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Porin from Pseudomonas aeruginosa Induces Apoptosis in an
Epithelial Cell Line Derived from Rat Seminal Vesicles
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Micromolar concentrations of porin, purified from the outer membranes of Pseudomonas aeruginosa, induced
in vitro the classic morphological and biochemical signs of apoptosis in an epithelial cell line (SVC1) derived
from the rat seminal vesicle secretory epithelium. The programmed cell death (PCD) was p53 independent and
associated with significant decrease of bcl-2 expression, a marked increase of c-myc transcriptional activity, and
an absence of the mRNA coding for tissue transglutaminase. The Ca21 influx, caused by the porin treatment
of SVC1 cells, appears to play an important role in the triggering of apoptosis in our biological model. The
possibility that the porin property of inducing PCD plays a role in the infertility of individuals chronically
infected by gram-negative bacteria is discussed.

The major toxic components in the outer membranes of
gram-negative bacteria are lipopolysaccharides (LPS) (endo-
toxins) and porins. The latter are hydrophobic proteins (mass,
about 35,000 Da) that account for more than 50% (18, 35) of
the total membrane proteins and that are named porins for
their ability to form transmembrane channels for the passive
diffusion of small molecules across the cell membrane (26, 27).
Purified porins possess immunomodulatory and procoagulant
activities and are considered pathogenicity determinants. De-
pending on the dose, LPS and porins are either frankly toxic to
a number of target cells or significantly alter normal cell func-
tions (10, 45). By acting on human polymorphonuclear leuko-
cytes (PMNs), subtoxic concentrations of porins, for example,
inhibit phagocytosis and intracellular killing of Salmonella ty-
phimurium (45), decrease oxidative burst and cell hydropho-
bicity, and cause significant morphological changes in the tar-
get cells (46). Subcutaneous injection of porins in rat hind paws
causes local inflammation without complement activation (12,
13), a process that is known to be triggered in vitro by these
proteins. Finally, it has recently been demonstrated that non-
toxic concentrations of porins stimulate the synthesis and re-
lease of platelet-activating factor from different types of hu-
man cells (PMNs and mesangial and endothelial cells) (6, 41,
42) and promote proinflammatory and immunomodulatory cy-
tokine release from immunocompetent cells or other cellular
sources (11). Porins from different microorganisms have sim-
ilar effects (8, 23, 43, 44).

The cell damage from severe infections by gram-negative
bacteria comes mainly from exotoxins and enterotoxins, even
though the occurrence of LPS and porins in the bacterial
microenvironment contributes significantly. Exposure of target
cells to high concentrations of these substances leads to a rapid
lytic death of the cells (1, 5, 10, 34, 45).

In contrast, lower concentrations of LPS produce a less
dramatic type of death: programmed cell death (PCD), or
apoptosis (49). Classic morphological and biochemical signs of

apoptosis in the toxin-injured cells are cell shrinkage, extensive
blebbing of the cell surface, disappearance of microvilli, chro-
matin condensation, internucleosomal DNA fragmentation,
presence of large intracytoplasmic vacuoles, increase of intra-
cellular calcium ion and free radical levels, enhancement of
endonuclease and protease activities, cell cycle arrest, and
modified transcriptional activity of different apoptosis-linked
genes (p53, bcl-2, c-myc, etc.) (2, 7). An increase in the ex-
pression of type II transglutaminase (tissue transglutaminase
[tTGase]) has also been reported to be associated with apo-
ptosis in several cell types, and an important role for tTGase in
this process has been proposed (15).

The ability of bacterial endotoxin to kill cells by necrosis
and/or apoptosis has been found to play a key role in the
pathogenesis of many alterations occurring in subjects with
infections by gram-negative bacteria, including disseminated
intravascular coagulation, septic shock, degenerative processes
in different tissues, and reduced fertility or sterility (4, 10, 24,
48).

