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Role of myeloperoxidase in intracellular and
extracellular chemiluminescence of neutrophils
HEATHER L NURCOMBE AND STEVEN W EDWARDS

From the Department of Biochemistry, University of Liverpool, Liverpool, UK

SUMMARY Activated polymorphonuclear leucocytes (neutrophils) can generate both intracellu-
lar and extracellular luminol dependent chemiluminescence.- As luminol dependent chemilu-
minescence largely measures the activity of the myeloperoxidase-H202 system, and as the
extracellular activity of this enzyme may be responsible for the tissue damage associated with
inflammatory conditions such as rheumatoid arthritis, the aim of this work was to distinguish
between intracellular and extracellular chemiluminescence so that the extracellular activity of this
enzyme could be evaluated. Azide was used as a non-specific inhibitor of both intracellular and
extracellular chemiluminescence, whereas anti-(human myeloperoxidase) IgG was used to inhibit
specifically the extracellular activity of myeloperoxidase. Thus this IgG is a useful analytical tool
for studying the extracellular activity of the myeloperoxidase-H202 system in the pathology of
rheumatoid arthritis.

The production of a series of reactive oxidants by
polymorphonuclear leucocytes (neutrophils) is
necessary for the killing of certain types of microbial
pathogens during infections. Two enzyme systems
are responsible for the generation of a full comple-
ment of oxidants. Firstly, a plasma membrane
bound NADPH oxidase1 generates 02 and H202
during a respiratory burst which is activated during
phagocytosis,2 and these may react together with a
suitable transition metal salt to form a hydroxyl
radical (-OH).3 Secondly, myeloperoxidase (a
haemoprotein located within azurophilic granules) is
discharged into the phagocytic vesicle by the process
of degranulation and reacts with H202 (and possibly
0-2) to generate HOCI and related chloramines.4
The potency of -OH and HOCI are well docu-
mented.
During phagocytosis of small particles such as

bacteria these oxidants are generated and confined
within phagolysosomes and few, if any, are released
from the neutrophil. It is now known, however, that
under certain conditions 02, H202, and granule
enzymes can be secreted from neutrophils: in view
of the high chemical reactivity of -OH and HOCI
such extracellular generation of oxidants may lead
to damage to host tissues during inflammation.5 6
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As neutrophils are found in large numbers in the
synovial fluid of patients with rheumatoid arthritis
and have the potential to secrete reactive oxidants it
has been proposed that the joint damage associated
with this disease is attributable, at least in part, to
neutrophil derived oxidants.7 There is, however, no
direct evidence to support this proposal. In part this
is because it is difficult to distinguish between
intracellular and extracellular oxidant generation
experimentally, and, also, the factors which both
activate and regulate these processes in vivo are
poorly understood.

Since the discovery that during the respiratory
burst activated neutrophils also generate light8 the
technique of chemiluminescence has been widely
used to measure the molecular controls that regulate
reactive oxidant generation. The use of chemilu-
minescent probes such as luminol9 greatly en-
hances the efficiency of photon detection, though
the molecular species responsible for light emission
have not yet been identified. Luminol dependent
chemiluminescence is particularly useful for studies
of neutrophil function as it measures, to a large
extent, the activities of the NADPH oxidase and
myeloperoxidaselt) and is also capable of monitoring
both intracellular and extracellular oxidant genera-
tion as luminol freely permeates these cells. Thus
there have been several reports based on the use of
neutrophil permeable or neutrophil impermeable
non-specific scavenging agents which have ten-
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Intra- and extracellular chemiluminescence in neutrophils 57

tatively distinguished between intracellular and
extracellular events.11-15
We have recently shown that synovial fluid

samples from patients with rheumatoid arthritis
contain myeloperoxidase16 in a form which suggests
that it has been actively secreted from neutrophils
concomitant with the secretion of oxidants.17 The
aim of the present study, therefore, was to establish
methodologies to determine the extracellular activity
of the myeloperoxidase-H202 system during neutro-
phil activation in order to evaluate the role of this
enzyme in the pathology of this disease. As a
specific inhibitor for myeloperoxidase does not
exist18 we used anti-(human myeloperoxidase) IgG
to evaluate the extracellular activity of this enzyme.

