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ABSTRACT: Cranberry (Vaccinium macrocarpon) products have been widely recommended in traditional American medicine
for the treatment of urinary tract infection (UTIL). A total of 19 different commercial cranberry products from American and
European markets have been analyzed by different global phenolic methods and by UPLC-DAD-ESI-TQ MS. In addition, in
vitro antioxidant capacity and uropathogenic bacterial antiadhesion activity tests have been performed. Results revealed that
products found in the market widely differed in their phenolic content and distribution, including products completely devoid of
flavan-3-ols to highly purified ones, either in A-type proanthocyanidins (PACs) or in anthocyanins. The product presentation
form and polyphenolic profile widely affected the antiadhesion activity, ranging from a negative (nulel) effect to a MIC = 0.5 mg/mL
for cranberry powders and a MIC=112 mg/mL for gel capsule samples. Only 4 of 19 products would provide the recommended dose
of intake of 36 mg total PACs/day. Of most importance was the fact that this dose would actually provide as low as 0.00 and up
to 205 ug/g of procyanidin A2, indicating the lack of product standardization and incongruence between global and individual
compound analysis.
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B INTRODUCTION Flavan-3-ols in cranberry occur as monomers, and when they
are in oligomeric and polymeric forms, they are called
proanthocyanidins (PACs). PACs in cranberry vary according
to the nature of the interflavan linkage, constitutive units, and
degree of polymerization (DP). According to the nature of the
intervaflavan linkage, both A- and B-type PACs are found in
cranberry. B-type PACs are those in which monomeric units are
linked through the C4 position of the upper unit and the C6 or
C8 positions of the lower unit, whereas A-type PACs contain
an additional ether-type bond between the C2 position of the

upper unit and the hydroxyl group at C7 or CS of the lower

influenza virus, anti-inflammatory activity in periodontal unit (C2—0—C7 or C2—0—CS). Tt has been estimated that
disease, antihypertensive activity inhibiting ACE activity, and A-type PACs account for ca. 65% of total PACs in cranberry.l’ll
antiproliferative activity on human oral, colon, and prostate

cancer cell lines, among others. Some in vivo trials in humans

Cranberry (Vaccinium macrocarpon) and its derived products,
including nutraceuticals, are a rich source of polyphenols.
Phenolic acids and benzoates, and flavonoid compounds such as
anthocyanins, flavonols, and flavan-3-ols, are the most common
polyphenols found in cranberries.' > Numerous health effects
have been reported for cranberries including* in vitro and ex
vitro antioxidant activity, antimicrobial activity against bacteria
involved in a wide range of diseases (dental caries, gastritis,
enteritis, and infections), antiviral activity against A- and B-type

(—)-Epicatechin is more abundant than (+)-catechin as a con-
stitutive unit of cranberry oligomers and polymers (i.e,, procyani-

or animals have also revealed beneficial effects of cranberry dins), although traces of (epi)gallocatechins (i.e., prodelphini-
juice and powders on oral health,® stomach infections,’ dins) have also been reported.”'>”'* Recently, A- and B-type
cardiovascular disease,” and diabetes.” However, the best dimers and trimers containing one epigallocatechin unit have
known bioactivity of cranberry polyphenols is related to their been detected in cranberry extracts and derived fractions."> The
capacity to inhibit the adhesion of pathogenic bacteria to DP of cranberry PACs varies from two to seven monomeric
uroepithelial cells of the urinary tract, preventing bacterial units linked by a least one A-type linkage, although above DP 4
colonization and progression of urinary tract infections they might contain two A-type linkages.”'>~** More recently,
(UTI),"” activity that has also been extended to pathogens

involved in diseases of the oral cavity.10 The bacterial Received: December 1, 2011

antiadhesion activity, as well as most of the aforementioned Revised:  February 9, 2012

activities or effects of cranberry and derived products, has been Accepted: March 8, 2012

mainly attributed to their characteristic polyphenol proﬁle.4 Published: March 22, 2012
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Table 1. Global Phenolic Determination and Antioxidant and Antiadhesion Capacities of the Different Commercial Cranberry

Products®
PT PAC-butanol/HCl
product  presentation origin (mg GAE/g) (mg Cy/g)

1 syrup Spain 427 £ 0.01 9.19 £ 0.23
2 powder USA 12.62 + 1.12 321+ 1.8
3 powder Belgium 7.12 + 0.09 7.67 + 0.17
4 gel capsule USA 132.09 + 4.16 9.58 +1.22
S gel capsule USA 139.24 + 2.47 943 + 0.27
6 gel capsule UK 1294 + 1.73 848 + 0.14
7 gel capsule UK 12.80 + 1.53 6.63 + 0.24
8 powder UK 39.24 + 2.65 11.29 + 0.20
9 pill Italy 46.39 + 0.03 463 + 042
10 powder capsule  Belgium 69.79 + 3.77 45.5 + 3.6
11 powder capsule ~ USA 91.67 + 1.42 13.66 + 0.50
12 powder capsule  France 10.82 + 0.54 10.95 + 0.30
13 powder UK 649 + 0.33 3.77 £ 1.31
14 powder capsule  USA 3.06 £ 0.19 S.31 £ 1.26
15 powder USA 16.39 + 0.24 18.15 + 0.7
16 powder USA 20.72 + 0.74 30.16 + 0.92
17 powder USA 165.71 + 6.02 215.35 + 3.62
18 powder USA 21891 + §.13 313.09 + 333
19 powder China 83.54 + 1.93 159.86 + 18.07

