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ARTICLE INFO ABSTRACT

Keywords: Myeloperoxidase (MPO) is a member of the superfamily of heme peroxidases that is mainly expressed in neu-
Cardiovascular disease trophils and monocytes. MPO-derived reactive species play a key role in neutrophil antimicrobial activity and
inflammation human defense against various pathogens primarily by participating in phagocytosis. Elevated MPO levels in
mortality circulation are associated with inflammation and increased oxidative stress. Multiple lines of evidence suggest an
myeloperoxidase

association between MPO and cardiovascular disease (CVD) including coronary artery disease, congestive heart
failure, arterial hypertension, pulmonary arterial hypertension, peripheral arterial disease, myocardial ischemia/
reperfusion-related injury, stroke, cardiac arrhythmia and venous thrombosis. Elevated MPO levels are asso-
ciated with a poor prognosis including increased risk for overall and CVD-related mortality. Elevated MPO may
signify an increased risk for CVD for at least 2 reasons. First, low-grade inflammation and increased oxidative
stress coexist with many metabolic abnormalities and comorbidities and consequently an elevated MPO level
may represent an increased cardiometabolic risk in general. Second, MPO produces a large number of highly
reactive species which can attack, destroy or modify the function of every known cellular component. The most
common MPO actions relevant to CVD are generation of dysfunctional lipoproteins with an increased ather-
ogenicity potential, reduced NO availability, endothelial dysfunction, impaired vasoreactivity and athero-
sclerotic plaque instability. These actions strongly suggest that MPO is directly involved in the pathophysiology
of CVD. In this regard MPO may be seen as a mediator or an instrument through which inflammation promotes
CVD at molecular and cellular level. Clinical value of MPO therapeutic inhibition remains to be tested.

oxidative stress

1. Historical perspective structural and enzymatic features of MPO and hypothesized that MPO

may participate in human host defense. Klebanoff [10,11] established

Myeloperoxidase (MPO; EC 1.11.1.7) is a member of the super-
family of heme peroxidases. Peroxidase activity (oxidation of guaiac) in
plant and animal tissues was first reported in 1855 by Schonbein [1]. In
1868, Klebs detected guaiac oxidation by pus suggesting the origin of
peroxidase activity from the white blood cells [2]. In 1898, Linossier
made a key observation that hydrogen peroxide (H>O,) was required
for peroxidase reactions by white blood cells [3]. In 1920, Graham [4]
reported the release of peroxidase from neutrophil cytoplasmic granules
during phagocytosis. In 1941, Agner [5] purified MPO from the puru-
lent fluids of patients with tuberculosis empyema and named the en-
zyme verdoperoxidase due to its intensive green color. Two years later,
Theorell and Akeson [6] purified a brown-green peroxidase from cow’s
milk and showed that the enzyme was different from verdoperoxidase
and proposed the name myeloperoxidase to reflect its myeloid origin. In
1960 Hirsch and Cohn [7] described a degranulation process in pha-
gocytes in which the content of the granules was discharged into the
phagosome. Schultz et al. [8] and Zgliczynski et al. [9] defined many
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links between neutrophil MPO and MPO-related oxidant destruction of
ingested bacteria in the phagosomes (MPO-H,0,-Cl~ system). MPO has
been implicated in a wide range of human diseases [12]. This review
focused on the association (or involvement) of MPO with cardiovas-
cular disease (CVD).

2. MPO structure, reactions and functions

Human MPO is a homodimeric protein with a mass of 146 kDa,
consisting of two 73 kDa identical and functionally independent
monomers joined by a single disulfide bond at cysteine residue 153
[13]. Each monomer has 2 polypeptide chains: a glycosylated heavy
chain consisting of 467 amino acid residues and a mass of 58.5 kDa and
a light chain with 106 amino acid residues and a mass of 14.5 kDa.
There are 5 intra-chain disulfide bonds within the heavy chain and one
disulfide bond within the light chain [14]. Each heavy chain monomer
contains a heme (protoporphyrin IX derivative) and a calcium binding
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site which is crucial for chain interaction and stability of the structure.
A detailed description of MPO structure and spatial organization of its
catalytic site is provided in a review by Fortmiiller et al. [14] Of note,
the surface of MPO molecule contains numerous lysine and arginine
residues which make the MPO a highly cationic molecule (PI~10). This
enables electrostatic interaction of MPO with a multitude of compounds
or cells that have a negatively charged surface (or domain) including
bacterial cells [15], endothelial cells [16], extracellular matrix com-
ponents, particularly polyanionic glycosaminoglycans [17,18], apoli-
poprotein B-100 [19] and apolipoprotein A-I [20], albumin [21], cy-
tokeratin I [22], oy-antitrypsin [23] and ceruloplasmin [24]. The
binding of MPO to endothelial cells and glucosaminoglycans is in-
hibited by heparin which may explain anti-inflammatory actions of this
drug [25,26].

The gene coding for human MPO is located on the long arm of
chromosome 17 (segment q23.1) and consists of 11 introns and 12
exons, approximately 11 kb in size [27-29]. MPO gene mRNA expres-
sion is detected at myeloblast and promyelocyte myeloid maturation
stages in the bone marrow and the expression ceases in fully differ-
entiated myeloid cells. A number of polymorphisms, mostly single nu-
cleotide polymorphisms within or near the promoter region have been
identified. The most intensively studied polymorphisms lie in the Alu-
receptor response element in the upstream promoter region [12]. The
-463G/A polymorphism is the most important and G allele is associated
with increased promoter activity whereas the A allele is associated with
lower MPO expression in monocytes and macrophages [30,31]. Fur-
thermore, the Alu-receptor response element interacts with multiple
transcription factors and it may be responsible for MPO aberrant ex-
pression in cells including macrophages, astrocytes and hepatocytes
[32,33]. Under normal circumstances, these cells do not show MPO
activity. Although -463G/A polymorphism seems not to affect MPO
circulating levels, this polymorphism has been implicated in various
human diseases including atherosclerosis [12]. The -129G/A poly-
morphism is another polymorphism located within the promoter region
of the MPO gene. Neutrophils of the individuals carrying the -129A
allele show reduced MPO activity [34]. Polymorphisms located within
the coding regions have also been identified and at least 2 of these,
638C/A located in the 5’ flanking region and V53F polymorphism lo-
cated in the exon 2 are reported to modulate MPO gene expression with
individuals having -638A and 53F alleles showing a higher MPO ac-
tivity in the neutrophils [35]. Details of MPO synthesis and post-
translational changes have been recently reviewed by Nauseef [36].
The mature enzyme is stored primarily in neutrophil azurophilic
granules and monocyte lysosomes. It has been estimated that MPO re-
presents more than 5% of the total protein content in neutrophils [8]
and 1% in monocytes [37]. Monocytes loose MPO in the course of their
transformation into macrophages [12]. It has been suggested that small
amounts of MPO escape from the neutrophils (as proMPO monomers)
and are released into the extracellular space [38]. Although MPO is
predominantly found in neutrophils and monocytes, other cells in-
cluding CD4* and CD8* lymphocytes [39], resident tissue macro-
phages such as Kupffer cells [40], peritoneal macrophages [41], and
microglia [42], infiltrating macrophages in inflammatory diseases in-
cluding atherosclerotic lesions [43] and vasculitis [44] show MPO ac-
tivity. MPO activity has been detected in prostate tissue [45], neurons
[46] and astrocytes [32]. MPO is detected in endothelial cells and
platelets and its origin may be from internal or external sources. In the
case of endothelial cells, endogenous expression of MPO has been
confirmed [47,48]. Although monocytes loose MPO upon transforma-
tion into macrophages, the latter cells show MPO activity [49] poten-
tially related to endocytosis of neutrophils or MPO internalization via
various pathways [50].

The catalytic cycle of MPO is shown in Fig. 1. In quiescent neu-
trophils MPO is in inactive state as long as these cells are not activated
and H,0, is absent. The first step in the MPO catalytic cycle involves a
2-electron oxidation of Fe®"-MPO (native compound) to form
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compound I ("*Por-Fe[IV]=0 or oxoiron[IV] porphyryl radical) and
H,0. This step occurs in the presence of HyO, which serves as an
electron acceptor. The most important supplier of H,O, is NADPH
oxidase. Upon neutrophil activation, typically occurring in the setting
of phagocytosis, NADPH oxidase complex is recruited to the internal
surface of the phagosome membranes and the activated enzyme pro-
duces superoxide radicals (O,’) which are transformed spontaneously or
by superoxide dismutase to H>O, [14,50,51]. Compound I may be
converted to the native enzyme via 2-electron reduction by halides
(Cl7, Br™, I” but not F) or pseudohalides (SCN) to produce the re-
spective (pseudo) hypohalous acids (HOCI, HOBr, HOI or HOSCN) and
restore the native enzyme in the ferric state. This series of reactions is
called halogenation cycle. Hypochlorous acid (HOCI) is the most
abundant and important product of MPO reaction due to the over-
whelmingly higher concentrations of Cl~ in human plasma compared
with other halides [52]. HOSCN is produced in larger amounts in
smokers, known to have higher levels of SCN~ compared with non-
smokers [53]. Alternatively compound I may enter the so-called per-
oxidase cycle and use other electron donors including radicals (nitric
oxide, '‘NO, or NO2), organic compounds (tyrosine, tryptophan, ser-
otonin, tryptamine, ascorbate, steroid hormones, phenol and indole
derivatives, sulfhydryl derivatives, urate, drugs or various xenobiotics)
or inorganic molecules (nitrite or hydrogen peroxide) [54]. The per-
oxidase cycle involves 1l-electron transfer oxidation of above-listed
compounds resulting in the formation of compound II (Por-Fe(IV)-OH,
or oxoiron [IV]). Compound II may undergo 1-electron reduction to
restore native enzyme, a process known to be the rate-limiting step in
the peroxidase cycle which is facilitated by reductants such as super-
oxide anion and ascorbate, the latter known to be abundant in neu-
trophils [54]. Radical species produced by peroxidase cycle may form
dimer or higher polymer derivatives or react with various cellular
components including proteins and lipids [55]. Another redox form of
MPO is the so-called compound III (Por-Fe?>*-O, or Por-Fe*"-0,)
which is formed either from the reaction of native MPO with superoxide
or 1-electron reduction of compound I followed by reaction with mo-
lecular oxygen or by reaction of compound II with H,O,. Compound III
is unstable and converts within minutes to native MPO form in a pro-
cess accelerated by ascorbate, 02~ and paracetamol [56,57].

