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ABSTRACT
Myeloperoxidase (MPO) is a prominent mammalian heme peroxidase and a fundamental component
of the innate immune response against microbial pathogens. In recent times, MPO has received
considerable attention as a key oxidative enzyme capable of impairing the bioactivity of nitric oxide
(NO) and promoting endothelial dysfunction; a clinically relevant event that manifests throughout the
development of inflammatory cardiovascular disease. Increasing evidence indicates that during
cardiovascular disease, MPO is released intravascularly by activated leukocytes resulting in its
transport and sequestration within the vascular endothelium. At this site, MPO catalyzes various
oxidative reactions that are capable of promoting vascular inflammation and impairing NO bioactivity
and endothelial function. In particular, MPO catalyzes the production of the potent oxidant
hypochlorous acid (HOCl) and the catalytic consumption of NO via the enzyme’s NO oxidase
activity. An emerging paradigm is the ability of MPO to also influence endothelial function via noncatalytic, cytokine-like activities. In this review article we discuss the implications of our increasing
knowledge of the versatility of MPO’s actions as a mediator of cardiovascular disease and endothelial
dysfunction for the development of new pharmacological agents capable of effectively combating
MPO’s pathogenic activities. More specifically, we will (i) discuss the various transport mechanisms
by which MPO accumulates into the endothelium of inflamed or diseased arteries, (ii) detail the
clinical and basic scientific evidence identifying MPO as a significant cause of endothelial
dysfunction and cardiovascular disease, (iii) provide an up-to-date coverage on the different oxidative
mechanisms by which MPO can impair endothelial function during cardiovascular disease including
an evaluation of the contributions of MPO-catalyzed HOCl production and NO oxidation, and (iv)
outline the novel non-enzymatic mechanisms of MPO and their potential contribution to endothelial
dysfunction. Finally, we deliver a detailed appraisal of the different pharmacological strategies
available for targeting the catalytic and non-catalytic modes-of-action of MPO in order to protect
against endothelial dysfunction in cardiovascular disease.

Keywords: Atherosclerosis, antioxidant, extracellular matrix, glycocalyx, nitric oxide, oxidative
stress.
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Abbreviations: 4-aminobenzoic acid hydrazide (ABAH), 2-thioxanthine (2-TX), apolipoprotein A-I
(Apo-A1), apolipoprotein E gene-deficient mice (ApoE-/-), chloride ions (Cl−), chondroitin sulfate
(CS), cyanate (OCN−), cyclic guanosine monophosphate (cGMP), cytosolic superoxide dismutase
(Cu/Zn-SOD), dihydrofolate reductase (DHFR), dimethylarginine dimethylaminohydrolase 1
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(RBCs), receptor for advanced glycation end products (RAGE), reactive oxygen species (ROS),
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(Cys-SOH), sulfinic acid (Cys-SO 2 H), sulfonic acid (Cys-SO 3 H), sulfenyl amide (Cys-S-N),
thiocyanate anion (SCN−), thyroid peroxidase (TPO), tissue inhibitors of metalloproteinases (TIMPs),
uncoupling protein (UCP), vascular endothelial growth factor (VEGF), vascular cell adhesion
molecule-1 (VCAM-1), vascular endothelial cadherin (VE-cadherin).
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1. INTRODUCTION
A functional endothelium is essential for the maintenance of cardiovascular homeostasis through its
role as an anti-inflammatory, anti-thrombotic and selective semi-permeable barrier for the underlying
arterial wall, as well as its role in controlling vascular tone (Godo and Shimokawa, 2017). Central to
these vasoprotective properties is the regulated synthesis and preserved signaling actions of nitric
oxide (NO), which is generated by the endothelial isoform of NO synthase (eNOS). A key event
driving the development and clinical consequences of various cardiovascular disorders is the
impairment of the bioavailability of NO and resultant dysfunction of the arterial endothelium, which
exhibits impaired vasodilation and an increased inflammatory and thrombotic phenotype and elevated
permeability (Gimbrone and Garcia-Cardena, 2016). Oxidative stress is recognized as a prominent
cause of endothelial dysfunction (Cai and Harrison, 2000; Thomas et al., 2008). Thus, diseased and
inflamed arteries produce elevated levels of reactive oxygen species (ROS) including superoxide
anion radical (O 2 ●−) and hydrogen peroxide (H 2 O 2 ). These ROS are generated by vascular endothelial
and smooth muscle cells involving several endogenous enzyme sources, namely NADPH oxidase
(NOX), xanthine oxidase, uncoupled eNOS and the mitochondrial electron transport chain (Harrison
et al., 2003; Thomas et al., 2008). However, the oxidative events underlying endothelial dysfunction
in cardiovascular disease are complex, with a growing body of evidence pointing to a significant role
for the leukocyte-derived heme enzyme myeloperoxidase (MPO) (Nussbaum et al., 2012). A feature
of inflammatory cardiovascular disorders is the increased activation and release of MPO by
circulating leukocytes (Baldus et al., 2003; Brennan et al., 2003; Buffon et al., 2002; Goldmann et al.,
2009). This circulating extracellular MPO can bind to the luminal surface of the endothelium resulting
in its transcytosis into the sub-endothelial extracellular matrix of arteries (Baldus et al., 2001; Baldus
et al., 2006; Eiserich et al., 2002). At this site, MPO catalyzes an array of oxidative reactions capable
of

impairing

NO

bioactivity

and

endothelial

barrier

function

and

elevating

the

inflammatory/thrombotic phenotype of the endothelium (Baldus et al., 2001; Eiserich et al., 2002;
Rees et al., 2012; Sugiyama et al., 2004). In this review, we overview the importance of the
endothelium for maintaining cardiovascular homeostasis and introduce oxidative stress as a key cause
of endothelial dysfunction during cardiovascular disease. We then focus on MPO as a pathogenic
mediator of cardiovascular disease and endothelial dysfunction and discuss the transport mechanisms
by which MPO is sequestered within the endothelium of diseased arteries. Finally, we provide a
current understanding of the oxidative and non-enzymatic mechanisms by which MPO compromises
endothelial function before delivering a detailed appraisal of the pharmacological strategies available
for targeting MPO in order to combat endothelial dysfunction during cardiovascular disease.

2. THE ENDOTHELIUM AND CARDIOVASCULAR HOMEOSTASIS
The luminal layer of blood vessels constitutes a single continuous layer of endothelial cells, which
separates the underlying vessel wall from the flowing blood. A healthy or functional vascular
6

endothelium is critical for maintaining cardiovascular homeostasis by acting as a semi-permeable
barrier that selectively controls the passage of circulating immune cells, macromolecules, nutrients
and solutes between the blood and vascular wall/interstitial space (Figure 1A). A functional
endothelium also fosters the coordinated production of important vasoactive homeostatic signaling
molecules, of which NO is a prominent example.

2.1 Nitric oxide signaling and endothelial function
NO is a gaseous free radical (Chemical Formula, •NO) that represents a fundamental autocrine and
paracrine signaling molecule in the cardiovascular system. In the arterial endothelium, NO is
primarily generated by the constitutively expressed enzyme endothelial nitric oxide synthase (NOS3,
eNOS), a 135 kDa homodimeric heme enzyme that employs NADPH-derived electrons and molecular
oxygen (O 2 ) to oxidize L-arginine into L-citrulline and NO (Figure 1A). NO signaling maintains
cardiovascular homeostasis by regulating vascular tone (Ignarro et al., 1987a; Ignarro et al., 1987b;
Palmer et al., 1987) and arterial pressure (Rees et al., 1989), inhibiting platelet activation and
adhesion to the endothelium (Azuma et al., 1986; Freedman et al., 1998; Radomski et al., 1987),
moderating smooth muscle cell (SMC) proliferation and defective vascular remodelling responses
(Garg and Hassid, 1989; Rudic et al., 1998), and retarding endothelial adhesion of circulating
leukocytes (Kubes et al., 1991; Lefer et al., 1999) (Figure 1A). Accordingly, eNOS-derived NO exerts
anti-inflammatory and anti-thrombogenic actions that protect against cardiovascular diseases such as
atherosclerosis, aortic aneurysm and hypertension (Huang et al., 1995; Knowles et al., 2000;
Kuhlencordt et al., 2001).
Once produced, endothelial-derived NO elicits its vasoprotective properties or bioactivity by two
different signaling modalities; through the activation of the soluble guanylate cyclase-dependent
signaling pathway or protein S-nitrosylation. With respect to soluble guanylate cyclase, NO induces
SMC relaxation by binding to the ferrous-iron (FeII)-heme and allosterically activating the enzyme,
which increases SMC levels of cyclic guanosine monophosphate (cGMP) (Evgenov et al., 2006)
(Figure 1A). The accumulation of cGMP initiates a chain of events leading to the de-phosphorylation
of myosin via the protein kinase G (PKG)-dependent activation of myosin light chain phosphatase,
which induces vascular relaxation (Evgenov et al., 2006; Francis et al., 2010; Stamler et al., 1992).
S-Nitrosylation refers to the reversible attachment of NO to the sulfhydryl (-SH) group of low
molecular weight thiols (e.g., reduced glutathione [GSH]) or protein cysteines resulting in the
formation of S-nitrosothiols (S-NO). S-Nitrosylation is a ubiquitous mode of reversible posttranslational signaling analogous to protein phosphorylation that is capable of governing cellular
function and phenotype, including a prominent regulatory role in the cardiovascular system (Haldar
and Stamler, 2013; Stomberski et al., 2019). S-nitrosylation of critical protein cysteine residues has
been documented to control the activity of various regulatory proteins including protein phosphatases
(e.g. PTEN) (Numajiri et al., 2011), protein kinases (e.g., inhibitory-κB kinase, GSKβ3) (Reynaert et
7

al., 2004; Wang et al., 2018), transcription factors (e.g., NFκB) (Kelleher et al., 2007), ion channels
(e.g., Transient receptor potential channels) (Yoshida et al., 2006) and eNOS itself (Erwin et al., 2005;
Erwin et al., 2006). For eNOS, Erwin et al., reported that the zinc-thiolate cluster cysteines in resting
eNOS are constitutively S-nitrosylated and that upon agonist stimulation these cysteines are rapidly
de-nitrosylated, which facilitates optimal enzyme activation (Erwin et al., 2005; Erwin et al., 2006).
Recent data highlight the importance of eNOS-derived NO for S-nitrosylation of pyruvate kinase M2
and the resultant activation of the pentose phosphate pathway, which maintained endothelial redox
homeostasis by providing key cellular reductants, NADPH and GSH (Siragusa et al., 2019).
The above highlights the significant role of eNOS-derived NO in maintaining cardiovascular
homeostasis. As detailed below, various structural components of the endothelium, namely the
glycocalyx, inter-endothelial junctions and the sub-endothelial matrix are also critical for maintaining
vascular homeostasis by regulating endothelial permeability and NO signaling (Figure 1A).

2.2 Endothelial glycocalyx
The glycocalyx is a protective, negatively-charged and hydrated hair-like layer that coats the luminal
or apical surface of the vascular endothelium (Pries et al., 2000; Weinbaum et al., 2007). Depending
on the vessel type or bed, the glycocalyx layer extends ∼0.5-5 µm into the blood lumen from the
endothelial surface (Reitsma et al., 2007; van Golen et al., 2012) and can account for up to 25% of the
vascular luminal volume (Becker et al., 2010; Gouverneur et al., 2006). The glycocalyx displays
significant heterogeneity across the vasculature with respect to its thickness and molecular
composition, with arteries exhibiting a more complex and sizable glycocalyx compared to other
vascular beds (van den Berg et al., 2009). The glycocalyx consists of a mixture of proteoglycans (PG),
glycosaminoglycans (GAGs), glycoproteins and glycolipids (Figure 1A). The principal proteoglycans
are syndecans and glypicans, which are covalently bound to the GAGs, heparan sulfate (HS) and/or
chondroitin sulfate (CS) (Gouverneur et al., 2006; Weinbaum et al., 2007) (Figure 1A). Glypican is
exclusively substituted by HS, while syndecans carry both HS and CS. Protein-bound HS is the most
common GAG, accounting for 50-90% of the total glycocalyx content (Mulivor and Lipowsky, 2004).
The other significant component is the non-sulfated GAG hyaluronan (HA) that is a high molecular
mass free polymer (>1000 kDa) that non-covalently intercalates deep within the glycocalyx allowing
it to interact with membrane components (e.g. CD44) (Nandi et al., 2000) (Figure 1A).
An intact glycocalyx maintains endothelial homeostasis by (1) controlling vascular permeability
and trans-vascular fluid flux via its function as a negatively charged, structural barrier for plasma
proteins and macromolecules (Levick and Michel, 2010; Salmon and Satchell, 2012), (2) providing a
physical anionic barrier to circulating red and white blood cells (Nishiguchi et al., 1998; Petri et al.,
2008; Weinbaum et al., 2007), and impeding the interaction of leukocytes and platelets with
endothelial-expressed cell surface adhesion receptors (e.g. PECAM-1, ICAM-1, VCAM-1, selectins,
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integrins) (Lipowsky, 2012; Reitsma et al., 2007; Schmidt et al., 2012), and

(3) serving as a

mechanosensor to transduce shear stress from the flowing blood at the apical surface into intracellular
signaling events to control endothelial function (Tarbell and Ebong, 2008; Tarbell et al., 2014).
Mechanotransduction involving the glycocalyx is linked to the flow-dependent control of eNOS and
production of NO (Ebong et al., 2014; Florian et al., 2003; Pahakis et al., 2007), fostering the
morphological elongation and alignment of endothelial cells in the direction of flow (Baeyens et al.,
2014; Yao et al., 2007), and induction of anti-inflammatory signaling (Voyvodic et al., 2014). The
intact glycocalyx also facilitates vascular homeostasis through its interaction with various HSPGbinding proteins including: (i) coagulation system proteins to maintain an anti-thrombotic endothelial
surface (Bernfield et al., 1999), (ii) the antioxidant enzyme extracellular superoxide dismutase (ECSOD) to limit vascular oxidative stress (Kumagai et al., 2009; Weinbaum et al., 2007), (iii)
lipoprotein lipase, which hydrolyses plasma triglycerides to control lipid metabolism (van Golen et
al., 2012; Wilsie and Orlando, 2003), and (iv) chemokines, cytokines or growth factors necessary to
establish chemotactic gradients to coordinate vascular leukocyte trafficking or control vascular cell
function during inflammation (Graham et al., 2019; Marki et al., 2015; Parish, 2006; Vlodavsky et al.,
2013).
A characteristic event occurring in an array of vascular pathologies is the degradation or shedding
of the endothelial glycocalyx that compromises its homeostatic functions. Pathologic stimuli that
trigger glycocalyx shedding include inflammatory cytokines, disturbed blood flow, hyperlipidemia
and the onset of atherosclerosis, hyperglycaemia and ischemia/reperfusion (Bar et al., 2019; Cancel et
al., 2016; Dogne et al., 2016; Mitra et al., 2018; Mulivor and Lipowsky, 2004; Nieuwdorp et al.,
2006; Rehm et al., 2007; Rubio-Gayosso et al., 2006; Schmidt et al., 2012; van den Berg et al., 2006).
In atherosclerotic mice, degradation of the endothelial glycocalyx is an early event that coincides with
the impairment of NO bioactivity and increased endothelial permeability (Bar et al., 2019). Various
enzymes are implicated in mediating glycocalyx shedding. A prominent enzyme released by activated
immune and endothelial cells is heparanase, a β-D-endoglucuronidase enzyme that selectively
modifies glycocalyx HS content and structure by catalyzing the site-specific internal cleavage of HS
side-chains on HSPGs, resulting in the generation of bioactive oligosaccharides (Parish, 2006;
Vlodavsky et al., 2013). HSPG-cleavage by heparanase facilitates the breakdown of the glycocalyx
barrier and accessibility of endothelial-expressed adhesion molecules, as well as stimulating the
release of reservoirs of HS-bound growth factors and cytokines, events that promote endothelial
permeability to macromolecules (e.g., LDL) and circulating leukocytes (Parish, 2006; Schmidt et al.,
2012; Vlodavsky et al., 2013). Other enzymes implicated in glycocalyx degradation include
hyaluronidase-1, which degrades HA or proteolytic matrix metalloproteinases (MMPs) (Dogne et al.,
2016; Ramnath et al., 2014). Overall, the glycocalyx plays key roles in maintaining vascular
homeostasis, and it’s shedding/disruption contributes to endothelial dysfunction in vascular disease.
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2.3 Inter-endothelial junctions
Transport across the healthy endothelium is tightly controlled and involves two routes: transcellular
(transport or transcytosis through endothelial cells) and paracellular (transport between adjacent
endothelial cells) (Komarova and Malik, 2010). Inter-endothelial junctions (IEJs) formed between
adjacent endothelial cells govern vascular permeability by regulating the paracellular exchange or
transport of water, solutes, macromolecules and immune cells across the endothelium (Mittal et al.,
2014). The adhesive strength of IEJs is governed by the reversible formation of adherens junctions
and tight junctions (Figure 1A) (Aghajanian et al., 2008; Mehta and Malik, 2006).
The principal component of adherens junctions is vascular endothelial cadherin (VE-cadherin), a
transmembrane receptor whose extracellular domain binds to the extracellular domain of VE-cadherin
of an adjacent endothelial cell and whose intracellular domain binds to the catenin family (α, β, γ,
p120) of cytoplasmic adaptor proteins that connects VE-cadherin to the actin cytoskeleton (Mittal et
al., 2014; Vestweber et al., 2009) (Figure 1A). Tight junctions are composed of transmembrane
multiprotein complexes consisting of occludins, claudins and junctional adhesion molecule proteins
that are interconnected to the actin cytoskeleton by binding to the cytosolic zonula occludin family of
proteins (Reglero-Real et al., 2016). In arterial endothelial cells, the adhesive strength of IEJs is
primarily governed by adherens junctions (Mittal et al., 2014; Vestweber et al., 2009). Inflammatory
stimuli (e.g. thrombin, VEGF, histamine, platelet activating factor) promote endothelial permeability
by signaling for the transient disruption of adherens junctions involving the phosphorylation and
internalization of VE-cadherin and catenin proteins and their dissociation from the actin-cytoskeleton
(Komarova and Malik, 2010; Mehta and Malik, 2006; Mittal et al., 2014). Opening of interendothelial junctions is also enhanced by actin-myosin-based cell contraction that requires the
activation of the Ca2+/calmodulin-dependent myosin light chain kinase and resultant phosphorylation
of myosin light chain, causing a conformational change in myosin allowing it to bind to, and slide
along, actin filaments (Spindler et al., 2010). These changes re-organize cortical actin bands into
contractile actin stress fibres that induce cell retraction, IEJ opening and paracellular transport.

2.4 Sub-endothelial extracellular matrix
Endothelial homeostasis, function and barrier integrity also depends on the adhesive strength of the
endothelial cell monolayer onto the underlying basement membrane or sub-endothelial ECM; a 50100 nm layer composed primarily of type IV collagen, laminin, fibronectin and the HSPGs perlecan
and agrin, as well as HA (Komarova and Malik, 2010; Mehta and Malik, 2006) (Figure 1A).
Endothelial cells are tethered to ECM components by trans-membrane glycoprotein integrin receptors
composed of heterodimeric α-/β-subunits that bind to adhesive matrix motifs. These serve as
signaling interfaces by which endothelial cells can rapidly sense and communicate biochemical or
physical changes to the local ECM environment into the cell via ‘outside-in’ signaling (Figure 1A)
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(Mehta and Malik, 2006). Endothelial cells also internally control integrin receptor affinity for their
ECM ligands through ‘inside-out’ signaling. Integrins are devoid of enzyme activity and signal via the
formation of focal adhesions, which are dynamic multi-protein signaling complexes formed at the
basolateral membrane-ECM interface. They are composed of non-receptor tyrosine kinases (focaladhesion kinase [FAK] and Src) and various cytoskeletal-adaptor proteins including paxillin, vinculin,
talin, α-actinin and Crk-associated substrate (CAS) (Zebda et al., 2012). Integrin-ECM ligation
activates the non-receptor tyrosine kinases (Src and FAK) to phosphorylate intracellular adaptor
proteins with paxillin a principal target (Mehta and Malik, 2006) (Figure 1A). Paxillin
phosphorylation facilitates further recruitment and assembly of focal adhesion proteins to enhance
endothelial-ECM adhesions and modulate endothelial morphology and permeability via interaction
with the actin cytoskeleton (Geiger et al., 2009; Zaidel-Bar et al., 2007). Importantly, different
integrin heterodimers bind to different matrix components that have important implications for
endothelial phenotype; e.g. while α 2 β 1 -integrin ligation of endothelial cells to collagen signals for the
activation of the mitogen-activated protein (MAP) kinase p38 and suppression of pro-inflammatory
responses to shear stress, endothelial ligation via α 5 β 1 to fibronectin impairs NO signaling and
promotes the NFκB-dependent activation of pro-inflammatory genes in response to flow (Funk et al.,
2010; Orr et al., 2006; Orr et al., 2005).
In summary, the endothelium comprises a complex set of interacting structural components that
maintains a selectively permeable endothelial barrier and senses changes to the local apical and
basolateral environments to coordinate cellular responses at the luminal, cell-cell and cell-matrix
interfaces, which together are critical for the maintenance of vascular homeostasis (Figure 1A). The
integrity and appropriate functioning of the glycocalyx, IEJs and focal adhesions are necessary for the
preservation of the controlled production and bioactivity of critical vasoprotective molecules such as
NO, as well as maintaining a semi-permeable barrier. During cardiovascular disease, the endothelium
becomes dysfunctional, characterized by changes to the structure and functionality of these cellular
interfaces and the impairment of NO bioactivity, with oxidative stress a significant underlying cause.

3. ENDOTHELIAL DYSFUNCTION, VASCULAR DISEASE & OXIDATIVE STRESS
A significant pathogenic event occurring throughout the lifespan of cardiovascular disorders (e.g.
atherosclerosis, diabetes, hypertension, heart failure) is endothelial dysfunction; a general term used to
describe the compromised homeostatic functioning of the endothelium. Endothelial dysfunction can
manifest in several ways: (i) shedding of the endothelial glycocalyx and increased endothelial
adhesion of inflammatory leukocytes that facilitates their entry into the arterial intima, (ii) elevation in
the pro-thrombotic activity of the endothelium, (iii) enhanced endothelial paracellular permeability to
macromolecules, including pro-atherogenic LDL, and (iv) impaired endothelial-dependent
vasodilation leading to vasoconstriction (Figure 1B) (Reviewed by (Félétou and Vanhoutte, 2006;
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Gimbrone and Garcia-Cardena, 2016; Stocker and Keaney, 2004; Thomas et al., 2008; Vlodavsky et
al., 2013)). An inherent feature of endothelial dysfunction during cardiovascular disease is the
compromised signaling activity of endothelial-derived NO, commonly indexed as impaired
endothelial-dependent arterial vasodilation (Stocker and Keaney, 2004; Thomas et al., 2008). Patients
exhibiting cardiovascular disease risk factors but lacking gross atherosclerotic disease display
coronary artery vasoconstriction upon infusion of the endothelial agonist acetylcholine, which
contrasts with the endothelial-dependent vasorelaxation responses apparent in arteries of risk-free
subjects (Ludmer et al., 1986; Vita et al., 1990). These observations identify endothelial dysfunction
as an early pathogenic event that occurs prior to the formation of advanced atherosclerotic lesions.
Similar findings of early endothelial dysfunction in the absence of significant lesion development
have been documented in atherosclerotic mice (Bar et al., 2019). Importantly, the impairment of NO
bioactivity and endothelial dysfunction manifests throughout the development of cardiovascular
disease and ultimately contributes to a patient’s risk of experiencing a clinical cardiovascular event.
Thus, numerous studies have established that the degree of impairment of NO bioactivity and
endothelial function is more pronounced in patients exhibiting multiple cardiovascular risk factors
(Celermajer et al., 1994) and directly correlates with increased cardiovascular disease severity
(Schachinger et al., 2000; Targonski et al., 2003; Yeboah et al., 2007). Furthermore, the extent of
impairment of NO bioactivity is an independent prognostic indicator of future adverse clinical
cardiovascular events in coronary artery disease patients (Gokce et al., 2002; Halcox et al., 2002;
Heitzer et al., 2001; Suwaidi et al., 2000).
Due to the clinical relevance of impaired NO bioactivity and endothelial dysfunction, there is
great interest in understanding the underlying causes. A large body of evidence points towards a
significant role for enhanced vascular oxidative stress (Reviewed by (Félétou and Vanhoutte, 2006;
Stocker and Keaney, 2004; Thomas et al., 2008; Vanhoutte et al., 2009)). Thus, cardiovascular
disorders such as atherosclerosis, hypertension and diabetes are characterised by increased endothelial
production of ROS, particularly O 2 ●−, which rapidly reacts with NO at near diffusion-controlled rates
(k = 1.9 x 109 M/Sec) (Kissner et al., 1998) (Reaction I), thereby preventing NO’s homeostatic
signaling bioactivities (Figure 1B) (Gryglewski et al., 1986; Ignarro et al., 1987a).
O 2 ●− + ●NO → ONOO−

(Reaction I)

Notably, the reaction product is peroxynitrite (ONOO−) (Reaction I), a versatile and potent
oxidant capable of diffusing across cell membranes and mediating oxidative or nitrosative damage to
biomolecules, including the nitration of protein tyrosine residues and the oxidation of protein cysteine
and methionine residues, protein metal centres, plasma lipoprotein and cellular lipids, nucleic acids,
and ECM components including HSPGs (Radi, 2004; Szabo et al., 2007). Peroxynitrite is capable of
augmenting the impairment of NO signaling and endothelial dysfunction via several oxidative
mechanisms. These include the induction of eNOS uncoupling (see Section 3.4 below), the nitrosative
inactivation of the vasoprotective enzyme prostacyclin synthase that generates the vasodilatory
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molecule prostacyclin (PGI 2 ) (Davis and Zou, 2005), and the formation of a state of vascular NO
resistance through the oxidation of the ferrous-heme in soluble guanylate cyclase into a ferric-heme,
NO-insensitive state (Stasch et al., 2006). A significant body of clinical and scientific data indicate
that exposure of endothelial cells to atherogenic/inflammatory stimuli, such as disturbed shear stress,
hypercholesterolemia, hyperglycaemia, angiotensin II, inflammatory cytokines, promotes aberrant
O 2 ●− production in endothelial cells from various sources, namely NADPH oxidase (NOX) enzymes,
mitochondria, xanthine oxidase and uncoupled eNOS (Figure 1B).

3.1 NOX. A major endothelial source of ROS is the NOX family of enzymes. NOX are unique in that
their principal biological function is to generate ROS by catalyzing the transfer of electrons from
NADPH to O 2 via a membrane-bound heme-containing NOX catalytic subunit to generate O 2 ●− or
H 2 O 2 (Drummond and Sobey, 2014). To date, 7 NOX members have been identified in mammalian
cells, with NOX2 constituting the originally identified isoform expressed in phagocytic cells that
plays an essential role in the innate immune defence against microbes (Hampton et al., 1998;
Klebanoff et al., 2013). NOX1, 2, 4 and 5 have been detected in endothelial cells where they are
implicated in both the physiological and pathological production of ROS in these cells (Drummond
and Sobey, 2014). Under physiological conditions, endothelial cells express low levels of NOX1 and
NOX2 and higher levels of NOX4 (Ago et al., 2004; Drummond and Sobey, 2014; Van Buul et al.,
2005). NOX5 is a unique calcium-sensitive isoform expressed in human but not murine endothelial
cells (Fulton, 2009). Under normal conditions, these NOX isoforms facilitate the targeted and
regulated production of ROS that mediate redox signaling important for controlling normal
endothelial metabolism and function (Thomas et al., 2008). Under the setting of inflammatory
cardiovascular disease, the endothelial expression of NOX1 and NOX2 are upregulated while NOX4
expression is unchanged or reduced. For example, in arteries from coronary artery disease patients
(Guzik et al., 2006; Sorescu et al., 2002) or hypertensive, diabetic or atherosclerotic mice (Judkins et
al., 2010; Paravicini et al., 2002; Wendt et al., 2005; Wind et al., 2010) endothelial NOX1 and NOX2
expression are increased and linked to the excessive and aberrant production of O 2 ●− and ensuing
endothelial dysfunction (Judkins et al., 2010; Landmesser et al., 2002; Matsuno et al., 2005; Miller et
al., 2010). Also, gene deficiency of NOX2, NOX1 or their accessory protein p47phox retards
atherosclerosis in high-fat fed (Barry-Lane et al., 2001; Judkins et al., 2010; Sheehan et al., 2011;
Vendrov et al., 2007) or diabetic (Gray et al., 2013) apolipoprotein E gene-deficient (ApoE-/-) mice. In
contrast, endothelial NOX4 appears to play a protective role, potentially involving the direct
production of H 2 O 2 (rather than O 2 ●−) that mediates regulatory spatiotemporal signaling (Chen et al.,
2008); e.g., NOX4-derived H 2 O 2 is linked to enhanced vasodilation and reduced blood pressure in
mice (Ray et al., 2011), preserved endothelial function in response to ischemic or inflammatory stress
(Schroder et al., 2012), and inhibition of atherosclerosis in high fat-fed (Craige et al., 2015;
Schurmann et al., 2015) or diabetic (Gray et al., 2016) ApoE-/- mice. The above discussion highlights
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a complex and contextual role for different NOX isoforms in controlling endothelial
function/dysfunction and cardiovascular disease.

