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Porphyromonas gingivalis in which the synthesis of superoxide dismutase (SOD) was induced by nitrate or by
aeration was rendered resistant to Killing by polymorphonuclear leukocytes. SOD purified from either
anaerobically maintained or aerated cells also inhibited bacterial killing when added exogenously, and no
difference between the effects of the two SODs was observed. These results suggest that SOD may form part of
a defense mechanism that helps protect P. gingivalis against killing by polymorphonuclear leukocytes.

Phagocytosis of bacteria by polymorphonuclear leuko-
cytes (PMNLs) is accompanied by enhancement of PMNL
oxidative metabolism. Oxygen metabolites such as superox-
ide (O,7), hydrogen peroxide (H,0,), singlet oxygen ('O,),
and hydroxy radical ("OH) are major components of the
bactericidal activity of PMNLSs (14). Pathogenic organisms
must therefore possess some mechanism(s) through which
they circumvent the lethal effects of these products. Aerobic
and many anaerobic bacteria synthesize enzymes, such as
superoxide dismutase (SOD), catalase, and peroxidase,
which neutralize these toxic reactive products (4). Thus,
bacteria rich in these enzymes might resist Kkilling by
PMNLs. SOD is thought to protect the cells of Nocardia
asteroides (9), Listeria monocytogenes (24), and Shigella
flexneri (10) from phagocytic killing, whereas catalase activ-
ity has been suggested to protect Staphylococcus aureus (12)
and Neisseria gonorrhoeae (3). However, neither catalase
nor SOD in Escherichia coli was able to protect this bacte-
rium from killing by PMNLSs (21). This being the case, it is
still unclear how pathogenic bacteria that are not killed by
phagocytes avoid the lethal effects of PMNL oxidative
metabolism.

Porphyromonas gingivalis, which seems to play a central
role in the etiology of certain forms of periodontal disease,
can colonize the periodontal pocket and invade gingival
tissue (18, 22). It is reasonable to suggest that the virulence
of bacteria may be connected with their ability to synthesize
specific enzymes that neutralize the toxic products of the
oxidative metabolism of the PMNLs. Our previous study
demonstrated that P. gingivalis had SOD activity but no
catalase or peroxidase activity (2). Furthermore, P. gingiva-
lis SOD was found to be a unique enzyme whose apoprotein
was capable of bindihng Mn or Fe, suggesting that this
enzyme may be formed from a single apoprotein (1). In the
present study, we assessed the influence of SOD on the
killing of P. gingivalis by PMNLSs by inducing its synthesis
and by adding it exdgenously.

P. gingivalis 381 was obtained from stock Strain at the
Research Laboratories of Oral Biology, Sunstar Inc., Osaka,
Japan. The strain was maintained anaerobically by weekly
transfer on plates containing Trypticase soy agar (BBL
Micrdbiology Systems, Cockeysville, Md.) supplemented
with 5% sheep blood, 1 mg of yeast extract (BBL) per ml, 5
pg of hemin per ml, and 1 pg of menadione per ml. The
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bacterial cells were cultured anaerobically in prereduced
Trypticase soy broth (BBL) supplemented with 1 mg of yeast
extract per ml, 5 pg of hemin per ml, and 1 pg of menadione
per ml and were incubated to mid-logarithmic phase (A¢e =
1.0) at 37°C in an anaerobic system 1024 (Forma, Marietta,
Ohio) in an atmosphere of 80% N,-10% CO,-10% H,.

Synthesis of SOD in P. gingivalis 381 was induced by
aeration or by the addition of potassium nitrate to the growth
medium. For aeration studies, cells grown anaerobically in
100 ml of broth were harvested aseptically by centrifugation
at 3,500 X g for 30 min at 4°C, suspended in 100 ml of
nonreduced fresh broth, transferred to sterile 500-ml flasks
stoppered with cotton plugs, and incubated at 37°C in air
while being vigorously shaken for 120 min. Cortrols were
kept in an anaerobic chamber at 37°C for 120 min. For
induction of SOD by potassium nitrate, P. gingivalis 381 was
grown anaerobically in the presence and in the absence
(controls) of 0.5 mM KNOs; in broth.

SOD activity was assayed by a modification of the method
of McCord and Fridovich (13). Protein content was deter-
mined by Bradford’s method (5) with bovine serum albumin
as the standard.

