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A B S T R A C T

Myeloperoxidase (MPO) is a heme-containing peroxidase expressed mainly in neutrophils and to a lesser degree
in monocytes. In the presence of hydrogen peroxide and halides, MPO catalyzes the formation of reactive oxygen
intermediates, including hypochlorous acid (HOCl). The MPO/HOCl system plays an important role in microbial
killing by neutrophils. In addition, MPO has been demonstrated to be a local mediator of tissue damage and the
resulting inflammation in various inflammatory diseases. These findings have implicated MPO as an important
therapeutic target in the treatment of inflammatory conditions. In contrast to its injurious effects at sites of
inflammation, recent studies using animal models of various inflammatory diseases have demonstrated that MPO
deficiency results in the exaggeration of inflammatory response, and that it affects neutrophil functions including
cytokine production. Given these diverse effects, a growing interest has emerged in the role of this well-studied
enzyme in health and disease.

1. Introduction

Neutrophils play a vital role in host defense against pathogens such
as bacteria and fungi [1,2]. They exhibit potent microbicidal activity
through generation of reactive oxygen species (ROS). Neutrophils
generate superoxide anion (O2

−) through the activity of phagocyte
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase present
at the plasma membrane, resulting in a respiratory burst [3,4]. Subse-
quently, O2

− dismutates to hydrogen peroxide (H2O2). Myeloperox-
idase (MPO, E.C.1.11.1.7) is a cationic heme-containing enzyme found
in primary azurophilic granules of neutrophils, and to a lesser degree in
primary lysosomes of monocytes. In the presence of H2O2 and a hali-
de—chloride, bromide, or thiocyanate, MPO catalyzes the formation of
reactive oxygen intermediates, including hypochlorous (HOCl), hypo-
bromous, and hypothiocyanous acids, respectively [5,6]. Upon activa-
tion of neutrophils in peripheral blood and tissues, MPO is released into
both the phagolysosomal compartment and the extracellular environ-
ment. The classic paradigm views MPO as a component of the in-
tracellular microbicidal system of phagocytes and thus part of an im-
portant innate immune system for host defense against invading
microorganisms [7,8]. To define the in vivo role of MPO in host defense,
MPO-knockout (MPO-KO) mice were created by two independent

research groups [9,10] and have been extensively studied for their
susceptibility to infections. In addition, recent studies of the MPO-KO
mice have implicated MPO in the pathogenesis of multiple in-
flammatory diseases, including atherosclerosis and cardiovascular dis-
ease, kidney disease, pulmonary inflammation, rheumatoid arthritis,
skin inflammation, neuronal disease, and metabolic syndrome. This
review highlights the key aspects of pathophysiological properties of
MPO and summarizes the findings obtained from extensive studies with
various disease models using MPO-KO mice. Of note, the history [7],
enzymology [2,5,6], clinical studies [8,11,12] of MPO, and new drug
development [13] are topics omitted here but explored in depth in
other papers in this issue.

1.1. Role of MPO in host defense

Patients with chronic granulomatous disease (CGD), in which
granulocytes are unable to produce O2

− due to deficiency in phagocyte
NADPH oxidase activity, are particularly susceptible to fungal infection,
typically Aspergillus species, but also catalase positive bacteria including
Staphylococcus aureus and Burkholderia cepacia. The majority of affected
individuals are diagnosed early in life, although patients may remain
undiagnosed until adult life despite the early onset of symptoms [14].
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In a mouse model of CGD, intratracheal challenge with A. fumigatus
results in high rates of mortality [15,16]. In contrast to the clinical
phenotype of patients with CGD, human MPO deficiency is rarely as-
sociated with severe immunodeficiency, and impairment of anti-
microbial activity is restricted only to specific types of pathogens, such
as Candida albicans [8]. MPO-KO mice provide insights on the in-
volvement of MPO in host defense against invading pathogens. Mutant
mice exhibit increased susceptibility to infection with C. albicans [9]
and Klebsiella pneumoniae compared to infected wild-type (WT) mice
[17]. These mice are also considerably more susceptible to the in-
tranasal instillation of C. tropicalis, Trichosporon asahii, and Pseudo-
monas aeruginosa, whereas susceptibility to infection with A. fumigatus
and Cryptococcus neoformans is increased to a lesser degree and sus-
ceptibility to S. aureus and Streptococcus pneumoniae is comparable to
that of the WT strain [18–20]. In contrast, MPO-KO mice have im-
proved survival, lower bacterial colonization, and less lung injury after
intraperitoneal Escherichia coli challenge due to augmented expression
of inducible nitric oxide synthase (iNOS) and nitric oxide (NO) pro-
duction in the mutant mice [21]. Similarly, lung viral load is lower in
the MPO-KO mice intranasally infected with influenza virus [22].
Parasite clearance after Plasmodium yoelii infection occurs more rapidly
in MPO-KO mice than in WT mice, leading to the hypothesis that de-
creases in parasite levels might depend more on the adaptive immune
system than on MPO-mediated responses [23]. Thus, the MPO-depen-
dent oxidative system is important for host defense against fungi and
bacteria, although the effect varies by pathogen species. The level of
susceptibility to intraperitoneal C. albicans infection was compared in
WT, MPO-KO, and CGD mice, and it was observed that when the fungal
load was low, ROS formed by the neutrophil NADPH oxidase were
adequate to control infection even in the absence of MPO, whereas at
high fungal load, respiratory burst products and MPO were essential
[24]. These findings with MPO-KO mice demonstrate that MPO plays an
important role in overcoming large challenges with infectious fungi.

When interpreting data obtained from mouse studies, including
those involving MPO-KO mice, it is important to note that mouse
neutrophils lack MPO-independent antimicrobial agents such as de-
fensins [25], and their MPO level is estimated to be around 10–20% of
that in human neutrophils [26]. In addition, MPO-KO mice express
higher levels of iNOS [21]. These observations should be taken into
account when translating results obtained in mice to the human situa-
tion. Nevertheless, MPO-KO mice have been instrumental in dissecting
the role of MPO and MPO-derived oxidants in various disease models.

1.2. Role of MPO in organ inflammation

MPO can damage host tissue through the generation of reactive
halogenating and nitrating agents [27,28]. Indeed, decreased levels of
3-chlorotyrosine, 3-bromotyrosine, 3-nitrotyrosine, and protein carba-
mylation are seen at the inflammation sites of MPO-KO mice compared
to WT mice [29–31]. Thus, based on the assumption that MPO has a
detrimental effect during chronic inflammation, it can be expected that
inflammation would be reduced under MPO-deficient conditions. In-
deed, this has been observed in many acute and chronic inflammatory
diseases. However, in the cases of inflammatory response to non-in-
fectious stimuli or chronic inflammation in the absence of viable pa-
thogens, several recent studies have shown increased levels of in-
flammatory process in MPO-KO mice as described below as well as
summarized in Table 1.

