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Abstract Proanthocyanidins, flavonoids exhibiting cardio-
vascular protection, constitute a major fraction of the
flavonoid ingested in the human diet. Although they are
poorly absorbed, they are metabolized by the intestinal
microbiota into various phenolic acids. An analytical
method, based on an optimized 96-well plate solid-phase
extraction (SPE) procedure and liquid chromatography
tandem mass spectrometry (SPE-LC-MS/MS) for the
analysis of 19 phenolic microbial metabolites and mono-
meric and dimeric flavanols in urine samples, was
developed and validated. Human urine samples were
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obtained before and after ingestion of an acute consumption
of 40 g of soluble cocoa powder and rat urines before and
after the prolonged administration (2 weeks) of different
diets composed of natural cocoa powder. The mean
recovery of analytes using the new SPE-LC-MS/MS
method ranged from 87% to 109%. Accuracy ranged from
87.5% to 113.8%, and precision met acceptance criteria
(<15% relative standard deviation). Procyanidin B2 has
been detected and quantified for the first time in human and
rat urine after cocoa consumption. Changes in human and
rat urinary levels of microbial phenolic acids and flavanols
were in the range of 0.001-59.43 nmol/mg creatinine and
of 0.004-181.56 nmol/mg creatinine, respectively. Major
advantages of the method developed include reduction of
laboratory work in the sample preparation step by the use of
96-well SPE plates and the sensitive measurement of a
large number of metabolites in a very short run time, which
makes it ideal for use in epidemiological studies.

Keywords Cocoa - Epicatechin - Procyanidin - Microbial
metabolites - LC-MS/MS

Introduction

Polyphenols are among the most abundant antioxidant
compounds in our diet and may play a key role in the
prevention of cardiovascular and neurodegenerative dis-
eases and cancer [1]. These antioxidants are widely
distributed in plants and are present in fruits, cocoa,
legumes, and in fruit-derived products such as juices, wine,
beer, and cider [1]. Health effects derived from polyphenol
consumption depend on their bioavailability (absorption,
distribution, metabolism, and elimination), a factor which is
also influenced by their chemical structure [2]. Among the
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flavonoids, isoflavones, which are limited to soya and
derived products, present the best bioavailability. In
contrast, oligomers and polymers of flavan-3-ol (proantho-
cyanidins), which are very abundant in our diet, are poorly
absorbed [2]. These polyphenols reach the colon and are
metabolized by the intestinal microbiota into various
phenolic acids, mainly including phenylpropionic, phenyl-
acetic, and benzoic acid derivatives [3]. Recently, it has
been reported that some of these metabolites may also
present biological properties including antioxidant, anti-
platelet aggregation [4], and antiproliferative activities [5].

Accurate estimation of polyphenol intake or exposure is
of high importance in order to determine the bioavailability
of these compounds and to be able to calculate the
polyphenol doses that could be related to certain health
effects in epidemiological studies. Although normally based
on food composition tables, which are often incomplete,
polyphenol intake can also be estimated by measuring
biomarkers of exposure in plasma or urine, such as phenolic
microbial metabolites [6, 7]. This is particularly important
in the case of proanthocyanidins for which intake doses are
very difficult to estimate due to their structural complexity
and lack of adequate analytical methods. These facts,
together with recent findings demonstrating that some
microbial metabolites derived from proanthocyanidin con-
sumption possess certain biological properties, prompt the
need for analytical methods that allow a rapid and sensitive
measuring of these compounds in biological samples
generated in large epidemiological studies.

Tandem mass spectrometry coupled to liquid chroma-
tography (LC-MS/MS) has been demonstrated to be highly
suitable for the analysis of phenolic metabolites [10—12].
However, sample preparation is a very important step to
reduce matrix effects and increase sensitivity when quan-
tifying phenolic metabolites by LC-MS/MS [12]. Liquid—
liquid extraction (LLE) is the most common technique used
for the extraction of phenolic microbial metabolites in urine
samples [13—15]. However, LLE involves multistep sample
extraction and cleanup procedures that are time-consuming
and that use large amounts of solvent, which can result in
analyte loss and large matrix interferences under LC-MS/
MS. To improve these procedures, in the present work we
have introduced the use of solid-phase extraction (SPE) in
96-well plates for the extraction of phenolic microbial
metabolites in order to increase sample throughout and
minimize matrix effects [12]. In addition, a very short run
time and highly sensitive LC-MS/MS method has been
developed for the simultaneous determination of epicatechin,
procyanidins, and phenolic microbial metabolites in urine
samples. The analytical method has been validated and
applied to both human and rat urines collected after ingestion
of nutritional doses of different cocoa products, which is
known to be a very rich source of proanthocyanidins.
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Experimental
Standards and reagents

