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Free Radicals and Inflammation

PROTECTIONOF PHAGOCYTOSINGLEUKOCYTES

BY SUPEROXIDEDISMUTASE

MARVINL. SALIN and JOE M. McCoRD

From the Departments of Medicine and Biochemistry, Duke University
Medical Center, Durham, North Carolina 27710

A B S T R A C T Isolated human polymorphonuclear leu-
kocytes engaged in phagocytosis liberate superoxide
radical and hydrogen peroxide into the surrounding me-
dium. These two chemical species react to produce the
hydroxyl radical, which attacks the leukocyte and leads
to premature death of the cell. The hydroxyl radical may
be scavenged by mannitol, or its formation can be pre-
vented by the addition of superoxide dismutase or cata-
lase to the medium, thereby eliminating the premature
death of the cells. This phenomenon may partially ex-
plain the observed anti-inflammatory activity of super-
oxide dismutase.

INTRODUCTION
Considerable evidence has accumulated in recent years
that the physiological function of superoxide dismutase
(SOD)' is a protective one (1-6). The reactive free
radical substrate Oi- is generated as a toxic intermediate
in a wide variety of biological reactions that reduce mo-
lecular oxygen, and several specific mechanisms have
been delineated by which its deleterious actions are rea-
lized (6, 7). The enzyme scavenges superoxide by cata-
lyzing its dismutation to oxygen and hydrogen peroxide
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(8):

02- + 02- + 2H+ - 02+ H202 (1)

Although it appears that all oxygen-metabolizing cells
contain large amounts of SOD, the mammalian extra-
cellular fluids that have been examined contain only
traces of the activity (6).

In 1971 a positive identification was made between the
enzyme isolated by McCord and Fridovich as superoxide
dismutase (8) and a protein isolated several years
earlier by Huber and co-workers on the basis of its
anti-inflammatory properties (9). This anti-inflamma-
tory protein had been named "orgotein." A relationship
between SOD activity and anti-inflammatory activity
became obvious with the observation by Babior et
al. that phagocytosing polymorphonuclear leukocytes
(PMN), effector cells of the acute inflammatory re-
sponse, release large amounts of superoxide into the
medium in which the activated cells are suspended (10).
Superoxide production by leukocytes apparently con-
tributes to the killing of ingested bacteria (11). The
release of a sizable fraction of the Oa into the medium
is perhaps an inadvertent and unfortunate side effect of
the process (12). It was recently shown that the amount
of superoxide radical produced by a concentration of
leukocytes such as might be found in an inflamed rheu-
matoid joint is sufficient to cause extensive and rapid
degradation of the joint fluid whereas SOD protected
the fluid against degradation (6). The present study il-
lustrates another possible aspect of the anti-inflamma-
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FIGURE 1 Protection of phagocytosing PMNby SOD. Ap-
proximately 3 X 10' PMNwere incubated at 370C in 1 ml
of Ringer-phosphate buffer, pH 7.4, containing 1%o glucose
and 5% autologous serum. Those designated "phagocytos-
ing" contained in addition 3 X 107 E. coli. Where indicated,
SOD was added to a concentration of 300 ,tg/ml. At in-
tervals, samples were withdrawn, mixed with 1% trypan
blue in 0.9% saline, and the cells examined microscopically.
200 cells were counted and the results expressed as percent
cells excluding the dye.

tory action of SOD, namely, the protection of the leuko-
cytes themselves from self-inflicted free radical damage
and premature death.

METHODS
Human PMN were isolated from freshly drawn venous
blood as previously described (13). The cells were typically
greater than 95% viable as judged by their ability to ex-
clude trypan blue (14) and were greater than 98% PMN.
1-ml incubation mixtures contained about 3 X 10' PMN
suspended in Ringer-phosphate buffer, pH 7.4, containing
1% glucose and 5% autologous serum. When phagocytosing
cells were desired, incubation mixtures contained Esche-
richia coli K-12 that had been washed in deionized water
and stored frozen, at a ratio of 10 bacteria per leukocyte.
Other additions included, where indicated, bovine liver
SOD, prepared as previously described (8), or bovine cata-
lase (2X crystallized, Sigma Chemical Co., St. Louis, Mo.),
bovine serum albumin (Sigma), or mannitol (Sigma). All
incubation mixtures were maintained at 370C in siliconized
glass tubes. Longer incubations contained 50 U/ml of peni-
cillin (Sigma) and 50 /Lg/ml streptomycin sulfate (Sigma)
to retard extraneous bacterial growth. At the indicated
times samples of the mixtures were withdrawn, mixed with
a 1% solution of trypan blue, and examined microscopically.
The percentage of cells not stained by the dye is repre-
sented as "% viable cells." In certain experiments a sig-
nificant number of dead cells lysed. In these cases, the %
viable cells was corrected for the decrease in total cell
count.