PAC-DMAC ORAC bacterial
(%, w/w) (umol TE/mg product) antiadhesion MIC (mg/mL)
0.03 0.11 + 0.01 326
0.80 0.23 + 0.02 —
0.13 0.22 + 0.02 60
0.18 0.98 + 0.01 230
0.21 1.11 + 0.0 200
0.21 0.21 + 0.01 -
0.15 0.18 + 0.01 112
0.09 0.47 + 0.01 -
0.21 1.23 + 0.07 7.5
7.20 2.10 + 0.08 0.9
0.24 1.08 + 0.04 na
0.22 0.35 + 0.01 60
0.11 0.10 + 0.01 30
0.28 0.09 + 0.01 60
0.32 0.44 + 0.01 15
0.60 0.62 + 0.01 60
4.7 6.99 + 0.01 19
7.3 9.01 + 0.92 0.5
4.4 293 + 0.15 -

“Mean (n = 2) * standard deviation (SD). MIC, minimum inhibitory concentration; GAE, gallic acid equivalent; Cy, cyanidin; na, not available; —,

negative effect.

A-type PACs up to DP 12 have been detected in a high-
polymeric fraction of cranberry.'®

Cranberry products have been widely recommended in
traditional American medicine for the prevention of UTI, and
in recent years their popularity has considerably increased in
the European market. Although a large number of human
clinical studies have shown that cranberry products reduce the
incidence of UTI in women with recurrent infections, the
establishment of recommended intake doses has been one of
the limitations of this therapy.'® This has mainly been due to
the lack of standardization of cranberry products used in the
different trials and to difficulties with the isolation and analysis
of A-type PACs. Recently, the Agence Francaise de Sécurité
Sanitaire des Aliments (AFSSA) has concluded on the basis of
the results from randomized clinic studies that the daily intake
of 36 mg of PAC in the form of six different cranberry products
(fresh/frozen fruits, puree, and four different forms of dried,
sugar-added, and/or flavored products) contributes to decreas-
ing adhesion of certain uropathogenic P-fimbriated Escherichia
coli to the walls of the urinary tract."” The method used for the
determination of the PAC content to sustain this claim was
the DMAC method, which gives a global valorization of both
A- and B-type PACs, but which could also lead to an under-
estimation of the total content in products with higher levels of
oligomers and polymers.'®

Besides the dosage and analytic methodologies best suited
for cranberry products, other important issues with cranberry
products are those concerning the bioavailability of A-PACs,
which remains largely unknown, but which may be partially
dependent on their colonic catabolism, as described for B-type
PACs."” In fact, recent studies have found very small levels
of intact procyanidin A2 in rat plasma and urine after the
administration of a cranberry concentrate powder® to be
responsible for the in vivo benefits against UTI. The microbial
catabolism of B-type PACs involves the formation of phenyl-
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propionic, phenylacetic, benzoic, and cinnamic acids of different
hydroxylation patterns; however, the A-type bond in cranberry
PACs is difficult to break and may result in a very different
metabolic profile. Therefore, new studies need to determine the
metabolites of A-type PACs to discover their role in preventing
UTL

In view of all these facts, the aim of the present work was to
perform a comprehensive assessment of the quality of cranberry
products found in American and European markets. For that,
global phenolic determinations by different methods, as well as
targeted UPLC-DAD-ESI-TQ MS measurement, of a wide
range of individual phenolic acids and main flavonoid
compounds, including anthocyanins and flavan-3-ols, have
been carried out. In addition, in vitro antioxidant capacity and
uropathogenic bacterial antiadhesion activity tests have been
performed to complement the assessment. Finally, correlation
and multivariate statistical analysis have been applied to
summarize the data and provide useful conclusions.

B MATERIALS AND METHODS

Materials. Standards of phenolic compounds were purchased from
Sigma-Aldrich Chemical Co. (St. Loius, MO, USA), Phytolab
(Vestenbergsgreuth, Germany), or Extrasynthése (Genay, France). 6-
Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and
2,2"-azobis(2-methylpropionamidine) dihydrochloride were purchased
from Aldrich (St. Louis, MO, USA). Dimethylaminocinnaldehyde was
purchased from Sigma (St. Louis, MO, USA). LC grade solvents were
purchased from Lab-Science (Sowinskiego, Poland) or from Scharlau
(Barcelona, Spain). The remaining chemicals and reagents were
obtained either from Sigma-Aldrich Co. Ltd. (Poole, Dorset, U.K.) or
from Fisher (Loughborough, Leics, UK.).

Commercial Cranberry Products. A total of 19 different
commercial cranberry products, presented as powder capsules, gel
capsules, pills, loose powders, and syrups, were purchased from European
and U.S. markets or kindly provided by the suppliers (Table 1). Only
product 10 was reported to contain grape seed proanthocyanidins, as
indicated on the label. Product 8 also contained probiotics, and
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products 3 and 4 included vitamin C in their formulations. Products
(0.50 g) were mixed with 10 mL of MeOH/H,0 (20:80, v/v)
containing 0.2% HCI, sonicated for 10 min, centrifuged at 3500 rpm
during 15 min, and finally filtered through 0.22 ym for UPLC-DAD-
ESI-TQ MS determination. For global phenolic and antioxidant
activity determinations, cranberry products (0.05g) were extracted
with 10 mL of methanol/HCI (1000:1, v/v) by sonication for 5 min
followed by an extra 15 min resting period, followed by centrifugation
and filtration, as above. Extractions were performed in duplicate.