Materials and methods

PREPARATION OF NEUTROPHILS
Neutrophils were prepared from 20 ml heparinised
venous blood from healthy volunteers using M-PRM
(Flow Laboratories), exactly as described
previously. 16 After purification they were suspended
in a buffer containing (mM):NaCl 120; KCI 4-8;
KH2PO4 1-2; CaC12 1-3; MgSO4 1-2; HEPES (N-2-
hydroxyethylpiperazine-N'-2-ethanesulphonic acid)
25 (pH 7-4); 0-1% bovine serum albumin. Cells
were counted after a suitable dilution in the above
buffer with a Fuchs-Rosenthal haemocytometer
slide and used within four hours of preparation.
Neutrophils from 10 different donors were purified
and assayed separately. Each assay was performed
at least three times on neutrophils from the same
donor.

ANALYTICAL METHODS
Chemiluminescence
Neutrophils were suspended in buffer containing
10 [iM luminol (5-amino-2,3-dihydro-1,4-phthalaz-
enedione) at 106 cells/ml in a total volume of 1 ml,10
and chemiluminescence was measured with an LKB
Wallac 1250 luminometer.

02 and H202 generation
02 generation was measured in a continuous assay
by monitoring the rate of reduction of ferricy-
tochrome c.'9 The assay, total volume of 1 ml, was
performed in a Perkin-Elmer lambda 5 spectro-
photometer and contained 75 I.M cytochrome c plus
5x i05 cells. H202 generation was measured by a
fluorimetric assay ° in a 2-5 ml reaction mixture
containing 4 FM scopoletih, 5 tig/ml horseradish
peroxidase, and 2*5 x 106 neutrophils.

Other methods
Human myeloperoxidase was prepared from buffy

coats by the method described by Pember et al2 and
used to raise rabbit anti-(human myeloperoxidase)
antiserum,18 from which a purified IgG fraction was
isolated.22

Results

KINETICS OF CHEMILUMINESCENCE,

02 AND H202 PRODUCTION
When neutrophil suspensions were stimulated by
the addition of the chemotactic peptide fMet-Leu-
Phe plus cytochalasin B the rate of chemiluminesc-
ence reached an initial peak within one minute of
addition of stimulus (Fig. la). After this time the
rate declined and was followed by a second, more
sustained, maximum. The maximal rates of 02
and H202 production observed coincided with the
initial increase in chemiluminescence-that is,
within one minute-but during the second phase of
chemiluminescence the rates of 0-2 and H202
generation were barely detectable above back-
ground levels (Fig. lb). When neutrophils were
stimulated by fMet-Leu-Phe in the absence of
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Fig. 1 Effect offMet-Leu-Phe plus cytochalasin B on
chemiluminescence, 02 and H202 production. Neutrophils
were incubated at37°C as described in 'Materials and
methods' and at time zero I liMfMet-Leu-Phe plus I l*glml
cytochalasin B (final concentrations) was added.
(a) Chemiluminescence response; (b) rates of02 (0) and
H202 (-) production.
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58 Nurcombe, Edwards

cytochalasin B a similar but lower magnitude
chemiluminescence profile was observed (Fig. 2a),
and, again, rates of 02 and H202 generation were
only detectable within the first few minutes of
addition of stimulus (Fig. 2b). Upon addition of the
protein kinase c activator phorbol myristate acetate
(PMA) the rate of chemiluminescence reached a
maximal value within six to eight minutes (Fig. 3a),
and the rates of 02 and H202 generation followed
a similar time course (Fig. 3b).
Thus particularly after activation with fMet-Leu-

Phe (in the presence or absence of cytochalasin B)
rates of chemiluminescence from three to eight
minutes after stimulation do not parallel rates of 02
and H202 generation. This may indicate that an °2
or H202 independent oxidant is responsible for
photon emission. Alternatively, as the substrates
used for the detection of 02 and H202 generation
cannot penetrate neutrophils this may suggest that
oxidant generation occurs extracellularly in the first
instance (during the initial one to two minutes after
stimulation) and then later occurs intracellularly.