The tissue lesions produced by Pseudomonas aeruginosa are
of particular interest. P. aeruginosa is an opportunistic patho-
gen that commonly invades immunocompromised patients.
The main targets of the LPS and porin released by this gram-
negative rod during its lysis or active growth are the endothe-
lial and epithelial cells present in many anatomical regions,
including the skin, eyes, genitourinary tract, and heart valves.
In particular, it has been reported that low levels of natural
porin or LPS in patients with mild chronic infections severely
damage the human spermatozoa in vitro and lead to reduced
fertility or sterility (29).

On the basis of these data and considerations, and taking
into account the scarce information available on the cytotoxic
effects of very low concentrations of LPS or porin on specific
target cells, we were prompted to investigate the possible in-
volvement of these substances in the induction of apoptosis in
a cell line (SVC1) derived from the rat seminal vesicle secre-
tory epithelium (36, 37, 49).

MATERIALS AND METHODS

Purification of porin. Porin was purified to homogeneity from P. aeruginosa
according to the method of Nurminen (28). The purified porin had a mass of
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about 37,000 Da (Fig. 1). The purified porin preparations contained only traces
(20 pg/ml) of LPS identified by the Limulus test (39) and sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (40). Endotoxin-free water and P.
aeruginosa LPS (Difco Laboratories) were used as negative and positive controls,
respectively.

Cell culture and treatments. The SVC1 cell line, derived from the rat (Wistar-
Fisher) seminal vesicle epithelium (20), has a doubling time of about 20 h. These
cells were cultured as monolayers in a standard culture medium (Dulbecco’s
modified Eagle’s medium supplemented with 5% fetal calf serum, 2 mM glu-
tamine, 100 IU of penicillin/ml, and 100 mg of streptomycin/ml) at 37°C in a
humidified atmosphere of 5% CO2 and 95% air. The medium was changed every
2 days. Where required, 106-cell aliquots were plated in petri dishes and treated
for different lengths of time (1, 5, or 7 days) with porin (10 mg/ml) or LPS (20
pg/ml), dissolved in standard culture medium or phosphate-buffered saline
(PBS), respectively. A dose-response curve was produced to show the effect of
different concentrations of porin on SVC1 cells. The cells were treated for 7 days
with porin (1, 5, 10, 15, or 30 mg/ml) (Table 1). The purified porin preparations
were always preincubated for 1 h at 20°C with polymyxin B (5 mg/ml) to neu-
tralize the very small amount (20 pg/ml) of contaminating LPS. A pool of
protein-free gel filtration chromatography fractions was used as a negative con-
trol in the experiments designed to demonstrate the apoptotic activity of the
porin. Moreover, in the experiments performed to investigate the role played by
calcium ions in the molecular mechanism of porin-induced apoptosis, 106 SVC1
cells were grown in standard culture medium for different lengths of time in the
presence or absence of 2 mM EGTA (a concentration sufficient to chelate the
calcium ions present in the medium without any detectable toxic effect on the
proliferating cells) and 10 mg of porin/ml.

Morphological analysis. The morphological features of untreated or porin-
treated SVC1 cells were defined by phase-contrast microscopy. The apoptotic
cells were identified by the acridine orange assay (33).

DNA fragmentation assay. To evaluate by agarose gel electrophoresis the
possible occurrence of internucleosomal hydrolysis of genomic DNA in the
porin-treated cells, 106 cells were incubated in the standard culture medium at
37°C for either 5 or 7 days in the presence or absence of 10 mg of purified
porin/ml pretreated with polymyxin B. At the end of incubation, the cells were
harvested with a cell scraper, centrifuged at 500 3 g, washed in PBS, and finally

suspended in 100 ml of TNE buffer (150 mM sodium chloride, 10 mM EDTA, 10
mM Tris-HCl [pH 8]). The cell suspensions were lysed with 3 volumes of lysis
buffer (0.2% SDS, 100 mg of RNase/ml in TNE), and the lysate was incubated at
37°C for 1 h. After incubation, 100 mg of proteinase K/ml was added to the lysate,
and the mixture was incubated for a further 2.5 h at 56°C. The high-molecular-
weight genomic DNA, extracted from the proteinase K-treated lysates according
to a published procedure (32), was analyzed by electrophoresis (2 h; 80 V) in 1%
agarose gel containing ethidium bromide in TBE (0.045 M Tris-borate, 0.001 M
EDTA [pH 8.0]).

