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tive hypochlorous acid in the presence of hydrogen peroxide and

chloride ion. However, this enzyme also uses bromide ion or thio�

cyanate as a substrate to form hypobromous or hypothiocyanous

acid, respectively. These species play important roles in host

defense against the invasion of microorganisms. In contrast, these

enzyme products modify biomolecules in hosts during excess

inflammation, indicating that the action of myeloperoxidase is

both beneficial and harmful. Myeloperoxidase uses other endo�

genous compounds, such as serotonin, urate, and L�tyrosine, as

substrates. This broad�range specificity may have some biological

implications. Target molecules of this enzyme and its products

vary, including low�molecular weight thiols, proteins, nucleic

acids, and lipids. The modified products represent biomarkers of

myeloperoxidase action. Moderate inhibition of this enzyme

might be critical for the prevention/modulation of excess, uncon�

trolled inflammatory events. Some phytochemicals inhibit myelo�

peroxidase, which might explain the reductive effect caused by

the intake of vegetables and fruits on cardiovascular diseases.

Key Words: myeloperoxidase, hypochlorous acid, 

inflammatory damage, phytochemicals

IntroductionNeutrophil plays an important role in host defense and is
equipped with various weapons. In particular, the heme pro-

tein myeloperoxidase is most abundantly expressed in azurophilic
granules of neutrophils and also known as a key enzyme for the
germination of bacteria through the generation of the bactericide

hypochlorous acid (HOCl) (Fig. 1).

H2O2 + Cl− + H+ → HOCl + H2O

In the presence of physiological concentrations of bromide ion,
myeloperoxidase generates hypobromous acid (HOBr) (Fig. 2),(1)

and thiocyanate is converted to hypothiocyanous acid by myelo-
peroxidase. As a minor product, cyanate/isocyanate, which causes
carbamylation of proteins,(2) is also generated. In addition, eosino-
phil peroxidase generates HOBr in the presence of hydrogen
peroxide and bromide ion. The hypohalous acids HOCl and HOBr
modify amino moieties in proteins, aminophospholipids, or DNA
accompanied by the formation of haloamines, chloramine and
bromamine (Fig. 3). These halogenating species react with bio-
molecules in microbes to protect human health. In contrast, these
species can also damage host tissues during inflammation, sug-
gesting that the action of these species is a double-edged sword.

The peroxidase oxidizes endogenous and exogenous com-
pounds, such as serotonin, L-tyrosine, or phytochemicals, as sub-
strates.(3) Thus, some compounds seem to be genuine substrates (or
inhibitors) of myeloperoxidase, indicating that myeloperoxidase
may be a multifunctional enzyme. From this point of view, the
physiological implications of this enzyme are of great interest.

Novel Aspects of Myeloperoxidase Function

A recent study has shown that myeloperoxidase binds to the
surface of fibroblasts and is internalized, an action which induces

N

Fig. 1. Bacterial killing and inflammatory tissue damage by neutrophils.
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collagen synthesis by the fibroblasts.(4) Such bioactivity is due to
the peroxidase activity of this enzyme and not the generation of
hypohalous acid because horseradish peroxidase also possesses
the same property. The modulation of extracellular matrix syn-
thesis by myeloperoxidase may play an important role in the re-
constitution of injured tissue and also explains why the infiltration
of inflammatory cells has often been observed in inflammatory
tissue. The same group has serially shown that myeloperoxidase
and eosinophil peroxidase were internalized by human umbilical
vein endothelial cells and the event had pro-angiogenic activity.(5)

4-Aminobenzohydrazide, an inhibitor of peroxidase, attenuated
the effect, suggesting that the peroxidase activity might play an
important role for angiogenesisis. Neutrophils kill bacteria by

extracellular traps composed of neutrophilic DNA and histones.
Myeloperoxidase and/or HOCl might contribute to the bacterial
killing process via the extracellular traps.(6,7)

Products of HOCl or HOBr

Specific products derived from HOCl or HOBr (i.e., chlorinated
or brominated molecules) are chemical markers for the myeloper-
oxidase-derived modification of biomolecules. For example,
hypohalous acids and haloamines further react with protein tyro-
sines to generate halotyrosines, such as 3-chlorotyrosine and
3-bromotyrosine. The 3-halotyrosines are further modified to 3,5-
dihalotyrosine.(8–10) The increment of dihalotyrosine even within

Fig. 2. Substrates of myeloperoxidase (MPO) and corresponding products.