20

EE 15
0c)

Q

cn 10
._

t s

0

C.)

.-a
es

0)U)

0

1.2

0.8

0.4

(a)

TIME (min)

(b) 0.3
0

~OQ
0

0.2

0.1 :

0u
0o

0 2 4 6 8 10

TIME (min)
Fig. 2 Effect offMet-Leu-Phe on chemiluminescence, 02

and H202 production. Details were as described in the
legend to Fig. I except that at time zero the suspensions were

stimulated by the addition of 1 1MfMet-Leu-Phe (final
concentration) .
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Fig. 3 Effect ofphorbol myristate acetate (PMA) on
chemiluminescence, 0: and H202 production. Details were
as described in the legend to Fig. 1 except that at time
zero suspensions were stimulated by the addition of
0-1 ,glml PMA (final concentration).

Enhancement of chemiluminescence by exogenous
myeloperoxidase
As luminol dependent chemiluminescence largely
requires both the generation of oxidants and degra-
nulation of myeloperoxidaselo the effect of adding
exogenous, purified myeloperoxidase to fMet-Leu-
Phe and PMA stimulated neutrophil suspensions
was investigated. When exogenous myeloperoxidase
was added to PMA stimulated suspensions at
various time intervals after activation the rate of
chemiluminescence was dramatically enhanced (Fig.
4a). The potentiating effect varied with the time
interval between the addition of myeloperoxidase
and the addition of PMA. For example, when
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Intra- and extracellular chemiluminescence in neutrophils 59

myeloperoxidase was added three to six minutes 140
after the addition of PMA a much greater rate of
chemiluminescence was observed than when it was
added 20 minutes after PMA. When added three
minutes after PMA myeloperoxidase increased the
rate of chemiluminescence 13-fold, whereas when
added between eight and 20 minutes after PMA the
rate was only enhanced about fivefold-that is, the
potentiating effect of myeloperoxidase added after
three minutes was 2*5-fold (SD 025, n=6) greater
than that observed when added 8-20 minutes after
stimulation.
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Fig. 4 Effect ofexogenously added myeloperoxidase on
neutrophil chemiluminescence. Neutrophil suspensions
were stimulated by the additions of (a) 0-1 ,Iglmlphorbol
myristate acetate or (b) 1 sMfMet-Leu-Phe and the
chemiluminescence responses measured (solid traces). In a
number ofseparate incubations the suspensions were
stimulated as described and then at various time intervals
after stimulation 2 tsg ofpurified myeloperoxidase was
added and its effect on the chemiluminescence response
measured (hatched bars).

TIME (min)
Fig. 5 Effect ofazide and anti-(human myeloperoxidase)
IgG on myeloperoxidase-H202 chemiluminescence.
Purified myeloperoxidase (I Mig) was incubated at37°C
in buffer containing 10 liM luminol. At the time indicated
by the arrow 60MM H202 (final concentration)
was added and the chemiluminescence response measured.
(i) No additions; (ii) myeloperoxidase incubated with
150 1*g ofanti-(human myeloperoxidase) IgGforfive
minutes before addition ofH202; (iii) chemiluminescence
response obtained when 1 mM azide was added to the
purified myeloperoxidase.
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60 Nurcombe, Edwards

Similarly, a time dependent enhancement of
fMet-Leu-Phe stimulated chemiluminescence by ex-
ogenous myeloperoxidase was observed (Fig. 4b).
Maximal enhancement of chemiluminescence was
found when myeloperoxidase was added about one
minute after fMet-Leu-Phe (coinciding with the time
of maximal generation of extracellular 02 and
H202, Fig. 2b), but when added after this time little,
if any, potentiating effect was observed. Thus when
myeloperoxidase was added one minute after fMet-
Leu-Phe the potentiating effect was 2-4-fold (SD
0-6, n=4) greater than when added five minutes
after stimulation.
As exogenous myeloperoxidase cannot penetrate

neutrophils the enhanced chemiluminescence indi-
cates that H202 (and presumably 0-2) are present in
the extracellular medium. Thus during the initial
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periods of both PMA and fMet-Leu-Phe stimula-
tion, when exogenous myeloperoxidase has its
greatest effect, higher levels of H202 (and 02)
must be present extracellularly than at those times
when exogenous myeloperoxidase has a lower
effect.

