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ARTICLE INFO ABSTRACT

Keywords: This review provides a practical guide to myeloperoxidase (MPO) and presents to the reader the diversity of its

Myeloper?xidase presence in biology. The review provides a historical background, from peroxidase activity to the discovery of

g?UtrOI]’(hll extracellular traps MPO, to its role in disease and drug development. MPO is discussed in terms of its necessity, as specific in-
lomarkers

dividuals lack MPO expression. An underlying theme presented throughout brings up the question of the benefit
and burden of MPO activity. Enzyme structure is discussed, including accurate masses and glycosylation sites.
The catalytic cycle of MPO and its corresponding pathways are presented, with a discussion of the importance of
the redox couples of the different states of MPO. Cell lines expressing MPO are discussed and practically sum-
marized for the reader, and locations of MPO (primary and secondary) are provided. Useful methods of MPO
detection are discussed, and how these can be used for studying disease processes are implied through the
presentation of MPO as a biomarker. The presence of MPO in neutrophil extracellular traps is presented, and the
activators of the former are provided. Lastly, the transition from drug metabolism to a target for drug devel-

Drug metabolism
Drug development

opment is where the review concludes.

1. Myeloperoxidase — a historical timeline to the present

The initial identification of myeloperoxidase (MPO) occurred by
empirical observations of a chemical reaction. The following observa-
tions have been summarized from the original article [4,5]. What led up
to the discovery of MPO include the observation of a colour change
when guaiac tincture (a mixture of guaiacum and alcohols) changed
colour in the presence of pus (Klebs, E. 1868; Struve, H., 1872). Others
later found that such colour changes occurred in leucocytes and bone
marrow (Brandenburg, K., 1900; Meyer, E., 1903). Furthermore, the
peroxidase nature of MPO was reflected by the requirement of HoO, for
the oxidation of Nadi reagent (a mixture of N,N-dimethyl-p--
phenylenediamine and 1-naphthol, identified by Linossier, G., 1898).
Lastly, catalase, which degraded H20, also prevented the formation of
indophenol blue (Agner, K. 1941). Its green color and peroxidase ac-
tivity earned this enzyme the name of verdoperoxidase, and its discov-
ery was assigned to Kjell Agner in 1941, from which the above summary
and citations were acquired [4]. Nauseef has also provided an excellent
historical background, including the fact that the studies by Agner were
a part of his medical school doctoral thesis [6]. However, the enzyme
name, verdoperoxidase, did not stand the test of time as about nine
articles up to 1980 used this nomenclature. This probably avoided future

E-mail address: siraki@ualberta.ca.

https://doi.org/10.1016/j.redox.2021.102109

confusion since vascular peroxidase (VPO), was discovered in 2008 [7].

The name myeloperoxidase (MPO) was suggested by Theorell (1943)
and was used later in a Methods in Enzymology article dedicated to MPO
[8]. The reason for this was to associate the source organ/tissue name
with the protein rather than a physical feature. It was initially abbre-
viated as MyPO (to not confuse it with milk peroxidase, which turns out
to be lactoperoxidase). However, in this review, the conventional MPO
abbreviation will be adhered to. Soon after its discovery, MPO was
studied to “ascertain whether it has a special function in combating
infectious diseases” by Agner, where it was observed that the enzyme
disappeared from leukocytes during severe infection; mice survived
treatment of tetanus toxin only if the toxin was first oxidized with MPO
and Hy03 [9]. The idea of such peroxidase activity being bactericidal
was also shown earlier by utilizing phenolic oxidation by MPO for
bacterial killing [10]. The functional role of MPO in
neutrophil-mediated destruction of bacteria has been ascribed to the
fundamental studies of Klebanoff [11,12].

1.1. Engzymes related to MPO

MPO belongs to the peroxidase family of enzymes. As this review is
focused solely on MPO, only a brief summary of other peroxidases will

Received 26 June 2021; Received in revised form 12 August 2021; Accepted 16 August 2021

Available online 21 August 2021
2213-2317/© 2021 The Author.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier

B.V. This

is an open access article under the CC BY-NC-ND license


mailto:siraki@ualberta.ca
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2021.102109
https://doi.org/10.1016/j.redox.2021.102109
https://doi.org/10.1016/j.redox.2021.102109
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2021.102109&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

A.G. Siraki

MPO

Leukocyte
peroxidase
staining
[4,5,18]

MPO is 5%
of neutrophil
dry weight

halogena-
tion as
bactericidal

MPO
inactivates

Redox Biology 46 (2021) 102109

Anti-
neutrophil
cytopla-
smic
antibodies
recognize
MPO [23-

Clinical
MPO
inhibitor
candidate

MPQin
neurodeg
eneration

MPO role
in COVID-
19 [42-44]

toxins [9] [20] [11,22] 25] [32,33] [39-41]
| 1941 1968—I | 1994 |_2:)03
1868 2011

| 1947 1962 |

Discovery of
MPO [19]

MPO
cellular
location
[21]

Drug

|—1988 | 2000 I_|

oxidation

[34-36]

2020

Neutrophil
extracellular

MPO in
athero-
sclerosis
[26,27]

MPQin
cardiovasc
ular injury
[28-31]

traps require
MPO [37,38]

Fig. 1. A timeline of MPO from discovery, function, inhibition, and disease. References indicated have been added for the seminal or foundational publication
or first reports. References used to create the timeline: Peroxidase staining [4,5,18], Discovery [19] bactericidal activity [9]; MPO as % dry protein [20]; cells and
cellular location [21]; Halogenation as bactericidal mechanism [11,22]; Anti-neutrophil cytoplasmic antibodies are anti-MPO [23-25]; MPO in atherosclerosis [26,
271]; cardiotoxicity [28-31]; neurotoxicity [32,33]; drug metabolism [34-36]; requirement for neutrophil extracellular trap formation [37,38]; MPO clinical inhibitor

leads [39-41]; MPO levels in COVID-19 and thrombosis events [42-44].

be discussed.

Thyroid peroxidase has a nucleotide sequence similarity of 58%
compared to the functional protein sequence of MPO. The sequence
similarity near the haem active site between thyroid peroxidase and
MPO is 74%. However, the entire amino acid sequence bears 44% ho-
mology with MPO, indicating that these proteins are of the same gene
family [13]. Thyroid peroxidase is localized to the thyroid gland and is
only involved in thyroid hormone synthesis.

Eosinophil peroxidase is more closely related to MPO in structure
and function, even though it is a monomer. This enzyme is located in
eosinophils and is considered mainly responsible for generating hypo-
bromous acid to assist in microbial killing. Eosinophil peroxidase shares
approximately 70% amino acid sequence homology with MPO [14].

