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Suffusion of gingipain RgpA (GRgpA) elicited a significant concentration-dependent increase in the clear-
ance of macromolecules from in situ hamster cheek pouch which was attenuated by NPC 17647, a selective
bradykinin B2 receptor antagonist. Leupeptin and a mixture of proteinase inhibitors also attenuated GRgpA-
induced responses. These data indicate that GRgpA elicits plasma exudation from in situ oral mucosa in a
catalytic site-dependent fashion by elaborating bradykinin.

A large body of experimental evidence suggests that Porphy-
romonas gingivalis, an oral anaerobic bacterium, plays a role in
the pathogenesis of adult periodontitis (2, 9, 13–16, 32). A
cardinal manifestation of this condition is plasma exudation
from postcapillary venules (11, 32). However, the mechanisms
underlying this response are uncertain (1, 4, 5, 7, 14, 15, 27). To
this end, gingipain RgpA, a potent arginine-specific cysteine
proteinase produced by P. gingivalis (2, 12, 16), has been shown
to activate the kallikrein/kinin metabolic pathway in guinea pig
skin to release bradykinin, a potent 9-amino-acid phlogistic
mediator (1, 7, 33), thereby leading to plasma exudation (14,
15). The purpose of this study was to determine whether gin-
gipain RgpA elicits plasma exudation from in situ oral mucosa
by elaborating bradykinin.

To visualize the microcirculation and determine the clear-
ance of macromolecules from in situ hamster cheek pouch,
we used a method previously described by our laboratory
and by other investigators (5–8, 18, 21, 23, 24, 26, 30, 33).
Briefly, pentobarbital sodium-anesthetized, tracheostomized,
and spontaneously breathing adult male golden Syrian ham-
sters were used (128 6 2 g of body weight, n 5 42). Cheek
pouch microcirculation was visualized with a fluorescence mi-
croscope (magnification, 340). Macromolecular leakage was
determined by extravasation of fluorescein isothiocyanate-
labeled dextran (FITC-dextran; molecular mass, 70 kDa), an
intravascular tracer, which appeared as fluorescent spots or
leaky sites around postcapillary venules. The number of leaky
sites was counted in three random microscopic fields, aver-
aged, and expressed as the number of leaky sites per 0.11 cm2

of cheek pouch, which corresponds to the area of one micro-
scopic field (5–8, 18, 26, 33). The concentration of FITC-
dextran in the plasma and suffusate was determined from a
standard curve of FITC-dextran concentration versus percent
emission using a spectrophotofluorometer. Clearance of FITC-
dextran was determined by calculating the ratio of suffusate

(ng/ml) to plasma (mg/ml) concentration of FITC-dextran and
multiplying this ratio by the suffusate flow rate (2 ml/min).

The experimental design has been previously used in studies
in our laboratory and in others (5–8, 26, 33). Gingipain RgpA
was activated with NaOH-neutralized cysteine (20 mM) at
30°C for 15 min before each experiment (14, 15). After suffus-
ing the buffer on the cheek pouch for 30 min (equilibration
period), FITC-dextran was injected intravenously (i.v.) and the
number of leaky sites and the clearance of FITC-dextran were
determined for 30 min. Then two concentrations of gingipain
RgpA (0.001 and 0.01 mM) were suffused in random order for
10 min each. The number of leaky sites was determined every
minute for 15 min and at 5-min intervals for 60 min thereafter.
The clearance of FITC-dextran was determined before and
every 5 min after the start of gingipain RgpA suffusion for 60
min. The time interval between subsequent suffusions of gin-
gipain RgpA was at least 45 min. In another group of animals,
NPC 17647 (1.0 mM), a selective bradykinin B2 receptor an-
tagonist (1, 7, 27), was suffused on the cheek pouch for 30 min
before suffusion of gingipain RgpA (0.001 or 0.01 mM). In
another series of experiments, leupeptin, a predominantly cys-
teine proteinase inhibitor that inactivates gingipain RgpA (2,
14, 15), or a mixture of proteinase inhibitors composed of
aprotinin (5 mg/ml), soybean trypsin inhibitor (100 mg/ml),
bestatin (10 mM), and DL-2-mercapto-methyl-3-guanidinoeth-
ylthiopropanoic acid (10 mM) to inhibit serine proteinases,
including kallikrein, aminopeptidases, and carboxypeptidase
N, was suffused on the cheek pouch for 30 min before suffusion
of gingipain RgpA (0.001 or 0.01 mM). Lastly, gingipain RgpA
(0.001 or 0.01 mM) was suffused for 10 min before and after i.v.
infusion of indomethacin (10 mg/kg of body weight) over a
30-min period. The concentrations of gingipain RgpA, NPC
17647, leupeptin, and indomethacin used in these experiments
were based on previous studies in our laboratory and reports in
the literature (2, 3, 7, 14, 15, 23, 25, 26, 28, 33). The concen-
tration of indomethacin used has been shown to inhibit cyclo-
oxygenase in the cheek pouch (23, 25). The composition of the
mixture of proteinase inhibitors and the concentrations of its
constituents used in these studies were based on previous stud-
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ies in our laboratory and reports in the literature (3, 7, 17, 20,
22, 29).

