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The heme peroxidase family generates a battery of oxidants both for synthetic purposes, and in the innate im
mune defence against pathogens. Myeloperoxidase (MPO) is the most promiscuous family member, generating
powerful oxidizing species including hypochlorous acid (HOCl). Whilst HOCl formation is important in pathogen
removal, this species is also implicated in host tissue damage and multiple inflammatory diseases. Significant
oxidant formation and damage occurs extracellularly as a result of MPO release via phagolysosomal leakage, cell
lysis, extracellular trap formation, and inappropriate trafficking. MPO binds strongly to extracellular bio
molecules including polyanionic glycosaminoglycans, proteoglycans, proteins, and DNA. This localizes MPO and
subsequent damage, at least partly, to specific sites and species, including extracellular matrix (ECM) compo
nents and plasma proteins/lipoproteins. Biopolymer-bound MPO retains, or has enhanced, catalytic activity,
though evidence is also available for non-catalytic effects. These interactions, particularly at cell surfaces and
with the ECM/glycocalyx induce cellular dysfunction and altered gene expression. MPO binds with higher af
finity to some damaged ECM components, rationalizing its accumulation at sites of inflammation. MPO-damaged
biomolecules and fragments act as chemo-attractants and cell activators, and can modulate gene and protein
expression in naïve cells, consistent with an increasing cycle of MPO adhesion, activity, damage, and altered cell
function at sites of leukocyte infiltration and activation, with subsequent tissue damage and dysfunction. MPO
levels are used clinically both diagnostically and prognostically, and there is increasing interest in strategies to
prevent MPO-mediated damage; therapeutic aspects are not discussed as these have been reviewed elsewhere.

1. Introduction
Mammalian heme peroxidases, including myeloperoxidase (MPO),
eosinophil peroxidase (EPO) and lactoperoxidase (LPO) play a major
role in the innate immune system due to their capacity to generate
reactive oxidants that contribute to the killing of bacteria, yeasts, fungi,
parasites and other invading pathogens [1–3]. This occurs within the
neutrophil phagolysosome in the case of MPO, at sites of infection for
EPO, where the EPO is released and binds to parasites and other targets,
and in multiple biological fluids (including milk, saliva, mucal excre
tions) for LPO. Other members of the family are key synthetic enzymes
in the generation of thyroid hormones (thyroid peroxidase, TPO) and
extracellular matrix cross-links (peroxidasin, PXDN, previously named
vascular peroxidase, VPO) [1,4].
These enzymes catalyze reaction of hydrogen peroxide (H2O2) with
halide (chloride, Cl− ; bromide, Br− ; iodide, I− ) and pseudo-halide anions
(thiocyanate, SCN− ) to give hypohalous acids (HOX; X = Cl, Br, I, SCN)

in two-electron reactions [1,5]. This process is commonly called the
‘halogenation cycle’ (Fig. 1). Most members of the family are promis
cuous with regard to both substrates and chemical reactivity, and can
also oxidize other electron-rich anions (e.g. NO−2 , ascorbate), radicals (e.
g. NO. and nitroxides) and aromatic compounds (e.g. phenols, indoles,
urate), in one-electron reactions via a second catalytic cycle: the
‘peroxidase cycle’ (Fig. 1). Thus, whilst some members of the family
have a high specificity for specific anions (e.g. TPO primarily oxidizes I−
[6]), others have a broad and complex chemistry involving several
competing enzymatic cycles resulting in oxidation of multiple species
[7].
With MPO under normal physiological conditions, oxidant genera
tion is primarily confined to neutrophil phagolysosomes, into which the
enzyme is released from intracellular storage granules on cell activation.
Enzyme release occurs concurrently with assembly of an NADPHoxidase (NOX) complex on the inner phagolysosomal membrane,
which generates high fluxes of superoxide radicals (O•2 ) from molecular
O2 at the expense of intracellular NAPDH (the ‘oxidative burst’ [8]).
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Abbreviations

HOSCN

ApoAI
apolipoprotein A-I
3ClTyr 3-chlorotyrosine
3,5diClTyr 3,5-dichlorotyrosine
di-Tyr
o-o’-di-tyrosine
ECM
extracellular matrix
EPO
eosinophil peroxidase
GAG
glycosaminoglycan
HDL
high-density lipoproteins
H2O2
hydrogen peroxide;
HOBr
the physiological mixture of hypobromous acid and its
conjugate anion − OBr present at pH 7.4
HOCl
the physiological mixture of hypochlorous acid and its
conjugate anion − OCl present at pH 7.4
HOI
the physiological mixture of hypoiodous acid and its

HS
HSA
LDL
LPO
MMP
MPO
NOX
NET
O•−
2
PXDN
SCN−
TIMP
TPO

Subsequent dismutation of O•2 generates the H2O2 required for MPO
activity and pathogen killing. Although H2O2 is a powerful two-electron
oxidant (Eo 1.349 V at pH 7 [9]) that can induce cell damage, it reacts
slowly with most biological targets [10]. In comparison, hypochlorous
acid (HOCl) which is generated by MPO, is a less powerful oxidant (Eo
1.28 V at pH 7 [7]), but this reacts much more rapidly with many target
molecules with rate constants that are ~107-fold higher than H2O2 [10,
11]. Thus, evolution appears to have selected for a more complex
oxidant generating system involving MPO and HOCl, over H2O2 alone,
for kinetic reasons.

conjugate anion − OI present at pH 7.4
the physiological mixture of hypothiocyanous acid and its
conjugate anion − OSCN present at pH 7.4
heparan sulfate
human serum albumin
low-density lipoprotein
lactoperoxidase
matrix metalloproteinase
myeloperoxidase
NADPH oxidase
neutrophil extracellular trap
superoxide radical anion
peroxidasin
thiocyanate ion
tissue inhibitor of matrix metalloproteinase
thyroid peroxidase

inappropriate secretion, phagosomal leakage, and neutrophil lysis or
decompartmentalization (e.g. during the formation of neutrophil
extracellular traps, NETs, that are typically decorated with MPO and
other granule proteins [13,14]). MPO is highly abundant in neutrophils
accounting for ~5% of the protein content by dry mass [15,16], and
together with other released proteins (e.g. lysozyme, hydrolytic en
zymes, proteases, lactoferrin, calprotectins, anti-microbial peptides) is
responsible for pathogen elimination. MPO contributes to this killing via
the generation of the potent bactericide HOCl (the major active
component in household bleach) as well as other oxidizing species
(reviewed [16–18], see also Section 5). EPO, which is released by acti
vated eosinophils, plays an analogous role in the extracellular killing of
parasites, with this arising from enzyme attachment to the target and
subsequent oxidant formation in the intervening space [19,20]. LPO
fulfills an anti-bacterial, or bacteriostatic role is biological fluids
including breast milk, tears, vaginal fluid, saliva, airway lung fluid and
other mucosal excretions, using a more limited spectrum of oxidants,
predominantly hypothiocyanous acid (HOSCN) [3,21–23].
In contrast, the two other major mammalian members of the family
TPO and PXDN appear to play predominantly synthetic roles. The
former is specific to the thyroid gland, where it utilizes iodide ions (I− )
to generate the thyroid hormones, thyroxine (T4) and triiodothyronine

2. Physiological roles of heme peroxidases
Mammalian heme peroxidases are synthesized and released pri
marily by myeloid cells, with neutrophils, monocytes and some tissue
macrophages being primary sources. Large numbers of neutrophils, and
at later stages monocytes and macrophages, are attracted to sites of
infection and inflammation in response to chemical signals, and become
activated in response to both bacteria-derived stimuli and signals from
other host cells. The ingestion of pathogens by these phagocytes results
in the presence of high levels of MPO in phagolysosomal compartments
[12], though MPO can also be released extracellularly due to

Fig. 1. Catalytic cycles of myeloperox
idase (MPO). The two major catalytic
cycles (halogenation, top part of figure;
peroxidase, lower part of figure) are
illustrated together with selected rate
constant data for the initial formation of
Compound I by H2O2, and generation of
the halogenating oxidants from this spe
cies. The pKa values of the resulting
hypohalous acids are also provided. For
original literature citations, see main
text. It should be noted that both the
resting state enzyme, and the Compound
I and II intermediates, can also under go
additional reactions (see text).
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(T3) from thyroglobulin [24]. PXDN, the most recently characterized
member of the family, is localized to the artery wall (hence its original
name, ‘vascular peroxidase’ [25]) and is associated with the extracel
lular matrix (ECM), where it cross-links the NC-1 domains of type IV
collagen chains, to give complex 3-dimensional ECM structures, using
Br− as a substrate [26]. This enzyme activity appears to underlie the
requirement for bromine as an essential trace element, and knockout of
this system is embryonically lethal in Drosophila and C. elegans [26]. As
the literature on the entire enzyme family is voluminous, further dis
cussion will focus primarily on MPO, given its critical role in health but
also its clear pathogenic role in the development of numerous diseases
[1,5,17].