Global Phenolic Determinations. Total polyphenols (TP) were
determined according to the method of Singleton and Rossi,”" which is
based on the oxidation of the hydroxyl groups of phenols in basic
media by the Folin—Ciocalteu reagent (mixture of phosphotungstic
and phosphomolybdic acids of yellow color), using gallic acid as a
calibration standard. Two different methods were used for the
determination of total PACs: (a) the Bate—Smith method, based on
the acid-catalyzed oxidative cleavage of the C—C interflavanic bond of
PACs in butanol—HCI (PAC-But/HCI),* using cyanide chloride as a
standard and (b) the dimethylaminocinnaldehyde (DMAC) (PAC-DMAC)
method, based on the reactions of aldehydes with the hydroxyl groups
in the B ring of flavan-3-ols, following the protocol described by Prior
et al,* using procyanidin A2 as a standard. Analyses were performed
in duplicate.

Analysis of Phenolic Compounds by UPLC-DAD-ESI-TQ MS.
An UPLC system coupled to an Acquity PDA el (extended
wavelength) photodiode array detector and an Acquity TQD tandem
quadrupole mass spectrometer equipped with a Z-spray electrospray
interface (UPLC-DAD-ESI-TQ MS) (Waters, Milford, MA, USA) was
used. Separation (2 yL) was performed on a Waters BEH C18 column
(2.1 X 100 mm; 1.7 um) at 40 °C. For phenolic acids and flavan-3-ols,
a gradient composed of solvent A (water/acetic acid, 98:2, v/v) and
solvent B (acetonitrile/acetic acid, 98:2, v/v) was applied at flow rate
of 0.5 mL/min as follows:** 0.0—1.5 min, 0.1% B; 1.5—11.2 min, 0.1—
16.3% B; 11.2—11.5 min, 16.3—18.4% B; 11.5—14.0 min, 18.4% B;
14.0—14.1 min, 18.4-99.9% B; 14.1—15.5 min, 99.9% B; 15.5—15.6
min, 0.1% B; 15.6—18.0 min, 0.1% B. For anthocyanins, a gradient
consisting of A (water/formic acid, 90:10, v/v) and B (acetonitrile)
was applied at flow rate of 0.5 mL/min as follows: 0—1.0 min, 5—15%
B; 1.0—8.09 min, 15—30% B; 8.09—8.67 min, 30—100% B; 8.67—9.84
min, 100—5.0% B; 9.84—12.17 min, 5.0—-95% B. The DAD was
operated in the 250—420 nm wavelength range (for phenolic acids and
flavan-3-ols) and from 260 to 650 nm (for anthocyanins) at a 20
point/s rate and 1.2 nm resolution. The ESI parameters were as
follows: capillary voltage, 3 kV; source temperature, 130 °C;
desolvation temperature, 400 °C; desolvation gas (N,) flow rate,
750 L/h; cone gas (N,) flow rate, 60 L/h. The ESI was operated in
negative mode for phenolic acids and flavan-3-ols and in positive mode
for anthocyanins. For quantification purposes, data were collected in
the multiple reaction monitoring (MRM) mode, tracking the
transition of parent and product ions specific for each compound,
and using external calibration curves.

The MS parameter optimization, MRM transitions, tested concen-
tration range, and limits of detection and quantification for phenolic acids
and flavan-3-ols were those described by Sanchez-Patin et al**** For
procyanidin A2, the optimized MRM [father ion (m/z), daughter ion
(m/z), cone energy (V), collision energy (V)] were 575, 449, 50, and 20,
respectively. For trimeric A-type procyanidins two different MRM
transitions [865/573 (A-type bond in the upper position) and 865/575
(A-type bond in terminal unit)] were screened, using the optimized
MS/MS parameters (cone and collision energies) of procyanidin
C1. Quantification of procyanidins B2, B3, B4, BS, and B7 was
carried out using the calibration curve of procyanidin Bl. A-type
trimeric procyanidins were quantified using the calibration curve of
procyanidin CI.

For anthocyanins, the optimized MRM [father ion (m/z), daughter
ion (m/z), cone energy (V), collision energy (V)] were, respectively,
cyanidin-3-galactoside (449, 287, 35, 20); cyanidin-3-glucoside (449,
287, 35, 20); peonidin-3-glucoside (463, 301, 35, 20), and malvidin-3-
glucoside (493, 331, 35, 20). Cyanidin-3-arabinoside (m/z 419, 287)
was quantified using the calibration curve of cyanidin-3-galactoside;
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peonidin-3-arabinoside (m/z 433, 301) and peonidin-3-galactoside
(m/z 463, 301) were quantified as peonidin-3-glucoside; and malvidin-
3-arabinoside (m/z 463, 331) was quantified as malvidin-3-glucoside.
The limits of detection for the different anthocyanins were between
0.100 and 0.300 pg/mL.

In Vitro Antioxidant Activity. The radical scavenging activity of
the extracts was determined by the ORAC method using fluorescein as
a fluorescence probe.”® Briefly, the reaction was carried out at 37 °C
in 75 mM phosphate buffer (pH 7.4) and the final assay mixture
(200 uL) contained fluorescein (70 nM), 2,2"-azobis(2-methylpro-
pionamidine) dihydrochloride (12 mM), and antioxidant [Trolox
(1-8 uM) or sample (at different concentrations)]. The plate was
automatically shaken before the first reading, and the fluorescence was
recorded every minute for 98 min. A Polarstar Galaxy plate reader
(BMG Labtechnologies GmbH, Offenburg, Germany) with 485-P
excitation and 520-P emission filters was used. The equipment was
controlled by Fluostar Galaxy software version 4.11-0 for fluorescence
measurement. Black 96-well untreated microplates (Nunc, , Roskilde,
Denmark) were used. 2,2"-Azobis(2-methylpropionamidine) dihydro-
chloride and Trolox solutions were prepared daily, and fluorescein was
diluted from a stock solution (1.17 mM) in 75 mM phosphate buffer
(pH 7.4).

