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ABSTRACT
Introduction: Myeloperoxidase (MPO) is an immune enzyme found in neutrophils and macrophages. It 
produces the highly oxidative compound HOCl from H2O2 and Cl− ions inside the phagosome of the 
neutrophil. Leakage of the enzyme outside the cell causes oxidative damages for the biomolecules promoting 
many inflammatory diseases such as atherosclerosis. Thus, there is a real interest to develop potent inhibitors 
of MPO as non-steroidal anti-inflammatory agents. This review highlights the several published MPO inhibi-
tors, their activity, and the challenges met during the development of these compounds.
Areas covered: This article covers the patent literature published on MPO inhibitors from 2013 to 2019, 
as well as the potential use of these compounds as therapeutics for inflammatory syndromes, especially 
that plays an important role in the initiation and progression of atherosclerosis.
Expert opinion: To date, many MPO inhibitors with different structures have been studied, many of 
which have prominent inhibitory activities. Furthermore, the specificity of these drugs offers hope for 
the targeted therapy of inflammatory syndromes. Although many data have proved that MPO can 
contribute to several chronic inflammatory syndromes, the usefulness of MPO inhibitors in preventing 
and treating inflammatory disorders is still under investigation.
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1. Introduction

Neutrophils are the major immune cells in innate immunity 
that neutralize foreign antigen [1]. After the phagocytosis of 
the antigen by neutrophils, lysosomal enzymes are released 
into the phagosome. This process is usually accompanied by 
the production of highly reactive oxygen species (ROS) which 
have strong microbicidal properties [2]. Among these lysoso-
mal enzymes, myeloperoxidase (MPO, EC,1.11.2.2) is one of 
the most abundant proteins in neutrophils. It is stored in 
azurophilic granules of the neutrophils accounting for 5% 
of the dry weight of these white cells [3]. In addition, MPO 
is found in lysosomes of monocytes [4]. Due to its high 
oxidative product, hypochlorous acid (HOCl), this enzyme 
plays a major role in killing the pathogens through neutro-
phils and monocytes [5].

Myeloperoxidase is a heme enzyme with a green color [6]. 
It consists of two subunits that are attached together by 
a disulfide bond [7]. Each subunit binds covalently with the 
heme group leading to two active sites. It has been deter-
mined that each subunit of MPO presents a calcium-binding 
site and five putative sites of asparagine-linked glycosylation 
(Asn157, Asn189, Asn225, Asn317, and Asn563) which play 
important roles in the dimerization of the enzyme and stabi-
lization of the dimer. Analysis of the protein structure has 
shown also the proximal His336 and distal His95 which play 
a very important role in the enzymatic activity [8,9].

1.1. Activity of MPO

Myeloperoxidase uses H2O2 to oxidize chloride (Cl−), bromide 
(Br−), iodide (I−), and the pseudohalide thiocyanate (SCN−) (but 
not fluoride) to their respective hypo(pseudo)halous acids [10]. 
The halide oxidation starts by the reaction of ferric-MPO (Por- 
Fe3+) with H2O2 to form Compound I (●+Por-Fe (IV) = O), which 
contains two oxidizing equivalents more than the resting 
enzyme. Compound I directly oxidizes the halide to recover 
the native enzyme by a two-electron process. These reactions 
are called the halogenation cycle (Figure 1) [11].

In the presence of exogenous or endogenous electron 
donors (AH2) with a high affinity toward MPO, MPO- 
Compound I is converted to a ferryl(IV) state (MPO- 
Compound II) which is inactive in the oxidation of the halo-
gens. MPO-Compound II can be reduced via a one-electron 
process in the presence of another electron donor recovering 
the native MPO. These reactions belong to the so-called 
peroxidation cycle (Figure 1) [12]. The difference in standard 
reduction potential E°’ of relevant redox MPO couples can 
explain the difference in the oxidative activity of each state 
of MPO where it has been found that E°’ (Compound I/ 
Compound II) = 1.35 V and E°’ (Compound I/native MPO- 
Fe3+) is 1.16 V, whereas the value of E°’ (Compound II/native 
MPO-Fe3+) = 0.97 V [13,14].

Despite that Cl− has a lower affinity toward MPO than Br−, 
I−, and SCN−, chloride is considered as the physiological 
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substrate for MPO because of its high concentration in plasma 
and in phagosomes compared to the other (pseudo)halogens. 
However, in heavy smokers, the concentration of thiocyanate 
is significantly increased and the kinetic rate of its oxidation is 
the same as for chloride [10].

1.2. Role of MPO in pathology

1.2.1. MPO and oxidative damages
During inflammation, MPO can be released outside the neu-
trophils causing oxidative damages for the host tissues [5]. 
These damages can be caused by two processes: 1) producing 
HOCl which oxidizes the biomacromolecules such as DNA, 
RNA, proteins, lipoproteins [15]; 2) direct oxidation by MPO 
of which some amino acids and hormones can be substrates 
(ex: tyrosine and serotonin) [16]. HOCl produced by MPO is 
able to oxidize a large variety of biomolecules by chlorination 

and/or oxidation [17]. It oxidizes sulfhydryl groups in proteins 
causing their inactivation. This oxidation can form disulfide 
bonds that can result in the crosslinking of proteins. 
However, oxidation of Cys by HOCl gives cysteic acid and 
cysteine [18]. Hypochlorous acid can readily react with the 
amino acids which have an amine side chain (ex. Lys) resulting 
in a chloramine compound. Tyr can be oxidized by MPO giving 
either o,o’-dityrosine (di-tyr) via direct oxidation or chlorotyr-
osine (Cl-tyr) via HOCl where Cl−tyr is considered as the marker 
of MPO oxidation [19]. HOCl can attack the free amino acids as 
well as the residues of amino acids in proteins [17]. In addition, 
the nitrogen atoms of nucleosides are readily oxidized by 
HOCl causing damages in DNA and RNA [20]. Reactions of 
unsaturated fatty acids and cholesterol with HOCl are also 
possible that generate lipid hydroperoxide and cholesterol 
chlorhydrin [21,22].

