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Abstract 
Intracellular invasion of professional phagocytic cells like monocytes and macrophages by a pathogen usually triggers the apoptosis of the 
host cells. The aim of this study was to evaluate if Pseudomonas aeruginosa, although not considered a classic intracellular pathogen, could 
adhere to endothelial cell surface, invade the intracellular compartment and subsequently induce apoptosis of the cells. The adherence and 
invasion capacity of P. aeruginosa to endothelial cells was monitored using Cravioto’s adapted method. The apoptotic cells were evidenced by 
staining with Acridine orange/Ethidium bromide. The qualitative assay of bacterial adherence to the cellular substrate revealed that all tested 
strains adhered to endothelial cells surface, exhibiting a diffuse, aggregative or mixed (diffuse-aggregative or localized-aggregative) pattern 
and 20–70% adherence rates. The adherence of P. aeruginosa induced the reorganization of cytoskeleton filaments and formation of 
endocytic membrane expansions. Cell free P. aeruginosa culture supernatants did not induce any cell death response, as noticed in case 
of whole bacterial culture, showing the capacity to induce apoptosis of endothelial cells. The fluorescence microscopy examination revealed 
chromatin condensation, fragmented nuclei, and membrane blebbing and apoptotic bodies in pathogen invaded cells. 
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 Introduction 

Pseudomonas aeruginosa is an opportunistic pathogen 
that causes a wide range of acute and chronic infections, 
including sepsis and wound and pulmonary infections 
[1]. Furthermore, this organism is a major cause of 
pulmonary damage and death in patients with cystic 
fibrosis, diffuse pan bronchiolitis, and other forms of 
bronchiectasis [2]. This Gram-negative bacterium is 
known to produce a variety of virulence factors, such as 
pigments, proteases, and exotoxins. The synthesis of these 
factors is regulated by a cell-to-cell signaling mechanism 
named quorum sensing [3]. 

To successfully colonize and maintain an infectious 
cycle, the organism carefully orchestrates production of 
a suite of virulence determinants including pili [4], and 
non-pilus adhesins [5], extracellular enzymes and exo-
toxins [6]. Apoptosis plays a central role in the balance 
between host defense and the invading pathogen. 
Depending upon the nature of the bacterial pathogen 
and the population of host cells, apoptosis of the host 
cells may be detrimental or beneficial to the survival of 
the host organism. Some cell types such as airway 
epithelium or endothelial cells are more resistant to 
apoptosis to P. aeruginosa, whereas other cell types such 
as lymphocytes are highly susceptible to apoptosis during 
P. aeruginosa infection [7]. A variety of virulence deter-
minants, such as exotoxins, pyocyanin, exoenzyme S, 

cell surface porins, 3-oxo-C12-homoserin lactone and 
TTSS molecules have been reported to manipulate the 
host apoptosis cascade. Some of these virulence factors, 
including ADP-ribosylating enzymes ExoS and ExoT 
[8, 9], an acute cytolytic factor ExoU [10] and adenylate 
cyclase ExoY [11] are produced and secreted directly 
into the host cell using the cell-contact-mediated type III 
secretion machinery (TTSS). Pseudomonas exotoxin A 
(PE) and other protein synthesis inhibitors have been 
shown to trigger cell death via apoptosis in mouse embryo 
fibroblasts by Bak-dependent pathway [12]. 

Although inappropriate induction of eukaryotic cell 
apoptosis could impair host defenses and favor bacterial 
survival and persistence, the implicated bacterial factor(s) 
and the precise pathogenesis of P. aeruginosa-induced 
apoptosis in different cell types in patients with chronic 
infections are still poorly understood [13]. 

Therefore, the aim of this study was to demonstrate 
using qualitative methods that P. aeruginosa culture 
fractions (whole cells or cell free culture supernatants) 
could adhere and invade endothelial cells and are able to 
induce morphological changes, including apoptosis. 

