen

Location
Auckland, NZ
Auckland, NZ
Auckland, NZ
Auckland, NZ
Auckland, NZ
Auckland, NZ
Auckland, NZ
St Louis, MO, USA
Wrexham, UK
Auckland, NZ

Cell treatment reagents
Hypochlorous acid (Janola)
Sulforaphane
Hydrogen peroxide
Auranofin

Sara Lee
LKT Laboratories Inc.
LabServ supplied by BioLab
ICN Biomedicals Inc.

Auckland, NZ
St Paul, MN, USA
Victoria, Australia
Costa Mesa, CA, USA

GSH Assays
Reduced glutathione (GSH)
Oxidised glutathione (GSSG)
Glutathione sulfonamide (GSA)
Monobromobimane (MBB)

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Calbiochem

St Louis, MO, USA
St Louis, MO, USA
St Louis, MO, USA
La Jolla, CA, USA

TrxR Assays
NADPH
5,5′Dithiobis(2-nitrobenzoic acid)
Bovine Serum Albumin (BSA)

Sigma-Aldrich
Sigma-Aldrich
Gibco-BRL (Invitrogen)

St Louis, MO, USA
St Louis, MO, USA
Auckland, NZ

Peroxiredoxin assays
Bovine catalase
N-ethylmaleimide

Sigma-Aldrich
Sigma-Aldrich

St Louis, MO, USA
St Louis, MO, USA

Antibodies
Polyclonal rabbit anti-peroxiredoxin 1
Polyclonal rabbit anti-peroxiredoxin 2
Polyclonal rabbit anti-peroxiredoxin 3
Polyclonal rabbit anti-peroxiredoxin (SO2/3)
Polyclonal Goat anti-Nrf2

Supplier
AbCam Ltd.
Sigma-Aldrich
AbFrontier Co. Ltd.
AbFrontier Co. Ltd.
Santa Cruz Biotechnology, Inc.

Location
Cambridge, UK
St Louis, MO, USA
Seoul, Korea
Seoul, Korea
Santa Cruz, CA, USA
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Supplier
Stressgen

Location
Ann Arbor, MI, USA

Sigma-Aldrich
AbFrontier Co. Ltd
AbFrontier Co. Ltd
AbCam Ltd
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

St Louis, MO, USA
Seoul, Korea
Seoul, Korea
Cambridge, UK
St Louis, MO, USA
St Louis, MO, USA
St Louis, MO, USA

Cell viability assays
Propidium Iodide
Thiazolyl Blue Tetrazolium Bromide (MTT)

Sigma-Aldrich
Sigma-Aldrich

St Louis, MO, USA
St Louis, MO, USA

Immunofluorescence
Fluoromount-G™
Hoechst 33342

In Vitro Technologies
Invitrogen

Auckland, NZ
Auckland, NZ

Roche Diagnostics
Bio-Rad Laboratories
Invitrogen
GE Healthcare/Amersham Biosciences

Mannheim, Germany
Hercules, CA, USA
Auckland, NZ
Buckinghamshire, UK

GE Healthcare/Amersham Biosciences
Sigma-Aldrich
Bio-Rad Laboratories
Bio-Rad Laboratories
Bio-Rad Laboratories
Bio-Rad Laboratories
Progen Industries Ltd
Sigma-Aldrich
BDH Laboratory Supplies
Mallinckrodt Chemicals
GE Healthcare/Amersham Biosciences
GE Healthcare/Amersham Biosciences
GE Healthcare/Amersham Biosciences
GE Healthcare/Amersham Biosciences
GE Healthcare/Amersham Biosciences
GE Healthcare/Amersham Biosciences
GE Healthcare/Amersham Biosciences

Buckinghamshire, UK
St Louis, MO, USA
Hercules, CA, USA
Hercules, CA, USA
Hercules, CA, USA
Hercules, CA, USA
Darra, Australia
St Louis, MO, USA
Poole, England
Phillipsburg, NJ, USA
Buckinghamshire, UK
Buckinghamshire, UK
Buckinghamshire, UK
Buckinghamshire, UK
Buckinghamshire, UK
Buckinghamshire, UK
Buckinghamshire, UK

Bio-Rad Laboratories
Sigma-Aldrich
Bio-Rad Laboratories
Sigma-Aldrich
Sigma-Aldrich
Invitrogen
Roche Diagnostics
Sigma-Aldrich
Sigma-Aldrich
Roche
Roche
Sigma-Aldrich

Hercules, CA, USA
St Louis, MO, USA
Hercules, CA, USA
St Louis, MO, USA
St Louis, MO, USA
Auckland, NZ
Mannheim, Germany
St Louis, MO, USA
St Louis, MO, USA
Mannheim, Germany
Mannheim, Germany
St Louis, MO, USA

Polyclonal Rabbit anti-haem oxygenase 1
(Hsp32)
Monoclonal Mouse anti-β-actin
Polyclonal Rabbit anti-β-tubulin III
Polyclonal Mouse Anti-Parp1
Polyclonal rabbit anti-cyclophilin A
Goat anti-rabbit peroxidase conjugate
Goat anti-mouse peroxidase conjugate
Rabbit anti-goat peroxidase conjugate

Electrophoresis
Tris
40% acrylamide/bis solution 37.5:1
Benchmark™ prestained protein ladder
Hybond-P™ polyvinylidene fluoride (PVDF)
membrane
ECL™ Plus western blotting detection system
Tween® 20
Bio-Lyte® 3-10 ampholytes
Readystrip pH 5-8 IPG strips
Mineral oil
Electrode wicks
DNA grade agarose
β-mercaptoethanol
Bromophenol blue
Sodium Dodecyl Sulfate (SDS)
PlusOne™ Tris
PlusOne™ Urea
PlusOne™ Thiourea
PlusOne™ Sodium Dodocyl Sulfate (SDS)
PlusOne™ Bromophenol blue
PlusOne™ Glycerol
PlusOne™ Dithiothreitol (DTT)
Miscellaneous
Dc Protein assay kit
Trichloroacetic acid (TCA)
Micro Bio-Spin 6 columns
DL-Dithiothreitol (DTT)
Iodoacetamide
Iodoacetamidofluorescein (IAF)
CHAPS
Chloroform
Dimethyl sulfoxide, Hybri-Max™
CompleteTM protease inhibitors
PhosSTOP™ phosphatase inhibitors
Xylenol orange
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Supplier
Location
Sodium azide
Fisons
Loughborough, Leics, UK
3,3′,5,5′-tetramethylbenzidine (TMB)
Sigma-Aldrich
St Louis, MO, USA
Tris(2-carboxyethyl)phosphine hydrochloride
Sigma-Aldrich
St Louis, MO, USA
(TCEP)
Acetic Acid
LabServ supplied by BioLab
Victoria, Australia
phorbol 12-myristate 13-acetate
Sigma-Aldrich
St Louis, MO, USA
All other chemicals were from BDH Laboratory Supplies (Poole, England), MERCK Ltd. (Palmerston North, NZ) and
Sigma-Aldrich (St Louis, MO, USA)

2.2

Buffers

A list of the buffers and solutions used in this thesis is presented in Table 2.2.

Table 2.2 Buffers used in the thesis
Buffer Name
Phosphate-buffered saline

Abbreviation
PBS

Hank’s balanced salt solution

HBSS

FOX reagent
Extract buffer
SDS sample buffer

Tris-buffered saline
Tris-buffered saline with
Tween-20
Coomassie R250 Solution
Coomassie destain solution
Silver Stain Solution 1
Silver Stain Solution 2
Silver Stain Solution 3
Silver Stain Solution 4
Cell detachment buffer
Buffer A
Buffer B

Sample rehydration buffer

Equilibration buffer

TBS
TBST

Recipe
140 mM NaCl, 13 mM KCl in 10 mM sodium phosphate buffer,
pH 7.4
140 mM NaCl, 13 mM KCl, 0.5 mM MgCl2, 1 mM CaCl2 and 5.5
mM glucose in 10 mM sodium phosphate buffer, pH 7.4
100 μM xylenol orange, 250 μM ferric ammonium sulfate, 100
mM sorbitol, 25 mM sulfuric acid
40 mM HEPES, pH 7.4, 50 mM NaCl, 1 mM EDTA, 1 mM EGTA,
*
Complete™ protease inhibitors and 1% Triton X-100 [w/v]
65.8 mM Tris-HCl, pH 6.8, 10.5% glycerol [v/v], 2.1% SDS [w/v],
0.053% bromophenol blue *w/v+, with or without 5% βmercaptoethanol [v/v] respectively)
20 mM Tris-HCl, 140 mM NaCl, pH 7.6
TBS containing 0.05% Tween-20 [w/v]
0.25% Coomassie Brilliant Blue R-250 [w/v], 45% ethanol [v/v],
45% water [v/v], 10% acetic acid [v/v]
45.5% ethanol, 45.5% water, 9% acetic acid
0.2 g/l Na2S2O3
2 g/l AgNO3, 750 µl/l formaldehyde
60 g/l Na2CO3, 20 ml/l Silver Stain Solution 1, 500 µl/l
formaldehyde
20 g/l EDTA
150 mM NaCl and 1 mM EDTA in 40 mM Tris-HCl, pH 7.6
10 mM KCl, 0.1 mM EDTA, 1 mM DTT in 40 mM Tris-HCl, pH 7.6,
TM
*
Complete protease inhibitors and 0.5 % NP-40 [v/v]
(1 mM EDTA, 1 mM DTT, 400 mM NaCl, 1.5 mM MgCl2 and 25%
TM
[v/v] glycerol in 20 mM Tris-HCl), 1.6 mg/ml Complete
*
TM
*
protease inhibitors and PhosStop phosphatase inhibitors
7 M urea, 2 M thiourea, 10 mM DTT, 1% CHAPS [w/v], 0.2% BioLyte 3-10 Ampholytes [v/v], 0.05% glycerol [v/v] and a few
crystals of bromophenol blue
6 M urea, 20 % glycerol [v/v], 2% SDS [w/v] and a few crystals of
bromophenol blue in 0.375 M Tris-HCl, pH 8.8
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Recipe
0.5 % agarose [w/v], 24.8 mM Tris, 192 mM glycine, 0.1% SDS, and
a few crystals of bromophenol blue

*CompleteTM

protease inhibitors and PhosSTOPTM phosphatase inhibitors were freshly added to buffers
immediately before use, and employed as per the manufacturer‘s instructions (1× final concentration).

2.3

Erythrocytes

2.3.1

Cell isolation

Human blood from healthy volunteers was collected, with informed consent, into heparinised
tubes. Plasma was removed and erythrocytes were washed three times with at least 1.5 volumes
of ice-cold PBS. With each wash removal, the buffy coat and/or top layer was also aspirated.
Cells were suspended in either PBS alone or PBS with 5 mM glucose, and the cell concentration
of packed erythrocytes was estimated using a haemocytometer. Erythrocyte suspensions were
maintained on ice during preparation.

2.4

HUVECs

2.4.1

Cell isolation and culture

Human Umbilical Vein Endothelial Cells (HUVECs) were isolated according to the methods of
Jaffe et al [164]. Umbilical cords were obtained with informed parental consent; ethics were
approved by the Upper South A Regional Ethics Committee (ethics ref CTY/02/12/209).
Processing of cords for isolation of HUVECs occurred within 24 h of birth, with cords
maintained at 4ºC in PBS.

Cords were cannulated and the veins rinsed with sterile saline solution to rid of any blood
and/or clots; cords were carefully inspected for any mechanical damage, which could result in
detachment of smooth muscle cells (and subsequent contamination of HUVEC cultures). Sterile
collagenase solution (100 U/ml in 10 mM phosphate buffered saline, pH 7.4) was used to disrupt
the endothelium by filling the cord vein with the solution and incubating in a 37ºC water bath
for 12 min. Endothelial cell disruption was completed by gentle kneading of the cord before
vigorous flushing the vein with the collagenase solution through several rounds of filling and
draining of the cord. Finally, the solution containing detached cells was removed and added to
sterile complete M199 medium (containing 12% heat-inactivated Cosmic Calf serum [v/v], 100
μg/ml heparin, 40 μg/ml endothelial cell growth supplement, 100 U/ml penicillin and 100
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μg/ml streptomycin). Cells were pelleted by centrifugation at 1000×g for 4 min; the supernatant
was removed and cells were gently resuspended in fresh, complete M199. The cell suspension
was transferred to a 75 cm2 flask pre-coated with 0.1% gelatine [w/v]; 0.5% Fungizone™ [v/v]
was added to the flask and viable cells were allowed to adhere overnight. HUVEC were
maintained over several days by washing with PBS and addition of M199 and Fungizone™.

Following harvest, HUVECs were stored long-term in liquid nitrogen for later use. Endothelial
monolayer was disrupted by addition of 4 ml TrypLE® Express trypsin substitute to washed
subconfluent (~80% confluent) cells in each 75 cm2 flask for 5 min. Complete M199 was added
to suspended cells before collection by centrifugation at 1000×g for 4 min. Cells from one 75
cm2 flask were resuspended in 1 ml ice-cold Freezing Medium (MEM [10X stock used for 1X
final concentration] containing 5% DMSO [v/v], 75% heat-inactivated Cosmic Calf serum [v/v],
200 U/ml penicillin and 200 μg/ml streptomycin, and 0.2% NaHCO3 [w/v]) and transferred to a
single sterile cryotube, on ice. For cryopreservation, cryotubes were transferred to a Nalgene®
Mr. Frosty freezing container containing isopropanol for cooling to -80ºC at a rate of 1ºC min-1.
Cells were subsequently stored in liquid nitrogen until further use.

Subculture of confluent cells was accomplished by addition of TrypLE® Express trypsin
substitute for 5 min. M199 was added to detached cells before centrifugation at 1000×g for 4
min and cells were resuspended in fresh complete M199. Cells were treated at confluence (~5 –
6 × 104 cells/cm2) by the 5th passage after thawing.

2.5

Hepa 1c1c7

2.5.1

Culture

The Hepa 1c1c7 cell line (ATCC® number CRL-2026™) is a murine hepatoma epithelial cell
originally harvested from C57L mouse liver. Hepa 1c1c7 cells were maintained in a humidified
atmosphere with 5% CO2 at 37ºC. Cells were grown directly on tissue culture dishes, in
Minimum Essential Medium alpha (MEM-α) with renewal every 2 days. Subculture of
subconfluent cells was performed by disruption of the monolayer using TrypLE® Express. Cells
were passaged or treated at ~75% confluence.
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2.6.1.1 Chloramines and TNB Assay
Glycine chloramine (GlyCl), taurine chloramine (TauCl), and monochloramine (NH2Cl) were
freshly prepared on the day of use by mixing a 10:1 molar excess of amine solution with HOCl
(added drop-wise with vortexing), thereby ensuring no dichloramine production [222].
Chloramine concentration was determined by reaction with 5-thio-2-nitrobenzoic acid (TNB).
After a 15 min incubation in the dark, the change in absorbance was monitored at 412 nm
(λ412=14,100 M−1 cm−1)[166]. Chloramine solutions were kept on ice and generally prepared at ~5
mM stock and used within 1 h. For treatment, the solutions were diluted in PBS or HBSS prewarmed to 37ºC immediately before being applied to cells.

2.6.1.2 Hypochlorous acid
The concentration of HOCl in stock solution was determined spectrophotometrically after
dilution in NaOH, final pH≥10 (ε292=350 M−1cm−1). HOCl treatments were made up to the
desired concentration by dilution in PBS (for treatment of erythrocytes) or HBSS (for treatment
of HUVECs) immediately before applying to cells. Immediate, vigorous mixing ensured that the
cells in the sample received a homogenous dose of the oxidant. The pKa of HOCl is 7.5 [27];
therefore, at the pH used in experiments HOCl and OCl- would be present in approximately
equal concentrations. For the sake of brevity, the oxidant is herein referred to as HOCl.
Alternatively, HOCl concentration was determined by the TNB assay, as above.

2.6.1.3 Hypothiocyanous acid (HOSCN)
Enzymatic production of HOSCN was performed at 4º C using the method described [223].
Sodium thiocyanate (NaSCN, 7.5 mM) was prepared in 10 mM potassium phosphate buffer (pH
6.6). To the NaSCN, 2 µM lactoperoxidase was added, followed by four additions of 10 µl/ml
H2O2 (from 75 mM stock solution), each addition separated by a 1 min interval. HOSCN
concentration was determined by the TNB assay, as above.
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2.6.1.4 Intact erythrocytes
For treatment of intact erythrocytes, equal volumes of suspended erythrocytes (in either PBS
alone or PBS with 5 mM glucose, as indicated) and oxidant (chloramine or HOCl, diluted in the
same buffer as the erythrocytes) were mixed for a 0.25% final cell suspension (2.5 ×107 cells/ml).
Erythrocytes were added with immediate mixing by pipette to ensure an equal distribution of the
oxidant and incubated at 37°C with occasional gentle mixing to maintain the cells in suspension.
To quench any remaining oxidant and thereby interrupt the treatment, 5 mM methionine was
added at the end of the time course.

2.6.1.5 Lysed erythrocytes
For treatment of haemolysate, a 10% cell suspension of erythrocytes was prepared in PBS. Cells
were lysed by freezing at −80°C and thawing. Lysate (25 μl, representing the same amount of
cellular material as was used in whole-cell experiments) was added to the desired amount of
GlyCl (in PBS) and immediately mixed. Treated lysate was incubated at 37°C for 20 min before
quenching by addition of 5 mM methionine. For samples destined for Western blot analysis of
Prx2, PBS in these preparations contained 1 ng/ml catalase to inhibit spontaneous oxidation of
the peroxiredoxin upon cell lysis.

2.6.1.6 HUVECs and HEPA 1c1c7 cells
HUVECs and HEPA 1c1c7 cells were grown in various plate sizes, including: 24-well (2 cm2), 6well (9.6 cm2) and 100 × 20mm culture dishes. Treatment volumes and protein yield for the
various plate sizes are shown in Table 2.3 (below).

Table 2.3 Comparison of plate sizes in terms of cell number, protein content and
treatment volumes used.
Dish size

Surface
area
2
(cm )

Approximate number
of cells

24-well plate

2.0

(HUVEC)
(HEPA)

1.2 × 105
2.8 × 105

6-well plate

9.6

(HUVEC)
(HEPA)

5.8 × 105
13.4 × 105

Total protein (μg)
(mean ± SEM,
n=6)
39.6 ± 4.8

203 ± 8
267 ± 19

100-mm culture
(HUVEC)
47.1 × 105
976 ± 210
78.5
dish
(HEPA)
110 × 105
1880 ± 560
All values shown are per well for 24- or 6-well plates or per plate for 100-mm dishes.
*Except where specified; 2.0-2.5 ml M199 were used for some treatments.
#
n=1 measurement of protein for this plate size

Treatment vol (ml)

1.0

1.0*

4.0
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Hydrogen peroxide

The concentration of H2O2 in stock solutions was quantified by measuring A240 (ε240 = 43.6 M1

cm-1). H2O2 was diluted into HBSS or M199 immediately before addition to cells. No

differences were observed in either the concentration of H2O2 in HBSS or M199 alone, nor in
the effect of cells treated in either buffer (i.e. Prx oxidation, morphology as observed visually).
Where possible, HUVECs were treated with H2O2 diluted in M199 except where directly
compared with the effect of a chloramine or HOCl treatment. Cells cultured in 24-well plates
were treated in a total volume of 1 ml whereas those cultured in 6-well plates were treated in 2.5
ml.

2.6.3

Carbon monoxide

Inhibition of haemoglobin autoxidation in erythrocytes was achieved by pretreatment with
carbon monoxide; this involved gentle bubbling of a 0.25% erythrocyte cell suspension with the
gas until a colour change from red to pink was observed. An approximate 7-nm shift of the
oxyhaemoglobin peak (∼577 nm) was verified spectrophotometrically to confirm the conversion
of oxyhaemoglobin to carboxyhaemoglobin (∼570 nm).

2.6.4

Sodium azide

Inhibition of erythrocyte catalase was achieved by incubation of a 0.25% erythrocyte cell
suspension with 5 mM sodium azide for 5 min. Spectrophotometric analysis of H2O2 (λ=230
nm) [224] confirmed that this incubation achieved an approximate 70% decrease in the rate of
H2O2 consumption.

2.6.5

Auranofin

A stock solution of auranofin was prepared at 4 mM in DMSO and stored at -20ºC. Auranofin
was diluted to a working concentration in M199 or HBSS and applied to washed HUVECs.

2.7

Consumption of HOCl or chloramines

Consumption of chlorinated oxidants by erythrocytes or HUVECs was assessed using a
spectrophotometric assay that measures the iodide-catalysed oxidation of 3,3‘,5,5‘tetramethylbenzidine (TMB) [225]. TMB was dissolved in dimethylformamide for a stock
concentration of 20 mM. TMB reagent consisted of a final concentration of 2 mM TMB and
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100 μM NaI in 0.1 M Sodium Acetate buffer, pH 5.4 (10% final concentration of
dimethylformamide [v/v]).

For this assay, chloramine and HOCl concentrations were first measured by the TNB assay
(refer to section 2.6.1.1). Chloramine or HOCl alone was prepared in serial dilution for a
standard curve, and applied to cells at appropriate concentrations for treatment. At appropriate
time points an aliquot was removed from each standard and treatment for immediate mixing in
96-well plate with 50 μl TMB solution. For treated erythrocytes, this involved rapidly pelleting
cells by centrifugation and removing a portion of the supernatant for analysis, whereas an aliquot
of the treatment (supernatant) was simply removed from each well of treated HUVECs. Total
volume for analysis (in the 96-well plates) was 200 μl, with some dilution of samples to achieve
absorbance readings in the linear range. Absorbance was read at 650 nm and concentrations
calculated based on the standard curve.

2.7.1

Oxidant consumption: Erythrocytes

The concentration of each oxidant was measured after 20 min incubation at 37°C for each of the
treatment concentrations investigated. Cells were quickly pelleted and supernatant was sampled
for reaction with TMB. Data were obtained from at least two separate experiments.

2.7.2

Oxidant consumption: HUVECs

The concentration of each oxidant was measured after 10- and 30 min incubations at 37ºC.
Because cells remained adhered to the plate, a sample of the treatment volume was removed
from each well and immediately reacted with TMB. Data were obtained from at least 3 separate
experiments.

2.8

Consumption of H2O2 (FOX assay)

The rate of H2O2 consumption by HUVECs was measured using the ferrous oxidation of
xylenol orange 1 (FOX) assay [226]. After treatment of erythrocyte suspensions with H2O2 for 10
or 30 min at 37ºC, a 20- or 50-μl sample (depending on the original concentration of H2O2) was
removed from the cell supernatant and added with immediate vortexing to the FOX reagent
(Table 2.2) with a final volume of 1.0 ml. The mixture was incubated at room temperature (RT)
for at least 40 (but not more than 80) min and absorbance at 560 nm recorded by dispensing
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each sample into wells of a 96-well plate and reading each sample in triplicate. Sample treatments
were in duplicate and data were obtained from at 2 separate experiments. Standards were also
sampled at each time point to detect any loss of H2O2 in medium or buffer alone.

2.9

Thioredoxin reductase (TrxR) activity assay

Following treatment, confluent HUVECs were lysed in Lysis Buffer (Table 2.2). Insoluble
material was pelleted by centrifugation and protein content of the soluble fraction was assessed.
TrxR activity was measured by monitoring the NADPH-dependent reduction of 5,5′-dithiobis-2nitrobenzoic acid (DTNB) to TNB [227]. Lysates (20 μg total protein, in duplicate) were added
to 96-well plates and mixed with 200 μl of a 5 mM solution of DTNB in 100 mM phosphate
buffer (potassium phosphate, pH 7.0, 10 mM EDTA); each well was brought to a final volume
of 245 μl with phosphate buffer and the absorbance was read at 412 nm using a SoftMax Pro
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). Baseline curve was established
from an initial 5 min, and the reaction was initiated by addition of NADPH (final concentration
200 μM). The increase in absorbance at 412 nm was followed for 5 min and the average change
in absorbance (slope) – minus baseline – was used to calculate TrxR activity.

2.10

Protein assay

The Bio-Rad Dc protein assay kit was used to estimate protein concentration in prepared cell
lysates. Samples (between 2 and 5 μl, depending on the particular experiment) and BSA
standards were transferred in duplicate to wells of a 96-well plate and mixed with 25 μl kit
reagent A′ and 200 μl of kit reagent B. After 15 min incubation at RT, the absorbance was
measured at 750 nm using a SoftMax Pro spectrophotometer. Protein concentrations were
calculated using the BSA standard curve.

2.11

Protein precipitation

Where protein precipitation from cell extracts was required, a chloroform-methanol method was
employed [228]. The cell lysate, methanol, chloroform and water were mixed (with solvents and
water added consecutively with thorough mixing by vortex after each addition) at a ratio of
1:4:1:3, respectively. The mixture was centrifuged at 10,000 × g, resulting in proteins layered at
the liquid interface. The aqueous top layer was removed, and 4 volumes of methanol were added,
followed by vortexing. The precipitated proteins were pelleted by centrifugation at 10,000 × g,
and the supernatant was removed as much as possible without disturbance of the pellet. The
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pellet was thoroughly air-dried at 37ºC before addition of solubilising buffer (this was generally
SDS sample buffer or 2D-PAGE rehydration buffer, depending on the application).

2.12

SDS-Polyacrylamide gel electrophoresis

The Laemmli electrophoresis system [229] was employed using the Bio-Rad Mini-Protean 3 cell
apparatus (Bio-Rad Laboratories, Hercules, CA, USA). Samples were prepared by dilution in
reducing or non-reducing SDS- Sample Buffer (Table 2.2) and proteins (generally 15-25 μg per
lane) were resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). A 4% acrylamide
[w/v] stacking gel and a 12% resolving gel were used unless otherwise specified.

2.13

Immunoblot analysis

The Bio-Rad Mini Trans-Blot apparatus (Bio-Rad Laboratories, Hercules, CA, USA) was used to
electrophoretically transfer proteins resolved by SDS-PAGE to polyvinylidene difluoride
(PVDF) membrane. Following electrotransfer, non-specific antibody binding sites were blocked
by incubation of the membrane with TBST (Table 2.2) and 5% non-fat dried milk [w/v] (also in
TBST). Alternatively, the PVDF membrane was allowed to dry thoroughly, which blocked nonspecific binding due to the hydrophobic nature of the membrane. Membranes with proteins
from erythrocyte samples were blocked with 15 mM sodium azide and 2% H2O2 included in the
5% milk blocking buffer to prevent reaction of chemiluminescent reagents with haemoglobin
through inhibition of its pseudoperoxidase activity [230; 231].

Incubation with the relevant antibody (Table 2.4) was performed overnight at 4ºC in TBST
containing 2% non-fat dried milk, unless otherwise stated. Horseradish peroxidase-conjugated
secondary antibodies (Table 2.4) were diluted in TBST containing 2% non-fat dried milk and the
membranes were incubated for 1 h at RT. After incubation with antibodies, membranes were
thoroughly washed with TBST. Membranes were incubated with enhanced chemiluminescence
(ECL) reagents for 2-3 min and visualised with a ChemiDoc XRS gel documentation system
(Bio-Rad Laboratories, Hercules, CA, USA) for detection of bands. Bands were quantified by
densitometric analysis using Quantity One analysis software version 4.6.1 (Bio-Rad
Laboratories).
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Table 2.4 Primary and secondary antibodies used in the thesis
Primary antibody

Application

Polyclonal rabbit antiperoxiredoxin 1
Polyclonal rabbit antiperoxiredoxin 2
Polyclonal rabbit antiperoxiredoxin 3
Polyclonal rabbit anti-PrxSO2/3
Polyclonal goat anti-Nrf2

WB

Concentration
of primary
antibody
1:10,000

WB

1:10,000

WB

1:10,000

WB

1:2,500

WB

1:1,000

IF

1:100

WB

1:10,000

WB

1:10,000

WB

1:10,000

WB

1:10,000

WB

1:10,000

Polyclonal rabbit antiHaem oxygenase-1
Monoclonal mouse anti-βactin
Polyclonal rabbit anti-βtubulin III
Polyclonal mouse antiParp1
Polyclonal rabbit antiCyclophilin A

2.14

Secondary antibody

Goat anti-rabbit
peroxidase conjugate
Goat anti-rabbit
peroxidase conjugate
Goat anti-rabbit
peroxidase conjugate
Goat anti-rabbit
peroxidase conjugate
Rabbit anti-goat
peroxidase conjugate
Rabbit anti-goat Alexa-488
conjugate
Goat anti-rabbit
peroxidase conjugate
Goat anti-mouse
peroxidase conjugate
Goat anti-rabbit
peroxidase conjugate
Goat anti-mouse
peroxidase conjugate
Goat anti-rabbit peroxidise
conjugate

Concentration
of secondary
antibody
1:10,000
1:10,000
1:10,000
1:10,000
1:10,000
1:150
1:10,000
1:3,000
1:10,000
1:3,000
1:10,000

Detection of Prx redox state

To monitor the transition from monomeric to dimeric Prx, cells were lysed in the presence of 10
μg/ml catalase to scavenge small amounts of peroxide in Extract Buffer (Table 2.2), and 100
mM NEM to alkylate the cysteine residues. To monitor the transition to hyperoxidised Prx
(sulfinic, Prx-SO2H, or sulfonic, Prx-SO3H, acid), cells were lysed in HEPES extract buffer
lacking NEM and catalase; under these conditions the Prxs become oxidised to the dimeric form
by trace amounts of peroxide present in the buffer, enabling the amount of hyperoxidised
protein to be quantified as the sole species running in the monomer position on non-reducing
SDS-PAGE [161].

Protein content was assessed (Section 2.10) and proteins were denatured by addition of SDSSample Buffer; in some cases protein was precipitated (Section 2.11) before resolubilisation in
SDS sample Buffer (Table 2.1).
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All samples were heated to 100ºC for 5 min before loading lysate containing equal amounts of
protein (generally between 15 and 25 μg) onto each lane of a non-reducing, 12% (unless
otherwise indicated) SDS-PAGE gel (Section 2.12). Protein bands were transferred by
electroblotting to PVDF membrane (Section 2.13) and immunoblotted (Section 2.13) with
antibodies against the specific isoforms of Prx.

To ensure that detection of the Prxs were in the linear range for detection and quantification,
concentration curves of reduced pure Prx (1, 2 or 3) were analysed alongside aliquots of reduced
control cell lysate of known total protein concentration. Subsequent analyses were performed
using sufficient total protein (10-20 µg) for Prx detection in the linear range.

2.15

Coomassie R250 PVDF staining

To visualise complete protein complement on PVDF, membranes were stained with Coomassie
R-250 solution (Table 2.2) for 5 min with constant rocking. Background staining was removed
by washing membranes several times with Coomassie destain solution (Table 2.2). Membranes
were rinsed with water and dried at RT. Protein was visualised using a Fluor-S® multi-imager
(Bio-Rad Laboratories, Hercules, CA, USA).

2.16

Silver stain procedure

For visualisation of proteins on SDS-PAGE gels, fixing was performed for 30 min in a solution
of 50% ethanol [v/v] and 10% acetic acid [v/v]. Gels were then washed for 15 min in a 10-fold
dilution of the fixing solution, followed by three 5 min washes in MilliQ water. Gels were
incubated for 2 min in Silver Stain Solution 1 (Table 2.1), and then subjected to three 30 sec
washes in MilliQ water before 30 min incubation in Silver Stain Solution 2 (Table 2.2). Two 20
sec washes with MilliQ water were performed, and then Silver Stain Solution 3 was added to gels
(Table 2.2). Once the colour had developed to the desired intensity, gels were immediately
washed in MilliQ water and the reaction stopped by addition of Silver Stain Solution 4 (Table
2.1). Stained gels were imaged using a ChemiDoc™ RS system (Bio-Rad Laboratories,
Hercules, CA).
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Cell viability

2.17.1 Propidium iodide
Plasma membrane integrity in HUVECs was monitored using propidium iodide (PI) staining.
Following a 10 min treatment, any remaining oxidant was quenched by addition of methionine
(10-fold excess in concentration over initial treatment concentration). Cells were washed with
PBS and fresh M199 was replaced for 24 h. The adherent cell layer was disrupted by
trypsinisation and pooled with any non-adhering cells. Cells were pelleted by centrifugation and
resuspended in M199 containing 2 μg/ml PI. Cell fluorescence was measured using a FC500
MPL Flow Cytometry system (Beckman Coulter Inc.). PI-positive cells (non-viable) were
expressed as a percentage of the total cells analysed (5,000 cells). Cells were incubated in the
dark for 10 min prior to analysis.

2.17.2 MTT assay
Cell viability was monitored spectrophotometrically by the ability of HUVEC mitochondrial
reductases in living cells to convert thiazolyl blue tetrazolium bromide (yellow) to purple
formazan. Following treatment, cells plated in 6-well culture dishes were incubated 24 h in fresh
M199. MTT solution was prepared at 5 mg/ml in PBS and filter-sterilised; 150 μl were added to
each well and incubated 3 h. Following incubation, some cells became detached from the plate;
these suspended cells were pelleted, and to remaining adherent cells 1 ml of acidic isopropanol
(0.04 M HCl in isopropanol) was added to each well to solubilise the converted dye. Plates were
incubated in the dark with gentle agitation for 10 min. Pelleted cells were added to the dye
solution and fully solubilised by pipetting. Insoluble cell material was pelleted by centrifugation
(10,000 × g) and the absorbance of the converted dye was measured at 570 nm with background
subtraction at 650 nm. Measurements were made using a Hitachi U-3900 spectrophotometer.

2.18

Assessment of total protein thiols

Total protein thiols were assessed using monobromobimane (MBB) derivatisation with
spectrofluorometric detection [232]. Following treatment (in duplicate), washed HUVECs grown
in 6-well plates were derivatised using 1.2 mM MBB (in 1 ml PBS per well, pH 8). Cells were
incubated in the dark 20 min at 37ºC. Following addition of 50 µl saturated trichloroacetic acid
(TCA) per well to precipitate proteins, contents of the wells were removed from the plate by
gentle pipetting, and insoluble matter was pelleted by centrifugation. Pellets were washed with
5% TCA ([v/v], from saturated TCA solution) three times, and then resuspended in 1% SDS
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[w/v] to a final volume of 1.6 ml. Any remaining insoluble material was pelleted and the
supernatant was analysed using a Hitachi fluorescence spectrophotometer (excitation 390 nm;
emission 480 nm).

2.19

Protein carbonyl assay

Protein carbonyls were assessed by the enzyme-linked immunosorbent assay (ELISA) previously
used in our laboratory [233]. HUVECs grown in 6-well plates were gently detached with a rubber
policeman in cell detachment buffer (Table 2.2). Cells were pelleted, and the cell pellet subjected
to three freeze-thaw cycles (alternating between dry ice and 37ºC heat block). The cell lysate was
speed vacuumed to dryness and frozen at -80ºC until further analysis. The ELISA was
performed using the BioCell Protein Carbonyl ELISA kit (Papatoetoe, New Zealand) according
to the manufacturer‘s instructions (low protein procedure).

2.20

Measurement of glutathione

2.20.1 High performance liquid chromatography (HPLC) method
Intracellular glutathione (GSH) concentration was determined by MBB derivatisation and HPLC
analysis with fluorescence detection [232]. Details for the methods employed for analysis of
erythrocytes and HUVECs are further described below.

2.20.1.1Erythrocytes
Following oxidant treatment, erythrocytes (2.5 × 107 cells) were pelleted by centrifugation.
Erythrocyte pellet was resuspended in 10 mM phosphate buffer (pH = 8.0 with potassium
hydroxide) and MBB (40 mM in acetonitrile) was added for a final concentration of 1 mM and
volume of 400 μl; cells were incubated in the dark for 20 min at 37ºC. Proteins were precipitated
by addition of 5% TCA [v/v]. Insoluble material was pelleted by centrifugation (10,000 × g for 5
min) and resulting supernatants (100 µl per sample) were analysed by HPLC with fluorescence
detection (excitation wavelength 394 nm; emission wavelength 480 nm) using a C18 column
(Brownlee Spheri-5 ODS, 5 μm, 100 × 4.6 mm). GSH was eluted using a stepwise gradient
(Table 2.5). The concentration of GSH in samples was calculated using a standard curve
generated from GSH solutions of known concentration (2-20 μM).
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2.20.1.2HUVECs
Confluent HUVECs plated in 24-well plates were used. Following oxidant treatment, cells
(~120,000 per well) were derivatised and precipitated directly in the culture plates according to
the methods described above, but with a final volume of 200 μl per well. Analysis was as
described for erythrocytes.

Table 2.5 Gradient for elution of GSH-MBB samples
Time
Flow rate
% Solvent A
-1
(min)
(ml•min )
Initial
1.5
95
10
1.5
90
12
1.5
90
17
1.5
0
22
1.5
95
Solvent A = water containing 0.25% acetic acid
Solvent B = acetonitrile containing 0.25% acetic acid
Solvent C = 75% acetonitrile with 25% water

% Solvent B
5
10
10
0
5

% Solvent C

Gradient

0
0
0
100
0

N/A
Continuous (linear)
Continuous (linear)
Step
Step

2.20.2 LC-MS/MS Method
The concentrations of GSH and its oxidation products (glutathione disulfide, GSSG, and
glutathione sulfonamide, GSA) in the intracellular and extracellular fractions following
erythrocyte treatment with chloramines and HOCl were detected by LC-MS/MS as described
[234].

Following treatment, erythrocytes were pelleted and prepared essentially as described [235].
NEM was added to the supernatant (extracellular fraction) at a final concentration of 2 mM;
internal standards of GSA (100 pmoles), GSSG (100 pmoles) and NEM-alkylated GSH (200
pmoles) generated from isotopically labelled glycine (13C, 15N) were also added to each sample.
The erythrocyte pellet was resuspended in 200 μl of 100 mM NEM and incubated at 37°C for 20
min; isotopic standards were added as above, and protein was precipitated by the addition of 800
μl ice-cold ethanol. Following 20 min incubation on ice, the precipitate was pelleted and the
supernatant removed for analysis. Both cytosolic and extracellular fractions were dried under
vacuum and resuspended in 200 μl PBS; any undissolved material was pelleted prior to injection
of the resulting supernatant (50 μl) for analysis.
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Standard curves were generated by serial dilution of a known concentration of each glutathione
species: GSH, GSSG and GSA. Each standard also included internal standards of each species in
amounts equal to those shown above for samples.

Liquid chromatographic separation was performed using a Thermo Hypercarb column (100
mm×2.1 mm) held at 40ºC. Mobile phases were 0.5% [v/v] formic acid as Solvent A and 1:1
acetonitrile:isopropyl alcohol (0.1% formic acid) as Solvent B. The flow rate was 0.2 ml/min.
GSH, GSSG and GSA were eluted using a linear gradient of 0–30% solvent B over 15 min, and
the column was flushed with 100% solvent B for 5 min before re-equilibration to initial
conditions.