Many studies have proved that MPO contributes in sys-
temic inflammatory response syndrome implicated in several 
disorders such as atherosclerosis [23], Alzheimer disease [24], 
Parkinson disease [25,26], Huntington disease [27], rheumatoid 
arthritis [28], and several types of cancer [29–34].

1.2.2. Role of MPO in atherosclerosis
It has been proposed that the oxidative stress contributes to 
pathogenesis and progression of atherosclerosis via complex 
processes and mechanisms. Oxidative damages play an impor-
tant role in cardiovascular diseases and also reduce the phy-
siological functions that may adjust myocardiocytes. It has 
been demonstrated that the atherosclerotic lesion formation 
is accelerated by the oxidative stress induced by inflammation, 

Article highlights

● MPO plays a significant role in atherosclerosis and other chronic 
inflammatory syndromes.

● The evidence which implicated MPO in atherosclerosis made the 
enzyme a promising target for treating and preventing CVD.

● Many new MPO inhibitors have been developed and approved, some 
of which have entered clinical trials.

● MPO inhibitors can have significant application prospects if their 
associated limitations are overcome.

This box summarizes key points contained in the article.

Figure 1. The formation of MPO-Compound I and II. Compound I is generated by oxidation of MPO by H2O2 by a two-electron process (k1). The standard reduction 
potential of this reaction is E°'= 1.16 V. The reaction of Compound I with Cl- gives HOCl (k2). In the presence of electron donor HA, Compound I is reduced to 
Compound II by one-electron process (k3, E°'= 1.35 V). Compound II may be reduced by other electron donor AH to give native MPO (k4, E°'= 0.97 V). 
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mitochondria, autophagy, apoptosis, and epigenetics [35]. 
Recent studies had indicated that reactive oxygen species 
(ROS) and reactive nitrogen species (RNS) produced by oxi-
dase and peroxidase enzymes play different roles in athero-
genesis [36,37]. They are implicated in endothelial dysfunction, 
neovascularization, vascular proliferation, apoptosis, matrix 
degradation, inflammation, and thrombosis [35]. MPO is one 
of these enzymes which contribute to ROS production and 
therefore oxidative stress [5].

The role of MPO in atherosclerosis is well documented. It 
has been reported that MPO contributes to LDL oxidation that 
leads to MPO-modified LDL (MoxLDL), and HDL. The modifica-
tion of HDL reduces its protective role against cholesterol 
accumulation Endothelial cells can be also modified by MPO, 
causing dysfunction of these cells and development of vulner-
able plaques (Figure 2) [38].

1.2.2.1. Oxidation of LDL. Many modifications in LDL pro-
duced by MPO have been reported. Tyrosine residue in LDL 
can be oxidized by HOCl to give chlorotyrosine, which is found 
abundantly within lipid species in human atherosclerotic 
lesions. Myeloperoxidase can use Tyr residues as substrates 
so generating tyrosyl radical which can easily lead to o,o’- 
dityrosine found in oxLDL [39].

In addition to HOCl, MPO can produce reactive nitrogen 
species including NO2• and NO2•- that readily react with Tyr 
residues in Apo B-100 to give NO2Tyr causing LDL to be 
atherogenic. The nitrated form of LDL, termed ‘NO2LDL,’ is 

selectively recognized by the scavenger receptor CD36, 
a major participant in the formation of foam cells and athero-
sclerotic lesion development [23].

1.2.2.2. Oxidation of HDL. The data obtained from HDL 
isolated from human atheroma proved that MPO selectively 
binds to a certain region on helix 8 of apolipoprotein A-I the 
major lipoprotein in HDL, and ClTyr and NO2Tyr are found in 
relatively large amount in HDL isolated from humans suffering 
from atherosclerosis. The extent of this modification was 
found to correlate with the frequency of coronary artery dis-
ease [23]. It is has been observed that the enrichment of 
apolipoprotein A-I with NO2Tyr and ClTyr is associated with 
a reduction in its ability to promote ATP-binding cassette 
transporter (ABCA1)-dependent cholesterol efflux. Thus, MPO 
causes the accumulation of cholesterol in cells of the artery 
wall. These findings evidence the participation of MPO in the 
initiation and/or propagation of CVD [23].