1.2.1. Atherosclerosis and cardiovascular disease
MPO has been widely linked to many aspects of human cardiovas-

cular disease and it is believed that this enzyme acts on both the in-
itiation and propagation of cardiac pathologies [32]. Early studies de-
monstrated an unexpected modest increase in atherosclerotic lesion size
in atherosclerosis-susceptible low-density lipoprotein receptor (LDLR)-
KO mice after transplantation with bone marrow from MPO-KO mice.

Similar changes were observed when MPO-KO mice were crossed with
LDLR-KO mice [10]. Subsequent studies show that transgenic mice
expressing human MPO experience accelerated atherosclerotic plaque
development [31,33], perhaps reflecting species-specific differences in
critical determinants for atherogenesis. The latter findings agree with
results of many other studies that support the concept that MPO plays
an important role in the pathogenesis of atherosclerosis and cardio-
vascular disease. A challenge with mouse models still lies ahead in
better understanding of what extent human-mouse differences are
contributing to unexpected outcomes of animal experiments [34–37].
However, substantial evidence supports the concept that MPO plays a
very important role in the pathogenesis of atherosclerosis. In contrast to
WT mice, MPO-KO mice are resistant to the compromise of acetylcho-
line-dependent vascular relaxation induced by LPS treatment, sug-
gesting that MPO contributes to vascular dysfunction during acute in-
flammation by modulating endothelial NO bioavailability [38]. MPO-
KO mice exhibit less left ventricle dilation and impairment in systolic
left ventricular function [39]. Transplantation of MPO-KO cells into
irradiated apolipoprotein E-KO mice alleviates inflammation, decreases
oxidative damage, and increases endothelial function with a significant
impact on plaque formation [40]. MPO-dependent formation of NO-
derived oxidants serves as a pathway for the initiation of lipid perox-
idation in a peritonitis model in MPO-KO mice [41]. Vasculitis forma-
tion induced by injection of C. albicans-derived substances is sig-
nificantly reduced in MPO-KO mice [42]. Comparison of diabetic WT
and MPO-KO mice shows that an increased MPO release in the former
induces over-expression of vascular adenosine A3 receptor that may be
responsible for vascular dysfunction by promoting vasoconstriction
[43]. MPO-KO mice pretreated with angiotensin II to provoke leukocyte
activation show blunted atrial fibrosis, accompanied by lower atrial
tissue abundance of 3-chlorotyrosine, a specific footprint of MPO-de-
pendent HOCl formation, and by reduced activity of matrix metallo-
proteinase (MMP) in atrial tissue as compared to angiotensin II-treated
WT mice [44]. These results are consistent with the idea that MPO-
dependent regulation of MMP activity is a key contributor to increase
atrial fibrosis [45]. A more recent study in an animal model of
ischemia-related myocardial damage revealed that MPO augments ar-
rhythmogenic left ventricular remodeling, as manifested in breakdown
of connexin 43 by activation of MMP-7, and enhanced ventricular post
ischemic fibrosis [46]. Thus, MPO contributes to vascular dysfunction
by virtue of its capacity to generate potent ROS and to promote activity
of MMPs.

1.2.2. Kidney disease
Although MPO has been implicated in the pathogenesis of kidney

disease, as both MPO and HOCl-modified proteins have been detected
in diseased renal tissue [47], functional studies examining the role of
endogenous MPO in renal inflammation are limited. In a mouse model
of chronic kidney disease, MPO-KO mice develop significantly less
glomerular injury than do WT mice, which is accompanied by a lower
infiltration of monocyte/macrophages and T cells and lower expression
of the fibrosis marker genes MMP-2 and -9 [48]. A significant reduction
in renal function loss was observed after reperfusion of is chemically
damaged kidneys in MPO-KO mice compared with WT mice, demon-
strating an important contribution of MPO in the induction of organ
damage after renal ischemia-reperfusion by influencing critical factors
such as neutrophil extravasation [49]. Proof of the concept that im-
munity to MPO can induce crescentic glomerulonephritis was provided
by Xiao et al. [50], who demonstrated that splenocyte transfer from
MPO-immunized MPO-KO mice to immune-deficient mice results in
pauci-immune crescentic glomerulonephritis and circulating MPO-anti-
neutrophil cytoplasmic antibodies (MPO-ANCA). These data implicate
MPO-ANCA as a major determinant of disease pathology. Further stu-
dies demonstrated that sera from MPO-immunized MPO-KO mice in-
duce crescent formation in a lipopolysaccharide (LPS)- and neutrophil-
dependent manner [51,52]. MPO-KO mice show significantly reduced
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glomerular injury, since the target autoantigen is not present to bind
ANCA [53]. Thus, MPO can potentially modulate or mediate glomerular
injury in glomerulonephritis.

On the other hand, recent reports have demonstrated anti-in-
flammatory roles of MPO in pathologies characterized by complex in-
flammatory response in the absence of infectious agents [54]. En-
dogenous MPO locally contributes to glomerular damage during
neutrophil-mediated glomerulonephritis, whereas it attenuates initia-
tion of the adaptive immune response inducing crescentic, autologous-
phase glomerulonephritis by suppressing T cell proliferation, cytokine
production, and T helper 1 cell (Th1)/T helper 2 cell ratio [55]. In a
murine lupus nephritis model, an enhanced glomerular accumulation of
leukocytes was observed in MPO-KO mice. The enhancement of the
renal disease in MPO-KO mice correlates with increased accumulation
of CD4+ T cells, macrophages and neutrophils in glomeruli, which is
associated with augmented generation of CD4+ T cell responses [56].
This in turn correlates with enhanced activation of dendritic cells and
increased T cell autoimmunity in lymph nodes and spleen [57].
Therefore, in experimental lupus nephritis, MPO mediated suppression
of pathogenic T cell autoimmunity overrides the local damaging effects
of MPO in the kidney. These results are concordant with observations in
humans showing an increased incidence of lupus nephritis in patients
with a polymorphism causing reduced MPO expression [58].

1.2.3. Pulmonary inflammation
Increased neutrophils in lung tissues are a feature of animal models

of oxidant lung injury and in patients with inflammatory lung diseases.

