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The roles of myeloperoxidase in coronary artery disease and its potential
implication in plaque rupture
Nathaniel Teng a,b, Ghassan J. Maghzal a, Jihan Talib a, Imran Rashida, Antony K. Lau b,c and
Roland Stocker a,d

aVascular Biology Division, Victor Chang Cardiac Research Institute, Darlinghurst, New South Wales, Australia; bDepartment of Cardiology,
Prince of Wales Hospital, Randwick, New South Wales, Australia; cFaculty of Medicine, University of New South Wales, Sydney, New South
Wales, Australia; dSchool of Medical Sciences, University of New South Wales, Sydney, New South Wales, Australia

ABSTRACT
Atherosclerosis is the main pathophysiological process underlying coronary artery disease (CAD).
Acute complications of atherosclerosis, such as myocardial infarction, are caused by the rupture of
vulnerable atherosclerotic plaques, which are characterized by thin, highly inflamed, and
collagen-poor fibrous caps. Several lines of evidence mechanistically link the heme peroxidase
myeloperoxidase (MPO), inflammation as well as acute and chronic manifestations of
atherosclerosis. MPO and MPO-derived oxidants have been shown to contribute to the
formation of foam cells, endothelial dysfunction and apoptosis, the activation of latent matrix
metalloproteinases, and the expression of tissue factor that can promote the development of
vulnerable plaque. As such, detection, quantification and imaging of MPO mass and activity
have become useful in cardiac risk stratification, both for disease assessment and in the
identification of patients at risk of plaque rupture. This review summarizes the current
knowledge about the role of MPO in CAD with a focus on its possible roles in plaque rupture
and recent advances to quantify and image MPO in plasma and atherosclerotic plaques.
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Introduction

Coronary artery disease (CAD) is the single largest
cause of mortality worldwide. The majority of CAD is
caused by atherosclerosis, a progressive, multi-factorial,
inflammatory disease of the arterial wall. The disease
culminates in the rupture of atherosclerotic plaques,
which may lead to arterial occlusion and life-threaten-
ing acute coronary syndromes (ACS). Atherosclerotic
plaque rupture can occur as the first manifestation of
the disease in otherwise asymptomatic subjects. There-
fore, being able to predict the level of plaque instability
could mean preventing new cardiovascular events and
optimizing medical care for a vast number of patients.

Numerous clinical studies have assessed the utility
of inflammatory biomarkers for characterization cardio-
vascular disease (CVD) severity and thus the risk of
plaque rupture. Early epidemiological studies evalu-
ated the clinical usefulness of inflammatory markers
such as C-reactive protein, adhesion molecules, cyto-
kines, and white cell count [1]. Currently, high sensi-
tivity C-reactive protein and troponins are the only
plasma biomarkers in routine use, but both have sig-
nificant limitations. The detection of circulating myo-
cardial troponin is useful for detecting cardiac injury
in patients with advanced coronary disease but

cannot identify vulnerable patients at risk of (but
prior to) a plaque rupture event. The acute phase reac-
tant CRP is an inflammatory biomarker with a definite
association with cardiovascular events, however its
value in guiding treatment decisions remains unproven
[2]. Recent research has focused on novel inflammatory
markers of which myeloperoxidase (MPO), released sys-
temically and locally by activated leukocytes, has
shown great promise [3]. It is currently hypothesized
that MPO can be used as a diagnostic aid and risk stra-
tification tool in patients who present to the emer-
gency department with ACS [4].

This review aims to give an update on current
knowledge about the role of MPO in human CAD in
the context of thrombosis and sudden coronary
death as a consequence of plaque rupture.

Atherosclerotic plaque rupture

Post-mortem studies have established atherosclerotic
plaque rupture to be responsible for up to 75% of epi-
sodes of ACS [5]. Disrupted plaques are characterized
by a high degree of inflammation, a large necrotic
core and a thin fibrous cap. These plaque characteristics
have been identified as important determinants of
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plaque vulnerability where fibrous cap thickness has
been shown to be the best discriminator [5].

The exact molecular and cellular mechanisms
underlying plaque destabilization have yet to be fully
elucidated, however several key processes have been
identified (Table 1).

First, accelerated apoptosis of vascular smooth
muscle cell (VSMC) is a major contributor to plaque
instability. VSMCs increase the thickness and stability
of the fibrous cap by producing extracellular matrix
(ECM) proteins such as elastin and collagen [6].
However, the infiltration of macrophages, mast cells,
and cytotoxic T lymphocytes into the plaque induces
VSMC apoptosis through the release of pro-inflamma-
tory cytokines and proteases [6]. This results in a thin-
ning of the fibrous cap, exacerbated inflammation,
and expansion of the necrotic core.

Second, macrophage death is thought to make a sig-
nificant contribution to plaque rupture, as apoptotic
macrophages are more prevalent in the fibrous cap of
ruptured plaques than stable plaques [7]. Macrophages
engulf apolipoprotein B-containing lipoproteins depos-
ited in the sub-endothelial space, which are hydrolyzed
in late endosomes to free cholesterol that is then re-ester-
ified in the endoplasmic reticulum into the characteristic
lipid droplets of foam cells [8]. In advanced atherosclero-
sis, stressors to the endoplasmic reticulum, such as
impaired esterification and exposure to oxidized choles-
terol, triggers apoptosis [8]. In vitro studies suggest that
growth factor deprivation, oxidative stress, and death
receptor activation by ligands that exist in advanced
atherosclerosis also contribute to macrophage death
[8]. Further, in atherosclerotic lesions, clearance of apop-
totic cells by macrophages is impaired, possibly due to
cytoplasmic overload of ingested material, oxidative
stress, and competitive inhibition of receptors [9]. This
exacerbates the accumulation of apoptotic cells, leading
to an expansion of the necrotic core.

Third, macrophages and neutrophils may play a sub-
stantial role in the mechanical weakening of the fibrous
cap, which inevitably precedes plaque rupture. Macro-
phages and neutrophils are attracted by chemokines
produced by the inflammatory milieu and express

members of the matrix metalloproteinase (MMP)
family such as MMP-8, -9, -12, and -13, which are impli-
cated in the degradation of ECM proteins [6].

Fourth, neoangiogenesis is a signature feature of
advanced atherosclerotic plaques and is widely con-
sidered to be a major contributor to plaque weakening.
Hypoxia, due to intimal thickening causing reduced
oxygen diffusion, combined with higher oxygen
requirements of metabolically active inflammatory
cells, is believed to trigger neovascularization by indu-
cing the expression of hypoxia-inducible transcription
factor and vascular endothelial growth factor in macro-
phages [10]. However, these new vessels are structu-
rally immature, leaky, and prone to rupture [11]. This
promotes leukocyte infiltration and predisposition to
intra-plaque hemorrhage, which is an independent
predictor of future cardiovascular outcomes [12].

The enzymology of MPO

To contextualize the role of MPO in CAD and athero-
sclerosis, the cellular origins, structure, and basic mech-
anism of MPO enzymology must first be described.

Cellular origins

MPO is a major neutrophil effector protein, accounting
for ∼5% of the cell’s dry mass and a concentration of
∼10 × 10−6 μg/cell [13]. MPO is stored in large
amounts in the azurophilic granules from where it is
released into the phagosome along with a plethora
of anti-microbial agents after phagocytosis of patho-
gens. While the majority of MPO remains in the phago-
some, up to 30% of total cellular MPO can be released
as active enzyme into the extracellular space via degra-
nulation or by association with neutrophil extracellular
traps [14]. MPO is also present in monocytes, compris-
ing one-third of the MPO content found in neutrophils.
Differentiation of monocytes into macrophages is gen-
erally thought to be associated with a loss of MPO.
However, granulocyte macrophage colony-stimulating
factor has been identified as an endogenous regulator
of macrophage MPO expression in human athero-
sclerosis, in support of a role for MPO-expressing
macrophages in atheroma complication and ACS [15].

NADPH oxidase 2 assembled at the plasma or pha-
gosomal membrane catalyzes the oxidation of
NADPH to NADP+ with concomitant reduction of mol-
ecular oxygen (O2) to superoxide anion radical (O2

•−).
Dismutation of O2

•− results in the formation of hydrogen
peroxide (H2O2) that acts as an essential cofactor for
the MPO catalytic cycle.

Structure

The three-dimensional structure of MPO encompasses a
highly cationic surface (pI 10), abundant in lysine and

Table 1. Characteristics of vulnerable atherosclerotic plaques
and putative underlying processes.
Key features of
unstable plaques Putative underlying processes

Fibrous cap thinning Increase in apoptosis of VSMCs; decrease in the
production of ECM; infiltration of
macrophages and neutrophils and associated
release of pro-inflammatory cytokines and
MMPs

Intra-plaque
inflammation

Accumulation of apolipoprotein B-containing
lipoproteins in the sub-endothelial space;
intra-plaque neovascularization or
neoangiogenesis; increased endothelial
permeability; increased mast cell activation

Increased necrotic core
size

Death of macrophages and VSMCs; impaired
clearance of apoptotic cells
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arginine residues. This facilitates interaction of MPO with
a variety of negatively charged surfaces and proteins,
including bacterial and endothelial cell surfaces, ECM
[16], low-density lipoprotein [17], apolipoprotein A-I
[18], and ceruloplasmin [19]. MPO is 146 kDa homodi-
meric protein composed of functionally independent
monomeric units joined by a single disulfide bond at
Cys153. Each monomer is made up of a heavy glycosy-
lated chain (58.5 kDa, 467 amino acids) and a light chain
(14.5 kDa, 106 amino acids). Glycosylation of the heavy
chain is important for MPO enzymatic activity, de-glyco-
sylated MPO has significantly decreased chlorinating
activity [20]. The heavy chain within each monomer con-
tains a protoporphyrin IX heme derivative and a
calcium-binding site essential for chain interaction.