Table 2.6 Settings for detection of glutathione analytes and standards

Mass spectrometric detection of the species was performed using a LCQ DECA XP plus ion trap
mass spectrometer (ThermoFinnigan, San Jose, CA, USA) with the parameters described by
Harwood et al [234]. The target analytes and internal standards were detected by the m/z range
shown in Table 2.6. Peak areas were normalised by dividing the area of the compound of interest
by the area of the internal standard. Concentration of each species was calculated based on the
standard curves. Mass spectrometry was performed by Dr. Rufus Turner (University of Otago,
Christchurch, NZ).

2.21

Preparation of nuclear and cytosolic fractions from oxidant-treated HUVECs

Nuclear protein extraction was based on the methods described by Hsieh et al [236]. HUVECs
grown in 100-mm tissue culture dishes were gently lysed in 1 ml ice-cold Buffer A (Table 2.2).
Cell lysis and non-disruption of the nuclei were confirmed visually by microscopy. After 5 min
incubation on ice, the lysate containing the non-nuclear fraction (organelles, cytosol and
membranes) was removed from the plate, leaving only the attached nuclei on the plate. Nuclei
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were lysed in 300 µl Buffer B (Table 2.2). Nuclei were removed by gentle scraping using a rubber
policeman. Both fractions were maintained at 4ºC for 30 min with periodic vortexing. Insoluble
material was pelleted by centrifugation (14,000 × g, 30 min, 4ºC) and the soluble fraction used
for immunoblot analysis (Section 2.13). Where protein concentration was less than 1 µg/µl
(determined as per Section 2.10), proteins were precipitated using the chloroform-methanol
extraction procedure (Section 2.11) before dilution in reducing SDS sample buffer. Proteins were
resolved by reducing SDS-PAGE (Section 2.12) and transferred to PVDF (Section 2.13); blots
were probed with antibodies against the proteins of interest, including antibodies against Parp1
and β-tubulin to confirm nuclear and cytosolic isolation, respectively.

2.22

Immunofluorescent detection of Nrf2 localisation

2.22.1 Preparation of coverslips
Prior to cell subculture for the purposes of immunofluorescence, 13-mm glass coverslips were
prepared with a glutaraldehyde-fixed gelatin coating [237]. Coverslips were submerged in 0.5%
gelatin solution [w/v] (in water) for 1 h with constant rocking. Coverslips were then submerged
in 2% glutaraldehyde [v/v] for 20 min, washed twice with PBS, then submerged in 70% ethanol
for 1 h, still with constant rocking. Finally, coverslips were transferred to sterile 24-well plates,
washed twice with sterile PBS and incubated 1 h with PBS alone. PBS was replaced prior to
storage under sterile conditions for any coverslips not immediately used.

2.22.2 Immunofluorescence analysis
Cells (HUVECs or Hepa 1c1c7 cells) were subcultured onto glass coverslips (prepared as in
Section 2.22.1, above) 24-48 h prior to treatment. At the end of the treatment period, cells were
thoroughly washed using PBS and fixed by addition of 4% paraformaldehyde [w/v] (10 min) and
permealised 5 min incubation in 0.5% Triton X-100 [v/v] (in PBS). Cells were blocked in 10%
BSA [w/v] for 1 h. Coverslips containing fixed, permeabilised cells were washed in PBS and
incubated overnight at 4ºC with antibodies against Nrf2, in 3% BSA. Cells were again washed
with PBS before incubation with Alexa 488-conjugated secondary antibodies (in 3% BSA) for
1 h in the dark at RT. Secondary incubation was followed by Hoechst staining for 5 min (10
µg/ml Hoechst 33342, in PBS). Coverslips were washed and dipped in MilliQ water before
mounting onto glass slides using Fluoromount-G™. Fluorescence imaging was performed using
a Zeiss microscope.
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Control slides included unstained cells, cells incubated with primary antibody only or alexa-488conjugated secondary antibody alone. No fluorescence was visualised on the DAPI channel in
cells lacking Alexa-488-conjugated secondary antibodies. Exposure time was consistent between
experiments and and was based on cells labelled with secondary antibody alone (no primary
antibody); exposure time was set such that little to no fluorescence was detected in these control
cells.

2.23

Identification of intracellular thiol protein targets of chlorinated oxidants

For separation of proteins by 2-dimensional electrophoresis, HUVECs were grown in 100-mm
tissue culture dishes. Cells were treated in a 4 ml volume of HBSS, and following oxidant
quenching and gentle washing of the cells, plates were scraped using a rubber policeman into 1
ml cell detachment buffer (Table 2.2) containing 100 mM NEM and pelleted by centrifugation.
Cells were lysed by incubation with 190 μl of 100 mM NEM dissolved in Extract Buffer (Table
2.2) containing 1% CHAPS [w/v], with occasional vigorous agitation. Insoluble matter was
pelleted and the soluble fraction was desalted using Bio-Gel P-6 DG desalting gel columns (BioRad Laboratories) pre-equilibrated with extract buffer lacking NEM. Protein content was
assessed using the Bio-Rad Dc assay (Section 2.10) and DTT was added (5 mM final
concentration) to reduce disulfide bonds. Samples were incubated 30 min at 37ºC, after which
200 μM 5-iodoacetamidofluorescein (IAF, freshly dissolved in DMSO as a 10 mM stock) was
added and samples were incubated for an additional 30 min. Samples were protected from light
from this point onward. Proteins were precipitated (Section 2.11) and the pellet was resolubilised
in sample rehydration buffer (Table 2.1). All reagents in buffer (except Ampholytes and CHAPS)
were PlusOne™ reagents (GE Healthcare, Buckinghamshire, UK). Protein concentration of
reconstituted samples was 75 µg/100 µl (based on total protein calculated before the
precipitation step). Each sample (200 μl) was resolved by two-dimensional electrophoresis
(Section 2.24) using 11-cm, pH 5-8 IPG strips followed by second dimension separation on
Criterion™ Tris-HCl 8-16% gradient gels (Section 2.24).
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Table 2.7 Conditions for isoelectric focusing of 11-cm and 17-cm IPG strips.
11-cm
Step
1
2
3
4
5

Voltage
(Volts)
300
1,000
3,000
8000
500

17-cm
Time
(Hours)
1
1
1
5.5
HOLD

Voltage
(Volts)
300
1,000
3,000
6,000
500

Time
(Hours)
1
1
1
12.5
HOLD

For spot excision and identification, 300 μl of pooled sample (equal amounts from four separate
sample preparations) were rehydrated onto 17-cm, pH 5-8 IPG strips and separated by 2-D
Electrophoresis (Section 2.24).

2.24

Two-dimensional electrophoresis

Each sample was loaded into a channel of a rehydration/equilibration tray. IPG strips were
placed in direct contact with the samples and strips were overlaid with mineral oil to prevent
dehydration. IPG strips were allowed to rehydrate overnight at RT to ensure complete sample
absorption. Following sample absorption, strips were transferred to focusing tray channels with
moistened electrode wicks placed between the strips and tray electrodes. Strips were overlaid
with mineral oil and focused using the Bio-Rad Protean® IEF Cell (Bio-Rad Laboratories,
Hercules, CA, USA). Isoelectric focusing was performed according to the voltage conditions set
out in Table 2.7.

Focused strips were prepared for the second dimension by incubation in equilibration buffer
(Table 2.2). All reagents in equilibration buffer were PlusOne™ reagents (GE Healthcare). Strips
were allowed to equilibrate on a rocker with equilibration buffer for 15 min; this was repeated a
second time with fresh equilibration buffer in clean tray channels. 11-cm IPG strips were laid
atop Criterion™ Tris-HCl 8-16% gradient gels, and 17-cm IPG strips were laid atop Tris-HCl 816% gradient gels cast using the Bio-Rad Protean® II XL Vertical Electrophoresis Cell. Strips
were overlaid with melted agarose solution (Table 2.2). 10 μl of Precision Plus Prestained protein
standards (Bio-Rad Laboratories, Hercules, CA, USA) were included on the gels.

Where Criterion™ gels were used, proteins were separated electrophoretically at a constant
voltage of 150 V for approximately 100 min (or just until the dye front began to diffuse from the
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Figure 2.1 Bio-Rad 2-D SDS-PAGE Standards were separated and detected using
silver staining.
Black molecular weight (MW) values were taken from Bio-Rad broad-range standard, while
coloured MW values and pI values were from detected standard spots (Method is described in
Section 2.16).
bottom of the gel). On large-format gels, proteins were separated at a constant amperage of 12
mA per gel for approximately 1000 min. Proteins were detected by fluorescence (488 nm) using a
Bio-Rad Molecular Imager® FX (Bio-Rad Laboratories, Hercules, CA, USA) on the ‗medium‘
sample intensity setting.

Bio-Rad 2-D SDS-PAGE Standards were separated in an identical way for molecular weight
(MW) and pI ranges on the gels (Figure 2.1). The standard gel image was superimposed with
sample images such that pI and MW values could be assigned to spots using PDQuest™ version
8.0 2-D electrophoresis gel analysis software (Bio-Rad Laboratories).

Gel images were analysed using PDQuest™ software. Digital images (3 replicate images from
each of 5 treatments, including the control) were used for comparison; automated detection and
spot-matching were carefully scrutinized, and in many cases corrected by visual inspection and
manual spot-matching. The software was used for automated statistical comparison of spots,
enabling the identification of those which differed significantly compared to the control gels; for
this, the replicate group comparison mode was used, along with Gaussian spot quantitation. Of
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the spots identified as undergoing significant changes in intensity, many were manually excluded
due to either low intensity, inconsistent appearance between replicate gels, or due to their
appearance in streaky areas of the gel (which would result in difficult excision of the spots).
Finally, a shortlist of spots was generated for further investigation.

Protein spots of interest were excised from unstained, large-format gels, and the correct excision
of spots was confirmed by fluorescence imaging as described in Figure 2.2. Excised spots were
sent to the Centre for Protein Research (University of Otago, Dunedin, New Zealand), where
they were subjected to automated in-gel tryptic digestion using a robotic workstation (DigestPro
MSi, Intavis AG, Cologne, Germany) [238]. Eluted peptides were concentrated by speed-vacuum
and the tryptic peptides analysed by LC/MS-MS.

Figure 2.2 Spot excision from 2-dimensional gels.
Fluorescence imaging was used both in the identification of spots for excision, and to confirm
the correct (and complete) excision of these spots. Spots of interest were identified following
fluorescence detection of 2D SDS-PAGE gels (white arrows). Excision in the wrong area of
the gel (black arrows) and incomplete excision (red arrows) were identified and any errors
were corrected by re-alignment of the gel and images, and further excision. Blue arrows
indicate confirmation that the intended spot was correctly excised from the gel.
2.25

LC-MS/MS of tryptic peptides

Resolubilisation of samples from SDS-PAGE gels was performed using a solution of 5%
acetonitrile [v/v], 0.2% formic acid [v/v] in water. Solubilised samples were then injected onto
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an Ultimate 3000 nano-flow UHPLC-System (Dionex Co, CA) which was in-line coupled to the
nanospray source of a LTQ-Orbitrap XL hybrid mass spectrometer (Thermo Scientific, San Jose,
CA). Peptides were separated on an in-house packed emitter-tip column by a gradient developed
from 5% acetonitrile, 0.2% formic acid to 80% acetonitrile, 0.2% formic acid in water over 15
min at a flow rate of 400 nl/min. Column packing consisted of 75 um ID PicoTip fused silica
tubing (New Objectives, Woburn, MA) with C-18 material on a length of 8-9 cm.

2.26

Instrument settings for the LTQ-Orbitrap:

The Orbitrap mass analyser was used to perform a full MS of the range m/z 300 and 2000, with
a resolution setting of 60,000 at m/z 400 and an automated gain control target of 4e5. Preview
mode for FTMS master scan was enabled to generate precursor mass lists, from which the
strongest 4 signals were selected for CID (collision induced dissociation)-MS/MS in the LTQ
ion trap. Normalised collision energy was 35% using an AGC target of 2e5 and one microscan.
Dynamic exclusion was enabled with 2 repeat counts during 30 sec and an exclusion period of
180 sec. Exclusion mass width was set to 0.01.

2.26.1.1Data Analysis
Protein identities from MS/MS data were obtained using the Human reference protein sequence
database (downloaded in June 2010) with the Mascot search engine (www.matrixscience.com).
Full tryptic peptides were searched with settings for matching of full tryptic peptides with a
maximum of 3 missed cleavage sites; variable modification included carboxyamidomethyl
cysteine, oxidised methionine, and pyroglutamate. The precursor mass tolerance threshold was
10 ppm and the maximum fragment mass error was 0.8 Da.

2.27

Statistics

Data are expressed as means ± standard error of the mean (SEM) for at least 3 separate
experiments, unless otherwise indicated. Graphs were plotted using either Office Excel version
2007 (Microsoft, Redmond, WA, USA) or SigmaPlot version 11.0 (SPSS Inc., Chicago, IL, USA).
Statistical analyses were performed using the SigmaStat software package, version 3.10 (Systat
Software, San Jose, CA, USA). Differences between groups of data were assessed employing a
significance level (α) of 0.05.

Chapter 3.

Effect of chlorinated oxidants on
Prx2 oxidation in erythrocytes

Results from this chapter have been included in:
Stacey, M.M., Peskin, A.V., Vissers, M.C., Winterbourn, C.C. (2009) Chloramines and
hypochlorous acid oxidise erythrocyte peroxiredoxin 2. Free Radic Biol Med 47(10):1468-76.

3.1

Introduction

In erythrocytes, peroxiredoxin 2 (Prx2) is the third most abundant protein and plays an
important role in protecting against oxidative damage. Erythrocytes are exposed to considerable
oxidative stress; high levels of haemoglobin lead to spontaneous oxidation of this protein,
accompanied by the production of superoxide and other reactive oxidants. Furthermore, these
anucleate cells cannot replace irreversibly oxidised proteins. Prx2 is highly reactive with hydrogen
peroxide (H2O2) and plays a nonredundant role in protecting the erythrocyte against its oxidative
effects [65].

In addition to endogenous oxidative stress, erythrocytes are likely exposed to neutrophil-derived
oxidants, including HOCl and chloramines, at sites of inflammation. These oxidants react readily
with thiols, especially low-pKa thiol residues. Note that this work was performed before the
kinetics had been measured for the reactivity of chloramines with Prx2; therefore, this chapter
aimed to explore the hypothesis that erythrocyte Prx2, due to the low-pKa cysteine in its active
site, might be sensitive to oxidation in cells treated with chloramines or HOCl.

3.2

Experimental Approach

The reactivity of HOCl and chloramines (glycine chloramine and monochloramine) with Prx2
was investigated in intact erythrocytes. To assess its reactivity, the sensitivity of Prx2 was
compared to that of GSH. The recycling of Prx2 was examined in the presence of glucose to
maintain metabolic activity and redox cycling through NADPH and GSH. Furthermore, it was
investigated whether or not H2O2 is produced endogenously as a result of chloramine exposure.
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Chloramines were generated by reacting amine solution (taurine, glycine or ammonium chloride,
in PBS) at a 10-fold excess with HOCl (Section 2.6.1). Chloramine and HOCl concentrations
were determined by reaction with TNB (Section 2.6.1.1; Figure 3.1). One mole of chloramine
reacts with 2 moles of TNB to produce one mole of DTNB. This method involves measuring
the loss in absorbance at 412 nm spectrophotometrically, which corresponds to the loss of TNB,
a yellow solution (ε412=14,100 M-1s-1), and corresponding gain in DTNB, a colourless solution
[166; 222; 225; 239].

Figure 3.1 Oxidation of TNB by thiol-targeting oxidants.
Oxidants such as chloramines oxidise TNB. For every mole of oxidant, 2 moles of TNB are
converted to one mole of DTNB, and this reaction is measured as a decrease in absorbance at 412
nm.

To determine chloramine concentration in the supernatant of treated cells a spectrophotometric
assay measuring the oxidation of 3,3‘,5,5‘ tetramethylbenzidine (TMB, Figure 3.2) was used [225].
This assay uses iodide which is known to catalyse the oxidation of chloramines (RNHCl;
Equations 1 - 4; [240]); TMB is oxidised by hypoiodous acid (HOI) to a blue compound with
maximal absorbance at 650 nm [225; 241]. Actual concentrations of each oxidant were
determined by a standard curve generated using known concentrations of that oxidant

Figure 3.2 Oxidation of 3,3’,5,5’ tetramethylbenzidine (TMB).
In the presence of iodine, chloramines oxidise to form HOI. HOI causes TMB to undergo a 2electron oxidation, producing a blue colour which is detected spectrophotometrically.
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Figure 3.3 Method used to capture native Prx redox state in cells.

Thiols were alkylated using NEM, thereby trapping the reduced Prx2 as a monomer, which can be
distinguished from the oxidised dimer by non-reducing SDS-PAGE.

(extinction co-efficients are not used with this method). Absolute quantification of the standard
curves in this instance therefore relied on accurate quantification of the chloramine solutions.

Peroxiredoxin redox status was examined by redox western blotting (Section 2.14)[65]. This
method exploits the fact that Prxs which have been oxidised (to the sulfenic acid) readily form
disulfide-linked dimers (refer to Section 1.3). Initially, free thiol residues are blocked with Nethylmaleimide (NEM), preventing disulfide formation with the alkylated residues. Cell lysates
were then separated under denaturing non-reducing conditions by SDS-PAGE and the oxidised
(dimeric) and reduced (monomeric) forms are distinguishable by immunoblotting (Figure 3.3).

Intracellular levels of reduced GSH were measured by derivatisation with MBB (Figure 3.4).
Fluorescent adducts were separated by HPLC with fluorescence detection (Section 2.20.1).

Intra- and extra-cellular concentrations of GSH, GSA and GSSG were quantified by
LC/MS/MS (Section 2.20.2) [234]. Peaks corresponding to each species were separated
chromatographically and identified based on the largest fragment ion. These peaks were
normalised to internal standards and compared to a standard curve for quantification.

Chapter 3: Effects of chlorinated oxidants on Prx2 oxidation in erythrocytes

55

Figure 3.4 GSH was detected by derivatisation with monobromobimane.

MBB reacts with sulfhydryls including GSH, producing fluorescent adducts which can be separated
chromatographically (image is from [1]).

3.3

Results

3.3.1

Oxidant consumption by erythrocyte cell suspension

The change in extracellular concentration of each oxidant after 20 min incubation with
suspended erythrocytes was monitored. Consumption of GlyCl was slow and concentrationdependent, with an approximate 20% decrease with each of the concentrations examined (Figure
3.5A). Almost all of the NH2Cl and HOCl were consumed during the 20 min incubation with
erythrocytes (Figure 3.5B & C). There was no significant change in TauCl concentration
(different from control by less than 1%, on average; Figure 3.5D) at any of the exposures,
indicating that little to no TauCl entered the cells. This is consistent with other reports that this
chloramine has very low membrane permeability [45; 51; 242] . The oxyhaemoglobin spectrum in
a lysed cell sample remained unchanged following treatment with all oxidants, and only
occasionally the highest concentration of either NH2Cl or HOCl caused a small amount of cell
lysis over the treatment period, evident by a faint colouration of the supernatant.
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Figure 3.5 Concentration-dependent consumption of oxidants by erythrocytes
during 20 min incubation.
Data represent means ±SD (n≥2). There is a strong linear correlation between the amount of
oxidant consumed and concentration for each of the cell-permeable oxidants (r2>0.99). The slopes
of the lines correspond to 21% (GlyCl), 97% (NH2Cl), and 94% (HOCl) consumption. No
significant consumption of TauCl was observed. Controls showed no change in the absence of
erythrocytes.

3.3.2

Prx2 oxidation

Under normal physiological conditions proteins tend to be in a reduced state due to the reducing
cell environment. Accordingly, untreated erythrocytes from healthy patients have Prx2 present
primarily in the reduced form, with a small amount of dimer sometimes evident (<5%; refer to
control lanes in Figure 3.6). Under situations of oxidative stress, Prx2 undergoes oxidation to a
dimer which can be distinguished from the monomer by non-reducing SDS-PAGE. This
reaction is reversible under reducing conditions, where Prx2 appears as a single band (not
shown). The extent of Prx2 oxidation in erythrocyte suspensions treated with GlyCl, TauCl,
NH2Cl or HOCl varied depending on the oxidant (Figure 3.6). Analysis of replicate Western
blots by densitometry indicated that complete oxidation of Prx2 required approximately 500 μM
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GlyCl (Figure 3.6A), but only 2 μM NH2Cl (Figure 3.6B) or 5 μM HOCl (Figure 3.6C). Analysis
of blots probed with an antibody specific for the hyperoxidised Prxs (sulfinic and sulfonic acid
forms) showed no detectable hyperoxidised species in samples treated with the highest
concentrations of each oxidant (Figure 3.7). TauCl caused no observable oxidation of Prx2 in
intact cells (Figure 3.6D); this is consistent with the inability of TauCl to enter the cells.

Figure 3.6 Prx2 oxidation in erythrocytes treated with the given concentrations of oxidant
for 20 min.
Extracts were prepared in the presence of NEM, separated by non-reducing SDS-PAGE and
immunoblotted with antibodies for Prx2; a shift from the monomeric (M) to the dimeric (D) form
corresponds to Prx2 oxidation to an interchain disulfide.

Figure 3.7 Western blotting with antibodies against the hyperoxidised forms of Prx.

Erythrocyte samples treated with chloramines or HOCl were separated by reducing SDS-PAGE alongside
untreated erythrocyte lysate (Control) and an endothelial cell positive control (HUVECs treated with 1 mM
H2O2). N.S.: non-specific band. . Of the Prx-SO2/3 bands, the uppermost bands co-migrated with Prxs 3 and
1, but the lower band did not appear to co-migrate with any Prxs detected using available antibodies.

Chapter 3: Effects of chlorinated oxidants on Prx2 oxidation in erythrocytes

58

It is worth nothing that when proteins were separated by non-reducing SDS-PAGE the Prx2
dimer appeared as a doublet; it is suspected that the slower-migrating band consists of a Prx2
dimer linked by a single disulfide bond, whereas the band which migrates faster corresponds to
the more ―thoroughly‖ oxidized, 2-disulfide-linked dimer. The progression from the higher to
lower band with increasing oxidant concentration as seen in several of the immunoblots in
Figure 3.6 is consistent with this.

3.3.3

Comparison of Prx2 and GSH oxidation

Prx2 and GSH were oxidised to a similar extent when erythrocytes were treated with GlyCl
(Figure 3.8A). However, complete oxidation of Prx2 was achieved with lower concentrations of
NH2Cl (Figure 3.8B) or HOCl (Figure 3.8C) than were required to fully oxidise GSH. For
NH2Cl, significantly less Prx2 remained in the monomeric form with both the 2 and 10 μM
treatments (p < 0.05) and there was almost a 10-fold difference in the concentrations required
for complete oxidation. Likewise, 5 μM HOCl was sufficient to induce complete oxidation of
Prx2, whereas some GSH remained in the reduced state following treatment with as much as 10
μM HOCl; the percentages of reduced Prx2 compared to GSH differed significantly with the 5
μM HOCl treatment (p < 0.05).

3.3.4

Glucose-dependent recycling of Prx2 and GSH

Erythrocyte thiols were less sensitive to the chloramines and HOCl when exogenous glucose was
added. Two to three times more GlyCl was required to achieve the same level of Prx2 oxidation
as seen in the absence of glucose (Figure 3.8:D versus A), and a similar level of protection was
seen with GSH. Oxidation of both GSH and Prx2 was significantly less in the presence of
glucose at all GlyCl concentrations (Figure 3.8 D) above 50 μM. With glucose present, there was
significantly less oxidation of Prx2 than GSH at GlyCl concentrations up to 200 μM.

Although GSH values were significantly higher at all NH2Cl concentrations when glucose was
present, Prx2 was significantly less oxidised with only the 2 μM treatment (compare Figure 3.8 B
& E). Treatment of erythrocytes with up to 10 μM HOCl caused significantly less oxidation of
Prx2 and GSH in the presence than absence of glucose (Figure 3.8: F versus C). At the lower
HOCl concentrations in the presence of glucose, Prx2 and GSH oxidation were similar, but at
higher concentrations Prx2 was more readily oxidised (p < 0.05 with 30 μM HOCl).
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Figure 3.8 Concentration-dependent oxidation of Prx2 and GSH after 20 min
treatments of erythrocytes.
Amounts of reduced Prx2 and GSH in erythrocytes were calculated as percent controls that had been
incubated without oxidant. Prx2 oxidation was calculated by densitometry of western blots as shown in
Figure 3.6. A, B and C represent data obtained from treatments performed in the absence of 5 mM
glucose, while D, E, and F represent results obtained when glucose was included. Darker bars, relative
quantity of reduced Prx2 (in the monomeric form); light bars, relative quantity of reduced GSH. All
values represent means ± SD from at least 3 separate experiments. Typically, control cells contained 85100% monomer; values have been calculated relative to control in each separate experiment. Statistically
significant differences were calculated either relative to control for the given treatment, or between the
two measures for the same treatment; these were assessed by one-sample or independent-samples t-tests
(* indicates p< .05; ** indicates p < .005).
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Figure 3.9 Regeneration of GSH and Prx2 in erythrocytes treated with NH2Cl.

Erythrocytes were treated in the presence of glucose (5 mM) with no oxidant (closed circles, dashed
line), or 2 μM (closed triangles), 5 μM (open diamonds) and 10 μM (open squares) NH2Cl over a 2 h
period and the amounts of reduced GSH (A) or Prx2 (B) calculated relative to zero time control. For
GSH, 2 µM NH2Cl had no significant effect compared to untreated cells whereas 5 µM and 10 µM
treatments caused a decrease by 20 min, and this remained significantly low compared to control for
the duration of the experiment. For Prx2, 2 µM NH2Cl induced significant oxidation by 20 min
compared to control values but relative quantity of Prx2 monomer was back to within normal levels
by 40 min. With 5 µM and 10 µM NH2Cl, the level of reduced Prx2 was significantly lower than
control at all time points. All values are expressed as % control and represent mean ± SD from at
least 3 separate experiments.

These results demonstrate that for NH2Cl and HOCl, glucose gave greater recycling of GSH
than Prx2. Compared to cells treated in the absence of glucose, approximately 10 times more of
either oxidant was required for 50% GSH oxidation when glucose was present, but only 2 to 3
times more for 50% oxidation of Prx2.

3.3.5

Time-dependent regeneration of reduced Prx2 and GSH

To establish whether Prx2 and GSH could be regenerated over time, erythrocytes were treated
with NH2Cl in the presence of glucose; samples were taken over a 2 h time period and analysed
by HPLC and immunoblotting for reduced GSH and Prx2, respectively. As demonstrated in
Figure 3.5, NH2Cl was consumed by the cells within 20 min. At that time point 5 and 10 μM
NH2Cl caused significant GSH oxidation, with no subsequent regeneration evident (Figure
3.9A).
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Within 20 min, erythrocytes treated with as little as 2 µM NH2Cl showed significant oxidation of
Prx2 compared to control cells (less than 50% control levels of monomer); 5 and 10 µM
treatments induced complete oxidation at the same time point (Figure 3.9B). Regeneration of
Prx2 was evident with 2 μM NH2Cl, with the relative quantity of monomer back to within
normal range by 40 min. With 5 µM NH2Cl, only 50% of the reduced form was regenerated,
whereas with 10 μM the level of reduced Prx2 at the 2 h time point remained less than 10% that
of control cells.

3.3.6

Oxidation & loss of GSH from treated erythrocytes

It has been shown that in erythrocytes exposed to HOCl, most of the GSH loss was due to
GSSG formation and reversed on adding glucose [38]. However, it has previously been observed
that other cells treated with HOCl lose GSH without a corresponding gain in GSSG or
sulfonamide [243-247]. To examine the fate of the GSH lost in the presence of glucose, the
oxidation products GSSG and glutathione sulfonamide (an irreversible product of the reaction
with HOCl) were measured by LC-MS/MS (Figure 3.10). For cells treated with GlyCl (200 or
500 μM), NH2Cl (5 or 10 μM) and HOCl (10 or 20 μM), the net loss of intracellular GSH was
between 28 and 109 pmoles per 106 cells. No more than 11% (with 500 μM GlyCl) and as little
as one percent (with 5 μM NH2Cl) of the loss of GSH could be accounted for by intracellular
GSSG, and only small amounts of glutathione sulfonamide were detected (< 0.3 pmoles). Very
little of any glutathione species was detected extracellularly (less than 2 pmoles of GSH in
control samples), and in fact there was a net loss of glutathione species not only intracellularly
but also in the extracellular fraction. Altogether, more than 89% of the GSH lost was not
accounted for by these products (Table 3.1).

A

recent

publication

[243]

reported

the

identification

of

a

novel

product

(5-

hydroxybutyrolactam) formed by the oxidation of GSSG by HOCl. This M-45 product should
be readily detectable by the LC-MS/MS employed [234]; however, no peaks corresponding to
the mass of this butyrolactam species were detected.
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Figure 3.10 GSH and its oxidation products GSSG and GSA were detected by LCMS/MS.
Cytosolic (A, B and C) and extracellular (D, E, and F) GSH species were analysed separately. The GSH
pool in control cells consisted almost exclusively of the reduced species. Significant loss of GSH was
observed with all treatments. Relatively low amounts of GSSG were detected, which represented less than
11% of the GSH lost in treated cells, and even less GSA was detected. Extracellular GSH species
accounted for only a very small percentage of the total GSH, but the changes to extracellular and
intracellular pools of GSH by the various treatments showed similar trends. Data represent means from 3
separate experiments ±SEM.
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To explore whether protein glutathionylation could account for the loss of GSH, treated cells
were subjected to lysis, protein precipitation and tris(2-carboxyethyl) phosphine hydrochloride
(TCEP) reduction to release the GSH from mixed disulfides. In control cells 4.5 nmoles of GSH
were typically detected (180 pmol/106 cells), with an additional 10 pmol/106 cells released
following TCEP reduction (Figure 3.11). Depending on the oxidant used, treated erythrocytes
typically showed a 35-50% reduction in GSH, of which only some was reducible by TCEP. Less
Table 3.1 Glutathione oxidation products in erythrocytes treated with chloramines
or HOCl
Treatment
% GSSG
% GSA
200 μM GlyCl
500 μM GlyCl
5 μM NH2Cl
10 μM NH2Cl
10 μM HOCl
20 μM HOCl

8.6
10.6
1.8
4.5
6.5
7.1

2.5
1.5
0.9
1.2
2.9
2.8

<0.1
<0.1
<0.1
<0.1
0.4 ± 0.1
0.3 ± 0.1

Values (means
SD) are expressed as a percentage of the GSH lost (compared to a control
treatment) following 20 min treatment of intact cells (in PBS, 5 mM glucose) which could be
accounted for by each of the oxidation products, measured by LC-MS/MS. Control values (GSSG
= 0.04%, GSA = 0.001% of total GSH in control cells) were subtracted from measurements prior
to calculation.

Figure 3.11 GSH retrieved from erythrocytes treated with chloramines or HOCl.

Treated whole cells were lysed following derivatisation with MBB. Light bars represent the amount
of GSH which was in the reduced state following treatment, while dark bars represent the
proportion of GSH which was present in mixed disulfides, released by TCEP reduction. Data are
means for 3 experiments, ±SEM.
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than 20% of the loss of GSH following chloramine treatment was accounted for as mixed
disulfides, and less than 30% in HOCl-treated cells. Thus, the majority of the GSH lost was not
accounted for by any of these oxidation products.

3.3.7

Oxidation of Prx2 & GSH in haemolysate

According to the calculated rate constants [12] (Table 1.2), GSH should be approximately 10
times less sensitive than Prx2 to oxidation by NH2Cl, and 30 times more sensitive to oxidation
by GlyCl. The findings with NH2Cl and intact erythrocytes (Figure 3.8 B) are in broad agreement
with this, but the similar degree of oxidation of cellular Prx2 and GSH seen with GlyCl (Figure
3.8A) is an obvious inconsistency. To elucidate whether the different susceptibilities of Prx2 and
GSH to oxidation reflected an intact cell system, lysed erythrocytes were treated with GlyCl
(Figure 3.12). In the lysate, GSH was far more susceptible than Prx2; whereas 2 nmoles GlyCl
induced a 50% loss of GSH, 45 nmoles were required to induce a similar loss of Prx2 monomer
(Figure 3.12A). The data shown in Figure 3.12A represent lysate equivalent to a 5% cell
suspension; however, the amount of oxidation of GSH (not shown) and Prx2 (Figure 3.12B) did
not differ in lysate that was up to four-fold more dilute treated with the same amount of GlyCl
per cell equivalent. Because the same amount of cell material was treated in both lysate and intact
cell experiments, the effect of GlyCl on the two systems could be compared, based on complete
reaction of GlyCl with the lysate compared with 20% consumption in an equivalent cellular
system (Figure 3.5). Oxidation of GSH was much more efficient in the lysate (complete
oxidation at 5 nmoles versus more than 100 nmoles). However, there was little difference for
Prx2, which underwent 50% dimerisation with ~40 nmol GlyCl in both systems.
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Figure 3.12 Prx and GSH oxidation in GlyCl-treated haemolysate.
A Concentration-dependent loss of monomeric Prx2 and reduced GSH in 50 μl haemolysate
(representing a 5% cell suspension) treated with GlyCl. Lysed cells were treated with GlyCl for 20
min; amounts of reduced Prx2 and GSH were determined by Western blotting and HPLC,
respectively (n=2; values are means range). Similar results were obtained when the same GlyCl
doses were applied to haemolysate which was up to 4 times more dilute. B Western blot showing
the dose-dependent increase in Prx2 oxidation by GlyCl. The same amount of haemolysate was
treated with the molar amounts of GlyCl shown, in varying total lysate volume. Relative amount of
monomeric Prx2 with each treatment was unaffected by the lysate dilution. Note that in control
lysate, some Prx2 oxidation occurred during lysis, hence there is a higher starting level of dimer.

3.3.8

Testing for endogenous H2O2 production

A possible explanation for the oxidation of intracellular Prx2 by GlyCl is that the chloramine
treatment caused the cells to generate increased amounts of endogenous H2O2. The hypothesis
that H2O2 was responsible for the oxidation of Prx2 was explored; the amount of Prx2 oxidation
was compared under conditions which either enhanced or inhibited any effect of endogenous
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Figure 3.13 Prx2 oxidation in cells pretreated to either enhance or reduce the effect
of any endogenous H2O2.

Intact cells were pretreated to either inhibit haemoglobin autoxidation (CO pretreatment) or
enhance the effect of any endogenous H2O2 production by inhibition of catalase (azide
pretreatment). Neither pretreatment had any significant effect on Prx2 oxidation following GlyCl
treatment (n≥3; values are means ±SD).

H2O2 generation. To inhibit H2O2 production by means of haemoglobin autoxidation, an
erythrocyte suspension was pretreated with carbon monoxide to convert haemoglobin to
carboxyhaemoglobin. To inhibit catalase and thereby enhance H2O2-induced oxidation of Prx,
cells were pretreated with sodium azide. Neither treatment had any effect on GlyCl-induced
oxidation of Prx2 (Figure 3.13), suggesting that endogenous H2O2 generation is not likely
responsible for Prx2 oxidation in intact cells.

3.4

Discussion

Prx2 is a highly abundant protein in the human erythrocyte and is extremely sensitive to
oxidation by hydrogen peroxide; Low et al [65] demonstrated that as little as 5 μM H2O2 caused
complete oxidation of Prx2 within a minute in a dilute cell suspension. HOCl and chloramines
are oxidising species that react rapidly with thiol compounds, and chloramines are especially
reactive with low pKa thiols [10; 248; 249]. It was therefore hypothesised that erythrocyte Prx2
may be highly sensitive to HOCl and chloramines as well as H2O2, thereby acting as a sink for
these oxidants and protecting the erythrocyte's vulnerable redox state.
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Exposure of erythrocytes to HOCl and cell-permeable chloramines resulted in dose-dependent
oxidation of Prx2 to its disulfide-bonded dimer. As observed with H2O2 treatment [65], there was
no evidence of Prx2 hyperoxidation. The efficiency of Prx2 oxidation was compared to the
oxidation of GSH. This was first studied in the absence of glucose, thus limiting glucosedependent recycling of the antioxidants and allowing a direct comparison of the sensitivities.
Prx2 was more sensitive than GSH when the cells were treated with HOCl or NH2Cl, with
complete dimerisation of Prx2 oxidation observed with ∼10 times less NH2Cl than was required
for all of the GSH to be oxidised. GlyCl treatment caused approximately proportionate oxidation
of both Prx2 and GSH. An equivalent amount of GlyCl gave less oxidation than NH2Cl or
HOCl, even allowing for only 20% consumption over the treatment period. This could be
related to the slow rate of entry of GlyCl and the reaction occurring throughout the incubation
period, whereas the other oxidants were consumed quickly. TauCl had no effect on either
antioxidant, which is consistent with this chloramine's lack of cell permeability (observed here
and by Grisham et al [45]). Even though Prx2 is an abundant protein in the erythrocyte (∼5.6
mg/ml or 250 μM [250]), the GSH concentration is ∼10-fold higher [251]. On this basis, a
decrease of similar proportions of reduced cellular GSH and Prx2 corresponds to ∼10 times
more of the oxidant reacting with GSH. Even with the greater selectivity for Prx2 shown by
NH2Cl, the amounts of oxidant scavenged by Prx2 and GSH would be similar. Reactions of the
oxidants with other thiol proteins are also likely to be competitive with GSH [37; 47]. The results
do not, therefore, support the concept that Prx2 is a major sink for removing this class of
oxidant.

Nevertheless, Prx2 was readily oxidised by HOCl or permeable chloramines, and this oxidation
could be detrimental to erythrocytes, increasing their vulnerability to oxidative stress. The impact
will depend on how efficiently oxidised Prx2 is recycled. This is brought about by the
thioredoxin/thioredoxin reductase system, whereas GSSG is recycled by glutathione reductase.
Both reducing systems use NADPH and their function in the erythrocyte depends on the
pentose phosphate pathway and glucose availability. As expected, with glucose present there was
substantially less oxidation of GSH due to recycling. It has been shown previously that in the
absence of glucose, the majority of the GSH oxidised by HOCl is converted to GSSG [30] and
the same would be expected for chloramines. There was some residual loss of reduced GSH in
the presence of glucose. This was not due to impaired recycling as no GSSG accumulated and
there was no recovery on extended incubation. Whereas glutathionylated protein accounts for
some of the oxidised GSH, most of the GSH lost from treated cells could not be accounted for
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in the form of GSSG, glutathione sulfonamide, or mixed disulfides. Thus, it seems that the lack
of regeneration of reduced GSH after chloramine treatment is due to oxidation to other
products, including to a small extent of glutathionylation.