Lactoperoxidase, unlike MPO, has a single chain of 80 kDa contain-
ing a single haem. It shares approximately 51% amino acid sequence
homology with MPO [15]. Lactoperoxidase is found in milk, tears,
saliva, and mucous of the respiratory tract [16].

The most recently discovered enzyme in this family is the somewhat
esoteric vascular peroxidase 1 (VPO1) [7]; it is relatively challenging to
acquire or isolate. Studies have shown that it is upregulated and is
activated in chronic cardiac fibrosis more so than MPO. Fibrosis in a
myocardial infarction model was attenuated when VPO1 siRNA was
used [17]. A timeline of important discoveries involving MPO is shown
in Fig. 1.

2. MPO: it’s in (most of) our genes

MPO was cloned from human acute myelogenous leukemia cells,
revealing that a single gene was responsible for its encoding [45]. MPO
was determined to be located on chromosome 17 [46,47]. Studies by
Morishita et al. reported that the human MPO gene was composed of 12
exons and 11 introns and located at band 17q23.1. In addition, a single
mRNA transcription initiation site was identified, which shared ho-
mology with sequences found on the 5'-promoter region for the
proto-oncogene, c-myc. During differentiation of mouse or human pro-
myelocytic leukemia cells to granulocytes or monocytes, it has been
observed that mRNA of MPO and c-myc are both decreased in response
to granulocyte-colony stimulating factor [48,49]. Interestingly, other
related peroxidase enzymes, including eosinophil peroxidase, lactoper-
oxidase, and thyroid peroxidase, appear to cluster around the same re-
gion, where eosinophil peroxidase is localized 34 kb from the MPO and
lactoperoxidase genes [50].

|

MPO-deficient

Normal

Fig. 2. Neutrophils from MPO-normal and MPO-deficient donors demonstrate
the haem colour itself as a clear indicator for the presence of MPO (modified
from [1], with permission). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

MPO deficiency was first reported about 50 years ago and was
highlighted by a patient with a candidiasis infection [51]. This patient
appeared to be only deficient in neutrophil MPO, as eosinophil peroxi-
dase (a similar enzyme found in eosinophils) was present. Interestingly,
the MPO deficient neutrophils functioned normally otherwise (e.g.,
phagocytosis was normal) and were able to slowly but eventually kill
S. Aureus. This observation suggests that the respiratory burst is more
significant in bactericidal activity, but fungal infections require addi-
tional support by MPO activity. Early studies have shown that both
neutrophils and monocytes lacking MPO have a longer respiratory burst
rate, extent and duration [52].

The incidence of MPO deficiency in the general population is 1 in
2000 to 4000 in the United States and Europe [53-55]. The complete
deficiency of MPO is characterized by the absence of MPO-related
peptides in neutrophils; the partial absence is due to less MPO activ-
ity, for a lower overall amount of the protein is visible to the naked eye
in neutrophil pellets (Fig. 2) [1,56]. Interestingly, MPO deficiency in
Japan appears to be far rarer: approximately 1 in 60 000 for complete
deficiency and 1 in 20 000 for partial deficiency [57]. Certain dogs have
been noted to have MPO deficiency [58]. The deficiency in MPO is also
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Fig. 3. The MPO active site. The haem prosthetic group is covalently bound to
the protein via three amino acid linkages (from [2], with permission).

observed in monocytes. In general, MPO deficiency does not appear to
impair patients from fighting infections, except for Candida Albicans
(candidiasis) infection, resulting in toxemia [59,60]. It has been sug-
gested that other systems, such as a sustained respiratory burst or
increased eosinophil counts (i.e., eosinophil peroxidase) could provide
backup mechanisms for the shortfall of chemical oxidants produced by
MPO [61].

MPO deficiency also reportedly had enhanced phagocytic capability
through the absence of ERK1/2 signalling [62]. Lung neutrophil influx
induced by LPS in mice was attenuated in MPO knockout mice [63]. Due
to the catalytic peroxidase activity of MPO, diagnostic assays for MPO
deficiency are readily available [1]. A case study reported a 3-year old
boy having recurrent, severe bacterial and fungal infections due to
DiGeorge syndrome (chromosome 22q11.2 deletion) combined with
MPO deficiency [64]. As such, MPO deficiency may have important
effects in susceptibility to infection of particular importance to certain
individuals.

3. Do we need MPO?

Despite the apparent importance of MPO in microbial killing, it
seems that about 50% of MPO-deficient individuals remain asymptom-
atic and do not have remarkable health concerns (other than those
described above). The MPO deficiency may become more critical if the
individual is afflicted with other disease states or mutations. On the
other hand, secondary MPO deficiency can result from various disease
states or xenobiotic exposure [65]. Indeed, there may be benefits to
lower MPO activity. An Alzheimer’s disease mouse model (5XFAD)
demonstrated improved cognitive, memory, and proinflammatory ac-
tivity after producing bone marrow deficient MPO [66]. MPO can
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Table 1
Glycosylation sites in MPO from corresponding enzymatic digests.

Glycosylation site (Asn) Peptide mass (digestion with PNGase-F) Ref. [73]

323 1433
355 1558, 1575, 1958
391 2126
483 1053
729 1965

oxidize high-density lipoprotein, which can lead to its dysfunction and
atherosclerotic plaques [67]. However, a study of mice infected with
Salmonella proposed that MPO actually mitigated collateral (host)
damage in this model [68].

4. Enzyme structure

The MPO protein is a tetramer, with a total estimated molecular
weight of 150 000 kDa. The tetramer is composed of two halves (hemi-
MPO), composed of two heavy (~60 kDa) and two light (~15 kDa)
components [69]. Previously, a range of molecular weights was reported
at 120 000-160 000 kDa [48]. More accurate masses are described later
(see below). Human MPO is reported to have 467 amino acids in the
large chain and 105 amino acids in its short chain.

It is unique in the peroxidase enzyme family, where MPO has three
covalently linked amino acid linkages from the protein chain to the
protoporphyrin IX (haem) active site (Fig. 3) [2,70]. The fifth coordi-
nation position of the iron is occupied by the imidazole group of histi-
dine, similar to other peroxidases [71]. The three amino acid bonds to
the haem have been associated with its green colour, as MPO was
originally called verdoperoxidase (Agner, 1940). A curious observation
of a protein referred to as “spleen green” protein was identical to MPO
[69]. Site-directed mutation studies of MPO revealed that the Met243 —
Gln mutation changed the haem absorption peak to 410 nm, approxi-
mately 20 nm (blue-shifted) from the native peak at 429 nm, which
resembles other peroxidases. The sulfonium linkage by Met243 to the
haem produces a distortion of planarity and ligand binding character-
istics, which is unique to MPO [72].