conjugate anions, − OX, with this resulting, at physiological pH values, in
nearly equal mixtures of HOCl and − OCl (pKa 7.59 [38]), a predomi
nance of − OSCN over HOSCN (pKa 5.3 [39]), HOBr over − OBr (pKa 8.7
[40]) and HOI over − OI (pKa 10.4 [41]). The terms HOCl, HOBr, HOI
and HOSCN are used throughout this article to indicate these equilib
rium mixtures unless otherwise indicated. These species also vary
markedly in their (two-electron) oxidation potentials with these
decreasing in the order HOCl (Eo 1.28 V) > HOBr (Eo 1.13 V) > HOI (Eo
0.78 V) > HOSCN (Eo 0.56 V) at pH ~7 [7].
Reaction of hypohalous acids with amines (e.g. those on Lys side
chains, the N-termini of amino acids and proteins, some phospholipid
head groups) and nitrogen-containing heterocycles (e.g. the imidazole
group of His, pyrimidine and purine bases both free and in DNA/RNA),
gives rise to halamines (e.g. chloramines, RNHCl, and related brom
amines, RNHBr) [42]. These species retain the oxidizing capacity of the
parent hypohalous acids, but are generally less reactive, with lower rate
constants than the parent oxidant, though these vary significantly
[43–47]. As a result, chloramines can be more selective in their targets
than the parent hypohalous acids (see also below). Related species are
also formed with guanidine groups (e.g. the side chain of Arg) and
amides (e.g. Gln, Asp, peptide backbone amides), though their rates of
formation are slower, and hence their yields are much lower [11]. These
species also act as weak secondary oxidants.
The second (peroxidase) pathway for reaction of Compound I, in
volves two consecutive one-electron reduction reactions, with concom
itant oxidation of electron-rich substrates and formation of Compound
II, and then the resting state species (Fig. 1) (reviewed [1,27,48]). These
reactions generate substrate radicals, when the initial species is a
molecule, or convert initial radicals (e.g. NO• or nitroxide radicals) to
non-radical products. Multiple electron-rich species are oxidized via this
peroxidase pathway, including NO−2 which is oxidized to NO•2 [49,50],
ascorbate to give the ascorbyl radical, and aromatic compounds (e.g.
phenols including tyrosine, indoles including tryptophan, uric acid,
flavonoids, drugs such as acetaminophen/paracetamol and dye mole
cules [27,51,52]) to a range of radical species.
Some of these reactions have been considered protective processes as
they remove the highly-oxidizing Compound I species and reduce the
yield of HOCl. In some cases, they may also ‘trap’ the enzyme in its
Compound II form, as the latter is less powerfully oxidizing and there
fore harder to reduce back to the native ferric form. However, this is
unlikely to be a major protective process in vivo owing to the abundance
of species such as ascorbate and O•2 that can reduce Compound II. In
contrast, there is a significant body of data that indicates that some of
the radicals generated by this pathway can act as inducing agents for
further damage. Thus, oxidation of tyrosine to the corresponding phe
noxyl radical has been shown to initiate or enhance lipid peroxidation,
including in low-density lipoproteins (LDL) [53,54]. Such phenoxyl
radicals can also mediate protein cross-linking [55,56], and promote
radical transfer reactions from one protein to another [57]. However
tyrosyl-mediated oxidation of high-density lipoprotein (HDL) can
enhance the removal of excess cholesterol from lipid-laden fibroblasts
and macrophages [58], with this ‘reverse cholesterol transport’ regarded
as a protective process in atherosclerosis [59].
The reaction of Compound I with existing radicals, may also be
protective, with reaction with nitroxide radicals proposed as a protec
tive mechanism against HOCl-mediated damage [60,61]. Studies on the
structure-activity relationship of nitroxides with Compound I have
shown that amine-substituted species are the most effective (IC50 values
in the low μM range), possibly as a result of favorable ionic interactions
with negatively-charged residues on the protein [60]. Moreover,
tetraethyl-substituted nitroxides have advantages due to their greater
plasma stability [61]. Studies of nitroxides in animal models have shown
protective effects (e.g. against obesity, hyperlipidemia and atheroscle
rosis [62], in colitis [63] and other inflammatory conditions of the colon
[64]). In contrast, the consumption of NO• by Compound I [65,66] is
deleterious, as it results in impairment of the positive vasodilatory

3. Reactive species generated by MPO
Both of the major catalytic cycles of MPO involve initial, fast (k 1.4 ×
107 M− 1 s− 1) two-electron oxidation of the resting state Fe3+ (ferric)
form of the enzyme by H2O2, with this resulting in the formation of a
Fe4+-oxo species and a porphyrin radical-cation (Compound I; Fig. 1)
[27]. This reaction is limited to H2O2, and not other peroxides, by the
narrow access channel from the protein surface to the iron protopor
phyrin IX prosthetic group [27]. Compound I of MPO has a higher
oxidation potential than that of other peroxidase family members, due to
a significant (bowl-shaped) distortion of the protoporphyrin IX group
arising from its covalent linkages to the surrounding protein [28]. This
high oxidation potential underlies its broad substrate specificity and its
capacity to oxidize Cl− (albeit at modest rates) which other members of
the family do not share. Thus, chlorination is a unique property of MPO
in mammalian systems. The two major catalytic cycles then diverge,
with Compound I undergoing subsequent two-electron reduction by
halide/pseudohalide species in the halogenation cycle (with consequent
re-formation of the resting ferric state), or two sequential one-electron
reduction reactions (the peroxidase cycle) with formation of an inter
mediate iron (IV)-oxo (Compound II) species (Fig. 1) [1]. Further in
termediates (e.g. Compound III) can be generated from the ferric state
on reaction with O•2 . For further information on these reactions the
reader is referred to more detailed reviews of the enzymology of MPO
[1,5,12].
The halogenation cycle of MPO therefore generates a battery of
hypohalous acids (HOX; X = Cl, Br, I, SCN) with the relative proportions
of each depending on the anion concentrations, as these are competitive
substrates (reviewed [1]). At neutral pH values and with physiological
plasma ion concentrations (~100 mM Cl− , 20–100 μM Br− , < 1 μM I− ,
20–100 μM SCN− ), MPO primarily generates HOCl and HOSCN. The
dominance of HOCl as a product arises from the high concentrations of
Cl− , rather than a preference of MPO for this substrate, with the rate
constants for oxidation following those for anion oxidation (i.e. Cl− <
Br− < I− < SCN− ) [1,7,29]. HOSCN can be a significant product due to
its rapid oxidation by Compound I (specificity constants for SCN−
compared to Cl− being ~730 : 1 [29]) and the significant levels of this
anion in both smokers [30], and people who eat diets rich in particular
plants and fruits, such as vegetarians and vegans [31,32]. Hypoiodous
acid (HOI) formation is usually insignificant, although it is generated
rapidly, due to the low plasma levels of I− . However, the levels of I− also
vary significantly with diet with, for example, lower levels detected in
vegans than vegetarians [31], and higher levels in people who eat a diet
rich in seafood and fish [33]. Elevation of I− concentrations (e.g. by
supplementation or dietary means) can therefore result in significant
competitive formation of HOI in place of HOCl [34]. Hypobromous acid
(HOBr) is usually formed by MPO only at low concentrations, though
this is pH dependent, and also amenable to enhancement by supple
mentation [35]. The competitive nature of these reactions allows
manipulation of the yields of individual hypohalous acids by alteration
of the anion concentrations, a process that is being explored therapeu
tically to limit MPO-mediated damage [34,36,37].
The hypohalous acids (HOX) exist in equilibrium with their
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actions of this species [66–69].

kinetic data reflect rate constants in dilute, homogenous solutions,
which are not biological reality. As proteins are the predominant species
in many cells, tissues and biological fluids these are often the major sites
of consumption of MPO-derived (and also many other) oxidants [73].
The reactivity of hypohalous acids typically follows the order: HOCl ≈
HOBr > HOSCN [32]. Few data are available for HOI, though this is
likely to be intermediate between HOBr and HOSCN. The reactivity of
each of these species is however dependent on the reaction pH and pKa
values of the oxidants (see above), with the neutral species being the
more reactive (i.e. HOCl ≫ -OCl; see, e.g. Ref. [11]). The reaction pH
also affects the reactivity of targets, and particularly those with pKa
values close to 7, such as the thiol and imidazole residues (of Cys and His
residues, respectively), with the ionized (in the case of Cys) and neutral
(for His) species being more reactive due to the higher electron density.
This results in proteins with low pKa value Cys residues being major sites
of modification (e.g. Refs. [74,75]).
Unlike HOSCN, which reacts selectively and at modest rates, with
thiol (e.g. Cys and GSH) and selenate (RSe-, the ionized form of the
selenol present in the rare amino acid, selenocysteine) species [75,76],
HOCl and HOBr react with a much broader range of targets, inducing
damage to proteins, lipids, DNA/RNA and carbohydrates. Little is
known about the reactions of HOI, though Tyr residues (cf. the iodin
ation reactions induced by TPO), and thiols are likely targets.

