
Abstract. To obtain a better understanding of the mechanisms
involved in the up-regulation of the Fas apoptotic signaling
cascade induced by P. aeruginosa type III secretion system
(TTSS), human umbilical vein endothelial cells (HUVEC)
were infected with P. aeruginosa PAO-1 or its TTSS-negative
mutant PAO-1::exsA. PAO-1 was significantly more cytotoxic
than the mutant and features of apoptosis (DNA fragmentation
and annexin V reactivity) were more prominent in cultures
infected with the wild-type bacteria. PAO-1 induced the up-
regulation of Fas and the release of soluble FasL (sFasL)
from infected cells but cell treatment with antagonist anti-Fas
did not completely abrogate apoptosis suggesting that, besides
the activated Fas-FasL pathway, other mechanisms are likely
to be associated with the induction of apoptosis. LNMMA, a
potent inhibitor of NO synthesis, completely inhibited
apoptosis in both PAO-1 and PAO-1::exsA infected cultures.
Moreover, PAO-1 was shown to up-regulate both the
expression of iNOS and NO production by HUVEC.
Treatment of cells with LNMMA completely inhibited cell
expression of mFas. Based on these results we speculate that
P. aeruginosa TTSS not only accounts for HUVEC higher
expression of Fas and release of sFasL but also leads to
overproduction of NO and to a NO-dependent up-regulation
of the Fas-FasL proteins.

Introduction

Apoptosis is an essential mechanism for the homeostasis of
the human defense system. However, several lines of evidence

indicate that some bacteria can modulate the apoptotic
signaling cascade of host cells as an additional mechanism of
pathogenesis (1). Although apoptosis of infected cells limits
the replication of invading microorganisms and thus may have
a beneficial role in host survival, apoptosis of cells involved
in the immune response can favor microbial evasion and
opportunistic infections. It has been demonstrated that blocking
lymphocyte apoptosis during experimental peritonitis (2,3)
and sepsis (4) improved animal survival. In the past decade it
has been demonstrated both in vitro (5) and in vivo (6) that
microbes or their products are capable of inducing apoptosis
in endothelial cells but its impact on the outcome of the disease
remains to be determined.

Pseudomonas aeruginosa is a common opportunistic agent
of life-threatening sepsis in immunocompromised patients.
Studies carried out in our laboratory have demonstrated the
ability of different P. aeruginosa isolates to induce apoptosis
in endothelial cells (7,8). The infected cells produce high
amounts of reactive oxygen intermediates and nitric oxide
(NO) and cell pre-treatment with antioxidants significantly
reduces the percentage of cell death, suggesting a role for free
radicals as regulators of apoptosis. Indeed, there is now a
growing body of evidence showing that over-generation of
oxidant radicals is involved in apoptotic pathways triggered
by different stimuli (9,10).

Another major mechanism of apoptosis induction is the
activation of the Fas/Fas ligand (Fas-L) pathway, which
requires the cross-linking of membrane-bound Fas (mFas)
with either cells expressing Fas-L or aggregates of soluble
Fas-L (sFas-L) proteolytically cleaved by metalloproteinases
from cell surfaces (11,12). Recent studies have not only
shown that there is an up-regulation of mFas and Fas-L on
P. aeruginosa-infected epithelial cells but also demonstrated
a role for this pathway in the apoptotic signaling cascade
triggered by P. aeruginosa infection (13-16). However, the
mechanisms leading to Fas/FasL overexpression during the
infection remain unknown.

A number of bacterial factors have been implicated in
P. aeruginosa pathogenesis. Prominent among these virulence
determinants are the toxins translocated directly into eukaryotic
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cells via type III secretion system (TTSS). To date, four
toxins have been characterized, including the ADP-ribosylating
ExoS and ExoT, an acute cytolytic factor, ExoU, and an
adenylate cyclase, ExoY (17). Expression of these effector
molecules as well as of the components of the type III secretory
apparatus is under the control of a transcriptional activator,
ExsA, which responds to cell contact signals (18).

P. aeruginosa TTSS proteins have already been reported
to induce apoptosis of human cells (19,20) but different cell
types exhibited differential levels of sensitivity to TTSS
effectors (21,22). Therefore, in this study we examined the
role of TTSS proteins and of the Fas/FasL system and in the
induction of apoptosis in P. aeruginosa-infected endothelial
cells. To this end, we compared the effects of infection with the
wild-type P. aeruginosa PAO1 strain with its isogenic mutant
defective in ExsA on human umbilical vein endothelial cells
(HUVEC).