5. MPO is a glycoprotein

With the advances in glycomics, it is essential to discuss MPO
glycosylation and how this affects structure and function. MPO has 38
glycopeptides, and all five expected sites for glycosylation were found to
be glycosylated. These sites contain an asparagine residue (Asn323,
Asn355, Asn391, Asn483, and Asn729) which is why they are N-linked
glycosylation sites [73,74]. Another study was carried out to charac-
terize MPO glycosylation sites [75]. There appear to be specific critical
amino acids glycosylated, all of which are Asn residues: Asn322,
Asn355, Asn391, Asn483, and Asn729. The glycosylation included
phosphorylated N-glycans (Asn323) and paucimannose (Asn483). These
in-depth studies have provided a more accurate picture of the mass of
MPO, although the glycosylation masses are relatively close to earlier
findings and are summarized in Table 1 [73].

Furthermore, the unusual (truncated) glycosylation pattern on MPO
along with the heterogeneity of MPO glycosylation may affect antibody

Table 2
Mass of MPO and its main components. The data are summarized
from [75].
MPO component Average MW
Holoenzyme 144170.9
Monomer/hemi-MPO 72085.5
Haem (prosthetic group) 616.5
Heavy chain 53401.5
Light chain 12375.9
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recognition, and in disease states where autoantibodies are generated.
Also, antibody recognition may be altered by glycosylation, where a
minor decrease in recognition was observed for deglycosylated MPO
[74]. Such in-depth analytical studies have produced more accurate
calculations regarding the mass of MPO and its corresponding subunits
(Table 2).

6. MPO catalytic cycle

MPO is considered to have two main activities: oxidation of halogens
(halogenation cycle) to form hypohalous acids (such as hypochlorous
acid) and the peroxidase cycle. As shown in Fig. 3, the resting enzyme is
ferric MPO (1). Typically, for the cycle to begin, a source of Hy0; is
required to “activate” the enzyme to form Compound I. This form of
MPO has an oxidized iron (4+ valence) and a delocalized haem radical
(ferryl haem). Compound I can either be reduced to the resting state by
oxidizing (pseudo)halogens or go through the peroxidase pathway to
Compound II:

Resting MPO [Fe(IlI)] + H,O,; — Compound I MPO [Fe(IV:O).+]
+ H,O (€H)

Compound I MPO [Fe(IV:O).ﬁ + halogen — Resting MPO [Fe(III)] +
hypohalous acid 2)

The halogenation cycle is unique to MPO in terms of its ability to
oxidize chloride. Although the latter is a relatively poor substrate for
MPO, its abundance in biological fluids (e.g., physiological NaCl levels
are ~ 100 mM) allows for its oxidation to occur. It has been proposed,
however, that less abundant (pseudo)halogens, like thiocyanate
(micromolar amounts in the blood), are more easily oxidized and thus do
not require the millimolar quantities of chloride [76]. This notion is
supported by the electron donation potential as indicated by the
second-order rate constant for Compound I reduction, where thiocya-
nate (SCN ™) is the best reductant (most easily oxidized) for Compound I,
followed closely by iodide, bromide, and two orders of magnitude
slower for chloride (at neutral pH) [77]. Indeed, the bromination of a
phenolic substrate (phenol red commonly used in cell culture) because
of the Br~ contaminant of laboratory-grade NaCl, has been observed
[78].

Although the halogenation cycle is considered the antimicrobial
pathway because of the generation of hypohalous acids, there are far
many more one-electron substrates for MPO that are metabolized via the
peroxidase pathway. Many free radical molecules are produced through
this pathway. It is important to emphasize that although these pathways
are described as distinct, they can feed into each other. For example, the
presence of ascorbic acid and other cellular MPO substrates can ensure
that MPO is in its resting state such that it can catalyze chlorination
reactions. This is also true of certain xenobiotics and drugs [79]. There is
a significant overlap in xenobiotic oxidation of MPO with the cyto-
chrome P450 mixed-function oxidases (P450), which are the predomi-
nant drug metabolizing enzymes (and have a similar haem active site).
Once Compound I MPO is formed, it is capable of substrate (X) oxidation
to produce an initial X free radical (X®):

Resting MPO [Fe(IlI)] + H,O, — Compound I MPO [Fe(IV:O).+]

Compound I MPO [Fe(IV=0)®"] + X > Compound II MPO [Fe(IV=0)] +
x® “4)

Compound II of MPO is less oxidizing than Compound I. If organic
substrates (such as drugs or amino acids) have a favourable redox po-
tential, they can reduce Compound II to Resting MPO. It is possible that
the X® may undergo additional catalytic oxidation to produce a two-
electron oxidized metabolite (X[O]):

Compound II MPO [Fe(IV=0)] + X — Resting MPO [Fe(III)] + X® (5)
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Table 3
Examples of substrates oxidized through the halogenation and peroxidase
pathways of MPO.

MPO Activity Reactants Products

or cycle

Halogenation Halides and pseudohalides Two-electron oxidized products.

Examples Cl,BrI,SCN HOCI, HOBr, HOI, HOSCN

Peroxidase Aromatic compounds (both One electron oxidation
endogenous and exogenous); products, most of which are
nitric oxide derivatives; small ~ subsequently oxidized.
inorganic compounds

Examples Ascorbic acid, tyrosine, Dehydroascorbyl radical (a

arylamine drugs, hydrogen
sulphide

stable radical), Tyrosine
phenoxyl radical leading to
dityrosine, arylamine radicals
leading to multiple products,
including oxidizing species that
can damage proteins and DNA,
hydrogen sulphide radicals

Compound II MPO [Fe(IV=0)] + X® - Resting MPO [Fe(Ill)] + X[O](6)

However, a dismutation reaction can also occur that does not require
enzymatic catalysis. This will happen at different rates but is usually a
thermodynamically favourable reaction:

X® + X® - X + X[O] )

Lastly, Compound III MPO is an intermediate that has been consid-
ered catalytically inactive, but it may have more value concerning hy-
droxylation reactions of xenobiotics. To produce Compound III,
superoxide is required:

Resting MPO [Fe(II)] + 0, > Compound IIT MPO [Fe(III)foz.’]
«—— Compound III MPO [Fe(II)-O,] (8)

Compound III has been considered inactivated, based on studies in
activated neutrophils [80]. Moreover, it has been referred to as a
“dead-end” in terms of the more prominent functions of MPO [81],
though Compound III has been implicated in oxidizing ascorbic acid
[82], acetaminophen [83], salicylic acid [84], dimethyltryptamine [85],
lysergic acid diethylamide (LSD, [86], phenol and phenolic drugs [87,
88], melatonin [89,90], phenylalanine [91], and possibly phenytoin
[92]. An interesting reaction catalyzed by isoniazid and related hydra-
zines led to the generation of Compound III, where subsequent hy-
droxylation reactions may occur [93]. This observation was confirmed
and likely contributed to identifying 4-aminobenzoic acid as the first
potent MPO inhibitor that first converted MPO to Compound III before
the loss of activity [94]. A short list of some substrates that MPO oxidizes
is shown in Table 3.