For each oxidant, the net oxidation of erythrocyte Prx2 was also less in the presence of glucose,
indicating that the thioredoxin-dependent recycling mechanism was functional. With HOCl and
NH2Cl treatments, more Prx2 than GSH was oxidised in the metabolically active cells (Figure
3.8). However, as shown with the lower concentrations of NH2Cl, reduced Prx2 was slowly
recyclable and there was further recovery on prolonged incubation. This is consistent with the
low level of thioredoxin reductase activity reported for erythrocytes [65]. At higher
concentrations, at which all the Prx2 was oxidised, there was only partial recovery of reduced
Prx2. A possible interpretation is that higher concentrations of NH2Cl compromise the recycling
mechanism, potentially by inhibiting thioredoxin reductase. It seems unlikely that the pentose
phosphate pathway was inhibited as there was no GSSG accumulation in these cells.

Based on work [9] suggesting that the reaction between GlyCl and Prx2 is very slow, it was
surprising that Prx2 was readily oxidised by GlyCl in the erythrocyte. The reaction of purified
Prx2 with NH2Cl is fast (it has been recorded as 1.5 × 104 M-1s-1 [12]), but this is a thousand-fold
less than with H2O2. Nevertheless, this value is in the range expected for a low pKa thiol [10; 48].
The difference in reactivity is likely to be due to the Prx structure facilitating the reaction with
H2O2 and not NH2Cl. These data show a similar trend to the findings with another thiol-reactive
reagent, peroxynitrite, which reacts 10 times more slowly than H2O2 with Prx2 [5], and illustrate
the high specificity of the Prxs for peroxides. The rate constants measured for GlyCl and TauCl
with Prx2 are less than for GSH and a remarkable million fold lower than the value for H2O2.
The reason for the low reactivity of these chloramines is not apparent. It is unlikely that higher
reactivity simply requires the chloramines to be small and uncharged, as ethanolamine
chloramine, which is only slightly larger than NH2Cl and also neutral, was far slower to react
with Prx2 [9].

The fact that erythrocyte Prx2 and GSH are oxidised to similar extents by HOCl is not
surprising, as HOCl shows little discrimination between thiols [47]. NH2Cl -induced oxidation in
the intact cell correlates well with the rate constants. Conversely, the extent of Prx2 oxidation—
relative to GSH—by GlyCl in the erythrocyte is greater than predicted from relative rate
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constants, and other influences must be involved. The hypothesis that endogenous H2O2 could
be responsible for GlyCl-induced oxidation of Prx2 in the cells was explored but it was
demonstrated that this was not the case. However, it is possible that the inhibition of catalase
was insufficient to observe an additional effect of endogenously-generated H2O2 on Prx2
oxidation; it may be necessary to monitor H2O2 production by more sensitive means to confirm
or exclude this possibility more conclusively.

One other possible explanation for this apparent discrepancy in the relative oxidation of GSH
and Prx2 could relate to recycling of the antioxidants. If, even in the absence of added glucose,
sufficient glucose remains inside cells to allow rapid GSH recycling, GSH could appear less
oxidised while Prx2 would be slowly recycled due to low TrxR activity in the erythrocyte [65].
The observation that GSH is much more readily oxidised in haemolysate is consistent with this
hypothesis; however, further investigation is required to determine whether or not this is the
case.

3.5

Summary

In conclusion, Prx2 is oxidised in erythrocytes treated with HOCl and chloramines, but the
extent of oxidation is insufficient for it to provide major antioxidant protection against oxidative
damage by these neutrophil-derived oxidants. The findings reported in this chapter support the
notion that Prx2 has a highly specialised role in protecting the erythrocyte against H2O2-mediated
oxidation. Oxidised Prx2 was recycled in the presence of glucose but depletion of Prx2 in
addition to GSH in cells exposed to higher concentrations of HOCl and chloramines could be
detrimental in enhancing their sensitivity to further oxidative stress.

Chapter 4.

Effect of MPO-derived oxidants on
Prx oxidation in endothelial cells

Results from this chapter have been included in:
Stacey, M.M., Vissers, M.C., Winterbourn, C.C. 2-cys peroxiredoxins are oxidised by
inflammatory oxidants in human endothelial cells (manuscript in preparation).

4.1

Introduction

The endothelium is arguably one of the most vulnerable tissues in terms of exposure to localised
production and release of oxidants from activated neutrophils in the vasculature. Not only is the
endothelium vulnerable to oxidative injury, but endothelial dysfunction is widely accepted to be
involved in the initiation and progression of inflammatory diseases such as atherosclerosis [81;
82].

However, the principal protein targets and associated biochemical pathways impacted by
neutrophil oxidants have not been identified. Revealing the major targets of these oxidants could
lead to better understanding of the mechanisms of endothelial dysfunction and therefore better
treatment of inflammation. This is especially relevant to diseases such as obesity, diabetes
mellitus, cancer, atherosclerosis, hypertension and arthritis, in which chronic low-grade
inflammation is a contributing – if not complicating – factor.

Chloramines are known to react preferentially with thiol residues, and in particular low-pKa
thiols [47]. One family of enzymes with a conserved low-pKa thiol residue at the active site is the
peroxiredoxin (Prx) family. Prx oxidation status has been proposed as a potential sensor or
indicator of in vivo oxidative stress, and the sensitivity of Prxs to oxidation by H2O2 in a variety of
cell types has been investigated [65; 148; 159-161]. As discussed in Chapter 3, Prx2 in the
erythrocyte can be oxidised by exogenous addition of chloramines[12], but it is unknown
whether 2-Cys Prxs are sensitive to chloramines in other cell types. This chapter aimed to
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investigate the oxidation state and recycling of Prxs 1-3 in HUVECs treated exogenously with
H2O2, HOCl and chloramines.

4.2

Experimental Approach

Chloramines were generated as described (Section 3.2). H2O2 and HOCl were diluted from
stock solutions of known concentration.

To determine the concentration of oxidant consumed during cell treatment (through loss of
oxidant in the supernatant) a spectrophotometric assay measuring the oxidation of 3,3‘,5,5‘
tetramethylbenzidine (TMB) was used [225]. This assay is described in Section 3.2.

Peroxiredoxin redox status was examined by immunoblotting (Section 2.13) [65], with antibodies
against the specific Prx isoforms. This assay is described in Chapter 3 (Section 3.2). In addition,
the amount of hyperoxidised peroxiredoxin (Prx-SO2/3) was quantified using a method employed
by Cox et al [161] (Section 2.14). This method exploits the fact that when cells are lysed in the
absence of alkylating agents, any reduced, monomeric Prxs become oxidised by small amounts of
peroxide in the extract buffers. Thus, any remaining monomeric Prxs consist only of the
hyperoxidised form(s) (Figure 4.1).

Figure 4.1 Method used to quantify the amount of hyperoxidised Prx in cells.

Cells lysed in the absence of alkylating agents are exposed to sufficient H2O2 in buffers to dimerise
any reduced Prxs. Thus, monomeric Prxs as detected by non-reducing SDS-PAGE and western
blotting consist of the proportion of enzyme which was hyperoxidised and in the monomeric form
prior to lysis.
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Intracellular levels of reduced glutathione (GSH) were measured by derivatisation with MBB.
Fluorescent adducts were separated by HPLC with fluorescence detection as described in
Section 3.2).

Total protein thiols were assessed in cell lysates derivatised with MBB; proteins were precipitated
to capture only the MBB-derivatised proteins, and any non-protein thiols (e.g. GSH) were
removed in the supernatant. Proteins were resolubilised and the fluorescence measured by
fluorescence spectroscopy; the amount of fluorescence in this assay is a measure of the MBBderivatised proteins, and the oxidation of free thiols is detected as a loss of fluorescence
compared to controls.

Thioredoxin reductase activity was assessed by spectrophotometric measurement of the
NADPH-dependent conversion of DTNB to TNB (Figure 4.2). The change in absorbance at
412 nm was monitored for 5 min in 96-well plates and the average slope used to calculate

Figure 4.2 TrxR Activity was monitored spectrophotometrically.
The NADPH-dependent conversion of DTNB to TNB is detected as an increase in absorbance
at 412 nm.
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approximate activity (using an approximate path length of 7.5 mm and equations from Figure
4.2). Baseline slope was calculated in the absence of added NADPH; final values are reported
after subtraction of the baseline slope.

Cell viability was assessed by two different methods. Initially, the effect of oxidant treamtent on
cell viability was measured by exclusion of propidium iodide (PI), detected using flow cytometery
(Section 2.17.1). This loss of membrane integrity was used as a general measure loss of viability
in comparing the dose-dependent effects of each oxidant on HUVECs. To investigate the effect
of specific treatments on cell viability and proliferation, reduction of MTT to formazan was
measured (Section 2.17.2; Figure 4.3). This assay relied on the mitochondrial reductase activity in
live cells, and required less cellular manipulation than the PI assay prior to analysis (i.e. no
disruption of the monolayer prior to permabilisation, and fewer wash steps), allowing for more
sensitive detection of treatment toxicity.

Figure 4.3 In mitochondria of living cells, MTT is converted to a formazan
product.
The formazan crystals are detected spectrophotometrically and the absorbance compared
between treated and untreated cells to determine the toxicity of the treatment.

An enzyme-linked immunosorbent assay (ELISA) was performed using a BioCell® kit
(Papatoetoe, New Zealand) to quantify the level of protein carbonyls in HUVECs (Figure 4.4).
The protocol involved sample derivatisation with dinitrophenylhydrazine (DNP), followed by
adsorption of the DNP-bound proteins to an ELISA plate. Immunodetection involved
incubation with anti-DNP biotin-conjugated antibodies, followed by Streptavidin-linked
horseradish peroxidase and finally chromatin reagent containing peroxide, which catalyses the
oxidation of 3,3‘,5,5‘-tetramethylbenzidine (TMB) to a blue product. The reaction was stopped
by addition of sulfuric acid and colorimetric detection of the final yellow product at 450 nm was
used to quantify the amount of DNP-bound protein from a standard curve.
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4.3.1

Prxs in HUVECs
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HUVECs were found to express each of the three Prxs of interest (cytosolic Prxs 1 & 2, and
mitochondrial Prx3). Using Western blot analysis to compare signal intensity of the Prxs against
purified protein, Prx protein levels were determined to be in the range of several ng (~4-6) per
µg total protein (Figure 4.5).

Figure 4.5 Quantification of Prxs by Western blotting.
Lysates containing known amounts of protein were separated by reducing SDSPAGE alongside standardised amounts of pure Prx protein. Western blotting with
antibodies against the specific isoforms of Prx was followed by chemiluminescence
and densitometry to estimate Prx content in cells.

Untreated HUVECs were lysed in the presence of the alkylating agent, (NEM), and the proteins
separated by non-reducing SDS-PAGE; under these conditions the Prxs migrated primarily at
~21-23 kDa, the MW of the reduced monomeric enzymes. Some dimeric (disulfide-linked,
oxidised) Prx was detected in control (untreated) cells (Figure 4.6A, lane 1). Of the three Prxs
investigated, Prx3 was most highly oxidised. Hyperoxidation of the Prxs was not observed in
control cells [Figure 4.6A, (-NEM) lane 1)].

4.3.2

Effect of H2O2 on Prx redox state

H2O2-treated HUVECs lysed in the presence of NEM showed some modest dimer
accumulation, most evident with Prx1 (Figure 4.6A, left panel), but in cells treated with sublethal
doses of hydrogen peroxide, Prxs accumulated primarily in the hyperoxidised form as opposed
to the dimeric form. To isolate and quantify the effect of H2O2 on Prx hyperoxidation, cells were
lysed in the absence of alkylating agents (Figure 4.6 A(right panel) & B). With increasing doses of
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H2O2, accumulation of the hyperoxidised band was observed for all 3 Prxs, with maximal effect
at 120 μM. The levels of hyperoxidation differed; Prx2 was most hyperoxidised, while Prx3 was
less readily hyperoxidised at each H2O2 concentration.

Figure 4.6 Prx redox state in H2O2-treated HUVECs.

A Nonreducing western blots demonstrated the redox status of Prxs in HUVECs subjected to 10
minute treatments of H2O2 of varying doses. Cells treated in M199 were harvested in extract buffer
with (left panel) or without (right panel) NEM present during lysis. In the left panel, monomer (M)
is the sum of any reduced and/or hyperoxidised monomeric enzyme, and dimer is disulfide-linked
oxidised Prx. In the right panel (-NEM), monomer (M) represents hyperoxidised species only, while
dimer (D) in this assay represents all non-hyperoxidised species (sum of reduced and dimeric
protein at time of lysis). B Prx hyperoxidation (% monomer) in the absence of NEM was
quantified by non-reducing SDS-PAGE followed by Western blotting with antibodies against Prx1,
Prx2 and Prx3 and the data (means ±SEM for at least 3 separate experiments) shown in B. Data
were analysed by one-way ANOVA with Holm-Sidak multiple comparison (p ≤ 0.05). Significance
is indicated where all three Prxs are significantly more hyperoxidised than untreated cells (*, above
data points), and where there was a significant difference between two different Prxs (*, at right;
significance for the latter comparison applies for all concentrations ≥ 120µM]).
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Figure 4.7 TrxR activity and Prx dimerisation in
Auranofin-treated HUVECs.
A HUVECs treated with Auranofin (AFN, 4 µM) for 20 min (in
M199) were lysed and TrxR activity measured from 20 µg total
HUVEC protein. Slope was ΔAbs412nm, measured
spectrophotometrically for 5 min. B Prx oxidation under
conditions of A was assessed by lysing AFN-treated cells in the
presence of NEM; % monomer represents % reduced Prx.
Values in A & B are means ±SEM (n=4); significant differences
were assessed by one-way ANOVA with Holm-Sidak multiple
comparison. Statistical significance is indicated for those values
which differed compared to the control (0 µM; *, p<.005; **,
p<0.001). C Non-reducing western blotting of AFN-treated (4
µM) HUVECs lysed in the absence of NEM was used to
investigate hyperoxidation of the Prxs when TrxR activity was
inhibited (absence of monomer, M, indicates a lack of
hyperoxidised species). Blots are representative of 3 separate
experiments.

Analysis of the H2O2 remaining in the supernatant (Fox assay, Section 2.8) showed that for each
concentration added to the cells, a maximum of 30% was consumed over the 10 min treatment
(not shown). Thus, only a fraction of the H2O2 was responsible for mediating the Prx redox
changes observed.

It has been reported that purified Prx1 does not hyperoxidise except in the presence of all
catalytic components that enable turnover (Trx, TrxR, NADPH)[252]. Auranofin (AFN) is a
gold-containing compound which at low concentrations inhibits TrxR [253], and thereby should
inhibit the catalytic cycling of Prxs. In this study AFN induced a dose-dependent effect on
HUVEC TrxR activity with close to 100% inhibition at 4 µM AFN applied for 20 min (Figure
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Figure 4.8 Regeneration of reduced Prxs following H2O2-induced hyperoxidation.

The time-dependent reduction of hyperoxidised Prx was monitored by redox western blotting. HUVECs
(grown in 6-well plates) were treated with 400 µM H2O2 for 10 min in M199. ‗C‘ indicates control
(untreated) cells. Following treatment, cells were incubated in fresh culture medium for the given times
until harvesting in the absence of alkylating agents. Treatment and recovery were performed in a
humidified incubator at 37ºC and 5% CO2. Prx hyperoxidation was monitored by non-reducing SDSPAGE followed by Western blotting with antibodies against Prx1, Prx2 and Prx3. Values are means
±SEM from 3 or 4 experiments. Significant differences compared to control cells (*) or cells at t=0 (#)
are shown, as determined by one-way ANOVA with Holm-Sidak multiple comparison (* or #, p < 0.05;
**, p < 0.005; *** or ###, p < 0.001).

4.7A). Concomitantly, there was a dose-dependent dimerisation of Prxs (shown as a loss of
reduced monomer, Figure 4.7B), and this effect was significant for Prxs 1 & 2 at the same AFN
dose which induced complete loss of TrxR activity. Western blotting of AFN-treated cells lysed
in the absence of NEM confirmed that in the absence of TrxR activity, HUVECs were
insensitive to H2O2-induced Prx hyperoxidation (Figure 4.7). Thus, it was possible to inhibit Prx
hyperoxidation in HUVECs by AFN-induced interference of the Prx catalytic cycle.

To establish whether the Prx hyperoxidation induced by H2O2 in endothelial cells was reversible,
cells were treated with 400 µM H2O2 in 6-well plates (a concentration that gave similar levels of
oxidation to 120-200 μM in the smaller well format; Figure 4.6), then allowed to recover in fresh
medium (Figure 4.8). After a 10 min treatment, all three Prxs were significantly hyperoxidised,
and all showed regeneration of the reduced species within 6 h. After 2 and 4 h, Prxs 1 and 2 had
undergone significant regeneration compared to the initial treatment time. Recycling of Prx3 was

Chapter 4: Effect of chlorinated oxidants on Prxs in HUVECs

79

more difficult to detect because it underwent less hyperoxidation. It appeared slower than for
Prxs 1 and 2, but after 4 h the level of Prx3 dimer no longer differed significantly from control
values.

4.3.3

Chloramine or HOCl-induced oxidation of Prxs

When HUVECs were treated with GlyCl, NH2Cl and HOCl, there was a dose-dependent
decrease of the Prx monomers (Figure 4.9), corresponding to dimer accumulation. Unlike
treatments with H2O2, no hyperoxidised Prx species were formed (even in the absence of
alkylating agents; not shown).

The three Prxs showed similar levels of oxidation for each oxidant examined. However, a major
difference between the Prxs was the fact that Prx3 oxidation did not differ significantly from
control levels with any of the concentrations of GlyCl employed, whereas Prx1 and 2 were
oxidised when cells were treated with higher doses of GlyCl (Figure 4.9A). Prx2 was most
sensitive to oxidation in cells treated with NH2Cl; significant levels of oxidation were seen with
as little as 10 μM (Figure 4.9B). HOCl-treated cells (20-100 μM) induced similar levels of
oxidation in all three of the Prxs (Figure 4.9C). Prx2 (marginally the most highly oxidised of the
three Prxs examined) was almost completely oxidised with: 500 µM GlyCl, 15 µM NH2Cl, and 80
µM HOCl.

4.3.4

Chloramine consumption

Consumption of these oxidants upon treatment of cells differed considerably (Table 4.1). This
was reflected in uptake over 30 min: loss of GlyCl from the treatment buffer was less than 10%,
whereas ~70% of the NH2Cl was consumed. If consumption is assumed to be proportional to
chloramine concentration, this would imply that complete oxidation (in 10 min) of Prx2 required
approximately 10 µM GlyCl and 4 µM NH2Cl. By comparison, more than 50% of the HOCl was
consumed within 10 min, with another ~25% consumed by 30 min (note that the apparent
decreased rate of consumption between 10 and 30 min could be due to the production of other
secondary oxidants which could not be distinguished in this system). The higher amount of
HOCl required for Prx oxidation probably reflects its high reactivity with a range of substrates,
and possible role in secondary chloramines or other relevant oxidation products.
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Table 4.1 Chloramine consumption by HUVECs is concentration-dependent.
Treatment
Concentration

nmoles

30 minute consumption1
(chloramine consumed, nmoles)

200 µM GlyCl
500 µM GlyCl

200
500

15 ± 5
29 ± 16

10 µM NH2Cl
20 µM NH2Cl

10
20

7±2
13 ± 1

40 µM HOCl
40
27 ± 1
80 µM HOCl
80
58 ± 2
Values were measured by reaction with TMB and represent loss of glycine and ammonia
chloramines from 1-ml treatment of confluent 24-well plates of HUVECs (n=3).

Figure 4.9 Chloramine-induced oxidation of peroxiredoxins.

HUVEC cultured in 24-well plates were treated with the given concentrations of chloramine or
HOCl in a 1-ml volume of HBSS for 10 min at 37°C. Cells were lysed in the presence of NEM
to alkylate free thiols; the relative concentration of monomer was quantified by non-reducing
SDS-PAGE followed by Western blotting with antibodies against A, Prx1; B, Prx2; and C, Prx3.
Densitometry was used to determine the percentage of Prx present in the monomer position,
indicating the reduced form of the enzyme. Data are means ±SEM for at least 3 separate
experiments. Data which differed significantly from control (0 µM) are indicated; statistically
significant differences were determined by one-way ANOVA with Holm-Sidak multiple
comparison (*p<0.05; **p<0.005; ***p<0.001).
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Regeneration of reduced Prxs following dimerisation

To determine whether chloramine-induced Prx oxidation was reversible, cells were treated with
sufficient chloramine to dimerise most of the Prxs, then incubated in fresh media (Figure 4.10).
This resulted in rapid reduction of all three Prxs within 10 min and complete recovery at 30 min.
In comparison, cells treated with sufficient HOCl to induce high levels of Prx oxidation did not
recover (not shown). Cell morphology appeared to deteriorate following HOCl treatment with
loss of protein and no regeneration of Prx monomer.

Inhibition of TrxR activity can be sufficient to induce accumulation of Prx dimer (Figure 4.7B).
Prx dimer accumulation in cells treated with chloramines or HOCl could result from an indirect
effect of the inhibition of the reductase. This possibility was investigated by measuring TrxR
activity in cells treated with each of the oxidants. TrxR appeared unaffected by either the
chloramine or H2O2 treatments, but a dose-dependent decline in TrxR activity was observed with
increasing concentration of HOCl (Figure 4.11). Therefore, loss of TrxR activity could
contribute to HOCl-dependent (but not chloramine- or H2O2-dependent) Prx oxidation.
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Figure 4.10 Regeneration of reduced Prxs following chloramine-induced oxidation.

HUVECs (grown in 6-well plates) were treated for 10 min with oxidant in HBSS; after treatment,
cells were washed with PBS and either returned to M199 or lysed immediately for ‗0 min‘ time
point)replaced. Following 10- or 30 minute recovery, cells were lysed in the presence of NEM. Prx
oxidation was quantified by non-reducing SDS-PAGE followed by Western blotting with
antibodies against Prx1, Prx2 and Prx3. Values are means ± SEM for 4-8 separate experiments.
Statistically significant differences were determined by one-way ANOVA with Holm-Sidak multiple
comparison; significant differences relative to untreated cells (*, p<0.005) and relative to treated
cells at t=0 min(#, p<0.005) are shown. Prx1 was significantly regenerated after only 10 min
recovery regardless of treatment (GlyCl or NH2Cl). Following GlyCl treatment, Prx 2 was
significantly regenerated after 10 min recovery. Prxs 2 and 3 underwent significant monomer
regeneration by 30 min recovery when oxidation was induced by NH2Cl.
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Figure 4.11 TrxR activity in treated HUVECs.
HUVECs grown in 24-well plates were treated with the given concentrations of oxidant for 10 min
in HBSS, and then assayed for TrxR activity by NADPH-dependent reduction of DTNB.
Statistically significant differences from untreated cells are shown (*, p<0.001 as determined by
one-way repeated measures ANOVA with Holm-Sidak multiple comparison; n=3±SEM).

4.3.6

Comparison of Prx oxidation with loss of reduced GSH

To assess whether the oxidation of Prxs in the presence of the oxidants was simply a reflection
of broad-spectrum thiol oxidation in treated cells, loss of GSH was assessed (Figure 4.12). No
significant decrease in GSH was observed following H2O2 treatments. Significant losses of GSH
in chloramine-treated cells were observed, but only at concentrations of oxidant that gave almost
complete Prx oxidation; thus, there was a greater loss of reduced Prx than GSH with these
treatments. For instance, 25 μM NH2Cl was the lowest concentration at which significant loss of
GSH was observed, while Prxs 1-3 were fully oxidised. In contrast, HOCl treatments oxidised
GSH over the same concentration range that caused Prx oxidation.
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Figure 4.12 Concentration of reduced GSH in cells treated with various oxidants.

GSH was measured by HPLC following 10 minute exposure of HUVECs (grown in 24-well
plates) to the given concentrations of oxidant (in HBSS); amounts were calculated as % control in
each experiment. Values shown are means ±SEM for at least 3 separate experiments. The level of
GSH in control cells was equivalent to approximately 2-3 nmol GSH per well (approx. 105 cells).
Treatments which induced significant loss of GSH compared to untreated cells are indicated (*,
p<0.05, by one-sample t-test (expected mean = 100%).

4.3.7

Oxidant-induced loss of viability

Uptake of PI was measured either immediately after treatment or 24 h after treatment, with cells
maintained in fresh M199 during recovery (Figure 4.13). Whereas H2O2 caused no significant
increase in fluorescence, cells treated with chloramines or HOCl did show a concentrationdependent increase in PI-positive cells, corresponding to a concentration-dependent loss of
membrane integrity. However, only cells treated with NH2Cl or the highest concentration of
GlyCl were significantly less viable than control cells. No increase in PI was observed
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immediately after treatment except with HOCl treatments (which were not significantly different
from controls), where results were similar to those seen at 24 h (Figure 4.13D) this suggests that
while HOCl mediates a loss of cell membrane integrity immediately, NH2Cl appears to cause a
more delayed loss of viability in cells. It was also the most cytotoxic compound investigated, with
10 min treatments of 15-25 μM leading to cell death in up to 80% of cells.

Figure 4.13 Dose-dependent loss of viability in HUVECs treated with different
concentrations of oxidant.
Cells were interrogated by flow cytometry for fluorescence from propidium iodide immediately or
24 h after treatment. Treatments were in HBSS; where 24 h samples were taken, cells were
maintained in M199 following treatment. Data are from at least 3 separate experiments and
represent means ±SEM; treatments which induced significantly higher cell death compared to
untreated cells are indicated (*, p<0.05, by one-way ANOVA with Holm-Sidak multiple
comparison).
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Relationship between Prx oxidation and viability

Linear regression analysis revealed a strong relationship between Prx oxidation (dimer formation
at 10 min) and cell viability (PI uptake 24 h after treatment) when all of the data for chloramines
as well as HOCl were considered (Figure 4.14). Interestingly, there was no such consistent
relationship between cell death and either GSH oxidation (not shown) or inactivation of
GAPDH (from data extrapolated from [36]).

Figure 4.14 Regression analysis of Prx oxidation and cell death measured by uptake of
propidium iodide.

The proportion of cells which were positive for PI at 24 hr post-treatment in HUVECs treated for 10
min with chloramines or HOCl correlated with the amount of Prx1, Prx2 or Prx3 oxidation in cells
given the same treatment. Untreated control values were included in the analysis. Data are those
illustrated in Figure 4.9 and Figure 4.13. Values are means from at least 3 experiments; R2 values and
significance were obtained by linear regression with analysis of variance.
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Because of the strong correlation between cell death and Prx oxidation for all three Prxs, Prxs
might be protecting cells against chloramine- induced toxicity. To investigate this hypothesis,
endothelial cells were pre-treated with H2O2 prior to NH2Cl treatment to hyperoxidise the Prxs
and prevent their reactions with chloramines. Alternatively, pre-treatment with AFN inhibited
TrxR, thereby preventing the Prx catalytic cycle (Figure 4.15).

Figure 4.15 MTT measurement of HUVEC viability 24 hr after treatment.

H2O2 (400 µM, 20 min), AFN (4 µM, 20 min) and NH2Cl (15 µM, 10 min) treatments were applied
either alone or in combination; where in combination, order of treatments is shown as a subscript
in legend under graph (n=3; data are means ±SD). Following treatment(s) in HBSS, cells were
returned to culture medium for 24 h, whereupon viability was measured using MTT assay as
described under Methods. Significance was determined by one-way ANOVA with Holm-Sidak
multiple comparison: #, data are significantly different from control, NH2Cl alone, and H2O2 or
AFN alone, p<.001; +, datum is significantly different from control and from H2O2, but not
NH2Cl alone, p<.005; *, paired treatments are significantly different from each other, p<.001.

Analysis of cell viability by the MTT assay demonstrated that cells treated with either NH2Cl or
H2O2 alone underwent no loss of viability. (Note that this assay was optimized in 6-well dishes,
and that although larger treatment volumes were used to accommodate the increased cell
number, greater concentrations of oxidant were tolerated by cells grown in these larger dishes;
thus, a treatment of 15 µM NH2Cl alone in this case induced no decrease in viability, unlike in
the 24-well dishes used in other assays). However, HUVECs pretreated with H2O2 immediately
before exposure to 15 µM NH2Cl showed a dramatic decrease in cell viability. To determine
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whether this phenomenon could be explained by a synergistic (and non-Prx-related) effect of the
two treatments, the treatments were also reversed, with NH2Cl treatment preceding
H2O2.Whereas H2O2 followed by NH2Cl treatments caused on average an 84% decrease in
viability, only 35% loss of viability was observed when the order was reversed (Figure 4.15).

HUVECs pretreated with AFN and then NH2Cl also had decreased viability (75% loss on
average), the effect of which was similar to that seen with H2O2 and NH2Cl. However, when the
treatment order was reversed (NH2Cl then AFN) viability remained low, with an approximate
65% decrease compared to control cells (Figure 4.15).

An alternative explanation for the increased cell death seen with the combinations of treatments
could be that the cumulative oxidative damage induced by the treatments was responsible for
inducing cell death. If this were the case, a decrease in total protein thiols (indicating selective
oxidation of these residues) or an increase in protein carbonyls might be observed; this was
investigated (Figure 4.16). However, the loss of total protein thiols did not relate to viability; on
average each treatment alone or in combination induced no more than 25% loss of protein thiols
compared to untreated cells (Figure 4.16A). Protein carbonyls did increase even with NH2Cl
treatment alone (~1.6-fold over control levels; Figure 4.16B), but none of the treatment
combinations resulted in a further increase in protein carbonyls (only the NH2Cl - H2O2
combination increased protein carbonyls to 170% of control levels, on average). Taken together,
these results suggest that the cell death measured in HUVECs treated with AFN and NH2Cl in
combination, or H2O2 followed by NH2Cl, could not be explained by cumulative oxidative
damage to proteins in HUVECs.
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Figure 4.16 Levels of protein thiols and protein carbonyls in HUVECs treated with
exogenous oxidants.
Total protein thiols and protein carbonyls were measured by fluorometry and ELISA, respectively,
in cells treated with NH2Cl, H2O2 and AFN, alone or in combination. A Variations in total protein
thiols, as measured by MBB with fluorescence detection are from 2 separate experiments. For
untreated cells, mean fluorescence intesnsity was ~100 fluorescence units. Data are means ±range,
and statistical analysis was by one-way ANOVA). B Most treatments caused an increase in the level
of protein carbonyls compared to untreated cells. Untreated cells had ~0.2 nmol protein carbonyls
per mg of total protein. Only the increased percentage of protein carbonyls induced by the
combined treatment of NH2Cl followed by H2O2 was statistically significant compared to the
expected mean of 100% (one-sample t-test, p<0.05).
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Discussion

This chapter demonstrates that in endothelial cells, 2-Cys Prxs are present and exist in a partially
oxidised form. These enzymes appear to be in a dynamic state of redox cycling as dimerisation is
enhanced when recycling by TrxR is inhibited. This implies that Prxs scavenge low levels of
endogenously-generated H2O2. As shown in other cell types, this study of cultured HUVECs
indicates that Prxs 1 and 2 are sensitive to oxidative inactivation by exogenous H2O2, while Prx3
is less so. In addition, for the first time it has been demonstrated that these 2-Cys Prxs are readily
oxidised by chloramines and HOCl, with accumulation of Prxs in a different redox state to that
seen with H2O2. Prxs are likely involved in scavenging chlorinated species in living cells, which is
a novel role for this class of enzymes.

In most cells that have been investigated, with the exception of the erythrocyte, exposure to
H2O2 leads to accumulation of the hyperoxidised form of the typical 2-Cys Prxs [160; 161; 252].
This is also the case in HUVECs, as demonstrated in this chapter. Prxs became hyperoxidised in
a dose-dependent manner, reaching a maximum level of hyperoxidation with ~120 μM H2O2.
The level of maximum hyperoxidation differed between the isoforms, with Prx3 showing
resistance to hyperoxidation compared with Prxs 1 and 2. This difference has been observed in
other cell lines as well as with purified Prx proteins [161], and a recent study has suggested a
structural basis for this phenomenon [254].

In addition to a structural basis for the difference in sensitivity to hyperoxidation of Prx3
compared to the other 2-Cys Prxs, the mitochondrial localisation of this isoform renders it less
accessible to exogenous doses of H2O2; this gives the enzyme an apparently lower sensitivity in a
to H2O2 in a cell-based system. Nevertheless, it has been demonstrated that purified Prx3 also
behaves in a manner consistent with cell-based studies [161], in that reaction with H2O2 is high,
but hyperoxidation is not facilitated as seen with the cytosolic Prxs. It has been suggested that
this could important for maintaining the antioxidant function (through catatlytic cycling) of Prx3
in the mitochondria, where endogenous production of H2O2 is high, and reduction of the sulfinic
acid is slow (reviewed in [255]).

The catalytically inactive hyperoxidised Prxs are reducible by sulfiredoxin (Srx), an enzyme with a
slow catalytic rate constant (kcat = 0.18/min [154]). In line with this (and also consistent with
observations made in other cell types [137; 256], very slow regeneration (4-6 h) of the reduced
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forms of the three Prx isoforms was observed. Although Srx is normally a cytosolic protein, Noh
et al [256] demonstrated that Srx translocates to the mitochondria under situations of oxidative
stress, where it is able to reduce hyperoxidised Prx3. The slower rate of Prx3 reduction (relative
to Prxs 1 and 2) shown here might be related to the primary subcellular localisations of the
enzymes involved.

The possibility that our findings represent resynthesis of active Prx (combined with degradation
of hyperoxidised protein) cannot be ruled out, but this seems unlikely. Although this could not
be tested directly using cycloheximide because of toxicity issues, in other cell types Prx
regeneration was due primarily to reduction by Srx rather than by de novo synthesis of the enzyme
[137; 155]. Also, recovery experiments suggest that the total amount of Prx did not change
significantly over the recovery period, since total band intensity was relatively constant.

Despite the propensity for hyperoxidation in the presence of peroxide, Prxs showed no
hyperoxidation in the presence of the chlorinated oxidants investigated here. Instead, Prxs were
oxidised to the dimeric forms following in vitro exposure to cell-permeable chloramines and
HOCl. This is likely due to the slower rate of reaction between the enzyme and substrates; rapid
reaction of oxidized Prx with a second molecule of H2O2 is required for the formation Prx-SO2such that a disulphide is unable to first form between two adjacent Prx monomers. However, the
reaction of Prx with chloramines molecules is so much slower that dimer formation likely occurs
prior to the reaction between Prx-SO2- and a second chloramine (or HOCl).

Furthermore, Prx oxidation induced by either GlyCl or NH2Cl was short-lived due to rapid
recycling by the Trx-TrxR system. Thus, only the Prx-dependent portion of the catalytic cycle
appeared affected by these chlorinated oxidants. Further evidence of this includes the lack of
TrxR inhibition (Figure 4.11).

The oxidative effects of HOCl are broad-ranging [257], and less selective for thiol residues [48].
Compared with chloramines, HOCl did not inactivate Prxs as specifically. In addition to
oxidising other thiols like GSH, inhibition of TrxR was observed with HOCl treatments. Prx
recycling was not apparent, and in general cell recovery following HOCl treatment was not as
thorough as with chloramines. Indeed, it has been suggested that the formation of chloramines
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under physiological conditions might protect the body‘s cells from the damaging effects of
HOCl [71], and the oxidative effects investigated in this study appear to support this notion.

Of the oxidants examined, NH2Cl was the most cytotoxic. NH2Cl is roughly 10-fold more cellpermeable than GlyCl (Table 4.1) and the more rapid uptake of this oxidant might account for
the difference in cytotoxicity. The toxic effects of HOCl on cells are immediate; cells which
maintain membrane integrity throughout the 10 min treatment remain PI-impermeable at 24 h
after the treatment.

There was a strong correlation between Prx oxidation and cell death when each of the
chlorinated oxidants were considered. This could reflect protection or association of the Prxs
with cell death pathways (either causal or otherwise), or that Prx oxidation causes cell death. Of
note, the lack of GSH oxidation, overall loss of cellular thiols, or increase in protein carbonyls is
good evidence that the effects observed were not a result of general thiol oxidation. The
hypothesis that cell viability could be linked to Prx redox status was therefore investigated.
Endothelial cells were pre-treated with H2O2 prior to NH2Cl treatment to hyperoxidise the Prxs
and prevent their reactions with chloramines. The combination of H2O2 and NH2Cl (regardless
of order) was more harmful than either treatment alone, but cells were far worse off when H2O2
preceded NH2Cl treatment. This would suggest that if Prxs are hyperoxidised and therefore
unavailable to be oxidised by chloramine treatment, cells are more vulnerable to cell death from
other chloramine-mediated reactions in the cell. However, when cells were treated with a
chloramine first, the regeneration of the reduced form of Prx was likely rapid enough that it
became available to react with some of the H2O2; other antioxidant systems such as the GPxs
and catalases would also likely compensate and help protect the cell from potentially damaging
effects of H2O2.

Similarly, AFN treatment in combination with NH2Cl caused a decrease in cell viability.
However, the viability outcome did not depend on the order in which the treatments were
applied. The increased cytotoxic effect of NH2Cl when TrxR was inhibited could indicate a
protective effect of NH2Cl removal by cycling Prxs.
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Prxs, along with GPxs and catalase, are considered to be highly important in protecting cells
against H2O2, especially at low doses. It has been shown here that the Prx/Trx catalytic cycle is
also effectively oxidised by chloramines in HUVECs. Prxs have been linked to the prevention of
cell death pathways (reviewed in [258]), but their role is usually associated with the scavenging of
reactive oxygen species, especially those generated endogenously [259]. The redox status of the
2-Cys Prxs is likely to have an impact on their biological function, and these functions could be
very important in the context of inflammation. Specifically, Prxs could be playing a key role in
preventing the activation of death pathways when cells are exposed to inflammatory oxidants.
When Prxs were allowed to accumulate in the dimeric form (and reduction was prevented), cell
death increased. Understanding the exact role of Prxs in cell death pathways will require further
study involving manipulation of the expression levels of these enzymes.

Endothelial cells in the proximity of an inflammatory site in vivo would be exposed to
inflammatory oxidants (including H2O2, HOCl and chloramines). It would be very interesting to
confirm these findings in a physiologically relevant model by using activated neutrophils to
generate the inflammatory oxidants for endothelial exposure. Preliminary attempts to investigate
this very question were unsuccessful, since phorbol 12-myristate 13-acetate (PMA) -stimulated
neutrophils were found to induce proteolysis in the endothelial cells (hence no valid Prx data was
obtained). It was, however, highly intriguing that amines could protect against this proteolysis
when added to the system. This suggested that formation of chloramines might have a protective
role under these circumstances. It is possible that chloramines might either neutralise proteolytic
enzymes, or activate a HUVEC response which is protective against the neutrophil proteolytic
enzymes. Further investigation is necessary to elucidate which oxidants (H2O2, HOCl, or
chloramines) are most relevant in a physiological model of inflammation in terms of both Prx
oxidation and protection against proteolysis.

