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A B S T R A C T To inivestigate the imiportance of
catalase as a protecting enzyme against oxidative
damage in phagocytic leukocytes, we have tested the
functional capacity of neutrophils from two individuals
homozygous for Swiss-type acatalasemia and from two
individuals heterozygous for this deficiency. In the
former cells, 25-30% of residual activity of catalase
was present. In the latter cells, the values were close
to normal.
Chemotaxis towards casein, release of lysosomal en-

zymes and hydrogen peroxide during phagocytosis of
zymosan, and intracellular killing of Staphylococcus
aureuts were normal in all cells tested. Inhibition of
heme enzymes with azide (2 mM) enhanced the respir-
ation and hexose monophosphate shunt activity of nor-
mal, but not of homozygous acatalasemic, neutrophils.
This indicates that the enhancement in normal cells
is, at least in part, due to catalase inhibition.

After 15 min preincubation with an H202-generating
system (glucose plus glucose oxidase), the respiratory
response to zymosan phagocytosis was strongly de-
pressed in the homozygous acatalasemic and in normal,
azide-treated neutrophils, but not in normal, untreated
cells. Under these conditions, the release of lysosomal
enzymes was depressed and that of lactate dehydrogen-
ase enhanced, in catalase-deficient and in catalase-
inhibited, but not in normal, neutrophils. During pro-
longed incubation with the H202-generating system
(30-60 min), the reduction level of intracellular gluta-
thione remained high and the hexose monophosphate
shunt continued to operate normally in all cells tested.
Thus, although the function of neutrophils without
catalase activity was depressed by extracellular hydro-
gen peroxide, the H202 degradation via the glutathione
redox system remained operative.
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The results indicate that the glutathione redox system
by itself efficiently protects phagocytosing neutrophils
against their own oxidative products. During heavy ex-
ternal oxidative stress, however, both catalase and the
glutathione redox system are needed for adequate
protection.

INTRODUCTION

Phagocytic leukocytes generate large amounts of hv-
clrogen peroxidle dturinig phagocytosis and(I durinig activa-
tion by soluble products, e.g., chemotactic factors (1-3).
In part, this H202 is released into the phagosomes
where it exerts an antimierobial actioni in combiniationi
with myeloperoxidase and chloride (4). Substantial
amounts of hydrogen peroxide are also released inlto
the extracellular medium (2). Thus, from the inside as
well as from the outside, phagocytic leukocytes can
be under heavy oxidative stress.
A ninbl)er of recenit observations in(licates that phago-

cytic letikocytes, i.e., neutrophils, can be damnaged by
their own hydrogen peroxide. First, after preincubation
of netitrophils with high concenitrationis of soluble ac-
tivators, the subsequent reaction to chemotactic factors
was diminished. In contrast, the chemotactic respon-
siveness of neutrophils from patients which chronic
granulomatous disease, which fail to generate oxidative
products, was undisturbed (5). Second, anaerobiosis or
specific scavengers ofhydrogen peroxide enhainced the
rate of phagocytosis and the chemotactic responsiveness
ofnormal neutrophils (6, 7). And third, neutrophils pre-
incubated with a hydrogen-peroxide-generatiing system
showed a diminiished ingestioni rate and(l a diminished
response to chemotactic factors, uniless protected by
extracellular catalase (6).
Two systemils are kinownI thait milav potenitiallv protect

phagocvtic leukocytes agaiinst oxidative damage by hy-
drogen peroxidle. Catalase, primarily in the cell or-
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ganelles, decomposes hydrogen peroxide into water
and oxygen. In the cytosol, the glutathione redox sys-
tem reduces hydrogen peroxide by oxidizing NADPH,
which is regenerated in the hexose monophosphate
shunt. The protective function ofthe glutathione redox
system in phagocytic leukocytes has been established
with the aid of cells deficient in glutathione reductase
(8) or glutathione synthetase (9). In this study, whether
catalase has a similar function has been evaluated with
neutrophils from acatalasemic individuals. The results
indicate that catalase is not required for protection of
resting or phagocytosing neutrophils, but it is indis-
pensible for protection against extemal oxidative stress.
Case report. Two individuals homozygous for

Swiss-type acatalasemia and two individuals heterozy-
gous for this deficiency donated blood for this study.
The two homozygotes had been recognized as such
in previous studies by the low catalase activity in their
erythrocytes (<2% of the normal activity [10]) and in
their leukocytes (9-20% of the normal activity [11]),
and by the decreased heat stability and increased elec-
trophoretic mobility of the catalase residual activity
in their erythrocytes (10) and leukocytes (11). The two
heterozygotes had been recognized as such by family
relation with the homozygotes and by the intermediate
heat stability and electrophoretic mobility ofthe catalase
in their blood cells (10, 11).
None of the acatalasemic individuals suffered from

gangrenous oral infections or showed any predisposi-
tion to other infections. Informed consent ofthe donors
was obtained before the start of this investigation.