While it is clear that the accumulated neutrophils in the lungs play a
key role in pulmonary failure caused by chronic inflammation, its
mechanism of action remains incompletely characterized. Asbestos-as-
sociated lung inflammation is reduced in MPO-KO mice in comparison
with asbestos-exposed WT mice at a relatively early stage of in-
flammation. Increases in cell cycle reentry in the distal bronchiolar
epithelium accompany inflammation in MPO-KO mice, thereby sup-
porting the hypothesis that MPO induces early asbestos-induced oxi-
dative stress, initial epithelial cell injury, and inflammation [59].
Compared to WT mice, MPO-KO mice exhibit less lung inflammation
after intranasal challenge with LPS, which correlates with decreased
levels of proinflammatory cytokines and chemokines, such as inter-
leukin (IL)-6, interferon (IFN)-γ, and keratinocyte-derived chemokine
(KC) [60]. Despite employing a similar model of acute lung in-
flammation induced by LPS, a different research group showed en-
hanced lung inflammation in MPO-KO mice, accompanied by higher
levels of regulated on activation, normal T cell expressed and secreted
(RANTES) in bronchoalveolar lavage fluid [61]. These two studies used
different doses of LPS and the seemingly contradictory results might
hint that the effect of MPO-deficiency on LPS-induced lung inflamma-
tion is dependent on the dosage of the inflammatory stimulus.

Recent evidence from studies in murine models of inflammation
shows that MPO has an anti-inflammatory role. In a sepsis model, MPO-
KO mice develop significantly increased hypothermia and mortality in
response to intraperitoneally injected LPS [62]. MPO-KO mice are de-
fective in the oxidation and clearance of single-walled carbon nano-
tubes from the lungs, whereas the inflammatory response is more

Table 1
Pathophysiological role of MPO in various inflammatory disease models.

Disease model Findings with MPO deficiency Ref. Risk/benefit of MPO deficiency

Atherosclerosis/Cardiovascular diseases
Endotoxemia Resistant to vascular endothelial dysfunction induced by LPS [28] Benefit
Myocardial infarction/ischemia Decreased left ventricle dilation associated with improved function [39]

Less ventricular postischemic fibrosis [46]
Vascular disfunction Reduced vasoconstriction in response to adenosine A3 receptor agonists [43]
Atrial fibrillation Protected from angiotensin II-induced atrial fibrillation [44]
Atherosclerosis Increased atherosclerosis [10,33] Risk
Kidney diseases
Chronic kidney disease Less albuminuria, glomerular injury, and renal inflammation [48] Benefit
Ischemia/reperfusion injury Decreased neutrophil influx and improved renal function [49]
Glomerulonephritis Decreased neutrophil-mediated injury [55]

Enhanced glomerular accumulation of T cells [55] Risk
Lupus nephritis More severe nephritis [56]
Pulmonary inflammation
Sepsis-induced injury Reduced E.coli sepsis-induced lung inflammation and injury [21] Benefit
Influenza virus-induced injury Reduced lung injury [22]
Asbestos-induced injury Delayed lung inflammation [59]
Acute lung inflammation Less severe LPS-induced lung neutrophilia with peaked earlier than that in WT mice [60]

More severe LPS-induced lung neutrophilia [61] Risk
More severe zymosan-induced lung neutrophilia [64,65]
More severe nonviable C. albicans-induced lung neutrophilia [66]

Carbon nanotubes-induced fibrosis Stronger fibrogenic response [63]
Bone marrow-transplantation– induced injury Increased lung inflammation and impaired lung function [67]
Rheumatoid arthritis Attenuated development of K/BxN serum-transfer arthritis [72] Benefit

Attenuated development of collagen-induced arthritis despite enhanced adaptive
immunity

[72]

Enhanced development of antigen-induced arthritis due to enhanced adaptive
immunity

[57] Risk

Skin inflammation Attenuated development of nitrogen mustard-induced injury [74] Benefit
Early onset of ultraviolet -induced skin inflammation [75] Risk
Increased ovalbumin-induced delayed-type hypersensitivity [57]

Neurological diseases
Spinal cord injury Reduced damage, and better functional recovery [77] Benefit
Blood-brain barrier dysfunction Attenuated LPS-induced blood-brain barrier permeability [79]
Parkinson's disease Less neurotoxicity [82]
Ischemia-reperfusion injury Increased infarct volume and nitrotyrosine formation [78] Risk
Multiple sclerosis Increased susceptibility to hindlimb paralysis [84]
Metabolic syndrome Protection from high-fat diet-induced obesity and insulin resistance [86] Benefit

Reduced development of non-alcoholic steatohepatitis and diminishes adipose tissue
inflammation

[87]

Y. Aratani Archives of Biochemistry and Biophysics 640 (2018) 47–52

49

albertcochet
Texte surligné 



robust than that of WT mice [63]. More severe neutrophil-mediated
lung inflammation has also been observed in MPO-KO mice exposed to
zymosan compared to the zymosan-exposed WT mice, which correlates
with higher levels of macrophage inflammatory protein (MIP)-2 and KC
at an early phase of inflammation [64,65]. A similar study by the same
group but employing a model of lung inflammation induced by non-
viable C. albicans demonstrated that the MPO-KO mice exhibit a more
severe lung inflammation than do WT mice, which is associated with a
higher production of MIP-2 and KC at an early stage of inflammation as
well as significantly higher lung concentrations of tumor necrosis factor
(TNF)-α and IL-1β than in the WT mice at a later stage of inflammation
[66]. Similarly, MPO-KO recipient mice exhibit increased lung in-
flammation after allogeneic bone marrow transplantation, which is
associated with the higher lung concentrations of TNF-α and monocyte
chemoattractant protein (MCP)-1 compared with responses in WT mice.
Suppressed apoptosis of inflammatory cells recovered from bronch-
oalveolar lavage fluid parallels the enhanced lung inflammation in
MPO-KO mice [67]. In vitro, MPO-KO neutrophils reveal a decreased
rate of cell death characterized by phosphatidylserine surface expres-
sion [61,68].

1.2.4. Rheumatoid arthritis
Rheumatoid arthritis is a common chronic autoimmune disease

characterized by inflammation and destruction of joints. Although the
role of neutrophils in rheumatoid arthritis has been less extensively
investigated than has the contribution of other leukocytes, critical roles
of neutrophils as effector cells mediating joint inflammation and da-
mage have been demonstrated in K/BxN serum–transfer arthritis [69]
and collagen-induced arthritis [70]. 3-Chlorotyrosine formation is up-
regulated at sites of inflammation in rheumatoid arthritis joints, sug-
gesting that MPO contributes to the progression of the disease [71].
MPO deficiency attenuates the severity of the disease in both K/BxN
arthritis and collagen-induced arthritis models [72]. In contrast, MPO-
KO mice have enhanced CD4+ T cell responses in the lymph nodes,
causing methylated bovine serum albumin-induced arthritis [57].