The catalytic cycle for MPO is shown in Fig. 4. The reduction po-
tentials are also indicated for the relevant redox couple. The higher
(more positive) the reduction potential is, the more potent an oxidant is
formed. The Compound I/Resting reduction potential (1.16 V) means
that MPO can oxidize many compounds. Note that the Compound II/I
reduction potential is even higher, which can oxidize numerous xeno-
biotics and endobiotics. Although these pathways are traditionally
regarded as distinct, it is essential to note that the formation of hypo-
chlorous acid, for example, is capable of chlorinating xenobiotics and
endobiotics. The latter two may end up appearing to be “oxidized,”
although the initial intermediate would be a chlorinated molecule.

7. Location, location, location

The best known location for MPO is within the primary or azur-
ophilic granules of neutrophils, as this is the cell in which its peroxidase
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(pseudo)Hangen Fig. 4. Different states of MPO and their associ-

ated redox potentials. The cycle begins with the

Ferrous Res f/ng Compound / “Resting” state, where the redox status of the iron
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0.97 v*

H,0, Compound Ill

activity was discovered. Neutrophils, however, are end-differentiated
and do not synthesize MPO. Monocytes also express MPO, though to a
significantly lesser degree than neutrophils. Macrophage expression of
MPO has been controversial. Early studies showed that MPO in mono-
cytes granules are lost when differentiated into macrophages in vitro
[96,97]. In one study, Kupffer cells, the most prominent resident
macrophage population in the body in the human liver, were shown to
express MPO [98]. In rats treated with the hepatotoxicant, CCl4, MPO
expression could not be replicated [99]. However, a mouse model of
atherosclerosis expressing human MPO demonstrated that macrophages
in this model express MPO and peroxidase activity [100]. As such, it
appears that macrophages cannot be categorically described as
expressing MPO, but rather, they may express MPO under specific
conditions.

To get a clearer picture of the cellular origins of MPO, one must go to
the bone marrow. MPO mRNA synthesis and translation occurs in the
late myeloblast or promyelocytes, the precursor to granulocytes [101,
102]. A significant subset of bone marrow CD34" stem cells has been
reported to express MPO, although circulating CD34 " cells lacked MPO
entirely, suggesting the former would have been committed to gran-
ulocyte development [103]. Therefore, MPO synthesis occurs in the
bone marrow and not in circulation or within tissues (normally). The
steps in processing MPO after translation have been elegantly outlined
by Nauseef are summarized here briefly [104]. Readers are directed to
that publication for in-depth biosynthesis and processing.

e Step 1 — preMPO is the initial translation product in the endoplasmic
reticulum.

e Step 2 — glycosylation of preMPO to form apoproMPO

e Step 3 — acquisition of haem to form proMPO (haem acquisition —
catalytically active)

e Step 4 — exit from the endoplasmic reticulum

e Step 5 — proteolytic processing to form hemi-MPO.

e Step 6 — Within the primary/azurophilic granule, the dimerization of
the hemi-MPO takes place through a disulphide bond (Cys319) to
produce mature MPO.

The most abundant site of MPO synthesis begins in the bone marrow
promyelocytes and in specific populations of CD34 " stem cells [103]. In
addition, some studies suggest that MPO expression occurs in peripheral
blood lymphocytes of mice and humans [105,106]. These reports

: Heme 1 16 V* Heme
A=429 nm “Ho A =429 nm
22

1.35Vv*

Compound 1!

Heme
A =456 nm

centre of the protoporphyrin IX (haem) active
site is indicated. MPO becomes activated in the
presence of Hy0,, which led to Compound I,
which contains the ferryl haem species
([Fe™V—01®") and contains a delocalized free
radical. Compound I will transform by either
halogen oxidation (“pseudo halogen” is indicated
to include SCN™, CI~, Br™, I") back to the Resting
state, or the peroxidase cycle where xenobiotics
and endobiotics (“Substrate”) can be oxidized,
resulting in Compound II. In the presence of
H,0, and the absence of substrate, Compound IIT
may form. Compound III can also form by certain
substrates, or via reduction of the Resting
enzyme to produce Ferrous MPO.

* Redox potentials from [95]. These values are
useful in predicting if a particular substrate can
reduce Compound I/1I efficiently. As is apparent,
Compound I is capable of oxidizing more sub-
strates than Compound II. ** Indicates the direct
conversion of ferrous myeloperoxidase to com-
pound II by hydrogen peroxide [95].

Table 4
Related leukemia cell lines and their relative expression of MPO.

Cell line Disease MPO relative expression

HL-60 Acute Myeloblastic Leukemia, "M
(myelocytic)

NB-4 Acute Myeloblastic Leukemia, "
(myelocytic)

Kasumi-1 Acute Myeloblastic Leukemia, "1
(myelocytic)

MOLM-13 Acute Myeloid Leukemia, (monocytic) T

K-562 Chronic Myelogenous Leukemia Not detected

KG-1 Acute Myeloid Leukemia, (myelocytic) Not detected

OCI- Acute Myeloid Leukemia, (myelocytic) Not detected

AML3
U937 Acute Myeloid Leukemia, (monocytic) Not detected
THP-1 Acute Myeloid Leukemia, (monocytic) Not detected

Information in this table is derived from [108-110]. The disease was verified
using ATCC (USA) and DSMZ (Germany).

indicated that lymphocytes had a higher mRNA level than neutrophils or
monocytes but had significantly lower protein expression. Interestingly,
in chronic HIV cases, there appears to be a statistically significant higher
expression of MPO in CD4 and CD8 T lymphocytes. The functional sig-
nificance of MPO in lymphocytes is yet unknown and more studies are
required to understand how HIV infection, which causes immunosup-
pression, relates to MPO.

Other cells that express MPO include cells in the CNS, such as as-
trocytes, microglia, and neurons. Studies from human autopsies or an-
imal models have revealed that MPO from these cells is associated with
Alzheimer’s disease, multiple sclerosis, stroke or cerebral ischemia,
Parkinson’s disease, depression or bipolar disorder, bacterial meningitis,
neuroinflammation, and epilepsy (reviewed in [107]).