METHODS
Zymosan (ICN Nutritional Biochemicals, Cleveland, Ohio)
was opsonized by incubation in fresh human serum as pre-
viously described (12). Formaldehyde dehydrogenase (EC
1.2.1.1) was isolated from bovine liver as described by Koivusalo
and Uotila (13). This preparation contained about 30 mg pro-
tein/ml with a specific activity of 3 x 10-2 U/mg. Other en-
zymes were obtained from Boehringer Mannheim Biochemica,
Mannheim, West Germany.
Preparation of cells. Three times in the course of 2 years,

blood from the acatalasemic individuals and from normal
donors was drawn in heparin, transported, and stored at room
temperature. Within 24 h after the donation, neutrophils were
isolated by centrifugation of the blood over Ficoll-Isopaque
(d = 1.077 g/cm3) and lysis of the erythrocytes in the pellet
with isotonic ammonium chloride, as described (14). The cells
were washed and suspended in phosphate-buffered (10 mM)
NaCl (138 mM), pH 7.4, containing 0.6 mM CaCl2, 1.0 mM
MgCl2, 5.5 mM glucose, and 0.5% (wt/vol) human albumin.
The neutrophil suspensions were -95% pure, the yield was
-80%. The results obtained with the cells from the normal,
1-d-old blood were always in the range ofthe results obtained
with cells from fresh normal blood.
Enzyme determinations. Catalase activity was measured

with a Clark-type oxygen electrode (Yellow Springs Instru-
ment Co., Yellow Springs, Ohio; model YSI 5331) as described
by Del Rio et al. (15). In short, potassium phosphate buffer
(50 mM, pH 7.4) was deoxygenated with nitrogen, hydrogen

peroxide was added to a final concentration of 25 mM, and
the oxygen production was measured. Thereafter, a lysate of
5,000 neutrophils with 0.2% (wt/vol) Triton X-100 was added
to the 0.5-ml reaction vessel, and the rate of oxygen produc-
tion was again recorded. The difference in the two rates of
oxygen production was taken as a measure of the catalase
activity in the lysate.
The activities of myeloperoxidase, superoxide dismutase,

glutathione peroxidase, glutathione reductase, glucose-6-
phosphate dehydrogenase, and 6-phosphogluconate dehydro-
genase were measured as described (8).
Functional tests. The assays for chemotaxis towards casein

and intracellular killing of Staphylococcus aureus have been
described (8). The extracellular release of lysozyme and f3-glu-
curonidase from phagocytosing neutrophils was measured by
incubating the cells (5-10 x 106/ml) at 37°C with or without
1 mg serum-opsonized zymosan/ml. Samples of 0.45 ml were
centrifuged in the cold and the supernates were stored at
4°C. Enzyme determinations were performed in duplicate,
as described by Goldstein et al. (12). The cytoplasmic enzyme,
lactate dehydrogenase, was measured as an indicator ofplasma
membrane integrity. Enzyme release was expressed as a per-
centage oftotal enzymatic activity measured in simultaneously
incubated cells to which Triton X-100 (0.2%, wt/vol) had
been added.
Metabolic reactions. Oxygen consumption was measured

with an oxygen electrode as described (14).
Hydrogen peroxide production was; measured in cell-free

supernates by the oxidation of leukodiacetyl-2,7-dichloro-
fluorescein as described by Homan-Muller et al. (2). The cells
were incubated in 2mM NaN3 to prevent degradation ofH202.

