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Matrix metalloproteinases (MMPs) may contribute to an impaired endothelial layer in several diseases. We
examined the effect of heat-inactivated Streptococcus pneumoniae R6 on MMP-2 and MMP-9 release by cultured
aortic and brain capillary endothelial cells. Treatment with heat-inactivated S. pneumoniae caused an increased
release of MMP-2 by both cell types.

Under physiological conditions, matrix metalloproteinases
(MMPs) contribute to the controlled degradation and remod-
eling of the extracellular matrix (17, 23). Under pathophysio-
logical conditions, however, they can affect normal tissue func-
tion, e.g., by impairment of basal membranes. Overexpression
of MMPs can be part of an inflammatory reaction and might
contribute to the development of toxic shock-like syndrome,
severe brain edema, and capillary leak syndrome (15). An
increased expression of MMPs is demonstrated in diseases
such as multiple sclerosis (18), intracerebral hemorrhage (20),
and bacterial meningitis (1, 10, 11).

Cultured endothelial cells from different sources have a
basal secretion of MMP-2 and MMP-9 which is regulated by
various agents like tumor necrosis factor alpha and phorbol
myristate acetate (PMA) (6, 9). So far, only little is known
about the effect of bacteria on the expression and release of
endothelial MMPs (2). Therefore, we investigated the effect of
Streptococcus pneumoniae on MMP-2 and MMP-9 release by
cultured endothelial cells (EC).

Endothelial cells were isolated and cultured form porcine
aorta (AEC) and from porcine brain capillaries (BMVEC) and
characterized as described previously (14), except that the cells
were cultured in 24-well tissue culture dishes. The cells were
grown to confluence and washed three times with 0.5 ml of
medium 199 (BioWhittaker, Verviers, Belgium). Subsequently,
0.5 ml of medium 199 containing test substances, 0.1% fetal
calf serum, 50 U of penicillin per ml, 0.05 mg of streptomycin
per ml, 0.05 mg of gentamicin per ml, and 2.5 mg of ampho-
tericin B per ml was added. Only primary cell cultures were
used, because EC lose some of their typical antigens during
passaging. S. pneumoniae R6 was grown in tryptic soy broth to
a density of 108 CFU/ml; the bacterial density was determined
by quantitative plating on blood agar. Bacteria were heat in-
activated for 60 min at 70°C, concentrated by centrifugation at
10,000 3 g, and washed twice in medium 199, before being
adjusted to the appropriate density in culture medium. PMA
(Sigma, St. Louis, Mo.) was prepared as a concentrated stock
of 10 mmol/ml in dimethyl sulfoxide and stored at 220°C.

After 24 and 48 h of incubation, 50 ml of conditioned me-

dium was removed from each well, centrifuged at 1,500 3 g for
15 min to remove cell debris, and stored at 220°C until ana-
lyzed by zymography (7). Briefly, samples mixed with sample
buffer (4.6 g of sodium dodecyl sulfate in 12.5 ml of 1 M
Tris-HCl [pH 6.8], 20 ml of glycerol, 2 ml of 0.2% bromphenol
blue, distilled water up to 100 ml) were applied to a 10%
polyacrylamide gel containing 0.156% gelatin. The gels were
run at 125 V for 2 h. Then they were rinsed in wash buffer
(2.5% Triton X-100) for 30 min and in developing buffer (50
mM Tris, 0.2 M NaCl, 5 mM CaCl2, 0.02% [wt/vol] Brij 35
[Serva, Heidelberg, Germany], adjusted to pH 7.6 with HCl)
for another 30 min. Subsequently, the gels were incubated with
fresh developing buffer for 22 h at 37°C. After being stained in
Coomassie brilliant blue for 15 min, the gels were destained
twice for 30 min in a solution of 10% methanol and 15% acetic
acid. MMP-2 and MMP-9 were identified as their pro-forms by
their molecular masses and colocalization with human recom-
binant standards.