1.2.5. Skin inflammation and injury
Nitrogen mustard is a highly toxic alkylating agent that causes se-

vere skin injury and neutrophilic inflammation [73]. Nitrogen mustard
exposure elicits significantly more skin epidermal thickening, DNA
damage, apoptosis, and expression of inflammatory and proteolytic
mediators including MMP-9 in WT mice compared to MPO-KO mice,
indicating that MPO plays an important role in nitrogen mustard-in-
duced skin injuries [74]. In a model of ultraviolet-induced skin in-
flammation, the lack of MPO results in an early onset of inflammation
in dorsal skin of mice irradiated with ultraviolet, accompanied by
neutrophil infiltration and upregulation of MIP-2 production [75]. Lack
of MPO causes enhanced T cell-mediated delayed-type hypersensitivity
in skin [57]. T cell activation and proliferation are enhanced in both the
lymph node and spleen in the ovalbumin-immunized MPO-KO mice
compared with immunized WT mice [57]. When the mechanism of
MPO-mediated suppression of adaptive immunity was investigated, it
was found that neutrophils and MPO directly interact with tissue den-
dritic cells, and that enzymatically active MPO inhibits dendritic cell
activation, as measured by decreased IL-12 production and CD86 ex-
pression [57]. These data demonstrate that MPO can limit the extent of
an adaptive immune response by attenuation of dendritic cell activa-
tion, thereby decreasing both their migration to the draining lymph
node and their antigen presentation capacity.

1.2.6. Neurological diseases
The recognition of associations between MPO and the neuroin-

flammation seen in neurodegenerative diseases has recently gained
impetus [76]. Although corroborating experimental and clinical evi-
dence suggests a possible deleterious role of MPO in various neurode-
generative diseases such as Alzheimer's disease, Parkinson's disease,

and Multiple sclerosis, the basic understanding of the injurious effects
of MPO on neurological disease outcome remain distant. In MPO-KO
mice, attenuated neutrophil infiltration and tissue damage, as well as
better functional recovery were observed after spinal cord injury
compared with the WT mice, indicating that MPO exacerbates sec-
ondary injury not only by generating the strongly neurotoxic oxidant
HOCl, but also by enhancing the neutrophil infiltration after spinal cord
injury [77]. Infarct volume and nitrotyrosine formation are enhanced in
MPO-KO mice in contrast to WT mice after ischemic brain injury [78].
LPS-induced blood-brain barrier dysfunction is significantly lower in
MPO-KO mice as compared to WT littermates [79]. Secosterols, cho-
lesterol ozonolysis products, are detected in human brain specimens
from patients with Alzheimer's disease [80]. The secosterol formation is
decreased in the culture of phorbol myristate acetate-activated neu-
trophils isolated from MPO-KO mice, strongly suggesting that secoterols
are formed through the MPO-dependent mechanism in vivo [81].

On the other hand, deletion of MPO results in decreased loss of
neurons in the substantia nigra of MPO-KO mice in response to a
Parkinsonian agent [82]. Studies with MPO inhibitors and MPO-KO
mice reveal that MPO deficiency potentiates, rather than inhibits, the
rotenone-induced activated state of glia and promotes glial cell death.
Furthermore, rotenone-triggered neuronal injury is more apparent in
co-cultures with glial cells from MPO-KO mice than in those from WT
mice [83]. MPO-KO mice are more susceptible to experimental auto-
immune encephalomyelitis [84]. Experimental autoimmune en-
cephalomyelitis is an inflammatory disease of the central nervous
system mediated by CD4+ Th1 cells, suggesting the activation of ac-
quired immunity due to MPO deficiency.

1.2.7. Metabolic syndrome
Adipose tissue of obese mice and humans is infiltrated with many

immune cells, including macrophages, which secrete a variety of cy-
tokines, such as TNF-α and IL-1β that directly impair insulin signaling.
In the early stage of obesity, neutrophils are recruited to adipose tissue
where they produce chemokines and cytokines, thereby promoting
macrophage infiltration [85]. MPO-KO mice are protected from high-fat
diet-enhanced body weight gain and insulin resistance. MPO deficiency
causes high body temperature via upregulation of uncoupling protein-1
and mitochondrial oxygen consumption in brown adipose tissue. Lack
of MPO also attenuates high-fat diet-induced macrophage infiltration
and expression of proinflammatory cytokines and chemokines, such as
TNF-α, IL-1β, IL-6, and MCP-1, demonstrating that activation of MPO in
adipose tissue contributes to the development of obesity and obesity-
associated insulin resistance [86]. LDLR-KO mice that were recon-
stituted with bone marrow from MPO-KO mice show attenuated de-
velopment of non-alcoholic steatohepatitis and diminished adipose
tissue inflammation in response to high-fat diet, which is associated
strong down-regulation of proinflammatory genes such as TNF-α and
IL-6 in comparison with non-reconstituted LDLR-KO mice, thereby
suggesting an important role for MPO in the pathogenesis of metabolic
disease [87]. In studies employing MPO-KO mice and an acute in-
flammation model, free and protein-bound 2-aminoadipic acid, which
is elevated in subjects at risk for diabetes, are formed by MPO during
inflammation, further supporting the involvement of MPO-catalyzed
oxidative processes as risk factors for the development of diabetes [88].

1.3. Role of MPO for neutrophil function

Increasing evidence has indicated that ROS derived from neu-
trophils act as mediators in cell signaling [89]. When stimulated with
toll-like receptor (TLR)-4 agonist LPS in vitro, MPO-KO neutrophils
express decreased levels of KC and MIP-1α, while IL-6, IL-10 and TNF-α
are increased [60]. In contrast, the mutant neutrophils stimulated in
vitro with zymosan, an agonist for TLR-2, dectin-1, and complement
receptor 3, produce more of MIP-1α, MIP-1β, IL-1α, IL-1β, and TNF-α
[64] as well as MIP-2 [64,65,90] as compared to WT neutrophils. MPO-
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KO neutrophils stimulated in vitro with nonviable C. albicans produce a
higher level of MIP-2 compared to the stimulated WT neutrophils [66].
Thus, cytokine production by MPO-KO neutrophils varies substantially
depending on the type of pathogen associated molecular pattern en-
gaged. In the case of zymosan stimulation, MPO-KO neutrophils en-
hance extracellular-signal regulated kinase (ERK) 1/2 activation as well
as nuclear factor kappa-light chain enhancer of activated B cells (NF-
κB) and inhibitor of κBα (IκBα) compared to response of WT neu-
trophils [90]. Since the ERK/NF-κΒ pathway plays an important role in
regulating gene expression of proinflammatory cytokines and chemo-
kines [91,92], a stronger activation of this pathway could result in
greater production of MIP-2 than by WT cells [64,90]. ERK1/2 are
activated by treatment with exogenous H2O2 [93]. Since MPO is the
enzyme catalyzing the reaction to produce HOCl from H2O2 and Cl−, it
is possible that activated MPO-KO neutrophils accumulate higher in-
tracellular levels of H2O2 relative to those in WT neutrophils [94]. On
the other hand, HOCl and its derivatives, such as taurine chloramine
[95] and monochloramine [96], strongly inhibit the NF-κB pathway by
blocking the oxidation of IκBα [97]. Tateno et al. speculate that both
the lack of HOCl and the accumulation of H2O2 due to MPO deficiency
contribute to the upregulation of MIP-2 production in mouse MPO-KO
neutrophils stimulated with zymosan [90]. On the other hand, MPO-KO
neutrophils engulf more zymosan than do WT neutrophils. Importantly,
cell surface expression of CD11b and phosphorylation of ERK1/2 are
significantly higher in zymosan-stimulated MPO-KO neutrophils than in
zymosan-stimulated WT neutrophils, suggesting that upregulation of
CD11b/ERK signaling pathway due to absence of MPO enhances the
zymosan phagocytic activity of mouse neutrophils [98]. Together, these
results demonstrate that neutrophil-derived HOCl should no longer be
considered as exclusively a cytotoxic oxidant but rather as a mediator of
subtle reactivity that is capable of modulating cellular signaling me-
chanisms.