DNA fragmentation in individual apoptotic cells was also detected by the
technique of terminal deoxytransferase-mediated dUTP nick end labeling
(TUNEL) of DNA strand breaks (Apoptosis Detection System, fluorescein;
Promega). Treated SVC1 cells adherent to glass slides were rinsed with PBS and
fixed in 4% methanol (20 min; 4°C). The slides were washed with PBS and then
covered in equilibration buffer. Terminal deoxynucleotidyl transferase in reac-
tion buffer with fluorescein-dUTP was then added to the cells and incubated
(37°C; 1 h) in a humidified chamber. The reaction was stopped by immersion in
23 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 15 min, after
which the cells were washed and stained with propidium iodide (1 mg/ml; 15
min). The slides were observed under fluorescence microscopy with standard
fluorescein excitation. Normal cells were stained red throughout the cytoplasm.
Apoptotic cells were identified by yellow-orange and green fluorescence within
the nucleus, due to the fluorescein-12-dUTP incorporated at the 39 OH ends of
fragmented DNA. SVC1 cells, partially digested with DNase, were used as a
positive control. The negative control consisted of porin-treated SVC1 cells
treated by the same protocol but without the addition of terminal deoxynucleo-
tidyl transferase.

tTGase assay. The cells, washed three times with PBS, were scraped with a
rubber policeman from the petri dish in the presence of TE (1 mM EDTA in 10
mM Tris-HCl [pH 7.4]), centrifuged, resuspended at a final concentration of 5 3
106/ml in the same buffer, and then sonicated at 4°C for 20 s. The tTGase activity
of the sonicate was assessed by measuring the [14C]spermidine incorporation into
N,N9-dimethylcasein (DMC). The incubation mixture contained, in a final vol-
ume of 100 ml, 100 mM Tris-HCl (pH 7.5), 10 mM dithiothreitol, 0.25 mCi of
[14C]spermidine (Amersham) (101 mCi/mmol), 40 to 80 mg of sonicate protein,
and, where indicated, 2.5 mM CaCl2, 20 mg of DMC/ml, and 5 mM EGTA. After
30 min of incubation at 37°C the reaction was terminated by adding 10 ml of 1 M
unlabeled spermidine and 1 ml of ice-cold 10% trichloroacetic acid (TCA). The
TCA-precipitated material, washed three times with 1 ml of cold 10% TCA, was
dissolved in 100 ml of 1 M NaOH, and its radioactivity was measured in a Packard
liquid scintillation counter.

