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Cranberry derived proanthocyanidins can prevent pathogen invasion
of kidney epithelial cells
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a b s t r a c t

The in vitro effectivity of cranberry derived proanthocyanidins (PACs) for the mitigation of kidney cell
infection by selected uro- and entero-pathogens is examined with an adhesion/invasion assay and con-
focal microscopy. This study demonstrates that PACs effectively reduce invasion of canine kidney cells by
pathogenic bacteria: Escherichia coli CFT073 and O157:H7, Enterococcus faecalis 29212, and Pseudomonas
aeruginosa 10145. These effects demonstrate the potential for cranberry derived PACs as a useful tool in
the prevention of kidney infection.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Invasion of mammalian cells occurs either by direct attachment
of bacteria to surface host-cell receptors or via direct translocation
of bacterial proteins into the host-cell cytosol, thereby inducing
internalization of the pathogen. Proanthocyanidins derived from
the North American cranberry, Vaccinium macrocarpon, have been
found to have unique A-type linkages which are believed to play
a key role in their ability to inhibit the adhesion of uropathogenic
bacteria to vaginal, bladder, and urinary epithelial cells (Gupta
et al., 2007; Howell, 2007; Howell, Vorsa, Der Marderosian, &
Foo, 1998). It has been shown that P-fimbriated Escherichia coli
(E. coli) lose the ability to adhere to bladder cells following prein-
cubation with (i) urine of humans who had consumed cranberry
juice cocktail, (ii) commercially available cranberry powder, or
(iii) PACs extracted from cranberry fruit (Ahuja, Kaack, & Roberts,
1998; Di Martino et al., 2006; Gupta et al., 2007; Howell & Foxman,
2002). This study demonstrates the effectivity of PACs in the pre-
vention of bacterial pathogen invasion of kidney epithelial cells.

2. Materials and methods

2.1. Proanthocyanidin preparation

Dry PAC extract purified by HPLC (Marucci Center for Blueberry
and Cranberry Research, Rutgers University) was ground using a
mortal and pestle then solubilized in deionized (DI) (Milli-Q) water
to obtain a PAC stock solution (1.5 mg/mL). PAC stock solution was
filtered through a 0.45 lm syringe filter prior to experimentation.
The average molecular weight of PAC used in this study was
�15 kDa.

2.2. Bacteria culture

Axenic cultures of uropathogenic E. coli CFT073 ATCC 700928,
uropathogenic Enterococcus faecalis ATCC 29212, environmental
isolate Pseudomonas aeruginosa 10145, and enteropathogenic
E. coli O157:H7 ATCC 700927 were used in this study. E. coli
CFT073 is a Gram-negative clinical isolate from the blood and urine
of a woman with acute pyelonephritis and its complete genome
has been sequenced. E. faecalis 29212 is a well-characterized
Gram-positive uropathogenic bacterium isolated from urine. P.
aeruginosa is a common Gram-negative opportunistic pathogen
that typically infects the pulmonary tract and urinary tract. E. coli
O157:H7 is a Gram-negative enterohemorrhagic strain of E. coli
that causes acute gastroenteritis. Pure cultures were maintained
at �80 �C in Luria–Bertani Lennox broth (20 g/L) supplemented
with 30% glycerol. Cultures were streaked onto LB agar plates, then
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incubated 24 h at 37 �C. For each experiment, a single colony from
a fresh plate was used to inoculate 15 mL of LB broth (in a 50 mL
Erlenmeyer flask). Cultures were incubated at 37 �C for 18 h at
200 rpm, then harvested by centrifugation at 5860g for 15 min
(SS-34 rotor, Kendro) at 4 �C. The growth media was decanted
and the pellet was resuspended in Dulbecco’s Modified Eagle
Medium (DMEM). Centrifugation and resuspension were repeated
one additional time to remove any traces of growth media and
metabolites. The concentration of cells was determined with a Hel-
ber (SV400, Proscitech) bacteria counting chamber and the suspen-
sions were diluted accordingly to achieve a multiplicity of infection
of 50:1 in DMEM with or without PAC supplementation (50 lg/
mL).

2.3. Cell culture

Madin-Darby Canine Kidney (MDCK) cells were cultured in
DMEM containing 4.5 g/L glucose, 10% fetal bovine serum (FBS,
Invitrogen) supplemented with 10 mM Hepes, 100 U/mL of penicil-
lin, 100 lg/mL streptomycin and non-essential amino acids. The

cells were incubated under conventional cell culture conditions
at 37 �C in a humidified incubator containing 5% CO2. One day prior
to experimentation, MDCK cells were seeded on glass coverslips in
24-well culture plates, then incubated 24 h to 80% confluency.

