
REVIEW

Clinical update

Redox biomarkers in cardiovascular medicine
Keyvan Karimi Galougahi1,2, Charalambos Antoniades3, Stephen J. Nicholls4,5,
Keith M. Channon3, and Gemma A. Figtree1,2*

1Oxidative Signalling Group, Department of Cardiology, Kolling Institute, University of Sydney, Royal North Shore Hospital, St Leonards, NSW 2065, Australia; 2Department of
Cardiology, Royal North Shore Hospital, Sydney, Australia; 3Cardiovascular Medicine, University of Oxford, Oxford, UK; 4South Australian Health and Medical Research Institute,
University of Adelaide, Adelaide, Australia; and 5Department of Cardiology, Royal Adelaide Hospital, Adelaide, Australia

Received 15 February 2015; revised 27 March 2015; accepted 27 March 2015; online publish-ahead-of-print 17 April 2015

The central role of oxidative signalling in cardiovascular pathophysiology positions biometric measures of redox state as excellent markers for
research andclinical application.However, despite this tantalizingbiological plausibility, no redox biomarker is currently in widespreadclinical use.
Major recent insights into the mechanistic complexities of redox signalling may yet provide the opportunity to identify markers that most closely
reflect the underlying pathobiology. Such redox biomarkers may, in principle, quantify the integrated effects of various known and unknown
pathophysiological drivers of cardiovascular disease processes. Recent advances with the greatest potential include assays measuring post-trans-
lational oxidative modifications that have significant cellular effects. However, analytical issues, including the relative instability of redox-modified
products, remain a major technical obstacle. Appreciation of these challenges may facilitate future development of user-friendly markers with
prognostic value in addition to traditional risk factors, and which could be used to guide personalized cardiovascular therapies. We review
both established and recently identified biomarkers of redox signalling, and provide a realistic discussion of the many challenges that remain if
they are to be incorporated into clinical practice. Despite the current lack of redox biomarkers in clinical application, the integral role of reactive
oxygen species in pathogenesis of cardiovascular disease provides a strong incentive for continued efforts.
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Introduction
The impact of cardiovascular disease is well recognized. In most
cases, whether it is atherosclerosis resulting in stroke and heart
attack, or myocardial pathology with subsequent heart failure, the
driving pathophysiological factors have been present and acting for
years. Dysregulated oxidative signalling serves, along with neurohor-
monal abnormalities and inflammation, as one of the common drivers
of disease progression. Detection of the pathobiological processes
with an aim to target preventative strategies prior to irreversible
organ damage is a major unaccomplished goal. Redox biomarkers
have great promise to assist in this quest.

The role of reactive oxygen species
and redox signalling in
cardiovascular disease
Reactive oxygen species (ROS) are generated during regulated
physiological processes, and play a critical function as signalling

molecules in control of cell homeostasis. However, the dysregulated
generation of ROS contributes to the pathogenesis of cardiovascular
disease. Superoxide anion (O2

·−), and the product of its dismutation,
hydrogen peroxide (H2O2), and hydroxyl (·HO) constitute the ROS
(as shown in Supplementary material online, Figure S1). In addition to
quenchingnitric oxide (NO), ROS directly impair the function of pro-
teins, mostly via oxidative post-translational modifications.This results
in changes in many cellular processes such as dysregulation of mem-
brane transport, altered Ca2+ handling, increased cell proliferation,
and accelerated fibrosis and atherosclerosis.1–6 Reactive nitrogen
species (RNS), specifically NO and peroxynitrite (ONOO2), which
is derived from the reaction between NO and O2

·−, also participate
in redox signalling. Reactive oxygen species and RNS are generated
by a variety of cellular sources during the evolution of both vascular
and myocardial disease (Supplementary material online, Figure S1).
These include dysfunctional mitochondrial electron transport chain,
xanthine oxidoreductase (XOR) involved in metabolism, as well as
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases
(NOX) and ‘uncoupled’ endothelial nitric oxide synthase (eNOS).

* Corresponding author. Tel: +61 2 99264915, Fax: +61 2 99266521, Email: gemma.figtree@sydney.edu.au

Published on behalf of the European Society of Cardiology. All rights reserved. & The Author 2015. For permissions please email: journals.permissions@oup.com.

European Heart Journal (2015) 36, 1576–1582
doi:10.1093/eurheartj/ehv126

http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehv126/-/DC1
http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehv126/-/DC1
mailto:gemma.figtree@sydney.edu.au
mailto:gemma.figtree@sydney.edu.au
mailto:gemma.figtree@sydney.edu.au
mailto:gemma.figtree@sydney.edu.au


Reactive oxygen species generation and interaction with other
signalling molecules is shown to occur in a compartmentalized
manner.2,7 The caveolae are membrane invaginations that provide
the structural basis for membrane ‘signalling microdomains’, including
facilitating the interaction of ROS with redox-regulated proteins.8 A
prime example is angiotensin II (Ang II) receptor-coupled signalling.9

Abnormal activation of the renin–angiotensin system is central in
the pathogenesis of a multitude of cardiovascular disease states. In
endothelial cells, Ang II causes NADPH oxidase activation, and
NADPH oxidase-derived ROS initiate a maladaptive ‘feed-forward’
loop, where ROS generation is amplified by the resulting uncoupling
of eNOS, mediated by its S-glutathionylation, a reversible modification
of reactive cysteine residues.3 This molecular cascade, akin to ‘kindling
of a bonfire’10,11 can result in modification of redox-sensitive caveolar
proteins (e.g. the Na+–K+ ATPase). Providing accurate quantitative
insight into these sub-cellularcompartmentalizedmolecularprocesses
by biomarkers detected in circulation is essential for their validity, and
presents a major analytical challenge (Figure 1). This conundrum is im-
portant to consider in the search for the novel redox biomarkers.