Both SODs (anaero-SOD and aero-SOD) were purified
from extracts of either anaerobically maintained or aerated
P. gingivalis 381 cells by the method of Amano et al. (1).

The assay for phagocytosis and bacterial killing by
PMNLs was performed by a method modified from that of
Quie et al. (17). Blood from healthy adult volunteers was
drawn into heparin (9 U/ml). PMNLs were prepared from
the heparinized blood by centrifugation in discontinuous
Ficoll-Hypaque gradients (Flow Laboratories Inc., North
Ryde, New South Wales, Australia) (8). Residual erythro-
cytes were lysed in 0.87% ammonium chloride at 4°C, and
the samples were washed three tinies in Hanks balanced salt
solution. The purity and viability of PMNLSs recovered was
more than 95% PMNLs as monitored by exclusion of trypan
blue dye. Pooled serum from three healthy individuals was
used for the opsonin in the assay. The serum contained
antibodies to P. gingivalis as measured by enzyme-linked
immunosorbent assay in this laboratory. After growth of P.
gingivalis 381 to mid-logarithmic phase, cells were centri-
fuged at 3,500 x g for 30 min and washed three times with
Hanks balanced salt solution. Bacterial suspension (10’
CFU/ml; adjusted on the basis of an A of 1.0 = 8 x 108
CFU/ml) opsonized in 10% human serum was added to
PMNLSs (5 x 10° PMNLs per ml) in the same medium. In
each assay, controls from which serum or PMNLSs or both
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were omitted were included. Some experiments were carried
out with the addition of 30 U of anaero-SOD or aero-SOD or
with no addition (control). The mixtures were incubated at
37°C in a CO, incubator on a rotator (RT-50; Taiyo Scientific
Industrial Co., Tokyo, Japan). At specified times (0, 30, 60,
and 120 min), the tube containing the phagocytic mixture
was centrifuged at 150 X g for 10 min. Duplicate samples
were removed from the supernatant fraction for determina-
tion of the number of extracellular bacteria, and 0.1 ml of the
washed PMNL suspension was placed in 0.9 ml of sterile
distilled water and incubated for 10 min to disrupt the
PMNLs. Triplicate preparations of the supernatant fluid and
the disrupted PMNLSs were appropriately diluted and plated
onto Trypticase soy agar plates supplemented with 5% sheep
blood, 1 mg of yeast extract per ml, 5 ng of hemin per ml,
and 1 pg of menadione per ml. The samples were incubated
at 37°C for S days in an anaerobic chamber, and the colonies
were then counted. Phagocytosis is expressed according to
the following formula: phagocytic index = [(N.one — Nexra)
Neond X 100, where N .., and N, are the number of
viable bacteria without PMNLs and the number of viable
extracellular bacteria, respectively. The results of the intra-
cellular killing test are expressed as a killing index, i.e., the
percentage of bacteria killed during the incubation period, as
follows: killing index = [(Negne = Nextra = Nintra/(Neont —
Nexira)]l X 100, where N, is the number of viable intra-
cellular bacteria. The mean of three experiments was calcu-
lated, and differences were compared by using Student’s ¢
test. Serum, in the absence of PMNLs, did not affect the
viability of P. gingivalis at any time. In order to distinguish
bacterial adherence from phagocytosis, bacteria which had
been opsonized with either chilled PMNL:s at 4°C or PMNLs
pretreated with cytochalasin B (6) were incubated. How-
ever, the number of bacterial cells which adhered to both
types of treated PMNLSs was negligible.