 Materials and Methods 

Bacterial strains and growth conditions 

Twelve P. aeruginosa pathogenic strains isolated from 
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different clinical sources from patients admitted to the 
“Prof. Dr. C. C. Iliescu” Emergency Institute for Cardio-
vascular Diseases, “Fundeni” Clinical Institute, Bucharest, 
Romania were used. For further experiments, the bacteria 
were grown for 18 hours in nutrient broth. Soluble 
mediators were obtained from cell free culture fractions 
collected after 18 hours from P. aeruginosa bacterial 
cultures grown in nutrient broth. Bacterial suspension was 
centrifuged at 5000×g and the resulting bacterial super-
natant was sterilized by filtration (Φ=0.22 mm, Millipore, 
Billerica, USA). Bacterial filtrates were kept at 40C until 
use. 

Cell culture 

The EA.hy926 endothelial cell line [14] was cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-
Aldrich, St. Louis, MO, USA) containing 10% heat 
inactivated fetal calf serum (FCS), 100 U/mL Penicillin, 
100 μg/mL Streptomycin, and 50 μg/mL Neomycin. Cell 
cultures were maintained at 370C in a humidified 
atmosphere containing 5% CO2 and 21% O2. To maintain 
optimal culture conditions, the medium was changed 
twice a week. 

Adherence assay 

For the adherence assay, Cravioto’s adapted method 
was used [15]. Briefly, the endothelial cells monolayers 
were washed three times with PBS and 1 mL of fresh 
medium without antibiotics was added to each well. 
Suspensions of P. aeruginosa were obtained from bacterial 
mid-logarithmic phase cultures grown in nutrient broth 
adjusted to 107 CFU/mL and 1 mL were used for the 
inoculation of each well. The inoculated plates were incu-
bated for two hours at 370C. After incubation, endothelial 
cells were washed three times with PBS (phosphate-
buffered saline), briefly fixed in cold ethanol and stained 
with Propidium iodine (PI). The plates were washed, dried 
at room temperature, mounted in glycerol and examined 
with a fluorescent microscope (Eclipse TE300, with 
Digital Net Camera DN100, Nikon, Tokyo, Japan). 

Acridine orange/Ethidium bromide (AO/EB) 
fluorescence microscopy 

After trypsinization, endothelial cells were transferred 
into centrifuge tubes and pelleted for 10 minutes at 400×g. 
The cell-rich pellets were suspended in a 25 μL PBS 
that contain a mixture of 2 μL of Ethidium bromide 

(100 mg/mL) and 2 μL of Acridine orange (100 mg/mL). 
Aliquots (10 μL) were examined by fluorescent microscopy. 
A minimum of 150 cells were counted in four random 
squares per slide. Each experiment (n=6) was performed in 
triplicate and generated similar morphological features. 

Statistical analysis 

Statistical analysis was performed by one-way analysis 
of variance (ANOVA) using the OriginPro 7.5 software. 
Differences were considered statistically significant when 
p<0.05. The results were presented as means ± standard 
error (SE), where n represents the number of experiments. 

 Results 

Our results indicate that in the presence of P. 
aeruginosa, the endothelial cells change their phenotype. 

The adherence assay results showed that P. aeruginosa 
could adhere and invade the endothelial cells. The 
bacterial adherence and invasion is followed by the 
contraction of cytoplasm, reorganization of cytoskeletal 
filaments and formation of endocytic membrane expansions, 
as shown by fluorescent microscopy photomicrographs 
of endothelial cells stained with Propidium iodine. 

Figure 1 shows the significant morphological changes 
induced by the adherence of P. aeruginosa to endothelial 
cells (b–d), as compared to control cells (a). 

The fact that the whole cultures of P. aeruginosa 
induce apoptosis in human endothelial cells was confirmed 
using Acridine orange/Ethidium bromide (AO/EB) staining. 
Fluorescence microscopy showed that cell free culture 
of P. aeruginosa did not induce a cell death response 
(Figure 2b), suggesting that apoptosis requires a direct 
contact between P. aeruginosa and host cell, most probably 
by activating the type III secretion machinery. 