Production of '4CO2 from [1-'4C]glucose was determined as
a measure of hexose monophosphate shunt activity, as
described (8).
Reduced glutathione was measured with a mechanized ver-

sion of the method described by Koivusalo and Uotila (13) in
which reduced glutathione acts as a rate-limiting cofactor
in the oxidation of formaldehyde by NAD+, catalyzed by
fonmaldehyde dehydrogenase. Neutrophils (20 x 106/ml) were
incubated in a protein-free medium. Samples of 0.05 ml were
mixed with 1.5 ml ice-cold 1 mM EDTA and pumped into
an Auto-Analyzer (Technicon Instruments Corp., Tarrytown,
N. Y.) system. Composition and pump speed of the reagents
are given (8). The increase in NADH was measured fluoro-
metrically (excitation, 360 nm; emission, >400 nm) after a
10-min incubation at 37°C. Samples of reduced glutathione
in cell suspension medium were used as standards.

RESULTS

Enzymatic activities. The catalase activity in the
purified blood cells of two homozygous and two
heterozygous individuals with Swiss-type acatalasemia
is shown in Table I. The homozygous-deficient erythro-
cytes had -1% of the normal catalase activity; the
homozygous acatalasemic neutrophils contained 25-30%
of the normal activity. The heterozygous-deficient
blood cells showed catalase activities in or close to
the normal range.
Other enzymes involved in the oxidative metabolism

were measured only in neutrophils. No abnormality
was found either in homozygous or in heterozygous
acatalasemic cells (Table II). Apparently, the activities
of these enzymes were not raised to compensate for
the reduced catalase activity.
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TABLE I
Catalase Activitt in Blood Cells

SIul,ject Erythrocv-tes Neutrophils M\Ilonoctes Illmphocytes

lomol H202 degraded/llwliiltuig A.onol H202 degradedliii(/1O7 cells
lemoglobini

Homozvgote 1 3 93 65 14
Homozvgote 2 5 102 48 15
Heterozvgote 3 441 342 179 20
Heterozvgote 4 276 114 180 38
10 normiial controls

(range) 385-518 208-493 118-195 21-49

The activities given for the atcatalasemiiie cells are the means of the restults obtained wvith cells
isolate(d from two differenit 1loo0( doncationis, except for heterozvgote 4, whose cells were testedl
onl1 onee. All values at 25°C.

Funtictional tests. Chemotaxis of neutrophils was
tested once, with the leading front method. The cells
from the two homozygotes and from heterozxgote 3
showed a normal spontaneous mobility (17-18 ,tUIl;
25 controls, 15-22 ,um) and a low-niormal chemotactic
responsiveness toward casein (57-62 ,m; 25 controls,
61-81 gnm). The cells from heterozygote 4 were not
tested in this assay.
The release of lysosomal enzymes during phagocvto-

sis is shown in Table III; no abnormality was found.
Lactate dehydrogenase was not released to an appreci-
able extent, indicating that the cells remained intact
during the 30-min incubations. Resting cells released
<5% of any enzymile. After 15 min pretreatment at 370C
with the H202-generating system of glucose plus glucose
oxidase (0.05 U/ml), the homozygous catalase-deficient
neutrophils were severely depressed in the capacity to
release lvsosomal enzymes during phagocytosis. This
wvas especially evident when the release of,8-glucuroni-
dase was measured. Mioreover, the release of lactate
dehydrogenase was strongly increased by the pretreat-
menit. Similar effects wvere found with normal, azide-

treated cells. No effect of pretreatment was found oIn
the release of enzymes fromii resting cells.
The intracellular killing of S. auiretns by the neutro-

phils of homozygote 1 was normal, the cells from hetero-
zygote 3 killed the bacteria slower thani normiial (Table
IV). Other acatalasemic cells were not tested in this
respect.
A normal ultrastructure of homozvgous and hetero-

zygous acatalasemic neutrophils was observed on elec-
tron micrographs before, as well as after ingestion of
zvmosan particles (not shown).
Oxidative miietabolism. Table V shows the oxygen

consumption of resting neutrophils and the enhanced
activity of this process in phagocytosing cells. The
respiration of resting acatalasemic neutrophils was
higher thain that of normal cells. This was particuilarly
evident in the homozygous catalase-deficieint cells. The
oxygen coinsumption during phagocytosis was normal
in all cells tested. Addition of azide enhainced the
respiration of phagocvtosing normal neutrophils, but
not of homozygous acatalaseimiic cells (Fig. 1). After
15 min preincubation with the H,02-generating system,

TABLE II
Enzylmiatic Activities in Neutrophils

Subhject \1PO SOI) GSII p)eroxidase G-SSG; re(Itlctatse G6PD 6PG 1)

lmollmininll11' cells U/10' cells ninol/nlinllo1( cells

Homozygote 1 12 18 12 36 183 87
Homozvgote 2 14 15 15 30 157 60
Heterozvgote 3 19 26 10 39 197 45
10 niormiial conitrols