4. Targets of hypohalous acids and other MPO-dependent
oxidants
The extent of modification of target molecules by HOX and also
chloramines/bromamines is determined at least in part by the abun
dance of the target, and the rate constants for reaction of the oxidant
with the target (for a summary of key kinetic data, see Table 1).
Abundance information, together with kinetic data (particularly for
HOCl and HOBr [11,47,70,71]) allow estimates to be made of the sig
nificance of reaction with particular biomolecules, and sites within these
(e.g. Refs. [71,72]). Such predictions need to treated with care, as the
Table 1
Rate constants for reaction of HOCl with selected biological components and
models of these; the latter have been employed in many cases to avoid potential
confounding reaction at the N-terminal amine, or transfer reactions, in the free
amino acid. More detailed information is available in: [11,32,40,47,71,76,87,
100,114,115,126,309,310].
Substrate
Protein side-chains and models thereof
Selenocysteine
Cysteine
Methionine
3,3′ -dithiodipropionic acid (model of cystine)

Rate constant/M−

1 − 1

s

4-imidazoacetic acid (model of histidine)
N-acetyltryptophan (model of tryptophan)
Glycine (model of N-terminal amine)
N-α-acetyllysine (model of lysine)
N-acetyltyrosine (model of tyrosine)
Ethyl guanidine (model of arginine)
Cyclo-(Ala)2 (model of peptide amide group)

8.5 × 108
3.6 × 108
3.4 × 107
1.6 × 105 (value dependent on
conformation and neighboring
groups [81])
1.2 × 105
7.8 × 103
1.7 × 105
7.9 × 103
4.7 × 101
1.9 × 101
8.2

DNA/RNA bases and related species
Uridine monophosphate
Guanosine monophosphate
Thymidine monophosphate
Adenosine monophosphate
Cytidine monophosphate
Poly (cytidine)
Poly (uridine)
DNA
NADH
NAD+

5.5 × 103
2.1 × 104
4.3 × 103
6.4
8.3 × 101
3.1 × 102
1.3 × 103
~10
>2 × 105
2.3 × 101

Carbohydrates
Glucosamine (aminosugar)
N-sulfatedglucosamine
N-acetylatedglucosamine

7.6 × 105
0.062
0.01

Lipid and cholesterol species and models
thereof
Phosphorylethanolamine (amine head group)
Phosphorylserine (amine head group)
Phosphorylcholine (amine head group)
3-pentenoic acid (model of double bond)
Sorbate (model of double bond)
Unsaturated fatty acids
Phosphatidylcholine liposomes
Ethyl vinyl ether (model of plasmalogen
lipid)
1-O-1’-(Z)-octadecenyl-2-oleoyl-sn-glycero3-phosphocholine (plasmalogen lipid)
Antioxidants and models thereof
Ascorbic acid
Trolox C (model of alpha-tocopherol)
Glutathione (GSH)
Urate
Ubiquinol-0 (model of reduced coenzyme Q)
Beta-carotene

4.1. Proteins and components
The reactions of HOCl and HOBr with proteins and components have
been reviewed (e.g. Refs. [1,47,77,78]), so only a brief overview is given
here. Many of the reactions of HOBr are similar to those of HOCl, so
these will not be discussed in detail except where there are significant
differences. With regard to proteins, peptides and free amino acids, the
overall order of reactivity of specific side-chains is: Sec > Cys > Met >
cystine ≥ His > α-amino > Trp > Lys > Tyr ≈ Arg > Gln ≈ Asn. The
amide functions of the peptide backbone are a minor target, and this is
consistent with the low extent of backbone fragmentation detected for
proteins at modest oxidant excesses [79]. This order of reactivity is
affected by the reaction pH (see above) and also the local environment.
The latter is a major factor for Cys and His residues, where the envi
ronment can modulate the thiol/imidazole pKa values (see above), and
also disulfides (e.g. cystine and related compounds). In the latter case,
the rate constants for reaction with HOCl (and also other oxidants) vary
by a factor of 104, due to differences in the degree of stabilization
afforded by the second sulfur atom neighboring the reaction centre, and
the presence of stabilizing lone pairs of electrons [80,81]. These data
indicate that sulfur-containing amino acids are the major sites of reac
tion at low oxidant levels, both with HOCl and chloramines.
A non-exhaustive list of the products formed from protein side chains
(and related model compounds) by HOCl is given in Table 2. The vast
majority of these species are not exclusive to HOCl: indeed 3-chloroTyr
(3ClTyr) is the only species that appears to be unique to MPO and
HOCl. This underlies the use of 3ClTyr as a specific marker for MPOinduced HOCl formation in vitro and in vivo [82–86]. It is however a
poor indicator of the formation of HOCl, as chlorination of Tyr is
kinetically slow (about 106-fold slower than reaction with Cys [11,87,
88]) and hence this reaction accounts for only a minor percentage of the
HOCl consumed. Consequently, low or modest fluxes of HOCl may not
give rise to significant or detectable concentrations of this species.
3ClTyr is also a modest product of free Tyr, where alternative reactions
occur at the amine group [89].
With HOBr the picture is somewhat different, as bromination of Tyr
is considerably more rapid than chlorination [70], resulting in 3-bromo
Tyr (3BrTyr) being a relatively more abundant product. This species is a
specific marker of brominating oxidants (e.g. Refs. [90–92]), but it
should be noted that HOBr can be generated by other peroxidases (e.g.
EPO and PXDN) in addition to MPO. Dihalogenation (e.g. to give 3,
5-dichlorotyrosine) can also be induced by both HOCl and HOBr, but

1.8 × 104
3.3 × 104
0.018
8.7
2.3
5–50
0.5–3
1.6 × 103
5.5 × 101

6 × 106
1.3 × 103
1.2 × 108
~2 × 105
1.3 × 103
2.3 × 104
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Table 2
Products (non-exhaustive) formed on reaction of HOCl with biomolecules.
Adapted from Ref. [36].
Amino acid side-chain

Product

Cysteine

Disulfides (RSSR); Sulfenic acid (RSOH); Sulfinic acid
(RSO2H); Sulfonic acid (RSO3H); Sulfenamide (RS-NHR);
Sulfinamide (RS(=O)-NHR); Sulfonamide (RS(=O)2NHR)
Thiosulfinate (RSS(=O)R); Thiosulfonate (RSS(=O)2R);
Sulfonic acid (RSO3H); mixed disulfides (following
reaction with other thiols)
Methionine sulfoxide; Methionine sulfone (at high
oxidant excesses); Sulfilimine (RS(CH3)=NR);
Dehydromethionine (RS+(CH3)-NR)
Ring chloramines (RNHCl); 2-Oxo-histidine; Ring
opened products including asparagine and aspartic acid
2-hydroxyindole/2-oxindole; N-Formylkynurenine;
Kynurenine; Ditryptophan
3-Chlorotyrosine; 3,5-Dichlorotyrosine (at high oxidant
excesses);
Di-tyrosine; p-Hydroxyphenylacetaldehyde (from free
tyrosine)
Chloramines (RNHCl); Dichloramines (RNCl2, at high
oxidant excesses);
Carbonyls (RCHO, from chloramines); Nitriles (RCN,
from dichloramine decomposition)
Chloramines (RNHCl); Dichloramines (RNCl2 species, at
high oxidant excesses); Carbonyls (RCHO, from
chloramine decomposition)
Selenenic acid (RSeOH); Seleninic acid (RSeO2H);
Selenonic acid (RSeO3H); Diselenide (RSeSeR);
Dehydroalanine (from loss of SeO2−
3 from oxy acid)
Selenomethionine selenoxide

Cystine
Methionine
Histidine
Tryptophan
Tyrosine

Lysine

Arginine
Selenocysteine
Selenomethionine

Table 2 (continued )
N-chlorinated species; alcohols; carbonyls; carboxylic
acids including ring-opened species

4.2. Phospholipids, cholesterol and components
Reaction of HOCl with the double bonds in phospholipids, free fatty
acids and cholesterol esters gives both addition and cleavage products
(summarized in Table 2). The rate constants for initial adduction of
HOCl are modest [71], with the exception of plasmalogen lipids which
contain much more reactive vinyl ether functions [100]. Initial HOCl
addition gives chlorohydrins with the chlorine and hydroxyl sub
stituents added at either end of the double bond [101,102]. Dichlori
nated species can also be formed with high concentrations of HOCl [101,
102]. HOBr generates related bromohydrins [103]. Subsequent re
actions of both the chloro- and bromo-hydrins yield epoxides and al
cohols [102], as well as aldehyde cleavage products [102,104,105]. The
mechanism of formation of some of these species is incompletely
resolved. Related oxidation products are formed from cholesterol [106].
The formation of these species has been reported to perturb membrane
structures [107]. The faster reactions with plasmalogen lipids results,
via initial addition and subsequent fragmentation, in fatty acid chain
cleavage and formation of short-chain chlorinated aldehydes (reviewed
[108]). These aldehydes can be oxidized to chlorinated carboxylic acids,
or reduced to chlorinated alcohols, that have potent biological effects
[109,110]. These products can accumulate at sites of acute or chronic
inflammation, and are specific markers of HOCl formation and
MPO-mediated damage [108,111]. HOCl also reacts with the amine
head groups of phosphatidylserine and phosphatidylethanolamine to
give chloramines that undergo subsequent decomposition to give radi
cals [71,112]. This pathway is analogous to the decomposition of
chloramines formed on Lys side chains, and the amine groups of free
amino acids [77,79,113].