1.2.2.3. Dysfunction of endothelial cells. It is well known 
that the dysfunction of the endothelial cells is one of the 
earliest changes of atherogenesis. This stage is characterized 
by the abnormal vascular reactivity and expression of various 
proinflammatory and prothrombotic factors. The key role of 
MPO in the endothelial cell dysfunction involves a limitation in 
NO bioavailability [23]. It has been demonstrated that MPO 
reduces the bioavailability of NO by two processes: 1) MPO 
can promote endothelial dysfunction in a direct way via NO 

Figure 2. Myeloperoxidase and development of atherosclerosis. Myeloperoxidase contributes to endothelial dysfunction, modification of LDL and HDL. 
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consumption by using it as a substrate [40]; 2) MPO-generated 
oxidants are capable to inhibit the activity of NO-synthase [41].

The role of endothelial cells of arteries in fibrinolysis and 
inhibition of coagulation has been well established. However, 
when fibrin deposes on the endothelial cell surface, their 
permeability increases causing subendothelial lipid accumula-
tion and foam cell formation [42].

Because MPO is implicated in several chronic diseases, 
inhibiting its activity in the circulation can be exploited to 
control the development of many inflammatory disorders, 
especially, atherosclerosis, Alzheimer disease, and Parkinson 
disease, and thus this enzyme could be an important target 
for the therapy of these diseases [38,43,44].

1.3. Strategies for finding MPO inhibitors

Because MPO is an immune enzyme that acts inside neutrophils, 
the only adverse effect expected for inhibitors is an impairing of 
the activity of neutrophils against pathogens [23]. However, MPO 
is packed in azurophilic granules resulting in the protection of 
this enzyme from the extracellular environment changes [45]. 
Thus, the effect of the inhibitors on MPO activity is thought to be 
easily reduced by targeting only the extracellular enzymes that 
are not important in pathogen killing and rather implicated in 
the host damages. Relatively polar MPO inhibitors cannot enter 
the neutrophils and are considered to potentially inhibit only 
extracellular enzymes [38]. In order to find and design such these 
inhibitors, three strategies have been applied:

The first strategy is designing small compounds that have 
a reduction potential of 0.97 V ≪ E°′ (A•/AH) <1.35 V. These 
molecules can be easily oxidized by MPO-Compound I and 
give the inactive state MPO-Compound II. Simultaneously, 
they cannot reduce MPO-Compound II and lead to the accu-
mulation of this inactive form of MPO. The main problem of 
these inhibitors is that when they are used in vivo, several 
biomolecules can serve as substrates for MPO and reduce 

MPO-Compound II to recover the native enzyme. Thus, these 
inhibitors loose their activity in vivo [46].

The second strategy focuses on small compounds that have 
a high affinity for the active site of MPO. These compounds are 
designed to do strong interactions with the residues of the 
active site of the enzyme. Glu102 is considered the essential 
amino acid that does a salt bridge or/and hydrogen bond with 
the inhibitor. Additionally, the inhibitor must have a reduction 
potential E°′ (A•/AH) <1.35 V to be able to reduce MPO- 
Compound I to MPO-Compound II. When this kind of molecule 
generates the inactive state of the enzyme, it keeps its inter-
actions with the active site of MPO so preventing other sub-
strates to enter the active site, and causing accumulation of 
MPO-Compound II with competitive inhibition. Indeed, several 
potent MPO inhibitors have been obtained by this method 
including aminoalkyl-indole compounds and aryl hydroxamic 
acid derivatives [47–50].

The third strategy is based on the design of small com-
pounds that have a relatively high affinity toward MPO and do 
covalent bonds after their oxidation by the enzyme. These 
molecules are irreversible MPO inhibitors acting through the 
degradation of the heme group. Most of the patented inhibi-
tors belong to this family [38].

2. Discussion of selected patents

For two decades, MPO has attracted the attention of the 
medicinal chemists who have been trying to find inhibitors 
for treating and preventing several inflammatory diseases. 
Although no MPO inhibitor is used clinically up to now, 
some of these inhibitors are in pre-clinical and clinical trial 
stages. A comprehensive review of MPO inhibitor-related 
invention patents during the specified period has revealed 
significant trends (Table 1); accordingly, we classify these 
inhibitors into the following groups depending on their 
scaffold.

Table 1. The patents published on MPO inhibitors, patent numbers, activity, and toxicity.

Compound Class of compound Patent N° Year IC50 µM Toxicity

AZD3241 
(Verdiperstat)

Thioxanthine WO/2003/089430 
WO/2006/ 
062465 
WO/2007/ 
142,577 
WO/2009/ 
025618

2003 0.63 No adverse effects have been observed in human at 600 mg/d (oral 
administration)

AZD5904 0.2 No adverse effects have been observed in human at 325 mg/d (oral 
administration)

Compound 3 Alkyl-5-Fluoroindole WO/2010/ 
136,546

2010 0.005 No adverse effects have been observed in rats at 10 mg/kg

Compound 4 Alkyl-5-Fluoroindole EP2682119 2013 0.018 No adverse effects have been observed in rats at 50 mg/kg
PF06282999 Thiopyrimidinone WO/2016/ 

178,113
2016 1.9 Serious adverse effects at 350 mg/d

Compound 7 Thioxodihydroquinazolinone US20160243121 2016 0.1 -
AZD4831 Thioxanthine WO/2016/087338 2016 0.007 No adverse effects have been observed in human at 405 mg/d (oral 

administration)
KYC Tri-peptide EP2485750B1 2017 - No adverse effects have been observed in murine at 0.3 mg/kg/d
Compound 1 

and 2
Triazolopyridine 

Macrocyclic
WO/2018/005336 2018 0.1–0.001 -

PIC1 Peptide WO/2019/ 
139,886

2019 - No adverse effects have been observed in mice at 10 mg/kg

Compounds 
8–11

Triazolopyridine US20190031623 2019 0.005–0.03 No adverse effects have been observed in rats at 250 mg/d

