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Abstract
Purpose—Cranberry proanthocyanidins have been identified as possible inhibitors of
Escherichia coli adherence to uroepithelial cells. However, little is known about the dose range of
this effect. Furthermore, it has not been studied directly in the urogenital system. To address these
issues we tested the effect of a cranberry powder and proanthocyanidin extract on adherence of a
P-fimbriated uropathogenic E. coli isolate to 2 new urogenital model systems, namely primary
cultured bladder epithelial cells and vaginal epithelial cells.

Materials and Methods—E. coli IA2 was pre-incubated with a commercially available
cranberry powder (9 mg proanthocyanidin per gm) or with increasing concentrations of
proanthocyanidin extract. Adherence of E. coli IA2 to primary cultured bladder epithelial cells or
vaginal epithelial cells was measured before and after exposure to these products.

Results—Cranberry powder decreased mean adherence of E. coli IA2 to vaginal epithelial cells
from 18.6 to 1.8 bacteria per cell (p <0.001). Mean adherence of E. coli to primary cultured
bladder epithelial cells was decreased by exposure to 50 μg/ml proanthocyanidin extract from 6.9
to 1.6 bacteria per cell (p <0.001). Inhibition of adherence of E. coli by proanthocyanidin extract
occurred in linear, dose dependent fashion over a proanthocyanidin concentration range of 75 to 5
μg/ml.

Conclusions—Cranberry products can inhibit E. coli adherence to biologically relevant model
systems of primary cultured bladder and vaginal epithelial cells. This effect occurs in a dose
dependent relationship. These findings provide further mechanistic evidence and biological
plausibility for the role of cranberry products for preventing urinary tract infection.
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Urinary tract infection is a common bacterial infection in women of all ages, resulting in
considerable morbidity and health care costs. A recent population based study showed that
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the risk of UTI during a lifetime is at least 60% and the cost of diagnosing and treating these
infections during a 20-year period exceeded $25 billion.1 Antimicrobial resistance has
become a prevalent and clinically significant problem in the last decade in community
acquired UTI, in which it was previously absent or not clinically relevant.2 Thus, new
methods to prevent and treat UTIs are increasingly important.

Cranberry (Vaccinium macrocarpon), a native North American fruit, has traditionally been
used to prevent acute UTIs. Although scientific evidence for the efficacy of cranberry for
preventing acute UTIs is mounting, additional studies demonstrating biologically plausible
mechanisms for the actions of cranberry are needed.3

Early research suggested that cranberry juice was effective due to its ability to increase
urinary acidity through the excretion of hippuric acid. However, further studies showed only
transient increases in urine acidity after cranberry juice consumption of up to 4 l daily.4 A
more likely mechanism by which cranberry might prevent UTI is by inhibiting the
adherence of Escherichia coli to the bladder epithelium. Early in vitro studies suggested that
the fructose contained in cranberry juice as well as in orange and pineapple fruit juices was
responsible for inhibiting the adherence of type 1 fimbriated E. coli to various cell types.5 In
contrast, a non-dialyzable compound present only in cranberry juice inhibited the adherence
of P-fimbriated E. coli.6 Although fructose decreased the adherence of E. coli to epithelial
cells in vitro, there is no clinical evidence to correlate the ingestion of dietary fructose with
the risk of UTI. Thus, further investigation has focused on identifying the nondialyzable
compound, which was subsequently shown to be A-type PAC.7 PACs are condensed tannins
found in various plants that function as defense compounds against microbes and predatory
animals. Unlike most other fruits, cranberry contains a relatively high proportion of A-type
PACs.8,9