DNA and RNA components
Guanine and Guanosine
Chloramines (at endocylic and exocyclic amines); 8Chloroguanosine; 8-Chloro-2′ -deoxyguanosine; 8hydroxy-2′ -deoxyguanosine (8-oxo-2′ -deoxyguanosine);
Aminoimidazolone nucleoside (from 2′ deoxyguanosine); 2,5-diimino-4-[(2-deoxy-β-D-erythropentofuranosyl)amino]-2H,5H-imidazole (from 2′ deoxyguanosine); Parabanic acid
Adenine and Adenosine
Chloramines (at endocylic and exocyclic amines); 8Chloroadenosine; 8-Chloro-2′ -deoxyadenosine; 8Hydroxyadenine; Hypoxanthine; Parabanic acid
Thymine and Thymidine
Chloramines (at endocylic amine); Thymine glycols (cis
and trans)
Cytosine and Cytidine
Chloramines (endocylic and exocyclic amines); 5-Chlor
ocytidine; 5-Chloro-2′ -deoxycytidine; 5-Hydroxycyto
sine; 5-hydroxyhydantoin
Uracil and Uridine
Chloramines (at endocylic amine); 5-Chlorouracil (also
detected from cytosine via deamination); 5Hydroxyuracil

N-acetylated sugars

Product

N-sulfated sugars

these are even more minor products than the monohalogenated species.
Glutathione sulfonamide (GSA), a cyclic product generated from inter
nal linking of the thiol group with the terminal amine, has also been used
to examine the formation of MPO-mediated oxidants [93,94], but this
species is also not unique to HOCl, and can be formed by HOBr and
peroxynitrous acid (ONOOH) though in lower yields [93]. GSA is
however a sensitive marker of oxidant formation due to the high reac
tivity of GSH with many oxidants [84,95].
MPO/H2O2/Cl− systems, and to some extent HOCl, also generate the
dimer species di-tyrosine (di-Tyr), as well as higher oligomers, from Tyr
residues [56,77,96]. For the MPO system, the mechanism involves
dimerization of Tyr phenoxyl radicals (i.e. radical-radical reactions),
formed by the peroxidase cycle. Inter-molecular formation of di-tyrosine
contributes to protein dimerization and aggregation [55,96]. The sta
bility of this product has resulted in its widespread use as a oxidation
biomarker [97], though it is not specific to MPO-mediated damage, is a
low yield product, and dependent on the radical flux [98,99].

Lipids, cholesterol, and cholesterol ester components
Amine headgroups
Chloramines (on the amine groups of
phosphatidylethanolamine and phosphatidylserine)
Unsaturated double
Chlorohydrins (mono and bis species); Hydroperoxides
bonds
(ROOH) and cyclic endoperoxides (ROOR); Epoxides
(probably from chlorohydrin degradation); Alcohols
(probably from chlorohydrin degradation); Ketones;
Fragmentation products (short chain alcohols,
aldehydes, ketones and carboxylic acids)
Plasmalogen lipids
Chlorohydrins; Fragmentation products (short chain
(vinyl ethers)
alcohols, aldehydes, ketones and carboxylic acids
including chlorinated aldehydes, alcohols and carboxylic
acids
Cholesterol
Chlorohydrins; Hydroperoxides (ROOH); Epoxides;
Alcohols and diols;
Ketones

Carbohydrates
Aminosugars

Amino acid side-chain

4.3. DNA, RNA and nucleobases
The purine and pyrimidine nucleobases of DNA and RNA are sus
ceptible to modification by HOCl as they contain both amines (both
endocyclic – within the ring structure, and exocyclic) and unsaturated
bonds. An overview of known products is given in Table 2. Reaction is
most rapid with the nitrogen-containing functional groups, with this
generating chloramines [114–117]. These chloramines vary markedly in
terms of their stability and reactivity, with the endocyclic species being
short-lived and more reactive than the exocyclic analogues [114–117].
Chlorine atom transfer has been reported to occur from endocyclic to
exocyclic sites [116–118]. Some of the chloramines undergo

Chloramines; dichloramines (at high excesses of
oxidant); alcohols; carbonyls; carboxylic acids including
ring-opened species
Chloramides; alcohols; carbonyls; carboxylic acids
including ring-opened species
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decomposition to give nitrogen-centred radicals, which can promote
rearrangement reactions and DNA strand cleavage [116,117].
Chlorination (and bromination) at the carbon centers of the nucle
obase rings has also been detected, particularly at the 5-position in py
rimidines, and the 8-position in purines, and with both the ribose and 2deoxyribose species (i.e. both RNA and DNA nucleosides/nucleotides).
The resulting species, which contain carbon-chlorine and carbonbromine bonds, are more stable than the corresponding chloramines/
bromamines. The exact mechanism of formation of these species is un
clear, as they may arise from either direct addition, or via further re
actions of initial chloramines (reviewed [119]). Some of these species
have been detected at sites of inflammation, although 5-chlorocytosine
can undergo deamination to form 5-chlorouracil during sample pro
cessing [120,121]. These and other chlorinated nucleosides have been
employed as biomarkers of HOCl generation (e.g. Refs. [121,122]).
Other well-established DNA oxidation products such as 8-hydrox
y-2′ -deoxyguanosine (8-oxo-2′ -deoxyguanosine, 8-oxodG), are formed
to only modest extents by HOCl [123].

5. The positive role of MPO and oxidant formation in pathogen
killing and innate immunity
As outlined above, MPO plays a key defensive role in innate immu
nity by facilitating the destruction of bacteria and other invading
pathogens [16–18]. It is well established that the MPO/H2O2/Cl− system
readily and effectively kills bacteria (e.g. Refs. [138–140]). Consistent
with these data, neutrophils pre-treated with peroxidase inhibitors,
including azide and diphenylene iodonium, have a compromised killing
ability [141,142]. The formation of HOCl is also supported by studies
demonstrating the chlorination of bacterial, and also neutrophil, pro
teins in phagolysosomal compartments [143,144]. More recently,
exogenous probes have been used to demonstrate HOCl formation in
these organelles [145]. Interestingly, live cell imaging has revealed a
high degree of heterogeneity between cells with regard to the rate of
HOCl formation, as shown by marked variations in the lag time for
detection of fluorescence from added pro-fluorescent probes. This may
indicate differences in the mechanisms by which individual neutrophils
kill ingested bacteria [134].
Whether sufficient HOCl is formed in phagosomes to kill ingested
pathogens directly has been questioned, in light of studies showing that
both neutrophil and bacterial proteins are chlorinated [142,143]. Ki
netic modelling data are consistent with this experimental observation,
with these studies predicting that the majority of the HOCl formed by
MPO reacts with neutrophil proteins, rather than the bacterium [12].
However, depletion of intracellular Cl− by treating the neutrophils with
formyl-Met-Leu-Phe decreases both protein chlorination and the extent
of bacterial killing [142], suggesting that bacterial killing is indeed
mediated by neutrophil-derived chlorinating species, possibly by cyto
toxic chloramines generated by HOCl [146]. MPO also plays a role in
extracellular destruction of pathogens as a result of its presence on the
DNA backbone of NETs, together with other defensive proteins, such as
calprotectin, neutrophil elastase and cathepsin G [147]. MPO is reported
to retain its enzymatic activity on NET structures [14], and together
with HOCl, is implicated in NET release following exposure of neutro
phils to pathogens or inflammatory mediators [13,148].
In support of the above data, MPO knockout mice have been shown
to be more susceptible to both bacterial and fungal infections, when
compared to wild-type control animals, although this effect is pathogen
specific (reviewed [17]). In contrast, MPO-deficient humans do not
generally appear to have a higher susceptibility to severe or persistent
infections, and the condition is rarely associated with severe immuno
deficiency (reviewed [149]), though it does lead to recurrent and
persistent infection with some fungi, particularly Candida albicans
[150]. This discrepancy could be related to species-specific differences
in the redundancy of other (MPO-independent) killing pathways, with
murine neutrophils known, for example, to be deficient in antimicrobial
defensin proteins [151].
The lack of severe immunodeficiency in MPO-deficient individuals
may reflect a compensatory increase in phagocytic activity and O•2
production by NOX-2, which promotes the formation of other toxic,
oxidative products [152], potentially including singlet oxygen (1O2)
[153,154] or hydroxyl radicals (HO•) [155]. Thus, whereas a deficiency
in MPO is not generally associated with life-threatening infections, this
is not the case in individuals lacking components of the NOX-2 complex
that (indirectly) generates the H2O2 required for MPO enzymatic ac
tivity [17,149]. This condition (chronic granulomatous disease), was
originally a fatal condition of childhood, but can now be better managed
and treated, with patients surviving into middle age [156,157]. Taken
together, the data from these two genetic deficiencies underline the
importance of, but not absolute requirement for, oxidant formation for
innate immune defense.