The heme is linked to MPO by three covalent bonds,
i.e. two ester bonds between the methyl groups of
pyrrole rings A and C with Glu242 of the heavy chain
and Asp94 of the light chain, respectively, and a sulfo-
nium bond between pyrrole ring A and Met243 [21,22].
The sulfonium linkage causes planar distortion and
asymmetry of the heme group, thereby contributing
to the unique spectral properties and characteristic
green color of MPO [21]. The heme is located within
a deep crevice (15–20 Å) [23] limiting its access to
small ions and H2O2 [24]. MPO activity is dependent
on Asn421, ligated proximal to the heme group and
His95 located distal to the heme. Asn421 serves as a
hydrogen bond acceptor and facilitates the Fe(III)/Fe
(II) reduction essential for compound I formation [25].
His95 accepts protons from H2O2 to initiate compound
I formation and, upon cleavage of the oxygen–oxygen
bond, it donates a proton to form water [26]. Located

3.5 Å from His95 is a hydrophobic pocket that interacts
with most substrates that are oxidized by compound
I. Within this vicinity the substrates can interfere with
H2O2 binding and facilitate protonation of His95,
which in turn stabilizes the substrate-bound complex
at acidic pH. The following reference is a comprehen-
sive review of the nature of the MPO active site [27].

Catalytic cycle

The catalytic cycle is initiated by the rapid two-electron
oxidation of native Fe(III)-MPO by H2O2 (k ∼ 1.4 ×
107 M−1s−1) to form water and compound I, a Fe(IV)-
oxo porphyrin radical-cation species (Fe4+=O + por-
phyrin•+) (Figure 1) [27]. Native MPO is regenerated
via reduction of compound I by either the ‘halogena-
tion cycle’, a direct two-electron reduction by pseudo
(halides), or by the ‘peroxidase cycle’, a two-step one-
electron reduction via the formation of the redox inter-
mediate, compound II (which retains the Fe4+=O
center) [28]. Due to the high reduction potentials of
compound I/native enzyme (1.16 V) [29], compound I/
compound II (1.35 V), and compound II/native
enzyme (0.97) [30], MPO can oxidize a myriad of
substrates via both catalytic cycles. These reduction
potentials, and hence the rate of substrate oxidation,
are pH-dependent. For example, compound I is
reduced readily to compound II at pH 7.8 and low con-
centrations of (pseudo)halide ions. At lower pH and in
the presence of high concentrations of (pseudo)halide
ions, the turnover of compound II is enhanced, thereby
favoring the halogenation cycle. In vivo, MPO is
expected to operate between pH 6.5 (i.e. at sites

Figure 1. The MPO catalytic cycle. Native MPO reacts with H2O2 to form compound I. Compound I can be converted back to native
MPO either by the halogenation cycle or by the two-step one-electron reduction in the peroxidase cycle. Ferrous-MPO and com-
pound III are redox forms of MPO that exist outside the two catalytic cycles.
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of inflammation) and pH 7.8 (inside the phagosome)
[31].

During the halogenation cycle (pseudo)halides, Cl−,
Br−, and SCN− donate two electrons to compound I to
form the corresponding reactive (pseudo)hypohalous
acids: hypochlorous acid (HOCl), hypobromous acid
(HOBr), and hypothiocyanous acid (HOSCN), respect-
ively. The pKa-values for HOCl, HOBr, and HOSCN are
7.6, 8.7, and 3.5–4.9, respectively. At physiological pH
therefore, the concentrations of HOCl and −OCl will
be similar, while HOBr will predominate over −OBr
and −OSCN will predominate over HOSCN [32–34]. In
this review, the physiological mixtures of these
species will be referred to as HOCl, HOBr, and HOSCN.

At neutral pH and physiological concentrations of
the (pseudo)halides ions, Cl− serves as a major sub-
strates for MPO, largely due to the greater abundance
of Cl− relative to Br− and SCN− (Cl−, 100 −140 mM,
Br− and SCN−, 20–100 μM), making HOCl the major
MPO-derived oxidant. Factors that increase SCN− con-
centrations, such as diet and smoking, allow SCN− to
be a competitive substrate for MPO [35]. Reaction
with SCN− is afforded further by its large specificity
constant (730-fold higher than Cl−) [36] and faster
rate constant for compound I (9.6 × 106 versus 2.5 ×
104 and 1.1 × 106 M−1s−1 for SCN−, Cl−, and Br−,
respectively) [37]. Furthermore, HOCl and HOBr can
oxidize SCN−, thereby increasing yields of HOSCN
[38,39].

The peroxidase cycle is defined by the conversion of
compound I to native MPO by a two-step one-electron
reduction via compound II by radicals (nitric oxide, •NO,
and O2

•−), organic (including tyrosine, ascorbate, ster-
oidal hormones and urate, as well as xenobiotics and
drugs) and inorganic substrates (nitrite, NO2

−). In
certain cases, the resulting radical species can yield
dimers and higher polymers, or react with other biomo-
lecules such as lipids and proteins [28]. Radicals formed
from amino/phenol derivatives can be reduced further
to form electrophilic imino/quinone species that cova-
lently react with thiol derivatives and other biomole-
cules [40].

Redox forms of MPO outside the halogenation and
peroxidase cycles include Fe(II)-MPO, formed by the
one-electron of reduction of native MPO and com-
pound III. The latter is considered a ‘catalytically inac-
tive’ ferrous dioxy intermediate formed either by the
reaction of Fe(II)-MPO with O2, native MPO with O2

•−

or compound II with H2O2 [41]. Although considered
‘catalytically inactive’, ascorbate, O2

•−, and paracetamol
slowly reduce compound III to native MPO [42,43].

Reactivity of HOCl

Under physiological conditions HOCl is the most reac-
tive two-electron oxidant, exceeding the reactivity of
H2O2, peroxynitrite, and hydroperoxides [44]. HOCl

reacts avidly with nucleophiles, with its fastest reac-
tions occurring with thiols and thiolethers (e.g. Cys
and Met residues in proteins, and reduced glutathione)
(k ∼ 108 M−1s−1). Its reaction with other nucleophiles,
including tryptophan, lysine, histidine, and terminal
amines, occurs at k-values of ∼104–105 M−1s−1

[45,46]. HOCl reacts at much slower rates with double
bonds, aromatic rings (including Tyr and Trp), fatty
acid side chains and nucleobases (reviewed in refer-
ence [47]). Reactions with Tyr residues yield 3-chloro-
tyrosine, a specific biomarker for HOCl identified in
human atherosclerotic lesions [48], together with
chlorinated lipids [49,50]. The antioxidants ascorbate
and urate react with HOCl with second-order rate con-
stants of 6 × 106 and 2 × 105 M−1s−1, respectively
[45,51]. Reaction of HOCl with amines yields chlora-
mines, which are weaker oxidants, but more selective
towards thiol residues than HOCl [52,53]. Once
formed on proteins, chloramines and dichloramines
can breakdown to form reactive carbonyls in addition
to ammonia monochloramines that have a similar bac-
tericidal potency to HOCl [54].

When HOCl is generated in excess, its rapid reaction
with thiols and thiolethers can significantly affect cellu-
lar homeostasis. Perturbations of the redox balance of
reduced and oxidized glutathione by HOCl can imbal-
ance carefully regulated redox pathways. Furthermore,
HOCl can modulate protein function by reacting with
Cys-rich active sites of proteins. For example, HOCl
readily inactivates endothelial nitric oxide synthase
(eNOS), creatine kinase, and glyceraldehyde-3-phos-
phate dehydrogenase, with the loss of activity correlat-
ing with thiol oxidation [53,55,56]. Conversely, HOCl
can activate MMPs, e.g. MMP-7, by oxidizing a key
Cys residue in the cysteine switch domain [57].

Potential roles of MPO in atherosclerosis and
atherosclerotic plaque instability

The involvement of MPO in human atherosclerotic
plaque progression has been well established. Enzy-
matically active MPO is present in atherosclerotic
lesions, with higher concentrations around their
shoulder region [55]. Further, advanced atheromatous
plaques demonstrate higher numbers of intimal
MPO-expressing macrophages than early stage
lesions [15]. Compared with humans, the contribution
of MPO/MPO-derived oxidants to atherosclerosis in
mouse models of the disease is less clear. For
example, mice deficient in LDL receptor and MPO
(Ldlr–/–Mpo–/–) develop unexpectedly larger lesions
(>50%) than Ldlr–/– animals [58]. Importantly
however, atherosclerotic lesions in Ldlr–/– mice did
not exhibit measurable MPO activity as assessed by
the presence of 3-chlorotyrosine [58], whereas human
atherosclerotic lesions contain 3-chlorotyrosine (see
below). While the precise role of MPO in murine
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atherosclerosis remains unclear, MPO and MPO-
derived oxidants have numerous potential pro-athero-
genic properties (Table 2).

Formation of atherogenic LDL

MPO has been shown to participate in multiple path-
ways of LDL oxidation, mediated by both radical 1e-oxi-
dation and non-radical 2e-oxidation [59]. Compared
with native LDL, oxidized LDL is more avidly taken up
by macrophages, and this can lead to foam cell for-
mation in vitro, and could conceivably contribute to
an enlarged lipid core and exacerbated stress on the
fibrous cap matrix, making atherosclerotic plaques
more prone to rupture [60].