Reverse transcription (RT)-PCR analysis. Total RNA, isolated by RNAZOL
B (Biotec Laboratories) from SVC1 cells before and after treatment with porin,
was transcribed by reverse transcriptase (Superscript II; 400 U) (GIBCO-BRL)
at 37°C for 1.5 h according to the manufacturer’s protocol. Six hundred nano-
grams of cDNA was amplified in a reaction mixture containing, in a final volume
of 50 ml, 10 mM Tris-HCl (pH 8.3); 1.5 mM MgCl2; 50 mM KCl; 100 ng of both
sense and antisense primers for bcl-2 (sense, 59-AACACCAGAATCAAGTGT
TC-39; antisense, 59-TTCCCTTTGGCAGTAAATAG-39), p53 (sense, 59-CCCT
TCTCAAAAAACTTACC-39; antisense, 59-TCATAACAAGCCCTAAAGTC-
39), human b-actin gene (sense, 59-ATCCAGGCTGTGTTGTCCCTG-39;
antisense, 59-AGGAGCCAGGGCAGTAATCTC-39), tTGase gene (sense, 59-T
CAAGTATGGCCAGTGCTGGGTCTTCGCCG-39; antisense, 59-TTAAACT
GGCTCCACGAGGA-39), or c-myc (sense, 59-AACTTACAATCTGCGAGCC
A-39; antisense, 59-AGCAGCTCGAATTTCTTCCAGATAT-39); 200 mM
deoxynucleoside triphosphate; and 2.5 U of Taq DNA polymerase (Boehringer
Mannheim). The reaction was carried out in a DNA thermal cycler (Perkin-
Elmer Cetus Instruments). All PCRs were performed with 35 cycles in the
exponential phase of amplification and always started with a 3-min denaturation
step at 95°C. The cycle for p53, bcl-2, and the tTGase gene was 95°C, 30 s; 55°C,
1 min; 72°C, 1 min. The cycle for c-myc was 95°C, 45 s; 50°C, 45 s; 72°C, 1 min.
A final 7 min at 72°C was used in all cases. The PCR products were analyzed by
electrophoresis on a 1.2% agarose gel in TBE. The identities of the amplification
products were confirmed by both direct nucleotide DNA sequencing and com-
parison of their sizes with the sizes expected from the known gene sequences.
Coamplification of different cDNA sequences was performed by adding the
b-actin gene primers into the amplification reaction mixture 7 cycles later than
the other primers, to allow all of the amplifications to occur in the exponential
phase of the reaction, well below the plateau conditions (47).

Statistical analysis. The data for dose-response curves and RT-PCR are re-
ported as means 6 standard errors of the mean of determinations performed in
triplicate on three different samples. The means were compared by analysis of
variance plus Bonferroni’s t test, and a P value of less than 0.05 was considered
significant.

RESULTS

Porin treatment leads to morphological changes. Treatment
of SVC1 cells with porin (10 mg/ml for 1, 5, or 7 days) induced
a marked change in cell morphology. Intense cytoplasmic vac-
uolization of the cells was already evident after 1 day of treat-

FIG. 1. Electrophoretic pattern of the proteins present in a purified sample
of P. aeruginosa porin (lane B). The SDS-polyacrylamide gel (12%) was stained
with Coomassie blue. The molecular mass markers (daltons) are in lane A.

TABLE 1. Apoptosis and necrosis induced by the treatment of
SVC1 cells for 7 days with different porin concentrationsa

Cell treatment with porin
(mg/ml)

Apoptotic cellsb

(%)
Necrotic cellsb

(%)

None (control) 2 6 1 0
1 10 6 3 0
5 30 6 5 2 6 1

10 70 6 4 3 6 1
15 65 6 7 11 6 3
30 55 6 5 29 6 2

a Experimental details are reported in Materials and Methods.
b The percentage of apoptotic and necrotic cells was evaluated by the acridine

orange method. The data are reported as means 6 standard errors of the mean
of determinations performed in triplicate on three different samples.
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ment (Fig. 2B). After a 7-day treatment, unequivocal signs of
apoptosis (cell shrinkage, nuclear fragmentation, membrane
blebbing, and chromatin condensation) could be detected in
about 70% of the cells (Fig. 2D). The time required by an
apoptogenic stimulus to produce PCD ranges from a few hours
to a few days, depending on the type of stimulus and the
metabolic and structural characteristics of target cells (22). In
our case, the maximum apoptosis was reached only after 7 days
of treatment, possibly as a consequence of (i) the type of target
cells, which in our case are particularly resistant to apoptotic
stimuli (such as hydrogen peroxide and fetal calf serum with-
drawal [unpublished data]) or (ii) a possible heterogeneity in
the SVC1 membrane proteins more or less capable of inter-

acting with porin in the formation of efficient transmembrane
pores, allowing free Ca21 diffusion.

Porin treatment induces loss of membrane integrity. The
trypan blue exclusion test was negative in the cells treated with
porin for 1 day. The same test was positive in 30 and 70% of
the cells grown for 5 or 7 days, respectively, in culture medium
containing porin. No signs of apoptosis were detected in cells
treated with the protein-free chromatographic eluate.