Materials and methods

Bacteria. The laboratory P. aeruginosa strains PAO-1, which
synthesizes ExoS, ExoT and ExoY, and PAO-1::exsA,
defective in all TTSS proteins, were grown in trypticase soy
broth. The culture medium of PAO-1::exsA, constructed by
plasmid insertion in the exsA gene (23), was supplemented
with carbenicilin at 300 μg/ml. After incubation for 16-18 h
at 37˚C, bacteria were harvested by centrifugation and
resuspended in M-199 medium containing 25 mM HEPES
(N,2 hydroxyethylpiperazine-N'2 ethanesulphonic acid), 10%
fetal calf serum and glutamine to an absorbance of 0.1 at
660 nm, which corresponds to 108 colony forming units/ml.

Cell culture. Human umbilical vein endothelial cells (HUVEC)
were isolated as described (24) and seeded in cell culture
flasks coated with 1% gelatin in M-199 medium containing
10% fetal calf serum, glutamine and antibiotics (complete
culture medium). Confluent primary cultures were trypsinized,
cells were resuspended in complete culture medium, seeded
in 96-well (2.5x104 cells/well), 24-well (2.5 x105 cells/well) or
6-well (7.5x105 cells/well) tissue culture plates, and cultured
for 48 h.

Analysis of the cytotoxic effect of P. aeruginosa TTSS proteins.
The effect of P. aeruginosa infection on HUVEC cultures was
assessed by the methyltiazole tetrazolium (MTT) reduction
assay (25). Confluent monolayers of cells cultured in 96-well
plates were exposed to PAO-1, PAO-1::exsA or culture
medium only (control cells) for 1 h at 37˚C, rinsed and treated
with gentamicin at 300 μg/ml in complete culture medium.
After 24 h, cells were rinsed and incubated with MTT at 1 mg/
ml for 1 h. Formazan crystals formed in viable and meta-
bolically active cells were solubilized with isopropanol and the
absorbances at 570 nm (A570 nm) were determined using an
automatic microplate spectrophotometer. Cell viability in
infected cultures was calculated considering the absorbance
values of non-infected cultures as 100%.

Flow cytometric analysis of cell reactivity with annexin V.
Exposure of phosphatidylserine residues at the surface of
HUVEC was assessed through flow cytometric analysis of

cell labeling with biotinylated annexin V, using the Annexin
V-biotin apoptosis detection kit (Roche Molecular Bio-
chemicals, Mannheim, Germany). Cells cultured in 24-well
microplates were infected with P. aeruginosa strains or
exposed to culture medium for 1 h, treated with the gentamicin-
containing culture medium for 12 h and detached by
trypsinization. Cell labeling with annexin V was performed
according to the manufacturer's instructions. At least 10,000
cells were analyzed with a FACScalibur flow cytometer
(Becton Dickinson, Mountain View, CA).

Analysis of DNA fragmentation. DNA fragmentation in
infected and non-infected cells cultured in 24-well culture
plates was assessed at 12 h post-infection by photometric
detection of histone-associated DNA fragments, using the
cell death detection enzyme-linked immunosorbent assay
(ELISA; Roche Diagnostic Corp., Mannheim, Germany),
according to the manufacturer's instructions. To ensure that
the quantitative ELISA was actually measuring apoptosis and
not background DNA fragmentation resulting from necrosis,
control cells heated at 60˚C for 30 min were included in all
assays (data not shown).

Detection of membrane-bound Fas and Fas-L by flow
cytometry. HUVEC cultured in 24-well microplates were
infected with the different P. aeruginosa strains for 30 and
60 min. Cells were then rinsed twice with PBS and detached
from the microplate wells with 0.05% EDTA. Fas expression
was detected as described by Suhara et al (26). Briefly, infected
and control non-infected cells were exposed to 0.5 μg/ml
goat polyclonal anti-Fas or anti-FasL IgG (Santa Cruz
Biotecnology, Inc.) for 1 h at 4˚C, rinsed and treated with
biotinylated anti-sheep/goat IgG (Amersham). After 1 h at
4˚C, cells were rinsed and labeled with a streptavidin-FITC
complex (Amersham) at 5 μg/ml for 20 min at 4˚C. Cells were
harvested by centrifugation and the pellets were ressuspended
in phosphate buffer saline pH 7.2 (PBS) containing 1% bovine
serum albumin for analysis of 10,000 cells by flow cytometry.