As mentioned earlier, MPO forms the highly reactive
2e-oxidant HOCl, which preferentially reacts with
amino acids rather than lipids [59]. HOCl chlorinates
electron-rich substrates on apolipoprotein B-100 such
as Lys residues [61] and Tyr, forming MPO-specific 3-
chlorotyrosine [3]. Atherosclerotic plaque is enriched
in 3-chlorotyrosine and circulating LDL of patients
with CVD contains 3-chlorotyrosine [48]. Exposure of
mouse peritoneal macrophages to HOCl-oxidized LDL
resulted in increased intracellular concentrations of
cholesterol and cholesteryl esters, with Lys residues
of apoliopoprotein B-100 representing the major oxi-
dative target [62]. Competition studies revealed that
this increased uptake is due to recognition of HOCl-
modified LDL by the macrophage class B scavenger
receptors CD36 and SR-BI [63]. Further, the MPO/HOCl
system can generate a series of secondary oxidation
products, such as tyrosine radicals, p-hydroxyphenyla-
cetaldehyde and highly reactive unsaturated alde-
hydes-glyceraldehyde, 2-hydroxypropanal, and
acrolein [59]. These products can themselves take

part in oxidation reactions to generate high-uptake
LDL. For example, LDL incubated with glyceraldehyde
and glycolaldehyde was consumed by human mono-
cyte-derived macrophages to a greater extent than
native LDL [64], an activity mediated by the macro-
phage acetyl LDL receptor [65], now known as a class
A scavenger receptor [63]. In addition to enhancing
foam cell formation, LDL modified by HOCl may con-
tribute to the development of atherosclerosis in
several ways (Table 3). Importantly, the involvement
of HOCl-mediated oxidation of LDL in atherogenesis
could explain the poor outcome of antioxidant trials
in the treatment of atherosclerosis, particularly α-toco-
pherol (vitamin E), as these antioxidants are effective
only against 1e-oxidation reactions [59].

Moreover, MPO/H2O2 oxidizes nitrite (NO2
−) to nitryl

chloride (NO2Cl) and reactive nitrogen dioxide radicals
(•NO2), both of which are capable of oxidizing Tyr resi-
dues in apolipoprotein B-100 as well as lipids [59]. The
resulting product, NO2LDL, is recognized by the macro-
phage scavenger receptor CD36 [66]. LDL from aortic
atherosclerotic intima was found to contain 90-fold
higher levels of protein standardized 3-nitrotyrosine
than plasma LDL [67]. However, while Tyr nitration is
characteristic of LDL exposed to MPO/H2O2/NO2

−, com-
petition studies suggest that oxidized lipids, rather
than modified proteins or lipid-protein adducts, are
the essential moiety in NO2-LDL that confers CD36-
dependent receptor recognition [66]. In addition to
nitrating LDL protein, •NO2 also initiates LDL lipid per-
oxidation [68], a process that is characteristic of oxi-
dation by radicals and may result in binding to
macrophages and foam cell formation in vitro [69].
This 1e-oxidation reaction can be inhibited by LDL
associated α-tocopherol and is independent of the
chloride ion, unlike HOCl-induced oxidation of LDL’s
tyrosine and lysine residues [59].

As we have learned, MPO/H2O2 also catalyzes the
oxidation of thiocyanate (SCN−, a pseudohalide
present at elevated concentrations in smokers), result-
ing in the production of cyanate (OCN–), which carba-
mylates nucleophilic groups such as Lys residues on
LDL into homocitrulline [70]. Carbamylated LDL binds
to the scavenger receptor SRA−1 on macrophages, is
avidly ingested and leads to foam cell formation [70].

Table 2. Potential pro-atherogenic actions of MPO and
putative underlying processes.
Pro-atherogenic actions of MPO Putative underlying processes

Atherogenic LDL Chlorination of apolipoprotein B-100 by
MPO-derived HOCl and halogenating
species; oxidation by MPO-derived
reactive nitrogen species;
thiocyanate-mediated carbamylation
catalyzed by MPO

Dysfunctional HDL Oxidation of tyrosine residues on
apolipoprotein A-I by MPO-derived
HOCl and reactive nitrogen species

Decreased NO bioavailability
and endothelial dysfunction

Inhibition of eNOS by chlorination of its
substrate arginine; uncoupling of
eNOS by direct oxidation; intracellular
dissociation of eNOS from the plasma
membrane; decreased eNOS
expression caused by chlorinated HDL

Generation of thrombogenic
environment

Promotion of endothelial cell apoptosis
and detachment by HOCl; induction
of tissue factor activity in endothelial
cells by HOCl

Thinning of plaque fibrous cap Activation of MMPs by HOCl-mediated
oxidation; inhibition of tissue
inhibitors of MMPs (TIMPs) by MPO-
derived oxidants

Table 3. Potential contributions of HOCl-modified LDL to the
development of atherosclerosis.
Induction of chemokine release by monocytes and chemotactic migration
of neutrophils
Activation of the respiratory burst in macrophages and neutrophils, with
resultant increase in O2

•– (and H2O2)
Inactivation of macrophage lysosomal proteases, leading to accumulation
of intracellular lipids
Decreased •NO synthesis by endothelial cells
Endothelial leakage and stimulation of leukocyte adherence to, and
migration into, the sub-endothelial space
Enhanced platelet reactivity and release reaction

Adapted from information contained in references [63,173].
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The feasibility of such a biological mechanism was sup-
ported by the results of clinical studies, revealing that
plasma concentrations of protein-bound homocitrul-
line were independently associated with the presence
CAD, and was independently predictive of future myo-
cardial infarction (MI), stroke and death at 3 years
follow-up [70].

Attenuation of the anti-atherogenic properties
of high-density lipoproteins (HDL)

Clinical and epidemiological studies consistently show
that low-plasma concentrations of HDL are strongly
and independently associated with an increased risk of
CAD [71]. The major mechanism by which HDL is
thought to exert its cardio-protective effects is by remov-
ing cholesterol from the artery wall through a process
referred to as reverse cholesterol transport, involving
the interaction of apolipoprotein A-I with ATP-binding
cassette transporters ABCA1 and ABCG1 [72]. Further,
HDL and its subpopulations have anti-oxidative, anti-
inflammatory, cytoprotective, vasodilatory, and anti-
thrombotic activities, all of which may slow or prevent
the development of atherosclerosis [73]. One of MPO’s
putative contributions to atherosclerosis involves site-
specific oxidative modification of HDL, thereby attenuat-
ing its anti-atherogenic properties.

MPO binds to helix 8 on apolipoprotein A-I [74], the
major protein associated with HDL. In the presence of
H2O2, Cl

− and/or NO2
−, MPO may decrease the ability

of HDL to facilitate cholesterol efflux from lipid-laden
cells [75,76]. The potential biological relevance of
such MPO-mediated modification of HDL is supported
by multiple findings: (i) HOCl-modified proteins co-
localize with apolipoprotein A-I in human plaques
and endothelial cells overlaying atherosclerotic
lesions [77]; (ii) apolipoprotein A-I recovered from
human atherosclerotic lesions is enriched in nitrotyro-
sine and 3-chlorotyrosine [18]; (iii) there is an inverse
correlation between plasma apolipoprotein A-I’s
content of 3-chlorotyrosine (a marker of MPO activity
– see below) and its ability to accept cholesterol
foam cells [18,78]; and (iv) the 3-chlorotyrosine
content of apolipoprotein A-I are greater in subjects
with CAD than in control subjects [74]. However, it is
important to note that while MPO-modified apolipo-
protein A-I may reduce the ability of HDL to perform
reverse cholesterol transport, cholesterol efflux
capacity is not fully dependent on circulating levels
of functional apolipoprotein A-I [72].

In addition, oxidized HDL competes with native HDL
as a ligand for the scavenger receptor BI, and this may
further interfere with mobilization of cholesterol from
peripheral tissues to the liver [79]. Also, in vitro
studies revealed that incubating reconstituted HDL
with increasing amounts of MPO not only rendered
the lipoprotein ‘dysfunctional’, but resulted in a pro-

inflammatory particle that induced the expression of
vascular cell adhesion molecule 1 in endothelial cells,
and hence may promote the entry of circulating mono-
cytes into the vessel wall [80].

Promotion of endothelial dysfunction

MPO limits the bioavailability of nitric oxide (•NO),
leading to endothelial dysfunction. MPO disrupts NO
metabolism by at least two pathways: the consumption
by reactive species formed by MPO and the interrup-
tion of endogenous NO synthesis [3].

MPO and its reaction products can potentially
disrupt •NO formation/bioavailability in several ways:
(i) HOCl can chlorinate arginine, the substrate of
eNOS, thereby limiting arginine bioavailability and
forming chlorinated arginine that can also directly
inhibit eNOS [81]; (ii) HOCl can directly oxidize eNOS,
leading to monomerization and uncoupling of the
synthase [59]; and (iii) lipoproteins modified in vitro
by the MPO/H2O2/NO2

− system may cause dissociation
of eNOS from the plasma membrane of endothelial
cells and decrease eNOS expression [82].

The potential pathophysiological relevance of the
above findings is supported by the observation that
individuals with high-plasma MPO content more
likely demonstrate endothelial dysfunction compared
with subjects with low MPO, even after adjusting for
traditional cardiovascular risk factors and medications
[83]. Likewise, in patients with symptomatic CAD
forearm blood flow in response to •NO-liberating
acetylcholine inversely correlates with MPO plasma
concentrations [84]. Suggesting that MPO promotes
endothelial dysfunction in inflammatory vascular
disease by enhancing the catabolism of •NO.

Promotion of endothelial cell apoptosis and
thrombosis

In vitro evidence suggests that MPO may provoke
superficial plaque erosion and increase the propensity
for thrombus formation in the setting of plaque
instability/rupture (see below) (Figure 2). Sugiyama
et al. demonstrated that exposure of cultured human
endothelial cells to MPO-expressing macrophages
and concentrations of HOCl achieved in vivo resulted
in endothelial cell death by apoptosis and subsequent
desquamation, whereas sub-lethal HOCl concen-
trations induced tissue factor activity in endothelial
cells, which may in turn promote thrombosis [85].

