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Abstract

The ability of intact human red cells to scavenge extracellu-
larly generated H202 and Oj, and to prevent formation of
hydroxyl radicals and hypochlorous acid has been examined.
Red cells inhibited oxidation of ferrocytochrome c by H202.
Cells treated with aminotriazole no longer inhibited, indicating
that protection was almost entirely due to intracellular cata-
lase. Contribution by the GSHsystem was slight, and apparent
only with low H202 concentrations when catalase was inhibited
by aminotriazole. The cells were about a quarter as efficient at
inhibiting cytochrome c oxidation as an equivalent concentra-
tion of purified catalase. No inhibition of 0--dependent reduc-
tion of ferricytochrome c or nitroblue tetrazolium was ob-
served, although extracted red cell superoxide dismutase in-
hibited nitroblue tetrazolium reduction at one fortieth the
concentration of that in the cells. Red cells efficiently inhibited
deoxyribose oxidation by hydroxyl radicals generated from
H202, O2 and Fe(EDTA), and myeloperoxidase-dependent
oxidation of methionine to methionine sulfoxide by stimulated
neutrophils. Most of the red cell inhibition of hydroxyl radical
production, and all the inhibition of methionine oxidation, was
prevented by blocking intracellular catalase with aminotria-
zole. Thus red cells are able to efficiently scavenge H202, but
not O2, produced in their environment, and to inhibit forma-
tion of hydroxyl radicals and hypochlorous acid. They may
therefore have an important role in extracellular antioxidant
defense.

Introduction

Red cells are excellently equipped to handle intracellular oxi-
dative stress (1). Through the combined activities of the hexose
monophosphate shunt and glutathione peroxidase, superoxide
dismutase, and catalase, they are able to protect themselves
against oxygen reduced products (O-, H202, and derived spe-
cies). Hemoglobin may also remove °2 or H202, since it can
function catalytically as an oxidase or a peroxidase (2, 3).

Reduced oxygen products generated extracellularly, e.g., in
the vasculature, are generally considered to have a free range,
because plasma is poorly endowed with scavengers such as
superoxide dismutase and catalase (4, 5). However, red cell
membranes are permeable to O- and H202 (6), and recent
evidence suggests that red cells can protect against oxidant-
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mediated cytotoxicity. Protection against the early death of
rats exposed to lethal hyperoxia (7), or against the effects of an
0-/H202 generating system causing lung edema (8) or lysis of
L12 10 murine leukemic cells (9), has been observed. H202 has
been implicated as the damaging species in these studies, and
protection by red cells attributed mainly to either catalase (8,
9) or to GSHmetabolism (7). Red cells have also been shown
to scavenge H202 generated by stimulated neutrophils (10).

These observations suggest that red cells could be impor-
tant regulators of oxidant reactions in their surroundings.
However, how well they can play this role will depend on their
scavenging efficiency relative to other reactions of the oxi-
dants. To assess the scavenging potential of red cells, more
quantitative information is required on their ability to inhibit
reactions of each oxidant with a specific detector. Reduced
oxygen species most likely to be generated in the vicinity of red
cells are Q-, H202, and the more reactive hydroxyl radical
(OH') and myeloperoxidase-derived oxidants formed from
H202 and chloride by stimulated neutrophils. The primary
oxidant in the latter case is thought to be hypochlorous acid
(HOC1).' Using reduction of ferricytochrome c or nitroblue
tetrazolium (NBT)2 for detection of O°, oxidation of ferrocy-
tochrome c for H202, deoxyribose oxidation for OH, and me-
thionine oxidation to the sulfoxide for HOC1, we have investi-
gated the ability of red cells to scavenge or prevent the forma-
tion of these species. Wehave also determined the mechanism
of protection, and compared the efficiency of the cells with
that of free catalase or superoxide dismutase.