4.4. Carbohydrates
Most sugars react slowly, if at all, with HOCl. The exceptions are
amino-sugars (e.g. glucosamine and galactosamine) where the nitrogen
substituent undergoes reaction to give chloramines [124–126]. The
N-acetylated and N-sulfated species react much less rapidly than the
parent amines, but give analogous chlorinated species [47]. The chlo
ramines decompose via both radical and non-radical pathways
(involving loss of HCl to give imines), with these reactions resulting in
strand cleavage of sugar polymers (glycosaminoglycans, GAGs)
[124–127]. The products of these reactions are poorly characterized, but
include carbonyls and carboxylic acids [127]. Studies on hyaluronan
indicate that exposure to MPO/H2O2/Cl− results in a loss of polymer
viscosity, and hence tissue damage, at high levels of oxidant exposure
[128], consistent with the above mechanistic data.
4.5. Exogenous probes
Exogenously-added probes can be both oxidized or chlorinated by
HOCl or MPO/H2O2/halide ion systems, and these reactions have been
used to be quantify MPO activity in vitro and in vivo. A range of profluorescent probes that react with HOCl to give fluorescent products
via oxidation reactions have been developed, and this is a active field of
research [129]. Probes have been developed that report on specific
sub-cellular organelles (e.g. mitochondria, lysosomes, endoplasmic re
ticulum) [130–133], however as much of the MPO involved in tissue
damage appears to be extracellular, the usage of these probes may be
limited. Many of the initial probes showed modest selectivity for HOCl,
but later generations show greater specificity, through issues still remain
in distinguishing HOCl from HOBr (due to the similar reactivity of these
species), and in quantification of oxidant formation. A number of these
probes are compatible with cells, and allow real-time imaging of HOCl
formation [134,135].
These oxidation probes need to be used with caution, owing to sig
nificant caveats associated with their use [136]. The number of probes
that undergo chlorination (rather than oxidation) on exposure to HOCl is
more limited, though use of these compounds is preferable with regard
to the attribution of changes to HOCl- or MPO-mediated reactions. Thus,
dihydroethidium is converted to 2-chloroethidium at a significant rate,
and this reaction can be used to detect MPO activity in vivo [137]. Whilst
such data can be useful and informative, the requirement for addition of
the probes to the system under study (which in many cases is ex vivo),
and the need for relatively high concentrations in order to compete
effectively against endogenous targets, are drawbacks, and potentially
confounding factors.

6. The bad side of MPO and oxidant formation in tissue damage
In addition to the important role of HOCl in pathogen removal, there
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elusive. In particular, it is currently difficult to identify in vivo targets
and the specific cellular pathways activated or influenced by MPOderived oxidants. This is important with regard to the development of
approaches to modulate MPO activity [36]. The subsequent discussion
will focus primarily on the reactivity of MPO-derived oxidants outside
cells, and the implications of these extracellular reactions in disease
development, including the consequences of the modification of the
ECM and species present in extracellular fluids, such as lipoproteins.

is a large body of evidence linking the overproduction of this, and other
MPO-derived reactive species, with host tissue damage during chronic
inflammation. This topic has been reviewed elsewhere (e.g. Refs. [1,5,
158,159]) and will therefore not be discussed in detail here. In brief, it is
well established that MPO protein, and also activity levels, are elevated
in many diseased tissues. This, together with the presence of biomarkers
of HOCl reactivity, particularly 3ClTyr, indicate a role for MPO-induced
oxidative damage in numerous chronic inflammatory diseases,
including atherosclerosis and cardiovascular pathologies [160–164],
hypertension [165,166], neurodegenerative disease [167,168], kidney
disease [169], respiratory disease [170,171], arthritis [172], colitis [64]
and cancer [173,174]. Whether this damage is involved in the initiation
of a disease, or just the propagation of damage, is unclear in many cases.
In some cases these may be merely associations, without strong evidence
of causality (i.e. be a consequence rather than a cause).
MPO levels are known to be elevated in the circulation of patients
with various inflammatory pathologies, and MPO protein concentra
tions have been shown to be a useful means to stratify the risk of disease
development, particularly in the context of cardiovascular disease [163,
175,176]. Similarly, MPO is a powerful prognostic agent, and can be
used to predict patient outcome in patients with chest pain [177] or
following cardiovascular events, such as myocardial infarction [164,
178]. The release of NETs, which contain DNA with bound MPO, is also
detrimental and a known driver of inflammatory pathologies [179,180],
including atherosclerosis [181]. Whether it is MPO alone, or in combi
nation with other NET components, that is primarily responsible for the
propagation and exacerbation of disease is not certain, though there is a
correlation between the concentration of circulatory MPO-DNA com
plexes and the occurrence of major adverse cardiac events [182].
Genetic polymorphisms that define MPO transcription levels, such as
the MPO-463G > A allele, which is located in the promoter region of the
MPO gene, can also influence the development of disease, though there
are discrepant data [183]. The more common G-allele is linked with
higher levels of MPO in the circulation, and in some cases this is asso
ciated with an increased incidence of disease compared to individuals
with the A allele [184,185].
Although there is considerable data to support a role for MPO in the
development of chronic inflammatory diseases, in many instances the
precise mechanisms responsible for MPO-induced tissue damage remain

7. Site specificity of oxidant damage, and the role of MPO
binding to extracellular molecules
Increasing evidence suggests that at least some of the consequences
of elevated MPO levels arise from the binding of this protein to bio
logical structures. The protein has a large proportion of positivelycharged residues (21 Lys and 65 Arg) on its surface resulting in a high
pI value (9.3). It also contains five or six glycosylation sites at Asn res
idues, with these required for optimal MPO activity [186]. This con
centration of positive residues (Fig. 2) is consistent with reports of strong
ionic interactions of MPO with negatively-charged polymers, particu
larly GAGs, which contain a high abundance of negatively-charged
carboxyl and sulfate groups, and DNA (likely via the sugar-phosphate
backbone). A list of known MPO binding partners in provided in
Table 3. The binding of MPO to GAGs is of significance with regard to
localization in the ECM of tissues (Fig. 3). Interactions with
sugar-phosphate polymers is important with regard to the binding of
MPO to the DNA of NETs [187,188], and may be relevant to the
detection of MPO in the nuclei of cells [189]. The significance of nuclear
accumulation of MPO is not established, but this localization suggests
that it may play a role in other biological processes.
There is abundant evidence for the binding of MPO to heparin,
heparan and chondroitin sulfates [190–193], and also the glycocalyx
present on the luminal surface of arterial wall endothelial cells [194].
Binding also occurs to major proteoglycans such as perlecan [192],
which is a major component of the basement membrane ECM in many
tissues. Perlecan contains three heparan sulfate (HS) chains attached to
domain 1 of its structure (Fig. 3, Table 3). Removal of these chains (using
heparanase III) decreases MPO binding, as does the presence of other
GAGs that can act as competitive binding sites [192]. Similar
Fig. 2. Rendering of the surface struc
ture of dimeric human MPO with basic
amino acids indicated in blue and cyan
to illustrate the high abundance of
positively-charged residues on the pro
tein surface. These are believed to be
responsible for the interactions with,
and binding to, polyanionic species; for
details of binding partners see main
text. The portion of the MPO heavy
chain sequence reported to be involved
in interactions with albumin [315], is
indicated in green and cyan with the
basic residues within this binding
sequence indicated in cyan. Rendered
from Protein Data Base (PDB) structure:
3F9P. (For interpretation of the refer
ences to colour in this figure legend, the
reader is referred to the Web version of
this article.)
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deficient in HS, or HS and chondroitin sulfates, indicate that HS is the
major ligand for MPO on these cells [193]. However, it is not clear as yet
whether this preference for HS is merely driven by the abundance of HS
chains in the ECM and on cell surfaces, or reflects a higher binding af
finity. Furthermore, the structural motifs required for high efficiency
binding are unclear, though these are likely to involve ionic and/or
hydrogen bonding interactions.
The positively-charged surface of MPO has been reported to act as a
signal for neutrophil recruitment by acting as an electrostatic bridge
between the negatively-charged glycocalyx of leukocytes, and that of the
endothelial cell surface (Fig. 3). Thus, MPO evokes a highly-directional
motility, which has been reported to be solely dependent on electrostatic
interactions with the leukocyte surface, and independent of MPO enzy
matic activity [194]. This effect has been confirmed in vivo via the
infusion of MPO, either intraportally, in a model of hepatic ischemia and
reperfusion, or into cremaster muscle exposed to local inflammation
[194]. Binding to endothelial cells is associated with cellular activation
(as determined by ICAM-1 expression), dysfunction, and enhanced
endothelial barrier permeability [195]. These effects of MPO on cell
motility and function, together with the detection of MPO in cell nuclei
[189], and within platelets which results in platelet activation [196],
indicate that MPO (probably) has effects independent of its catalytic
activity. These areas require further study.
MPO can undergo transcytosis across endothelial cell layers [191,
195], with subsequent accumulation in the subendothelial matrix of the
artery wall after luminal release of MPO from activated neutrophils in
the circulation [191]. This has been reported to be GAG-dependent
[191], involving HS chains [195] and/or cytokeratin 1 [197]
(Table 3). Binding of MPO to cytokeratin 1 occurs in the presence of
human plasma, consistent with a high affinity binding [197]. The MPO
that accumulates in the subendothelial space colocalizes with fibro
nectin [191], and later studies have provided additional evidence for
binding to both this protein [198,199] and also type IV collagen [198]
(Table 3). The association of MPO with these two proteins, which do not
have particularly high pI values (fibronectin, 5.25; type IV collagen,
8.46) can be enhanced by pre-incubation of these proteins with GAGs
[198],
suggesting
that
ternary
complexes
are
formed

Table 3
Myeloperoxidase binding partners.
Binding partner

Binding site (where known)

Reference(s)

Sugar polymers
Glycosaminoglycans

Unknown

[190,193,194,
198,311]
[192]
[192,193]
[190,192,312]
[307]

Chondroitin sulfate A
Heparan sulfate
Heparin
Enoxaparin (low
molecular mass heparin
derivative)
Proteoglycans
Perlecan (Heparan sulfate
proteoglycan)
Proteins and glycoproteins
Cytokeratin 1
Fibronectin
Ceruloplasmin
Collagen
Albumin
Lipoproteins
Low-density lipoproteins

High-density lipoproteins

DNA
Nuclear DNA
Neutrophil extracellular
traps/extracellular DNA

Unknown
Unknown
Unknown
Unknown

Heparan sulfate chains on domain
1

[192]