Detection of Fas and Fas L mRNA by RT-PCR. Total RNA was
isolated from non-infected (control) or from HUVEC infected
for 30 min using Qiagen Rneasy kit. cDNA was synthesized
from 2 μg of total RNA by reverse transcription with the
SuperScript™ First-Strand synthesis system for RT-PCR
(Invitrogen) according to the manufacturer. cDNA was diluted
(1/10) and 1 μl was subjected to the following PCR conditions:
denaturation at 95˚C for 5 min and 35 cycles of denaturation
at 95˚C for 45 sec, annealing at 58˚C for 1 min, and extension
at 72˚C for 1 min. An additional extension step of 5 min at
72˚C was carried out after the last cycle. The primers used in
the reactions were: 5'-ATG CTG GGC ATC TGG ACC CT-3'
(Fas sense); 5'-CAA CAT CAG ATA AAT TTA TTG CCA
C-3' (Fas antisense); 5'-GGA TGT TTC AGC TCT TCC
AC-3' (Fas L sense); 5'-TCT TCC CCT CCA TCA TCA
CC-3' (Fas L antisense), 5'-CCT CGC CTT TGC CGA TCC-3'
(ß-actin sense) and 5'-GGA TCT TCA TGA GGT AGT CAG
TC-3' (ß-actin antisense). PCR products were subjected to
electrophoresis in a 2% agarose gel and stained with ethidium
bromide. Densitometry was performed using the LabImage
software (Kaplan GmbH, Germany).

ASSIS et al:  P. aeruginosa TTSS-INDUCED iNOS EXPRESSION356

355-363  29/6/06  12:49  Page 356



Detection of sFas L. HUVEC cultured in 6-well microplates
were infected with PAO-1 and PAO-1::exsA for 1 h, rinsed and
incubated with the gentamicin-containing culture medium for
an additional 12 h. The supernatants from cultures infected
with each bacterial strain (10 ml) were concentrated to 100 μl
and sFasL was measured by ELISA (Quantikine, RD
systems), according to the manufacturer's instructions. Cell
supernatants were also analyzed by SDS-PAGE (30 μg for
each lane) on 10% polyacrylamide gels. Proteins were
transferred to PVDF membranes (Millipore) and replicas were
incubated overnight at 4˚C with PBS containing 2% BSA and
0.05% Tween-20, washed and incubated with goat IgG anti-
human Fas L (Santa Cruz Biotecnology, Inc.) for 1 h at room
temperature. Membranes were then washed, incubated with
biotinylated anti-sheep/goat IgG, washed and incubated with
a horseradish peroxidase-conjugated streptavidin (Amersham).
After washing, FasL was detected using an enhanced chemi-
luminescence kit (ECL; Amersham). Densitometry was
performed using Scion Image software (Scion, USA).

Analysis of the effect of an antagonistic anti-Fas on cell
reactivity with annexin V. Cells cultured in 24-well microplates
were infected with the P. aeruginosa strains and co-treated
with the antagonistic anti-Fas IgG3 (10 μg/ml; Santa Cruz).
After 1 h, cells were rinsed and treated with culture medium
containing gentamicin and anti-Fas IgG3. Control non-infected
cells were submitted to the same procedure. After 12 h, cells
were trypsinized and labeled with annexin V, as described
above. At least 10,000 cells were analyzed by flow cytometry.

Analysis of the effect of LNMMA on cell reactivity with
annexin V. Cells cultured in 24-well microplates pre-treated
for 24 h with 200 mM LNMMA (Sigma) were exposed to the
P. aeruginosa strains or culture medium, in the presence of
LNMMA. After 1 h, cells were rinsed and treated with culture
medium containing gentamicin and LNMMA for 12 h. Cells
were detached by trypsinization and labeled with annexin V
for analysis of 10,000 events by flow cytometry, as described.