8. Cell lines containing MPO

Commercially available cell lines that highly express MPO are
expectedly cell lines isolated from leukemia patients. However, not all
leukemia cell lines express MPO or express MPO at different levels.
Specific examples of cell lines that highly express MPO include HL-60,
NB4, Kasumi-1, and MOLM13. Examples of low MPO-expressing cell
lines include K562, U937, KG1, and OCI-AML3 [108]. A cell line that has
been used as a good model for human macrophage precursors is THP-1
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cells. The reason is that they can be differentiated into macrophages and
demonstrate inflammasome function. Although THP-1 cells are leuke-
mia cells, they are acute monocytic leukemia. No MPO activity has been
reported in this cell line, and our lab has not detected any MPO
expression (unpublished data). One study investigated the role of MPO
inhibition for chemotherapy using cytarabine (AraC) in vitro and in vivo
using the MOLM13 cell line. MPO inhibition in cells highly expressing
MPO resulted in sensitization to AraC, which appeared to result from
mitochondrial redox changes resulting in oxidative stress [109]. For
reference, the reader is directed to Table 4 that lists related acute
myeloid leukemia cell lines. As can be observed, myelocytic cell lines
typically express MPO, whereas monocytic cell lines do not.

8.1. Secondary sites of MPO localization

It should be noted that neutrophils, through chemotaxis (e.g., IL-8,
TNFa), can infiltrate organs and catalyze inflammatory reactions,
including the release and activation of MPO. This is clear in specific
instances of liver injury. What may complicate the matter in this case is
the activation of liver-resident macrophages (Kupffer cells) which may
express MPO during M1 polarization during inflammation (discussed
above). Otherwise, Kupffer cells or macrophages do generally not ex-
press MPO. Another important site of MPO is in the atherosclerotic le-
sions in the blood vessel endothelium. It has been shown that MPO plays
an important role in the formation of the plaques (discussed below).
Other locations for MPO include the heart and the CNS.

Neurodegenerative conditions appear to have a significant associa-
tion with the expression of MPO. Although cells will show a basal level
of MPO, as demonstrated from human brain homogenate, disease states
have the propensity to induce expression of MPO similar to phenomena
in liver Kupffer cells described above. In Alzheimer’s disease patient
brain autopsies, the presence of MPO in the frontal cortex is increased
(detected by Western blot). Importantly, biochemical markers of MPO
activity were also found, indicating not only the presence but activity
also were increased in Alzheimer’s disease patient brain autopsies. From
a disease pathology point of view, MPO was associated with amyloid f
deposits [111]. MPO has been found human saliva, though peroxidase
activity can also be derived from lactoperoxidase also found in tears,
saliva, and milk [112]. The presence of MPO in healthy and disease
states is summarized in Fig. 5.

9. MPO usefulness as a biomarker in disease states
9.1. Detection strategy

In order to be helpful as a biomarker, MPO must be effectively
detected in the specimen of interest. MPO can be detected through
several methods, which are either direct or indirect (but specific). Direct
methods involve using commercially available antibodies for immuno-
assays, including ELISA, Western blot, or microscopy. Cytochemical
staining, however, is usually accomplished by using MPO substrates (e.
g., 3,3'-diaminobenzidine, o-dianisidine), which undergo metabolism
upon adding H20; to form coloured products (usually red-brown). The
consumption of Hy0O, through the use of a HyO, electrode is also
possible, although competing reactions with catalase must be
considered.

Indirect detection focuses on products of MPO, chiefly hypochlorous
acid (HOCI), considered to be the main physiological product of MPO.
HOCI can oxidize amino acids such as tyrosine to form 3-chloro-tyrosine
[113,114]. 3,5-Dichlorotyrosine is also a suitable and stable detection
product, though not used as often [115]. It would be ideal to detect
3-chloro-tyrosine via antibodies, but there do not appear to be any
successful ones that have widespread use; thus, LC-MS is the detection
method commonly employed. Other intermediates such as lipid chlo-
rohydrins, chlorinated nucleosides, protein carbonyls, glutathione sul-
fonamide are also potential biomarkers [116]. 2-Chlorofatty acids have
been demonstrated to be detected in models of sepsis and
sepsis-associated acute respiratory distress syndrome [117-119]. Fluo-
rescent detection is usually a desirable strategy in cell studies due to
providing a simple means for cell and tissue imaging. There are some
challenges, however, since fluorescent yield, solubility, and perme-
ability need to be considered in the useful implementation of such
probes. A recent study demonstrated that a large lipophilic, charged
compound (TPY) could detect micromolar HOCI ratiometrically. This
compound lost green fluorescence upon reacting with HOCI in HepG2
cells [120]. One study used a dopamine scaffold to generate a fluores-
cent product that demonstrated specificity for hypochlorite and
responded to exogenous HOCI (NaOCl) addition to cells [121,173]. An
acute model of mouse liver ischemia showed fluorescent detection of a
probe, though this required the exposure of the organs (i.e., reflection of
the abdominal wall) for visualization. An interesting colorimetric probe
based on the reaction with HOCI and glutathione could provide a
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Fig. 6. Fluorescent and magnetic resonance detection methodology. MPO peroxidase activity catalyzes the one-electron oxidation of the substrate, which converts it
to a free radical metabolite. Although the free radical metabolite was proposed to bind to protein [126], there is more evidence to suggest that a quinoneimine or
o-quinone serotonin metabolite is the proximate electrophile that will bind to protein [127,128]. (Modified from [126]).

snapshot of the balance between the oxidant (HOCI) and antioxidant
(glutathione) status of the cell or tissue [122]. Other approaches may be
better suited for in vivo approaches, whereas in vitro approaches are
more diverse [123]. Further information on such probes was recently
described in [124].

Methods have employed MPO substrates conjugated with fluorescent
or paramagnetic probes for fluorescent microscopy and magnetic reso-
nance imaging, respectively [125]. As shown in Fig. 6, a substrate
molecule (serotonin shown here) is conjugated with the desired probe
initially via chemical synthesis [126], which then can be used in the test
specimen for active MPO detection. A key consideration here is that
MPO activity is needed, which indicates the need for an inflammator-
y/immunological process for the successful detection of active MPO
localization.

9.2. Leukemia

MPO serves as a valuable marker for acute myelogenous leukemia, as
alluded to above in describing cell lines (see “Cell lines containing
MPO”). Acute myelogenous leukemia is characterized by a rapid in-
crease in the myeloid cells associated with an arrest in their maturation.
Its diagnosis was initially based solely on the pathological and
morphological examination of the bone marrow and the blood. How-
ever, with growing knowledge about the heterogeneity of acute mye-
logenous leukemia, subcategorization into nine subtypes has been
established by the French-American-British group, depending on the
particular myeloid lineage, morphologic appearance and the reactivity
with three histochemical stains, including MPO, Sudan black, and the
nonspecific esterase a-naphthylacetate and naphthylbutyrate. Six (M1 to
M4, M4EO and M6) out of the nine acute myelogenous leukemia sub-
types are MPO-positive [129,130]. MPO expression in this disease is
associated with a favourable outcomes, in addition to its aforementioned
role as a biomarker.