Kallikrein binding site

[197]
[198,199,313]
[275,314]
[198]

Possibly via intermediate
glycosaminoglycans

[315]

Binding involving a peptide with
amino acid sequence:
EQIQDDCTGDED (amino acids
Glu445-Asp456) [213]
Binding via apoA1 involving the
peptide sequence
AEYHAKATEHLSTL
(Ala190–Leu203) in helix 8 [218]

[210,213,316]

Likely to be sugar-phosphate
backbone
Likely to be sugar-phosphate
backbone

[189,318] (but
see also [319])
[13,14,182,188,
320,321] (but
see also [319])

[218,317]

competition between binding partners has been observed in vivo, with
treatment with heparins inducing release of MPO from the artery wall,
probably as a result of removal from sites on tissue GAGs [190]. Studies
on endothelial cells [195] and Chinese hamster ovary (CHO) cells

Fig. 3. Schematic representation of the potential role of neutrophil-derived myeloperoxidase (MPO, green circles), and its resulting oxidants, in inducing modifi
cation to the extracellular matrix (ECM) of the artery wall. Similar binding and resulting tissue damage are likely to occur in other tissues, with different ECM targets
and cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(protein-GAG-MPO), rather than binary complexes between MPO and
fibronectin or collagen. This hypothesis is supported by the presence of
multiple GAG binding sites on fibronectin [200].
MPO bound to GAGs, and also other proteins/proteoglycans, has
been reported to be enzymatically active [198,199,201], or even have
potentiated activity [198]. In addition, there is evidence for enhanced
binding of MPO to smooth muscle cell ECM, when the latter is modified
by MPO-derived oxidants, with this occurring in an oxidant
dose-dependent manner [199]. This observation is consistent with the
accumulation of MPO at sites of inflammation and an increasing spiral of
tissue damage (Fig. 3).
Binding of MPO to biomolecules can alter the pattern of modifica
tions induced by its generated oxidants (e.g. HOCl), when compared to
the reagent species. Thus, studies with different ECM proteins show that
the sites of oxidation/chlorination, the products formed, and the extent
of modification (as determined by LC-MS peptide mass mapping), differ
significantly between reagent HOCl and a MPO/H2O2/Cl− system, when
similar concentrations of the oxidant are employed [202–204]. This may
be due to site-specific oxidation. With fibronectin, the overall extent of
modification with the MPO enzymatic system was decreased relative to
reagent HOCl [202], whereas in the case of laminin and basement
membrane extracts, higher levels of modification were observed [204].
These data indicate that binding can have highly specific effects, which
is likely to be due to local damage to materials to which MPO is bound.
Tissue data are in agreement with this conclusion, with higher levels of
modification detected on ECM materials extracted from human athero
sclerotic lesions than on cellular materials [205,206]. In addition, ECM
proteins co-localize with both MPO protein, and damaged protein epi
topes (as recognized by an antibody raised against HOCl-treated pro
tein) in diseased human arterial sections [199,207]. Not all amino acids
of a particular type (or DNA/RNA bases, or fatty acyl chains) are subject
to modification indicating that damage can be selective to residues of a
particular types, at specific locations [202,204]. Moreover, modifica
tions are widely distributed across protein sequences at (mostly) modest
levels [202,204]. Therefore, the cumulative effect of multiple, heterog
enous, low-level modifications may be more important in inducing
biological effects, rather than a high level of damage at a small number
of specific locations.
MPO binding is not restricted to ECM species, with data also pre
sented for binding to LDL [208,209] (Table 3). This binding is reported
to enhance MPO activity by up to 90%, due to changes in MPO structure
[210]. As with the ECM systems, significant differences in the sites and
modifications generated were detected on LDL on comparing reagent
HOCl to an enzymatic MPO system [208,211], though other studies have
reported the contrary [212]. A binding site for MPO has been identified
on the (single) apolipoprotein B-100 protein of LDL within residues
445–456 of the protein sequence, with amino acid sequence
EQIQDDCTGDED [213] (Table 3). This sequence contains a high level of
(presumed to be) negatively-charged Asp (D) and Glu residues (E),
suggesting that binding occurs via ionic interactions. Surface phospho
lipids on the LDL particles do not appear to contribute to these LDL-MPO
interactions [213]. Inclusion of an exogenous peptide with an identical
sequence, in MPO/LDL reaction systems decreased the adverse effects of
MPO-derived oxidants on LDL, and subsequent cellular accumulation of
MPO-modified LDL, consistent with disruption of MPO-LDL interactions
decreasing biological damage [213]. LDL modified by MPO has also
been shown to show enhanced binding to other proteins (e.g. lactoferrin
[214]) as well as increased self-aggregation.
MPO can also associate with HDL [215], with trimeric complexes
detected between MPO, HDL and paraoxonase-1 [216,217]. The site of
interaction between MPO and HDL, which occurs via a specific amino
acid sequence on apolipoprotein AI (apoAI) of HDL has also been
determined (Table 3) [218]. Unlike the corresponding binding site on
apolipoprotein B100 of LDL (see above), this sequence does not contain
a particularly high abundance of negatively-charged residues, so the
rationale for MPO binding to this sequence is unclear. The presence of

paraoxonase-1 diminishes the activity of MPO and is, in turn, partly
inactivated by MPO-derived oxidants at a specific (Tyr71) residue [216,
217]. In contrast to the differences between reagent HOCl and enzy
matic MPO/H2O2/halide ion systems described above, similar patterns
of alterations are seen with HDL, for both systems [219,220]. Different
HDL subclasses have also been reported to show similar susceptibilities
to HOCl-mediated damage [221]. Modification of HDL by HOCl has also
been reported to enhance MPO binding [215], in a similar manner to
that reported for ECM preparations [199], but does not appear to alter
its enzymatic activity.
8. Consequences of MPO interactions with, and oxidation of,
extracellular molecules
MPO-mediated oxidation can modulate biomolecule activity and
function within cells, as a result of exposure to exogenous HOCl or MPO
enzymatic systems. The in vitro reactivity of HOCl has been studied with
a wide range of mammalian cells [222], bacteria [223,224] and yeast
[225]. This oxidant is highly toxic and can induce aberrant signaling and
cellular damage and dysfunction by numerous pathways of relevance to
the development of inflammatory disease (reviewed [1,222]). However,
MPO-mediated oxidation of extracellular species can also have major
effects on cell activity and function, and be of pathological significance,
as extracellular modifications can ‘signal’ to cells, alter their behavior,
and perturb intracellular reactions. These aspects are discussed below.
Modifications to the activity and function of extracellular biomolecules
induced by MPO, and subsequent effects on cells, can be both positive
and negative, and involve specific and modest modifications, gross al
terations (e.g. intra- or inter-molecular cross-links and fragmentation) as
well as signaling effects (Fig. 4).
8.1. Cross-linking and aggregation of proteins
Protein cross-links and aggregates can be formed via both covalent
[79,226] and non-covalent interactions [227]. This is a significant
process with proteins (reviewed [77]), but appears to occur to a more
limited extent with other biomolecules. Oxidation of protein Cys resi
dues to disulfides is a major cause of (reversible) covalent links, though
other reversible cross-links such sulfenamides (RS-NHR) can also be
generated by HOCl [228,229]. Inter-protein disulfide formation has
been linked with a loss of enzyme activity, but direct oxidation of (active
site) Cys residues is also a common cause of loss of enzyme activity,
particularly within cells [222]. The formation of inter-protein disulfides
can occur extracellularly with, for example, MPO-induced oxidation
resulting in cross-linking of the S100A8 and S100A9 monomers of cal
protectin [230], a highly-abundant (up to 60% by mass) cytosolic pro
tein of neutrophils that is released on cellular activation. Cross-link
formation enhances the susceptibility of calprotectin to proteolysis, and
results in a loss of the iron-, zinc- and manganese-ion binding capacities,
which compromises the antibacterial and antifungal functions of this
protein [231]. However, this cross-linked species has been used as a
marker of in vivo oxidant damage, with this detected in bronchoalveolar
lavage fluid from people with respiratory diseases, and in the saliva of
healthy adults [230].
Irreversible protein cross-linking has been frequently associated with
the development of chronic inflammatory pathologies (e.g. Ref. [232])
but evidence of causality is often lacking. These cross-links involve
readily-oxidized residues, such as Cys and Met, and involve products
including sulfinamides (RS(O)-NR′ ) and sulfonamides [RS(O)2-NR’]
formed between Cys and Lys (or Arg) residues [228,230,233]. Related
intra- and inter-molecular sulfilimines (RS=NR’) between Met and Lys
residues are generated by HOBr [234]. The latter reactions are impor
tant in the PXDN cross-linking of the NC1 domains of collagen IV during
ECM assembly and development [26,235].
Oxidation of Tyr residues to phenoxyl radicals by the peroxidase
cycle of MPO, and subsequent dimerization, yields di-Tyr cross-links
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Fig. 4. Schematic representation of some of the known effects of MPO-mediated modifications on biomolecules, on the structure and function of cells and tissues. For
further details see text in section 8.