Methods

Cells. Human blood was collected daily from healthy donors into
heparinized tubes. Red cells were isolated by centrifugation at 1,000 g
for 5 min, removal of plasma and white cells, washing three times with
phosphate-buffered saline, pH 7.4 (PBS), and resuspending in PBS at
the required hemoglobin concentrations (1 1). A 1%suspension corre-
sponded to 3 g hemoglobin or 10" cells/liter.

Red cell catalase was inhibited by incubating a 25%cell suspension
with 0.05 M3-amino-1,2,4-triazole and 4.5 mMH202 for 1 h at 37°C,
then washing three times with PBS. Catalase activity was measured in
red cell lysates by observing the decrease in A240 of 10mMH202 (11). A
unit is defined as causing a decrease in A240 of 0.34 per min. Red cell
GSHwas blocked by treating a 25% cell suspension with 2.5 mM

1. Wehave referred to the myeloperoxidase-derived oxidant as HOCI,
throughout the text. Under the conditions of our study, methionine
oxidation should have been almost entirely due to HOC1, either form-
ing the sulfoxide directly, or via methionine chloramine as an inter-
mediate. To the extent that other amines present were able to trap
HOC1, the resultant chloramines would have contributed to oxidation,
and the term HOCI also encompasses these oxidants.
2. Abbreviations used in this paper: DDC, diethyldithiocarbamate;
NBT, nitroblue tetrazolium; NEM, N-ethylmaleimide.
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N-ethylmaleimide (NEM) for 30 min at 370C, then washing three
times with PBS. This was sufficient to bind all the GSHand to dimin-
ish shunt activity by 50% or less (12). GSHwas measured by the
method of Beutler (1 1).

Red cell superoxide dismutase was inhibited by incubating a 2%
cell suspension for 2 h at 370C with 0.1 Mdiethyldithiocarbamate
(DDC), then washing three times with PBS. Chloroform-ethanol ex-
tracts of red cell superoxide dismutase were prepared and assayed as
described by Winterbourn (13).

Carbomonoxy-red cells were prepared by bubbling a 2% cell sus-
pension with COfor - 20 s.

Hemoglobin-free ghosts were prepared (14) from a red cell suspen-
sion with known hemoglobin concentration. The final ghost prepara-
tion was treated with aminotriazole and H202 (as above) to inhibit
residual catalase, washed, and resuspended in PBS to an equivalent
hemoglobin concentration.

Neutrophils were prepared from the blood of healthy donors by
Ficoll-Hypaque centrifugation, dextran sedimentation, and lysis of
contaminating red cells (15).

Superoxide. O2 was generated from hypoxanthine (150 AM) and
xanthine oxidase (0.01 U/ml) in the presence of catalase (600 U/ml),
and was detected by reaction with ferricytochrome c (7.5 or 15 MM)or
with NBT(12.5-50 MM). Reactions, in 1 ml total volume of PBS, were
carried out at 370C in the presence of up to 0.4% red cells. Reduction
of cytochrome c was monitored spectrophotometrically by scanning
between 650 and 500 nm, a standard interval after adding the enzyme.
When red cells were present, the suspension was first centrifuged at
10,000 g for 1 min, and the spectrum of the supernatant immediately
recorded. Reduction of NBTwas continuously monitored at 560 nm,
in the presence of red cells.

Hydrogen peroxide. H202 was detected by its oxidation of ferrocy-
tochrome c, which was prepared by adding a few grains of sodium
dithionite to ferricytochrome c, and removing the excess dithionite on
a column of Sephadex G25 equilibrated with PBS. Reactions were
carried out at 370C in PBS, with an initial ferrocytochrome c concen-
tration of 15 MM, and either 0.9 mMH202 or 5 mMglucose and 160
U/ml glucose oxidase (type II, Sigma Chemical Co., St. Louis, MO).
This produced - 15 MMH202/min. Spectra between 650 and 500 nm
were recorded at zero time and after a standard interval, catalase (400
U/ml) being added to stop the reaction. Red cells were removed by
centrifugation, as above.