HOCI is the most reactive 2-electron oxidant derived from MPO that
reacts avidly with nucleophile groups (sulfur and nitrogen atoms) in-
cluding thiols, thioethers (cysteine and methionine residues in enzymes
and proteins and glutathione), amines and amides. HOCI even at low
concentrations leads to thiol group consumption (including glu-
tathione) and perturbations in the redox balance impairing cellular
protection against oxidative stress [58]. Moreover, HOCI rapidly in-
activates enzymes that have cysteine residues in their active sites in-
cluding major enzymes such as creatine kinase [59], glyceraldehyde-3-
phosphate dehydrogenase [59] and nitric oxide synthase (NOS) [60].
On the other hand HOCI activates matrix metalloproteinases (e.g, MMP-
7) by oxidation of a key cysteine residue to sulfonic acid [61]. Cardi-
ovascular consequences of this action are discussed later in this review.
The oxidation of methionine inhibits enzymes (e.g. lysozyme), protease
inhibitors (alpha-1 antitrypsin), growth factors or signaling pathways
(i.e. NF-kB pathway) [58]. The reaction of HOCI with amines or amides
leads to formation of chloramines and chloramides. Thus HOCI reacts
with nearly all classes of organic molecules including free amino acids
or amino acid residues in the structure of proteins, taurine, nucleobases,
nucleosides, nucleotides, amino sugars in nucleic acids, glucosami-
noglycans, amine-containing phospholipids, cholesterol and un-
saturated lipids with far reaching cellular consequences. The reaction of
HOCI with tyrosine leads to formation of 3-chlorotyrosine which is
widely used as a specific marker of HOCI generation by MPO. Of note,
chlorinated compounds are secondary products that are diffusible and
have a longer life compared with primary MPO species. These proper-
ties are important because they may explain why MPO-related damage
may occur over longer time intervals (beyond damage related to short-
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Nitric oxide, ‘NO, NO,, NO,, 02’, SCN",
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tryptamine, ascorbate, steroids, urate,
sulfhydryl/phenol/indole derivatives,
drugs, xenobiotics, e.t.c.
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Fig. 1. The myeloperoxidase (MPO) catalytic cycle. The interconversion between enzyme states, halogenation and peroxidation cycles as well as enzyme substrates
and products are shown. NADPH oxidase = nicotinamide adenine dinucleotide phosphate oxidase; por= protoporphyrin IX derivative; R =radical. The plus sign

means a stimulatory effect.
Modified from Teng et al. 51.

lived primary products) and at locations remote from the activation
site. HOCI acts with antioxidants such as ascorbate and urate [51] po-
tentially impairing antioxidant defense. Hypobromous acid (HOBr)
participates in similar reactions (as HOCI) and generates bromamines
and bromamides although with differences in kinetic properties parti-
cularly in regard to a much more rapid reaction of this agent with
aromatic rings and double bond compounds. Chloramines and broma-
mines may decompose gradually to form reactive aldehydes and the
resulting carbonyl groups can react with amine groups in the structure
of proteins or lipids to generate Schiff base imines which after an in-
ternal restructuration are transformed in advanced glycation end pro-
ducts (AGEs), known for their role in vascular disease and athero-
sclerosis. A detailed list of cellular targets of HOCI is provided in a
review by Davies [58].

Hypothiocyanous acid (HOSCN) is another MPO product generated
by oxidation of thiocyanate (SCN) — a pseudohalide present at elevated
concentrations in smokers. Although HOSCN is less reactive than HOCI
or HOBr it is highly selective for thiol groups. Oxidation of cysteine
residues which are key for enzymatic functions leads to inhibition of
enzymes such as glyceraldehyde-3-phosphate dehydrogenase and tyr-
osine phosphatases and an increase in the cellular concentration of
phosphorylated proteins which may alter mitogen-activated protein
kinase (MAPK) signalling pathway and promote apoptosis by this MPO
product [62,63]. Although cellular targets of HOSCN remain largely
unknown, this agent may act on low-density lipoproteins (LDL) and
modify them by causing conjugated dienes and hydroperoxides [64]. In
the peroxidase cycle, the MPO/H,0, system oxidizes SCN~ to form
cyanate (OCN ). Cyanate participates in carbamylation reactions by
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attacking the nucleophilic groups such as lysine residues in the struc-
ture of LDL transforming them into homocitrulline residues and in-
creasing atherogenicity of these lipoproteins. Carbamylated LDL is
avidly ingested by macrophages (after interaction with scavenger re-
ceptor SRA-1) which are transformed into foam cells [65].

The MPO/H,0, system oxidizes nitrite (NO2") to nitryl chloride
(NO,Cl) and nitrogen dioxide radical (NO,)."NO, radical is highly un-
stable but very potent in protein nitration and lipid peroxidation.
Nitrotyrosine formed as a result of oxidation of tyrosine by ‘NO, is often
used as a marker of MPO-related oxidative stress. Initiation of LDL lipid
peroxidation is inhibited by alpha-tocopherol (vitamin E derivative)
[51]. The protein and lipid modified LDL bind avidly with macrophages
promoting foam cell formation [66]. Implications of these reactions
with respect to atherosclerosis or CVD are discussed later in this review.

MPO circulates in plasma bound to albumin, plasma lipoproteins,
erythrocytes, or within the circulating neutrophil microparticles (lipid
vesicles or membranous blebs that bud off from the neutrophil plasma
membrane upon neutrophil activation) [50]. Circulating MPO levels
depend on multiple factors that are poorly understood. Although, MPO
gene polymorphisms are reported to affect MPO circulating levels, in
general heredity is believed to play a modest role in the variability of
circulating MPO in healthy population. It has been suggested that other
factors such as age, gender, smoking and oral contraceptives (in
women) affect MPO levels. Thus neutrophil MPO activity is higher in
women than men and MPO activity increases in both genders with
advancing age [34]. Extracellular MPO predominantly originates from
activated neutrophils which undergo degranulation either at the site of
inflammation following recruitment or in circulation. MPO is released
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also during neutrophil extracellular trap (NETs) formation which re-
present fiber-like structures composed of double-stranded DNA, his-
tones and granule proteins (MPO and neutrophil elastase) generated by
activated neutrophils to disarm and kill bacteria [67]. With respect to
CVD, NETs mediate endothelial dysfunction and leukocyte recruitment
and activation and promote atherosclerotic plaque vulnerability
[68,69]. They also predict a poor prognosis in patients with stable
coronary artery disease (CAD) [70].

It is well established that MPO plays a key role in neutrophil anti-
microbial activity and human defense against various pathogens pri-
marily by participating in phagocytosis. In hereditary partial or com-
plete MPO deficiency neutrophil antimicrobial capacity is preserved
due to compensatory increase in the cellular MPO-independent anti-
microbial mechanisms. Although MPO-deficient humans and animals
are susceptible to a number of fungal and yeast infections [54], an
extremely increased susceptibility to severe infections is not observed.
Complete hereditary MPO deficiency is rare (1:1000 to 1:4000) in the
United States and Europe. Interestingly a much lower prevalence of
MPO deficiency (1:57 135) is observed in Japan [71]. Emerging evi-
dence suggests that MPO may be involved in regulation of vascular
tone, angiogenesis, synthesis of collagen and extracellular matrix,
protease activity, gene expression, posttranslational protein modifica-
tions, signal transduction, intracellular protein transport, neuro-
transmitter modulation and modulation of innate and adaptive im-
munity [50]).

MPO is not routinely measured and indications for MPO measure-
ment for diagnostic or prognostic aims remain undefined. Methods used
for MPO measurement in tissues or biological fluids are based on var-
ious principles such as detection of the MPO protein, surrogate bio-
markers (HOCI, 3-chlortyrosine or other) or enzyme activity [51]. In
general, the methods differ markedly in their accuracy and reliability
and standardization of both sample collection and detection method are
urgently needed. Methods used for MPO detection and measurement in
experimental and clinical setting are recently reviewed [51,54].

3. MPO with CVD

Multiple studies have investigated the association between MPO
and presence of CVD.