RESULTS
Fig. 1 shows that "resting" PMNor those incubated in
the absence of E. coli maintained full ability to exclude

trypan blue for approximately the first 18 h of incuba-
tion. Thereafter, the percentage of viable cells slowly
decreased, reaching a value of 70% after 35 h. The cells
incubated with E. coli, designated "phagocytosing,"
showed a slow loss of viability during the first 15 h of
incubation. After that time, loss of viability proceeded
rapidly with 90% of the cells dead at 35 h. A third in-
cubation mixture of phagocytosing PMN contained
E. coli plus SODat 300 ,ug/ml. The addition of the SOD
restored the viability of the phagocytosing cells to that
of resting cells. Johnston and co-workers (11) found
that SOD at comparable concentrations did not inter-
fere with the process of phagocytosis and had little or
no effect on bactericidal action by PMN. The concentra-
tion of SODrequired to produce maximal protection was
determined by incubating phagocytosing suspensions of
PMNwith various concentrations of the enzyme at 370C
for 40 h and by observing the viability of the cells at the
end of the incubation. These data are shown in Fig. 2.
The maximal protective effect was attained at 200 jg of
SODper ml. After prolonged incubation the pH of the
mixtures dropped less than 1 U, and this was not affected
by the presence of protectants.

The nature of the protection afforded by SOD was
further explored by incubation mixtures containing cata-
lase or mannitol rather than SOD. Haber and Weiss
proposed in 1934 a reaction between 02- and H202

02- + H2O2-*02+OH-++ OH* (2)

by which the very powerful oxidizing radical OHS is
produced (15). Several superoxide-dependent phenomena
have been shown to result from OHS produced second-
arily from superoxide by this reaction, including bac-
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FIGURE 2 Effect of SOD concentration on maintenance of
PMNviability. Conditions and procedures were as described
in Fig. 1, except that SOD concentration was varied as
indicated, and all incubations were examined only after 40 h.
All cells were phagocytosing except the point labeled "Rest-
ing."
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tericidal action by leukocytes (6, 11, 16). Thus, it was
a possibility that the chemical species causing the loss
of PMNviability was the hydroxyl radical, OH-. The
production of OHS by reaction 2 can be prevented by
the action of SODor of catalase, either of which halts
the reaction by scavenging a reactant. Alternatively, the
OHS may be scavenged as it is formed by such agents
as mannitol (17). Fig. 3 shows that SOD, catalase, or
mannitol maintained the viability of phagocytosing PMN
equal to that of resting cells. The failure of bovine serum
albumin to protect the cells rules out any nonspecific
protein effect, as does the fact that the incubation mix-
tures contained 5% autologous serum. Wetherefore con-
clude that the agent causing the death of the cells is
the hydroxyl radical produced secondarily from the
superoxide radical. Superoxide radical, per se, which was
not scavenged in those incubation mixtures contain-
ing mannitol or catalase, did not cause the premature
death of the cell. Likewise, hydrogen peroxide, per se,
which was not scavenged in those incubation mixtures
containing mannitol or SOD, did not cause the pre-
mature death of the cell. Only when Oi- and H202 are
simultaneously present is hydroxyl radical formation
possible, and only under these conditions was premature
death following phagocytosis observed.

The time-course of cell death varied considerably for
cells obtained from different donors, but the maximal
rate of cell death was always seen to take place between
12 and 30 h after the phagocytic challenge. This delayed
death was not anticipated since the metabolic burst of
O. production was shown to occur in the 30 min after
phagocytosis. After 30 min the Oi production of the
cells returns to the level of resting cells (10, 12, 18).
Thus, it appeared that the cells were "mortally wounded"
by the initial burst of radical production but that death
did not result from this damage until sometime later. To
test this hypothesis, PMNwere induced to phagocytose
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FIGuRE 3 Protection of phagocytosing cells by SOD, man-
nitol, and catalase. Incubation mixtures were as described
in Fig. 1 with the following additions where indicated:
SOD, 250 sug/ml; mannitol, 1 mM; catalase, 250 A~g/ml;
bovine serum albumin (BSA), 250 uLg/ml. Viability was
determined after 48 h. These results represent the average
of three separate experiments. Percent viability for unpro-
tected cells was 32±8.5% (n =6), and for protected phago-
cytosing cells was 65±5% (n = 9).
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FIGuRE 4 Time-course of protection of phagocytosing
PMNby SOD. Conditions were as described in Fig. 1.
After allowing 1.5 h for the completion of phagocytic ac-
tivity, the cells were centrifuged at 750 g for 5 min and
resuspended in fresh medium, then incubated an additional
28.5 h. SOD was present, when and where indicated (+),
at 300 uig/ml. The percentage of viable cells at the end of
the incubation was based on the number of viable cells pres-
ent at t = O. These data represent the results of a single
experiment. The phenomenon was also observed with a 2 h
initial incubation period.

