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Background & objectives: Emergence of antimicrobial resistance in Pseudomonas aeruginosa has led to 
the search for alternative agents for infections control. Natural products have been a good alternative 
to present antibiotics. The present study was undertaken to evaluate the effectiveness of cranberry in 
attenuation of virulence of P. aeruginosa in experimental urinary tract infection (UTI) in mouse model. 
Efforts were also directed to explore the action of cranberry towards virulence of P. aeruginosa through 
quorum sensing (QS) inhibition.
Methods: Efficacy of cranberry was evaluated in an experimental UTI mouse model and on production of 
QS signals, alginate, pyochelin, haemolysin, phospholipase-C, cell-surface hydrophobicity, uroepithelial 
cell-adhesion assay and biofilm formation by already standardized methods.
Results: Presence of cranberry showed significant decline in the production of QS signals, biofilm 
formation and virulence factors of P. aeruginosa in vitro (P<0.001). Further, cranberry was found to 
be useful in prevention of experimental UTI in mouse model as indicated by reduced renal bacterial 
colonization and kidney tissues destruction.
Interpretation & conclusions: The findings of the present study indicated that cranberry inhibited QS 
and hence elaboration of virulence factors of P. aeruginosa. It also affected the adherence ability of this 
pathogen. This approach can lead to the discovery of new category of safe anti-bacterial drugs from 
dietary sources such as cranberry with reduced toxicity without the risk of antibiotic resistance.
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 Opportunistic pathogen Pseudomonas aeruginosa 
accounts for nearly 35 per cent of total nosocomial 
infections1. This organism produces several cell 
associated and extracellular virulence factors including 
alginate, protease, elastase, rhamnolipids, exotoxin A, 
exoenzyme S, siderophores (pyochelin, pyoverdin) 
and haemolysins. In addition, P. aeruginosa also forms 
biofilms on the catheter surfaces, which are usually 

resistant to conventional antibiotics, host immune 
defence mechanism, and hence needs special attention. 
Formation of biofilm and production of virulence factors 
are largely regulated by cell-to-cell communication, 
which is known as quorum sensing (QS). Without QS, 
the expression of virulence factor reduces significantly 
and results in less/no virulence of the organism2. In P. 
aeruginosa, two QS systems LasR–LasI and RhlR–RhlI 
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function in a hierarchical manner through their cognate 
signal molecules N-(3-oxo-dodecanoyl)-L-homoserine 
lactone and N-butanoyl-L-homoserine lactone3,4. QS 
has been shown to be essential for the pathogenesis 
in a number of infections such as respiratory tract, 
burn wound, keratitis and urinary tract5-8. Nosocomial 
urinary tract infections (UTI) caused by P. aeruginosa 
are a significant health problem, which is usually 
associated with substantial morbidity and mortality1. 
Since virulence of this pathogen is under the regulation 
of QS, therefore, QS has been considered as ideal 
drug target for controlling Pseudomonas infections. 
Although, furanone compounds have been shown to 
inhibit QS in vitro9, but use of these compounds is also 
associated with possible toxicity in vivo. Therefore, 
research for alternative or adjunctive strategies 
to conventional antibiotic treatment, which could 
attenuate the virulence of P. aeruginosa, is required.

 Cranberry (Vaccinium macrocarpon), is known 
to contain various phytochemicals like flavanoids, 
proanthocyanidins, anthocyanins, catechin, 
triterepenoids and organic acid. Naturally occurring 
cranberrys are acidic in nature, but in commercial 
preparation, this acidity is reduced because of dilution 
with water and addition of glucose and vitamin C, so 
as to make it acceptable and safe for oral consumption. 
Although cranberry juice has been shown to be 
beneficial in prevention of community acquired 
UTI caused by Escherichia coli10,11, but its role has 
not been evaluated in UTI caused by P. aeruginosa. 
Proanthocyanidins of cranberry have been shown 
to interfere QS of Vibrio harveyi12, but the effect of 
cranberry on QS in association with virulence potential 
of P. aeruginosa has not been explored. Therefore, the 
present study was carried out to determine the role and 
effect of cranberry on production of QS signals and 
virulence potential of P. aeruginosa. Further, cranberry 
was also evaluated as a non-antibiotic alternative agent 
in prevention of experimental UTI in mouse model.