Scanning was done with a Saphir-Ultra scanner (Linotype-
Hell AG, Kiel, Germany), and the intensities of the bands
corresponding to the MMPs were quantitated with Quantity-
One version 4.1.0 software (Bio-Rad, Richmond, Calif.).

The cells were washed twice with phosphate-buffered sa-
line, lysed, and dissolved in phosphate-buffered saline, and
the protein content was measured (22). No differences in
protein content among controls and treated groups were
observed except in groups treated with the highest concen-
tration of heat-inactivated bacteria. These groups exhibited
slightly higher protein concentrations than untreated con-
trols did. Lactate dehydrogenase (LDH) was not detectable
in heat-inactivated bacteria, and this did not differ between
controls and these groups. Therefore, equal cell density of
all analyzed groups can be assumed.

The data shown are representative of at least two further
similar experiments. Statistical comparisons were made using
the paired two-tailed t test adjusting for repeated testing by the
Bonferroni method. P values below 0.05 were considered sig-
nificant.

Confluent monolayers of AEC displayed a basal secretion
of MMP-2 and MMP-9, whereas confluent monolayers of
BMVEC showed a basal secretion only of MMP-2. In AEC,
MMP-9 secretion was significantly up-regulated by up to 2-fold
after 24 h and up to 2.3-fold after 48 h of challenge with 10 nM
PMA, whereas the substance did not stimulate MMP-9 release
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in BMVEC (Fig. 1 shows the effect of PMA at 24 h). These
results underline the differences in phenotype and gene expres-
sion between endothelial cells of brain capillaries and aorta.

The effect of heat-inactivated S. pneumoniae R6 on MMP-2
release by AEC and BMVEC is summarized in Table 1. At
high concentrations, heat-inactivated S. pneumoniae R6 signif-
icantly stimulated MMP-2 release in both types of ECs. Since
far higher concentrations of stimulants are often necessary in
vitro than in vivo, the observed phenomenon is likely to be of
physiological significance. In contrast, S. pneumoniae R6 effected
MMP-9 expression in neither AEC nor in BMVEC (Fig. 1).

During bacterial meningitis, increased levels of MMP-9 can
be detected in cerebrospinal fluid (CSF) (1, 10, 11), but its
cellular origin is unknown. Possible sources might be mono-
cytes, macrophages (16), granulocytes (8), astrocytes, microglia
(4), and EC (3). Our data, however, exclude BMVEC as pos-
sible sources of increased MMP-9 levels in CSF, and recent
experiments identified migrating immune cells from the blood
as the major source of MMP-9 in CSF (24).

In contrast to pro-MMP-9, the release of pro-MMP-2 in
AEC and BMVEC is stimulated by heat-inactivated S. pneu-
moniae R6. Pro-MMPs, including pro-MMP-2, can be acti-
vated by several mechanisms such as membrane-linked pro-
teases of intact bacteria (2, 13, 21). They can also be activated
by EC in three-dimensional type I collagen gels involving mem-
brane type 1 MMP (MT-1-MMP), resembling the in vivo sit-
uation (5, 23). The observed increase in MMP-2 release by
endothelial cells upon stimulation by heat-inactivated pneumo-
cocci points to a role of MMP-2 in the pathopysiology of
bacterial infections. In contrast, the MMP-2 level was not in-
creased in sera of meningitic rabbits during antibiotic treat-
ment (1). In these animals, however, viable bacteria were not
present in the circulation. In accordance to the present in vitro
data, an increased MMP-2 activity has been observed in lung
tissue and lavage fluid of rats after endotoxin challenge and
perfusion with N-formyl-methionyl-leucyl-phenylalanine (12).
It is conceivable that in vivo the elevated release of pro-
MMP-2 by heat-inactivated S. pneumoniae in endothelial cells
results in an increased activity of MMP-2, facilitating the dis-
ruption of basal membranes of the blood-brain barrier (19) or
capillaries of other organs.
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