Analysis of NO production. NO reacts with water in culture
medium to produce nitrite, whose concentration can be taken
as a measure of NO production. The nitrite concentration in
the supernatants of cells infected for 12 h and of non-infected
cells was determined by the Griess reaction, as previously
described (8).

Detection of the inducible isoform of NO-synthesizing enzyme
(iNOS). Cells were infected with PAO-1 and PAO-1::exsA
for 1 h, treated with gentamicin-containing medium for an
additional 1 h, rinsed twice with PBS, detached from culture
plates by tripsinization, fixed with 4% paraformaldehyde and
4% sucrose in PBS for 20 min and permeabilized with 0.1%
Triton X-100 for 5 min. Cells were then rinsed, centrifuged,
and the pellets were resuspended in PBS containing 5%
fetal calf serum and polyclonal rabbit anti-iNOS IgG (Santa
Cruz Biotecnology, Inc.) at 2 μg/ml. After 1 h at 4˚C, cells
were rinsed, incubated with FITC-conjugated anti-rabbit IgG
for 1 h at 4˚C and harvested by centrifugation. Finally, pellets
were resuspended in PBS containing 1% bovine serum
albumin and submitted to flow cytometry analysis.

Statistical analysis. Results are expressed as means ± SEM of
data obtained in at least three different experiments. Statistical
differences between groups were determined with a one-way
analysis of variance (ANOVA) followed by the Dunnett's or
Bonferroni's multiple comparison post test or with the Mann-
Whitney U test. Statistical significance was set at p<0.05.

Results

P. aeruginosa TTSS enhanced apoptosis in infected endothelial
cells. To gain insight into the effects of TTSS proteins on
host cells, HUVEC were exposed to P. aeruginosa PAO-1
or to the defective strain PAO-1::exsA. After 1 h, cells were
treated with gentamicin-containing culture medium for
different periods to eliminate extracellular bacteria. Cell death
induced by infection was assessed by the MTT reduction
assay whereas apoptosis was characterized by DNA
fragmentation (26) and cell reactivity with annexin V (27).
As shown in Fig. 1A, the wild-type strain was significantly
more cytotoxic than the TTSS-deficient mutant. Fig. 1B
shows the results of the quantification of cytoplasmic DNA
fragments in control non-infected and in infected cells by
ELISA. Although both strains induced increased cleavage of
DNA, fragmentation was significantly higher (p<0.001) in
cells infected with the wild-type bacteria.

In normal viable cells, phosphatidylserine is located on the
cytoplasmic leaflet of the cell membranes whereas in apoptotic
cells phosphatidylserine is exposed on cell surfaces. In vitro,
interaction of the externalized PS with FITC-labelled annexin V
allows the detection and quantification of apoptotic cells (27).
Fig. 1C shows that the mean percentage of annexin V-reactive
cells were significantly higher (p<0.05) in cultures infected
with the parental bacteria when compared with the cultures
infected with the mutant. In Fig. 1D, a representative FACS
analysis shows that annexin V-labelled cells did not incorporate
propidium iodide, once more demonstrating that the cell death
observed displays features of apoptosis.

P. aeruginosa TTSS up-regulated Fas and Fas-L expression in
HUVEC. Fas and FasL are stored in cell cytoplasm from where
they traffic to the cell surface (28). Up-regulation of cell
surface expression of Fas and Fas-L has been shown to be
pivotal for induction of apoptosis in epithelial cells infected
by several P. aeruginosa strains (13-15). Therefore, we
investigated whether P. aeruginosa would also modulate the
expression of surface Fas and FasL in HUVEC and the role
of TTSS in the up-regulation of these proteins. As shown in
Fig. 2A, PAO-1 infection triggered a significant increase in the
surface expression of Fas in infected cells at 30 and 60 min
post-infection (p<0.001). In contrast, cells infected with the
TTSS mutant did not differ from non-infected cultures. On
the other hand, semi-quantitative RT-PCR analysis showed
that neither PAO-1 nor PAO-1::exsA were able to alter the
expression of Fas mRNA (Fig. 2B), suggesting that the
enhanced expression of mFas is due to translocation of stored
protein rather than to protein neosynthesis. Fig. 2C shows
that infection with both bacterial strains led to an increased
percentage of cells expressing Fas-L after 30 and 60 min.
Although the percentage of cells infected with the wild-type
bacteria exhibiting membrane-bound Fas-L was higher than
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that detected in PAO-1::exsA-infected-cultures (Fig. 2C), the
differences were not statistically significant. In contrast, these
differences were evident at the transcription level since RT-
PCR analysis showed that PAO-1 up-regulated Fas-L mRNA
expression when compared with non-infected cells while
PAO-1::exsA failed to do so (Fig. 2D).

