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ABSTRACT: Findings concerning the antiadhesive activity of cranberry phenolic compounds and their microbial-derived
metabolites against Gram-negative (Escherichia coli ATCC 53503 and DSM 10791) and Gram-positive (Enterococcus faecalis 04-
1) bacteria in T24 cells are reported. A-Type procyanidins (A2 and cinnamtannin B-1) exhibited antiadhesive activity (at
concentrations ≥250 μM), a feature that was not observed for B-type procyanidins (B2). The metabolites hippuric acid and α-
hydroxyhippuric acid also showed effective results at concentrations ≥250 μM. With regard to conjugated metabolites, sulfation
seemed to increase the antiadhesive activity of cranberry-derived metabolites as 3-(3,4-dihydroxyphenyl)propionic acid 3-O-
sulfate presented active results, unlike its corresponding nonsulfated form. In contrast, methylation decreased antiadhesive
activity as 3,4-dihydroxyphenylacetic acid was found to be active but not its corresponding methylated form (4-hydroxy-3-
methoxyphenylacetic acid). As a whole, this work sustains the antiadhesive activity of cranberry-derived metabolites as one of
the mechanisms involved in the beneficial effects of cranberries against urinary tract infections.

KEYWORDS: cranberry, microbial-derived phenolic metabolites, urinary tract infections (UTI), uropathogens, bacteria adherence,
bladder cells

■ INTRODUCTION

Urinary tract infections (UTI) are the most pervasive of
bacterial infections and represent a large economic and medical
burden worldwide. Antibiotics are generally prescribed as
treatment against UTI, although they can have adverse side
effects, including the development of antimicrobial resistance
and reduction of beneficial intestinal bacteria.1 As a natural
alternative, cranberry (Vaccinium macrocarpum) has been
widely recommended in the prevention and treatment of
UTI prophylaxis.2,3 Among other components, cranberry is
rich in polyphenols, particularly proanthocyanidins, anthocya-
nidins, and flavonols, together with phenolic acids and
benzoates.4 Although many epidemiological and intervention
studies have proved the efficacy of cranberry products in UTI
prophylaxis,2,3 others have shown mixed results.5,6 One of the
last meta-analyses concerning this topic7 reported a large
interindividual variability in cranberry efficiency against UTI; it
also concluded that patients at some risk of these infections
were more susceptible to the beneficial effects of cranberry
consumption.7

Among other possible mechanisms behind the protective
effects of cranberry against UTI is the capacity of cranberry
polyphenols to act as antiadhesive agents in preventing/
inhibiting the adherence of pathogens to uroepithelial cell
receptors,8 which appears to be a major step in the
pathogenesis of these infections.9 One of the very first studies
about this topic reported the in vitro inhibition of the
adherence of uropathogenic P-fimbriated Escherichia coli by
procyanidin A2 and other cranberry A-type procyanidins.10

Numerous studies have further proven the antiadhesive activity

of different cranberry phenolic compounds/fractions/extracts
against strains of uropathogenic E. coli (UPEC) using cell
culture methodologies.11−13 Experiments on cell cultures have
also evidenced antiadhesive activity against UPEC of urine
collected after the consumption of cranberry products.5,14−16

But it is unlikely that the compounds responsible for the
antiadhesive activity of urine collected after cranberry
consumption would be the original forms present in the
original food. It is known that polyphenols, and especially
proanthocyanidins, are poorly absorbed in the small intestine,
and reach the colon where they are catabolized by the gut
microbiota to give rise to a great battery of phenolic
metabolites that can be absorbed and further secreted in
urine.17 In fact, in a recent study, Peron and co-workers18

demonstrated that the antiadhesive properties of urine after
cranberry consumption could not be ascribable to the direct
effect of A-type proanthocyanidins because their levels in urine
were in the low-concentration range (<nM).18 Therefore, the
question that remains to be answered is what is the
compound(s) present in urine after cranberry consumption
that prevents/inhibits effective adherence of uropathogens to
uroepithelial cells. Just recently, Feliciano and co-workers
published valuable data regarding the absorption, metabolism,
and excretion of cranberry polyphenols19,20 that could help in
the resolution of this cranberry antiadhesive activity puzzle.
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After cranberry juice consumption by healthy men, a total of
60 phenolic-derived metabolites were quantified in plasma and
urine, including hippuric acids, pyrogallol sulfates, valerolac-
tone, benzoic acids, phenylacetic acids, and flavonol glucur-
onides, as well as cinnamic acid sulfates and glucuronides.19