The sensitivity of Prxs, as well as their rapid oxidation/reduction facilitated by the Trx/TrxR
system makes this machinery a very efficient and effective mechanism for specific removal of
chloramines. Based on the susceptibility of Prxs to oxidative modification following short-term
exposure of endothelial cells to these oxidants, these enzymes are of interest in relation to
inflammation. In the context of inflammatory conditions, Prxs could be acting as important
antioxidants and/or participating in the control of cell death pathways.

Chapter 5.

Proteomic investigation of novel

targets oxidised by chlorinated oxidants in
endothelial cells
5.1

Introduction

It has been well established that chloramines and HOCl react preferentially with thiol residues.
While HOCl is much more reactive than chloramines (e.g. HOCl reacts with GSH more than 104
times faster than do chloramines), both favour reactions with cysteine and methionine residues
[47]. Thus, HOCl and chloramines are suspected to affect thiol-dependent cellular events in cells
or tissues exposed to these compounds.

The specific targets of chloramines and HOCl in intact cells are still unidentified, and this is
further complicated by the fact these oxidants are not all equal in terms of their cell
permeabilities, reactivities and therefore preferred targets [23; 43-45]. A variety of factors
therefore influence how each of these compounds affects living cells: which pathways become
activated or repressed, and which antioxidant molecules might act to protect the cells. This
chapter explores the hypothesis that specific intracellular protein thiols are targets for HOCl and
chloramine oxidation.

5.2

Experimental approach

The experiments described in this chapter employed IAF-labelling of oxidised protein thiols to
visualise specific proteins which underwent reversible oxidation in treated cells. In HUVECs
treated with chloramines, HOCl or H2O2, any reversibly oxidised thiol residues (i.e. those with
disulfide bonds, with thiols in the sulfenic acid state or glutathionylated thiol residues) were
reduced

by

incubation

with

DTT,

and

the

resultant

thiols

labelled

with

5-

iodoacetamidofluorescein (IAF), as described under Methods (Section 2.23) and shown in Figure
5.1.

Prepared cell lysates were separated by one- or two-dimensional (2-D) SDS-PAGE and IAFlabelled protein spots were visualised by fluorescence imaging. In addition, positive protein
identification in some instances was assessed by immunoblotting (Section 2.13).
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Figure 5.1 Protocol for the specific labelling of disulfide-modified proteins in cell
lysate.
First, cells were lysed in the presence of NEM to alkylate any reduced thiols present. Excess NEM
was removed and samples further incubated with DTT to reduce any disulfides, then IAF was
added to label those reduced thiols. Hence the fluorescent tag specifically labelled those proteins
which had oxidised, disulfide (or glutathionylated) residues at the time of lysis. These proteins were
subsequently separated electrophoretically and visualised using fluorescence detection.
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Previously, H2O2-induced thiol oxidation has been investigated in Jurkat cells [260]. In this
chapter, H2O2 was included as a relevant inflammatory oxidant (refer to Section 1.1.2.2), and also
served to distinguish changes which were specific to chlorinated oxidants versus more general
cellular responses to oxidative stress.

To identify proteins which underwent consistent changes in cells subjected to the various
treatments, 3 replicate experiments were performed. Spots which underwent at least a 2-fold
change in intensity were considered. For identification of these proteins, spots were excised from
large 2D gels, and sent to the Centre for Protein Research, where they were analysed by LCMS/MS (Methods are described in Section 2.20.2).

5.3

Results

To assess major oxidant-induced changes across the thiol proteome in HUVECs, cells were
exposed to the oxidant (GlyCl, NH2Cl, HOCl, H2O2, or HOSCN) in HBSS. Both dosedependent and time-dependent oxidation of thiols was assessed.

5.3.1

Time-dependent oxidation of HUVEC thiol proteins by chloramines and HOCl

Each of the oxidants examined induced an increase in fluorescence intensity of a number of IAF
bands in SDS-PAGE (Figure 5.2), indicating that these proteins contained oxidised thiols. Some
of the bands appearing in GlyCl- or NH2Cl-treated samples increased marginally in intensity with
increasing treatment time. Rather than protein bands appearing to undergo oxidative
modification later in the time course, susceptible proteins seemed instead to be oxidised at early
time points (before 30 min), with some intensification of the signal over time (consistent with
the oxidants slowly permeating the cells). Many changes were obvious after the earliest (10 min)
time point. It is noteworthy that occasionally band(s) appeared which were inconsistent between
experiments, and confined to only one gel lane of a single experimental replicate; these bands
were considered artefacts of the experimental technique, but occasionally do appear in the
figures shown in this chapter. Additionally, some lanes occasionally appeared overall more
intense than others. Because total protein was normalised prior to the addition of DTT, the
differences seen were either due to unequal loss of protein in subsequent spin column steps
(removal of excess DTT, IAF), or inconsistent labelling efficiency across each of the samples.
Coomassie staining of the gels suggested that most often the latter, rather than the former, was
responsible for this observation.
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Figure 5.2 Detection of HUVEC thiol proteins which become oxidised during
treatment.
HUVECs grown in 6-well plates were treated with the given concentrations of oxidant (chloramine
or HOCl) in 1 ml HBSS and the oxidised thiols specifically labelled with IAF as shown in Figure
5.1. Cells were harvested and labelled at 10, 20, 30, 40 and 60 min after treatment; control cells were
in HBSS for 10 min. Coloured arrows highlight bands which increased in intensity. Gels shown
include two separate gels prepared and imaged concurrently; control lane, and lanes from GlyCl and
NH2Cl-treated samples were from a single gel. Immunoblotting with antibodies against several
proteins (β-actin, GAPDH and Prxs) showed that these proteins migrated at the same positions as
individual IAF-labelled bands. Gels are representative of at least 2 separate experiments.

Compared to chloramine treatment, HOCl-induced protein oxidation was apparent at earlier
time points and increased treatment had virtually no detectable effects on protein intensity;
changes in band intensity were obvious from the earliest time point (10 min). This is consistent
with HOCl being rapidly consumed and quickly reacting in the cell, inducing broad oxidative
changes quickly.

Two bands changed markedly compared to control in all of the treatments (GlyCl, NH2Cl, and
HOCl). Immunoblot analyses confirmed that these bands co-localised with GAPDH and the
Prxs, which appeared at ~37 and ~22 kDa, respectively. It was not possible to determine which
Prx band was labelled most strongly in this IAF assay because the enzymes did not separate
sufficiently, but as described in Chapter 4, Prxs 1, 2 and 3 are readily oxidised to disulfides by
exposure to these chlorinated compounds.
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Disulfide modifications induced by hypothiocyanous acid

Hypothiocyanous acid (HOSCN) is a known thiol oxidant which like chloramines is likely to be
generated during inflammation as a result of the neutrophil oxidative burst [261; 262]. HOSCN
very slowly penetrates HUVECs compared with the other oxidants examined ([223] and Section
4.3.4), and long treatments (3 h) with high doses (300 µM) have been shown to induce significant
loss of total reduced thiols in endothelial cells [223].

Treatment with 300 µM HOSCN for up to 1 h caused a strong intensification of the IAF signal
from many protein bands, the band intensities increased in a time-dependent manner (Figure
5.3). Thus, compared to the thiol-targeting agent HOSCN, sublethal exogenous doses of
chloramine or HOCl appeared to induce oxidation in a more select group of thiol proteins.

Figure 5.3 Thiol oxidation in HOSCN-treated HUVECs.
Lysates from HUVECs treated with HOSCN (300 µM) were prepared after 10-60 min
treatment and treated as in Figure 5.2. Control lane was treated with HBSS for 60 min. Gel is
representative of 2 separate experiments.
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Figure 5.4 Effect of incubation in HBSS on HUVEC thiol oxidation.
HUVECs were incubated in HBSS alone for up to 1 h. A band which migrated at the same
position as Prx is indicated. These results are representative of 2 separate experiments.

Chlorinated oxidants appeared more likely to induce specific – rather than broad-ranging –
oxidative modifications to thiol proteins. The effect of HOSCN was not investigated further in
this thesis.

5.3.3

Effect of prolonged incubation in HBSS alone

In order to determine the specific effects of chlorinated oxidants, treatments were given in
HBSS, and it was necessary to determine the oxidative implications of prolonged treatment in
HBSS alone (i.e. in the absence of added oxidant). Indeed, a band which appeared in the region
of the Prxs was one of the few that visibly intensified over time (Figure 5.4). Overall, however,
the thiol proteome appeared to undergo few redox changes as a result of incubating HUVECs in
HBSS for up to 1 h.
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Effect of cell-impermeable taurine-chloramine on disulfide formation in
HUVECs

A recent study by Klamt et al identified Cys-oxidation of cofilin as a major oxidative event in
taurine-chloramine (TauCl) treated lymphoma cells [263]. However, previous studies in our lab
have shown that TauCl – despite its capability to activate phosphorylation cascades via the EGF
receptor – has low cell permeability and induces very little cytotoxicity [51]. The finding by
Klamt and colleagues was therefore intriguing, but no changes in 1D SDS-PAGE after IAF
labelling were seen in TauCl-treated HUVECs (Figure 5.5). The dose-dependent effect of 10 min
treatments of TauCl (100-500 µM) induced no major changes in IAF labelling, and likewise
treatment with 500 µM TauCl for up to 1 h did not appear to induce any changes above and
beyond those seen with HBSS alone (Figure 5.4). Only treatment with TauCl in M199 (which
would allow transchlorination to generate other cell-permeable oxidants [50]) induced disulfide
modifications (not shown). This, in combination with differences in TauCl cell permeability with
the different cell types, might explain the findings of Klamt et al The specific effects of TauCl on
HUVEC disulfide modification was not investigated further in this thesis.

5.3.5

Dose-dependent oxidation of HUVEC thiol proteins by chloramines, HOCl and
H2O2

IAF labelling was performed immediately following 10 min treatments with GlyCl (up to 500
µM), NH2Cl (up to 25 µM), and HOCl (up to 50 µM) in HBSS, or H2O2 (up to 200 µM) diluted
in M199 (Figure 5.6). Wherever possible, treatments were administered in complete medium;
however, chloramines and HOCl (but not H2O2) react with components in the media, and
furthermore can result in the production of secondary amines. Therefore, these oxidant
treatments were applied in the absence of culture medium (HBSS was used instead) Similar to
the time course experiments, two major bands which appeared more strongly with the oxidant
treatments ran in the expected positions corresponding to GAPDH (~37kDa) and Prx (~22
kDa). In addition, several bands appeared strongly between 10 and 40 kDa which clearly
underwent a dose-dependent oxidation with several of the treatments. Over the concentration
ranges examined, GlyCl appeared to induce the greatest number of disulfides, despite its slow
uptake by cells (refer to Section 4.3.4) compared to NH2Cl and HOCl (Figure 5.6). HOCl
appeared to induce more broad-ranging thiol oxidation, and strong induction of thiol oxidation
was seen with GlyCl, consistent with the time course studies.

Chapter 5: Novel thiol targets of chlorinated oxidants

101

It was more difficult to discern changes in the upper MW region of the gel, where bands were
less well resolved. With the various oxidants employed, there was a tendency for overall
intensification of the IAF signal in the upper MW region of the gels, but individual bands
underwent changes less distinctly than those in the lower MW region of the gels. Several bands
appeared to intensify in the 75 -100 kDa region of the gel. A more intense signal in the upper
MW region of the H2O2-treated samples was suspected to be due to a small amount of
contamination from serum proteins (not visible by protein stain but highlighted and intensified
by IAF binding to these proteins), as these samples were extracted from cells treated in complete
medium.

Figure 5.5 HUVECs treated with TauCl were monitored for disulfide-modified
proteins.

Dose- and time-dependent effect of TauCl treatment on HUVECs was monitored by IAF labelling
of oxidised thiols. Lanes shown are from a single gel from one experiment; gel has been cropped
for visualisation. Lanes 6 & 7 are the same lane (10 min with 500 μM TauCl), represented in both
the dose curve and time courses. Results are representative of 2 separate experiments.
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Figure 5.6 Thiol proteins in HUVECs which underwent disulfide modification during 10 min exogenous oxidant treatment.
HUVECs grown in 6-well plates were treated with the given concentrations of oxidant (μM concentrations are shown) and the oxidised thiols specifically
labelled with IAF (as shown in Figure 5.1). Cells were harvested after 10 min treatment in HBSS (or M199 where H2O2 treatment was used). Several bands
appear randomly in some lanes (e.g. lanes 3 and 8 from left-hand gel); these are suspected to be due to small amounts of contamination from oxidised serum
proteins, and these appeared more regularly in H2O2-treated samples (for which cells were treated in full M199 medium). Results are representative of 2-3
separate experiments.
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Visualisation of oxidised proteins by two-dimensional IAF labelling

Although many bands were visualised by 1D SDS-PAGE, these were often not distinct, and
were furthermore localised to regions of the gel where many proteins migrate; this would make
these bands near-impossible to excise for positive identification. Therefore, to further investigate
the specific changes occurring in HUVECs treated with chlorinated oxidants or H2O2, cells
grown in 10-cm dishes were prepared for the 2-D IAF method (Methods Section 2.23).

Oxidant concentrations were selected based on results reported in Chapter 4 and earlier in this
chapter. In order to identify physiologically-relevant redox changes (i.e. proteins which are
involved in a functional cell response to the oxidants), concentrations of oxidant were selected
based on the following criteria (for chloramine and HOCl treatments):

1) No significant loss of reduced GSH;
2) At least 25% decrease in reduced Prxs 1 and 2 (relative to untreated cells);
3) At least 2-fold increase in cell death at 24 h (as measured by PI in Chapter 4);
4) No severe morphological change (or endothelial disruption) after 10 min
treatment; and,
5) Moderate increase in IAF labelling after 10 min treatment by 1-D SDS-PAGE
method.
For H2O2-induced redox changes, a concentration of 200 µM H2O2 was selected for ease of
comparison with results reported by Baty et al [260].

Because the most interesting protein oxidation changes appeared within 10 min, all oxidant
treatments were removed after 10 min. By restricting the treatment time, fewer changes occurred
due to the incubation in HBSS, and these experiments virtually eliminated the possibility that
changes in spot intensity could be due to variations in protein expression levels. In addition,
changes occurring after short treatment times would more likely lead to the identification of
proteins which could be involved in cell signalling and/or rapid antioxidant protection (by rapid
reaction with the oxidant) in HUVECs, rather than being involved in more downstream effects
or cell death pathways.
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Three replicate experiments were performed in which cells were treated with the doses shown in
Figure 5.7; cell lysates were labelled and prepared as described (Figure 5.1). 2D gels were imaged
and one replicate experiment was transferred to PVDF for immunoblotting (blots were allowed
to air-dry and were stored for later use). Images representative of the three separate experiments
are shown in Figure 5.7.

Visual comparison of the IAF gel images showed that the proteins migrated with a high degree
of fidelity. Analysis of the gels showed many differences between treatments. There was
intensification of spots and the appearance of novel spots in the treatment versus control gels,
and several treatments induced changes in the same regions of the gels, especially when
comparing the chloramine and HOCl treatments. GlyCl appeared to induce the most
pronounced differences compared to control gels. Overall, H2O2 induced the fewest changes,
particularly upon inspection of the lower MW region of the gel.
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A

Control (HBSS)

B

250 µM GlyCl

C

15 µM NH2Cl

D

60 µM HOCl
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200 µM H2O2

Figure 5.7 Two-dimensional electrophoresis with IAF labelling of oxidised thiols.

HUVECs grown in 10-cm plates were treated with the given concentration of oxidant; cells were harvested after a 10 min treatment in
HBSS, and the oxidised thiols specifically labelled with IAF (as shown in Figure 5.1). Proteins were focused to IPG strips (pH 5 – 8)
and subsequently separated in the second dimension on Criterion gels. IAF-labelled proteins were visualised by fluorescence detection.
Gels are representative of three separate experiments.
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Identification of proteins undergoing disulfide modification

Replicate gels were aligned and spot matching performed using PDQuest™ analysis software
with visual confirmation and manual spot matching where necessary. For each treatment, 400500 spots were identified as distinct protein spots. The software was used to identify changes in
spot intensity which were significantly different from the control gels, either increasing or
decreasing in intensity by at least 2-fold. The protein changes numbered up to 50 for each
treatment. They were visually validated for consistency of spot appearance and change between
replicates, and many were omitted from further analysis based on one or more of following
exclusion criteria:

1) Spot was very faint;
2) Spot was part of a large IAF signal which appeared to be a cluster of spots;
3) Spot was in a particularly protein-dense region of the gel;
4) Spot was inconsistent between gels; or,
5) Spot was in an area of the gel which had high levels of streaking.
Of the spots which changed significantly with one or more of the treatments, a selection of 18
spots was compiled for further analysis (Appendix A). To maximise protein loading for spot
excision and subsequent protein identification, equal amounts of protein from all three replicate
experiments with control and GlyCl samples were separated by 2-dimensional electrophoresis
using 17cm IPG strips and large gels (Section 2.24).

Gels were imaged and visual mapping used to pinpoint the 18 spots of interest (Figure 5.9) on
the large gels; although the proteins separated slightly differently on the large-scale gels
compared to the smaller Criterion gels, the spot pattern was consistent and the locations of the
spots of interest were confidently established; these were excised and sent to the Centre for
Protein Research for analysis and identification (Section 2.25).
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Figure 5.8 Spots excised from large 2-dimensional SDS-PAGE gels.
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Proteins labelled with IAF were visualised by fluorescence as shown. Spots were excised from GlyCltreated sample (A) and Control (HBSS) sample (B) and correct excision verified by fluorescence.
Spot numbers shown correspond to spots and proteins from Appendix A & Table 5.1.
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Mascot search results were reviewed; all spots had some keratin contamination and keratin
matches were not considered positive hits. The protein pI‘s were expected to differ somewhat
due to oxidation, phosphorylation, or other protein modifications which are known to modulate
the pI of a given protein. On the other hand, proteins with vastly different MWs than estimated
from the gel spot were generally dismissed. The remaining protein matches are listed in Table
5.1. Where more than 2 protein matches were returned, those with scores <30 were excluded
from the summary table.

The three faintest spots (spots 12, 15 and 16) were the only ones which had no positive protein
matches. All other 15 spots yielded at least one positive protein ID. However, the protein ID
from spot 13 was protein S100-A6, the amino acid sequence of which contains no cysteine
residues. Thus, although Protein S100-A6 may co-localise with spot 13, the IAF signal
undoubtedly arose from labelling of an unidentified protein, and protein S100-A6 is not
considered to have undergone disulfide modification as a result of treatment.

5.3.7.1 GAPDH
As shown in Figure 5.9, GAPDH appears as a string of spots which intensified with each of the
treatments. This protein also appeared as a major band by the 1D method (Figure 5.2), and
confirmed by Western blotting of 1D IAF blots. In addition, an early experiment in which spots
from this region (a string at ~ 37 kDa) were excised and identified confirmed that GAPDH was
the major protein identified (data not shown). It has been previously demonstrated that GAPDH
is susceptible to oxidative modification by H2O2 treatment of Jurkat cells [260], and that
GAPDH is very sensitive to inactivation by chloramines and HOCl [37; 50]. Therefore, the
observation that GAPDH was sensitive to thiol oxidation in this chapter was consistent with
previous reports.

5.3.7.2 Peroxiredoxins (spots 3, 4, 5 and 17)
Several spots did contain peptide sequences which matched those of Prxs. Spot #3 was
identified as Prx2, and immunoblotting of a GlyCl-treated sample confirmed that one of the
Prx2 spots did co- localise with the region from which Spot #3 was obtained (Figure 5.10). In
agreement with this, spot intensity analysis showed that IAF labelling increased in this region
with chloramine or HOCl treatment (consistent with the formation of a disulfide upon
oxidation) but decreased with H2O2 treatment (consistent with hyperoxidation).
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Figure 5.10 IAF spots correspond to Prxs.
Western blotting of 2-dimensional IAF gels with antibodies against Prxs 1-3. The circled spots in
IAF blot correspond to spots which were excised from the large 2D gels for identification by mass
spectrometry (Table 5.1 & Figure 5.9): spot 3(yellow), spot 4 (pink) and spot 5 (blue).

Spots 4 and 17 were selected from the GlyCl-treated and Control gels, respectively, and an
attempt was made to map these spots, obtaining the ‗same‘ spot from each gel. Indeed,
identification yielded several strong protein matches, of which Prx3 and GPx1 were the hits with
the 2nd and 3rd highest rankings in both analyses. Immunoblotting of membranes confirmed that
Prx3 protein was localised to this region of the gel (Figure 5.10). Although these findings give
confidence in the analysis, it does not necessarily hold true that all of the proteins identified were
oxidised and IAF-labelled. Only low fidelity matches were obtained from spot 5, with 2 peptides
identified from Prefoldin subunit 3 and one from Prx1. Nevertheless, Western blotting again
confirmed that Prx1 does migrate to that region of the gel, so despite the weakness of the match
Prx1 could indeed be the primary protein of high IAF intensity at this spot (Figure 5.10). It is
worth noting that most of the Prx1 protein does not focus on these strips (pI > 8.0), so the
spots represented in the western blots shown in Figure 5.10 represent a small subset of the total
Prx1, likely modified (e.g. by phosphorylation) resulting in a lower pI.
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Table 5.1 Proteins identified from Mascot search of amino acid sequences detected by MS/MS.
Spot numbers correspond to those excised from gels as shown in Figure 5.7 and Table 5.1.
Spot

1

Trend, relative to
Control
↑Incr. IAF
↓Decr. IAF
↓ (All)

2

↓ (All)

3

↑ Chloramine, HOCl
↓H2O2

4

↑ (All)

5

6

↑ (All)

↑ (All)

Protein Match

Strength of Match
Score

Mr (kDa)

pI

# Cys

Obs*

Exp

#

Obs*

Exp

#

34.8

38.7

5.90

6.64

4

Thiol modifications

Annexin A1

1322

Queries
Matched
29

(Known) or Observed

Annexin A2

232

4

34.8

38.6

5.90

7.56

4

Annexin A1

313

7

35.0

38.7

6.05

6.64

4

NEM on Cys343

Peroxiredoxin 2

361

8

25.8

21.9

5.01

5.67

3

(Disulfide bond, active site)

Parkinson Disease protein 7

193

5

26.1

19.9

5.53

6.33

3

NEM on Cys48
(Cys sulfinic acid)

Peroxiredoxin 3

86

1

26.1

27.7

5.53

5.77

6

(Disulfide bond, active site)

Glutathione Peroxidase 1, isoform 1

57

2

26.1

22.1

5.53

6.15

5

Transgelin 2

56

1

26.1

22.4

5.53

8.45

3

Peroxiredoxin 1

56

1

26.1

22.1

5.53

8.27

4

(Disulfide bond, active site)

Glutathione-S-Transferase P

50

1

26.1

23.3

5.53

5.44

4

(Cys oxidation)
(Redox-sensitive chaperone)

Prefoldin subunit 3

55

2

24.7

22.6

6.06

6.64

3

Peroxiredoxin 1

38

1

24.7

22.1

6.06

8.27

4

(Disulfide bond, active site)

Cofilin 1

212

4

22.4

18.5

6.13

8.26
SP
(6.6)

4

IAF on Cys147 (unmatched
peptide)

Lipocalin-1 precursor

148

3

22.4

19.2

6.13

5.26

3

(Disulfide bond)

NEM on Cys263, Cys370 &
Cys343;
CAM on Cys343

Chapter 5: Novel thiol targets of chlorinated oxidants
Spot

7

8

9

Trend, relative to
Control
↑Incr. IAF
↓Decr. IAF
↑↑ (All)

↑ (All)

↑ (All)

Protein Match
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Strength of Match
Score

Mr (kDa)

pI

# Cys

Obs*

Exp

#

Obs*

Exp

#

20.8

18.0

5.71

7.82
SP
(6.7-8.1)

4

Peptidyl-prolyl cis-trans isomerase A
(Cyclophilin A)

571

Queries
Matched
19

Cofilin 1

48

1

20.8

18.5

5.71

8.26
SP
(6.6)

4

Peptidyl-prolyl cis-trans isomerase A
(Cyclophilin A)

339

8

21.5

18.0

5.97

7.82
SP
(6.7-8.1)

4

Cofilin 1

79

2

21.5

18.5

5.97

8.26
SP
(6.6)

4

Peptidyl-prolyl cis-trans isomerase A
(Cyclophilin A)

369

10

20.9

18.0

6.06

7.82
SP
(6.7-8.1)

4

Nucleoside diphosphate kinase B

41

1

20.9

17.3

6.06

8.55

2

Thiol modifications
(Known) or Observed
NEM or CAM of Cys161 &
Cys62;
NEM on Cys115
IAF on Cys52 (unmatched
peptide)

NEM on Cys62 & Cys115

NEM on Cys62 & Cys161

10

↑ (All)

Peptidyl-prolyl cis-trans isomerase A
(Cyclophilin A)

528

12

20.8

18.0

6.28

7.82
SP
(6.7-8.1)

4

NEM on Cys62, Cys115 &
Cys161

11

↑ (All)

Peptidyl-prolyl cis-trans isomerase A
(Cyclophilin A)

419

12

20.7

18.0

6.36

7.82
SP
(6.7-8.1)

4

NEM on Cys62; CAM of
Cys161

Nucleoside diphosphate kinase B

186

6

20.9

17.3

6.06

8.55

2

NEM on Cys109

13

↑ (All)

Protein S100-A6

134

5

14.0

10.2

4.72

5.32

0

14

↑ (All)

Beta-2-microglobulin precursor

77

3

15.1

13.7

5.60

6.07

2

BolA-like protein 2

31

1

15.1

16.9

5.60

6.07

3

(Disulfide bond)
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Spot

17

18

Trend, relative to
Control
↑Incr. IAF
↓Decr. IAF
↑ (All)

↓ GlyCl, H2O2

*

Protein Match
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Strength of Match
Score

Mr (kDa)

pI

# Cys

Obs*

Exp

#

Obs*

Exp

26.1

23.3

5.53

5.44

4

NEM on Cys48
(Disulfide bond, active site)

Glutathione-S-Transferase P

663

Queries
Matched
15

Peroxiredoxin 3

180

3

26.1

27.7

5.53

5.77

6

Glutathione Peroxidase 1, isoform 1

77

2

26.1

22.1

5.53

6.15

5

NADH dehydrogenase [ubiquinone]
flavoprotein
2,
mitochondrial
precursor

69

1

26.1

27.4

5.53

8.22

5

Peroxiredoxin 4

62

1

26.1

30.5

5.53

5.54

4

Small ubiquitin-related modifier 3
precursor (SUMO3)

108

2

18.81

11.6

4.94

5.34

1

Small ubiquitin-related modifier 4
precursor (SUMO4)

105

2

18.81

10.6

4.94

6.57

1

Observed from 2D gel; calculated from standards
Basal isoelectric point (www.phosphosite.org) for protein identified
SP
Other authors‘ experimental results, as reported in SWISS-2DPAGE database (http://expasy.org/ch2d/)
Queries matched = number of tryptic peptides identified which may be obtained from the identified protein
CAM = carbamidomethylation of Cys residue detected
Matches in bold are further discussed in the text (5.3.7 & 5.4)
#

#

Thiol modifications
(Known) or Observed

(Disulfide bond, active site)
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5.3.7.3 Peptidyl-prolyl cis-trans isomerase A (Cyclophilin A; spots 7, 8, 9, 10 & 11)
One of the more remarkable changes observed by the 2-dimensional analysis was a major series
of spots at ~20 kDa which consistently increased with all treatments (though particularly in
GlyCl-treated cells, and less obviously in gels from H2O2-treated cells). The increase in these
spots ranged from an average of up to 10-fold increase for GlyCl and NH2Cl -treated cells, up to
6-fold in HOCl samples and 3-fold in H2O2-treated samples. Several spots from this ‗string‘ were
selected for identification, including spots 7 through 11 (Figure 5.11). All of these spots were
identified as consisting predominantly of peptidyl-prolyl cis-trans isomerase A, also known as
cyclophilin A (CypA). This identification was confirmed by immunoblotting the 2-D membranes
with antibodies against CypA (Figure 5.12A & B).

Figure 5.11 Spots excised from GlyCl-treated gel and identified as CypA by LCMS/MS.
Western blotting of 1-dimensional IAF gels confirmed that CypA co-localised with a major IAFlabelled band appearing at ~18 kDa, and a band at this in position increased in fluorescence
intensity (Figure 5.12C) with all of the treatments investigated, including GlyCl, NH2Cl, HOCl,
H2O2, and HOSCN. The protein expression did not appear to change significantly, as the signal
detected by Western blotting didn‘t vary, but IAF intensity at that location increased, consistent
with an increase in thiol oxidation of CypA. The IAF band did not appear in cells incubated over
time in HBSS alone.
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Figure 5.12 Immunoblots for CypA with 2-dimensional and 1-dimensional IAF.

Immunoblotting for CypA confirmed co-localisation with spots identified as CypA by LC-MS/MS
(A & B; box surrounds the same region of blot and gel). C, In addition, a major IAF-labelled
protein band which increased with treatment was found to co-localise with CypA in 1-dimensional
SDS-PAGE analysis. Shown here are an IAF gel (GlyCl and NH2Cl dose curves from Figure 5.6),
the CypA immunoblot from the same gel and an overlay of these two.

CypA is a highly abundant protein with known activities as both a cis-trans isomerase and
chaperone, with involvement in protein folding (reviewed in [264]). In addition, CypA has been
implicated in stress tolerance [265] and can undergo S-glutathionylation of cysteines 52 and 62
[266], which could be the modification(s) responsible for the changes observed herein.

5.4

Discussion

Obvious changes in protein thiol oxidation were apparent in SDS-PAGE with all treatments, and
these were further characterised by the 2-D proteomic approach. The methodologies used in this
chapter were sensitive enough to identify a number of redox changes to thiol proteins from cells
treated with chloramines, HOCl or H2O2. While many changes were detected, major changes
were detectable primarily in the region of the gel containing proteins of MW below 50 kDa.
There were many similar changes between GlyCl, NH2Cl, and HOCl treatments in terms of the
general trend (increase or decrease in intensity, and appearance of novel IAF-labelled spots
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compared to control); differences may relate to the variable permeabilities and treatment doses
of these oxidants. HOCl and chloramines appeared to induce more extensive thiol oxidation
than H2O2 though undoubtedly more substantial changes would likely be observed with higher
H2O2 doses (as illustrated by the 1-D dose-response gels Figure 5.2).

A number of the protein spots which were identified as undergoing significant thiol oxidation
following treatment with exogenous inflammatory oxidants are interesting in the context of
oxidative stress and cell function. The various proteins and their known and potential oxidative
modifications are discussed below.

5.4.1

Peroxiredoxins spots (3, 4, 5 and 17)

The results presented in this chapter affirm the earlier findings of Prx susceptibility to
chlorinated oxidants and point to the Prxs as being among the major thiol targets of these
oxidants as well as H2O2. The identification of Prxs by mass spectrometry was bolstered by
Western blotting data showing that Prxs do indeed co-localise to the areas of the gels from
which the spots were excised.

When exposed to H2O2, Prxs can become hyperoxidised, and consistent with this (and with
observations by Baty et al [260] in Jurkat cells), spot #3 decreased in intensity following
treatment with 200 µM H2O2. However, this does not occur with the chlorinated oxidants, which
cause dimerisation of Prxs via disulfide formation, as described in Chapter 4, and hence the IAF
signal intensified following treatment with these oxidants.

In Chapter 4, it was demonstrated that Prx3 is less sensitive than Prxs 1 or 2 to hyperoxidation in
HUVECs, and spots 4 & 17 (from the same region of control and GlyCl-treated gels) here were
both shown to include Prx3 protein. The increase in spot intensity with H2O2 treatment was
consistent with the results in Chapter 4, in which the amount of dimeric Prx3 with 200 µM H2O2
was substantial with little accumulation of hyperoxidised protein.

Prx1 has a pI of approximately 8.3 and would not be expected to focus on the IPG strip of pH
5-8. Nevertheless, the pI may vary as a result of post-translational modifications such as
phosphorylation. Two spots (#4 & 5) were identified to contain Prx1 peptides, and spot 5 did
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appear to colocalise with a minor spot which was also recognised by the Prx1 antibody. This
could be due to post-translational modification, and one possibility is phosphorylation, as it has
been demonstrated that the 2-Cys Prxs are regulated by tyrosine and threonine phosphorylation
[267; 268]. Further investigation would be required to determine whether this was indeed the
case.

5.4.2

Cyclophilin A

The increases in spot intensity for spots #7 through 11 (corresponding to cyclophilin A) were
among the most remarkable changes observed by the IAF method. The high abundance of this
protein was likely partly responsible for the intensity at this location on the gels, but this protein
nevertheless appeared to become oxidised with all of the oxidants investigated.

CypA has been implicated in a number of cellular processes: cell division, transcriptional
regulation, protein trafficking, signalling, ROS scavenging, Na+-Ca2+ exchange, pre-mRNA
splicing, molecular chaperone functions and stress tolerance (reviewed in [269]). It has even been
suggested to reduce 2-Cys Prxs in plants [270], by a similar mechanism to that used by the
thioredoxin system. Other authors have also suggested a link between CypA and various Prxs
[271; 272].

Further study is required to determine how CypA is oxidatively modified by inflammatory
oxidants (e.g. via glutathionylation as has previously been suggested [266]). It would also be of
interest to determine whether or not there is any interaction between CypA and the Prxs, since
these were among the most notable proteins which underwent changes in this chapter.

5.4.3

Nucleoside diphosphate kinase B (spots 9, 11)

Nucleoside diphosphate kinase B (also known as C-myc purine-binding transcription factor
PUF) was a second protein identified in both spots 9 and 11. Nucleoside diphosphate kinases are
responsible for maintaining cellular levels of nucleoside triphosphates (reviewed in [273]). These
enzymes also have roles in apoptosis, signal transduction and transcription, with strong links to
metastasis in cancer [274; 275]. In spot 11, the peptide containing Cys109 was found to be
bound to NEM, suggesting that this residue was at least partially in the reduced state following
treatment with GlyCl. The same six peptides matched both isoforms 1 and 3 of this transcription
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factor, but the MW of isoform 1 more closely matches that estimated from the gel. This isoform
has 2 Cys residues, but only the peptide containing Cys109 was detected.

Studies have suggested the function of this enzyme is under redox control. Song et al [276]
demonstrated that intermolecular disulfide formation as a result of H2O2-induced oxidation
caused inactivation of the enzyme‘s function. Lee et al [277] confirmed that Cys109 could be
oxidised in various ways in response to oxidative stress induced by peroxide: inter- and intramolecular disulfides, glutathionylation and sulfonic acid formation on this residue were detected
by Mass Spectrometry. Interestingly, the authors also found that this enzyme was able to bind
Trx1, an important protein in the Prx catalytic cycle. These findings suggest that this protein‘s
redox status under conditions of oxidative stress should be investigated further.

5.4.4

Cofilin 1

Cofilin-1 was the major protein identified in spot 6, but was also identified in spots 7 and 8
alongside CypA. Although the expected pI for this protein was higher than observed, this
protein has previously been found to migrate at a pI similar to what was observed here [278].
Cofinlin-1 was one of very few from which a peptide was identified which was bound to IAF,
and the Cys modified was Cys147.

Cofilin-1 translocates to the mitochondria, where it has been shown to mediate apoptotic events
[279; 280]. Interestingly, cofilin-1 was a major target of oxidation in taurine-chloramine (TauCl)treated cells [41]; the authors demonstrated that oxidation of all 4 cysteine residues was required
for cofilin mitochondrial translocation and subsequent induction of apoptosis.

5.4.5

Parkinson disease protein 7 (Spot 4)

Parkinson disease protein 7 (also known as oncogene DJ-1) was the major protein identified in
spot 4. Although several proteins were identified from this spot including Prx3 and GPx1, DJ-1
should not be ignored. DJ-1 has been shown to respond to oxidative stress, and to be oxidised
under pathophysiological conditions including Parkinson disease [281] and Alzheimer disease
[282]. In the present study, Cys46 was found to be NEM-alkylated in the peptide containing that
residue. The other two cysteine residues (Cys53 & Cys106) are accessible for oxidation and are
important for the protein‘s functions; Cys53 oxidation to sulfonic acid inhibits DJ-1 chaperone
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activity [283], while Cys106 can become oxidised to a sulfinic acid residue which appears
important for translocation of this protein into the mitochondria [284-286]. The oxidation of
Cys106 has been observed as an acidic shift by 2-dimensional electrophoresis, into the pI range
observed from which spot 4 was excised [285].

It is worth cautioning that this particular spot was obtained from a protein-rich region of the gel,
and the fact that several strong matches were obtained from spot 17 (the same region on the
Control gel) suggest that this is the case. A previous study by Kinumi et al [284] showed colocalisation of DJ-1 and Prx3 [284], which does corroborate the findings reported here. They
reported that this co-localisation was particularly pronounced when both proteins had been
oxidised prior to reduction and separation by 2-D electrophoresis. A similar phenomenon could
be responsible for the co-localisation of these two proteins in the spot from the GlyCl gel but
not the control gel.

5.4.6

Glutathione-S-Transferase P (Spot 17)

Glutathione-S-Transferase P (πGST) was the strongest match for spot 17. Like DJ-1, πGST has
been identified from a seemingly protein-rich region of the gel, as spot 17 returned several
proteins. Several of these (including Prx1, Prx4 and GPx1) have oxidisable Cys residues, so any
one or combination of these proteins could potentially be contributing to the IAF signal at this
location. Nevertheless, πGST is of interest.

As a member of the GST superfamily, πGST catalyses the attack of GSH thiol on electrophiles,
thus having a role in scavenging cellular products of oxidative stress as well as detoxifying against
xenobiotics [287; 288]. Recently, however, πGST has been explored by the lab of Fisher and
colleagues [289-291] in its capacity to reduce 1-Cys Prx (Prx6 in humans); these studies have
suggested that πGST participates directly in the recycling of Prx6, a cytosolic antioxidant enzyme
which is suspected to play an important role in endothelial wound healing [292]. This antioxidant
system (Prx6-πGST-GSH) could therefore be relevant in the context of endothelial cells exposed
to inflammatory oxidants.
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Glutathione peroxidase 1 (spots 4 & 17)

Like Prxs, the glutathione peroxidases (GPxs) are considered major antioxidant enzymes in cells,
competing with Prxs as well as catalases to catalyse the reduction of hydroperoxides, in a
glutathione-dependent manner as shown below:

ROOH + 2 GSH  GSSG + ROH + 2 H2O

GPx1 is a seleno enzyme which also contains 5 Cys residues. Its catalytic mechanism, however,
involves selective oxidation of the active site selenol with subsequent reduction by GSH [293;
294]. However, the high reaction rate of this enzyme with GSH [295], (as well as the
bioavailability of cellular GSH under conditions used in these treatments) mean that this enzyme
would be unlikely to accumulate in a state where the active site is glutathionylated, (reviewed in
[295]), despite the fact that this intermediate has been detected by Mass Spectrometry [296]. On
the other hand, it is possible that one of the other 4 cysteines could be oxidised.