Hydroxyl radicals. OH- was generated from hypoxanthine (150
MM)and xanthine oxidase (0.007 U/ml) in the presence of 2AMFeSO4
and 50MMEDTA, and was detected by reaction with 10 mMdeoxyri-
bose ( 16). Reactions, in l-ml total vol of PBS, were carried out for 40
min at 370C, in the presence of up to 0.4% red cells. Trichloroacetic
acid (I ml of 2.8 g/100 ml) was then added, the solutions were centri-
fuged for 5 min at 1,000 g, and the supernatants were added to 0.5 ml
of thiobarbituric acid reagent (17), heated at 100IC for 10 min, and
theirA532 values measured. To examine the effect of red cells on deoxy-
ribose oxidation by radiolytic OH', solutions containing 10 mMdeoxy-
ribose and 400 U/ml catalase, with and without red cells, were bubbled
with N20 (to enhance the radiolytic OH yield), and irradiated anaero-
bically with a Co source to a dose of 10 krad. Red cells were removed
by centrifugation, and 1-ml portions were analyzed for TBA-reactive
products.

Hypochlorous acid. HOCGwas generated by stimulating neutro-
phils (2 X W07 in 1 ml PBScontaining 1 mMCa2+, 0.5 mMMg2' and 1
mg/ml glucose) with cytochalasin B (0.5 Ml of 5 mg/ml in dimethylsul-
foxide) and phorbol myristate acetate (0.5 Ml of 2 mg/ml in dimethyl-
sulfoxide). The stimulated cells (3 X 106/ml) were immediately added
to PBS containing 1 mMmethionine and various concentrations of
either red cells or catalase. After 45 min at 37°C, the cells were re-
moved by centrifugation and the conversion of methionine to methio-
nine sulfoxide (18) was determined by amino acid analysis of 50 M
supernatant. Reactions with HOCI were performed by adding HOC1
(50 Ml of 5 mM)with continuous mixing to 1 ml of 1 mMmethionine
with and without red cells, and measuring conversion to the sulfoxide.

Biochemicals were all obtained from the Sigma Chemical Co., St.
Louis, Mo. Myeloperoxidase was purified as in reference (19).

Results

Hydrogen peroxide. Addition of H202, or the generation of
H202 by glucose oxidase and glucose, caused oxidation of fer-
rocytochrome c, and corresponding loss of its 550 nmpeak. As
shown in Fig. 1, the rate of oxidation was linearly dependent
on H202 concentration. The absorbance difference between
the 550-nm peak and the 535 nm trough gives a quantitative
measure of the extent of oxidation. With 15 MAMcytochrome c
and 0.9 mMH202, 0.2% (2 X 10'0/liter) or greater red cell
suspensions consistently gave almost complete inhibition of
oxidation (Fig. 2). With the same cytochrome c concentrations
and H202 (15 isM/min) generated with glucose oxidase,
0.2-0.4% red cells were fully inhibitory (not shown). These
findings are in general agreement with those of Toth et al. (8).

The inhibitory capacity of the red cells was compared with
that of an equivalent concentration of purified catalase. Com-
plete inhibition of cytochrome c oxidation by H202 was ob-
served with 13 U/ml or greater of purified catalase. This com-
pares with 53 U/ml measured in 0.2% red cell suspensions.
Hence the red cells were approximately one quarter as efficient
at removing H202 as an equivalent concentration of free cata-
lase.

Red cells preincubated with H202 and the catalase inhibi-
tor, aminotriazole, no longer inhibited ferrocytochrome c oxi-
dation by either H202 (Fig. 3) or glucose and glucose oxidase.
This was true whether or not the cells had been pre-incubated
with glucose for 1 h before exposure to H202. Glucose also did
not enhance the protection by cells that had not been treated
with aminotriazole. Depletion of red cell GSHwith NEMdid
not affect the ability of the cells to inhibit. Neither did treat-
ment with carbonmonoxide, which binds strongly to ferrohe-
moglobin and markedly decreases its reactivity with other li-
gands or oxidants (20). The aminotriazole-treated cells turned
brown during the incubation, indicating that H202 had reacted
with intracellular hemoglobin. However, the amount of H202
consumed within the cells was evidently not enough to appre-
ciably decrease the external concentration and slow its reac-
tion with ferrocytochrome c.