Measurement of redox state and
oxidative modifications
As well as functioning as a putative ‘integrator’ of the cellular effects
downstream of many known, and likely unknown, cardiovascular risk

factors (as illustrated schematically in Figure 2), redox biomarkers
may also provide an estimate of effects of pathophysiological pro-
cesses that areotherwise difficult to accurately quantitate, e.g. neuro-
hormonal activation in heart failure. The very short half-life of ROS
makes their quantification, especially at the most relevant sites of gen-
eration, technically challenging. Other measures of cellular redox
homeostasis such as the ratio of reduced to oxidized glutathione in
the cytoplasm (GSH/GSSG), e.g. in red blood cells, used as a surro-
gate for endothelial cells or cardiac myocytes, may not fully reflect
membrane redox signalling processes. A popular compromise has
been the measurement of stable by-products, modified under condi-
tions associated with elevated ROS, which have been released into
the circulation.

Practically, redox biomarkers can be classified according to
whether theyreflect (i) sourcesofROS, (ii) ROS levels, (iii)molecules
that are modified by interactions with ROS, and (iv) molecules pro-
duced by cells in response to ROS, e.g. antioxidant enzymes, or as
by-products (e.g. uric acid). The potential utility of these markers
for clinical or research application depends on the ease of obtaining
and preparing biological specimens, their stability, and the simplicity
and reproducibility of the assay. Moreover, in contrast to a biomarker
like troponin, the specificity of which for myocardial necrosis is sine
qua non for its utility, redox biomarkers are not required to have spe-
cificity for individual disease processes. Instead, the precision and
accuracy with which the assays reflect the redox homeostasis in crit-
ical cellular signalosomes should be sought. Combining markers

Figure 1 Compartmentalized redox signalling and their relationship to circulating biomarkers. The biomarkers measured in the blood are shown
in boxes. The levels of oxidation products, cellular antioxidant enzymes, and sources of reactive oxygen species measured in circulation depend on
the kinetics of release, retention and clearance, thus may not fully reflect redox homeostasis at the level of cells and tissues, in particular in membrane
signalling microdomains (caveolae, inset). As an example of a strategy to circumvent such issues, neurohormone-mediated S-glutathionylation of
Na+–K+ pump in red blood cells is shown. Based on our preliminary data, these pathways reflect the redox signalling in cardiac myocytes, with
the levels of pump S-glutathionylation closely paralleling the levels in myocytes in heart failure. MPO, myeloperoxidase; SOD, superoxide dismutase;
CAT, catalase; GPX, glutathione peroxidase; OxLDL, oxidized low-density lipoprotein; 8-OHdG, 8-hydroxy-2′deoxyguanosine; sNOX2-dp,
soluble NOX2-derived peptide.
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specific for individual disease processes with the less specific but
pathophysiologically relevant redox biomarkers can provide more
disease-specific diagnostic and prognostic information.

Discovery strategies for redox biomarkers have traditionally been
candidate based. With the advent of non-biased ‘biomics’ (e.g. gen-
omics, proteomics, transcriptomics, and metabolomics), new mole-
cules reflective of redox state are much more likely to be identified a
priori, providing a unique opportunity for development of novel bio-
markers. The currently used redox biomarkers and their develop-
mental milestones en route to clinical utility are discussed below
and summarized in Figure 3. Further detail is provided in Supplemen-
tary material online, Table S1 and Figure S2.

Sources of reactive oxygen species
Nicotinamide adenine dinucleotide phosphate oxidases are a family of
pro-oxidant enzymes, which are mainly defined by their membrane-
bound NOX subunit into four main subtypes in cardiovascular
system. NOX1 forms an active complex with p22phox, p47phox,
Noxoa1, and Rac1 subunits, mainly in the vascular smooth muscle
cells (VSMCs), and is a major source of O2

·− in the vascular wall.
NOX2 forms a complex with p22phox, p47phox, p67phox, p40phox, and
Rac1/2, and ispresent inendothelial cells,VSMCs, andcardiomyocytes.
NOX2 acts as a master regulator of cardiovascular redox state.12

NOX5 is a calcium-dependent isoform of NADPH oxidase in the
endothelium, while NOX4 selectively increases OH·2, important sig-
nalling molecule with a possibly protective role.12

Of special interest in cardiovascular biology is the enzyme eNOS,
which is normally a source of NO in the endothelium, a molecule
with antioxidant, anti-inflammatory, and anti-atherogenic properties.
However, under conditions of elevated ROS, eNOS co-factor tetrahy-
drobiopterin (BH4) is oxidized and that results in enzymatic uncoupling
of eNOS, to generate O2

·− instead of NO.13 Although estimating the
ratio of BH4 to its oxidized forms (dihydrobiopterin and biopterin)
could serve as a markerof systemic redox state, the complex regulation
of BH4 synthesis (that is induced by inflammation14) limits its value as a
biomarker. This is also explained by the fact that despite the inability of
oral BH4 administration to improve vascular redox state,15 indirect
strategies that restore vascular BH4 bioavailability (e.g. using folates16

or statins) have major impacts on vascular oxidative signalling. This
could either mean that vascular BH4 (and its oxidation status) is an ex-
cellentbiomarker reflecting theoverall vascular redoxstate, and/or that
it is critically involved in regulation of the vascular redox state.

Although NADPH oxidase and uncoupled eNOS play a key role in
ROSgeneration, theyare localized in the vessel wall andmyocardium,
making quantitation of their expression impractical. A recently devel-
oped surrogate, soluble NOX2-derived peptide (sNOX2-dp) that is
released from circulatory cells, and potentially other cell types, into
the serum has been shown to correlatewell with NOX activity in car-
diovascular system. sNOX2-dp has been used as a measure of NOX
activity in a number of disease states,17,18 including microvascular
obstruction post primary percutaneous intervention for myocardial
infarction.17,19