Purified gingipain RgpA (14 mM) was prepared in Tris
buffer (pH 6.8) as previously described (2). FITC-dextran, cys-
teine, aprotinin, soybean trypsin inhibitor, and indomethacin
were obtained from Sigma Chemical Co. Leupeptin and be-
statin were obtained from Peninsula Laboratories. DL-2-
Mercapto-methyl-3-guanidinoethylthiopropanoic acid was ob-
tained from Calbiochem-Novabiochem Corp. NPC 17647 was
a gift from Nova Pharmaceutical Corporation. Indomethacin
was dissolved in 5% Na2CO3. All other drugs were dissolved in
saline. Drugs were freshly prepared before each experiment
and were diluted in saline to the desired concentrations.

When a test compound was suffused over the cheek pouch,
we determined the maximal change in the number of leaky
sites and the clearance of FITC-dextran and used those data
as the response to that compound. Data are expressed as
means 6 standard errors of the means, except for body weight,
which is expressed as mean 6 standard deviation. Statistical
analysis was performed using two-way analysis of variance and
the Newman-Keuls test for multiple comparisons. A P value of
,0.05 was considered significant.

Suffusion of saline (vehicle) alone for the entire duration of
the experiment evoked no visible leaky site formation or sig-
nificant increase in the clearance of FITC-dextran from the
baseline (15 3 1026 6 2 3 1026 ml/min at the beginning and
16 3 1026 6 3 3 1026 ml/min at the conclusion of the exper-
iment, respectively; for each group, n 5 4, P . 0.5). Likewise,
suffusion of NaOH-neutralized cysteine (20 mM) alone for 10
min elicited no visible leaky site formation or significant in-
crease in clearance of FITC-dextran from the baseline (n 5 4,
P . 0.5). Repeated suffusions of gingipain RgpA (0.001 and
0.01 mM) for 10 min each with 45-min suffusion of saline in
between were associated with significant and reproducible
leaky site formation (3 6 1 and 8 6 1 per 0.11 cm2 and 4 6 2
and 8 6 2 per 0.11 cm2, respectively; for each group, n 5 4, P ,
0.05 in comparison to saline, and P . 0.5 within group com-
parisons) and an increase in the clearance of FITC-dextran
(23 3 1026 6 3 3 1026 ml/min and 33 3 1026 6 4 3 1026

ml/min, and 22 3 1026 6 4 3 1026 ml/min and 34 3 1026 6
3 3 1026 ml/min, respectively; for each group, n 5 4, P , 0.05
in comparison to saline, and P . 0.5 within group compari-
sons) (Table 1). Leaky site formation was visible within 6 to 7
min after the start of suffusion and was maximal 3 to 4 min
after suffusion of gingipain was stopped. The number of leaky
sites and clearance of FITC-dextran returned to the baseline
20 min after suffusion of gingipain RgpA was stopped.