3.2 Mitochondria. Endothelial cells contain low levels of mitochondria and service their energy
demands primarily through anaerobic glycolysis, fatty acid oxidation and glutaminolysis (Eelen et al.,
2015). However, mitochondria exhibit a reserve capacity to supply ATP to meet increased energy
demands in response to stress (Davidson and Duchen, 2007; Dranka et al., 2010). Although
endothelial mitochondria play a limited role in cellular energy supply, the organelle plays a significant
signaling role through the production of ROS and control of cellular calcium homeostasis (Davidson
and Duchen, 2007). Mitochondrial ROS production involves the leakage of electrons at respiratory
chain complexes I and III, with these electrons accepted by O 2 to generate O 2 ●− in the mitochondrial
matrix and inter-membrane space (Murphy, 2009; Willems et al., 2015). Mitochondrial O 2 ●− can also
be derived via p66Shc, which upon recruitment to the mitochondria can employ electrons from
cytochrome c in the mitochondrial intermembrane space to reduce O 2 (Giorgio et al., 2005; Nemoto et
al., 2006; Pinton et al., 2007). Due to its negative charge, O 2 ●− does not readily pass through the
mitochondrial membrane, although in response to cellular stress or conditions of excessive electron
leakage by the respiratory chain, O 2 ●− is thought to accumulate beyond a critical threshold, leading to
the transport of O 2 ●− into the cytosol via the mitochondrial permeability transition pore (Daiber,
2010). Mitochondrial O 2 ●− can be dismutated by the mitochondrial isoform of SOD (MnSOD) into
H 2 O 2 that can mediate redox cell signaling or is removed by resident mitochondrial-expressed
antioxidants, thioredoxin-2, glutaredoxin-2 and peroxiredoxin-3. Mitochondria O 2 ●− levels are also
controlled by uncoupling proteins, inner mitochondrial membrane anionic transporters that tonically
uncouple/dissipate respiration by transporting protons back into the mitochondrial matrix, thereby
limiting O 2 ●− production (Rousset et al., 2004; Shimasaki et al., 2013). A growing body of data has
identified mitochondrial dysfunction and excessive O 2 ●− production by the organelle as an underlying
cause of impaired NO bioactivity and endothelial dysfunction during various disease settings
including diabetes, hypertension, atherosclerosis and ageing (Ballinger et al., 2002; Camici et al.,
2007; Dikalova et al., 2010; Graham et al., 2009; Kluge et al., 2013; Nishikawa et al., 2000; Ohashi et
al., 2006; Paneni et al., 2012; Shenouda et al., 2011).

3.3 Xanthine oxidase catalyzes the metabolism of NADH, O 2 and hypoxanthine or xanthine to
produce O 2 ●− and H 2 O 2 . The HSPG-dependent binding of xanthine oxidase to the endothelial
glycocalyx is significantly increased in human atherosclerotic lesions (Spiekermann et al., 2003),
which upon production of O 2 ●− impairs EDNO bioactivity and promotes vascular inflammation
(White et al., 1996). Several clinical studies report that pharmacological inhibition of xanthine
oxidase partially improves endothelial function in patients with type-2 diabetes and coronary artery
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disease (Baldus et al., 2005; Butler et al., 2000; George et al., 2006; Landmesser et al., 2007),
supporting the clinical relevance for xanthine oxidase-derived ROS in endothelial dysfunction.

3.4 Uncoupled eNOS. Under physiological conditions where sufficient levels of substrate L-arginine
and co-factors exist, eNOS couples electron transport from NADPH through the N-terminal reductase
domain to the active-site heme in the C-terminal oxygenase domain, resulting in the efficient
synthesis of NO. However, during vascular inflammation, endothelial levels of the co-factor
tetrahydrobiopterin (BH4) or L-arginine can become limiting such that enzyme electron transport
becomes uncoupled from L-arginine oxidation and NO synthesis, resulting in the donation of
electrons to O 2 to form O 2 ●− (Vasquez-Vivar et al., 1998; Xia et al., 1998). Various studies have
identified uncoupled eNOS as an important source of endothelial-derived O 2 ●− in pre-clinical animal
models of atherosclerosis (Laursen et al., 2001), diabetes (Hink et al., 2001) and hypertension
(Landmesser et al., 2003). The uncoupling of eNOS is also considered a characteristic of
hypercholesteraemic, diabetic and hypertensive cardiovascular disease patients (Heitzer et al., 2000;
Higashi et al., 2002; Stroes et al., 1997). Several redox-based mechanisms are recognised to promote
eNOS uncoupling during vascular disease including the oxidation of BH4 by peroxynitrite
(Landmesser et al., 2003), resulting in the formation of the two-electron oxidation product
dihydrobiopterin (BH2), which competes with BH4 for eNOS binding, thereby leading to electron
uncoupling and O 2 ●− generation (Vasquez-Vivar et al., 2002). Recycling of BH2 back to BH4 by
dihydrofolate reductase (DHFR) in endothelial cells is critical for the maintenance of eNOS activity
and NO bioactivity (Chalupsky and Cai, 2005; Crabtree et al., 2009). Accordingly, DHFR genedeficiency in mice impairs NO bioactivity and endothelial function (Thoms et al., 2016) and increases
their susceptibility to angiotensin II-induced hypertension and aortic aneurysm (Li et al., 2019).
Significantly, endothelial DHFR expression levels are reduced in the aortas of diabetic mice (Youn et
al., 2012) or angiotensin II-challenged mice (Gao et al., 2012; Siu et al., 2014) and restoration of
vascular DHFR expression prevents eNOS uncoupling and vascular disease in these mouse models
(Siu et al., 2014; Youn et al., 2012). In addition to BH4 oxidation, oxidants are thought to promote
eNOS uncoupling through the oxidative disruption of the enzymes zinc-thiolate cluster positioned at
the enzyme’s homodimer interface (Zou et al., 2002) or by promoting the reversible Sglutathionylation of two highly conserved cysteine residues in the reductase domain of eNOS that
decreases NO production, while elevating O 2 ●− production (Chen et al., 2010; Zweier et al., 2011).
3.5 Redox Cross-Talk. Notably, the different O 2 ●− producing enzymes do not act in isolation.
Increasing evidence indicates that cooperative cross-talk between the different ROS sources augments
endothelial ROS production and dysfunction (Daiber et al., 2017; Harrison et al., 2003); e.g., an initial
increase in NOX2-derived ROS in endothelial cells exposed to angiotensin II promotes the subsequent
elevated production of O 2 ●− by mitochondria (Doughan et al., 2008) or uncoupled eNOS (Chalupsky
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and Cai, 2005; Landmesser et al., 2003). Similarly, NOX1-derived ROS are functionally linked to
eNOS uncoupling and endothelial dysfunction apparent in diabetic mice (Youn et al., 2012). As
detailed below, MPO-derived ROS also cross-talk with endogenous ROS sources in endothelial cells,
resulting in the augmentation of vascular oxidative stress and endothelial dysfunction (Section 5.3).
3.6 H 2 O 2 , redox signaling and endothelial function. Although the rapid reaction of O 2 ●− with NO is
a critical event leading to endothelial dysfunction, a significant proportion of endothelial O 2 ●− is
dismutated into H 2 O 2 by several SOD isoforms localized intracellularly (cytosolic Cu/Zn-SOD,
mitochondrial Mn-SOD) or extracellularly (EC-SOD). As such, diseased blood vessels also feature
increased levels of H 2 O 2 (Miura et al., 2003). H 2 O 2 is a weak and uncharged two-electron oxidant
capable of permeating through the lipid bilayer of cell membranes, although recent studies support a
role for a family of diffusion-facilitated channel proteins called aquaporins for facilitating the transmembrane transport of the oxidant (Bienert and Chaumont, 2014). H 2 O 2 mediates signaling responses
by oxidizing cysteine thiols and active-site metal-centres of an array of proteins and enzymes. With
respect to cysteines, H 2 O 2 shows a predilection for oxidizing protein cysteine thiolate anions (Cys-S−)
to produce disulfides (Cys-S-S-Cys) via the formation of a sulfenic acid (Cys-SOH) and sulfenyl
amide (Cys-S-N) intermediates or through S-glutathionylation (Cys-S-S-G; i.e., the addition of
glutathione to a protein cysteine) (Burgoyne et al., 2013; Thomas et al., 2008). This ability to oxidize
critical protein cysteines underlies the role of H 2 O 2 as a key redox signaling agent capable of
modulating the actions of a variety of signaling proteins including protein phosphatases, protein
kinases, ion channels, transcription factors and metabolic enzymes (Reviewed by (Burgoyne et al.,
2013; Chen et al., 2003; Kemble and Sun, 2009; Thomas et al., 2008)). The spatial, temporal and
reversible nature of H 2 O 2 -mediated redox signaling is governed by the control of local sub-cellular
H 2 O 2 levels that is available to oxidize cysteines and the availability of reductants to repair oxidized
cysteines. Local H 2 O 2 concentration is determined by the activity of the relevant oxidant source (e.g.
NOX, mitochondria) vs. the activity of H 2 O 2 -scavenging enzymes (peroxiredoxins, thioredoxins,
glutathione peroxidases, and catalase). The reversibility of cysteine oxidation is governed by
thioredoxins (reduce sulfenic acids and protein disulfides), sulfiredoxin (reduce sulfinic acids) and
glutaredoxin (reduce S-glutathionylated cysteines).
Notably, the redox signaling actions of H 2 O 2 has significant implications for controlling
endothelial function including the control of eNOS activity and NO bioactivity. Exposure of
endothelial cells or arteries to H 2 O 2 activates eNOS, increasing NO production and endotheliumdependent vasorelaxation (Thomas et al., 2002; Zembowicz et al., 1993). The acute activation of
eNOS by H 2 O 2 involves the Src kinase-dependent transactivation of the epidermal growth factor
receptor and the subsequent stimulation of downstream phosphatidylinositol-3-kinase/AKT and
extracellular signal-regulated kinase 1 (ERK1/2) pathways (Cai et al., 2003; Chen et al., 2001;
Thomas et al., 2002). Activation of these pathways increases eNOS phosphorylation at Ser-1177 and
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de-phosphorylation at Thr-495 that together signal for eNOS activation (Thomas et al., 2002).
Increased endogenous H 2 O 2 , derived from NOX2-derived O 2 ●−, also signals for the acute activation
of eNOS in angiotensin II-stimulated endothelial cells (Cai et al., 2002). Prolonged exposure of
endothelial cells to H 2 O 2 also up-regulates eNOS gene transcription via activation of Ca2+/calmodulin
kinase II and c-Jun N-terminal kinase signaling (Cai et al., 2001; Drummond et al., 2000). NOX4derived H 2 O 2 also elevates eNOS expression/activity to promote angiogenesis in response to VEGF
or TNF-related apoptosis-inducing ligand (Craige et al., 2011; Di Bartolo et al., 2015). The redox
signaling properties of H 2 O 2 to increase eNOS activity and expression may be viewed as a
compensatory mechanism whereby endothelial cells attempt to bolster NO production and bioactivity
in the face of oxidative stress (Thomas et al., 2002). H 2 O 2 can additionally control vascular tone by
acting as an EDHF through the redox activation of PKGIa, involving the oxidation of critical
cysteines of the kinase (Burgoyne et al., 2007).
However, sustained or aberrant production of H 2 O 2 can exert an overall detrimental effect on NO
bioactivity and endothelial function. Thus, pre-exposure to H 2 O 2 inhibits agonist-stimulated NO
bioactivity and endothelium-dependent vasorelaxation (Jaimes et al., 2001; Thomas et al., 2006;
Witting et al., 2007) by promoting endothelial production of O 2 ●– (Boulden et al., 2006; Coyle et al.,
2006; Witting et al., 2007) and the intracellular release of labile iron (Thomas et al., 2006). This latter
finding is consistent with the ability of iron chelators to improve endothelial function in patients with
coronary artery disease (Duffy et al., 2001). H 2 O 2 can also inhibit eNOS by stimulating the proteinrich tyrosine kinase 2-mediated phosphorylation of eNOS at Tyr-657, which is linked to the
impairment of NO bioactivity apparent in the aorta of mice infused with angiotensin II (Loot et al.,
2009). In addition to modulating NO bioactivity and vascular tone, heightened H 2 O 2 also signals for
the upregulation of endothelial cell expression of leukocyte adhesion molecules thereby elevating the
inflammatory phenotype of the endothelium; e.g., TNF- or angiotensin II-induced expression of
ICAM-1 and VCAM-1 is linked to the H 2 O 2 -dependent activation of NFκB (Gasic et al., 1991; Pueyo
et al., 2000; True et al., 2000; Weber et al., 1994). Moreover, the ability of VEGF to increase
endothelial permeability requires H 2 O 2 -dependent promotion of tyrosine phosphorylation of VEcadherin and β-catenin and destabilisation of adherens junctions (Monaghan-Benson and Burridge,
2009). As detailed below, H 2 O 2 is also the substrate of MPO, which is increasingly recognised as a
versatile and prominent mediator of cardiovascular oxidative stress, inflammation and cause of
endothelial dysfunction.
4. MYELOPEROXIDASE
MPO is a prominent member of a superfamily of mammalian heme peroxidase enzymes that also
includes eosinophil peroxidase (EPO), lactoperoxidase (LPO), thyroid peroxidase (TPO) and
peroxidasin (Loughran et al., 2008). While LPO or EPO are responsible for the generation of
bactericidal oxidants in secretory fluids or by eosinophils, respectively, TPO oxidizes iodine ions to
17

produce thyroid hormones. Peroxidasin plays a critical role in reinforcing extracellular matrix
networks within basement membranes by producing hypobromous acid (HOBr) that mediates the
formation of sulfilimine (S=N) bonds required for the stabilization of collagen IV cross-links (Bhave
et al., 2012; Nelson et al., 1994).
MPO plays a physiological role in the innate immune system as an important antimicrobial
effector mechanism of white blood cells (Hampton et al., 1998; Klebanoff et al., 2013; Winterbourn et
al., 2016). MPO is principally expressed at high levels in the primary or azurophilic granules of
neutrophils and to a lesser extent in the lysosomes of circulating monocytes and sub-sets of tissue
macrophages (Hampton et al., 1998; Klebanoff et al., 2013). Upon neutrophil activation, catalytically
active MPO is rapidly secreted into the phagolysosomal or extracellular spaces. Coinciding with this
secretion is the assembly and activation of NOX2 at the internal plasma membrane of leukocytes,
resulting in an ‘oxidative burst’ to initially form O 2 •− that is converted into H 2 O 2 either as a result of
spontaneous or SOD-catalyzed dismutation (Hampton et al., 1998; Klebanoff et al., 2013). MPO
subsequently employs H 2 O 2 as an essential co-substrate to catalyze its principal biological reaction,
the conversion of chloride ions (Cl−) into the microbicidal, potent oxidant, hypochlorous acid (HOCl).
MPO is a versatile heme enzyme that depending on the local substrate environment catalyzes a host of
different oxidative reactions that are of relevance to endothelial dysfunction and cardiovascular
disease. As discussed below, considerable evidence supports that MPO plays an important and multifaceted pathogenic role in driving the progression and adverse clinical outcomes of cardiovascular
disease, including the promotion of endothelial dysfunction (Davies et al., 2008; Nicholls and Hazen,
2005; Nussbaum et al., 2012). Accordingly, great interest surrounds the therapeutic targeting of MPO
in cardiovascular disease (Malle et al., 2007; Nussbaum et al., 2012).

4.1 MPO expression and structure
MPO is one of the most abundant proteins in human neutrophils, accounting for 5-7% of total
neutrophil dry mass (Davies et al., 2008; Schultz and Kaminker, 1962). In comparison, circulating
human monocytes express ~30% of the MPO content present in their human neutrophil counterparts
(Bos et al., 1978). The transcription of the MPO gene (located on the long-arm of chromosome 17
mapped to segment q23.1; 11 kb in size and composed of 11 introns and 12 exons (Inazawa et al.,
1989; Zaki et al., 1990)) is highly regulated with MPO primarily restricted to cells of the myeloid
lineage and most prominent throughout the developmental stages of leukocyte differentiation within
the bone marrow, with its expression markedly downregulated upon cell differentiation; e.g., upon
maturation of monocytes into macrophages (Austin et al., 1996; Tobler et al., 1988). Although
macrophages, compared to circulating neutrophils and monocytes, contain relatively small to
negligible amounts of MPO (Nakagawara et al., 1981; van Furth et al., 1970), several studies report
the detection of MPO-expressing macrophages under pathological conditions such as in human
atherosclerotic lesions (Daugherty et al., 1994; Hazen and Heinecke, 1997; Sugiyama et al., 2001;
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Tavora et al., 2009) and tissue from neurodegenerative disorders (Chang et al., 2011; Lefkowitz and
Lefkowitz, 2008; Reynolds et al., 1999). Granulocyte macrophage-colony stimulating factor (GMCSF) is one cytokine reported to preserve active MPO protein expression during the maturation of
isolated human monocytes into macrophages (Sugiyama et al., 2001). Additionally, MPO expression
has also been detected in astrocytes (Maki et al., 2009) and neurons (Campuzano et al., 2011; Green et
al., 2004), indicating that cell types other than neutrophils and monocytes/macrophages can
potentially express MPO during inflammatory or disease conditions, although this aspect of MPO
research requires further investigation. Notably, significant differences in MPO expression levels exist
between species; e.g., avian neutrophils do not express MPO, while murine neutrophils contain 1015% of the MPO content present in human neutrophils (Rausch and Moore, 1975). This apparent
difference in the extent of human and mouse MPO expression needs to be taken into account when
translating findings on the role of MPO in mouse models of inflammatory disease to the human
situation (Nussbaum et al., 2012).
Translation of the MPO gene yields an initial 80 kDa protein product or prepro-MPO that is
subjected to several different co- and post-translational modifications prior to generation of the mature
protein product expressed within circulating neutrophils and monocytes (Furtmüller et al., 2006;
Hansson et al., 2006). Thus, N-glycosylation of the 80 kDa prepro-MPO in the endoplasmic reticulum
yields a 90 kDa apoproMPO that undergoes temporal interactions with molecular chaperones
(calreticulin, calnexin), protein folding and incorporation of the prosthetic heme group in the activesite, events that generates the catalytically active proMPO that is transported to the Golgi (Arnljots
and Olsson, 1987; Hansson et al., 2006; Nauseef, 1987). Upon exiting the Golgi, the MPO pro-peptide
is subject to proteolytic processing and cleavage within the azurophilic granules to generate the
mature highly glycosylated, cationic 146 kDa homodimer consisting of two 73 kDa monomers, which
are linked via a single disulphide bridge at Cys-153 (Fiedler et al., 2000; Hansson et al., 2006; Zeng
and Fenna, 1992). Each monomer is comprised of a 58.5 kDa heavy α-chain and 14.5 kDa light βchain, with each monomer expressing a covalently attached active site heme and calcium binding site
that accommodates one calcium ion, which plays an important structural role in maintaining the
interaction between the light and heavy chains; removal of the calcium ions facilitates the
precipitation of the protein out of solution (Booth et al., 1989; Van der Veen et al., 2009) (Figure 2A).
The heavy α-chain is highly glycosylated, containing 5 potential sites for N-linked glycosylation,
which in human MPO are primarily occupied by high mannose-type glycans (Ravnsborg et al., 2010;
Van Antwerpen et al., 2010). Reports indicate that the enzymatic activity of MPO can be modulated
via the degree of glycosylation of the heavy α-chain, as de-glycosylation inhibits MPO activity
(Nussbaum et al., 2012; Van Antwerpen et al., 2010). MPO is a strongly basic protein that is highly
cationic at physiological pH due to the presence of large numbers of lysine and arginine residues
(Klebanoff, 2005). Binding of the prosthetic heme involves the formation of ester linkages between
the methyl groups of pyrrole rings A and C and the amino acids of the heavy and light chains (Glu19

242 and Asp-94 respectively), thus linking the heavy and light chains (Furtmüller et al., 2006; Kooter
et al., 1999b). A third linkage, consisting of a sulfonium ion linkage between the sulfate of Met-243
on the heavy chain and the β-carbon of the vinyl on pyrrole ring A, is characteristic and unique for
MPO and is responsible for its distinct green colour and the high oxidative potentials of MPO redox
intermediates (Furtmüller et al., 2006; Kooter et al., 1999a; Winterbourn and Kettle, 2013) (Figure
2B). This is due to a distortion of the heme from planarity as well as a withdrawal of electron density
from the heme towards the positive charge on the sulfur atom (Figure 2C) (Zederbauer et al., 2007a;
Zederbauer et al., 2007b). The proximal heme ligand of MPO is His-336 that interacts with Asn-421
that in turn undergoes hydrogen bonding with Arg-333. This proximal amino acid triad is also critical
for the maintenance of the unique bent conformation of the heme pyrrole ring, as well as the
architecture of the proximal and distal active-site heme cavity and MPO chlorination activity
(Carpena et al., 2009; Stampler et al., 2011). The active-site heme is positioned at the bottom of a 1520 Å deep crevice with the opening of the crevice approximately 10 Å in diameter (Fiedler et al.,
2000; Zeng and Fenna, 1992), meaning access to the active-site is sterically hindered, permitting the
entry of only small molecules such as the substrate H 2 O 2 and anionic substrates (i.e., Cl−, SCN−, Br−)
(Bolscher and Wever, 1984).
Crystal structures of human MPO in the absence (PDB: 1CXP, 3F9P) (Carpena et al., 2009;
Fiedler et al., 2000) and presence of the heme ligand CN− (PDB: 1D5L) (Blair-Johnson et al., 2001)
and MPO substrates Br− (PDB: 1D2V, 1D7W) and SCN− (PDB: 1DNU, 1DNW) (Blair-Johnson et al.,
2001; Fiedler et al., 2000) have been reported that provide critical structural information for the
design of therapeutic inhibitors (see (Malle et al., 2007) for a more detailed review of MPO’s
structural characteristics). Recent crystal structures of human MPO have also been reported with the
irreversible inhibitor 2-thioxanthine (PDB: 3ZSO, 3ZS1, 4DL1) (Geoghegan et al., 2012; Tiden et al.,
2011), the reversible inhibitor aromatic hydroxamate (PDB: 4C1M) (Forbes et al., 2013), and MPO
inhibitory proteins ceruloplasmin (PDB: 4EJX) (Samygina et al., 2013) or staphylococcal peroxidase
inhibitor (SPIN) (PDB: 5UZU) (de Jong et al., 2017) bound.

4.2 Catalytic properties of MPO
Within azurophilic granules, the mature cationic MPO protein is thought to be rendered inert via its
association with polyanionic GAGs and the acidic granular environment (Davies et al., 2008; Van der
Veen et al., 2009). The secretion of catalytically active MPO by activated leukocytes into the
phagolysosome or extracellular space can be stimulated by a wide range of inflammatory stimuli
including TNF-α (Klinke et al., 2011), LPS (Eiserich et al., 2002), ischemia/reperfusion (Matthijsen et
al., 2007), bradykinin (Ricciardolo et al., 2012), angiotensin II (Rudolph et al., 2010b) and nicotine
(Rudolph et al., 2012). Upon extracellular release, depending on the local substrate milieu, MPO in
the presence of H 2 O 2 catalyzes a variety of one- and two-electron oxidative reactions involving the
transient formation of multiple redox intermediate heme-iron species within the enzyme’s active site.
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Native or resting-state MPO hosts an active site heme in its ferric-iron form (FeIII). Upon reaction
with H 2 O 2 , native MPO undergoes a two-electron oxidation via two separate 1e- oxidation events of
the heme at the ferric-centre and porphyrin ring to form MPO compound I, which resides as a ferryloxo (FeIV=O) heme and a highly reactive porphyrin π-cation radical (Por●+) (Figure 3, Reaction 1)
(Davies et al., 2008). Compound I is the principal catalytic intermediate of MPO that depending on
substrate availability undergoes (i) a direct two-electron reduction via the halogenation cycle,
returning the enzyme to its native form (Figure 3, Reaction 2), or (ii) undergo two sequential oneelectron reductions via the peroxidase cycle (Figure 3, Reactions 3 & 4) (Davies et al., 2008).
The halogenation cycle involves the compound I-mediated two-electron oxidation of halide (Cl-,
Br-, I-) or pseudo-halide (thiocyanate, SCN−) ions into their corresponding hypohalous acids (HOCl,
HOBR, hypoiodous acid [HI], hypothiocyanous acid [HOSCN]) (Figure 3, Reaction 2), which at
physiological pH exist as a mixture of anionic oxidants and the corresponding acid (e.g., OCl− and
HOCl) (Davies et al., 2008; Thomas et al., 2008). The standard redox potential of the MPO compound
I/FeIII enzyme couple is high at +1.16 V (Arnhold et al., 2001). As detailed below (Section 5), HOCl
and HOSCN are of considerable relevance to endothelial dysfunction and cardiovascular disease with
(patho-)physiological levels of SCN− (50-500 µM) acting as a competitive substrate for MPO at
physiological Cl− concentrations (∼100 mM), such that the pseudo-halide can divert MPO from the
production of HOCl to instead form HOSCN (Van Dalen et al., 1997). Accordingly, at normal plasma
levels of SCN− (20-100 µM) and Cl− the oxidation of SCN− accounts for up to 50% of H 2 O 2
consumption catalyzed by MPO (Van Dalen et al., 1997). In addition to HOSCN generation, MPOcatalyzed oxidation of SCN− can also lead to the formation of low amounts of cyanate (OCN−), which
can react with nucleophilic ε-amino groups of proteins via carbamylation; e.g., conversion of lysine
residues to form ε-carbamyllysine (Wang et al., 2007b). More recent data indicate that MPO also
promotes the formation of OCN− and resultant protein carbamylation via HOCl-mediated oxidation of
urea (Holzer et al., 2012).
MPO also produces reactive oxidants via its peroxidase cycle. The peroxidase cycle involves the
rapid one-electron reaction of the porphyrin radical of MPO compound I with various low molecular
weight biological substrates yielding diffusible organic radicals and MPO compound II, which
constitutes the remaining ferryl-oxo heme centre (FeIV=O) (Figure 3, Reaction 3). MPO compound II
can undergo a further one-electron reaction, forming another diffusible organic radical and
regenerating native MPO (Figure 3, Reaction 4). The one-electron reduction of MPO compound II
represents the rate-limiting step of the peroxidase cycle. The standard redox potential of the MPO
compound I/compound II couple is +1.35 V that emphasises the very high one-electron oxidation
capacity of MPO compound I (Furtmuller et al., 2003). In comparison, the oxidative capacity of MPO
compound II is lower, exhibiting a redox potential of compound II/native MPO couple of +0.97 V
(Furtmuller et al., 2003). As such, the measured reaction rates of MPO compound I with peroxidase
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substrates are, in general, significantly higher when compared to the rate of substrate reaction with
compound II. Notably, MPO compound II is unable to oxidize halide ions and is limited to oneelectron oxidation reactions. The peroxidase cycle of MPO can oxidize a wide variety of small
molecule substrates such as amino acids (e.g., tyrosine, L-Trp), antioxidants (e.g., urate, ascorbate), as
well as NO and its oxidation product nitrite (NO 2 −) (Davies et al., 2008). Reaction with nitrite forms
the nitrogen dioxide radical (•NO 2 ) that is a potent oxidant capable of initiating lipid peroxidation or
reacting with and nitrating tyrosine residues of proteins, yielding the characteristic biomarker 3nitrotyrosine (Byun et al., 1999; Davies et al., 2008; Van Dalen et al., 2000; Zhang et al., 2002).
Although 3-nitrotyrosine has historically been seen as a marker for the presence of peroxynitritemediated protein nitration, studies in relevant heme peroxidase gene-deficient mice (including MPO-/) indicate that the detection of 3-nitrotyrosine can reflect both the production of peroxidasederived •NO 2 or peroxynitrite during inflammatory disorders in vivo (Brennan et al., 2002). A further
important substrate reaction of MPO’s peroxidase cycle in the context of endothelial function is the
enzyme’s ‘NO oxidase’ activity that refers to the ability of MPO to catalytically consume NO via (i)
direct NO oxidation by MPO compounds I and II (Abu-Soud and Hazen, 2000a) (Figure 3, Reaction 3
& 4) or (ii) NO oxidation by diffusible substrate radicals formed subsequent to reaction of relevant
substrates with MPO’s peroxidase cycle (e.g., urate and tyrosyl radicals (Eiserich et al., 2002; Meotti
et al., 2011; Rees et al., 2014)). MPO’s NO oxidase activity and its patho-physiological relevance for
endothelial dysfunction is discussed in further detail in Section 5.3.4.
Local concentrations of O 2 , O 2 •- and H 2 O 2 modulate MPO’s catalytic activity in several ways
(Davies et al., 2008; Kettle et al., 2007). First, each of these species can react with the active site heme
to form alternative MPO redox intermediates that are not directly involved in the halogenation or
peroxidase cycles, namely ferrous-iron MPO (FeII) and MPO compound III (FeII-O 2 ), a ferrous-dioxy
enzyme intermediate. Ferrous-MPO (FeII) can also be formed by the one-electron reduction of native
ferric-MPO (FeIII) by certain reactive substrate radicals such as hydroquinones (Kettle and
Winterbourn, 1992), the antineoplastic sulfonamide amsacrine (Kettle et al., 1992), hydrazines (van
der Walt et al., 1994) and hydrazides (Kettle et al., 1997)) (Figure 3, Reaction 5). Compound III is
typically formed by the reaction of: (i) O 2 with ferrous MPO (Figure 3, forward Reaction 6) (Davies
et al., 2008), (ii) O 2 •- with native ferric-MPO (Figure 3, forward Reaction 8) (Kettle et al., 2007) or
(iii) molar excess of H 2 O 2 with MPO compound II (Figure 3, Reaction 7). Conversely, Compound III
can dismutate O 2 •- thereby reforming native MPO plus O 2 (Figure 3, reverse Reaction 8), although
more typically this species dissociates to form ferrous-MPO and O 2 (Figure 3, reverse Reaction 6). Of
note, O 2 •- stimulates the turnover of the MPO peroxidase cycle by acting as an efficient substrate for
MPO compound II. Thus, in addition to acting as a precursor for H 2 O 2 , O 2 •- formed within the
phagosome or available extracellularly can stimulate HOCl production by reducing compound II back
to native MPO, which is available to re-enter the halogenation cycle (Davies et al., 2008; Kettle and
Winterbourn, 1988; Winterbourn et al., 2006). Excess H 2 O 2 impacts on MPO activity by reacting
22

with MPO compound II to form MPO compound III (Figure 3, Reaction 7) that results in reversible
MPO inhibition. Additionally, other biological small molecules can alter the affinity of H 2 O 2 towards
the active site heme of MPO including NO, nitrite (Abu-Soud and Hazen, 2000b; Marquez and
Dunford, 1989) and carbon monoxide (CO) (Murphy et al., 2010).