4 J. SOUBHYE ET AL.



2.1. Triazolopyridine macrocyclic inhibitors

Recently, macrocyclic compounds derived from triazolopyri-
dine have been designed as MPO inhibitors. Figure 3 shows 
the general structure of these new inhibitors. The activity of 
these compounds in vitro reached the nanomolar level (IC50 

values ranging between 1 and 100 nM). It has been found that 
these inhibitors can inactive MPO in reversible model. 
However, no compounds among these inhibitors have been 
tested in vivo, and, therefore, the pharmacokinetics and 
absorption/distribution/metabolism/elimination/toxicity 
(ADME-T) data profile are not available [51].

2.2. Peptide-based inhibitors

Starting from the amino acid sequence of the capsid of human 
astrovirus (787 amino acid residues), a small polypeptide (15 
amino acids; IALILEPICCQERAA, Figure 4A) has been designed 
and synthesized for inhibiting the classical pathway of the 
complement. In order to enhance the solubility of this peptide, 
it was grafted with a 24mer monodisperse PEG moiety on the 
C terminus to give a Peptide Inhibitor of Complement C1 
(PIC1) [52]. This polypeptide has shown good inhibitory activ-
ity on MPO in vitro. The dual activity of PIC1 against the 
complement pathway and MPO makes this peptide a good 
hit for treating the inflammatory syndromes that cause injury 
to the lungs especially in patients with a high-risk disease such 
as cystic fibrosis patients [53].

However, the activity of PIC1 was at high micromolar 
ranges (500 µM); therefore, new peptides have been devel-
oped starting from PIC1. These peptides were substituted 
with sarcosine or PEG. Peptide PA-I8Sar with the sequence 
IALILEP(Sar)CCQERAA has shown the best activity against 
MPO. Although PA-18Sar showed a very high activity on 
both complement pathway and MPO compared with PIC1, 
only peptide PIC1 has been subjected to in vivo test in 
Wistar rats with induced inflammatory reactions [52]. The 
results revealed that PIC1 significantly reduced the injury 
to the lungs as well as the activity of MPO compared to 
the control rats. PIC1 also showed prophylactic properties 
against lung injury. However, the peptidic structures of PIC1 
and PA-18SAR prevent the compounds to be absorbed via 
gastrointestinal tract, and therefore, they cannot be 

administrated orally, which is considered as a negative fea-
ture in drug development [54].

PIC1 was not the first peptide that was used as an MPO 
inhibitor. The tripeptides N-acetyl lysyltyrosylcysteine amide 
(KYC) (Figure 4B) has showed a good inhibitory activity on 
MPO. This peptide is a reversible inhibitor which causes accu-
mulation of MPO-Compound II by reducing Compound I and 
staying into the active site so that it prevents other electron 
donors to help recovering the native enzyme [55]. KYC was 
tested in vivo and the results demonstrated that this tripeptide 
effectively inhibits the formation of MoxLDL, increases vasodi-
lation in mice with sickle cell disease, inhibits eosinophil infil-
tration and collagen deposition in asthma mice, and decreases 
ischemic injury of the heart. In addition, KYC may also be 
capable of scavenging toxic oxidants and free radicals 
[55,56]. Moreover, it has been reported that due to its MPO 
inhibitory activity, KYC can reduce brain damage after stroke 
[57] and prevents the progression of multiple sclerosis in 
a murine model [58]. These peptides were found to be rever-
sible inhibitors for MPO by reversible binding to the active site 
residues of the enzyme [59].

2.3. Ferulic acid derivatives

Starting from the reversible inhibitor ferulic acid, Liu et al. 
have developed a new potent reversible inhibitor INV-315 
(the structure did not publish). The effects of INV-315 on the 
progression of atherosclerotic lesions and endothelial function 
have been investigated in ApoE−/− mice models. It has been 
found that INV-315 can reduce plaque burden and improved 
endothelial function in response to acetylcholine. In addition, 
the administration of this inhibitor resulted in a decrease in 
superoxide production and nitrotyrosine content in the aorta. 
However, the effect of INV-315 on lipid peroxidation which is 
one of the main atherogenic pathways of MPO has not been 
shown in this study [60].

Compounds a and b were other compounds derived from 
ferulic acid (with IC50 of 0.9 and 8 µM, respectively) were 
developed by Jayaraj et al. in 2019 as reversible MPO inhibi-
tors (Figure 4 C). These compounds have showed good inhibi-
tion effects of the oxidation of HDL in vitro. It has been 
demonstrated that in the presence of these compounds, the 

Figure 3. General structure of the macrocyclic inhibitors of MPO (formula I) and the most active compounds in this group (compounds 1 and 2). 
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cholesterol efflux of HDL was enhanced, indicating that these 
two compounds can be useful as cardioprotective agents [61].