Repeated suffusions of NPC 17647 (1.0 mM) alone for 30
min evoked no visible leaky site formation or significant in-
crease in the clearance of FITC-dextran from the baseline and
in comparison to saline (n 5 4, P . 0.5). Suffusion of NPC
17647 (1.0 mM, 30 min) significantly attenuated gingipain
RgpA (0.001 and 0.01 mM)-induced responses (Table 1) (P ,
0.05). Repeated suffusions of leupeptin (1.0 mM) alone for 30
min elicited no visible leaky site formation or significant in-
crease in the clearance of FITC-dextran from the baseline (n 5
4, P . 0.5). Leupeptin (1.0 mM) significantly attenuated gin-
gipain RgpA (0.001 and 0.01 mM)-induced leaky site formation
and increase in the clearance of FITC-dextran (Table 1) (P ,
0.05). Likewise, repeated suffusions of the mixture of protein-

ase inhibitors consisting of aprotinin (5 mg/ml), soybean trypsin
inhibitor (100 mg/ml), bestatin (10 mM), and DL-2-mercapto-
methyl-3-guanidinoethylthiopropanoic acid (10 mM) alone for
30 min elicited no visible leaky site formation or significant
increase in the clearance of FITC-dextran from the baseline
(n 5 4, P . 0.5). This mixture significantly attenuated gingi-
pain RgpA (0.001 and 0.01 mM)-induced responses (Table 1)
(P , 0.05). Intravenous infusion of indomethacin (10 mg/kg)
alone for 30 min evoked no visible leaky site formation or
significant increase in the clearance of FITC-dextran from the
baseline (n 5 4, P . 0.5). Indomethacin significantly potenti-
ated leaky site formation and clearance of FITC-dextran elic-
ited by a low (0.001 mM) but not a high (0.01 mM) concentra-
tion of gingipain RgpA (Table 1) (P , 0.05).

There are three new findings of this study. Firstly, we found
that suffusion of gingipain RgpA increases macromolecular efflux
from in situ hamster cheek pouch, an animal model whose
value for studying the effects of proinflammatory mediators on
plasma exudation from in situ oral mucosa is well established
(5–8, 18, 19, 21, 23, 24, 26, 30, 31, 33). This response was
mediated by local production of bradykinin, because NPC
17647, a selective bradykinin B2 receptor antagonist, significantly
attenuated gingipain RgpA-induced responses. Moreover, a mix-
ture of proteinase inhibitors, some of which have been shown to
inhibit several steps in the kallikrein/kinin metabolic pathway
but not gingipain RgpA activity (1, 12, 14–17, 20, 22), abro-
gated gingipain RgpA-induced responses. These data support
and extend previous studies in the literature that showed that
exogenous gingipains activate the kallikrein/kinin metabolic path-
way in guinea pig skin and elicit plasma exudation (10, 14–16).

Secondly, leupeptin, a predominantly cysteine proteinase
inhibitor that inactivates gingipain RgpA and abrogates its
edema-forming effects in guinea pig skin (2, 14, 15), circum-
vented the increase in macromolecular efflux evoked by gingi-
pain RgpA. This observation implies that the edema-forming
effects of gingipain RgpA are catalytic site dependent. Lastly,
indomethacin, at a concentration that inhibits cyclooxygenase
in the cheek pouch (23, 25), amplified macromolecular efflux
elicited by a low (submaximal) concentration of gingipain

TABLE 1. Effects of gingipain RgpA on leaky site formation and
clearance of FITC-dextran from in situ hamster cheek poucha

Intervention mixture
Leaky sites

(no. per
0.11 cm2)

Clearance
(ml/min,

1026)