2. Concluding remarks

Modern hygienic environments, free of the high microbial burdens,
may render MPO-dependent host defense less important than it was
earlier in human evolution. However, unequivocal evidence implicates
MPO or MPO-derived ROS as contributing factors in a wide variety of
inflammatory diseases. The causal links between MPO oxidation and
the disease processes are complex, and both over- and under-expression
of MPO has been linked to worse disease outcome. Whereas prolonged
overproduction of MPO likely leads to tissue damage, MPO may play an
anti-inflammatory role in selected situations, depending on the type of
the inflammation. Keeping in mind that mice are not human and that
murine disease models do not always faithfully mirror human diseases,
I strongly believe that we can answer some of the unresolved questions
regarding this persistently paradoxical neutrophil enzyme by directing
attention to the pathophysiology in MPO deficiency through research
with animal models.

Conflicts of interest

The author declares that I have no conflict of interest.

Acknowledgments

The author has been funded by JSPS KAKENHI and Grants from the
Japanese Ministry of Health, Labor, and Welfare, Japan. I thank Dr
William M. Nauseef, University of Iowa, for proofreading the manu-
script. I apologize to all investigators whose work has not been cited
owing to space limitations.

References

[1] W.M. Nauseef, N. Borregaard, Nat. Immunol. 15 (2014) 602–611.

[2] C.C. Winterbourn, A.J. Kettle, M.B. Hampton, Annu. Rev. Biochem. 85 (2016)
765–792.

[3] P. Nunes, N. Demaurex, M.C. Dinauer, Traffic 14 (2013) 1118–1131.
[4] B.H. Segal, M.J. Grimm, A.N. Khan, W. Han, T.S. Blackwell, Free Radic. Biol. Med.

53 (2012) 72–80.
[5] D.I. Pattison, M.J. Davies, C.L. Hawkins, Free Radic. Res. 46 (2012) 975–995.
[6] B.S. Rayner, D.T. Love, C.L. Hawkins, Free Radic. Biol. Med. 71 (2014) 240–255.
[7] S.J. Klebanoff, A.J. Kettle, H. Rosen, C.C. Winterbourn, W.M. Nauseef, J. Leukoc.

Biol. 93 (2013) 185–198.
[8] W.M. Nauseef, Cell Microbiol. 16 (2014) 1146–1155.
[9] Y. Aratani, H. Koyama, S. Nyui, K. Suzuki, F. Kura, N. Maeda, Infect. Immun. 67

(1999) 1828–1836.
[10] M.L. Brennan, M.M. Anderson, D.M. Shih, X.D. Qu, X. Wang, A.C. Mehta, L.L. Lim,

W. Shi, S.L. Hazen, J.S. Jacob, J.R. Crowley, J.W. Heinecke, A.J. Lusis, J. Clin.
Invest. 107 (2001) 419–430.

[11] J. Arnhold, J. Flemmig, Arch. Biochem. Biophys. 500 (2010) 92–106.
[12] B.S. van der Veen, M.P. de Winther, P. Heeringa, Antioxidants Redox Signal. 11

(2009) 2899–2937.
[13] E. Malle, P.G. Furtmuller, W. Sattler, C. Obinger, Br. J. Pharmacol. 152 (2007)

838–854.
[14] B.H. Segal, T.L. Leto, J.I. Gallin, H.L. Malech, S.M. Holland, Medicine (Baltim.) 79

(2000) 170–200.
[15] D.E. Morgenstern, M.A. Gifford, L.L. Li, C.M. Doerschuk, M.C. Dinauer, J. Exp. Med.

185 (1997) 207–218.
[16] J.D. Pollock, D.A. Williams, M.A. Gifford, L.L. Li, X. Du, J. Fisherman, S.H. Orkin,

C.M. Doerschuk, M.C. Dinauer, Nat. Genet. 9 (1995) 202–209.
[17] T.O. Hirche, J.P. Gaut, J.W. Heinecke, A. Belaaouaj, J. Immunol. 174 (2005)

1557–1565.
[18] Y. Aratani, F. Kura, H. Watanabe, H. Akagawa, Y. Takano, A. Ishida-Okawara,

K. Suzuki, N. Maeda, H. Koyama, J. Med. Microbiol. 55 (2006) 1291–1299.
[19] Y. Aratani, F. Kura, H. Watanabe, H. Akagawa, Y. Takano, K. Suzuki, M.C. Dinauer,

N. Maeda, H. Koyama, Med. Mycol. 40 (2002) 557–563.
[20] Y. Aratani, F. Kura, H. Watanabe, H. Akagawa, Y. Takano, K. Suzuki, N. Maeda,

H. Koyama, J. Infect. Dis. 182 (2000) 1276–1279.
[21] V. Brovkovych, X.P. Gao, E. Ong, S. Brovkovych, M.L. Brennan, X. Su, S.L. Hazen,

A.B. Malik, R.A. Skidgel, Am. J. Physiol. Lung Cell Mol. Physiol. 295 (2008)
L96–L103.

[22] R. Sugamata, H. Dobashi, T. Nagao, K. Yamamoto, N. Nakajima, Y. Sato, Y. Aratani,
M. Oshima, T. Sata, K. Kobayashi, S. Kawachi, T. Nakayama, K. Suzuki, Microbiol.
Immunol. 56 (2012) 171–182.

[23] W. Theess, J. Sellau, C. Steeg, A. Klinke, S. Baldus, J.P. Cramer, T. Jacobs, Infect.
Immun. 85 (2017) e00475–16.

[24] Y. Aratani, F. Kura, H. Watanabe, H. Akagawa, Y. Takano, K. Suzuki, M.C. Dinauer,
N. Maeda, H. Koyama, J. Infect. Dis. 185 (2002) 1833–1837.