3.1. MPO and CAD

A 2001 case-control study by Zhang et al. [72] showed that leuko-
cyte and blood MPO level was significantly higher in patients with CAD
than controls. After adjustment MPO remained significantly associated
with the presence of CAD with an odds ratio [OR] of 11.9 (95% con-
fidence interval [CI] between 5.5 and 25.5 for the highest vs. lowest
quartiles of leukocyte MPO and an OR = 20.4 [8.9-47.2] for the highest
vs. lowest quartiles of blood MPO. Similarly, another case-control study
of 680 patients with stable CAD or acute coronary syndromes (ACS) and
194 controls without angiographic CAD showed that MPO level
(median with interquartile range) was significantly higher in cases than
controls (74.5 [52.5-135.3] ug/L vs. 61.2 [44.6-80.9] pug/L; P < 0.001).
Moreover in cases there was a progressive increase in MPO level from
stable CAD to non-ST-segment elevation ACS and ST-segment elevation
ACS. MPO predicted the ACS presence with an area under the receiver
operating characteristic (ROC) curve of 0.731 (P < 0.001) [73]. In 38
patients with acute myocardial infarction (MI) presenting within 2
hours from the symptom onset and 50 patients with stable CAD,
Goldmann et al. [74] showed that patients with acute MI had sig-
nificantly higher levels of MPO compared with patients with stable
CAD. Moreover in patients with MI MPO plasma levels remained ele-
vated until 4 hours after symptom onset and declined thereafter. The
study postulated that elevated MPO and a rapid peak of MPO after
symptom onset suggest neutrophil activation occurring early after
ischemia onset and preceding myocardial injury in patients with acute
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MI. Heslop et al. [75] assessed the association of MPO with the presence
and severity of CAD. MPO predicted the presence of angiographic CAD
(=20% vessel narrowing) with an adjusted OR=1.97 [1.08-3.601,
P=0.03 and severe CAD (=50% vessel narrowing) with an OR=1.85
[1.09-3.18], P=0.021, both calculated per standard deviation (SD) of
MPO level. In patients presenting with chest pain but without ST-seg-
ment changes and cardiac troponin T within reference range, Rebeiz
et al. [76] showed that coronary stenosis =70% of lumen narrowing,
plaque ulceration, thrombus burden and need for percutaneous cor-
onary intervention (PCI) were more frequent with the increase in MPO
level. In another case-control study plasma MPO correlated with the
Gensini score — an index of atherosclerosis burden - and coronary cal-
cium [77].

A nested case-control study in the setting of the prospective EPIC
(European Prospective Investigation into Cancer and Nutrition)-Norfolk
population study that included 1138 case subjects (apparently healthy
men and women who developed CAD over an 8-year follow-up) and
2237 control subjects (matched with cases for age, gender, and en-
rollment time who remained free of CAD over the same follow-up
period) showed that MPO levels were significantly higher in cases than
controls and they correlated with C-reactive protein (CRP) and leuko-
cyte count. MPO predicted the risk for CAD with an OR=1.49 [1.20-
1.84], P < 0.001 for the top vs. the bottom MPO quartile; the asso-
ciation remained significant after adjustment for cardiovascular risk
factors (adjusted OR=1.36 [1.07-1.73] for the top vs. the bottom MPO
quartile). The study showed that elevated MPO levels predict future risk
of CAD in apparently healthy individuals and suggested that in-
flammatory activation precedes the onset of overt CAD by many years
[78].

A 2008 study [79] that included 557 patients undergoing elective
PCI showed that plasma MPO levels did not differ in patients with or
without CAD. MPO levels were similar across ethnicity and gender, and
correlated positively but weakly with CRP and fibrinogen. In the Dallas
Heart Study, a probability-based population sample of 3294 subjects,
MPO levels were associated with aorta plaques and aorta wall thickness
but not with coronary calcium. MPO levels were higher in African
Americans than non-African American participants (median: 17.5
[13.9-22.3] ng/mL vs. 16.8 [12.9-21.0] ng/mL; P < 0.0001). MPO le-
vels did not differ by age or sex but correlated with cardiovascular risk
factors such as, current smoking, diabetes, low high-density lipoprotein
(HDL) level, higher body mass index, but not with hypertension or
hypercholesterolemia. MPO correlated with CRP, monocyte chemoat-
tractant protein-1, interleukin-18, pulmonary surfactant protein-B, os-
teoprotegerin, matrix metalloproteinase-9, tumor necrosis factor-alpha
receptor-1 and soluble receptor for advanced glycation end products.
The interaction testing showed that MPO was associated with prevalent
aorta plaques in African Americans but not in non-African Americans
(Pinc=0.038) [80]. Wainstein et al. [81] assessed the association be-
tween MPO genotypes and CAD severity in 118 patients. Mean MPO
plasma levels were 8.6 = 4.7 ng/mL in AA, 8.6 + 7.0 ng/mL in AG and
9.4 = 5.6 ng/mL in GG genotypes. The CAD severity was not associated
with MPO genotypes (P =0.43) but patients with higher CAD score had
higher MPO levels (P=0.02). The Ludwigshafen Risk and Cardiovas-
cular Health (LURIC) study showed no difference in the MPO level in
patients with or without CAD [82]. The prospective population-based
Atherosclerosis Risk in Communities (ARIC) cohort study (n=1465)
assessed the association between monocyte MPO and incident CVD - a
composite of CAD, congestive heart failure (CHF), stroke, peripheral
artery disease (PAD) and cardiovascular mortality. There were 290 CVD
events over a median follow-up of 9.6 years. There was no statistically
significant association between monocyte MPO and incident CVD after
adjustment for age, sex, race and other CVD risk factors [83]. A recent
publication from the Dallas Heart Study that included 2924 adults free
of CVD showed that the MPO/HDL(particle) ratio was associated with a
74% increase in the adjusted risk for incident CVD (first nonfatal MI,
non-fatal stroke, coronary revascularization or CVD death) and a 91%
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increase in the adjusted risk for total CVD (incident CVD events plus
peripheral revascularization and hospitalization for CHF or atrial fi-
brillation [AF]) over a median of 9.4 years, calculated for highest vs.
lowest MPO/HDL(particle) ratio quartiles [84].

In aggregate, the preponderance of evidence supports an association
between elevated MPO level and CAD and a dose-response relationship
between MPO level and CAD severity. The majority of studies had a
case-control or cross-sectional design and included patients with con-
firmed CAD or those presenting with symptoms suggestive of CAD.
These studies suggested an association but not a causal relationship
between MPO and CAD. Of note, population-based studies produced
conflicting results with respect to the association between MPO and the
risk of CAD.

3.2. MPO and cardiovascular outcomes

Several studies have investigated the association of MPO with car-
diovascular outcomes. Baldus et al. [85] assessed 6-month rates of
death or MI in 547 patients with ACS. Patients with a MPO level >
350 pug/L showed an increased risk of 6-month death or nonfatal MI
(18.1% vs. 8.8%, P=0.002). However, the difference was significant
within the first 72 hours (14.0% vs. 5.1%, P=0.001) and event rate
curves of patients with high and low MPO serum levels did not diverge
after this time point. Moreover, the 6 month difference was mainly
driven by increased rates of nonfatal MI in patients with high MPO
level. After adjustment, MPO remained independently associated with
the increased risk of 6-month death or MI. The study suggested that
MPO is a marker and mediator of vascular inflammation and empha-
sized the role of neutrophil activation in the ACS pathophysiology.
Brennan et al. [86] assessed the association between MPO and cardio-
vascular events in 604 patients presenting with chest pain. Baseline
plasma MPO level predicted the risk of MI even in troponin-negative
patients. Elevated MPO level predicted the risk of major adverse car-
diovascular events (MACE) — a composite of MI, death or revascular-
ization - at 30 days and 6 months after presentation in all patients and
those without myocardial necrosis (troponin-negative). Cavusoglu et al.
[87] showed an increased risk of MI at 2 years in ACS patients with a
MPO level > 20.34 ng/ml (median value) versus those with a MPO
level <20.34 ng/ml (MI free survival: 74% vs. 88%, log-rank test
P=0.0249). In 1524 patients with ACS treated with tirofiban who
survived to 180 days, Morrow et al. [88] showed that elevated baseline
MPO (> 884 pM) was associated with higher risk for non-fatal MI or
rehospitalization for ACS at 30 days (9.3% vs. 4.6%, P < 0.001). MPO
remained associated with the risk for recurrent ischemic events after
adjustment for age, ST-segment deviation, diabetes, prior CAD, CHF,
cardiac troponin I, high-sensitivity CRP and soluble CD40 ligand. In 356
patients on dialysis for each 1000 pmol/L higher MPO level the risk of
3-year mortality increased by 14% after adjusting for age, race, dia-
betes, dialysis vintage, Charlson comorbidity score, history of previous
CVD, hemoglobin level, and serum concentrations of albumin, CRP,
interleukin-6, and tumor necrosis factor-alpha [89]. Another study that
included patients with stable CAD and ACS showed an independent
association between baseline MPO level and the risk for inhospital
MACE defined as death, recurrent angina, CHF or cardiac arrhythmia
[90]. Wong et al. [91] assessed the association between MPO and in-
cident cardiovascular events (MI, coronary revascularization, stroke, or
CVD death) in 1302 asymptomatic adults without known CVD over a
follow-up of 3.8 years. Subjects with a MPO level > median (257 pM)
were more likely to be women, and to have higher body mass index,
greater LDL cholesterol level, higher systolic and diastolic blood pres-
sure and lower HDL cholesterol level. MPO correlated also with cor-
onary calcium measured by computed tomography. Incident CVD
events were more frequent in subjects with a MPO level above the
median (4.6% vs. 2.3%, P=0.02). The association remained significant
after adjustment for age, sex, coronary calcium and risk factors. In the
study by Mocatta et al. [92] that included 512 patients with acute MI
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and 156 healthy controls, MPO levels > median were associated with
the risk of 5-year mortality (21% vs. 10%, P=0.001). After adjustment,
MPO remained independently associated with the risk of 5-year mor-
tality. Tang et al. [93] assessed the association between MPO and in-
cident MACE (death, MI or stroke) over a 3-year follow-up in patients
with established CAD. The study showed that patients with a MPO
level > 322 pmol/L had increased risk of incident MACE even after
adjusting for traditional cardiac risk factors, creatinine clearance, B-
type natriuretic peptide, and high-sensitivity CRP. With respect to in-
dividual end points elevated MPO was associated with increased risk of
3-year death and MI but not stroke. A more recent study [94] that in-
cluded 3635 patients undergoing coronary angiography showed that a
MPO level of 322 pmol/L was associated with 43% and 32% increase in
the unadjusted and adjusted risk for MACE defined as death, nonfatal
MI or stroke. Nicholls et al. [95] investigated the relationship between
serial MPO concentrations in 490 patients presenting with acute chest
pain and incident MACE (nonfatal MI, coronary revascularization or
death) during 6 months of follow-up. A higher baseline MPO level was
associated with a 2.4-fold higher risk of MACE at 6 months calculated
for 4th vs. 1st quartile. Among all subsequent MPO measurements
(performed at 4, 8 and 16 hours), the strongest association was found
for 16-hour measurements (OR=9.9 [4.7-20.9], P < 0.001 for 4th vs.
1st quartile). MPO was predictive of events even in patients in whom
cardiac troponin levels remained within the reference range. Serial
MPO monitoring predicted MACE risk better than baseline MPO mea-
surements alone (c statistic 0.813 vs. 0.602, P=0.002). The study
suggested that combined serial MPO and cardiac troponin I measure-
ments improved prediction of 6-month MACE, reduced the number of
missed MACE events from cardiac troponin testing alone and improved
risk classification in 26.1% of patients.