Saline (control) Nil 15 6 2
GRgpA (0.001 mM) 3 6 1* 23 6 3*
GRgpA (0.001 mM) and NPC 17647 (1 mM) Nil† 15 6 4†
GRgpA (0.01 mM) 8 6 1* 33 6 4*
GRgpA (0.01 mM) and NPC 17647 2 6 1† 13 6 3†
GRgpA (0.001 mM) and leupeptin (1 mM) Nil† 13 6 3†
GRgpA (0.01 mM) and leupeptin (1 mM) 1 6 1† 13 6 2†
GRgpA (0.001 mM) and PI mixture Nil† 13 6 4†
GRgpA (0.01 mM) and PI mixture 1 6 1† 18 6 7†
GRgpA (0.001 mM) and indomethacin (10 mg/ml) 6 6 1† 42 6 6†
GRgpA (0.01 mM) and indomethacin (10 mg/ml) 9 6 1† 39 6 5†

a Values are means 6 standard errors of the means; for each group, n 5 4
animals. GRgpA, gingipain RgpA; PI mixture, mixture of proteinase inhibitors
consisting of aprotinin (5 mg/ml), soybean trypsin inhibitor (100 mg/ml), bestatin
(10 mM), and DL-2-mercapto-methyl-3-guanidinoethylthiopropanoic acid (10
mM). An asterisk indicates a P value of ,0.05 in comparison to saline (control).
A dagger represents a P value of ,0.05 in comparison to gingipain RgpA alone.
Nil, no leaky sites were detected.
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RgpA. These data suggest that at low concentrations gingipain
RgpA stimulates the production of anti-inflammatory prostaglan-
dins in the cheek pouch that partly counteract the edema-forming
effects of the proteinase (23, 25). However, at high concentrations
of gingipain RgpA the salutary effects of these compounds are
circumvented, in part, by local elaboration of bradykinin. Collec-
tively, these data indicate that gingipain RgpA increases macro-
molecular efflux from in situ oral mucosa in a catalytic site-de-
pendent fashion through local elaboration of bradykinin.

The mechanisms underlying gingipain RgpA-induced brady-
kinin and prostaglandin production in in situ hamster cheek
pouch were not elucidated in this study. Nonetheless, the re-
sults of this study unravel a novel mechanism whereby gingi-
pain RgpA could injure the gingiva in susceptible individu-
als (2, 9–11, 13–15, 32). We propose that upon release by
P. gingivalis, gingipain RgpA activates the kallikrein/kinin met-
abolic pathway in gingival mucosa to produce bradykinin, lead-
ing to plasma exudation and tissue injury (1, 7, 11, 13, 32). This
cascade of biologic responses may be amplified by other pro-
teinases released by oral keratinocytes, which are the first cells in
the oral mucosa exposed to gingipain RgpA (26). Whether gin-
gipain RgpA activates the kallikrein/kinin metabolic pathway in
the oral mucosa directly or stimulates oral keratinocytes to re-
lease bradykinin-forming proteinases remains to be determined.

In summary, we found that gingipain RgpA increases mac-
romolecular efflux from in situ hamster cheek pouch in a cat-
alytic site-dependent fashion through local elaboration of
bradykinin. Full expression of the edema-forming effects of
gingipain RgpA is circumvented, in part, by concomitant pro-
duction of anti-inflammatory prostaglandins. We suggest that
topical application of bradykinin B2 receptor antagonists could
be useful in the treatment of adult periodontitis.
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Health (DE00386) and a University of Illinois Scholar Award.

REFERENCES

1. Bhoola, K. D., C. D. Figueroa, and K. Worthy. 1992. Bioregulation of kinins:
kallikreins, kininogens, and kininases. Pharmacol. Rev. 44:1–80.

2. Chen, Z., J. Potempa, A. Polanowski, M. Wikström, and J. Travis. 1992.
Purification and characterization of a 50-kDa cysteine proteinase (gingipain)
from Porphyromonas gingivalis. J. Biol. Chem. 267:18896–18901.

3. Damas, J., V. Bourdon, J. F. Liegeois, and W. H. Simmons. 1996. Influence
of several peptidase inhibitors on the pro-inflammatory effects of substance P,
capsaicin and collagenase. Naunyn Schmiedebergs Arch. Pharmacol. 354:662–669.