Activation of matrix MMPs

As indicated earlier, the thickness of the fibrous cap is a
key determinant of the relative stability of an athero-
sclerotic plaque [5]. MPO may contribute to plaque
destabilization through the activation of MMPs and
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inactivation of their inhibitors, resulting in degradation
of the fibrous cap matrix. Activation of human neutro-
phils can result in the simultaneous release of MPO and
active MMP-9 [86], suggesting that MPO may activate
MMPs upon degranulation. Indeed, low concentrations
of HOCl have been reported to directly activate MMP-7
in vitro by oxidation of the thiol moiety of the MMP
cysteine switch domain [57]. Moreover, MPO-gener-
ated oxidants can inactivate tissue inhibitor of metallo-
proteinase-1 that otherwise counteracts the action of
MMPs [87], thereby overall weakening ECM.

Evidence for association between circulating
MPO and CAD

Numerous primary studies have investigated the associ-
ation of circulating concentration of MPO protein with
CAD. Of the 20 studies assessed, 15 found a positive
association between elevated MPO protein concen-
tration and CAD presence and/or severity, while five
studies found no association (Table 4). Zhang et al.
were the first to report a positive association between
plasma MPO and the presence of CAD, diagnosed by
coronary angiography and defined as previous MI, pre-
vious percutaneous coronary intervention (PCI) or
>50% stenosis in at least one coronary artery [1]. They
observed odds ratios for the highest versus lowest
MPO quartile, and second and third versus lowest MPO
quartile, to remain associated with CAD after adjustment
for CAD risk factors, white cell count and Framingham
Global Risk Score. LaFramboise et al. also reported
serum MPO to be 1.2- to 3.1-fold higher in CAD patients
than patients with non-significant CAD, using the same
definition of CAD [88]. Kaya et al. observed plasma MPO
to be significantly higher in 73 patients with a heart

attack (ST Segment Elevation Myocardial Infarction,
STEMI) than in 46 age- and sex-matched healthy con-
trols [89]. While these studies collected venous blood
to measure MPO, Alipour et al. found a positive associ-
ation between MPO concentration and stable CAD in
blood samples collected from the abdominal aorta
and left and right coronary arteries [90].

There is considerable evidence that circulating MPO
protein concentrations not only correlate with the pres-
ence of CAD, but also with disease severity. Thus,
several studies reported a significant positive associ-
ation between MPO and severity of CAD patients
divided into three groups: (1) controls; (2) stable
angina; and (3) ACS [91–95].

A number of studies correlated circulating concen-
trations of MPO with clinical and physical measures
of CAD severity. Thus, MPO was reported to be
higher in patients diagnosed with MI than in patients
with angina [96] or stable CAD [97], and there is a sig-
nificant association between MPO concentrations and
angiographically measured coronary artery narrowing
[98,99]. The findings from a large prospective study
consisting of 3375 healthy patients suggest that MPO
can be used to predict future risk of CAD after adjusting
for traditional cardiovascular risk factors [100]. Notably,
this association was substantially stronger for subjects
who experienced fatal rather than non-fatal CAD, sup-
porting the notion that MPO correlates with CAD sever-
ity. Interestingly, Rebeiz et al. reported elevated plasma
MPO to be useful to identify coronary stenosis in 398
troponin-negative patients with chest pain. In this
cohort, increasing quartiles of MPO concentration
strongly associated with >70% coronary stenosis, cor-
onary thrombus, and plaque ulceration assessed by
angiography [101].

Figure 2. Potential roles of MPO and MPO-derived oxidants in promoting atherosclerotic plaque instability. MPO can affect a
number of processes that contribute to plaque instability and possible plaque rupture. MPO released by monocyte/macrophages
and neutrophil can activate MMPs and inhibit TIMPs, leading to reduction in ECM, especially in the fibrous cap. In addition, MPO
may contribute to a thrombogenic environment by inducing endothelial cells to release tissue factor and by priming of platelet
aggregation. Finally, MPO can increase endothelial cell (EC) permeability and apoptosis, thereby increasing the leakiness of the
endothelium.
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Table 4. Association between circulating MPO protein and presence/severity of CAD.
Studies supporting

Publication Patient population Number of participants CAD definition Main outcome P value References

Zhang et al.
(2001)

Patients identified to have CAD in the
cardiology clinic or undergoing
coronary catheterization

158 patients with established CAD
(cases) and 175 patients without
angiographically significant CAD
(controls)

Previous MI, previous PCI or >50% stenosis in at
least one coronary artery

MPO activity per mg of neutrophil protein
was significantly greater for CAD cases
than controls

P < 0.001 [1]

Ruef et al. (2006) Patients with documented CAD
presenting with stable angina pectoris
or ACS

54 patients with ACS, 108 with stable
angina pectoris and 46 controls
without CAD

At least one stenosis >20% in at least one
coronary artery segment

MPO significantly correlated with the
presence and severity of CAD in the order
control < stable angina pectoris < ACS

P < 0.05 [91]

Meuwese et al.
(2007)

EPIC-Norfolk population study patients
who developed CAD during follow-up

1138 cases and
2237 controls

Code 410–414 according to the International
Classification of Diseases-9th revision

Median serum MPO levels were higher in
cases than controls
Baseline MPO levels were higher in
subjects with compared with non-fatal
CAD
Risk of future CAD increased in consecutive
MPO quartiles

P = 0.001
P = 0.001
P = 0.001

[100]

Ndrepepa et al.
(2008)

Patients undergoing coronary angiogram
because of clinical symptoms of CAD

680 cases (382 patients with stable CAD,
64 with unstable angina, 43 with Non-
STEMI, 191 with STEMI) and 194
controls

CAD was confirmed by the presence of coronary
stenosis≥ 50% lumen obstruction in at least
one of the three main coronary

Higher levels of MPO were found with
progression of CAD from stable CAD to
non-ST-segment elevation ACS and acute
MI

P < 0.001 [92]

Goldmann et al.
(2009)

Patients admitted with acute MI who
underwent coronary angiography and
primary PCI

38 acute MI patients with symptom
onset of ≤ 2 hours (cases) and 50
patients with stable CAD (controls)

Controls had angiographically documented CAD Compared to patients with stable CAD, those
finally diagnosed for AMI exhibited
significantly elevated MPO plasma levels

P < 0.01 [97]

Heslop et al.
(2010)

Patients who had coronary angiography
for indications other than ACS

705 patients had CAD on angiogram
(cases) and 180 patients had no
angiographic evidence of CAD
(controls)

Presence of CAD was defined by the presence of
any lesion >20% stenosis, and severe CAD was
defined by presence of any lesion >50%
stenosis

Patients with severe lesions had higher MPO
MPO predicted angiographic CAD and
severe CAD in covariate adjusted analysis

P = 0.022
P = 0.03
P = 0.021

[98]

Pawlus et al.
(2010)

Patients with symptoms of CAD who
underwent coronary angiography

31 patients with MI, 17 patients with
unstable angina, 31 patients with
stable angina (SA) and 21 controls

Significant CAD was defined as >50% stenosis in
at least one coronary artery

In the unstable angina and MI groups, the
concentration of MPO was significantly
higher than in the control and SA group

P < 0.001 [93]

Khan et al. (2011) Patients aged 35–80 who presented to
the emergency department with recent
onset of chest pain

61 patients with AMI, 58 patients with
unstable angina, and 61 patients with
stable CAD

Stable CAD was diagnosed if angiography results
revealed >70% stenosis in one of the main
coronary arteries

Patients with AMI had significantly higher
median MPO levels than those with
unstable angina or stable CAD

P < 0.001 [96]

Samsamshariat
et al. (2011)

Patients who had consecutively
undergone coronary angiography
owing to clinical manifestations of CAD
or suspected changes on
electrocardiography

50 stable CAD patients, 50 unstable CAD
patients and 50 control subjects

CAD patients had a ≥50% stenosis in one of the
main coronary arteries

Plasma MPO levels were significantly higher
in unstable CAD patients than in stable
CAD patients and control subjects, and
significantly higher in stable CAD patients
than in control subjects

P < 0.001 [94]

Rebeiz et al.
(2011)

Patients presenting with chest pain and
negative cardiac troponin-T
concentration and undergoing coronary
angiography

389 patients presenting with chest pain
and negative cardiac troponin-T
concentration and undergoing
coronary angiography

At least one coronary stenosis causing a 70% or
more diameter reduction

Increasing quartiles of MPO concentration
strongly associated with a >70% coronary
stenosis, coronary thrombus and plaque
ulceration assessed by angiography

P < 0.0001 [101]

Tretjakovs et al.
(2012)

Non-diabetic patients with CAD 22 patients with stable angina, 22
patients with unstable angina and 22
healthy controls

CAD diagnosed by stenosis ≥50% of at least one
of the three main epicardial branches of
coronary arteries

MPO levels in patients with stable angina
pectoris or unstable angina pectoris were
higher than those in healthy controls

P < 0.05 [95]

LaFramboise
et al. (2012)

Patients who presented with symptoms of
heart disease and were referred for
cardiac catheterization

209 patients required coronary
revascularization (cases) and 150
patients without flow-limiting CAD
who did not require percutaneous
intervention (controls)

Significant CAD was defined as ≥50%
obstruction in any epicardial vessel

MPO was 1.2–3.1 times higher in cases than
controls

P < 0.001 [88]
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Kaya et al. (2012) Patients admitted to the intensive
coronary care unit with a diagnosis of
ST-elevation MI (STEMI)

73 patients with STEMI and 46 healthy
controls

Controls did not have any documented CAD or
pathological findings on ECG

Plasma MPO levels were higher in patients
than in controls

P = 0.001 [89]

Alipour et al.
(2013)

Patients undergoing diagnostic coronary
angiography, indicated by stable
angina, analysis of ventricular
arrhythmia’s and valve disease

52 patients with multi-vessel CAD and 25
healthy controls

Multi-vessel CAD defined as at least one wall
irregularity in both left and right coronary
systems. Wall irregularities were defined as
observed plaques in the coronaries < 50%
diameter stenosis of the lumen