2.4. Indole alkylamine derivatives

Tryptamine has been considered as one of the first good 
reversible inhibitors for MPO. The mechanism of inhibition 
has been well documented. Tryptamine enters the active site 
of MPO by doing interactions with its amino acid residues 
[46,62]. Docking experiments showed that Glu102 plays an 
important role in the interaction with tryptamine by doing 
a salt bridge with the amino group of the side chain of 
tryptamine [63]. The introduction of halogens increases the 
activity not only by increasing the interactions with the active 
site but also because the inhibitor becomes a good substrate 
for MPO-Compound I [46]. Figure 5A illustrates the predicted 
interactions between 5-fluorotryptamine and MPO. These 
results led medicinal chemists to develop new MPO inhibitors 
by structure-based design starting from tryptamine. These 
researches resulted in very potent MPO inhibitors with an 
activity at low nanomolar range. Compound 3 (3-(5-aminopen-
tyl)-5-fluoro-1 H-indole) inhibits MPO with an IC50 of 5 nM and 
it can also inhibit the LDL oxidation via MPO (Figure 5B). It has 
been demonstrated that the mechanism of MPO inhibition by 
compound 3 is the same as by tryptamine. It can enter the 

active site but with higher affinity and do more interactions 
than other weaker inhibitors (Figure 5B) [64,65].

In vivo toxicity tests on compound 3 revealed that this 
molecule has no toxic effect on the organisms when it was 
administrated at therapeutic concentrations (when 10–50 mg/ 
Kg was injected in rats). However, further pharmacological 
studies showed that compound 3 can inhibit serotonin- 
reuptake transporters (SERT) at the same concentration 
range as MPO IC50. Despite the possibility of using compound 
3 in treating depression in patients with high risk of athero-
sclerosis, selective inhibitors must be developed in order to 
avoid the adverse effects related to serotonin accumula-
tion [66].

Based on these observations, further pharmacomodulation 
studies resulted in new selective MPO inhibitors (selectivity was 
studied only versus SERT). Compound 4 (3-(4-(butylamido))- 
5-fluoro-1 H-indole, Figure 5B) with an amid group instead of 
an amine in the side chain was shown to have the best activity/ 
selectivity profile with IC50 of 18 nM and a selectivity index of 
630. Structure–activity relationship (SAR) studies concluded that 
the amido group reduces dramatically the affinity of the com-
pound toward MPO while keeping its activity on MPO. 
Compound 4 has been subjected to an in vivo toxicity tests 
and the results showed that this molecule has no remarkable 
adverse effects and it did not show any tissue damages in the 
organs at the concentration of treatment [67,68].

Figure 4. Structures of peptide-based MPO inhibitors, PIC1 (A) and KYC (B), structures of ferulic Acid derivatives (C) 
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The pre-clinical studies of compounds 3 and 4 have been 
stopped in this stage and they are no longer subjected to pre- 
clinical or clinical trials.

2.5. Thioxanthine derivatives

Thioxanthine has been one of the most studied structures for MPO 
inhibition [38]. Several inhibitors have been developed by 
AstraZeneca. These thioxanthine compounds are suicide inhibitors 
through the covalent bond formation of a thioether bridge 
between the thioxanthine and the heme group of MPO (Figure 
6A) [69,70]. Most of these compounds were shown to be orally 
available molecules [71,72].

The irreversible inhibitor AZD5904 (Figure 6), which has an 
IC50 value of 0.2 µM, has been subjected to pre-clinical and 
clinical trial phase I. It has been demonstrated that AZD5904 
can inhibit MPO in mice and rats after oral administration. It 
was relatively selective versus the other MPO-related peroxi-
dases (lactoperoxidase LPO and thyroid peroxidase TPO). In 
vivo studies have shown that AZD5904 reduces the formation 
of glutathione sulfonamide which is produced by the oxida-
tion and cyclization of glutathione. The oral administration of 
AZD5904 to 181 healthy volunteers in single doses (1400 mg) 
and multiple doses (325 mg) did not lead to an overtly drug- 
related adverse event. The administration of 300 mg of this 
molecule yielded blood concentrations peak of 30 µM and an 
average blood concentration of 12 to 16 μM (greater than its 
IC50 value).

The elimination of AZD5904 is mainly via renal route; thus, 
caution is required in patients with impaired renal function. 

Plasma protein binding is 44% with low blood-brain barrier 
(BBB) penetration, so it can be used for several inflammatory 
syndromes such as cardiovascular and pulmonary inflammatory 
diseases (but not in neurological diseases). Pre-clinical studies 
on rats have shown that AZD5904 can reverse the resistance to 
muscle microvascular insulin in high-fat diet-fed animals. 
During in vitro studies, AZD5904 led to inhibition of CYP2C19 
(but not the other cytochromes including CYP1A2, CYP2D6, and 
CYP3A4) and was a P-glycoprotein 1 substrate [73]. The clinical 
trials on this compound have been stopped at this stage.