4.3 Role of MPO in cardiovascular disease
Although MPO serves an important physiological role in innate immune host defence (Klebanoff et
al., 2013), considerable clinical and scientific evidence indicates that MPO also plays a multi-faceted
pathological role in driving the development and clinical consequences of inflammatory
cardiovascular disease, involving its capacity to mediate endothelial dysfunction.

4.3.1 Circulating levels of MPO, cardiovascular disease severity and clinical risk
A growing number of clinical studies report that MPO levels are increased during cardiovascular
disease and provide prognostic value in predicting the severity and clinical risk of cardiovascular
disease. For example, two independent case-controlled studies reported that circulating levels of
leukocyte MPO or plasma MPO are significantly elevated in coronary artery disease patients
compared to controls devoid of clinically-diagnosed disease (Ndrepepa et al., 2008; Zhang et al.,
2001b). Importantly, several studies report that increased circulating MPO levels in coronary artery
disease patients correlate with the coronary atherosclerotic lesion burden or severity of cardiovascular
disease, long-term cardiovascular mortality, increased likelihood of fatal and non-fatal myocardial
infarction, the risk of de novo myocardial infarction, disease progression from stable coronary artery
disease to the onset of acute coronary syndromes or the occurrence of a major adverse cardiac event
following a non-fatal myocardial infarction (Baldus et al., 2003; Brennan et al., 2003; Cavusoglu et
al., 2007; Heslop et al., 2010; Mocatta et al., 2007; Ndrepepa et al., 2008; Sawicki et al., 2011; Tang
et al., 2011). Interestingly, increased serum MPO levels are also predictive of the future risk of
developing coronary artery disease in otherwise healthy individuals (Meuwese et al., 2007). The
correlation of increased MPO with clinical cardiovascular outcomes is particularly apparent in
patients presenting with the acute onset of symptoms of myocardial infarction or acute coronary
syndrome. For example, Brennan et al., reported that elevated baseline plasma MPO measured in
patients presenting with chest pain was an independent predictor of a major clinical cardiovascular
event over the ensuing 6 months including patients negative for troponin, a current biomarker of
myocardial damage (Brennan et al., 2003). Similarly, Baldus and colleagues reported that acute
coronary syndrome patients with high circulating MPO levels within the first 72 hours of presentation,
exhibited an increased risk of 6 month death or myocardial infarct (Baldus et al., 2003). Plasma MPO
levels also correlate positively with the accelerated level of coronary atherosclerosis apparent in
diabetic patients (Kataoka et al., 2014). While the above studies support that measuring plasma MPO
has significant potential as a valuable prognostic indicator of cardiovascular disease severity, clinical
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cardiovascular event risk and outcome, other studies have failed to confirm the robust independent
prognostic value of measuring circulating MPO (Apple et al., 2007; Eggers et al., 2010; Scirica et al.,
2011; Stefanescu et al., 2008). This disparity highlights the need for new larger-scale studies
employing standardized blood collection and plasma isolation protocols (that avoid post-collection
neutrophil degranulation) and standardized assays for measuring MPO.
To date only a limited number of studies have been performed examining an association of MPO
deficiency or gene polymorphisms with coronary artery disease. Kutter and colleagues who followed
92 MPO-deficient individuals reported that while they exhibited an increased occurrence of infection
and chronic inflammatory problems, a lower risk of developing cardiovascular disease was apparent
(Kutter et al., 2000). Similarly, the MPO gene promoter polymorphism -463A/G correlated with the
prevalence of coronary artery disease, non-fatal myocardial infarction and cardiac death (Asselbergs
et al., 2004; Nikpoor et al., 2001). A more recent study, however, reported no correlation between
MPO polymorphism -463A/G and coronary artery disease severity, although an association of plasma
MPO levels and coronary artery disease was detected (Wainstein et al., 2010). Further larger-scale
studies are therefore warranted investigating the relationship between MPO gene deficiency or
polymorphisms and coronary artery disease.
In addition to coronary artery disease, MPO levels are also reported to be significantly elevated in
patients with peripheral artery disease (Ali et al., 2009; Berger et al., 2011; Brevetti et al., 2008;
Haslacher et al., 2012; Ye et al., 2013), atrial fibrillation (Rudolph et al., 2010b), heart failure (Tang et
al., 2006), hemorrhagic and ischemic stroke (Ganz et al., 2017; Palm et al., 2018; Zheng et al., 2018)
and pulmonary arterial hypertension (Klinke et al., 2018). With respect to heart failure, higher plasma
MPO is predictive of a greater risk of developing heart failure in apparently healthy elderly subjects
(Tang et al., 2009), is indicative of adverse clinical outcomes and more advanced heart failure (Tang
et al., 2009; Tang et al., 2007), and serves as an independent predictor of one-year mortality in heart
failure patients (Reichlin et al., 2010). For stroke, Ganz et al., identified MPO as an independent
predictor of stroke risk in a case-cohort study of >2000 subjects over 5 years (Ganz et al., 2017).
Together, the bulk of the evidence supports that elevated circulating MPO correlates with the
prevalence and severity of various cardiovascular disorders providing clinical support for a
pathogenic role of the enzyme.

4.3.2 Detection of MPO and its oxidants in diseased cardiovascular tissue
In addition to elevated circulating MPO levels, more direct evidence for a pathogenic role for the
enzyme during cardiovascular disease is derived from numerous studies reporting that catalytically
active MPO protein and its oxidation products are enriched within human atherosclerotic lesions of
coronary artery disease patients where they are detected in macrophages, extracellularly in areas
surrounding the lipid or necrotic core and in the vascular endothelium, including the extracellular subendothelial space where MPO co-localizes with the ECM protein fibronectin (Baldus et al., 2002;
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Baldus et al., 2004; Daugherty et al., 1994; Hazell et al., 1996; Malle et al., 2000; Sugiyama et al.,
2001). In human lesions, MPO and HOCl-oxidized proteins generally co-localize in lesions of
different stages with their detection most prevalent in more advanced lesions, namely atheroma (Type
IV), fibroatheroma (Type V) and complicated (Type VI) lesions, with the level of immuno-detection
of HOCl-oxidized protein epitopes in human lesions correlating with lesion severity and with
increased intima-media ratio (Hazell et al., 2001; Malle et al., 2000). MPO also co-localizes with
nitrated and carbamylated proteins in human lesions, findings in support of the MPO-catalyzed
formation of ●NO 2 and OCN− (Baldus et al., 2002; Wang et al., 2007b). Further evidence for MPOcatalyzed oxidative reactions in atherosclerosis comes from the detection of chlorinated lipids (alphachloro fatty aldehydes and unsaturated lysophospholipids) in human lesions (Thukkani et al., 2003b).
Extracellular MPO is also detected associated with neutrophil extracellular traps (NETs) in human
and murine atherosclerotic lesions, with the presence of NETs linked to plaque development and
destabilization, and vascular thrombosis (Doring et al., 2020). Moreover, MPO activity has been
directly implicated in NETS formation, although the requirement of active MPO for NETs formation
in neutrophils appears stimulus specific (Parker and Winterbourn, 2012). The role of NETs-associated
MPO for NETs formation and atherosclerosis development requires further investigation.
Major targets for MPO-derived oxidants in lesions are lipoproteins (Figure 4). Thus, human
atherosclerotic lesions are enriched with LDL and HDL that are recognized by an antibody specific
for HOCl-oxidized proteins (Hazell et al., 1996; Hazell et al., 2001; Malle et al., 2000) or contain
increased levels of biomarkers indicative of modification by MPO-derived oxidants including 3chlorotyrosine, 3-nitrotyrosine, oxidized tryptophan (oxindolylalanine, 2-OH-Trp) and carbamyllysine
(Hazen and Heinecke, 1997; Holzer et al., 2011; Huang et al., 2014b; Leeuwenburgh et al., 1997;
Zheng et al., 2004). Circulating plasma levels of carbamyllysine or apolipoprotein A1 (the major
apoprotein in HDL) containing 3-chlorotyrosine, 3-nitrotyrosine and oxidized tryptophan are also
elevated in coronary artery disease patients with the extent of increase correlating with cardiovascular
disease prevalence or risk (Huang et al., 2014b; Wang et al., 2007b; Zheng et al., 2004).
MPO-oxidized LDL is recognised by CD36 or SR-A1 scavenger receptors on macrophages and is
capable of promoting the formation of lipid-laden macrophage foam cells in vitro (Figure 4) (Podrez
et al., 2000; Podrez et al., 1999; Wang et al., 2007b). For HDL, its major structural and functional
protein component, apolipoprotein A-I (Apo-A1), is a major binding partner and oxidation target of
MPO. MPO-catalyzed protein oxidation, chlorination, nitration or carbamylation of select amino acid
residues (tyrosines, tryptophans, methionines, lysines) in Apo-A1 impairs the atheroprotective
activities of HDL including its reverse cholesterol transport and anti-inflammatory actions, and
generates a dysfunctional pro-inflammatory HDL particle that is capable of elevating the endothelial
expression of leukocyte adhesion molecules (Figure 4) (Bergt et al., 2004; Hewing et al., 2014; Holzer
et al., 2011; Huang et al., 2014b; Shao et al., 2006; Shao et al., 2012; Undurti A. et al., 2009; Zheng et
al., 2004). MPO and HOCl-modified proteins are also detected in macrophages in the shoulder
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regions of culprit atherosclerotic lesions prone to rupture or erosion (Sugiyama et al., 2001), as well as
at the site of plaque rupture following coronary balloon angioplasty (Rudolph et al., 2007b),
implicating a role for MPO as a potential mediator of atherosclerotic plaque vulnerability during acute
coronary syndrome. Mechanistically, MPO may promote plaque instability by modulating the activity
of

proteolytic MMPs and

their corresponding inhibitor

enzymes,

tissue inhibitors

of

metalloproteinases (TIMPs) (Figure 4); i.e., MPO co-localizes with MMPs in human atherosclerotic
lesions and MPO-derived oxidants activate MMPs by directly oxidizing a cysteine switch in the
enzyme (Fu et al., 2001) or inactivate TIMPs (Wang et al., 2007a). Immuno-histochemical staining of
human coronary specimens revealed that MPO-expressing cells are significantly more prevalent in the
thrombus of eroded versus ruptured plaques supporting a role for MPO in promoting endothelial loss
and plaque erosion during acute coronary syndromes (Ferrante et al., 2010; Sugiyama et al., 2001).
The above discussion emphasises that MPO is a significant source of tissue damaging oxidants in
human lesions that are capable of promoting disease development and its clinical consequences.

4.3.3 The role of MPO in pre-clinical models of cardiovascular disease
While the bulk of clinical and in vitro experimental evidence indicated a pro-atherogenic action for
MPO and its oxidants, an initial study into the role of MPO in murine atherosclerosis was
confounding. Unexpectedly, Brennan and colleagues reported that reconstitution of irradiated LDLr–/–
mice with MPO–/– bone-marrow increased advanced lesion size after 14 weeks high-fat diet feeding
while there was little difference in atherosclerotic lesion development in ApoE–/–/MPO–/– mice
compared to ApoE–/– mice (Brennan et al., 2001). Of note, unlike human atherosclerotic lesions, MPO
and markers of MPO-mediated oxidation were undetectable in these advanced murine atherosclerotic
plaques (Brennan et al., 2001), a species difference thought to reflect that the MPO content of mouse
leukocytes is approximately 5-fold less than that in human cells. To address this issue, McMillen and
colleagues reconstituted irradiated LDLr–/– mice with murine leukocytes overexpressing the human
MPO transgene (McMillen et al., 2005). In these mice, MPO was detected within macrophages in
atherosclerotic lesions, which were significantly increased compared to lesions in LDLr–/– mice
reconstituted with wild-type leukocytes (McMillen et al., 2005). Similarly, transgenic overexpression
of -463G/A human MPO alleles afforded the detection of MPO in lesion macrophages,
hyperlipidaemia, obesity and increased atherosclerosis in LDLr-/- mice (Castellani et al., 2006). More
recent work indicates that increasing circulating numbers of neutrophils (the major cellular source of
MPO) affords the detection of MPO and its oxidants within murine lesions and accelerates
atherosclerosis (Drechsler et al., 2010; van Leeuwen et al., 2008; Zernecke et al., 2008). Neutrophils
are prevalent in early mouse lesions formed after 4-8 weeks high-fat diet, localized to the aortic
intima, lesion shoulders and adventitia (Drechsler et al., 2010; van Leeuwen et al., 2008; Zernecke et
al., 2008). Also, hypercholesterolemia induced by 4 weeks high-fat diet in LDLr–/– or ApoE–/– mice
elevates circulating levels of both neutrophils and extracellular MPO, which closely correlate with
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early lesion size (Drechsler et al., 2010; van Leeuwen et al., 2008). Neutrophil depletion inhibits
early, but not late, lesion formation in ApoE–/– mice (Drechsler et al., 2010; van Leeuwen et al., 2008;
Zernecke et al., 2008). In a pre-clinical model of chronic kidney disease, 5/6 nephrectomy of LDLr–/–
mice also promoted atherosclerosis and the detection of MPO and protein biomarkers of MPO-derived
oxidants in lesions (Zeng et al., 2018). A recent study has reported that treatment of ApoE–/– mice fed
a high-fat diet for 8 weeks with the heme peroxidase inhibitor 4-aminobenzoic acid hydrazide
(ABAH) or repopulation of irradiated ApoE–/– mice with bone marrow from MPO–/– mice, reduced
atherosclerosis in these mice (Tiyerili et al., 2016). Moreover, neo-intima formation after vascular
injury in C57BL/6J mice was inhibited by ABAH or reduced in MPO–/– mice (Tiyerili et al., 2016),
findings consistent with a prior study reporting that carotid artery infusion of MPO and H 2 O 2
promoted neointima formation in a HOCl-dependent manner (Yang et al., 2006).
In addition to atherosclerosis, MPO has also received attention as a pathogenic mediator of other
manifestations of cardiovascular disease. Thus, animal studies support a mechanistic link between
MPO-catalyzed oxidative reactions and the promotion of atherosclerotic lesion rupture, myocardial
dysfunction following acute myocardial infarction, atrial fibrillation and pulmonary artery
hypertension. With respect to plaque vulnerability, recent work employing a novel tandem stenosis
model of atherosclerotic plaque instability in ApoE-/- mice, which recapitulates several traits of
vulnerable human lesions (Chen et al., 2013), reported that MPO activity was increased in unstable
versus stable lesions while MPO gene deficiency promoted the formation of a more stable lesion
phenotype (Rashid et al., 2018). In acute myocardial infarction, neutrophil activation and MPO
release increases rapidly in response to the onset of cardiac ischemia and prior to myocardial tissue
damage (Goldmann et al., 2009), with post-myocardial infarct plasma MPO levels predictive of acute
myocardial infarction patient mortality and risk of secondary cardiovascular events (Mocatta et al.,
2007; Tang et al., 2011). Infarcted myocardial tissue exhibits increased levels of MPO-derived
oxidation products including chlorinated plasminogen activator inhibitor-1 (Askari et al., 2003),
amino acid-derived aldehydes (Vasilyev et al., 2005), chlorinated lipids (Thukkani et al., 2005) and
elevated 3-chlorotyrosine and HOCl-oxidized myoglobin (Wang et al., 2016). Studies with MPO
gene-deficient mice indicate a pathogenic role for MPO-generated oxidants in the pathophysiologic
consequences of myocardial remodelling after ischemia (Penn, 2008), involving the formation of
cytotoxic aldehydes, oxidative inactivation of plasminogen activator inhibitor-1 and the significant
impairment of left ventricular function post-myocardial infarct, which is independent of differences in
infarct-size (Askari et al., 2003; Vasilyev et al., 2005). Patients exhibiting impaired left ventricular
dysfunction are characterized by elevated plasma MPO protein levels and MPO gene expression in
circulating leukocytes (Rudolph et al., 2007a). Human atrial fibrillation, which is associated with
ongoing inflammation and cardiac electrical disturbance and dysfunction, is also linked to increased
levels of MPO in the plasma and cardiac tissue of atrial fibrillation patients (Rudolph et al., 2010b).
Moreover, in a mouse model of angiotensin II-induced atrial fibrosis and fibrillation, wild-type mice
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exhibited elevated MPO-deposition, HOCl production, MMP activity and atrial fibrosis and
fibrillation, events abrogated in MPO gene-deficient mice (Rudolph et al., 2010b). MPO is also
increasingly recognized to contribute to ischemic stroke injury. Thus, elevated MPO activity is
detected early (day 3) and maintained (up to 3 weeks) post-cerebral infarct in mice with the extent of
activity correlating with cerebral infarct size (Breckwoldt et al., 2008). Also, treatment with MPO
inhibitors (ABAH), a tripeptide inhibitor of MPO (N-acetyl-lysyltyrosylcysteine-amide) or MPO
gene-deficiency reduced biomarkers of MPO-mediated oxidative stress, inflammation, infarct size and
neurological damage, as well as promoted post-infarct neurogenesis in mice subjected to ischaemic
stroke (Forghani et al., 2015; Kim et al., 2018; Yu et al., 2016; Yu et al., 2018). Recent work by
Klinke and colleagues also recognised a pathogenic role for MPO in pulmonary artery hypertension.
Thus, plasma MPO levels are elevated in pulmonary artery hypertension patients and predictive of
adverse clinical outcome, while MPO gene-deficiency reduced, and intravascular MPO-infusion
enhanced, right ventricular pressure in mice in a manner dependent on the activation of Rho-kinase
(Klinke et al., 2018). Finally, mouse studies have linked neutrophil-derived MPO deposition into
adipose tissue with the development of metabolic syndrome. Thus, MPO gene-deficiency or
administration of the MPO inhibitor ABAH provided protection against high-fat diet induced insulin
resistance that correlated with an elevated body temperature involving increased mitochondrial
respiration in brown adipose tissue and a reduction in macrophage-dependent inflammation (Wang et
al., 2014).
The above studies underscore that MPO is capable of playing a multi-faceted pathogenic role
during cardiovascular disease (Figure 4). It contributes to both the early and subsequent clinically
relevant events during atherosclerosis including plaque rupture and myocardial infarct in coronary
artery disease patients, as well as other associated clinical cardiovascular complications such as atrial
fibrillation and pulmonary artery hypertension. As detailed below, a significant pathogenic action of
MPO is its ability to promote endothelial dysfunction via multiple mechanisms including the
impairment of NO bioactivity and modulation of the inflammatory/thrombotic phenotype and viability
of endothelial cells (Nicholls and Hazen, 2005; Stocker and Keaney, 2004; Thomas et al., 2008; Van
der Veen et al., 2009).

5. MPO AND ITS ROLE IN ENDOTHELIAL DYSFUNCTION
5.1 Endothelial binding and internalisation of MPO
A significant observation is that during various inflammatory cardiovascular disorders, MPO and
markers of its oxidation products are enriched in the endothelial and sub-endothelial compartments of
vessels of cardiovascular disease patients (Baldus et al., 2002; Baldus et al., 2004; Hazell et al., 1996;
Malle et al., 2000; Sugiyama et al., 2004; Sugiyama et al., 2001). This indicates that extracellular
MPO accumulates in an anatomical position where it is ideally positioned to impact on endothelial
function, phenotype and viability (Figure 5). As endothelial cells do not express MPO, there has been
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interest in understanding how the MPO enzyme is sequestered within the endothelium and its
implications for endothelial function and dysfunction. A current paradigm is that the vascular-bound
MPO is sourced from circulating leukocytes that release the enzyme extracellulalry into the blood
upon activation (Figure 5). In support of this, Buffon and colleagues reported that activation of
circulating leukocytes and MPO release into the coronary circulation is more pronounced in coronary
artery disease patients suffering from acute coronary syndrome and hence expressing unstable or
inflammatory coronary lesions (Buffon et al., 2002). Similarly, Goldmann and colleagues reported
that activation of circulating leukocytes and extracellular release of MPO is a significant early event
in acute myocardial infarction patients occurring over the initial 24 hours post-symptom onset
(Goldmann et al., 2009). Upon leukocyte activation and extracellular release, the highly cationic MPO
enzyme is considered to avidly bind to anionic HSPGs expressed within the glycocalyx on the luminal
surface of the endothelium (Baldus et al., 2001; Baldus et al., 2006; Klinke et al., 2011) (Figure 5).
HSPG-binding facilitates the transcytosis of MPO through endothelial cells, resulting in the
deposition and accumulation of MPO within the basolateral space or sub-endothelium where it colocalizes with ECM proteins including fibronectin (Baldus et al., 2001; Baldus et al., 2002; Rees et
al., 2012). Extracellular MPO could also be deposited within the sub-endothelium after release by
local activated MPO-expressing leukocytes that have transmigrated across the endothelium and into
the arterial intima (Sugiyama et al., 2001). At this sub-endothelial site, MPO can catalyze a variety of
local oxidative reactions that have the potential to modulate endothelial function, phenotype and
viability (Baldus et al., 2002; Eiserich et al., 2002; Rees et al., 2012; Rees, 2010) (Figure 5). Notably,
binding of MPO to sub-endothelial ECM proteins such as fibronectin or collagen IV has been reported
to potentiate the enzyme’s chlorination activity (Kubala et al., 2013).
The binding of MPO to the vascular endothelium was first reported in the glomerular capillary
wall of rat renal arteries (Johnson et al., 1988). Numerous studies have since corroborated an avid
HSPG-dependent binding of MPO to endothelial cells in vitro (Baldus et al., 2001; Ballieux et al.,
1994; Daphna et al., 1998), ex vivo (Baldus et al., 2001) and in vivo (Klinke et al., 2011) (Figure 5).
For example, ex vivo treatment of cultured arterial endothelial cells, rat aortic ring segments or human
arteries from coronary artery disease patients with heparin, enoxaparin (low molecular-weight
heparin), or endoglycosidases reduces MPO-endothelial binding or results in the liberation of already
endothelial-sequestered MPO from the vascular endothelium (Baldus et al., 2001; Baldus et al., 2006;
Daphna et al., 1998; Eiserich et al., 2002; Rudolph et al., 2010a). Of note, Baldus and co-workers
reported that in vitro heparin or enoxaparin treatment inhibited cultured endothelial cell uptake of
MPO by ~90%, while endothelial cell treatment with endoglycosidases (heparitinase or heparinase)
inhibited MPO uptake by ~60% (Baldus et al., 2001). In contrast to HSPGs, treatment of endothelial
cells with chondroitinase or competing CS did not alter the association of MPO with endothelial cells
(Baldus et al., 2001), indicating a lack of a role of CS in the glycocalyx for MPO binding despite their
negative charge. A requirement of HS, but not CS, for endothelial MPO binding suggests a role for
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glypicans rather than syndecans in the glycocalyx binding of MPO, as syndecan is substituted by both
HS and CS, while glypican exclusively harbours HS. However, this proposal requires further
investigation.
Studies by others implicate roles for additional or alternative HSPG-independent mechanisms for
endothelial binding and transport of MPO (Figure 5). For example, Tiruppathi and colleagues reported
that circulating MPO electrostatically binds to albumin via cationic residues expressed in the MPO
heavy chain and that albumin binding enhances the caveolae-mediated transcytosis of MPO into lung
microvascular endothelial cells (Tiruppathi et al., 2004). More specifically, the MPO-albumin
complex was reported to be internalized via vesicular endocytosis after initial binding to the albuminbinding protein receptor in the caveolae (Tiruppathi et al., 2004) (Figure 5). The requirement of
albumin binding for MPO endothelial uptake contrasts with studies by others (Baldus et al., 2001) that
observed significant endothelial internalisation of MPO in the absence of albumin. These apparent
differences may reflect the endothelial cell-type, as albumin-dependent MPO uptake was reported for
lung microvascular endothelial cells (Tiruppathi et al., 2004) versus aortic endothelial cells for the
transcytosis of MPO alone (Baldus et al., 2001). In addition to albumin, the endothelial cell surface
molecule cytokeratin-1 (a key scaffolding protein involved in the assembly of the plasma kallikreinkinin system) has also been identified as a membrane-bound receptor facilitating endothelial MPO
binding and internalisation in cultured human umbilical vein endothelial cells (Astern et al., 2007)
(Figure 5). The role for cytokeratin 1 for the interaction of MPO with primary endothelial cells from
other vascular beds has not been addressed. Further detailed studies are warranted to understand the
molecular identity of the receptors within the glycocalyx and apical endothelial membrane that are
required for extracellular MPO binding and the nature of the intracellular vesicular transport
mechanisms responsible for the endothelial internalisation and transcytosis of the enzyme into the
sub-endothelium and how these processes may differ depending on the vascular bed, tissue and/or
species of origin, as well as the activation status or phenotype of the endothelial cells. Moreover,
considering it is likely that the level of circulating unbound or ‘free’ MPO in plasma is relatively
small it is critical to further define how the association of MPO with other plasma proteins such as
albumin (Tiruppathi et al., 2004), Apo-A1 (Huang et al., 2013; Zheng et al., 2004) or ceruloplasmin
(the major MPO binding partner in plasma (Chapman et al., 2013)) impact on the enzyme’s
interaction with, and internalisation into, the vascular endothelium.
Adding to the complexity surrounding the intravascular delivery of extracellular MPO, Adam and
colleagues recently reported that circulating MPO also binds to the anionic plasma membrane of red
blood cells (RBCs) and that intravascular infusion of MPO-loaded RBCs facilitates the tissue delivery
of MPO to the liver, spleen, lung and heart, including the cardiac vasculature (Figure 5) (Adam et al.,
2014). In addition to endothelial binding and transport of extracellular MPO, an in vitro study by
Jerke et al., reported that the β2 (CD11b/CD180)-integrin-dependent binding of neutrophils to
endothelial cells facilitates the selective cell-cell transfer or delivery of MPO from neutrophils into
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discrete intracellular vesicles within endothelial cells (Figure 5) (Jerke et al., 2013). This mode of
cell-cell MPO transfer was particularly relevant for inflammatory stimuli (e.g., LPS, TNFα and
fMLP) that do not induce extensive neutrophil degranulation (Jerke et al., 2013).
The extent to which these various different mechanisms are responsible for the in vivo
accumulation of MPO into diseased arteries of cardiovascular disease patients is largely unknown.
Further studies are therefore necessary taking into account how vascular inflammation may influence
the different modes of intravascular MPO transport. Irrespective of the transport mechanisms
involved, there is substantial clinical and experimental evidence (Baldus et al., 2001; Baldus et al.,
2002; Baldus et al., 2004; Baldus et al., 2006; Cheng et al., 2019; Eiserich et al., 2002; Hazell et al.,
1996; Malle et al., 2000; Rudolph et al., 2012; Sugiyama et al., 2004; Zhang et al., 2003; Zhang et al.,
2004) that elevated levels of active MPO resides in the circulation, as well as the endothelium and
sub-endothelium of diseased human and experimental animal blood vessels, with local MPOcatalyzed oxidative reactions recognised as significant contributors to the reduction of NO
bioavailability and endothelial dysfunction, which is discussed in greater detail below.