MPO was higher in patients with CAD than in
controls

P < 0.05 [90]

Baseri et al.
(2014)

Patients who had the clinical features of
stable CAD and were enrolled for
elective diagnostic coronary
angiography

68 patients with angiographic CAD
(cases) and 66 patients with normal
angiography (controls)

CAD defined as ‘stenosis showed
angiographically’

Plasma concentrations of MPO were
significantly higher in the CAD patients
than in controls

P < 0.001 [99]

Studies contradicting

Uydu et al. (2013) Patients with symptoms of stable CAD
who were scheduled for coronary
angiography

111 patients with stable CAD (cases) and
66 healthy subjects (controls)

CAD was diagnosed if there was at least one
lesion with > 50% stenosis in luminal diameter
on coronary angiography

No significant difference in MPO levels
between cases and controls

P > 0.05 [102]

Kubala et al.
(2008)

Patients scheduled for diagnostic
coronary angiography

289 patients with stable CAD and 268
patients with no CAD

Diagnosis of CAD was defined as a luminal
narrowing of at least 50% of a vessel diameter
in any of the analyzed 15 coronary artery
segments

There was no significant difference in the
MPO plasma levels between subjects with
and without stable CAD

P > 0.05 [103]

Chen et al. (2011) Patients aged 30–65 from the Dallas Heart
Study population sample were invited
to participate after an initial home visit
for collection of survey data

3294 Coronary artery calcification (CAC) was
determined as the average score on two
consecutive electron beam computed
tomography scans

MPO was not associated with coronary artery
calcification in either crude or adjusted
analyses

P > 0.05 [107]

Scharnagl et al.
(2014)

Patients hospitalized for coronary
angiography (LURIC study)

2391 patients with angiographic CAD
and 645 patients with no angiographic
CAD

CAD defined as at least one > 20% stenosis in at
least one of 15 coronary arterial segments

MPO levels did not differ between CAD and
non-CAD patients and quartiles of MPO
were not associated with the severity of
CAD as determined by the Friesinger
coronary score

P = 0.837 (stable
CAD vs controls)

P = 0.992 (unstable
angina troponin
T positive vs
controls)

P = 0.380 (4th
quartile vs 1st

quartile
Friesinger score)

[105]

Wainstein et al.
(2010)

Patients who were scheduled for an
elective coronary angiography

135 CAD severity was assessed angiographically
using a six-level score based on degree of
stenosis and number of diseased vessels

Insignificant trend towards elevated MPO
plasma levels in patients with higher CAD
severity score

P = 0.15 [104]
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There are also studies reporting a lack of association
between circulating MPO and CAD. Two studies
reported plasma MPO concentration not to be elevated
in patients with stable CAD [102,103]. This suggests
that systemic release of MPO is not a characteristic
feature of asymptomatic CAD, although a possible con-
founding factor in one of these two studies is that the
absence of CAD in the control group of volunteers was
not ruled out angiographically [102]. Two other studies
reporting a lack of significant association between MPO
and CAD [104,105] used unusual definitions of disease
severity. Specifically, in a study consisting of 3036
patients hospitalized for coronary angiography, CAD
was diagnosed as >20% stenosis [105] rather than
the 50% benchmark considered to be relevant for
CAD outcome [106]. Similarly, Wainstein et al. deter-
mined CAD severity using a six-tier scoring system.
They defined non-significant CAD as <70% stenosis in
≥1 epicardial vessel and <50% stenosis of the left
main coronary [104], whereas most studies considered
>50% stenosis in an epicardial vessel to be significant
disease [1,88,92–95,98,102,103]. MPO was reported in
one study not to correlate with coronary artery calcifi-
cation as determined by electron beam computed
tomography [107]. That study collected blood from
community volunteers, and the samples were kept on
ice for up to 4 hours before centrifugation and freezing,
which is not ideal for MPO quantification. They also
assessed for correlation between MPO and aortic ather-
osclerosis, and only found increased MPO in the
highest quartile of aortic disease. Heavy calcification
is a late manifestation of atherosclerosis and is often
associated with stable rather than vulnerable plaques
[5]. Importantly, coronary plaques with thin fibrous
caps and larger necrotic cores, thus increasing vulner-
ability, have an inverse correlation with the size of
spotty calcification [108] Thus, increasing coronary cal-
cification does not necessarily indicate the presence of
vulnerable inflamed plaques. Furthermore, the finding
of Chen et al. [107] does not exclude an association
of MPO with non-calcified coronary plaques.

A possible contributing factor to the different
research findings is the inconsistency of enzyme-
linked immunosorbent assay (ELISA) used to measure
MPO protein. Most studies used variations of sandwich
ELISA, with intra- and inter-assay coefficients of vari-
ation ranging between 1.2–10.4 and 5–13% respect-
ively. Unfortunately, it is difficult to quantitatively
compare these discrepancies due to the considerable
disparity in the amount of information provided
about the ELISA used across studies.

Utility of MPO to predict major adverse
coronary events (MACEs)

Given its potentially important role in the pathology of
CAD, acute elevations of MPO may represent the

activation of neutrophils and macrophages immedi-
ately prior to plaque rupture. Goldmann et al. [97]
observed MPO to be grossly elevated in patients with
acute MI as early as two hours after onset of symptoms,
and possibly even before the occurrence of myocardial
injury. Several studies have evaluated the usefulness of
MPO as a risk assessment tool in predicting MACEs (i.e.
MI, re-infarction, the need for revascularization, or
cardiac death) over time periods ranging from length
of hospitalization to four years. The bulk of evidence
strongly reinforces the predictive value of circulating
MPO protein as a biomarker for MACEs in patients
with ACS (Table 5).

In 604 patients presenting with chest pain, Brennan
et al. observed elevated levels of MPO to be indepen-
dently associated with increased risk of MACEs at 30
days and 6 months follow-up, after adjusting for risk
factors [109]. Specifically, at 30 days cardiac troponin
alone predicted 58% of MACEs compared with 84.5%
with the addition of baseline MPO measurements. In
462 of these patients who were consistently negative
for troponin, MPO remained a strong, independent pre-
dictor of MACEs at 30 days and 6 months [109]. This
suggests that MPO is a predictor of the presence of
vulnerable plaque rather than only a marker of inflam-
mation in response to myocardial necrosis. Likewise,
the CAPTURE trial, involving 547 patients with recurrent
chest pain at rest, observed MPO serum levels
>350 ng/mL to be highly predictive for non-fatal MI
within 72 hours [110]. This association remained
strong even in troponin-negative patients. Similarly,
Morrow et al. reported elevated baseline MPO in
patients presenting with non-ST elevation ACS to be
associated with a higher risk of non-fatal MI or recur-
rent ACS within 30 days, and inclusion of MPO with
B-type natriuretic peptide and cardiac troponin to
improve short-term risk assessment and patient strati-
fication [111]. Moreover, MPO was observed to be an
independent predictor of MACEs in ACS patients
during hospitalization [112].

These above findings suggest that measurement of
MPOmay be useful for risk stratification of patients pre-
senting to the emergency department with chest pain,
and that elevated plasma MPO may be a marker of vul-
nerable plaque. Indeed, this predictive value may
remain over longer follow-up periods. Thus, in ACS
patients at 2 years follow-up, MPO persisted as an inde-
pendent predictor of MI [113]. Similarly, in a study fol-
lowing 73 subjects diagnosed with anterior STEMI and
46 healthy controls over a mean period of 25 ± 16
months, patients with plasma MPO concentrations
>68 ng/mL experienced a three-fold higher incidence
of MACEs than the low MPO group [89]. At 4 years
follow-up, ACS patients with baseline MPO activity
>16.69 U/L had higher incidences of MACEs compared
with those with normal or low baseline MPO activity
[114]. Investigating the relationship between multiple
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Table 5. Association between MPO and MACE prediction.
Studies supporting

Publication Patient population Number of participants Follow-up period Main outcome P value References

Brennan et al.
(2003)

Patients presenting to the emergency department within 24
hours of chest pain

604 30 days and 6
months

MPO is an independent predictor of increased risk of MI, the need for
revascularization, and major adverse coronary outcomes within 30 days and 6
months after presentation with chest pain

P < 0.001 [109]

Cavusoglu
et al. (2007)

Patients who underwent diagnostic coronary angiography
for evaluation of ACS

182 2 years MPO was found to be an independent predictor of MI on long-term follow-up P = 0.0172 [113]

Morrow et al.
(2008)

Patients presenting with non-ST elevation ACS, within 24
hours of symptom onset

1524 30 days and 6
months

Elevated baseline concentration of MPO was independently associated with a
nearly two-fold higher risk of non-fatal MI or recurrent ACS at 30 days
The association between MPO and risk of non-fatal MI or recurrent ACS was
attenuated by 6 months

P = 0.001
P = 0.14

[111]

Wong et al.
(2009)

Asymptomatic adults without known CVD 1302 3.8 years Having MPO concentrations above the median was independently predictive of
CVD events

P = 0.034 [117]

Roman et al.
(2010)

Patients presenting to ED with ACS and patients with stable
CAD from an outpatient clinic

130 patients with ACS and
178 patients with stable
angina

Length of
hospitalization

Among patients with ACS, baseline MPO level was an independent predictor of
major adverse cardiac events during hospitalization

Not given [112]

Tang et al.
(2011)

Patients undergoing elective diagnostic coronary
angiography with evidence of significant atherosclerotic
burden, but without evidence of MI

1895 3 years MPO is an independent predictor of and 3-year incident risk of non-fatal MI P < 0.036 [116]

Kaya et al.
(2012)

Patients admitted to the intensive coronary care unit with a
diagnosis of STEMI

73 patients with STEMI and
46 healthy controls

25 ± 16 months High-plasma MPO levels were independent predictors of MACE P = 0.003 [89]

Tang et al.
(2013)

Patients who underwent elective cardiac catheterization
without prior ACS

3635 3 years The predictive value of MPO for future risk of incident MACEs is enhanced
when combined with high sensitivity C-reactive protein and type B
natriuretic peptide

P < 0.001 [174]

Liu et al. (2015) Patients admitted to hospital and undergoing diagnostic
coronary angiography

201 ACS patients and 210
non-ACS patients

4 years Patients with elevated baseline MPO concentrations had higher incidences of
MACEs compared to CHD patients with normal-low baseline MPO values

P < 0.001 [114]

Studies contradicting
Apple et al.
(2007)

Patients presenting with symptoms suggestive of ACS 457 4 months There was a trend between elevated baseline MPO and higher incidence of
MACEs

P = 0.09 [115]
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biomarkers and MACEs at 4 months follow-up in 457
patients presenting with symptoms suggestive of
ACS, a trend (P = 0.09) for higher cardiac events with
elevated baseline MPO was reported [115]. In that
study, patients in whom both cardiac troponin and
MPO were increased had the highest MACEs.