Other thioxanthine derivatives were subjected to clinical 
trials. AZD3241 is another potent irreversible MPO inhibitor 
with IC50 of 0.63 µM. A pre-clinical trial has pointed out that 
AZD3241 is selective for MPO and TPO but equipotent in 
inhibiting LPO. However, significant selectivity was found 
against 150 other potential targets including enzymes, recep-
tors, ion channels, and transporters. In vivo studies have 
shown that the inhibitor decreases the activity of MPO in 
plasma during the acute peritonitis with a significant protec-
tion of the nervous system [74]. Phase I study on AZD3241 
undertaken to determine its pharmacokinetic profile has 
shown that the compound is an orally available inhibitor, 
which can be absorbed via gastro-intestinal tract. After the 
oral administration of 600 mg of AZD3241, the molecule is 
readily absorbed with an area under curve (AUC) ranging from 
49.4 to 39.5 µmol.h/L in healthy subjects and patients (multi-
ple system atrophy, MSA) respectively; 4.5 h after its adminis-
tration, the inhibitor reaches the maximum concentration in 
plasma (Cmax) with 5.2 and 4.2 µM in healthy persons and 
MSA patients, respectively. It has been found also that the 

Figure 5. Indole derivatives MPO inhibitors, (A) predicted interaction between 5-fluorotryptamine and the active site of MPO, stacking with pyrrole D of the heme 
and the ionic interaction with Glu102 [58]. (B) best MPO inhibitors derived from tryptamine. 
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administration of this inhibitor with a high-fat food increases 
the absorption by 69%. The clearance of AZD3241 is mainly 
by renal route, but unlike AZD5904, this compound can easily 
penetrate BBB. Thus, the pharmacokinetic profile indicated 
that the concentration of AZD3241 in plasma after oral 
administration is much higher than its IC50 value. The main 
adverse effect upon giving 600 mg of this inhibitor was head-
ache which sometimes led to stop the treatment [74,75].

As AZD3241 is BBB penetrant, phase II clinical trial has been 
achieved to test this compound on MSA and Parkinson's dis-
ease rather than CVD. Indeed, the results have shown that the 
treatment of Parkinson's disease patients with 600 mg daily for 
8 weeks significantly decreased the microglial activation (one of 
the main mechanisms of neurodegeneration) in degenerating 
brain areas. However, despite its activity in suppressing the 
microglial activation, AZD3241 failed to reduce the neuronal 
loss and the motor impairments [76].

AstraZeneca has developed special thioxanthine derivatives 
(1-[2-(aminomethyl)benzyl]-2-thioxo-1,2,3,5-tetrahydro-4 H- 
pyrrolo[3,2-d]pyrimidin-4-one) as Irreversible MPO inhibitors 
targeting cardiovascular diseases. AZD4831 (Figure 6) was 
chosen to enter clinical trials. It has an IC50 value of 7 nM. 
The pharmacokinetic studies on 40 healthy subjects have 
indicated that AZD4831 is easily absorbed after oral adminis-
tration and distributed rapidly into plasma, to reach its Cmax 

between 0.51 and 1.00 h with Cmax value of 1 µM after giving 
135 mg of the compound. A high-fat and high-calorie meal led 
to a reduced absorption rate by 44% compared to the admin-
istration without food intake. It has been found also that 
AZD4831 has a long plasma half-life (t1/2 = 38–50 h) and the 
main clearance route is renal [77]. In vitro metabolism studies 
have indicated that the cytochrome P450 (CYP) enzymes 

CYP3A4 and CYP3A5 are involved in the metabolism of 
AZD4831 [77].

AZD4831 was shown to be well tolerated: no adverse effects 
have been observed except maculopapular rash but only at 
high doses (135 mg) and in 33% of the participants [77].

The good ADME-Tox profile of AZD4831 allows it to go on in 
phase II clinical trial as a treatment of heart failure. The study has 
begun in July 2018 with 30 participants (age ≥30 years) and the 
patients received 30 mg of AZD4831 via oral administration [78].

2.6. Thioxodihydroquinazolinone compounds

Many thioxodihydroquinazolinone compounds have been 
designed and synthesized as MPO inhibitors. The pharmaco-
modulation led to promising MPO inhibitors for use in the 
treatment of inflammatory diseases including CVS and CNS 
diseases (Figure 7). Compounds 5, 6, and 7 showed high 
inhibitory activity on MPO with IC50 of 0.1 µM. The kinetic 
and reversibility studies indicated that thioxodihydroquinazo-
linones inhibit MPO reversibly and they are substrates for 
MPO-Compound I so that these compounds cause accumula-
tion of the inactive form of MPO. Unfortunately, none of these 
compounds has been subjected to pre-clinical trials or in vivo 
tests [79,80].

2.7. Triazolopyridine compounds

Starting from triazolopyridine macrocyclic inhibitors and keep-
ing the triazolopyridine moiety, other inhibitors have been 
designed and synthesized. Structure–activity relationship 
showed that the substitution on position 7 of triazolpyridine 
by benzyl or heterocyclic ethers is essential for the activity. In 