[25] P.B. Eisenhauer, R.I. Lehrer, Infect. Immun. 60 (1992) 3446–3447.
[26] P.G. Rausch, T.G. Moore, Blood 46 (1975) 913–919.
[27] N.M. Domigan, T.S. Charlton, M.W. Duncan, C.C. Winterbourn, A.J. Kettle, J. Biol.

Chem. 270 (1995) 16542–16548.
[28] J.P. Eiserich, M. Hristova, C.E. Cross, A.D. Jones, B.A. Freeman, B. Halliwell, A. van

der Vliet, Nature 391 (1998) 393–397.
[29] J.P. Gaut, J. Byun, H.D. Tran, W.M. Lauber, J.A. Carroll, R.S. Hotchkiss,

A. Belaaouaj, J.W. Heinecke, J. Clin. Invest. 109 (2002) 1311–1319.
[30] J.P. Gaut, G.C. Yeh, H.D. Tran, J. Byun, J.P. Henderson, G.M. Richter,

M.L. Brennan, A.J. Lusis, A. Belaaouaj, R.S. Hotchkiss, J.W. Heinecke, Proc. Natl.
Acad. Sci. U. S. A. 98 (2001) 11961–11966.

[31] Z. Wang, S.J. Nicholls, E.R. Rodriguez, O. Kummu, S. Horkko, J. Barnard,
W.F. Reynolds, E.J. Topol, J.A. DiDonato, S.L. Hazen, Nat. Med. 13 (2007)
1176–1184.

[32] N. Anatoliotakis, S. Deftereos, G. Bouras, G. Giannopoulos, D. Tsounis, C. Angelidis,
A. Kaoukis, C. Stefanadis, Curr. Top. Med. Chem. 13 (2013) 115–138.

[33] T.S. McMillen, J.W. Heinecke, R.C. LeBoeuf, Circulation 111 (2005) 2798–2804.
[34] T. Hampton, Circulation 135 (2017) 1757–1758.
[35] W.M. Nauseef, J. Clin. Invest. 107 (2001) 401–403.
[36] G. Pasterkamp, S.W. van der Laan, S. Haitjema, H. Foroughi Asl, M.A. Siemelink,

T. Bezemer, J. van Setten, M. Dichgans, R. Malik, B.B. Worrall, H. Schunkert,
N.J. Samani, D.P. de Kleijn, H.S. Markus, I.E. Hoefer, T. Michoel, S.C. de Jager,
J.L. Bjorkegren, H.M. den Ruijter, F.W. Asselbergs, Arterioscler. Thromb. Vasc. Biol.
36 (2016) 1240–1246.

[37] M. von Scheidt, Y. Zhao, Z. Kurt, C. Pan, L. Zeng, X. Yang, H. Schunkert, A.J. Lusis,
Cell Metabol. 25 (2017) 248–261.

[38] J.P. Eiserich, S. Baldus, M.L. Brennan, W. Ma, C. Zhang, A. Tousson, L. Castro,
A.J. Lusis, W.M. Nauseef, C.R. White, B.A. Freeman, Science 296 (2002)
2391–2394.

[39] A.T. Askari, M.L. Brennan, X. Zhou, J. Drinko, A. Morehead, J.D. Thomas,
E.J. Topol, S.L. Hazen, M.S. Penn, J. Exp. Med. 197 (2003) 615–624.

[40] V. Tiyerili, B. Camara, M.U. Becher, J.W. Schrickel, D. Lutjohann, M. Mollenhauer,
S. Baldus, G. Nickenig, R.P. Andrie, Int. J. Cardiol. 204 (2016) 29–36.

[41] R. Zhang, M.L. Brennan, Z. Shen, J.C. MacPherson, D. Schmitt, C.E. Molenda,
S.L. Hazen, J. Biol. Chem. 277 (2002) 46116–46122.

[42] A. Ishida-Okawara, T. Oharaseki, K. Takahashi, Y. Hashimoto, Y. Aratani,
H. Koyama, N. Maeda, S. Naoe, K. Suzuki, Inflammation 25 (2001) 381–387.

[43] S. Nishat, A. Klinke, S. Baldus, L.A. Khan, S.F. Basir, J. Cardiovasc. Pharmacol. 64
(2014) 465–472.

[44] V. Rudolph, R.P. Andrie, T.K. Rudolph, K. Friedrichs, A. Klinke, B. Hirsch-
Hoffmann, A.P. Schwoerer, D. Lau, X. Fu, K. Klingel, K. Sydow, M. Didie, A. Seniuk,
E.C. von Leitner, K. Szoecs, J.W. Schrickel, H. Treede, U. Wenzel, T. Lewalter,

Y. Aratani Archives of Biochemistry and Biophysics 640 (2018) 47–52

51

http://refhub.elsevier.com/S0003-9861(17)30772-5/sref1
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref2
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref2
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref3
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref4
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref4
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref5
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref6
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref7
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref7
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref8
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref9
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref9
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref10
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref10
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref10
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref11
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref12
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref12
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref13
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref13
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref14
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref14
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref15
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref15
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref16
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref16
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref17
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref17
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref18
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref18
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref19
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref19
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref20
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref20
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref21
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref21
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref21
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref22
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref22
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref22
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref23
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref23
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref24
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref24
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref25
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref26
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref27
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref27
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref28
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref28
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref29
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref29
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref30
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref30
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref30
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref31
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref31
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref31
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref32
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref32
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref33
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref34
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref35
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref36
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref36
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref36
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref36
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref36
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref37
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref37
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref38
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref38
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref38
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref39
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref39
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref40
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref40
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref41
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref41
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref42
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref42
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref43
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref43
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref44
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref44
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref44
albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 



G. Nickenig, W.H. Zimmermann, T. Meinertz, R.H. Boger, H. Reichenspurner,
B.A. Freeman, T. Eschenhagen, H. Ehmke, S.L. Hazen, S. Willems, S. Baldus, Nat.
Med. 16 (2010) 470–474.

[45] K. Friedrichs, S. Baldus, A. Klinke, Front. Physiol. 3 (2012) 214.
[46] M. Mollenhauer, K. Friedrichs, M. Lange, J. Gesenberg, L. Remane, C. Kerkenpass,

J. Krause, J. Schneider, T. Ravekes, M. Maass, M. Halbach, G. Peinkofer, T. Saric,
D. Mehrkens, M. Adam, F.G. Deuschl, D. Lau, B. Geertz, K. Manchanda,
T. Eschenhagen, L. Kubala, T.K. Rudolph, Y. Wu, W.H.W. Tang, S.L. Hazen,
S. Baldus, A. Klinke, V. Rudolph, Circ. Res. 121 (2017) 56–70.