Most in vitro and clinical studies published to date are strongly supportive of a role for
cranberry products for preventing UTI but some limitations remain to be addressed.
Preliminary studies demonstrated that pre-incubation of uropathogenic E. coli with
cranberry juice or isolated cranberry PAC extract decreased adherence of the organisms to
exfoliated epithelial cells collected from urine.6,10 However, epithelial cells collected in
this manner are 90% dead and composed of a mixed population of squamous epithelial cells
derived from the distal urethra and vagina with only a minority of transitional cells from the
bladder.11 More recently a T24 cell line was used to demonstrate inhibition of adherence of
uropathogenic E. coli isolates that were grown in urine collected after the ingestion of
cranberry juice cocktail.12 A bioassay was also used to demonstrate anti-adherence activity
in urine after the ingestion of sweetened, dried cranberries.13 However, there is still a
paucity of data on the dose-response characteristics of cranberry products in laboratory or
clinical studies. Cranberry solids in particular have not been well studied for the direct
inhibition of E. coli adherence. Demonstration of this activity would further support the
findings reported in clinical studies of decreased UTI rates with cranberry solids.3,14

To address these issues we tested the effects of 2 cranberry products, including a
commercially available capsule containing 300 mg Vaccinium macrocarpon without other
additives and the putative active component of cranberry, that is purified cranberry PAC
extract. The efficacy and dose range of cranberry PAC extract on adherence of a
representative isolate of uropathogenic E. coli was studied using a new model system,
primary cultured bladder transitional epithelial cells. The effect of the cranberry capsule was
studied using a second model system of primary cultured VECs. We also used a previously
described MRHA assay to evaluate the dose-response of PAC extract and compare it to the
BEC adherence assay.6
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MATERIALS AND METHODS
Bacteria

We performed standard bacterial adherence assays using E. coli IA2, a wild type
uropathogenic isolate expressing class 2 P-fimbriae that adheres to exfoliated VECs, and
primary cultured VECs and BECs reproducibly as a representative isolate.11,15 E. coli
HB101, an isolate lacking fimbrial adhesins that does not adhere to epithelial cells, served as
a negative control.16

Cranberry Compounds
We used 2 cranberry products in adherence inhibition assays, including a commercially
available, whole cranberry product and a purified cranberry based extract. To choose a
commercially available, whole cranberry based product that was representative of
preparations available to consumers we visited a local health food cooperative. We
investigated all cranberry products available on the shelves and chose a freeze-dried whole
cranberry powder prepared in a capsule without further additives or alterations, containing
300 mg organic cranberry (Vaccinium macrocarpon). PACs were isolated from the
cranberry powder using a previously described method and the concentration was
determined to be 9 mg PAC per gm powder or approximately 2.7 mg PAC per capsule.8

The second cranberry preparation we tested was a PAC extract from cranberries. Purified
PAC extract was prepared from fresh cranberry fruit by reverse phase and adsorption
chromatography, as previously described,6,7 and stored under nitrogen at 4C to prevent
oxidation.

The cranberry capsules were maintained at room temperature in the original packaging and
were protected from heat and light until ready for use. For adherence assays the cranberry
capsule contents (powder) were removed and re-suspended in DPBS at a concentration of 20
mg/ml, filtered at 0.22 and 2.5 μm, and adjusted to pH 7.0 with 1 M NaOH before use.
Similarly a stock solution of PAC extract was prepared, serially diluted in DPBS to pH 6.7
and filtered at 0.22 μm.

Epithelial Cells
Primary cultures of human BECs and VECs were established from discarded surgical
specimens obtained in accordance with human subject regulations at University of
Washington using standard tissue culture techniques.17 For bacterial adherence assays early
passage cells were seeded to 4-chambered Lab-Tek™ glass slides and grown to 90%
confluence.