The LURIC study followed 3036 subjects (2391 with angiographic
CAD) for a median of 7.75 years. After adjustment for cardiovascular
risk factors MPO level was associated with a significant 34% higher risk
for total mortality and a 42% higher risk for cardiac mortality calcu-
lated for highest versus lowest MPO quartiles. MPO concentration was
positively associated with age, diabetes, smoking, markers of in-
flammation (interleukin-6, fibrinogen, CRP, serum amyloid A) and
markers of vascular damage (vascular cellular adhesion molecule
[VCAM]-1 and intercellular adhesion molecule [ICAM]-1) and nega-
tively with HDL-cholesterol and apolipoprotein A-I. The authors as-
sessed 5 MPO polymorphisms and found that they were associated with
MPO level but not with mortality. Moreover, the Mendelian randomi-
zation analysis did not show evidence for a causal relationship between
MPO and total or cardiovascular mortality [82]. In the study by Heslop
et al. [75] that included 885 patients undergoing coronary angiography
for CAD (651 with CAD), MPO was associated with the risk of cardio-
vascular mortality up to 13 years of follow-up. In patients with MPO
level in the 1st to 3rd tertiles, cardiovascular deaths occurred in 8.1%,
13.6% and 18.0%, respectively. After adjustment for cardiovascular risk
factors, CAD severity and CRP, MPO remained independently asso-
ciated with 75% higher adjusted risk for cardiovascular mortality
(calculated for 3rd vs. 1st tertile). In a study of 1019 asymptomatic
patients with respect to carotid artery disease, paired carotid ultra-
sound examinations performed at baseline and after a median of 7.5
months showed that a MPO level of =310 ng/ml, was associated with
progression of carotid atherosclerosis only in subjects with HDL-cho-
lesterol level < 49 mg/dL but not in those with HDL-cholesterol level
=49 mg/dL [96].

Few studies failed to show an association between MPO and cardi-
ovascular outcomes. In 457 patients with ACS, Apple et al. [97] as-
sessed the association between 7 biomarkers including MPO and ad-
verse events (MI, need for revascularization or death) over a 4-month
period. MPO (> 125.6 pg/L vs. <125.6) was not associated with the
risk of mortality or composite adverse events. Stefanescu et al. [98]
failed to show an independent association between MPO and mortality
in 382 patients with angiographic CAD over a median follow-up of 3.5
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years. Although the association was significant in unadjusted analysis,
it was attenuated after adjustment for cardiovascular risk factors. Eg-
gers et al. [99] did not show clinical utility of MPO measurements in
patients presenting with chest pain in terms of MI diagnosis or pre-
diction of future mortality. Scirica et al. [100] assessed the association
of cardiac troponin I, N-terminal probrain natriuretic peptide, CRP and
MPO with adverse cardiac events in 4352 patients with non-ST-segment
elevation over a mean follow-up of 343 days. In fully adjusted models,
MPO was associated with the risk for CHF but not with the risk of
cardiovascular death or MI. Notably, adding MPO in multivariable
models alongside clinical characteristics and other biomarkers did not
provide substantial incremental prognostic information when assessed
together with cardiac troponin I and N-terminal probrain natriuretic
peptide. Rudolph et al. [101] assessed the diagnostic and prognostic
value of serial MPO measurements in 1818 patients presenting with
acute chest pain. The sensitivity and specificity of MPO to diagnose
acute MI were 73.5% and 45.5%, respectively which were inferior to
sensitive troponin I (sensitivity 90.7%, specificity 90.2%). Although
MPO was associated with increased risk of adverse cardiac events at 30
days and 6 months, the association was attenuated after covariate ad-
justment. MPO did not provide incremental diagnostic information in
patients with chest pain when added to sensitive troponin I. Association
studies of MPO with cardiovascular outcomes are shown in Table 1.

3.3. MPO and congestive heart failure

Evidence available suggests that MPO plays an important role in the
development of CHF. In an acute MI model, MPO knockout mice
(MPO”") showed decreased leukocyte infiltration, reduction of left
ventricular dilation and preservation of left ventricular function, po-
tentially involving decreased oxidative inactivation of plasminogen
activator inhibitor 1 leading to decreased tissue plasmin activity [102].
Mass spectrometry studies of myocardial tissue from mice and murine
models of acute MI demonstrated that MPO is a major source of cyto-
toxic aldehydes. Compared to wild type, MPO”" mice showed 35.1%
less left ventricular dilation and 52.2% improvement in left ventricular
function 24 days after ischemia/reperfusion injury with no difference in
infarct size [103]. This study offered evidence that MPO-generated
oxidants have a profound adverse effect on left ventricular remodeling
and function after acute MI. Epidemiological and clinical studies
showed higher MPO levels in patients with CHF, a higher risk of de-
veloping CHF in subjects with elevated MPO levels and a poorer out-
come in patients with CHF and elevated MPO level. Tang et al. [104]
showed that plasma MPO levels were significantly higher in patients
with systolic CHF compared with controls (1158 + 2965 vs. 204 + 139
pM, P < 0.0001) and they correlated with New York Heart Association
class and plasma B-type natriuretic peptide levels. MPO remained as-
sociated with the prevalence of CHF even after adjustment for age and
B-type natriuretic peptide. In the Cardiovascular Health Study that in-
cluded 3733 subjects without CHF, MI or stroke, 569 subjects devel-
oped CHF over a mean follow-up of 7.2 years. Patients in the highest
MPO quartile (> 432 pmol/L) showed higher risk of developing in-
cident CHF after adjusting for ML, age, gender, systolic blood pressure,
smoking, LDL-cholesterol, diabetes, and any subclinical cardiovascular
disease (hazard ratio [HR]=1.34 [1.06-1.72], P=0.013). Of note, the
association between MPO and CHF was stronger in subjects without
traditional cardiovascular risk factors [105]. A prospective community-
based study of 1360 subjects showed that subjects with left ventricular
systolic dysfunction (n=28) had significantly higher levels of brain-
type natriuretic peptide, CRP and MPO. MPO predicted left ventricular
dysfunction with an area under the ROC curve of 0.909. The study
showed that MPO and CRP optimize detection of left ventricular sys-
tolic dysfunction when used in combination with natriuretic peptides
[106]. Rudolph et al. [107] showed that patients with left ventricular
systolic dysfunction had significantly higher levels of MPO, elastase and
N-terminal probrain natriuretic peptide than controls. Moreover, MPO
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mRNA expression in circulating leukocytes was significantly increased
in patients with left ventricular dysfunction suggesting that systemic
leukocyte activation and increased transcription of MPO mRNA seem to
be a characteristic of left ventricular systolic dysfunction implicating
MPO in the pathophysiology of CHF.