Figure 6. Thioxanthine MPO inhibitors, (A) the covalent bond between thioxanthine and the heme group of MPO. (B) structures of thioxanthines subjected to clinical 
trials. 
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addition, using thioether instead of ether increases the activity 
and the affinity toward MPO (Figure 8). However, most of the 
tested compounds with benzyl ether and thioether moieties 
showed a high potency against MPO at low nanomolar range. 
Indeed, it has been found that the aromatic group on position 
7 of triazolopyridine increases the interaction between the 
inhibitor and the hydrophobic pocket of the active site of 
the enzyme. Compounds 7-(2-fluoro-benzyloxy)-3 H- [1–3]tria-
zolo[4,5-b]pyridin-5-ylamine (8), 7-(2-fluoro-benzylsulfanyl) 
-3 H- [1–3]triazolo[4,5-b]pyridin-5-ylamine (9), 7-(2,6-dichloro- 
benzyloxy)-3 H- [1–3]triazolo[4,5-b]pyridin-5-ylamine (10) and 
7-(2,6-dichloro-benzylsulfanyl)-3 H- [1–3]triazolo[4,5-b]pyridin- 
5-ylamine (11) were identified as potent reversible inhibitors 
with IC50 of 30, 9, 7, and 5 nM, respectively. These inhibitors 
showed good selectivity for MPO versus the other heme- 
containing oxidizing enzymes including LPO, TPO, EPO, and 
CYP 3A4. In vivo tests in rats with compound 9 indicated that 
this inhibitor is orally bioavailable and rapidly distributes into 
the blood with a serum concentration much higher than IC50 

after oral administration of a safe dose (the dose which gives 
good activity without dangerous adverse effects). The in vivo 
tests also demonstrated that compound 9 reduces the inflam-
matory status and the oxidative stress by decreasing the 

reactive oxygen species (ROS). These results make compound 
9 a good candidate for pre-clinical trials for inflammatory 
syndromes treatment [81,82].

2.8. 2-Thiopyrimidinone compounds

From a compound structurally related to thioxanthine, many 
MPO inhibitors have been developed by Pfizer. Propylthiouracil 
(PTU) which is clinically used for the treatment of hyperthyroid-
ism has been identified as an irreversible MPO inhibitor. SAR on 
PTU has established that electron-rich aromatic moiety instead 
of a propyl chain and substitution by polar alkyl chains on 
position N1 are very important for increasing the activity on 
MPO and decreasing the activity on TPO and LPO [83].

These pharmacomodulation studies have led to compound 
2-(6-(5-chloro-2-methoxyphenyl)-4-oxo-2-thioxo-3,4-dihydro-
pyrimidin-1(2 H)-yl)acetamide (PF06282999) (Figure 9). In 
vitro studies have reported that PF06282999 is an MPO inhi-
bitor selective versus TPO, LPO, and cytochrome P450 isoforms 
with an IC50 of 1.9 µM [84].

The pre-clinical pharmacokinetic profile of PF06282999 
has been established in rat, mouse, dog, and monkey. After 

Figure 7. Thioxo-dihydroquinazolin-one compounds 

Figure 8. Triazolopyridine compounds 
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oral administration of the inhibitor, the compound is absorbed 
with a bioavailability of 75% to 100% according to the animal 
used. In vivo toxicity tests with PF06282999 revealed that no 
toxic effects have been observed upon giving an expected 
therapeutic dose of the inhibitor. In addition, oral dose of 
PF06282999 in inflammatory-induced monkey reduced the 
activity of serum MPO [84].

PF06282999 has been advanced to clinical trials to deter-
mine its pharmacokinetics, safety/tolerability. MPO inhibition 
studies have been pursued due to its safe ADME-TOXprofile as 
well as its in vivo inhibitory activity of MPO. The investigation 
of clinical pharmacokinetics of PF06282999 in phase I has 
shown that this compound can be absorbed after oral admin-
istration of 200 mg to lead to the Cmax after 1 h. It was 
eliminated via renal clearance with a half-life of approximately 
4.3–4.4 hours and after 24 hours, 75% of the dose was 
excreted by renal route [85–87].

Despite the high potency and selectivity of PF06282999 as 
well as its good ADME profile, the phase I clinical trial was 
terminated in February 2015 and the study has stopped and 
will be resumed due to some serious adverse events [88].

3. Conclusion

Despite the importance of MPO in innate immune defense, it 
has been implicated in a large number of inflammatory dis-
eases including CVD and CNS diseases. Thus, inhibition of 
circulating MPO can be useful for treating and preventing 
these inflammatory syndromes especially atherosclerosis, 
heart failure, and neurodegenerative diseases [89].

Many MPO inhibitors have been developed. Most of these 
inhibitors exhibited good activity in vitro and in vivo. 
However, only 2-thioxanthine and 2-thiopyrimidinone were 
advanced to clinical trials. These compounds are orally avail-
able and show high selectivity versus the other peroxidases, 
CYP254, several receptors, and ion channels. In fact, the clin-
ical trials with these inhibitors have not been completed yet 
and the usefulness of this type of treatment has not been 
established until today. However, the in vivo results are pro-
mising and hopeful for the development of a new treatment 
for inflammatory syndromes [90].

4. Expert opinion

This review highlights the interest in MPO inhibitors as poten-
tial drugs for treating CVD and other inflammatory syndromes.

The evidence involving the heme enzyme MPO in these 
diseases has been accumulated for about 20 years. It can 
oxidize the biomolecules by producing HOCl and by directly 
reacting with them. HOCl is a highly oxidative compound that 
is not selective for the pathogens; thus, it triggers a huge 
spectrum of oxidative damages and therefore can contribute 
to systemic inflammatory response syndrome promoting and/ 
or contributing to a large number of chronic diseases. Among 
the chronic syndromes, atherosclerosis is the most studied 
disorder and the correlation between MPO and this disease 
has been largely established [5]. The key role of MPO in 
atherosclerosis is the oxidative modification of LDL. These 
data attracted more attention to the inhibitors of this enzyme, 
and such strategy might be helpful for treating and/or pre-
venting atherosclerosis and other inflammatory diseases [91].