Furthermore, when endothelial cells were treated with 
P. aeruginosa culture for two hours some morphological 
changes were observed. These modifications were repre-
sented by condensation of chromatin (Figure 2c), fragmen-
tation of nucleus and membrane blebbing (Figure 2d) as 
well as the presence of apoptotic bodies (Figure 2e). 

Quantification of apoptosis showed that there were no 
significant differences between control cells and those 
treated with P. aeruginosa cell free culture. 

Instead, significant differences were observed between 
control cells and cells treated with P. aeruginosa whole 
culture (Figure 2f). 

 

Figure 1 – P. aeruginosa adherence to and invasion of endothelial cells: (a) Control – endothelial cells; (b) Contraction 
and reorganization of cytoplasm and cytoskeleton of endothelial cells after treatment with P. aeruginosa. Propidium 
iodine staining: (a) 40×; (b) 100×. 
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Figure 1 (continued) – P. aeruginosa adherence to and invasion of endothelial cells: (c and d) Formation of membrane 
veils involved in internalization of bacteria. Propidium iodine staining, 100×. 

 

Figure 2 – Morphological changes of endothelial cells stained with Acridine orange and Ethidium bromide (AO/EB): 
(a) Endothelial cells (EC) – control; (b) EC treated with P. aeruginosa cell free culture (24 hours); (c) EC treated with 
P. aeruginosa whole culture growth for 24 hours in cell free culture; (d and e) EC treated with P. aeruginosa whole 
body culture (two hours); Normal arrows indicated cells with chromatin condensation; Dashed arrows indicated cells 
with fragmented nuclei; Head arrows indicated cells with membrane blebbing and the presence of apoptotic bodies;  
(f) Quantification of viable cell after staining AO/EB (n=6, p<0.05). 
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 Discussion 

Although P. aeruginosa is often referred to as an 
extracellular pathogen because it possesses virulence 
factors that can target cells and/or tissue matrices when 
the bacteria are located extracellularly, P. aeruginosa can 
become intracellular during infection. 

Our results are in agreement with previously published 
data, showing that P. aeruginosa could induce apoptosis 
in endothelial cells by direct contact when the whole body 
culture was inoculated, supporting the hypothesis that 
TTSS machinery was required. 

Previous data have shown that mutations of effector 
proteins secreted by TTSS resulted in the loss of bleb 
niche formation and lack of intracellular multiplication 
capacity, while overexpression of such factors has been 
shown to induce actin cytoskeleton reorganization [16]. 

There are many data describing the host-pathogen 
interaction especially regarding the induced apoptosis of 
host cell; however, the bacterial factor(s) responsible for 
the mechanisms involved in pathogen-induced apoptosis 
in different cell types is still poorly understood. 

Cell free culture did not determine a cell death 
response, suggesting that P. aeruginosa soluble molecules 
are not involved in the apoptosis of endothelial cells. 
These data were confirmed also at the molecular level, 
our previous studies demonstrating by qRT-PCR that 
the activation of caspase pathway took place only when 
eukaryotic cells were treated with P. aeruginosa whole 
body culture, while the soluble molecules accumulated 
in the supernatant culture did not activate caspase-3 and 
Bax genes [17–21]. Caspase 3-mediated apoptosis activated 
by receptor caspase-8-dependent (in lymphocytes) and 
mitochondria caspase-9-dependent pathways (hepatocytes) 
[22–24] were also reported by other studies trying to 
elucidate the molecular basis of P. aeruginosa-induced 
apoptosis in different mammalian cell types. 

Our fluorescence microscopy results confirmed some 
of the several criteria mentioned in the literature for the 
identification of apoptotic phenotype of the infected cells, 
including: (i) changes in cell morphology, (ii) induction 
of chromatin condensation and nuclear marginalization, 
(iii) the presence of a high percentage of cells with subG1 
DNA content and (iv) evaluation of caspase-3 activity 
[6]. Similar morphological changes (i.e., condensation 
of chromatin and fragmentation of nucleus) were also 
reported for different cellular types in mice with 
pneumonia, using also fluorescence microscopy. Thus, 
lymphocytes, occasionally polymorphonuclear neutrophils, 
and, to a lesser degree, capillary endothelial and alveolar 
cells demonstrated characteristic apoptotic changes of 
condensed and fragmented nuclei [25]. 