[55]. These have been reported in human blood, plasma, tissue samples
and isolated proteins exposed to MPO-derived oxidants, with cross-links
detected, for example, between α-, β- and γ-fibrinogen chains, comple
ment C3, apoAI, HDL and LDL [55,208,236,237]. Aggregation via
oxidation of Trp residues in plasma ceruloplasmin has also been re
ported [238]. Cross-links can also be formed by secondary products
arising from MPO-mediated oxidation including Schiff bases formed
from reaction of Lys-derived carbonyls (formed from decomposition of
chloramines) with a second Lys; these reactions appear to be important
in the aggregation of LDL [239].

chlorine atoms can alter intra- and inter-molecular interactions and
packing (e.g. of fatty acid side chains in phospholipids, DNA/RNA bases,
protein side chains), as a consequence of the steric bulk of these species,
via an increase in polarity/hydrophilicity, and as a result of altered
hydrogen bonding interactions (e.g. Refs. [227,242,243]) (Fig. 4). These
altered interactions are of importance in DNA where chlorinated prod
ucts, including 8-chloro-2′ -deoxyguanosine, gives rise to altered
hydrogen bonding (Hoogsteen base pairing) with consequent formation
of mutagenic G to C transversions during replication [243]. Chlorine
substituents can also induce changes due to the electronegativity of this
atom, with this resulting in modifications to the ionization state of the
target. Thus, chlorination of protein Tyr residues (to give 3ClTyr), de
creases the pKa of the adjacent phenol group from ~10 to ~8 [244],
resulting in 3ClTyr being partially ionized at physiological pH values,
and much more hydrophilic. This may result in protein unfolding or
altered conformations.
Direct alterations of native charge states is also well established with,
for example, neutral Cys residues converted to negatively-charged oxy
acids by HOCl, and positively charged Lys, Arg and His residues con
verted to neutral (carbonyl or nitrile) or acidic species (reviewed [77,
78]). One example is the modification of Lys residues on the apolipo
protein B100 protein of LDL, by MPO oxidants, which results in altered
electrophoretic mobility [245]. This modification results in increased
cellular uptake of the modified LDL by macrophage scavenger receptors
and the consequent formation of lipid-laden (foam) cells (reviewed
[246]). Changes in charge and conformation are also established for
other proteins, including the major acute phase plasma protein,
C-reactive protein (CRP), where exposure to HOCl induces a greater
hydrophobicity, unfolding and aggregation, with this resulting in the
exposure of cryptic ligand binding sites, and an enhanced capacity to
activate platelets and promote thrombosis [247]. Some of these effects
may arise from HOCl-mediated oxidation of the single disulfide bond in
this protein [248].

8.2. Fragmentation of proteins, carbohydrates, phospholipids and DNA/
RNA
Although HOCl reacts slowly with the peptide backbone, protein
fragmentation can be observed at high molar excesses of oxidant, with
the extent being dependent on the number of alternative (competing)
reaction sites for the oxidant (e.g. Ref. [79]). Fragmentation occurs via
multiple mechanisms, involving both radical and non-radical reactions
(reviewed [77]). Similar reactions occur with free amino, N-acetylated
and N-sulfonated glycosamines in sugar polymers, with this resulting in
fragmentation of the polymer [124–127]. This can be important in ECM
modification (see below) and can also alter the properties of extracel
lular fluids, such as synovial fluid in inflammatory conditions such as
arthritis [240]. Cleavage is also a relatively common phenomenon with
phospholipids, and particularly plasmalogen lipids that react rapidly
with HOCl [100]. In this case the initial chlorohydrins (see above) un
dergo secondary reactions that result in the formation of chlorinated
aldehydes and subsequently alcohols and carboxylic acids [241]. Frag
mentation of the sugar-phosphate backbones of DNA and RNA is less
well established or common, with the major process being direct base
modification [119].
8.3. Changes in physical properties

8.4. Alterations in enzymatic activity

The modifications that occur on protein or phospholipid side chains,
and the nucleobases of DNA/RNA result in structural and functional
changes. Thus, the incorporation of either oxygen (oxidation) or

Interaction of MPO-derived oxidants with reactive residues (e.g. Sec,
Cys, Met, His, metal ion-Cys clusters, Lys, Trp, Tyr) present in the active
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site of enzymes alters enzymatic (or other functional) activity. Some key
examples of enzymes reported to be modulated by oxidative modifica
tion resulting from exposure to MPO systems and/or HOCl are listed in
Table 4. Loss of function is the most common result, though some ex
amples of a gain in function (activation, or increased activity) are also
known. Well established examples of a loss of function within cells,
include inactivation of glyceraldehyde-3-phosphate dehydrogenase,
creatine kinase, the Ca2+ pump SERCA, protein tyrosine phosphatases
and kinases, caspases, and cathepsins (reviewed [1,222]). The activities
of a number of transcription factors, including nuclear factor κB (NFκB)
and nuclear factor erythroid 2-related factor 2 (Nrf2), and also
mitogen-activated protein kinases (MAPK), are modulated by redox re
actions, including Cys oxidation, with this resulting in altered and intraand inter-molecular signaling [74]. Modification of Met residues can be
both deleterious (e.g. for α1-antitrypsin [249], cathepsin G [250] and
lysozyme [242]), or protective, with the latter likely to arise via oxidant
scavenging and hence a lower level of damage at other sensitive and
critical residues [251].
Modifications that result in a gain of function or activity are also
potentially of great importance, particularly when the enhanced activity
is catalytic. HOCl can activate some, otherwise inactive, pro-forms of
matrix metalloproteinases (MMP) by a mechanism involving disruption
of one of the Cys-Zn2+ bonds that maintains the protein in an inactive
form; this releases the protein domain that blocks the active site,
resulting in enzyme activation [252,253]. This has potentially important
biological effects, as it can result in enhanced ECM degradation, an ef
fect which may be magnified by concurrent inactivation of the inhibitors
of these enzymes (tissue inhibitors of matrix metalloproteinases, TIMPs
[253,254]) as well as other protease inhibitors (e.g. trypsin inhibitor).
Activation of α1-microglobulin by oxidation has also been reported
[255].

proteins from low to high affinity ligands for endocytic receptors, and
consequent promotion of activation and degranulation of neutrophils
and other leukocytes [257]. This may allow immune system detection of
pathogens that escape detection by pattern recognition receptors [256].
The modification of HSA (and other plasma proteins) by HOCl can also
influence innate immune cell function by promoting the phagocyte
respiratory burst [258]. In a chronic inflammatory setting, this could be
detrimental, owing to the potential sustained production of
MPO-derived oxidants. The reactivity of HOCl-modified HSA has been
attributed to reactions of intermediate, reversible N-chloramines [258].
HOCl-modified HSA has also been reported to induce macrophage dif
ferentiation to dendritic-like cells [259], and can compromise the pre
sentation of antigens to antigen-specific T cells via MHC class II proteins
[260]. The disruption of macrophage antigen presentation also appears
to be driven by the formation of N-chloramines and could potentially
slow pathogen clearance and promote inflammation [260].
8.6. Alterations in cell adhesion and proliferation induced by modified
ECM
As modification has been detected in domains of ECM proteins and
proteoglycans important for ECM function, such as those involved in cell
and integrin binding, ECM assembly, and maintenance of 3-D structure,
it is not surprising that these changes can alter the adhesion, prolifera
tion and function of associated cells. Both endothelial and smooth
muscle cells show diminished adherence to HOCl- or MPO-modified
ECM or its components, consistent with the damage present on these
species [201,202,261,262]. In the case of endothelial cells, decreased
adherence is accompanied by a slower rate of subsequent proliferation
when compared to native ECM, whereas with human coronary artery
smooth muscle cells, an enhanced proliferation rate is observed for cells
adherent to the modified ECM [202]. This is consistent with cell-driven
remodeling of the matrix, and a phenotypic change from the contractile
and quiescent state found in healthy arteries, to a proliferative and
synthetic form [199,201]; this change reflects that seen in human
atherosclerotic lesions [263,264].

8.5. Alterations in immunogenicity
Protein modification can increase its immunogenicity [256]. This
has been reported for a range of proteins, including yeast alcohol de
hydrogenase, human and bovine serum albumin, and glycoproteins
(human apo-transferrin, ovalbumin) with oxidation converting these

8.6. Alterations in gene and protein expression induced by modified ECM
Exposure of naïve (non-oxidant exposed) cells to HOCl-/MPOmodified ECM results in altered gene expression when compared to cells
on native ECM [201,207]. The signaling pathways that drive these ef
fects have not been determined, but multiple changes in genes associ
ated with mitosis, ECM proteins/proteoglycans, ECM modifying
enzymes and their inhibitors (MMPs and TIMPs) and proteins associated
with inflammation have been detected. Other genes are also likely to be
modulated, but whether these are reflected at the protein and activity
levels is not yet clear. This is of critical importance as recent studies
indicate that there is a poor correlation between RNA abundances
(transcriptomic data) and the proteome across a wide variety of or
ganisms (~40% [265,266]). However, these data indicate that modified
ECM can signal to resident/neighboring cells, and modulate subsequent
cell behavior.
As ECM species are often long-lived and slowly turned over (cf. halflives of vascular collagen and elastin of 60–70 days and >78 years
respectively [267,268], though these are decreased in disease [269]),
the modifications formed on these molecules may act as long-lasting
signals and give rise to persistent effects, which can contribute to the
development of pathologies. The mechanism(s) by which this occurs is
not yet clear, but it is known that there are multiple proteins that link the
ECM to cells, and receptors that recognize ECM components (e.g. CD44
[270]). Fragments of ECM species may also mediate or modulate cell
signaling and responses (e.g. fragments of elastin [271,272]). Thus, ECM
modifications induced by MPO-derived oxidants may act as a driving
force in disease, as well as a marker of damage. This hypothesis is
supported by studies showing that CD44-deficient mice succumb to