Although some of these compounds were tested for
antiadhesive activity such as phenolic acids21 and valerolac-
tones,22 no data are available for the majority of them,
particularly for compounds found in high concentrations in
human fluids, such as hippuric and α-hydroxyhippuric acids.
On the other hand, the majority of the in vitro studies about
antiadhesive activity against uropathogens have focused on P-
fimbriated E. coli strains. However, Gram-positive bacteria,
including some staphylococcal and enterococcal species, also
seem to be implicated in the etiopathogenesis of UTIs,23

particularly among the elderly population, pregnant women,
and people with any other risk factor for UTIs.24 Therefore,
the goal of this paper has been to assess the effect of cranberry
phenolic compounds and their metabolites on bacteria
adherence to bladder uroepithelial cells, not only for Gram-
negative (E. coli ATCC 53503 and DSM 10791) but also for
Gram-positive (Enterococcus faecalis 04-1) species. Among the
compounds tested, we have included cranberry flavan-3-ols
(both A-type and B-type proanthocyanidins) and phenolic
metabolites exhibiting a high abundance in urine after
cranberry consumption (i.e., hippuric and α-hydroxyhippuric
acids) as well as other conjugated metabolites such as sulfate
and methyl derivatives [i.e., 3-(3,4-dihydroxyphenyl)propionic
acid 3-O-sulfate and 4-hydroxy-3-methoxyphenylacetic acid].
Additionally, and to ensure that the compounds tested were
the forms responsible for the observed effects in the cells, their
stability after bacteria adherence assays was evaluated through
ultra-high-performance liquid chromatography-mass spectrom-
etry (UHPLC-MS) analysis.

■ MATERIALS AND METHODS
Phenolic Compounds. A total of nine phenolic compounds were

used in this study. Procyanidin A2 [epicatechin-(4β→8, 2β→O→7)-
epicatechin], procyanidin B2 [epicatechin-(4β→8)-epicatechin], and
cinnamtannin B-1[epicatechin-(4β→8, 2β→O→7)-epicatechin-(4α→

8)-epicatechin] were purchased from Extrasynthes̀e (Genay, France);
hippuric acid (benzoylaminoacetic acid), α-hydroxyhippuric acid
[(benzoylamino)hydroxyacetic acid), homovanillic acid (4-hydroxy-3-
methoxyphenylacetic acid), and 3,4-dihydroxyphenylacetic acid were
obtained from Sigma-Aldrich Chemical Co. (St. Louis); and 3-(3,4-
dihydroxyphenyl)propionic acid 3-O-sulfate sodium and its free acid
[3-(3,4-dihydroxyphenyl)propionic acid or hydrocaffeic acid] were
acquired from Toronto Research Chemicals, Inc. (Toronto, Canada).

Stock standard solutions were prepared in Dulbecco’s phosphate-
buffered saline solution (DPBS, Lonza Walkersville, Inc., USA) by
weighing individual phenolic compounds to achieve a starting
concentration of 1000 μM, and assayed solutions were prepared via
serial dilutions.

Uropathogenic Strains and Growing Conditions. Two Gram-
negative bacteria (E. coli ATCC 53503 and E. coli DSM 10791) and a
Gram-positive bacteria (E. faecalis 04-1) were selected for the study.
The UPEC ATCC53503 strain that proved to give rise to P fimbriae
was grown in Tryptic Soy broth (TSB; Scharlau, Barcelona, Spain).
The E. coli 10791 DSM 10791 strain that harbors the fimH, papGII/
III, focG, sfaS, and hlyA genes25 was grown in Luria broth (LB;
Laboratorios Conda, Madrid). The E. faecalis 04-1 strain was a clinical
isolate kindly donated by Prof. Juan Miguel Rodriguez (Complutense
University of Madrid, Madrid) and was also grown in TSB. These
strains were kept frozen at −70 °C in a sterilized mixture of glycerol in
a culture medium (20% v/v). The contents of thawed cryovials were
added to the medium and grown overnight at 37 °C. Overnight
cultures were harvested by centrifugation (10 000g, 10 min, 4 °C) and
resuspended in DPBS at concentrations of about 106 and 108 CFU
mL−1 for antibacterial and adherence assays, respectively.