Material & Methods

 The study was conducted in the department of 
Microbiology, Panjab University, Chandigarh, India.

Bacterial strain: Standard strain of P. aeruginosa PAO1, 
obtained from Dr Barbara H. Iglewski, University of 
Rochester, New York (USA) was used as a standard 
reference strain. This strain is well characterized 
genetically and phenotypically for the elaboration of 
recognized virulence factors of P. aeruginosa.

Cranberry: Commercially available cranberry juice 
(Ocean Spray, Massachusetts, U.S.A.) containing 25 
per cent of pure cranberry was used. The commercial 
juice contains 75 per cent water, glucose (100 g/l) and 
trace amount of vitamin C in addition to pure cranberry 
juice. Growth profile of P. aeruginosa PAO1 was 
carried out in presence of different concentrations of 
cranberry. Sub-inhibitory concentration showing no 
growth inhibition as compared to control, was selected 
for further experiments.

Biofilm generation: Biofilm was generated on sterile 
Foley’s catheter (Rusch) under static conditions for 
seven days in presence and absence of sub-inhibitory 
concentration of cranberry. Catheter pieces were 
transferred to fresh medium after every 24 h. Each 
day catheter pieces in duplicate were removed, and 
rinsed thrice with phosphate buffer saline (PBS pH 
7.2). Cells were scrapped from catheter surface with 
sterile scalpel blade and were sonicated at low-level. 
Dispersed sample was centrifuged and the pellet was 
suspended in 1 ml PBS. Biofilm cells were plated on 
nutrient agar plates to determine log cfu by standard 
tube dilution method13. 

Acylhomoserine lactone (AHL) quantification: AHLs 
were extracted from the biofilm cells formed on catheter 
pieces in the presence and absence of cranberry. Briefly, 
catheter pieces were immersed in acidified ethyl 
acetate at 4oC overnight and ethyl acetate was used for 
β-galactosidase activity. Reporter strain (E. coli MG4) 
was grown in presence of extract at 37oC for 51/2 h. 
After incubation, 1 ml of cells were diluted in Z buffer 
(Na2HPO4.7H20-0.06M, NaH2PO4.H20-0.04M, KCl-
0.01M, MgSO4.7H2O-0.001M, β-mercaptoethanol-
0.05M, pH-7.0) (1:1) and assayed for β-galactosidase 
activity using o-nitrophenyl-D-galactopyranoside 
(ONPG) as substrate14.

Scanning electron microscopy (SEM): SEM of biofilm 
cells grown on catheter surface in absence and presence 
of cranberry was performed15. Briefly, catheter pieces 
were fixed with 2.5 per cent glutaraldehyde overnight at 
4oC followed by dehydration in gradient concentration 
of HPLC grade acetone. Catheter pieces were then 
stubbed with gold ions and observed with SEM model 
JSM-6100, SM-Jeol, 20 KV. All the chemicals used 
were purchased from M/s Fisher Scientifics (USA), 
M/s Sigma Aldrich Chemicals (USA) and M/s HiMedia 
Labs. Ltd. (India) and were of analytical grade. 

Uroepithelial cell adhesion assay: UEC adhesion 
assay of biofilm cells (108 cfu/ml ) grown in presence 
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and absence of cranberry was performed16. Briefly, 
1ml each of bacterial suspension and washed UECs 
(105 cells/ml) were incubated at 37o C for 1 h in shaker 
water bath. After that, cell mixture was centrifuged at 
6,000 g for 10 min with washings of sterile PBS. Smears 
were prepared from cell pellet and were stained with 
Giemsa. Bacteria adhering to 30 UECs were counted 
thrice and average number of bacteria adhering per 
UEC was calculated.