Figure 2 Oxidative biomarkers as potential ‘integrators’ of cardiovascular risk factors. The downstream effector role of oxidative signalling in a
broad range of conditions predisposing to cardiovascular disease places them as excellent candidates to reflect the integrated effects of many known
and potentially unknown risk factors. The demonstrated effects of pharmacotherapies [e.g. angiotensin-converting enzyme inhibitors, statins and
b-blockers] on redox biomarkers suggest that they may be early indicators of the efficacy of pharmacotherapy in a particular patient, and thus
be useful in choosing selective treatment in patients not tolerating combined therapies.
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Figure 3 Biomarkers and their respective developmental milestones on their path from discovery to clinical application. The progress of each
biomarker is representedby the relative location of the schematic runners. The strengthof the current evidence foreach biomarker in cardiovascular
disease is discussed in the adjacent text boxes. Despite great progress in redox biology field, no biomarker is currently in widespread clinical use.
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Myeloperoxidase (MPO), a haem enzyme that is abundant in gran-
ules of human inflammatory cells, is an important source of ROS that
directly participates in the pathophysiology of atherogenesis, and its
circulatory levels are shown to be of clinical relevance. Myeloperox-
idase catalyses the conversion of H2O2 to reactive species including
·OH,ONOO−, hypochlorous acid, and NO2. The MPO-derived
ROS cause endothelial dysfunction, oxidize LDL, modify HDL to
impair its function in cholesterol efflux, and thus promote athero-
sclerosis.20 Myeloperoxidase concentration can be quantified in
biological samples using commercially available enzyme-linked im-
munosorbent assay (ELISA) plates, with reliability dependent on
sample collection and handling.21 Alternatively, MPO function can
be measured by spectrophotometric-based peroxidase activity
assays such as those detecting guaiacol oxidation product forma-
tion.22 Myeloperoxidase levels have been shown to independently
predict cardiovascular events in patients presenting to emergency
with chest pain,23 as well as to predict the development of coronary
artery disease (CAD) in healthy individuals.24 Furthermore, increas-
ing MPO levels are associated with accelerated atheroma progres-
sion in diabetic patients, with a greater benefit of statin therapy
observed in diabetic patients with lower compared with higher
MPO levels at baseline.25 The results of these relatively large, pro-
spective studies, as well as the availability of commercial assays,
make MPO one of the most promising redox biomarkers for clinical
application.26

Reactive oxygen species levels
Historically, there has been great interest in measurement of ROS
levels as redox biomarkers. Although the generation of these free
radicals is at the epicentre of redox signalling in health and disease,
their functional effects occur through specific modifications on a
varietyof cellular targets, makingROS levels less pathophysiologically
relevant as biomarkers. Furthermore, measurements of ROS levels in
circulation by standard chemical approaches, such as spin-trapping, is
problematic. Short half-life and restricted diffusion of most ROS, the
properties that make them excellent signalling molecules, also make
their quantification very challenging.27 Measurement of ROS effects
on tissues is currently limited by the requirement for invasive
biopsy, although advances in ROS-sensitive contrast agents and
imaging techniques28 have the potential to partially overcome this
limitation.

Molecules undergoing oxidative
modifications
Lipids, proteins, carbohydrates, and DNA are all susceptible to
oxidative modification depending on the level of ROS they are
exposed to. Some modifications have direct functional effects, such
as enzyme inhibition, with the remainder functionally silent indicators
of increased ROS levels in the microenvironment. The direct impact
of the molecular modifications on the cell, organ and system’s ability
to adapt to the elevated levels of ROS is an important contributor to
the plausibility and validity of the marker, and its likelihood of emer-
ging as a robust prognostic tool. However, this is challenged by the
high reactivity and short half-life of many of these oxidative products,
as well as their variable specificity.29

Lipid oxidation
The oxidation of lipids, or lipid peroxidation, is recognized as a crucial
step in the pathogenesis of several cardiovascular disease states,
particularly atherosclerosis.30,31 It results from ROS attack of the poly-
unsaturated fatty acids of the membrane and initiation of a self-
propagating chain reaction. Lipids are particularly susceptible targets
of oxidation because of their abundant reactive double bonds.32 Bio-
physical properties of the membrane are directly affected, resulting
in altered fluidity and inactivation of critical membrane-bound recep-
tors and enzymes.33 Furthermore, the end-products of lipid peroxida-
tion, such as the highly reactive secondary aldehyde products isoketals
from the isoprostane pathway, directly threaten the viability of tissues
via their ability to covalently modify molecules that are critical to cell
function.34

The sensitivity of lipids to peroxidation, and its functional
effects have made lipid peroxides good candidates as redox bio-
markers. The most frequently studied markers of lipid peroxidation
are isoprostanes, and malondialdehyde (MDA). Others include
lipid hydroperoxides, fluorescent probes of lipid peroxidation,
and oxysterols.4,35

Isoprostanes are prostaglandin-like substances that are produced
independently of cyclooxygenase enzymes by ROS-induced peroxi-
dation of arachidonic acid.36 Reactive oxygen species from the mito-
chondria, P450 enzymes, lipoxygenase and transition-metal catalysis
are involved in lipid peroxidation. The isoprostanes are initially
formed esterified on phospholipids and are then released by phos-
pholipases.36 The most commonly measured members of the
family are the F2-isoprostanes, a group of 64 compounds isomeric
in structure to prostaglandin F2a that have the greatest stability,
thus are suitable for quantification.35 Although commercial immuno-
assay kits that are user-friendly and relatively cheap have been devel-
oped, theyhaveshownvariableperformancecomparedwith thegold
standard mass-spectrometric techniques.37,38 In addition, artefactual
generation of F2-isoprostanes in plasma ex vivo necessitates perform-
ing measurements within 24 h.39

F2-isoprostanes are detectable in all biological fluids, reflecting
baseline or ‘physiological’ levels of redox signalling. They are substan-
tially elevated in animal models of oxidant injury, as well as human
disease states characterized by elevated ROS.40 They also increase
in association with well-recognized risk factors such as cigarette
smoking, hypercholesterolaemia, and diabetes mellitus.38 Their
causal role in human atherosclerosis is suggested by their effect to
induced vasoconstriction,41 platelet aggregation,42 proliferation of
VSMCs,43 and their increased levels in atherosclerotic lesions.44

The role of F2-isoprostanes in heart failure is less well studied, al-
though levels in pericardial fluid have been shown to correlate with
severity of heart failure and ventricular dilatation.45

Malondialdehyde, generated via peroxidation of polyunsaturated
fatty acids, is also widely used to examine redox state. Malondialde-
hyde-induced generation of lysine–lysine cross-links in apolipopro-
tein B fractions of oxidized low-density lipoprotein (OxLDL) has
been proposed to play a role in atherogenesis via impairing the
action of macrophages.46 However, despite its role in pathophysi-
ology, reduced specificity is an issue, both in vivo where MDA can
be produced independently of lipid peroxidation, as well as in the
laboratory, with the most commonly used assay actually measuring
thiobarbituric acid-reactive substances (TBARS).47 Several
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commercially available ELISA kits demonstrate good performance
when compared with high-performance liquid chromatography
(HPLC)-based analysis. Malondialdehyde quantification therefore
remains a useful biomarker in clinical research. Numerous studies
have demonstrated the elevation of MDA in association with
smoking and diabetes in both animals and humans. In a clinical
study of a moderate size population,48 serum levels of TBARS pre-
dicted major cardiovascular events independently of traditional risk
factors and inflammatory markers. There has been a paucity of pro-
spective clinical studies on TBARS since this 2004 study.