9.3. Cardiovascular diseases

MPO has been considered an important biomarker in cardiovascular
health for about two decades. Cardiovascular diseases in which
increased MPO levels have been detected include acute coronary syn-
drome, heart failure, pulmonary arterial hypertension, hypertension,
heart transplant and graft rejection, diabetes mellitus, atrial fibrillation,
and atherosclerosis (reviewed in [131]). MPO serum level are a pre-
dictor for future cardiovascular events and adverse outcomes in patients
with acute coronary [31,132]. It has been known for some time that
macrophage and neutrophil activity in the plaques of coronary blood
vessels leads to oxidation and destabilization of those lesions [133].
Unstable plaques in thrombi have been found to contain MPO-positive

monocytes and neutrophils [134].

Concerning MPO, it is well established to be the catalyst for oxida-
tion of LDL and HDL, where oxidation of the latter is the primary
concern. Tyrosine residues in this molecule serve as facile targets of
oxidation by MPO and its products [135]. In a study evaluating Chinese
coronary artery disease patients, there was a difference in comparison to
US patients; there was no increase in MPO mediated oxidation of HDL
observed, though several limitations were discussed, such as ambient air
quality [136,137]. Prediabetic patients affected by adverse cardiovas-
cular outcomes also demonstrated that MPO levels were correlated with
cardiovascular risk factors. As such metabolic diseases are multifacto-
rial, it should be noted that these subjects also had increased blood
pressure, body-mass index, waist-to-hip ratio and dyslipidemia, which
sets the stage for atherosclerosis [138].

The pathogenic role for MPO in cardiovascular diseases is reasonably
established. The use of MPO as a prognostic indicator of cardiovascular
disease status will likely continue to gain momentum. It remains to be
seen if MPO will be used solely as a biomarker of cardiovascular disease
status, or become a therapeutic target.

9.4. Neurodegenerative diseases

MPO has been associated with the neuropathology observed in Alz-
heimer’s disease, multiple sclerosis, stroke, Parkinson’s disease,
depression, and traumatic brain injury and epilepsy. As described above,
the peripheral blood MPO concentration appears to correlate with dis-
ease progress or intensity. In Alzheimer’s disease patients, MPO pe-
ripheral blood concentration was significantly higher in these patients
compared to control [139]. Furthermore, this biochemical measurement
is considered reflective of neutrophil activity in this disease [140]. (See
“Secondary sites of MPO localization” section above for more details on
MPO and Alzheimer’s disease). Similarly, inhibition of MPO in experi-
mental autoimmune encephalitis — which shares similarity to multiple
sclerosis as a neuroinflammatory autoimmune disease — reduced disease
severity [141]. Both the levels of MPO and its activity reflected by
3-chlorotyrosine were reduced by an experimental MPO inhibitor,
which correlated with disease severity, including demyelination,
oligodendrocyte regeneration, and neurogenesis [142]. In Parkinson’s
disease, elevated MPO has been detected in functionally relevant brain
regions compared to healthy controls, including the putamen, caudate
nucleus, and substantia nigra [143]. In a transgenic mouse model
expressing human MPO, significant damage to a-synuclein was observed
characteristic of MPO-catalyzed oxidants. In human Parkinson’s disease
patients, post-mortem analysis also revealed elevated levels of MPO
present in the substantia nigra [144]. A mouse model of Parkinson’s
disease (using MPTP) showed that treatment with a plant extract
(Tomentosin) reduced proinflammatory cytokines and MPO levels
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[145]. Numerous other compounds of natural origins have been pro-
posed to be potentially therapeutic, and some target MPO. However, it
remains to be seen if MPO inhibition by novel inhibitors will be utilized
as an additional treatment regimen for Parkinson’s disease patients.

In patients admitted to the emergency department presenting with
acute ischemic stroke, the levels of MPO were shown to rise [146].
Interestingly, in a murine stroke model, the use of an MPO inhibitor in
wild-type mice or homozygous MPO knockout mice showed less cell
loss, degeneration, better behavioural outcomes and decreased damage
overall [147]. A damaging role of MPO has also been proposed in
traumatic brain injury [148]. Studies in mice demonstrated elevated
peroxidase activity in the cerebrum of mice that appeared to last for a
month. SPECT/CT imaging confirmed that MPO activity was inhibited.
Also, MPO was present in the temporal lobe of an epileptic patient,
which was absent in controls [149]. Studies on the role of MPO in brain
injury are essential, but so is the specific type of injury. A study evalu-
ating biomarkers in sports-related concussion in males and females re-
ported that in female athletes only, symptom severity (based on the
Sport Concussion Assessment Tool) was negatively related to proin-
flammatory biomarkers, including MPO [150]. While interesting, it also
raises questions on sex-specific responses to MPO induction and the
temporal relationship between brain injury and MPO.

9.5. Autoimmune disease — idiopathic and drug-induced systemic lupus
erythematosus (SLE)

SLE is an autoimmune disease that can be expressed with systemic
symptoms or limited to one specific organ, e.g., skin, kidney, blood
vessels. The serum profile is characterized by two main types of auto-
antibodies: one against a cell’s nuclear components, including single-
stranded or double-stranded DNA, histones, and histone-DNA com-
plexes, referred to as anti-nuclear antibodies (ANAs). The other class of
antibodies is directed towards cytoplasmic lysosomal components of
neutrophils and monocytes, including the enzymes such as proteinase-3
and MPO. These are collectively termed anti-neutrophil cytoplasmic
antibodies (ANCAs). Within this subset, specific antibodies towards a
single protein, i.e., anti-MPO = p-ANCA and anti-proteinase-3 = c-
ANCA, have been identified in patients with specific variants of SLE. The
presence of these antibodies is used to diagnose certain rare forms of
vasculitis, which include three different forms of polyangiitis, renal
nephritis, and drug-induced vasculitis [151]. Anti-MPO antibodies in
particular, will be discussed.

One study showed that high titers of anti-MPO antibodies are
observed with SLE or a drug-induced SLE-like disease, drug-induced
vasculitis or nephritis, and idiopathic vasculitis [152]. In these in-
stances, i.e., where anti-MPO antibodies are observed, ANA is usually
absent. It has been reported that anti-MPO antibodies have been re-
ported in an inconsistent manner in SLE patients, which has been
ascribed to detection methodology. The same study, however, reported
that anti-MPO is deposited in the kidney glomerular basement mem-
brane, the first study to do so [153].