(rainge) 10-17 11-26 8-14 17-37 97-200 35-107

Abbreiatiot.s ulsed itl this table: NIPO, mveloperoxiclase; SOD, stuperoxidle dismutitase; GSH, redtuced gllutathione;
GSSG, oxidize(d gliutathionie climer; G6PD, glticose-6-phosphate dlehy(lrogenase; 6PGD, 6-phosphogluconate cle-
hydrogenase.
All values at 250C. The enzymatic activities in the neutrophils of heterozygote 4 were niot (letermiinledl.
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TABLE III
Release of Lysosomal Enzymes from Phagocytosing Neutrophils

Enzyme releasedt

Preincubation* Lactate
Subject with Lysozyme ,-glucuronidase dehydrogenase

Homozygote 1 NaCl 22.9 9.3 1.8
H202 16.2 (-29%)" 1.9 (-80%)§ 6.3 (+250%)§

Homozygote 2 NaCl 17.9 6.0 1.8
H202 11.1 (-38%)§ 2.3 (-62%)§ 7.5 (+315%)§

Heterozygote 3 NaCl 12.7 8.7 2.3
H202 12.2 (-4%) 8.1 (-7%) 6.0 (+160%)"

Five normal controls NaCl 17.9 7.7 2.5
(mean) H202 15.7 (-8%) 6.5 (-11%) 3.3 (+12%)

NaN3 17.6 (-3%) 7.5 (-5%) 2.3 (-21%)
H202 + NaN3 13.5 (-31%)" 4.2 (-63%)§ 6.2 (+250%)§

Total enzymatic activity in the cells (mean-+SD of 20 normal neutrophil preparations): lysozyme,
56+17 ,ug/107 neutrophils; 8-glucturonidase, 2.3+ 1.0 nmol phenolphthalein/107 neutrophils x min;
lactate dehydrogenase, 425+138 nmol NADH/107 neutrophils x min. The total enzymatic activity
found in the patients' cells was wvithin the normal range.
The release of lysosomal enzymes from the acatalasemic cells was measured in duplicate in one
experiment. The variance (SD/mean, it = 10) ofthis assay is 5.2% (lysozyme), 3.0% (/8-glucuronidase),
and 2.8% (lactate dehydrogenase). The release of lysosomal enzymes from the neutrophils of hetero-
zygote 4 was not determined.
* Preincubation of 107 neutrophils/ml for 15 min at 37°C with either 0.05 U glucose oxidase/ml or
with an equal volume of 154 mM NaCl, with or without 2 mM sodium azide, in the presence of
5.5 mM gluicose. After being washed, the cells were resuspended in incubation medium (Methods)
and incubated at 37°C with 1 mg serum-treated zymosan/ml.
I Enzyme released during 30 min incubation, in percentage of total enzymatic activity in the cells.
Parentheses, change in enzyme release caused by preincubation of cells.
§ Significantly different (P < 0.005) from values obtained with similarly treated control cells.
"Significantly different (P < 0.01) from values obtained with similarly treated control cells.

TABLE IV
Intracellular Killing of S. Aureus by Neutrophils

Percentage of living intracellular bacteria after

Subject 15 mlin 30 iruin 60 main

Homozygote 1 27 10 5
Heterozygote 3 34* 284 194
15 normal controls

(range) 6-38 2-14 1-6

The neutrophils were incubated for 7 min at 37°C with S.
aureus (strain Oxford) in a ratio of 6 bacteria/acatalasemic
cell and 2-10 bacteria/control cell. Thereafter, the remaining
extracellular bacteria were killed and the neutrophils were
incubated for another hour at 37°C. The number of living
intracellular bacteria was determined in triplicate at 15, 30,
and 60 min after the initial 7 min (experimental details: 8).
Results are expressed as mean percentage of living intracel-
lutlar bacteria at 0 min after the initial 7 min. This test was
performed once with the acatalasemic cells. The variance (SD/
mean, n = 25) of this assay is 12% (calculated from 100 dupli-
cate samples).
* Significantly different from control values (P < 0.05).
4 Significantly different from control values (P < 0.005).