Since the above experiments were carried out using rela-
tively high H202 concentrations, no effect of GSHmetabolism
may have been evident because the hexose monophosphate
shunt was unable to decrease these concentrations signifi-
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Figure 1. Dependence
of the rate of ferrocy-
tochrome c oxidation
on H202 concentration.
Rates were measured
continuously as AA550,
with an initial ferrocy-
tochrome c concentra-
tion of 15 MM.
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Figure 2. Effect of red cells on oxidation of ferrocytochrome c by
H202. Reactions were carried out for 6 min, as described in
Methods. Spectra between 500 and 650 nmwere recorded after reac-
tion with H202. (A) ferrocytochrome c, no H202, (B) no red cells;
(C) 0.02% red cells; (D) 0.05% red cells; (E) 0.1% red cells; (F) 0.2%
red cells.

cantly. A further experiment was performed, therefore, with
50 ,M H202 and a 40-min reaction period. Under these con-
ditions 0.02% or greater red cell suspensions gave almost com-
plete inhibition of ferrocytochrome c oxidation (81 ± 1% inhi-
bition with 0.02% cells, determined from the change in A550).
Blocking catalase activity with aminotriazole decreased inhibi-
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Figure 3. Effect of treating red cells with aminotriazole on their abil-
ity to inhibit oxidation of ferrocytochrome c by H202. Conditions
were as in Fig. 2, and spectra between 500 and 650 nmwere re-
corded after reaction with H202. (A) no red cells; (B) 0. 1% untreated
red cells; (C) 0.19% aminotriazole-treated red cells; (D) 0.1% amino-
triazole-treated red cells preincubated with 5 mMglucose; (unreacted
ferrocytochrome c is as in Fig. 1 A).

tion by the cells to 30%, and a small effect of NEMtreatment
(77±1% inhibition) was also apparent. However, the effect of
blocking GSHwas more pronounced when catalase was also
inactivated, and a combination of aminotriazole and NEM
decreased inhibition to 9%. Glucose addition, in the presence
or absence of aminotriazole, had no notable effect.

These results indicate that catalase is the major red cell
scavenger of external H202, whether added as a bolus or con-
tinuously generated, and that hemoglobin or GSHand glucose
metabolism contribute only minimally. Only in the absence of
catalase activity, with low H202 concentrations, are effects of
GSH-dependent H202 removal apparent.

Superoxide. When red cells (up to 0.4%) were added to a
solution of xanthine oxidase and hypoxanthine in the presence
of 15 ,gM ferricytochrome c and catalase, no significant change
in rate of cytochrome c reduction was observed when com-
pared with the same system in the absence of red cells. How-
ever, red cell extracts containing an equivalent concentration
of superoxide dismutase caused marked inhibition of cy-
tochrome c reduction. This indicates that intact red cells can-
not efficiently scavenge °2 in competition with external ferri-
cytochrome c.

Reduction of NBT, which reacts four times more slowly
with O2 than does ferricytochrome c, was also not affected by
adding up to 0.4% red cells (Table I). However, a red cell
extract containing the same concentration of superoxide dis-
mutase as the cell suspension gave detectable inhibition of
NBT reduction (at least 20%) with the equivalent of 0.01%
cells, and complete inhibition with the equivalent of 0.1%
(12.5 ,M NBT) or 0.4% cells (50 AsM NBT). Hence intracellu-
lar superoxide dismutase was at least 40 times less efficient
than the enzyme in solution.

Hydroxyl radicals. O2 and H202 generated by xanthine
oxidase undergo an iron catalyzed reaction, and when the iron
is chelated to EDTA, the product is OH, which causes oxida-
tion of deoxyribose (16). Deoxyribose oxidation by this system
was progressively inhibited by increasing numbers of red cells
(Fig. 4). This was not due to effects of red cells on the xanthine
oxidase system. Superoxide production was unaffected by the
presence of red cells (see above) as was urate production from
hypoxanthine, measured as AA295/min over a 30-min period.