Elevated MPO levels are associated with the outcome of patients
with CHF. Tang et al. [108] assessed the association between MPO and
echocardiographic markers of severity and long-term clinical outcome
(death, heart transplantation or hospitalization for CHF) in 140 patients
with established CHF over a mean follow-up of 33 months. Increasing
plasma MPO levels were associated with increased likelihood of more
advanced CHF. Patients who died, had heart transplantation or were
hospitalized for CHF had significantly higher levels of MPO compared
with patients without these outcomes. Plasma MPO levels were asso-
ciated with adverse long-term clinical outcome (RR=23.35 [1.52-8.86],
P=0.002) even after adjustment for age, left ventricular ejection frac-
tion, plasma B-type natriuretic peptide, creatinine clearance and dia-
stolic stage. In 667 patients presenting to the emergency department
with dyspnea and observed for 1 year, MPO did not differ significantly
between patients with acute CHF versus those with dyspnea due to
noncardiac causes. However, in acute CHF cases, MPO was significantly
associated with increased risk for 1-year mortality (HR=1.58 [1.08-
2.31], P=0.02 for tertiles 2 and 3 vs. tertile 1). The association between
MPO and 1l-year mortality remained significant after adjustment
(HR=1.52 [1.03-2.24], P=0.035] for tertiles 2 and 3 vs. tertile 1). The
combination of MPO with B-type natriuretic peptide improved predic-
tion of mortality compared with individual markers [109]. Michowitz
et al. [110] showed that MPO levels were higher in patients with CHF
compared to healthy volunteers (205.7 = 272.6 vs. 123.0 = 170.5 ng/
ml, P=0.01). MPO correlated weakly but significantly with New York
Heart Association class (R=0.12: P=0.04), high-sensitivity CRP
(R=0.18; P=0.004) but not with age, left ventricular ejection fraction
or N-terminal probrain natriuretic peptide. MPO showed a trend
(P=0.07) for an association with mortality (106 deaths) over 40.9
months of follow-up. One study assessed the association between MPO
—463 G/A polymorphism and outcome of 116 patients with impaired
left ventricular function. Over a median follow-up of 1050 days, pa-
tients with GG genotype showed a significant decrease in survival
(HR=2.99 [1.19-7.50], P < 0.05). After adjustment, GG genotype
remained significantly associated with all-cause and cardiovascular
mortality. There was no association between MPO gene polymorphism
and MPO protein level or between MPO concentration and outcome
[111]. A recent experimental study showed that PF-1355 -an oral MPO
inhibitor - decreased MPO activity in a model of MI in mice. A 7-day
duration of PF-1355 treatment decreased the number of inflammatory
cells and attenuated left ventricular dilation whereas a 21-day duration
improved left ventricular ejection fraction (by 44%), decreased end-
diastolic volume (by 53%) and left ventricular mass (by 33%) compared
with controls. An early (1 hour) initiation was associated with better
therapeutic effect than late (24 hours) initiation of the agent [112].

Contrary to these studies, Shah et al. [113] failed to show diagnostic
or prognostic value of MPO in patients with CHF. In this prospective
observational study, the diagnostic accuracy of MPO for acute decom-
pensated CHF and the prognostic value for patients with acute dyspnea
was assessed in 412 patients presenting with dyspnea over 1 year of
follow-up. The diagnostic accuracy of MPO for acute decompensated
CHF was low (area under the ROC curve =0.46; P=0.18) and the
biomarker did not correlate with echocardiographic measures of car-
diac structure or function. MPO levels were not associated with 1-year
mortality (HR=1.25 [0.71-2.18]; P=NS for MPO above versus below
the median value).

3.4. MPO and arterial hypertension

Evidence available suggests that MPO may be involved in regulation
of vascular tone [114]. MPO injection in the left atrium of open-chest
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pigs was associated with reduced blood flow in the left anterior des-
cending coronary artery and internal mammary artery and reduced
myocardial perfusion. Isolated internal mammary arteries treated with
MPO showed diminished relaxation in response to acetylcholine and
nitroglycerine compared with controls [114]. In the same study, 15
patients with low MPO expression were compared with 30 subjects with
normal MPO content and activity. Nicotine-dependent activation of
leukocytes caused attenuation of endothelial NO bioavailability in the
control group but not in low MPO subjects. The study demonstrated
that MPO content and activity in leukocytes correlated with the degree
of vascular dysfunction. Limited evidence suggests that MPO may be
associated with arterial hypertension. Van der Zwan et al. [115] in-
vestigated the association between MPO and arterial hypertension in a
population-based cohort of elderly subjects. In age- and sex-adjusted
linear regression, plasma MPO was positively associated with systolic
blood pressure (2.1 mmHg per SD higher MPO level). The association
was stronger in subjects with higher fasting glucose level and plasma
oxidized LDL. The association between MPO and blood pressure was
strongest in conditions associated with oxidative stress, such as obesity,
low HDL, metabolic syndrome and diabetes. The association was mar-
ginally attenuated by adjustment for cardiovascular risk factors. A
study by Cameron et al. [116] suggested an association between an-
giotensin signaling pathway and MPO. In this study of patients with
CHF, the angiotensin type-1 receptor (AT1R) gene A1166C poly-
morphism was associated with higher circulating levels of plasma
protein carbonyls (a marker of oxidative protein modification) com-
pared with controls without CHF. In patients with CHF, the CC geno-
type was associated with higher levels of plasma protein carbonyls and
MPO compared with AT1R gene AC or AA genotypes. Moreover, the
regression analysis showed that AT1R genotype was an independent
predictor of MPO activity in CHF patients (P=0.005). This study sug-
gested that MPO is at least partially under the control of angiotensin-
signaling pathway. Although mechanisms for the association between
MPO and elevated blood pressure remain not fully elucidated, MPO-
related reduction of NO availability may lead to an imbalance between
vasodilator and vasoconstrictor internal stimuli favoring increased
vascular tone, vasoconstriction and elevated blood pressure.

3.5. MPO and pulmonary arterial hypertension

Patients with chronic thromboembolic pulmonary hypertension or
idiopathic pulmonary hypertension have elevated plasma levels of
DNA, neutrophil elastase and MPO [117]. Due to its cationic nature,
MPO binds to anionic glycocalyx components such as glycosaminogly-
cans and thus it accumulates in the endothelial surface (and sub-
endothelial space) in various vascular beds including pulmonary artery
tree. Neutrophil extracellular traps (NETs) were found in the occlusive
lesions and vascularized intrapulmonary thrombi. NETs promote nu-
clear factor kB-dependent endothelial angiogenesis and neovascular-
ization. The NETs-induced angiogenic response depends on MPO/H>0,
system-dependent activation of Toll-like receptor 4/nuclear factor kB
signaling pathway [117]. NETS induce the release of endothelin-1 from
the human pulmonary artery endothelial cells stimulating pulmonary
smooth muscle cell proliferation in vitro [117]. Klinke et al. [118]
showed that MPO is elevated in patients with pulmonary arterial hy-
pertension and it correlates with subsequent adverse outcomes. Im-
munohistochemical imaging of lung specimens from patients with
pulmonary arterial hypertension showed enhanced immunoreactivity
for MPO compared with controls. Moreover, patients with high MPO
level (> 583 pmol/L) showed decreased survival (P=0.023) over a
median of 65 weeks compared with patients with low MPO level. In the
experimental part of the study, deficient MPO mice (MPO”") showed
less increased right ventricular pressure upon hypoxia compared with
wild type mice. Hypoxia-induced activation of the Rho-kinase pathway
- a critical subcellular signaling pathway involved in vasoconstriction
and structural vascular remodeling - was blunted in MPO”" mice. The
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infusion of human recombinant MPO for 7 days increased significantly
the systolic right ventricular pressure which was normalized upon co-
infusion with the Rho-kinase inhibitor Y-27632. Finally, the use of the
MPO inhibitor AZM198 attenuated pulmonary hypertension and pul-
monary vascular remodeling in Sugen5416/hypoxia-induced pul-
monary hypertension in rats. This study showed a mechanistic link
between MPO and impaired pulmonary vascular function and suggested
that pulmonary arterial hypertension may be ameliorated by MPO in-
hibition.

3.6. MPO, ischemia/reperfusion injury and microvascular obstruction after
acute MI

Neutrophils play an important role in the pathogenesis of lethal
myocardial ischemia/reperfusion injury [119,120] and MPO is often
used as a surrogate marker of neutrophil activation in these conditions.
MPO products target a wide range of cellular components contributing
to cellular damage in the setting of ischemia/reperfusion cycle. Ele-
vated MPO levels have been detected as early as 2 hours after chest pain
onset in patients presenting with acute MI suggesting that neutrophil
activation is an early event in these patients [74]. MPO generated re-
active species attack and modify various groups that are key to func-
tioning of ionic channels and transporters in cardiomyocytes impairing
their contractility following ischemic episodes [121,122]. A recent
study showed a correlation between MPO and infarct size and micro-
vascular obstruction (assessed by cardiac magnetic resonance imaging)
in 40 patients with acute MI. Compared with patients with a low MPO
level, patients with a high MPO level (> 640 ng/mL) showed larger
infract size and microvascular obstruction in acute phase and at 6
months after the acute event. MPO in the culprit artery correlated po-
sitively with MPO in non-culprit arteries and serum, and with cardiac
troponin and peak creatine kinase levels. At 6 months, reverse systolic
remodeling was twice more present in the low-MPO group. Intra-cor-
onary plasma L-arginine level was lower in the high-MPO group in
culprit and non-culprit arteries implicating MPO-related consumption
of L-arginine, the substrate for NO production [123]. Baldus et al. [121]
showed higher plasma MPO levels 9 + 4 hours after reperfusion in
patients with acute MI than in healthy controls. The addition of H,O5 to
plasma of the patients was associated with higher rates of NO con-
sumption compared with controls. An intense recruitment of MPO-po-
sitive neutrophils in the infarct-related arteries and a diffuse endothelial
distribution of non-neutrophil-associated MPO immunoreactivity in
myocardial specimens from patients with acute MI was observed.
Moreover there was an inverse correlation between endothelium-de-
pendent microvascular function (acetylcholine-dependent increase in
forearm blood flow in patients with CAD) and MPO plasma levels. This
study showed that NO consumption is an important mechanism via
which MPO participates in the ischemia and reperfusion-related myo-
cardial damage.