Adherence Assays
E. coli IA2 was grown overnight on sheep blood agar plates at 37C, scraped off and
collected in PBS, washed and resuspended to an optical density600 of 0.5 (corresponding to
4 × 108 cfu/ml) in 1.0 ml of various concentrations of the cranberry solutions and pre-
incubated while rocking at room temperature for 30 minutes. Primary cultured BECs or
VECs were washed 3 times with DPBS. E. coli suspended in the cranberry test solutions
were then added and incubated for 1 hour at 37C or at room temperature. Cells treated with
DPBS alone served as additional controls. Assays were then washed 6 times with DPBS,
and fixed and stained using a modified Wright-Giemsa stain (Diff-Quik®). Adherence was
measured as the average number of bacteria attached to the first 50 BECs or VECs counted
using light microscopy.
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Hemagglutination
A 30 μl drop of each cranberry test solution (25, 50 or 100 μg/ml PACs) was incubated with
10 μl bacterial suspension on a 24-well polystyrene plate for 10 minutes at room
temperature on a rotary shaker, as previously described. Freshly drawn human RBCs (A1,
Rh+) and sheep RBCs, used to detect P-fimbriation, were suspended (3%) in PBS and added
separately (10 μl drops) to test solutions with 2% mannose solution serving as a control.
Solutions were incubated for 20 minutes on a rotary shaker at room temperature and
evaluated microscopically for the ability of the cranberry solutions to prevent MRHA.

Statistical Methods
Data were analyzed using SAS® software. E. coli adherence to BECs were plotted and
regressed against PAC concentrations and their log transformed values to analyze the
correlation between these 2 variables. The mean, 95% CI, t test and linear regression
methods were used to summarize and analyze data.

RESULTS
Inhibition of E. Coli Adherence to BECs

The adherence of E. coli IA2 to BECs was decreased from a mean of 6.9 bacteria per cell at
baseline (no exposure to PAC extract) to 2.2 bacteria per cell following pre-incubation with
25 μg/ml purified cranberry PAC extract (t test p <0.001). Figure 1 shows a photograph of a
representative example of a bacterial adherence assay using BECs and E. coli IA2 with and
without pre-incubation in PAC solution at 25 μg/ml. At 50 μg/ml PAC extract mean
adherence was further decreased to 1.6 bacteria per cell. Inhibition of adherence of E. coli
by PACs occurred in linear, dose dependent fashion over a concentration range of PACs of 5
to 75 μg/ml. We noted apparent damage to bacterial and mammalian cells at PAC
concentrations above 75 μg/ml. Mammalian cells appeared slightly crenated at 100 μg/ml
PACs and markedly damaged at higher concentrations in pilot experiments that were not
pursued further. Bacteria developed a flocculated appearance after exposure to
concentrations of PACs above 75 μg/ml, possibly due to autoagglutination of the bacteria.

A scatterplot of the results of the adherence inhibition assays (0 to 75 μg/ml) demonstrated
statistically significant inhibition of E. coli adherence mediated by exposure to PACs (p
<0.0001, fig. 2, A). Linear regression modeling of log transformed PAC concentrations
showed that the inhibition of E. coli adherence by PACs was dose dependent and highly
statistically significant (p <0.0001, fig. 2, B).

Inhibition of E. Coli Adherence to VECs
The commercially available cranberry powder also inhibited E. coli adherence to primary
cultured urogenital epithelial cells in vitro. Pre-incubation of E. coli with the cranberry
powder (3 mg/ml in DPBS, 9 mg PACs per gm) significantly decreased mean adherence of
E. coli IA2 to VECs from 18.6 to 1.8 bacteria per cell (independent samples t test p <0.001).

Inhibition of MRHA Mediated by E. Coli IA2
We tested the effect on MRHA of human and sheep RBCs by pre-incubation of E. coli IA2
in PACs for the concentration range of 25 to 100 μg/ml. MRHA of human or sheep RBCs
was 100% inhibited by pre-incubation of E. coli IA2 in PAC concentrations of 50 μg/ml and
50% inhibited at 25 μg/ml.
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DISCUSSION
We investigated the ability of 2 cranberry derived products, including a commercially
available cranberry capsule and a cranberry PAC extract, to inhibit the adherence of
uropathogenic E. coli using new model systems of primary cultured BECs and VECs.
Recent studies identified PAC as a component of cranberry that specifically inhibits E. coli
adherence, as measured by the proxy of inhibiting P-fimbrial mediated MRHA.7 Our
findings demonstrated that a PAC extract purified from cranberry specifically inhibited E.
coli adherence to primary cultured BECs in dose dependent fashion. These results expand
previous studies of the anti-adherence properties of cranberry PACs since living normal
epithelial cells were used rather than exfoliated squamous cells collected from urine or a
T24 continuous cell line. This allowed a more physiologically accurate examination of the
effects of cranberry PACs. It also appears that this assay may be more sensitive for detecting
inhibitory activity than the MRHA method since 50% inhibition of bacterial adherence was
seen at a PAC concentration of approximately 5 μg/ml using the direct adherence assay
compared to 25 μg/ml with the MRHA method.