Another product of lipid peroxidation, 4-hydroxynonenal
(4-HNE) appears to be particularly important for the regulation of
vascular redox state in humans. 4-Hydroxynonenal is produced
from the reaction of OH·− with lipid structures, and is highly reactive
with proteins, giving rise to a wide range of protein adducts. Recent
evidence suggests that 4-HNE produced in the vascular wall may
exert paracrine effects on the neighbouring perivascular adipose
tissue, leading to the activation of peroxisome proliferator-activated
receptor-g signalling in this fat depot.49 As a result, perivascular fat
releases the antioxidant adipokine, adiponectin, which exerts a para-
crine effect back onto the vascular wall, reducing NADPHoxidase
activity,49 and improving eNOS coupling. 4-Hydroxynonenal thus
restores the balance between NO and O2

·− in the vascular endothe-
lium.50 This cascade also underlines the complexities of regulation of
vascular redox state in humans, involving multiple intravascular feed-
back loops in addition to communication signals with other tissues,
which host either pro- or antioxidant mechanisms depending on
the underlying diseases state. It also highlights that the oxidation pro-
ducts (used also as clinical biomarkers) may not always be ‘simple
by-products’ of oxidation with no biological effects, but might play
an active role in the regulation of vascular redox state, e.g. as
rescue signals released from the vascular wall.

Protein oxidation
The direct, mostly reversible, functional effects of oxidative post-
translational modifications on many cellular proteins suggest they
could be strong candidates for assessment of cellular redox haemosta-
sis. Tyrosine nitration, protein carbonylation, and S-glutathionylation
are the modifications that have been thus far investigated, both of spe-
cific proteins, as well as their total levels.

The nitration of protein tyrosines is an important consequence
of increased ROS. The in vivo reaction occurs through two predom-
inant pathways peroxynitrite and haem peroxidase-dependent nitra-
tion51,52 with steric effects resulting in altered protein function. Many
proteins including fibronogen, plasmin, Apo A-I in the plasma, Apo B,
Mn-superoxide dismutase (SOD) in the vessel wall, and creatine
kinase (isoenzyme MM) as well as sarco/endoplasmic reticulum
Ca2+-ATPase (SERCA) in the myocardium undergo nitration, with
important functional effects.52

Both free circulating 3-nitrotyrosine (3-NO2-Tyr), which possibly
reflects the turnover of nitrated proteins with the modified amino
acid not recycled for de novo protein synthesis, and total protein
3-NO2-Tyr, measured by hydrolyzing the protein fraction of the bio-
logical sample to its constituent amino acids, have been examined
as biomarkers. The gold standard technique for both approaches
is tandem mass spectrometry coupled to gas chromatography or
HPLC.53 However, semi-quantitative strategies such as ELISA

using an antibody against 3-NO2-Tyr are more user-friendly and
widely applied.52 Although not used in clinical practice, the
3-NO2Tyr has achieved a number of intermediate milestones, in-
cluding demonstration of the levels as independent predictors of
cardiovascular risk, and modulation by statin therapy in a small clin-
ical study.54

Protein carbonyls can form by the oxidation of a few amino acid side
chains via the addition of aldehydes such as those generated from lipid
peroxidation.55 Carbonyl compounds are widely used markers of
severe protein oxidation, with several assays developed for quantifica-
tion. The chemical stability of protein carbonyls makes them suitable
targets for laboratory measurement and for their storage.56 As a
marker of oxidative damage to proteins, carbonyls have been shown
to accumulate during aging, ischaemia/reperfusion,56 diabetes, and
obesity.57

Protein S-glutathionylation, the formation of a mixed disulphide
bond between the reactive cysteine residue and the abundant gluta-
thione is an excellent candidate for oxidative signalling due to its sta-
bility and reversibility. By conferring a 305 Da negatively charged
adduct, it exerts steric effects on proteins similar to phosphoryl-
ation.6,58 S-Glutathionylation of critical cysteines plays a particularly
important role in the cell membrane, mediating redox regulation of
eNOS,3 the ryanodine receptor,59 SERCA,6 and the Na+–K+

pump,60 to name a few. In contrast to these, S-glutathionylation
can also occur in non-critical cysteines without functional or regula-
tory effects. Thus measuring ‘total S-glutathionylated proteins’ in
serum, in a manner similar to that applied to protein nitrosylation,
faces problems of both not representing S-glutathionylation at
target tissues, as well as accounting for the subpopulation of ‘silently’
S-glutathionylated proteins. We have recently presented data for
S-glutathionylation of the Na+–K+ pump in erythrocytes, which
closely parallels that in the myocardium in both animals and patients
with heart failure,61 suggesting its biological validity as a circulatory
marker in heart failure.

DNA oxidation
Reactive oxygen species mediate damage to all components of the
DNA molecule, the purine and pyrimidine bases, as well as the deoxy-
ribose backbone. One of the most abundant products of cellular DNA
damage, 8-hydroxy-2′-deoxyguanosine (8-OHdG)can bedetectedby
HPLC, and has been used as a redox biomarker, particularly in cancer
research. Although application to cardiovascular diseasehas been rela-
tively infrequent, levels of 8-OHdG have been found to be elevated in
patients with CAD62 and may also be useful for risk stratification in
patients with subclinical cardiovascular disease, as shown for carotid
atherosclerosis in a small study of haemodialysis patients.63

Advanced glycation end products
Advanced glycation end products are a class of molecules resulting
from modifications of proteins or lipids that become non-enzymati-
cally glycated and oxidized after contact with aldose sugars. They
form in vivo in hyperglycaemic environments and during the ageing
process, and mediate vascular disease in diabetes.64 Because of
their severe instability, most of the AGES are difficult to correctly
analyse, and are not practical for measurement as biomarkers in car-
diovascular disease.
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Antioxidant defence molecules and
by-products of reactive oxygen species
generation
Activity of antioxidant enzymes can be quantified in blood, including
catalase, glutathione peroxidase (GPX-1), and SOD. However, inter-
pretation of the serum levels is complex. Multiple factors may lead to
low antioxidant capacity, thus predispose to disease progression.
However, conversely, although high levels of antioxidant enzyme
activity may be protective, they may also reflect transcriptional upre-
gulation of protective mechanisms in response to chronically high
levels of ROS. Hence, although a moderate sized prospective study
has demonstrated that erythrocyte GPX-1 activity was inversely asso-
ciated with cardiovascular events in patients with suspected CAD,65

this has not been reproduced, and it is unlikely that such markers will
become clinically useful.