MPO may also be useful to predict MACEs in asymp-
tomatic patients. Thus, in 3635 subjects without prior
ACS and undergoing elective cardiac catheterization,
plasma MPO >27 ng/mL was a useful predictor of inci-
dent MACEs within the ensuing 3 years [116]. This pre-
dictive value increased further when MPO was
combined with, high sensitivity C-reactive protein
and type B natriuretic peptide as additional biomarkers
[116]. Similarly, in 1302 asymptomatic adults followed
for an average of 3.8 years, persons at or above the
median MPO concentration had a 2-fold greater CVD
event rate than subjects below the median MPO [117].

Evidence for MPO predicting cardiovascular
mortality

There is strong evidence that plasma MPO may predict
long-term risk of cardiovascular mortality in patients
with CAD (Table 6). In 885 patients with stable severe
angiographic CAD, mortality increased across MPO ter-
tiles [98]. After 13 years follow-up and covariate analy-
sis, patients with the highest MPO tertile were twice as
likely to have died from a cardiovascular event than
those in the lowest tertile [98]. In patients with angio-
graphic CAD followed for nearly 8 years, those in the
highest MPO quartile were 1.5 times more likely to
die from cardiovascular causes than those in the
lowest MPO quartile after fully adjusting for variables
[105]. Interestingly, a separate study using a follow-up
of only 3.5 years did not observe MPO to indepen-
dently correlate with mortality in patients with stable
CAD [118]. These findings suggest that the higher

cardiovascular risk associated with MPO may be more
in the medium to long term.

The utility of MPO in predicting cardiovascular mor-
tality in non-CAD patients remains unclear. In a large
study in 25,663 healthy men and women followed for
6 years, subjects in the highest tertiles for both oxidized
phospholipids on apolipoprotein B-100 and MPO were
nearly two-times more likely to have died from fatal
CAD than those in the lowest tertile [119]. In a com-
paratively much smaller study following 645 patients
without CAD for 7.75 years, MPO levels were not signifi-
cantly associated with cardiovascular mortality [105].
Additional large-scale studies are needed to establish
whether circulating MPO can be predictive of cardio-
vascular mortality in healthy subjects.

Measurement of MPO and its activity

Measuring MPO protein and activity is crucial to under-
standing its role in atherosclerosis and CVD. Several
assays have been reported for this purpose. The follow-
ing discusses the various methods in the context of
clinical studies and utility to predict MACEs or cardio-
vascular mortality.

Detection of MPO protein

The majority of clinical studies investigating a role of
MPO in CVD have measured protein content in
plasma/serum or circulating leukocytes (Tables 7–9).
ELISA is commonly used to measure MPO concen-
tration. This method uses a solid-phase enzyme immu-
noassay to detect an antigen usually present in a liquid
sample. The ‘sandwich’ ELISA format is most popular,
highlighted by the availability of several commercial
kits that claim to detect MPO concentrations as low
as 0.16 ng/mL. Sandwich ELISA is based on the
concept of physically linking a capture antibody to a
solid surface (e.g. 96-well plate), placing the sample

Table 6. Association between MPO and future cardiovascular mortality.
Studies supporting

Publication Patient population
Number of
participants

Follow-
up

period Main outcome P value References

Scharnagl
et al. (2014)

Patients hospitalized for coronary
angiography (LURIC study)

645 7.75
years

High levels of MPO (4th quartile) is
predictive of total and cardiovascular
mortality in patients with CAD,
independent of established cardiovascular
risk factors

P =
0.009

[105]

Heslop et al.
(2010)

Patients who had coronary
angiography for indications other
than ACS

885 13 years After covariate analysis, patients with the
highest MPO tertile were twice as likely to
have died from a cardiovascular event than
those in the lowest tertile

P <
0.001

[98]

Tsimikas et al.
(2010)

Healthy patients between 45 and 79
years of age from age-sex
registers of general practices in
Norfolk, United Kingdom

25,663 6 years Patients in the highest MPO tertile were
nearly two-times more likely to have died
from fatal CAD than those in the lowest
tertile

Not
given

[119]

Studies contradicting
Stefanescu
et al. (2008)

Patients with stable CAD
undergoing coronary angiography

382 3.5 years MPO does not independently correlate with
mortality in patients with stable CAD

P = 0.77 [118]
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onto the capture antibody to allow antigen binding,
followed by the addition of a detection antibody, an
enzyme-linked secondary antibody and finally a sub-
strate that is then converted by the linked enzyme
into a read-out for quantification (usually fluorescence
or chemiluminescence).

Although ELISA is easy to use, only few reports have
compared the various kits to determine their accuracy
and reliability. Comparisons of in-house MPO ELISA
with commercial kits generally show strong positive
correlations (Pearson correlation coefficient >0.9)
[120,121]. However, there is concern around the accu-
racy of the assays given that different concentrations
of MPO can be obtained in the same samples when
applying different ELISA kits/methods [120]. As a con-
sequence, it is often difficult to compare absolute
values of MPO protein between different studies.
Other general factors that can affect MPO ELISA
measurements include sample handling, storage, and
anti-coagulant used. For example, the plasma concen-
tration of MPO increases with time if human whole

blood is kept at room temperature prior to plasma
preparation, collection, and storage [120]. In addition,
several studies have reported heparin plasma to
contain more MPO protein than EDTA plasma [120–
123], possibly due to ex vivo ‘release’ of MPO from
blood cells/matrix by heparin [124]. This interpretation
is supported by the observation that intravenous
administration of heparin mobilizes MPO from vascular
compartments, yielding higher values compared to
baseline plasma concentrations, especially in patients
with CAD [125].

Thus, standardization of both sample collection and
detection method is urgently needed, not least
because many reports lack information on the anti-
coagulant used (Tables 7–9). To date, only the Cardi-
oMPO ELISA (Cleveland Heart Lab) has obtained
approval from the Food and Drug Administration
(FDA) as a diagnostic blood test for MPO in the clinical
setting.

Surrogate biomarkers

The measurement of MPO protein provides useful
information on the abundance of the enzyme. While
some studies have reported a high correlation
between MPO protein mass and activity [1,126],
others observed considerable variation in enzyme
activity between individuals with similar plasma MPO
protein content [127], in part due to effects of age
and gender. In addition, several polymorphisms have
been identified, associated with increased [127] or
decreased [128] MPO activity relative to MPO protein.
Two main strategies have been used for measuring
MPO activity ex vivo or in vivo. One relies on the detec-
tion of ‘footprints’ of HOCl-mediated reactions (surro-
gate biomarkers) while the other uses a probe
(usually with fluorescent or chemiluminescent prop-
erty) to indirectly measure the peroxidase or chlorinat-
ing activity of MPO/HOCl.

Of the surrogate biomarkers used for HOCl/MPO
activity, 3-chlorotyrosine, formed as the product of
the reaction of HOCl with protein tyrosine residues
and determined by mass spectrometry-based
methods, is often considered the ‘gold standard’
[129]. Its suitability as a potential biomarker for CVD
is supported by the demonstration of 30-fold higher
amounts of 3-chlorotyrosine LDL present in human
atherosclerotic lesions compared with that in

Table 7. Association between circulating MPO protein and
presence/severity of CAD.
Studies supporting
(References) Sample type MPO analysis method

[1] EDTA plasma Sandwich ELISA
Circulating
leukocytes

Peroxidase activity by guaiacol
oxidation

[91] Plasma Sandwich ELISA
[100] Serum ELISA
[175] Plasma EIA
[92] EDTA plasma
[97] Plasma ELISA
[98] Plasma ELISA
[93] Serum Sandwich ELISA
[96] EDTA plasma Microparticle immunoassay
[101]
[94] Plasma ELISA
[89] Plasma ELISA
[88] Serum ELISA
[95] Serum Microparticle immunoassay
[90] Isolated

leukocytes
FACS

[99] EDTA plasma ELISA
Studies contradicting
[103] EDTA plasma ELISA
[104] Heparin plasma ELISA
[107] EDTA plasma Sandwich ELISA
[102] Plasma Sandwich ELISA
[105] Plasma ELISA

Table 8. Association between MPO and MACE prediction.
Studies supporting
(References) Sample type MPO analysis method

[109] Plasma ELISA
[113] Plasma ELISA
[111] Citrate plasma ELISA
[117] EDTA plasma ELISA
[112]
[116] EDTA plasma Sandwich ELISA
[89] Plasma ELISA
[174] EDTA plasma Sandwich ELISA
[114] Serum Latex enhanced

Immunoturbidimetric Assay
Studies contradicting
[115] Heparin plasma ELISA

Table 9. MPO is associated with future cardiovascular
mortality.
Studies supporting (References) Sample type MPO analysis method

[98] Plasma ELISA
[119] Serum ELISA
[105] Plasma ELISA
Studies contradicting
[118] (not independent predictor) EDTA plasma Sandwich ELISA
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circulating LDL [48]. However, there are limitations to
using 3-chlorotyrosine as a biomarker for MPO activity.
These include the slow rate of formation of 3-chlorotyr-
osine, its susceptibility to further oxidation [130,131],
and possible in vivo metabolism [132]. Moreover,
chlorinated tyrosine may not be completely specific
for MPO, as non-enzymatic chlorination of tyrosine
has been reported to occur with aqueous chlorine in
rat stomach fluid [133].