normal neutrophils consumed oxygen in response to
zymosan particles with -75% of their original capacity.
Homozygous catalase-deficient cells were damaged to
a much larger extent by this pretreatment, whereas
heterozygous acatalasemic cells behaved normally.
Normal neutrophils preincubated with glucose plus
glucose oxidase in the presence of azide were
also strongly depressed in their subsequent re-
action to zymosan. Boiling of the glucose oxidase, or
addition ofcatalase to the preincubation ofazide-treated,
washed cells, prevented the oxidative damage (not
shown).
The generation ofhydrogen peroxide by the catalase-

deficient neutrophils was in the normal range. In two
separate experiments, we found that, at rest, these cells
released a mean of 6-10 nmol H202/106 neutrophils in
30 min (normal range, 0-11; n = 19). During phago-
cytosis of zymosan particles, the acatalasemic cells
released a mean of 90-135 nmol H202/106 neutrophils
in 30 min (normal range, 79-187; n = 20). Without
addition of azide, we were unable to measure any H202
in the cell-free supernates of either normal or catalase-
deficient neutrophils.
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TABLE V
Oxygeni Cotnsumption b)i Neutrophils

Addition to cells
Preinctibation*

Su1bject with Nonte Serumil]-treatedi Znmosan

utu1ol oxi/gell con-u.oe(d/106 cellslt/iu

flomozygote 1 NaCI 0.49t 6.8
H2(2 0.41 1.4 (-75%)4

Homozygote 2 NaCI 0.43§ 8.4
11202 0.38 0.4 (-96%)t

Heterozvgote 3 NaCi 0.30 6.6
H202 0.52 6.3 (-14%)

Heterozygote 4 NaCI 0.36 9.4
11202 NT NT

9 Normnal controls NaCI 0.14-0.32 6.4-9.2
(ranlge) 11202 0.28-0.60 5.2-7.4 (-12 to -35%)

4 Normal conitrols NaN3 0.12-0.26 5.5-7.8 (+10) to -17%)
(range) H202 + NaN3 0.18-0.54 2.8-4.0 (-40 to -65%)§

The res;ults atre the mneanls of two to three separate experiments wvitlh aceatalasemic
cells. Parentheses, chanige in oxygen conistumiiptioni cautise(d by preincubation of the cells
(meanis of pairedl experimenits). The variance (SD/meani, i = 10) of this assav is 4.7%.
NT, not testedl.
* Preincubation of the neutroplhils as in(licated in the legend( to Table I1I. After being
washed, the cells were resuspendled in incubation me{ediumii (Methods) anid incubated
at 37°C with or withouit 1 mig serumil-treatedl zymosani/mill.

Significanitly dlifferent (P < 0.005) from values obtained with similarly treate(d conitrol
cells.
§ Significantly differenit (P < 0.01) from valuies obtained wvith simiiilarly treatedl conitrol
cells.
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FIGURE 1 Effect of azide on the oxygen consumption of
phagocytosing neutrophils. Normal and homozygous catalase-
deficient neuitrophils were incubated at about 3 x 106/ml with
1 mg serum-treated zymosan/mI at 37°C in an oxygraph. The
mean rate of oxygen consumption with the acatalasemic cells,
measured in two separate experiments, is given before and
after addition of sodium azide (2 mM final concentration).
Open bars, without azide; shaded bars, with azide. Normal
values are given as mean+SD of eight experiments (mean
stimulation by azide -SD, 26+88%; t test for paired observa-
tions, P < 0.005). Homoz., homozygote.

The activity of the hexose monophosphate shunt, as
measured by the generation of'4CO2 from [1-_4C]glucose
was high in resting as well as in phagocytosing acat-
alasemic neutrophils (Table VI). Addition of sodium
azide, which stimulates the shunt activity in normal
cells, had no effect in the cells of homozygote 1 and
heterozygote 3 was normal in this respect. When the
catalase-deficient cells were incubated without particles
in the presence of glucose plus glucose oxidase, the
rate of 14CO2 production was normal for up to 1 h. Thus,
although the preceding experiments had shown that
catalase-deficienit cells were damaged in their capacity
to respond to phagocytosable particles, their ability to
degrade H202 was still fully present.
The amount of reduced glutathione in phagocytosing

neutrophils is shown in Fig. 2. In normal neutrophils
and in those ofhomozygote 2, there was a similar change
in the level of reduced glutathione during phagocyto-
sis. Sodium azide had no significant effect. The same
was true for the neutrophils from the two heterozygotes
(not shown). The cells from homozygote 1 were not
tested. During incubation for 1 h with the H202-gen-
erating system, the levels of reduced glutathione were
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TABLE VI
Production of 14CO2 from [1 - 14C]Glucose by Neutrophils