3.7. MPO and peripheral arterial disease

Several studies have reported higher MPO levels in patients with
PAD. Berger et al. [124] showed that patients with PAD had higher
levels of MPO and several other inflammatory markers (matrix me-
talloproteinase-9, interleukin-6, adiponectin, ICAM-1, osteoprotegrin,
CD40 ligand and CRP) even after adjustment for age, sex, smoking,
body mass index and diabetes. In the ARIC Carotid Magnetic Resonance
Imaging Study that included 1791 participants (209 cases with PAD),
monocyte MPO content was found to be significantly lower in subjects
with PAD even after adjustment. The inverse relationship between
monocyte MPO content and prevalence of PAD was explained by re-
lease and depletion of MPO during monocyte activation in these sub-
jects [125]. Moreover, increased expression of MPO from intermediate
monocyte subsets was reported to occur in advances stages of PAD
[126]. In 69 patients with PAD undergoing endovascular therapy in
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iliac or femoral arteries, inflammatory cells and MPO-positive CD68
cells were observed in nearly half of debris particles obtained from
distal protection filters [127]. In concomitant CAD and PAD, a higher
level of MPO in femoral circulation than in coronary circulation was
reported. Moreover, the transfemoral gradient of MPO correlated with
coronary artery endothelial dysfunction and the correlation was
stronger after exercise. Serum from affected limbs of patients with both
CAD and PAD induced a greater release of monocyte chemotactic
protein 1 from human coronary artery endothelial cells than serum
from aorta [128]. In 3169 participants with chronic kidney disease
included in the Chronic Renal Insufficiency Cohort study, 589 (18.6%)
developed PAD (defined as ankle-brachial index < 0.9) during a 6.3-
year follow-up. After adjustment, MPO was independently associated
with the risk of incident PAD (HR=1.12 [1.03-1.23]; P=0.01 for 1 log
MPO) [129]. Other studies have reported an association between higher
MPO levels and lower ankle-brachial index [130,131] which is con-
sidered as a surrogate marker of PAD.

Elevated MPO levels are also associated with adverse events in PAD
patients. In 156 patients with symptomatic PAD, 17 patients had MI or
stroke during a median follow-up of 17.5 months. Patients with a MPO
level =183.7 pM were at higher risk of MI or stroke (HR=6.80 [1.20-
38.69]; P=0.031) [132]. Another study investigated the association
between MPO, MPO 463G > A gene polymorphism and the risk for
MACE (coronary events, stroke, coronary or carotid artery revascular-
ization and mortality) up to 3 years in 406 patients with PAD. Patients
with higher MPO levels (> 115 ng/mL) showed a significant 20%
higher risk of MACE and shorter time-to-first event than patients with
low MPO level. Smokers with high MPO level showed a > 3-fold higher
risk for MACE. After adjustment, the association between MPO-
463G > A gene polymorphism and MACE was attenuated [133].

3.8. MPO and stroke

An experimental model of stroke in rats showed that MPO activity
was significantly increased in the cerebral cortex perfused by anterior
cerebral artery 24 hours after reperfusion and brain MPO activity cor-
related with the appearance of neutrophils. Neutrophil depletion by
administration of an antineutrophil monoclonal antibody prevented the
increase in the MPO activity 24 hours after reperfusion, attenuated
postischemic increase in brain water content at 24 hours and reduced
the infarct size [134]. In another experimental model of stroke in mice
elevated MPO activity was observed 3 to 21 days after ischemia and
MPO inhibition by 4-aminobenzoic acid hydrazide - an irreversible
MPO inhibitor - reduced enzyme activity by 30% to 40% and final le-
sion volume by 60%. The MPO-knockout mice also showed a similar
reduction in the final lesion volume [135]. In an experimental model of
ischemic stroke in mice, MPO inhibition with 4-aminobenzoic acid
hydrazide or congenitally absent MPO (MPO™") were associated with
decreased cell loss compared to wild-type mice. MPO inhibition in-
creased cytoprotective heat shock protein 70 by 70% and p-Akt by 60%
and decreased the apoptotic marker p53 level by 62%. MPO inhibition
reduced infarct size and improved neurological outcome. The study
demonstrated that MPO inhibition or congenital absence of the enzyme
is associated with neuroprotection after ischemic stroke and suggested
that MPO may be a therapeutic target for stroke therapy [136]. A po-
tentiation of neurogenesis after stroke by MPO inhibition has also been
suggested [137].

Human studies showed MPO involvement in the brain damage fol-
lowing brain ischemia. Case-control studies demonstrated higher MPO
levels in patients with hemorrhagic [138] and ischemic [139] stroke
than in controls and a correlation between MPO level with stroke se-
verity [139], hematoma volume and 6-month mortality [138]. A pre-
vious case-control study investigated the association between MPO G-
463A or G-129A polymorphisms and brain infarction confirmed by
magnetic resonance imaging. Carriers of the A allele of the G-463A
polymorphism showed no significant association with brain infarction.
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In analyses restricted to cases, an association between A allele of the G-
129A polymorphism and brain infarct size or between the A allele of the
G-463A polymorphism and a poorer functional short-term outcome as
evaluated by the Rankin score was observed [140]. A recent study
tested the association between a genetic risk score —based on MPO le-
vels from 15 common single nucleotide polymorphisms identified from
prior genome-wide studies — and the risk of primary intracerebral he-
morrhage and ischemic stroke. Genetic determinants of elevated cir-
culating MPO level were associated with the risk of hemorrhagic stroke
(OR=1.07; P=0.04), recurrent hemorrhagic stroke (OR=1.45;
P=0.006) and ischemic lacunar stroke (OR=1.05; P=0.0012). The
study suggested a causal role for MPO in the progression of cere-
brovascular disease [141]. The Northern Manhattan Study assessed the
association between inflammatory markers, high-sensitivity CRP, lipo-
protein-associated phospholipase A2 and MPO with white matter hy-
persintensities on brain magnetic resonance imaging in 527 stroke-free
community-based subjects. Subjects with CRP, lipoprotein-associated
phospholipase A2 in the upper quartile and MPO in the 3rd and 4th
quartiles had a greater white matter hyperintensity volume after ad-
justment for sociodemographic and vascular risk factors. Adjusting for
all biomarkers simultaneously, the white matter hyperintensity volume
was 1.25-fold greater for MPO levels above the median [142]. A recent
case-cohort study of 2176 participants (562 had a stroke as outcome)
assessed the association of 13 biomarkers with the risk of stroke over a
median of 5 years. After adjustment, osteopontin, neopterin, MPO and
adiponectin were independently associated with the risk of stroke. After
further adjustment for Stroke Prognostic Instrument-II and treatment,
MPO remained independently associated with the risk of stroke [143].
Two recent studies have identified MPO in cerebral aneurisms and have
implicated the enzyme in their formation and rupture [144,145].

3.9. MPO and cardiac arrhythmia

The MPO product HOCI, activates tissue metalloproteinases, inhibits
their tissue inhibitors and activates mitogen-activated protein kinase
leading to extracellular matrix turnover, cell proliferation, tissue fi-
brosis and atrial remodeling [146]. Increased MPO activity and neu-
trophil infiltration in canine atrial myocardium after atriotomy are re-
ported to cause inhomogeneity in atrial conduction and facilitate
induction (by burst pacing) and perpetuation of AF. Inhomegeneity in
atrial conduction correlated closely with MPO activity [147]. MPO
activity was increased in patients with AF undergoing radiofrequency
ablation and correlated with AF recurrence within the first week after
therapy [148]. Rudolph et al. [149] offered evidence on the involve-
ment of MPO in AF pathogenesis. In this study, a 2-week infusion of
angiotensin II, an agent known to cause atrial fibrosis, was associated
with accumulation of 3-chlorotyrosine in atria suggesting that profi-
brotic action of angiotensin II is mediated via MPO activation. In MPO-
deficient mice profibrotic response was markedly attenuated. Metallo-
proteinase 2 and 9 activity and formation of 3-chlorotyrosine were
markedly attenuated as a response to angiotensin II infusion in MPO-
deficient mice indicating lower tissue availability of HOCI. Right atrial
electrical stimulation showed an increased susceptibility to AF in an-
giotensin-treated wild type mice but not in MPO-deficient mice and
susceptibility to AF was restored after initiation of MPO infusion. The
human part of the study involved pacemaker-carrying individuals in
whom detection of AF episodes was technically feasible. Individuals
who developed AF had significantly higher levels of circulating MPO
and elastase suggesting that elevated MPO reflects leukocyte activation
and degranulation in these patients. In 27 patients undergoing cardiac
surgery, immunohistochemical analysis of specimens obtained from
right atrial appendages showed significantly higher MPO deposition in
atrial tissue and enhanced tissue 3-chlortyrosine content which colo-
calized with MPO in individuals with concomitant AF. MPO is involved
in AF-related platelet hyperaggregability linked with impaired avail-
ability of NO and MPO-related inflammatory activation [150]. However
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not all studies have reported an association between MPO and the risk
for AF. In the population-based Gutenberg Health Study with 5000
subjects (56 + 11 of age, 161 with AF), MPO was not linked with AF
status (OR=1.09 [0.80-1.27], P > 0.99 for SD of MPO) [151].