Acridine orange-ethidium bromide has the ability to stain
the nuclei of cells in a late phase of apoptosis yellow and to
stain the nuclei of necrotic cells orange-red. This is a useful
tool to discriminate normal from apoptotic and apoptotic from
necrotic cells (33). The data reported in Fig. 3B show that after

FIG. 2. Phase-contrast morphologies of SVC1 cells treated with 10 mg of porin/ml for 1 (B), 5 (C), or 7 (D) days. (A) Untreated cells (control); (E and F) SVC1
cells treated for 7 days with 10 mg of porin/ml under calcium-free conditions and with 20 pg of LPS/ml, respectively. Magnification, 332.
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7 days of porin treatment about 70% of the treated cells are
apoptotic without a significant number of necrotic cells. The
treatment of SVC1 cells for 7 days with a higher concentration
of porin (30 mg/ml) induced about 30% necrosis and 55%
apoptosis. In contrast, the treatment of SVC1 cells for 7 days
with 1 mg of porin/ml (Table 1) produced 10% apoptosis with-
out necrosis. The green staining of untreated cells, an expres-
sion of membrane integrity, is shown in Fig. 3A.

Porin treatment induces DNA fragmentation. Internucleo-
somal DNA fragmentation is a classic biochemical event oc-
curring in cells undergoing apoptosis. DNA degradation, char-
acterized by a typical electrophoretic ladder, was found in cells
treated for 5 or 7 days with porin, while it did not occur in cells
treated with 20 pg of LPS/ml (Fig. 4). The induction of the
apoptotic event was time dependent and reached maximum
intensity in cells treated with 10 mg of porin/ml for 7 days (Fig.

FIG. 3. Normal and apoptotic cells stained by acridine orange-ethidium bromide (A and B) or TUNEL assay (C and D). (A) Normal cells are stained green by
acridine; the scattered yellow granules visible in the cytoplasm are aggregated RNA granules. Magnification, 340. (B) Nuclei of cells in late apoptosis are stained bright
yellow-orange by ethidium bromide. Magnification, 350. (C) Normal cells are stained red throughout the cytoplasm. Magnification, 3100. (D) Apoptotic cells; localized
green fluorescence within the nuclei is due to the incorporated fluorescein-12-dUTP. Magnification, 3100.
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4). In situ DNA fragmentation was also demonstrated by the
TUNEL assay, which showed the occurrence of DNA fragmen-
tation (presence of yellow-green nuclei) in SVC1 cells treated
for 7 days with 10 mg of porin/ml (Fig. 3C); the cytoplasm and
nuclei of normal cells were stained red (Fig. 3D).

Porin-induced apoptosis is p53 independent and is associ-
ated with a marked increase of c-myc expression. To investi-
gate the roles played by a number of genes involved in PCD,
such as p53, bcl-2, and c-myc, we decided to evaluate by semi-
quantitative RT-PCR the levels of the specific mRNAs pro-
duced by these genes in SVC1 cells grown in the presence or
absence of micromolar concentrations of porin. In these ex-
periments the cDNA coding for human b-actin was used as an
internal control in coamplification reactions. The data ob-
tained demonstrated clearly that the porin-induced apoptosis
was p53-independent (Fig. 5A, lanes 1 to 3). In contrast, the
c-myc expression markedly increased in porin-treated cells
(Fig. 5B), whereas the bcl-2 mRNA levels were found to de-
crease proportionally with increasing apoptosis (Fig. 5A, lanes

4 to 6). PCD is frequently associated with a marked increase of
tTGase expression (15). Therefore, we investigated whether
this was also the case in our apoptotic model. Unexpectedly,
we found that the amount of tTGase mRNA was unchanged in
the porin-treated SVC1 cells. The latter result was confirmed
by the lack of changes in the tTGase enzymatic activity mea-
sured in the sonicates of porin-treated SVC1 cells in compar-
ison with the activity in those of the untreated ones (data not
shown).