Estimation of virulence factors in vitro: Different 
virulence factors elaborated by P. aeruginosa were 
estimated in the culture supernatant of biofilm cells 
grown in presence and absence of selected concentration 
of cranberry.

Alginate: Alginate was precipitated using an equal  
volume of culture supernatant and 2 per cent (w/v) 
cetylpyridium chloride followed by centrifugation 
at 6,000 g for 20 min17. Pellet was suspended and 
precipitated with 5  ml of iso-propanol followed 
by centrifugation at 6,000 g for 10 min. Pellet was 
suspended in 1 ml of normal saline. Alginate was 
determined using D-mannourate lactone to calibrate a 
standard curve.

Cell surface hydrophobicity: Cell culture supernatant 
was mixed with equal volume of p- xylene and after 
phase separation; optical density of aqueous phase 
was taken18 . Surface hydrophobicity was expressed as 
percentage.

Pyochelin: Quantitation of pyochelin was done by 
mixing 1 ml each of cell free supernatant, 0.5N 
hydrochloric acid, nitrite molybdate reagent and 1N 
NaOH19 . The final volume was made to 5 ml with 
distilled water. Absorbance was taken at 510 nm.

Haemolysin: Cell free and cell bound haemolysin was 
estimated in the absence and presence of cranberry.

Cell bound haemolysin: Human RBCs (2%) were 
prepared from 10 ml fresh blood collected from one 
healthy human and 1.5 ml of washed human RBC 
(2%) suspension was mixed with 1.5 ml of biofilm 
cells (1X108 cells/ml) and incubated at 37ºC for 2 h. 
After incubation, mixture was centrifuged at 8,000 g 
for 15 min. Absorbance of supernatant was read at 
545 nm. Haemolysin (mg/ml) was calculated by using 
lyophilized haemoglobin as standard reference.

Cell free haemolysin: Human RBC suspension (2%, 
1.5 ml) was mixed with 1.5 ml of cell free supernatant 
and incubated at 37ºC for 2 h. After incubation, assay 
mixture was centrifuged at 5,000 g for 5 min and 
absorbance was taken at 545 nm20.

Phospholipase-C (PLC): For PLC21 , 50 per cent (v/v) 
egg yolk suspension was prepared in saline and mixed 
with pre-molten agar to a final concentration of 10 per 
cent. Sodium azide (0.1%) was added as preservative. 
Plates were prepared from mixed agar and wells were 
cut in agar plates. To these wells, 100 µl of culture 
supernatant was added and plates were incubated at 
37ºC for 24-48 h. Diameter of hydrolysis of egg yolk 
was measured.

Potential efficacy of cranberry in experimental UTI: 
Experimental UTI was induced in mice by standard 
method22. The study protocol was approved by the 
Panjab University Ethics Committee. Female LACA 
(Swiss Webster) mice, 6-8 wk old, free of bacteriurea, 
were used. Animals were divided into two major groups 
as control and test group. In test group, mice were given 
prophylactic treatment for 14 successive days with 1 ml 
of sub-inhibitory concentration of cranberry through 
oral feeding tube. This was followed by infection on 
day 15. In control, group 1 was given only infection 
without any treatment. In control group 2, mice were 
given prophylactic treatment with sterile saline orally, 
which was followed by infection. In control group 
3, mice were given only cranberry treatment with no 
infection. Ten mice were used for each experimental 
group; 50 µl of bacterial inoculum (108 cfu/ml) was 
introduced slowly into the bladder of mice using a soft 
non radio-opaque polyethylene tubing (outer diameter 
0.61mm, Clay Adams, USA).

Bacteriological examination: Animals were sacrificed 
on day 5 post infection. Aseptically removed individual 
kidney from each group was homogenized in 1 ml 
sterile saline and cfu/ml was estimated by standard 
dilution method for each kidney separately. Quantitative 
bacterial count was made per gram of kidney tissue.

Histopathological examination: Kidney tissues 
were fixed in 10 per cent buffered normal saline and 
dehydrated in 30-100 per cent gradient ethanol. Paraffin 
wax blocks were prepared and 5 µ thin sections were 
stained with haematoxylin and eosin (H&E). The 
medulla, cortex, calyx, and subcalyx of each kidney 
tissue were evaluated.