Table L. Effect of Red Cells on the Rate of NBT
Reduction by Superoxide

Rate of reduction (AA60/minX I03)
Percent red cell
suspension NBTconcentration (IAM)

50 25 12.5

0 4.7 3.6 1.9
0.1 6.7 ND 1.7
0.2 6.7 4.2 1.9
0.3 5.0 ND ND
0.4 5.0 3.0 ND

Superoxide was generated from hypoxanthine and xanthine oxidase
and was continuously monitored. Variation between duplicates was
±5% in the absence of red cells, but greater when cells were present
due to increased turbidity. NBT reduction could not be assessed by
sedimenting the cells and reading the absorbance change after a fixed
interval, since some reduced NBTsedimented with the cells.
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Figure 4. Effects of red cells and catalase on deoxyribose oxidation
by a xanthine oxidase-Fe(EDTA) hydroxyl radical generating system.
Reaction conditions were as in Methods. In the absence of red cells
or catalase, thiobarbituric acid-reaction products gave an A532 of
0.50. *, Untreated red cells; o, aminotriazole-treated red cells; A, pu-
rified catalase at an equivalent concentraion (U/ml) to the intracellu-
lar catalase at each red cell concentration.

Rates of urate production with and without 0.4% red cells
agreed to within 5%. The catalase content of the red cells was
measured, and an equivalent concentration of purified cata-
lase was also added to the OW-generating system. As shown in
Fig. 4, free catalase inhibited deoxyribose oxidation approxi-
mately three times more efficiently than cells containing
equivalent activity.

Treatment of the red cells with COor DDC(which blocked
> 90% of superoxide dismutase activity), had little effect on
the extent of inhibition by the cells (Table II). However, ami-
notriazole pretreatment, which blocked > 98% of catalase ac-
tivity, decreased their ability to inhibit deoxyribose oxidation

Table II. Effect of Various Treatments on the Ability of Red
Cells to Inhibit OH--mediated Oxidation of Deoxyribose

%Inhibition of
deoxyribose oxidation

Treatment 0.1% red cells 0.2% red cells

None 57±2 74±2
CO 61±1 74.5±1
NEM ND 74±1
DDC ND 76±1
Glucose 65±2 78±2
Aminotriazole 32±3 47±2
Aminotriazole-CO ND 46±1
Aminotriazole-NEM 20±2 38±2
Aminotriazole-glucose 37±1 52±1
Aminotriazole-ghosts 1 ± 1 -1±3
None* -1±14 -10±8

to about a third (Fig. 4 and Table II). NEM(which blocked
> 85% of the GSH) had little effect on its own, but did further
decrease inhibition by aminotriazole-treated cells. Inhibition
was slightly greater with 0.5 mMglucose present, for both
untreated and aminotriazole-treated cells. (Glucose alone did
not affect the reaction.)

To determine whether there was any inhibition due to red
cells scavenging OH' or an intermediate in the pathway of
deoxyribose oxidation to TBA-reactive products, two systems
were examined. OH' should be too short-lived to penetrate the
cells, so its reactivity with red cell ghosts and intact cells should
be similar. Ghosts equivalent to 0.2% red cell suspension
added to the OHgenerating system gave no inhibition of de-
oxyribose oxidation (Table II). Secondly, the effect of red cells
on oxidation of deoxyribose by radiolytic OH' (which is
formed independently of H202 and 0j2) was examined. No
inhibition by 0.1 or 0.2% red cells was apparent (Table II).
Both these results suggest that the cells inhibited formation of
OH', rather than acting as an OH scavenger. One further way
red cells could inhibit OH production is by binding or taking
up the iron catalyst. However, with EDTApresent, this would
seem unlikely.