5.2 MPO and its causal role in endothelial dysfunction
Early clinical evidence for a role of MPO in endothelial dysfunction stemmed from a study by Vita
and co-workers who demonstrated a strong independent inverse correlation between serum levels of
MPO and brachial artery flow-mediated dilation as a readout of NO bioactivity in coronary artery
disease patients (Vita et al., 2004). Similarly, in coronary artery disease patients (Baldus et al., 2004)
and subjects exhibiting abnormal glucose metabolism (van der Zwan et al., 2010c), plasma levels of
MPO also inversely correlated with the extent of acetylcholine-dependent forearm blood flow.
Moreover, MPO plasma levels also correlate with elevated leukocyte-endothelial interactions and
degree of nephropathy (Rovira-Llopis et al., 2013), as well as blood pressure (Van der Zwan et al.,
2010a) in patients with type 2-diabetes. The administration of heparin or the low molecular weight
heparin, enoxaparin, to acutely liberate endothelial-sequestered MPO back into circulation, correlated
with an improvement in NO bioactivity and endothelial function in coronary artery disease patients
(Baldus et al., 2006; Rudolph et al., 2010a). In addition to endothelial dysfunction, the content of
vascular-sequestered MPO mobilized by heparin also positively correlates with coronary plaque
burden in patients with stable coronary artery disease (Rudolph et al., 2013). Also, low-MPO
expressing individuals exhibited an attenuated impairment of flow-mediated dilatation or NO
bioactivity in response to the activation of circulating leukocytes by intravascular nicotine
administration (Rudolph et al., 2012). However, a prior study reported that although smokers
exhibited significantly higher plasma MPO levels, the extent of increase did not correlate with
coronary endothelial dysfunction, indicating that MPO does not always correlate with compromised
endothelial function (Lavi et al., 2007).
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Studies with experimental animals provide more direct support for endothelial-sequestered MPO
as an oxidative mediator of endothelial dysfunction. For example, Eiserich and colleagues reported
that while endotoxin challenge of wild-type mice induced the accumulation of MPO into the aortic
endothelium and resultant impairment of endothelial-dependent vasodilation, aorta from MPO genedeficient mice exposed to endotoxin exhibited preserved vasorelaxation (Eiserich et al., 2002).
Similarly, intravascular administration of purified MPO decreased myocardial blood flow and
increased pulmonary vascular resistance in pigs, while isolated porcine arterial rings from these MPOadministered animals exhibited significantly diminished endothelium-dependent vasorelaxation in
response to acetylcholine (Rudolph et al., 2012). Additionally, exogenous addition of MPO to isolated
arteries results in the accumulation of the enzyme into the vascular endothelium and impairment of
endothelial-dependent vasodilatation in response to acetylcholine or NO donors in the presence of
H 2 O 2 (Eiserich et al., 2002). Exogenous addition of MPO to rat aortic ring segments exposed to
angiotensin II or diabetic concentrations of glucose also augmented the extent of impairment of
endothelial-dependent vasodilation (Zhang et al., 2003; Zhang et al., 2004). Ex vivo addition of MPObound RBCs impaired NO-dependent relaxation of aortic rings while intravascular infusion of MPOloaded RBCs increased vascular resistance systemically in mice (Adam et al., 2014). Atherosclerotic
ApoE-/- mice develop endothelial dysfunction after 8 weeks feeding of a high-fat diet and repopulation
of these mice with MPO gene-deficient bone marrow improved endothelial function compared to
reconstitution with wild-type bone marrow (Tiyerili et al., 2016). Administration of MPO inhibitor
drugs are also reported to preserve endothelial function in ApoE-/- mice fed a high-fat diet (Tiyerili et
al., 2016) or subject to the tandem stenosis model of atherosclerosis plaque rupture (Cheng et al.,
2019) and in C57Bl/6J mice subject to a femoral artery cuff that induces vascular inflammation
(Cheng et al., 2019). In contrast, although MPO was linked to the Rho kinase-dependent
vasoconstriction of pulmonary vasculature and right ventricular pressure in a hypoxia-induced mouse
model of pulmonary artery hypertension, MPO had no apparent impact on endothelial-dependent
relaxation and hence NO bioactivity in pulmonary arteries (Klinke et al., 2018). MPO is, however,
implicated as a cause of endothelial dysfunction apparent in a murine model of sickle cell disease.
Thus, mice with sickle cell disease are characterized by an increased circulating level of MPO and
elevated levels of MPO and 3-chlorotyrosine in the aorta that correlated with impaired endothelialdependent vasodilatation (Zhang et al., 2013b). Furthermore, the aortic increase in MPO and 3chlorotyrosine and impairment in endothelial function in sickle cell disease mice was reversed by a
tripeptide inhibitor of MPO, N-acetyl-lysyltyrosylcysteine-amide, which also reduced liver damage in
sickle cell mice (Zhang et al., 2013a). MPO inhibition with N-acetyl-lysyltyrosylcysteine-amide has
also been reported to restore blood brain barrier function and slow disease progression in a murine
model of experimental autoimmune encephalomyelitis (EAE) (Zhang et al., 2016).
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The above described studies emphasise that circulating and endothelial-sequestered MPO
mediates the impairment of NO bioactivity and endothelial dysfunction during cardiovascular
disorders in both humans and experimental animals.

5.3 Mechanisms by which MPO impairs NO bioavailability and causes endothelial dysfunction
The mechanism of action of MPO as a cause of endothelial dysfunction has received considerable
attention. The evidence to date supports that MPO is a versatile enzyme capable of influencing
endothelial function, phenotype and viability in several ways including: (i) the production of oxidants,
namely HOCl, HOSCN and •NO 2 (Figure 6), (ii) catalytically depleting NO via its ‘NO oxidase’
activity (Figure 7), and (iii) via the enzyme’s recently discovered non-catalytic biological activities
(Figure 8). Below we discuss these different mechanisms-of-action and their patho-physiological
relevance, which must be taken into account when formulating therapeutic strategies to combat
endothelial dysfunction.

5.3.1 HOCl
HOCl is a potent biological oxidant that shows limited diffusion and rapidly reacts with local cellular
or extracellular biomolecules at its site of MPO-catalyzed production (Winterbourn, 2008). HOCl acts
to promote endothelial dysfunction in multiple ways including: (i) the impairment of NO production
and bioavailability, (ii) compromising the integrity of the endothelial barrier by directly oxidizing
lipids, carbohydrates and proteins in the glycocalyx and sub-endothelial extracellular matrix, (iii)
activation of certain pro-inflammatory and pro-thrombotic signaling events, and (iv) promoting the
loss of endothelial cell viability (Figure 6). Importantly, when considering the pathophysiological
actions of HOCl it is important to note that due to its potent oxidizing capacity it is relatively nonspecific and capable of modifying a majority of biomolecules with which it interacts. Therefore,
observing that a particular biomolecule is modified does not necessarily mean that this is of
pathophysiological relevance and hence accompanying functional studies are necessary.

5.3.1.1 HOCl and the impairment of NO bioavailability
Numerous studies report the detection of MPO and HOCl-modified proteins co-localized with the
vascular endothelium in human atherosclerotic lesions or diseased arteries (Baldus et al., 2002; Hazell
et al., 1996; Malle et al., 2000; Sugiyama et al., 2004; Sugiyama et al., 2001), verifying that the
endothelium is an important reservoir for extracellular MPO and an oxidative target for HOCl during
inflammatory vascular disease. Ex vivo studies with isolated arteries verify that HOCl exposure
promotes endothelial dysfunction. For example, addition of exogenous MPO in the presence of Cl- to
rat aorta pre-exposed to angiotensin II or diabetic glucose concentrations (to elevate endogenous
H 2 O 2 levels) augmented the impairment of endothelial-dependent vasorelaxation in a manner
inhibited by the MPO inhibitor ABAH or the HOCl scavenger methionine (Tian et al., 2017; Zhang et
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al., 2003; Zhang et al., 2004). Additionally, rabbit or murine arterial rings pre-exposed to reagent
HOCl exhibited impaired acetycholine-induced endothelium-dependent vasodilation (Stocker et al.,
2004; Xu et al., 2006).
HOCl has been reported to limit NO bioactivity and impair endothelial function via various
molecular mechanisms (Figure 6). An early study by Zhang and colleagues reported that HOCl
oxidizes the eNOS substrate L-arginine to form chlorinated adducts of the amino acid that represent
efficacious competitive substrate inhibitors of eNOS (Zhang et al., 2001a). Thus, a >10-fold molar
excess of unmodified L-arginine was required to reverse the inhibitory effect of the chlorinated Larginine products both in vitro and ex vivo (Zhang et al., 2001a). Additionally, MPO-derived HOCl
impairs the activity of dimethylarginine dimethylaminohydrolase 1 (DDAH1), thereby promoting
increased levels of asymmetric dimethylarginine (ADMA), an endogenous inhibitor of eNOS activity
(Von Leitner et al., 2011) (Figure 6). HOCl also impairs NO bioactivity in a O 2 •−-dependent manner
in rabbit arterial rings and mouse aorta. This involves the oxidative disruption of the stability of the
eNOS homodimer leading to the uncoupling of electron flow at the active-site heme and hence
production of O 2 •− at the expense of NO (Stocker et al., 2004; Xu et al., 2006). Xu and colleagues
reported that the ability of reagent HOCl to promote eNOS uncoupling in endothelial cells proceeded
via a complex series of redox reactions including an initial PKC-dependent activation of NOX2catalyzed generation of O 2 •−, which reacts with NO to form peroxynitrite that subsequently oxidizes
the zinc-tetrathiolate cluster of eNOS to destabilize the homodimer and promote enzyme uncoupling
(Xu et al., 2006; Zou et al., 2002). Consistent with this, HOCl exposure of mouse aorta deficient in
the NOX2 catalytic subunit gp91phox exhibited attenuated levels of O 2 •−, peroxynitrite and eNOS
monomer (Xu et al., 2006) (Figure 6). Other studies suggest that HOCl-mediated impairment of NO
bioactivity in cultured endothelial cells is not necessarily related to impairment of eNOS catalytic
activity and uncoupling but rather reflects the oxidation of receptor-related components at the cell
membrane. For example, Jaimes and colleagues reported that HOCl impaired the NO-dependent
increase in cGMP production in response to bradykinin and ADP, but not the calcium ionophore
A23187, supporting that eNOS remained functionally active to calcium-dependent activation (Jaimes
et al., 2001). MPO may also impair endothelial function by binding and oxidatively inactivating the
plasma kallikrein-kinin system on endothelial cells leading to the decreased production of bradykinin,
a potent eNOS agonist (Astern et al., 2007) (Figure 6). A most recent study indicates that MPOderived HOCl impairs NO bioactivity and endothelial-dependent vasorelaxation in mouse models of
vascular inflammation by oxidizing the heme group in soluble guanylate cyclase, thereby rendering
the enzyme refractory to activation by NO (Cheng et al., 2019). Finally, HOCl may also induce
endothelial dysfunction in a poly(ADP-ribose) polymerase-dependent manner, as pharmacological
inhibitors of the enzyme preserved endothelial function in HOCl-treated rat aortic rings (Radovits et
al., 2007).
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Another potential way in which HOCl may indirectly influence NO bioavailability is through the
oxidative degradation of components of the glycocalyx (Figure 6) (Rees et al., 2003; 2004; Rees et al.,
2005; van Golen et al., 2012), which play a significant role as a mechanosensor in maintaining the
homeostatic activation of eNOS and NO levels in response to shear stress (Tarbell et al., 2014; van
Golen et al., 2012). Biochemical studies show that HOCl oxidizes carbohydrates resulting in the
release of polysaccharide fragments from proteoglycans in the luminal glycocalyx and sub-endothelial
extracellular matrix (van Golen et al., 2012; Woods and Davies, 2003). More specifically, HOCl
rapidly reacts with the amide groups of HA and CS to yield chloramides that are prone to one-electron
reduction by transition metals forming N-centred radicals and result in GAG cleavage (van Golen et
al., 2012). The reaction of HOCl with HSPGs can also yield chloroamines, dichloroamines and
chlorosulfonamides. These N-chloromoieties are also susceptible to one-electron reduction to form Ncentred radicals and subsequent GAG cleavage (van Golen et al., 2012). HOCl can also influence
endothelial barrier function (Figure 6). Thus, HOCl-mediated oxidation of the sub-endothelial ECM
components perlecan or fibronectin impair endothelial cell adhesion and integrity (Rees et al., 2012;
Rees, 2010; Vissers and Thomas, 1997).

5.3.1.2 Redox cell signaling, endothelial dysfunction and cell viability.
As indicated earlier (Section 3.6), oxidants can promote redox cell signaling involving the oxidation
of select amino acid residues (namely cysteine, methionine and tyrosine residues) in target proteins
that alters protein structure/activity and hence functionality (Thomas et al., 2008). HOCl directly
oxidizes proteins via reacting with amino acids and therefore is capable of mediating redox signaling
(Pattison and Davies, 2006). At physiological pH, HOCl most avidly reacts with thiol groups of
cysteine and methionine residues (Pattison and Davies, 2001). Cysteine thiol oxidation by HOCl
results in a complex array of products including disulfides (Cys-S-S-Cys), cysteic acid (Cys-SO 3 H via
formation of a sulfenyl chloride, Cys-S-Cl), sulfenic (Cys-SOH) and sulfinic (Cys-SO 2 H) acid
intermediates (Pattison and Davies, 2006). HOCl-mediated oxidation of cysteines can also form interand intra-molecular sulfenamide (RSNR’), sulfinamide (RS(O)NR’) and sulfonamide (RS(O) 2 NR’)
bonds capable of cross-linking proteins (Fu et al., 2002; Raftery et al., 2001), involving the
nucleophilic attack on sulfenic or sulfinic acid intermediates by an amine group from an adjacent
amino acid (e.g., lysine residues) (Pattison and Davies, 2006). Similar to H 2 O 2 , oxidation of
methionine residues by HOCl yields methionine sulfoxides (Pattison and Davies, 2001), which can be
reduced by the enzyme methionine sulfoxide reductase (Kim, 2013; Moskovitz et al., 2001).
Several studies indicate that HOCl can initiate redox cell signaling to control endothelial cell
function, phenotype and viability (Davies et al., 2008; Rees et al., 2008; Thomas et al., 2008). For
example, exposure of cultured endothelial cells to reagent HOCl results in the oxidation of lowmolecular weight thiols including a loss of intracellular glutathione and its conversion into glutathione
sulphonamide (GSAO) and glutathione disulphide (GSSG), as well as oxidation of cysteine thiols in
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various proteins including peroxiredoxins, cyclophilin A and GAPDH (Figure 6) (Pullar et al., 2001;
Pullar et al., 1999; Stacey et al., 2012a). Concomitant with the oxidation of cellular thiols is an
increase in protein tyrosine phosphorylation and activation of down-stream protein kinase pathways
including the MAP kinases Erk1/2 and p38 (but not c-Jun N-terminal kinase) (Midwinter et al., 2001)
and PKC (Xu et al., 2006) (Figure 6). HOCl can also potentially alter endothelial function by
influencing calcium signaling as exposure of endothelial cells to the oxidant elevated intracellular
calcium levels by inhibiting the activity of the sarco/endoplasmic reticulum calcium-ATPase through
oxidation of critical cysteine residues (Cook et al., 2012) (Figure 6). In response to HOCl exposure
endothelial cells also activate the redox-sensitive transcription factor Nrf2, which induces the
expression of the cytoprotective enzyme heme oxygenase-1 (HO-1) that protects against the cytotoxic
actions of the oxidant by producing carbon monoxide (CO) and bilirubin (Wei et al., 2009).
Accordingly, CO-releasing molecules protect against MPO-mediated endothelial dysfunction
(Patterson et al., 2014). HOCl could also conceivably influence the inflammatory phenotype of
endothelial cells by signaling for the upregulation of leukocyte-adhesion molecule expression.
However, Pullar and colleagues reported that while exposure of endothelial cells to cytotoxic
concentrations of HOCl activated NFκB and elevated neutrophil adhesion to endothelial cells,
exposure to low non-toxic concentrations of HOCl did not activate NFκB nor alter the plasma
membrane expression of E-selectin, ICAM-1 or P-selectin (Pullar et al., 2002). Finally, Lau and
colleagues have reported that MPO exposure to cultured endothelial cells upregulated the expression
of endothelin receptor type B that plays a role in endothelin-mediated vasoconstriction, in a manner
prevented by an MPO enzyme inhibitor (ABAH), implicating a role for MPO-derived HOCl (Lau et
al., 2014).
A feature of atherosclerotic plaque erosion is the loss of endothelial cell viability and adhesion,
and increase in local thrombosis. Several studies support that HOCl has important implications for
endothelial adhesion, viability and thrombotic phenotype. Thus, Ferrante and co-workers reported that
circulating MPO levels are significantly elevated in acute coronary syndrome patients with eroded and
thrombotic culprit atherosclerotic plaques, thereby supporting a role for MPO in driving the local loss
of endothelial integrity and viability in the coronary circulation (Ferrante et al., 2010). An earlier
study by Sugiyama et al., reported the increased detection of HOCl-oxidized proteins in human
eroded plaques (Sugiyama et al., 2001) and that exposure of cultured endothelial cells to activated
neutrophils, monocytes or GM-CSF-treated, MPO-containing macrophages induced detachment of
endothelial cells from matrigel (an in vitro surrogate for the ECM) in a manner inhibited by the HOCl
scavenger taurine (Sugiyama et al., 2004). Moreover, treatment of endothelial cells with reagent
HOCl at sub-lethal concentrations induced tissue factor expression by endothelial cells (Figure 6)
(Sugiyama et al., 2004), while higher concentrations induced endothelial cell apoptosis and necrosis
(Sugiyama et al., 2004; Vissers et al., 1999). We have established that HOCl produced by sub-
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endothelial matrix-bound MPO also promotes localized endothelial cell de-adhesion and cell
contraction via a novel mode of redox-based outside-in signaling involving the oxidative modification
of fibronectin and the activation of focal adhesion signaling and the actomyosin-contractile machinery
(Rees et al., 2012) (Figure 6). Indeed, several studies report that HOCl-mediated oxidation of
fibronectin, a transitional ECM protein that is increasingly deposited in the sub-endothelium of
inflammatory vessels (Sechler et al., 1998), impairs endothelial adhesion and spreading (Rees et al.,
2012; Vanichkitrungruang et al., 2019; Vissers and Thomas, 1997). Importantly, immunohistochemical staining detected the co-localization of HOCl-oxidized proteins with fibronectin in
human atherosclerotic lesions (Vanichkitrungruang et al., 2019), supporting that MPO-mediated
oxidation of fibronectin and other ECM components including laminin (Nybo et al., 2019) can
contribute to endothelial dysfunction. Interestingly, MPO-dependent oxidation of the ECM has also
been recently reported to facilitate the migration and retention of macrophages into inflammatory
tissues (Yakubenko et al., 2018). The extent to which MPO-oxidized ECM contributes to the
recruitment of monocytes into atherosclerotic lesions is unknown and worthy of consideration.

5.3.1.3 Indirect actions of HOCl on endothelial cell phenotype
In addition to direct effects of HOCl on endothelial cells, the oxidant can also oxidize protein or lipid
moieties to generate products such as chloramines, chlorinated lipids or modified lipoproteins that
harbour biological activities and hence are capable of impacting on endothelial function (Figure 6).
HOCl reacts with the amino groups in amino acid side chains (e.g., Lys or His) as well as the αamino group of free amino acids resulting in the formation of reactive N-chloramines (Pattison and
Davies, 2001; 2005; Thomas et al., 1986). Chloramines preserve the oxidizing capacity of HOCl as
they contain the moderately reactive nitrogen-chlorine bond (RNHCl), which can mediate secondary
oxidative and biological reactions including changes in endothelial signaling and function (Pattison
and Davies, 2005; Prütz, 1996; 1998). For example, exposure of cultured endothelial cells to taurine
chloramine activates ERK1/2 signaling via activation of the epidermal growth factor receptor
independent of changes to the intracellular redox status, supporting initiation of signaling by taurine
chloramine at the plasma membrane (Midwinter et al., 2004). Also, monochloramine (NH 2 Cl) can
stimulate pro-inflammatory signaling pathways in endothelial cells, thereby enhancing leukocyte
recruitment and adhesion by upregulation of adhesive molecules such as neutrophil β2-integrins
(Suzuki et al., 1991).
HOCl also reacts with lipids to form chlorinated products that can be formed on cholesterol, fatty
acids and phospholipids (Spickett, 2007; Thukkani et al., 2003a; Wildsmith et al., 2006). With respect
to cardiovascular disease, chlorinated lipids are detected in human atherosclerotic lesions and
infarcted myocardial tissue (Ford, 2010; Messner et al., 2008b; Thukkani et al., 2005; Thukkani et al.,
2003b). These MPO-derived chlorinated lipids are metabolized and incorporated into complex
intracellular lipid pools by endothelial cells (Wildsmith et al., 2006) and elicit pro-inflammatory
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responses in cultured endothelial cells or isolated aorta from ApoE-/- mice, including (i) upregulating
the expression of leukocyte-adhesion molecules (P- and E-selectin, VCAM-1 and ICAM-1) and
resultant endothelial adhesion of neutrophils, monocytes or platelets (Dever et al., 2008; Meyer et al.,
2017; Thukkani et al., 2003b; Yu et al., 2019), (ii) the induction of Weibel-Palade body mobilization
(Hartman et al., 2018), (iii) release of angiopoietin-2 and expression of COX2 (Hartman et al., 2018;
Messner et al., 2008a), and (iv) the promotion of macrovascular endothelial cell permeability in vitro
and blood-brain barrier permeability in vivo (Hartman et al., 2018; Meyer et al., 2017; Ullen et al.,
2012; Üllen et al., 2013). The ability of the plasmalogen-derived chlorinated fatty aldehyde 2chlorohexadecanal to promote microvascular endothelial permeability was dependent on MAP-kinase
signaling involving the activation of ERK1/2 and c-Jun N-terminal kinase signaling (Üllen et al.,
2013). 2-chlorohexadecanal also promotes endoplasmic reticulum stress, mitochondrial dysfunction
and apoptosis while elevating endothelial expression of IL-6 and IL-8 (Bernhart et al., 2018; Ullen et
al., 2012). The natural phenol phloretin has been identified as an effective scavenger of 2chlorohexadecanal, providing protection against endothelial dysfunction mediated by chlorinated
lipid-derived aldehydes (Ullen et al., 2012; Ullen et al., 2015).
HOCl may also alter endothelial function independent of a direct oxidative reaction with proteins
or lipids of endothelial cells (Figure 6). As mentioned earlier LDL and HDL in atherosclerotic lesions
are major targets for MPO-derived oxidants including HOCl. Several lines of evidence indicate that
MPO-modified lipoproteins can alter endothelial function and phenotype. For example, exposure of
endothelial cells to HOCl-oxidized LDL impairs eNOS activity and NO bioactivity by promoting the
sub-cellular targeting of the enzyme away from the plasma membrane and into intracellular sites that
are unsupportive of enzyme activation or by inducing eNOS enzyme uncoupling (Abdo et al., 2017;
Nuszkowski et al., 2001). Accordingly, HOCl-oxidized LDL exposure inhibits endothelial-dependent
vasorelaxation of isolated aorta (Abdo et al., 2017). Apolipoprotein A-I in HDL represents a major
binding partner and oxidation target of MPO in both lesions and plasma, with the content of 3chlorotyrosine and 3-nitrotyrosine in circulating apolipoprotein A-I correlating with cardiovascular
disease prevalence or risk (Zheng et al., 2004). MPO-mediated oxidation of HDL not only suppresses
the lipoproteins ability to mediate reverse cholesterol transport but also impairs the protective actions
of HDL towards the endothelium. This includes the lipoproteins ability to activate eNOS (Marsche et
al., 2004; Yuhanna et al., 2001) and to promote endothelial cell growth (Chen et al., 2018; Pan et al.,
2013). Notably, MPO-oxidized HDL is dysfunctional or pro-inflammatory in that it impairs eNOS
activity by inducing the intracellular mis-localization of the enzyme (Marsche et al., 2004) and
activates NF-κB and the resultant expression of leukocyte adhesion molecules on arterial endothelial
cells (Huang et al., 2014b; Undurti et al., 2009). Endothelial cells attempt to protect themselves
against HOCl-oxidized HDL by inducing p42/44 MAP kinase and Egr-1 signaling pathways leading
to the expression of the antioxidant and anti-inflammatory enzyme HO-1 (Rossmann et al., 2011).
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Albumin is a further oxidative target for MPO-derived HOCl during atherosclerosis. Thus, HOClmodified epitopes exhibited marked co-localization with the receptor for advanced glycation end
products (RAGE) and albumin in human atheroma, in particular in the endothelial lining (Marsche et
al., 2007). In vitro, HOCl-modified albumin binds with high affinity to RAGE expressed on
endothelial cells leading to the activation of ERK1/2, and enhanced expression of the inflammatory
chemokine monocyte chemoattractant protein-1 (MCP-1) (Marsche et al., 2007), which signals for the
recruitment of monocytes into the arterial intima (Stocker and Keaney, 2004).
These studies show that HOCl influences endothelial function via diverse direct and indirect
oxidative mechanisms (Figure 6). Thus, pharmacologic inhibition of MPO’s chlorination activity is a
key therapeutic strategy for preserving endothelial NO bioactivity and function during cardiovascular
disease.