Figure 1 shows the results for phagocytosis and killing of
P. gingivalis 381 by PMNLSs during the incubation period
after SOD was induced by growth in the presence of 0.5 mM
potassium nitrate or by aeration. The specific activity of
SOD in P. gingivalis 381 was increased 2.3- and 2.0-fold by
growth in the presence of nitrate and by aeration, respec-
tively. P. gingivalis 381 was phagocytosed at high levels (ca.
90%) after 120 min by PMNLSs, but the levels of phagocyto-
sis were not affected by the induction of SOD. Human
PMNLs killed 86% of P. gingivalis in 120 min, whereas
inductions of SOD by aeration and the addition of KNO,
reduced the ability of PMNLSs to kill the bacteria to 75% (P
< 0.05) and 54% (P < 0.01), respectively, after 120 min.
Privalle and Fridovich (16) showed that E. coli synthesized
Fe-SOD induced by nitrate under anaerobic conditions. We
also confirmed that the SOD induced by nitrate had the
properties of Fe-SOD, on the basis of its inactivation by
H,O, and its inhibition by NaN; (data not shown). In
contrast, we have reported that aeration of P. gingivalis
induces mainly Mn-SOD (1). It appears possible that P.
gingivalis synthesizes SOD containing different metals, de-
pending on the treatment. However, the effects of both these
inductions of SOD on resistance to killing by PMNLs were
not found to differ when compared roughly on the basis of
SOD-specific activity. The effects of aero-SOD or anaero-
SOD, added exogenously, on the phagocytosis and killing of
P. gingivalis by PMNLSs are shown in Fig. 2. The levels of
phagocytosis were not changed when both SODs were added
to the phagocytic mixture. Both SODs inhibited bacterial
killing (P < 0.01), but there was no difference between the
inhibitory effects of these two enzymes. Thus, it is suggested
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FIG. 1. Effects of SOD induction on phagocytosis (---) and
killing (——) of P. gingivalis by PMNLs. SOD induction experi-
ments were performed by aeration of P. gingivalis 381 (OJ) and by
the addition of KNO; to the growth medium (A). O, control (no
treatment). Opsonized P. gingivalis organisms (10’ CFU/ml) were
incubated with PMNLs (5 X 10%ml). Variance is the mean *
standard deviation of three experiments. Means were significantly
different from each other; P < 0.05 (%) and P < 0.01 (#).

that the biological functions of Fe- and Mn-SODs in P.
gingivalis as well as their biochemical properties, such as
amino acid sequences, electrophoretic mobilities, and ac-
ceptability of either Fe or Mn to form holoenzymes (1), may
be the same.

Cutler et al. (6, 7) have shown that phagocytosis of
virulent P. gingivalis by PMNLSs requires a specific antibody
in human serum and that this antibody-dependent phagocy-
tosis is also highly dependent on serum complement. P.
gingivalis 381 is moderately virulent in the mouse abscess
model (23). Since we used nonheated serum which was
pooled from healthy individuals but contained the specific
antibody to P. gingivalis, this strain appeared to be phago-
cytosed at high levels even in the absence of serum from
patients with adult periodontitis. However, P. gingivalis 381
was not highly sensitive to the Kkilling effect of PMNLs.
Okuda and Takazoe (15) showed that the encapsulated
strains were more resistant to killing than the nonencapsu-
lated strains. Several investigators suggested that the degra-
dation of serum opsonins, including complement and immu-
noglobulin, by P. gingivalis plays a role in resistance to
phagocytosis (11, 19, 20). The resistance of P. gingivalis to
killing by PMNLSs is probably partly due to nonoxidative
mechanisms. However, another possible explanation for this
resistance is higher activity of SOD in P. gingivalis than in
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FIG. 2. Effects of exogenously added SOD on phagocytosis
(—-—-) and killing (——) of P. gingivalis by PMNLs. Assay of
bacterial killing was performed as described for Fig. 1 in the
presence of 30 U of anaero-SOD (4), 30 U of aero-SOD (OJ), or no
addition (O). Variance is the mean * standard deviation of three
experiments. Means were significantly different from each other; P
< 0.01 (3 and #).

black-pigmented oral anaerobic rods (2). Thus, our results
suggest that SOD may form part of a defense mechanism that
helps protect P. gingivalis from Killing by PMNLSs.

REFERENCES

1. Amano, A., S. Shizukuishi, H. Tamagawa, K. Iwakura, S.
Tsunasawa, and A. Tsunemitsu. 1990. Characterization of super-
oxide dismutases purified from either anaerobically maintained
or aerated Bacteroides gingivalis. J. Bacteriol. 172:1457-1463.

2. Amano, A., H. Tamagawa, M. Takagaki, Y. Murakami, S.
Shizukuishi, and A. Tsunemitsu. 1988. Relationship between
enzyme activities involved in oxygen metabolism and oxygen
tolerance in black pigmented Bacteroides. J. Dent. Res. 67:
1196-1199.

3. Archibald, F. S., and M.-N. Duong. 1986. Superoxide dismutase
and oxygen toxicity defenses in the genus Neisseria. Infect.
Immun. 51:631-641.

4. Beaman, L., and B. L. Beaman. 1984. The role of oxygen and its
derivatives in microbial pathogenesis and host defense. Annu.
Rev. Microbiol. 38:27-48.