Red cells, therefore, can inhibit OH production from 02
and H202. A majority of the effect can be attributed to re-
moval of H202 by intracellular catalase, with a lesser contribu-
tion dependent on GSHand glucose metabolism. There was,
however, significant inhibition of deoxyribose oxidation that
could not be attributed to direct OHscavenging or any red cell
antioxidant system.

Hypochlorous acid. Stimulated neutrophils, via the myelo-
peroxidase catalyzed reaction of H202 with chloride, produce
HOCl (21), which can be detected by conversion of methio-
nine to the sulfoxide (18, 22). Secondary reactions of HOCI
with primary amines or ammonia can give rise to chloramines,
less energetic oxidants, but also able to oxidize methionine (23,
24). As HOCl reacts -100 times faster with methionine than
with taurine (19), the excess methionine employed in the ex-
periments described below would be expected to trap almost
all the myeloperoxidase-derived HOCI directly. This supposi-
tion is supported by our findings that at no time during the
incubation of stimulated neutrophils with methionine did the
supernatant cause detectable oxidation of 5-thio-2-nitroben-
zoic acid (lower limit of detection 2 1uM). This indicates no
significant accumulation of long-lived oxidants such as chlor-
amines (23, 24) under these conditions. By contrast, in the
absence of methionine, 5-thio-2-nitrobenzoic acid oxidation
indicated accumulation of 24 ,uM chloramine. We first con-
firmed that HOCI, in < 1 min, stoichiometrically converted
methionine to the sulfoxide. With 1 mMmethionine and
12-25 4MHOCl, 88±4% (n = 3) of the oxidizing equivalents
were recovered as methionine sulfoxide. Amino acid analysis
detected no peak in the position of methionine sulfone. The
same concentration of H202, over 45 min, gave no reaction.
Resting neutrophils did not react, but cells stimulated with
phorbol myristate acetate, under the conditions of the assay,
gave - 10% conversion.

As shown in Fig. 5, methionine sulfoxide formation was
inhibited by catalase, and was also progressively inhibited by
increasing concentrations of suspended red cells. Under simi-
lar conditions to Fig. 5, superoxide dismutase (15 gg/ml) did
not inhibit methionine oxidation, either by stimulated neutro-
phils alone (12.3 AMmethionine sulfoxide formed compared

Oxidant Scavenging by Red Cells 1489
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Figure 5. Effects of red cells and catalase on methionine oxidation by
stimulated neutrophils. Neutrophils were stimulated with phorbol
myristate acetate in the presence of 1 mMmethionine, and the con-
centration of methionine sulfoxide was measured as described in
Methods. * Untreated red cells; o aminotriazole-treated red cells; .
purified catalase at an equivalent concentration (U/ml) to the intra-
cellular catalase at each red cell concentration.

with 9.2 tM in the control), or in the presence of 0.6% red cells
(4.7 ,uM compared with 3.5 ,uM in the control). Furthermore,
addition of purified myeloperoxidase as (50 nM) slightly en-
hanced methionine sulfoxide formation by neutrophils alone
(i5.0 ,uM) and counteracted the effect of 0.6% red cells (10.1
AMsulfoxide formed). Thus a dependence on MPO-derived
HOCl is implied. The cells were not as efficient at inhibiting
the reaction as an equivalent concentration of free catalase,
but their effect was prevented by inactivating their catalase
with aminotriazole. Some methemoglobin formation (but no
hemolysis) was apparent by the end of the incubation, both in
the presence and absence of aminotriazole.

Red cells (0.5%) had no effect on oxidation of methionine
by HOC1, indicating that there was sufficient methionine for
the cells not to inhibit by direct scavenging. Rather, it appears
that they acted by removing H202 and thereby preventing
myeloperoxidase-dependent formation of HOCl.

Discussion

Recent studies have shown that red cells can protect other cells
or tissues against injury by extracellularly generated oxidants
(7-10). In all these systems, H202 was implicated. Our studies
have shown that red cells at low concentrations inhibit reac-
tions involving H202, OH' and HOCl. Wethus provide further
evidence for a protective role for red cells, and suggest mecha-
nisms for this antioxidant protection.