Drugs can produce a rare, unpredictable adverse drug reaction
(idiosyncratic drug reaction), which can produce vasculitis character-
ized by the presence of anti-MPO. Although rare, approximately one
hundred drugs have been associated with drug-induced SLE. Some
notable drugs which have been definitively associated with this condi-
tion includes hydralazine, isoniazid, procainamide, methyldopa (with-
drawn), quinidine, minocycline, and chlorpromazine [154,155]. In a
study of seven patients taking hydralazine, six were positive for ANA.
Five of the seven showed anti-MPO antibodies. Interestingly, anti-MPO
was normalized after six months after drug withdrawal. Leukopenia was
also observed in these patients [156]. Hydralazine appears to be the
drug most recently and often reported that report both anti-MPO and
ANAs [157-159]. The role of anti-MPO antibodies in either idiopathic
SLE or drug-induced lupus is considered to involve mechanisms that
activate neutrophils leading to the NET formation and tissue damage.
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Interestingly, a study reported statistically higher MPO plasma levels in
SLE patients compared to healthy patients, although this did not
correlate with disease severity [160].

10. Neutrophil extracellular traps (NETs) at the crossroads of
defence and disease

The foundational publication regarding NETs was reported by the
Zylchinsky group [161]. The NETs are composed of a web of chromatin
(DNA) and proteins that form a matrix that can trap invading pathogens.
NET formation has been synonymously referred to as NETosis, which
implies a form of cell death occurs. Although debatable, suicidal NETosis
has been found to occur with certain stimuli (e.g., phorbol 12-myristate
13-acetate), which is characterized by NET release accompanied by cell
lysis. On the other hand, vital NETosis involves a more regulated but
rapid release of NETs induced by appropriate stimuli (bacterial lipo-
polysaccharide, for example), through toll-like receptor 2/4 activation
[162]. A third NETosis pathway involved mitochondrial DNA release
and is dependent on reactive oxygen species and
granulocyte-macrophage colony stimulating factor [163]. NET forma-
tion involves three significant steps: 1) activation to produce superoxide
(and subsequently H»O5) via NADPH oxidase; 2) nuclear and granule
membrane destabilization and release of respective contents into the
cytosol; 3) mixing of nuclear and granule contents and complete loss of
their membranes; 4) cell contraction and release of NETs [164]. What
results in this process is termed NETosis (initially coined in [165]). Thus,
the NET can provide defence against pathogens, such as bacteria and
fungi [166]. Significant to this review is the involvement of MPO in the
chromatin (DNA) strands of NETs. MPO is considered to exert its
oxidative capacity to cause damage to invading microbes, or host tissue,
within the scope of the NET. Importantly, individuals lacking MPO
appear not to be capable of forming neutrophil extracellular traps
(NETs) [38]. In addition, the superoxide (and subsequently HOg)
generated by the respiratory burst (NADPH oxidase) is also required to
produce NETs together with the fundamental role of MPO [167]. The
re-addition of HyO5 to chronic granulomatous disease (patients lacking
NADPH oxidase activity) neutrophils reactivated their capacity to form
neutrophil extracellular traps [168]. This may partially explain the
reason behind the inability to combat C. Albicans infection.

Linking the previous topic of ANCA (anti-MPO antibodies), there is a
relationship between ANCAs and NETosis. Studies on this topic first
were indicated over a decade ago when examining vasculitis, where the
NET formation was proposed to trigger vasculitis and anti-MPO forma-
tion [170]. A recent study reported a role for the TIM-3 surface receptor
on T-cells as a critical contributor to NET maintenance in
MPO-ANCA-associated vasculitis [171]. This is an essential connection
between the adaptive and innate immune systems via NETs. The NET
formation, where MPO can have an important role, has appeared in
numerous reports of diseases and morbidities. NET formation and
complement (C3, C5) were observed in COVID-19 patients and were
associated with disease severity. MPO-DNA levels were significantly
higher in severe vs. mild COVID-19 cases [43]. A study investigating
thrombosis mechanisms in COVID-19 patients reported increased
circulating NET formation in these patients, including increased
MPO-DNA complexes (MPO associated with NETs) [44]. As a catalyst for
thrombotic events in COVID-19, NETs were reported to be an exciting
interplay between platelets and neutrophils in this disease [42]. As
previously discussed, circulating MPO levels are an independent risk
factor associated with cardiovascular disease. NETs, as a more complex
structure (that also includes MPO), are involved in cardiac inflamma-
tion, myocardial infarction, and atrial fibrillation, though it is unclear if
they are the cause or the consequence of these morbidities [172,173].

Furthermore, higher NET levels were detected in the plasma of
Brazilian Alzheimer’s disease patients compared to healthy controls,
which may be associated to complement system activity [174]. Impor-
tantly, damage-associated molecular patterns (such as mitochondrial
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DNA, fibronectin extra domain A, and galectin-3) released during tissue
damage may activate NETs through interaction with neutrophil surface
proteins [172]. In addition, NETs can be triggered by cytokines [175],
platelets [176], nitric oxide and peroxynitrite [177], and numerous
microcrystals (of urate, calcium, cholesterol, and silica) [178], and
numerous microbes (bacteria, viruses, yeast, parasites) [179]. The
activation step for NETs as well as inducers of NETs is shown in Fig. 7.
Overall, the involvement in NETs in many disease processes is
continually evolving. As NETs are a heterogeneous mixture of compo-
nents, including different enzymes, singling out the specific contribution
of MPO in this context may be challenging. On the other hand, the fact
that MPO is required for NET formation indicates a vital need for MPO
activity in both protective and deleterious NET-associated processes.

11. Drug metabolism and MPO inhibition

Drug metabolism reactions catalyzed by MPO have been known for
some time. The fact that MPO is a haem enzyme, similar to the P450
enzyme family, also suggests its drug metabolism capacity. Neutrophil
metabolism of drugs, specifically via the concerted action of NADPH
oxidase and MPO, has been proposed to have a role in their side effects
and adverse drug reactions [35,36]. MPO is unique in that it has at least
four mechanisms to catalyze reactions mimicking P450-like drug
metabolism: 1) its peroxidase activity [84]; 2) oxidizing equivalents via
HOCL/ OCl generation, and 3) superoxide radical catalyzed hydroxyl-
ation [84].

Simplified Hydroxylation reactions of MPO:

Peroxidase reactions

MPO

RH-SR +H (C)]

R+ H,O—ROH + H" (10)

An example of this reaction is the phenol parahydroxylation mech-
anism to form hydroquinone and eventually benzoquinone. This
pathway proposes a localized carbocation reaction with H»O to produce
a hydroxylated product [180], although a superoxide mechanism was
initially suggested [181].