 Conclusions 

Apoptosis caused by P. aeruginosa is a phenomenon 
that occurs especially in phagocytic cells but the 
morphological changes and molecular mechanisms are 
specific and more or less evident depending on the cell 
type. In this study, we showed that P. aeruginosa induces 
morphological changes characteristic to apoptosis also in 
non-professional phagocytic cells, like endothelial cells. 

Acknowledgments 
The authors declare no conflicts of interests or 

competing financial interests. This work was supported 
by one IDEAS grant of the Romanian National Authority 
for Scientific Research (project no. 154/2011). 

References 
[1] Richards MJ, Edwards JR, Culver DH, Gaynes RP, Nosocomial 

infections in medical intensive care units in the United States. 
National Nosocomial Infections Surveillance System, Crit Care 
Med, 1999, 27(5):887–892. 

[2] Wilson R, Dowling RB, Lung infections. 3. Pseudomonas 
aeruginosa and other related species, Thorax, 1998, 53(3): 
213–219. 

[3] Tateda K, Ishii Y, Horikawa M, Matsumoto T, Miyairi S, 
Pechere JC, Standiford TJ, Ishiguro M, Yamaguchi K, The 
Pseudomonas aeruginosa autoinducer N-3-oxododecanoyl 
homoserine lactone accelerates apoptosis in macrophages 
and neutrophils, Infect Immun, 2003, 71(10):5785–5793. 

[4] Wall D, Kaiser D, Type IV pili and cell motility, Mol Microbiol, 
1999, 32(1):1–10. 

[5] Simpson DA, Ramphal R, Lory S, Characterization of 
Pseudomonas aeruginosa fliO, a gene involved in flagellar 
biosynthesis and adherence, Infect Immun, 1995, 63(8):2950–
2957. 

[6] Kaufman MR, Jia J, Zeng L, Ha U, Chow M, Jin S, Pseudo-
monas aeruginosa mediated apoptosis requires the ADP-
ribosylating activity of exoS, Microbiology, 2000, 146(Pt 10): 
2531–2541. 

[7] Jenkins CE, Swiatoniowski A, Power MR, Lin TJ, Pseudo-
monas aeruginosa-induced human mast cell apoptosis is 
associated with up-regulation of endogenous Bcl-xS and down-
regulation of Bcl-xL, J Immunol, 2006, 177(11):8000–8007. 

[8] Frithz-Lindsten E, Du Y, Rosqvist R, Forsberg A, Intracellular 
targeting of exoenzyme S of Pseudomonas aeruginosa via 
type III-dependent translocation induces phagocytosis resis-
tance, cytotoxicity and disruption of actin microfilaments, Mol 
Microbiol, 1997, 25(6):1125–1139. 

[9] Ganesan AK, Vincent TS, Olson JC, Barbieri JT, Pseudo-
monas aeruginosa exoenzyme S disrupts Ras-mediated 
signal transduction by inhibiting guanine nucleotide exchange 
factor-catalyzed nucleotide exchange, J Biol Chem, 1999, 
274(31):21823–21829. 

[10] Hauser AR, Engel JN, Pseudomonas aeruginosa induces 
type-III-secretion mediated apoptosis of macrophages and 
epithelial cells, Infect Immun, 1999, 67(10):5530–5537. 

[11] Yahr TL, Vallis AJ, Hancock MK, Barbieri JT, Frank DW, 
ExoY, an adenylate cyclase secreted by the Pseudomonas 
aeruginosa type III system, Proc Natl Acad Sci U S A, 1998, 
95(23):13899–13904. 

[12] Du X, Youle RJ, FitzGerald DJ, Pastan I, Pseudomonas 
exotoxin A-mediated apoptosis is Bak dependent and 
preceded by the degradation of Mcl-1, Mol Cell Biol, 2010, 
30(14):3444–3452. 