Fig. 3. Modification of biomolecules by HOX and haloamines.
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aged, unexposed skin indicates that myeloperoxidase halogenates
protein tyrosine not only during acute/intense inflammation, such
as sunburn, but also during chronic/long-term mild inflamma-
tion.(11) It is noteworthy that bromotyrosine is not a specific marker
for eosinophil peroxidase activity because myeloperoxidase also
generates bromotyrosine under physiological conditions.(1)

Peroxynitrite, formed from the reaction between nitric oxide
and superoxide, generates 3-nitrotyrosine. Myeloperoxidase may
also contribute to the formation of nitrotyrosine,(12) although a
recent report has shown that myeloperoxidase may scavenge
peroxynitrite.(13) 3-Nitrotyrosine is chlorinated by HOCl to form
3-chloro-5-nitrotyrosine.(14) This indicates that 3-nitrotyrosine is
not a specific marker for the action of macrophages, which have
inducible nitric oxide synthase.

Reduced glutathione (GSH) reacts with HOCl to yield oxidized
glutathione (disulfide form, GSSG) as a major product. HOCl
further converts GSSG to 5-hydroxybutyrolactam.(15) Glutathione
sulfonamide and dehydroglutathione(16) are also generated by HOCl.

DNA is one of the target molecules of halogenating species
that produces halogenated nucleotides; on exposure to HOCl, 5-
chlorocytosine is formed as a stable product.(17) N4,5-dichloro-
deoxycytidine, which has two chlorines in its base, has been
identified in inflammatory tissue.(18) On exposure to HOCl, de-
oxyguanosine is converted to 8-chlorodeoxyguanosine and other
products.(19) Bromination of DNA has also been investigated. For
example, 5-bromodeoxycytidine is formed by eosinophil peroxidase
and is successively incorporated into DNA as 5-bromouracil,(20)

suggesting possible mutagenesis by the oxidative damage of
nucleotide precursors. The bromination of deoxyguanosine in-
duces the formation of 8-bromodeoxyguanosine. Compared with
other oxidative stress markers, such as 8-hydroxydeoxyguanosine
and nitrotyrosine, 8-halodeoxyguanosines are observed along with
myeloperoxidase infiltration into tissue, an early event during
inflammation, and excreted into the urine within 2–3 days,
suggesting that 8-halodeoxyguanosine is an earlier marker for
inflammatory tissue damage.(21) These oxidation products may be
markers of not only myeloperoxidase (or eosinophil peroxidase)-
derived oxidative stress but also DNA mutation.(22,23) As a marker
of inflammation-induced tissue damage, 8-bromodeoxyguanosine
has been used to estimate the preventive effect of orally admin-
istered Coprinus comatus, an edible mushroom, on ultraviolet
(UV) light-induced inflammation.(24) A recent study showed that
8-bromoguanosine is transformed into cysteinylguanosine in the

presence of L-cysteine.(25) 8-Nitroguanosine 3',5'-cyclic mono-
phosphate acts as a second messenger via protein S-guanylation.(26)

This implies that the bromination of guanosine moieties may
contribute to some biological phenomena during inflammation.
Another recent study has shown that dibrominated taurine (taurine
dibromamine) efficiently induces the formation of 8-bromode-
oxyguanosine, suggesting that taurine dibromamine might be a
plausible mediator of deoxyguanosine bromination in vivo.(27)

Lipids, including cholesterol, that have a double bond in their
structures form chlorohydrins on exposure to HOCl.(28–30) The
potential of chlorohydrin as a biomarker of HOCl has been
discussed.(30) The polar head of phosphatidylethanolamine (PE)
is also targeted by HOCl to form N,N-dichlorinated PE. The
dichlorinated PE decomposes into an N-centered radical species,
which initiates lipid oxidation.(31)

Products Derived from Peroxidase Activity

Myeloperoxidase uses chloride ion, bromide ion, and thiocya-
nate as substrates to successively generate HOX (Fig. 2). Hence,
the enzyme also acts as a peroxidase. Myeloperoxidase catalyzes
the formation of dityrosine using L-tyrosine and hydrogen per-
oxide as substrates.(32) Dityrosine, myeloperoxidase, and macro-
phages have been found to be colocalized in atherosclerotic
lesions.(33) Because dityrosine is also generated by peroxidases,
various reactive oxygen species, and UV irradiation, dityrosine is
considered to be a universal marker of protein oxidation.

A docking study has shown that serotonin or melatonin binds
to the heme pocket of myeloperoxidase.(34) Indeed, serotonin is
oxidized by the enzyme in the presence of hydrogen peroxide to
form tryptamine-4,5-dione (TD) and serotonin dimers(3,35) (Fig. 4).
TD is a putative neurotoxin and covalently reacts with the thiol
moieties of proteins, which might inactivate certain enzymes such
as α-ketoglutarate dehydrogenase and pyruvate dehydrogenase
complexes.(36) Chloride ions at physiological concentrations do
not compete with TD-derived modifications, suggesting that
serotonin is a promising physiological substrate of myeloper-
oxidase in vivo.(37) Cytoskeletal proteins, α- and β-tubulins,
vimentin, and neurofilament-L, in SH-SY5Y neuroblastoma cells
have been identified as target proteins. Self-polymerization of
tubulins was modulated by the exposure of TD in vitro. It has
also been confirmed that the metabolite of serotonin, 5-hydroxy-
indoleacetic acid, is a favorable substrate and that the successive