All reaction mixtures were prepared in duplicate, and at least three
independent runs were performed for each sample. Fluorescence mea-
surements were normalized to the curve of the blank (no antioxidant).
From the normalized curves, the area under the fluorescence decay
curve (AUC) was calculated as

i=98

AUC=1+ Y f/fy

i=1

where f, is the initial fluorescence reading at 0 min and f; is the
fluorescence reading at time i. The net AUC corresponding to a
sample was calculated as follows:

net AUC = AUC,ptioxidant — AUChlank

The regression equation between net AUC and antioxidant
concentration was calculated. The ORAC value was calculated by
dividing the slope of the latter equation by the slope of the Trolox line
obtained for the same assay. Final ORAC values were expressed as
micromoles of Trolox equivalents per milligram of cranberry product.

In Vitro Bacterial Antiadhesion Activity. Samples were tested
for in vitro bacterial antiadhesion activity on a per weight basis.
Samples were suspended (60 mg/mL) in PBS, neutralized with 1 N
NaOH, diluted serially (2-fold), and tested for bacterial antiadhesion
activity utilizing an HRBC hemagglutination assay specific for
uropathogenic P-fimbriated Escherichia coli according to the method
of Howell et al’ A 30 uL drop of each dilution was incubated with
10 uL of bacterial suspension on a 24-well polystyrene plate for 10 min
at room temperature on a rotary shaker. Freshly drawn human red
blood cells (HRBCs; Al, Rh+) were suspended (3%) in PBS and
added separately (10 uL drops) to test suspensions, which were then
incubated for 20 min on a rotary shaker at room temperature and
evaluated microscopically for the ability to prevent agglutination. The
concentration at which hemagglutination activity was suppressed by
50% (minimum inhibitory capacity, MIC) was recorded as an indicator
of the strength of the bacterial antiadhesion activity. Antiadhesion
assays were repeated three times and the results averaged. Controls
included wells containing bacteria + PBS, HRBC + PBS, bacteria + test
compound, HRBC + test compound, and bacteria + HRBC.

Statistical Analysis. The statistical methods used for data
processing were simple regression to study the relationship between
polyphenols and bacterial antiadhesion activity (MIC values) among
commercial cranberry products using the Statgraphics Centurion XV
program for Windows, version 15.2.00 (StatPoint Inc., 1982—2006,
www.statgraphics.com), and principal component analysis (PCA),
from standardized variables, to summarize the global and individual
phenolic data as well as the results obtained from in vitro antioxidant
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capacity test (ORAC values) using the Statistica program for Win-
dows, version 7.1 (StatSoft Inc., 1984—2006, www.statsoft.com).

B RESULTS AND DISCUSSION

Global Phenolic Determinations and Antioxidant
Capacity. Total polyphenol (PT) and total PAC as
determined by both the butanol-HCI (PAC-But/HCI) and
DMAC (PAC-DMAC) methods were determined in the
different products (Table 1). A large variation (ca. 100-fold)
was found among the different products ranging from 4.27 =+
0.01 (product 1) to 219 + S (product 18) mg GAE/g for PT.
Product 18 also presented the highest PRO content [313 =+
3 mg cyanidin/g for PAC-But/HCl and 7.3% (or 73 mg/g) for
PAC-DMCA], whereas products 13 and 1 presented the lowest
values [3.77 + 1.31 for PAC-But/HCI and 0.03% (0.3 mg/g)
for PAC-DMCA, respectively]. Values from the PAC-But/HCI
method were higher than those obtained by the PAC-DMAC.
However, it should be highlighted that besides the typical
interferences/limitations of each method, different standards
were used for the concentration calculations (cyanidin chloride
for PAC-But/HCI method and procyanidin A2 for the PAC-
DMAC method), which may partially have contributed to the
differences observed.

According to previous papers”>”’ the presence of cranberry
anthocyanins may lead to an overestimation of PACs in the
PAC-But/HCI method because the latter compounds are also
converted into anthocyanins during acidic hydrolysis. On the
other hand, the DMAC method has also the drawback of being
more accurate in the estimation of monomeric flavan-ols than
for oligomeric and polymeric flavan-3-ols'>'® and, therefore,
would lead to a partial underestimation of the total PAC
content. It is also worth mentioning that in both methods, A-
and B-type PACs are measured together, not reflecting the real
content of A-type PACs, which could be measured only by LC
techniques. Although recently the use of the PAC-But/HCI has
not been recommended for cranberry products* we also
consider it is a useful methodology because the acid-catalyzed
oxidative cleavage of the C—C interflavanic bond of PACs is the
only reaction that actually breaks the A-type interflavan linkages
of PACs. Despite all of these facts, a good correlation (R* =
0.7931; DMAC = 0.0208 PAC-But/HCI + 0.0008) was found
between both methods taking into consideration the range of
concentrations found in most commercial products (PAC-But/
HCI < 35 mg/g and DMAC < 0.90% (90 mg/g)). One exception
to this correlation trend was product 10 (also containing grape
seed PACs, as indicated on the label), which largely deviated
from the model. As will be described below (Figure 3), this
product contained an extremely high content of monomeric
flavan-3-ols, indicating that the flavan-3-ol profile (ie.,, monomers-
to-oligomers ratio) of a particular sample could influence the
DMAC response.