The following standards (% purity) were used. Phenylacetic
acid (>98%); 3-hydroxyphenylacetic acid (>97%); 3,4-
dihydroxyphenylacetic acid (homoprotocatechuic acid,;
98%); 3-methoxy-4-hydroxyphenylacetic acid (homovanil-
lic acid; 99%); 4-hydroxyphenylpropionic acid (phloretic
acid; >98%); 3,4-dihydroxyphenylpropionic acid (hydro-
caffeic acid) (>98%); p-coumaric acid (>98%); caffeic acid
(>95%); ferulic acid (>98%); protocatechuic acid (>97%);
4-hydroxybenzoic acid (=98%); 3-hydroxybenzoic acid
(>98%); hippuric acid (98%); enterodiol (95%); enter-
olactone (95%); ethyl gallate (>96%); (—)-epicatechin
(>98%), procyanidin B2 (>90%), creatinine and (3-glucu-
ronidase/sulfatase (from Helix pomatia) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). 4-Hydroxy-
hippuric acid (>99%) was purchased from PhytoLab
GmbH&Co.KG (Vestenbergsgreuth, Germany). Vanillic
acid, 4-O-methylgallic acid, and m-coumaric acid were
purchased from Extrasynthése (Genay, France). HPLC-
grade solvents methanol, acetonitrile, glacial acetic acid,
and formic acid were purchased from Scharlau (Barcelona,
Spain). Hydrochloric acid was purchased from Panreac
(Barcelona, Spain).

Human subjects and study design

Twenty-one nonsmoking healthy volunteers (nine women
and 12 men) between 18 and 50 years old with a body mass
index of (mean+SD) 21.6+£2.1 were recruited [16]. None
reported any history of heart disease, homeostatic disorders,
or other medical disease nor received any medication or
vitamin supplement. All gave written informed consent
before their inclusion in the trial, and the Institutional
Review Board of the Hospital Clinic of Barcelona (Spain)
approved the study protocol.

Participants were instructed to abstain from polyphenol-
rich foods for at least 48 h before and during the
intervention day. After overnight fasting, they were provid-
ed with a single dose of 40 g of cocoa powder with 250 mL
water. After 4 h of the cocoa intake, a light meal consisting
of bread and cheese was provided. Urine samples were
collected before and after 24 h of the cocoa consumption
and stored at —80 °C until analysis.

The soluble cocoa powder used in the study contained
57% of carbohydrates (sucrose, 46%; starch, 1%; complex
carbohydrates, 10%), 16% of fiber, 5.4% of fat, 14.1% of
protein, 3.97% of moisture, 1.3% of theobromine, 0.13% of
caffeine, and 2% of ash. The phenolic composition (mean+
SD) of the cocoa powder was determined according to the
methodology of Andres-Lacueva et al. [17] and Roura et al.
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[18]: 23.1% of monomers with 0.71+£0.09 mg/g of (-)-
epicatechin and 0.21+0.01 mg/g of (+)-catechin, 13.4% of
dimers, among which are 0.64+0.06 mg/g of procyanidin
B,, 63.6% of 3-8mers [16,19], and flavonols including
33.87 pg/g isoquercitrin, 5.74 ug/g quercetin, 4.33 ug/g
quercetin-3-glucuronide, and 36.32 pg/g quercetin-3-arabi-
noside. The total polyphenolic content was 11.51£0.95 mg
catechin/g cocoa powder.

Animal study design

Dams with 15 day-old Wistar rat litters were obtained from
Harlan (Barcelona, Spain). Rats were housed in cages of
10 pups per lactating mother in controlled conditions of
temperature and humidity in a 12:12 light/dark cycle.

At day 21, pups were weaned and randomly distributed in
three different groups (n=7 for each group) receiving the
following diet: (1) 4.8 g natural cocoa powder/kg/day by oral
gavage with free access to control chow and water (this dose
corresponded to a chow containing ~4% (w/w) natural cocoa
powder), (2) chow containing 10% (w/w) natural cocoa and
free access to water, and (3) control diet group [20]. After
2 weeks of dietary treatment, rats were maintained in
metabolic cages for 24 h to collect urine output. Urine
samples were frozen at —80 °C for further analysis.

The chow (AIN-93G formulation) used in this study had
the following composition: 200 g/kg of casein, 3 g/kg of
L-cystine, 397.5 g/kg of corn starch, 132 g/kg of maltodex-
trin, 100 g/kg of sucrose, 70 g/kg of soybean oil, 50 g/kg of
cellulose, 35 g/kg of mineral mix (TD94046), 10 g/kg of
vitamin mix (TD94047), 2.5 g/kg of choline bitartrate, and
0.014 g/kg of tert-butylhydroquinone, equivalent to an
intake of 3,700 kcal’kg diet. The natural cocoa powder
contained 22% of protein, 16% of carbohydrate, 11% of
lipid, 32% of fiber, 4% of moisture, 12.3% of ash, 2.5% of
theobromine, and 0.1% of caffeine. The 10% cocoa diet
was prepared from the AIN-93G formulation control
removing 72.8 g/kg (16 g/kg of corn starch, 11 g/kg of
soybean oil, 25.5 g/kg of cellulose, and 22 g/kg of casein)
and adding natural cocoa [20].

The phenolic composition (mean+SD) of the natural
cocoa powder (Forastero variety) and the chow containing
10% (w/w) natural cocoa was: 2.2+0.1 and 0.34+0.01 mg/g
of (—)-epicatechin, respectively; 0.74+0.05 and 0.10+
0.004 mg/g of (+)-catechin, respectively; 1.68+0.11 and
0.23+£0.01 mg/g of procyanidin B2, respectively; 0.05+
0.001 and 0.02+0.00 mg/g of isoquercetin, respectively;
0.03£0.00 and 0.01+£0.00 mg/g of quercetin, respectively;
the total polyphenolic content was 21.85+1.08 and 0.90+
0.54 mg catechin/g cocoa, respectively [20].