Nevertheless, GPxs and Prxs are both peroxidase enzymes that react with H2O2 with similar rate
constants [9]. It would therefore be interesting to investigate the possibility that chloramines,
which appear capable of oxidising the active-site cysteine of Prxs, might also preferentially react
with the selenol of GPx1.

5.4.8

Annexin A1/A2 (Spots 1 & 2)

Annexin A1 was the protein identified from both spots 1 and 2, which decreased significantly
with all treatments applied. Annexin A2 was also identified in spot 1. Annexin A1 interacts with
membranes and phospholipids in a calcium-dependent manner. Annexin A1, along with other
members of the Annexin family, have been extensively investigated and implicated in diseases
ranging from cancer to atherosclerosis, and in cell processes from cell growth and differentiation
to apoptosis; studies investigating the role of Annexins have been extensively reviewed [297;
298].

Interestingly, Wong et al [299] observed that 10 min treatments with Endothelin-1 induced loss
of Annexin A1 protein in pulmonary artery smooth muscle cells, as identified by 2D-PAGE and
mass spectrometry; this observation is similar to what is reported here for chloramine/HOCl/
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H2O2 treatments. Wong and colleagues determined that the decrease in Annexin A1 was due to
carbonylation and subsequent degradation of Annexin A1 in cells treated with Endothelin-1. In
Chapter 4, NH2Cl was shown to increase protein carbonyl levels in HUVECs, and it would be
interesting to investigate whether Annexin A1 was a target of carbonylation.

Various studies have also investigated the relevance of the various Annexin cysteine residues,
with some indication that these may be important in activity and/or regulation of the Annexins.
Specifically, Cys8 of Annexin A2 has been shown to undergo S-glutathionylation in TNF-αstimulated HeLa cells [300], possibly via H2O2 generated. This cysteine residue has been shown
to be important in the binding of Annexin A2 to tissue plasminogen activator (tPa)[301];
additionally, derivatisation or alkylation of the same residue appears to inhibit the activity of the
Annexin A2-S100A10 complex [302].

The identification of Annexin A1 and/or A2, as well as these proteins‘ susceptibility to be
modified by cysteine oxidation and/or carbonylation, make this protein a likely target for
modification by chlorinated oxidants. It has been suggested that Annexins may be key players in
a number of cell signalling pathways and cell responses to stimuli [299], which could be very
interesting in the context of inflammation.

5.4.9

Small ubiquitin-related modifier 3 (or 4) (SUMO3/SUMO4) (Spot 18)

Spot 14 was a faint spot that nevertheless was found to decrease significantly in intensity
following GlyCl or H2O2 treatment. Although little is known about cysteine modifications to the
identified protein, small ubiquitin-related modifier 3 (SUMO3), its function makes it an
interesting candidate in terms of protecting cells under conditions of oxidative stress.

Like ubiquitination, sumoylation (binding of SUMO to target proteins), is a process which has
been shown to regulate various cell processes, including signal transduction pathways [303]. Loss
of SUMO3 could correspond to increased sumoylation of proteins, as previously observed in
cells exposed to oxidative, electrophilic, heat or metabolic stresses [304-306].
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5.4.10 Beta-2-microglobulin precursor (Spot 14)
Beta-2-microglobulin was the strongest match for spot 4, but with only 3 peptides identified the
sequence coverage of this protein amounted to only ~17%. Nevertheless, this component of the
class 1 major histocompatibility complex (MHC) is known to undergo disulfide formation as a
post-translational modification. Most studies, however, have focused on this protein‘s role in
immune response (reviewed in [307]) and as a marker of acute kidney injury (reviewed in [308]),
with a number of studies also implicating beta-2-microglobulin in various cancers [309-312].

If beta-2-microglobulin is indeed modified under conditions where cells are exposed to
inflammatory oxidants, this might be a novel role for this immune-linked protein.

5.4.11 Interpretation of these results
5.4.11.1Limitations
Identification of a spot with increased IAF intensity may indicate a protein which has undergone
disulfide modification and/or glutathionylation, while likewise a decrease can indicate the loss of
such a modification, for example through further oxidation (to a sulfinic or sulfonic acid
residue). Alternatively – though not particularly relevant in this chapter – a change in intensity
could indicate a change in protein abundance. While the methods used herein minimised any
effect of protein expression by limiting most treatment times to 10 min, there remain instances
where an increase in intensity could be due to protein disassociation, for instance.

There remains the confounding factor of shifts in pI or MW. Some proteins may, whether or not
in conjunction with changes in disulfide modification, undergo changes in pI, for example
through phosphorylation or dephosphorylation. This shift in pI, causing the protein to migrate
to a pH on the IPG strip during focussing, can easily be sufficient for the IAF spots to no longer
‗match up‘ between treatment gels. Covalent bonding – or alternatively, the disruption of such
bonds – could likewise cause shifts in MW between samples. In such an instance, spots could
appear to change in intensity (or appear/disappear altogether) without any involvement of thiol
modification.

Overlapping spots, or proteins that migrate to the same region on the gel present another
challenge, which can lead to false identifications of proteins which actually undergo changes. In
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the data presented in this chapter, this phenomenon likely occurred with some of the spots
which were identified as proteins containing no Cys residues.

Thus, the relevance of proteins identified by the spot excision method does need to be
interpreted with caution. Regardless of the reason for the change, this method does provide a
means by which to identify proteins which may undergo a change in response to treatment.

Confirmation of the proposed redox modifications reported here could include employing an
alternative approach to specifically look for Cys modifications on the proteins of interest. For
example, proteins could be labelled with isotope-coded affinity tags (ICAT) followed by mass
spectrometry [313] to investigate different redox modifications

Some of the limitations of this method include difficulty in detecting changes in crowded regions
of the gel, in addition to favoured detection of high copy-number proteins. Improvements to
the method used in this chapter would include efforts to obtain better resolution of particular
areas (MWs & pIs) of interest by selecting IPG strips and gel gradients that maximise the
resolution of a smaller subset of the proteome. This could act to better focus on major areas of
signal change and/or separate out areas of high protein abundance.

5.4.11.2Advantages
The sensitivity of this method is bolstered by the fact that very small amounts of protein can be
easily detected by fluorescence. While this is not always sufficient for positive protein
identification, subtle changes can be detected in not only the most highly abundant proteins
[314]. In fact, far too little protein is used in these assays to detect the protein spots by gel
staining (Coomassie or silver stains) apart from only the most abundant proteins (e.g. actin and
GAPDH).

The methodologies used in this Chapter were optimised for detection of proteins below ~50
kDa; band and spot resolution from 1D and 2D experiments were good below this portion of
the gel, allowing the detection of changes in IAF intensity that were both dose-and timedependent (by 1D), and treatment-dependent (by 2D).
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5.4.12 Chlorinated oxidants as thiol-targeting agents
When proteins were separated by 1D SDS-PAGE, IAF labelling of oxidised thiols demonstrated
both a time- and dose-dependent increase in labelling of specific thiol proteins. From these
experiments, it appeared that thiol oxidation was much more specific than the broad-spectrum
oxidation seen with HOSCN (Figure 5.3). Indeed, it has been reported that HOSCN causes a
significant loss of reduced thiols as determined by MBB derivatisation [223], and these results are
consistent with the rate constants for the reactions of thiol proteins with HOSCN, as determined
by Skaff et al [262]and Nagy et al [315]. By comparison, NH2Cl does not induce overall thiol
oxidation to the same extent (Section 4.3.1).

Most of the spots which were selected for analysis were spots which underwent changes with
each of the oxidants (chloramines, HOCl and H2O2). There were a few exceptions to this: spot 3
(discussed in 5.4.1), 12 and 18, in particular. Unfortunately spot 12 yielded no likely protein
identifications, but the protein at spot 18 was identified as SUMO3, and its decrease in intensity
was detected only with GlyCl and H2O2 treatments.

5.4.13 Summary and future directions
A number of proteins identified by LC-MS/MS in this study have previously been shown to
have involvement in a variety of cellular processes which could be relevant in conditions where
cells are exposed to inflammatory oxidants. Specifically, several proteins are known to be
involved in regulation of apoptosis (Cofilin-1, Annexin A1, πGST, GPx1, SUMO) and/or signal
transduction pathways (Cofilin-1, DJ-1, SUMO3). In addition, the Prxs and GPx1 are known
peroxidases that have important antioxidant roles in cells.

Of the proteins identified, some are especially interesting and worthy of further investigation.
DJ-1 and Cofilin-1 have a high likelihood of being involved in cell responses to inflammatory
oxidants; both have previously been shown to undergo cysteine modification, and both appear to
undergo mitochondrial translocation following oxidation. In addition changes in cofilin-1 activity
have been demonstrated in TauCl-treated Burkitt‘s lymphoma cells [263] (though this is unlikely
in HUVECs treated with TauCl, since few changes were evident in Figure 5.5).
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For similar reasons, Annexins A1 and A2 should be further investigated, especially in the context
of GlyCl and H2O2, the two treatments which induced a reduction in IAF signal in the region
where this protein was identified. As discussed in Section 5.4.8, a number of modifications of
these proteins have been reported and these proteins could have interesting roles in cell
signalling pathways.

Sumoylation of proteins is not a modification that was originally considered in the context of the
inflammatory oxidants investigated in this chapter. However, the results suggest that the SUMO3
protein itself may undergo redox changes, and it would therefore be interesting to investigate the
possibility of altered protein sumoylation under these conditions.

CypA was arguably the most prominent change observed in these experiments, and it is likely
that this protein may undergo glutathionylation of one or more cysteine residue(s), a redox
modification of this protein which has previously been shown [266]. Of note, a number of
studies in various species have suggested that CypA may interact with – and even reduce – Prxs
(or their analogs) [270-272].

Prxs were in fact one of the other most notable changes; a band corresponding to the MW of
Prxs was a prominent change even in 1-dimensional analysis. The activity, redox status and
reversibility of Prxs in HUVECs treated with inflammatory oxidants are explored in Chapter 4.
Other antioxidant proteins worthy of further analysis in the context of inflammatory oxidants
include GPx1 and πGST, which contain oxidisable residues (selenocysteine and cysteine,
respectively) in their active sites.

Interestingly, a number of the spots identified in this study were also identified by Klamt et al, in
a similar study which investigated oxidative changes in response to TauCl treatment in
lymphoma cells [263]. The proteins which were found to undergo oxidative changes in both
studies included Cofilin-1, DJ-1, GST, Prxs 1 and 2, GAPDH. It therefore appears that a
number of major protein changes are commonly initiated by treatment with these chlorinated
compounds suggests that similar pathways are likely initiated by several different chlorinated
inflammatory oxidants, and that these could be key in mediating cellular responses to
inflammation.

Chapter 6.

Induction of HO-1 expression by
monochloramine

6.1

Introduction

Haem oxygenase 1 (HO-1) is responsible for catalysing the degradation of free haem, generating
carbon monoxide, biliverdin and free iron (equation 1, [316]). The effective removal of the prooxidant haem from cells is an important antioxidant activity of HO-1 and, in addition, its
products biliverdin/bilirubin and CO also have antioxidant, anti-inflammatory and anti-apoptotic
activity [62; 185; 317; 318]. Thus, increased expression of the HO-1 enzyme in cells appears to
have important cytoprotective and anti-apoptotic effects.

(1)

HO-1 expression appears to be regulated in a variety of ways; its expression may be activated by
several redox-sensitive transcription factors (Nrf2; activator protein 1, AP-1; cAMP response
element binding protein, CREB; and NFκB) [194; 319]. Of these transcription factors, Nrf2 is
arguably the most well-studied in terms of its induction of HO-1 expression. Normally bound to
its repressor Keap1 in the cytosol, Nrf2 is targeted for ubiquitination and degradation under
normal physiological conditions. Upon stimulation of cells with a variety of oxidative or
electrophilic agents, Nrf2 is released, and subsequently undergoes nuclear translocation.
Activated Nrf2 interacts with antioxidant response elements (ARE), cis-acting elements in the
promoter regions of various antioxidant genes, thereby inducing their expression [320]. HO-1 is
among these genes, as are thioredoxin 1, peroxiredoxin 1, NAD(P)H:Quinone oxidoreductase,
GSH synthesis enzymes, and others.

Activation of Nrf2 and increased HO-1 expression have emerged as events which are of great
interest in the context of inflammatory disease, and appear to confer protection against tissue
injury during inflammation [212; 321; 322]. Atherosclerotic lesions have been found to have high
levels of HO-1 expression [323], and Nrf2-dependent induction of HO-1 expression has been
demonstrated in cells exposed to inflammatory oxidants including HOCl and taurine chloramine
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(TauCl) [55; 72; 220; 324]. A growing body of evidence suggests that HO-1 has an important role
in protecting against atherosclerosis [204-206; 323; 325].

This chapter aimed to investigate the direct effect of monochloramine (NH2Cl) on HO-1
expression, and to explore the hypothesis that Nrf2 translocation and HO-1 expression could be
induced in cultured cells treated exogenously with this inflammatory oxidant.

6.2

Experimental Approach

In the work described in this chapter, the effect of NH2Cl on Nrf2 translocation and HO-1
expression was investigated in both human umbilical vein endothelial cells (HUVECs) and Hepa
1c1c7

cells

(a

murine

hepatocyte

cell

line).

The

techniques

employed

included

immunofluorescence and immunoblotting assays.

Nrf2 localisation in cells was investigated by Western blotting and immunofluorescence using
antibodies against Nrf2. Hemin and/or sulforaphane were used as positive controls, and
Hoechst counterstaining was used to visualise nuclei.

Because both HUVECs and Hepa 1c1c7 cells are adherent cells, an in-plate nuclear extraction
procedure was possible (Figure 6.1); this procedure was used to enrich the nuclear fraction for
enhanced detection of Nrf2 and HO-1, and to thereby verify the intracellular localisation of
these proteins.

Hepa 1c1c7 cells were less sensitive to the treatments employed than HUVECs, and this was
probably related to the fact that confluent dishes of Hepa cells contained 2-3 times as many cells
(and a greater amount of protein) as an equivalent dish with HUVECs (refer to Table 2.3).
Therefore, higher concentrations of oxidant were employed when treating Hepa 1c1c7 cells
compared to HUVECs.
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Figure 6.1 In-plate nuclear extraction procedure employed for HUVEC and Hepa
1c1c7 cytosolic and nuclear isolation.
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6.3.1.1 HO-1 expression and nuclear levels of Nrf2 in HUVECs grown in 12% FBS
In untreated cells grown under normal culture conditions (with 12% FBS), western blotting of
nuclear and cytosolic fractions showed that Nrf2 protein was detectable only in the nucleus, and
HO-1 only in the cytosolic fraction (Figure 6.2A & B). Despite its predicted mass of 66 kDa,
Nrf2 appeared as a band running at ~130 kDa, which is consistent with observations from other
studies [220; 236; 326; 327], and the band corresponding to HO-1 migrated as expected at ~32
kDa.

Haemin and sulforaphane (SFN) are two compounds that have been identified as initiators of
HO-1 via Nrf2 activation in other cell types [328; 329]. Therefore, this study examined the ability
of haemin and SFN to induce Nrf2 localisation and HO-1expression in HUVECs. Western
blotting analysis indicated that Haemin induced no apparent increase in nuclear levels of Nrf2 in
HUVECs, and neither haemin nor SFN induced an increase in HO-1 signal (Figure 6.2C). It was
noted that basal HO-1 expression appeared high. Both Haemin and SFN are known to induce
HO-1 expression via Nrf2 nuclear translocation [328; 329], yet neither effect was seen in
HUVECs in normal culture conditions.

6.3.1.2 HO-1 expression and Nrf2 localisation in serum-deprived HUVECs
In an attempt to reduce the basal levels of HO-1 expression and Nrf2 nuclear localisation,
HUVECs were serum-deprived 24 h before treatment in M199 containing 2% FBS (M1992% FBS),
with no obvious detriment to cell morphology or proliferation. Morphologically, cells appeared
normal regardless of FBS concentration used, but Western blotting of whole cell lysate
confirmed that after 24 h of serum deprivation the level of HO-1 expression in HUVECs was
lower (by approximately ½) than that of cells grown in the presence of 12% FBS (Figure 6.3).
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Figure 6.2 Nrf2 localisation and HO-1 expression in HUVECs.
Proteins from HUVECs – untreated or incubated with 50 µM haemin – were separated by reducing
SDS-PAGE following nuclear and cytosolic fractionation and Western blotted with antibodies
against A, Nrf2, or B, HO-1. C HUVECs were untreated, or incubated 12 h with either 50 µM
haemin or 20 µM SFN, then whole cell lysate was prepared and separated (20 µg per lane) by
reducing SDS-PAGE followed by Western blotting with antibodies against HO-1. Dashed line
separates bands from different regions of the same blot.
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Figure 6.3 Effect of serum deprivation on HO-1 protein expression in HUVECs.

A Western blotting with antibodies against HO-1 was used to compare HUVECs grown in 2% FBS
versus 12% FBS. Cells were grown in 6-well plates; 24 h before lysis, cells were either serum
deprived in M199 containing 2% FBS or maintained in M199 supplemented with 12 % FBS. Whole
cell lysates containing equal amounts of total protein were separated by reducing SDS-PAGE and
western blotted with antibodies against HO-1. B, Densitometry shows results from duplicate
analyses of a single experiment, where signal densitometry was normalised to the level detected in
the 2% sample; values are means ± range.

6.3.1.3 SFN-induced nuclear accumulation of Nrf2 and expression of HO-1 in serum-deprived HUVECs
To determine whether the known effects of SFN could be induced in HUVECs, serum-deprived
cells were treated with 20 µM SFN for 12 h in M1992% FBS. Western blotting confirmed nuclear
accumulation of Nrf2 as well as increased expression of HO-1 (Figure 6.4).

Nevertheless, accumulation of Nrf2 could not be detected by immunofluorescence (Figure 6.5).
Untreated HUVECs, or HUVECs treated with SFN were analysed by immunofluorescence as
described (refer to Chapter 2, Section 2.22). Cells were counterstained with Hoechst (left panel)
and Nrf2 visualised using secondary antibodies conjugated to Alexa-488 (middle panel). Right
panel with overlay of the two fluorescence channels indicates that Nrf2 appeared highly nuclear
even in control cells, and no difference in fluorescence intensity could be detected when
comparing control versus SFN-treated cells.
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Figure 6.4 Nuclear accumulation of Nrf2 and cytosolic HO-1 protein levels in
serum-deprived HUVECs treated with sulforaphane.

After treatment, HUVECs grown in 2% FBS underwent nuclear and cytosolic isolation;
fractionated lysates (30 µg protein per lane) were separated by reducing SDS-PAGE and Western
blotting was performed using antibodies against Nrf2, Parp1 and HO-1. Sulforaphane (SFN)
treatment was 20 µM, applied for 24 h in M199 containing 2% FBS, while control wells were
untreated. Duplicate lanes represent separate treatments of different wells. Nuclear fractions were
separated on two separate gels and probed for either Nrf2 or Parp1. In addition to Parp1 signal,
Coomassie R250 staining of the PVDF was used to confirm equal protein in each sample.

Figure 6.5 Immunofluorescence of HUVECs was investigated using antibodies
against Nrf2 with Hoechst counterstaining.
Cells were grown on glass coverslips and serum-deprived (M199 containing 2% FBS) from 24 h
before treatment. SFN treatment was 20 µM, for 12 h while control cells were maintained in
reduced-serum medium. Cells were fixed after treatment, then coverslips with adhered cells were
incubated with antibodies against Nrf2; secondary antibodies were conjugated to Alexa488.
Coverslips were mounted onto glass slides for visualisation by fluorescence microscopy. Hoechst
staining was used to visualise nuclei.
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Figure 6.6 HO-1 protein expression in HUVECs treated with chloramines.
Preliminary experiments showed that 24 h after treatment of HUVECs, HO-1 protein remained
primarily in the cytosolic fraction. Ten min treatment with either 50 µM GlyCl (G) or 15 µM
NH2Cl (N) was followed by 24 h recovery and fractionation of the cytosolic and nuclear fractions
prior to western blotting. Parp1 and β-tubulin were used to indicate equal loading and to confirm
separation of nuclear and cytosolic components. The effects of the chloramines were compared to
Control (HBSS-treated, C) cells, or those treated with 50 µM haemin (H).

6.3.1.4 Monochloramine-induced HO-1 expression in HUVECs
To determine whether HO-1 expression could be induced by treatment with chloramines,
HUVECs were treated with NH2Cl or GlyCl for 10 min in HBSS, then returned to full M1992%
FBS

for 24 h. NH2Cl, but not GlyCl, induced increased HO-1 expression at 24 h post-treatment

(Figure 6.6). Therefore, the remaining experimental investigations in this chapter focused on the
effects of NH2Cl on Nrf2 translocation and HO-1 expression.

6.3.2

Nrf2 localisation in Hepa 1c1c7 cells

Due to high basal levels of nuclear Nrf2 in HUVECs (along with a lack of detectable increase
after treatment), nuclear localisation of Nrf2 was investigated in Hepa 1c1c7 cells, a cell line
which has historically been selected for its highly inducible phase 2 response enzymes by various
stresses [330-333]. In Hepa 1c1c7s – unlike in HUVECs – there was a clear observable
difference between Nrf2 immunofluorescence in control cells versus those treated with SFN. In
untreated cells, immunofluorescence corresponding to Nrf2 was low, and primarily localised to a
small region adjacent to the nucleus, with very low fluorescence in the nuclear region.
Conversely, cells treated with SFN showed a high degree of Nrf2 fluorescence throughout the
cell, including in the nuclear region (Figure 6.7). Because of the strong induction of Nrf2
translocation with SFN, Hepa 1c1c7 cells were used for most of the experiments described in
this chapter.
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Figure 6.7 Intracellular localisation of Nrf2 in Hepa 1c1c7 cells treated with
sulforaphane or monochloramine.

SFN treatment was 50 µM for 12 h in MEMα. NH2Cl was 50 µM for 10 min, followed by 12 h in
MEMα. Cells were grown on glass coverslips, treated when subconfluent, and fixed after treatment.
Coverslips were incubated with antibodies against Nrf2; secondary antibodies were conjugated to
Alexa488. Coverslips were mounted onto glass slides for visualisation by fluorescence microscopy.
Nuclei were stained using Hoechst dye. In overlay, Hoechst staining appears blue while Nrf2 is
green. Images are representative of 4 separate experiments

6.3.3

Effect of monochloramine on Nrf2 and HO-1 in Hepa 1c1c7 cells

Hepa 1c1c7 cells treated with NH2Cl exhibited no nuclear translocation of Nrf2 when
investigated by immunofluorescence; the pattern of fluorescence in these cells was
indistinguishable from control cells (Figure 6.7, bottom row). This result was verified using the
Nrf2 Western blot assay. Indeed, no accumulation of Nrf2 in whole cell lysate was observed
when cells were treated with NH2Cl (Figure 6.8). SFN, however, did induce time-dependent
nuclear accumulation of Nrf2, consistent with release of Nrf2 from Keap1; maximum
accumulation was observed at 3-6 h treatment with SFN.
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Interestingly, HO-1 expression did increase, as with the SFN positive control. Maximum
expression of HO-1 in cells treated with either compound was seen at 12-24 h post-treatment
(Figure 6.8). A mere 10 min treatment with 50 μM NH2Cl induced an approximate 9-fold
increase in HO-1 expression 12 h after treatment compared to untreated cells. Thus, while the
SFN positive control induced both Nrf2 translocation and HO-1 expression as expected, by the
same detection methods NH2Cl induced a high level of HO-1 expression in the absence of Nrf2
translocation.

Figure 6.8 Nrf2 accumulation and Haem oxygenase-1 expression in Hepa 1c1c7 cells.

Cells were grown until subconfluent in 6-well plates; treatment with 50 µM NH2Cl was applied in
HBSS for 10 min, after which cells were washed and either immediately lysed (0 h) or returned to
MEMα for the indicated times (shown in hours). SFN treatment was in MEMα; lysis after 10 min (0 h)
or up to 24 h is indicated (SFN treatment was removed only immediately prior to lysis). Whole cell
lysates (25 µg total protein per well) were separated by reducing SDS-PAGE and western blotted with
the indicated antibodies. A Western blots are representative of 2 separate experiments; B data are
means ±range (n=2); values which were significantly different from control are shown (*, p<0.05, as
determined by one-way ANOVA with Holm-Sidak multiple comparison).
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Figure 6.9 Accumulation of Nrf2 and Haem oxygenase-1 in HUVECs.
Cells were grown until near confluence in 6-well plates; treatment with 15 µM NH2Cl was applied
in HBSS for 10 min, after which cells were washed and either immediately lysed (0 h) or returned to
M1992%FBS for the indicated times (shown in hours). SFN treatment was in M1992%FBS, lysed after
10 min (0 h) or after up to 24, as indicated. Whole cell lysates (15 µg total protein per well) were
separated by reducing SDS-PAGE and Western blotted with the indicated antibodies.
Densitometry is from 2-3 separate experiments (values are means ± SEM).

To determine whether the results seen with Hepa 1c1c7 could be replicated in HUVECs, the
experiments were repeated using the endothelial cells. Treatment with the SFN positive control
induced an effect similar to that seen in Hepa 1c1c7 cells; Nrf2 expression was induced after as
little as 10 min following addition of SFN (0 h time point; Figure 6.9, right panel), and HO-1
expression increased with maximal levels of expression at the latest time points (12-24 h). Nrf2
detected by Western blotting increased up to 6-fold in SFN-treated HUVECs, with up to 6-fold
increased HO-1 expression (Figure 6.9).

Importantly, NH2Cl treatment induced HO-1 expression in HUVECs; as seen with Hepa 1c1c7
cells, this occurred in the absence of any detectable Nrf2 activation. HO-1 expression was
highest at 24 h (expression was at least 2.5 and up to 7 times higher than the level in untreated
cells) following treatment with NH2Cl. Nrf2 levels remained low at all time points, with very low
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signal by Western blotting. There was some variability in signal between lanes (which could relate
to slight differences in loaded protein), but this was neither consistent (between the experimental
replicates) nor significant, with no more than 75% variability in the signal compared to the
control lanes (0 & 24 h). Thus, the level of HO-1 expression induced by exogenous treatment of
HUVECs with NH2Cl was at a level similar to (or even in excess of) that induced by SFN. The
fact that this HO-1 expression occurred in the absence of detectable Nrf2 activation was
remarkable.

6.3.4

Nuclear accumulation of Nrf2 in NH2Cl-treated cells

To more closely monitor whether or not Nrf2 underwent any nuclear accumulation with NH2Cl
treatment, cells were fractionated to enrich the nuclear fraction, thereby optimising the detection
of Nrf2. Two time points (3 and 6 h post-treatment) were selected for these analyses, because
SFN treatment had induced the highest accumulation of Nrf2 protein in Hepa 1c1c7 cells at
these time points (refer to Figure 6.10).

In nuclear fractions of Hepa 1c1c7, the Nrf2 signal intensity increased only with SFN treatment,
and was evident at both the 3 h and 6 h time points (Figure 6.10). HO-1 expression in cytosolic
fractions increased noticeably (though not significantly) 6 h post-treatment, consistent with the
time course experiment (Figure 6.8).
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Figure 6.10 Western blotting of nuclear and cytosolic fractions to investigate
intracellular localisation of Nrf2 in Hepa 1c1c7 cells and HUVECs.

Cells were cultured on 100-mm dished until confluence; treatment with 50 or 15 µM NH2Cl (Hepa
1c1c7s or HUVECs, respectively) was applied in HBSS for 10 min, after which cells were washed and
returned to media larger for the indicated times. HUVECs were pre-incubated in M1992%FBS 24 h
before treatment, and returned to the reduced-serum medium during recovery (or remained in this
medium for SFN treatment). Hepa 1c1c7 cells were maintained in MEMα. Cytosolic and nuclear
fractions were isolated and 15 µg protein separated by reducing SDS-PAGE. A Western blotting was
performed with antibodies against Nrf2 & HO-1. B Densitometric analysis of 1c1c7 cells (grey bars)
represents means ± range for 2 separate experiments, while HUVEC data (white bars) are from a
single experiment. Significant differences were assessed by one-sample t-test (expected mean = 1.0; *,
p<0.05).

It was again verified that these effects could be observed in HUVECs. The increases in Nrf2 and
HO-1 levels were consistent in the two cell types, but were more pronounced in the Hepa 1c1c7
cells compared to the HUVECs (particularly at the earlier time point), even with the SFN
positive control. Nevertheless, increase in HO-1 expression was consistent in the two cell types.
Results indicated that there was no significant nuclear accumulation of Nrf2 in either cell type
treated with NH2Cl, despite pronounced increases in HO-1 expression.
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HO-1 expression increased with NH2Cl treatment, and was particularly evident at the 6 h time
point in both the primary HUVECs and Hepa 1c1c7 cell line; the increase in HO-1 at 6 h was
more pronounced when the cytosolic fraction (Figure 6.10) was analysed compared to the whole
cell lysate (Figure 6.8 & Figure 6.9); this was likely due to either improved detection from the
fractionated sample, or to slight differences in cell response associated with the different plate
format used in the two analyses (or a combination of these two factors).

6.4

Discussion

The results shown in this chapter demonstrate, in two distinct adherent cells types (a mouse
hepatocyte cell line and a primary human endothelial cell), that NH2Cl induces a pronounced
increase in HO-1 expression independent of Nrf2 activation/translocation. It is particularly
noteworthy that as little as 15 µM NH2Cl applied for 10 min were required to induce a roughly 4fold increase in expression of HO-1 6 h after treatment.

The induction of HO-1 by NH2Cl is similar to observations by others showing induction by
inflammatory oxidants including TauCl and HOCl [55; 72; 220; 324]. In those studies, maximal
HO-1 expression was observed between 4-12 h, depending on treatment and cell type; where
mRNA levels were measured by RT-PCR, peak transcript levels were observed after 6-8 h
treatment. Thus, the time course for HO-1 induction observed in this study is consistent with
previous reports which employed other inflammatory oxidants.

Each of the above-mentioned studies of the effect of inflammatory oxidants concluded that HO1 expression was induced by Nrf2 activation and binding to the ARE of the HO-1 promoter
gene. Maximal levels of Nrf2 protein levels, and/or nuclear localisation were generally observed
between 6-12 hrs, with increases seen as early as 30 min in some instances [72]. Reported results
varied greatly, however, in terms of the time scale investigated; Sun Jang et al [55] reported Nrf2
nuclear localisation and ARE-binding at only the 12 h time point (it is unclear whether they
investigated earlier time points), and Kim et al [72] reported ARE binding and nuclear Nrf2
protein levels only up to 60 min. Indirect evidence provided by these authors did suggest that
Nrf2 activation was required for HO-1 expression induced by HOCl and TauCl; oxidant-induced
HO-1 expression was inhibited in cells either expressing a dominant-negative form of Nrf2 [219]
or transfected with Nrf2 siRNA [72].
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One important difference between the experiments outlined in this chapter versus other studies
discussed herein is the fact that all previous studies investigated the effect of inflammatory
oxidants in cells maintained in medium. This means that trans-chlorination was possible in their
systems prior to uptake by the cells, and that the actual oxidant responsible for the observed
effects is unknown, and may or may not be relevant under physiological conditions. Relatively
high doses of oxidant (~500-700 μM TauCl or up to 300 μM HOCl) were required to see the
effects reported. By contrast, in this study, cells were treated in HBSS to pinpoint the effect of
monochloramine alone on endothelial cells and low doses (15-50 μM, depending on cell type)
were employed for only 10 min, after which the oxidant was removed and cells were returned to
full medium. Therefore, this chapter represents a novel study whereby the specific downstream
effect on HO-1 expression of an inflammatory oxidant was investigated. Certainly, this study
explored more specifically the effects of one particular oxidant, and highlighted the sensitivity of
the cellular HO-1 response to an exogenous stimulus.

Contrary to the studies mentioned above, the HUVECs and Hepa 1c1c7 cells investigated in this
chapter showed no evidence of Nrf2 activation by NH2Cl, with no evidence of nuclear
accumulation or increased protein levels of Nrf2 within 24 h of treatment. Further
experimentation would be required to rule out the involvement of Nrf2 entirely, and/or to
investigate other potential pathways involved in mediating the increase in HO-1 expression.
Nevertheless, studies exploring HO-1 induction in a variety of cell types, and by a variety of
stimuli, have suggested a number of different pathways by which HO-1 expression appears to be
regulated. Although the contribution of other transcriptional controls to the increase of HO-1
was not assessed, a number of possibilities do exist.

Recently, binding of the Bach1 transcriptional repressor to enhancer regions of the HO-1 gene
has been shown to inhibit transcription of the gene [334-337]. It has also been suggested that
Nrf2 and Bach1 compete for binding to the enhancer regions which control HO-1 expression,
thereby controlling the level of gene expression [338] (reviewed in [3]). Interestingly, it appears
that in the absence of Nrf2 induction, inhibition of Bach1 might be sufficient for HO-1
induction by low basal levels of nuclear-localised Nrf2 [338].

An interesting and compelling example of HO-1 induction in the absence of any Nrf2 activation
has emerged from studies investigating the effects of cigarette smoke and heavy metals. The zinc
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finger proteins Egr-1 and SP-1 have both been shown to bind to an enhancer region controlling
HO-1 transcriptional activation when cells are exposed to cigarette smoke or heavy metals, as
has AP-1 [188; 339; 340]. Convincingly, Baglole et al [198] showed that human lung fibroblasts
exposed to cigarette smoke exhibited increased HO-1 expression mediated by NF-κB and AP-1
and this was shown to be independent of Nrf2 activation.

Other studies, too, have highlighted the implication of these and other transcription factors in
HO-1 expression, though not always with the exclusion of Nrf2. Lipopolysaccharide-induced
HO-1 expression has been attributed to AP-1 [341] as well as NFκB [187]; the latter
transcription factor has also been linked to HO-1 expression in aging livers [342]. The
STAT1/STAT3 heterodimer has also shown some promise as an inducer of HO-1 expression in
response to both vascular endothelial growth factor (VEGF) signalling and hyperoxia [221; 343],
and numerous studies have pointed to a role for Heat Shock Factors (HSF) in HO-1 expression
(though not in response to hyperthermia in humans or mice; reviewed in [8]). A summary of the
most well-studied transcription factors involved in positively regulating HO-1 expression is
illustrated in Figure 6.11.

In addition to its antioxidant activities in endothelial cells (reviewed in [197]), HO-1 expression
has been associated with protection of the endothelium against tissue injury during inflammation
(reviewed in [3]); inhibition of apoptosis [321], as well as decreased expression of TNF-αinduced adhesion molecules [344; 345] support this. Production of CO by HO-1 also inhibits
NADPH oxidase activity in activated neutrophils and macrophages, thus potentially decreasing
superoxide production and potentially limiting the damaging effects of the oxidative burst to the
endothelium [55; 346-348]. Further evidence of this was demonstrated in mice overexpressing
HO-1 in cardiac tissue, which had reduced inflammatory cell infiltration and reduced oxidative
damage in response to ischemia/reperfusion injury [349]. Decreased availability of free haem as a
result of HO-1 activity prevents the assembly of the functional NADPH oxidase enzyme [350],
and bilirubin is apparently capable of interfering with the enzyme assembly and activation as well
[351]; these effects are reviewed in [111].

A number of associations have been made between HO-1 expression and protection against
atherosclerosis, a disease with a strong inflammatory component. Studies have shown enhanced
expression in foam cells from atherosclerotic plaques [323], and the protective effects of HO-1
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Figure 6.11 Simplified schematic of the transcriptional regulation of HO-1
expression.

AP1, Nrf2, Hsf1 and NFκB transcription factors have been shown to control transcriptional levels
of HO-1 by binding to various sites in the upstream promoter region. (NFκB may act indirectly
through unidentified DNA-binding partners). MAPK signalling has been widely implicated in the
nuclear translocation of these transcription factors, acting either directly (i.e. via direct
phosphorylation of the TF; arrow with solid line) or indirectly (arrow with dotted line). These
signalling cascades are activated by various biological stresses and stimuli (middle ring), apparently
induced by physiological conditions (outer ring). Adapted from [8]

have been well documented through studies involving either modulation of HO-1 levels by
various methods [207-211; 352; 353]. Indeed, several studies have shown HO-1 expression to be
negatively correlated with development of experimental atherosclerosis [205; 206; 325].

Additionally, the overproduction of CO by increased HO-1-expression and activity has been
suggested to have an important anti-inflammatory function in endothelial cells. Inhibition of
NADPH oxidase activity in PMA- or lipopolysaccharide (LPS)-stimulated neutrophils and
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macrophages (respectively) has been demonstrated by HO-1-mediated CO production [55; 346348]. This results in decreased production of superoxide (and therefore other reactive
downstream oxidants), and has been proposed as a feedback mechanism to reduce the harmful
effects of inflammatory oxidants. Taken together, these studies provide overwhelming evidence
for a protective, anti-inflammatory role for HO-1 in endothelial cells, at both the molecular level
and in the prevention of pathological inflammatory disease. The results presented in this chapter
illustrating the effect of NH2Cl on HO-1 expression are striking, and may represent an important
way by which cells respond to and limit the potentially damaging effects of the neutrophil
oxidative burst.

Chapter 7.

7.1

General Discussion

Summary

Chlorinated oxidants have been implicated in various cell processes, from the activation of
signalling pathways (e.g. MAPK signalling and NFκB transcription factor activation) in
endothelial cells, to the expression of inflammatory cytokines in various cell types, and they are
known thiol-targeting agents. Most studies to date which have investigated the effects of
chloramines and HOCl in cells have treated cultured cells with the oxidants in culture medium
(though there are some exceptions to this [36; 51]). Because transchlorination reactions and
methionine scavenging can occur in full medium, the interpretation of those chloramine
treatments performed in medium is limited. To better understand the specific cellular reaction
targets at a site of inflammation by the various oxidants produced, this thesis has used an
endothelial cell model to explore both specifically and broadly the potential oxidation targets of
HOCl and two cell permeable chloramines, GlyCl and NH2Cl, and to compare these to the
effects of H2O2.