Antibacterial Activity Assays. The antibacterial assays were
performed using the method of Garciá-Ruiz et al.26 Inhibition of the
growth of E. coli ATCC 53503, E. coli DSM 10791, and E. faecalis 04-1
by the tested phenolic compounds was determined by the microtiter
dilution method, using serial double dilutions of the compounds and
initial bacteria inocula (106 CFU/mL). Bacteria growth was
determined by reading the absorbance at 600 nm. Growth inhibitory
activity was expressed as a mean percentage (%) of growth inhibition
with respect to a control without the phenolic compounds. The assays
were conducted in triplicate.

Cell Culture. We used T24 cells (ATCC HTB4) as they have
been shown to be similar to primary human bladder epithelial cells.27

T24 bladder cells were grown and maintained in McCoy’s 5A medium
(Sigma-Aldrich, St. Louis, USA) supplemented with 10% (v/v) fetal
bovine serum at 37 °C in an atmosphere of 5% CO2/95% air at

Figure 1. Schematic representation of the in vitro antiadherence assays carried out in this study.
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constant humidity. For the experiments, cells were seeded in 24-well
tissue plates and grown for approximately 24 h to enable cell
attachment and to obtain confluent cell monolayers.
Cytotoxicity Assay/Cell Viability. The cytotoxicity of the tested

phenolic compounds against T24 cells was evaluated using the
colorimetric 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide (MTT) assay,28 which is based on the reduction of the
dye MTT to formazan, an insoluble intracellular blue product, by
cellular dehydrogenases. Briefly, T24 cells seeded in a 96-well plate
the previous day (5 × 105 cells/well) were washed with DPBS
solution to eliminate antibiotics, overlaid with 0.5 mL of phenolic
solution, and incubated for 24 h at 37 °C under 5% CO2 atmosphere.
Then the supernatant was removed, the monolayer was washed with
DPBS, and MTT was added to each well (0.5 mg/mL) and the cell
culture incubated for 3 h at 37 °C. Absorbance was measured at 570
nm with a plate reader (Multiskan FC Thermo Fisher Scientific, New
Hampshire, USA). The absorbance ratio between the cell culture
treated with the phenolic compound and the untreated control × 100
represented cell viability (percentage of control). Assays were
conducted in triplicate.
Adherence Assay. The in vitro antiadherence assays of

uropathogens by phenolics are schematically shown in Figure 1.
Uropathogenic bacteria overnight cultures (108 CFU/mL) were
incubated with the same volume of the phenolic solution (200, 500,

and 1000 μM) for 1 h, at 37 °C, in agitation (180 rpm) (bacteria +
phenolic compound mixtures). Therefore, the final concentration of
phenolics in these mixtures were 100, 250, and 500 μM. The selection
of these concentration values was based on previous studies with
other phenolic compounds21,22 in which we found significant
antiadhesive activity (p < 0.01) at concentrations higher than 100
μM. Then confluent T24 cell monolayers (5 × 105 cells/well) were
washed with DPBS solution and overlaid with 0.5 mL of the
uropathogenic bacteria preincubated with each phenolic compound or
with DPBS (control) (Figure 1). Supernatants were collected after 1 h
of incubation at 37 °C under 5% CO2 atm, and an aliquot was
immediately frozen (−80 °C) for further UHPLC MS/MS analysis.
Cells and adhered bacteria were then detached using a 0.05% trypsin-
ethylenediaminetetraacetic acid solution and sonicated in an ultra-
sonic sonication bath (3 pulses, 10 s on, 3 s off) at 40 kHz to recover
bacteria associated with cells. Bacteria counts (CFU/mL) were
carried out using the serial dilution plate method on TSA plates for E.
coli strains and Enterococcus Selective Agar plates (Laboratorios
Conda) for enterococci, as previously described.21 The adherence
percentage (%) was calculated as the number of adhered bacteria
(CFU/mL) relative to the total number of bacteria added initially ×
100. The percentage of inhibition by a phenolic compound/extract
was calculated as [1 − (% Adherencesample/% Adherencecontrol)] ×
100. The bacteria + phenolic compound mixtures were subjected to