Inhibition of myeloperoxidase by azide and anti-
(human myeloperoxidase) IgG
Although azide is commonly used as an inhibitor of
myeloperoxidase, it has limited usefulness in these
studies as it is a non-specific inhibitor of many
proteins containing haem and can also quench
singlet 0-2 and -OH.3 It is capable, however, of
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Fig. 6 Effect ofazide and anti-(human myeloperoxidase)
IgG on neutrophil chemiluminescence. Neutrophil
suspensions were incubated as described in 'Materials and
methods' in the absence (i) orpresence of150 iglml IgG
(ii) or I mM azide (iii). At the time indicated by the
arrow suspensions were stimulated by the additions of
(a) I piMfMet-Leu-Phe plus I ,iglml cytochalasin B;
(b) I ltMfMet-Leu-Phe; or (c) 0.1 ,iglml phorbol myristate
acetate.
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Intra- and extracellular chemiluminescence in neutrophils 61

inhibiting both intracellular and extracellular
events. We have previously used antiserum raised to
purified myeloperoxidase as a specific inhibitor of
this enzyme in order to determine its role in the
regulation of the respiratory burst.18 Therefore an
IgG fraction prepared from this antiserum was
tested for its ability to inhibit myeloperoxidase
dependent chemiluminescence. Figure 5 shows that
the chemiluminescence of a cell free system com-
prising purified myeloperoxidase and H202 was
almost completely inhibited by both azide and the
anti-(human myeloperoxidase) IgG. As the IgG
cannot penetrate neutrophils this agent should
therefore only inhibit neutrophil chemiluminescence
due to the activity of an extracellular myeloperoxi-
dase-H202 system. Azide, on the other hand, will
inhibit both intracellular and extracellular events.

Effect of azide and anti-(human myeloperoxidase)
IgG on neutrophil chemiluminescence
The addition of 1 mM azide greatly reduced the
chemiluminescence response activated by the addi-
tion of fMet-Leu-Phe plus cytochalasin B to neut-
rophils, with inhibition at one and five minutes of
78% (SD 8%, n=4) and 75% (SD 8%, n=4)
respectively (Fig. 6a). Similarly, anti-(myelo-
peroxidase) IgG also inhibited this chemilumi-
nescence response, but in contrast with the effect of
azide inhibited the response at one and 5 minutes by
only 59% (SD 1%, n=4) and 27% (SD 5%, n=4)
respectively. This observation is consistent with the
idea that azide, which freely penetrates neutrophils,
inhibits equally both the intracellular and extra-
cellular chemiluminescence due to myeloperoxidase,
whereas the IgG, which cannot penetrate the
neutrophil, only inhibits the extracellular myelo-
peroxidase activity. Thus the chemiluminescence
observed one minute after the addition of this
stimulus is largely due to the extracellular activity of
the myeloperoxidase-H202 system.

In contrast with azide, IgG had very little inhibi-
tory effect on the initial chemiluminescence re-
sponse activated by fMet-Leu-Phe alone, and even
potentiated the response (Fig. 6b). These results
strongly suggest that the initial (one minute) peak of
chemiluminescence activated by fMet-Leu-Phe
alone is not due to extracellular myeloperoxidase
activity.
Whereas azide greatly reduced the rate of PMA

stimulated chemiluminescence, IgG only reduced
the initial rate. For example, IgG inhibited the
chemiluminescence at five minutes by 43% (SD
20%, n=4) and that at 13 minutes by only 7% (SD
2%, n=4) (Fig. 6c). These data are consistent with
the idea that the extracellular activity of myeloper-
oxidase is maximal three to six minutes after

stimulation by PMA, whereas from about 10 minutes
after stimulation by this agent the intracellular
activity of this enzyme predominates.