Xanthineoxidoreductase, theenzymethatcatalyses theconversionof
hypoxanthine to uric acid in the final steps of purine degradation, also
produces ROS as part of this process.66 Xanthine oxidase and XOR ac-
tivity are upregulated in myocardial ischaemia/reperfusion injury and in
heart failure.66 Although uric acid possesses some limited antioxidant
properties in hydrophilic environments, XOR-derived ROS generation
in proportion to uric acid production has led to uric acid emerging as a
useful redox biomarker in cardiovascular disease.67 Indeed, this relation-
ship of uric acid with redox state may contribute to its ability to predict
mortality in ischaemicheart disease as observed in a large cross-sectional
studyof the general population.68 The association with mortality has also
been seen in a retrospective cohort analysis of a moderate sized cohort
with diabetes,69 and in a smaller study of patients with chronic heart
failure.70 Indeed, in chronic heart failure, uric acid predicted prognosis
better than established indicators such as age, renal function, Na+, and
exercise capacity.70 Uric acid has the advantage of wide availability in
most clinical biochemical laboratories and substantial evidence support-
ing itsclinical validity.66However,uricacid levelsarealteredbyrenal func-
tion and diuretic use, thus reducing the specificity for redox signalling.

Future directions
With improved knowledge of oxidative signalling and focus on meas-
uring functionally significant oxidative modifications, redox biomar-
kers have the potential to live up to the historical expectations and
provide significant contribution to diagnosis, prevention, and treat-
ment of cardiovascular disease. In addition to development of patho-
physiologically relevant redox biomarkers, taking a ‘multi-marker’
approach is also likely to improve their overall performance. In
this regard, integrating redox biomarkers with specific markers of
disease process has a great potential, e.g. identifying vulnerable
plaque and subsequent cardiovascular events in combination with
atherosclerosis identified on CT coronary angiography.

Biomarkers, in general, are increasingly used to select subjects in
whom preventative treatments might be beneficial to halt a specific
pathophysiological process. This is also the case for redox biomar-
kers, for instance to identify subjects with elevated ROS levels and
depleted antioxidant capacity, who are likely to benefit from ‘specific
antioxidant’ therapies.35,71 This notion is supported by the fact that
none of the antioxidant trials have selectively enrolled subjects in
whom increased ROS levels and the response to antioxidants has

been demonstrated by redox biomarkers. It is plausible that this
approach may overcome the disappointment of the non-specific
antioxidants.7 Moreover, established pharmacotherapies, such as
b-blockers and inhibitors of the renin–angiotensin pathway in
heart failure exert their efficacy, at least in part, by specific receptor-
coupled antioxidant effects. Measurement of oxidativebiomarkers as
an indicator of response to b-blockers or angiotensin-converting
enzyme inhibitors, may allow for targeted approaches, particularly
in those patients who do not tolerate combined therapy.4

As new oxidative biomarkers emerge, their relevance to the
underlying cardiovascular disease process could also make them can-
didates as surrogate endpoints in clinical trials. Such surrogate
markers may also be used to facilitate drug development. Indeed, vali-
dated biomarkers are recognized by the FDA to suggest efficacy in
Phase III trials. Despite this, potential pitfalls including non-disease-
specific effects of the drugs, or their effects on disease processes in-
dependent of the redox biomarkers necessitate demonstration of
benefits based on clinical endpoints in phase IV studies.72 Thus, bio-
markers of signalling by ROS have the potential to fill an important
gap in the assessment of biological processes in cardiovascular clinical
studies.

Summary and conclusion
Despite the biological plausibility of redox biomarkers as important
adjuncts in diagnostic and prognostic armamentarium, their valid-
ation for clinical application has been slow and none have yet
reached clinical use. Appreciationof the complexities of redox signal-
ling, such as the compartmentalized signal transduction, and careful
selection of markers that represent functionally significant oxidative
modifications, may assist in guiding future efforts for development
of novel biomarkers. In our opinion, receptor-coupled membrane
protein oxidative modifications that occur in a similar fashion in cir-
culating cells in parallel to cardiac myocytes and endothelial cells
present a great potential. However, such biomarkers are in early
phases of development and validation. A major challenge that must
be addressed in large clinical trials is to demonstrate the incremental
value of redox markers in addition to the established sophisticated
models of cardiovascular risk prediction. Identification of new bio-
markers that reflect the pivotal cellular redox mechanisms involved
in cardiovascular disease will enable rational patient selection and
therapeutic response monitoring to evaluate a new generation of
redox therapies.

Supplementary material
Supplementary Material is available at European Heart Journal online.

Funding
G.A.F. was supported by a co-funded National Health and Medical Re-
search Council and the Heart Foundation of Australia Fellowship.
K.K.G. and G.A.F. received support from Heart Research Australia.

Conflict of interest: K.K.G. and G.A.F. are co-inventors on a patent
application of circulatory oxidative biomarkers in heart failure. S.J.N.,
C.A. and K.M.C. declare no conflict of interest.

K. Karimi Galougahi et al.1582

http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehv126/-/DC1


References
1. Figtree GA, Liu C, Bibert S, Hamilton EJ, Garcia A, Chia KKM, Cornelius F, Geering K,

Rasmussen HH. Reversible oxidative modification: a key mechanism of Na-K pump
regulation in the heart. Heart Lung Circ 2009;18(Suppl. 3):S253.