4. Featherstone, R. L., J. E. Parry, and M. K. Church. 1996. The effects of a
kinin antagonist on changes in lung function and plasma extravasation into
the airways following challenge of sensitized guinea-pigs. Clin. Exp. Allergy
26:235–240.

5. Gao, X.-p., W. G. Mayhan, J. M. Conlon, S. I. Rennard, and I. Rubinstein.
1993. Mechanisms of T-kinin-induced increases in macromolecule extrava-
sation in vivo. J. Appl. Physiol. 74:2896–2903.

6. Gao, X.-p., J. M. Conlon, J. K. Vishwanatha, R. A. Robbins, and I. Rubin-
stein. 1996. Loop diuretics attenuate bradykinin-induced increase in clear-
ance of macromolecules in the oral mucosa. J. Appl. Physiol. 80:818–823.

7. Gao, X.-p., J. K. Vishwanatha, J. M. Conlon, C. O. Olopade, and I. Rubin-
stein. 1996. Mechanisms of smokeless tobacco-induced oral mucosa inflam-
mation: role of bradykinin. J. Immunol. 157:4624–4633.

8. Gao, X.-p., H. Suzuki, C. O. Olopade, S. Pakhlevaniants, and I. Rubinstein.
1997. Angiotensin-converting enzyme and neutral endopeptidase modulate
smokeless tobacco-induced increase in macromolecular efflux from the oral
mucosa in vivo. J. Lab. Clin. Med. 130:395–400.

9. Genco, C. A., J. Potempa, J. Mikolajczyk-Pawlinska, and J. Travis. 1999.

Role of gingipains R in the pathogenesis of Porphyromonas gingivalis-me-
diated periodontal disease. Clin. Infect. Dis. 28:456–465.

10. Griesbacher, T., R. L. Sutliff, and F. Lembeck. 1994. Anti-inflammatory and
analgesic activity of the bradykinin antagonist, icatibant (Hoe 140), against
an extract from Porphyromonas gingivalis. Br. J. Pharmacol. 112:1004–1006.

11. Henskens, Y. M., C. U. van der Velden, E. C. I. Veerman, and A. V. Nieuw
Amerongen. 1992. Protein, albumin and cystatin concentrations in saliva of
healthy subjects and of patients with gingivitis or periodontitis. J. Periodontal
Res. 28:43–48.

12. Hinode, D., A. Nagata, S. Ichimiya, H. Hayashi, M. Morioka, and R. Naka-
mura. 1992. Generation of plasma kinin by three types of protease isolated
from Porphyromonas gingivalis 381. Arch. Oral Biol. 37:859–861.

13. Holt, S. C., J. Ebersole, C. Felton, M. Brunsvold, and K. S. Komman. 1988.
Implantation of Bacteroides gingivalis in non-human primates initiates pro-
gression of periodontitis. Science 239:55–57.

14. Imamura, T., R. N. Pike, J. Potempa, and J. Travis. 1994. Pathogenesis of
periodontitis: a major arginine-specific cysteine proteinase from Porphy-
romonas gingivalis induces vascular permeability enhancement through acti-
vation of the kallikrein/kinin pathway. J. Clin. Investig. 94:361–367.

15. Imamura, T., J. Potempa, R. N. Pike, and J. Travis. 1995. Dependence of
vascular permeability enhancement on cysteine proteinases in vesicles of
Porphyromonas gingivalis. Infect. Immun. 63:1999–2003.

16. Kaminishi, H., T. Cho, T. Itoh, A. Iwata, K. Kawasaki, Y. Hagihara, and H.
Maeda. 1993. Vascular permeability enhancing activity of Porphyromonas
gingivalis protease in guinea pigs. FEMS Microbiol. Lett. 114:109–114.

17. Maruo, K., T. Akaike, Y. Inada, I. Ohkubo, T. Ono, and H. Maeda. 1993.
Effect of microbial and mite proteases on low and high molecular weight
kininogens. Generation of kinin and inactivation of thiol protease inhibitory
activity. J. Biol. Chem. 268:17711–17715.