5.3.2 HOSCN
In the presence of physiological concentrations of SCN− in plasma (10-140 μM (Robertson et al.,
1987; Waage et al., 1992)), MPO can catalyze the formation of the comparatively (to HOCl) mild,
thiol-reactive oxidant HOSCN. At plasma concentrations, SCN− is a preferred substrate for MPO
compound I in the presence of physiological Cl− levels (Van Dalen et al., 1997). As discussed below,
the role of MPO and SCN− in cardiovascular physiology and pathology is complex (Barrett and
Hawkins, 2012) as both protective and pro-inflammatory activities have been reported in vitro.
Regarding evidence for the deleterious actions, elevated serum SCN− levels are reported to
correlate with early markers of cardiovascular disease including the prevalence of fatty streaks and
lipid laden macrophages (Botti et al., 1996; Scanlon et al., 1996). This is thought to reflect that at
physiological pH ~10% of the SCN− oxidized by MPO forms cyanate (OCN−) that carbamylates
protein lysine residues to generate homocitrulline (Wang et al., 2007b). Wang and colleagues reported
(i) that MPO-catalyzed protein carbamylation can generate pro-atherogenic forms of LDL capable of
yielding macrophage foam cells, (ii) the increased detection of carbamylated proteins in human and
murine atherosclerotic lesions, and (iii) that elevated plasma levels of protein-bound homocitrulline
independently predict increased risk of disease development and future adverse clinical cardiovascular
events in coronary artery disease patients, particularly in smokers characterized by elevated SCN−
levels (Wang et al., 2007b). Subsequent studies support that HDL from human atherosclerotic lesions
contained increased carbamyllysine levels and that MPO-catalyzed carbamylation of HDL generates
macrophage foam cells (Holzer et al., 2011).
With respect to the endothelium, exposure of endothelial cells to HOSCN induces the oxidation of
low-molecular weight cellular thiols, namely GSH, as well as critical cysteine residues of various
proteins or enzymes including protein tyrosine phosphatases, GAPDH, glutathione S-transferases,
membrane ATPases and creatine kinase (Arlandson et al., 2001; Barrett et al., 2012; Cook et al.,
2012; Lane et al., 2010) (Figure 6). Analogous to the redox signaling properties of H 2 O 2 , HOSCN39

mediated oxidative inhibition of protein tyrosine phosphatase activity contributes to the activation of
p38 and ERK1/2, resulting in altered expression of multiple MAP kinase target genes (Lane et al.,
2010). HOSCN-mediated redox signaling can also foster a pro-thrombotic and pro-inflammatory
endothelial phenotype by activating NFκB and inducing the expression of tissue factor and leukocyte
adhesion molecules E-selectin, ICAM-1 and VCAM-1 (Lane et al., 2010; Wang et al., 2006a; Wang
et al., 2006b). These latter events are consistent with the enhanced neutrophil adhesion in HOSCNtreated endothelial cells, and increased peritoneal neutrophil extravasation following intraperitoneal
injection of HOSCN in mice (Wang et al., 2006a) (Figure 6). High concentrations of HOSCN or
HOSCN-modified LDL can also potentially impair NO bioactivity. Thus, exposure of purified eNOS
or cultured endothelial cell lysates to HOSCN or HOSCN-oxidized LDL disrupted the formation of
the active dimeric eNOS by oxidizing the enzyme’s zinc-thiolate cluster leading to enzyme
uncoupling (Abdo et al., 2017; Talib et al., 2014) (Figure 6). In intact cells and isolated rat aortic
rings, HOSCN exposure inhibited eNOS activity and lowered cGMP levels, observations indicative of
impaired NO bioavailability (Abdo et al., 2017; Talib et al., 2014).
HOSCN can also modulate endothelial cell viability with the nature of cell death dependent on
oxidant dose and the in vitro experimental conditions employed. For example, exposure of HUVECs
to high HOSCN concentrations (>200 µM) promotes necrosis while lower concentrations are actually
protective against endothelial apoptosis in response to serum-deprivation (Bozonet et al., 2010). In
contrast, a study in HAECs reported that reagent HOSCN induces endothelial cell death via caspaseindependent apoptosis (not necrosis) involving mitochondrial dysfunction and release of apoptotic
stimuli (e.g., cytochrome C) (Lloyd et al., 2013).
Highlighting the complexity surrounding the implications of MPO-catalyzed SCN− oxidation in
cardiovascular disease, oral SCN− supplements were recently reported to reduce atherosclerotic
plaque formation in high-fat fed, atherosclerosis-prone LDLr-/- mice transgenic for the human MPO
gene (Morgan et al., 2015). A subsequent study reported that intraperitoneal administration of NaSCN
to ApoE-/- mice fed a high-fat diet for 8 weeks also reduced atherosclerotic lesion formation in the
aortic sinus and improved carbachol-mediated endothelial-dependent vasorelaxation (Zietzer et al.,
2019). Several studies also report an antioxidant or cytoprotective role of SCN−. For example, in
cystic fibrosis, which is characterized by significant pulmonary infiltration of neutrophils and high
levels of extracellular MPO in the sputum (Kettle et al., 2004; Van Der Vliet et al., 1996), epithelial
SCN− levels are significantly lower compared to those in normal lung epithelia (Fragoso et al., 2004;
Moskwa et al., 2007). The reduced SCN− levels correlated with elevated levels of chlorinated proteins
in the sputum and bronchoalveolar lavage fluid of cystic fibrosis patients (Kettle et al., 2004). In vitro
data established that SCN− inhibited the production of HOCl by MPO and protected lung epithelial
and aortic endothelial cells from the cytotoxic activity of the more potent oxidant, HOCl (Xu et al.,
2009). We also recently showed that physiological levels of SCN− suppressed HOCl-mediated
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fibronectin cross-linking in endothelial cells containing sub-endothelial MPO and exposed to H 2 O 2
thereby blocking the ability of MPO-derived HOCl to impair fibronectin’s cell adhesive function
(Rees et al., 2012). These studies highlight the protective role of SCN− as a competitive substrate with
Cl− for MPO compound I and that MPO-derived HOSCN is less cytotoxic or damaging compared to
HOCl. SCN− is also considered to protect against HOCl-mediated oxidative stress and tissue damage
by direct HOCl scavenging, with the anion exhibiting a rate constant for reaction with HOCl of 2x107
M-1s-1 (Nagy et al., 2006). Accordingly, in ex vivo studies, the elevated plasma levels of SCN−
apparent in smokers were linked to the suppression of the formation of 3-chlorotyrosine in human
plasma following exposure to exogenous HOCl (Talib et al., 2012). Therefore, the above highlights
that the implications of SCN− for MPO’s actions towards endothelial dysfunction are complex and
potentially contextual, requiring further in vivo investigations.
5.3.3 Nitrogen dioxide radicals (•NO2)
MPO is considered a significant catalyst of protein tyrosine nitration in tissue inflammation (Brennan
et al., 2002) and cardiovascular disease (Baldus et al., 2001; Baldus et al., 2002) through the ability of
its peroxidase cycle to convert nitrite into •NO 2 (Van Dalen et al., 2000). For example, immunohistochemical staining of diseased human coronary arteries show that sub-endothelial deposits of
MPO co-localize with nitrated ECM proteins, with fibronectin representing a significant target
(Baldus et al., 2001; Baldus et al., 2002). In vitro and ex vivo studies by Baldus and co-workers
(Baldus et al., 2001) established that endothelial-transcytosed MPO, in the presence of nitrite and
H 2 O 2 , catalyzes the extensive nitration of sub-endothelial proteins including fibronectin in cultured
endothelial cells or rat aortic segments (Baldus et al., 2001). Functional studies implied that MPOcatalyzed protein nitration promoted endothelial permeability, although control experiments
addressing the implications of MPO-derived HOCl were absent (Baldus et al., 2001). Rees and
colleagues, however, showed that although incubation of endothelial cells containing sub-endothelial
MPO with H 2 O 2 and nitrite afforded fibronectin nitration within the sub-endothelium, MPOderived •NO 2 was functionally silent with respect to MPO-induced changes to endothelial
permeability or adhesion (Rees et al., 2012). In contrast, HOCl produced by endothelial-transcytosed
MPO significantly perturbs endothelial cell adhesion and integrity (Rees et al., 2012). Therefore, in
these experiments nitrite acted analogous to SCN− in that it provided protection to endothelial cells by
limiting MPO-catalyzed production of a more damaging oxidant in HOCl.

5.3.4 NO oxidase activity of MPO
In addition to the production of reactive oxidants, MPO also compromises the functionality of the
vascular endothelium via its ‘NO Oxidase’ activity, referring to the ability of MPO’s peroxidase cycle
to act as an oxidative ‘catalytic sink’ for NO thereby impairing vascular NO signaling (Abu-Soud and
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Hazen, 2000b; Eiserich et al., 2002). Initial work by Abu-Soud and Hazen with the purified MPO
enzyme identified NO as a highly reactive substrate for compounds I and II of MPO’s peroxidase
cycle (Abu-Soud and Hazen, 2000b). Eiserich et al., using purified enzyme, subsequently showed that
the peroxidase cycle of MPO can also indirectly consume NO by generating NO-reactive diffusible
substrate radicals (Eiserich et al., 2002) and provided compelling evidence that endothelialsequestered MPO impairs arterial vasorelaxation via its NO oxidase activity (Eiserich et al., 2002).
Below we discuss in more detail the direct and indirect means by which MPO catalytically consumes
NO and the evidence that MPO’s NO oxidase activity plays a significant role in impairing NO
bioactivity in vivo in experimental animals and coronary artery disease patients.

5.3.4.1 Direct NO oxidation
Abu-Soud and Hazen initially reported that MPO, in the presence of its substrate H 2 O 2 , catalytically
consumed NO via direct reactions of NO with MPO compounds I and II (Figure 7, Reactions 2 and 5)
(Abu-Soud and Hazen, 2000a). NO rapidly reacts with MPO compound I (7.0 × 106 M-1s-1) (AbuSoud and Hazen, 2000b; Galijasevic et al., 2006) and more slowly with MPO compound II (8.0 ×
103 M-1s-1) (Abu-Soud and Hazen, 2000b), yielding nitrite as the one-electron oxidation reaction
product (Abu-Soud and Hazen, 2000a). Importantly, the rate of MPO-catalyzed NO oxidation was
unaltered in the presence of physiological Cl− levels (Abu-Soud and Hazen, 2000a; Van Dalen et al.,
1997). Similar to the situation with the purified MPO enzyme, Eiserich et al. reported that
endothelial-sequestered MPO, in the presence of H 2 O 2 , impairs the endothelial-dependent
vasodilation of isolated aortic rings to a similar extent in the absence or presence of Cl−. This
emphasises that the impairment of NO bioactivity and resultant endothelial dysfunction by MPO can
occur independently of HOCl (Eiserich et al., 2002).
Our recent data (Rees et al., 2014) show that although Cl− at physiological levels does not alter
the rate of NO oxidation, nanomolar to micromolar levels of NO dose-dependently inhibits MPO’s
chlorination activity. This indicates that NO acts as a reversible MPO inhibitor through its rapid
reaction with MPO compound I to promote the formation of MPO Compound II, which does not
participate in the enzyme’s halogenation cycle. Interestingly, this experimental observation of NO
inhibiting MPO’s chlorination activity contrasted with kinetic simulation studies. When employing
rates of reaction with MPO Compound I/II to estimate the proportion of Cl- or NO that is consumed
by MPO in a catalytic cycle, it is predicted that physiological Cl− levels should significantly inhibit
the reaction of nanomolar levels of NO with MPO Compound I (Maiocchi et al., 2017; Rees et al.,
2014). The fact that experimentally nanomolar concentrations of NO inhibits HOCl production
supports that in addition to direct competition between NO and Cl− for reaction with MPO Compound
I, the presence of NO within the active-site may reduce the affinity of MPO compound I for Cl−
(Maiocchi et al., 2017; Rees et al., 2014). This proposal, however, is speculative and requires

42

experimental verification. Together, these experimental observations and kinetic considerations
support that in the presence of physiological levels of Cl− and NO, MPO preferentially oxidizes NO
leading to the impairment of NO bioavailability and endothelial dysfunction.

5.3.4.2 MPO-catalyzed indirect NO oxidation
MPO’s peroxidase function can also promote NO consumption indirectly by catalyzing the production
of diffusible substrate radicals that are capable of efficiently reacting with and depleting NO (Eiserich
et al., 2002) (Figure 7, Reactions 3 and 4, combined with forward Reaction 6). Initial studies in simple
buffer systems indicated that tyrosine, ascorbate or urate are individually capable of accelerating
MPO-catalyzed NO consumption involving radical-radical termination reactions between NO and the
respective substrate radicals; i.e., tyrosyl, ascorbyl or urate radicals (Eiserich et al., 2002; Meotti et al.,
2011). Initial studies concluded that NO consumption by MPO occurs primarily via the formation of
diffusible substrate radicals vs. direct NO oxidation by compounds I/II (Eiserich et al., 2002; Meotti et
al., 2011). However, our recent experimental and kinetic simulation studies investigating MPOcatalyzed NO consumption in multi-substrate environments apparent within biological fluids, such as
plasma, established that NO oxidation by MPO involves both direct and indirect NO oxidation
mechanisms (Rees et al., 2014). The relative balance between direct versus indirect NO oxidation by
MPO in multi-substrate environments is dependent on several criteria: (i) the extent to which
endogenous substrates out-compete NO for reaction with MPO Compound I (Figure 7, Reaction 2 vs.
3), (ii) the propensity of an endogenous substrate to reduce MPO Compound II and hence accelerate
the rate of turnover of MPO’s peroxidase cycle (Figure 7, Reaction 4) and increase the total amount of
NO directly oxidised by MPO compound I (Figure 7, Reaction 2), and (iii) the balance between the
efficacy of NO scavenging by an MPO-derived substrate radical versus other competing reactions;
e.g. radical-radical termination, reduction by endogenous reductants or reversibility of NO scavenging
(Figure 7, Reaction 6 vs. 7) (Rees et al., 2014).
Clinical evidence for the importance of the content and composition of extracellular substrates
and proteins within the local MPO environment is the observation by Baldus et al. that reported that
the efficacy of MPO-mediated NO consumption (i.e., specific activity of MPO’s NO oxidase function)
was apparently higher in MPO-containing plasma from coronary artery disease patients versus plasma
from healthy donors supplemented with equivalent levels of MPO (Baldus et al., 2004). This
implicates that differences in the content of MPO reactive substrates and/or the nature of MPO
protein-protein interactions between patient and healthy donor plasma may be responsible for the
observed differences in MPO-catalyzed NO consumption. Consistent with this, our recent work
showed that the rate of NO consumption by MPO in human plasma is particularly dependent on the
concentration of low molecular weight substrates. For example, MPO-catalyzed NO consumption is
significantly enhanced in plasma enriched with tyrosine or inhibited by elevated levels of ascorbate or
SCN− (Rees et al., 2014). Tyrosine accelerates NO consumption in two ways; (i) via its rapid reaction
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with MPO compound I and conversion into the tyrosyl radical that rapidly reacts with NO and (ii) by
significantly enhancing MPO turnover and hence direct NO oxidation by MPO compounds I and II
(Maiocchi et al., 2017). Ascorbate limits NO consumption in plasma by scavenging the NOconsuming tyrosyl or urate radicals, although its protective actions are not apparent at concentrations
of <25 µM due to it’s inability to compete with NO for direct oxidation by MPO compound I at these
lower concentrations (Rees et al., 2014). Interestingly, thiols can play a stimulatory or inhibitory role,
depending on the nature of the NO-consuming substrate. For example, GSH stimulates NO
consumption by MPO in the presence of urate through the reduction of urate-NO adducts, forming a
nitroso-glutathione adduct and regenerating the urate radical that is available to scavenge a further NO
molecule (Rees et al., 2014). SCN− reduces MPO-catalyzed NO oxidation by competing with NO for
reaction with MPO compound I (Rees et al., 2014). However, this protective action of SCN− requires
the presence of reductants that are necessary to quench secondary NO-consuming free radical
products formed by the MPO-catalyzed oxidation of –OSCN, namely •OSCN (Rees et al., 2014).
These findings emphasise the considerable complexity surrounding the control of MPO’s NO
oxidase activity in complex multi-substrate biological environments that are present in vivo. Of note,
whilst studies have focused on examining the influence of extracellular small molecule substrates on
MPO’s NO oxidase activity, the impact of protein-protein interactions involving MPO have received
less attention. Considering that MPO binding to plasma proteins such as ceruloplasmin inhibits the
enzyme’s chlorination cycle (Chapman et al., 2013), further detailed studies are warranted into the
nature of the protein-protein interactions that MPO is subjected to under both physiological and
disease conditions and how they impact on MPO’s NO oxidase and other catalytic activities, as well
as the efficacy of MPO inhibitor drugs.

5.3.4.3 Patho-physiological relevance of MPO’s NO oxidase activity.
Several lines of clinical and experimental animal evidence support a prominent role for MPO’s NO
oxidase activity as a mechanism contributing to the impairment of NO signaling in vivo. With respect
to clinical data, Baldus and colleagues reported that the enhanced capacity of plasma derived from
patients following myocardial infarction to consume NO ex vivo, was primarily due to the elevated
levels of extracellular MPO (Baldus et al., 2004). Moreover, the extent of increase in circulating MPO
levels in coronary artery disease patients represents a strong independent predictor of the degree of
endothelial dysfunction, measured using flow-mediated dilatation (Vita et al., 2004). Subsequent work
reported that the ability of heparin administration to acutely improve endothelial function in coronary
artery disease patients reflected its ability to bind and liberate MPO sequestered within the
endothelium of diseased arteries back into the circulation (Baldus et al., 2001; Baldus et al., 2006;
Rudolph et al., 2010a; Rudolph et al., 2012). The acute nature in the improvement of NO
bioavailability and endothelial function achieved with heparin administration is consistent with the
displacement of vascular MPO deposits into the circulation to reduce ongoing NO oxidation by
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MPO’s NO oxidase function in the endothelium rather than a reduction of HOCl production, which is
expected to cause longer lasting, potentially irreversible dysfunction to the endothelium (Stocker et
al., 2004; Xu et al., 2006). In a further study, intravascular infusion of nicotine (that stimulates
leukocyte activation and rapid MPO release) into healthy humans expressing MPO caused an acute,
but reversible, impairment of flow-mediated dilatation and hence NO bioactivity. This contrasted with
subjects expressing low levels or no MPO, who exhibited preserved endothelial function in response
to nicotine administration (Rudolph et al., 2012). Ex vivo and in vivo studies with experimental
animals also provide evidence for a significant pathogenic role for the NO oxidase activity of
endothelial-sequestered MPO in driving endothelial dysfunction. Thus, Eiserich et al., using an
endotoxin-shock model of acute vascular inflammation reported that inflamed arteries from wild-type
mice exhibited an accumulation of MPO in the endothelium and impaired endothelial-dependent
relaxation while arteries from MPO deficient (MPO-/-) mice showed normal relaxation (Eiserich et al.,
2002). Moreover, endothelial deposits of MPO impair vascular relaxation induced by acetylcholine or
NO donors to a similar extent in the presence or absence of Cl− ions; i.e., in the absence of HOCl.
Importantly, experimental observations indicate that whenever NO is present, MPO compound I will
preferentially oxidize NO over Cl− (Maiocchi et al., 2017; Rees et al., 2014). Finally, Rudolph and
colleagues employing an anaesthetised open-chest pig model also showed that MPO infusion alone
into the circulation via the left atrium leads to vascular deposition of MPO, which (i) induced a
reduction of blood flow in the left anterior descending artery and the internal mammary artery and (ii)
impaired acetylcholine-induced endothelium-dependent vasorelaxation in accompanying ex vivo
myography experiments using isolated arteries from the MPO-infused pigs. This study verified the
potential for elevated circulating extracellular MPO to promote endothelial dysfunction, which the
authors primarily ascribed to the enzymes ability to catalytically oxidize NO (Rudolph et al., 2012).
Overall, the evidence indicates that the NO oxidase activity of circulating and vascular
sequestered extracellular MPO is a significant in vivo oxidative reaction contributing to the
impairment of NO bioactivity and endothelial dysfunction during cardiovascular disease. Notably, the
redox reactions by which MPO oxidatively depletes NO in multi-substrate physiological
environments is complex. It involves direct and indirect oxidative mechanisms, with the relative
balance between these influenced by the changing nature of the local extracellular substrate and
protein environment. Adding to this complexity is the evidence that MPO can also impair NO
bioavailability via the production of reactive oxidants, namely HOCl. It is therefore critical to gain a
greater appreciation of the levels of reactive substrates and nature of MPO’s protein-protein
interactions within the local patho-physiological milieu in vivo and how these influence the different
oxidative mechanisms by which circulating and sub-endothelial or intimal MPO deposits can
consume NO to promote endothelial dysfunction and mediate other pro-atherogenic actions. This
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information is essential when formulating effective pharmacological strategies to target MPO during
cardiovascular disease, as discussed below (Section 6).

5.3.5 Non-catalytic activities of MPO
While considerable evidence indicates that MPO drives endothelial dysfunction and cardiovascular
disease via its ability to catalyze an array of oxidative reactions, emerging data indicates that MPO
can also mediate non-catalytic or ‘cytokine-like’ pro-inflammatory actions that can conceivably
influence vascular function and disease (Figure 8). For example, Klinke and co-workers (Klinke et al.,
2011) reported that extracellular release of cationic MPO by activated neutrophils promotes
leukocyte-endothelial interactions by binding to and masking the repulsive anionic charge of the
endothelial glycocalyx towards circulating leukocytes within the microvasculature (Klinke et al.,
2011). Accordingly, MPO represented an adhesive substrate for neutrophils in vitro and MPO genedeficient mice exhibited reduced venular neutrophil adhesion and extravasation in response to TNF-α.
Additionally, intravascular administration of catalytically-active or catalytically-inactive MPO both
promoted in vivo microvascular neutrophil recruitment (Klinke et al., 2011). More recent data support
that MPO binding to HSPGs also promotes the collapse of the protective endothelial glycocalyx layer
including syndecan-1 shedding, which likely further facilitates endothelial-leukocyte interactions and
vascular inflammation (Manchanda et al., 2018). The extents to which these non-catalytic actions of
MPO contribute to endothelial dysfunction in mid-sized and large arteries involved in cardiovascular
disease are not clear and require further study.
Enzyme-inactive MPO has also been reported to stimulate the production of IL-6 and IL-8 by
cultured endothelial cells (Lefkowitz et al., 2000) (Figure 8). Etwebi and colleagues recently reported
that addition of MPO to serum-starved mouse lung microvascular endothelial cells for 3 hours
activated the calcium-dependent cysteine protease calpain, which signaled for the protein phosphatase
2A (PP2A)-dependent reduction of the phosphorylation of AMP-activated protein kinase (AMPK) at
Thr-172 and eNOS phosphorylation at Ser-1177 (Etwebi et al., 2018). The inhibition of AMPK and
eNOS signaling correlated with a heightened inflammatory phenotype as MPO elevated endothelial
expression of VCAM-1 and leukocyte adhesion to mouse aorta ex vivo in a calpain-dependent manner
(Etwebi et al., 2018). Of note, detailed studies differentiating between roles for MPO’s catalytic vs.
non-catalytic actions were not reported on. Interestingly, MPO-mediated activation of the protease
correlated with a decrease in calpain S-nitrosylation that supports an MPO-dependent downturn in
eNOS activation and/or activation of MPO’s NO oxidase function, resulting in a reduction in cellular
NO levels available to mediate S-nitrosylation (Etwebi et al., 2018).
Non-catalytic actions of MPO have implications for cell types other than endothelial cells. For
example, MPO binds to the β2-integrin Mac-1 (CDllb/CD18) expressed on neutrophils and augments
the activation of NOX2 activity and production of O 2 •−, nuclear translocation of NFκB, neutrophil
degranulation and up-regulation of neutrophil CD11b surface expression (Lau et al., 2005). MPO
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binding to Mac-1 (CDllb/CD18) also prolongs neutrophil-mediated inflammation in vivo in a mousemodel of self-resolving acute lung injury by delaying neutrophil apoptosis (El Kebir et al., 2008).
Similarly, MPO binding has been reported to prolong platelet survival and prime platelets for
activation (Kolarova et al., 2013). Additionally, MPO is reported to bind to the mannose receptor on
macrophages and mediate macrophage stimulation resulting in enhanced inflammation (Lefkowitz et
al., 1995). In vitro, MPO exposure stimulated macrophage production of TNFα and improved
pathogen phagocytosis by stimulating ROS production, while intravenous injection of MPO in
experimental animals resulted in enhanced serum TNFα and IFNγ levels (Lefkowitz et al., 1997;
Lefkowitz et al., 1992; Lefkowitz et al., 1996). Finally, intra-articular injection of catalyticallyinactive MPO also induced a flare of experimental arthritis caused by streptococcal wall fragments,
which could be blocked by the exogenous addition of mannans, findings consistent with a role for
MPO macrophage mannose receptor binding (Gelderman et al., 1998; Lefkowitz et al., 1999).
These findings support that MPO can potentially promote inflammation by exerting cytokine-like
activities, which are independent of its catalytic function and hence resistant to pharmacological
inhibitors of MPO’s oxidative activities. These enzyme-independent actions of MPO therefore require
alternative drug-targeting strategies in order to effectively combat the complex range of MPO’s
pathogenic actions during inflammatory disease.

5.3.6 Anti-inflammatory actions of MPO
Whilst the majority of reports highlight the considerable potential of MPO to elicit pro-inflammatory
actions, several studies have reported anti-inflammatory actions of the enzyme (Aratani, 2018;
Strzepa et al., 2017). For example, MPO gene-deficiency aggravates the severity of murine sepsis
(Reber et al., 2017) and zymosan-induced acute lung injury (Endo et al., 2016; Takeuchi et al., 2012),
involving the enhanced tissue accumulation of neutrophils. However, the protective actions of MPO
may be contextual as an earlier study reported that MPO gene-deficiency attenuated pulmonary
neutrophil accumulation in a model of LPS-induced acute lung injury (Haegens et al., 2009).
Odobasic and colleagues reported that the enhanced T cell-mediated inflammation leading to
increased skin delayed-type hypersensitivity or antigen-induced arthritis apparent in MPO genedeficient mice reflected the ability of MPO-derived HOCl to suppress the activation of dendritic cells
(Odobasic et al., 2013). Further support of MPO’s anti-inflammatory actions was provided by recent
in vitro and in vivo models of sterile TNF-induced vascular inflammation with gene deletion of MPO
reducing the extent of neutrophil-endothelial cell adhesion and transmigration (Tseng et al., 2018).
This study concluded that the absence of MPO increased extracellular H 2 O 2 levels that signalled for
an enhanced cell surface expression of the neutrophil integrin αMβ2 (Tseng et al., 2018). Similarly,
MPO gene-deficiency in human neutrophils resulted in an elevation of H 2 O 2 in the surrounding tissue
in response to Salmonella infection, further supporting a role of MPO as a significant catalytic sink
for H 2 O 2 and hence determinant of local peroxide levels during inflammation (Schürmann et al.,
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2017). Therefore, while the majority of evidence points to a pro-inflammatory action of MPO it is
becoming evident that the action of the enzyme is contextual, as under certain circumstances, it can
reduce inflammation and associated tissue damage. This complexity needs to be taken into account
when formulating therapeutic strategies for inhibiting MPO in different inflammatory disorders or in
patients with multiple inflammatory disorders, where MPO inhibition is not necessarily beneficial for
all disease states.

6. PHARMACOLOGICAL STRATEGIES FOR THE TARGETING OF MPO
In light of the considerable pathogenic potential of MPO in inflammatory disorders including
cardiovascular disease, there is global interest from researchers and pharmaceutical companies in the
discovery and development of new classes of potent and selective pharmacological drugs targeting
MPO. In light of the significant role of MPO as a key component of the innate immune response
against infectious microbes, there are concerns surrounding the extent to which MPO inhibition will
immuno-compromise patients. However, in contrast to chronic granulomatous disease (CGD)
experienced by patients expressing the dysfunctional gp91Phox subunit of NOX2, there is considerable
redundancy in the anti-microbial mechanisms in MPO-deficient humans or mice, which are largely
resistant to infectious agents except certain fungal infections. Therefore, in general, pharmacological
inhibition of MPO is considered therapeutically safe (Lekstrom-Himes and Gallin, 2000).
Initially, the development of selective and potent MPO inhibitors has been challenging due to the
considerable homology of MPO’s active site with other mammalian heme peroxidase enzymes, such
as thyroid peroxidase and lactoperoxidase, as well as poor pharmacokinetics exhibited by early drug
candidates. As such, the discovery of potent yet selective agents has been an important focus of MPO
inhibitor development (Ruggeri et al., 2015). To date, two principal approaches to selectively inhibit
MPO catalytic activity have been identified (Malle et al., 2007): (i) irreversible enzyme inactivation
by mechanism-based MPO inhibitors and (ii) reversible inhibition by competitive substrates that
inhibit the enzyme by reacting with MPO compound I and promoting the formation of either MPO
compound II, compound III or a substrate-bound MPO that is unable to further participate in catalytic
cycling. In the following sections, the mechanism-of-action and therapeutic potential of these two
different categories of MPO inhibitors are discussed in detail. Figure 9 shows a representative
chemical structure from each class of pharmacological MPO inhibitors discussed.