Malondialdehyde (MDA) estimation: Induction of 
pathology was evaluated based on the index of lipid 
peroxidation by estimating MDA23. Briefly, 0.5 ml of 
the tissue homogenate was added to 0.5 ml of Tris HCl 
(0.1 M, pH 7.4). Mixture was incubated at 37oC for 2 h 
followed by addition of 1 ml of ice-cold trichloroacetic 
acid (10% w/v). Samples were centrifuged at 1,000 g 



for 10 min. One ml of supernatant was mixed with 1 ml 
of thiobarbituric acid (0.67% w/v). Tubes were covered 
and kept in boiling water bath for 10 min. After cooling, 
absorbance was read at 532 nm.

Reactive nitrogen intermediates (RNI) estimation: 
Nitrite level was also estimated in renal tissues of 
infected mice24 . Briefly, 100 µl of sample was mixed 
with 200 µl of Griess reagent (Sigma Chemicals, 
USA) followed by addition of 100 µl of 10 per cent 
trichloroacetic acid. Mixture was incubated for 20 min 
at room temperature. After centrifugation (5,000 g for 
10 min), optical density of supernatants was read at 
540 nm. The amount of nitrite was determined using 
standard curves of sodium nitrite.

Statistical analysis: All the experiments were 
repeated three times to validate the reproducibility of 
experiments. SigmaStat software, USA was used to 
analyze the results by using Student’s t test.

Results

 P. aeruginosa PAO1 was grown in presence of 
different concentrations of cranberry, and 15 per cent 
cranberry showing no growth inhibition as compared 
to control, was selected as sub-inhibitory concentration 
and was used for all in vitro and in vivo experiments 
(data not shown).

Effect of cranberry on virulence factors of P. aeruginosa 
in vitro: Biofilm was generated on the catheter surface 
in presence and absence of cranberry. In control, 
biofilm formation was maximum on 4th day (log cfu 
11.4) with slight decline on day 5. Although, biofilm in 
the presence of cranberry also showed peak on 4th day 
(log cfu 4.2) but it was significantly (P<0.001) less than 

that of control (Fig. 1). For all further experiments, 4 
day old biofilm was used since maximum biofilm mass 
was noted on 4th day. Production of QS signals was 
also declined significantly (P<0.001) in the presence of 
cranberry (Fig. 2). Scanning electron microscopy was 
performed to evaluate the structure of biofilm formed on 
catheter surface. In the absence of cranberry, bacterial 
cells were seen deeply enmeshed in extracellular 
glycocalyx and embedded in thick slimy matrix. On 
the other hand, inhibition of biofilm formation with 
significantly less exopolysaccharide was observed in 
presence of cranberry (Fig. 3). Production of virulence 
factors were observed on 4th day of biofilm formation 
in control as well as cranberry treated cells. On 
comparing with control, levels of alginate, cell surface 
hydrophobicity, pyochelin, haemolysin and PLC were 
reduced significantly in presence of cranberry (P<0.01, 
P<0.001, Table). Significant decrease in number of 
bacteria adhering to uroepithelial cells (UECs) was also 
observed in presence of cranberry (P<0.001, Table). 
Glucose and vitamin C present in juice in addition to 
cranberry were also evaluated for their effect and were 
observed not to affect the expression of any virulence 
factors (data not shown).

Effect of cranberry on experimental UTI: Efficacy 
of cranberry was evaluated in terms of prevention of 
experimental UTI in mouse model. Mice of all groups 
were sacrificed on day 5 post infection. Aseptically 
collected kidneys were subjected to bacteriological 
and pathological examinations. In control groups, 
mice given infection with P. aeruginosa without any 
treatment showed renal log cfu of 7.8 ± 0.2 while 
group under saline treatment showed renal log cfu 
of 7.4 ± 0.2. Group of mice undergone prophylactic 

Fig. 1. Generation of biofilm (expressed in log cfu) by Pseudomonas 
aeruginosa on catheter surface in absence and presence of sub-
inhibitory concentration of cranberry from day 1 to day 5. Results 
are expressed as mean ± SD.