With regard to the in vitro antioxidant, ORAC values varied
from 0.11 + 0.01 (product 1) to 9.01 + 0.92 umol TE/mg
product (product 18) (Table 1). For whole cranberry and
cranberry extract, ORAC values of 0.28 and 0.11 gmol TE/mg,
respectively have been reported.”® In another study, an ORAC
value of 0.02 ymol TE/mg was found for a cranberry extract.”’
Of all products analyzed, only products 10 (containing grape
seed extract) and 17—19 showed ORAC values in the same
range of some grape seed ingredients.>® A good correlation
between ORAC values with the global phenolic determina-
tion assays, in particular with PAC-But/HCI (r 0.97;
ORAC = 0.1706 + 0.0276 PAC-But/HCIl) and PT (r = 0.84;
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ORAC = —0.338 + 0.0319 PT) values, was also found, in
accordance with previous studies.>®

Phenolic Acids. A total of 47 different phenolic acids,
including phenylpropionic, phenylacetic, mandelic, benzoic,
and cinnamic acids, bearing different hydroxylation patterns
were targeted by UPLC-DAD-ESI-TQ MS** (Figure 1).
Among these compounds only 24 phenolic acids were detected
in the cranberry samples. Hydroxybenzoic acids (from 48.62 +
2.13 to 9761.58 + 261.32 ug/g; 68—96% of total phenolic
acids) were found in higher concentration than hydroxycin-
namic acids (from 10.59 + 0.20 to 1353.03 + 224 ug/g; 4—
32% of total phenolic acids), both largely varying among the
different products (Table 2).

Among hydroxybenzoic acids, benzoic acid [from 0.00
(product 19) to 8317.88 + 22231 ug/g (product 18)] was
the most abundant compound followed by protocatechuic acid
[from 9.99 + 039 (product 8) to 735.12 + 17.76 ug/g
(product 18)] and vanillic acid [from 1.33 + 0.13 (product 8)
to 262.54 + 10.16 ug/g (product 18)] (Table 2). Acids present
in a medium concentration range included gallic, salicylic, and
4-hydroxybenzoic acids. These results are in accordance with
previous studies that also found that benzoic acid was the most
concentrated hydroxybenzoic acid in cranberry juice.>"** Also
in line with our results, Prior et al.>* found that protocatechiuc
acid was among the most abundant hydroxybenzoic acids in a
commercial cranberry powder (515 ug/g). However, in
contrast to this latter study that found high contents of
hippuric acid in cranberry powders,>® we detected it only in
products 15, 17, and 18 in very low concentrations, ranging
from 0.17 + 0.02 ug/g (product 15) to 1.26 = 0.13 ug/g
(product 17). Nevertheless, because hippuric acid is also
formed in the organism as the result of the glycination of
benzoic acid in the liver, the high content of the precursor
benzoic acid in cranberry products could result in a high
production of hisppuric acid in urine, as has been reported in
previous studies.”® In this sense, it is also important to highlight
that benzoic and phenolic acids in cranberry occur mainly in
bound form, esterified to sugars, cell wall polysaccharides, or
other components,®> which further contribute to the pool of
free phenolic acids after hydrolysis and enzymatic reactions
occurring during absorption and metabolism in either the small
intestine or colon.

Other series of phenolic acids, including 3,4,5-trimethox-
ybenzoic, 3,4-dihydroxyphenylacetic, 4-hydroxy-3-methoxyphe-
nylacetic, 3,4-dihydroxymandelic, 4-hydroxymandelic, and 4-hydroxy-
3-methoxymandelic acids, were detected only in products 9, 10,
and 17—19. Also in line with our results, other studies have
reported that these acids were among the less abundant
hydroxybenzoic acids in cranberry powder.”® Product 9 showed
the highest concentration of 3,4-dihydroxymandelic and, in
particular, 4-hydroxymandelic acids. Also of note, this product
presented a remarkable content of gallic acid in comparison to
the rest of products, a feature that was also observed in product
10 due to the additional presence of grape seed extract.

With regard to hydroxycinnamic acids, p-coumaric acid
was the most abundant compound [from 7.93 + 0.02
(product 8) to 844.16 + 15.20 ug/g (product 18)], followed
by trans-cinnamic, caffeic, and ferulic acids (Table 2).
Isoferulic was present in lower concentration than the rest
of the hydroxycinnamic acids. Zuo et al.>* also found that
p-coumaric acid was the most abundant hydroxycinnanic
acid in cranberry juice. According to Prior et al,*® p-coumaric
acid, followed by caffeic and ferulic acids, was the most abundant
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Figure 1. MRM chromatograms of phenolic acids of commercial product 18: (1) 3,4,-hydroxymandelic acid A; (2) 4-hydroxymandelic acid; (3)
gallic acid; (4) 4-hydroxy-3-methoxymandelic acid; (S) protocatechuic acid; (6) 3,4-dihydroxyphenylacetic acid; (7) 3-O-methylgallic acid; (8) 4-
hydroxybenzoic acid; (9) 4-hydroxyphenylacetic acid; (10) 3-(3,4-dihydroxyphenyl)propionic acid; (11) 3-hydroxybenzoic acid; (12) hippuric acid;
(13) caffeic acid; (14) vanillic acid; (15) syringic acid; (16) 4-hydroxy-3-methoxyphenylacetic acid; (17) p-coumaric acid; (18) ferulic acid; (19)
benzoic acid; (20) salycilic acid; (21) 3,4,5-trimethoxybenzoic acid; (22) 3,4,5-trimethoxycinnamic acid; (23) trans-cinnamic acid.

hydroxycinnamic acid in cranberry powder. Zheng and Wang®
also found that p-coumaric and caffeic acids were in very similar
proportion in cranberry extracts.