[47] B. Kisic, D. Miric, I. Dragojevic, J. Rasic, L. Popovic, Oxid Med Cell Longev 2016
(2016) 1069743.

[48] A. Lehners, S. Lange, G. Niemann, A. Rosendahl, C. Meyer-Schwesinger, J. Oh,
R. Stahl, H. Ehmke, R. Benndorf, A. Klinke, S. Baldus, U.O. Wenzel, Am. J. Physiol.
Ren. Physiol. 307 (2014) F407–F417.

[49] R.A. Matthijsen, D. Huugen, N.T. Hoebers, B. de Vries, C.J. Peutz-Kootstra,
Y. Aratani, M.R. Daha, J.W. Tervaert, W.A. Buurman, P. Heeringa, Am. J. Pathol.
171 (2007) 1743–1752.

[50] H. Xiao, P. Heeringa, P. Hu, Z. Liu, M. Zhao, Y. Aratani, N. Maeda, R.J. Falk,
J.C. Jennette, J. Clin. Invest. 110 (2002) 955–963.

[51] D. Huugen, H. Xiao, A. van Esch, R.J. Falk, C.J. Peutz-Kootstra, W.A. Buurman,
J.W. Tervaert, J.C. Jennette, P. Heeringa, Am. J. Pathol. 167 (2005) 47–58.

[52] H. Xiao, P. Heeringa, Z. Liu, D. Huugen, P. Hu, N. Maeda, R.J. Falk, J.C. Jennette,
Am. J. Pathol. 167 (2005) 39–45.

[53] A.J. Ruth, A.R. Kitching, R.Y. Kwan, D. Odobasic, J.D. Ooi, J.R. Timoshanko,
M.J. Hickey, S.R. Holdsworth, J. Am. Soc. Nephrol. 17 (2006) 1940–1949.

[54] D. Odobasic, A.R. Kitching, S.R. Holdsworth, J. Immune Res. 2016 (2016) 2349817.
[55] D. Odobasic, A.R. Kitching, T.J. Semple, S.R. Holdsworth, J. Am. Soc. Nephrol. 18

(2007) 760–770.
[56] D. Odobasic, R.C. Muljadi, K.M. O'Sullivan, A.J. Kettle, N. Dickerhof, S.A. Summers,

A.R. Kitching, S.R. Holdsworth, Arthritis Rheum. 67 (2015) 1868–1880.
[57] D. Odobasic, A.R. Kitching, Y. Yang, K.M. O'Sullivan, R.C. Muljadi, K.L. Edgtton,

D.S. Tan, S.A. Summers, E.F. Morand, S.R. Holdsworth, Blood 121 (2013)
4195–4204.

[58] H. Bouali, P. Nietert, T.M. Nowling, J. Pandey, M.A. Dooley, G. Cooper, J. Harley,
D.L. Kamen, J. Oates, G. Gilkeson, J. Rheumatol. 34 (2007) 2028–2034.

[59] A. Haegens, A. van der Vliet, K.J. Butnor, N. Heintz, D. Taatjes, D. Hemenway,
P. Vacek, B.A. Freeman, S.L. Hazen, M.L. Brennan, B.T. Mossman, Canc. Res. 65
(2005) 9670–9677.

[60] A. Haegens, P. Heeringa, R.J. van Suylen, C. Steele, Y. Aratani, R.J. O'Donoghue,
S.E. Mutsaers, B.T. Mossman, E.F. Wouters, J.H. Vernooy, J. Immunol. 182 (2009)
7990–7996.

[61] S. Kremserova, T. Perecko, K. Soucek, A. Klinke, S. Baldus, J.P. Eiserich, L. Kubala,
Oxid Med Cell Longev 2016 (2016) 5219056.

[62] L.L. Reber, C.M. Gillis, P. Starkl, F. Jonsson, R. Sibilano, T. Marichal, N. Gaudenzio,
M. Berard, S. Rogalla, C.H. Contag, P. Bruhns, S.J. Galli, J. Exp. Med. 214 (2017)
1249–1258.

[63] A.A. Shvedova, A.A. Kapralov, W.H. Feng, E.R. Kisin, A.R. Murray, R.R. Mercer,
C.M. St Croix, M.A. Lang, S.C. Watkins, N.V. Konduru, B.L. Allen, J. Conroy,
G.P. Kotchey, B.M. Mohamed, A.D. Meade, Y. Volkov, A. Star, B. Fadeel, V.E. Kagan,
PLoS One 7 (2012) e30923.

[64] D. Endo, T. Saito, Y. Umeki, K. Suzuki, Y. Aratani, Inflamm. Res. 65 (2016)
151–159.

[65] K. Takeuchi, Y. Umeki, N. Matsumoto, K. Yamamoto, M. Yoshida, K. Suzuki,
Y. Aratani, Inflamm. Res. 61 (2012) 197–205.

[66] M. Homme, N. Tateno, N. Miura, N. Ohno, Y. Aratani, Inflamm. Res. 62 (2013)
981–990.

[67] C. Milla, S. Yang, D.N. Cornfield, M.L. Brennan, S.L. Hazen, A. Panoskaltsis-Mortari,
B.R. Blazar, I.Y. Haddad, Am. J. Physiol. Lung Cell Mol. Physiol. 287 (2004)

L706–L714.
[68] T. Tsurubuchi, Y. Aratani, N. Maeda, H. Koyama, J. Leukoc. Biol. 70 (2001) 52–58.
[69] B.T. Wipke, P.M. Allen, J. Immunol. 167 (2001) 1601–1608.
[70] J.L. Eyles, M.J. Hickey, M.U. Norman, B.A. Croker, A.W. Roberts, S.F. Drake,

W.G. James, D. Metcalf, I.K. Campbell, I.P. Wicks, Blood 112 (2008) 5193–5201.
[71] L.K. Stamp, I. Khalilova, J.M. Tarr, R. Senthilmohan, R. Turner, R.C. Haigh,

P.G. Winyard, A.J. Kettle, Rheumatology 51 (2012) 1796–1803.
[72] D. Odobasic, Y. Yang, R.C. Muljadi, K.M. O'Sullivan, W. Kao, M. Smith, E.F. Morand,

S.R. Holdsworth, Arthritis Rheum. 66 (2014) 907–917.
[73] K. Ghabili, P.S. Agutter, M. Ghanei, K. Ansarin, M.M. Shoja, J. Appl. Toxicol. 30

(2010) 627–643.
[74] A.K. Jain, N. Tewari-Singh, S. Inturi, D.J. Orlicky, C.W. White, R. Agarwal,