With gltucose
At rest Dturing phagocytosis + gltucose

oxidIase
Stubject -NaN3 +NaN3 -NaN3 +NaN3 -NaN3

Minol glucose oxidizedl/ 06 neutrop/hils in 30 min

Homozygote 1 1.9* 2.5* 14.2* 14.0 NT
Homozygote 2 1.0* 1.5* NT 12.7 3.2
Heterozygote 3 1.7* 1.9* 9.8 12.6 4.5
Heterozygote 4 0.8* 1.8* NT 10.6 3.0
Normal controls 0.1-0.5 0.2-0.7 8.3-10.5 9.4-14.3 2.0-5.4

(range of (5) (11) (5) (11) (4)
experiments)

Results as the mean of two separate experiments with acalasemic cells. The variance (SD/mean)
of this assay is 5.4% (calculated from 100 duplicate samples). Sodiulm azide (2 mnM) did not
change the reaction in resting normal cells (P > 0.1), but it did so significantly during phago-
cytosis (P < 0.01). Glucose oxidase was; used at 0.05 U/mIl. NT, inot teste(l.
* Significantly different from control values (P < 0.005).

hardly affected, in either normal cells with or without
azide, or in catalase-deficient cells (not shown).

DISCUSSION

In this report, experimnents are described with iso-
lated neutrophils from individuals with Swiss-type
acatalasemia. In the homozygous catalase-deficient
neutrophils, a catalase residual activity of 25-30% of
the mean normal activity was measured in fair agree-

2.5
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CC I
0
0

x 1.5
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0.5 1
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0 10 20

FIGURE 2 Effect of azide on levels of reduced glutathione in
phagocytosing neutrophils. At time = 0 min, serum-opsonized
zymosan (12-14 x 107 particles/ml) was added to the cells
(20 x 106/ml). Reduced glutathione (GSH) was measured as
described in Methods. Normal neutrophils with (O) and with-
out (0) 2 mM NaN3, mean of five paired experiments; vertical
bars indicate SD (differences not significant). Neutrophils
from homozygote 2 with (-) and without (0) 2 mM NaN3,
results from one experiment.

ment with published results obtained with a different
catalase assay in total leukocytes (9-20% of normal,
n = 3) (11). The much higher residual catalase activity
in the homozygous-deficient leukocytes as compared
with values found in the erythrocytes from the same
individuals reflects the dependence of this activity on
the turnover rate of the cells. In the heterozygous-de-
ficient cells, catalase activities were close to normal
(10, 11; Table I), which may possibly be explained by
the formation of hy?brid molecules betweein normal and
unstable catalase subunits (16).

Neutrophil respiration is slightly stimulated by azide
and other heme inhibitors (14, 17; Fig. 1). Acatalasemic
neutrophils did not show this azide-induced stimula-
tion, which suggests that this effect is caused in normal
cells by the azide inhibition of catalase. In this way,
the reformation of oxygen from hydrogen peroxide in
the catalase reaction is blocked, leading to anl apparently
faster rate of oxygen disappearance from the medium.
This effect of azide cannot be attributed to inhibitioni
of myeloperoxidase (17), because peroxidases react
with hydrogen peroxide without productioni ofoxygen.

Similarly, the lack of an azide-induced stimulation
ofthe hexose monophosphate shunt in the acatalasemiiie
neutrophils suggests that in normal neuitrophils this
stimiiulationi is caused, in part, by the accumuiitilation of hy-
drogen peroxide as a result of the catalase inhibition.
The hexose monophosphate shunt is then activated via
the glutathionie redox cycle. The high hexose m11on1o-
phosphate shunt activity found in phagocytosiing acat-
alasemic cells is in accord witlh this suggestion. Similar
findings by Klebanoffet al. (17-19) in myeloperoxidase-
deficient neutrophils led these investigators to conclude
that the stimulatory effect of azide on the hexose mono-
phosphate shunt activity in normal cells was, at least
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partly, due to inhibition of myeloperoxidase. However,
myeloperoxidase-deficient neutrophils generate two to
three times more H202 than normal neutrophils (18, 19).
Therefore, the hexose monophosphate shunt activity
in these cells may already have been stimulated to its
maximum and for that reason, azide may have been
without effect.
With our discontinuous assay, the release ofhydrogen