With OH and HOC1, the effects were primarily due to
prevention of formation, by removal of H202. High concen-
trations of very reactive detector compounds were used to
minimize a direct scavenging effect. OH and HOCl are so
reactive that they will be scavenged by any organic compound,
including red cells, at a high enough concentration. In blood

they are likely to be scavenged by many constituents, each of
which could be susceptible to oxidative damage. Hence it is
desirable to prevent formation of these oxidants. Wehave
shown that red cells have this ability.

Thomas et al. (25) have shown that red cells can decrease
the accumulation of taurine chloramine formed by stimulated
neutrophils in the presence of excess taurine, through direct
uptake of the chloramine itself. Our study differs from theirs in
that our conditions did not favor chloramine formation, and
they did not measure directly the contribution of H202 con-
sumption. However, it does appear that we saw greater perox-
ide scavenging by red cells than they did. Nevertheless, the two
studies demonstrate different mechanisms by which red cells
could protect against damage by myeloperoxidase-derived ox-
idants.

Although our results indicate that red cells without catalase
activity have limited ability to inhibit extracellular oxidative
reactions, they do not preclude oxidants reacting with other
red cell constituents. In fact, hemoglobin oxidation was ob-
served under various conditions. The results do not therefore
contradict others showing that H202 or neutrophil-derived
chloramines can react with red cell constituents (25, 26).
Rather they indicate that such reactions consume a minor
proportion of each oxidant when extracellular reactants such
as ferrocytochrome c, Fe(EDTA), myeloperoxidase or methio-
nine are present.

In each system we examined, catalase was responsible for
the majority of the H202 removal. Aminotriazole treatment
abolished the ability of the cells to inhibit ferrocytochrome c
oxidation by H202, or methionine oxidation by neutrophils,
and had a major effect on OH production. GSHand glucose
metabolism gave some inhibition of OH production, and of
cytochrome c oxidation at low H202 concentrations, particu-
larly when catalase was inhibited. This probably indicates that
the hexose monophosphate shunt can handle lower H202 con-
centrations over a longer period, but even then, catalase has a
much greater effect.

Red cells were at least 40 times less efficient at inhibiting
NBT reduction than equivalent extracts of their superoxide
dismutase, and we saw no protective effect of red cell superox-
ide dismutase, either on direct reactions of O2, or on OH'
production. These results imply that although Q2 can pass
through the red cell membrane (6), most undergoes extracel-
lular reactions rather than entering the cell and reacting with
superoxide dismutase. Red cells would not therefore be ex-
pected to provide other cells or tissues much protection from
0° generated in their environment. This may be a more im-
portant function for extracellular superoxide dismutase (5),
although its concentration in plasma is comparatively low. In
contrast, red cells should efficiently remove extracellular H202
and protect surrounding tissue against damage mediated by
H202 or its secondary products, OH or HOCL. Our results
indicate a scavenging ability equivalent to approximately a
quarter their catalase content, which means that the potential
of red cells to remove H202 from blood is immense.

Considerations that blood plasma is poor in antioxidant
enzymes provide a rational basis for intravenous enzyme ad-
ministration in oxidative stress. Recent evidence suggests that
superoxide dismutase in particular can provide remarkable
protection against ischemic tissue damage (27). Our results
imply that if the enzymes act within the blood stream, super-
oxide dismutase could modulate reactions of superoxide, but
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administered catalase activity is unlikely to exceed that already
present in the red cells.

Our findings that red cells efficiently remove H202 from
their environment support the proposal (9) that red cell cata-
lase has an important physiological role in extracellular an-
tioxidant defense. Wehave shown that through this mecha-
nism, the cells inhibit OH' production, and also myeloperoxi-
dase-dependent production of HOCL. Since these are the most
likely contenders for oxidant-mediated tissue damage by neu-
trophils and other phagocytes (4, 28), our results show how red
cells could buffer the environment against harmful effects of
these cells.
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