The study was performed in accordance with the
institutional guidelines for the care and use of laboratory
animals, and the experimental procedures were approved by

the Ethical Committee for Animal Experimentation of the
University of Barcelona (ref. 3131).

Enzymatic hydrolysis

One milliliter of urine sample was spiked with 100 uL of
10.1 nmol/mL ethyl gallate as internal standard (IS). Ethyl
gallate was selected as the IS due to its absence in human body
fluids, its selectivity, recovery (93%), and precision (relative
standard deviation (RSD)=8%). Samples were then hydro-
lyzed as previously described, although some modifications
were applied [8]. Briefly, samples were acidified with 50 puL
of 0.58 mol/L acetic acid to pH 4.9 and incubated with (3-
glucuronidase/sulfatase at 37 °C for 45 min. Straight after-
wards, samples were acidified to pH 2 with 6 mol/L HCI.

Preparation of standard solutions

The different phenolic standards (n=19), and (—)-epicate-
chin and procyanidin B2 standards, were dissolved in 80%
methanol to prepare 800 mg/L stock solutions. A standard
pool solution (16 mg/L of each analyte) was prepared in
Milli-Q ultrapure water from the stock solution and stored
at 4 °C. For calibration purposes, a wide range of standards
(0.5-500 pg/L) at six different concentration levels were
prepared from the pool in synthetic urine containing ten
solutes with the pH adjusted to 6.5 [21].

Solid-phase extraction

SPE was performed using both Oasis” MCX (mixed-mode-
cation-exchange/reversed-phase sorbent) and MAX (mixed-
mode-anion-exchange/reversed-phase sorbent) 96-well
plates (Waters, Mildford, Massachusetts), a vacuum mani-
fold, and a vacuum source. Firstly, optimization of the
extraction conditions was carried out taking into account
the fabricant recommendations (Waters Oasis” ). Extraction
recovery test was then performed in both cartridges in order
to select the most suitable cartridges for the extraction of
phenolic metabolites from urine samples.

The MCX 96-well plate was conditioned with 1 mL of
methanol followed by | mL of 2% formic acid. One
milliliter of the analyte standard solution in synthetic urine
or hydrolyzed urine sample was then loaded onto the plate
and washed with 1 mL of 2% formic acid. The plates were
thoroughly dried by vacuum (1.69x10* to 5.07x10* Pa).
Analytes were then eluted with methanol (1.5 mL) by
gravity and finally by vacuum (max. 1.69x10* Pa).

The MAX 96-well plate was conditioned with 1 mL of
methanol followed by 1 mL of water. One milliliter of the
analyte standard solution in synthetic urine or hydrolyzed
urine sample was then loaded onto the plate and washed
with 1 mL of 5% ammonium hydroxide. The plates were
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thoroughly dried by vacuum (1.69x10* to 5.07x10* Pa).
Analytes were then eluted with methanol (1.5 mL) and with
1 mL of 2% formic acid in methanol by gravity and finally
by vacuum (max. 1.69x10* Pa).

Eluates from both cartridges were evaporated to dryness
under a stream of nitrogen. Residues were reconstituted
with 100 uL of initial mobile phase.

LC-MS/MS

LC analyses were performed using a Perkin Elmer series
200 (Norwark CT) equipped with a quaternary pump, a
refrigerated autosampler (set at 4 °C), and a column oven
(set at 35 °C). An Applied Biosystems API 3000 Triple
Quadrupole mass spectrometer (PE Sciex, Concord, Ontario,
Canada) equipped with a Turbo IonSpray ionizing in
negative mode was used. Separation was performed in a
Phenomenex Luna C;g analytical column (50%2.0 mm i.d.,
5 um; Torrance, CA) applying a linear gradient consisting of
two mobile phases, A (water/acetonitrile/formic acid,
94.9:5:0.1, v/v/v) and B (acetonitrile/formic acid, 99.9:0.1,
v/v) at a flow rate of 400 puL/min, as follows: 0—1 min, 4—
40% B; 1-3 min, 40-100% B; 3—5 min, 100% B; 6—10 min,
4% B. Then, the column was washed and re-equilibrated for
6 min. The injected volume was 15 uL. MS/MS parameters
for phenolic acid compounds were optimized by infusion
and flow injection analysis (FIA). Direct infusion experi-
ments were performed at a constant flow rate of 5 uL/min to
optimize the following MS parameters: capillary voltage,
focusing potential, entrance potential, declustering potential,
and collision energy. Nebulizer, curtain, collision, and
auxiliary (nitrogen) gas flow rates, as well as the auxiliary
gas temperature were optimized using FIA experiments.
For quantification purposes, data were collected under the
multiple reaction monitoring (MRM) mode, tracking the
transition of parent and product ions specific for each
compound. A dwell time of 100 ms was used for each injection.
Due to its high concentration in urine, hippuric acid was
analyzed at detector wavelength of 240 nm and identified by
comparing with the retention time of the authentic standard.
Human and rat urine creatinine concentrations were
measured by a colorimetric assay using picric acid [18].