Porin-induced apoptosis is a Ca21-dependent biological
event. To demonstrate that porin-induced apoptosis is a Ca21-
dependent biological event, appropriate experiments in calci-
um-free conditions were designed. Previous studies have
shown that the S. typhimurium porin possesses the ability to
induce specific transmembrane channels through which Ca21

ions enter eukaryotic cells (6, 41, 42). The addition of EGTA
to the standard culture medium at a final concentration of 2
mM decreased the Ca21 ion concentration of the medium
from 6.8 mg/ml to 0.4 mg/ml; this was enough to abrogate the
apoptotic effects of porin on SVC1 cells (Fig. 2E). In addition,
other tests performed under the same conditions on porin-
treated SVC1 cells (TUNEL, acridine orange staining, DNA
fragmentation, and RT-PCR) were all negative (data not
shown).

DISCUSSION

Gram-negative bacteria, during both cell lysis and active
growth, release structural components of the outer membrane
into the surrounding microenvironment. Such outer mem-
brane fragments are rich in LPS and porins. Our results show
that 10 mg of porin/ml can induce PCD in SVC1 cells. The
apoptotic event in these cells occurs 7 days after treatment and
involves 70% of treated cells. The porin effect is not due to
contamination by LPS, because it also occurs with polymyxin
B. By binding to the lipid A of LPS, the latter completely
inhibits the strong cytopathic effect of this lipid, whereas bind-
ing to the porin leaves the biological activity of the protein
unmodified.

During gram-negative bacteria-host cell interactions in vivo,
the eukaryotic cells come in contact with the LPS-porin com-
plex present on the bacterial surface. We have calculated that
the lysis of 108 bacteria, a number of cells easily reached at an
infection site, releases porins into the medium in the range of
concentrations used to induce apoptosis in our in vitro exper-
iments.

Second messengers, such as intracellular Ca21, phospho-
lipase A2 (PLA2), and protein kinase activities, can play an
important role in the triggering of apoptosis (3, 31). An incre-
ment in the intracellular calcium level has been reported as
one of the first events to occur in T cells after the ligand-
receptor interaction (30). It has also been demonstrated that
the formation of small pores induced by the Staphylococcus
aureus alpha-toxin in the plasma membrane of its target cells is
capable of producing apoptosis in human lymphocytes (19). In
addition, data have been reported showing that the neisserial
porin PorB causes rapid calcium influx in target epithelial cells
and induces apoptosis by the activation of cysteine proteases
(25). All these findings are consistent with our results showing
that porin-induced apoptosis is a calcium-dependent biological
event.

As already mentioned, the porins are released from gram-
negative bacteria both during their phase of active growth and
during bacteriolysis. These proteins can resist proteolytic en-
zymes in the host intercellular microenvironment (14, 17) and
therefore can persist for a long period of time at the infection

FIG. 4. Treatment of SVC1 cells with 10 mg of porin/ml induces internucleo-
somal DNA fragmentation. DNA was extracted after treatment with porins for
5 (lane 2) or 7 (lane 3) days; the treatment of SVC1 with 20 pg of LPS/ml does
not induce DNA fragmentation (lane 4). Lane 1, untreated cells; lane M, 100-bp
ladder (Boehringer Mannheim) used as a size marker.