Fig. 2. Production of quorum sensing signal molecules (in Miller 
Units) by biofilm cells of Pseudomonas aeruginosa in absence and 
presence of sub-inhibitory concentration of cranberry from day 1 to 
day 5. Results are expressed as mean ± SD.
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Fig. 3. Photomicrograph showing the results of scanning electron microscopy of four day old biofilm grown on catheter surface by Pseudomonas 
aeruginosa in absence and presence of sub-inhibitory concentration of cranberry. Large amount of exopolysaccharide in control cells  
(A; X3500) and less amount of exopolysaccharide in cranberry treated and bacterial cells are clearly visible (B; X3500). 

A B

Table. Production of different virulence factors and renal colonization by the biofilm cells of Pseudomonas aeruginosa in presence and 
absence of sub-inhibitory concentration of cranberry

Virulence factors Control In presence of cranberry 

UEC adhesion (average number of cells adhered) 48 ± 2.0 7 ± 1.0**

Alginate (µg/ml) 492 ± 11.4 208 ± 11.0**

Pyochelin (absorbance) 0.18 ± 0.01 0.072 ± 0.01*

Cell surface hydrophobicity (%) 59.8 ± 2.0 43.9 ± 1.7*

Cell bound haemolysin (mg/ml) 4 ± 0.2 2.5 ± 0.12*

Cell free haemolysin (mg/ml) 3.8 ± 0.12 2.6 ± 0.2*

Phospholipase C (zone of clearing in mm) 18.8 ± 0.21 9 ± 0.2*

Renal colonization of test group (log cfu) 7.8 ± 0.2 4.95 ± 0.06**

Renal colonization of saline control group (log cfu) 7.4 ± 0.2 NA

Malondialdehyde (nmoles/mg protein) 8.57 ± 0.38 5.97 ± 0.64*

Reactive nitrogen intermediates units 19.2 ± 0.8 13.5 ± 0.55*

Values are mean ± SD (n= 3)
P *<0.01, **<0.001 compared to control; UEC, uroepithelial cell

treatment with cranberry showed significantly reduced 
renal colonization with log cfu of 4.95 ± 0.06 (Table, 
P<0.001). No bacteria were recovered from mice 
with cranberry treatment without infection. On 
histopathological investigation, renal tissue of mice 
without any treatment showed severe inflammation 
with infiltration of polymorphonuclear leukocytes in 
interstitium along with vascular permeability along with 

destruction of glomeruli and tubules. Saline treatment 
group also showed similar results. However, normal to 
mild inflammation was observed in cranberry treated 
group (Fig. 4 A and B). Expression of renal pathology 
markers, MDA and RNI were also significantly reduced 
(P<0.01) in cranberry treated mice group as compared 
to control group suggesting reduced tissue destruction 
in the presence of cranberry (Table). 
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Fig. 4. (A) Photomicrograph showing severe renal tissue inflammation with large number of polymorphonuclear leukocytes, along 
with destruction of glomeruli and tubules in renal tissue of control group of mice without treatment with cranberry (H & E X 100). (B) 
Photomicrograph showing mild renal tissue inflammation along with significantly less infiltration of ploymorphonuclear leukocytes in the 
renal tissue of group of mice undergone treatment with cranberry (H & E X 100). 