peroxide by phagocytosing neutrophils can only be
measured in the presence of azide. Previously, we
found that an azide-sensitive, H202-degrading substance
is released into the medium together with the hydrogen
peroxide itself (2). We have now observed that the same
holds true for acatalasemic neutrophils. Because cata-
lase is not an active enzyme in these cells, this ob-
servation suggests that myeloperoxidase is the main
cause ofhydrogen peroxide degradation in the medium
of phagocytosing neutrophils.
Acatalasemic neutrophils showed a normal chemo-

tactic response toward casein, a normal release of lyso-
somal enzymes during phagocytosis of zymosan, and a
normal intracellular killing of S. atureus. Moreover, the
respiratory response during zymosan ingestion was also
normal, as was the level of reduced glutathione during
this process. Apparently, the glutathione redox cycle
alone is perfectly capable of protecting neutrophils
against their own oxidative products. A similar conclu-
sion can be drawn from the normal functional behavior
of azide-treated normal neutrophils. This idea is also
supported by the lack of recurrent infections in the
acatalasemic individuals.

In striking contrast with the normal metabolic be-
havior of acatalasemic neutrophils, we (8) and others
(9) have found that phagocytosing neutrophils with a
genetic defect in the glutathione redox system are
easily damaged by their own oxidative products. Thus,
it follows that the glutathione redox system is more
important for cell protection during phagocytosis than
is catalase. Perhaps the ability of the glutathione reac-
tions to repair (20), as well as prevent certain oxidative
damage adds to its importance.
Glucose plus glucose oxidase is a convenient tool

to study the effect of external oxidative stress on iso-
lated cells (21). When neutrophils were subjected to a
heavy oxidative stress from outside, both catalase and
the glutathione redox system were needed for protec-
tion. This is concluded from the damage inflicted by
glucose plus glucose oxidase on acatalasemic and on
normal, azide-treated neutrophils, as well as on neutro-
phils with a deficiency of glutathione reductase (8).
Only normal, untreated neutrophils, which are pro-
tected by catalase and by the glutathione redox system,
can survive this external oxidative stress.
The nature of the oxidative damage is unknown, since

the internal glutathione redox system was still intact
in catalase-deficient and in catalase-inhibited neutro-

phils after incubation with the H202-generating system.
During this external oxidative stress, H202 was accumu-
lating in the medium of normal, azide-treated neutro-
phils. Presumably, therefore, the glutathione system
was working at its maximal capacity unlder these condi-
tions, but was unable to remove all H202. In that situa-
tion, catalase proved to be essential for adequate cell
protection. Apparently, a high level of reduced gluta-
thione is no guarantee against oxidative damage. We
have to consider the possibility that glutathione and
catalase each protect certain localized cell structures,
and that both systems are needed together for the
preservation of the total cell function.

ACKNOWLEDGM ENTS

We thank the blood donors for their kind cooperationi and
MIiss Margriet van Schaik, Miss Annet Bot, NIr. Louis MIeerhof,
Mr. Alwin Voetman, MIr. Andy WVessels, and NIr. Rob vanl
Zwieten for excellent technical assistance.

REFERENCES

1. Iver, G. Y. N., D. MI. F. Islam, anid J. H. Quastel. 1961.
Biochemical aspects ofphagocytosis. Natture (Louid.). 192:
535-541.

2. Homan-Miller, J. WV. T., R. S. Weening, and D. Roos.
1975. Production of hydrogen peroxide by phagoevtiziing
human granulocytes. J. Lab. Cliii. Med. 85: 198-207.

3. Root, R. K., J. XMetcalf, N. Oshino, and B. Chance. 1975.
H202 release from human granulocvtes during phago-
cvtosis. I. Documentation, (juantification, and some regu-
lating factors. J. Cliti. Ictiest. 55: 945-955.

4. Klebanoff, S. J. 1968. Myeloperoxidase-halide-hydrogen
peroxide anti-bacterial system.J. Bacteriol. 95: 2131-2133.

5. Nelson, R. D., R. T. MNcCormack, V. D. Fiegel, MI. Herroni,
R. L. Simmons, and P. G. Quie. 1979. Chemotactic cleac-
tivation of human neutrophils: possible relationship to
stimulation of oxidative metabolisimi. Inifect. Imtimu. 23:
282-286.