Another practical limitation with measuring 3-chlor-
otyrosine in biological samples is that the signal is
diluted out by tyrosine liberated from oxidized and
non-oxidized proteins during sample preparation. To
address this problem, certain studies have specifically
sampled the site(s) where MPO is thought to be
active, or have purified potential target proteins for
MPO/HOCl oxidation from these sites. For example,
Bergt el al. [68] reported high levels of 3-chlorotyrosine
in HDL isolated from atherosclerotic lesions. The same
investigators observed Tyr192 on apolipoprotein A-I of
HDL to be a major site for chlorination [134]. Compared
with control subjects, Tyr192 chlorination is increased
in atherosclerotic lesions [135] as well as in circulating
HDL of patients with CVD [136]. This highlights the
potential utility of specific tyrosine residues in certain
proteins as biomarkers for the role of MPO in CVD.

In addition to its reaction with proteins, HOCl can
also oxidize and chlorinate biological lipids, with chlori-
nated plasmalogens arguably having received most
attention. Plasmalogens are phospholipids found in
many tissues, especially in the nervous, immune, and
cardiovascular systems, including cardiomyocytes,
endothelial, and VSMCs [137]. HOCl reacts with the
vinyl ether group of plasmalogens, releasing α-chloro-
fatty aldehydes such as 2-chlorohexadecanal [138]
which can be metabolized further to 2-chlorofatty
acids and 2-chlorofatty alcohols [139]. Using mass spec-
trometry, several of these metabolites have been
detected in human atheroma and LDL isolated from
it [50,140], while further downstream metabolites
such as 2-chloradipic acid have been detected in the
urine of humans [141].

Another promising potential biomarker for in vivo
HOCl/MPO activity is glutathione sulfonamide. Gluta-
thione sulfonamide is formed by the fast reaction of
HOCl with reduced glutathione (Glu–Cys–Gly) resulting
in a covalent bond between the sulfur atom of cysteine
and the amine moiety of glutamate [142,143]. In vitro,
glutathione sulfonamide is produced when cells, such
as neutrophils and endothelial cells, are treated with
reagent HOCl [144]. Glutathione sulfonamide is also
detected by liquid chromatography/mass spec-
trometry in the airways of children with cystic fibrosis
[145] and in the lung lavage fluid of pre-term babies
with respiratory infections, where its concentration cor-
relates with MPO and protein 3-chlorotyrosine [144].
However, it should be noted that glutathione

sulfonamide is not specific for HOCl, as it can also be
formed by the reaction of glutathione with HOBr and
peroxynitrite, albeit at lower yield than observed with
HOCl [142].

Measuring MPO activity

Although surrogate biomarkers of HOCl are useful foot-
prints for oxidative damage caused by HOCl/MPO
activity, they do not provide information on the location
or time of formation of HOCl. To obtain information on
MPO activity at a particular point in time, various sub-
strates or probes for the chlorinating (HOCl) or peroxi-
dase activity of MPO have been developed and
employed. Upon reaction with HOCl/MPO in vitro or in
vivo, these ‘probes’ commonly give rise to stable pro-
ducts with chromogenic, fluorescent or chemilumines-
cent properties. Importantly, however, many of these
probes (e.g. guaiacol, luminol, L-012, Amplex® Red, ami-
nophenyl-fluorescein, hydroxyphenyl-fluorescein) are
not specific for HOCl/MPO, as they can also react with
other reactive oxygen species and peroxidases. This
complicates the detection and quantification of HOCl/
MPO activity in complex biological samples.

To overcome these issues, enrichment or ‘capture’ of
MPO from the biological matrices (e.g. blood, plasma or
tissue/cell lysates) prior to activity measurement has
been utilized using different technologies [1,146] For
example, Franck et al. [147] developed the ‘Specific
Immunological Extraction followed by Enzymatic Detec-
tion’ (SIEFED) method to detect MPO activity in human
plasma and carotid extracts with a limit of detection of
0.08 mU/mL. The assay essentially immobilizes MPO
onto a solid surface using anti-MPO antibodies, followed
by addition of Amplex® Red (also known as ADHP) in the
presence of H2O2 and nitrite to detect MPO’s peroxidase
activity. In this assay, H2O2 converts active MPO to com-
pound I that itself oxidizes Amplex® Red to the fluor-
escent resorufin that is then detected, using 544 and
590 nm as excitation and emission wavelengths,
respectively. The SIEFED assay has also been combined
with an ELISA (SIEFED/ELISAcb) to determine the
‘specific’ activity of MPO by the ratio of active and
total MPO. This assay has been applied to human
plasma after stimulation of neutrophils in whole blood
[148]. Others have utilized similar antibody-capture
techniques of MPO from plasma or isolated leukocytes
followed by detection of chlorinating activity with APF
as a substrate for HOCl [146,149].

Goiffon et al. [126] described the MPO activity on
polymer surface (MAPS) method. This assay ‘captures’
MPO based on its ability to non-specifically adsorb
onto a solid surface in the presence of dilute human
plasma. Once bound to the polymer surface, MPO is
washed free of endogenous inhibitors (e.g. ceruloplas-
min, ascorbate) and MPO activity then detected using
the luminol analog L-012. To enhance the signal,

64 N. TENG ET AL.

D
ow

nl
oa

de
d 

by
 [

12
4.

16
9.

24
.4

3]
 a

t 2
3:

06
 2

7 
Se

pt
em

be
r 

20
17

 



L-012-dependent bioluminescence imaging is per-
formed in the presence of 20 mM NaBr (instead of
NaCl), as MPO utilizes NaBr more efficiently than
NaCl, and the resulting HOBr also effectively oxidizes
L-012. Using 72 samples from cardiac catheterization
patients, MAPS data highly correlated with parallel
ELISA assays including the FDA-approved test from
the Cleveland Heart Lab referred to earlier with
similar reproducibility and accuracy [126]. In fact, the
MAPS and ELISA were more highly correlated than pro-
tocol-matched ELISAs performed at different analysis
sites. The major advantage of MAPS is its low cost
(<5% of the ELISA cost), shorter sample work-up time
and lower sample volume requirements [126].
However, a disadvantage of MAPS is that L-012 used
for activity is not specific for HOCl/MPO activity.

It should be noted, however, that measurement of
the activity of ‘captured’ MPO does not necessarily
reflect the in vivo activity of the enzyme. This is
because the enzymatic activity of MPO is regulated
by the local concentrations of H2O2, and low molecular
weight (e.g. ascorbate and urate) and proteinaceous
inhibitors (e.g. ceruloplasmin) [19]. Therefore, activity
assays that retain MPO’s biological microenvironment
may more truly reflect the in vivo activity of MPO. For
this reason, we have developed a novel and highly sen-
sitive assay to measure MPO activity in mice based on
the in vivo conversion of hydroethidine to 2-chloroethi-
dium, determined by liquid chromatography/mass
spectrometry [150,151]. 2-Chloroethidium is as specific
and more sensitive than 3-chlorotyrosine for measure-
ment of MPO/HOCl activity in vivo. For example, in
MPO-deficient mice subjected to vascular inflam-
mation or tandem stenosis (as a model of atherosclero-
tic plaque rupture), neither 3-chlorotyrosine nor 2-
chloroethidium was detected [150,151], confirming
the high specificity of the assay for MPO. In wild type
mice, inflammation significantly increased the arterial
content of 2-chloroethidium in a femoral cuff model
[149], whereas 3-chlorotyrosine did not change mea-
surably, suggesting that 2-chloroethidium is more sen-
sitive than 3-chlorotyrosine for MPO activity in vivo.
This interpretation is further supported by the fact
that 2-chloroethidium but not 3-chlorotyrosine was
detected in stable plaques of the right carotid artery
from the mouse model of atherosclerotic plaque
rupture [151]. While in our studies [150] hydroethidine
was administered to live mice prior to tissue collection,
it is also feasible to use the conversion of hydroethidine
to 2-chloroethidium to detect MPO activity ex vivo, e.g.
in arteries from mouse models of atherosclerosis
without a need for MPO capture [151].

Molecular imaging of MPO activity

Over the last 10 years numerous molecular imaging
tracers have been developed that react with HOCl or

MPO via different chemical mechanisms [152,153].
Many of the tracers utilize fluorescence properties,
making them suitable for live cell imaging where
they provide valuable spatial information on MPO
activity. At the organism level, probes have been devel-
oped for use with non-invasive molecular imaging plat-
forms allowing for in vivo localization of MPO activity.
This requires administration of tracers with fluorescent,
radioactive or paramagnetic properties that specifically
bind to or react with target molecular structures. The
tracers can then be localized using non-invasive
imaging platforms such as fluorescence tomography,
positron emission tomography and magnetic reson-
ance imaging (MRI). In this way, molecular imaging pro-
vides insight into protein and cellular functions in
native physiological environments, enabling a
systems-level understanding of biological processes
that contribute to different disease states.

As circulating MPO concentrations are associated
with adverse outcomes in CVD, MPO has emerged as
a potential biomarker of prognostic significance.
Beyond the non-specific assessment of circulating
MPO, molecular imaging of MPO activity has the
capacity to directly implicate it in particular disease
states through the localization of increased enzymatic
activity in affected organs and tissues. If an association
between tissue-specific MPO activity and CVD is ident-
ified, the clinical translation of such molecular imaging
techniques could aid patient diagnosis and prognosti-
cation in addition to the development of novel
therapeutics.