Figure 2. Antiadhesive activity (% of bacteria adherence and % of adherence inhibition) of procyanidin A2, procyanidin B2, and cinnamtannin B-1
against E. coli ATCC 53503, E. coli DSM 10791, and E. faecalis 04-1 in T24 cells. For the % of bacteria adherence, P values express differences from
the control (no compound present) for the corresponding uropathogenic bacteria strain. For the % of adherence inhibition, values with different
letters (a, b) indicate statistically significant differences (P < 0.01) among compound concentrations that were found to significantly decrease the %
of bacteria adherence.
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the same incubation but in the absence of T24 cells (Figure 1), and
supernatants were collected and immediately frozen (−80 °C) for
further UHPLC MS/MS analysis.
In parallel, the diluted phenolic solutions were incubated in the

absence and presence of T24 cells as indicated above (Figure 1), and
supernatants were collected and immediately frozen (−80 °C) for
further UHPLC MS/MS analysis. All assays were conducted in
triplicate.
UHPLC-DAD-ESI-TQ MS Targeted Analysis of Phenolic

Metabolites. Supernatants from incubations of cell monolayers
with phenolic compounds previously incubated or not with
uropathogens as well as incubations of phenolic compounds in the
absence and presence of uropathogens (Figure 1) were assayed for
phenolic metabolites. Prior to their analysis, supernatants were filtered
(0.22 μM, Symta, Spain) and 200 μL of sample was mixed with 50 μL
of internal standard (4-hydroxybenzoic-2,3,5,6-tetradeutered acid)
(IS) prepared in acetonitrile and 0.1% formic acid at a final
concentration of 0.25 mg/mL. Then 2.0 μL of sample was injected
into the chromatographic system. Each analysis was performed in
duplicate.
Phenolic metabolites were analyzed using UHPLC-ESI-MS/MS

following a method previously published.29 A total of 54 phenolic
compounds [3-(hydroxyphenyl)-propionic, hydroxyphenylacetic, hy-
droxycinnamic, hydroxybenzoic, and hydroxymandelic acids] were
targeted.29 All metabolites were quantified using the calibration curves
of their corresponding standards, and the results were presented as
the percentage (%) of loss in relation to the phenolic solution
incubated in the absence of T24 cells and/or pathogens.
Statistical Analysis. A paired sample t test was used to evaluate

whether the inhibition of adherence of uropathogenic strains to T24
uroepithelial cells in the presence of a phenolic compound was
different (P ⩽ 0.01) from pathogen adherence in its absence
(control). Also, one-way analysis of variance (ANOVA) post hoc
comparison using Tukey’s HSD test (P ⩽ 0.01) was used for
comparing the values of inhibition (%) among those phenolic
compounds that significantly decreased the percentage of adherence

with respect to the control. The IBM SPSS program (v.22) for
Windows was used for data processing.

■ RESULTS

Effects of Cranberry Phenolic Compounds on the
Adherence of Gram-Negative and Gram-Positive
Uropathogens to Bladder Epithelial Cells. First, any
antimicrobial or cytotoxic activity of the tested compounds at
the concentrations used (100, 250, and 500 μM) was discarded
(data not shown). Initial assays also showed that the capacity
of E. coli ATCC 53503 (9.31 ± 0.63% of total bacteria), E. coli
DSM 10791 (9.34 ± 0.31%), and E. faecalis 04-1 (10.3 ±
0.75%) to adhere to T24 cells was similar to that previously
reported (9.82%, 9.01%, and 11.3%, respectively).30

The effect of the three flavan-3-ols present in cranberry
(procyanidins A2 and B2 and cinnamtannin B-1) on the
adherence of both Gram-negative (E. coli ATCC 53503, E. coli
DSM 1079) and Gram-positive (E. faecalis 04-1) bacteria is
reported in Figure 2. Significant differences (P ⩽ 0.01) in the
percentage (%) of bacteria adherence from the control (no
phenolic compound added) were indicated for each tested
concentration of phenolic compound (100, 250, and 500 μM).
Only A-type procyanidins (A2 and cinnamtannin B-1)
produced significant decreases in the percentage of bacteria
adhered to uroepithelial cells, particularly at 250 μM for
procyanidin A2 against E. coli DSM 1079 and E. faecalis 04-1
and for cinnamtannin B-1 against E. faecalis 04-1, and at 500
μM for both compounds against the three strains tested, except
for cinnamtannin B-1 against E. coli ATCC 53503 (Figure 2).
The percentage (%) of adherence inhibition rose to 28.4%,
41.9%, and 55.8% for procyanidin A2 and to 17.2%, 25.8%, and
32.65% for cinnamtannin B-1 respectively for E. coli ATCC