2. Burgoyne JR,Mongue-Din H, EatonP, Shah AM. Redoxsignaling in cardiacphysiology
and pathology. Circ Res 2012;111:1091–1106.

3. Chen CA, Wang TY, Varadharaj S, Reyes LA, Hemann C, Talukder MA, Chen YR,
Druhan LJ, Zweier JL. S-Glutathionylation uncouples eNOS and regulates its cellular
and vascular function. Nature 2010;468:1115–1118.

4. Ho E, Karimi Galougahi K, Liu CC, Bhindi R, Figtree GA. Biological markers of oxida-
tive stress: applications to cardiovascular research and practice. Redox Biol 2013;1:
483–491.

5. Erickson JR, Joiner ML, Guan X, Kutschke W, Yang J, Oddis CV, Bartlett RK, Lowe JS,
O’Donnell SE, Aykin-Burns N, Zimmerman MC, Zimmerman K, Ham AJ, Weiss RM,
Spitz DR, Shea MA, Colbran RJ, Mohler PJ, Anderson ME. A dynamic pathway for
calcium-independent activation of CaMKII by methionine oxidation. Cell 2008;
133:462–474.

6. Adachi T, Weisbrod RM, Pimentel DR, Ying J, Sharov VS, Schoneich C, Cohen RA.
S-Glutathiolation by peroxynitrite activates SERCA during arterial relaxation by
nitric oxide. Nat Med 2004;10:1200–1207.

7. Kritharides L, Stocker R. The use of antioxidant supplements in coronary heart
disease. Atherosclerosis 2002;164:211–219.

8. Patel HH, Insel PA. Lipid rafts and caveolae and their role in compartmentation of
redox signaling. Antioxid Redox Signal 2009;11:1357–1372.

9. Ushio-Fukai M, Alexander RW. Caveolin-dependent angiotensin II type 1 receptor
signaling in vascular smooth muscle. Hypertension 2006;48:797–803.

10. Gongora MC, Harrison DG. Sad heart from no SOD. Hypertension 2008;51:28–30.
11. Galougahi KK, Liu CC, Gentile C, Kok C, Nunez A, Garcia A, Fry NA, Davies MJ,

Hawkins CL, Rasmussen HH, Figtree GA. Glutathionylation mediates angiotensin
II-induced eNOS uncoupling, amplifying NADPH oxidase-dependent endothelial
dysfunction. J Am Heart Assoc 2014;3:e000731.

12. Munzel T, Gori T, Bruno RM, Taddei S. Is oxidative stress a therapeutic target in car-
diovascular disease? Eur Heart J 2010;31:2741–2748.

13. Antoniades C, Shirodaria C, Crabtree M, Rinze R, Alp N, Cunnington C, Diesch J,
Tousoulis D, Stefanadis C, Leeson P, Ratnatunga C, Pillai R, Channon KM. Altered
plasma versus vascular biopterins in human atherosclerosis reveal relationships
between endothelial nitric oxide synthase coupling, endothelial function, and inflam-
mation. Circulation 2007;116:2851–2859.

14. Antoniades C, Bakogiannis C, Leeson P, Guzik TJ, Zhang MH, Tousoulis D,
Antonopoulos AS, Demosthenous M, Marinou K, Hale A, Paschalis A, Psarros C,
Triantafyllou C, Bendall J, Casadei B, Stefanadis C, Channon KM. Rapid, direct
effects of statin treatment on arterial redox state and nitric oxide bioavailability in
human atherosclerosis via tetrahydrobiopterin-mediated endothelial nitric oxide
synthase coupling. Circulation 2011;124:335–345.

15. Cunnington C, Van Assche T, Shirodaria C, Kylintireas I, Lindsay AC, Lee JM,
Antoniades C, Margaritis M, Lee R, Cerrato R, Crabtree MJ, Francis JM, Sayeed R,
Ratnatunga C, Pillai R, Choudhury RP, Neubauer S, Channon KM. Systemic and vas-
cular oxidation limits the efficacy of oral tetrahydrobiopterin treatment in patients
with coronary artery disease. Circulation 2012;125:1356–1366.

16. Shirodaria C, Antoniades C, Lee J, Jackson CE, Robson MD, Francis JM, Moat SJ,
Ratnatunga C, Pillai R, Refsum H, Neubauer S, Channon KM. Global improvement
of vascular function and redox state with low-dose folic acid: implications for
folate therapy in patients with coronary artery disease. Circulation 2007;115:
2262–2270.

17. Pignatelli P, Carnevale R, Cangemi R, Loffredo L, Sanguigni V, Stefanutti C, Basili S,
Violi F. Atorvastatin inhibits gp91phox circulating levels in patients with hyperchol-
esterolemia. Arterioscler Thromb Vasc Biol 2010;30:360–367.

18. Violi F, Pignatelli P. Clinical application of NOX activity and other oxidative biomar-
kers in cardiovascular disease: a critical review. Antioxid Redox Signal 2014 [Epub
ahead of print].

19. Niccoli G, Celestini A, Calvieri C, Cosentino N, Falcioni E, Carnevale R, Nocella C,
Fracassi F, Roberto M, Antonazzo RP, Pignatelli P, Crea F, Violi F. Patients with micro-
vascular obstruction after primary percutaneous coronary intervention show a
gp91phox (NOX2) mediated persistent oxidative stress after reperfusion. Eur
Heart J Acute Cardiovasc Care 2013;2:379–388.

20. Nicholls SJ, Hazen SL. Myeloperoxidase and cardiovascular disease. Arterioscler
Thromb Vasc Biol 2005;25:1102–1111.

21. Shih J, Datwyler SA, Hsu SC, Matias MS, Pacenti DP, Lueders C, Mueller C, Danne O,
Mockel M. Effect of collection tube type and preanalytical handling on myeloperox-
idase concentrations. Clin Chem 2008;54:1076–1079.

22. Capeillere-Blandin C. Oxidation of guaiacol by myeloperoxidase: a two-electron-
oxidized guaiacol transient species as a mediator of NADPH oxidation. Biochem J
1998;336 (Pt 2):395–404.

23. Brennan ML, Penn MS, Van Lente F, Nambi V, Shishehbor MH, Aviles RJ,
Goormastic M, Pepoy ML, McErlean ES, Topol EJ, Nissen SE, Hazen SL. Prognostic

value of myeloperoxidase in patients with chest pain. N Engl J Med 2003;349:
1595–1604.