Discussion

It is now appreciated that in addition to the
generation of reactive oxidants within phagolyso-
somes during phagocytosis of bacteria, neutrophils
also have the capacity to secrete these oxidants. It is
currently believed that the two most toxic species
are -OH and HOCI and oxidants formed either
directly or indirectly from these.3 As the generation
of -OH requires a transition metal in a suitable
form7 it has been proposed that the chelation of
transition metals by compounds such as desferriox-
amine may reduce joint damage in rheumatoid
arthritis owing to the production of this species.2>25
The chelation of transition metals, however, will not
inhibit the activity of the myeloperoxidase-H202
system, and it is known that this enzyme may also be
secreted from neutrophils and this may also contri-
bute to tissue damage. Therefore before the role of
neutrophil derived oxidants in the pathology of
rheumatoid arthritis can be evaluated it is necessary
(a) to determine the physiological conditions which
result in the secretion of oxidants from activated
neutrophils; (b) to develop assays to distinguish
between intracellular and extracellular production;
and (c) to measure the extracellular activity of the
myeloperoxidase-H202 system. The experiments
described in this report were designed to solve some
of these problems.
When neutrophil suspensions were stimulated

with either the chemotactic peptide, fMet-Leu-Phe,
(in the presence or absence of cytochalasin B) or
PMA, both intracellular and extracellular oxidant
generation was detected, though with the latter
stimulus the distinction was not as well defined.
These conclusions were based on the facts that (a) in
the assays to determine the rates of °2 and H202
generation the substrates used do not penetrate the
cells and therefore only extracellular oxidants are
measured (Figs 1-3); (b) exogenously added myelo-
peroxidase could cause preferential enhancement of
chemiluminescence depending upon the time that it
was added after stimulation (Fig. 4); and (c) anti-
(human myeloperoxidase) IgG could inhibit
chemiluminescence at certain times after stimulation
but not others (Fig. 6).
The combined use of azide and anti-(human

myeloperoxidase) IgG to inhibit the total cellular
activity or just extracellular myeloperoxidase activ-
ity, respectively, provides a novel approach to
delineating the contribution of the released enzyme
during neutrophil activation. The IgG was as effec-
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62 Nurcombe, Edwards

tive as azide in inhibiting the chemiluminescence of
a cell free system comprising purified myeloperox-
idase and H202 (Fig. 5), and because it is membrane
impermeable it specifically inhibited chemiluminesc-
ence due to extracellular myeloperoxidase. This
approach showed that the initial chemiluminescence
responses of both the fMet-Leu-Phe plus cytochala-
sin B and PMA stimulated suspensions was due, at
least in part, to extracellular myeloperoxidase.
Substantial portions of both fMet-Leu-Phe and
PMA simulated chemiluminescence were not inhi-
bited by either azide or IgG, however, suggesting
that these stimuli activated considerable myeloper-
oxidase independent, luminol dependent chemilu-
minescence. Further work is clearly necessary to
identify the molecular species responsible for this
photon emission and to determine whether this
phenomenon is related to lucigenin dependent
chemiluminescence, which also appears to be inde-
pendent of myeloperoxidase.10

Several investigators have shown that synovial
fluid contains factors which can activate neutrophil
oxidant generation.26 In view of the fact that we
have proposed a role for extracellular myeloperox-
idase in the pathology of rheumatoid arthritis'6 it
will now be possible to extend the approach
described here to distinguish clearly between in-
tracellular and extracellular oxidant generation by
synovial fluid neutrophils and also to assess the role
of released myeloperoxidase. This work thus pro-
vides the basis for evaluating the role of neutrophil
derived oxidants in the joint damage and destruction
associated with this disease.

We thank the Arthritis and Rheumatism Council for generous
financial support.
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