Several molecular imaging probes have been
designed for the non-invasive localization of MPO
activity. The majority of these tracers are activated on
oxidation by MPO or HOCl, which results in either emis-
sion of light (fluorescence or luminescence imaging) or
tissue accumulation of a conjugated contrast agent
such as gadolinium. The mechanism and applications
of current MPO probes is summarized in the following
sections.

The potential utility of MPO for imaging of
vulnerable atherosclerotic plaque

Limitations of current vascular imaging
modalities

Post-mortem and serial intravascular ultrasound
studies have identified features of atherosclerotic
plaque that confer increased risk of rupture and
adverse outcomes [154,155]. These include a thin
fibrous cap, large necrotic core, high plaque volume
with positive remodeling and high inflammatory cell
content. Whilst X-ray contrast angiography, the
current gold standard in coronary imaging, can accu-
rately define arterial stenosis, it has limited ability to
identify other features associated with high-risk
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plaque. At present, angiography serves to guide percu-
taneous and surgical coronary revascularization (i.e.
angioplasty/stenting or bypass grafting). In the
setting of acute MI, timely reperfusion results in sub-
stantial and sustained survival benefits. However, in
the non-acute setting, this approach relieves symp-
toms but only prevents heart attack or prolongs life
in selected subsets of patients [156–158]. More
recently, intravascular ultrasound and optical coher-
ence tomography have allowed for improved charac-
terization of plaque composition. Importantly, these
imaging modalities are invasive and remain based on
contrast analysis (optical or ultrasound) but do not
specifically inform on the active cellular and molecular
processes that drive the evolution of atherosclerotic
lesions.

As MPO is postulated to be a key driver of plaque
instability molecular imaging of MPO activity may
improve detection of high-risk plaque. To date numer-
ous molecular imaging probes have been developed
for the assessment of MPO enzymatic activity using a
variety of imaging platforms such as MRI, optical fluor-
escence, and luminescence imaging.

MRI of MPO activity with bis-5HT-DTPA-
gadolinium

Bis-5HT-DTPA-Gd (MPO-Gd) is a peroxidase-specific
molecular imaging agent used for non-invasive localiz-
ation of MPO activity with MRI. It links gadolinium-
diethylenetriaminepentaacetic acid-gadolinium
(DTPA-Gd) with two 5-hydroxytryptamine molecules
via amide bonds. Peroxidase-mediated oxidation of
the phenol moiety of 5-hydroxytryptamide in MPO-
Gd leads to formation of a phenoxyl radical intermedi-
ate that can form oligomers (up to a pentamer) as well
as cross-link to proteins via reaction with Tyr residues
[159]. This results in the accumulation of gadolinium
in tissues with peroxidase activity, giving rise to a
>2-fold increase in T1-weighted MRI signal in in vivo
imaging studies [160–162]. In vitro studies suggest
that unlike MPO, eosinophil peroxidase is inefficient
in oxidizing, and hence ‘activating’ MPO-Gd [162].
Moreover, in vivo studies employing MPO-deficient
mice and models of MI and stroke showed no agent
activation [160,163], indicating that MPO-Gd is a rela-
tively specific imaging agent for assessment of MPO
activity. Furthermore, MPO-Gd is highly sensitive and
able to detect MPO concentrations as low as
0.005 U/mg, which is substantially lower than levels
present in many pathological conditions (e.g. carotid
plaque ∼250 U/mg) [55].

MPO-Gd has successfully been used in vivo for the
localization of MPO activity and inflammation in
animal models of CVDs such as atherosclerosis [161],
vasculitis [164], and MI [160] Ronald et al. showed
that MPO-Gd accumulates in aortic atherosclerotic

plaque present in New Zealand White rabbits fed a
high-fat diet [161]. The signal generated on T1-
weighted MRI in diseased aortic segments was 2-fold
higher than in normal segments and histological corre-
lation demonstrated co-localization of MPO-rich areas
with a high density of macrophages. Furthermore, the
plaque retention times of MPO-Gd were significantly
longer than non-targeted DTPA-Gd, suggesting that
protein binding facilitates accumulation of the tracer.
The imaging of MPO activity rather than phagocytes
is likely to result in more specific localization of vulner-
able plaques. MPO-Gd has also been shown to enhance
regions aortic root inflammation in a mouse model of
vasculitis [165]. Similarly, MPO-Gd has been success-
fully used to image aortic root inflammation in a
mouse model of vasculitis [164]. Here, vascular inflam-
mation was induced by intra-peritoneal injection of
Candida albicans water-soluble fraction. Within the
aortic root the mean contrast-to-noise ratio (CNR) fol-
lowing administration of MPO-Gd was 2.5-fold greater
than vasculitis mice imaged with DTPA-Gd [164].
MPO-Gd has also been used to image myocardial
inflammation in the LAD-ligation mouse model of MI
[160]. Here administration of MPO-Gd resulted in 4-
fold greater CNR compared to DTPA-Gd. The CNR
peak for MPO-Gd (∼30 min) was later than DTPA-Gd
(∼10 min) where the CNR had returned to baseline
by 60 min.

Chemiluminescence resonance energy
transfer (CRET) imaging with luminol

Luminol (5-amino-2,3-dihydro-1,4-phthalzine-dione) is
a redox-sensitive chemiluminescent compound that
emits blue light (λmax = 425 nm) on reaction with a
number of oxidants, including the hydroxyl radical
[166], O2

•− and hydroperoxides/peroxidases [167].
Although luminol-derived chemiluminescence allows
for the detection of very low concentrations of oxidiz-
ing substances, it is clearly not specific for HOCl [168].
Nonetheless, studies performed with neutrophils from
humans with MPO deficiency suggest that the
luminol reaction is partially dependent on MPO activity
[169], although the exact nature of the oxidizing agent
(s) and location (intra- versus extra-cellular) remains
contentious.

In 2009 Gross et al. demonstrated that systemic
administration of luminol enables non-invasive
imaging of MPO activity in numerous models of inflam-
mation including acute dermatitis, contact sensitivity,
arthritis, and lymphocytic tumors, where biolumines-
cence correlated with areas of inflammation [170].
Interestingly, the observed signal was abolished in
MPO gene knockout mice [170]. Whilst this method
allowed for imaging of superficial inflammation,
imaging of MPO in deeper tissues was not possible
due to the limited tissue penetration of the emitted
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blue light. Following from this, Zhang et al. developed
a CRET methodology in which blue light emitted from
luminol excites concurrently administered nanoparti-
cles that emit light in the near-infrared spectrum
[171]. The longer wavelength emitted from the
administered nanoparticles allowed for greater tissue
penetration and detection of signal from deeper
tissues. The methodology was successfully used to
image MPO activity in a lipopolysaccharide-mediated
lung injury model in mice [171]. Again, the CRET
signal was abrogated in MPO gene knockout mice
and was significantly attenuated after administration
of the MPO inhibitor 4-aminobenzoic acid hydrazide.

MMSiR

MMSiR is a near-infrared probe based on Si-rhoda-
mine that has been designed for the sensitive and
selective detection of HOCl in real time [172]. It has
multiple properties that make it suitable for in vivo
imaging including pH-independence of fluorescence,
resistance to photobleaching and autoxidation, good
tissue penetration associated with emission of light
in the near-infrared range [172]. The HOCl detection
mechanism involves oxidation of the S-atom of
MMSiR with release of the spiro-cyclized form and
generation of its oxidized product SMSiR, which is
highly fluorescent with an emission spectra in the
far-red to near-infrared range. The probe has been
successfully used to demonstrate inflammation in a
mouse peritonitis model and in zymosan-activated
neutrophils in vitro [172].

Sulfonaphthoaminophenyl fluorescein
(SNAPF)

SNAPF selectively reacts with HOCl and has absorption
and emission spectra in the far-red range [152]. The
reaction of SNAPF with strong oxidants results in oxi-
dative cleavage of the 4-aminophenyl moiety, generat-
ing highly fluorescent deprotonated dye with an
absorption maximum of 614 nm and emission at
676 nm. The probe has successfully been used to
image HOCl in stimulated primary human macro-
phages and in vivo in a murine model of peritonitis
[152].

In summary, the in vivo assessment of atherosclero-
tic plaque MPO activity using molecular imaging tech-
niques may provide further support for the
involvement of this enzyme in the pathogenesis of vul-
nerable atherosclerotic plaque. The validation of such
imaging techniques in models of high-risk plaque
and plaque rupture would provide a basis for sub-
sequent translational studies with the aim of improved
identification of high-risk individuals.

Conclusions

Current evidence supports a causative role of MPO in
coronary plaque rupture. Clinical studies strongly indi-
cate that plasma concentrations of MPO correlate
with the presence and severity of CAD. Importantly,
increased plasma MPO has been shown to predict
future adverse coronary events in many studies, con-
firming its potential role as a useful clinical marker.
Unlike CRP, MPO is less involved in general systemic
inflammation, thereby making it a more specific coron-
ary marker than CRP. There are, however, significant
technical hurdles to it being adopted for clinical use.
There are multiple available assays for MPO protein
and activity, and it is unclear which or if any of these
is/are ideal for clinical use. The current blood collection
requirement to analyze plasma MPO, i.e. that the blood
needs to be stored cold and centrifuged and aliquoted
immediately, is also impractical and near impossible for
routine clinical use. The effect of heparin on plasma
MPO content is a further significant barrier to its use
in the higher risk patients with unstable coronary syn-
dromes. This is because most of these patients receive
heparin therapy on hospital admission, so that the only
heparin-free blood sample consistently available will
be the first set of bloods drawn when patient arrives.
Molecular imaging of MPO, on the other hand, has
shown promising findings in identifying at risk patients
with vulnerable plaques, and the potential burden of
such plaques. Future research will clarify if these tech-
niques will find practical clinical use.
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