Figure 3. Antiadhesive activity (% of bacteria adherence and % of adherence inhibition) of hippuric acid and α-hydroxyhippuric acid against E. coli
ATCC 53503, E. coli DSM 10791, and E. faecalis 04-1 in T24 cells. For the % of bacteria adherence, P values express differences from the control
(no compound present) for the corresponding uropathogenic bacteria strain. For the % of adherence inhibition, values with different letters (a, b)
indicate statistically significant differences (P < 0.01) among compound concentrations that were found to significantly decrease the % of bacteria
adherence.
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Figure 4. Antiadhesive activity (% of bacteria adherence and % of adherence inhibition) of 3-(3,4-dihydroxyphenyl)propionic acid (dihydrocaffeic
acid) and 3-(3,4-dihydroxyphenyl)propionic acid 3-O-sulfate sodium salt against E. coli ATCC 53503, E. coli DSM 10791, and E. faecalis 04-1 in
T24 cells. For the % of bacteria adherence, P values express differences from the control (no compound present) for the corresponding
uropathogenic bacteria strain. For the % of adherence inhibition, values with different letters (a,b) indicate statistically significant differences (P <
0.01) among compound concentrations that were found to significantly decrease the % of bacteria adherence.

Figure 5. Antiadhesive activity (% of bacteria adherence and % of adherence inhibition) of 3,4-dihydroxyphenylacetic acid and 4-hydroxy-3-
methoxyphenylacetic acid (homovanillic acid) against E. coli ATCC 53503, E. coli DSM 10791, and E. faecalis 04-1 in T24 cells. For the % of
bacteria adherence, P values express differences from the control (no compound present) for the corresponding uropathogenic bacteria strain. For
the % of adherence inhibition, values with different letters (a, b) indicate statistically significant differences (P < 0.01) among compound
concentrations that were found to significantly decrease the % of bacteria adherence.
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53503, E. coli DSM 1079, and E. faecalis 04-1, at the
concentration of 500 μM (Figure 2).
Effects of Cranberry-Derived Metabolites on the

Adherence of Gram-Negative and Gram-Positive
Uropathogens to Bladder Epithelial Cells. As seen for
procyanidin A2 and cinnamtannin B-1, an inhibitory
concentration-dependent effect on the adherence of E. coli
ATCC 53503, E. coli DSM 1079, and E. faecalis 04-1 to T24
cells was observed for hippuric and α-hydroxyhippuric acids
(Figure 3). Hippuric acid resulted in being significantly
effective (P ⩽ 0.01) against the three uropathogenic strains
at the concentration of 500 μM (inhibition % of 25.5, 22.5, and
30.5 for E. coli ATCC 53503, E. coli DSM 1079, and E. faecalis
04-1, respectively), whereas only the adherence of E. faecalis
04-1 was significantly reduced by this compound at the
concentration of 250 μM (inhibition % of 22.0) (Figure 3). α-
Hydroxyhippuric reduced significantly only the adherence of E.
coli DSM 1079 (inhibition % of 26.2%) and E. faecalis 04-1
(inhibition % of 23.0%) at the concentration of 500 μM
(Figure 3).
The sulfate form of 3-(3,4-dihydroxyphenyl)propionic acid

[i.e., 3-(3,4-dihydroxyphenyl)propionic acid 3-O-sulfate so-
dium] also showed antiadhesive activity against the three
uropathogenic strains tested (Figure 4). At the concentration
of 500 μM, the percentages (%) of adherence inhibition rose
to 20.8%, 30.7%, and 27.9% for E. coli ATCC 53503, E. coli
DSM 1079, and E. faecalis 04-1, respectively (Figure 4). In
contrast, the free acid form [3-(3,4-dihydroxyphenyl)propionic
acid] did not lead to significant effects (P > 0.01) on the
adherence of uropathogenic strains, at least at concentrations
of up to 500 μM (Figure 4).
The microbial-derived metabolite of flavan-3-ols, 3,4-