Statistical analysis

SPSS Statistical Analysis System, version 14.0 (SPSS)
was used to perform the statistical analysis. Because the
data were nonparametric (Kolmogorov test) and pre-
sented nonhomogeneous variances (Levene test), the
Wilcoxon test for related samples (human urines) and
the Mann—Whitney test for unrelated samples (rat urines)
were used to compare changes in outcome variables in
response to the intervention period or type of interven-
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tion. Significant increases between 0 and 24 h for human
urine samples and between the control group and the
cocoa groups for rat urine samples were expressed as
means+standard error of the mean (SEM). Statistical
tests were two-tailed, and the significance level was
0.05.

Results and discussion
Quality parameters of the method

After optimizing the LC-MS/MS conditions for each
analyte, the quality of the method was evaluated according
to the criteria of the Food and Drug Administration for
method validation [22]: selectivity, linearity, sensitivity,
recovery, precision, and accuracy.

LC-MS/MS optimization The optimized MS/MS parameters
for the different analytes after performing infusion and FIA
analyses were as follows: capillary voltage, —3,700 V;
focusing potential, =200 V; entrance potential, —10 V;
declustering potential, =50 V; nebulizer gas, 10 (arbitrary
units); curtain gas, 12 (arbitrary units); collision gas, 5
(arbitrary units); auxiliary gas temperature, 400 °C; auxil-
iary gas flow rate, 6,000 cm®/min. The collision energy (V)
obtained for each phenolic compound was: 3,4-dihydrox-
yphenylpropionic acid (—16); 4-hydroxyphenylpropionic
acid (—16); m- and p-coumaric acids (—30); caffeic acid
(—21); ferulic acid (—25); 3,4-dihydroxyphenylacetic acid
(—12); 3-methoxy-4-hydroxyphenylacetic acid (—10); 3-
hydroxyphenylacetic acid (—12); phenylacetic acid (—12);
protocatechuic acid (—20); vanillic acid (—20); 3- and 4-
hydroxybenzoic acids (—16); 4-O-methylgallic acid (—26); 4-
hydroxyhippuric acid (—20); enterodiol (—30); enterolactone
(—26); (—)-epicatechin (—25), and procyanidin B2 (—25). The
MRM chromatograms of the different analytes in synthetic
urine under the optimized MS/MS conditions are shown in
Fig. 1.

Selectivity Under the chromatographic and MS/MS con-
ditions used for the assay, metabolites and standards were
well resolved, and no interferences from matrix compo-
nents at the mass transition and retention time of the
analytes were observed in synthetic urine.

Detection and quantification limits The limit of detection
(LOD) was calculated as the concentration of analyte in
synthetic urine that produced a signal-to-noise ratio equal to
3. The limit of quantification (LOQ) was considered as the
lowest standard concentration in the calibration curve
prepared with synthetic urine showing high reproducibility
(precision of 20% and accuracy of 80-120%) [22]. The
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Fig. 1 MRM chromatograms of
the standards in synthetic urine.
MRM transitions are referred

to analytes presented in Table 1
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LODs (LOQs) varied between 0.030 pg/L (0.50 pg/L) for
enterodiol and 44.4 pg/L (50 pg/L) for phenylacetic acid,
indicating a wide range of sensitivity between the different
analytes (Table 1). The sensitivity of this method represents
a significant improvement (6—100 times better) for most of
the analystes when compared to other LLE-LC-MS/MS
published methods [13, 14]. This will prove useful in
nutritional studies when low levels of metabolites must be
measured.

Extraction recovery, linearity, and residuals SPE was
compared between MCX and MAX 96-well plates in their
optimum conditions. Similar recoveries were obtained with
both cartridges when standards were compared. However,
in the case of urine or hydrolyzed urine samples, the
recovery was about 20% higher with MCX than with MAX
cartridges, indicating that the former support resulted in a
larger retention of interfering matrix components that could

lead to signal suppression of analytes of interest under
LC-MS/MS.

The total extraction recovery was defined as the detector
response obtained from an amount of analyte added to and
extracted from a standard in synthetic urine compared to the
detector response obtained for the true concentration of that
standard solution. The total recovery values, expressed as
the mean percentage value (% £SD) are shown in Table 1.
A low extraction recovery was obtained for procyanidin
B2, but since it met the acceptance criteria in terms of
accuracy and precision, quantification was carried out with
the corresponding calibration curve. However, in order to
confirm the presence of procyanidin B2 in the human and
rat urine samples (see “Procyanidin in urine” section in
“Analysis of flavanols and phenolic acids in human and rat
urines” below), further experiments were performed, and
the extraction recovery was improved up to 80%+9.5 using

Table 1 Retention time, recovery, calibration curves, residual analysis, and limits of detection, and quantification of the SPE-LC-MS/MS method