Table 4
Enzymes (non-exhaustive) reported to be sensitive to modulation resulting from
direct oxidation by MPO systems and/or HOCl.
Loss of function

Reference

Aconitase
ADAMTS13
α1-antitrypsin
ATPases
Calprotectin
Caspase 3
Catalase
Cathepsins B and L
Cathepsin G
Creatine kinase
Elastase
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
Glutathione peroxidase
Lysozyme
Phosphatase and tensin homolog (PTEN)
Protein tyrosine phosphatases (PTP)
Sarco/endoplasmic reticulum Ca2+-ATPase (SERCA)
Soybean trypsin inhibitor
Superoxide dismutase 1 (SOD1)
Thioredoxin reductase
Tissue inhibitor of metalloproteinases (TIMPs)

[322]
[323]
[249,324]
[325]
[230]
[326]
[327]
[328]
[250]
[44,329]
[330]
[331–334]
[76,327]
[242]
[335]
[336,337]
[338–340]
[242]
[327]
[76,341]
[253,254]

Gain of function

Reference

α1-microglobulin

[255]
[252,253]

Matrix metalloproteinase 7 (MMP7)
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ongoing inflammation characterized by impaired clearance of apoptotic
neutrophils, accumulation of hyaluronan fragments and impaired acti
vation of transforming growth factor-beta-1 (TGF β1) [273]. Further
more, the observation that the cellular expression of multiple MMPs and
TIMPs is upregulated by modified ECM materials [201,207] indicates
that oxidation and proteolytic events could act synergistically to modify
the surrounding ECM (and likely other biomolecules as well), with this
providing a feed-forward loop of increasing ECM damage, and aberrant
cellular behavior and function, that drives disease development.

current article to discuss in detail the evidence for the involvement of
other MPO-modified biomolecules and products in disease. However,
the formation of non-protein MPO products in the extracellular envi
ronment has also been associated with perturbed signaling and various
pro-inflammatory events. Previous studies have demonstrated the
cytotoxicity of extracellular low-molecular mass chloramines, which
retain some of the oxidizing capacity of the parent HOCl [291]. Chlo
ramines are formed at inflammatory sites and can have a range of other
cellular effects, including inducing the oxidation of intracellular thiols,
which can perturb enzyme activity, and can also trigger the activation of
stress-related signaling cascades [292–294]. These reactions are influ
enced by the cellular permeability of individual chloramines, but studies
have revealed a role for chloramines formed on taurine, which are
impermeable to cells, in the activation of extracellular signal-regulated
kinases (ERK) via interaction with cell surface receptors [295]. These
events are also induced by chlorine transfer reactions mediated by
different chloramines [43]. The extracellular formation of stable chlo
rinated RNA/DNA nucleosides [296–298] and chlorinated lipid-derived
species [108,109,299,300] can also perturb intracellular signaling cas
cades in various cell types, including macrophages, neutrophils and
endothelial cells at sites of inflammation and tissue damage where these
species accumulate [110,121,122,301].

8.7. Effects of modified lipoproteins
There has been significant interest in the role of LDL and HDL
modifications induced by MPO-derived oxidants in the development of
atherosclerosis. It is well established that MPO modification increases
the atherogenicity of LDL, and decreases the protective properties of
HDL [160,246,274]. Early studies revealed that LDL isolated from
human lesions contained elevated amounts of 3ClTyr [85], while more
recent studies have shown that LDL-MPO complexes and HOCl-modified
LDL, are present in the circulation of patients with atherosclerosis [275],
or those undergoing hemodialysis [208]. There has been a particular
focus on HOCl-modified LDL, which promotes inflammation and
atherogenesis by multiple pathways in different cell types critical to the
development of the disease, including macrophages and endothelial
cells (reviewed [246]).
Exposure of macrophages to HOCl- or HOSCN-modified LDL leads to
the accumulation of cholesterol and cholesteryl esters and foam cell
formation [245,276], which for HOCl-LDL, is believed to be associated
with recognition by the class B scavenger receptors CD36 and SR-B1
[277]. This effect is more extensive with HOCl-LDL, which is probably
due to more extensive Lys modification and charge alteration, compared
to that generated on treatment of LDL by HOSCN [276]. In addition to
promoting lipid uptake, HOCl-LDL activates various stress-related
signaling responses in macrophages, which increase the expression of
antioxidant genes [278] and in the case of extensively modified LDL,
induces apoptosis [279]. In endothelial cells, HOCl-LDL activates in
flammatory signaling cascades to increase macrophage adhesion [280]
and promotes endothelial dysfunction by decreasing NO• production,
via delocalisation and uncoupling of endothelial nitric oxide synthase
(eNOS) [281,282]. However, the induction of resolvin D1 in endothelial
cells suggests that MPO-modified LDL could also potentially be involved
in the resolution of inflammation [283].
MPO can also bind to the apoAI protein of HDL and give rise to
modifications and dysfunctional HDL in patients with atherosclerosis
[218,284–286]. There is evidence showing that modification of HDL by
MPO and its oxidants can compromise both the cholesterol efflux ca
pacity, and anti-inflammatory properties of HDL, which could
contribute to chronic inflammation, lesion development and plaque
instability in atherosclerosis. Thus, it is well established that modifica
tion of apoAI by HOCl impairs the cholesterol acceptor function of HDL
[218,284], and this is also observed to a lesser extent with HOSCN
[287]. HOCl can also decrease the anti-inflammatory properties of HDL
[286,288], and the migration and proliferation of smooth muscle cells
[289]. In addition, no changes in the number of lesional macrophages,
or alterations in macrophage phenotype have been detected on infusion
of apoA1 pre-treated with MPO–H2O2–Cl− into atherosclerosis-prone
mice, unlike the positive effects detected with native apoAI [290].

9. Conclusions and future perspectives
The members of the human heme peroxidase family have a wide
range of characteristics. In some cases, the oxidants generated by these
enzymes are used for synthetic processes (TPO and PXDN), whereas for
the remaining species (MPO, EPO, LPO) the generation of oxidants is
primarily involved in immune defense against a wide range of patho
gens. These three enzymes have varying extents of promiscuity with
regard to the oxidants they generate, due to subtle differences in the
redox potentials of the Compound I forms of the enzymes, their different
affinities for halide and pseudohalide anions oxidized in the halogena
tion cycle, as well as differences in their binding pockets where sub
strates are oxidized via the peroxidase cycle. MPO is the most versatile
and wide-ranging, and generates the most powerfully oxidizing species –
particularly HOCl and HOBr. Whilst the formation of these species plays
an important, but not exclusive role, in the killing of pathogens, the
generation of these species can also generate significant host tissue
damage, particularly when the oxidation occurs in the absence of
pathogens (sterile inflammation) and externally to the phagolysosomal
compartment.
MPO is a polycationic protein that binds avidly to a range of poly
anionic species, including GAGs, proteoglycans, other proteins and the
sugar-phosphate backbone of DNA, which also has pathological signif
icance. This may be an evolutionary-driven process to localize released
MPO to specific sites, such as NETs, to enhance bacterial cell killing.
Such binding however results in accumulation of MPO in the extracel
lular matrix, although binding also occurs to a number of plasma pro
teins and lipoproteins (albumin, ceruloplasmin, LDL, HDL). The bound
MPO appears to retain its catalytic activity, with this also enhanced in
some cases, with consequent alteration to these species by the generated
oxidants. The source of H2O2 required for such extracellular oxidation is
unclear, though it is known that H2O2 is present at steady-state con
centrations of a few μM in plasma [302], and these levels can be elevated
at sites of inflammation; whether this is sufficient to sustain enzymatic
activity is unclear. The ionic (non-catalytic) interactions of MPO with
biomolecules is increasingly being recognized as generating alternative
biological effects, with these potentially altering cell behavior and gene
expression; these facets clearly warrant further study.
The observations that bound MPO is active (and possibly to a greater
extent than unbound MPO), that this enzyme binds with greater affinity
to damaged ECM components, that damaged ECM components can act
as chemo-attractants and activators of cells, as well as modulating gene
and protein expression in neighboring cells, suggests that there may be a

8.8. Non-protein MPO products as pro-inflammatory stimuli
It is clear from the literature reviewed above that the extracellular
modification of proteins by MPO and its oxidants, has a wide range of
pathological consequences. Thus, both reversible and non-reversible
MPO-dependent protein modifications have been associated with the
initiation and propagation of inflammation and the modulation/dysre
gulation of function in a variety of cell types. It is beyond the scope of the
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vicious and increasing cycle of MPO adhesion, activity, damage and
altered cell activity at sites of neutrophil (and other leukocyte) activa
tion (see Fig. 3), with this process playing a key role in tissue damage
and cellular dysfunction in a wide range of diseases associated with
acute or chronic inflammation. As a consequence of these events, there is
increasing clinical interest in the use of MPO as a marker of tissue
damage and disease (both diagnostically and prognostically; e.g. Refs.
[163,175,177,303–306]), in the removal of MPO from sites of accu
mulation [190,307,308], and also in the inhibition of this enzyme.
Strategies to inhibit MPO activity and combat MPO-mediated damage
have recently been reviewed elsewhere [36].
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