dihydroxyphenylacetic acid, showed a clear concentration-
dependent effect on the adherence of the three uropathogenic
strains tested, with significant decreases (P ⩽ 0.01) being
observed at the concentrations of 250 and 500 μM (Figure 5).
At the concentration of 500 μM, the percentage of adherence
inhibition rose to 36.4%, 41.6%, and 43.6% for E. coli ATCC
53503, E. coli DSM 1079, and E. faecalis 04-1, respectively
(Figure 5). However, its methyl derivative, homovanillic acid
(4-hydroxy-3-methoxyphenylacetic acid), showed no signifi-
cant antiadhesive activity, at least at concentrations of up to
500 μM (Figure 5).
In parallel to the bacteria adherence evaluation, the stability

of the compounds during the assays was determined through
UPLC-MS analysis of the supernatants after incubation of the
compounds in the presence and absence of pathogenic bacteria
and bladder epithelial cells (Figure 1). Among the 54 phenolic
metabolites targeted, only the initial compounds used were
detected after their incubation with pathogenic bacteria and/or
bladder epithelial cells (see Table 1 for chromatographic and
spectrometric data of the compounds). In other words, there
seemed to be no sign of bacterial and/or cellular metabolites
derived from the phenolic compounds tested after their
incubation with bacteria and/or cells. Moreover, the
concentration of the compounds after their incubation with
the cells was not significantly different from that of the
compounds incubated on their own (% of loss of between
−18.7 and 19.2), thereby confirming the stability of the
compounds during their incubation with cells. However, the
concentration of the compounds in the supernatants after their
incubation with the pathogenic bacteria (following or not
incubation with the cells) was significantly lower than that of

the compounds incubated on their own (perecentage of loss of
up to 57.6). To investigate this fact, the residues retained in the
filter (0.22 μM) after filtration of the bacteria + phenolic
mixtures (Figure 1) were redissolved and analyzed by UHPLC-
MS. Some traces of the phenolic compound were found,
indicating that there could be certain retention of the
compound inside the bacteria mass during filtration, which
could explain these latter results.

■ DISCUSSION
Consumption of cranberry (Vaccinium macrocarpon) has been
widely recommended for prophylaxis against urinary tract
infections (UTI),2,3 although the mechanisms behind these
effects have not been fully revealed.8 This study points out
some new features regarding the antiadhesive activity of
cranberry phenolic compounds and their microbial-derived
metabolites against uropathogens. First, this paper has
demonstrated that the adherence of enterococcal strains
(Gram-positive) such as E. faecalis to bladder uroepithelial
cells was also inhibited after incubation of the bacteria with
certain phenolic compounds. In fact, among the three strains
used, sensitivity against phenolic compounds was in the order
E. faecalis 04-1> E. coli DSM 10791 > E. coli ATCC 53503. For
example, cinnamtannin B-1 and hippuric acid were active
against E. faecalis 04-1 at 250 μM, but not against E. coli DSM
10791. Although most studies about the antiadhesive activity
of cranberry phenolic compounds have subscribed to P-
fimbriated E. coli strains, some studies have also proven in vitro
antiadhesive activity against other Gram-negative bacteria such
as Proteus mirabilis, a species that has been associated with
infections in catheterized patients or those having structural
anomalies of the urinary tract.31 Recently, E. faecalis species
have received much attention because of their resistance to
aminoglycosides and vancomycin.32 In the same vein, Wojnicz
and co-workers33 explored the effects of a cranberry extract on
the growth, virulence factors, and biofilm formation of E.
faecalis urine isolates. As far as we know, this paper reports, for
the first time, data concerning the activity of cranberry
phenolic compounds on the adherence of E. faecalis to
uroepithelial cells. Together, the results suggest a wide activity
spectrum against uropathogenic bacteria by cranberry phenolic
compounds and their microbial-derived metabolites, at least in
in vitro conditions.