Analyte MRM  Retention Recovery Calibration curve (R%)* Residuals LOD LOQ
time + %RSD (% +SD) % mean (SD) (ng/L) (ng/L)
CeCs
3,4-Dihydroxyphenylpropionic acid 181/137  2.53+0.9 94+9.0 y=0.31x+0.02; 0.991 95+2.8 1.67 5.0
4-Hydroxyphenylpropionic acid 165/93 4.28+5.2 104+7.0 y=5.69¢—4x+1.1e—4; 0.999 103+£6.8 16.50 100.0
m-Coumaric acid 163/119  4.87+3.5 91+4.5 y=1.06x+0.005; 0.953 97+5.6 0.26 0.5
p-Coumaric acid 163/119  4.39+3.9 94+1.8 y=0.42x+0.002; 0.986 98+12.8 0.52 1.0
Caffeic acid 179/135  3.11+5.8 102+7.0  y=2.02x+0.03; 0.999 102+5.4 0.05 0.50
Ferulic acid 193/134  4.90+1.3 92+4.8 y=0.06x+0.002; 0.997 98+9.8 0.49 1.0
CeCs
3,4-Dihydroxyphenylacetic acid 167/123  1.43+2.7 1094+4.0 y=0.28x+0.003; 0.998 100+10.2 0.71 1.0
3-Methoxy-4-hydroxyphenylacetic acid 181/137  3.22+8.1 93+8.0 y=0.02x+0.003; 0.999 97+7.9 37.11 50.0
3-Hydroxyphenylacetic 151/107  3.36+3.7 91+4.9 y=0.07x+0.001; 0.996 102+7.0 2.75 5.0
Phenylacetic acid 135/91 5.00+3.8 95+£6.0 y=0.02x+0.0001; 0.995 106+8.3 4440  50.0
CeCy
Protocatechuic acid 153/109  1.21+2.5 96+14.7 y=0.93x+0.01; 0.988 100+13.1 0.63 1.0
Vanillic acid 167/152  2.88+11.2 954+10.0 y=7.00e—3x+0.004; 0.999 95+7.5 512 10.0
4-Hydroxybenzoic acid 137/93 1.86+6.2 97+4.7 y=0.32x+0.004; 0.993 98+10.4 1.68 5.0
3-Hydroxybenzoic acid 137/93 3.19+3.3 91£4.9 »=0.13x+0.004; 0.998 103+10.0 9.09 10.0
4-Hydroxyhippuric acid 194/100  1.11+3.5 86+3.9 »=0.42x+0.01; 0.993 99+11.1 0.18 0.5
Hippuric acid - 2.17+2.2 94£55 y=3.67e-3x+1.73; 0.999 98+0.1 4.84 100.0
4-O-Methylgallic acid 167/108  5.64+0.4 89+4.0 »=3.06x+0.005; 0.996 98+12.4 0.03 0.5
Enterolignans
Enterodiol 301/253  5.48+0.5 97+9.5 y=1.60x+0.002; 0.993 98+8.9 0.03 0.50
Enterolactone 297/253  5.87+04 89+3.3 »=1.60x+0.004; 0.988 100+7.6 0.06 0.50
Flavanols
(—)-Epicatechin 289/245  4.34+2.0 87+3.0 »=0.405x+2.69¢—4; 0.996 96+10.3 0.49 1.0
Procyanidin B2 5771289  4.17+7.8 10£8.5 y=3.88e—3x—2.33e—4; 0.996 100.0+8.5 4.68 100.0

 Calibration curves were performed from the LOQ to 500 or 1,000 pg/L, depending on the analyte response
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methanol containing 0.006% of ammonia (adjusted to
pH 6) as elution solvent.

Calibration curves were performed over a wide range of
concentrations (0.5-500 pg/L). Depending on the analyte
response, the concentration range used varied from the
LOQ to 500 png/L, or from the LOQ to 1,000 pg/L. The six-
point calibrator concentrations showed a linear and repro-
ducible curve for standards. Weighted (1/x%) least-square
regression analysis was applied to obtain the equation
regression lines, correlation coefficients, and residual
analysis [mean range (SD)] as shown in Table 1.

Precision and accuracy Accuracy and precision (repeat-
ability) were determined using three different concentration
levels for each analyte in synthetic urine in the range of
expected concentrations (low, medium, and high, in
function of the LOD of each particular analyte) and
performing five different determinations per concentration
level over a 5-day period. The precision of the method,
expressed by the relative standard deviation (%RSD), met
acceptance criteria since % RSD was lower than 15% at each
tested concentration level (Table 2) [22]. The accuracy of the
method, expressed as [(mean observed concentration)/(added
concentration) x 100], was acceptable at each concentration
level: 90.3-113.8% for the low concentration level, 89.5—
112.1% for the medium concentration level, and 87.5—
108.7% for the high concentration level (Table 2) [22].

The precision of the retention time of the different
analytes was also evaluated (Table 1 and Fig. 1). In general,
the % RSD was lower than 10% for most of the analytes.
The high % RSD for vanillic acid is consistent with a lower
precision in the retention of this compound.

Analysis of flavanols and phenolic acids in human and rat
urines

The validated method was applied to determine the con-
centration of phenolic acid microbial metabolites, as well as
(—)-epicatechin and dimeric procyanidin metabolites in urine
samples collected after the consumption of nutritional doses
of cocoa in humans and rats. The identification and
quantification of flavanols and phenolic acid metabolites in
urines was done by comparing their MRM transition, MS
spectra, and retention time with that of authentic standards.