R —NH, + HOCl -RNHCI-RNH™ + CI"->RN = O—-RNHOH an

The example of amine-containing drugs is used, however, this can
apply to other compounds such as the amine of nucleosides. Indeed, a
primary radical is observed (an aminyl radical in this instance) [182,
183], though the question of the products may vary. There will be an
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Fig. 7. Major NET formation steps and
summary of inducers of NETosis. For
illustrative purposes, the small green
spheres in the NET represent MPO,
which were housed in the primary
granules (large green spheres). ANCA-
induced activation is suggested to
require neutrophil priming in advance.
TIM-3 is a surface protein on T-cells that
is proposed to activate NETosis. DAMPs
(damage associated molecular patterns)
have been described in the text, but
include mitochondrial DNA, galectin-3,
for example. Uric acid microcrystals,
and other microcrystals can activate
NETosis, and so could the combination
of the cytokines IL-6 and TNFa. Con-
cepts and findings were applied in this
figure from [42,164,169]. (For inter-
pretation of the references to colour in
this figure legend, the reader is referred
to the Web version of this article.)

4) Cell contraction and
release of NETs

microcrystals

aldehyde product in the degradation pathway of these chloramines
[184,185]. The latter may undergo reduction to an alcohol to produce a
putative hydroxylated product. However, if the aldehyde (in this case,
nitroso intermediate) is highly reactive, free products will likely not be
observed in a biological matrix, as observed with sulfamethoxazole and
procainamide [186,187].

RH + 05 +2H "™ ROH + H,0 (12)

The superoxide-dependent reaction involves an initial MPO Com-
pound III formed between superoxide and resting MPO (in the ferric
state). This is followed by a subsequent reduction by superoxide mole-
cule of the MPO Compound III to produce a hydroxylated enzyme
similar to P450, where superoxide is bound to ferrous MPO to interact
with the substrate [84]. It is important to note that unlike P450, where a
radical pair (both the enzyme and substrate) are caged, so the free
radical (drug) is not diffusible to the medium, MPO substrates usually
are not caged. For example, aromatic carbon oxidation reactions of
MPO, where molecular oxygen favourably adds to the radical, forming a
peroxyl radical (as seen with lipid peroxidation):

R-C-H™R-C +H BR-C-0-0" 13)

Numerous compounds can be oxidized by MPO through one of these
processes, including olefin oxidation (epoxidation) [188], drug oxida-
tion such as carbon oxidation [189] and arylamine oxidation [190-193].
Recently, the oxidation of edaravone, a pyrazolone antioxidant drug,
was detected as a carbon radical [79]. A relevant functional group with
respect to this review that undergoes oxidation by MPO is that of the
hydrazines and hydrazides. In particular, this scaffold has provided
research tools that have paved the road to new drugs, which turn out to
be MPO inhibitors.

11.1. The evolution of MPO-catalyzed drug metabolism towards MPO
inhibitors

The seminal study by Kettle and Winterbourn on benzoic acid hy-
drazides led to 4-aminobenzoic acid hydrazide as a tool to study the
effect of MPO inhibition [94,194]. Almost 700 publications have cited
the use of 4-aminobenzoic acid hydrazide to date. A mechanistic study of
inhibition revealed that 4-aminobenzoic acid hydrazide catalyzed ester
bond cleavage between the haem and amino acid protein chain [195].
Although quite valuable for enzymatic, cellular, and short-term in vivo
animal studies, 4-aminobenzoic acid hydrazide is not ideal as a drug
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Fig. 8. Chemical structure of AZD4831 (AstraZeneca), currently in phase II
clinical trials, and PF06282999 (Pfizer) did not proceed from Phase I clinical
trials [3].

candidate as hydrazides have undesirable side effects, which must be
outweighed by their benefit to be clinically used (such as the
anti-mycobacterial drug, isoniazid).

A detailed review outlining patents that have been filed since 2003
reported 15 MPO inhibitor patents [3]. Studies have come quite a long
way since hydrazides, and there is considerable chemical heterogeneity
for MPO inhibitors. Computational and experimental screening efforts
directed towards identifying reversible and irreversible MPO inhibitors
have led to diverse scaffolds [196-199]. These chemical scaffolds
include triazolopyridine macrocyclics, peptides, ferulic acids, indole
alkylamines, thioxanthines, thioxodihydroquinazolinones, triazolopyr-
idines, and thiopyrimidinones [3]. Despite this chemical diversity, the
most favourable scaffolds thus far are based on 2-thioxanthine and 2-thi-
opyrimidinone. A 2-thiopyrimidinone (PF06282999, Fig. 8) produced
by Pfizer did not progress after Phase I clinical trials, in spite of desirable
potency and pharmacokinetics parameters [3]. Work by Kettle and sci-
entists at AstraZeneca demonstrated the potent MPO inhibition of 2-thi-
oxanthines, which act as mechanism-based inhibitors. The initial radical
product forms a haem-adduct before it is able to leave the MPO active
site [39]. In this sense, the radical of the inhibitor is effectively caged,
resulting in haem inactivation. The 2-thioxanthines demonstrated
sub-micromolar ICsq values. Studies on aromatic hydroxamates revealed
novel reversible inhibition [200]; however, it appears the utility of MPO
inhibitors in disease settings favours irreversible inhibition. Even though
2-thioxanthines and a 2-thiopyrimidone advanced to clinical trials, none
have yet passed phase II. There is currently a clinical trial for an
AstraZeneca MPO inhibitor (AZD4831, Fig. 8) being run at the Mayo
Clinic, which is currently in phase II (Clinical trial: NCT03611153)
[201]. The study aims to determine if a single dose of this compound can
affect hemodynamics in heart failure patients. It appears as though MPO
inhibition is currently aimed at ameliorating cardiovascular disease,
although work should continue to attenuate oxidative stress which is a
key component in many of the diseases discussed in this review.

12. Concluding comments

MPO has remarkable diversity in the spectrum of its functions in
health and disease. After reading this review, and considering clinical
MPO inhibitors are being evaluated, one may be tempted to suppose that
we may be better off without this enzyme. However, this is over
simplistic, since the healthy milieu intérieur must be achieved with the
normal presence and activity of MPO. Indeed, reflecting on the fact that
most individuals express MPO indicates a fundamental (protective)
function, and perhaps regulation of over active MPO is more desirable.
When disease and pathobiology comes into play, MPO inhibition be-
comes a viable target, though clinical trials will be telling exactly how
well this is achieved.
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