Table 1. Phenolic Metabolites Detected in the Supernatants
from the In Vitro Adherence Assays of E. coli ATCC 53503,
E. coli DSM 1079, and E. faecalis 04-1 on Bladder Epithelial
Cells

metabolite

retention
time
(min)

MRM
transition
(m/z)

cone
voltage
(V)

collision
energy
(V)

hippuric acid 5.26 178 > 134 30 10
α-hydroxyhippuric acid 3.92 194 > 73 25 10
3-(3,4-dihydroxyphenyl)
propionic acid 3-O-
sulfate

5.06 261 > 181 30 15

3-(3,4-dihydroxyphenyl)
propionic acid

5.25 181 > 137 32 12

4-hydroxy-3-
methoxyphenylacetic
acid

6.04 181 > 137 27 8

3,4-dihydroxyphenylacetic
acid

4.18 167 > 123 20 12
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Another new finding reported in this paper concerns the
antiadhesive activity of flavan-3-ols, particularly of trimer
cinnamtannin B-1 [epicatechin-(4β→8, 2β→O→7)-epicate-
chin-(4α→8)-epicatechin]. To the best of our knowledge, this
is the first time that an A-type procyanidin molecule different
from A2 [epicatechin-(4β→8, 2β→O→7)-epicatechin] has
been tested for in vitro antiadhesive activity against
uropathogens. Both A2 and cinnamtannin B-1 significantly
inhibited the adherence of three strains of bacteria tested (E.
coli ATCC 53503, E. coli DSM 1079, and E. faecalis 04−1) at
concentrations ≥250 μM, a feature that was not observed for
procyanidin B2 [(−)-epicatechin-(4β-8)-(−)-epicatechin]] in
line with previous reports.11,21 Therefore, it could be suggested
that a certain structure−activity relationship for A-type
procyanidins as dimers (i.e., A2) led to higher inhibition
percentages (%) than trimers (i.e., cinnamtannin B-1) for the
uropathogenic stains tested. The lower number of A-type
linkages and/or the greater molecular volume might be the
chemical structural features that explained the inverse
relationship between the polymerization degree and the
antiadherence activity of A-type procyanidins. But in any
case, the antiadherence activity of A-type procyanidins is
unlikely to be relevant in vivo as their concentration in urine is
null or very low as a consequence of their extensive microbial
metabolism in the gut.18,19

Following this reasoning, another achievement of this paper
relates to the phenolic compounds known to be present in
urine after cranberry consumption, such as hippuric acid
(benzoylaminoacetic acid) and α-hydroxyhippuric acid
[(benzoylamino)hydroxyacetic acid). Our results demonstra-
ted that both acids exhibit antiadhesive activity in a dose-
dependent manner (100−500 μM) against the three strains of
bacteria, with hippuric acid being more active than α-
hydroxyhippuric acid. Hippuric acid is known to be generated
from protein and amino acid metabolism,34 but it is also a
common metabolite of many flavonoids after glycination of
benzoic acid in the liver.35 In fact, hippuric acid has been
validated as a biomarker of overall flavonoid intake in specific
populations including healthy adolescents.36 With regard to
cranberry consumption, hippuric and α-hydroxyhippuric acids
have shown maximum excretion in 24 h urine amounts
(69 717 nmol and 74 538 nmol, respectively) after the intake
of cranberry juice (787 mg of polyphenols).19 Therefore, our
results suggested that the relatively high concentration of
hippuric acids might be responsible, at least partially, for the
antiadhesive activity of the urine samples collected after
consumption of cranberry products.5,14−16

In regard to other minor metabolites present in urine after
cranberry consumption, 3,4-dihydroxyphenylacetic acid and
dihydrocaffeic acid 3-O-sulfate also proved to be active (C ≥
250 μM) against bacteria adherence to uroepithelial cells for
the three uropathogens studied. Their total amount excreted in
urine after 24 h after the intake of cranberry juice (787 mg of
polyphenols) were 1597 and 417 nmol respectively for 3,4-
dihydroxyphenylacetic acid and dihydrocaffeic acid 3-O-
sulfate.19 In comparison to the nonconjugated forms, sulfation
seemed to induce/increase antiadhesive activity as 3-(3,4-
dihydroxyphenyl)propionic acid showed no significant anti-
adhesive activity. This was in accordance with a previous
study22 that assayed the antiadhesive activity of 5-(3′,4′-
dihydroxyphenyl)-γ-valerolactone and differently sulfated
derivatives against UPEC to uroepithelial cells; all the
compounds tested were able to significantly inhibit the