[13] Hovey AK, Frank DW, Analyses of the DNA-binding and 
transcriptional activation properties of ExsA, the transcriptional 
activator of the Pseudomonas aeruginosa exoenzyme S 
regulon, J Bacteriol, 1995, 177(15):4427–4436. 

[14] Edgell CJ, McDonald CC, Graham JB, Permanent cell line 
expressing human factor VIII-related antigen established by 
hybridization, Proc Natl Acad Sci U S A, 1983, 80(12):3734–
3737. 

[15] Cravioto A, Gross RJ, Scotland SM, Rowe B, An adhesive 
factor found in strains of Escherichia coli belonging to the 
traditional infantile enteropathogenic serotypes, Curr Microbiol, 
1979, 3(2):95–99. 

[16] Angus AA, Evans DJ, Barbieri JT, Fleiszig MJ, The ADP-
ribosylation domain of Pseudomonas aeruginosa ExoS is 
required for membrane bleb niche formation and bacterial 
survival within epithelial cells, Infect Immun, 2010, 78(11): 
4500–4510. 

[17] Chifiriuc MC, Lixandru M, Iordache C, Bleotu C, Larion C, 
Dracea O, Lazar V, Antohe F, Israil AM, Internalization of 
Staphylococcus aureus and Pseudomonas aeruginosa bacterial 
cells by non-phagocytic, epithelial human cells, Rom Biotechnol 
Lett, 2008, 13(2):article 5. 



Fluorescence analysis of apoptosis induced by Pseudomonas aeruginosa in endothelial cells 

 

317

[18] Iordache C, Bleotu C, Holban A, Lixandru M, Cotar A, Lazar V, 
Antohe F, Chifiriuc MC, Differential effects on caspase 
mediated apoptosis of HELA cells induced by different 
Pseudomonas aeruginosa culture fractions, IJABPT, 2011, 
2(1):132–138. 

[19] Banu O, Bleotu C, Chifiriuc MC, Savu B, Stanciu G, Antal A, 
Alexandrescu M, Lazǎr V, Virulence factors of Staphylococcus 
aureus and Pseudomonas aeruginosa strains involved in 
the etiology of cardiovascular infections, Biointerf Res Appl 
Chem, 2011, 1(2):72–77. 

[20] Holban AM, Lazăr V, Inter-kingdom cross-talk: the example 
of prokaryotes–eukaryotes communication, Biointerf Res 
Appl Chem, 2011, 1(3):95–110. 

[21] Chifiriuc MC, Banu O, Bleotu C, Lazar V, Interaction of 
bacteria isolated from clinical biofilms with cardiovascular 
prosthetic devices and eukaryotic cells, Anaerobe, 2011, 
17(6):419–422. 

[22] Goyal L, Cell death inhibition: keeping caspases in check, 
Cell, 2001, 104(6):805–808. 

[23] Opferman JT, Korsmeyer SJ, Apoptosis in the development 
and maintenance of the immune system, Nat Immunol, 2003, 
4(5):410–415. 

[24] Jenkins CE, Swiatoniowski A, Issekutz AC, Lin TJ, Pseudo-
monas aeruginosa exotoxin A induces human mast cell 
apoptosis by a caspase-8 and -3-dependent mechanism,  
J Biol Chem, 2004, 279(35):37201–37207. 

[25] Hotchkiss RS, Dunne WM, Swanson PE, Davis CG,  
Tinsley KW, Chang KC, Buchman TG, Karl IE, Role of 
apoptosis in Pseudomonas aeruginosa pneumonia, Science, 
2001, 294(5548):1783. 
 
 
 

 
 
 
 
 
 
Corresponding author 
Raluca Grigore, MD, Clinic of ENT, Head & Neck Surgery, “Colţea” Clinical Hospital, 1–3 Ion C. Brătianu Avenue, 
030171 Bucharest, Romania; Phone +40722–384722, e-mail: raluca.grigore@3f.ro 
 
 
 
 
 
 
Received: January 8, 2014 

Accepted: June 12, 2014 
 
 