6.1 Mechanism-based inhibitors
MPO mechanism-based irreversible inhibition involves the initial rapid one-electron reaction of the
parent drug molecule with MPO compound I to form a short-lived drug-derived radical (Figure 10,
Reaction 1) that covalently modifies the active-site heme of either native, ferric-MPO or MPO
compound II (Figure 10, Reactions 3-5). The resultant irreversible covalent modification of the activesite heme renders the targeted MPO molecule permanently inactivated. Accordingly, efficacious
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mechanism-based inhibitors contain a readily oxidizable chemical group and exhibit a high affinity
for the MPO active site (Soubhye et al., 2016). A variety of chemical classes have been identified as
mechanism-based irreversible MPO inhibitors including benzoyl hydrazides (Kettle et al., 1997), 2thioxanthines (Tiden et al., 2011), thiouracils (Ruggeri et al., 2015), 2-(7-methoxy-4methylquinazolin-2-yl) guanidine (Soubhye et al., 2017) and aminopyridines (Marro et al., 2018).
Hydrazide derivatives (RCONHNH 2 ) inhibit MPO by acting as peroxidase substrates and forming
reactive substrate radicals (hydrazyl radicals) that either reversibly promote the formation of
catalytically-inactive MPO redox intermediates (e.g. MPO Compound III for isoniazid (Forbes et al.,
2012); discussed further below in reversible inhibitors) and/or irreversibly damage the active site
heme prosthetic group (Forbes et al., 2012; Huang et al., 2014a; Kettle et al., 1997) (Figure 10,
Reaction 3 & 4). Of the hydrazides, ABAH has been widely used as a research tool to selectively
inhibit MPO’s catalytic activity in vitro (Kettle et al., 1995; Kettle et al., 1997) and in vivo (Forghani
et al., 2012; Tiyerili et al., 2016; Wang et al., 2014). ABAH is oxidized to an ABAH radical (Figure
10, Reaction 1 & 2), which subsequently reduces native MPO to form ferrous MPO (Figure 10,
Reaction 3) (Kettle et al., 1997). Huang and co-workers further showed that ABAH irreversibly
inactivates MPO by preferentially cleaving the Glu-242 ester linkage in the heavy chain, resulting in
the release of the heme protoporphyrin ring through hydrolysis of the ester linkage between Asp-93 in
the light chain and pyrrole ring C (Huang et al., 2014a). ABAH exhibits an IC 50 with isolated MPO of
0.3 μM and with neutrophil-derived MPO stimulated by either opsonized zymosan or PMA of 16 or
2.2 μM, respectively (Kettle et al., 1995). ABAH is reported to have a high partition-ratio of 275
(Kettle et al., 1997), which is a measure of the propensity of the oxidized drug species to covalently
react with the active-site heme versus escape from the enzyme active-site to potentially undergo offtarget reactions. Whilst detailed pharmacokinetic studies have not been reported, peak plasma
concentrations of ABAH in mice after a pharmacological dose of 40 mg/kg delivered intraperitoneally
(Forghani et al., 2012; Kettle et al., 1995) are likely to be in excess of these IC 50 values.
Administration of ABAH exhibits protective actions in various pre-clinical models of vascular disease
including atherosclerosis, stroke and obesity-induced insulin resistance (Forghani et al., 2015; Kim et
al., 2018; Tiyerili et al., 2016; Wang et al., 2014).
To date, the most potent and specific irreversible MPO inhibitors that exhibit robust in vitro and
in vivo activity are the 2-thioxanthine class of mechanism-based inhibitors (Churg et al., 2012;
Johnström et al., 2015; Jucaite et al., 2015; Kaindlstorfer et al., 2015; Stefanova et al., 2012; Tiden et
al., 2011). 2-Thioxanthines are efficiently oxidized by MPO compound I (e.g., rate constant of 6.8 ×
105 M−1 s−1 (Tiden et al., 2011)) forming a reactive thiyl-based drug radical that rapidly reacts with the
active-site heme of MPO compound II to form an irreversible covalent thio-ether bond, resulting in
potent MPO inhibition (Geoghegan et al., 2012; Tiden et al., 2011; Ward et al., 2013) (Figure 10,
Reaction 1 followed by Reaction 5). Notably, 2-Thioxanthines exhibit a low partition-ratio (0.2-4,
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depending on the 2-Thioxanthine tested (Tiden et al., 2011)), supporting that their secondary drug
radicals show high reactivity with MPO compound II and low levels of escape from the active-site.
A potent 2-thioxanthine, AZD5904, has been documented to efficiently inhibit HOCl production
by purified MPO and activated neutrophils with an IC 50 of 0.2 μM, while having minimal effect on
the related TPO (Tiden et al., 2011), which plays an essential role in the production of thyroid
hormones. 2-Thioxanthines also effectively inhibit the NO oxidase function of MPO under complex
multi-substrate environments (Maiocchi et al., 2017). 2-Thioxanthines are orally deliverable with
peak plasma concentrations in vivo of 12-178 μM reported (Tiden et al., 2011). To date, 2thioxanthines have been reported to inhibit MPO-mediated inflammation and protein chlorination in a
murine model of zymosan-induced peritonitis (Tiden et al., 2011) and halted the progression of
chronic obstructive pulmonary disease (COPD) in guinea pigs exposed to cigarette smoke (Churg et
al., 2012). With respect to cardiovascular disorders, the 2-thioxanthine AZM198 has been reported to
protect against endothelial dysfunction in mouse models of vascular inflammation (Cheng et al.,
2019), promote plaque stability in the tandem-stenosis model of atherosclerotic plaque instability
(Rashid et al., 2018), inhibit pulmonary hypertension in mice exposed to hypoxia (Klinke et al.,
2018), and reduce obesity and the severity of non-alcoholic steatohepatitis (but not cardiac
dysfunction) in obese/hypertensive mice fed a high-fat diet and treated with angiotensin II (Piek et al.,
2019). Inhibitors of this class (AZD3241) have been advanced to clinical trials for Parkinson’s disease
(Jucaite et al., 2015) and multiple system atrophy [https://clinicaltrials.gov/ct2/show/NCT02388295].
Another related class of mechanism-based MPO inhibitors are thiouracil-based compounds (Dong
et al., 2016; Ruggeri et al., 2015; Zheng et al., 2015). The inhibitory mechanism is similar to 2thioxanthines and involves the rapid oxidation of the thiouracil sulphur by MPO Compound I to yield
a reactive thiyl-radical, which covalently forms a thio-ether bond with the active-site heme moiety
causing permanent enzyme inactivation (Ruggeri et al., 2015). A lead compound PF06282999 has an
IC 50 of 1.9 μM in LPS-simulated human whole blood, a partition ration of 6.5 and is highly selective
for MPO over TPO (Ruggeri et al., 2015). In pre-clinical studies, thiouracil-based MPO inhibitors
have been reported to protect against the development of vasculitis in an immune complex model of
pulmonary disease and anti-glomerular basement membrane glomerulonephritis (Zheng et al., 2015).
Recent work in LDLR-/- mice fed a high-fat diet showed that although PF06282999 did not inhibit
atherosclerotic lesion size it did reduce lesion inflammation and necrotic core size consistent with the
development of a less vulnerable plaque phenotype (Roth Flach et al., 2019). PF06282999 has
progressed to Phase 1 clinical trials (https://clinicaltrials.gov/ct2/show/NCT01626976) (Dong et al.,
2016). Overall, despite the possibility that PF06282999 may be transformed into metabolically active
molecules such as sulfenic acid or sulfonate intermediates, it was found that this drug is resistant to
metabolic turnover by cytochrome P450 enzymes (Ruggeri et al., 2015) and is chiefly eliminated
unchanged via renal excretion in healthy adult volunteers (Dong et al., 2016). However, further
studies revealed that PF06282999 qualifies as a moderate inducer of CYP3A4 according to the FDA
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classification system (Dong et al., 2017), via the activation of pregnane X receptor (Moscovitz et al.,
2018). This may pose issues when dosing patients that are also taking other drugs that are susceptible
to metabolism by this enzyme, thereby reducing their plasma concentration and drug efficacy.
Recently, Soubhye and colleagues performed a novel virtual screening procedure for MPO
inhibitors, dependent upon ligand-based pharmacophore modelling followed by structure-based
virtual screening and in vitro experiments to identify a new lead irreversible MPO inhibitor, 2-(7methoxy-4-methylquinazolin-2-yl) guanidine (Soubhye et al., 2017). This lead agent exhibited an IC 50
value for isolated MPO of 44 nM but a relatively high partition-ratio of 67. Moreover, the IC 50 for
inhibition of neutrophil-derived MPO rose to 93.1 μM. In keeping with the relatively high partition
ratio, two main drug-derived oxidation reaction products were released from the active-site (Soubhye
et al., 2017). Through further virtual modelling, the authors identified further candidates that are
expected to show improved efficacy for MPO inhibition over 2-(7-methoxy-4-methylquinazolin-2-yl)
guanidine.
A final class of recently reported mechanism-based MPO inhibitors are aminopyridines (Marro et
al., 2018). Aminopyridine 2 is reported to exhibit a >588-fold selectivity for MPO over TPO and
inhibited MPO activity in vitro and in human plasma ex vivo with IC 50 values of 0.16 and 1.9 μM,
respectively. Aminopyridine 2 also effectively inhibits EPO in vitro with an IC 50 of 0.29 μM.
Aminopyridine 2, in ex vivo rat aortic rings, dose-dependently inhibited MPO-mediated impairment of
endothelial-dependent relaxation and in a murine peritonitis model, dose-dependently inhibited 3chlorotyrosine production (Marro et al., 2018). The mechanism of inhibition appears to involve the
production of an aminopyridine-derived substrate radical upon oxidation by MPO Compound I, which
permanently inactivates the enzyme by irreversible modification of the active-site heme (Marro et al.,
2018). Further characterization of the inhibitory mechanism and efficacy in pre-clinical models of
inflammatory disease are expected to be reported in due course.
In addition to the pharmacokinetic and safety profiles of drugs, three key factors need to be taken
into account when appraising the potential in vivo efficacy of mechanism-based irreversible MPO
inhibitors. These include: (i) the ability of the parent drug to outcompete available local physiological
substrates for the reaction with MPO compound I (Figure 10, e.g. Reaction 1 vs. 9), (ii) the drug’s
partition ratio, and (iii) the reaction rate of the parent drug with MPO compound II and hence its
propensity to promote MPO turnover (Figure 10, Reaction 2).
(i) With respect to the first factor, a critical consideration when assessing the efficacy of
pharmacological MPO inhibitors and their reaction with MPO compound I, is the influence of the
complex in vivo milieu that contains multiple reactive endogenous MPO substrates (e.g., tyrosine,
ascorbate, urate, nitrite, thiols, NO) (Forbes and Kettle, 2018; Maiocchi et al., 2017; Rees et al.,
2014). Endogenous MPO substrates have the potential to reduce the in vivo efficacy of MPO
inhibitors by out-competing the drugs for binding to MPO compounds I/II (Figure 10, Reaction 9 &
10). Therefore, drugs exhibiting both high rates of reaction with MPO compound I and optimal
51

bioavailability are required to ensure sufficient drug quantities can locally accumulate in order to outcompete local substrates for the reaction with MPO compound I. Also, MPO is subject to proteinprotein interactions (Chapman et al., 2013), the nature of which will likely change with the pathophysiological or inflammatory environment. Although MPO protein-protein interactions are likely to
modulate MPO inhibitor efficacy, to date few studies have investigated their implications in detail.
(ii) The second factor is the partition ratio, which is a measure of the number of catalytic cycles
that occur before the drug-derived reactive intermediate reacts with the active-site heme to
irreversibly inactivate MPO. In other words, it is an index of how often a drug-derived radical
(formed after reaction of the parent drug with MPO compound I) directly forms an irreversible
covalent adduct with the enzyme active-site to inactivate the enzyme (Figure 10, e.g., Reaction 5) or
diffuses from the active-site to potentially undergo off-target reactions (Figure 10, Reaction 6 & 7).
For instance, these off-target reactions can include radical-mediated covalent modification of other
proteins (Figure 10, Reaction 6) (Ward et al., 2013) or reactions with cellular reductants such as
glutathione (Figure 10, Reaction 7). Thus, a low partition ratio indicates high enzyme inactivation
efficiency and low off-target reactions, and hence is a key parameter for the therapeutic development
of irreversible MPO inhibitors. To date, 2-thioxanthines are reported to have the lowest partition
ratios of <1 for TX2 and TX4 (Tiden et al., 2011) or 11 for TX5 (Ward et al., 2013). In keeping with
the higher partition ratio of TX5, Ward and colleagues reported that the TX5 drug-derived radical was
capable of diffusing out from the MPO active site to covalently modify other proteins in both murine
and human liver proteomes (Ward et al., 2013). Ruggeri and colleagues also reported that the
thiouracil analogue, PF06282999, which has a partition ratio of 6.5, led to an improvement above
previous formulations with respect to the undesirable formation of glutathione-adducts of the oxidized
product of thioruacil compounds (sulfonate) (Ruggeri et al., 2015). This could be attributed to both a
significant lowering of the partition ratio (from 75 to 6.5) and the introduction of chemical groups,
which promoted intra-molecular quenching of the oxidized sulfonate species. Recently, chemical
modification of a novel Aminopyridine 1 compound to generate Aminopyridine 2 resulted in a
reduction in partition ratio from 57 to 11 and increased efficacy for MPO inhibition (Marro et al.,
2018). Spin trapping studies with DMPO indicated the escape of an aminopyridine-derived radicals
from the active-site following MPO oxidation of Aminopyridine 2, suggesting that further
optimization is likely necessary to further reduce the partition ratio and improve inactivation
efficiency (Marro et al., 2018).
(iii) The third factor highlighted above influences irreversible inhibitor efficacy as during MPO
catalytic turnover it is beneficial that the parent drug and drug-derived radicals exhibit a poor reaction
rate with MPO compound II, such that they do not promote MPO turnover and rapid re-formation of
catalytically-viable compound I, prior to irreversible inhibition.
The influence of the combination of all three factors (complex milieu of in vivo substrates,
partition ratio, and rate of reaction with MPO compound II) was explored in our recent work, where
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we highlighted a stark contrast between the actions of ABAH and 2-thioxanthines as inhibitors of
MPO’s peroxidase (as judged by H 2 O 2 consumption) and NO oxidase activities (Maiocchi et al.,
2017). Thus, although both ABAH or 2-thioxanthines effectively inhibited MPO’s peroxidase activity
in the presence of endogenous MPO substrates tyrosine and urate, in the presence of NO, ABAH
acutely potentiated MPO’s NO oxidase activity whilst 2-thioxanthine potently inhibited MPOcatalyzed NO consumption (Maiocchi et al., 2017). This observation reflects key differences in the
fate of the drug-derived radicals for ABAH and 2-thioxanthines in the presence of NO. More
specifically, when NO is present, the ability of ABAH to inhibit MPO turnover is suppressed and
MPO-catalyzed NO consumption is augmented. Our kinetic modelling and experimental data
indicated that this is due to three factors: (i) the inefficient reaction of ABAH-derived radicals with
the MPO active-site, which allows it to escape and diffuse into the media (consistent with ABAH’s
high partition ratio of 275 (Kettle et al., 1997); i.e., in Figure 10, Reaction 3 is inefficient); (ii) the
ABAH-derived radical efficiently reacts with NO, therefore promoting NO consumption as well as
depleting the ABAH-radical necessary for permanent MPO inactivation (Figure 10, Reaction 6 vs. 3),
and (iii) ABAH itself is an excellent substrate for MPO Compound II (k=6.5 x105 s-1 (Burner et al.,
1999); Figure 10, Reaction 2), such that it stimulates the turnover of MPO peroxidase cycle that in
turn drives further NO consumption by both MPO Compound I (Figure 10, Reaction 2) and the
formation of MPO-derived NO-consuming substrate radicals (Figure 10, Reaction 9 & 10 followed by
Reaction 6). In contrast, 2-thioxanthines potently inhibited MPO turnover and NO oxidase activity in
keeping with its reported low partition ratio of <1 (Tiden et al., 2011). These results highlight the
importance of testing the inhibitory capacity of drugs against both MPO’s chlorination and NO
oxidase activities under complex substrate environments. This and other studies also strongly
emphasise the importance of developing MPO inhibitors with low partition ratios that exhibit reduced
side-reactions with local proteins (Ward et al., 2013) and reductants (Ruggeri et al., 2015) or critical
homeostatic signaling molecules such as NO (Maiocchi et al., 2017).
In summary, since the identification of ABAH as an irreversible inhibitor of MPO in the 1990’s,
substantial research efforts have been made towards developing nanomolar potent irreversible MPO
inhibitors. These efforts have culminated in a range of potent irreversible inhibitors that are making
headway in clinical trials for various inflammatory diseases. A key overarching aspect in the
development of irreversible inhibitors, aside from potency with isolated MPO, is the minimisation of
off-target reactions of oxidized drug-derived species. This has mostly been realized by the
development of irreversible inhibitors with increasingly lower partition ratios. However, recent work
highlights the importance of assessing the in vitro inhibitory capacity of irreversible MPO inhibitors
in the presence of a complex mixture of physiological substrates that should also include NO (Forbes
and Kettle, 2018; Maiocchi et al., 2017). This will account for the requirement of inhibitors to
compete with endogenous substrates as well as accounting for the potential for unwanted rapid
reactions with cellular reductants (e.g. glutathione) and biological signaling molecules (e.g. NO).
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6.2 Reversible MPO inhibitors
Reversible inhibitors make up the bulk of MPO inhibitors discovered to date, which comprise a
heterogeneous group of agents. Several modes of action of reversible MPO inhibitors exist including:
(i) “compound II-trapping” agents that react efficiently with MPO compound I but are poor substrates
for MPO compound II (e.g., indoles, nitroxides) (Figure 10, efficient Reaction 1, poor Reaction 2), (ii)
agents that are competitive substrates for both MPO compounds I and II (e.g., acetaminophen,
resveratrol) (Figure 10, efficient Reaction 1 & 2), (iii) agents that are tight but reversible binders of
the MPO active-site (e.g. hydroxamates, tryptamine), and (iv) agents that reversibly promote the
formation of MPO Compound III (ferrous-MPO) (e.g. isoniazid) (Figure 10, Reaction 3).

6.2.1 Compound II-trapping agents: In the absence of endogenous peroxidase substrates, these
agents undergo a rapid one-electron reaction with MPO compound I to promote the accumulation of
MPO compound II, thereby preventing the production of HOCl by diverting compound I away from
the halogenation cycle and into the peroxidase cycle (Figure 10, Reaction 1 vs. 8). As these agents are
poor MPO compound II substrates, they facilitate the build-up or ‘trapping’ of the enzyme at
compound II, which is unable to form HOCl or HOSCN. MPO compound II-trapping inhibitors
constitute a structurally diverse group of agents including indoles (e.g. tryptamine, tryptophan,
melatonin (Galijasevic et al., 2008a; Kettle and Candaeis, 2000; Soubhye et al., 2010a), alkylindoles
(Soubhye et al., 2013), fluoroindoles (Soubhye et al., 2010b) and indazolones (Roth et al., 2014)),
dapsone (Kettle et al., 1993), bis-arylalkamines (Aldib et al., 2016) and nitroxides (Queiroz et al.,
2011; Rees et al., 2009; Vaz and Augusto, 2008). Amongst the indoles, melatonin and L-tryptophan
have received considerable attention as compound II-trapping reversible MPO inhibitors (Galijasevic
et al., 2008a; Kettle and Candaeis, 2000; Malle et al., 2007). Underlying its role as a compound II
trapping agent, L-tryptophan rapidly reacts with MPO compound I with a rate constant of 0.452.1x106 M-1s-1, whilst poorly reacting with MPO compound II exhibiting a rate constant of only 6.9
M-1s-1 (Galijasevic et al., 2008b; Jantschko et al., 2002; Kettle and Candaeis, 2000). In the absence of
other peroxidase substrates, L-tryptophan arrests MPO in its catalytic cycle as compound II
(Galijasevic et al., 2008b). Similarly, melatonin rapidly reacts with MPO compound I at a rate of
0.73-6.1x106 M-1s-1 and slowly reacts with MPO compound II at a rate of 1.9-9.6 x 102 M-1s-1 (Allegra
et al., 2001; Galijasevic et al., 2008a). Melatonin has been reported to exert vascular protection in
spontaneously hypertensive rats, which has been speculated to reflect its action as an MPO inhibitor
(IC 50 = 3 μM), although this remains to be verified (Rezzani et al., 2010; Van Der Zwan et al.,
2010b).
A drawback of compound II-trapping agents is that their efficacy in vivo as MPO inhibitors is
potentially diminished or compromised by the availability of endogenous MPO compound II
substrates (e.g. ascorbate, urate, tyrosine, O 2 •-) that can efficiently convert MPO compound II back to
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the native ferric enzyme, which is then available to react with H 2 O 2 to reform compound I and hence
potentially HOCl (Figure 10, Reaction 10 followed by 8). Recent work by Forbes and Kettle (Forbes
and Kettle, 2018) illustrates this potential limitation of reversible MPO inhibitors. Employing a multisubstrate in vitro assay system containing physiological plasma concentrations of endogenous MPO
substrates including Cl− (140 mM), SCN- (50 μM), tyrosine (50 μM) and urate (200 μM), as well as
serum albumin (1 mg/ml; to account for non-specific protein binding of drugs), L-tryptophan (a
compound II trapper) did not inhibit MPO at concentrations <20 μM, whereas in the absence of
substrates the essential amino acid efficiently inhibited MPO activity by 50% at ~1 μM. Similar
reductions in MPO inhibitory capacity in the multi-substrate assay were seen for other compound IItrapping agents such as salicylate and dapsone (Forbes and Kettle, 2018).
Nitroxides are an interesting and unique class of compound II-trapping MPO inhibitors. They are
stable free radicals and a versatile class of non-toxic antioxidants that scavenge a wide variety of
radicals including O 2 •- in vitro and in vivo (DeGraff et al., 1992; Soule et al., 2007a; Soule et al.,
2007b). Nitroxides have recently been identified as a novel class of potent reversible MPO inhibitors
with the most potent nitroxide 4-aminoTEMPO inhibiting HOCl production catalyzed by purified
MPO or activated neutrophils with IC 50 values of 1.2 and 6.3 µM, respectively (Rees et al., 2009).
The widely employed nitroxide tempol (4-hydroxy TEMPO) also effectively inhibits MPO, exhibiting
a reaction rate constant of 3.5 x 105 M-1s-1 with MPO compound I and 1 x 102 M-1s-1 with MPO
compound II (Queiroz et al., 2011). Rees and co-workers established that nitroxides potently inhibit
MPO’s chlorinating activity by rapidly reacting with compound I to produce compound II and the
nitroxide-derived oxoammonium cation (Rees et al., 2009). Importantly, the antioxidant actions of
nitroxides are facilitated by their rapid cycling between three redox states that provides them with
catalytic activity (Krishna et al., 1992). Thus, during MPO inhibition, the nitroxide radical (R-NO•)
acts catalytically as it can be reformed from a reaction between the oxoammonium cation (R-N+=O)
and H 2 O 2 , also yielding O 2 •-, and ultimately O 2 via O 2 •- dismutation by nitroxides (Krishna et al.,
1996; Rees et al., 2009). Moreover, under oxidative stress conditions, the main reduced form of
nitroxides, hydroxylamines (RN-OH), can be cycled back to nitroxides via reaction with the ascorbyl
radical (Bobko et al., 2007). This endogenous catalytic cycling of nitroxides leading to the
regeneration of the parent nitroxide compound has the capacity to bolster nitroxides’ in vivo efficacy
as effective reversible MPO inhibitors in the presence of endogenous compound II substrates. Efforts
have additionally been made to generate nitroxides that inhibit MPO and are more resistant to
endogenous reduction to the antioxidant inactive hydroxylamine form (Kajer et al., 2014). Therefore,
nitroxides represent a unique class of reversible MPO inhibitors capable of inhibiting HOCl
production while exhibiting pleotropic anti-oxidative actions including O 2 ●− and ●NO 2 scavenging
(Soule et al., 2007a; Soule et al., 2007b; Vaz and Augusto, 2008). These pleotropic actions identify
nitroxides as a promising class of therapeutic agents for treating MPO-mediated endothelial
dysfunction during inflammatory cardiovascular disease.
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6.2.2 Competitive substrates for MPO compound I and II. Phenolic compounds are typically
excellent radical scavengers and MPO peroxidase substrates, and hence reversible MPO inhibitors.
For example, the widely prescribed anti-inflammatory phenolic drug acetaminophen is a reactive
substrate for MPO compound I, thereby suppressing MPO’s chlorination activity in vitro (IC 50 = 77
μM) (Koelsch et al., 2010). This IC 50 is well within dosing ranges as in humans, peak plasma
concentrations of acetaminophen can reach up to 200 μM, with trough plasma concentrations of ~13
μM achieved during regular dosing throughout a 12-hour period (Graham et al., 2013). The
polyphenol resveratrol also inhibits HOCl production by isolated MPO (Cavallaro et al., 2003;
Gomez-Mejiba et al., 2010; Kohnen et al., 2007) and activated neutrophils (Cavallaro et al., 2003).
Resveratrol exhibits an IC 50 of 15 μM for the inhibition of MPO chlorination activity (Maiocchi et al.,
2017), which is higher than its typical in vivo concentrations that are reported to be maximal in
plasma at 2.4 μM (Boocock et al., 2007; Walle, 2011). Further examples of phenolic MPO inhibitors
are ferulic acid (Kato et al., 2003) and its derivatives such as INV-315 (Liu et al., 2012), with the
latter agent reported to exhibit an IC 50 of 0.9 μM for inhibiting isolated MPO activity and providing
protection in murine atherosclerosis. While these phenolic agents rapidly react with the reactive
intermediates formed in MPO’s peroxidase cycle, the extent to which the in vivo actions of phenolic
agents relate to their roles as MPO substrates requires further investigation.
An additional example of a reversible competitive substrate MPO inhibitor is the tripeptide
inhibitor N-acetyl-lysyltyrosylcysteine-amide (KYC), which contains a tyrosine linked to a cysteine
(Zhang et al., 2013a). Reaction of the KYC tyrosine residue with MPO compound I results in the
formation of a tyrosyl radical that is subsequently scavenged and repaired by the adjacent cysteine
residue through intramolecular electron transfer (Zhang et al., 2005). In this way, KYC oxidation by
MPO yields a disulfide product, which can be regenerated to the active monomer by physiological
reductants such as GSH (Zhang et al., 2013a; Zhang et al., 2005). KYC inhibits HOCl production by
isolated MPO and PMA-stimulated HL-60 cells or neutrophils with an IC 50 of ∼7 μM and inhibits
MPO-mediated LDL oxidation or cytotoxicity towards aortic endothelial cells (Zhang et al., 2013a).
In addition to inhibiting MPO activity directly, KYC can also scavenge HOCl and chloramines. KYC
has shown protective actions in multiple in vivo models including sickle cell disease mice (Zhang et
al., 2013a), a murine model of experimental autoimmune encephalomyelitis (EAE) (Zhang et al.,
2016), hindlimb ischemia in a type-2 diabetic mouse (Weihrauch et al., 2020) and a murine model of
stroke (Yu et al., 2016; Yu et al., 2018). The extent to which the protective actions of KYC reflect its
inhibitory actions towards MPO, however, require further verification.
6.2.2.1 Hydroxamates. Aromatic hydroxamates such as salicylic acid hydroxamate were
previously found to be effective inhibitors of the activity of purified enzyme or MPO in activated
neutrophils (Davies and Edwards, 1989). More recently, Forbes and co-workers designed a series of
more potent and selective hydroxamate MPO inhibitors, yielding a lead compound, HX1 (Forbes et
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al., 2013). Hydroxamates reversibly inhibit MPO through their high affinity binding to the native
ferric form of the enzyme and sterically hindering access of H 2 O 2 and physiological halides into the
hydrophobic pocket of the active site (Forbes et al., 2013). Forbes et al. performed a range of MPO
inhibition assays under physiological conditions and found that HX1 potently inhibited HOCl
production by purified MPO with an IC 50 of 5 nM and the chlorination of tyrosine residues by PMAstimulated neutrophils in a dose-dependent manner with an IC 50 of 150 nM (Forbes et al.,
2013). Independent of their inhibitory actions, aromatic hydroxamates are also reactive substrates for
MPO compound I yielding a transient nitroxide radical capable of forming a distinct nitrosyl-ferrous
MPO complex (Forbes et al., 2013). Aromatic hydroxamates represent a promising potent class of
tight-binding reversible MPO inhibitors that warrant further investigation in relevant pre-clinical in
vivo models of MPO-mediated inflammation.
6.2.2.2 Isoniazid is a frontline treatment for tuberculosis (Hu et al., 2017). It is a hydrazide
capable of reversibly inhibiting MPO by promoting the formation of Compound III, thereby diverting
the enzyme from the halogenation cycle (Forbes et al., 2013). It’s IC 50 for inhibition of HOCl
generation by isolated MPO and stimulated neutrophils are 2.7 and 7.5 μM, respectively (Forbes et al.,
2012). Isoniazid exhibits a similar mechanism of inhibition as ABAH; i.e., isoniazid radicals, formed
upon oxidation of isoniazid by MPO compounds I/II, mediate the one-electron reduction of native
ferric-MPO to form ferrous-MPO. Unlike ABAH, however, isoniazid does not covalently or
irreversibly react with the MPO active-site. Instead, it facilitates the accumulation of MPO compound
III via the ensuing reaction between ferrous-MPO and O 2 . MPO Compound III is outside the
halogenation and peroxidation cycles resulting in inhibition of MPO catalytic activity. Similar to
several reversible MPO inhibitors, the extent to which isoniazid’s in vivo actions relate to its role as
an MPO inhibitor are unknown.