18. Mayhan, W. G., and W. L. Joyner. 1984. The effects of altering the external
calcium concentration and a calcium channel blocker, verapamil, on micro-
vascular leaky sites and dextran clearance in the hamster cheek pouch.
Microvasc. Res. 28:159–179.

19. Miller, F. N., I. G. Joshua, and G. L. Anderson. 1982. Quantitation of
vasodilator-induced macromolecular leakage by in vivo fluorescent micros-
copy. Microvasc. Res. 24:56–67.

20. Molla, A., T. Yamamoto, T. Akaike, S. Miyoshi, and H. Maeda. 1989. Acti-
vation of Hageman factor and prekallikrein and generation of kinin by
various microbial proteinases. J. Biol. Chem. 264:10589–10594.

21. Murray, M. A., D. D. Heistad, and W. G. Mayhan. 1990. Role of protein
kinase C in bradykinin-induced increase in microvascular permeability. Circ.
Res. 68:1340–1348.

22. O’Brien, J. G., B. Battistini, P. Farmer, R. J. Johnson, F. Zaharia, G. E.
Plante, and P. Sirois. 1997. Aprotinin, an antifibrinolytic drug, attenuates
bradykinin-induced permeability in conscious rats via platelets and neutro-
phils. Can. J. Physiol. Pharmacol. 75:741–749.

23. Raud, J., S.-E. Dahlen, A. Sydbom, L. Lindbom, and P. Hedqvist. 1988.
Enhancement of acute allergic inflammation by indomethacin is reversed by
prostaglandin E2: apparent correlation with in vivo modulation of mediator
release. Proc. Natl. Acad. Sci. USA 85:2315–2319.

24. Roxvall, L., L. Sennerby, and M. Heideman. 1993. Anti-inflammatory agents
inhibit leukocyte accumulation and vascular leakage induced by trypsin and
trypsin-digested serum in hamster cheek pouch. J. Surg. Res. 54:207–211.

25. Rubinstein, I., T. Yong, S. I. Rennard, and W. G. Mayhan. 1991. Cigarette
smoke extract attenuates endothelium-dependent arteriolar dilatation in
vivo. Am. J. Physiol. 261:H1913–H1918.

26. Rubinstein, I., X.-p. Gao, S. Pakhlevaniants, and D. Oda. 1998. Smokeless
tobacco-exposed oral keratinocytes increase macromolecular efflux from the
in situ oral mucosa. Am. J. Physiol. 274:R104–R111.

27. Steranka, L. R., S. G. Farmer, and R. M. Burch. 1989. Antagonists of B2

bradykinin receptors. FASEB J. 3:2019–2025.
28. Suzuki, H., X.-p. Gao, C. O. Olopade, and I. Rubinstein. 1996. Neutral

endopeptidase modulates VIP-induced vasodilation in hamster cheek pouch
vessels in situ. Am. J. Physiol. 271:R393–R397.

29. Suzuki, H., G. H. Caughey, X.-p. Gao, and I. Rubinstein. 1998. Mast cell
chymase-like protease(s) modulates Escherichia coli lipopolysaccharide-in-
duced vasomotor dysfunction in skeletal muscle in vivo. J. Pharmacol. Exp.
Ther. 284:1156–1164.

30. Tomeo, A. C., and W. N. Durán. 1991. Resistance and exchange microvessels
are modulated by different PAF receptors. Am. J. Physiol. 261:H1648–H1652.

31. Warren, J. B., A. J. Wilson, R. K. Loi, and M. L. Coughlan. 1993. Opposing
roles of cyclic AMP in the vascular control of edema formation. FASEB J.
7:1394–1400.

32. Williams, R. C. 1990. Periodontal disease. N. Engl. J. Med. 322:373–382.
33. Yong, T., X.-P. Gao, S. Koizumi, J. M. Conlon, S. I. Rennard, W. G. Mayhan,

and I. Rubinstein. 1992. Role of peptidases in bradykinin-induced increase
in vascular permeability in vivo. Circ. Res. 70:952–959.

Editor: J. D. Clements

VOL. 69, 2001 NOTES 1201