in the presence and absence of SOD. After 1.5 h, when
superoxide production would have ceased, samples of
each incubation mixture were gently centrifuged down
and resuspended in media with or without SODfor the
remainder of the observation period. The results of this
experiment, seen in Fig. 4, clearly show that cell death
can be prevented only if SOD is present during that
part of the incubation in which the O2 production takes
place and that SODcannot prevent cell death if added
after the exposure to superoxide has occurred.

DISCUSSION
Results identical with those described above were ob-
tained by stimulating the PMNwith serum that had been
incubated with bacteria, then centrifuged to remove the
bacteria themselves before being added to the PMN.
That is, the presence of particulate matter for inclusion
into phagocytic vacuoles was not necessary for the ob-
servance of the premature death phenomenon or for its
prevention by SOD. This finding rules out the possi-
bility that the leukocyte death might be related to bac-
terial metabolic events taking place within the phagocytic
vacuoles. It has been shown that "activated" serum
(18) and other soluble activating factors such as endo-
toxin or lymphokine can induce superoxide production
in PMNin the absence of particular matter (12).

Fig. 2 indicates that a concentration of SODof 200
/Ag/ml was required to produce a maximal protective ef-
fect. Other phenomena thought to proceed by essentially
the same mechanism (i.e., hydroxyl radical production
via reaction 2) have been approximately 100-fold more
sensitive to inhibition by SOD (6, 16). This difference
may be rationalized by realizing that the events taking
place in the present study are not occurring in free solu-
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tion, as in the previous studies, but are occurring in a
thin shell of solvent in contact with the outer surface of
the plasma membrane of the PMN. Thus, a small frac-
tion of the total SODmay have to compete for super-
oxide with very high local concentrations of H209. The
inhibition of nitroblue tetrazolium reduction by PMN,
a process brought about by the superoxide generated at
the cell surface, requires a concentration of SODin ex-
cess of 100 ,tg/ml for maximal inhibition (12). The high
concentration of SOD required to inhibit events taking
place at the cell surface may also be related to the fact
that both the SODand the cell surface are negatively
charged at the pH of these studies.

These studies have demonstrated a protective effect
of SOD, catalase, and mannitol on the viability and
integrity of phagocytosing PMNin vitro. This phenome-
non of protection of cells against free radical death may
contribute to the clinically observable anti-inflammatory
activity of SOD (19, 20). It is clear that the death of
leukocytes and the concomitant or subsequent release
of hydrolytic enzymes and chemotactic factors play ma-
jor roles in the perpetuation of the inflammatory cycle
(21). The cells of surrounding healthy tissue would, of
course, also be subject to serious insult leading to death
and lysis, either from primary attack by the radicals in
the interstitial fluid or from secondary attack by hydro-
lytic enzymes released from lysed PMN. By intravenous
injection, it may not be possible to maintain the neces-
sary concentration of SOD in the extracellular fluids to
protect PMN from their own free radical-induced
destruction, since the protein is cleared quite rapidly
from the circulation.2 By local injection, however, such
a concentration may be realistically achieved at the site
of the inflammation (19, 20). The preparation of deriva-
tives of SODwith longer circulating half-lives is cur-
rently under investigation.

The data reported herein and elsewhere (6) support
the notion that the superoxide radical per se may not be
so detrimental a species in a physiological context.
Through its reaction with H202 (reaction 2), however,
it is capable of generating another radical species, OH-,
which is apparently capable of causing damage of grave
consequence to physiological systems. Because of the
nearly complete absence of SODand catalase in extra-
cellular fluids, the generation of OH- in vivo seems a
real possibility. In the present case, the chemical nature
of the damage to the PMNis unknown. The site of the
lethal damage appears to have been the outer surface
of the plasma membrane, since extracellular SOD and
catalase prevented it.

2 Dr. Wolfgang Huber. Personal communication.
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