5. Bradford, M. M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72:248-254.

INFECT. IMMUN.

6. Cutler, C. W., J. R. Kalmar, and R. R. Arnold. 1991. Phagocy-
tosis of virulent Porphyromonas gingivalis by human polymor-
phonuclear leukocytes requires specific immunoglobulin G.
Infect. Immun. 59:2097-2104.

7. Cutler, C. W., J. R. Kalmar, and R. R. Arnold. 1991. Antibody-
dependent alternate pathway of complement activation in op-
sonophagocytosis of Porphyromonas gingivalis. Infect. Immun.
59:2105-2109.

8. English, D., and B. R. Anderson. 1974. Single-step separation of
red blood cells, granulocytes, and mononuclear leukocytes on
discontinuous density gradients of Ficoll-Hypaque. J. Immunol.
Methods 5:249-252.

9. Filice, G. A. 1983. Resistance of Nocardia asteroides to oxygen
dependent killing by neutrophils. J. Infect. Dis. 148:861-867.

10. Franzon, V. L., J. Arondel, and P. J. Sansonetti. 1990. Contri-
bution of superoxide dismutase and catalase activities to Shi-
gella flexneri pathogenesis. Infect. Immun. 58:529-535.

11. Grenier, D., D. Mayrand, and B. C. McBride. 1989. Further
studies on the degradation of immunoglobulins by black-pig-
mented Bacteroides. Oral Microbiol. Immunol. 4:12-19.

12. Mandell, G. L. 1975. Catalase, superoxide dismutase, and
virulence of Staphylococcus aureus. In vitro and in vivo studies
with emphasis on staphylococcal-leukocyte interaction. J. Clin.
Invest. 55:561-566.

13. McCord, J. M., and I. Fridovich. 1969. Superoxide dismutase.
An enzymatic function for erythrocuprein (hemocuprein). J.
Biol. Chem. 244:6049-6055.

14. Mims, C. A. 1987. The pathogenesis of infectious disease, p.
63-91. Academic Press, Inc., London.

15. Okuda, K., and 1. Takazoe. 1973. Antiphagocytic effects of the
capsular structure of a pathogenic strain of Bacteroides melan-
inogenicus. Bull. Tokyo Dent. Coll. 14:99-104.

16. Privalle, C. T., and I. Fridovich. 1988. Inductions of superoxide
dismutase in Escherichia coli under anaerobic conditions: accu-
mulation of an inactive form of the manganese enzyme. J. Biol.
Chem. 263:4274-4279.

17. Quie, P. G., J. G. White, B. Holmes, and R. A. Good. 1967. In
vitro bactericidal capacity of human polymorphonuclear leuko-
cytes: diminished activity in chronic granulomatous disease of
childhood. J. Clin. Invest. 46:668-679.

18. Saglie, R., F. A. Carranza, Jr., and M. G. Newman. 1985. The
presence of bacteria within the oral epithelium in periodontal
disease. A scanning and transmission electron microscopic
study. J. Periodontol. 56:618-624.

19. Schenkein, H. A. 1988. The effect of periodontal proteolytic
Bacteroides species on proteins of the human complement
system. J. Periodontal Res. 23:187-192.

20. Schenkein, H. A. 1989. Failure of Bacteroides gingivalis W83 to
accumulate bound C3 following opsonization with serum. J.
Periodontal Res. 24:20-27.

21. Schwartz, C. E., J. Krall, L. Norton, K. McKay, and R. E.
Lynch. 1983. Catalase and superoxide dismutase in Escherichia
coli: roles in resistance to killing by neutrophils. J. Biol. Chem.
258:6277-6281.

22. Slots, J., and R. J. Genco. 1984. Black pigmented Bacteroides
species, Capnocytophaga species, and Actinobacillus actino-
mycetemcomitans in human periodontal disease: virulence fac-
tors in colonization, survival, and tissue destruction. J. Dent.
Res. 63:412-421.

23. Van Steenbergen, T. J. M., P. Kastelein, J. J. A. Touw, and J. de
Graff. 1982. Virulence of black-pigmented Bacteroides strains
from periodontal pockets and other sites in experimentally
induced skin lesions in mice. J. Periodontal Res. 17:41-49.

24. Welch, D. F., C. P. Sword, S. Brehm, and D. Dusanic. 1979.
Relationship between superoxide dismutase and pathogenic
mechanisms of Listeria monocytogenes. Infect. Immun. 23:863-
872.