Flavan-3-ols. Monomers (MRM 289/245), B-type procya-
nidin dimers (MRM 577/289) and trimers (MRM 865/577),
and A-type procyanidin dimers (MRM $75/449) and trimers
(MRM 863/575 and 863/573) were targeted in the different
products. Although (epi)gallocatechins (ie., prodelphinidins)
have also been found at trace levels as a structural monomeric
unit of cranberry’s PAC, as well as polymers containing more
than one A-type linkages,">™'* we focused on the analysis of
only the most abundant A- and B-type PACs for comparison
purposes among the different products. Figure 2 illustrates a
representative MRM chromatogram of the different transi-
tions for product 18. Flavan-3-ols identified included mono-
mers (+)-catechin and (—)-epicatechin, B-type dimeric
procyanidins (B1, B2, B3, B4, BS, B6, and B7), and A-type
procyanidins dimers (A2 and an unknown dimer at Rt = 6.43 min,
possibly A1) (Figure 2). For A-type procyanidin trimers,
10 different isomers (Rt = 4.99, 5.46, and 6.76 min for MRM
863/573 and Rt = 4.56, 4.94, 6.31, 6.49, 6.83, 7.81, and 8.30
min for MRM 863/575) were quantified. As observed in Figure
2, isotopes of A-type trimers with MRM 863/575 are reflected
in the chromatograms of B-type trimers with MRM 865/577,
procyandin C1 and one unknown trimer at Rt = 4.30 min being
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clearly distinguished as the main B-type trimeric procyanidins
in the cranberry products. The mass spectra of A-type dimers
and trimers are presented in the Supporting Information
(Figures 1—-3-OSM).

Differences were found among products not only in the total
content of flavan-3-ols (0.00—2111.54 + 130.33 pg/g) but also
in their distribution (Figure 3). Some products, such as product
1, were completely devoid of monomeric, dimeric, and trimeric
flavan-3-ols [although they may contain high molecular
weight PACs, as measured by global phenolic determinations
(see Table 1)], whereas others (i.e., product 19) contained only
B-type PACs. Among monomers, (—)-epicatechin was more
abundant than (+)-catechin (data not shown), whereas
procyanidins B2 and C1 were the most abundant B-type
oligomers (Figure 2). The large concentration of monomers in
product 10 (1348.99 + 73.08 ug/g), representing up to 37% of
total flavan-3-ols, was in line with the additional presence of
grape seed extract. Similar was the case of B-type dimers and
trimers in this product, representing up to 55 and 3.7% of total
flavan-3-ols, respectively. Excluding product 10, the highest
concentrations of monomers and B-type dimers and trimers
found among products were 80.70 + 0.50 ug/g (38% of total
flavan-3-ols) in product 14 and 201.87 + 5.66 ug/g (9.6%) and
34.11 + 1.36 pg/g (1.6%) both in product 18, respectively. In
general, B-type trimers were considerably lower than B-type

dx.doi.org/10.1021/jf204912u | J. Agric. Food Chem. 2012, 60, 3396—3408
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Figure 2. MRM chromatograms of flavan-3-ols in commercial product 18: (A) A-type dimers (MRM 575/449) and B-type dimers (MRM 577/289);
(B) A-type trimers (MRM 863/573 and 863/575) and B-type trimers (MRM 865/577).

dimers among cranberry products and even were not detected
in some products (products 3—8, 11—14, 16, and 19). This
seems to be in line with previous studies on cranberry pomace,
for which B-type dimers and trimers accounted for ca. 2.6 and
0.96% of total flavan-3-ols (DP 1—6), respectively, as measured
by normal phase HPLC.?

In contrast to the profile of B-type oligomers, which reflected
the presence of other flavan-3-ol sources, the profile of A-type
oligomers actually revealed the real content of cranberry active
ingredients. A-type dimers ranged from 0.00 (products 1 and 19)

3403

to 230.95 + 9.32 ug/g (product 18) (Figure 3), procyanidin A2
showing higher concentration than dimer Al, which was
detected only in products 16—18) (data not shown). With the
exception of some products (9, 10, 13, 14, and 19), total A-type
dimers were higher than B-type dimers in all samples. With
regard to A-type trimeric procyanidins, the concentration
ranged from 0.00 ug/g (products 1 and 19) to 1578.76 =+
111.47 pg/g (product 18). Among the different A-type trimeric
procyanidins detected, only four species were commonly found
in most of the samples (Rt = 5.46 min for MRM 863/573 and

dx.doi.org/10.1021/jf204912u | J. Agric. Food Chem. 2012, 60, 3396—3408
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Figure 3. Concentration (ug/g) of flavan-3-ols and distribution according to their degree of polymerization (monomers, dimers, and trimers) and
type of interflavan linkage (A- or B-type) in the different commercial cranberry products.

Rt = 6.31, 6.83, 8.30 min for MRM 863/575), whereas the
remaining six isomers were found only in products 16—18 (data
not shown), indicating possible differences in purification
among products. According to Tarascou et al,,'* five different
trimers [two containing the A-type bond between the
intermediate and lower units (i.e, m/z 863/575) and three
between upper and intermediate units (ie, m/z 863/573)]
were detected in whole cranberry extract.