In this study the effects of GlyCl, NH2Cl and HOCl on Prx redox state, TrxR activity, and
intracellular GSH concentrations were investigated, and the effects were compared to those of
H2O2. Startling differences were observed between the effects of H2O2 and the chlorinated
oxidants; while Prx becomes readily hyperoxidised by H2O2, the chlorinated oxidants induced
Prx oxidation to the dimer form, and this was a major event in both erythrocytes and endothelial
cells. Loss of GSH was a comparatively minor effect in HUVECs (but not erythrocytes), while
TrxR activity was inhibited only with HOCl. This study also identified a potential link between
Prx dimer accumulation and cell death. In addition, an investigation of sensitive protein thiols in
cells treated with the various oxidants highlighted that a number of changes occur with any of
the inflammatory oxidants used, though there were some notable differences in the effects of the
various oxidants. A number of these changes were selected for identification, yielding a list of
interesting proteins which can be investigated for their roles in signalling and antioxidant
protections in the context of inflammation. Finally, HO-1 expression was shown to be strongly
and sensitively induced by low doses of NH2Cl in the absence of obvious Nrf2 accumulation or
activation.
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Inflammatory oxidants and Prxs

7.2.1

Conformational changes in Prxs differ depending on oxidant treatment
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The 2-Cys Prxs investigated in this study form disulfide-linked homodimers when oxidised, and
are reduced via the thioredoxin system. In the presence of high amounts of H2O2, Prxs are
known to undergo hyperoxidation to the sulfinic or sulfonic acid; the slow-acting enzyme
sulfiredoxin reduces the sulfinic form of the enzyme. Prxs have been well studied in terms of
H2O2-induced oxidative stress (reviewed in [354; 355]). In addition, the roles of Prxs in disease
have been well characterised through studies involving knockout mouse models, and increased
expression and/or hyperoxidation in various inflammatory diseases ([174; 356-359];reviewed in
[355]). These findings, in addition to a number of Prx protein interaction partners which have
been identified to date (reviewed in [355]) have highlighted the complex roles of these enzymes
in vivo. It has therefore become clear that Prxs are important antioxidant enzymes likely
involved in a number of signalling events, and yet few studies have investigated other potential
substrates of these enzymes, or considered other oxidants which could be mediating the Prx
redox state and expression changes.

This study was the first to investigate ability of chlorinated oxidants to induce redox changes in
Prxs in an intact cell system. The findings in this investigation have uncovered a remarkable
difference between the oxidation of Prxs by chlorinated oxidants compared to peroxide-induced
oxidation. Namely, while exogenous H2O2 induces inactivation of Prxs in cells via
hyperoxidation of the peroxidatic cysteine, chlorinated oxidants do not. Instead, Prxs accumulate
in the readily-reduced dimeric form, and therefore remain catalytically active and capable of
continuous scavenging of oxidants. The reaction of Prxs with chlorinated oxidants is much
slower than the reaction with peroxides [12], and this probably relates to the different outcome
between oxidation by the two classes of oxidant (since hyperoxidation is known to occur only
when all components of the catalytic cycle are available [252][32]). The reaction of the thiolate
residue with H2O2 is rapid and so is the reaction with the sulfenic acid; this is suspected to be
more rapid than the conformational change required for dimerisation in situations where local
H2O2 concentrations are sufficiently high, thereby inducing the hyperoxidised enzyme form
(reviewed in [149; 158; 268; 354; 360]). When Prxs react with chlorinated oxidants, the sulfenyl
chloride is likely the initial reaction product (as seen with other thiols [47; 248]). Subsequently,
the reaction between the sulfenyl chloride (or the sulfenic acid formed by hydrolysis) and further
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oxidant may not be favoured over resolution by disulfide formation, and hence the observation
of accumulated dimer.

Despite the fact that reduction of the disulfide-linked Prxs was very fast in chloramine-treated
endothelial cells, short-term accumulation of the dimer was nevertheless observed. This means
that chloramines react sufficiently fast in cells for accumulation of dimer before reduction by the
unaffected Trx-TrxR system. Furthermore, Prxs 1-3 were identified from spots excised from 2D
gels which underwent a significant change in intensity in HUVECs treated with chloramines and
HOCl (Chapter 5). This suggests that the oxidation of Prxs, though admittedly slow, results in
dimer accumulation and appears to be a significant oxidative event in cells treated with these
compounds.

A major consequence of these findings is therefore that, to date, chlorinated oxidants are the
only treatments in which accumulation of Prx dimers has been reported in cultured cells. This is
with the exception of Prx dimer accumulation seen in the erythrocyte, where Prx scavenges
H2O2 non-catalytically due to slow TrxR activity [65].

Because Prxs do exist in various oligomeric states, these enzymes have been suspected to act as
redox switches; the inter-conversion of the typical 2-Cys Prxs between monomeric, dimeric and
higher-order oligomeric structures has been hypothesised to regulate functional changes in the
enzymes, possibly participating in the regulation of cell signalling pathways [361; 362] (reviewed
in [4]; Figure 7.1). The results presented here provide a mechanism by which Prxs might undergo
a functional switch in cells presented with different oxidants; accumulation of the dimer (or loss
of the reduced monomer) might confer an adaptive response to inflammatory conditions by
participating in different signalling cascades. This switch is probably more relevant to chloramine
than HOCl treatments. Chloramines are less reactive and more discriminatory than HOCl [10;
46; 47]. HOCl reacts with a greater range of cellular targets (refer to Section 5.3.5). In this study,
it inhibited TrxR activity and inducing greater loss of GSH relative to Prx oxidation. It is
therefore probable that the mechanisms leading to cell death differ between treatments with
chloramines versus HOCl.
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Figure 7.1 Relationship between Prx redox state, conformation, and cellular
function.

The most reduced form of the enzyme exists as a non-disulfide-linked dimer, or decamer, the latter
of which is thought to be involved in redox-active cell signalling processes. Redox cycling between
these states includes rapid oxidation/reduction to the disulfide-linked dimer and/or
phosphorylation to the decamer. The oxidised decamer is catalytically inactive due to
hyperoxidation of the peroxidatic thiol, and is thought to be involved in redox inactive cell
signalling, in addition to forming higher-order complexes which likely have chaperone-like
functions. LMW = low molecular weight; HMW = high molecular weight; Srx = sulfiredoxin.
Note: overoxidation is synonymous with hyperoxidation. Figure is from [4].

If the results of this study are indicative of the in vivo situation during inflammatory conditions,
then chronic elevation of Prx dimer would be expected at inflammatory sites. The elevated
expression of Prxs as reported in a variety of pathological disease (discussed above) might be an
adaptive response to bolster the antioxidant protection afforded by these enzymes under
situations of heightened oxidative stress.

7.2.2

Potential role of Prx in apoptosis

Prxs could potentially participate in apoptotic signalling cascades. The strong correlation
between Prx dimer accumulation and increased cell death reported here support this possibility,
and the lack of such a correlation between cell death and other oxidation targets (including GSH,
GAPDH, total thiols and protein carbonyls) supports the notion that this is a noteworthy
relationship.
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The oxidants examined in this study are cytotoxic and HOCl and NH2Cl in particular are known
to induce apoptosis [34; 45]. The role of Prxs in apoptosis has been suggested by other authors;
in particular, the protective ability of Prx3 and Prx5 (an atypical 2-Cys Prx) to scavenge
mitochondrial H2O2 has been suggested to indirectly modulate apoptosis [363-365]. Generally,
the role of Prxs in inhibition of apoptosis is attributed to their ability to scavenge H 2O2 (and/or
ONOO-), thereby preventing the induction of cell death pathways by these oxidants [366]. This
could also be the case in chloramine-treated cells, whereby doses in excess of those easily
scavenged by antioxidant systems including the Prxs react with other targets which results in
initiation of apoptotic pathways. Alternatively, Prxs themselves could be involved directly in the
regulation of apoptotic pathways; inhibition of pro-apoptotic pathways by monomeric Prx
and/or enhancement of such pathways by the dimeric enzyme would have the observations
reported herein.

Evidence toward this latter possibility exists in the observation that active cycling of the Prxs
appeared important for protection of HUVECs against oxidant-induced loss of viability. In this
study, modulating the oxidation state of Prxs prior to treatment with chloramines caused a
substantial increase in cell death. The relationship between cell death pathways and Prxs needs to
be further explored to determine how the oxidation and/or oligomeric state of the various Prxs
might be regulating these pathways.

7.3

Novel thiol targets of inflammatory oxidants

Short-term treatment of HUVECs with chloramines induced no detectable loss of total protein
thiols (Chapter 4), but analysis by one-dimensional (1-D) and 2-D SDS-PAGE with IAF
labelling (Chapter 5) highlighted specific thiol protein oxidation following treatment with H2O2,
HOCl or chloramines. This demonstrates that targets of these oxidants are highly specific. Other
studies have investigated the effects of inflammatory oxidants on the thiol proteome using
similar methodologies in Jurkat cells treated with H2O2 [260] and in lymphoma cells treated with
TauCl [41].

Interestingly, a number of the proteins identified in this study as undergoing oxidative
modification have also been identified in the studies mentioned above. GAPDH, GST and the
Prxs (Prxs 1 & 2 in both [41] and [260] and Prxs 1-3 in the present study) have consistently
appeared to undergo oxidative changes in all of the studies. The reappearance of these proteins
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in this work is consistent with high sensitivity to oxidative stress and with them having a major
role in cellular antioxidant protection. Admittedly, these proteins are all present in relatively high
abundance, which would facilitate a positive identification, but the recurrence of these proteins
in all three studies suggests a common role in cell responses to oxidative stress induced by
inflammatory oxidants. As discussed above, the Prxs specifically were investigated in this thesis
and are likely to play a major role in cellular responses and antioxidant defence during
inflammation.

DJ-1 and cofilin-1 were also identified in both this study and in the study which investigated
TauCl-induced thiol changes [41]. (It is worth mentioning that in the current study TauCl was
found to be cell-impermeable and did not induce thiol oxidation in HUVECs, but others have
reported TauCl permeability in other cell types [54; 367; 368]; alternatively, these observations
can be explained by transchlorination due to inclusion of other amines in the treatment system).
While both DJ-1 and cofilin-1 are known to be involved in promoting apoptosis following Cys
oxidation and mitochondrial translocation [279; 280; 284-286], the study by Klamt et al [41]
focused on cofilin-1. They confirmed that this protein has a major role in mediating apoptosis in
their lymphoma cell model, and have shown that this activity is dependent on the oxidation of its
four cysteine residues. This oxidation is likely reversible and would presumably be transient in
cells until the oxidant stress has been removed; this needs to be verified and could provide
further information on this protein‘s functional role as a redox switch in vivo.

A number of other proteins with known involvement in apoptotic pathways were also identified
in this study (namely, Annexin A1, πGST, GPx1 and SUMO). In light of the fact that apoptotic
pathways are of interest in cells treated with chloramines in terms of possible links to the
peroxiredoxins (as discussed in Section 7.2.2, above), these proteins provide a basis for these
investigations. Both the role of each protein in chloramine-induced apoptosis, in addition to
potential Prx binding could easily be explored.

GSH-related systems also appear important in inflammation, likely in the context of cellular
antioxidant protection. GSH was identified as undergoing dose-dependent oxidation in
erythrocytes and HUVECs exposed to chlorinated oxidants (Chapter 3 & Chapter 4). In
screening for oxidative changes to thiol proteins several related proteins were identified as
undergoing significant thiol oxidation in cells treated with inflammatory oxidants: πGST and
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GPx1. Further investigation of these enzymes might uncover whether these enzymes might be
contributing to or protecting against oxidative damage during inflammation.

One of the most impressive – and novel – targets of thiol oxidation observed in this study
involved CypA. The host lab has now identified this protein as undergoing major changes in a
number of contexts and cell types, and is currently exploring how it is oxidatively modified in
order to better understand its role in the context of inflammatory oxidants. It is also being
investigated for any interactions with Prxs, since this enzyme has been shown to reduce Prxs in
plants [270].

7.4

Chloramine-induced HO-1 Expression

Haem oxygenase 1 is another major antioxidant in cells, which has strong links to inflammatory
disease and the protection against oxidative stress, as discussed in Chapter 6. The current study
found that HO-1 expression was significantly induced in Hepa-1c1c7 cells and in HUVECs with
maximal protein levels observed between 12 and 24 hr following a 10 min treatment with
NH2Cl. In corroboration with recent studies suggesting that TauCl and HOCl are also capable of
activating HO-1 [55; 72; 220; 324], these data suggest that chlorinated oxidants may be
responsible for inducing HO-1 expression at inflammatory sites. Indeed, HO-1 expression has
been observed in atherosclerotic lesions [323], and mounting evidence suggests that the enzyme
has anti-inflammatory effects (reviewed in [3]). There is therefore potential for HO-1 expression
to be induced as a protective response to pro-inflammatory stimuli including chloramines.

There was no evidence of Nrf2 accumulation or translocation in mouse hepatocyte or human
endothelial cells in which NH2Cl induced an increase in HO-1 expression. This is in contrast
with reports that Nrf2 activation is the primary mediator of HO-1 expression, though it has been
suggested that repression of the transcription repressor Bach1 might be sufficient for basal
nuclear Nrf2 binding to the ARE, inducing HO-1 expression (reviewed in [3]). Further
investigation is required to definitively ascertain whether or not Nrf2 is involved in mediating
NH2Cl -induced activation of HO-1. Inhibition of Nrf2 by siRNA in treated cells should allow
the determination of the degree to which HO-1 expression depends upon Nrf2 activation in
these cells. Use of an Nrf2-/- cell line would also help to address this question. While there was
no sign of increased Prx1 expression (Prx1 is another gene induced by HO-1), other proteins
which can be transcriptionally induced by Nrf2 could be assessed.
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Nevertheless, a clear induction of Nrf2 translocation and accumulation was observed in cells
treated with the isothiocyanate sulforaphane, a well-characterised inducer of the phase II
response which is known to induce HO-1 transcription in an Nrf2-dependent manner (reviewed
in [369]). The ability to detect Nrf2 activation following SFN treatment suggests that the
methods used were sensitive enough to detect this, but it cannot be ruled out that any Nrf2
activation was below a threshold of detection by these methods. Little-to-no Nrf2 activation in
response to NH2Cl treatment might suggest that other transcription factors are involved, and
these could be identified by process of elimination using known inhibitors, siRNA or mutant cell
lines.

It is interesting that both Prx1 and HO-1 have been identified in this study as key antioxidant
proteins which are sensitive to chloramines and HOCl. Aside from the fact that both proteins
undergo inducible expression via Nrf2 activation, both HO-1 and Prx1 are haem-related
enzymes; while the former uses haem as a substrate, the latter is inactivated by haem [370; 371].
Co-localisation and co-induction of HO-1 and Prx1 in rat hemorrhagic brain have consequently
been proposed to constitute a cellular response whereby Prx1 function (as an antioxidant and in
promoting cell proliferation pathways) could be maintained [372]. The authors suggested that the
two enzymes might interact in the context of in intracerebral haemorrhage, and it would be
interesting to investigate this possible interaction in the context of inflammation.

The sensitivity of response in cells treated with NH2Cl was particularly surprising given the low
dose used, and the short time course over which the cells were exposed. Although NH 2Cl was
the only oxidant explored in this study in terms of HO-1 expression, it would be interesting to
assess other chlorinated oxidants under the same conditions, since previous studies have utilised
high concentrations and much longer treatment periods [55; 72; 219; 220]. The sensitivity of this
response investigated in the current study, in addition to the known involvement of HO-1 in
anti-inflammatory activity, make this enzyme a very interested subject for future research into
chloramine- and HOCl-induced endothelial responses.

7.5

General Conclusions

In summary, this study has shown that Prxs and HO-1 are important antioxidant systems in cells
exposed to inflammatory oxidants, and has uncovered thiol modifications which could be
important in conditions of inflammation. It has provided the impetus for future investigation
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and characterisation of various thiol redox systems – and potential interactions between them –
in the context of inflammation.

This study has provided novel insight into the mechanisms of chlorinated oxidant-induced
damage to the endothelium. Characterisation of Prx oxidation in endothelial cells and
erythrocytes under various oxidant stresses, identification of thiol targets of exogenous
treatments with chlorinated oxidants, and exploration of HO-1 induction have not only revealed
valuable information about the targets of chloramine-induced oxidative stress, but has also
provided new insight into the workings of these various antioxidant systems and signalling
pathways. The investigation of thiol targets of chlorinated oxidants has provided a means by
which new associations, pathways and mechanisms of inflammation-induced damage to the
endothelium might be uncovered.

Future directions to elaborate on the findings reported here should include the design of a more
physiologically relevant system. For instance, the use of an activated neutrophil system as a
source of oxidants could be used to validate both the relative importance of the various
inflammatory oxidants in, and the effects on major thiol targets discussed here.

Importantly, this study has employed physiologically relevant doses of chlorinated oxidants and
has demonstrated that even with short time courses, a number of thiol-based changes occur in
an exposed endothelium. Further understanding of these modifications will hopefully lead to the
development of therapeutics to interfere with or augment appropriate cellular pathways to
diminish endothelial dysfunction and damage during inflammatory disease.

References

1.

Brown, K. K. (2009). Cellular targets of isothiocyanates. PhD thesis, University of Otago,
Christchurch; Christchurch.

2.

Winterbourn, C. C. (2008). Reconciling the chemistry and biology of reactive oxygen
species. Nat Chem Biol, 4(5), 278-286.

3.

Paine, A., Eiz-Vesper, B., Blasczyk, R., & Immenschuh, S. (2010). Signaling to Heme
Oxygenase-1 and its Anti-Inflammatory Therapeutic Potential. Biochem Pharmacol, 80(12),
1895-1903.

4.

Barranco-Medina, S., Lázaro, J.-J., & Dietz, K.-J. (2009). The oligomeric conformation of
peroxiredoxins links redox state to function. FEBS Letters, 583(12), 1809-1816.

5.

Manta, B., Hugo, M., Ortiz, C., Ferrer-Sueta, G., Trujillo, M., & Denicola, A. (2009). The
peroxidase and peroxynitrite reductase activity of human erythrocyte peroxiredoxin 2.
Arch Biochem Biophys, 484(2), 146-154.

6.

Brandes, N., Schmitt, S., & Jakob, U. (2009). Thiol-based redox switches in eukaryotic
proteins. Antioxid Redox Signal, 11(5), 997-1014.

7.

Kaneto, H., Katakami, N., Matsuhisa, M., & Matsuoka, T. A. (2010). Role of reactive
oxygen species in the progression of type 2 diabetes and atherosclerosis. Mediators
Inflamm, 2010, 453892.

8.

Alam, J., & Cook, J. L. (2007). How many transcription factors does it take to turn on the
heme oxygenase-1 gene? Am J Respir Cell Mol Biol, 36(2), 166-174.

9.

Peskin, A. V., Low, F. M., Paton, L. N., Maghzal, G. J., Hampton, M. B., & Winterbourn,
C. C. (2007). The high reactivity of peroxiredoxin 2 with H(2)O(2) is not reflected in its
reaction with other oxidants and thiol reagents. J Biol Chem, 282(16), 11885-11892.

References
10.

154

Peskin, A. V., & Winterbourn, C. C. (2003). Histamine chloramine reactivity with thiol
compounds, ascorbate, and methionine and with intracellular glutathione. Free Radic Biol
Med, 35(10), 1252-1260.

11.

Pattison, D. I., & Davies, M. J. (2001). Absolute rate constants for the reaction of
hypochlorous acid with protein side chains and peptide bonds. Chem Res Toxicol, 14(10),
1453-1464.

12.

Stacey, M. M., Peskin, A. V., Vissers, M. C., & Winterbourn, C. C. (2009). Chloramines
and hypochlorous acid oxidize erythrocyte peroxiredoxin 2. Free Radic Biol Med, 47(10),
1468-1476.

13.

Morgan, M. J., Kim, Y. S., & Liu, Z. G. (2008). TNFalpha and reactive oxygen species in
necrotic cell death. Cell Res, 18(3), 343-349.

14.

Quinn, M. T., Ammons, M. C., & Deleo, F. R. (2006). The expanding role of NADPH
oxidases in health and disease: no longer just agents of death and destruction. Clin Sci
(Lond), 111(1), 1-20.

15.

Bedard, K., & Krause, K. H. (2007). The NOX family of ROS-generating NADPH
oxidases: physiology and pathophysiology. Physiol Rev, 87(1), 245-313.

16.

Hampton, M. B., Kettle, A. J., & Winterbourn, C. C. (1998). Inside the neutrophil
phagosome: oxidants, myeloperoxidase, and bacterial killing. Blood, 92(9), 3007-3017.

17.

Lehrer, R. I., & Ganz, T. (1992). Defensins: endogenous antibiotic peptides from human
leukocytes. Ciba Found Symp, 171, 276-290; discussion 290-273.

18.

Debeurme, F., Picciocchi, A., Dagher, M. C., Grunwald, D., Beaumel, S., Fieschi, F., &
Stasia, M. J. (2010). Regulation of NADPH oxidase activity in phagocytes: relationship
between FAD/NADPH binding and oxidase complex assembly. J Biol Chem, 285(43),
33197-33208.

19.

van den Berg, J. M., van Koppen, E., Ahlin, A., Belohradsky, B. H., Bernatowska, E.,
Corbeel, L., Espanol, T., Fischer, A., Kurenko-Deptuch, M., Mouy, R., Petropoulou, T.,
Roesler, J., Seger, R., Stasia, M. J., Valerius, N. H., Weening, R. S., Wolach, B., Roos, D.,
& Kuijpers, T. W. (2009). Chronic granulomatous disease: the European experience.
PLoS One, 4(4), e5234.

References
20.

155

Rigoulet, M., Yoboue, E. D., & Devin, A. (2010). Mitochondrial ROS Generation and Its
Regulation: Mechanisms Involved in H(2)O(2) Signaling. Antioxid Redox Signal.

21.

Brown, D. I., & Griendling, K. K. (2009). Nox proteins in signal transduction. Free Radic
Biol Med, 47(9), 1239-1253.

22.

Wood, Z. A., Schroder, E., Robin Harris, J., & Poole, L. B. (2003). Structure, mechanism
and regulation of peroxiredoxins. Trends Biochem Sci, 28(1), 32-40.

23.

Thomas, E. L. (1979). Myeloperoxidase-hydrogen peroxide-chloride antimicrobial
system: effect of exogenous amines on antibacterial action against Escherichia coli. Infect
Immun, 25(1), 110-116.

24.

von Vietinghoff, S., & Ley, K. (2008). Homeostatic regulation of blood neutrophil
counts. J Immunol, 181(8), 5183-5188.

25.

Pero, R. W., Sheng, Y., Olsson, A., Bryngelsson, C., & Lund-Pero, M. (1996).
Hypochlorous acid/N-chloramines are naturally produced DNA repair inhibitors.
Carcinogenesis, 17(1), 13-18.

26.

van Dalen, C. J., Whitehouse, M. W., Winterbourn, C. C., & Kettle, A. J. (1997).
Thiocyanate and chloride as competing substrates for myeloperoxidase. Biochem J, 327(Pt
2), 487-492.

27.

Morris, J. Carrell. (1966). The Acid Ionization Constant of HOCl from 5 to 35º. The
Journal of Physical Chemistry, 70(12), 3798-3805.

28.

Foote, C. S., Goyne, T. E., & Lehrer, R. I. (1983). Assessment of chlorination by human
neutrophils. Nature, 301(5902), 715-716.

29.

Weiss, S. J., Klein, R., Slivka, A., & Wei, M. (1982). Chlorination of taurine by human
neutrophils. Evidence for hypochlorous acid generation. J Clin Invest, 70(3), 598-607.

30.

Kettle, A. J., Gedye, C. A., & Winterbourn, C. C. (1993). Superoxide is an antagonist of
antiinflammatory drugs that inhibit hypochlorous acid production by myeloperoxidase.
Biochem Pharmacol, 45(10), 2003-2010.

31.

Shacter, E., & Weitzman, S. A. (2002). Chronic inflammation and cancer. Oncology
(Williston Park), 16(2), 217-226, 229; discussion 230-212.

References
32.

156

Kontny, E., Maslinski, W., & Marcinkiewicz, J. (2003). Anti-inflammatory activities of
taurine chloramine: implication for immunoregulation and pathogenesis of rheumatoid
arthritis. Adv Exp Med Biol, 526, 329-340.

33.

Pullar, J. M., Vissers, M. C., & Winterbourn, C. C. (2000). Living with a killer: the effects
of hypochlorous acid on mammalian cells. IUBMB Life, 50(4-5), 259-266.

34.

Vissers, M. C., Pullar, J. M., & Hampton, M. B. (1999). Hypochlorous acid causes caspase
activation and apoptosis or growth arrest in human endothelial cells. Biochem J, 344(Pt 2),
443-449.

35.

Midwinter, R. G., Vissers, M. C., & Winterbourn, C. C. (2001). Hypochlorous acid
stimulation of the mitogen-activated protein kinase pathway enhances cell survival. Arch
Biochem Biophys, 394(1), 13-20.

36.

Midwinter, R. G., Cheah, F. C., Moskovitz, J., Vissers, M. C., & Winterbourn, C. C.
(2006). IkappaB is a sensitive target for oxidation by cell-permeable chloramines:
inhibition of NF-kappaB activity by glycine chloramine through methionine oxidation.
Biochem J, 396(1), 71-78.

37.

Pullar, J. M., Winterbourn, C. C., & Vissers, M. C. (1999). Loss of GSH and thiol
enzymes in endothelial cells exposed to sublethal concentrations of hypochlorous acid.
Am J Physiol, 277(4), H1505-1512.

38.

Vissers, M. C., & Winterbourn, C. C. (1995). Oxidation of intracellular glutathione after
exposure of human red blood cells to hypochlorous acid. Biochem J, 307, 57-62.

39.

Weiss, S. J., Lampert, M. B., & Test, S. T. (1983). Long-lived oxidants generated by
human neutrophils: characterization and bioactivity. Science, 222(4624), 625-628.

40.

Fukuda, K., Hirai, Y., Yoshida, H., Nakajima, T., & Usui, T. (1982). Free amino acid
content of lymphocytes and granulocytes compared. Clin Chem, 28(8), 1758-1761.

41.

Klamt, F., & Shacter, E. (2005). Taurine chloramine, an oxidant derived from
neutrophils, induces apoptosis in human B lymphoma cells through mitochondrial
damage. J Biol Chem, 280(22), 21346-21352.

References
42.

157

Pattison, D. I., & Davies, M. J. (2006). Reactions of myeloperoxidase-derived oxidants
with biological substrates: gaining chemical insight into human inflammatory diseases.
Curr Med Chem, 13(27), 3271-3290.

43.

Vissers, M. C., Lee, W. G., & Hampton, M. B. (2001). Regulation of apoptosis by vitamin
C. Specific protection of the apoptotic machinery against exposure to chlorinated
oxidants. J Biol Chem, 276(50), 46835-46840.

44.

Tatsumi, T., & Fliss, H. (1994). Hypochlorous acid and chloramines increase endothelial
permeability: possible involvement of cellular zinc. Am J Physiol, 267(4 Pt 2), H1597-1607.

45.

Grisham, M. B., Jefferson, M. M., Melton, D. F., & Thomas, E. L. (1984). Chlorination
of endogenous amines by isolated neutrophils. Ammonia-dependent bactericidal,
cytotoxic, and cytolytic activities of the chloramines. J Biol Chem, 259(16), 10404-10413.

46.

Ogino, T., Kobuchi, H., Sen, C. K., Roy, S., Packer, L., & Maguire, J. J. (1997).
Monochloramine inhibits phorbol ester-inducible neutrophil respiratory burst activation
and T cell interleukin-2 receptor expression by inhibiting inducible protein kinase C
activity. J Biol Chem, 272(42), 26247-26252.

47.

Peskin, A. V., & Winterbourn, C. C. (2001). Kinetics of the reactions of hypochlorous
acid and amino acid chloramines with thiols, methionine, and ascorbate. Free Radic Biol
Med, 30(5), 572-579.

48.

Peskin, A. V. , & Winterbourn, C. C. (2006). Taurine chloramine is more selective than
hypochlorous acid at targeting critical cysteines and inactivating creatine kinase and
glyceraldehyde-3-phosphate dehydrogenase. Free Radic Biol Med, 40(1), 45-53.

49.

Thomas, E. L., Jefferson, M. M., Bennett, J. J., & Learn, D. B. (1987). Mutagenic activity
of chloramines. Mutat Res, 188(1), 35-43.

50.

Peskin, A. V. , Midwinter, R. G. , Harwood, D. T. , & Winterbourn, C. C. (2005).
Chlorine transfer between glycine, taurine, and histamine: reaction rates and impact on
cellular reactivity. Free Radic Biol Med, 38(3), 397-405.

51.

Midwinter, R. G., Peskin, A. V., Vissers, M. C., & Winterbourn, C. C. (2004).
Extracellular oxidation by taurine chloramine activates ERK via the epidermal growth
factor receptor. J Biol Chem, 279(31), 32205-32211.

References
52.

158

Marcinkiewicz, J., Grabowska, A., Bereta, J., & Stelmaszynska, T. (1995). Taurine
chloramine, a product of activated neutrophils, inhibits in vitro the generation of nitric
oxide and other macrophage inflammatory mediators. J Leukoc Biol, 58(6), 667-674.

53.

Park, E., Schuller-Levis, G., & Quinn, M. R. (1995). Taurine chloramine inhibits
production of nitric oxide and TNF-alpha in activated RAW 264.7 cells by mechanisms
that involve transcriptional and translational events. J Immunol, 154(9), 4778-4784.

54.

Park, E., Quinn, M. R., Wright, C. E., & Schuller-Levis, G. (1993). Taurine chloramine
inhibits the synthesis of nitric oxide and the release of tumor necrosis factor in activated
RAW 264.7 cells. J Leukoc Biol, 54(2), 119-124.

55.

Sun Jang, J., Piao, S., Cha, Y. N., & Kim, C. (2009). Taurine Chloramine Activates Nrf2,
Increases HO-1 Expression and Protects Cells from Death Caused by Hydrogen
Peroxide. J Clin Biochem Nutr, 45(1), 37-43.

56.

Omori, M., Ogino, T., Than, T. A., & Okada, S. (2002). Monochloramine inhibits the
expression of E-selectin and intercellular adhesion molecule-1 induced by TNF-alpha
through the suppression of NF-kappaB activation in human endothelial cells. Free Radic
Res, 36(8), 845-852.

57.

Ogino, T., Hosako, M., Hiramatsu, K., Omori, M., Ozaki, M., & Okada, S. (2005).
Oxidative modification of IkappaB by monochloramine inhibits tumor necrosis factor
alpha-induced NF-kappaB activation. Biochim Biophys Acta, 1746(2), 135-142.

58.

Kanayama, A., Inoue, J., Sugita-Konishi, Y., Shimizu, M., & Miyamoto, Y. (2002).
Oxidation of Ikappa Balpha at methionine 45 is one cause of taurine chloramine-induced
inhibition of NF-kappa B activation. J Biol Chem, 277(27), 24049-24056.

59.

Barua, M., Liu, Y., & Quinn, M. R. (2001). Taurine chloramine inhibits inducible nitric
oxide synthase and TNF-alpha gene expression in activated alveolar macrophages:
decreased NF-kappaB activation and IkappaB kinase activity. J Immunol, 167(4), 22752281.

60.

Grisham, M. B., Jefferson, M. M., & Thomas, E. L. (1984). Role of monochloramine in
the oxidation of erythrocyte hemoglobin by stimulated neutrophils. J Biol Chem, 259(11),
6757-6765.

References
61.

159

Qiang, Z., & Adams, C. D. (2004). Determination of monochloramine formation rate
constants with stopped-flow spectrophotometry. Environ Sci Technol, 38(5), 1435-1444.

62.

Wagener, F. A., Volk, H. D., Willis, D., Abraham, N. G., Soares, M. P., Adema, G. J., &
Figdor, C. G. (2003). Different faces of the heme-heme oxygenase system in
inflammation. Pharmacol Rev, 55(3), 551-571.

63.

Carrell, R. W., Winterbourn, C. C., & Rachmilewitz, E. A. (1975). Activated oxygen and
haemolysis. Br J Haematol, 30(3), 259-264.

64.

Winterbourn, C. C. (1985). Free-radical production and oxidative reactions of
hemoglobin. Environ Health Perspect, 64, 321-330.

65.

Low, F. M., Hampton, M. B., Peskin, A. V., & Winterbourn, C. C. (2007). Peroxiredoxin
2 functions as a noncatalytic scavenger of low-level hydrogen peroxide in the erythrocyte.
Blood, 109(6), 2611-2617.

66.

Thomas, E. L., Grisham, M. B., & Jefferson, M. M. (1983). Myeloperoxidase-dependent
effect of amines on functions of isolated neutrophils. J Clin Invest, 72(2), 441-454.

67.

Quinn, M. R., Park, E., & Schuller-Levis, G. (1996). Taurine chloramine inhibits
prostaglandin E2 production in activated RAW 264.7 cells by post-transcriptional effects
on inducible cyclooxygenase expression. Immunol Lett, 50(3), 185-188.

68.

Chorazy, M., Kontny, E., Marcinkiewicz, J., & Maslinski, W. (2002). Taurine chloramine
modulates cytokine production by human peripheral blood mononuclear cells. Amino
Acids, 23(4), 407-413.

69.

Kontny, E., Grabowska, A., Kowalczewski, J., Kurowska, M., Janicka, I., Marcinkiewicz,
J., & Maslinski, W. (1999). Taurine chloramine inhibition of cell proliferation and
cytokine production by rheumatoid arthritis fibroblast-like synoviocytes. Arthritis Rheum,
42(12), 2552-2560.

70.

Kontny, E., Szczepanska, K., Kowalczewski, J., Kurowska, M., Janicka, I., Marcinkiewicz,
J., & Maslinski, W. (2000). The mechanism of taurine chloramine inhibition of cytokine
(interleukin-6,

interleukin-8)

production

by

synoviocytes. Arthritis Rheum, 43(10), 2169-2177.

rheumatoid

arthritis

fibroblast-like

References
71.

160

Mainnemare, A., Megarbane, B., Soueidan, A., Daniel, A., & Chapple, I. L. (2004).
Hypochlorous acid and taurine-N-monochloramine in periodontal diseases. J Dent Res,
83(11), 823-831.

72.

Kim, C. , Jang, J. S. , Cho, M. R. , Agarawal, S. R. , & Cha, Y. N. (2010). Taurine
chloramine induces heme oxygenase-1 expression via Nrf2 activation in murine
macrophages. Int Immunopharmacol, 10(4), 440-446.

73.

Midwinter, R. G. (2006). The Role of Chloramines on the Inflammatory Process in Endothelial
Cells. PhD Thesis, University of Otago, Christchurch; Christchurch.

74.

Ogino, T., Ozaki, M., Hosako, M., Omori, M., Okada, S., & Matsukawa, A. (2009).
Activation of c-Jun N-terminal kinase is essential for oxidative stress-induced Jurkat cell
apoptosis by monochloramine. Leuk Res, 33(1), 151-158.

75.

Hosako, M., Ogino, T., Omori, M., & Okada, S. (2004). Cell cycle arrest by
monochloramine through the oxidation of retinoblastoma protein. Free Radic Biol Med,
36(1), 112-122.

76.

Lee, T. H., Kim, S. U., Yu, S. L., Kim, S. H., Park, D. S., Moon, H. B., Dho, S. H.,
Kwon, K. S., Kwon, H. J., Han, Y. H., Jeong, S., Kang, S. W., Shin, H. S., Lee, K. K.,
Rhee, S. G., & Yu, D. Y. (2003). Peroxiredoxin II is essential for sustaining life span of
erythrocytes in mice. Blood, 101(12), 5033-5038.

77.

Roebuck, K. A. (1999). Oxidant stress regulation of IL-8 and ICAM-1 gene expression:
differential activation and binding of the transcription factors AP-1 and NF-kappaB
(Review). Int J Mol Med, 4(3), 223-230.

78.

Watson, T., Goon, P. K., & Lip, G. Y. (2008). Endothelial Progenitor Cells, Endothelial
Dysfunction, Inflammation, and Oxidative Stress in Hypertension. Antioxid Redox Signal,
10(6), 1079-1088.

79.

Cai, H., & Harrison, D. G. (2000). Endothelial dysfunction in cardiovascular diseases: the
role of oxidant stress. Circ Res, 87(10), 840-844.

80.

Ridker, P. M. (2007). Inflammatory biomarkers and risks of myocardial infarction, stroke,
diabetes, and total mortality: implications for longevity. Nutr Rev, 65(12 Pt 2), S253-259.

References
81.

161

Arner, E. S., Zhong, L., & Holmgren, A. (1999). Preparation and assay of mammalian
thioredoxin and thioredoxin reductase. Methods Enzymol, 300, 226-239.

82.

Tedgui, A., & Mallat, Z. (2006). Cytokines in atherosclerosis: pathogenic and regulatory
pathways. Physiol Rev, 86(2), 515-581.

83.

Cheng, X., Siow, R. C., & Mann, G. E. (2011). Impaired redox signaling and antioxidant
gene expression in endothelial cells in diabetes: a role for mitochondria and the Nrf2Keap1 defense pathway. Antioxid Redox Signal, 14(3), 469-487.

84.

Henrotin, Y. E., Bruckner, P., & Pujol, J. P. (2003). The role of reactive oxygen species in
homeostasis and degradation of cartilage. Osteoarthritis Cartilage, 11(10), 747-755.

85.

Houstis, N., Rosen, E. D., & Lander, E. S. (2006). Reactive oxygen species have a causal
role in multiple forms of insulin resistance. Nature, 440(7086), 944-948.

86.

Reuter, S., Gupta, S. C., Chaturvedi, M. M., & Aggarwal, B. B. (2010). Oxidative stress,
inflammation, and cancer: How are they linked? Free Radic Biol Med, 49(11), 1603-1616.

87.

Libby, P., Ridker, P. M., & Maseri, A. (2002). Inflammation and atherosclerosis.
Circulation, 105, 1135-1143.

88.

Binder, C. J., Chang, M. K., Shaw, P. X., Miller, Y. I., Hartvigsen, K., Dewan, A., &
Witztum, J. L. (2002). Innate and acquired immunity in atherogenesis. Nat Med, 8(11),
1218-1226.

89.

Glass, C. K., & Witztum, J. L. (2001). Atherosclerosis. the road ahead. Cell, 104(4), 503516.

90.

Hansson, G. K. (2005). Inflammation, atherosclerosis, and coronary artery disease. N
Engl J Med, 352(16), 1685-1695.

91.

Libby, P. (2002). Inflammation in atherosclerosis. Nature, 420(6917), 868-874.

92.

Lusis, A. J. (2000). Atherosclerosis. Nature, 407(6801), 233-241.

93.

Ross, R. (1999). Atherosclerosis--an inflammatory disease. N Engl J Med, 340(2), 115-126.

References
94.