24. Meuwese MC, Stroes ES, Hazen SL, van Miert JN, Kuivenhoven JA, Schaub RG,
Wareham NJ, Luben R, Kastelein JJ, Khaw KT, Boekholdt SM. Serum myeloperoxi-
dase levels are associated with the future risk of coronary artery disease in apparent-
ly healthy individuals: the EPIC-Norfolk Prospective Population Study. J Am Coll
Cardiol 2007;50:159–165.

25. Kataoka Y, Shao M, Wolski K, Uno K, Puri R, Murat Tuzcu E, Hazen SL, Nissen SE,
Nicholls SJ.Myeloperoxidase levelspredict accelerated progression of coronaryath-
erosclerosis in diabetic patients: insights from intravascular ultrasound. Atheroscler-
osis 2014;232:377–383.

26. Schindhelm RK, van der Zwan LP, Teerlink T, Scheffer PG. Myeloperoxidase: a useful
biomarker for cardiovascular disease risk stratification? Clin Chem 2009;55:
1462–1470.

27. GriendlingKK, FitzGeraldGA. Oxidative stress andcardiovascular injury: Part I: basic
mechanisms and in vivo monitoring of ROS. Circulation 2003;108:1912–1916.

28. Perng JK, Lee S, Kundu K, Caskey CF, Knight SF, Satir S, Ferrara KW, Taylor WR,
Degertekin FL, Sorescu D, Murthy N. Ultrasound imaging of oxidative stress in
vivo with chemically-generated gas microbubbles. Ann Biomed Eng 2012;40:
2059–2068.

29. Lee R, Margaritis M, Channon KM, Antoniades C. Evaluating oxidative stress in
human cardiovascular disease: methodological aspects and considerations. Curr
Med Chem 2012;19:2504–2520.

30. Steinberg D. Low density lipoprotein oxidation and its pathobiological significance.
J Biol Chem 1997;272:20963–6.

31. Chisolm GM, Steinberg D. The oxidative modification hypothesis of atherogenesis:
an overview. Free Radic Biol Med 2000;28:1815–1826.

32. Porter NA, Caldwell SE, Mills KA. Mechanisms of free radical oxidation of unsatur-
ated lipids. Lipids 1995;30:277–290.

33. Mylonas C, Kouretas D. Lipid peroxidation and tissue damage. In Vivo 1999;13:
295–309.

34. Gutteridge JM, Halliwell B. The measurement and mechanism of lipid peroxidation in
biological systems. Trends Biochem Sci 1990;15:129–135.

35. Montuschi P, Barnes PJ, Roberts LJ II. Isoprostanes: markers and mediators of oxida-
tive stress. FASEB J 2004;18:1791–1800.

36. Morrow JD, Awad JA, Boss HJ, Blair IA, Roberts LJ II. Non-cyclooxygenase-derived
prostanoids (F2-isoprostanes) are formed in situ on phospholipids. Proc Natl Acad Sci
USA 1992;89:10721–5.

37. Smith KA, Shepherd J,Wakil A, Kilpatrick ES. A comparison of methods for the meas-
urement of 8-isoPGF(2alpha): a marker of oxidative stress. Ann Clin Biochem 2011;
48(Pt 2):147–154.

38. Morrow JD. Quantification of isoprostanes as indices of oxidant stress and the
risk of atherosclerosis in humans. Arterioscler Thromb Vasc Biol 2005;25:279–286.

39. Wu T, Rifai N, Roberts LJ II, Willett WC, Rimm EB. Stability of measurements of
biomarkers of oxidative stress in blood over 36 hours. Cancer Epidemiol Biomarkers
Prev 2004;13:1399–1402.

40. Griffiths HR, Moller L, Bartosz G, Bast A, Bertoni-Freddari C, Collins A, Cooke M,
Coolen S, Haenen G, Hoberg AM, Loft S, Lunec J, Olinski R, Parry J, Pompella A,
Poulsen H, Verhagen H, Astley SB. Biomarkers. Mol Aspects Med 2002;23:101–208.

41. Kromer BM, Tippins JR. Coronary artery constriction by the isoprostane 8-epi pros-
taglandin F2 alpha. Br J Pharmacol 1996;119:1276–1280.

42. Patrono C, FitzGerald GA. Isoprostanes: potential markers of oxidant stress in
atherothrombotic disease. Arterioscler Thromb Vasc Biol 1997;17:2309–2315.

43. Takahashi K, Nammour TM, Fukunaga M, Ebert J, Morrow JD, Roberts LJ II,
Hoover RL, Badr KF. Glomerular actions of a free radical-generated novel prosta-
glandin, 8-epi-prostaglandin F2 alpha, in the rat. Evidence for interaction with
thromboxane A2 receptors. J Clin Invest 1992;90:136–141.

44. Gniwotta C, Morrow JD, Roberts LJ II, Kuhn H. Prostaglandin F2-like compounds,
F2-isoprostanes, are present in increased amounts in human atherosclerotic
lesions. Arterioscler Thromb Vasc Biol 1997;17:3236–3241.

45. Mallat Z, Philip I, Lebret M, Chatel D, Maclouf J, Tedgui A. Elevated levels of
8-iso-prostaglandin F2alpha in pericardial fluid of patients with heart failure: a poten-
tial role for in vivo oxidant stress in ventricular dilatation and progression to heart
failure. Circulation 1998;97:1536–1539.

46. Uchida K. Role of reactive aldehyde in cardiovascular diseases. Free Radic Biol Med
2000;28:1685–1696.

47. Halliwell B. Lipid peroxidation, antioxidants and cardiovascular disease: how
should we move forward? Cardiovasc Res 2000;47:410–418.

48. Walter MF, Jacob RF, Jeffers B, Ghadanfar MM, PrestonGM, Buch J, Mason RP. Serum
levels of thiobarbituric acid reactive substances predict cardiovascular events in
patients with stable coronary artery disease: a longitudinal analysis of the
PREVENT study. J Am Coll Cardiol 2004;44:1996–2002.