6. Baehner, R. L., L. A. Boxer, J. M. Alleni, and J. Davis.
1977. Autooxidation as a basis for altered functionl b) poly-
morphonuclear leukocytes. Blood. 50: 327-335.

7. Boxer, L. A., J. MI. Allen, and R. L. Baehner. 1978. Po-
tentiation of polvmorphonuclear leukocyte mnotile funic-
tionls by 2,3-dihvdrobenzoic acid. J. Lalb. Cliti. Aled. 92:
730-736.

8. Roos, D., R. S. WVeening, A. A. Voetmain, 'M. L. J. van
Schaik, A. A. NI. Bot, L. J. Meerhof, and J. A. Loos. 1979.
Protection of phagocytic leukocvtes by endlogeinous gluta-
thione: sttudies in a fhasmilN vith gltutathionie redtuctase de-
ficiency. Blood. 53: 851-866.

9. Spielberg, S. P., L. A. Boxer, J. M1. Oliver, J. NI. Allen,
and J. D. Schulman. 1979. Oxidative damage to neutro-
phils in glutathione svnthetase deficiency. Br.J. Haeo,iatol.
42: 215-223.

10. Aebi, H., S. R. Wvss, B. Scherz, anid J. Gross. 1976. Prop-
erties of ervthrocvte catalase fromii homozvgotes ani(l het-
erozygotes for Swiss-type acatalasemiia. Biochem. Geitet.
14: 791-807.

11. Wyss, S. R., and H. Aebi. 1975. Properties of leukocvte
catalase in Swiss-type acatalasemiiia: a comparative studv
of normals, heterozygotes and homozygotes. Enzioze
(Basel). 20: 257-268.

12. Goldstein, I. MI., D. Roos, H. B. Kaplan, anid G. Weiss-

Catalase-deficietit Neutrophils 1521



mann. 1975. Complement and immunoglobulins stimu-
late superoxide production by human leukocytes inde-
pendenitlyofphagocytosis.J. Cli. Invest. 56:1155-1163.

13. Koivusalo, M., and L. Uotila. 1974. Enzymic method for
the quantitative determination of reduced glutathione.
Atnal. Biochem. 59: 34-45.

14. Weening, R. S., D. Roos, and J. A. Loos. 1974. Oxygen
consumption of phagoeytizing cells in human leukocyte
and granulocyte preparations. A comparative study.J. Lab.
Clitn. Med. 83: 570-576.

15. Del Rio, L. A., M. G. Ortega, A. L. Lopez, and J. L Gorge.
1977. A more sensitive modificationi of the catalase assay
with the Clark oxygen electrode. Application to the ki-
netic study of the pea leaf enzyme. Anial. Biochem. 80:
409-415.

16. Scherz, B., E. J. Kuchinskas, S. R. Wyss, and H. Aebi.
1976. Heterogeneity oferythrocyte catalase. Dissociation,
reconiibiniation and hybridization of human erythrocyte
catalases. Eur. J. Biochein. 69: 603-613.

17. Klebanioff, S. J., and C. B. Hamon. 1972. Role of myelo-

peroxidase-mediated antimicrobial systems in intact
leukocytes.J. Reticuloenidothel. Soc. 12: 170-196.

18. Klebanoff, S. J., and S. H. Pineus. 1971. Hydrogen perox-
ide utilization in myeloperoxidase-deficienit leukocytes:
a possible microbicidal control mechanism.J. Cliti. hInvest.
50: 2226-2229.

19. Rosen, H., and S. J. Klebanoff. 1976. Chemiiluminescenice
and superoxide production by myeloperoxidase-deficienit
leukocytes.J. Cliii. Incvest. 58: 50-60.

20. Flohe, L., and W. A. Giinzler. 1976. Glutathione-depend-
ent enzymiiatic oxidoreduction reactions. In Glutathione,
Metabolism and Function. I. M. Arias and W. B. Jacoby,
editors. Raveni Press, New York. pp 17-34.

21. Aebi, H., and H. Suter. 1974. Protective funetion of re-
diice(l glutiathione (G-SH) against the effect of peroxida-
tive substances and of irradiation of the red cell. In Gluta-
thione. L. Flohe, H. Ch. Benohr, II. Sies, H. D. Waller,
and A. Wenidel, editors. Georg Thieme Verlag, Stuttgart,
West Germany. pp. 192-199.

1522 D. Roos, R. S. Weening, S. R. WVyss, antd H. E. Aebi