P. aeruginosa TTSS also up-regulated the release of soluble
Fas-L. Fas-L is expressed as a 40 kDa membrane-bound
protein and can be cleaved by matrix metalloproteinases to
release a 28-kDa soluble protein (sFas-L) (29). Since
triggering of the apoptotic signaling by the Fas pathway
requires the cross-linking of Fas either with cells expressing
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Figure 1. Effect of functional P. aeruginosa TTSS system on HUVEC killing. (A and C) The results obtained with control non-infected cultures were set as
100%. (A) Cell viability in cultures infected with the TTSS-producing PAO-1 strain and the TTSS defective mutant PAO-1::exsA, assessed by the MTT
reduction assay at 24 h post-infection. (B) ELISA detection of DNA fragments in lysates of infected and non-infected cells at 12 h post-infection. (C)
Breakdown of phosphatidylserine asymmetry in HUVEC plasma membranes at 12 h post-infection assessed by cell labeling with annexin V-FITC. In each
case, data represent mean values ± SEM of the results obtained in at least three independent experiments carried out in triplicate. *p<0.05 and ***p<0.001 when
data obtained from PAO-1 infected cells were compared with those from PAO-1::exsA-infected cultures. (D) Representative histograms of 1 out of 5
experiments of cell labeling with annexin V-FITC.

Figure 2. Effect of TTSS proteins on Fas (A) and Fas-L (C) expression by infected and control non-infected cells, assessed by FACS analysis. Data are mean
values ± SEM of the results obtained in three assays. (A) **p<0.01 when the results obtained from PAO-1-infected cells were compared with those from non-
infected or PAO-1::exsA-infected cells. (C) *p<0.05 and **p<0.01 when data obtained from infected cultures were compared with those from control non-
infected cultures. Effect of P. aeruginosa infection on Fas (B) and Fas-L (D) mRNA. PAO-1 up-regulated Fas-L mRNA expression.
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membrane-bound Fas-L or with sFas-L (30), we next
investigated the presence of sFas-L in the supernatants of
infected cells by ELISA and immunoblotting. As shown in
Fig. 3A and B, the release of sFas-L from PAO-1-infected
HUVEC was significantly higher (p<0.001) than that
observed in cultures infected with the ExsA-defective mutant.

Anti-human Fas significantly reduced but did not completely
abrogate apoptosis of infected HUVEC. Our results showing
that cultures infected with the TTSS-producing PAO-1 strain
exhibited higher percentage of Fas-expressing cells and
released more sFas-L led us to investigate the role of the Fas/
Fas-L pathway in HUVEC apoptosis. To this end, cells were
treated or not with an antagonist antibody (IgG anti-Fas), that
blocks the interaction between mFas and sFas-L, prior to and
during the infection period. The percentage of apoptotic cells in
treated and untreated infected cultures was then determined by
the annexin V assay. As shown in Fig. 4A, treatment with the
neutralizing antibody significantly reduced the percentage of
apoptotic cells in the cultures infected with the parental
bacteria, but not in cultures infected with the TTSS-defective
mutant. However, neutralization of membrane-bound Fas with
the antagonist antibody did not completely abrogate apoptosis
of cells infected with the PAO-1 strain. Thus, our results
demonstrate that bacteria exhibiting a functional TTSS induce
apoptosis in HUVEC by upregulating the Fas/Fas-L system
and even more by an additional and yet unknown mechanism.
Fig. 4B shows representative histograms obtained in 1 out of 3
analysis of cell labeling with annexin V-FITC.