49. Antonopoulos AS, Margaritis M, Coutinho P, Shirodaria C, Psarros C, Herdman L,
Sanna F, De Silva R, Petrou M, Sayeed R, Krasopoulos G, Lee R, Digby J, Reilly S,
Bakogiannis C, Tousoulis D, Kessler B, Casadei B, Channon KM, Antoniades C.

Redox biomarkers in cardiovascular medicine 1582a



Adiponectin as a link between type2diabetes mellitus andvascularNADPH-oxidase
activity in the human arterial wall: the regulatory role of perivascular adipose tissue.
Diabetes 2014; doi: 10.2337/db14-1011.

50. Margaritis M, Antonopoulos AS, Digby J, Lee R, Reilly S, Coutinho P, Shirodaria C,
Sayeed R, Petrou M, De Silva R, Jalilzadeh S, Demosthenous M, Bakogiannis C,
Tousoulis D, Stefanadis C, Choudhury RP, Casadei B, Channon KM,
Antoniades C. Interactions between vascular wall and perivascular adipose tissue
reveal novel roles for adiponectin in the regulation of endothelial nitric oxide syn-
thase function in human vessels. Circulation 2013;127:2209–2221.

51. Schopfer FJ, Baker PR, Freeman BA. NO-dependent protein nitration: a cell signaling
event or an oxidative inflammatory response? Trends Biochem Sci 2003;28:646–654.

52. Peluffo G, Radi R. Biochemistry of protein tyrosine nitration in cardiovascular path-
ology. Cardiovasc Res 2007;75:291–302.

53. Duncan MW. A review of approaches to the analysis of 3-nitrotyrosine. Amino Acids
2003;25:351–361.

54. Shishehbor MH, Aviles RJ, Brennan ML, Fu X, Goormastic M, Pearce GL, Gokce N,
Keaney JF Jr., Penn MS, Sprecher DL, Vita JA, Hazen SL. Association of nitrotyrosine
levels with cardiovascular disease and modulation by statin therapy. JAMA 2003;289:
1675–1680.

55. Grimsrud PA, Xie H, Griffin TJ, Bernlohr DA. Oxidative stress and covalent modifi-
cation of protein with bioactive aldehydes. J Biol Chem 2008;283:21837–21841.

56. Dalle-Donne I, Rossi R, Colombo R, Giustarini D, Milzani A. Biomarkers of oxidative
damage in human disease. Clin Chem 2006;52:601–623.

57. Bollineni RC, Fedorova M, Bluher M, Hoffmann R. Carbonylated plasma proteins as
potential biomarkers of obesity induced type 2 diabetes mellitus. J Proteome Res
2014;13:5081–5093.

58. Figtree GA, Keyvan Karimi G, Liu CC, Rasmussen HH. Oxidative regulation of the
Na(+)-K(+) pump in the cardiovascular system. Free Radic Biol Med 2012;53:
2263–2268.

59. Aracena-Parks P, Goonasekera SA, Gilman CP, Dirksen RT, Hidalgo C, Hamilton SL.
Identification of cysteines involved in S-nitrosylation, S-glutathionylation, and oxida-
tion to disulfides in ryanodine receptor type 1. J Biol Chem 2006;281:40354–40368.

60. Figtree GA, Liu CC, Bibert S, Hamilton EJ, Garcia A, White CN, Chia KKM,
Cornelius F, Geering K, Rasmussen HH. Reversible oxidative modification: a key
mechanism of Na+-K+ pump regulation. Circ Res 2009;105:185–193.

61. Liu CC, Fry NA, Karimi Galougahi K, Rasmussen HH, Figtree GA. Glutathionylation
of erythrocyte Na-K Pump in heart failure: a novel biomarker that reflects a key oxi-
dative abnormality in the heart. Circulation 2012;126:A12793.

62. Kaya Y, Cebi A, Soylemez N, Demir H, Alp HH, Bakan E. Correlations between oxi-
dative DNA damage, oxidative stress and coenzyme Q10 in patients with coronary
artery disease. Int J Med Sci 2012;9:621–626.

63. Ari E, Kaya Y, Demir H, Cebi A, Alp HH, Bakan E, Odabasi D, Keskin S. Oxidative
DNA damagecorrelateswith carotid artery atherosclerosis in hemodialysispatients.
Hemodial Int 2011;15:453–459.

64. Goldin A, Beckman JA, Schmidt AM, Creager MA. Advanced glycation end
products: sparking the development of diabetic vascular injury. Circulation 2006;
114:597–605.

65. Blankenberg S, Rupprecht HJ, Bickel C, Torzewski M, Hafner G, Tiret L, Smieja M,
Cambien F, Meyer J, Lackner KJ. Glutathione peroxidase 1 activity and cardiovascular
events in patients with coronary artery disease. N Engl J Med 2003;349:1605–1613.

66. Trachtenberg BH, Hare JM. Biomarkers of oxidative stress in heart failure. Heart Fail
Clin 2009;5:561–577.

67. Sautin YY, Johnson RJ. Uric acid: the oxidant–antioxidant paradox. Nucleosides
Nucleotides Nucleic Acids 2008;27:608–619.

68. Fang J, Alderman MH. Serum uric acid and cardiovascular mortality the NHANES I
epidemiologic follow-up study, 1971–1992. National Health and Nutrition Examin-
ation Survey. JAMA 2000;283:2404–2410.

69. Ioachimescu AG, Brennan DM, Hoar BM, Kashyap SR, Hoogwerf BJ. Serum uric acid,
mortality and glucose control in patients with Type 2 diabetes mellitus: a PreCIS
database study. Diabet Med 2007;24:1369–1374.

70. Anker SD, Doehner W, Rauchhaus M, Sharma R, Francis D, Knosalla C, Davos CH,
Cicoira M, Shamim W, Kemp M, Segal R, Osterziel KJ, Leyva F, Hetzer R,
Ponikowski P, Coats AJ. Uric acid and survival in chronic heart failure: validation
and application in metabolic, functional, and hemodynamic staging. Circulation
2003;107:1991–1997.

71. Griendling KK, FitzGerald GA. Oxidative stress and cardiovascular injury: part II:
animal and human studies. Circulation 2003;108:2034–2040.

72. Strimbu K, Tavel JA. What are biomarkers? Curr Opin HIV AIDS 2010;5:
463–466.

K. Karimi Galougahi et al.1582b



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