adherence of UPEC at concentrations of 100 μM, but only
5-(3′-hydroxyphenyl)-γ-valerolactone-4′-O-sulfate inhibited
significantly the adherence of UPEC to T24 cells when
incubated at 50 μM.22 In contrast, methylation impeded/
decreased metabolite antiadhesive activity as 4-hydroxy-3-
methoxyphenylacetic acid did not lead to significant effects on
the adherence of uropathogenic strains, at least at the
concentrations used in this study. As this is very preliminary
data tested only with one compound of each class, more work
is needed to confirm that sulfation may increase antiadhesion
activities and that methylation may decrease it. Moreover,
further studies in this subject should also consider the
physiological concentration of the phenolic metabolites as
well as the possible additive (and even synergistic) effects
among the cranberry-derived phenolic metabolites and other
metabolites present in the urine matrix.
The wide interindividual differences observed in the human

urinary/plasmatic phenolic metabolite profile have led to the
introduction of the concept of polyphenol “metabotypes” or
polyphenol metabolizing phenotypes,37 which groups subjects
with similar capacity to metabolize dietary polyphenols. Some
studies have shown subject clusterization according to the
capacity to metabolize polyphenols from soy,38 from
pomegranate,39 or from wine,40 among other foods. It remains
to be proven if the intake of cranberry polyphenols would also
cluster subjects according to their phenolic metabolite profile
in physiological fluids (urine, plasma, and feces). However,
recent studies reporting a preliminary elucidation of urinary
metabotypes concerning the metabolism of flavan-3-ols,41 one
of the main classes of polyphenols present in cranberry, make
us hypothesize that there could be different phenolic
metabotypes related to the production of gut microbial
metabolites from cranberry polyphenols, and that these
hypothetical metabotypes could be one of the factors
putatively associated with the great variability observed in
the efficacy of cranberry products.
Finally, in relation to the in vitro conditions used to evaluate

the antiadhesive activity against uropathogens, the UHPLC-
MS analysis carried out in this study ensured stability of the
phenolic metabolites tested under the cell culture conditions
and UHPLC-MS parameters used in this study. Moreover,
there was no apparent cellular and/or bacterial metabolism of
the phenolic compounds tested as no new compounds were
detected. In a previous paper, the possible transformations of
phenyl-γ-valerolactones in bladder epithelial cells infected or
not with UPEC were evaluated.22 While 5-(3,4-dihydrox-
yphenyl)-γ-valerolactone did not undergo any metabolic
transformation, its sulfate derivatives underwent a certain
metabolism by T24 cells that comprised the opening of the
lactone ring and/or desulfation, the latter only to a very small
extent (0.5−2%).22 Compound stability and cell metabolism
during cell culture assays is indeed a matter about which great
care should be taken in studying bioactivity in vitro.42

Although the results of this study reinforced the utility of the
T24 cell model for the study of the adherence of UTI-related
bacteria, we should bear in mind that adherence of pathogens
to uroepithelial cell receptors is a complex process involving
multidimensional interactions between commensal microbiota,
uropathogens, immune cells, and epithelial cells.30 More
evolved cell models considering multispecies microbial biofilms
and also evaluating other fimbriae-type UPEC strains such as
type 1fimbriae ones will be of interest for future experiments.
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In summary, the results of this paper demostrate that A-type
procyanidins (A2 and cinnamtannin B-1) but not B-type
procyanidins (B2) are able to inhibit not only the adherence of
uropathogenic E. coli but also of Gram-positive uropathogenic
bacteria to bladder cells in in vitro conditions, although it is
unlikely that procyanidins were present in urine at relevant
physiological concentrations. It is also reported for the first
time that cranberry-derived phenolic compounds detected in
urine after consumption of cranberries and/or cranberry
products such as hippuric acid, α-hydroxyhippuric acid, 3,4-
dihydroxyphenylacetic acid, and dihydrocaffeic acid 3-O-sulfate
are also able to inhibit the adherence of the uropathogenic
bacteria tested. Additive (and even synergistic) effects among
all the cranberry-derived phenolic metabolites present in urine
are expected in vivo, which could explain, at least partly, the
preventive and/or curative effects of the consumption of
cranberry against urinary tract infections. Although a lack of
standardization in terms of composition and dosage for
cranberry products has been considered one of the main
reasons for the large differences in the efficacy of cranberry
consumption observed among the many epidemiological and
intervention studies that have been carried out, interindividual
variability in the capacity to metabolize cranberry polyphenols
may have a lot to do with the beneficial effects associated with
cranberry. New investigations into the gut microbial
metabolism of cranberry polyphenols and their further
conjugation, mainly in the liver, will give more clues in moving
toward a resolution of the cranberry UTI-preventing puzzle.
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