Also of note was the distribution of A-type dimers and trimers
(Figure 3). For some products (4, S, 7, 8, and 12) the percent-
age of A-type dimers was higher than that of A-type trimers
(37—63% dimers vs 18—37% trimers); however, for other
products (2, 3, 11, 13, 15—18) the opposite (31—75% trimers
vs 11—38% dimers) was found. In crude cranberry pomace,
A-type dimers have been reported to account ca. 50% of total
flavan-3-ols (DP 1—6) followed by A-type trimers (ca. 18%).”
Differences in the distribution of A-type dimers and trimers
may be due to possible differences in the level of PAC
purification among products and/or differences in the
composition of the cranberry fruit used for processing.

Anthocyanins. The total anthocyanin content considerably
differed (~10000-fold) among products (Table 3). Some
products were practically devoid of anthocyanins (1.74 ug/g for
product 13), whereas others contained up to 15116.61 ug/g
(product 19). With regard to the individual anthocyanin profile,
peonidin-3-galactoside (Pn-3-gal) was the most abundant
anthocyanin in cranberry products (30—52% of total
anthocyanins), followed by cyanidin-3-galactoside (Cy-3-gal,
17—30%), and finally by the -3-arabinoside derivatives of
cyanidin (Cy-3-arb; 12—25%) and peonidin (Pn-3-arb; 8—
21%), which were presented in very similar amounts. After
peonidin-3-glucoside (Pn-3-glc; 3—10%), cyanidin-3-glucoside
(Cy-3-glc; 0.34—1.6%) and malvidin-3-arabinoside (Mv-3-arb;
0.21—1.0%) were the minor anthocyanins in cranberry
products. This profile, which was found in most of the
products, seems to be in agreement with previous papers.>***’
However, for products 17 and 18 the profile was inverted, and
higher contents of Cy- and Pn-3-arb than of Cy- and Pn-3-gal
were found, as has been reported to occur in cranberry
pomace.” Finally, product 19, which contained an extremely
high anthocyanin concentration in comparison to the rest of
the products, did not fit in any of the two former profiles,
presenting Pn-3-glc (90%) as the major anthocyanin followed
by Cy-3-arab (10%) and Cy-3-glc (0.06%) and the absence of
Cy-3-gal, Pn-3-gal, Pn-3-arb, and Mv-3-arb. This difference in
profile could be due to changes occurring during extraction and

3404

purification of anthocyanins and/or the use of a different
anthocyanin source other than cranberry.

Overall Assessment of the Phenolic Composition of
Commercial Cranberry Products. To summarize the global
and individual phenolic data as well as the results obtained from
in vitro antioxidant, a principal component analysis (PCA) was
applied. Two principal components (PC1 and PC2), which
explained 77% of the total variance of the data, were obtained
(Figure 4).

PC1, explaining 58% of the total variance, was negatively
correlated (loadings < —0.7) with all of the phenolic acids
(except 4-hydroxymandelic, gallic, 3,4-dihydroxyphenylacetic,
and isoferulic acids) and all A-type dimers (Al and A2) and
trimers (seven isomers with MRM 863/575 and three isomers
with MRM 863/573), PT, PAC-But/HCl, PAC-DMAC, and
ORAC (Figure 4A). PC2, explaining 19% of the total variance,
was negatively correlated (loadings < —0.7) with monomeric
flavan-3-ols [(+)-catechin and (—)-epicatechin], dimeric
procyanidins (B1—BS), and trimeric procyanidins (C1 and
unknown trimer B). In summary, PC1 was mainly correlated
with phenolic acids and A-type PACs, whereas PC2 was mainly
correlated with monomeric flavan-3-ols and B-type PACs. Most
of the cranberry samples of the market were clustered together,
indicating similar phenolic profile and ORAC values; however,
products 2, 15, and 19 were slightly differentiated from the rest
of the products. Products 17 and 18 were characterized by
presenting high values in variables correlated in PC1, indicating
their abundance in A-type PACs. On the other hand, product
10 (containing a mixture of cranberry and grape seed extract)
clearly differentiated from all products by presenting extremely
high PC2 values, indicating higher contents of monomeric
flavan-3-ols and B-type PACs. This was also the case of
products 2 and 1S, which presented higher (negative) values in
PC2.

When product 10 was removed from the list of samples, a
different PCA result was obtained (Figure 4B). In this case PC1
explained 72% of the total variance and was negatively
correlated (loadings <—0.7) with all variables [with the
exception of 4-hydroxymandelic, gallic, 3,4-dihydroxyphenyl-
acetic, and isoferulic acids and (—)-epicatechin]. PC2 explained
11% of total variance and was positively correlated (loadings
>0.7) with all anthocyanin compounds (with the exception of
Cy-3-glc and Pn-3-glc). The plane defined by the first two
principal components indicated that products 2 and 15 not only
presented a different content of B-type PACs (as shown in
Figure 3A) from the rest of the products but also showed a high
content of the anthocyanins correlated with this component

dx.doi.org/10.1021/jf204912u | J. Agric. Food Chem. 2012, 60, 3396—3408
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Figure 4. Representation of the different commercial cranberry
products in the plane defined by principal component 1 (PC1) and
principal component 2 (PC2) that resulted from the application of the
principal component analysis: (A) all products; (B) all products except
product 10.

(ie, Cy-3-gal, Cy-3-arb, Pn-3-gal, Pn-3-arb, and Mv-3-arb).
Finally, product 19 was completely separated from the rest by
presenting very low PC2 values, which indicated a very different
anthocyanin profile in comparison to the remaining products.