Phenolic acid metabolites in urine Table 3 shows the
changes in concentration and the percentage of increase of
the different phenolic acid metabolites identified in human
and rat urine samples after cocoa consumption.

In humans, with the exception of phenylacetic acid, an
increase in the concentration of all the metabolites was

registered after consumption of soluble cocoa powder. In
particular, caffeic acid, ferulic acid, 3-hydroxyphenylacetic
acid, vanillic acid, 3-hydroxybenzoic acid, 4-hydroxyhip-
puric acid, hippuric acid, (—)-epicatechin, and procyanidin
B2 showed a statistically significant (»p<0.05) increase after
24 h of cocoa consumption in human volunteers (Table 3).
Large inter-individual differences were observed in this
study as has been also observed in other phenolic
bioavailability studies [23]. These results are in accordance
with those reported in the study carried out by Rios et al.
[15] in which volunteers ingested a double dose of cocoa.
However, in contrast to our findings, these authors did not
find significant changes in the urinary levels of 3-hydroxy-
phenylacetic, 3-hydroxybenzoic, 4-hydroxyhippuric, and
hippuric acid after 24 h of cocoa consumption. In another
human feeding trial, in which six different polyphenol-rich
beverages were compared [14], a significant increase (p<
0.05) in (—)-epicatechin was found after 24 h of cocoa
beverage intake, which is also in agreement with the present
results.

In rats, a significant increase in the concentration of the
following compounds was observed after the gavaging of
4.8 g of natural cocoa powder per kilograms per day during
2 weeks when compared to the control diet (Table 3): 3,4-
dihydroxyphenylpropionic acid, m-coumaric acid, 3-
hydroxyphenylacetic acid, protocatechuic acid, vanillic
acid, and (—)-epicatechin. In addition to the above com-
pounds, after consumption of the diet containing 10% (w/w)
natural cocoa, a significant increase was also recorded for
caffeic acid, 3-methoxy-4-hydroxyphenylacetic acid, 3-
hydroxybenzoic acid, enterolactone, and procyanidin B2
(Table 3). Finally, significant differences were also ob-
served between the two different cocoa treatment groups for
m-coumaric acid, caffeic acid, 3-hydroxyphenylacetic acid,
protocatechuic acid, vanillic acid, 3-hydroxybenzoic acid,
enterolactone, (—)-epicatechin, and procyanidin B2 in favor
of the 10% w/w natural cocoa diet (Table 3). In general,
these results indicate that major differences were registered
for phenolic acids containing hydroxyl groups at both C3
and C4 position or at C3 position. These results are
consistent with those reported by Gonthier et al., who
identified C3-hydroxylated phenolic acids as the major
microbial metabolites of flavanols after administration of a
catechin diet to rats [9].

It is important to highlight that this is the first study
related to the microbial metabolism of cocoa polyphenols in
rats. Differences in the percent increase in metabolite
concentration between the human and rat urines as well as
the difference in predominant phenolic acids observed
between the two species could be due to the differences in
the ingested dose of cocoa and to the different microbiota
present in the intestine of each species, human and rodent.
The ingested dose of cocoa in humans was ~10-fold less

@ Springer



M. Urpi-Sarda et al.

1552

'8 I'LOT €6¢S 0008 €€l 906 $'9TT 005 0°¢ $'866 ¥'201 0001 74 wIprueo01q
69 L'66 86t 0°00S €01 926 $'T6 0001 9Tl $'€6 60 01 urgodyeatdg~(—)
S|oueAR|{
0t 6'L6 6'L6 0001 v'e 66 6'6 001 €S 6°L6 S0 S0 auopR[0IUY
v'e S'L8 SLEy 0008 [ $'68 Lty 0°0S 0°¢ 401 S0 S0 [orpoxdjuy
SUBUSI[OIANUT
8¢l 1'¢6 8TET  0°0ST 10 868 06 001 8t L'86 S0 $0 p1oe olf[eS|AYRN-O-
69 $'66 0666 0°000°T 10 €001 S'10S 0°00S L11 €16 €16 0001 proe ounddry
TL ¥'68 9€IT  0°0ST 99 121 Tl 001 66 0'86 $0 $0 proe ounddiyAxoIpAH-1
v'Tl S'16 LSy 0700 9 ¥'201 v'201 0001 v'8 0't6 v'6 001 proe o10ZUdqAX0IPAH-¢
001 816 I'LET 0°0ST €yl YOIT €6S 0°0S 9¢ 0001 0°S 0°S proe o10ZudqAX0IPAH-1
$6 L'€6 €YET  0°0ST 0°€l 9'v6 €Ly 0°0S €S 96 96 001 pIoe OIf[IueA
v'6 1'86 TSYT  0°0ST 611 0801 801 001 8’8 €06 60 01 PIoE OINYIIE00}01d
foXe}
8P 866 066%  0°00S 67T 9111 6'8LT 0°0ST 'y YTl 798 0°0S proe onaoejAueyq
Sy $'88 vTvy  0°00S 8’8 ¥'S01 $'501 0001 8Tl $'66 6t 0°s onaoe[AusydAx0IpAH-¢
Tl 096 0'8LF 07008 L0l L06 L06 0001 S0l 916 €Ly 005 proe onooejAueydAxoIpAy-i-AXOyIOIN-¢
an 0°L6 9T 0°0ST €8 $'S6 $9'6 001 Tt 6'S6 01 01 proe onaoejAueydAxorpAyrq-y*¢
D%
LY 056 'Sty 000 0°SI 796 8% 0°0S Lyl 8¢l 'l 01 p1oe o1nI|
vy 9°56 T8LY 07005 el 9901 €€s 0°0S S'L 866 S0 S0 pIoe o1de)
Syl 68 Y'E9r 0700 0vl 8 T11 6'SS 0°0S S8 896 01 01 proe ourewno)-d
$9 0°€01 601 07001 $'S 0't6 v'6 001 9°¢ ¥'001 $0 $0 PIoE dLIEWNO -1t
0°¢€l L'801 €ers 0008 L0T 56 1'8€C 0°0ST 0°SI 6°€01 6°€01 0001 proe oruordordjAuaydAxoIpAH-1
611 L'68 Y8y 0700 601 12l 19§ 0°0S vyl 096 8Y 0°S proe oruordordKuoydAxoIpAyrg-+¢
£
(as¥%) (%) (as¥%) (%) (ds¥%) (%)
UOoISIoAIJ KorInooy UBIIA! pappv UoISIodI] KoeIndoy UBJIA! pappVy UOISIOdI] KoeInooy UBJIA! pappVv
(1/31) uonenusouod yIry (7/31) uonrenuoouod WNIPON (7/31) uonrenuoouod mo| AAJeuy