For about two decades, many MPO inhibitors have been 
developed as a new strategy for the treatment of chronic 
inflammatory diseases. These inhibitors are divided into two 
categories: reversible inhibitors and irreversible inhibitors. It 
has been suggested that the circulating MPO in the blood is 
a leftover of neutrophils and its concentration increases in the 
inflammatory cases where the high level of MPO in plasma has 
been found to be a risk factor for CVD [92–94]. Thus, the 
suicidal inhibitors are preferred rather than the reversible 
ones as the frequency of drug administration is lower when 
the drug acts irreversibly [95]. However, besides the activity, 
the safety profile is the most important property for the 
inhibitor in order to enter clinical use and with this good 
tolerance, the compound can be administrated even in 
a relatively high-dose or high-frequency schedule [96]. 
Indeed, although several reversible inhibitors were active at 
nanomolar range with good tolerance (ex. indole alkyl amine 
and triazolopyridine compounds), only the irreversible com-
pounds were advanced to clinical trials (thioxanthine and 
thiopyrimidinone compounds).

AZD5904, AZD3241, AZD4831, and PF06282999 are the 
only inhibitors that were subjected to clinical trials. The first 
three compounds belong to the thioxanthine family and the 
last one to thiopyrimidinone. All of these compounds have the 
same mechanism of action: a thioether bridge is formed 
between the heme group of the enzyme and the oxidized 
thioxantine or thiopyrimidinone (Figure 6A). However, the 
clinical trials of PF06282999 have been terminated due to 
its serious adverse effects [85].

Despite the accumulation of evidence involving MPO in 
many chronic syndromes, especially atherosclerosis [97], and 
the activity of these compounds in inhibiting MPO in vivo after 

Figure 9. 2-Thiopyrimidinone compounds 
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oral administration [98], their usefulness for treating and/or 
preventing atherosclerosis has not been proved yet and 
further studies are needed [99]. In fact, the main challenge in 
studying the effect of the MPO inhibition on atherosclerosis is 
that this disease needs a long time to develop [100,101]. In 
addition, atherosclerosis is a multi-factorial syndrome [102– 
106]; thus, it is difficult to obtain a suitable animal model to 
realize the in vivo studies. It is noteworthy that all pre-clinical 
tests have been achieved in animals with high expressions of 
MPO to evaluate the activity of the enzyme in the presence of 
the inhibitor and on normal animals to determine the toler-
ance, safety, ADME profiles [107–109].

An attempt to evaluate the interest of MPO inhibition in 
atherosclerosis has been done on PF06282999 using low- 
density lipoprotein receptor (Ldlr) knockout (Ldlr−/-) mouse 
model of atherosclerosis. The results established from this 
experiment have indicated that MPO inhibition could not 
improve the atherosclerotic plaque area or leukocyte migration, 
but rather reduces the inflammatory level of atherosclerotic 
lesions; thus, MPO inhibition could stabilize the atherosclerotic 
lesion preventing atherosclerotic plaque rupture [97,110]. In 
addition, the experiments on PIC1 have indicated that lung 
injury could be reduced by MPO inhibitors [52,54]. Moreover, 
the data established from in vivo experiments using the tandem 
stenosis model of atherosclerotic plaque instability in apolipo-
protein E gene knockout (Apoe−/-) mice and by employing 
2-thioxanthine compound AZM198 (structure not disclosed) 
suggested that the inhibition of MPO can reduce atherosclerotic 
plaque instability [111]. Giving INV-315 for mice also has 
resulted in reduction in atherosclerotic lesions [60]. On the 
contrary, it has been reported that AZD3241 could not reduce 
neurodegeneration and it failed to alter the neuronal loss and 
the motor impairments [112]. These conflicting results may 
originate in the fact that these diseases are multifactorial and 
the response to the treatment by MPO inhibitors depends on 
the animal model used in experiments.

In summary, the data that implicate MPO in several CVD 
and CNS diseases have made this enzyme a new target for the 
treatment and prevention of these syndromes. The most 
important inhibitors are AZD5904, AZD3241, AZD4831, and 
PF06282999 since these inhibitors were advanced to clinical 
trials. However, until now, no inhibitor has passed phase II of 
clinical trials as their pharmacological properties have not 
shown satisfactory results that made these molecules move 
to the higher phases of clinical trials. And some of these 
compounds have been in repurposing studies while 
AZD5904 has been abandoned as a clinical candidate for 
the treatment of inflammatory conditions involving oxidative 
stress [113]. Therefore, the true interest of these inhibitors is 
still under investigation.

According to these data, we believe that the development of 
potent MPO inhibitors will be continued for using them in the 
treatment of CVD and other chronic syndromes. By the excep-
tion to AZD4831, all the inhibitors which passed to clinical trials 
have an activity at µM range that activity that appears to be 
insufficient to be able to reduce the deleterious effects of MPO. 
In fact, the in vitro test of the inhibition of the MPO-based 
oxidation of LDL has shown that only the compounds which 

have an activity at low nM range can inhibit the formation of 
MoxLDL [64,67,91]. Therefore, potent reversible inhibitors may 
be a good choice to discover novel therapeutic interventions for 
atherosclerotic cardiovascular and other chronic syndromes.
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