Limited evidence suggests that MPO may be involved in increased
susceptibility for ventricular arrhythmias after acute MI. Experiments in
integrin-deficient (CD11b~/7) mice and intravenous MPO infusion
showed that neutrophil infiltration was needed for MPO accumulation.
Moreover the expression of redox-sensitive gap junctional protein Cx43
(connexin 43) was reduced in the peri-infarct area in wild-type com-
pared with MPO-deficient mice and in isolated wild-type cardiomyo-
cytes, the Cx43 protein content decreased following MPO/H,0, in-
cubation due to MPO-dependent activation of matrix metalloproteinase
7. MPO induced fibroblast-to-myofibroblast transdifferentiation by ac-
tivation of p38 mitogen-activated protein kinase resulting in upregu-
lated collagen generation and fibrosis. In a cohort of 2622 stable pa-
tients with left ventricular ejection fraction > 35% those with an
arrhythmic events (ventricular arrhythmia, sudden cardiac death or
cardioverter-defibrillator implantation) had significantly higher MPO
levels than those without events and MPO was independently asso-
ciated with arrhythmic events (adjusted OR=1.83 [1.23-2.73];
P < 0.01 for tertile 3 vs. tertile 1). The study showed that MPO pro-
motes arrhythmogenic left ventricular remodeling and increases sus-
ceptibility to ventricular arrhythmias [152].

3.10. MPO and venous thrombosis

MPO may increase the risk for venous thrombosis via endothelial
dysfunction, reduced NO bioavailability, increased platelet activation
and aggregability and atherosclerotic plaque instability in case of ar-
terial thrombosis. Fibrin-rich coronary thrombi contain plasma markers
of platelet, neutrophil and endothelial activation including MPO [153].
In an experimental study of stasis-induced vein thrombosis in mice,
MPO-positive neutrophils were detected throughout the thrombus
course but the number was highest at day 1 after inferior vena cava
ligation [154]. Another experimental study of vein thrombosis in rats
showed that neutrophil content and MPO activity increased early (at 6
hours and day 2 after inferior vena cava ligation) in the vein wall after
stasis-induced vein thrombus [155]. In 304 patients (22 with venous
thromboembolism) presenting in emergency department, a combina-
tion of negative D-dimer (cut-off: 500 ng/mL) and MPO (< 22 mg/ dL)
increased specificity of detection of venous thromboembolism by 14%
(from 59% to 73%) compared with D-dimer alone which translated into
a significant improvement of the rate of negative pulmonary vascular
imaging (from 38% to 25%) [156]. The role of MPO in venous
thrombotic disease needs further investigation.

3.11. MPO and cardiovascular drugs

Most cardiovascular drugs exert an anti-inflammatory action which
may impact on the circulating biomarkers of inflammation including
MPO. Baldus et al. [25] showed that heparin administration increased
MPO levels in 109 patients undergoing diagnostic coronary angio-
graphy and the increase in MPO level was higher in patients with CAD.
Heparin therapy improved NO availability as evidenced by flow-
mediated dilation and by acetylcholine-induced changes in forearm
blood flow and MPO release was associated with improved endothelial
function. The heparin-induced MPO release from arterial wall may be
explained by electrostatic interaction between polyanionic glycosami-
noglycan structure of heparin and cationic MPO which liberates MPO
sequestrated in the arterial wall. Apart from explaining the anti-in-
flammatory action of heparin, this study had implications for MPO
measurements using heparin-containing kits. Our group investigated
the impact of statins, beta-blockers, and angiotensin-converting enzyme
inhibitors in patients with stable CAD or ACS. All 3 categories of drugs
were associated with significantly lower MPO levels. However, MPO-
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lowering effect of these drugs was observed only in patients with ACS
but not in those with stable CAD. After adjustment only beta-blocker
therapy was independently associated with lower MPO levels [157].
Experimental studies showed that metoprolol reduced MPO levels in a
model of spinal injury in rats [158] and carvedilol (but not bisoprolol)
reduced MPO levels in an ischemia-reperfusion model in rabbits [159].
Carvedilol also inhibited MPO release from the stimulated intact human
neutrophils [160]. In an ischemia- reperfusion model of skeletal muscle
in rats, simvastatin reduced the neutrophil infiltration and MPO activity
in the tissue undergoing ischemia-reperfusion cycle [161], whereas
simvastatin, atorvastatin, pravastatin, and lovastatin suppressed MPO
gene expression in human and murine monocyte-macrophages and
bone marrow precursors by reducing mRNA levels by 20- to 200-fold
[162]. In clinical studies statins reduced circulating MPO levels in pa-
tients with CHF [163], ACS [164] and diabetes on dialysis [165]. It was
shown recently that ticagrelor and clopidogrel — commonly used an-
tithrombotic drugs - did not impact on several circulating inflammatory
markers including MPO [166].

4. Mechanisms of the association between MPO and CVD

Multiple molecular mechanisms have been proposed to explain the
association between MPO and CVD (Fig. 2). The most common MPO
targets relevant to CVD are plasma lipoproteins, NO system, en-
dothelium, matrix proteinases and atherosclerotic plaque.

MPO-generated species, primarily HOCl, HOSCN and SCN ~, modify
LDL into chlorinated, nitrated or carbamylated forms markedly in-
creasing their atherogenicity. Experimental studies showed that protein
and lipid components are modified by MPO products. Tyrosyl residues
within the apolipoprotein B100 of LDL are prime targets. The incuba-
tion of activated human neutrophils with LDL was associated with a
dramatic increase in the 3-chlorotyrosine content and detection of 3-
chlorotyrosine in human atherosclerotic plaques supports the hypoth-
esis that MPO is an important pathway for oxidative modification of
lipoproteins [167]. Modified LDL are transformed in high-uptake par-
ticles which are avidly ingested by macrophages after binding to mac-
rophage scavenger receptors CD36 and SR-B1 (scavenger receptor class
B, type 1) [168]. The MPO/H,0,/NO, system nitrates the tyrosyl re-
sidues of apolipoprotein B100 producing nitrated-LDL which are also
avidly ingested by macrophages, a prerequisite of foam cell formation.
The amount of 3-nitrotyrosine measured in the LDL obtained from the
aortic atherosclerotic intima is 90-fold higher than in plasma LDL
[169]. Carbamylation of lysine residues by pseudohalide SCN™ is an-
other modification that generates atherogenic LDL which are unable to
bind to macrophage LDL receptor but they bind to macrophage sca-
venger class A receptors favoring accumulation of these particles in
macrophages and foam cell formation. Carbamylated LDL are cytotoxic
and promote apoptosis of endothelial cells and proliferation of smooth
muscle cells and monocyte adhesion via ICAM-1 and VCAM-1 [170].
The modification of lipid component of LDL is also important. Leuko-
cyte-generated HOCI attacks various lipid components found in LDL
structure including plasmalogens and phospholipids resulting in for-
mation of chlorofatty aldehydes and unsaturated derivatives of lyso-
phosphatidylcholine which exert a chemotactic action promoting
monocyte entering into atherosclerotic plaques [171]. In addition, the
‘NO, radical initiates LDL lipid peroxidation which increases ather-
ogenicity of LDL and uptake by macrophages [66]. Modified LDL by
MPO-produced species shows a high atherogenic potential. Apart from
promoting foam cell formation, in vitro experiments with human cor-
onary artery endothelial cells showed that modified LDL cause en-
dothelial NOS (eNOS) uncoupling and decrease eNOS expression and
NO production which causes endothelial dysfunction which negatively
impacts on vascular arterial tone [172,173]. Besides these mechanisms
oxidative stress-modified LDL induces atherosclerosis by promoting
monocyte infiltration in arterial wall (atherosclerotic plaques), smooth
muscle cell proliferation and migration and apoptosis of endothelial



G. Ndrepepa

Clinica Chimica Acta 493 (2019) 36-51

Pathophysiological . Correlate of
role Myeloperoxidase cardiometabolic risk
HOCI/Br/I \1’
\1, NO2 Chlorination
NO/NO* Oxidation Inflammation Diabetes
HO' Peroxidation Genetic polymorphism  Metabolic syndrome )
“aal® ¢ 102/0 Nitration Advanced age Coronary atherosclerosis
L J < ® —> N —> Feadeiten Women Acute coronary syndrome
N > 02 Carb Y lati Lower HDL-cholesterol ~ Contraceptive drugs
Activated OCN- SIRAMYISHON Higher LDL-cholesterol  Increased oxidative stress
neutrophils OSCN- v Smoking Chronic kidney disease
ONOO" - - - Systolic blood pressure  Hemodialysis
- Radicals I Pathophysiological actions I Obesity Elevated white blood cells
Transcytosis v v
v \ | v vV
| Atherogenic LDL | | Dysfunctional HDL | | Reduced NO availability Increased | | Impaired |

thrombotlc risk vasodilatation

L

— @ W—) m — cholf?isterol

Mod-LDL HDL Mod-HDL

&

LDL

&,
>/7Foam cell

Macrophage I

L)

Monocyte

/oL
Impaired @ @ @

Awo dysfunction
= e

Atherosclerotic plaque

Hw

Endothelial

Tlsssue factor
expression

Vascular

> thrombosis

Plaque thinning
and rupture

Elastin

degradatlon EC apoptosis
MMP

activation \;

Apoptotic
bodies

—— HocL &1

Fig. 2. Putative mechanisms of myeloperoxidase (MPO) participation in cardiovascular disease. Arg = arginine; EC = endothelial cells; eNOS = endothelial nitric oxide
synthase; HDL = high-density lipoprotein; HOCl=hypochlorous acid; LDL =low-density lipoprotein; Mod = modified; NO =nitric oxide; MMP = matrix metallopro-
teinases; NETs = neutrophil extracellular traps; VSMC = vascular smooth muscle cells. The negative sign means an inhibitory effect.

cells. Furthermore, they promote atherothrombosis effects via various
adverse actions developing within the atherosclerotic plaques and on
the endothelial surface [174] which synergistically increase the
thrombotic risk (Fig. 2).