S[9AJ] UONEBNUIIUOD JUSIIJIP 331U} Je m\mm_u JUSIIJIp ur poylawr SIN/SIN-OT-ddS 23 wol} pauleiqo ejep Aoeinooe pue uoIsIaId ¢ dqel

pringer

&l



Epicatechin, procyanidins, and phenolic microbial metabolites

1553

Table 3 Changes in concentration levels and percentage of increase of microbial-derived phenolic metabolites and flavanols in human and rat

urine samples after cocoa consumption

Analyte Human urine, 0-24h Rat urine, control—cocoa Rat urine, control—cocoa
(4.8g/kg/day) diet (10% w/w cocoa chow)
A+SEM Increase A+SEM Increase A+SEM Increase
(nmol/mg creatinine) (%) (nmol/mg creatinine) (%) (nmol/mg creatinine) (%)
CsCs
3,4-Dihydroxyphenylpropionic acid 0.79+2.4 11 0.37+0.2* 106 0.93+£0.2* 267
4-Hydroxyphenylpropionic acid <LOQ n.d. n.d.
m-Coumaric acid 0.014+0.007 37 14.64+2.1* 7,381  46.13+4.6%* 23,250
p-Coumaric acid 0.057+0.03 467 0.17+0.7 4  1.73+0.8 40
Caffeic acid 0.39+0.13* 183 0.04+0.3 5 1.26+0.4%* 160
Ferulic acid 10.5242.3* 619 3.48+2.5 38 —1.94+2.0 -21
CeCs
3,4-Dihydroxyphenylacetic acid —0.02+0.2 6 0.94+0.6 118  0.40+0.3 50
3-Methoxy-4-hydroxyphenylacetic acid 1.54+1.4 23 5.92+4.6 52 11.27+2.7* 99
3-Hydroxyphenylacetic 6.53+4.0* 193 67.67+23.6* 998  181.56+18.6** 2,677
Phenylacetic acid —35.844+19.8* =36 36.70+27.4 31 20.52+46.2 17
CeCy
Protocatechuic acid 0.51+1.4 8 5.66+£1.8* 352 18.84+2.5%* 1,173
Vanillic acid 1.14£0.6* 265 15.78+6.6* 183  50.57+7.5%* 586
4-Hydroxybenzoic acid 0.55+1.2 15 20.08+13.8 27 10.28+14.0 14
3-Hydroxybenzoic acid 0.45+0.2%* 413 0.73+0.3 141 7.20£1.1%* 1,397
4-Hydroxyhippuric acid 1.27+0.7* 15 —4.97+8.1 -15  —0.79+11.0 -2
Hippuric acid 59.43+£20.1%* 73 62.45+56.4 42 75.34+71.7 50
4-O-Methylgallic acid n.d. n.d. n.d.
Enterolignans
Enterodiol 0.001+0.002 27 0.004+0.004 0 0.004+0.005 154
Enterolactone 0.11+0.2 39 0.26+0.3 22 2.05+0.8** 178
Flavanols
(—)-Epicatechin 0.53+£0.35%* 167 5.49+2.0%* 7,160  36.62+3.4%** 47,739
Procyanidin B2 0.20+0.2* 354 0.49+0.3 88  3.10+0.5%* 556

LOQ limit of quantification; n.d. not detected

*P<0.05, significant difference with respect to the control diet group; **P<0.05, significant difference with respect to both control and 4.8 g

cocoa’kg/day groups

than the 4.8 g natural cocoa powder/kg/day diet and 20-fold
less than the 10% w/w natural cocoa diet in rats.