162

Wojciak-Stothard, B., Entwistle, A., Garg, R., & Ridley, A. J. (1998). Regulation of TNFalpha-induced reorganization of the actin cytoskeleton and cell-cell junctions by Rho,
Rac, and Cdc42 in human endothelial cells. J Cell Physiol, 176(1), 150-165.

95.

Cybulsky, M. I., Iiyama, K., Li, H., Zhu, S., Chen, M., Iiyama, M., Davis, V., GutierrezRamos, J. C., Connelly, P. W., & Milstone, D. S. (2001). A major role for VCAM-1, but
not ICAM-1, in early atherosclerosis. J Clin Invest, 107(10), 1255-1262.

96.

Klein, N. J., Shennan, G. I., Heyderman, R. S., & Levin, M. (1992). Alteration in
glycosaminoglycan metabolism and surface charge on human umbilical vein endothelial
cells induced by cytokines, endotoxin and neutrophils. J Cell Sci, 102 ( Pt 4), 821-832.

97.

Conway, E. M., Van de Wouwer, M., Pollefeyt, S., Jurk, K., Van Aken, H., De Vriese, A.,
Weitz, J. I., Weiler, H., Hellings, P. W., Schaeffer, P., Herbert, J. M., Collen, D., &
Theilmeier, G. (2002). The lectin-like domain of thrombomodulin confers protection
from neutrophil-mediated tissue damage by suppressing adhesion molecule expression
via nuclear factor kappaB and mitogen-activated protein kinase pathways. J Exp Med,
196(5), 565-577.

98.

Esmon, C. T. (2004). The impact of the inflammatory response on coagulation. Thromb
Res, 114(5-6), 321-327.

99.

Fukudome, K., & Esmon, C. T. (1994). Identification, cloning, and regulation of a novel
endothelial cell protein C/activated protein C receptor. J Biol Chem, 269(42), 2648626491.

100.

Hazell, L. J., & Stocker, R. (1993). Oxidation of low-density lipoprotein with hypochlorite
causes transformation of the lipoprotein into a high-uptake form for macrophages.
Biochem J, 290 ( Pt 1), 165-172.

101.

Stocker, R., & Keaney, J. F., Jr. (2004). Role of oxidative modifications in atherosclerosis.
Physiol Rev, 84(4), 1381-1478.

102.

Cracowski, J. L., Durand, T., & Bessard, G. (2002). Isoprostanes as a biomarker of lipid
peroxidation in humans: physiology, pharmacology and clinical implications. Trends
Pharmacol Sci, 23(8), 360-366.

References
103.

163

Montuschi, P., Barnes, P. J., & Roberts, L. J., 2nd. (2004). Isoprostanes: markers and
mediators of oxidative stress. FASEB J, 18(15), 1791-1800.

104.

Basu, S. (2004). Isoprostanes: novel bioactive products of lipid peroxidation. Free Radic
Res, 38(2), 105-122.

105.

Yla-Herttuala, S., Palinski, W., Rosenfeld, M. E., Parthasarathy, S., Carew, T. E., Butler,
S., Witztum, J. L., & Steinberg, D. (1989). Evidence for the presence of oxidatively
modified low density lipoprotein in atherosclerotic lesions of rabbit and man. J Clin Invest,
84(4), 1086-1095.

106.

Palinski, W., Rosenfeld, M. E., Yla-Herttuala, S., Gurtner, G. C., Socher, S. S., Butler, S.
W., Parthasarathy, S., Carew, T. E., Steinberg, D., & Witztum, J. L. (1989). Low density
lipoprotein undergoes oxidative modification in vivo. Proc Natl Acad Sci U S A, 86(4),
1372-1376.

107.

Heinecke, J. W. (2002). Oxidized amino acids: culprits in human atherosclerosis and
indicators of oxidative stress. Free Radic Biol Med, 32(11), 1090-1101.

108.

Hazen, S. L., & Heinecke, J. W. (1997). 3-Chlorotyrosine, a specific marker of
myeloperoxidase-catalyzed oxidation, is markedly elevated in low density lipoprotein
isolated from human atherosclerotic intima. J Clin Invest, 99(9), 2075-2081.

109.

Dalle-Donne, I., Rossi, R., Colombo, R., Giustarini, D., & Milzani, A. (2006). Biomarkers
of oxidative damage in human disease. Clin Chem, 52(4), 601-623.

110.

Guzik, T. J., West, N. E., Black, E., McDonald, D., Ratnatunga, C., Pillai, R., & Channon,
K. M. (2000). Vascular superoxide production by NAD(P)H oxidase: association with
endothelial dysfunction and clinical risk factors. Circ Res, 86(9), E85-90.

111.

Forstermann, U. (2010). Nitric oxide and oxidative stress in vascular disease. Pflugers Arch,
459(6), 923-939.

112.

Sorescu, D., Weiss, D., Lassegue, B., Clempus, R. E., Szocs, K., Sorescu, G. P., Valppu,
L., Quinn, M. T., Lambeth, J. D., Vega, J. D., Taylor, W. R., & Griendling, K. K. (2002).
Superoxide production and expression of nox family proteins in human atherosclerosis.
Circulation, 105(12), 1429-1435.

References
113.

164

Landmesser, U., Cai, H., Dikalov, S., McCann, L., Hwang, J., Jo, H., Holland, S. M., &
Harrison, D. G. (2002). Role of p47(phox) in vascular oxidative stress and hypertension
caused by angiotensin II. Hypertension, 40(4), 511-515.

114.

Barry-Lane, P. A., Patterson, C., van der Merwe, M., Hu, Z., Holland, S. M., Yeh, E. T.,
& Runge, M. S. (2001). p47phox is required for atherosclerotic lesion progression in
ApoE(-/-) mice. J Clin Invest, 108(10), 1513-1522.

115.

Forstermann, U. (2008). Oxidative stress in vascular disease: causes, defense mechanisms
and potential therapies. Nat Clin Pract Cardiovasc Med, 5(6), 338-349.

116.

Schmidt, A. M., Yan, S. D., Wautier, J. L., & Stern, D. (1999). Activation of receptor for
advanced glycation end products: a mechanism for chronic vascular dysfunction in
diabetic vasculopathy and atherosclerosis. Circ Res, 84(5), 489-497.

117.

Robertson, R. P. (2004). Chronic oxidative stress as a central mechanism for glucose
toxicity in pancreatic islet beta cells in diabetes. J Biol Chem, 279(41), 42351-42354.

118.

Giustarini, D., Rossi, R., Milzani, A., Colombo, R., & Dalle-Donne, I. (2004). Sglutathionylation: from redox regulation of protein functions to human diseases. J Cell
Mol Med, 8(2), 201-212.

119.

Dalle-Donne, I., Giustarini, D., Colombo, R., Rossi, R., & Milzani, A. (2003). Protein
carbonylation in human diseases. Trends Mol Med, 9(4), 169-176.

120.

Rossi, R., Milzani, A., Dalle-Donne, I., Giustarini, D., Lusini, L., Colombo, R., & Di
Simplicio, P. (2002). Blood glutathione disulfide: in vivo factor or in vitro artifact? Clin
Chem, 48(5), 742-753.

121.

Pastore, A., Federici, G., Bertini, E., & Piemonte, F. (2003). Analysis of glutathione:
implication in redox and detoxification. Clin Chim Acta, 333(1), 19-39.

122.

Dalle-Donne, I., Scaloni, A., Giustarini, D., Cavarra, E., Tell, G., Lungarella, G.,
Colombo, R., Rossi, R., & Milzani, A. (2005). Proteins as biomarkers of
oxidative/nitrosative stress in diseases: the contribution of redox proteomics. Mass
Spectrom Rev, 24(1), 55-99.

References
123.

165

Robertson, R. P. (2009). Beta-cell deterioration during diabetes: what's in the gun? Trends
Endocrinol Metab, 20(8), 388-393.

124.

Jones, D. P. (2008). Radical-free biology of oxidative stress. Am J Physiol Cell Physiol,
295(4), C849-868.

125.

Klomsiri, C., Karplus, P. A., & Poole, L. B. (2010). Cysteine-based redox switches in
enzymes. Antioxid Redox Signal, 14(6), 1065-1077.

126.

Berndt, C., Lillig, C. H., & Holmgren, A. (2007). Thiol-based mechanisms of the
thioredoxin and glutaredoxin systems: implications for diseases in the cardiovascular
system. Am J Physiol Heart Circ Physiol, 292(3), H1227-1236.

127.

den Hertog, J., Groen, A., & van der Wijk, T. (2005). Redox regulation of proteintyrosine phosphatases. Arch Biochem Biophys, 434(1), 11-15.

128.

Choi, Y., Chen, H. V., & Lipton, S. A. (2001). Three pairs of cysteine residues mediate
both redox and zn2+ modulation of the nmda receptor. J Neurosci, 21(2), 392-400.

129.

Nkabyo, Y. S., Go, Y. M., Ziegler, T. R., & Jones, D. P. (2005). Extracellular
cysteine/cystine redox regulates the p44/p42 MAPK pathway by metalloproteinasedependent epidermal growth factor receptor signaling. Am J Physiol Gastrointest Liver
Physiol, 289(1), G70-78.

130.

Toledano, M. B., & Leonard, W. J. (1991). Modulation of transcription factor NF-kappa
B binding activity by oxidation-reduction in vitro. Proc Natl Acad Sci U S A, 88(10), 43284332.

131.

Ueno, M., Masutani, H., Arai, R. J., Yamauchi, A., Hirota, K., Sakai, T., Inamoto, T.,
Yamaoka, Y., Yodoi, J., & Nikaido, T. (1999). Thioredoxin-dependent redox regulation
of p53-mediated p21 activation. J Biol Chem, 274(50), 35809-35815.

132.

Bloom, D., Dhakshinamoorthy, S., & Jaiswal, A. K. (2002). Site-directed mutagenesis of
cysteine to serine in the DNA binding region of Nrf2 decreases its capacity to upregulate
antioxidant response element-mediated expression and antioxidant induction of
NAD(P)H:quinone oxidoreductase1 gene. Oncogene, 21(14), 2191-2200.

References
133.

166

Abate, C., Patel, L., Rauscher, F. J., 3rd, & Curran, T. (1990). Redox regulation of fos and
jun DNA-binding activity in vitro. Science, 249(4973), 1157-1161.

134.

Antelmann, H., & Helmann, J. D. (2011). Thiol-based redox switches and gene
regulation. Antioxid Redox Signal, 14(6), 1049-1063.

135.

Mohr, S., Hallak, H., de Boitte, A., Lapetina, E. G., & Brune, B. (1999). Nitric oxideinduced

S-glutathionylation

and

inactivation

of

glyceraldehyde-3-phosphate

dehydrogenase. J Biol Chem, 274(14), 9427-9430.
136.

Sykes, M. C., Mowbray, A. L., & Jo, H. (2007). Reversible glutathiolation of caspase-3 by
glutaredoxin as a novel redox signaling mechanism in tumor necrosis factor-alphainduced cell death. Circ Res, 100(2), 152-154.

137.

Woo, H. A., Chae, H. Z., Hwang, S. C., Yang, K. S., Kang, S. W., Kim, K., & Rhee, S. G.
(2003). Reversing the inactivation of peroxiredoxins caused by cysteine sulfinic acid
formation. Science, 300(5619), 653-656.

138.

McGrath, M. E. (1999). The lysosomal cysteine proteases. Annu Rev Biophys Biomol Struct,
28, 181-204.

139.

Headlam, H. A., Gracanin, M., Rodgers, K. J., & Davies, M. J. (2006). Inhibition of
cathepsins and related proteases by amino acid, peptide, and protein hydroperoxides. Free
Radic Biol Med, 40(9), 1539-1548.

140.

Raftery, M. J., Yang, Z., Valenzuela, S. M., & Geczy, C. L. (2001). Novel intra- and intermolecular sulfinamide bonds in S100A8 produced by hypochlorite oxidation. J Biol Chem,
276(36), 33393-33401.

141.

Fu, X., Mueller, D. M., & Heinecke, J. W. (2002). Generation of intramolecular and
intermolecular sulfenamides, sulfinamides, and sulfonamides by hypochlorous acid: a
potential

pathway

for oxidative

cross-linking

of low-density

lipoprotein by

myeloperoxidase. Biochemistry, 41(4), 1293-1301.
142.

Summers, F. A., Morgan, P. E., Davies, M. J., & Hawkins, C. L. (2008). Identification of
plasma proteins that are susceptible to thiol oxidation by hypochlorous acid and Nchloramines. Chem Res Toxicol, 21(9), 1832-1840.

References
143.

167

Mueller, S., Riedel, H. D., & Stremmel, W. (1997). Direct evidence for catalase as the
predominant H2O2 -removing enzyme in human erythrocytes. Blood, 90(12), 4973-4978.

144.

Winterbourn, C. C., & Metodiewa, D. (1999). Reactivity of biologically important thiol
compounds with superoxide and hydrogen peroxide. Free Radic Biol Med, 27(3-4), 322328.

145.

Kosower, N. S., & Kosower, E. M. (1978). The glutathione status of cells. Int Rev Cytol,
54, 109-160.

146.

Kang, S. W., Chae, H. Z., Seo, M. S., Kim, K., Baines, I. C., & Rhee, S. G. (1998).
Mammalian peroxiredoxin isoforms can reduce hydrogen peroxide generated in response
to growth factors and tumor necrosis factor-alpha. J Biol Chem, 273(11), 6297-6302.

147.

Chae, H. Z. , Kim, H. J. , Kang, S. W. , & Rhee, S. G. (1999). Characterization of three
isoforms of mammalian peroxiredoxin that reduce peroxides in the presence of
thioredoxin. Diabetes Res Clin Pract, 45(2-3), 101-112.

148.

Mitsumoto, A., Takanezawa, Y., Okawa, K., Iwamatsu, A., & Nakagawa, Y. (2001).
Variants of peroxiredoxins expression in response to hydroperoxide stress. Free Radic Biol
Med, 30(6), 625-635.

149.

Hall, A., Nelson, K., Poole, L., & Karplus, P. A. (2010). Structure-based insights into the
catalytic power and conformational dexterity of peroxiredoxins. Antioxid Redox Signal, 24,
24.

150.

Hansen, J. M., Moriarty-Craige, S., & Jones, D. P. (2007). Nuclear and cytoplasmic
peroxiredoxin-1 differentially regulate NF-kappaB activities. Free Radic Biol Med, 43(2),
282-288.

151.

Basu, A., Banerjee, H., Rojas, H., Martinez, S. R., Roy, S., Jia, Z., Lilly, M. B., De Leon,
M., & Casiano, C. A. (2010). Differential expression of peroxiredoxins in prostate cancer:
Consistent upregulation of PRDX3 and PRDX4. Prostate, 71(7), 755-765.

152.

Giguere, P., Turcotte, M. E., Hamelin, E., Parent, A., Brisson, J., Laroche, G., Labrecque,
P., Dupuis, G., & Parent, J. L. (2007). Peroxiredoxin-4 interacts with and regulates the
thromboxane A(2) receptor. FEBS Lett, 581(20), 3863-3868.

References
153.

168

Tavender, T. J., Sheppard, A. M., & Bulleid, N. J. (2008). Peroxiredoxin IV is an
endoplasmic reticulum-localized enzyme forming oligomeric complexes in human cells.
Biochem J, 411(1), 191-199.

154.

Chang, T. S., Jeong, W., Woo, H. A., Lee, S. M., Park, S., & Rhee, S. G. (2004).
Characterization of mammalian sulfiredoxin and its reactivation of hyperoxidized
peroxiredoxin through reduction of cysteine sulfinic acid in the active site to cysteine. J
Biol Chem, 279(49), 50994-51001.

155.

Biteau, B., Labarre, J., & Toledano, M. B. (2003). ATP-dependent reduction of cysteinesulphinic acid by S. cerevisiae sulphiredoxin. Nature, 425(6961), 980-984.

156.

Lim, J. C. , Choi, H. I. , Park, Y. S. , Nam, H. W. , Woo, H. A. , Kwon, K. S. , Kim, Y. S.
, Rhee, S. G. , Kim, K. , & Chae, H. Z. (2008). Irreversible oxidation of the active site
cysteine of peroxiredoxin to cysteine sulfonic acid for enhanced molecular chaperone
activity. J Biol Chem, 283(43), 28873-28880.

157.

Seo, J. H., Lim, J. C., Lee, D. Y., Kim, K. S., Piszczek, G., Nam, H. W., Kim, Y. S., Ahn,
T., Yun, C. H., Kim, K., Chock, P. B., & Chae, H. Z. (2009). Novel protective
mechanism against irreversible hyperoxidation of peroxiredoxin: Nalpha-terminal
acetylation of human peroxiredoxin II. J Biol Chem, 284(20), 13455-13465.

158.

Lowther, W. T., & Haynes, A. C. (2011). Reduction of cysteine sulfinic acid in eukaryotic,
typical 2-Cys peroxiredoxins by sulfiredoxin. Antioxid Redox Signal, 15(1), 99-109.

159.

Tanito, M., Ogawa, Y., Yoshida, Y., Ohira, A., Niki, E., & Kinumi, T. (2008).
Overoxidation of peroxiredoxins in vivo in cultured human umbilical vein endothelial
cells and in damaging light-exposed mouse retinal tissues. Neurosci Lett, 437(1), 33-37.

160.

Phalen, T. J., Weirather, K., Deming, P. B., Anathy, V., Howe, A. K., van der Vliet, A.,
Jonsson, T. J., Poole, L. B., & Heintz, N. H. (2006). Oxidation state governs structural
transitions in peroxiredoxin II that correlate with cell cycle arrest and recovery. J Cell Biol,
175(5), 779-789.

161.

Cox, A. G., Pearson, A. G., Pullar, J. M., Jonsson, T. J., Lowther, W. T., Winterbourn, C.
C., & Hampton, M. B. (2009). Mitochondrial peroxiredoxin 3 is more resilient to
hyperoxidation than cytoplasmic peroxiredoxins. Biochem J, 421(1), 51-58.

References
162.

169

Das, K. C., Pahl, P. M., Guo, X. L., & White, C. W. (2001). Induction of peroxiredoxin
gene expression by oxygen in lungs of newborn primates. Am J Respir Cell Mol Biol, 25(2),
226-232.

163.

Holmgren, A., & Luthman, M. (1978). Tissue distrubution and subcellular localization of
bovine thioredoxin determined by radioimmunoassay. Biochemistry, 17(19), 4071-4077.

164.

Jaffe, E. A., Nachman, R. L., Becker, C. G., & Minick, C. R. (1973). Culture of human
endothelial cells derived from umbilical veins. Identification by morphologic and
immunologic criteria. J Clin Invest, 52(11), 2745-2756.

165.

Karihtala, P., Mantyniemi, A., Kang, S. W., Kinnula, V. L., & Soini, Y. (2003).
Peroxiredoxins in breast carcinoma. Clin Cancer Res, 9(9), 3418-3424.

166.

Kettle, A. J., & Winterbourn, C. C. (1994). Assays for the chlorination activity of
myeloperoxidase. Methods Enzymol, 233, 502-512.

167.

Kim, H. S., Kang, S. W., Rhee, S. G., & Clerch, L. B. (2001). Rat lung peroxiredoxins I
and II are differentially regulated during development and by hyperoxia. Am J Physiol
Lung Cell Mol Physiol, 280(6), L1212-1217.

168.

Lee, K., Park, J. S., Kim, Y. J., Soo Lee, Y. S., Sook Hwang, T. S., Kim, D. J., Park, E. M.,
& Park, Y. M. (2002). Differential expression of Prx I and II in mouse testis and their upregulation by radiation. Biochem Biophys Res Commun, 296(2), 337-342.

169.

Chang, J. W., Jeon, H. B., Lee, J. H., Yoo, J. S., Chun, J. S., Kim, J. H., & Yoo, Y. J.
(2001). Augmented expression of peroxiredoxin I in lung cancer. Biochem Biophys Res
Commun, 289(2), 507-512.

170.

Noh, D.Y., Ahn, S.J., Lee, R.A., Kim, S.W., Park, I.A., & Chae, H.Z. (2001).
Overexpression of peroxiredoxin in human breast cancer. Anticancer Res, 21(3B), 20852090.

171.

Shau, H., Kim, A. T., Hedrick, C. C., Lusis, A. J., Tompkins, C., Finney, R., Leung, D.
W., & Paglia, D. E. (1997). Endogenous natural killer enhancing factor-B increases
cellular resistance to oxidative stresses. Free Radic Biol Med, 22(3), 497-507.

References
172.

170

Choi, M. H., Lee, I. K., Kim, G. W., Kim, B. U., Han, Y. H., Yu, D. Y., Park, H. S., Kim,
K. Y., Lee, J. S., Choi, C., Bae, Y. S., Lee, B. I., Rhee, S. G., & Kang, S. W. (2005).
Regulation of PDGF signalling and vascular remodelling by peroxiredoxin II. Nature,
435(7040), 347-353.

173.

Sultana, R., Boyd-Kimball, D., Cai, J., Pierce, W. M., Klein, J. B., Merchant, M., &
Butterfield, D. A. (2007). Proteomics analysis of the Alzheimer's disease hippocampal
proteome. J Alzheimers Dis, 11(2), 153-164.

174.

Fang, J., Nakamura, T., Cho, D. H., Gu, Z., & Lipton, S. A. (2007). S-nitrosylation of
peroxiredoxin 2 promotes oxidative stress-induced neuronal cell death in Parkinson's
disease. Proc Natl Acad Sci U S A, 104(47), 18742-18747.

175.

Neumann, C. A., Krause, D. S., Carman, C. V., Das, S., Dubey, D. P., Abraham, J. L.,
Bronson, R. T., Fujiwara, Y., Orkin, S. H., & Van Etten, R. A. (2003). Essential role for
the peroxiredoxin Prdx1 in erythrocyte antioxidant defence and tumour suppression.
Nature, 424(6948), 561-565.

176.

Cao, J., Schulte, J., Knight, A., Leslie, N. R., Zagozdzon, A., Bronson, R., Manevich, Y.,
Beeson, C., & Neumann, C. A. (2009). Prdx1 inhibits tumorigenesis via regulating
PTEN/AKT activity. EMBO J, 28(10), 1505-1517.

177.

Li, L., Kaifu, T., Obinata, M., & Takai, T. (2009). Peroxiredoxin III-deficiency sensitizes
macrophages to oxidative stress. J Biochem, 145(4), 425-427.

178.

Li, L., Shoji, W., Takano, H., Nishimura, N., Aoki, Y., Takahashi, R., Goto, S., Kaifu, T.,
Takai, T., & Obinata, M. (2007). Increased susceptibility of MER5 (peroxiredoxin III)
knockout mice to LPS-induced oxidative stress. Biochem Biophys Res Commun, 355(3), 715721.

179.

Kubo, E., Hasanova, N., Tanaka, Y., Fatma, N., Takamura, Y., Singh, D. P., & Akagi, Y.
(2010). Protein expression profiling of lens epithelial cells from Prdx6-depleted mice and
their vulnerability to UV radiation exposure. Am J Physiol Cell Physiol, 298(2), 4.

180.

Wang, Y., Feinstein, S. I., Manevich, Y., Ho, Y. S., & Fisher, A. B. (2006). Peroxiredoxin
6 gene-targeted mice show increased lung injury with paraquat-induced oxidative stress.
Antioxid Redox Signal, 8(1-2), 229-237.

References
181.

171

Nagy, N., Malik, G., Fisher, A. B., & Das, D. K. (2006). Targeted disruption of
peroxiredoxin 6 gene renders the heart vulnerable to ischemia-reperfusion injury. Am J
Physiol Heart Circ Physiol, 291(6), H2636-2640.

182.

Chan, K. H., Ng, M. K., & Stocker, R. (2011). Haem oxygenase-1 and cardiovascular
disease: mechanisms and therapeutic potential. Clin Sci (Lond), 120(12), 493-504.

183.

Durante, W. (2011). Protective role of heme oxygenase-1 against inflammation in
atherosclerosis. Front Biosci, 17, 2372-2388.

184.

Wu, M. L., Ho, Y. C., & Yet, S. F. (2011). A Central Role of Heme Oxygenase-1 in
Cardiovascular Protection. Antioxid Redox Signal.

185.

Ryter, S. W., Alam, J., & Choi, A. M. (2006). Heme oxygenase-1/carbon monoxide: from
basic science to therapeutic applications. Physiol Rev, 86(2), 583-650.

186.

Zhang, X., Bedard, E. L., Potter, R., Zhong, R., Alam, J., Choi, A. M., & Lee, P. J. (2002).
Mitogen-activated protein kinases regulate HO-1 gene transcription after ischemiareperfusion lung injury. Am J Physiol Lung Cell Mol Physiol, 283(4), L815-829.

187.

Wijayanti, N., Huber, S., Samoylenko, A., Kietzmann, T., & Immenschuh, S. (2004). Role
of NF-kappaB and p38 MAP kinase signaling pathways in the lipopolysaccharidedependent activation of heme oxygenase-1 gene expression. Antioxid Redox Signal, 6(5),
802-810.

188.

Yang, G., Nguyen, X., Ou, J., Rekulapelli, P., Stevenson, D. K., & Dennery, P. A. (2001).
Unique effects of zinc protoporphyrin on HO-1 induction and apoptosis. Blood, 97(5),
1306-1313.

189.

Wright, M. M. , Kim, J. , Hock, T. D. , Leitinger, N. , Freeman, B. A. , & Agarwal, A.
(2009). Human heme oxygenase-1 induction by nitro-linoleic acid is mediated by cyclic
AMP, AP-1, and E-box response element interactions. Biochem J.

190.

Yeligar, S. M., Machida, K., & Kalra, V. K. (2010). Ethanol-induced HO-1 and NQO1
Are Differentially Regulated by HIF-1{alpha} and Nrf2 to Attenuate Inflammatory
Cytokine Expression. J Biol Chem, 285(46), 35359-35373.

References
191.

172

Alam, J., & Cook, J. L. (2003). Transcriptional regulation of the heme oxygenase-1 gene
via the stress response element pathway. Curr Pharm Des, 9(30), 2499-2511.

192.

Was, H., Dulak, J., & Jozkowicz, A. (2010). Heme oxygenase-1 in tumor biology and
therapy. Curr Drug Targets, 11(12), 1551-1570.

193.

Hu, R., Saw, C. L., Yu, R., & Kong, A. N. (2010). Regulation of Nrf2 Signaling for
Cancer Chemoprevention: Antioxidant Coupled with Anti-inflammatory. Antioxid Redox
Signal, 13(11), 1679-1698.

194.

Lee, J. S., & Surh, Y. J. (2005). Nrf2 as a novel molecular target for chemoprevention.
Cancer Lett, 224(2), 171-184.

195.

Huber III, W. J., Scruggs, B. A., & Backes, W. L. (2009). C-Terminal membrane spanning
region of human heme oxygenase-1 mediates a time-dependent complex formation with
cytochrome P450 reductase. Biochemistry, 48(1), 190-197.

196.

Balla, G., Jacob, H. S., Balla, J., Rosenberg, M., Nath, K., Apple, F., Eaton, J. W., &
Vercellotti, G. M. (1992). Ferritin: a cytoprotective antioxidant strategem of endothelium.
J Biol Chem, 267(25), 18148-18153.

197.

Cheng, X. , Siow, R. C. , & Mann, G. E. (2010). Impaired redox signaling and antioxidant
gene expression in endothelial cells in diabetes: a role for mitochondria and the Nrf2Keap1 defense pathway. Antioxid Redox Signal.

198.

Baglole, C. J., Sime, P. J., & Phipps, R. P. (2008). Cigarette smoke-induced expression of
heme oxygenase-1 in human lung fibroblasts is regulated by intracellular glutathione. Am
J Physiol Lung Cell Mol Physiol, 295(4), L624-636.

199.

Camhi, S. L., Alam, J., Otterbein, L., Sylvester, S. L., & Choi, A. M. (1995). Induction of
heme oxygenase-1 gene expression by lipopolysaccharide is mediated by AP-1 activation.
Am J Respir Cell Mol Biol, 13(4), 387-398.

200.

Vitek, L., Jirsa, M., Brodanova, M., Kalab, M., Marecek, Z., Danzig, V., Novotny, L., &
Kotal, P. (2002). Gilbert syndrome and ischemic heart disease: a protective effect of
elevated bilirubin levels. Atherosclerosis, 160(2), 449-456.

References
201.

173

Schwertner, H. A., Jackson, W. G., & Tolan, G. (1994). Association of low serum
concentration of bilirubin with increased risk of coronary artery disease. Clin Chem, 40(1),
18-23.

202.

Hopkins, P. N., Wu, L. L., Hunt, S. C., James, B. C., Vincent, G. M., & Williams, R. R.
(1996). Higher serum bilirubin is associated with decreased risk for early familial coronary
artery disease. Arterioscler Thromb Vasc Biol, 16(2), 250-255.

203.

Djousse, L., Levy, D., Cupples, L. A., Evans, J. C., D'Agostino, R. B., & Ellison, R. C.
(2001). Total serum bilirubin and risk of cardiovascular disease in the Framingham
offspring study. Am J Cardiol, 87(10), 1196-1200; A1194, 1197.

204.

Stocker, R., & Perrella, M. A. (2006). Heme oxygenase-1: a novel drug target for
atherosclerotic diseases? Circulation, 114(20), 2178-2189.

205.

Ishikawa, K., Sugawara, D., Wang, Xp, Suzuki, K., Itabe, H., Maruyama, Y., & Lusis, A. J.
(2001). Heme oxygenase-1 inhibits atherosclerotic lesion formation in ldl-receptor
knockout mice. Circ Res, 88(5), 506-512.

206.

Juan, S. H., Lee, T. S., Tseng, K. W., Liou, J. Y., Shyue, S. K., Wu, K. K., & Chau, L. Y.
(2001). Adenovirus-mediated heme oxygenase-1 gene transfer inhibits the development
of atherosclerosis in apolipoprotein E-deficient mice. Circulation, 104(13), 1519-1525.

207.

Yet, S. F., Layne, M. D., Liu, X., Chen, Y. H., Ith, B., Sibinga, N. E., & Perrella, M. A.
(2003). Absence of heme oxygenase-1 exacerbates atherosclerotic lesion formation and
vascular remodeling. FASEB J, 17(12), 1759-1761.

208.

Duckers, H. J., Boehm, M., True, A. L., Yet, S. F., San, H., Park, J. L., Clinton Webb, R.,
Lee, M. E., Nabel, G. J., & Nabel, E. G. (2001). Heme oxygenase-1 protects against
vascular constriction and proliferation. Nat Med, 7(6), 693-698.

209.

Tulis, D. A., Durante, W., Peyton, K. J., Evans, A. J., & Schafer, A. I. (2001). Heme
oxygenase-1 attenuates vascular remodeling following balloon injury in rat carotid
arteries. Atherosclerosis, 155(1), 113-122.

210.

Tulis, D. A., Durante, W., Liu, X., Evans, A. J., Peyton, K. J., & Schafer, A. I. (2001).
Adenovirus-mediated heme oxygenase-1 gene delivery inhibits injury-induced vascular
neointima formation. Circulation, 104(22), 2710-2715.

References
211.

174

Omura, S., Suzuki, H., Toyofuku, M., Ozono, R., Kohno, N., & Igarashi, K. (2005).
Effects of genetic ablation of bach1 upon smooth muscle cell proliferation and
atherosclerosis after cuff injury. Genes Cells, 10(3), 277-285.

212.

Yachie, A., Niida, Y., Wada, T., Igarashi, N., Kaneda, H., Toma, T., Ohta, K., Kasahara,
Y., & Koizumi, S. (1999). Oxidative stress causes enhanced endothelial cell injury in
human heme oxygenase-1 deficiency. J Clin Invest, 103(1), 129-135.

213.

Radhakrishnan, N., Yadav, S. P., Sachdeva, A., Pruthi, P. K., Sawhney, S., Piplani, T.,
Wada, T., & Yachie, A. (2011). Human heme oxygenase-1 deficiency presenting with
hemolysis, nephritis, and asplenia. J Pediatr Hematol Oncol, 33(1), 74-78.

214.

Kawashima, A., Oda, Y., Yachie, A., Koizumi, S., & Nakanishi, I. (2002). Heme
oxygenase-1 deficiency: the first autopsy case. Hum Pathol, 33(1), 125-130.

215.

Larsen, K., Cheng, C., & Duckers, H. J. (2010). Regulation of vulnerable plaque
development by the heme oxygenase/carbon monoxide system. Trends Cardiovasc Med,
20(2), 58-65.

216.

Raval, C. M., & Lee, P. J. (2010). Heme oxygenase-1 in lung disease. Curr Drug Targets,
11(12), 1532-1540.

217.

Immenschuh, S., Baumgart-Vogt, E., & Mueller, S. (2010). Heme oxygenase-1 and iron in
liver inflammation: a complex alliance. Curr Drug Targets, 11(12), 1541-1550.

218.

Bao, W., Song, F., Li, X., Rong, S., Yang, W., Wang, D., Xu, J., Fu, J., Zhao, Y., & Liu, L.
(2010). Association between heme oxygenase-1 gene promoter polymorphisms and type
2 diabetes mellitus: a HuGE review and meta-analysis. Am J Epidemiol, 172(6), 631-636.

219.

Wei, Y., Liu, X. M., Peyton, K. J., Wang, H., Johnson, F. K., Johnson, R. A., & Durante,
W. (2009). Hypochlorous acid-induced heme oxygenase-1 gene expression promotes
human endothelial cell survival. Am J Physiol Cell Physiol, 297(4), C907-915.

220.

Pi, J., Zhang, Q., Woods, C. G., Wong, V., Collins, S., & Andersen, M. E. (2008).
Activation of Nrf2-mediated oxidative stress response in macrophages by hypochlorous
acid. Toxicol Appl Pharmacol, 226(3), 236-243.

References
221.

175

Weis, N., Weigert, A., von Knethen, A., & Brune, B. (2009). Heme oxygenase-1
contributes to an alternative macrophage activation profile induced by apoptotic cell
supernatants. Mol Biol Cell, 20(5), 1280-1288.

222.

Thomas, E. L., Grisham, M. B., & Jefferson, M. M. (1986). Preparation and
characterization of chloramines. Methods Enzymol, 132, 569-585.

223.

Bozonet, S. M., Scott-Thomas, A. P., Nagy, P., & Vissers, M. C. (2010).
Hypothiocyanous acid is a potent inhibitor of apoptosis and caspase 3 activation in
endothelial cells. Free Radic Biol Med, 49(6), 1054-1063.

224.

Beutler, E. (Ed.). (1984). Red Cell Metabolism: A Manual of Biochemical Methods (3rd ed.).
Orlando, FL: Grune & Stratton, Inc.

225.

Dypbukt, J. M., Bishop, C., Brooks, W. M., Thong, B., Eriksson, H., & Kettle, A. J.
(2005). A sensitive and selective assay for chloramine production by myeloperoxidase.
Free Radic Biol Med, 39(11), 1468-1477.

226.

Wolff, S. P. (1994). Ferrous ion oxidation in presence of ferric ion indicator xylenol
orange for measurement of hydroperoxides. In Lester Packer (Ed.), Methods in Enzymology:
Oxygen Radicals in Biological Systems Part C (Volume 233 ed., pp. 182-189): Academic Press.

227.

Smith, A. D., & Levander, O. A. (2002). High-throughput 96-well microplate assays for
determining specific activities of

glutathione peroxidase and thioredoxin reductase.

Methods Enzymol, 347, 113-121.
228.

Wessel, D., & Flugge, U. I. (1984). A method for the quantitative recovery of protein in
dilute solution in the presence of detergents and lipids. Anal Biochem, 138(1), 141-143.

229.

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature, 227(5259), 680-685.

230.

Everse, J., Johnson, M. C., & Marini, M. A. (1994). Peroxidative activities of hemoglobin
and hemoglobin derivatives. Methods Enzymol, 231, 547-561.

References
231.

176

Simoni, J., Simoni, G., Lox, C. D., Prien, S. D., & Shires, G. T. (1995). Hemoglobin
interference with an enzyme-linked immunosorbent assay for the detection of tumor
necrosis factor-alpha. [doi: DOI: 10.1016/0003-2670(95)00169-Z]. Analytica Chimica Acta,
313(1-2), 1-14.

232.

Cotgreave, I. A., & Moldeus, P. (1986). Methodologies for the application of
monobromobimane to the simultaneous analysis of soluble and protein thiol components
of biological systems. J Biochem Biophys Methods, 13(4-5), 231-249.

233.

Buss, H., Chan, T. P., Sluis, K. B., Domigan, N. M., & Winterbourn, C. C. (1997).
Protein carbonyl measurement by a sensitive ELISA method. Free Radic Biol Med, 23(3),
361-366.

234.

Harwood, D. T., Kettle, A. J., & Winterbourn, C. C. (2006). Production of glutathione
sulfonamide and dehydroglutathione from GSH by myeloperoxidase-derived oxidants
and detection using a novel LC-MS/MS method. Biochem J, 399(1), 161-168.

235.

Cuddihy, S. L., Parker, A., Harwood, D. T., Vissers, M. C., & Winterbourn, C. C. (2008).
Ascorbate interacts with reduced glutathione to scavenge phenoxyl radicals in HL60 cells.
Free Radic Biol Med, 44(8), 1637-1644.

236.

Hsieh, C. Y., Hsiao, H. Y., Wu, W. Y., Liu, C. A., Tsai, Y. C., Chao, Y. J., Wang, D. L., &
Hsieh, H. J. (2009). Regulation of shear-induced nuclear translocation of the Nrf2
transcription factor in endothelial cells. J Biomed Sci, 16, 12.

237.

Reinders, J. H., De Groot, P. G., Gonsalves, M. D., Zandbergen, J., Loesberg, C., & Van
Mourik, J. A. (1984). Isolation of a storage and secretory organelle containing Von
Willebrand protein from cultured human endothelial cells. Biochim Biophys Acta, 804(3),
361-369.

238.

Shevchenko, A., Jensen, O. N., Podtelejnikov, A. V., Sagliocco, F., Wilm, M., Vorm, O.,
Mortensen, P., Shevchenko, A., Boucherie, H., & Mann, M. (1996). Linking genome and
proteome by mass spectrometry: large-scale identification of yeast proteins from two
dimensional gels. Proc Natl Acad Sci U S A, 93(25), 14440-14445.

239.

Riddles, P. W., Blakeley, R. L., & Zerner, B. (1983). Reassessment of Ellman's reagent.
Methods Enzymol, 91, 49-60.

References
240.

177

Prutz, W. A., Kissner, R., & Koppenol, W. H. (2001). Oxidation of NADH by
chloramines and chloramides and its activation by iodide and by tertiary amines. Arch
Biochem Biophys, 393(2), 297-307.

241.

Bozeman, P. M., Learn, D. B., & Thomas, E. L. (1990). Assay of the human leukocyte
enzymes myeloperoxidase and eosinophil peroxidase. J Immunol Methods, 126(1), 125-133.