NO produced in response to P. aeruginosa infection is the
major mechanism accounting for HUVEC apoptosis. Our
group and others have previously shown that endothelial cells
produce high amounts of NO in response to bacterial infection
which ultimately leads to cell death (8,31-33). Therefore, we
investigated the participation of NO in HUVEC apoptosis
induced by P. aeruginosa TTSS by comparing the apoptosis

rates in infected cultures previously treated with LNMMA, a
potent inhibitor of NO synthesis, with that in untreated infected
cultures. Fig. 5 shows that the inhibition of NO synthesis by
LNMMA resulted in significant decrease (p<0.001) in the
percentage of annexin V-reactive cells in both PAO-1 and
PAO-1::exsA infected cultures to levels similar to that observed
in control non-infected cells. Fig. 5B shows representative
histograms of cell labeling with annexin V-FITC.

TTSS up-regulated NO production and iNOS expression in
HUVEC. To fit our hypothesis that enhanced production of NO
was directly involved in endothelial cell apoptosis with the
finding of a causal relationship between a functional TTSS and
apoptosis of infected HUVEC (Figs. 1 and 4), we investigated
whether PAO-1 and PAO-1::exsA strains induced different
levels of NO production. Fig. 6A and B inequivocally show
that only the TTSS-producing bacteria markedly enhanced the
HUVEC generation of NO by up-regulating iNOS, known to
generate high concentrations of NO for prolonged periods (34).

NO, and not TTSS, directly up-regulated Fas expression in
HUVEC. Different studies have shown that high levels of
NO and related reactive nitrogen species may trigger the up-
regulation of Fas and Fas-L (35,36). Therefore, we asked,
whether the increase of Fas and Fas-L detected in cells infected
with PAO-1 had resulted directly from the enhancement of NO
generation, rather than from the presence of a functional TTSS.
To address this question, the expression of membrane-bound
Fas and Fas-L in PAO-1 infected cells treated and untreated
with LNMMA was investigated. Fig. 7A shows that cell
treatment decreased significantly (p<0.05) the percentage of
Fas-expressing cells to levels similar to those exhibited by
control non-infected cultures. Cell treatment also decreased the
percentage of Fas-L-expressing cells but the difference was
not significant (Fig. 7B). Fig. 7C and D show representative
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Figure 3. (A) Soluble Fas-L concentration in supernatant of HUVEC infected
for 12 h with P. aeruginosa, as determined by ELISA. Data are means ± SEM
of two experiments carried out in duplicate. ***p<0.001 when cells infected
with PAO-1 were compared with cells infected with PAO-1::exsA. (B)
Western blot analysis of sFas-L in supernatants from infected and control
non-infected cells. Densitometry confirmed the differences between the
levels of sFas-L in the diverse culture supernatants.

Figure 4. Effect of anti-Fas blocking IgG on apoptosis of P. aeruginosa-
infected HUVEC, determined by FACS analysis of cell labeling with
annexinV-FITC. (A) Data represent mean values ± SEM of the results
obtained with infected cells, setting the percentage of positive cells obtained
with control non-infected cells as 100%, as determined in four assays.
*p<0.05 when data obtained from untreated PAO-1-infected cells were
compared with IgG-treated PAO-1-infected cells or untreated PAO-1::exsA-
infected cells. (B) Representative histograms obtained after cell labeling
with annexin V-FITC.
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histograms of the effect of LNMMA treatment on cell labeling
with anti-Fas and anti-Fas-L, respectively.

Discussion

P. aeruginosa TTSS has been reported to induce apoptosis in
several cell types (37-41), but the mechanisms regulating cell
death are not completely understood. Early studies from
Jendrossek et al (14) indicated a TTSS-dependent bacterial
activation of two distinct proapoptotic signaling pathways in
infected epithelial cells. The first depends on the induction of
mitochondrial alterations, including depolarization and release
of cytochrome c, whereas the second mainly involves the
stimulation of Jun N-terminal kinases (JNK). Both mito-
chondrial changes and JNK activation were likely initiated by
Fas-Fas-L interactions as a result of cell surface up-regulation
of the receptor-ligand pair upon infection. Similarly, others
have described increased expression of Fas and Fas-L in P.
aeruginosa-infected epithelial cells and subsequent apoptosis
(13,16,42). However, no previous study has highlighted the
mechanisms regulating the overexpression of these proteins.