Toxicology 320 (2014) 25–33.
[75] J. Komatsu, H. Koyama, N. Maeda, Y. Aratani, Inflamm. Res. 55 (2006) 200–206.
[76] R.S. Ray, A. Katyal, Neurosci. Biobehav. Rev. 68 (2016) 611–620.
[77] K. Kubota, H. Saiwai, H. Kumamaru, T. Maeda, Y. Ohkawa, Y. Aratani, T. Nagano,

Y. Iwamoto, S. Okada, Spine 37 (2012) 1363–1369.
[78] S. Takizawa, Y. Aratani, N. Fukuyama, N. Maeda, H. Hirabayashi, H. Koyama,

Y. Shinohara, H. Nakazawa, J. Cerebr. Blood Flow Metabol. 22 (2002) 50–54.
[79] A. Ullen, E. Singewald, V. Konya, G. Fauler, H. Reicher, C. Nusshold, A. Hammer,

D. Kratky, A. Heinemann, P. Holzer, E. Malle, W. Sattler, PLoS One 8 (2013)
e64034.

[80] Q. Zhang, E.T. Powers, J. Nieva, M.E. Huff, M.A. Dendle, J. Bieschke, C.G. Glabe,
A. Eschenmoser, P. Wentworth Jr., R.A. Lerner, J.W. Kelly, Proc. Natl. Acad. Sci. U.
S. A. 101 (2004) 4752–4757.

[81] S. Tomono, N. Miyoshi, H. Shiokawa, T. Iwabuchi, Y. Aratani, T. Higashi,
H. Nukaya, H. Ohshima, J. Lipid Res. 52 (2011) 87–97.

[82] D.K. Choi, S. Pennathur, C. Perier, K. Tieu, P. Teismann, D.C. Wu, V. Jackson-Lewis,
M. Vila, J.P. Vonsattel, J.W. Heinecke, S. Przedborski, J. Neurosci. 25 (2005)
6594–6600.

[83] C.Y. Chang, M.J. Song, S.B. Jeon, H.J. Yoon, D.K. Lee, I.H. Kim, K. Suk, D.K. Choi,
E.J. Park, Am. J. Pathol. 179 (2011) 964–979.

[84] M. Brennan, A. Gaur, A. Pahuja, A.J. Lusis, W.F. Reynolds, J. Neuroimmunol. 112
(2001) 97–105.

[85] J. Nijhuis, S.S. Rensen, Y. Slaats, F.M. van Dielen, W.A. Buurman, J.W. Greve,
Obesity 17 (2009) 2014–2018.

[86] Q. Wang, Z. Xie, W. Zhang, J. Zhou, Y. Wu, M. Zhang, H. Zhu, M.H. Zou, Diabetes
63 (2014) 4172–4185.

[87] S.S. Rensen, V. Bieghs, S. Xanthoulea, E. Arfianti, J.A. Bakker, R. Shiri-Sverdlov,
M.H. Hofker, J.W. Greve, W.A. Buurman, PLoS One 7 (2012) e52411.

[88] H. Lin, B.S. Levison, J.A. Buffa, Y. Huang, X. Fu, Z. Wang, V. Gogonea,
J.A. DiDonato, S.L. Hazen, Free Radic. Biol. Med. 104 (2017) 20–31.

[89] L. Fialkow, Y. Wang, G.P. Downey, Free Radic. Biol. Med. 42 (2007) 153–164.
[90] N. Tateno, N. Matsumoto, T. Motowaki, K. Suzuki, Y. Aratani, Free Radic. Res. 47

(2013) 376–385.
[91] K. Rutault, C.A. Hazzalin, L.C. Mahadevan, J. Biol. Chem. 276 (2001) 6666–6674.
[92] M. Karin, A. Lin, Nat. Immunol. 3 (2002) 221–227.
[93] M. Jaramillo, M. Olivier, J. Immunol. 169 (2002) 7026–7038.
[94] C.C. Winterbourn, M.B. Hampton, J.H. Livesey, A.J. Kettle, J. Biol. Chem. 281

(2006) 39860–39869.
[95] M. Barua, Y. Liu, M.R. Quinn, J. Immunol. 167 (2001) 2275–2281.
[96] T. Ogino, M. Hosako, K. Hiramatsu, M. Omori, M. Ozaki, S. Okada, Biochim.

Biophys. Acta 1746 (2005) 135–142.
[97] A. Kanayama, J. Inoue, Y. Sugita-Konishi, M. Shimizu, Y. Miyamoto, J. Biol. Chem.

277 (2002) 24049–24056.
[98] K. Fujimoto, T. Motowaki, N. Tamura, Y. Aratani, Free Radic. Res. 50 (2016)

1340–1349.

Y. Aratani Archives of Biochemistry and Biophysics 640 (2018) 47–52

52

http://refhub.elsevier.com/S0003-9861(17)30772-5/sref44
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref44
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref44
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref45
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref46
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref46
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref46
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref46
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref46
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref47
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref47
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref48
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref48
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref48
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref49
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref49
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref49
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref50
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref50
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref51
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref51
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref52
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref52
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref53
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref53
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref54
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref55
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref55
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref56
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref56
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref57
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref57
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref57
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref58
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref58
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref59
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref59
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref59
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref60
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref60
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref60
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref61
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref61
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref62
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref62
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref62
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref63
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref63
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref63
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref63
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref64
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref64
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref65
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref65
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref66
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref66
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref67
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref67
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref67
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref68
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref69
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref70
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref70
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref71
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref71
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref72
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref72
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref73
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref73
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref74
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref74
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref75
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref76
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref77
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref77
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref78
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref78
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref79
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref79
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref79
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref80
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref80
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref80
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref81
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref81
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref82
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref82
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref82
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref83
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref83
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref84
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref84
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref85
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref85
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref86
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref86
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref87
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref87
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref88
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref88
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref89
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref90
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref90
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref91
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref92
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref93
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref94
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref94
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref95
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref96
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref96
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref97
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref97
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref98
http://refhub.elsevier.com/S0003-9861(17)30772-5/sref98

	Myeloperoxidase: Its role for host defense, inflammation, and neutrophil function
	Introduction
	Role of MPO in host defense
	Role of MPO in organ inflammation
	Atherosclerosis and cardiovascular disease
	Kidney disease
	Pulmonary inflammation
	Rheumatoid arthritis
	Skin inflammation and injury
	Neurological diseases
	Metabolic syndrome

	Role of MPO for neutrophil function

	Concluding remarks
	Conflicts of interest
	Acknowledgments
	References