2.4. Infection assay

MDCK cells were washed in phosphate buffered saline (PBS, Sig-
ma–Aldrich) then infected with the respective bacteria at a multi-
plicity of infection of 50:1 for 3 h at 37 �C. In the determination of
total associated bacteria (TAB), MDCK cells were washed with PBS,
then lysed in 0.1% Triton X-100 (Sigma). Supernatant was diluted
in maximum recovery diluent (Fisher) and plated in triplicate on
LB agar plates for bacteria enumeration. Invasion assays followed
the same infection protocol, with the exception that after infection,
MDCK cells were incubated for 1 h in gentamicin (100 lg/mL, Sig-
ma–Aldrich) to eliminate extracellular bacteria prior to lysis and
plating. Control experiments determined these conditions as suffi-
cient for complete elimination of all bacteria examined (data not
shown).

2.5. Immunofluorescence

For immunofluorescence imaging, MDCK cells infected with
E. coli O157:H7, prior to Triton-X lysis, were washed with PBS,
fixed in 2.5% paraformaldehyde (Fluka) for 15 min, washed again
using PBS, then blocked and permeabilized with 4% bovine serum
albumin/0.1% Triton-X/PBS (BPBS) for 30 min. Infected MDCK cells
were incubated for 1 h with fluorescein-labeled antibody directed
to E. coli O157:H7 (Kirkegaard and Perry Laboratories), washed
with PBS, incubated with Texas-Red phalloidin (Invitrogen), and
washed again with PBS. Internalized bacteria were imaged by con-
focal laser scanning microscopy and enumerated manually (30
cells per condition were imaged).

3. Results and discussion

The presence of PAC significantly inhibited bacterial invasion of
MDCK cells as determined by the adhesion/invasion assay (AIA)
(Fig. 1; open bars). The noted reduction in invasion (i.e., internali-
zation) was further confirmed by analysis of CLSM images of
stained MDCK cells infected by E. coli O157:H7 (Fig. 1; solid bar
and Fig. 2). Adhesion of all three Gram-negative strains (E. coli

Fig. 1. Effect of cranberry derived PACs on adhesion and invasion of four bacterial
pathogens to kidney epithelial cells. E. faecalis (EF), P. aeruginosa (PA), E. coli
O157:H7 (EC1), and E. coli CFT073 (EC2) were pre-incubated in DMEM with or
without PAC (50 lg/mL) for 1 h. MDCK cells were then infected with the respective
bacteria for 3 h. Data is presented as fold-change from untreated conditions
(p < 0.01, Student’s two-tailed t-test). Error bars indicate 95% confidence intervals.

Fig. 2. Effect of cranberry derived PACs on invasion of MDCK cells by E. coli O157:H7. CLSM images of (a) MDCK cells infected with E. coli O157:H7 and (b) MDCK cells infected
with E. coli O157:H7 cells that are pre-incubated in PAC supplemented media (50 lg/mL). Cells stained for actin (red) and invaded bacteria (green). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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CFT073, E. coli O157:H7, and P. aeruginosa 10145) increased
slightly in the presence of PAC. In contrast, adhesion of the
Gram-positive E. faecalis 29212 decreased with PAC treatment.

Although previous studies demonstrate that cranberry derived
products can prevent adhesion of E. coli to selected eukaryotic cells
(Ahuja et al., 1998; Gupta et al., 2007; Howell et al., 1998) and bio-
materials (Eydelnant & Tufenkji, 2008), the potential effectivity of
PACs in preventing cellular invasion has not been previously exam-
ined. To our knowledge this is also the first study to demonstrate
the effects of PAC on bacterial adhesion to and invasion of kidney
epithelial cells. Moreover, this is the first data presenting PAC
effectivity on enteropathogenic E. coli, Pseudomonas, and Gram-po-
sitive E. faecalis. As invasion of kidney cells is a key step in the
development of Gram-positive and Gram-negative initiated pyelo-
nephritis, these results hold promise for the clinical implementa-
tion of PACs. Mechanisms of action remain to be elucidated
though previous reports have suggested PACs negatively regulate
expression of P-fimbriae and directly interfere with E. coli adhesion
to uroepithelial cells via type 1 and P-fimbriae, which bind man-
nose specific receptors and a-d-Gal(1–4)-b-d-Gal, respectively.
Surface characterization of bacteria in the presence and absence
of cranberry juice revealed significant changes in surface molecule
conformation by atomic force microscopy (Liu, Black, Caron, &
Camesano, 2006). Earlier studies from our laboratory have inferred
the potential of nonspecific steric interference as the mode of PAC
effectivity (Eydelnant & Tufenkji, 2008) providing an explanation
for the broader range of organisms inhibited. PAC metabolites in
urine after consumption remain unknown, though studies have
shown a reduction of bacterial adhesion to uroepithelial cells in
human urine collected from patients post-ingestion of cranberry
products (Di Martino et al., 2006) demonstrating that active PAC
components are present after digestion. Additional in vitro studies
conducted with human epithelial kidney cells and human urine
from patients post-cranberry consumption will provide additional
insights into the possible clinical implications of these findings.

This study supports the potential for cranberry derived PACs as a
novel approach in the prevention of kidney infection.
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