Discussion

 In P. aeruginosa, QS is known to regulate the 
virulence factors, biofilm formation and resistance 
to antimicrobials. Due to increased resistance to 
antimicrobial agents, non-antibiotic alternative 
measures using natural/herbal products, can be good 
option. In the present study, ability of cranberry to 
attenuate the virulence of P. aeruginosa was explored. 
Biofilm formed in the presence of cranberry showed 
significantly decreased log count as compared 
to control biofilm. Moreover, SEM revealed that 
biofilm in the presence of cranberry was thin and 
unstructured with scanty exopolysaccharide. On the 
other hand, bacterial cells were heavily embedded in 
exopolysaccharide forming thick biofilm in absence 
of cranberry indicating that cranberry inhibited the 
biofilm formation and exopolysaccharide production 
in P. aeruginosa. These results suggest that cranberry 
can inhibit the biofilm formation and hence may 
increase the susceptibility of biofilm cells to the action 
of antibiotics and hostile factors. Increased sensitivity 
of thin biofilm to antibiotics, may further lead to rapid 

clearing of infection25,26. Further, production of alginate, 
an important component of biofilm exopolysaccharide, 
was also reduced significantly in presence of cranberry. 
Alginate contributes to external morphology of biofilm 
and tissue colonization during infection25 and reduction 
in alginate production further indicates that cranberry 
may inhibit the biofilm formation of P. aeruginosa. A 
significant reduction in QS signal molecules was also 
observed in presence of cranberry. In P. aeruginosa QS 
regulates the virulence potential, hence inhibition of 
QS indicates the attenuation of Pseudomonas virulence 
in presence of cranberry.

 P. aeruginosa showed significantly reduced ability 
to adhere to the UECs in the presence of cranberry 
as compared to control. Cell surface hydrophobicity, 
another mechanism of bacterial adherence, was also 
reduced significantly in the presence of cranberry. 
Significant reduction in adherence ability of P. 
aeruginosa in the presence of cranberry might result in 
the failure of establishment of infection in the urinary 
tract. Cranberry has been shown to be beneficial in the 
prevention of E. coli induced UTI10,11.

A B
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 Though iron is present abundantly in tissues 
but is not available to the invading pathogen25. P. 
aeruginosa produces siderophore (pyochelin) to trap 
iron from the host tissues. Significant reduction in 
pyochelin level was observed in presence of cranberry, 
as compared to control. Haemolysins, another iron 
mopping mechanism, were also reduced significantly 
in presence of cranberry. Importance of siderophores 
and haemolysins has been demonstrated in UTI28,29. It 
has been observed that production of siderophore and 
haemolysin is also under the regulation of QS6,30 and 
reduction in their levels might have occurred due to QS 
inhibition. Significant reduction in the level of PLC, 
which helps pathogen to overcome the action of host 
defence and contributes towards tissue inflammation31, 
further supported that cranberry was effective in 
attenuating the virulence of P. aeruginosa. 

 To evaluate the efficacy of cranberry in attenuation 
of P. aeruginosa virulence in vivo, mice were given 
prophylactic treatment with cranberry followed by 
infection with P. aeruginosa. Establishment of UTI 
was evaluated based on bacteriological and pathology 
markers. Significantly, less renal bacterial colonization 
was observed in mice treated with cranberry as compared 
to control groups. Significant decrease in extent of 
tissue destruction, and lipid peroxidation (MDA level) 
was also observed in the presence of cranberry. This 
indicated the protective efficacy of cranberry in UTI. 
Additionally, cranberry may exhibit the synergistic 
effect by scavenging free radicals; thereby providing 
protection against oxidative damage. The estimation of 
nitrite is an indirect measure of nitric oxide content, 
which acts in many tissues to regulate diverse range 
of physiological process. Various clinical trials have 
shown that cranberry was effective in prevention of 
UTI caused by E. coli32.

 In P. aeruginosa, virulence potential is strictly 
under the regulation of QS2. Therefore, instead of 
bactericidal or bacteriostatic strategies, attenuation of 
virulence via QS inhibition approach could be more 
effective. In the present study cranberry showed QS 
inhibitory properties, resulting in the attenuation of P. 
aeruginosa virulence in vitro and in vivo. A few previous 
studies have also shown that various phytochemicals 
have QS inhibitory properties12,33. Results of this study 
also suggest that phytochemicals can inhibit QS and its 
related virulence processes in pathogenic bacteria such 
as P. aeruginosa, and hence lead to the development of 
new safe anti-bacterial drugs from dietary sources with 
reduced toxicity and antibiotic resistance.
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