Fig. 4. Formation of serotonin oxidation products by myeloperoxidase.
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formation of quinone gives rise to the covalent conjugation of
protein thiols.(37) It has been shown that urate is also a possible
physiological substrate for myeloperoxidase.(38) These results
suggest that myeloperoxidase may use many endogenous sub-
strates in vivo. However, the physiological significance of its
peroxidase activity remains to be clarified.(39)

Detection of Products as Biomarkers

At present, liquid chromatography–tandem mass spectrometry
is the most commonly used method for measuring the production
of biomarkers because of its accuracy and sensitivity. In
particular, brominated or chlorinated compounds have specific
molecular weights because they have stable isotopic ions, 78Br and
81Br or 35Cl and 37Cl, which show characteristic mass spec-
trums.(21,40) Specific antibodies have been established and applied
for the quantification of biomarkers. Monoclonal antibodies to
HOCl-modified LDL have been prepared and applied to immuno-
histochemical detection,(41–43) and ELISA using antichlorohydrin
monoclonal antibody has been shown to be a more sensitive detec-
tion method than thin-layer chromatography.(44) With regard to
halotyrosines, specific antibodies against monohalotyrosine/
dihalotyrosine have been prepared, and the formation of halo-
genated proteins in tissue during inflammation has been immuno-
histochemically confirmed.(45–48)

N4,5-dichloro-deoxycytidine has been detected in the liver and
lung of mice treated with lipopolysaccharides (LPS) by a specific
antibody.(18) An antibody against 8-halodeoxyguanosines has been
established and applied for the staining of LPS-induced inflamma-
tory(21) and UV-B-irradiated tissue.(24) The immunochemical
methods (immunohistochemical staining) can clarify the localiza-
tion of biomarkers, and multiple samples can be measured at once
by ELISA.

Inhibitors of Myeloperoxidase

There are at least two ways to prevent inflammatory damage
caused by myeloperoxidase, the quenching of HOCl and the inhi-
bition of the enzyme itself. Some biological compounds, such as
GSH or methionine, rapidly detoxify HOCl. HOCl reacts with
quercetin or galloylated catechins followed by the formation of
chlorinated products.(6,49)

Ceruloplasmin is an endogenous inhibitor of myeloperoxi-
dase,(50) and hydrogen peroxide inactivates the enzyme.(51) Myelo-
peroxidase is also inhibited by some chemicals.(41–43) For example,
myeloperoxidase is completely inactivated by azide, a heme
poison. Aromatic hydroxamates, 2-thioxanthines, 4-aminobenzo-
hydrazide, and isoniazid are also inhibitors of this enzyme.(52,53)

Acetaminophen is a competitive inhibitor of myeloperoxidase;(54)

a tripeptide, N-acetyl lysyltyrosylcysteine amide, also inhibits this
enzyme.(55)

Some food-derived polyphenols have inhibitory effects on
myeloperoxidase(56,57) and/or have direct effect on HOCl
quenching.(6,49) This moderate/mild inhibition of myeloperoxidase
by ingested foods might be enough to maintain human health.
Judging from the inhibitory effect on dityrosine formation, phyto-
chemicals, such as curcumin and quercetin, inhibit the activity
of myeloperoxidase(56) The specific immunological extraction
followed by enzymatic detection method has been developed and
applied to evaluate the inhibitory effect of curcumin and tetra-
hydrocurcumin.(58) Myricitrin is a substrate and inhibitor of
myeloperoxidase.(59) Quercetin and its metabolites inhibit myelo-
peroxidase by interacting with its active site.(57) A quercetin
metabolite has been found to be colocalized with myeloperoxidase
in atherosclerotic plaques.(57) The biological meaning of this
colocalization is not completely known, but flavonoids from daily
meal may reduce the risk of some diseases via the inhibition of
myeloperoxidase in part because the ingestion of vegetables and
fruits seems to reduce the risk of cardiovascular diseases.

Some previous reports on myeloperoxidase inhibitors con-
tribute to the other fields of research. For instance, the novel
glycoside methyl syringate β-gentiobioside, leptosperin, has been
isolated from manuka honey and identified(60) as an inhibitor of
myeloperoxidase; manuka honey has functional properties,
including anti-bacterial and -inflammatory effects.(61,62) Because
the glycoside leptosperin is exclusively found in honeys from the
flowers of leptospermum species, the contents can be used to
authenticate premium manuka honey.(63,64) However, the function-
ality, such as anti-inflammatory effect, of the compound remains
to be elucidated.

Closing Remarks

Neutrophil myeloperoxidase plays multiple roles in the human
body. Although there are many reports on this enzyme, the physio-
logical implications of its peroxidase activity remain inadequately
understood. The products generated by myeloperoxidase activity
often react further with other biomolecules, and the modification
of the biomolecule may modulate its function in vivo.
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