When considering the issue of 36 mg of total PACs as the
daily recommended intake dose of cranberry PACs (based on
the DMCA method),"” only four products (10 and 17—19)
would provide this amount, considering the daily intake dose
indicated on the product’s label. Of most importance was the
fact that this dose would provide as low as 0.00 (product 19)
and up to 205 pg/g (product 18) of procyanidin A2. Therefore,
the actual PAC-But/HCl and DMAC values do not indicate the
actual degree of structural heterogeneity of PACs present in
commercial cranberry products or the presence of other natural
sources of PACs, such as grape seed extract (product 10), as
was indicated by the UPLC analysis.

Antiadhesion Effects on Uropathogenic Bacteria. The
in vitro antiadhesion activity against uropathogenic E. coli
ranged from a negative (null) effect (products 2, 6, 8, and 19)
to a MIC = 0.5 mg/mL (product 18) for cranberry powders
and a MIC = 112 mg/mL (product 7) for gel capsule or syrup
samples (Table 1). In the HRBC hemagglutination assay, a
MIC value of <15 mg/mL is considered to be efficient.” In
general, no statistical correlation was found between global
phenolic content and MIC values when considering all of the

3406

products in their different presentation forms. However, when
the powder and powder capsules products given positive MIC
values were considered, a second-order polynomic type relation-
ship was found between PT and MIC values (Figure SA).
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Figure S. Relationship between polyphenols and bacterial antiadhe-
sion capacity: (A) total polyphenols (PT) versus MIC values; (B) Y,
A-type trimers versus MIC values.

Despite products 3, 12, 14, and 16 showing PT values similar to
those of products 13 and 15, the latter products presented
lower MIC values than the former ones. The opposite was
observed for products 10, 17, and 18, which despite showing
very different PT contents presented very similar MIC values.
These findings indicate that the in vitro antiadhesion activity of
cranberry products not only depends on the total PAC content
but also on the PAC structure and size. This fact is of note
when the MIC values and total A-type trimer contents are
compared (Figure SB). Products such as product 10
(containing grape seed extract) and product 9 (containing a
high content of gallic acid) were now less fitted into the model.
On the other hand, the small differences in A-type trimer
content observed between products 3, 12, 14, and 16 may help
to explain their similar MIC value (60 mg/mL). Although
recent studies have shown that A-type trimers could be
transported across Caco-2 cells at a low rate (0.4%),>* only a
very little amount of A-type proanthocyanidins (i.e., dimer A2)
has been found in biological fluids* to be responsible for the in
vivo effects at the urinary tract level. Nevertheless, it is also
important to highlight that the exact microbial catabolic
pathway of these compounds is still under elucidation,® and
they may exert local effects at the gut level or modulate the

dx.doi.org/10.1021/jf204912u | J. Agric. Food Chem. 2012, 60, 3396—3408
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microbiota composition before being catabolized, also resulting
in benefits against UTL.

Finally, the negative antiadhesion activity found for powder
products 2, 8, and 19 may also be explained by their particular
composition (Table 1). In fact, products 2 and 19 presented the
highest anthocyanin content of all products (Table 3), whereas
product 8 also contained probiotics, which could have
produced some kind of interference in the antiadhesion test.
Similarly, products 4 and S, which also contained vitamin C,
showed MIC values (230 and 200 mg/mL, respectively) that
were not in line with their high PT contents (132 and 139 mg
gallic acid/g) due to the reaction of vitamin C with the Folin—
Ciocalteu reagent. Therefore, many variables seem to con-
tribute to or affect the in vitro antiadhesion activity of cranberry pro-
ducts against E. coli and its correlation with phenolic content.

In summary, the present work provides a comprehensive and
valuable assessment of the quality of cranberry products based
on global phenolic determination, targeted UPLC-DAD-ESI-
TQ MS phenolic characterization, and in vitro bioactivity tests.
Products found in the market largely differed in their phenolic
content and distribution, including products completely devoid
of flavan-3-ols to highly purified ones, either in A-type PACs or
in anthocyanins. To our knowledge, this work also constitutes
the most complete study of free phenolic acids in cranberries.
Besides the phenolic composition, factors such as the
presentation (syrup, powder or gel capsule, etc.) and inclusion
of other antioxidants or botanical ingredients have a profound
influence in the in vitro bioactivity tests assayed. In the case of
the antiadhesion test, no linear correlation was found between
MIC values and global or individual phenolic contents, but the
best correlation model obtained indicated that antiadhesion
activity may vary on the basis of differences in structure and size
of the PAC molecules. Among these compounds, A-type
trimers help to better explain the tendency observed for total
polyphenols.

The recommended intake dose of cranberry products is
36 mg of total PACs/day by the DMAC method), and it was
found that products providing this dose will actually provide
very different A-type dimer levels due to difference in factors
such as the source and nature of PACs (addition of B-type PAC
sources) and degree of purification of the cranberry extract
used as ingredient in the formulation of the products.
Therefore, if A-type PACs are considered the active ingredients
in cranberry products for sustaining beneficial claims against
UT], a total PAC measurement either by the butanol/HCI or
by the DMAC methods is not specific enough to sustain the
claim of the recommended dose of intake of 36 mg total PAC/
day. Further determination of the degrees of polymerization of
the A-type PACs may be necessary to more completely explain
the antiadhesion activity of the recommended dosage. How-
ever, these methods could be used as quality control measure-
ments when the individual composition is well standardized.
Finally, the bioavailability issue, in particular, the unraveling of
the catabolism of A-type PACs and its difference from that of
B-type ones, may help to explain the role of phenolic acids, also
very abundant in cranberry products, in the benefits against
UTL Our current studies are focused in that direction.
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