The modification of HDL is another well-known action of MPO with
relevance to atherosclerosis and CVD. The main HDL action is partici-
pation in reverse cholesterol transport from arterial wall via interaction
of apolipoprotein A-I with ATP-binding cassette transporters ABCA1
and ABCGL1. Furthermore HDL shows antioxidative (prevents LDL oxi-
dation via enzyme paraoxonase-1 attached to HDL), anti-inflammatory,
vasodilatatory, antithrombotic, antiapoptotic and cytoprotective prop-
erties and endothelium function maintenance properties and all these
effects are known to reduce the risk for atherosclerosis and CVD
[175,176]. Evidence available suggests that most of these vascular
protective actions are lost as a result of MPO action on this lipoprotein.
Immunohistochemical studies have identified the apolipoprotein Al —
the main protein component of HDL - as the main target of MPO-gen-
erated products [177]. Of 7 tyrosine residues in the structure of apo-
lipoprotein A-1, residues 192, 166, 236, and 29 are chlorinated or ni-
trated as a result of MPO action [178]. The content of 3-chlorotyrosine
in HDL obtained from human atherosclerotic lesions has been reported
to be 8-fold higher than in circulating HDL; moreover, 3-chlorotyrosine
was 13-fold higher in HDL isolated from plasma of patients with CAD
than in healthy subjects [177]. It has been shown that a higher content
of chlorinated and nitrated HDL is associated with diminished ABCA1-
dependent cholesterol efflux capacity of the lipoprotein [20]. Oxidized
apolipoprotein Al loses ability to activate the enzyme lecithin:choles-
terol acyltransferase (LCAT), which converts free cholesterol to cho-
lesteryl ester and participates in HDL maturation [179]. Moreover, in-
hibition of the enzyme paraoxonase may diminish the ability of HDL to
prevent LDL oxidation. Modified HDL is proinflammatory and promotes
expression of VCAM-1 in endothelial cells and entering of monocytes in
the arterial wall [180]. Thus MPO-mediated loss of atheroprotective
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properties of HDL may provide a novel mechanism linking inflamma-
tion and oxidative stress to the pathogenesis of atherosclerosis [181].

MPO plays an important role in endothelial dysfunction in humans
[182]. MPO correlates directly with markers of endothelial dysfunction
and the correlation is even stronger than that of CRP [183]. Moreover
MPO-induced endothelial dysfunction is considered one of the most
important mechanisms linking inflammation, oxidative stress and car-
diovascular disease [182]. Although, there are many mechanisms that
may explain why endothelial function deteriorates in the presence of
MPO-generated products, reduced NO bioavailability is key to under-
standing the MPO-related endothelial dysfunction. MPO affects NO
homeostasis by interacting with NO itself, eNOS and amino acid argi-
nine. MPO consumes NO by its oxidation via 1-electron transfer (per-
oxidase cycle, Fig. 1). MPO and its products suppress eNOS activity
through various mechanisms. It has been demonstrated that HOCI
oxidizes eNOS causing monomerization of dimeric structure and un-
coupling of synthase activity [51]. MPO-modified plasma lipoproteins
may also reduce NO production by causing the dissociation of eNOS
from the endothelial cell surface [51]. Finally HOCI chlorinates and
consumes arginine, the physiological substrate of eNOS used for NO
production [51]. Clinical studies have suggested an association between
elevated MPO levels and endothelial dysfunction or impaired vasor-
eactivity. Vita et al. [182] measured serum MPO and brachial artery
flow-mediated dilation and nitroglycerin-mediated dilation in 298
subjects. There was a strong inverse association between MPO level and
brachial artery flow-mediated dilation. MPO predicted endothelial
dysfunction even after adjustment for cardiovascular risk factors, CRP,
CVD and concomitant cardiovascular medications.

Experimental and clinical studies have shown the presence of active
MPO in atherosclerotic plaques and have implicated the enzyme in
plaque progression and instability. Daugherty et al. [184] identified
MPO in human atherosclerotic lesions. The eluted enzyme generated
HOCI indicating that MPO is active in the atherosclerotic lesions. In
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transitional plaques, a higher content of MPO was observed in the
plaque shoulder regions (regions vulnerable to plaque rupture). In ad-
vanced atherosclerotic lesions intense MPO immunostaining was ob-
served adjacent to cholesterol clefts in the necrotic core. The study
strongly suggested that the enzyme participates in atherogenesis and
plaque instability. Autopsic studies of patients dying with ACS have
demonstrated extensive monocyte and neutrophil infiltration of the
fissured thrombosed plaques and extensive staining for MPO at the sites
of plaque ruptures [49,185]. Sugiyama et al. [49] showed an increased
number of MPO-expressing macrophages co-localized with granulocyte
macrophage colony-stimulating factor in eroded or ruptured plaques in
patients with ACS. Moreover an accumulation of HOCl-modified pro-
teins at eroded or ruptured sites of human coronary artery atheroma
was observed. Interestingly, macrophages in human fatty streaks con-
tained little or no MPO. Naruko et al. [185] analysed coronary lesions
in patients acute MI and stable CAD and found an active infiltration of
complicated lesions (eroded or ruptured) by MPO-positive neutrophils.
A coronary ultrasound study showed an association between MPO and
percent atheroma volume in diabetic patients but not in nondiabetic
patients [186]. A recent study in apolipoprotein E gene knockout mice
by Rashid et al. [187] showed that MPO activity was two-fold higher in
unstable plaques compared with stable ones. Of note, genetic deletion
of MPO or MPO inhibition with AZM198 inhibitor significantly in-
creased fibrous cap thickness and decreased the content of fibrin and
hemosiderin in unstable phenotypes. The study strongly suggested that
MPO participates in fibrous cap thinning and intraplaque hemorrhage,
known to be key features of unstable atherosclerotic plaques and em-
phasized the need to consider MPO inhibition or other novel therapies
to attenuate vascular inflammation in patients with ACS. There are
several mechanisms through which MPO-generated products may pro-
mote atherosclerotic plaque instability. First, MPO-generated products
(primarily HOCI) degrade fibrous cap constituents, collagen and elastin
by activation a latent collagenase [188] and metalloproteinase-7 and
inactivation of tissue inhibitor of metalloproteinase-1 [61,189]. Second,
the MPO product HOCI causes desquamation and detachment of en-
dothelial cells and endothelial cell death via either apoptotic or oncotic
cell-death pathways [190]. Third, nitrated and chlorinated HDL inhibit
smooth muscle cell proliferation and migration [191]. Thus degrada-
tion of elastin and collagen, apoptosis of endothelial cells and inhibition
of vascular smooth muscle cell proliferation lead to plaque thinning
increasing the plaque propensity to erosion/rupture. Finally, MPO-
generated products within the atherosclerotic plaque create a pro-
thrombotic milieu increasing the risk of local thrombosis. It has been
shown in vitro that sublethal concentrations of HOCI increased tissue
factor in endothelial cells [190] increasing thrombogeneicity in vicinity
of atherosclerotic plaques and the risk of vascular thrombosis (Fig. 2).

5. Concluding remarks

Multiple lines of evidence suggest an association between elevated
MPO levels and the risk for CVD or adverse vascular events in subjects
with CVD including CAD, CVD-related mortality, CHF, arterial hy-
pertension, pulmonary arterial hypertension, PAD, ischemia/reperfu-
sion injury, stroke, cardiac arrhythmia and venous thrombosis.
Although, an association between MPO and these conditions was con-
sistently found, causality between MPO and CVD or CVD-related out-
comes remains unproven. Mechanistically elevated MPO may signify an
increased risk for CVD for at least 2 reasons. First, since low-grade in-
flammation and increased oxidative stress coexist with many metabolic
abnormalities and comorbidities, an elevated MPO level may represent
an increased cardiometabolic risk in general. Second, MPO produces a
large number of highly reactive species which can attack, destroy or
modify the function of every known cellular component. The most
common MPO actions relevant to CVD are generation of dysfunctional
lipoproteins, reduced NO availability, endothelial dysfunction, im-
paired vasoreactivity and atherosclerotic plaque instability. These
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actions strongly suggest that MPO is directly involved in the patho-
physiology of CVD. In this regard MPO may be seen as an instrument
through which inflammation promotes CVD at molecular and cellular
level. A further investigation of MPO participation in the pathophy-
siology of CVD, standardization of MPO measurement methods, in-
dications for MPO measurement, performance of dedicated epidemio-
logical studies to prove causality in the MPO-CVD relationship and the
use of MPO inhibitors to attenuate MPO deleterious effects in clinical
setting remain duties of future research.
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