Besides the above mentioned metabolites, the phenyl-
valerolactones, 5-(3’, 4'-dihydroxyphenyl)-y-valerolactone
(DHPV), and 5-(3-methoxy-4-hydroxyphenyl)-y-valerolac-
tone (MHPV) were also identified in human and rat urine
samples after cocoa consumption based on their mass
spectra. These flavanol-derived microbial metabolites have
been previously identified after tea [24] and wine powder
consumption [8] but are identified herein for the first time in
humans and rat urine after cocoa consumption. In order to
identify these metabolites, hydrolyzed urine samples were
injected in the product ion scan mode of deprotonated
molecules in negative mode ([M-H] ). The MS spectra and
the fragmentation pattern generated for DHPV (m/z 207) and

MHPV (m/z 221) are shown in Fig. 2. The fragment at m/z
163, previously described [24], as well as the generation of
other characteristic fragment ions, support the identification
of these compounds.

Procyanidin in urine Procyanidin B2 has been identified
and quantified in human and rat urine after cocoa
consumption. MRM chromatograms of procyanidin B2
(m/z 577/289) in human and rat urine are shown in Fig. 3.
It is important to highlight that other peaks at the same
transition (MRM 577/289) were also observed. For exam-
ple, peak at retention time at 6 min in human urine could be
another procyanidin that could not be confirmed due to the
lack of standard. The rat urine chromatogram showed two
major unidentified peaks that did not correspond to
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procyanidin B1 or fragments from trimeric compounds
(procyanidin C1) due to closer retention times to procya-
nidin B2 [25]. Changes in concentration levels in procya-
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Fig. 3 MRM chromatogram of procyanidin B2 in synthetic urine, in
human urine after acute intake of 40 g soluble cocoa powder, and in
rat urine after prolonged administration of a 10% (w/w) natural cocoa
diet

@ Springer

nidin B2 recorded in humans and rats after cocoa
consumption are shown in Table 3.

Dimeric procyanidins have been detected in both human
and rat biological fluids, although in humans, the evidence
is very scarce. Procyanidin B2 has been detected in human
plasma presenting a maximum peak concentration at 2 h
after acute consumption of a flavanol-rich cocoa, whereas
procyanidin B1 has been detected in human serum 2 h after
consumption of the pure compound [26,27]. In contrast, in
the case of rats, there is a large number of scientific
evidence. Procyanidin B2 was quantified in plasma and
urine after oral administration of procyanidin B2 showing
maximum concentration in plasma at 0.5 h and an excretion
of 83.0 nmol in 18 h [28]. Dimeric and trimeric procyani-
dins had also been detected in rat plasma after the con-
sumption of apple procyanidins showing a maximum peak
at 2 h [29]. Donovan et al., in 2002 [30], determined
conjugated forms of catechin and epicatechin in both plasma
and urine of rats fed with catechin or procyanidin dimer B3
or with a grape seed extract containing catechin, epicatechin,
and a mixture of procyanidins, but they did not detect
procyanidins or conjugates in the plasma or urine of rats.
Tsang et al. [31] detected phase II catechin metabolites in
plasma, liver, kidneys, and urine of rats fed with a grape seed
extract containing catechin, epicatechin, and dimers, trimers,
tetramers, and polymeric procyanidins, and furthermore,
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they also found low amounts of the procyanidin dimers B1,
B2, B3, and B4, trimer C2 and an unknown trimer in urine
[31]. Recently, Prasain et al. detected monomeric catechins,
their methylated metabolites, and proanthocyanidins up to
trimers in rat blood samples after the administration of grape
seed extract [32].

Conclusions

The SPE-LC-MS/MS method developed in the present
work allows the simultaneous determination of 19 micro-
bial phenolic metabolites, as well as monomeric and
dimeric flavanols in human and rat urine samples collected
after cocoa consumption. This method offers significant
improvement in sensitivity and recovery allowing its
application to studies with large numbers of samples.
Although the method was applied to the determination of
flavanol-derived microbial metabolites, it is also applicable
for other phenolic metabolites including enterolactone and
enterodiol, which are produced by the microbial metabo-
lism of lignans, and for 4-O-methylgallic acid, associated
with the metabolism galloylated flavanols and described as
a biomarker of wine or tea consumption [6, 33]. Procyani-
din B2 has also been detected for the first time in human
and rat urine after cocoa consumption. Furthermore, at a
qualitative level, two poorly described metabolites (DHPV
and MHPV) derived from the microbial metabolism of (epi)
catechin and/or procyanidin have also been confirmed.
Major advantages over previous reported methods also
include the reduction of laboratory work in the sample-
preparation step by the use of 96-well SPE plates and the
sensitive measurement of a large number of metabolites in a
very short run time, which makes it ideal for use in
epidemiological studies. More studies about the effects of
food consumption on the urine metabolome are required.
Some of the microbial metabolites determined by the
method developed in the present work could be accurate
biomarkers of proanthocyanidin consumption, phenolic
compounds that represent a major fraction of the flavonoid
intake in the human diet.
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