Herein, we demonstrated the induction of apoptosis of
human endothelial cells by the TTSS producing PAO-1
strain. At a first glance this conclusion may seem contra-
dictory to our previous report that this same P. aeruginosa
strain induces endothelial cell death by a mechanism distinct
from apoptosis (23). However, infection conditions are
known to modulate the response of host cells to infecting
micro-organisms. Whereas in our former study cells were

kept in contact with high concentrations of bacteria for 3 h, in
the present study cell cultures were exposed to bacteria for 1 h
and then treated with an antibiotic-containing culture
medium for additional periods, to eliminate the effect of
multiplying extracellular microorganisms. With this
approach, we showed that besides inducing HUVEC
apoptosis, PAO-1 also up-regulated the expression of Fas and
Fas-L, as well as the release of sFas-L from infected cells. In
contrast, cells infected with the isogenic TTSS defective
mutant failed to induce a significant up-regulation of Fas and
induced only a mild release of sFas-L. It would be tempting to
conclude that cell apoptosis was dependent upon Fas-Fas-L-
mediated signaling pathway triggered by bacterial TTSS
effectors. However, cells infected with the TTSS mutant
exhibited characteristics of apoptosis as well, although less
frequently. This finding suggests that, in addition to a
functional TTSS, other bacterial virulence mechanisms
present both in wild-type and mutant bacteria are involved in
endothelial cell death. This hypothesis is consistent with
earlier reports from Yamada et al (43) and Goto et al (44) in
which the authors demonstrate a role for PAO-1 P.
aeruginosa redox protein azurin in macrophage apoptosis
through stabilization of the tumor suppressor protein p53.
Moreover, subsequent studies carried out by Jendrossek et al
(15) showed that type IV pili is also involved in apoptosis of
infected epithelial cells, through a mechanism involving Fas
up-regulation and subsequent caspase-8 and 3 activation.

Indirect evidences suggest that the Fas-Fas-L signaling
pathway may play a role in modulating the apoptotic cascades
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Figure 5. (A) Effect of LNMMA on apoptosis of P. aeruginosa infected HUVEC, assessed by FACS analysis of cell labeling with annexin V-FITC, setting
the labeling of control non-infected cells as 100%. Results are means ± SEM obtained in four assays in which 10,000 cells were analyzed. **p<0.01 when data
obtained with untreated PAO1-infected cells were compared with those from LNMMA-treated PAO1-infected cells or untreated PAO-1::exsA-infected cells.
*p<0.5 when data obtained with untreated PAO1::exsA-infected cells were compared with those from LNMMA-treated PAO1::exsA-infected cells. (B)
Representative histograms of 1 out of 4 experiments of cell labeling with annexin V-FITC.
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during viral, bacterial and parasitic infections (45). Concerning
the role played by this signaling pathway in apoptosis of P.
aeruginosa-infected endothelial cells, we observed that despite
the enhancement of mFas expression in cells exposed to the
wild-type bacteria, cell treatment with an antagonist anti-Fas
IgG inhibited apoptosis only partially. Therefore, although an
autocrine loop of Fas and sFas-L may be involved in apoptosis
of P. aeruginosa-infected HUVEC, our findings argue against
a critical role for the Fas signaling pathway, at least in our
experimental model. However, it should be emphasized that
in vivo, the induction of Fas expression by infected endo-
thelial cells is likely to be relevant by sensitizing infected cells
to apoptosis triggered by FasL-expressing inflammatory cells.
Moreover, it has been suggested that Fas may transduce cell
activation signals independently of the cell death pathway
(46). Fas activation in tissue endothelial cells has been shown
to result in the secretion of chemotatic factors resulting in
amplified recruitment of leukocytes and tissue injury (46).

Another important finding of our study was the massive
release of sFasL from cells infected with the TTSS-producing
bacteria. Although native sFasL normally does not activate Fas
(47), and has even been reported to inhibit apoptosis (48,49),
secondarily aggregated sFasL is sufficient to induce Fas
signaling and induce apoptosis (47,50). However, the precise
role played by sFasL release in the course of P. aeruginosa
infection, as well as the role of the TTSS effectors in sFasL
release, still awaits further investigation.

In addition to the partial role played by TTSS in the
induction of apoptosis through the Fas-Fas-L signaling
pathway, the results demonstrated for the first time a P.
aeruginosa TTSS-dependent overexpression of iNOS resulting
in high output NO production, which in turn plays a critical
role in the induction of apoptosis.