FIG. 5. RT-PCR determination of the relative levels of mRNA coding for
p53 (A), bcl-2 (A), and c-myc (B) in the total RNA prepared from SVC1 cells
treated or not (control) with 10 mg of porin/ml for 5 or 7 days. (A) b-Actin (the
internal control; the 561-bp product in lanes 1 to 6), p53 (lanes 1 to 3), and bcl-2
(lanes 4 to 6) mRNAs. Lanes 1 and 4, untreated-cell mRNA; lanes 2 and 5,
mRNA from SVC1 cells treated with 10 mg of porin/ml for 5 days; lanes 3 and
6, mRNA from SVC1 cells treated with 10 mg of porin/ml for 7 days; lane M,
100-bp ladder (Boehringer Mannheim). (B) b-Actin and c-myc mRNAs. Lane 1,
untreated-cell mRNA; lanes 2 and 3, mRNA from SVC1 cells treated with 10 mg
of porin for 5 and 7 days, respectively. Densitometric analysis of ethidium
bromide-stained agarose gel (NIH Image, version 16) was performed to quan-
titate the amounts of specific mRNAs present in the total RNA prepared from
the different cell samples. The p53/b-actin fluorescence intensity (FI) ratios were
as follows: lanes 1, 2, and 3, 1.14 6 0.10, 1.17 6 0.12, and 1.19 6 0.16, respec-
tively. The bcl-2/b-actin FI ratios were as follows: lanes 4, 5, and 6, 1.40 6 0.11,
1.10 6 0.13, and 0.47 6 0.15, respectively. The c-myc/b-actin FI ratios were as
follows: lanes 1, 2, and 3, 1.80 6 0.20, 2.80 6 0.14, and 2.90 6 0.15, respectively.
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site. By interacting with the plasma membranes of the target
cells, porins become embedded as hydrophilic pores in the
phospholipid bilayer, severely damaging the structure and
function of this important part of the cell architecture. With a
high porin concentration, a rapid collapse of all membrane
functions follows. This is accompanied by a series of biochem-
ical events that leads the cell to a non-genetically controlled
necrotic death. In contrast, at lower porin concentrations, the
membrane alterations induce a milder cell reaction character-
ized by a change of cell permeability associated with activation
of the apoptotic genetic program that ultimately kills the cell.
This hypothesis is supported by a recent finding showing that
porins can bind to the plasma membranes of human PMNs
(46) with the formation of transmembrane channels. In addi-
tion, it has also been demonstrated that porins are able to
induce a marked increase in the level of intracellular Ca21 and
in the activity of PLA2 in various human cells (PMNs and
endothelial and mesangial cells) (6, 41, 42). In conclusion, by
allowing a substantial intracellular influx of Ca21 associated
with an increase of PLA2 activity, pathological embedding of
porins in the plasma membranes of eukaryotic target cells may
act as an effective mechanism of signal transduction responsi-
ble for the activation of the genetic program of apoptotic
death. It is well known, in fact, that a sudden intracytoplasmic
increase of the Ca21 level leads to the activation of a number
of enzymes (proteases, endonucleases, and tTGase) whose
roles have already been demonstrated to be crucial in the
molecular mechanism of apoptosis.

It is well known that the appropriate expression of a number
of specific genes, such as those encoding p53, bcl-2, c-myc, and
tTGase, plays a key role in the molecular mechanism under-
lying the process of apoptotic cell death. In our experimental
model the independence of apoptosis from p53 gene expres-
sion is not surprising because this was shown to be the case in
a number of other biological systems (7). The gene activity
program that most probably controls the apoptotic process in
porin-treated SVC1 cells is represented by the down-regulated
bcl-2 gene expression associated with the up-regulated c-myc
gene transcriptional activity. The absence of tTGase gene ex-
pression in the SVC1 cells undergoing apoptosis was unex-
pected, even though various examples are reported in the lit-
erature where PCD is not related to up-regulated tTGase gene
expression (2).

Several studies have demonstrated that a modification of the
vaginal microbiota involving a prevalence of gram-negative
bacteria can induce transitory sterility, probably related to al-
terations of sperm cell motility (9, 38). LPS, porins, and pep-
tidoglycan fragments have been reported (10) to be toxic for
human spermatozoa, and porins have been shown to possess
the ability to bind to the sperm cell plasma membrane (16).

In conclusion, we think that the porin-dependent decrease
of fertility can probably be explained by a damage of both
seminal vesicle epithelial cell secretory activity and sperm cell
motility induced by the porin released from the infecting gram-
negative bacteria. In particular, the impaired motility of the
porin-treated spermatozoa could be related to the inefficiency
of the energy-producing biochemical machinery of mitochon-
dria damaged by the binding of porins to the sperm cell plasma
membrane. This hypothesis is in good agreement with a num-
ber of recent reports showing the importance of mitochondrial
damage in PCD (21).
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