6.2.3 Reversible inhibitors and MPO’s NO oxidase activity.
An important consideration regarding the efficacy of reversible MPO inhibitors is that their oxidized
drug radical or species can potentially exert deleterious off-target reactions. However, these may be
mitigated in the presence of endogenous reductants (e.g., ascorbate) that are capable of scavenging or
neutralizing the drug-derived radicals (Figure 10, Reaction 7). Our recent work (Maiocchi et al.,
2017) studying the effect of pharmacological agents on MPO’s NO oxidase activity illustrates these
aspects. For example, although acetaminophen is an effective inhibitor of MPO chlorination activity
(Koelsch et al., 2010) and based on rate-constants is expected to inhibit MPO-catalyzed NO
consumption by out-competing NO for reaction with MPO compound I (Figure 10, Reaction 1 vs. 9),
the drug instead significantly potentiated MPO’s NO oxidase activity due to NO scavenging by the
acetaminophen-derived phenolic radicals (Figure 10, Reaction 6). However, in the presence of
physiological levels of ascorbate, the ability of acetaminophen to accelerate MPO-catalyzed NO
consumption is significantly reduced due to ascorbate’s ability to scavenge the NO-consuming
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phenolic radicals (Figure 10, Reaction 7). Similar observations were made for resveratrol (Maiocchi et
al., 2017). A further phenolic reversible MPO inhibitor trolox (a water soluble vitamin E analogue),
on the other hand, when oxidized, produces a phenoxyl radical that does not react with NO (Rubbo et
al., 2000). Thus, in complex substrate environments trolox indirectly inhibited MPO’s NO oxidase
activity chiefly through the rapid scavenging of NO-consuming tyrosyl and urate radicals (Maiocchi
et al., 2017).
The above discussion highlights that the nature of the local substrate milieu is not only important
for determining the rates of MPO’s chlorination and NO oxidase activities, but also represents an
important determinant of the inhibitory capacity of reversible MPO inhibitor drugs and potential sideeffects. These observations emphasise the complexity surrounding the prediction of MPO inhibitor
efficacy in vivo, particularly when the precise nature of the substrate milieu in which extracellular
MPO resides during different disease states remains largely unknown. Measuring the activity of drugs
against MPO in the absence of endogenous substrates and biomolecules can misconstrue the efficacy
and off-target activities of an inhibitor and its oxidised metabolites. Therefore, the optimal in vitro
conditions for testing MPO inhibitor efficacy should involve multi-substrate assays that mimic the
physiological concentrations of major endogenous MPO substrate. An example of this is presented by
Forbes & Kettle (2018) who employed a multi-substrate assay including Cl− [100-140 mM], urate
[200 μM], tyrosine [50 μM], and SCN− [50 μM] in the presence of albumin, measuring chlorination
activity via the TNB oxidation end-point assay. In our studies we have additionally added ascorbate
(50 μM) and thiols (GSH, 100 μM) (Maiocchi et al., 2017; Rees et al., 2014) to include the influence
of these key physiological reductants, which can also act as MPO substrates and/or influence MPO
activity/turnover. To accurately measure MPO activity, the use of an H 2 O 2 -specific electrode probe is
also recommended as this approach permits the continuous measurement of peroxidase activity in
real-time, thereby gaining full insights into the time-dependent changes in enzyme turnover over the
entire course of the reaction. Moreover, whilst it is essential to test inhibitor efficacy against MPOcatalyzed halogenation reactions with a focus on HOCl and HOSCN production, testing the capacity
of enzyme inhibitors to limit MPO’s NO oxidase activity in multi-substrate environments employing
NO at inflammatory concentrations (~500 nM) and an NO-specific electrode should also be routinely
assayed (Maiocchi et al., 2017; Rees et al., 2014). This is particularly important in light of our studies
establishing that (i) MPO’s NO oxidase activity is highly influenced by the nature of the local
substrate environment (Rees et al., 2014) and (ii) certain inhibitors exhibit marked differences in their
inhibitory capacity towards MPO chlorination vs. NO oxidase activities (Maiocchi et al., 2017).
To summarise, a range of chemically diverse compounds act as reversible MPO inhibitors through
varying mechanisms. Whilst these compounds are potent MPO inhibitors in vitro, their potency in
vivo can be limited by the presence of other endogenous competing MPO substrates. Moreover, they
can engage in off-target reactions that may be beneficial (e.g. nitroxides scavenge MPO-derived
substrate radicals) or deleterious (e.g. acetaminophen phenoxyl radical reaction with NO). Testing of
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future reversible MPO inhibitors in multi-substrate assays in vitro should prove more accurate in
predicting in vivo inhibitor efficacy. Additionally, testing their inhibitory efficacy in both chlorination
and NO oxidase assays will provide important insights into their potential in vivo actions. Of the
reversible inhibitors, agents that inhibit MPO by reversibly binding to the active site (e.g., aromatic
hydroxamates) or are both versatile MPO substrates and antioxidants (e.g., nitroxides) represent
promising agents for future testing in animal models of MPO-mediated inflammatory disease.

6.3 Other strategies to combat MPO-catalyzed oxidative stress and endothelial dysfunction
In addition to selectively inhibiting MPO activity, other strategies for limiting MPO-mediated
endothelial dysfunction include inhibiting the production of its substrate H 2 O 2 or scavenging its
damaging oxidants, namely HOCl.
With respect to H 2 O 2 , although the oxidant is linked to various deleterious oxidative or signaling
events leading to endothelial dysfunction (Eiserich et al., 2002; Loot et al., 2009; Thomas et al.,
2006), it also elicits numerous vasoprotective signaling actions necessary for the maintenance of
vascular homeostasis and protection against certain cardiovascular disorders (Craige et al., 2015; Gray
et al., 2016; Schroder et al., 2012; Schurmann et al., 2015). This cautions against implementing the
global removal of this mild oxidant as a strategy for treating endothelial dysfunction during
cardiovascular disease. A more viable approach is to selectively inhibit the principal sources of H 2 O 2
employed by vascular-sequestered MPO to promote endothelial dysfunction. Although extensive
studies into the source of H 2 O 2 utilized by endothelial-localized MPO are lacking, prime candidates
are the NOX isoforms; e.g., prior studies report that NOX2-derived ROS are employed by MPO to
promote endothelial dysfunction (Zhang et al., 2003; Zhang et al., 2004). However, targeting NOX
enzymes in order to reduce vascular H 2 O 2 levels is complex. Thus, as covered in Section 3.1,
different NOX isoforms have varying implications for endothelial function and dysfunction with
NOX1- and NOX2-derived ROS being deleterious and NOX4-derived H 2 O 2 exhibiting protective
actions. This advocates the selective inhibition of the deleterious NOX isoforms. To date, the
development of therapeutically viable isoform-selective NOX inhibitors with limited toxicity and
favourable bioavailability has been challenging, although recent progress has been made (Altenhofer
et al., 2015; Drummond et al., 2011; Drummond and Sobey, 2014). One inhibitor of interest is
apocynin, which targets NOX2 (and likely NOX1) but not NOX 4 or NOX5 (Drummond et al., 2011;
Drummond and Sobey, 2014) and has been reported to exert vasoprotective actions in animal models
of inflammatory cardiovascular disease including improved NO bioactivity, restored endothelial
function, lowered blood pressure and reduced atherosclerosis (Baumer et al., 2007; Kinkade et al.,
2013; Olukman et al., 2010; Schluter et al., 2008; Virdis et al., 2007). Apocynin is considered to
inhibit NOX2 by impeding the phosphorylation of the key regulatory NOX subunits, namely p47phox
(Drummond and Sobey, 2014). Notably, apocynin is a pro-drug that requires oxidative activation by
MPO into a radical or dimeric drug species that represents the active NOX inhibitory molecule
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(Drummond and Sobey, 2014; Heumuller et al., 2008; Ximenes et al., 2007). In the absence of MPO,
apocynin has been reported to exhibit antioxidant properties in vascular cells via its ability to
scavenge H 2 O 2 (Heumuller et al., 2008) or promote vasodilation by inhibiting Rho kinase (Schluter et
al., 2008). Studies with purified enzyme and activated neutrophils have established that apocynin is an
excellent MPO peroxidase substrate, capable of competitively inhibiting MPO chlorination activity
(Maiocchi et al., 2017; Ximenes et al., 2007). With respect to MPO’s NO oxidase activity, we showed
that apocynin promotes NO consumption in the absence of other substrates via its ability to accelerate
MPO turnover (Maiocchi et al., 2017). However, in the presence of endogenous substrates (tyrosine,
urate, ascorbate), although apocynin accelerated MPO turnover it did not promote MPO-catalyzed NO
consumption, which likely reflects its capacity to outcompete NO for reaction with MPO compounds I
or II (Maiocchi et al., 2017). Therefore, apocynin represents an interesting antioxidant drug with the
potential to provide selective NOX1/2 inhibition within inflammatory cardiovascular tissue containing
active MPO. As apocynin does not adversely impact MPO’s NO oxidase function under multisubstrate physiological conditions yet inhibits NOX2, it may prove to be a promising agent capable of
limiting NOX-derived H 2 O 2 necessary for continued MPO activation.
In addition to NOX isoforms, several other sources of ROS in the dysfunctional endothelium exist
that could conceivably deliver H 2 O 2 to MPO (see Section 3) with their relative contributions
changing over the time course of the disease and differing with the nature of the vascular disorder
(Thomas et al., 2008). The effective targeting of these multiple sources of ROS is therefore complex
(Thomas et al., 2008). In conclusion, the principal challenge of inhibiting MPO by limiting the
availability of its substrate H 2 O 2 is the selective targeting of multiple pathologic disease-relevant
sources of H 2 O 2 , while preserving the physiological sources and actions of H 2 O 2 .
A further strategy to combat MPO as a cause of endothelial dysfunction is via scavenging MPOderived oxidants, namely HOCl. Experimentally, the sulfur-containing essential amino acid
methionine is commonly employed as an effective HOCl scavenger. For example, methionine
supplements protect against MPO-mediated changes to actomyosin-induced contraction in endothelial
cells (Rees et al., 2012) or impairment of endothelial-dependent vasorelaxation in isolated arteries
(Zhang et al., 2003; Zhang et al., 2004). Despite the protective actions of methionine against the
actions of MPO-derived HOCl in these in vitro and ex vivo assays, pre-clinical and clinical work
indicates that methionine supplements induce endothelial dysfunction in cholesterol-fed rabbits (Zulli
et al., 2003) or in humans by elevating circulating homocysteine levels (Bellamy et al., 1998; Hanratty
et al., 2001). The elevation of homocysteine therefore confounds the use of methionine as a viable
HOCl-scavenging therapeutic in humans. Neutrophils contain high cytoplasmic levels of the sulfurcontaining amino acid taurine, which scavenges HOCl to minimize MPO-mediated host tissue
damage, as well as form the more stable taurine chloramine (Weiss et al., 1982) that harbours antiinflammatory signaling properties; e.g., reduces the generation of pro-inflammatory cytokines (Kim
and Cha, 2014; Marcinkiewicz and Kontny, 2014). Interestingly, taurine elicits protective actions in
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pre-clinical models of cardiovascular disease (Murakami, 2014). For example, taurine supplements
inhibit atherosclerosis in ApoE-/- mice (Kondo et al., 2001) or in hyperlipidemic and cholesterol-fed
rabbits (Murakami et al., 2002; Petty et al., 1990) and aortic aneurysm in angiotensin II-infused ApoE/-

mice (Kim et al., 2017). In addition to sulfur-containing compounds, small molecule selenium-based

molecules, devoid of the toxicity associated with selenium, are emerging as efficient oxidant
scavengers. These selenium-based antioxidants are reported to exhibit an enhanced reactivity towards
oxidants including HOCl when compared to the analogous sulfur compound and to protect against
oxidative damage in endothelial cells exposed to HOCl (Carroll et al., 2015). Future studies are
therefore warranted investigating the ability of HOCl scavengers to protect against MPO-dependent
vascular dysfunction. These scavengers may represent a useful adjunct therapy with MPO enzyme
inhibitors. Notably, the high oxidative capacity and hence reactivity of HOCl warrants that an
efficacious HOCl scavenger accumulates at sufficiently high concentrations in vivo at inflammatory
tissue sites where the active MPO resides (e.g., within the sub-endothelium of disease arteries), in
order to out-compete the reaction of HOCl with other biological targets. This represents a significant
challenge for this class of therapeutics that could significantly limit their therapeutic potential.

6.4 Vascular targeting of MPO inhibitors and antioxidants
The ability of MPO to produce a potent oxidant in HOCl as well as catalytically consume NO within
distinct inflammatory microenvironments highlights the importance of targeting sufficient
concentrations of antioxidants or enzyme inhibitor drugs to the local tissue sites where extracellular
MPO resides. In the context of endothelial dysfunction and cardiovascular disease, this is particularly
important considering MPO binds to the vascular endothelium and accumulates within diseased
arteries in the sub-endothelial or intimal space (Baldus et al., 2001; Baldus et al., 2002; Malle et al.,
2000). As discussed (Section 5.1), several mechanisms are considered to be responsible for MPO
binding and internalization into the vascular endothelium of inflamed or diseased vessels. While it is
currently not clear which modes of MPO endothelial transport or delivery are primarily responsible
for the enzyme’s accumulation into the vasculature during cardiovascular disease, there is good
evidence that this involves interactions with HSPGs (Baldus et al., 2001; Baldus et al., 2006). As
such, glycocalyx-targeting represents a putative MPO drug-targeting strategy (Figure 11). Further
approaches to deliver drugs to inflamed or diseased vasculature, which is thought to preferentially
bind and sequester leukocyte-released MPO (Baldus et al., 2002; Eiserich et al., 2002), include the
targeting of therapeutics to cell-surface receptors that are expressed on activated endothelial cells or
activated immune cells that are recruited across the endothelium and into the sub-endothelial space
(Figure 11). These different strategies for targeting vascular-sequestered MPO are discussed below.

6.4.1 HSPG-targeting: In light of the reported role of cell surface HSPGs in the binding, transcytosis
and sub-endothelial sequestration of MPO across the vascular endothelium, targeting therapeutic
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drugs to the endothelial glycocalyx is of considerable interest (Figure 11(a)). HSPGs play significant
roles in the endocytosis and transcytosis of multiple cargo (viruses, cationic cell penetrating peptides,
cationic proteins incl. MPO, cationised antibodies and drug-carrier vehicles [nanoparticles,
liposomes], and polyamines), to HSPG-rich sub-cellular compartments, including the sub-endothelial
matrix where MPO resides (Belting, 2003; Christianson and Belting, 2014; Favretto et al., 2014;
Hervé et al., 2008). The precise mechanisms by which HSPGs mediate cellular internalization and
transport of this cargo is currently not clear. It is also not clear how HSPG structure and content
change over time with the development of different inflammatory cardiovascular disorders, which will
likely impact on not only the transcellular transport of the different cargo across the endothelium but
also the HSPG-targeting efficacy of therapeutics. However, due to their prominent anionic nature,
HSPGs efficiently bind to cationic molecules via electrostatic interactions that facilitate their uptake
(Favretto et al., 2014; Hervé et al., 2008; Wender et al., 2008). Studies aimed at enhancing endothelial
levels of SOD provide an excellent example of the value of targeting glycocalyx HSPGs; e.g.,
compared to wild-type EC-SOD, a mutant EC-SOD variant (R213G) lacking a heparin-binding
domain, exhibit a marked reduction in endothelial binding and a reduced ability to inhibit vascular
oxidative stress, preserve endothelial function and lower arterial pressure in rodent models of
hypertension, vascular inflammation or heart failure (Chu et al., 2005; Chu et al., 2003; Iida et al.,
2005; Iida et al., 2006; Lund et al., 2007). With respect to the HSPG-targeting of small molecule
inhibitors, it is of interest that the glycocalyx is targeted by cationic species such as polyamines
(Belting et al., 1999) or cell penetrating peptides (Tyagi et al., 2001). Therefore, conjugation of
glycocalyx-targeting moieties such as polyamines or cell penetrating peptides to MPO inhibitors or
encapsulation of MPO inhibitors in targeted nano-formulations such as cell penetrating peptidedecorated nanoparticles (Silva et al., 2019) could also be employed to enhance the localization of
therapeutics in the vasculature alongside MPO. These proposals, however, require investigation.

6.4.2 Vascular immuno-targeting. A strategy for therapeutically targeting the vascular endothelium
is the fusion of agents to antibodies, fragments of antibodies or ligands of epitopes/antigens expressed
on the surfaces of endothelial cells (Shuvaev and Muzykantov, 2011; Simone et al., 2009) (Figure
11(b)). This strategy aims to selectively target the delivery of therapeutics to the inflamed
endothelium, which is characterized by the upregulated expression of certain cell-surface antigens and
their enhanced accessibility as a result of glycocalyx shedding (Becker et al., 2010). Several
endothelial cell surface antigens/receptors have been employed for vascular endothelial immunotargeting including PECAM-1, ICAM-1, VCAM-1, and endothelial (E-) or platelet (P-) selectins
(Galkina and Ley, 2007; Simone et al., 2009). PECAM-1 and ICAM-1 are transmembrane
glycoproteins that are constitutively expressed on endothelial cells throughout the vasculature, while
the expression of VCAM-1 and E- or P-selectins are up-regulated during inflammation (Galkina and
Ley, 2007). In general, CAM- or selectin-conjugated agents are internalised into endothelial cells to a
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significantly greater degree than untargeted formulations (Bloemen, 1995; Muro et al., 2003), and
selectively accumulate in activated or inflamed endothelial cells with higher CAM expression (Gosk
et al., 2008; Hua et al., 2011; Mastrobattista et al., 1999; Muzykantov, 2001; Shuvaev et al., 2011;
Shuvaev et al., 2007). Importantly, CAM-targeted antioxidant therapies have been documented to
exhibit greater protection against oxidative damage (Shuvaev et al., 2007) or cytokine-induced
inflammation (Shuvaev et al., 2011) compared to untargeted antioxidant enzymes. In vivo
administration of anti-PECAM-1-SOD conjugates, but not untargeted SOD, to mice infused with
angiotensin II effectively reduced vascular O 2 •- levels and preserved endothelial function (Shuvaev et
al., 2009). Immuno-targeted liposomes to CAMs and selectins also hold promise for the selective and
enhanced delivery of liposomal-encapsulated drugs to inflammatory endothelial cells (Everts et al.,
2003; Spragg et al., 1997; Voinea et al., 2005). While immuno-targeting facilitates drug delivery to
inflamed endothelial cells, the extent to which immuno-targeting the endothelial antigens discussed
above will prove beneficial in targeting and inhibiting endothelial-sequestered MPO is lacking and
warrants investigation. There may also be merit in targeting other reported endothelial surface ligands
that have been reported to be involved in MPO uptake such as cytokeratin 1 (Astern et al., 2007) or
the albumin-binding protein receptor (Tiruppathi et al., 2004).

6.4.3 Immune cell targeting: Immune cell-mediated delivery of therapeutic cargo (Anselmo and
Mitragotri, 2014; Ayer and Klok, 2017) or the use of cell membrane fragments/exosomes (Luk and
Zhang, 2015) are both novel targeted delivery strategies that are currently being explored in
experimental models of acute inflammation and chronic inflammatory diseases (Batrakova et al.,
2007) (Figure 11(c)). The advantages of this mode of drug delivery include the prolongation of
circulation lifetimes of therapeutics and the harnessing of the natural action of certain cell-types such
as activated leukocytes to overcome biological barriers, including the vascular endothelium, in order
to facilitate the selective accumulation of drugs at sites of tissue inflammation and injury. Three main
strategies have been employed in this growing field: (i) attachment of therapeutic cargo to the immune
cell surface (covalently or non-covalently), (ii) internalization of therapeutic cargo by immune cells
(in vivo or ex vivo), and (iii) coating nano-encapsulated therapeutics with cell-derived membranes
thereby recapitulating the endogenous ligands/receptors present on circulating cells (e.g., immune
cells, platelets). Cell-mediated delivery has been reviewed in depth and the reader is directed to these
informative articles (Anselmo and Mitragotri, 2014; Ayer and Klok, 2017; Luk and Zhang, 2015). In
the context of enhancing the localization of therapeutics at tissue sites of MPO deposition in
cardiovascular disease, a promising strategy is the targeting of circulating monocytes and resident
macrophages. Activated monocytes infiltrate into atherosclerotic plaques and differentiate into lesion
macrophages, with this process significantly contributing to the development of the disease (Moore et
al., 2013; Moore and Tabas, 2011). Relevant cell-surface receptors include CD36 (Amirbekian et al.,
2007), mannose receptor (He et al., 2018), folate receptor-β (Ayala-Lopez et al., 2010) and p32
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(Hamzah et al., 2011). LyP1 (a cyclic peptide that binds to p32 expressed in atherosclerotic plaque
macrophages) efficiently homes to atherosclerotic lesions and can effectively deliver LyP1-decorated
nanoparticles (Hamzah et al., 2011; Uchida et al., 2011). Interestingly, targeting MPO drugs to
activated or inflammatory macrophages may not only be a mechanism to deliver drugs to extracellular
MPO in the sub-endothelial or intimal space, but also a way to target MPO expressed within lesion
macrophages where it is considered to promote plaque vulnerability (Sugiyama et al., 2001). Overall,
immuno-targeting is a varied targeting approach that takes advantage of the inherent pathological
features of diseased arteries, which could be exploited for the targeted delivery of MPO-based
therapeutics for the treatment of cardiovascular disease.
In summary, a variety of strategies are available to exploit for the specific targeting of drugs/drug
carriers to the sub-endothelial, intravascular space of diseased arteries in cardiovascular disease.
Conjugation of relevant antioxidants and/or MPO inhibitors to targeting moieties or encapsulation of
therapeutics in nano-formulations that present targeting moieties for either HSPGs, infiltrating
immune cells, or the inflamed/activated endothelium could enhance the bioavailability of MPO
inhibitors in the sub-endothelial or intravascular space of diseased arteries. The accumulation of
sufficient concentrations of MPO inhibitors to sites of MPO localization would be highly beneficial
for enhanced efficacy of the therapeutics, coupled with minimizing off-target effects. However,
greater knowledge regarding the cellular and transport mechanisms responsible for the sequestration
of MPO in relevant vascular beds under diseased conditions is necessary to inform the development of
more rationally designed selective targeting strategies.

6.5 Blocking vascular MPO binding and sequestration
As discussed earlier (Section 5.1), there are several potential mechanisms by which extracellular MPO
binds to and is transported into endothelial cells and the sub-endothelial space. As the interaction of
MPO with the endothelium is considered a pre-requisite for the enzyme to promote endothelial
dysfunction (Baldus et al., 2001; Baldus et al., 2006; Eiserich et al., 2002), an alternative therapeutic
approach is blocking MPO binding and uptake into the vascular endothelium and/or liberating or
mobilizing already vascular-sequestered MPO from inflamed or diseased blood vessels (Figure
11(d)).
Several studies have reported on the ability of heparins to block the binding of MPO to
endothelial cells and to liberate vessel-sequestered MPO from the vasculature and back into the
circulation (Baldus et al., 2001; Baldus et al., 2006; Rudolph et al., 2010a). Notably, Baldus and
colleagues have provided compelling evidence that the acute increase in circulating plasma MPO
levels afforded by heparin administration to coronary artery disease patients represents a measurement
of the vascular-burden of MPO, which correlated with improved NO bioactivity and endothelial
function (Baldus et al., 2006; Goldmann et al., 2009; Rudolph et al., 2010a; Rudolph et al., 2013).
Similar conclusions were made by Marshall and colleagues who reported that heparin administration
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acutely increased plasma MPO levels when administered to coronary artery disease patients but not
upon addition of heparin to whole blood ex vivo, supporting that heparin does not directly activate the
release of MPO from blood leukocytes (Marshall et al., 2010). The latter finding contrasts a prior
work suggesting that heparin directly activates MPO release by neutrophils (Li et al., 2007).
Moreover, the vascular burden of MPO, measured as the acute increase in circulating MPO following
heparin administration, also correlates with the degree of coronary atherosclerotic plaque size in
patients with stable coronary artery disease (Rudolph et al., 2013). These studies support that the
levels of vascular immobilised MPO correlates with endothelial dysfunction and disease burden in
coronary artery disease patients and that heparins are a viable option to remove the oxidative enzyme
from the diseased vasculature in order to improve vascular function.
Heparin’s ability to reduce intravascular MPO accumulation and acutely elevate plasma levels of
the enzyme could also reflect a recent study demonstrating that MPO binds circulating RBCs in a
manner that can be liberated by heparin (Adam et al., 2014). However, the findings of Marshall and
colleagues (Marshall et al., 2010) that heparin does not increase MPO levels when administered to
whole blood ex vivo indicates that the level of RBC MPO in healthy donor blood is low, although this
level may increase in coronary artery disease patients.
Heparins act by interfering with the electrostatic binding of the cationic MPO to the negatively
charged GAGs expressed at the endothelial glycocalyx and within the sub-endothelium (Baldus et al.,
2001). Prolonged heparin therapy, however, is confounded by poor specificity, anticoagulant and
thrombocytopenic actions, and a heightened risk of thrombosis. These potential side-effects have
prompted the discovery of modified heparins that are capable of selectively disrupting deleterious
protein-extracellular matrix interactions with reduced side-effects (Freeman et al., 2005; Parish,
2006). In particular, certain modified heparins are devoid of anti-coagulant activity and therefore
capable of providing sustained control of inflammatory processes involving MPO in coronary artery
disease patients experiencing an acute coronary syndrome, without the added risk of bleeding.
Aberrant bleeding is a serious problem in this patient group due to the concurrent use of anti-platelet
agents, conferring a poor 30-day survival (Eikelboom et al., 2006).
Importantly, utilizing heparins to limit the association of MPO with circulating leukocytes and
RBCs or the vascular endothelium may also represent a viable strategy to combat the cytokine-like,
non-catalytic inflammatory actions of MPO discussed above (See 5.3.5). However, the extent to
which the non-catalytic actions of MPO contribute to the enzyme’s ability to promote endothelial
dysfunction and atherosclerosis in vivo remains unknown and requires investigation. Key issues in the
use of heparin-based drugs for targeting vascular MPO is the development of agents that more
selectively bind MPO, but not other beneficial HS-binding proteins such as EC-SOD that binds to the
endothelium to preserve endothelial function by removing O 2 ●− (Gongora et al., 2006; Jung et al.,
2003; Landmesser et al., 2000). Moreover, various unknowns remain with respect to the in vivo fate
and potential (patho)-physiological actions of heparin-bound MPO after the enzyme’s removal from
65

the vasculature. These include the extent to which the heparin-bound MPO is active and can undergo
re-uptake into the vasculature or accumulation into other tissues. Future in vivo tracking studies with
labelled MPO are required to address these unknowns.