NO is an important intracellular and intercellular signaling
molecule involved in the regulation of a number of physio-
logical and pathological processes, with potent proinflam-
matory, immunomodulatory and antimicrobial activities (34).

Within endothelial cells, NO is produced through enzymatic
oxidation of L-arginine by the constitutively expressed endo-
thelial NO synthase (eNOS), which synthesize intermittent
low levels of NO involved in the regulation of blood vessel
tone in the vascular system, and by the inducible isoform of
the enzyme (iNOS) that, once expressed, generates high
concentrations of NO. Although in phagocytic cells activated
iNOS contributes to host defense by generating a potent
defense molecule against microbial pathogens, oxidation
products of high-output NO production can be highly
cytotoxic and exert pro-apoptotic activities by different
pathways, leading to cell death (51,52).

A major activator of iNOS is bacterial lipopolysaccharide
(34). Like several other microorganisms, P. aeruginosa has
been noted to increase the expression of iNOS in mammalian
cells (8,53), although the mechanism of induction has not been
worked out in detail. Our finding that the levels of iNOS were
similar in cells infected with the bacteria defective in TTSS and
in control non-infected cells suggests the involvement of TTSS
effector proteins in iNOS induction, similarly to that
observed for Salmonella Sips B, C, and D and SopE2 in
infected macrophages (54). However, the findings do not
exclude a role for LPS in this process.

Recent studies have shown that NO production may be
closely related to the signaling pathways that regulate the
polymerization of actin (55) and microtubule cytoskeleton
(56), since disruption of actin enhances both iNOS mRNA
and protein expression in endothelial cells via transcriptional
regulation (57,58). PAO-1 P. aeruginosa is known to
synthesize ExoS and ExoT, two TTSS effector proteins
that disrupt actin cytoskeleton with their N-terminal GTPase-
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Figure 6. (A) Nitrite concentration detected in supernatants from cells
infected for 12 h and from control non-infected cells. Data are means ±
SEM of five assays. **p<0.01 when the results obtained in cultures infected
with the wild-type bacteria were compared with those from control cells and
from cells infected with the mutant. (B) FACS detection of iNOS expression
by cells infected for 2 h and by control non-infected HUVEC. Data
represent means ± SEM of the median fluorescence intensity obtained in
three independent assays. **p<0.01 when data obtained from PAO-1-infected
cells were compared with those from control or PAO-1::exsA-infected cells.

Figure 7. (A) Effect of LNMMA on Fas expression by cells infected with
PAO-1 for 1 h, assessed by FACS analysis. Data represent mean values ±
SEM of results obtained with treated and untreated cells, setting the labeling
of control non-infected cells as 100%, as determined in four assays. *p<0.05.
B and C show representative histograms of experiments of LNMMA-
treated and untreated cell labelling with anti-Fas (B) or with anti-Fas-L (C)
antibodies.
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activating protein domain, resulting in cell rounding and
detachment (59-61). The identification of the precise TTSS
effector protein possibly involved in the regulation of iNOS
was beyond the focus of this study but further studies
employing different P. aeruginosa mutants will be carried
out to clarify this question. Bacterial regulation of iNOS by
modifying the host cell cytoskeleton is a novel concept that
may be a step forward in our understanding of the patho-
physiology of P. aeruginosa infection.

We demonstrated that, besides its role in induction of
apoptosis, the NO produced by cells infected with the TTSS-
producing bacteria contributed to the augmented expression
of mFas and release of sFas-L. Our findings are consistent
with earlier reports showing a NO-dependent up-regulation of
Fas expression in different cell types (36,62-64).

In summary, the results reveal novel molecular details of
the interaction between P. aeruginosa and human host cells.
We demonstrated for the first time that besides accounting
for a higher expression of membrane-bound Fas and a higher
release of sFas-L, TTSS proteins also contributed for over-
production of NO. Furthermore, the results suggest that,
rather than Fas induction, increased NO production is the
major mechanism responsible for apoptosis of P. aeruginosa-
infected HUVEC. It should be stressed that the higher
expression of mFas and release of sFas-L by infected
endothelial cells may play a pivotal role and represent an
event of biological significance in vivo by rendering cells
more susceptible to apoptosis induced by Fas-L expressing
inflammatory cells. Experiments to address this hypothesis
will be a fruitful avenue for further research.
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