242.

Kruger, N. J., & von Schaewen, A. (2003). The oxidative pentose phosphate pathway:
structure and organisation. Curr Opin Plant Biol, 6(3), 236-246.

243.

Yuan, W., Wang, Y., Heinecke, J. W., & Fu, X. (2009). Hypochlorous acid converts the
{gamma}-glutamyl group of glutathione disulfide to 5-hydroxybutyrolactam, a potential
marker for neutrophil activation. J Biol Chem, 284(39), 26908-26917.

244.

Galluzzi, L., Aaronson, S. A., Abrams, J., Alnemri, E. S., Andrews, D. W., Baehrecke, E.
H., Bazan, N. G., Blagosklonny, M. V., Blomgren, K., Borner, C., Bredesen, D. E.,
Brenner, C., Castedo, M., Cidlowski, J. A., Ciechanover, A., Cohen, G. M., De Laurenzi,
V., De Maria, R., Deshmukh, M., Dynlacht, B. D., El-Deiry, W. S., Flavell, R. A., Fulda,
S., Garrido, C., Golstein, P., Gougeon, M. L., Green, D. R., Gronemeyer, H., Hajnoczky,
G., Hardwick, J. M., Hengartner, M. O., Ichijo, H., Jaattela, M., Kepp, O., Kimchi, A.,
Klionsky, D. J., Knight, R. A., Kornbluth, S., Kumar, S., Levine, B., Lipton, S. A., Lugli,
E., Madeo, F., Malorni, W., Marine, J. C., Martin, S. J., Medema, J. P., Mehlen, P., Melino,
G., Moll, U. M., Morselli, E., Nagata, S., Nicholson, D. W., Nicotera, P., Nunez, G.,
Oren, M., Penninger, J., Pervaiz, S., Peter, M. E., Piacentini, M., Prehn, J. H.,
Puthalakath, H., Rabinovich, G. A., Rizzuto, R., Rodrigues, C. M., Rubinsztein, D. C.,
Rudel, T., Scorrano, L., Simon, H. U., Steller, H., Tschopp, J., Tsujimoto, Y.,
Vandenabeele, P., Vitale, I., Vousden, K. H., Youle, R. J., Yuan, J., Zhivotovsky, B., &
Kroemer, G. (2009). Guidelines for the use and interpretation of assays for monitoring
cell death in higher eukaryotes. Cell Death Differ, 16(8), 1093-1107.

245.

Carr, A. C., & Winterbourn, C. C. (1997). Oxidation of neutrophil glutathione and
protein thiols by myeloperoxidase-derived hypochlorous acid. Biochem J, 327(Pt 1), 275281.

References
246.

178

Chai, Y. C., Ashraf, S. S., Rokutan, K., Johnston, R. B. Jr, & Thomas, J. A. (1994). Sthiolation of individual human neutrophil proteins including actin by stimulation of the
respiratory burst: evidence against a role for glutathione disulfide. Arch Biochem Biophys,
310(1), 273-281.

247.

Roum, J. H., Buhl, R., McElvaney, N. G., Borok, Z., & Crystal, R. G. (1993). Systemic
deficiency of glutathione in cystic fibrosis. J Appl Physiol, 75(6), 2419-2424.

248.

Prutz, W. A. (1998). Interactions of hypochlorous acid with pyrimidine nucleotides, and
secondary reactions of chlorinated pyrimidines with GSH, NADH, and other substrates.
Arch Biochem Biophys, 349(1), 183-191.

249.

Armesto, X. L., Canle L., M., Fernndez, M. I., Garca, M. V., & Santaballa, J. A.
(2000). First Steps in the Oxidation of Sulfur-Containing Amino Acids by
Hypohalogenation: Very Fast Generation of Intermediate Sulfenyl Halides and
Halosulfonium Cations. [doi: DOI: 10.1016/S0040-4020(99)01066-2]. Tetrahedron, 56(8),
1103-1109.

250.

Moore, R. B., Mankad, M. V., Shriver, S. K., Mankad, V. N., & Plishker, G. A. (1991).
Reconstitution of Ca(2+)-dependent K+ transport in erythrocyte membrane vesicles
requires a cytoplasmic protein. J Biol Chem, 266(28), 18964-18968.

251.

Kondo, T., Dale, G. L., & Beutler, E. (1995). Thiol transport from human red blood
cells. Methods Enzymol, 252, 72-82.

252.

Yang, K. S., Kang, S. W., Woo, H. A., Hwang, S. C., Chae, H. Z., Kim, K., & Rhee, S. G.
(2002). Inactivation of human peroxiredoxin I during catalysis as the result of the
oxidation of the catalytic site cysteine to cysteine-sulfinic acid. J Biol Chem, 277(41),
38029-38036.

253.

Omata, Y., Folan, M., Shaw, M., Messer, R. L., Lockwood, P. E., Hobbs, D., Bouillaguet,
S., Sano, H., Lewis, J. B., & Wataha, J. C. (2006). Sublethal concentrations of diverse gold
compounds inhibit mammalian cytosolic thioredoxin reductase (TrxR1). Toxicol In Vitro,
20(6), 882-890.

References
254.

179

Hall, A., Parsonage, D., Poole, L. B., & Karplus, P. A. (2010). Structural evidence that
peroxiredoxin catalytic power is based on transition-state stabilization. J Mol Biol, 402(1),
194-209.

255.

Cox, A. G., Winterbourn, C. C., & Hampton, M. B. (2010). Mitochondrial peroxiredoxin
involvement in antioxidant defence and redox signalling. Biochem J, 425(2), 313-325.

256.

Noh, Y. H., Baek, J. Y., Jeong, W., Rhee, S. G., & Chang, T. S. (2009). Sulfiredoxin
Translocation into Mitochondria Plays a Crucial Role in Reducing Hyperoxidized
Peroxiredoxin III. J Biol Chem, 284(13), 8470-8477.

257.

Albrich, J. M., McCarthy, C. A., & Hurst, J. K. (1981). Biological reactivity of
hypochlorous

acid:

implications

for

microbicidal

mechanisms

of

leukocyte

myeloperoxidase. Proc Natl Acad Sci U S A, 78(1), 210-214.
258.

Ueda, S., Masutani, H., Nakamura, H., Tanaka, T., Ueno, M., & Yodoi, J. (2002). Redox
control of cell death. Antioxid Redox Signal, 4(3), 405-414.

259.

Song, I. S., Kim, S. U., Oh, N. S., Kim, J., Yu, D. Y., Huang, S. M., Kim, J. M., Lee, D. S.,
& Kim, N. S. (2009). Peroxiredoxin I contributes to TRAIL resistance through
suppression of redox-sensitive caspase activation in human hepatoma cells. Carcinogenesis,
30(7), 1106-1114.

260.

Baty, J. W., Hampton, M. B., & Winterbourn, C. C. (2005). Proteomic detection of
hydrogen peroxide-sensitive thiol proteins in Jurkat cells. Biochem J, 389(Pt 3), 785-795.

261.

Lloyd, M. M., van Reyk, D. M., Davies, M. J., & Hawkins, C. L. (2008). Hypothiocyanous
acid is a more potent inducer of apoptosis and protein thiol depletion in murine
macrophage cells than hypochlorous acid or hypobromous acid. Biochem J, 414(2), 271280.

262.

Skaff, O., Pattison, D. I., & Davies, M. J. (2009). Hypothiocyanous acid reactivity with
low-molecular-mass and protein thiols: absolute rate constants and assessment of
biological relevance. Biochem J, 422(1), 111-117.

263.

Klamt, F., Zdanov, S., Levine, R. L., Pariser, A., Zhang, Y., Zhang, B., Yu, L. R.,
Veenstra, T. D., & Shacter, E. (2009). Oxidant-induced apoptosis is mediated by
oxidation of the actin-regulatory protein cofilin. Nat Cell Biol, 11(10), 1241-1246.

References
264.

180

Lee, J., & Kim, S. S. (2010). Current implications of cyclophilins in human cancers. J Exp
Clin Cancer Res, 29, 97.

265.

Kim, I. S., Jin, I., & Yoon, H. S. (2011). Decarbonylated cyclophilin A Cpr1 protein
protects Saccharomyces cerevisiae KNU5377Y when exposed to stress induced by
menadione. Cell Stress Chaperones, 16(1), 1-14.

266.

Ghezzi, P., Casagrande, S., Massignan, T., Basso, M., Bellacchio, E., Mollica, L., Biasini,
E., Tonelli, R., Eberini, I., Gianazza, E., Dai, W. W., Fratelli, M., Salmona, M., Sherry, B.,
& Bonetto, V. (2006). Redox regulation of cyclophilin A by glutathionylation. Proteomics,
6(3), 817-825.

267.

Woo, H. A., Yim, S. H., Shin, D. H., Kang, D., Yu, D. Y., & Rhee, S. G. (2010).
Inactivation of Peroxiredoxin I by Phosphorylation Allows Localized H(2)O(2)
Accumulation for Cell Signaling. Cell, 140(4), 517-528.

268.

Rhee, S. G., & Woo, H. A. (2011). Multiple Functions of Peroxiredoxins: Peroxidases,
Sensors and Regulators of the Intracellular Messenger H2O2, and Protein Chaperones.
Antioxid Redox Signal, -Not available-, ahead of print. doi:10.1089/ars.2010.3393.

269.

Kim, I. S., Shin, S. Y., Kim, Y. S., Kim, H. Y., Lee, D. H., Park, K. M., Yoon, H. S., &
Jin, I. (2010). Expression of Yeast Cyclophilin A (Cpr1) Provides Improved Stress
Tolerance in Escherichia coli. J Microbiol Biotechnol, 20(6), 974-977.

270.

Dietz, K. J., Jacob, S., Oelze, M. L., Laxa, M., Tognetti, V., de Miranda, S. M., Baier, M.,
& Finkemeier, I. (2006). The function of peroxiredoxins in plant organelle redox
metabolism. J Exp Bot, 57(8), 1697-1709.

271.

Lee, S. P., Hwang, Y. S., Kim, Y. J., Kwon, K. S., Kim, H. J., Kim, K., & Chae, H. Z.
(2001). Cyclophilin a binds to peroxiredoxins and activates its peroxidase activity. J Biol
Chem, 276(32), 29826-29832.

272.

Huang, C. F., Sun, Z. J., Zhao, Y. F., Chen, X. M., Jia, J., & Zhang, W. F. (2011).
Increased expression of peroxiredoxin 6 and cyclophilin A in squamous cell carcinoma of
the tongue. Oral Dis, 17(3), 328-334.

References
273.

181

Roymans, D., Willems, R., Van Blockstaele, D. R., & Slegers, H. (2002). Nucleoside
diphosphate kinase (NDPK/NM23) and the waltz with multiple partners: possible
consequences in tumor metastasis. Clin Exp Metastasis, 19(6), 465-476.

274.

Mehta, A., & Orchard, S. (2009). Nucleoside diphosphate kinase (NDPK, NM23, AWD):
recent regulatory advances in endocytosis, metastasis, psoriasis, insulin release, fetal
erythroid lineage and heart failure; translational medicine exemplified. Mol Cell Biochem,
329(1-2), 3-15.

275.

Valentijn, L. J., Koster, J., & Versteeg, R. (2006). Read-through transcript from NM23H1 into the neighboring NM23-H2 gene encodes a novel protein, NM23-LV. Genomics,
87(4), 483-489.

276.

Song, E. J., Kim, Y. S., Chung, J. Y., Kim, E., Chae, S. K., & Lee, K. J. (2000). Oxidative
modification of nucleoside diphosphate kinase and its identification by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry. Biochemistry, 39(33), 1009010097.

277.

Lee, E., Jeong, J., Kim, S. E., Song, E. J., Kang, S. W., & Lee, K. J. (2009). Multiple
functions of Nm23-H1 are regulated by oxido-reduction system. PLoS One, 4(11), e7949.

278.

Sanchez, J. C., Appel, R. D., Golaz, O., Pasquali, C., Ravier, F., Bairoch, A., &
Hochstrasser, D. F. (1995). Inside SWISS-2DPAGE database. Electrophoresis, 16(7), 11311151.

279.

Chua, B. T., Volbracht, C., Tan, K. O., Li, R., Yu, V. C., & Li, P. (2003). Mitochondrial
translocation of cofilin is an early step in apoptosis induction. Nat Cell Biol, 5(12), 10831089.

280.

Zhu, B., Fukada, K., Zhu, H., & Kyprianou, N. (2006). Prohibitin and cofilin are
intracellular effectors of transforming growth factor beta signaling in human prostate
cancer cells. Cancer Res, 66(17), 8640-8647.

281.

Bandopadhyay, R., Kingsbury, A. E., Cookson, M. R., Reid, A. R., Evans, I. M., Hope, A.
D., Pittman, A. M., Lashley, T., Canet-Aviles, R., Miller, D. W., McLendon, C., Strand,
C., Leonard, A. J., Abou-Sleiman, P. M., Healy, D. G., Ariga, H., Wood, N. W., de Silva,
R., Revesz, T., Hardy, J. A., & Lees, A. J. (2004). The expression of DJ-1 (PARK7) in
normal human CNS and idiopathic Parkinson's disease. Brain, 127(Pt 2), 420-430.

References
282.

182

Choi, J., Sullards, M. C., Olzmann, J. A., Rees, H. D., Weintraub, S. T., Bostwick, D. E.,
Gearing, M., Levey, A. I., Chin, L. S., & Li, L. (2006). Oxidative damage of DJ-1 is linked
to sporadic Parkinson and Alzheimer diseases. J Biol Chem, 281(16), 10816-10824.

283.

Shendelman, S., Jonason, A., Martinat, C., Leete, T., & Abeliovich, A. (2004). DJ-1 is a
redox-dependent molecular chaperone that inhibits alpha-synuclein aggregate formation.
PLoS Biol, 2(11), e362.

284.

Kinumi, T., Kimata, J., Taira, T., Ariga, H., & Niki, E. (2004). Cysteine-106 of DJ-1 is the
most sensitive cysteine residue to hydrogen peroxide-mediated oxidation in vivo in
human umbilical vein endothelial cells. Biochem Biophys Res Commun, 317(3), 722-728.

285.

Duan, X., Kelsen, S. G., & Merali, S. (2008). Proteomic analysis of oxidative stressresponsive proteins in human pneumocytes:

insight into the regulation of DJ-1

expression. J Proteome Res, 7(11), 4955-4961.
286.

Canet-Aviles, R. M., Wilson, M. A., Miller, D. W., Ahmad, R., McLendon, C.,
Bandyopadhyay, S., Baptista, M. J., Ringe, D., Petsko, G. A., & Cookson, M. R. (2004).
The Parkinson's disease protein DJ-1 is neuroprotective due to cysteine-sulfinic aciddriven mitochondrial localization. Proc Natl Acad Sci U S A, 101(24), 9103-9108.

287.

Mannervik, B., & Danielson, U. H. (1988). Glutathione transferases--structure and
catalytic activity. CRC Crit Rev Biochem, 23(3), 283-337.

288.

Armstrong, R. N. (1997). Structure, catalytic mechanism, and evolution of the glutathione
transferases. Chem Res Toxicol, 10(1), 2-18.

289.

Manevich, Y., Feinstein, S. I., & Fisher, A. B. (2004). Activation of the antioxidant
enzyme 1-CYS peroxiredoxin requires glutathionylation mediated by heterodimerization
with pi GST. Proc Natl Acad Sci U S A, 101(11), 3780-3785.

290.

Ralat, L. A., Manevich, Y., Fisher, A. B., & Colman, R. F. (2006). Direct evidence for the
formation of a complex between 1-cysteine peroxiredoxin and glutathione S-transferase
pi with activity changes in both enzymes. Biochemistry, 45(2), 360-372.

291.

Ralat, L. A., Misquitta, S. A., Manevich, Y., Fisher, A. B., & Colman, R. F. (2008).
Characterization of the complex of glutathione S-transferase pi and 1-cysteine
peroxiredoxin. Arch Biochem Biophys, 474(1), 109-118.

References
292.

183

Kumin, A., Schafer, M., Epp, N., Bugnon, P., Born-Berclaz, C., Oxenius, A., Klippel, A.,
Bloch, W., & Werner, S. (2007). Peroxiredoxin 6 is required for blood vessel integrity in
wounded skin. J Cell Biol, 179(4), 747-760.

293.

Flohe, L., Loschen, G., Gunzler, W. A., & Eichele, E. (1972). Glutathione peroxidase, V.
The kinetic mechanism. Hoppe Seylers Z Physiol Chem, 353(6), 987-999.

294.

Gunzler, W. A., Vergin, H., Muller, I., & Flohe, L. (1972). [Glutathione peroxidase VI:
the reaction of glutahione peroxidase with various hydroperoxides]. Hoppe Seylers Z Physiol
Chem, 353(6), 1001-1004.

295.

Toppo, S., Flohe, L., Ursini, F., Vanin, S., & Maiorino, M. (2009). Catalytic mechanisms
and specificities of glutathione peroxidases: variations of a basic scheme. Biochim Biophys
Acta, 1790(11), 1486-1500.

296.

Mauri, P., Benazzi, L., Flohe, L., Maiorino, M., Pietta, P. G., Pilawa, S., Roveri, A., &
Ursini, F. (2003). Versatility of selenium catalysis in PHGPx unraveled by LC/ESIMS/MS. Biol Chem, 384(4), 575-588.

297.

Gerke, V., & Moss, S. E. (2002). Annexins: from structure to function. Physiol Rev, 82(2),
331-371.

298.

Rescher, U., & Gerke, V. (2004). Annexins--unique membrane binding proteins with
diverse functions. J Cell Sci, 117(Pt 13), 2631-2639.

299.

Wong, C. M., Cheema, A. K., Zhang, L., & Suzuki, Y. J. (2008). Protein carbonylation as
a novel mechanism in redox signaling. Circ Res, 102(3), 310-318.

300.

Sullivan, D. M., Wehr, N. B., Fergusson, M. M., Levine, R. L., & Finkel, T. (2000).
Identification of oxidant-sensitive proteins: TNF-alpha induces protein glutathiolation.
Biochemistry, 39(36), 11121-11128.

301.

Hajjar, K. A., Mauri, L., Jacovina, A. T., Zhong, F., Mirza, U. A., Padovan, J. C., & Chait,
B. T. (1998). Tissue plasminogen activator binding to the annexin II tail domain. Direct
modulation by homocysteine. J Biol Chem, 273(16), 9987-9993.

References
302.

184

Singh, T. K., & Liu, L. (2000). Modification of cysteine residues by N-ethylmaleimide
inhibits annexin II tetramer mediated liposome aggregation. Arch Biochem Biophys, 381(2),
235-240.

303.

Yang, W., Sheng, H., Warner, D. S., & Paschen, W. (2008). Transient global cerebral
ischemia induces a massive increase in protein sumoylation. J Cereb Blood Flow Metab,
28(2), 269-279.

304.

Manza, L. L., Codreanu, S. G., Stamer, S. L., Smith, D. L., Wells, K. S., Roberts, R. L., &
Liebler, D. C. (2004). Global shifts in protein sumoylation in response to electrophile and
oxidative stress. Chem Res Toxicol, 17(12), 1706-1715.

305.

Shao, R., Zhang, F. P., Tian, F., Anders Friberg, P., Wang, X., Sjoland, H., & Billig, H.
(2004). Increase of SUMO-1 expression in response to hypoxia: direct interaction with
HIF-1alpha in adult mouse brain and heart in vivo. FEBS Lett, 569(1-3), 293-300.

306.

Anckar, J., Hietakangas, V., Denessiouk, K., Thiele, D. J., Johnson, M. S., & Sistonen, L.
(2006). Inhibition of DNA binding by differential sumoylation of heat shock factors. Mol
Cell Biol, 26(3), 955-964.

307.

Balint, E. (2001). Role of beta(2)-microglobulin in the immune response in renal
osteodystrophy. Semin Dial, 14(2), 113-116.

308.

Lisowska-Myjak, B. (2010). Serum and urinary biomarkers of acute kidney injury. Blood
Purif, 29(4), 357-365.

309.

Huang, W. C., Havel, J. J., Zhau, H. E., Qian, W. P., Lue, H. W., Chu, C. Y., Nomura, T.,
& Chung, L. W. (2008). Beta2-microglobulin signaling blockade inhibited androgen
receptor axis and caused apoptosis in human prostate cancer cells. Clin Cancer Res, 14(17),
5341-5347.

310.

Huang, W. C., Wu, D., Xie, Z., Zhau, H. E., Nomura, T., Zayzafoon, M., Pohl, J., Hsieh,
C. L., Weitzmann, M. N., Farach-Carson, M. C., & Chung, L. W. (2006). beta2microglobulin is a signaling and growth-promoting factor for human prostate cancer
bone metastasis. Cancer Res, 66(18), 9108-9116.

References
311.

185

Gattoni-Celli, S., Kirsch, K., Timpane, R., & Isselbacher, K. J. (1992). Beta 2microglobulin gene is mutated in a human colon cancer cell line (HCT) deficient in the
expression of HLA class I antigens on the cell surface. Cancer Res, 52(5), 1201-1204.

312.

Bataille, R., Grenier, J., & Commes, T. (1988). In vitro production of beta 2
microglobulin by human myeloma cells. Cancer Invest, 6(3), 271-277.

313.

Shiio, Y., & Aebersold, R. (2006). Quantitative proteome analysis using isotope-coded
affinity tags and mass spectrometry. Nat Protoc, 1(1), 139-145.

314.

Baty, J. W., Hampton, M. B., & Winterbourn, C. C. (2002). Detection of oxidant sensitive
thiol proteins by fluorescence labeling and two-dimensional electrophoresis. Proteomics,
2(9), 1261-1266.

315.

Nagy, P., Jameson, G. N., & Winterbourn, C. C. (2009). Kinetics and mechanisms of the
reaction of hypothiocyanous acid with 5-thio-2-nitrobenzoic acid and reduced
glutathione. Chem Res Toxicol, 22(11), 1833-1840.

316.

Evans, J. P., Niemevz, F., Buldain, G., & de Montellano, P. O. (2008). Isoporphyrin
intermediate in heme oxygenase catalysis. Oxidation of alpha-meso-phenylheme. J Biol
Chem, 283(28), 19530-19539.

317.

Stocker, R., Yamamoto, Y., McDonagh, A. F., Glazer, A. N., & Ames, B. N. (1987).
Bilirubin is an antioxidant of possible physiological importance. Science, 235(4792), 10431046.

318.

Baranano, D. E., Rao, M., Ferris, C. D., & Snyder, S. H. (2002). Biliverdin reductase: a
major physiologic cytoprotectant. Proc Natl Acad Sci U S A, 99(25), 16093-16098.

319.

Jeong, W. S., Jun, M., & Kong, A. N. (2006). Nrf2: a potential molecular target for cancer
chemoprevention by natural compounds. Antioxid Redox Signal, 8(1-2), 99-106.

320.

Kobayashi, M., & Yamamoto, M. (2006). Nrf2-Keap1 regulation of cellular defense
mechanisms against electrophiles and reactive oxygen species. Adv Enzyme Regul, 46, 113140.

References
321.

186

Brouard, S., Otterbein, L. E., Anrather, J., Tobiasch, E., Bach, F. H., Choi, A. M., &
Soares, M. P. (2000). Carbon monoxide generated by heme oxygenase 1 suppresses
endothelial cell apoptosis. J Exp Med, 192(7), 1015-1026.

322.

Motterlini, R., Foresti, R., Intaglietta, M., & Winslow, R. M. (1996). NO-mediated
activation of heme oxygenase: endogenous cytoprotection against oxidative stress to
endothelium. Am J Physiol, 270(1 Pt 2), H107-114.

323.

Wang, L. J., Lee, T. S., Lee, F. Y., Pai, R. C., & Chau, L. Y. (1998). Expression of heme
oxygenase-1 in atherosclerotic lesions. Am J Pathol, 152(3), 711-720.

324.

Wei, Y. , Liu, X. M. , Peyton, K. J. , Wang, H. , Johnson, F. K. , Johnson, R. A. , &
Durante, W. (2009). Hypochlorous acid-induced heme oxygenase-1 gene expression
promotes human endothelial cell survival. Am J Physiol Cell Physiol.

325.

Ishikawa, K., Sugawara, D., Goto, J., Watanabe, Y., Kawamura, K., Shiomi, M., Itabe, H.,
& Maruyama, Y. (2001). Heme oxygenase-1 inhibits atherogenesis in Watanabe heritable
hyperlipidemic rabbits. Circulation, 104(15), 1831-1836.

326.

Lee, J. M., Moehlenkamp, J. D., Hanson, J. M., & Johnson, J. A. (2001). Nrf2-dependent
activation of the antioxidant responsive element by tert-butylhydroquinone is
independent of oxidative stress in IMR-32 human neuroblastoma cells. Biochem Biophys
Res Commun, 280(1), 286-292.

327.

Buckley, B. J., Marshall, Z. M., & Whorton, A. R. (2003). Nitric oxide stimulates Nrf2
nuclear translocation in vascular endothelium. Biochem Biophys Res Commun, 307(4), 973979.

328.

Nakaso, K., Yano, H., Fukuhara, Y., Takeshima, T., Wada-Isoe, K., & Nakashima, K.
(2003). PI3K is a key molecule in the Nrf2-mediated regulation of antioxidative proteins
by hemin in human neuroblastoma cells. FEBS Lett, 546(2-3), 181-184.

329.

Lin, W., Wu, R. T., Wu, T., Khor, T. O., Wang, H., & Kong, A. N. (2008). Sulforaphane
suppressed LPS-induced inflammation in mouse peritoneal macrophages through Nrf2
dependent pathway. Biochem Pharmacol, 76(8), 967-973.

330.

Kang, Y. H., & Pezzuto, J. M. (2004). Induction of quinone reductase as a primary screen
for natural product anticarcinogens. Methods Enzymol, 382, 380-414.

References
331.

187

McWalter, G. K., Higgins, L. G., McLellan, L. I., Henderson, C. J., Song, L., Thornalley,
P. J., Itoh, K., Yamamoto, M., & Hayes, J. D. (2004). Transcription factor Nrf2 is
essential for induction of NAD(P)H:quinone oxidoreductase 1, glutathione Stransferases, and glutamate cysteine ligase by broccoli seeds and isothiocyanates. J Nutr,
134(12 Suppl), 3499S-3506S.

332.

Prochaska, H. J., Santamaria, A. B., & Talalay, P. (1992). Rapid detection of inducers of
enzymes that protect against carcinogens. Proc Natl Acad Sci U S A, 89(6), 2394-2398.

333.

Prochaska, H. J., De Long, M. J., & Talalay, P. (1985). On the mechanisms of induction
of cancer-protective enzymes: a unifying proposal. Proc Natl Acad Sci U S A, 82(23),
8232-8236.

334.

Sun, J., Brand, M., Zenke, Y., Tashiro, S., Groudine, M., & Igarashi, K. (2004). Heme
regulates the dynamic exchange of Bach1 and NF-E2-related factors in the Maf
transcription factor network. Proc Natl Acad Sci U S A, 101(6), 1461-1466.

335.

Shan, Y., Lambrecht, R. W., Ghaziani, T., Donohue, S. E., & Bonkovsky, H. L. (2004).
Role of Bach-1 in regulation of heme oxygenase-1 in human liver cells: insights from
studies with small interfering RNAS. J Biol Chem, 279(50), 51769-51774.

336.

Ishikawa, M., Numazawa, S., & Yoshida, T. (2005). Redox regulation of the
transcriptional repressor Bach1. Free Radic Biol Med, 38(10), 1344-1352.

337.

Dohi, Y., Alam, J., Yoshizumi, M., Sun, J., & Igarashi, K. (2006). Heme oxygenase-1 gene
enhancer manifests silencing activity in a chromatin environment prior to oxidative
stress. Antioxid Redox Signal, 8(1-2), 60-67.

338.

Reichard, J. F., Motz, G. T., & Puga, A. (2007). Heme oxygenase-1 induction by NRF2
requires inactivation of the transcriptional repressor BACH1. Nucleic Acids Res, 35(21),
7074-7086.

339.

Alam, J., Camhi, S., & Choi, A. M. (1995). Identification of a second region upstream of
the mouse heme oxygenase-1 gene that functions as a basal level and inducer-dependent
transcription enhancer. J Biol Chem, 270(20), 11977-11984.

References
340.

188

Chen, H., Wang, L., Gong, T., Yu, Y., Zhu, C., Li, F., & Li, C. (2010). EGR-1 regulates
Ho-1 expression induced by cigarette smoke. Biochem Biophys Res Commun, 396(2), 388393.

341.

Camhi, S. L., Alam, J., Wiegand, G. W., Chin, B. Y., & Choi, A. M. (1998).
Transcriptional activation of the HO-1 gene by lipopolysaccharide is mediated by 5' distal
enhancers: role of reactive oxygen intermediates and AP-1. Am J Respir Cell Mol Biol,
18(2), 226-234.

342.

Lavrovsky, Y., Song, C. S., Chatterjee, B., & Roy, A. K. (2000). Age-dependent increase
of heme oxygenase-1 gene expression in the liver mediated by NFkappaB. Mech Ageing
Dev, 114(1), 49-60.

343.

Lee, P. J., Camhi, S. L., Chin, B. Y., Alam, J., & Choi, A. M. (2000). AP-1 and STAT
mediate hyperoxia-induced gene transcription of heme oxygenase-1. Am J Physiol Lung
Cell Mol Physiol, 279(1), L175-182.

344.

Liu, X., & Spolarics, Z. (2003). Methemoglobin is a potent activator of endothelial cells
by stimulating IL-6 and IL-8 production and E-selectin membrane expression. Am J
Physiol Cell Physiol, 285(5), C1036-1046.

345.

Soares, M. P., Seldon, M. P., Gregoire, I. P., Vassilevskaia, T., Berberat, P. O., Yu, J.,
Tsui, T. Y., & Bach, F. H. (2004). Heme oxygenase-1 modulates the expression of
adhesion molecules associated with endothelial cell activation. J Immunol, 172(6), 35533563.

346.

Srisook, K., Han, S. S., Choi, H. S., Li, M. H., Ueda, H., Kim, C., & Cha, Y. N. (2006).
CO from enhanced HO activity or from CORM-2 inhibits both O2- and NO production
and downregulates HO-1 expression in LPS-stimulated macrophages. Biochem Pharmacol,
71(3), 307-318.

347.

Taille, C., El-Benna, J., Lanone, S., Boczkowski, J., & Motterlini, R. (2005). Mitochondrial
respiratory chain and NAD(P)H oxidase are targets for the antiproliferative effect of
carbon monoxide in human airway smooth muscle. J Biol Chem, 280(27), 25350-25360.

References
348.

189

Nakahira, K., Kim, H. P., Geng, X. H., Nakao, A., Wang, X., Murase, N., Drain, P. F.,
Sasidhar, M., Nabel, E. G., Takahashi, T., Lukacs, N. W., Ryter, S. W., Morita, K., &
Choi, A. M. (2006). Carbon monoxide differentially inhibits TLR signaling pathways by
regulating ROS-induced trafficking of TLRs to lipid rafts. J Exp Med, 203(10), 2377-2389.

349.

Yet, S. F., Tian, R., Layne, M. D., Wang, Z. Y., Maemura, K., Solovyeva, M., Ith, B.,
Melo, L. G., Zhang, L., Ingwall, J. S., Dzau, V. J., Lee, M. E., & Perrella, M. A. (2001).
Cardiac-specific expression of heme oxygenase-1 protects against ischemia and
reperfusion injury in transgenic mice. Circ Res, 89(2), 168-173.

350.

Taille, C., El-Benna, J., Lanone, S., Dang, M. C., Ogier-Denis, E., Aubier, M., &
Boczkowski, J. (2004). Induction of heme oxygenase-1 inhibits NAD(P)H oxidase
activity by down-regulating cytochrome b558 expression via the reduction of heme
availability. J Biol Chem, 279(27), 28681-28688.

351.

Jiang, F., Roberts, S. J., Datla, S., & Dusting, G. J. (2006). NO modulates NADPH
oxidase function via heme oxygenase-1 in human endothelial cells. Hypertension, 48(5),
950-957.

352.

Melo, L. G., Agrawal, R., Zhang, L., Rezvani, M., Mangi, A. A., Ehsan, A., Griese, D. P.,
Dell'Acqua, G., Mann, M. J., Oyama, J., Yet, S. F., Layne, M. D., Perrella, M. A., & Dzau,
V. J. (2002). Gene therapy strategy for long-term myocardial protection using adenoassociated virus-mediated delivery of heme oxygenase gene. Circulation, 105(5), 602-607.

353.

Minamino, T., Christou, H., Hsieh, C. M., Liu, Y., Dhawan, V., Abraham, N. G., Perrella,
M. A., Mitsialis, S. A., & Kourembanas, S. (2001). Targeted expression of heme
oxygenase-1 prevents the pulmonary inflammatory and vascular responses to hypoxia.
Proc Natl Acad Sci U S A, 98(15), 8798-8803.

354.

Rhee, S. G., Chae, H. Z., & Kim, K. (2005). Peroxiredoxins: a historical overview and
speculative preview of novel mechanisms and emerging concepts in cell signaling. Free
Radic Biol Med, 38(12), 1543-1552.

355.

Fourquet, S., Huang, M. E., D'Autreaux, B., & Toledano, M. B. (2008). The dual
functions of thiol-based peroxidases in H(2)O(2) scavenging and signaling. Antioxid
Redox Signal, 10(9), 1565-1576.

References
356.

190

Schroder, E., Brennan, J. P., & Eaton, P. (2008). Cardiac peroxiredoxins undergo
complex modifications during cardiac oxidant stress. Am J Physiol Heart Circ Physiol,
295(1), H425-433.

357.

Musicco, C., Capelli, V., Pesce, V., Timperio, A. M., Calvani, M., Mosconi, L., Zolla, L.,
Cantatore, P., & Gadaleta, M. N. (2009). Accumulation of overoxidized Peroxiredoxin III
in aged rat liver mitochondria. Biochim Biophys Acta, 1787(7), 890-896.

358.

Avellini, C., Baccarani, U., Trevisan, G., Cesaratto, L., Vascotto, C., D'Aurizio, F.,
Pandolfi, M., Adani, G. L., & Tell, G. (2007). Redox proteomics and immunohistology to
study molecular events during ischemia-reperfusion in human liver. Transplant Proc, 39(6),
1755-1760.

359.

Yoshida, Y., Yoshikawa, A., Kinumi, T., Ogawa, Y., Saito, Y., Ohara, K., Yamamoto, H.,
Imai, Y., & Niki, E. (2009). Hydroxyoctadecadienoic acid and oxidatively modified
peroxiredoxins in the blood of Alzheimer's disease patients and their potential as
biomarkers. Neurobiol Aging, 30(2), 174-185.

360.

Rhee, S. G., Kang, S. W., Jeong, W., Chang, T. S., Yang, K. S., & Woo, H. A. (2005).
Intracellular messenger function of hydrogen peroxide and its regulation by
peroxiredoxins. Curr Opin Cell Biol, 17(2), 183-189.

361.

Matsumura, T., Okamoto, K., Iwahara, S., Hori, H., Takahashi, Y., Nishino, T., & Abe,
Y. (2008). Dimer-oligomer interconversion of wild-type and mutant rat 2-Cys
peroxiredoxin: disulfide formation at dimer-dimer interfaces is not essential for
decamerization. J Biol Chem, 283(1), 284-293.

362.

Lee, W., Choi, K. S., Riddell, J., Ip, C., Ghosh, D., Park, J. H., & Park, Y. M. (2007).
Human peroxiredoxin 1 and 2 are not duplicate proteins: The unique presence of Cys83
in Prx1 underscores the structural and functional differences between Prx1 and Prx2. J
Biol Chem, 282(30), 22011-22022.

363.

Chang, T. S., Cho, C. S., Park, S., Yu, S., Kang, S. W., & Rhee, S. G. (2004).
Peroxiredoxin III, a mitochondrion-specific peroxidase, regulates apoptotic signaling by
mitochondria. J Biol Chem, 279(40), 41975-41984.

References
364.

191

Zhou, Y., Kok, K. H., Chun, A. C., Wong, C. M., Wu, H. W., Lin, M. C., Fung, P. C.,
Kung, H., & Jin, D. Y. (2000). Mouse peroxiredoxin V is a thioredoxin peroxidase that
inhibits p53-induced apoptosis. Biochem Biophys Res Commun, 268(3), 921-927.

365.

Banmeyer, I., Marchand, C., Clippe, A., & Knoops, B. (2005). Human mitochondrial
peroxiredoxin 5 protects from mitochondrial DNA damages induced by hydrogen
peroxide. FEBS Lett, 579(11), 2327-2333.

366.

Bryk, R., Griffin, P., & Nathan, C. (2000). Peroxynitrite reductase activity of bacterial
peroxiredoxins. Nature, 407(6801), 211-215.

367.

Cantin, A. M. (1994). Taurine modulation of hypochlorous acid-induced lung epithelial
cell injury in vitro. Role of anion transport. J Clin Invest, 93(2), 606-614.

368.

Vile, G. F., Rothwell, L. A., & Kettle, A. J. (2000). Initiation of rapid, P53-dependent
growth arrest in cultured human skin fibroblasts by reactive chlorine species. Arch Biochem
Biophys, 377(1), 122-128.

369.

Xu, C., Li, C. Y., & Kong, A. N. (2005). Induction of phase I, II and III drug
metabolism/transport by xenobiotics. Arch Pharm Res, 28(3), 249-268.

370.

Siow, R. C., Ishii, T., Sato, H., Taketani, S., Leake, D. S., Sweiry, J. H., Pearson, J. D.,
Bannai, S., & Mann, G. E. (1995). Induction of the antioxidant stress proteins heme
oxygenase-1 and MSP23 by stress agents and oxidised LDL in cultured vascular smooth
muscle cells. FEBS Lett, 368(2), 239-242.

371.

Ishii, T., Kawane, T., Taketani, S., & Bannai, S. (1995). Inhibition of the thiol-specific
antioxidant activity of rat liver MSP23 protein by hemin. Biochem Biophys Res Commun,
216(3), 970-975.

372.

Nakaso, K., Kitayama, M., Fukuda, H., Kimura, K., Yanagawa, T., Ishii, T., Nakashima,
K., & Yamada, K. (2000). Oxidative stress-related proteins A170 and heme oxygenase-1
are differently induced in the rat cerebellum under kainate-mediated excitotoxicity.
Neurosci Lett, 282(1-2), 57-60.

APPENDIX A

192

APPENDIX A
Spots identified as undergoing significant change with one or more treatments, relative to Control.
One gel image for each treatment is shown, representative of three separate experiments. Spot numbers are arbitrary and correspond to those used in
protein identification (Figure 5.9 and Table 5.1).
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