To our knowledge no previous published studies evaluated the effects of cranberry products
on adherence to VECS. Adherence of E. coli to VECs is important in the early stages of UTI
initiation and preventing bacterial adhesion to VECs may aid in circumventing infection in
the bladder. Although to our knowledge it is unknown whether cranberry compounds are
excreted into vaginal secretions, our results show that there is the potential for cranberry
compounds to prevent adherence of E. coli to vaginal as well as to bladder epithelium,
potentially preventing UTI by interrupting colonization before the organisms ascend to the
bladder.

The anti-adherence activity observed in these in vitro experiments provides mechanistic
support for clinical studies demonstrating an effect of cranberry products for preventing UTI
in women.14,18–20 Little is known about the PAC content of the capsules used in the
published clinical studies to date and, thus, direct comparison with our in vitro findings is
not possible. However, even if only 1% of the 2.7 mg of PACs found in 1 of the 300 mg
capsules that we tested were active in the bladder, our data suggest that an in vivo inhibitory
effect could be achieved. Likewise since it is probable that only a small proportion of PAC
is ultimately excreted in urine, it is encouraging that concentrations as low as 5 to 75 μg
PAC extract demonstrated an in vitro inhibitory effect on E. coli adherence. It is likely that
these concentrations of PAC are easily achieved with 1 commercially available 240 ml glass
of cranberry juice cocktail containing 35 to 83 mg PAC depending on the brand and percent
of cranberry in the juice.8 Direct correlation between the in vitro and clinical effects of
increasing doses of cranberry products remains an important research goal.4

CONCLUSIONS
This in vitro method for demonstrating the anti-adherence activity of cranberry or PACs on
E. coli adherence to specific primary cultured urogenital epithelial cells provides a useful
and clinically relevant model for further clinical and laboratory studies of preventing UTI
with cranberry products. As antibiotic resistance becomes an increasing concern, alternative
strategies such as cranberry consumption become more important for preventing UTIs. We
tested a P-fimbriated E. coli isolate in these studies. Future studies will address the ability of
PACs to inhibit the adherence of E. coli isolates with other fimbriae and virulence
characteristics as well as potential inhibitory effects on the adherence of other uropathogenic
bacteria to further elucidate the mechanisms and effects of cranberry. Further studies of the
pharmaco-kinetics, dosing, metabolism and excretion of cranberry derived compounds,
especially PACs, are warranted. Ultimately the in vitro effects of PACs and other cranberry
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derived products must be correlated with the clinical efficacy of these products in vivo to
further our understanding of how cranberry may act in preventing acute UTIs.
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Abbreviations and Acronyms

DPBS Dulbecco’s PBS

MRHA mannose resistant hemagglutination

PAC proanthocyanidin

PBS phosphate buffered saline

RBC red blood cell

UTI urinary tract infection

VEC vaginal epithelial cell
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Fig. 1.
Primary BECs incubated at 37C with E. coli IA2 alone (A) or with E. coli IA2 pre-incubated
with 25 μg/ml cranberry PAC extract (B) show decreased bacterial adherence from 6.9 to
2.2 bacteria per cell (t test p <0.001).
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Fig. 2.
Scatterplots of E. coli adherence by PAC concentration overlaid with mean and 95% CI of
E. coli adherence (A), and log transformed PAC concentrations overlaid with linear
regression line (p <0.001) (B). ug, μg.
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