7. CONCLUSION
This review illustrates that MPO is a unique and versatile heme enzyme capable of promoting
endothelial dysfunction and the clinical consequences of cardiovascular disease via a multitude of
pathogenic mechanisms, therefore making it a promising therapeutic drug target for the treatment of a
range of cardiovascular disorders in humans.
A significant degree of complexity surrounds the capacity of MPO to impair endothelial function
in cardiovascular disease. First, a pre-requisite for MPO to promote endothelial dysfunction is the
enzyme’s extracellular release by activated circulating or intimal leukocytes (Buffon et al., 2002;
Sugiyama et al., 2001) and subsequent endothelial binding and sequestration in the sub-endothelium
of diseased arteries (Baldus et al., 2002; Hazell et al., 1996; Malle et al., 2000; Sugiyama et al., 2004;
Sugiyama et al., 2001). In vitro and ex vivo studies have identified numerous mechanisms by which
MPO associates with the endothelium. The extent to which these different transport or delivery
mechanisms are responsible for the deposition of MPO into the endothelium of diseased arteries and
how this may change with the stage, nature and severity of disease requires further investigation.
Second, MPO employs various oxidative reactions and substrates to impair NO bioactivity and
promote the inflammatory phenotype and permeability of endothelial cells including the production of
HOCl or HOSCN via its halogenation cycle or oxidative NO consumption via its peroxidase cycle.
Also, these MPO-catalyzed reactions mediate endothelial dysfunction via multiple mechanisms
involving the oxidative modification of an array of biomolecular targets. The principal molecular
targets, oxidative reactions and signaling mechanisms underlying MPO-mediated endothelial
dysfunction during cardiovascular disease requires further investigation, particularly in the context of
human disease. Adding to this complexity is emerging evidence that MPO can also exhibit noncatalytic, cytokine-like activities capable of promoting leukocyte activation, vascular permeability and
inflammation (El Kebir et al., 2008; Klinke et al., 2011; Lau et al., 2005; Manchanda et al., 2018).
The contribution of these non-catalytic activities to endothelial dysfunction and inflammatory
cardiovascular disease are currently unknown and represent an important future area of investigation.
A greater understanding of the relative contribution of the different oxidative and non-catalytic
mechanisms employed by MPO to impair endothelial function in cardiovascular disease patients and
how this changes with the disease severity and type is critical to formulating effective therapeutic
strategies. In light of MPO’s considerable pathogenic potential in driving endothelial dysfunction and
cardiovascular disease, great interest surrounds the discovery of selective and efficacious MPO
inhibitor drugs. As during cardiovascular disease, MPO resides in a complex extracellular
environment containing multiple reactive substrates and subject to different protein-protein
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interactions, it is important that drug discovery programs consider these complexities when gauging
the efficacy of new MPO inhibitors. As discussed (Section 6), this is because constituents of the local
extracellular environment significantly influence the capacity of different drugs to inhibit or even
potentiate MPO-catalyzed oxidative reactions (Forbes and Kettle, 2018; Maiocchi et al., 2017; Rees et
al., 2014). A greater knowledge of the local substrate levels and nature of the protein-protein
interactions involving extracellular MPO in the circulation and intimal space during cardiovascular
disease are therefore important for furthering the development of potent MPO inhibitor drugs.
Various drug classes capable of inhibiting MPO have been identified (Section 6). With respect to
inhibiting MPO’s oxidative reactions promoting endothelial dysfunction, namely HOCl production or
NO oxidase activity, the most promising drug class is the irreversible 2-thioxanthine inhibitors (Tiden
et al., 2011) that have reached clinical trials for the treatment of certain inflammatory disorders.
Clinical studies investigating the ability of 2-thioxathines or similar/improved selective and potent
classes of irreversible inhibitors in combating endothelial dysfunction in cardiovascular disease
patients is therefore warranted. As MPO also plays important antimicrobial and immune regulatory
roles, depending on the patient group and presence of co-morbidities, irreversible MPO inhibition
may not always be clinically desirable. Further studies investigating the capacity of reversible MPO
inhibitors, such as aromatic hydroxamates (Forbes et al., 2013) or nitroxides (Rees et al., 2009), to
combat MPO-mediated endothelial dysfunction and cardiovascular disease are therefore of interest.
The complexity of therapeutically targeting MPO is broadened by the emerging evidence that the
enzyme can also mediate catalytic-independent or cytokine-like actions that have the potential to
impact on the degree of endothelial dysfunction and vascular inflammation. These actions are
refractory from MPO inhibitor drugs (Klinke et al., 2011) meaning that alternative therapeutic options
may be required. As a key requirement for MPO to promote endothelial dysfunction is its
sequestration in the endothelium of diseased arteries (Baldus et al., 2002; Malle et al., 2000) and
heparin acutely removes vascular-sequestered MPO in human coronary artery disease patients to
improve endothelial function (Baldus et al., 2006; Rudolph et al., 2013), modified heparins provide a
viable therapeutic option for reducing cardiovascular levels of extracellular MPO and capable of
inhibiting both MPO-dependent oxidative and non-enzymatic inflammatory events in cardiovascular
disease patients. As modified heparins are devoid of anti-coagulant and thrombocytopenic activity
they can reduce cardiovascular MPO levels without the added risk of bleeding that poses a risk in
acute coronary syndrome patients (Eikelboom et al., 2006).
A key aspect for combating MPO during cardiovascular disease is the targeting of drugs to where
the enzyme resides in diseased arteries. Drug targeting of MPO is particularly important for
irreversible and reversible inhibitors that need to accumulate at sufficient local concentrations in order
to effectively compete with physiological MPO substrates (including NO) for reaction with MPO
compound I. A valid drug targeting strategy worthy of further investigation is the conjugation of
drugs to biomolecules that are subject to similar transport routes across the endothelium as MPO
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(Section 6.4), although studies are required to better understand the principal transport mechanisms
responsible for vascular MPO sequestration in vivo. Other options worth investigating include the
selective immuno-targeting of drugs to inflamed endothelial cells or circulating immune cells primed
to enter the sub-endothelial or intimal space where MPO accumulates in diseased arteries.
In addition to testing promising drug candidates in complex in vitro or ex vivo systems, it is
important to perform pre-clinical testing in valid animal models of inflammatory cardiovascular
disease that resemble human disease. Pre-clinical models of inflammatory vascular disease, where a
protective effect of MPO gene-deficiency or a pharmacological MPO inhibitor drug is reported
against endothelial dysfunction, include ApoE-/- mice fed a high-fat diet (Tiyerili et al., 2016), the
tandem-stenosis model of plaque rupture in ApoE-/- mice (Cheng et al., 2019), a femoral cuff model of
vascular inflammation in mice (Cheng et al., 2019) and sickle-cell disease mice (Zhang et al., 2013b).
Other pre-clinical models of vascular disease potentially worth testing MPO inhibitors include LDLr-/mice with transgenic overexpression of human MPO (McMillen et al., 2005), chronic kidney disease
models of accelerated atherosclerosis (Zeng et al., 2018) and mouse models of abdominal aortic
aneurysm (Kim et al., 2017), myocardial infarction (Askari et al., 2003; Vasilyev et al., 2005) or
ischemic stroke (Forghani et al., 2015; Kim et al., 2018; Yu et al., 2016).
A key consideration after positive pre-clinical testing is which cardiovascular disease patient
groups are likely to benefit from MPO-targeted therapeutic intervention. As covered in this review,
intra-vascular leukocyte activation and extracellular MPO release is a feature of coronary artery
disease patients, most notably those with acute coronary syndrome, with the extent of increase in
plasma extracellular MPO an independent predictor of the degree of endothelial dysfunction, the
prevalence/degree of coronary artery disease and adverse clinical events in acute coronary syndrome
patients (Baldus et al., 2003; Brennan et al., 2003; Buffon et al., 2002; Ferrante et al., 2010; Vita et
al., 2004). In acute coronary syndrome, MPO is causally linked to superficial plaque erosion
characterized by endothelial loss and denudation (Sugiyama et al., 2004), which is responsible for up
to 40% of intracoronary artery thromboses (Farb et al., 1996). MPO is also linked to the cardiac
fibrosis and disease apparent in atrial fibrillation patients (Rudolph et al., 2010b). Therefore,
therapeutic targeting of MPO in at-risk cardiovascular disease patient groups with established
endothelial dysfunction, acute coronary syndrome and atrial fibrillation could significantly interrupt
and reduce clinical events. Therapeutically targeting MPO is likely to also prove beneficial in acute
myocardial infarct patients, which are characterized by: (i) a marked increase in circulating MPO that
independently predicts mortality and impaired left-ventricular function (Mocatta et al., 2007; Rudolph
et al., 2007a) and (ii) elevated MPO levels in infarct-related arteries and cardiac tissue that contributes
to post-infarct inflammation and impairment of cardiovascular function (Askari et al., 2003; Baldus et
al., 2002; Goldmann et al., 2009; Penn, 2008; Vasilyev et al., 2005).
Given the increasing recognition that MPO is a prominent pathogenic mediator of endothelial
dysfunction and cardiovascular disease, it is expected that interest in this enzyme will intensify, with
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studies examining the efficacy of MPO-based therapeutics in human cardiovascular disease patients to
improve endothelial function and disease outcome of clear importance. Underlying this clinical goal,
however, is the continued advancement of our fundamental understanding of MPO biochemistry and
biology, including a more thorough appreciation of the enzyme’s protein structure and catalytic
reactions combined with a greater comprehension of the scope and primary mechanisms underlying
its pathogenic actions across the different clinical contexts of cardiovascular disease. Such
information is necessary for the successful development of more selective and efficacious enzyme
inhibitors as new therapeutics available for treating cardiovascular disease.
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9. FIGURE LEGENDS

Figure 1. The healthy and dysfunctional vascular endothelium. (A) Healthy endothelium: The
endothelium consists of key structural components: (i) Glycocalyx layer: covers the apical surface and
is composed of the proteoglycans syndecan and glypican that are bound to linear glycosaminoglycan
(GAG) chains of heparan sulfate (HS) and chondroitin sulfate (CS). Hyaluronan (HA) intercalates
with these GAGs and associates with CD44 and hyaluronan acid synthase (HAS). An intact
glycocalyx maintains homeostasis by (a) excluding circulating red blood cells (RBC), leukocytes and
atherogenic low-density lipoprotein (LDL), (b) acting as a mechanotransducer for shear flow-induced
endothelial nitric oxide synthase (eNOS) activation and NO production, and (c) binding extracellular
superoxide dismutase (ecSOD) that removes the superoxide anion radical (O 2 ●−) and preserves NO
bioactivity. (ii) Inter-endothelial junctions: (d) Adherens and (e) tight junctions form between the
plasma membranes of adjacent ECs to control paracellular permeability of macromolecules (e.g.,
LDL), solutes and immune cells. (d) Adherens junctions are prominent in arterial ECs and are
composed of the transmembrane receptor VE-cadherin that homotypically binds to the extracellular
domain of vascular endothelial (VE)-cadherin in an adjacent cell and intracellularly binds the catenin
family (α, β, γ, p120) of cytoplasmic adaptors, which are linked to the actin cytoskeleton. (iii) Subendothelial extracellular matrix (ECM): (f) Anchorage of the endothelial cells to the ECM is
mediated by integrins; transmembrane heterodimeric glycoproteins that are linked to the actin
cytoskeleton via focal adhesion proteins (paxillin, vinculin). Focal adhesions consist of non-receptor
tyrosine kinases (Src, FAK) that modulate paxillin phosphorylation in order to respond to changes in
the local extracellular (‘outside-in’ integrin signaling) or intracellular (‘inside-out’ integrin signaling)
environments and transduce signals that modulate endothelial cell morphology, permeability and
function. Critical for endothelial homeostasis is (g) the regulated production of NO by eNOS that: (h)
inhibits platelet aggregation, (i) suppresses endothelial expression of leukocyte adhesion molecules
(cell adhesion molecules [CAMs]: VCAM-1, ICAM-1), (j) maintains vascular tone by activating
soluble guanylate cyclase (sGC) and inducing SMC relaxation, and (k) inhibits smooth muscle cell
(SMC) proliferation and migration. (B) Dysfunctional endothelium: Elevated cardiovascular risk
factors promote endothelial dysfunction that is characterized by the elevated production of O 2 •− by
several sources including (a) NADPH oxidase (NOX), (b) mitochondria, (c) xanthine oxidase (XO)
and (d) uncoupled eNOS. (e) O 2 •− rapidly reacts with NO to impair NO bioactivity and form
peroxynitrite (ONOO−), which when formed within SMCs can (f) oxidatively inactivate sGC.
Impairment of NO bioactivity elevates: (g) platelet aggregation, (h) endothelial expression of
adhesion molecules and leukocyte binding, (i) SMC contraction/vasoconstriction, and (j) SMC
migration and proliferation. Endothelial dysfunction also features (k) the modification/shedding of the
glycocalyx, which further facilitates (h) endothelial-leukocyte interactions, (l) permeability to
atherogenic lipoproteins, and impairment of NO bioactivity through (m) the release of the O 2 •-105

scavenging enzyme ecSOD, (n) enhanced NO scavenging by haemoglobin in RBCs, and (o) reduced
mechano-transduction activity of HSPGs necessary for shear stress-induced eNOS activation.
Vascular oxidative stress also elevates H 2 O 2 levels that can induce altered (p) adherens junction and
(q) focal adhesion signaling and impact on endothelial paracelluar permeability and adhesion to the
ECM.

Figure 2. MPO biochemistry and structure. (A) Crystal structure of human dimeric MPO,
constructed using the coordinates deposited in the Protein Data Bank (PDB) accession code: 1CXP
(MPO). The figure is shown with permission from (Zederbauer et al., 2007a); (B) Ferric
protoporphyrin IX derivative of MPO, which contains modified pyrrole rings A and C, allowing the
formation of covalent ester linkages with carboxyl groups of Asp94 and Glu242 residues. The βcarbon of the vinyl group on pyrrole ring A forms a covalent bond with the sulfur of Met243 resulting
in a sulfonium ion linkage with a positive charge on the sulfur. This figure is shown with permission
from (Zederbauer et al., 2007a); (C) The MPO heme ring assumes a unique bow-shaped structure due
to the sulfonium-ion linkage (bond to M243). In addition, the catalytic residues H95, H336, R239 and
Q91 are shown (D aspartate, M methionine, E glutamate, H histidine, R arginine, Q glutamine). This
figure is shown with permission from (Zederbauer et al., 2007a; Zederbauer et al., 2007b).

Figure 3. Catalytic cycles of MPO. H 2 O 2 initiates the halogenation and peroxidase cycles of MPO
by converting the native, ferric (Fe(III))-MPO into the highly reactive intermediate, MPO compound I
(Fe(IV)=O…por•+) (Reaction 1). In the halogenation cycle, physiological halide anions (X−: Cl−, Br−,
SCN−) are oxidized by MPO compound I via a two-electron oxidation reaction to form the respective
hypohalous acids (HOX: HOCl, HOBr, HOSCN) and native MPO (Reaction 2). In the peroxidase
cycle, MPO performs two consecutive one-electron oxidation reactions with various physiological
small molecule substrates (RH 2 ; e.g., urate, tyrosine, nitrite) involving MPO compound I and
compound II (Fe(IV)=O) (Reactions 3 and 4), regenerating native MPO and forming diffusible
substrate radicals (RH•). These diffusible radicals (RH•) can also react with native MPO to yield
ferrous-MPO (Fe(II)…por) (Reaction 5). H 2 O 2 , O 2 •- and O 2 also modulate MPO redox intermediates;
reaction of O 2 with ferrous-MPO results in the formation of the catalytically inactive MPO compound
III, which can dissociate to reform ferrous (Fe(II))-MPO and release O 2 (Reaction 6). H 2 O 2 and O 2 •can act as alternative substrates for the MPO peroxidase cycle; H 2 O 2 can react with MPO compound
II to form MPO compound III (Reaction 7) and O 2 •- can react with native MPO to form MPO
compound III (Reaction 8) or react with MPO compound I and II to form native MPO (Reaction 3 &
4).
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Figure 4. Pathogenic activities of MPO during cardiovascular disease. Clinical and scientific
evidence indicates that MPO plays a multi-faceted pathological role in driving inflammatory
cardiovascular disease. (a) MPO can directly mediate endothelial dysfunction through both oxidative
and non-catalytic activities as discussed in detail in Section 5. (b) MPO oxidizes LDL to form a proinflammatory lipoprotein particle that is recognised by CD36 or SR-A1 scavenger receptors on lesion
macrophages and capable of promoting the formation of pro-atherogenic lipid-laden macrophage
foam cells (Podrez et al., 2000; Podrez et al., 1999; Wang et al., 2007b). (c) Apo-A1 in HDL is a
significant MPO binding partner and target for MPO-derived oxidants. MPO-catalyzed oxidation of
Apo-A1 impairs HDL’s atheroprotective properties, including the reverse cholesterol transport and
anti-inflammatory activities, and generates a dysfunctional pro-inflammatory HDL particle that is
capable of elevating the endothelial expression of leukocyte adhesion molecules (Bergt et al., 2004;
Hewing et al., 2014; Holzer et al., 2011; Huang et al., 2014b; Shao et al., 2006; Shao et al., 2012;
Undurti et al., 2009; Zheng et al., 2004). (d) MPO can also promote plaque instability by activating
proteolytic

MMPs (Fu

et

al.,

2001) and

concomitantly

inhibiting tissue

inhibitors

of

metalloproteinases (TIMPs) (Wang et al., 2007a) that favours the degradation of ECM components
and weakening of the fibrous cap. Altogether these pathogenic activities render MPO a promising
therapeutic target for the treatment of inflammatory cardiovascular disease.

Figure 5. Endothelial transport mechanisms for MPO. (a) During cardiovascular disease, activated
circulating leukocytes release MPO to increase circulating extracellular MPO that can bind several
plasma proteins such as albumin (Tiruppathi et al., 2004), Apo-A1 (Huang et al., 2013; Zheng et al.,
2004) or ceruloplasmin, the major MPO binding partner in plasma (Chapman et al., 2013). The
implications of these and other protein-protein interactions for MPO binding, internalization and
transport across the endothelium is largely not understood. Several MPO endothelial transport
mechanisms have been reported, which can potentially account for the sub-endothelial accumulation
of MPO in atherosclerotic and inflamed arteries: (b) Heparan sulfate proteoglycan (HSPG)mediated MPO internalization and transcytosis: Extracellular MPO binds to HSPGs expressed in
the endothelial glycocalyx and subsequently undergoes transcytosis and release into sub-endothelial
space (Baldus et al., 2001). (c) Albumin binding protein (ABP) receptor-mediated internalization:
Circulating MPO electrostatically binds to albumin via cationic residues expressed in the MPO heavy
chain. The MPO-albumin complex is internalized via vesicular endocytosis subsequent to binding to
the ABP-receptor present in endothelial caveolae (Tiruppathi et al., 2004). (d) Cytokeratin-1dependent internalization: Cytokeratin 1 (a key scaffolding protein involved in the assembly of the
plasma kallikrein-kinin system) has been identified as a membrane-bound receptor facilitating
endothelial MPO binding and internalization in cultured endothelial cells (Astern et al., 2007). (e)
Red blood cell (RBC)-mediated intravascular delivery: MPO binds to the anionic plasma
membrane of red blood cells (RBCs). MPO-laden RBCs facilitate the tissue delivery of MPO to the
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liver, spleen, lung and heart, including the cardiac vasculature (Adam et al., 2014). (f) Beta 2 (β2)integrin mediated cell-cell transfer: β2 (CD11b/CD180)-integrin-dependent binding of neutrophils
to endothelial cells facilitates the selective cell-cell transfer or delivery of MPO from neutrophils into
discrete intracellular vesicles in endothelial cells. This was observed in neutrophils subjected to mild
inflammatory stimuli that do not induce neutrophil degranulation (Jerke et al., 2013).

Figure 6. Mechanisms by which MPO-derived oxidants impair NO bioactivity and mediate
endothelial dysfunction. MPO-derived HOCl or HOSCN can impact on NO bioactivity and
endothelial function in multiple ways: (a) HOCl-mediated oxidation of the eNOS substrate L-arginine
(L-Arg) forms chlorinated amino acid adducts (Cl-Arg) that are competitive substrate inhibitors of
eNOS (Zhang et al., 2001a). (b) HOCl-mediated oxidation and inactivation of dimethylarginine
dimethylaminohydrolase 1 (DDAH1) elevates the levels of asymmetric dimethylarginine (ADMA), an
endogenous inhibitor of eNOS (Von Leitner et al., 2011). (c) HOCl promotes eNOS uncoupling in
endothelial cells via the PKC-dependent activation of NADPH oxidase (NOX) 2-catalyzed generation
of O 2 •− that reacts with NO to form peroxynitrite (ONOO−), which subsequently oxidizes the zinctetrathiolate cluster of eNOS to destabilize the homodimer and promote enzyme uncoupling (Stocker
et al., 2004; Xu et al., 2006; Zou et al., 2002). (d) HOSCN can also promote the formation of O 2 •− by
uncoupled eNOS following oxidation of the zinc-tetrathiolate cluster (Talib et al., 2014). (e) MPO can
bind and oxidatively inactivate the plasma kallikrein-kinin system on endothelial cells leading to the
decreased production of the eNOS-agonist bradykinin (Astern et al., 2007). (f) MPO-derived HOCl
can oxidize sGC, thereby rendering the enzyme refractory to activation by NO (Cheng et al., 2019).
(g) HOCl oxidizes glycocalyx components to yield chloramides that are prone to GAG cleavage (van
Golen et al., 2012). (h) HOCl and HOSCN oxidize critical protein cysteine residues and low
molecular weight thiols such as glutathione (GSH) within endothelial cells (Bozonet et al., 2010;
Pullar et al., 2001; Pullar et al., 1999; Stacey et al., 2012a; Stacey et al., 2012b). This can lead to
intracellular oxidative stress, altered redox cell signaling and loss of endothelial viability (Lloyd et al.,
2013; Midwinter et al., 2001; Thomas et al., 2008). (i) HOCl and HOSCN can mediate redox
signaling to promote endothelial expression of tissue factor (Sugiyama et al., 2004; Wang et al.,
2006b), leukocyte adhesion molecules (VCAM-1, ICAM-1) (Wang et al., 2006a) or the expression of
endothelin receptor type B, which plays a role in endothelin-mediated vasoconstriction (Lau et al.,
2014). (j) HOCl-mediated oxidation of the sub-endothelial ECM components including perlecan or
fibronectin can promote endothelial cell de-adhesion and actomyosin-mediated contraction (Rees et
al., 2012; Rees, 2010; Vissers and Thomas, 1997). (k) HOCl can convert amino acids into reactive
chloramines (Davies et al., 2008; Midwinter et al., 2004), modify the protein and lipid components of
macromolecules such as LDL (Abdo et al., 2017; Nuszkowski et al., 2001), HDL (Marsche et al.,
2004; Rossmann et al., 2011) or albumin (Marsche et al., 2007), and chlorinate cellular lipids
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(Bernhart et al., 2018; Ullen et al., 2012; Ullen et al., 2015) to form modified secondary products
capable of impairing endothelial function.
Figure 7. NO oxidase activity of MPO. In the presence of SCN−, H 2 O 2 initiates the MPO-catalyzed
production of HOSCN through the halogenation cycle (Reaction 1). H 2 O 2 also initiates NO
consumption by converting native, ferric (Fe(III))-MPO to the highly reactive MPO compound I
(Fe(IV)=O…por●+). NO can undergo separate one-electron oxidation reactions with MPO compound I
(Reaction 2) or MPO compound II (Fe(IV)=O) (Reaction 5) via the enzyme’s peroxidase cycle to form
nitrite (NO 2 -) and regenerating native ferric MPO. In complex biological fluids, endogenous small
molecule substrates (S; e.g., urate, tyrosine, ascorbate) are also oxidized by MPO compounds I and II
(Reactions 3 and 4), resulting in the production of diffusible substrate radicals (S●). Peroxidase
substrates may stimulate MPO-catalyzed NO consumption by (i) stimulating peroxidase turnover via
Compound II reduction (Reaction 4, the rate-limiting step in peroxidase cycle turnover) and/or (ii) by
acting as a source of diffusible NO consuming radicals (R●) (Reaction 6), which efficiently react with
NO (fast k 5 ). Scavenging of NO-consuming radicals (R●) by endogenous antioxidants (A; e.g.,
ascorbate, Reaction 7) may limit MPO-catalyzed NO consumption. Scavenging of NO-consuming
radicals (R•) by ascorbate provides protection as the reaction between the resultant ascorbyl radical
(Asc●-) and NO (Reaction 6) is thermodynamically unfavorable and the reverse reaction spontaneous
(reverse of Reaction 6, fast k -5 ). While NO oxidation by MPO readily occurs in the presence of
physiological levels of Cl-, elevated SCN- protects by effectively competing with NO for oxidation by
MPO compound I (Reaction 1 vs. Reaction 2).

Figure 8. Non-catalytic pro-inflammatory activities of MPO. MPO is increasingly recognized to
exhibit a range of non-oxidative biological activities. (a) Cationic MPO released extracellularly by
activated neutrophils promotes leukocyte-endothelial interactions by binding to and masking the
leukocyte-repulsive anionic charge of the endothelial glyocalyx (Klinke et al., 2011). (b) The binding
of MPO to HSPGs promotes the collapse of the protective endothelial glycocalyx layer including
syndecan-1 shedding, which also likely contributes to enhanced endothelial-leukocyte interactions
(Manchanda et al., 2018). (c) Enzyme-inactive MPO can stimulate the production of IL-6 and IL-8 by
cultured endothelial cells (Lefkowitz et al., 2000). (d) MPO binding to endothelial cells activates
calpain, which signals for the PP2A-dependent reduction in eNOS phosphorylation and activity, as
well as promotes the cell surface expression of VCAM-1 promoting leukocyte-endothelial interactions
(Etwebi et al., 2018). (e) MPO binds to the β2-integrin Mac-1 (CDllb/CD18) on circulating
neutrophils and augments neutrophil survival, the activation of NADPH oxidase 2 (NOX2) activity
and production of O 2 •−, nuclear translocation of NFκB, neutrophil degranulation, and up-regulation of
neutrophil CD11b surface expression (El Kebir et al., 2008; Johansson et al., 1997; Lau et al., 2005).
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(f) MPO binds to the mannose receptor on macrophages and mediates macrophage stimulation and
inflammation (Lefkowitz et al., 1997; Lefkowitz et al., 1995; Lefkowitz et al., 1992).

Figure 9. Representative chemical structures of the different classes of pharmacological MPO
inhibitors.

Figure 10. Drug interactions with the MPO catalytic cycle.
Irreversible inhibitors such as ABAH and 2-thioxanthines (2-TX) undergo an initial rapid reaction
with MPO compound I to yield a drug-derived radical (R●) and MPO compound II (Reaction 1).
Subsequently the native drug or drug-derived radical reacts with the MPO active-site to form a
permanently inactivated form of MPO (Reactions 3-5). In particular, ABAH is oxidized to the ABAH
radical (Reaction 1 & 2). This radical subsequently reduces native ferric-MPO to form ferrous-MPO
(Reaction 3), followed by permanent enzyme inactivation through a reaction of a parent ABAH
molecule with ferrous-MPO (Reaction 4). On the other hand, 2-TX reacts with MPO compound I
(Reaction 1) to form a reactive thiyl-based drug radical (2-TX●) that rapidly reacts with MPO
compound II to form an irreversible covalent thio-ether bond, resulting in potent MPO inhibition
(Reaction 5).
Three key factors are highlighted that need to be taken into account when appraising the potential in
vivo efficacy of irreversible MPO inhibitors: (i) the ability of the parent drug to outcompete available
local physiological substrates (SH) for the reaction with MPO compound I (Reaction 1 vs. 9), (ii) the
drug’s partition ratio (Reactions 3 & 5 vs. 6 & 7), and (iii) the reaction rate of the parent drug with
MPO compound II and hence its propensity to accelerate MPO turnover (Reaction 2). Additionally,
endogenous MPO substrates have the potential to reduce the in vivo efficacy of all MPO inhibitors by
out-competing the drugs for binding to MPO Compounds I/II (Reactions 8, 9 & 10 vs. 1 & 2).
Reversible inhibitors exhibit several modes of action to inhibit MPO: (i) “compound II-trapping”
agents that react efficiently with MPO compound I but are poor substrates for MPO compound II
(e.g., indoles, nitroxides) (efficient Reaction 1, poor Reaction 2), (ii) agents that are competitive
substrates for both MPO compounds I and II (e.g., acetaminophen, resveratrol) (efficient Reactions 1
& 2), (iii) agents that are tight but reversible binders of the MPO active-site (e.g. hydroxamates,
tryptamine), and (iv) agents that reversibly promote the formation of MPO Compound III (Ferrous
MPO) (e.g., isoniazid) (Reaction 3). Compound II-trapping agents prevent the production of HOCl by
diverting compound I away from the halogenation cycle and into the peroxidase cycle (Reaction 1 vs.
8). A drawback of compound II-trapping agents is that their efficacy in vivo as MPO inhibitors is
diminished by the availability of endogenous MPO compound II substrates (e.g. ascorbate, urate,
tyrosine, O 2 •-) that convert MPO compound II back to the native enzyme, which is available to react
with H 2 O 2 to reform compound I and HOCl (Reaction 10 followed by Reaction 8).
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Off-target drug reactions: Reactions 6 & 7 indicate the potential downstream reactions that can
occur with drug-derived radical species. Reaction 6 describes either the modification of biomolecules
such as protein amino acids by oxidised drug-derived species, or for example the reaction between
drug-derived oxidized species and nitric oxide (NO). Reaction 7 describes the scavenging of drugderived oxidized species by endogenous reductants such as glutathione or ascorbate. Another further
downstream reaction could be radical-termination reactions between radicals formed due to Reaction
7 and the drug-derived radical species (R●), thereby forming a new metabolite. Reactions 6 and 7 are
of great importance when assessing the in vivo efficacy of both irreversible inhibitors and reversible
inhibitors, particularly as it relates to NO consumption and the oxidation of off-target molecules.

Figure 11. Vascular therapeutic-targeting of MPO. In cardiovascular disease, MPO binds to the
vascular endothelium and accumulates within the sub-endothelial or intimal space of diseased arteries.
At this site it influences endothelial function through the local production of oxidants (e.g., HOCl,
HOSCN) and catalytic consumption of NO. The distinct inflammatory microenvironment in which
MPO mediates its deleterious actions highlights the importance of targeting sufficient concentrations
of antioxidants or enzyme inhibitor drugs to the local tissue sites where extracellular MPO resides.
Although the mechanism(s) responsible for the accumulation of MPO in the sub-endothelium space
are not fully elucidated, sufficient evidence supports the testing of several targeting strategies to
enhance the co-localization of therapeutics with endothelial-sequestered MPO. (a) Glycocalyxtargeting: Good evidence indicates that MPO’s interaction with HSPGs in the glycocalyx leads to its
internalization and transcytosis through endothelial cells (Baldus et al., 2001; Baldus et al., 2006). As
such HSPG-targeting of drugs represents a promising strategy to target sub-endothelial MPO. (b)
Vascular immuno-targeting refers to the fusion of therapeutic agents to antibodies, fragments of
antibodies or ligands of epitopes/antigens expressed on the surface of the inflamed or dysfunctional
endothelium (Shuvaev and Muzykantov, 2011; Simone et al., 2009). VCAM-1, ICAM-1, P- and Eselectin represent successfully targeted antigens that are over-expressed in the inflamed or diseased
endothelium. (c) Immune-cell mediated drug delivery aims to attach drugs to activated leukocytes
(e.g., monocytes) that naturally home to vascular sites of inflammation and actively infiltrate into the
arterial intima (Anselmo and Mitragotri, 2014; Ayer and Klok, 2017). (d) Heparins: An alternative
therapeutic approach employs heparins that can block MPO binding and uptake into the vascular
endothelium and/or liberate or mobilize vascular-sequestered MPO from inflamed or diseased blood
vessels (Baldus et al., 2001; Baldus et al., 2006; Rudolph et al., 2010a), which is associated with
improved NO bioactivity and endothelial function. Heparins act by interfering with the electrostatic
binding of MPO to the endothelial glycocalyx or sub-endothelial ECM components. Modified
heparins that exhibit less side-effects and/or are devoid of anti-coagulant activity are interesting
avenues of ongoing research (Freeman et al., 2005; Parish, 2006).
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